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Abstract 

Colorectal cancer, the cancer of the inner lining of the large intestine, is the 

second most commonly diagnosed cancer in the aging Australian population. Many 

studies have shown that cancer stem cells, or formally referred to as tumour-initiating 

cells, are the key initiator of cancer and responsible for cancer relapse. The current study 

set out to widen the current understanding of colon cancer stem-like cell population and 

identify novel signalling targets in colon cancer stem cells.  

 

The current study was able to demonstrate that colon cancer cell lines SW48 and 

SW480 possess a stem-like subpopulation which is identifiable through high levels of the 

stemness marker ALDH1. Furthermore, this population of cells can survive in stem-like 

culture conditions and form spheroids representative of stem-like cells.  

 

Transforming growth factor beta (TGF-β) is a multipurpose cytokine which plays 

a role in the regulations of biological responses and has been shown to play a key role 

in stemness maintenance through its involvement in the epithelial to mesenchymal 

transition. However, it’s a role in colon cancer stem cells has not been widely studied. 

The current study found that prolonged exposure to TGF-β within the microenvironment 

affects stem-like cell morphology, proliferation, invasion, expression of stemness 

markers and cancer-related genes.  

 

The tgf-β growth factor is also known to play a role in inflammation and immune 

system regulation. The results of the current study indicate that TGF-β growth factor 

treatment lowered the proliferation of colon cancer stem-like cells following exposure 
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to cytotoxic compounds, increased sensitivity to chemotherapeutic drug treatment, 

reduced viability of stem-like cells following treatment with cytotoxic compounds and 

modified stem-like cell morphology.  
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1.1 Introduction 

Colorectal cancer, commonly known as bowel cancer, is the cancer which is 

formed in the inner lining of the large intestine (colon) at the end of the digestive tract 

and in the rectum. Depending on the location of cancer, it can thus be referred to as 

either colon cancer or rectal cancer. According to the Australian Institute of Health and 

Welfare colon cancer, it is the second most frequently diagnosed cancer in the 

Australian population over the age of 50 1,2.  

 

Stem cells are a population of cells which are undifferentiated and have the 

potential to turn into all or several cell lineages and self-renew 3,4. Stem cells can be 

further divided into five different subgroups including embryonic stem cells (arising from 

embryos), adult stem cells (non-embryonic), core blood stem cells (arising from amniotic 

fluid) and induced pluripotent stem cells (iPSCs) which are modified adult cells that 

behave like embryonic stem cells and acquire the capacity to differentiate into all cell 

types, unlike adult stem cells, which are usually restricted to a specific subset of lineages. 

The fifth group of stem cells, cancer stem cells (CSC), or alternatively referred to as 

tumour-initiating cells (TICs), are cells which have gained or retained stem cell properties 

and have also acquired carcinogenic potential.  

 

Cancer stem cells are believed to be the cause of cancer formation and produce 

cancer cells instead of the differentiated cell types that normal stem cells do. CSCs are 

thought to arise through clonal evolution by which genetic and epigenetic changes give 

rise to neoplastic cells 5. As CSCs have the capacity to generate new cancers and are also 
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believed to be involved in treatment resistance, it is crucial to better understand the 

mechanisms of cancer stem cell formation and their role in cancer biology.  

 

Transforming growth factor beta (TGF-β) is a broad spectrum cytokine with the 

ability to affect many cellular functions including cell cycle responses and inflammation 

6, and is a key player in the TGF-β signalling pathway. The TGF-β pathway is involved in 

the regulation of many cellular functions including proliferation, migration, apoptosis, 

epithelial to mesenchymal transition (EMT) and maintenance of stemness 7–15. It is also 

the most frequently altered signalling pathway in human cancers 10,16. Recent studies 

have shown that TGF-β plays an important part in the regulation of tumour 

microenvironment through its ability to interact with cancer cells 17, subdue the innate 

immune response 18 and its effect on T-cell behaviour 19. It has been shown that 

alterations in the TGF-β signalling pathway arise from increased levels of active TGF-β in 

the microenvironment, which is frequently observed in colon cancer 20.  

 

Carcinogens are factors which promote cancer formation, such as tobacco 

smoking, ultraviolet light exposure, air pollution and alcohol consumption 21. In recent 

years, research has indicated that compounds derived from red and processed meat 

may have cytotoxic and potentially carcinogenic properties, as the consumption of red 

and processed meats have been frequently correlated with colorectal cancer 

development 22. These compounds are separated into three main types including n-

nitroso compounds, polycyclic aromatic hydrocarbons and heterocyclic amines 23. 

However, their role in carcinogenesis has not been clearly established, especially since 

many of the studies were epigenetic studies rather than studies directly observing the 
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role these compounds have on cellular biology and especially their effect on stem cells. 

Studies have also shown that TGF-β growth factor also plays a role in the regulation of 

cytotoxicity through its role on cytotoxic T lymphocytes24–26. However, the involvement 

of diet-derived carcinogenic molecules on colon cancer stem-like cells and TGF-β 

mediated cytotoxic response has not been previously evaluated.  
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1.2 Significance  

The Cancer Council Australia has estimated that nearly 140 000 new cancer 

patients will be diagnosed in 2018, anticipating that 1 in 2 Australians will be positively 

diagnosed for cancer by the age of 85 21. It has been estimated that in 2018 over 48 000 

people would have died from cancer, making it the leading cause of death in Australia 

21. Further highlighting the impact of cancer is that the cost of managing cancer is 

approximately 7% of the Australian health care system budget, costing Australia nearly 

$5 billion annually 21. Patient management becomes more expensive and more difficult 

the more advanced a cancer is upon detection, so it is important to screen patients as 

effectively as early as possible. In 2012, for example, the Cancer Council Australia 

published a report stating that the treatment cost of late stage colorectal cancer would 

not be sustainable for the aging population with current strategies, highlighting the need 

for investment in early-stage detection of cancers 27. 

 

Colon cancer incidence has been on a steady increase over the last several 

decades increasing from 4 500 cases in 1982 to a frightening 10 200 cases in 2014 28. 

Although colon cancer 5-year and 10-year relative survival rate at diagnosis is 60-70% 

29,30, around 2 000 patients pass away due to this disease in Australia annually 31. 

National data has shown that in 2011, 22% of colorectal cancer cases were in stage 1, 

24% of cases were in stage 2, 24% of cases were in stage 3 and 18% of cases were in 

stage 4  at the time of diagnosis 32. A recent study carried out by Duineveld and 

colleagues revealed that out of approximately 450 patients who were treated for colon 

carcinoma, 17% of the patients developed recurrence with over 40% of the cohort being 

diagnosed during a non-scheduled visit based on disease symptoms 33. This research 
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suggests that our current understanding of colon cancer recurrence is insufficient, and 

more effort must be placed into monitoring the disease development. Sadly, recent data 

shows that only 41% of eligible Australians returned a completed faecal occult blood 

test (FOBT) over a two year period, suggesting that the current screening practices are 

not engaging the Australian population 34.  

 

The statistical data provided by these studies highlight the pressing need to 

further expand our knowledge of colorectal cancer. By understanding the mechanisms 

of colorectal cancer development and progression, we will be able to facilitate better 

screening methodologies and more accurate treatments. The current research project 

explored the functional role of the growth factor TGF-β on human colon cancer stem cell 

pathogenesis. Additionally, this project observed the cytotoxic regulatory effect of TGF-

β against meat-derived compounds on human colon cancer stem-like cell populations 

to provide a better understanding of its therapeutic potential.  
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1.3 Aims 

The main objective of this research project was the identification of novel 

signalling targets in colon cancer stem cells. The main focus of this research was 

intended to improve our understanding of the role of TGF-β in the biology of colon 

cancer stem-like cells. This study aimed to identify the changes in cancer biology 

including proliferation, migration, invasion, morphogenesis, apoptosis, angiogenesis 

and cell cycle analysis of colon cancer stem-like cells when subjected to increased 

exposure of the TGF-β growth factor. Furthermore, this project aimed to understand the 

changes in colon cancer stem-like cell chemotherapy resistance following TGF-β 

treatment and exposure to cancer-causing meat-related compounds.   

 

Aim 1: Isolation and characterisation of stem-like cells from colon cancer cells. 

Key Objectives included:  

1. Isolating and characterisation of colon cancer stem-like cells based on the 

expression of stem cell marker ALDH1. 

2. Formation of tumorospheres in stem cell conditions. 

3. Examination of stem cell marker expressions in isolated stem-like 

tumorospheres.  
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Aim 2: Investigating the role of TGF-β (growth factor) induced cellular/therapeutic 

changes in colon cancer stem-like cells (from aim 1). 

Key Objectives included: 

1. Determination of biological changes in colon cancer stem-like cells following 

TGF-β (growth factor) treatment through the use of biological assays.  

2. Observation of chemotherapy resistance in colon cancer stem-like cells treated 

with TGF-β (growth factor).  

 

Aim 3: Cytotoxicity and its related changes following  TGF-β (growth factor) treatment 

in colon cancer stem-like cells  

Key Objectives included:  

1. Identification of cytotoxicity changes observed in colon cancer stem-like cells 

treated with TGF-β (growth factor) when exposed to red-meat carcinogenic 

molecules. 

2. Observation of chemotherapy resistance in colon cancer stem-like cells treated 

with TGF-β (growth factor) when exposed to carcinogenic molecules. 
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1.4 Structure of the thesis 

This dissertation includes seven (7) chapters. The general content of the 

individual chapters is outlined below. Chapter 2 includes a peer-reviewed journal article 

that has already been published.  

 

Chapter 1: An introduction chapter explaining a brief background into the 

project topic, the significance of the current research study and the addressed aims.  

 

Chapter 2: A literature review is delving into a brief explanation of colorectal 

cancer and a generalised introduction into cancer stem cells. The chapter also presents 

an in-depth literature review of TGF-β and its involvement in cancer biology and 

stemness, as well as the involvement of meat derived cytotoxic compounds in colorectal 

cancer and stemness.  

 

Chapter 3: An in-depth description of the methodologies used throughout the 

study, outlining the relative aims answered.  

 

Chapter 4 (Aim 1): The isolation of stem-like cells and formation of 

colonospheres is presented in this chapter. The chapter describes flow cytometry used 

to target and isolate colon cancer stem-like cells based on the expression of the stem 

cell marker ALDH1. It also investigates the stemness abilities of the isolated cells through 

the formation of colonospheres. The RNA and protein expression of stem cell markers 

in colonospheres is also validated. Detection of stem cell markers in colon cancer patient 

tissue samples was observed in this chapter.  
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Chapter 5 (Aim 2): Effect of dose dependent treatment of TGF-β growth factor 

on colon cancer stem-like cells was investigated through observing changes in cancer 

biology based on biological assays such as morphogenesis, apoptosis, invasion, 

proliferation, migration and cell cycle arrest. The effect of chemotherapy drug, 

Fluorouracil (5FU), on cancer stem-like cells treated with TGF-β is also described in this 

chapter. 

 

Chapter 6 (Aim 3): Meat-related cancer-causing agents are known to play a role 

in colorectal cancer. This chapter observed the effect of TGF-β on the cytotoxic response 

to carcinogenic molecules on colon cancer stem-like cells. Changes in the biological 

behaviour of the treated cells were assessed through various cytotoxic assays including 

proliferation, viability and response to the chemotherapeutic drug 5FU.  

 

Chapter 7: Project summary, conclusion and future perspectives of the current 

study were outlined in this chapter.  
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Chapter 2: Literature Review 

2.1 Colorectal Cancer 

Colorectal cancer (CRC), commonly known as bowel cancer, is a disease caused 

by an abnormal division of cells in either the colon or the rectum. The colon is composed 

of four different layers including (1) the outer layer mucosa which consists of columnar 

epithelium including stem cells, lamina propria and muscularis propria or mucosae, (2) 

the submucosa layer with blood vessels and nerve plexi, (3) the muscularis externa layer 

with smooth muscle fibres and (4) the serosal layer which is the outermost layer 35 

(Figure 1). The mucosal epithelium consists of numerous cryptic glands which are 

responsible for the production of various cell lineages including the intestinal stem cells 

36. It has been suggested that mutations in these cells and their environmental niche are 

responsible for an increased proliferation rate of intestinal stem cells 35,36. This leads to 

their migration from the base of the colon crypt to the top epithelial layer, thus leading 

cancer formation 35,36.  
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Figure 1. Colon cross section Diagram 37. A graphical representation of the four main colon layers 
including the external layer, serosa; the smooth muscle fibre layer, muscularix externa; the layer of blood 
vessels and nerve plexus called submucosa; and the inner layer of the colon comprising of columnar 
epithelium called mucosa. 

 

Despite advancements in modern medicine, colorectal cancer remains the third 

most common form of cancer in Western countries 7,35,38,39. Regardless of the 

treatments available, the survival time of patients suffering from this terrible disease is 

approximately five years due to relapse of higher grade tumours and metastatic disease 

7,35,40,41.The Australian Institute of Health and Welfare has estimated that, in Australia, 

colorectal cancer was the third most commonly diagnosed cancer in 2017, and the 

second most common cause of cancer deaths in  2017, second only to lung cancer 2. It 

has been estimated that in Australia alone colorectal cancer will be responsible for 
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12.3% of all new cancer cases diagnosed in 2018, 8.5% of all deaths from cancer in 2018, 

and 31% of patients will die less than 5 years after their diagnosis 1. 

   

Patient diagnosis studies revealed that approximately 40% of colorectal cancers 

are localised at diagnosis, 60% of patient cases are diagnosed with regional and distant 

metastasis and over 85% of patients suffering from distant metastasis have a high 

mortality rate, which contributes to the deadliness of the disease 38. Furthermore, 

patient epidemiological studies have shown that nearly 40% of patients with this disease 

are between 65 and 79 years of age 38. Unfortunately, this proportion is expected to rise 

due to the world wide aging population 35. Research has indicated that the low patient 

survival rate of colorectal cancer can be attributed to resistance to common treatments, 

with approximately 90% of all colorectal tumours presenting resistance to treatments, 

while an alarming 40% of patients diagnosed with colorectal cancer show no response 

to conventional therapy 39. A growing body of evidence has suggested that tumour 

initiation and progression occurs due to the presence of a small subset of cells referred 

to as cancer stem cells (CSC), sometimes referred to as tumour initiating cells or stem-

like cells, which may be a key factor in treatment resistance 39,40,42,43. 
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2.2 Cancer Stem Cells 

Stem cells are a subpopulation of undifferentiated cells that possess the ability 

to self-renew and differentiate into any cell lineage 3,4. It has been suggested that 

mutations during DNA replication in these cells or within the stem cell niche 

environment may be responsible for the initiation of cancer pathogenesis 39,44–46. The 

exploration of modern stem cells began in 1961 with research carried out by McCulloch 

and Till who were able to develop an in vivo clonal population assay from a single 

hematopoietic cell 3. Since then, a considerable amount of literature has been published 

on stem cells’ ability to survive during normal cancer therapy and contribute to overall 

treatment effectiveness 3. Detection of gene expression signatures of stem cells has 

previously been nominated as a prognostic technique in cancer outcomes of patients 

with various mutations, presenting evidence that deregulation of epigenetic roles in 

normal stem cell functions is vital for the prognosis and survival of cancer 3. Importantly, 

a strong body of evidence has outlined the relationship between stemness and 

resistance to current therapeutic treatments in many cancers including colon cancer 3.  

 

The cancer stem cell model proposes that tumours are initiated, maintained and 

progress through the acquisition of genetic mutations which are passed down from 

differentiated cells produced by tumour stem cells 3. These mutations may arise from 

environmental factors which impose tumour initiation activity within cells 3. Previous 

research has established that similarly to normal stem cells, CSCs are regulated through 

four main pathways, including the wingless (Wnt), beta-catenin (β-catenin), Notch and 

Hedgehog pathways 7,41,47–50. The Wnt signalling pathway regulates intracellular 

processes such as proliferation, differentiation, motility, renewal and stem cell fate, and 
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it is involved with the β-catenin pathway 7. However, alterations in the Wnt/β-catenin 

pathway lead to epithelial malfunctions such as colon tumorigenesis 7. The Notch 

signalling pathway is involved in colorectal epithelium maturation, embryogenesis, 

hematopoiesis and cell fate determination7. More importantly for cancer development, 

Notch signalling is involved in cell migration, proliferation and apoptosis 7. The 

Hedgehog signalling pathway is an important regulator of cell differentiation during 

embryonic development, stem cell maintenance, polarity and migration 7.  

 

The existing body of research suggests that CSCs cells are quiescent, meaning 

they possess a slower proliferative rate in contrast to other cancer cells 39,40,43,46,47,50–56. 

This may be responsible for their ability to withstand current treatments such as 

chemotherapy and radiation therapy, which to some degree rely on cellular 

reproduction to exert cytotoxic effect 3,39,44,48,52,55,57–59. Kreso et al (2013) observed 

single sub-clone xenografts generated from serially diluted colon tumours. They found 

that previously undetectable cells, which formed 20% of the tumour population, had 

activated and continued to function 60. This supported the evidence of dormant cancer 

stem cells within a tumour population reactivating when placed under specific 

environments.  
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2.3 Cytotoxicity in colon epithelium 

Cytotoxic compounds are classified as those which are toxic to cells. This is an 

essential trait of chemotherapy treatments, which rely on cytotoxic agents designed to 

damage and/or kill cancer cells61. Importantly, a recent review by Wyrick and Roberts 

highlighted that DNA damage is capable of causing cytotoxicity which leads to genetic 

changes62. DNA damage can be caused by various methods such as exposure to 

carcinogenic compounds.  

 

 The colon epithelium, commonly referred to as intestinal epithelium, is a simple 

columnar epithelial layer which forms the luminal surface of the small and large 

intestines. It makes up the outer layer of the intestinal mucosa, and its main function is 

to absorb nutrients and restrict the captivation of harmful substances. As such, the colon 

epithelium is frequently exposed to cytotoxic compounds and an understanding of the 

cytotoxicity occurring to these cells is essential to understand the colon-related disease, 

such as cancer. It has been suggested that cytotoxicity in the colon epithelium is linked 

to high levels of bile acids, which lead to the activation of colonic mucosa resulting in 

DNA oxidative damage, inflammation and proliferation which has been linked to 

colorectal cancer progression63,64. Studies have also shown that dietary fat is linked to 

the elevation of fatty acids and secondary bile acids, which are cytotoxic surfactants with 

the potential to cause colon epithelium damage resulting in an increased proliferation 

of colonic crypt cells, known for harbouring colon stem cells65,66. Other dietary 

compounds, such as haem, has also been linked to colon epithelium cytotoxicity through 

the increase of lysed blood cells in faecal samples, cation and luminal irritant levels, 

oxidative stress and cytolytic activity67–69. Other forms of organisms, such as parasites 
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like the Entamoeba histolytica, are also known to affect the colon epithelium by 

triggering an inflammatory response that’s cytotoxic to the colon cells70. Bacteria, such 

as Clostridium difficle, which causes antibiotic related diarrhea can also be cytotoxic 

to the colon epithelium through its interaction with large glucosylating toxins such as 

TcdA and TcdB71. It has also shown that nanoparticles such as nano-silver, used in food 

contact, packaging, textiles, cosmetics and food additives, induce cytotoxicity in the 

colon epithelium, leading to reactive oxygen species production and oxidative stress72. 

 

 It has been shown throughout the literature that stem cells pose the capability 

of withstanding the cytotoxic effect of chemotherapeutic drugs73–76. However, targeting 

the stem cell niche, such as the colonic crypts of the colon epithelium, with cytotoxic 

drugs disrupts the growth of stem cells, providing a possible therapeutic method against 

the cancer stem cell population77–79.  The exposure of stem cell niches to cytotoxic 

anticancer drugs has been shown lead to the development of genetic mutations that 

give rise to cancerous stem cell populations80,81. Another study had found that 

chemotherapeutic treatment of testicular cancer leads to male infertility through the 

disruption of the spermatogonial stem cells82.  
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Abstract 

Transforming growth factor beta (TGF-β) is a multipurpose cytokine, which plays a role 

in many cellular functions such as proliferation, differentiation, migration, apoptosis, cell 

adhesion and regulation of epithelial to mesenchymal transition. Furthermore, studies have 

suggested that TGF-β is an important player in the pathogenesis of colorectal cancer through 

its ability to suppress tumour growth.  In addition, the deregulation of TGF-β leads to 

oncogenic behaviour. Despite many studies having observed the effect that TGF-β plays in 

colorectal cancer, its role in the colorectal stem-like cell population has not been widely 

observed. This systematic review will analyse the role of TGF-β in the stem-like cell 

population of colorectal cancer. This was done by critically analysing research studies 

obtained from a PubMed search using the terms ((TGF-beta) AND colorectal) AND stem cell, 

((TGF beta) AND colorectal) AND tumour initiating cells, and ((TGF-beta) AND colon) AND 

stem cell. Only five studies had observed the role that TGF-β plays in the colorectal stem-like 

cell population.  The effects on the stem cell phenotype are through the downstream proteins 

involved in activation of the TGF-β pathway. Its involvement in the initiation of the epithelial 

to mesenchymal transition (EMT), the effect of colorectal invasion and metastasis regulated 

through the Smad protein involvement in the EMT, initiation of angiogenesis, promotion of 

metastasis of colorectal cancer to the liver and its ability to cross-talk with other pathways. 

 

Keywords: TGF-β, pathway, stem cell, cancer, colorectal  
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Introduction 

There are two kinds of transforming growth factors, transforming growth factor (TGF) 

alpha and beta.  TGF-α plays an important role in cell proliferation, differentiation and 

development through binding to the epidermal growth factor receptor, and belongs to the 

epidermal growth factor family (Zhao, et al., 2016).  It could play a role in pathogenesis in 

cancer (Lam et al., 2011). 

 

The transforming growth factor beta (TGF-β) is a pleiotropic cytokine with the ability to 

affect a range of biological functions and activities such as regulating inflammatory and cell 

cycle responses (Pokharel, et al., 2016). TGF-β belongs to a superfamily consisting of over 

thirty proteins including activins, inhibins, bone morphogenetic proteins, and differentiation 

and growth factors (Abetov, et al., 2016; Katz, et al., 2016).  The pathway is one the most 

commonly altered signalling pathways in human cancers (Mishra, et al., 2009; Roy et al., 

2012). There are three isoforms of TGF-β in mammalian cells, including the most abundant 

TGF-β1, and more scarce ones: TGF-β2 and TGF-β3 (Katz, et al., 2016). In the normal 

cellular microenvironment, TGF-β regulates immune and inflammatory responses (Pokharel, 

et al., 2016).  Also, it acts as a tumour suppressor through its ability to inhibit cell proliferation 

and instigate apoptosis by targeting downstream cell-cycle checkpoint genes (Abetov, et al., 

2015; Buhrmann, et al., 2014, Katz, et al., 2016; Roy, et al., 2012; Saif, et al., 2010; Stelzner, 

et al., 2012; Thenappan, et al., 2010; Yu et al., 2012).  

 

The TGF-β signalling pathway plays important roles in many cellular functions.  These 

may include cellular proliferation, differentiation, migration, apoptosis, cell adhesion, 

regulation of the epithelial to mesenchymal transition (EMT) and maintenance of stemness 

(Abetov, et al., 2015; Bach, et al., 2000; Buhrmann, et al., 2014; Roy, et al., 2012; Saif, et 
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al., 2010; Sipos, et al., 2012; Thenappan, et al., 2010; Yu, et al., 2012; Zhai, et al., 2015). 

These processes result from the sequential activation of various components of the TGF-β 

pathway leading to regulation of gene expression.  

 

Secretion and activation of TGF-β and its pathway 

The TGF-β cytokine is secreted from cells as a latent complex between TGF-β, latency-

associated peptide (LAP) and latent TGF- β binding protein (LTBP) and is activated through 

its detachment from the complex by proteolytic activation and integrin binding (Dietzel, et 

al., 2016; Dix, et al., 2017) (Figure 1).  The active TGF-β molecules initiate the signal cascade 

upon binding with TGF-β serine/threonine kinase receptors, Type I and Type II, which form 

a transmembrane complex responsible for protein phosphorylation.  The complex is activated 

through the binding of TGF-β to the type II receptor activates the TGF-β receptor II protein 

(TGF-ΒR2) which is responsible for the recruitment and phosphorylation of the TGF-β type 

I receptor (Abetov, et al., 2015; Hasson, et al., 2014; Katz, et al., 2016; Roy, et al., 2012; 

Saif, et al., 2010; Thenappan, et al., 2010; Yu, et al., 2012; Zubeldia, et al., 2013). This active 

complex stimulates the Smad proteins, which are responsible for TGF-β signalling pathway 

regulated gene transcription. There are three classes of Smad proteins including receptor-

activated Smads (R-Smads), co-mediator Smads (co-Smads) and inhibitory Smads (i-Smads) 

(Katz, et al., 2016; Mishra, et al., 2009). TGF-β type I receptor phosphorylates Smad2 and 

Smad3 proteins (R-Smads), which lead to the emergence of an active hetero-oligomeric 

complex with the Smad4 (co-Smad) protein (Abetov, et al., 2015; Bach, et al., 2000; 

Buhrmann, et al., 2014; Hasson, et al., 2014; Katz, et al., 2016; Roy, et al., 2012; Saif, et al., 

2010; Yu, et al., 2012).  
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Figure 1.  Activation of TGF-beta protein. The latent complex comprised of three proteins, LAP: latency-

associated peptide; LTBP: latent TGF-β binding protein, TGF-β: transforming growth factor beta is 

secreted via the cell into the extracellular matrix. Following proteolytic activation, the TGF- β cytokine is 

released from the latent complex and activated.  

 

The active hetero-oligomeric complex moves into the nucleus where it interacts with 

transcriptional factors.  These factors include c-jun, p300/CPB, c-myc, cyclin D1, cyclin-

dependent kinase 4, CDK-interacting protein 1 (p21), cyclin-dependent kinase inhibitor 1B 

(p27Kip1), cyclin-dependent kinase 4 inhibitor B/multiple tumour suppressor 2 (p15), 

retinoblastoma protein (Rb), integrins, E-cadherin, collagen and other DNA-binding proteins 

(Abetov, et al., 2015; Buhrmann, et al., 2014; Katz, et al., 2016; Roy, et al., 2012; Saif, et al., 

2010) (Figure 2).  This interaction of the hetero-oligometric complex leads to regulation of 

gene expression and plays a role in determining the fate of the stem cells (Di, et al., 2015; 

Dutta, et al., 2016; Huynh, et al., 2016; Kanatsu-Shinohera, et al., 2016; Lee, et al., 2013; 

Liu, et al., 2015; Oh, et al., 2016; Xie, et al., 2013).  
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Figure 2. Activation of the TGF- β signalling pathway. The active TGF- β protein binds with the Type II 

TGF- β receptor, which then recruits and phosphorylates the Type I TGF- β receptor. The active complex recruits 

and phosphorylates the Smad2 and Smad3 proteins that form a hetero-oligomeric complex with Smad4 protein. 

The active complex moves into the nucleus where it interacts with transcriptional factors to regulate gene 

expression. 

 

TGF-β and colorectal cancer 

It has been suggested that colorectal cancer evades the tumour-suppressing effects of the 

TGF-β pathway through the loss of Smad proteins, and by TGF-β type II receptor-mediated 

cell cycle deregulation (Mishra, et al., 2009). TGF-β signalling pathway regulates normal 

growth of cells in the colon crypt and villi (Bach, et al., 2000).  Deregulated activity of TGF-

β is frequently observed in colorectal cancers (Bach, et al., 2000; Buhrmann, et al., 2014; 

Chandrakesan, et al., 2014; Hasson, et al., 2014; Kim, et al., 2014; Saif, et al., 2010; 

Thenappan, et al., 2010; Yu, et al., 2012; Yusra, et al., 2012; Zhai, et al., 2015; Zubeldia, et 

al., 2013). 
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Studies have shown that TGF-β signalling pathway is the most commonly altered 

signalling pathway in human cancers (Roy, et al., 2012; Thenappan, et al., 2010). The loss of 

Smad protein function is one of the main causes (Katz, et al., 2016). Studies have proposed 

that almost a quarter of patients with colorectal cancer patients have a mutation within the 

Smad4 protein complex (Saif, et al., 2010; Thenappan, et al., 2010), which plays an important 

role in the maintenance of gut endoderm lineage (Katz, et al., 2016).  Furthermore, its 

mutations can lead to the inactivation of the TGF-β pathway (Bach, et al., 2000).  Smad2, a 

substrate of TGF-β receptors (Katz, et al., 2016), which plays an important role in the early 

stages of embryonic development (Katz, et al., 2016). It is mutated in approximately 10% of 

patients with colorectal cancer (Saif, et al., 2010; Thenappan, et al., 2010). Interestingly, both 

of these proteins are located on chromosome 18q in a region shown to be frequently deleted 

in colorectal cancers (Saif, et al., 2010). The alteration of the TGF-β pathway in cancers is 

also believed to occur due to microsatellite replication errors within the TGF-β genes 

(Thenappan, et al., 2010). This may include frameshift mutations in TGF-ΒR2 which are 

found in over three quarters of colorectal cancer samples with microsatellite instability and 

in approximately a quarter of all colorectal cancer samples (Saif, et al., 2010; Thenappan, et 

al., 2010). Furthermore, upregulation of TGF-β1 by Hedgehog signalling (Sipos, et al., 2012), 

increased activation of the TGF-β signalling (Abetov, et al., 2015), activation of oncogenic 

pathways such as mTOR/Akt/PI3K, JNK and MAPK via TGF-β (Abetov, et al., 2015) and 

changes in the tumour microenvironment (Katz, et al., 2016) are responsible for the altered 

signalling of the TGF- β pathway. 

 

TGF-β and its implications on cancer have been studied extensively throughout the years.  

However, very few studies have observed the effect that TGF-β plays on the colorectal cancer 
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stem cell population. This review aims to analyse the role of transforming growth factor β 

and its pathway in the colorectal stem-like cell population. 

 

Methodology and Findings 

A systematic review of journal articles published in PubMed between 1992 and 2016 was 

utilised for this review. The search terms included ((TGF-beta) AND colorectal) AND stem 

cell, ((TGF beta) AND colorectal) AND tumour initiating cells, and ((TGF-beta) AND colon) 

AND stem cell. Eighty-six articles were found using these search terms.  Studies not focusing 

on TGF-β, stem cells or colorectal cancer were excluded from analysis.  There have been very 

few studies (n=5) which observe the role of TGF-β in the colorectal stem-like cell population.  

Their findings indicate that TGF-β plays an important role in regulating the stem cell 

phenotype, epithelial-to-mesenchymal transition (EMT), invasiveness and migration, 

angiogenesis, tumour growth and metastasis and cell signalling. 

 

TGF-β and the Stem Cell Phenotype 

Stem cells are a distinguishable group of cells which possess very unique characteristics, 

including self-renewal, un-differentiation and ability to give rise to any cell lineage under the 

right stimuli (Abetov, et al., 2015; Lee, et al., 2017).   

 

These cells can be identified based on the increased expression of various cell surface 

markers including CD24, CD44, CD133 and ALDH1 (Abetov, et al., 2016; Lee, et al., 2017). 

Transcription factors such as Oct4, Sox2, Nanog and signalling pathways TGF-β, Wnt and 

Notch have been shown to play an important role in the maintenance of the stem cells and 

their niche (Abetov, et al., 2015; Lee, et al., 2017).   Cancer stem cells had important roles in 
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cancer metastases, cancer recurrence as well as resistant to therapy (Islam, et al, 2015a).  Their 

identification depends on the identification of the stem cells’ surface makers in cancer cells 

(Islam, et al., 2015b)  

 

Many of these surface markers had potential application as diagnostic and prognostic 

markers in colorectal cancer as well as other cancers (Islam, et al., 2015; Wahab, et al., 2017) 

 

The zinc finger protein Snai1 plays an essential role in the regulation of epithelial to 

mesenchymal transition (EMT) by prompting stemness in cells undergoing morphological 

changes, and thus originating the EMT process (Kim, et al., 2014; Zhou, et al., 2014). A study 

performed by Yusra et al showed that the expression of TGF-β receptor genes, TGF-ΒR1 and 

TGF-ΒR3, was higher in the colorectal cancer stem-like cells expressing high levels of the 

stem cell marker CD133. Treatment of these cells with TGF-β1 helped sustain the cell 

population better in than the cells without treatment. Importantly, it leads to the increased 

expression of Snai1, which was observed only at the tumour sphere surface (Yusra, et al., 

2012). Moreover, their study showed that transfection of colorectal cancer cells lacking 

CD133 with TGF-β1 maintained and restored stem-like properties by forming significantly 

higher numbers of subcutaneous tumours, increased cell motility and invasion (Yusra, et al., 

2012). Importantly, mice xenografts from the transfected cells showed tumour budding like 

structures with high expression of the TGF-ΒR1 gene (Yusra, et al., 2012).  

 

TGF-ΒR2 is responsible for triggering the TGF-β signalling pathway through the 

recruitment and phosphorylation of Type I receptor, and has been shown to act as a tumour 

suppressor by assisting in the regulation of stemness through down signalling effects of 

Wnt/β-catenin signalling pathway (Yu, et al., 2012). The Wnt pathway is involved in the 
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regulation of cell proliferation, differentiation, motility and importantly the determination of 

stem cell fate and tissue renewal (Abetov, et al., 2015).  Research carried out by Yu et al. 

revealed that the protein levels of TGF-ΒR2, PDCD4 and PTEN were decreased in colon 

cancer cells over expressing miRNA-21 and lead to the growth of larger, more frequent 

spheroid formation and ability to form tumours in mice, unlike control cells which only 

formed spheorids (Yu, et al., 2012). The authors proposed that this occurred due to miRNA-

21 capacity to downregulate TGF-ΒR2 (Yu, et al., 2012).  This was confirmed via luciferase 

activity assay, which showed that TGF-ΒR2 binds to miRNA-21, while its knockdown 

increased the levels of TGF-ΒR2 in colon cancer (Yu, et al., 2012).  

  

TGF-β1 is involved in the promotion of the cancer stem cell phenotype in cells with EMT 

features. This was confirmed by Zubeldia et al who showed that colon cancer stem-like cells 

possess an increased ability to form spheroids after treatment with TGF-β1 (Zubeldia, et al., 

2013). Furthermore, no additional treatment of TGF-β1 was required for the cells to continue 

forming spheroids, suggesting that TGF-β1 is involved in promotion of self-renewal in cancer 

stem-like cells (Zubeldia, et al., 2013). The stem cell phenotype of these spheres was 

confirmed through the expression of stem cell markers, finding that cells treated with TGF-

β1 presented higher mRNA levels of CD44, SOX2 and N-cadherin when compared to 

untreated cells (Zubeldia, et al., 2013). 

 

Taken together these studies suggest that TGF-β plays an important part in the regulation 

of the stem cell phenotype in colon cancer stem-like cells through downstream regulation and 

activation of the TGF-β pathway. 
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TGF-β in regulating Epithelial-to-mesenchymal Transition in Colorectal Cancer Stem 

Cells 

Epithelial-to-mesenchymal transition (EMT) is a physiological process by which cells 

undergo changes to their cellular structure, lose their epithelial properties and shift towards a 

mesenchymal phenotype. It is a normal process throughout embryonic development and often 

encountered during renal interstitial fibrosis, endometrial adhesion and importantly cancer 

metastasis (Sipos, et al., 2012).  During the process, cells lose many characteristics such as 

cell adhesion and epithelial polarity, while gaining cell mobility (Sipos, et al., 2012; Zubeldia, 

et al., 2013). Importantly, the deregulation and increased expression of various proteins such 

as tyrosine kinases, N-cadherin, vimentin, fibronectin, zinc-finger domain proteins, matrix 

metalloproteinases(MMPs) and Twist correlate with the mesenchymal phenotype (Sipos, et 

al., 2012).  This conversion is induced by various regulators such as TGF-β signalling, Wnt/β-

catenin, Hedgehog and Notch pathways (Sipos, et al., 2012). It has been shown that Smad 

proteins play a role in the mediation of fibrogenesis and EMT while TGF-β1 protein has been 

shown to instigate fibrosis, myofibroblast generation and EMT (Sipos, et al., 2012).  In oral 

cancer, EMT is essential for the acquisition of stem cell properties (Qiao, et al., 2012; Qiao, 

et al., 2013). 

 

Yusra at al revealed that stage III colon cancer cells expressing high levels of the stem 

cell marker CD133 treated with TGF-β1 induced EMT (Yusra, et al., 2012). This was 

confirmed through the presence of Snail1-postive cells at the tumour sphere surface (Yusra, 

et al., 2012). Interestingly, the previously mentioned strong relation of TGF-β signalling with 

stem cell-like phenotype implied that TGF-β guided preservation of stem-like properties at 

the invasive front of the tumour may overlap the EMT process due to the morphological 

alteration of tumour buds (Yusra, et al., 2012). 
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TGF-β1 is responsible for the acquisition of EMT features in cancers. This was shown by 

Zubeldia et al who transfected colon cancer stem-like cells with TGF-β1, showing that the 

transfected cells had a strong signal for α-smooth muscle actin, a marker for the EMT 

phenotype (Zubeldia, et al., 2013).  Interestingly, the study revealed that the cells with no 

TGF-β1 gene did not express p-Smad2  (a receptor-regulating Smad involved in mediating 

phosphorylation and emergence of the hetero-oligometrix complex with Smad4) or  p-

Smad1/5/8 proteins (receptor-regulated smads which form a phosphorylated complex 

involved in bone morphogenic protein signalling) (Zubeldia, et al., 2013). In contrast, the 

authors found that cells transfected with TGF-β1 showed a high expression of these proteins. 

Expression of Smad3 proteins was not detected (Zubeldia, et al., 2013). 

 

More recently, a study performed by Kim et al suggested that TGF-β1 is responsible for 

the activation of Twist1 in colon cancer through EMT induction.  Their results showed that 

the expression of TGF-β1 was higher in samples with lymph node metastasis and there was a 

positive correlation between mRNA expression of TGF-β1 and Twist1 (Kim, et al., 2014). 

Twist is a regulator of EMT and many cancers such as breast, prostate and skin cancers 

frequently express the protein (Merindol, et al., 2014). Kim et al suggested that the 

overexpression of Twist occurs due to the stemness stimuli released by TGF-β1 during EMT 

activation (Kim, et al., 2014). 

 

Taken together these results suggest that TGF-β and its downstream interactions are a 

crucial aspect of the epithelial to mesenchymal transition in colorectal cancer stem cells.  

 

  



51 | P a g e  

 

Effects of TGF-β in Invasiveness and Migration 

The involvement of TGF-β has been frequently noted in invasion and metastasis in various 

cancers including bladder (Chen, et al., 2017; Takemoto, et al., 2017), lung (Hao, et al., 

2017), prostate (Qin, et al., 2016), thyroid (Wan, et al., 2016), oesophageal (squamous cell 

carcinoma) (Jing, et al., 2016), and colorectal cancer (Wang, 2015). However, the 

involvement of TGF-β in invasiveness and migration in colon cancer stem-like cells has not 

been widely studied.  

 

A study performed by Zubeldia et al found that colon cancer stem-like cells treated with 

TGF-β1 significantly increased the invasive potential across collagen-coated membranes and 

endothelial monolayers (Zubeldia, et al., 2013). These results propose that TGF-β1 plays a 

vital role in the promotion of invasiveness in colon cancer stem cells.  

 

Another study proposed that miRNA-140-5p directly binds with the 3' untranslated region 

(UTR) of Smad2, finding that colon cancer stem-like cells transfected with miRNA-140-5p 

significantly decreased the number of invading cells through a trans-well system down-

regulating the expression of Smad2. These findings indicate that Smad2 and the TGF-β 

pathway is crucial for the invasiveness of colon cancer. 

 

Taken together, these findings show that TGF-β acts on invasiveness and metastasis in 

colon cancer stem-like cells, in the same manner, it affects other tumours, through its effect 

on the Smad proteins and its involvement in EMT. 
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Role of TGF-β in Colorectal Cancer Stem-Like Cell Angiogenesis 

Angiogenesis is important in the growth and cancer metastases in many human 

cancers (Salajegheh et al., 2013; Weekes et al., 2010; Yu, et al., 2008a; Yu, et al., 2008b). 

Markers for angiogenesis are important for the predicting the biological aggressive of 

cancers as well as designing target therapy for cancers (Salajegheh et al., 2015; 

Salajegheh et al., 2016; Xu, et al., 2015; Weeks et al., 2009). 

 

Over the years, many studies have observed the effect of TGF-β on angiogenesis. It has 

been suggested that TGF-β regulates angiogenic regulators (Orlova, et al., 2011) and its 

pathway is vital for angiogenesis (Bertolino, et al., 2005). Furthermore, it has been shown 

that TGF-β affects the regulation of fibroblast growth factor 2 (Yang, et al., 2008), vascular 

endothelial growth factor (Donovan, et al., 1997) and connective tissue growth factor 

(Igarashi, et al., 1993), all which play a part in angiogenesis. 

 

More recently, colonic cancer stem-like cells treated with TGF-β1 showed a significantly 

higher vascular density when compared to untreated cells, while mice transfected with colonic 

stem-like cells treated with TGF-β1 showed elevated circulating endothelial cells and 

circulating endothelial progenitor cells, confirming that TGF-β1 is involved in the initiation 

of angiogenesis (Zubeldia, et al., 2013). 

 

Effects of TGF-β in Tumour Growth and Metastasis 

Upregulated expression of the TGF-β pathway promotes immunosuppression which may 

be involved in tumour invasion and metastasis (Abetov, et al., 2015).  The effects of 

transfecting stem-like cells in colon cancer expressing high levels of the stem cell marker 

CD133 with TGF-β1 found that transfected cells increased the tumourigenic potential, 
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invasiveness and MMP2 expression in mice (Yusra, et al,. 2012). Furthermore, the expression 

of Snail1 in colorectal cancer was correlated with tumour budding formation and incidence 

of lymph node metastasis (Yusra, et al,. 2012). 

 

Another study observed the effect of TGF-β1 on metastases in mouse models, finding that 

mice transfected with stem-like cells in colon cancer with TGF-β1 developed tumours (Yusra, 

et al,. 2012). Furthermore, transfected mice showed undifferentiated spindle-like cancer cells 

in the metastatic nodules found in the liver, suggesting that TGF-β1 promotes metastasis of 

colonic cancer to the liver (Yusra, et al,. 2012).  

 

Taken together, these findings suggest that TGF-β is involved in tumour growth and 

metastasis of stem-like cells in colon cancer through TGF-β1 activity and the downstream 

regulation of Snail1. Snail is a zinc finger protein, which plays an essential role in the 

regulation of EMT through stemness activation of cells undergoing morphological changes, 

and promoting metastasis to the liver.  

 

TGF-β and Cell Signalling 

 TGF-β is involved in the activation of various pathways such as mTOR/Akt/PI3K, JNK 

and MAPK through the activation of Smad pathways (Abetov, et al., 2015).  Yu et al. have 

shown that TGF-ΒR2 is a target of miRNA-21, which is responsible for the induction of stem-

like phenotype through the Wnt/β-catenin signalling pathway. Their results showed that 

upregulation of miRNA-21 in stem-like cells in colon cancer led to the down-regulation of 

TGF-ΒR2 expression, and the activation of T-cell factor/lymphoid enhancer-binding factor 

(TCF/LEF) (Yu, et al., 2012). The authors found that mice transfected with TGF-ΒR2 showed 

a decreased expression of beta-catenin, cyclin-D1 and c-myc, while the overexpression of 
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TGF-ΒR2 in mice inhibited the Wnt/β-catenin signalling due to the reduction of TCF/LEF 

activity (Yu, et al., 2012). These results show that miRNA-21 plays a role in the translational 

expression of TGF-ΒR2. Therefore, the disruption of the TGF-β pathway may be responsible 

for the activation of the Wnt/β-catenin signalling pathway. 

 

This suggests that TGF-β cross talks with other pathways such as Wnt/β-catenin signalling 

pathways in the stem-like cells of colon cancer, affecting downstream signalling of not only 

the Smad protein targets but also the genes regulated by other pathways. 

 

TGF-β and mesenchymal stem cells 

The involvement of TGF-β in cancer has been studied extensively, however, our 

systematic review of the literature revealed that its role in colorectal cancer stem-like 

population is a relatively uncharted area. A handful of studies have observed the 

implications that TGF-β has on mesenchymal stem cells (MSC). Hayashi et al (2008) 

found that rats with inflammation of the proximal colon lumen (colitis) which were 

treated with bone-derived MSCs expressed higher levels of TGF-β1 and VEGF, which 

are associated with an increased rate of healing, compared to untreated rats (Hayashi, et 

al., 2008). This was challenged in a study carried out by Castelo-Branco et al who did not 

observe any changes to the TGF-β and VEGF expression (Castelo-Branco, et al., 2012). 

Recently, a study found that TGF-β and Smad2 proteins play an important role in colitis 

and inflammation (Tang, et al., 2015).  In 2014, Mele et al witnessed the effects of bone 

marrow-derived MSCs on colon cancer cells, finding that the stromal stem-like cells 

activated the EMT process (Mele, et al., 2014). A study carried out by Nasuno et al 

observed the role of MSCs in tumourigenesis.  They noted that tumours initiated by MSCs 

are responsible for the deregulation of TGF-β and WNT signalling pathways (Nasuno, et 
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al., 2014).  Nevertheless, the focus of the research was on the colonic inflammation rather 

than on colon cancer.  

 

Conclusion 

This review sought to investigate the association of TGF-β and stem-like cell population 

in colorectal cancer. Although very few studies have delved into this research area, the overall 

findings show that TGF-β aids in the regulation of the stem cell phenotype and pathway 

signalling through downstream effects of the TGF-β pathway proteins such as TGF-ΒR1, 

TGF-ΒR2, TGF-ΒR3 and TGF-β1. Furthermore, TGF-β1 and the Smad proteins are crucial 

to the EMT process, invasiveness and migration potential.  Moreover, TGF-β1 is a key player 

of angiogenesis, tumour growth and metastasis in colon cancer.  
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2.5 Effect of Transforming growth factor beta on cytotoxicity  

 TGF-β plays an important role in many biological functions, including the 

regulation of inflammation responses. However, its involvement in cytotoxicity is still 

debated. It has shown that the TGF-β pathway modulates the anti-cytotoxic properties 

of Treg cells within the tumour-infiltrating lymphocyte cell population through the 

suppression of natural killer (NK) cells83. It has also been shown to increase the 

cytotoxicity of gamma delta T cells84. This is further supported by another study which 

reported the involvement of the TGF-β pathway in the NK cell induction in B-acute 

lymphoblastic leukemia85. Natural killer cells are also controlled by the monocyte-

regulated release of TGF-β in obstructive sleep apnoea patients, suppressing the NK 

cytotoxicity86.  

 

It has also been shown that an elevated level of inflammatory cytokine secretion, 

such as IL-10 and TGF-β, by macrophage and endometrial stromal cell interaction has 

also been shown to deregulate the cytotoxicity of NK cells87. Another study showed that 

treatment of primary human NK cells with TGF-β suppressed the formation of interferon 

gamma, and its presence was essential for inhibition of antibody-dependent cellular 

cytotoxicity88. Furthermore, mesenchymal stem cell exosomes regulate natural killer cell 

functions such as proliferation and cytotoxicity through the TGF-β signalling pathways89. 

Interestingly, evidence shows that both tumour associated macrophages and natural 

killer cells secrete TGF-β90. The TGF-β pathway has also been shown to play an important 

role in the cytotoxicity potential of the chemotherapeutic drug doxorubicin91. 
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Furthermore, studies have shown that the TGF-β pathway is involved in 

malignant pleural effusion therapy through its regulatory effect on T cell cytotoxicity92. 

Interestingly, the inhibition of the TGF-β signalling leads to the decrease in mesenchymal 

subclone population susceptibility to cytotoxicity93. Additionally, evidence suggests that 

TGF-β contributes towards the progression of bovine leukemia virus disease through the 

suppression of CD4 positive, CD25 high and Foxp3 positive T cell populations, reducing 

their cytotoxic potential94.  

 

2.6 Cytotoxic /carcinogenic compounds derived from red and processed meat 

Studies have suggested that red meat has been a staple part of the human diet 

for as long as 2.6 million years 95. It is known to be beneficial to humans as it provides a 

large protein value incorporating the eight essential amino acids vital to adults and nine 

of the essential amino acids required by children 96. These are considered essential as 

they facilitate maintenance of homeostasis, aid in repair and growth. Furthermore, any 

excess protein consumed provides energy for the body 96. Red meat is also full of 

bioavailable micronutrients that the body requires for health and wellbeing such as iron 

(in the form of haem), vitamins, zinc, magnesium and phosphorus, and contains fats 

essential for energy production 96. A recent report published by the international agency 

for research on cancer (IARC) determined that there is an association between the 

consumption of red meat and colorectal cancer 97. Their report concluded that findings 

from 14 independent studies establish an association between meat processing, such as 

the use of n-nitroso compounds and heterocyclic aromatic amines, pose carcinogenic 

potential which generalised red and processed meat as a Group 2A carcinogen, which 
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means that they are "probably carcinogenic to humans" 97. However, they have noted 

the inadequate experimental evidence for these assumptions. 

Currently, the literature suggests that the link between colorectal cancer and 

consumption of red meat comes from the presence of three main carcinogenic 

compound groups including heterocyclic amines (HCAs), polycyclic aromatic 

hydrocarbons (PAHs) and n-nitroso compounds (NOCs) 98. N-nitroso compounds act on 

the DNA strand by adding alkyl groups which prevent the correct formation of the 

double helix 23. There are two pathways which can expose an individual to NOCs, 

including exogenous factors such as inhalation of tobacco or consumption of preserved 

food; and endogenous factors like exposure arising through reactivity with secondary 

amines 23. Polycyclic aromatic hydrocarbons are organic compounds formed from 

carbons and hydrogen aromatic rings. Their formation occurs upon incomplete pyrolysis 

of organic materials such as fat dripping from grilled meat onto open fire or curing meat 

23. PAHs are capable of damaging DNA during the detoxification process 23 through the 

formation of adducts 99. Heterocyclic amines are compounds which contain heterocyclic 

rings and amine groups. They are formed following reactions between proteins, amino 

acids and sugars at high temperatures, such as during cooking meat at high 

temperatures 23. Similarly to PAHs, heterocyclic amines are capable of damaging DNA 

through the formation of adducts 100. Formation of HCAs is dependent upon two factors: 

method of cooking and the type of meat being cooked 101. However, there is a clear 

knowledge gap in the role of NOCs, PAHs and HCAs in carcinogenesis as most studies are 

epidemiological thus their effects at a cellular level is mainly unknown.  
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Chapter 3: Methodologies 

3.1 Cell-line culture 

3.1.1 Colon cancer cells (Aim 1 and Aim 3) 

Human colon cancer cells were obtained from the American Type Culture 

Collection (ATCC) (Manassas, VA, USA). SW48 is a colon cell line established from the 

epithelial cells of a 50-year-old Caucasian grade IV colorectal adenocarcinoma patient, 

presenting with Duke’s type C. Duke’s type C presents involvement of the lymph nodes 

102. SW480 is a human colon cell line established from the epithelial cells of a 50-year-

old Caucasian colorectal adenocarcinoma patient presenting with Duke’s type B. Duke’s 

type B presents invasion through the colon wall, but without the involvement of the 

lymph nodes 103. 

Both of the cell lines were cultured in Rosewell Park Memorial Institute (RPMI) 

1640 Medium containing L-glutamine and Phenol Red (Thermo Fisher Scientific, 

Massachusetts, USA), supplemented with 10% foetal bovine serum (FBS) (Scientifix, 

Victoria, Australia) and freshly added 100µg/mL Normocin (Invivogen, California, USA) 

as per manufacturer’s suggestions, incubated in 37 °C, 5% carbon dioxide (CO2). 

 

3.2 Stem cell culture 

3.2.1 Colon cancer stem-like cell culture 

Isolated stem-like cancer cells from section ‘3.3 Isolation of ALDH1 expressing 

cells’ were cultured and maintained in RPMI 1640 Medium supplemented with 20ng/mL 

epidermal growth factor (EGF) and 20ng/mL fibroblast growth factor (FGF), and 1% B27 
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Supplement and freshly added 100µg/mL Normocin (Invivogen, California, USA) as per 

manufactures suggestions, incubated in 37 °C, 5% CO2. The media content followed a 

protocol published in 2015 15, with an exchange of DMEM/F12 media for RPMI media 

used to culture the colon cancer cells of interest. 

 

3.3 Isolation of ALDH1 expressing cells (Aim 1) 

The expression of aldehyde dehydrogenase (ALDH) in the cancer cells SW48 and 

SW480 and non-cancerous cells CCD18-Co cells was measured using the ALDEFLOUR kit 

(StemCell Technologies, Vancouver, Canada) following the manufacturer’s guidelines. 

The cells were lifted from the flask using 0.25% trypsin and neutralised with appropriate 

culture media. Cells were centrifuged for 3 minutes at 0.2 relative centrifugal force (rcf) 

and the pellet was resuspended in the ALDEFLOUR kit assay buffer and adjusted to 1x106 

cells per millilitre. 100uL of each sample was left untreated and labelled ‘untreated 

control’. 1mL of each cell sample was separated into ‘control’ and separate ‘test’ tubes. 

The control tube was treated with 5uL of the diethylaminobenzaldehyde (DEAB) 

reagent, an ALDH inhibitor used to control for background fluorescence. The test tubes 

were treated with 5uL of the activated reagent, BODIPY™-aminoacetaldehyde (BAAA), a 

fluorescent substrate for ALDH which, in the presence of ALDH, is converted into 

BODIPY™-aminoacate (BAA). 0.5mL of the test mixture was then transferred into the 

‘control’ tube and all tubes were incubated for 45 minutes at 37 °C. All ‘test’ solutions 

of each cell sample were collected into one tube and centrifuged for 5 minutes at 250xg. 

The supernatant was removed and the ‘test’ cells were resuspended in 300uL of 

clumping buffer. 100uL of the ‘control’ samples were aliquoted into new tubes and 
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centrifuged for 5 minutes at 250xg. The supernatant was removed and the ‘control’ cells 

were resuspended in 100uL clumping buffer. Clumping buffer was comprised of PBS, 

10% FBS and 2mM ethylenediaminetetraacetic acid (EDTA). The cells were sorted using 

the BD FACSAria III (BD Biosciences, New Jersey, United States of America) instrument 

located in our university by a professional technical expert based on high (positive) and 

low (negative) ALDH expression levels. The sorted cells were seeded into sphere 

formation media in non-adhesive twelve well plates and incubated in 37 °C, 5% (CO2). 

 

3.4 Spheroid formation assay 

3.4.1 Spheroid formation optimisation (Aim 1) 

The ability of the cells to form spheroids was assessed using a sphere formation 

assay. Isolated cells were seeded into a non-adhesive 12 well plate in sphere culture 

media. A triplicate 1:10 serial dilution of 20 to 0.2 cells per microliter was created for 

each cell line, and the cells were incubated at 37 °C in 5% CO2 for 14 days to assess best 

starting concentration 4,15,104,105.  

 

3.4.2 Spheroid formation assay (Aim 1) 

Cells were seeded into single wells of a non-adhesive 12 well plate at 20, 000 

cells (10 cells/µL) in 2mL of sphere culture media. The cells were cultured over 14 days 

at 37 °C in 5% CO2 without a media change. Growth of spheres was observed daily, and 

the final proliferation rate was calculated using ImageJ software (NIH). 
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3.4.3 Live spheroid formation assay (Aim 2) 

 Cells of interest were seeded into a non-adhesive 96 well plate at 20, 000 cells 

(10 cells/µL) in 200µL of sphere culture media. The cells were cultured over 14 days at 

37 °C in 5% CO2 without media change in an IncuCyte live cell analysis system (Sartorius, 

Gottingen, Germany), with bright-field microscopy images taken every 6 hours to 

observe sphere formation changes. Final proliferation rate was calculated using ImageJ 

software (NIH).  

 

3.4.4 Statistical Analysis 

 Statistical analysis was performed using the GraphPad Prism version 7.02. T-test 

was used to test the significance between the means of each test compared to the mean 

of control. A linear regression analysis was utilised to assess the significance level of the 

tests was taken at p <0.05. 

 

3.5 RNA Extraction 

Total cell RNA was extracted from cells using the miRNeasy Mini Kit (Qiagen, 

Hilden, Germany), according to manufacturer instructions. Adherent cells were lifted 

from adhesive flasks using 0.25% trypsin and neutralised with culture media. Suspension 

cells and neutralised adherent cells were centrifuged for 3 minutes at 0.2rcf and the 

supernatant was removed. Each cell type was resuspended in 700uL of QIAzol Lysis 

Reagent and mixed by vortexing. The concoction was transferred into a 1.5mL tube and 

incubated at room temperature for 5 minutes. 140uL of chloroform was added to each 

tube and mixed by vortexing vigorously for 15 seconds before allowing it to incubate at 
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room temperature for 3 minutes. The samples were centrifuged for 15 minutes at 12 

000 x gravity, 4 °C before being brought to room temperature. The upper aqueous phase 

(containing RNA) was transferred into a new collection tube, topped up with 1.5 volumes 

of 98% ethanol and mixed thoroughly by pipetting. 600uL of the sample (including any 

participate) was transferred into an RNeasy Mini Spin Column in a 2mL collection tube 

and centrifuged at 9391rcf for 30 seconds at room temperature. The flow through was 

removed and the remaining sample was added into the RNeasy Mini Spin Column and 

centrifuged at 9391rcf for 30 seconds at room temperature. The flow through was 

discarded and the column was centrifuged again at 9391rcf for 30 seconds at room 

temperature. The flow through was discarded and 700uL of RWT buffer was added to 

the column and centrifuged at 9391rcf for 30 seconds at room temperature. The flow 

through was removed and 500uL of RPE buffer was added to the column and centrifuged 

at 9391rcf for 30 seconds at room temperature. The flow through was discarded and the 

column was washed with another 500uL of RPE buffer and centrifuged at 9391rcf for 2 

minutes at room temperature. The flow through was discarded and the RNase Mini Spin 

Column was placed into a fresh 2mL collection tube and the column was centrifuged at 

20,000 rcf for 1 minute. The column was placed into the 1.5mL collection tube and 50uL 

of RNase free water was added onto the column and centrifuged for 1 minute at 9391rcf. 

The flow through was collected and the column was transferred into a new 1.5mL 

collection tube. 30uL of RNase free water was added to the column and centrifuged at 

9391rcf for 1 minute. The flow through was collected and the concentration of the 

extracts was measured on a Nanodrop ND-1000 spectrophotometer (ThermoFisher 

Scientific, Massachusetts, USA). 
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3.6 cDNA synthesis 

3.6.1 iScript Reverse Transcription Supermix (Aim 1) 

The cDNA was synthesized with iScript Reverse Transcription Supermix for RT-

qPCR (Bio-Rad, California, USA). Extracted RNA samples were diluted to working 

solutions of 1µg/ µL. iScript Reaction Mix was prepared for each cell population using 

4µL of 5x iScript Reaction Mix, 1µL iScript Reverse Transcriptase, 1µL of total RNA 

template (1µg) and 14µL nuclease-free water to bring to a total volume of 20µL per cell 

type. The mixture was incubated using a Biometra TProfessional PCR Thermocycler 

(Whatman Plc, Maidstone, UK) under the following stages: priming for 5 minutes at 25 

°C, reverse transcription for 20 minutes at 46 °C and reverse transcription inactivation 

for 1 minute at 95 °C. The quantity of cDNA formed was checked using a Nanodrop ND-

1000 spectrophotometer (ThermoFisher Scientific, Massachusetts, USA). 

 

3.6.2 SensiFAST cDNA synthesis 

 Extracted RNA samples were diluted to working solutions of 1µg/ µL. The cDNA 

was synthesized using SensiFAST cDNA synthesis Kit (Bioline, London, UK). Using 

extracted RNA, the master mix was prepared for each cell population using 4µL of 5x 

TransAmp Buffer, 1µL Reverse Transcriptase, 1µL of total RNA template (1µg) and 

nuclease-free water to bring the total volume to 20µL per cell type. The mixture was 

incubated and mixed using the Biometra TProfessional PCR Thermocycler (Whatman Plc, 

Maidstone, UK) under the following stages: priming for 10 minutes at 25 °C, reverse 

transcription for 15 minutes at 42 °C and inactivation of reverse transcription for 5 



71 | P a g e  

 

minutes at 85 °C. The quantity of cDNA formed was checked using Nanodrop 

spectrophotometer.  

 

3.7 Quantitative polymerase chain reaction (qPCR) 

3.7.1 Temperature Gradient 

The optimal annealing temperature of the primer pairs obtained from Sigma-

Aldrich (Table 1) was analysed using conventional PCR and the SensiFAST SYBR No-Rox 

Kit (Bioline, London, UK) on a Biometra TProfessional PCR Thermocycler (Whatman Plc, 

Maidstone, UK). A total of eight samples were prepared including non-template control 

(NTC) and seven wells containing 15ng of cDNA extracted from HCT116 cells used for 

optimization. The reaction mix was prepared following the manufacturer’s guidelines, 

adjusted to a total volume of 20µL (Table 2) for visualisation in an electrophoresis gel. 

Samples were heated on the thermal cycler following the protocol’s 3-step cycling 

guidelines with the annealing temperature varying between 59.33°C – 63.9°C. The 

samples were viewed using electrophoresis on a 2% agarose gel mixed in 1x Tris 

base/acetic acid/EDTA (TAE) buffer (Bio-Rad, California, USA), using SYBR Safe 

(Invitrogen, California, USA) nucleic acid stain. The size of the samples was compared to 

a 100bp DNA Ladder (New England BioLabs Inc, Massachusettes, USA), and loaded into 

the gel using 6x DNA gel loading dye (New England BioLabs Inc). The gel was run at 70V 

for 60 minutes, visualised on the Gel Doc EZ System (Bio-Rad, California, USA) and 

analysed using ImageLab Software (Bio-Rad). The best annealing temperature was 

chosen based on the intensity of the bands.  
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Table 1. Commercially available primer information obtained from the Sigma-Aldrich 
technical datasheet. 

Oligo Name Sequence (5’-3’) Molecular Weight 

Forward Human 2_GAPDH CTTTTGCGTCGCCAG 4535 

Reverse Human 2_GAPDH TTGATGGCAACAATATCCAC 6085 

Forward Human 2_NOTCH1 AAACAAGCAAGTTCTGAGAG 6183 

Reverse Human 2_NOTCH1 CAGGAGCTTTTTGGACTATG 6163 

Forward Human 2_SNAI1 AACAATGTCTGAAAAGGGAC 6183 

Reverse Human 2_SNAI1 ATAGTTCTGGGAGACACATC 6141 

Forward Human 2_SOX2 GATCCTGGACTTCTTTTTGG 6105 

Reverse Human2_SOX2 TCTATACAAGGTCCATTCCC 6012 

Forward Human2_NANOG CTATCCATCCTTGCAAATGTC 6316 

Reverse Human2_NANOG GTTCTGGTCTTCTGTTTCTTG 6391 

Forward Human2_TWIST2 ATCATTTGTAACAACCCAGG 6085 

Reverse Human2_TWIST2 CAAATGATAGAGTCAGCACC 6119 

Forward Human3_TGF-Β1 TGTACCAGAAATACAGCAAC 6103 

Reverse Human 3_TGF-Β1 CAAAAGATAACCACTCTGGC 6079 

 

Table 2. PCR 2x SensiFAST SYBR No-ROX Mix reaction composition for temperature 
gradient analysis.  

Reagent Volume (uL) per 1 reaction 

2x SensiFAST SYBR No-ROX Mix 10 

10uM Forward Primer 0.8 

10uM Reverse Primer 0.8 

Template (1ug/uL) 1 

Water 7.4 

Total 20 

 

3.7.2 qPCR PrimePCR Assay (Aim 1) 

The stem cell marker primers for Nanog, SRY (sex determining region Y)-box 2 

(Sox2), snail family transcriptional repressor 1 (Snai1), twist family βHLH transcription 

factor 2 (Twist2) and Notch homolog 1, translocation-associated (Drosophila) (Notch1) 

were obtained from PrimePCR Assays (Cat # 10035636 PrimePCR SYBR assays, Bio-Rad, 

California, USA). Expression of all markers was normalised against Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) (Primer Pair ID: H_GAPDH_2, Sigma-Aldrich, 

Missouri, USA) (Table 1). SensiFAST SYBR No-Rox Kit (Bioline, London, UK) master mix 

was used for all reactions following the manufacturer’s guidelines, with volumes 
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adjusted to a total of 10uL (Table 3) to save the amount of reagent used per run. The 

cycling conditions of the thermocycler QuantStudio 6 Flex real-time PCR System 

(ThermoFisher Scientific, Massachusetts, USA) were prepared following the SensiFAST 

Master Mix 3-cycle guidelines, with an annealing temperature of 60 °C as per 

manufacturer’s suggestion. The relative levels of stem cell genes were analysed using 

the delta-delta Ct method, obtained from the QuantStudio 6 Flex real-time PCR system 

analysis report. All qPCR assays used a duplicate technical replicate per run, with three 

biological replicates. Any failed runs were repeated to maintain replicates.  

Table 3. 2x SensiFAST SYBR No-ROX Mix reaction composition for qPCR assay. 

Reagent Volume (uL) per 1 reaction 

2x SensiFAST SYBR No-ROX Mix 5 

PrimePCR Primer 0.4 

Template (1ug/uL) 1 

Water 3.6 

Total 10 

 

3.7.3 qPCR Assay (Aim 2) 

The stem cell marker primers for Nanog, Sox2, Snai1, Twist2 and Notch1 were 

obtained from Sigma-Aldrich (Table 1). These primers differ from Section 3.7.2 due to 

primer complications. Expression of the markers was normalised against GAPDH (Primer 

Pair ID: H_GAPDH_2, Sigma-Aldrich, Missouri, USA) (Table 1). SensiFAST SYBR No-Rox Kit 

(Bioline, London, UK) master mix was used for all reactions following the manufacturer’s 

guidelines, with volumes adjusted to a total of 10uL (Table 4). The cycling conditions of 

the thermocycler QuantStudio 6 Flex real-time PCR System (ThermoFisher Scientific, 

Massachusetts, USA) were prepared following the SensiFAST Master Mix 3-cycle 

guidelines, with an annealing temperature based on temperature gradient results. The 

relative levels of stem cell genes were analysed using the delta delta ct method, 
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obtained from the QuantStudio 6 Flex real-time PCR system analysis report. All qPCR 

assays used a duplicate technical replicate per run, with three biological replicates. Any 

failed runs were repeated to maintain replicates. 

Table 4. 2x SensiFAST SYBR No-ROX Mix reaction composition for qPCR assay. 

Reagent Volume (uL) per 1 reaction 

2x SensiFAST SYBR No-ROX Mix 5 

10uM Forward Primer 0.4 

10uM Reverse Primer 0.4 

Template (1ug/uL) 1 

Water 3.2 

Total 10 

 

3.7.4 Statistical Analysis 

 Statistical analysis was performed using the GraphPad Prism version 7.02. 

Unpaired T-test was used to test the significance between the means of each test 

compared to the mean of control. The significance level of the tests was taken at p <0.05. 

 

3.8 Protein extraction 

Protein was extracted cells using NP40 Cell Lysis Buffer (ThermoFisher Scientific, 

Massachusetts, USA) with 2% Halt Protease Inhibitor Cocktail (100x) (ThermoFisher 

Scientific). Adherent cells were lifted from flasks using 0.25% trypsin and neutralised 

with appropriate culture media. Suspension cells were collected into fresh falcon tubes. 

All cells were centrifuged for 3 minutes at 0.1rcf and resuspended in PBS. The cell 

populations were washed twice in cold PBS and centrifuged each time for 3 minutes at 

0.1rcf. Cell count was carried out using Countess Cell Counter (Thermo 

Fisher/Invitrogen, Massachusetts, USA) and the cells were washed in PBS and 

centrifuged for 5 minutes at 0.8rcf. The cell pellet was resuspended in 1mL of NP40 Cell 
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Lysis Buffer with 2% protease inhibitor for every 108 cells and incubated on ice for 30 

minutes with vigorous vortexing every 5 minutes. The content was transferred into a 

microcentrifuge tube and centrifuged for 10 minutes at 20, 913rcf at 4 °C. The clear 

lysate was transferred into a new tube and stored at -80 °C until use.  

 

3.9 Protein quantification 

Protein quantification was carried out using the Pierce BCA Protein Assay 

(Thermo Fisher Scientific, Massachusetts, USA). The bovine serum albumin (BSA) stock 

standards were prepared in a 96 well plate as per manufacturer's guidelines, using 

RNA/DNA free water as the diluent. The assay was carried out in a 96 well plate, using 

96uL of working reagent and 12uL of sample or standard per well. Each sample was 

prepared to a 1:8 dilution with RNA/DNA free water to preserve the sample. The plate 

was placed on a shaker for 30 seconds to mix the reagents and incubated for 30 minutes 

at 37 °C. The absorbance was measured using the POLARstar OPTIMA plate reader (BMG 

Labtech, Ortenberg, Germany) at 562nm.  

 

3.10 Protein Expression (Western blot) 

A total of 30ug protein of each cell extract was mixed with lithium borate (LB) 

buffer (in a ratio of 3:1 parts sample to LB buffer) and water. The LB buffer was prepared 

1:10 parts buffer to 98% 2-Mercaptoethanol (Bio-Rad, California, USA) and incubated 

for 10 minutes at 70 °C. The samples were loaded into a 4-15% Mini-PROTEAN TGX 

Precast gels (Bio-Rad, California, USA) alongside Precision Plus Protein WesternC 

Standards (Bio-Rad) and run in 1x Tris-Glycine eXtended (TGX) buffer at 70V for 120 
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minutes. The gel was removed from the apparatus and washed in water before the 

proteins were transferred onto a Midi Nitrocellulose blot (Bio-Rad) using the Trans-Blot 

Turbo Transfer System (Bio-Rad) by running the assembled kit at 25V, 2.5A for 7 

minutes. The membrane was removed from the cassette and cut into desired strip sizes 

and blocked with 5% milk in phosphate-buffered saline and 0.05% Tween-20 (PBST) 

solution on a shaker at 56 rpm for 2 hours at 4 °C. The blot strips were washed six times 

with PBST three times at 5 minutes each on a shaker at 56 rpm in room temperature. 

The PBST was removed and primary antibodies (see Section 3.10.1 and Section 3.10.2 

below) were added to the blots and left on a shaker at 56 rpm at 4 °C overnight.  

 

The primary antibodies were removed, and the blots were washed six times at 5 

minutes per wash in PBST on a shaker at 56 rpm at room temperature (total of 30 

minutes). Appropriate secondary antibodies (see Section 3.10.1 and Section 3.10.2 

below) were added to the blots and incubated for one hour on a shaker at 56 rpm in 

room temperature. The secondary antibody was removed, and the blots were washed 

six times at five minutes each wash in PBST on a shaker at 56 rpm in room temperature 

(total of 30 minutes). The reactive bands were visualised using the Chemiluminescent 

Western Blot Detection Kit (ThermoFisher Scientific, Massachusetts, USA). 1mL of 

Peroxidase Solution was mixed with 1mL Pic Leminol/Enhancer Solution and each blot 

was washed in the solution for 5 minutes before the data was analysed using the 

ImageLab software (Bio-Rad). The gene expression was normalized to GAPDH. If a 

membrane blot strip was reused to visualise another primary antibody on the same size 
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of a membrane blot, the PVDF membrane was first washed with either mild or harsh 

stripping buffer based on Abcam, Cambridge, UK’s protocol for PVDF membranes. 

 

3.10.1 Primary and Secondary Antibodies (Aim 1)   

The primary antibodies used were as follows: monoclonal rabbit anti-Sox-2 

(D6D9) XP (3579, Cell Signaling Technology, Massachusetts, USA), monoclonal rabbit 

anti-Snail (C15D3) (3879, Cell Signaling Technology) and monoclonal anti-Nanog 

(D73G4) XP (4903, Cell Signaling Technology). 

The secondary antibodies used were a polyclonal anti-goat antibody (ab97110, 

Abcam, Cambridge, UK) diluted at 1:20 000, polyclonal anti-rabbit antibody (A0545, 

Sigma Aldrich, Missouri, USA) diluted at 1:10 000 and polyclonal anti-mouse (A2554, 

Sigma Aldrich) antibody diluted at 1:10 000. 

 

3.10.2 Primary and Secondary Antibodies (Aim 2) 

The primary antibodies used were as follows: monoclonal mouse anti-ERK1/2 (C-

9) (sc514302, Santa Cruz Biotechnology Inc, Texas, USA) diluted at 1:100, polyclonal 

rabbit anti-MIF (FL-115) (sc-20121, Santa Cruz Biotechnology Inc) diluted at 1:200, 

polyclonal rabbit anti-PARP-1 (F-2) (sc-8007, Santa Cruz Biotechnology Inc) diluted at 

1:1000, monoclonal mouse anti-JAK1 (B-3) (sc376996, Santa Cruz Biotechnology Inc) 

diluted at 1:100, polyclonal rabbit anti-Bcl-2 (N-19) (sc-492, Santa Cruz Biotechnology 

Inc) diluted at 1:200, polyclonal rabbit anti-BAX (N-20) (sc-493, Santa Cruz Biotechnology 

Inc) diluted at 1:200, monoclonal mouse anti-KLF6 (E-10) (sc-365633, Santa Cruz 

Biotechnology Inc) diluted at 1:100, polyclonal rabbit anti-Aurora B (PA5-14075, 
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ThermoFisher Scientific, Massachusetts, USA) diluted at 1:2000, monoclonal mouse 

anti-Caspase-3 (E-8) (sc-7272, Santa Cruz Biotechnology Inc) diluted at 1:200, polyclonal 

rabbit anti-TGF-β (3711, Cell Signaling Technology, Massachusetts, USA) diluted at 

1:1000, monoclonal mouse anti-SLUG (1G7) (ab128485, Abcam, Cambridge, UK, 

Cambridge, UK) diluted at 1:2000, polyclonal rabbit anti-N-Cadherin (4061, Cell Signaling 

Technology) diluted at 1:1000, mouse monoclonal anti-Galectin-1 (C-8) (sc-166618, 

Santa Cruz Biotechnology Inc) diluted at 1:100, monoclonal mouse anti-beta-Catenin 

(15B8) (MA1-301, ThermoFisher Scientific) diluted at 1:1000, monoclonal mouse anti-

CAP1 (H-2) (sc-376286, Santa Cruz Biotechnology Inc), monoclonal mouse anti-galectin-

3 (A3A12) (sc-53127, Santa Cruz Biotechnology Inc) diluted at 1:200, monoclonal rabbit 

anti-p21 Waf1/Cip1 (12D1) (2947, Cell Signaling Technology) diluted at 1:1000, 

monoclonal rabbit anti-p53 (7F4) (2527, Cell Signaling Technology) diluted at 1:1000, 

monoclonal mouse anti-p-Akt1/2/3 (B-5) (sc-27966, Santa Cruz Biotechnology Inc) 

diluted at 1:50, monoclonal mouse anti-GAPDH (0411) (sc-47724, Santa Cruz 

Biotechnology Inc) diluted at 1:1000 and monoclonal mouse anti-CyPB (K2E2) (sc-

130626, Santa Cruz Biotechnology Inc) diluted at 1:200. 

 

The secondary antibodies used were a polyclonal anti-goat antibody (ab97110, 

Abcam, Cambridge, UK) diluted at 1:20 000, polyclonal anti-rabbit antibody (A0545, 

Sigma Aldrich, Missouri, USA) diluted at 1:10 000 and polyclonal anti-mouse (A2554, 

Sigma Aldrich) antibody diluted at 1:10 000. 
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3.10.3 Statistical Analysis 

 Statistical analysis was performed using the GraphPad Prism version 7.02. A one-

sided t-test was used to test the significance between the means of each test compared 

to the mean of control. The significance level of the tests was taken at p <0.05. 

 

3.11 TGF-beta dose-dependent treatment (Aim 2) 

Stem cell media was prepared as previously stated (section 3.2.1). Transforming 

growth factor beta1 (TGF-β1) (PeproTech, New Jersey, USA) was reconstituted as per 

manufacturer’s guidelines and stored short-term at -20 °C. Four different concentrations 

of TGF-β1 (PeproTech) growth factor were added to four separate tubes of media: 

5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL. These concentrations were chosen based on 

the range of concentrations used in previously published data 106–109.  

 

Isolated stem-like cancer cells were centrifuged at 0.2rcf for 5 minutes and the 

media was removed by aspiration. Cells were resuspended in 5mL of each of the four 

different TGF-β1 concentrations and seeded into a non-adhesive T-25 flask, 

supplemented with 100µg/mL Normocin (Invivogen, California, USA) as per 

manufacturer’s suggestions. Untreated cells were continuously cultured as control 

populations. The cells were cultured for a total of 14 days prior to use unless otherwise 

required (section 3.16 and 3.17).   
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3.12 Cytotoxic Compound Treatment (Aim 3) 

3.12.1 NOC Treatment Media 

 A concoction of four different N-nitroso compounds was used for the NOC 

treatment including N-Nitrosodimethylamine (NDMA) (Sigma Aldrich, Missouri, USA), N-

Nitrosodiethylamine (NDEA) (Sigma Aldrich), N-Nitrosopiperidine (NPIP) (SupelCo-Sigma 

Aldrich, Pennsylvania, USA) and N-Nitrosopyrrolidine (NPYR) (Sigma Aldrich). Average 

concentrations of these compounds found in sausages were estimated from published 

data by Lijinsky and Stuff et al 110,111. The average sausage serving size was estimated as 

140g, as per serving sizes of sausages in the Australian supermarket chain Woolworths. 

A mixture of all four NOC compounds was added to media (cell culture media, sections 

3.1 and 3.2). Normal growth media outlined in sections 3.1 and 3.2 was used as a control 

treatment.  

Table 5. The concentration of N-nitroso compounds used in the NOC treatment media 

Compound Average 
concentration 

(ug compound/kg 
sausage) 

Amount of compound 
in an average serving 

of 140g (ug) 

Concentration of 
compound in media 

(ug/mL) 

NDMA 60.7 8.5 1.7 

NDEA 5.2 0.728 0.1456 

NPIP 25.005 3.5 0.7 

NPYR 22.93 3.21 0.642 

 

3.12.2 HCA Treatment Media 

Blend of four different heterocyclic amine compounds were used for the HCA 

treatment including 2-Amino-3,4-dimethylimidazo(4,5-F)quinoline (MeIQ) (Abcam, 

Cambridge, UK), 2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) (Abcam), 3-

methyl-3H-imidazo[4,5-f]quinolin-2-amine hydrochloride (IQ) (Sapphire Bioscience-
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Cayman Chemical, Michigan, USA), 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine 

(PhIP) (Abcam). Average concentrations of these compounds found in sausages were 

estimated from published data112–114. The average sausage serving size was estimated 

as 140g, as per serving sizes of sausages in the Australian supermarket chain 

Woolworths. Mixture of all four HCA compounds was added to media (cell culture 

media, sections 3.1 and 3.2). Normal growth media outlined in sections 3.1 and 3.2 was 

used as control treatment.  

Table 6. Concentration of heterocyclic amine compounds used in the HCA treatment 
media 

Compound Average 
concentration 

(ug compound/kg 
sausage) 

Amount of compound 
in average serving of 

140g (ug) 

Concentration of 
compound in media 

(ug/mL) 

MeIQ 0.2 0.028 0.0056 

MeIQx 3.05 0.427 0.0854 

IQ 0.09 0.0126 0.00252 

PhIP 6.25 0.875 0.175 

 

3.12.3 PAH Treatment Media 

Three different polycyclic aromatic hydrocarbon compounds were used for the 

PAH treatment including Benzo[a]pyrene (BaP) (SupelCo-Sigma Aldrich, Pennsylvania, 

USA), Dibenz[a,h]anthracene (SupelCo-Sigma Aldrich) and Benzo[b]fluoranthene (Sigma 

Aldrich, Missouri, USA). Average concentrations of these compounds found in sausages 

were estimated from published data 115,116. The average sausage serving size was 

estimated as 140g, as per serving sizes of sausages in the Australian supermarket chain 

Woolworths. A mixture of all three PAH compounds was added to media (cell culture 

media, sections 3.1 and 3.2). Normal growth media outlined in sections 3.1 and 3.2 was 

used as a control treatment.  
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Table 7. The concentration of polycyclic aromatic hydrocarbon compounds used in the 
PAH treatment media 

Compound Average 
concentration 

(ug compound/kg 
sausage) 

Amount of 
compound in 

average serving of 
140g (ug) 

Concentration 
of compound 

in media 
(ug/mL) 

BaP 0.483 0.06762 0.013524 

Dibenz[a,h]anthracene 0.25 0.035 0.007 

Benzo[b]fluoranthene 0.29 0.0406 0.00812 

 

3.12.4 Treatment Conditions 

 Treatment of cells with cytotoxic compounds occurred over a 72-hour period. 

Cells were seeded into a 96-well plate at 20,000 cells per well. 100µL of each treatment 

media was used, mixed with 100µL of TGF-β1 treatment media (Section 3.11). Untreated 

cells were used as controls. The plates were incubated at 37 °C, 5% carbon dioxide (CO2).  

 

3.13 Proliferation Assay 

3.13.1 Proliferation of 72-hour TGF- β treatment (Aim 2) 

Proliferation of suspension cells (section 3.12 and 3.19) was analysed using CCK8 

(Dojindo Molecular Technologies, Inc, Maryland, USA) as per manufacturer’s guidelines. 

Briefly, cells were suspended at 20, 000 cells per well in 200µL media and treated 

accordingly. A triple technical replicate was used per treatment. 10µL of Cell Counting 

Kit-8 (CCK8) solution was added to each well plate and mixed gently by pipetting. The 

plate was incubated for 4 hours at 37 °C, 5% CO2 before the absorbance was measured 

at 450nm using the POLARstar OPTIMA plate reader (BMG Labtech, Ortenberg, 

Germany). The assay was repeated in triplicate for statistical analysis.  
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3.13.2 Proliferation of cytotoxic-compound treated cells (Aim 3)  

The proliferation rate of colon cancer stem-like cells treated with TGF-β growth 

factor and cytotoxic compounds was observed over a 72-hour time point. Briefly, cells 

were suspended at 20, 000 cells per well in 100µL of cytotoxic compound treatment 

media (Section 3.12) and 100µL of TGF-β growth factor treatment media (Section 3.11) 

and incubated for 72-hours at 37 °C, 5% CO2. Cellular proliferation was measured 

through brightfield microscopy images every 24 hours. The cell count number at each 

time point was analysed using ImageJ software (NIH) and the proliferation rate was 

evaluated. 

 

3.13.2 Statistical Significance 

Statistical analysis was performed using the GraphPad Prism version 7.02 version 

7.02. A one-sided t-test was used to test the significance between the means of each 

test compared to the mean of control. A linear regression analysis was utilised to assess 

the significance level of the tests was taken at p <0.05. 

 

3.14 Scanning electron microscopy (SEM) (Aim 2) 

3.14.1 Sample Preparation 

Cellspin (Tharmac, Waldsolms, Germany) equipment was assembled by placing 

a Menzel-Glaser Superfrost Plus microscope slide (Lomb) into the Cellclip chamber and 

placing a sterile glass coverslip appropriately and covered with the filter side of the 

single cytofunnel disposable sample chambers (ThermoScientific, Massachusetts, USA). 

This ensured that the cells would be attached directly to the coverslip. Suspension cells 
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were harvested and washed once with PBS (x1) and resuspended, with the 

concentration adjusted to 1x106 cells/mL. 200µL of the cell resuspension was collected 

and pipetted into the single cytofunnell disposable sample chambers (ThermoScientific) 

and capped. The cellclip chambers were placed into the rotor and centrifuged at 26rcf 

for 5 minutes at room temperature. The set up was disassembled and the cover slip was 

placed onto a parafilm sheet with the cell-covered side facing upwards. The cells were 

fixed in 25% Glutaraldehyde Solution (Sigma-Aldrich, Missouri, USA) diluted 1:10 in 

sterile PBS for 24 hours in 4°C. The fixing solution was removed, and the cells were 

washed three times with PBS for 5 minutes per wash. If required, the cells could be 

stored in PBS at 4°C prior to dehydration. The cells were dehydrated by washing in 

various concentrations of ethanol diluted in PBS, starting at 50% ethanol, 70% ethanol, 

80% ethanol for 10 minutes at a time. The cells were washed twice in 95% ethanol for 

10 minutes per wash, and finally washed in 100% ethanol three times for 15 minutes per 

wash. The dehydrated samples were then chemically dried using 

Bis(trimethylsilyl)amine (HMDS). Firstly, the cells were treated with a 50% HMDS 

solution diluted with 100% ethanol for 10 minutes before the addition of 100% HMDS 

and allowing the samples to dry. The samples were stored in the fume hood until ready 

for mounting.  

 

3.14.2 Image Acquisition  

A conductive double-sided carbon tape was placed onto one end of the scanning 

electron microscopy specimen holder. The sample-containing coverslips were stuck 

down onto the carbon tape with the sample facing upwards. The samples were coated 
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with a thin layer of gold using the NeoCoater MP-19020NTCR. The SEM images were 

obtained using the NeoScope JCM-5000 tabletop SEM (Joel USA, Inc, Massachusettes, 

USA).  

 

3.15 Invasion Assay 

3.15.1 Plate Preparation 

 The invasion potential of TGFβ treated cells and cytotoxic compounds (Section 

3.11) was assessed using Corning Matrigel Base Membrane Matrix Phenol Red Free 

(Corning Inc, New York, USA) following the manufacturer’s ‘Thick Gel’ guideline. Briefly, 

the Matrigel matrix was thawed at -4 °C and kept on ice. All culture equipment (including 

pipettes, tips and culture plates) was chilled at -20 °C overnight prior to use. Working on 

the ice, 50µL of Matrigel Matrix was added into the wells and the plate was placed into 

37 °C for 30 minutes prior to seeding. 

 

3.15.2 TGF-beta treatment Invasion Assay 

  TGFβ treated cells and non-treated control cells were seeded on top of the 

Matrigel Matrix at 20, 000 cells per well in respective treatment media incubated at 37 

°C, 5% CO2 for 30 hours. Images of the gel were taken using Bright-field microscopy every 

6 hours from 1-hour post seeding. The invasive potential was observed through the 

changing focal radius, indicating movement of cells deeper into the gel. The assay was 

repeated in triplicate for statistical analysis. 
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3.15.4 Statistical Analysis 

Statistical analysis was performed using the GraphPad Prism version 7.02. A 

linear regression analysis was utilised to assess the significance level of the tests was 

taken at p <0.05. 

 

3.16 Chemotherapy Resistance 

3.16.1 5-Fluorouracil (5-FU) Optimization 

 5-Fluorouracil (5-FU) optimisation was based on the results found by Bracht et 

al, who observed that 5-FU GI50 for cell line SW48 was approximately 6µM (0.78µg/mL) 

and approximately 7µM (0.7µg/mL) for cell line SW480 117. A stock solution of 5-FU (Item 

No. 14416) (Cayman Chemical, Michigan, USA) was created to 50mg/mL in dimethyl 

sulfoxide (DMSO). A serial dilution was used to create five different concentrations 

(Table 8). SW48Stem-like and SW480Stem-like cells were seeded at 20, 000 cells per well in 

duplicate into a low-adhesive 96-well plate in 100µL media and 100µL of each 5-FU 

concentration was added into the appropriate wells, with untreated cells acting as a 

control. The cells were placed into incubated at 37 °C, 5% CO2 for 72 hours. The GI50 was 

measured using the CCK8 (Dojindo Molecular Technologies, Inc, Maryland, USA) 

following the manufacturer’s guidelines. Briefly, 10µL of CCK-8 solution was added to 

each well and incubated for a further 4 hours before the absorbance was read at 450nm 

using the POLARstar OPTIMA plate reader (BMG Labtech, Ortenberg, Germany).  
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Table 8. 5-FU serial dilution concentrations. 

Dilution Concentration (µg/mL) Molarity (M) 

C1 800 6.154 

C2 400 3.077 

C3 200 1.539 

C4 100 0.769 

C5 50 0.385 

 

3.16.2 5-FU Resistance of TGFβ treated cells (Aim 2) 

TGFβ treated SW48Stem-like and SW480Stem-like cells (section 3.11) were seeded at 

20, 000 cells per well in triplicate into low-adhesive 96-well plates in 200µL TGFβ 

treatment media. Untreated cells cultured in normal media were used as controls. 5-FU 

was added into each well (SW48: 135µg/mL (1.04M), SW480: 62.86 µg/mL (0.5M)) and 

incubated for 72 hours at 37 °C, 5% CO2. The viability and proliferation of cells were 

measured using the proliferation assay outlined in section 3.15.2.  The assay was 

repeated in triplicate for statistical analysis.  

 

3.16.3 5-FU Resistance of cytotoxic-compound treated cells (Aim 3) 

The colon cancer stem-like cell resistance against 5-FU following treatment with 

TGF-β growth factor and cytotoxic compounds was observed over a 72-hour time point. 

Briefly, cells were suspended at 20, 000 cells per well in 100µL of cytotoxic compound 

treatment media (Section 3.12) and 100µL of TGF-β growth factor treatment media 

(Section 3.11). 5-FU was added into each well (SW48: 135µg/mL (1.04M), SW480: 62.86 

µg/mL (0.5M)) and the cells were incubated for 72-hours at 37 °C, 5% CO2. Cell viability 

and proliferation rate was assessed using the MTT assay described in section 3.13. The 

assay was repeated in triplicate for statistical analysis.  
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3.16.4 Statistical Analysis 

Statistical analysis was performed using the GraphPad Prism version 7.02. A one-

sided t-test was used to test the significance between the means of each test compared 

to the mean of control. The significance level of the tests was taken at p <0.05. 

 

3.17 Viability Assay (Aim 3) 

Cytotoxic compound treated cells (section 3.12) were seeded into cell culture-

treated 96-well plate at 20, 000 cells per well in 100µL media. A triple technical replicate 

was used for each treatment. The cell viability was measured using -(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT). Briefly, 10µL of 5mM 3-

MTT solution was added to each well and mixed gently to avoid the formation of 

bubbles. The plate was incubated for 4 hours at 37 °C, 5% CO2 before 75% of the 

concoction was removed from the well. 50µL of DMSO was added to each well to 

solubilise any remaining formazan crystals before the plate was incubated for a further 

30 minutes and the absorbance was measured at 540nm using the POLARstar OPTIMA 

plate reader (BMG Labtech, Ortenberg, Germany). The assay was carried out in triplicate 

for statistical analysis. A ‘media only’ well was used for background normalisation.  

 

3.18 Morphological Changes 

The morphological changes of colon cancer stem-like cells treated with TGF-β 

growth factor and cytotoxic compounds were observed over a 72-hour time point. 

Briefly, cells were suspended at 20, 000 cells per well in 100µL of cytotoxic compound 

treatment media (Section 3.12) and 100µL of TGF-β growth factor treatment media 
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(Section 3.11) and incubated for 72-hours at 37 °C, 5% CO2. Morphology changes were 

captured using brightfield microscopy every 24 hours.  
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Chapter 4: Isolation of colon cancer stem-like cells and formation 

of colonospheres (AIM 1). 
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Chapter 4: Isolation of colon cancer stem-like cells and formation 

of colonospheres 

4.1 Introduction 

Colorectal cancer is the second most frequently diagnosed cancer in Australian 

patients over 50 years of age, with almost 30% of patients diagnosed having a survival 

rate of less than 5 years 2,42. It is believed that colorectal cancer arises from mutations 

in the intestinal stem cells and their environmental niche 35,36. These mutated cells are 

referred to as cancer stem cells (CSC), or tumour initiating cells (TIC), and possess the 

same traits as normal stem cells including the ability to self-renew, differentiate into 

many cell lineages and form spheroids 40,49,52. Regeneration is one of the key factors that 

distinguish stem cells from the remaining cell population. As such, many studies have 

utilised spheroid culturing as a verification method to determine whether the chosen 

cell population possess stem cell phenotypes 50,53,54,118,119. Sphere formation assays are 

based around the concept that all cells which possess the stemness phenotype able to 

self-renew at a single cell level 4. These cells of interest are identified and isolated from 

the remaining population through the expression of stem cell markers, such as aldehyde 

dehydrogenase 1 (ALDH1) 7. A recent sphere formation assay protocol review found that 

a key parameter of the assay was cell density, as it was able to affect clonality 4. It is 

widely accepted throughout the literature that a cell density ranging from 0.2 to 20 cells 

per microliter is appropriate for the growth conditions of a sphere formation assay 

4,14,119,120. 
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The stem cell marker ALDH1 belongs to a family of intracellular enzymes involved 

in a range of biological activities such as cell proliferation, migration and apoptosis 121. 

It is an enzyme which oxidizes intracellular aldehydes to carboxylic acids and plays an 

important role in the conversion of retinol to retinoic acid 45,51,120,122,123. Studies have 

shown that ALDH1 assists cells in withstanding oxidative stress and aids in cellular 

proliferation 7,44,45,51,56. The increased expression of ALDH1 has also been associated 

with higher tumour grade, nodal stage, poor patient survival and stem cells 120,124. Deng 

et al investigated the use of the ALDEFLOUR Assay which detects ALDH1 in isolating 

cancer stems in various epithelial cancers. Their study found that cells expressing high 

levels of ALDH1 protein are easily identified in the regions where the stem and 

progenitor cells are located 120. Importantly, their research found that ALDH1 can be 

utilised as a stem cell maker in cells which have limited or weak ALDH expression, such 

as colon cancer 120.  
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4.2: Methodology 

The aim of this chapter was to isolate colon cancer stem-like cells and form 

tumorospheres. This was carried out by utilising a range of protocols detailed in Chapter 

3, including: 

• 3.1 Cell-line culture 

o 3.1.1 Colon cancer cells 

• 3.2 Stem cell culture 

o 3.2.1 Colon cancer stem-like culture 

• 3.3 Isolation of ALDH1 expressing cells 

• 3.4 Spheroid formation assay 

o 3.4.1 Spheroid formation optimisation 

o 3.4.2 Spheroid formation assay 

o 3.4.4 Statistical Analysis 

• 3.5 RNA Extraction 

• 3.6 cDNA synthesis 

o 3.6.1 iScript Reverse Transcription Supermix 

• 3.6.1 iScript Reverse Transcription Supermix 

• 3.7 Quantitative polymerase chain reaction (qPCR) 

o 3.7.1 Temperature Gradient 

o 3.7.2 qPCR PrimePCR Assay 

o 3.7.3 Statistical Analysis 

• 3.8 Protein extraction 

• 3.9 Protein quantification 

• 3.10 Protein Expression 

o 3.10.1 Primary and Secondary Antibodies 

o 3.10.3 Statistical Analysis 
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4.3 Results 

4.3.1 Isolation of colon cancer cells expressing low and high levels of the stemness marker 

ALDH1 

 Cellular expression of ALDH protein activity has been widely used as a marker for 

identification and isolation of stem-like cells. Therefore, aldeflour fluorescence intensity 

was used to isolate cells expressing high levels of ALDH activity (ALDHPos) and cells which 

did not show any levels of ALDH activity (ALDHNeg) from SW48 and SW480 colon cancer 

cell lines. The cell populations were normalised against non-treated cells, while ALDH 

inhibitor DEAB treated cells were used as a negative control (no ALDH expression). 

Several gates were placed around the cells of interest prior to sorting. Firstly, gates were 

placed around the single cell populations based on various parameters including 

forward scatter (FSC) area versus FSC height. Gates were then placed around the cells 

based on the side scatter (SSC) area versus SSC height. These two gates ensure that the 

remaining cells of interest are primarily single cell colonies by observing the relative cell 

size (FSC) and internal granularity of the particles (SSC). Once the initial gates were 

chosen, the graph was set to SSC-area versus FITC. Four populations of interest were 

gated from here on: unstained control cells, ALDH inhibitor (DEAB) ‘negative’ control 

cells, ALDHPos cells and ALDHNeg cells. The distribution of these four populations can be 

seen in Figure 2.  
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Figure 2. Histogram representative of gated cell populations during ALDH protein activity assay. A) 
Distribution of gated cells showing the population of unstained SW48, SW48 ALDHPos cells and SW48 ALDH 
Inhibited cells using DEAB reagent and the median FITC expression of each cell population. B) Distribution 
of gated SW48 ALDHPos and SW48 ALDHNeg cells and the median FITC expression of each cell population. 
C) Distribution of gated cells showing the population of unstained SW480, SW480 ALDHPos cells and SW480 
ALDH Inhibited cells using DEAB reagent and the median FITC expression of each cell population. D) 
Distribution of gated SW480 ALDH+ and SW480 ALDHNeg cells and the median FITC expression of each cell 
population. 

  

The unstained cells lack a fluorescence signal and act as ‘background noise’ in 

the sample (Bio-Rad, California, USA). As mentioned previously, these cells were used to 

normalise the cell populations. The ALDH inhibited cell population shown in Figure 2 A 

and C, SW48 and SW480 respectively, were used to ensure that the isolated positive 

cells did not contain any ALDH inhibited cells. To minimise the possibility of isolating 

false-positive cells, only the cells expressing the highest levels of ALDH were collected 

(FITC Log 105 and above). The median fluorescent intensity (MFI) of ALDH+ cells was 

34,013 for SW48 cells and 21,894 for SW480 cells. However the number of cells isolated 

varied drastically. The cell count of all ALDH+ SW48 cells expressing the highest 

fluorescence signal was around 5,000 cells, while over 150,000 SW480 ALDH+ cells 

expressed the highest fluorescence signal. 
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Similarly, to avoid isolation of false-negative ALDH expressing cells, the gate for 

ALDHNeg cells was placed on the far left hand side of the ALDHNeg histogram (FITC Log 

102). The MFI of ALDHNeg cells was 562 for SW48 cells and 549 for SW480 cells. This 

gating was, unfortunately, less accurate in the SW48 sample, as more ‘ALDH positive’ 

cells had crossed to the negative gate. Around 8,000 ALDHNeg SW48 cells which 

expressed the highest fluorescent signal were gated, while almost 200,000 SW480 cells 

were gated. This could be because the SW48 sample was utilised for initial gating, which 

meant some of the cells were lost to optimisation. 

 

The isolated cells were placed into appropriate culturing conditions, with SW48, 

SW48ALDH Neg, SW480 and SW480ALDH Neg cells remaining in normal cell line culture, while 

SW48ALDH+ and SW480ALDH+ cells were placed into stem-like culture conditions, both 

which are outlined in Chapter 3. These cells will be henceforth referred to as stem-like 

cells (ie: SW48Stem-Like and SW480Stem-like cells).  

 

4.3.2 Formation of Tumorospheres 

4.3.2.1 Formation of tumorospheres Optimisation  

 Pastrana et al have outlined that it is frequently accepted to carry out a spheroid 

formation assay with a cell density ranging from 0.2 to 20 cells per microliter 4. To 

determine the best cell density for spheroid formation assay using SW48 and SW480 cell 

lines, a 1:10 serial dilution of cell concentrations were created, and cells were cultured 

in 12 well plates for 14 days. The cells were placed in 2mL of serum free stem cell media 
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from 2,000,000 cells to 200 cells (1,000 cells/µL to 0.1 cells/µL) and the cell growth of 

each concentration was observed using bright-field microscopy.  

 

 In most cell populations (all except SW48ALDH Neg) by day 3 the 1,000 cells/µL 

dilution had reached 100% confluency. In addition, by the end of day 3 almost all cell 

populations (except SW48Stem-likeand SW480Stem-like) had no live cells left in the 0.1 

cells/µL dilutions. In all cell populations, by the end of day 7 the 100 cells/µL dilution had 

reached 95% confluency and had to be excluded. By the end of the 14-day period, both 

10 cells/µL and 1 cell/µL dilutions were still viable. However, taking into consideration 

the amount of debris that littered the base of the well in most of the 1 cell/µL dilutions, 

the 10 cells/µL dilution was chosen for the sphere formation assay.  

 

4.3.2.2 Formation of tumour spheroids  

 A study carried out by Kenny et al observing the formation of breast cancer 

spheroid formation in a 3D environment determined that cells are capable of forming 

cell aggregates referred to as ‘spheroids’. These spheroids tend to form one of four 

morphologies including as ‘round’ sphere-like gathering of cells with robust cellular 

adhesion and organised nuclei, ‘mass’ of uneven groupings with disorganised nuclei and 

potent cell adhesion, ‘grape-like’ morphology with poor cell to cell adhesion and 

disorganised nuclei, and ‘stellate’ formations of elongated cell bodies with disorganized 

nuclei 125. As such, the current study sought to determine the spheroid formation 

capabilities of the isolated cells. In brief, cells (SW48, SW48ALDH Neg, SW48Stem-Like, SW480, 

SW480ALDH Neg, SW480Stem-Like) were seeded into non-adhesive 12 well plates at 10 



98 | P a g e  

 

cells/µL in 2mL of sphere culture media (serum free, supplemented with growth factors) 

and cultured for 14 days without media change to observe the spheroid formation 

capabilities. The spheroid formation was observed using bright-field microscopy and the 

proliferation rates were calculated using ImageJ software (NIH) software.  

 

 The purpose of this experiment was to observe the spheroid formation 

capabilities of the sorted cell populations. Figures 3 and 4 demonstrate the bright-field 

images obtained throughout the experiment at day 1, day 7 and day 14 post seeding of 

SW48 and SW480 cell populations respectively.  Both figures show that the unsorted cell 

populations (SW48 and SW480) had a stable proliferation rate, however, failed to form 

any of the four established spheroid morphologies by the end of the experiment (day 

14). In both SW48 and SW480 cells, there was quite a lot of cellular debris at day 14 of 

the experiment with large fused clusters of cells being formed. Furthermore, these cells 

had begun to settle out onto the bottom of the flask, however, failed to regain their 

normal morphology on the non-treated flasks in serum-free media.  

 

Similar results were observed in the low ALDH expressing cell populations 

(ALDHNeg), where by day 14 the cells were unable to form spheroids with large fused 

clumps of cells being formed instead. In both SW48ALDH Neg and SW480ALDH Neg cells, there 

was a lot of cellular debris at the end of the experiment. Interestingly, the stem-like cells 

(high ALDH expressing sorted cells) had begun to form grape-like and ‘mass’ spheroids 

by day 7 in both SW48 (Figure 3) and SW480 (Figure 4) cell lines. By the end of the 

experiment, both SW48Stem-like and SW480Stem-like cells had large numbers of spheroids 
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present in the wells with very little cellular debris present. Importantly, both cell 

populations remained in suspension at the end of the experiment with the grape-like 

morphology described by Kenny et al (day 14).  

 

 

Figure 3. SW48 cell line populations bright-field microscopy images at x10 magnification over the length 
of sphere formation assay. The bright-field images show changes in the cell proliferation during the 
sphere formation assay taken at three different time points: day 1 (24 hours post seeding), day 7 and day 
14 (end of the assay). The images reveal that SW48 unsorted control cells failed to form spheroid clusters 
at the end of the assay, and instead fused into clumps of cells. SW48ALDH Neg cells also failed to form 
spheroids at day 14 of the assay. SW48Stem-like cell population successfully formed larger spheroids that 
appeared to have a ‘grape-like’ morphology.  
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Figure 4. SW480 cell line populations bright-field microscopy images at x10 magnification over the 
length of sphere formation assay. The bright-field images show changes in the cell proliferation during 
the sphere formation assay taken at three different time points: day 1 (24 hours post seeding), day 7 and 
day 14 (end of the assay). The images reveal that SW480 unsorted control cells failed to form spheroid 
clusters at the end of the assay, and instead fused into clumps of cells. SW480ALDH Neg cells also failed to 
form spheroids at day 14 of the assay. SW480Stem-like cell population successfully formed larger spheroids 
that appeared to have a ‘grape-like’ morphology 

  

The proliferation rate observed throughout the colonosphere formation assay 

was quantified using ImageJ software (NIH) based on the cell count (Figure 5) and the 

percentage of well area covered (Figure 6). Briefly, the bright-field microscopy images 

were changed to 8-bit pictures and the background threshold was set to eliminate any 

cell debris. The ImageJ software (NIH) function ‘Watershed’ was used to outline the 

objects which the program believed represented individual cells. This was difficult to do 

when the cells have ‘clumped’ together in large groups, which was taken into 

consideration when carrying out the analysis. Next, the cell number was counted using 

the ‘Analyse Particles’ function. This provided a report which not only listed the number 

of cells, but also the area of the image covered by the cells. This data was incorporated 

into proliferation analysis based on precentage of well area covered by the cells outlined 
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below, to compensate for clumped cells which the image had counted as individual cells. 

To determine the rate of proliferation observed in each cell line, the values observed 

(both number of cells and percentage of area covered by the cells) were subtracted from 

each time point to provide a trend of proliferation which was then normalised to zero 

(0) at Day 1.   

 

 The spheroid formation proliferation rate analysis based on cell count number 

revealed that in general, the SW480 cell line populations had an increased proliferation 

rate compared to SW48 cell populations (Table 9). After the initial 7-day time point, 

SW480ALDH Neg cells had the highest number of cells, however, it also had the largest 

decline of cell number at the end of the experiment. This is reflected in Figure 4 which 

shows that by day 14 of the experiment, the SW480ALDH Neg cells formed large clumps of 

cells with high levels of cellular debris scattered across the bottom of the well. The 

SW480 and SW480Stem-like cells had the same initial proliferation rate (day 7), however, 

continued to decline by the end of the experiment (day 14). Unlike SW480 cells, 

however, which had formed large clumps of cells with a high level of cellular debris, 

SW480Stem-like cells formed groups of spheroids with very little visible cellular debris. 

These groups are differentiated from cell clumps, however, because upon gentle tapping 

of the flask they easily separated into small groups of spheroids rather than remaining 

a clump of cells. 

 Similarly to the results observed in SW480 cell populations, SW48ALDH Neg cells 

showed the highest initial proliferation rate (day 7). However this had dwindled down 

drastically by the end of the experiment with very few cells remaining alive and high 
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levels of debris found at the base of the well. SW48Stem-like cells, unlike the SW480 

counterpart, showed higher proliferation rate capabilities compared to SW48 cells both 

at day 7 and day 14 of the experiment. Although in both cell lines the cell number 

seemed to remain quite static, Figure 3 shows the drastic difference between the two 

populations. SW48 formed large clumps of cells, with high levels of cellular debris and 

cells beginning to attach to the bottom of the flask, while SW48Stem-like cells formed 

spheroids and remained in suspension.  

 

Table 9. Sphere assay proliferation rate 

Cell Population Day 1 Cell count Day 7 Cell Count Day 14 Cell Count 

SW48 0 197 193 

SW48 ALDH Neg 0 476 47 

SW48 Stem-like 0 374 349 

SW480 0 551 174 

SW480 ALDH Neg 0 849 -357 

SW480 Stem-like 0 551 306 
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Figure 5. Sphere assay proliferation rate difference based on cell number count from day 1, day 7 and 
day 14. The number of cells present in different cell populations (SW48, SW48ALDH Neg and SW48 Stem-like, 
SW480, SW480ALDH Neg and SW480 Stem-like) were counted using ImageJ software (NIH). The proliferation 
rate difference was calculated by through basic subtraction (ie: Day 7 – Day1; Day 14 – Day 7).  The results 
revealed that SW48 unsorted cells showed the lowest change in cell count across the 14-day assay. 
SW48ALDH Neg cells showed the highest initial increase of cell count out of SW48 cells, however by the end 
of the assay the number of cells had dropped. SW48Stem-like cells had a higher initial cell count, 
compared to unsorted control cells, and retained the number of cells throughout the assay. SW480 
unsorted control cells showed the second highest cell count difference following the first week of the 
assay, however the number of cells fell by the end of the assay. Similarly, to SW48 ALDH negative cells, 
SW480ALDH Neg cells had the highest initial number of cells, however the cell count drastically fell by the 
end of the assay. SW480Stem-like cells showed the same initial cell count as unsorted cells, however better 
maintained the number of cells present at the end of the assay.  

 

Due to the formation of clumps and groupings of cells, analysing the proliferation 

capabilities based on a number of cells alone would not consider the cell bodies in tight 

formations, because the ImageJ software (NIH) counted these as a single cell area. To 

avoid this, the sphere formation proliferation rate was also determined based on the 

percentage of area covered by the cells over time (Figure 6, Table 10). From observing 

the changes in proliferation based on the area of well covered by the cells, it’s evident 

that both SW480ALDH Neg and SW48ALDH Neg cells had the highest proliferation rate based 
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on area. However, similarly to analysis observed in cell number proliferation rate 

mentioned above, both of the ALDH negative populations of cells drastically declined in 

the area covered by the cells by day 14 of the experiment. SW480Stem-like cell population 

showed a higher proliferation rate compared to SW48Stem-like cells by day 7 of the 

experiment. However, its proliferation rate based on the area of well plate covered by 

the cells declined slightly by day 14 of the experiment. This could be due to some cells 

being omitted from the analysis when establishing the threshold of the image. In 

contrast, the SW48Stem-like cell population had a continuous rise in the proliferation rate 

over the course of the experiment. A similar increase was observed in SW48 cells, 

however, by day 14 of the experiment, many of the cells had formed clumps or begun 

to adhere to the surface of the well plate, while SW48Stem-like cells remained in 

suspension.  

Table 10. Difference in well area percentage covered by cells throughout the sphere 
formation assay 

Cell Population Day 1 Percent of 
Area covered 

Day 7 Percent of 
Area covered 

Day 14 Percent of 
Area covered 

SW48 0 5.676 16.605 

SW48 ALDH Neg 0 35.949 -3.159 

SW48 Stem-like 0 15.594 37.628 

SW480 0 35.986 -12.378 

SW480 ALDH Neg 0 55.038 -35.145 

SW480 Stem-like 0 21.976 16.484 
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Figure 6. Sphere assay proliferation rate difference based on area percentage covered by the cells from 
day 1, day 7 and day 14. The number of cells present in different cell populations (SW48, SW48ALDH Neg 
and SW48Stem-like, SW480, SW480ALDH Neg and SW480 Stem-like) were counted using ImageJ software (NIH). 
The proliferation rate difference was calculated by subtracting the area percentage covered from the time 
points (ie: Day 7-Day 1; Day 14-Day7). SW48 unsorted control cells showed the lowest initial area covered 
by the cells, which continued to climb over the course of the assay. SW48ALDH Neg cells revealed the highest 
initial area of well covered by cells, but the number dropped drastically by the end of the assay. SW48Stem-

like cells showed a steady increase of the area of well covered by the cells across the 14-day assay. SW480 
unsorted control cells showed a large increase in the covered area within the first 7 days of the assay, 
however this number dropped drastically by the end of the assay as cells died. SW480ALDH Neg cells showed 
a similar trend, where the initial and final area of well covered showed the highest and lowest confuluency 
areas observed. SW480Stem-like cells revealed a stable increase across the first 7 days of the assay, and 
mostly retained the area of the well covered by the cells.  

 

Taken together, the formation of colonosphere assay revealed that in both cell 

lines (SW48 and SW480), the cell populations lacking ALDH protein expression were 

unable to survive in suspension conditions, cultured in stem cell media for a prolonged 

period of time. Furthermore, they were incapable of forming spheroids and remaining 

in suspension, but rather formed clumps of cell sheets and begun to adhere to the 

surface of the well. In contrast, the cells expressing high levels of ALDH protein (dubbed 

stem-like cells) were able to form distinct spheroids and remained thriving in suspension 

conditions with very little cellular debris by the end of the colonosphere formation 

assay. 
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4.3.3 RNA expression of stem cell markers in colon cancer stem-like cells 

 The RNA expression of five stem cell markers was analysed using qPCR 

methodology. The stem cell marker primers for Nanog, SRY (sex determining region Y)-

box 2 (Sox2), snail family transcriptional repressor 1 (Snai1), twist family βHLH 

transcription factor 2 (Twist2) and Notch homolog 1, translocation-associated 

(Drosophila) (Notch1) were obtained from PrimePCR Assays and were normalised 

against GAPDH. Statistical analysis was carried out using GraphPad Prism version 7.02. 

Unpaired T-test was used analyse the significance, taken at p <0.05.  

 

 The expression of Twist2 was not observed in any of the SW48 cell populations 

examined. RNA Expression of stemness markers in SW48 cell populations is presented 

in Figure 7. The expression of Notch1 was significantly increased in SW48ALDH Neg cells 

(P<0.01), and although the upregulation was slightly higher in SW48ALDH Pos cells, the 

increase in expression did not vary significantly from the unsorted control cells. This 

could be due to the larger error bar observed. Interestingly, the stemness marker Nanog 

was up-regulated in SW48ALDH Neg cells whereas its presence was not detectable in 

SW48ALDH Pos cells. Although the increase in Notch1 expression was almost doubled in 

fold change, the error bars were too large to produce significant results. Expression of 

Sox2 RNA levels was significantly upregulated in SW48ALDH Neg cells (P<0.01) and down-

regulated in SW48ALDH Pos cells (P<0.001). Both sorted populations showed an increased 

expression in Snai1 expression. However, SW48ALDH Pos cells showed four times higher 

fold-change increase in expression (P<0.001) when compared to the negative 

population which did not reach significance due to the large error bars.  
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Taken together these results suggest that stage III colon cancer cells expressing 

high levels of active ALDH1 also show an up-regulation in stemness markers Nanog and 

Snai1, and downregulation of Sox2 when cultured in a suspension 3D environment. 

Interestingly, cells expressing low levels of ALDH1 show increased expression in Nanog, 

Sox2 and Snai1. However, these ALDH1 low expressing cells are cultured in a 2D 

monolayer environment which has been shown to modify the expression of genes. 
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Figure 7. RNA expression of stemness markers in SW48 colon cancer cell populations following isolation 
of ALDH1 negative and ALDH1 positive cells. The expression of stemness markers Notch1, Nanog, Sox2 
and Snai1 were analysed using qPCR and normalized against the housekeeping gene GAPDH. Expression 
of stemness markers was normalised against the SW48 unsorted cells (foldchange of 1). The statistical 
analysis was carried out on GraphPad Prism version 7.02 using a one-way T-test, and the results were 
plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 
(***). The expression of Notch1 was increased in both test populations, however only ALDH negative cells 
showed a significant increase (P<0.01), likely due to the large error bar. Only SW48ALDH Neg cell s expressed 
Nanog, however due to large error bars the change was not significant. Sox2 was significantly upregulated 
in SW48ALDH Neg cells (P<0.01) and significantly suppressed in SW48Stem-like cell population (P<0.001). Snai1 
was upregulated in both populations, SW48ALDH Neg cells showed an approximate 1-fold difference, while 
SW48Stem-like cells showed an approximate 8-fold increase (P<0.001).  
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The expression of RNA level changes in stemness markers of SW480 cell 

populations is demonstrated in Figure 8. The results revealed an increased expression 

of the Notch1 stemness marker in both SW480ALDH Neg and SW480ALDH Pos populations 

(P<0.001 and P<0.001 respective). Interestingly, the expression of Notch1 showed a 35-

fold suppression in SW480ALDH Neg cells when compared to the unsorted control 

population (P<0.001). Inversely, this expression was up-regulated in SW480ALDH Pos cells 

(P<0.01). Sox2 stemness marker was significantly up-regulated in both populations, 

however the increased expression was higher in SW480ALDH Pos cells (P<0.001 and P<0.01 

respectively). Expression of Snai1 was significantly suppressed in SW480ALDH Neg cell 

population when compared to the unsorted control cells (P<0.001). Expression of Snai1 

was significantly increased in SW480ALDH Pos cells compared to the untreated control 

population (P<0.001).  

 

Taken together, these results show that SW480ALDH Pos cells show a significant 

increase in stemness markers Notch1, Nanog, Sox2 and Snai1. SW480ALDH Neg cells, on 

the other hand, showed an evident increase in Notch1 and Sox2 markers, however a 

significant suppression of Nanog and Snai1 stemness marker. 
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Figure 8. RNA expression of stemness markers in SW480 colon cancer cell populations following 
isolation of ALDH negative and ALDH positive cells. The expression of stemness markers Notch1, Nanog, 
Sox2 and Snai1 were analysed using qPCR and normalized against the housekeeping gene GAPDH. 
Expression of stemness markers was normalised against the SW48 unsorted cells (foldchange of 1). The 
statistical analysis was carried out on GraphPad Prism version 7.02 using a one-way T-test, and the results 
were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and 
P<0.001 (***). Notch1 was significantly upregulated in both tested cell populations (P<0.001). SW480ALDH 

Neg cells showed an approximate 35-fold suppression of Nanog (P<0.001), while SW480Stem-like cells showed 
an approximately 8-fold increase (P<0.01). Sox2 was upregulated in both cell populations. However the 
expression was higher in SW480Stem-like cells (P<0.001 for ALDH negative, P<0.01 for stem-like cells). Snai1 
was significantly suppressed in SW480ALDH Neg cells (P<0.001) and upregulated in SW480Stem-like cells 
(P<0.001). 

  

Taken together, these results provide an important insight into the expression of 

stem cell markers in colon cancer stem-like cells. Collectively, the results show that the 

expression of stemness markers varies substantially between stage III cancer cells and 

stage II cancer cells. Between both populations, Notch1 did not show a drastic change 

in expression suggesting that in SW48 and SW480 cells, Notch1 is not a suitable 
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stemness marker in cells expressing high ALDH1 levels. Snai1 was shown to be the most 

up-regulated stemness marker in SW48Stem-like cells isolated based on high expression of 

ALDH1, while in the SW480Stem-like cell population Nanog and Sox2 were most up-

regulated. 

 

4.3.4 Protein expression of stem cell markers in colon cancer stem-like cells 

 The protein expression of stemness markers Nanog and Sox2 were also 

evaluated using western blot methodologies. Briefly, the cells were harvested and lysed 

to extract the protein, and concentration was adjusted to run 30ng/mL of protein per 

run. The proteins were run on gel electrophoresis and transferred onto a PVMD 

membrane, blocked with milk, washed and treated with primary antibodies for 24 hours 

at 4°C, before being washed and treated with secondary antibodies for 60 minutes at 

room temperature. The antibodies were washed off and the blot was treated with a 

chemiluminescence solution.  
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Figure 9. Protein expression of stemness marker inSW48 and SW480 cells isolated based on low (ALDH 
negative) and high (ALDH positive) expression. The expression of stemness marker Nanog and Sox2 was 
carried out and normalised against glyceraldehyde 3‐phosphate dehydrogenase (GAPDH). The band 
intensities were measured using ImajeJ software and the expression of both stem cell markers was 
normalised against the protein expression of GAPDH housekeeping gene and normalised against the 
expression of GAPDH (Band intensity = 1) and the relative band intensity statistical analysis was carried 
out using GraphPad Prism version 7.02 using a one-way T-test, and the results were plotted as mean ± 
standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***). Expression of 
Nanog was significantly suppressed in both SW48ALDH Neg (P<0.05) and SW480ALDH Pos (P<0.01) cells. 
Similarly, SW480 cell populations showed a suppression of Nanog in SW480ALDH Neg and SW480ALDH Pos cells 
(P<0.001 for both). Sox2 expression was suppressed in all test samples, however only SW480ALDH Pos 
(P<0.01), SW480ALDH Neg (P<0.01) and SW480ALDH Pos (P<0.01) showed significantly different expression. 

  1         2       3         4        5         6 

GAPDH 

 

1. SW48 unsorted 
2. SW48 ALDH Neg 
3. SW48 ALDH Pos 
4. SW480 unsorted 
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The protein expression of stemness markers revealed that Nanog expression was 

suppressed in all tested populations after adjustment against GAPDH expression. 

SW48ALDH Neg population showed a lower suppressive level of Nanog (P<0.05) 

compared to SW48ALDH Pos (P<0.01) population when compared against the unsorted 

cells. SW480 cell populations both showed an equal suppression of Nanog expression 

when compared to the unsorted control population (P<0.001). Sox2 expression was 

significantly suppressed in SW48ALDH Pos cell population (P<0.01) compared to the 

unsorted population, while the SW48ALDH Neg cells showed no striking difference in 

Sox2 expression. In turn, both ALDH negative and positive populations of SW480 cells 

showed a significant down-regulation of Sox2 protein expression when compared to the 

unsorted cells (P<0.01). 
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4.4 Discussion 

The initial objective of the study was to isolate stem-like cells from colon cancer 

cell lines based on the expression of stem cell marker ALDH1. ALDEFLUOR assay is the 

current gold standard of targeting stem cells through the expression of ALDH protein. 

Briefly, the ALDH substrate is added to cells, which is then converted into a fluorescent 

product that is retained within viable cells 126. These cells can be isolated using a cell 

sorter or a flow cytometer as cells expressing high levels of ALDH will produce a brighter 

fluorescence signal. This marker was chosen based on a previous investigation carried 

out by Deng et al who found that ALDH1 was an ideal marker of stemness in cells which 

normally presented limited or weak expression of ALDH1, such as colon cancer cells 120.  

 

The two cell lines utilised in this study included ATCC CCL-231 cell line, commonly 

known as SW48, and ATCC cell line CCL-228, commonly known as SW480. SW48 is a 

human colon epithelial cell line isolated from a patient with Dukes’ type C, grade IV 

colorectal adenocarcinoma (Stage III cancer), while SW480 is a human epithelial colon 

cell line isolated from Dukes’ type B colorectal adenocarcinoma (Stage II cancer) 102,103. 

Isolation of cells based on ALDH1 protein expression revealed that stage II SW48 cells 

had a higher FITC median fluorescence intensity (MFI) compared to stage III SW480 cells 

(34,013 and 21,894 respectively). MFI illustrates the brightness of fluorescence 

observed in the test subset, suggesting that SW48 cells expressed higher levels of ALDH1 

in contrast to SW480 cells, irrespective of the overall cell count. It is encouraging to 

compare this result with a colorectal tissue study carried out by Yang et al who found 

that 78% of stage II cancer tissue samples expressed ALDH1, compared to 88% of stage 
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III and 93% of stage IV cancer tissue samples 127. This is also consistent in other cancer 

types including lung, ovarian and breast cancers 58,128–130. The only contradicting study 

was carried out by Zou et al who found that 35% of stage I lung adenocarcinoma tissue 

samples expressed ALDH1 compared to only 32% of both stage II and stage III tissue 

samples 131. This could be due to the disproportional number of tissue samples used in 

the study, with 26 stage I lung adenocarcinoma tissue samples being compared to only 

17 samples of both stage II and stage III tissues 131. In reviewing the literature, this was 

the first study to observe the expression of ALDH1 in stage III colon cancer cell line, 

SW48.  

 

One unanticipated finding was the cross-over of ALDHPos cells into the ALDHNeg 

cell gate as seen in Figure 2 B and D. This was likely due to the formation of small cell 

bundles. Although the initial optimization gating discarded the majority of cell clusters, 

it is possible that some groupings of cells passed through as a ‘single cell’ sort. This cross-

over of clumped cells into incorrect gates occurs when a positively fluorescing cell binds 

to a ‘negative’ cell. Because ‘negative’ cells express very limited fluorescence signal, 

even if they passed into the ‘positive’ gate, it would not be detected. ‘Positive’ cells, on 

the other hand, expressed high levels of FITC and as such was still observed when 

grouped into the ‘negative’ gate.  

 

The spheroid formation has been frequently utilised as a validation process of 

verifying stemness potential in cells. The concept of the spheroid formation assay arises 

from the self-renewal properties of a stem cell, where cells without the capacity for self-
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renewal will not be able to maintain long term growth in conditions that mimic 

organogenesis or embryonic states. To minimise the potential influence of external 

factors affecting the cellular survival potential during this assay, cells are cultured in a 

serum-free, suspension environment. Additionally, cells secrete signalling and growth 

factors which influence the microenvironment, and thus a high cell density would affect 

the spheroid formation potential. Different cell densities have been utilised for sphere 

formation assays throughout the literature, ranging from 0.2 to 20 cells per microliter 

4,120,132. The first stage of the spheroid formation assay was to optimise the cell density 

utilised for the current study. Isolated cell populations were cultured for 14 days in five 

different cell densities: 1,000 cells/µL, 100 cells/µL, 10 cells/µL, 1 cell/µL and 0.1 cells/µL. 

Based on various parameters including proliferation rate, the formation of spheroids 

versus cell clusters, cellular debris and overall health of the spheroids, the optimal cell 

density utilised for this project was 10 cells/µL.  

 

The second objective of this aim was to observe the formation of tumorospheres 

in stem-like conditions from isolated colon cancer stem-like cells.  SW48, SW48ALDH Neg, 

SW48Pos, SW480, SW480ALDH Neg, and SW480Pos cells were seeded at 10 cells/µL in sphere 

culture media and incubated for 14 days without media change to observe sphere 

formation capabilities. Both SW48 (Stage III) and SW480 (Stage II) colon cancer unsorted 

control cells and ALDH negative, or ALDH low expressing (SW48ALDH Neg and SW480ALDH 

Neg), cells failed to form spheroids by the end of the assay. In contrast, both SW48 and 

SW480 stem-like cells (ALDH positive/ALDH high expressing cells) formed spheroids 

within the first week of the experiment. By the end of the 14-day assay, both stem-like 
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cell populations had a high confluence rate with very little cellular debris present in the 

wells. This initial observation verified that the isolated cell populations, which expressed 

high levels of the stemness marker ALDH1, possessed the stemness traits which allowed 

the cells to thrive in a stem cell suspension environment.  

 

A quantitative analysis of the spheroid formation assay based on cell 

proliferation rate and percentage of area covered by the cells revealed invaluable 

observations which confirmed the stemness behaviour of the isolated stem-like cells. 

Cell proliferation analysis (Figure 5, Table 13) indicated that the highest initial 

proliferation rate (time points day 1 to day 7) was seen in SW480ALDH Neg cells, however 

this population could not maintain cell viability in the stem cell suspension environment 

and by the end of the assay (day 14) most of these cells had lysed. The same trend was 

observed in the SW48ALDH Neg cell population, however the initial proliferation rate was 

almost half, when compared to SW480ALDH Neg cells, 476 cells and 849 cells respectfully. 

Interestingly, both unsorted control cells (SW48 and SW480) and their retrospective 

stem-like cell populations displayed similar proliferation traits to one another. SW480 

and SW480Stem-like cells both had initial cell increase of 551 cells, however by the end of 

the assay both cell populations began to decline in cell numbers, with SW480 cell count 

dropping to 174 cells and SW480Stem-like cells to 306. SW48 and SW48Stem-like cells, on the 

other hand, increased initial cell count by 197 and 374 respectively but maintained the 

cell number count to the end of the assay (day 14) with minimal changes, 193 and 349 

cells respectfully. These findings suggest that stage III colon cancer cell line, SW48, and 



117 | P a g e  

 

the isolated high expressing ALDH cells from this population (SW48Stem-like cells) 

possessed more stemness when compared to stage II colon cancer cell line, SW480.  

 

This result may be explained by the higher expression of ALDH1 in SW48 cell line 

compared to SW480 and given the increased aggressiveness and metastatic potential of 

higher stage colon cancers, is perhaps to be expected. Analysis of area percentage 

covered by the cells throughout the sphere formation assay painted a slightly different 

picture of the results. Taking into consideration the formation of cell clumps and 

clusters, the analysis of proliferation based on cell count number alone would not 

provide an accurate result. As such, the changes in well area covered by the cells 

throughout the sphere formation assay were considered. These observations revealed 

that similarly to the cell number data, SW480ALDH Neg cells showed the largest increase in 

the initial proliferation rate, covering 55% of the well after the first week. However, by 

the end of the assay, the cell number dropped drastically, covering 35% less area than 

they did at the beginning of the assay. The same initial incline followed by a drastic 

decline by the end of the assay was also observed in SW480 control cell population and 

SW48ALDH Neg cells, which showed a decrease of 12% and 3% respectively. SW48 control 

cell line showed very limited expansion of the area covered by the cells throughout the 

assay, with an initial increase of 6% by day 7, a final increase of 17% by day 14, 

confirming that although the cells managed to survive within the stem cell environment, 

they did not expand. SW48Stem-like cells showed a steady increase in the area of well 

covered by the cells with an initial increase of 16% and a final increase by 38% at the 

end of the assay. This suggested that despite an apparent limited change in cell 
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numbers, the cells were expanding in size. The likely cause of this observation arises 

from the formation of spheroids. Spheroids grow as tight, 3D balls of cells (rather than 

clumps of cells) with cell layers growing outwards as time passes. As such, the image 

analysis software would still count these spheres as individual cells without considering 

the drastic change in the size of these spheres over time (which can be seen in Figure 3 

and 4). Taken together, the findings of the sphere formation assay confirm that the 

isolated ALDH is highly expressing cells were indeed stem-like and differed from the 

remaining cell populations.  

 

Stem cells are identified based on the expression of various stem cell markers 

such as ALDH1, Snai1, Sox, Notch, Nanog and Twist. The RNA expression of several 

stemness markers in the isolated populations was evaluated using real-time PCR 

methodology. Our results revealed that none of the cell populations tested (SW48, 

SW48ALDH Neg, SW48Stem-Like, SW480, SW480ALDH Neg, SW480Stem-Like) showed any 

expression of the Twist2 marker.  

 

Stage III colon cancer cell populations (SW48) revealed that expression of Notch1 

was significantly upregulated in ALDH negative cells (P<0.01) however not in the stem-

like populations. This could be due to the large error bar size. Stage II colon cancer cells 

(SW480) revealed that Notch1 marker was significantly upregulated in both populations 

(P<0.001). Notch1, part of the Notch family, is a transmembrane protein involved in the 

Notch signalling pathway responsible for the regulation of cell-cell interactions 133. It has 

been shown that Notch1 is a key regulator of tumour-initiated T-cell 134. Furthermore, it 
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is involved in the regulation of many cellular functions including proliferation, survival, 

EMT and stem cell self-renewal 135–138. Studies have shown that Notch1 is a key stemness 

marker through its involvement in atmosphere formation, self-renewal and 

maintenance 136,139–147. The upregulation of Notch1 in cells isolated based on low levels 

of ALDH1 expression is contrary to previous finds. Studies show a correlative increase of 

Notch1 and ALDH1 expression in cancer stem-like cells from a variety of different cancer 

types including breast, ovarian, head and neck, glioma, lung and pancreatic 148–160. One 

possible explanation for the observed results has been addressed by Liu et al who found 

that Notch1 is activated during monolayer cell detachment and routine cell culture135. 

They have observed a significant elevation in Notch1 protein activation when cells are 

grown in a monolayer 2D environment and harvested using conventional methodologies 

such as 0.25% trypsin, collagenase II, Accutase and sodium citrate135. 

Furthermore, the authors have noted that continuous subculturing of these 

adherent cells initiate a transient increase in Notch1 signalling 135. The SW48 control cells 

and SW48ALDH Neg cells are cultured in polystyrene treated culture flasks. The upregulated 

expression of Notch1 observed in ALDH low expressing cells could potentially be due to 

factors driving cell survival in ALDH1 depleted environments. Additionally, Liu and 

colleagues have noted that during tumorosphere propagation, spheroids separated 

using mechanical dissociation showed no significant increase in Notch1 expression while 

spheroids separated using trypsin showed up to an 11-fold increase 135. Spheroids 

cultured throughout this project were dissociated mechanically without the use of 

trypsin or EDTA buffers to separate the spheroids, which could explain the lack of 

prominent Notch1 expression.  
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Interestingly, the stemness marker Nanog was up-regulated in SW48ALDH Neg cells 

and not expressed in SW48Stem-like cell population. Although the expression was almost 

3-fold higher in ALDH low expressing cells, the lack of significance is due to the large 

error bars exhibited. In SW480 cells, on the other hand, Nanog was 35-fold down-

regulated in ALDH negative cells (P<0.001), and almost 10-fold up-regulated in the stem-

like population (P<0.01). Nanog, also known as Homeobox transcription factor Nanog, 

is recognized in embryonic stem (ES) cell proliferation, pluripotency and renewal 

through DNA-binding homeobox transcription factor capabilities 161. The stemness 

abilities of Nanog have also been linked to de-differentiation of adult human fibroblast 

cells into pluripotent stem cells, immune system evasion, regulation of mitochondrial 

metabolic pathways and regulation of epithelial to mesenchymal (EMT) transition 162–

165. Our findings are consistent with other studies that have observed the expression of 

Nanog in SW480 cells and SW480 colonospheres 166–173. A study carried out by Ishiguro 

et al 2012, which documented detectable expression of Nanog in SW48 cell line using 

both RNA and protein expression analysis, was the only other documented study 

observing the expression of this stemness marker in SW48 cell line 174. However, this 

study analysed the expression of this marker in untreated cell lines, not stem-like cells.  

 

Unexpectedly, the expression of the known stemness marker Sox2 was 3-fold 

times up-regulated in SW48ALDH Neg cells (P<0.01), and 3-fold times down-regulated in the 

stem-like population (P<0.001). The expression of Sox2 in SW480 cell line populations 

was significantly over-expressed in both ALDH negative (P<0.001) and stem-like side 
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populations (P<0.01), however the expression was higher in the stem-like cells. Sex 

determining Y-box 2 (Sox2) is one of four Yamanaka transcription factors, used for the 

induction of pluripotency in stem cells 175,176. It is involved in many cellular behaviours 

including metastasis, apoptosis, proliferation and maintenance of pluripotency 177–184. 

Neural stem cell study highlighted that as Sox2 is a key regulator of pluripotency, 

differentiation of stem cells leads to a loss of Sox2 expression 185. However, our cells did 

not appear to be undergoing differentiation, although this has not been examined. A 

study of colorectal cancer cell lines found that Sox2 was expressed in 11 colorectal 

cancer cell lines and played a part in stemness behaviour of treated cells, suggesting that 

it could be a good indicator of stemness in colorectal samples 186. A rectal 

tumourigenesis study of CSCs found that expression of different CSCs markers varied 

between sub-populations and suggested that different markers could be identifying 

different subsets of CSC 187. Importantly their observations suggested that Sox2 could 

be responsible for de-differ enation through the promotion of migration and invasion 

187. Recently, a study of colorectal cancer stemness showed that upregulation of miRNA-

30-5p significantly suppressed the expression of stemness markers CD133 and Sox2 188. 

The current study has not analysed miRNA interactions in ALDH1 highly and lowly 

expressing cells. However, a possible reason for the observed results comes from 

expression changes due to miRNA interactions in cells expressing high levels of active 

ALDH1. 

Interestingly, a CSC study of colon adenocarcinoma metastasis to the liver 

samples found that Sox2 mRNA expression was below detection using NanoString 189. 

However, the authors noted that this could have been due to sample degradation. A 

recent study of transglutaminase 2 (TMG2) in colorectal CSCs found that inhibition of 
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TMG2 leads to a suppression of stemness markers CD133, β-catenin and importantly 

Sox2 190. Interestingly, a separate study found that ALDH1A3, a member of the ALDH1 

subfamily, induces the expression of tissue transglutaminase 191. As such, it is possible 

that the isolation of stem-like cells based on the high expression of ALDH1 also 

correlates with an increased TMG2 level which could play a role in the downregulated 

Sox2 observation.  

 

Expression of the stemness marker Snai1 was significantly up-regulated in both 

SW48 side populations. However, the expression was significantly higher in SW48Stem-like 

cells (P<0.001), expressing approximately six-fold times higher levels of the marker when 

compared to the ALDH1 negative cells (not significant). Surprisingly, in SW480 cells 

SW480ALDH Neg cells showed significant suppression of Snai1 (P<0.001), while SW480Stem-

like cells showed a significant up-regulation of the marker (P<0.001). Also known as snail 

family transcriptional repressor 1 or snail family zinc finger 1, Snai1 is a fruit fly 

(Drosophila) embryonic transcriptional repressor responsible for the regulation of 

ectodermal gene expression and mesoderm formation 192. Studies have found that Snai1 

stem cell marker is also involved in EMT regulation and chemoresistance, radiation 

resistance, self-renewal and cell lineage allocation and is a marker of poor prognosis in 

patients 124,193–196. Studies have observed a correlation between Snai1 and ALDH 

expression, revealing that ALDH positive cells express significantly higher levels of Snai1 

197–199. Similarly, it was noticed that a down-regulation of Snai1 lead to a reduction of 

ALDH activity, while knockdown of ALDH enzyme leads to a significant loss of Snai1 

expression 200–203. Furthermore, over-expression of Snai1 has also been correlated with 
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increased sphere formation capabilities of ALDH low expressing cells, suggesting a close 

relationship between the expression of these two markers 204,205.  

Another plausible difference observed in the expression of stemness markers is 

due to the culturing method used across the different populations. Over the last several 

years studies have shown that culturing of cells in an adherent 2D environment forces 

the cells to express genes differently, and importantly it has been highlighted that these 

culturing conditions rarely represent the expression observed in vivo due to lack of 

complexity 206–208. As highlighted in a review by Edmondson et al, 2D monolayer cells are 

all exposed to equal amounts of nutrients and growth factors present in the culture 

medium provided, and is primarily composed of only proliferating cells which show an 

abnormal cell morphology compared to in vivo, affecting cellular functions such as 

proliferation, apoptosis and gene expression 209–211. Cells grown in a 3D system, such as 

suspension or scaffolds, more closely represent the natural environment due to cell-cell 

interactions, cell-ECM interactions and cellular morphology where cells at different 

stages are all present in the sample 209,212,213. Edmondson et al highlighted that genes 

which promote growth, proliferation and response to factors in culturing medium are 

frequently over-expressed in 2D culture environments, while genes responsible for the 

suppression of growth and proliferation are frequently suppressed in 2D culture cell 

lines 209,214. It has been highlighted that cancer cell lines were grown in 2D vs 3D pose 

differences in expression of genes responsible for proliferation, invasion, migration and 

angiogenesis 215,216. This could provide a potential explanation to the changes in gene 

expression observed between the unsorted control populations, ALDH low expressing 

(ALDH Neg) cells and stem-like cells.  
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The expression of stemness markers Nanog and Sox2 were also evaluated using 

western blot analysis, finding that Nanog was suppressed in all tested populations when 

compared against the unsorted control cells. Although this confirmed the SW48Stem-like 

population observation which found no detectable Nanog RNA expression, the 

SW48ALDH Neg expression of Nanog contradicted the results observed in qPCR. RNA 

expression of Nanog was shown to be up-regulated compared to the unsorted control 

cells, while the protein levels revealed a significant suppression of the marker. This could 

be due to the fact that the RNA up-regulation was only single fold-change higher 

compared to the unsorted cells, with no significant increase likely due to the high error 

bars. Similarly, although the Sox2 expression of SW48Stem-like cells was suppressed in both 

RNA and protein assays, the SW48ALDH Neg population showed a 3-fold higher 

expression of Sox2 RNA levels, while the protein expression revealed an almost halved 

intensity expression of Sox2. This could suggest that an RNA level fluctuations of limited 

fold change do not lead to changes in protein expression. This is supported by the 

findings highlighted in a review by Vogel and Marcotte, who emphasized the intensive 

regulatory processes occurring post mRNA expression217. 

Similarly, this could potentially explain the differences between Nanog and Sox2 

expression observed in SW480 cell populations. However these observations could also 

be due to human error. It is important to note that protein expression analysis was 

frequently repeated on the same physical blot using different antibodies with mild 

stripping in between antibodies (Appendix A). This, although removes antibodies from 

the blot, could also potentially remove traces of proteins which could explain the 



125 | P a g e  

 

lowered expression of Nanog and Sox2 observed. As both target genes possess a similar 

size to the housekeeping gene, it was difficult to separate the blot without the possibility 

of ‘cutting off’ the bands of interest. As such, it would be interesting to repeat the assay 

with the use of a different housekeeping gene that has a significantly different size to 

the genes of interest, to remove the need for blot stripping.  

 

The primary aim of the current chapter was to successfully isolate colon cancer 

stem-like cells and form tumorospheres. Stage II and stage III colon cancer stem-like cells 

were isolated from the remainder of the cell population based on high expression of the 

stemness marker ALDH1. The isolated cells showing high expression of active ALDH1 

were seeded into a 3D suspension model utilised for the study of stem cells. Only the 

high ALDH1 expressing cells were able to withstand the stem-cell culture conditions and 

form tumorospheres in the form of spheroids. Furthermore, the isolated SW48stem-like 

cells also expressed higher levels of Notch1 and Sox2 stemness markers, while 

SW480Stem-like cells showed an up-regulated expression of Noch1, Nanog, Sox2 and 

Snai1. However, the protein expression of Nanog and Sox2 was suppressed in both 

populations, which could potentially be due to blot stripping. 
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Chapter 5: Effect of TGF-beta growth factor treatment on colon 

cancer stem-like cells (Aim 2) 
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Chapter 5: Effect of TGF-beta growth factor treatment on colon 

cancer stem-like cells 

5.1 Introduction 

A common method of studying cellular behaviour is through the manipulation of 

its environment, such as the addition or subtraction of various growth factors necessary 

for cell survival. Growth factors are hormones which stimulate the cells to activate 

various activities such as development, maintenance and repair responses 218. Early cell 

culture studies had shown that the addition of growth factors could enrich cell culture 

and manipulate cellular behaviour 219–223. A study performed by Schuldiner and 

colleagues showed that growth factors are capable of inducing specific biological 

activities such as differentiation, proliferation or apoptosis 219. Certain growth factors, 

however, such as TGF-β, have been shown to play both a stimulatory and inhibitory 

effect on cellular proliferation depending on cell type and treatment 107,109. 

Furthermore, growth factors also play an important part in cancer biology from initiation 

of cancer, tumour progression and proliferation; too invasive growth, angiogenesis and 

cytotoxic therapy resistance 224,225.  

 

Transforming growth factor beta (TGF-β) is a multifunctional cytokine 

responsible for the regulation of many biological functions including cell cycle and 

inflammation responses 6, and importantly has been identified as a tumour suppressor 

9,11,13,226. The TGF-β signalling pathway has been shown to play an important role in the 

maintenance of stemness through the maintenance of the stem cell niche 7,227,228. TGF-

β receptors are frequently highly expressed in CD133 positive CSCs and TGF-Β1 
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treatment helped to sustain the stem cell growth 229. Furthermore, TGF-β also plays a 

role in the Wnt/β-catenin pathway, involved in stem cell fate and tissue renewal 7,132,228. 

Importantly, TGF-β is known for the promotion of stemness phenotype through the 

regulation of EMT features and angiogenesis 228,230. However, its role in colon cancer 

stem cell population has remained unclear. It has been shown that Smad signalling 

pathways, a downstream target of TGF-β, plays a role in the maintenance and 

differentiation of intestinal stem cells 231. It is known that TGF-β, Notch and BMP 

signalling pathways regulate expression of target genes to mediate EMT. However this 

role in colon cells has not been further explored 231–234.   

 

 Chemotherapy is a term used for the treatment of cancer using anti-cancer drugs 

235. The administration of these drugs varies from patient to patient. However it may be 

administered orally, intravenously, directly into the affected cancer tissue or topically 

(in the form of a cream) 235. The ability for cancer to survive the treatment is referred to 

as chemotherapy resistance. Mansoori et al have reported that 90% of 

chemotherapeutic resistance happens with drugs concerning invasive and metastatic 

cancers 236. This occurs when cancer cells become resistant to the administered drug, 

which can occur through a variety of ways including tumour heterogeneity, tumour 

microenvironment and the presence of cancer stem cells 236. These are classified as 

intrinsic and extrinsic factors. There are however other factors which could lead to 

chemotherapy resistance including inactivation of the anticancer drugs, inhibition of cell 

death, changes to drug metabolism, changes to chemotherapeutic agent targets, and 

multidrug resistance factors like increase of drug release outside of the cell, reduction 
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of drug absorbance 236. Importantly, there are cell specific factors which could also play 

a role in chemotherapy resistance including enhancement of DNA repair, gene 

amplification, epigenetic alterations and miRNAs 236. Studies have shown that the EMT 

regulatory properties of TGF-β play a role in chemotherapy sensitivity 237–239.  

 

 The primary aims of this chapter were to investigate changes in cancer biology 

following TGF-β growth factor treatment in colon cancer stem-like cells and to observe 

changes in chemotherapy resistance in this cell population following genetic 

modification.  
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5.2 Methodology 

The aim of this chapter was to investigate the changes in cancer biology following 

TGF-beta growth factor treatment in colon cancer stem-like cells. This was carried out 

by utilising a range of protocols detailed in chapter 3, including: 

• 3.2 Stem cell culture 

o 3.2.1 Colon cancer stem-like cell culture 

• 3.4 Spheroid formation Assay 

o 3.4.3 Live spheroid formation assay 

o 3.4.4 Statistical Analysis 

• 3.5 RNA Extraction 

• 3.6 cDNA synthesis 

• 3.6.2 SensiFAST cDNA Synthesis kit 

• 3.7 Quantitative polymerase chain reaction 

o 3.7.3 qPCR Assay 

o 3.7.4 Statistical Analysis 

• 3.8 Protein extraction 

• 3.9 Protein Quantification 

• 3.10 Protein Expression 

o 3.10.2 Primary and Secondary Antibodies 

o 3.10.3 Statistical Analysis 

• 3.11 TGF-beta dose dependent treatment 

• 3.13 Proliferation Assay 

o 3.13.1 Suspension Cells (Aim 2) 

o 3.13.3 Statistical Significance 

• 3.14 Scanning Electron Microscopy 

o 3.14.1 Sample Preparation 

o 3.14.2 Image Acquisition 

• 3.15 Invasion Assay 

o 3.15.1 Plate Preparation 

o 3.15.2 TGF-β treatment 

o 3.15.3 Statistical analysis 

• 3.16 Chemotherapy Resistance 

o 3.16.1 5-Fluorouracil (5-FU) Optimisation 

o 3.16.2 5-FU Resistance Assay (Aim 2) 

o 3.16.4 Statistical analysis 
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5.3 Results 

5.3.1 Spheroid formation capabilities of colon cancer stem-like cells following TGF-β 

treatment 

 The ability of colon cancer stem-like cells to retain the spheroid morphology and 

survive in media supplemented with various concentrations of TGF-β growth factor 

(5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) was assessed using three different 

methodologies including the formation of tumour spheroids and scanning electron 

microscopy (SEM).  

 

5.3.1.1 Formation of Colonospheres 

 It has been previously established that cells grown in a 3D environment are 

capable of forming cell aggregates referred to as spheroids which form various 

morphologies such as ‘round’ which are sphere-like gatherings of cells with robust 

cellular adhesion and organised nuclei, ‘mass’ which are uneven groupings with 

disorganised nuclei and potent cell adhesion, ‘grape-like’ which is a morphology with 

poor cell to cell adhesion and disorganised nuclei, and ‘stellate’ which are formations of 

elongated cell bodies with disorganized nuclei 125.  
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Figure 10. Breast cell line colony morphologies in 3D culture fall into four distinct groups 125. 

 

As shown in Chapter 4 section 4.3.2, both SW48 and SW480 cells expressing high 

levels of the stemness marker ALDH1 form ‘mass’ and ‘grape-like’ spheroid 

morphologies when cultured using the tumorosphere model where cells are established 

in a serum-free culture medium supplemented with growth factors and cultured in low-

adherent conditions, which is specific for cancer stem cell models 240. This observation 

was in accordance with results seen by Luca et al. who observed the same morphological 

behaviour in SW480 cells grown in a 3D model241. As such, it was important to note 

whether SW48 and SW480 stem-like cells retained spheroid morphology when treated 

with various concentrations of the growth factor TGF-β.  
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 The capability of stem-like cells to retain their spheroid morphology when 

treated with TGF-β growth factor was assessed using live cell imaging, where SW48Stem-

like and SW480Stem-like cells cultured in serum-free culture medium supplemented with 

1% B27 supplement, 20ng/mL EGF, 20ng/mL FGF and Normacin were treated with four 

different concentrations of TGF-β (5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) for a total 

of 14 days. The cells were then loaded into a low-adhesive 96 well plate at 20,000 cells 

per well in 200uL of corresponding treatment media. The cells were incubated for a 

further 14 days with no media change to assess changes to the formation of spheroids. 

Images were taken every 6 hours to assess cellular behaviour. The assay was completed 

in triplicate for statistical significance. 

 

The obtained images were analysed using ImageJ software (NIH). Briefly, the 

generated photos were converted into an 8-bit colour graphic image. The threshold level 

was adjusted using ImageJ software (NIH) auto threshold adjust and the Watershed 

binary process was added to allow ImageJ software (NIH) to locate individual cells. The 

individual particles were analysed using an 8-pixel size cut off to ensure limited 

background noise reading. Cell numbers were noted and analysed using GraphPad Prism 

version 7.02. Linear regression was used to analyse the relationship between the 

variables.  

Analysis of the untreated control SW48Stem-like cells revealed that throughout the 

first 7 days of the assay, the cells retained the grape-like and mass-like morphology of 

the spheroids (Figure 11). Images taken at the initiation of the assay showed that 

although some cells had retained the mass-like morphology, many of the cells had 
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separated from the grape-like morphology into individual spheroid clusters. This occurs 

during the resuspension step prior to loading to ensure each well contains roughly the 

same number of cells. After 3.5 days of incubation, it became evident that the SW48Stem-

like untreated cells grouped into the grape-like spheroid clusters seen during continual 

culturing. At 7 days of incubation, the cells continued to grow in grape-like clusters of 

spheroids where the individual grape-like cells were easily observed. There was no 

change in the appearance of these cells following the remaining days of the assay until 

day 10 when the cells began to start lysing without a further media change. 

 

Figure 11. Formation of spheroids from SW48Stem-like cells across a 7-day assay. Cells were seeded into a 
non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy images were collected from 
observing the formation of spheroids. The images show that at the end of the assay, the cells retained a 
‘grape-like’ structure.  
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SW48Stem-like cells treated with 5ng/mL of TGF-β growth factor had the same 

'grape-like' clusters of spheroids as observed in the untreated cell population. However, 

following 3.5 days of incubation - which is around the time when media would normally 

be changed - the cells had begun to merge into large clusters of cells and lost their 

'grape-like' morphology as observed in Figure 12. The black arrow in the figure indicates 

the area of the cell cluster where the individual 'grape' like cells have appeared to fuse 

and lose the spheroid morphology. This loss of morphology continued over time where 

by day 7 almost all clumps of spheroids had begun to fuse together. Following day 7 of 

incubation, very little change in growth and morphology was observed until 

approximately day 10 when the cells began to lyse as evident by cellular debris. This 

indicates that treatment of SW48Stem-like cells with 5ng/mL of TGF-β stops the spheroid 

‘grape-like’ morphology observed in untreated cells.  

 

Figure 12. Formation of spheroids from SW48Stem-like cells treated with 5ng/mL of TGF-β across a 7-day 
assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy 
images were collected to observe the formation of spheroids. The images show that by 3.5 days of the 
assay, the cells began to fuse into clusters and lose the individual ‘grape-like’ morphology as indicated by 
the arrow. Furthermore, there was evident cellular debris by the 7-day mark, as highlighted by the blue 
rectangle.   
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SW48Stem-like cells treated with 10ng/mL of TGF-β growth factor failed to form the 

grape-like or mass spheroid morphology observed in untreated control SW48Stem-like 

cells. Even after 3.5 days of incubation without continual media change and forceful 

disruption of cells through pipetting the cells forced clusters of cells which appeared to 

fuse together and lose the 'grape-like' appearance of individual cells. It was also noted 

that these cells began to lyse earlier than SW48Stem-like control cells and cells treated with 

5ng/mL TGF-β as observed by the increasing amount of cellular debris highlighted in 

figure 13 using the blue rectangle. As such, there was no noticeable increase in cell 

number or further changes to the cellular morphology for the duration of the assay. This 

observation suggests that TGF-β growth factor treatment inhibits spheroid morphology 

without a frequent media change. 

 

Figure 13. Formation of spheroids from SW48Stem-like cells treated with 10ng/mL of TGF-β across a 7-day 
assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy 
images were collected from observing the formation of spheroids. The images show that by 3.5 days of 
the assay, the cells began to fuse into clusters and lose the individual ‘grape-like’ morphology as indicated 
by the arrow. Furthermore, there was evident cellular debris by the 7-day mark, as highlighted by the blue 
rectangle.   
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Interestingly, SW48Stem-like cells treated with 15ng/mL of TGF-β behaved similarly 

to the untreated control population of cells (Figure 14). Majority of the cells maintained 

the 'grape-like' spheroid morphology observed in control cells where the individual 

round shape of the spheroids could still be easily distinguished even by day 7 of the 

assay. It was however noted that the proliferation of cells and changes to cellular 

morphology had plateaued by day 7 of the assay with a gradual decline of cells by day 

14. This observation suggests that treating SW48Stem-like cells with 15ng/mL of TGF-β 

growth factor does not greatly affect the morphology of the spheroids. 

 

Figure 14. Formation of spheroids from SW48Stem-like cells treated with 15ng/mL of TGF-β across a 7-day 
assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy 
images were collected to observe the formation of spheroids. The images show that the cells could retain 
the ‘grape-like’ structure throughout the assay.   
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SW48Stem-like cells treated with 20ng/mL of TGF-β growth factor follow the same 

observed trend as untreated control cells. The majority of the cells retained the grape-

like spheroid morphology (Figure 15). Only by the 7th day of the assay did a small 

population of cells begun to fuse into clusters of cells and lose the 'grape-like' 

morphology. Furthermore, as seen in previous samples after 7 days of incubation 

without fresh media change the cell growth has reached its peak and begun to decline 

slowly. This indicates that treating SW48Stem-like cells with 20ng/mL of TGF-β growth 

factor does not impair the spheroid morphology and growth. 

 

Figure 15. Formation of spheroids from SW48Stem-like cells treated with 20ng/mL of TGF-β across a 7-day 
assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy 
images were collected to observe the formation of spheroids. The images show that the cells retained the 
‘grape-like’ morphology throughout the assay, only starting to lose the morphology by the 7th day of the 
assay.   
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Figure 16. Formation of spheroids from SW48Stem-like cells treated with various concentrations of TGF-β 
across a 7-day assay. The figure shows collectively, that only 5ng/mL and 10ng/mL treatment affected 
the grape-like morphology of the stem-like cell population.   

 

Analysis of the untreated control SW480Stem-like cells revealed that throughout 

the first several days of the assay, the cells retained their grape-like spheroid 

morphology (Figure 17). A small population of cells began to lose the individual grape-

like morphology and seemingly fuse into clumps of cells. These cells, however, did not 

appear as the 'mass' cells reported by Kenny et al (which still appear mostly round in 

appearance), but rather appeared to have a similar structure as monolayer cells that 

form foci in a monolayer 2D growth setting125. From day 7 onwards the cell proliferation 

rate had plateaued and cells had begun to die as observed by increasing amounts of 

cellular debris visible on the base of the culture plate (shown in a blue rectangle in Figure 

17). This suggests that long-term grown SW480Stem-like cells require a regular media 

change to retain the spheroid morphology (Appendix B).  
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Figure 17. Formation of spheroids from SW480Stem-like cells across a 7-day assay. Cells were seeded into 
a non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy images were collected to 
observe the formation of spheroids. The images show that by day 7 of the assay, the cells had formed a 
large cluster that lost the ‘grape-like’ morphology and appeared more ‘mass-like’. Furthermore, there was 
evident cellular debris by the 7-day mark, as highlighted by the blue rectangle.   

 

SW480Stem-like cells treated with 5ng/mL of TGF-β growth factor retained the 

grape-like morphology of the spheroids as observed in the untreated control SW480Stem-

like cells (Figure 18). At 3 days and 12 hours of incubation, the observed cells formed 

tighter bundles. However, they retained the 'grape-like' appearance where individual 

round cell edges could be easily seen. Only a handful of cells had appeared to lose that 

capability by day 7 of the assay. Similarly, to the previously noted observations, the 

cellular proliferation had reached a peak after 7 days of continuous culturing, and an 

increased number of lysed cells could be seen for the remainder of the assay. These 

results suggest that treatment of SW480Stem-like cells with 5ng/mL of TGF-β growth factor 

does not interfere with the cells ability to form and maintain spheroids of the grape-like 

morphology.   
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Figure 18. Formation of spheroids from SW480Stem-like cells treated with 5ng/mL of TGF-β across a 7-day 
assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy 
images were collected to observe the formation of spheroids. The images show the cells were able to 
retain the ‘grape-like’ structure of individual spheroids and only begun to lose this ability by day-7.   

 

The treatment of SW480Stem-like cells with 10ng/mL of TGF-β growth factor greatly 

affected the proliferation rate of the cells, and after 3.5 days of incubation without a 

media change, majority of the cells had lost the grape-like morphology and begun to 

form fused clumps of cells. By half way through the assay (day 7) most of the cells had 

fused into clumps and lost the spheroid morphology observed in untreated control 

SW480Stem-like cells. This result indicates that the addition of 10ng/mL of TGF-β growth 

factor into the culture media of SW480Stem-like cells increases the proliferation of cells 

and diminishes their ability to retain the spheroid morphology. Furthermore, as 

observed previously, this proliferation rate peaked at day 7 of the assay and slowly 

begun to dwindle with an increasing number of cell deaths. 
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Figure 19. Formation of spheroids from SW480Stem-like cells treated with 10ng/mL of TGF-β across a 7-
day assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield 
microscopy images were collected to observe the formation of spheroids. The images show that by 3.5 
days of the assay, the cells started to appear more clumped, and by day 7 of assay the cells had fused into 
small clumps.   

 

SW480Stem-like cells treated with 15ng/mL of TGF-β growth factor retain the 

'grape-like' spheroid morphology for the first 3.5 days of the assay (Figure 20). However, 

that trait is mostly lost by day 7 of the 14-day assay. Halfway through the assay, the cells 

appear to fuse with the surrounding cells, losing their individual round appearance. This 

suggests that without continual media change and physical agitation of the cells, 

SW480Stem-like cells treated with 15ng/mL of TGF-β growth factor are unable to maintain 

spheroid morphology and growth. Furthermore, as noted previously, the proliferation 

rate of the cells appeared to reach its peak at day 7 of the assay with an increasing 

number of lysed cells observed between day 7 and day 14 of the spheroid formation 

assay. 
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Figure 20. Formation of spheroids from SW480Stem-like cells treated with 15ng/mL of TGF-β across a 7-
day assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield 
microscopy images were collected to observe the formation of spheroids. The images show that the cells 
were mostly able to retain the ‘grape-like’ appearance until day 7 of the assay, where the begun to clump.   

 

Similarly to the observations noted with the remaining TGF-β treatments, the 

addition of 20ng/mL TGF-β growth factor into the media of SW480Stem-like cells stopped 

the formation and maintenance of spheroid morphology in treated cells without a 

regular media change (Figure 21). Images obtained after 3.5 days of assay revealed that 

the cells had begun to form fused clusters. This indicates that without continuous and 

regular media change, along with physical agitation of the cells, SW480Stem-like cells 

treated with 20ng/mL TGF-β are unable to retain the spheroid morphology. This was 

confirmed in images obtained from day 7 of the assay which showed that the majority 

of the cells captured had lost the spheroid morphology and formed cellular clumps. 

Furthermore, the proliferation of the cells was noted to reach its peak at day 7 of the 

assay. 
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Figure 21. Formation of spheroids from SW480Stem-like cells treated with 20ng/mL of TGF-β across a 7-
day assay. Cells were seeded into a non-adherent 96-well plate at 20,000 cells per well. Brightfield 
microscopy images were collected to observe the formation of spheroids. The images show the cells were 
unable to retain the individual spheroid structures throughout the assay.   

 

 

Figure 22. Formation of spheroids from SW480Stem-like cells across a 7-day assay. Cells were seeded into 
a non-adherent 96-well plate at 20,000 cells per well. Brightfield microscopy images were collected to 
observe the formation of spheroids. It was noted that only cells treated with 5ng/mL of TGF-β were able 
to retain the ‘grape-like’ morphology.   

 

Taken together, the spheroid formation assay revealed differences between the 

effect of TGF-β growth factor plays on the morphology of cancer stem-like cells. The 

addition of 5ng/mL of TGF-β growth factor into the culture media of stage II cancer stem-

like cells (SW480) allowed for a continual spheroid grape-like morphology in which all 

cells retain the individual round appearance, huddled in small bundles of cells, whereas 
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this morphological behaviour was lost in stage III cancer stem-like cells (SW48) 

(Appendix C).  

The treatment of both SW48Stem-like and SW480Stem-like cells with 10ng/mL of TGF-

β growth factor into the culture media led to the loss of spheroid morphological 

behaviour in both cell lines. The addition of 15ng/mL of TGF-β growth factor into the 

stem-like cell culture of SW48Stem-like cells allowed the continual maintenance of the 

grape-like spheroid morphology as observed in the untreated control cells. A similar 

observation was seen in the stage II cancer cell line, however a small percentage of the 

population begun to lose the spheroid morphology by the 7th day of the assay. 

Furthermore, stage III cancer stem-like cells treated with 20ng/mL of TGF-β growth 

factor were able to retain the grape-like spheroid morphology observed in the control 

cells, however this ability was lost in stage II cancer stem-like cell population treated 

with 20ng/mL TGF-β growth factor. This suggests that TGF-β growth factor plays a role 

in the morphological changes of stem-like cancer cells grown in a 3D environment, and 

a continual and regular media change and physical aggregation is required to maintain 

the spheroid morphology.  

 

5.3.1.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a type of electron microscopy used to 

produce images by scanning the surface of a sample with electrons to map the 

topography and composition of a sample. This project utilised SEM to better understand 

morphological changes occurring in SW48Stem-like and SW480Stem-like cells following 

treatment with TGF-β growth factor. Briefly, the treated cells were harvested and spun 
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down onto a coverslip using Cellspin (26rcf for 5 minutes). The cells were then fixed with 

2.5% glutaraldehyde solution in PBS, washed and dehydrated with alcohol before being 

chemically dried with HMDS. The samples were then coated with a thin layer of gold and 

images were obtained using NeoScope JCM-5000 table top SEM (Joel USA, Inc, 

Massachusettes, USA).  

 

The topographical image of SW48Stem-like cell morphology can be seen in Figure 

23. One thing that's easily noticeable is that the SEM slides do not show the individual 

spheroids of the grape-like clusters we observe normally. Section A of Figure 23 shows 

an x100 magnification image of the cells, in which the grape-like clusters of spheroids 

are seen as large 'blobs' with very little distinction between individuals. Furthermore, at 

this magnification, there is very little distinguishable difference in the surface of the 

spheroids, most of which appear dark grey with only the outer cells of the clusters 

showing distinct formations. This suggests that the cell-cell adhesions are quite tight in 

these spheroids and instead appear as singular clumps. Additionally, although the 

majority of the cells retained their grape-like clustering, some individual cells are also 

observed in the image, noted by the smaller size (eg. 19um noted in Figure 23. A). 

However, overall at x100 magnification, the SW48Stem-like spheroid clusters appear quite 

smooth and uniform across the larger clusters, while the smaller, individual spheroids 

appear more textured. Figure 23. B shows an x50 magnification of the stem-like 

spheroids. This image shows a clearer view of the individual spheroids and the grape-

like clusters surrounding them. However there is still very little distinguish observed. 

Figure 23 C shows an x10 magnification of the spheroids, focusing on one of the larger 
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individual spheroids located beside an arm of the spheroid cluster. This image 

distinctively shows that individual spheroids appear more granulated around the 

outside of the spheroid, while the cells within clusters retain the smooth appearance. 

 

Figure 23. Scanning electron microscopy images of SW48Stem-like cell morphology. Images were 
captured at a) x240; b) x440 and c) x1100 magnification. At x240 magnification the cells appeared to 
remain in large clusters, however at x440 and x1100 magnification, it became apparent that some 
individual cells showed a granulated surface appearance.  

 

The topological morphology of SW48Stem-like cells treated with 5ng/mL of TGF-β 

is shown in Figure 24. The x100 magnification view is shown in section A of the figure. 

The image appears to show very few spheroids. However, this is likely due to the uniform 

surface of the cell clusters. A plausible explanation for this occurrence rises from the 

limitations of the study methodology using gravitational force to attach the spheroids 

onto the coverslips as they are normally grown in suspension. This process may 'squish' 

the cells and force them to lose more detailed 3D structure. The spheroids are easier 

observed in Figure 24, section B where the distinct spheroids can be visualised. An 

important difference in the stem-like cell population treated with 5ng/mL TGF-β is the 

presence of more distinct edges of individual spheroids, suggesting that the cell-cell 

adhesion is less tight in the treated cells when compared to the untreated control 

population (Figure 24). The cells retain the grape-like morphology observed in both 

brightfield microscopy. However, when looking closer at the individual spheroids (Figure 

X240 X440 X1100 
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24, C) it appears that similarly to the larger cluster, the surface of these spheroids 

appears smoother when compared to the individual spheroids observed in untreated 

control cells (Figure 23, C). 

 

Figure 24. Scanning electron microscopy images of SW48Stem-like cell morphology following 5ng/mL TGF-
β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification. The individual clumps 
were hard to visualise at x240 magnification. At x440 and x1100 magnification, it became apparent that 
the are gaps between the spheroid clusters and individual spheroids, which also appeared to have a more 
smooth surface texture. 

 

The topological morphology of SW48Stem-like cells treated with 10ng/mL of TGF-β 

is showing in Figure 25. The x100 magnification is showing in section A of the figure. The 

image demonstrates that treatment of the stem-like cell population with TGF-β appears 

to reduce the tight cell-cell junctions observed in the untreated cell population. This is 

easier observed in Figure 25 B. The spheroids appear more scattered, with a higher 

number of individual cells unattached to a larger 'grapevine'. Furthermore, as observed 

in the previously treated cells, the individual spheroids appear to lose the granulated 

morphology of the sphere surface and appear smoother. This can be seen easily in Figure 

25 C. It is also interesting to note that upon closer inspection (Figure 25 C), there is a 

higher number of spheroids which appear to be damaged. These spheroids give a lysed 

appearance. 

X240 X440 X1100 
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Figure 25. Scanning electron microscopy images of SW48Stem-like cell morphology following 10ng/mL TGF-
β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification. The individual clumps 
were hard to visualise at x240 magnification. At x440 and x1100 magnification, it became apparent that 
the are gaps between the spheroid clusters and individual spheroids, which also appeared to have a 
smoother surface texture. 

 

Morphological changes to the surface of SW48Stem-like cells treated with 15ng/mL 

of TGF-β can be seen in Figure 26. Interestingly, the treated cells appear to mostly retain 

the larger cell clusters observed in the untreated control population (Figure 26). Section 

A of figure 25 shows the x100 magnification view of the spheroid topographical 

landscape. Similarly to the previously observed SEM images, due to the limitations of 

the study, many of the cells appear dark grey and flat. There are very few individual 

spheroids observed, suggesting that the majority of the cells retain the clustering 

observed in brightfield microscopy. The x50 magnification (Figure 26 B) reveals that the 

spheroids remain in tighter groupings, although individual outlines of the spheroids can 

still be identified. Interestingly, Figure 26 C shows the x20 magnification of the sample, 

showing that despite retaining the tighter cell-cell adhesions observed in untreated cells, 

the surface of these spheroids appears smoother when compared to the untreated 

controls (Figure 23 C). 

X240 X440 X1100 
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Figure 26. Scanning electron microscopy images of SW48Stem-like cell morphology following 15ng/mL TGF-
β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification. The individual clumps 
were hard to visualise at x240 magnification. At x440 and x1100 magnification, it became apparent that 
the are gaps between the spheroid clusters and individual spheroids, which also appeared to have a more 
smooth surface texture. 

 

The topological morphological changes to the surface of stem-like cells treated 

with 20ng/mL can be seen in Figure 27. The x100 magnification revealed that SW48Stem-

like cells treated with the highest concentration of TGF-β for a minimum of 14 days 

appear to lose the tight cell-cell adhesions observed in the untreated population (Figure 

27) as noted by the easily distinguishable edges of individual spheroids. Furthermore, 

the captured image revealed a larger number of smaller, individual spheroids which are 

separated from the main clustering of cells (noted by the dark grey colouring with no 

distinguishable individual edges). This loss of cell adhesion is easier observed with the 

x50 magnification (Figure 27 B) where a small gap between spheroids can be observed. 

Interestingly, the x20 magnification revealed that although the spheroids which 

remained closer to the main 'cluster', the individual spheroids appeared more course 

along the surface of the cell compared to the remaining population, although lacked the 

distinct granulated appearance of individual untreated control cells (Figure 27 C). 

X240 X440 X1100 
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Figure 27. Scanning electron microscopy images of SW48Stem-like cell morphology following 20ng/mL TGF-
β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification.  The individual clumps 
were hard to visualise at x240 magnification. At x440 and x1100 magnification, it became apparent that 
the are more gaps between the spheroid clusters and individual spheroids, which also appeared to have 
a more smooth surface texture. 

 

     

Figure 28. Scanning electron microscopy images of SW48Stem-like cells treated with various 
concentrations of TGF-β growth factor. A) Untreated SW48Stem-like cells; b) SW48Stem-like cells treated with 
5ng/mL TGF-β growth factor; C) SW48Stem-like cells treated with 10ng/mL TGF-β growth factor; D) SW48Stem-

like cells treated with 15ng/mL TGF-β growth factor; E) SW48Stem-like cells treated with 20ng/mL TGF-β 
growth factor.  

 

Taken together, these results suggest that cells treated with all four 

concentrations of the TGF-β growth factor lose the tighter cell-cell adhesion observed in 

untreated control SW48Stem-like cell population. Furthermore, the individual spheroids 

treated with TGF-β appear to have a smoother surface structure compared to untreated 

cells which appear more granulated (Figure 28) (Appendix D).  

 

A) B) C) D) E) 

X240 X440 X1100 
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The topographical changes in SW480Stem-cell morphology are noted in Figure 29. 

Section A represents the x100 magnification of the image and shows that the cells lack 

distinctive individual edges. They are instead clustered in larger groups of spheroids 

which only appear to highlight the edges of the spheroid. These groupings of cells appear 

dark grey on the image as the limitations of the SEM only captures the topological image 

and not the depth of these clusters which can be seen using immunofluorescence. 

Additionally, the image shows that there is a very small number of individual cells 

detached from the larger clusters of spheroids. Upon closer examination (Figure 29 B) it 

became evident that the spheroid clusters had an uneven, granulated texture around 

the edges of the cells, while the clumped clusters appeared smoother. This is easily seen 

under the x20 magnification (Figure 29 C) where an individual 'edge' spheroid appeared 

quite 'bumpy' and uneven along the surface with a diameter of 23um. The remaining 

cells visible in the scan appear as one joint cluster of spheroids and the surface texture 

appears smoother.  

 

Figure 29. Scanning electron microscopy images of SW480Stem-like cell morphology. Images were captured 
at a) x240; b) x440 and c) x1100 magnification. The spheroid clusters appeared to be quite tight at x240 
and x440 magnification. However, the x1100 magnification revealed that individual spheroid appeared to 
have a rougher surface texture.  

  

X240 X440 X1100 
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The morphological changes occurring to the surface of SW480Stem-like cells treated 

with 5ng/mL TGF-β are represented through the SEM image in Figure 30. A very notable 

difference of these cells is the lack of cell-cell adhesion in approximately half of the 

population, where a visible gap is observed between individual spheroids, compared to 

larger clumps where the outline of individual spheroids is not visible. However, despite 

the lack of tight cell-cell junctions, there are very few individual spheroids seen which 

part of a larger cluster of cells are not (Figure 30 A). Additionally, upon closer 

investigation at x50 magnification (Figure 30 B), it became evident that there were a lot 

more cells which appeared lysed and damaged compared to the untreated control stem-

like cell population. Furthermore, at this magnification, it was also easier to distinguish 

individual spheroids within the larger clusters of cells. It is interesting to note that at x20 

magnification (Figure 30 C), some of the spheroids which appear to be more isolated 

from the remainder of the cluster appear more textured and granulated compared to 

the remaining cells which appeared smoother, as observed in the untreated control 

population.  

 

Figure 30. Scanning electron microscopy images of SW480Stem-like cell morphology following 5ng/mL TGF-
β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification. The spheroid clusters 
appeared to be quite tight at x240 however at x440 magnification the appeared more separated. The 
x1100 magnification revealed that individual spheroid appeared to have a smoother surface texture with 
clear separations between individual spheroid clumps. 

 

X240 X440 X1100 
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The topographical representation of morphological changes in SW480Stem-like 

cells with 10ng/mL of TGF-β is shown in Figure 31. It is interesting to note, that unlike 

with the 5ng/mL treated cells the addition of 10ng/mL TGF-β growth factor did not 

appear to have a drastic change on the cell-cell junctions, with the majority of the cells 

appearing to remain in large clusters rather than individual spheroids (Figure 31 A). This 

was confirmed at x50 magnification of the cells (Figure 31 B), where the cell clusters 

lacked many evident gaps between spheroids. Furthermore, upon closer investigation, 

it was found that the spheroids mostly retained the textured appearance of the 

spheroid, as revealed by the x20 magnification capture (Figure 31 C).  

 

Figure 31. Scanning electron microscopy images of SW480Stem-like cell morphology following 10ng/mL 
TGF-β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification. The spheroid 
clusters appeared to be quite tight at x240 however at x440 magnification the appeared more separated. 
The x1100 magnification revealed that individual spheroid appeared to have a smoother surface texture 
with clear separations between individual spheroid clumps. 

  

X240 X440 X1100 
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The topographical view of morphological changes to the spheroid formation of 

SW480Stem-like cells treated with 15ng/mL was showing in Figure 32. The treated stem-

like cells appear to have retained the large clusters of spheroids, with very tight cell-cell 

junctions. This is notable by lack of individual spheroids and an evident 'edge' around 

the cell clusters highlighted by the lighter view. This is easier observed at x50 

magnification which shows a distinct lack of evident gaps between spheroids and a very 

limited number of isolated individual cells. It is however interesting to note that upon 

higher magnification (Figure 32 C), the individual spheroids appear very smooth in 

contrast with the isolated individual spheroids observed in the untreated control 

SW480Stem-cell population.  

 

Figure 32. Scanning electron microscopy images of SW480Stem-like cell morphology following 15ng/mL 
TGF-β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification.  The spheroid 
clusters appeared to be quite tight at x240 however at x440 magnification the appeared more separated. 
The x1100 magnification revealed that individual spheroid appeared to have a smoother surface texture 
with clear separations between individual spheroid clumps. 

 

The topographical representation of morphological changes to stem-like colon 

cancer cells following treatment with 20ng/mL of TGF-β growth factor is shown in Figure 

33. At x100 magnification, it is evident that long-term exposure to the growth factor led 

to a loss of tight cell to cell junctions as seen by the high number of individual spheroids 

with evident breaks between them, rather than large groupings of cells. This is easier 

X240 X440 X1100 
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observed at x50 magnification (Figure 33 B). Although the spheroids appear to remain 

in close bundles as seen previously, there are evident gaps between the individual 

spheroids. The image also reveals a higher number of cells which appear damaged, as if 

lysed. Upon closer investigation, the x20 magnification (Figure 33 C) shows that many of 

the intact spheroids also appear smoother and even. The isolated individual spheroid 

appears to retain the textured appearance however it lacks the extensive granulated-

like morphology of untreated control individual cells observed in Figure 29 C.  

 

Figure 33. Scanning electron microscopy images of SW480Stem-like cell morphology following 20ng/mL 
TGF-β treatment. Images were captured at a) x240; b) x440 and c) x1100 magnification. The spheroid 
clusters appeared to be quite tight at x240 however at x440 magnification the appeared more separated. 
The x1100 magnification revealed that individual spheroid appeared to have a smoother surface texture 
with clear separations between individual spheroid clumps. 

 

 

Figure 34. Scanning electron microscopy images of SW480Stem-like cells treated with various 
concentrations of TGF-β growth factor. A) Untreated SW480Stem-like cells; b) SW480Stem-like cells treated 
with 5ng/mL TGF-β growth factor; C) SW480Stem-like cells treated with 10ng/mL TGF-β growth factor; D) 
SW480Stem-like cells treated with 15ng/mL TGF-β growth factor; E) SW480Stem-like cells treated with 20ng/mL 
TGF-β growth factor.  

 

A) B) C) D) E) 

X240 X440 X1100 
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Taken together these results suggest that morphological changes following the 

addition of TGF-β growth factor on SW480Stem-like cells are dependent upon the 

concentration of TGF-β present in the microenvironment. The current results suggest 

that untreated cells are observed as large groupings of cells, while the addition of 

5ng/mL and 20ng/mL TGF-β growth factor leads to the loss of cell-cell adhesion and 

formation of gaps between individual spheroids. Interestingly, only the addition of 

15ng/mL of TGF-β appeared to influence the surface morphology of the spheroids, 

making them appear smoother in contrast to the remaining treatments and control 

populations (Figure 34) (Appendix E). 

 

5.3.2 Changes in stem-like cell proliferation following TGF-β treatment 

It has been well established within the literature that TGF-β plays a key role in 

many cellular functions including proliferation. As such, the current project sought to 

determine the effect of TGF-β growth factor treatment on the proliferation of colon 

cancer stem-like cells. This was done using two different methods. Short-term treatment 

of cells with TGF-β growth factor (72 hours) and the effect of long-term treatment of 

cells across a 14-day spheroid formation assay. For the short-term treatment, the cells 

were harvested and seeded into non-treated, low-adhesive 96 well plate at 20,000 cells 

per well in 200uL of each TGF-β treatment (5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) 

and TGF-β cultured under normal conditions for 72 hours. Proliferation potential was 

determined using the CCK-8 kit viability assay and statistical analysis was carried out 

using an unpaired t test on GraphPad Prism version 7.02. A significance level of the tests 

was taken at p <0.05. For the long-term treatment the proliferation rate of stem-like 
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cells was gathered from the spheroid formation assay, and proliferation was estimated 

through cell count analysis. In brief, the cell count at each time point was calculated 

using ImageJ software (NIH) and the values were plotted into GraphPad Prism version 

7.02 where the general trend of cell proliferation was analysed using linear regression 

analysis. It is, however, important to note that the images were obtained using a live-

cell imaging system. Four areas of each well were selected to capture photos. However 

as the cells grow in suspension, they easily move around the well and as such as the 

captured images did not produce the same cell count despite loading 20,000 cells into 

each well.  

 

The 72-hour treatment results revealed that SW48Stem-like cells treated with 

5ng/mL of TGF-β had a significantly higher absorbance (P<0.01) when compared to the 

untreated control cells, suggesting a higher number of viable cells and thus an increased 

proliferation rate. A similar trend was observed in cells treated with 15ng/mL of TGF-β, 

however the change in absorbance didn’t reach the same significance (P<0.01). 

SW48Stem-like cells treated with either 10ng/mL or 20ng/mL of TGF-β did not show any 

significant difference in viability when compared to the untreated control cells (Figure 

35), suggesting that these two concentrations neither increased nor decreased the 

proliferation rate of SW48Stem-like cells.  
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Figure 35. SW48Stem-like cell proliferation following TGF-β growth factor treatment. Proliferation potential 
of SW48Stem-like cells treated with TGF-β growth factor was analysed using CCK-8 Kit which revealed that 
cells treated with 5ng/mL and 15ng/mL had a significantly higher cell viability compared to untreated 
control cells (P<0.01 and P<0.05 respectively), suggesting an increased proliferation rate in these cells. 
SW48Stem-like cells treated with 10ng/mL and 20ng/mL TGF-β growth factor also showed higher viability 
rate, however it did not differ significantly from the untreated cell population.  

 

The long-term treatment of cells showed that the general proliferation rate of 

SW48Stem-like cells treated with various concentrations of TGF-β growth factor can be 

seen in Figure 36. The cells used for the assay have been pre-treated with TGF-β growth 

factor for 14 days with regular media change every 3-4 days prior to the assay, during 

which no media change was carried out. The proliferation rate analysis revealed that 

untreated control cell population had the slowest proliferation rate as observed by the 

narrow linear expression slope (m= 90.3 ± 5.96). Despite the slow proliferation, the 

spheroid formation revealed that untreated cells were able to retain their grape-like 
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spheroid morphology throughout the first 7 days of the assay. Interestingly, the 

proliferation rate of SW48Stem-like cells treated with various concentrations of TGF-β 

growth factor appears to increase as the concentration of the growth factor present in 

the culture medium increases. Cells treated with 5ng/mL TGF-β had a linear regression 

slope of 101 ± 5.96. However, the cells were not able to retain the spheroid morphology 

in the assay environment. SW48Stem-like cells treated 10ng/mL and 15ng/mL TGF-β both 

had a linear regression line of slope 104 (± 14.2 and ± 9.86 for 10ng/mL and 15ng/mL, 

respectively), though only 15ng/mL TGF-β treatment was capable of retaining the 

spheroid morphology observed in untreated control cells. 20ng/mL TGF-β treatment on 

SW48Stem-like cells had the highest proliferation rate assessed by the steepest linear 

regression slope of 109 ± 8.08 and was also able to maintain the spheroid morphology 

observed in untreated cells. Furthermore, statistical analysis revealed that the slopes of 

generated linear regression lines are not significantly different from the untreated 

control sample.  
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Figure 36. The proliferation of SW48Stem-like cells treated with TGF-β growth factor for 7-days during the 
spheroid formation assay. The number of cells present across each time point was analysed using ImageJ 
software (NIH). Statistical analysis was carried out using GraphPad Prism version 7.02 to establish the 
linear regression of cell proliferation. All four TGF-β growth factor treatments showed an increased 
proliferation rate based on the linear regression slope, regardless of the total number of cells counted 
across the assay.   

 

It is interesting to note that although not all results reached significance, all 

SW48Stem-like treated cell populations in the 72-hour treatment assay showed an 

elevation of cell viability when compared to untreated control cells, while the results 

gathered in the long-term treatment assay suggested that cells treated with 20ng/mL of 

TGF-β showed a decelerated proliferation rate compared to the untreated controls. 

These observations suggest that TGF-β growth factor exposure time, as well as the 

concentration, play a role in the changes to cell proliferation rates.  
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The short-term treatment of SW480Stem-like cells with TGF-β growth factor for a 

72-hour exposure assay are shown in Figure 37. None of the four concentrations tested 

showed any significant effect on the proliferation rate of SW480Stem-like cells. 
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Figure 37. SW480Stem-like cell proliferation following TGF-β growth factor treatment. Proliferation 
potential of SW480Stem-like cells treated with TGF-β growth factor was analysed using CCK-8 Kit which 
revealed that cells treated with 5ng/mL, 10ng/mL, 15ng/mL or 20ng/mL had no significant change to the 
viability of stem-like cells, suggesting that it did not affect the proliferation rate.  

 

The proliferation rate of SW480Stem-like cells treated with various concentrations 

of TGF-β growth factor during the long-term treatment assay can be seen in Figure 38. 

Untreated control SW480Stem-like cells had the slowest proliferation rate out of the tested 

samples with a linear regression slope of 54.5 ± 6.71. Out of the treated cells, SW480Stem-
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like cells treated with 20ng/mL of TGF-β had the slowest proliferative rate of m=78.4 ± 

10.4. Treatment of these cells with 5ng/mL of TGF-β showed a similarly slow 

proliferation rate slope of 82.3 ± 8.67 while cell treated with 15ng/mL TGF-β growth 

factor had the second highest proliferation rate in the stage II cancer stem-like cells, 

with a linear regression slope of 93.6 ± 16.3. The highest proliferation rate observed in 

SW480 stem-like cells treated with TGF-β growth factor was seen in cells treated with 

the concentration of 10ng/mL (104 ± 14.2). Interestingly, statistical analysis revealed 

that the long-term proliferation rate of TGF-β growth factor-treated SW480Stem-like cells 

are significantly higher in 5ng/mL (P<0.05), 10ng/mL (P<0.01) and 15ng/mL (P<0.05) 

samples.  
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Figure 38. The proliferation of SW480Stem-like cells treated with TGF-β growth factor for 14-days during 
the spheroid formation assay. The number of cells present across each time point was analysed using 
ImageJ software (NIH). Statistical analysis was carried out using GraphPad Prism version 7.02 to establish 
the linear regression of cell proliferation. All four TGF-β growth factor treatments showed an increased 
proliferation rate based on the linear regression slope, regardless of the total number of cells counted 
across the assay.   
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Taken together these results suggests that treatment of the stage II and stage III 

cancer stem-like cells with different concentrations of TGF-β play a role on the 

proliferation rate of these cells, however the exposure to the growth factor in the 

microenvironment varies between different cell populations. In SW48Stem-like cells the 

lowest proliferation rate was observed in cells long-term treated with 5ng/mL TGF-β 

while it revealed a significantly higher number of viable cells compared to the control 

following a 72-hour treatment. This was reversed in SW480Stem-like cells, where 

treatment with 20ng/mL of TGF-β showed the slowest proliferation rate. The second 

slowest proliferation rate was observed in cells treated with 10ng/mL of TGF-β growth 

factor in SW48Stem-like cells, but 5ng/mL treatment in SW480Stem-like cells. In both cell 

populations, the second highest proliferation rate was observed in cells treated with 

15ng/mL TGF-β growth factor, which was also significantly higher in the 72-hour 

treatment of SW48Stem-like cells. Finally, the highest proliferation rate of SW48Stem-like cells 

was observed in cells treated with 20ng/mL TGF-β growth factor, however only half of 

the concentration was required for the fastest proliferation rate in SW480Stem-like cells.  

 

5.3.3 Invasion potential of colon cancer stem-like cells treated with TGF-β growth factor 

The connection of TGF-β and invasiveness potential has been linked in many 

cancers including colorectal. This project sought to observe the effect of TGF-β growth 

factor treatment on the invasive potential of colon cancer stem-like cells. Briefly, 

SW48Stem-like and SW480Stem-like cells were treated with four different concentrations of 

TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) for 14 days. The cells 

were then seeded on a basal membrane substitute (Matrigel) and incubated at normal 
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conditions with bright-field microscopy images being obtained over a 30-hour period to 

track the movement of the cells through the gel.  

 

The acquired images were analysed using ImageJ software (NIH). Firstly, the 

images were converted to an 8-bit colour graphic image. The pixel size of the scale bar 

was analysed to be 500 pixels per 500µm scale bar size. The focal radius was measured 

using a ‘Straight’ line tool which was used to measure the area of the well in which the 

cells in the middle of the well were in focus (measured in µm) (Figure 39). As the cells 

move through the basal membrane substitute, the focal radius becomes narrower, 

indicating that increased invasiveness is proportionally correlated with the size of the 

radial focus. The focal radius at each time point was noted and analysed using GraphPad 

Prism version 7.02 version 7.02. Linear regression was used to analyse the relationship 

between the variables.  
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Figure 39. Diagram of invasive assay analysis. Treated cells are seeded onto a basal membrane equivalent 
(Matrigel) and the images are taken using brightfield microscopy (A, C and E). Using ImageJ software (NIH), 
the images are converted into an 8-bit graphical image and the size of the radial focus is measured using 
a straight line (B, D, F). As the cells move deeper through the gel, the radial focus decreases. A: SW48Stem-

like cells treated with 5ng/mL of TGF-β growth factor, time point 0h; B: 8-bit graphical image of SW48Stem-

like cells treated with 5ng/mL of TGF-β growth factor, time point 0h noting the focal radius; C: SW48Stem-like 
cells treated with 5ng/mL of TGF-β growth factor, time point 12h; D: 8-bit graphical image of SW48Stem-like 
cells treated with 5ng/mL of TGF-β growth factor, time point 12h noting the focal radius; E: SW48Stem-like 
cells treated with 5ng/mL of TGF-β growth factor, time point 30h; F: 8-bit graphical image of SW48Stem-like 
cells treated with 5ng/mL of TGF-β growth factor, time point 30h noting the focal radius. 

 

The observed invasive potential of SW48Stem-like cells has been documented in 

Figure 40. The untreated control SW48Stem-like cells are represented in black. From the 

figure, it’s evident that the untreated cells moved slowly through the Matrigel basement 

membrane matrix as noted by the smallest change in focal radius. The linear regression 

analysis of the untreated cells revealed a sloe of -31.42 ± 2.272. The assay revealed that 

cells treated with all four TGF-β treatments had a higher invasive potential as seen by a 

steeper decline in the focal radius, with SW48Stem-like cells treated with 15ng/mL of TGF-

β moving the slowest with a slope of -46.08 ± 4.706, closely followed by cells treated 

with 10ng/mL and 5ng/mL with the slopes of -49 ± 5.091 and -52.5 ± 4.595. SW48Stem-like 

cells treated with 20ng/mL of TGF-β showed the highest invasive potential as indicated 
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by the steepest regression line slope of -56.16 ± 5.385. Furthermore, statistical analysis 

revealed that TGF-β growth factor treatment significantly increased the invasive 

potential of SW48Stem-like cells treated with 5ng/mL (P<0.01), 10ngm/mL (P<0.05), 

15ng/mL (P<0.05) and 20ng/mL (P<0.01) when compared to the untreated control cells.  
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Figure 40. Invasive potential of SW48Stem-like cells treated with TGF-β growth factor. Cells were seeded 
on a basal membrane substitute (Matrigel) and bright-field microscopy images were obtained over a 30-
hour period to track the movement of the cells through the gel. The focal radius at each time point was 
noted and analysed using GraphPad Prism version 7.02 version 7.02. Linear regression was used to analyse 
the relationship between the variables and a two-way ANOVA was utilised to measure statistical 
significance between the invasiveness of each treatment. All four TGF-β growth factor treatments showed 
an increased invasion potential based on the higher linear regression slope compared to untreated 
control.   
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Stage II cells (SW480Stem-like) treated with TGF-β showed a significantly different 

invasive potential to one another (Figure 41). The regression line slope of untreated 

control SW480Stem-like cells was -33 ± 1.163, whereas all TGF-β treated cells ranged 

between -52.8 ± 6.116 and -55.51 ± 4.801 between. SW480Stem-like cells which showed 

the slowest invasive potential post TGF-β treatment were cells treated with 20ng/mL, 

followed closely by 15ng/mL, 5ng/mL and 10ng/mL. Statistical analysis revealed that all 

four treatments showed a significantly increased invasive potential compared to 

untreated cells, with 5ng/mL and 10ng/mL treatments showing a significance of P<0.01, 

while 15ng/mL and 20ng/mL showed a P<0.05 significant increase.  
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Figure 41.  Invasive potential of SW480Stem-like cells treated with TGF-β growth factor. Cells were seeded 
on a basal membrane substitute (Matrigel) and bright-field microscopy images were obtained over a 30-
hour period to track the movement of the cells through the gel. The focal radius at each time point was 
noted and analysed using GraphPad Prism version 7.02 version 7.02. Linear regression was used to analyse 
the relationship between the variables and a two-way ANOVA was utilised to measure statistical 
significance between the invasiveness of each treatment. All four TGF-β growth factor treatments showed 
an increased invasion potential based on the higher linear regression slope compared to untreated 
control.   
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5.3.4 RNA Expression of stem cell markers in colon cancer stem-like cells treated with 

TGFβ growth factor 

 The RNA expression of five stem cell marker genes was explored using qPCR 

methodology. Briefly, the cells (SW48Stem-like and SW480Stem-like) were treated with 

various concentrations of transforming growth factor beta (TGF-β) (5ng/mL, 10ng/mL, 

15ng/mL and 20ng/mL) for 14 days with regular media change approximately every 3-4 

days before the cells were harvested and lysed using QIAzol Lysis Reagent and the 

complementary DNA sequence was synthesized using SensiFAST cDNA Synthesis Kit. 

Expression of Nanog, Notch homolog 1, translocation-associated (Drosophila) (Notch1), 

snail family transcriptional repressor 1 (Snai1), SRY (sex determining region Y)-box 2 

(Sox2) and TGF-β was normalised against glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) [normalised to 1] using the delta-delta Ct method. Statistical analysis was 

carried out using GraphPad Prism version 7.02. Two-way ANOVA was performed to 

understand the interaction between the variables. Significance level of the tests was 

taken at p <0.05.  

 

The overall results can be seen in Figure 42, which shows that TGF-β growth 

factor treatment had the biggest effect on the downregulation of Nanog. Due to the 

large differences between fold change downregulation of Nanog compared to other 

markers, each marker was analysed independently.  
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Figure 42. Expression of stem cell markers in SW48Stem-like and SW480Stem-like cells treated with various 
concentrations of TGF-β. Nanog, Notch1, Snai1, Sox2 and TGF-β RNA levels measured using qPCR and 
normalised against GAPDH.  

 

Results revealed that the addition of TGF-β growth factor into media of stem-like 

cells for both SW48 and SW480 cell lines resulted in a drastic downregulation of the 

stemness marker Nanog (Figure 43). In SW48Stem-like cells, the addition of TGF-β growth 

factor significantly suppressed the RNA expression of Nanog at concentrations 5ng, 

10ng, 15ng and 20ng per millilitre (P<0.001). Interestingly, the addition of 10ng/mL of 

TGF-β growth factor resulted in the highest downregulation of Nanog, followed by 

5ng/mL, 15ng/mL and 20ng/mL. Expression of Nanog was significantly suppressed in  in 

all SW480Stem-like cells treated with TGF-β growth factor, with a decreasing suppressive 

effect across the treatments with 5ng/mL had the highest suppression of approximately 

750-fold difference (P<0.001), 10ng/mL having an approximately 650-fold difference 
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(P<0.001), 15ng/mL having an approximately 150-fold expression suppression (P<0.001) 

and 20ng/mL having approximately 130-fold change difference (P<0.05). It is also 

important to note that the average Ct value of the housekeeping GAPDH gene was 

23.089 for untreated SW480Stem-like population and an average Ct of 20.699 across all 

treated samples, while the average Ct value of Nanog was 25.444 for the untreated 

SW480 Stem-like population and an average Ct of 31.293 across all treated samples. This 

suggests that although the shift in Ct values is quite drastic, they all fall within the 

acceptable range below 35 Ct cut off.  
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Figure 43. TGF-β growth factor treatment suppresses the expression of Nanog in SW48Stem-like and 
SW480Stem-like cells. The expression of stemness marker Nanog was analysed using qPCR and normalized 
against the housekeeping gene GAPDH. Expression of stemness markers was normalised against the 
untreated cells (foldchange of 1), A) SW48Stem-like cells; B) SW480Stem-like cells. The statistical analysis was 
carried out on GraphPad Prism version 7.02 using a one-way T-test, and the results were plotted as mean 
± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***).  Nanog was 
significantly downregulated in all SW48Stem-like cells treated with TGF-β growth factor (P<0.001 for all). All 
SW480Stem-like cells treated with TGF-β growth factor showed a significant downregulation of Nanog 
(P<0.001 for 5ng/mL, 10ng/mL and 15ng/L and P<0.05 for 20ng/mL). 



173 | P a g e  

 

The treatment of stem-like SW48 and SW480 cells with various concentrations 

of TGF-β growth factor led to the suppression of Notch1 RNA expression. In SW48Stem-like 

cells, the largest downregulation of Notch1 occurred in cells treated with 15ng/mL of 

TGF-β growth factor, which was 15-fold downregulated in contrast to untreated cells 

(P<0.001). Cells treated with the remaining three concentrations had a much smaller 

expression difference compared to the untreated cells, of approximately 2-fold down-

regulation in 10ng/mL (P<0.001) and 20ng/mL (P<0.01), while treatment with 5ng/mL 

showed an approximate 1.5-fold suppression (P<0.001) (Figure 43). In SW480Stem-like 

cells, the addition of TGF-β growth factor significantly suppressed the expression of 

Notch1 in all four treatments compared to untreated control stem-like cells with the 

suppressive rate highest in 5ng/mL (P<0.001) of approximately 4-fold, followed by 

10ng/mL (P<0.01) and 15ng/mL (P<0.01) with both approximately 2.5-fold difference 

and 20ng/mL had the smallest down-regulation of approximately 1.5-fold (P<0.01) 

(Figure 44).  
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Figure 44. Downregulation of Notch1 stemness marker in colon cancer stem-like cells following TGF-β 
treatment. The expression of stemness marker Notch1 was analysed using qPCR and normalized against 
the housekeeping gene GAPDH. Expression of stemness markers was normalised against the untreated 
cells (foldchange of 1), A) SW48Stem-like cells; B) SW480Stem-like cells. The statistical analysis was carried out 
on GraphPad Prism version 7.02 using a one-way T-test, and the results were plotted as mean ± standard 
deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***).  Notch1 was significantly 
downregulated in all SW48Stem-like cells treated with TGF-β growth factor (P<0.001 for 5ng/mL and 
15ng/mL, P<0.01 for 10ng/mL and 20ng/mL). All SW480Stem-like cells treated with TGF-β growth factor 
showed a significant downregulation of Notch1 (P<0.01 for 10ng/mL, 15ng/mL and 10ng/mL and P<0.001 
for 5ng/mL). 

 

Contrary to trends observed in other markers utilised in this project, the addition 

of TGF-β to SW48Stem-like cells leads to an upregulation of Snai1 in cells treated with both 

5ng/mL (P<0.5) and 15ng/mL (P<0.001) of TGF-β, with an approximate 1.5-fold 

upregulation in both samples. This outcome was reversed in cells treated with both 

10ng/mL and 20ng/mL of TGF-β growth factor which showed a significant suppression 

of Snai1 expression (P<0.001). The treatment of SW480Stem-like cells with various 
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concentrations of TGF-β lead to diminished expression of the stemness and epithelial to 

mesenchymal transition (EMT) marker, Snai1. Expression of this stemness marker was 

significantly down-regulated in all four treatment concentrations (P<0.001). It was 

interesting to note that from 10ng/mL to 20ng/mL the increased dose treatment 

decreased the level of suppression of Snai1 maker. Interestingly, the 5ng/mL was also 

lower than 10ng/mL and 15ng/mL foldchange difference. (Figure 45).  
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Figure 45. Expression of stemness and epithelial to mesenchymal transition marker Snai1 in colon 
cancer stem-like cells following TGF-β treatment. The expression of stemness marker Snai1 was analysed 
using qPCR and normalized against the housekeeping gene GAPDH. Expression of stemness markers was 
normalised against the untreated cells (foldchange of 1), A) SW48Stem-like cells; B) SW480Stem-like cells. The 
statistical analysis was carried out on GraphPad Prism version 7.02 using a one-way T-test, and the results 
were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and 
P<0.001 (***).  Snai1 marker was significantly upregulated in SW48Stem-like cells treated with 5ng/mL 
(P<0.05) and 15ng/mL (P<0.001), while suppressed following TGF-β treatment, while suppressed in 
SWS48Stem-like cells treated with 10ng/mL (P<0.001) and 20ng/mL (P<0.001). Snai1 marker was suppressed 
in all SW480Stem-like cells exposed to TGF-β treatment (P<0.001 for all). 
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SW48Stem-like cells treated with 5ng/mL, 10ng/mL and 20ng/mL of TGF-β growth 

factor showed a significant downregulation of Sox2 expression (P<0.001) compared to 

the untreated control cells, with an increasing suppressive trend observed in higher 

concentrations of the treatment. Only cells treated with 15ng/mL of TGF-β growth factor 

swayed from the trend, showing upregulation of Sox2 expression when compared to 

untreated control cells (P<0.05). Addition of TGF-β growth factor into the 

microenvironment of SW480Stem-like cells is significantly correlated with the suppression 

of Sox2 expression (Figure 46). SW480Stem-like cells treated with 10ng/mL of TGF-β growth 

factor showed the highest downregulation potential of Sox2 among the four treatments 

tested, with 15ng/mL and 5ng/mL close behind, with cells treated with 20ng/mL 

showing the lowest level of suppression (all P<0.001) (Figure 46).  

  



177 | P a g e  

 

-8

-6

-4

-2

0

2

4

6

T G F - b e t a  T r e a t m e n t

F
o

ld
  

C
h

a
n

g
e

S W 48   S tem -like

U n tre a te d

S W 48   S tem -like

5 ng /m L T G Fb

S W 48   S tem -like

1 0ng /m L  T G F b

S W 48   S tem -like

1 5ng /m L  T G F b

S W 48   S tem -like

2 0ng /m L  T G F b

S W 4 8 0  S te m -like

U n tre a te d

S W 4 8 0  S te m -like

5 ng /m L T G Fb

S W 4 8 0  S te m -like

1 0ng /m L  T G F b

S W 4 8 0  S te m -like

1 5ng /m L  T G F b

S W 4 8 0  S te m -like

2 0ng /m L  T G F b

* * *

* * *

* * *

* * *

*

* *

* * * P  <  0 .0 0 1
P  <  0 .0 1

P  <  0 .0 5

* * *

* * *

*

* * *

 

Figure 46. Expression of Sox2 stemness marker in colon cancer stem-like cells following TGF-β growth 
factor treatment. The expression of stemness marker Sox2 was analysed using qPCR and normalized 
against the housekeeping gene GAPDH. Expression of stemness markers was normalised against the 
untreated cells (foldchange of 1), A) SW48Stem-like cells; B) SW480Stem-like cells. The statistical analysis was 
carried out on GraphPad Prism version 7.02 using a one-way T-test, and the results were plotted as mean 
± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***).  Sox2 marker 
was suppressed in SW48Stem-like cells treated with 5ng/mL, 10ng/mL and 20ng/mL TGF-β treatment 
(P<0.001 for all) but upregulated in 20ng/mL treated cells (P<0.05). All SW480Stem-like cells suppressed the 
expression of Sox2 following TGF-β treatment (P<0.001 for all). 

 

As colon cancer stem-like cells are treated with an addition of TGF-β growth 

factor to their microenvironment, it was interesting to observe any changes of TGF-β 

RNA expression in the cells followed after a 14-day treatment of these cells. It was 

fascinating to note that SW48Stem-like cells treated with 5ng/mL of TGF-β growth factor 

lead to a significant downregulation of TGF-β RNA levels when compared to the 

untreated control cells (P<0.001). This suppressive potential was reversed in cells 
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treated with the remaining three concentrations of TGF-β, with 10ng/mL showing an 

approximate 2-fold upregulation (P<0.05), 15ng/mL showing an approximate 1.5-fold 

upregulation (P<0.05), and treatment with 20ng/mL showed the highest expression 

increase of approximately 3-fold (P<0.01) (Figure 46). SW480Stem-like cells treated with 

5ng/mL, 10ng/mL and 15ng/mL TGF-β growth factor showed an increasingly higher 

suppression of the RNA expression of TGF-β when compared to untreated control cells 

(P<0.001). Only cells treated with 20ng/mL showed an increased RNA expression which 

was significantly higher when compared to untreated cells (P<0.01) (Figure 47). 
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Figure 47. Colon cancer stem-like cell expression of TGF-β RNA following treatment with TGF-β growth 
factor. The expression of stemness marker TGF-β total RNA was analysed using qPCR and normalized 
against the housekeeping gene GAPDH. Expression of stemness markers was normalised against the 
untreated cells (foldchange of 1), A) SW48Stem-like cells; B) SW480Stem-like cells. The statistical analysis was 
carried out on GraphPad Prism version 7.02 using a one-way T-test, and the results were plotted as mean 
± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***). TGF-β total 
RNA marker was suppressed in SW48Stem-like cells treated with 5ng/mL TGF-β treatment (P<0.001 for all) 
but upregulated in 10ng/mL (P<0.05), 15ng/mL (P<0.05) and 20ng/mL treated cells (P<0.01). SW480Stem-

like cells suppressed the expression of TGF-β total RNA following 5ng/mL, 10ng/mL and 15ng/mL TGF-β 
treatment (P<0.001 for all), but upregulated in 20ng/mL treated cells (P<0.01). 



179 | P a g e  

 

5.3.5 Protein Expression of cancer related genes in colon cancer stem-like cells treated 

with TGFβ growth factor 

The protein expression of several genes known for their interactions with TGF-β 

was explored using western blot methodology. Briefly, the cells (SW48Stem-like and 

SW480Stem-like) were treated with concentrations of TGF-β (5ng/mL, 10ng/mL, 15ng/mL 

and 20ng/mL) for 14 days with regular media change approximately every 3-4 days 

before the cells were harvested and lysed. The protein concentrations were quantified 

and 30ng of protein per well was run on a 4-15% gel using electrophoresis. The proteins 

were transferred onto a PVDF membrane and visualised using primary and secondary 

antibody treatment. The expression of 22 different cancer related genes was evaluated 

and normalised against the expression of GAPDH and CyPB housekeeping gene, 

depending on the size of the proteins of interest.  
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Table 11. Cancer related genes evaluated following TGF-β treatment.  

Gene Name Main Function Oncogene/Suppressor 

Extracellular-signal-related kinase Transcriptional activator 242 Oncogene 

Macrophage migration inhibitory 
factor 

Inflammation mediator243 Oncogene 

Poly(ADP-ribose) polymerase-1 DNA repair and transcription 
regulation244 

Oncogene 

Janus kinase 1 Cytokine receptor response 
initiation245 

Oncogene 

B-cell lymphoma 2 Regulator of apoptosis246 Oncogene 

Bcl-associated X protein Apoptosis247 Oncogene 

Kruppel zinc finger transcription 
factor 

Transcriptional activator248 Suppressor 

Aurora B kinase Cell proliferation249 Oncogene 

Caspase 3 Apoptosis250 Oncogene 

TGF-beta activated kinase 1 
binding protein 3 

Transcriptional activator251 Oncogene 

Slug Transcriptional Repressor252 Oncogene 

Β-catenin Cell adhesion and gene 
transcription253 

Oncogene 

CAP, Adenylate Cyclase-Associated 
Protein 1 

Cyclic adenosine monophosphate 
signalling254 

Oncogene 

Galectin-3 Cell adhesion, proliferation and 
apoptosis255 

Oncogene 

Lamin Apoptosis256 Oncogene 

Cyclin-dependent kinase inhibitor 
1 

Cell Cycle Regulation257 Both 

Tumour protein 53 Cell cycle regulation258 Suppressor  

RAC-alpha serine/threonine-
protein kinas 

Apoptosis regulation259 Both 

Transforming growth factor beta multipurpose cytokine228 Both 

 

The analysis of the current study revealed that colon cancer stem-like cells 

isolated from the SW48 and SW480 cell line populations expressing high levels of active 

ALDH1 do not show expression of the following genes:  

• Extracellular-signal-related 
kinase (ERK) 

• Macrophage migration 
inhibitory factor (MIF) 

• Poly(ADP-ribose) 
polymerase-1 (PARP-1) 

• Janus kinase 1 (JAK1) 

• B-cell lymphoma 2 (Bcl2) 

• Bcl-associated X protein 
(BAX) 

• Kruppel zinc finger 
transcription factor (KLF6) 

• Aurora B 

• Caspase 3 

• TGF-beta activated kinase 1 
binding protein 3 (TAB3) 

• Slug (sometimes referred 
to as Snai2) 

• N-cadherin  

• Galectin-1 
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Figure 48. Western blot analysis of protein expression of cancer related genes in SW48 and SW480 stem-
like cell populations treated with various concentrations of TGF-β. The band intensity of each marker 
was analysed using ImageJ software (NIH) and normalised against the expression of GAPDH. 

 

Protein expression of cancer-related genes by SW48Stem-like cells treated with 

various concentrations of TGF-β are shown in Figure 49. Beta-catenin gene was 

expressed by all treated cell lines, with the addition of TGF-β showing a trend in gene 

expression. Nevertheless, the changes are not significant between any of the treatment 

groups. Cyclase associated actin cytoskeleton regulatory protein 1 (Cap1) was expressed 

in all tested populations, however the addition of 5ng/mL, 10ng/mL and 20ng/mL TGF-

β treatment reduced the observed expression, while addition of 15ng/mL of TGF-β into 

the culture medium papers to elevate the expression of Cap1, though, none of the 

results are significant. Galectin-3 expression was suppressed by all four treatments; 

although due to the size of the error bars, none of the results was significant. 
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Interestingly, the addition of 10ng/mL of TGF-β to SW48Stem-like cells significantly 

elevated the expression of Lamin protein when compared to the untreated control 

populations and remaining three treatments, however this trend did not reach 

significance. Expression of p21 had a suppressive trend in SW48Stem-like cells treated with 

5ng/mL and 10ng/mL TGF-β, while both 15ng/mL treatment showed an elevation of p21 

protein expression. 

Conversely, p53 expression appeared elevated in 5ng/mL, 10ng/mL and 20ng/mL 

treated cells, nonetheless the trend did not reach significance. Interestingly, 

serine/threonine kinase (AKT) protein expression was only detectable in TGF-β treated 

cell population (P<0.001). Furthermore, the protein expression of TGF-β protein 

revealed that the addition of TGF-β growth factor into the culture medium increased the 

expression of TGF-β protein in all treated cells, however this trend was once again not 

significant.  

 

It is important to note that some of the error bars visible are quite large, and this 

was largely due to the low gene expression exhibited by the cells, making blot analysis 

difficult as ImageJ software (NIH) struggled to segregate the band from the background 

noise of the blot. A repeat of the assay is recommended with a higher concentration of 

protein and/or antibodies to reduce the background noise interference. 
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Figure 49. Quantification of cancer gene expression of SW48Stem-like cells treated with varying 
concentrations of TGF-β. The band intensity of each marker was analysed using ImageJ software (NIH) 
and normalised against the expression of GAPDH (Band intensity = 1). The statistical analysis was carried 
out on GraphPad Prism version 7.02 using a one-way T-test, and the results were plotted as mean ± 
standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***). pAKT was the 
only significantly over-expressed protein, which was only present in TGF-β treated SW48Stem-like cells 
(P<0.001 for all). Beta-catenin showed an increased expression level in all TGF-β treatments. Cap1 was 
suppressed in 5ng/mL, 10ng/mL and 20ng/mL TGF-β treated cells, and up-regulated in 15ng/mL TGF-β 
treated cells. Galectin-3 expression was suppressed in all treated samples. Lamin was up-regulated in 
5ng/mL and 10ng/mL treated cells, showed no difference in 15ng/mL expression, and suppressed in 
20ng/mL treated cells. Expression of p21 was suppressed in 5ng/mL and 10ng/mL TGF-β treated cells but 
increased in 15ng/mL and 20ng/mL treated cells. Expression of p53 was elevated in all treated cells, except 
for 15ng/ml which showed no change in expression. Furthermore, TGF-β protein expression was elevated 
in all TGF-β treated cells. 

 

Cancer-related genes expressed by SW480Stem-like cells treated with various 

concentrations of TGF-β are shown in Figure 50. The results revealed that SW480Stem-like 

cells treated with 15ng/mL of TGF-β elevated the expression of beta-catenin. 

Interestingly, Cap1 protein expression was suppressed in SW480Stem-like cells treated with 

5ng/mL TGF-β growth factor, while both 15ng/mL and 20ng/mL treatments appear to 
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increase the expression, however these trends did not reach significance. Galectin-3 

protein expression suggests that an increasing concentration of TGF-β growth factor 

sequentially suppresses the expression of this gene, howbeit the observed trend did not 

reach significance. The addition of 5ng/mL TGF-β growth factor to SW480Stem-like cell 

population significantly suppressed the expression of Lamin protein (P<0.01) when 

compared to the untreated population. In turn, the remaining three treatments appear 

to increase its expression, however this trend did not reach significance. The observed 

results suggest that treatment of SW480Stem-like cells with TGF-β growth facto reduces 

the expression of p21 protein, with an increased suppressive potential observed in 

higher concentrations of TGF-β treatment, yet these trends did not reach significance. 

On the contrary, the addition of TGF-β growth factor to the culture medium of 

SW480Stem-like cells upregulated the expression of the tumour suppressor p53, with an 

evident increase potential in cells exposed to higher concentrations of TGF-β, however 

none of the observed results reached significance. Similarly, to SW48Stem-like cell results, 

the expression of AKT protein was only observed in TGF-β treated cells, with 15ng/mL 

treatment showing significant upregulation (P<0.001). Interestingly, the addition of TGF-

β growth factor significantly upregulated the expression of TGF-β protein in SW480Stem-

like cells treated with 10ng/mL, 15ng/mL and 20ng/mL concentrations (P<0.001).  

 

It is important to note that some of the error bars visible are quite large, and this 

was largely due to the blot background noise, making it difficult to analyse the results. 

A repeat of the assay is recommended with a higher concentration of protein and/or 

antibodies to reduce the background noise interference. 
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Figure 50. Quantification of cancer gene expression of SW480Stem-like cells treated with varying 
concentrations of TGF-β. The band intensity of each marker was analysed using ImageJ software (NIH) 
and normalised against the expression of GAPDH (Band intensity = 1). The statistical analysis was carried 
out on GraphPad Prism version 7.02 using a one-way T-test, and the results were plotted as mean ± 
standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***). Only 5ng/mL 
and 10ng/mL TGF-β treatment showed an increase in beta-catenin expression of SW480Stem-like cells 
whereas 15ng/mL and 20ng/mL showed no change. Cap1 expression was suppressed in 5ng/mL and 
10ng/mL treated cells but increased in 15ng/mL and 20ng/mL treated cells. All treatments showed 
suppression of Galectin-3 protein. Lamin was significantly suppressed in SW480Stem-like cells treated 
with 5ng/mL TGF-β growth factor (P<0.01), whereas the remaining concentrations showed an increase in 
the expression. All treated cells showed suppression of p21, while all treatments led to an upregulation 
of p53. AKT protein was only present in TGF-β treated cells. However only 15ng/mL treatment showed 
significance (P<0.001), likely due to the large error bars. All treated cells showed an upregulation of TGF-
β protein, nevertheless only 5ng/mL, 10ng/mL and 15ng/mL treatments showing significance (P<0.01, 
P<0.001 and P<0.01 respectively). 

 

  



186 | P a g e  

 

5.3.6 Chemotherapy resistance in colon cancer stem-like cells treated with TGFβ growth 

factor 

Chemotherapy resistance in TGF-β treated cells was analysed using the 

chemotherapy drug, Fluorouracil (5-FU). In brief, SW48 and SW480 stem-like cells were 

treated with four different concentrations of TGF-β (5ng/mL, 10ng/mL, 15ng/mL and 

20ng/mL) for 14 days with regular media change every 3-4 days as required. The cells 

were harvested and seeded into untreated, non-adhesive 96 well plates with 20,000 

cells per well in 200uL of untreated media. 5FU was added into the cells and incubated 

for 72 hours at normal culture conditions. The viability of the cells was assessed using 

CCK-8 kit, and statistical analysis was carried out using GraphPad Prism version 7.02. A 

significance level of the tests was taken at p <0.05. 

 

The assay revealed that SW48Stem-like cells treated with TGF-β growth factor show 

an increasing trend of 5FU resistance and higher concentration of TGF-β, however 

among all treatments tested, only 15ng/mL and 20ng/mL TGF-β concentration was 

significantly higher than untreated cells (P<0.01 and P<0.05 respectively) (Figure 51).   
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Figure 51. Colon cancer SW48Stem-like 5FU chemotherapy drug resistance following TGF-β treatment. The 
viability of cells was measured using the CCK-8 Kit following a 72-hour treatment with 5FU chemotherapy 
drug. The statistical analysis was carried out on GraphPad Prism version 7.02 using a one-way T-test, and 
the results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 
(**) and P<0.001 (***). Treatment of cells with 15ng/mL and 20ng/mL of TGF-β growth factor significantly 
increased the cell's resistance to the cytotoxicity of 5-FU (P<0.01 and P<0.05 respectively). 
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The increasing chemotherapy drug resistance trend was more evident in 

SW480Stem-like treated cells, where cells treated with 15ng/mL and 20ng/mL TGF-β 

showed significantly higher absorbance readings at 450nm (P<0.01), indicating a higher 

number of viable cells and thus higher chemotherapy drug resistance potential (Figure 

52). 
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Figure 52. Colon cancer SW480Stem-like cell 5FU chemotherapy resistance following TGF-β treatment. 
Viability of cells was measured using CCK-8 Kit following a 72-hour treatment with 5FU chemotherapy 
drug. The statistical analysis was carried out on GraphPad Prism version 7.02 using a one-way T-test, and 
the results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 
(**) and P<0.001 (***). Treatment of cells with 15ng/mL and 20ng/mL of TGF-β growth factor significantly 
increased the cell's resistance to the cytotoxicity of 5-FU (P<0.01 for both). 

 

Taken together, these results suggest that a higher concentration of TGF-β 

growth factor in the microenvironment suppresses the 5FU toxicity potential, and thus 

plays a role in chemotherapy resistance. Interestingly, treatment of colorectal cancer 
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stem-like cells with transforming growth factor beta had different effects on the 

proliferative rate of these spheroids and their ability to withstand chemotherapeutic 

drug treatment. SW48Stem-like cells treated with 5ng/mL and 15ng/mL of TGF-β 

showed a significantly higher proliferative rate when compared to untreated cells, while 

15ng/mL and 20ng/mL treated cells showed a significantly higher ability to withstand 

chemotherapeutic drug treatment. Stage II colon cancer stem-like cells, SW480, did not 

show any significant change in the proliferative rate when treated with TGF-β, however 

both 15ng/mL and 20ng/mL concentrations showed a significant resistance to the toxic 

effects of 5-FU chemotherapeutic drug. This suggests that exposure to higher 

concentration of TGF-β growth factor improves the cells ability to withstand 

chemotherapy.  

 

5.4 Discussion 

The primary aim of this chapter was to observe cancer biology changes following 

TGF-β growth factor treatment of colon cancer stem-like cells. TGF-β is a key player in 

many biological functions including the regulation if immune and inflammatory 

responses, tumour suppression and promotion, mediation of stemness phenotype 

through gene expression regulation and EMT regulation 228. As such, it’s important to 

understand the role this ubiquitous cytokine plays in the stem cell microenvironment of 

colorectal cancer stem-like cells. This study sought to determine the changes TGF-β 

growth factor treatment had on the spheroid formation of colon cancer stem-like cells 

and their morphology, the proliferation rate of the stem-like cell spheroids, the 

expression of stemness markers, expression of cancer-related genes, as well as any 

chemotherapeutic resistance presented following TGF-β growth factor treatment.  
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The effect of TGF-β growth factor treatment on the spheroid formation capacity 

of SW48 and SW480 stem-like cells was analysed using a spheroid formation assay and 

scanning electron microscopy. The spheroid formation assay revealed that addition of 

5ng/mL TGF-β growth factor into the culture media of stage II cancer stem-like cells 

(SW480) allowed the cells to retain the grape-like morphology, which was lost in stage 

III cancer stem-like cells (SW48). The addition of 10ng/mL of TGF-β growth factor into 

the culture media of both SW48Stem-like and SW480Stem-like cells caused a loss of spheroid 

morphology in both cell populations. Stem cell culture medium supplemented with 

15ng/mL of TGF-β growth factor allowed SW48Stem-like cells to retain the grape-like 

morphology throughout the 14-day assay, whereas in SW480Stem-like cell population, 

some of the cells begun to lose that morphology by the 7th day of the assay. SW48Stem-

like cells treated with 20ng/mL of TGF-β growth factor were able to retain the grape-like 

spheroid morphology, however this ability was lost in SW480Stem-like cells. These 

observations imply that TGF-β growth factor plays a role in the morphological changes 

of stem-like cancer cells grown in a 3D environment, and a continual and regular media 

change and physical aggregation are required to maintain the spheroid morphology.  

 

Scanning electron microscopy results showed that SW48Stem-like cells treated with 

all four concentrations of the TGF-β growth factor lead to a loss of tight cell-cell 

adhesions and shift the surface morphology of individual spheroids to appear smoother 

compared to untreated cells. SW480Stem-like cells appeared to be more sensitive to the 

TGF-β growth factor treatment. The SEM results showed that 5ng/mL and 20ng/mL 
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treatment result in the loss of cell-cell adhesion and formation of gaps between 

individual spheroids, while treatment with 15ng/mL of TGF-β growth factor shifts the 

morphology of the spheroids towards a smoother in appearance compared to untreated 

and remaining concentrations.  

 

Overall, this data presents the notion that TGF-β growth factor treatment of 

colon cancer stem-like cells leads to morphological changes of the spheroid clusters 

formed in a 3D suspension environment, including loss of cell-cell adhesions and 

changes to the spheroid surface morphology.  

 

Our results are consistent with previously observed findings of 3D spheroid 

growth following TGF-β treatment. A study of ovarian cell lines found that SKOV-3 and 

OVCAR-3 cell lines failed to form compact spheroids following 10ng/mL TGF-β treatment 

for 3 days260. A study of human hepatocellular carcinoma found that a 2.5ng/mL 

treatment of TGF-β induced EMT within spheroids and increased the number of 

protruding cell spheres261. The brightfield microscopy images obtained by the authors 

showed that protruding cells treated with TGF-β lost the tight cell-cell adhesions 

observed in the untreated spheres261. A study of pancreatic cell lines found that a 

10ng/mL TGF-β treatment of cells reduced cell aggregation and induced migration, 

showing an evident loss of cell-cell adhesions following TGF-β treatment262. The loss of 

cell-cell adhesion following TGF-β treatment was also observed in breast cancer cells 

treated with 5ng/mL TGF-β for 48 hours263. It has been shown that TGF-β is responsible 

for cell to cell adhesion regulation through its capacity to remodel the ECM264. It is 



192 | P a g e  

 

possible that an increased concentration of extracellular TGF-β lowers the cell-cell 

adhesion in suspension-grown cells. 

Furthermore, it has been shown that treatment of NSCLC cell lines grown as 

spheroids in a 3D model with an isoform of TGF-β, TGFβ2, lead to the formation of 

cellular budding which gave a ‘rough’ appearance to the spheroid surface265. Our results 

suggested that TGF-β1 treatment of SW48Stem-like cells reduces this morphological rough 

structure, while in SW480Stem-like cells only 15ng/mL TGF-β1 treatment inhibits this 

morphological formation. Another possible explanation for this observation is 

highlighted in a bladder tumour spheroid study which shows that SEM images show a 

smooth surface linked to an elevated ECM secretion concealing individual cells266. 

Another 3D cell culture study observing NSCLC spheroids found that SEM images 

showed that adenocarcinoma cell line A549 displayed a rough surface due to a 

multilayering, while non-cancerous fibroblast cell line SV80 formed a smooth surface267. 

This observation could indicate that treatment of colon cancer stem-like cells with TGF-

β decreases multi-layering of stage III colon cancer stem-like cells.  

 

It has been shown throughout the literature that TGF-β plays an important role 

in proliferation. This study sought to determine the effect of both short-term and long-

term treatment of stage II and stage III cancer stem-like cells with various concentrations 

of TGF-β growth factor present in the culture medium would affect the proliferation 

rate. The results revealed that short-term treatment of stage III (SW48) cancer stem-like 

cells treated with both 5ng/mL and 15ng/mL of TGF-β growth factor showed a significant 

increase in proliferation. The short-term treatment of stage II (SW480) cancer stem-like 
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cells, on the other hand, did not appear to significantly affect the growth rate of these 

cells. Long term (14-day) treatment of stem-like cells, on the other hand, increased the 

proliferation rate of stem-like cells in both SW48 and SW480 populations regardless of 

the TGF-β growth factor concentration used in both SW48 and SW480 populations. Both 

short term and long-term treatments were carried out in a suspension 3D environment 

in serum-free culture medium supplemented with growth factors and antibacterial 

agents. It is possible that the proliferation rates observed differ due to the length of TGF-

β growth factor exposure to the cells. Our results are in agreement with another stem 

cell study carried out by Kim et al, who found that an up-regulation of TGF-β leads to 

increased proliferation of human synovium-derived mesenchymal stem cells268. A recent 

study evaluating signalling pathways in esophageal cancer also found that silencing of 

TGF-β leads to decreased cell proliferation in esophageal adenocarcinoma cell lines FLO-

1 and EsoAd1269. A study of pancreatic carcinomas revealed that treatment of various 

pancreatic cancer cell lines with TGF-β lead to an elevated proliferation rate in 6 out of 

the 12 cell lines tested270. This supports the difference in short-term proliferation rates 

observed in the current study, where only certain concentrations significantly elevated 

the proliferation rate of SW48Stem-like cells, and not the SW480Stem-like cells. Another study 

found that sustained activation of TGF-β receptor 1 leads to an elevated proliferation of 

somatic cells of the testis, the Sertoli cells271. It has also been suggested that pre-

cartilaginous stem cell proliferation is moderated through TGFβ1 regulated Akt 

signalling activation272. Additionally, it was found that the up-regulation of TGFβ1 

significantly elevated the proliferative potential of human dental pulp-derived 

mesenchymal stromal cells273.  
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Interestingly, a study of non-small cell lung cancer (NSCLC) found that the 14-day 

treatment of NSCLC cell lines with 2.5ng/mL TGFβ1 significantly decreased the 

proliferative rate of cells274. A similar result was observed by Petiti and colleagues who 

found that pituitary cancer cell line (GH3) significantly decreased proliferation when 

cultured in a co-treatment of trastuzumab and TGFβ1275. A study of a mature inducible 

cell line with t(15;17) marker isolated from human acute promyelocytic leukemia (NB4) 

found that the addition of 25-50ng/mL of TGF-β to NB4 cells co-cultured with 

halofuginone significantly reduced cell proliferation276. Another study found that 

hepatic progenitor cells expressing high levels of Sox9 and biliary marker cytokeratin 7 

treated with TGF-β reduced the proliferation rate277. Additionally, it was shown that 

TGFβ1 reduced the proliferation of ligament-derived endothelial progenitor cell-like 

fibroblastic cells through Smad signalling278. Similarly, breast cancer cells (MDA-MB231) 

treated with TGFβ1 (1-20ng/mL for 0-96 hours) showed that after 72 hours, a 

concentration higher than 1ng/mL TGFβ1 reduced the proliferative rate of these cells279. 

These studies further illustrate that cellular proliferation rate changes based on TGF-β 

growth factor treatment are cell type dependent, and heavily influenced by the levels of 

TGF-β present in the microenvironment and the length of exposure.  

 

The involvement of TGF-β in invasion and metastasis has been explored 

extensively, highlighting the importance of its signalling pathway in cancer progression. 

However, its contribution to colorectal stem cell invasion potential has not been 

explored in detail. The current study results show that for both SW48 stage III and 

SW480 stage II colon cancer stem-like cell population, the addition of all four TGF-β 



195 | P a g e  

 

concentrations increased the invasive potential of these spheroids within a basal 

membrane matrix. Interestingly, the highest invasive potential observed in SW48Stem-like 

cells was the 20ng/mL concentration, while 5ng/mL treatment showed the highest 

invasive potential in SW480Stem-like cells. This observation suggests that the TGF-β growth 

factor affects cells from different stages of colon cancer differently. This study supports 

evidence from previous observations which also found that TGF-β treatment and/or up-

regulation increased invasiveness 230,274,280–284.  

 

As a key player in EMT and stemness regulation, TGF-β is known to be involved 

in the expression of various stemness markers including Twist and Snai1. The current 

project sought to establish the changes in stemness marker expression in colon cancer 

stem-like cells treated with various concentrations of TGF-β growth factor. The results 

showed that treatment of stage II (SW480) and stage III (SW48) colon cancer stem-like 

cells with all four different concentrations of TGF-β (5ng/mL, 10ng/mL, 15ng/mL and 

20ng/mL) lead to a suppression of Nanog expression. This was an unexpected 

observation, as many studies have shown that increased levels of TGF-β correlated with 

an increased expression of Nanog. Recently, a study observing the stemness phenotype 

changes following TGFβ1 treatment in NSCLC revealed that a 14-day treatment of NSCLC 

cells with 2.5ng/mL TGFβ1 significantly increased the expression of stemness markers 

Nanog and Sox2 in stage 3A adenocarcinoma NSCLC cell line (NCI-H1993 cells), but failed 

to increase Nanog levels in lung carcinoma cell line (A549 cells) 274. The study, however, 

did not specify if the Nanog expression in A549 cells remained significantly unchanged 

or if it was downregulated. Another study of A549 NSCLC cells treated them with TGF-
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β1 for 48 hours and found no detectable difference of Nanog, Sox2, CD133, c-MyC and 

KLF4 expression 285. The study of CD44+/CD24- breast cancer stem cell populations 

found that an increase of TGF-β1 treatment concentrations upregulated the expression 

of various stemness markers including Nanog 283. Another independent study observing 

the effect of 2ng/mL TGF-β1 treatment on CD44+/CD24- breast stem cell populations 

revealed that the expression of stemness markers, including Nanog, increased in the 

treated cells 279. A mesenchymal stem cell (MSC) study found that a two-week treatment 

of bovine foetal MSCs with 1ng/mL of TGF-β1 significantly elevated the expression of 

Nanog, but 100ng/mL TGF-β1 had no significant effect on the expression 286. 

Additionally, a bladder cancer study observing the effect of sonic hedgehog signalling on 

stemness via EMT found that cells treated with 5ng/mL TGF-β1 significantly increased 

the expression of Nanog at both mRNA and protein levels 287.  

Our results revealed that the addition of TGF-β growth factor to the culture 

medium of stem-like cell populations harvested in a suspension environment 

significantly suppressed the expression of Notch1. The highest suppression of Notch1 

(approximately 15-fold) was observed in SW48Stem-like cells treated with 15ng/mL of TGF-

β growth factor, while the highest suppression of Notch1 in SW480Stem-like cells 

(approximately 4-fold) was observed in cells treated with 5ng/mL. Interestingly, two 

studies found similar results observed by ours, where a study of mouse fibroblasts 

demonstrated that TGFβ1 treatment lead to a suppression of another Notch family 

member, Notch3288. A second study found that CD-1 mouse Notch1 expression was 

suppressed following treatment of another TGF-β isoform, TGFβ2289. However, our 

results conflicting with other documented relationship of TGF-β and Notch1 expression. 

In ovarian cancer cell lines, it was shown that treatment of TGF-β lead to an elevated 
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Notch1 expression level290. Similarly, the same trend was observed in podocytes treated 

with TGFβ1 leading to an increased expression of Notch1 and ErbB4291. A study of 

alveolar epithelial cells showed that treatment of cells with 10ng/mL of TGFβ1 lead to 

an increased expression of Notch1 proteins292. Furthermore, a study of podocytes found 

that treatment with TGF-β led to the suppression of miR-30s, and indirectly enrich 

Notch1 expression293. Another study demonstrated that CD4+T cells treated with 

2ng/mL rh TGFβ1 led to increased levels of intracellular portions of Notch1294. A study 

of colorectal cancer cells (HCT116) treated with 10ng/mL and 10ng/mL for 72 hours 

significantly increased the expression of Notch1 marker295. An EMT study found that in 

ovine aortic valve endothelial cells Notch1 mRNA levels were increased following TGFβ1 

treatment296.  

 

The treatment of stage III colon cancer stem-like cells with 5ng/mL and 15ng/mL 

of TGF-β showed a marginal rise in Snai1 expression, while the addition of 10ng/mL and 

20ng/mL of TGF-β growth factor into the culture medium lead to significant suppression 

of Snai1 expression. Stage II colon cancer stem-like cells, on the other hand, treated with 

all four concentrations led to a down-regulation of Snai1 expression. However, the 

findings of the current study do not support the previous research. A study observing 

EMT in cancer-initiating NSCLC cells found that 3D cultured cells treated with 10ng/mL 

TNF and 2ng/mL TGF-β led to an increased expression of Snai1, Slug, Zeb2 and Twist 

EMT markers297. In a colorectal tumour budding study, recombinant treatment of TGFβ1 

was found to elevate the expression of Snai1 and CD133 in SW480 cells 229. A study of 

EMT in cervical carcinoma cell lines found that TGFβ1 induced EMT to lead to an 
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elevated increase of Snai1 and vimentin298. Another study found that in the granulosa 

cell line (SVOG), TGFβ1 was found to increase Snai1 expression through the TbRII-ALK5-

mediated and SMAD-dependent pathway signalling 299. A study of miRNA-30a found that 

an under-expression of TGFβ1 correlated with an under-expression of Snai1 and an 

increased expression of E-cadherin suggesting an inhibition of the EMT process via miR-

30a300. It was found that in oral squamous cell carcinoma, TGFβ1 led to an increased 

expression of Snai1 and Slug 301. A study of rat kidney tubular epithelial cells (NRK52E) 

found that levels of TGFβ1 directly regulated the Snai1-mediated EMT302. A study of 

endothelial to mesenchymal transition found that in brain endothelial cells TGF-β 

treatment elevated Snai1 mRNA levels303. A study of EMT in human microvascular 

endothelial cells (HUVEC) and human aortic endothelial cells found that 2.5ng/mL 

treatment of TGFβ2 lead to an increase of Snai1 expression but not Slug304. An induced 

pluripotent cancer (iPC) cell study found an irregular expression pattering in EMT 

markers Snai1, vimentin, E-cadherin and occuldin in colorectal iPC cells, likely due to 

miRNA targeting of TGF-β signalling during reprogramming305. In idiopathic pulmonary 

fibrosis, it was found that TGFβ1 treatment leads to inducement of EMT and elevated 

expression of Snai1 and Snai2 genes306. Another study observing endothelial to 

mesenchymal transition found that inhibition of the TGF-β receptor leads to a 

suppression of Snai1 expression307. Another EMT study of induced pluripotent stem cells 

(iPSC) found that pyrrole-imidazole polyamide targets TGFβ1 and leads to a suppression 

of mRNA expression of both TGFβ1 and Snai1 EMT markers, suggesting that their 

expression is closely linked in human iPSCs308. Another human cancer study found that 

TGF-β lead to an over-expression of Snai1 and Twist EMT markers, and downregulation 

of E-cadherin309. Interestingly, a recent review highlighted that Snai1 and TGF-β 
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expression might be suppressed by reprogramming transcription factors such as 

Sox2310,311. 

 

Our results show that in SW48Stem-like cells, Sox-2 expression was down-regulated 

in all samples tested except for SW48Stem-like cells treated with 15ng/mL, which was 

approximately 2.5-fold up-regulated. In SW480Stem-like cell population, it was observed 

that Sox-2 expression was down-regulated in all four treatment concentrations. Similar 

results were observed in an endometrial carcinoma cell study, where the authors 

reported that TGF-β inhibited the expression of Sox2312. In an NSCLC stem cancer study, 

it was found that a 48-hour treatment of 10uM TGF-β failed to increase the expression 

of stemness markers Sox2, Nanog, Klf4 and CD133285. A study of mouse anterior 

pituitary cells (TtT/GF) found that TGF-β2 treatment leads to a down-regulation of Sox2, 

CD34 and vimentin313. 

Similarly, a neural crest study of mesenchymal progenitor cells found that 

treatment of TGF-β suppressed the expression of another Sox family member, Sox10314. 

In contrast, many other studies have reported a contrary observation. A colorectal 

cancer study found that tumorspheres treated with 100pM of TGF-β1 for 24 hours 

expressed higher levels of Sox2 and CD44 compared to untreated control cells230. A 

study of NSCLC found that a 14-day treatment with 2.5ng/mL of TGFβ1 significantly up-

regulated the mRNA expression of Sox2, Nanog and Oct4274. In another study, observing 

the EMT and stem phenotype of gastric cancer cells, it was found that 3ng/mL TGF-β 

treatment for 72 hours leads to an up-regulation of another Sox family member, Sox4315. 

A mouse embryonic stem cell study found that TGF-β stimulation is involved in the 
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elevated Sox2 expression via Klf5 acetylation316. In breast cancer cells, TGF-β1 leads to 

the elevated expression of Sox2, Nanog, N-cadherin and vimentin, reducing the 

expression of E-cadherin279. In a study of head and neck squamous cell carcinoma stem 

cells found that 2ng/mL of  TGF-β1 lead to an over-expression of Sox2 and Oct4 genes 

and an increased sphere formation317.  In another NSCLC stem-cell study, it was found 

that a co-treatment of cells with 2ng/mL TGF-β and 10ng/mL TNF leads to an increased 

expression of Sox2, Klf4, Pou5F1, Oct4, Mycn and Kit297. A human bone marrow-derived 

mesenchymal stem cell study found that cells isolated under TGF-β lead to an increased 

expression of stem cells and increased the expression of Sox2, Oct 3/4, Nanog and SSEA-

3318. A glioma initiating cell study found that TGF-β treatment elevated Sox2 

expression319.  

 

Interestingly, the addition of TGF-β growth factor into the culture medium of 

colon cancer stem-like cells affected the expression of RNA TGF-β levels. Our results 

showed that treatment of SW48Stem-like cells with 5ng/mL significantly down-regulated 

the expression of TGF-β mRNA, while the addition of 20ng/mL of the growth factor 

significantly elevated the TGF-β levels. Surprisingly, SW480Stem-like cells treated with 

5ng/mL, 10ng/mL and 20ng/mL of TGF-β growth factor showed a significant suppression 

of TGF-β RNA levels, while the addition of 20ng/mL significantly over-expressed the 

marker.  

 

A study of glomerular visceral epithelial cells (podocytes) found that TGF-β 

treatment concentrations hit a “critical concentration threshold” which demonstrated a 
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behavioural change towards pro-apoptotic signalling in cells320. Other studies have also 

shown that TGF-β concentration treatments play a role in the expression of genes and 

observed results. Some of these concentration gradients varied from 0.008ng/mL up to 

100ng/mL, with treatment exposure times ranging from several hours up to 7 days of 

treatment320–341. It is plausible that the mRNA downregulation of stemness markers 

observed in the current project was a by-process of prolonged exposure of higher 

concentrations of TGF-β, as many of the studies worked with a concentration ranging 

from 2ng/mL to a maximum of 10ng/mL. Furthermore, it is important to note that to 

our knowledge, this is the first study observing the effect of TGF-β growth factor 

treatment on colorectal cancer stem-like cell populations. It is plausible that the 

observed results are specific to SW48 and SW480 cell line cell populations isolated based 

on high expression levels of active ALDH1. This is supported by the differences in 

expressions observed in different organs, cancers and cell lines.  

 

The current study sought to determine the effect of TGF-β treatment on the 

cancer biology of colorectal cancer stem-like cell population. To understand some of the 

cell signalling changes occurring due to TGF-β exposure, the protein expression of cancer 

related genes were evaluated. Our results showed that AKT expression was only evident 

in SW48Stem-like and SW480Stem-like cells treated with TGF-β growth factor. This 

phenomenon could be occurring due to the cross-talk between TGF-β and Pi3K/Akt 

pathways, both of which are regulated via down-stream Smad protein targets, reactive 

oxygen species and Wnt/ β-catenin pathway 342–346. The potentially upregulated Akt 

signalling through the cross-talk of different pathways could also be due to the up-



202 | P a g e  

 

regulated protein expression of TGF- β in the stem-cell population studied. Increased 

levels of both protein and active TGF- β in the ECM is likely to increase the signalling 

pathways frequently associated with TGF- β. Nuclear lamins, or otherwise referred to as 

intermediate filaments, provide structural function and regulation of the nucleus. It was 

interesting to note that SW480Stem-like cells exposed to prolonged treatment of 5ng/mL 

TGF- β significantly suppressed the expression of Lamin protein. It has been previously 

noted that lamins possess the ability to regulate Smad protein phosphorylation, and are 

frequently interacting with regulatory proteins of the Wnt/ β-catenin and TGF-β 

pathways 347,348. Nonetheless, although not significant, our results also show that an 

increase in TGF-β growth factor concentration elevates Lamin expression in SW480Stem-

like cells and SW48Stem-like cells treated with 15ng/mL, suggesting that regulation of genes 

is dependent upon an exposure threshold and cell type. Furthermore, this notion of 

exposure threshold is also noted in SW48Stem-like cells treated with 15ng/mL TGF-β 

growth factor, where it also substantially increased the expression of p21. Although not 

significant, it is interesting to note that TGF-β growth factor treatment of colon cancer 

stem-like cell population isolated against the high expression of ALDH1 showed a trend 

in beta catenin and p53 expression. Beta catenin plays an important role in cell 

adhesions, cytoskeleton structures, signalling and EMT349. P53, on the other hand, is a 

known tumour suppressor gene, which plays an important role in cancer invasion, 

metastasis and microenvironment regulation350–353. Studies have shown that TGF-β, 

beta-catenin a p53 can be targeted by the same regulators354. The increased exposure 

to TGF-β in the culture environment could play a role in the signalling of these targets 

to promote the expression of related genes. Conversely, our results also showed that 

although not significant, colon cancer stem-like cell treatment with TGF-β led to a 
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suppressive trend of Cap1, galectin-3 and p21 genes. Cap1, or the cyclase-associated 

protein 1, is a known regulator of cancer invasiveness and proliferation355. Galectin-3 is 

also a known carcinogen involved in homeostasis, invasiveness and immune 

suppression356. Furthermore, p21 plays an important role in cell cycle arrest and kinase 

inhibition and can play a dual role in tumour suppression and progression357. Taken 

together with the upregulation of tumour suppressive genes and down-regulation of 

oncogenes, our results indicate that TGF-β treatment plays a role in mediating cancer-

related genes.  

 

The literature has suggested that the EMT regulatory properties of TGF-β play a 

role in chemotherapy sensitivity of 237–239. Our results reveal that the addition of 

15ng/mL and 20ng/mL of TGF-β into the culture medium for a minimum of 14-day 

treatment significantly increased resistance to chemotherapy treatment drug 5FU. This 

finding broadly supports the work of other studies in this area linking TGF-β with the 

ability to withstand the chemotherapeutic activity of drugs such as 5FU358–360.  

 

The primary aim of the current chapter was to evaluate the biological changes 

occurring to colon cancer stem-like cells following prolonged exposure to TGF-β growth 

factor treatment. The results revealed that TGF-β affects spheroid morphology and cell-

cell adhesion, increases stem-like cell proliferation, increases the invasive potential of 

colon cancer stem-like cells, decreases the expression of stemness markers in colon 

cancer spheroids, significantly changes the expression of AKT, Lamin and TGF-β proteins, 

while destabilising the expression of other cancer-related genes. Furthermore, 
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prolonged exposure to TGF-β growth factor increased the chemotherapy resistance of 

colon cancer stem-like cells. 
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Chapter 6: Cytotoxic effects on colon cancer stem-like cells. (Aim 

3) 
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Chapter 6: Cytotoxic effects on colon cancer stem-like cells. 

6.1 Introduction 

Transforming growth factor beta (TGF-β) plays an important role in the 

regulation of various cellular behaviours, especially the epithelial to mesenchymal 

transition. Importantly, previous studies have also shown that TGF-β plays a role in the 

regulation of cytotoxicity through the ability to inhibit the generation and activation of 

cytotoxic T lymphocytes24–26.  

 

The primary aim of this chapter was to identify the cytotoxic changes in colon 

cancer stem-like cells treated with TGF-β (growth factor) when exposed to red-meat 

carcinogenic molecules. N-nitroso compounds (NOCs) are capable of producing 

cytotoxic and genotoxic aldehydes, while heterocyclic amines (HCAs) and polycyclic 

aromatic hydrocarbons (PAHs) are both thought to possess carcinogenic potential due 

to the introduction of DNA mutations98. These processes have been linked to the 

formation of cancer. As such, the current project investigated four different NOC 

compounds including the most commonly found NOCs in red and processed meats such 

as N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA), N-

nitrosopyrrolidine (NPYR) and N-nitrosopiperidine (NPYR)111. The study also investigated 

four different PAH compounds from the top three International Agency for Research on 

Cancer (IARC) carcinogenic groups, including the group 1 compound Benzo[a]pyrene 

(BaP), group 2a compound Dibenz (a, h) anthracene and the group 2b compound 

Benzo[b]fluoranthene (B[b]F)361. Thirdly, this project analysed four different HCA 

compounds including the two most abundant and absorbed HCAs in meat: 2-amino-1-
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methyl-6-phenylimidazo (4,5-b)pyridine (PhIP) and 2-amino-3,8-dimethylimidazo [4,5-

f]quinoxaline (MeIQx)23. A review study carried out in 2009 found that the most 

commonly researched HCAs included 2-Amino-1-methyl-6-phenylimidazo(4,5-

b)pyridine (PhIP) which was studied in 13 different epidemiological studies and 2-

Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) which was studied in 12 different 

epidemiological studies101.  The project also analysed two other commonly found, but 

less frequently studied, HCAs including 2-Amino-3,4-dimethylimidazo(4,5-F)quinoline 

(MeIQ) and 3-methyl-3H-imidazo[4,5-f]quinolin-2-amine hydrochloride  (IQ).  
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6.2 Methodology 

 This chapter aimed to identify the cytotoxic changes in colon cancer stem-like 

cells treated with TGF-β (growth factor) when exposed to red-meat carcinogenic 

molecules. This was carried out by utilising a range of protocols detailed in chapter 3, 

including: 

• 3.2 Stem cell culture 

o 3.2.1 Colon cancer stem-like cell culture 

• 3.11 TGF-beta dose-dependent treatment 

• 3.12 Cytotoxic Compound Treatment 

o 3.12.1 NOC Treatment 

o 3.12.2 HCA Treatment 

o 3.12.3 PAH Treatment  

o 3.12.4 Treatment Conditions 

• 3.13 Proliferation Assay 

o 3.13.1  

o 3.13.3 Statistical Significance 

• 3.16 Chemotherapy Resistance 

o 3.16.2 5-FU Resistance Assay (Aim 3) 

o 3.16.4 Statistical analysis 

• 3.17 Viability Assay (Aim 3) 

• 3.18 Morphological Changes (Aim 3) 
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6.3 Results  

6.1 Proliferation changes following TGF-β and cytotoxic compound treatment 

 Changes of the colon cancer stem-like cell population proliferation following 

exposure to cytotoxic compounds and TGF-β treatments were analysed. Briefly, colon 

cancer stage III (SW48) and stage II (SW480) stem-like cell populations were seeded into 

a 96-well plate with 20,000 cells per well in a mixture of different TGF-β growth factor 

concentrations (5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) and different cytotoxic 

compounds (red-meat derived NOCs, HCAs and PAHs) and incubated for 72 hours. 

Brightfield microscopy images were obtained every 24 hours and the cell number was 

counted using ImageJ software (NIH) and the proliferation rate was evaluated.  

 

 The analysis revealed that SW48Stem-like cells untreated with TGF-β (Figure 53) 

showed a higher proliferative trend compared to the TGF-β untreated cells which had 

were exposed to NOC compounds, however, the observed trend did not reach 

significance. Interestingly, when SW48Stem-like cells were treated with 5ng/mL TGF-β, 

the proliferative rate appeared diminished when compared to the 5ng/mL treated cells 

exposed to NOC compounds, although once again the observed trend had not reached 

significance. A similar observation was made with SW48Stem-like cells treated with 

10ng/mL of TGF-β growth factor, where the proliferation rate appeared higher in NOC 

treated cells. Interestingly, SW48Stem-like cells treated with 15ng/mL of TGF-β growth 

factor did not appear to show a distinct difference in the proliferation rate of stem-like 

cells, irrespective of NOC compound exposure. Similar observation was made in 

SW48Stem-like cells treated with 20ng/mL of TGF-β growth factor, where after 24 and 48 

hours the proliferation rate of TGF-β only cells appeared marginally higher when 
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compared to the NOC combination treatment. It is also interesting to note that after 72-

hour treatment, the cell count of untreated SW48Stem-like cells was approximately 1500, 

which was higher than the 72-hour proliferation rate of cells treated with any of the 

TGF-β concentrations. In turn, the proliferation rate of untreated SW48Stem-like cells 

exposed to NOC compounds showed a cell count of approximately 1300 at the 72-hour 

time point, while reaching an average 1500 across the TGF-β treated cells exposed to 

NOC compounds. This observation suggests that SW48Stem-like cell population 

proliferation rate is higher when the cells are exposed to the immunoregulatory cytokine 

TGF-β and NOC cytotoxic compound mixture. 

 

Figure 53. Proliferation rate changes to SW48 stem-like cell population treated with various 
concentrations of TGF-β growth factor following exposure to NOC cytotoxic compounds. SW48Stem-like 
cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 
20ng/mL) and different meat-derived cytotoxic compound treatments (NOC) for 72-hours. Brightfield 
microscopy images were taken every 24 hours and cell count was analysed using ImageJ software (NIH). 
The statistical analysis was carried out on GraphPad Prism version 7.02 using a multiple T-test, and the 
results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) 
and P<0.001 (***). Although none of the results was significant, the trends show that cells lacking TGF-β 
growth factor showed a higher proliferation rate compared to NOC treated cells, while cells exposed to 
5ng/mL, 10ng/mL and 15ng/mL showed a slower proliferation rate compared to the NOC treated cells. 
SW48Stem-like cells treated with 20ng/mL showed a higher proliferation rate after 24 and 48 hours, however, 
after 72 hours the proliferation rate appeared to have reached the same number of cells.  

 



211 | P a g e  

 

 Analysis of the proliferation rate of SW48Stem-like cells following exposure to TGF-

β and HCA cytotoxic compounds revealed that TGF-β untreated cells showed a 

marginally higher proliferative trend for the first 48 hours when compared to HCA 

treated cells. However, there was no evident change in the total cell count at the 72-

hour time point (Figure 54). Interestingly, the proliferation rate of SW48Stem-like cells 

treated with 5ng/mL of TGF-β was lower compared to the TGF-β treated cells exposed 

to HCA compounds. The same trend was observed in SW48Stem-like cells treated with 

10ng/mL and 15ng/mL TGF-β growth factor concentrations, where the proliferation of 

cells exposed to both TGF-β and HCA compounds was higher compared to TGF-β only 

cells, nevertheless, the differences did not reach significance. Interestingly, the 

proliferation rate of SW48Stem-like cells treated with 20ng/mL of TGF-β did not appear to 

show a distinct change in the proliferation rate of cells following combination treatment 

with HCA compounds. It is also important to note that at the 72-hour time point, both 

TGF-β untreated cells and untreated cells exposed to HCA compounds had 

approximately 1500 cells, whereas the cell number dropped in all TGF-β treated cells to 

approximately 1300, whereas the cell count at the end of the assay did not appear to 

change across most of the TGF-β treated cells exposed to HCA compounds. 
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Figure 54. Proliferation rate changes to SW48 stem-like cell population treated with various 
concentrations of TGF-β growth factor following exposure to HCA cytotoxic compounds. SW48Stem-like 
cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 
20ng/mL) and different meat-derived cytotoxic compound treatments (HCA) for 72-hours. Brightfield 
microscopy images were taken every 24 hours and cell count was analysed using ImageJ software (NIH). 
The statistical analysis was carried out on GraphPad Prism version 7.02 using a multiple T-test, and the 
results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) 
and P<0.001 (***). Although none of the results was significant, the trends show that cells lacking TGF-β 
growth factor showed a higher proliferation rate compared to HCA treated cells, while cells exposed to 
5ng/mL, 10ng/mL and 15ng/mL showed a slower proliferation rate compared to the HCA treated cells. 
SW48Stem-like cells treated with 20ng/mL showed no distinct changes to the proliferation rate. 

 

 The results of the proliferation rate assay revealed that SW48Stem-like cells lacking 

TGF-β treatment had a higher proliferation rate compared to untreated cells exposed to 

PAH cytotoxic compounds, with a total cell count of approximately 1500 in TGF-β 

untreated cells, and 1200 in PAH treated cells at the 72-hour time point (Figure 55). In 

contrast, SW48Stem-like cells treated with 5ng/mL of TGF-β did not show any distinct 

differences in the proliferation rate of the two populations, however the total cell count 

at the 72-hour treatment had dropped to approximately 1200 for both treatment 

populations. SW48Stem-like cells treated with 10ng/mL of TGF-β showed a marginally 

lower proliferative rate compared to TGF-β treated cells exposed to PAH compounds, 

yet the differences were not significant. Furthermore, as observed with the 5ng/mL TGF-
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β treated cells, the overall cell count had dropped to approximately 1100 for both 

populations. Interestingly, although the proliferation rate did not vary largely between 

15ng/mL TGF-β treated cells and TGF-β treated cells exposed to PAH compounds for the 

first 48-hours, the cell count was higher in PAH treated cells by the end of the assay 

compared to TGF-β only treated cells, with the cell count reaching approximately 1300 

in PAH treated population and 1200 in TGF-β only treated cells. Interestingly, the 

SW48Stem-like cells treated with 20ng/mL of TGF-β growth factor showed a higher 

proliferation rate compared to cells treated with 20ng/mL TGF-β and PAH compounds, 

although the trend did not reach significance. Interestingly, the final cell count of 

SW48Stem-like cells treated with 20ng/mL of TGF-β was approximately 1100, while TGF-β 

and PAH treated cells showed a final cell count of approximately 1000 at the 72-hour 

time point. These results suggest that the proliferation rate of SW48Stem-like cells was 

lower in TGF-β treated populations compared to untreated cells, regardless of PAH 

exposure. 
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Figure 55. Proliferation rate changes to SW48 stem-like cell population treated with various 

concentrations of TGF-β growth factor following exposure to PAH cytotoxic compounds. SW48Stem-like 

cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 

20ng/mL) and different meat-derived cytotoxic compound treatments (PAH) for 72-hours. Brightfield 

microscopy images were taken every 24 hours and cell count was analysed using ImageJ software (NIH). 

The statistical analysis was carried out on GraphPad Prism version 7.02 using a multiple T-test, and the 

results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) 

and P<0.001 (***). Although none of the results were significant, the trends show that cells lacking TGF-

β growth factor showed a higher proliferation rate compared to PAH treated cells. Treatment of cells with 

5ng/mL and 15ng/mL TGF-β growth factor did not appear to change the proliferation rate of stem-like 

cells when exposed to cytotoxic compounds. 10ng/mL TGF-β growth factor treated cells presented a 

slightly lower proliferation rate compared to NOC treated cells, while the addition of 20ng/mL appeared 

to decrease the proliferation rate of NOC treated cells. 

 

 The proliferation rate of stage II colon cancer stem-like cell population was 

observed. The results suggest that SW480Stem-like cells lacking TGF-β treatment and 

untreated cells exposed to NOC cytotoxic compounds showed no distinguishable change 

in the proliferation rate across a 72-hour assay. SW480Stem-like cells treated with 

5ng/mL of TGF-β growth factor showed a marginally lower proliferative trend when 

compared to TGF-β and NOC treated cells, although the trend did not reach significance. 

A similar observation was noted in SW480Stem-like cells treated with 10ng/mL, 15ng/mL 

and 20ng/mL TGF-β growth factor treatment, where the proliferation rate of NOC 
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treated cells was marginally higher to TGF-β only cells. It is interesting to note that at 

the end of the 72-hour treatment, the cell number of SW480Stem-like cells lacking TGF-

β was approximately 1400 and 1500 for NOC treated cells lacking TGF-β growth factor 

treatment. This number increased to 1500 and 1600 for TGF-β only and NOC treatments 

respectively across most TGF-β concentrations treatments. 

 

 

 

Figure 56. Proliferation rate changes to SW480 stem-like cell population treated with various 
concentrations of TGF-β growth factor following exposure to NOC cytotoxic compounds. SW480Stem-like 
cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 
20ng/mL) and different meat-derived cytotoxic compound treatments (NOC) for 72-hours. Brightfield 
microscopy images were taken every 24 hours and cell count was analysed using ImageJ software (NIH). 
The statistical analysis was carried out on GraphPad Prism version 7.02 using a multiple T-test, and the 
results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) 
and P<0.001 (***). Although none of the results was significant, the trends revealed that irrespective of 
TGF-β growth factor presence, NOC treated cells displayed a higher proliferation rate.  
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The proliferation rate of TGF-β untreated SW480Stem-like cells and untreated NOC HCA 

exposed cells was analysed. The results showed that although not significant, there is a 

clear trend of the increased proliferation rate of HCA treated cells compared to 

untreated SW480Stem-like cells. This observation is also noted in cells treated with 5ng/mL, 

10ng/mL and 20ng/mL of TGF-β growth factor. Interestingly, cells treated with 15ng/mL 

of TGF-β growth factor showed no distinct difference in the proliferative rate when 

compared to TGF-β and HCA treated cells for the first 48 hours of the assay, however at 

the 72-hour time point, the HCA treated cells showed a slightly higher cell count 

compared to TGF-β only cells. It is also interesting to note that at the end of the assay, 

the SW480Stem-like cells were approximately 1400 for TGF-β untreated cells and 

approximately 1600 for HCA treated cells. This number appeared to remain roughly the 

same across different TGF-β treated cells, suggesting that the proliferative rate of 

SW480Stem-like cells exposed to HCA compounds does not appear to be affected by TGF-

β treatment at different concentrations. 
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Figure 57. Proliferation rate changes to SW480 stem-like cell population treated with various 

concentrations of TGF-β growth factor following exposure to HCA cytotoxic compounds. SW480Stem-like 

cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 

20ng/mL) and different meat-derived cytotoxic compound treatments (HCA) for 72-hours. Brightfield 

microscopy images were taken every 24 hours and cell count was analysed using ImageJ software (NIH). 

The statistical analysis was carried out on GraphPad Prism version 7.02 using a multiple T-test, and the 

results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) 

and P<0.001 (***). Although none of the results was significant, the trends suggest that HCA treated cells 

showed a higher proliferation rate regardless of TGF-β growth factor treatment. 

 

 The proliferation rate assay results revealed that SW480Stem-like cells lacking TGF-

β treatment showed a marginally higher proliferative rate compared to untreated cells 

exposed to PAH cytotoxic compounds, although none of the time points reached 

significance. Interestingly, cells treated with 5ng/mL, 10ng/mL and 20ng/mL of TGF-β 

growth factor showed an inhibited proliferative rate when compared to cells treated 

with PAH compounds. This was opposite in SW480Stem-like cells exposed to 15ng/mL, 

which showed an increased proliferative rate compared to PAH treated cells. However, 

once again none of the obtained results reached significance. It is also important to note 

that at the end of the 72-hour assay, untreated cells showed a total cell count of 1400 

cells for both untreated and PAH treated cells, while TGF-β treatment showed an 
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average of 1500 cells, suggesting that SW480Stem-like cell proliferation is increased in TGF-

β treated cells regardless of PAH exposure. 

 

 

Figure 58. Proliferation rate changes to SW480 stem-like cell population treated with various 

concentrations of TGF-β growth factor following exposure to PAH cytotoxic compounds. SW480Stem-like 

cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 

20ng/mL) and different meat-derived cytotoxic compound treatments (PAH) for 72-hours. Brightfield 

microscopy images were taken every 24 hours and cell count was analysed using ImageJ software (NIH). 

The statistical analysis was carried out on GraphPad Prism version 7.02 using a multiple T-test, and the 

results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) 

and P<0.001 (***). Although none of the results was significant, the trends show that cells lacking TGF-β 

growth factor showed a higher proliferation rate compared to PAH treated cells. Treatment of cells with 

5ng/mL and 10ng/mL TGF-β growth factor decreased the proliferation rate when compared to the PAH 

treated cells. Cells treated with 15ng/mL TGF-β growth factor showed an increased proliferation rate 

compared to PAH treated cells, while the addition of 20ng/mL did not appear to change the proliferation 

rate.  
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6.2 Chemotherapeutic drug resistance following TGF-β and cytotoxic compound 

treatment 

 The colon cancer stem-like cell population ability to withstand the 

chemotherapeutic drug 5-FU following exposure to cytotoxic compounds and TGF-β 

treatments was analysed. Briefly, colon cancer stage III (SW48) and stage II (SW480) 

stem-like cell populations were seeded into a 96-well plate with 20,000 cells per well in 

a mixture of different TGF-β growth factor concentrations (5ng/mL, 10ng/mL, 15ng/mL 

and 20ng/mL) and different cytotoxic compounds (red-meat derived NOCs, HCAs and 

PAHs) with appropriate doses of 5-FU and incubated for 72 hours. Cell viability was 

analysed using an MTT assay.  

 

 The chemotherapeutic drug resistance assay revealed that SW48Stem-like cells 

lacking TGF-β treatment were significantly more sensitive to the cytotoxicity of 5-FU 

chemotherapy drug treatment when compared to TGF-β untreated cells exposed to NOC 

cytotoxic compounds (P<0.01). Furthermore, although insignificant, there is an evident 

trend of increased cell viability in TGF-β untreated cells exposed to the remaining two 

cytotoxic compound treatments (HCA and PAH) when compared to untreated control 

cells. SW48Stem-like cells exposed to 5ng/mL TGF-β showed an overall higher resistance to 

the 5FU group when compared to untreated cells. Interestingly, SW48Stem-like cells 

exposed to both 5ng/mL TGF-β growth factor and NOC compounds showed a higher 

number of viable cells compared to TGF-β treatment alone, however, the trend did not 

reach significance. Interestingly, SW48Stem-like cells exposed to both HCA and PAH 

compounds showed a lower resistance against 5-FU treatment, with PAH treated cells 

being significantly more sensitive to 5-FU treatment in the presence of 5ng/mL TGF-β 
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compared to TGF-β treatment alone (P<0.01). SW48Stem-like cells exposed to 10ng/mL 

TGF-β growth factor showed a significantly higher resistance to 5-FU cytotoxicity, 

compared to both HCA and PAH treated cells (P<0.01). Additionally, the viability of 

10ng/mL TGF-β treated cells with NOC compounds also showed a lower survival 

following 5-FU treatment, yet due to the large error bars the change did not reach 

significance. The treatment of SW48Stem-like cells with either 15ng/mL or 20ng/mL did not 

show any significant changes to the resistance of 5-FU treatment. There is a clear 

suppression of 5-FU resistance in SW48Stem-like cells treated with 15ng/mL TGF-β and 

HCA compounds when compared to TGF-β only treated cells. In turn, SW48Stem-like cells 

treated with 20ng/mL TGF-β growth factor and HCA compounds showed greater 

resistance to 5-FU chemotherapy drug compared to TGF-β growth factor treatment 

alone, however, due to the larger error bars, this change did not reach significance. It is 

also interesting to note that while 15ng/mL and 20ng/mL TGF-β growth factor treatment 

did not appear to change the overall resistance to 5-FU treatment when compared to 

untreated SW48Stem-like cells, the 5ng/mL and 10ng/mL TGF-β treated cells showed a 

significantly higher number of viable cells when compared to untreated cells.  
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Figure 59. Chemotherapeutic drug resistance changes to SW48 stem-like cell population treated with 
various concentrations of TGF-β growth factor following exposure to cytotoxic compounds. SW48Stem-

like cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 
20ng/mL), different meat-derived cytotoxic compound treatments (NOC, HCA and PAH) and 5FU 
chemotherapeutic drug for 72-hours. MTT assay was used to measure the cell viability. Statistical analysis 
was carried out on GraphPad Prism version 7.02 using a multiple T-test, and the results were plotted as 
mean ± standard deviation. Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***). 
SW48Stem-like cells lacking TGF-β growth factor treatment showed a significantly lower number of viable 
cells when compared to NOC treated cells (P<0.01). SW48Stem-like cells treated with 5ng/mL TGF-β showed 
a significantly higher number of viable cells when compared to PAH treated population (P<0.01). SW48Stem-

like cells treated with 10ng/mL TGF-β had a significantly higher number of viable cells when compared to 
both HCA and PAH treated cells (P<0.01 for both). None of the 15ng/mL and 20ng/mL populations showed 
any significant difference in the viability of cells.  

 

 The analysis of 5-FU resistance of SW480Stem-like cells lacking exposure to TGF-β 

growth factor revealed that exposure to NOC compounds increased the cell's resistance 

against the chemotherapeutic drug 5-FU compared to the untreated SW480Stem-like cells. 

Interestingly, both HCA and PAH treatments reduced the cell's ability to withstand the 

cytotoxic effects of the chemotherapeutic drug, however, due to the large error bars 

none of the results reached significance. Interestingly, treatment of SW480Stem-like cells 
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with 5ng/mL TGF-β growth factor showed a lower resistance against 5-FU when 

compared to the untreated cells. Additionally, neither NOC or PAH treatments appeared 

to affect the cell's ability to withstand 5-FU cytotoxic treatments. SW480Stem-like cells 

exposed to 5ng/mL TGF-β growth facto and HCA compounds, on the other hand, 

significantly increased the cell's ability to withstand the chemotherapeutic drug 5-FU 

(P<0.010. The treatment of SW480Stem-like cells with 10ng/mL, 15ng/mL and 20ng/mL 

TGF-β growth factor did not show any significant changes to the cell's resistance against 

5-FU. However, although insignificant, there was an evident decrease in the cell viability 

of NOC, HCA and PAH cells treated with 10ng/mL TGF-β growth factor. Addition of 

15ng/mL TGF-β growth factor and NOC to SW480Stem-like cells decreased the 5-FU 

resistance, while HCA and PAH treatments increased the resistance to 5-FU treatment. 

Additionally, 20ng/mL TGF-β treated cells with NOC and HCA increased the cell's ability 

to withstand 5-FU chemotherapeutic treatment, while HCA treatment decreased the 

resistance. It is also worth noting that overall, 5ng/mL, 10ng/mL and 15ng/mL treatment 

of TGF-β appeared to have reduced the SW480Stem-like cell resistance against 5-FU when 

compared to untreated controls, while 20ng/mL treatment increased the chemotherapy 

resistance compared to untreated cells. 
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Figure 60. Chemotherapeutic drug resistance changes to SW480 stem-like cell population treated with 
various concentrations of TGF-β growth factor following exposure to cytotoxic compounds. SW480Stem-

like cells were exposed to various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 
20ng/mL) and different meat-derived cytotoxic compound treatments (NOC, HCA and PAH) for 72-hours. 
MTT assay was used to measure cell viability. Statistical analysis was carried out on GraphPad Prism 
version 7.02 using a multiple T-test, and the results were plotted as mean ± standard deviation. 
Significance was adjusted to P<0.05 (*), P<0.01 (**) and P<0.001 (***). The results revealed that only 
SW480Stem-like cells treated with 5ng/mL TGF-β growth factor showed a significant difference in a number 
of viable cells when compared to HCA treated population (P<0.01).  

 

6.3 Cell viability changes following TGF-β and cytotoxic compound treatment 

 Viability of colon cancer stem-like cell population following exposure to cytotoxic 

compounds and TGF-β treatments was analysed. Briefly, colon cancer stage III (SW48) 

and stage II (SW480) stem-like cell populations were seeded into a 96-well plate with 

20,000 cells per well in a mixture of different TGF-β growth factor concentrations 

(5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) and different cytotoxic compounds (red-

meat derived NOCs, HCAs and PAHs) and incubated for 72 hours. Cell viability was 

measured using the MTT assay.  
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 The viability assay results revealed that SW48Stem-like cells lacking TGF-β growth 

factor treatment showed a significantly higher number of viable cells when compared 

to NOC, HCA and PAH treatments (P<0.01 for all). It is interesting to note that the 

addition of all four TGF-β concentrations reduced the number of viable cells at the end 

of the 72-hour treatment when compared to untreated SW48Stem-like cells. The addition 

of 5ng/mL and NOC and HCA to SW48Stem-like cells increased the viability compared to 

TGF-β treated cells alone, with HCA treated cells being significantly higher compared to 

TGF-β treatment alone (P<0.01). Interestingly, although marginally, the addition of HCA 

to 5ng/mL TGF-β treated cells reduced the cell's viability at the 72-hour timepoint of the 

assay. Both NOC and HCA treatments along with 10ng/mL TGF-β increased the SW48Stem-

like cell viability compared to TGF-β treatment alone. Interestingly, PAH treated cells 

showed a lower viability number compared to TGF-β treatment alone, although due to 

large error bars none of the results were significant. Interestingly, both NOC and PAH 

treatments appeared to decrease the number of viable cells compared to 15ng/mL TGF-

β treatment alone, while HCA exposure increased the cell viability. Interestingly, the 

viability of 20ng/mL TGF-β treated SW48 Stem-like cells was significantly increased in NOC, 

HCA and PAH treated cells compared to TGF-β treatment alone. However, it is worth 

noting, that none of the treated cells exceeded the viability of untreated, control stem-

like population suggesting that TGF-β treatment decreases cell viability regardless of 

cytotoxic compound treatment presence. 
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Figure 61. Cell viability changes to SW48 stem-like cell population treated with various concentrations 
of TGF-β growth factor following exposure to cytotoxic compounds. SW48Stem-like cells were exposed to 
various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) and different 
meat-derived cytotoxic compound treatments (NOC, HCA and PAH) for 72-hours. MTT assay was used to 
measure cell viability. Statistical analysis was carried out on GraphPad Prism version 7.02 using a multiple 
T-test, and the results were plotted as mean ± standard deviation. Significance was adjusted to P<0.05 
(*), P<0.01 (**) and P<0.001 (***). Addition of cytotoxic compounds to untreated control SW48 stem-like 
cell population significantly reduced cell viability (P<0.01 for all). Addition of PAH cytotoxic compounds to 
5ng/mL TGF-β growth factor-treated cells significantly increased the cell viability (P<0.01). Addition of 
cytotoxic compounds to 10ng/mL TGF-β growth factor-treated cells did not significantly alter their 
viability. NOC and HCA compounds showed an increased trend, while HCA treatment decreased the 
number of viable cells. NOC and PAH compounds reduce the viability of 15ng/mL TGF-β growth factor-
treated cells, while HCA compounds increase cellular viability. All cytotoxic compounds significantly 
increased the proliferation of cells treated with 20ng/mL TGF-β growth factor. 

 

 The viability assay of SW480 Stem-like cells treated with various TGF-β 

concentrations and cytotoxic compounds revealed that untreated control cell viability 

showed an increased viability trend following NOC and HCA compound treatment, while 

the addition of PAH cytotoxic compounds significantly reduced the number of viable 

cells (P<0.01). Interestingly, the addition of 5ng/mL and TGF-β growth factor showed 
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lower viability compared to untreated cells, while 10ng/mL, 15ng/mL and 20ng/mL of 

TGF-β increased the number of viable cells at the end of the 72-hour treatment. 

Although none of the 5ng/mL TGF-β treated cells showed significant change, all three 

cytotoxic compound treatments (NOC, HCA and PAH) reduced the number of viable cells 

compared to TGF-β treated cells. Although insignificant, the cell viability was increased 

in 10ng/mL TGF-β treated cells with NOC compounds compared to TGF-β treatment 

alone, while HCA and PAH exposure significantly reduced the cell viability compared to 

10ng/mL TGF-β treated cells (P<0.01 for both). Interestingly, 15ng/mL treated 

SW480Stem-like cells showed significantly higher cell viability when compared to NOC 

treated cells exposed to 15ng/mL (P<0.01). Additionally, although the trend did not 

reach significance, the viability of SW480 Stem-like cells treated with HCA and PAH cytotoxic 

compounds compared to TGF-β treated cells alone. The lack of significance is likely due 

to the high error bar presence. Finally, although insignificant, there is a clear trend of 

increased cell viability in NOC and 20ng/mL TGF-β treated cells compared to TGF-β 

treatment alone, while HCA and PAH compound treatment reduced the number of 

viable cells. Once again, the lack of significance is likely due to large error bars. 
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Figure 62. Cell viability changes to SW48 stem-like cell population treated with various concentrations 
of TGF-β growth factor following exposure to cytotoxic compounds. SW48Stem-like cells were exposed to 
various concentrations of TGF-β growth factor (5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) and different 
meat-derived cytotoxic compound treatments (NOC, HCA and PAH) for 72-hours. MTT assay was used to 
measure the cell viability. Statistical analysis was carried out on GraphPad Prism version 7.02 using a 
multiple T-test, and the results were plotted as mean ± standard deviation. Significance was adjusted to 
P<0.05 (*), P<0.01 (**) and P<0.001 (***). Exposure of cytotoxic compounds to untreated, control SW480 
cells reduced the viability of cells following PAH treatment (P<0.01), while appeared to increase the 
viability of NOC and HCA treated cells (no significance). All cytotoxic compounds reduced the number of 
viable cells treated with 5ng/mL TGF-β growth factor. NOC treatment increased the viability of 
SW480Stem-like cells treated with 10ng/mL TGF-β growth factor, while HCA and PAH significantly reduced 
the number of viable cells (P<0.01 for both). All cytotoxic treatment reduced the number of viable cells 
treated with 15ng/mL TGF-β growth factor, however only NOC treatment showed significance (P<0.01). 
NOC treatment increased cell viability in 20ng/mL TGF-β growth factor-treated cells, while both HCA and 
PAH treatments reduced the viability. 

 

6.4 Morphological changes following TGF-β and cytotoxic compound treatment 

 Morphological changes of the colon cancer stem-like cell population following 

exposure to cytotoxic compounds and TGF-β treatments were analysed. Briefly, colon 

cancer stage III (SW48) and stage II (SW480) stem-like cell populations were seeded into 

a 96-well plate with 20,000 cells per well in a mixture of different TGF-β growth factor 

concentrations (5ng/mL, 10ng/mL, 15ng/mL and 20ng/mL) and different cytotoxic 
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compounds (red-meat derived NOCs, HCAs and PAHs) and incubated for 72 hours. 

Brightfield microscopy images were obtained every 24 hours and the morphological 

changes of the cells were observed.  

 

 The morphological changes of SW48 untreated cells was observed at day 0 and 

day 3 of the assay (Figure 63). It was noted that SW48 Stem-like cells lacking TGF-β 

treatment started to form larger spheroids and begun to migrate into the grape-like 

clusters of cells noted previously (Chapter 5). The addition of both NOC and HCA 

treatment did not appear to impact this clustering formation, whereas PAH treated cells 

did not appear to migrate into smaller clusters as much as the other treatments. 

 

Figure 63. Morphological changes of SW48 stem-like population following a 72-hour treatment with 
cytotoxic compounds. Cells were seeded into 96-well plate and treated for 72-hours, with brightfield 
microscopy images capturing the changes to the morphology between day 0 and day 3 of the assay. Across 
all treatments, the cells formed larger clusters of cells and begun to form larger spheroids. These were 
more evident in untreated control cells.  
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Morphological changes of SW48 Stem-like cells treated with 5ng/mL TGF-β and 

various cytotoxic compounds was noted at day 0 and day 3 of the assay (Figure 64). The 

results showed that TGF-β treated cells begun to form small clusters of cells, however, 

failed to form any large spheroids. The formation of these larger spheroids (noted by 

the arrows) was seen in all cytotoxic compound treatments, with the formation of larger 

clusters of cells. 

 

Figure 64. Morphological changes of SW48 stem-like population following a 72-hour treatment with 
5ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and treated 
for 72-hours, with brightfield microscopy images capturing the changes to the morphology between day 
0 and day 3 of the assay. By day 3, the cells had begun to form small clusters of cells. Only cytotoxic 
compound treated cells showed the early formation of larger spheroids as highlighted by the black arrows.  

 

 Morphological changes of SW48Stem-like cells treated with 10ng/mL TGF-β 

growth factor and various cytotoxic compounds are shown in Figure 65. From the 

images, it is evident that TGF-β only treated cells begun to form larger spheroids and 

form small clusters of cells. This was also observed in NOC and PAH treated cells. HCA 

treatment although formed larger clusters of cells did not appear to form the larger 

spheroids observed in the remaining treatments. Furthermore, the HCA clusters of cells 

appeared to fuse together, rather than retaining the 'grape-like' formation of clusters 

previously observed. 
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Figure 65. Morphological changes of SW48 stem-like population following a 72-hour treatment with 
10ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and 
treated for 72-hours, with brightfield microscopy images capturing the changes to the morphology 
between day 0 and day 3 of the assay. By day 3 of the assay, the cells formed large clusters of cells across 
all treatments. However only growth factor-treated and PAH treated cells showed the early formation of 
larger spheroids.  

 

 The morphological changes of SW48Stem-like cells treated with 15ng/mL TGF-β 

growth factor and various cytotoxic compounds are shown in Figure 66. The results 

reveal that following 72-hour incubation, SW48 Stem-like cells treated with 15ng/mL TGF-

β begun to migrate towards one another to form small clustering of cells that appear 

like grape-vines, with the early formation of larger spheroids. This observation is also 

seen in all three cytotoxic treatments; nevertheless, the cytotoxic treatments increased 

the size of clusters and the number of larger spheroids present in the sample. 
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Figure 66. Morphological changes of SW48 stem-like population following a 72-hour treatment with 
15ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and 
treated for 72-hours, with brightfield microscopy images capturing the changes to the morphology 
between day 0 and day 3 of the assay. The cells had formed larger ‘grape-like’ clusters of cells, however 
only cells treated with cytotoxic compounds showed the formation of larger spheroids. 

 

 Morphological changes of SW48Stem-like cells following 20ng/mL TGF-β growth 

factor treatment and exposure to different cytotoxic compounds are shown in Figure 

67. The 72-hour results reveal that across all tested samples, the cells begun to migrate 

to form clusters of cells, with a large number of larger spheroids present in the sample. 

It is interesting to note that all three cytotoxic treatments increased the number of 

clustering’s observed in the samples, but did not appear to increase the average number 

of larger spheroids present. 
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Figure 67. Morphological changes of SW48 stem-like population following a 72-hour treatment with 
20ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and 
treated for 72-hours, with brightfield microscopy images capturing the changes to the morphology 
between day 0 and day 3 of the assay. The cells had begun to form ‘grape-like’ clusters of cells. However, 
only TGF-β growth factor-treated cells showed the early formation of larger spheroids.  

 

 Taken together, these results reveal that following the 72-hour treatment of 

SW48Stem-like cells with various concentrations of TGF-β did not appear to play a role on 

the morphology of these stem-like cells. Interestingly, across all TGF-β treatment 

concentrations, the exposure of SW48 Stem-like cells to cytotoxic compound treatments 

increases the number of larger spheroids and the size of clusters observed, suggesting 

that exposure of stem-like cells to these compounds affects cellular morphology (Figure 

68). 
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Figure 68. Morphological changes of SW48 stem-like population following a 72-hour treatment with 
various concentrations of TGF-β growth factor and cytotoxic compounds. Across all cell populations 
tested, the formation of 'grape-like' cell clusters and the formation of larger spheroids was only noted in 
TGF-β untreated cells and cells exposed to 20ng/mL TGF-β treatment. NOC treatment only formed larger 
spheroids in the presence of 5ng/mL TGF-β. HCA compound treatment failed to form larger spheroids, 
however formed large clusters of cells in 5ng/mL TGF-β treated cells. PAH treatment led to the formation 
of larger spheroids in 5ng/mL and 20ng/mL TGF-β growth factor treatment. 

 

 The morphological changes of SW480 Stem-like cells treated with various cytotoxic 

compounds are shown in Figure 69. The 72-hour assay revealed that untreated control 

SW480 Stem-like cells begun to migrate and form small clusters of cells, but did not form 

any larger spheroid structures at the end of the 3-day assay. A similar formation of 

clusters was observed in all three treatments, however, both HCA and PAH treated cells 

had begun to form large spheroid structures. This was especially evident in PAH 

treatment, as highlighted by the arrow. 
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Figure 69. Morphological changes of SW480 stem-like population following a 72-hour treatment with 
cytotoxic compounds. Cells were seeded into 96-well plate and treated for 72-hours, with brightfield 
microscopy images capturing the changes to the morphology between day 0 and day 3 of the assay. Across 
all treatments, the cells formed larger clusters of cells and begun to form larger spheroids, especially in 
PAH treated cells.  

 

 Morphological changes of SW480 Stem-like cells following a 72-hour treatment with 

5ng/mL TGF-β growth factor and various cytotoxic compounds are shown in Figure 70. 

The results show that TGF-β only treated cells migrated to form small clusters of cells 

and failed to form larger spheroid structures, similarly to untreated cells. All three 

cytotoxic compound treatments, on the other hand, formed larger clusters of cells with 

the formation of large spheroids. 
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Figure 70. Morphological changes of SW480 stem-like population following a 72-hour treatment with 
5ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and treated 
for 72-hours, with brightfield microscopy images capturing the changes to the morphology between day 
0 and day 3 of the assay. By day 3, the cells had begun to form small clusters of cells. Large clumps were 
seen in both HCA and PAH samples.  

 

 Morphological changes of SW480 Stem-like cells treated with 10ng/mL TGF-β 

growth factor and various cytotoxic compounds are shown in Figure 71. The results 

reveal that all tested treatments formed large clusters of cells with the formation of 

larger spheroid structures. This was more predominant in 10ng/mL TGF-β and NOC 

treated cells. Both HCA and PAH treatments formed smaller and less evident spheroid 

structures. 
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Figure 71. Morphological changes of SW480 stem-like population following a 72-hour treatment with 
10ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and 
treated for 72-hours, with brightfield microscopy images capturing the changes to the morphology 
between day 0 and day 3 of the assay. By day 3 of the assay, the cells formed large clusters of cells across 
all treatments. However only growth factor treated, and NOC treated cells showed the early formation of 
larger spheroids.  

 

 The morphological changes of SW480 Stem-like cells treated with 15ng/mL TGF-β 

growth factor when exposed to various cytotoxic treatments are shown in Figure 72. All 

treated samples formed large clusters of cells, however only NOC treated cells appeared 

to form large spheroids as highlighted by the black arrow.  
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Figure 72. Morphological changes of SW480 stem-like population following a 72-hour treatment with 
15ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and 
treated for 72-hours, with brightfield microscopy images capturing the changes to the morphology 
between day 0 and day 3 of the assay. By day 3 of the assay, the cells formed large clusters of cells across 
all treatments. However only growth factor-treated, and NOC treated cells showed the early formation of 
larger spheroids.  

 

 Morphological changes of SW480Stem-like cells following 20ng/mL TGF-β growth 

factor treatment and exposure to cytotoxic compounds are shown in Figure 73. The 

results show that TGF-β treatment alone allowed cells to migrate and form small clusters 

of cells, however, failed to form any large, individual spheroids. Although all three 

cytotoxic compound treatments lead to the formation of larger cell clusters, similarly to 

TGF-β only treated cells, none of the cells formed larger spheroids at the 72-hour time 

point. 
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Figure 73. Morphological changes of SW480 stem-like population following a 72-hour treatment with 
20ng/mL TGF-β growth factor and cytotoxic compounds. Cells were seeded into 96-well plate and 
treated for 72-hours, with brightfield microscopy images capturing the changes to the morphology 
between day 0 and day 3 of the assay. By day 3 of the assay, the cells formed large clusters of cells across 
all treatments. However none of the treatments formed larger spheroids, only large clusters.  

 

 The overall 72-hour morphological changes of SW480 Stem-like cells following TGF-

β treatment at various concentrations when exposed to different cytotoxic compounds 

are shown in Figure 74. The results revealed that while all cells lacking cytotoxic 

treatment formed clusters of cells, only SW480 Stem-like cells treated with 10ng/mL TGF-β 

formed larger spheroids. In turn, NOC treatment formed larger spheroids in 5ng/mL and 

15ng/mL TGF-β treatment. HCA formed large spheroids only in 5ng/mL TGF-β treated 

cells, and PAH formed large spheroids in untreated cells and 5ng/mL TGF-β treated cells. 

Taken together, these results suggest that all cytotoxic treatments affect morphological 

changes in SW480 Stem-like cells, irrespective of TGF-β growth factor treatment, however, 

different concentrations of TGF-β play a different role on the morphological changes. 
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Figure 74. Morphological changes of SW480 stem-like population following a 72-hour treatment with 
various concentrations of TGF-β growth factor and cytotoxic compounds. Across all cell populations 
tested, the formation of 'grape-like' cell clusters were observed in all treatments. None of the TGF-β 
growth factors showed the formation of larger spheroids. Only cells treated with 10ng/mL of TGF-β 
growth factor showed the formation of larger spheroids. HCA compounds showed the formation of larger 
spheroids in 5ng/mL treated cells. PAH, on the other hand, showed the formation of large spheroids in 
untreated and 5ng/mL TGF-β growth factor treated cells.  
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6.4 Discussion 

  The primary aim of this chapter was to identify the cytotoxic changes in colon 

cancer stem-like cells treated with TGF-β (growth factor) when exposed to red-meat 

carcinogenic molecules. TGF-β is a pleiotropic cytokine involved in many biological 

functions including tumour suppression and promotion, mediation of the stemness 

phenotype and regulation of immune and inflammatory responses. This study sought to 

determine the cytotoxic changes of colon cancer stem-like cells following 72-hour 

exposure to TGF-β and meat-derived cytotoxic compounds. This was done through 

observing changes to their proliferation rate, chemotherapeutic drug resistance, cell 

viability and morphological changes.  

  

 The results of the current study revealed that 72-hour treatment of SW48 Stem-like 

cells with TGF-β growth factor decreased cellular proliferation based on a number of 

cells present at the 72-hour time point. Interestingly, treatment of the SW48 Stem-like cells 

with NOC compounds decreased the proliferation rate compared in untreated cells, 

however increased the proliferation rate in TGF-β treated cells. A similar trend was 

observed in HCA treated SW48 Stem-like cells, while PAH treatment affected proliferation 

differently depending on TGF-β growth factor concentration present, with 5ng/mL and 

15ng/mL, treated cells not appearing to show a distinct difference in the proliferation, 

while 10ng/mL TGF-β treated cells show an increased proliferation in PAH treated cells, 

and 20ng/mL show a decreased proliferation rate of PAH treated cells. The role of TGF-

β growth factor in cellular cytotoxicity has been a topic of interest over the last several 

decades. The direct role TGF-β presence in the cellular microenvironment has on the 
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cytotoxicity has not been widely observed 362–366. To our knowledge, this is the first study 

observing the effect of this multipurpose cytokine on the cytotoxicity of colon cancer 

stem-like cell population. 

 

Results of the current study reveal that 72-hour treatment with 5ng/mL and 

10ng/mL TGF-β growth factor increased the stage III colon cancer stem-like cell 

population's ability to withstand chemotherapeutic drugs, regardless of cytotoxic 

compound treatment, while 15ng/mL and 20ng/mL did not appear to play a role on the 

cell's susceptibility to 5-FU. In stage II colon cancer stem-like cell population, only 

20ng/mL of TGF-β growth factor treatment appeared to show a marginally higher 

resistance against the chemotherapeutic drug. It is interesting to note, however, that 

NOC and HCA treatments of 5ng/mL and 20ng/mL SW48Stem-like cells, respectively, 

showed even higher resistance against the chemotherapeutic drug. A similar 

observation was noted in SW480Stem-like cells treated with 5ng/mL and 20ng/mL were 

the only two treatments which showed a higher resistance against 5-FU compared to 

untreated cells, with HCA showing higher resistance in 5ng/mL TGF-β treated cells, and 

both NOC and PAH treatments increasing 5-FU resistance in 20ng/mL TGF-β treated 

cells. It has been previously shown that TGF-β may affect chemoprevention through its 

interaction with acetylsaliclyc acid, which is known to inhibit cellular proliferation367. 

Studies have also highlighted that, in cancers, exposure to TGF-β growth factor leads to 

the formation of cytotoxicity resistance of tumour necrosis factor368. A breast cancer 

study showed that TGF-β1 reduced the cytotoxicity of the chemotherapeutic drug 

doxorubicin369. Other studies suggest that the involvement of transforming growth 
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factor beta in chemotherapy resistance arises from its role in the promotion of fatty acid 

oxidation370. Another proposed method is through its involvement with the EMT which 

leads to the observed chemotherapeutic resistance371,372. Strong evidence also suggests 

that the chemotherapeutic resistance observed isn’t responsible by the TGF-β growth 

factor itself, however the downstream signalling of the TGF-β/SMAD pathway 373–377. As 

such, further research is required to better understand the role of transforming growth 

factor beta plays on the colon cancer stem-like cell susceptibility to chemotherapeutic 

drugs following exposure to meat-derived compounds.  

 

The results of the current study also revealed that 72-hour treatment of stage III 

colon cancer stem-like cell population with TGF-β treatments reduced the cell viability 

when compared to untreated cells, regardless of cytotoxic compound treatment. It was 

interesting to note that, across most concentrations (except 15ng/mL TGF-β), NOC 

compound treatment increased the cell viability. HCA treatment also increased cell 

viability in all tested TGF-β concentrations, except 5ng/mL in the SW48Stem-like cell 

population. In turn, PAH treatments increased the number of viable cells in SW48 Stem-

like cell populations treated with 5ng/mL and 20ng/mL TGF-β growth factor and reduced 

the number of viable cells in 10ng/mL and 15ng/mL TGF-β treated cells. Contrary, stage 

II colon cancer stem-like cell populations treated with most of the TGF-β concentrations 

increased the number of viable cells (except 5ng/mL) when compared to untreated 

controls. Furthermore, all cytotoxic compound treatments decreased the cell viability in 

TGF-β treated cells, except for NOC exposure in 10ng/mL and 15ng/mL TGF-β treated 

cells. Interestingly, a study of bovine mammary cells has shown that exposure of cells to 
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1,000-fold higher concentrations of TGF-β did not affect cell death, suggesting that the 

role of TGF-β on the proliferation and cytotoxicity is cell specific378. Interestingly, the 

literature revealed that many previous studies of colon cell proliferation rates purposely 

utilised high concentrations of NOC/HCA/PAH compounds which were used to initiate a 

cancer model379–383. These concentrations were higher than the concentrations used in 

the current study, which were based on published data of beef sausage compound 

compositions. As such, further research is required to better understand the effect these 

compounds have on cytotoxicity of colon stem-like cells. 

 

 The current study also showed that regardless of TGF-β growth factor treatment, 

meat-derived carcinogenic compounds such as NOC, HCA and PAHs increased the 

formation of colon cancer stem-like cell spheroid clusters and increased the formation 

of larger spheroids following 72-hour treatment. It was recently shown that treatment 

of mice with a common NOC compound NDMA lead to the formation of thick collagen 

fibres, which have been previously noted to play a role in cell adhesion proteins384,385.  

Another study observing the effect of another NOC compound, NDEA, treatment on liver 

tissue found that animals treated with NDEA posed disrupted cell morphology386. 

Similarly, a study of animal tissues affected by the NOC compound NPIP noticed clear 

morphological changes to lung tumour formations387. NPYR, another NOC compound 

used in this study, was found to significantly alter the physiology of various tissues 

following treatment388. Recently, a study has shown morphological changes in the 

nigrostriatal dopamine system, showing signs of oxidative stress following PhIP 

treatment, a common HCA compound389. Other studies have noted that BaP treatment, 

a common PAH, decreased the adhesion of endothelial progenitor cells390. Interestingly, 
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a study of human embryonic stem cells found that BaP exposure reduced cellular growth 

and affected morphology391.  

  

The primary aim of the current study was to establish the involvement of TGF-β 

growth factor exposure in cytotoxicity of colon cancer stem-like cells. This was carried 

out following a standard laboratory 72-hour drug treatment. However, these stem-like 

cells are frequently exposed to growth factors and cytotoxic compounds for prolonged 

periods of time, and as such it would be interesting to note the effect of TGF-β growth 

factor prolonged exposure on the cytotoxicity of colon cancer stem-like cells. The results 

of the current study suggest that overall, TGF-β growth factor treatment reduced the 

proliferation rate of cells exposed to cytotoxic compounds, decreased the number of 

viable cells exposed to most cytotoxic compounds following chemotherapeutic drug 

treatment, reduced the number of viable stem-like cells following treatment with 

cytotoxic compounds and modified stem-like cell morphology. 
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Chapter 7: Summary and Conclusion 
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7.1 Summary and Conclusion 

The primary aim of the fourth chapter was to successfully isolate colon cancer 

stem-like cell population and to successfully culture tumorspheres from the isolated 

cells. The stem-like cells were isolated from the main population of stage II (SW480) and 

stage III (SW48) colon cancer cell lines based on the high expression of active ALDH1, 

using the 'gold standard' Aldeflour kit. The SW48 cells successfully isolated 

approximately 5,000 cells expressing high levels of active ALDH1 (MFI ~34,000) and 

150,000 SW480 cells expressing high levels of active ALDH1 (MFI ~22,000). The isolated 

cells were cultured and passed through the tumorosphere formation assay, which is a 

frequently utilised assay for confirmation of stemness properties. Both SW48 and 

SW480 ALDH positive (high expressing) cells were capable of surviving a 3D suspension 

culture in a serum-free microenvironment, with the formation the of spheroid-like cell 

aggregates. In order to further confirm the stemness properties of the isolated cells, the 

RNA and protein expression of various stem cell markers was analysed. The results 

showed that SW48Stem-like cells identified based upon high expression of the stemness 

marker ALDH1 also showed increased levels of the stemness markers Nanog and Snai1, 

while SW480Stem-like cells showed a significantly higher expression of Notch1, Nanog, 

Sox2 and Snai1. However, when the protein expression of Nanog and Sox2 was 

evaluated, it was found that both populations showed a significantly lower expression 

of the protein levels. The observed differences are likely due to blot stripping and a 

repeat of the assay is essential to better comprehend the expression of stemness 

markers in isolated colon cancer cell populations.   
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The primary aim of the fifth chapter was to investigate the changes of colon 

cancer stem-like cells following exposure to the Transforming growth factor beta growth 

factor. To assess the ability of isolated stem-like cells to retain the spheroid formation 

following TGF-β growth factor treatment, the formation of colonospheres was assessed. 

It was found that TGF-β growth factor played an important role on the morphological 

changes occurring in colon cancer stem-like cell populations, where 5ng/mL TGF-β 

growth factor retained the spheroid morphology of SW480 cells but demised the 

morphology in SW48 cells. 10ng/mL TGF-β growth factor led to a loss of spheroid 

morphology in both stem-like populations. Interestingly, 15ng/mL TGF-β growth factor 

retained the spheroid morphology of both SW48 and SW480 cells, while 20ng/mL TGF-

β growth factor led to a loss of spheroid formation in SW48 stem-like cells. 

Additionally, long-term treatment of colon cancer stem-like cells with TGF-β 

growth factor increased the proliferation rates of stem-like cells. The changes of colon 

cancer stem-like cells following TGF-β growth factor treatment was further analysed 

using electron scanning microscopy. The results revealed that across all four 

concentrations tested (5-20ng/mL) SW48Stem-like cells lose cell-cell adhesions and 

individual spheroids appear smoother. Interestingly, only 5ng/mL and 20ng/mL treated 

SW480Stem-like cells lost cell-cell adhesion, and only 15ng/mL TGF-β growth factor 

treatment led to the appearance of smooth spheroids. The proliferation of colon cancer 

stem-like cells following a short-term treatment of TGF-β growth factor was also 

analysed to observe any immediate changes to spheroid proliferation. The results 

revealed that various concentrations of the growth factor affect the cells differently, 

however only 5ng/mL and 15ng/mL treatments significantly increased the proliferation 

of SW48Stem-like cells. Although unusual, this 'wave-like' response could be seen due to 
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potential concentration threshold levels experienced by the cells. The effect of TGF-β 

growth factor on the invasive potential of colon cancer stem-like cells was also assessed, 

where it was found that exposure to all four TGF-β growth factor concentrations 

increased the invasive potential of these cells. Furthermore, to better understand the 

effect TGF-β growth factor exposure has on colon cancer stem-like cells, the relative RNA 

expression of stemness markers was evaluated. It was found that TGF-β growth factor 

exposure suppressed the expression of Nanog, Notch1, Snai1 and Sox2 in all SW480Stem-

like cells, while it led to an elevated expression of Snai1 and Sox2 in SW48Stem-like cells. The 

TGF-β growth factor treatment elevated the expression of TGF-β RNA levels in SW48 

stem-like cells treated with 10, 15 and 20ng/mL as well as SW480Stem-like cells treated 

with 20ng/mL. The effect of TGF-β growth factor treatment on the expression of cancer-

related genes in colon cancer stem-like cells was also evaluated. The results found that 

AKT was only present in SW48 stem-like cells treated with TGF-β growth factor. 

Additionally, TGF-β growth factor also significantly suppressed the expression of 

Lamin and AKT in SW480Stem-like cells, and significantly increased the expression of TGF-

β in 5, 10 and 15ng/mL treated SW480Stem-like cells. Finally, the resistance of 

chemotherapeutic drug 5FU following TGF-β growth factor treatment was also 

evaluated, finding an increasing trend to 5FU resistance with an increased exposure to 

TGF-β growth factor. Taken together, these findings provide invaluable insight into the 

stemness environment, and the biological changes occurring following exposure to 

growth factors such as TGF-β. 
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The primary aim of the sixth chapter was to establish the involvement of TGF-β 

growth factor exposure in cytotoxicity of colon cancer stem-like cells. This was carried 

out following a standard laboratory 72-hour drug treatment, observing changes in cell 

proliferation, chemotherapeutic drug sensitivity, cell viability and morphology. The 

results indicate that TGF-β growth factor treatment reduced the proliferation rate of 

colon cancer stem-like cells exposed to cytotoxic compounds, increased sensitivity to 

chemotherapeutic drug treatment of cells exposed to most of the cytotoxic compound 

treatment, reduced the number of viable stem-like cells following treatment with 

cytotoxic compounds and modified stem-like cell morphology.  
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Appendices  

Appendix A 

Based on Abcam’s protocol for PVDF membranes 
 

Mild Stripping 
For 1L of buffer 

• 15g glycine 

• 1g SDS 

• 10mL Tween-20 

• Dissolve in 800mL distilled water 

• Adjust pH to 2.2 

• Bring volume up to 1L with distilled water 
Procedure 

1. Use a volume that will cover the membrane and incubate at room temperature 
for 5-10 minutes 

2. Discard buffer 
3. Repeat incubation for 5-10 minutes with fresh stripping buffer 
4. Discard buffer 
5. Wash for 10 minutes in PBS twice 
6. Wash for 5 minutes in PBST twice 
7. The membrane is now ready for blocking 

 

Harsh Stripping 
Prepare buffer and strip membranes under a fume hood 
Buffer, 0.1L  

• 20mL SDS 10% 

• 12.5mL Tris HCl, Ph 6.8, 0.5M 

• 67.5mL distilled water 

• Add 0.8mL beta-mercaptoethanol under the fume hood 
Procedure 

1. Warm the buffer to 50°C 
2. Add the buffer to a small plastic box which has a tight lid.  

use a volume that will cover the membrane 
3. Dispose of the solution as required for beta-mercaptoethanol based buffers 
4. Rinse the membrane under running tap for 1-2 minutes 
5. Traces of beta-mercaptoethanol will damage the antibodies 

Wash extensively for 5 minutes in PBST 
6. Membrane is ready for blocking 
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Appendix B 

 

 

 

Formation of spheroids from SW48Stem-like cells across a 7-day assay treated with various TGF-β 
concentrations. A) Untreated cells. B) Cells treated with 5ng/mL TGF-β. C) Cells treated with 10ng/mL 
TGF-β. D) Cells treated with 15ng/mL TGF-β. E) Cells treated with 20ng/mL TGF-β. 

A) 
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Appendix C 

 

Formation of spheroids from SW480Stem-like cells across a 7-day assay treated with various TGF-β 
concentrations. A) Untreated cells. B) Cells treated with 5ng/mL TGF-β. C) Cells treated with 10ng/mL 
TGF-β. D) Cells treated with 15ng/mL TGF-β. E) Cells treated with 20ng/mL TGF-β. 

A) 
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) 

C)

) 
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) 
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Appendix D 

 

Scanning electron microscopy images of SW48Stem-like cells treated with various concentrations of 
TGF-β growth factor.  
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Appendix E 

 

Scanning electron microscopy images of SW480Stem-like cells treated with various concentrations of 
TGF-β growth factor. 


