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ABSTRACT 

Pancreatic cancer represents the seventh leading cause of cancer mortality 

globally, and despite the advances in cancer therapy over the last two decades, 

its prognosis is still poor with the survival rate among patients with pancreatic 

cancer for five years being less than 5%. This can be attributed to late-stage 

diagnosis, tumour heterogeneity, early metastasis, high local recurrence risk and 

resistance to conventional chemotherapy. 

The current single agent or combination-based therapy approaches for 

pancreatic cancer have either failed to improve the overall survival or offered a 

marginal improvement as well as increasing the accompanied adverse events. 

Therefore, this project investigated, for the first time, novel triple combinations 

treatment schedules utilising the gold standard current treatment of gemcitabine 

plus the repurposed tyrosine kinase inhibitors (sunitinib or pazopanib) plus 

external beam radiation in pancreatic cancer cell lines in vitro and in vivo. We 

hypothesised that these novel combination strategies would improve anti-tumour 

efficacy in pancreatic cancer models compared to single or double combination 

therapies. 

Our novel combination strategies with lower doses of gemcitabine, sunitinib, and 

XBR, resulted in greater anticancer efficacy than either treatment alone. The 

concurrent administration of gemcitabine with sunitinib when administered after 

radiation (three-treatment schedule 2 combination), showed a synergistic effect 

and was found to be the most effective combination strategy in our models. 



 

IV 
 

Furthermore, our three-treatment combination in an in vivo pancreatic cancer 

nude mouse xenograft model, was the only combination approach able to shrink 

the tumours while other treatment strategies only delayed the xenografted 

pancreatic cancer tumour growth. Of note, all mice in this treatment group were 

euthanised two days before the end of the experiment (day 18) because of 20% 

weight loss relative to the initial body weight. 

Altogether, our findings in this project offer a promising approach for treating 

pancreatic ductal adenocarcinoma in the clinic. Furthermore, lowering doses of 

all three agents is warranted to decrease the unfavourable side effects while 

maintaining anti-tumour activity.  
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CHAPTER 1: INTRODUCTION 

 1 
 

CHAPTER 1: INTRODUCTION  

1.1 Introduction to cancer 

1.1.1 Statistics of cancer 

Cancer is considered one of the major health issues in the world and among 

the leading causes of morbidity and mortality in the United Kingdom (UK) and 

worldwide (Siegel, Miller and Jemal, 2016). It is recognised as the cause of 

one in four of all deaths within the UK (Cancer Research UK, no date d),  and 

the estimated lifetime risk of cancer is 50% for males, and 45% for females 

born after 1960 in the UK (Cancer Research UK, no date c). According to the 

most recent global cancer statistics 2018 (Globocan website), there was an 

estimation of 18.1 million new cancer cases, and 9.6 million cancer deaths in 

2018 (Bray et al., 2018). The World Health Organisation (WHO) estimated a 

70% increase in new cases of cancer over the next two decades (World Health 

Organisation, 2016). Furthermore, the annual cancer cases and mortality are 

expected to increase to 22 million new cases and 11.2 million cancer-related 

deaths by 2025 (World Health Organization, 2014). The increasing cancer 

burden can be attributed to several factors, including population growth, 

ageing, and the changing prevalence of certain causes of cancer linked to 

social and economic development (Bray et al., 2018). Even though cancer 

therapy has been the focus of considerable research effort in recent years, the 

death rate caused by cancer is projected to continue increasing to reach above 
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13 million deaths in 2030 (Ferlay et al., 2010) due to limited access to timely 

diagnosis and treatment in several countries (Bray et al., 2018). 

In the UK, approximately 363,000 people were diagnosed with cancer 

(185,000 males and 178,000 females) in 2016, which equates to 

approximately 990 new cases per day and a new case every two minutes 

(Cancer Research UK, no date b). Furthermore, the incidence rates for cancer 

in the UK increased by 25% between 1979–1981 and 2007–2009, with only 

50% of people diagnosed with cancer surviving for more than 10 years. In 

2016, there were around 164,000 deaths from cancer in the UK, demonstrating 

the urgency for significant improvements in cancer therapy to reduce the 

number of deaths (Cancer Research UK, no date b). 

Different types of cancers respond variably to the available cancer therapies 

that have been developed over the last decade. For example, mortality rates 

for breast cancer decreased by 22% in the UK between 2006 and 2016 

(Cancer Research UK, no date a), whereas the mortality rates of pancreatic 

cancer increased by 6% over the same period of time (Cancer Research UK, 

no date d). Moreover, the mortality from pancreatic cancer in the Europe Union 

(EU) is predicted to increase by 25% in 2025, to be the third leading cause of 

death from cancer after lung and colorectal cancers (Ferlay, Partensky and 

Bray, 2016). Finally, it was reported that the 5-year relative survival rates for 

all stages cancers during the period between 2007 and 2013 was highest for 

prostate cancer (99%), melanoma of the skin (92%), and female breast cancer 
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(90%) and lowest for cancers of the pancreas (8%), lung (18%), and liver 

(18%) (Siegel, Miller and Jemal, 2018) (Figure 1.1).  
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Figure 1.1 Five-year relative survival rates for all stages of cancer during the 

period between 2007 and 2013.  Adapted from Siegel et al. (Siegel, Miller and 
Jemal, 2018). 
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1.1.2 Biology of cancer 

Cancer is a genetic disease that is characterised by abnormal patterns of gene 

expression which occur as a consequence of corruption or mutations in the 

cellular DNA of cells (Harrington, 2016). Two main classes of genes are 

responsible for the genesis of cancer; oncogenes and tumour suppressor 

genes (Vogelstein and Kinzler, 2004). Both gene classes have an essential 

function in growth, survival, and death of normal cells (Harrington, 2016). 

Mutations within these genes can cause activation of oncogenes or 

suppression of tumour suppressor genes an accumulation of which will result 

in uncontrolled cell proliferation (Vogelstein and Kinzler, 2004). 

Oncogenes, which cause uncontrolled cell division and spread, are the 

mutated versions of the normal cellular genes (proto-oncogenes) that control 

cell proliferation and survival. They are activated in numerous pathways to 

cause cancers; three of them are the most common. One route to 

tumourigenesis is the via mutation of proto-oncogenes which leads to 

enhanced activity or altered biological function (Pellegata et al., 1994). The 

second pathway is through gene amplification (an increase in the number of 

normal genes) leading to an increased amount of normal protein. The N-MYC 

oncogene in neuroblastoma is a good example of this activation pathway 

(Seeger et al., 1985). The third activation pathway is through translocation of 

part of the DNA sequence from its normal chromosomal position (locus) to a 

new position (usually on a different chromosome) resulting in a generation of 

a novel fusion protein with enhanced biological activity; one example is the   
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BCR-ABL genes in chronic myeloid leukaemia (Harrington, 2016). 

Accumulation of one or more of these mutations over a long time may 

eventually lead to cancer.  

Tumour suppressor genes are normal cellular genes that act to inhibit cell 

proliferation and survival and they are involved in controlling cell cycle 

progression and programmed cell death (apoptosis). The function of these 

genes is to arrest the progression of the cell cycle in order to carry out DNA 

repair, preventing mutations from being passed on to daughter cells 

(Harrington, 2016). CDKN2A and TP53 are the most frequently altered tumour 

suppressor gene in pancreatic cancer (Foo and Wang, 2017).   

1.1.3 Hallmarks of cancer and enabling characteristics 

In 2000, Hanahan and Weinberg (Hanahan and Weinberg, 2000) described 

six fundamental hallmarks of cancers that can largely explain their malignant 

behaviour. They are, briefly: maintaining replicative potential, avoiding 

programmed cell death, evading growth suppressors, growth factor 

independence or self-sufficiency, angiogenesis, and metastasis. These 

hallmarks were updated in 2011 through the addition of two emerging 

hallmarks (reprogramming energy metabolism, and evading immune 

destruction) and two enabling characteristics (genomic instability, and 

inflammation) (Hanahan and Weinberg, 2011). 
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1.2 Pancreatic cancer 

1.2.1 Anatomy and physiology of the pancreas 

The pancreas is a flat, pear-shaped gland located behind and below the 

stomach. It is about 6 inches long in an adult and less than two inches wide 

(Slack, 1995). The pancreas has two main types of cells, exocrine and 

endocrine cells. Most of the cells in the pancreas are exocrine cells and form 

the exocrine glands and ducts. Exocrine cells produce and release pancreatic 

enzymes that are released into the intestine to help the digestion of fat, 

carbohydrates, and protein in foods (Slack, 1995). Endocrine cells represent a 

small percentage of the cells in the pancreas and they are arranged in clusters 

called the islets of Langerhans. The main role of these cells is releasing insulin 

and glucagon hormones into the bloodstream to control blood sugar levels 

(Jennings et al., 2015). 

1.2.2 Types of pancreatic cancer 

The exocrine cells and endocrine cells of the pancreas form different types of 

pancreatic tumours. Exocrine and endocrine cancers are completely different 

from each other in terms of risk factors, signs and symptoms, diagnostic tests, 

prognosis, and treatment approaches (American Cancer Society, no date). 

Ductal adenocarcinoma is the most common cancerous tumour of the 

pancreas as it accounts for 95% of all pancreatic cancers (Canadian Cancer 

Society, no date). Other and less common exocrine cancers include acinar cell 

carcinomas, squamous cell carcinomas, adenosquamous carcinomas, signet 
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ring cell carcinomas, pleomorphic adenocarcinomas (also called giant cell or 

sarcomatoid carcinoma), microadenocarcinomas, pancreatoblastomas, and 

oncocytic carcinomas (American Cancer Society, no date; Canadian Cancer 

Society, no date). Tumours of the endocrine pancreas (called neuroendocrine 

tumours) are uncommon and represent less than 5% of all pancreatic cancers 

(Jennings et al., 2015). Subtypes of neuroendocrine tumours are usually 

named for the type of hormones the tumour cells make, such as gastrinomas, 

insulinomas, glucagonomas, and somatostatinomas (Jennings et al., 2015).   

1.2.3 Epidemiology of pancreatic cancer 

Pancreatic ductal adenocarcinoma (hereafter referred to as pancreatic 

cancer), although relatively uncommon, represents the seventh leading cause 

of cancer mortality globally, as it is responsible for about 432,000 deaths per 

year (Bray et al., 2018). In 2018, there were around 459,000 new cases of 

pancreatic cancer worldwide (Bray et al., 2018). The incidence of pancreatic 

cancer appears to be rising in western countries over the past 35 years 

(Sakorafas, Tsiotou and Tsiotos, 2000). The highest incidence of pancreatic 

cancer was reported in Northern Europe and North America and was 3 to 4 

times higher than rates seen in tropical countries (M. P. Curado et al., 2007; 

Bray et al., 2018). Based on data obtained from the surveillance epidemiology 

and end results (SEER) database, the incidence rate of PC is 12.4 and 10.9 

per 100,000 men and women per year, respectively (Yellu, Kamireddy and 

Olowokure, 2018). In the UK, incidence rates of pancreatic cancer have 

increased by 16% over the last ten years, with a slightly larger increase in 
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females (18%) than in males (11%) (Cancer Research UK, no date d). In 

addition, pancreatic cancer was the tenth most common cancer in the UK 

(Keane et al., 2014), accounting for 3% of all new cancer cases, hence about 

10,000 people were diagnosed with pancreatic cancer in 2016 (50% males, 

and 50% females), which equates to approximately 27 cases diagnosed every 

day (Cancer Research UK, no date d). The crude incidence rate reveals that 

there are 18.8 new pancreatic cancer cases for every 100,000 males in the 

UK, and 16.5 for every 100,000 females. Almost half (47%) of cases were 

diagnosed in people aged 75 and above. The survival rate for ten years or 

more for those patients with pancreatic cancer was less than 1% in England 

and Wales between 2010 and 2011 (Cancer Research UK, no date d) and for 

five years is less than 5% (Keane et al., 2014). In 2016, there were 9,263 

deaths from pancreatic cancer in the UK (Cancer Research UK, no date d).  

1.2.4 Pancreatic cancer pathogenesis 

The molecular pathogenesis of pancreatic cancer has been extensively 

investigated in the last few decades (Mimeault et al., 2005). Pancreatic cancer 

is fundamentally initiated and progressed by the accumulation of mutations in 

oncogenes (activation) and tumour suppressor genes (inactivation) (Mimeault 

et al., 2005; Sarkar, Banerjee and Li, 2007; Foo and Wang, 2017). These 

mutations can be acquired (somatic mutations), or inherited (germline 

mutations) (Foo and Wang, 2017). Pancreatic cancer caused by somatic 

mutations or germline mutations is called sporadic or familial pancreatic 

cancer, respectively.  
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1.2.4.1 Somatic alterations 

Whole exome sequencing has revealed that the genetic landscape of 

pancreatic cancer is dominated by approximately 48 somatic alterations in the 

genes KRAS, CDKN2A, TP53 and SMAD4 (also known as DPC4) (Jones et 

al., 2008; Biankin et al., 2012; Waddell et al., 2015; Witkiewicz et al., 2015). 

KRAS is the most frequently altered oncogene in pancreatic cancer and is 

activated in approximately 95% of pancreatic tumours (Makohon-Moore and 

Iacobuzio-Donahue, 2016; Foo and Wang, 2017). RAS is located at 

chromosome 12p and encodes a member of the RAS family of guanosine 

triphosphate (GTP) binding protein that is vital to several cell signalling 

pathways, including the ERK, and AKT pathways. These pathways mediate 

many cellular functions, including proliferation, cell survival and cytoskeletal 

remodelling (Saiki and Horii, 2014; Makohon-Moore and Iacobuzio-Donahue, 

2016; Foo and Wang, 2017). Point mutations in the KRAS oncogene lead to 

the generation of a constitutively active form of RAS. The constitutively 

activated RAS binds to GTP and sends uncontrolled growth stimulation signals 

to downstream signalling cascades, promoting uncontrolled cell growth 

(Sarkar, Banerjee and Li, 2007). Furthermore, KRAS amplification occurs 

together with the oncogenic mutation in approximately 4% of pancreatic 

cancers (Waddell et al., 2015). BRAF, the signalling mediator immediately 

downstream of KRAS, is also mutated or amplified in a mutually exclusive 

manner from KRAS in 3–4% of cases (Makohon-Moore and Iacobuzio-

Donahue, 2016).  
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CDKN2A  is the most frequently altered tumour suppressor gene in pancreatic 

cancer (Foo and Wang, 2017). Inactivation of CDKN2A is detected in 95 % of 

pancreatic cancers (Jones et al., 2008) and is thought to promote unrestricted 

cell proliferation (Foo and Wang, 2017). This gene, which is located on 

chromosome 9p, encodes two tumour suppressor proteins, p16INK4A and 

p19ARF, which are involved in cell cycle regulation (Makohon-Moore and 

Iacobuzio-Donahue, 2016; Foo and Wang, 2017; Idachaba et al., 2019) at the 

G1/S checkpoint by inhibiting the cyclin D/CDK4/6 complex, which in turn 

inhibits RB phosphorylation (Wood, Adsay and Hruban, 2013). In addition to 

DNA alteration, CDKN2A inactivation can be accomplished through several 

different mechanisms; such as epigenetic silencing via aberrant 

hypermethylation (Omura et al., 2008), or homozygous deletion, inactivating 

mutation in one allele accompanied by loss of the other allele (Saiki and Horii, 

2014). 

TP53 is the second most frequently altered tumour suppressor gene and is 

inactivated in 75% to 85% of pancreatic cancer cases (Jones et al., 2008; 

Makohon-Moore and Iacobuzio-Donahue, 2016). This gene is located on 

chromosome 17p, and it encodes the tumour suppressor protein P53, which 

plays an important role in cellular stress responses in damaged cells by 

activating DNA repair, inducing growth arrest, and triggering apoptosis (Saiki 

and Horii, 2014; Foo and Wang, 2017) through regulation of the G1/S 

checkpoint and maintenance of G2/M arrest (Vogelstein, Lane and Levine, 

2000). Functional loss of the TP53 protein enables bypassing of cell cycle 
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checkpoints leading to enhanced cell survival and division in the presence of 

DNA damage (Saiki and Horii, 2014).  

SMAD4 is a tumour suppressor gene on chromosome 18q (Hahn et al., 1996; 

Foo and Wang, 2017) and is inactivated in approximately 55% of pancreatic 

cancers, either by homozygous deletion (30%) or by an intragenic mutation in 

association with loss of the second copy (25%) (Hahn et al., 1996). The 

SMAD4 protein is a crucial co-transcription factor and mediator of the 

transforming growth factor-β (TGFβ) canonical signalling pathway for cellular 

growth, differentiation and maintenance of tissue homeostasis (Shi and 

Massagué, 2003; Makohon-Moore and Iacobuzio-Donahue, 2016). SMAD4 

alterations are linked to poor prognosis and metastatic disease (Blackford et 

al., 2009). 

1.2.4.2 Germline alterations and mutations 

Approximately 10% of pancreatic cancer cases have a familial basis (Shi, 

Hruban and Klein, 2009). Cohort and case-control studies have demonstrated 

that those with a family history of pancreatic cancer have a 1.9 to 13-fold 

increased risk of developing the disease (Ghadirian et al., 1991; Schenk et al., 

2001; Jacobs et al., 2010). The genetic basis for more than 80% of familial 

pancreatic cancer remains unknown (Hruban et al., 2010). Several germline 

genetic syndromes have been linked to an increased risk of pancreatic cancer 

(Foo and Wang, 2017). 
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Germline breast cancer gene 2 (BRCA2) and Partner and localizer of BRCA2 

(PALB2) (also called FANCN) mutations are associated with a significantly 

elevated lifetime risk for pancreatic cancer (Goggins et al., 1996; Slater et al., 

2010; Lowery et al., 2011). Besides, germline mutations in CDKN2A cause 

familial atypical multiple mole melanoma (FAMMM) syndrome, which results 

in a 38-fold increased risk of pancreatic cancer (De Snoo et al., 2008). 

Moreover, germline mutations in cationic trypsinogen gene (PRSS1) and 

serine protease inhibitor, Kazal type 1 (SPINK1) have been linked to hereditary 

pancreatitis in young patients (Whitcomb et al., 1996), which results in a 58-

fold increased risk of pancreatic cancer (Lowenfels et al., 1997). Furthermore, 

germline mutations in the ataxia-telangiectasia mutated gene (ATM), which 

encodes a protein involved in cell cycle regulation and the DNA damage 

response, have been detected in approximately 2 % of familial pancreatic 

cancer cases (Roberts et al., 2012). Finally, Peutz-Jeghers syndrome (PJS) is 

associated with an increased risk of pancreatic cancer as a consequence of 

the development of gastrointestinal hamartomas and pigmented macules on 

the lips, and buccal mucosa (Foo and Wang, 2017). Germline mutations in 

Serine/threonine kinase 11 (STK11) (also known as liver kinase B1, LKB1) 

explain 80 % of PJS cases (Giardiello et al., 1987). 

1.2.5 Staging of pancreatic cancer 

The stage of pancreatic cancer can be defined as the extent of the disease at 

the time of diagnosis. It is an important factor in determining treatment options 

and predicting a patient’s prognosis. The American Joint Committee on Cancer 
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(AJCC) TNM system is the most common system used to stage cancers of the 

pancreas. The tumour (T) stage describes the size of the primary tumour; the 

node (N) stage describes the spread to nearby lymph nodes, and the 

metastasis (M) indicates whether cancer has metastasized to other organs of 

the body. Numbers or letters appear after T, N, and M to provide more details 

about each of these factors. Higher numbers mean the cancer is more 

advanced (Tamm et al., 2003). A complete TNM classification of pancreatic 

cancer staging is shown in Table 1.1. 

About 85% of pancreatic cancer cases are diagnosed as a non-resectable 

disease at the first diagnosis, either for having locally advanced (40%; 5 to 7 

months OS) or metastatic disease (45%; 3 to 6 months OS) (Rivera et al., 

2009). The remaining 15% of cases have resectable tumours with 15 to 20 

months median OS. However, there is a local or systemic recurrent disease in 

about 75% of the resected cases with a median OS of 3 to 5 months (Rivera 

et al., 2009). The main reason for late diagnosis of pancreatic cancer could be 

the lack of specific cost-effective and reliable screening tests in people who 

have no symptoms of the disease (Sellam et al., 2015). 
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Table 1.1 TNM classification for the staging of pancreatic cancer. 
Adapted from the American Cancer Society (American Cancer Society, no 
date). 

 Stage 
Stage 

grouping 
Stage description 

0 Tis, N0, M0 The tumour is confined to the top layers of pancreatic duct 

cells and has not invaded deeper tissues. It has not 

spread outside of the pancreas. These tumours are 

sometimes referred to as pancreatic carcinoma in situ or 

pancreatic intraepithelial neoplasia III (PanIn III). 

IA T1, N0, M0 The tumour is confined to the pancreas and is 2 cm across 

or smaller (T1). The cancer has not spread to nearby 

lymph nodes (N0) or distant sites (M0). 

IB T2, N0, M0 The tumour is confined to the pancreas and is larger than 

2 cm across (T2). The cancer has not spread to nearby 

lymph nodes (N0) or distant sites (M0). 

IIA T3, N0, M0 The tumour is growing outside the pancreas but not into 

major blood vessels or nerves (T3). The cancer has not 

spread to nearby lymph nodes (N0) or distant sites (M0). 

IIB T1-T3, N1, M0 The tumour is either confined to the pancreas or growing 

outside the pancreas but not into major blood vessels or 

nerves (T1-T3). The cancer has spread to nearby lymph 

nodes (N1) but not to distant sites (M0). 

III T4, Any N, M0 The tumour is growing outside the pancreas and into 

nearby major blood vessels or nerves (T4). The cancer 

may or may not have spread to nearby lymph nodes (Any 

N). It has not spread to distant sites (M0). 

IV Any T, Any N, M1 The cancer has spread to distant sites (M1). 

  

  



CHAPTER 1: INTRODUCTION 

 16 
 

1.2.6 Risk factors of pancreatic cancer 

The risk factors for pancreatic cancer can be categorised into non-modifiable 

and modifiable risk factors (Lowenfels and Maisonneuve, 2002). 

1.2.6.1 Non-modifiable risk factors 

A. Age 

Pancreatic cancer incidence is strongly related to age (Cancer Research UK, 

no date d). Pancreatic cancer is rare in the first decade of life and its incidence 

rates increase after age 30 and peaks in the seventh and eighth decade of life 

in both males and females (Midha, Chawla and Garg, 2016). Several studies 

acknowledged this strong association between the incidence of pancreatic 

cancer and age in the UK. For example, Keane and his colleagues conducted 

a study to examine the influence of socio-demographic and geographic factors 

on the incidence of pancreatic cancer utilising a large database of 562 UK 

general practices provided to The Health Improvement Network from 1st 

January 2000 and 31st December 2010 (Keane et al., 2014). Among 3284 

pancreatic cancer patients included in this study, it was reported that the 

adjusted incidence rate ratio of pancreatic cancer, after accounting for gender 

and time period, was 4.3 (95% CI 3.84 - 4.81; p <0.001) times higher in patients 

aged 70–79 and 5.88 (95%CI 5.24 - 6.61; p <0.001) times higher in those aged 

80–89, compared to those aged 50–59. Moreover, around 47% of diagnosed 
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cases of pancreatic cancer between 2011 and 2013 were in patients aged 75 

and over (Cancer Research UK, no date d).  

B. Gender 

Pancreatic cancer is approximately 30% more common in men than women. 

The overall age-adjusted incidence rate for pancreatic cancer is 10.9 per 

100,000 for women and 13.9 per 100,000 for men (Midha, Chawla and Garg, 

2016). The gender-specific hormonal risk factors for a causal role in 

susceptibility to pancreatic cancer have been evaluated in several studies 

(Fernandez et al., 1995; Duell et al., 2009; Wahi et al., 2009). In a large 

systematic review of 371 articles to investigate the possible relationship 

between three reproductive factors and the risk of pancreatic cancer in women 

(Wahi et al., 2009),  authors concluded that reproductive factors are not 

associated with the development of pancreatic cancer in women. This 

suggests that the differences in pancreatic cancer rates between men and 

women may be attributed to environmental factors like smoking, or to 

undiscovered genetic factors influencing cancer incidence and mortality in 

males and females (Midha, Chawla and Garg, 2016). 

C. Ethnicity 

The race is a recognized risk factor for pancreatic cancer. In England, the 

incidence rate of pancreatic cancer in the period between 2002 and 2006 was 

significantly lower in Asian males, ranging from 4.6 to 8.6 per 100,000, 
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compared to rates in White males (10.2 to 10.7 per 100,000) and Black males 

(7.6 to 14.2 per 100,000). A similar pattern and incidence rates were reported 

for females. The Asian females had also a significantly lower incidence rate of 

pancreatic cancer (ranging from 2.9 to 5.9 per 100,000) than White (7.9 to 8.3 

per 100,000)  and Black (6.0 to 11.9 per 100,000) females (National Cancer 

Intelligence Network and Cancer Research UK, 2009). In the United States, 

African-Americans (Black people) have a significantly higher incidence rate of 

pancreatic cancer than Caucasians while the incidence is lowest in Asian 

Americans (Midha, Chawla and Garg, 2016). The higher incidence in African-

Americans can be attributed to differences in modifiable risk factors such as 

diet, alcohol, smoking, and vitamin D insufficiency or race-specific genetic 

differences between these ethnic groups (Midha, Chawla and Garg, 2016).  

D. Chronic pancreatitis 

Chronic pancreatitis, which is a progressive inflammatory disease of the 

pancreas, is considered a major risk factor for pancreatic cancer (Raimondi et 

al., 2010). Lowenfels and his colleagues in their historical review conducted in 

1993, reported an increased risk of pancreatic cancer among patients with 

chronic pancreatitis with a standardized incidence ratio of 26.3 (Lowenfels et 

al., 1993). Table 1.2 summarises several other case-control and cohort studies 

that interrogated the association between chronic pancreatitis and incidence 

of pancreatic cancers. These studies revealed that chronic pancreatitis is a 

risk factor for pancreatic cancer, though a few studies have reported either no 

association or much lower risk (Midha, Chawla and Garg, 2016).  
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E. Diabetes Mellitus 

Diabetes Mellitus (DM) has been associated with an increased risk of 

pancreatic cancer (Midha, Chawla and Garg, 2016). In a population-based 

cohort study of 2122 patients aged 50 or above who developed pancreatic 

cancer within 3 years of meeting standardised criteria for DM, it was found that 

the risk of pancreatic cancer incidence is around eight-fold higher than the risk 

in a control population (OR 7.94, 95% CI 4.70-12.55) (Chari et al., 2005). This 

risk increases significantly with longer duration of DM (Everhart, 1995). A 

meta-analysis of 17 case-control and 19 cohort or nested-case studies, 

including 9220 patients with pancreatic cancers (OR 1.82, 95% CI 1.66-1.89) 

(Huxley et al., 2005) found that the risk of pancreatic cancer is significantly 

higher in patients with DM for 10 years while a recent large pooled case-control 

study including 8,305 cases and 13,987 controls (OR 1.30, 95% CI 1.03–1.63) 

(Bosetti et al., 2014) identified an increased risk after 20 years or more. Recent 

studies suggested that insulin resistance, exposure to higher insulin 

concentrations and hyperglycaemia are also associated with increased risk of 

pancreatic cancer (Jee, 2005; Stocks et al., 2009). 
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Table 1.2 Case-control studies showing the risk of pancreatic cancer in patients 
with chronic pancreatitis. Adapted from (Midha, Chawla and Garg, 2016). CP = 
Chronic Pancreatitis, RR=Relative Risk. 

 
 

No Author 
(Country) 

Year Cases 
(n) 

Controls 
(n) 

CP 
(cases) 

CP 
(controls) 

Comments 

        
1 Fernandez et 

al. (Spain)  
1995 362 1408 24 18 RR = 5.1(1.8–

14.1) 
2 Bansal et al. 

(USA) 
1995 2639 7774 157 207 OR = 2.94 (2.19–

3.94) 
3 Moghaddam et 

al. (USA) 
2007 808 808 60 6 OR: 10.9 (4.3–

20.2 
4 Gold et al. 

(USA) 
1985 201 402 4 2 No significant 

association 
between PC and 
pancreatitis 

5 Mack et al. 
(USA) 

1986 490 490 5 2 RR = 5.0 (0.7–
116.5) 

6 Bueno De 
Mesquita et al. 
(Netherlands) 

1992 176 487 1 4 No association 
RR = 0.86 (0.1–
7.9) 

1.2.6.2 Modifiable risk factors 

A. Obesity 

Obesity has been associated with pancreatic cancer (Midha, Chawla and 

Garg, 2016). A meta-analysis of 98 studies conducted in 18 countries to 

evaluate the association between obesity and 13 types of cancer including 

pancreatic cancer in men and women, reported increased pooled risk ratio in 

both obese men and women compared to those of normal weight [Men: RR 

1.36; 95% CI 1.07 - 1.73, Women: RR 1.34; 95%CI 1.22 - 1.46] (Dobbins, 

Decorby and Choi, 2013). Similarly, another meta-analysis of 21 independent 

prospective studies involving 3,495,981 individuals and 8062 pancreatic 

cancer patients, demonstrated that the RR for cancer per 5 kg/m2 increase in 

body mass index (BMI) was 1.16 (95%CI 1.06–1.17) in men and 1.10 (95% CI: 
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1.02–1.19) in women (Larsson, Orsini and Wolk, 2007). The association 

between obesity and increased risk of pancreatic cancer is not fully 

understood, but can be attributed to increased risk of diabetes, thrombosis, 

and other comorbid conditions associated with obesity (Li and Abbruzzese, 

2010), or to yet undiscovered genetic factors (Feakins, 2016). 

B. Smoking 

Smoking is considered one of the most consistent and strongly associated risk 

factor associated with pancreatic cancer (Keane et al., 2014) and it may be 

responsible for approximately 20% of pancreatic cancer cases (Iodice et al., 

2008). A meta-analysis of 82 studies conducted to assess the association 

between smoking and pancreatic cancer reported in published studies 

between 1950 and 2007, found the overall risk of pancreatic cancer for current 

smokers was 1.74 (95% CI 1.61–1.87) (Iodice et al., 2008). It has been 

suggested that tobacco-specific nitrosamines (TSNAs) are possibly the 

responsible agents in tobacco that cause pancreatic cancer (Rivenson et al., 

1988; Preston-Martin, 1991).  

C. Alcohol 

Alcohol is a risk factor for pancreatic cancer because of its role in the aetiology 

of chronic pancreatitis and production of toxic metabolites, such as 

acetaldehyde, which are generated by ethanol metabolism (Midha, Chawla 

and Garg, 2016). A recent meta-analysis of 19 prospective studies, which 
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reported data from 4,211,129 individuals, concluded that low to moderate 

alcohol intake had little or no effect on the risk of pancreatic cancer, but high 

alcohol intake was associated with an increased risk of pancreatic cancer (RR 

1.15; 95%CI: 1.06–1.25). The pooled analysis revealed that the risk was 

highest in patients with heavy liquor intake (RR, 1.43; 95% CI: 1.17–1.74) 

(Wang et al., 2016). 

1.2.7 Clinical presentation, signs, and symptoms of pancreatic cancer 

The signs and symptoms of pancreatic cancer vary and depend on the 

location, size, and the stage of the tumour (Idachaba et al., 2019). The tumours 

located at the head of the pancreas cause obstructive jaundice, caused by the 

biliary duct obstruction, and weight loss, which occurs as a result of steatorrhea 

and diarrhoea (Freelove and Walling, 2006). While tumours of the pancreas 

body and tail usually are accompanied by epigastric pain, vague abdominal 

symptoms also occur such as nausea, weight loss, and newly diagnosed 

diabetes (Kelsen et al., 1997; Chari et al., 2008; Dillhoff and Bloomston, 2018). 

The pain usually presents as a dull, deep pain, coming from the upper 

abdomen, radiating to the back, and may be exacerbated by eating or lying flat 

(Kelsen et al., 1997; Freelove and Walling, 2006). 

Obstruction of the bile duct causes jaundice with disproportionately increased 

levels of conjugated bilirubin and alkaline phosphatase in the blood. The urine 

is dark because of the high level of conjugated bilirubin and the absence of 

urobilinogen. The stool is pale because of the lack of stercobilinogen in the 
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bowel. As hepatic function becomes compromised, patients experience 

fatigue, anorexia, and bruising caused by loss of clotting factors. However, all 

early symptoms often are nonspecific and unrecognized; therefore, most 

pancreatic cancers are advanced at diagnosis (Freelove and Walling, 2006). 

1.3 Current treatment approaches for pancreatic cancer 

1.3.1 Surgery 

Surgical resection is the cornerstone of therapy for long-term survival in 

patients with pancreatic cancer (Dillhoff and Bloomston, 2018). The 5-year 

survival rate has improved markedly to be between 10 and 15 per cent, 

compared to 5 per cent in the previous ten years, as reported in a retrospective 

study conducted on 113 patients who underwent surgical resection for 

pancreatic cancer between 1970 and 1992 (Sperti et al., 1996). However,  a 

minority of patients (less than 20%) have potentially resectable disease at the 

time of diagnosis (Sohn et al., 2000; Dillhoff and Bloomston, 2018). The 

majority (>50%) of pancreatic cancers have metastasized at the onset of 

symptoms and at the time of diagnosis, or present with borderline resectable 

and unresectable locally advanced pancreatic cancer (30 to 40%) (Xia, Kim 

and Ahmad, 2018). The safest method of obtaining pathologic confirmation of 

malignancy before surgical resection is the fine needle aspiration (FNA) by 

endoscopic ultrasound (EUS) (Dillhoff and Bloomston, 2018). 

For patients with painless jaundice or a newly diagnosed pancreas mass, 

cross-sectional imaging with intravenous contrast is mandatory for complete 
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staging and to stratify patients based on the primary tumour-vessel relationship 

to resectable, borderline resectable, unresectable, or metastatic disease 

(Dillhoff and Bloomston, 2018; Xia, Kim and Ahmad, 2018). 

1.3.1.1 Role of laparoscopy 

If the evaluation for the potential disease was not clear on cross-sectional 

imaging, laparoscopy has long been used as an alternative. It is useful for 

patients with findings on imaging that are suspicious for metastatic disease but 

not obviously metastatic and/or not amenable to confirmatory biopsy (Dillhoff 

and Bloomston, 2018). Laparoscopy is not widely used for determining local 

resectability because the evaluation of the mesenteric vasculature is not easily 

done with laparoscopy (Hennig et al., 2002). For patients with metastatic 

disease discovered by laparoscopy, an unnecessary laparotomy is avoided, 

thus shortening hospital length of stay and allowing chemotherapy to be 

initiated sooner (Hashimoto et al., 2015). 

1.3.1.2 Surgical management 

Nearly 70% of pancreatic cancers are located in the head of the pancreas with 

the remaining in the body and tail (Dillhoff and Bloomston, 2018). For tumours 

in the head of the pancreas, a pancreaticoduodenectomy (as known as 

Whipple procedure) is required. It has been the surgical procedure of choice 

for many years, and it was described by Whipple in his published paper in 1942 

(Whipple, 1942). Advances in surgical technique have reduced the operative 
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mortality rate of patients undergoing pancreaticoduodenectomy to below 5 per 

cent in the 1990s (Yeo et al., 1997). 

Pylorus-preserving pancreaticoduodenectomy (PPPD) has been evaluated 

and compared to standard pancreaticoduodenectomy (Whipple procedure) in 

several randomized controlled trials (Tran et al., 2004; Lin et al., 2005; Seiler 

et al., 2005). PPPD, which is a more conservative procedure, was introduced 

in an effort to prevent the long-term complications of dumping syndrome, bile 

reflux gastritis, and marginal ulcer which occur in Whipple procedure (Dillhoff 

and Bloomston, 2018). These trials have reported conflicting results, but most 

have not found statistically significant differences in overall and disease-free 

survival, overall morbidity and mortality, quality of life, blood loss, length of 

stay, operating time, resection margin status, or delayed gastric emptying 

between the two procedures (Tran et al., 2004; Lin et al., 2005; Seiler et al., 

2005). 

On the other hand, pancreatectomy is a suitable choice for patients with 

tumours in the body and tail of the pancreas (Dillhoff and Bloomston, 2018). 

Splenectomy is also recommended for left-sided cancers (Dillhoff and 

Bloomston, 2018). Finally, it has been reported that lymph node status, which 

is involved in about 50 to 80% of cases, is an important predictor of survival in 

patients with pancreatic cancer; therefore, extended lymphadenectomy has 

been proposed in some practices (Dillhoff and Bloomston, 2018). However, 

several studies have revealed that extended lymphadenectomy was 

associated with higher complication rates without improvement in the quality 
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of life or overall survival (Yeo et al., 2002; Riall et al., 2005). Figure 1.2 

illustrates anatomy of pancreas, sites of pancreatic cancer, and 

pancreaticoduodenectomy (Whipple) surgical procedure. 

 

 

Figure 1.2 Anatomy of pancreas, sites of pancreatic cancer, and 
pancreaticoduodenectomy (Whipple) surgical procedure. Adapted from 
navigatepancreaticcancer.com (website).   
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1.3.2 Radiotherapy 

Radiotherapy is an effective and widely used treatment modality for many 

tumours and about 50% of all cancer patients will receive radiation therapy 

during the illness as a part of their treatment either alone or in combination with 

surgery, immunotherapy, or chemotherapy (Delaney et al., 2005; Ciric and 

Sersa, 2010). Radiotherapy is a highly cost-effective single modality treatment 

accounting about only 5% of the total cost of cancer care (Baskar et al., 2012). 

Radiation can be delivered before surgery (neoadjuvant therapy) to shrink and 

downgrade the tumour with the goal of achieving a margin-free resection, or 

after surgery (adjuvant therapy), to destroy microscopic tumour cells that may 

have been left behind (Baskar et al., 2012; Xia, Kim and Ahmad, 2018).  

The most common approach of radiation therapy in the clinical setting is 

external beam radiation (XBR), in which high-energy rays delivered from 

outside the body to the location of the tumour (Baskar et al., 2012).  XBR is 

typically delivered in the form of X-ray photon beams using a linear accelerator 

(LINAC) which generates ionising radiation (IR). IR creates ions (electrically 

charged particles) and deposits energy in the cells of the tissues it passes 

through (Balagamwala et al., 2013). The deposited high energy radiation 

causes DNA damage and, as is the goal of cancer therapy, cell death by either 

a direct interaction with cellular DNA, or indirectly by ionizing and exciting 

cellular water to form hydroxyl radical reactive oxygen species (ROS) which 

can interact with cellular DNA and intracellular macromolecular structures 

(Baskar et al., 2012; Wang, Wang and Qian, 2018). DNA damage can be 

classified into double-strand breaks (DSBs) and single-strand breaks (SSBs). 
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DSBs are more toxic than SSBs in cancer as well as surrounding normal cells 

(Baskar et al., 2012).  

Conventional 2-dimensional (2D) radiation therapy, which uses rectangular 

fields based on 2D plain X-ray imaging, has several limitations. These 

limitations include delivering inadequate dosage to tumour cells, having 

inaccurate localization of tumour site, and lack of proper shielding to 

surrounding normal cells (Tribius and Bergelt, 2011).  Due to these limitations, 

2D XBR has largely been replaced by 3D conformal radiotherapy (3D-CRT) 

(Baskar et al., 2012).  

In 3D-CRT, each beam can be shaped around the target tumour site using a 

multi-leaf collimator (MLC). This allows radiation to conform to the exact 

tumour volume, and thus this approach permits substantially higher radiation 

doses to be delivered to the tumour (Bucci, Bevan and Roach III, 2005). 

However, this technique has not fully prevented radiation-induced cytotoxicity 

in the adjacent normal cells (Tribius and Bergelt, 2011). 

Further advances to radiotherapy have been introduced by intensity-

modulated radiotherapy (IMRT), which allows the oncologist to create 

irregular-shaped radiation doses that conform to the tumour whilst 

simultaneously avoiding critical organs (Veldeman et al., 2008; Nakamura et 

al., 2014). The intensity of the multiple beams can be modulated using 

advanced computer software (Baskar et al., 2012). This allows the highest 

intensity radiation to be delivered to the gross tumour, with lower intensity 

radiation to the outer tumour edges, which limits the damage to surrounding 
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normal tissue and alleviates unequal dose deposition of radiation (Veldeman 

et al., 2008; Baskar et al., 2012). 

When IMRT is delivered in 1–5 fractions and small beam apertures are utilized, 

this is considered stereotactic body radiation therapy (SBRT) (Rosati et al., 

2018). SBRT is a more modern technique that involves the delivery of higher 

doses of radiotherapy (≥5 Gy per fraction) within a shorter period of time 

(Franke et al., 2015). Frequently, patients receiving SBRT are offered 

respiratory gating or taught the breath-holding technique to track or minimise 

tumour movement during treatment because the pancreas can move with 

respiration (Rosati et al., 2018). 

The evidence shows that compared to conventional chemoradiation, SBRT is 

effective in reducing tumour-related pain without affecting the quality of life 

(QoL) which enables SBRT to be integrated with systemic and targeted 

therapeutic interventions (Herman et al., 2015; Rao et al., 2016; Rosati et al., 

2018). SBRT is increasingly recognized as an important local treatment 

modality in pancreatic cancer, both in the neoadjuvant setting for resectable 

and borderline resectable disease (BRPC) and in the definitive setting for 

locally advanced disease (LAPC). Shorter courses of radiation therapy are 

thought to increase the biological equivalent dose (BED) that is delivered to 

the tumour, and have been proposed to decrease time away from systemic 

therapy and time to surgical resection (Rosati et al., 2018). Finally, compared 

to pancreatic cancer patients who had lengthier courses of radiation therapy, 

the QoL outcomes of patients with shorter treatment courses were superior 

(Herman et al., 2013). 
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Radiation therapy, although it has proven beneficial in most cancer therapy 

settings, carries several limitations and side effects. Unavoidable toxicity 

delivered to the surrounding normal cells, despite the significant advances in 

the precision of radiation therapy, remains an unresolved dilemma in 

radiotherapy (Löbrich and Kiefer, 2006). Furthermore, as a consequence of 

the damage to the normal cells and non-irradiated organs, short-term and 

delayed adverse effect and complications may occur, which can have long 

term detrimental effects on patients’ quality of life (Al-Mefty et al., 1990; 

Meershoek et al., 2005). However, several studies have investigated toxicity 

associated with a different number of fractions (i.e., 3–5) of SBRT either alone 

or in combination with gemcitabine. It has been demonstrated that SBRT is 

well tolerated in terms of short- and long-term toxicity (Koong et al., 2004; 

Schellenberg et al., 2008, 2011; Pollom et al., 2014). Finally, tumour resistance 

to radiotherapy remains a major problem in many cancerous tumours (Kim et 

al., 2015). 

1.3.2.1 Radiation induced DNA double strand breaks and repair 

mechanisms 

Radiation damages DNA directly by deposition of energy and also indirectly by 

ionisation of water molecules, which generates hydroxyl radicals that interact 

with the DNA (Baskar et al., 2012). In mammalian cells, the radiation-induced 

double-stranded DNA breaks are repaired mainly by non-homologous end joining 

(NHEJ) or homologous recombination (HR). The NHEJ is non-specific cell cycle 
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phase and considered as the main repair pathway for radiation-induced double 

strand DNA breaks (Lomax, Folkes and O’neill, 2013). 

The NHEJ manages the repair of DSBs either induced by ionizing radiation or 

induced naturally which are initiated mainly, but not exclusively, in the G0 and G1 

phases of the cell cycle (Bolderson et al., 2009). Due to the lack of homologous 

DNA in the G0 and G1 phases of the cell cycle, NHEJ is a more error-prone form 

of repair due to its nature independent of DNA sequence symmetry (Bolderson et 

al., 2009). 

In contrast to NHEJ, HR DNA repair mechanism is active only in late S and G2/M 

phases of the cell cycle when homologous regions of DNA are abundant due to 

DNA replication (Bolderson et al., 2009). The reliance of HR on regions of 

sequence homology makes this process significantly more precise and less likely 

to result in critical loss of genetic information (Hefferin and Tomkinson, 2005). 

1.3.3 Gemcitabine as a single agent 

Gemcitabine (2’,2’-difluoro-2’-deoxycytidine) is a fluorine-substituted 

pyrimidine analogue antimetabolite (Plunkett et al., 1996). Gemcitabine is 

transported and incorporated into DNA by a nucleoside transporter and 

catalytically converted to Gem- mono, di- and triphosphate by deoxycytidine 

kinase (Huang et al., 1991). This triphosphate metabolite irreversibly blocks 

ribonucleotide reductase and DNA synthesis (Montano et al., 2017), leading to 

stalling the DNA replication forks of cells in the S phase of the cell cycle 

(Hamed, Straubinger and Jusko, 2013), DNA strand breaks and disturbance 



CHAPTER 1: INTRODUCTION 

 32 
 

of DNA repair mechanisms (Affram et al., 2015). This DNA damage 

consequently activates cell cycle checkpoints, induces S phase arrest (Kufe et 

al., 1980; Huang et al., 1991; Xie and Plunkett, 1995). The arrest permits time 

for DNA repair before the cell progresses through the cell cycle. Irreparable 

DNA damage can result in permanent cell cycle arrest, induction of apoptosis, 

or mitotic cell death caused by loss of genomic material (Liubavičiute et al., 

2015). Gemcitabine also activates TP53, a tumour suppressor gene, following 

its incorporation into DNA (Thottassery, 2006). This activation of the tumour 

suppressor gene results subsequently in G1 phase (Galmarini et al., 2002) and 

S phase (Yong et al., 2013; Ono, Basson and Ito, 2015) arrest, effective 

suppression of anti-apoptotic proteins, and a high degree of apoptosis 

(Galmarini et al., 2002). 

Gemcitabine was approved in 1996 by the FDA as the first-line therapy of 

locally advanced (non-resectable stage II or stage III) or metastatic (stage IV) 

pancreatic ductal adenocarcinoma (Barton-Burke, 1999). The NICE 

technology appraisal guidance [TA25] approved gemcitabine as an option for 

first-line chemotherapy for patients with advanced or metastatic 

adenocarcinoma of the pancreas in May 2001 (National Institute for Health and 

Care Excellence (NICE), 2001). 

Gemcitabine (Gemzar®), as a single agent, is considered the gold standard 

and the historical first-line treatment for patients with pancreatic ductal 

adenocarcinomas (Sclafani et al., 2015) although its clinical benefit remains 

marginal (Burris et al., 1997). Gemcitabine’s superiority in clinical trials as the 
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backbone chemotherapy for several types of cancer can be attributed to its 

positive impact on clinical benefit outcome measures and acceptable safety 

profile  (Sclafani et al., 2015). It has been found that the clinical benefit, in 

terms of combined assessment of pain, performance status, and weight 

compared to baseline, was observed in 23.8% of advanced pancreatic cancer 

patients randomised to gemcitabine (mean duration 18 weeks) compared to 

only 4.8% of patients randomised to 5-fluorouracil (5-FU) (mean duration 13 

weeks) (n = 126; p = 0.02) (Burris et al., 1997). A statistically significant 

advantage (p = 0.002) in median progression-free survival (PFS) (9 weeks and 

4 weeks) and overall survival (OS) (5.65 months and 4.41 months) were 

observed for the gemcitabine group compared to 5-FU group, respectively. 

Furthermore, the probability of surviving at 1 year was 18% for patients 

randomised to gemcitabine and 2% for those randomised to 5-FU (Burris et 

al., 1997). After this phase III trial, monotherapy with gemcitabine (30-min 

infusion) has been the standard treatment in patients with advanced pancreatic 

ductal adenocarcinoma for more than a decade (Rivera et al., 2009). 

1.3.3.1 Side effects of gemcitabine 

Tonato et al. (Tonato, Mosconi and Martin, 1995) reviewed data from 790 

patients who received gemcitabine for the treatment of a range of tumour 

types.  The authors demonstrated that gemcitabine was remarkably well 

tolerated with few of the side-effects normally associated with cytotoxic agents. 

In particular, extensive myelosuppression is infrequent with modest WHO 

toxicity grades 3 and 4 for haemoglobin in 6.4% and 0.9% of patients, 
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respectively, leucocytes in 8.1% and 0.5%, neutrophils in 18.7% and 5.7%, 

and platelets in 6.4% and 0.9%. Nausea and vomiting were mild and hair loss 

was rare. 

Similarly, in a multicentre phase II study of gemcitabine in 794 patients with 

inoperable non-small cell lung cancer (NSCLC) (Abratt et al., 1994), 

researchers found that the majority of patients experienced mild nausea and 

vomiting which were easily managed with standard antiemetic drugs. Grades 

3 and 4 nausea and vomiting occurred in only 5% and 0% of patients, 

respectively.  Common side effects, not graded by WHO criteria, include 

transient mild flu-like symptoms, with lethargy and malaise. These tended not 

to be progressive and were of minimal clinical significance. Grade 1 elevation 

in liver transaminases occurred in approximately 33% of patients, but this was 

not an indication for dose reductions and was not progressive with further 

therapy. Finally, there was a low incidence of drug-related complications that 

required hospitalisation. Of 21 hospital admissions, nine were for intercurrent 

tumour complications, six were for blood transfusions, and three were due to 

sepsis (Abratt et al., 1994). All three sepsis cases were not associated with 

neutropenia: one was for dehydration due to vomiting and inadequate oral 

intake, the second case was for the haemolytic uremic syndrome, and the last 

case was for the probable radiation-recall phenomenon (Abratt et al., 1994). 

Radiation recall is an acute inflammatory reaction that can be triggered when 

chemotherapy agents are administered after radiotherapy (Burris and Hurtig, 

2010). The patient with possible radiation-recall phenomenon had initially 

undergone surgical resection of the tumour followed by irradiation to 56 Gy, 
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five 2-Gy fractions per week. He developed sepsis after four cycles of 

gemcitabine (Abratt et al., 1994).   

1.3.3.2 Gemcitabine resistance in pancreatic cancer 

Since the introduction of gemcitabine in 1996, only negligible improvement in 

prognosis and survival has been achieved for pancreatic cancer patients. This 

failure can be attributed mainly to gemcitabine resistance, which develops 

within weeks of initiation of chemotherapy. Therefore, it is necessary to 

understand the cellular mechanisms that regulate resistance to gemcitabine in 

order to improve treatment outcome (Binenbaum, Na’ara and Gil, 2015; Liu et 

al., 2016). Modalities of gemcitabine resistance can be broadly categorised 

into either intrinsic to the cancer cell, or extrinsic, which influenced by the 

cancer microenvironment (Binenbaum, Na’ara and Gil, 2015).  

1.3.3.2.1 Mechanisms of intrinsic resistance  

Mechanisms of intrinsic resistance to gemcitabine can be generally classified 

into two subgroups. Firstly, mechanisms that interfere with drug transport, drug 

metabolism, or drug-induced DNA damage. Secondly, mechanisms that 

disrupt gemcitabine-induced apoptosis following DNA damage (Binenbaum, 

Na’ara and Gil, 2015). 

Metabolism-based resistance:  
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Gemcitabine (difluoro deoxycytidine, dFdC) is phosphorylated inside the cell 

by deoxycytidine kinase (dCK) into dFdCMP, which is converted by other 

pyrimidine kinases to its active diphosphate and triphosphate derivatives, 

dFdCDP and dFdCTP (Mini et al., 2006). Therefore, cellular deficiency of dCK, 

which has been demonstrated in pancreatic cancer (Kazuno et al., 2005; 

Ohhashi et al., 2008), is a major contributor to gemcitabine resistance in vitro 

and in vivo. Furthermore, upregulation of the dCK enzyme has also been 

shown to enhance gemcitabine cytotoxic efficacy in the pancreatic, biliary tract, 

and gastrointestinal cancers (Horii et al., 2015).  

Transport-based resistance: 

Gemcitabine is infused and transported into cells through the human 

equilibrative (hENTs) and concentrative type (hCNTs) nucleoside transporters 

(Mini et al., 2006). ENT1, CNT1 and CNT3 have often been related to 

gemcitabine resistance in humans, and have therefore been proposed as 

predictive markers for gemcitabine response in the clinical settings (Spratlin et 

al., 2004; Giovannetti et al., 2006; Bhutia et al., 2011). The potential roles of 

these NTs have been demonstrated in vitro, when ENT1 knockout in NSCLC 

cells induced gemcitabine resistance, while its upregulation enhanced its 

cytotoxic activity (Achiwa et al., 2004). Moreover, pathological specimens from 

ovarian cancer patients demonstrated that CNT1 is downregulated in cancer 

cells compared to the surrounding healthy cells (Hung et al., 2015). 

Furthermore, in a systematic review of ten studies with 855 patients conducted 

to evaluate the potential predictive value of hENT1 expression in pancreatic 
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tumour cells in patients treated with gemcitabine, the authors demonstrated 

that patients with high expression of hENT1 had significantly longer OS 

compared to those with low expression of this cellular transporter (Nordh, 

Ansari and Andersson, 2014). It has also been reported that the matricellular 

protein cysteine-rich angiogenic inducer 61 (CYR61) can negatively regulate 

the nucleoside transporters hENT1 and hCNT3 (Hesler et al., 2016). To 

overcome gemcitabine transport-based resistance, gemcitabine delivery into 

cancer cells by nano-particles has been found to be efficacious, in vitro and in 

vivo, in lung cancer cells (Hung et al., 2015) and pancreatic cancer cells (Poon 

et al., 2015). Although this success has been reported in pre-clinical studies, 

the probability of success of a nanoparticle drug progressing from pre-clinical 

proof-of-principle to commercial launch is about 6% (Cook et al., 2014). The 

cost-effectiveness provided by the nanomedicine drug versus conventional 

therapy is a key consideration when adopting nanoparticle therapies (Hare et 

al., 2017). Thus, the increased cost of nanoparticle systems can prevent them 

from being a principal treatment choice in the clinical setting (Hare et al., 2017). 

Pathways modulating-based resistance: 

Although induction of DNA damage is the main mechanism of action of 

gemcitabine, the drug is also highly potent against confluent cells that are not 

in the S phase of the cell cycle (Kroep et al., 2000). The tumour suppressor 

gene P53 is a modulator of gemcitabine efficacy. While both P53-mutated and 

WT cells display S-phase arrest in response to gemcitabine, only the WT cells 

display a G1 phase arrest, effective suppression of anti-apoptotic proteins 
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such as IAP or BCL-2, and a high degree of apoptosis (Galmarini et al., 2002). 

As P53 mutations dominate the landscape of pancreatic cancer, gemcitabine 

resistance is an inherent trait of pancreatic cancer cells (Chen et al., 2011). In 

addition, nuclear factor kappa B (NF-kB) is upregulated in P53-mutated 

pancreatic cancer cells in response to gemcitabine treatment, resulting in 

gemcitabine resistance (Arlt et al., 2003). Moreover, hypoxia plays an 

important role in pancreatic cancer cells resistance to gemcitabine through the 

activation of PI3K/Akt/NF-kB signalling pathways that regulate cell 

proliferation, angiogenesis, and apoptosis (Yokoi and Fidler, 2004).  

1.3.3.2.2 Mechanisms of extrinsic resistance 

As well as its role in supporting tumour growth, progression, and metastasis, 

the pancreatic cancer microenvironment also induces drug resistance, in a 

process termed environment-mediated drug resistance (EMDR) (Binenbaum, 

Na’ara and Gil, 2015).  Tumour stroma in pancreatic cancer plays an important 

role in tumour progression and EMDR (Binenbaum, Na’ara and Gil, 2015). 

Furthermore, overexpression of aldehyde dehydrogenase 1A1 (ALDH1A1), 

which is one of the characteristic features of tumour-initiating and/or cancer 

stem cell (CSC) properties in pancreatic cancer, plays an important in both 

intrinsic and acquired resistance to gemcitabine (Duong et al., 2012, 2014). 

Pancreatic cancer stem cells (PCSCs) contribute to tumour progression, 

metastasis, and resistance to common chemotherapy (Zhan et al., 2015; Mallik 

and Karandish, 2016). Hong et al. (Hong et al., 2009) reported that CD44 has 

a key role in gemcitabine resistance in PCSCs. Moreover, pancreatic cancer 



CHAPTER 1: INTRODUCTION 

 39 
 

cells characterized by CD44+CD24+ESA+ on their surface showed resistance 

to gemcitabine and radiotherapy (Lee, Dosch and Simeone, 2008). 

1.3.4 Gemcitabine in combination with radiotherapy 

Various studies have demonstrated the poor response rate of single-agent 

gemcitabine in the treatment of pancreatic cancer (Casper et al., 1994; 

Carmichael et al., 1996). While this response rate improves slightly when other 

systemic agents are used in combination with gemcitabine, toxicity is also 

increased without significant survival benefit (Louvet et al., 2005; Reni et al., 

2005; Cunningham et al., 2009; Colucci et al., 2010). However, the addition of 

radiotherapy to gemcitabine was found to be beneficial with higher but 

tolerated toxicity levels (Sainato et al., 2015). This combination ensures similar 

efficacy against pancreatic cancer with lower gemcitabine (Blackstock et al., 

2003; Magnino et al., 2005; Evans et al., 2008)  or radiation (Sharma et al., 

2015) doses.      

Nucleoside analogues, including gemcitabine, are among the most effective 

and most widely used agents to sensitize tumour cells to radiation treatment 

(i.e., radiosensitisers) (McGinn, Shewach and Lawrence, 1996). In vitro, It has 

been found that prolonged exposure to gemcitabine results in potent 

radiosensitisation of the colon (Shewach et al., 1994), breast (Rockwell and 

Grindey, 1992), and pancreatic (Lawrence et al., 1996) cancer cell lines. 
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A meta-analysis of 15 randomized controlled trials for the treatment of locally 

advanced pancreatic cancer in 1128 patients, revealed that 

chemoradiotherapy was superior in the 6-month and 12-month survival rates 

to the radiotherapy alone group or chemotherapy alone group (P = 0.0001 and 

P = 0.02, respectively), whereas the 18-month survival showed no significant 

difference (P = 0.23) (Chen et al., 2013). However, the chemoradiotherapy 

group had significantly more grade 3-4 treatment-related haematologic and 

non-haematologic toxicities than the chemotherapy or radiotherapy alone 

groups (OR = 3.74 and 1.71; 95%CI 2.56-5.47 and 1.16-2.53, both p < 0.01) 

(Chen et al., 2013). Therefore, triple therapy with the addition of TKI targeted 

therapy (sunitinib or pazopanib) to the chemoradiotherapy, utilising lower 

doses of each component, is hypothesised in this project to reduce the 

reported treatment-related adverse effects and improve treatment outcome in 

pancreatic cancer patients. 

1.3.5 Gemcitabine in combination with conventional chemotherapy 

In a recent literature review of the current treatment options for metastatic 

pancreatic cancer, Sclafani et al. (Sclafani et al., 2015) summarised results 

from 13 phase III studies comparing combination chemotherapy versus single-

agent gemcitabine for the first-line treatment of advanced pancreatic cancer. 

Briefly, they demonstrated that in nine studies out of 13 no improvement in OS 

(the primary endpoint of most studies) was found. These nine studies 

compared gemcitabine alone with the combination therapy of gemcitabine with 

5FU (Berlin et al., 2002), irinotecan (Rocha Lima et al., 2004), oxaliplatin 
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(Louvet et al., 2005; Poplin et al., 2006), pemetrexed (multi-targeted antifolate) 

(Oettle et al., 2005), cisplatin (Heinemann et al., 2006; Colucci et al., 2010), 

capecitabine (Herrmann et al., 2007; Cunningham et al., 2009).  

Similar negative results were found from double-blind randomised control trials 

when gemcitabine alone was compared to combination therapy with the 

topoisomerase inhibitor (exatecan) (Abou-Alfa et al., 2006), and the broad-

spectrum matrix metalloproteinase inhibitor (marimasmat) (Bramhall et al., 

2002).  

However, OS benefit was observed for combination treatments (with 

fluoropyrimidines and platinum agents) over single-agent gemcitabine in four 

meta-analyses and/or subgroup analyses restricted to patients with good 

performance status (Heinemann et al., 2007, 2008; Sultana et al., 2007; 

Cunningham et al., 2009). In addition, combination chemotherapy with 

cisplatin, epirubicin, 5-FU and gemcitabine (PEFG regimen) demonstrated 

better outcomes over single-agent gemcitabine in terms of response rate 

(38.5% versus 8.5%, p = 0.0008), 4-month PFS (60% versus 28%, hazard ratio 

(HR) 0.46, p = 0.001; primary endpoint of the study) and OS (HR 0.65, p = 

0.047) (Reni et al., 2005). Nevertheless, this study had some limitations 

including the relatively small sample size (n = 99) and the choice of 4-months 

PFS (instead of OS) as the primary endpoint (Sclafani et al., 2015). 

Recently, the FDA and the EMA approved nab-paclitaxel (albumin-bound 

paclitaxel) as first-line therapy for advanced and metastatic pancreatic ductal 
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adenocarcinoma in combination with gemcitabine (Sclafani et al., 2015). The 

Scottish Medicines Consortium (SMC) also approved this combination in 

February 2015 (UK and Pancreatic Cancer UK, 2016). The regulatory approval 

followed the results of the largest international, multicentre, randomised phase 

III metastatic pancreatic ductal adenocarcinoma trial (MPACT), which 

compared single-agent gemcitabine versus gemcitabine plus nab-paclitaxel (n 

= 861) (Von Hoff et al., 2013). The combination therapy with gemcitabine plus 

nab-paclitaxel revealed a statistically significant clinical benefit over standard 

single-agent gemcitabine in terms of median OS (8.5 months versus 6.7 

months, HR 0.72, p <0.0001) which was the primary endpoint of the study, 

median PFS (5.5 versus 3.7 months, HR 0.69, p <0.0001) and tumour 

response rate (23% versus 7%, p <0.001). The survival for one year (35% vs. 

22%), two years (10% vs. 5%), and three years (4% vs. 0%) were estimated 

in the gemcitabine-nab-paclitaxel group versus the gemcitabine group, 

respectively (Matsuoka and Yashiro, 2016). Weekly treatment with this 

combination was generally well tolerated. The treatment-related grade ≥3 

adverse events which occurred significantly more frequently in the combination 

group than in the gemcitabine-alone group were neutropenia (38% vs. 27%), 

Febrile neutropenia (3% vs. 1%), leukopenia (31% vs. 16%) fatigue (17% vs. 

7%), and reversible peripheral neuropathy (17% vs. 1%). Interestingly, Krishna 

et al. (2015) (Krishna et al., 2015), in a retrospective study, demonstrated that 

a bi-weekly (instead of weekly as in the MPACT trial) administration of 

gemcitabine and nab-paclitaxel may improve the toxicity profile and 

significantly reduce the costs of this combination treatment without affecting 
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the overall efficacy. Nevertheless, from an economic point of view, the National 

Institute for Health and Care Excellence (NICE), in the UK, recently stated that 

nab-paclitaxel did not fulfil their criteria for a cost-effective therapy as they 

found that nab-paclitaxel plus gemcitabine compared with gemcitabine alone 

would cost between £72,500 and £78,500 per quality-adjusted life-year 

(QALY) gained (Goldstein et al., 2016).  

1.3.6 Gemcitabine in combination with molecular-targeted therapy 

To overcome resistance in pancreatic cancer, multiple targeted therapy agents 

have also been added to gemcitabine. For example,  in a double-blind, 

placebo-controlled, international, phase III trial of 569 patients from 17 

countries with locally advanced or metastatic pancreatic ductal 

adenocarcinoma, erlotinib (an oral HER1/EGFR tyrosine kinase inhibitor) in 

combination with gemcitabine (n= 285) was compared to gemcitabine with 

placebo alone (n = 284) (Moore et al., 2007). It was reported that the overall 

survival (the primary endpoint in this study) was significantly prolonged with 

erlotinib plus gemcitabine (median 6.24 months) compared to gemcitabine with 

placebo (median 5.91 months) (HR 0.82; 95% CI 0.69 to 0.99; p= 0.038). This 

combination also associated with an improvement in one-year survival (23% 

vs. 17%; p = 0.023) and PFS (HR 0.77; 95% CI 0.64 to 0.92; p = 0.004). 

Although these findings were statistically significant, the overall survival 

advantage (approximately 10 days only) seems modest. However, as a 

consequence of this trial, the American Food and Drug Administration (FDA) 

and the European Medicines Agency (EMA) approved erlotinib in combination 
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with gemcitabine as first-line therapy for locally advanced or metastatic 

pancreatic cancer (Sclafani et al., 2015). 

Except for erlotinib, targeted therapies have largely failed to show a significant 

benefit in the treatment of pancreatic cancer when added to the standard 

single-agent chemotherapy, gemcitabine (Sclafani et al., 2015). For example, 

despite the strong biological rationale for these combination strategies, 

targeting KRAS with tipifarnib (Van Cutsem et al., 2004), MAPK with cetuximab 

(Philip et al., 2010), MEK with selumetinib (Bodoky et al., 2012) or trametinib 

(Infante et al., 2014), and mTOR with everolimus (Wolpin et al., 2009) in 

addition to single-agent gemcitabine failed to improve the outcome of locally 

advanced or metastatic pancreatic cancer patients compared to gemcitabine 

alone (n= 668  HR=1.03 p=0.75;  n=745 HR=1.06 p=0.19; n=70 HR=1.03 

p=0.92; n=160 HR=0.98 p=0.453,  n=33 p>0.05, respectively). 

Because of these marginal improvement and disappointing outcome from 

current single and combination therapy, this research project aimed to develop 

novel combination strategies for the treatment of pancreatic cancer. We 

examined the cytotoxicity of two tyrosine kinase inhibitors (TKI), sunitinib and 

pazopanib, for the first time, against PANC-1 and MIA PaCa-2 pancreatic 

cancer cell lines. Both are currently approved in the treatment of renal cell 

carcinoma (Motzer et al., 2014), and in May 2011, the US FDA approved 

sunitinib for the treatment of progressive, well-differentiated pancreatic 

neuroendocrine tumours in patients with unresectable locally advanced or 

metastatic disease (Blumenthal et al., 2012).  
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1.4 Targeted molecular therapy of cancer 

Targeted molecular therapy is a form of personalized medical therapy 

designed to inhibit specific cellular signalling pathways involved in cancer 

growth, resistance, and metastasis (Shaib and El-Rayes, 2018). The therapy 

is personalized to meet each person’s individual needs because cancer 

develops differently in everyone (Targeted Molecular Therapy – Abramson 

Cancer Center, no date). Potential advantages of targeted therapies over 

conventional cytotoxic therapies are improved safety profile due to selective 

inhibition of cancer-related pathways, which limits unnecessary damage to 

healthy cells, and enhanced cytotoxic activity (Danovi, Wong and Lemoine, 

2008). The development of agents targeting specific tumour pathways 

including tyrosine kinases has been hypothesised as a promising approach for 

the treatment of pancreatic cancer (Gupta and El-Rayes, 2008). 

Monoclonal antibodies against the epidermal growth factor receptor (such as 

cetuximab) or the vascular endothelial growth factor receptor (such as 

bevacizumab) and EGFR tyrosine kinase inhibitors (TKIs) (such as erlotinib 

and gefitinib) or VEGFR TKI (such as sunitinib and pazopanib) are currently 

utilised clinical examples for molecularly targeted cancer therapy. 

1.4.1 Monoclonal antibodies 

Cetuximab is the most frequent anti-EGFR antibody used against cancer  

(Borja-Cacho et al., 2008). Because of its high affinity for the extracellular 
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domain,  it limits the RAS/PI3K transduction signals (Borja-Cacho et al., 2008).  

Cetuximab also enhances the synthesis of pro-apoptotic proteins and reduces 

angiogenesis by decreasing VEGF and IL-8 synthesis (Overholser et al., 

2000). 

Bevacizumab is the only anti-VEGF antibody that has been used in clinical 

trials. It has been found that bevacizumab increased survival, response, and 

progression-free survival in patients with metastatic colorectal cancer (Cohen 

et al., 2007). It also improves the response and survival in patients with breast 

cancer, NSCLC, and renal cell carcinoma (De Gramont and Van Cutsem, 

2005). 

However, both antibody agents, cetuximab and bevacizumab failed to show a 

significant benefit in the treatment of pancreatic cancer when added to the 

standard single-agent chemotherapy, gemcitabine (Kindler et al., 2007; Philip 

et al., 2010).  

1.4.2 Tyrosine kinase inhibitors 

Mutations in the KRAS pathway present in approximately 95% of patients with 

pancreatic cancer (Makohon-Moore and Iacobuzio-Donahue, 2016; Foo and 

Wang, 2017). This pathway contains several protein kinases of the RAF-

family. RAF-1, the main RAS effector, activates Mitogen-Activated Protein 

Kinases / Extracellular-Signal Regulated Kinases (MAPK/ERK) by 

phosphorylation. Activated MAPK/ERK translocates into the nucleus and 
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enhances the expression of factors that control cell proliferation (Scaltriti and 

Baselga, 2006). Inhibition the activity of the tyrosine kinase domain shows 

promise in the treatment of cancer; thus TKIs were approved by FDA for 

treatment of patients with NSCLC, head and neck tumours, gastrointestinal 

stromal tumours, and more recently, pancreatic cancer (Borja-Cacho et al., 

2008). Erlotinib and gefitinib are anti-EGFR agents whilst sunitinib and 

pazopanib are Anti-VEGFR agents. 

Sunitinib is an oral multitargeted inhibitor which inhibits various tyrosine 

kinases that have been implicated in tumour growth and angiogenesis, 

including VEGFRs, PDGFRs, stem cell factor receptor (KIT), and other RTKs 

(Mendel et al., 2003; Yee et al., 2004; Faivre et al., 2007). Sunitinib was 

approved for the treatment of advanced renal cell carcinoma, imatinib-resistant 

gastrointestinal stromal tumour, and progressive, well-differentiated pancreatic 

neuroendocrine tumours (Raymond et al., 2011; Sun et al., 2014; Kulke et al., 

2017). Additionally, sunitinib is reported to have direct antiproliferative and 

apoptotic effects against various tumours, including esophagogastric cancer 

(Lyros et al., 2010), pheochromocytoma tumour cells (Saito et al., 2012), 

follicular thyroid cancer cells (Grosse et al., 2014), transitional cell carcinoma 

(TCC) of the bladder (Ping, Wu and Yu, 2012) and medulloblastoma tumour 

cells (Yang et al., 2010). Sunitinib is also reported to enhance tumour 

radiosensitivity in breast cancer (El Kaffas et al., 2014), pancreatic cancer 

(Cuneo et al., 2008), oesophageal adenocarcinoma (Kleibeuker, ten Hooven, 

Castricum, et al., 2015), and colon cancer (Sun et al., 2012). 
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However, as discussed in section 1.3.6, several classes of targeted therapies 

have been evaluated in pancreatic cancer in large randomized clinical trials 

and the results have been largely disappointing although these trials were 

supported by promising preclinical data and a reasonable molecular rationale 

(Shaib and El-Rayes, 2018). Despite the approval of EGFR TKI, erlotinib, in 

combination with gemcitabine for the treatment of pancreatic cancer, the 

disease prognosis has remained poor and overall and progress-free survival 

rates have not improved since the approval (Awasthi, Schwarz and Schwarz, 

2011). Therefore, this research project aimed at developing novel combination 

strategies for the treatment of pancreatic cancer based on two multi-target anti-

angiogenesis VEGFR tyrosine kinase inhibitors (TKI), sunitinib and, for the first 

time, pazopanib. The efficacy of these repurposed two agents in combination 

with radiochemotherapy has been examined in vitro and in vivo. 

1.4.2.1 Clinical indications of sunitinib and pazopanib  

Sunitinib and pazopanib are currently approved in the treatment of renal cell 

carcinoma (Motzer et al., 2014). Furthermore, pazopanib was approved also 

for the treatment of sarcoma and sunitinib for the treatment of gastrointestinal 

tumours (Sorokin et al., 2018). Moreover, in May 2011, the US FDA approved 

sunitinib for the treatment of progressive, well-differentiated pancreatic 

neuroendocrine tumours in patients with unresectable locally advanced or 

metastatic disease (Blumenthal et al., 2012). 
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1.4.2.2 Mechanism of action and molecular targets of sunitinib and 

pazopanib  

Both sunitinib and pazopanib inhibit angiogenesis through blocking the 

intracellular tyrosine kinase portion of the three VEGFR subtypes VEGFR-1, 

VEGFR-2 and VEGFR-3, and the two PDGFR subtypes PDGFR-α and 

PDGFR-β (Izzedine et al., 2007; Sonpavde and Hutson, 2007). They also 

target the stem cell factor receptor (KIT) (Eaby-sandy, Grande and Viale, 

2012). KIT is reported to be expressed in PANC-1 but not in MIA PaCa-2 

pancreatic cancer cell lines (Yasuda et al., 2006). Pharmacological studies 

demonstrated that sunitinib also targets the colony-stimulating factor 1 

receptor (CSF-1R), FMS-related tyrosine Kinase-3 (FLT3), and glial cell line-

derived neurotrophic factor receptor (GDNF) (Izzedine et al., 2007; Eaby-

sandy, Grande and Viale, 2012; Bisht, Feldmann and Brossart, 2013; Haas et 

al., 2016), however, these receptors are not expressed in PANC-1 and MIA 

PaCa-2 pancreatic cancer cell lines (Table 1.3). Restriction enzyme analysis 

confirmed that Capan-2 and MIA PaCa-2 are heterozygous for the G691S RET 

allele, whereas AsPC-1 and PANC-1 cells are homozygous for the wild-type 

allele. Interestingly, whereas GDNF strikingly increased cell growth in Capan-

2 and MIA PaCa-2 cells, the effect on AsPC-1 and PANC-1 cells was 

significantly less prominent (p < 0.01) (Sawai et al., 2005). Pazopanib also 

targets the fibroblast growth factor receptor (FGFR) subtypes 1 and 3 (Keisner 

and Shah, 2011; Plummer et al., 2013) and FGFR-2 (Ranieri et al., 2014). 

These receptors were reported to be overexpressed in both PANC-1 and MIA 

PaCa-2 cell lines (Ishiwata et al., 2012). Furthermore, pazopanib also targets 
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interleukin (IL)-2 receptor inducible T-cell kinase (LCK), and transmembrane 

glycoprotein receptor tyrosine kinase (c-FMS) (Keisner and Shah, 2011) but 

these are not expressed in PANC-1 and MIA PaCa-2 pancreatic cancer cells 

(Table 1.3). 

Molecular targets and mechanism of anti-tumour effects of sunitinib and 

pazopanib are shown in Figure 1.3. The mechanism underlying anti-tumour 

efficacy of sunitinib and pazopanib can be classified as direct cytotoxic effects, 

anti-angiogenic effects (inhibition of new blood vessel formation), or vascular 

disruption of existing VEGF/VEGFR-dependant tumour blood vessels leading 

to central tumour cell necrosis (Faivre et al., 2007). 

Vascular endothelial growth factor (VEGF) and its receptors are 

overexpressed in human pancreatic ductal adenocarcinoma (Luo et al., 2001). 

Platelet-derived growth factor (PDGF) receptors chain β is also found to be 

overexpressed in both cell lines, PANC-1 and MIA PaCa-2, of pancreatic 

cancer (Beauchamp et al., 1990). Several growth factors are also 

overexpressed in pancreatic cancer, such as stem cell (Yasuda et al., 2006) 

and fibroblast growth factors (Ishiwata et al., 2012). A complete list of growth 

factors overexpressed in pancreatic cancer, categorised by the cell line, is 

shown in Table 1.3. 
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Figure 1.3 Molecular targets and mechanism of anti-tumour effects of 
sunitinib and pazopanib. Adapted from Faivre et al. (Faivre et al., 2007). 
Both sunitinib and pazopanib target PDGFR, VEGFR, and KIT. Sunitinib 
targets FLT3, CSF-1R, and GDNF. Pazopanib targets FGFR. PDGFR, 
Platelet-derived growth factor receptor; VEGFR, Vascular endothelial growth 
factor receptor; KIT, Stem cell factor receptor; CSF-1R, colony-stimulating 
factor 1 receptor; FLT3, FMS-related tyrosine Kinase-3; GDNF, glial cell line-
derived neurotrophic factor receptor; MAPK, mitogen-activated protein 
kinase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 
3-kinase; AKT, protein kinase B. 
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Table 1.3 Growth factor expression in pancreatic cancer cell lines. 
PDAC = Pancreatic ductal adenocarcinoma; VEGFR= Vascular endothelial growth 
factor; KIT = Stem Cell Factor Receptor; FGFR = Fibroblast growth factor receptor; TGF 
= Transforming Growth Factor. 

 Growth factor expression in 
PDAC 

Study reference PANC-1 MIA PaCa-2 

VEGFR-1& 2 (Luo et al., 2001) ++ + 
PDGFR-β (Beauchamp et 

al., 1990) 
+ + 

KIT (Yasuda et al., 
2006) 

+ - 

FGFR-1 IIIc (Ishiwata et al., 
2012) 

++(15) ++(11) 
FGFR-2 IIIc +++ (50) ++(5.5) 
FGFR-3 IIIc +(1) +++(30) 

FGFR-4 (Ishiwata et al., 
2012) 

+(1) +(6.5) 

TGF-α (Beauchamp et 
al., 1990; 

Ishiwata et al., 
2012) 

+ ++ 

TGF-β 1&3 (Beauchamp et 
al., 1990; 

Ishiwata et al., 
2012) 

+ + 

TGF-β 2 (Beauchamp et 
al., 1990) 

+ - 
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1.4.2.3 Side effects of sunitinib and pazopanib  

In a randomized, open-label, multi-countries, phase III trial conducted to 

compare the efficacy and safety between sunitinib and pazopanib as first-line 

treatment in 1,110 patients with metastatic renal-cell carcinoma, researchers 

found similar efficacy and different safety and quality of life profiles (Motzer et 

al., 2013). Both groups had similar rates of dose reduction and drug 

discontinuation because of adverse events (Motzer et al., 2013). Generally, 

the most common adverse events included diarrhoea, fatigue, hypertension, 

and nausea. Patients treated with sunitinib, as compared with those treated 

with pazopanib, had a higher incidence of fatigue (63% vs. 55%), the hand-

foot syndrome (50% vs. 29%), and thrombocytopenia (78% vs. 41%). On the 

other hand, patients treated with pazopanib had a higher incidence of 

increased levels of alanine aminotransferase (60%, vs. 43% with sunitinib) 

(Motzer et al., 2013). Hypothyroidism has been observed in patients received 

sunitinib in several studies (Desai et al., 2006; Rini et al., 2007). 

1.5 Repurposing of drugs 

Drug repurposing (also called drug repositioning, reprofiling or re‑tasking) is 

an approach for assigning already known and/or approved drugs to new 

medical indications (Chakraborty and Trivedi, 2015). This strategy offers 

numerous advantages over developing an entirely new drug for a given 

indication. Firstly, the risk of failure is lower in the repurposed drug because it 

has already been found to be sufficiently safe in preclinical studies 
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(Pushpakom et al., 2019). It has been demonstrated that almost 90% of the 

identified novel compounds fail in clinical trials, resulting in the rise of the 

pharmaceutical research and development cost (Gupta et al., 2013). Secondly, 

the time frame for drug development can be reduced from 13-17 years for 

developing de novo drugs to 3-12 years for the repurposed drug (Ashburn and 

Thor, 2004). This is because most of the preclinical evaluation, safety 

assessment and, in most cases, formulation development already have been 

accomplished (Pushpakom et al., 2019). Thirdly, this approach has substantial 

savings in preclinical and phase I and II costs (Chong and Sullivan Jr, 2007; 

Pushpakom et al., 2019). The costs of bringing a repurposed drug to market 

have been estimated to be US$300 million on average, compared with an 

estimated ~$2–3 billion for a new chemical entity (Nosengo, 2016). Finally, 

repurposed drugs may reveal new targets and pathways that can be further 

explored and used in cancer therapy (Strittmatter, 2014; Pushpakom et al., 

2019). Figure 1.4 represents the steps involved in the de novo drug discovery 

process versus drug repurposing with the main features of both the processes. 

There are numerous successful cases of drug repurposing. For example, 

repurposing of sildenafil citrate for erectile dysfunction, which was based on 

serendipity, is considered the most famous and the most successful 

repurposed drug, with worldwide sales totalling $2.05 billion in 2012 

(Pushpakom et al., 2019). Another successful example is repurposing 

raloxifene from osteoporosis to breast cancer in 2007, with worldwide sales of 

$237  million in 2015 (Pushpakom et al., 2019). 
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Sunitinib and pazopanib were originally approved for the treatment of renal cell 

carcinoma (Motzer et al., 2014). Following on from this indication, sunitinib was 

repurposed and obtained FDA approval for the treatment of progressive, well-

differentiated pancreatic neuroendocrine tumours in patients with unresectable 

locally advanced or metastatic disease (Blumenthal et al., 2012). Pazopanib 

was also repurposed and approved for the treatment of sarcoma (Sorokin et 

al., 2018). Therefore, in the current project, both sunitinib and pazopanib were 

examined for their efficacy against pancreatic cancer in vitro and in vivo. 
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Figure 1.4 Schematic representation of the steps involved in de novo drug 
discovery process vs. drug repurposing. Adapted from Ashburn and Thor 
(Ashburn and Thor, 2004).  
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1.6 Research aims and objectives 

Pancreatic cancer prognosis is still poor and despite the advances provided 

by combination therapies such as gemcitabine/erlotinib or gemcitabine/nab-

paclitaxel, survival rates have barely improved. Further research focused on 

new combination strategies, incorporating the new targeted therapies, and 

identifying potential predictive factors of response are required to be able to 

offer effective tailored therapies to pancreatic cancer patients. 

Therefore, we hypothesise that novel triple combinations and treatment 

schedule strategies of gemcitabine plus repurposed angiogenesis inhibitor 

(sunitinib or pazopanib) plus external beam radiation would improve cell kill in 

pancreatic cancer models compared to single or double conventional 

therapies. We also hypothesised that these combinations could have efficacy 

in the clinic. This hypothesis was based on the fact that multimodality 

combination therapy with lower therapeutic doses of each treatment may 

improve the disease outcome in two ways. Firstly, combination therapy may 

enhance the treatment efficacy through different mechanisms of cytotoxicity 

that ensure reaching higher numbers of cancer heterogeneous cells with 

different tyrosine kinase expression. Secondly, combination strategies may 

reduce the chance of pancreatic cancer cells resistance to radiochemotherapy, 

which was thought to be the major contributor to poor prognosis, and also was 

reported to be dose-dependent. 
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The specific aims of this study were: 

I. To assess the cytotoxic efficacy of radiotherapy (XBR) and 

chemotherapy/targeted therapy (gemcitabine, sunitinib, and, for the first 

time, pazopanib) as single treatment on the viability and survival of 

pancreatic cancer cell lines in vitro.  

II. To assess the cytotoxic efficacy of novel combination strategies on 

pancreatic cancer cell lines in vitro. This would be achieved through the 

evaluation of dose enhancement factors and radiochemosensitisation of 

cells following combination therapy, and assessment of synergism 

between those agents using the combination index analysis approach. 

III. To explore the underlying mechanisms of cytotoxic action of these 

therapeutic approaches via conducting DNA damage and repair detection, 

cell cycle analysis, and apoptosis detection, mechanistic studies. 

IV. To assess the cytotoxic efficacy of those therapeutic agents either as 

single or combination treatment on pancreatic cancer in the animal model 

(in vivo).      
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell lines and culture conditions 

Two pancreatic cancer cell lines were utilised in this project (PANC-1 and MIA 

PaCa-2). 

The human pancreatic carcinoma cell lines (PANC-1 and MIA PaCa-2) used 

in this study were both obtained from the American Type Culture Collection 

(ATCC®, Virginia, USA). The PANC-1 cell line was derived from a 56-year-old 

male with adenocarcinoma in the head of the pancreas which invaded the 

duodenal wall in 1973 (Lieber et al., 1975), while the MIA PaCa-2 cell line was 

established in 1975 from tumour tissue of the pancreas obtained from a 65-

year-old Caucasian male (Yunis, Arimura and Russin, 1977). 

Both PANC-1 and MIA PaCa-2 cells were cultured and maintained in 

Dulbecco’s modified eagle’s medium (DMEM) cell growth medium, which was 

obtained from Gibco® (Paisley, UK), containing L-glutamine (300 mg/L) and 

4.5 g/L D-Glucose, and supplemented with 10% (v/v) foetal bovine serum 

(FBS,  LabTech® Int. Ltd, East Sussex, UK), 5% (v/v) of penicillin-streptomycin 

(10,000 µg/mL) solution (Gibco®, Paisley, UK), to prevent bacterial 

contamination, and 100 mM sodium pyruvate, to improve cell survival in culture 

(improves the cell's ability to metabolize glucose in the media to produce 

energy) (Gibco®, Paisley, UK). 
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Cell lines were cultured and maintained in 75 cm3 culture flasks (Corning B.V, 

Buckinghamshire, UK) with growth medium at 37oC ± 1oC in a 5% ± 1% CO2 

air atmosphere until they reached 70-80% of cell confluence where the cells 

were further passaged. 

2.2 Cell passaging, thawing, and freezing 

Cells were passaged by removal of the existing cell growth medium, washing 

with 5 ml of phosphate-buffered saline (PBS) (Oxiod Limited, Hampshire, UK) 

and detachment using 3 ml of Accutase® solution (Sigma, UK). The cells were 

then incubated for 5 minutes at 5% CO2 and 37°C to enhance dissociation 

from the flask. Once the cells had fully detached, 5 ml of a fresh growth 

medium was added to neutralise the Accutase®, and the cells in the 

suspension were disaggregated to a single-cell suspension using a 21-gauge 

needle and seeded into 75 cm3 culture flasks containing 20 ml of fresh growth 

medium.  

To freeze cells at -80 °C for later use, the cell suspension was centrifuged at 

1400 revolutions per minute (RPM) for 5 minutes. The supernatant was fully 

removed, and the pellets were re-suspended in 1 ml of the freezing medium 

(growth medium + 10% (v/v) dimethyl sulfoxide (DMSO), and then transferred 

to cryovials (Thermo Fisher Scientific Inc, Surrey, UK) for storage in -80 °C. 

DMSO is added to prevent the formation of ice crystals and cells damage 

during the freezing process (Lovelock and Bishop, 1959) and reported to have 
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the advantage of more rapid penetration into most cells compared to glycerol 

(Meryman, 2007). 

To thaw cells, cryovials were warmed at 37 °C, centrifuged at 1400 RPM for 5 

minutes, and then the pellet was re-suspended in 5 mL fresh growth media. 

The cell solution was then transferred to either a 25 cm3 or a 75 cm3 flask, 

depending on cell concentration in cryovial, and incubated for 3 to 5 days at 

37oC and 5% CO2 until the cells reached 70-80% confluence.   

2.3 Cell doubling time 

The time taken for the cell population of PANC-1and MIA PACA-2 cells to 

double during the exponential growth phase was determined to ensure that 

cancer cells duplicate at least for one time in the presence of cytotoxic agents. 

For both pancreatic cancer cell lines, 0.5 × 105 cells were seeded into each 

well of a 6-well plate in 3 mL of complete cell growth medium. After 24-hour 

incubation, the cells in the first well were washed with PBS, detached with 

Accutase® solution, disaggregated through a 21-gauge needle, and counted 

using a haemocytometer. One subsequent well was counted every 24 hours 

for a further 5 days. The time required for the cell population to double in the 

exponential growth phase (DT) was calculated using Equation 2.1. 

 Doubling Time =  Time B (hours) –  Time A (hours) Equation 2.1 
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Where; Time A = the time taken in hours for the cell population to reach, for 

example, 1 × 105 cells and Time B is the time taken in hours for the cell 

population to double to 2 × 105 cells. 

2.4 Treatment of pancreatic cancer cell lines 

Pancreatic cancer cell lines (PANC-1 and MIA PaCa-2) were treated in this 

project with a single chemotherapeutic agent, XBR, or a combination of two 

drugs with or without XBR.  

2.4.1 Treatment of cells with a single therapy 

Three therapeutic agents were utilised in this project: gemcitabine, sunitinib, 

and pazopanib. Stock solutions of 10 mM concentration of each drug were 

prepared by dissolving 2.63 mg of gemcitabine, 5.32 mg of sunitinib, or 4.37 

mg of pazopanib in 1 ml of DMSO (Sigma-Aldrich®, Gillingham, UK), which 

were aliquoted in Eppendorf tubes in lower concentrations (100 µM) and stored 

at -20 °C to reduce freeze-thaw cycles and prevent contamination. To achieve 

the relevant working concentrations, serial dilutions from stock solutions were 

prepared in the appropriate fresh growth medium immediately prior to each 

experiment. Working stocks were discarded after each freeze-thaw cycle. 

2.4.2 Treatment of control cells 

Unless otherwise stated, cells in the untreated group control were maintained 

and incubated in DMEM growth medium containing DMSO, at the same final 
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concentration as the treatment of interest. The volume of DMSO to be added 

to the growth medium is calculated as 0.01% (v/v) for each 1 μM of the highest 

concentration of the drug in the experiment; this is because DMSO was used 

only to prepare the stock solution of 10 mM and all subsequent concentrations 

were diluted in the growth medium.  

2.4.3 Treatment of cells with XBR 

For irradiation treatment studies, the growth medium was removed from cells 

and replaced with 1 ml of fresh growth media prior to XBR exposure. Cells 

were exposed to increasing doses of XBR (0-6 Gray) using a Precision X-RAD 

225 KeV X-Ray cabinet (North Branford, CT, USA), at a dose rate of 2.3 

Gray/minute. 

2.4.4 Treatment of cells with combination therapies 

For in vitro experiments using combinations of two drugs, growth medium was 

removed from the cells and replaced with fresh media containing relevant 

concentrations of gemcitabine and/or one of the two tyrosine kinase inhibitors 

(TKIs), sunitinib or pazopanib. Combinations were evaluated using the 

following three treatment schedules: gemcitabine administered 48 hours 

before TKI (schedule 1), gemcitabine administered 48 hours after TKI 

(schedule 2), or gemcitabine administered simultaneously with TKI (schedule 

3). Flow diagram (Figure 2.1) illustrates the treatment schedules of two-drug 

combination therapy (e.g. gemcitane and sunitinib).  



CHAPTER 2: METHODS 

 64 
 

 

Figure 2.1 Flow diagram illustrates the treatment schedules of two-
drug combination therapy of gemcitane and sunitinib used in the 
study.  
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Triple combinations of XBR and gemcitabine/sunitinib were also evaluated, 

using similar scheduling. Gemcitabine and sunitinib were administered 

simultaneously 48 hours before or after XBR (schedule 1 and schedule 2, 

respectively), or concurrently with XBR (schedule 3). 

The concentrations for each drug used in combination studies were the IC50, 

IC25, and IC10, which were obtained from the dose-response (inhibition) non-

linear regression curve of single-agent cytotoxicity studies generated by 

GraphPad Prism® software (version 7.00), as described in GraphPad Prism’s 

user manual (Motulsky, no date). 

2.5 Cell viability assay 

The cell viability assay, using AlamarBlue® solution is designed to 

quantitatively measure the viability of human and animal cell lines (Mosmann, 

1983) and it has been widely used in cell viability and cytotoxicity experiments 

over the past 50 years (Rampersad, 2012). Cell viability can be 

spectrophotometrically measured when resazurin (a blue and non-fluorescent 

dye in its oxidized form) is reduced by the mitochondrial Nicotinamide adenine 

dinucleotide phosphate hydrogen (NADPH) dehydrogenase and Nicotinamide 

Adenine Dinucleotide plus Hydrogen (NADH) dehydrogenase enzymes to 

resorufin (a red and highly fluorescent dye) only in viable cells. Therefore, by 

measuring the changes in the fluorescence of the dye in the intracellular 

environment, the number of metabolic activity and therefore the number of 

viable cells can be detected (Bonnier, 2015). 
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The alamar blue assay was carried out to assess the cytotoxic effect of a range 

of concentrations of gemcitabine, sunitinib, and pazopanib on the viability of 

PANC-1 and MIA PaCa-2 cells. Based on the literature review, a wide range 

of doses of each drug (from 0.1 to 2000 μM for gemcitabine and from 0.1 to 

200 μM for TKIs) was initially examined by the alamar blue assay in both cell 

lines. The final examined concentrations utilised ranged from 50 to 800 μM for 

gemcitabine and 1 to 40 μM for TKIs. Following counting using a 

haemocytometer (Jencons, UK), 3000 cells were seeded in each required well 

of a 96-well plate, and then incubated for 48 hours until 60-70% confluent. After 

removing the growth medium from the wells, cells were treated with 100 µL of 

already prepared serial drug concentrations (3 well per each concentration 

including control). After 24 or 48 hours of incubation at 37oC, the treatment 

solution was replaced with the same amount (100 µL) of 10% of alamar blue 

solution (Life Technologies, Paisley, UK). Eight wells, which were left without 

cells, were filled with 100 µL AlamarBlue® solution as a background control. 

The plate was placed in the incubator for 3 hours before reading on a 

POLARstar® Omega (to read fluorescence from a microplate; BMG 

LABTECH®, Germany) at 560 nM excitation and 590 nM emission wavelength 

levels as previously described (O’brien et al., 2000). The difference between 

the average fluorescence of treated and background wells was calculated and 

normalised to the untreated control cells in order to calculate the cell viability. 

The dose-response non-linear least squares curve with logarithmic treatment’s 

concentration on the X-axis and the percentage of cell viability on the Y-axis 

was plotted, as described in GraphPad Prism’s user manual (Motulsky, no 
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date), following the model represented by Equation 2.2, and IC50 values (the 

inhibitory concentration of treatment at which the cell viability decreased by 

50%) were calculated using GraphPad Prism® software (version 7.00).  

 𝑌 =  
100

1 + 10(𝐿𝑜𝑔𝐼𝐶50−𝑋) .  𝐻𝑆
 Equation 2.2 

Where 𝐗 represents the logarithm of treatment concentration which inhibits cell 

growth with Y percentage; and HS represents the hillslope of the response 

curve, obtained from GraphPad Prism software. 

2.6 Clonogenic survival assay 

Clonogenic assay or colony formation assay is an in vitro cell survival assay 

based on the ability of a single cell to undergo unlimited division and to form a 

colony, which is a cluster which consists of at least 50 cells (Franken et al., 

2006). It is considered the gold standard method to determine the 

effectiveness of ionizing radiation and other cytotoxic agents on the survival 

rate of cancer cells because it determines potentially lethal- and sublethal 

damage repair (Franken et al., 2006). 

PANC-1 or MIA PaCa-2 cells were seeded in 25 cm3 flasks in 5 ml of growth 

medium and incubated for 48 to 72 hours at 37oC and 5% CO2 atmosphere 

until 60-70% confluent. The growth medium was then removed, cells were 
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washed with PBS and then treated with serial concentrations of the appropriate 

drug solution in 5 mL of fresh growth medium and incubated for 24 or 48 hours. 

After 24 or 48 hours of treatment with cytotoxic agents, a cell suspension was 

made by removing the medium, washing with PBS, detaching cells from the 

treatment flasks with Accutase® (Sigma, UK), and neutralising it with an equal 

amount of growth medium. Following counting using a haemocytometer, 300 

cells from each treatment flask were seeded in three 60 mm Petri dishes 

(Sigma-Aldrich®, Gillingham, UK) containing 5 ml of fresh growth medium and 

incubated for 10-14 days at 37oC and 5% CO2 to allow the formation of at least 

50 colonies in the control dishes. The medium was then removed, and colonies 

were washed with PBS and fixed in pure methanol (VWR Chemicals®, 

Germany) for 10 minutes before staining with 10% Giemsa stain solution 

(VWR Chemicals®, Germany) for at least 40 minutes. Dishes were then 

washed with water and colonies were counted by the naked eye. The survival 

fraction (SF) was calculated by comparing the average number of colonies 

formed from the treated cells to that of untreated cells, as shown in the 

following Equation 2.3: 

 𝑆𝐹 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑒𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑖𝑛 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 Equation 2.3 
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2.7 Combination index analysis 

To assess the interaction and additive, synergistic, or antagonistic relationship 

between two agents which both were found to be cytotoxic as single treatment, 

the combination index analysis, which is a mathematical algorithm based on 

the median-effect principal and established by Chou and Talalay (Chou and 

Talalay, 1984), was performed using CalcuSyn® software.  

The median effect of the treatment dose for each drug used in combination 

and for combination therapy itself was calculated as the proportion of cells 

affected by the treatment dose to cells population unaffected by the treatment 

dose using Equation 2.4. 

 𝐹𝑎 𝐹𝑢⁄ = (𝐷 𝐼𝐶50⁄ )𝑚 Equation 2.4 

Where 𝑭𝒂 is the fraction of the cell population affected; 𝐹𝑢 is the fraction of the 

cell population unaffected by the dose (𝑫); 𝒎 is the hill-slope of the curve, and 

𝑰𝑪50 is the dose that inhibited 50% of colony formation. 

In order to plot the dose-effect curve in GraphPad Prism®, the previous 

equation was solved for 𝑭𝒂 as shown in Equation 2.5. 
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 𝐹𝑎 =
𝐷𝑚

𝐷𝑚 + 𝐼𝐶50
𝑚 Equation 2.5 

The median-effect equation was then linearized to the logarithmic form 

(Equation 2.6) to convert it to a straight-line equation, where the coefficient 𝒎 

becomes the slope of the line. 

 log 𝐹𝑎 𝐹𝑢 = 𝑚 log(𝐷) − 𝑚 log(𝐼𝐶50)⁄  Equation 2.6 

IC50 was calculated from the x-intercept (logIC50) and the coefficient 𝑚 (slope) 

was determined for each treatment from the previous equation, the dose of 

constituent drugs and the combination required to produce a set amount of 

toxicity was determined using Equation 2.7: 

 𝐷 = 𝐼𝐶50(𝐹𝑎 𝐹𝑢⁄ )1/𝑚 Equation 2.7 

The median effect plot gives the slope of each line, the m value, and the 

intercept of the dose-effect axis and the median-effect axis, which allows for 

an accurate IC50 measurement to be taken. The linear regression coefficient 

of the median effect plot for each drug or combination determines the suitability 

of the use of combination index analysis. If the median effect plot of the 
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constituent drugs is parallel, it is assumed that the modes of action of the 

constituent drugs are mutually exclusive and the effect of the combination can 

be described using Equation 2.8. 

 𝐶𝐼 =
(𝐷)1

(𝐷𝑥)1
+

(𝐷)2

(𝐷𝑥)2
 Equation 2.8 

Where 𝐷 is the dose of each constituent drug used in combination required to 

inhibit x percentage of cells, and 𝐷𝑥 is the dose of each constituent drug 

required to inhibit x percentage of cells as a single agent and 𝐶𝐼 is the 

combination index, a value that describes the nature of the combination. A 𝐶𝐼 

value of > 1.1 indicates infra-additivity (antagonism), a value between 0.9 and 

1.1 indicates additivity, and a 𝐶𝐼 value < 0.9 indicates supra-additivity 

(synergism). 

2.8 Linear quadratic analysis 

To assess mathematically the ability of gemcitabine plus the TKI to sensitise 

pancreatic cancer cell lines (PANC-1 and MIA PaCa-2) to XBR, the 

experimental clonogenic survival data for cells exposed to XBR alone and in 

combination with gemcitabine plus sunitinib was fitted to the linear-quadratic 

model which describes the relationship between radiation dose and cell 

survival. For the ability to manage the experiment in terms of possible 

combination, these values together were treated for the purpose of the linear-
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quadratic equation and combination index analysis as a single treatment, as 

has been previously reported for other triples (McCluskey et al., 2012). 

The most widely used model for cell survival is the linear-quadratic (LQ) model, 

and it was first used in 1942 by Lea and Catcheside (Lea et al., 1942) to fit 

radiation-induced chromosome damage (Scheidegger et al., 2013). This 

mathematical model is based on the observation that the logarithmic plot of 

the surviving cell fraction (SF) versus radiation dose (D)  (Equation 2.9) can be 

described by a linear component (α coefficient) and a quadratic dose-

dependent component (β coefficient) (Scheidegger et al., 2013).  

The linear component (α coefficient) represents the initial slope of the survival 

curve at low radiation doses, in which the cytotoxicity, resulted from the single-

particle ionisation events, increases linearly with radiation dose. The quadratic 

component (β coefficient) describes the latter slope of the survival curve, in 

which the cytotoxicity, resulted from two independent ionisation events and 

accumulation of sub-lethal lesions, increases in proportion to the square of the 

dose (Barendsen, 1997; Franken et al., 2001).  

 𝑆𝐹 =  𝑒−(𝛼𝐷+ 𝛽𝐷) Equation 2.9 

Where 𝑆𝐹 denotes the survival fraction at XBR dose (𝐷). The α and β 

coefficients are the linear and the quadratic phases of the curve, respectively. 
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GraphPad Prism software, version 7.0, was used to fit the experimental 

clonogenic survival fractions to the linear-quadratic model  (Equation 2.9) and 

to obtain the linear component (α coefficient) and the quadratic component (β 

coefficient) values. 

Equation 2.10 was used to calculate the IC50 from the linear-quadratic survival 

curve of PANC-1 and MIA PaCa-2 cells after exposure to XBR alone or in 

combination with gemcitabine plus sunitinib (Chou and Talalay, 1984). 

 𝐼𝐶50 =  
−𝛼 ±  √(𝛼2 − 4 𝛽 ln 0.5)

2 𝛽
 Equation 2.10 

2.9 Dose enhancement factor (DEF) 

Sensitisation of pancreatic cancer cell lines to gemcitabine was assessed by 

co-administration of increasing concentrations of gemcitabine with fixed doses 

of sunitinib, pazopanib, or XBR. The survival fraction of the cells (as described 

in section 2.6) following the exposure to the combination of gemcitabine with 

the sensitizer (normalised to the survival fraction following gemcitabine alone) 

was compared to the effect of the survival fraction following the exposure to 

gemcitabine alone. The ratio between the IC50 of gemcitabine alone to the IC50 

of gemcitabine in the presence of the sensitizer was calculated using Equation 

2.11. The resultant ratio is described as a dose enhancement factor (Roeske 

et al., 2007) or a sensitisation factor (Wang et al., 2015). 
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 𝐷𝐸𝐹𝐼𝐶50 =
𝐼𝐶50 [𝐺𝑒𝑚𝑐𝑖𝑡𝑎𝑏𝑖𝑛𝑒 𝑎𝑙𝑜𝑛𝑒]

𝐼𝐶50 [𝐺𝑒𝑚𝑐𝑖𝑡𝑎𝑏𝑖𝑛𝑒 + 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑠𝑒𝑟) 
 Equation 2.11 

2.10 Cell cycle analysis 

The effect of gemcitabine, sunitinib, pazopanib, or XBR alone or in 

combination on the cell cycle progression of the pancreatic cancer cell lines 

was assessed with Fluorescence-Activated Cell Sorting (FACS) analysis. 

PANC-1 and MIA PaCa-2 cells were seeded at 1 × 105 cells in 25 cm3 flasks 

and incubated for 48 hours until the exponential growth phase was reached 

(approximately 60-70% confluence). Cells then were exposed to XBR or 

treated with gemcitabine, sunitinib, or pazopanib as described in sections 

2.4.1, 2.4.3, and 2.4.4. Following 48 hours of treatment, the growth medium 

containing treatment was decanted and replaced with drug-free fresh growth 

media and incubated for 4, 24, or 48 hours. These time-points after treatment 

cessation were chosen in order to allow cells to arrest and induce apoptosis 

(Ochs and Kaina, 2000). After that, cells were washed with PBS, detached 

using Accutase® solution (Sigma, UK), and centrifuged at 1400 RPM for 5 

minutes. The supernatant was removed, and cells were washed with PBS and 

re-pelleted at 1400 RPM, for 5 minutes. 

Cells were fixed in 3 ml of 70% ice-cold ethanol and incubated at 4oC for at 

least 1 hour in the case of the same-day analysis or at -20oC for later analysis. 

On the day of analysis, fixed cells were pelleted by centrifugation at 1400 RPM 
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for 5 minutes, ethanol supernatant was removed, and cells were re-suspended 

and centrifuged twice with 10 ml of cold PBS at 1400 RPM for 10 minutes. The 

PBS was then removed, and pellets were suspended in 250 μL distilled water 

containing 10 μg/mL propidium iodide (PI) (Sigma-Aldrich®, Gillingham, UK) 

to label DNA content and 50 μg/mL RNase (Sigma-Aldrich®, Gillingham, UK) 

to degrade the RNA and ensure only DNA, not RNA, is stained. Falcon tubes, 

which contained the cell suspension were incubated on ice in the dark for at 

least 1 hour before the cell cycle distribution was analysed in the FACSCanto 

machine (Becton Dickinson Systems, Cowley, UK) and data were analysed 

using BD CellQuestTM Pro software (version 5.1.1). Three independent 

experiments were carried out with a minimum of 10,000 cells/sample and 

results presented as the percentage of cells in each phase of the cell cycle 

[mean ± standard deviation (SD)]. 

2.11 Annexin V apoptosis detection assay 

Apoptosis is a programmed and a physiological cell death that plays an 

important role in tissue homeostasis (Van Engeland et al., 1998). The 

imbalance between cell proliferation and apoptosis is one of the hallmarks of 

cancer (Hanahan and Weinberg, 2000). Understanding of the basic 

mechanisms that underlie apoptosis will enhance the treatment of cancer (Van 

Engeland et al., 1998). 

The FITC Annexin V assay was used to determine the percentage of cells 

within a population that were undergoing apoptosis. In the early stages of 
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apoptosis, several alterations occur at the cell membrane. One of these 

changes is the translocation of the membrane phospholipid phosphatidylserine 

(PS) from the inner side of the plasma membrane to the outer layer, by which 

PS becomes exposed at the external surface of the cell (Vermes et al., 1995). 

Fluorescently FITC-labelled Annexin V, which is a calcium-dependent 

phospholipid-binding protein that has a high affinity for PS, is used to 

specifically target and identify cells in early apoptosis with exposed PS 

(Vermes et al., 1995). Annexin V  cannot bind to viable cells since the molecule 

is not able to penetrate the phospholipid bilayer, whereas, in the dead cells, 

the inner leaflet of the membrane, due to the loss of its integrity, is available 

for binding with Annexin V (Van Engeland et al., 1998). Propidium iodide (PI), 

a membrane-impermeable DNA stain, is used to discriminate between dead 

and apoptotic cells. Viable cells with intact membranes exclude PI, whereas 

the membranes of dead and damaged cells are permeable to PI (Van 

Engeland et al., 1998). Therefore, cells that stain negative for both FITC 

Annexin V and PI are alive and not undergoing measurable apoptosis. Cells 

that stain positive for FITC Annexin V and negative for PI are undergoing early 

apoptosis. Cells that stain positive for both FITC Annexin V and PI are in the 

end stage of apoptosis. Finally, cells that stain positive for PI and negative for 

FITC Annexin V are either undergoing necrosis or are already dead (Vermes 

et al., 1995).   

Pancreatic cancer cell lines (PANC-1 or MIA PaCa-2) were seeded at 1 × 105 

cells in 25 cm3 flasks and incubated for 48 hours until the exponential growth 

phase was reached (approximately 60-70% confluence). The cells were then 
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exposed to XBR or treated with increasing dosing of gemcitabine, sunitinib, or 

pazopanib as described in sections 2.4.1, 2.4.3, and 2.4.4. Following 48 hours 

of treatment, the growth medium containing treatment was replaced with drug-

free fresh growth media, and cells were incubated at 37oC and 5% CO2 

atmosphere for 4, 24, or 48 hours. These time-points after treatment cessation 

were chosen in order to allow cells to arrest and induce apoptosis (Ochs and 

Kaina, 2000). After that, cells were washed with PBS and detached from flask 

surface using Accutase® solution. The cell suspension was then centrifuged at 

1400 RPM for 5 minutes. The supernatant was removed and cell pellets were 

washed twice with cold PBS and resuspended at a concentration of 1 × 106 

cells/ml in 1X Annexin V binding buffer solution; 1 part of 10X Annexin V 

binding buffer (BD Bioscience, Oxford, UK) diluted in 9 parts of distilled water. 

100 µL of each sample, containing 1 × 105 cells, was transferred to a FACs 

tube, gently vortexed, and incubated for 15 minutes at room temperature 

(25°C) in the dark with 5 µL of FITC Annexin V stain and 5 µL of PI (BD 

Bioscience, Oxford, UK). Three controls were also prepared to set up the 

analysis compensation and quadrants; unstained cells, cells stained with FITC 

Annexin V stain only, and cells stained with PI only. 400 µl of Annexin V 

staining buffer was then added to each sample. Flow cytometry analysis was 

performed within one hour using the BD FACSCanto analyser (Becton 

Dickinson Systems, Cowley, UK), with 10,000 events per sample measured. 

The percentage of apoptotic cells was the total count which resulted from the 

addition of the percentage of cells in early apoptosis (quadrant 2; with Annexin 

V positive and PI negative) and the percentage of cells in late apoptosis 
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(quadrant 3; with both positive staining for both FITC Annexin V and PI) (see 

Figure 2.2). The data were analysed using BD FACSDiva, V6.13 software. 

Data reported was an average of three independent experiments ± SD. 
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Figure 2.2 Stages of apoptosis after detection with FITC-Annexin V assay 
(Original figure). 
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2.12 DNA damage γ-H2AX detection analysis 

Histone (H2AX) is a key factor protein in the repair process of damaged DNA 

(Kuo and Yang, 2008). When DNA double-stranded breaks (DSBs) damage 

occurs, H2AX is phosphorylated on the 139th serine residue to form γ-H2AX. 

This biomarker of DSBs DNA damage can be conjugated to an antibody (FITC-

conjugated anti-phospho-histone H2AX Ser139) and used in detection and 

visualization the magnitude of DSBs damage by flow cytometry. γ-H2AX 

detection assay is more precise and sensitive to DSBs than the other 

techniques, such as a comet, pulse-field electrophoresis (2-D gel 

electrophoresis) and neutral elution assays (Kuo and Yang, 2008). H2AX 

assay is used to assess both DNA damage initiation and its repair. Therefore, 

γ-H2AX expression was measured at three time-points (4, 24, and 48 hours 

after treatment) to investigate the damage caused to the DNA and more 

important to explore if this damage was repaired. The less DNA repair the more 

cancer cell death and the more efficacy of the cytotoxic agent.    

Pancreatic cancer cell lines (PANC-1 or MIA PaCa-2) were seeded at 1 × 105 

cells in 25 cm3 flasks and incubated for 48 hours until the exponential growth 

phase was reached (approximately 60-70% confluence). The cells were then 

exposed to XBR or treated with gemcitabine, sunitinib, or pazopanib as 

described in sections 2.4.1, 2.4.3, and 2.4.4. Following 48 hours of treatment, 

the growth medium containing the drug was replaced with drug-free fresh 

growth media and then cells incubated at 37oC and 5% CO2 atmosphere for 4, 
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24, or 48 hours. These time-points after treatment cessation were chosen to 

allow cells to arrest and induce apoptosis (Ochs and Kaina, 2000). Cells were 

then washed with PBS and detached from the flask surface using Accutase® 

solution. The cell suspension was pelleted in a centrifuge for 5 minutes at 1400 

RPM and washed twice in PBS. The cells were then fixed in 500 µl of 4% 

paraformaldehyde for 20 minutes at 25oC. Cells were washed twice in PBS to 

remove the fixative solution and permeabilised by resuspension at a density of 

2 × 106 cells/ml in 0.3% (V/V) Triton-X (Sigma-Aldrich®, UK) for 30 minutes. 50 

µl of each sample was then re-suspended in 100 µl blocking buffer, containing 

0.1% Triton-X and 0.5% bovine serum albumin (BSA; Sigma-Aldrich®, UK). 

The cell samples were then stained with 2 µl of 100 µg/ml FITC-conjugated 

anti-phospho-histone H2AX (Ser139) antibody (Millipore®, Watford, UK) and 

incubated on ice for 20 minutes in the dark. Following the staining period, the 

excess antibody was washed in 500 µl of blocking buffer and re-centrifuged at 

1400 RPM for 5 minutes. Finally, samples were re-suspended in 150 l of 

FACs buffer (PBS containing 0.5% BSA), transferred to FACS tube and 

analysed within one hour using the BD FACSCanto analyser, with 10,000 

events per sample measured. The data were analysed using BD FACSDiva, 

V6.13 software and reported as an average of three independent experiments 

± SD, expressed as fold change in γ-H2AX of treated samples normalised to 

untreated control. 
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2.13 In vivo experiment 

2.13.1 Experimental Animals 

Six-week-old female, congenitally athymic nude mice of strain MF1 nu/nu were 

obtained from Charles River PLC (Kent, United Kingdom). In vivo experiments 

were performed in accordance with the UK Coordinating Committee on Cancer 

Research guidelines for the welfare of animals in experimental neoplasia 

(Workman et al., 1998). All work was carried out under Home Office project 

licence P164B98DA and following approval from the University of Strathclyde 

Ethics committee. 

2.13.2 Tumour Xenografts 

PANC-1 xenografts were established in nude mice by subcutaneous injection 

of 4 × 106 exponentially growing PANC-1 cells, freshly harvested at 60%–70% 

confluency. After 18 days, mice which harboured tumours of volume of 

approximately 65 mm3 (5 × 5 millimetres in diameter) were randomised into six 

treatment groups of eight or nine mice each. This number was utilised as 

power calculations determined sample size of all groups totalling to 48 was 

required to detect a medium effect size of 0.54 with power (1-β) of 0.78 at 0.05 

α level. Power study was conducted using G*Power Software, version 3.1 for 

Windows®
. 
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2.13.3 Tumour Therapy 

Control groups of mice received PBS (once a week, 100 µl by intraperitoneal 

injection) and the treatment experimental groups received gemcitabine (180 

mg/kg dissolved in PBS, administered once a week, 100 µl by intraperitoneal 

injection) alone, sunitinib (40 mg/kg dissolved in PBS, administered daily, 250 

µl by oral gavage) alone, XBR (5 Gy, single-dose at day 0, as described in 

section 2.4.3) alone, a concurrent combination of gemcitabine plus sunitinib, 

or triple therapy with single XBR dose administered at day 0 prior to concurrent 

combination of gemcitabine and sunitinib. Doses of gemcitabine and sunitinib 

were based on the median weekly doses (mg/kg) used in previous in vivo 

studies and shown in Figure 2.3. Appendix A shows a table summarises using 

gemcitabine in 16 published in vivo studies. 

To monitor potential toxicity, body weight was measured three times weekly 

and experimental animals were evaluated for signs of distress using standard 

guidelines (Morton & Griffiths, 1985). In compliance with the project licence, 

mice whose xenografts diameter reached 16 mm in any direction or lost more 

than 20% of their initial body weight were euthanized. 

Subcutaneous tumours were measured with digital Vernier callipers every two 

or three days after the treatment. On the assumption of ellipsoidal geometry 

(Graham and Freshney, 2000), diameter measurements were converted to an 

approximate volume using Equation 2.12.  
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 Descriptive analysis Gemcitabine Sunitinib 

Number of studies 16 9 

Minimum weekly dose 20.00 80.00 

25% Percentile 100.0 150.0 

Median weekly dose 177.5 280.0 

75% Percentile 250.0 280.0 

Maximum weekly dose 300.0 560.0 

Mean weekly dose 175.3 251.1 

Std. Deviation 88.91 137.5 

Std. Error of Mean 22.23 45.84 

Lower 95% CI of mean 127.9 145.4 

Upper 95% CI of mean 222.7 356.8 

 

Figure 2.3 Doses of gemcitabine and sunitinib used in previous in vivo 

studies (mg/kg/week). 
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 𝑇𝑢𝑚𝑜𝑢𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
1

6
 × 𝜋 × 𝐴 × 𝐵2 Equation 2.12 

Where 𝝅 ≈  3.14, A is the longest tumour diameter, and B is the shortest 
diameter. 

For each animal, relative tumour volume (volume at any time-point divided by 

volume immediately before treatment) was plotted against time, and the area 

under the time–volume curves was determined by trapezoidal approximation 

(Sorensen et al., 2012). The area under the time–volume curves was used as 

a measure of treatment effectiveness for the purpose of comparison between 

groups. For animals that were euthanized because of rapid tumour growth, 

before the termination of the experiment, the tumour volume curve was 

extrapolated at constant volume from the time of euthanasia (Sorensen et al., 

2012). 

2.13.4 Tumour growth inhibition and delay 

Tumour growth inhibition (%TGI) was determined on the last day of the study, 

day 20, using Equation 2.13. 
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 𝑇𝐺𝐼(%) = (1 −  
𝑉𝑡1

/𝑉𝑡0

𝑉𝐶1
/𝑉𝐶0

) ∗ 100 Equation 2.13 

Where Vt1 = mean tumour volume of the treated group at time t; Vt0 = mean 

tumour volume of the treated group at day 0; VC1 = mean tumour volume of 

control at time t, and VC0 = mean tumour volume of control at day 0. 

Moreover, the mean time taken for a two-fold increase in tumour volume (T2) 

or elimination from the study was calculated for each mouse. Furthermore, the 

growth delay is calculated as T – C; where T and C are times in days for mean 

tumour volume in the treated (T) and control (C) groups to reach 200% of the 

initial tumour volume. 

2.14 Statistical analysis 

Unless otherwise stated, experimental results were expressed as means and 

SDs of triplicate determinations from three independent experiments. A dose-

response (inhibition) non-linear regression curve (with the least square 

models) was fitted to the experimental results, as described in GraphPad 

Prism’s user manual (Motulsky, no date), and IC50s for all cytotoxic drugs were 

determined. One-way or two-way analysis of variance (ANOVA) and Dunnett’s 

or Bonferroni multiple comparison tests, where appropriate, were employed to 

evaluate the degree of significance in the difference between untreated cells 

and each dose of treated cells. For the in vivo study, differences in tumour 
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growth between experimental therapy groups were assessed by the Kruskal–

Wallis test, followed by the Mann–Whitney U posthoc test. P-values of less 

than 0.05 were deemed to represent statistically significant group differences. 

Statistical analysis and graph presentation were carried out and generated 

using GraphPad Prism® (version 7.00) software for Windows®
. 
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CHAPTER 3: Cytotoxicity evaluation of single chemotherapy 

on pancreatic cancer cells in vitro   

3.1 Introduction 

In order to develop effective combinations for treating pancreatic cancer, the 

cytotoxicity of the gold standard antimetabolite, gemcitabine, and two tyrosine 

kinase inhibitors, sunitinib and pazopanib, were examined as a single 

treatment on two pancreatic cancer cell lines (PANC-1 and MIA PaCa-2). 

Based on this data, novel combinations (based upon various delivery 

schedules) of these treatment options were designed and, then, evaluated in 

further studies (Chapter 4). 

To assess the cytotoxicity of gemcitabine and TKIs as single treatment, both 

cell lines were treated for 24 hours with single drugs as a reasonable starting 

point. However, when IC50s for single agents were found to be higher 

compared to the literature, doubling time for cells was assessed. In response 

to the doubling time results, the responses of cell lines were re-assessed 

following the exposure to 48-hour treatment to ensure cells to duplicate at least 

once in the presence of cytotoxic agents. 

Cytotoxicity studies with the monotherapy were performed, in order to assess 

the effect of anti-cancer agents on the pancreatic cancer cell lines and to 

generate IC50 values which were used in combination therapy, using two 
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different methods. Firstly, the cell viability assay, in which the short-term 

cytotoxic effect of each drug on cell viability was evaluated with alamar blue 

assay (described in section 2.5), in order to explore and narrow down dose 

ranges of drug required to be utilised in the second method. Originally, we 

investigated a broader range of conncentrations of each cytotoxic agent, and 

then those range of concentrations were adjusted and narrowed down 

according to the resultant IC50 from the alamar blue assay. Secondly, the 

clonogenic assay (described in section 2.6), which is more robust than the 

viability test and is considered the gold standard method to determine the 

effectiveness of cytotoxic agents. 

Based on the results of cell survival assay following 48-hour exposure to 

monotherapy, combination therapy schedules were designed as described in 

section 2.4.4.     

3.2 Aims 

The primary aim of this chapter was to determine the response of PANC-1 and 

MIA PaCa-2 pancreatic cancer cell lines to single-agent drugs in the form of 

gemcitabine, sunitinib, or, for the first time, pazopanib. The second aim was to 

design a combination therapy based on the IC50s and outcome of treatment 

with monotherapy. 
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3.3 Results 

3.3.1 Cell viability of PANC-1 and MIA PaCa-2 cells following 24-hour 

treatment with anti-cancer agents 

In these experiments, alamar blue assay was conducted, as described in 

section 2.5, to assess the cytotoxic effect of gemcitabine, sunitinib, or 

pazopanib on cell viability of PANC-1 and MIA PaCa-2 cells. Alamar blue 

assay was utilised to enable narrowing of the dose ranges that would be 

utilised in the clonogenic assays which are more informative of the long-term 

effect of treatments on cell viability. The calculated cell viability was normalised 

to the untreated control group and then plotted on the Y-axis against 

logarithmic drug concentrations on the X-axis. IC50 values were calculated 

using non-linear regression curve fitting (the least-squares fit) of survival 

fraction using GraphPad Prism® software, version 7.00, as described in 

GraphPad Prism’s user manual (Motulsky, no date). 

3.3.1.1 Cell viability of PANC-1 and MIA PaCa-2 cells following 24-hour 

treatment with gemcitabine 

Figure 3.1 (A and B) illustrates the effect of 24-hour treatment with increasing 

doses of gemcitabine (50, 100, 200, 400, and 800 μM) on the viability of PANC-

1 and MIA PaCa-2 pancreatic cancer cell lines. There was a clear dose-

dependent reduction in viability of both cell lines following 24-hour incubation 

with gemcitabine. PANC-1 was found to be more sensitive to gemcitabine than 

MIA PaCa-2 cells. The two lowest doses of gemcitabine (50 and 100 µM)  failed 
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to decrease cell viability significantly in both cell lines compared to untreated 

controls (p > 0.05). However, all the subsequent gemcitabine concentrations 

reduced cell viability significantly (p < 0.001) in both PANC-1 and MIA PaCa-2 

cell lines compared to untreated control cells. The calculated IC50 was 329.6 

μM and 378.44 μM in PANC-1 and MIA PaCa-2, respectively (Table 3.1) 

3.3.1.2 Cell viability of PANC-1 and MIA PaCa-2 cells following 24-hour 

treatment with sunitinib 

Figure 3.1 (C and D) shows the effect of 24-hour treatment with increasing 

doses of sunitinib (1, 5, 10, 20, and 40 μM) on the cell viability of PANC-1 and 

MIA PaCa-2 pancreatic cancer cell lines. It can be observed that 24-hour 

treatment with sunitinib reduced the cell viability in a dose-dependent manner 

in both cell lines. PANC-1 was found to be more sensitive to sunitinib than MIA 

PaCa-2 cells. The lowest concentration of sunitinib used in the experiment (1 

µM)  failed to decrease cell viability significantly in both cell lines compared to 

untreated controls (p > 0.05), while 5 µM of sunitinib reduced the cell viability 

significantly in PANC-1 cell line only (p < 0.01). However, all the subsequent 

sunitinib concentrations resulted in a statistically significant (p < 0.01) viability 

inhibition in both PANC-1 and MIA PaCa-2 cell lines. The calculated IC50 was 

12.05 μM and 21.53 μM in PANC-1 and MIA PaCa-2, respectively (Table 3.1). 
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3.3.1.3 Cell viability of PANC-1 and MIA PaCa-2 cells following 24-hour 

treatment with pazopanib 

Figure 3.1 (E and F) demonstrates the effect of 24-hour treatment with 

increasing doses of pazopanib (1, 5, 10, 20, and 40 μM) on the viability of 

PANC-1 and MIA PaCa-2 pancreatic cancer cell lines. It has been found that 

incubation of cells with increasing doses of pazopanib for 24 hours failed to 

inhibit the cell viability of either pancreatic cancer cell line (p > 0.05).  
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Figure 3.1 Effect of cytotoxic therapy on cell viability of PANC-1 and 
MIA PaCa-2 cell lines following to 24-hour treatment exposure.  

Cells were treated with A&B) 50-800μM of gemcitabine, C&D) 1-40μM of sunitinib, and 

E&F) 1-40μM of pazopanib for 24 hours and then cell viability was measured by alamar blue 

assay. Data shown are expressed as a percentage of cell viability normalised to the control 

group. Statistical analysis was carried out using a one-way ANOVA with Dunnett’s posthoc 

to compare all treatment doses to control group. Each value represents the mean ± SD of 

three independent experiments. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 

compared to the untreated control group. IC50 values were calculated using non-linear 

regression curve fitting (the least-squares fit) of survival fraction using GraphPad Prism® 

software, version 7.0. 
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Table 3.1 IC50 of the tested anti-cancer drugs following 
24 hours of exposure (in μM), determined by Alamar 
Blue® assay.  NA=Not Achieved. 

Drug PANC-1 MIA PaCa-2 

Gemcitabine 330 378 

Sunitinib 12 22 

Pazopanib NA NA 
 

 

  



CHAPTER 3: SINGLE THERAPY 

 95 
 

3.3.2 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 24 treatment with anti-cancer agents 

In contrast to cell viability assay using the alamar blue dye, which was 

conducted to assess short term cytotoxicity, clonogenic assay was employed 

to assess the delayed cytotoxic effect chemotherapeutic agents (gemcitabine, 

sunitinib, or pazopanib) on PANC-1 and MIA PaCa-2 cells in terms of inhibition 

of cell division and colony formation. It is considered the gold standard and the 

method of choice to determine the effectiveness of ionizing radiation and other 

cytotoxic agents on the long-term survival of cancer cells (Franken et al., 

2006). 

Materials and methods of the clonogenic assay were described in detail in 

Section 2.6. The calculated survival fraction using Equation 2.3 (explained in 

Section 2.6) was normalised to the control group and then plotted on the Y-

axis against drug concentrations on the X-axis. IC50 values were calculated 

using non-linear regression curve fitting (the least-squares fit) of survival 

fraction using GraphPad Prism® software, version 7.00, as described in 

GraphPad Prism’s user manual (Motulsky, no date). 

3.3.2.1 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 24-hour treatment with gemcitabine 

Figure 3.2 (A and B) shows the effects of 24-hour treatment with increasing 

doses of gemcitabine (50, 100, 200, 400, and 800 μM) on the survival fraction 
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of PANC-1 and MIA PaCa-2 pancreatic cell lines. It can be observed that 

gemcitabine reduced the survival fraction in both cell lines in a dose-dependent 

manner. PANC-1 cells were more sensitive to gemcitabine, especially at lower 

doses, than MIA PaCa-2 cells. The two lowest concentrations of gemcitabine 

tested in this experiment (50 and 100 μM) reduced the survival fraction 

significantly to 62.6 ± 5% and 53.7 ± 8%, respectively (p < 0.0001) in PANC-1 

cell line, and to 80.1 ± 5.8% and 63 ± 10.7%, respectively (p < 0.05) in MIA 

PaCa-2 cells, compared to the untreated control cells. The calculated IC50 of 

gemcitabine was approximately 123.6 (R2 = 0.98) and 162.55 (R2 = 0.97) μM 

in PANC-1 and MIA PaCa-2 cell lines, respectively (Table 3.2).       

3.3.2.2 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 24-hour treatment with sunitinib 

Figure 3.2 (C and D) demonstrates the effects of 24-hour treatment with 

increasing doses of sunitinib (10, 20, 40, and 80 μM) on the survival fraction 

of PANC-1 and MIA PaCa-2 cells. There was a considerable reduction in the 

survival fraction of both cell lines in a dose-dependent manner following 24-

hour sunitinib treatment compared to untreated cells. There was no statistically 

significant reduction in survival in both cell lines compared to the control using 

the lowest concentration of sunitinib tested in this experiment (10 μM). 

However, The second tested dose of sunitinib (20 μM) inhibited survival 

significantly compared to untreated cells to 72.7 ± 7.4% (p < 0.01) and 63.9 ± 

9.4% (p < 0.05) in PANC-1 and MIA PaCa-2 cell lines, respectively. The 

highest concentration of sunitinib (80 μM) decreased the cell survival 
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significantly to 32.7 ± 5.6% in PANC-1 and to 33.9 ± 5% in MIA PaCa-2 cells 

(p < 0.0001) compared to untreated cells.  The calculated IC50 of sunitinib was 

lower in MIA PaCa-2 cells (31.12 μM; R2 = 0.96) than in PANC-1 (44.36 μM; 

R2 = 0.96) (Table 3.2). 

3.3.2.3 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 24-hour treatment with pazopanib  

Figure 3.2 (E and F) illustrates the effects of 24-hour treatment with increasing 

concentrations of pazopanib (10, 20, 40, and 80 μM) on the survival fraction of 

PANC-1 and MIA PaCa-2 pancreatic cancer cell lines. It has been found that 

incubation of cells with increasing doses of pazopanib for 24 hours failed to 

inhibit the survival of both pancreatic cancer cell lines (p > 0.05). There was 

an exception of the highest examined dose of pazopanib (80 μM) which it 

decreased the survival of PANC-1 cells significantly to 65.5 ± 5% (p < 0.05) 

compared to untreated control cells. The IC50 for both cell lines were not 

achieved; demonstrating the resistance of both PANC-1 and MIA PaCa-2 

pancreatic cancer cell lines to pazopanib compared to the other drugs (i.e. 

gemcitabine and sunitinib). 
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Figure 3.2 Effect of cytotoxic therapy on survival fraction of PANC-1 
and MIA PaCa-2 cell lines following to 24-hour treatment exposure. 
  
Cells were treated with A&B) 50-800μM of gemcitabine, C&D) 10-80μM of sunitinib, and 
E&F) 10-80μM of pazopanib for 24 hours and then survival fraction was measured by 
clonogenic assay. Data shown are expressed as a percentage of survival fraction 
normalised to the control group. Statistical analysis was carried out using a one-way ANOVA 
with Dunnett’s posthoc to compare all treatment doses to control group. Each value 
represents the mean ± SD of three independent experiments. *P<0.05, **P<0.01, 
***P<0.001, and ****P<0.0001 compared to the untreated control group. IC50 values were 
calculated using non-linear regression curve fitting (the least-squares fit) of survival fraction 
using GraphPad Prism® software, version 7.0. 
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Table 3.2 IC50 of the tested anti-cancer drugs following 
24 hours of exposure (in μM), determined by 
clonogenic assay.  NA=Not Achieved. 

Drug PANC-1 MIA PaCa-2 

Gemcitabine 124 163 

Sunitinib 44 31 

Pazopanib NA NA 
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3.3.3 PANC-1 and MIA PaCa-2 doubling time 

Doubling time is defined as the average duration of cell growth and division as 

reflected by the cell cycle “clock” (Bertuzzi et al., 1997). This experiment aimed 

to determine the doubling time of pancreatic cancer cell lines (PANC-1 and 

MIA PaCa-2). As described in section 2.3, the doubling time was determined 

by plotting the growth curve for each cell line and using Equation 2.1.  

The calculated doubling time for PANC-1 and MIA PaCa-2 cell lines were 30.5 

± 4.3 and 27.6 ± 2.6 hours, respectively (Figure 3.3). Therefore, both cell lines 

were then treated for 48 hours to allow cells to duplicate at least once in the 

presence of cytotoxic agents.  
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Figure 3.3 Growth curve and doubling time for pancreatic cancer cell 
lines. 

The time taken for the cell population of A) PANC-1and B) MIA PACA-2 pancreatic cancer 

cells to double during the exponential growth phase was determined. The time required for 

the cell population to double in the exponential growth phase (DT) was calculated from the 

growth curve using Equation 2.1. Each value represents the mean ± SD of three 

independent experiments. 
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3.3.4 Cell viability of PANC-1 and MIA PaCa-2 cells following 48-hour 

treatment with anti-cancer agents 

In response to the doubling time results, responses of the pancreatic cancer 

cell lines in terms of cell viability analysis using alamar blue assay were re-

assessed following the exposure to 48-hour treatment to ensure cells to 

duplicate at least once in the presence of cytotoxic agents. 

3.3.4.1 Cell viability of PANC-1 and MIA PaCa-2 cells following 48-hour 

treatment with gemcitabine 

To assess the cell viability of PANC-1 and MIA PaCa-2 cells, both cell lines 

were treated with increasing doses of gemcitabine (10, 40, 80, 150 and 

300µM) for 48 hours. Figure 3.4 (A and B) shows the effect of gemcitabine on 

cell viability of PANC-1 and MIA PaCa-2 cell lines, respectively. It can be 

observed that 48-hour treatment with gemcitabine reduced the cell viability in 

a dose-responsive manner in both cell lines. All administered concentrations 

of gemcitabine induced a significant drop in the cell viability of PANC-1 and 

MIA PaCa-2 cells (p <0.01). The highest administered concentration of 

gemcitabine in this experiment (300 µM) significantly reduced cell viability to 

13.8% ± 4.4% and 18.4% ± 8.8% in PANC-1 and MIA PaCa-2 cell lines, 

respectively (p < 0.0001). The calculated IC50, the dose which is responsible 

for a decrease in the cell viability of 50%, was 44.67 μM and 49.2 μM in PAN-

1 and MIA PaCa-2, respectively (Table 3.3). 
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3.3.4.2 Cell viability of PANC-1 and MIA PaCa-2 cells following 48-hour 

treatment with sunitinib 

Both pancreatic cancer cell lines, PANC-1 and MIA PaCa-2 were treated with 

increasing concentrations of sunitinib (1, 5, 10, 20, and 40 µM) for 48 hours. 

Figure 3.4 (C and D) shows the effect of sunitinib on cell viability of PANC-1 

and MIA PaCa-2 cell lines, respectively. It can be observed that 48-hour 

treatment with sunitinib reduced the cell viability in a dose-responsive manner 

in both cell lines. However, PANC-1 was found to be more sensitive to sunitinib 

than MIA PaCa-2. The lowest dose of sunitinib (1 µM)  failed to decrease cell 

viability in both cell lines compared to untreated controls (p > 0.05). However, 

the second-lowest administered dose of sunitinib (5 µM) reduced cell viability 

significantly to 62 ± 7% (p < 0.0001) and 82.8 ± 6.7% (p < 0.01) in PANC-1 

and MIA PaCa-2, respectively. The highest sunitinib concentrations tested in 

this experiment (40 µM) decreased the cell viability significantly (p < 0.0001) 

to 6.6 ± 7.4% in PANC-1 cells and to 5.1 ± 4.5% in MIA PaCa-2 cells. The 

calculated IC50 was 6.49 μM and 10.4 μM in PANC-1 and MIA PaCa-2, 

respectively (Table 3.3). 

3.3.4.3 Cell viability of PANC-1 and MIA PaCa-2 cells following 48-hour 

treatment with pazopanib 

To assess the cell viability of PANC-1 and MIA PaCa-2 cells, both cells were 

treated with increasing doses of pazopanib (1, 5, 10, 20, and 40 µM) for 48 

hours. Figure 3.4 (E and F) shows the effect of pazopanib on cell viability of 

PANC-1 and MIA PaCa-2 cell lines, respectively. It can be observed that 48-



CHAPTER 3: SINGLE THERAPY 

 104 
 

hour treatment with pazopanib reduced the cell viability in a dose-responsive 

manner in both cell lines. However, PANC-1 was more sensitive to pazopanib 

treatment than MIA PaCa-2. The lowest two concentrations tested of 

pazopanib (1 and 5 µM) failed to inhibit the cell viability in both cell lines 

compared to the untreated control cells (p > 0.05). However, the highest 

pazopanib administered concentrations in this experiment (40 µM) decreased 

the cell viability significantly (p < 0.0001) to 25.3 ± 11.5% and 57 ± 9.9% in 

PANC-1 and MIA PaCa-2 cell lines, respectively. The calculated IC50 was 

18.28 μM in PANC-1 and 55.85 μM (not achieved but extrapolated from the 

dose-response curve) in MIA PaCa-2 (Table 3.3).  

  



CHAPTER 3: SINGLE THERAPY 

 105 
 

 
Figure 3.4 Effect of cytotoxic therapy on cell viability of PANC-1 and 
MIA PaCa-2 cell lines following to 48-hour treatment exposure.  

Cells were treated with A&B) 10-300μM of gemcitabine, C&D) 1-40μM of sunitinib, and 

E&F) 1-40μM of pazopanib for 48 hours and then cell viability was measured by alamar 

blue assay. Data shown are expressed as a percentage of cell viability normalised to the 

control group. Statistical analysis was carried out using a one-way ANOVA with Dunnett’s 

posthoc to compare all treatment doses to control group. Each value represents the mean 

± SD of three independent experiments. **P<0.01, ***P<0.001, and ****P<0.0001 

compared to the untreated control group. IC50 values were calculated using non-linear 

regression curve fitting (the least-squares fit) of survival fraction using GraphPad Prism® 

software, version 7.0 
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Table 3.3 IC50 of the tested anti-cancer drugs following 
48 hours of exposure (in μM), determined by Alamar 
Blue® assay. NA=Not Achieved. 

Drug PANC-1 MIA PaCa-2 

Gemcitabine 44.67 49.2 

Sunitinib 6.49 10.4 

Pazopanib 18.28 55.85 
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3.3.5 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 48 treatment with anti-cancer agents 

In response to the doubling time results, responses of the pancreatic cancer 

cell lines in terms of cell survival analysis using clonogenic assay were re-

assessed following the exposure to 48-hour treatment to ensure cells to 

duplicate at least once in the presence of cytotoxic agents. 

3.3.5.1 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 48-hour treatment with gemcitabine 

According to the IC50s of gemcitabine obtained from the cell viability assay 

(section 0), a range of gemcitabine doses between 10 and 80 μM was 

examined to assess the cytotoxicity effect of gemcitabine on the survival of 

PANC-1 and MIA PaCa-2 cell lines. The increasing doses of gemcitabine were 

incubated with cells for 48 hours before the clonogenic assay was performed 

as described in section 2.6. This range of gemcitabine doses was found to be 

toxic in both cell lines and survival fraction was reduced to less than 10% with 

the lowest examined dose (10 μM) compared to untreated cells (data not 

shown; p < 0.0001). Therefore, lower doses of gemcitabine were examined. 

Figure 3.5 (A and B) shows the effect of 48-hour treatment with increasing 

doses of gemcitabine (1, 2, 4, and 8 μM) on the survival fraction of PANC-1 

and MIA PaCa-2 cells. It can be observed that gemcitabine reduced the 

survival fraction in both cell lines in a dose-dependent manner. The lowest 
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concentration of gemcitabine tested in this experiment (1 μM) resulted in a 

statistically significant reduction in the survival fraction of PANC-1 and MIA 

PaCa-2 to 76.3 ± 6.8% and 80.8 ± 8.6%, respectively. The PANC-1 cell line 

was more sensitive to the highest concentrations utilised of gemcitabine than 

MIA PaCa-2; hence PANC-1 survival fraction of PANC-1 decreased to 21 ± 

3.4% and 8 ± 3.3% following treatment with 4 and 8 μM (p < 0.0001), 

respectively, while the same two concentrations reduced the survival of MIA 

PaCa-2 cells to 52.5 ± 4.6% and 67.4 ± 4% (p < 0.0001). The calculated IC50 

of gemcitabine was 2.0 ± 0.9 (R2 = 0.99) and 3.45 ± 1.09 (R2 = 0.94) μM  in 

PANC-1 and MIA PaCa-2 cell lines, respectively (Table 3.4). 

3.3.5.2 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 48-hour treatment with sunitinib 

Figure 3.5 (C and D) shows the effect of 48-hour treatment with increasing 

doses of sunitinib (1, 5, 10, and 20 μM) on the survival fraction of PANC-1 and 

MIA PaCa-2 cells. There was a considerable reduction in the survival fraction 

of both cell lines in a dose-dependent manner following 48-hour sunitinib 

treatment compared to untreated cells. Generally, MIA PaCa-2 cells were 

more sensitive to gemcitabine, especially at lower doses, than PANC-1 cells. 

There was no statistically significant drop in the survival fraction of PANC-1 

and MIA PaCa-2 cells after treatment with the lowest concentration of sunitinib 

(1 μM) compared to untreated cells. However, all the subsequent higher 

concentrations utilised of sunitinib resulted in a statistically significant 

reduction of survival in both cell lines (p < 0.001). The highest concentration 
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used in this experiment reduced survival fraction to 22.4 ± 5.8% and 12.7 ± 

4.7% (p < 0.0001), respectively. The calculated IC50s of sunitinib were 

approximately 9.8 ± 1.01 (R2 = 0.94) and 6 ± 1.0 (R2 = 0.98) μM in PANC-1 

and MIA PaCa-2 cell lines, respectively (Table 3.4). 

3.3.5.3 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 48-hour treatment with pazopanib  

Figure 3.5 (E and F) demonstrates the effect of 48-hour treatment with 

increasing doses of pazopanib (1, 5, 10, and 20 μM) on the survival fraction of 

PANC-1 and MIA PaCa-2 cells. It can be observed that pazopanib reduced the 

survival fraction in both cell lines in a dose-dependent manner. In contrast to 

the result of cell viability assay, MIA PaCa-2 was more sensitive to pazopanib 

treatment than PANC-1. The lowest concentration of pazopanib tested in this 

experiment (1 μM) resulted in a statistically significant reduction in the survival 

fraction of PANC-1 and MIA PaCa-2 to 80 ± 8.1% (p < 0.01) and 79.4 ± 6.4% 

(p < 0.05) compared to untreated cells, respectively. The highest concentration 

(20 μM) decreased the survival significantly to 45.4 ± 4.2% (p < 0.0001) in 

PANC-1 and to 22.3 ± 3.6% (p < 0.0001) in MIA PaCa-2. The calculated IC50 

of pazopanib was 16.6 ± 1.2 (R2 = 0.95) and 5.1 ± 1.11 (R2 = 0.96) μM in 

PANC-1 and MIA PaCa-2 cell lines, respectively (Table 3.4). 
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Figure 3.5 Effect of cytotoxic therapy on survival fraction of PANC-1 
and MIA PaCa-2 cell lines following to 48-hour treatment exposure. 

Cells were treated with A&B) 1-8μM of gemcitabine, C&D) 1-20μM of sunitinib, and E&F) 
1-20μM of pazopanib for 48 hours and then survival fraction was measured by clonogenic 
assay. Data shown are expressed as a percentage of survival fraction normalised to the 
control group. Statistical analysis was carried out using a one-way ANOVA with Dunnett’s 
posthoc to compare all treatment doses to control group. Each value represents the mean 
± SD of three independent experiments. *P<0.05 and **P<0.01 compared to the untreated 
control group. IC50 values were calculated using non-linear regression curve fitting (the 
least-squares fit) of survival fraction using GraphPad Prism® software, version 7.0. 
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Table 3.4 IC50 of the tested anti-cancer drugs following 
48 hours of exposure (in μM), determined by 
clonogenic assay.  NA=Not Achieved. 

Drug PANC-1 MIA PaCa-2 

Gemcitabine 2.02 3.45 

Sunitinib 9.80 5.97 

Pazopanib 16.6 5.12 
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3.3.6 Generating combination schedules based on single-agent curves 

Design of combination therapy was performed as described in section 2.4.4. 

Briefly, combinations were evaluated using the following three treatment 

schedules: gemcitabine administered 48 hours before TKI (schedule 1), 

gemcitabine administered 48 hours after TKI (schedule 2), or gemcitabine 

administered simultaneously with TKI (schedule 3). 

The concentrations for each drug used in combination studies were the IC50, 

IC25, and IC10, which were obtained from the dose-response (inhibition) non-

linear regression curve of the single-agent cytotoxicity (clonogenic assay) 

studies generated by GraphPad Prism® software (version 7.00), as described 

in GraphPad Prism’s user manual (Motulsky, no date). The final concentrations 

of each anti-cancer drug applied in combination therapy are shown in Table 

3.5. 
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Table 3.5 Generated doses of drugs to be used in combination 
therapy on PANC-1 and MIA PaCa-2 cells in µM. 

 Gemcitabine Sunitinib Pazopanib 

 PANC-1 
MIA 

PaCa-2  
PANC-1 

MIA 
PaCa-2  

PANC-1  
MIA 

PaCa-2  

IC10 0.6 0.3 1.8 1.3 0.2 0.4 

IC25 1.1 1.1 4.2 2.8 1.9 1.5 

IC50 2.0 3.5 9.8 6 16.6 5.1 
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3.4 Discussion 

The primary aim of this project was to develop novel combination strategies 

for the treatment of pancreatic cancer. To be able to investigate combination 

strategies, the cytotoxic effect of each single agent, gemcitabine, sunitinib, and 

pazopanib, on PANC-1 and MIA PaCa-2 human pancreatic cancer cell lines 

as a single therapy was assessed and the IC50 for those agents were 

determined. These mono-therapy experiments were performed to evaluate the 

cytotoxic effects of gemcitabine, sunitinib, and pazopanib, as single treatment, 

on the viability (via alamar blue assay) and on the clonogenic survival (via 

clonogenic assays) of pancreatic cancer, PANC-1 and MIA PaCa-2, cell lines. 

The cell viability assay was conducted in the first place in order to screen and 

narrow down the effective doses for those cytotoxic agents before assessment 

their long-term cytotoxicity using the clonogenic assay.  The resultant IC50 for 

each drug was validated, compared between the cell lines, and compared to 

the literature as a primary outcome measure for the efficacy. These values 

were also used in designing schedules for combination therapy. 

Initially as per our standard lab practice, both cell lines were treated for 24 

hours with single agents. Cell lines were treated for 24 hours with single drugs. 

The dose-effect curves from the cell viability experiments (sections 3.3.1.1 to 

3.3.1.3) and clonogenic assays (sections 3.3.2.1 to 3.3.2.3) were plotted and 

IC50s were calculated for and compared between PANC-1 and MIA PaCa-2. 

However, our experimentally determined IC50s values for each of the single 

agents were found to be higher compared to the literature. Doubling time for 
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the cells was assessed to allow cells to duplicate at least once in the presence 

of cytotoxic agents. For subsequent double and triple combinations, only 48-

hour exposure was assessed in compliance with the doubling time findings. 

The calculated doubling time for PANC-1 in the current experiment was 30.5 

± 4.3 hours. This is in line with findings from the literature. For example, 

McIntyre and Kim reported a doubling time of 28 hours (McIntyre and Kim, 

1984) and the ATCC reported 32 hours in their Standard Operating Procedure 

(SOP) for pancreatic cancer cells (ATCC, 2012).  For MIA PaCa-2 cells, the 

doubling time was 27.6 ± 2.6 hours in the current experiment. This again was 

in line with the literature: 24-30 hours (Fountzilas, Lim and Yunis, 1984) and 

26 hours (McIntyre and Kim, 1984). 

It can be concluded from the results of single-drug treatments discussed in 

sections 3.3.1.1 and 3.3.4.1 that gemcitabine had a dose-dependent cytotoxic 

effect on both pancreatic cancer cell lines, PANC-1 and MIA PaCa-2, after cell 

incubation with gemcitabine either for 24 or 48 hours. Both the short-term 

cytotoxicity effect, determined by the alamar blue cell viability assay, and the 

late cytotoxicity effect, determined by the clonogenic assay, were performed 

in this study. The calculated IC50s for gemcitabine against pancreatic cancer 

cell lines were summarised in Tables 3.1 to 3.4. However, the IC50s of 

gemcitabine from the alamar blue assay was higher, as expected, than those 

from the clonogenic assay. These discrepancies were because of the nature 

of these two assays. 
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Upon comparison between these two cell lines in terms of sensitivity to 

gemcitabine, it has been found that there was no significant difference in cell 

viability between the PANC-1 (IC50 = 44.67 µM) and the MIA PaCa-2 (IC50 = 

49.2 µM) cell lines after incubation with gemcitabine (Figure 3.4 A & B). On the 

other hand, PANC-1 cells were significantly more sensitive to gemcitabine, 

especially at higher administered doses (4 and 8 µM), than MIA PaCa-2 (p < 

0.001) in terms of the cell survival using clonogenic assay (Figure 3.5 A & B).  

The resistance of MIA PaCa-2 cells to gemcitabine found in our experiments 

has also been previously reported in the literature (Taeger et al., 2011). This 

resistance was attributed to increased expression of Aldehyde dehydrogenase 

1A1 (ALDH1A1), which is one of the characteristic features of tumour-initiating 

cells and has an important role in both intrinsic and acquired resistance to 

gemcitabine (Duong et al., 2014). Proto-oncogene serine/threonine-protein 

kinase (PIM) proteins, especially PIM1 and PIM3 (Xu et al., 2014), which are 

overexpressed in MIA PaCa-2 cells, but not in the PANC-1 cells, could be 

hypothesised as another cause of resistance of MIA PaCa-2 cell line to 

gemcitabine compared to PANC-1 (Mallik and Karandish, 2016). However, 

these findings, of PANC-1 being more sensitive to gemcitabine than MIA 

PaCa-2, were also opposed in other studies which found that PANC-1 cells 

were more resistance to gemcitabine than MIA-PaCa-2 (Fryer et al., 2011). 

Affram et al. (Affram, Udofot and Agyare, 2015) treated several pancreatic 

cancer cell lines, including PANC-1 and MIA PaCa-2, with gemcitabine for 72 

hours and then assessed the cell viability using the trypan blue assay. 

Conversely to our results, the authors found that the most sensitive cell line for 
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gemcitabine was MIA PaCa-2; hence the IC50 in MIA PaCa-2 was 77 nM 

compared to 195 nM in PANC-1. The authors hypothesised that this could be 

due to the overexpression of the antiapoptotic p8 protein in PANC-1 three 

times higher than MIA PaCa-2 (Giroux et al., 2006). However, the IC50 values 

we found in this study were in line with the majority of the literature; suggesting 

our data are validated. 

The reported IC50 values for gemcitabine in PANC-1 and MIA PaCa-2 cell lines 

vary considerably between published studies. Several studies reported very 

low IC50, in nanomolar (nM) concentrations (Tran Cao et al., 2010; Affram et 

al., 2015). For example, Cao et al. (Tran Cao et al., 2010) treated PANC-1 and 

MIA PaCa-2 cells with gemcitabine for 72 hours and assessed cell viability 

using the XTT cell viability assay. Their calculated IC50 values were 29 nM and 

14 nM in PANC-1 and MIA PaCa-2, respectively. In both studies with 

nanomolar IC50 values, cells were exposed to treatment for 72 hours, and it 

has been reported that longer exposure time increased the gemcitabine-

induced apoptosis (Gruber et al., 1996; Montano et al., 2017) which was 

indeed found in our study treating cells for 24 and 48 hours. However, following 

a shorter exposure time (48 hours) cytotoxicity of gemcitabine decreased and, 

hence, the IC50 values were higher. Arora and his colleagues (Arora et al., 

2011) examined the cytotoxicity of gemcitabine on pancreatic cancer cells 

using the WST-1 cell viability assay. Their study revealed that the calculated 

IC50 values following 48-hour exposure of PANC-1 and MIA PaCa-2 were 

approximately 14.5 µM and 13 µM, respectively. These IC50 findings can be 

considered similar to those from our clonogenic study (Table 3.4). 
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In the case of sunitinib, there was a dose-dependent cytotoxic effect on both 

pancreatic cancer cell lines, PANC-1 and MIA PaCa-2, after cell incubation 

either for 24 or 48 hours with sunitinib. Both cell viability and clonogenic 

survival assays were performed in this study. The calculated IC50s for sunitinib 

against pancreatic cancer cell lines were summarised in Tables 3.1 to 3.4. 

Upon comparison between these two cell lines in terms of sensitivity to 

gemcitabine, sunitinib, or pazopanib, it has been found that there was no 

statistically significant difference between PANC-1 and MIA PaCa-2 in terms 

of cell survival following treatment with sunitinib despite the lower IC50s in MIA 

PaCa-2 cells (Figure 3.5 C & D). On the other hand, PANC-1 cells were 

significantly more sensitive to sunitinib than MIA PaCa-2 (p < 0.01) in terms of 

cell viability   ( Figure 3.4 (C & D). This increased sensitivity of PANC-1 cells to 

sunitinib may be attributed to the inhibitory effect of this agent on the stem cell 

factor receptor (KIT) (Izzedine et al., 2007; Hasinoff, Patel and O’Hara, 2008; 

Shukla et al., 2009) which is overexpressed in PANC-1 but not in MIA PaCa-2 

(Yasuda et al., 2006) (Table 1.3). 

For pazopanib cytotoxicity assessment, we used identical dose ranges to 

those used in sunitinib cytotoxicity assessment; based on the similarity of the 

mechanism of action and in order to compare the cytotoxic effect of these two 

TKI agents between PANC-1 and MIA PaCa-2 pancreatic cancer cell lines. It 

has been found that treatment with pazopanib for 24 hours demonstrated no 

statistically significant cytotoxicity on either cell line (Figure 3.1 and Figure 3.2). 

However, after 48-hour treatment, pazopanib inhibited both cell viability and 
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clonogenicity in a significant dose-dependent manner in PANC-1 and MIA 

PaCa-2. MIA PaCa-2 cells were significantly more sensitive to pazopanib (IC50 

= 5.1 μM) than PANC-1 (IC50 = 16.6 μM). This could be due to the inhibitory 

effect of pazopanib on the fibroblast growth factor receptor (FGFR-3) (Keisner 

and Shah, 2011; Plummer et al., 2013), which is overexpressed about 30 times 

higher in MIA PaCa-2 than PANC-1 cells (Ishiwata et al., 2012). 

However, these cytotoxicity effects of gemcitabine or TKI may not be reflected 

in the anaimal model or in human, hence in the in vitro survival study we 

incubate cancer cells with the cytotoxic agents for 24 or 48 hours, whereas in 

the in vivo studies or in human application these agents have very small half-

lives compared to the used incubation time with medicines in the in vitro 

studies. 
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CHAPTER 4: Cytotoxicity evaluation of combination therapy 

on pancreatic cancer cells in vitro 

4.1 Introduction 

Pancreatic cancer prognosis is still poor and despite advances in cancer 

therapy over the last two decades, survival rates amongst patients with 

pancreatic cancer remain disappointing (Cunningham et al., 2009; Colucci et 

al., 2010). This poor prognosis rate can be attributed to late-stage diagnosis, 

early metastasis, high local recurrence risk and resistance to conventional 

chemotherapy (Awasthi, Schwarz and Schwarz, 2011). Gemcitabine is 

considered the gold standard and the historical first-line treatment for patients 

with pancreatic ductal adenocarcinomas (Sclafani et al., 2015). However, 

gemcitabine mediates only a marginal clinical benefit both when administered 

alone (Casper et al., 1994; Carmichael et al., 1996; Burris et al., 1997) and in 

combination with other conventional chemotherapy agents (Berlin et al., 2002; 

Bramhall et al., 2002; Rocha Lima et al., 2004; Louvet et al., 2005; Oettle et 

al., 2005; Abou-Alfa et al., 2006; Heinemann et al., 2006; Poplin et al., 2006; 

Herrmann et al., 2007; Cunningham et al., 2009; Colucci et al., 2010) or 

targeted therapy agents (Van Cutsem et al., 2004; Wolpin et al., 2009; Philip 

et al., 2010; Bodoky et al., 2012; Infante et al., 2014). Therefore, we 

hypothesised that combining the conventional chemotherapy (gemcitabine) 

with a multi-target TKI with antiangiogenic and anti-tumour activity targeted 

therapy (sunitinib or pazopanib) in lower therapeutic doses of each agent might 
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improve the outcome of pancreatic cancer treatment. We thought that 

combination strategies may reduce the chance of pancreatic cancer cells 

dose-dependent resistance to radiochemotherapy, which was reported to be 

the major contributor to poor prognosis (Binenbaum, Na’ara and Gil, 2015; Liu 

et al., 2016). 

4.2 Aims 

The primary aim of this chapter was to evaluate the cytotoxic efficacy of novel 

combination strategies of gemcitabine and TKI (sunitinib and, for the first time, 

pazopanib) with or without exposure to XBR by investigating the clonogenic 

cell survival following combination treatment of PANC-1 and MIA PaCa-2 

pancreatic cancer cell lines. This study also aimed to assess synergism using 

the combination index analysis approach and determine the most effective 

combination schedule of these cytotoxic agents in two-drug and three-

treatment combinations. Finally, this study aimed to explore the underlying 

mechanisms of cytotoxic action of these potential therapeutic approaches via 

detection of H2AX as a marker of DNA damage and repair, analysis of cell 

cycle progression, and measurement of Annexin V expression as an indicator 

of apoptosis. 

4.3 Results 

Results of this chapter were divided into three main sections to evaluate 

cytotoxicity and to explore the mechanism of cytotoxicity of gemcitabine, TKI 

(sunitinib or pazopanib), or XBR as single treatment (section 4.3.1), a two-drug 
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combination of gemcitabine with TKI (section 4.3.2), and a three-treatment 

combination of gemcitabine plus sunitinib with XBR (section 4.3.3). Each main 

section consists of four subsections; assessment of the efficacy of the 

cytotoxic agents by clonogenic survival assay, detection of DNA damage and 

repair by quantification of γ-H2AX expression, analysis of cell cycle 

progression, and detection of apoptosis level by measurement of Annexin V 

expression in PANC-1 and MIA PaCa-2 pancreatic cancer cell lines. 

4.3.1 Cytotoxicity and mechanistic studies of gemcitabine, TKI, or XBR 

as single treatment in pancreatic cancer cells in vitro 

Before assessing the effect on pancreatic cancer cell survival of gemcitabine 

and TKI (sunitinib or pazopanib) in combination treatment, either without XBR 

(two-drug combination) or with XBR (three-treatment combination), the 

cytotoxic effects of each agent on pancreatic cancer cell lines were evaluated 

as a single agent compared to untreated control cells. These cytotoxicity 

evaluation studies were followed by mechanistic studies in order to understand 

and explore underlying mechanisms of cytotoxic action of these agents via 

conducting DNA damage and repair detection, cell cycle analysis, and 

apoptosis detection, mechanistic studies. 

4.3.1.1 Cytotoxicity assessment of gemcitabine, TKI, and XBR in 

pancreatic cancer cells by clonogenic assay 

To assess the efficacy of gemcitabine, sunitinib, and pazopanib in combination 

therapy, their cytotoxic effects on the survival of pancreatic cancer cell lines 
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(PANC-1 and MIA PaCa-2) as single treatment were evaluated first using the 

lower generated doses, which were planned to be utilised in the combination 

studies, (listed in Table 3.5) as described in section 2.4.4 and shown in Figure 

4.1. 

Materials and methods pertaining to the clonogenic assay were described in 

detail in section 2.6. The calculated survival fraction using Equation 2.3 

(explained in section 2.6) was normalised to the untreated control group and 

then plotted on the Y-axis against drug concentrations on the X-axis. IC50 

values were calculated using non-linear regression curve fitting (the least-

squares fit) of survival fraction using GraphPad Prism® software, version 7.00, 

as described in GraphPad Prism’s user manual (Motulsky, no date).  

Cell survival of PANC-1 and MIA PaCa-2 was also assessed following 

exposure to increasing doses of XBR (1 to 6 Gy) by clonogenic assay as 

described in section 2.6. Survival fraction data were normalised to non-

irradiated control cells, fitted to the linear-quadratic model (described in section 

2.8), and shown in Figure 4.2. Values for R2, α and β coefficients, and IC50 

were calculated and shown in the table below the dose-response graph. 

4.3.1.1.1 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following treatment with gemcitabine alone 

Figure 4.1 (A and B) shows the effect of 48-hour treatment with increasing 

doses of gemcitabine (listed in Table 3.5) on the survival fraction of PANC-1 
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and MIA PaCa-2 cells. It can be observed that gemcitabine reduced the 

survival fraction in both cell lines in a dose-dependent manner. The incubation 

of cells with the highest concentration of gemcitabine tested in this experiment 

(2 μM in PANC-1, and 3.5 μM in MIA PaCa-2) resulted in a statistically 

significant reduction (p < 0.0001) in the survival fraction of PANC-1 and MIA 

PaCa-2 cells to 52.8 ± 6.5% and 50.4 ± 4.1%, respectively, compared to 

untreated control cells. 

4.3.1.1.2 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 48-hour treatment with sunitinib alone 

Figure 4.1 (C and D) shows the effect of 48-hour treatment with increasing 

doses of sunitinib (listed in Table 3.5) on the survival fraction of PANC-1 and 

MIA PaCa-2 cells. There was a significant reduction in the survival fraction of 

both cell lines in a dose-dependent manner following 48-hour of treatment with 

sunitinib compared to untreated cells. The highest concentration of sunitinib 

used in this experiment (9.8 μM in PANC-1, and 6 μM in MIA PaCa-2) reduced 

survival fraction of PANC-1 and MIA PaCa-2 to 49.6 ± 4.5% and 53.3 ± 6.2% 

(p < 0.0001), respectively, compared to untreated control cells. 

4.3.1.1.3 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following 48-hour treatment with pazopanib alone 

Figure 4.1 (E and F) demonstrates the effect of 48-hour treatment with 

increasing doses of pazopanib (listed in Table 3.5) on the survival fraction of 



CHAPTER 4: COMBINATION THERAPY 

 125 
 

PANC-1 and MIA PaCa-2 cells. It can be observed that pazopanib reduced the 

survival fraction in both cell lines in a dose-dependent manner. The highest 

concentration of pazopanib tested in this experiment (16.6 μM in PANC-1, and 

5 μM in MIA PaCa-2) resulted in a statistically significant reduction (p < 0.0001) 

in the survival fraction of PANC-1 and MIA PaCa-2 cells to 50 ± 5.4% and 52.5 

± 7.9%, respectively, compared to untreated control cells. 
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Figure 4.1 Effect of cytotoxic treatment on survival fraction of PANC-1 
and MIA PaCa-2 cell lines following to 48-hour treatment exposure. 

Cells were treated with the calculated concentrations for combinatorial treatments of A&B) 
gemcitabine, C&D) sunitinib, or E&F) pazopanib for 48 hours and then survival fraction was 
measured by clonogenic assay. Data shown are expressed as a percentage of survival 
fraction normalised to the control group. Statistical analysis was carried out using a one-
way ANOVA with Dunnett’s posthoc to compare all treatment doses to control group. Each 
value represents the mean ± SD of three independent experiments. *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001 compared to the untreated control group. IC50 values were 
calculated using non-linear regression curve fitting (the least-squares fit) of survival fraction 
using GraphPad Prism® software, version 7.0. 
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4.3.1.1.4 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following exposure to XBR alone 

As illustrated in Figure 4.2, exposure to increasing doses of XBR (0, 1, 2, 4, 

and 6 Gy) resulted in a dose-dependent reduction in clonogenic survival of 

PANC-1 and MIA PaCa-2 cell lines compared to non-irradiated control cells. 

The dose-effect relationship was best characterised using a linear-quadratic 

model (R2 > 0.99). Statistically significant cytotoxicity, relative to non-irradiated 

control, was observed after exposure to XBR doses of 2, 4, and 6 Gy in both 

cell lines (p < 0.01). MIA PaCa-2 was slightly more sensitive to radiation than 

PANC-1, but there was no significant difference in the survival between cells. 

The calculated effective dose (ED50) for XBR was 4.63 ± 0.91 and 3.51 ± 0.87 

Gy in PANC-1 and MIA PaCa-2 cell lines, respectively. 

To measure radiosensitivity of cell lines, the fraction of cells surviving a single 

2 Gy dose of ionizing radiation (SF2) was utilised by several in vitro studies. 

Cell lines with high values of SF2 based on a threshold of 0.2 are considered 

radioresistant (i.e. cell lines with more than 20% colony survival following 2 Gy 

defined as radioresistant)  (Hall et al., 2014; Maeda et al., 2016).  In the present 

study, the calculated SF2 for PANC-1 and MIA PaCa-2 pancreatic cancer cell 

lines was 0.8 ± 0.06 and 0.69 ± 0.04, respectively. This confirmed the 

radioresistance of these cell lines, which was reported in previous studies 

(Zhou and Du, 2012; Wang et al., 2018).   
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Cell line α (Gy-1) β (Gy-1) R2 ED50 (Gy) 

PANC-1 0.0654 0.01819 0.9932 4.632 

Mia PaCa-2 0.1494 0.01378 0.9966 3.507 

 

 

Figure 4.2 Clonogenic survival of PANC-1 and MIA PaCa-2 cells 
exposed to XBR from 0-6 Gy fitted to the linear-quadratic model. Cells 

were exposed to 0-6 Gy of XBR and then survival fraction was measured by clonogenic 
assay. Data shown are expressed as a percentage of survival fraction normalised to the 
control group. Statistical analysis was carried out using a one-way ANOVA with Dunnett’s 
posthoc to compare all treatment doses to control group. Each value represents the mean 
± SD of three independent experiments. **P<0.01, ***P<0.001 and ****P<0.0001 (black dots 
for MIA PaCa-2) compared to the untreated control group. Experimental survival fractions 
were fitted to the linear-quadratic model using GraphPad Prism v.7.0 and the α and β 
coefficient, the R2, and ED50 values were determined.  
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4.3.1.2 The effect of single cytotoxic agents on the induction and repair 

of DNA damage measured by γ-H2AX in pancreatic cancer cells 

As explained in section 2.12, γ-H2AX expression was measured at three time-

points (4, 24, and 48 hours after treatment) to investigate the damage caused 

to the DNA following exposure to the cytotoxic agents and to explore if this 

damage was repaired at later time-points of measurement. The higher 

expression of γ-H2AX and, more important, the persistence of this DNA 

damage over time positively correlates with cytotoxic efficacy of the cytotoxic 

agent. The decreased expression of γ-H2AX at later time-points indicates DNA 

damage was repaired which could support cancer cell survival. 

In these experiments, the expression of γ-H2AX, as a marker of DNA damage 

and repair, was assessed at 4, 24, and 48 hours after a single treatment with 

gemcitabine, sunitinib, or XBR in PANC-1 and MIA PaCa-2 cell lines. 

4.3.1.2.1 The effect of gemcitabine, sunitinib, or XBR as single cytotoxic 

treatment on the induction and repair of DNA damage measured 

by γ-H2AX in PANC-1 cells 

The expression of γ-H2AX in PANC-1 cells was assessed at 4, 24, and 48 

hours after a single treatment with gemcitabine (0.6, 1.1, and 2 μM), sunitinib 

(1.8, 4.2, and 9.8 μM), or XBR (0.5, 1, and 2 Gy) as described in section 2.12. 

The results of this experiment were expressed as fold increase in the γ-H2AX 
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expression of cells treated with increasing dose of the cytotoxic agents 

compared to untreated control cells and presented in Figure 4.3. 

Figure 4.3 (A1) shows the fold change in γ-H2AX expression at 4, 24, and 48 

hours post-treatment of PANC-1 cells with increasing dose of gemcitabine 

alone compared to untreated cells. It was observed that the fold change in γ-

H2AX expression increased significantly in a dose-dependent manner at 4 

hours post gemcitabine treatment (p < 0.001). The highest tested dose of 

gemcitabine (2 μM) increased γ-H2AX expression 11.5 ± 1.3 fold compared to 

untreated control cells (p < 0.0001). However, the γ-H2AX level decreased 

significantly at 24 and 48 hours compared to γ-H2AX levels measured at 4 

hours (p < 0.05). Figure 4.3 (A2) summarises the p-values from the two-way 

ANOVA and Tukey’s multiple comparison tests between different time-points 

within each drug dose. There were no significant differences between γ-H2AX 

levels between measurements at 24 and 48 hours; suggesting that the DNA 

damage induced by gemcitabine was being repaired within 24 hours. 

Figure 4.3 (B1) shows the fold change in γ-H2AX expression at 4, 24, and 48 

hours post-treatment of PANC-1 cells with increasing dose of sunitinib alone 

compared to untreated cells. Apart from the highest tested dose (9.8 μM), the 

treatment with sunitinib failed to increase γ-H2AX in PANC-1 cells over 

examined time-points. After 4 hours, there was a significant increase of γ-H2AX 

level to 6.7 ± 1 fold following treatment with 9.8 μM of sunitinib compared to 

untreated control (p < 0.0001). However, the γ-H2AX levels decreased 

significantly at 24 and 48 hours compared to γ-H2AX levels measured at 4 
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hours to reach the basal levels. This indicates that sunitinib does not induce or 

interfere with DNA damage and repair, suggesting the possibility of different 

mechanisms of its cytotoxic action. 

Figure 4.3 (C1) demonstrates the fold change in γ-H2AX expression at 4, 24, 

and 48 hours post-exposure of PANC-1 cells to increasing doses of XBR alone 

compared to untreated cells. It has been observed that the average levels of 

γ-H2AX staining increased significantly in a dose-dependent manner at 4 hours 

and 24 hours post XBR exposure (p < 0.0001). Irradiation with 2 Gy, for 

example, increased γ-H2AX expression to 13.1 ± 1.5 fold compared to 

untreated control (p < 0.0001). However, the γ-H2AX level decreased 

significantly at 48 hours compared to γ-H2AX levels measured at earlier time-

points. There were no significant differences in γ-H2AX levels between 

measurements at 4 and 24 hours (Figure 4.3 (C2)). Thus, it can be noticed that 

XBR-induced DNA damaged needed a longer time to be repaired compared 

to the damage caused by gemcitabine or sunitinib.  
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Figure 4.3 The effect of single cytotoxic agents on the induction and 
repair of DNA damage measured by γ-H2AX in PANC-1 cells. The 

expression of γ-H2AX of PANC-1 cells was assessed at 4, 24, and 48 hours after treatment 
with gemcitabine (A1), sunitinib (B1), or XBR (C1) alone. Results presented are the mean 
± SD fold of γ-H2AX expression compared to untreated control cells of 3 independent 
experiments. Statistical analysis was carried out using two-way ANOVA with (1) Dunnett’s 
test to compare average fold of γ-H2AX resulted from all treatment doses over time-points 
to the untreated control group, and (2) with Tukey’s test to compare γ-H2AX between 
different time-points after each dose of the treatment. *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. 
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4.3.1.2.2 The effect of gemcitabine, sunitinib, or XBR as single cytotoxic 

treatment on the induction and repair of DNA damage measured 

by γ-H2AX in MIA PaCa-2 

The expression of γ-H2AX in MIA PaCa-2 cells was assessed at 4, 24, and 48 

hours after a single treatment with gemcitabine (0.3, 1.1, and 3.5 μM), sunitinib 

(1.3, 2.8, and 6 μM), or XBR (0.5, 1, and 2 Gy) as described in section 2.12. 

The results of this experiment were expressed as fold increase in the γ-H2AX 

expression of cells treated with increasing dose of the cytotoxic agents 

compared to untreated control cells and presented in Figure 4.4. 

Figure 4.4 (A1) shows the average of γ-H2AX increase fold at 4, 24, and 48 

hours post-treatment of MIA PaCa-2 cells with increasing dose of gemcitabine 

alone compared to untreated cells. It has been observed that the average of 

γ-H2AX increased significantly in a dose-dependent manner at 4 hours post 

gemcitabine treatment (p < 0.001). The highest tested dose of gemcitabine 

(3.5 μM) increased γ-H2AX expression to 10.73 ± 1.21 folds compared to 

control (p < 0.0001). However, the γ-H2AX level decreased significantly at 24 

and 48 hours compared to γ-H2AX levels measured at 4 hours. Figure 4.4 (A2) 

summarises the p-values from the two-way ANOVA and Tukey’s multiple 

comparison tests between different time-points within each drug dose. There 

were no significant differences in γ-H2AX levels between measurements at 24 

and 48 hours. 
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Figure 4.4 (B1) shows the average of γ-H2AX increase fold at 4, 24, and 48 

hours post-treatment of MIA PaCa-2 cells with increasing dose of sunitinib 

alone compared to untreated cells. Apart from the highest tested dose (6 μM), 

the treatment with sunitinib failed to increase γ-H2AX in MIA PaCa-2 cells over 

examined time-points. After 4 hours, there was a significant increase of γ-H2AX 

level to 5.97 ± 1.94 folds following treatment with 6 μM of sunitinib compared 

to untreated control (p < 0.0001). However, the γ-H2AX level decreased 

significantly at 24 and 48 hours compared to γ-H2AX levels measured at 4 

hours to reach the basal levels (p < 0.05). 

Figure 4.4 (C1) demonstrates the average of γ-H2AX increase fold at 4, 24, 

and 48 hours post-exposure of MIA PaCa-2 cells to increasing doses of XBR 

alone compared to untreated cells. It has been observed that the average of 

γ-H2AX increased significantly in a dose-dependent manner at 4 hours and 24 

hours post XBR exposure (p < 0.0001). Irradiation with 2 Gy, for example, 

increased γ-H2AX expression to 15 ± 0.93 folds compared to untreated control 

(p < 0.0001). However, the γ-H2AX level decreased significantly at 48 hours 

compared to γ-H2AX levels measured at earlier time-points. There were no 

significant differences in γ-H2AX levels between measurements at 4 and 24 

hours (Figure 4.4 (C2)). 
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Figure 4.4 The effect of single cytotoxic agents on the induction and 
repair of DNA damage measured by γ-H2AX in MIA PaCa-2 cells. The 

expression of γ-H2AX of MIA PaCa-2 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine (A1), sunitinib (B1), or XBR (C1) alone. Results presented are 
the mean ± SD fold of γ-H2AX expression compared to untreated control cells of 3 
independent experiments. Statistical analysis was carried out using two-way ANOVA with 
(1) Dunnett’s test to compare average fold of γ-H2AX resulted from all treatment doses over 
time-points to the untreated control group, and (2) with Tukey’s test to compare γ-H2AX 
between different time-points after each dose of the treatment. *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. 
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4.3.1.3 Analysis of the cell cycle progression of pancreatic cancer cells 

following exposure to single cytotoxic agents 

In these experiments, the cell cycle progression of PANC-1 and MIA PaCa-2 

cells was assessed at 4, 24, and 48 hours after a single treatment with 

gemcitabine, sunitinib, or XBR, as described in section 2.10. As a result of  

DNA damage reported in the previous section, we hypothesised that cell cycle 

arrest would be seen to allow for damage repair. 

4.3.1.3.1 Analysis of the cell cycle progression of PANC-1 cells following 

exposure to gemcitabine, sunitinib, or XBR alone 

Figure 4.5 shows the effects of gemcitabine (A), sunitinib (C), or XBR (E) on 

the cell cycle progression of PANC-1 cells at 4 (A1, C1, and E1), 24 (A2, C2, 

and E2), and 48 (A3, C3, and E3) hours post-treatment.  

Incubation of PANC-1 cells with increasing doses of gemcitabine alone 

resulted in a statistically significant time- and dose- dependent accumulation 

of cells in the S phase accompanied with a decrease in the G2/M phase of the 

cell cycle at all measured time-points (4, 24, and 48 hours) compared to 

untreated control cells (p < 0.001). At 24-hour after treatment, cell distribution 

was also increased in G0/G1. Cells were released from G1 phase and 

increased significantly in sub G0 phase after 48 hours of treatment with 

gemcitabine. 
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The treatment of PANC-1 cells with the two highest tested doses of sunitinib 

(4.2 and 9.8 μM) resulted in a significant cell cycle arrest at G1 phase 

accompanied with a decrease in the G2/M phase of the cell cycle at 4 and 24 

hours after treatment compared to untreated control cells (p < 0.0001). 

However, cells were released from the G1 phase and arrested in the G2/M 

phase of the cell cycle after 48 hours of treatment. 

Finally, irradiation with 0.5 Gy did not affect the cell cycle distribution in PANC-

1 cells at any tested time-points of measurement (p > 0.05). However, 

exposure to 1 and 2 Gy resulted in a significant cell cycle arrest at G2/M phase 

(p < 0.001) accompanied with a decrease in the G0/1 phase (p < 0.05) of the 

cell cycle at 4 and 24 hours after radiation compared to untreated control cells. 

There was no significant difference in the cell cycle distribution at 48 hours 

post-radiation compared to untreated control cells. 
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Figure 4.5 Effect of gemcitabine, sunitinib, or XBR as a single treatment 
on the cell cycle progression of PANC-1 cells. 

The effects of gemcitabine (A), sunitinib (C), or XBR (E) on the cell cycle progression were 
assessed in PANC-1 cells at 4 (A1, C1, and E1), 24 (A2, C2, and E2), and 48 (A3, C3, and 
E3) hours post-treatment. The data were analysed using FACSDiva software v6.1.3. Data 
are means ± SD of cells percentage in each cell cycle phase, which generated from three 
independent experiments. Two-way ANOVA was used to compare the means of the cell 
cycle phases after treatment cells to untreated control cells and shown in Tables (B, D, and 
F). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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4.3.1.3.2 Analysis of the cell cycle progression of MIA PaCa-2 cells 

following exposure to gemcitabine, sunitinib, or XBR alone 

Figure 4.6 shows the effects of gemcitabine (A), sunitinib (C), or XBR (E) on 

the cell cycle progression in MIA PaCa-2 cells at 4 (A1, C1, and E1), 24 (A2, 

C2, and E2), and 48 (A3, C3, and E3) hours post-treatment. 

Incubation of MIA PaCa-2 cells with increasing doses of gemcitabine alone 

resulted in significant time- and dose- dependent accumulation of cells in the 

S phase accompanied with a decrease in the G2/M phase of the cell cycle at 

24 and 48 hours time-points compared to untreated control cells (p < 0.001). 

At the earlier time-point (4 hours), these changes in the cell cycle were 

observed with only the highest tested dose of gemcitabine (3.5 μM).  At 24-

hour after treatment, cell distribution was also increased in G0/G1. Cells were 

released from G1 phase and increased significantly in sub G0 phase after 48 

hours of treatment with gemcitabine. 

The treatment of MIA PaCa-2 cells with the highest tested dose of sunitinib (6 

μM) resulted in a significant cell cycle arrest at G1 phase accompanied with a 

decrease in the G2/M phase of the cell cycle at 4 and 24 hours after treatment 

compared to untreated control cells (p < 0.01). However, cells were released 

from the G1 phase and arrested in the G2/M phase of the cell cycle after 48 

hours of treatment with sunitinib. 
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Finally, irradiation with 0.5 Gy resulted in a significant arrest at the G2/M phase 

accompanied by a decrease in G0/1 phase of the cell cycle at 4 hours post-

radiation (p < 0.001). Exposure to 1 Gy resulted in a significant cell cycle arrest 

at G2/M phase (p < 0.001) at 4 and 24 hours accompanied with a decrease in 

the G0/1 phase (p < 0.001) and S phase (p < 0.01) of the cell cycle at 24 hours 

after radiation. Moreover, exposure to 2 Gy resulted in a significant cell cycle 

arrest at G2/M phase (p < 0.0001) accompanied with a decrease in the G0/1 

phase (p < 0.001) of the cell cycle at 4 and 24 hours after radiation compared 

to untreated control cells. There was no significant difference in the cell cycle 

distribution at 48 hours post-radiation compared to untreated control cells. 
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Continued overleaf … 
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Continued overleaf … 
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Figure 4.6 Effect of gemcitabine, sunitinib, or XBR as a single treatment 
on the cell cycle progression of MIA PaCa-2 cells. 

The effects of gemcitabine (A), sunitinib (C), or XBR (E) on the cell cycle progression were 
assessed in MIA PaCa-2 cells at 4 (A1, C1, and E1), 24 (A2, C2, and E2), and 48 (A3, C3, 
and E3) hours post-treatment. The data were analysed using FACSDiva software v6.1.3. 
Data are means ± SD of cells percentage in each cell cycle phase, which generated from 
three independent experiments. Two-way ANOVA was used to compare the means of the 
cell cycle phases after treatment cells to untreated control cells and shown in Tables (B, D, 
and F). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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4.3.1.4 The effect of single cytotoxic agents on the induction of 

apoptosis measured by Annexin V assay in pancreatic cancer 

cells 

In these experiments, the expression of Annexin V, as an indicator of 

apoptosis, was assessed at 4, 24, and 48 hours after a single treatment with 

gemcitabine, sunitinib, or XBR in PANC-1 and MIA PaCa-2 cell lines as 

described in section 2.11. An increase in cell death, DNA damage and cell 

cycle arrest had previously been reported in our mechanistic studies, therefore 

we hypothesised that an increase in the size of the apoptotic population would 

be seen following the treatment with those agents. 

4.3.1.4.1 The effect of gemcitabine, sunitinib, or XBR as single cytotoxic 

treatment on the induction of apoptosis measured by Annexin 

V assay in PANC-1 cells 

The induction of apoptosis of PANC-1 cells was assessed at 4, 24, and 48 

hours after a single treatment with gemcitabine (0.6, 1.1, and 2 μM), sunitinib 

(1.8, 4.2, and 9.8 μM), or XBR (0.5, 1, and 2 Gy) as described in section 2.11. 

The results of this experiment were calculated by addition of the percentage of 

cells in early and late apoptosis and presented in Figure 4.7. Generally, 

gemcitabine induced higher and earlier apoptosis in PANC-1 cells than 

sunitinib or XBR.  
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Figure 4.7 (A1) shows the apoptosis rate at 4, 24, and 48 hours post-treatment 

of PANC-1 cells with increasing dose of gemcitabine. In our study, it has been 

observed that the apoptosis rate increased in a dose and time-dependent 

manner after treatment with gemcitabine alone compared to untreated control 

cells. The apoptosis rate of PANC-1 cells increased significantly from 3.6 ± 

1.2% in untreated control cells to 13.5 ± 3.1, 19.3 ± 3.8, and 29.4 ± 3.7 at 4, 

24, and 48 hours, respectively, after treatment with 2 μM of gemcitabine (p < 

0.001). Figure 4.7 (A2) summarises the effect of time on the induction of the 

apoptosis process in PANC-1 after treatment with gemcitabine alone. It can be 

seen that apoptosis increased significantly after 48 hours of treatment with all 

tested doses of gemcitabine compared to the earlier time-points (p < 0.01) in 

a dose-dependent manner. These results were expected and consistent with 

our results from clonogenic assay (4.3.1.1.1), DNA damage and repair process 

which was detected by the expression of γ-H2AX (section 4.3.1.2.1), and cell 

cycle analysis (section 4.3.1.4.1). 

Figure 4.7 (B1) shows the apoptosis level at 4, 24, and 48 hours post-treatment 

of PANC-1 cells with increasing dose of sunitinib. We observed that the 

apoptosis level increased in a dose- and time- dependent manner after 

treatment with sunitinib alone compared to untreated control cells. In contrast 

to gemcitabine, there was no observed increase in apoptosis in PANC-1 cells 

at 4 hours after treatment with sunitinib alone. However, the apoptosis rate of 

PANC-1 cells increased significantly from 3.6 ± 1.2% in untreated control cells 

to 13.3 ± 3.4, and 23.4 ± 2.9 at 24 and 48 hours, respectively, after treatment 

with 9.8 μM of sunitinib (p < 0.0001). Two-way ANOVA to assess the effect of 
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time on the induction of the apoptosis process in PANC-1 after treatment with 

sunitinib alone was summarised in Figure 4.7 (B2). Apoptosis increased 

significantly after 48 hours of treatment with all tested doses of sunitinib 

compared to the earlier time-points (p < 0.01). 

 Figure 4.7 (C1) demonstrates the apoptosis level in PANC-1 cells at 4, 24, 

and 48 hours post-irradiation. It can be observed that there was no significant 

increase in the level of apoptosis at 4 and 24 hours post-irradiation compared 

to non-irradiated control. However, apoptosis increased significantly from 3.6 

± 1.2% in non-irradiated control cells to 12.4 ± 2.7 (p < 0.01), and 16.7 ± 3.9 

(p < 0.0001) at 48 hours after exposure to 1 Gy and 2 Gy, respectively. 
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Figure 4.7 The effect of single cytotoxic agents on apoptosis induction 
of PANC-1 cells. 

The induction of apoptosis in PANC-1 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine (A1), sunitinib (B1), or XBR (C1) alone. Results presented are the 
mean ± SD percentage of apoptotic cells of 3 independent experiments. Statistical analysis 
was carried out using two-way ANOVA with (1) Dunnett’s test to compare apoptosis rate 
resulted from all treatment doses over time-points to the untreated control group, and (2) with 
Tukey’s test to compare apoptosis between different time-points after each dose of the 
treatment. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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4.3.1.4.2 The effect of gemcitabine, sunitinib, or XBR as single cytotoxic 

treatment on the induction of apoptosis measured by Annexin 

V assay in MIA PaCa-2 cells 

The induction of apoptosis of MIA PaCa-2 cells was assessed at 4, 24, and 48 

hours after a single treatment with gemcitabine (0.3, 1.1, and 3.5 μM), sunitinib 

(1.3, 2.8, and 6 μM), or XBR (0.5, 1, and 2 Gy) as described in section 2.11. 

The results of this experiment were calculated by addition of the percentage of 

cells in early and late apoptosis and presented in Figure 4.8. Generally, 

gemcitabine caused higher and earlier apoptosis in PANC-1 cells than 

sunitinib or XBR.  

Figure 4.8 (A1) shows the apoptosis rate at 4, 24, and 48 hours post-treatment 

of MIA PaCa-2 cells with increasing dose of gemcitabine. It has been observed 

that the apoptosis rate increased in a dose- and time- dependent manner after 

treatment with gemcitabine alone compared to untreated control cells. The 

apoptosis rate of MIA PaCa-2 cells increased significantly from 3.8 ± 1.3% in 

untreated control cells to 12.6 ± 2.9, 18 ± 3.4, and 27.4 ± 3.5 at 4, 24, and 48 

hours, respectively, after treatment with 3.5 μM of gemcitabine (p < 0.001). 

Figure 4.8 (A2) summarised the effect of time on the induction of the apoptosis 

process in MIA PaCa-2 after treatment with gemcitabine alone. It can be seen 

that apoptosis increased significantly after 48 hours of treatment with all tested 

doses of gemcitabine compared to the earlier time-points (p < 0.01). 
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Figure 4.8 (B1) shows the apoptosis rate at 4, 24, and 48 hours post-treatment 

of MIA PaCa-2 cells with increasing dose of sunitinib. It has been observed 

that the apoptosis rate increased in a dose- and time- dependent manner after 

treatment with sunitinib alone compared to untreated control cells. In contrast 

to gemcitabine, there was no observed increase in apoptosis in MIA PaCa-2 

cells at 4 hours after treatment with sunitinib alone. However, the apoptosis 

rate of MIA PaCa-2 cells increased significantly from 3.8 ± 1.3% in untreated 

control cells to 15.2 ± 3.9, and 26.3 ± 4.3 at 24 and 48 hours, respectively, 

after treatment with 6 μM of sunitinib (p < 0.0001). Two-way ANOVA to assess 

the effect of time on the induction of the apoptosis process in MIA PaCa-2 after 

treatment with sunitinib alone was summarised in Figure 4.8 (B2). It can be 

seen that apoptosis increased significantly after 48 hours of treatment with all 

tested doses of sunitinib compared to the earlier time-points (p < 0.01). 

 Figure 4.8 (C1) demonstrates the apoptosis rate in MIA PaCa-2 cells at 4, 24, 

and 48 hours post-irradiation with 0.5, 1, and 2 Gy. It can be observed that 

there was no significant increase in apoptosis rate at 4 and 24 hours post-

irradiation compared to non-irradiated control. However, apoptosis increased 

significantly from 3.8 ± 1.3% in non-irradiated control cells to 8.3 ± 3.5 (p < 

0.01), and 19.1 ± 4.1 (p < 0.0001) at 48 hours after exposure to 1 Gy and 2 

Gy, respectively. 
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Figure 4.8 The effect of single cytotoxic agents on apoptosis induction 
of MIA PaCa-2 cells. 

The induction of apoptosis in MIA PaCa-2 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine (A1), sunitinib (B1), or XBR (C1) alone. Results presented are 
the mean ± SD percentage of apoptotic cells of 3 independent experiments. Statistical 
analysis was carried out using two-way ANOVA with (1) Dunnett’s test to compare apoptosis 
rate resulted from all treatment doses over time-points to the untreated control group, and 
(2) with Tukey’s test to compare apoptosis between different time-points after each dose of 
the treatment. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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4.3.2 Cytotoxicity and mechanistic studies of gemcitabine and TKI as 

two-drug combination treatment in pancreatic cancer cells in vitro 

The cytotoxicity effects of two-drug combination treatment of gemcitabine and 

TKI agents (sunitinib or pazopanib) on PANC-1 and MIA PaCa-2 cell lines were 

evaluated by clonogenic assays, DEF and combination index analysis. 

Gemcitabine was administered 48 hours before (schedule 1), after (schedule 

2), or simultaneously with (schedule 3) TKI. These cytotoxicity studies were 

followed by the mechanistic studies of the two-drug combination treatment of 

gemcitabine and sunitinib (H2AX detection, cell cycle analysis, and apoptosis) 

measured at three different time-points (4, 24, and 48 hours). 

In response to the results of cytotoxic efficacy experiments (clonogenic assay, 

DEF, and CI analysis) presented in section 4.3.2.1.2, pazopanib in 

combination with gemcitabine, either without XBR (two-drug combination) or 

with XBR (three-treatment combination) was excluded from the mechanistic 

studies because it shows, unexpectedely,  negligible cytotoxic effect in PANC-

1 and MIA PaCa-2 pancreatic cancer cell lines compared to the another 

examined targeted therapy, sunitinib. 



CHAPTER 4: COMBINATION THERAPY 

 154 
 

4.3.2.1 Assessment of cytotoxic effects of gemcitabine in combination 

with TKI on PANC-1 and MIA PaCa-2 cells by clonogenic assay, 

combination index analysis, and DEF. 

We undertook combination index analysis using clonogenic survival assay 

data as described in section 2.7. In order to interrogate the data in an 

alternative way we also examined our clonogenic survival data from 

combination treatment with respect to the calculation of dose enhancement 

factors (DEF) as described in section 2.9.  

Cell survival data which resulted from the two-drug combination treatment of 

gemcitabine and TKI were compared to those which resulted from the 

treatment with gemcitabine alone. The aim of these experiments was to 

evaluate the ability of TKI agents to sensitise pancreatic cancer cells to 

gemcitabine or vice versa.   

4.3.2.1.1 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following treatment with gemcitabine in combination with 

sunitinib 

Figure 4.9 (A & B) demonstrates the cytotoxic effect of treatment with 

increasing doses of gemcitabine and sunitinib either as single treatment or in 

combination on the survival of PANC-1 (A) and MIA PaCa-2 (B) cells. For 

combination therapy, gemcitabine was administered 48 hours before 

(schedule 1), after (schedule 2), or simultaneously with (schedule 3) sunitinib. 



CHAPTER 4: COMBINATION THERAPY 

 155 
 

The administered doses of gemcitabine and sunitinib were used in the 

combination therapy are presented in Table 3.5 and described in section 2.4.4. 

Generally, all combination doses of gemcitabine and sunitinib induced 

significant dose-dependent cytotoxicity in both cell lines regardless of the 

treatment schedule compared to untreated cells. The concurrent 

administration of gemcitabine and sunitinib (schedule 3) was the most effective 

combination schedule in both cell lines. 

In PANC-1 cells (Figure 4.9 A), treatment with gemcitabine after sunitinib 

(schedule 2) was the least effective schedule compared to other schedules; 

hence all combined doses resulted in a significantly lower cytotoxicity effect 

following treatment with schedule 2 compared to concurrent treatment 

(schedule 3). Furthermore, there was no significant reduction in survival 

following schedule 2 combination of gemcitabine and sunitinib compared to 

gemcitabine alone (p > 0.05). In contrast, the simultaneous administration of 

gemcitabine and sunitinib (schedule 3) inhibited the survival of PANC-1 cells 

significantly with all tested doses compared to gemcitabine alone (p < 0.01). 

However, the effect of administration of gemcitabine before sunitinib (schedule 

1) was similar to the effect of the concurrent therapy of both drugs (schedule 

3) (p > 0.05) except at the highest examined doses of both drugs; hence the 

reduction in the survival of cells was approximately 77% and 91% following 

treatment with schedule 1 and 3, respectively (p < 0.05). 

Similarly, treatment of MIA PaCa-2 cells (Figure 4.9 B) with schedule 2 resulted 

in the lowest toxicity compared to schedules 1 and 3. The reduction in cell 
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survival following the exposure to the three increasing doses of schedule 2 

combination therapy was approximately 16%, 42%, and 51%, respectively. 

The concurrent treatment with gemcitabine and sunitinib (schedule 3) revealed 

significantly higher cytotoxicity than schedule 1 with the middle (p < 0.01) and 

the highest (p < 0.05) doses. 
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Figure 4.9 Effect of gemcitabine and sunitinib as single or combination 
chemotherapy on survival of PANC-1 and MIA PaCa-2 cell lines. 

PANC-1 (A) or MIA PaCa-2 (B) cells were treated with monotherapy of gemcitabine or 

sunitinib, or in combination with gemcitabine before (Sch. 1), after (Sch. 2), or 

simultaneously with (Sch. 3), sunitinib for 48 hours and then survival fraction was measured 

by clonogenic assay. Data shown are expressed as a percentage of survival fraction 

normalised to the untreated control group. Statistical analysis was carried out using a two-

way ANOVA followed by Tukey’s test to compare all treatment doses in monotherapy or 

alternative combination schedules. Each value represents the mean ± SD of three 

independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to 

the survival fraction between different treatment groups. 
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Synergy analysis of the scheduled combinations was examined according to 

the method of Chou and Talalay (Chou and Talalay, 1984), which is based on 

the median-effect principle, as described in detail in section 2.7. Median-effect 

curves and combination-index analysis of the three combination schedules of 

gemcitabine and sunitinib treatment in PANC-1 and MIA PaCa-2 cells are 

shown in Figure 4.10. In both cell lines, schedule 2 (gemcitabine 48 hrs after 

sunitinib) was the least effective treatment and induced antagonistic responses 

with all examined doses. In contrast, the lowest combination doses of 

gemcitabine and sunitinib induced additive responses, and the higher two 

doses induced synergistic responses following schedule 1 and schedule 3 

treatments in both cell lines. However, dose-dependent synergism was 

observed in PANC-1 but not in MIA PaCa-2 cells. 
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Figure 4.10 Combination index (CI) analysis of the combined effect of 
gemcitabine and sunitinib on clonogenic survival of PANC-1 and MIA 
PaCa-2 cells. 

Median-effect curves for PANC-1 (A) and MIA PaCa-2 were plotted for single cytotoxic 

agents and combination schedules. Combination index (CI) with the corresponding fraction 

inhibited following the combination schedules were plotted for PANC-1 (C) and MIA PaCa-

2 (D). CI > 1.1, CI between 0.9 and 1.1, and CI < 0.9 indicate antagonism, additivity, and 

synergism, respectively. Each value represents the median CI of three separate 

experiments. 
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Optimised ratio of each drug combination 

Figure 4.11 (A & C) demonstrates that the survival fraction of PANC-1 cells was 

decreased significantly following the treatment with 4.2 and 9.8 μM of sunitinib in 

combination with gemcitabine compared to treatment with gemcitabine alone (p < 

0.05). Figure 4.11 (E) shows the R2 for the response curve fit, IC50, and the dose 

enhancement factor (described in section 2.9) at the 50% cytotoxicity level 

(DEF50) following treatment PANC-1 cells with sunitinib in combination with 

gemcitabine compared to gemcitabine alone. It can be seen that sunitinib 

sensitized the cells to gemcitabine treatment and the DEF50 achieved was 1.45, 

1,67, and 1.85 following the administration of 1.8, 4.2, and 9.8 μM of sunitinib, 

respectively. 

Figure 4.11 (B & D) demonstrates that the survival fraction of MIA PaCa-2 cells 

was decreased significantly following the treatment with all tested doses of 

sunitinib in combination with gemcitabine compared to treatment with gemcitabine 

alone (p < 0.05). Sunitinib sensitised MIA PaCa-2 cells to gemcitabine.  MIA 

PaCa-2 was more sensitive to sunitinib than PANC-1; the DEF50 achieved was 

1.94, 3.7, and 3.02 following the administration of 1.3, 2.8, and 6 μM of sunitinib, 

respectively (Figure 4.11 - F). 

The other way of sensitisation was also investigated to assess whether 

gemcitabine can sensitise pancreatic cancer cell to sunitinib. We found that 

gemcitabine sensitised both PANC-1 and MIA PaCa-2 cells to sunitinib; and the 

calculated DEF50 was reported in Figure 4.12. The sensitivity of pancreatic cancer 

cells to sunitinib treatment was enhanced and the calculated DEF50 were 2.54 and 
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2.87 when sunitinib combined with 2 μM and 3.5 μM gemcitabine in PANC-1 and 

MIA PaCa-2 cells, compared to sunitinib alone, respectively.  
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Figure 4.11 Sunitinib sensitises pancreatic cancer cells to gemcitabine. 

PANC-1 (A) or MIA PaCa-2 (B) cells were treated with increasing doses of 

gemcitabine (Gem) alone or in simultaneous combination (schedule 3) with sunitinib 

(S) for 48 hours and then survival fraction was measured by clonogenic assay. Data 

shown are expressed as a percentage of survival fraction normalised to the 

gemcitabine alone group. Statistical analysis was carried out using a two-way 

ANOVA followed by Bonferroni’s test to compare gemcitabine doses alone with 

those in combination with sunitinib in PANC-1 (C) and MIA PaCa-2 (D). R2, IC50, 

and dose-enhancement factor (DEF50) are calculated for PANC-1 (E) and MIA 

PaCa-2 (F). DEF50 > 1 indicates the sensitization effect of sunitinib for cells to 

gemcitabine treatment. 
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P-values summary from Bonferroni’s test 

 Gem 
(μM) 

Gem+S1.8 Gem+S4.2 Gem+S9.8 

0.6 > .05 > .05 .42 

1.1 .014 .019 <.0001 

2.0 .23 .002 .031 

P-values summary from Bonferroni’s test 

 Gem 
(μM) 

Gem+S1.3 Gem+S2.8 Gem+S6.0 

0.3 > .05 .0084 .0095 

1.1 .003 < .0001 <.0001 

3.5 .014 .001 <.0001 

C D

Sunitinib 
Dose 

0 μM 1.8 μM 4.2 μM 9.8 μM 

R2 0.94 0.91 0.94 0.89 

IC50 2.17 1.50 1.30 1.18 

DEF50 1.00 1.45 1.67 1.85 

 

Sunitinib 
Dose 

0 μM 1.3 μM 2.8 μM 6.0 μM 

R2 0.97 0.96 0.95 0.96 

IC50 3.50 1.80 0.94 1.16 

DEF50 1.00 1.94 3.70 3.02 

 

E F
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Figure 4.12 Gemcitabine sensitises pancreatic cancer cells to sunitinib. 

PANC-1 (A) or MIA PaCa-2 (B) cells were treated with increasing doses of sunitinib 

(Sun) alone or in simultaneous combination (schedule 3) with gemcitabine (Gem) 

for 48 hours and then survival fraction was measured by clonogenic assay. Data 

shown are expressed as a percentage of survival fraction normalised to the sunitinib 

alone group. Statistical analysis was carried out using a two-way ANOVA followed 

by Bonferroni’s test to compare sunitinib doses alone with those in combination with 

gemcitabine in PANC-1 (C) and MIA PaCa-2 (D). R2, IC50, and dose-enhancement 

factor (DEF50) are calculated for PANC-1 (E) and MIA PaCa-2 (F). DEF50 > 1 

indicates the sensitization effect of gemcitabine for cells to sunitinib treatment. 
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P-values summary from Bonferroni’s test  

 Sun 
(μM) 

Sun+G0.6 Sun+G1.1 Sun+G2.0 

1.8 > .99 0.01 0.056 

4.2 > .99 .047 .0002 

9.8 > .99 .019 .0808 

P-values summary from Bonferroni’s test  

 Sun 
(μM) 

Sun+G0.3 Sun+G1.1 Sun+G3.5 

1.3 > .999 .0007 <.0001 

2.8 .0002 < .0001 <.0001 

6.0 .0015 .0027 <.0001 

C D

Gemcitabine 
Dose 

0 μM 0.6 μM 1.1 μM 2.0 μM 

R2 0.95 0.93 0.93 0.86 

IC50 9.70 8.27 4.25 3.81 

DEF50 1.00 1.17 2.29 2.54 

 

Gemcitabine 
Dose 

0 μM 
0.3 
μM 

1.1 
μM 

3.5 
μM 

R2 0.95 0.97 0.93 0.95 

IC50 6.67 3.80 2.69 2.33 

DEF50 1.00 1.76 2.48 2.87 

 

E F
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4.3.2.1.2 Clonogenic survival assay of PANC-1 and MIA PaCa-2 cells 

following treatment with gemcitabine in combination with 

pazopanib 

Figure 4.13 demonstrates the effect of treatment with increasing doses of 

gemcitabine administered in combination with increasing doses of pazopanib 

on the survival of PANC-1 and MIA PaCa-2 cells. Gemcitabine was 

administered 48 hours before (schedule 1), after (schedule 2), or 

simultaneously with (schedule 3) pazopanib. The administered doses of 

gemcitabine and pazopanib which were used in the combination treatment are 

shown in the figure. Generally, apart from the smallest combination dose in 

schedule 2 treatment, all three schedules of gemcitabine and pazopanib 

induced significant dose-dependent cytotoxicity with all three examined doses 

in PANC-1 and MIA PaCa-2 cells, compared to the untreated cells. However, 

there was no significant increase in the cytotoxicity following the combination 

treatment of gemcitabine and pazopanib compared to treatment with 

gemcitabine alone in both cell lines regardless of the treatment scheduling (p 

< 0.05). Therefore, this combination treatment was excluded from the 

mechanistic studies of both two-drug and three-treatment combination 

strategies. 

In PANC-1 cells [Figure 4.13 A], with an exception of the treatment at the 

highest applied dose of gemcitabine and pazopanib, which induced a 

significantly higher cytotoxicity following the concurrent combination therapy 
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(schedule 3) than schedule 2 treatment (p < 0.05), there was no significant 

difference in the efficacy between the three schedules.  

Conversely, the treatment of MIA PaCa-2 cells [Figure 4.13 B] with 

simultaneous administration of 3.5 μM of gemcitabine and 5.1 μM of pazopanib  

(schedule 3) reduced clonogenic survival to approximately 28% ± 4.8% 

compared to inhibition to 41% ± 4.5% with schedule 1 (p < 0.01) or to 43% ± 

3.2% with schedule 2 (p < 0.001). A higher efficacy was also observed at the 

middle dose in the concurrent combination compared to schedule 2. The 

smallest dose failed to show any significant difference in the cytotoxicity 

between the three combination schedules. 
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Figure 4.13 Effect of gemcitabine and pazopanib as single or 
combination chemotherapy on survival of PANC-1 and MIA PaCa-2 cell 
lines. 

PANC-1 (A) or MIA PaCa-2 (B) cells were treated with monotherapy of gemcitabine or 

pazopanib, or in combination gemcitabine before (Sch. 1), after (Sch. 2), or simultaneously 

with (Sch. 3), pazopanib for 48 hours and then survival fraction was measured by clonogenic 

assay. Data shown are expressed as a percentage of survival fraction normalised to the 

untreated control group. Statistical analysis was carried out using a two-way ANOVA 

followed by Tukey’s test to compare all treatment doses in monotherapy or alternative 

combination schedules. Each value represents the mean ± SD of three independent 

experiments. *P<0.05, **P<0.01 and ***P<0.001 compared to the survival fraction between 

different treatment groups. 
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Combination-index analysis of gemcitabine and pazopanib treatments in 

PANC-1 and MIA PaCa-2 cells are shown in Figure 4.13 (C & D). In both cell 

lines, schedule 2 (gemcitabine after pazopanib) was the least effective 

treatment and induced antagonistic responses with all examined doses. In 

PANC-1 cells, all three schedules induced antagonistic responses (CI > 1). In 

schedules 1 and 2, the antagonism effect was dose-dependent, i.e. the higher 

doses of drugs the higher antagonism observed. In MIA PaCa-2 cells, 

schedule 1 induced dose-dependent antagonism response whereas the 

simultaneous treatment (schedule 3) induced antagonism, additivity, and 

synergism with the lowest, the middle, and the highest doses, respectively. 
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Figure 4.14 Combination index (CI) analysis of the combined effect of 
gemcitabine and pazopanib on clonogenic survival of PANC-1 and 
MIA PaCa-2 cells. 

Median-effect curves for PANC-1 (A) and MIA PaCa-2 were plotted for single cytotoxic 

agents and combination schedules. Combination index (CI) with the corresponding fraction 

inhibited following the combination schedules were plotted for PANC-1 (C) and MIA PaCa-

2 (D). CI > 1.1, CI between 0.9 and 1.1, and CI < 0.9 indicate antagonism, additivity, and 

synergism, respectively. Each value represents the CI median of three separate 

experiments. 
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Figure 4.14 (A - D) reveals that the treatment with pazopanib has no additional 

cytotoxic effect when combined with gemcitabine in terms of cell survival 

compared to the treatment with gemcitabine alone in both cell lines (p > 0.05). The 

IC50 and DEF50 of the combination treatment with gemcitabine and pazopanib 

suggested that pazopanib decreased the sensitivity of PANC-1 and MIA PaCa-2 

cells to gemcitabine. 
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Figure 4.15 Pazopanib decreases the sensitivity of pancreatic cancer 
cells to gemcitabine. 

PANC-1 (A) or MIA PaCa-2 (B) cells were treated with increasing doses of 

gemcitabine (Gem) alone or in simultaneous combination with pazopanib (P) for 48 

hours and then survival fraction was measured by clonogenic assay. Data shown 

are expressed as a percentage of survival fraction normalised to the gemcitabine 

alone group. Statistical analysis was carried out using a two-way ANOVA followed 

by Bonferroni’s test to compare gemcitabine doses alone with those in combination 

with pazopanib in PANC-1 (C) and MIA PaCa-2 (D). R2, IC50, and dose-

enhancement factor (DEF50) are calculated for PANC-1 (E) and MIA PaCa-2 (F). 

DEF50 > 1 indicates the sensitization effect of pazopanib for cells to gemcitabine 

treatment. 
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P-values summary from Bonferroni’s test  

 Gem 
(μM) 

Gem+P0.2 Gem+P1.9 Gem+P16.6 

0.6 > .05 > .05 > .05 

1.1 > .05 > .05 > .05 

2.0 > .05 > .05 .0083 

P-values summary from Bonferroni’s test  

 Gem 
(μM) 

Gem+P0.4 Gem+P1.5 Gem+P5.1 

0.3 > .05 > .05 > .05 

1.1 > .05 > .05 > .05 

3.5 > .05 > .05 > .05 

C D

Pazopanib 
Dose 

0 μM 0.2 μM 1.9 μM 16.6 μM 

R2 0.94 0.93 0.95 0.59 

IC50 2.17 2.12 2.04 3.69 

DEF50 1.00 1.03 1.07 0.59 

 

Pazopanib 
Dose 

0 μM 0.4 μM 1.5 μM 5.1 μM 

R2 0.97 0.95 0.78 0.82 

IC50 3.50 3.90 3.95 4.69 

DEF50 1.00 0.90 0.89 0.75 

 

E F
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4.3.2.2 The effect of two-drug combination treatments on the induction 

and repair of DNA damage measured by γ-H2AX in pancreatic 

cancer cells 

In these experiments, the expression of γ-H2AX, as a marker of DNA damage 

and repair, was assessed at 4, 24, and 48 hours after treatment with 

gemcitabine and sunitinib, in three different combination schedules, in PANC-

1 and MIA PaCa-2 cell lines as described in section 2.12. 

4.3.2.2.1 The effect of gemcitabine and sunitinib as two-drug 

combination treatments on the induction and repair of DNA 

damage measured by γ-H2AX in PANC-1 cells 

Figure 4.16 (A) shows the average fold increase in γ-H2AX expression at 4, 

24, and 48 hours post-treatment of PANC-1 cells with increasing doses of 

gemcitabine administered before (A1), after (A2), or simultaneously with (A3) 

increasing doses of sunitinib compared to γ-H2AX levels after gemcitabine 

alone (presented in Figure 4.3A). 

Although the combination treatment with sunitinib and gemcitabine 

significantly increased the γ-H2AX expression compared to untreated control 

cells (p < 0.0001), there was no significant additional effect on γ-H2AX levels 

for this combination compared to treatment with gemcitabine alone at all time-

points and all combination schedules. The γ-H2AX levels decreased 
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significantly after 24 and 48 hours of treatment with all combination schedules 

compared to its levels at 4 hours (p < 0.01; Figure 4.16 B). 
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Figure 4.16 The effect of gemcitabine and sunitinib as two-drug 
combination treatments on the induction and repair of DNA damage 
measured by γ-H2AX in PANC-1 cells. 

The expression of γ-H2AX of PANC-1 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine administered before (A1), after (A2), or simultaneously with (A3) 
sunitinib. Results presented are the mean ± SD fold of γ-H2AX expression compared to 
untreated control cells of 3 independent experiments. Statistical analysis was carried out 
using two-way ANOVA with Dunnett’s test to compare average fold of γ-H2AX resulted from 
all treatment doses over time-points to gemcitabine alone (A1, A2, and A3), and with 
Tukey’s test to compare γ-H2AX between different time-points after each dose of the 
treatment (B1, B2, and B3). Effect of gemcitabine alone on γ-H2AX is illustrated in Figure 
4.3. **P<0.01, ***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = sunitinib; T1 = 0.6 
μM gem + 1.8 μM Sun; T2 = 1.1 μM gem + 4.2 μM sun; T3 = 2 μM gem + 9.8 μM sun; ns = 
Not significant.  
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4.3.2.2.2 The effect of gemcitabine and sunitinib as two-drug 

combination treatments on the induction and repair of DNA 

damage measured by γ-H2AX in MIA PaCa-2 cells 

Figure 4.17 (A) shows the average of fold increase in γ-H2AX at 4, 24, and 48 

hours post-treatment of MIA PaCa-2 cells with increasing doses of 

gemcitabine administered before (A1), after (A2), or simultaneously with (A3) 

increasing doses of sunitinib compared to γ-H2AX levels after gemcitabine 

alone (presented in Figure 4.4A). 

Although the combination treatment with sunitinib and gemcitabine 

significantly increased the γ-H2AX expression compared to untreated control 

cells (p < 0.0001), there was no significant additional effect on γ-H2AX levels 

for this combination compared to treatment with gemcitabine alone at all time-

points and all combination schedules. The γ-H2AX levels decreased 

significantly after 24 and 48 hours of treatment compared to its levels at 4 

hours (p < 0.01; Figure 4.17 B). 
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Figure 4.17 The effect of two-drug combination treatments on the 
induction and repair of DNA damage measured by γ-H2AX in MIA PaCa-
2 cells. 

The expression of γ-H2AX of MIA PaCa-2 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine administered before (A1), after (A2), or simultaneously with (A3) 
sunitinib. Results presented are the mean ± SD fold of γ-H2AX expression compared to 
untreated control cells of 3 independent experiments. Statistical analysis was carried out 
using two-way ANOVA with Dunnett’s test to compare average fold of γ-H2AX resulted from 
all treatment doses over time-points to gemcitabine alone (A1, A2, and A3), and with 
Tukey’s test to compare γ-H2AX between different time-points after each dose of the 
treatment (B1, B2, and B3). Effect of gemcitabine alone on γ-H2AX is illustrated in Figure 
4.4 **P<0.01, ***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = sunitinib; T1 = 0.3 
μM gem + 1.3 μM Sun; T2 = 1.1 μM gem + 2.8 μM sun; T3 = 3.5 μM gem + 6 μM sun; ns = 
Not significant. 
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4.3.2.3 Analysis of the cell cycle progression of pancreatic cancer cells 

following two-drug combination treatment 

In these experiments, the cell cycle progression of PANC-1 and MIA PaCa-2 

cells was assessed at 4, 24, and 48 hours after treatment with gemcitabine 

and sunitinib, in three different combination schedules, as described in section 

2.10. 

4.3.2.3.1 Analysis of the cell cycle progression of PANC-1 cells following 

treatment with gemcitabine in combination with sunitinib 

Figure 4.18 shows the effect of increasing doses of gemcitabine and sunitinib 

as a double combination treatment on the cell cycle progression of PANC-1 

cells. The cells were treated with gemcitabine administered before (schedule 

1; A), after (schedule 2; C)  and simultaneously with (schedule 3; E) sunitinib 

and the cell cycle analysis was carried out at 4 (A1, C1 & E1), 24 (A2, C2 & 

E2), and 48 (A3, C3 & E3) hours post-treatment. 

Schedule 1 combination treatment of PANC-1 cells resulted in a significant 

accumulation of cells in the S phase accompanied by a decrease in the G2/M 

phase of the cell cycle (p < 0.001) compared to untreated control cells. With 

the highest dose of combination, in addition to the accumulation in the S phase, 

cells were also increased significantly in the G0/1 phase from 46.7 ± 1.7% to 

58.8 ± 6% (p < 0.01) at 4 hours post-treatment. At 24 hours following treatment, 

cell distribution increased significantly in G0/1 (p < 0.0001) compared to 
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untreated control cells. At 48 hours, the two highest doses of gemcitabine and 

sunitinib resulted in a significant increase of cells in the subG0 phase to reach 

32 ± 1.6% accompanied with a decrease in the G0/1, S, and G2/M phases 

compared to untreated control cells (p < 0.0001). 

Following the treatment PANC-1 cells with the schedule 2 combination 

strategy, there was a significant accumulation of cells in the G0/1 phase 

accompanied with a decrease in the G2/M phase of the cell cycle only with the 

highest dose of combination (p < 0.05) compared to untreated control cells at 

all time-points of measurement. However, cell distribution in the S phase was 

decreased with further accumulation in G0/1 phase in the highest dose 

treatment group compared to the untreated cell group (p < 0.0001). 

Treatment PANC-1 cells with gemcitabine simultaneously administered with 

sunitinib (schedule 3) resulted in a significant accumulation of cells in the G0/1 

phase accompanied with a decrease in the G2/M phase of the cell cycle only 

with the two highest doses of combination (p < 0.001) at all time-points of 

measurement. At 48 hours, however, cell distribution in the S phase was 

decreased accompanied with cell arrest in the G2/M and subG0 phases in the 

highest dose treatment group compared to an untreated cell group (p < 0.001). 

  



CHAPTER 4: COMBINATION THERAPY 

 178 
 

 
Continued overleaf … 

 

  

 

 C o n c e n tra t io n  ( M )

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

s u b G 0

G 0 /G 1

S

G 2 /M

 C o n c e n tra t io n  ( M )

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

 C o n c e n tra t io n  ( M )

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

A

1

2

3

B

 

Control vs. 
Dose (μM)  

T1 T2 T3 

subG0 ns ns ns 

G0/G1 ns ns ** 

S ns **** *** 

G2/M * **** **** 

Control vs. 
Dose (μM)  

T1 T2 T3 

subG0 ns ns **** 

G0/G1 **** **** **** 

S **** ** ns 

G2/M **** **** **** 

Control vs. 
Dose (μM)  

T1 T2 T3 

subG0 * **** **** 

G0/G1 * ns **** 

S ns * *** 

G2/M ** ** *** 



CHAPTER 4: COMBINATION THERAPY 

 179 
 

 
Continued overleaf … 

 

  

 

 C o n c e n tra t io n  ( M )

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

 C o n c e n tra t io n  ( M )

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

 C o n c e n tra t io n  ( M )

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

C

1

2

3

D

 
Control vs. 
Dose (μM)  

T1 T2 T3 

subG0 ns ns ns 

G0/G1 ns ns * 

S ns ns ns 

G2/M ns * * 

Control vs. 
Dose (μM)  

T1 T2 T3 

subG0 ns ns ns 

G0/G1 **** **** **** 

S ns ns * 

G2/M *** **** **** 

Control vs. 
Dose (μM)  

T1 T2 T3 

subG0 ns ns ns 

G0/G1 ns *** **** 

S ns ns **** 

G2/M ns ns ** 



CHAPTER 4: COMBINATION THERAPY 

 180 
 

 

Figure 4.18 Effect of gemcitabine and sunitinib as a double 
combination treatment on the cell cycle progression of PANC-1 
cells. 

The effects of gemcitabine administered before (A), after (C)  and simultaneously 
with (E) sunitinib on cell cycle progression, were assessed in PANC-1 cells at 4 (A1, 
C1 & E1), 24 (A2, C2 & E2), and 48 (A3, C3 & E3) hours post-treatment. The data 
were analysed using FACSDiva software v6.1.3. Data are means ± SD of cells 
percentage in each cell cycle phase, which generated from three independent 
experiments. Two-way ANOVA was used to compare the means of the cell cycle 
phases after cells were treated with gemcitabine plus sunitinib to cells untreated 
control cells. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Gem = gemcitabine; 
Sun = sunitinib; T1 = 0.3 μM gem + 1.3 μM Sun; T2 = 1.1 μM gem + 2.8 μM sun; 
T3 = 3.5 μM gem + 6 μM sun; ns = Not significant. 
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4.3.2.3.2 Analysis of the cell cycle progression of MIA PaCa-2 cells 

following treatment with gemcitabine in combination with 

sunitinib 

Figure 4.19 demonstrates the effect of increasing doses of gemcitabine and 

sunitinib as a double combination treatment on the cell cycle progression of 

MIA PaCa-2 cells. The cells were treated with gemcitabine administered 

before (schedule 1; A), after (schedule 2; C)  and simultaneously with 

(schedule 3; E) sunitinib and the cell cycle analysis was carried out at 4 (A1, 

C1 & E1), 24 (A2, C2 & E2), and 48 (A3, C3 & E3) hours post-treatment. 

Schedule 1 combination treatment of MIA PaCa-2 cells resulted in a significant 

accumulation of cells in the S phase accompanied by a decrease in the G2/M 

phase of the cell cycle (p < 0.001). With the highest dose of combination, in 

addition to the accumulation in the S phase, cells were also increased slightly 

but significantly in the G0/1 phase from 54 ± 5.6% to 68.6 ± 4.5% (p < 0.01) at 

4 hours post-treatment. At 24 hours following treatment, cell distribution 

increased significantly in G0/1 (p < 0.0001) compared to untreated control 

cells. At 48 hours, the two highest doses of gemcitabine and sunitinib resulted 

in a significant increase of cells in the subG0 phase to reach 30.5 ± 1.3% 

accompanied with a decrease in the G0/1, S, and G2/M phases compared to 

untreated control cells (p < 0.0001). 

Following the treatment MIA PaCa-2 cells with the schedule 2 combination 

strategy, there was a significant accumulation of cells in the G0/1 phase 
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accompanied with a decrease in the G2/M phase of the cell cycle only with the 

highest dose of combination (p < 0.05) at all time-points of measurement. 

However, cell distribution in the S phase was decreased with further 

accumulation in G0/1 phase in the highest dose treatment group at 4 and 24 

hours post-treatment compared to the untreated cell group (p < 0.01) and 

increased at 48 hours (p < 0.0001). 

Treatment MIA PaCa-2 cells with gemcitabine simultaneously administered 

with sunitinib (schedule 3) resulted in a significant accumulation of cells in the 

G0/1 and S phases accompanied with a decrease in the G2/M phase of the 

cell cycle only with the two highest doses of combination (p < 0.01) at 4 hours 

post-treatment. At 24 hours, the cell distribution increased significantly in 

subG0 to 9.8 ± 0.6% (p < 0.0001) with the highest dose of the combination. At 

48 hours following the treatment with two lowest doses of gemcitabine and 

sunitinib, cell distribution in all cell cycle phases was similar to untreated 

control cells (p > 0.05). However, the highest dose induced increase in the 

subG0 phase accompanied by a decrease in the S compared to the untreated 

cell group (p < 0.05). 
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Figure 4.19 Effect of cytotoxic agents as double combination 
treatment on cell cycle progression of MIA PaCa-2 cells. 

The effects of gemcitabine administered before (A), after (C), and simultaneously with (E) 
sunitinib on cell cycle progression were assessed in MIA PaCa-2 cells at 4 (A1, C1 & E1), 
24 (A2, C2 & E2), and 48 (A3, C3 & E3) hours post-treatment. The data were analysed 
using FACSDiva software v6.1.3. Data are means ± SD of cells percentage in each cell 
cycle phase, which generated from three independent experiments. Two-way ANOVA was 
used to compare the means of the cell cycle phases after cells treatment with gemcitabine 
plus sunitinib to cells untreated control cells. *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. Gem = gemcitabine; Sun = sunitinib; T1 = 0.3 μM gem + 1.3 μM Sun; T2 = 
1.1 μM gem + 2.8 μM sun; T3 = 3.5 μM gem + 6 μM sun; ns = Not significant. 
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4.3.2.4 The effect of two-drug combination treatments on the induction 

of apoptosis measured by Annexin V assay in pancreatic cancer 

cells 

In these experiments, the expression of Annexin V, as an indicator of 

apoptosis, was assessed at 4, 24, and 48 hours after treatment with 

gemcitabine and sunitinib, in three different combination schedules, in PANC-

1 and MIA PaCa-2 cell lines as described in section 2.11. 

4.3.2.4.1 The effect of gemcitabine in combination with sunitinib on the 

induction of apoptosis measured by Annexin V assay in PANC-

1 cells 

Figure 4.20 (A)  shows the apoptosis rate at 4, 24, and 48 hours post-treatment 

of PANC-1 cells with increasing doses of gemcitabine administered before 

(A1), after (A2), or simultaneously with (A3) increasing doses of sunitinib 

compared to apoptosis induced after treatment with gemcitabine alone 

(presented in Figure 4.7 A-1). There was a dose- and time- dependent 

increase in apoptosis in PANC-1 cells. The most effective combination 

schedule of gemcitabine and sunitinib compared to gemcitabine alone in the 

induction of apoptosis was the simultaneous administration of gemcitabine and 

sunitinib (i.e. schedule 3). Figure 4.20 (B) shows the p-values of comparison 

between the means of apoptosis levels rate within each combination treatment 

doses over different time-points of measurement. 
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Incubation of cells with the highest tested dose of gemcitabine (2 μM) for 48 

hours prior the treatment with the corresponding dose of sunitinib (9.8 μM) (i.e. 

schedule 1) induced a significant time-dependent increase in apoptosis of 

PANC-1 cells (p < 0.01) (Figure 4.20 A1 & B1). The lowest combination dose 

of this schedule (0.6 μM gemcitabine before 1.8 μM sunitinib) elevated 

apoptosis significantly at 48 hours post-treatment to 24 ± 3.7% compared to 

untreated control cells (4.1 ± 1.8%; p < 0.0001) but without any meaningful 

increase compared to gemcitabine alone (18.2 ± 2.8; p > 0.05). 

Figure 4.20 (A2) reveals that the administration of sunitinib before gemcitabine 

(schedule 2) was the least effective combination strategy in terms of the 

induction of apoptosis in PANC-1 cells. The lowest two doses of the 

combination in this schedule had no additional effect on the induction of 

apoptosis compared to the corresponding doses of gemcitabine alone at 4 and 

24 hours time-points. However, the highest dose of combination treatment with 

9.8 μM of sunitinib followed by 2 μM of gemcitabine induced apoptosis 

significantly at 4 hours (p < 0.05) and 24 hours (p < 0.001) time-points 

compared to treatment with 2 μM of gemcitabine alone. 

Finally, the simultaneous administration of gemcitabine and sunitinib (i.e. 

schedule 3) was the most effective combination scheduling in terms of 

apoptosis induction in PANC-1 cells. The treatment of cells with concurrent 

administration of 2 μM of gemcitabine and 9.8 μM of sunitinib caused a 

significant time-dependent increase in apoptosis rate compared to 

gemcitabine alone (p < 0.001) (Figure 4.20 A-3 & B-3).  



CHAPTER 4: COMBINATION THERAPY 

 188 
 

 

Figure 4.20 The effect of two-drug combination treatments on 
apoptosis induction of PANC-1 cells. 

The induction of apoptosis in PANC-1 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine administered before (A1), after (A2), or simultaneously with (A3) 
sunitinib. Results presented are the mean ± SD percentage of apoptotic cells of 3 
independent experiments. Statistical analysis was carried out using two-way ANOVA with 
Dunnett’s test to compare apoptosis rate resulted from all treatment doses over time-points 
to gemcitabine alone (A1, A2, and A3), and with Tukey’s test to compare apoptosis between 
different time-points after each dose of the treatment. The effect of gemcitabine alone on 
the induction of apoptosis is illustrated in Figure 4.7.*P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. Gem = gemcitabine; Sun = sunitinib; T1 = 0.6 μM gem + 1.8 μM Sun; T2 = 
1.1 μM gem + 4.2 μM sun; T3 = 2 μM gem + 9.8 μM sun; ns = Not significant. 
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4.3.2.4.2 The effect of gemcitabine in combination with sunitinib on the 

induction of apoptosis measured by Annexin V assay in MIA 

PaCa-2 cells 

Figure 4.21 (A)  shows the apoptosis rate at 4, 24, and 48 hours post-treatment 

of MIA PACA-2 cells with increasing doses of gemcitabine administered before 

(A1), after (A2), or simultaneously with (A3) increasing doses of sunitinib 

compared to apoptosis induced after treatment with gemcitabine alone 

(presented in Figure 4.8 A-1). There was a dose- and time- dependent 

increase in apoptosis in MIA PACA-2 cells. The most effective combination 

schedule in the induction of apoptosis was the simultaneous administration of 

gemcitabine and sunitinib (i.e. schedule 3). Figure 4.21 (B) shows the p-values 

of comparison between the means of apoptosis rate within each combination 

treatment doses over different time-points of measurement. 

Incubation of cells with the two highest tested doses of gemcitabine (1.1 and 

3.5 μM) for 48 hours prior the treatment with the corresponding doses of 

sunitinib (2.8 and 6 μM) (i.e. schedule 1) induced a significant time-dependent 

increase in apoptosis of MIA PACA-2 cells compared to gemcitabine alone (p 

< 0.001) (Figure 4.21 A1 & B1). The lowest combination dose of this schedule 

(0.3 μM gemcitabine before 1.3 μM sunitinib) elevated apoptosis significantly 

at 48 hours post-treatment to 27.1 ± 4.2% compared to untreated control cells 

(4.8 ± 2%; p < 0.0001) and also compared to gemcitabine alone (17 ± 2.8; p < 

0.05). However, this dose induced no significant increase in apoptosis rate at 
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the earlier time-point (4 and 24 hours) compared to apoptosis induced after 

the lowest dose of gemcitabine alone.  

Figure 4.21 (A2) reveals that the administration of sunitinib before gemcitabine 

(schedule 2) was the least effective combination strategy in terms of the 

induction of apoptosis in MIA PACA-2 cells. The lowest dose of the 

combination in this schedule had no additional effect on the induction of 

apoptosis compared to the corresponding doses of gemcitabine alone at all 

examined time-points. However, the highest dose of combination treatment 

with 6 μM of sunitinib followed by 3.5 μM of gemcitabine induced apoptosis 

significantly at 4 hours (p < 0.001), 24 hours (p < 0.01),  and 48 hours (p < 

0.01) time-points compared to treatment with 3.5 μM of gemcitabine alone. 

Finally, the simultaneous administration of gemcitabine and sunitinib (i.e. 

schedule 3) was the most effective combination scheduling in terms of 

apoptosis induction in MIA PACA-2 cells. The treatment of cells with 

concurrent administration of 3.5 μM of gemcitabine and 6 μM of sunitinib 

caused a significant time-dependent increase in apoptosis rate compared to 

gemcitabine alone (p < 0.0001) at all examined time-points (Figure 4.21 A-3 & 

B-3). 
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Figure 4.21 The effect of two-drug combination treatments on 
apoptosis induction of MIA PaCa-2 cells. 

The induction of apoptosis in MIA PaCa-2 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine administered before (A1), after (A2), or simultaneously with (A3) 
sunitinib. Results presented are the mean ± SD percentage of apoptotic cells of 3 
independent experiments. Statistical analysis was carried out using two-way ANOVA with 
Dunnett’s test to compare apoptosis rate resulted from all treatment doses over time-points 
to gemcitabine alone (A1, A2, and A3), and with Tukey’s test to compare apoptosis between 
different time-points after each dose of the treatment. The effect of gemcitabine alone on 
the induction of apoptosis is illustrated in Figure 4.8 *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. Gem = gemcitabine; Sun = sunitinib; T1 = 0.3 μM gem + 1.3 μM Sun; T2 = 
1.1 μM gem + 2.8 μM sun; T3 = 3.5 μM gem + 6 μM sun; ns = Not significant. 
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4.3.3 Cytotoxicity and mechanistic studies of gemcitabine, sunitinib, 

and XBR as three-treatment combination in pancreatic cancer 

cells in vitro 

The cytotoxicity effects of three-treatment combination of gemcitabine plus 

sunitinib and XBR on PANC-1 and MIA PaCa-2 cell lines were evaluated by 

clonogenic assays and combination index analysis. Gemcitabine plus sunitinib 

was administered 48 hours before (schedule 1), after (schedule 2), or 

simultaneously with (schedule 3) 1 Gy or 2 Gy of XBR. These cytotoxicity 

studies were followed by the mechanistic studies (H2AX detection, cell cycle 

analysis, and apoptosis) measured at three different time-points (4, 24, and 48 

hours). 

4.3.3.1 Assessment of cytotoxic effects of gemcitabine plus sunitinib in 

combination with XBR on PANC-1 and MIA PaCa-2 cells by 

clonogenic assay and combination index analysis 

Clonogenic survival assays and combination index analysis experiments were 

conducted to evaluate the efficacy of gemcitabine plus sunitinib (administered 

simultaneously) in combination with XBR on pancreatic cancer cell lines as 

described in sections 2.6 and 2.7, respectively. Cell survival data which 

resulted from the three-treatment combination of gemcitabine plus sunitinib 

and XBR were compared to those resulted from the treatment with two-drug 

concurrent administration of gemcitabine and sunitinib. These experiments 
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aimed to evaluate the ability of XBR to sensitise pancreatic cancer cells to 

gemcitabine/sunitinib treatment. 

Figure 4.22 (A & B) demonstrates the cytotoxic effect of treatment with 

concurrent administration of gemcitabine plus sunitinib alone, or in 

combination with XBR (1 Gy and 2 Gy) before (schedule 1), after (schedule 2), 

or simultaneously with (schedule 3), gemcitabine plus sunitinib for 48 hours on 

the survival of PANC-1 (A) and MIA PaCa-2 (B) cells. Exposure to XBR before 

treatment with gemcitabine plus sunitinib (schedule 2) was the most effective 

three-treatment combination schedule in both cell lines. 

In PANC-1 cells (Figure 4.22 A), exposure to 1 Gy failed to enhance the 

cytotoxicity effect of gemcitabine plus sunitinib with all combination schedules. 

However, irradiation PANC-1 cells with 2 Gy in combination with gemcitabine 

plus sunitinib increased the cytotoxicity and inhibited the survival significantly 

compared to treatment with gemcitabine plus sunitinib alone in schedules 2 

and 3 (p < 0.05). Schedule 1 was the least effective triple combination 

schedule compared to other schedules; hence all doses tested of gemcitabine 

plus sunitinib prior to irradiation cells with 1 and 2 Gy XBR failed to increase 

the cytotoxicity of PANC-1 cells compared to the two-drug combination alone 

(p > 0.05).  

Similarly, incubation of MIA PaCa-2 cells with gemcitabine plus sunitinib prior 

exposure to XBR (i.e. schedule 1) resulted in the lowest cytotoxicity compared 

to schedules 2 and 3 (Figure 4.22 B). This combination schedule failed to 
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reduce the cell survival compared to gemcitabine plus sunitinib alone except 

at the lowest combination dose (0.3 μM of gemcitabine plus 1.3 μM of sunitinib) 

when cells were irradiated with 2 Gy. However, incubation cells with 0.3 μM 

gemcitabine plus 1.3 μM sunitinib post-exposure to 2 Gy irradiation deceased 

MIA PaCa-2 survival significantly to 42.8 ± 7.8% compared to survival fraction 

following two-drug treatment alone (72.11 ± 5.6%; p < 0.0001).  
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Figure 4.22 Effect of gemcitabine plus sunitinib as two-drug concurrent 
combination alone or in combination with XBR on the survival of 
PANC-1 and MIA PaCa-2 cell lines. 

PANC-1 (A) or MIA PaCa-2 (B) cells were treated with a concurrent combination of 
gemcitabine plus sunitinib alone, or in combination with XBR (1 Gy and 2 Gy) before (Sch. 
1), after (Sch. 2), or simultaneously with (Sch. 3), gemcitabine plus sunitinib for 48 hours 
and then survival fraction was measured by clonogenic assay. Data shown are expressed 
as a percentage of survival fraction normalised to the untreated control group. Statistical 
analysis was carried out using a two-way ANOVA followed by Tukey’s test to compare all 
treatment doses in gemcitabine plus sunitinib combination and alternative combination 
schedules with XBR. Each value represents the mean ± SD of three independent 
experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to the survival 
fraction between different treatment groups. 
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Synergy analysis of the scheduled combinations was examined according to 

the method of Chou and Talalay (Chou and Talalay, 1984), which is based on 

the median-effect principle, as described in detail in section 2.7. Figure 4.23 

shows the combination-index (CI) analysis of the three combination schedules 

of gemcitabine plus sunitinib and 1 Gy or 2 Gy XBR in PANC-1 (A) and MIA 

PaCa-2 (B) cells. 

In both cell lines, schedule 1 (gemcitabine + sunitinib before XBR) was the 

least effective schedule and induced antagonistic responses with all examined 

doses of treatment and XBR. In contrast, exposure to 1 Gy or 2 Gy before the 

treatment with gemcitabine plus sunitinib (i.e. schedule 2) induced dose-

dependent synergistic responses in both cell lines at all tested doses of 

combination. 

Simultaneous administration of gemcitabine plus sunitinib and XBR (i.e. 

schedule 3) induced synergism with the two highest doses tested of 

combinations in PANC-1 and MIA PaCa-2. In PANC-1, however, the lowest 

tested dose of gemcitabine plus sunitinib induced an additive and synergism 

responses when cells were irradiated simultaneously with 1 Gy in PANC-1 and 

antagonism response in MIA PaCa-2 when cells were irradiated 

simultaneously with 1 Gy and 2 Gy, respectively. In MIA PaCa-2, the 

interaction of the lowest dose of gemcitabine plus sunitinib with both 1GY or 

2GY radiation doses was antagonistic with respect to cell kill, i.e. the 

combination resulting in less cell kill than the sum of the cell kill of the drugs 

individually.    
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Figure 4.23 Combination index (CI) analysis of the combined effect of 
gemcitabine plus sunitinib as a single drug with XBR on clonogenic 
survival of PANC-1 and MIA PaCa-2 cells. 

Combination index (CI) with the corresponding fraction inhibited following the combination 
schedules of gemcitabine plus sunitinib as a single drug with 1 Gy and 2 Gy were plotted 
for PANC-1 (A) and MIA PaCa-2 (B). CI > 1.1, CI between 0.9 and 1.1, and CI < 0.9 indicate 
antagonism, additivity, and synergism, respectively. Each value represents the median CI 
of three separate experiments. 
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4.3.3.2 The effect of three-treatment combination on the induction and 

repair of DNA damage measured by γ-H2AX in pancreatic cancer 

cells 

In these experiments, the expression of γ-H2AX, as a marker of DNA damage 

and repair, was assessed at 4, 24, and 48 hours after treatment with 

gemcitabine plus sunitinib with XBR, in three different combination schedules, 

in PANC-1 and MIA PaCa-2 cell lines as described in section 2.12. 

4.3.3.2.1 The effect of gemcitabine plus sunitinib in combination with 

XBR on the induction and repair of DNA damage measured by 

γ-H2AX in PANC-1 cells 

Figure 4.24 (A) shows the average of fold increase in γ-H2AX at 4, 24, and 48 

hours post-treatment of PANC-1 cells with increasing doses of gemcitabine 

plus sunitinib administered before (A1), after (A2), or simultaneously with (A3) 

XBR (1 Gy and 2 Gy) compared to γ-H2AX levels after treatment with 

gemcitabine plus sunitinib (presented in Figure 4.16 A-3). Generally, γ-H2AX 

increased at 4 hours post-exposure to the triple therapy of gemcitabine plus 

sunitinib and XBR; then it decreased at 24- and 48-hour time-points. The 

exposure to XBR before incubation cells with gemcitabine/sunitinib, i.e. 

schedule 2, was the most effective combination strategy in terms of γ-H2AX 

expression as a marker for the double-strand DNA (dsDNA) damage. Figure 

4.24 (B) shows the p-values of comparison between the means of γ-H2AX fold 
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increased within each combination treatment doses over different time-points 

of measurement.   

Incubation of cells with gemcitabine and sunitinib for 48 hours prior exposure 

to radiation (i.e. schedule 1) was the least effective combination strategy in 

terms of the DNA damage and γ-H2AX expression in PANC-1 cells over all 

tested time-points. Irradiation with 1 Gy after gemcitabine/sunitinib induced no 

significant difference in the γ-H2AX expression compared to 

gemcitabine/sunitinib alone at the 4 and 24 hour time-point measurements. 

Later, at 48 hours, the γ-H2AX expression was higher with triple combination 

treatment compared to gemcitabine plus sunitinib (p < 0.05) (Figure 4.24 A-1). 

However, the exposure to higher XBR dose (2 Gy) after gemcitabine/sunitinib 

treatment caused a dose-dependent increase in γ-H2AX expression at 24 and 

48 hours compared to the double combination. There was no significant 

difference in γ-H2AX levels between the double and the triple combination 

strategies.    

In contrast, for schedule 2, in which the cells were exposed to XBR before the 

incubation with gemcitabine plus sunitinib, caused a dose-dependent 

statistically significant increase in the γ-H2AX levels with both XBR doses (1 

Gy and 2 Gy) at all examined time-points. For example, γ-H2AX expression 

increased to 14.6 ± 1.1 fold at 48 hours post-incubation cells with 2 μM of 

gemcitabine plus 9.8 μM of sunitinib without radiation, and to 25.9 ± 1.9 fold 

with same doses of gemcitabine/sunitinib post-exposure to 2 Gy (p < 0.0001) 

(Figure 4.24 A-2). 
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Finally, the concurrent administration of gemcitabine/sunitinib with exposure to 

XBR (schedule 3) caused a significant XBR dose-dependent increase in the γ-

H2AX expression compared to gemcitabine/sunitinib alone (Figure 4.24 A-3).    
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Figure 4.24 The effect of three-treatment combination on the induction 
and repair of DNA damage measured by γ-H2AX in PANC-1 cells. 

The expression of γ-H2AX of PANC-1 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine plus sunitinib administered before (A1), after (A2), or 
simultaneously with (A3) 1 Gy and 2 Gy XBR. Results presented are the mean ± SD fold of 
γ-H2AX expression compared to untreated control cells of 3 independent experiments. 
Statistical analysis was carried out using two-way ANOVA with Dunnett’s test to compare 
average fold of γ-H2AX resulted from all treatment doses over time-points to gemcitabine 
plus sunitinib (A1, A2, and A3), and with Tukey’s test to compare γ-H2AX between different 
time-points after each dose of the treatment (B1, B2, and B3). *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = sunitinib; T1 = 0.6 μM gem + 1.8 
μM Sun; T2 = 1.1 μM gem + 4.2 μM sun; T3 = 2 μM gem + 9.8 μM sun; ns = Not significant. 
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4.3.3.2.2 The effect of gemcitabine plus sunitinib in combination with 

XBR on the induction and repair of DNA damage measured by 

γ-H2AX in MIA PaCa-2 cells 

Figure 4.25 (A) shows the average of fold increase in γ-H2AX at 4, 24, and 48 

hours post-treatment of MIA PaCa-2 cells with increasing doses of 

gemcitabine plus sunitinib administered before (A1), after (A2), or 

simultaneously with (A3) XBR (1 Gy and 2 Gy) compared to γ-H2AX levels after 

treatment with gemcitabine plus sunitinib alone (presented in Figure 4.17 A-3). 

Generally, γ-H2AX increased at 4 hours post-exposure to the triple therapy of 

gemcitabine plus sunitinib and XBR; then it decreased at 24- and 48-hour time-

points. The exposure to XBR before incubation cells with 

gemcitabine/sunitinib, i.e. schedule 2, was the most effective combination 

strategy in terms of γ-H2AX expression as a marker for the double-strand DNA 

(dsDNA) damage. Figure 4.25 (B) shows the p-values of comparison between 

the means of γ-H2AX fold increased within each combination treatment doses 

over different time-points of measurement.   

Incubation of cells with gemcitabine and sunitinib for 48 hours prior exposure 

to radiation (i.e. schedule 1) was the least effective combination strategy in 

terms of the DNA damage and γ-H2AX expression in MIA PaCa-2 cells over 

all tested time-points. Irradiation with 1 Gy after gemcitabine/sunitinib induced 

no significant difference in the γ-H2AX expression compared to 

gemcitabine/sunitinib alone at the 4 and 24 hour time-point measurements. 

Later, at 48 hours, the γ-H2AX expression was significantly higher with triple 
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combination treatment compared to gemcitabine plus sunitinib (p < 0.05) 

(Figure 4.25 A-1). However, the exposure to higher XBR dose (2 Gy) after 

gemcitabine/sunitinib treatment caused a dose-dependent increase in γ-H2AX 

expression at 24 and 48 hours compared to the double combination. However, 

there was no significant difference in γ-H2AX levels between the double and 

the triple combination strategies.    

In contrast, for schedule 2 treatment administration, in which cells were 

exposed to XBR before the incubation with gemcitabine plus sunitinib, there 

was a dose-dependent significant increase in the γ-H2AX levels with both XBR 

doses (1 Gy and 2 Gy) at all examined time-points (p < 0.5). For example, γ-

H2AX expression increased to 15.0 ± 0.9 fold at 48 hours post-incubation cells 

with 3.5 μM of gemcitabine plus 6 μM of sunitinib without radiation, and to 27.9 

± 2.1 fold with same doses of gemcitabine/sunitinib post-exposure to 2 Gy (p 

< 0.0001) (Figure 4.25 A-2). 

Finally, the concurrent administration of gemcitabine/sunitinib with exposure to 

XBR (schedule 3) caused a significant XBR dose-dependent increase in the γ-

H2AX expression compared to gemcitabine/sunitinib alone at all time-points of 

measurement (Figure 4.25 A-3). 
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Figure 4.25 The effect of three-treatment combination on the induction 
and repair of DNA damage measured by γ-H2AX in MIA PaCa-2 cells. 

The expression of γ-H2AX of MIA PaCa-2 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine plus sunitinib administered before (A1), after (A2), or 
simultaneously with (A3) 1 Gy and 2 Gy XBR. Results presented are the mean ± SD fold of 
γ-H2AX expression compared to untreated control cells of 3 independent experiments. 
Statistical analysis was carried out using two-way ANOVA with Dunnett’s test to compare 
average fold of γ-H2AX resulted from all treatment doses over time-points to gemcitabine 
plus sunitinib (A1, A2, and A3), and with Tukey’s test to compare γ-H2AX between different 
time-points after each dose of the treatment (B1, B2, and B3). *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = sunitinib; T1 = 0.3 μM gem + 1.3 
μM Sun; T2 = 1.1 μM gem + 2.8 μM sun; T3 = 3.5 μM gem + 6 μM sun; ns = Not significant. 
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4.3.3.3 Analysis of the cell cycle progression of pancreatic cancer cells 

following three-treatment combination 

In these experiments, the cell cycle progression of PANC-1 and MIA PaCa-2 

cells was assessed at 4, 24, and 48 hours after treatment with gemcitabine 

plus sunitinib with XBR, in three different combination schedules, as described 

in section 2.10. 

4.3.3.3.1 Analysis of the cell cycle progression of PANC-1 cells following 

treatment with gemcitabine plus sunitinib in combination with 

XBR 

Figure 4.26 shows the effect of increasing doses of gemcitabine plus sunitinib 

and XBR as triple combination treatment on the cell cycle progression of 

PANC-1 cells. The cells were treated with gemcitabine plus sunitinib (given 

simultaneously) administered before (schedule 1; A), after (schedule 2; C) and 

simultaneously with (schedule 3; E) 1Gy and 2Gy XBR and the cell cycle 

analysis was carried out at 4 (A1, C1 & E1), 24 (A2, C2 & E2), and 48 (A3, C3 

& E3) hours post-treatment. 

Incubation of PANC-1 cells with the two highest doses of gemcitabine plus 

sunitinib before irradiation with 1 or 2 Gy (schedule 1) resulted in a statistically 

significant accumulation of cells in the S phase accompanied with a decrease 

in the G2/M phase of the cell cycle at 4 hours post-treatment (p < 0.001). With 

the highest dose of gemcitabine plus sunitinib combination administered 
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before irradiation with 2 Gy, cells were also increased slightly but significantly 

in the G0/1 phase (p < 0.01) at 4 hours post-treatment in addition to the 

accumulation in the S phase. At 24 hours following treatment, cell distribution 

increased significantly in G0/1 and decreased in G2/M in a dose-dependent 

manner (p < 0.0001) compared to untreated control cells with both doses 

utilised of XBR. At 48 hours, all tested doses of gemcitabine plus sunitinib 

induced a significant increase of cells in the subG0 phase accompanied with 

a decrease in the G0/1 and G2/M phases compared to untreated control cells 

(p < 0.05). 

Schedule 2 combination strategy, in which XBR was given before 

administration of gemcitabine plus sunitinib treatment, resulted in a significant 

cell cycle arrest of the PANC-1 cells in the G2/M phase with irradiation with 2 

Gy at 4, 24, and 48 hours post-treatment (p < 0.01). This arrest was 

accompanied by a significant decrease in cell distribution in G0/1 and S phases 

at 4 hours after triple combination treatment (p < 0.05). 

Treatment PANC-1 cells with gemcitabine plus sunitinib simultaneously 

administered with XBR (schedule 3) resulted in a significant decrease of cells 

in the G2/M phase of cell cycle accompanied with accumulation cells in G0/1 

with the triple combination regardless of the dose of XBR at all tested time-

points of measurement (p < 0.05). At 48 hours, however, cell distribution in the 

S phase was decreased accompanied with cell arrest in the G2/M and subG0 

phases in the two highest doses of treatment with XBR compared to the 

untreated cell group (p < 0.01).  
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Continued overleaf … 

  

 

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

+  1  G y

0 .6

1 .8

1 .1

4 .2

2 .0

9 .8

+  2  G y

s u b G 0

G 0 /G 1

S

G 2 /M

Control vs. 
Dose (μM) 

subG0 G0/G1 S G2/M 

T1 + 1 Gy ns ns ns * 

T2 + 1 Gy ns ns **** **** 

T3 + 1 Gy ns ** *** **** 

T1 + 2 Gy ns ns ns * 

T2 + 2 Gy ns ns **** **** 

T3 + 2 Gy ns ** *** **** 

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

+  1  G y

0 .6

1 .8

1 .1

4 .2

2 .0

9 .8

+  2  G y

Control vs. 
Dose (μM) 

subG0 G0/G1 S G2/M 

T1 + 1 Gy ns **** **** **** 

T2 + 1 Gy ns **** ** **** 

T3 + 1 Gy **** **** ns **** 

T1 + 2 Gy ns **** **** **** 

T2 + 2 Gy ns **** ** **** 

T3 + 2 Gy **** **** ns **** 

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

+  1  G y

0 .6

1 .8

1 .1

4 .2

2 .0

9 .8

+  2  G y

Control vs. 
Dose (μM) 

subG0 G0/G1 S G2/M 

T1 + 1 Gy * * ns ** 

T2 + 1 Gy **** ns * ** 

T3 + 1 Gy **** **** *** *** 

T1 + 2 Gy * * ns ** 

T2 + 2 Gy **** ns * ** 

T3 + 2 Gy **** **** *** *** 

A B

1

2

3



CHAPTER 4: COMBINATION THERAPY 

 208 
 

 

Continued overleaf … 

 

  

 

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

+  1  G y

0 .6

1 .8

1 .1

4 .2

2 .0

9 .8

+  2  G y

Control vs. 
Dose (μM) 

subG0 G0/G1 S G2/M 

T1 + 1 Gy ns ns ns ns 

T2 + 1 Gy ns ns ns ns 

T3 + 1 Gy ns * ns ** 

T1 + 2 Gy ns **** **** **** 

T2 + 2 Gy ns **** **** **** 

T3 + 2 Gy ns **** **** **** 

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

+  1  G y

0 .6

1 .8

1 .1

4 .2

2 .0

9 .8

+  2  G y

Control vs. 
Dose (μM) 

subG0 G0/G1 S G2/M 

T1 + 1 Gy ns ns * ns 

T2 + 1 Gy ns ns *** ** 

T3 + 1 Gy ns ns **** **** 

T1 + 2 Gy ns ns ns ** 

T2 + 2 Gy ns ns * ** 

T3 + 2 Gy ns ns *** **** 

P
e

r
c

e
n

ta
g

e
 o

f 
c

e
ll

s

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

0 .6

1 .8

0

0

1 .1

4 .2

2 .0

9 .8

G e m

S u n

+  1  G y

0 .6

1 .8

1 .1

4 .2

2 .0

9 .8

+  2  G y

Control vs. 
Dose (μM) 

subG0 G0/G1 S G2/M 

T1 + 1 Gy ss ns ns ns 

T2 + 1 Gy ns ns * ns 

T3 + 1 Gy ns **** *** ns 

T1 + 2 Gy ns ns *** ** 

T2 + 2 Gy ns ns **** **** 

T3 + 2 Gy ns ns **** ** 

C D

1

2

3



CHAPTER 4: COMBINATION THERAPY 

 209 
 

 

Figure 4.26 Effect of cytotoxic agents as three-treatment combination 
on cell cycle progression of PANC-1 cells. 

The effects of gemcitabine plus sunitinib administered before (A), after (C), and 
simultaneously with (E) 1Gy and 2Gy XBR on the cell cycle progression were assessed in 
PANC-1 cells at 4 (A1, C1 & E1), 24 (A2, C2 & E2), and 48 (A3, C3 & E3) hours post-
treatment. The data were analysed using FACSDiva software v6.1.3. Data are means ± SD 
of cells percentage in each cell cycle phase, which generated from three independent 
experiments. Two-way ANOVA was used to compare the means of the cell cycle phases 
after cells treatment with triple combination strategies to untreated control cells (B, D, and 
F). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = sunitinib; 
T1 = 0.6 μM gem + 1.8 μM Sun; T2 = 1.1 μM gem + 4.2 μM sun; T3 = 2 μM gem + 9.8 μM 
sun; ns = Not significant.  
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4.3.3.3.2 Analysis of the cell cycle progression of MIA PaCa-2 cells 

following treatment with gemcitabine plus sunitinib in 

combination with XBR 

Figure 4.27 shows the effect of increasing doses of gemcitabine plus sunitinib 

and XBR as triple combination treatment on the cell cycle progression of MIA 

PaCa-2 cells. The cells were treated with gemcitabine plus sunitinib (given 

simultaneously) administered before (schedule 1; A), after (schedule 2; C) and 

simultaneously with (schedule 3; E) 1Gy and 2Gy XBR and the cell cycle 

analysis was carried out at 4 (A1, C1 & E1), 24 (A2, C2 & E2), and 48 (A3, C3 

& E3) hours post-treatment. 

Incubation of MIA PaCa-2 cells with gemcitabine plus sunitinib before 

irradiation with 1 or 2 Gy (schedule 1) resulted in a significant decrease of cells 

in the G2/M phase at all time-points of measurements (p < 0.01). This 

decrease of cells in the G2/M was accompanied with a significant 

accumulation of cells in the S phase at 4  and 48 hours after treatment with the 

two highest doses of gemcitabine plus sunitinib (p < 0.01), and in the G0/1 and 

subG0 at all time-points with the highest dose of treatment (0 < 0.001). 

Schedule 2 combination strategy, in which XBR was given prior to 

administration of gemcitabine plus sunitinib treatment, resulted in a significant 

cell cycle arrest in the G2/M phase with irradiation with 2 Gy at 4, 24, and 48 

hours post-treatment (p < 0.01). This arrest was accompanied by a significant 
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decrease in cell distribution in G0/1 and S phases at 4 hours after triple 

combination treatment (p < 0.05). 

Treatment of MIA PaCa-2 cells with gemcitabine plus sunitinib simultaneously 

administered with XBR (schedule 3) resulted in a significant decrease of cells 

in the G2/M phase of cell cycle accompanied with accumulation cells in G0/1 

with the triple combination regardless of the dose of XBR at all tested time-

points of measurement (p < 0.05). At 48 hours, however, cell distribution in the 

S phase was decreased accompanied with cell arrest in the G2/M and subG0 

phases in the two highest doses of treatment with XBR compared to the 

untreated cell group (p < 0.01). 
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Figure 4.27 Effect of cytotoxic agents as three-treatment combination 
on cell cycle progression of MIA PaCa-2 cells. 

The effects of gemcitabine plus sunitinib administered before (A), after (C), and 
simultaneously with (E) 1Gy and 2Gy XBR on the cell cycle progression were assessed in 
PANC-1 cells at 4 (A1, C1 & E1), 24 (A2, C2 & E2), and 48 (A3, C3 & E3) hours post-
treatment. The data were analysed using FACSDiva software v6.1.3. Data are means ± SD 
of cells percentage in each cell cycle phase, which generated from three independent 
experiments. Two-way ANOVA was used to compare the means of the cell cycle phases 
after cells treatment with triple combination strategies to untreated control cells (B, D, and 
F). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = sunitinib; 
T1 = 0.3 μM gem + 1.3 μM Sun; T2 = 1.1 μM gem + 2.8 μM sun; T3 = 3.5 μM gem + 6 μM 
sun; ns = Not significant. 
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4.3.3.4 The effect of three-treatment combination on the induction of 

apoptosis measured by Annexin V assay in pancreatic cancer 

cells 

In these experiments, the expression of Annexin V, as an indicator of 

apoptosis, was assessed at 4, 24, and 48 hours after treatment with 

gemcitabine plus sunitinib with XBR, in three different combination schedules, 

in PANC-1 and MIA PaCa-2 cell lines as described in section 2.11. 

4.3.3.4.1 The effect of gemcitabine plus sunitinib in combination with 

XBR on the induction of apoptosis measured by Annexin V 

assay in PANC-1 cells 

Figure 4.28 (A) demonstrates the apoptosis levels at 4, 24, and 48 hours post-

treatment of PANC-1 cells with increasing doses of gemcitabine plus sunitinib 

administered before (A1), after (A2), or simultaneously with (A3) XBR (1 Gy 

and 2 Gy) compared to apoptosis induced after treatment with gemcitabine 

plus sunitinib. Overall, there was a dose- and time- dependent increase in 

apoptosis in PANC-1 cells following treatment with gemcitabine plus sunitinib 

and XBR in all combination schedules compared to gemcitabine plus sunitinib 

combination. However, the exposure to XBR before incubation cells with 

gemcitabine/sunitinib, i.e. schedule 2, was the most effective combination 

strategy in terms of induction of apoptosis in PANC-1 cells. Figure 4.28 (B) 

shows the p-values of comparison between the means of apoptosis rate within 

each combination treatment doses over different time-points of measurement. 
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Figure 4.28 A-1 shows the apoptosis rate following the incubation of PANC-1 

cells with gemcitabine plus sunitinib for 48 hours prior exposure to XBR (i.e. 

schedule 1). This schedule was the least effective combination strategy in 

terms of the induction of apoptosis in PANC-1 cells over all tested time-points 

compared to gemcitabine plus sunitinib alone. Although the combination 

treatment with gemcitabine plus sunitinib prior exposure to XBR significantly 

increased the apoptosis of PANC-1 cells compared to untreated control cells 

(p < 0.0001), there was no significant increase in apoptosis after this 

combination strategy compared to gemcitabine plus sunitinib alone regardless 

of dose and time of measurement (p > 0.05). Tukey’s test multiple comparisons 

between the effect of time of measurement (Figure 4.28 B-1) reveals that 

apoptosis was significantly higher at 48 hours compared to the measurement 

at either 4 or 24 hours (p < 0.0001). There was no significant difference 

between apoptosis measured at 4 and 24 hours. Thus, cell irradiation post 

gemcitabine/sunitinib treatment had no statistically significant effect on the 

apoptosis levels or time of cell death compared to treatment with the two-drug 

treatment only. 

In contrast, schedule 2, in which cells were exposed to XBR before the 

incubation with gemcitabine plus sunitinib, caused a dose- and time-

dependent significant increase in apoptosis rate with both XBR doses (1 Gy 

and 2 Gy) at all examined time-points (Figure 4.28 A-2 & B-2). For example, 

apoptosis increased to 43 ± 2.5% at 48 hours post-incubation cells with 2 μM 

of gemcitabine plus 9.8 μM of sunitinib without radiation, and to 76.8.9 ± 2.7% 

with same doses of gemcitabine/sunitinib post-irradiation with 2 Gy (p < 
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0.0001). Thus, cell irradiation with 1 Gy or 2 Gy had increased and accelerated 

the apoptosis induction in PANC-1 cells compared to gemcitabine/sunitinib 

combination.  

Finally, the concurrent administration of gemcitabine plus sunitinib with 

exposure to 2 Gy XBR (i.e. schedule 3) caused a significant dose- and time-

dependent increase in apoptosis compared to gemcitabine plus sunitinib alone 

(Figure 4.28 A-3 & B-3). There was no significant increase in apoptosis with 1 

Gy XBR when administered concurrently with gemcitabine plus sunitinib 

compared to gemcitabine plus sunitinib alone (p < 0.05). 
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Figure 4.28 The effect of three-treatment combination on apoptosis 
induction of PANC-1 cells. 

The induction of apoptosis in PANC-1 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine plus sunitinib administered before (A1), after (A2), or 
simultaneously with (A3) 1 Gy and 2 Gy XBR. Results presented are the mean ± SD 
percentage of apoptotic cells of 3 independent experiments. Statistical analysis was carried 
out using two-way ANOVA with Dunnett’s test to compare apoptosis rate resulted from all 
treatment doses over time-points to gemcitabine plus sunitinib (A1, A2, and A3), and with 
Tukey’s test to compare apoptosis between different time-points after each dose of the 
treatment. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = 
sunitinib; T1 = 0.6 μM gem + 1.8 μM Sun; T2 = 1.1 μM gem + 4.2 μM sun; T3 = 2 μM gem 
+ 9.8 μM sun; ns = Not significant. 
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4.3.3.4.2 The effect of gemcitabine plus sunitinib in combination with 

XBR on the induction of apoptosis measured by Annexin V 

assay in MIA PaCa-2 cells 

Figure 4.29 (A) demonstrates the apoptosis rate at 4, 24, and 48 hours post-

treatment of MIA PaCa-2 cells with increasing doses of gemcitabine plus 

sunitinib administered before (A1), after (A2), or simultaneously with (A3) XBR 

(1 Gy and 2 Gy) compared to apoptosis induced after treatment with 

gemcitabine plus sunitinib (presented in Figure 4.21 A-3). Overall, there was a 

dose- and time- dependent increase in apoptosis in MIA PaCa-2 cells following 

treatment with gemcitabine plus sunitinib and XBR in all combination 

schedules. However, the exposure to XBR before incubation cells with 

gemcitabine/sunitinib, i.e. schedule 2, was the most effective combination 

strategy in terms of induction of apoptosis in MIA PaCa-2 cells. Figure 4.29 (B) 

shows the p-values of comparison between the means of apoptosis rate within 

each combination treatment doses over different time-points of measurement. 

Figure 4.29 A-1 shows the apoptosis rate following the incubation of MIA 

PaCa-2 cells with gemcitabine plus sunitinib for 48 hours prior exposure to 

XBR (i.e. schedule 1). This schedule was the least effective combination 

strategy in terms of the induction of apoptosis in MIA PaCa-2 cells over all 

tested time-points compared to gemcitabine plus sunitinib alone. Although the 

combination treatment with gemcitabine plus sunitinib prior exposure to XBR 

significantly increased the apoptosis of MIA PaCa-2 cells compared to 

untreated control cells (p < 0.0001), there was no significant increase in 
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apoptosis after this combination strategy compared to gemcitabine plus 

sunitinib alone regardless of dose and time of measurement (p > 0.05). 

Tukey’s test multiple comparisons between the effect of time of measurement 

(Figure 4.29 B-1) reveals that apoptosis was significantly higher at 48 hours 

compared to the measurement at either 4 or 24 hours (p < 0.0001). There was 

no significant difference between apoptosis measured at 4 and 24 hours. 

In contrast, schedule 2, in which cells were exposed to XBR before the 

incubation with gemcitabine plus sunitinib, caused a dose- and time- 

dependent significant increase in apoptosis rate with both XBR doses (1 Gy 

and 2 Gy) at all examined time-points (Figure 4.29 A-2 & B-2). For example, 

apoptosis increased to 58.2 ± 1.4% at 48 hours post-incubation cells with 3.5 

μM of gemcitabine plus 6 μM of sunitinib without radiation, and to 75.5 ± 3% 

with same doses of gemcitabine/sunitinib post-irradiation with 2 Gy (p < 

0.0001). 

Finally, the concurrent administration of gemcitabine plus sunitinib with 

exposure to 2 Gy XBR (i.e. schedule 3) caused a significant dose- and time- 

dependent increase in apoptosis compared to gemcitabine plus sunitinib alone 

(Figure 4.29 A-3 & B-3). There was no significant increase in apoptosis with 1 

Gy XBR when administered concurrently with gemcitabine plus sunitinib 

compared to gemcitabine plus sunitinib alone (p < 0.05).  
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Figure 4.29 The effect of three-treatment combination on apoptosis 
induction of MIA PaCa-2 cells. 
 
The induction of apoptosis in MIA PaCa-2 cells was assessed at 4, 24, and 48 hours after 
treatment with gemcitabine plus sunitinib administered before (A1), after (A2), or 
simultaneously with (A3) 1 Gy and 2 Gy XBR. Results presented are the mean ± SD 
percentage of apoptotic cells of 3 independent experiments. Statistical analysis was carried 
out using two-way ANOVA with Dunnett’s test to compare apoptosis rate resulted from all 
treatment doses over time-points to gemcitabine plus sunitinib (A1, A2, and A3), and with 
Tukey’s test to compare apoptosis between different time-points after each dose of the 
treatment. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Gem = gemcitabine; Sun = 
sunitinib; T1 = 0.3 μM gem + 1.3 μM Sun; T2 = 1.1 μM gem + 2.8 μM sun; T3 = 3.5 μM gem 
+ 6 μM sun; ns = Not significant. 
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4.4 Discussion 

This chapter aimed to determine the cytotoxicity of novel combination 

treatment of gemcitabine and the TKIs sunitinib and, for the first time, 

pazopanib with or without exposure to XBR by investigating the clonogenic cell 

survival of PANC-1 and MIA PaCa-2 pancreatic cancer cell lines following 

treatment administration. Additionally, the synergistic or antagonistic 

interaction between those agents and the underlying mechanisms of 

cytotoxicity were also assessed in cells treated with two-drug and three-

treatment combinations. Three combination schedules were examined for the 

first time in PANC-1 and MIA PaCa-2 cells. In this chapter, it was hypothesised 

that the treatment with gemcitabine in combination with TKI (two-treatment) or 

with TKI plus XBR (three-treatment) combination schedules would result in a 

synergistic and superior cytotoxic effect in pancreatic cancer cells compared 

to gemcitabine alone. 

In the previous chapter, we examined the cytotoxicity of gemcitabine and TKIs 

sunitinib and pazopanib on PANC-1 and MIA PaCa-2 cells as single 

treatments by clonogenic assay and, consequently, lower doses of each agent 

were determined to be used in combination studies (Table 3.5) in order to 

assess the effect of anti-cancer agents on the pancreatic cancer cell lines and 

to generate IC50 values which were used in combination therapy. In the present 

chapter, the cytotoxicity of those agents in lower doses with XBR was 

examined as a single-agent treatment before assessing their cytotoxicity in 

two- and three-treatment combination regimens. 
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There was a statistically significant dose-dependent reduction in the 

clonogenic survival fraction of both cell lines following 48-hour treatment with 

increasing doses of gemcitabine, sunitinib, pazopanib, or XBR as single 

treatment compared to untreated control cells. The results of previous studies 

which were performed to evaluate the cytotoxicity of gemcitabine 

(Thoennissen et al., 2009; Cieslak et al., 2015; Kausar et al., 2015; Li et al., 

2017), sunitinib (Cuneo et al., 2008), and XBR (Cuneo et al., 2008; Li et al., 

2017) alone using clonogenic survival assay in PANC-1 and MIA PaCa-2 

pancreatic cancer cell lines have demonstrated similar effects to results 

described in this chapter. 

Pazopanib was not tested, to the best of our knowledge, in terms of its effect 

on clonogenic capacity in pancreatic cancer cells before our study. Thus, we 

have shown for the first time that the TKI pazopanib kills the pancreatic cancer 

cells and we established a novel proof-of-concept on the effect of pazopanib 

on PANC-1 and MIA PaCa-2 pancreatic cancer cell lines. However, pazopanib 

inhibited colony formation profoundly at the concentration of 15 µM in MEB-

Med-8A  and DAOY medulloblastoma cells (Craveiro et al., 2014). 

On the other hand, the effect of sunitinib on clonogenic survival was assessed 

in several types of cancer cells. For example, sunitinib inhibited colony 

formation significantly in a dose-dependent manner in prostate cancer cells 

(DU145 and PC3) (Brooks et al., 2012), five human bladder cancer cells 

(HTB5, HTB9, UMU14, J82, and SW1710) (Yoon et al., 2011), oesophageal 

squamous cell carcinoma cells (TE13 and Eaca109) (Ding et al., 2016), human 
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umbilical vein endothelial cells (HUVECs) (Zhang et al., 2010; El Kaffas et al., 

2014),  Lewis lung carcinoma (LLC) cells (Zhang et al., 2010), breast cancer 

cells (MDA-MB-231) (El Kaffas et al., 2014), renal cancer cells (786-O, A498, 

Caki-1, Caki-2, and ACHN) (Mahalingam et al., 2011), pancreatic 

neuroendocrine tumours cells (BON1) (Wiedmer et al., 2017),  and pancreatic 

cancer cells (PANC-1 and MIA PaCa-2) (Cuneo et al., 2008). 

4.4.1 Gemcitabine  

In the current study, the effect of gemcitabine alone on the cell cycle 

progression, γ-H2AX expression, as a marker of DNA damage and repair, 

Annexin V expression, as an indicator of apoptosis, in PANC-1 and MIA PaCa-

2 pancreatic cancer cells were assessed at 4, 24, and 48 hours post-treatment. 

When the level of DNA damage was measured by detection of γ-H2AX, a 

statistically significant dose-dependent increase in DNA damage was 

observed in both PANC-1 and MIA PaCa-2 pancreatic cancer cell lines after 4 

hours of treatment with gemcitabine alone (p < 0.001) compared untreated 

control cells (Figure 4.3A & Figure 4.4A). However, the γ-H2AX levels 

decreased significantly at 24 and 48 hours compared to γ-H2AX levels 

measured at 4 hours. Similar to our results, researchers found that 

gemcitabine increased the expression of γ-H2AX In AsPC-1 pancreatic cancer 

cell line within 24 hours after treatment and then dropped significantly to its 

baseline levels at 42 hours post-treatment (Montano et al., 2017). This may 

indicate a rapid DNA repair following the treatment with gemcitabine alone in 
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pancreatic cancer cells. Another previous study showed that treatment with 

gemcitabine in PANC-1 and MIA PaCa-2 cells induced significant DNA 

damage, which was evidenced by an increase of γ-H2AX staining when 

administered in combination with ku70 inhibitors (Ma et al., 2017). However, 

Ma et al’s study did not quantify γ-H2AX expression when gemcitabine 

administered alone and did not consider changes of γ-H2AX levels over the 

time as we did in our study. Thus, it is difficult to determine whether the 

elevation in γ-H2AX expression was attributed, entirely or partially, to 

gemcitabine. We could not detect from our study the mechanism behind this 

elevation in γ-H2AX. Nevertheless, other studies (Qiao et al., 2013; Montano 

et al., 2017) found that gemcitabine treatment resulted in induction of CHK1 

(checkpoint kinase 1) which is a critical protein in cell cycle checkpoint 

pathways and DNA DSB repair (Dai and Grant, 2010). Thus, it can be 

suggested that the rapid decrease in γ-H2AX within 24 hours of gemcitabine 

alone treatment was likely related to the release of pancreatic cancer cells from 

the cell cycle arrest resulted from CHK1 induction. We, however, also 

investigated the effect of gemcitabine of the cell cycle progression. 

In response to DNA damage, cells activate both cell cycle checkpoint and DNA 

repair pathways which function cooperatively to prevent the propagation of 

cells with damaged DNA (Sancar et al., 2004; Montano et al., 2013; 

Liubavičiute et al., 2015; Morgan and Lawrence, 2015). Previous studies 

demonstrated that this level of DNA damage following treatment with 

gemcitabine activated cell cycle checkpoints and induced early S phase cell 

cycle arrest (Kufe et al., 1980; Huang et al., 1991; Xie and Plunkett, 1995; 
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Pauwels et al., 2002, 2003). The results from the current study were in 

agreement with previous studies; hence the incubation of cells with increasing 

doses of gemcitabine alone resulted in a significant time- and dose- dependent 

accumulation of cells in the S phase accompanied with a decrease in the G2/M 

phase of the cell cycle at all measured time-points (4, 24, and 48 hours) in 

PANC-1 cells and at 24 and 48 hours time-points in MIA PaCa-2 cells 

compared to untreated control cells (p < 0.001). At 24-hour after treatment with 

gemcitabine alone, cell distribution was also increased in G0/G1 in both cell 

lines. Cells were released from G1 phase and increased significantly in sub 

G0 phase after 48 hours of treatment with gemcitabine alone in PANC-1 and 

MIA PaCa-2 cells. Therefore, this release from cell cycle arrest which 

accompanied with decreased γ-H2AX levels after 48 hours of gemcitabine 

cessation may indicate that most of the cells’ DNA damage was repaired at 

that time-point. A small portion of cells went through apoptosis or died by other 

mechanisms. These findings from our study were also in agreement with 

another study which was conducted to study the cell cycle perturbation 

induced by gemcitabine alone or in combination with a CHK1 inhibitor in cell 

culture (bladder and pancreatic cancer cells), xenografts, and bladder cancer 

patients (Montano et al., 2017). Montano and his colleagues demonstrated that 

gemcitabine induced cell cycle arrest of MDA-MB-231 and AsPC-1 cells in mid-

S phase (at low concentrations) and early-S phase (at higher concentrations) 

at 24 hours, and the cells appeared to have fully recovered by 48 hours 

(Montano et al., 2017). Thus, our findings of a rapid decrease in γ-H2AX 

expression was in alignment with our findings of cell release from S-phase 
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arrest at 48 hours. After the assessment of the γ-H2AX expression and the cell 

cycle progression, we investigated whether the DNA damage and cell arrest 

would induce apoptosis in pancreatic cancer cell following the treatment with 

gemcitabine alone. 

 Irreparable DNA damage can result in permanent cell cycle arrest, induction 

of apoptosis, or mitotic cell death caused by loss of genomic material 

(Liubavičiute et al., 2015). In the present study of the apoptotic effect of 

gemcitabine alone on pancreatic cancer cell lines, it has been observed that 

the apoptosis rate increased in a dose- and time- dependent manner after 

treatment with gemcitabine alone compared to untreated control cells. 

Apoptosis increased significantly after 48 hours of treatment with all tested 

doses of gemcitabine compared to the earlier time-points in both cell lines (p 

< 0.01). Gemcitabine-induced cell cycle arrest at S phase in pancreatic cancer 

cells has been described in previous studies in which gemcitabine cytotoxicity 

was enhanced by increased S phase arrest with checkpoint kinase inhibitors 

(Matthews et al., 2007; Ono, Basson and Ito, 2015). These results confirmed 

the findings of γ-H2AX assay and cell cycle analysis following the treatment of 

PANC-1 and MIA PaCa-2 cells with gemcitabine alone; hence γ-H2AX  levels 

decreased to its basal levels and the majority of cells were released from S 

phase arrest during 48 hours of gemcitabine cessation. These results may 

suggest also that cells can tolerate arrest in S phase for several days, but the 

prolonged arrest is lethal (Montano et al., 2017). 
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4.4.2 Sunitinib  

In the current study, the effect of sunitinib alone on the cell cycle progression, 

γ-H2AX expression, as a marker of DNA damage and repair, and Annexin V 

expression, as an indicator of apoptosis, in PANC-1 and MIA PaCa-2 

pancreatic cancer cells were assessed at 4, 24, and 48 hours post-treatment. 

When the level of DNA damage was measured by detection of γ-H2AX, it was 

observed that apart from the highest tested dose (9.8 μM in PANC-1 and 6 μM 

in MIA PaCa-2), the treatment with sunitinib failed to increase γ-H2AX in both 

cell lines over the examined time-points. After 4 hours, there was a significant 

increase in γ-H2AX expression following treatment with the highest tested dose 

of sunitinib compared to untreated control (p < 0.0001). However, the γ-H2AX 

level decreased significantly at 24 and 48 hours compared to γ-H2AX levels 

measured at 4 hours to reach the basal levels in both cell lines. Thus, these 

results suggest that sunitinib may impose a minor effect on the DNA damage 

and repair pathways and more likely to kill the pancreatic cancer cells with 

other mechanisms of actions. These findings are in alignment with a previous 

study in which sunitinib was evaluated as a radiosensitiser in prostate cancer 

cell lines (DU145, PC3 and LNCaP) (Brooks et al., 2012). Brooks and his 

colleagues observed a minor radiosensitisation effect of sunitinib on DU145 

and PC3 cells whereas LNCaP cells were not radiosensitised by sunitinib. 

Furthermore, the authors were unable to detect any prolongation of the 

presence of  γH2AX foci by sunitinib suggesting that sunitinib did not interfere 

with the repair of radiation-induced DSBs (Brooks et al., 2012). In contrast to 
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our result, the levels of γ-H2AX at 30 minutes, 2 hours, and 24 hours after 4 

Gy irradiation were determined by immunofluorescence to investigate the 

impact of sunitinib on XBR-induced DSB repair kinetics in oesophageal 

squamous cell carcinoma cells (Ding et al., 2016). The authors found that the 

formation of γ-H2AX foci at 30 minutes post combination treatment with 

sunitinib and XBR increased significantly compared to irradiation alone and 

the number of foci subsided to near basal level at 24 hours. These results from 

Ding’s study contradicted our results of the γ-H2AX analysis as they indicated 

that sunitinib markedly increased the induction and persistence of irradiation-

induced γ-H2AX foci (Ding et al., 2016). However, our findings of the DNA 

damage and repair analysis and γ-H2AX expression were in harmony with and 

supported by the cell cycle progression and apoptosis detection assays from 

our mechanistic studies.  

In the current study, the cell cycle distribution of PANC-1 and MIA PaCa-2 

pancreatic cancer cells was examined in order to investigate the mechanism 

responsible for the sunitinib-mediated antiproliferative effect. The treatment of 

cells with the two highest tested doses of sunitinib (4.2 and 9.8 μM in PANC-1 

cells) and the highest tested dose (6 μM in MIA PaCa-2 cells) resulted in a 

significant cell cycle arrest at G1 phase accompanied with a decrease in the 

G2/M phase of the cell cycle at 4 and 24 hours after treatment compared to 

untreated control cells (p < 0.0001). However, cells were released from the G1 

phase and arrested in the G2/M phase of the cell cycle after 48 hours of 

treatment with sunitinib. These findings are in accordance with a previous 

study conducted to investigate the precise mechanism of sunitinib action 
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against acute myeloid leukaemia (AML) cells (Teng et al., 2013). The authors 

found that the exposure of HL60 and KG-1 AML cells to sunitinib for 24 hours 

led to an accumulation of cells in the G0/G1 phase compared with control cells, 

coupled with a concomitant decrease in the proportion of cells in the S and 

G2/M phases. Sunitinib induced G1 phase arrest associated with decreased 

cyclin D1, cyclin D3, and cyclin-dependent kinase (Cdk)2 and increased p27, 

retinoblastoma protein (pRb1), and p130/Rb2 expression and phosphorylated 

activation of protein kinase C alpha and beta (PKCα/β) (Teng et al., 2013). 

These findings were also supported by another study which investigated the 

effect of sunitinib on papillary thyroid cancer cells (Fenton MS, Marion KM, 

Salem AK, Hogen R, Naeim F, 2010). The study demonstrated that sunitinib 

caused cell cycle arrest in the G0/G1 phase and dephosphorylation of pRb1 in 

the papillary thyroid cancer cell. However, subG0 population, which is 

indicative of degraded DNA and a hallmark of apoptosis, was observed 

following 24 hours of sunitinib treatment and increased continuously after 48 

hours incubation in AML cell lines (Teng et al., 2013), whereas pancreatic cells 

(PANC-1 and MIA PaCa-2) released from G0/G1 arrest and accumulated in 

G2/M after 48 hours of treatment with sunitinib in our study. Thus, 

accumulation of cells in G2/M and released from G0/G1 phase confirm the 

findings from our γ-H2AX analysis, which indicated a minor effect of sunitinib 

alone on DNA degradation. 

In the present study, sunitinib increased the apoptosis rate significantly in a 

dose- and time- dependent manner compared to untreated control pancreatic 

cancer cells. In contrast to gemcitabine, there was no observed increase in 
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apoptosis in PANC-1 and MIA PaCa-2 cells at 4 hours after treatment with 

sunitinib alone. Apoptosis increased significantly after 48 hours of treatment 

with all tested doses of sunitinib compared to the earlier time-points (p < 0.01). 

Therefore, the increased apoptosis at 48 hours indicated a late effect of 

sunitinib alone on the pancreatic cancer cells and mirror the results from the 

cell cycle analysis in which cells were released from G0/G1 arrest and 

accumulated in the G2/M phase by 48 hours of treatment. Similar to these 

findings, it has been demonstrated that sunitinib, either alone or in combination 

with gemcitabine, caused a significant increase in the expression of cleaved 

caspase-3 and cleaved PARP-1 protein, thereby indicating the induction of 

caspase-dependent apoptosis in AsPC-1 pancreatic cancer cell line, WI-38 

human fibroblast cell line, and HUVECs primary human umbilical vein 

endothelial cells (Awasthi, Schwarz and Schwarz, 2011). In another study, 

Yang and his colleagues reported that sunitinib induced apoptosis and 

inhibited cell proliferation of both a short-term primary culture (VC312) and an 

established cell line (DAOY) of human medulloblastomas and resulted in the 

activation of caspase-3 and cleavage of poly(ADP-ribose) polymerase and 

upregulation of proapoptotic genes, Bak and Bim, and inhibited the expression 

of survivin, an antiapoptotic protein (Yang et al., 2010). Thus, previous studies 

supported our findings that sunitinib can induce apoptosis in pancreatic cancer 

cells. We, however, had not investigated the apoptosis pathway in this study 

due to the time constraints and we recommend exploring these pathways in 

future studies.      
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4.4.3 Pazopanib 

Pazopanib was originally approved for the treatment of renal cell carcinoma 

(Motzer et al., 2014). It was also repurposed and approved for the treatment 

of sarcoma (Sorokin et al., 2018). Several preclinical and clinical studies 

investigated pazopanib in pancreatic neuroendocrine tumours (Ahn et al., 

2013; Grande et al., 2014; Kalyan et al., 2015; Kwekkeboom, 2015). However, 

based on its biological rationale and previous strong positive efficacy in 

pancreatic neuroendocrine tumours (Ahn et al., 2013; Kalyan et al., 2015) and 

other cancers (Sternberg et al., 2013; Kim et al., 2014), we investigated the 

cytotoxic efficacy of pazopanib, for the first time, to the best of our knowledge, 

in pancreatic ductal adenocarcinoma cell lines in vitro. 

Pazopanib, when administered alone reduced the survival fraction significantly 

in both PANC-1 and MIA PaCa-2 cell lines in a dose-dependent manner 

compared to untreated control cells. However, this TKI agent failed to 

decrease cell survival when combined with gemcitabine in both cell lines 

regardless of the treatment schedule compared to gemcitabine alone. In 

response to the results of cytotoxic efficacy experiments (clonogenic assay, 

DEF, and CI analysis) presented in section 4.3.2.1.2, pazopanib in 

combination with gemcitabine, either without XBR (two-drug combination) or 

with XBR (three-treatment combination) was excluded from the mechanistic 

studies, in vitro three-treatment combination cytotoxicity studies, and in vivo 

study. Interestingly, this modest efficacy of pazopanib and such large 

differences between pazopanib and sunitinib activities on the pancreatic 
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cancer cells, even though they have a similar pharmacological profile, were 

unxpected. It has been reported that pazopanib targets the fibroblast growth 

factor receptor (FGFR) subtypes 1 and 3 (Keisner and Shah, 2011; Plummer 

et al., 2013) and FGFR-2 (Ranieri et al., 2014), which were revealed to be 

overexpressed in both PANC-1 and MIA PaCa-2 pancreatic cancer cell lines 

(Ishiwata et al., 2012). Because the fact that sunitinib does not target FGFR 

(see Figure 1.3), we expected that pazopanib could be impse more potent 

inhibitory effect against the pancreatic cancer cells for this reason. However, 

this was not the case and we suspected that may be reflecting a solubility or 

stability issue for pazopanib. Thus, we recommend interrogation of these 

issues in future studies. 

4.4.4 Gemcitabine plus sunitinib 

In the current study, clonogenic survival assay, combination index analysis, 

and DEF experiments were conducted to evaluate the efficacy of gemcitabine 

in combination with sunitinib on pancreatic cancer cell lines as described in 

sections 2.6, 2.7, and 2.9, respectively. We, for the first time, to the best of our 

knowledge, investigated three combination schedules. Gemcitabine was 

administered 48 hours before (schedule 1), after (schedule 2), or 

simultaneously with (schedule 3) sunitinib. The results were presented in 

section 4.3.2. This study aimed to assess synergism using the combination 

index analysis approach and determine the most effective combination 

schedule of gemcitabine and sunitinib combinations. Also, DEF was employed 
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to explore whether sunitinib can sensitise pancreatic cancer cells to 

gemcitabine and vice versa.  

Therefore, we hypothesised that combining the conventional chemotherapy 

(gemcitabine) with a multi-target TKI with antiangiogenic and anti-tumour 

activity targeted therapy (sunitinib) in lower therapeutic doses of each agent 

might result in a synergistic interaction between them and improve the 

outcome of pancreatic cancer treatment. We thought that combination 

strategies may reduce the chance of pancreatic cancer cells dose-dependent 

resistance to chemotherapy, which was reported to be the major contributor to 

poor prognosis. 

This hypothesis was validated in this two-drug combination study, hence the 

lowest combination doses of gemcitabine and sunitinib induced additive 

responses, and the higher two doses induced synergistic responses following 

schedule 1 and schedule 3 treatments in both cell lines compared to 

gemcitabine alone. The concurrent administration of gemcitabine and sunitinib 

(schedule 3) was the most effective combination schedule and the two highest 

tested doses of combination inhibited the clonogenic survival compared to 

gemcitabine alone (p < 0.01). In contrast, there was no significant reduction in 

survival following schedule 2 combination of gemcitabine and sunitinib 

compared to gemcitabine alone in both cell lines (p > 0.05). Moreover, in 

combination index analysis, schedule 2 also induced antagonistic responses 

with all examined doses in both cell lines. This antagonism interaction of 

schedule 2 combination of gemcitabine and sunitinib in pancreatic cancer was 
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expected and supported with a previous study (Humbert et al., 2010). The 

study found that antagonistic effect was also observed when MIA PaCa-2 cells 

were pre-incubated with 10 μM of TKIs (imatinib or dasatinib), before the 

treatment with gemcitabine (Humbert et al., 2010). 

Similarly, a previous study demonstrated that the simultaneous combination of 

gemcitabine and sunitinib showed significantly greater growth inhibition in vitro 

pancreatic ductal adenocarcinoma cell lines (PANC-1 and MIA PaCa-2)  as 

compared to either agent alone (Tran Cao et al., 2010). Furthermore, on 

synergy analysis, this combination treatment exerted a synergistic inhibitory 

effect on MIA PaCa-2 cells at low doses, and the antagonistic effect was 

observed at higher doses of combination (Tran Cao et al., 2010). This 

synergistic enhancement in anti-tumour effect between sunitinib and 

gemcitabine was also observed in bladder cancer cells (Yoon et al., 2011). 

Therefore, in response to our CI analysis results, we used the concurrent 

administration (schedule 3) of gemcitabine and sunitinib in the three-treatment 

combination in vitro study and later in our in vivo study.  

Figure 4.11 demonstrates that the survival fraction of PANC-1 and MIA PaCa-

2 cells was decreased significantly following the treatment with sunitinib in 

combination with gemcitabine compared to treatment with gemcitabine alone 

(p < 0.05). This combination has been also evaluated in genitourinary 

malignancies. For instance, in a bladder cancer cell line, HTB5, sunitinib was 

synergistic with gemcitabine by both the isobolic method and clonogenic assay 

(Yoon et al., 2011). In our study, sunitinib sensitized PANC-1 cells to 
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gemcitabine treatment and the DEF50 achieved was 1.45, 1,67, and 1.85 

following the administration of 1.8, 4.2, and 9.8 μM of sunitinib, respectively. 

MIA PaCa-2 was more sensitive to sunitinib than PANC-1; the DEF50 achieved 

was 1.94, 3.7, and 3.02 following the administration of 1.3, 2.8, and 6 μM of 

sunitinib, respectively (Figure 4.11 - F). From another angle of analysis and for 

completion, we also evaluated whether gemcitabine could sensitise cells to 

sunitinib. The results of this analysis were presented in Figure 4.12. No 

previous studies, to the best of our knowledge, found to evaluate the dose 

enhancement between gemcitabine and sunitinib either in pancreatic cancer 

cells or in other solid tumours. However, two studies demonstrated an additive 

anti-tumour effect between gemcitabine and sunitinib in AsPC-1 pancreatic 

cancer cells only at low concentrations (100 nM)  (Awasthi, Schwarz and 

Schwarz, 2011),  and a synergistic effect in bladder cancer cells (Yoon et al., 

2011). Thus, our hypothesis was validated as we found, from the CI analysis, 

a synergistic interaction between gemcitabine and sunitinib. Furthermore, we 

revealed for the first time that sunitinib sensitised PANC-1 and MIA PaCa-2 

pancreatic cancer cell to gemcitabine and vice versa. 

In the mechanistic studies, we observed no significant additional effect on γ-

H2AX levels for the combination treatment with sunitinib and gemcitabine 

compared to treatment with gemcitabine alone at all time-points and all 

combination schedules in PANC-1 and MIA PaCa-2 cell lines. The γ-H2AX 

levels decreased significantly after 24 and 48 hours of treatment with all 

combination schedules compared to its levels at 4 hours (p < 0.01; Figure 4.16 

B). This suggests that cells were unable to repair DNA damage and underwent 
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cell death. This result found to be supported by the findings of our apoptosis 

and cell cycle analysis studies. In both cell lines, PANC-1 and MIA PaCa-2, 

the two highest doses of gemcitabine and sunitinib resulted in a significant 

increase of cells in the subG0 population compared to untreated control cells 

(p < 0.0001) at 48 hours time-point, which is indicative of degraded DNA, a 

hallmark of apoptosis (Teng et al., 2013). In addition, Annexin V analysis 

indicated that there was a dose- and time- dependent increase in apoptosis in 

PANC-1 and MIA PaCa-2 cells following combination treatment with 

gemcitabine and sunitinib compared to gemcitabine treatment alone. A 

previous study also demonstrated that the combination treatment of pancreatic 

cancer cells with gemcitabine and sunitinib also had superior proapoptotic 

activity (Casneuf et al., 2009). In addition,  similar to our findings, the apoptotic 

indices in pancreatic cancer AsPC-1 cells in the control, gemcitabine, sunitinib, 

gemcitabine plus sunitinib groups were 0.13 ± 0.03, 0.21 ± 0.06, 0.47 ± 0.05 

and 0.54 ± 0.01, respectively (P < 0.00002 vs. control) (Awasthi, Schwarz and 

Schwarz, 2011). The least effective combination schedule in the induction of 

apoptosis in our study was schedule 2; i.e. when gemcitabine was 

administered after sunitinib. This result was expected, as the schedule 2 

combination was the least effective combination schedule in terms of 

clonogenic survival. These findings can be interpreted by the alterations in cell 

cycle distribution following this schedule combination treatment. The cell 

distribution in the S phase, which was reported to be crucial for gemcitabine-

induced apoptosis (Shi et al., 2001), was decreased significantly in the highest 

dose treatment group at 4 and 24 hours post-treatment with schedule 2 
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combination compared to the untreated cell group in PANC-1 and MIA PaCa-

2 cells (p < 0.01) in our study. Similar to our findings of antagonistic responses 

occurred when sunitinib was administered before gemcitabine (schedule 2), a 

previous study found that pre-incubation of cells with 10 mM of imatinib or 

dasatinib did not result in an increased response of Mia Paca-2 cells to 

gemcitabine as compared to masitinib (Figure 2D) (Humbert et al., 2010). 

4.4.5 Gemcitabine plus sunitinib plus XBR 

For the first time, as far as we aware, we evaluated the cytotoxicity effects of 

three-treatment combination of gemcitabine plus sunitinib (administered 

simultaneously as single treatment) administered 48 hours before (schedule 

1), after (schedule 2), or simultaneously with (schedule 3) 1 Gy or 2 Gy of XBR 

on PANC-1 and MIA PaCa-2 cell lines by clonogenic assay and combination 

index analysis. These cytotoxicity studies were followed by the mechanistic 

studies (H2AX detection, cell cycle analysis, and apoptosis) measured at three 

different time-points (4, 24, and 48 hours). The results were presented in 

section 4.3.3. 

In both PANC-1 and MIA PaCa-2 pancreatic cancer cell lines, exposure to XBR 

before treatment with gemcitabine plus sunitinib (schedule 2) was the most 

effective three-treatment combination schedule and induced dose-dependent 

synergistic responses (CI < 0.9) at all tested doses of combination, while 

schedule 1 combination (in which gemcitabine/sunitinib combination was 

administered before radiation) resulted in the lowest cytotoxicity and induced 
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antagonistic responses (CI > 1.1) with all examined doses of 

gemcitabine/sunitinib and XBR.  

Generally, in the current study, γ-H2AX increased at 4 hours post-exposure to 

the triple therapy of gemcitabine plus sunitinib and XBR; then it decreased at 

24- and 48- hours time-points in both cell lines. Similar to our results, a 

previous study found that treatment with radiation alone or in combination with 

gemcitabine caused robust induction of γ-H2AX by 2 hours in MIA PaCa-2 cells 

that was resolved to baseline by 24 hours post-radiation (Kausar et al., 2015). 

Furthermore, we found that the exposure to XBR before incubation of cells with 

gemcitabine/sunitinib, i.e. schedule 2, caused a dose-dependent significant 

increase in the γ-H2AX levels with both XBR doses (1 Gy and 2 Gy) at all 

examined time-points. Therefore, this anti-tumour effectiveness which was 

observed with schedule 2 of triple combination therapy can be attributed to the 

DNA damage. In support to this, it has been reported that the combination 

treatment of sunitinib and radiotherapy increased the formation of γ-H2AX at 

30 minutes compared to irradiation alone in oesophageal squamous cell 

carcinoma cells in vitro (Ding et al., 2016). It has been reported that the XBR, 

when combined with sunitinib, decreased the activation of the Akt and Erk 

pathway and reduced the clonogenic survival in PANC-1 and MIA PaCa-2 cell 

lines (Kleibeuker, ten Hooven, Verheul, et al., 2015). 

Cell cycle analysis and apoptosis detection assays supported the findings of 

the γ-H2AX and clonogenic survival results. Schedule 2 combination strategy, 

in which XBR was given prior to administration of gemcitabine plus sunitinib 



CHAPTER 4: COMBINATION THERAPY 

 240 
 

treatment, induced apoptosis in a time- and dose- dependent manner in both 

cell lines, and resulted in a significant cell cycle arrest in the G2/M phase with 

irradiation with 2 Gy at 4, 24, and 48 hours post-treatment (p < 0.01). This 

arrest was accompanied by a significant decrease in cell distribution in G0/1 

and S phases at 4 hours after triple combination treatment (p < 0.05). 

In conclusion, it can be seen from the two-drug combination treatment that the 

concurrent administration of gemcitabine with sunitinib was the most effective 

combination schedule in killing the pancreatic cancer cell lines (PANC-1 and 

MIA PaCa-2) compared to the treatment with gemcitabine alone. This 

combination schedule was responsible for the highest DNA damage, 

measured by elevation of γ-H2AX expression, and the highest induction of 

apoptosis in pancreatic cancer cells. Thus, this concurrent administration of 

gemcitabine and sunitinib was used in our in vitro and in vivo studies. 

Moreover, upon the investigation of three-treatment combination on the 

pancreatic cancer cell in vitro study for the first time, we concluded that the 

concurrent administration of gemcitabine and sunitinib post cell irradiation (i.e. 

schedule 3) was the most effective triple combination schedule in terms of 

clonogenic survival of pancreatic cancer cells. Therefore, we designed our in 

vivo study in accordance with these findings.  
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CHAPTER 5: In vivo efficacy of gemcitabine, sunitinib, or XBR 

as single treatment or in combination in nude mice 

xenografts comprised of PANC-1 pancreatic cancer cells 

5.1 Introduction 

In the previous study (Chapter 4), the cytotoxic efficacy of novel combination 

schemes gemcitabine and TKIs (sunitinib or pazopanib) with or without 

exposure to XBR was reported in vitro on PANC-1 and MIA PaCa-2 pancreatic 

cancer cell lines. The hypothesis of the in vitro study stated that the treatment 

with gemcitabine with TKI (sunitinib or pazopanib) (two-drug) or with TKI plus 

XBR (three-treatment) combination schedules would result in a synergistic and 

superior cytotoxic effect in pancreatic cancer cells compared to gemcitabine 

alone. Generally, this hypothesis was validated, and the combination 

schedules showed superior efficacy compared to the other arm of the study. 

Because the treatment of solid tumour in clinical settings must be based on 

strong rationale from preclinical studies, this in vivo study was conducted due 

to the promising results of our in vitro studies highlighted in chapters 3 and 4. 

We demonstrated in vitro, that the concurrent administration of gemcitabine 

and sunitinib (schedule 3) was the most effective combination schedule and 

the exposure to XBR before treatment with gemcitabine plus sunitinib 

(schedule 2) was the most effective three-treatment combination schedule in 

both pancreatic cancer cell lines. Therefore, the present in vivo work was 
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designed to mimic these conditions. Thus, for the in vivo studies, gemcitabine 

and sunitinib were administered concurrently, and radiation was applied as a 

single 5 Gy dose at day 0, before commencing the treatment with the 

gemcitabine plus sunitinib combination. 

Due to time constraints and the poor uptake of MIA PaCa-2 cells as cell 

xenografts in nude mice, only one pancreatic cancer cell line was able to be 

analysed in vivo. 

We hypothesised that combination therapy of gemcitabine plus sunitinib with 

or without XBR would inhibit pancreatic cancer tumour xenografts growth in 

nude mice bearing PANC-1 pancreatic cancer cell xenografts model compared 

to untreated control and cohorts treated with monotherapy.   

5.2 Aims 

The primary aim of this chapter was to evaluate the effect of novel combination 

therapy of gemcitabine and sunitinib with or without exposure to XBR on 

pancreatic cancer xenografts in nude mice.   

5.3 Results 

Subcutaneous PANC-1 xenografts in six-week-old athymic nude mice were 

established as described in section 2.13.2 and then treated as described in 

section 2.13.3. Briefly, 18 days after injection of PANC-1 cells, mice bearing 

xenograft tumours with a volume of at least 65 mm3 were randomised into six 
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treatment groups. The first group consisted of 9 mice and was injected 

intraperitoneally once a week with 100 μl of PBS as an untreated control. The 

second group consisted of 8 mice and was treated with 180 mg/kg of 

gemcitabine alone intraperitoneally once a week. The third group consisted of 

8 mice and was treated with 40 mg/kg of sunitinib alone daily via oral gavage. 

The fourth group consisted of 8 mice and was exposed to 5 Gy single dose 

XBR alone which was given at day 0 of the experiment. The fifth group 

(referred as two-drug combination group) consisted of 8 mice and was treated 

with a combination of 180 mg/kg of gemcitabine (injected intraperitoneally 

once weekly) and 40 mg/kg of sunitinib (administered orally every day). The 

last group (referred as three-treatment combination group) consisted of 9 mice 

and was exposed to 5 Gy single dose XBR at Day 0 then treated with the same 

dosage regimen of gemcitabine and sunitinib. Doses of gemcitabine and 

sunitinib were based on the median weekly doses (mg/kg) used in previous in 

vivo studies and shown in Figure 2.3. Appendix A shows a table summarises 

using gemcitabine in 16 published in vivo studies. Radiation dose varies 

massively between studies in the published literature. Therefore, our 

laboratory team decided to use 5 Gy as reported in a previous similar study 

(Tuli et al., 2012). 

In order to evaluate the effect of different treatment approaches on pancreatic 

cancer xenografts in nude mice, we analysed our in vivo data in several ways. 

Firstly, the relative tumour growth was calculated by dividing the tumour 

volume at the last day by the initial tumour volume for each experimental group  

i.e. Volume at day x over the volume at day 0 (V1/V0). One-way ANOVA then 
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was used to compare the mean difference of relative tumour volume between 

treatment groups. This method was used despite its drawbacks, such as 

ignoring the tumour volume of the control group when measuring the effect of 

different treatment, because it is one of the most popular methods in similar 

studies. Secondly, in contrast to the relative tumour growth analysis, the 

tumour growth inhibition at day 20 (%TGI20), the mean time taken for a two-

fold increase in tumour volume (T2), and the growth delay always consider 

comparing the tumour volume of the treatment group to the volume from the 

untreated control group. These analysis methods were described in sections 

2.13.4. However, because of several drawbacks of these methods, which will 

be discussed in detail later in this result section, the analysis of the area under 

the tumour-time curve was included in this study to draw a clearer conclusion 

in terms of treatment efficacy on PANC-1 xenografts in nude mice (McCluskey 

et al., 2012; Hather et al., 2014). 

Figure 5.1 shows the effect of gemcitabine, sunitinib, or XBR either alone or in 

combination on the growth of PANC-1 tumour xenografts (A), and the multiple 

comparisons (Tukey’s test) of the differences in the average relative tumour 

growths between the treatment groups (B).  
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Figure 5.1 Effect of gemcitabine, sunitinib, or XBR alone or in combination on 
the growth of PANC-1 xenografts (A). Each treatment group consisted of 8 
animals except for the untreated control and triple-therapy groups which were 
consisted of 9 mice. Mice were treated as described in section 2.13.3. Data are 
presented in mean ± SD. (B) Summary table of differences in V1/V0 between 
treatment groups on the last day of the experiment (day 20) and their corresponding 
p-values resulted from the Tukey posthoc test which followed a parametric one-way 
ANOVA test. 

  

 

Tukey's multiple comparisons test 
Diff. in V/V0 

(Mean ± SEM) 

Adjusted 
P-Value 

Control vs. Gemcitabine 3.692 ± 1.49 0.0051 

Control vs. Sunitinib 4.053 ± 1.55 0.0017 

Control vs. Gem + Sun 4.302 ± 1.42 0.0008 

Control vs. XBR 4.690 ± 1.42 0.0002 

Control vs. Gem + Sun + XBR 5.959 ± 1.32 <0.0001 

Gemcitabine vs. Sunitinib 0.361 ± 0.82 0.9991 

Gemcitabine vs. Gem + Sun 0.610 ± 0.51 0.9894 

Gemcitabine vs. XBR 0.998 ± 0.51 0.9135 

Gemcitabine vs. Gem + Sun + XBR 2.267 ± 0.44 0.1961 

Sunitinib vs. Gem + Sun 0.249 ± 0.77 0.9999 

Sunitinib vs. XBR 0.637 ± 0.76 0.9871 

Sunitinib vs. Gem + Sun + XBR 1.907 ± 0.69 0.3714 

Gem + Sun vs. XBR 0.388 ± 0.41 0.9987 

Gem + Sun vs. Gem + Sun + XBR 1.657 ± 0.34 0.5272 

XBR vs. Gem + Sun + XBR 1.269 ± 0.33 0.7745 
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The relative tumour growth over the experiment period was calculated by 

dividing the final average tumour volumes (on Day 20) in each experimental 

group by their initial volumes on Day 0 (V1/V0). Relative volume < 1 indicates 

tumour shrinkage, and relative volume > 1 indicates tumour growth. The 

smaller relative tumour volume the more effective the treatment and vice 

versa. 

On the last day of the experiment (Day 20), tumours had achieved a 

statistically significant reduction in tumour volume only in the three-treatment 

combination group (i.e group 6) to 0.62 ± 0.55 folds compared to their initial 

volumes at Day 0. The relative tumour volume in the remaining groups had 

grown on Day 20 with 6.58 ± 3.93 folds in the control group, 2.88 ± 1.18 folds 

in gemcitabine alone group, 2.52 ± 2.01 folds in sunitinib alone group, 2.27 ± 

0.84 folds in gemcitabine plus sunitinib two-drug combination group, and 1.89 

± 0.80 folds in XBR group, compared to their initial volumes at Day 0 (Table 

5.1).  

Mean tumour volume differences between the treatment groups and Tukey’s 

multiple comparison tests, following one-way ANOVA, are shown in table B 

from Figure 5.1. It can be observed that the mean tumour volume of mice in the 

untreated control group (i.e. group 1; PBS only) was statistically significantly 

higher than those in all five treatment groups (p < 0.01). This indicates that the 

treatment of PANC-1 xenograft tumours with gemcitabine, sunitinib, or XBR 

either as single or in combination treatment imposed more favourable cytotoxic 

effect than untreated controls. 
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However, there was no statistically significant difference in relative tumour 

volume (V1/V0) between the remaining five treatment groups (p > 0.05). 

Therefore, combination treatment with gemcitabine and sunitinib either without 

XBR (two-drug combination) or with XBR (three-treatment combination) had 

no additional benefit on PANC-1 xenograft tumours compared to single 

treatment with gemcitabine, sunitinib, or XBR alone. 

Table 5.1 Relative tumour growth amongst the treatment groups on the 
last day of the experiment (day 20).  Gem = Gemcitabine; Sun = Sunitinib; 
SD = Standard deviation; Triple therapy = Gemcitabine plus sunitinib plus 
XBR. 

 Relative 
tumour growth 

at Day 20 
Control Gem Sun Gem+Sun XBR 

Triple 
therapy 

Mean 6.58 2.88 2.52 2.27 1.89 0.62 

SD 3.93 1.18 2.01 0.84 0.80 0.55 
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Tumour growth inhibition at day 20 (%TGI20), the mean time taken for a two-

fold increase in tumour volume (T2), and the growth delay (described in section 

2.13.4) were calculated for each mouse (Table 5.2). In contrast to the relative 

tumour growth, these analysis approaches (TGI, T2, and growth delay) 

compared the parameter of interest from the treatment group to the untreated 

control group.  

It can be observed that the highest growth inhibition, compared to the 

untreated control group, resulted from triple therapy (72.95%), followed by 

sunitinib and single radiotherapy (61.6% and 52.4%, respectively). Of note, 

combination therapy of gemcitabine plus sunitinib caused lower tumour growth 

inhibition (23.88%) than either monotherapy. 

From another angle of efficacy analysis, the time required for tumours to 

double in volume (T2) and the growth delay in the treatment groups, compared 

to the untreated controls, were calculated (Table 5.2). Tumour volumes 

reached 200% of the initial volume fastest in the control group (6.11 ± 2.8 

days), followed by the two single chemotherapies, and slowest by single 

radiotherapy (14.5 ± 2.6 days). 

The growth delay was calculated as T – C; where T and C are times in days 

for mean tumour volume in the treated (T) and control (C) groups to reach 

200% of the initial tumour volume and shown in (Table 5.2). 
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Table 5.2 Time to two-fold increase in tumour volumes, tumour growth 
inhibition (%TGI), and the growth delay in PANC-1 xenografts after 20 days of 
treatment. 

Treatment group TGI20 (%) 
Time to 2-fold 

tumour (T2) 
Growth delay 

(days) 

Control 00.00% 6.11 ± 2.80 0 
Gemcitabine 38.11% 8.13 ± 2.30 2.02 ± 1.6 
Sunitinib 61.55% 12.0 ± 4.34 5.89 ± 3.32 
Gem + Sun 23.88% 13.5 ± 5.68 7.39 ± 4.94 
XBR 52.36% 14.5 ± 2.56 8.39 ± 1.13 
Gem + Sun + XBR 72.95% 13.7 ± 0.71 7.59 ± 2.71 

  

  



CHAPTER 5: IN VIVO STUDY 

 251 
 

While these measures (TGI, T2, and the growth delay) are easy to implement 

and interpret, they have their limitations. In particular, the measures are 

inefficient, as they do not make use of any data collected before the final day 

of treatment. Another problem is that the measure is biased because animals 

are usually sacrificed when the tumour volume exceeds 16 mm in diameter. If 

this occurs before the end of the study, these animals will be excluded from 

the analysis. However, in the current study, the animals that were euthanized 

because of rapid tumour growth before the termination of the experiment, the 

tumour volume was extrapolated from the time of euthanasia, in order to 

overcome this source of bias. The second source of bias occurs when tumours 

in the control group (which are usually larger than those in the treatment group) 

experience a differential slowing of their growth rate relative to tumours in 

treatment group because of nutrient- and oxygen-limiting conditions (Hather et 

al., 2014). Therefore, the area under the time-volume curve was employed in 

this study as a robust measure of treatment effectiveness amongst the 

treatment groups. 

Figure 5.2 shows the calculated mean area under the time-volume curve of 

each mouse in each experimental group. The lower AUC the more effective 

treatment regimen. It can be observed that there was no significant difference 

between AUC in the gemcitabine group compared to the untreated control 

group. The remaining treatment groups showed significantly lower AUC 

compared to the control group (p < 0.05), with a higher difference seen in the 

single radiotherapy and the triple therapy group (p < 0.001). However, there 

was no significant difference in the AUC between the five treatment groups (p 
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> 0.05). This result partially supports our hypothesis that the combination 

therapy of gemcitabine plus sunitinib with or without XBR would inhibit 

pancreatic cancer tumour xenografts growth in nude mice pancreatic cancer 

model compared to untreated control and cohorts treated with monotherapy.   
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Figure 5.2 The average of the area under the tumour volume curves of 
each mouse over the experimental time amongst the six treatment 
groups. Statistical analysis was carried out using a nonparametric one-way 
ANOVA Kruskal-Wallis test followed by Dunn’s multiple comparisons tests 
to compare the differences in the mean rank of the AUC between the 
treatment groups. Data are means and SDs of eight or nine independent 
determinations. *P<0.5 and ***P<0.001 compared to the PBS-treated control 
group. 
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5.4 Discussion 

The combination of gemcitabine and sunitinib has been studied both in vitro 

and in vivo in pancreatic ductal adenocarcinoma xenograft models (Awasthi, 

Schwarz and Schwarz, 2011). We found from in vitro studies in the previous 

two chapters (chapters 3 and 4), that pancreatic ductal adenocarcinoma cell 

lines (PANC-1 and MIA PACA-2) showed significantly greater growth inhibition 

following administration of the combination of gemcitabine and tyrosine kinase 

inhibitor (sunitinib) as compared to either agent alone. 

In the present in vivo study, after 18 days of PANC-1 cell injection, nude mice 

bearing tumours of volumes of at least 65 mm3 were randomised into six 

treatment groups as described in section 2.13.3 and the first paragraph of the 

results part (section 5.3). Due to time constraints and the poor uptake of MIA 

PaCa-2 cells as cell xenografts in nude mice, only one pancreatic cancer cell 

line was able to be analysed in vivo. 

On the last day of the experiment (Day 20), tumours had achieved a 

statistically significant reduction in tumour volume only in the three-treatment 

combination group (i.e group 6) to 0.62 ± 0.55 folds compared to their initial 

volumes at Day 0. Tumours in the remaining groups had grown on Day 20 with 

6.58 ± 3.93 folds in the control group, 2.88 ± 1.18 folds in gemcitabine alone 

group, 2.52 ± 2.01 folds in sunitinib alone group, 2.27 ± 0.84 folds in 

gemcitabine plus sunitinib two-drug combination group, and 1.89 ± 0.80 folds 

in XBR group, compared to their initial volumes at Day 0 (Table 5.1). The 
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relative mean tumour volume of mice in the control group at day 20 was 

significantly higher than those in the treatment groups (p < 0.01) and Tukey’s 

multiple comparison tests revealed that, apart from controls, there was no 

significant difference in the relative tumour volume between the other five 

treatment groups.  

Gemcitabine, when administered alone, decreased the relative tumour growth 

significantly to 2.88 fold (TGI20 = 38.11%) compared to 6.58 fold in PBS treated 

controls (p = 0.0051), and delayed the time taken for a two-fold increase in 

tumour volume (T2) to 8.13 days compared to 6.11 days in controls. In addition 

to gemcitabine’s cytotoxic action against DNA synthesis in cancer cells, 

several in vivo studies have demonstrated gemcitabine, when delivered at 

standard doses, also has an effect on angiogenesis with this antiangiogenic 

activity acting against nascent tumour-supporting microvasculature which 

leads to an overall antimetastatic effect (Lee et al., 2000; Amoh et al., 2006). 

However, there was no significant difference between the area under the 

tumour curve (AUC) in the gemcitabine group compared to PBS treated 

controls in our in vivo study. Several previous studies found that gemcitabine 

when administered at doses between 50 and 100 mg/kg twice a week did not 

affect the tumour growth in pancreatic cancer xenograft studies, whereas the 

maximum-tolerated dose (MTDG; 150 mg/kg twice weekly) was effective 

(Yokoi et al., 2005; Olive et al., 2009; Olson et al., 2011). Contradictory to the 

findings of Laquente et al. (2008), Tran Cao et al. (2010) found that 

metronomic daily dosing of gemcitabine at 1 mg/kg/d had inferior activity 

against the growth of primary pancreatic cancer xenografts than MTDG (Tran 
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Cao et al., 2010). However, based on the median of gemcitabine doses in 

similar previous in vivo studies, mice in the present experiment was treated 

with 180 mg/kg once a week. The modest anti-tumour effect of gemcitabine 

may involve the demonstration that gemcitabine fails to accumulate in 

pancreatic cancer tumour due to the abundant desmoplastic stromal 

compartment in mice similar to human tumours (Chu et al., 2007). For our 

study, this modest efficacy of gemcitabine could be related also to the lower 

dose regimen used in the experiment compared to the maximum-tolerated 

dose of gemcitabine reported in the literature.  

Angiogenesis plays a critical role in the progression of primary and metastatic 

pancreatic cancer (Awasthi, Schwarz and Schwarz, 2011). Several 

antiangiogenic agents have been studied in experimental pancreatic cancer 

models, including anti-vascular endothelial growth factor (VEGF) agents like 

bevacizumab, resulted in limited survival benefit both when used alone and in 

combination with gemcitabine (Ko et al., 2008). Sunitinib is a multi-target RTK 

inhibitor with antiangiogenic and anti-tumour activity (Abrams et al., 2003; 

Mendel et al., 2003; O’Farrell et al., 2003). 

We found from the present in vivo study that the relative tumour volume in 

sunitinib monotherapy group was significantly lower than those in the control 

group (difference in V1/V0 = 4.05 ± 1.55; p = 0.0017) and sunitinib alone 

inhibited the tumour growth by 61.6% compared to controls. In contrast to our 

findings from in vitro studies, sunitinib was more effective than gemcitabine in 

this in vivo study in terms of tumour growth inhibition, T2, and AUC. For time 
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constraint, we did not conducted any post-mortem tumour histology in order to 

invistigate the effect of sunitinib on the angiogenesis or microvessel density in 

pancreatic cancer xenografts. However, we suggest that this profound efficacy 

of sunitinib in our in vivo study can be attributed to the major mechanism of 

anti-tumour activity of sunitinib, which involves a reduction of microvessel 

density and inhibition of angiogenesis process (Chow and Eckhardt, 2007), 

and these components are not applicable in the in vitro model (Casneuf et al., 

2009).  

However, in other reported studies, sunitinib as a monotherapy or in 

combination with gemcitabine had no impact on tumour growth in pancreatic 

cancer in genetically engineered mouse models (GEMM) (Olson et al., 2011) 

and in pancreatic orthotopic human tumours models (MIA PaCa-2 cells) (Tran 

Cao et al., 2010). However, sunitinib reduced the frequency of metastasis, 

delayed the onset of ascites, and was associated with a significant, even 

though a modest effect on survival (Tran Cao et al., 2010). Even though 

tyrosine kinase inhibitors, including sunitinib, found to inhibit the key 

component of the pancreatic cancer stroma, such as the fibroblast and 

endothelial cells (Awasthi et al., 2014), it has been reported that the cytotoxic 

efficacy of sunitinib may be inhibited by the pancreatic niche in pancreatic 

ductal adenocarcinoma tumours (Martinez-Bosch et al., 2016). To enhance 

the anti-tumour efficacy of sunitinib in pancreatic ductal adenocarcinoma, 

previous studies suggested co-administration of either anti-fibrotic drugs to 

penetrate the fibrous capsule around the tumour (Martinez-Bosch et al., 2016), 
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or nab-paclitaxel to deplete the stroma and improve the permeability of 

sunitinib and gemcitabine into tumour cells (Hoffman and Bouvet, 2015).  

In contrast to our in vitro findings, combination therapy of gemcitabine plus 

sunitinib caused lower tumour growth inhibition (23.88%) than either 

monotherapy in the animal model. These results also contradicted the findings 

of a phase I trial of sunitinib and gemcitabine in patients with advanced solid 

tumours, including pancreatic ductal adenocarcinoma (n = 10 of 33), in which 

this combination was well-tolerated and had significant clinical activity (Brell et 

al., 2012). Similar to this result, a previous study, which investigated whether 

the combination of gemcitabine and sunitinib would lead to an enhanced 

response compared to single-agent gemcitabine in the pancreatic cancer 

model, found that the combination of gemcitabine plus sunitinib had no added 

benefit compared to gemcitabine alone (Olson et al., 2011).  These studies 

differ from our study design, in which both chemotherapy and TKI were 

administered concurrently, Olson and his colleagues (Olson et al., 2011) 

initialised sunitinib treatment a week before gemcitabine administration to 

allow for potential vessel normalisation and drug delivery, as has been 

suggested in the application of antiangiogenic therapy (Jain, 2001). This 

discrepancy in treatment approaches between our study and Olson’s, 

however, showed no major impact on anti-tumour efficacy in both experiments. 

Moreover, hypoxia, which is reported to be increased as a consequence of 

reduced vascularization following sunitinib treatment (Kleibeuker, ten Hooven, 

Castricum, et al., 2015), plays an important role in pancreatic cancer cells 

resistance to gemcitabine through the activation of PI3K/Akt/NF-kB signalling 
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pathways that regulate cell proliferation, angiogenesis, and apoptosis (Yokoi 

and Fidler, 2004).  Furthermore, the metronomic dose of gemcitabine (1 mg/kg 

daily, METG) in combination with oral gavage sunitinib (40 mg/kg daily) had a 

significant inhibitory effect on primary tumour growth compared to control (p = 

0.03) but not to gemcitabine alone (Tran Cao et al., 2010). METG or sunitinib 

alone had no inhibitory effect on primary tumour growth compared to control 

(Tran Cao et al., 2010). In addition, there was no difference in anti-tumour 

activity between gemcitabine administered at maximum-tolerated dose alone 

and in combination with daily oral sunitinib (Tran Cao et al., 2010). 

Furthermore, Awasthi et al. (2011) observed a modest efficacy of combination 

therapy of gemcitabine and sunitinib in a murine pancreatic cancer model, but 

this combination failed to reduce the proliferation beyond levels achieved by 

sunitinib alone (Awasthi, Schwarz and Schwarz, 2011). Moreover, in a recent 

meta-analysis of 3,401 elderly pancreatic cancer patients from six randomized 

controlled trials, the author found that combined conventional chemotherapy 

significantly improves OS in comparison with gemcitabine alone (HR 0.73, p = 

0.016), while gemcitabine plus targeted agents do not improve OS (HR 1.02, 

p = 0.83) when compared with gemcitabine alone (Jin, Teng and Li, 2018). 

Finally, all these discussed studies data mirror results emerging from human 

trials; hence in a phase II trial, the combination of gemcitabine plus sunitinib 

was not superior in locally advanced or metastatic pancreatic ductal 

adenocarcinoma compared to gemcitabine alone in regard to efficacy but was 

associated with more toxicity (Bergmann et al., 2015).  
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However, in other reported studies, the metronomic dose of gemcitabine in 

combination with sunitinib significantly prolonged median overall survival (44 

days) compared with control or either regimen alone (P < 0.05) in orthotopic 

pancreatic cancer tumour grafts (Tran Cao et al., 2010). It has been reported 

that gemcitabine efficacy was enhanced when tumour blood perfusion 

increased when administered in combination with an inhibitor of the hedgehog 

signalling pathway (Olive et al., 2009). Therefore, it was suggested that the 

reduced blood flow, in concomitant with a reduction in vessel density, following 

an angiogenesis inhibitor, sunitinib, in combination with gemcitabine may 

diminish the beneficial effect of gemcitabine (Olson et al., 2011). On the other 

hand, a previous in vivo study demonstrated that adding sunitinib to 

gemcitabine or radiotherapy (XBR) had a superior proapoptotic effect and was 

found to intensify the anti-tumour effect of either therapy alone in a murine 

model of pancreatic cancer PANC-2 xenografts (Casneuf et al., 2009). The 

authors attributed efficacy of sunitinib in the animal model to the capability of 

this agent to modulate circulating VEGF pathway biomarkers like VEGF, 

placenta growth factor (PlGF) and EGF (Casneuf et al., 2009). They also 

suggested that it is possible that apoptosis and cytotoxic damage to tumour 

cells caused by conventional chemotherapeutics like gemcitabine, might have 

been exacerbated through inhibition of tumour-supporting stroma and blood 

vessels by sunitinib (Casneuf et al., 2009).  

Despite the confirmed antiangiogenic activity of sunitinib and gemcitabine, the 

anti-tumour activity of these agents either alone or in combination in pancreatic 

cancer still disappointing. Olson et al. (2011) suggested that these findings 
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revealed the striking properties of pancreatic tumours (Olson et al., 2011).  The 

authors suggested that the reduced blood perfusion appears to be a 

component of disease progression in at least a fraction of pancreatic cancer 

tumours (Olson et al., 2011). Another explanation involves the fact that 

antiangiogenic treatment induces destruction of immature and inefficient 

vessels and promotes maturation of the remaining vessels (Jain, 2003). 

Further to this, Olson et al. (2011) suggested that the modest efficacy of anti-

angiogenic agents and the ability of pancreatic cancer tumours to continue 

progressing following a further therapeutic reduction in vascular density and 

functionality may highlight their apparently limited dependence on the hallmark 

capability of angiogenesis (Olson et al., 2011).  

For the first time, to the best of our knowledge, we evaluated the anti-tumour 

efficacy of a triple combination of gemcitabine, sunitinib, and XBR in pancreatic 

cancer animal model. We found no previous study investigated this 

combination regimen in pancreatic ductal adenocarcinoma animal model 

before. Casneuf et al. (2009) treated murine mice bearing a PANC02 

pancreatic tumour xenograft with gemcitabine, sunitinib, radiotherapy, or a 

combination of radiation or gemcitabine with sunitinib (Casneuf et al., 2009). 

In another study, orthotopic fluorescent human pancreatic cancer xenografts 

were treated with gemcitabine on a low-dose metronomic schedule (1 mg/kg 

daily) or a MTDG (150 mg/kg twice weekly) schedule with or without sunitinib 

(Tran Cao et al., 2010). In the third study, SCID-NOD (severe combined 

immune deficiency, non-obese diabetic) mice aged 6–8 weeks were injected 

with pancreatic cancer AsPC-1 cells then treated intraperitoneally with PBS 
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(control), gemcitabine (100 mg/kg, twice weekly) or sunitinib (40 mg/kg for the 

first week, then 20 mg/kg for the second week five times weekly), either alone 

or in combination for 2 weeks (Awasthi, Schwarz and Schwarz, 2011). 

Besides, 9.5-week-old pancreatic ductal adenocarcinoma genetically 

engineered mouse models (GEMMs) were given either 40 mg/kg sunitinib or 

vehicle via oral gavage for 4 weeks. Gemcitabine was administered to 10.5-

week-old mice at 150 or 75 mg/kg twice weekly for 3 weeks. For sunitinib plus 

gemcitabine combination therapy, mice received sunitinib beginning at 9.5 

weeks and gemcitabine beginning at 10.5 weeks (Olson et al., 2011). Finally, 

several other in vivo studies investigated the efficacy of gemcitabine in 

combination with radiation (Mason et al., 1999; Pauwels et al., 2005; Shen et 

al., 2015), or sunitinib with radiation (Cuneo et al., 2008) in pancreatic ductal 

adenocarcinoma models. 

The triple combination therapy of gemcitabine plus sunitinib plus XBR in the 

current in vivo study was the most effective treatment approach hence it shrank 

the relative tumour volume to 0.62 fold of its initial volume at day 0 (TGI20 = 

72.95%) compared to 6.58 folds in controls (p < 0.0001), delayed the time 

taken for a two-fold increase in tumour volume (T2) to 13.7 days compared to 

6.11 days in control mice, and decreased the AUC significantly compared to 

control group (p < 0.001).  

It has been reported in the literature that tumour growth delay enhanced only 

when sunitinib treatment was initiated after the completion of fractionated 

radiation therapy (Brooks et al., 2012). In our study, this was also the case; we 
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exposed mice in the triple therapy group to 5 Gy XBR on the first day of the 

experiment before commencing gemcitabine or sunitinib treatment. This 

suggests that sunitinib may be acting on the irradiated tumour stroma and 

suppressing its ability to sustain regrowth of the irradiated tumour rather than 

by radiosensitizing during radiation (Brooks et al., 2012).  

However, there was no significant difference in the AUC between the triple 

therapy and the remaining treatment groups. Of note, all mice in this treatment 

group were euthanised two days before the end of the experiment (day 18) 

because of 20% weight loss relative to the initial body weight. We could not 

determine the cause of the sudden weight loss in those mice treated with triple 

therapy. This weight loss could be drug-related toxicity. All three agents, 

gemcitabine (Braakhuis et al., 1995; Fields et al., 2000; Chen et al., 2006; Tran 

Cao et al., 2010), sunitinib (Hu et al., 2016; Maraz et al., 2018), and radiation 

(Lees, 1999; Munshi et al., 2003; Hill et al., 2011),  were reported to cause 

weight loss in animal model and human. Casneuf et al. (2009) reported that 

treatment used alone or in combination did not cause drug-related deaths or 

weight loss of >15% (Casneuf et al., 2009). The doses of sunitinib used in 

Casneuf’s study was identical to ours (40 mg/kg) and the total dose of 

gemcitabine was 180 mg/kg in both studies, but it was divided into three 

smaller doses (60 mg/kg) in the first study. But the radiation dose used in 

Casneuf’s study was 5 times higher than ours. This could weaken the 

possibility that this toxicity was mainly attributed to XBR dose used in our in 

vivo study (5 Gy; single dose). However, Casneuf’s study did not investigate 

these agents as triple therapy. So, it could be there was a synergistic weight 
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loss side-effect in mice following the triple therapy. Finally, there is a logical 

possibility that the observed weight loss in this group may be correlated with 

the relative tumour volume which shrank to 0.62 folds. Other combination 

treatment in our study (Table 5.1) and Casneuf’s study (Casneuf et al., 2009) 

could not shrink tumour volumes in treated mice. 

In conclusion, based on the in vivo results, we believe that the combination of 

gemcitabine with sunitinib and radiation offers a promising approach for 

treating pancreatic ductal adenocarcinoma in the clinic. However, lowering 

dosing of all three agents is warranted to decrease the unfavourable side 

effects while maintaining anti-tumour activity. 
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CHAPTER 6: General discussion, conclusion, and future work 

Pancreatic cancer represents the seventh leading cause of cancer mortality 

globally (Bray et al., 2018), and despite the advances in cancer therapy over 

the last two decades, its prognosis is still poor and survival rate among patients 

with pancreatic cancer for five years is less than 5% (Keane et al., 2014). This 

can be attributed to late-stage diagnosis, early metastasis, high local 

recurrence risk and resistance to conventional chemotherapy (Awasthi, 

Schwarz and Schwarz, 2011). 

Gemcitabine is considered the gold standard and the historical first-line 

treatment for patients with pancreatic ductal adenocarcinomas. However, it 

mediates only a marginal clinical benefit both when administered alone and in 

combination with other conventional chemotherapy agents or targeted therapy 

agents. 

Therefore, this project investigated, for the first time, novel triple combinations 

and treatment schedule strategies of gemcitabine plus repurposed TKI 

angiogenesis inhibitor (sunitinib or pazopanib) plus external beam radiation in 

pancreatic cancer preclinical in vitro and in vivo. We hypothesised that these 

novel combination strategies would improve anti-tumour efficacy in pancreatic 

cancer models and in the clinic compared to single or double therapies. 
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This hypothesis was partially validated from the in vitro and the in vivo studies. 

When we investigated the anti-tumour activity of pazopanib for the first time in 

pancreatic ductal adenocarcinoma, we found that pazopanib offered no 

additional benefit when combined with gemcitabine. Thus, this part of the 

hypothesis was not validated. However, our novel combination strategies with 

lower doses of gemcitabine, sunitinib, and XBR resulted in greater anticancer 

efficacy than either treatment alone. The concurrent administration of 

gemcitabine and sunitinib (two-drug schedule 3 combination) and when 

administered after completing the radiotherapy (three-treatment schedule 2 

combination) showed a synergistic effect and was found to be the most 

effective combination strategy in the treatment of pancreatic cancer. 

Furthermore, our three-treatment combination strategy in the in vivo pancreatic 

cancer xenograft model was the only combination approach which was able to 

shrink the tumour in nude mice while other treatment strategies only delayed 

the tumour growth. 

However, the prompt significant weight loss side effect observed in the 

experimental mice invokes doubts about the safety of this combination 

strategy. Therefore, the question of whether this novel combination approach 

will beneficially improve pancreatic cancer therapy in the clinical settings 

remains open. 

Nevertheless, the major results and conclusions of this project were based on 

a single cell line study in a xenograft setting, which knowing that the clinical 

tumours are expected to represent a wide spectrum of genetic heterogeneity 
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that may limit the presence of the susceptibility parameters necessary to 

mediate this combination benefit (Awasthi, Schwarz and Schwarz, 2011). 

Moreover, pancreatic tumour microenvironment may affect the results of the in 

vivo experiment. For instance, it has been reported that the probability of 

metastasis for orthotopically implanted tumours is higher than ectopic 

(subcutaneous; as per our in vivo work) ones (Rezaee and Abdollahi, 2017). 

Therefore, it would be suggested to use genetically engineered mouse models 

(GEMMs) to investigate our well-established combination strategies in 

pancreatic cancer therapy. Although tumours in GEMMs may not reflect the 

full spectrum of heterogeneity and diversity seen in human tumours, they are 

likely to be well suited to evaluate drugs that target the tumour 

microenvironment, because critical signalling axes between cancer cells and 

stroma are not skewed by interspecies differences (Olson et al., 2011). 

Although targeted therapy has failed to improve outcomes in pancreatic cancer 

patients, or because of this failure, considerable efforts are being made to 

identify new treatments that can make significant differences for pancreatic 

cancer patients. Clinical research continues to focus on targeting specific 

mutations seen in patients with pancreatic cancer through oral monoclonal 

antibodies (for example, ipilimumab, atezolizumab, pembrolizumab, 

tremelimumab, nivolumab, durvalumab, and APX005M), small molecular 

inhibitors, immunotherapy, and alternative formulations of conventional 

cytotoxic agents (Adel, 2019). Furthermore, Trifluridine/tipiracil (TAS-102) is a 

combination of a fluorinated thymidine analogue, trifluridine, and a thymidine 

phosphorylase inhibitor, tipiracil hydrochloride, at a molar ratio of 2:1 (Adel, 2019). 
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TAS-102 is approved in the US for patients with refractory metastatic colon cancer 

and is currently being studied in combination with liposomal irinotecan in 

metastatic pancreatic cancer (Adel, 2019). 

Altogether, even in well-designed animal experiments, the differences 

between humans and animal components may weaken the translatability of 

data (Rezaee and Abdollahi, 2017). Therefore, our findings in this project 

would be considered to offer a promising approach for treating pancreatic 

ductal adenocarcinoma in the clinic. 
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APPENDICES 

Appendix A Using gemcitabine in cancer animal models. 

Cell-Line Mice Type Gem Dose Frequency Gemcitabine Duration Route Study 

PANC-1 Female NCr nude mice (6-7 weeks 

old) 

0.5µg/g /day Daily GEM in DMSO 26 Days I.P (Zheng et 

al., 2012) 

PANC-1 Male BALB/c-nu/nu nude mice 

aged 4-6 weeks and weighing 18-

22 g 

25 or 50 

mg/kg 

Single-dose? Gem in Saline Observe after 

30 days 

I.V (tail) (Shen et 

al., 2015) 

PANC-1 Athymic nude male mice, 6 to 8 

weeks old 

200 μL, 120 

mg/kg 

Every 5 days HCL in Saline 20 Days I.V 

(femoral) 

(Li et al., 

2013) 

PANC-1 Six-week-old, male, athymic, 

BaLB/c nu/nu mice 

125 mg/kg Every 3 days Gem in Saline 9 times I.P (Guo et al., 

2012) 

PANC-1, 

BxPC-3 and 

CFPAC-1 

BALB/c nude mice 25 mg/kg/d; 

dissolved in 

PBS 

Daily Gem in PBS 16 days I.V 

(caudal) 

(Zhi et al., 

2015) 

MIA PaCa-2 CD nu/nu male mice [Abstract 

only] 

120mg/kg Every 3 days - 4 times ?? (Azzariti et 

al., 2010) 

MIA PaCa-2 Male Nog-SCID mice (7 weeks 

old) 

50 mg/kg Twice/Wk Gem in Saline 4 Weeks I.P (Hermine 

et al., 

2010) 

Panc-2 4-to-6 week-old male 

HsdOla/MF1 mice (16-20 gr body 

weight) 

60 mg/kg 3 times/wk - Days 1,4,7 I.P (Casneuf 

et al., 

2009) 
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Cell-Line Mice Type Gem Dose Frequency Gemcitabine Duration Route Study 

BxPC- 3-luc 5-6 weeks old female Nu/Nu mice 100 mg/kg Weekly Gem in Saline  I.P (D’Aronzo 

et al., 

2015) 

BxPC-3 Male nude BALB/c mice, 6–8 

weeks old, 

100 mg/ kg Twice/Wk Gem in PBS 21 days I.P (Wang et 

al., 2010) 

Metastatic 

L3.6pl 

Male athymic nude mice (NCI-nu) 

(8–10 weeks old) 

125 mg/kg Twice/Wk Gem in Saline 35 days I.P (Solorzano 

et al., 

2003) 

COLO 357 and 

L3.6pl 

Female nude mice (ICR-SCID) (4-

6 weeks old) 

80 mg/kg Every other 

day 

 10 days I.V (Banerjee 

et al., 

2005) 

HPAC and 

Capan-1 

Male 5-week-old BALB-nu/ nu 

mice 

20 mg/kg Weekly  Day 1, 8, 15 I.V (Furugaki 

et al., 

2010) 

CFPAC-1 Female athymic BALB/c nu/nu 

mice (age, 4-5 weeks; weight, 15-

16 g) 

50 mg/kg Twice/week  4 Weeks I.P (Shi et al., 

2016) 

DAN-G 6-week-old, female, athymic, 

BALB/c nu/nu mice 

125 mg/kg Twice/Wk  30 days I.P (Ziske et 

al., 2004) 

SW1990 and 

SW1990/GR 

4-week-old BALB/c female nude 

mice 

150 mg/kg Twice/Wk  28 Days I.P (Cai et al., 

2013) 

USCS Athymic nu/nu nude mice, 4–6 

weeks old 

100 mg/kg Weekly  Twice I.P (Igarashi 

et al., 

2017) 
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