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Abstract 

 

Background: Existing chemotherapeutic drugs are inefficient in addressing the rising 

incidences of recurrent colorectal cancer (CRC). Cancer stem cells are a tumour subset 

population underlying CRC recurrence. To combat recurrent CRC, novel therapeutic strategies 

involving the discovery of novel anticancer drugs targeting cancer stem cells are urgently 

required. We therefore evaluated anticancer activity of novel series of synthetic tetrazole 

dithiocarbamate derivatives (TDTCs) in CRC cells and explored their modulatory anticancer 

effects on CRC stem cell biomarkers. Methods: Anticancer activity of ten novel TDTCs were 

assessed by an initial qualitative screening using Alamar Blue, followed by a quantitative cell 

death counting using Trypan blue; and the inhibitory concentrations (IC50) were determined in 

HT29 and DLD1 CRC cells. CRC cells were monitored for their growth response to tested 

TDTCs using the Muse cell cycle assay and the xCelligence real time cell analyser. The CRC 

stem cells were studied for their ability to form spheroids in response to the TDTCs using real 

time microscopy imaging. The effect of the active TDTCs on CRC stem cell markers was 

evaluated using a proteome profiler assay and real time PCR  Results: TDTC1, 2, 4 and 5 were 

found to be the most active compounds (IC50<0.1 to 0.4mg/ml) among the tested TDTCs 

against CRC cells. Active TDTCs induced cell cycle arrest in different phases in HT29 and 

DLD1 cells. Active TDTCs targeted exponential and stationary growth phases in treated CRC 

cells. TDTCs also prevented spheroid formation in HT29 stem cells. Active TDTCs upregulated 

E-cadherin, and Sox17, and downregulated ɓ-catenin, VEGF1, VEGFR1 and FoxA2 in CRC 

stem cells. Conclusion: Active TDTCs were potent anticancer agents as evident by the present 

study and warrant further in vivo validation.  
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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 non-communicable diseases (1). Even after 

treatment, the most devastating aspect of this cancer is recurrence, which is increasingly observed 

due to the prevalence  of anticancer drug resistance in patients receiving chemotherapy (2).  

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 prevalence and in the top five, with 

regards to mortality. According to a recent WHO report on cancer surveillance, the global CRC 

burden is expected to increase by 3.1 million new cases and 1.5 million deaths are expected to 

occur by the year 2040 (3). In South Africa, it is ranked sixth most common cancer diagnosed in 

females, with a crude incidence of 5.86/100 000 per year; and fourth in 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  patients under 50 

years of age, of which approximately 7% are younger than 40 years (5). 
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Table 1: Summary of the histological diagnosis of CRC in South Africa in 2014 according to gender, 

age and ethnicity. Adapted from (4)  
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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 decades (6). This is attributed to a rise in the incidence of CRC in young adults (<50 

years old), which has been named Early-Onset CRC (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 life) (8-10). Demographic patterns show that most cases are present with 

sporadic CRC. However, in young individuals, familial and sporadic CRC are more aggressive in 

comparison to older people of >50 years of age (11). CRC in young individuals is diagnosed at 

more advanced stages (stage II, III and stage IV), often presenting with a high-grade CRC, leading 

to poor prognosis (12, 13). These bring about challenges in the management of CRC as the cancer 

might have reached metastasis. The high-grade CRC is reported as consisting of poorly 

differentiated tumours with  vascular invasion (14, 15). This type of histopathology accounts for 

10-16% of all CRC, but for young individuals accounts for some 20-64% of cases. This histological 

pattern is similarly observed in several places in different countries including the United States, 

England, Japan and West Africa (12, 16). In South Africa, tumours are commonly invasive 

adenocarcinomas and are often present in the left colon (Fig 1). The polyps however are tubular 

adenomas (TAs) and are generally low grade dysplasia (5). The common global histological pattern 

of CRC further highlights CRC as a global burden. 
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Figure 1: Younger patients show polyps on left side of the descending colon. Arrow indicates the tubular adenomas 

and tubulovillous adenomas. Adapted from (5).  

 

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 intestine). It  is characterized 

by adenomas or polyps, these being a mass of cells that proliferate rapidly, which eventually 

protrude through the gastro-intestinal tract (17). The polyp penetrates through the gastro-intestinal 

tract to spread eventually to distant organs (18). CRC  is diagnosed through the identification of 

polyps using various techniques, including colonoscopy (19). The colorectal polyps are classified 

as adenomatous neoplastic, hyperplastic, hamartomatous or inflammatory (17). The neoplastic 

polyps are of importance as they have the potential to develop into a malignant tumour (20).  

The malignant tumour is staged by physicians to indicate the spread of the colorectal tumour. The 

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 I (1) to stage IV (4), these are known as stage 

grouping. Each tumour is described in detail, including  size of the tumour, tumour growth and 

breadth of  tumour  spread  (21, 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 Joint Committee on Cancer (AJCC) and the International Union for Cancer Control 
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(UICC) (23).  The system describes the size of the tumour (T). This is how far has the tumour 

grown into the wall of the colon or rectum. The layers of the colon from the inner to the outer 

region include the mucosa (inner lining), from which all CRC tumours originate. 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 lymph nodes is denoted by N (Fig 2). In the staging 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 are numbers or letters that follow after T, N, and M that give more details on 

each of the staging criteria. The higher the number, the more advanced the cancer. Once all 

mentioned categories are combined, stage grouping is done to assign the overall stage of cancer 

(21, 24, 25). 

 

Figure 2: CRC staging (TNM system). Adapted from Cancer Research UK (26). Key: T1 to T4 represents the 

stage groupings. N is associated with tumour residing in the lymph node. The tumour has metastasized (M), moved 

into distant organ.  
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1.2.3 Additional factors included in staging, influence treatment and prognosis 

 Other factors can be taken into consideration when staging tumours, for example, grading. Grading 

informs on how well-differentiated the cancer cells are. A number is usually assigned when grading 

the cancer cells (27). A low-grade means the cancer cells are well-differentiated, while high-grade 

cancer cells are poorly differentiated (28). High-grade cancers tend to grow rapidly and have a 

worse prognosis (29). Although the grading of cancer does not affect the cancer staging it may 

affect prognosis and treatment. High- and low-grade cancers may be treated differently due to the 

difference in the rate of cancer cell growth (24).   

 

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 cells (30). 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, especially when there is a large amount of PDCs, irrespective of cancer stage (31).  

 

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/Beta-catenin signalling 

pathway leading to overexpression of metalloproteinases and stem cell biomarker dysfunction of   

E-cadherin a cell-cell adhesion protein (32).  As a result, cells are enabled to evade cell cycle 

checkpoints while proliferating. The dysregulation of normal cellular behaviour is described as 

hallmarks of cancer (33). 
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1.3.2 Cancer hallmarks 

The ñhallmarks of cancerò coined by Weinberg and Hannahan characterise the behavioural 

characteristics of cancer cells (33, 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 altered characteristics is  genome 

instability, which helps drive  the genetic diversity of the tumour, promoting the accumulation of 

multiple hall-marks  (34). Each of the hallmarks are described in more detail below. 

 

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 hallmarks of cancer include 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 mutations in proto-oncogenes (ɓ-catenin), DNA repair 

genes (MLH1, MSH 2 and 6) and tumour suppressor genes (APC, PTEN, and p53) (11, 35). 

Epigenetics has a secondary role in destabilizing the genome. For instance, in cancer, proto-

oncogene promoters are generally hypomethylated, leading to an increase in expression of the 

onco-proteins. Similarly, tumour suppressor promoters are hypermethylated in most cancers, thus 

preventing  gene  transcription; and the tumour continues growth expressing onco-proteins (36). 

Histone modifications have a similar influence on cancer hallmarks.  
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The histones are responsible for condensing the DNA (chromatin), protecting its integrity and 

regulating gene expression. 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 and non-coding 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 transcribed. This 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 transcription factors. Since tumour suppressor genes, occur within  

heterochromatin  they remain  untranscribed in cancer (39).  mRNA regulation also determines the 

fate of expression of proto-oncogenes or tumour suppressor genes. Commonly miRNAs are non-

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

suppressors of oncogenes and are downregulated (40).   

Genome instability of any sort promotes aberrant cell behaviour. wherein proliferative signalling 

is sustained , involving changes in growth signalling pathways, abnormalities in cell cycle 

regulation and marked alterations in cellular homeostasis (33, 34).   

 

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 mutated DNA (41). Tumour suppressors can activate many 

cell death pathways, like apoptosis, which can eliminate tumour cells (42). Sometimes, the tumour 

suppressors are silenced either by epigenetic regulation or acquired through mutations rendering 

by non-active proteins, for example, TP53, Rb (retinoblastoma), APC (Adenomatous Polyposis 

Coli) and PTEN are inactivated in many types of cancers (18, 43, 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 by down-regulating 

pro-apoptotic genes, such as, caspases, TRAIL, Bak and Bax (45, 46); and upregulating anti-
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apoptotic genes, including, Bcl-2, survivin, and XIAP (47, 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 decreases. 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 protect chromosomal ends. The telomere shortens with each successive 

cell division. The telomere lengths are maintained by the enzyme hTERT (human reverse 

transcriptase) (49, 50). As compared to normal somatic cells, cancer cells have enhanced activity 

of telomerase, the enzyme which extends the telomeres (51). The expression of telomerase is 

upregulated through mutations on the promoter of hTERT (52). Cancer cells may also use 

homologous recombination to sustain their telomere length (53). Continued maintenance of 

telomere length leads to cell immortalization in cancer cells.  Similarly  stem cell populations also 

possess an  increased telomerase activity (54). 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 time independent manner. It does 

continue to occur if the tumour promoting angiogenesis is present (55).  

In growing cancers, endothelial cells which form blood vessels are energetically active because of 

the release of growth stimulating factors, for example,  VEGF, prostaglandin E1, oestrogen, basic 

and acidic FGF; and these can stimulate endothelial cell growth and motility, even if the anti-

angiogenic factor production is reduced (56, 57). The endothelial cells proliferate and migrate into 

the perivascular zone, where they form primary sprouts. These primary sprouts mature to form 

capillary loops that lead to the synthesis of the new basement membrane and blood vessels  (58). 

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 

tissues (59). 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 in response to local poor perfusion especially in tumour cells (60). 
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Local neovascularization is essential for distant metastasis. Local neovascularization happens when 

tumour cell migrates away into a hypoxic environment whereby the cells express high levels of 

VEGF. VEGF initiates neovascularization. As cells receive oxygen from the primary sprouts 

VEGF expression is decreased (61). Local neovascularization is supported by neighbouring 

tissue/cells. VEGF is generated and secreted by tumour cells so signalling and , activating the 

angiogenesis pathway in neighbouring cells (62). In this way,  tumour cells thus depend  on new 

blood vessels initiated by surrounding cells (58, 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 metastasis (64). Epithelial to mesenchymal transition (EMT) is thought to be one of the 

key initial steps of metastasis. In this process, epithelial cells lose their properties of cell-cell 

adhesion and undergo trans-differentiation to form motile mesenchymal cells. These cells retain a 

mixture of epithelial and mesenchymal traits during the transition (65). EMT provides epithelial 

neoplastic cells with an increase ability of invasiveness together with an ability to degrade 

extracellular matrix proteins (66).  During EMT there is a loss in epithelial biomarkers like E-

cadherin (67), with an increase in mesenchymal proteins, such as fibronectin, N-cadherin, and 

vimentin (68).  The process of EMT is regulated by specific EMT-transcription factors, including  

Twist1, Twist 2, Slug, Zeb 1, Zeb2, Smuc and Snail (69). Another migratory process, amoeboid 

migration is independent of proteolytic matrix degradation and adhesion to the extracellular matrix, 

that facilitates invasion. This process requires enhanced cell contractility and is quicker than 

mesenchymal migration (70).  With these events, the tumour cells are able to migrate and invade 

the surrounding stroma, blood vessels and lymph nodes leading to metastasis (71).  

A tumour is physically and genetically a heterogenous mass of cells (72), consisting of epithelial 

cells, transitioning cells (EMT) and cancer stem cells (73, 74). The intratumour genetic 

heterogeneity arises from different epigenetic and genetic profiles of these cell subtypes (75). 

Transitioning cells and cancer stem cells accelerate the progression of cancer (76). Evidence of 

cancer stem cells or stem cell-like cells was deduced from the investigations of circulating tumour 

cells (CTCs). In these cells, it was found that binding sites of transcription factors such as Oct4, 

NANOG, SOX2 which are associated with stemness, were hypomethylated (77). 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 stem cell-like cells, 

makes these cells important as drug targets by anticancer agents as they accelerate tumour 

progression. As cancer stem cells express Oct4, NANOG, SOX2 they may be identified and be 

functional in diagnosis.  

 

1.4 Colon cancer stem cells 

Colon cancer stem cells (derived from adult intestinal stem cells) have a capacity known as 

óstemnessô to self-renew and form progenitor 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 Pathway (78). CRC stem cells have been implicated in resistance to therapy. 

There are many other stem cell biomarkers such as alpha-fetoprotein (AFP), GATA-4, PDX-

1/IPF1, Otx2, TP63/TP73L, Goosecoid, HCG, Sox17 and FoxA2 involved in mediating anticancer 

drug resistance and stem cell properties. AFP acts as a stem cell biomarker in liver stem cells (79). 

This well-recognized liver injury biomarker is also at times found in CRC tumours (80). 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 cardioblasts (81). In CRC, 

GATA-4 is a tumour suppressor (prevents continuous replication of colon stem cells), and its 

expression is found reduced in CRC (82). PDX-1/IPF1 controls pancreatic cell proliferation and 

differentiation. Its overexpression in human pancreatic adenocarcinoma is associated with 

metastasis (83), while in CRC, it is overexpressed in metastatic tissue (84). Otx2 is overexpressed 

in medulloblastoma, driving proliferation of medulloblastoma tumour cells by activating cell cycle 

genes (85). During  development Otx2  facilitates differentiation of embryonic stem cells into 

endoderm and ectoderm (86). TP63/TP73L is predominantly expressed in keratinocyte stem cells 

promoting the survival of the cells. TP63/TP73L also allows the stem cell to differentiate (87, 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 characteristics (89). GSC expression in ovarian tumours induced chemoresistance (90). 

HCG expressed in adenocarcinomas leads to bowel invasion. HCG-positive tumours are also found 

susceptible to lymph node, peritoneal or liver metastases (91, 92). CRC-liver metastasis is driven 

by FOXA2 and HNF1A which are liver-specific transcription factors (93). Most recognised stem 

cell biomarkers are implicated in cancer proliferation, migration, and metastasis. 
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1.5 Dysregulation of ɓ-Catenin and downstream effects  

ɓ-catenin is a key transcription factor associated with the Wnt signalling pathway, possessing both 

structural and signalling functions. Structurally, it associates with E-cadherin at the cell membrane, 

where Ŭ and ɔ-catenin units form cell-adherence junctions and help to maintain cell-cell contact 

(94). As an integral cell signalling factor, it interacts with various transcription factors, allowing 

for expression or repression of targeted genes.  

The signalling function is facilitated by critical accumulations of ɓ-catenin in the cytoplasm, 

leading to its translocation to the nucleus. Within the nucleus, ɓ-catenin interacts with TCF/LEF 

factors facilitating the transcription of its target genes involved in cell proliferation, metastasis, and 

cell survival (95). The target genes include c-JUN, FRA 1 (transcription factors), cyclin D1, c-

MYC, human reverse transcriptase (hTERT), vascular endothelial growth factor (VEGF), matrix 

metalloproteinase-7 (MMP-7) and Survivin (96-100). These genes regulated by ɓ-catenin-

TCF/LEF complex are implicated in progression of CRC and other cancers.  

 

1.5.1 Beta-catenin and angiogenesis 

Wnt/ɓ-catenin signalling regulates vessel development in normal and pathological conditions 

(101). In Wnt/ɓ-catenin-addicted CRC cells, there is a link between ɓ-catenin and vascular 

endothelial growth factor receptor 1 (VEGFR1). VEGFR1 is a synthetic lethal partner to the Wnt 

Signalling (102). In an experiment, it was observed that VEGFR tyrosine kinase inhibitors were 

able to inhibit the growth of Wnt/ɓ-catenin addicted CRC cells, but not in controls having normal 

Wnt function (103). This supports the link between overexpressed ɓ-catenin and VEGFR1.  VEGF 

binds to both VEGFR1 and VEGFR2, these are the primary receptors participating in angiogenesis. 

In non-pathological angiogenesis, VEGFR1 has weak tyrosine kinase activity compared to 

VEGFR2. Fascinatingly, VEGF binds to VEGFR2 with weaker affinity than to VEGFR1, but 

VEGFR2 has far stronger tyrosine kinase activity (104).  VEGFR1 is primarily localized 

intracellularly in endothelial cells. It has been observed in tumour angiogenesis that VEGFR2 

undergoes endocytosis, nuclear translocation, and is subjected to ubiquitination in response to 

VEGF induced signalling through the JNK/c-Jun pathway. Then VEGF/VEGFR1 signals the 

Akt/ERK pathway to halt constitutive ubiquitination and induce rapid accumulation of VEGFR1 
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in endothelial cells (105). In CRC cells VEGFR1 is also strongly expressed and is localized 

intracellularly (106).  

 

1.5.2 ɓ-Catenin and EMT 

The cytoplasmic rise in ɓ-catenin is related to the down-regulation of E-cadherin (107), allowing 

epithelial cells to gain motility to escape their original niche (108). This leads to epithelial to 

mesenchymal transitioning (EMT) leading to initiation of metastasis. ɓ-catenin is also involved in 

the regulation of genes involved in the EMT process. One of the genes that is controlled by ɓ-

catenin is the transcription factor TWIST (109). Twist  is upregulated during CRC metastasis, and 

acts in suppressing the transcription of E-cadherin (110). In turn, expression of N-cadherin and 

fibronectin is induced by the transcription factor TWIST. N-cadherin and fibronectin are inducers 

of EMT and cellular invasion (111). E-cadherin is also repressed by Snail 1 and 2, whereby these 

transcriptional factors are modulated by ɓ-catenin. Snail 2 transcription is promoted by ɓ-catenin 

(112, 113). Once the Wnt signalling is stimulated, upregulation of Snail 1 is induced (114). 

Inactivation of glycogen synthase kinase 3 (GSK3) also corresponds to the increase of Snail 1. 

GSK3 phosphorylates Snail 1 and ɓ-catenin to be targeted for degradation (115). ɓ-catenin is 

therefore crucial in the initiation of EMT in CRC. 

 

 

 

 

 

 

 

 

 

 

 



14 
 

1.6 Need to discover novel drugs of prognostic value  

 

1.6.1 Aggressive CRC and patient relapse 

Combating aggressive CRC and patient relapse requires urgent attention to improve prognosis. As 

mentioned above since CRC stem cells and stem-like cells do accelerate tumour progression and 

they also  persist after chemotherapy leading to tumour relapse (116, 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 adenocarcinoma stem cells and their biomarkers. 

 

1.6.2 Drug resistance, selectivity, and inefficacy of anti-tumour drugs 

Drug resistance is mostly promoted by intratumour heterogeneity (72, 73). This leads to the 

prevention of drug binding, activation of compensatory pathways, gain of the cancer stem cell state 

and an increase in epithelial mesenchymal transitions (74-76, 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 target site and occurrence of 

systemic/localised toxicity in body/organ systems (119).   

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 target-specific and less 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 Tetrazole-dithiocarbamate derivatives 

1.7.1 Tetrazole moiety 

The focus of this study is tetrazole and dithiocarbamate compounds which have been reported to 

have potent anticancer activity (120, 121).Tetrazole is a heterocyclic compound that has four 

nitrogen atoms in a five-membered ring. They are used as non-classical 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 thermostable (123-126). The 

tetrazole derivatives have shown a range of biological activities including antifungal, antibacterial, 

antihypertensive, anti-inflammatory and anticancer properties (127).  

The tetrazole derivatives have shown significant interaction with proteins. For instance, 1,5-diaryl 

substituted tetrazole derivatives inhibited cyclooxygenase-2 binding at the active site of the 

enzyme, cyclooxygenase has been implicated in many cancers (124). Recently, patented tetrazole 

derivatives have been reported to inhibit the cytochrome p450 family (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 disease, atherosclerosis vascularization, post-menopausal breast 

cancer and skin disorder (128).  Forty-three tetrazole based drugs have been approved by the FDA 

thus far, making it an important chemical scaffold to be used to synthesize novel compounds (129, 

130).     

 

1.7.2 The dithiocarbamate moiety 

Another important moiety, dithiocarbamate, is part of the carbamate family with two sulphur atoms 

instead of oxygen atoms (131). The moiety is a good chelating agent, a biological linker capable 

of binding to enzymes and contributes to increasing the biological activity of a drug (132, 133). It 

has also been observed that dithiocarbamate can protect amine groups within the drug (134). The 

combination of the moiety and other molecular structures has elicited various biological activities 

such as antifungal properties (131, 135). The potency of the dithiocarbamate moiety being 

combined with other molecular structures as shown in the conjugation of dithiocarbamate with 

gold (III) which has shown anticancer potency against cisplatin-resistant cancer cells (136). The 
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moiety has also shown an inhibitory effect on VEGFR2 and mTOR (mammalian target of 

rapamycin) serving as a potential angiogenesis inhibitor (137). 

 

1.7.3 Tetrazole dithiocarbamate 

Triazole (tetrazole)-dithiocarbamate derivatives, have shown to be potent  anticancer agents (138).  

Zheng et al., (2013) synthesized triazole-dithiocarbamate compounds that specifically inhibited 

Lysine Specific Demethylase 1 (LSD1) which is overexpressed in many cancers such as breast, 

colon and gastric cancer (138-140). It was observed that the triazole-dithiocarbamate compounds 

impeded cell invasion, reduced cell proliferation and reduced tumour mass in vivo with no signs of 

adverse side effects (138). The tetrazole-dithiocarbamate derivatives have thus proved to be 

effective compounds 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 tetrazole dithiocarbamate derivatives termed TDTC 1-10 (fig 4a & b) were  

synthesized (by our collaborator Dr. MY Wani at the Department of Chemistry, University of 

Jeddah, Kingdom of Saudi Arabia) and were proposed as possessing possible anticancer activity 

against CRC adenocarcinoma cells representing an early (HT29) and late (DLD1) tumour stage, 

respectively. The identified anticancer TDTC compounds were then screened to target the CRC 

stem cells of the early and late stage tumour 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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The tetrazole based dithiocarbamate derivative scaffold (141).  

 

Compound Amine 

T1 

 

T2 

 

T3 

 

T4 

 

T5 

 

T6 

 

T7 

 

T8 

 

T9 

 

T10  

Figure 4: Schematic of the T1-T10 novel synthetic compounds. (141, 142)  

4a. The scaffold structure of the benzene ring conjugated to tetrazole based dithiocarbamate moiety is represented 

above. 4b. The scaffold has amine substituents, which are a unique for each compound (TDTC 1-10) illustrated by the 

diagram 4b.  

a  

b 
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1.8 Conventional drugs used in treating colorectal cancer 

Individuals diagnosed with early-stage (Stage I-IIC) CRC are treated with surgery  to remove the 

tumour  and to drain the lymph nodes according to standard oncologic principles (143). In 

comparison, patients with advanced tumour stages (Stage III-IVC) and relapse are given 

conventional chemotherapy or targeted therapy (144). Briefly, the drugs used to treat advanced 

tumours and relapse are as follows. 

1) Fluorouracil (5- FU), can be given intravenously with a second drug known as leucovorin, which 

boosts 5-FU activity (145). As 5-FU was used in the present study, it is described further below. 

2) Capecitabine (oral 5- FU) is a prodrug that once reaching the target site converts into 5-FU (146).  

3) Oxaliplatin is a platinum derivative that is active against digestive tract cancers. It causes DNA 

damage in cancer cells inducing apoptosis (147). Oxaliplatin is given intravenously (146).  

4) Irinotecan is a DNA topoisomerase inhibitor, which is given intravenously (148). Irinotecan  an 

analogue of camptothecin, when upon binding to topoisomerase I it causes DNA single-strand 

breaks, resulting in cell cycle arrest followed by cell 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 conventional chemotherapy and canôt be treated with the 

above mentioned drugs (150). Triflu ridine-tipiracil is an antimetabolite agent, where trifluridine is 

a thymidine-based nucleoside analogue. Tipiracil is a thymidine phosphorylase inhibitor. 

Trifluridine is activated by phosphorylation; and once it has been phosphorylated, the drug 

intercalates with the DNA leading to the cessation of cell proliferation . Tipiracil enhances the 

availability of trifluridine in the system (151). These drugs target rapidly growing cancer cells and 

non-dividing cells are therefore supposed to be less affected by chemotherapy. However, in 

addition, rapidly dividing somatic cells including hair, lining of the gastrointestinal tract and bone 

marrow are also affected by these drugs (146).  

1.8.1 Targeted Therapy 

 

In more recent years so-called targeted therapies have been developed against cancer cells. These 

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 effects (152). 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 VEGF (153).  

Bevacizumab improves the anti-tumour effect of other chemotherapy drugs. It is given with other 

drugs such as 5-FU (or capecitabine), irinotecan and oxaliplatin (154). Ramucirumab is a 

monoclonal antibody that binds to VEGFR2 and also improves the anti-tumour activity of 

chemotherapy drugs. It is used in combination with an oxaliplatin-containing regimen, or with the 

irinotecan-based regimen in patients treated with bevacizumab (155, 156). Intravenously 

administered Aflibercept traps VEGF, preventing it from interacting with its receptors on tumour 

cells (157). It is taken in combination with the irinotecan-based regimen. It is given to patients, 

where the tumour has progressed while using an oxaliplatin-containing regimen, with or without 

bevacizumab (146). Regorafenib is given orally in the form of a pill and blocks VEGF receptors 

nd other kinases. It is given to patients who show resistance to fluoropyrimidine, irinotecan and 

oxaliplatin containing regimens and other targeted therapies (158).  

1.8.3 EGF/EGFR Targeted Therapy  

 

Cetuximab (Erbitux), is a monoclonal antibody which is effective in targeting uncontrolled growth 

factor responses. In particular, it binds to the epidermal growth factor receptor (EGFR) preventing 

binding of epidermal growth factor that normally stimulates cell proliferation (159). It is effective 

either alone or in combination with other chemotherapeutic drugs. It is more effective in tumours 

that have mutations in the RAS oncogene. Also it is effective in tumours that possess a specific 

mutation in the BRAF oncogene, termed V600E (160). Another monoclonal antibody, 

Panitumumab also targets EGFR, effectively acting  on tumours lacking  RAS or BRAF (V600E) 

mutations (146, 161).   

1.8.4 Immunotherapy 

 

Immunotherapy is a more recent development in cancer therapy, being  used to stimulate a patientôs 

immune system to attack and kill cancer cells (162). Nivolumab (Opdivo) and pembrolizumab 

(Keytruda) are both monoclonal antibodies which are inhibitors of immune checkpoints. These are 

effective in patients having a tumour that has mismatch repair deficiency (163).   
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1.8.5 Chemotherapy in South Africa 

 

Both early and advanced CRC in South Africa is treated with Capecitabine alone or in combination 

with other chemotherapeutic agents. The Capecitabine is administered orally which is preferred 

over intravenous 5-FU/Leucovorin due to practicality reasons. Another well used drug is 

Oxaliplatin which is used alone or in combination with fluoropyrimidine. The second line regimen 

irinotecan is also used in certain cases of CRC  (164).    

 

1.8.6 Use of positive control drugs  

In the present study, 5-FU a conventional treatment for CRC was used as a positive control drug. 

5-FU exerts its anticancer activity through inhibiting thymidylate synthase (TS) resulting in 

incorporation of thymine pyrimidines into DNA and RNA thus inhibiting DNA 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 epigenome (166) (fig 5). SAHA was originally approved by the 

Federal Drug Administration (FDA) to treat cutaneous T-cell lymphomas, a heterogeneous group 

of non-Hodgkin's lymphomas (164). This is a cancer of the immune system whereby the 

monoclonal T-cells penetrate the skin (167). SAHA is being investigated in other cancers, such as 

breast, pancreatic, head and neck cancer(168-170), and preliminary results have shown the ability 

of SAHA to target cancer stem cells (171). 
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Figure 5: Positive drug controls,  adapted from (172, 173).  

a.5-Fluorouracil 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 also known as Subernilohydroxamic acid (SAHA) is a Histone Deacetylase (HDAC) Inhibitor, it prevents 

deacetylation of histone tails.  

 

 

 

 

 

 

 

a 

b 
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1.9 Aims  

This study aims to investigate the possible anticancer activity of novel synthetic tetrazole-

dithiocarbamate derivatives and to evaluate their ability to target CRC stem   cells. 

 

1.10 Objectives of the study  

The objectives of the present study include the following: 

1. To study the anticancer activity of TDTC 1-10 by determining inhibitory concentrations 

(IC50) against a CRC stage II cell line (HT29) and CRC stage III cell line (DLD1), to 

identify the active anticancer compound(s). 

2. To identify if the compounds are selectively toxic to cancer cells only. For this objective, 

non-cancerous cells (HEK293 (Human embryonic kidney cells) were exposed to the active 

TDTC compounds and were used to study their off-target inhibitory effects (at their 

respective IC50s).  

3. To study the effect of active TDTCs on the growth phases of the stage II (HT29) and stage 

III (DLD1)  CRC cells. A real-time cell impedance assay was performed using a real-time 

RTCA cell analyser in the CRC cells in the absence/presence of TDTCs. 

4. To investigate if the active TDTC compounds can arrest the cell cycle in HT29 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+ fraction) in the presence/absence of 

active TDTCs.  

6. To assess the effect of active anticancer compound(s) on the stemness of isolated stem cell 

(CD133+) fractions of HT29 and DLD1cells by evaluating the stem cell biomarker 

proteome response to the active compound in treated stem cells using a dedicated human 

pluripotent stem cell array kit.  

7. To confirm the gene expression of selected proteins modulated by active TDTCs using 

relative quantitative real-time PCR.  
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Chapter 2  

Material s and Methods 

The research approach is represented in the flow diagram below (fig 6).  

 

Figure 6: Flow diagram representing the experimental procedures performed. In a self-illustrative workflow 

explained above, the anticancer activity of novel tetrazole based dithiocarbamate derivatives were assessed first by 

screening with Alamar blue to identify the active compounds and then by quantifying cell death induced by the active 
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compounds using Trypan Blue staining. The selectivity of the active compounds was assessed by treating non-

cancerous cells (HEK293) with the active compounds. The anticancer activity of the compounds was further evaluated 

using the xCelligence real time cell analyser to monitor cell growth. Colon cancer stem cells (CD133+) were isolated 

from the HT29 and DLD1 colon cancer cell lines using magnetic cell separation. After this, the ability of the stem cells 

to form spheroids was assessed in the presence/absence of the active TDTCs. A proteome profiler array was used to 

determine the response of stem cell associated factors to TDTC treatment; and finally, mRNA expression of selected 

genes was quantified using Real time PCR.  

 

2.1 Cell Lines, cell culture conditions  

The colorectal adenocarcinoma cell lines  HT29 ATCCÈ HTB38 Ê (stage II), DLD1 ATCC® 

CCL-221 Ê  and HEK 293 ATCC® CRL-1573Ê  (Human embryonic kidney cells) were all 

maintained and grown in Dulbeccoôs Modified Eagleôs Medium-Hams F12 (DMEM-F12) (1:1)  

(Gibco®, USA), supplemented with 10% v/v Foetal Bovine Serum (FBS) (Gibco®, USA) and 

1000 u/ml v/v penicillin-streptomycin. Cultures were incubated at 37°C in 95% humidity with 5% 

atmospheric carbon dioxide (CO2).   

During sub-culturing, the previous medium was discarded, and the cells were washed with 1-2 ml 

of phosphate buffered saline (PBS) (Gibco) two-three times. Then 1-2 ml trypsin was added to the 

cells, and incubated for 3 minutes at 37°C. After this incubation, the trypsin was inactivated with 

DMEM-F12 supplemented with 10% FBS.  The cells were collected into a 15 ml falcon tube and 

centrifuged for 3 minutes at 300 x g to pellet the cells. The supernatant was aspirated and fresh 

DMEM-F12 supplemented with 10% v/v FBS and 1000 u/ml penicillin-streptomycin was added 

to the cells. Then the cells were aliquoted into flasks with 5 ml of fresh DMEM-F12 supplemented 

with 10% FBS and 1000 u/ml v/v penicillin-streptomycin.  The flasks were labelled with the 

passage number, cell type, and date and incubated at 37°C in 95% humidity with 5% atmospheric 

CO2. 
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2.1.1 Stem cell isolation  

HT29 and DLD1 stem cells were isolated from the heterogeneous cell mixture. Isolation of the 

stem cells was based on the differential cell surface expression of CD133 between the general 

cancer cell population and stem cells. The stem cells were isolated using Hematopoietic Human 

Tissue Kit (Miltenyi Biotec), using CD133 MicroBeads. These beads recognise and bind 

specifically to the CD133 epitope on the cancer stem cells, thus isolating stem cells from the entire 

cancer cell population It should be noted that only the cancer stem cells expressed cell surface 

CD133.  

Anti-CD133 labelled magnetic microbeads captured the stem cells of the HT29 and DLD1 cells, 

respectively. Stem cell isolation buffer containing PBS, pH 7.2, 0.5% (v/v) bovine serum albumin 

(BSA) (Sigma-Aldrich) and 2 mM of EDTA (Sigma-Aldrich) was prepared. The buffer was kept 

at 4 °C allowing for optimum functioning. The unseparated cell population was cultured to 90% 

confluency and then harvested using trypsin. The cells were trypsinized and washed as described 

above and centrifuged for 3 minutes at 300 x g to pellet the cells. The supernatant was discarded, 

and 5 ml of PBS was used to wash the cells. The washed cell suspension was centrifuged for 10 

minutes at 300 x g. The resulting pellet was subjected to 300 µl of stem cell isolation buffer,           

100 µl of the FcR Blocking Reagent was added together with 100 µl of CD133 MicroBeads. The 

solution was mixed well and incubated for 30 minutes in the refrigerator. 

After the incubation, magnetic separation was performed with MS columns. MACS separator was 

placed on the magnetic field, followed by the insertion of the column. The column was rinsed with 

500 µl of stem cell isolation buffer. After this, 500 µl of the microbeads solution was passed 

through the column. The column was further washed 3 times with 500 µl 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. Immediately the magnetically labelled cells 

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

The isolated CD133 positive (CD133+) stem cells were grown and maintained with PluriSTEM 

Human ES/iPS Cell Medium (Merck). The CD133 negative (CD133-) population was grown and 

maintained in DMEM: Hams F-12 medium supplemented with 5% (v/v) FBS and antibiotics. The 

cells were cultured in an incubator with 5% CO2, 95% humidity at 37°C.   

For all of the reported assays, the cells were grown and maintained under the above conditions. 
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2.2 Synthesis of tetrazole based dithiocarbamate derivatives 

The tetrazole based dithiocarbamate derivatives (TDTC) used in the present study were a kind 

donation from Dr W. Younis at the University of Jeddah, Kingdom of Saudi Arabia, who originally 

synthesized these compounds (141) . For information purposes, the synthesis of the derivatives is 

briefly described below. 

The TDTC derivatives (T1-T10) were obtained from 5-phenyl-2H-tetrazole (fig 7, [2]) through an 

intermediate 2-(oxiran-2-ylmethyl)-5-phenyl-2H-tetrazole (fig 7, [3]) by treating the former with 

epichlorohydrin at 120°C for 8h (142) . The reaction of [3] with different amines in 1:1 molar ratio 

in presence of CS2 and H2O at room temperature for 8h, resulted in the formation of the respective 

target derivatives TDTC 1-TDTC 10 (fig 4). The structures of each of these derivatives were 

established by elemental analyses, including FTIR, 1NMR, 13CNMR and ESI-MS spectra (141, 

142).  

 

Figure 7: Synthesis of tetrazole based dithiocarbamate derivatives   (141) 

 

2.2.1 TDTC treatment of cells. 

For use in in vitro cell culture analyses, stock solutions of the TDTC were solubilized in dimethyl 

sulfoxide (DMSO) (Sigma Aldrich, Germany) and stored at -20°C. These stock solutions were 

further diluted to the required concentrations in culture medium. 

 

2.2.2 Controls 

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 real-time cell impedance 5-FU was used as a drug positive 

control. In sphere assay 5-FU was used and SAHA was used as drug positive control that targets 

colon cancer stem cells.  

 

2.3 Alamar Blue Screening Assay 

The Alamar Blue screening assay is high throughput drug screening tool used to monitor cell 

metabolism. Alamar Blue is a non-toxic resazurin dye that is metabolized by living cells to form 

the product resorufin that gives a magenta colour in culture media. When cells are exposed to test 

compounds, this dye is included to discriminate compounds that may have anticancer activity, 

through inducing cell death. The colour change induced by test compounds may be assessed both 

qualitatively, or quantitatively as Alamar Blue emits fluorescence. The fluorescence was measured 

with the 96 well plate spectrophotometer at 570 nm  with 600 nm as a reference wavelength. With 

active anticancer compounds, the dye remains blue as the affected cells are metabolically inactive. 

The cells were cultured to reach 60-70% confluency in 96 well culture plates (White 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 treated with concentrations ranging from 

0.01-0.4 mg/ml of each of the 10 TDTC compounds for 48 hours. Controls included untreated cells 

and vehicle control (0.2-0.5% v/v of DMSO). After 40 hours of treatment, HT29 cells were stained 

with a solution of 2.5 mM Alamar Blue. Metabolically active cells reduced Alamar Blue (resazurin) 

producing a magenta colour; while with non-responsive cells, Alamar Blue remained unchanged 

in colour. In the case of effective test compounds, it was expected for the Alamar Blue to remain 

unreduced. While the approach was to screen HT29 cells with the test compounds, to identify the 

active TDTCs, subsequently DLD1 cells representing stage III of colorectal cancer were treated 

with these selected active compounds. 
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2.4 Trypan Blue Exclusion Assay 

Where treated cells were identified by the Alamar Blue assay to be metabolically inactive, these 

cultures were further subjected to the Trypan Blue dye exclusion assay. This was done to assess 

the percentage of cell death caused by the TDTC compounds and to determine the inhibitory 

concentration at which 50% of the cells were non-viable (IC50%).  The IC50 concentration was 

obtained by exposing the cells to different concentrations of the compounds. Cell death percentages 

were obtained using automated cell counting. The concentration at which 50% cells were dead and 

50% cells were living was considered as the IC50 concentration. Readings were done in duplicate. 

Both HT29 and DLD1 cells were used in this assay. The cells were seeded into 6 well plates (2-5 

104 cells/well) and cultured until reaching 60-70% confluency and were then serum starved 

overnight to synchronise the cells in G0 of the cell cycle. After this, they were treated for 48 hours 

with the active compounds diluted in culture medium containing serum. Following TDTC 

treatment, the cells were rinsed in PBS, harvested with trypsin and further washed with PBS before 

staining with 0.2% (v/v) Trypan Blue. Stained cells were mixed by pipetting and immediately 

loaded into a haemocytometer slide and read in a Countess II FL automated cell counter (Life 

Technologies, Germany). These readings were performed in duplicate and with two biological 

repeats. The cell viability percentage was retrieved from the cell count. The percentage of dead 

cells were expressed as mean ± Standard Error of the Mean (SEM).   

 

2.5 Selectivity Assay 

A selectivity assay was performed to identify whether the active compounds were selectively toxic 

to cancer cells only. Here, HEK293 cells (Human embryonic kidney cells) were used as the non-

cancerous cell model that were exposed to the respective IC50 of each active compound for 48 

hours. As described above, Trypan Blue was used to assess the toxicity of the active compounds 

against HEK293 cells.  

The HEK293 cells were seeded into 6 well plates (2-5 x104 cells/well) and treated with each active 

concentration after reaching 60-70% confluency and being serum starved overnight. After drug 

treatment for 48 hours, the cells were rinsed in PBS, harvested with trypsin digestion and further 

washed with PBS before staining with 0.2% (v/v) Trypan Blue. As described above the stained 
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cells were subjected to the Countess II FL cell counter to obtain the cell viability and the percentage 

of dead cells [mean ± Standard Error of the Mean (SEM)].   

 

2.6 Real-time cell impedance assay, assessing growth rate of the cells  

The xCelligence Real Time Cell Impedance instrument (ACEA Biosciences Inc) is able to non-

invasively monitor cell status, including factors such as number, shape or size and cell adhesion.                                                                                                                                      

The cells are seeded on high density gold electrode array plates.  The cell adheres and grow on the 

gold electrode plates influencing the electrical impedance across the array. This electrical 

impedance is recorded and measured by xCelligence software as the Cell Index. The more rapid 

the cell growth the greater the value of the cell index. It is possible to monitor cell shape, size and 

cell adhesion by this instrument in real time (174). In this study, it was used specifically to assess 

the growth rate of the cells by plotting a growth curve in real time.  Before cell preparation, the 

experimental schedule was programmed into the RTCA control unit. Such information included 

the layout of the experiment, incorporating the number and types of cells seeded, and the treatment 

and control wells. Each experiment was performed in duplicate.  

The non-stem cell population (CD133- cells) of the HT29 and DLD1 CRC cell lines were isolated 

during the magnetic cell isolation process as explained above in section 2.1.1. The cells were 

maintained in DMEM-F12 medium (Gibco) supplemented with 5% FBS (Sigma-Aldrich) and 

penicillin-streptomycin antibiotics (Thermofisher). These were cultured to 100% confluency and 

then were harvested. A cell count was performed using 0.4% Trypan blue staining, for seeding into 

the wells of the RTCA plates. For HT29 cells, 1.345 x 107cells/ml were harvested, and 50 000 cells 

were seeded per well in the xCelligence 16 E-plate (ACEA Bioscience Inc). For DLD1 cells, 8,25 

x 106 cells/ml were harvested, and 40 000 cells were seeded per well.  The seeded cells were 

maintained with 200 µl of DMEM-F12 medium supplemented with 5% FBS and penicillin-

streptomycin antibiotics. Before seeding the cells, for calibration purposes 100 µl of the culture 

medium was added to E-plates and a blank reading was performed for 1 minute. Once the cells 

were seeded, they were allowed to settle for 30 minutes and were then cultured for 24-25 hours 

before TDTC treatment. With treatment, old culture medium was replaced with fresh medium 

containing the relevant IC50 concentration/s of the DMSO solubilized TDTC compounds.  
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The IC50 concentrations of the drugs used were: - 

TDTC 1= 0.4 mg/ml; TDTC 2= 0.4 mg/ml; TDTC 4= 0.3 mg/ml; TDTC 5= 0.35 mg/ml. The 

treatments lasted for 100-120 hours.   

 

2.7 Cell Cycle Assay  

The cell cycle assay was conducted using the MUSEÊ Cell Cycle Kit (Merck Millipore, 

Germany), which contains the DNA intercalating dye propidium iodide (PI) and RNAse to 

distinguish cell cycle stages and increase specificity. The HT29 and DLD1 cells were seeded in 6 

well culture plates (2-5x104 cells/well) grown to 60-70% confluency and were serum starved 

overnight. Next, the cells were exposed to the IC50 of the active TDTC compounds. The treatment 

was done for 48 hours; and it included both untreated cells and vehicle control (DMSO), 

respectively.  

After 48 hours the cells were washed and harvested with trypsin. The cells were then transferred 

to a 12 x 75- mm polystyrene tube and centrifuged at 300 x g for 5 minutes at room temperature. 

The supernatant was discarded, and cells were further washed with 1 ml PBS and centrifuged again 

at 300 x g for 5 minutes. The supernatant was discarded without disturbing the cell pellet, leaving 

50 µl of PBS. Next, the cells were resuspended in the residual PBS and then 1 ml of 70% chilled 

ethanol prepared with cold deionized water (stored at -20°C prior to using) was added in a dropwise 

fashion, whilst vortexing. The tube and the chilled 70% ethanol were always kept in ice. The 

ethanol-fixed cells were immediately stored in -80°C for future use.  

For Muse cell cycle analysis, ethanol-fixed cells were thawed and 200 µl of the cells were 

transferred to new 12 x 75-mm polystyrene test tube, centrifuged at 300 x g for 5 minutes and the 

supernatant was discarded. The cell pellet was resuspended with 1ml of PBS and centrifuged at 

300 x g for 5 minutes. The supernatant was aspirated off and the cells were resuspended with 200 

µl of MUSEÊ Cell Cycle Reagent and incubated at room temperature for 30 minutes in the dark. 

For cell cycle analysis, 50 µl of the stained cell suspension was diluted with 150 µl of PBS in 1.5 

ml microcentrifuge tubes and then analysed using the flow cell. Doublet discrimination was 

performed by excluding cells that were not sorted as single form. The cells that did not form part 

of definite cluster were excluded, being considered as cells below baseline. HT29 cells that were 

included had a cell size index ranging from 2-4, with an increasing DNA content index ranging 
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from 4-10 throughout the treatment. Similarly, DLD1 cells that were included for analysis had a 

cell size index ranging from 2-4, but with an increasing DNA content index ranging from 2-9.  

 

2.8 Spheroid Formation Assay 

A 1.5 % solution of agar (BioRad) was prepared in sterile water in a Schott bottle and then placed 

in an autoclave for a cycle of 30 minutes to melt and sterilize it for cell culture use. Once cooled, 

the agarose was stored at 4°C. When the cells were ready for harvesting, the agar was warmed in 

a microwave at medium heat for 2 minutes.  Once liquefied, 1.5 ml of agar was pipetted into each 

well of a 6 well plate. The gel was left to set for 20 minutes at room temperature in the laminar 

flow. 

Following this, the CD133+ HT29 CRC stem cells grown to confluency of 80-90% were harvested. 

The CD133+ HT29 stem cells were isolated from the HT29 CRC population as explained in section 

2.1.1  

HT29 CRC stem cells were maintained as adherent cultures in 25 cm3 flasks in PluriSTEMÊ 

culture medium (Merck) supplemented with pen-strep antibiotics. Accutase (Biowest) was used to 

harvest the stem cells.  Accutase is preferred over trypsin for stem cell harvesting, as it specifically 

dissociates non-adherent cells growing in clusters. The cell count was done using 0.4% Trypan 

Blue, and the cells were mixed thoroughly by pipetting to ensure that there was a single cell 

suspension, to obtain accurate readings. A final volume of 3ml was prepared containing a cell 

suspension of 30 000 cells, in PluriSTEMÊ stem cell medium supplemented with pen-strep 

antibiotics. Included in this solution was either an active TDTC compound or a positive drug 

control (5-FU and SAHA)(refer to the test compound and positive drug formulation appendix F, 

table 12). The 3 ml solution was pipetted into each of the wells.  The cells were placed in the 

incubator and cultured for 7 days (168 hours). Each day the cells were monitored for sphere 

formation. In order to replenish evaporated medium on day 4 of culture, 1.5 ml of fresh medium 

was  added with half the concentration of the active compounds, to each culture well. Digital 

images were captured at different time points using the FloidTM Cell Imaging System 

(Thermofisher).   
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2.9 Analysis of the stem cell biomarker proteome  

The cancer stem cell biomarker proteome was analysed using the ñProteome Profiler Human 

Pluripotent Stem Cell Antibody Array Kitò (R & D Systems, Biotechne). This is a membrane-based 

antibody array that simultaneously detects 15 recognised stem cell biomarkers. The included stem 

cell biomarkers were Oct4/3, Nanog, Sox2, E-cadherin, Sox17, AFP, Snail, VEGFR2, HCG, 

GATA-4, Goosecoid, Otx2, FoxA2, PDX-1 and TP63. 

This analysis required the preparation of cell lysates that were incubated with a nitrocellulose 

membrane spotted with 15 different antibodies printed in duplicate, to detect the stem cell markers. 

All required buffers, biotinylated detection antibodies, streptavidin-HRP, and chemiluminescent 

reagents were included with this kit to enable the detection of stem cell markers from cell lysates. 

The preparation of the cell lysates is described below. 

 

2.9.2 Proteome sample preparation 

The HT29 and DLD1 stem cells were grown under the above-mentioned conditions. The stem cells 

were treated with the active compounds TDTC 1 (0.4 mg/ml), TDTC 2 (0.4 mg/ml), TDTC 4 (0.3 

mg/ml) and TDTC 5 (0.35 mg/ml), DMSO (vehicle control), respectively, at a confluency of 60-

70%. The treatment duration was for 48 hours. Before cell treatment, the cells were synchronized 

by serum starvation overnight: the PluriStem medium was removed, the stem cells were rinsed in 

serum-free DMEM-F12 and were maintained with DMEM-12 medium containing only antibiotics. 

The study also included the untreated CD133- population of the HT29 and DLD1 cells, 

respectively.  

After the 48 hours of treatment, the cells were rinsed in PBS and harvested by mechanical scraping. 

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 and centrifuged at 300 x g for 3 minutes, to pellet the cells. After this the supernatant was 

aspirated off, and the cells were further washed in 2 ml of PBS by centrifugation; and the PBS was 

aspirated off. The cell pellet was solubilized in Lysis Buffer 16 (R & D) that contained a protease 

inhibitor cocktail. The solution was mixed by pipetting and then the cell lysate was rocked gently 

at 4 °C for 30 minutes. After this, the solution was transferred to microcentrifuge tubes and 

centrifuged at 14 000 x g for 5 minutes at room temperature. The supernatants were aliquoted into 

clean test tubes and stored at -70°C for further use. 
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To normalize protein concentrations, protein concentration was determined using the Qubit Protein 

Assay (Thermofisher), as compared to Qubit Protein Standards. The protein standards and protein 

samples were mixed with Qubit working solution in clear PCR tubes (The Qubit working solution 

was made up of Qubit Protein Reagent and Qubit Protein Buffer using a dilution of 1:200). Ten 

microliters of protein standard were mixed with 190 µl of the working solution. To measure the 

protein samples, 2 µl of the protein was mixed with 198 µl of the working solution.   The mixture 

was incubated for 15 minutes at room temperature. After 15 minutes the standards and samples 

were read in the Qubit 2.0 Fluorometer (Thermofisher).  

 

2.9.3 Proteome Procedure 

2.9.3.1 Membrane incubation with protein lysate 

Once concentrations obtained from Qubit were normalized with reference to the lowest protein 

concentration, protein profiling was carried out. The maximum protein volume that was required 

for incubation with the membrane was 167 µl; and where there was a deficit in volume, this was 

supplemented with Lysis Buffer 16. To the 167 µl of protein volume, 833 µl of Array Buffer 1 was 

added to each sample. Before normalization, the membranes were blocked with Array Buffer 1 at 

room temperature in a multi-well dish for an hour on an orbital shaker. All procedures were 

performed whilst membranes were on the shaker. After an hourôs incubation, Array Buffer 1 was 

aspirated off, and the 1 ml solution of protein sample was added into each well and incubated 

overnight at 4°C.  

 

2.9.3.2 Primary antibody incubation 

Following overnight incubation with protein lysates, the membranes were washed 3 times for 10 

minutes with Washing Buffer prepared according to manufacturerôs protocol. The primary 

biotinylated antibody cocktail was reconstituted with deionized water, then further diluted with 

Array Buffer 2/3 (a mixture of Array Buffer 2 and Array Buffer 3). When the washing was done, 

1 ml of primary antibody solution was added to the membrane and incubated for two hours at room 

temperature.   

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

During washing, the membranes were placed in separate containers whilst the multi-well dish was 

cleaned with deionized water. After the wash, the excess wash buffer was drained off from the 
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membranes. After this the membranes were always placed into the multi-well dish with liquid 

already present in the dish.  

2.9.3.3 Streptavidin -HRP incubation 

After washing off unbound primary antibody, the next step in the procedure was to incubate the 

membrane with Streptavidin-HRP The streptavidin conjugated to horseradish-peroxidase was 

diluted with Array Buffer 2/3 according to the dilution factor supplied on the vial which is 1:2 . 

Once the washes were completed, membranes were immersed in 1 ml of Streptavidin-HRP solution 

and incubated for 30 minutes at room temperature.  

Whilst the membranes were being washed Chemi Reagent 1 (hydrogen peroxide solution) and 2 

(luminol solution) were prepared by mixing equal amounts of the two solutions; and this mixture 

was protected from light. When the washing was completed, 500 µl of Chemi Reagent Mix was 

pipetted onto the membranes and incubated for one minute. After this, the excess reagent was 

removed through a capillary effect and the membranes were then carefully wrapped with plastic 

wrap. It was important to ensure that the Chemi Reagent Mix was evenly spread and that there 

were no air bubbles trapped between the membrane and the plastic wrap. The membranes were 

exposed for 10 minutes in the ChemiDocÊ XRS + System (BioRad).  The membranes were 

analysed using H image software, to give the spot intensity. 

 

2.10 Quantitative Polymerase Chain Reaction (qPCR) (relative 

quantification)  
 

Relative real time reverse transcription quantitative PCR was used to assess messenger RNA levels 

of selected genes following treatment with the active TDTCs. The sample preparation for RT-PCR 

is described below. 

2.10.1 RNA Sample Preparation 

As described previously, the HT29 and DLD1 CRC stem cells were maintained in PluriStemTM 

medium (Merck) to a growth confluency of 60-70%. After reaching this growth phase, fresh culture 

medium was supplemented with the IC50 concentrations of the active TDTCs and cells were 

cultured for a further 48 hours.  
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After 48 hours, the culture medium was aspirated off and the cells were washed once in sterile 

PBS. After adding 2 ml of 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 

transferred into a 15 ml Falcon tube and centrifuged at 300 x g for 3 minutes, to pellet the cells. 

After this the supernatant was aspirated off, and the cells were further washed in 2 ml of PBS by 

centrifugation; and the PBS was aspirated off.  Then, in preparation for RNA extraction, 600 µl of 

RTL lysis buffer (Qiagen) was added to the pellet and the cells were gently mixed until the solution 

was homogenous. Once completely lysed, the samples were stored at -80°C until RNA isolation 

was performed. 

2.10.2 RNA isolation 

RNA extraction was performed using the RNeasy RNA extraction kit (Qiagen), according to the 

manufacturerôs instructions. Briefly, the samples were thawed on ice. Then 700 µl of 70% ethanol 

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 seconds (s) at 8080 x g, 

this being done twice.  After each centrifugation, the flow-through was discarded.  Subsequently, 

700 µl of buffer RW1 (wash buffer) was added to the spin column and this centrifuged for 15s; 

followed by adding 500 µl of RPE buffer to the spin column and centrifuging for 15s. Following 

this, 500 µl of RPE was added to the column for centrifugation for 2 minutes.  Prolonged 

centrifugation ensures that no residual ethanol is left as this may have a negative effect on a 

downstream application, such as qPCR. The RNeasy spin column was placed into a new labelled 

1.5 ml tube. Thirty microliters of RNase-free 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 was placed immediately in ice. The RNA was then 

stored at -80°C for further processing. 

2.10.3 Quality Assessment of RNA  

The RNA was thawed on ice for evaluation using the Nanodrop Spectrophotometer; to quantify 

the RNA, to assess sample purity (A260/280 ratio) and quality (A260/230 ratio). Before reading 

the concentration of the RNA, the Nanodrop pedestal was cleaned with RNase-free water and 

blanked with the RNase-free water. An amount of 2 µl of each RNA sample was placed on the 

instrumentôs pedestal for spectrophotometric measurement.  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 93,47-355,89 ng/µl. The RNA was pure as 

the A260/A280 ratio was ╔ 2 and 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 (free of residual ethanol or salt contamination). Please see Appendix H 

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 lowest concentration. For cDNA 

synthesis 747,76 ng of RNA was used. Those samples with high RNA concentrations were diluted 

with nuclease-free water to achieve 747,76 ng of RNA in a thin wall PCR reaction tube, as 8 µl 

was the final volume for the RNA template. The 8 µl was supplemented with 1 µl of 10X dsDNase 

Buffer and 1 µl of dsDNase (Thermo Scientific). All reagents were stored on ice. After gently 

mixing, the mixture was briefly centrifuged using a Combi-spin mini-fuge (BOECO) for 30 s. The 

tubes were then incubated for 2 minutes at 37°C in an MJ Mini preheated thermocycler (Bio-Rad). 

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 µl of 

5X Reaction Mix, 4 µl of nuclease-free water and 2 µl of Maxima Enzyme Mix (Thermo 

Scientific).  The components were gently mixed and centrifuged in the Combi-spin for 30 s.  Then, 

incubated in thermomixer (MJ Mini preheated thermocycler (Bio-Rad) 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 at -20°C for qPCR. cDNA quality and concentration were assessed 

using again the Nanodrop Spectrophotometer. Pure cDNA was obtained the A260/A280 ratio were 

> then 1,6 and A260/A230 ratio was > 1,5, the samples were free of contamination.  The cDNA 

concentrations ranged from 1166,82-22367,10 ng/µl. Please see Appendix I for each sampleôs 

concentration and ratios. The cDNA was diluted with a 1:180 dilution with nuclease-free water and 

further normalized with reference to the lowest concentration, <4667,28 ng of cDNA was used for 

qPCR. 

2.10.5 Primer Preparation  

Primers were designed using the Primer-Blast from National Centre for Biotechnology Information 

(NCBI). Homo-sapiens transcripts/mRNA were specifically used retrieved from GeneBank, NCBI.  

Amplicon products were less than 235 nucleotides, an acceptable product size for real-time PCR 
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(175) . The length of the primers ranged from 19-22 nucleotides. The melting temperatures of the 

primers were 60±0.7°C; and the GC content was approximately 45-60%.  The self-

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

dimerization of primers. Low complementary scores indicate less chances of primer dimerization. 

The Gene Bank accession numbers for each gene used for the primer design are summarized in 

Table 2. 

Table 2 : Summary of the primers used in the assessment of active TDTC modulation of gene  expression 
of colorectal stem cells . 

Gene Name  

of the Primer  

Gene Bank 

Accession  

Number  

Sequence  Gene Identity   Optimal  Annealing  

Temperature (°C)  

RPL0-Forward 

(F)  

NM_001002.4  

NM_053275.3  

CAATGTTGCCAGTGTCTGTCTG Housekeeping 

gene (HKG)  

60  

RPL0-Reverse 

(R)  

 TTGACCTTTTCAGCAAGTGGGA HKG 60  

E-cadherin -F Z13009.1  AGCCCTTTCTGATCCCAGGT Target  Gene 

(TG)  

54  

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  

NM_001171623.1  

TCACCAAGGCCAGCACATAG TG 60  

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 a mini-fuge for 30 s; and 

then nuclease-free water was added (Table 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 µl of each primer solution was aliquoted into a sterile tube for qPCR. The primers were 

stored at -20°C for subsequent use.  Nine genes were used for the gene expression study. 

 

Table 3 : Summary of each primerôs specific characteristic s (IDT)   

Primer  Molecular Weight 

(g/mol)  

Moles (nmol)  Nuclease - free Water 

added (µl)  

(nmol x 10)  

Melting 

Temperature (°C)  

VEGFA-F 6.080  40  400  57.4  

VEGFA-R 5.686  30.7  307  57.7  

RPLO-F 6.732  45.5  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  39.4  394  58.2  

VEGFR1-F 6.821  35.9  359  56.3  

VEGFR1-R 6.465  33.4  334  56.2  

ȁ-catenin -F 6.529  36.5  365  57.2  

ȁ-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 (qPCR) 

Following on from the results obtained in the proteome analysis, eight significantly downregulated 

and upregulated proteins were selected for mRNA expression analysis using relative quantitative 

real time PCR. Log2 (fold change) values >2 for upregulated genes and > -0.1 for downregulated 

genes were considered as values that indicated the effectiveness of the test compounds on the stem 

cell biomarker gene expression. This was done using SYBR green assays. SYBR Green dye binds 

to double-stranded DNA especially at the minor grooves of the double-stranded DNA.  The 

fluorescence intensity of the dye increases as it binds to newly synthesized double-stranded DNA 

in the polymerase chain reaction. Thus the quantified fluorescence intensity correlates to the 

amount of DNA amplified (176).   

Four MicroAmpTM Optical 96-well Reaction Plates (Thermofisher) were run in triplicate using the 

Applied Biosystems 7500 real-time PCR system. Each well contained 5 µl of SYBR green master 

mix, 0,5 µl of forward and reverse primer, 4 µl of cDNA. The cDNA as mentioned above was 

further diluted.  

Normalization calculations were done, with the lowest concentration being used as a reference. 

Samples with high cDNA were further diluted with nuclease-free water to a total volume of   4 µl.  

The mixing of components was all performed in the MicroAmpTM Optical 96-well Reaction Plates 

(Thermofisher) on an ice block. After adding all components to the plates, these were briefly 

centrifuged at 1500 rpm for 1 min to ensure proper mixing of the solution and to remove air 

bubbles. The reaction cycle is described in Table 4 below. After the PCR amplification, 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 

(Appendix L).  
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Table  4 :  The Cycles for qPCR   

Cycl ing conditions  Duration  Temperature  °C Reason  

Step 1 5 minutes  95  Hold stage and Activate the polymerase  

Step 2 ( 40  cycles)  15 seconds  95  Denaturing Double -Stranded cDNA  

 15 seconds  60  and 54  Primer annealing  

 10 seconds  72  Elongation  

Melt cycle  

conditions  

10 seconds  95  Initial Dissociation of Double -Stranded DNA (amplicon)  

 10 seconds  0.2 increment each 

from 60 -95  

Final Dissociation of Double -Stranded DNA (amplicon)  
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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 5. The anticancer activity of the TDTC compounds was seen 

at concentrations of 0.22-0.4 mg/ml. TDTC 1 and TDTC 2 were actively inhibiting the CRC cells 

at 0.4 mg/ml, TDTC 4 was active at 0.22 mg/ml and TDTC 5 was inhibitory at 0.35 mg/ml.  Alamar 

Blue was reduced in cells treated with DMSO (vehicle control), indicating that DMSO had no toxic 

effects on cell metabolism and thus did not contribute to the effects of the active TDTC compounds 

(Table 6).  

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 [a]  Yes No No No 

TDTC 2 0.4  0.2  0.1  0.05  

Active [a]  Yes No No No 

TDTC 3 0.4  0.2  0.1  0.05  

Active [a]  No No No No 

TDTC 4 0.22  0.11  0.055  0.0275  

Active [a]  Yes No No No 

TDTC 5 0.34  0.17  0.085  0.0425  

Active [a]  Yes No No No 

TDTC 6 0.16  0.08  0.04  0.02  

Active [a]  No No No No 

TDTC 7 0.6  0.3  0.015  0.0075  

Active [a]  No No No No 

TDTC 8 0.14  0.07  0.035  0.0175  

Active [a]  No No No No 

TDTC 9 0.34  0.17  0.085  0.0425  

Active [a]  No No No No 

TDTC 10  0.14  0.07  0.035  0.0175  

Active [a]  No No No No 

[a] For active compounds Alamar Blue remained blue  (not reduced)  indicating that  cells are metabolically inactive. Ó 40% of 

the cells should be metabolically inactive  if Alamar Blue is not reduced .  
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3.2 Active TDTCs induced cell death in CRC cell lines (stage II and stage 

III)  

TDTC compounds (TDTC 1, 2, 4 and 5) were selected for further anticancer evaluation using the 

Trypan Blue dye exclusion assay. HT29 (stage II) and DLD1 (Stage III) cells were treated with the 

compounds for 48 hours (fig 8). With HT29 cells, at 0.3 mg/ml TDTC 1, 2, and 5 induced 

approximately 64.74±2.90% to 52.62±1.80% cell death. Whilst in DLD1 cells 56.36±10.97% 

to21.70±0.94% cell death was observed. At 0.2 mg/ml in HT29 cells 25.56±3.32% to 16.72±3.89% 

cell death was induced by TDTC 1, 2, 4 and 5; whilst in DLD1 cells, at 0.2 mg/ml 63.41±3.31% to 

9.18±0.69% cell death was induced. For 0.1 mg/ml, 31.53±0.26% to11,99±1.21% cell death was 

induced in HT29 cells by TDTC 1, 2, 4 and 5. In DLD1 cells 68.94±4.89% to 8.28±0.2% cell death 

was induced. TDTC 4 at 0.22 mg/ml induced 66.13±3.11% in HT29 cells; and in DLD1 cells 

53.75±2.00% cell death was induced. The active TDTC compounds were less effective in HEK293 

cells (Human Embryonic Kidney cells), having a cell death percentage ranging from 8.82±1.75% 

to 1.85±1.61%. Overall, the TDTC 1, 2 and 5 compounds were more effective at low concentration 

against the DLD1 cell line.  

 

Figure 8: Bar graph representing the cell death profile after TDTC treatment in each of HT29, DLD1 and 

HEK293 cells.   
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The cell death profile was evaluated with the Trypan Blue dye exclusion assay. Anticancer activity is represented in 

terms of mean ± SEM of the cell death percentage (y-axis) induced by the TDTC 1, 2, 4 and 5 (x-axis) in HT29, DLD1 

and HEK293 cells. The TDTC compounds induced cell death ranging from 66%-68% for HT29 cells. In 69%-68% 

cell death was induced by the compounds in DLD1 cells. In HEK293 (normal non-cancerous cells), only 9%-2% cell 

death was observed at respective IC50s of the tested TDTCs. 0.1% DMSO represents the vehicle control where the 

cells were treated for 48 hours. The values were significant at p-value of Ó 0,0001 (*** ) and for p value of <0,000001 

(***** ) for the relationship between the three cell lines. Comparing between HT29 and HEK 293 cells; and between 

DLD1 and HEK 293 cells. The concentration effects of TDTCs on cell death is represented in appendix N, table 20. 

Data was analysed using a t-test for independent samples using STATISTICA software.  

 

As high concentration of the active TDTCs caused 50% cell death (Table 7). Whilst low 

concentration of the active 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 4, while TDTC 5 had the same IC50 

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 for TDTC 5.   

 

Table 7 : Indicates the IC50 of the active TDTC compounds against HT29 (stage II) and DLD1 
(stage III).  

 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  

 

3.4 The active TDTCs affects the growth phases of CRC cells 

 

The real time cell impedance (xCelligence) assay was used to assess the growth of the CRC cells 

exposed to the respective IC50 of the active test compounds and conventional CRC drug 5-

fluoruracil (5-Fu) for 100-120 hours. For each treatment, the cell index which correlates to the 

ability of the cells to adhere to the culture surface and proliferate, was calculated using the 

xCelligence analysis software. 

As shown in the HT29 growth curve (fig 9), some of the active TDTCs may have similar mode of 

action to 5-FU. The conventional drug allowed the cells to grow exponentially to reach a steep 
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peak (cell index 1.5) at 48 hrs, followed by a drop in cell growth after 48 hrs. The cells exposed to 

5-Fu reached a negative cell index of -0,2.   

TDTC 1 (0.4 mg/ml), there was no steep growth and a slight decline in cell index was observed 

from a cell index of 1.2 to 0.4 at 116 hrs.   At 0.2 mg/ml TDTC 1, showed a much better inhibitory 

effect on cell growth compared to when the concentration of TDTC 1 is higher  (0.4 mg/ml) TDTC 

1 (0.2 mg/ml) had a  decline of cell index from 1.3 to 0.1. TDTC 2 (0.4 mg/ml), prevented the cells 

from growing exponentially, accelerated decline of cell growth was observed from cell index of 1 

at 44 hrs to 0.3 at 116 hrs. TDTC 4 (0.3 mg/ml) showed no significant inhibitory effect on the CRC 

cells as the growth pattern of the cells were similar to untreated cells.. The growth pattern observed 

with cells exposed to TDTC 5 at 0.35 mg/ml was like cells exposed to 5-Fu. The cells exposed to 

TDTC 5 had a pronounced growth indicated 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 drug 5-Fu may show greater cell growth inhibition, but the active TDTCs appear 

to be inhibiting the exponential phase. 5-Fu inhibits growth at the beginning of stationary phase. 

TDTC 1 is effective around the late stationary phase, it is also shown that a lower concentration of 

the compound is more active. TDTC 2 reduces the exponential growth phase, this is advantageous. 

TDTC 4, has shown no impact on the growth phases, as its pattern is like the untreated HT29 cells.  

Effects of TDTC 5 was similar to  5-FU but was less potent in reducing cell growth.  

 

Figure 9: HT29 cell growth phases are affected by the active TDTC compounds. 

-0,5

0

0,5

1

1,5

2

0 20 40 60 80 100 120

C
e
ll 

In
d
e
x

Time (Hours)

HT29 growth curve
Untreated
0,1% DMSO
T1 0,4 mg/ml
T2 0,4 mg/ml
T4 0,3 mg/ml
T5 0,35 mg/ml
5Fu 200 µM
T1 0,2 mg/ml



45 
 

A cell index vs time plot shows the growth of the HT29 cells exposed to active TDTC compounds. The ability of the 

cells to attach and grow is reflected as the cell index. A decrease in cell index indicates less cell attachment to the 

substrate indicating loss of cell viability. TDTC 1 (T1 0.4 mg/ml green) and 0.2 mg/ml TDTC 1 (dark green) were 

effective around late stationary phase of cell growth. TDTC 2 (T2 0.4 mg/ml orange) reduced exponential growth 

phase of the cells (cell index of 1 reduced to 0.3). TDTC 4 (T4 0.3 mg/ml pink) was similar to untreated cells which 

had high cell index of 1.3 and low index of 0.8 at 116 hrs. TDTC 5 (T5 0.35 mg/ml light green) had similar growth 

suppressive trend as 5-Fu having steepest cell index 1.8 at exponential phase and a drop of cell index to 0.75. 5-FU 

(5Fu-200 µl red) showed greater potency in terms of reducing the cell index. It had steep growth, but the cell index 

dropped to -0.2. 5- Fu was most effective at the early stationary phase. 

 

 

In late stage CRC cell line DLD1 (stage III) (fig 10), the compounds and conventional drug (5-FU) 

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 index of 0.7 at 28 hrs. 5-Fu (200 µM) was 

potent in inhibiting cell growth of DLD1 cells from maximum cell index of 8.6 to 0.2. TDTC 1 

(0.4 mg/ml) reduced the cell growth of DLD1 cells from 9.8 cell index to 3.2. TDTC 1 (0.2 mg/ml) 

had same effect on the cells as TDTC 1 (0.4 mg/ml). TDTC 2 (0.4 mg/ml) reduced cell index from 

8.8 to 3.2.  TDTC 4 (0.3 mg/ml) had a maximum cell index of 10.2, the compound reduced the 

index to 6.8. Untreated DLD1 and cells exposed to 0.1% DMSO (vehicle control) had similar cell 

index and growth pattern. Untreated DLD1 cells and vehicle controls grew reaching a maximum 

cell index of 9 and 9.4, respectively. In the span of 100 hours the growth of the untreated DLD1 

and vehicle control dropped to cell index of 6.4 and 6.2, respectively. TDTC 4 and TDTC 5 had 

similar growth pattern as that of the untreated DLD1 and vehicle control.  

In DLD1 cells, 5-FU reduced cell growth at late exponential phase. TDTC 1 was most effective at 

late stationary phase. TDTC 2 reduced cell growth at late exponential 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 phases are affected by the active TDTC compounds. 

A cell index vs time plot shows the growth of the DLD1 cells exposed to active TDTC compounds. The ability of the 

cells to attach and grow is reflected in terms of the cell index. A decrease in cell index indicated detachment of the 

cells from substrate as a result of cell death. TDTC1 (T1 0.4 mg/ml green) was effective around late stationary phase 

of cell growth. Same was with T1 0.2 mg/ml (dark green), both concentrations had a maximum cell index of 9.2 and 

cell index reduced to 3.2. TDTC 2 (T2 0.4 mg/ml orange) reduced cell growth at late exponential phase reducing cell 

index from 8.8 to 3.2.  TDTC 4 (T4 0.3 mg/ml pink) and TDTC 5 (T5 0.35 mg/ml light green) had similar cell growth 

pattern as untreated DLD1 and vehicle control (0,1% DMSO). The maximum cell indexes of TDTC 4,5 and untreated 

DLD1 cells and vehicle control ranged from 10.2-9. Cell indexes were reduced to 6.8-6.2. 5-Fu (5Fu-200 µl red) 

showed greater potency in terms of reducing the cell index. It was effective at late exponential phase; it reduced the 

cell index from 8.2 to 0.2.  

 

3.5 Effect of the active TDTCs on cell cycle in CRC cell lines 

An analysis of the cell cycle was conducted on HT29 (stage II) and DLD1 (stage III) CRC cell 

lines to confirm the effectiveness of the compounds, cell cycle arrest being an important property 

for anticancer agents. The compounds arrested cell cycle in a differential manner in HT29 cells. In 

comparison in DLD1 cells, the compounds induced a uniform pattern of cell cycle arrest.  

In HT29 cells, TDTC 1 at 0.4 mg/ml had minimal cell cycle arrest at G2/M phase. With TDTC 2 

(0.4 mg/ml) treatment a G0/G1 phase cell cycle arrest was observed. TDTC 4 (0.3 mg.ml) arrested 

cells at S phase and TDTC 5 arrested cells at G0/G1 phase (fig 11 &  13).  

For HT29 cells, TDTC 2, 4 and 5 the cell cycle arrest was significant.  

In the DLD1 cell line, all of the TDTCs treatments (1,2,4 and 5) arrested cells in the S phase (fig 

12 &  14).  
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When comparing the vehicle control (0.1% DMSO) with the test compounds, the difference 

observed for HT29 cells treated with TDTC 1 (0.4 mg/ml) was a 3.75% ± 3.18% and 4.5% ± 3.68% 

increase in gated cells for diploid nucleus and aneuploid cells respectively. There was 7.05% ± 

4.88% increase in double diploid gated cells. In DLD1, diploid cells were decreased by 20.40% ± 

3.68%, aneuploid and double diploid gated cells increased by 18.45% ± 8,70% and 8.65% ± 2.48% 

respectively in the presence of TDTC 1.  

With HT29 cells exposed to TDTC 2 (0.4 mg/ml) there was a 41.05% ± 17.61% and 4.50% ± 

3.68% increase in diploid and aneuploid gated cells respectively, whilst there was a 31.15% ± 

7.57% decrease in double diploid gated cells. DLD 1 diploid cells decreased by 26.1 ± 3.25%, 

aneuploid and double diploid cells increased by 22.35% ± 2.76% and 3.8% ± 0.28% respectively. 

HT29 cells, exposed to TDTC 4 (0.3 mg/ml) had an increase of 10.40% ± 5.66% diploid cells, 

32.80% ± 5.66% increase in aneuploid gated cells and 31% ± 5.94% decrease in double diploid 

gated cells. Whilst in DLD1, diploid population decreased by 22.60% ±5.94% and aneuploid and 

double diploid population increased by 12.45% ± 4.60% and 9% ± 2.69% individually. 

The HT29 cells, exposed to TDTC 5 (0.35 mg/ml) had a 27.85% ± 10.39% and 16.5% ± 2.40% 

increase in gated cells for diploid and aneuploid population respectively. Decrease of 32.35% ± 

4.31% gated cells were observed for double diploid population. In DLD1 cells diploid population 

and aneuploid population increased by 11.25% ± 5.59% and 11.1% ± 8.77% respectively, while 

double diploid decreased by 6.7 ± 74.95%.  
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Figure 11: TDTC compounds induced differential cell cycle arrest in HT29 cells.  

With reference to the control (0.1% DMSO), HT29 cells that were treated with TDTC 1 (0.4 mg/ml), showed no 

significant increase/decrease in the percentage of gated cells. With cells exposed TDTC 2 (0.4 mg/ml), there was an 

increased percentage of gated cells in G0/G1, when compared to the vehicle control; and a significant decrease in cells 

gated in G2/M phase (p < 0.05*).  There was an increase in gated cell G0/G1 phase compared to control and decrease 

in G2/M phase cell. Significant of the G2/M phase was illustrated by (*, p < 0.05).  TDTC 4 (0.3 mg/ml), S phase cell 

cycle arrest was observed (p=0.01 (*) ) and a significant (p=0.04 (*) ) decrease in G2/M gated cells. For TDTC 5 (0.35 

mg/ml), compound induced significant G0/G1 cell cycle arrest and significant decrease in G2/M gated cells. The 

increase in gated cells with reference to the control indicates the phase at which cell cycle arrest occurred.  T-test for 

independent samples was conducted for statistics using STATISTICA software. P-value <0.05 considered to be 

significant and n=2 for each treatment. The graph plot is of Mean ± SEM. 
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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 control cells (0.1% DMSO), TDTC 1 (0.4 mg/ml), TDTC 2 (0.4 mg/ml), TDTC 4 (0.3 mg/ml) 

and TDTC 5 (0.35 mg/ml) had an increase of gated cells in the S phase. A minimal increase was observed for TDTC 

5. TDTC 1 had a pronounced (*, p < 0.05) decrease of G0/G1 gated cells. TDTC2 treatment resulted in a significant 

decrease in G0/G1 gated cells, but with a significant (**, p Ó 0.001) increase in S phase cells. For TDTC 4, there was 

a significant decrease in G0/G1 gated cells, increase in S phase and G2/M cells.  The increase in gated cells with 

reference to the control indicates the phase at which cell cycle arrest occurred. A t-test for independent samples was 

conducted using STATISTICA software. P-value <0.05 considered to be significant and n=2 for each treatment. Plots 

is of Mean ± SEM. 
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Figure 13: Cell cycle histograms of 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. TDCT 5 0.5mg/ml.  (b) TDTC 1 had a similar profile 

of gated cells in comparison to the control (a). (c) With TDTC 2 an increase in G0/G1 gated cells was observed. (d) 

There was an increase in cells in S-phase with TDTC 4. In HT29 cells treated with TDTC 5 there was an increase in 

percentage of gated cells in G0/G1 and S phase, with a larger percentage of cells being in G0/G1. 

 

 

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. TDCT 5 0.5mg/ml 
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Figure 14: Cell cycle histograms of DLD1 cells.  a. Control (0.1% DMSO); b. TDTC1 0.4 mg/ml;  c. TDTC 2 0.4 

mg/ml; d. TDTC4 0.3 mg/ml; e. TDCT 5 0.5mg/ml.  TDTC 1 (b), TDTC 2 (c), TDTC 4 (d), and TDCT 5 (e) treated 

cells in comparison to control (0.1% DMSO) had increase of gated cells in the S phase. In the control, approximately 

56%, 13% and 30%of the cells were in G0/G1, S and G2/M phase respectively. In comparison to the control TDTC 1 

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.   

 

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 0.35mg/ml 
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3.6 The active TDTCs can modulate self-renewal of stem cells 

A spheroid formation assay was performed to assess if the active TDTCs can prevent formation of 

stem cell spheroids in HT29 CRC stem cells. The formation of spheroids by cancer stem represents 

a morphological measure of stemness, whereby stem cells are able to self-renew and prevent 

penetration of compounds to the inner cells of the spheroid, promoting persistent tumour 

progression (177). 

The HT29 stem cells were grown under ultra-low attachment conditions in agar coated wells and 

treated with either the active TDTCs, 0,1% DMSO, 5-Fluorouracil or Suberoylanilide Hydroxamic 

Acid (SAHA) for 168 hours. HT29 stem cells grew in ultra-low attachment conditions, being able 

to rapidly form spheroids (178).  

It was observed that the active compounds are potent in preventing spheroid formation. The active 

compounds prevented stem cell aggregation (colony formation) and cells appeared to remain in 

single cell form. The vehicle control and untreated cells were healthy, lacking any irregularities in 

cell morphology (cells size was normal) and as expected formation of spheroids was observed. 

Notably, the active TDTCs showed greater potency in halting spheroids than SAHA. With regards 

to the conducted assay, SAHA did compromise the health of HT29 stem cells, although the stem 

cells appeared to shrink compared to untreated, 0.1% DMSO and 5-Fu at 168 hours, they 

nevertheless still did aggregate with each other (fig 15 a, b & g). The conventional drug used to 

treat CRC was not effective in preventing HT29 stem cells from forming spheroids (fig 15 g). 

TDTC 1 and 2 was more effective as it prevented spheroid formation from 48 hours of culture (fig 

15 c & d).  
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Figure 15: The active TDTCs can modulate self-renewal of stem cells. a, b, c, d, e, f and h.   

Vehicle control (0.1% DMSO) and untreated HT29 CRC stem cells from 24 hours to 168 hours formed spheroids (a 

and b respectively). TDTC 1 (0.4 mg/ml) reduced spheroid formation from 24 hours till 168 hours (c). The cells did 

not aggregate and remained as single cells. TDTC 2 (0.4 mg/ml) had same effect as TDTC 1 (d). TDTC 4 (0.3 mg/ml) 

and TDTC 5 (0.35 mg/ml) similarly prevented spheroid formation effect was seen later around 96 hours (e and f 

respectively).  Spheroid formation occurred in the presence of 5-Fluorouracil (5-Fu, 200 µM) see 5-FU-168 hrs (g). 

Also, Suberoylanilide Hydroxamic Acid (SAHA 0.5 mg/ml) failed to impede spheroid formation; and these formed  

even though the stem cells had decreased in size when compared to vehicle control and untreated cells (h). Digital 

images were captured at different time points using the FloidTM Cell Imaging System. Scale bar= 100 µm.  

3.7 The active TDTC compounds modulated stem cell biomarkers  

 

A human pluripotent stem cell proteome array was used to assess the effect of the TDTC 

compounds on stem cells. The proteome array contained 15 stem cell biomarkers, including E-

cadherin, VEGFR2, HCG, Nanog, Alpha-fetoprotein (AFP), Snail, Oct3/4, Goosecoid, Sox17, 

Sox2, TP63, GATA-4, FoxA2, PDX-1, and Otx2. DLD1 cells were exposed to TDTC 1, 2, 4 and 

5, whilst HT29 were only exposed to TDTC 1, 2 and 4 (this was done due to a limited number of 

membranes). The compounds selected for the HT29 cells were chosen according to cell cycle 

results and included TDTC 1, 2 and 4 as these all induced cell cycle arrest. TDTC5 was omitted 

because it had the same cell cycle arrest profile as TDTC 1. The reason for treating DLD1 cells 

with all the TDTC compounds was based on the Trypan Blue dye exclusion assay, as these were 

more effective on the DLD1 cells. The cells were exposed to respective IC50 concentrations of the 

compounds for 48 hours. 

The active TDTC compounds showed a significant ability to modulate the stemness of the CRC 

stem cells. The expression profile of the stem cell biomarkers was deduced from the pixel intensity 

obtained from the exposed membrane image of protein expression. This pixel intensity represents 

the protein expression of the stem cell biomarkers after TDTC treatment of the DLD1 and HT29 

stem cells. The significance of the compoundôs modulation capability was compared to vehicle 

control (CD133+ cells exposed to DMSO), using Studentôs t-test. The significance of a 

compoundôs modulation was  based on a p value < 0.05. Each of the biomarkers is briefly described 

below. 

E-cadherin an epithelial marker, whereby its downregulation promotes stemness was upregulated 

by TDTC 1, 2 and 4 in HT29 stem cells. In DLD1 stem cells, the expression of E-cadherin was 

similar to the vehicle control, except for TDTC 5 which downregulated E-cadherin (fig 16).  
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 FoxA2 a factor 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 cells (fig 17).  

Sox17 a tumour suppressor was upregulated by TDTC 1 and 2 in DLD1 stem cells. In HT29 TDTC 

4 upregulated the tumour suppressor (fig 18).  

VEGFR2 a tyrosine kinase receptor that participates in normal and pathological angiogenesis was 

downregulated by TDTC 1 in HT29 stem cells. TDTC 4 downregulated VEGFR2 in DLD1 stem 

cells but upregulated the receptor expression in HT29 stem cells (fig 19).  

Oct3/4 an important transcription factor that is involved in regulation of stem cells functioning was 

downregulated by TDTC 1 in HT29 stem cells. Whilst TDTC 4 elevated the expression of Oct3/4. 

While the rest of the TDTCs had no effect on the expression of the protein (fig 20). 

 Another transcription factor that interacts with Oct3/4 to maintain stemness of cancer stem cells 

Sox2 was downregulated 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 4 in HT29 stem cells but 

downregulated the protein in DLD1 stem cells. The rest of the TDTCs did not affect the expression 

of GATA-4 (fig 22). 

PDX-1 is a transcription factor that regulates insulin expression in the beta cells of the pancreas. 

The protein was upregulated by TDTC 1 and 2 in HT29 stem cells. TDTC 4 and 5 downregulated 

the protein in DLD1 stem cells (fig 23).  

 Otx2 is known to promote self-renewal and growth of cancer stem cells in medullablastoma. The 

protein was upregulated by TDTC 4.  TDTC 1, 2, 4 and 5 had no effect on the expression of Otx2 

in DLD 1 stem cells (fig 24).  

Goosecoid (GSC) is a transcription factor that facilitates cell migration in embryonic development. 

GSC was downregulated by TDTC 1 in HT29 stem cells. TDTC 2 and 4 upregulated the protein in 

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

25). 
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Snail is a transcription factor that regulates epithelial to 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 stem cells (fig 26). 

 HCG is well known for facilitating embryo implantation during pregnancy. The active TDTCs had 

no impact on the expression of HCG protein in both HT29 and DLD1 stem cells (fig 27).  

TP63 is a tumour suppressor that can activate p53 response genes. There was no change in protein 

expression after the HT29 and DLD1 stem cells were exposed to the active TDTCs. The expression 

of TP63 was similar to the vehicle control (fig 28). 

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

altered by the compounds (fig 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 compounds (fig 30) 

A uniform trend of modulation (up/down-regulation) of stem cell biomarkers (E-cadherin, Sox17, 

FoxA2) was observed in response to active TDTCs in both the HT29 and DLD1 CRC stem cells. 

A low expression of the stem cell biomarkers was observed in CD133- cells of both HT29 and 

DLD1; and high expression was seen in the CRC stem cells (Appendix A). The effects of 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 stemness, its expression in HT29 and DLD1 stem cells 

is represented below (fig 16). 

 

Figure 16: Active TDTCs upregulated E-cadherin. The t-test for independent samples was conducted using 

STATISTICA 13 software. P-value <0.05 considered to be significant and n=2 for each treatment. The stem cells were 

treated with TDTCs for 48 hours. E-cadherin was upregulated by most of the active TDTCs compared to vehicle 

control (0.1% DMSO). It was significantly upregulated by TDTC 1 (**), TDTC 2 (*) and TDTC 4 (**) in HT29 CRC 

stem cells.  In DLD1 CRC stem cells, the expression of E-cadherin was similar to the vehicle control; except TDTC 5 

(*) downregulated E-cadherin, * p< 0.05 and **, pÓ0.001. The graph plot of protein expression is Mean ± SEM, n=2. 

   

FoxA2 is important in the development of digestive system and its upregulation promotes CRC, its expression is 

represented below (fig 17). 

 

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

TDTC 1 (*  p < 0.05 (DLD1)), TDTC 2 (***  pÓ0.0001(HT29), *  p <0.05 (DLD1)), TDTC 4 (***  pÓ0.0001 (HT29),*  

p<0.05 (DLD1)) and TDTC 5 (* p<0.05) significantly downregulated FoxA2 compared to the vehicle control (0.1% 

DMSO). The stem cells were exposed to TDTCs for 48 hours. T-test for independent samples was conducted using 

STATISTICA 13 software. P-value <0.05 was considered to be significant. The graph plot of protein expression is 

Mean ± SEM, n=2. 
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The expression levels of Sox17 a tumour suppressor is depicted in the plot below (fig. 18) 

 

Figure 18: Sox17 protein expression levels in HT29 and DLD1 stem cells.  

Sox17 was upregulated by the active TDTCs. Sox17 a tumour suppressor was significantly upregulated by TDTC 1 

(DLD1), TDTC 2 (DLD1) and TDTC 4 (HT29) (* p< 0.05), in comparison to the vehicle control. CRC stem cells were 

exposed to active TDTCs for 48 hours. The t-test for independent samples was conducted using STATISTICA 13 

software. P-value <0.05 considered to be significant. The graph plot of protein expression is Mean ± SEM, n=2. 

 

VEGR2 is a receptor functional in the angiogenic pathway, its activity being required for vascularization (fig 19). 

 

Figure 19: VEGFR2 protein expression levels in HT29 and DLD1 stem cells. TDTC 1 and TDTC 4 show 

potential in reducing angiogenesis. 

TDTC 1 downregulated VEGFR2 (* p<0.05) in HT29 stem cells, and TDTC 4 downregulated VEGFR2 in DLD1 stem 

cells (* p<0.05). Interestingly TDTC 4 upregulated VEGFR2 (** pÓ0.001) in HT29 stem cells, in comparison to the 

vehicle control (0.1% DMSO). The stem cells were exposed to TDTCs for 48 hours. The t-test for independent samples 

was conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The graph plot 

protein expression is Mean ± SEM, n=2. 
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Oct3/4 is an essential transcription factor required for the maintenance of stem cell functionality (fig 20).  

 

Figure 20:  Oct3/4protein expression levels in HT29 and DLD1 stem cells. TDTC 1 modulates Oct3/4. 

TDCT 1 downregulates (* p<0.05) Oct3/4 in HT29 stem cells whilst other TDCTs had no effect. TDTC 4 acted to 

upregulate Oct3/4 (* p<0.05). The stem cells were exposed to TDTCs for 48 hours. The t-test for independent samples 

was conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The graph plot of protein 

expression is Mean ± SEM, n=2. 

 

Sox2 is a transcription factor that is responsible for stemness of cancer stem cells (fig 21).  

 

Figure 21:  Sox2 protein expression levels in HT29 and DLD1 stem cells. TDTC 1 suppresses Sox2.  

TDTC 1 downregulates (* 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 (0.1% DMSO). TDTC 4 (HT29 stem cells) and TDTC 5 (DLD1 stem 

cells) upregulated Sox2 (* p<0.05). The stem cells were exposed to TDTCs for 48 hours. The t-test for independent 

samples was conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The graph plot 

of protein expression is Mean ± SEM, n=2. 
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 GATA4 functions as tumour suppressor, regulating anticancer genes (fig 22).  

 

Figure 22: GATA -4 protein expression levels in HT29 and DLD1 stem cells. TDTC 4 differentially modulated 

GATA -4. 

TDCT 4 upregulated (* p<0.05) GATA-4 in HT29 cells and downregulated (* p<0.05) GATA-4 in DLD1 stem cells 

when compared to the vehicle control (0.1% DMSO). TDTC 1 and TDTC 2 had no effect, GATA-4 expression was 

similar to the vehicle control. The stem cells were exposed to TDTCs for 48 hours. The t-test for independent samples 

was conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The graph plot protein of 

expression is Mean ± SEM, n=2. 

 

PDX-1 is a transcription factor that regulates expression of insulin in beta-cells of the pancreas (fig 23).  

 

Figure 23: PDX-1 protein expression levels in HT29 and DLD1 stem cells. PDX-1was differentially modulated 

in the HT29 and DLD1 cell lines.  

PDX-1 was upregulated in HT29 by TDTCs 1, 2 and 4 (** pÓ0.001), in comparison to the vehicle control (0,1% 

DMSO).  TDTC 4 and TDTC 5 downregulated (*  p< 0.05) PDX-1 in DLD1 stem cells. The stem cells were exposed 
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to TDTCs for 48 hours. The t-test for independent samples was conducted using STATISTICA 13 software. P-value 

<0.05 considered to be significant. The graph plot of protein expression is Mean ± SEM, n=2. 

 

Otx2 promotes self-renewal and growth of cancer stem cells in medulloblastoma (fig 24)  

 

Figure 24: Otx2 protein expression levels in HT29 and DLD1 stem cells, Otx2 was modulated by TDTC 4. 

In comparison to the vehicle control (0.1% DMSO), TDCT 4 upregulated (* p<0.05) Otx2 in HT29 stem cells. No 

effect of the TDTCs 1, 2, 4 and 5 is seen in DLD1 stem cells. The stem cells were exposed to TDTCs for 48 hours. 

The t-test for independent samples was conducted using STATISTICA 13 software. P-value <0.05 considered to be 

significant. The graph plot of protein expression is Mean ± SEM, n=2. 

 

Goosecoid is a primary transcription factor that facilitates cell migration in embryonic development (fig 25)  

 

Figure 25: Goosecoid expression was modulated by the active TDTCs. 

Goosecoid was downregulated by TDTC 1 (* p< 0.05) in HT29 stem cells but was upregulated (* p<0.05) in DLD1 

stem cells with reference to the vehicle control (0.1% DMSO).  TDCT 2 (** pÓ0.001) and TDCT 4 (* p<0.05) 

upregulated the protein in HT29 stem cells. The stem cells were exposed to TDTCs for 48 hours. The t-test for 
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independent samples was conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The 

graph of 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 metastasis (fig 26). 

 

Figure 26: Snail protein expression levels in HT29 and DLD1 stem cells. TDCT 4 differentially modulated Snail. 

In comparison with the vehicle control (0.1% DMSO) TDCT 4 downregulated (* p<0.05) Snail in DLD1 stem cells; 

and upregulated (* p < 0.05) it in HT29 stem cells. TDTC 1, 2 and 5 had no effect on either HT29 or DLD1 stem cells, 

compared to vehicle control (0.1% DMSO).  The stem cells were exposed to TDTCs for 48 hours. The t-test for 

independent samples was conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The 

graph plot of protein expression is Mean ± SEM, n=2. 

 

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

 

Figure 27: HCG protein expression levels in HT29 and DLD1 stem cells. Active TDTCs did not affect HCG 

protein expression. 
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TDCTs 1, 2, 4 and 5 had no effect on HCG protein expression in the HT29 and DLD1 stem cells, relative to the vehicle 

control (0.1% DMSO). The stem cells were exposed to TDTCs for 48 hours. The t-test for independent samples was 

conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The graph plot of protein 

expression is Mean ± SEM, n=2. 

 

TP63 is a tumour suppressor that can activate p53 response genes, resulting in cell cycle arrest and apoptosis.  

 

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

TDTCs. 

No significant changes to the expression of TP63 were observed after HT29 and DLD1 stem cells were treated with 

either TDCT 1, 2, 4 or 5, with relation to the vehicle control (0.1% DMSO). The stem cells were exposed to TDTCs 

for 48 hours. The t-test for independent samples was conducted using STATISTICA 13 software. P-value <0.05 

considered to be significant. The graph plot of protein expression is Mean ± SEM, n=2. 

 

AFP is a marker of hepatocellular and embryonic carcinoma (fig 29) 
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Figure 29: AFP protein expression levels in HT29 and DLD1 stem cells. AFP was not influenced by the active 

TDTCs. 

TDTC 1, 2, 4 and 5 did not affect AFP on the HT29 and DLD1 stem cells, its expression being similar to the vehicle 

controls (0.1% DMSO).  The stem cells were exposed to TDTCs for 48 hours. The t-test for independent samples was 

conducted using STATISTICA 13 software. P-value <0.05 considered to be significant.  The graph plot of protein 

expression is Mean ± SEM, n=2. 

 

Nanog like Oct3/4 and Sox2 is an essential transcription factor required for the maintenance of stem cell activity (fig 

30). 

 

Figure 30:  Nanog protein expression levels in HT29 and DLD1 stem cells. Nanog expression was not affected 

by the active TDTCs. 

TDTC 1, 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 control (0.1% DMSO). The stem cells were exposed to TDTCs for 48 hours. The t-test for 

independent samples was conducted using STATISTICA 13 software. P-value <0.05 considered to be significant. The 

graph plot of protein expression is Mean ± SEM, n=2. 
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3.8 The active TDTCs regulated gene expression of important factors 

involved in self-renewal 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 expression analysis as to understand whether the active TDTCs were 

modulating the biomarker at protein expression level or also affecting the biomarkerôs gene 

expression. As a central stemness regulator, ɓ-catenin was also included in the panel of genes that 

were studied presently. The CRC stem cells were exposed to respective IC50s of the active TDTCs 

for 48 hours. RNA was extracted and reverse transcribed to complementary DNA (cDNA) and was 

amplified and quantified using SYBR green as reporter in a quantitative real time PCR (qPCR). 

 

3.8.1 ɓ-catenin 

ɓ-catenin was observed to be highly expressed in late-stage CRC cells (differentiated cells  

[CD133-], fig 31).  With the CRC stem cells, although ɓ-catenin was expressed, this was not as 

high, as compared to differentiated cells (fig 31). Some of the active TDTCs further decreased the 

expression of ɓ-catenin in the CRC stem cells.  TDTC 1 (0.4 mg/ml) downregulated the mRNA 

production in both HT29 and DLD1 stem cells. Having a log2(fold change) of -0.12 for HT29 stem 

cells and -0.3 for DLD1 stem cells. TDTC 2 (0,4 mg/ml) slightly downregulated gene expression 

in HT29 stem cells, log2(fold change) was -0.1. Whilst in DLD1 stem cells, ɓ-catenin was 

upregulated by the TDTC 2 compounds, log2(fold change) was 0.14. TDTC 4 (0.3 mg/ml) 

downregulated expression in HT29 stem cells, log2(fold change) was -0.3. DLD1 stem cells had 

upregulation of gene expression by 0.02.  TDTC 5 (0.35 mg/ml) downregulated mRNA expression 

of both HT29 (log2(fold change) = -0,18) and DLD1 stem cells (log2(fold change) = -0.04) (fig 

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

 

Figure 31: ɓ-catenin is highly expressed in late-stage CRC cells. 

Differentiated DLD1 cells had high expression of ɓ-catenin compared to HT29 cells (æCT = 5.29 for DLD1 and 20.28 
for HT29). CRC stem cells had lower expression of ɓ-catenin compared to differentiated cells as the æCT values were 
much higher (æCT=15.36 for HT29 and 16.29 for DLD1 stem cells). HT29 and DLD1 stem exposed to TDTC 1 (0.4 

mg/ml) had higher æCT values compared to untreated stem cells (CD133+).  TDTC2 (0.4 mg/ml) rendered æCT value 

of 17.16 in HT29 stem cells, whilst in DLD1 stem cells a value of 14.20 was observed.  TDTC 4 æCT value for HT29 

stem cells was 20.22 and DLD1 is 15.8. TDTC 5 æCT value was 18.3 for HT29 stem cells, while in DLD1 æCT value 

is 16.87. The cells were exposed to the treatment for 48 hours. The graph was plotted with Stds (standard deviations).  

Higher æCT value indicates lower gene expression; and low-value indicates high gene expression. æCT= CT value of 

test compound- CT value of housekeeping gene. 

 

Figure 32: Active TDTCs mainly downregulated ɓ-catenin. 

ɓ-catenin expression was downregulated by the TDTC 1 in HT29 and DLD1 stem cells with log2(fold change) -0.12 

and -0.3 respectively.  HT29 stem cells exposed to TDTC 2 and TDTC 4 had reduced expression of ɓ-catenin (log2(fold 

change) = -0.12 and -0.3 respectively), whilst in DLD1, ɓ-catenin expression was slightly upregulated (log2(fold 

change) = 0,14 and 0.03 respectively). TDTC 5 also downregulated ɓ-catenin expression in HT29 and DLD1 (log2(fold 
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change = -0.18 for HT29 and -0.03 respectively). The CRC stem cells were exposed to the compounds for 48 hours. 

The treatments were compared to vehicle control treated stem cells.  

 

3.8.2 FoxA2 

FoxA2 gene expression was more pronounced in late-stage DLD CRC cells, then in early stage 

HT29 cells (fig 33). DLD1 CD133- cells had higher expression of FoxA2 then HT29 CD133- cells 

(æCT = 6.32 for DLD1 CD133- and 13.42 for HT29 CD133- respectively) (fig 33).  The active 

TDTC compounds reduced the gene and protein expression of FoxA2 in both HT29 and DLD1 

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

log2(fold change) of -0.34 and in DLD1 by -0.3. TDTC 2 downregulated FoxA2 by log2(fold 

change) of -0.35 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 TDTC 4 

respectively.  HT29 and DLD1 stem cells exposed to TDTC 5 had a log2(fold change) of -0.38 and 

-0.21 respectively, FoxA2 was downregulated (fig 34).  

 

Figure 33: FoxA2 mRNA expression was reduced by active TDTCs. 

FoxA2 mRNA expression was reduced in HT29 and DLD1 CRC stem cells when compared to CD133-. DLD1 CD133- 

cells had a high expression (æCT=6.32) of FoxA2 mRNA, whilst HT29 CD133- had less mRNA (æCT=13.47). 

Untreated CD133+ cells had more FoxA2 expression (æCT ranged from 6.41-8.91). The TDTC compounds reduced 

the mRNA expression (æCT ranged from 11.32-13,93). The higher the æCT value lesser the mRNA expression.  The 

cells were exposed to TDTC 1 (0.4 mg/ml), TDTC2 (0.4 mg/ml), TDTC 4 (0.3 mg/ml) and TDTC 5 (0.35 mg/ml).  

The treatment was for 48 hours. æCT= CT value of test compound- CT value of housekeeping gene.  
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Figure 34: FoxA2 was downregulated by the active TDTCs. 

FoxA2 was downregulated by all the active TDTC compounds. TDTC1 induced downregulation of FoxA2 depicted 

by log2(fold change) of was -0,34 and -0,3 for HT29 and DLD1 stem cells respectively. TDTC 2 downregulated FoxA2 

in HT29 and DLD1 with a log2(fold change) of -0.35 and -0.3 respectively.   HT29 and DLD1 stem cells exposed to 

TDTC 4 reduced FoxA2 gene expression this was depicted by log2 (fold change) of -0.31 and -0.26 in HT29 and 

DLD1 stem cells. TDTC 5 downregulated FoxA2 mRNA in HT29 and DLD1 stem cells (log2 (fold change) = -0.38 

for HT29 stem cells and -0.21 for DLD1 stem cells). The treatments were compared to vehicle control treated stem 

cells. 

 

3.8.3 VEGF was downregulated in late-stage CRC by the active TDTCs 

Differentiated CRC cells at early stage (HT29 CD133-) showed less expression of VEGF mRNA, 

whilst in late stage (DLD1 CD133-) the VEGF expression is high. Untreated CRC stem cells have 

similar VEGF expression as early stage CRC cells (HT29 CD133-) (fig 35).  All active TDTCs 

managed to downregulate expression of VEGF in DLD1 stem cells. TDTC1,2,4 and 5 

downregulated VEGF in DLD1 stem cells by log2(fold) of -0.21, -0.03, -0.012 and -0.22 

respectively. In HT29 stem cells TDTC 1 and 5 downregulated VEGF (log2(fold change) = -0.10 

and -0.46 respectively). TDTC 2 and TDTC 4 upregulated VEGF mRNA expression in HT29 stem 

cells (log2(fold change) = -0.08 and 0.06 respectively) (fig 36).  
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VEGF is a growth factor that promotes angiogenesis (fig 35 & 36). 

 

Figure 35:  VEGF is highly expressed in the late stage of differentiated CRC cells. 

VEGF was highly expressed in DLD1 CD133- cells (æCT value = 2.36), low expression was seen in HT29 CD133- 

cells (æCT value =18.04). DLD1 and HT29 stem cells (CD133+) (æCT value = 14.22 and 17.37 respectively) had low 

expression of VEGF as compared to DLD1 CD133- cells.  TDTC 1 had a æCT value 19.17 for HT29 stem cells and 

17.93 for DLD1 stem cells. TDTC 2 had a æCT value of 16.02 for HT29 stem cells and 14.89 for DLD stem cells. 

æCT value of 16.43 for HT29 stem cells and 16.48 for DLD1 stem cells was observed when the cells were exposed to 

TDTC 4.  TDTC 5, HT29 stem cells had a æCT value of 18.19 and DLD1 stem cells were 18.05. The greater the æCT 

value the lesser is the mRNA expressed. The treatment was for 48 hours. æCT= CT value of test compound - CT value 

of housekeeping gene. 

 

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

TDTC 1 downregulated VEGF mRNA in HT29 and DLD1 indicated by log2 (fold change) of -0.10 and -0.22 

respectively., TDTC 2 downregulated VEGF mRNA by log2(fold change) of  -0.03 in DLD1 stem cells  VEGF  mRNA 

in HT29 stem cells was slightly upregulated (log2 (fold change = 0.08)).TDTC 4 downregulated VEGF mRNA by 

log2 (fold change) of -0.12 in DLD1 stem cells. HT29 stem cells exposed to TDTC 4 had slightly upregulated VEGF 

mRNA (log2 (fold change) of 0.06). TDTC 5 downregulated VEGF mRNA in 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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3.8.4 VEGFR1 was downregulated by active TDTCs 

VEGFR1 mRNA was similarly and abundantly expressed in both the differentiated and DLD1 stem 

cells. The active TDTCs downregulated VEGFR1 (fig 37).  The log2(fold change) in gene 

expression, as compared to untreated cells was -0.09, -0.4, -0.48 and -0.58 for TDTC 1, TDTC 2, 

TDTC 4 and TDTC 5 respectively (fig 38). 

 

VEGFR1 is a receptor that initiates angiogenesis, it interacts with VEGF under pathological condition (fig 37 & 38) 

 

Figure 37: VEGF1 mRNA was downregulated by the active TDTCs. 

DLD1 CD133- and DLD1 stem cells had similar expression of VEGFR1 (æCT value =8.16 for DLD1 CD133- and 

8.26 for DLD1 stem cells. TDCT 1 (0.4 mg/ml) reduced VEGFR1 mRNA expression æCT value = 9.86 in DLD1 stem 

cells TDTC 2 also reduce VEGFR1 gene expression æCT value was 14.89.  TDTC 4 and TDTC 5 reduced mRNA of 

VEGFR1 indicated by æCT value of 16.48 and 18.05, respectively. The treatment was for 48 hours. æCT= CT value 

of test compound - CT value of housekeeping gene.  
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Figure 38: The active TDTCs downregulated VEGFR1 mRNA. 

The relative gene expression log2(fold change) was -0.09, -0.4, -0.48 and -0.58 for TDTC 1, TDTC 2, TDTC 4 and 

TDTC 5 respectively. The DLD1 stem cells were exposed to the active TDTC compounds for 48 hours). The treatments 

were compared to vehicle control treated stem cells. 

 

 

Proteins modulated by the compounds were further studied at their transcriptional level, to confirm 

whether the protein expression matched mRNA expression. In this pursuit, genes such as Sox17, 

E-cadherin, VEGFR-3, VEGFR-2 in HT29 and DLD1 stem cells; and VEGFR-1 in HT29 stem 

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

work and will be done at a future time point. Troubleshooting was done by performing gradient 

PCR and qPCR was performed again. The genes were amplified through primer annealing 

temperature of 54°C instead of 60°C (Table 8). Due to time constraints, the amplification of the 

genes was not done. 
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Chapter 4  

Discussion  

CRC is reported as being an aggressive and recurrent disease in younger South African individuals 

(<40 years of age). CRC recurrence is caused by  intrinsic (primary resistance) or  acquired 

resistance (adaptive resistance) to conventional chemotherapy which results in patient relapse 

(179). The resistance in most cases is steady or heritable resulting in increased drug tolerance even 

if chemotherapy is reintroduced after a while (180). The resistance persists because of tumour 

heterogeneity. The tumour consists of differentiated cells, stem cells and stem-like cells (epithelial 

cells transitioning into mesenchymal cells). The observed inefficacy of the chemotherapy is 

influenced by CRC stem cells and stem-like cells (181). The CRC stem cells, and stem-like cells 

possess self-renewal properties and the ability to differentiate into heterogenous lineages of cancer 

cells, in response to chemotherapy. Also,  as CRC stem cells may be quiescent, conventional 

chemotherapy  cannot target these cells  (182). The referenced properties are responsible for the 

inefficacy of the conventional chemotherapy (183).  

In addition, chemotherapies are toxic and not specific to the tumour. Therefore novel anticancer 

compounds and  new therapies are required to combat drug resistance, drug toxicity and drug 

inefficacy In considering this,  novel tetrazole dithiocarbamate derivatives were  tested for their 

anticancer activity CRC adenocarcinoma cells representing  earlier (HT29 stage II) and later 

(DLD1 stage III) tumour stages. In addition, anticancer mechanisms of the active derivative 

compounds were tested in cancer stem cells.  

In the present study 10 TDTCs were screened using Alamar Blue to identify active anticancer 

candidates. Alamar Blue gives an indication of which compounds induced cell death. The cells 

treated with the compounds were stained with the non-toxic Alamar Blue dye and incubated 

approximately for 4 hours. After incubation, where the dye retains its blue colour remaining 

unreduced,  this indicates cell death has been induced by the compounds. When the dye changes 

colour to pink/magenta this means the cells are alive and can reduce the dye to change colour. Out 

of the ten 10 TDTCs, 4 TDTCs were potentially shown to possess  anticancer activity, these being 

TDTC 1, 2 4 and 5. These active TDTCs were further subjected to the Trypan Blue dye exclusion 

assay to further validate their anticancer activity by assessing  cell viability and to  further identify 

the IC50 concentration for each compound.  The DMSO vehicle controls notably had no effect on 

cell viability.  Interestingly, the TDTCs had no effect on the non-cancerous Human Embryonic 
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Kidney cell line, HEK293, when treated with the equivalent IC50 values as applied to the colon 

cancer cell lines. It thus seemed that at the experimentally deduced IC50 values, the TDTCs were 

selectively active only against the CRC cells. Overall, cell death induced by the TDTCs was much 

greater in DLD1 (stage III) cells compared to HT29 (stage II). In HT29 cells, TDTC 1 had strongest 

effect in inducing cell death followed by TDTC 4 and TDTC 2. TDTC 5 had the weakest effect in 

inducing cell death in HT29 cells. With DLD1 cells TDTC 2 was the strongest, 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 cells. The compounds 

effectively reduced the growth rate of the CRC cells. Also, cell cycle arrest was induced by the 

compounds. In DLD1 cells, a uniform cell cycle arrest occurred at S phase being induced by all the 

compounds. In comparison in HT29 cells a different cell cycle response was seen, where G0/G1, 

S, G2/M cell cycle arrest was observed.  

The study also assessed the effects of the TDTCs on CD133 positive stem cells isolated from each 

CRC cell line. An important indicator of putative stem cells is their ability to form spheroids, these 

being 3-dimensional aggregates of cells in culture.   This capability was tested in the HT29 stem 

cells (CD133+) which did indeed form spheroids confirming their ñstemnessò. Notably here, 

spheroid formation was inhibited by TDTC treatment. Following this, the response of the HT29 

stem cells to TDTC treatment was 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+) 

possessing the ability to self-renew and undergo multilineage differentiation, together with non-

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 relapse (179).   

The tumour population is maintained and regulated by many different signalling pathways. The 

CD133+ and CD133- proliferation is regulated by important growth and development proteins such 

as ɓ-catenin (78). A key pathway in intestinal development and stem cell regulation is the Wnt 

pathway in CRC (see fig 39). In CRC the Wnt associated transcription factor ɓ-catenin may be 

constitutively expressed, leading to excessive cell proliferation (95) Factors maintaining stem cells 

and their self-renewal properties including FoxA2, VEGF, VEGFR 1, VEGFR 2, Sox2, Nanog, 

Oct3/4, Goosecoid, Snail, PDX-1, Otx2, HCG, GATA-4, AFP together with ɓ-catenin are 

upregulated in CRC. E-cadherin a marker of differentiation has been found downregulated in 
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cancer cells. Tumour suppressor genes such as Sox17, GATA-4 and TP63 are downregulated 

during tumour progression (104, 184-188).  

In the present study, TDTC treatment downregulated mRNA expression of ɓ-catenin, FoxA2, 

VEGF, VEGFR 1 and VEGFR 2 in HT29 and DLD1 stem cells.  Reduced expression of ɓ-catenin 

implies that the Wnt signalling is inactivated. The Wnt pathway is involved in proliferation through 

expression of ɓ-catenin. Reduction expression of the ɓ-catenin retards cell proliferation, which 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 tumours (189), the 

downregulation of this pathway by TDTC is of importance.  

Proteins that were significantly upregulated included  Sox17, a tumour suppressor gene; and E-

cadherin an epithelial cell adhesion protein normally expressed in differentiated cells (110, 190). 

It would thus seem that TDTCs acted to reduce stem cell ñmarkersò in the cancer stem cells and 

increased biomarkers associated with cell differentiation.  

Aside from affecting the angiogenic pathway, the TDTCs potentially impeded the Wnt signalling 

pathway in reducing B-catenin 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 of ɓ-catenin as it accumulates in the nucleus (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 

and EMT acting to promote cell differentiation. These findings are of particular interest, since to 

date no successful therapies have been developed to target the Wnt pathway. From this 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 from (191) The Wnt Pathway is essential in 

intestinal development, it is active through the transcription factor, ɓ-catenin. In absence of Wnt signal ɓ-catenin in 

the cytosol is phosphorylated by the destruction complex (Axin, APC, GSK3 and CK1) and is marked for 

ubiquitination end up in proteasome for degradation. In the absence of the Wnt signal ɓ-catenin also interacts with E-

cadherin to with alpha catenin and actin filament. In this state differentiation of colon epithelial cells and reduced stem 

cell growth occurs. Angiogenesis and EMT promoted by ɓ-catenin are inhibited.  In the presence of the Wnt signal ɓ-

catenin phosphorylation by the destruction complex is ceased, E-cadherin is ablated. This results in accumulation of 

ɓ-catenin in the nucleus, it interacts with co-transcription factor TCF. The interaction results in transcription of several 
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genes such as c-Jun, Fra 1, surviving, Oct3/4, Sox2, Nanog, Cyclin D, VEGF, c-Myc, hTERT, Twist and 

metalloproteinase 7. The activation of these genes results in proliferation of stem cells, angiogenesis and EMT are 

promoted especially in CRC. PDX-1, AFP, Goosecoid Otx2 and FoxA2 also regulated EMT, angiogenesis, 

proliferation of stem cells. Differentiation is inhibited. During activation of oncogenes tumour suppressors such 

GATA-4/GATA-5, Sox17, are E-cadherin are repressed. 

 

 

 

Figure 40: TDTCs Mode of Action                                                                                                                                                 

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

tumour stem cells (CD133+ cell population can form spheroids) while the majority of cells are non-stem cells (CD133- 
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population). An indicator of putative stem cell is their ability to form spheroids, these being 3-dimensional aggregates 

of cells in culture. During tumour progression certain factors are upregulated and downregulated. Factors that are 

upregulated they maintain cell profileration and stem cell growth. These upregulated factors are FoxA2, VEGF, 

VEGFR1, VEGFR2, ɓ-catenin, Sox2, Nanog, Oct3/4, Otx2, PDX-1, HCG, AFP and Snail, Goosecoid. Downregulated 

factors are tumour suppressor such as Sox17, GATA-4 and TP63. Epithelial marker E-cadhein 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 analyses on CD133+ cells. The finding from the experiments 

aided in mapping the TDTCs mode of action, the compounds inhibited cell proliferation (CD133+ and CD133- cells), 

spheriod formation (CD133+) and cell cycle in the mixed population. With protein and gene analysis, it was observed 

that E-cadherin and Sox17 were upregulated. FoxA2, VEGF, VEGFR1, VEGFR2 and ɓ-catenin were downregulated.  

The compounds do have the capability to interact with the DNA. The compounds subsituents have been reported that 

they interact with DNA. Evidence for this is that genes such FoxA2, ɓ-catenin, 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 Alamar 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 non-cancerous cells (HEK293). The compounds have shown to have 

anticancer activity in CRC cell lines. The Trypan blue results further showed that higher 

concentrations of TDTC 1, 2, 4 and 5 caused less cell death in DLD1 cells than at lower 

concentrations. It is possible here that the compounds at lower concentrations effectively disrupted 

an essential pathway that the cells depend on for survival. An analogous example is Taxol which 

at a low concentration was reported to disrupt the normal cellular microtubule cytoskeleton and 

resulted in G2/M phase cell cycle arrest in association with inactivated Raf-1, which is essential in 

blocking cells from entering G2/M phase (192). Activated Raf-1 was however observed at raised  

concentrations of Taxol. Similarly the low concentrations of active TDTCs may be disrupting an 

essential 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 6 summarizes the IC50 of the active TDTCs compounds, where the HT29 and DLD1 cells 

were exposed to the TDTCs. The compounds were highly effective in DLD1 cells as the IC50s 

were much lower indicating that the compounds are more effective in targeting late stage CRC 

cells than early stage CRC cells. The compounds This 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 cell line.  In 

terms of the cell death induced by the compounds, compound 4 was more effective in HT29 cells, 

followed by compound 1, compound 2 showed moderate anticancer activity and compound 5 had 

weak anticancer activity.  In DLD1 cells, compound 2 had much greater anticancer efficacy, 

followed by compound 1, compound 5 had moderate anticancer activity and the least active 

compound was compound 4. The anticancer activity was analysed through quantifying the cell 

death of the cells.  

The active TDTCs showed selective anticancer activity, as they did not induce significant cell death 

in the non-cancerous human embryonic kidney cells (HEK 293).  The selectivity may be due to the 

presence of different functional groups attached to common tetrazole dithiocarbamate scaffold as 

moieties or substituents. Compounds 1 and 2 have benzene rings conjugated to tetrazole and 

dithiocarbamate, where compound 1 benzene ring has a primary amine (aniline)as a substituent. 

The Compound 2 benzene ring contains a methylamine as substituent.  Compound 4 moiety 

conjugated to the tetrazole and dithiocarbamate is a piperidine. Compound 5, the least selective 

compound, contains a morpholine moiety conjugated to the tetrazole and dithiocarbamate. The 

substituents together with the scaffolds (tetrazole and dithiocarbamate) are well known for specific 

interactions with cancer cells. In this regard, particular chemical 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 aniline mustards with selectivity towards a 

leukaemia derived cell line (193, 194); the methylamine substituent fits within the category of 

alkylating agents, which have shown cancer cell selectivity (195); piperidine derivatives which 

intercalated with tumour cell DNA were reported to have a higher cytotoxicity in renal cancer cells, 

prostate cancer cells and breast cancer cells compared to non-cancerous cells (196); and the 

morpholine substituent has been found to interact with phosphoinositide 3-kinase (PI3K) in 

melanoma cancer cells. Thus it is feasible to map precisely which substituents of the active TDTCs 

are essential for their selective anti-cancer properties.  
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4.2 Active TDTCs affected growth phases of 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 death phase (199). We treated 

CRC cells, HT29 (50 000 cells) and DLD1 (40 000 cells) with respective IC50s of test compounds 

and 5-Fu. The growth was recorded in real time in 16 well plate by real time cell analyser 

(xCelligence) for 100-120 hours.   

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

5-FU, even though 5-FU was much more potent in inducing cell death in CRC cells. The 5-FU 

killing effect was noted in the stationary phase in HT29 cells, whilst in DLD1 cells, it was occurred 

during the late exponential growth phase. At the late exponential and stationary phases, the cellôs 

mitotic index decreases. (200), this being the 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 cells are not found to be susceptible to anti-cancer drug 5-FU. 5-FU targets rapidly 

proliferating cells with increased mitotic index. The observation of 5-FU inhibiting cell growth at 

late exponential and stationary phase is disadvantageous. The observed inhibitory of 5-FU at late 

exponential and stationary phase shows how acquired resistance occurs. Acquired resistance to 

chemotherapeutic agents is alarming in clinical settings. Drug resistance is acquired when some of 

the cells stop proliferating (become quiescent) and remain at G0/G1 phase of the cell cycle. As the 

drug decreases in surrounding, these quiescent cells start  proliferating again to form a new tumour 

(201, 202). 

Compound 1 induced cell death at late stationary phase in HT29 cells and DLD1 cells. It is also 

effective at lower concentration. In late exponential and stationary phases, there is a large 

proportion of cells that are quiescent. Quiescent cells are not easily targeted by compounds 

especially if the compounds are targeting rapidly proliferating cells.  The active TDTCs have the 

capability to target quiescent cells as the compounds prevented spheroid formation of isolated 

HT29 stem cells (CD133+). 

Compound 2 was effective at hindering cell growth at initial exponential phase in HT29 cells whilst 

in DLD1 cells the compound induced cell death at the late exponential phase. It has been assumed 

that cells growing at exponential phase have constant cell-cell interactions (203). Compound 2 
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ability to inhibit cell growth at initial exponential phase, shows the compound 2 influences cell-

cell interactions. Cell-cell interactions are  responsible for  promoting the tumour cell growth (203).   

Compound 4 did not induce any death phase on both HT29 and DLD1 cells. Compound 5 induced 

a decline in cell growth at stationary phase, but the induced cell death was not as great as compared 

to compound 1, 2 and 5-Fu. However, there was no cell death observed in DLD1 cells.  Even 

though low capacity in inhibiting growth was observed for compound 4 and 5, they did prevent 

spheroid formation in the HT29 stem cells (CD133+). 

 

4.3 Active TDTCs arrested cell cycle in CRC cells 

It is important when evaluating anticancer effects of compounds that cell-cycle functioning is 

assessed, since tumour cells dysregulate their cell-cycle, resulting in continuous proliferation. The 

cell cycle assay was conducted using the MUSEÊ Cell Cycle Kit. HT29 and DLD1 cells were 

exposed to the compounds with respective IC50s for 48 hours. The compounds induced cell cycle 

arrest in HT29 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 (Compound 1), G0/G1 (Compound 2 and 5) and S phase 

(Compound 4). All compounds arrested cell cycle at S phase in DLD 1 cells.  

G0/G1 cell cycle arrest was facilitated by active compound 2 and 5 in HT29 cells. A significant 

reduction in the percentage of gated cells was observed in G2/M phase in HT29 cells exposed to 

compound 2 and 5, where G0/G1 cell cycle arrest was observed. G0 phase in the cell-cycle is 

characterized by quiescent cells, the cells are not dividing to form daughter cells but are 

metabolically active. 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 proliferation. At 

late G1 phase, cells do not require growth factors (this is the restriction point), its progression into 

S phase solely depends on cell size  and DNA integrity (204). If the cell cycle is arrested at G0/G1 

phase, initiation of proliferation is prevented. 

Compound 4 induced cell cycle arrest at S phase in HT29 cells. Whilst in DLD1 cells, all 

compounds 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 proteins involved in DNA replication such 

as DNA topoisomerase (205, 206).  

Compound 1 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 in G2 phase (207). After DNA repair, cells proceed to M phase where the sister 

chromatids and daughter cells separate (208). The G2/M cell cycle arrest surely prevents the 

completion of mitosis.  The cell cycle arrest induced in this study by the compounds could indicate 

an interaction with the DNA. 

While compounds 4 and 5 induced cell death as observed in the Trypan Blue exclusion assay and 

cell cycle arrest, their growth inhibitory effect was not deduced from the real time cell growth 

analyses. The growth phases that are deduced from real time cell growth analysis are associated 

with cell cycle phases (201). In this regard it is expected that a compound arresting the cell cycle 

should also have inhibited cell growth as measured by real time cell analysis. Further investigation 

must be conducted using slightly increased concentration (s) as to link how compounds 4 and 5 

induced cell death and cell cycle arrest and their inhibitory effect on CRC cell growth.  

 

4.4 Active TDTCs inhibited spheroid formation in CRC stem cells 

Spheroid assays are important as these mimic in vivo tumour growth, providing a 3D representation 

of cell growth (209); and notably, cancer stem cells form spheroids  (184). Cells growing as 

spheroids have two zones, an outer and an inner zone. The outer zone contains rapidly proliferating 

tumour cells, while the inner zone contains cells that are quiescent and are hypoxic (177). 

Conventional drugs cannot penetrate through to the inner zone. However, even if they do, they lack 

the ability to  target the quiescent cells (210). For instance, 5-FU only affects rapidly proliferating 

cancer cells and would therefore only affect the outer zone of dividing cells and not the inner 

quiescent zone.  

With the spheroid formation assay, HT29 stem cells (30 000 cells) were exposed to the IC50 of the 

test compounds, 5-FU and SAHA (Vorinostat) for 168hours. HT29 stem cells were selected over 

DLD1 cells, as they readily formed spheroids in in vitro culture conditions. All compounds at their 

respective IC50s prevented formation of spheroids in HT29 stem cells. In comparison, SAHA and 

5-FU did not prevent spheroid formation even after 168 hours. The 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 self-renew. 

 

4.5 Active TDTCs modulated CRC stem cell proteome 

The effectiveness of the compounds at targeting CRC stem cells was further investigated at a 

protein expression level by quantifying key stem cell biomarkers following treatment of HT29 and 

DLD1 CRC stem cells; and here, biomarkers that are essential in maintaining stem cells and tumour 

progression were differentially expressed. In particular, there were changes in the protein levels of 

E-cadherin, Sox17 and FoxA2 in both HT29 and DLD1 stem cells.  Notably, E-cadherin and Sox17 

were upregulated in HT29 stem cells, while FoxA2 was downregulated after treatment.  

 

4.5.1 E-cadherin and Nanog 

E-cadherin is implicated in the initiation of EMT. The loss of E-cadherin in epithelial cells, 

converts epithelial cells into mesenchymal cells. This is when the epithelial cells gain stem-like 

properties, whereby they express stem cell biomarkers. The transitioned cells are termed stem-like 

cells (211).  The stem-like cells have upregulated stem cell biomarkers such as Nanog, Oct4, SOX2 

and EpCAM. Various small molecules have upregulated E-cadherin expression in CRC, leading to 

the reversal of EMT, reduction in cell proliferation and over-coming drug resistance (212). In the 

present study, the synthesized compounds upregulated E-cadherin. In terms of stem-like cells, the 

compounds might affect EMT, which is implicated in metastasis and drug resistance. Compounds 

1 and 4 were more effective in upregulating E-cadherin in HT29 stem cells, while Nanog 

expression was unaffected. 

With regards to CRC stem cells, upregulation of E-cadherin may lead to continuous proliferation. 

In embryonic stem cells (ESC), E-cadherin can regulate transcription of Nanog through 

phosphorylation of STAT3 in ESC (213, 214).  It has been found that CRC primary tumours have 

two distinct populations of cancer stem cells, one population with upregulated E-cadherin and the 

other lacking E-cadherin. The cells that expressed E-cadherin, were highly proliferative, while cells 

without E-cadherin were quiescent. Moreover cells which expressed E-cadherin also  expressed 

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 E-Cadherin in DLD1 stem cells, implying that it may inhibit proliferation of 

DLD1 stem cells. The compounds neither upregulated nor downregulated Nanog expression in the 

proteome profiler array assay.  

4.5.2 FoxA2 

FoxA2 is essential in the development of the intestines. FOXA2 seems to regulate many genes in 

diverse pathways contributing to intestinal function, including tube development, regulation of cell 

morphogenesis and solute transport (216); and it is upregulated in CRC tissues. Its upregulation is 

correlated with lymphatic metastasis. FoxA2 promotes proliferation, migration, invasion and is 

also involved in EMT (217). The oncogenicity of FoxA2 is cell type-specific, being able to act as 

a tumour suppressor in gastric cancer (218).  The reduction of FoxA2 in CRC cells has been 

reported to result in apoptosis and upregulation of E-cadherin (217). With regards to FoxA2 

expression and its role in CRC stem cells, this is not well documented. It was previously observed 

that in patient-derived CRC liver metastatic stem cells (CRCLM) there was a high expression of 

FoxA2. Triple combination treatment (curcumin, 5-Fu, and oxaliplatin), significantly reduced 

FoxA2 expression in CRCLM stem cells (219). In the present study, all of the compounds 

significantly downregulated FoxA2 in both HT29 and DLD1 cells.  Compounds 2 and 4 were the 

most effective in reducing FoxA2 expression in HT29 stem cells. 

 

4.5.3 SOX17 

Sox17 is transcription factor that regulates differentiation in pluripotent cells (220). SOX17 has 

been shown to possess tumour suppressor capabilities in CRC. It has been observed that SOX17 

inhibited cell proliferation, stemness and EMT regulated by ɓ-catenin/TCF activity. This resulted 

in inhibition of invasion and metastasis.  Similarly, in cervical cancer SOX17 halted proliferation 

(186). A microRNA, miR-371-5p was reported to be associated with SOX17 anticancer activity 

(190). In the present study, compounds 1 and 2 upregulated Sox17 in DLD1 stem cells, while 

compound 4 upregulated Sox17 in HT29 stem cells.  

 

4.5.4 VEGFR2  

The VEGF receptors, VEGFR1 VEGFR2 and VEGFR3 all play a role in angiogenesis. Compound 

1 reduced expression of VEGFR2 in DLD1 stem cells and compound 4 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 CRC cells into endothelial cells. The CRC 

endothelial cells from primitive vascular plexus-like structures, which form matured capillaries. 

The ablation of VEGFR2 in these stem like-cells inhibits the formation of vascular structures (221). 

VEGFR2 also has a role in CRC-associated inflammation. VEGFR 2 promotes tumour progression 

and prevents senescence during acute inflammation (222). Self-renewal of cancer stem cells is also 

regulated by VEGFR2/STAT3-mediated upregulation of Myc and Sox2, as VEGF interacts with 

VEGFR2. This has been reported in breast and lung cancer stem cells (223). Compound 1 and 

compound 4 may act as VEGFR2 inhibitors, especially in stem-like cells. Also, the compounds 

may reduce inflammation promoted by VEGFR2 in CRC.  

 

4.5.5 Oct3/4 

Oct3/4 is essential in maintaining the stem cell state, being implicated in the self-renewal of CRC 

stem cells and stem-like cells (224).  Compound 1 significantly downregulated Oct3/4 in HT29 

stem cells, whilst compound 4 upregulated Oct3/4 in HT29 stem cells.  Compound 1 has a direct 

effect on CRC stem cells as it downregulated an essential CSC marker (225).   

 

4.5.6 Sox2 

In CRC, SOX2 has a role in EMT, tumour migration and invasion. The expression of Sox2 has 

been correlated with distant metastases in right-sided colon cancer (226). Overexpression of Sox2 

is coupled with quiescence of CRC stem cells (227). Sox2 was significantly downregulated by 

compound 1 in HT29 stem cells, but compound 4 upregulated Sox2 in HT29 stem cells and 

compound 5 downregulated Sox2 in DLD1 stem cells. The downregulation of Sox2 may limit 

metastasis, preventing tumour relapse; and CRC stem cells could potentially be treated with other 

drugs.  

 

4.5.7 GATA -4 

The promoters of GATA-4 and GATA-5 are hypermethylated in primary CRC tissues.  GATA -4 

has tumour suppressor role, it regulates anticancer genes (228). GATA-4 expression was unaltered 

by compounds 1, 2 and 5. Compound 4 upregulated GATA-4 in HT29 stem cells and 

downregulated the protein in DLD1 stem cells. GATA4/5 proteins inhibit proliferation, colony 

formation, migration, invasion and anchorage-independent growth in CRC cells.  
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4.5.8 PDX-1 

PDX-1 is a transcription factor,  that regulates the expression of insulin in ɓ-cells of the pancreas. 

PDX-1 has been classified as an oncogene in pancreatic cancer. Its knock-down improved survival 

and halted tumour growth in xenograft mouse models (83, 185). PDX-1 has been found in CRC 

cells, especially in metastatic cells (84). Compounds 1, 2 and 4 upregulated PDX-1 in HT29 stem 

cells equally and was downregulated by Compounds 4 and 5 in DLD1 stem cells. It is suggested 

here that these compounds may combat metastasis associated with PDX-1 expression.  

 

4.5.9 Otx2 

Otx2 is a well-known medulloblastoma (MB) oncogene. Otx2 promotes self-renewal and growth 

of MB, preventing differentiation by inhibiting the expression of axon guidance genes (229).  Little 

is known about Otx2 role in CRC. In this study both DLD1 and HT29 stem cells expressed Otx2, 

which was upregulated by compound 4 in HT29 stem cells.  

 

4.5.10 Goosecoid  

Goosecoid (GSC) is primarily a transcription factor that participates in cell migration in embryonic 

development (230). GSC has been implicated in chemoresistance. Its high expression in ovarian 

and breast cancer has been associated with metastasis. GSC overexpression confers  both cancers 

to be resistant to chemotherapy (90).  In CRC, GSC functions as an EMT-inducing transcription 

factor (231). HT29 stem cells exposed to compound 2 and 4 had upregulated GSC expression, 

while compound 1 downregulated GSC in HT29 stem cells, but upregulated GSC in DLD1 stem 

cells.  

 

4.5.11 Snail 

Snail is implicated in EMT through repressing E-cadherin associated with cell membranes. Its 

overexpression results in stem-like cells in CRC and causes metastasis (187).  It is also expressed 

in CRC stem cells (232).  Compound 4 downregulated Snail in DLD1 stem cells and upregulated 

Snail in HT29 stem cells. The other active compounds did not have any effect on Snail expression.   
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4.5.12 HCG 

Human chorionic gonadotropin (HCG) facilitates embryo implantation and is secreted by the 

syncytiotrophoblast. Non-trophoblastic solid tumours express ɓ-HCG, this includes renal 

carcinoma, hepatocarcinoma, and bladder carcinoma. In CRC, the ɓ-HCG expression is shown to 

correlate with poor prognosis of CRC patients (92). The cells that express HCG become embryonic 

cells, it's further implicated in angiogenesis and invasion (233). HCG expression in DLD1 and 

HT29 stem cells was not modulated by the compounds, enabling them to be considered as 

anticancer agents that can target EMT and cancer stem cells.  

4.5.13 TP63 

The TP63/p63 gene encodes 6 different isoforms TAp63Ŭ, TAp63ɓ, TAp63ɔ, ȹNp63Ŭ, ȹNp63ɓ, 

and ȹNp63ɔ.  In CRC, high expression of p63 was associated with increased survival. TAp63 acts 

as a tumour suppressor, whilst ȹNp63 is an oncogene.  High levels of TAp63 are responsible for 

activating p53 response genes, resulting in cell cycle arrest and apoptosis (234).  All of the tested 

compounds failed to modulate the TP63 protein. It would be essential to discriminate the different 

isoforms whilst exposing the stem cells to the compounds. As mentioned, different isoforms have 

different roles in CRC and other cancers. In squamous cancer, TP63 promotes tumour progression 

(235).  

 

4.5.13 AFP 

Elevated levels of AFP are associated with hepatocellular carcinoma or embryonic cell carcinoma. 

Lung, kidney, gastrointestinal tract and ovary cancer also have high levels of AFP. CRC-producing 

AFP (CRC-PAFP) is extremely rare.  Poor prognosis is associated with CRC producing AFP, 

because lymph node or liver metastases occurred during the time of diagnosis (188, 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 ɓ-catenin 

It has been suggested that ɓ-catenin regulates the expression of most stem cell biomarkers directly 

or indirectly. ɓ-catenin is also important in intestinal development (237). Thus, we investigated 

here if ɓ-catenin gene expression was modulated by the test compounds. It was observed that two 

compounds, 1 and 5, downregulated ɓ-catenin gene expression in DLD1 stem cells.  In comparison, 

all four compounds downregulated ɓ-catenin gene expression in the HT29 stem cells. Only 

compounds 2 and 4 upregulated ɓ-catenin mRNA in DLD1 stem cells. The range at which the 

mRNA was downregulated by the compounds was -0,04 to -0,3 (log2(fold change)). Log2(fold 

change) of -0,1 and below and 2 and above has been considered significant in our study. It was 

observed that late-stage CRC cells expressed much higher levels of ɓ-catenin compared to CRC 

stem cells. This hints at the involvement of ɓ-catenin in EMT (32). The reduction of ɓ-catenin 

mRNA in HT29 stem cells by all compounds and DLD1 stem cells by compounds 1 and 5 suggests 

a role  in halting the maintenance and proliferation of CRC stem cells (238).  

 

4.6.2 FoxA2 

In association with a downregulation in mRNA expression, protein levels of FoxA2 were 

decreased. Moreover, FoxA2 mRNA levels were reduced in both HT29 and DLD1 CRC stem cells, 

by all of the compounds. With regards to decreased protein levels, the effects were similar for all, 

except for compound 1 in HT29 stem cells. Compound 1 downregulated FoxA2 mRNA, whilst the 

protein lacked any significant downregulation. As FoxA2 is dysregulated in cancer, this may be an 

important regulatory effect by these compounds. 

 

4.6.3 VEGF-A 

VEGF is a growth factor that is actively involved in angiogenesis (189). VEGF mRNA was 

downregulated in DLD1 stem cells by all the active compounds. In HT29 stem cells compound 1 

and 5 particularly downregulated VEGF mRNA levels.  The active compounds have the potential 

to regulate angiogenesis.  The compounds downregulation of VEGF-A gene expression can be 

reflected through how miR-1 downregulates VEGF-A expression. MiR-1 targets VEGF-A in CRC 

cells. The downregulation of VEGF-A in CRC leads to a reduction in cell proliferation and 

invasion. VEGF-A also activates the MAPK and PI3K/AKT pathways. These pathways are 
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implicated in cancer progression. MiR-1 may affect the MAPK and PI3K/AKT pathway through 

downregulating VEGF-A (239). Furthermore, the downregulation of VEGF-A mRNA controls the 

production of intracellular VEGF-A in CRC. Intracellular VEGF-A has been implicated in ECM 

invasion and migration 

 

4.6.4 VEGFR1 was downregulated in late stage of CRC stem cells 

When VEGFA encounters VEGR1 this results in pathological angiogenesis (240). VEGF-

A/VEGF-B-VEGFR-1 activation has led to the promotion of ERK-1/2 and JNK MAPK 

downstream signalling pathways, which has resulted in cell migration, invasion, and colony 

formation. Cell migration is regulated by the VEGF-A/VEGFR1 pathway through modulation of 

FAK activity (241).    VEGFR-1 is expressed by immune cells that are present in the tumour niche, 

the cells contribute to angiogenesis and cancer progression. VEGFR1 mRNA was downregulated 

by the compounds in DLD1 stem cells. Compound 5 had much greater effect on the downregulation 

of VEGFR1 with log2(fold change) of -0,58 followed by compound 4, compound 2 and compound 

1.  

 

4.7 Anticancer activity of TDTC might be associated with their chemical 

structures  

The compounds ability to interact with DNA lies in their substituent and ability of their moieties 

to interact with DNA. Compound 1 has an aniline substituent that has been implicated in interacting 

with the DNA via hydrogen bonding (242). A methylamine substituent found in compound 2, is 

associated with chromatin restructuring and causes DNA cleavage. The methylamine substituent 

has been reported to trigger anticancer activity through DNA cleavage resulting in  programmed 

cell death (243). Compound 4 has a piperidine moiety, which is known for intercalating with the 

DNA (196). Compound 5 has a morpholine moiety, which interacts with DNA through groove 

binding, electrostatic interactions and intercalation. The results from the present study indicate that 

the test compounds do interact with DNA/RNA.  
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4.8 Future directions 

It would be important to perform confocal microscopy to validate the results obtained from the 

human pluripotent stem cell biomarker proteome array. This will give a visual representation of 

the stem cell biomarkers at a subcellular level.  

4.9 Conclusion  

 

Potent anticancer activity was demonstrated by the active TDTC compounds. The compounds 

targeted both differentiated CRC and CRC stem cells. The non-cancerous HEK293 cells were not 

affected by these compounds, making the TDTCs selectively active only against cancer cells.   

The synthesised TDTCs were classified as weak, moderate and active anticancer agents. The 

compounds were able to arrest different phases of the cell cycle in CRC cells, thus modulating their 

growth during the in 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 in EMT were 

modulated by the compounds such E-cadherin. Compound 5 has a potential of halting CRC stem 

cell proliferation through downregulating E-cadherin in DLD1 stem cells. High expression of E-

cadherin in CRC stem cells is correlated with excessive proliferation 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 manner, as the compounds downregulated VEGFR-1 and VEGF-A mRNA.  

The screening of different stem cell biomarkers proteins has showed potential drug resistance that 

may occur, as the compound 2 and 4 upregulated Goosecoid which is 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 

ɓ-catenin, FoxA2, VEGF-A and VEGFR1. The compounds can be used to treat early and late stage 

of CRC.   

 



90 
 

4.10 The relevance of the study 

 

The study assessed the activity of TDTCs against the early and late stages of CRC. The compounds 

will provide useful scaffolds upon which to design and test more refined anti-cancer compounds 

that may be beneficial to the healthcare community. The present compounds were very selective, 

and with further development may exclusively kill cancer cells. This study has the potential to be 

preclinically translated; animal studies would need to be carried out to confirm the the anti-tumour 

activities of the compounds and pharmacokinetic studies would need to be performed. Detailed 

mapping of the compounds using in-silico modelling would assist with understanding their modes 

of action.  

The study as shown that the compounds can target CRC stem cells and could potentially prevent 

patient relapse due to stem cell persistence. The compounds may also be able to reduce/inhibit 

metastasis and pathological angiogenesis as factors involved in these processes were 

downregulated.  Finally, in conclusion, it would seem that these compounds may be beneficial to 

cancer therapy as they will address the current situation with conventional therapy wherein 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 TDTCs for 48 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 human stem cell 

biomarkers which are E-cadherin, FoxA2, Sox17, Sox2, Goosecoid, HCG, Oct3/4, Nanog, PDX-1, AFP, 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 E-cadherin in both HT29 and DLD1 stem cells by increasing the expression of the protein (C& F). FoxA2 

was downregulated in both HT29 (TDTC 2 and TDTC 4) 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). The stemness biomarkers are truly 

E 

F 
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stem cell biomarkers as little to no expression is observed in non-stem 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  
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6.3 Appendix C: Cell cycle assay scatter plots used to gate out doublets 

 

           

 

                                                       

 

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 5 0.35 

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 
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mg/ml.  HT29 cells with cell size index ranging from 2-4 and with increasing DNA content index 4-10 throughout 

the treatments. This was performed to exclude doublets. 

 

            

 

            

 

                                                   

 

a. Control (0.1% DMSO) 

c. TDTC 2 0.3 mg/ml d. TDTC 4 0.3 mg/ml 

e.  TDTC 5 0.35 mg/ml 

b. TDTC 1 0.4 mg/ml 
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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 from 2-4 and with increasing DNA content index 2-9 throughout 

the treatments. This was performed to exclude doublets. 

 

6.4 Appendix D: TDTC working solutions for Alamar Blue screening  

Table 8 : Stock s olution for Alamar Blue screening . 

Compound Name  Amount  

of the Compound (mg)  

Amount of DMSO  (ml)  

( Diluent)  

Stock Concentration 

( mg/ml) (w/v)  

TDTC 1 10  0.5  20  

TDTC 2 10  0.5  20  

TDTC 3 10  0.5l  20  

TDTC 4 10  0.9  11  

TDTC 5 10  0.6  17  

TDTC 6 10  1.2  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=C 2V2  

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  

Compound (v/v) 

(µl)  (V 1)  

Amount Of  

Complete Medium  

(µl)  (v/v) (V 2=600 µl)  

Compound  

Concentration  (mg/ml)  

(C 2) (v/v)  

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  

1.5  598.5  0.05  

TDTC 4  12  588  0.22  

6  594  0.11   

3  597  0.055  

1.5  598.5  0.0275  

TDTC 5  12  588  0.34  

6  594  0.17  

3  597  0.085  

1.5  598.5  0.0425  

TDTC 6  12  588  0.16  

6  594  0.08  

3  597  0.04  

1.5  598.5  0.02  

TDTC 7 12  588  0.6  

6  594  0.03  

3  597  0.015  

1.5  598.5  0.0075  

TDTC 8 12  588  0.14  

6  594  0.07  

3  597  0.035  

1.5  598.5  0.0175  

TDTC 9 12  588  0.34  

6  594  0.17  

3  597  0.085  

1.5  598.5  0.0425  

TDTC 10  12  588  0.14  

6  594  0.07  

3  597  0.035  

1.5  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  

the compound  

Amount of the 

compound added   

(mg)  

Volume of DMSO 

added  

(ml)  

Final  

Stock concentration  

(mg/ml) (w/v) (C 1)  

TDTC1 17  0.2  85  

TDTC2 16  0.2  84.5  

TDTC4 33.4  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=C 2V2  

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 the 

compound (v/v)  

(ul)  

(V 1 )  

Amount of the 

medium  

(v/v)  

(µl)  (V 2=2000 µl)  

Final 

Concentration  

(v/v)  

(mg/ml)  (C 2)  

DMSO 

percentage (%)  

(v/v)  

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 1V1=C 2V2  

C1= Compound Stock concentration  

V1=Initial volume of Stock concentration  

C2=Final Concentration of working concentration  

V2=Final  Volume of working concentration  

Final Volume for treatment  Compound 

Name  

Amount of 

compound (v/v)  

µl  

(V 1 )  

Amount of 

Medium (v/v)  

µl  

 

Compound 

concentrations  

(v/v)  

mg/ml  

(C 2)  

V2= 5 ml  (RNA and proteome 

treatment)  

 

 

TDTC 1  23.53  4976.47  0.4  

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 µM  

SAHA 11.5  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 µM  

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  
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5-Fu 2 2998  200 µM  

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 supplemented 

with 10% FBS and 1000 

u/ml  

pen -strep antibiotics.)  

DMEMF-12  45 ml  Gibco  

FBS  10% v/v (5 ml)  Sigma -Aldrich   

1000 u/ml pen -strep 

antibiotics  

150 ml  Gibco  

Serum Free Medium  

(DMEMF-12 supplemented 

with 1000u/ml pen -strep 

antibiotics)  

DMEMF-12  45 ml  Gibco  

1000 u/ml pen -strep 

antibiotics  

150 ml  Gibco  

Cryopreservation Medium  

(FBS supplemented with 

10% DMSO)  

FBS 9 ml  Gibco  

DMSO  10% v/v (1 ml)  Sigma -Aldrich  

PBS PBS tablets  2 tablets w/v  Gibco  

Distilled Water  1 L   

Alamar Blue  

Working Solution  

5mg/ml  

Alamar Blue  

powder  

75 mg Alamar blue  

 

 

Sigma -Aldrich  

PBS 15 ml  

 

 

Gibco  

Alamar Blue  

Experimental solution 

(50X)  

Alamar  

Blue Solution  

 

0.1 ml   

PBS 4.9 ml   

0.1  M 

Ethylenediaminetra -  

Acetic acid (EDTA)  

EDTA 1.5 g  Sigma -Aldrich  

Distilled H2O to pH8.0  

 

50 ml   

Sodium Hydroxide  

 (NaOH)  

10 µl  SAARCHEM 

Stem cell isolation  

buffer  

0.1  M EDTA 

 

1 ml   

PBS  

 

49 ml   

Bovine Serum  

Albumin  

0.25 g  Lonza  
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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 32.2 ml    

0.5% BSA/PBS  Bovine Serum  

Albumin  

2.5 g  Santa Cruz  

Biotechnology  

PBS 500  ml   

0.25% Triton X  Triton X  35 µl  Lonza  

0.5% BSA/PBS  14  ml   

1:200  

Mouse  

ȁ-catenin Primary 

Antibody  

ȁ-catenin  

Primary Antibody  

6 µl  Invitrogen  

0.5% BSA/PBS  1194 µl   

1:100  

Rabbit  

VEGF Antibody  

VEGF  

Primary Antibody  

12 µl  Abcam  

0.5% BSA/PBS  

 

1188 µl   

1:300  

Goat  

anti -mouse secondary 

antibody conjugated to 

488 Alexa Fluro®  

Secondary Antibody  4 µl  Invitrogen  

0.5% BSA/PBS  1196 µl   

1:300  

VEGF,  

chicken anti - rabbit  

secondary antibody  

conjugated to 488 Alexa 

Fluro®  

Secondary Antibody  4 µl  Invitrogen  

0.5% BSA/PBS  1196 µl   

1:1000  

4Ź,6-diamidino -2-

phenylindole (DAPI)  

DAPI  1 µl  Invitrogen  

PBS 1199 µl   

50X TAE Buffer  Tris -base  

 

242 g  Sigma -Aldrich  

Acetate (100% Acetic acid)  57.1 ml  BOH Chemicals  

 

0.5 M Sodium EDTA  100 ml  Sigma -Aldrich  

Distilled H 2O 842.9 ml   

1X TAE Buffer  50X TAE Buffer  20 ml  Sigma -Aldrich  

Distilled H 2O 980 ml   
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Stem Cell Medium  PluriSTEMÊ medium 50 ml  Merck  

1000 u/ml  

pen -strep antibiotics  

50 µl   

Stem cell  

Cryopreservation Medium  

PluriSTEMÊ medium 9 ml   

DMSO  1 ml   

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 

Concentration  

(µg/ml)  

Stock 

Concentration  

(µg/ml)  

Assay 

Type  

Sample  

Volume  

(µl)  

Dilution  

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  21.5  2150  Protein  2 100  

DLD1 TDTC4  2019/08/3  24.5  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 µg was used ;  and 357.38 µg 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 

Name  

Date  Concentration  

(ng/µl)  

A260  A280  A260/A280  

(Nucleic acid 

distinguisher 

ratio)  

A260/A230  

(Purity 

ratio)  

HT29 CD - 2019/11/26  202.53  5.063  2.481  2.04  1.21  

HT29 CD+  2019/11/26  189.51  4.738  2.357  2.01  1.93  

HT29 

TDTC1 

2019/11/26  355.89  8.897  4.380  2.03  1.95  

HT29 

TDTC2 

2019/11/26  139.75  3.494  1.730  2.02  1.50  

HT29 

TDTC4 

2019/11/26  116.55  2.914  1.449  2.01  1.72  
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HT29 

TDTC5 

2019/11/26  209.19  5.230  2.576  2.03  1.86  

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 

TDTC1 

2019/11/26  276.13  6.903  3.419  2.02  1.46  

DLD1 

TDTC2 

2019/11/26  142.85  3.571  1.762  2.03  2.07  

DLD1 

TDTC4 

2019/11/26  162.75  4.069  2.017  2.02  1.91  

DLD1 

TDTC5 

2019/11/26  232.06  5.081  2.856  2.03  1.87  

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

A260/280, ratio of <1,6 Ò1.8 is the accepted value for pure DNA and Ó2 is accepted value for pure RNA 

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.  

 

6.9 Appendix I : cDNA concentration, quality and purity ratios 

Table 1 6 : Summary of cDNA concentration and purity ratios . 

Sample 

Name  

Date  Concentration  

(ng/µl)  

A260  A280  A260/A280  

(Nucleic Acid 

distinguisher 

ratio  

A260/A230  

(Purity 

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 

TDTC1 

2019/11/26  2028.80  40.576  24.984  1.62  2.19  

HT29 

TDTC2 

2019/11/26  2126.05  42.521  25.801  1.65  2.12  

HT29 

TDTC4 

2019/11/26  2147.11  42.942  26.051  1.65  2.18  

HT29 

TDTC5 

2019/11/26  1982.16  39.643  24.146  1.64  2.11  

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 

TDTC1 

2019/11/26  2045.96  40.919  24.938  1.64  2.10  

DLD1 

TDTC2 

2019/11/26  1981.48  39.630  24.014  1.65  2. 16  

DLD1 

TDTC4 

2019/11/26  2098.43  41.969  25.482  1.65  2.16  

DLD1 

TDTC5 

2019/11/26  232.06  40.001  24.299  1.65  2.09  



127 
 

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 Ò1.8 is the accepted value for pure DNA and Ó2 is accepted value for pure RNA  

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: qPCR plate set up for the ABI 7500 Real Time PCR 

Instrument (Thermofisher) 

 

Each of the 8 genes were analysed: RPLO in row (A); E-cadherin (B); ɓ-catenin (C); FoxA2 (D); 

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

Four MicroAmpTM Optical 96-well Reaction Plate (Thermofisher) were used. The first 3 plates 

were set up to have 4 samples each. The first plate had HT29 CD- (differentiated cells), HT29 CD+ 

(stem cells), DLD1 CD- and DLD1 CD+. Second plate had HT29 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. HT29 CD-, HT29 CD+, 

DLD1 CD-, DLD1 CD+, HT29 stem cells treated 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: qPCR set up  

The MicroAmpTM Optical 96-well Reaction Plate (Thermofisher) was set up to have 4 samples, HT29 CD- 

(differentiated cells), HT29 CD+ (stem cells), DLD1 CD- and DLD1 CD+. Each of the 8 genes were analysed: RPLO 

in row (A); E-cadherin (B); ɓ-catenin (C); FoxA2 (D); Sox17 (E); VEGFA (F); VEGFR1 (G); and VEGFR2 (H).  The 

samples were analysed in triplicates. 
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Figure 45: qPCR set up plate 4 

The MicroAmpTM Optical 96-well Reaction Plate (Thermofisher) was set up to have 12 samples. HT29 CD-, HT29 

CD+, DLD1 CD-, DLD1 CD+, HT29 stem cells treated with TDTC1, 2, 4, and 5 compounds and DLD1 stem cells 

treated with the same compounds.  No template control was also included. VEGFR3 gene was analysed in this set up. 

The samples were analysed in triplicates.   
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6.11 Appendix K: Amplification Plots  

 

Figure 46: Amplification plot of plate 1 

 

Figure 47: Amplification plot of plate 2 
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Figure 48: Amplification plot of plate 3 

 

Figure 49: Amplification plot of plate 4 
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6.12 Appendix L : Melting curves 

 

Figure 50: Melt Curve of plate 1 

Melt curve depicts the specific amplification of RPLO, ɓ-catenin, FoxA2, VEGFA and VEGFR1. Single specific peaks 

were seen corresponding to the temperature (°C).  The sample under investigation were HT29 CD-, HT29 CD+, DLD1 

CD- and DLD1 CD+. 

 

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

The melt curve depicts non-specific amplification as you do not see clean single peaks corresponding to the temperature 

(°C).  The genes that had non-specific amplification were Sox17, E-Cadherin 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 CD-, DLD CD- and HT29 CD+. 
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Figure 52: Melt Curve of plate 2 

Melt curve depicts the specific amplification of RPLO, ɓ-catenin, FoxA2, VEGFA and VEGFR1. Clean single specific 

peaks were seen corresponding to the temperature (°C).  The sample under investigation were HT29 stem cells treated 

with active TDTC 1, TDTC 2, TDTC 4 and TDTC 5.  

 

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

The melt curve depicts non-specific amplification as you do not see clean single amplitudes corresponding to the 

temperature (°C).  The genes that had non-specific amplification were Sox17, E-Cadherin and VEGFR2. Disclaimer 

VEGFR1 was had non-specific 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 where HT29 stem cells treated with active TDTC 1, 2, 4 and 5 

compounds.  

 

Figure 54: Melt Curve of plate 3 

Melt curve depicts the specific amplification of RPLO, ɓ-catenin, FoxA2, VEGFA and VEGFR1. Clean single specific 

peaks were seen corresponding to the temperature (°C).  The sample under investigation were DLD1 stem cells treated 

with active TDTC 1, 2, 4 and 5 compounds.  

 

Figure 53: Melt Curve of plate 3, with non-specific amplification 
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The melt curve depicts non-specific amplification as you do not see clean single peaks corresponding to the temperature 

(°C).  The genes that had non-specific amplification were Sox17, E-Cadherin and VEGFR2. The samples under 

investigation where DLD1 stem cell treated with active TDTC 1, 2, 4 and 5 compounds. 

 

Figure 54: Melt Curve of VEGFR3 

There was no single peak corresponding to temperature (°C), meaning the amplification was not specific.  The samples 

under investigation where HT29 CD-, HT29 CD+ and HT29 stem treated with the active TDTC 1, 2, 4 and 5 

compounds. DLD1 CD-, DLD1 CD+ and DLD1 stem cells treated with active TDTC 1, 2,4 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. 

Taq 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 (µl)  

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  
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Total Volume  25  

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

The components were transferred into qPCR tubes on the ice-brick and then transferred to 

MiniAmpTM 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 l 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 µl of ethidium bromide (EtBr) (Bio Basic Inc) was added into 

the solution. EtBr intercalates with the DNA, and when exposed to ultraviolet light, the EtBr 

fluoresces this allows for the DNA to be visualized. The gel was poured into a gel tray, a comb was 

inserted, and the agarose could set for 30 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 loading buffer (Fermentas) was added to the DNA sample 

(PCR amplicon) of 5 microliters.  GeneRuler 1 kb DNA Ladder (Thermo Scientific) of 3 µl, 2 µl 

of nuclease-free water and 1 µl of 6X DNA loading buffer (Fermentas) was mixed and added on 

the first lane. Followed by the samples. The gels were electrophoresed at 70V for 45 minutes. The 

DNA fragments were visualized, and images were captured using the Gel DocTM Imager (Bio-

Rad).  

 

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

Gel consisted of VR1=VEGFR1, VR2=VEGFR2 and VR3=VEGFR3 respectively. Gel 2 consisted of EC=E-Cadherin, 

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) was at the 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-1, V2=VEGFR-2, V3=VEGFR-3, 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 followed by the samples. 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 qPCR 

 

The same procedure of qPCR was done to troubleshoot the genes that were not amplified, which 

are E-cadherin, 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 . 

 
Vehicle Control vs. Treated  
 
HEK293,  HT29 and DLD1 
cells treated with active 
TDTCs 
(Trypan Blue Exclusion 
Assay)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number 

of 
samples  

 

HEK293 vs.     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 . 

 
Vehicle control vs. Treated  
 
HT29 cells treated with active TDTCs  
(Trypan Blue Exclusion  Assay)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number of 

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 . 

 
Vehicle Control vs. Treated  
 
DLD1 cells treated with active TDTCs  
(Trypan blue exclusion assay)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number of 

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  2 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  
 

HEK293 cells treated with active 
TDTCs 
 
(Trypan blue exclusion assay)  

Students T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number of 

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 G0/G1 phase in  HT29 cells . 

 
Vehicle Control vs. Treated  
G0/G1 phase  
 
(Cell cycle assay)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid N  

0.1% DMSO HT29 vs. TDTC 1 0.4 
mg/ml  

14.10000  17.85000  -1.49256  2 0.274099  2 

0.1% DMSO HT29 vs. TDTC 2 0.4 
mg/ml  

14.10000  55.15000  -2.70821  2 0.113581  2 

0.1% DMSO HT29 vs. TDTC 4 0.3 
mg/ml  

14.10000  24.50000  -3.56717  2 0.070390  2 

0.1% DMSO HT29 vs. TDTC 5 0.35 
mg/ml  

14.10000  41.95000  -5.10408  2 0.036308  2 

 

Table 2 4 : Summary of cell cycle statistical analyses o f  S phase in HT29 cells  

 
Vehicle Control vs. Treated  
S phase  
 
(Cell cycle assay)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number 

of 
Samples  

 

0. 1% DMSO  HT29  vs. TDTC 1 0.4 
mg/ml  

31.20000  35.70000  -1.33396  2 0.313836  2 

0. 1% DMSO HT29 vs. TDTC 2 0.4 
mg/ml  

31.20000  32.95000  -0.10680  2 0.924695  2 
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0. 1% DMSO HT29 vs. TDTC 4 0.3 
mg/ml  

31.20000  64.00000  -9.72305  2 0.010413  2 

0. 1% DMSO HT29 vs. TDTC 5 0.35  
mg/ml  

31.20000  47.70000  -4.49907  2 0.046020  2 

 

Table 2 5 : Summary of cell cycle statistical analyses of G2/M phase in HT29 cells . 

 
Vehicle Control vs. Treated  
G2/M phase  
 
(Cell cycle assay)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number of 
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  2 6 : Summary of cell cycle statistical analyses of G0/G1 phase in DLD1 cells . 

 
Vehicle Control vs. Treated  
 
G0/G1 phase  
 
 

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value i n red ) 

Mean  

Group 1  

Mean  

Group 2  

t -value  Degrees 

of 
freedom  

p-value  Valid 

Number of 
Samples  

 

0.1% DMSO DLD1 vs. TDTC 1 0.4 
mg/ml  

60.30000  39.90000  5.840503  2 0.028086  2 

0.1% DMSO DLD1 vs. TDTC 2 0.4 
mg/ml  

60.30000  34.20000  7.303736  2 0.018235  2 

0.1% DMSO DLD1 vs. TDTC 4 0.3 
mg/ml  

60.30000  37.70000  6.470361  2 0.023063  2 

0.1% DMSO DLD1 vs. TDTC 5 0.35 
mg/ml  

60.30000  64.25000  -0.461736  2 0.689628  2 

 

Table 2 7 : Summary of cell cycle statistical analyses of S phase in DLD1 cells . 

 
Vehicle Control vs. Treated  
 
S phase  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number of 
Samples  

 

0.1% DMSO DLD1 vs. 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  -
15.3773  

2 0.004202  2 

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 
mg/ml  

11.70000  22.80000  -2.1896  2 0.159982  2 
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Table 2 8 : Summary of cell cycle statistical analyses of G2/M phase in DLD1 cells  
 

 
Vehicle Control vs. Treated  
 
G2/M phase  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number of 
Samples  

 

0.1% DMSO DLD vs. TDTC 1 0.4 mg/ml  27.90000  29.65000  -
0.25201  

2 0.824567  2 

0.1% DMSO DLD vs. TDTC 2 0.4 mg/ml  27.90000  31.70000  -
1.41226  

2 0.293382  2 

0.1% DMSO DLD vs. TDTC 4 0.3 mg/ml  27.90000  36.90000  -
4.49439  

2 0.046109  2 

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 . 

 
Vehicle Control vs. Treated  
 
HT29 stem cells  
 
(Human stem cell biomarker Proteome 
Array)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number of 
Samples  

 

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 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 1 0 .4 
mg/ml  

12642.08  16781.13  -23.2076  2 0.001852  2 

0.1% DMSO (E -Cadherin) vs. T DTC 2 0 .4 
mg/ml  

12642.08  15362.18  -7.3220  2 0.018147  2 

0.1% DMSO (E -Cadherin) vs. T DTC 4 0 .3 
mg/ml  

12642.08  17486.17  -29.2204  2 0.001169  2 

0.1% DMSO (FoxA2) vs. T DTC 1 0 .4 mg/ml  4587.130  4898.715  -6.77747  2 0.021084  2 

0.1% DMSO (FoxA2) vs. T DTC 2 0 .4 mg/ml  4587.130  3315.115  32.97099  2 0.000919  2 

0.1% DMSO (FoxA2) vs. T DTC 4 0 .3 mg/ml  4587.130  1677.575  74.11207  2 0.000182  2 

0.1% DMSO (GATA -4) vs. T DTC 1 0 .4 
mg/ml  

1331.525  1122.330  2.65102  2 0.117694  2 

0.1% DMSO CD - (GATA -4) vs. T DTC 2 0 .4 
mg/ml  

1331.525  1520.930  -1.54491  2 0.262382  2 

0.1% DMSO (GATA -4) vs. T DTC 4 0 .3 
mg/ml  

1331.525  1758.250  -4.89057  2 0.039358  2 

0.1% DMSO (GSC) vs. T DTC 1 0 .4 mg/ml  1014.980  550.340  6.1545  2 0.025399  2 

0.1% DMSO (GSC) vs. T DTC 2 0 .4 mg/ml  1014.980  1270.490  -15.5262  2 0.004123  2 

0.1% DMSO (GSC) vs. T DTC 4 0 .3 mg/ml  1014.980  1299.795  -7.5226  2 0.017216  2 

0.1% DMSO (HCG) vs. T DTC 1 0 .4 mg/ml  1352.100  713.245  2.099403  2 0.170623  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  -
0.153597  

2 0.892025  2 

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 0.294794  2 

0.1% DMSO (Oct3/4) vs. T DTC 4 0 .3 mg/ml  1016.970  1221.995  -6.15809  2 0.025371  2 

0.1% DMSO (Nanog) vs. T DTC 1 0 .4 mg/ml  1272.315  1047.700  2.080884  2 0.172928  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 0.499443  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 0.001614  2 

0.1% DMSO (PDX -1) vs. T DTC 2 0 .4 mg/ml  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 1 0 .4 m g/ml   
927.8450  

  947.740   -
0.29870  

          2  
0.793344  

                 
2  

0.1% DMSO (Snail) vs. T DTC 2 0 .4 mg/ml  927.8450  1139.205  -3.15270  2 0.087591  2 

0.1% DMSO (Snail) vs. T DTC 4 0 .3 mg/ml  927.8450  1248.135  -7.51315  2 0.017258  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 0.081332  2 

0.1% DMSO (Sox2) vs. T DTC 4 0 .3 mg/ml  1138.720  1398.105  -4.87457  2 0.039602  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 0.160767  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 1 0 .4 
mg/ml  

833.3600  598.040  8.0667  2 0.015022  2 

0.1% DMSO (VEGFR2) vs. T DTC 2 0 .4 
mg/ml  

833.3600  1163.105  -3.5409  2 0.071330  2 

0.1% DMSO (VEGFR2) vs. T DTC 4 0 .3 
mg/ml  

833.3600  1579.955  -27.6422  2 0.001306  2 

0.1% DMSO (Sox17) vs. T DTC 1 0 .4 mg/ml  931.2900  724.370  1.86655  2 0.202941  2 

0.1% DMSO (Sox17) vs. T DTC 2 0 .4 mg/ml  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 0.028265  2 

 

Table 3 0 : Summary of human stem cell biomarker proteome array statistical analyses of DLD1 stem 
cells . 

 
Vehicle Control vs. Treated  
 
DLD1  stem cells  
(Human stem cell biomarker proteome 
array)  

Student T- test for Independent Samples  
Note: Variables were treated as independent samples  
P<0,05 significant (significant p value in red ) 

Mean  
Group 1  

Mean  
Group 2  

t -value  Degrees 
of 

freedom  

p-value  Valid 
Number 

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 5 0 .35 mg/ml  576.5350  852.5400  -1.97606  2 0.186801  2 

0.1% DMSO (E -Cadherin) vs. T TDTC 1 0 .4 
mg/ml  

19041.28  21903.81  -8.63439  2 0.013149  2 

0.1% DMSO (E -Cadherin) vs. T TDTC 2 0 .4 
mg/ml  

19041.28  18246.95  2.76799  2 0.109495  2 

0.1% DMSO (E -Cadherin) vs. T DTC 4 0 .3 
mg/ml  

19041.28  17545.16  3.17129  2 0.086697  2 

0.1% DMSO (E -Cadherin) vs. T DTC 5 0 .35 

mg/ml  

19041.28  17348.94  7.86445  2 0.015786  2 

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 5 0 .35 
mg/ml  

2496.415  1622.595  9.39406  2 0.011143  2 

0.1% DMSO (GATA -4) vs. T DTC 1 0 .4 
mg/ml  

2512.015  2420.635  0.73851  2 0.537107  2 

0.1% DMSO (GATA -4) vs. T DTC 2 0 .4 
mg/ml  

2512.015  2833.285  -2.55306  2 0.125239  2 

0.1% DMSO (GATA -4) vs. T DTC 4 0 .3 
mg/ml  

2512.015  1754.635  6.12757  2 0.025614  2 

0.1% DMSO (GATA -4) vs. T DTC 5 0 .35 
mg/ml  

2512.015  2676.965  -1.26038  2 0.334662  2 

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 5 0 .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 5 0 .35 
mg/ml  

1188.715  1206.800  -0.08700  2 0.938600  2 

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 5 0 .35 
mg/ml  

1278.365  1395.555  -0.49341  2 0.670582  2 

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 5 0 .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 4 0 .3 mg/ml  2555.230  2384.320  1.00809  2 0.419550  2 

0.1% DMSO (PDX-1) vs. T DTC 5 0 .35 
mg/ml  

2555.230  1969.580  7.60842  2 0.016840  2 

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  -
0.747169  

2 0.532861  2 

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 5 0 .35 mg/ml  1163.150  1082.905  0.616972  2 0.600132  2 

0.1% DMSO (VEGFR2) vs. T DTC 1 0 .4 
mg/ml  

1347.535  1399.355  -0.47998  2 0.678607  2 

0.1% DMSO (VEGFR2) vs. T DTC 2 0 .4 
mg/ml  

1347.535  1444.180  -1.20571  2 0.351219  2 

0.1% DMSO (VEGFR2) vs. T DTC 4 0 .3 
mg/ml  

1347.535  1019.865  4.74546  2 0.041652  2 

0.1% DMSO (VEGFR2) vs. T DTC 5 0 .35 
mg/ml  

1347.535  1120.355  1.68071  2 0.234837  2 

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 5 0 .35 
mg/ml  

1135.335  1311.965  -1.83234  2 0.208362  2 
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6.17 Appendix Q: Ethical Clearance 
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6.18 Appendix R: Turnit Report  
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