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ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers worldwide with a 

mortality to incidence ratio of 94%. It is the 10th most common cancer in the UK with a 5-year 

survival less than 7%. In contrast to the improved therapeutic outcomes in many other cancers, 

the prognosis of PDAC remains dismal. One reason for this is because most PDAC patients are 

asymptomatic and end up being diagnosed after the cancer has advanced to a late stage. Another 

major obstacle in PDAC management is that PDAC cells are highly resistant to currently 

available anticancer drugs and the resistant cells metastasize to vital organs leading to a high 

rate of fatalities. Cancer stem cells (CSCs) are responsible for chemoresistance, relapse and 

metastasis. It is widely accepted that CSCs are located in the hypoxic niche which is 

responsible for maintaining stemness and epithelial to mesenchymal transition (EMT). The 

stemness of cancer cells is a reversible state mediated by the hypoxic tumour 

microenvironment. Hypoxia initiates stemness in cancer cells by activating genes which inhibit 

apoptosis, modify glucose metabolism, increase cell proliferation and enhance cell 

pluripotency. Therefore, development of new drugs to target hypoxia-induced CSCs will be of 

clinical urgency in PDAC treatment. Due to the time and costs for new drug development, 

repositioning of old drugs for new ailments is an emerging drug R&D strategy in recent years. 

Disulfiram (DS) is an anti-alcoholism drug used in clinic for over 60 years. It demonstrates 

excellent activity against a wide range of cancers such as glioblastoma, non-small cell lung 

cancer and, head and neck squamous cell carcinoma without toxicity to normal cells. Whereas, 

its effect on PDAC cells is still largely unknown. 

In this study, the in vitro effect of hypoxia on the stemness, chemosensitivity and invasiveness 

of Panc-1, a PDAC cell line, and a panel of patient-derived PDAC primary cultures was 

investigated. The sphere-cultured PDAC cells contained high hypoxic population which 

demonstrated CSC/EMT traits and were resistant to the first line anti-PDAC drugs; 
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gemcitabine and paclitaxel. The study manifested that the hypoxia-cultured monolayer PDAC 

cell line and primary cells also expressed CSC markers, ‘ALDH, CD133, ABCG2’ and EMT 

markers, ‘Vimentin, Snail1, N-cadherin, Snail2’. The hypoxia-cultured cells were highly 

resistant to gemcitabine and paclitaxel. Significantly higher migration and invasion activities 

were detected in the hypoxia-cultured PDAC cells compared to the normoxic cultures. 

Our previous studies demonstrated that copper is essential for the anticancer activity of DS. In 

this study, the effect of cyclodextrin encapsulated DS and copper (CycDex DS/Cu) on PDAC 

cells was examined. In line with previous studies, CycDex DS/Cu showed strong cytotoxicity 

in sphere- and hypoxia-cultured PDAC cells. It blocked hypoxia-induced CSC/EMT traits and 

reversed hypoxia-induced chemoresistance to gemcitabine and paclitaxel in PDAC cells. DS is 

an FDA approved medicine. The study suggests that further studies may translate it into PDAC 

clinic application in a fast track. 

Many hypotheses claim that hypoxia activates NFкB which in turn activates a cascade of genes 

that promote metastasis and chemoresistance in cancer. Our previous results indicate that NFкB 

plays a key role in chemoresistance and invasiveness in some types of cancer. For these 

reasons, the effect of NFкB on PDAC cells was investigated, NFкBp65 was genetically 

overexpressed and knocked out in Panc-1 PDAC cell line. The NFкBp65 overexpressed clones 

showed significantly higher migration rate but failed to induce chemoresistance. In contrast to 

our previous findings, the NFкBp65 overexpression and knockout did not influence the 

expression of CSC/EMT markers. These results suggest that we still need to set up further 

studies to elucidate the molecular anti-PDAC mechanisms of cyclodextrin encapsulated DS/Cu 

in PDAC cells.  
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TICs    Tumour Initiating Cells 

TIMPs   Tissue Inhibitors of MMPS 

TNF    Tumour Necrosis Factor 

TRAIL   Tumour Necrosis Factor-Related Apoptosis-Inducing Ligand 

TYRO3   Tyrosine-Protein Kinase Receptor 

USP22   Ubiquitin-Specific Protease 22 

VEGF   Vascular Endothelial Growth Factor 

WNT    Wingless/Int 

ZO-1    Zonula Occludens 1 

ZEB1    Zinc-Finger E-Box Binding Homeobox 1
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1.1 Pancreatic ductal adenocarcinoma (PDAC) 

1.1.1 Cancer Overview 

After cardiovascular disease, cancer is the second most common life-threatening disease in the 

world (Hassan et al., 2018). Cancer is a disease characterised by abnormal cell growth. The 

incidence of cancer is still rising (Tan et al., 2018). The different risk factors that can cause 

cancer are age, heredity, DNA mutation, hormones, growth factors, inflammation and 

exogenous risk factors such as radiation, chemical carcinogen, smoking, virus, lack of exercise, 

etc (Wu et al., 2018). In the past decade, there has been a decline in cancer related death rates 

worldwide with 1.4% decline in women and 1.8% in men (Siegel et al., 2019). This decline is 

due to a better understanding of cancer biology, improved diagnostic tools and more efficient 

drug development (Banerjee et al., 2019).  

1.1.2 PDAC Epidemiology 

1.1.2.1 Incidence 

Pancreatic cancer is one of the most aggressive cancer types which is predicted to become the 

second most common cause of cancer related death in the next decade because of a lack of 

significant treatment regimen in the last few decades (Sinn et al., 2016).  Figure 1.1 shows the 

incidences of pancreatic cancer in men and women worldwide (GLOBOCAN, 2020). The 

incidence of pancreatic cancer in African-Americans is 31 to 65% higher than in people of 

other ethnic groups in U.S.A. Contrarily, pancreatic cancer incidence is much higher in 

America and Europe (11.8 to 12.5 cases per 100,000 people) than most of Africa (<3.5 cases 

per 100,000 people) (Sellam et al., 2015). Europe has one-ninth of the world’s population and 

a quarter of the global pancreatic cancer incidences (Carrato et al., 2015). In Europe, pancreatic 

cancer accounts for 2.8% of cancers occurring in men and 3.3% of cancers occurring in women 

(Maisonneuve, 2019). There is a 30-fold difference in the incidence rates of countries with 
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highest pancreatic cancer incidence rate (Hungary, 10.8) and lowest incidence rate (Guinea, 

0.35). The most common type of pancreatic cancer with a 95% incidence rate is pancreatic 

ductal adenocarcinoma (PDAC) (Blum and Kloog, 2014).  

 

 

 

 

 

 

 

 

 

 

 

1.1.2.2 Mortality 

According to GLOBOCAN 2018, pancreatic cancer accounts for 48,312 deaths in men which 

is equivalent to 6% of cancer related deaths and 47,061 deaths in females which is equivalent 

to 7.5% of cancer related deaths in Europe. The incidence and deaths related to pancreatic 

cancer has been on the increase in the past 50 years and this may be attributed to improvement 

in pancreatic cancer diagnostics (Lowenfels and Maisonneuve, 2004; Maisonneuve, 2019). 

Generally, early diagnosis of pancreatic cancer is difficult because of its location in the body 

(Maisonneuve, 2019). 

Figure 1.1: Bar chart showing the age standardized incidence rate by sex for pancreatic 

cancer in the world in 2020. Adapted from GLOBOCAN 2020. 
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1.1.2.3 Survival 

Numerous factors such as age, sex, tumour size, lifestyle, serum albumin level, differences and 

availability of healthcare systems, treatment modalities, and the stage at diagnosis affect the 

response of PDAC patients to treatment (Idachaba et al., 2019: Rawla et al., 2019). PDAC 

patients have a median survival time of 4.6 months which is the worst survival rate of all 

cancers (Lucenteforte et al., 2012). Currently, pancreatic cancer is one of the most fatal cancers 

with a mortality to incidence ratio of 94%. As a result of the improvement in cancer treatment 

modalities, the 5-year survival rate of pancreatic cancer patients has increased from 6% to 9% 

since 2014 to 2018 (Rawla et al., 2019).   

1.1.3 PDAC Etiology 

1.1.3.1 Risk factors 

1.1.3.1.1 Modifiable risk factors 

These modifiable risk factors account for 26% and 24.5% of pancreatic cancer incidences in 

men and women respectively (Maisonneuve, 2019). 

Smoking 

The risk of pancreatic cancer is 2 times higher in smokers than non-smokers (Kuzmickiene et 

al., 2013; Pelucchi et al., 2014; Rawla et al., 2019). The risk can be as high as 50% in passive 

smokers (Vrieling et al., 2010; Mizuno et al., 2014; Lynch et al., 2009; Rawla et al., 2019). In 

2011, the United Kingdom was estimated to have 26.2% and 31% of male and female tobacco 

associated pancreatic cancer patients respectively (Parkin et al., 2011; Rawla et al., 2019). 

People who smoke and drink also have increased pancreatic cancer risks (Rawla et al., 2019). 
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Alcohol 

In the body, alcohol is metabolised by alcohol dehydrogenase to acetaldehyde which is toxic 

and can result in the release of pro-inflammatory mediators such as cytokines, COX-2 and 

NFκB which can cause cell damage and genetic mutation, that may lead to pancreatic cancer 

(Midha et al., 2016). People with alcohol addiction have a 22% increased risk of developing 

pancreatic cancer (Pandol et al., 2012).  

Obesity 

People who are obese tend to live an unhealthy lifestyle, are physically inactive and eat 

unhealthy diet. All these predispose them to pancreatic cancer. Adipocytes have the tendency 

to release VEGF, adipokines, IGF or cause inflammation in cells leading to tumourigenesis 

(Midha et al., 2016). Different analyses of multiple studies have revealed that people with 

higher body mass index (BMI) and central obesity have elevated risks of pancreatic cancer 

(Tsai and Chang, 2019; Genkinger et al., 2015; Aune et al., 2012). 

Dietary factors 

The risk of dietary factors on pancreatic cancer is as high as 30 to 50% (Michaud et al., 2005). 

Eating red meat cooked at high temperature or processed meats can increase the chances of 

getting pancreatic cancer because they contain carcinogens like nitrosamines (Rawla et al., 

2019; Beaney et al., 2017). The pancreas plays a significant role during digestion of food. 

Consuming fried foods or foods with high levels of meat and cholesterol could lead to 

pancreatic cancer. Contrarily, foods with high antioxidant contents such as citrus fruits can 

reduce the risk of getting pancreatic cancer (Midha et al., 2016).  In 2016, a UK study revealed 

that the mortality rate for pancreatic cancer was 50% less in vegans and vegetarians than in 

normal meat eaters (Appleby et al., 2016; Rawla et al., 2019). 
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Chronic pancreatitis 

Alcoholism and smoking are some of the common causes of chronic pancreatitis (Lowenfels 

et al., 1993). People who have had chronic pancreatitis for a minimum of 5 years have a 14-

fold risk of developing pancreatic cancer (Lowenfels et al., 1993; Pandol et al., 2012). A small 

percentage of people inherit genes that predispose them to chronic pancreatitis which puts them 

at greater risk of 40-55% for developing pancreatic cancer during their lifetime (Pandol et al., 

2012).  

1.1.3.1.2 Non-modifiable risk factors 

Family history 

About 5 to 10% of people with a first degree relative who has had pancreatic cancer, may 

develop pancreatic cancer during their life time. The risk is elevated if the person has a relative 

with early onset (age < 50 years) of pancreatic cancer (Rawla et al., 2019). 

Diabetes 

Diabetes can be a risk factor or consequence of pancreatic cancer. There is a decreased risk of 

pancreatic cancer in diabetes patients taking only oral anti-diabetic medications especially 

metformin compared to those taking oral medication in combination with insulin therapy 

(Wang et al., 2006; Khadka et al., 2018). It has also been observed that surgical resection of 

the tumour improves pancreatic cancer-related diabetes (Khadka et al., 2018). A study carried 

out on 100 cancer patients revealed that 68% of the PDAC patients also had diabetes (Andersen 

et al., 2017). Diabetes patients using insulin and sulfonylureas therapy have increased risk for 

PDAC because of the mitogenic and anti-apoptotic activity of insulin (Sharma and Chari, 

2018). There is evidence that some patients who have had type II diabetes for over 10 years 

have increased risk for pancreatic cancer (Midha et al., 2016; Lu et al., 2015). 
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Blood group 

Mounting evidence has shown that there is a corelation between the ABO blood type and 

pancreatic cancer (Pelzer et al., 2013). A study conducted on 316 pancreatic cancer patients 

revealed that 17% of the cases were attributed to them having a non-O blood group (blood 

group A, B or AB) (Wolpin et al., 2009) while people with blood type A were more susceptible 

to pancreatic cancer. It is suspected that the high glucosyltransferase activity of the ABO 

protein in blood type A could lead to carcinogenesis (El Jellas et al., 2017). According to United 

States Nurse Health Study and Health Professionals Follow-up Study, people with the O-blood 

group have less chances of getting pancreatic cancer than people with blood group A (HR: 

1.32, 95%CI: 1.02-1.72), AB (HR: 1.51, 95%CI: 1.02-2.23), or B (HR: 1.72, 95%CI: 1.25-

2.38) which is due to their difference in glycosyltransferase specificity and host inflammatory 

states (Wolpin et al., 2009; McGuigan et al., 2018). 

Age and sex 

Pancreatic cancer occurs mostly in people aged 65 to 75 years (Nattress and Hallden, 2018). 

About 20% of pancreatic cancer patients are younger than age 60, with 3% being less than 45 

years old (McWilliams et al., 2016). There are more male than female pancreatic cancer 

patients (McGuigan et al., 2018). The worldwide incidence rate for pancreatic cancer is 5.5 per 

100,000 in men and 4.0 per 100,000 in women. The reason for this is suspected to be because 

of men’s greater consumption rate of alcohol and tobacco (Rawla et al., 2019). 

Gut microbiome 

There are more lipopolysaccharide-producing bacteria and pathogens, and less butyrate-

producing bacteria in the pancreas of pancreatic cancer patients than in a healthy pancreas. 

Generally, there is more bacteria in the pancreas of a pancreatic cancer patient. The reason for 

this is not fully understood (Tsai and Chang, 2019). 
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Ethnicity 

African Americans are 30 to 70% more predisposed to pancreatic cancer than people of other 

racial groups. This is likely due to their variations in modifiable risk factors such as smoking, 

diet and alcohol or difference in their genetics which can elevate the risks of acquired 

mutations. The pancreas requires elevated levels of zinc to function properly and black people 

are suspected to have reduced zinc absorption capacity in their pancreas compared to people of 

other ethnicities (Silverman et al., 2003; Blackford et al., 2009a; Arnold et al., 2009; Scarton 

et al., 2018). African Americans also have increased rates of KRAS mutations to valine and 

reduced KRAS mutations to cysteine. It has also been observed that the KRAS and p53 

expression of Chinese pancreatic cancer patients contrasts from that of Japanese and western 

patients. The pancreatic cancer survival rate of Asians is higher than that of non-Asians 

(Longnecker et al., 2000; Midha et al., 2016). All these suggest that ethnicity plays a role in 

pancreatic cancer development (Midha et al., 2016).  

Genetics 

The pancreas has the potential to develop different types of cystic neoplasms such as pancreatic 

intraepithelial neoplasms (PanINs), intraductal papillary mucinous neoplasms (IPMNs), serous 

cystadenomas (SCAs) and mucinous cystic neoplasms (MCNs) which can in turn develop into 

invasive pancreatic cancer with the exception of SCAs which are benign (Allen, 2017; Distler 

et al., 2014; Bulle et al., 2017). Some studies discovered that more than 96% of IPMNs have a 

GNAS complex locus or KRAS mutation and more than 50% of IPMNs have both. MCNs with 

low grade dysplasia have KRAS mutation while those with high grade dysplasia and invasive 

tumours have p16, TP53, SMAD4/DPC4 (Distler et al., 2014; Furukawa et al., 2011; Wu et al., 

2011).  There have been several unsuccessful trials targeting genes involved in pancreatic 

cancer in order to improve clinical outcomes. The early stages of pancreatic cancer is caused 
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Figure 1.2: Model showing genetic progression of pancreatic cancer. Image shows step 

by step development of pancreatic cancer from epithelial cells PDAC arises from IPMNs, 

PanINs and MCNs (mucinous cystic neoplasm). PanIN-1 is developed by telomere 

shortening of an epithelial cell. Mutation of the CDKN2A converts panIN-1 to panIN-2 and 

the mutation of TP53 and SMAD4 converts panIN-2 to panIN-4.  
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by gene alterations or epigenetics yet the progress of the disease is mediated by the tumour 

microenvironmental factors such as hypoxia, angiogenesis and fibrous tissue (Bulle et al., 

2017). Advancement of these lesions to cancer is due to the aggregation of genetic mutations.  

 

 

 

 

 

 

 

 

 

 

 

 

Exome sequencing has proved that KRAS is the most commonly mutated gene in PDAC 

(95%). KRAS mutation on its own cannot cause cancer except with the presence of other gene 

mutations as shown in Figure 1.2 (Rozengurt et al., 2018). Certain genes such as Von Hippel-

Lindau syndrome and having family history of pancreatic cancer can predispose a person to 

pancreatic cancer (Maisonneuve, 2019). In most PDAC patients, the tumour suppressor gene 

p53 is completely inactivated while SMAD4 is mutated in 45% of PDAC patients (Nattress 

and Hallden, 2018). There are also epigenetic regulators which play significant roles in the 
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development of pancreatic cancer. Epigenetic regulation arises due to covalent modification of 

DNA or histones, nucleosome positioning and non-coding RNA (Sharma et al., 2010). The 

presence or absence of biomarkers for these epigenetic regulators can predict if a patient is 

predisposed to pancreatic cancer or not. This is because these genetic biomarkers expose 

downstream signalling pathways (Hung et al., 2019). 

1.1.3.2 Screening and diagnosis 

Only 9% of pancreatic cancer patients are diagnosed at the initial stage while 52% are 

diagnosed at a late stage (Gzil et al., 2019). Patients experience a range of symptoms mostly at 

the later stage of the cancer depending on the size and location of the tumour. Some of these 

symptoms include nausea, upper abdominal pain, jaundice, digestive difficulty, fatigue, lower 

back pain, infection (Blum and Kloog, 2014), pruritus, dark urine and acholic stools (Razi et 

al., 2019). Many of these symptoms can be mistaken for those of minor ailments thereby 

contributing to the late diagnosis of pancreatic cancer. Most pancreatic cancer patients are 

diagnosed at stage III and IV while some are diagnosed during the autopsy after their death. 

This is because many patients remain asymptomatic till late stages of the disease (Rawla et al., 

2019).  

Pancreatic cancer can be diagnosed using magnetic resonance imaging (MRI), computed 

tomography (CT), positron-emission tomography (PET), ultrasound and nuclear scans. Some 

of these modalities such as CT scan and PET scan are used in combination (PET-CT) to 

improve the efficiency of the diagnosis (Idachaba et al., 2019). Biomarkers play a very 

important role in the early diagnosis and prognosis of PDAC (Rawla et al., 2019). The serum 

biomarker used widely for diagnosing PDAC is carbohydrate antigen 19-9 (CA19–9). 

Unfortunately, it is only elevated in roughly 65% of PDAC patients (Sturgeon et al., 2010). 

CA19-9 also increases in pancreatitis and other cancer types (Torres and Grippo, 2018). 



11 
 

Patients with acute pancreatitis have elevated levels of CA19-9 when there are additional health 

complications such as gall stones or biliary tract malignancies (Binicier et al., 2019). Other 

biomarkers less widely used for pre-invasive PDAC diagnosis are CA-50, SPAN-1, DUPAN-

2, cell surface-associated mucins (MUC), carcinoembryonic antigen and heatshock protein 

(Rawla et al., 2019). Circulating tumour cells (CTCs) are cells which dislodge from the primary 

tumour and enter into the bloodstream.  CTCs play a significant role in distant metastasis of 

PDAC (Pantel and Speicher, 2015). There are studies currently targeted to detect CTCs for 

PDAC diagnosis and prognosis (Torres and Grippo, 2018; Kulemann et al., 2017).   

There is a pressing need for targets to help diagnose PDAC in its earlier stages to improve 

therapeutic response. 

1.1.3.3 PDAC Stages 

The staging of PDAC is the assessment of the size and location of the tumour usually through 

clinical, radiographic or/and pathological means. According to the American Joint Committee 

on Cancer (AJCC), tumour staging is based on three factors: tumour size (T), degree of spread 

to lymph nodes (N) and degree of metastasis (M) (Allen et al., 2017). 

PDAC can be subdivided into four main stages based on tumour size and metastatic status: 

stage I (2cm to < 4cm, no spread, surgically resectable followed by adjuvant chemotherapy), 

stage II (>4cm, locally spread, may be surgically resectable followed by adjuvant therapy), 

stage III (widely spread, managed with neoadjuvant chemotherapy) and stage IV (poor 

prognosis, managed with systemic/palliative therapy). PDAC patients can also be classified 

into 3 groups based on their performance status. Stage I with high performance status is treated 

with Abraxane and Folfirinox, Stage II with reduced performance status is treated with 

Abraxane and Erlotinib + gemcitabine while Stage III with poor performance status is treated 

with gemcitabine alone or gemcitabine + Abraxane (Razi et al., 2019; Rawla et al., 2019). 
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Therefore, an accurate diagnosis of the stage of a PDAC tumour determines the choice of 

treatment and overall survival (Adamska et al., 2017).  

1.1.4 Classification of PDAC 

1.1.4.1 Anatomy of the pancreas 

In humans, the pancreas weighs 50 to 100g and is about 14 to 18cm long. It has 3 main parts; 

the head, the middle and the tail. The C-shaped head is aligned with the upper curvature of the 

duodenum. The body of the pancreas which has a flat shape lies horizontally beneath the 

stomach. It lies across the superior mesenteric artery and vein, abdominal aorta, inferior vena 

cava, and portal vein. The tail has contact with the hilium of the spleen (Dolensek et al, 2015). 

The two functional regions of the pancreas are the exocrine and the endocrine region. The 

exocrine region produces digestive enzymes such as lipases, proteinases and amylases that 

enter the small intestine through pancreatic ducts while the endocrine region (Islets of 

Langerhans) produces hormones like insulin. The endocrine islets comprise less than 5% of the 

pancreas yet are over a billion in number. Each of the five main islets secretes a different type 

of hormone. The β-cells produce insulin, α-cells produce glucagon, δ-cells produce 

somatostatin, F-cells produce pancreatic polypeptides and ε-cells produce ghrelin as shown in 

Figure 1.3. The blood glucose levels are regulated by insulin and glucagon after they are 

released into the blood stream (Zhou and Melton., 2018; Ellis, 2013; McCarthy, 2010; Flannick 

and Florez, 2016). PDAC arises from both acinar and ductal cells (Xu et al., 2019). 

Most pancreatic tumours (65%) occur in the head of the pancreas, 15% in the body, 10% in the 

tail and 10% occur in more than one location at a time. The hepatoportal veinous drainage of 

the pancreas frequently makes the liver the first location for metastasis (Nattress and Hallden, 

2018; Ghaneh et al., 2008). 
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Figure 1.3: Diagram showing the morphology of pancreas and its components. The pancreas 

consists of alpha cells, beta cells, delta cells, F-cells and acinar cells. The pancreas is divided into 3 

sections namely; head, middle and tail. PDAC develops from acinar and ductal cells.   
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1.1.4.2 Pancreatic Cancer Histology 

Pancreatic cancer can be divided into different histological subtypes: adenocarcinoma (85%), 

adenosquamous (0.38 – 10%), mucinous cyst adenocarcinoma (2%), intraductal papillary 

mucinous carcinoma (3%), acinar cell (<1%), spindle cell, undifferentiated (<1%) and 

pancreatoblastoma in young children (Borazanci et al., 2015). Ductal carcinomas mainly arise 

in the exocrine part of the pancreas while pancreatic neuroendocrine tumours (PNET) arise 

from the endocrine part of the pancreas (Zhou et al., 2018). PNETs constitute 1% to 2% of 

pancreatic cancers. About 60% to 90% of PNET patients are asymptomatic (Ma et al., 2020b).  

1.1.5 PDAC Management 

The main techniques used for managing or treating pancreatic cancer are surgery, 

chemotherapy and radiotherapy (Tan et al., 2018).  
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1.1.5.1 Surgery 

On rare occasions where PDAC is detected early, surgical resection can be used for complete 

removal of the tumour (Koninger et al., 2008). Patients with stages I and II PDAC are eligible 

for surgery. However, the 5-year survival rate for patients with tumours <2cm is 50% while 

those with tumours <1cm is about 100% (Ansari et al., 2014; Ansari et al., 2015). 

The complete surgical removal of the tumour followed by adjuvant therapy is the most effective 

treatment for pancreatic cancer. The consideration for surgery depends on the venous 

involvement of the tumour. The different types of surgical resections are: 

pancreaticoduodenectomy (head/body of the pancreas and nearby organs are removed), distal 

pancreatectomy (tail, body and spleen), total pancreatectomy (whole pancreas and nearby 

organs) or palliative surgery (stent or bypass) which reduces symptoms associated with biliary 

and gastric outlet obstruction (American Cancer Society Surgery for Pancreatic Cancer, 2017). 

The most successful of these procedures is pancreaticoduodenectomy, also known as Whipple 

procedure which consists of: exploration, resection and reconstruction (Neoptolemos et al., 

2001; Adamska et al., 2017). The late onset of symptoms in PDAC patients has resulted in only 

a small percentage of 15 to 20% being eligible for surgical resection after diagnosis. 

Unfortunately, despite the surgery, most of the patients suffer a relapse within a year (Zeng et 

al., 2019). Several factors affect surgical outcome such as the stage of the cancer, vascular 

invasion, completeness of resection, degree of differentiation and lymph node status. It is 

suggested however that patients with SMAD4 inactivation should avoid surgery because of the 

high tendency for their cancer to metastasize (Blackford et al., 2009b). After the surgery, 

pancreatic cancer patients must be given chemotherapy or radiotherapy to improve treatment 

outcomes (Hall and Goodman, 2019). 
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1.1.5.2 Radiotherapy 

Radiation has been shown to improve pancreatic cancer symptoms, boost probability for 

secondary resectability, extend survival time and suppress disease progression (Goldsmith et 

al., 2018). In response to ionizing radiation, normal and tumour tissues undergo inflammation 

or apoptosis depending on the dose and fractionation of the radiation (Formenti and Demaria, 

2013). In tumour microenvironment, radiotherapy leads to cycling hypoxia, immune 

modulation, vascular regeneration, inflammation and fibrosis (Wang et al., 2019d).  Radiation 

is an option for patients with inoperable tumours such as lung cancer (Ghita et al., 2019). There 

has been no significant improvement after patients with locally advanced unresectable 

pancreatic cancer (LAPC) are treated with standard doses of radiation (Reyngold et al., 2019).  

Unresectable LAPC has been observed in 35% of pancreatic cancer cases which is managed 

with surgery and the option of radiation. About a third of pancreatic cancer patients die before 

the cancer metastasizes proving that local control of the tumour can improve the quality of life 

of pancreatic cancer patients. One major challenge associated with administering radiotherapy 

to pancreatic tumours is that the pancreas is surrounded by radio sensitive gastrointestinal (GI) 

organs such as the stomach and duodenum which can develop GI toxicity if over irradiated. 

New radiation techniques like intensity-modulated radiotherapy (IMRT) helps to send high 

doses of radiation to a target organ while protecting the neighbouring organs (Goto et al., 2018; 

Nakamura et al., 2012; Yovino et al., 2011). Another radiation technique known as gamma 

knife stereotactic radiosurgery (GKSRS) which also focuses the radiation on the tumour while 

protecting surrounding tissues. GKSRS has been used to successfully treat brain metastasis 

(Wei et al., 2017). 
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1.1.5.3 Chemotherapy 

Pancreatic cancer occurs at a rate which is almost equivalent to its mortality rate. The overall 

survival and clinical response of pancreatic cancer patients is increased by chemotherapy, with 

some drugs being more effective than others. Many of the molecular drugs designed for 

targeting pancreatic cancer have been unsuccessful at improving patients’ lifespan (Tada et al., 

2011). The drugs commonly used for managing pancreatic cancer are gemcitabine, 5-

fluorouracil (5-FU), irinotecan, oxaliplatin, albumin-bound paclitaxel (Abraxane, nab-

paclitaxel), cisplatin, paclitaxel (Taxol), docetaxel (Aslan et al., 2018) and folfirinox. These 

drugs are either used singly or in combination with other anticancer drugs (Zeng et al., 2019). 

Some drugs have a synergistic effect when combined leading to a decrease in the required drug 

concentrations (Sun et al., 2016). Folfirinox is a drug combination comprising of oxaliplatin, 

leucovorin, 5-fluorouracil and irinotecan. It is one of the first line treatments for PDAC 

(Adamska et al., 2018).  

1.1.5.3.1 Gemcitabine 

 

 

 

 

 

 

Gemcitabine (2’,2’-difluoro-2’-deoxycytidine; dFdC), a prodrug is a nucleoside analog with 

multiple mechanisms of action. In addition to pancreatic cancer, dFdC is also used for treating 

breast, bladder and non-small cell lung cancer (de Sousa Cavalcante and Monteiro, 2014). 

Figure 1.4: Molecular structure of gemcitabine 
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Patients are usually given high doses of dFdC after short intervals because of dFdC’s short 

half-life in the body leading to a number of side effects (Aslan et al., 2018). In addition, dFdC 

is either used independently or in combination with other anticancer drugs such as 5-

fluorouracil (Kurata et al., 2011).  The structure of dFdC is shown in Figure 1.4 (Vande Voorde 

et al., 2015). 

Mode of dFdC action  

DFdC has different modes of action which include inhibiting DNA synthesis, inducing 

apoptosis and inhibiting enzymes involved in deoxynucleotide metabolism. In the cytoplasm, 

dFdC is phosphorylated by deoxycytidine kinase (dCK) to give the monophosphate (dFdCMP) 

which is then phosphorylated by pyrimidine nucleoside monophosphate kinase (de Sousa 

Cavalcante and Monteiro, 2014) to give gemcitabine diphosphate and gemcitabine triphosphate 

which are cytotoxic and competitive inhibitors of DNA polymerase. Gemcitabine triphosphate 

binds to DNA causing early termination of the DNA strand and failure of the DNA repair 

mechanism while gemcitabine diphosphate inhibits ribonucleotide reductase leading to 

decreased DNA synthesis (Zeng et al., 2019).  

Mechanism of dFdC resistance   

One of the mechanisms of gemcitabine resistance in pancreatic cancer is impaired control of 

proteins involved in gemcitabine metabolic pathways such as low expression of hENT1, low 

expression of HuR (Hu antigen R), decreased expression of dCK and overexpression of 

RRM1/RRM2 can lead to chemoresistance (Jia and Xie, 2015). Decreased expression of the 

nucleoside transporter, hENT1 can reduce dFdC uptake and lead to drug resistance as shown 

in Figure 1.5. Research has proved that the prognosis of patients with low hENT1 expression 

is poor. In some patients, the rate limiting enzyme for dFdC metabolism, dCK is either limited 

or poorly expressed leading to poor prognosis when treated with dFdC. The Hu antigen R 
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(HuR) is a protein which controls dCK levels after transcription. Cancer cells which 

overexpress HuR are 30 times more sensitive to dFdC and vice versa.  Ribonucleotide 

reductase, the rate limiting enzyme during DNA synthesis, converts ribonucleotides to dNTPs 

which are paramount for DNA assembly and repair. Increased expression of ribonucleotide 

reductase can competitively inhibit gemcitabine triphosphate leading to chemoresistance. 

Epithelial to mesenchymal transition (EMT) has also been shown to enhance chemoresistance 

by activating genes like ZEB1 which enhance the activity of the more aggressive phenotype 

leading to decreased expression of nucleoside transporters to transport dFdC into cells (Mackey 

et al., 1998; Nakahira et al., 2007; Zeng et al., 2019). MiRNA are small non-coding RNA 

molecules of about 19 to 25 nucleotides in length that play a big role in the post transcriptional 

regulation of gene expression by reducing or blocking mRNA translation (Zhu et al., 2015). 

These MiRNA bind to target mRNA strands to form a defective complimentary strand.  This 

causes the mRNA to be silenced or broken down leading to decreased level of the protein 

encoded by that mRNA in the body (Zeng et al., 2019). Studies have shown that MiRNAs can 

act as either an oncogene or tumour suppressor. Various studies have suggested that some 

miRNA such as miR-21, miR-15a, miR-23a and miR-27a act as tumour suppressors (Zhang et 

al., 2007; Li et al., 2016a). Increased expression of miR-210 has been shown to enhance chemo 

sensitivity of dFdC (Zeng et al., 2019). Genetic aberrations can cause the NFкB, AKT, MAPK, 

HIF1α, hedgehog, notch and Wnt pathways to create gemcitabine resistance (Jia and Xie, 

2015). Ribonucleotide reductase (RR) is a rate limiting enzyme which plays an important role 

in DNA synthesis and repair. RR has the subunits M1 and M2. Some studies have shown that 

elevated expressions of RRM1 and RRM2 in pancreatic cancer led to gemcitabine resistance 

(Wang et al., 2015a; Nakahira et al., 2007; Zeng et al., 2019). High levels of RR increase dNTP 

synthesis and competitively inhibits dFdCTP incorporation to DNA. The elevated levels of 

dNTP cause negative feedback regulation by decreasing gemcitabine phosphorylation (Zeng et 
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Figure 1.5: Mechanism of chemoresistance of dFdC. Gemcitabine is transported into the 

cell by hENT1 where intermediates of dFdC inhibit mRNA translation. dCK= deoxycytidine 

kinase, hENT & hCNT= nucleoside transporters, CDA= cytidine deaminase, NDPK= 

nucleoside diphosphate kinase, DCTD= deoxycytidylate deaminase, NMPK= nucleoside 

monophosphate kinase, RRM= ribonucleotide reductase, 5’NT= 5’-nucleotidase. 
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al., 2019; Nakahira et al., 2007; Goan et al., 1999). High expression of drug efflux pumps like 

ABC transporters which have an elevated expression rate in CSCs can also lead to dFdC 

resistance (Jia and Xie, 2015). In tumour micro environment, the dense desmoplastic stroma 

of pancreatic cancer leads to rigidity and prevents dFdC circulation within the tumour (Du et 

al., 2020). Cancer associated fibroblasts (CAFs) metabolize dFdC to dFdCTP thereby 

contributing to chemoresistance. The inability of dFdCTP to pass through the cell membrane 

causes it to scavenge dFdC leading to decreased tumoral drug concentration (Orth et al., 2019; 

Hessmann et al., 2018). 
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Figure 1.6: Molecular structure of PTX 
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1.1.5.3.2 Paclitaxel 

Paclitaxel (PTX) is a hydrophobic anticancer drug with a high molecular weight of 853.9 and 

low solubility in water (Stage et al., 2018). PTX was first isolated from the Pacific yew tree in 

the 1960s. PTX whose molecular structure is shown in Figure 1.6, is a member of the taxane 

family of microtubule inhibitors which suppresses mitosis and initiates apoptosis in tumour 

cells. PTX has been used in the treatment of a wide range of cancers such as non-small cell 

lung cancer, cervical cancer, breast cancer, endometrial cancer, bladder cancer, etc. Excretion 

of PTX is mainly through faeces. Numerous studies have shown that the anticancer effect of 

PTX is enhanced when administered in combination with some other anticancer drugs. After 

PTX administration, patients tend to experience nausea, vomiting, loss of appetite, neutropenia 

and thrombocytopenia (Khanna et al., 2015; Ozols, 2000).  

 

   

 

 

 

 

 

 

Mode of PTX action  

Tubulin has α and β heterodimers which play important roles in many cellular processes. The 

β-tubulin isotypes (βIII and βIV) have elevated expression in pancreatic cancer but is not 

expressed in a healthy pancreas (Lee et al., 2007; McCarroll et al., 2015; Kashyap et al., 2019).  
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The assembly of microtubules requires GTP-charged β-tubulin. This complex is hydrolyzed 

when tubulin dimer is added to elongating microtubule making the GTP non-exchangeable. 

Microtubules comprise of GDP-β tubulin or GTP-α tubulin with the growing end capped with 

GTP (or GDP·Pi):β-tubulin which stabilizes the microtubules.  The loss of the GTP cap causes 

rapid depolymerization of the microtubule (Nogales, 2000; Orr et al., 2003). In the body, PTX 

is degraded into 6-hydroxypaclitaxel and 3-phenyl hydroxyl paclitaxel (Stage et al., 2018). 

PTX affects microtubules which are required for mitotic spindle formation during cell division. 

These microtubules play important roles in the maintenance of cell structure, motility and 

cytoplasmic movement (Kampan et al., 2015). PTX decreases the critical concentration of 

tubulin subunits required for microtubule polymerisation leading to cell death (Weaver, 2014). 

PTX attaches itself to polymeric tubulin causing the stabilization of microtubules and hinders 

tubulin disassembly. This prevents metaphase-anaphase transitions which stops mitosis and 

apoptosis (Amos and Lowe, 1999; Khanna et al., 2015). PTX promotes the assembly of stable 

microtubules and suppresses their depolymerisation which hinders cell division leading to 

apoptosis as shown in Figure 1.7. Paclitaxel initiates many signal transduction pathways linked 

to proapoptotic signalling. Paclitaxel has been linked to TLR-4 dependent pathway, c-Jun N-

terminal kinase, P38 MAP kinase, NFκB, JAK signal transducer and STAT pathway. Paclitaxel 

uses the MAPK pathway to dephosphorylate Bad and Bax, and phosphorylate Bcl2 leading to 

apoptosis. Weekly PTX has also been shown to inhibit VEGF expression (Kampan et al., 2015; 

Wang et al., 2006; Yakirevich et al., 2006; Szakacs et al., 2006; Pfannenstiel et al., 2010). 

However, PTX is only effective on cells which have undergone mitosis. There are many 

hypotheses concerning its mode of action (Weaver, 2014). 
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Figure 1.7: Mechanism of chemoresistance of PTX. PTX binds to the inner surface of 

β-tubulin microtubules, causing depolymerisation which leads to apoptosis. 
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The efficacy of PTX is affected by an overexpression of ATP-Binding Cassette (ABC) 

transporters which actively pumps drugs out of the cell leading to acquired resistance to the 

drug (Eom et al., 2019). Cancer cells resist PTX by modifying the tubulin through mutations, 

isotype selection and post‐translational alterations of tubulin and associated regulatory proteins 

(Khanna et al., 2015). PTX has poor solubility issues (Adamska et al., 2018). Nab-paclitaxel is 

a form of PTX coated with albumin to boost transport of PTX into the tumour compared to 

uncoated PTX. It is hypothesized that the accumulation of nab-paclitaxel in PDAC is due to 

the stromal fibroblasts around the PDAC tumour which excessively express secreted protein 

acidic and rich in cysteine (SPARC) that binds strongly to albumin. Nab-paclitaxel enhances 

gemcitabine transport into PDAC tumours by deactivating cytidine deaminase (Zhang et al., 

2015). KRAS mutations are strongly suspected to be involved in dFdC and nab-paclitaxel 
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resistance (Grasso et al., 2017; Yardley et al., 2013). A study showed that after administration 

of dFdC and nab-paclitaxel, the growth of the cancer cell population was suppressed by 67% 

and 72% respectively (Giordano et al., 2017). 

1.1.5.3.3 5-Fluorouracil 

The realization that rat hepatomas utilised uracil rapidly than normal tissues led to the 

development of fluoropyrimidine-based drugs such as 5-fluorouracil (5-FU) in the 1950s. The 

molecular structure of 5-FU is shown in Figure 1.8 (Longley et al., 2003). 5-FU is an analogue 

of S-phase specific uracil and large quantities of intracellular 5-FU in tumour cells initiates 

apoptosis (Adamska et al., 2018). 

 

 

 

 

 

 

Mode of 5-FU action  

5-FU is a pyrimidine analog which carries out its anticancer therapeutic effect by inhibiting 

thymidilate synthase and the binding of its intermediate to DNA and RNA. A metabolite of 5-

FU, 5-fluorodeoxyuridine monophosphate (5-FdUMP) binds to thymidylate synthase and 

suppresses its activity leading to the production of deoxythymidine monophosphate (dTMP) 

(Wang et al., 2014).  In the body, 5-FU dissociates into fluorodeoxyuridine monophosphate 

(FdUMP), fluorouridine triphosphate (FUTP) and fluorodeoxyuridine triphosphate (FdUTP) 

which interfere with RNA synthesis and TS activity. During 5FU catabolism, the rate limiting 

Figure 1.8: Molecular structure of 5-Fluorouracil 
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enzyme dihydropyrimidine dehydrogenase (DPD) catalyses the conversion of 5FU to 

dihydrofluorouracil (DHFU) (Diasio et al., 1989; Longley et al., 2003).  TS catalyses the 

conversion of dUMP to dTMP which produces thymidylate required for DNA repair and 

replication (Longley et al., 2003). 5-FU suppresses RNA synthesis by converting to 5-

fluorouridine 5’triphosphate (FUTP) which binds to RNA. 5-FU also eliminates tumour cells 

by ROS production, overexpression of phospho-Bcl2 and caspase-6 activation. Phase 3 studies 

revealed that the one-year survival rate of patients treated with gemcitabine was 9-fold greater 

than those treated with 5-FU (Adamska et al., 2018). There is an oral version of 5-FU known 

as S-1 with increased anticancer activity. S-1 consists of tegafur (prodrug of 5-FU), gimeracil 

and oteracil in the ratio of 1:0.4:1. After oral administration, the liver converts tegafur to 5-FU, 

then gimeracil prevents 5-FU degradation and oteracil suppresses the phosphorylation of 5-FU 

in the gastrointestinal tract. Pancreatic cancer patients treated with a combination 

chemotherapy of gemcitabine and S-1 have increased median survival of 7.89 to 12.5 months 

(Sudo et al., 2014). 

Mechanism of 5-FU resistance  

Multidrug resistance proteins (MRP) can cause ATP-dependent drug efflux intracellularly 

leading to chemoresistance. 5-FU initiates the overexpression of FOXM1 which in turn 

increases the expression of ABC10, a member of the MRP superfamily causing 5-FU 

resistance. Many cancer cells express ABCB1 which plays a big role in multidrug resistance 

(Blondy et al., 2020). Patients with thymidylate synthase overexpression are resistant to 5-

fluorouracil therapy because elevated TS levels displaces FdUMP.  In response to DNA 

damage, tumour suppressor gene, p53 activates the pro-apoptotic genes BAX and FAS. 

However, some clinical studies show that 5-FU reduces the stability of p53 through an 

unknown mechanism leading to drug resistance. Microsatellite instability (MSI) is an inherited 

mutation which results in the inability of MMR to correct errors in DNA. Patients with MSI-
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Figure 1.9: Mechanism of chemoresistance of 5-Fluorouracil. After administration, most of 

the 5-FU is converted into dihydrofluorouracil (DHFU) by dihydropyrimidine dehydrogenase 

(DPD). The remaining 5-FU is transported across the cell membrane and converted into 

FdUMP by either orotate phosphoribosyltransferase (OPRT) using phosphoribosyl 

pyrophosphate as a cofactor or fluorouridine (FUR) using uridine phosphorylase (UP) and 

uridine kinase (UK). FUMP is phosphorylated to FUDP which is further converted to FUTP. 

FUDP can also be converted into fluorodeoxyuridine diphosphate (FdUDP) by ribonucleotide 

reductase (RR) (Longley et al., 2003). 
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negative tumours respond poorly to 5FU treatment. Research has shown that patients who are 

deficient in dihydropyrimidine dehydrogenase have reduced ability to catabolise 5FU leading 

to acute toxicity. The enzyme thymidine phosphorylase reversibly catalyses the conversion of 

5-FU to 5-fluorodeoxyuridine which is further converted to FdUMP as shown in Figure 1.9. 

The level of thymidine phosphorylase in a tumour is said to play a role in its sensitivity to 5-

FU. However, there are contradictions as to whether high levels of thymidine phosphorylase 

increase or decrease 5-FU sensitivity in tumours (Longley et al., 2003).  
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1.2 Drug Resistance in PDAC 

1.2.1 PDAC tumour microenvironment 

The stroma-rich microenvironment in PDAC makes up 90% of the tumour mass. This 

microenvironment nourishes the PDAC cells and protects them from the body’s immune 

system and chemotherapy by forming a thick, protective and fibrous tissue layer around the 

tumour cells (Neesse et al., 2011; Bulle et al., 2017; Feig et al., 2012). The microenvironment 

also gives the PDAC cells the ability to metastasize to other organs and tissues. The stroma 

contains many components which aid tumour growth such as growth factors, fibroblasts, blood 

vessels, immune cells, myofibroblasts, extracellular matrix and cytokines. The 

microenvironment is also hypoxic and of low pH (Bulle et al., 2017; Kleef et al., 2007). The 

low oxygen resulting from reduced blood supply leads to increased levels of growth factors 

such as VEGF and angiopoietin which initiates angiogenesis. However, the new blood vessels 

formed have defects and leak leading to an increase in interstitial fluid pressure in the tumour 

(Bulle et al., 2017; Chauhan et al., 2014). The thick fibrotic stroma of PDAC is called 

desmoplasia with a cellular portion that originates from pancreatic stellate cells that are 

stimulated by alcohol, growth factors and cytokines (Nielson et al., 2016; Erkan et al., 2012). 

Prior research on animal models has shown that removing the desmoplasia results in the tumour 

becoming more aggressive (Chen et al., 2018). The most common cell type in the stroma of 

pancreatic cancer is cancer associated fibroblasts (CAF) (Ostman and Augsten, 2009; Kalluri 

and Zeisberg, 2006; Pietras and Ostman, 2010). CAFs provide growth factors, cytokines and 

hormones which initiate tumour cell growth (Bhowmick et al., 2004; Pietras and Ostman, 

2010). CAFs produce different types of collagen, insulin-like growth factor 1 and insulin like 

growth factor 2 in the extracellular matrix (ECM).  With the exception of VEGF-A, stromal 

cells produce more quantities of angiogenic inducers than cancer cells. CAFs produce TGFβ 

and HGF which triggers the process of epithelial to mesenchymal transition (Pietras and 
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Ostman, 2010). Preclinical studies have shown that using hedgehog signalling inhibitors or 

enzymatic digestion of the ECM (hyaluronidase) to disrupt pancreatic stroma leads to tumour 

growth inhibition and enhanced drug delivery (Ogier et al., 2018). PDAC microenvironment 

causes a dysfunctional vasculature that increases stromal interstitial pressure thereby reducing 

drug distribution within the tumour. Furthermore, stromal cells promote EMT and affect gene 

expression (Nattress and Hallden, 2018). 

Pancreatic tumours also contain numerous pancreatic stellate cells (PSCs). Activated PSCs are 

precursors of CAFS which boosts the formation of the fibrotic stroma that aids metastasis. A 

certain study showed that targeting PSCs improved the effectiveness of chemotherapy (Han et 

al., 2018). In addition to CAFS, the desmoplastic stroma of PDAC also contains many nerve 

fibres. This is linked to pancreatic cancer-associated neural remodelling (PANR) which is 

suspected to be the reason for the chronic pain felt by PDAC patients (Roger et al., 2019; Bapat 

et al., 2011). However, there is a phenomenon known as perineural invasion (PNI) where 

cancer cells infiltrate nerve fibers causing pain and metastasis in pancreatic cancer patients 

(Roger et al., 2019; Bapat et al., 2011). 

1.2.2 Increased activity of drug efflux transporters 

One major challenge of chemotherapy in cancer treatment is that drug efflux transporters pump 

the drug out leading to reduction of the effective drug concentration in the cell (Gottesman et 

al., 2002; Garofalo et al., 2013). ABC transporters are the main transmembrane transporters 

involved in drug efflux. Humans have 48 ABC genes and 7 subfamilies. ABCB1 (P-gp or 

MDR1), ABCC1 and ABCG2 are greatly involved in the development of multidrug resistance 

(MDR) to chemotherapy (Wang et al., 2019c). ATP-binding cassette (ABC) membrane 

transporters transport drugs from the cytosol to the extracellular space (Garajova et al., 2014) 

through the cell membrane against a concentration gradient using ATP as an energy source. 



28 
 

The primary role of ABC transporters is detoxification and to protect cells from oxidative stress 

and xenobiotics (Begicevic et al., 2017; Quinonero et al., 2019). However, during ABC 

transporter-mediated detoxification, drugs escape from the cell with the aid of the receptors: 

MDR1, BCRP and MRP1 leading to chemoresistance (Fletcher et al., 2016; Quinonero et al., 

2019).  In PDAC, there is an overexpression of MRP4 which promotes tumour growth and 

colony formation of cancer cells (Zhang et al., 2012; Quinonero et al., 2019). P-glycoprotein 

(P-gp) is a multidrug efflux pump whose overexpression is as a result of the activation of the 

MDR1 gene (Garajova et al., 2014).  Arginine methyltransferase 3 (PRMT3) increases ABCG2 

by binding to ABCG2 mRNA, thereby promoting PDAC chemoresistance to gemcitabine (Luo 

et al., 2019). 

1.2.3 Modification of Drug Targets and DNA Repair 

Creating DNA damage is the main mode of action of many anticancer drugs. However, these 

damaged cells have a DNA damage response (DDR) mechanism which protects them leading 

to chemoresistance (Wang et al., 2019c). DNA repair usually happens immediately after DNA 

damage to prevent transfer of inaccurate genetic information during cell division. The 

malfunction of the DDR mechanism leads to accumulation of genetic defects, cancer 

development and progression, and more damage to the DDR mechanism (Li et al., 2016b). 

About 10% of pancreatic cancers occur in patients who have had at least 2 first degree relatives 

affected by the disease (Klein et al., 2004; Perkhofer et al., 2021). The genes associated with 

inherited DDR mutations are BRCA1, BRCA2, ATM, PMS2, MLH1, MSH2 and STK11 while 

those generally associated with tumour formation are CDKN2A and TP53 (Perkhofer et al., 

2021). Ribonucleotide reductase subunit 2 (RRM2), an important target of dFdC, is regulated 

by miR-211 which has elevated levels in PDAC patients with longer overall survival 

(Giovannetti et al., 2012). Let-7 reduces the expression of RRM2 in dFdC-resistant PDAC 

cells. The level of deoxyadenosine triphosphate is depleted when ribonucleotide reductase is 
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suppressed by dFdC, leading to errors in DNA replication (Matthaios et al., 2011). Changes in 

MMR reduces the therapeutic ability of 5-FU by affecting the binding of 5-FU metabolites into 

DNA which arrests G2/M and initiates apoptosis (Garajova et al., 2014). 

Chemoresistance is also caused by mutation or change in expression levels of drug targets 

(Garofalo et al., 2013). Some chemotherapy eliminates cancer cells by suppressing the activity 

of target proteins involved in cancer progression making them less harmful to non-cancerous 

cells. Unfortunately, this targeted drug therapy can cause target proteins to undergo epigenetic 

alterations or secondary mutations which modify the target protein leading to chemoresistance 

(Wang et al., 2019c).  

1.2.4 Aberrant Regulation of the Cell Cycle 

Cell cycle is a well-organized pathway through which cells duplicate and multiply. Interphase 

and mitosis are the two main phases of cell cycle in eukaryotic cells. The interphase consists 

of 3 subphases: G1, S and G2.  The S phase involves the start and end of DNA replication, 

making it the critical point targeted by a lot of chemotherapy drugs (Sun et al., 2021). The 

regulation of cell cycle is tightly controlled by numerous cyclin dependent kinases (CDKs) 

which function together with their cyclin partners.  The activity of these CDKs can be 

suppressed by the activation of cell cycle checkpoints after DNA damage (Otto and Sicinski, 

2017). In cancer cells, the cell cycle is modified leading to rapid cell proliferation as a result of 

the mutation of regulator genes such as p16 and cyclin D1 which control the phosphorylation 

of retinoblastoma protein (RB) and control exit from the G1 phase of the cell cycle or the 

tumour suppressor (Sherr et al., 2000; Garajova et al., 2014). A study using IHC showed that 

68% of pancreatic cancer specimens had an elevated expression of cyclin D1, proving that cell 

cycle mutations play a big role in pancreatic cancer occurrence. In addition, overexpression of 

cyclin D1 is associated with poor prognosis in pancreatic cancer. The overexpression of p21Cip1 
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is a common occurrence in the early stages of pancreatic neoplasia (Mikhail et al., 2015).  

Cyclin-dependent kinase inhibitor 1B (CDKN1B) is a cell cycle inhibitor and tumour 

suppressor which is a direct target of miR-221 whose expression is elevated in PDAC cells 

(Garajova et al., 2014).  

1.2.5 Evasion of apoptosis 

One of the major ways aggressive tumours become chemoresistant is by evading apoptosis 

(Garajova et al., 2014).  Apoptosis is a well-controlled process used to maintain tissue 

homeostasis (Westphal and Kalthoff, 2003). Apoptotic cells undergo cell shrinkage, chromatin 

condensation and ruffling of the plasma membrane (Samm et al., 2010).  There are two main 

apoptosis pathways. The extrinsic pathway is regulated by death receptors of the tumour 

necrosis factor (TNF)-receptor family. The intrinsic pathway is regulated by Bcl-2 proteins 

(Garajova et al., 2014). Dysregulation of the apoptotic pathway could cause tumorigenesis. 

Most chemotherapy and radiotherapy drugs induce apoptosis in cancerous cells so defects in 

the apoptotic pathway can lead to chemoresistance (Westphal and Kalthoff, 2003). Some 

cancer cells have elevated expression of anti-apoptotic proteins which enables them to evade 

apoptosis (Garajova et al., 2014). Bcl2, Bcl-xL, Bcl-w and Mcl-1 are anti-apoptotic proteins 

which inhibit apoptosis in cancerous cells by sequestering and preventing the oligomerization 

of the pro-apoptotic proteins Bax and Bak. It has been observed that many cancers have an 

upregulation of Bcl2 and Bcl-xL (Hari et al., 2015). Even though the intrinsic and extrinsic 

apoptotic pathways are initiated by different factors, both can be controlled by specific 

MiRNAs (Garajova et al., 2014). MiR21 activates the overexpression of Bcl2 thus inhibiting 

apoptosis, creating chemoresistance to gemcitabine and proliferation of MIA PaCa-2 cells 

(Dong et al., 2011; Garajova et al., 2014). In a certain study, verticillin A, a selective histone 

methyltransferase (HMTase) inhibitor caused gemcitabine treatment to enhance apoptosis in 

PDAC cells (Luo et al., 2019).   
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1.2.6 PDAC signalling pathways 

There are many signalling pathways in PDAC which play significant roles in chemoresistance 

such as Notch, TGF‐β, SMAD, epidermal growth factor receptor (EGFR), mitogen‐activated 

protein kinases (MAPK), SDF‐1/CXCR4 pathway, JAK/STAT, Hedgehog, PI3K, RAS, NFкB, 

c‐Met and WNT‐β‐catenin (Luo et al., 2019). The gene for activating KRAS mutation is present 

in more than 90% of PDAC patients. RAS GTPases promote GTP hydrolysis and reversal of 

the RAS activation step under normal conditions. However, in cancerous cells, GAP proteins 

cannot stop the activating mutated RAS.  KRAS controls the expression of miR-21, an MiRNA 

whose expression levels correlates with the degree of aggressiveness of the tumour. Elevated 

levels of miR-96 decrease KRAS expression leading to reduced tumour growth (Garajova et 

al., 2014).  

RAS/MAPK and PI3K/AKT signalling pathways, and VEGFR are activated by growth factors 

such as EGFR and elevated in PDAC. The signals from these receptors have been shown to 

elevate receptor tyrosine kinase and activate RAS proteins. Porphyrins stop EMT and inhibit 

tumour growth thereby strongly suppressing metastasis. Notch signalling in PDAC stimulates 

KRAS leading to cell proliferation, metastasis and tumour progression (Luo et al., 2019). The 

inhibition of Akt increases the apoptotic effect of anticancer drugs on pancreatic cancer cells 

(Muilenburg et al., 2014). In PDAC, the activation of the phosphatidylinositol-3 kinase 

(PI3K)/AKT pathway controls the antiapoptotic proteins: BAD, Caspase-9 and Bcl-xL. In 

addition, the activity of NFкB, FOXO and c-myc is regulated by Akt in PDAC (Hamacher et 

al., 2008).  Anticancer drugs which target PI3K/AKT/mTOR pathways are combined with 

gemcitabine, they decrease pAKT expression leading to apoptosis (Garajova et al., 2014: Li et 

al., 2009). 
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1.2.7 MicroRNAs 

MicroRNAs (miRNA) comprises of a family of small non-coding RNA that control gene 

expression through MiRNA degradation or translatory inhibition in many biological processes, 

leading to gene silencing. In pancreatic cancer, miRNA can either act as tumour promoters or 

tumour suppressors (Daoud et al., 2019; Pu et al., 2020). In cancer, miRNAs control the 

expression of numerous genes and signalling pathways involved in tumour progression by 

interacting with the 3’untranslated region of mRNAs (Zhao et al., 2018). MiRNAs initiate 

tumour progression through many mechanisms such as cancer stemness, EMT, matrix 

metalloproteases (MMP) and a vast number of signalling pathways (Hu et al., 2018). MiRNAs 

can cause protein degradation or halt protein synthesis by interacting with a complementary 

mRNA sequence (Yan et al., 2018). Several recent studies have shown that microRNAs which 

play a significant role in tumorigenesis, break off from the original tumour and circulate in the 

serum of the patient. Surprisingly, these miRNAs are not degraded by endogenous RNase in 

the blood stream and can be used for detecting and monitoring PDAC (Morimura et al., 2011). 

MiRNA targets multiple mRNAs. MiRNA can regulate self-renewal and differentiation of stem 

cells, and play a significant role in CSC maintenance. The MiR-34 family is a tumour 

suppressor which plays significant roles in apoptosis, invasion, EMT, stemness, differentiation 

and cell cycle (Bonetti et al., 2019). MiR-34a is a strong suppressor of cell growth, invasion, 

self-renewal and EMT in human PDAC and pancreatic CSCs (Garajova et al., 2014). 

Increasing evidence have shown that miR-21 is upregulated in PDAC and plays a big role in 

dFdC resistance. In addition, inhibition of miR-21 led to a decrease in tumour progression of 

PDAC, breast and hepatocellular cancers (Giovanetti et al., 2010; Dillhoff et al., 2008; Zhang 

et al., 2020a). One miRNA that leads to invasion and metastasis of pancreatic cancer is miR-

367 (Zhu et al., 2015). Another MiRNA which plays a significant role in cancer is MiRNA629. 

Its levels are said to be upregulated in pancreatic cancer cells and downregulating miRNA629 
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reduced cell proliferation and metastasis in pancreatic cancer cells. MiR-629 achieves this by 

negatively regulating FOXO3 (Yan et al., 2017), a protein which initiates apoptosis. An 

MiRNA of interest is mir-506 with a highly methylated promoter unlike in non-cancerous 

tissues. MiR-506 hinders rapid cell growth so a decrease in its expression levels correlates with 

poor prognosis and advanced tumour stage in pancreatic cancer patients. MiR-506 is thought 

to inhibit tumour formation by supressing the expression of sphingosine kinase 1 thereby 

blocking NFκB and Akt pathway (Li et al., 2016a). 

1.2.8 Autophagy 

Autophagy is a tightly controlled catabolic process that tucks away mutated proteins, damaged 

and old organelles from the cytoplasm into vesicles known as autophagosomes which bind to 

lysosomes, leading to the digestion of the tucked away proteins (Onorati et al., 2018). There 

are limited oxygen and nutrients in a tumour microenvironment leading to accumulation of 

lactic acid which causes the tumour microenvironment to be hypoxic and acidic. Tumour cells 

adapt to the acidic and hypoxic microenvironment by intracellular degradation and autophagy 

(Ma et al., 2020a). In the presence of stress, autophagy maintains tissue and organ homeostasis 

(Fiorini et al., 2015). In pancreatic cancer, autophagy has a dual role of either promoting cell 

death or aiding cell survival (Fiorini et al., 2015). Onconase activates Beclin1‐mediated 

autophagic cell death thus making PDAC cells sensitive to gemcitabine (Fiorini et al., 2015; 

Luo et al., 2019). Hypoxia initiates the expression of autophagy-related genes such as Beclin-

1, ATG5, ATG7 and ATG12 resulting in the amassing of several autophagosomes (Ma et al., 

2020a). MiR-29a blocks autophagy by suppressing autophagy flux and decreasing the 

expression of autophagy proteins such as TFEB and ATG9A which in turn reduces pancreatic 

cancer cell invasion and sensitises tumour cells to gemcitabine. Two autophagy inhibitors are 

genetic inhibition (RNAi) and pharmacologic inhibition (chloroquine). Chloroquine is 

originally used for malaria treatment but in cancer treatment, it is used to elevate intralysosomal 
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pH and disrupt lysosomal autophagosome degradation. Recent studies have revealed that 

chloroquine is more effective as an anti-autophagic drug when administered in combination 

with other anticancer drugs (Luo et al., 2019; Kwon et al., 2016).  

1.3 Hypoxia 

Hypoxia refers to oxygen levels which are below 1.5% while normoxia correlates with 

atmospheric oxygen pressure or 20% oxygenation of cell culture (Shah et al., 2020). Hypoxia 

is the main force behind cancer metastasis. Hypoxia stabilizes and activates HIFs which in turn 

activates the genes responsible for tumour proliferation, EMT and metastasis (Wang et al., 

2018). The hypoxic microenvironment and the hypoxia driven EMT are suspected to be the 

key players for tumour progression and metastasis in pancreatic cancer (Li et al., 2017).  

Activated HIFs in turn lead to activation of a large number of downstream transactivating genes 

that encode for glucose transporters and glycolytic enzymes (Tan et al., 2020). Cancerous 

tumours continuously increase in size till the blood vessels are unable to supply enough blood 

with oxygen around the tumour. This leads to development of regions which are deficient in 

oxygen and results in the cancer cells stimulating some responses to enable them adapt to their 

new environment. The first response is usually the activation of hypoxia inducible factor-α 

(HIF-α). These responses include initiating angiogenesis, modification of glucose metabolism, 

adjusting to acidic pH, inhibition of genes involved in apoptosis via BCl2 and increased activity 

of genes involved in metastasis (Strese et al. 2013). Most solid tumours are hypoxic in nature 

leading to increased tendency for cell proliferation, metastasis and chemoresistance (Sun et al., 

2020). There are two types of tumoural hypoxia: acute and chronic. In acute hypoxia, there is 

poor blood circulation between tumour tissues and nearby blood vessels while chronic hypoxia 

occurs in cells which are farthest from blood vessels and lacking blood supply within a tumour. 

Cells with acute hypoxia have high levels of HIF1α while those with chronic hypoxia have 

higher levels of HIF2α (Najafi et al., 2020). PDAC has a dense stroma leading to elevated 
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intratumoral interstitial fluid pressure which in turn causes decreased tissue perfusion, vascular 

compression and hypoxia (Jiang et al., 2020).  

 1.3.1 Hypoxia and HIFs 

The transcription factors which play critical roles in intracellular oxygen signalling pathways 

are called hypoxia inducible factors (HIFs). In the presence of oxygen, HIFs are hydroxylated 

then degraded by ubiquitination (Sun et al., 2020; Najafi et al., 2020) while in the absence of 

oxygen, HIFs translocate into the nucleus where they bind with hypoxic response elements to 

transcribe target genes as shown in Figure 1.11 (Sun et al., 2020). HIFs have 3 alpha subunits 

known as HIF1α, HIF2α and HIF3α. The role of HIF3α is unknown however, HIF2α plays a 

more important role in disease progression than HIF1α (Heddleston et al., 2010). 

Semenza discovered HIF1 in 1992 which has an α-subunit that is sensitive to oxygen and a 

stable β-subunit. These subunits break down in the presence of oxygen (Tirpe et al., 2019).   

Cancer cells have deregulated HIF activity which cause changes in energy metabolism and 

protects cells from hypoxia-induced cell death. In the presence of oxygen, HIF1α and HIF2α 

are steadily hydroxylated by prolyl-hydroxylase enzymes (PHD-1-4). The hydroxylated HIFα 

binds to von Hippel-Lindau (VHL) protein leading to ubiquitination and degradation by 26S 

proteasome1. However, in hypoxic conditions, PHDs are inhibited leading to the stabilization 

of HIF1α and HIF2α and their subsequent translocation to the nucleus where they form 

complexes with HIFβ and activate many hypoxia responsive genes.  

In hypoxic condition, there is reduced cellular energy production causing a decrease in protein 

translation (Ivanova et al., 2019). The PHD enzymes require oxygen as a substrate. After 

hydroxylation, HIF-α is recognized by the von Hippel–Lindau (VHL) tumour suppressor 

protein, an E3 ubiquitin ligase complex member, resulting in HIF-1α ubiquitination, targeting 

to the proteasome and degradation (Mylonis et al., 2019). HIF1 and HIF2 regulate oxygen 
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Figure 1.10: Hypoxia and HIF Pathway Activation. In normoxic conditions, HIF1/2/3α 

bind to prolyl hydroxylases (PHDs) in the presence of iron (FE2+), α-ketoglutarate (α-KG) 

and ascorbic acid (ASC) leading to hydroxylation of HIF1/2/3α, polyubiquitination and 

degradation by 26S proteasome. However, under hypoxic conditions, HIF1/2/3α 

translocates to the nucleus and binds to HRE to transcribe target genes. 
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homeostasis and their alpha subunit is responsible for their stability and activation. A HIF3 

isoform known as IPAS1 is suspected to suppress hypoxia induced gene expression. In the 

hereditary genetic condition known as von Hippel–Lindau’s disease/syndrome, there are 

elevated levels of HIF1 and HIF2 proteins in the body of the patient (Martin et al., 2011).  
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1.3.2 Hypoxia and CSCs 

A normal stem cell niche controls cell growth, apoptosis resistance and maintains cell stemness. 

Sometimes, a normal stem cell can defy the normal control mechanism and transform into a 

cancer stem cell leading to tumour initiation (Melzer et al., 2017). Hypoxia controls the activity 

of CSCs. HIF1α and HIF2α use the activation of the notch pathway to retain stemness 

characteristics of CSCs (Sun et al., 2020). Tumour microenvironment has little (hypoxia) or no 

oxygen (anoxia) as a result of insufficient blood supply (Visvader and Lindeman, 2008). In 

solid tumours, 50-60% consists of hypoxic regions (Vaupel et al., 2004). The hypoxic condition 

of the tumour initiates pathways which enable some of the cells to develop CSC characteristics 

(Hicklin and Ellis, 2005). Attention is being devoted to studies showing that cancer cells are 

vulnerable to high levels of reactive oxygen species (Tafani et al., 2012). HIF1α activates the 

Wnt pathway which controls stem cell renewal (Sun et al., 2020). Hypoxia maintains CSC 

stemness by activating stemness-related pathways (TGF-β, Wnt, Notch, etc), inhibiting 

differentiation-related genes, activation of EMT, using ROS activated response to stressors and 

induction of genes related to stemness (SOX2, OCT4, NANOG, KLF4, Myc and BMI1) as 

shown in Figure 1.12 (Najafi et al., 2020).   

1.3.3 Hypoxia and metastasis 

HIF-1α levels are increased during periods of extreme oxygen deficiency to temporarily help 

cells overcome stress unlike HIF-2α whose levels increase during periods of moderate hypoxia. 

HIF-2α has been shown to promote tumour growth and induce EMT in mouse models. 

Increased expression levels of HIF-2α correlates with poor prognosis in cancer patients (Zhang 

et al., 2017). Once a tumour grows beyond 3mm3, new blood vessels are required to provide 

nutrients to the tumour. In low oxygen conditions, the VEGF pathway is activated by HIF1 

(Tirpe et al., 2019). In hypoxia, both endothelial cells and cancer stem cells express VEGF 
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Figure 1.11: Relationship between hypoxia and CSCs. Hypoxia activates HIFs which leads 

to the expression of CSC and EMT markers that gives cancer cells stemness and invasive 

characteristics leading to tumour growth, cell migration and invasion, metastasis and 

chemoresistance. 
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which plays a critical role in angiogenesis (Najafi et al., 2020). In the absence of oxygen, 

SNAIL, TWIST, miRNA and HIFs can initiate EMT (Sun et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.4 Hypoxia and chemoresistance 

The major challenge with cancer treatment is resistance to medication (He et al., 2016). Within 

pancreatic cancers, there is high interstitial fluid pressure and insufficient blood supply which 

creates hypoxic niches and reduces drug circulation (Tan et al., 2020). Hypoxia promotes the 

conversion of glucose to lactate which in turns aids the maintenance of CSC traits that promote 

chemoresistance. Hypoxia increases chemoresistance by maintaining cancer cells in a 
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quiescent state thus helping them evade drugs which target rapidly proliferating cells (Da Ros 

et al., 2018). The cytotoxic effect of a drug is more on cells that are rapidly proliferating while 

cells which are far away from the blood vessel are slow dividing and in less contact with the 

drug in the blood (Strese et al. 2013). The acidic pH of the tumour microenvironment remodels 

the ECM, reduces radiotherapy-induced ROS formation, increases pump activity of P-gp and 

reduces the uptake and efficiency of drugs such as anthracyclines, anthraquinones and vinca 

alkaloids (Da Ros et al., 2018). ABCG2 is a drug efflux pump in pancreatic cancer whose 

expression is controlled at the promoter level by sex hormones, hypoxia and methylation status 

(He et al., 2016). In hypoxic tumours, ABCG2 is overexpressed when HIF1α complexes with 

HRE on the promoter region of ABCG2 resulting in drug resistance (Krishnamurthy et al., 

2006; He et al., 2016). The effect of hypoxia is seen in cancer cells with reduced p53 expression 

so as to limit p53-related apoptosis. There is also an increased expression of p-glycoprotein (p-

gp) which plays an important role in chemoresistance (Strese et al. 2013). Hypoxia activates 

the notch pathway which in turn elevates the activity of the SOX2 promoter that enhances 

chemoresistance (Sun et al., 2020). The involvement of cancer stem cells in metastasis and 

therapeutic response/chemoresistance affects the efficiency of chemotherapy (Klutzny et al., 

2018).  

1.4 Cancer stem cells (CSCs) 

There are many hypotheses concerning the origin of cancer stem cells. They postulate that 

CSCs develop from misplaced somatic stem cells, genetic instability, chromosomal 

rearrangement or DNA mutation. Tumourigenic cells are usually identified by in vitro spheroid 

colony formation and in vivo tumourigenic cell transplant in immunodeficient mice. CSCs 

evade chemotherapy through overexpression of ABC transporters, overexpression of 

antiapoptotic factors and its ability to remain in a quiescent state to avoid apoptosis (Tong et 

al., 2018). Cancer stem cells (CSCs) were first discovered in the 1970s as a small population 
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of cells with increased ability to grow, differentiate and self-renewal abilities. These CSCs 

promote tumour growth and metastasis (Sun et al., 2020). CSCs are a small population of cells 

which possess stem-like characteristics that can lead to tumour formation in the pancreas (Gzil 

et al., 2019). CSCs are also known as tumour initiating cells (TICs) and their growth is 

mediated by the hypoxic microenvironment in a tumour. CSCs are responsible for 

tumourigenesis, chemotherapy, cancer relapse and metastasis (Phi et al., 2018). CSCs have the 

ability to divide asymmetrically to form cancer cells which in turn can undergo reversible 

reprogramming to generate cancer stem cells (Liu et al., 2018). In pancreatic cancer, CSCs 

express many markers such as CD44, CD133, CD24, OCT4, ABCB1, ESA, ALDH-1, nestin, 

EpCAM, c-Met, DCLK1 and CXCR4 (Gzil et al., 2019). The best three CSC markers for 

pancreatic cancer are CD24+, CD44+ and ESA+. However, CD133+ cells are more metastatic 

than CD24+ and CD44+ cells (Razi et al., 2019). CD133 is a transmembrane protein which is 

regulated by the promoter P5 in pancreatic cancer CSCs. P5 is suspected to be targeted by HIF-

1α and HIF-2α because of its increased expression under hypoxic conditions and subsequent 

increase in CD133 expression levels. The increased expression of CD133 leads to increased 

NFĸB signalling (Gzil et al., 2019). CSCs can take over the niche of non-CSCs by converting 

fibroblasts to CAFs which cause stemness (Carnero and Lleonart, 2016). Circulating tumour 

cells (CTCs) are cells which break off from the primary tumour and enter into systemic 

circulation. It has been postulated that CSCs are responsible for metastasis. However, 

metastasis is caused by circulating tumour cells (CTCs) suggesting that CTCs possibly arise 

from CSCs (Rodrigues-Aznar et al., 2019). Pancreatic CSC niche comprises of PSCs, CAFs, 

immune cells, blood, lymphatic vessels, stem cells, cytokines, chemokines, growth factors and 

ECM (Zhao et al., 2017). PDAC cells that have undergone EMT express Zeb1 which is mainly 

responsible for their CSC traits (Rhim et al., 2012; Krebs et al., 2017; Rodrigues-Aznar et al., 
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2019). Evidence shows that the number of CTCs in the blood of pancreatic cancer patients can 

be used as a biomarker for diagnosis and staging (Ankeny et al., 2016).  

1.4.1. Identification of Cancer stem cells 

The difficulty in isolating pure CSC cultures, lack of CSC cell lines and reliable 

characterization methods have made it hard to have a complete CSC profile. The methods 

currently used for CSC analysis are flow cytometry, tumoursphere assay and colony formation 

assay. The CSC population detected usually depends on the type of cancer or biomarker used 

(Jariyal et al., 2019). Pancreatic cancer CSCs can be identified by flow cytometry analysis of 

their surface markers such as CD44, c-Met, CD133, CD24, ABCB1, ABCG2, ALDH-1, 

EpCAM, ESA, DCLK1, nestin and CXCR4 or with transcription factors such as SOX2 and 

OCT4 (Domenichini et al., 2019; Gzil et al., 2019). The genes that cause pluripotency in CSCs 

are SOX2, OCT4 and NANOG, the ones which give the CSC traits are CD44, CD34, CD133 

and CD24; the one responsible for drug resistance in vivo are ABC transporters and aldehyde 

dehydrogenase; and the ones involved in metastasis are Vimentin, N-cadherin, Snail, Twist and 

Zeb (Yeo et al., 2016). Pancreatic cancer CSCs can be detected using MRI, PET and CT scans 

while exogenous PCSCs can be detected using specific probes implanted in mouse models 

(Jariyal et al., 2019). It is however uncertain if the different PDAC CSC markers identify the 

same or specific CSC populations (Nimmakayala et al., 2019). 

1.4.2 Cancer stem cell markers 

1.4.2.1 Aldehyde dehydrogenase 

A marker commonly used for characterising cancer stem cells is aldehyde dehydrogenase 

(ALDH) (Klutzny et al., 2018). The metabolic process in normal cells produce minimum 

amount of reactive oxygen species and oxidative damage. However, in cancerous cells, there 

is increased oxidative damage causing increased ROS production, lipid peroxidation and 
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accumulation of toxic aldehydes. The intracellular accumulation of ROS causes immunogenic 

cell death and the accumulation of toxic aldehydes initiates apoptosis in cells with reduced 

ALDH expression levels. ALDH is an NADP+ dependent enzyme which converts aldehydes to 

carboxylic acids. The highest levels of ALDH activity have been detected in the liver, kidney, 

uterus and brain of mammalian tissues. There are 19 ALDH isoforms identified in humans. 

Some isoforms such as ALDH1A1, ALDH3A1, ALDH18A1, ALDH7A1 and ALDH5A1 play 

significant roles in tumour growth. The ALDH18A1 isoform plays a significant role in 

Warburg Effect by aiding proline and ornithine synthesis. Elevated ALDH expression increases 

the expression of Nr2f which is a transcription factor for many antioxidants; production of 

compounds such as retinoic acid which aid cell differentiation, survival and growth (Dinavahi 

et al., 2019).  Three isoforms of ALDH (ALDH1, ALDH2, ALDH3) control 3 apoptogenic 

aldehydes. Cancer cells protect themselves from the apoptogenic effect of these aldehydes by 

the ALDHs that oxidize them to their non-apoptogenic carboxylic acids (Fournet et al., 2013; 

Venton et al., 2016). Dimethyl ampal thiolester (DIMATE), an α,β, acetylenic N-substituted 

aminothiol ester is an irreversible  inhibitor of ALDH 1 and 3 which can be used for cancer 

treatment. Studies have shown that Dimate has an apoptotic effect on some cancer cell types 

(Venton et al., 2016). Aldehydes, though useful in the body, could become harmful if the 

mechanism for their degradation is hampered. This could generate large volumes of reactive 

oxygen species, oxidative damage and lipid peroxidation (Dinavahi et al., 2019). ALDH levels 

can be measured by using Aldefluor reagent in a technique known as flow cytometry (Klutzny 

et al., 2018).  Flow cytometric assay (Aldefluor) is the first method that was ever used to detect 

cell populations based on their ALDH activity. The ALDH isoforms ALDH1A1 and 3A1 are 

responsible for the Aldefluor activity detected in stem cells of normal or cancer origin.   Several 

studies have shown that chemotherapy can cause elevated population of cells with high ALDH 

expression leading to chemoresistance. For some drugs like paclitaxel, doxorubicin, oxaliplatin 
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which act by generating ROS, high ALDH levels can breakdown toxic aldehydes hence 

preventing their accumulation which was to cause cancer cell death (Yip et al., 2011; Dinavahi 

et al., 2019). As a result of the significant role played by ALDH in cancer cells, scientists have 

tried to use ALDH inhibitors to improve cancer prognosis (Koppaka et al., 2012). Some ALDH 

inhibitors inhibit just one ALDH isoform while some inhibit multiple isoforms. ALDH 

enzymes have a catalytic unit, NAD(P)+ binding domain and an oligomerization domain. The 

NAD(P)+ binding domain is exclusive to ALDH and the oligomerisation domain is responsible 

for the various ALDH isoforms hence the basis for design of ALDH inhibitors (Dinavahi et al., 

2019). Overexpression of ALDH1A1 and ABC-transporters such as ABCG2 and p-

glycoprotein confers chemoresistant abilities to CSCs (Domenichini et al., 2019). 

1.4.2.2 Octamer-binding transcription factor (OCT4)  

OCT4 is a 38.6kDa protein that is also referred to as POU5F1 (Kaufhold et al., 2016).  OCT4 

is encoded by the POU5F1 gene which is expressed by pluripotent cells, CSCs, early embryo, 

embryonic stem cells, embryonic germ cells and embryonal carcinoma cells. Distinct 

characteristics of normal stem cells are self-renewal, pluripotency and cell proliferation. 

However, the differentiated cells produced from CSCs have unique characteristics that are not 

peculiar to those produced by normal stem cells (Mohiuddin et al., 2020). Previous studies 

showed that OCT4 together with c-MYC, KFL4 and SOX2 induce pluripotency in somatic 

cells (Takahashi et al., 2013; Mohiuddin et al., 2020). However, recent studies have shown that 

OCT4 controls pluripotency. Like normal stem cells, CSCs are mostly in the G0-phase. In 

studies done with glioblastoma cells, more cells became CD133+ after exposure to gamma 

radiation and temozolomide. Many tumour cells with increased OCT4 population were 

resistant to conventional chemotherapy (Mohiuddin et al., 2020). Another study showed that 

the knockdown of OCT4 increased the sensitivity of lung tumour cells to irradiation and 

cisplatin (Chen et al., 2008; Cortes-Dericks et al., 2013; Mohiuddin et al., 2020). OCT4 is 
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activated by the Wnt pathway. Increased expression of OCT4 activates the Notch pathway. 

Beta catenin from the Wnt pathway increases OCT4 expression by binding to the promoter 

region of POU5F1. A combination of the Wnt inhibitor Dickkopf-1(DKK-1) and notch 

inhibitor (L68545) resulted in decreased stemness in breast cancer cells in vivo and in vitro 

(Mohiuddin et al., 2020).  

1.4.2.3 NANOG 

NANOG is a 34.6 kDa protein which has the ability to singly control pluripotency unlike OCT4 

which can only function in collaboration with another gene such as SOX2. NANOG is 

controlled by GL1 and GL2 (Kaufhold et al., 2016). NANOG is a homeobox domain 

transcriptional activator which controls cell reprogramming and embryonic development. It is 

overexpressed in many cancers (Huang et al., 2019). NANOG, derived from the NK-2 gene, 

has three protein variants namely: NANOG1, NANOG2 and NANOGP8. NANOG is said to 

control pluripotency and self-renewal of CSCs. Increased expression of NANOG suppresses 

apoptosis. Studies have shown that in cells with low levels of NANOG, there is an increased 

expression of genes which hinder cell cycle and extra cellular matrix (ECM) formation. 

NANOG helps the Akt signalling pathway to impart drug resistance to cancer cells using 

transcriptional regulators like TCL1. In some studies, NANOG expression levels in cancer cells 

are more than its expression in somatic cells (Mahalaxmi et al., 2019).  

1.4.2.4 SOX2 

SRY-related high mobility group (HMG)-box gene 2 (SOX2) is a 34.3 kDa protein and a 

member of the SOXB1 family. SOX2 is expressed in stem cells and neural progenitor cells.  

SOX2 maintains self-renewal of embryonic cells and CSCs. The increased expression of SOX2 

in pancreatic cancer cells leads to cell proliferation through cyclin D3 induction. SOX2 is a 

substrate of epidermal growth factor receptor (EGFR). EGFR plays a huge role in suppressing 
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apoptosis and initiating angiogenesis, and its suppression reduces SOX2 expression levels. 

SOX2 expression can be controlled by EGFR and ubiquitin-specific protease 22 (USP22) 

(Kaufhold et al., 2016; Lv et al., 2019). Thus, overexpression of SOX2 causes cancer cells to 

be resistant to different forms of therapy leading to poor prognosis. Knocking down of SOX2 

has been shown to hinder cancer cell proliferation and invasion in in vivo and in vitro studies. 

Many studies focused on suppressing SOX2 to treat cancer have not observed any significant 

therapeutic effect (Zhang and Sun, 2019).  

1.4.2.5 CD133 

CD133 also known as prominin-1 is one of the cancer stem cell markers used for analysing 

pancreatic cancer cells (Nomura et al., 2015a). CD133 is a transmembrane protein with the 

ability to phosphorylate tyrosine. The transcription of CD133 is controlled by five promoters, 

with the fifth one playing a significant role in CD133 expression in pancreatic CSCs. Hypoxia 

increases the expression of HIF1α and Hif2α in pancreatic cancer which in turn elevates the 

expression of CD133. In pancreatic cancer, CD133 initiates NFкB signalling which controls 

EMT. Research has shown that in pancreatic cancer, CD133 plays a significant role in lymph 

node metastasis, tumour differentiation and clinical TNM stage (Gzil et al., 2019). CD133 has 

been associated with increased expression of drug transporters and elevated metastasis 

(Nomura et al., 2015b). 

1.4.3 Cancer stem cells and chemoresistance 

CSCs are similar to normal stem cells however they have self-renewal abilities and protective 

mechanisms from hypoxic microenvironment, DNA damage repair and efflux mechanism of 

drug transporters. The Wnt, Hedgehog and Notch pathways are involved in chemoresistance 

of CSCs which express high levels of drug efflux transporters that reduce intracellular drug 

concentration leading to chemoresistance (Sun et al., 2020). An important promoter of 
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resistance in CSCs is PI3K/AKT. Hypoxia activates AKT which in turn induces the Notch 

signalling pathway. The presence of HIF1α in hypoxic cells leads to the activation and 

overexpression of cyclooxygenase-2 (COX-2) which activates HIF2α leading to 

chemoresistance. Elevated levels of HIF1α also cause HER2 to activate STAT3 which aids 

CSC self-renewal (Najafi et al., 2020). PCSCs either inhibit or activate pathways and /or factors 

which lead to chemoresistance. In PCSCs, there is an upregulation of JNK signalling whose 

overactivation is suspected to prevent intracellular accumulation of ROS leading to suppression 

of apoptosis and chemoresistance. PCSCs also influence chemoresistance by DNA 

methylation, MiRNA expression and histone acetylation (Valle et al., 2018).  

1.5 Epithelial to Mesenchymal transition 

Epithelial to mesenchymal transition (EMT) is an important biological process whereby cells 

alter their shape and motility then switch from their epithelial phenotype to a mesenchymal 

phenotype. Epithelial cells undergoing EMT lose their polarity and adhesion to the basement 

membrane. They also change their shape to an elongated and flattened mesenchymal 

morphology. EMT takes place during embryogenesis and metastasis. Epithelial cells usually 

express keratin intermediate filaments (IFs) but when changing to the mesenchymal phenotype, 

they begin to express vimentin IFs. IFs determine and maintain cell shape. Mesenchymal to 

epithelial transition (MET) plays a vital role in the development of secondary metastatic 

tumours (Herrmann et al., 1996). During EMT, there is a reduced expression of E-cadherin and 

increased expression of vimentin, SNAIL, (Domenichini et al., 2019) and N-cadherin. Many 

pathways such as SNAIL1, SNAIL2, Zeb1, Zeb2, Twist1 and Twist2 play important role in 

EMT but the pathway which plays the most significant role is the transforming growth factor-

β (TGF-β) signalling pathway (Hu et al., 2018). The initial activation of the EMT pathway is 

by reactive oxygen species generation by inhibition of GSK-3β, followed by early SNAIL1 

nuclear translocation and decreased levels of E-cadherin (Bulle et al., 2017). The expression of 
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signalling molecules such as SNAIL, ZEB1, TWIST1, TWIST2 is initiated by the acidic 

extracellular pH of cancer cells and this leads to EMT (Zhu et al., 2017). In cells undergoing 

EMT, there is a gradual loss in the expression of epithelial-cadherin and zonula occludens 

1(ZO-1) and increase in the expression of vimentin, fibronectin and neural-cadherin. E-

cadherin increases cell-to-cell adhesion and maintains the cytoskeleton. The expression of E-

cadherin during EMT is reduced by zinc-finger E-box binding homeobox (ZEB), SNAIL, 

TWIST, KLF8, and FOXC2. Signalling pathways such as Wnt, Sonic hedgehog and TGF-β 

control EMT. HIF1 activates the TGF-β pathway which binds to TGF-β receptor to activate 

SMAD3 and SMAD2. These SMAD bind with SMAD4 to form a complex which interacts 

with SNAIL to decrease the expression of E-cadherin and zonula occludens 1. The SMAD3-

SMAD4 complex also increases the expression of TWIST (Tirpe et al., 2019). The speed of 

acquisition of EMT traits by tumour cells determines the occurrence of metastasis. In in vivo 

highly metastatic pancreatic cancer, EMT activates the overexpression of SNAIL and loss of 

E-cadherin (Sarkar et al., 2009). The upregulation of Zeb1 in PDAC inhibits E-cadherin 

expression and promotes chemoresistance. Silencing Zeb1 restores chemosensitivity of PDAC 

to anticancer drugs (Zeng et al., 2019). 

1.5.1 EMT markers 

1.5.1.1 SNAIL1 

In the SNAIL superfamily, there are the transcription factors SNAIL1, SLUG and scratch 

proteins which have SMAG domains and a minimum of 4 functional zinc fingers. This SNAIL 

super family has been shown to play a big role in cell proliferation and survival. SNAIL1 

consists of 264 amino acids and has a molecular mass of 29.1kDa. SNAIL1 initiates EMT by 

decreasing the expression levels of E-cadherin and claudins hence decreasing cell-to-cell 

adhesion and increasing cell migration. SNAIL1 can be regulated through transcription or 
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translation. In the transcriptional regulation, hypoxia induces HIFs to produce a transcriptional 

response. HIF1α binds to the HRE2 of the SNAIL1 promoter to increase the transcription of 

SNAIL1. SMAD2, IKKΑ and NFĸB also bind to the SNAIL1 promoter to increase SNAIL1 

transcription. HMGA2 binds to the SNAIL1 promoter to enhance SMAD binding. SNAIL1 

elevates the expression of vimentin and fibronectin. Notch1 prevents the breakdown of 

SNAIL1 by inhibiting GSK-3β-mediated phosphorylation via LOXL2 oxidation. The 

knockdown of SNAIL1 has been shown to suppress tumour metastasis and 

immunosuppression. LSD and HDAC inhibitors have been shown to stop SNAIL1 induced-

EMT (Kaufhold and Bonavida., 2014; Nieto, 2002). Three common members of the SNAIL 

family are SNAIL (SNAI1), SLUG (SNAI2) and SMUG (SNAI3). SNAIL can also be 

regulated by post translational modifications such as phosphorylation, ubiquitination and lysine 

oxidation.  SNAIL is phosphorylated by Glycogen synthase kinase 3 beta (GSK-3β) to control 

ubiquitination (and subsequent degradation) or subcellular localization. MicroRNAs have also 

been shown to bind to the 3’UTR of SNAIL mRNA to control SNAIL expression levels thereby 

suppressing EMT (Skrzypek and Majka., 2020).  

 1.5.1.2 E-cadherin 

The molecules which adhere single cells together, help to maintain the integrity of cells and 

tissues. Therefore, any modifications to the cell-cell adhesion can cause pathological conditions 

such as metastasis. Cadherins are transmembrane receptor glycoproteins (D’Occhio et al., 

2020). Epithelial-cadherin popularly called E-cadherin is a 120kDa calcium dependent adherin 

and tumour suppressor which creates tissues by forming tight bonds with catenin that hinder 

cell movement. E-cadherin has 3 structural domains namely, the cytosolic domain, single 

transmembrane domain and calcium dependent domain. In cell-cell adhesion, β-catenin 

attaches E-cadherin to the actin cytoskeleton. When there is a lack of E-cadherin such as during 

EMT, β-catenin detaches from the cell’s actin cytoskeleton causing elevated levels of 
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cytoplasmic β-catenin which translocate to the nucleus and activate the Wnt pathway. E-

cadherin has also been shown to inhibit the action of the transcription factors: TWIST, SNAIL, 

SLUG and ZEB1 thereby stopping EMT transition. When E-cadherin is lost, there will be cell 

movement, loss of cell polarity and increased expression of SNAIL, TWIST, VIMENTIN, N-

cadherin and ZEB1 (Shenoy, 2019; Stemmler, 2008). E-cadherin regulates cell polarity (Biwas 

2020). E-cadherin aids epithelial cells to resist invasion and migration. Research has shown the 

expression of E-cadherin is suppressed by ZEB1, ZEB2, SNAIL1, slug and TWIST (Kaufhold 

and Bonavida., 2014). 

1.5.1.3 N-cadherin 

The four groups of proteins involved in cell adhesion and cell signalling are cadherins, 

integrins, selectins and immunoglobulins. These molecules aid cell-to-cell or cell-to-

extracellular matrix adhesion. The loss of adherens junctions causes cadherin switching which 

is a decreased expression of E-cadherin and an elevated expression of N-cadherin (Janiszewska 

et al., 2020). Neuronal cadherin also known as N-cadherin is a calcium dependent single chain 

transmembrane glycoprotein. In contrast to other cells in the body under normal conditions, 

there is an overexpression of N-cadherin by neuronal cells of the nervous system which helps 

them adhere to each other.  Research indicates that many cancer patients contain higher levels 

of soluble N-cadherin in their blood than healthy people making N-cadherin a suitable 

biomarker for detecting metastasis in cancer patients. N-cadherin is a mesenchymal marker for 

EMT. Tumour cells which detach and migrate after EMT are able to avoid anoikis. N-cadherin 

is also implicated in tumour-related angiogenesis and normal vessel stabilization (Cao et al., 

2019). The molecular weight of a mature N-cadherin is 130kDa. Vinculin is present in N-

cadherin extension. The movement and stability of tissues is maintained by the interrelationship 

between catenin and cadherins which is important in adherens junctions.  Unlike E-cadherin, 

N-cadherin is expressed by neural cells, endothelial cells, stromal cells and osteoblasts of non-
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epithelial tissues. Some research has shown that N-cadherin plays a possible role as a tumour 

suppressor and plays a big role in angiogenesis. Adherens junctions connected to N-cadherin 

initiate the MAPK/ERK and PI3K pathway. During EMT, the expression of E-cadherin drops 

while that of N-cadherin increases (Loh et al., 2019). The interaction of N-cadherin and EGFR 

increases cell movement.  Normal epithelial cells have low levels of N-cadherin which is over 

expressed in cancer cells undergoing EMT (Yu et al., 2019). 

1.5.1.4 Vimentin 

The three main components of cellular skeleton are actin, microtubules and intermediary 

filaments. Intermediate filaments are made from single to multiple IF proteins. During the 

initial phases of embryonic development, there is vimentin expression. When cells undergo 

EMT, they start to lose their epithelial polarity and the adhesion at their cell-cell junctions 

(desmosomes) (Strouhalova et al., 2020). In mesenchymal cells, there is a 57kDa filament 

called vimentin. In humans, vimentin has a binding site for NFĸB promoter and TGFβ1 

response element (Kaufhold and Bonavida., 2014). High levels of vimentin correlate with poor 

prognosis in cancer patients. Excessive expression of vimentin in epithelial cells causes cells 

to modify their structure into the elongated shape associated with mesenchymal cells, 

subsequently readjusting the structure of their actin and microtubules, desmosomes 

internalization and restructuring of keratin IFs. Studies have shown that reduction in vimentin 

expression levels can lead to the restoration of the epithelial phenotype. Proteins which connect 

actin and microtubules with IFs are called cytolinkers (Strouhalova et al., 2020). 

1.5.1.5 Matrix metalloproteinase  

In 1962, Gross and Lapiere discovered MMPs act as ECM degrader, cell-cell adhesion 

molecules, cytokines, chemokines, clotting factors, cell receptors and proteinase (Li et al., 

2020b). Matrix metalloproteinase (MMP) plays a significant role in angiogenesis. It is a 
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diffusible substance which initiates angiogenesis. MMPs are zinc-binding metalloproteinases 

that play a huge role in ECM component degradation hence enhancing metastasis and 

neovascularization. MMPs are also known as matrixins which have proteolytic action on many 

ECM components (Quintero-Fabian et al., 2019). So far, only 28 members of the MMP family 

have been identified (Wang and Khalil, 2018; Quintero-Fabian et al., 2019). These MMPs have 

been classified based on their substrate specificity. The 6 sub-families of MMPs are 

collagenases, gelatinases, matrilysins, stromelysins, MMP membrane-type (MT)-MMPs and 

other MMPs. MMPs exist as proenzymes and need proteolytic cleavage for zymogen 

activation. As a tumour increases in size, there is increased need for oxygen and nutrients. 

Through sprouting of endothelial cells, new blood vessels are formed. The angiogenic 

promoter, VEGF-A initiates angiogenesis by FLK1 signalling. The cofactors NRP1 and NRP2 

improve the activity of VEGF. MMPs have a particular proteolytic action on multiple ECM 

substrates. Many studies have shown that MMP2 and MMP9 are overexpressed in cancers and 

have the ability to break down collagen (Quintero-Fabian et al., 2019). MMPs are classified 

according to their substrate or domain organisation. The sub-classes under domain organisation 

are archetypal MMPs, matrilysins, gelatinases and furin-activable MMPs. In physiological 

conditions, the homeostasis of the ECM is controlled by MMPs and endogenous tissue 

inhibitors of MMPS (TIMPs). In some disease conditions like rheumatoid arthritis, 

Alzheimer’s disease and tumours, this homeostasis is disrupted by elevated MMP levels or 

inefficiency of TIMPs (Li et al., 2020b). 

1.6 Nuclear Factor Kappa B (NFκB) 

In 1986, NFκB was discovered as a transcription factor which has a nuclear factor bound to the 

kappa light-chain of activated B cells (Hoesel and Schmid, 2013). NFκB is a transcription 

factor usually activated by cellular stress (Xu et al., 2017). NFкB is composed of a family of 

transcription factors involved in multiple biological processes and tumour progression (Huang 
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et al., 2014). NFκB is present in all mammalian cells and plays a critical role in controlling 

immune response. It also plays major roles in cell cycle progression, differentiation, migration 

and survival (Herrington et al., 2016). The 5 known members of this family are RelA, RelB, c-

Rel, NFκB1 and NFĸB2 (Hoesel and Schmid, 2013) which share an N-terminal Rel homology 

domain (RHD) used for DNA binding, IKB binding, homo-dimerisation and hetero-

dimerisation (Hayden and Ghosh, 2004; Hayden and Ghosh, 2008). Some hypotheses state that 

in the early stages of cancer, there is a high expression of NFκB which acts as a tumour 

suppressor because of the elevated activity of cytotoxic immune cells (Tilbourgs et al., 2017). 

In Hodgkins Lymphoma, some mutations in IĸB proteins lead to NFκB activation (Perkins, 

2004). RelA, RelB and cRel have c-terminal transactivation domains required for transcription. 

NFκB activation is tightly regulated because it can be activated by multiple stimuli, some of 

which are harmful to healthy host tissue. IкBα maintains NFкB in an inactive state in the 

cytoplasm by shielding it from nuclear localization signals (Huang et al., 2014). Sometimes, 

some NFкB subunits suppress tumour development (Zhu et al., 2017).  

1.6.1 NFκB and Hypoxia 

In hypoxic condition, the IKBα is phosphorylated and degraded. Then the detached NFκB 

translocates to the nucleus where it binds to HIF-1α thereby activating it and initiating the 

transcription of hundreds of genes which are responsible for cell proliferation, angiogenesis 

and suppressing apoptosis (Laurent et al., 2005; Najafi et al., 2020). In hypoxia, HIFs are 

stabilized by prolyl hydroxylases (PHDs) using von Hippel Lindau protein; and HIFs activate 

NFкB. Hypoxia activated NFкB controls the expression of apoptotic proteins leading to 

decreased apoptosis and enhanced angiogenesis as shown in Figure 1.13 (D’Ignazio and Rocha, 

2016). NFкB activity is controlled by hypoxia, cytokines and chemotherapeutic drugs. Hypoxia 

leads to elevated expression of HIF1α, initiates the NFкB pathway and promotes EMT in 

pancreatic cancer (Cheng et al., 2011). NFкB and HIF1α regulate growth factors and their 
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Figure 1.12: Hypoxia and NFκB Pathway Activation. Hypoxia activates NFκB either 

through the canonical pathway or the non-canonical pathway. In both pathways, hypoxia 

leads to the translocation of NFκB into the nucleus where it initiates the transcription of 

target genes that confer enhanced cell survival characteristics to the cell.  
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regulators which promote tumour proliferation. Activated NFкB and HIF1α can cause cancer 

cells or activated leucocytes and mesenchymal cells in the TME to secrete VGEF which 

promote neoangiogenesis (Tafani et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During tumour progression, many of the genes activated by HIFs are targeted by NFкB such 

as IL6, MMP9, COX2 and Bcl2 (D’Ignazio et al., 2017). The two main pathways involved in 

NFкB activation are the canonical and non-canonical pathway (Herrington et al., 2016). In the 
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canonical NFкB pathway, IKB kinases are activated by phosphorylation, then ubiquinated for 

degradation by the proteasome with the release of NFкB which translocates to the nucleus to 

activate target genes while the non-canonical pathway is activated by the degradation of some 

TNF receptors, leading to NFкB inducing kinase (NIK) accumulation. NIK and IKKα then 

phosphorylate p100 leading to the release of RelB/p52 that translocates to the nucleus to 

activate target genes (Yu et al., 2020). Multiple layers of immune cells are formed by the NFкB 

non-canonical pathway (Yu et al., 2020). When the canonical pathway is activated, RelA and 

p50 heterodimers are used for gene transcription while in the non-canonical pathway, the 

heterodimers involved are RelB and p52 (Vallabhapurapu and Karin, 2009; Yu et al., 2020; 

Sun, 2017).  

1.6.2 NFκB and metastasis 

NFκB controls the expression of many anti-apoptotic genes and also regulates the expression 

of many genes involved in metastasis such as VEGF, MMPs, IL-8 and CXCR4. According to 

studies by Huber et al., suppressing the NFκB pathway inhibited EMT and metastasis in breast 

cancer cells proving that NFκB is required for metastasis (Huber et al., 2004). Several reports 

have shown that the activation of NFκB leads to an increased expression of EMT-related genes 

such as vimentin and N-cadherin while blocking NFκB reverses the process (Cao et al., 2019). 

NFκB activates anti-apoptotic genes (Bcl2-XL, X-IAP and IEX-1), COX-2, c-Myc and cyclin 

D1 leading to tumour progression (Perkins, 2004). The activation of IкB kinase (IKK) leads to 

the phosphorylation of IкBα by IKKα and IKKβ. The IKK complex comprises of the IKKα, 

IKKβ and IKKγ. NFкB controls the expression of cyclooxygenase-2 (COX-2), interleukin-8 

(IL-8) and IкBα which control tumor growth and metastasis (Li et al., 2004). NFкB activation 

promotes the initiation of EMT and metastasis in pancreatic cancer. According to a study done 

by Nomura et al, the suppression of NFкB reduced tumour size, decreased the expression of 

EMT-related genes, restored cell-cell junctions and decreased metastasis (Nomura et al., 2016).  
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1.6.3 NFκB and chemoresistance 

NFκB induces transcription of cyclin D1, Bcl-2, survivin and VEGF which promote 

chemoresistance in cancer cells. Therefore, drugs which block or reverse the NFκB pathway 

can overcome chemoresistance (Fu et al., 2019). Ionizing radiation and drugs which damage 

DNA such as cisplatin and temozolomide also activate NFκB leading to chemoresistance. The 

response of cancer cells to DNA damage increases the expression of pro-inflammatory 

cytokines, increases tumourigenesis, angiogenesis and cell invasion. However, generally 

targeting NFκB could cause health problems such as immunodeficiency because of its 

physiological roles in the body. As a result, it is best to target NFκB signalling which originates 

from DNA damage (Wang et al., 2017b). For specific NFκB inhibition, there are ongoing 

studies involving targeting IKB proteins, ubiquitin-proteasome system, NFκB DNA binding, 

post translational modification of NFκB and post transcription gene silencing. Some of which 

have been effective for treating a range of tumours and autoimmune diseases, though they have 

unfavourable side effects (Herrington et al., 2016). Tumour necrosis factor receptor-associated 

factor 6 (TRAF6) is an important activator of NFкB signalling by complexing with signalling 

molecules such as NFкB kinase. NFкB promotes chemoresistance to gemcitabine by binding 

to the promoter region of P-gp. TRAF6 blocks apoptosis leading to tumour progression in 

PDAC (Meng et al., 2020). NFкB controls the expression of the anti-apoptotic proteins such 

as cIAP1 and cIAP2 which suppress etoposide-induced apoptosis. The NFкB inhibitor PS341 

increases drug sensitivity of AsPc-1 pancreatic cancer cells to taxols. Inhibiting the NFкB 

pathway could increase the sensitivity of pancreatic cancer cells to gemcitabine (Holcomb et 

al., 2008). NFкB in association with HIF1 inhibits the activity of hENT1 and hENT2 leading 

to chemoresistance. Sulfasalazine, an IкB inhibitor inhibits the phosphorylation of IкB to stop 

NFкB activation and decrease chemoresistance to gemcitabine in gemcitabine-resistant cell 

lines (Li et al., 2018).  
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1.7 Repositioning of Disulfiram into cancer treatment 

1.7.1 Comparison of traditional drug development with drug repositioning. 

In the 1940s, pharmacologically active agents like mustard seeds and folic acid antagonists 

were the first used for cancer management. The mustard seed was suspected to inhibit the 

growth of some somatic cells, however the effect as an anticancer agent was temporal and had 

adverse effects. Folic acid on the other hand was thought to reverse megaloblastosis. 

Unfortunately, folate worsened leukemia in children leading to further research on folate 

antagonists. With several studies seeking more potent anticancer agents, by the late 1950s, 

there were 25,000 to 30,000 potential candidates annually and just 10 to 20 chosen for clinical 

trials. New statistical techniques had to be developed for analysing the survival data of the 

increasing number of anticancer agents (Mould and Hutson, 2017).  

Currently, novel anticancer drugs cost more than 100,000 USD for an annual treatment. Twenty 

years ago, paclitaxel became the first anticancer drug to make a sale of 1 billion USD annually. 

However, in 2013, 10 anticancer drugs made sales of 1.8 to 7.8 billion USD annually. 

Anticancer drugs are relatively more expensive in United States than in other countries in the 

world. The high cost of anticancer drugs is as a result of the high cost of research required for 

their development. Some patients have abandoned cancer treatments which can improve their 

overall survival such as trastuzumab for HER2-positive breast cancer patients, as a result of 

insufficient funds for payment. Despite the high cost of these anticancer drugs, a study 

involving patients with solid tumours from 2002 to 2012 revealed that the median overall 

improvement in overall survival and progression-free survival was 2.1 and 2.3 months 

respectively (Prasad et al., 2017). 
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Figure 1:13: Illustration of the stages involved in Denovo drug development and drug 

repurposing. 

 

 

 

 

 

 

 

 

 

 

 

Most first line anticancer drugs do not eliminate CSCs leading to high number of cancer-related 

deaths. Therefore, development of new cancer related drugs targeting CSCs is a crucial step 

for treating cancer (Phi et al., 2018). The process involved in producing a new drug from 

scratch is time consuming, expensive and risky because only about 10% of new drugs end up 

being accepted by the FDA and they have a success rate of 2.01%. As a result of this, investors 

have developed a better strategy to develop new drugs which is gaining popularity known as 

drug repositioning (Xue et al., 2018). Drug repositioning, also referred to as drug repurposing, 

drug re-profiling, drug re-tasking or therapeutic switching. It is a process that is used to get a 

new use for an old drug. The theory behind this is that some drugs have multiple targets and 

activate multiple signalling pathways (Mohammed et al., 2018). Drug repositioning was 

mistakenly discovered in the 1920s (Xue et al., 2018) and has several advantages such as 
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reducing the cost, duration and adverse effects associated with producing a new drug from 

scratch which has made the strategy to be preferred by academics and pharmaceutical 

companies (Brown and Patel, 2016). The steps involved in denovo drug development and drug 

repurposing are shown in Figure 1.14. Many new drugs, especially anticancer drugs fail during 

clinical trials despite the millions spent during research of the drug. This has led to researchers 

screening many non-oncology drugs against cancer cell lines to determine the non-oncology 

drugs with anticancer activity in a strategy referred to as drug repurposing. This led to the 

discovery of many potential anticancer drugs among which is disulfiram (Beijersbergen, 2020).  

1.7.2 Non-oncology drugs currently repositioned for Cancer treatment 

A number of non-oncology drugs have been discovered to hinder tumour growth and initiate 

apoptosis. Some of the recently identified non-oncology drugs which have been repurposed for 

cancer treatment are explained below: 

a. Rapamycin  

Rapamycin was originally used as an immune suppressant after organ transplant because it 

hinders IL-2-mediated T cell proliferation. Rapamycin is also known to inhibit mTORC1 and 

suppress vascular smooth muscle growth. A deeper understanding of the link between mTOR 

and cancer-associated signalling pathways led to drug trials which showed that rapamycin 

decreased leukemic progenitor cells in acute myeloid leukemia patients. Recent studies have 

shown that rapamycin can’t be administered singly because mTOR1 suppression leads to 

negative feedback regulation which initiates tumour growth by activating PI3K-AKT 

signalling. Secondly, rapamycin barely affects mTORC2 which plays a significant role in 

tumour proliferation. Encouraging results have been obtained from some combination 

strategies involving rapamycin (Zhang et al., 2020b). 
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b. Metformin  

Metformin is a popularly known anti-diabetic drug which reduces blood glucose by increasing 

cell sensitivity to insulin. Many preclinical studies have shown that metformin has anticancer 

activity. However, its anticancer mechanism of action is not fully understood. A certain study 

revealed that metformin suppresses PDAC growth by interfering with the crosstalk between G 

protein-coupled receptor (GPCR) and insulin/insulin-like growth factor receptor (IGF) 

signalling pathways (Chang et al., 2018). Diabetic patients administered with metformin have 

a 37% reduction in the probability of them getting cancer (Hart et al., 2016).  Metformin also 

has the ability to inhibit the activity of CD133 in cancer cells thereby decreasing tumour weight 

(Gzil et al., 2019). 

c. Aspirin  

Aspirin is originally used as an anti-platelet and non-steroidal anti-inflammatory drug 

(NSAID). Cancer patients have increased platelet count which promotes cancer cell 

proliferation leading to poor prognosis. This is because activated platelets have high levels of 

pro-angiogenic factors such as VEGF-A, fibroblast growth factor 2 and platelet-derived growth 

factor. Aspirin inhibits thrombin platelet activation hence decreasing angiogenesis. Growing 

research shows that aspirin interferes with NFĸB, RUNX1 and programmed cell death (Martini 

et al., 2020). 

1.7.3 The developmental history of Disulfiram 

The chemical name for disulfiram is Bis(diethylthiocarbamoyl) disulphide. Years after its 

established use as an industrial catalyst during rubber production, an American physician E.E. 

Williams in 1937 realised that people working with disulfiram experienced a myriad of 

symptoms such as headaches, sweating, heart palpitations, etc which worsened after 

consumption of alcohol. It was later revealed that disulfiram supressed the activity of 
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acetaldehyde dehydrogenase causing the accruement of the acetaldehydes that caused the 

observed symptoms after drinking alcohol. In 1977, a female cancer patient undergoing 

chemotherapy and alcoholism treatment with disulfiram remained asymptomatic for a decade 

without further medication creating the hypothesis that disulfiram has an anticancer effect (Jiao 

et al., 2016). Disulfiram commercially known as antabuse has been used as an anti-alcoholism 

drug (Spillier et al., 2019) for over 60 years. Research has shown that DS in the presence of 

copper has anti-tumoural activity (Dastjerdi et al., 2014).  After oral administration, the enzyme 

gluthathione reductase and albumin quickly converts disulfiram to DDC. Once in the liver, 

cytochrome p450 converts DDC to S-Me-DDC then to the intermediates Me-DETC and 

MESO-DETC which are the forms of disulfiram involved in its anti-alcoholism activity. S-

methylation and glucoronidation of disulfiram in the liver nullifies its anti-cancer activity and 

could be the reason for the difference in efficacies of laboratory and clinic results (Butcher et 

al., 2018; Najlah et al., 2019). 

1.7.4 Disulfiram and Cancer 

1.7.4.1 Mechanism of disulfiram action  

i. Inhibition of the NFκB pathway 

In 2003, Wang et al. showed that disulfiram inhibits the NFĸB pathway. DNA damage caused 

by drugs stimulates/initiates the release of anti-apoptotic proteins which can cause drug 

resistance. Clinical trials involving the use of NFκB inhibitors on cancer cells have been 

unsuccessful suggesting that chemotherapy cannot just comprise of inhibitors of NFκB. High 

reactive oxygen species can cause apoptosis by damaging DNA and membrane structure. 

Cancer cells can tolerate higher levels of ROS than normal cells. However, cancer cells have a 

limit which when exceeded, exhausts cellular antioxidant capacity and leads to apoptosis. ROS-

induced apoptosis depends on the activation of the MAPK pathway. Unfortunately, 
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Figure 1.14: Mechanism of anticancer activity of disulfiram.  

 

chemotherapy induced ROS activation also activates pathways such as NFκB which affect the 

drug’s cytotoxicity negatively (Yip et al., 2011; Wang et al., 2003). 

ii. Proteasome inhibition 

Disulfiram inhibits proteasome activity by destabilizing the homeostasis of proteins that 

regulate cell cycle and apoptosis leading to an accumulation of poly-ubiquitinated proteins and 

cytotoxic protein aggregates which lead to cancer cell death (Jiao et al., 2016). The sulfurhydryl 

groups on DSF have high affinity for thiol groups and chelate biological metals thus aiding its 

suppression of the 26S proteasome (Li et al., 2020a). 
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iii. Inhibition of aldehyde dehydrogenase (ALDH) 

ALDH is required for the production of molecules required for cell proliferation and 

differentiation (Jiao et al., 2016). Normal cell microenvironment has a neutral pH while tumour 

cell microenvironment has a slightly acidic pH. Studies have been carried out using 

Diethythiocarbamate (DDC) coated in pH dependent charge switchable nanoparticles to target 

cancer cells while limiting toxicity to normal cells. DDC is an irreversible inhibitor of 

ALDH1A1 which protects cells from aldehyde-induced oxidative stress. DDC has a wide range 

of applications such as for agricultural pesticides and as a pharmacological agent against 

tuberculosis, AIDS and cutaneous leishmaniasis (Abu-Serie, 2018). 

iv. Formation of reactive oxygen species (ROS) 

Copper is the second most important trace element in the body and plays a vital role in enzyme 

catalysis, in iron homeostasis, immunity, cell signalling, angiogenesis and nerve induction. It 

also acts as a pro-oxidant or antioxidant by scavenging ROS. Its increased level in cancer cells 

suggests that high levels of copper hasten angiogenesis. Many scientists suggest that the high 

copper level in cancer cells play a role in imparting chemoresistant abilities to cancer cells. 

Two drugs used clinically for chelating copper are disulfiram and tetrathiomolybdate (Hassan 

et al., 2018; Hassan et al., 2019). Disulfiram strongly complexes with metal ions thereby 

suppressing the activity of Zn and Cu-dependent enzymatic pathways thereby, creating 

oxidative stress (Jiao et al., 2016). ROS is a product of mitochondrial oxidative 

phosphorylation (Xu et al., 2017).  

v. Inhibition of NPL4 

In 2017, Skrott et al., proved that disulfiram targets cancer cells by inhibiting NPL4, a p97 

segregase adaptor which plays a vital role in the turnover of proteins involved in many 

regulatory and stress-response pathways. Disulfiram is also a phosphoglycerate dehydrogenase 



63 
 

(PHGDH) inhibitor. PHGDH catalyses an initial step in the pathway for serine synthesis which 

is highly expressed in cancer cells (Spillier et al., 2019). 

vi. Inhibition of DNA methylation 

Disulfiram has also been shown to increase the cytotoxicity of anticancer drugs, hinder 

angiogenesis, promote apoptosis of cancer cells, stop cell proliferation, invasion and 

metastasis, interfering with DNA methyl transferase, hindering pgp-efflux, stopping DNA 

replication, hindering the proteolytic action of matrix metalloprotease (MMP) (Banerjee et al., 

2019). 

vii. Inhibition of pyroptosis 

In addition to its potent anticancer activity, current research shows that disulfiram also inhibits 

pyroptosis (Hu et al., 2020), modulates secretase (Reinhardt et al., 2018) and inhibits 

inflammation (Schmidt and Latz, 2020). 

viii. Inhibition of p-glycoprotein maturation 

Studies have shown that disulfiram increases the cytotoxicity of first line anticancer drugs such 

as cisplatin, gemcitabine, paclitaxel and 5-fluorouracil through an unknown mechanism. Some 

studies have shown that disulfiram has the ability to reverse multidrug resistance (MDR) 

through a number of mechanisms including inhibition of p-glycoprotein maturation and 

activity (Jiao et al., 2016; Mohammad et al., 2019). DDC has a high affinity for proteins 

containing sulfurhydryl groups (Abu-serie, 2018). ABC transporters require ATP-hydrolysis 

as a source of energy for transporting molecules across the cell membrane. DSF can irreversibly 

block ATP hydrolysis by modifying the cysteine at the ATP-binding site and interacting with 

the drug-substrate binding site leading to the reversal of P-gp mediated drug efflux (Li et al., 

2020a). 
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1.7.4.2 Limitations of disulfiram as an oncology drug 

Despite the numerous studies proving that disulfiram is highly cytotoxic to cancer cells in vitro, 

disulfiram is rapidly degraded in a biological system (Butcher et al., 2018) leading to reduced 

bioavailability. The efficacy of disulfiram in vivo is also said to be reduced by the acidic pH. 

Therefore, there is a need to develop a carrier which can improve the efficiency of disulfiram 

in vivo. Many nanoparticles have been designed to carry drugs to target sites in the body while 

evading the body’s immune system so the drug can effectively carry out their therapeutic action 

(Banerjee et al., 2019). As a result of the multitude of researches proving that disulfiram 

effectively targets cancer cells and the setback of disulfiram having limited lifespan in the 

blood stream, a lot of studies are being targeted at producing novel formulations of disulfiram 

with increased half-life in the bloodstream.  

1.7.4.3 Nanotechnology 

The Greek word ‘nano’ means ‘dwarf’. In medicine, nanotechnology is the combination of 

science and engineering to produce structures of size 1 to 100nm which are used to boost drug 

delivery, screen diseases and for tissue engineering. Nanoparticles are synthesized from a host 

of materials such as lipids, metals, protein and polymers. A wide range of polymers are used 

as nanoparticles depending on their properties and the requirements. These nanoparticles are 

used for the delivery of vaccines, recombinant proteins and drugs. Based on the material from 

which it originates, nanoparticles are classed into micelles, inorganic nanoparticles, liposomes, 

dendrimers and polymeric nanoparticles. The target drug is usually immobilized or 

encapsulated to the polymer then sent to the target site by diffusion or desorption. The 3 types 

of polymers used for drug encapsulation are polymeric micelles, linear polymers and 

hydrogels. There are synthetic polymers like poly (lactic-co-glycolic acid) (PLGA), 

polylactide–polyglycolide copolymers and polylactic acid (PLA) which are more effective than 
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natural polymers because their structure has been modified to improve their efficiency and they 

lack biological contamination. Generally, nanoparticles deliver drugs to their target site either 

passively or actively. In passive drug targeting, drug administered to the body preferentially 

accumulates in the site of interest. For example, blood vessels in tumours have increased 

vascular permeability therefore molecules bigger than 40kDa will seep through the tumour 

blood vessel and settle in the tumour making it a strategy for anticancer drug design. Active 

drug targeting takes advantage of the molecular structure of the drug/drug carrier and the bond 

it forms with molecules in the site/molecule of interest such as ligand to receptor and antibody 

to antigen. For example, many epithelial cancers highly express folate receptors making the 

folate receptors a target for many drug designs (Chenthamara et al., 2019). 

1.7.4.4 Nano-drug-delivery systems transforms Disulfiram for cancer treatment 

1. Poly(lactic-co-glycolic acid) encapsulated DS 

The most widely used synthetic polymer is PLGA because it is easily degraded into lactic acid 

and glycolic acid which are common metabolic by-products in the body. PLGA is also used in 

medical diagnostic devices because of the ability to control its degradation rate by altering its 

molecular weight or copolymer ratio there. PLGA is acidic in nature making it a poor choice 

for the delivery of acid-labile drugs unless it is modified (Chenthamara et al., 2019). There are 

formulations in which disulfiram is encapsulated with poly(lactic-co-glycolic acid)  (PLGA) 

nanoparticles. PLGA is a synthetic polymer used for producing nanoparticles for drug delivery. 

These nanoparticles prevent rapid breakdown of disulfiram (Fasehee et al., 2016) and allows 

controlled drug release in vitro. The half-life of PLGA-DS was extended to 7 hours from 2 

minutes and PLGA-DS/Cu suppresses the expression of Liver CSCs (Wang et al., 2017c). 
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2. PLGA-Polyethylene glycol (PEG)-folate encapsulated DS 

Folate-receptor-targeted-PLGA-PEG encapsulated DS was developed for MCF7 breast cancer 

cells by Fasehee et al. This formulation has a greater drug loading and entrapment efficiency 

of 5.42 ± 0.06% and 59.62 ± 0.66% compared to PLGA which has 5.35 ± 0.03% and 58.85 

±1.01% respectively. PLGA-PEG-folate and PLGA released disulfiram in two phases, an 

initial burst phase within the first 24 hours (22.6% and 21.4% respectively) and the latter 

cumulative release phase which lasts for 120 hours (37.3% and 34.8% respectively). However, 

the difference in cytotoxicity of PLGA and PLGA-PEG-folate coated DS was not significant 

(Fasehee et al., 2016). 

3. Liposome encapsulated DS 

Nanoparticles made from lipids are easily absorbed by cells through their outer lipid bilayer. 

The 2 main types of lipid nanoparticles are liposomes (spherical lipid bilayer vesicle confining 

a liquid core) and solid lipid nanoparticles (lipid monolayer and a solid lipid core) 

(Chenthamara et al., 2019). Different studies have shown that liposome encapsulation of DS 

(Lipo-DS) boosts its anticancer activity. Lipo-DS suppressed the expression of ALDH+ CSC 

population of xenografts in the presence of copper. Liposomes extended the half-life of DS in 

the blood to 20 minutes (Liu et al., 2014; Najlah et al., 2019). 

4. Injectable DS-loaded PEGylated liposomes 

A certain study used PEGylated liposomes for disulfiram encapsulation because conventional 

liposomes have not been efficient for DS delivery. PEGylated liposomes are smaller in size 

(80-90nm) and possess less polydispersity index.  These injectable DS-loaded PEGylated 

liposomes were shown to increase the stability of DS in horse serum (Najlah et al., 2019).  
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Figure 1.15: Molecular structure of β-cyclodextrins 

 

5. TPGS-DS-NLC 

A prior study by Banerjee et al. encapsulated DS with nanostructured lipid carriers (NLC) 

modified with D-α-tocopheryl polyethylene glycol 1000 succinate (vitamin E-TPGS). This 

nanoparticle has a drug encapsulation of 80.7%, higher cytotoxicity, lower IC50 and increased 

cellular uptake in MCF7 and 4T1 cell lines. In vivo xenograft mice models of 4T1 revealed that 

TPGS-DS-NLC has higher tumour growth inhibition rate of 48.24% while free DS and DS-

NLC were 8.49% and 29.2% respectively (Banerjee et al., 2019). 

1.7.5 Cyclodextrins 

 

 

 

 

 

 

 

 

 

A major challenge in drug production is that a vast number of cytotoxic chemotherapeutic 

agents are either poorly soluble in aqueous solution or have a high dissolution rate (Gidwani 

and Vyas, 2015). Nanotechnology improves the drug concentration at the site of interest. 

Nanodrug formulations are able to improve the bioavailability and metabolic stability of its 
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payload till they get to their target site (Brachi et al., 2019). Among the many drug delivery 

systems currently used are cyclodextrins (CDs). 

Cyclodextrins are large cyclic oligosaccharides which have a lipophilic core and hydrophilic 

outer layer as shown in Figure 1.16 (Tiwari et al., 2010). Cyclodextrins are composed of six 

(α-CD), seven (β-CD) and eight (γ-CD) dextrose sub units which can be manipulated to 

improve the drug delivering efficiency of cyclodextrins. Research has shown that 2HP- β-CD, 

a derivative of β-cyclodextrin has improved water solubility (Scantlebery et al., 2019; Saha et 

al., 2016). The molecules in cyclodextrins are bound by alpha-1-4-glycosidic linkages, 

however it complexes with guest molecules using hydrogen bond, Vander Waals and 

hydrophobic interaction (Singhal et al., 2018; Gidwani and Vyas, 2015). Cyclodextrins possess 

the unique ability to complex with and trap a foreign molecule in its core without the formation 

of any covalent bonds (Tiwari et al., 2010). Cyclodextrins have a conical structure with an 

outer hydrophilic exterior and inner hydrophobic cavity. The inner cavity has the ability to bind 

to different kinds of guest molecules such as polar compounds like alcohols and non-polar 

compounds like aromatic hydrocarbons. The outer hydrophilic exterior enables cyclodextrins 

to interact well with water (Lopez et al., 2011). Modern science has improved the previous 

limitations associated with their safety and cost of production, making them a good choice as 

a drug delivery system. These cyclodextrins have many advantages such as increasing drug 

solubility, increasing drug bioavailability, enhancing drug stability, reduction of irritation, 

avoiding drug incompatibility, improving substance handling and hiding bad odour or taste. In 

pharmaceutical companies, cyclodextrins are popularly used as drug delivery systems in eye 

drops, nasal sprays, oral tablets, rectal drugs, controlled drug delivery and transdermal drugs. 

Currently, cyclodextrins are being packaged in carrier molecules such as liposomes, 

microcapsules, microspheres and nanoparticles to boost its drug delivery capacity (Tiwari et 

al., 2010). The route through which cyclodextrins are administered determines its safety and 
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toxicity. Cyclodextrins taken orally may be absorbed by passive diffusion while cyclodextrins 

taken intravenously are completely excreted by the kidney (Gidwani and Vyas, 2015). A study 

by Qu et al showed that administering a DSF inclusion complex comprising of DSF, Cu and 

hydoxypropyl-β-cyclodextrin (DSF/HP-β-CD/Cu) through the intranasal route to intracranial 

GBM bearing male rats suppressed tumour progression and cell motility, promoted apoptosis 

and increased median survival time by 36.8% and 18.2% compared to model rats when 

administered via oral and intravenous route respectively (Qu et al., 2021). 

1.8 AIM AND OBJECTIVES 

The aim of this project is to study the molecular mechanisms of hypoxia-induced 

chemoresistance and aggressiveness in PDAC cell line and investigate the eliminating effect 

of cyclodextrin-encapsulated disulfiram on hypoxia-induced resistance and PDAC cancer stem 

cells.  

Objectives 

▪ To determine the effect of hypoxia on chemosensitivity, aggressiveness and stemness in 

PANC-1 cell line. 

▪ To examine the effect of hypoxia on chemoresistance and stemness in patient derived 

PDAC cells. 

▪ To investigate the effect of NFκB pathway activation on chemosensitivity and 

aggressiveness in PANC-1 cell line. 

▪ To study the effect of cyclodextrin-encapsulated disulfiram on hypoxia-induced stemness 

and chemoresistance in patient derived PDAC cells. 
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2.1 Materials 

2.1.1 Cell lines 

Six primary PDAC cell cultures: liver metastasis (A6L), primary PDAC (12560, 12556), and 

circulating PDAC (CX102, CX135, C76) cells characterised and very kindly provided by 

Professor Christopher Heeschen at Bart’s Cancer Institute, Queen Mary University of London, 

U.K.  

Panc-1 PDAC cell line was supplied by ATCC (Baltimore, MD, USA). 

2.1.2 Reagents, enzymes and kits 

ALDEFLUOR kit (Stem Cell Technologies, Cambridge, UK). 

The following reagents were purchased from Sigma (Dorset, UK): D-glucose, Insulin, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Propidium iodide, 

Hygromycin B, Tetraethylthiuram disulphide, Phosphate buffer saline tablets, Glycine, 

Ammonium persulfate, Sodium hydroxide, Methanol, 100% Ethanol, Crystal violet, Copper II 

chloride hydrate, N,N,N’,N’-tetramethyl-ethylenediamine (TEMED), DL-Dithiothreitol 

solution (DTT), RNaseZAP, Trizma phosphate, Poly(2-hydroxyethylmetacrylate). 

Ambion™ DNAZap™ (Invitrogen, ThermoFisher Scientific Inc, USA). 

EZ-ECL chemiluminiscence detection kit for horse radish peroxidase (Biological Industries, 

Cromwell, USA). 

Fetal bovine serum (FBS), Phosphate buffered saline (PBS), Antibiotic-antimycotic, B-27 

Supplement (Gibco Life Technologies, Paisley, UK). 

FITC Annexin V apoptosis detection kit II (BD Biosciences, New Jersey, USA). 

Giemsa stain (Riedel-de Haen, Seelze-Hannover, Germany). 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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HypoxyprobeTM-1 Plus Kit supplied by Hypoxyprobe Inc (Burlington, MA, USA). 

Image-iT Fix-Perm kit (Molecular probes by Life technologies, Massachusetts, USA). 

Lipofectamine™ 2000 reagent (Invitrogen, Thermofisher Scientific Inc, UK). 

Molecular probes, MycoFluor Mycoplasma Detection Kit (Thermofisher Scientific, U.S.A.). 

Mycoplasma removal agent (Bio-rad Laboratories, CA, U.S.A.). 

Penicillin-streptomycin (BioWhittaker® Lonza, Walkersville, USA - Lonza, Slough, UK). 

Protein estimation kit: Protein assay reagent A, Protein assay reagent B, Protein assay reagent 

S (Bio-rad Laboratories, Hertfordshire, UK). 

Protogel stacking buffer, Accugel 19:1 bisacrylamide, 4× Protogel resolving buffer, 10× Tbe, 

10× Tris/glycine (Gene Flow Limited, Lichfield, U.K.). 

Reverse transcription kit: Taqman universal master mix II with UNG, 10× RT Buffer, 25× 

dNTP mix, 10× RT Random Primers, Reverse transcriptase. Primers 20× mix: 

 02387400 NANOG, 00153153 HIF1A, 01053049 SOX2, 00999632 POU5F1 (OCT4), 

02786624 GAPDH, 01042014 RELA (p65), 99999909 HPRT1, 01026149 EPAS1 (HIF2α) 

(Applied Biosystems, CA, U.S.A.). 

Rosewell Park Memorial Institute (RPMI) media, L-glutamine, 10× Trypsin (Lonza, Basel, 

Switzerland). 

RhFGF-Basic (R&D Systems, Abingdon, UK). 

Total RNA purification plus kit: Elution solution A, Buffer RL, Collection tubes, Elution tubes, 

Spin columns and Wash solution A (Norgen Biotek Corp, Ontario, Canada).  

Vectorshield (Vector Laboratory Inc, Burlingame, CA). 
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2.1.3 Antibodies 

Anti-beta actin monoclonal antibody (Sigma Aldrich Company Ltd., Dorset, UK). 

CD133/2-VioBright™ FITC, Human (Macs Miltelyi Biotech, Germany). 

BAX, p65, Sox2, BCL-2, E-Cadherin, Vimentin, Oct4, Nanog, N-Cadherin (Abcam, 

Cambridge, UK). 

Enhanced ChemiLuminescence (ECL) ™ anti-mouse antibody (Ab), ECL ™ anti-rabbit 

antibody (GE Healthcare, Buckinghamshire, UK). 

HIF2α antibody (Novus Biologicals, CO, USA). 

Horse radish peroxidase conjugated secondary anti-mouse and anti-goat 

antibodies (GE Healthcare UK Ltd). 

2.1.4 Equipment and Labware 

Amersham Hybond ™ -P polyvinylidene difluoride (PVDF), blotting paper (GE Healthcare 

Life Sciences, Buckinghamshire, UK). 

BD Accuri C6 Flow cytometer (BD, New Jersey, USA). 

Cell scrapper, 6-well, 12-well, 24-well and 96-well flat bottom tissue culture plates, tissue 

culture flasks with vented caps (T25, T75 and T150), Eppendorf tubes (0.5ml and 1.5ml), 

vacuum filter, serological pipette (Sarstedt Ltd., Leicester, UK). 

CO2 incubator, O2/CO2 incubator (Panasonic, Leicestershire, UK). 

Evos FL Cell Imaging System (Invitrogen, California, USA). 

Matrigel (BD Biosciences, Oxford, UK). 
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Micropipette (0.1-2µl, 0.5-10µl, 2-20µl, 20-200µl, 10-100µl and 100-1000µl), Spectrafuge 

mini centrifuge (Labnet, New Jersey, USA). 

Microscope slide (ERIE Scientific Company, Portmouth, NH, USA). 

Mini protein electrophoresis chamber kit, tank with lid, buffer dam, gel cutter, gel plate 

adapters, power pack, 1.5mm glass plate, 1.5mm gel combs (BIO-RAD, Hertfordshire, UK).  

MP220 pH meter (Mettler Toledo, Ohio, USA). 

NanoDrop 2000, Multiskan Ascent, Multidrop 384, Fluoroskan Ascent FL, Shandon Cytospin 

4, Chamber slide (Thermo Scientific, Massachusetts, USA). 

PIPETBOY (Integra, Hudson, USA). 

QuantStudio 6 Flex Real-time qPCR system (Applied Biosystems, CA, USA). 

Sterile pipette tips ZAP filter tips (Alpha laboratories, Eastleigh, UK). 

Stuart® 3-block heater (Bibby Scientific Ltd., Straffordshire, UK). 

TE70 ECL Semi-Dry Transfer Unit, Hypercassette (Amersham, Biosciences, UK). 

2.1.5 Buffers 

i. Blocking buffer for western blot 

Blocking buffer is used for blocking the non-specific binding of proteins to the nitrocellulose 

membrane and was prepared by dissolving 5g of non-fat milk in 100ml of 1× TBS-T.  

ii. Flow buffer for flow cytometry 

Flow buffer is used for stain preparation and sample incubation during flow cytometry analysis 

for CSC markers. Flow buffer was prepared by adding 4% FBS to PBS. 
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iii. Running buffer 

Running buffer is used for SDS-PAGE during western blot analysis. 1× running buffer was 

prepared by mixing 100ml of 10× stock solution and 900ml of distilled water then storing it at 

room temperature. 

iv. Sorenson’s Glycine Buffer 

Sorenson’s glycine buffer is used during MTT analysis. It was prepared by dissolving 3.75g of 

glycine and 2.92g of NaCl in 500ml of distilled water then raising the pH to 10.5 with 5M 

NaOH. This buffer was stored at room temperature. 

v. Transfer Buffer 

Transfer buffer is used when carrying out western blot analysis. This was prepared by mixing 

200ml of methanol, 700ml of distilled water and 100ml of 10× stock solution and stored at 

room temperature.  

vi. 10× Tris-Buffered Saline Buffer (TBS) 

The 10× TBS-T buffer was prepared by dissolving 12.11g Tris base and 81.8g NaCl in 1 Litre 

of distilled water and bringing the final pH to 7.4 and stored at room temperature.  

vii. 1× Tris-Buffered Saline Tween-20 (TBS-T) 

A stock of 1× TBS-T was prepared by mixing 100ml of (10×) TBS-T, 900ml of distilled water 

and 500µl of Tween-20. 

viii. Freezing Buffer 

Freezing buffer is used to suspend cells to be preserved in liquid nitrogen. It is prepared by 

adding 10% of DMSO to FBS. 
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ix. RIPA Buffer 

RIPA buffer is used in western blot analysis for cell lysis. A 100ml stock of 10× RIPA buffer 

with a pH of 7.4 was prepared using the reagents in the quantities shown in the table below. 

The stock was then stored in a fridge at 40C. 

 

Table 2.1: Preparation of RIPA buffer 

Reagents Concentration Weight/100mL 

Tris HCl 25mM 395mg 

Aprotonin 1mM (1-10µg/mL) 1mg 

Triton X-100 1% 1mL 

Sodium Deoxycholate 0.5% 0.5g 

NaCl 0.15M 0.88mg 

EDTA 1mM 37.2mg 

Sodium Orthovanadate 1mM 18.4mg 

SDS 0.1% 0.1g 

Leupeptin 1Mm (1-10µg/mL) 1mg 

PMSF 1mM 17.4mg 
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2.2 Methodologies 

2.2.1 Cell Culture 

i. Adherent cell culture 

RPMI media was prepared by adding 5ml of L-Glutamine, 5ml of penicillin-streptomycin and 

50ml of fetal bovine serum (FBS) into 500ml of RPMI media. 1× trypsin was prepared by 

dilution of 10× trypsin in PBS. Both were stored at 40C. All PDAC patient derived cells and 

cell line were maintained using RPMI media. 

T75 flasks containing previously subcultured cells were removed from the incubator to a hood 

with laminar flow of air. The old media in the T75 flasks was aspirated using a Pasteur pipette. 

Immediately after, 5ml of PBS was put into each T75 flask to rinse off any trace of media in 

the flask. This PBS was aspirated then 3ml of 1× trypsin was added into each flask then these 

flasks were kept in the incubator till the cells trypsinised. After the cells trypsinised, the enzyme 

in each flask was neutralised with 3ml of RPMI media then collected into tubes and centrifuged 

at 1200rpm for 5 minutes. The supernatant was aspirated then the cells at the bottom were 

resuspended in 5ml of RPMI media and thoroughly mixed to break cell clumps. The 

resuspended cells were counted using a haemocytometer then 2 to 3 million cells were 

introduced into a labelled new T-75 vented flask, containing 19ml of RPMI. These new flasks 

were returned to the incubator at 370C, 5% CO2. 

ii. Hypoxia cell culture 

The process of hypoxic cell culture is the same as that of adherent cell culture except for the 

fact that 5 x105 cells were seeded in 8ml of RPMI media in T25 flasks and the cells were 

incubated in a hypoxic incubator with 1% O2, 370C and 5% CO2. The cells were incubated for 

about 5 days and the media was changed on the 3rd day. Drug treatment was done on the 5th 

day and cells collected on the 6th day. 
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iii. Spheroid cell culture 

Spheroid culture is gaining fame because of its ability to better reproduce cell-cell, cell-matrix 

and physico-biochemical barriers in cancer tumours than monolayered cultures (Lee et al., 

2020). To prepare stem cell media, approximately 500µl of heparin, 1ml of insulin, 100µl of 

Fibroblast growth factor (FGF), 10ml of B-27, 100µl of Epidermal growth factor (EGF), 3.1 

ml of D-glucose, 5ml of L-glutamine and 5ml of penicillin-streptomycin into a 500ml bottle of 

DMEM-F12. The mixture was then filtered and stored in a fridge at 40C.  

PolyHema was prepared by dissolving 10mg/ml of poly(2-hydroxyethylmethacrylate) in 95% 

ethanol and kept on a stirrer overnight. The next day, the solution was filtered and preserved 

in a fridge at 40C. Small volumes of polyHema (4ml for T75, 2ml for T25, 0.4ml for 6-well 

plate, 0.3ml for 24-well plate, 30µl for 96-well plate) were used to coat the bottom of flasks 

and plates (to prevent cells from attaching to the flasks or plates) then left overnight in an oven 

to dry. The next day the coated flasks and plates were rinsed twice with PBS.  

About 500,000 normoxic cells were seeded in 8ml of stem cell media and these flasks were 

kept in an incubator for 6 days at 370C and 5% CO2. Drug treatment was done on the 5th day 

and spheres collected on the 6th day. 

2.2.2 MTT Cytotoxicity Assay 

Cytotoxicity is a cell-based assay used to analyse the effect of a test molecule such as a drug 

on cell death or cell proliferation. This experiment makes use of tetrazolium dye which is 

enzymatically reduced to a coloured crystal by viable cells. At the end of the experiment, the 

crystals are dissolved with dimethyl sulfoxide, then the proportion of viable cells is estimated 

and recorded (Riss et al., 2013). MTT reagent was prepared by dissolving 5g of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide in 500ml of PBS in a bottle covered 

with an aluminium foil, filtered and stored at 40C. 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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In this experiment, for each patient derived cell, three 96 well plates were seeded with each 

well containing 7500 cells per 200µl of RPMI media. These plates were incubated overnight. 

The next day, the plates were aspirated then the cells were dosed with serial dilutions of 

different drugs both singly and in combination with other anticancer drugs. The plates were 

then incubated for 72 hours at 370C and 5% CO2. After 72 hours, the plates were removed from 

the incubator and 20µl of MTT reagent was added to each well. The plates were wrapped in 

foil paper and returned to the incubator for 3 hours during which the MTT bound to the live 

cells in the wells to form purple formazan crystals. After the incubation time elapsed, the MTT-

media mixture was aspirated from all the wells. The penultimate step was the addition of 80µl 

of dimethyl sulfoxide and 20µl of Sorensen’s reagent to each well. The optical densities of the 

contents of the wells were read at 540nm then the result was analysed and recorded. Cell 

viability was calculated and used to estimate the IC50 of the various drugs used.  

2.2.3 Hypoxyprobe Analysis by Flow Cytometry 

Hypoxyprobe analysis is used for evaluating hypoxic regions in cells and tissues. 

Hypoxyprobe™ contains pimonidazole which is reductively activated by hypoxia to form 

complexes with sulfhydryl groups in amino acids, peptides and proteins (Aguilera and 

Brekken, 2014). These complexes can be detected by specific monoclonal antibodies using 

flow cytometry and immunofluorescence (Cousins et al., 2016). 

About 5×105 cells were seeded per T25 flask and cultured under hypoxic and spheroid 

conditions. Another 5 ×105 cells per T25 flask was cultured on the 4th day under normoxic 

conditions. On the 5th day, hypoxyprobe was added into the flasks in a ratio of 1µl to 1ml of 

RPMI media then the flasks were incubated for 2 to 4 hours. After the time elapsed, the 

normoxic, hypoxic and spheroid cells were trypsinized, neutralized with serum containing 

media then rinsed with PBS and centrifuged at 2000 rpm for 5 minutes. The cells from each 
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flask were split into two parts then resuspended in 200µl of PBS. Then, 2ml of ice-cold 

methanol was added gradually into each tube while spinning them on a vortex. The tubes were 

left at room temperature for 10 minutes then filled with PBS and centrifuged at 2500rpm for 

5minutes. The PBS was aspirated and 3ml of PBS was again added into each tube and 

centrifuged again. Approximately 150µl of blocking solution was added into each tube then 

the cells were incubated for 1 hour. Exactly 2ml of PBS was added into the tubes and 

centrifuged again at 2500rpm for 5minutes. Then, 100µl of FITC-HPP antibody prepared in a 

ratio of 1:1000 of Tritan× 100 + 1% BSA + PBS was added into each tube which was then 

incubated in the dark for 1 hour. Then the cells in each tube were rinsed with 2ml of PBS and 

centrifuged, aspirated then resuspended in 200µl of PBS and analyzed using a flow cytometer. 

2.2.4 Immunocytochemistry 

The first part of this assay varied depending on the cell type. 

i. Adherent and hypoxic cells 

Each well of a four-well chamber slide was seeded with 25,000 to 40,000 cells of a different 

patient derived PDAC cell depending on its rate of growth in 500µl of RPMI media and kept 

in a humidified incubator at 37ºC, 5% CO2. The same thing was repeated for a second chamber 

slide which was kept in a hypoxic humidified incubator at 37ºC, 5% CO2 and 1% O2. Two 

hours before the experiment was to start, hypoxyprobe reagent was added in the ratio of 1µl of 

hypoxyprobe reagent to 1ml of RPMI media then chamber slides were returned to their 

respective incubators. After the time elapsed, the media was again aspirated from both chamber 

slides and 250µl of fixative solution or ice-cold methanol was added to each well then 

incubated for 15 minutes at room temperature. After which the fixative solution was discarded 

and the cells washed 3 times with 1 ml of wash buffer on a shaker at 500rpm for 5 minutes. 

Then 250µl of permeabilization solution was added into each well and the cells were incubated 
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for 15 minutes at room temperature (20 to 25ºC). The permeabilization solution was discarded 

and the cells were again washed with 1 ml of wash buffer for 5 minutes at room temperature. 

Approximately 2ml of blocking solution was added to each well and the cells were incubated 

for 1 hour at room temperature before staining.  

FITC-conjugated anti-pimonidazole (FITC-HPP) was prepared in a ratio of 1:1000 of blocking 

solution. 200µl was added to each well and left for an hour at room temperature after which it 

was washed 3 times for 5 minutes with 1 ml of wash buffer solution. 

Actin stain was prepared in a ratio of 2 drops to 1ml of blocking solution and 200µl of the 

prepared solution was added to each well then incubated for 30 minutes at room temperature. 

It was later washed 3 times for 5 minutes on a shaker. 

The chamber on the slides were removed and the slide was left to air dry. After which a drop 

of Dapi Vector Shield was added to each well carefully to avoid bubbles and a clean rectangular 

coverslip was placed on the slide whose edges were then sealed with colourless nail polish to 

prevent the fluorescence from escaping. 

After the nail polish dried, the slides were viewed using the Life cell imaging and images were 

taken and recorded. 

ii. Spheroid cells 

Hypoxyprobe reagent was added to flasks containing previously cultured sphere cells in a ratio 

of 1µl to 1ml of stem cell media, and previously subcultured normoxic cells and left overnight 

in a humidified incubator at 37ºC, 5ºC. The next day, the normoxic cells were trypsinised and 

500µl of each normoxic cell sample and each sphere containing media sample was put into 

duplicate cytofunnels, each containing a slide and centrifuged using a cytospin set at medium, 

program 2 and 800rpm for 5 minutes. After which the slides were carefully removed and the 

cytofunnels discarded. A liquid blocker was used to mark the area around the cells on each 
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slide and allowed to dry. A 1ml pipette was used to add 3 drops of fixative solution to the cells 

on each slide which were then incubated for 15 minutes at room temperature. The slides were 

tapped on tissue to get rid of the fixative solution then the cells were washed three times for 5 

minutes. Exactly 250µl of permeabilization buffer was added to the cells on all the slides and 

incubated for 15 minutes at room temperature after which the permeabilization solution was 

discarded and the cells washed three times for 5 minutes with wash buffer.  A pipette was used 

to add 250µl of blocking solution to the cells and incubated for 1 hour at room temperature. 

The cells were stained as described in (i) above. However, the coverslip used for covering the 

cells was circular. 

2.2.5 Sphere Reformation Assay 

Sphere reformation assay is used to evaluate the degree of cytotoxicity of a drug by analysing 

the ability of spheroid cells to regrow after drug treatment. 

In this experiment, T25 flasks and a 24-well plate were coated with 2ml and 1ml of poly-Hema 

respectively then kept in an oven overnight to dry the poly-Hema. The next day, the coated 

T25 flasks were rinsed with 2ml of PBS then seeded with 500,000 cells in 8ml of stem cell 

media and kept in an incubator for 7 days at 370C and 5% CO2. On the seventh day, the spheres 

in each T25 flask was collected into a tube, rinsed with PBS, centrifuged and aspirated. Exactly 

7ml of stem cell media was added to the tube and mixed for even distribution of the spheres 

then 1ml of this was added into 6 smaller tubes, centrifuged at 600rpm for 5 minutes and 

aspirated. 

Exactly 4ml of stem cell media was added into each of a new set of 6 tubes. These tubes were 

labelled as negative, paclitaxel, gemcitabine, copper, disulfiram/Cu and Cyclodextrin/Cu. The 

media in these tubes were dosed with the respective drugs in the desired concentration. Exactly 

3ml of media from each tube was mixed with the sphere pellets in the corresponding tube then 
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added into a well of the 6-well plate. The plate was then incubated for 48 hours then the 

contents of each well was collected into a tube, rinsed with PBS, trypsinized with 500µl of 1× 

trypsin for 5 minutes, neutralized with 500µl of serum containing media. Then 7ml of stem cell 

media was added to each tube which was then vortexed and 2mls from the tube was put into 

the corresponding wells of a 24-well plate. After 5 to 7 days, the reformed spheres were 

counted, and images were taken. 

2.2.6 Flow Cytometry 

Flow cytometry assay is used to analyse cell populations based on their size, shape, surface 

antigens, granularity, transcription factors, cytokines, etc (Fox et al., 2020).  

In this experiment, spheroid and hypoxic cells were set up in T25 flasks and incubated for 5 

days though the media in them was replaced on the fourth day. On the 6th day, some of the 

flasks for each cell type was labelled negative while the rest were dosed with an anticancer 

drug and incubated overnight. The next day, overnight normoxic cultures and the hypoxic cells 

were trypsinized and each flask was collected into well labelled tubes. These tubes were 

centrifuged and aspirated then 500µl of media was added to it and mixed.  

Each flask containing spheroid cells was collected into a tube. These tubes were centrifuged at 

600rpm for 5 minutes and the supernatant aspirated. Approximately 200µl of trypsin was added 

to the sphere cell pellets and incubated for 5 minutes after which it was mixed and left to 

incubate for another 5 minutes and mixed again to break the spheres. About 300µl of media 

was then added to the spheres to neutralize the trypsin. Some 10ml tubes were labelled and 

200µl of each cell type was added into duplicate tubes. After which 2ml of 1× PBS was added 

into each of the 10ml tubes, centrifuged at 2000rpm for 5 minutes and aspirated. 

The desired stain was then prepared. 
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i. For ABCG2, the stain was prepared on a ratio of 2.5µl to 100µl of flow buffer per 

tube. Exactly 100µl of the stain was aliquoted into each tube and mixed well with 

the cells. The tubes were then incubated for 30 minutes at 40C. After the incubation 

time elapsed, 2mls of flow buffer was added to each of the tubes which were then 

centrifuged and aspirated. The pellets were then resuspended in 200µl of flow 

buffer, mixed then 200µl from each tube was aliquoted into labelled flow tubes. 

The flow cytometer was used to analyze the samples. 

ii. For CD133 stain, the stain solution contained 5µl of CD133 antibody in 100µl of 

flow buffer. Approximately 100µl of this stain was added into each tube, mixed 

thoroughly with the cells and incubated in a fridge for 30 minutes. After the 

incubation time elapsed, 2mls of flow buffer was added to each of the tubes which 

were then centrifuged and aspirated. The pellets were then resuspended in 200µl of 

flow buffer, mixed then 200µl from each tube was aliquoted into labelled flow 

tubes. The flow cytometer was used to analyze the samples. 

iii. For ALDEFLUOR stain, a volume was prepared which contained 0.5µl of stain in 

100µl of ALDEFLUOR buffer. Approximately 100µl of this stain was added into 

each tube, mixed thoroughly with the cells and incubated in the dark for 30 minutes. 

About 2mls of 1× PBS was added to each of the tubes which were then centrifuged 

and aspirated. The pellets were then resuspended in 200µl of ALDEFLUOR buffer, 

mixed then 200µl from each tube was aliquoted into labelled flow tubes. The flow 

cytometer was used to analyze the samples. 

2.2.7 Annexin Apoptosis Assay 

One of the intracellular processes used for regulating homeostasis is apoptosis which entails 

programmed cell death (Tian et al., 2020). Apoptosis is initiated extrinsically by the activation 

of cell surface death receptors such as TNFR family and intrinsically by DNA damage or cell 
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stress. Annexin V is popularly used for analysing cell apoptosis because it binds to the exposed 

phosphotidal serine residues on the membrane of early apoptotic cells. Dead cells usually have 

damaged cell membranes which membrane impermeable DNA stains such as propidium iodide 

can bind to. As a result, dead and apoptotic cells can be analysed by flow cytometry using 

Annexin V and propidium iodide (Demchenko, 2013). 

In this experiment, about 300,000 cells in 3mls of RPMI media were seeded in each well of 

three 6-well plates which were then incubated at 370C. The next day, the wells were labelled 

as negative, gemcitabine, paclitaxel and cyclodextran disulfiram respectively. Each of the 

anticancer drugs was prepared at the required concentration in 10ml of RPMI media.  

The media in the 6-well plates was aspirated, 3ml of drug containing media was added to the 

appropriate well and the plates were again incubated at 370C. The next day, tubes were labelled 

according to the label of the wells. The drug containing media in each well was collected and 

put into the appropriate tube. Then, 1ml of 1× PBS was added to each of the wells to rinse, then 

collected and put into the appropriate tube. Approximately 500µl of trypsin was added to each 

of the wells then the plates were incubated till the cells completely detached from the bottom 

of the wells. The trypsin was then neutralised by adding 500µl of media to each of the wells. 

The trypsinized cells were collected into the corresponding tubes then the wells were rinsed 

with media and the media was again collected into the tubes. The tubes were centrifuged at 

2000rpm for 5 minutes, aspirated and rinsed with 3ml of PBS, centrifuged and aspirated.  

A solution containing annexin V, propidium iodide and incubation buffer was then prepared 

with every ml of incubation buffer containing 10µl each of propidium iodide and annexin V 

following the manufacturers instruction. Approximately 200µl of this solution was added into 

each tube then mixed well with the cells before being transferred into well labelled flow tubes. 

These flow tubes were incubated in the dark for 20 minutes in a process referred to as staining. 
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After staining the cells, 200µl of incubation buffer was added to each tube then the tubes were 

read using a flow cytometer. 

2.2.8 Western Blot 

Western blot is used for protein separation and identification. This technique involves gel 

electrophoresis, blotting, incubation with specific antibodies and chemiluminescence. The 

thickness of the band formed is a measure of the protein expression (Mahmood and Yang, 

2012). This technique required a series of steps which have been highlighted below: 

i. Protein collection 

The procedure for collecting normoxic and hypoxic cell pellets are the same. A cell scrapper 

was used to scrape off cells attached to the bottom of flasks containing previously subcultured 

PDAC cells. The media containing the scraped cells was poured into tubes, centrifuged and 

aspirated. The cell pellets were rinsed with PBS, collected in well labelled Eppendorf tubes 

and stored on ice or at -80oC.  

ii. Protein extraction 

The Eppendorf tubes containing the cell pellets was placed on ice. Frozen RIPA buffer was 

kept on ice to thaw then 100 to 150µl was added into each Eppendorf tube depending on the 

size of the cell pellet and mixed thoroughly with a pipette. These Eppendorf tubes were placed 

on an Eppendorf float and kept in a sonicator for 30 seconds to burst the cells. The Eppendorf 

tubes were quickly transferred into a centrifuge set at 40C, 20 minutes and 14,000rpm. After 

spinning, the supernatant containing the extracted cell proteins were collected with a 200µl 

pipette and put into a new set of labelled Eppendorf tubes. These tubes were then kept on ice 

or stored at -20oC. 
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iii.  Determination of protein concentration 

A 1ml capacity Eppendorf tube was placed on a rack. 1ml of Protein assay reagent A and 25µl 

of Protein assay reagent S was put into the Eppendorf tube and the contents of the tube were 

mixed with a vortex. 25µl aliquots of this mixture was put into the desired wells of a 96-well 

plate. Exactly 2.5µl of each protein sample was added in duplicates, followed by 200µl of 

Protein assay reagent B. The plate was incubated at room temperature for 10minutes then read 

on a plate reader. The optical densities obtained were analysed and used to calculate the protein 

concentration in each sample and the volume of the samples needed to load 30 or 

60µg/lane/well.  

iv. Electrophoresis 

Running gel was prepared depending on the pore size required as shown in Table 2.2 and about 

7.5ml was put in between 2 glass slides. Approximately 250µl of isopropanol was added on 

top of the gel to give an even surface and get rid of bubbles. The gel was allowed to set then 

the isopropanol was rinsed off with distilled water. The stacking gel was prepared using the 

reagent volumes shown in the table 2.3 below then added on top of the running gel.  
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Table 2.2: Preparation of Separating gel 

 12% 10% 8% 7.5% 6.5% 6% 

Resolving buffer (ml) 5.5 5.5 5.5 5.5 5.5 5.5 

Water (ml) 6.0 6.5 6.2 6.4 7.0 3.2 

19:1Bis-

acrylamide:acrylamide 

(ml) 

5.0 4.4 4.3 4.0 7.0 3.2 

TEMED (µl) 20 15 15 15 15 20 

10% Ammonium 

persulfate (µl) 

150 120 120 120 120 200 

 

Table 2.3: Preparation of Stacking gel  

Reagents Volume 

Stacking buffer 4.2ml 

40% 19:1 Acrilamide:Bisacrylamide 1.2ml 

Water 6.6ml 

10% Ammonium Persulfate 250µl 

TEMED 20µl 

 

A comb was quickly inserted into the stacking gel which was allowed to set. After the stacking 

gel had set, the glass slides containing the gel were transferred to a gasket then fitted into the 
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electrophoresis tank. The gasket was filled with running buffer and the comb was gently 

removed to avoid breaking the wells. 

Labelled Eppendorf tubes were placed on a rack. The calculated values of the DTT, 4X, water 

and protein for each sample was added to each of the respective Eppendorf tubes. The tubes 

were centrifuged for one minute then placed on a heat block for 10 minutes at 970C. After 

which the Eppendorf tubes were centrifuged to bring down the vapour which had percolated in 

the tubes for about 30 seconds then placed on a rack.  The content of each tube was loaded into 

the corresponding well then more running buffer was added till it reached the required level. A 

protein ladder was added into one of the wells to know regions on the gel with the protein size 

of interest. The tank was covered carefully making sure that the electrodes were in the right 

position then the lid was connected to a power source set at 200volts, 300milliamperes and 60 

minutes then switched on. After the time had elapsed, the power source was switched off and 

the gel was removed from the tank. 

v.   Blotting 

A sheet of Whatman filter paper was cut into rectangles of dimension 12 inches by 10 inches. 

Similarly, polyvinyl difluoride (PVDF) membrane was cut into a rectangle of dimension 8 by 

5 inches. Five of the cut filter papers were dipped into transfer buffer consecutively then 

stacked on the blotting machine. The PVDF membrane was dipped in methanol to activate it 

then transferred into transfer buffer before placing it on the stack of soaked filter papers. The 

gel was gently removed from the glass slides and the region of interest was cut out and rinsed 

in transfer buffer before placing it on the activated PVDF membrane. Bubbles were eliminated 

from the bottom of the gel to ensure complete transfer of proteins during blotting. Then, another 

layer of five filter papers soaked in transfer buffer was carefully stacked on top of the gel. 

Transfer buffer was poured on the stack of filter papers till it was flooded then the blotting 
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machine was closed then set at 155volts, 2 hours and after the time has elapsed, the PVDF 

membrane was removed and blocked. 

vi. Blocking 

In this stage, the PVDF membrane was dipped into a bowl containing 5% milk in 1× TBS-T 

and kept on a rocker for 30 minutes to 1 hour. 

vii. Addition of antibodies 

Primary antibody was prepared in a ratio of 1:1000 with 5% milk in 1× TBS-T. The PVDF 

membrane was put in the prepared antibody mixture and kept on a rocker overnight. The next 

day, the membrane was washed twice in 1× TBS-T for 15 minutes. Then the membrane was 

incubated in a mixture containing 1:5000 ratio of secondary antibody to 5% milk in 1× TBS-T 

for one hour. After which, the membrane was washed twice for 15 minutes with 1× TBS-T. 

viii. Band detection 

The PVDF membrane was placed on a cling film in a cassette. Then, an equal volume of the 

ECL reagents: stable peroxide solution and, luminol and enhancer solution were mixed in a 

tube then used to flood the surface of the PVDF membrane and left for 4 minutes. After which 

the excess solution was drained off then the PVDF membrane was analysed using a Li-Cor C-

Digit western blot scanner. 

2.2.9 Real-time Polymerase Chain Reaction (RT-PCR) 

Polymerase chain reaction (PCR) is a highly sensitive and specific technique used for 

amplifying DNA sequences while real time PCR is used for measuring the quantity of PCR 

products produced with time. Real-time PCR is used for gene expression detection and 

quantification (Deepak et al., 2007). 
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This experiment has 3 stages namely: 

i. Sample collection 

Old media was poured out of flasks containing previously subcultured normoxic or hypoxic 

cells. These cells were then rinsed with PBS and aspirated. Into the flasks, 300µl of lysis buffer 

was added and left for a minute then collected into labelled sterile Eppendorf tubes.  

For spheroid cultures, the sphere containing media was poured into sterile tubes, centrifuged 

at 1200rpm for 5 minutes and aspirated. Then rinsed with PBS, centrifuged and aspirated. 

About 300µl of lysis buffer was added into the tubes and collected into labelled Eppendorf 

tubes as above. At this stage, the extracted samples were stored at -80ºC till required. 

ii. RNA extraction 

The work surface was cleaned using DNAzap and RNaseZAP to get rid of contaminants. The 

collected cell samples were thawed then placed on ice.  A pipette was used to transfer each 

sample into a labelled gDNA purification column which was then placed in a collection tube 

and centrifuged at 10,000rpm for 1 minute at room temperature. The gDNA columns were 

disposed and 200µl of 100% ethanol was added to each filtrate, vortexed for about 10 seconds 

then the mixture was transferred with a pipette into an RNA purification column. Each RNA 

purification column was placed in a collection tube and centrifuged at 10,000rpm for 1 minute 

at room temperature. After which, the filtrate was disposed and 400µl of wash solution was 

added into each RNA purification tube and centrifuged again at 10,000rpm for 1 minute at 

room temperature. The filtrate was again disposed and the samples were washed two more 

times with wash buffer and centrifuged. After washing the third time, the filtrate was disposed 

then the RNA columns were centrifuged again without any wash buffer to completely get rid 

of any trace of wash buffer on the columns. A new set of Eppendorf tubes were gotten and the 

caps were cut off then the collection tubes were disposed and each RNA purification column 
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was transferred into a cut Eppendorf. Gloves were changed to prevent contamination then 50µl 

of elution solution was added into each RNA purification column and incubated at room 

temperature for 2 minutes. The RNA columns were centrifuged at 2000rpm for 2 minutes then 

at 10,000rpm for 1 minute. The filtrate containing the extracted RNA was then transferred from 

the cut Eppendorf tubes into sterile and well labelled 1ml Eppendorf tubes and stored at -80ºC 

till required. 

iii. Determination of RNA concentration 

The Nanodrop 2000 was used to calculate the concentration of each sample in ng/µl using the 

elution solution as a blank. Pure RNA had a 260/280nm range of 2 ± 0.5. 

iv. cDNA synthesis 

The extracted RNA samples were thawed and placed on ice. Their concentrations were used to 

calculate the volume of each sample containing 500ng of RNA and the volume of RNase free 

water required to get a total volume of 10µl. 

Volume of sample containing 500ng of RNA (×) = 500/RNA concentration 

Volume of water required = 10µl – × 

Sterile 500µl Eppendorf tubes were labelled and the respective RNase free water and sample 

volumes were added into them and placed on ice. Then a master mix containing the following 

reagents was prepared as shown in Table 2.4 below depending on the sample number and 10µl 

of the master mix was aliquoted into the corresponding sample tube. After which the tubes 

were centrifuged for about 10 seconds to bring everything to the bottom then placed in a 

thermocycler to convert the RNA to cDNA.  
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Table 2.4: Preparation of RT-master mix 

Component Volume per sample (µl) 

10× RT buffer 2 

Random Primers 2 

dNTPs 0.8 

Reverse transcriptase 1 

RNase free water 4.2 

Total Volume 10 

 

v. Real-time PCR. 

After the conversion of the RNA to cDNA, the total cDNA volume was 20µl with a total 

concentration of 500ng/µl. A pipette was used to add 80µl of RNase free water to the cDNA 

to give a new concentration of 5ng/µl. A new set of sterile Eppendorf tubes were labelled with 

the names of the target primers and kept on a rack. Another master mix was prepared as shown 

in Table 2.5 below depending on the number of target primers and sample number.  

Table 2.5: Preparation of RT-PCR mix 

Component Volume per sample (µl) 

Taqman Master mix 5 

Target Primer 0.5 

Total Volume 5.5 
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The cDNA was added vertically in 4.5µl aliquots per sample on a sterile optical reaction plate 

then 5.5µl of the master mix was added horizontally per target primer into the wells of the 

optical reaction plate. All these was done on ice to prevent degradation of the enzyme. The 

optical reaction plate was then sealed with optical adhesive film, then centrifuged at 900rpm 

for 2 minutes to bring the reaction mixture to the bottom and eliminate air bubbles. The optical 

reaction plate was put into the Rt-PCR machine and set at the following conditions in Table 

2.6 below. After the completion of Rt-PCR, the results were analysed. 

Table 2.6: Reaction pathway for RT-PCR 

UNG 

incubation 

Polymerase 

activation 

PCR (40 cycles) 

Hold (50ºC) 

2 minutes 

Hold (95ºC) 

2 minutes 

Denature (95ºC)  

1 second 

Anneal/extend (60ºC) 

20 seconds 

 

2.2.10 In vitro migration assay 

Before metastasis can occur, cells have to detach, migrate and invade the extracellular matrix 

then enter systemic circulation to a distant organ. Transwell migration and invasion assays are 

used to examine degree of cell motility in response to chemo-attractants such as growth factors, 

lipids, chemokines or nucleotides (Justus et al., 2014). 

In this assay, 1 million normoxic cells were counted and seeded into a T25 flask containing 

8ml of RPMI media.  These flasks were kept overnight in an incubator at 370C, 5% CO2.  

For hypoxic cells, a four-day hypoxic culture was trypsinised, counted and recorded. For 

treated hypoxic cells, a low dose of the drug was added into the inserts.  
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The next day, the cells in each T25 flask were trypsinised, counted and recorded. Forceps were 

used to pick and place a transwell chamber with an 8µm pore sized membrane into each of the 

wells of interest in a 24-well plate. 200µl of serum-free RPMI media containing 10,000 cells 

was put into each transwell while 700μl of serum containing RPMI media was added into the 

respective wells of the 24-well plate. The plate was covered and kept in an incubator for 8 

hours depending on how fast the cell line grew. After the time elapsed, each of the inserts was 

lifted with a pair of forceps then its contents were emptied then the inserts were rinsed twice 

with water and replaced in an unused well of the 24-well plate.  A solution of crystal violet in 

a ratio of 1:5 with PBS was prepared and 400μl of this solution was put into each desired well 

of a new 24-well plate. Each transwell was lifted with a pair of forceps and placed in the crystal 

violet containing well of the new 24-well plate. The transwells were left on the crystal violet 

for 15minutes then rinsed twice in water.  A cotton swab was used to thoroughly clean the 

insides of the transwells before leaving them to dry on tissue paper. After the transwells dried, 

pictures of each one was taken, and the cells were counted under a light microscope and the 

values recorded. 

For transfected clones, an overnight culture of the clones was trypsinised and counted. Volumes 

of each clone with 100,000 cells was counted and put into separate tubes. These tubes were 

centrifuged at 2000rpm for 5minutes and aspirated. 2ml of PBS was added to each tube to rinse 

the cells then centrifuged again and aspirated. 2ml of serum free RPMI media was added into 

each tube and mixed thoroughly. 700µl of serum containing RPMI media was added into the 

required wells of a 24 well plate. Then a new transwell was placed in each of those wells. Then 

200µl of the serum free RPMI media containing the transfected clones was added into the 

respective transwells. The 24-well plate was covered then left for 24 hours in an incubator. 

After the incubation time elapsed, a solution containing 1:3 ratio of crystal violet to methanol 

was prepared and 700µl of it was put into the required number of wells in a 24-well plate. The 
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plate containing the clones was removed from the incubator and the inside of the inserts were 

wiped with a cotton bud before transferring them to the crystal violet containing wells of the 

new plate. The inserts were left in the crystal violet solution for 15 minutes then rinsed with 

water and left to dry. Then images of the transwells were taken and their cell count recorded. 

2.2.11 In vitro invasion assay 

For each cell line, 1 million cells were counted and seeded into a T25 flask containing 8ml of 

RPMI media.  These flasks were kept overnight in an incubator at 370C, 5% CO2. The next 

day, the cells in each T25 flask were trypsinised, counted and recorded. Matrigel was removed 

from the -800C freezer and kept on ice to thaw.  Some serum-free RPMI media was poured into 

a 10ml tube and put on ice. Forceps were used to pick and place each transwell chamber with 

an 8µm pore sized membrane into the wells of interest in a 24-well plate. The Matrigel was 

prepared in a ratio of 1:5 with serum-free RPMI media.  50μl of this mixture was put into each 

transwell chamber and the 24-well plate was covered and left in an incubator for 5 hours so the 

gel would set.  After the time elapsed, the Matrigel settled at the bottom of each transwell 

leaving the serum-free media at the top. This serum-free media was aspirated and replaced with 

200μl of serum-free RPMI media containing 20,000 cells while 700μl of serum containing 

RPMI media was added into each well of the 24-well plate containing the transwells. The plate 

was once again covered and kept in an incubator overnight. The next day, each of the inserts 

were lifted individually with a pair of forceps and its contents, emptied then rinsed twice with 

water and replaced in an unused well of the 24-well plate.  A solution of crystal violet in a ratio 

of 1:3 with methanol was prepared and 400μl of this solution was put into each desired well of 

a new 24-well plate. Each transwell was lifted with a pair of forceps and placed in the crystal 

violet containing well of the new 24-well plate. The transwells were left on the crystal violet 

for 15minutes then rinsed twice in water.  A cotton swab was used to thoroughly clean the 

insides of the transwells before leaving them to dry on tissue paper. After the transwells dried, 
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pictures of each one was taken, and the cells were counted under a light microscope and the 

values recorded. 

2.2.12 Stable Transfection 

Transfection is a technique commonly used for introducing foreign genetic material into cells 

in order to study protein function or gene function/regulation. The two main types of 

transfection are stable (permanent) and transient (temporary) transfection. The aim of the 

experiment determines the type of transfection used. Transfection can be carried out using 

biological agents such as a virus, chemical agents such as cationic lipids, calcium phosphate, 

cationic amino acids, etc and physical methods such as micro injection, biolistic particle 

delivery, laser-based transfection and electroporation. The use of a virus for transfection has 

many limitations such as causing inflammatory reactions, insertional mutation, gene 

disruption, cytotoxicity and immunogenicity (Kim and Eberwine, 2010). For this research, 

stable transfection was used. 

i. Preliminary study 

A Six-well plate was seeded with 300,000 cells in 3ml of RPMI media per well of the PDAC 

cell line, Panc-1 and kept in an incubator at 37ºC. The next day, 5 of the wells were dosed with 

different concentrations of hygromycin leaving one well as control and the plate was returned 

to the incubator. For the next 7 days, the cells were monitored to determine the lowest 

concentration that led to complete cell death and images were taken at 3-day intervals.  

Transfection of panc-1 cell line with Hygromycin resistant pcDNA 3.1 plasmid for NFκB 

p65 overexpression. 

Each of the three wells of a 6-well plate was seeded with 400,000 cells of Panc-1 PDAC cell 

line in 3ml of RPMI media. The plate was kept overnight in a humidified incubator at 37ºC, 
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5% CO2. The next day, the three wells were labelled negative, mock and p65 respectively. 

Then, 10ml tubes were labelled and some components were added into them as shown below: 

Tube Number Lipofectamine 

(µl) 

Empty plasmid 

(µg) 

p65 containing 

plamid (µg) 

Serum free 

media (µl) 

1 (negative) 10   250 

2 (mock) 10   250 

3 (mock)  4  250 

4 (p65) 10   250 

5 (p65)   4 250 

 

Tube 1 (negative) = 10µl of lipofectamine + 250µl of serum free media. 

Tube 2 (mock) = 10µl of lipofectamine + 250µl of serum free media. 

Tube 3 (mock) = 4µg of empty plasmid + 250µl of serum free media. 

Tube 4 (p65) = 10µl of lipofectamine + 250µl of serum free media. 

Tube 5 (p65) = 4µg of p65 containing plasmid + 250µl of serum free media. 

The tubes were mixed with a pipette independently then incubated at room temperature for a 

minimum of 5 minutes to a maximum of 30 minutes after which the contents of tube 2 and tube 

3 were mixed together, then the contents of tube 4 and tube 5 were thoroughly mixed with a 

pipette to enable the plasmid to enter into the liposomes of the lipofectamine. These tubes were 

then incubated at room temperature for a minimum of 20 minutes to a maximum of 6 hours. 

The content of tube 1 was added drop by drop to the well labelled ‘negative’, the mixture of 

tube 2 & 3 was added drop by drop to the well labelled ‘mock’ and the mixture of tubes 4 & 5 

was added drop by drop to the well labelled ‘p65’. The plate was returned to the humidified 

incubator at 37ºC, 5% CO2. After 24 or 48 hours, a calculated volume of RPMI media was 
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added into different bottles and dosed with the concentration of hygromycin chosen after step 

(i.) above depending on the number of petri dishes desired. An aliquot of 15ml of the 

hygromycin dosed RPMI media was put into each petri dish. The 6-well plate was removed 

from the incubator and the media in them was aspirated. Each well was rinsed with PBS and 

the cells trypsinised with 600µl of trypsin. The trypsin was later neutralised with an equal 

volume of RPMI media then equal aliquots of the cell solution was added drop by drop into 

the respective petri dishes. Note that the content of each well was put into two labelled Petri 

dishes. The cells in the petri dishes were observed daily and the drug containing media was 

changed frequently depending on the quantity of dead cells floating in the media. This was 

because the dead cells would secrete toxins which could be harmful to the life cells. After 10 

days, each plate was held up under light consecutively and a marker was used to draw a circle 

around well-spaced colonies. An average of 12 colonies was circled per plate. A 24-well plate 

with each well containing 1ml of RPMI media dosed with the desired concentration of 

hygromycin was prepared under sterile conditions and kept in the hood till required. Then the 

media in one petri dish was aspirated and the cells were rinsed with 5ml of PBS which was 

also aspirated. A 200µl pipette was used to add 2 drops of trypsin on each of the circled clones 

then the petri dish was kept in the incubator and monitored carefully under the microscope till 

the cells in each colony was well rounded which is characteristic of detached cells. The petri 

dish was carefully carried into the hood then a pipette and a different pipette tip was used to 

add 20µl of RPMI media to each colony one by one. The colony containing media was then 

put into a separate well of the 24-well plate. After collecting all circled colonies of that 

petridish, the procedure was repeated for the next petri dish till all colonies were collected. The 

24-well plate was kept in a humidified incubator at 37ºC, 5% CO2 with the clones monitored 

and the media replaced regularly. 
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2.2.13 CRISPR-Cas9 KNOCKOUT 

i. Preliminary study 

A Six-well plate was seeded with 300,000 cells in 3ml of RPMI media per well of the PDAC 

cell line, Panc-1 and kept in an incubator at 37ºC. The next day, 5 of the wells were dosed with 

different concentrations of puromycin leaving one well as control and the plate was returned 

to the incubator. For the next 7 days, the cells were monitored to determine the lowest 

concentration that led to complete cell death and images were taken at 3-day intervals.  

CRISPR-Cas9 p65 Knockout 

Clustered regularly interspaced palindromic repeats (CRISPR)/Cas9 is technique used in 

genome engineering to edit genes. It is used for enabling or terminating the expression of 

specific genes in vivo or in vitro (Redman et al., 2020).  

Cells were transfected following the manufacturers CRISPR/Cas9 Knockout protocol. An 

aliquot of 15ml of the puromycin dosed RPMI media was put into each petri dish. The 6-well 

plate was removed from the incubator and the media in them was aspirated. Each well was 

rinsed with PBS and the cells trypsinized with 600µl of trypsin. The trypsin was later 

neutralised with an equal volume of RPMI media then equal aliquots of the cell solution was 

added drop by drop into the respective petri dishes. Note that the content of each well was put 

into two Petri dishes. The cells in the petri dishes were observed daily and the drug containing 

media was changed frequently depending on the quantity of dead cells floating in the media. 

This was because the dead cells could secrete toxins which could be harmful to the life cells. 

After 10 days, each plate was held up under light consecutively and a marker was used to draw 

a circle around well-spaced colonies. An average of 12 colonies was circled per plate. A 24-

well plate with each well containing 1ml of RPMI media dosed with the desired concentration 

of puromycin was prepared under sterile conditions and kept in the hood till required. Then the 
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media in one petri dish was aspirated and the cells were rinsed with 5ml of PBS which was 

also aspirated. A 200µl pipette was used to add 2 drops of trypsin on each of the circled clones 

then the petri dish was kept in the incubator and monitored carefully under the microscope till 

the cells in each colony was well rounded which is characteristic of detached cells. The petri 

dish was carefully carried into the hood then a pipette and a different pipette tip was used to 

add 20µl of RPMI media to each colony one by one. The colony containing media was then 

put into a separate well of the 24-well plate. After collecting all circled colonies of that petri 

dish, the procedure was repeated for the next petri dish till all colonies were collected. The 24-

well plate was kept in a humidified incubator at 37ºC, 5% CO2 with the clones monitored and 

the media replaced regularly. 

2.2.14 Statistical Analysis 

The data were statistically analysed with GraphPad Prism using t-test and two-way ANOVA. 

The significant p-values of <0.05(*) and <0.0001(****) represent significant and very 

significant differences respectively.  

The IC50s were calculated on Microsoft Excel while the software CALCUSYN was used to 

calculate the Effective Dose of all the drug combinations used during this study. 
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CHAPTER 3  

 

 

 

 

 

HYPOXIA INDUCES STEMNESS, CHEMORESISTANCE AND 

INVASIVENESS IN PANC-1 PANCREATIC DUCTAL 

ADENOCARCINOMA CELL LINE 
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3.1 Introduction 

Unlike many cancers which have had significant advances in the overall survival of patients, 

pancreatic cancer still has a very poor prognosis. According to the national cancer institute in 

United States, colorectal cancer has a 5-year survival rate of 65% while pancreatic cancer has 

a 5-year survival rate of 7%. The high fatality rate for pancreatic cancer is as a result of late 

diagnosis for most patients. Pancreatic cancer cells are also suspected to develop 

micrometastases at the early stages of the tumour (Erkan et al., 2016). Panc-1 is a PDAC cell 

line commonly used to carry out in vitro studies on tumorigenesis of the pancreas (Shen et al., 

2019). 

Tissue hypoxia results from decreased ability of cells to transport oxygen, decreased tissue 

perfusion, low oxygen tension, reduced capability of cells to utilise oxygen and increased 

diffusion distance (Hockel and Vaupel, 2001). Reduced vascularization or blood flow in a 

tumour can lead to reduced oxygen levels within the tumour leading to increased cell 

immortality and inflammation and deregulation of stem cell growth (Carnero and Lleonart, 

2016). In a healthy pancreas, the partial oxygen pressure is 24.3–92.7 mmHg (3.2–12.3%) 

while in PDAC, the partial oxygen pressure is 0–5.3 mmHg (0-0.7%), this shows that the 

microenvironment of pancreatic cancer is hypoxic in nature (Koong et al., 2000). Hypoxia 

activates HIF1α which plays a significant role in the activation of EMT which promotes cell 

movement to blood vessels. There is evidence that HIF3α has the ability to enhance or suppress 

the activity of other HIF complexes (Daniel et al., 2019). HIFs help cells to adjust to low 

oxygen levels by activating numerous genes involved in the required biological processes such 

as angiogenesis, cell motility, EMT and metastasis. Research has shown that the prognosis of 

patients with more hypoxic regions in their tumour is poor. Pathways linked to EMT are 

activated by hypoxia. Hypoxia also stimulates signalling pathways such as WnT and TGF-β 

signalling pathways (Carnero and Lleonart, 2016). 
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CSC populations vary from tumour to tumour and within tumours of the same type. CSCs from 

different stages of the same tumour are different proving that they have high heterogeneity. 

The distinct CSCs within a tumour arise from multiple niches in the CSC microenvironment. 

CSCs have surface markers which can be used to estimate the size of the CSC pool within a 

tumour which correlates with patient prognosis (Carnero and Lleonart, 2016). A number of 

researches have shown that CSC characteristics of cancer cells can be acquired or lost 

depending on the cell’s immediate environment. Some of the CSC markers found in PDAC 

cells are ABCG2, CD133, CD44 and CD24 (Knaack et al., 2018). There are numerous studies 

linking CSCs with cancer metastasis and therapy resistance making it necessary to study the 

role of CSC in tumours and its potential as a target for drug development. Pluripotent and adult 

stem cells have a common gene network with CSCs which plays a significant role in 

pluripotency and self-renewal (Shen et al., 2019). Despite the number of anticancer drugs and 

biomarkers developed for managing pancreatic cancer, there is still no significant improvement 

in its treatment. Hypoxia induces chemoresistance by decreasing tumour drug perfusion, 

regulation of drug efflux, metabolic reprogramming, suppressing DNA damage, modification 

of cell death and survival, and induction of cancer stem cells.  As a result of the attention drawn 

to HIFs and their role in promoting cancer, different studies have shown that minnelide, digoxin 

and PX-478 have the capacity to inhibit HIF1α (Tan et al., 2020). 

The aim of this study is to ascertain the effect of hypoxia on cancer stem cells and tumour cell 

motility in PDAC cell lines in order to comprehend chemoresistance in PDAC. In this in vitro 

study, hypoxic and spheroid PDAC cell line cultures were used for comparisons with PDAC 

cell lines cultured under normoxic conditions. Spheroid and hypoxic cultures of panc-1 PDAC 

cell line were screened for total hypoxic cell populations, CSC markers, EMT markers, cell 

migratory potential and cell invasiveness potential. The study also analysed the degree of 
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chemoresistance in normoxic and hypoxic panc-1 PDAC cell line after treatment with 2 first 

line anticancer drugs for PDAC management. 

3.2 Experimental design 

 The specific techniques used in this study are highlighted below. However, their detailed 

protocols are described in in Chapter 2.  

3.2.1 Cell line 

The human PDAC cell line, Panc-1 was used for in vitro research and passaged twice weekly.  

3.2.2 Cell culture techniques 

Panc-1 cells were cultured in RPMI 1640 media supplemented with 100 U/ml penicillin and 

100 μg/ml streptomycin, 5% L-glutamine and 10% FBS in a humidified atmosphere at 370C 

with 5% CO2 and passaged every 3 days. 

About 5x105 Panc-1 cells were cultured in RPMI 1640 media supplemented with 100 U/ml 

penicillin and 100 μg/ml streptomycin, 5% L-glutamine and 10% FBS in a humidified 

atmosphere at 370C with 5% CO2 and 0% O2, for 6 days to obtain hypoxic cell cultures. 

Spheroid panc-1 cells were cultured using stem cell media and flasks coated with poly (2-

hydroxyethylmethacrylate) then incubated for 6 days under a humidified atmosphere at 370C 

with 5% CO2. 

3.2.3 Flow cytometry analysis of CSC markers 

The presence and percentage population of the CSC markers: ALDH, CD133 and ABCG2 in 

normoxic, hypoxic and spheroid panc-1 cells was detected using flow cytometry. The protocol 

used is well detailed in Chapter 2. 
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3.2.4 Detection of CSC markers and EMT markers using Real-time PCR 

Total RNA was extracted from both normoxic and hypoxic panc-1 cell cultures using the 

mRNA extraction kit (Qiagen) following the manufacturer’s instruction then reverse 

transcribed to give cDNA. This cDNA was subjected to real-time PCR using primers of specific 

interest and the fold change was calculated. Two-way ANOVA and t-test were used to analyse 

the fold change using GraphPad Prism software. 

3.2.5 Immunocytochemistry 

Cells previously seeded in chamber slides were permeabilized with 0.1% Triton X-100, 

blocked with 3% BSA for an hour, stained with primary antibodies and FITC-conjugated 

secondary antibody for 1 hour. VectaShield was dropped on the cells and a coverslip used to 

seal the cells. The cells were then viewed using a confocal microscope. 

3.2.6 Cell migration assay 

This was carried out using transwell inserts which were inserted into serum containing media 

then each seeded with 10,000 cells in 200µl of serum-free media and left for 24 hours. The 

next day, the migratory cells were fixed with methanol, stained with crystal violet, washed, 

dried, then images taken with a microscope at a magnification of 20× and cell count recorded.  

3.2.7 Cell invasion assay 

Transwell inserts were coated with matrigel combined with serum free medium in 1:5, then 

inserted into 24-well plates and incubated overnight. The next day, each of the coated 

transwells was seeded with 10,000 cells in 200µl of serum-free media, then inserted into serum 

containing media and left for 24 hours. The next day, the invasive cells were fixed with 

methanol, stained with crystal violet, washed, dried then images were taken with a microscope 

at a magnification of 20× and cell count recorded.  
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3.2.8 MTT cell viability assay 

Attached normoxic or hypoxic panc-1 cells were trypsinysed, counted and seeded into 96 well 

plates (5000 cells/well). The next day, the media above the cells was aspirated and replaced 

with media treated with different drug concentrations. The treated cells were incubated for 72 

hours in the respective incubator. MTT reagent was added to the cells and the cells were 

incubated for 3 hours after which the media was aspirated, the formed formazan crystals were 

dissolved with dimethyl sulfoxide and the absorbance was taken at 540nm with a 

spectrophotometer.  

3.2.9 Sphere reformation assay 

Panc-1 spheroid cultures were treated with 500nM gemcitabine and 100nM paclitaxel for 6 

hours then incubated under a humidified atmosphere at 370C with 5% CO2. After which the 

treated panc-1 spheroid cells were rinsed and re-cultured at low density for 7 days. The 

reformed spheres were counted and images were taken at 10× magnification. 

3.3 Results 

3.3.1 Spheroids derived from Panc-1 PDAC cell line are resistant to conventional 

anticancer drugs. 

 Sphere reformation assays are aimed at analyzing the cytotoxic effect of drugs on spheroid 

cells. Figure 3.1 (a) shows the morphology of panc-1 attached cells, panc-1 spheroid cells and 

images taken after sphere reformation assay. Panc-1 formed many irregularly shaped spheres. 

The reformed panc-1 spheres previously treated with 100nM paclitaxel dissociated slightly but 

still survived while panc-1 spheres previously treated with 500nM gemcitabine were similar to 

the control indicating little to no kill. This revealed that there was a population of the panc-1 

cells which was showing resistance to gemcitabine and paclitaxel. Figure 3.1 (B) is a bar chart 

which shows the sphere count after treatment with gemcitabine and paclitaxel. 
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Figure 3.1: (A) Panc-1 PDAC cell line is resistant to first line anticancer drugs gemcitabine and 

paclitaxel. Images show attached, spheroid and treated spheroid cultures of panc-1 PDAC cell line. 

Sphere reformation assay for Panc-1 spheroid cells after treatment with 100nM paclitaxel and 

500nM gemcitabine. (B) Bar chart showing sphere count after sphere reformation assay for Panc-

1 spheroid cells treated with 100nM paclitaxel and 500nM gemcitabine. Images were taken 5 days 

after cell culture (10× magnification). Attached cells (ATT) = Overnight normoxia cultures. -VE= 

untreated panc-1 spheroid cells.  n=12, ****p<0.0001  
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3.3.2 Spheroids cultured from panc-1 PDAC cell line express CSC markers. 

Flow cytometry analysis was carried out to study the expression of the CSC characteristics in 

panc-1 attached and spheroid cultures. ALDH, CD133 and ABCG2 are common CSC markers 

found in PDAC. The ALDEFLUOR assay was used to detect the ALDH+ve population in panc-

1 under normoxic and spheroid conditions. The images of the dot plot obtained and the 

corresponding statistically analyzed bar chart is shown in Figure 3.2(A). The result revealed 

that the spheroid panc-1 cultures had a significant population of ALDH+ve cells. Flow 

cytometry analysis was also used to detect the CD133+ve population in attached and spheroid 

panc-1 cells using PE-conjugated CD133 antibody. Figure 3.2(B) shows the dot plot obtained 

and corresponding statistically analysed bar chart. There was increased CD133+ve population 

in the panc-1 spheroid cultures. The ABCG2+ve population in the attached and spheroid panc-

1 cultures was also analyzed by flow cytometry using APC conjugated anti-ABCG2. The dot 

plot and bar chart are shown in Figure 3.2(C). Sox2, Oct4 and Nanog are CSC markers which 

help to maintain stemness in PDAC. In an effort to study the expression of CSC markers in 

panc-1 cell cultures, real-time PCR was carried out as shown in Figure 3.2 (D). The results 

reveal a significant increase in the mRNA expression of Oct4, Sox2 and Nanog in the spheroid 

cultures. These data show that spheroid panc-1 cultures have enhanced CSC characteristics. 
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Figure 3.2: Panc-1 PDAC spheroid cells have high CSC 

characteristics. Flow cytometry was used to analyse the 

expression of (A) ALDH (B)CD133 and (C)ABCG2 in attached and 

spheroid panc-1 cell cultures. The bar chart shows the percentage 

of ALDH, CD133 and ABCG2 population in normoxic and spheroid 

cultures of panc-1 cell line. (D) Real-time PCR was used to analyse 

mRNA of embryonic stem cell markers in panc-1 attached and 

spheroid cell cultures.  n=6, *p<0.05; **p<0.01; ****p<0.0001 
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3.3.3 Hypoxic population detected in spheroids and hypoxia cultured panc-1 PDAC cell 

line. 

The amount of hypoxia within hypoxic and spheroid panc-1 PDAC tissues was quantified using 

FITC-conjugated anti-pimonidazole which forms an adduct when it comes in contact with 

hypoxic cells. The adducts formed were viewed using immunofluorescence and images were 

taken. Images of the FITC-hypoxyprobe analysis of normoxic and spheroid panc-1 cultures are 

shown in Figure 3.3(A). The FITC-hypoxyprobe shows the hypoxic cell population in the two 

cell cultures which is denoted by green cytoplasmic staining. The nucleus of each cell in the 

experiment was stained by DAPI (blue) while the cell wall was stained with actin (red). The 

images reveal that spheroid cells have high hypoxic cell populations. In Figure 3.3(B), the 

image revealed large green regions denoting high hypoxic cell populations in the hypoxic panc-

1 cultures.  In order to ascertain and compare the hypoxic cell population in normoxic and 

hypoxic cultures, the previous data was confirmed with flow cytometry hypoxyprobe analysis 

using FITC-conjugated anti-pimonidazole. In Figure 3.3(C), the dot plots reveal the population 

of FITC+ve hypoxic cell population in the normoxic and hypoxic panc-1 cell cultures. Figure 

3.3 (D) shows a bar chart with the statistically analysed FITC+ve hypoxic cell population in the 

attached and spheroid panc-1 cultures. This data confirms that the hypoxic and spheroid panc-

1 cultures contain statistically significant high hypoxic cell populations.  
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Figure 3.3: Spheroid and Hypoxic Panc-1 cells have high hypoxic cell populations. The image shows 

ICC staining of (A) attached and spheroid panc-1 cell cultures, and (B) attached and hypoxia-cultured 

monolayer panc-1 cell with FITC-conjugated anti-pimonidazole. The hypoxic regions are stained 

with green FITC-conjugated anti-pimonidazole, the nucleus is blue and cell membrane was stained 

red with Actin. Image magnification 20X. (C) Flow cytometry analysis of FITC+vehypoxic cell population 

in normoxic and hypoxic panc-1 PDAC cultures (D) Bar chart showing the statistically significant % 

FITC+vehypoxic cell population. Normoxia= overnight attached cells. Hypoxia= cells cultured with 1% O2, 

5% CO2 and 370C.  n=6; ****p<0.0001 
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3.3.4 Hypoxia cultured Panc-1 PDAC cell line shows increased expression of CSC 

markers. 

PDAC is said to be associated with some particular CSC markers. Flow cytometry analysis 

was used to detect and compare the population of CSC markers in normoxic and hypoxic panc-

1 PDAC cell cultures. Figure 3.4(A) shows the dot plots obtained after ALDEFLUOR assay 

for the ALDH+ve population in normoxic and hypoxic monolayer cultures of panc-1 PDAC cell 

line and a bar chart showing the statistically significant values obtained (n=3; p=0.0109). The 

hypoxic cultures had higher ALDH+ve populations. The normoxic and hypoxic panc-1 cells 

were also analyzed for CD133 using flow cytometry in Figure 3.4(B) (n=2; p=0.0011). The 

hypoxic panc-1 cultures expressed a high level of CD133. In Figure 3.4(C), flow cytometry 

was used to analyze the ABCG2 population in panc-1 normoxic and hypoxic cell cultures. The 

dot plots obtained reveal that the hypoxic cell cultures have higher ABCG2+ve cell populations. 

The bar chart shows that the percentage population of ABCG2 in the hypoxic panc-1 cultures 

are statistically significant (n=6; p=0.0001). To further confirm the presence of cancer stem 

cells, real-time PCR was used to analyze the expression of embryonic stem cell markers in 

attached and hypoxic panc-1 cell cultures. The hypoxic cultures had increased mRNA levels 

of Oct4, Sox2 and Nanog. The elevated levels of ALDH, CD133, ABCG2, Sox2, Oct4 and 

Nanog which are associated with maintaining cell stemness, in the hypoxic cultures suggests 

that hypoxia plays a role in the development of cancer stem cell characteristics. 
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Figure 3.4: Hypoxic panc-1 PDAC cells have high CSC characteristics. 

Flow cytometry was used to analyse the (A) ALDH using ALDEFLUOR 

assay (B) CD133
 
using PE conjugated anti-CD133 and (C) ABCG2

 
with 

APC conjugated anti-ABCG2. The hypoxic panc-1 cell cultures had a 

higher ALDH
+ve

, CD133
 +ve

 and ABCG2
 +ve 

population than the attached 

panc-1 cultures. Bar chart shows percentage of ALDH, CD133 and 

ABCG2 population in normoxic and hypoxic cultures of panc-1 cell line. 

(D) Real-time PCR was used to analyse the mRNA levels of CSC markers 

in normoxic and hypoxic panc-1 PDAC cultures. 
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3.3.5 Hypoxia induces chemoresistance in Panc-1 PDAC cell line. 

Hypoxia activates a cascade of genes which lead to cancer cell growth, metastasis and 

chemoresistance. The cytotoxicity of 1000nM paclitaxel was analyzed on panc-1 normoxic and 

hypoxic cells using MTT cytotoxicity assay. The cell viability curve obtained after the 

experiment is shown in Figure 3.5(A) with the calculated IC50 values beside it. The hypoxic 

panc-1 cultures were more resistant to paclitaxel than the normoxic cultures. The cytotoxicity 

of 100µM gemcitabine was analysed on panc-1 normoxic and hypoxic cells using MTT 

cytotoxicity assay. The cell viability curve obtained after data analysis is shown in Figure 

3.6(B) with the calculated IC50 values. The hypoxic panc-1 cultures were more resistant to 

gemcitabine than the normoxic cultures. Certain proteins have elevated or decreased expression 

in cancerous tumour cells. Western blot was used to analyse the protein expression of NFкB, 

IкB, Bcl2 and Bax in panc-1 normoxic and hypoxic cell cultures as shown in Figure 3.5(C). 

NFкB is bound to IкB in the cytoplasm but in the presence of hypoxia, IкB is ubiquitinated and 

the free NFкB translocates to the nucleus which explains why in the hypoxic culture, NFкB 

increases and IкB decreases. This increased NFкB in the hypoxic panc-1 cultures, activates a 

cascade of genes that promote chemoresistance. Bcl2 and Bax are associated with apoptosis, 

with Bax being pro-apoptosis and Bcl2 being anti-apoptosis. This explains the increased 

protein expression of Bcl2 in the hypoxic panc-1 cell cultures. The increased Bcl2 expression 

in the hypoxic panc-1 cultures prevents apoptosis and lead to chemoresistance. Beta actin was 

used as a loading control. These data proves that hypoxia plays an important role in promoting 

chemoresistance in panc-1 PDAC cell cultures. 
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Figure 3.5: Hypoxia promotes chemoresistance in Panc-1 PDAC cells. Panc-1 normoxic and 

hypoxic cell cultures were treated with (A) 1000nM paclitaxel and (B) 100µM gemcitabine then 

subjected to MTT cytotoxicity assay. The hypoxic cultures were more resistant to treatment than 

the normoxic cell cultures. (C) Western Blot analysis shows increased protein levels of NFкB and 

Bcl2, and decreased IкB and Bax in the hypoxic panc-1 cell cultures. 

Panc-1 IC50 for Gemcitabine 
Normoxia: 78.45 ± 20.64 µM 

Hypoxia: > 100 mM 

Panc-1 IC50 for Paclitaxel 
Normoxia:  83.10 ± 22.39 nM 

Hypoxia: > 1000 nM 
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3.3.6 Hypoxia and sphere cultured panc-1 PDAC cell line shows increased EMT 

characteristics. 

Epithelial-mesenchymal transition (EMT) is the main precursor for metastasis. Real time PCR 

was used to evaluate the expression levels of EMT markers in normoxic and hypoxic panc-1 

cultures (Figure 3.6A). The real-time PCR data revealed that the hypoxic culture had reduced 

mRNA level of E-cadherin and increased mRNA levels of Vimentin and N-cadherin which 

corresponds with many literatures. Cell migration assay is popularly used for studying cell 

movement under specific conditions Figures 3.6(B) shows microscopic images taken after cell 

migration assay with a bar chart showing the statistically significant number of migratory cells. 

Cells cultured under normoxic conditions were used as a parallel control. The hypoxic cell 

cultures had elevated number of migratory cells. Cell invasion assay is used for studying the 

invasive potential of cells. Figure 3.7 (C) shows microscopic images taken after cell invasion 

assay with cells cultured under normoxic conditions were used as a parallel control. The bar 

chart shows the cell count of the invasive panc-1 PDAC cells. There was increased cell invasion 

in the hypoxic cell cultures.  It is evident from the data that hypoxic panc-1 cells have a higher 

migratory and invasive capability. The results indicate that low intracellular oxygen levels 

contribute to cell motility which leads to metastasis. 
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Figure 3.6: Hypoxia increases EMT characteristics and cell motility in Panc-1 PDAC cells. (A) Real-time 

PCR analysis shows decreased E-cadherin mRNA expression and elevated mRNA expression of Vimentin 

and N-cadherin in hypoxic panc-1 PDAC cell cultures (B) Cell migration assay and (C) Cell invasion assay for 

normoxic and hypoxic panc-1 cell line cultures using Boyden chamber and Matrigel. Cells were stained with 

crystal violet after 24 hours. Images were taken with EVOS microscope. Bar chart shows mean cell count. 

(n=3; *p<0.05;***p<0.001). 

 

 

 

 

 

 

 

 

 

  

C)

NOR HYP

0

200

400

600

Invasion Assay

C
e

ll
 c

o
u

n
t

✱✱✱Normoxia Hypoxia

IN
V

A
SI

O
N

B)

NOR HYP

0

200

400

600

800

Migration Assay

C
e

ll
 c

o
u

n
t

✱
Normoxia Hypoxia

M
IG

R
A

TI
O

N
A) 



119 
 

3.4 Discussion 

This in vitro study was carried out to investigate the effect of hypoxia on cancer stemness, 

chemoresistance and metastasis. Normoxic, hypoxic and spheroid cultures of panc-1 PDAC 

cell were subjected to different protocols to observe changes caused by low oxygen 

concentrations. Tumours are solid in nature and this enables cancer cells to grow in a 3D 

conformation and have a hypoxic core. The inability of mono-layer cultures to correctly mimic 

in vivo cellular interactions has led to many false and unsuccessful research results. As a result, 

many researchers are now focused on using 3D cultures for cancer research. The most popular 

3D cell culture method is the spheroid model developed 40 years ago where cells grow as well-

defined spheres. These spheres imitate the preliminary stages of a tumour before blood vessel 

formation. However, some PDAC cells like MiaPaca-2 form unstable spheroids that are hard 

to use for further experiments (Cavo et al., 2020). PDAC cells grow in a 3-dimensional 

conformation within the pancreatic tumour. Therefore, PDAC cells cultured as spheroids are 

more similar to real PDAC cells than monolayer cultures. This is because PDAC cells cultured 

as spheroids have more matrices and express more chemoresistant genes than monolayered 

cultures (Bulle and Lim, 2020).   

The results from the sphere reformation assay in Figure 3.1 revealed that gemcitabine and 

paclitaxel which are first line drugs used for PDAC management, were unable to completely 

dissociate or eliminate panc-1 spheroid cells. One of the reasons for this is that drug efflux 

proteins such as multidrug resistant protein 1 (MDR1), p-glycoprotein and ABCB1 are highly 

expressed in PDAC leading to drug efflux and promoting chemoresistance of anticancer drugs 

like paclitaxel and gemcitabine (Principe et al., 2021). Previous research by Shen et al., 2019 

shows that panc-1 has a high ability to form spheres and hence strong stemness characteristics 

(Shen et al., 2019). 
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FITC-hypoxyprobe assay revealed that hypoxic and spheroid panc-1 PDAC cells have high 

hypoxic cell populations. The high rate of PDAC growth increases the demand for oxygen 

leading to poor vascularisation and intratumoral hypoxia. In response to hypoxia, cancerous 

cells undergo an angiogenic switch which enables them grow blood vessels to increase blood 

and oxygen supply (Yuen and Diaz, 2014). Unlike other solid tumours, PDAC tumour 

microenvironment is characterised by a desmoplastic stroma consisting of activated fibroblasts, 

leukocytes and extracellular matrix. The desmoplastic stroma has more stiffness, elevated 

hyaluronic acid content and more hydrostatic pressure leading to intratumoral hypoperfusion 

and hypoxia (Xiao et al., 2020). Hypoxia activates transcription factors that change cell 

polarity, cell-cell junction, cell cytoskeleton causing epithelial cells to become motile and 

invasive (Yuen and Diaz, 2014). 

The three main ways for analysing CSCs are by detecting CSC cell surface markers, sphere 

formation assay and detection of side-population cells that possess high intracellular-to-

extracellular pump functions (Sasaki et al., 2019). Cancer stem cell markers have different 

functions in a tumour cell. The hypoxic and spheroid panc-1 cell cultures expressed more 

CD133, ALDH and ABCG2 markers than their normoxic counterpart.  This is due to increased 

stemness characteristics. This high population of CSC markers is indicative of high CSC 

populations. This proves that hypoxia increases the expression of cancer stem cells in panc-1 

PDAC cultures. Analysing the expression of the CSC populations in cancer cells gives an idea 

of how aggressive the tumour will be. ALDH-1, ABCG2 and CD133 are markers commonly 

used to identify pancreatic cancer (Gzil et al., 2019). 

The panc-1 PDAC cells cultured under hypoxic conditions showed markedly high mRNA 

levels of the CSC markers, SOX2, OCT4 and Nanog. High mRNA levels of embryonic stem 

cell markers in the hypoxic cultures suggests presence of higher cancer stem cell population 
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(Ishiwata et al., 2018). SOX2, OCT4 and NANOG help cells to maintain pluripotency which 

is the ability of a cell to differentiate into multiple cell types (Wang et al., 2013).  

The spheroid panc-1 cultures had elevated levels of the EMT markers: E-cadherin, N-cadherin 

and vimentin while hypoxia decreased the expression of E-cadherin and vimentin but increased 

expression of N-cadherin. Increased expression of E-cadherin and vimentin causes a switch to 

mesenchymal characteristics that cause tumour cells to detach from the basal membrane and 

enter into systemic circulation leading to metastasis. This is the reason for increased cell 

migration and invasion in the hypoxic panc-1 PDAC cultures. Hypoxia activates many 

pathways which lead to chemoresistance, metastasis, angiogenesis and hence poor prognosis 

in pancreatic cancer patients (Cao et al., 2016). Hypoxia and EMT are crucial for cell migration 

and invasion (Cannito et al., 2008). Low oxygen tension has also been shown to initiate 

invasion and EMT in pancreatic cancer cells. Intra-tumoral volume of hypoxic regions in 

pancreatic cancer patients plays a big role in clinical prognosis (Cao et al., 2019). EMT is 

activated by the expression of particular cell-surface proteins and activation of transcription 

factors. These transcription factors protect tumour cells from apoptosis, chemoresistance and 

regulation of tumour growth. The loss of E-cadherin promotes the change of epithelial to 

mesenchymal phenotype (Zhou et al., 2017).  

The vasculature and dense desmoplastic stroma play a critical role in preventing drug perfusion 

within the PDAC tumour leading to hypoxia and chemoresistance.  Low oxygen levels lead to 

the activation of the PI3Kt/Akt and NFкB signalling pathways which in turn increases the 

expression of anti-apoptotic proteins. In PDAC, the pro-apoptotic protein BNIP3 is turned off 

to enhance the anti-apoptotic role of HIF1. One publication showed that the oxidative stress 

produced during gemcitabine treatment has the capacity to stabilize HIF1α through the NFкB 

pathway (Tan et al., 2020). Hypoxic panc-1 cell cultures are more resistant to gemcitabine and 

paclitaxel than normoxic cell cultures which is likely due to the increased stemness 
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characteristics in the hypoxic panc-1 PDAC cultures. This study revealed that hypoxia plays a 

significant role in the development of chemoresistance of PDAC cell lines. 

3.5 Conclusion 

The findings for this study confirmed that the first line anticancer drugs, gemcitabine and 

paclitaxel are not efficient for eliminating PDAC. Hypoxia causes an upregulated expression 

of ALDH, ABCG2 and CD133 in panc-1 PDAC cell. This hypoxia also increases stemness, 

motility and invasive characteristics in PDAC which leads to chemoresistance. A proper 

comprehension of the effects of hypoxia on tumour progression would greatly aid the design 

of efficient anticancer drugs. 
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HYPOXIA INDUCES STEMNESS AND CHEMORESISTANCE 

IN A PANEL OF PATIENT DERIVED PANCREATIC DUCTAL 

ADENOCARCINOMA CELL CULTURES  
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4.1 Introduction 

Unlike primary cells, cell lines are easily accessible, reliable and less problematic (Shen et al., 

2019). Hypoxia plays significant roles that aid CSC development and maintenance (Yang et 

al., 2020). In solid tumours, cells can either be normoxic, hypoxic or necrotic. Cells which are 

close to functional blood vessels are normoxic, cells which are about 100µm from a functional 

blood vessel are hypoxic while patches of cells which are up to 150µm from functional blood 

vessels may be necrotic (Al Tameemi et al., 2019). 

The main method for managing pancreatic cancer is chemotherapy because most patients are 

not eligible for surgery. The most commonly used first line drug for managing pancreatic 

cancer has proved that the upregulation of Bcl2 in tumour cells plays a significant role in 

gemcitabine resistance. NFκB is also suspected to play a significant role in gemcitabine 

resistance (Wang et al., 2019b). The overall survival of pancreatic cancer patients increases 

slightly when they are administered with gemcitabine in combination with other drugs 

compared to when gemcitabine is administered singly (Ma et al., 2019). In numerous studies, 

it has been shown that CSCs cause drug resistance using multiple modes of action and promote 

tumour growth. As a result, CSCs are a good target for developing potent anticancer drugs 

(Wang et al., 2017a). 

In pancreatic cancer, CD133 positive cells possess CSC-like traits and are highly resistant to 

chemotherapy. A common technique used for culturing CSCs in vitro is spheroid culture. The 

cells in the spheres formed during spheroid culture are highly invasive, highly proliferative and   

drug resistant compared to those in a mono layered culture (Yang et al., 2018). This is because 

the cells in the spheres are tightly packed together, making them very hypoxic. 

Luckily, the treatment modalities such as chemotherapy, surgery and radiation has reduced the 

cancer death rate from 2007 to 2016. Despite that, some cancers are resistant to chemotherapy 
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and metastasis, so they reoccur, spread and cause fatalities. Numerous studies have blamed 

cancer reoccurrence and metastasis on cancer stem cells which have cell surface markers like 

CD133, nestin and CD44. Some CSCs differentiate into multilineage cells to control cell 

proliferation. For example, some CSCs differentiate into vascular endothelial cells to increase 

angiogenesis. Multidrug resistance proteins such as ABCG2, MDR1 and MRP1 are 

overexpressed by CSCs. CSCs also have elevated expression levels of ALDH which is a free 

radical scavenger and increases resistance of CSCs to chemotherapy and radiotherapy. 

Radiotherapy and chemotherapy kill cancer cells by causing DNA damage and initiating 

apoptosis. Unfortunately, CSCs can use DNA damage mechanisms to repair DNA damage and 

hence avoid cell death. Many first line anticancer drugs can eliminate cancer cells but CSCs 

can only be eliminated in the G0 phase. The transcription factors which aid CSC growth are 

Nanog, Oct4, Sox2, KLF4 and MYC. Some drugs have been designed to target CSCs by 

blocking immune checkpoints regulators such as PD-L1, PD-1, CTLA-4 (Yang et al., 2020). 

Chemoresistance of cancer stem cells is due to high expression levels of antioxidant enzymes 

such as superoxide dismutase-2 (SOD2) and glutathione peroxidase-1 (GPX1); drug efflux 

transporters such as breast cancer resistance protein (BCRP) and DNA repair enzymes. Cells 

with high ALDH populations have high clonogenic and migratory potential (Kim et al., 2018). 

4.2 Experimental Design 

The full details of the experimental techniques used in this chapter are written in Chapter 2. 

4.2.1 Cell line 

For this study, five patient derived PDAC cells were used: three primary site PDAC cells 

(12560 PX9, 12556 PX5), 2 circulating PDAC cells (CX102 PX1, CX135 PX1, C76 PX1) and 

one liver metastatic PDAC cell (A6L) were used for in vitro research and passaged twice 

weekly.  
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4.2.2 Cell culture 

The cells were cultured in RPMI 1640 media supplemented with 100 U/ml penicillin and 

100 μg/ml streptomycin, 5% L-glutamine and 10% FBS in a humidified atmosphere at 370C 

with 5% CO2 and passaged every 3 days. 

Hypoxic cells were cultured in RPMI 1640 media supplemented with 100 U/ml penicillin and 

100 μg/ml streptomycin, 5% L-glutamine and 10% FBS in a humidified atmosphere at 370C 

with 5% CO2 and 0% O2. 

Spheroid patient derived cells were cultured using stem cell media and flasks coated with poly 

(2-hydroxyethylmethacrylate) then incubated for 6 days under a humidified atmosphere at 370C 

with 5% CO2. 

4.2.3 Sphere reformation assay 

The patient derived PDAC spheroid cultures were treated with 500nM gemcitabine and 100nM 

paclitaxel for 6 hours and incubated under a humidified atmosphere at 370C with 5% CO2. 

After which the treated patient derived PDAC spheroid cells were rinsed and re-cultured at low 

density for 5 days. The reformed spheres were counted and images were taken at 10× 

magnification. 

4.2.4 Immunocytochemistry 

Cells cultured overnight in a chamber slide with RPMI media (supplemented with antibiotics, 

L-Gln and 10% FBS) were rinsed with PBS, then fixed, permeabilized and blocked for 1 hour. 

After which the cells were stained with FITC-Green, 4’,6-diamidino-2-phenylindole (DAPI) 

and actin. The resultant cells were viewed with an EVOS microscope and images were taken 

at 20× magnification. 
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4.2.5 Detection of FITC hypoxyprobe population by flow cytometry analysis 

Normoxia, hypoxia and sphere cells incubated overnight with hypoxyprobe, were trypsinized, 

rinsed with PBS, centrifuged and resuspended in 200µl of PBS. The cells were fixed with 

methanol, rinsed with PBS then blocked for 1 hour. After which the cells were rinsed with 

PBS, incubated with FITC-conjugated anti-pimonidazole, rinsed with PBS then read with a 

flow cytometer. The results gotten was analysed and recorded. 

4.2.6 Flow cytometry analysis of CSC markers 

Cells cultured in RPMI media (supplemented with antibiotics, L-Gln and 10% FBS) were 

trypsinized, counted, rinsed with PBS then stained with the desired conjugated antibody 

following the manufacturer’s instructions and incubated in the dark for 30 minutes. After which 

the cells were rinsed with flow buffer (PBS with 4% FBS) and resuspended in flow buffer then 

analysed using a flow cytometer.  

4.2.7 MTT Cell Viability assay 

Cells were seeded in a 96-well plate (5000 cells/well). Cytotoxicity assay was carried out using 

MTT reagent after treating the cells with anticancer drugs for 48 hours. Then dissolving the 

formazan crystals formed with dimethyl sulfoxide and taking the absorbance at 540nm with a 

spectrophotometer.  

4.3 Results 

Numerous publications have hypothesized and shown that hypoxia is responsible for CSC 

population in PDAC. This study was carried out to confirm their hypotheses in patient derived 

PDAC cells. In this chapter, different in vitro assay protocols were used to study the effect of 

hypoxia on patient derived primary, circulating and liver metastatic PDAC cells. 
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4.3.1 Patient derived PDAC spheroid cells are resistant to conventional anticancer drugs. 

Sphere reformation assays are aimed at analysing the cytotoxic effect of drugs on spheroid cell 

cultures. In Figure 4.1 (A), primary, circulating and liver metastatic PDAC spheroid cells were 

regrown after treatment with gemcitabine and paclitaxel. All of the patient derived PDAC 

spheroid cultures had reformed spheres after treatment. However, the microscopic images show 

that 100nM paclitaxel had a more cytotoxic effect than 500nM gemcitabine on the patient 

derived PDAC spheroid cells. Figure 4.1(B) shows a bar chart indicating the average number 

of reformed spheres after treatment with gemcitabine and paclitaxel. The bar chart reveals that 

paclitaxel and gemcitabine significantly reduced the sphere count but could not entirely 

eliminate all the spheroid cells. This is likely due to the presence of a chemoresistant cell 

population. From the bar chart, it is also evident that the number of spheres in the control is 

much less in the circulating PDAC spheroid cultures while the control of the primary and liver 

metastatic PDAC cells had a significantly higher sphere count. This might indicate that 

resistant cell populations are less during circulation but increase after localisation. These data 

demonstrate that the first line anticancer drugs, gemcitabine and paclitaxel are unable to 

completely suppress the growth of the patient derived PDAC cells. 
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Figure 4.1: Patient derived PDAC cells are resistant to first line anticancer drugs. (a) 

Microscopic images show control and reformed spheres after treatment with 100nM paclitaxel 

and 500nM gemcitabine.  Images were taken 5 days after cell culture (×10 magnification).  (b) 

Bar chart showing average sphere count after sphere reformation assay. Patient derived 

primary, circulating and liver metastatic PDAC cells are resistant to first line anticancer drugs: 

gemcitabine and paclitaxel. 12560=primary PDAC, CX135&C76= circulating PDAC and 

A6L=liver metastatic PDAC. n=6, **p<0.01, ****p<0.0001, ns=not significant. 
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4.3.2 Patient derived PDAC spheroid cells have CSC characteristics  

As a result of the relevance of ALDH, CD133 and ABCG2 in PDAC, flow cytometry analysis 

was carried out to study the expression of the afore-mentioned CSC markers in the attached 

and spheroid patient derived PDAC cultures. The ALDEFLUOR assay was used to detect the 

ALDH+ve population in the patient derived PDAC cultures under normoxic and spheroid 

conditions. The images of the dot plot obtained is shown in Figure 4.2(A). Flow cytometry 

analysis was also used to detect the CD133+ve population in attached and spheroid patient 

derived PDAC cultures using PE-conjugated CD133 antibody as shown in Figure 4.2(B). The 

ABCG2+ve population in the attached and spheroid patient derived PDAC cultures was also 

analyzed by flow cytometry using APC conjugated anti-ABCG2 as shown in Figure 4.2(C). 

Figures 4.2(D), (E) and (F) show the corresponding bar charts respectively. The data revealed 

that each of the spheroid patient derived PDAC cultures had a significantly high population of 

ALDH+ve, CD133+ve and ABCG2+ve cells compared with the control.  

Sox2, Oct4 and Nanog are CSC markers which help to maintain stemness in PDAC. In an effort 

to study the expression of CSC markers in patient derived PDAC cell cultures, real-time PCR 

was carried out as shown in Figure 4.2 (G). The results reveal that the mRNA expression of 

Oct4, Sox2 and Nanog was upregulated in the spheroid cultures. These data show that spheroid 

panc-1 cultures have enhanced CSC characteristics.  
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Figure 4.2: Patient derived PDAC spheroid cells have CSC characteristics. Flow cytometry was used to analyse the expression of (A) ALDH (B)CD133 and 

(C)ABCG2 in attached and spheroid patient derived PDAC cell cultures. The bar chart shows the percentage of (D) ALDH, (E) CD133 and (F) ABCG2 

populations in normoxic and spheroid patient derived PDAC cultures. (G) Real-time PCR was used to analyse mRNA of CSC markers in the patient derived 

PDAC attached and spheroid cell cultures.  n=6, *p<0.05; **p<0.01. 
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4.3.3 Hypoxic populations detected in spheroid and hypoxic cultures of patient derived 

PDAC cells. 

The amount of hypoxia within hypoxic and spheroid patient derived PDAC tissues was 

quantified using FITC-conjugated mouse anti-pimonidazole which forms an adduct when it 

comes in contact with hypoxic cells. The adducts formed were viewed using 

immunofluorescence and images were taken. Images of the FITC-hypoxyprobe analysis of 

normoxic and spheroid patient derived cells are shown in Figure 4.3(A). The result shows the 

hypoxic cell population in the two cell cultures which is denoted by green cytoplasmic staining. 

The nucleus of each cell in the experiment was stained by DAPI (blue) while the cell wall was 

stained with actin (red). The images reveal that spheroid cells have high hypoxic cell 

populations. In Figure 4.3(B), the image revealed large green regions denoting high hypoxic 

cell populations in the hypoxic patient derived cultures.  In order to ascertain and compare the 

hypoxic cell population in the normoxic and hypoxic cultures, the previous data was confirmed 

with flow cytometry hypoxyprobe analysis. In Figure 4.3(C), the dot plots reveal the population 

of FITC+ve hypoxic cell population in the normoxic, hypoxic and spheroid patient derived 

PDAC cultures. Figure 4.3 (D) shows a bar chart with the statistically analysed FITC+ve 

hypoxic cell population in the attached, hypoxic and spheroid patient derived PDAC cultures. 

The liver metastatic patient derived cell (A6L) had significantly lower hypoxic and spheroid 

cell populations compared with the primary and circulating patient derived PDAC cell cultures. 

This data confirms that the hypoxic and spheroid patient derived PDAC cultures contain 

statistically significant high hypoxic cell populations.  
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Figure 4.3: Spheroid and Hypoxic patient derived PDAC cells have high hypoxic cell populations. 

The image shows ICC staining of (A) attached and spheroid and (B) attached and hypoxic patient 

derived PDAC cell cultures with FITC-conjugated anti-pimonidazole. The hypoxic regions are stained 

with green FITC- conjugated anti-pimonidazole, the nucleus was stained blue by DAPI and cell 

membrane was stained red with Actin. Image magnification 10×. (C) Flow cytometry analysis of 

FITC+vehypoxic cell population in normoxic and hypoxic patient derived PDAC cells (D) Bar chart 

showing the statistically significant % FITC+vehypoxic cell population. 
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4.3.4 Hypoxic patient derived PDAC cells show increased CSC characteristics. 

Flow cytometry analysis was used to detect and compare the population of CSC markers in 

normoxic and hypoxic patient derived PDAC cell cultures. Figure 4.4(A) shows the dot plots 

obtained after ALDEFLUOR assay for the ALDH+ve population in normoxic and hypoxic 

monolayer cultures of patient derived PDAC cell cultures. The normoxic and hypoxic patient 

derived PDAC cells were also analyzed for CD133 using flow cytometry in Figure 4.4(B). In 

Figure 4.4(C), flow cytometry was used to analyze the ABCG2 population in patient derived 

PDAC normoxic and hypoxic cell cultures. The dot plots obtained reveal that the hypoxic cell 

cultures had higher ALDH+ve, CD133+ve and ABCG2+ve cell populations than the attached 

cultures.  Figure 4.4 (D), (E) and (F) show bar charts revealing the percentage population of 

ALDH, CD133 and ABCG2 obtained. To further confirm the presence of cancer stem cells, 

real-time PCR was used to analyze the expression of CSC markers in attached and hypoxic 

patient derived PDAC cell cultures. The hypoxic cultures had increased mRNA levels of Oct4, 

Sox2 and Nanog compared to the attached cultures as shown in Figure 4.4 (G). The hypoxic 

primary patient derived PDAC cultures had the highest mRNA expression of Oct4, Sox2 and 

Nanog. The elevated levels of ALDH, CD133, ABCG2, Sox2, Oct4 and Nanog which are 

associated with maintaining cell stemness, in the hypoxic cultures suggests that hypoxia plays 

a role in the development of cancer stem cell characteristics.  
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Figure 4.4: Hypoxic patient derived PDAC cells have high CSC characteristics. Flow cytometry was used to analyse the expression of (A) ALDH (B) CD133 

and (C) ABCG2 in normoxic and hypoxic patient derived PDAC cell cultures. Bar chart shows the percentage of (D) ALDH, (E) CD133 and (F) ABCG2 population 

in normoxic and hypoxic patient derived PDAC cell cultures. (G) Real-time PCR was used to analyse mRNA of CSC markers in patient derived attached and 

spheroid cell cultures.  n=6, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.3.5 Hypoxia induces chemoresistance in patient derived PDAC cells. 

In an attempt to assess the effect of hypoxia on chemoresistance, MTT cell viability assay was 

carried out on primary (12556, 12560), circulating (CX102, CX135, C76) and liver metastatic 

(A6L) patient derived PDAC cells. The cytotoxicity of 1µM gemcitabine was analyzed on 

normoxic and hypoxic primary, circulating and liver metastatic patient derived cells using MTT 

cytotoxicity assay. The cytotoxicity of 100nM paclitaxel was analysed on patient derived 

PDAC normoxic and hypoxic cells using MTT cytotoxicity assay. The cell viability curves 

obtained after the two experiments is shown in Figure 4.5. The hypoxic patient derived PDAC 

cell cultures were more resistant to gemcitabine and paclitaxel than the normoxic cultures. The 

results of the assay confirms that hypoxia plays an important role in PDAC chemoresistance.  

Table 4.1 shows the calculated IC50 for the cell viability assays obtained after the MTT analysis. 

The patient derived cells cultured under normoxic conditions were more effectively killed by 

the gemcitabine and paclitaxel than those cultured under hypoxic conditions.  
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Figure 4.5: Hypoxia increases chemoresistance in patient derived PDAC cells. MTT cell viability assay was carried out on normoxic and hypoxic patient 

derived PDAC cells using 1µM gemcitabine and 100nM paclitaxel. The hypoxic patient derived PDAC cells were more chemoresistant than the normoxic 

patient derived PDAC cultures.  n=3 
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4.4 Discussion 

Pancreatic cancer is highly resistant to chemotherapy and radiotherapy. Chemoresistant tumour 

cells are usually involved in more aggressive metastasis leading to death in cancer patients 

(Zhou et al., 2017). The high number of inefficient anticancer drugs, coupled with the high 

fatality rate of cancers makes it necessary to extensively study the mechanisms underlying 

cancer cell growth and survival.  

Pancreatic tumours have dense desmoplastic stroma which exerts high interstitial pressure on 

blood vessels thereby reducing blood supply in the tumour. This leads to a highly hypoxic 

microenvironment within the tumour and results in the activation of HIF1 and HIF2 (McGinn 

et al., 2017). Spheroid cells comprise of variable regions of hypoxia as seen in solid tumours 

and decreased drug penetration making it a good three-dimensional model for studying tumour 

hypoxia. However, unlike tumour cells, spheroid cell cultures lack tumour microenvironment 

(Leek et al., 2016). This chapter analysed the effect of hypoxia in hypoxic and spheroid patient 

Table 4.1. IC50  of gemcitabi e a d paclitaxel for primary PDAC cell  culture  

u der  ormoxia a d hypoxic co ditio   

The PDAC cells were cultured and exposed to anticancer drugs gemcitabine and paclitaxel for 72 

hours under normoxia and hypoxia. The IC
50

s of the anticancer drugs were calculated. n=3. Values 

= IC50
 (±standard deviation). 
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derived PDAC cells. Surprisingly, the data also revealed that spheroid cells are more hypoxic 

than cells cultured in low oxygen conditions.  

Cancer stem cells were first discovered in pancreatic cancer was in 2007.  These PCSCs express 

multidrug efflux transporters, abnormally activate signalling pathways and have enhanced 

ability to repair DNA. PCSCs form tumours at a higher rate than the bulk of the tumour.  CSCs 

are identified by cell surface markers such as CD44, CD133, ESA and CD24 (Zhou et al., 

2017). Hypoxia increases the CD133+ population and stemness characteristics in pancreatic 

cancer cells (McGinn et al., 2017). A lot of research has postulated that hypoxia activates genes 

which initiate cancer stem cell formation. In this study, comparisons in CSC characteristics 

were made between normoxic, hypoxic and spheroid patient derived PDAC cells. This research 

demonstrates that under hypoxic conditions, there was an increased expression of the cancer 

stem cell markers: ALDH, CD133 and ABCG2 in the primary, circulating and liver metastatic 

PDAC cell cultures. In addition to that, there is an overexpression of CSC markers in hypoxic 

patient derived PDAC cells. The presence of CSC markers in the normoxic patient derived 

PDAC cells implies that localised hypoxia can be formed under normoxic conditions. 

CD133+ve cells are present in the hypoxic regions of tumour which are characterised by 

elevated HIF-1 activity (Gzil et al., 2019). This also explains why there is increased CD133+ve 

population in the hypoxic and spheroid patient derived PDAC cultures. 

The CSC marker ALDH removes oxidative stress. CD133+ve tumour cells are more 

chemoresistant than CD133-ve lung cancer cells. Germ cell tumours exhibit decreased CSC 

characteristics after the knockdown of Oct4. The growth of glioblastoma cells is suppressed by 

Sox2 knockout. Nanog is highly expressed in primary tumours and stage III/IV cancer (Singh 

et al., 2013; Chen et al., 2008; Song et al., 2018; Gangemi et al., 2009; Wang et al., 2013; Yang 

et al., 2020). The information above explains why ALDH, CD133, SOX2, OCT4 and Nanog 
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were highly expressed under hypoxic conditions in all the PDAC cell cultures. They play 

critical roles in maintaining tumor cell stemness, pluripotency and chemoresistance. 

The percentage of pancreatic tumour cells with CSC properties is low (Shah et al., 2021). This 

explains why the normoxic patient derived PDAC cells have lower expressions of CSC 

markers. 

HIF activity helps to maintain the expression of Nanog, Sox2 and Oct4 which in turn promotes 

the pluripotency and self-renewal characteristics of cancer stem cells (Qian and Rankin., 2019). 

All the patient derived PDAC cells had an upregulation of SOX2, OCT4 and Nanog when 

cultured under hypoxic and spheroid conditions, showing that these are proteins play a critical 

role in PDAC CSC maintenance. 

A study conducted on several solid tumours revealed that pancreatic cancer tumours were the 

most hypoxic. The low oxygen levels in pancreatic cancer triggers an adaptive response 

mechanism (Erkan et al., 2016). The hypoxia in the core of a tumour activates signalling 

pathways that modify the tumour microenvironment. Many tumours have evolved from genetic 

changes to the genes involved in the growth and survival of their epithelial cells. During 

metastasis, detached cancer cells enter into the systemic circulation and begin to grow in a 

distant organ (Cervantes-Villagrana et al., 2020).  Tumour hypoxia is caused by elevated 

growth rate, increased metabolic rate and decreased tumour vascularisation. The transcription 

factors, HIF1α and HIF2α are stabilised by hypoxia leading to tumour proliferation, EMT and 

metastasis. The significance of hypoxia in cancerous tumours makes it a source of interest for 

researchers seeking improved cancer therapy (Leek et al., 2016).  

The main factor that promotes chemoresistance in pancreatic cancer is desmoplasia and 

hypoxia of the tumour microenvironment (Erkan et al., 2016). Gemcitabine is a standard first 

line treatment for pancreatic cancer which has insignificant effect on overall patient survival. 
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This proves that CSC markers and CSC markers play a role in development of chemoresistance 

(Wang et al., 2019a). Sensitive tumours can become resistant to gemcitabine within weeks of 

administration because of the dense stroma of the PDAC tumour microenvironment which 

leads to poor drug circulation (Ma et al., 2020). Nab-paclitaxel therapy enhances intra-tumoral 

concentration of gemcitabine leading to a synergistic effect and a median overall survival of 

8.7 months in metastatic pancreatic cancer (Goldstein et al., 2015; Corrie et al., 2020). The cell 

viability assay shows that paclitaxel and gemcitabine treatment can’t eliminate PDAC primary 

cells. It also shows that hypoxia increases the chemoresistance of paclitaxel and gemcitabine 

in PDAC primary cells. These findings reveal that hypoxia plays a very significant role in 

imparting drug resistant characteristics to tumour cells. 

The increased resistance of the hypoxic patient derived PDAC cell cultures to treatment is 

because hypoxia-induced HIF-1 uses different mechanisms to inhibit apoptosis in PDAC cells. 

HIF-1α causes the overexpression of MDR1 which promotes drug efflux leading to 

chemoresistance. Hypoxia causes gemcitabine resistance by reducing the expression of BNIP3, 

a gene involved in hypoxia-mediated cell induced apoptosis in pancreatic cell lines (Shah et 

al., 2020). 

4.5 Conclusion 

In summary, the results from Chapter 4 show that hypoxia plays a critical role in the 

development of stemness, metastasis and chemoresistance in PDAC cells.  
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CHAPTER 5 

 

 

 

 

 

CYCLODEXTRIN ENCAPSULATED DISULFIRAM PLUS 

COPPER TARGETS CANCER STEM CELLS AND BLOCKS 

CHEMORESISTANCE AND INVASIVENESS IN 

PANCREATIC DUCTAL ADENOCARCINOMA CELLS   
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5.1 Introduction 

Copper is important for redox reactions which stimulate ROS production in human cells. 

Disulfiram chelates copper to create a complex which produces higher levels of ROS than 

copper alone. The high intracellular ROS produced destroys DNA, proteins and lipids leading 

to cell death. However, the reverse can be the case by leading to increased expression of anti-

apoptotic proteins that increase chemoresistance. Cancer cells overexpress NFĸB which plays 

a big role in chemoresistance by increasing the expression of anti-apoptotic genes. Disulfiram 

effectively eliminates cancer cells in in vivo and in vitro studies. High ALDH activity protects 

CSCs from ROS-induced damage. Cancer cells are more sensitive to anticancer drugs when 

their ALDH genes are suppressed (Liu et al., 2012). 

Disulfiram which is originally an anti-alcoholism drug, forms a disulphide bond with 

acetaldehyde dehydrogenase which deactivates the enzyme. Disulfiram reduced the expression 

of HIF2α and increased the expression of HIF1α in hepatoma cells. Disulfiram is cytotoxic 

under hypoxic conditions. Studies show that HIF1α (transactivates proapoptotic genes) and 

HIF2α (promotes cell growth) play different roles in tumour progression so it would be wise 

to design an anticancer drug which suppresses both HIF1α and HIF2α (Park et al., 2018). Some 

of the known modes of action of disulfiram in eliminating cancer cells is by forming strong 

complexes with metal ions such as Cu2+ hence blocking 26S and 20S proteasome activity, by 

preventing NFĸB pathway activation, inhibiting ALDH activity and targeting p97 segregase 

adaptor NPL4 which plays a big role in endoplasmic reticulum stress and unfolded protein 

response stress. Tumour cells grow much faster than normal cell so require more effective 

chemotherapy to undergo apoptosis (Zhang et al., 2019).  According to studies by Cong et al., 

2017, disulfiram/Cu drastically reduced the CSC population in breast cancer cells, decreased 

the ALDH bright population in pancreatic cancer cells under clinically relevant FIR setting and 

decreased the CD133+ population in PDAC cultures treated with chemoradiation. Their 
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research also showed that the anticancer effect is enhanced when a first line anticancer drug is 

combined with disulfiram/Cu than when two first line anticancer drugs such as folfirinox and 

irinotecan are combined together. Pancreatic cancer stem cells (PCSCs) are resistant to 

chemoradiation and some studies show that radiation increases PCSC population. An effective 

anticancer drug should eliminate both cancer stem cells and differentiated cancer cells but most 

anticancer drugs eliminate just the differentiated cancer cells. Tumours have been found to 

contain high levels of intracellular copper and low levels of intracellular selenium, zinc and 

iron. In a particular study which used disulfiram in a syngeneic mouse PDAC model, 

endogenous copper was shown to have a more enhanced anticancer effect than that of 

exogenous copper. Another study has proved that ALDH bright cells are more resistant to 

gemcitabine than ALDH negative cells. This ALDH bright population can be used to assess 

the CSC subpopulation of pancreatic cancer cells. This ALDH bright population was efficiently 

eliminated by disulfiram. The cytotoxic effect of disulfiram was enhanced when combined with 

gemcitabine. Tumour progression was hindered in mice orally administered with disulfiram 

and a low dose of gemcitabine (Cong et al., 2017).  

Disulfiram is relatively cheap and a daily intake of 500mg for a year will cost roughly $500. A 

recent phase 1 study which tested a combination of temozolomide and disulfiram after 

chemoradiotherapy on cancer patients showed an increase in median progression-free 

survival time by 8.8months (Koh et al., 2019). 

Studies have shown that administering DSF/Cu in combination with adjuvants such as 

auranofin eliminates ovarian cancer cells by initiating apoptosis in a ROS and copper 

dependent manner.  A number of studies have shown that cancer cells with elevated levels of 

ALDH are susceptible to disulfiram. Under physiological conditions, oral disulfiram is highly 

unstable and degraded by the gastrointestinal system before it can get into the bloodstream 

(Viola-Rhenals et al., 2018). Disulfiram has numerous modes of action including stimulating 
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intracellular endogenous formaldehyde accumulation due to acetaldehyde dehydrogenase 

deactivation (Komarova et al., 2019).  

5.2 Experimental Design 

All experiments carried out in this chapter are explained in detail in Chapter 2. 

5.2.1 Cell culture 

Panc-1 cells were cultured in RPMI 1640 media supplemented with 100 U/ml penicillin and 

100 μg/ml streptomycin, 5% L-glutamine and 10% FBS in a humidified atmosphere at 370C 

with 5% CO2 and passaged every 3 days. 

Hypoxic Panc-1 cells were cultured in RPMI 1640 media supplemented with 100 U/ml 

penicillin and 100 μg/ml streptomycin, 5% L-glutamine and 10% FBS in a humidified 

atmosphere at 370C with 5% CO2 and 0% O2. 

Spheroid Panc-1 cells were cultured using stem cell media and flasks coated with poly (2-

hydroxyethylmethacrylate). 

5.2.2 Sphere reformation assay 

The patient derived PDAC cells were cultured with stem cell media in flasks coated with 

polyhema and incubated for 4 days at 370C in a humidified incubator. The spheres formed were 

treated with gemcitabine, paclitaxel, copper and disulfiram/Cu overnight. After which the 

respective spheres were collected in tubes, trypsinized, counted and reseeded. Five days later, 

images were taken then the spheres were counted and recorded.  

5.2.3 Cell Apoptosis Assay 

Patient derived PDAC cells were cultured in a 6-well plate and the respective wells were dosed 

overnight with 100nM of paclitaxel, 500nM of gemcitabine, 10µM copper and 5µM 
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cyclodextrin disulfiram. The next day, the treated cells were collected into tubes, rinsed with 

PBS and stained with annexin-V and PI following the manufacturer’s instruction. FITC-

conjugated annexin-V/PI assay was used to measure cell apoptosis using a flow cytometer.  

5.2.4 Flow Cytometry Analysis 

In order to investigate the expression of CSC markers, cell pellets were rinsed with PBS then 

stained with the desired CSC marker antibody and incubated for the required time. The cells 

were then rinsed and resuspended in the appropriate buffer and read on a flow cytometer.  

5.2.5 MTT Cell Viability assay 

Cells were seeded in a 96 well plate (5000 cells/well). Cytotoxicity assay was carried out using 

MTT reagent after treating the cells with anticancer drugs for 48 hours. Then dissolving the 

formazan crystals with dimethyl sulfoxide and taking the absorbance at 540nm with a 

spectrophotometer.  

5.2.6 Detection of embryonic stem cell markers using Real-time PCR 

Total RNA was extracted from both normoxic and hypoxic Panc-1 cell cultures using the 

mRNA extraction kit (Qiagen) following the manufacturer’s instruction then reverse 

transcribed to give cDNA. This cDNA was subjected to real-time PCR using primers of specific 

interest and the fold change was calculated. Two-way ANOVA and t-test were used to analyse 

the fold change using GraphPad Prism software. 
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5.3 Results 

The central issue addressed in this chapter is the efficiency of disulfiram in completely 

eliminating PDAC cancer stem cells. 

5.3.1 PDAC cell  are re i ta t to fir t li e a ti-PDAC drug  (GEM a d PAC) i duced 

apopto i  but  e  itive to CycDex DS/Cu. 

In order to examine the in vitro degree of anticancer efficacy of cyclodextrin disulfiram against 

PDAC cells, Annexin apoptosis assay was carried out using flow cytometry. Annexin apoptosis 

assay requires staining the PDAC cells with Annexin V and propidium iodide to measure the 

proportion of early apoptotic, late apoptotic and necrotic cells in the cell cultures. The apoptotic 

population was stained by Annexin-V and the necrotic population was stained with Propidium 

iodide. Primary, circulating and liver metastatic patient derived PDAC cells and the PDAC cell 

line, panc-1 were dosed overnight with 500nM gemcitabine, 500nM paclitaxel and 500nM 

cyclodextrin disulfiram/10µM copper. The dot plots showing three distinct cell populations are 

shown in Figure 5.1 (A). Cyclodextrin disulfiram had a significantly higher apoptotic effect on 

all the PDAC cells than gemcitabine and paclitaxel. A bar chart showing the percentage of 

apoptotic populations after drug treatment is shown in Figure 5.1 (B). Treatment with 

gemcitabine and paclitaxel led to small increase in the percentage of apoptotic population while 

treatment with cyclodextrin disulfiram increased the apoptotic population. This result clearly 

reveals that cyclodextrin disulfiram is highly cytotoxic to PDAC cells. 
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Figure 5.1: PDAC cells are resistant to first line anti-PDAC drugs (GEM and PAC) 

induced apoptosis but sensitive to CycDex DS/Cu. (A) Flow cytometry analysis showing 

apoptosis after treating primary, circulating and metastatic PDAC cells and PDAC cell line 

with 500nM of gemcitabine, paclitaxel and cyclodextrin disulfiram/10μM Cu. (B) Bar chart 

showing the increased percentage of apoptotic cells after treatment. Cyclodextrin 

disulfiram/Cu had the highest apoptotic effect. n=6; *p<0.0001 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2 CycDex DS/Cu i  cytotoxic to PDAC cell  a d e ha ce  the cytotoxicity of fir t li e 

a ti-PDAC drug  i   ormoxia cultured PDAC cell . 

The previous experiment showed reduced anticancer effect of the first line anticancer drug, 

gemcitabine compared with cyclodextrin disulfiram, this experiment was carried out to 

evaluate the effect of combined treatment of gemcitabine with cyclodextrin disulfiram/Cu 

under normoxic conditions. MTT cell viability assay was carried out on the patient derived 

PDAC cells (12556, 12560, CX135, C76 and A6L) treated with gemcitabine alone and in 

combination with cyclodextrin disulfiram/Cu. A separate MTT cell viability assay was carried 

out on the patient derived PDAC cells treated with cyclodextrin disulfiram/Cu alone and in 

combination with gemcitabine to determine the true efficiency of cyclodextrin disulfiram/Cu. 
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Each well of a 96-well plate was seeded with 5,000 cells which were dosed the next day with 

serially diluted 1µM gemcitabine or 10µM cyclodextrin disulfiram/Cu then kept in an 

incubator for 72 hours. The cell viability curves obtained after the experiment are shown in 

Figure 5.2 (A). For each of the patient derived PDAC cells, treatment with cyclodextrin 

disulfiram/Cu and gemcitabine was more effective than treatment with gemcitabine alone. 

Furthermore, treatment of each of the patient derived PDAC cells with gemcitabine and 

cyclodextrin disulfiram/Cu was also more cytotoxic than treatment with cyclodextrin 

disulfiram/Cu alone.  

In Figures 5.2 (B), the afore-mentioned experiment was repeated using 100nM paclitaxel and 

comparisons were made on the effects of treatment singly and in combination with cyclodextrin 

disulfiram/Cu on primary, circulatory and liver metastatic PDAC cells. For each of the patient 

derived PDAC cells, treatment with cyclodextrin disulfiram/Cu was more effective than 

treatment with paclitaxel alone. The curve was flattened proving that combined treatment 

completely eliminated the PDAC cells. Also, treatment of each of the patient derived PDAC 

cells with paclitaxel and cyclodextrin disulfiram/Cu was also more cytotoxic than treatment 

with cyclodextrin disulfiram/Cu alone and flattened the curve. The data from these experiments 

reveal that cyclodextrin disulfiram/Cu is more cytotoxic to patient derived PDAC cells when 

combined with paclitaxel or gemcitabine under normoxic conditions and completely eliminates 

the patient derived PDAC cells. 

The average IC50 and its standard deviations for treatment of the patient derived PDAC cells 

with gemcitabine and paclitaxel, both singly and in combination with cyclodextrin 

disulfiram/Cu under normoxic conditions are shown in Table 5.1 while the combination index 

of gemcitabine and paclitaxel in combination with cyclodextrin disulfiram/Cu is shown in 

Table 5.2. 
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Figure 5.2 (A) GEM and CycDex DS/Cu mutually enhance the in vitro cytotoxicity in normoxia cultured PDAC cells. Comparison of the 

viabilities of patient derived cells when treated with Gemcitabine singly, gemcitabine + Cyclodextrin disulfiram/Cu, Cyclodextrin 

disulfiram/Cu singly and gemcitabine + Cyclodextrin disulfiram/Cu under normoxic conditions. The combined treatment was more cytotoxic 

than treating singly with Gemcitabine or Cyclodextrin disulfiram/Cu and completely eliminated all the PDAC cells. 
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Figure 5.2 (B) PAC and CycDex DS/Cu mutually enhance the in vitro cytotoxicity in normoxia cultured PDAC cells. Comparison of the viabilities of 

patient derived cells when treated with Paclitaxel singly, paclitaxel + Cyclodextrin disulfiram/Cu, Cyclodextrin disulfiram/Cu singly and Paclitaxel + 

Cyclodextrin disulfiram/Cu. The combined treatment was more cytotoxic than treating singly with Paclitaxel or cyclodextrin disulfiram/Cu and flattened 

the curve. 
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 1 556 1 560 CX10  CX135 C76 A6L 
       

CycDex IC
50

 (nM) 270.8  
(43.0) 

221.7  
(72.0) 

290.1 
(87.4) 

179.8 
 (33.0) 

95.9 
(44.2) 

213.4 
(62.82) 

       

GEM IC
50

 (nM) 687.6 
(42.1) 

61.1 
(38.6) 

66.3 
(25.6) 

8.25 
(4.3) 

34.5 
(21.5) 

326.1 
(128.7) 

CycDex DS + GEM 198.7  
(82.5) 

22.3  
(8.7) 

17.2  
(6.9) 

4.9  
(1.1) 

18.6  
(5.0) 

90.5  
(51.4)  

PAC IC
50

 (nM) >100 >100 >100 7.5 (1.9) 4.4 (1.4) >100 

CycDex DS + PAC 3.7  
(0.5) 

2.5  
(0.2) 

2.8 
(0.06) 

2.4 
(0.3) 

1.9 
(0.2) 

2.2  
(0.3)  

 GEM/DS PAC/DS 

Cells ED50 ED75 ED90 ED50 ED75 ED90 

12556 0.524 0.320 0.218 0.120 0.110 0.100 

12560 0.720 0.388 0.436 0.129 0.170 0.224 

A6L 0.625 0.559 0.567 0.200 0.179 0.160 

CX102 0.619 0.526 0.531 0.108 0.112 0.118 

CX135 1.477 0.192 0.488 0.096 0.078 0.066 

C76 0.517 0.303 0.405 0.510 0.472 0.522 

Table 5.1. IC50  of drug   i gly u ed a d i  combi atio  with CycDex DS/Cu i  

 ormoxia-cultured PDAC cell  

The PDAC cells were exposed to anticancer drugs (gemcitabine, paclitaxel) and CycDex DS/Cu singly 

or a combination of anticancer drugs and CycDex DS/Cu for 72 hours. The IC50s of the anticancer 

drugs and CycDex DS/Cu were calculated. n=9; NA=not analyzed; values = IC50 (± standard deviation) 

Table 5.2. The combi atio  i dex (CI) of a tica cer drug  i  combi atio  with CycDex 

DS/Cu i   ormoxia-cultured PDAC cell  

CI: 0.9 –1.1 additive effect; 0.8–0.9 slight synergism; 0.6–0.8 moderate synergism; 0.4–0.6 

synergism; 0.2–0.4 strong synergism. 
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5.3.3 CycDex DS/Cu i  cytotoxic to PDAC cell  a d e ha ce  the cytotoxicity of fir t li e 

a ti-PDAC drug  i  hypoxia cultured PDAC cell . 

Two different MTT cell viability assays were carried out on the patient derived PDAC cells 

(12556, 12560, CX135, C76 and A6L) cultured under hypoxic conditions. The first was treated 

with gemcitabine alone and in combination with cyclodextrin disulfiram/Cu while the second 

was treated with cyclodextrin disulfiram/Cu alone and in combination with gemcitabine. The 

cell viability curves obtained after the experiments are shown in Figure 5.3 (A). For each of 

the patient derived PDAC cells, treatment with cyclodextrin disulfiram/Cu and gemcitabine 

was more effective than treatment with gemcitabine alone or cyclodextrin disulfiram/Cu alone. 

In Figures 5.3 (B), the experiment was repeated using 100nM paclitaxel and comparisons were 

made on the effects of treatment singly and in combination with cyclodextrin disulfiram/Cu on 

primary, circulatory and liver metastatic PDAC cells. For each of the patient derived PDAC 

cells, treatment with cyclodextrin disulfiram/Cu was more effective than treatment with 

paclitaxel alone or cyclodextrin disulfiram/Cu alone. However, in Figure 5.3 (A) and (B), the 

curves were not flattened by the combination treatment. 

The IC50 for the patient derived PDAC cells treated with gemcitabine and paclitaxel both singly 

and in combination with cyclodextrin disulfiram/Cu under hypoxic conditions are shown in 

Table 5.3 while the combination index of gemcitabine and paclitaxel in combination with 

cyclodextrin disulfiram/Cu under hypoxic conditions is shown in Table 5.4. The IC50 values 

obtained were higher than those obtained in Table 5.1 showing that the hypoxic patient derived 

PDAC cells required a higher drug concentration. The data from these experiments reveal that 

cyclodextrin disulfiram/Cu is more cytotoxic to patient derived PDAC cells when combined 

with paclitaxel or gemcitabine under hypoxic conditions. It also shows that hypoxic PDAC 

cells are more resistant to treatment than normoxic PDAC cells. 
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Figure 5.3 (A) GEM and CycDex DS/Cu mutually enhance the in vitro cytotoxicity in hypoxia cultured PDAC cells. Comparison of the viabilities of 

patient derived cells when treated with Gemcitabine singly, Gemcitabine + Cyclodextrin disulfiram/Cu, Cyclodextrin disulfiram/Cu singly and 

Gemcitabine + Cyclodextrin disulfiram/Cu. The combined treatment was more cytotoxic than treating singly with Gemcitabine or Cyclodextrin 

disulfiram/Cu but did not flatten the curve. 
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Figure 5.3 (B) PAC and CycDex DS/Cu mutually enhance the in vitro cytotoxicity in hypoxia cultured PDAC cells. Comparison of the viabilities of 

patient derived cells when treated with Paclitaxel singly, paclitaxel + Cyclodextrin disulfiram/Cu, Cyclodextrin disulfiram/Cu singly and Paclitaxel + 

Cyclodextrin disulfiram/Cu. The combined treatment was more cytotoxic than treating singly with Paclitaxel or cyclodextrin disulfiram/Cu but did not 

flatten the curve. 
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 1 556 1 560 CX10  CX135 C76 A6L 
       

CycDex IC
50

 (nM) 183.29  
(38.9) 

143.6 
(72.7) 

208.8 
(82.0) 

23.2 
 (6.19) 

195.48 
(10.58) 

75.8 
(27.7) 

       

GEM IC
50

 (nM) >1000 >1000 >1000 >1000 >1000 >1000 

CycDex DS + GEM 214.37 
(58.8) 

120.35 
(57.1) 

115.49 
(6.5) 

44.99 
(22.8) 

109.41 
(32.7) 

136.3  
(59.5)  

PAC IC
50

 (nM) >100 >100 >100 51.7 (6.1) >100 >100 
CycDex DS + PAC 2.67 

(0.56) 
3.40  

(0.37) 
3.15 

(0.69) 
3.41 

(0.57) 
6.61 

(2.07) 
3.59 
(1.3)  

 GEM/DS PTX/DS 

Cells ED50 ED75 ED90 ED50 ED75 ED90 

12556 0.543 0.648 0.842 0.064 0.051 0.041 

12560 0.309 0.351 0.404 0.458 0.293 0.187 

A6L 0.404 0.610 0.920 0.169 0.234 0.325 

CX102 0.218 0.307 0.432 0.363 0.201 0.111 

CX135 0.255 0.697 1.903 0.204 0.135 0.090 

C76 0.384 0.574 0.902 0.436 0.526 0.663 

Table 5.3. IC
50s

 of drugs singly used and in combination with CycDex DS/Cu in hypoxic PDAC 

cells 

Table 5.4. The combination index (CI) of anticancer drugs in combination with CycDex 

DS/Cu 

CI: 0.9 –1.1  additive effect; 0.8–0.9  slight synergism; 0.6–0.8  moderate synergism; 0.4–0.6  

synergism; 0.2–0.4  strong synergism. 

The PDAC cells were cultured in 1% O2 condition for 5 days and exposed to anticancer drugs (gemcitabine, 

paclitaxel) and CycDex DS/Cu singly or a combination of anticancer drugs and CycDex DS/Cu for 72 hours 

in hypoxia. The IC50s of anticancer drugs and CycDex DS/Cu were calculated. n=3; value = IC50 (± standard 

deviation). 
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5.3.4 Cyclodextri  Di ulfiram/Cu decrea ed the PDAC CSC populatio  i  PDAC hypoxic 

culture . 

The aim of this experiment was to confirm if cyclodextrin disulfiram is effective in eliminating 

PDAC CSC markers.  The PDAC cells were cultured under hypoxic conditions with 1% 

oxygen for 5 days then treated with 250nM of cyclodextrin disulfiram/10µM copper for 16 

hours.  After which some of the cells were stained with ALDEFLUOR and analysed using flow 

cytometry. Figure 5.4(A) shows the dot plots of the ALDH+ve populations obtained for the 

various PDAC cells while Figure 5.4(B) is a bar chart showing the percentage ALDH 

population detected. The hypoxic PDAC cultures had a higher percentage of ALDH which 

dropped significantly after treatment. Some hypoxic PDAC cells were also stained with PE 

conjugated anti-CD133 and analysed using flow cytometry. Figure 5.5(A) shows the dot plots 

of the CD133+ve population obtained after flow cytometry analysis while Figure 5.5(B) is a bar 

chart showing the percentage CD133 population detected. The hypoxic PDAC cultures had a 

higher percentage of CD133 which dropped significantly after treatment. Another set of 

hypoxic PDAC cells were stained with APC conjugated with anti-ABCG2 and analysed using 

flow cytometry. Figure 5.6(A) shows the dot plots of the ABCG2+ve population obtained after 

flow cytometry analysis while Figure 5.6(B) is a bar chart showing the percentage ABCG2 

population detected. The hypoxic PDAC cultures had a higher percentage of ABCG2 which 

dropped significantly after treatment. The data reveals that treatment of PDAC cells with 

cyclodextrin disulfiram/Cu efficiently reduces the expression of PDAC CSC markers (ALDH, 

CD133 and ABCG2) so cyclodextrin disulfiram/Cu is cytotoxic to PDAC CSCs. 
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Figure 5.4. CycDex DS/Cu targets hypoxia-induced ALDH +VE CSC 

population. PDAC cells cultured in 1% oxygen for 5 days were treated 

overnight with 250nM Cyclodextrin disulfiram/10µM Cu then subjected 

to ALDEFLUOR assay. Flow cytometry was used to analyse the results 

(A) Dot plots of the ALDH+ve PDAC population obtained (B) Bar chart 

showing the percentage ALDH population before and after treatment. 

The ALDH population was high in the hypoxic cultures but decreased 

significantly after treatment with Cyclodextrin disulfiram/Cu. n=5; 

**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 5.5. CycDex DS/Cu targets hypoxia-induced CD133 +VE 

CSC population. PDAC cells cultured in 1% oxygen for 5 days were 

treated overnight with 250nM Cyclodextrin disulfiram/10µM Cu then 

subjected to flow cytometry assay. Flow cytometry was used to analyse 

the results (A) Dot plots of the CD133+ve PDAC population obtained (B) 

Bar chart showing the percentage CD133 population before and after 

treatment. The CD133 population was high in the hypoxic cultures but 

decreased significantly after treatment with Cyclodextrin disulfiram/Cu. 

n=4; p<*0.05, **p<0.01, ***p<0.001. 
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Figure 5.6. CycDex DS/Cu targets hypoxia-induced ABCG2 +VE 

CSC population. PDAC cells cultured in 1% oxygen for 5 days were 

treated overnight with 250nM Cyclodextrin disulfiram/10µM Cu then 

subjected to flow cytometry assay. Flow cytometry was used to analyse 

the results (A) Dot plots of the ABCG2+ve PDAC population obtained (B) 

Bar chart showing the percentage ABCG2 population before and after 

treatment. The ABCG2 population was high in the hypoxic cultures but 

decreased significantly after treatment with Cyclodextrin disulfiram/Cu. 

n=4; ns= not significant, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.3.5 Cyclodextri  Di ulfiram/Cu i hibit  the hypoxia i duced CSC marker . 

Based on the relevance of CSC markers (Sox2, Nanog and Oct4) in PDAC, real-time PCR was 

used to analyse the expression of Sox2, Oct4 and Nanog in attached, hypoxic, and hypoxic 

PDAC cells treated with Cyclodextrin disulfiram/Copper. The patient derived PDAC cells were 

cultured under hypoxic conditions using serum containing media and kept in a hypoxic 

incubator for 5 days. Some of the hypoxic PDAC cells were treated with 250nM Cyclodextrin 

disulfiram/10µM Copper for 16 hours after which the cells were lysed and used for real time 

PCR analysis. GAPDH was used as the loading control. Figures 5.7 (A), (B) and (C) show the 

mRNA expressions of Sox2, Nanog and Oct4 in the attached, hypoxic and treated patient 

derived PDAC cells respectively. The results reveal that the mRNA expression of Sox2, Nanog 

and Oct4 increased significantly in the hypoxic PDAC cultures but dropped after treatment 

with Cyclodextrin disulfiram/Copper. The decrease in mRNA expression of Oct4 was 

significant after treatment with Cyclodextrin disulfiram/Copper. This data confirms that 

hypoxia promotes PDAC cell stemness and that Cyclodextrin disulfiram/Copper is cytotoxic 

to PDAC CSCs which corresponds with our previous findings. 
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Figure 5.7. CycDex DS/Cu inhibits the expression of hypoxia-induced CSC markers. Real-time PCR was used to analyse the mRNA expression of 

CSC markers (A) Sox2 (B) Nanog, and (C) Oct4 in attached, hypoxic and hypoxic PDAC cell cultures treated with 250nM Cyclodextrin disulfiram/10µM 

Copper for 16 hours. High levels of Sox2, Oct4 and Nanog were expressed in the hypoxic cultures which dropped after treatment. 
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5.3.6 Cyclodextri  Di ulfiram/Cu decrea ed the CSC populatio  i   pheroid culture  of 

primary PDAC cell . 

The aim of this experiment was to confirm if cyclodextrin disulfiram is effective in eliminating 

PDAC CSC markers.  The PDAC cells were cultured under spheroid conditions with serum 

free media in flasks coated with poly(2-hydroxyethylmetacrylate) for 5 days then treated with 

250nM of cyclodextrin disulfiram/10µM copper for 16 hours.  After which some of the cells 

were stained with ALDEFLUOR and analysed using flow cytometry. Figure 5.8(A) shows the 

dot plots of the ALDH+ve populations obtained for the various PDAC cells while Figure 5.8(B) 

is a bar chart showing the percentage ALDH population detected. The spheroid PDAC cultures 

had a higher percentage of ALDH which dropped significantly after treatment. Some spheroid 

PDAC cells were also stained with PE conjugated anti-CD133 and analysed using flow 

cytometry. Figure 5.9(A) shows the dot plots of the CD133+ve population obtained after flow 

cytometry analysis while Figure 5.9(B) is a bar chart showing the percentage CD133 

population detected. The spheroid PDAC cultures had a higher percentage of CD133 which 

dropped significantly after treatment. Another set of spheroid PDAC cells were stained with 

APC conjugated with anti-ABCG2 and analysed using flow cytometry. Figure 5.10(A) shows 

the dot plots of the ABCG2+ve population obtained after flow cytometry analysis while Figure 

5.10(B) is a bar chart showing the percentage ABCG2 population detected. The spheroid 

PDAC cultures had a higher percentage of ABCG2 which dropped significantly after treatment. 

The data reveals that treatment of spheroid PDAC cells with cyclodextrin disulfiram/Cu 

efficiently reduces the expression of PDAC CSC markers (ALDH, CD133 and ABCG2) so 

cyclodextrin disulfiram/Cu is cytotoxic to PDAC CSCs. 
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Figure 5.8. CycDex DS/Cu targets ALDH +VE CSC population in 

spheroid cultures of PDAC cells. PDAC cells cultured under spheroid 

conditions with serum-free media for 5 days were treated overnight with 

250nM Cyclodextrin disulfiram/10µM Cu then subjected to ALDEFLUOR 

assay. Flow cytometry was used to analyse the results (A) Dot plots of the 

ALDH+ve PDAC population obtained (B) Bar chart showing the percentage 

ALDH population before and after treatment. The ALDH population was 

high in the hypoxic cultures but decreased significantly after treatment with 

Cyclodextrin disulfiram/Cu. n=5; *p<0.05,**p<0.01, ****p<0.0001. 
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Figure 5.9. CycDex DS/Cu targets CD133 +VE CSC population in 

spheroid cultures of PDAC cells. PDAC cells cultured under spheroid 

conditions with serum-free media for 5 days were treated overnight with 

250nM Cyclodextrin disulfiram/10µM Cu then stained with PE conjugated 

anti-CD133. Flow cytometry was used to analyse the results (A) Dot plots 

of the CD133+ve PDAC population obtained (B) Bar chart showing the 

percentage CD133 population before and after treatment. The CD133 

population was high in the spheroid cultures but decreased significantly 

after treatment with Cyclodextrin disulfiram/Cu. n=4; ****p<0.0001, 

ns=not significant. 
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Figure 5.10. CycDex DS/Cu targets ABCG2 +VE CSC population in 

spheroid cultures. PDAC spheroid cells were treated overnight with 

250nM Cyclodextrin disulfiram/10µM Cu then subjected to flow 

cytometry assay. Flow cytometry was used to analyse the results (A) Dot 

plots of the ABCG2+ve PDAC population obtained (B) Bar chart showing 

the percentage ABCG2 population before and after treatment. The 

ABCG2 population was high in the spheroid cultures but decreased 

significantly after treatment with Cyclodextrin disulfiram/Cu. n=4; ns= 

not significant, *p<0.05, ****p<0.0001. 
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5.3.7 Cyclodextri  Di ulfiram/Cu i hibited the  phere reformatio  ability of CSC 

populatio  i   pheroid culture  of primary PDAC cell . 

It is widely believed that the spheres in spheroid cultures are formed from the cancer stem 

cells in the culture. Sphere reformation assay was used to test the effectiveness of 

Disulfiram and Cyclodextrin disulfiram in eliminating cancer stem cells from PDAC cell 

line and primary, circulating and liver metastatic patient derived PDAC cells. First, 

spheroid PDAC cells were cultured using serum-free media and flasks coated with poly(2-

hydroxyethylmetacrylate). After 5 days, the spheroid cells were treated overnight then the 

drug was rinsed off and the spheres were reseeded at low density into 24-well plates using 

drug-free media. The images taken after the sphere reformation assay at ×10 magnification 

are shown in Figure 5.11 (A).  For each of the PDAC cells, the control samples had well 

defined spheres while the PDAC spheroid cultures treated with copper alone had spheres 

that were bigger in size and more clumped together than the control. Surprisingly, all the 

spheres treated with Disulfiram/Cu and Cyclodextrin disulfiram/Cu were completely 

dissociated. Figure 5.11 (B) shows a bar chart of the average sphere count after sphere 

reformation for the different PDAC cells. The data reveals that Disulfiram and Cyclodextrin 

disulfiram effectively eliminates CSC PDAC populations. 
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Figure 5.11. CycDex DS/Cu inhibited the sphere reformation ability of CSC populations in spheroid 

cultures of PDAC cells. (A) Microscopic images depicting sphere reformation assay for PDAC spheroid 

cells treated with 10µM Copper, 1µM Disulfiram/10µM Copper, and 1µM Cyclodextrin Disulfiram/10µM 

(B) Bar chart showing sphere count after sphere reformation assay for each of the PDAC cells. Images 

were taken 5 days after cell culture (×10 magnification). n=6, ****p<0.0001  
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5.4 Discussion 

This study was targeted at investigating the effectiveness of cyclodextrin disulfiram in 

eliminating cancer stem cells in normoxic, hypoxic and spheroid patient derived PDAC 

cultures. The potency of disulfiram in eliminating cancer cells has made it to be of interest to 

many researchers.  

Tumours are solid in nature and this enables cancer cells to grow in a 3D conformation and 

have a hypoxic core. The inability of mono-layer cultures to correctly mimic in vivo cellular 

interactions has led to many false and unsuccessful research results. As a result, many 

researchers are now focused on using 3D cultures for cancer research. The most popular 3D 

cell culture method is the spheroid model developed 40 years ago where cells grow as well-

defined spheres. These spheres imitate the preliminary stages of a tumour before blood vessel 

formation. However, some PDAC cells like MiaPaca-2 form unstable spheroids that are hard 

to use for further experiments (Cavo et al., 2020). PDAC cells grow in a 3-dimensional 

conformation within the pancreatic tumour. Therefore, PDAC cells cultured as spheroids are 

more similar to real PDAC cells than monolayer cultures. This is because PDAC cells cultured 

as spheroids have more matrices and express more chemoresistant genes than monolayered 

cultures (Bulle and Lim, 2020). The high rate of PDAC growth increases the demand for 

oxygen leading to poor vascularisation and intratumoral hypoxia. In response to hypoxia, 

cancerous cells undergo an angiogenic switch which enables them grow blood vessels to 

increase blood and oxygen supply (Yuen and Diaz, 2014). Unlike other solid tumours, PDAC 

tumour microenvironment is characterised by a desmoplastic stroma consisting of activated 

fibroblasts, leukocytes and extracellular matrix. The desmoplastic stroma has more stiffness, 

elevated hyaluronic acid content and more hydrostatic pressure leading to intratumoral 

hypoperfusion and hypoxia (Xiao et al., 2020). Hypoxia activates transcription factors that 

change cell polarity, cell-cell junction, cell cytoskeleton causing epithelial cells to become 
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motile and invasive (Yuen and Diaz, 2014). In this study, it was observed that the patient 

derived PDAC cell 12560 also formed unstable spheroids. The data also revealed that 

cyclodextrin disulfiram with copper is a strong initiator of apoptosis and completely dissociated 

PDAC spheroid cells. 

Copper is mainly absorbed from food in the stomach and intestine then transported to the liver 

by albumin, and to peripheral tissues by ceruloplasmin and albumin. In cells, copper (II) is 

reduced to copper (I) ion.  These copper ions bind with DDT after disulfiram administration. 

A study showed that 5ug/L of DDT-Cu suppressed the growth of Panc-1 cells in vitro. 

Apoptosis was shown to occur regularly in pancreatic cancer tissue xenografts treated with 

DDT-Cu. Analysis on the brain, liver and kidney of mice with pancreatic cancer showed that 

they have higher levels of copper ions than control groups (Han et al., 2013). The data from 

this Chapter shows that Cyclodextrin disulfiram/Cu has a strong apoptotic effect on PDAC 

cells compared to gemcitabine and paclitaxel. Cancerous cells evade apoptosis using different 

mechanisms. Members of the IAP family such as Survivin and cIAP2 prevent apoptosis by 

inhibiting caspase activity. There is an upregulation of cIAP2 in 85% of PDAC. This explains 

why PDAC is resistant to first line anticancer drugs like paclitaxel and gemcitabine (Hamacher 

et al., 2008). The high apoptotic activity of cyclodextrin disulfiram is suspected to be linked to 

disulfiram’s ability to simultaneously use multiple modes of action to eliminate CSCs. 

Disulfiram also forms very strong bonds with copper so probably releases a higher level of 

ROS than other drugs in the process. 

Tumours are composed of a small sub-population of cells known as cancer stem cells which 

are capable of promoting tumour progression.  The major challenge in cancer treatment is 

chemoresistance hence the need to understand the mechanism of CSC occurrence and develop 

more effective drugs (Zhou et al., 2017). CSCs play significant roles on tumour progression 

and chemoresistance due to their self-renewal and tumour initiating abilities. CSCs can be 
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accurately analysed using different cell surface markers because of its similar surface markers 

with normal stem cells. OCT4, SOX2 and NANOG are transcription factors which serve as 

CSC markers because of their ability to help cells retain their CSC characteristics (Zhou et al., 

2021). PDAC has a heterogenous cell population which comprises of CSCs that induce 

chemoresistance. A good understanding of the CSCs could provide good insights for potential 

drug development. Three-dimensional spheroid cultures and cell surface markers were used to 

characterize PDAC CSCs (Valle et al., 2020). Chemoradiated PDAC cell lines treated with 

disulfiram/Cu has decreased expression of ALDH bright PCSCs and CD133 positive PCSCs 

(Cong et al., 2017). Hypoxia plays a significant role in the aberrant growth of PDAC which 

causes the development of immature and leaky blood vessels that lead to metastasis (Maftouh 

et al., 2014; Koong et al., 2000; Harris, 2002; Chang et al., 2011).  

There is an urgent need for novel anticancer drugs to improve the overall survival of pancreatic 

cancer patients. The concentration of the active form of gemcitabine in the pancreatic tumour 

is decreased by components of the stroma such as metabolic enzymes and gemcitabine 

transporters. The Human equilibrative nucleoside transporter responsible for transporting 

gemcitabine into tumour cells is inhibited by EMT (Liang et al., 2017).  

Some studies have shown that gemcitabine has the ability to enhance stemness, enhance sphere 

formation and increase the expression of CSC markers through an unknown mechanism in 

pancreatic cancer cells. This explains why patients gradually develop resistance to gemcitabine 

(Zhou et al., 2018). When tumour cells acquire resistance to one drug, it could lead to cross 

resistance to multiple drugs (Zhou et al., 2021). The transporter responsible for transporting 

dFdC into cells is human equilibrative nucleoside transporter-1 (hENT1) (Kurata et al., 2011). 

In numerous cancers, disulfiram has been shown to have a synergistic effect on different 

anticancer drugs (Yoshino et al., 2020). Disulfiram has been proven to be highly cytotoxic to 

panc-1 cells (Dastjerdi et al., 2014). When breast cancer cells, melanoma and thymocytes are 



177 
 

exposed to DSF/Cu, it causes elevated ROS levels which leads to apoptosis. Treatment of 

malignant pleural mesothelioma with DSF/Cu leads to decreased expressions of many genes 

involved in tumour proliferation and increased expression of pro-apoptotic genes (Cheriyan et 

al., 2014). 

This data shows that cyclodextrin disulfiram reduced the expression of cancer stem cell 

markers in hypoxic PDAC cultures. The findings reveal that cyclodextrin disulfiram also 

enhances the cytotoxicity of the first line anticancer drugs; gemcitabine and paclitaxel. These 

first line drugs also have a synergistic effect on the cytotoxicity of cyclodextrin disulfiram. 

Despite the increased efficacy of combining Cyclodextrin disulfiram/Cu with gemcitabine or 

paclitaxel in eliminating PDAC cells, there was reduced efficacy when the PDAC cells were 

cultured under hypoxic conditions. This confirms that hypoxia plays a role in promoting 

chemoresistance in PDAC. 

  



178 
 

 

CHAPTER 6 

 

 

 

 

 

INVESTIGATION OF THE MOLECULAR EFFECT OF NFкB 

PATHWAY ON STEMNESS AND CHEMORESISTANCE IN 
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179 
 

6.1 INTRODUCTION 

Nuclear factor–ĸB is a transcription factor usually activated by cellular stress (Xu et al., 2017). 

Nuclear factor kappa light chain enhancer of activated B cells 

(NFĸB) was identified in the 1980s by Sen and Baltimore, and has numerous functions. The 

most common NFĸB subunits are p65 (RelA gene) and p50 (NFĸB1 gene). It is speculated that 

p65/p50 heterodimers initiate active transcription while p50/p50 homodimers suppress 

transcription (Nennig and Schank, 2016).  The NFĸB pathway occurs canonically and non-

canonically (Kabacaoglu et al., 2019). In the canonical pathway, IKK kinase complex inhibits 

NFĸB in the cytoplasm by binding to it. The IKK kinase complex has two catalytic subunits; 

IKKα and IKKβ and a regulatory subunit called NEMO (IKKγ). The activation of IKK causes 

it to phosphorylate IKKβ, whose degradation releases NFĸB (Nennig and Schank, 2016). At 

this point, the RelA/p50, RelA/c-Rel and c-Rel/p50 translocate to the nucleus to initiate the 

transcription of many genes. Unlike the canonical pathway which is rapid and lasts for a short 

time, the non-canonical pathway is slow and lasts for a prolonged period. The mechanism of 

action of NFĸB is still not fully understood (Kabacaoglu et al., 2019). 

NFĸB has been linked to many ailments such as cancer, diabetes, autoimmune diseases, 

cardiovascular diseases and neurodegenerative diseases. NFĸB plays critical roles in apoptosis, 

tumour microenvironment, cell invasion, metastasis, angiogenesis, inflammation, immune 

modulation, CSC survival and tumour progression. NFĸB increases the expression of SOX9 

which enhances invasion in pancreatic cancer. NFĸB also induces gemcitabine resistance using 

different mechanisms. In pancreatic cancer, NFĸB signalling is driven by KRAS and this 

signalling can be blocked by aspirin, curcumin and cyclooxygenase inhibitors (Pramanik et al., 

2018). NFĸB increases the expression of Snail1 which in turn inhibits the expression of 

adherens junction proteins (Li et al., 2018). 
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NFĸB is one of the main causes of chemoresistance and it also plays a big role in stopping 

apoptosis in cancer cells. High levels of NFкB has been detected in cancer cells and these levels 

can be further elevated by some anticancer drugs. The activation of NFкB has been shown to 

increase the expression of anti-apoptotic proteins. Reactive oxygen species (ROS) are produced 

by mitochondrial respiratory chain reaction. In high levels, ROS can cause damage to protein 

membranes, DNA and lipid membranes leading to apoptosis. However unlike normal cells, 

cancer cells produce high levels of ROS and are able to tolerate it and resist apoptosis. Further 

increasing the ROS content of cancer cells by ROS generating agents can deplete the 

antioxidant content of cancer cells then induce apoptosis. ROS induced apoptosis depends 

greatly on the activation of the pro-apoptotic MAPK pathway (Yip et al., 2011).  

There are 2 classes of CRISPR-Cas systems. The class 2 CRISPR-Cas system has different 

types such as type II, V and VI. The type II and V are used for editing DNA while the type VI 

is used for editing RNA.  DNA rewriting can be applied in biotechnology, therapeutics and 

diagnostics. Type II-A has RNase III genes for maturation of pre-crRNA. Type II-B and type 

II-C need tracrRNA for target recognition like Type II-A. Type V which is represented by 

Cas12a has 12 subtypes. Cas12a has RNA editing activity and converts pre-crRNA to mature 

crRNA. In the presence of DSBs, DNA repairing mechanisms are triggered to fix what they 

perceive as damage. DNA sequences can be modified by insertions, deletions, sequence 

substitution and integration (Moon et al., 2019).  

CRISPR requires mature CrRNA and trans-activating RNA (tracrRNA) which form the Cas9 

protein-RNA complex that create DSBs at target sites. Single guide RNA (sgRNA) is formed 

by the merging of CrRNA and tracrRNA. The CRISPR system has 2 classes namely: Class 1 

and Class 2. The Class one is divided into types I and III while the Class 2 is divided into types 

II, IV, V and VI. Smaller Cas9 variants have a better packaging and delivery capacity which 

improves their therapeutic potential. Unfortunately, the small Cas9 variants need more complex 
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PAM sequences and possess a relatively limited targeting scope and limited flexibility in 

genome targeting. There have been many evolutions in CRISPR technology such as the use of 

nickase Cas9 to accurately convert one base to another without the introduction of DSBs. 

Nickase Cas9 can combine with APOBEC1 deaminase enzyme and Uracil Glycosylase 

inhibitor (UGI) protein to form a complex which accurately converts cytosine to thymine 

without introducing DSBs. In the same way, a transfer RNA adenosine deaminase can fuse to 

nickase Cas9 to form a complex that accurately converts adenine to guanine (Adli, 2018). Dual 

guide RNA (dgRNA) is formed by the annealing of CrRNA and tracrRNA (Scott et al., 2019). 

CRISPR can be used to regulate gene expression, epigenome editing, life cell chromatin 

imaging, genetic and epigenetic screening and manipulation of chromatin topology (Adli, 

2018). CRISPR is used for target validation, functional gene screening, gene diagnosis and 

generation of cancer models (Zhan et al., 2019). CRISPR has revolutionised cancer 

immunotherapy which is the best strategy so far for cancer management. CRISPR utilizes 

single-guide RNA (sgRNA) for recognizing specific DNA binding sites. These sgRNA guides 

DNA endonuclease Cas9 to target and cut the complementary loci of double stranded DNA. 

The setback of CRISPR is being able to get the best nuclease and design the perfect sgRNA, 

therapeutic threshold of edited cells, efficient delivery of gene editing tools into target cells, 

reducing off target effects and effective genome editing (Xia et al., 2018).  

CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR associated 

nuclease 9) is a tool for editing the genome or studying genetic alterations in cell culture 

models, organisms and humans (Xue et al., 2016). In 1987, CRISPR was discovered in E.Coli 

by Nakarta and his colleagues (Xia et al., 2018; Zhan et al., 2019). However, it was not until 

2005 that scientists were able to link it with the bacteria immune system. Type II CRISPR 

systems depend on a Cas protein to target a specific DNA sequence making it the perfect 

genome editing tool (Zhan et al., 2019). Hematopoietic growth factors are secreted by 
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pancreatic cancer cells. Scientists are working on using enzymes such as alcohol 

dehydrogenase (ADH), cathepsin D and lysosomal exoglycosidase as biomarkers for 

pancreatic cancer.  However, the studies have not been validated. K-ras mutations are important 

biomarkers of pancreatic cancer. These K-Ras mutations occur in 47-100% of PDAC cells and 

can be detected by PCR (Jelski and Mroczko, 2019).    

6.2 Methods 

6.2.1 Cell culture 

Panc-1 cells were cultured in RPMI 1640 media supplemented with 100 U/ml penicillin and 

100 μg/ml streptomycin, 5% L-glutamine and 10% FBS in a humidified atmosphere at 370C 

with 5% CO2 and passaged every 3 days. 

6.2.2 Stable Transfection 

Transfection was carried out using lipofectamine 3000 reagent and pcDNA 3.1 plasmid using 

the manufacturer’s instruction. Overnight cultures of panc1 cells seeded (3×105 cells/well) in 

a 6-well plate were transfected with p65 overexpression. The cells were transfected then 

selected using 200µg of hygromycin. The transfected cells were seeded in petri dishes, from 

which the clones were picked, expanded then screened using western blot and PCR. 

6.2.3 CRISPR p65 Knockout  

NFкB p65 was knocked out using the CRISPR/Cas9 system. Preliminary studies were carried 

out to determine the most suitable antibiotic dose for the study. Six well plates previously 

seeded with 300,000 panc-1 cells per well were transfected as described in the CRISPR 

knockout protocol then selected with 500ng of puromycin. The transformed clones were picked 

then transferred to 24-well plates. The colonies were expanded and screened using Western 

Blot and PCR. The clones without any NFкB p65 expression were the knockout clones. 
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6.2.4 Real-time PCR 

Total RNA was extracted from both normoxic and hypoxic Panc-1 cell cultures using the 

mRNA extraction kit (Qiagen) following the manufacturer’s instruction then reverse 

transcribed to give cDNA. This cDNA was subjected to real-time PCR using primers of specific 

interest and the fold change was calculated. 

6.2.5 Western Blot 

Western Blot was used to detect protein expression, using the expression of beta actin as a 

loading control. Cell pellets were lysed on ice using RIPA Buffer supplemented with protease 

and phosphatase inhibitors then sonicated and centrifuged at 14,000rpm, 40C for 20 minutes. 

The protein concentration of the supernatant was determined. Equal quantities of the protein 

were separated using 12%  acrylamide gels. The gel was blotted using PVDF membrane which 

was later blocked using 5% low fat milk in Tris-Buffered Saline with 1% Tween. The 

membrane was later incubated in primary antibody overnight then secondary antibody for one 

hour. Bands were detected using Odyssey Fc Imaging System (LI-COR Biosciences; USA) 

and chemiluminescent reagents. 

6.2.6 MTT Cell Viability assay 

Cells were seeded in a 96 well plate (5000 cells/well). Cytotoxicity assay was carried out using 

MTT reagent after treating the cells with anticancer drugs for 48 hours. Then dissolving the 

formazan crystals with dimethyl sulfoxide and taking the absorbance at 540nm with a 

spectrophotometer.  
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6.3 Results 

6.3.1 Spheroid and hypoxic cultures of PDAC cells have high expression of NFкB 

Spheroid PDAC cells were cultured using serum free media and flasks coated with poly(2-

hydroxyethylmetacrylate). Then, real-time PCR was used to measure the mRNA expression of 

NFкB/p65 in normoxic and spheroid Panc-1 PDAC cell line and patient derived PDAC cells. 

GAPDH was used as a loading control. A bar chart showing the mRNA expressions obtained 

is shown in Figure 6.1(A). All the PDAC cells had a significantly elevated mRNA expression 

of p65 in their spheroid cultures. To further confirm the expression of p65, Western Blot was 

used to analyse the protein expression of NFкB/p65 and IкB in the normoxic and spheroid 

cultures of all the PDAC cells using beta actin as the loading control as shown in Figure 6.1(B). 

The results revealed that all the spheroid PDAC cells had an increased protein expression of 

p65 and a decreased protein expression of IкB compared to the normoxic cultures. Hypoxic 

PDAC cells were cultured with 1% oxygen for 5 days and used for real-time PCR analysis. 

Figure 6.1(C) is a bar chart showing the mRNA expression of p65 in the normoxic and hypoxic 

PDAC cells. There was a significant increase in the mRNA expression of p65 in all the hypoxic 

cultures except for Panc-1 and C76. In Figure 6.1(A), the Western Blot images show an 

increased protein expression of p65 and a decreased protein expression of IкB in the hypoxic 

cultures compared to the normoxic PDAC cultures. These data reveal that hypoxic and spheroid 

conditions upregulate NFкB/p65 expression in PDAC. 
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Figure 6.1: Protein expression of P65 in spheroids and hypoxia cultured PDAC cells. (A) Bar chart showing mRNA expression of NFкB/p65 in 

normoxic and spheroid PDAC cells. The error bars represent the standard deviation. (B) Western blot analysis showing increased expression of 

p65 protein and decreased IкB protein in the spheroid PDAC cultures. 30µg of protein/lane. Beta actin was used as a loading control. (C) Bar 

chart showing mRNA expression of NFкB/p65 in normoxic and hypoxic PDAC cells (D) Western Blot analysis showing increased expression of 

p65 protein and decreased IкB protein in the hypoxic PDAC cultures. *p<0.05, ****p<0.0001 
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6.3.2 Ectopic overexpression of NFкB in Panc1 PDAC cells  

In an effort to further study the activity of NFкB in PDAC cells, some panc-1 cells were 

transfected with p65 overexpression using luciferase and plasmids. The panc-1 p65 transfected 

clones were analysed using real-time PCR. GAPDH was used as a loading control. Figure 

6.2(A) shows the mRNA expression of p65 in the clones. The panc-1 p65-overexpressed clones 

had elevated mRNA expressions of p65 compared to the mock. In Figure 6.2(B), Western Blot 

analysis was used to analyse and compare the protein expression of p65 in the mock and p65-

overexpressed clones, using beta actin as a loading control. The p65 clones had a higher protein 

expression of p65 compared to the mock. The results reveal that the panc1 p65-overexpressed 

clones had higher expressions of NFкB p65 than the mock.  
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Figure 6.2: Expression of p65 in NFкB p65 overexpressed clones of PDAC cells. 

(A) Real-time PCR analysis for p65 in the panc-1 p65-overexpressed clones. The p65- 

overexpressed clones had elevated mRNA expression of p65 compared with the mock. 

GAPDH was used as a loading control (B) Western Blot analysis showed increased 

expression of p65 protein in the panc-1 p65-overexpressed clones. 30µg of 

protein/lane. Beta actin was used as a loading control. n=3; *p<0.05. 
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6.3.3 CRISPR Cas9 knock out of NFкB p65 in Panc1 PDAC cells  

The aim of this study was to ascertain the effect of the absence of NFкB p65 in panc1 PDAC 

cell line. CRISPR-cas9 technology was used to knockout p65 from panc-1 PDAC cell line. In 

Figure 6.3(A), real-time PCR was used to analyse the mRNA expression of p65 in the panc1 

p65 CRISPR knockout clones. The results showed that there was no mRNA expression of p65 

in the panc1 p65 CRISPR knockout clones while the control had an elevated mRNA expression 

level of p65. The loading control used for the real-time PCR analysis was GAPDH. The protein 

expression of p65 was analysed in the panc1 p65 CRISPR knockout clones and mock using 

Western Blot as shown in Figure 6.3(B). The results revealed that the panc1 CRISPR p65 

knockout clones had no protein expression of p65.  

 

 

 

 

 

 

 

 

 

 

  

Figure 6.3: Expression of p65 in CRISPR cas9 NFкB p65 knockout clones of PDAC cells. (A) 

Real-time PCR analysis for p65 in the panc-1 p65 knockout clones. The p65 knockout clones had 

a significantly decreased mRNA expression of p65 compared with the mock. GAPDH was used 

as a loading control (B) Western Blot analysis showed no expression of p65 protein in the panc-

1 p65 knockout clones. 30µg of protein/lane. Beta actin was used as a loading control. n=5; 

****p<0.0001. 
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6.3.4 NFкB p65 plays an insignificant role in regulating stemness in Panc-1 PDAC cells  

ALDEFLUOR was used to stain the panc-1 p65 overexpressed clones then flow cytometry was 

used to analyse the results. Figure 6.4(A) shows the dot plots obtained and a bar chart showing 

the percentage of ALDH in the mock and p65 overexpressed clones. The panc-1 p65 

overexpressed clones had a higher percentage of ALDH than the mock. However, the increase 

was not significant. 

Likewise, ALDEFLUOR was used to stain the panc-1 CRISPR p65 knockout clones then flow 

cytometry was used to analyse the results. Figure 6.4(B) shows the dot plots obtained and a bar 

chart showing the percentage of ALDH in the mock and CRISPR p65 knockout clones. The 

panc-1 CRISPR p65 knockout clones had a highly significant decrease in the percentage ALDH 

population than the control. Real-time PCR was further used to analyse the mRNA expression 

levels of different CSC markers (Sox2, Oct4 and Nanog) in the panc-1 p65 overexpressed 

clones and the panc-1 CRISPR p65 knockout clones. Figure 6.4(C) indicates that there was 

variable mRNA expression of the embryonic stem cell markers in all the clones. The only 

significant change was in the expression of Oct4 in the panc1 CRISPR p65 knockout clones. 
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Figure 6.4: Expression of cancer stem cell markers in NFкB p65 overexpressed clones 

and CRISPR cas9 NFкB p65 knock out clones of PDAC cells. (A) Flow cytometry 

analysis showing ALDH positive population and a bar chart showing the percentage ALDH 

population in the p65-overexpressed clones. The p65 overexpressed clones had a higher 

percentage of ALDH than the mock (B) Flow cytometry analysis showing ALDH positive 

population and a bar chart showing the percentage ALDH population in the CRISPR p65 

knockout clones. The CRISPR p65 knockout clones had a significantly decreased 

percentage of ALDH than the control (C) Bar chart showing mRNA expression of CSC 

markers (Sox2, Oct4 and Nanog) in the p65-overexpressed and CRISPR knockout clones.  

ns=not significant; ****p<0.0001. 
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6.3.5 NFкB p65 does not play a role in regulating EMT markers in Panc-1 PDAC cells  

Real-time PCR was used to analyse the mRNA expression levels of different EMT markers 

such as Snail1, Snail2, MMP2, MMP7, MMP9, Vimentin, E-cadherin and N-cadherin in the 

panc-1 p65 overexpressed clones as shown in Figure 6.5(A). The results showed that there was 

no significant change in the mRNA expression of different EMT markers. However, there was 

a significant decrease in the expression of Snail2 and significant increase in the mRNA 

expression of E-cadherin in the panc-1 p65 overexpressed clones. 

Similarly, real-time PCR was used to analyse the mRNA expression levels of different EMT 

markers such as Snail1, Snail2, MMP2, MMP7, MMP9, Vimentin, E-cadherin and N-cadherin 

in the panc-1 CRISPR p65 knockout clones as shown in Figure 6.5(B). The results showed that 

there was a significant increase in the mRNA expression of Snail1, Snail2, Vimentin and 

Zeb1in the panc-1 CRISPR p65 knockout clones. N-cadherin and Vimentin also increased but 

the increase was not significant. There was a decrease in the mRNA expression of E-cadherin, 

MMP7 and MMP9 in the panc-1 CRISPR p65 knockout clones compared to the control. This 

probably means that NFкB/p65 directly regulates E-cadherin, MMP7 and MMP9 in PDAC. 

These data reveal that in the absence of NFкB, PDAC would upregulate the expression of some 

EMT markers to compensate for the deficiency. This also shows that targeting NFкB for PDAC 

drug design would have little to no effect on PDAC tumour cells. 
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Figure 6.5: Expression of EMT markers in NFкB p65 overexpressed clones and CRISPR cas9 NFкB p65 knock out clones of PDAC cells. Real-

time PCR was used to analyse the expression of different EMT markers in the panc-1 p65 overexpressed clones and the panc-1 CRISPR p65 knockout 

clones. GAPDH was used as a loading control. 
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6.3.6 Overexpression of NFкB p65 drives resistance to first line PDAC anticancer drugs 

in Panc-1 PDAC cells  

In order to ascertain the role NFкB/p65 plays in chemoresistance, MTT cell viability assay was 

carried out on the p65 overexpressed clones. The clones were seeded in 96-well plates at a 

density of 5000 cells per well then treated the next day with 100µM gemcitabine. After 72 

hours, MTT was added to the treated clone cells and the crystals which formed were dissolved 

with DMSO. Spectrophotometry was used to analyse the results. Figure 6.5(A) shows the cell 

viability curve obtained after treatment with 100µM gemcitabine. The panc-1 p65 

overexpressed clones were more resistant to gemcitabine than the control. In the same way, 

MTT cell viability assay was carried out on the p65 overexpressed clones. The clones were 

seeded in 96-well plates at a density of 5000 cells per well then treated the next day with 100nM 

paclitaxel. After 72 hours, MTT was added to the treated clone cells and the crystals which 

formed were dissolved with DMSO. Spectrophotometry was used to analyse the results. Figure 

6.5(B) shows the cell viability curve obtained after treatment with 100nM paclitaxel. The panc-

1 p65 overexpressed clones were more resistant to paclitaxel than the control. These data reveal 

that the panc-1 p65 overexpressed clones were more resistant to treatment than the control and 

a higher concentration of gemcitabine was required to eliminate the panc-1 p65 overexpressed 

clone cells. This shows that NFкB plays a role in PDAC chemoresistance. 
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Figure 6.6: Cytotoxicity of NFкB p65 overexpressed clones to first line anti-PDAC drugs 

gemcitabine and paclitaxel. MTT cell viability assay was used to analyse the viability for 

the panc-1 p65 overexpressed clones after treatment with (A) 100µM Gemcitabine (B) 

100nM Paclitaxel. The control was less resistant to treatment than the clones. 

 

GEM IC50  

Mock: 3334.92 nM 

Clone7: 17686.48 nM 

Clone10: >100,000 nM 

 

PAC IC50  

Mock: 55.61 nM 

Clone7: >100 nM 

Clone10: >100 nM 

 



194 
 

6.3.7 Knockout of NFкB p65 sensitises PDAC cells to PAC but not significantly to 

Gemcitabine 

In order to ascertain the role NFкB/p65 plays in chemoresistance, MTT cell viability assay was 

carried on the CRISPR p65 knockout clones. The clones were seeded in 96-well plates at a 

density of 5000 cells per well then treated the next day with 100µM gemcitabine. After 72 

hours, MTT was added to the treated clone cells and the crystals which formed were dissolved 

with DMSO. Spectrophotometry was used to analyse the results. Figure 6.7(A) shows the cell 

viability curve obtained after treatment with 100µM gemcitabine. The panc-1 CRISPR p65 

knockout clones were more resistant to gemcitabine than the control. In the same way, MTT 

cell viability assay was carried on the CRISPR p65 knockout clones. The clones were seeded 

in 96-well plates at a density of 5000 cells per well then treated the next day with 100nM 

paclitaxel. After 72 hours, MTT was added to the treated clone cells and the crystals which 

formed were dissolved with DMSO. Spectrophotometry was used to analyse the results. Figure 

6.7(B) shows the cell viability curve obtained after treatment with 100nM paclitaxel. The panc-

1 CRISPR p65 knockout clones were less resistant to paclitaxel than the control. These data 

reveal that the knockout of NFкB does not eliminate chemoresistance in panc-1 PDAC cell 

line. It also shows that inhibition of NFкB may cause selective chemoresistance of PDAC to 

different anticancer drugs. 
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Figure 6.7: Cytotoxicity of NFкB p65 knockout clones to first line anti-PDAC drugs 

gemcitabine and paclitaxel. MTT cell viability assay was used to analyse the viability of the 

panc-1 CRISPR p65 knockout clones after treatment with (A) 100µM Gemcitabine (B) 

100nM Paclitaxel. The control was less resistant to gemcitabine treatment but more resistant 

to paclitaxel treatment than the clones. 
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6.4 Discussion 

The molecular mechanisms involved in chemoresistance need to be well understood in order 

to develop effective therapy for PDAC (Meng et al., 2020). All cells contain a family of 

transcription factors called NFкB which is activated by different signals and plays a role in 

activating cellular responses. The most highly occurring NFкB dimer is 

NFкB1(p50)/RelA(p65) heterodimer (Silke and O’Reilly, 2021). NFкB is a transcription factor 

involved in apoptosis inhibition, tumour growth, chemoresistance and poor prognosis in 

numerous cancers (Cheriyan et al., 2014). During tumour development and progression, the 

production of proteases, cytokines, growth and angiogenic factors leads to NFкB activation 

(Yang et al., 2020). In cancer, NFкB activity can be influenced by cytokines, chemokines, 

microRNAs, ROS and post translational modification (Prabhu et al., 2014). The activation of 

the NFкB pathway in pancreatic cancer leads to expression of numerous anti-apoptotic genes 

and the suppression of proapoptotic signalling pathways (Melisi et al., 2011). About 95% of 

all tumours have NFкB activation which promotes tumour development, regulate apoptosis, 

initiate angiogenesis and leads to metastasis. In most PDAC, NFкB transcriptional factors are 

continuously expressed leading to the suspicion that NFкB-driven pathways are involved in 

PDAC development (Prabhu et al., 2014). The data reveals that hypoxia increases NFкB 

activation in PDAC cells. 

In about 45 to 70% of pancreatic cancers, the NFкB subunit RelA/p65 is translocated to the 

nucleus. The presence of nuclear RelA/p65 in pancreatic cancer patients is an indicator of poor 

prognosis (Hamacher et al., 2008). Whole protein analysis of NFкB/p65 by Western Blot 

showed high protein expression in PDAC spheroid and hypoxic cultures. 

The non-classical NFкB pathway has been shown to contribute to tumourigenesis in PDAC. 

The activation of NFкB-inducing kinase (NIK) enhanced the activity of the p52/RelB NFкB 
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complex in panc-1 and MiaPaca2 pancreatic cancer cells (Doppler et al., 2013; Prabhu et al., 

2014). One study involving chemically-induced skin cancer gave the first insight that NFкB 

could also act as a tumor suppressor. NFкB can act as a tumor suppressor when cell cycle is 

suppressed or when MAP kinase pathway is downregulated. According to Xiao, suppressing 

NFкB in two ovarian carcinoma cell lines OVCA433 and OVCR3 led to suppression of 

apoptosis and tumor growth (Xiao et al., 2016). C-C chemokine receptor 7 binds to chemokine 

ligand 21 causing increased expression of p65 and Erk1/2 which inhibit apoptosis and enhance 

cell motility in CD133+ PCSCs (Yang et al., 2020). TLR2-MyD88-driven NFкB controls the 

expression of Sox2, Nanog and CD44 in ovarian CSCs (Chefetz et al., 2013; Rinkenbaugh and 

Baldwin, 2016). In the panc-1 p65 overexpressed and knockout clones, there was variable 

increase in the mRNA expression of Sox2, Nanog and Oct4. However, the mRNA expression 

was only significant in for Oct4 in the panc-1 CRISPR p65 knockout clones. This shows that 

PDAC tumours have different genes which carry out similar functions so the exclusion of one 

of these genes will not improve PDAC prognosis. 

P65 overexpression led to an increase in cell migratory characteristics in bladder cancer cells 

(Zhu et al., 2017). NFкB can control the expression of EMT transcription factors such as Snail, 

Slug, Zeb1, Zeb2 and Twist1. NFкB also controls the expression of MMPs; especially MMP2 

and MMP9 which play the critical role of digesting components of the ECM to facilitate tumour 

cell invasion (Rinkenbaugh and Baldwin, 2016). This corresponds with the results obtained 

because panc1 p65 overexpression led to increased mRNA expression of E-cadherin and 

MMP2. There was also a significant decrease in mRNA expression of Snail2 while the 

knockout of p65 increased mRNA expression of Snail1, Snail2, Zeb1 and vimentin.  

The inhibition of NFкB/p65 in the human breast cancer cell line, MDA-MB-231 and HCC-

1954 using SiRNA strategy and dehydroxymethylepoxyquinomicin (DHMEQ) treatment 

resulted in reduced cell motility, reduced cell invasiveness, decreased expression of SLUG, 
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SIP1, TWIST1, MMP11 and N-cadherin and increased expression of E-cadherin (Pires et al., 

2017). SNAIL, SLUG, ZEB1 and TWIST drive EMT at the cellular level. In the TME of 

aggressive PDAC, some cancerous cells express EMT markers at mRNA and protein levels. 

These EMT markers are closely associated with chemoresistance. Some PDAC cell lines such 

as BxPC3, CFPAC-1 and L3.6pl which have an upregulation of E-cadherin and low Zeb1 are 

sensitive to first line anticancer drugs like cisplatin, 5-FU and gemcitabine while other cell 

lines like panc-1, MiaPaCa-2, AsPC-1 and MPanc96 express low E-cadherin and high Zeb1 

leading to chemoresistance (Khalafalla and Khan, 2017).  

The canonical pathway for NFкB activation is involved in immune activation and cell survival 

while the non-canonical pathway is involved in lymphoid organogenesis. The role of NFкB 

complexes containing c-Rel or p65 are different. NFкB complexes containing c-Rel are 

involved in immune response and lymphoid development while those containing p65 are 

involved in cellular activation responses. Germline deletion of p65 greatly affects cell growth 

and function while deletion of c-Rel revealed less immunological defects. According to 

Grinberg-Bleyer, the inhibition of NFкB c-Rel suppresses tumour growth and not p65, making 

c-Rel a possible target for novel cancer immunotherapy (Grinberg-Bleyer et al., 2017).  

In PDAC, NFкB signalling has different modes of causing acquired resistance to gemcitabine 

such as binding to the promoter region of P-gp or binding to other regulators (Meng et al., 

2020). The knockdown of NFкB suppressed the growth of nude mouse Lewis’s tumour cell 

xenografts by overexpression of Bax which promotes apoptosis (Qu et al., 2015). There are 

many inhibitors of NFκB, some of which completely inhibit the NFκB pathway or inhibit a 

step or more in the NFκB pathway (Gupta et al., 2010). A potent inhibitor of NFкB called 

nafamostat mesylate inhibited NFкB activation leading to increased antitumour activity of 

gemcitabine and nab-paclitaxel in PDAC (Horiuchi et al., 2016). Some drugs such as disulfiram 

and sulforaphane inhibit tumour progression and CSC metastasis by inhibiting the NFкB 
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pathway (Yang et al., 2020). In some cancers, NFкB inhibition suppresses the expression of 

EMT-related genes such as SNAIL, TWIST1 and SLUG. The knockout of RelA/65 with 

SiRNA improves the anticancer activity of gemcitabine on gemcitabine-sensitive PDAC cells 

but had no effect on gemcitabine-resistant PDAC cells (Silke and O’Reilly, 2021). The panc-1 

CRISPR p65 knockout cells had chemosensitivity to gemcitabine compared with the control 

but chemoresistance to paclitaxel. This shows that the knockdown of p65 can reduce 

chemoresistance in some anticancer drugs. The results of this study also highlight that NFкB 

overexpression increases chemoresistance of panc-1 PDAC cells to gemcitabine and paclitaxel. 

This suggests that targeting NFкB alone for cancer therapy will not improve the 

chemoresistance of PDAC. 
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7.0 Discussion 

PDAC is easier to diagnose than pancreatic cancers arising in the body or tail of the pancreas 

because the head of the pancreas contains the common bile duct (Sarantis et al., 2020). 

Pancreatic ductal adenocarcinoma (PDAC) has a high fatality rate worldwide with less than 

20% surviving past one year and there is no significant improvement in its management 

(Sarantis et al., 2020). The different treatment modalities used for cancer management are 

either temporary in action or have severe side effects during prolonged use (Hassan et al., 

2018). Cancer therapy is best with drugs which exert great therapeutic effect at low 

concentrations so as to reduce undesirable side effects (Abu-Serie, 2018). Currently, the first 

line treatment for metastatic pancreatic cancer is a combination of gemcitabine and nab-

paclitaxel which has increased the OS of pancreatic cancer patients to 8.7 months compared to 

gemcitabine alone which has an OS of 6.6 months. In this treatment, gemcitabine is usually 

administered immediately after nab-paclitaxel on days 1, 8 and 15 out of a 28-day cycle, as 30-

minute infusions (Corrie et al., 2020). Treatment with gemcitabine and nab-paclitaxel increases 

the 2-year overall survival of pancreatic cancer patients from 4% to 9% but has adverse effects 

related to toxicity which reduces quality of life and increases risk for infections (Principe et al., 

2021). A study by Corrie et al. showed that a 6-month treatment of 2 groups of PDAC patients, 

one with sequential (SEQ) and the other with concomitant administration (CON) of 

gemcitabine and nab-paclitaxel with the SEQ having a progression free survival of 46% and 

CON having a progression free survival of 32% (Corrie et al., 2020). In Chapter 3, the study 

showed that panc-1 cells had elevated CSC traits when cultured under hypoxic and spheroid 

conditions. The spheroid panc-1 cultures had high hypoxic cell populations because the spheres 

consisted of tightly packed cell populations. The hypoxic cultures had increased migratory and 

invasive characteristics and were more resistant to therapy than the normoxic cultures. 
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In Chapter 4, the cytotoxicity of the first line PDAC drugs: gemcitabine and paclitaxel was 

investigated on patient derived PDAC cells and on one PDAC cell line both under normoxic 

and hypoxic conditions. In both PDAC cell types, the result showed that the percentage of 

PDAC cells killed was low and that the hypoxic cells were more resistant to treatment than the 

normoxic PDAC cells. This result suggests that hypoxia plays a role in tumour chemoresistance 

(Geng et al., 2018).  

Immunocytochemistry was used to quantify the presence of hypoxia in three patient derived 

cells (A6L, CX135 and 12560) and panc-1 cell line under normoxic, hypoxic and spheroid 

conditions. Pimonidazole, a commonly used biomarker for tumour hypoxia forms covalent 

bonds with macromolecules in hypoxic cells (O2 < 1.3%) and the degree of pimonidazole 

staining gives an estimate of the degree of hypoxia in the sample (Ragnum et al., 2014). The 

findings revealed that the hypoxic and spheroid PDAC cells had more pimonidazole staining 

than the normoxic cells. Interestingly, the normoxic cells had some pimonidazole staining. This 

confirms that all cancer cells have some level of hypoxia within them (Jin and Jin, 2020). 

Flow cytometry was used to carry out hypoxyprobe analysis on normoxic and hypoxic PDAC 

cells. The results revealed that the cells stained with pimonidazole was much higher in the 

hypoxic cell sample than in the normoxic cell sample. This data is consistent with the findings 

during the immunocytochemistry experiment. 

Many studies have shown that hypoxia leads to formation of cancer stem cells in cancerous 

tumours (Jewer et al., 2020; Wang et al., 2017a). Pancreatic cancer stem cells play a critical 

role in metastasis and chemoresistance (Swayden et al., 2018). CSCs have an elevated number 

of drug efflux pumps such as multidrug resistant transporters, ATP binding cassettes and ABC 

transporter proteins like ABCB1, ABCG2, ABCC11 and ABCB (Razi et al., 2019). TGFβ, 

Notch, ERK/MAPK, Wnt and NFкB pathways initiate EMT and increase cancer cell stemness 
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by epigenetic mechanisms such as DNA methylation and histone modification (Kim et al., 

2020). Unlike cancer cells, cancer stem cells can only be arrested at the G0 phase making them 

harder to eliminate with first line anticancer drugs. These CSCs can be identified with specific 

surface markers such as ALDH, CD44+ and CD133+ (Yang et al., 2020). 

According to the PCR analysis in this study, hypoxia increased the mRNA expression of SOX2, 

NANOG and OCT4. Hypoxia also increased the expression of the stem cell marker CD133. 

This is also confirmed in hepatoma, glioma and lung cancer cells (Wang et al., 2017a). There 

was also an increase in the expression levels of the ALDH and ABCG2. It is hypothesized that 

tumour hypoxia activates NFĸB which in turn activates many genes responsible for CSC 

survival, metastasis and chemoresistance (D’ignazio and Rocha, 2016).  

Ectopic levels of NFĸB can terminate apoptosis in cancer cells and induce chemoresistance 

(Yip et al., 2011). Some in vivo and in vitro data show that NFĸB could be a good target for 

PDAC drug development (Plewka et al., 2018) however, suppressing NFĸB expression may 

have repercussions and has not yielded any successful results in clinical trials (Liu et al., 2012; 

Liu et al., 2017). In endothelial cells, NFкB and MAPK are the main signalling pathways 

involved in controlling strong inflammation responses (Ramalingam et al., 2020). NFкB is the 

key regulator of inflammation and the major link between inflammation and cancer.   In tumour 

cells, NFкB can either have a pro- or anti-cancer effect (Achyut et al., 2017). In solid tumours, 

cancer cells undergo changes which enable them to dodge immune surveillance, undergo EMT 

and break away from the ECM leading to metastasis which is responsible for most cancer 

fatalities (Jin and Jin, 2020).  

For the panc-1 cells treated with paclitaxel, the unmodified cells had an IC50 of 83.10 ± 

22.39nM which is close to the IC50 value gotten from the p65 mock clones (55.61nM). The p65 

overexpressed clones treated with 100nM paclitaxel had IC50 values greater than 100nM. 



204 
 

However, the IC50 obtained from the p65 scrambled clones was 0.39nM while the IC50 obtained 

for the p65 knockout clones was 0.16nM and 0.21nM respectively. This shows that the 

knockout of p65 increased the sensitivity of PDAC to paclitaxel while overexpression of p65 

led to increased chemoresistance to paclitaxel. 

For the panc-1 cells treated with gemcitabine, the unmodified cells had an IC50 of 78.45 ± 

20.64µM which is a lot lower than the IC50 value gotten from the p65 mock clones (3,334µM). 

The p65 overexpressed clones treated with 100µM gemcitabine had IC50 values greater than 

100µM. Also, the p65 knockout clones treated with 100µM gemcitabine had IC50 values greater 

than 100µM. This shows that the overexpression and knockout of p65 increased 

chemoresistance of PDAC to gemcitabine. 

Gemcitabine in combination with disulfiram/Cu reverses gemcitabine-induced nuclear 

translocation of NFкB and suppresses IкB degradation in colon and breast cancer (Guo et al., 

2010). 

Many studies are focused on discovering novel compounds that selectively target cancer cell 

metabolism. However, cancer cell metabolism depends mainly on the unique characteristics of 

cancer cell microenvironment such as hypoxia, angiogenesis and nutrient availability (Cheng 

et al., 2014). A proper study of the mechanism of chemoresistance in PDAC will improve the 

efficacy of new anticancer drugs and decrease PDAC-related deaths (Swayden et al., 2018).  

The process of producing a new drug requires an average of 13 years’ research and costs 

roughly $2 to 3 billion (Zhang et al., 2020b) while drug repurposing offers the advantage of 

rapid translation of old drugs for new clinical use (Corsello et al., 2020). Packaging disulfiram 

in nanoparticles can increase its ability to selectively target cancer cells (Abu-Serie, 2018). The 

main aim of this study was to assess the cytotoxicity of a novel formulation of disulfiram known 

as cyclodextrin disulfiram on patient derived PDAC cells and PDAC cell lines. The challenge 
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with using disulfiram as an anticancer drug is its short half-life in the blood which packaging 

with cyclodextrin has effectively boosted as shown in this study. 

In recent years, the potential of using disulfiram as an anticancer drug is gaining a lot of 

publicity. Disulfiram controls metabolic processes requiring copper or zinc (Zhang et al., 

2020b). Disulfiram forms a complex with copper which elevates oxidative stress to a level that 

terminates cancer cells including CSCs (Hassan et al., 2018). A certain in vitro study reported 

that disulfiram is required in a higher concentration (0.54µM against 0.21 µM) to exert an 

anticancer effect in the absence of copper (Xu et al., 2017). Copper is essential for tumour 

growth and at high concentrations, it increases tumour growth and cell motility (Li et al., 2018). 

This is consistent with the data obtained after sphere reformation with panc-1 cell line where 

disulfiram alone had no cytotoxic effect on panc-1 spheroid cells. Spheroid cells formed by the 

patient derived PDAC cells and the panc-1 cell line were completely dissociated by 

cyclodextrin disulfiram. In the case of the patient derived PDAC cells, cyclodextrin disulfiram 

caused the complete dissociation of reformed spheres unlike paclitaxel and gemcitabine.  

Treatment of an MDR tumour with hybrid paclitaxel/DSF nanocrystals led to a 6-fold increase 

in apoptosis compared to treatment with paclitaxel alone (Mohammed et al., 2019). Cancer 

cells have deregulated apoptotic signalling which enables them to grow uncontrollably (Zhang 

et al., 2020b). In order to compare the ability of the gemcitabine, paclitaxel and cyclodextrin 

disulfiram to initiate apoptosis on PDAC cells, Annexin-V apoptosis assay was carried out 

using flow cytometry. Different samples of 4 patient derived cells were treated with 500nM 

gemcitabine, 500nM paclitaxel and 500nM cyclodextrin disulfiram/10µM copper for 14 hours. 

The results showed increase in apoptosis and necrosis in the PDAC cells treated with 

cyclodextrin disulfiram compared to paclitaxel or gemcitabine.  
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Disulfiram in combination with copper increases Bax/Bcl2 ratio suggesting a possible 

involvement of an intrinsic apoptotic pathway (Yip et al., 2011). Disulfiram/Cu does not affect 

the expression of the NFκB subunits, p65 and p50 rather, it inhibits their ability to translocate 

into the nucleus. Thus, controlling EMT (Li et al., 2018b). 

Prior results have shown that ALDH expression is strongly suppressed by disulfiram (Yip et 

al., 2011; Wu et al., 2019). In this study, flow cytometry was used to analyse the ability of 

disulfiram to eliminate CSCs from hypoxic and spheroid patient derived PDAC cells. The data 

obtained revealed that treatment with cyclodextrin disulfiram/Cu decreased the population of 

ALDH, CD133 and ABCG2 in the hypoxic and spheroid samples. This proves that cyclodextrin 

disulfiram eradicates CSCs. The cytotoxicity studies revealed that low doses of cyclodextrin 

disulfiram (10µM) successfully eliminated a large percentage of PDAC cells after treatment. 

DSF/Cu suppresses the NFĸB pathway which controls cell motility (Li et al., 2018b). 

Disulfiram also inhibits the action of MMP2, MMP9, topoisomerase I and II which play 

significant roles in metastasis and angiogenesis (Hassan et al., 2018). Unlike gemcitabine and 

paclitaxel, disulfiram/Cu has proved to be effective in eliminating CSCs (Xu et al., 2017).  

Some of the ongoing clinical trials involving administration of disulfiram in combination with 

other anticancer drugs have not yielded successful results (Wu et al., 2019).  However, in this 

study, the cytotoxicity of cyclodextrin disulfiram on PDAC cells was synergistically enhanced 

when administered in combination with either paclitaxel or gemcitabine. The cytotoxicity of 

cyclodextrin disulfiram/Cu in combination with paclitaxel or gemcitabine was found to be 

more than when cyclodextrin disulfiram is administered independently. 

Generally, hypoxia increased chemoresistance in the PDAC patient derived cells and PDAC 

cell line. Also, cyclodextrin disulfiram/Cu was effective in reducing chemoresistance of 

PDAC. 
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CONCLUSION 

Despite all the studies which have been carried out on pancreatic cancer cells, there is yet to be 

a drug which completely destroys the tumour. The first line anticancer drugs; gemcitabine and 

paclitaxel don’t eliminate CSCs, therefore there is a pressing need for effective anticancer 

drugs which eliminate CSCs. This research reveals that hypoxia plays significant roles in the 

development of cancer cell stemness, cell invasion and chemoresistance of PDAC cell lines. 

The expression of CSC markers in the PDAC cell line and patient derived cells is most likely 

responsible for the poor prognosis in PDAC patients. The pathways activated by hypoxia 

induce the expression of CSC markers, EMT, metastasis and chemoresistance. Hypoxia is the 

driving force behind PDAC progression. 

This study has shown that disulfiram targets CSCs which are responsible for chemoresistance 

and metastasis. Cyclodextrin disulfiram became potent when administered with copper. 

Cyclodextrin disulfiram increased the therapeutic effect of gemcitabine and paclitaxel. It also 

plays a role in inhibiting the activity of NFкB which increases tumour progression. The low 

price of disulfiram and its potency in targeting CSCs compared to other first line anticancer 

drugs makes it a good candidate for an effective anticancer drug. The results of the in vivo 

studies with cyclodextrin disulfiram is promising because it led to a good percentage of 

reduction in tumour size. This confirms that cyclodextrin disulfiram in combination with 

copper exhibited high cytotoxicity to PDAC cells both in vivo and in vitro. The effectiveness 

of cyclodextrin disulfiram confirms that cyclodextrin is a good packaging material for 

disulfiram. According to the findings of this research, cyclodextrin disulfiram has a longer half-

life in vivo than disulfiram and is effective for use as an anticancer drug. 

Despite using CRISPR technology to knock out NFкB, there was still tumour proliferation 

suggesting that NFкB alone is not responsible for cancer progression. There was not enough 
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time to carry out elaborate research such as studying the effect of drug combinations on the 

transfected clones so a new PhD student is already doing some further studies in this area. 

Studies were also carried out on HIF1 and HIF2 overexpression on Panc1 PDAC cells but there 

was not enough time to carry out significant research on the cells. Further studies should be 

carried out on the effect of HIF2 knockout on PDAC chemoresistance based on the expression 

of CSC and EMT markers in the HIF2 overexpressed Panc1 PDAC clones.  
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