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ABSTRACT 

Introduction 

In the UK, pancreatic cancer is the 5th most common cause of cancer related deaths, 

with an average 5-year survival rate of 7.3% and a 10-year survival rate of only 1%, 

which has remained unchanged since the 1970s. Currently the only curative treatment 

for pancreatic cancer is surgical resection, however 80% of patients are ineligible for 

resection as the majority of cases are diagnosed in the later stages of the disease 

and are inoperable, leaving chemotherapy as the only treatment option. Gemcitabine 

was first introduced in 1997 and remains a main staple of therapy for pancreatic 

cancer patients, whether as a monotherapy or in combination. However, despite its 

widespread use, gemcitabine resistance remains a widespread problem clinically, 

owing to both intrinsic and acquired resistance mechanisms present in over 80% of 

pancreatic cancers. There is, therefore, a significant clinical need for alternative 

treatment options in pancreatic cancer, and to this end we propose the use of the 

repurposed fumarate drugs dimethyl fumarate (DMF) and monomethyl fumarate 

(MMF). Both DMF and MMF were previously used for the treatment of multiple 

sclerosis but have since shown promise as anticancer agents, as DMF and MMF 

downregulate NRF2 activity, the major transcription factor responsible for the 

antioxidant response, which we hypothesise enhances the effect of other 

chemotherapies and radiotherapy in combination. The aims of this project were 

therefore to develop novel combination therapies utilising DMF and MMF in 

combination with chemotherapy and external beam radiotherapy (EXBR), which we 

hypothesise would show promise in inducing reduction in clonogenicity in pancreatic 

cancer cell lines.  
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Materials and methods 

Pancreatic cancer cell lines, Panc-1 and Mia PaCa-2 were cultured in both 2D and 

3D cell models via the clonogenic and spheroid growth assays respectively to 

investigate the efficacy of both DMF and MMF in combination with gemcitabine or 

radiotherapy. Additionally, to determine the effects of scheduling the developed 

combinations, three schedules were tested: simultaneous administration (schedule 

1); drug administered 24 hours before EXBR (schedule 2); and fumaric drug 

administered 24 hours before gemcitabine (schedule 3). To assess the effectiveness 

of the developed combinations in vitro, two-dimensional (2D) clonogenic and three-

dimensional (3D) spheroid studies were carried out, followed by mechanistic studies 

investigating DNA damage and repair; distribution of cells throughout the cell cycle 

following treatment; cell death via apoptosis; and finally, glutathione levels within the 

cell following treatment to investigate the mechanisms underpinning the effects 

observed by the combinations. 

Results  

From all of the developed combinations, five combinations were selected to go 

forward for further analysis based on the results obtained from the clonogenic assay. 

These combinations were: MMF + EXBR (schedule 1 & 2), MMF + gemcitabine 

(schedule 1 & 3) and DMF + EXBR (schedule 2). Of these five combinations, we 

believe MMF + EXBR (schedule 1 & 2), and MMF + gemcitabine (schedule 1) to be 

the most promising combinations based on the results experimentally obtained. 

In Panc-1, the combination of 0.6 µM MMF + 0.5 Gy EXBR (schedule 1) induced an 

average reduction in clonogenicity of 49.08 ± 3.18%, whereas 0.6 µM MMF induced 

a reduction in clonogenicity of 26.48 ± 6.34% and 0.5 Gy EXBR 30.56 ± 4.27%. When 

looking at the cell cycle, the combination caused S phase arrest (57.53% of cells in 
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the population), which corresponded with an increase in DNA damage (12.8%) and 

apoptosis (8.9%). However, this did not correspond with a decrease in glutathione as 

hypothesised as the glutathione levels remained the same as that of the untreated 

control. When testing this combination in spheroids, it resulted in a 45.08 ± 15.96% 

reduction in spheroid growth when compared with the untreated control, whereas 

MMF monotherapy resulted in a 31.88 ± 13.11% and EXBR 35.77 ± 14.30% 

reduction. In Mia PaCa-2, the combination of 0.6 µM MMF + 0.5 Gy EXBR (schedule 

1) induced an average reduction in clonogenicity of 32.47 ± 11.05%, whereas 0.6 µM 

MMF induced a reduction in clonogenicity of 27.33 ± 5.91% and 0.5 Gy EXBR 20.82 

± 6.94%. When looking at the cell cycle, the combination caused G2/M phase arrest 

(43.22% of cells in the population), which corresponded with an increase in DNA 

damage (11.29%) and apoptosis (30.5%). However, this did not correspond with a 

decrease in glutathione as hypothesised as the glutathione levels remained the same 

as that of the untreated control. When testing this combination in spheroids, it resulted 

in a 62.66 ± 9.23% reduction in spheroid growth when compared with the untreated 

control, whereas MMF monotherapy resulted in a 62.21 ± 5.53% and EXBR 23.5 ± 

6.37% reduction. 

In Panc-1, the combination of 0.6 µM MMF + 0.16 µM gemcitabine (schedule 1) 

induced an average reduction in clonogenicity of 55.19 ± 3%, whereas 0.6 µM MMF 

induced a reduction in clonogenicity of 22.97 ± 4.7% and 0.16 µM gemcitabine 2.22 

± 2.18%. When looking at the cell cycle, the combination caused G2/M phase arrest 

(61.21% of cells in the population), which corresponded with an increase in DNA 

damage (2.77%) and apoptosis (8.17%). However, this did not correspond with a 

decrease in glutathione as hypothesised as the glutathione levels remained the same 

as that of the untreated control. When testing this combination in spheroids, it resulted 

in a 96.50 ± 5.15% reduction in spheroid growth when compared with the untreated 
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control, whereas MMF monotherapy resulted in a 31.11 ± 10.24% and gemcitabine 

94.88 ± 3.36% reduction. In Mia PaCa-2, the combination of 0.6 µM MMF + 0.16 µM 

gemcitabine (schedule 1) induced an average reduction in clonogenicity of 14.97 ± 

7.17%, whereas 0.6 µM MMF induced a reduction in clonogenicity of 30.33 ± 2.15% 

and 0.16 µM gemcitabine 15.52 ± 6.13%. When looking at the cell cycle, the 

combination caused G2/M phase arrest (61.21% of cells in the population), which 

corresponded with an increase in DNA damage (2.06%) and apoptosis (30.31%). 

However, this did not correspond with a decrease in glutathione as hypothesised as 

the glutathione levels remained the same as that of the untreated control. When 

testing this combination in spheroids, it resulted in a 92.56 ± 4.73% reduction in 

spheroid growth when compared with the untreated control, whereas MMF 

monotherapy resulted in a 60.21 ± 8.51% and gemcitabine 90.13 ± 6.36% reduction 

In Panc-1, the combination of 0.6 µM MMF + 0.5 Gy EXBR (schedule 2) induced an 

average reduction in clonogenicity of 48.74 ± 9.35%, whereas 0.6 µM MMF induced 

a reduction in clonogenicity of 27 ± 3.27% and 0.5 Gy EXBR 32.08 ± 5.41%. When 

looking at the cell cycle, the combination had no effect on the cell cycle or induced 

lasting DNA damage and glutathione levels remained the same as the untreated 

control, however there was an increase in apoptosis (12.9%). When testing this 

combination in spheroids, it resulted in a 41.76 ± 10.85% reduction in spheroid growth 

when compared with the untreated control, whereas MMF monotherapy resulted in a 

46.40 ± 17.28% and EXBR 46.71 ± 11.72% reduction. In Mia PaCa-2, the combination 

of 0.6 µM MMF + 0.5 Gy EXBR (schedule 2) induced an average reduction in 

clonogenicity of 36.54 ± 14.9%, whereas 0.6 µM MMF induced a reduction in 

clonogenicity of 29.09 ± 6.74% and 0.5 Gy EXBR 18.02 ± 3.52%. When looking at the 

cell cycle, the combination had no effect on the cell cycle, however there was an 

increase in DNA damage (2.19%) and apoptosis (25.05%). However, this did not 
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correspond with a decrease in glutathione as hypothesised as the glutathione levels 

remained the same as that of the untreated control. When testing this combination in 

spheroids, it resulted in a 44.03 ± 15.40% reduction in spheroid growth when 

compared with the untreated control, whereas MMF monotherapy resulted in a 29.73 

± 11.90% and EXBR 4.11 ± 2.72% reduction 

In Panc-1, the combination of 20 µM DMF + 0.5 Gy EXBR (schedule 2) induced an 

average reduction in clonogenicity of 36.13 ± 4.17%, whereas 0.5 Gy EXBR induced 

a reduction in clonogenicity of 28.06 ± 2.57% and 20 µM DMF had no effect on 

clonogenicity. The combination had no effect on glutathione levels, the distribution of 

cells throughout the cell cycle or induced any lasting DNA damage, however there 

was an increase in apoptosis (9.74%). When testing this combination in spheroids, it 

resulted in a 63.80 ± 6.65% reduction in spheroid growth when compared with the 

untreated control, whereas DMF monotherapy resulted in a 28.33 ± 12.24% and 

EXBR 40.20 ± 13.84% reduction. In Mia PaCa-2, the combination of 20 µM DMF + 

0.5 Gy EXBR (schedule 2) induced an average reduction in clonogenicity of 48.67 ± 

6.10%, whereas 20 µM DMF induced a reduction in clonogenicity of 11.13 ± 3.83% 

and 0.5 Gy EXBR 19.94 ± 4.04%. When looking at the cell cycle, the combination had 

no effect on the cell cycle, however there was an increase in DNA damage (3.49%) 

and apoptosis (22%). However, this did not correspond with a decrease in glutathione 

as hypothesised as the glutathione levels remained the same as that of the untreated 

control. When testing this combination in spheroids, it resulted in a 55.24 ± 12.67% 

reduction in spheroid growth when compared with the untreated control, whereas 

DMF monotherapy resulted in a 10.26 ± 12.58% and EXBR 6.87 ± 4.86% reduction. 

In Panc-1, the combination of 0.6 µM MMF + 0.16 µM gemcitabine (schedule 3) 

induced an average reduction in clonogenicity of 13.28 ± 6.37%, whereas 0.6 µM 

MMF induced a reduction in clonogenicity of 25.71 ± 4.79% and 0.16 µM gemcitabine 
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3.2 ± 1.52%. The combination had no effect on glutathione levels, the distribution of 

cells throughout the cell cycle or induced any lasting DNA damage, however there 

was an increase in apoptosis (9.53%). When testing this combination in spheroids, it 

resulted in a 96.65 ± 3.86% reduction in spheroid growth when compared with the 

untreated control, whereas MMF monotherapy resulted in a 16.97 ± 12.49% and 

gemcitabine a 97.04 ± 2.19% reduction. In Mia PaCa-2, the combination of 0.6 µM 

MMF + 0.16 µM gemcitabine (schedule 3) induced an average reduction in 

clonogenicity of 25.15 ± 2.96%, whereas 0.6 µM MMF induced a reduction in 

clonogenicity of 24.94 ± 5.47% and 0.5 Gy EXBR 21.42 ± 5.04%. When looking at the 

cell cycle, the combination caused G2/M phase arrest (38.31% of cells in the 

population), which corresponded with an increase in DNA damage (6.63%) and 

apoptosis (27.27%). However, this did not correspond with a decrease in glutathione 

as hypothesised as the glutathione levels remained the same as that of the untreated 

control. When testing this combination in spheroids, it resulted in a 93.13 ± 2.93% 

reduction in spheroid growth when compared with the untreated control, whereas 

MMF monotherapy resulted in a 42.14 ± 4.46% and gemcitabine a 90.91 ± 5.83% 

reduction. 

Conclusion 

The combinations of MMF + EXBR and MMF + gemcitabine show promise as a 

potential candidate for the treatment of pancreatic cancers, however further studies 

investigating the effects of the combination in vivo would be required prior to potential 

clinical studies. 

From the obtained results we were unable to confirm the mechanism of action of 

DMF/MMF, therefore further studies would be required to elucidate the mechanism of 

cell death and confirm if glutathione levels are being reduced as hypothesised. 
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ABBREVIATIONS 

2D = two-dimensional 

3D = three-dimensional 

ACS = American Cancer Society 

ATP = adenosine triphosphate 

AUC = area under the curve 

Bcl-2 = B-cell lymphoma 2 

CDKN2A = cyclin-dependent kinase 2A 

CES1 = carboxylesterase 1 

CT = computed tomography 

D50 = irradiation dose to reduce the survival rate to 50% 

dCK = deoxycytidine kinase 

dCTP = deoxycytidine triphosphate  

dFdCMP = gemcitabine monophosphate 

dFdCTP = gemcitabine triphosphate 

DJ-1 = protein deglycase 

DMEM = Dulbecco’s modified Eagle medium 

DMF = dimethyl fumarate 

DDR = DNA damage response  

DSBs = double-strand breaks 

EMA = European Medicines Agency 

EXBR = external beam radiotherapy 

FBS = Fetal Bovine Serum 

FDA = Food and Drug Administration 

FITC = fluorescein isothiocyanate  

FOLFIRINOX = folinic acid, fluorouracil, irinotecan, and oxaliplatin 

G1 phase = gap one phase 

G2 phase = gap two phase 

GI = gastrointestinal 

GSH = glutathione 

GSSG = glutathione disulphide 
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IAP = inhibitors of apoptosis 

IARC = International Agency for Research on Cancer 

IC50 = half-maximal inhibitory concentration  

KEAP1 = Kelch-like ECH-associated protein 1 

KRAS = Kirsten rat sarcoma viral oncogene homolog 

LINAC = medical linear accelerator 

M = metastasis 

M phase = mitotic phase  

MDR = multidrug resistance 

MMF = monomethyl fumarate 

MRI = magnetic resonance imaging 

MRP1 = multidrug resistance protein 1 

N = lymph nodes 

NCI = National Cancer Institute 

NDPK = nucleoside diphosphate kinase 

NF-κB = nuclear factor-κB 

NICE = National Institute for Health and Care Excellence 

NMPK = monophosphate kinase 

NRF2 = nuclear factor erythroid 2-related factor 2 

NTPs = nucleoside triphosphates 

p53 = tumour protein 53 

PanCAN = Pancreatic Cancer Action Network 

PARP = Poly (ADP-ribose) polymerase 

PBS = phosphate-buffered saline 

PDAC = pancreatic ductal adenocarcinoma 

P-gp = P-glycoprotein  

PI = propidium iodide 

Poly-HEMA = poly (2-hydroxyethyl methacrylate) 

PS = phosphatidylserine 

RNase A = Ribonuclease A  

ROS = reactive oxygen species 
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RRMS = relapsing-remitting multiple sclerosis 

S phase = DNA synthesis phase 

SABR = stereotactic ablative radiotherapy 

SBRT = stereotactic body radiation therapy 

sG1 = sub G1  

SSBs = single-strand breaks 

T = tumour grade 

TBE = Tris Borate EDTA  

TMZ = temozolomide 

TNM = tumour, node, metastasis 

TP53 = tumour protein 53 

U.K. = United Kingdom 

U.S. = United States 

WCRF = World Cancer Research Fund 

WHO = World Health Organisation 
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1.1: Cancer Incidence & Mortality 

In humans, cancer is the second highest cause of mortality (1 in 6 deaths), second 

only to heart disease [1]. In 2020 alone, over 18 million individuals were diagnosed 

with cancer, with 9.8 million cancer related deaths reported [2, 3]. Incident rates of 

cancer in the United Kingdom (U.K.) exceeds those in other areas of the world by 

90%, with around 375,000 annual cancer diagnoses. Cancer incidence rates are 

higher in males (51%) compared with females (49%) in the U.K. (and globally), 

resulting from differences in lifestyle, genetic and hormonal profiles [4, 5]. However, 

despite the mortality rate of all cancers in the U.K. falling by 10% in the last decade, 

the global cancer burden is predicted to increase by 47% by the year 2040 [6]. 

1.2: Biology and Hallmarks of Cancer 

Cancer is an invasive disease caused by the accumulation of genetic abnormalities 

within a cell, leading to abnormal gene expression and uncontrolled proliferation, 

otherwise known as oncogenesis. Most cancers arise due to mutations in somatic 

cells, with a minority of rare hereditary cancers being caused by germline mutation [7, 

8]. Cancer development is driven by two main types of genes: oncogenes and tumour 

suppressor genes. Oncogenes are mutated variants of normal cellular genes known 

as proto-oncogenes, which are responsible for controlling cellular processes such as 

proliferation, invasion, and survival. In a healthy cell, proto-oncogenes are highly 

regulated to prevent uncontrolled cell growth, however they are phenotypically 

dominant, meaning that a single mutated copy is sufficient for oncogenesis to occur. 

Tumour suppressor genes are normal cellular genes involved with processes such as 

cell cycle and apoptosis, which inhibit cell proliferation and survival. Tumour 

suppressor genes are phenotypically recessive, meaning that both copies of the gene 

must be mutated for oncogenesis to occur [7]. There are thought to be ten distinct 

hallmarks of cancer that explain the changes that occur in cancer: resisting cell death; 
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evasion of growth suppressors; sustainment of proliferative signalling; angiogenesis; 

replicative immortality; genome instability/mutation; tumour promoting inflammation; 

deregulating cellular metabolism; avoiding immune destruction and activation of 

invasion and metastasis [9]. As it stands, this work sits within the “resisting cell death” 

and “deregulating cellular metabolism” hallmarks of cancer, as we aim to develop 

novel combinations to overcome treatment resistance and the novel drugs we are 

assessing alter cellular metabolism through modulation of glutathione synthesis. 

Cancer is a complex and dynamic disease. Even after the occurrence of the initial 

malignant transformation within the cell, cancer cells continue to evolve as genomic 

instability occurs, driving further mutation and destabilisation of cellular processes. As 

a result, cancers tend to become more heterogeneous over the course of the disease 

as tumours are composed of molecularly distinct masses of tumour which display 

differential molecular pathology and therapeutic sensitivity. Tumour heterogeneity can 

be divided into two categories: intertumoural and intratumoural heterogeneity  [10].  

Intratumoural heterogeneity is more diverse than intertumoural heterogeneity and can 

be subdivided into spatial and temporal. Spatial heterogeneity refers to the irregular 

distribution of genetically distinct tumour subpopulations across a primary tumour 

and/or multiple metastatic sites of an individual. Spatial heterogeneity is thought to 

occur due to differences in tumour microenvironments and site-specific stressors that 

pressure the cells into adapting. Temporal heterogeneity refers to dynamic variations 

that occur in a single tumour over time as the disease progresses or in response to 

pressure from therapies [10]. Furthermore, tumour heterogeneity has been implicated 

in treatment resistance in cancers as different subpopulations of cells have varying 

degrees of sensitivity to chemo/radiotherapy, enabling a degree of cancer 

clonogenicity and therefore, continued progression of disease [10]. 
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1.3: DNA damage response 

The DNA damage response (DDR) is a critical cellular mechanism that ensures 

genomic stability by detecting and repairing DNA lesions. This complex network 

involves multiple signalling pathways and repair mechanisms that address various 

types of DNA damage, including double-strand breaks, base mismatches, and cross-

linking. Key components of the DDR include damage sensors, transducer kinases, 

and effectors that work together to maintain genome integrity and prevent mutations 

that can lead to cancer  [11, 12]. 

Cancer development is often linked to defects in the DDR, as these defects can lead 

to genomic instability and an accumulation of mutations that drive tumorigenesis. 

When DDR pathways fail or are overwhelmed, cells can undergo uncontrolled 

proliferation, leading to cancer. Notably, certain cancers exploit DDR deficiencies to 

their advantage, downregulating specific DNA repair proteins to enhance mutational 

adaptability and survival [11, 12]. 

Understanding DDR mechanisms has opened new avenues for cancer therapy. 

Targeting DDR pathways can make cancer cells more susceptible to treatments that 

induce DNA damage, such as radiation and chemotherapy. A prime example of this 

therapeutic strategy is the use of PARP inhibitors in cancers with BRCA1/2 mutations. 

These inhibitors exploit the concept of synthetic lethality, where cancer cells reliant 

on compensatory DNA repair pathways are selectively targeted, leading to cell death 

while sparing normal cells [11, 12]. 

Moreover, research continues to uncover new components and interactions within the 

DDR network, which could lead to the development of novel therapeutic agents. For 

instance, recent advances in structural biology and genomic analysis are enhancing 

our understanding of DDR mechanisms and identifying potential new targets for drug 
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development. This ongoing research is crucial for developing more effective cancer 

therapies and improving patient outcomes [11, 12]. 

1.4: The Cell Cycle 

The cell cycle is a fundamental process through which cells grow, replicate their DNA, 

and divide. It consists of several phases: gap one (G1); gap two (G2); DNA synthesis 

(S) and mitosis (M). Regulation of the cell cycle is tightly controlled by various 

checkpoints and molecular signals to ensure that cells divide correctly and maintain 

genetic integrity. As previously mentioned, one of the key driving factors contributing 

to the development of cancer arises from uncontrolled cell proliferation due to 

mutations in genes that regulate the cell cycle [13-15]. 

In G1 phase the cell grows in size and synthesises mRNA and proteins (such as 

enzymes) that are necessary for DNA synthesis. This phase ensures that the cell is 

ready to replicate its DNA. In S phase the cell synthesises a complete copy of the 

DNA in its nucleus [13, 16, 17]. Each chromosome is replicated to form two sister 

chromatids, which are connected by a centromere. In G2 phase the cell continues to 

grow and produces proteins necessary for mitosis (cell division). This phase includes 

additional cell growth and organelle duplication. M phase consists of two processes: 

mitosis and cytokinesis. Mitosis is the process in which the cell’s nucleus and contents 

divide to create two daughter nuclei, which can be divided into five stages; prophase; 

prometaphase; metaphase; anaphase; and telophase. In prophase the chromosomes 

condense and become visible, and the mitotic spindle begins to form. In 

prometaphase the nuclear envelope breaks down and spindle fibres attach to 

kinetochores. In metaphase chromosomes line up along the metaphase plate. In 

anaphase sister chromatids separate and are pulled to opposite poles of the cell. 

Finally, in telophase the nuclear membranes reform around each set of 
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chromosomes, which begin to decondense. Cytokinesis is the process in which the 

cytoplasm of the cell divides, resulting in two separate daughter cells [13, 16, 17].  

Cell cycle checkpoints are surveillance mechanisms that monitor and regulate the 

progression of cells through the cell cycle, ensuring that each phase is properly 

completed before the next one begins [13, 16, 17]. There are four major cell cycle 

checkpoint that are crucial for maintaining genomic integrity and preventing 

uncontrolled cell division. The G1/S checkpoint functions to ensure that the cell is 

ready for DNA synthesis. The intra-S checkpoint functions to ensure the integrity of 

DNA is maintained during DNA replication and is activated in response to DNA 

damage. The G2/M checkpoint ensures that DNA replication is complete and checks 

for DNA damage before mitosis. Lastly, the spindle assembly checkpoint ensures that 

all chromosomes are properly attached to the mitotic spindle before anaphase. [13, 

16, 17]. 

The key regulators involved throughout the cell cycle are cyclins and cyclin-dependent 

kinases (CDKs). Cyclins are proteins whose levels fluctuate depending on the stage 

of the cell cycle and activate CDKs to exhibit their regulatory effect. CDKs are 

enzymes that once activated, phosphorylate target proteins to drive the cell cycle 

forward, with different cyclin-CDK complexes active at each stage of the cell cycle. In 

G1 phase cyclin D and CDK4/6 level are increased. Whereas in S phase cyclin 

E/CDK2 and cyclin A/CDK2 are involved in the transition from G1 to S phase. In G2 

phase cyclin A/CDK1 levels are increased. In M phase, cyclin B/CDK1 control the 

transition from G2 to M phase [18-21]. 

1.5: Modes of Cell Death 

There are several mechanisms in which damaged cells can die, including but not 

limited to: apoptosis, necrosis, autophagy, and ferroptosis. Apoptosis, or 

programmed cell death, is a tightly regulated and energy-dependent process that 
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allows cells to die in a controlled manner, which is essential for maintaining the 

health and stability of multicellular organisms. There are two apoptotic pathways in 

which cells can undergo programmed cell death: intrinsic and extrinsic [22-25]. 

The intrinsic, or mitochondrial pathway, is activated by internal signals such as the 

release of cytochrome c from the mitochondria. The key proteins involved in the 

intrinsic pathway are Apaf-1 and caspases, with caspase-9 and caspase-3 being the 

most prevalent. When cytochrome c is released from the mitochondria, Apaf-1 binds 

to cytochrome c to form the apoptosome. Once formed, the apoptosome activates 

caspase-9, leading to the activation of additional caspases, including caspase-3, 

which ultimately leads to cell death [24, 25]. The extrinsic, or death receptor 

pathway, is activated by external signals binding to death receptors present on the 

cell surface, such as Fas ligand binding to the Fas receptor. The key proteins 

involved with the extrinsic pathway are death receptors, adaptor proteins, and 

caspases, particularly caspase-8 and caspase-3. The binding of ligands to death 

receptors recruits adaptor proteins to form the death-inducing signalling complex. 

This complex then activates caspase-8, which in turn activates caspase-3, leading 

to cell death [22, 23].   

Apoptosis is a tightly controlled process, with a balance of pro-apoptotic and anti-

apoptotic proteins present to ensure correct activation of apoptosis. Pro-apoptotic 

proteins, such as Bax, function to promote apoptosis by enabling cytochrome c 

release from the mitochondria, which enables subsequent caspase activation. Anti-

apoptotic proteins, such as Bcl-2, inhibit apoptosis by preventing cytochrome c 

release and subsequent caspase activation [22, 23]. Another major protein involved 

in apoptosis is p53, which induces apoptosis in response to DNA damage and other 

stress signals [22-25]. 
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Unlike apoptosis, necrosis is an uncontrolled form of cell death, that results in the 

premature death of cells, typically caused by factors external to the cell, such as 

toxins or trauma. The activation of necrosis leads to the uncontrolled destruction of 

cell components and the release of harmful substances into the surrounding tissue, 

which often results in inflammation and scarring. There are several mechanisms in 

which necrosis can be activated, including mitochondrial dysfunction and rupturing 

of the plasma membrane [26-28]. Necrosis is associated with the development of 

cancers and can promote invasion and migration [29]. 

Autophagy is a cellular degradation and recycling process involving lysosomal 

degradation that is essential for maintaining cellular homeostasis and regulating 

cellular metabolism [26, 30, 31]. Key regulators of autophagy include the 

mechanistic target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK). 

Under nutrient rich conditions mTOR inhibits autophagy, whereas AMPK activates 

autophagy under nutrient deprived conditions [26, 30, 31]. Autophagy is initiated in 

response to various stress signals such as nutrient deprivation; hypoxia; or 

damaged organelles. Once initiated, a double membrane structure known as the 

phagophore is formed, which expands and engulfs cytoplasmic material, including 

damaged organelles; protein aggregates; and pathogens, to form the 

autophagosome. The mature autophagosome fuses with a lysosome to form the 

autolysosome, which triggers the degradation of the autolysosome components by 

lysosomal enzymes. The resulting amino acids, nucleotides, and fatty acids are 

recycled back into the cytoplasm for reuse in cellular processes [26, 30, 31]. In 

some cancers, such as pancreatic cancer, autophagy can play a tumour promoting 

role as cancers can use autophagy as a means of survival when under stress to 

promote cell growth by recycling damaged cells [26, 30, 31]. 
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Ferroptosis is a distinct form of regulated cell death, characterised by the iron-

dependent accumulation of lipid peroxides to lethal levels. Ferroptosis is driven by 

iron, which catalyses the formation of reactive oxygen species (ROS). Excessive 

free iron contributes to lipid peroxidation, a process where ROS oxidise 

polyunsaturated fatty acids (PUFAs) in cellular membranes, resulting in lipid 

hydroperoxides. Glutathione peroxidase 4 (GPX4) is a critical enzyme that reduces 

lipid hydroperoxides to non-toxic lipid alcohols using glutathione (GSH) as a 

substrate. Depletion of GSH or direct inhibition of GPX4 leads to the accumulation of 

lipid peroxides and the induction of cell death [32-35]. 

1.3: Pancreatic Cancer 

The pancreas is a glandular organ located in the posterior of the abdomen, which is 

divided into three main sections: head, body, and tail as seen in figure 1.1. The 

pancreas has both exocrine and endocrine functions, with approximately 80% of the 

pancreas being composed of exocrine tissue [36-38]. Pancreatic acini are responsible 

for the exocrine function of the pancreas which have the highest protein synthesis 

rate of any mammalian organ, and are involved in the secretion of digestive enzymes, 

such as amylase and lipase, which aid in the digestion of foods [37, 38]. The 

endocrine function of the pancreas is carried out by cells within the islets of 

Langerhans, which secrete the hormones pro-insulin and glucagon, that are involved 

in carbohydrate metabolism [36, 37]. Originating from pancreatic duct epithelia, 

pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive exocrine 

malignancy accounting for over 90% of pancreatic cancer cases, with 70% of cases 

arising in the head of the pancreas [39]. Tumours within the head of the pancreas are 

associated with a better prognosis than tumours originating in the body or tail. 

Although rare, malignancy of the endocrine portion of the pancreas, known as 

pancreatic neuroendocrine tumours, can also occur but are associated with a better 
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prognosis than exocrine tumours [39, 40]. As PDAC is the most prevalent subtype of 

pancreatic tumour, PDAC will be referred to as pancreatic cancer going forward. The 

symptoms of pancreatic cancer are often non-specific, including abdominal pain; 

jaundice; back pain; and weight loss, which are often wrongly attributed to alternative 

benign causes. The symptoms experienced by patients can depend on the origin of 

the tumour within the pancreas, with jaundice resulting from biliary obstruction being 

more prevalent in tumours of the head of the pancreas. However, tumours of the 

pancreas body tend to invade surrounding tissues and structures, which manifests as 

back pain, while tumours of the tail tend to be asymptomatic until the disease has 

metastasised [41, 42]. 
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Figure 1.1: Anatomy of the Pancreas. Illustration of the pancreas and some of the 
surrounding organs and tissues. The pancreas is divided into three main areas: the 
head, body, and tail. The most common form of pancreatic cancer originates in the 
epithelium of the pancreatic duct. Adapted from: Bliss, 2001 [43]. 
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1.4: Pancreatic Cancer Incidence 

Pancreatic cancer is the 12th most common cancer globally, with over 495,000 new 

cases diagnosed in 2022, with a higher documented incidence in males compared 

with females [2, 44]. In the U.K., pancreatic cancer is the 10th most common cancer, 

accounting for approximately 3% of annual cancer diagnoses, with people over the 

age of 75 accounting for 47% of all pancreatic cancer cases diagnosed [41]. The 

incidence rate of pancreatic cancer has risen by 9% in the U.K. within the last decade 

and is predicted to increase by a further 6% by the year 2035. The main risk factor for 

pancreatic cancer is age, however, obesity, smoking, chronic pancreatitis, and 

diabetes (more prevalent in type 2) have also been linked to disease occurrence [41, 

45, 46].  

1.5: Diagnosis and Staging of Pancreatic Cancer 

Pancreatic tumours can be divided into five grades: Tis; T1; T2; T3; and T4, and a 

summary of tumour grades can be found in table 1.1. The initial diagnosis of 

pancreatic cancers is typically performed through a computed tomography (CT) scan, 

with endoscopic ultrasound and magnetic resonance imaging (MRI) being performed 

for further investigation [41, 42, 47-49]. As the most common symptoms of pancreatic 

cancer, including but not limited to abdominal pain and jaundice, are often unspecific, 

the disease is often diagnosed in its advanced stages. Such symptoms have led to 

over 80% of all cases being diagnosed in the advanced stages, highlighting the 

difficulty in achieving early diagnosis for better patient outcomes [45]. Pancreatic 

tumours are defined in accordance with the tumour, node, metastasis (TNM) staging 

system, which is based on tumour grade (T), if the tumour has spread to the lymph 

nodes (N) and if the tumour has metastasised (M). There are seven TNM stages of 

pancreatic cancer: 0; IA; IB; IIA; IIB; III; and IV [48, 49]. A summary of the stages can 

be found in table 1.2. Stages 0 and IA pancreatic cancer are considered early stage 
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and are localised to the pancreas. Whereas stages IIB and III pancreatic cancer are 

considered locally advanced, with the tumour spreading to nearby tissues and 

possibly into the lymph nodes. Stage IV pancreatic cancer is considered advanced 

stage tumours with distant metastases and invasion into the lymph nodes. Pancreatic 

cancer can also be classified as localised; regional; or distant. Localised tumours are 

those that have not spread outside the pancreas, regional are those that have spread 

from the pancreas to nearby tissues or lymph nodes and distant are tumours that have 

metastasised [50]. 

Table 1.1: Pancreatic cancer tumour grades.  

Tumour Grade Description 

Tis Early-stage tumour 

T1 ≤ 2 cm in length, localised to pancreas 

T2 > 2 cm in length, localised to pancreas 

T3 
> 4 cm in length, extended beyond the 

pancreas 

T4 Metastasised 

 

Table 1.2: Pancreatic cancer tumour staging.  

Stage Tumour Grade Lymph Node 

Invasion (+/-) 

Distant 

Metastases (+/-) 

0 Tis - - 

IA T1 - - 

IB T2 - - 

IIA T3 - - 

IIB T1/T2/T3 + - 

III T4 +/- - 

IV T1/T2/T3/T4 +/- + 
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1.6: Pancreatic Cancer Mortality 

Pancreatic cancer is one of the most lethal cancers and is the 7th leading cause of 

cancer related deaths globally [51]. The mortality rate of pancreatic cancer increases 

with age, with the majority of deaths occurring in individuals over 80 years old. In the 

U.K. the mortality rate has risen by approximately 5.5% between 1990 and 2019, 

showing that the disease burden continues to steadily grow [51]. 

1.7: Pancreatic Cancer Survival Rates 

The net survival rates for pancreatic cancer in England between the years 2013 - 

2017 are: 25.4% one-year post diagnosis; 7.3% five years post diagnosis; and 5% ten 

years post diagnosis  [52]. A graph depicting these statistics is displayed in figure 

1.2A. The survival rate for pancreatic cancer is largely dependent on the stage in 

which the cancer is diagnosed, with earlier diagnosis having a more favourable 

outcome. In America the five-year survival rates for pancreatic cancer stage are as 

follows: localised 43.9%; regional 14.7%; and distant 3.1% [53]. However, most cases 

globally are diagnosed in the distant stage of the disease. Between 2013 to 2017 in 

the U.K. 67.6% of cases were diagnosed in the distant stage. As shown in figure 

1.2B, between the years 2012 – 2014, New Zealand had the highest rate (67.4%) of 

distant stage pancreatic cancer; however, the overall global average for distant stage 

pancreatic cancer diagnosis was 65.5%, highlighting the global issue of late-stage 

diagnosis of pancreatic cancer and emphasising the need for improved early 

detection methods and awareness [54]. 
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Figure 1.2: Pancreatic Cancer Incidence & Survival Rates. The survival rates and 
diagnosis rates are displayed (A) The net survival rates for patients in England 
between 2013 - 2017 are displayed. Data adapted from Cancer Research UK – data 
accessed 8th January 2024. (B) The percentage of cases diagnosed in each stage of 
the disease in various countries around the world between 2012 - 2014 is displayed. 
Data adapted from International Agency for Research on Cancer [54] – data accessed 
8th January 2024. 
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1.8: Molecular Characteristics of Pancreatic Cancer 

The tumour mutation profile in pancreatic cancer is highly diverse, however a well-

defined set of prevalent driver mutations has been established, including, but not 

limited to mutations in the following genes: cyclin-dependent kinase 2A (CDKN2A); 

Kirsten rat sarcoma viral oncogene homolog (KRAS); and tumour protein 53 (TP53). 

The most commonly occurring mutation in pancreatic cancer is inactivation of 

CDKN2A, which occurs in 95% of cases, resulting in the loss of the cell cycle 

regulatory protein p16, and increased cell proliferation.  The next most prevalent 

mutation is the activation of KRAS, which occurs in 90% of pancreatic cancers, which 

is responsible for the production of the protein K-Ras, causing activation of 

downstream signalling pathways, leading to cell cycle progression and increased cell 

survival/invasion. Inactivation of TP53 occurs in 70% of pancreatic cancers, resulting 

in evasion of apoptotic signals and DNA repair checkpoints [41, 42, 48, 49, 55, 56]. A 

summary of the frequency of gene mutations in pancreatic cancer can be found in 

table 1.3.  
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Table 1.3: Mutation Frequency in Pancreatic Cancer.  

Gene Type 
Main 

signalling/system 

Mutation frequency 

(approximate %) 

CDKN2A Tumour Suppressor Cell cycle 95% 

KRAS Proto-oncogene Ras/Raf/MAPK 90% 

TP53 Tumour Suppressor 
Apoptosis/DNA 

repair/Cell cycle 
70% 

HER2 Proto-oncogene Cell cycle 70% 

FHIT Tumour Suppressor Apoptosis/DNA repair 70% 

SMAD4 Tumour Suppressor TGFβ 50% 

CDKN2B Tumour Suppressor Cell cycle 48% 

AKT2 Proto-oncogene 
Cell cycle/glucose 

metabolism 
20% 

APC Tumour Suppressor Wnt 16% 

MYB Proto-oncogene Haematopoiesis 10% 

RB1 Tumour Suppressor Cell cycle 10% 

PIK3CA Proto-oncogene PTEN/PI3K/AKT 5% 

STK11 Tumour Suppressor AMPK 5% 

CTNNB1 Proto-oncogene Wnt 4% 

MAP2K4 Tumour Suppressor MAPK 4% 

MLH1 Tumour Suppressor DNA repair 3% 

BRCA2 Tumour Suppressor DNA repair 2% 

ALK5 Tumour Suppressor TGFβ 1% 

 

1.9: Pancreatic Cancer Treatment  

Pancreatic cancers in the earlier stages of the disease - stages IA, IB, and IIA - are 

typically considered resectable, although resection may be attempted in later stages 

where the tumour is deemed borderline resectable, depending on the surgeon/patient 

[50, 57]. Surgical resection is considered the only curative treatment for pancreatic 

cancer, however due to late diagnosis and tumour location, only 15 – 20% of patients 

are eligible for resection [58]. Furthermore, despite surgery being the only curative 

treatment, the patient prognosis following surgical resection is poor, with frequent 

complications, high morbidity rate, recurrence (~90%), and a median survival rate 
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between 12 to 19 months [58-62]. Even with a successful curative resection, 71% of 

patients have disease recurrence [58]. In addition to surgical intervention patients with 

resectable tumours may undergo adjuvant or neoadjuvant chemotherapy [63-65]. 

Adjuvant chemotherapy has been shown to increase the five-year survival rate of 

patients from 10% with surgery alone to 20 – 25% [66], whilst the benefit of 

neoadjuvant chemotherapy remains under investigation in clinical trials [62, 64, 65]. 

In the case of patients with unresectable tumours in advanced disease stages (IIB, 

III, and IV), chemotherapy in the main treatment strategy. The role and schedule of 

the chemotherapy is dependent on whether the disease is locally advanced (stages 

IIB & III) or metastatic (stage IV) [41, 42, 57].  

In locally advanced pancreatic cancer, the disease may be borderline resectable, but 

the majority of patients do not have the opportunity to undergo surgery. Surgical 

limitations owe to the aggressive nature of the disease progression, or invasion of the 

disease into the major vasculature in close proximity to the pancreas [67, 68]. For 

patients with unresectable tumours chemotherapy and chemoradiation are the two 

most commonly administered treatment modalities [67]. Chemotherapy for locally 

advanced pancreatic cancer consists of several treatment options: including 

gemcitabine plus oxaliplatin; gemcitabine plus nab-paclitaxel; folinic acid, fluorouracil, 

irinotecan, and oxaliplatin (FOLFIRINOX); or gemcitabine monotherapy, depending 

on disease progression and patient fitness [67, 69].  

Radiotherapy may also be administered simultaneously with chemotherapy 

(chemoradiotherapy) to patients with locally advanced pancreatic cancer. However, 

the role of radiotherapy in the treatment of pancreatic cancer remains debated due to 

the limitations represented by the poor radiotolerance of the organs surrounding the 

pancreas - mainly the stomach; duodenum; and bowel - and the minimal patient 

benefit which is often observed clinically [70-72]. Standard fractionated radiotherapy 
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may be given along with chemotherapy in a dose ranging from 40 – 60 Gy in 1.8 – 2 

Gy fractions, however limited benefit to median patient survival of approximately two 

months, has been observed clinically [71]. An emerging radiotherapeutic technique 

for locally advanced pancreatic cancer is stereotactic body radiation therapy (SBRT), 

otherwise known as stereotactic ablative radiotherapy (SABR), which delivers fewer 

yet higher doses of radiation to the target area when compared with conventional 

fractionated radiotherapy [73]. The efficacy of SBRT in the treatment of pancreatic 

cancer is still under assessment, as there are contrasting reports of SBRT efficacy in 

the literature which may be due to differences in delivery and dosimetry 

methodologies. However, the majority of studies reported increased quality of patient 

life, with lower toxicity, pain relief and improved overall survival when compared with 

conventional fractionated radiotherapy [70, 71, 74-76]. 

For patients with metastatic pancreatic cancer, treatment options are limited and are 

solely based on patient performance status, which is defined as the ability to carry out 

daily living activities unassisted. In patients with a poor performance status, treatment 

is typically palliative to help reduce the symptoms, but in some cases gemcitabine 

monotherapy may be administered. In contrast, patients with a good performance 

status may also receive gemcitabine monotherapy or combination therapies such as 

the FOLIFIRINOX regimen or gemcitabine plus nab-paclitaxel. The average median 

overall survival is approximately 6.2 months for patients with metastatic disease who 

undergo gemcitabine monotherapy; 11.1 months for FOLFIRINOX; and 8.5 months 

for gemcitabine plus nab-paclitaxel [77]. However, these combination therapies are 

associated with higher rates of adverse side effects when compared with gemcitabine 

monotherapy [77]. 
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1.10: Radiobiology 

Radiotherapy uses ionising radiation, such as X-rays, which are absorbed by water 

within tissues to induce cell damage. The majority of damage induced by ionising 

radiation is indirect, resulting from the interaction between tissue absorbed radiation 

and water molecules, known as the Compton effect (or Compton scatter). The 

Compton effect refers to the process in which rapidly moving photons interact with 

slow moving free electrons, causing photons to lose energy and electrons to gain 

energy [78]. The accelerated movement of electrons can cause direct damage to cells 

by cleaving DNA bonds and indirect damage through the subsequent generation of 

free radicals. Free radicals are highly reactive unstable atoms which are produced by 

ionisation of other molecules which can inflict further damage on the cell. In this case 

the resulting free radicals are caused by the ionisation (or radiolysis) of water, 

resulting in hydroxyl (OH-) and hydrogen (H+) radicals. The hydroxyl radical is the 

most reactive and toxic radical produced, as it causes oxidative damage to DNA, 

resulting in both single- and double-strand breaks (SSBs, DSBs) [78-80]. 

The most common type of radiotherapy is external beam radiotherapy (EXBR), which 

delivers a targeted beam of radiation to a specific area of the body to minimise 

damage to the surrounding tissues. EXBR is typically administered to patients by a 

medical linear accelerator (LINAC), which delivers high energy X-rays to the target 

area [81]. The full dose of radiation required for treatment is not delivered at once but 

is preferentially divided into several smaller doses known as fractions which are 

delivered daily over numerous weeks. Fractionated radiotherapy is used to allow the 

healthy cells in the body to recover between doses of radiation, to minimise side 

effects [81]. Standard fractionated radiotherapy doses are in the range of 1.8 – 2 Gy 

up to a total dose of 40 – 60 Gy. The typical side effects of radiotherapy include 

tiredness, weakness, sore skin, and loss of hair in the treatment area [81]. 
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1.11: Gemcitabine 

Since its introduction in 1997, gemcitabine, also known as 2′,2′-difluoro-2′-

deoxycytidine (dFdC), has been a first line therapeutic drug for the treatment of 

pancreatic cancer and is still commonly used as a monotherapy or in combination with 

other chemotherapeutic drugs  [82, 83]. Gemcitabine is a deoxycytidine nucleoside 

analogue, which ultimately integrates into DNA in place of cytosine and blocks DNA 

synthesis, leading to DNA breaks and inhibition of repair. Additionally, gemcitabine 

activates tumour protein 53 (p53), leading to gap one phase (G1) and DNA synthesis 

(S) phase cell cycle arrest and apoptosis [84]. Uptake of gemcitabine into the cell is 

dependent on a variety of human nucleoside transporters, which are a group of 

membrane transport proteins that are responsible for the transport of nucleoside 

substrates across the cell membrane [83]. Once in the cell, gemcitabine is 

phosphorylated into gemcitabine monophosphate (dFdCMP) by deoxycytidine kinase 

(dCK) and subsequent phosphorylation by monophosphate kinase (NMPK) and 

nucleoside diphosphate kinase (NDPK) results in the formation of the active 

metabolite gemcitabine triphosphate (dFdCTP) [83]. Gemcitabine triphosphate 

actively competes with the NTP deoxycytidine triphosphate (dCTP) for incorporation 

into DNA. Once incorporated into the DNA gemcitabine triphosphate causes 

premature termination of the growing DNA chain during DNA synthesis, inducing 

replication stress and the formation of stalled replication forks, signalling DNA 

damage to the cell [83]. The formation of stalled replication forks leads to the formation 

of DSBs, which the cell is ultimately unable to repair.  A second mechanism in which 

DNA damage is induced by gemcitabine is caused by the second metabolite, 

gemcitabine diphosphate, which inhibits the enzyme ribonucleoside reductase, which 

is responsible for the formation of nucleoside triphosphates (NTPs), which are the 

molecular precursors of DNA [83]. Ribonuclease reductase inhibition results in a 

depletion of dCTP and allows gemcitabine triphosphate to be more readily 
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incorporated into the DNA in place of dCTP, causing the inhibition of DNA synthesis 

as previously mentioned [83]. An overview of this mechanism of action can be found 

in figure 1.3. The DNA damage and replication stress caused by gemcitabine activate 

the DNA damage response pathways. Key proteins in these pathways, such as ATR 

(ataxia telangiectasia and Rad3-related protein) and Chk1 (checkpoint kinase 1), 

detect the stalled replication forks and initiate signalling cascades to halt the cell cycle 

(G1/S phase arrest) and attempt DNA repair [83, 85, 86]. However, in the presence 

of extensive DNA damage induced by gemcitabine, these repair mechanisms are 

often overwhelmed, leading to the activation of apoptosis pathways to eliminate the 

damaged cells [85, 86]. Key regulators like p53, a tumour suppressor protein, are 

upregulated in response to DNA damage. p53 activation promotes the transcription 

of pro-apoptotic genes, leading to programmed cell death [85-87]. This is a critical 

mechanism by which gemcitabine exerts its cytotoxic effects on cancer cells. 
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Figure 1.3: Gemcitabine Mechanism of Action. An overview of the mechanism of 

action for gemcitabine is displayed. Briefly, gemcitabine is transported into the cell via 

nucleoside transporters and undergoes phosphorylation to become the active 

metabolite gemcitabine triphosphate, which inhibits the production of nucleosides and 

allows its incorporation into the DNA of the cell, ultimately leading to the inhibition of 

DNA synthesis and induction of apoptosis. 
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1.12: Chemoresistance in Pancreatic Cancer 

Despite being the first line therapy for advanced and metastatic pancreatic cancers, 

resistance to gemcitabine occurs frequently in patients, with less than 20% of patients 

showing a response to gemcitabine [88]. The therapeutic efficacy of gemcitabine is 

severely limited by both intrinsic and acquired resistance, leading to treatment failure 

and the recurrence of disease in patients [89].  

Intrinsic resistance refers to naturally occurring resistance within the patient that 

renders the chemotherapy ineffective from the start of treatment, which can be 

attributed to patient genetic factors and the tumour microenvironment [89]. One 

intrinsic resistance factor and hallmark of pancreatic cancer is the development of a 

dense fibrous scar tissue, known as desmoplasia, that surrounds the malignant 

epithelial cells. Desmoplasia can account for up to 90% of the total tumour volume 

and forms a physical barrier which prevents drug delivery, resulting in treatment failure 

[89, 90].  

In addition to physical barriers hindering drug delivery, there are several molecular 

resistance mechanisms which present therapeutic limitations. The main molecular 

intrinsic resistance mechanism identified in pancreatic cancer is the upregulation of 

the transcription factor nuclear factor-κB (NF-κB). NF-κB regulates multiple aspects 

of the innate and adaptive immune response, as well as the inflammatory response 

[91]. Activation of NF-κB in pancreatic cancer suppresses apoptosis, allowing the 

cancer cells to evade programmed cell death [90]. In contrast to innate 

chemoresistance, acquired resistance typically occurs after repeated exposure to 

chemotherapy, resulting in the upregulation of anti-apoptotic genes such as B-cell 

lymphoma 2 (Bcl-2) and inhibitors of apoptosis (IAP) proteins [92]. 
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1.13: Drug Repurposing 

Drug development is a highly time and money intensive process, with an average 

development process taking 17 years and $2.6 billion to develop from molecule to 

market. Of all drug development initiatives, a mere 2.01% of drug compounds 

successfully make it to market [93]. Therefore, with these high cost and time 

investments, it makes drug repurposing, the name given to the process of using an 

already developed drug to treat diseases alternative to its initial purpose, a very 

lucrative option [93]. Repurposing drugs is hugely beneficial as the safety assessment 

and formulation of the drug is previously known due to the clinical trial process, 

allowing for an accelerated development time and reduced costs by approximately 

$300 million [93]. 

Examples of previously repurposed drugs include duloxetine, which was originally 

developed for the treatment of depression and in treating urinary incontinence. A 

prime example of drug repurposing is the use of thalidomide, originally developed with 

the intention of treating nausea in pregnant women, which is now used for the 

treatment of cancers such as multiple myeloma [93, 94]. 

1.14: Fumaric acid & Glutathione Metabolism 

Fumaric acid is a critical intermediate involved in the tricarboxylic acid (TCA) cycle, 

which is a central metabolic pathway that generates energy, adenosine triphosphate 

(ATP), through the oxidation of acetyl-CoA. Fumaric acid is hydrated by the enzyme 

fumarase to form malate, which is subsequently oxidised into oxaloacetate, allowing 

the TCA cycle to renew. Additionally, the conversion of fumaric acid to malate is 

involved in the production of NADH and FADH2, which are essential electron carriers 

used in the production of ATP [95, 96].  

The TCA cycle is also linked to glutathione (GSH) metabolism, as the TCA cycle aids 

in the production of NADPH. GSH is a ubiquitous tripeptide consisting of cysteine, 
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glycine, and glutamic acid, which plays a critical role in the antioxidant response. 

During the antioxidant response, GSH forms adducts with, and neutralises oxidants 

by acting as a reducing agent and following this, GSH is then oxidised to glutathione 

disulphide (GSSG) [97]. The ratio of GSH to GSSG is dependent on the exposure of 

cells to oxidative stress, with cells under normal conditions having a GSH:GSSG ratio 

of 100:1, yet comparatively, cells exposed to oxidative stress have a 10:1 ratio of 

GSH:GSSG [97]. NADPH is required by the enzyme glutathione reductase to convert 

GSSG to GSH, thus preserving the cellular redox state and protecting the cell against 

oxidative damage. 

1.14: Dimethyl Fumarate 

As previously mentioned, fumaric acid is an important intermediate involved in the 

TCA cycle, which is responsible for the production of energy in the formation of ATP 

within the mitochondria of the cell [98]. Fumarates, esters of fumaric acid, have shown 

to have immunomodulating, antioxidative and anti-inflammatory properties [98]. One 

such fumarate, dimethyl fumarate (DMF), is an oral disease modifying treatment used 

in the treatment of relapsing-remitting multiple sclerosis (RRMS) and psoriasis [99]. 

DMF was approved in 2013 for use in the United States (U.S.) by the U.S. Food and 

Drug Administration (FDA) for the treatment of RRMS in adults, and subsequently 

approved for use in the U.K. in 2014 by the National Institute for Health and Care 

Excellence (NICE) under the trade name Tecfidera®, which in the U.S. it is the most 

prescribed drug for RMMS [99-101]. In 2017 DMF was approved in the European 

Union and U.K. by the European Medicines Agency (EMA) and NICE respectively, for 

the treatment of moderate to severe plaque psoriasis in adults under the trade name 

Skilarence® but has yet to be approved in the U.S. [101-103]. 

As DMF is an approved drug used in various medical applications, the 

pharmacokinetics and safety profile of DMF have previously been thoroughly 
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characterised following oral administration. Once in the gastrointestinal (GI) tract, 

DMF is hydrolysed by esterases into monomethyl fumarate (MMF) and methanol in a 

1:1 ratio [104]. An overview of this process is shown in figure 1.4. MMF is the active 

metabolite of the prodrug DMF, which exerts the desired therapeutic effect it exhibits, 

and methanol is converted into formic acid by alcohol dehydrogenases [104, 105]. 

The most commonly reported side effects of DMF are flushing (redness of skin), 

abdominal pain, nausea, and diarrhoea [100, 101, 103]. The production of methanol 

and subsequent formic acid is thought to be the main driving factor of the GI 

symptoms experienced by some patients following DMF administration [104]. Less 

commonly, some patients will develop mild lymphopenia (reduced white blood cell 

levels) after starting DMF treatment, and it has been observed clinically that this risk 

increases with the age of the patient [100, 101, 103, 105-107]. According to the 

literature, DMF can reportedly exhibit a degree of cytotoxicity to specific types of 

immune cells, particularly helper T and natural killer cells, which is thought to 

contribute to the lymphopenia observed in some cases [107, 108]. 
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Figure 1.4: DMF Metabolism. An overview of the metabolism of DMF into MMF is 

displayed in the figure. Once in the small intestine DMF is hydrolysed by intestinal 

esterases to become MMF (the active metabolite) and methanol. MMF is absorbed 

into the bloodstream and distributed around the body. Methanol is metabolised into 

formic acid, which is thought to be responsible for the adverse gastrointestinal 

symptoms experienced by patients. 
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1.15: Dimethyl Fumarate and Cancer 

Recent studies have shown that DMF has anti-cancer properties, in cancers such as 

melanoma [109, 110], ovarian [111, 112], lung [113], colon [114] and breast [115], 

making it a promising candidate for the development of new combination therapies to 

treat cancer. Further highlighting this, in 2015 DMF in combination with temozolomide 

(TMZ) and standard radiotherapy was tested in a phase 1 clinical trial (NCT02337426) 

for the treatment of glioblastoma. The results published from this clinical trial indicate 

that no unexpected toxicities were observed and that DMF may be safely combined 

with the current therapies, but that a further phase 2 study would be necessary to 

determine if the effect on patient survival is meaningful [116]. Additionally, it has been 

reported in the literature that DMF has no significant cytotoxic effect on non-cancerous 

cells [112], again highlighting its potential as an anti-cancer drug. 

The specific mechanism of action in which DMF elicits its anti-cancer activity is 

currently poorly understood, however several cellular targets of DMF have been 

identified [117]. The modulation of nuclear factor erythroid 2-related factor 2 (NRF2) 

activity is thought to be a key factor in the anti-cancer properties of DMF, and 

interestingly, NRF2 activity has been implemented in driving pancreatic cancer 

progression [118]. 

NRF2 is a ubiquitously expressed transcription factor and considered a “master redox 

switch” due to its control of the expression of numerous (> 200) cytoprotective genes 

involved in the antioxidant response [117]. One key pathway activated by NRF2 is the 

glutathione pathway, which is known to play a major role in tumorigenesis [119]. 

Under the control of NRF2 is glutamate-cysteine ligase and glutathione synthetase, 

both of which are key enzymes involved in glutathione regulation. Glutamate-cysteine 

ligase is responsible for the first step in glutathione synthesis, where it ligates cysteine 

and glutamic acid to form the intermediate molecule γ-glutamylcysteine [120]. 
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Glutathione synthetase is the enzyme responsible for catalysing the condensation of 

γ-glutamylcysteine and glycine to form glutathione [121]. NRF2 is therefore deeply 

involved in glutathione metabolism by promoting the synthesis of glutathione in 

response to ROS [120, 121].  

Under basal conditions NRF2 is held within the cytoplasm in an inactive complex with 

the repressor protein Kelch-like ECH-associated protein 1 (KEAP1), which is also 

responsible for NRF2 ubiquitination [111]. When the cell is under stress due to 

reactive oxygen species (ROS) or electrophiles, such as hydrogen radicals resulting 

from radiolysis of water following radiotherapy, the NRF2-KEAP1 complex is 

disrupted, allowing NRF2 to translocate to the nucleus, where it can upregulate the 

expression of genes involved in the antioxidant response [111, 117].  

DMF modulates NRF2 activity in a concentration dependent manner, with lower doses 

of <10 μM activating NRF2, and higher doses of >25 μM having a cytotoxic effect via 

inhibition of NRF2 [111]. An overview of this mechanism is displayed in figure 1.5. At 

low concentrations DMF activates NRF2 by targeting cysteine residues of KEAP1 

which causes conformational changes in the protein, resulting in the disruption of the 

NRF2-KEAP1 complex. Such disruption allows for the translocation of NRF2 to the 

nucleus, and subsequent activation of genes involved in the antioxidant response, 

protecting the cell from ROS induced damage [111]. However, at higher 

concentrations, DMF has an additional target called protein deglycase (DJ-1). DJ-1 is 

a regulator of NRF2 activity as it promotes the dissociation of the NRF2-KEAP1 

complex, thus enabling NRF2 activity [111]. At high concentrations, DMF targets the 

cysteine 106 residue of NRF2, which binds DJ-1, resulting in the dissociation and loss 

of DJ-1 activity. Translocation of NRF2 to the nucleus is therefore prevented, with a 

subsequent upregulation of the antioxidant response, which leaves the cell vulnerable 

to ROS  [111, 117]. The concentration dependant manner in which DMF works in 
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cancers highlights the need to evaluate the drug at varying concentrations, which 

could lead to issues in translating the drug clinically as a standard fixed dose may be 

unachievable. Therefore, through its modulation of NRF2, DMF has a direct impact 

on glutathione synthesis as it inhibits NRF2 translocation, preventing transcription of 

the key enzymes involved in glutathione synthesis. 
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Figure 1.5: DMF Mechanism of Action. An overview of the proposed anti-cancer 

mechanism of action for DMF is displayed. At low concentrations (<10 μM) DMF 

activates NRF2 activity, leading to the upregulation of antioxidant genes, ultimately 

leading to cell survival. At high concentrations (>25 μM) DMF inhibits NRF2 activity, 

leading to an increase in ROS, and ultimately cell death. 
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1.16: Monomethyl Fumarate 

As previously stated, MMF is the highly bioavailable active metabolite of DMF and is 

currently only FDA approved (in 2020) for use in the treatment of RRMS in adults in 

the U.S., under the trade name Bafiertam®  [101, 122]. Until recently it was debated 

in literature whether or not MMF was responsible for the therapeutic action displayed 

after administration of the prodrug DMF, however it is now widely accepted that MMF 

is the active metabolite and functions mechanistically like DMF [122, 123]. The main 

differences between DMF and MMF are in its solubility and half-life, with DMF being 

reported as ten times more soluble in biological fluids than MMF [104]. DMF has a 

half-life of approximately 12 minutes inside the body, whereas MMF is 30 minutes, as 

MMF is less susceptible to hydrolysis by esterases in the small intestine [122-125]. In 

clinic, MMF has been observed causing fewer GI side effects compared with DMF 

[126]. 

1.17: Glutathione and Pancreatic Cancer 

Glutathione (GSH) plays a critical role in the antioxidant response, in which it 

neutralises oxidants to protect the cell form oxidative damage. Recent studies have 

reported that the downregulation/inhibition of glutathione synthesis enhances 

chemotherapeutic efficacy in pancreatic cancer [127, 128]. Further highlighting the 

importance of GSH and pancreatic cancer progression is that GSH is essential for the 

functionality and maintenance of pancreatic cancer stem cells [129].  

Therefore, due to the promotion of GSH production by NRF2 activity, DMF/MMF has 

been deemed a promising candidate for the treatment of pancreatic cancer due to 

NRF2 inhibition by DMF/MMF activity, thus resulting in a decrease in GSH, in 

conjunction with chemo- and radiosensitisation of pancreatic cancer cells. 
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1.18: Aims 

The aims of this research were to investigate the efficacy of the repurposed drugs 

DMF and MMF as chemotherapeutic agents against pancreatic cancer cells, and to 

develop novel combination therapies involving these drugs.  

Given that the only currently viable treatment option for the majority of pancreatic 

cancer patients is chemotherapy due to late diagnosis, the limited range and poor 

performance of current chemotherapies highlights pancreatic cancer as a cancer of 

unmet clinical need, emphasising the need for new and alternative therapies. 

Although not fully elucidated at present, the known mechanism of action of DMF/MMF 

with regards to NRF2, is a promising target for pancreatic cancer as this pathway is 

essential to all cells, including cancerous ones, meaning the chances of resistance 

developing are low. The efficacy of NRF2 inhibitors DMF and MMF will be investigated 

in both 2D and 3D cell models, and novel combination therapies involving 

administration of DMF/MMF in conjunction with the current gold standard 

chemotherapeutic agent gemcitabine, as well as with radiotherapy. 

It is hypothesised that DMF/MMF will sensitise the pancreatic cancer cells to both 

gemcitabine and radiotherapy through modulation of NRF2 activity, resulting in a 

reduced antioxidant response, such as lowered production of glutathione, allowing 

ROS generated by both gemcitabine and radiotherapy to induce DNA damage, and 

ultimately cancer cell death. 
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CHAPTER 2: Evaluation of the cytotoxic effect of single 

therapeutic agents and EXBR on pancreatic cancer cell 

survival in 2D & 3D cell models 
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2.1: INTRODUCTION 

Gemcitabine is a standard treatment for pancreatic cancer, particularly in the 

advanced stages of the disease, however despite its widespread use the efficacy of 

gemcitabine is limited. As a monotherapy, gemcitabine only provides limited 

improvement to overall survival rates (approximately 6 – 7 months) when compared 

with supportive care [86, 130-136]. The main obstacles to gemcitabine therapy are 

resistance (intrinsic and acquired), toxicity, and challenges in drug delivery. Over 80% 

of patients with pancreatic cancer have intrinsic resistance and are unresponsive to 

gemcitabine therapy [88]. Other patients will develop resistance over time with 

repeated exposure to gemcitabine through the upregulation of multiple mechanisms, 

such as the upregulation of cytidine deaminase, the enzyme responsible for 

inactivating gemcitabine. Gemcitabine is a highly cytotoxic drug, with severe 

hematologic toxicity which can lead to side effects such as neutropenia and 

thrombocytopenia, which can limit the dose and usage. Delivering gemcitabine to the 

tumour site remains a challenge as the dense desmoplasia surrounding the tumour 

prevents drug penetration, which leads to suboptimal concentrations of gemcitabine 

at the tumour site, decreasing the therapeutic efficacy [86, 130-136]. Therefore, as 

gemcitabine therapy faces several significant challenges, we aimed to evaluate the 

efficacy of DMF and MMF as novel therapeutic agents for the treatment for pancreatic 

cancer in the hopes of finding a treatment that may overcome some of the limitations 

faced by gemcitabine monotherapy by combining DMF/MMF with other agents in 

combination. 

Before combining DMF/MMF in combination, the single agent activity first had to be 

established. To evaluate the efficacy of the fumarates (DMF and MMF) as novel 

therapeutic agents for the treatment of pancreatic cancer, the cytotoxic effects were 

examined in both 2D and 3D cell models in Panc-1 and Mia PaCa-2 cell lines, along 
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with the current therapies for pancreatic cancer, gemcitabine, and external beam 

radiotherapy (EXBR). The drugs were assessed in a 2D cell model via the clonogenic 

assay (section 2.3.4), and the results used to develop novel combinations for 

evaluation in further studies (Chapter 3). To assess DMF and MMF in a 3D cell model, 

a spheroid growth delay assay was used (section 2.3.6).  

Panc-1 and Mia Paca-2 cell lines were chosen as these cell lines are two of the most 

extensively used PDAC cell lines in literature, which would allow our work to build 

upon that which is already published [39]. Panc-1 originated from a pancreatic head 

tumour from a 56-year-old male, where duodenal wall invasion was observed. Mia 

PaCa-2 originated form a pancreatic body and tail tumour from a 65-year-old male 

with periaortic infiltration [137]. In comparison with Mia PaCa-2, Panc-1 has a higher 

affinity for adhesion to extracellular proteins, such as, type I collagen, fibronectin and 

collagen type IV [137]. Additionally, the two cell lines have alternate KRAS and TP53 

mutation [137]. 

The clonogenic assay is a useful means of determining the cytotoxicity of an agent in 

vitro, as it tests the clonogenicity (ability of a single cell to undergo ‘infinite’ cell division 

and form a colony) of each cell within a given population, which in turn can determine 

the cytotoxic effect of a treatment when compared with an untreated control [138]. 

However, the clonogenic assay involves the culture of cells in a 2D monolayer, which 

inadequately emulates the conditions of a 3D tumour microenvironment in vivo as cell 

monolayers lack the heterogeneity and hypoxic regions found within real tumours 

[139].  Therefore, DMF and MMF were also tested in a 3D spheroid cell model which 

more accurately reflects the 3D tumour microenvironment, as spheroids consist of an 

outer layer of actively proliferating cells, an internal quiescent (dormant) zone caused 

by the limited distribution of nutrients and oxygen, and finally a necrotic core 

comprising of hypoxic, apoptotic, and necrotic cells [139, 140]. To assess the cytotoxic 
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effect of the drugs on the spheroids, the growth of the spheroids was monitored for 2 

– 3 weeks to allow for the change in volume to be calculated. 

This is the first stage in our assay cascade that allows us to establish the cytotoxicity 

of the single agents to allow us to better design combination therapies using these 

agents. Additionally, the agents were tested in both 2D and 3D models as a means of 

further validating the efficacy of these agents, as spheroids more accurately represent 

the conditions of a tumour in vivo when compared with a 2D monolayer. We use the 

clonogenic assay first to establish a dose range for future experiments. 

2.2: AIMS 

The aims of this chapter were therefore to establish the growth characteristics of both 

Mia PaCa-2 and Panc-1 and determine the cytotoxicity of DMF, MMF, gemcitabine 

and external beam radiation in vitro using both 2D and 3D models. Additionally, the 

effect of exposure time on drug cytotoxicity was investigated in 2D culture. 

2.3: MATERIALS AND METHODS 

2.3.1: Cell Lines and Culture Conditions 

The cell lines Panc-1 (ATCC CRL-1469) and Mia PaCa-2 (ATCC CRL-1420) were 

utilised for these studies. Both cell lines originate from epithelial cells of pancreatic 

ductal adenocarcinoma (PDAC). Cells were cultured with Dulbecco’s modified Eagle 

medium (DMEM) (Thermo Fisher Scientific, Perth, UK) supplemented with 584 mg/L 

L-Glutamine (Thermo Fisher Scientific, Perth, UK), 10% Fetal Bovine Serum (FBS) 

(Thermo Fisher Scientific, Perth, UK),  50 U/mL Penicillin, 50 mg/mL Streptomycin 

(Thermo Fisher Scientific, Perth, UK), 250 µg/mL Amphotericin B (Sigma Aldrich, 

Irvine, UK), 110 mg/L Sodium pyruvate (Thermo Fisher Scientific, Perth, UK) and 4.5 

g/L D-Glucose (Thermo Fisher Scientific, Perth, UK).  
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Cells were cultured in a 5% CO2 humidified 37°C incubator to approximately 70% 

confluency before use or passage. To passage, cells were washed with 5 mL of 1X 

phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Perth, UK) and incubated 

with 3 mL of 1X 0.05% trypsin-EDTA solution (Thermo Fisher Scientific, Perth, UK) 

for cell detachment before subculturing in vented T-75 flasks (Fisher Scientific, 

Renfrew, UK) containing 15 mL of complete DMEM media. 

Cell stocks were prepared by suspending approximately 1×106 cells in 1 mL of 

complete media containing 10% DMSO (Sigma Aldrich, Irvine, UK) and 10% FBS 

within a cryovial (Starlab, Milton Keynes, UK) before freezing at -80°C. If a fresh batch 

of cells was required, a frozen vial was thawed at 37°C and added to a T-25 flask 

(Helena Biosciences, Sunderland, UK) containing 5 mL of complete DMEM media, 

then incubated at 37°C with 5% CO2. Following incubation, cells were detached from 

the flask surface using 1X 0.05% trypsin-EDTA solution once cells were 

approximately 70% confluent and added to a T-75 flask containing 15 mL of complete 

DMEM media to allow further growth. 

2.3.2: Treatments 

The following drugs were purchased from Sigma Aldrich (Irvine, UK) and used to treat 

cells: gemcitabine, DMF, and MMF. From the powdered drugs, 100 mM stock 

solutions were prepared using the appropriate solvent and sterilised using a 0.2 µm 

filter (Sigma Aldrich, Irvine, UK) to a final volume of 10 mL, as shown in table 2.1. 

Working dilutions were prepared using the stock solutions by diluting with 1X PBS to 

a final concentration of 500 µM (50 µL of 100 mM drug diluted in 9.95 mL 1X PBS). 
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Table 2.1: Preparation of Drug Stocks.  

Drug Molecular 
Weight 
(g/mol) 

Mass 
(mg) 

Solvent 
Volume 

(mL) 

Solvent  Concentration 
(mM) 

Gemcitabine 299.66 299.66 10 PBS 100 

DMF 144.127 144.127 10 DMSO 100 

MMF 130.1 130.1 10 DMSO 100 

 

From the 500 µM working dilutions, the desired concentrations of each drug for cell 

treatment were prepared using complete DMEM media for dilution in the 

concentration ranges displayed in table 2.2. 

Table 2.2: Treatment Concentrations.  

Assay Type  

DMF 
Concentrations 

(µM) 

MMF 
Concentrations 

(µM) 

Gemcitabine 
Concentrations 

(µM) 

Clonogenic  0 - 100 0 - 10 0 - 10 

Spheroid  0 - 100 0 - 10 0 - 10 

 

Table displays the concentrations of drugs used in clonogenic and spheroid growth 

delay assays 

2.3.3: Cell Doubling Time Assay 

To calculate the doubling time of Panc-1 and Mia PaCa-2 during the exponential 

growth phase, 1x105 cells were seeded in T-25 flasks. Following 24 hours of growth 

cells were washed with 5 mL of 1X PBS and then detached by the addition of 2mL of 

1X 0.05% trypsin-EDTA solution, then neutralised with 5 mL of complete DMEM 

media to create a cell suspension with a final volume of 7 mL. The resulting cell 

suspension was passed through a 23-gauge needle (Becton, Dickinson and 

Company, Plymouth, UK) to create a single cell suspension that could be counted on 

a haemocytometer (Scientific Laboratory Supplies, Nottingham, UK) to determine the 

total number of cells present. This process was repeated every subsequent 24 hours 

for a total of 5 days. The doubling time of Panc-1 and Mia PaCa-2 cell lines were 

mathematically determined via a modified (Y0 constraint set to 100,000) exponential 
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growth equation using GraphPad Prism version 10.1.2.  Each doubling time assay 

was carried out in three biological repeats, with three technical repeats per biological 

repeat. 

2.3.4: Clonogenic Assay  

Prior to carrying out the clonogenic assay, the plating efficiency had to be established 

for both Panc-1 and Mia PaCa-2 to determine the optimal number of cells to seed for 

the clonogenic assay. To achieve this, cells were plated in 5 mL of complete media in 

60 mm petri dishes (with three technical repeats per biological repeat in triplicate) at 

various densities from 500 – 2000 cells. Following 14 days of incubation to allow the 

development of visible colonies (> 50 cells in size), media was removed, and dishes 

washed with PBS. To fix cell colonies, the dishes were incubated with 100% methanol 

at room temperature for 10 minutes. To stain the colonies, dishes were incubated with 

5% (v/v) Giemsa’s solution (VWR, Leicestershire, UK) for 30 minutes. Colonies were 

counted by eye to determine the plating efficiency using the following equation:  

Plating efficiency:  
Number of colonies

Number of cells seeded
 

To carry out the clonogenic assay, cells were seeded in T-25 flasks at a density of 

2x105 cells per flask and incubated until 70% confluent. Following incubation, media 

was removed and replaced with 1.5 mL of complete media containing the desired 

concentration of drug (section 2.3.2) or irradiated with 2 – 10 Gy EXBR using the X-

Rad225 irradiator (Precision X-Ray, Connecticut, USA) at a dose rate of 2.3 Gy/min. 

Cells were incubated for a further 24 or 48 hours, depending on the experimental 

requirement, before removing the treatment and washing the cells with 5 mL of 1X 

PBS to remove any residual drug. Cells were then detached with 2mL of 1X 0.05% 

trypsin-EDTA solution which was neutralised by the addition of 5 mL of complete 

DMEM media to create a cell suspension. The resulting suspension was then passed 
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through a 23-gauge needle to create a single cell suspension which could be counted 

using a haemocytometer. The volume of cell suspension required to collect 500 cells 

was then determined and added to individual 60 mm petri dishes (Thermo Fisher 

Scientific, Perth, UK) in triplicate. The 60 mm petri dishes were then incubated for 

approximately 14 days to allow for the visible development of colonies over 50 cells 

in size. Following incubation, media was removed, and dishes washed with PBS. To 

fix cell colonies, the dishes were incubated with 100% methanol at room temperature 

for 10 minutes. To stain the colonies, dishes were incubated with 5% (v/v) Giemsa’s 

solution (VWR, Leicestershire, UK) for 30 minutes. Colonies were counted by eye to 

determine the survival fraction using the following equation: 

Survival Fraction:  
Number of colonies in treated sample/number of cells seeded

Number of control colonies/number of cells seeded
 

Each treatment was therefore compared to the plating efficiency of the untreated 

control. Each clonogenic assay was carried out in three biological repeats, with three 

technical repeats per biological repeat. 

IC50 values were determined using Hill-slope equation on GraphPad Prism version 

10.1.2. For irradiated cells, D50 values were determined using linear quadratic model 

on GraphPad Prism version 10.1.2 

2.3.5: Preparation of Low Attachment 96-well Plates for Spheroid Growth Delay 

Assay 

Non-tissue culture treated round bottom 96-well plates were purchased from Fisher 

Scientific (Leicestershire, UK) and a poly (2-hydroxyethyl methacrylate) (poly-HEMA) 

coating solution was prepared as follows: 1.2 g of poly-HEMA (Sigma Aldrich, Irvine, 

UK) was dissolved in 40 mL of 95% ethanol (Fisher Scientific, Leicestershire, UK) and 

the resulting solution was incubated on a tube roller (Starlab, Milton Keynes, UK) at 

37°C until the poly-HEMA was fully dissolved. To coat the round bottom 96-well 



68 
 

plates, 50 µL of poly-HEMA coating solution was added to each individual well of the 

plate(s) and incubated in a biological safety cabinet with the plate lid removed until 

the solution had fully evaporated, leaving behind the coating to prevent cell 

attachment. 

2.3.6: Spheroid Growth Delay Assay 

Cells were plated in low attachment round bottom 96-well plates (section 2.3.5) at a 

density of 700 cells per well. Each well was made up to a final volume of 200 µL using 

complete DMEM media. The surrounding wells of the plate were filled with 200 µL of 

1X PBS to help hydrate the wells containing cells and to minimise the edge effect. 

Following 48 hours of growth, media was removed and replaced with 200 µL of 

complete DMEM media containing drug (section 2.3.2) at the desired concentration 

or plates were irradiated with 0.5 – 6 Gy at a dose rate of 2.3 Gy/min, using the X-

Rad225 irradiator, then incubated for 48 hours. Following incubation, the media 

containing the treatment was removed and the spheroids washed with 200 µL of 1X 

PBS before the addition of 200 µL of complete DMEM media. The media was then 

subsequently refreshed every 2 – 3 days with 50 µL of fresh media for a total of 14 - 

21 days. Spheroids were imaged every 2 – 3 days to monitor growth using the EVOS 

FL auto system (Life Technologies, Paisley, UK), with images being captured using 

the brightfield 4X objective. Each spheroid growth delay assay was carried out in three 

biological repeats, with sixteen technical repeats per biological repeat. 

2.3.7: Spheroid Growth Analysis 

Spheroid images captured using the EVOS FL auto system were analysed using 

SpheroidSizer software [141] for MATLAB (version R2013a). Spheroid volumes were 

determined by the software using the following equation, with Dmax representing the 

maximum diameter and Dmin representing the minimum diameter of the spheroid:  

Spheroid Volume: 0.5 (Dmax × (Dmin
2)) 
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The change in spheroid volume (V/V0) was then calculated for each time point by 

dividing the volume (V) of each individual spheroid at the desired timepoint by its initial 

volume (V0). The area under the curve (AUC) for each treatment was then calculated 

using GraphPad Prism version 10.1.2. 

2.3.8: Statistical Analysis 

All statistical analysis was carried out using GraphPad Prism version 10.1.2. 

Significance was assigned at an alpha (α) value ≤ 0.05. Prior to carrying out any 

analysis on data, a Shapiro-Wilk normality test was used to determine if the data 

conformed to normal distribution (parametric or nonparametric), to allow for the 

selection of an appropriate statistical test. If the data was parametric, a one-way 

ANOVA with Bonferroni post hoc test was used. If the data was nonparametric, a 

Kruskal-Wallis with Dunn’s post hoc test was used. The following labelling was used 

to convey significance: ns = not significant; * = P ≤ 0.05; ** = P ≤ 0.01, *** = P ≤ 0.001; 

and **** = P ≤ 0.0001. 

2.4: RESULTS 

2.4.1: Growth characteristics of pancreatic cells in vitro 

To establish the doubling time of both Panc-1 and Mia PaCa-2, a doubling time assay 

was carried out as described in section 2.3.3. The doubling time is the time taken for 

a complete cell cycle, and subsequently the population of cells to double in number 

and the results shown in figure 2.1.  
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Figure 2.1: Panc-1 and Mia PaCa-2 growth characteristics. (A) Cell doubling time 
assay, the data represented as the average of three independent experiments carried 
out in triplicate ± standard deviation (the error bars are too small to be shown). (B) 
Plating efficiency was calculated for varying numbers of cells. The data represented 
as the average of three independent experiments carried out in triplicate ± standard 
deviation (some error bars are too small to be shown). (C) Clonogenic assay to 
determine pancreatic cancer cell response to DMSO concentrations equivalent to 
percentages present in treatments with DMF/MMF as these drugs are initially 
solubilised in DMSO prior to subsequent dilution in PBS and finally media (some error 
bars are too small to be shown). Table shows statistical comparisons using one-way 
ANOVA with Bonferroni post hoc test of DMSO treated cells with the untreated 
controls (0% DMSO) for both Panc-1 and Mia PaCa-2. 

 

 

 

 



71 
 

The doubling time of Panc-1 and Mia PaCa-2 cell lines were mathematically 

determined via a modified (Y0 constraint set to 100,000) exponential growth equation 

using GraphPad Prism version 10.1.2. Panc-1 was calculated to have a doubling time 

of 18.27 ± 0.02 hours (figure 2.1A). Mia PaCa-2 was calculated to have a doubling 

time of 24.82 ± 0.5 hours (figure 2.1A). Based on these results, a 24-hour incubation 

period would be sufficient to allow for one cell cycle, and 48 hours for two cell cycles 

in both Panc-1 and Mia PaCa-2, when exposing cells to drugs. 

The optimal seeding density for Panc-1 and Mia PaCa-2 was determined to be 500 

cells following the plating efficiency as this number of cells gave a plating efficiency 

value of >50% (figure 2.1B). Going forward 500 cells would be plated for the 

clonogenic assay. 

To determine if the small percentage of DMSO present in DMF/MMF treatments would 

have a statistically significant effect on cell clonogenicity, cells were exposed to a 

range of DMSO concentrations equivalent to that present in treatments utilised (figure 

2.1C). As can be seen in figure 2.1C all concentrations of DMSO tested did not 

statistically significantly vary from that of the untreated (0% DMSO) control, indicating 

that at the concentrations used the DMSO has no effect on cell clonogenicity in both 

cell lines (P > 0.442). Therefore, a DMSO control was not included going forward and 

instead an untreated control used. 
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2.4.2: Cytotoxic effect of gemcitabine on pancreatic cell clonogenicity in vitro 

The clonogenic assay was carried out as described in section 2.3.4 to assess the 

cytotoxicity of gemcitabine on pancreatic cells in vitro. Cells were incubated with 

gemcitabine for both 24- and 48-hours to determine if increasing the exposure time of 

the drug to the cells had any effect on cytotoxicity. The half-maximal inhibitory 

concentration (IC50) was then determined using GraphPad Prism version 10.1.2 and 

the results shown in figure 2.2. 
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Figure 2.2: Cytotoxic effect of gemcitabine on Panc-1 and Mia PaCa-2.  Cells 
were exposed to varying concentrations (2 µM – 10 µM) of gemcitabine and the 
survival fraction determined. (A) Cytotoxic effect of gemcitabine following 24-hour 
incubation. (B) Cytotoxic effect of gemcitabine following 48-hour incubation. All data 
is represented as the average of three independent experiments carried out in 
triplicate ± standard deviation. No curve could be fit for Mia PaCa-2 at this time point. 
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In both cell lines and incubation periods, gemcitabine induced a dose dependent 

reduction in clonogenic survival. In Panc-1, after exposure of cells to gemcitabine for 

24-hours (figure 2.2A), the highest concentration (10 µM) of gemcitabine induced an 

average reduction in clonogenicity of 99.16 ± 1.38% and, only 81.48 ± 8.9% reduction 

in clonogenicity was induced with a 48-hour incubation (figure 2.2B). In Mia PaCa-2, 

the highest concentration of gemcitabine (10 µM) induced an average reduction in 

clonogenicity of 86.54 ± 8.18% following a 24-hour incubation (figure 2.2A), and 

100% reduction in clonogenicity following a 48-hour incubation with gemcitabine 

(figure 2.2B). There was no statistically significant difference in clonogenicity (P = 

0.0684) between 24- and 48-hour incubations with gemcitabine for Panc-1, whereas 

there was a statistically significant decrease in clonogenicity between 24- and 48-hour 

incubations with gemcitabine in the Mia PaCa-2 cell line (P = 0.011). There was no 

statistically significant difference in clonogenicity between Panc-1 and Mia PaCa-2 

following a 24-hour incubation with gemcitabine (P = 0.6281). However, there was a 

statistically significant difference in clonogenicity between Panc-1 and Mia PaCa-2 

following a 48-hour incubation with gemcitabine, with more reduction in clonogenicity 

being induced in Mia PaCa-2 (P = 0.0004). 

The IC50 value for gemcitabine in Panc-1 following 24-hour incubation was calculated 

to be 1.021 ± 1.4 µM and 2.022 ± 1.63 µM for 48-hour incubation. The IC50 value for 

gemcitabine in Mia PaCa-2 following 24-hour incubation was calculated to be 2.271 

± 0.12 µM. As three of the concentrations tested (6 – 8 µM) resulted in no surviving 

cells, an IC50 value could not be calculated for gemcitabine following a 48-hour 

incubation in Mia PaCa-2, nor could a curve be fit (figure 2.2B). 

As the data conformed to normal distribution, according to the Shapiro-Wilk normality 

test, one-way ANOVA with Bonferroni post hoc test was used to assess the cytotoxic 

effect of the various concentrations of gemcitabine when compared with the untreated 
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control. A summary of this analysis can be found in table 2.4. In Panc-1 cells, all 

concentrations of gemcitabine tested (figure 2.2) induced significant reduction in 

clonogenicity when compared with the untreated control for both incubation periods 

(P < 0.0001). In Mia PaCa-2, all concentrations of gemcitabine tested (figure 2.2) also 

induced significant reduction in clonogenicity when compared with the untreated 

control for both incubation periods (P < 0.0001). 

Table 2.4: Summary table of one-way ANOVA analysis of gemcitabine 
concentrations vs control for pancreatic cell lines.  

Comparison Cell Line Incubation P-value Summary Significant? 

2 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

4 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

6 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

8 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

10 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

2 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

4 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

6 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

8 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

10 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** 
Yes 

 

 

Overall, the results in section 2.4.2 indicate that both cell lines are sensitive to 

gemcitabine as expected as this is the current gold standard chemotherapy for 

pancreatic cancer. Furthermore, the incubation period with gemcitabine significantly 

influences drug effectiveness in Mia PaCa-2 only, as can be seen by the IC50 values 

displayed in table 2.3. 
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2.4.3: Cytotoxic effect of DMF on pancreatic cell clonogenicity in vitro 

The clonogenic assay was carried out as described in section 2.3.4 to assess the 

cytotoxicity of DMF on pancreatic cells in vitro. Cells were incubated with DMF (20 – 

100 µM) for both 24- and 48-hours to determine if increasing the exposure time had 

any effect on cytotoxicity. The results of this experiment are shown in figure 2.3. 
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Figure 2.3: Cytotoxic effect of DMF on Panc-1 and Mia PaCa-2. Cells were 

exposed to varying concentrations (20 µM – 100 µM) of DMF and the survival fraction 

determined. (A) Cytotoxic effect of DMF following 24-hour incubation. (B) Cytotoxic 

effect of DMF following 48-hour incubation. All data is represented as the average of 

three independent experiments carried out in triplicate ± standard deviation.  
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In both cell lines and incubation periods, DMF induced a dose dependent reduction 

in clonogenicity. In Panc-1, following a 24-hour incubation period with DMF (figure 

2.3A), the highest concentration (100 µM) of DMF induced an average reduction in 

clonogenicity of 74.44 ± 5.92%, and only 43.35 ± 20.4% reduction in clonogenicity 

was induced with a 48-hour incubation (figure 2.3B), with the 24-hour incubation 

period inducing significantly more reduction in clonogenicity when compared with the 

48-hour incubation in Panc-1 cells (P = 0.0006). In Mia PaCa-2, the highest 

concentration of DMF (100 µM) induced an average reduction in clonogenicity of 

65.95 ± 2.15% with a 24-hour incubation (figure 2.3A), and only 34.82% ± 20.92% 

reduction in clonogenicity following a 48-hour incubation (figure 2.3B), with the 24-

hour incubation period inducing significantly more reduction in clonogenicity when 

compared with the 48-hour incubation in Mia PaCa-2 cells (P = 0.0009). There was 

no statistically significant difference in clonogenicity induced by DMF between Panc-

1 and Mia PaCa-2 following both 24- and 48-hour incubations with DMF (P > 0.9999). 

The IC50 value for DMF in Panc-1 cells following 24-hour incubation was calculated to 

be 71.22 ± 5.87 µM, and 104.5 ± 41.47 µM following a 48-hour incubation with DMF. 

The IC50 value for DMF in Mia PaCa-2 cells following 24-hour incubation was 

calculated to be 76.73 ± 2.17 µM, and 79.79 ± 17.82 µM for 48-hour incubation.  

As the data conformed to normal distribution, according to the Shapiro-Wilk normality 

test, one-way ANOVA with Bonferroni post hoc test was used to assess the cytotoxic 

effect of the various concentrations of DMF when compared with the untreated 

control. A summary of this analysis can be found in table 2.6. In Panc-1, incubation 

of the cells with only 20 µM of DMF (figure 2.3A) did not induce statistically significant 

reduction in clonogenicity when compared with the untreated control for the 24-hour 

incubation period with DMF (P > 0.0009). For the 48-hour incubation period in Panc-

1, only 100 µM DMF (figure 2.3B) induced significant reduction in clonogenicity when 
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compared with the untreated control (P < 0.0001). In Mia PaCa-2, all concentrations 

of DMF tested following a 24-hour incubation with cells (figure 2.3A) induced 

significant reduction in clonogenicity when compared with the untreated control (P < 

0.0001). For the 48-hour incubation period with DMF in Mia PaCa-2 cells, only 100 

µM DMF (figure 2.3B) induced significant reduction in clonogenicity when compared 

with the untreated control (P = 0.0110). 

Table 2.6: Summary table of one-way ANOVA analysis of DMF concentrations 
vs control for pancreatic cell lines.  

Comparison Cell Line Incubation P-value Summary Significant? 

20 µM vs 
Control 

Panc-1 
24 hrs >0.9999 ns No 

48 hrs >0.9999 ns No 

40 µM vs 
Control 

Panc-1 
24 hrs 0.0457 * Yes 

48 hrs >0.9999 ns No 

60 µM vs 
Control 

Panc-1 
24 hrs 0.0059 ** Yes 

48 hrs >0.9999 ns No 

80 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs >0.9999 ns No 

100 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

20 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs >0.9999 ns No 

40 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs >0.9999 ns No 

60 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs >0.99991 ns No 

80 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs >0.9999 ns No 

100 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs 0.0110 * Yes 

 

Overall, the results in section 2.4.3 indicate that both cell lines are sensitive to DMF, 

however much higher concentrations are required to reduce clonogenicity when 

compared with MMF and gemcitabine.  
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2.4.4: Cytotoxic effect of MMF on pancreatic cell clonogenicity in vitro 

The clonogenic assay was carried out as described in section 2.3.4 to assess the 

cytotoxicity of MMF on pancreatic cells in vitro. Cells were incubated with MMF for 

both 24- and 48-hours to determine if increasing the exposure time had any effect on 

cytotoxicity. The results of this experiment are shown in figure 2.4. 
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Figure 2.4: Cytotoxic effect of MMF on Panc-1 and Mia PaCa-2. Cells were 
exposed to varying concentrations (2 µM – 10 µM) of MMF and the survival fraction 
determined. (A) Cytotoxic effect of MMF following 24-hour incubation. (B) Cytotoxic 
effect of MMF following 48-hour incubation. All data is represented as the average of 
three independent experiments carried out in triplicate ± standard deviation.  
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In both cell lines and incubation periods, MMF induced a dose dependent reduction 

in clonogenicity. In Panc-1, following a 24-hour incubation with MMF (figure 2.4A), 

the highest concentration (10 µM) of MMF induced an average reduction in 

clonogenicity of 79.5 ± 4.73% and 93.85 ± 5.6% reduction in clonogenicity was 

induced with a 48-hour incubation (figure 2.4B). In Mia PaCa-2, the highest 

concentration of MMF (10 µM) induced an average reduction in clonogenicity of 86.1 

± 4.1% following a 24-hour incubation (figure 2.4A), and 99.13 ± 0.8% reduction in 

clonogenicity following a 48-hour incubation with MMF (figure 2.4B). There was no 

statistically significant difference in clonogenicity between 24- and 48-hour 

incubations with MMF for both Panc-1 and Mia PaCa-2 cell lines (P > 0.9999). There 

was also no statistically significant difference between Panc-1 and Mia PaCa-2 with 

both 24- and 48-hour incubations with MMF (P > 0.9999). 

The IC50 value for MMF following a 24-hour incubation in Panc-1 cells was calculated 

to be 6.512 ± 0.93 µM and 6.752 ± 0.96 µM for the 48-hour incubation. The IC50 value 

for MMF following 24-hour incubation in Mia PaCa-2 cells was calculated to be 3.312 

± 2.74 µM and 6.388 ± 0.44 µM for the 48-hour incubation. These IC50 values were 

lower than that of DMF, which will be addressed in the discussion of this chapter. 

As the data conformed to normal distribution, according to the Shapiro-Wilk normality 

test, one-way ANOVA with Bonferroni post hoc test was used to assess the cytotoxic 

effect of the various concentrations of MMF when compared with the untreated 

control. A summary of this analysis can be found in table 2.8. In Panc-1, all 

concentrations of MMF tested following 24-hour incubation of the cells with MMF 

(figure 2.4A) induced a significant reduction in clonogenicity when compared with the 

untreated control (P < 0.0001). For the 48-hour incubation with MMF in Panc-1 (figure 

2.4B) all tested concentrations, with the exception of 2 µM, induced a significant 

reduction in clonogenicity when compared with the untreated control (P < 0.05). In 
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Mia PaCa-2, all concentrations of MMF tested (figure 2.4) induced a significant 

reduction in clonogenicity when compared with the untreated control for both 

incubation periods (P < 0.001). 

Table 2.8: Summary table of one-way ANOVA analysis of MMF concentrations 
vs control for pancreatic cell lines.  

Comparison Cell Line Incubation P-value Summary Significant? 

2 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs 0.0517 ns No 

4 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs 0.0455 * Yes 

6 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs 0.0005 *** Yes 

8 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

10 µM vs 
Control 

Panc-1 
24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

2 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs 0.0003 *** Yes 

4 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

6 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

8 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

10 µM vs 
Control 

Mia PaCa-
2 

24 hrs <0.0001 **** Yes 

48 hrs <0.0001 **** Yes 

 

Overall, the results in section 2.4.4 indicate that both cell lines are sensitive MMF, 

and that based upon the two incubation periods tested with MMF, the effectiveness 

of the drug is not influenced by treatment time. 

2.4.5: EXBR induced cytotoxicity on pancreatic cell clonogenicity in vitro 

The clonogenic assay was carried out as described in section 2.3.4, to assess the 

effect of EXBR induced cytotoxicity on pancreatic cells in vitro. Cells were irradiated 

with a range of doses of EXBR (0 – 10 Gy) at a dose rate of 2.3 Gy/min. Data was 

analysed via a linear quadratic model using GraphPad Prism version 10.1.2 to 
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determine the D50 (irradiation dose to reduce the survival rate to 50%). The results of 

this experiment are shown in figure 2.5. 
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Figure 2.5: Effect of EXBR on Panc-1 and Mia PaCa-2.  Cells were irradiated with 
varying doses (2 Gy – 10 Gy) of radiation and the survival fraction determined. Data 
is represented as the average of three independent experiments carried out in 
triplicate ± standard deviation.  
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The D50 value for radiation in Panc-1 was calculated to be 1.47 ± 0.71 Gy and 2.95 ± 

0.74 Gy for Mia PaCa-2.  

As the data conformed to normal distribution, according to the Shapiro-Wilk normality 

test, one-way ANOVA with Bonferroni post hoc test was used to assess the toxicity of 

the various doses of EXBR in both Panc-1 and Mia PaCa-2 cells when compared with 

the unirradiated control. A summary of this analysis can be found in table 2.10. An 

unpaired t-test was used to compare EXBR induced cytotoxicity between Panc-1, and 

Mia PaCa-2 cell lines. 

In both cell lines EXBR induced a dose dependent reduction in cell surviving fraction 

(figure 2.5). The highest dose of radiation tested (10 Gy) induced 100% reduction in 

clonogenicity in both cell lines (figure 2.5). All doses of EXBR induced a significant 

reduction in clonogenicity when compared with the untreated control (P < 0.0001). 

There was no statistically significant difference in clonogenicity induced by EXBR 

between Panc-1 and Mia PaCa-2 cell lines when exposed to any dose of EXBR (P = 

0.1938). 

Table 2.10: Summary table of one-way ANOVA analysis of radiation doses vs 
control for pancreatic cell lines.  

Comparison Cell Line P-value Summary Significant? 

2 Gy vs Control Panc-1 <0.0001 **** Yes 

4 Gy vs Control Panc-1 <0.0001 **** Yes 

6 Gy vs Control Panc-1 <0.0001 **** Yes 

8 Gy vs Control Panc-1 <0.0001 **** Yes 

10 Gy vs Control Panc-1 <0.0001 **** Yes 

2 Gy vs Control Mia PaCa-2 <0.0001 **** Yes 

4 Gy vs Control Mia PaCa-2 <0.0001 **** Yes 

6 Gy vs Control Mia PaCa-2 <0.0001 **** Yes 

8 Gy vs Control Mia PaCa-2 <0.0001 **** Yes 

10 Gy vs Control Mia PaCa-2 <0.0001 **** Yes 

 

Overall, the results from section 2.4.5 indicate that both cell lines are sensitive to 

EXBR, with Panc-1 being more radiosensitive than Mia PaCa-2. 
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2.4.6: Interrogation of the effect of gemcitabine on pancreatic cancer spheroid 

growth in vitro  

2.4.6-1: Interrogation of the effect of gemcitabine on Panc-1 spheroid growth 

The spheroid growth delay assay was carried out as described in section 2.3.6 to 

assess the cytotoxicity of gemcitabine on spheroids grown from Panc-1 cells in vitro. 

Panc-1 spheroids were exposed to gemcitabine at a concentration range of 0 – 10 

µM for 48-hours to determine the effect on spheroid growth via change in volume 

(V/V0) and AUC analysis. The results are presented in figure 2.6. 
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Figure 2.6: Effect of gemcitabine on Panc-1 spheroid growth.  Panc-1 spheroids 
were exposed to varying concentrations (2 µM – 10 µM) of gemcitabine and the 
change in volume (V/V0) and AUC calculated. (A) V/V0 for gemcitabine treated 
spheroids and untreated control. The data is represented as the average of three 
independent experiments carried out with 16 spheroids per treatment group (48 
spheroids total) ± standard deviation. (B) V/V0 for gemcitabine treated spheroids 
alone. (C) AUC for gemcitabine treated spheroids and untreated control, statistical 
significance shown in comparison with the untreated control. The data is represented 
as the average ± standard deviation. **** = P ≤ 0.0001. 
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As both V/V0 and AUC data obtained from Panc-1 spheroids incubated with 

gemcitabine did not conform to normal distribution following a Shapiro-Wilk normality 

test, a Kruskal-Wallis with Dunn’s post hoc test was used to assess the effect of the 

gemcitabine on spheroid growth when compared with the untreated control. In Panc-

1 spheroids (figure 2.6A), all concentrations of gemcitabine induced a statistically 

significant reduction in spheroid growth when compared with the untreated control 

spheroids (P < 0.0001). The highest concentration of gemcitabine tested (10 µM) 

resulted in a 50-fold reduction in spheroid volume when compared with the untreated 

control spheroids (figure 2.6A). As gemcitabine induced such a significant reduction 

in spheroid volume in Panc-1 spheroids when compared with the untreated control, 

an additional graph (figure 2.6B) showing only gemcitabine treated spheroids was 

generated to allow the differences between concentrations to be more clearly 

observed. When comparing the different concentrations of gemcitabine administered, 

6 µM induced a statistically greater reduction in spheroid volume when compared with 

the lower concentrations of 2 & 4 µM gemcitabine (P < 0.0001), however the higher 

concentrations (8 & 10 µM) did not induce a statistically significantly greater reduction 

in spheroid volume when compared with 6 µM of gemcitabine (P > 0.9999), 

suggesting there was no additional benefit with respect to decreasing spheroid growth 

afforded by the administration of the higher concentrations of gemcitabine. A 

summary of these comparisons can be found in table 2.11. 
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Table 2.11: Summary table of Kruskal-Wallis test of V/V0 for gemcitabine treated 
Panc-1 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control <0.0001 **** Yes 

4 µM vs Control <0.0001 **** Yes 

6 µM vs Control <0.0001 **** Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM >0.9999 ns No 

2 µM vs 6 µM <0.0001 **** Yes 

2 µM vs 8 µM <0.0001 **** Yes 

2 µM vs 10 µM <0.0001 **** Yes 

4 µM vs 6 µM <0.0001 **** Yes 

4 µM vs 8 µM <0.0001 **** No 

4 µM vs 10 µM <0.0001 **** Yes 

6 µM vs 8 µM >0.9999 ns No 

6 µM vs 10 µM >0.9999 ns No 

8 µM vs 10 µM >0.9999 ns No 

 

When assessing the AUC for Panc-1 spheroids incubated with gemcitabine (figure 

2.6C), all concentrations of gemcitabine induced a statistically significant reduction in 

AUC when compared with the untreated control (P < 0.0001). When comparing the 

different concentrations of gemcitabine administered in Panc-1 spheroids, 10 µM did 

not induce a statistically greater reduction in AUC compared with the lower 

concentrations of gemcitabine tested (P > 0.8567), suggesting there was no additional 

benefit with respect to decreasing spheroid growth afforded by the administration of 

the higher concentrations of gemcitabine. A summary of these comparisons can be 

found in table 2.12. 
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Table 2.12: Summary table of Kruskal-Wallis test of AUC for gemcitabine treated 
Panc-1 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control <0.0001 **** Yes 

4 µM vs Control <0.0001 **** Yes 

6 µM vs Control <0.0001 **** Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM 0.9965 ns No 

2 µM vs 6 µM 0.8567 ns No 

2 µM vs 8 µM 0.9224 ns No 

2 µM vs 10 µM 0.8991 ns No 

4 µM vs 6 µM 0.9224 ns No 

4 µM vs 8 µM 0.9349 ns No 

4 µM vs 10 µM 0.9224 ns No 

6 µM vs 8 µM 0.9965 ns No 

6 µM vs 10 µM 0.9965 ns No 

8 µM vs 10 µM 0.9965 ns No 

 

The overall results of section 2.4.6-1 suggest that Panc-1 spheroids are highly 

sensitive to gemcitabine monotherapy in the concentration range tested and that no 

additional reduction in spheroid growth was observed when increasing the 

concentration of gemcitabine above 2 µM. 

2.4.6-2 Interrogation of the effect of gemcitabine on Mia PaCa-2 spheroid 

growth 

The spheroid growth delay assay was carried out as described in section 2.3.6 to 

assess the cytotoxicity of gemcitabine on spheroids grown from Mia PaCa-2 cells in 

vitro. Mia PaCa-2 spheroids were exposed to gemcitabine at a concentration range 

of 0 – 10 µM for 48-hours to determine the effect on spheroid growth via change in 

volume (V/V0) and AUC analysis. The results are presented in figure 2.7. 
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Figure 2.7: Effect of gemcitabine on Mia PaCa-2 spheroid growth.  Mia PaCa-2 
spheroids were exposed to varying concentrations (2 µM – 10 µM) of gemcitabine 
and the change in volume (V/V0) and AUC calculated. (A) V/V0 for gemcitabine treated 
spheroids and untreated control. The data is represented as the average of three 
independent experiments carried out with 16 spheroids per treatment group (48 
spheroids total) ± standard deviation. (B) V/V0 for gemcitabine treated spheroids 
alone. (C) AUC for gemcitabine treated spheroids and untreated control, statistical 
significance shown in comparison with the untreated control. The data is represented 
as the average ± standard deviation. ** = P ≤ 0.01, **** = P ≤ 0.0001. 
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As both V/V0 and AUC data obtained from Mia PaCa-2 spheroids incubated with 

gemcitabine did not conform to normal distribution following a Shapiro-Wilk normality 

test, a Kruskal-Wallis with Dunn’s post hoc test was used to assess the effect of the 

gemcitabine on spheroid growth when compared with the untreated control. In Mia 

PaCa-2 spheroids (figure 2.7A), all concentrations of gemcitabine induced a 

statistically significant reduction in spheroid growth when compared with the untreated 

control spheroids (P < 0.0001). The highest concentration of gemcitabine (10 µM) 

resulted in a 27-fold reduction in spheroid volume when compared with the untreated 

control spheroids (figure 2.7A). As gemcitabine induced such a significant reduction 

in Mia PaCa-2 spheroid volume when compared with the untreated control, an 

additional graph (figure 2.7B) showing only gemcitabine treated spheroids was 

generated to allow the differences between concentrations to be more clearly 

observed. When comparing the different administered concentrations, 4 µM induced 

a statistically greater reduction in spheroid volume when compared with all lower 

concentrations (P < 0.0001), with the exception of 10 µM gemcitabine (P > 0.9999). 

A summary of these comparisons can be found in table 2.13. 

Table 2.13: Summary table of Kruskal-Wallis test of V/V0 for gemcitabine treated 
Mia PaCa-2 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control <0.0001 **** Yes 

4 µM vs Control <0.0001 **** Yes 

6 µM vs Control <0.0001 **** Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM <0.0001 **** Yes 

2 µM vs 6 µM <0.0001 **** Yes 

2 µM vs 8 µM <0.0001 **** Yes 

2 µM vs 10 µM <0.0001 **** Yes 

4 µM vs 6 µM >0.9999 ns No 

4 µM vs 8 µM >0.9999 ns No 

4 µM vs 10 µM <0.0001 **** Yes 

6 µM vs 8 µM >0.9999 ns No 

6 µM vs 10 µM <0.0001 **** Yes 

8 µM vs 10 µM <0.0001 **** Yes 
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When assessing the AUC for Mia PaCa-2 spheroids incubated with gemcitabine 

(figure 2.7C), all concentrations of gemcitabine induced a statistically significant 

reduction in AUC when compared with the untreated control (P < 0.0001). When 

comparing the different concentrations of gemcitabine administered in Mia PaCa-2 

spheroids, 10 µM induced a statistically greater reduction in AUC when compared 

with 2 µM gemcitabine (P < 0.0001), however it was of no additional benefit when 

compared with all other concentrations tested (P > 0.2472). A summary of these 

comparisons can be found in table 2.14. 

Table 2.14: Summary table of Kruskal-Wallis test of AUC for gemcitabine treated 
Mia PaCa-2 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control <0.0001 **** Yes 

4 µM vs Control <0.0001 **** Yes 

6 µM vs Control <0.0001 **** Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM 0.0002 *** No 

2 µM vs 6 µM 0.0010 *** Yes 

2 µM vs 8 µM 0.0003 *** Yes 

2 µM vs 10 µM <0.0001 **** Yes 

4 µM vs 6 µM 0.9859 ns No 

4 µM vs 8 µM >0.9999 ns No 

4 µM vs 10 µM 0.2554 ns No 

6 µM vs 8 µM 0.9926 ns No 

6 µM vs 10 µM 0.0519 ns No 

8 µM vs 10 µM 0.2472 ns No 

 

The overall results of section 2.4.6-2 suggest that Mia PaCa-2 spheroids were highly 

sensitive to gemcitabine monotherapy in the concentration range tested, with 10 µM 

of gemcitabine inducing the greatest reduction in spheroid growth.  
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2.4.7: Interrogation of the effect of DMF on pancreatic cancer spheroid growth 

in vitro 

2.4.7-1: Interrogation of the effect of DMF on Panc-1 spheroid growth 

The spheroid growth delay assay was carried out as described in section 2.3.6 to 

assess the cytotoxicity of DMF on pancreatic spheroids in vitro. Panc-1 spheroids 

were incubated with DMF at a concentration range of 0 – 100 µM for 48-hours to 

determine the effect on spheroid growth via change in volume (V/V0) and AUC 

analysis. The results are presented in figure 2.8. 
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Figure 2.8: Effect of DMF on Panc-1 spheroid growth.  Panc-1 spheroids were 

exposed to varying concentrations (20 µM – 100 µM) of DMF and the change in 

volume (V/V0) and AUC calculated. (A) V/V0 for DMF treated spheroids and untreated 

control. The data is represented as the average of three independent experiments 

carried out with 16 spheroids per treatment group (48 spheroids total) ± standard 

deviation. (B) AUC for DMF treated spheroids and untreated control, statistical 

significance shown in comparison with the untreated control. The data is represented 

as the average ± standard deviation. *** = P ≤ 0.001 **** = P ≤ 0.0001. 
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As both V/V0 and AUC data obtained from Panc-1 spheroids incubated with DMF did 

not conform to normal distribution following a Shapiro-Wilk normality test, a Kruskal-

Wallis with Dunn’s post hoc test was used to assess the effect of DMF on spheroid 

growth when compared with the untreated control. In Panc-1 spheroids (figure 2.8A), 

all concentrations of DMF tested induced a statistically significant reduction in 

spheroid growth when compared with the untreated control spheroids (P ≤ 0.0026). 

The highest concentration of DMF (100 µM) resulted in a 3-fold reduction in spheroid 

volume when compared with the untreated control spheroids (figure 2.8A). When 

comparing the different concentrations of DMF incubated with Panc-1 spheroids, 100 

µM of DMF induced a statistically greater reduction in spheroid volume when 

compared with the lower concentrations of 20; 40; & 60 µM DMF administered (P ≤ 

0.0002), however there was not a statistically significant greater reduction in spheroid 

volume when compared with 80 µM of DMF (P = 0.9790). A summary of these 

comparisons can be found in table 2.15. 

Table 2.15: Summary table of Kruskal-Wallis test of V/V0 for DMF treated Panc-
1 spheroids.  

Comparison P-value Summary Significant? 

20 µM vs Control 0.0026 ** Yes 

40 µM vs Control <0.0001 **** Yes 

60 µM vs Control <0.0001 **** Yes 

80 µM vs Control <0.0001 **** Yes 

100 µM vs Control <0.0001 **** Yes 

20 µM vs 40 µM >0.9999 ns No 

20 µM vs 60 µM 0.5388 ns No 

20 µM vs 80 µM <0.0001 **** Yes 

20 µM vs 100 µM <0.0001 **** Yes 

40 µM vs 60 µM >0.9999 ns No 

40 µM vs 80 µM <0.0001 * No 

40 µM vs 100 µM <0.0001 **** Yes 

60 µM vs 80 µM 0.0878 ns No 

60 µM vs 100 µM 0.0002 *** No 

80 µM vs 100 µM 0.9790 ns No 
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When assessing the AUC for Panc-1 spheroids treated with DMF (figure 2.8B), all 

concentrations of DMF tested induced a statistically significant reduction in AUC when 

compared with the untreated control (P < 0.0001). When comparing the different 

concentrations of DMF in Panc-1 spheroids, 100 µM of DMF induced a statistically 

greater reduction in AUC compared with all the lower concentrations of DMF tested 

(P < 0.0018). A summary of these comparisons can be found in table 2.16. 

Table 2.16: Summary table of Kruskal-Wallis test of AUC for DMF in Panc-1 
spheroids.  

Comparison P-value Summary Significant? 

20 µM vs Control <0.0001 **** Yes 

40 µM vs Control <0.0001 **** Yes 

60 µM vs Control <0.0001 **** Yes 

80 µM vs Control <0.0001 **** Yes 

100 µM vs Control 0.0797 ns No 

20 µM vs 40 µM <0.0001 **** Yes 

20 µM vs 60 µM <0.0001 **** Yes 

20 µM vs 80 µM <0.0001 **** Yes 

20 µM vs 100 µM <0.0001 **** Yes 

40 µM vs 60 µM 0.0018 ** Yes 

40 µM vs 80 µM <0.0001 **** Yes 

40 µM vs 100 µM <0.0001 **** Yes 

60 µM vs 80 µM <0.0001 **** Yes 

60 µM vs 100 µM <0.0001 **** Yes 

80 µM vs 100 µM 0.0797 ns No 

 

Overall, the results presented in section 2.4.7-2 indicate that Panc-1 spheroid growth 

is inhibited by DMF in a dose dependent manner in Panc-1 spheroids. 

2.4.7-2: Interrogation of the effect of DMF on Mia PaCa-2 spheroid growth 

The spheroid growth delay assay was carried out as described in section 2.3.6 to 

assess the cytotoxicity of DMF on pancreatic spheroids in vitro. Mia PaCa-2 spheroids 

were incubated with DMF at a concentration range of 0 – 100 µM for 48-hours to 

determine the effect on spheroid growth via change in volume (V/V0) and AUC 

analysis. The results are presented in figure 2.9. 
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Figure 2.9: Effect of DMF on Mia PaCa-2 spheroid growth.  Mia PaCa-2 spheroids 

were exposed to varying concentrations (20 µM – 100 µM) of DMF and the change in 

volume (V/V0) and AUC calculated. (A) V/V0 for DMF treated spheroids and untreated 

control. The data is represented as the average of three independent experiments 

carried out with 16 spheroids per treatment group (48 spheroids total) ± standard 

deviation. (B) AUC for DMF treated spheroids and untreated control, statistical 

significance shown in comparison with the untreated control. The data is represented 

as the average ± standard deviation. *** = P ≤ 0.001 **** = P ≤ 0.0001. 
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As both V/V0 and AUC data obtained from Mia PaCa-2 spheroids incubated with DMF 

did not conform to normal distribution following a Shapiro-Wilk normality test, a 

Kruskal-Wallis with Dunn’s post hoc test was used to assess the effect of the DMF on 

spheroid growth when compared with the untreated control. In Mia PaCa-2 spheroids 

(figure 2.9A), no concentrations of DMF tested induced a statistically significant 

reduction in spheroid growth when compared with the untreated control spheroids (P 

≥ 0.2323).  A summary of these comparisons can be found in table 2.17. The highest 

concentration of DMF tested (100 µM) induced only a 1.6-fold reduction in spheroid 

volume when compared with the untreated control spheroids (figure 2.9A).  

Table 2.17: Summary table of Kruskal-Wallis test of DMF treated Mia PaCa-2 
spheroids.  

Comparison P-value Summary Significant? 

20 µM vs Control 0.2323 ns No 

40 µM vs Control >0.9999 ns No 

60 µM vs Control 0.6620 ns No 

80 µM vs Control >0.9999 ns No 

100 µM vs Control >0.9999 ns No 

 

To further interrogate whether DMF induced any significant reduction in Mia PaCa-2 

spheroid growth when compared with the untreated control, AUC was analysed. Out 

of all concentrations of DMF tested only the incubation of spheroids with 20 µM (P = 

0.0110) and 60 µM (P = 0.0168) induced a statistically significant reduction in AUC 

when compared with the untreated control (figure 2.9B). However, there was no 

statistically significant difference in the growth of Mia PaCa-2 spheroids between 

incubation with 20 and 60 µM of DMF (P > 0.9999). A summary of these comparisons 

can be found in table 2.18. 
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Table 2.18: Summary table of Kruskal-Wallis test of AUC for DMF treated Mia 
PaCa-2 spheroids.  

Comparison P-value Summary Significant? 

20 µM vs Control 0.0110 * Yes 

40 µM vs Control 0.4074 ns No 

60 µM vs Control 0.0168 * Yes 

80 µM vs Control 0.0616 ns No 

100 µM vs Control 0.0804 ns No 

 

Overall, the results from section 2.4.7-2 indicate that Mia PaCa-2 spheroids were not 

sensitive to DMF treatment, however when analysing AUC data, 20 & 60 µM of DMF 

appear to have significantly reduced spheroid growth when compared with the 

untreated control. 

2.4.8: Interrogation of the effect of MMF on pancreatic cancer spheroid growth 

in vitro 

2.4.8-1: Interrogation of the effect of MMF on Panc-1 spheroid growth 

 The spheroid growth delay assay was carried out as described in section 2.3.6 to 

assess the cytotoxicity of MMF on pancreatic spheroids in vitro. Mia PaCa-2 spheroids 

were incubated with MMF at a concentration range of 0 – 10 µM for 48-hours to 

determine the effect on spheroid growth via change in volume (V/V0) and AUC 

analysis. The results are presented in figure 2.10. 
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Figure 2.10: Effect of MMF on Panc-1 spheroid growth.  Panc-1 spheroids were 

exposed to varying concentrations (2 µM – 10 µM) of MMF and the change in volume 

(V/V0) and AUC calculated. (A) V/V0 for MMF treated spheroids and untreated control. 

The data is represented as the average of three independent experiments carried out 

with 16 spheroids per treatment group (48 spheroids total) ± standard deviation. (B) 

AUC for MMF treated spheroids and untreated control, statistical significance shown 

in comparison with the untreated control. The data is represented as the average ± 

standard deviation. **** = P ≤ 0.0001. 
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As both V/V0 and AUC data obtained from Panc-1 spheroids incubated with MMF did 

not conform to normal distribution following a Shapiro-Wilk normality test, a Kruskal-

Wallis with Dunn’s post hoc test was used to assess the effect of the MMF on spheroid 

growth when compared with the untreated control. In Panc-1 spheroids (figure 

2.10A), incubation with 6 µM; 8 µM; and 10 µM of MMF induced a statistically 

significant reduction in spheroid growth when compared with the untreated control 

spheroids (P < 0.0001). The highest concentration of MMF tested (10 µM) in Panc-1 

spheroids induced a 28-fold reduction in spheroid volume when compared with the 

untreated control spheroids (figure 2.10A). When comparing the different 

concentrations of MMF incubated with Panc-1 spheroids, 10 µM of MMF induced a 

statistically significantly greater reduction in Panc-1 spheroid growth when compared 

with all other concentrations (P ≤ 0.0005), a summary of these comparisons can be 

found in table 2.19. 

Table 2.19: Summary table of Kruskal-Wallis test of V/V0 for MMF treated Panc-
1 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control >0.9999 ns No 

4 µM vs Control >0.9999 ns No 

6 µM vs Control <0.0001 **** Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM >0.9999 ns No 

2 µM vs 6 µM <0.0001 **** Yes 

2 µM vs 8 µM <0.0001 **** Yes 

2 µM vs 10 µM <0.0001 **** Yes 

4 µM vs 6 µM <0.0001 **** Yes 

4 µM vs 8 µM <0.0001 **** Yes 

4 µM vs 10 µM <0.0001 **** Yes 

6 µM vs 8 µM <0.0001 *** Yes 

6 µM vs 10 µM <0.0001 **** Yes 

8 µM vs 10 µM 0.0005 *** Yes 
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When assessing the AUC for Panc-1 spheroids incubated with MMF (figure 2.10B), 

all tested concentrations of MMF induced a statistically significant reduction in AUC 

when compared with the untreated control spheroids (P ≤ 0.0310). However, 10 µM 

of MMF induced a statistically significant reduction in AUC when compared with all 

lower concentration of MMF tested (P ≤ 0.0210). A summary of comparisons can be 

found in table 2.20. 

Table 2.20: Summary table of Kruskal-Wallis test of AUC for MMF treated Panc-
1 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control 0.0310 * Yes 

4 µM vs Control 0.0065 ** Yes 

6 µM vs Control <0.0001 **** Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM 0.0118 * Yes 

2 µM vs 6 µM <0.0001 **** Yes 

2 µM vs 8 µM <0.0001 **** Yes 

2 µM vs 10 µM <0.0001 **** Yes 

4 µM vs 6 µM <0.0001 **** Yes 

4 µM vs 8 µM <0.0001 **** Yes 

4 µM vs 10 µM <0.0001 **** Yes 

6 µM vs 8 µM <0.0001 **** Yes 

6 µM vs 10 µM <0.0001 **** Yes 

8 µM vs 10 µM 0.0210 * Yes 

 

Overall, the results in section 2.4.8-1 indicate that Panc-1 spheroid growth was 

inhibited following incubation with MMF in the concentration range tested, with 10 µM 

of MMF inducing the greatest reduction in spheroid volume.  

2.4.8-2: Interrogation of the effect of MMF on Mia PaCa spheroid growth 

 The spheroid growth delay assay was carried out as described in section 2.36 to 

assess the cytotoxicity of MMF on pancreatic spheroids in vitro. Mia PaCa-2 spheroids 

were incubated with MMF at a concentration range of 0 – 10 µM for 48-hours to 

determine the effect on spheroid growth via change in volume (V/V0) and AUC 

analysis. The results are presented in figure 2.11. 
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Figure 2.11: Effect of MMF on Mia PaCa-2 spheroid growth.  Mia PaCa-2 

spheroids were exposed to varying concentrations (2 µM – 10 µM) of MMF and the 

change in volume (V/V0) and AUC calculated. (A) V/V0 for MMF treated spheroids and 

untreated control. The data is represented as the average of three independent 

experiments carried out with 16 spheroids per treatment group (48 spheroids total) ± 

standard deviation. (B) AUC for MMF treated spheroids and untreated control, 

statistical significance shown in comparison with the untreated control. The data is 

represented as the average ± standard deviation. ** = P ≤ 0.01 and*** = P ≤ 0.0001. 

 



106 
 

As both V/V0 and AUC data obtained from Mia PaCa-2 spheroids incubated with MMF 

did not conform to normal distribution following a Shapiro-Wilk normality test, a 

Kruskal-Wallis with Dunn’s post hoc test was used to assess the effect of the MMF on 

spheroid growth when compared with the untreated control. In Mia PaCa-2 spheroids, 

incubation with 6 µM (P = 0.0118); 8 µM (P < 0.0001); and 10 µM (P < 0.0001) of 

MMF induced a statistically significant reduction in spheroid growth when compared 

with the untreated control spheroids (figure 2.11A). Incubation with the highest 

concentration of MMF (10 µM) resulted in a 3.2-fold reduction in spheroid volume 

when compared with the untreated control spheroids (figure 2.11A). When comparing 

incubation with the different concentrations of MMF tested in Mia PaCa-2 spheroids, 

10 µM of MMF induced a statistically significantly greater reduction in Mia PaCa-2 

spheroid growth when compared with all other concentrations (P < 0.0001), a 

summary of these comparisons can be found in table 2.21. 

Table 2.21: Summary table of Kruskal-Wallis test of V/V0 for MMF treated Mia 
PaCa-2 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control >0.9999 ns No 

4 µM vs Control 0.3240 ns No 

6 µM vs Control 0.0118 * Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM >0.9999 ns No 

2 µM vs 6 µM 0.1264 ns No 

2 µM vs 8 µM <0.0001 **** Yes 

2 µM vs 10 µM <0.0001 **** Yes 

4 µM vs 6 µM >0.9999 ns No 

4 µM vs 8 µM 0.0039 ** Yes 

4 µM vs 10 µM <0.0001 **** Yes 

6 µM vs 8 µM 0.1656 ns No 

6 µM vs 10 µM <0.0001 **** Yes 

8 µM vs 10 µM <0.0001 **** Yes 
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When assessing the AUC for Mia PaCa-2 spheroids incubated with MMF (figure 

2.11B), all concentrations tested induced a statistically significant reduction in AUC 

when compared with the untreated control spheroids (P < 0.0001). However, 10 µM 

of MMF induced a statistically significant reduction in AUC when compared with all 

lower concentrations of MMF tested (P < 0.0001). A summary of comparisons can be 

found in table 2.22. 

Table 2.22: Summary table of Kruskal-Wallis test of AUC for MMF treated Mia 
PaCa-2 spheroids.  

Comparison P-value Summary Significant? 

2 µM vs Control <0.0001 **** Yes 

4 µM vs Control <0.0001 **** Yes 

6 µM vs Control <0.0001 **** Yes 

8 µM vs Control <0.0001 **** Yes 

10 µM vs Control <0.0001 **** Yes 

2 µM vs 4 µM <0.0001 **** Yes 

2 µM vs 6 µM <0.0001 **** Yes 

2 µM vs 8 µM <0.0001 **** Yes 

2 µM vs 10 µM <0.0001 **** Yes 

4 µM vs 6 µM <0.0001 **** Yes 

4 µM vs 8 µM <0.0001 **** Yes 

4 µM vs 10 µM <0.0001 **** Yes 

6 µM vs 8 µM <0.0001 **** Yes 

6 µM vs 10 µM <0.0001 **** Yes 

8 µM vs 10 µM <0.0001 **** Yes 

 

Overall, the results in section 2.4.8-2 indicate that Mia PaCa-2 spheroid growth was 

inhibited following incubation with MMF in the concentration range tested, with 10 µM 

of MMF inducing the greatest reduction in spheroid volume.  
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2.4.9: Interrogation of the effect of EXBR on pancreatic cancer spheroid 

growth in vitro 

2.4.9-1: Interrogation of the effect of EXBR on Panc-1 spheroid growth 

The spheroid growth delay assay was carried out as described in section 2.3.6 to 

assess the effect of EXBR on pancreatic spheroid growth in vitro. Panc-1 spheroids 

were irradiated at a dose range of 0.5 – 6 Gy to determine the effect of EXBR on 

spheroid growth via change in volume (V/V0) and AUC analysis. The results are 

presented in figure 2.12. 
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Figure 2.12: Effect of EXBR on Panc-1 spheroid growth.  Panc-1 spheroids were 

exposed to varying doses (0.5 Gy – 6 Gy) EXBR and the change in volume (V/V0) and 

AUC calculated. (A) V/V0 for EXBR treated spheroids and untreated control. The data 

is represented as the average of three independent experiments carried out with 16 

spheroids per treatment group (48 spheroids total) ± standard deviation. (B) AUC for 

EXBR treated spheroids and untreated control, statistical significance shown in 

comparison with the untreated control. The data is represented as the average ± 

standard deviation. * = P ≤ 0.05, **** = P ≤ 0.0001. 
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As both V/V0 and AUC data obtained from Panc-1 spheroids treated with EXBR did 

not conform to normal distribution following a Shapiro-Wilk normality test, a Kruskal-

Wallis with Dunn’s post hoc test was used to assess the effect of the EXBR on 

spheroid growth when compared with the untreated control. In Panc-1 spheroids 

(figure 2.12A), only 4 Gy and 6 Gy of EXBR induced a statistically significant 

reduction in spheroid growth when compared with the untreated control spheroids (P 

< 0.0001). Exposure to the highest dose of EXBR tested (6 Gy) induced in a 7.8-fold 

reduction in spheroid volume when compared with the untreated control spheroids 

(figure 2.12A). When comparing the different doses of EXBR tested in Panc-1 

spheroids, 6 Gy of EXBR induced a statistically significantly greater reduction in Panc-

1 spheroid growth when compared with all other doses tested (P < 0.0001), a 

summary of these comparisons can be found in table 2.23. 

Table 2.23: Summary table of Kruskal-Wallis test of V/V0 for EXBR treated Panc-
1 spheroids.  

Comparison P-value Summary Significant? 

0.5 Gy vs Control 0.8992 ns No 

1 Gy vs Control >0.9999 ns No 

2 Gy vs Control 0.6031 ns No 

4 Gy vs Control <0.0001 **** Yes 

6 Gy vs Control <0.0001 **** Yes 

0.5 Gy vs 1 Gy 0.6135 ns No 

0.5 Gy vs 2 Gy 0.0240 * Yes 

0.5 Gy vs 4 Gy <0.0001 **** Yes 

0.5 Gy vs 6 Gy <0.0001 **** Yes 

1 Gy vs 2 Gy >0.9999 ns No 

1 Gy vs 4 Gy <0.0001 **** Yes 

1 Gy vs 6 Gy <0.0001 **** Yes 

2 Gy vs 4 Gy 0.0043 ** Yes 

2 Gy vs 6 Gy <0.0001 **** Yes 

4 Gy vs 6 Gy <0.0001 **** Yes 

 

When assessing the AUC for Panc-1 spheroids treated with EXBR (figure 2.12B), all 

doses induced a statistically significant reduction in AUC when compared with the 

untreated control spheroid (P ≤ 0.020), with the exception of spheroids treated with 
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0.5 Gy, whose growth did not statistically differ from the untreated control (P = 

0.5229). However, 6 Gy induced a statistically significant reduction in AUC when 

compared with all lower concentration doses tested (P < 0.0001). A summary of 

comparisons can be found in table 2.24. 

Table 2.24: Summary table of Kruskal-Wallis test of AUC for EXBR treated Panc-
1 spheroids.  

Comparison P-value Summary Significant? 

0.5 Gy vs Control 0.5229 ns No 

1 Gy vs Control 0.0020 ** Yes 

2 Gy vs Control <0.0001 **** Yes 

4 Gy vs Control <0.0001 **** Yes 

6 Gy vs Control <0.0001 **** Yes 

0.5 Gy vs 1 Gy 0.0014 ** Yes 

0.5 Gy vs 2 Gy <0.0001 **** Yes 

0.5 Gy vs 4 Gy <0.0001 **** Yes 

0.5 Gy vs 6 Gy <0.0001 **** Yes 

1 Gy vs 2 Gy 0.1003 ns No 

1 Gy vs 4 Gy <0.0001 **** Yes 

1 Gy vs 6 Gy <0.0001 **** Yes 

2 Gy vs 4 Gy <0.0001 **** Yes 

2 Gy vs 6 Gy <0.0001 **** Yes 

4 Gy vs 6 Gy <0.0001 **** Yes 

 

Overall, the results in section 2.4.9-1 indicate that Panc-1 spheroid growth was 

inhibited following exposure to EXBR in the dose range tested, with 6 Gy inducing the 

greatest reduction in spheroid growth. 

2.4.9-2: Interrogation of the effect of EXBR on Mia PaCa-2 spheroid growth 

The spheroid growth delay assay was carried out as described in section 2.3.6 to 

assess the effect of EXBR on pancreatic spheroid growth in vitro. Mia PaCa-2 

spheroids were irradiated at a dose range of 0.5 – 6 Gy to determine the effect of 

EXBR on spheroid growth via change in volume (V/V0) and AUC analysis. The 

results are presented in figure 2.13. 
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Figure 2.13: Effect of EXBR on Mia PaCa-2 spheroid growth.  Mia PaCa-2 

spheroids were exposed to varying doses (0.5 Gy – 6 Gy) EXBR and the change in 

volume (V/V0) and AUC calculated. (A) V/V0 for EXBR treated spheroids and 

untreated control. The data is represented as the average of three independent 

experiments carried out with 16 spheroids per treatment group (48 spheroids total) ± 

standard deviation. (B) AUC for EXBR treated spheroids and untreated control, 

statistical significance shown in comparison with the untreated control. The data is 

represented as the average ± standard deviation, some error bars too small to be 

shown on graph scale. ** = P ≤ 0.01, **** = P ≤ 0.0001. 
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As both V/V0 and AUC data obtained from Mia PaCa-2 spheroids treated with EXBR 

did not conform to normal distribution following a Shapiro-Wilk normality test, a 

Kruskal-Wallis with Dunn’s post hoc test was used to assess the effect of the EXBR 

on spheroid growth when compared with the untreated control. In Mia PaCa-2 

spheroids (figure 2.13A), only 4 Gy and 6 Gy of EXBR induced a statistically 

significant reduction in spheroid growth when compared with the untreated control 

spheroids (P ≤ 0.0088). Exposure to the highest dose of EXBR tested (6 Gy) induced 

a 2.35-fold reduction in spheroid growth when compared with the untreated control 

spheroids (figure 2.13A). When comparing the different doses of EXBR tested in Mia 

PaCa-2 spheroids, 6 Gy of EXBR induced a statistically significantly greater reduction 

in Mia PaCa-2 spheroid growth when compared with all other doses (P < 0.0001), a 

summary of these comparisons can be found in table 2.25. 

Table 2.25: Summary table of Kruskal-Wallis test of V/V0 for EXBR treated Mia 
PaCa-2 spheroids.  

Comparison P-value Summary Significant? 

0.5 Gy vs Control >0.9999 ns No 

1 Gy vs Control 0.9410 ns No 

2 Gy vs Control 0.2986 ns No 

4 Gy vs Control 0.0088 ** Yes 

6 Gy vs Control <0.0001 **** Yes 

0.5 Gy vs 1 Gy >0.9999 ns No 

0.5 Gy vs 2 Gy >0.9999 ns No 

0.5 Gy vs 4 Gy 0.1746 ns No 

0.5 Gy vs 6 Gy <0.0001 **** Yes 

1 Gy vs 2 Gy >0.9999 ns No 

1 Gy vs 4 Gy 0.7087 ns No 

1 Gy vs 6 Gy <0.0001 **** Yes 

2 Gy vs 4 Gy >0.9999 ns No 

2 Gy vs 6 Gy <0.0001 **** Yes 

4 Gy vs 6 Gy <0.0001 **** Yes 

 

When assessing the AUC for Mia PaCa-2 spheroids treated with EXBR (figure 

2.13B), all doses induced a statistically significant reduction in AUC when compared 

with the untreated control spheroids (P ≤ 0.0014). However, 6 Gy induced a 
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statistically significant reduction in AUC when compared with all lower concentration 

doses tested (P < 0.0001). A summary of comparisons can be found in table 2.26. 

Table 2.26: Summary table of Kruskal-Wallis test of AUC for EXBR treated Mia 
PaCa-2 spheroids.  

Comparison P-value Summary Significant? 

0.5 Gy vs Control 0.0014 ** Yes 

1 Gy vs Control <0.0001 **** Yes 

2 Gy vs Control <0.0001 **** Yes 

4 Gy vs Control <0.0001 **** Yes 

6 Gy vs Control <0.0001 **** Yes 

0.5 Gy vs 1 Gy 0.0420 * Yes 

0.5 Gy vs 2 Gy 0.0002 *** Yes 

0.5 Gy vs 4 Gy <0.0001 **** Yes 

0.5 Gy vs 6 Gy <0.0001 **** Yes 

1 Gy vs 2 Gy 0.0214 * Yes 

1 Gy vs 4 Gy <0.0001 **** Yes 

1 Gy vs 6 Gy <0.0001 **** Yes 

2 Gy vs 4 Gy 0.0005 *** Yes 

2 Gy vs 6 Gy <0.0001 **** Yes 

4 Gy vs 6 Gy <0.0001 **** Yes 

 

Overall, the results in section 2.4.9-2 indicate that Mia PaCa-2 spheroid growth was 

inhibited following exposure to EXBR in the dose range tested, with 6 Gy inducing the 

greatest reduction in spheroid growth. 

2.5: DISCUSSION  

2.5.1: Cell growth characteristics 

Before the cytotoxic effects of the selected agents could be assessed, the basic 

growth characteristics of each pancreatic cell line (Panc-1 and Mia PaCa-2) was 

established. We therefore investigated plating efficiency (colonies formed relative to 

the number of cells plated and cell doubling time (the time taken for one complete cell 

cycle) of Panc-1 and Mia PaCa-2. The results of these experiments were then used 

to establish the optimal protocol for the clonogenic assay (outlined in section 2.3.4), 

which would be used for assessing the cytotoxicity of the selected agents. 
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For the Panc-1 cell line the doubling time was experimentally determined to be 18.27 

± 0.02 hours (figure 2.1). Based on literature research, the doubling time for Panc-1 

cells appears highly variable and has been reported to range between 15.02 – 56 

hours [142-144]. However, as methodology and conditions, as well as medium 

components vary considerably between laboratories and studies, this could explain 

the reported variability in doubling time. 

For the Mia PaCa-2 cell line, the doubling time was experimentally determined to be 

24.82 ± 0.5 hours (figure 2.1). Based on literature research, the doubling time for Mia 

PaCa-2 cells appears highly variable and has been reported to range between 25.7 – 

40 hours [137, 143].  

Plating efficiency is a crucial metric in cell culture used for the assessment of 

consistency and reproducibility; the optimisation of culture conditions; and 

standardizing experimental procedures [145]. We therefore experimentally 

determined the optimal seeding density for Panc-1 and Mia PaCa-2. From the 

resulting data it was determined that 500 cells were the optimal seeding density as 

this number of cells gave a plating efficiency value of >50%, with Panc-1 at 60.6% 

and Mia PaCa-2 at 55.2% (figure 2.1B). Going forward 500 cells would be plated for 

the clonogenic assay. 

DMF and MMF were solubilised in DMSO to create a drug solution. To determine if 

the DMSO present in the DMF/MMF treatments would have a statistically significant 

effect on cell clonogenicity, cells were exposed to a range of DMSO concentrations 

equivalent to that present in the treatments utilised in further experiments (figure 

2.1C). None of the concentrations of DMSO tested statistically significantly varied 

from that of the untreated (0% DMSO) control, indicating that at the concentrations 

used, the DMSO has no effect on cell clonogenicity in both cell lines (P > 0.442). 

Therefore, a DMSO control was not included going forward and instead an untreated 
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control used as DMSO had no effect and the use of an untreated control is one of the 

founding principles of the clonogenic assay [145, 146]. 

2.5.2: Cytotoxicity of gemcitabine in vitro 

As previously mentioned, gemcitabine is the standard of care for the majority of 

patients with pancreatic cancer, whether in combination or as a monotherapy, 

therefore it was important to establish the sensitivity of the selected pancreatic cancer 

cell lines to this drug before testing any novel combination therapies. Gemcitabine 

cytotoxicity was tested via both the clonogenic (section 2.4.2) and spheroid growth 

delay assay (section 2.4.6), which as previously mentioned allow the effects of 

gemcitabine to be assessed in both 2D and 3D pancreatic cancer cell line models. 

The results obtained from the clonogenic assay (figure 2.2) were as hypothesised, 

as gemcitabine effectively reduced pancreatic cancer clonogenicity in a dose 

dependent manner, as can be seen in the literature [147-149]. The IC50 values 

obtained for both Panc-1 (1.021 µM following 24-hour incubation and 2.002 µM 

following 48-hour incubation) and Mia PaCa-2 (2.271 µM following 24-hour incubation 

and 0.7171 µM following 48-hour incubation) vary to that seen in the literature, 

however even within the literature itself, a wide variety of IC50 values are reported. In 

Panc-1 IC50 values have been reported ranging between 27 nM to 58 µM [148, 150] 

and 494 nM to 61 mM for Mia PaCa-2 [148, 151, 152], which implies that gemcitabine 

action is highly variable within these cell lines and dependant on exposure times & 

experimental parameters.  In this particular instance the variability seen between 

incubation times could be due to intrinsic gemcitabine resistance within the cell lines 

caused by TP53 mutation [137]. It has also been hypothesised in the literature that 

the treatment of pancreatic cells with a cytotoxic dose of gemcitabine elicits a rescue 

response in the surviving cells which allows them to better tolerate gemcitabine 

through modulation of transporter and exporter expression [153]. 
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In the 3D pancreatic cancer cell line spheroid model, gemcitabine was highly effective 

at inhibiting spheroid growth (section 2.4.2) in both cell lines. This result was 

unexpected, as it was hypothesised that the spheroids would be more resistant to 

gemcitabine therapy as in the literature spheroids are reported to be more resistant 

to gemcitabine (and other chemotherapies) due to a multitude of factors including 

poor penetration of drug; the presence of quiescent and hypoxic cells; and increased 

multidrug resistance (MDR) gene expression [154-157]. Particularly multidrug 

resistance protein 1 (MRP1) and P-glycoprotein (P-gp) have been identified as key 

MDR proteins involved in resistance in spheroids, and are known to be overexpressed 

in pancreatic cancers, and further so in pancreatic spheroids [154, 155, 157]. The 

unexpected sensitivity to gemcitabine in spheroids of both cell lines could perhaps be 

explained by the overexpression of MRP1 and P-gp, as human cancer cell lines which 

over express these MDR proteins have been identified as more sensitive to 

gemcitabine due to an increase in deoxycytidine kinase (dCK) which coincides with 

increased MDR expression [158]. As previously mentioned dCK is the enzyme 

responsible for the phosphorylation of gemcitabine into gemcitabine monophosphate, 

which is the first key step in gemcitabine metabolism within the cell. Therefore, 

increased dCK expression in pancreatic spheroids could explain the increased 

sensitivity seen in figures 2.6 & 2.7 as, gemcitabine would be more effectively 

converted into the active metabolite, gemcitabine triphosphate. To confirm this 

hypothesis further experimentation would be required, however in the literature 

studies carried out in 2D culture using both Panc-1 and Mia PaCa-2 cells indicated 

that dCK expression was greatly upregulated following the administration of 

gemcitabine [159]. 
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2.5.3: Cytotoxicity of DMF in vitro 

The effectiveness of DMF as a single treatment was investigated using both the 

clonogenic (section 2.4.2) and spheroid growth delay assay (section 2.4.6), which 

as previously mentioned allow the effects of DMF to be assessed in both 2D and 3D 

pancreatic cancer cell line models. 

The rationale for selecting DMF as a candidate for pancreatic cancer therapy was due 

to its reported inhibitory effect on the transcription factor NRF2 [117], which could 

reduce the antioxidant response induced by conventional therapies and enhance 

therapeutic outcome in combination therapies. According to the literature, DMF was 

hypothesised to induce a cytotoxic effect at concentrations over 25 µM [111], however 

these results were generated from a variety of types of cancer cell lines, not including 

pancreatic cancer cell lines. The results obtained in figure 2.3 indicate that at 40 μM 

and above DMF induced cytotoxicity in both cell lines.  

In spheroids DMF proved to be more variable between the two pancreatic cell lines, 

with DMF having a lesser effect on reducing spheroid growth in Mia PaCa-2 (figure 

2.9). Although there was no statistically significant reduction in spheroid growth in Mia 

PaCa-2 spheroids when treated with DMF, it can be observed that a reduction in 

spheroid growth began 16 days post treatment when compared with the untreated 

control. This result was unsurprising as spheroids are typically less sensitive to drugs 

when compared with 2D cell culture due to reduced drug penetration, 

pathophysiological differences due to hypoxia and alterations in the cell cycle [160]. 

However, in Panc-1 spheroids DMF induced a significant reduction in all 

concentration ranges tested (figure 2.8). This could be due to differences in spheroid 

composition, as studies in literature have identified that Panc-1 and Mia PaCa-2 

spheroids differ in 3D structure, with Panc-1 forming a compact aggregate and Mia 

PaCa-2 forming a loose aggregate [161], based on this they determined that Panc-1 



119 
 

would be more suitable for 3D studies over Mia PaCa-2. Additionally, a studies 

identified that Panc-1 spheroids overexpress E-cadherin when compared with Mia 

PaCa-2 [162], again suggesting that the two cell lines fundamentally differ in 3D 

culture, as studies have shown that E-cadherin is essential to spheroid regulation and 

formation [163]. 

2.5.4: Cytotoxicity of MMF in vitro 

The efficacy of MMF as a single therapy was investigated using both the clonogenic 

(section 2.4.2) and spheroid growth delay assay (section 2.4.6), which as previously 

mentioned allow the effects of MMF to be assessed in both 2D and 3D pancreatic 

cancer cell models. 

As previously mentioned, MMF is the active metabolite of DMF which results from the 

hydrolysis of DMF by digestive esterases in the small intestine of the body. In 2D 

studies utilising the clonogenic assay MMF was highly toxic in both cell lines (figure 

2.4), with all concentrations tested inducing a significant reduction in clonogenicity 

when compared with the untreated control. Interestingly, MMF proved to be more 

cytotoxic than DMF, with much lower concentrations required to induce statistically 

significant reduction in clonogenicity (2 μM MMF vs 40 μM DMF) and lower IC50 values 

when using MMF vs DMF. This suggests that in vitro DMF is not converted into MMF 

at a high enough rate to induce the cytotoxicity seen when giving the drug directly as 

the active metabolite MMF. Therefore, it is hypothesised that the digestive esterases 

required for DMF metabolism are not highly expressed in in vitro studies. To confirm 

this hypothesis further studies would have to be undertaken as it is unclear from the 

literature whether digestive esterases are highly expressed by pancreatic cancer cell 

lines in vitro. 

In spheroid studies (figures 2.10 & 2.11) MMF was highly effective in reducing 

spheroid growth in both cell lines, however a higher dose of 6 μM MMF was required 
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to induce a significant reduction in spheroid growth when compared with the untreated 

control, which was three times higher than that of cells cultured in 2D. This result was 

expected, as previously mentioned spheroids tend to be more resistant to drug 

therapy when compared with 2D cell models. 

2.5.5: EXBR induced cytotoxicity in vitro  

The effectiveness of EXBR as a single therapy was investigated using both the 

clonogenic (section 2.4.2) and spheroid growth delay assay (section 2.4.6), which 

as previously mentioned allow the effects of EXBR to be assessed in both 2D and 3D 

pancreatic cancer cell models. 

In 2D cell models, EXBR was highly effective at reducing clonogenicity in both cell 

lines (figure 2.5), with no statistical difference being observed between Panc-1 and 

Mia PaCa-2 when exposed to various doses of EXBR. The D50 value for Panc-1 has 

been reported in the literature to range between 2.19 – 3.31 Gy  [164, 165], suggesting 

the obtained result of 1.47 Gy is slightly lower than would be anticipated, but the 

values reported in the literature again highlights the variability of the cell line. In Mia 

PaCa-2 the D50 determined to be 2.95 Gy, which is similar to values reported in 

literature of 2.47 Gy [166]. 

In the 3D spheroid model, both cell lines were less sensitive to EXBR than when 

exposed to EXBR in a 2D monolayer, with 4 Gy of radiation being required to induce 

significant reduction in spheroid volume when compared with the untreated control 

(figures 2.12 &2.13). This result was expected, as previously mentioned spheroids 

tend to be more resistant to therapy, in particular radiotherapy, when compared with 

2D cell models [167]. 
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2.5.6: Conclusions 

DMF exhibited limited cytotoxic effect as a single agent in both 2D and 3D studies, 

however as DMF is the prodrug, the result is not totally unexpected as DMF must 

undergo hydrolysis to become the active metabolite MMF to exhibit its cytotoxic effect. 

From this result we believe that DMF is not being effectively converted into MMF in 

vitro, however further studies would have to be carried out to validate or dispute this 

hypothesis. 

Gemcitabine exhibited a cytotoxic effect in a dose dependent manner as we 

hypothesised and as seen in literature. Gemcitabine was highly effective at reducing 

pancreatic cancer spheroid growth, which was unexpected as spheroids are typically 

more resistant to therapy when compared with 2D cells. We believe this result was 

due to the increased expression of deoxycytidine kinase in the spheroids, which 

results in gemcitabine more readily metabolised into the active metabolite [158]. 

The results obtained from both 2D, and 3D cell studies show that MMF was highly 

cytotoxic to pancreatic cancer cells, unlike DMF. We believe these results suggest 

that MMF could have a potential role as a monotherapy for the treatment of pancreatic 

cancers, however given this would rely solely upon a single agent’s cytotoxicity profile, 

it is likely that any potential treatments would be more efficacious in combination [168-

170]. Therefore, the next steps in our investigation were to combine MMF with other 

agents in combination. DMF was still included going forward for comparisons sake. 
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CHAPTER 3: Development and evaluation of combination 

therapies in pancreatic cancer cell line 2D & 3D cell models 
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3.1: INTRODUCTION 

Now that the cytotoxic effects of the single therapies have been established in the 

previous chapter, the next phase of the project was to begin creating novel 

combination therapies utilising gemcitabine, DMF, MMF and EXBR.  

Combination therapy refers to a treatment modality that combines two or more 

therapeutic agents together [168]. The development of new pharmaceutical 

anticancer agents is expensive and laborious, with an estimated 15 years required for 

the implementation of new agents into the pharmaceutical market following the 

developmental process [168]. Therefore, alternative approaches that combine 

existing anticancer agents together, and do not rely solely upon a single agent’s 

originally developed cytotoxicity profile, to achieve a more efficient form of cancer 

therapy is an attractive option [168-170]. 

Conventional monotherapies often non-selectively target actively proliferating cells, 

which ultimately leads to the death of both cancerous and non-cancerous cells, 

meaning chemotherapy is typically toxic to the patient, leading to a multitude of side 

effects leaving the patient at risk of further complications/disease [168]. For example, 

gemcitabine is known to cause myelosuppression, leading to an increased chance of 

infection [171]. The use of combination therapy tends to decrease the toxicity of 

therapy as lower doses of the cytotoxic agents can be used [169, 170]. 

Another factor which can influence the potency of combination therapy is scheduling, 

where the sequence; duration; and dosing of agents can have a substantial effect on 

the efficacy of the combination [172] which has been demonstrated countless times 

in the literature [173-178]. For example, studies found that simultaneous 

administration of topotecan with Poly (ADP-ribose) polymerase (PARP) inhibitor PJ34 

was more effective than administering topotecan 24 hours before or after PJ34 in the 

treatment of neuroblastoma [178]. 
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For the purposes of this study, three different combination schedules were 

investigated: simultaneous administration of agents (schedule 1); drug administered 

24 hours before EXBR (schedule 2); and fumarate administered 24 hours before 

gemcitabine (schedule 3). 

The rationale for combining DMF/MMF with EXBR was as follows; 60% of the damage 

caused by radiation is due to the production of ROS as a result of the radiolysis of 

water molecules in cells [78]. In response to ROS, NRF2 is upregulated and initiates 

the antioxidant response, which includes the production of glutathione, to reduce ROS 

levels and protect the cell from oxidative stress [117]. As DMF/MMF is reported in the 

literature to be an inhibitor of NRF2 [117], and studies from our own lab have shown 

that DMF decreases the level of glutathione produced in the cell, we hypothesised 

that DMF/MMF would decrease the antioxidant response and allow the therapeutic 

effect of EXBR to be maximised. 

The rationale for combining DMF/MMF with gemcitabine was as follows; gemcitabine 

is known to produce ROS through multiple mechanisms, for example gemcitabine can 

cause mitochondrial dysfunction, which leads to the leakage of electrons form the 

electron transport chain, resulting in the production of ROS and oxidative stress on 

the cell [179]. As the production of ROS elicits the antioxidant response through the 

upregulation of NRF2, we hypothesise that giving DMF/MMF in combination with 

gemcitabine would be beneficial as the antioxidant response would be diminished and 

allow the cytotoxic effect of gemcitabine to be maximised in the cell. 

3.2: AIMS 

The aims of this chapter were therefore to develop novel combination therapies for 

the treatment of pancreatic cancer using in vitro 2D cell models. Following 2D cell 
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studies, the developed combinations were tested in 3D spheroid models. Additionally, 

the effect of different scheduling of components of the combinations was investigated. 

3.3: MATERIALS AND METHODS 

3.3.1: Cell Lines and Culture Conditions 

Cell lines were cultured as described previously in section 2.3.1. 

3.3.2: Treatments 

Drug solutions were prepared and diluted as previously described in section 2.3.2. 

For schedule 1 combinations both agents were administered simultaneously and 

incubated with the cells for a total of 48 hours. For schedule 2 combinations, the 

respective drug was added and incubated with the cells for 24 hours before irradiating 

the cells with 0.5 Gy of EXBR and incubating for a subsequent 24 hours (48-hour 

incubation total). For schedule 3 combinations the fumarate was added to the cells 

and incubated for 24 hours, before the addition of gemcitabine and incubated for a 

further 24 hours (48-hour incubation total). A diagrammatic representation of the 

schedules can be found in figure 3.1. 
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Figure 3.1: Scheduling of combination therapies. A diagrammatic representation 
of the three different schedules utilised are shown, with each treatment type lasting a 
total of 48 hours. 
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3.3.3: Clonogenic Assay 

The clonogenic assay was carried out as previously described in section 2.3.4, with 

the only modification being the treatment timings depending upon the combination 

schedule as described in section 3.3.2. Each clonogenic assay was carried out in 

triplicate, with three technical repeats per biological repeat. 

3.3.4: Preparation of Low Attachment 96-well Plates for Spheroid Growth Assay 

Low attachment plates were prepared as previously described in section 2.3.5.  

3.3.5: Spheroid Growth Assay 

The spheroid growth assay was carried out as previously described in section 2.3.6, 

with the only modification being the treatment timings depending upon the 

combination schedule as described in section 3.3.2. Each spheroid growth assay 

was carried out in triplicate, with sixteen technical repeats per biological repeat. 

3.3.6: Spheroid Growth Analysis 

Spheroid growth analysis was carried out as previously described in section 2.3.7. 

3.3.7: Statistical Analysis 

All statistical analysis was carried out using Graphpad Prism 10.1.2. Significance was 

assigned at an alpha (α) value ≤ 0.05. Prior to carrying out any analysis on data, a 

Shapiro-Wilk normality test was used to determine if the data conformed to normal 

distribution (parametric or nonparametric), to allow for the selection of an appropriate 

statistical test. If the data was parametric a one-way ANOVA with Bonferroni post hoc 

test was used. If the data was nonparametric a Kruskal-Wallis with Dunn’s post hoc 

test was used. For comparing between cell lines, a two-way ANOVA with Bonferroni 

post hoc test was used. The following labelling was used to convey significance: ns = 

not significant; * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 0.001; and **** = P ≤ 0.0001. 



128 
 

3.4: RESULTS 

3.4.1: Development of schedule 1 combinations 

The clonogenic assay was carried out as described in section 3.3.3 to assess the 

efficacy of schedule 1 combinations. In schedule 1 agents were administered 

simultaneously. This scheduling was tested as most conventional combination 

therapies are given simultaneously, e.g. FOLFIRINOX, as it improves patient 

compliance by simplifying the treatment regime and can lead to enhanced efficacy 

(Wei et al., 2023). The dosing for drugs in the schedule 1 combinations are 

approximately IC10 values, based on the IC50 values obtained for both Panc-1 and 

Mia PaCa-2 presented in chapter 2 to allow for the effect of the combination to be 

seen, as higher doses may have resulted in an inability to distinguish the effect of 

the combination from that of the single agent activity. The radiation dose was kept at 

0.5 Gy as both cell lines were highly sensitive (figure 2.5) to EXBR and this was the 

lowest dose with the equipment available. The results are presented in figure 3.2. 
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Comparison Cell Line P-value Summary Significant? 

0.16 µM 
gemcitabine 
vs Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 <0.0001 **** Yes 

20 µM DMF 
vs Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 0.0030 ** Yes 

0.6 µM MMF 
vs Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 <0.0001 **** Yes 

0.5 Gy EXBR 
vs Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 <0.0001 **** Yes 

G+R vs 
Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 <0.0001 **** Yes 

D+R vs 
Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 <0.0001 **** Yes 

M+R vs 
Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 <0.0001 **** Yes 

D+G vs 
Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 <0.0001 **** Yes 

M+G vs 
Control 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2  *** Yes 
0.16 µM 

gemcitabine 
vs G+R 

Panc-1 0.6562 ns No 

Mia PaCa-2 0.0066 ** Yes 

0.16 µM 
gemcitabine 

vs D+G 

Panc-1 0.0042 ** Yes 

Mia PaCa-2 <0.0001 **** Yes 

0.16 µM 
gemcitabine 

vs M+G 

Panc-1 <0.0001 **** Yes 

Mia PaCa-2 >0.9999 ns No 

20 µM DMF 
vs D+R 

Panc-1 0.0320 * Yes 
Mia PaCa-2 <0.0001 **** Yes 

20 µM DMF 
vs D+G 

Panc-1 0.0004 *** Yes 
Mia PaCa-2 <0.0001 **** Yes 

0.6 µM MMF 
vs M+R 

Panc-1 <0.0001 **** Yes 
Mia PaCa-2 0.7550 ns No 

0.6 µM MMF 
vs M+G 

Panc-1 <0.0001 **** Yes 
Mia PaCa-2 0.0005 *** Yes 

0.5 Gy EXBR 
vs G+R 

Panc-1 0.0007 *** Yes 
Mia PaCa-2 0.6082 ns No 

0.5 Gy EXBR 
vs D+R 

Panc-1 >0.9999 ns No 
Mia PaCa-2 0.0005 *** Yes 

0.5 Gy EXBR 
vs M+R 

Panc-1 0.0002 *** Yes 
Mia PaCa-2 0.0109 * Yes 

(C)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schedule 1 combinations in pancreatic cancer cell lines. (A) Survival 
fractions in Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 
cell line following treatment. Data is shown as the average of three independent 
experiments carried out in triplicate ± standard deviation. Analysis was carried out via 
one-way ANOVA with Bonferroni post hoc test using GraphPad Prism 10.1.2. ** = P 
≤ 0.01; *** = P ≤ 0.001; and **** = P ≤ 0.0001 in comparison with untreated control. 
(C) Statistical comparisons table. 
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For a combination to be considered significant, it must have met the following criteria: 

induce significant reduction in clonogenicity when compared with the untreated 

control when compared with the individual components that make up the combination.  

As can be seen in figure 3.2 the schedule 1 combination of DMF + gemcitabine was 

the only combination to induce a statistically significant reduction in clonogenicity 

when compared with the untreated control (P < 0.0001) in both Panc-1 and Mia PaCa-

2. In Panc-1 the schedule 1 combinations of MMF + EXBR, and MMF + gemcitabine 

also induced a statistically significant reduction in clonogenicity when compared with 

the untreated control (P < 0.0001). In Mia PaCa-2 the schedule 1 combination of DMF 

+ EXBR also induced a statistically significant reduction in clonogenicity when 

compared with the untreated control (P < 0.0001). 

When comparing between the two cell lines using a two-way ANOVA with Bonferroni 

post hoc test, there was no statistically significant difference in clonogenicity between 

combinations in the cell lines (P > 0.9999), with the exceptions of MMF + EXBR (P < 

0.0001) and MMF + gemcitabine (P < 0.0001), which induced a statistically 

significantly greater reduction in clonogenicity in the Panc-1 cell line when compared 

with Mia PaCa-2. 

Based on the results obtained in figure 3.2 the schedule 1 combinations of MMF + 

EXBR; MMF + gemcitabine; and DMF + gemcitabine was selected to go forward for 

further analysis in section 3.4.2. 

Prior to carrying out any spheroid experiments with the developed combinations, a 

small pilot study was carried out in Panc-1 spheroids using the schedule 1 

combinations of DMF + EXBR, MMF + EXBR and gemcitabine + EXBR to aid in 

determining the appropriate dosing for future experiments. Thes results of this pilot 

study are presented in figure 3.3. 
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Figure 3.3: Schedule 1 spheroid growth pilot study in Panc-1. (A) Spheroid 
growth following treatment, data is represented as an average ± standard deviation. 
Experiment was carried out in triplicate with 12 spheroids per treatment group per 
biological repeat (36 spheroids total). (B) AUC of spheroids following treatment, data 
is represented as an average ± standard deviation (n = 3). Analysis was carried out 
via Kruskal-Walis with Dunn’s post hoc test using GraphPad Prism 10.1.2. *** = P ≤ 
0.001 and **** = P ≤ 0.0001 in comparison with untreated control. (C) Statistical table 
of comparisons of combinations and monotherapies. 
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As can be seen in figure 3.3, 0.16 µM + 0.5 Gy EXBR was the only combination to 

have induced a statistically significant effect on spheroid growth and AUC (P < 

0.0001). Based on this result it was decided that higher concentrations of 

combinations would likely need to be used going forward in spheroid experiments. 

3.4.2: Analysis of schedule 1 combinations 

To assess the efficacy of the selected combinations from schedule 1, the clonogenic 

assay was repeated using alternative concentrations of the applicable drugs. 

3.4.2-1: Schedule 1 – MMF + EXBR 

Based on the results obtained in figure 3.2 the schedule 1 combination of MMF + 

EXBR was selected for further analysis through the assay cascade as we believe 

MMF to overall be the most promising drug between DMF and MMF, as lower 

concentrations are required for a statistically significant effect when compared with 

DMF. The dosing for this combination was based on the monotherapy results 

obtained in chapter 2, and the dosing kept below the IC50 value to enable the effect 

of the combination to be seen. The dose of radiation was kept consistent at 0.5 Gy 

as both cell lines were highly sensitive to EXBR (figure 2.5) and this was the lowest 

dose with the equipment available. The incubation time of 48 hours was chosen to 

allow for comparison with the other schedules. The clonogenic assay was carried 

out as described in section 3.3.3, and the results presented in figure 3.4. 
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Figure 3.4: Schedule 1 – MMF + EXBR analysis. (A) Survival fractions in Panc-1 
cell line following treatment. (B) Survival fractions in Mia PaCa-2 cell line following 
treatment. Analysis was carried out via one-way ANOVA with Bonferroni post hoc test 
using GraphPad Prism 10.1.2. ** = P ≤ 0.01 and **** = P ≤ 0.0001 in comparison with 
untreated control. (C) Statistical table of comparisons of combinations and 
monotherapies. 
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As can be seen in figure 3.4 the schedule 1 combination of MMF + EXBR induced a 

significant reduction in clonogenicity when compared with the untreated control (P < 

0.0001) and monotherapies (P < 0.0186)  in both cell lines, with the exception of 0.6 

µM MMF + 0.5 Gy EXBR in Mia PaCa-2, as it did not induce a statistically significantly 

greater reduction in clonogenicity than 0.6 µM MMF alone (P = 0.6769). 

In Panc-1 (figure 3.4A) the lowest concentration of the schedule 1 combination (0.6 

µM MMF + 0.5 Gy EXBR) induced a significantly greater reduction in clonogenicity (P 

= 0.0427) than the highest concentration (4 µM MMF + 0.5 Gy EXBR), however there 

was no statistical difference when compared with 2 µM MMF + 0.5 Gy EXBR (P = 

0.0582). All concentrations of the combination induced a statistically significantly 

greater reduction in clonogenicity when compared with the monotherapies in Panc-1 

cells (P ≤ 0.0336). 

In Mia PaCa-2 (figure 3.4B) 4 µM MMF + 0.5 Gy EXBR induced a significantly greater 

reduction in clonogenicity than both other concentrations tested (P < 0.0001). All 

concentrations of the combination, except 0.6 µM MMF + 0.5 Gy EXBR, induced a 

statistically significantly greater reduction in clonogenicity when compared with the 

monotherapies in Mia PaCa-2 cells (P < 0.0001). 

Following this test, the highest concentration of 4 µM MMF + 0.5 Gy EXBR, was then 

tested in the 3D spheroid growth assay as described in section 3.3.5, and the results 

presented in figure 3.5. This dosing of the combination was selected as spheroids 

typically require higher dosing to elicit an effect when compared with 2D cell models, 

as indicated by the results in figure 3.3. 
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Figure 3.5: Schedule 1 – MMF + EXBR spheroid growth assay in Panc-1 and 

MiaPaCa-2. (A & C) Spheroid growth (V/V0) following treatment. The data is 

represented as the average of three independent experiments carried out with 16 

spheroids per treatment group (48 spheroids total) ± standard deviation. (B & D) AUC 

for treated spheroids and untreated control is shown. The data is represented as the 

average ± standard deviation. Analysis was carried out via Kruskal-Wallis with Dunn’s 

post hoc test using GraphPad Prism 10.1.2. **** = P ≤ 0.0001 in comparison with 

untreated control. 
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When interrogating change in volume (V/V0) in Panc-1 (figure 3.5A), the schedule 1 

combination of 4 µM MMF + 0.5 Gy EXBR induced a statistically significant reduction 

in spheroid growth when compared with the untreated control (P < 0.0001). However, 

the combination did not induce a statistically significantly greater reduction in spheroid 

growth when compared with 4 µM MMF (P = 0.1025) and 0.5 Gy EXBR (P = 0.4663) 

alone, suggesting there was no additional benefit to using the agents in combination 

in Panc-1 spheroids. To further investigate this observation the AUC was analysed 

(figure 3.5B) and the combination of 4 µM MMF + 0.5 Gy EXBR induced a statistically 

significant reduction in the AUC when compared with the untreated control (P < 

0.0001). The combination induced a statistically significantly greater reduction in AUC 

when compared with 4 µM MMF (P = < 0.0001) and 0.5 Gy EXBR (P = 0.0016), 

indicating the agents were of additional benefit in combination in Panc-1 spheroids. 

When interrogating the change in volume (V/V0) in Mia PaCa-2 spheroids (figure 

3.5C), the schedule 1 combination of 4 µM MMF + 0.5 Gy EXBR induced a statistically 

significant reduction in spheroid growth when compared with the untreated control (P 

= 0.0006). However, the combination did not induce a statistically significantly greater 

reduction in spheroid growth when compared with 4 µM MMF (P = 0.0543) and 0.5 

Gy EXBR (P > 0.9999) alone, suggesting there was no additional benefit to using the 

agents in combination in Mia PaCa-2 spheroids. To further investigate this 

observation the AUC was analysed (figure 3.5D) and the combination of 4 µM MMF 

+ 0.5 Gy EXBR induced a statistically significant reduction in the AUC when compared 

with the untreated control (P = < 0.0001). The combination induced a statistically 

significantly greater reduction in AUC when compared with 4 µM MMF (P = 0.0045) 

and 0.5 Gy EXBR (P = 0.0134), indicating the agents were of additional benefit in 

combination in Mia PaCa-2 spheroids. A table depicting all statistical analysis carried 

out for figure 3.5 can be found in table 3.1 
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Table 3.1: Statistical comparisons for schedule 1 MMF + EXBR spheroid growth 
and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

4 µM MMF vs 
Control 

Spheroid 
growth 

Panc-1 0.0029 ** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 
Control 

Spheroid 
growth 

Panc-1 0.0002 *** Yes 

Mia 
PaCa-2 

0.0060 ** Yes 

4 µM MMF + 0.5 Gy 
EXBR vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.0006 **** Yes 

4 µM MMF vs 4 µM 
MMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 0.1025 ns No 

Mia 
PaCa-2 

0.0543 ns No 

0.5 Gy EXBR vs 4 
µM MMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 0.4663 ns No 

Mia 
PaCa-2 

>0.9999 ns No 

4 µM MMF vs 
Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 
Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF + 0.5 Gy 
EXBR vs Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF vs 4 µM 
MMF + 0.5 Gy 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.0045 ** Yes 

0.5 Gy EXBR vs 4 
µM MMF + 0.5 Gy 

AUC 
Panc-1 0.0016 ** Yes 

Mia 
PaCa-2 

0.0134 * Yes 
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3.4.2-2: Schedule 1 – MMF + gemcitabine 

Based on the results obtained in figure 3.2 the schedule 1 combination of MMF + 

gemcitabine was selected for further analysis as we believe the combination showed 

promise, despite the result obtained for Mia PaCa-2 and hypothesised that altering 

the dosing may yield results in that cell line. The dosing for this combination was 

based on the monotherapy results obtained in chapter 2, and the dosing kept below 

the IC50 value to enable the effect of the combination to be seen. The incubation 

time of 48 hours was chosen to allow for comparison with the other schedules. The 

clonogenic assay was carried out as described in section 3.3.3, and the results 

presented in figure 3.6. 
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Figure 3.6: Schedule 1 – MMF + gemcitabine analysis. (A) Survival fractions in 
Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 cell line 
following treatment. (C) Statistical table of comparisons of combinations and 
monotherapies. Data is shown as the average of three independent experiments 
carried out in triplicate ± standard deviation. Analysis was carried out via one-way 
ANOVA with Bonferroni post hoc test using GraphPad Prism 10.1.2. ** = P ≤ 0.01, *** 
= P ≤ 0.001; and **** = P ≤ 0.0001 in comparison with untreated control.  
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As can be seen in figure 3.6A the schedule 1 combination of MMF + gemcitabine 

induced a significant reduction in clonogenicity when compared with the untreated 

control in Panc-1 cells at all concentrations tested (P < 0.0001). However, in Mia 

PaCa-2 cells (figure 3.6B), only the highest concentration of the combination (4 µM 

MMF + 1 µM gemcitabine) induced a significant reduction in clonogenicity when 

compared with the untreated control (P < 0.0001). 

In Panc-1 cells (figure 3.6A) the highest concentration of the combination (4 µM MMF 

+ 1 µM gemcitabine) a significant reduction in clonogenicity than the lower 

concentrations of the combination tested (P < 0.0001). All concentrations of the 

combination induced a statistically significantly greater reduction in clonogenicity 

when compared with the monotherapies in Panc-1 cells (P < 0.0001). 

In Mia PaCa-2 (figure 3.6B) the highest concentration of the combination (4 µM MMF 

+ 1 µM gemcitabine) induced a significant reduction in clonogenicity than the lower 

concentrations of the combination tested (P < 0.0001). Only the highest concentration 

of the combination induced a statistically significantly greater reduction in 

clonogenicity when compared with the monotherapies in Mia PaCa-2 cells (P < 

0.0001). 

Following this test, the highest concentration of 4 µM MMF + 1 µM gemcitabine, was 

then tested in the 3D spheroid growth assay as described in section 3.3.5, and the 

results presented in figure 3.7. This dosing of the combination was selected for 

spheroids as it was the only concentration to induce a statistically significantly greater 

reduction in clonogenicity when compared with the monotherapies in both cell lines 

(P < 0.0001).  
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Figure 3.7: Schedule 1 – MMF + gemcitabine spheroid growth assay in Panc-1 
and MiaPaCa-2. ((A&D) Spheroid growth (V/V0) following treatment. The data is 
represented as the average of three independent experiments carried out with 16 
spheroids per treatment group (48 spheroids total) ± standard deviation. (B&E) V/V0 

for gemcitabine and MMF + gemcitabine treated spheroids alone is shown. (C&F) 
AUC for treated spheroids and untreated control is shown. The data is represented 
as the average ± standard deviation. Analysis was carried out via Kruskal-Wallis with 
Dunn’s post hoc test using GraphPad Prism 10.1.2. **** = P ≤ 0.0001 in comparison 
with untreated control. 
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When interrogating the change in volume (V/V0) in Panc-1 (figure 3.7A), the  

schedule 1 combination of 4 µM MMF + 1 µM gemcitabine induced a statistically 

significant reduction in spheroid growth when compared with the untreated control (P 

< 0.0001); 4 µM MMF alone (P < 0.0001); and 1 µM gemcitabine (figure 3.7B) alone 

(P = 0.0408), indicating the combination was of additional benefit in Panc-1 spheroids. 

To further investigate this observation, the AUC was analysed (figure 3.7C) and the 

combination of 4 µM MMF + 1 µM gemcitabine induced a statistically significant 

reduction in the AUC when compared with the untreated control and 4 µM MMF alone 

(P < 0.0001). However, the combination did not induce a statistically significantly 

greater reduction in AUC when compared with 1 µM gemcitabine (P 0.1968), 

indicating the combination was of no additional benefit over gemcitabine monotherapy 

in Panc-1 spheroids. 

In Mia PaCa-2 spheroids, the schedule 1 combination of 4 µM MMF + 1 µM 

gemcitabine (figure 3.7D) induced a statistically significant reduction in spheroid 

growth when compared with the untreated control (P < 0.0001) and 4 µM MMF alone 

(P < 0.0001), however there was no statistically significant difference when compared 

with 1 µM gemcitabine (figure 3.7E) alone (P = 0.2645), suggesting there was no 

additional benefit to using the agents in combination in Mia PaCa-2 spheroids. To 

further investigate this observation, the AUC was analysed (figure 3.7F) and the 

combination of 4 µM MMF + 1 µM gemcitabine induced a statistically significant 

reduction in the AUC when compared with the untreated control (P < 0.0001) and 4 

µM MMF (P < 0.0001). However, when comparing the combination with 1 µM 

gemcitabine alone, it did not induce a statistically significant reduction in AUC (P = 

0.6811), again indicating that there was no additional benefit to the drugs being 

administered in combination in Mia PaCa-2 spheroids when compared with the single 
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agents. A table depicting all statistical analysis carried out for figure 3.7 can be found 

in table 3.2 

Table 3.2: Statistical comparisons for schedule 1 MMF + gemcitabine spheroid 
growth and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

4 µM MMF vs 
Control 

Spheroid 
growth 

Panc-1 0.1339 ns No 

Mia 
PaCa-2 

0.0686 ns No 

1 µM gemcitabine 
vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF + 1 µM 
gemcitabine vs 

Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF vs 4 µM 
MMF + 1 µM 
gemcitabine 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 4 µM MMF + 1 
µM gemcitabine 

Spheroid 
growth 

Panc-1 0.0408 * Yes 

Mia 
PaCa-2 

0.2645 ns No 

4 µM MMF vs 
Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF + 1 µM 
gemcitabine vs 

Control 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF vs 4 µM 
MMF 1 µM 

gemcitabine 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 4 µM MMF + 1 
µM gemcitabine 

AUC 
Panc-1 0.1968 ns No 

Mia 
PaCa-2 

0.6811 ns No 
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3.4.2-3: Schedule 1 – DMF + gemcitabine 

Based on the results obtained in figure 3.2 the schedule 1 combination of DMF + 

gemcitabine was selected for further analysis as we believe the combination showed 

promise, as the combination induced a statistically significantly greater effect than 

the individual monotherapies in both cell lines. The dosing for this combination was 

based on the monotherapy results obtained in chapter 2, and the dosing kept below 

the IC50 value to enable the effect of the combination to be seen. The incubation 

time of 48 hours was chosen to allow for comparison with the other schedules. The 

clonogenic assay was carried out as described in section 3.3.3, and the results 

presented in figure 3.8. 
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Figure 3.8: Schedule 1 – DMF + gemcitabine analysis. (A) Survival fractions in 
Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 cell line 
following treatment. (C) Statistical table of comparisons of combinations and 
monotherapies. Data is shown as the average of three independent experiments 
carried out in triplicate ± standard deviation. Analysis was carried out via one-way 
ANOVA with Bonferroni post hoc test using GraphPad Prism 10.1.2. ** = P ≤ 0.01, *** 
= P ≤ 0.001; and **** = P ≤ 0.0001 in comparison with untreated control.  
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As can be seen in figure 3.8A only the lowest concentration of the schedule 1 DMF 

+ gemcitabine (20 µM DMF + 0.16 µM gemcitabine) a significant reduction in 

clonogenicity when compared with the untreated control in Panc-1 cells (P < 0.0001). 

However, in Mia PaCa-2 cells (figure 3.8B), the combination a significant reduction 

in clonogenicity at 40 µM DMF + 0.5 µM gemcitabine (P < 0.0001) and 60 µM DMF + 

1 µM gemcitabine (P < 0.0001) when compared with the untreated control. 

In Panc-1 cells (figure 3.8A) the lowest concentration of the schedule 1 combination 

(20 µM DMF + 0.16 µM gemcitabine) a significantly greater reduction in clonogenicity 

than the higher concentrations of the combination tested (P < 0.0001). Only 20 µM 

DMF + 0.16 µM gemcitabine induced a statistically significantly greater reduction in 

clonogenicity than the individual monotherapies in Panc-1 cells (P < 0.0001). 

In Mia PaCa-2 cells (figure 3.8B) the lowest concentration of the combination (20 µM 

DMF + 0.16 µM gemcitabine) also induced a significant reduction in clonogenicity than 

the higher concentrations of the combination tested (P ≤ 0.0038). Both 20 µM DMF + 

0.16 µM gemcitabine and 40 µM DMF + 0.5 µM gemcitabine induced a statistically 

significantly greater reduction in clonogenicity than the individual monotherapies in 

Mia PaCa-2 cells (P < 0.0001). 

Following this test, it was decided to assess a combination of 60 µM DMF + 1 µM 

gemcitabine, in the 3D spheroid growth assay as described in section 3.3.5, and the 

results presented in figure 3.9. These concentrations were selected as in previous 

experiments with alternative schedule 1 combinations, the lower concentrations in 

combination were ineffective at reducing spheroid growth when compared with the 

untreated control (figure 3.3), therefore it was decided to use the highest 

concentrations tested. 
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Figure 3.9: Schedule 1 – DMF + gemcitabine spheroid growth assay in Panc-1 
and Mia PaCa-2. (A&D) Spheroid growth (V/V0) following treatment. The data is 
represented as the average of three independent experiments carried out with 16 
spheroids per treatment group (48 spheroids total) ± standard deviation. (B&E) V/V0 

for gemcitabine and DMF + gemcitabine treated spheroids alone is shown. (C&F) 
AUC for treated spheroids and untreated control is shown. The data is represented 
as the average ± standard deviation. Analysis was carried out via Kruskal-Wallis with 
Dunn’s post hoc test using GraphPad Prism 10.1.2. **** = P ≤ 0.0001 in comparison 
with untreated control. 
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In Panc-1 spheroids (figure 3.9A), the schedule 1 combination of 60 µM DMF + 1 µM 

gemcitabine induced a statistically significant reduction in spheroid growth when 

compared with the untreated control (P < 0.0001); 60 µM DMF alone (P < 0.0001); 

and 1 µM gemcitabine (figure 3.9B) alone (P = 0.0001), indicating that in contrast to 

the clonogenic assay, the agents in  were of additional benefit in Panc-1 spheroids. 

To further investigate this observation, the AUC was analysed (figure 3.9C) and the 

combination of 60 µM DMF + 1 µM gemcitabine induced a statistically significant 

reduction in the AUC when compared with the untreated control (P < 0.0001). When 

comparing the combination with its individual components, it induced a statistically 

significantly greater reduction in AUC when compared with 60 µM DMF (P < 0.0001) 

and 1 µM gemcitabine (P = 0.0001), again indicating the agents were of benefit in 

combination in Panc-1 spheroids. 

In Mia PaCa-2 spheroids (figure 3.9D) the schedule 1 combination of 60 µM DMF + 

1 µM gemcitabine induced a statistically significant reduction in spheroid growth when 

compared with the untreated control (P < 0.0001) and 60 µM DMF (P < 0.0001), 

however there was no significant difference (P = 0.3501) when compared with 1 µM 

gemcitabine alone (figure 3.9E), indicating the agents were of no additional benefit 

in combination in Mia PaCa-2 spheroids. To further investigate this observation, the 

AUC (figure 3.9F) was analysed and the combination induced a significant reduction 

in AUC when compared with the untreated control (P < 0.0001), as well as when 

compared with 60 µM DMF alone (P < 0.0001). However, there was no statistically 

significant difference between the combination of 60 µM DMF + 1 µM gemcitabine 

and 1 µM gemcitabine alone (P = 0.8259), again indicating the agents were of no 

additional benefit in combination in Mia PaCa-2 spheroids. A table depicting all 

statistical analysis carried out for figure 3.9 can be found in table 3.3. 
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Table 3.3: Statistical comparisons for schedule 1 MMF + gemcitabine spheroid 
growth and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

60 µM DMF vs 
Control 

Spheroid 
growth 

Panc-1 0.4093 ns No 

Mia 
PaCa-2 

<0.9999 ns No 

1 µM gemcitabine 
vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF + 1 µM 
gemcitabine vs 

Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF vs 60 
µM DMF + 1 µM 

gemcitabine 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 60 µM DMF + 1 

µM gemcitabine 

Spheroid 
growth 

Panc-1 0.0001 *** Yes 

Mia 
PaCa-2 

0.3501 ns No 

60 µM DMF vs 
Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.3881 ns No 

1 µM gemcitabine 
vs Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF + 1 µM 
gemcitabine vs 

Control 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF vs 60 
µM DMF + 1 µM 

gemcitabine 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 60 µM DMF + 1 

µM gemcitabine 
AUC 

Panc-1 0.2209 ns No 

Mia 
PaCa-2 

0.8259 ns No 

 

 

 

 

 

 



150 
 

3.4.2-4: Additional schedule 1 combination spheroid data 

In addition to the schedule 1 combinations presented previously, gemcitabine + 

EXBR and DMF + EXBR were also tested in Panc-1 and Mia PaCa-2 spheroids 

only, i.e. no additional clonogenic data was generated for these combinations in this 

schedule to allow for comparisons of the combination between schedules in 

spheroids. 

The schedule 1 combination of 1 µM gemcitabine + 0.5 Gy EXBR was tested in 

Panc-1 and Mia PaCa-2 spheroids, and the results presented in figure 3.10. This 

concentration was selected as it would allow comparison with the same combination 

in schedule 2. 
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Figure 3.10: Schedule 1 – gemcitabine + EXBR spheroid growth assay in Panc-
1 and Mia PaCa-2. ((A&D) Spheroid growth (V/V0) following treatment. The data is 
represented as the average of three independent experiments carried out with 16 
spheroids per treatment group (48 spheroids total) ± standard deviation. (B&E) V/V0 

for gemcitabine and MMF + gemcitabine treated spheroids alone is shown. (C&F) 
AUC for treated spheroids and untreated control is shown. The data is represented 
as the average ± standard deviation. Analysis was carried out via Kruskal-Wallis with 
Dunn’s post hoc test using GraphPad Prism 10.1.2. **** = P ≤ 0.0001 in comparison 
with untreated control. 
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When interrogating change in volume (V/V0) in Panc-1 (figure 3.10A&B), the 

schedule 1 combination of 1 µM gemcitabine + 0.5 Gy EXBR induced a statistically 

significant reduction in spheroid growth when compared with the untreated control (P 

< 0.0001). However, the combination did not induce a statistically significantly greater 

reduction in spheroid growth when compared with 1 µM gemcitabine alone (P > 

0.9999), suggesting there was no additional benefit to using the agents in combination 

in Panc-1 spheroids. To further investigate this observation the AUC was analysed 

(figure 3.10C) and the combination of 1 µM gemcitabine + 0.5 Gy EXBR induced a 

statistically significant reduction in the AUC when compared with the untreated control 

(P < 0.0001), however there was no statistically significant difference when compared 

with 1 µM gemcitabine alone (P = 0.9809), again indicating the combination was of 

no additional benefit.  

When interrogating the change in volume (V/V0) in Mia PaCa-2 spheroids (figure 

3.10D&E), the schedule 1 combination of 1 µM gemcitabine + 0.5 Gy EXBR induced 

a statistically significant reduction in spheroid growth when compared with the 

untreated control (P < 0.0001). However, the combination did not induce a statistically 

significantly greater reduction in spheroid growth when compared with 1 µM 

gemcitabine alone (P > 0.9999), suggesting there was no additional benefit to using 

the agents in combination in Mia PaCa-2 spheroids. To further investigate this 

observation the AUC was analysed (figure 3.10F) and the combination of 1 µM 

gemcitabine + 0.5 Gy EXBR induced a statistically significant reduction in the AUC 

when compared with the untreated control (P < 0.0001), however there was no 

statistically significant difference when compared with 1 µM gemcitabine alone (P > 

0,9999), again indicating the combination was of no additional benefit. A table 

depicting all statistical analysis carried out for figure 3.10 can be found in table 3.4 
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Table 3.4: Statistical comparisons for schedule 1 gemcitabine + EXBR spheroid 
growth and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

1 µM gemcitabine 
vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 
Control 

Spheroid 
growth 

Panc-1 0.0590 ns No 

Mia 
PaCa-2 

0.0300 * Yes 

1 µM gemcitabine + 
0.5 Gy EXBR vs 

Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 1 µM 

gemcitabine + 0.5 
Gy 

Spheroid 
growth 

Panc-1 >0.9999 ns No 

Mia 
PaCa-2 

>0.9999 ns No 

0.5 Gy EXBR vs 1 
µM gemcitabine + 

0.5 Gy 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 
Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine + 
0.5 Gy EXBR vs 

Control 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 1 µM 

gemcitabine + 0.5 
Gy 

AUC 

Panc-1 0.9809 ns No 

Mia 
PaCa-2 

0.9526 ns No 

0.5 Gy EXBR vs 1 
µM gemcitabine + 

0.5 Gy 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

 

The schedule 1 combination of 40 µM DMF + 0.5 Gy EXBR was tested in Panc-1 

and Mia PaCa-2 spheroids, and the results presented in figure 3.11. This 

concentration was selected as it would allow comparison with the same combination 

in schedule 2. 
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Figure 3.11: Schedule 1 – DMF + EXBR spheroid growth assay in Panc-1 and 

MiaPaCa-2. (A & C) Spheroid growth (V/V0) following treatment. The data is 

represented as the average of three independent experiments carried out with 16 

spheroids per treatment group (48 spheroids total) ± standard deviation. (B & D) AUC 

for treated spheroids and untreated control is shown. The data is represented as the 

average ± standard deviation. Analysis was carried out via Kruskal-Wallis with Dunn’s 

post hoc test using GraphPad Prism 10.1.2. *** = P ≤ 0.001; **** = P ≤ 0.0001 in 

comparison with untreated control. 
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When interrogating change in volume (V/V0) in Panc-1 (figure 3.11A), the schedule 

1 combination of 40 µM DMF + 0.5 Gy EXBR induced a statistically significant 

reduction in spheroid growth when compared with the untreated control (P 0.0010). 

However, the combination did not induce a statistically significantly greater reduction 

in spheroid growth when compared with 40 µM DMF or 0.5 Gy EXBR alone (P > 

0.9999), suggesting there was no additional benefit to using the agents in combination 

in Panc-1 spheroids. To further investigate this observation the AUC was analysed 

(figure 3.11B) and the combination of 40 µM DMF + 0.5 Gy EXBR induced a 

statistically significant reduction in the AUC when compared with the untreated control 

(P < 0.0001). However, the combination did not induce a statistically significantly 

greater reduction in AUC when compared with 0.5 Gy EXBR alone (P = 0.2449), again 

indicating the agents were not of additional benefit in combination in Panc-1 

spheroids. 

When interrogating change in volume (V/V0) in Mia PaCa-2 (figure 3.11A), the 

schedule 1 combination of 40 µM DMF + 0.5 Gy EXBR induced a statistically 

significant reduction in spheroid growth when compared with the untreated control (P 

< 0.0001). However, the combination did not induce a statistically significantly greater 

reduction in spheroid growth when compared with 0.5 Gy EXBR alone (P = 0.3798), 

suggesting there was no additional benefit to using the agents in combination in Mia 

PaCa-2 spheroids. To further investigate this observation the AUC was analysed 

(figure 3.11B) and the combination of 40 µM DMF + 0.5 Gy EXBR induced a 

statistically significant reduction in the AUC when compared with the untreated control 

(P < 0.0001). The combination also induced a statistically significantly greater 

reduction in AUC when compared with 40 µM DMF (P < 0.0001) and 0.5 Gy EXBR (P 

= 0.0084), indicating the agents were of additional benefit in combination in Mia PaCa-
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2 spheroids. A table depicting all statistical analysis carried out for figure 3.5 can be 

found in table 3.5. 

Table 3.5: Statistical comparisons for schedule 1 DMF + EXBR spheroid growth 
and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

40 µM DMF vs 
Control 

Spheroid 
growth 

Panc-1 0.0203 * Yes 

Mia 
PaCa-2 

>0.9999 ns No 

0.5 Gy EXBR vs 
Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.0031 ** Yes 

40 µM DMF + 0.5 
Gy EXBR vs Control 

Spheroid 
growth 

Panc-1 0.0010 ** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

40 µM DMF vs 40 
µM DMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 >0.9999 ns No 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 40 
µM DMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 >0.9999 ns No 

Mia 
PaCa-2 

0.3798 ns No 

40 µM DMF vs 
Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.5267 ns No 

0.5 Gy EXBR vs 
Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.0002 *** Yes 

40 µM DMF + 0.5 
Gy EXBR vs Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

40 µM DMF vs 40 
µM DMF + 0.5 Gy 

AUC 
Panc-1 0.0033 ** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 40 
µM DMF + 0.5 Gy 

AUC 
Panc-1 0.2449 ns No 

Mia 
PaCa-2 

0.0084 ** Yes 

 

A summary of all tested schedule 1 combinations can be found in table 3.6. 
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Table 3.6: Summary of the Schedule 1 combinations 

Schedule 1 
combination 

Greater effect 
than 

individual 
agents in 

Panc-1 cells? 

Greater effect 
than individual 

agents in 
Panc-1 

spheroids? 

Greater effect 
than 

individual 
agents in Mia 
PaCa-2 cells? 

Greater effect 
than individual 
agents in Mia 

PaCa-2 
spheroids? 

MMF + EXBR Yes Yes Yes No 

MMF + 
Gemcitabine 

Yes Yes Yes No 

DMF + 
Gemcitabine 

No Yes Yes No 

Gemcitabine + 
EXBR 

N/A No N/A No 

DMF + EXBR N/A No N/A Yes 

 

3.4.3: Development of schedule 2 combinations 

The clonogenic assay was carried out as described in section 3.3.3 to assess the 

efficacy of schedule 2 combinations. For schedule 2 combinations, the respective 

drug was added and incubated with the cells for 24 hours before irradiating the cells 

with 0.5 Gy of EXBR and incubating for a subsequent 24 hours (48-hour incubation 

total). The dosing for drugs in the schedule 2 combinations are approximately IC10 

values, based on the IC50 values obtained for both Panc-1 and Mia PaCa-2 

presented in chapter 2 to allow for the effect of the combination to be seen, as 

higher doses may have resulted in an inability to distinguish the effect of the 

combination from that of the single agent activity. The radiation dose was kept at 0.5 

Gy as both cell lines were highly sensitive to EXBR (figure 2.5) and this was the 

lowest dose with the equipment available. The rationale for this scheduling was pre-

treatment with DMF/MMF would decrease glutathione and allow EXBR to elicit a 

stronger cytotoxic effect. Gemcitabine + EXBR was included as a comparison to see 

how the novel combinations of DMF/MMF + EXBR performed, compared with the 

gold standard chemotherapy. The incubation time was 48 hours total to allow each 

component at least one full cell cycle following administration to illicit its effect. The 

results are presented in figure 3.12. 
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Figure 3.12: Schedule 2 combinations in pancreatic cancer cell lines. (A) Survival 
fractions in Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 
cell line following treatment. Data is shown as the average of three independent 
experiments carried out in triplicate ± standard deviation. Analysis was carried out via 
one-way ANOVA with Bonferroni post hoc test using GraphPad Prism 10.1.2. * = P ≤ 
0.05; ** = P ≤ 0.01; and **** = P ≤ 0.0001 in comparison with untreated control.  
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For a combination to be considered significant, it must have met the following criteria: 

induce significant reduction in clonogenicity when compared with the untreated 

control when compared with the individual components that make up the combination.  

As can be seen in figure 3.12A the schedule 2 combinations of gemcitabine + EXBR 

and MMF + EXBR were the only combinations tested to induce a statistically 

significant reduction in clonogenicity when compared with the untreated control and 

individual monotherapies in Panc-1 cells (P < 0.0001). In Mia PaCa-2 cells (figure 

3.12B) the schedule 2 combination of DMF + EXBR was the only combination tested 

to induce a statistically significant reduction in clonogenicity when compared with the 

untreated control and the individual monotherapies (P < 0.0001).  

When comparing the reduction in clonogenicity induced by the combinations between 

the two cell lines using a two-way ANOVA with Bonferroni post hoc test, there was 

statistical difference in the reduction in clonogenicity between all three schedule 2 

combinations in the cell lines. The combination of gemcitabine + EXBR induced a 

statistically significantly greater reduction in clonogenicity in Panc-1 cells when 

compared with Mia PaCa-2 cells (P < 0.0001), as did the combination of MMF + 

radiation (P = 0.0011). However, the combination of DMF + EXBR induced statistically 

significantly greater reduction in clonogenicity in Mia PaCa-2 cells than in Panc-1 cells 

(P = 0.0007). 

Based on the results obtained in figure 3.12, all three combinations assessed in 

schedule 2 were selected to go forward for further analysis in section 3.4.4 as the 

combinations induced a greater reduction in clonogenicity than the respective single 

agents. 

Prior to carrying out any spheroid experiments with the developed combinations, a 

small pilot study was carried out in Panc-1 spheroids using the schedule 2 
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combinations to aid in determining the appropriate dosing for future experiments. 

Thes results of this pilot study are presented in figure 3.13. 
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Figure 3.13: Schedule 2 spheroid growth pilot study in Panc-1. (A) Spheroid 
growth following treatment, data is represented as an average ± standard deviation. 
Experiment was carried out in triplicate with 12 spheroids per treatment group per 
biological repeat (36 spheroids total). (B) AUC of spheroids following treatment, data 
is represented as an average ± standard deviation (n = 3). Analysis was carried out 
via Kruskal-Walis with Dunn’s post hoc test using GraphPad Prism 10.1.2. * = P ≤ 
0.05; ** = P ≤ 0.01; and **** = P ≤ 0.0001 in comparison with untreated control. (C) 
Statistical table of comparisons of combinations and monotherapies. 
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As can be seen in figure 3.13, no combinations induced a statistically significantly 

greater reduction in spheroid growth when compared with the relevant 

monotherapies (P ≥ 0.1455), indicating that at the concentrations tested, the 

combinations were of no additional benefit in Panc-1 spheroids, and that going 

forward higher concentrations of DMF, MMF and gemcitabine should be tested in 

combination. 

3.4.4: Analysis of schedule 2 combinations 

To assess the efficacy of the selected combinations from schedule 2, the clonogenic 

assay was repeated using alternative concentrations of the applicable drugs. The 

dose of radiation was kept consistent at 0.5 Gy as both cell lines were highly sensitive 

(figure 2.5) to EXBR and this was the lowest dose with the equipment available. 

3.4.4-1: Schedule 2 – gemcitabine + EXBR 

Based on the results obtained in figure 3.12 the schedule 2 combination of 

gemcitabine + EXBR was selected to undergo further analysis through the assay 

cascade as the combination showed particular promise in the Panc-1 cell line and 

would serve as a useful comparison for the other combinations in this schedule 

utilising DMF/MMF, as gemcitabine is the gold standard chemotherapy for 

pancreatic cancer. The dosing for this combination was based on the monotherapy 

results obtained in chapter 2, and the dosing kept below the IC50 value to enable 

the effect of the combination to be seen. The dose of radiation was kept consistent 

at 0.5 Gy as both cell lines were highly sensitive to EXBR (figure 2.5). Gemcitabine 

was incubated with the cell for 24 hours to allow at least one full cell cycle prior to 

irradiation, to allow DNA repair to be inhibited before irradiation, in the hopes of 

maximising the cytotoxic effect of EXBR. The clonogenic assay was carried out as 

described in section 3.3.3, and the presented in figure 3.14. 
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Figure 3.14: Schedule 2 – gemcitabine + EXBR analysis. (A) Survival fractions in 
Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 cell line 
following treatment. Analysis was carried out via one-way ANOVA with Bonferroni 
post hoc test using GraphPad Prism 10.1.2. * = P ≤ 0.05; *** = P ≤ 0.001; and **** = 
P ≤ 0.0001 in comparison with untreated control. (C) Statistical table of comparisons 
of combinations and monotherapies. 
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As can be seen in figure 3.14A, increasing the concentration of gemcitabine in the 

gemcitabine + EXBR schedule 2 combination did not lead to increased reduction in 

clonogenicity, with only the lowest concentration of gemcitabine (0.16 µM) in 

combination with 0.5 Gy EXBR inducing a statistically significant reduction in 

clonogenicity when compared with the untreated control in Panc-1 cells (P < 0.0001). 

In Mia PaCa-2 cells (figure 3.14B), only 0.5 µM and 1 µM gemcitabine in combination 

with 0.5 Gy EXBR resulted in a statistically significant reduction in clonogenicity when 

compared with the untreated control (P < 0.0001). 

In Panc-1 cells (figure 3.42A) the lowest concentration of 0.16 µM gemcitabine in 

combination with 0.5 Gy EXBR induced a significantly greater reduction in 

clonogenicity than both the higher concentrations of gemcitabine (0.5 µM and 1 µM) 

in combination with 0.5 Gy EXBR (P < 0.0001). Only 0.16 µM gemcitabine + 0.5 Gy 

EXBR induced a statistically significantly greater reduction in clonogenicity when 

compared with both monotherapies in Panc-1 cells (P < 0.0001). 

In Mia PaCa-2 cells (figure 3.14B) the highest concentration of 0.16 µM gemcitabine 

in combination with 0.5 Gy EXBR induced significantly more reduction in clonogenicity 

than both the higher concentrations of gemcitabine (0.5 µM and 1 µM) in combination 

with 0.5 Gy EXBR (P < 0.0001). Both 0.5 µM gemcitabine + 0.5 Gy EXBR and 1 µM 

gemcitabine + 0.5 Gy EXBR induced a statistically significantly greater reduction in 

clonogenicity when compared with both monotherapies in Mia PaCa-2 cells (P < 

0.0001). 

Following this test, the highest concentration of 1 µM gemcitabine + 0.5 Gy EXBR, 

was then tested in the 3D spheroid growth assay as described in section 3.3.5, and 

the results presented in figure 3.15. This concentration of the combination was 

selected as the preliminary study (figure 3.11) indicated that lower concentrations of 

combinations were ineffective in spheroids. 
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Figure 3.15: Schedule 1 – gemcitabine + EXBR spheroid growth assay in Panc-
1 and MiaPaCa-2. ((A&D) Spheroid growth (V/V0) following treatment. The data is 
represented as the average of three independent experiments carried out with 16 
spheroids per treatment group (48 spheroids total) ± standard deviation. (B&E) V/V0 

for gemcitabine and gemcitabine + EXBR treated spheroids alone is shown. (C&F) 
AUC for treated spheroids and untreated control is shown. The data is represented 
as the average ± standard deviation. Analysis was carried out via Kruskal-Wallis with 
Dunn’s post hoc test using GraphPad Prism 10.1.2. **** = P ≤ 0.0001 in comparison 
with untreated control. 
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In Panc-1 spheroids (figure 3.15A), the schedule 2 combination of 1 µM gemcitabine 

+ 0.5 Gy EXBR statistically significantly reduced spheroid growth (V/V0) when 

compared with the untreated control and 0.5 Gy EXBR alone (P < 0.0001). However, 

when compared with 1 µM gemcitabine alone (figure 3.15B) there was no statistically 

significant difference (P = 0.8774), indicating that the agents were of no additional 

benefit in in Panc-1 spheroids. To further investigate this observation, AUC was 

analysed. As can be seen in figure 3.15C, the combination of 1 µM gemcitabine + 

0.5 Gy EXBR induced a statistically significant reduction in AUC when compared with 

the untreated control (P < 0.0001). The combination of 1 µM gemcitabine + 0.5 Gy 

EXBR induced a statistically significantly greater reduction in AUC when compared 

with 0.5 Gy EXBR (P < 0.0001), however when compared with 1 µM gemcitabine 

alone there again was no statistical difference (P = 0.8774), indicating the agents were 

of no additional benefit in combination in Panc-1 spheroids. 

In Mia PaCa-2 spheroids (figure 3.15D), spheroid growth, as measured by the 

assessment of V/V0, was statistically significantly reduced by the schedule 2 

combination of 1 µM gemcitabine + 0.5 Gy EXBR when compared with the untreated 

control; 1 µM gemcitabine (figure 3.15E) alone; and 0.5 Gy EXBR alone (P ≤ 0.0016), 

implying that  the agents were of additional benefit in Mia PaCa-2 spheroids. To 

further investigate this observation, the AUC was analysed (figure 3.15F) and the 

combination of 1 µM gemcitabine + 0.5 Gy EXBR induced a statistically significant 

reduction in AUC when compared to the untreated control and 0.5 Gy EXBR alone (P 

<0.0001), however there was no statistically significant difference when compared to 

1 µM gemcitabine alone (P = 0.4102), indicating the agents were not of additional 

benefit in combination in Mia PaCa-2 spheroids. A table depicting all statistical 

analysis carried out for figure 3.15 can be found in table 3.7. 
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Table 3.7: Statistical comparisons for schedule 2 gemcitabine + EXBR spheroid 
growth and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

1 µM gemcitabine 
vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 
Control 

Spheroid 
growth 

Panc-1 0.2334 ns No 

Mia 
PaCa-2 

0.0013 ** Yes 

1 µM gemcitabine + 
0.5 Gy EXBR vs 

Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 1 µM 

gemcitabine + 0.5 
Gy 

Spheroid 
growth 

Panc-1 0.8774 ns No 

Mia 
PaCa-2 

0.0016 ** Yes 

0.5 Gy EXBR vs 1 
µM gemcitabine + 

0.5 Gy 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 
Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine + 
0.5 Gy EXBR vs 

Control 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 1 µM 

gemcitabine + 0.5 
Gy 

AUC 

Panc-1 0.9962 ns No 

Mia 
PaCa-2 

0.4102 ns No 

0.5 Gy EXBR vs 1 
µM gemcitabine + 

0.5 Gy 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 
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3.4.4-2: Schedule 2 – DMF + EXBR 

Based on the results obtained in figure 3.12 the schedule 2 combination of DMF + 

EXBR was selected to undergo further analysis through the assay cascade as the 

combination showed particular promise in the Mia PaCa-2 cell line. The dosing for 

this combination was based on the monotherapy results obtained in chapter 2, and 

the dosing kept below the IC50 value to enable the effect of the combination to be 

seen. The dose of radiation was kept consistent at 0.5 Gy as both cell lines were 

highly sensitive to EXBR (figure 2.5). DMF was incubated with the cell for 24 hours 

to allow at least one full cell cycle prior to irradiation, to allow glutathione levels to be 

depleted by DMF in order to maximise the effect of radiation. The clonogenic assay 

was carried out as described in section 3.3.3, and the presented in figure 3.16. 
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Figure 3.16: Schedule 2 – DMF + EXBR analysis. (A) Survival fractions in Panc-1 
cell line following treatment. (B) Survival fractions in Mia PaCa-2 cell line following 
treatment. Analysis was carried out via one-way ANOVA with Bonferroni post hoc test 
using GraphPad Prism 10.1.2. *** = P ≤ 0.001 and **** = P ≤ 0.0001 in comparison 
with untreated control. (C) Statistical table of comparisons of combinations and 
monotherapies. 



170 
 

In Panc-1 cells, the schedule 2 combination of DMF + EXBR (figure 3.16A), induced 

a statistically significant increase in reduction in clonogenicity when compared with 

the untreated control at all concentrations tested (P ≤ 0.0009). However, all 

concentrations of the combination tested did not induce a statistically significantly 

greater reduction in clonogenicity when compared with 0.5 Gy EXBR alone (P ≥ 

0.3017).  

Conversely, in Mia PaCa-2 cells (figure 3.16B), the schedule 2 combination of DMF 

+ EXBR induced statistically significantly greater reduction in clonogenicity when 

compared with the untreated control (P = < 0.0001) and its individual components at 

all concentrations of DMF tested in combination (P < 0.0001). 

Following this test, the combination of 40 µM DMF + 0.5 Gy EXBR, was then tested 

in the 3D spheroid growth assay as described in section 3.3.5, and the results 

presented in figure 3.17. These concentrations were selected as in the pilot 

experiment, the lower concentrations of combinations were ineffective at reducing 

spheroid growth (figure 3.11), therefore it was decided to use a higher concentration 

of DMF in combination. Moreover, 40 µM DMF was selected as in Panc-1 cells, the 

combination of 60 µM DMF + 0.5 Gy EXBR did not statistically significantly differ from 

40 µM DMF + 0.5 Gy EXBR (P = 0.0768). 
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Figure 3.17: Schedule 2 – DMF + EXBR spheroid growth assay in Panc-1 and 

MiaPaCa-2. (A & C) Spheroid growth (V/V0) following treatment. The data is 

represented as the average of three independent experiments carried out with 16 

spheroids per treatment group (48 spheroids total) ± standard deviation. (B & D) AUC 

for treated spheroids and untreated control is shown. The data is represented as the 

average ± standard deviation. Analysis was carried out via Kruskal-Wallis with Dunn’s 

post hoc test using GraphPad Prism 10.1.2. **** = P ≤ 0.0001 in comparison with 

untreated control. 
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When interrogating the change in volume (V/V0) in Panc-1 spheroids (figure 3.17A), 

the schedule 2 combination of 40 µM DMF + 0.5 Gy EXBR induced a statistically 

significant reduction in spheroid growth when compared with the untreated control 

and both individual agents (P ≤ 0.0049), indicating that agents were of additional 

benefit in combination in Panc-1 spheroids. To further investigate this observation, 

the AUC was analysed (figure 3.17B) and the combination of 40 µM DMF + 0.5 Gy 

EXBR induced a statistically significant reduction in the AUC when compared with the 

untreated control and both individua agents (P ≤ 0.0002), again indicating that the 

agents were of additional benefit in combination in Panc-1 spheroids.  

When interrogating the change in volume (V/V0) in Mia PaCa-2 spheroids (figure 

3.17C), the schedule 2 combination of 40 µM DMF + 0.5 Gy EXBR induced a 

statistically significant reduction in spheroid growth when compared with the untreated 

control and both individual agents (P ≤ 0.0106), indicating the agents were of 

additional benefit in Mia PaCa-2 spheroids. To further investigate this observation the 

AUC was analysed (figure 3.17D) and the combination of 40 µM DMF + 0.5 Gy EXBR 

induced a statistically significant reduction in the AUC when compared with the 

untreated control and the individual components (P ≤ 0.0003), again indicating the 

agents were of additional benefit in Mia PaCa-2 spheroids. A table depicting all 

statistical analysis carried out for figure 3.17 can be found in table 3.8. 
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Table 3.8: Statistical comparisons for schedule 2 DMF + EXBR spheroid growth 
and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

40 µM DMF vs 
Control 

Spheroid 
growth 

Panc-1 0.0379 * Yes 

Mia 
PaCa-2 

>0.9999 ns No 

0.5 Gy EXBR vs 
Control 

Spheroid 
growth 

Panc-1 0.0022 ** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

40 µM DMF + 0.5 
Gy EXBR vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

40 µM DMF vs 40 
µM DMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 0.0002 *** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 40 
µM DMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 0.0049 ** Yes 

Mia 
PaCa-2 

0.0106 * Yes 

40 µM DMF vs 
Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.3565 ns No 

0.5 Gy EXBR vs 
Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

40 µM DMF + 0.5 
Gy EXBR vs Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

40 µM DMF vs 40 
µM DMF + 0.5 Gy 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

0.5 Gy EXBR vs 40 
µM DMF + 0.5 Gy 

AUC 
Panc-1 0.0002 *** Yes 

Mia 
PaCa-2 

0.0003 *** Yes 

 

 

 

 

 



174 
 

3.4.4-3: Schedule 2 – MMF + EXBR 

Based on the results obtained in figure 3.12 the schedule 2 combination of MMF + 

EXBR was selected to undergo further analysis through the assay cascade as the 

combination showed particular promise in the Panc-1 cell line. The dosing for this 

combination was based on the monotherapy results obtained in chapter 2, and the 

dosing kept below the IC50 value to enable the effect of the combination to be seen. 

The dose of radiation was kept consistent at 0.5 Gy as both cell lines were highly 

sensitive to EXBR (figure 2.5). MMF was incubated with the cell for 24 hours to 

allow at least one full cell cycle prior to irradiation, to allow glutathione levels to be 

depleted by MMF in order to maximise the effect of radiation. The clonogenic assay 

was carried out as described in section 3.3.3, and the presented in figure 3.18. 
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Figure 3.18: Schedule 2 – MMF + EXBR combination analysis. (A) Survival 
fractions in Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 
cell line following treatment. Analysis was carried out via one-way ANOVA with 
Bonferroni post hoc test using GraphPad Prism 10.1.2. * = P ≤ 0.05 and **** = P ≤ 
0.0001 in comparison with untreated control. (C) Statistical table of comparisons of 
combinations and monotherapies. 
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In Panc-1 cells (figure 3.18A), all concentrations of the schedule 2 combination of 

MMF + EXBR induced significant reduction in clonogenicity when compared with the 

untreated control (P < 0.0001). Both 0.6 µM MMF + 0.5 Gy EXBR and 4 µM MMF + 

0.5 Gy EXBR induced a statistically significantly greater reduction in clonogenicity 

when compared with the individual monotherapies (P < 0.0001). However, 2 µM MMF 

+ 0.5 Gy EXBR, did not induce a statistically significant decrease in clonogenicity 

when compared with 0.5 Gy EXBR alone (P = 0.4364). 

In Mia PaCa-2 cells (figure 3.18B), all concentrations of the schedule 2 combination 

of MMF + EXBR induced significant reduction in clonogenicity when compared with 

the untreated control (P < 0.0001). Both 2 µM MMF + 0.5 Gy EXBR and 4 µM MMF + 

0.5 Gy EXBR induced a statistically significantly greater reduction in clonogenicity 

when compared with the individual monotherapies (P < 0.0001). However, 0.6 µM 

MMF + 0.5 Gy EXBR, did not induce a statistically significant decrease in 

clonogenicity when compared with 0.6 µM MMF alone (P = 0.0786). 

Following this test, the highest concentration of 4 µM MMF + 0.5 Gy EXBR, was then 

tested in the 3D spheroid growth assay as described in section 3.3.5, and the results 

presented in figure 3.19. This dosing of the combination was selected as spheroids 

typically require higher dosing to elicit an effect when compared with 2D cell models, 

as indicated by the results in figure 3.11. 
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Figure 3.19: Schedule 2 – MMF + EXBR spheroid growth assay in Panc-1 and 

MiaPaCa-2. (A & C) Spheroid growth (V/V0) following treatment. The data is 

represented as the average of three independent experiments carried out with 16 

spheroids per treatment group (48 spheroids total) ± standard deviation. (B & D) AUC 

for treated spheroids and untreated control is shown. The data is represented as the 

average ± standard deviation. Analysis was carried out via Kruskal-Wallis with Dunn’s 

post hoc test using GraphPad Prism 10.1.2. *** = P ≤ 0.001 and **** = P ≤ 0.0001 in 

comparison with untreated control. 
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In Panc-1 spheroids (figure 3.19A), the schedule 2 combination of 4 µM MMF + 0.5 

Gy EXBR did not statistically significantly reduce the growth (V/V0) of Panc-1 

spheroids when compared with the untreated control (P = 0.0946). However, the 

individual components of 4 µM MMF alone (P = 0.0024) and 0.5 Gy EXBR alone (P = 

0.0007) statistically significantly reduced spheroid growth when compared with the 

untreated control in Panc-1 spheroids, suggesting the agents were not of additional 

benefit in Panc-1 spheroids. To further investigate whether the schedule 2 

combination of 4 µM MMF + 0.5 Gy EXBR induced a beneficial effect over the single 

agents, the AUC was analysed. As can be seen in figure 3.19B, the combination of 

4 µM MMF + 0.5 Gy EXBR induced a statistically significant reduction in AUC when 

compared with the untreated control, as did 4 µM MMF and 0.5 Gy EXBR (P < 0.0001) 

alone. However, both 4 µM MMF and 0.5 Gy EXBR alone induced a statistically 

significantly greater reduction in AUC when compared with the combination (P ≤ 

0.0139), again indicating the agents were not of additional benefit in Panc-1 spheroids  

In Mia PaCa-2 spheroids (figure 3.19C), the schedule 2 combination of 4 µM MMF + 

0.5 Gy EXBR statistically significantly reduced the growth (V/V0) of spheroids when 

compared with the untreated control, as did the individual components of the 

combination (P ≤ 0.0946). When comparing the combination with the individual 

components of 4 µM MMF and 0.5 Gy EXBR alone, the schedule 2 combination of 4 

µM MMF + 0.5 Gy EXBR induced a statistically significantly greater reduction in 

spheroid growth when compared with 4 µM MMF alone (P = 0.0048), however there 

was no statistically significant difference when compared with 0.5 Gy EXBR alone (P 

= 0.2578), indicating the agents were not of additional benefit in Mia PaCa-2 

spheroids. To further investigate whether the schedule 2 combination of 4 µM MMF + 

0.5 Gy EXBR induced a beneficial effect over the individual agents, the AUC was 

analysed. As can be seen in figure 3.19D, the combination induced a statistically 
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significant reduction (P < 0.0001) in AUC when compared with the untreated control, 

as did 4 µM MMF and 0.5 Gy EXBR alone (P ≤ 0.0002). The schedule 2 combination 

of 4 µM MMF + 0.5 Gy EXBR induced a statistically significant reduction in spheroid 

growth when compared with 4 µM MMF and 0.5 Gy EXBR alone (P ≤ 0.0139), 

indicating that the combination was of additional benefit in Mia PaCa-2 spheroids. A 

table depicting all statistical analysis carried out for figure 3.19 can be found in table 

3.9. 

Table 3.9: Statistical comparisons for schedule 2 MMF + EXBR spheroid growth 
and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

4 µM MMF vs 
Control 

Spheroid 
growth 

Panc-1 0.0024 ** Yes 

Mia 
PaCa-2 

0.0096 ** Yes 

0.5 Gy EXBR vs 
Control 

Spheroid 
growth 

Panc-1 0.0007 *** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF + 0.5 Gy 
EXBR vs Control 

Spheroid 
growth 

Panc-1 0.0946 ns No 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF vs 4 µM 
MMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 0.3641 ns No 

Mia 
PaCa-2 

0.0048 ** Yes 

0.5 Gy EXBR vs 4 
µM MMF + 0.5 Gy 

Spheroid 
growth 

Panc-1 0.1868 ns No 

Mia 
PaCa-2 

0.2578 ns No 

4 µM MMF vs 
Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.0002 *** Yes 

0.5 Gy EXBR vs 
Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF + 0.5 Gy 
EXBR vs Control 

AUC 
Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF vs 4 µM 
MMF + 0.5 Gy 

AUC 
Panc-1 0.0439 * Yes 

Mia 
PaCa-2 

0.0029 ** Yes 

0.5 Gy EXBR vs 4 
µM MMF + 0.5 Gy 

AUC 
Panc-1 0.0139 * Yes 

Mia 
PaCa-2 

0.0125 * Yes 
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A summary of all tested schedule 2 combinations can be found in table 3.10. 

Table 3.10: Summary of the Schedule 2 combinations 

Schedule 2 
combination 

Greater effect 
than 

individual 
agents in 

Panc-1 cells? 

Greater effect 
than individual 

agents in 
Panc-1 

spheroids? 

Greater effect 
than 

individual 
agents in Mia 
PaCa-2 cells? 

Greater effect 
than individual 
agents in Mia 

PaCa-2 
spheroids? 

Gemcitabine + 
EXBR 

No No Yes No 

DMF + EXBR No Yes Yes Yes 

MMF + EXBR Yes No Yes Yes 

 

3.4.4: Development of schedule 3 combinations 

The clonogenic assay was carried out as described in section 3.3.3 to assess the 

efficacy of schedule 3 combinations. For schedule 3 combinations, the fumarate 

(DMF or MMF) was added to the cells and incubated for 24 hours, before the 

addition of gemcitabine and further incubation for 24 hours (48-hour incubation 

total). The dosing for drugs in the schedule 2 combinations are approximately IC10 

values, based on the IC50 values obtained for both Panc-1 and Mia PaCa-2 

presented in chapter 2 to allow for the effect of the combination to be seen, as 

higher doses may have resulted in an inability to distinguish the effect of the 

combination from that of the single agent activity. The rationale for this scheduling 

was pre-treatment with DMF/MMF would decrease the antioxidant response and 

allow gemcitabine to elicit a greater cytotoxic effect. The incubation time was 48 

hours total to allow each component at least one full cell cycle following 

administration to illicit its effect. The results are presented in figure 3.20. 
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Figure 3.20: Schedule 3 combinations in pancreatic cancer cell lines. (A) Survival 
fractions in Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 
cell line following treatment. Data is shown as the average of three independent 
experiments carried out in triplicate ± standard deviation. Analysis was carried out via 
one-way ANOVA with Bonferroni post hoc test using GraphPad Prism 10.1.2.** = P ≤ 
0.01; *** = P ≤ 0.001; and **** = P ≤ 0.0001 in comparison with untreated control.  
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Prior to assigning any level of significant reduction in clonogenicity in the tested 

combinations, the combination must have met the following criteria: induce significant 

reduction in clonogenicity when compared with the untreated control and induce 

significantly more reduction in clonogenicity when compared with the individual 

components that make up the combination.  

As can be seen in figure 3.20B the schedule 3 combination of 20 µM DMF + 0.16 µM 

gemcitabine induced a statistically significantly greater reduction in clonogenicity in 

Mia PaCa-2 cells when compared with the untreated control (P < 0.0001). When 

compared with the individual components, 20 µM DMF + 0.16 µM gemcitabine 

induced statistically significantly greater reduction in clonogenicity than both DMF and 

gemcitabine monotherapies in Mia PaCa-2 cells (P < 0.0001). In Panc-1, the schedule 

3 combination of 20 µM DMF + 0.16 µM gemcitabine did not induce a statistically 

significant decrease in clonogenicity in comparison with the untreated control (P > 

0.9999) or the individual components (P ≥ 0.1455). 

The schedule 3 combination of  0.6 µM MMF + 0.16 µM gemcitabine (figure 

3.20A&B) induced statistically significantly greater kill in both cell lines when 

compared with the untreated control (P ≤ 0.0025), however in Mia PaCa-2 cells 

(figure 3.20B) the combination did not induce a statistically significantly greater 

reduction in clonogenicity when compared with 0.6 µM MMF alone (P = 0.6542), 

indicating the agents were not of additional benefit in combination in Mia PaCa-2 cells. 

In Panc-1 cells, the schedule 3 combination of 0.6 µM MMF + 0.16 µM gemcitabine 

induced a greater reduction in clonogenicity when compared with both monotherapies 

(P ≤ 0.0005). 

In Panc-1 cells, the schedule 3 combination of 0.6 µM MMF + 0.16 µM gemcitabine 

induced a statistically significantly greater reduction in clonogenicity in Mia PaCa-2 

cells when compared with Panc-1 cells (P = 0.0017). The schedule 3 combination of 
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20 µM DMF + 0.16 µM gemcitabine induced a statistically significantly greater 

reduction in clonogenicity in Mia PaCa-2 cells, when compared Panc-1 cells (P < 

0.0001). 

Based on the results obtained in figure 3.20, both combinations developed in 

schedule 3 were selected to go forward for further analysis in section 3.4.5. 

3.4.5: Analysis for schedule 3 combinations 

To assess the efficacy of the selected combinations from schedule 3, the clonogenic 

assay was repeated using alternative concentrations of the applicable drugs. 

3.4.5-1: Schedule 3 – DMF + gemcitabine 

Based on the results obtained in figure 3.20, the schedule 3 combination of DMF + 

gemcitabine was selected for further analysis as we believe the combination showed 

promise, despite the result obtained for Panc-1, and hypothesised that altering the 

dosing may yield results in that cell line. The dosing for this combination was based 

on the monotherapy results obtained in chapter 2, and the dosing kept below the 

IC50 value to enable the effect of the combination to be seen. Additionally, this 

combination was kept at this stage for comparison with its schedule 3 MMF + 

gemcitabine counterpart.  The incubation time was 48 hours total to allow each 

component at least one full cell cycle following administration to illicit its effect and 

we hypothesised that DMF would sensitise the cell through NRF2 inhibition, allowing 

gemcitabine to illicit a stronger cytotoxic effect. The clonogenic assay was carried 

out as described in section 3.3.3, and the results presented in figure 3.21. 
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Figure 3.21: Schedule 3 – DMF + gemcitabine analysis. (A) Survival fractions in 
Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 cell line 
following treatment. Analysis was carried out via one-way ANOVA with Bonferroni 
post hoc test using GraphPad Prism 10.1.2. * = P ≤ 0.05; ** = P ≤ 0.01; *** = P ≤ 
0.001; and **** = P ≤ 0.0001 in comparison with untreated control. (C) Statistical table 
of comparisons of combinations and monotherapies. 



185 
 

In Panc-1 cells (figure 3.21A), the schedule 3 combination of DMF + gemcitabine did 

not induce a statistically significant reduction in clonogenicity when compared to the 

untreated control at any of the concentrations tested (P ≥ 0.3202), with the highest 

concentration combination (60 µM DMF + 1 µM gemcitabine) inducing a statistically 

significant increase in clonogenicity when compared with the untreated control (P = 

0.0218). This result indicates that the combination is of no additional benefit over the 

individual monotherapies in Panc-1 cells. 

In Mia PaCa-2 cells (figure 3.21B), all concentrations of the schedule 3 combination 

of DMF + gemcitabine induced significant reduction in clonogenicity when compared 

with the untreated control (P < 0.0001), however only the combinations of 20 µM DMF 

+ 0.16 µM gemcitabine and 40 µM DMF + 0.5 µM gemcitabine induced statistically 

significantly more reduction in clonogenicity when compared with the individual drugs 

alone (P < 0.0001). The highest concentration of the combination, 60 µM DMF + 1 µM 

gemcitabine, did not induce a statistically significantly greater level of reduction in 

clonogenicity when compared with 60 µM DMF alone (P = 0.8399).  

Following this test, the highest concentration of 60 µM DMF + 1 µM gemcitabine, was 

then tested in the 3D spheroid growth assay as described in section 3.3.5, and the 

results presented in figure 3.22. This concentration was selected as pilot studies 

(figure 3.3 & 3.11) in Panc-1 spheroids using schedule 1 & 2 combinations indicated 

that lower concentrations of combinations were ineffective at reducing spheroid 

growth when compared with both the untreated control and monotherapies.  
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Figure 3.22: Schedule 3 – DMF + gemcitabine spheroid growth assay in Panc-1 
and Mia PaCa-2. (A&D) Spheroid growth (V/V0) following treatment. The data is 
represented as the average of three independent experiments carried out with 16 
spheroids per treatment group (48 spheroids total) ± standard deviation. (B&E) V/V0 

for gemcitabine and DMF + gemcitabine treated spheroids alone is shown. (C&F) 
AUC for treated spheroids and untreated control is shown. The data is represented 
as the average ± standard deviation. Analysis was carried out via Kruskal-Wallis with 
Dunn’s post hoc test using GraphPad Prism 10.1.2. **** = P ≤ 0.0001 in comparison 
with untreated control. 
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In Panc-1 spheroids (figure 3.22A), the schedule 3 combination of 60 µM DMF + 1 

µM gemcitabine induced a statistically significant reduction in spheroid growth when 

compared with the untreated control (P < 0.0001). However, when compared with 

the individual components, the combination did not induce a statistically significantly 

greater reduction in spheroid growth when compared with 1 µM gemcitabine (figure 

3.22B) alone (P = 0.1001), indicating that the agents were not of additional benefit in 

combination in Panc-1 spheroids. To further investigate this observation, the AUC 

was analysed. As can be seen in figure 3.22C the combination (P < 0.0001) and 

both monotherapies statistically significantly reduced the AUC when compared with 

the untreated control (P < 0.0001). However, the combination of 60 µM DMF + 1 µM 

did not statistically significantly reduce the AUC when compared with 1 µM 

gemcitabine alone (P = 0.7777), again indicating that the agents were not of 

additional benefit in combination in Panc-1 spheroids. 

In Mia PaCa-2 spheroids (figure 3.22D&E), the schedule 3 combination of 60 µM 

DMF + 1 µM gemcitabine induced a statistically significant reduction in spheroid 

growth when compared with the untreated control and both monotherapies alone (P 

< 0.0001), indicating that the agents were of additional benefit in combination in Mia 

PaCa-2 spheroids. To further investigate this observation, the AUC was analysed. As 

can be seen in figure 3.22F the combination and both monotherapies statistically 

significantly reduced the AUC when compared with the untreated control (P < 0.0001). 

When comparing the combination of 60 µM DMF + 1 µM gemcitabine, it statistically 

significantly reduced the AUC when compared with 1 µM gemcitabine and 60 µM 

DMF (P ≤ 0.0489), again indicating that the agents were of additional benefit in 

combination in Mia PaCa-2 spheroids. A table depicting all statistical analysis carried 

out for figure 3.22 can be found in table 3.11. 
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Table 3.11: Statistical comparisons for schedule 3 DMF + gemcitabine spheroid 
growth and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

60 µM DMF vs 
Control 

Spheroid 
growth 

Panc-1 0.0134 * Yes 

Mia 
PaCa-2 

>0.9999 ns No 

1 µM gemcitabine 
vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF + 1 µM 
gemcitabine vs 

Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF vs 60 
µM DMF + 1 µM 

gemcitabine 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 60 µM DMF + 1 

µM gemcitabine 

Spheroid 
growth 

Panc-1 0.1001 ns No 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF vs 
Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

0.2146 ns No 

1 µM gemcitabine 
vs Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF + 1 µM 
gemcitabine vs 

Control 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

60 µM DMF vs 60 
µM DMF + 1 µM 

gemcitabine 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 60 µM DMF + 1 

µM gemcitabine 
AUC 

Panc-1 0.7777 ns No 

Mia 
PaCa-2 

0.0489 * No 
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3.4.5-2: Schedule 3 – MMF + gemcitabine 

Based on the results obtained in figure 3.20, the schedule 3 combination of MMF + 

gemcitabine was selected for further analysis as we believe the combination showed 

promise and hypothesised that altering the dosing may yield more significant results. 

The dosing for this combination was based on the monotherapy results obtained in 

chapter 2, and the dosing kept below the IC50 value to enable the effect of the 

combination to be seen. Additionally, this combination was kept at this stage for 

comparison with its schedule 3 MMF + gemcitabine counterpart.  The incubation 

time was 48 hours total to allow each component at least one full cell cycle following 

administration to illicit its effect and we hypothesised that DMF would sensitise the 

cell through NRF2 inhibition, allowing gemcitabine to illicit a stronger cytotoxic effect. 

The clonogenic assay was carried out as described in section 3.3.3, and the results 

presented in figure 3.23. 
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Figure 3.23: Schedule 3 – MMF + gemcitabine analysis. (A) Survival fractions in 
Panc-1 cell line following treatment. (B) Survival fractions in Mia PaCa-2 cell line 
following treatment. (C) Statistical table of comparisons of combinations and 
monotherapies. Data is shown as the average of three independent experiments 
carried out in triplicate ± standard deviation. Analysis was carried out via one-way 
ANOVA with Bonferroni post hoc test using GraphPad Prism 10.1.2. ** = P ≤ 0.01 and 
**** = P ≤ 0.0001 in comparison with untreated control.  
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In Panc-1 cells (figure 3. 23A), the schedule 3 combination of MMF + gemcitabine 

induced a statistically significant reduction in clonogenicity when compared to the 

untreated control when given at 0.6 µM MMF + 0.16 µM gemcitabine (P < 0.0001) 

and 2 µM MMF + 0.5 µM gemcitabine (P < 0.0001). Unexpectedly the highest 

concentration of the combination (4 µM MMF + 1 µM gemcitabine) induced a 

statistically significant increase in clonogenicity when compared with the untreated 

control (P < 0.0001). Both 0.6 µM MMF + 0.16 µM gemcitabine and 2 µM MMF + 0.5 

µM gemcitabine induced a statistically significantly greater reduction in clonogenicity 

when compared with both monotherapies (P ≤ 0.0019). Conversely, 4 µM MMF + 1 

µM gemcitabine induced a statistically significant increase in clonogenicity when 

compared with both monotherapies (P < 0.0001). 

In Mia PaCa-2 cells (figure 3. 23B), the schedule 3 combination of MMF + 

gemcitabine induced significant reduction in clonogenicity when compared with the 

untreated control (P < 0.0001), however only the combinations of 2 µM MMF + 0.5 

µM gemcitabine and 4 µM MMF + 1 µM gemcitabine were considered statistically 

significant as these combinations induced statistically significantly greater reduction 

in clonogenicity when compared with the individual drugs alone (P < 0.0001). The 

lowest concentration of the combination, 0.6 µM MMF + 0.16 µM gemcitabine, did not 

induce a statistically significantly greater level of reduction in clonogenicity when 

compared with 0.6 µM MMF alone (P > 0.9999).  

Following this test, the highest concentration of 4 µM MMF + 1 µM gemcitabine, was 

then tested in the 3D spheroid growth assay as described in section 3.3.5, and the 

results presented in figure 3.24. This concentration was selected as pilot studies 

(figure 3.3 & 3.11) in Panc-1 spheroids using schedule 1 & 2 combinations indicated 

that lower concentrations of combinations were ineffective at reducing spheroid 

growth when compared with both the untreated control and monotherapies.  
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Figure 3.24: Schedule 3 – MMF + gemcitabine spheroid growth assay in Panc-1 
and Mia PaCa-2. (A&D) Spheroid growth (V/V0) following treatment. The data is 
represented as the average of three independent experiments carried out with 16 
spheroids per treatment group (48 spheroids total) ± standard deviation. (B&E) V/V0 

for gemcitabine and DMF + gemcitabine treated spheroids alone is shown. (C&F) 
AUC for treated spheroids and untreated control is shown. The data is represented 
as the average ± standard deviation. Analysis was carried out via Kruskal-Wallis with 
Dunn’s post hoc test using GraphPad Prism 10.1.2. *** = P ≤ 0.001 and **** = P ≤ 
0.0001 in comparison with untreated control. 
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In Panc-1 spheroids (figure 3.24A), the schedule 3 combination of 4 µM MMF + 1 µM 

gemcitabine induced a statistically significant reduction in spheroid growth when 

compared with the untreated control (P < 0.0001), however when compared with 1 

µM gemcitabine alone (figure 3.24B) there was no statistically significant reduction 

(P > 0.9999)  in spheroid growth, indicating that the agents were not of additional 

benefit in combination in Panc-1 spheroids. To further investigate this observation, 

the AUC was analysed. As can be seen in figure 3.24C, the AUC was statistically 

significantly reduced by the combination and both monotherapies when compared 

with the untreated control (P ≤ 0.0093). However, when comparing the combination 

to the individual drugs, there was no statistically significant difference when 

comparing the combination to 1 µM gemcitabine alone (P > 0.9631), again indicating 

the agents were not of additional benefit in combination in Panc-1 spheroids. 

In Mia PaCa-2 spheroids (figure 3.24D&E), the schedule 3 combination of 4 µM MMF 

+ 1 µM gemcitabine induced a statistically significant reduction in spheroid growth 

when compared with the untreated control (P < 0.0001); 4 µM MMF (P < 0.0001); and 

1 µM gemcitabine (P = 0.0074), indicating that the agents were of additional benefit 

in combination in Mia PaCa-2 spheroids. To further investigate this observation, the 

AUC was analysed. As can be seen in figure 3.24F, the AUC was statistically 

significantly reduced by the combination and both monotherapies when compared 

with the untreated control (P ≤ 0.0093). When comparing the combination to the 

individual drugs, there was no statistically significant difference when comparing the 

combination to 1 µM gemcitabine alone (P = 0.0710), conversely indicating that the 

drugs were not of additional benefit in combination in Mia PaCa-2 spheroids. A table 

depicting all statistical analysis carried out for figure 3.24 can be found in table 3.12. 
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Table 3.12: Statistical comparisons for schedule 3 MMF + gemcitabine spheroid 
growth and AUC assay in Panc-1 and Mia PaCa-2. 

Comparison 
Being 

Assessed 
Cell 
Line 

P-value Summary Significant? 

4 µM MMF vs 
Control 

Spheroid 
growth 

Panc-1 0.7611 ns No 

Mia 
PaCa-2 

>0.9999 ns No 

1 µM gemcitabine 
vs Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF + 1 µM 
gemcitabine vs 

Control 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF vs 4 µM 
MMF + 1 µM 
gemcitabine 

Spheroid 
growth 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 4 µM MMF + 1 
µM gemcitabine 

Spheroid 
growth 

Panc-1 >0.9999 ns No 

Mia 
PaCa-2 

0.0074 ** Yes 

4 µM MMF vs 
Control 

AUC 

Panc-1 0.0002 *** Yes 

Mia 
PaCa-2 

0.0093 ** Yes 

1 µM gemcitabine 
vs Control 

AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF + 1 µM 
gemcitabine vs 

Control 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

4 µM MMF vs 4 µM 
MMF 1 µM 

gemcitabine 
AUC 

Panc-1 <0.0001 **** Yes 

Mia 
PaCa-2 

<0.0001 **** Yes 

1 µM gemcitabine 
vs 4 µM MMF + 1 
µM gemcitabine 

AUC 
Panc-1 0.9631 ns No 

Mia 
PaCa-2 

0.0710 ns No 

A summary of all tested schedule 3 combinations can be found in table 3.14 below. 

Table 3.14: Summary of the Schedule 3 combinations 

Schedule 3 
combination 

Greater effect 
than 

individual 
agents in 

Panc-1 cells? 

Greater effect 
than individual 

agents in 
Panc-1 

spheroids? 

Greater effect 
than 

individual 
agents in Mia 
PaCa-2 cells? 

Greater effect 
than individual 
agents in Mia 

PaCa-2 
spheroids? 

DMF + 
Gemcitabine 

No No Yes Yes 

MMF + 
Gemcitabine 

Yes Yes No No 
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3.5: DISCUSSION 

As previously discussed, pancreatic cancer is most commonly diagnosed in the later 

stages of the disease, where therapeutic options are limited due to deteriorating 

patient health, therefore the therapeutic options are often limited in the clinic, with 

gemcitabine monotherapy being the most common treatment. However, gemcitabine 

resistance is prevalent clinically (Yin, et al., 2016), therefore alternative treatments 

are greatly needed. In an attempt to combat this resistance, we developed various 

novel combination schedules incorporating DMF/MMF. Literature has shown that 

altering the schedule of combinations can greatly influence the therapeutic outcome 

(Modest et al., 2019; McCluskey 2012), therefore we developed three different 

scheduling options. 

We hypothesised that the addition of DMF/MMF with gemcitabine could enhance the 

therapeutic outcome, and that the utilising EXBR in combination with DMF/MMF could 

potentially remove the need for gemcitabine altogether, which could be more 

beneficial clinically due to the high levels of resistance seen. 

3.5.1: Gemcitabine + EXBR 

When treating cells and 3D spheroids with the gemcitabine + EXBR schedule 1 

combination, gemcitabine and EXBR were administered simultaneously and 

incubated for 48 hours. It was hypothesised that this combination would be effective 

at killing both 2D cells and 3D spheroids, as in chapter 2 it was shown that both Panc-

1 and Mia PaCa-2 cells/spheroids were highly sensitive to both gemcitabine and 

EXBR monotherapy. It was also hypothesised that this scheduled combination would 

be effective as this combination has already been assessed clinically by phase II 

clinical trials in patients with locally advanced pancreatic cancer, in which gemcitabine 

was suggested to be a radiosensitiser, enhancing the effect of radiotherapy [180-183]. 

This combination was therefore included for comparison with novel combinations for 
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this schedule, as it has been shown promise in the literature. Using the clonogenic 

assay, it was determined that the schedule 1 combination of gemcitabine + EXBR 

administered simultaneously did not reduce clonogenicity in both Panc-1 and Mia 

PaCa-2 cells when compared with the single agents alone (figure 3.2), and based on 

this result, it was decided to not take this combination forward for further analysis. 

This result was unexpected, as based on previous results in chapter 2 it was 

determined that Panc-1 and Mia PaCa-2 were highly sensitive to both gemcitabine 

and EXBR alone in both 2D cell monolayers and in the 3D spheroid model. To further 

evaluate this combination, it was tested in Panc-1 and Mia PaCa-2 spheroids (figure 

3.10) and again, the combination did not induce any additional reduction in spheroid 

growth when compared with gemcitabine monotherapy. As previously stated, this 

combination and schedule of gemcitabine and EXBR has already been used clinically 

in patients with locally advanced pancreatic cancer. One phase two trial in 2011 

reported that the combination can safely be administered to patients following activity 

and toxicology studies, but limited patient benefit was seen, with a median survival 

time of 10.3 months following treatment with the combination therapy [184], however 

this particular study did disclose the median survival time for untreated patients. In 

another study, the authors reported that the combination did not lead to any sustained 

disease-free survival in any of the patients in the study [183], again suggesting that 

the obtained results from the clonogenic assay are in fact to be expected and that the 

agents are of no additional benefit in combination, despite being effective as 

monotherapies.  

For schedule 2, gemcitabine was given first and incubated with Panc-1 and Mia PaCa-

2 cells/spheroids for 24 hours before being irradiated and incubated for a further 24 

hours. For this schedule it was hypothesised that by exposing the cells to gemcitabine 

prior to irradiation, that radiosensitisation of the cells would occur due the known 
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radiosensitising activity of gemcitabine seen in literature [185], which in turn should 

enhance the effect of EXBR.  In schedule 2, this combination of gemcitabine + EXBR 

was overall less effective in respect to reduction in clonogenicity in both Panc-1 and 

Mia PaCa-2, when tested in the 2D cell model via the clonogenic assay (figure 3.13C 

& D) as the combination did not achieve more reduction in clonogenicity when 

compared with the single agents alone. However, despite this result, the combination 

was still taken forward for further analysis as this scheduled approach showed 

promise with both DMF and MMF. The trend observed in the 2D cell model translated 

into the 3D spheroid model, as the combination did not induce a reduction in spheroid 

growth when compared with gemcitabine monotherapy in spheroids of both Panc-1 

and Mia PaCa-2 (figures 3.14 & 3.15), implying that the agents were of no additional 

benefit in spheroids, which was unexpected as both Panc-1 and Mia PaCa-2 

spheroids showed high sensitivity to both gemcitabine and EXBR when given as 

single agents. Upon reviewing the literature, this schedule of the combination of 

gemcitabine + EXBR in which gemcitabine is administered as a neoadjuvant 

chemotherapy before radiotherapy has not been used clinically, however many 

studies have been carried out investigating the role of neoadjuvant therapy in the 

treatment of pancreatic cancer. Typically, the role of neoadjuvant therapy in the 

treatment of pancreatic cancer is to facilitate resection in patients with initially 

unresectable pancreatic cancer by shrinking the tumour [186]. Different combinations 

of chemotherapies, such as gemcitabine + capecitabine; gemcitabine + nab-paclitaxel 

and FOLFIRINOX have been interrogated in clinical trials as a neoadjuvant for the 

treatment of pancreatic cancer, as well as different combinations of 

chemoradiotherapy, such as radiotherapy + gemcitabine and radiotherapy + 

capecitabine have been utilised to varying levels of success [187]. Some studies have 

investigated the use of gemcitabine monotherapy as a neoadjuvant chemotherapy. 

For example, one study compared FOLFIRINOX with gemcitabine monotherapy as a 
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neoadjuvant chemotherapy and the median overall survival of patients treated with 

gemcitabine was 6.8 months versus 11.1 months in patients treated with 

FOLFIRINOX [132]. Similarly, another study found that the median overall survival in 

patients treated with gemcitabine monotherapy was 6.7 months, versus 8.5 months 

in patients treated with nab-paclitaxel + gemcitabine [135]. These findings suggest 

that gemcitabine is a poor candidate for neoadjuvant chemotherapy and could 

perhaps explain the lesser reduction in clonogenicity in the 2D cell model and lowered 

reduction in spheroid volume results obtained when interrogating the schedule 2 

combination therapy of gemcitabine + EXBR.  

Overall, gemcitabine in combination with EXBR regardless of schedule was 

ineffective, especially in pancreatic cancer cell spheroids, where gemcitabine 

monotherapy was equally as effective. The exact mechanism in which gemcitabine 

induces radiosensitisation is currently unknown, but it is thought that the inhibition of 

DNA synthesis itself is a key factor in the reported radiosensitisation effect of 

gemcitabine [188]. Cytidine deaminase, a ubiquitous enzyme involved in the recycling 

of free pyrimidines, has been implemented as a key factor in limiting the anticancer 

effectiveness of gemcitabine [133, 189, 190]. Cytidine deaminase inactivates and 

degrades gemcitabine and is known to be more highly expressed in PDAC tumour 

tissue when compared with healthy tissue [189]. Therefore, it may be possible that 

gemcitabine did not work in combination with radiotherapy overall due to the action of 

cytidine deaminase, which prevented gemcitabine from inducing its radiosensitising 

effect, and subsequently enhancing the effect of EXBR. This hypothesis is further 

supported by the fact that a study identified that cytidine deaminase expression is 

increased in both Panc-1 and Mia PaCa-2, with cytidine deaminase expression being 

higher in Panc-1 when compared with Mia PaCa-2 [191]. Additionally, as gemcitabine 

is known to preferentially induce synthesis phase (S phase) cell cycle arrest, which is 
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reported to be the most radioresistant phase of the cell cycle, this could account for 

the effects obtained experimentally when given in combination with EXBR, which is 

known to be most effective in the G2/M phase of the cell cycle [192-194]. 

3.5.2: DMF + EXBR 

It was hypothesised that the schedule 1 combination of DMF + EXBR would be 

effective in Panc-1 and Mia PaCa-2 cells, as previous studies carried out in our lab 

utilising glioblastoma and medulloblastoma cancer cell lines indicated that this 

simultaneous combination of DMF + EXBR induced greater reduction in clonogenicity 

when compared with the individual agents alone [195, 196]. In schedule 1, the 

combination of DMF + EXBR were given simultaneously, and this combination was 

only effective in Mia PaCa-2 cells (figure 3.2B), as in Panc-1 cells (figure 3.2A) the 

combination did not induce additional reduction in clonogenicity over the single agents 

of DMF and EXBR alone, when tested in a 2D cell model via the clonogenic assay. 

Based on this result, it was decided to not take this combination forward for further 

analysis. However, the combination was tested in a 3D spheroid model in both Panc-

1 and Mia PaCa-2 (figure 3.11), and again the combination was only of additional 

benefit in Mia PaCa-2 spheroids, where the combination induced a greater reduction 

in spheroid growth than both DMF and EXBR alone, while in Panc-1 there was no 

additional reduction in spheroid growth when comparing the combination with the 

individual agents. These results were somewhat unexpected as previously mentioned 

studies in our lab indicated that this combination would be effective, however given 

these studies were in other type of cancer, and thus these cancers have different 

molecular pathologies this could contribute to the obtained result. Interestingly, the 

combination did show some promise in Mia PaCa-2 cells, but not in Panc-1 cells, 

which suggests that there may be some fundamental difference between the two cell 

lines attributing to this effect. A study found that DMF is preferentially cytotoxic to 
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cancer cells with KRAS mutation, particularly those harbouring a G12V KRAS 

mutation [112]. In pancreatic cancers, KRAS mutation occurs most frequently in the 

G12 position, however Mia PaCa-2 has the less frequently occurring G12C KRAS 

mutation, which occurs in approximately 1% of pancreatic cancers, whereas Panc-1 

has a KRAS G12D mutation which occurs in 41% of pancreatic cancers [197, 198]. 

This difference in KRAS mutation between Panc-1 and Mia PaCa-2 could perhaps be 

attributed to the observed difference in combination cytotoxicity, however further 

studies would be required to confirm this hypothesis utilising other KRAS mutant 

pancreatic cancer cell lines. 

For schedule 2 of the DMF + EXBR combination, where DMF was given 24 hours 

before irradiation with 0.5 Gy EXBR, it was hypothesised that this combination would 

be effective due to the reported inhibition of the oxidative response, via reduction of 

glutathione, reported in literature by DMF, which when given as a neoadjuvant 

chemotherapy, DMF could enhance the effect of radiotherapy as the ROS produced 

as a result of EXBR would not be diminished by the oxidative response. When given 

in schedule 2, the combination of DMF + EXBR was of additional benefit when 

compared with the monotherapies in both Panc-1 and Mia PaCa-2 cells (figure 3.16) 

when tested in the 2D cell model via the clonogenic assay as the combination induced 

greater reduction in clonogenicity than the individual agents of DMF and EXBR alone. 

This translated into 3D spheroids, with the combination being of additional benefit 

over the single agents alone in both Panc-1 and Mia Paca-2 spheroids as the 

combination induced a greater reduction in spheroid growth when compared with both 

single agents alone. This result would indicate that DMF did indeed reduce glutathione 

levels and enhance the effect of EXBR, and later studies will be carried out in chapter 

4 to test this hypothesis. When looking in the literature no studies utilising DMF and 

radiotherapy in this scheduled manner could be found.  
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Overall, the combination of DMF + EXBR was most effective when given in schedule 

2. However, it was noted that in both schedules the combination of DMF + EXBR 

exhibited a greater effect in the spheroid model in both Panc-1 and Mia PaCa-2 cells. 

Interestingly, a  study identified that DMF induces a radiosensitising effect on hypoxic 

cells [199], which could perhaps explain the enhanced effect of the combination in 

spheroids, as spheroids contain a large population of hypoxic cells. Further supporting 

this hypothesis is that NRF2 is upregulated in response to hypoxia, and DMF is 

reported to be an inhibitor of NRF2 activity, meaning DMF would enhance hypoxic 

conditions within spheroids [111, 200]. 

3.5.3: MMF + EXBR 

In schedule 1, MMF and EXBR were given simultaneously, and it was hypothesised 

that this scheduled combination would be highly effective as both Panc-1 and Mia 

PaCa-2 cells/spheroids exhibited a high degree of sensitivity to both single agents as 

shown in chapter 2. Given that MMF is the active metabolite of DMF, the same 

considerations made for the schedule 1 combination of DMF + EXBR can be applied 

here. The schedule 1 combination of MMF + EXBR was highly effective in both Panc-

1 and Mia PaCa-2 cells (figure 3.2) when assessed in 2D cells via the clonogenic 

assay, as indicated by the increased reduction in clonogenicity by the combination 

when compared with its single components of MMF and EXBR. When testing this 

combination in Panc-1 and Mia PaCa-2 spheroids, the combination induced a greater 

reduction in spheroid growth when compared with the individual agents in Panc-1 

spheroids, however in Mia PaCa-2 spheroids (figure 3.5) the combination was of no 

additional benefit over the single agents as the combination was unable to induce a 

greater reduction in spheroid growth when compared with MMF monotherapy. This 

result was unexpected as the clonogenic data (figure 3.4) indicated that the 

combination would be of additional benefit in Mia PaCa-2, but this result can perhaps 



202 
 

be explained by how effective MMF monotherapy was on Mia PaCa-2 spheroids as 

seen in chapter 2.  

In schedule 2, MMF was given first and incubated for 24 hours prior to irradiation with 

0.5 Gy EXBR. For this schedule it was hypothesised that similarly to DMF, 

neoadjuvant treatment with MMF would decrease the antioxidant response, allowing 

the full effect of the radiotherapy to be achieved, therefore the agents would work 

effectively in combination using this schedule. When given in schedule 2, the 

combination of MMF + EXBR was of additional benefit in both Panc-1 and Mia PaCa-

2 cells, as indicated by the increased reduction in clonogenicity by the combination 

when compared with the individual agents alone. This did not translate into spheroids 

in the Panc-1 cell line, as the combination did not induce a greater reduction in Panc-

1 spheroid growth when compared with both single agents alone (figure 3.19), 

however in Mia PaCa-2 the combination was of additional benefit over both single 

agents as the combination induced a greater reduction in spheroid growth when 

compared with MMF and EXBR alone.  

Overall, the combination of MMF + EXBR was highly effective regardless of schedule 

in 2D monolayers in both Panc-1 and Mia PaCa-2, however this did not universally 

translate into the 3D spheroid model, highlighting the challenges in treating spheroids, 

which more accurately reflect the in vivo conditions of a tumour. Upon reviewing the 

literature this combination has not yet been tested; therefore, no comparisons could 

be drawn.  

3.5.4: DMF + gemcitabine 

In schedule 1 DMF and gemcitabine were given simultaneously to Panc-1 and Mia 

PaCa-2 cells/spheroids. It was hypothesised that this combination would be effective 

as gemcitabine is known to increase the expression of Glutathione S-transferases, 

which are a key enzyme in the antioxidant response, therefore administering 
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gemcitabine with DMF could be beneficial if DMF reduces the level of glutathione in 

the cell, preventing the cell from evading damage induced by gemcitabine therapy 

[201]. In Mia PaCa-2 cells the combination induced a greater amount of reduction in 

clonogenicity over the individual components. Interestingly, when the combination 

was tested in 3D spheroids, the combination was effective in Panc-1 (figure 3.9) 

spheroids, as the combination induced a greater decrease in spheroid growth when 

compared with the individual components. In Mia PaCa-2 spheroids, the combination 

was of no additional benefit over gemcitabine monotherapy, which is not entirely 

unexpected given that as previously described in chapter 2 Mia PaCa-2 is less suited 

to 3D spheroid studies when compared with Panc-1 due to Mia PaCa-2 cells forming 

loser spheroids [161]. Upon reviewing the literature, no studies utilising this 

combination of DMF + gemcitabine have been published; therefore, no comparisons 

can be made at this time. 

When the combination of DMF + gemcitabine was given in schedule 3, cells/spheroids 

were incubated with DMF first for 24 hours, followed by the addition of gemcitabine 

for an additional 24 hours. As with the schedule 1 variant of this combination, it was 

hypothesised that this combination would be of additional benefit over the 

monotherapies. The combination was ineffective in Panc-1 as the combination did not 

induce a greater amount of reduction in clonogenicity when compared with the 

individual agents alone following the clonogenic assay. However, in Mia PaCa-2 

(figure 3.21) the combination was effective as when assessing the level of reduction 

in clonogenicity via the clonogenic assay the combination induced a greater reduction 

in clonogenicity when compared with the single agents alone. The results from the 

clonogenic assay translated into spheroids, as in Panc-1 spheroids the combination 

did not induce a greater reduction in spheroid growth when compared with 

gemcitabine monotherapy, whereas in Mia PaCa-2 spheroids (figure 3.22), the 
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combination was of additional benefit over gemcitabine monotherapy. Overall, this 

combination was effective in Mia PaCa-2 only, which could be attributed to the higher 

sensitivity of Mia PaCa-2 to DMF as seen in chapter 2. As with the schedule 1 variant 

of this combination, when searching the literature, no studies utilising this scheduled 

combination of DMF + gemcitabine could be found, therefore no comparisons can be 

made.  

Overall, this combination of DMF and gemcitabine worked best when given in 

schedule 3. Interestingly, neither scheduled approach of this combination worked 

universally in both Panc-1 and Mia PaCa-2, perhaps highlighting that this combination 

would be a poor candidate for further studies due to the variability in its effectiveness 

seen in vitro. 

3.5.5: MMF + gemcitabine 

In schedule 1, MMF + gemcitabine was administered simultaneously to Panc-1 and 

Mia PaCa-2 cells/spheroids. It was hypothesised that this combination would be 

highly effective as both cell lines displayed a high degree of sensitivity to both single 

agents that make up the combination, as indicated in the results presented in chapter 

2. The schedule 1 combination of MMF + gemcitabine was of additional benefit in 

Panc-1 cells (figure 3.6) as indicated by the greater reduction in clonogenicity induced 

by the combination than its individual agents as assessed via the clonogenic assay. 

This translated into Panc-1 spheroids, as the combination induced a greater reduction 

in spheroid growth when compared with the individual agents alone. In Mia PaCa-2 

cells (figure 3.6), the combination was not of additional benefit, as indicated by the 

combination inducing a lesser reduction in clonogenicity than the individual agents. 

This trend translated into Mia PaCa-2 spheroids, as the combination did not induce a 

greater reduction in spheroid growth when compared with gemcitabine monotherapy. 
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Upon reviewing the literature, no other studies utilising this combination could be 

found, therefore no comparisons could be made. 

In schedule 3, Panc-1 and Mia PaCa-2 cells/spheroids were incubated with MMF for 

24 hours before the addition of gemcitabine, and a further 24-hour incubation. It was 

hypothesised that this combination would be effective as both Panc-1 and Mia PaCa-

2 displayed a high degree of sensitivity to both MMF and gemcitabine monotherapy, 

additionally it was thought that by pre-treating cells with MMF, gemcitabine 

effectiveness would be enhanced to the reduction of glutathione.  When given in 

schedule 3, this combination was overall of additional benefit in Panc-1 and Mia 

PaCa-2 cells (figure 3.21), as indicated by the combination inducing a greater 

reduction in clonogenicity than the individual agents when assessed via the 

clonogenic assay. The results obtained from schedule 1 of this combination indicate 

that for this combination of drugs to work effectively they must be given 

simultaneously, as staggering them was less effective at inducing a reduction in 

clonogenicity. There are multiple theories for this result, with one possibility being that 

the glutathione reducing properties of MMF have already passed by the time 

gemcitabine is administered, meaning gemcitabine therapy would be less effective 

due to the presences of the antioxidant response. Another possibility is that MMF is 

upregulating NRF2 activity, because as previously discussed the action of DMF, and 

therefore MMF, is concentration dependent and there can be a fine line between the 

drug activating or inactivating NRF2. Interestingly, the effectiveness seen in both 

Panc-1 and Mia PaCa-2 cells did not translate into the 3D spheroid model, as the 

combination was unable to induce a greater reduction in spheroid growth when 

compared with gemcitabine monotherapy in both Panc-1 and Mia PaCa-2 spheroids. 

However, this result was not entirely unexpected as previously shown in chapter 2, 

both Panc-1 and Mia PaCa-2 spheroids are incredibly sensitive to gemcitabine 
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monotherapy when compared with 2D culture, meaning seeing the effect of the 

combination is challenging due to the reduction in spheroid volume achieved by 

gemcitabine alone. Upon reviewing the literature, no other studies utilising this 

combination could be found, therefore no comparisons could be made.  

Overall, this combination worked best when given in schedule 1, as the combination 

induced a greater amount of reduction in clonogenicity when compared with the 

individual agents in both Panc-1 and Mia PaCa-2 cells and was able to reduce the 

growth of Panc-1 spheroids when compared with gemcitabine monotherapy. 

3.5.6: Summary of combination therapies 

Overall, the combinations involving MMF were more effective in Panc-1 cells, whereas 

DMF combination were more effective in Mia PaCa-2 cells. Out of all the combination 

developed and tested, no combination in this schedule was effective in both cell lines 

in both 2D and 3D cell models. The difference in DMF cell cytotoxicity seen between 

Panc-1 and Mia PaCa-2 could be due to differences in KRAS mutation as previously 

mentioned. Mia PaCa-2 has a G12C KRAS mutation, whereas Panc-1 has a G12D 

KRAS mutation [137] and DMF is known to have greater toxicity towards KRAS 

mutated cells [111], however it is currently unclear from the literature if DMF 

preferentially targets particular KRAS mutants over others, but this could perhaps 

explain the differences in responses observed when using DMF in Mia PaCa-2 and 

Panc-1.  

A prevailing observation throughout this chapter of work is that gemcitabine 

monotherapy is very effective in pancreatic spheroids, which makes seeing the effects 

of a combination challenging and we believe that the majority of the observed effect 

in the combinations in spheroids is due to the gemcitabine. 
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Based on all the obtained results, the schedule 1 combination of MMF + EXBR and 

MMF + gemcitabine; the schedule 2 combinations of MMF + EXBR and DMF + EXBR; 

and finally, the schedule 3 combination of MMF + gemcitabine was selected for further 

mechanistic studies in chapter 4 to try and elucidate the mechanisms of action 

underpinning the combinations. We believe this selection of combination to be the 

most promising out of those tested according to the obtained results, and due to time 

and budgetary constraints we couldn’t take everything forward for mechanistic 

studies. 

The schedule 3 combination of DMF + gemcitabine was not taken forward for 

mechanistic studies as we believed the schedule 3 combination of MMF + 

gemcitabine to be the more efficacious combination overall, as MMF requires lower 

doses to induce a cytotoxic effect when compared with DMF and was more consistent 

in both cell lines. Additionally, due to time and budget constraints we were unable to 

take every combination forward for further studies meaning we had to remove some 

combinations. We do however note that the schedule 3 combination of DMF + 

gemcitabine shows some promise, and it may be explored in further studies at a later 

date. 
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CHAPTER 4: Mechanistic studies of developed combinations 
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4.1: INTRODUCTION 

In the previous chapter (chapter 3), novel combinations for the treatment of 

pancreatic cancer were assessed. We selected what we believed to be the most 

promising combinations, based on the results obtained, to go forward for further 

investigation to elucidate the mechanism of action underpinning the promising 

treatments with respect to potential combination therapies. In an effort to determine 

the mechanism of action, the effects of the chosen combination treatments on the 

distribution of cells in the cell cycle; whether or not the combination induced apoptosis; 

the effect of the combination on glutathione levels within the cell; and to investigate if 

the combination induced DNA damage. 

4.1.1: Cell Cycle 

The normal cell cycle functions to ensure that duplicated DNA is equally distributed 

amongst two daughter cells following DNA replication/chromosomal segregation and 

perhaps more importantly that genomic integrity is maintained [202]. Understanding 

the cell cycle’s dynamics is crucial for developing cancer therapies for several 

reasons. Cancer cells typically have higher proliferation rates compared to normal 

cells, which can be exploited by chemotherapeutic agents and radiotherapy We 

assess the distribution of cells in the cell cycle to determine if both the single agents 

and the selected combinations are inducing cell cycle arrest, and if so, in which phase. 

Determining the phase of cell cycle arrest allows us to better understand and design 

combination therapies, as certain agents preferentially target cells in specific phases 

of the cell cycle, for example radiotherapy is most effective in cells in G2 and M phase 

of the cell cycle [193]. Studies reported in the literature indicate that DMF induces G1 

phase arrest [203, 204]. Gemcitabine is known to induce G1/S phase arrest [84]. 

As previously mentioned, in somatic cells the cell cycle is composed of four phases: 

G1; S phase G2; and M phase. Sub G1 (sG1) refers to a population of cells that are 
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fragmented with unrepaired DNA damage and an indicator of apoptosis [202, 205, 

206].  

In normal cells, the cell cycle is a highly regulated process, with various cell cycle 

checkpoints throughout to ensure each step occurs in the right sequence and to 

ensure DNA, and therefore genomic integrity is maintained via DNA repair 

checkpoints [207, 208]. There are three cell cycle checkpoints which function to 

assess DNA integrity and carry out any necessary repairs: the G1/S checkpoint; the 

intra-S checkpoint; and finally, the G2/M phase checkpoint [209-212]. However, in 

cancer cells mutation of the proteins involved in these cell cycle checkpoints occur 

frequently, with mutation occurring most frequently in the G1/S checkpoint, allowing 

cancer cells to replicate unregulated, leading to a high degree of genomic instability 

[207]. 

To distinguish what phase of the cell cycle dividing cells are in, the fluorescent DNA 

stain propidium iodide (PI) is used. Cells are permeabilised to allow PI to enter the 

cell, and the greater the amount of DNA, the greater the amount of PI that will bind, 

therefore cells in S phase will uptake a greater amount of PI stain, than those in G1 

as they will have the double the DNA content. The differences in PI quantity can then 

be determined by analysing fluorescence via flow cytometry. The main goal of 

carrying out cell cycle analysis was to try and elucidate what the combination were 

doing mechanistically to the cell cycle. 

4.1.2: Apoptosis 

Apoptosis is a form of programmed cell death, which occurs naturally as a 

homeostatic mechanism to maintain cell populations in tissues and as a defence 

mechanism to eliminate cells damaged by disease or noxious substances [213].  We 

chose to assess apoptosis to determine if the selected combinations are inducing cell 

death as previous work carried out in are lab and in the literature suggests that DMF 
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induces apoptosis rather than other modes of cell death such as senescence or 

autophagy [111, 203, 214].  

In healthy cells, the lipid phosphatidylserine (PS) is restricted to the inner leaflet of the 

plasma membrane, however during apoptosis the plasma membrane loses its 

structural integrity and PS becomes exposed on the outer leaflet of the plasma 

membrane [215]. Annexin V is a calcium dependent cellular protein which binds to 

PS, and therefore can be targeted as a means of detecting apoptotic cells. 

Fluorescently labelled annexin V (annexin V conjugated to fluorescein isothiocyanate 

(FITC)) in conjunction with PI is an effective means of detecting apoptotic and necrotic 

cells via flow cytometry [22, 215]. A healthy non-apoptotic cell will not express PS as 

the plasma membrane is intact, meaning neither annexin V nor PI will be able to bind 

[215]. Early apoptotic cells will stain positive for annexin V only as the membrane is 

still intact and PI will be unable to bind to the DNA within the cell. Late apoptotic cells 

will have a compromised membrane, meaning both annexin V and PI can bind. 

Necrotic cells will only be positive for PI, and therefore can be distinguished from late 

apoptotic cells [22, 206, 213, 215]. 

4.1.3: DNA damage 

As previously mentioned, treating cells with radiotherapy and chemotherapeutic 

agents induces DNA damage. The ultimate aim of many cancer therapies is inducing 

enough DNA damage that the cell is unable to repair it, ultimately leading to cell death, 

therefore it is important to assess not only DNA damage, but also the DNA repair [91, 

216]. To achieve this goal, we used the comet assay to assay the DNA damage and 

repair induced by the selected combination therapies over a time course as previous 

studies carried out in the lab indicated that DMF induces DNA damage. 

The comet assay is a sensitive assay which can be used to detect and visualise both 

double stranded and single stranded DNA breaks. Under an electric field, fragmented 
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DNA migrates out of the nucleoid body, or comet head, and forms a DNA stain in the 

agarose gel known as the comet tail. To quantify the amount of DNA damage, an 

index of the distance of DNA migration (comet tail) and the quantity of DNA present 

in the comet tail, known as the tail moment, is utilised [91, 178, 216].  

4.1.4: Glutathione 

As previously mentioned, glutathione is involved in the antioxidant response triggered 

by the presence of free radicals, and a key player in the cells ability to overcome 

damage caused by oxidative stress [97]. As glutathione reduction is one of the key 

mechanisms of action proposed for DMF/MMF in the literature, it was therefore 

decided to assess the glutathione level within the cells following treatment with both 

single agents and combination therapies to determine if DMF/MMF is in fact targeting 

the NRF2 pathway as suggested in the literature [111]. 

4.2: AIMS 

The aims of this chapter were therefore to investigate the effects of the selected 

developed combinations on the distribution of cells in the cell cycle; apoptosis; 

glutathione levels within the cell; and DNA damage and repair, to determine the 

mechanism of action of the combinations. It was hypothesised that the combination 

treatments containing DMF/MMF would result in a decrease in glutathione levels, 

which would coincide with an increase in DNA damage and apoptosis. Additionally, it 

was hypothesised that combination treatments containing DMF would induce G1 

phase arrest. 

4.3: MATERIALS AND METHODS 

4.3.1: Cell Lines and Culture Conditions 

Cells were cultured as described previously in section 2.3.1. 
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4.3.2: Treatments 

Treatments were prepared and carried out as previously described in section 3.3.2. 

For post treatment timings, zero hours post treatment refers to immediately after the 

treatment regime has been completed, i.e. after 48 hours with the relevant agent(s). 

At this time point media containing the treatment(s) was removed and replaced with 

fresh complete DMEM media. Each subsequent time point takes place after the zero 

hours post treatment time point. 

4.3.3: Cell Cycle Analysis 

Cells were seeded in 6-well plates (Thermo Fisher Scientific, Perth, UK) at a cell 

density of 10,000 cells per well in a final volume of 5 mL of complete DMEM media. 

Following a 24-hour incubation, DMEM media was removed and replaced with 2 mL 

of complete DMEM media containing the desired treatment(s) depending on the 

treatment schedule. For schedules including EXBR, cells were irradiated with 0.5 Gy 

EXBR using the X-Rad225 irradiator (Precision X-Ray, Connecticut, USA) at a dose 

rate of 2.3 Gy/min. Following treatment, the DMEM media containing the treatments 

was removed and replaced with 5 mL fresh complete DMEM media. Cells were then 

harvested at set time intervals post treatment: 0 hours; 1 hour; 4 hours; 24 hours; and 

36 hours. To harvest cells, DMEM media was removed, and the cell washed with 1X 

PBS and detached with 1X 0.05% trypsin-EDTA solution, before finally being 

neutralised with complete DMEM media to create a cell suspension. The resulting cell 

suspension was centrifuged at 216 x g for 5 minutes to create a cell pellet, and the 

supernatant removed before the addition of ice cold 70% ethanol to fix the cells. The 

cell pellets were stored in 70% ethanol at -20°C prior to use for a maximum duration 

of 3 months. 

On the day of the assay, the fixed pellets were centrifuged at 216 x g for 5 minutes 

and the supernatant discarded, then washed twice with 1X PBS. A staining solution 
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was prepared composed of Ribonuclease A (RNase A) at a final concentration of 50 

µg/mL (Sigma Aldrich, Irvine, UK); PI at a final concentration of 10 µg /mL (Sigma 

Aldrich, Irvine, UK); and distilled water. To each cell pellet 250 µL of staining solution 

was added, and the samples incubated on ice for one hour in the dark. Following 

incubation, the samples were analysed using an AttuneTM NxT Flow Cytometer 

(Thermo Fisher Scientific, Perth, UK) to determine the distribution of cells throughout 

the cell cycle following treatment. An exemplar FSC/SSC and gating strategy for flow 

cytometry data can be found in appendix 1. Each cell cycle experiment was carried 

out in three biological repeats, with one technical repeat per biological repeat. 

4.3.4: Apoptosis Assay 

Cells were seeded in 6-well plates (Thermo Fisher Scientific, Perth, UK) at a cell 

density of 10,000 cells per well in a final volume of 5 mL of complete DMEM media. 

Following a 24-hour incubation, DMEM media was removed and replaced with 2 mL 

of complete DMEM media containing the desired treatment(s) depending on the 

treatment schedule. For schedules including EXBR, cells were irradiated with 0.5 Gy 

EXBR using the X-Rad225 irradiator (Precision X-Ray, Connecticut, USA) at a dose 

rate of 2.3 Gy/min. Following treatment, the DMEM media containing the treatments 

was removed and replaced with 5 mL fresh complete DMEM media. Cells were then 

harvested at set time intervals post treatment: 0 hours; 1 hour; 4 hours; 24 hours; and 

36 hours. To harvest cells, DMEM media was removed, and the cell washed with 1X 

PBS and detached with 1X 0.05% trypsin-EDTA solution, before finally being 

neutralised with complete DMEM media to create a cell suspension. The resulting cell 

suspension was centrifuged at 216 x g for 5 minutes to create a cell pellet, and the 

supernatant discarded, then washed twice with 1X PBS, before the addition of staining 

solution. 
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To stain cells, the BD Pharmingen™ FITC Annexin V Apoptosis Detection Kit I (BD 

Biosciences, UK; catalogue number: 556547). In brief, 5 µL of FITC Annexin V; 5 µL 

PI; and 100 µL of 1X binding buffer was added to each sample and vortexed briefly, 

before incubation for 15 minutes at room temperature in the dark. Following 

incubation, 400 µL of 1X binding buffer was added to each sample before analysis 

using an AttuneTM NxT Flow Cytometer (Thermo Fisher Scientific, Perth, UK) to 

determine the percentage of non-apoptotic; early apoptotic; late apoptotic; and 

necrotic cells following treatment. An exemplar FSC/SSC and gating strategy for flow 

cytometry data can be found in appendix 1. Each apoptosis experiment was carried 

out in three biological repeats, with one technical repeat per biological repeat. 

4.3.5: Comet Assay (single cell gel electrophoresis) 

To prepare cells for the comet assay, cells were seeded in T-25 flasks (Thermo Fisher 

Scientific, Perth, UK) at a cell density of 100,000 cells per well in a final volume of 5 

mL of complete DMEM media. Following a 24-hour incubation, DMEM media was 

removed and replaced with 1.5 mL of complete DMEM media containing the desired 

treatment(s) depending on the treatment schedule. For schedules including EXBR, 

cells were irradiated with 0.5 Gy EXBR using the X-Rad225 irradiator (Precision X-

Ray, Connecticut, USA) at a dose rate of 2.3 Gy/min. Following treatment, the DMEM 

media containing the treatments was removed and replaced with 5 mL fresh complete 

DMEM media. Cells were then harvested at set time intervals post treatment: 0 hours; 

1 hour; 4 hours; 24 hours; and 36 hours. To harvest cells, DMEM media was removed, 

and the cell washed with 1X PBS and detached with 1X 0.05% trypsin-EDTA solution, 

before finally being neutralised with complete DMEM media to create a cell 

suspension. The resulting cell suspension was passed through a 23-gauge needle to 

create a single cell suspension and counted using a haemocytometer to create a 1 x 

105 cells/mL solution. 



216 
 

To carry out the comet assay, the Enzo Comet SCGE assay kit was utilised according 

to the manufacturer’s instructions (Enzo Life Sciences, USA; catalogue number: ADI-

900-166). Briefly, to 500 µL of molten 1% low melting point (LM) agarose (Enzo Life 

Sciences, USA) at 37°C, 50 µL of cell suspension was added and gently mixed before 

pipetting 75 µL of the resulting mixture onto comet slides (Enzo Life Sciences, USA), 

ensuring even coverage of the sample area. Comet slides were then left in the dark 

at 4°C to allow the gel to set. The slides were then immersed in prechilled lysis solution 

(Enzo Life Sciences, USA) for 60 minutes. Whilst incubating, fresh alkaline solution 

was prepared by dissolving 12 grams of sodium hydroxide pellets (Thermo Fisher 

Scientific, Perth, UK) in one litre of deionised water and 2 mL of 500 mM EDTA (Enzo 

Life Sciences, USA) added. Following incubation in the lysis solution, the slides were 

immersed in the freshly prepared alkaline solution (pH >13) and incubated for 60 

minutes. Slides were then removed from the alkaline solution and immersed in Tris 

Borate EDTA (TBE) buffer (Sigma Aldrich, Irvine, UK) for 10 minutes. Following 

incubation, the slides were placed into a gel electrophoresis tank filled with 1X TBE 

buffer and electrophoresis undertaken at 45 V for 10 minutes.  

Following electrophoresis, the slides were immersed in 70% ethanol for 5 minutes 

and then allowed to fully dry. Once dry, 100 µL of 1X SYBR green stain (Enzo Life 

Sciences, USA) was added to each sample and then slides incubated in the dark for 

30 minutes to allow for visualization of DNA comets. Following staining slides were 

washed in deionised water and allowed to fully dry before fluorescent imaging (482/25 

nm Excitation; 524/24 nm Emission) using an EVOS FL auto microscope (Life 

Technologies, Paisley, UK).  

To analyse the obtained images of comets, the Image J plugin OpenComet (Gyori et 

al., 2014), was used to determine the tail moment of each comet. A minimum of 100 

comets were analysed per sample. The tail moment of each sample was standardised 
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as a fraction of the tail moment of the untreated control, and the average tail moment 

for each treatment group presented.  

4.3.6: Glutathione Assay 

To prepare cells for the glutathione assay, cells were seeded in T-25 flasks (Thermo 

Fisher Scientific, Perth, UK) at a cell density of 100,000 cells per flask in a final volume 

of 5 mL of complete DMEM media. Following a 24-hour incubation, DMEM media was 

removed and replaced with 1.5 mL of complete DMEM media containing the desired 

treatment(s) depending on the treatment schedule. For schedules including EXBR, 

cells were irradiated with 0.5 Gy EXBR using the X-Rad225 irradiator (Precision X-

Ray, Connecticut, USA) at a dose rate of 2.3 Gy/min. Following treatment, the DMEM 

media containing the treatments was removed and replaced with 5 mL fresh complete 

DMEM media. Cells were then harvested at set time intervals post treatment: 0 hours; 

1 hour; 4 hours; 24 hours; and 36 hours. To harvest cells, DMEM media was removed, 

and the cells washed with 1X PBS and detached with 1X 0.05% trypsin-EDTA 

solution, before finally being neutralised with complete DMEM media to create a cell 

suspension. Cells were then centrifuged at 216 x g for 5 minutes to create a cell pellet, 

and the supernatant discarded. To each cell pellet three volumes of 5% salicylic acid 

solution (Sigma Aldrich, Irvine, UK) was added and the pellet vortexed. The resulting 

suspension was then freeze-thawed twice using liquid nitrogen and a 37°C heating 

block. The resulting solution was then centrifuged at 12,879 x g, and the resulting 

supernatant collected for further analysis. 

To carry out the glutathione assay, a Glutathione Colorimetric Detection Kit (Thermo 

Fisher Scientific, Perth, UK; catalogue number: EIAGSHC) was used. The reaction 

mixture was prepared using 1 mL NADPH; 1 mL glutathione reductase concentrate; 

and 8 mL assay buffer, and the colorimetric detection reagent was prepared using 1 

mL of colorimetric detection concentrate and 9 mL assay buffer. To each well of a 
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clear flat bottom 96-well half area plate, 50 µL of sample; 25 µL of colorimetric 

detection reagent; and 25 µL of reaction mixture were added and gently mixed before 

being incubated for 20 minutes at room temperature. Following the incubation, total 

GSH content in the samples was determined by reading the absorbance of the 

plate(s) at 405 nm using a Flexstation 3 Multi-Mode Microplate Reader (Molecular 

Devices, California, USA) to measure the colorimetric change as a result of the 

colorimetric detection reagent reacting with the free thiol group present in GSH to 

produce a yellow-coloured product. To determine the concentration of glutathione in 

each sample, the absorbance values were compared with the concentration curve 

generated using absorbance readings obtained from the oxidised glutathione 

standards provided with the kit. Each glutathione experiment was carried out in three 

biological repeats, with three technical repeats per biological repeat. 

4.3.7: Statistical Analysis 

All statistical analysis was carried out using Graphpad Prism 10.1.2. Significance was 

assigned at an alpha (α) value ≤ 0.05.  Prior to carrying out any analysis on data, a 

Shapiro-Wilk normality test was used to determine if the data conformed to normal 

distribution (parametric or nonparametric), to allow for the selection of an appropriate 

statistical test. For all the data presented in this chapter a two-way ANOVA with Tukey 

post hoc test was used. The following labelling was used to convey significance: ns = 

not significant; * = P ≤ 0.05; ** = P ≤ 0.01, *** = P ≤ 0.001; and **** = = P ≤ 0.0001. 
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4.4: RESULTS 

4.4.1: Cell cycle studies on developed combinations 

To investigate the effects of the developed combinations on the distribution of cells in 

the cell cycle in Panc-1 cells, the cell cycle assay was carried out as described in 

section 4.3.3, and the results presented in figure 4.1. In appendix 2 – 6, tables 

containing the average values for the distribution of cells throughout the cell cycle 

following treatment can be found. 
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Figure 4.1: Cell cycle analysis of combination therapies in Panc-1. Cells were 

incubated and harvested at specific time points post treatment before undergoing flow 

cytometry to determine cell cycle distribution. (A) Distribution of cells 0 hours post 

treatment. (B) Distribution of cells 1 hour post treatment. (C) Distribution of cells 4 

hours post treatment. (D) Distribution of cells 24 hours post treatment. (E) Distribution 

of cells 36 hours post treatment. All data is represented as an average of three 

independent experiments ± the standard deviation. 
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As can be seen in figure 4.1A, in Panc-1 cells 0.6 µM MMF, 0.6 µM MMF + 0.5 Gy 

EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), and 0.6 µM MMF + 

0.16 µM gemcitabine (Schedule 3) induced a statistically significant increase in the 

number of cells in sG1 phase when compared with the untreated control zero hours 

post treatment (P < 0.0001). When looking at G1 phase, 0.6 µM MMF, 20 µM DMF, 

0.16 µM gemcitabine, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 

Gy EXBR (Schedule 2), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant decrease in the number of cells in G1 phase when 

compared with the untreated control zero hours post treatment (P ≤ 0.169). When 

looking at S phase, 0.6 µM MMF, 20 µM DMF, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 

2), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) induced a statistically 

significant increase in the number of cells in S phase when compared with the 

untreated control zero hours post treatment (P ≤ 0.0032). When looking at G2/M 

phase, 0.6 µM MMF, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 

Gy EXBR (Schedule 2), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant decrease in the number of cells in G2/M phase when 

compared with the untreated control zero hours post treatment (P < 0.0001). 

Conversely, 0.16 µM gemcitabine induced a statistically significant increase in the 

number of cells in G2/M phase when compared with the untreated control zero hours 

post treatment (P = 0.0007).  

As can be seen in figure 4.1B, in Panc-1 cells only 0.6 µM MMF and 0.6 µM MMF + 

0.5 Gy EXBR (Schedule 2) caused a statistically significant increase in the number of 

cells in sG1 phase when compared with the untreated control one hour post treatment 

(P ≤ 0.0049). When looking at G1 phase, both 0.16 µM gemcitabine and 0.6 µM MMF 

+ 0.16 µM gemcitabine (Schedule 1) induced a statistically significant decrease in the 

number of cells in G1 phase when compared with the untreated control one hour post 
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treatment (P < 0.0001). Only 0.16 µM gemcitabine induced a statistically significant 

increase in the number of cells in S phase when compared with the untreated control 

one hour post treatment (P < 0.0001). When looking at G2/M phase, both 0.6 µM 

MMF and 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2) induced a statistically significant 

decrease in the number of cells in G2/M phase when compared with the untreated 

control one hour post treatment (P ≤ 0.0033). Conversely, 0.16 µM gemcitabine, 0.6 

µM MMF + 0.16 µM gemcitabine (Schedule 1), and 20 µM DMF + 0.5 Gy EXBR 

(Schedule 2) induced a statistically significant increase in the number of cells in G2/M 

phase when compared with the untreated control one hour post treatment (P ≤ 

0.0180). 

As can be seen in figure 4.1C, in Panc-1 cells no treatments caused a statistically 

significant change in the number of cells in sG1 phase when compared with the 

untreated control four hours post treatment (P > 0.9999). When looking at G1 phase, 

0.6 µM MMF, 0.16 µM gemcitabine, 0.5 Gy EXBR, 0.6 µM MMF + 0.5 Gy EXBR 

(Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant decrease in the number of cells in G1 phase when 

compared with the untreated control four hours post treatment (P ≤ 0.0384). When 

looking at S phase, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.16 

µM gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant increase in the number of cells in S phase when 

compared with the untreated control four hours post treatment (P ≤ 0.0019). When 

looking at G2/M phase, 0.6 µM MMF, 0.16 µM gemcitabine, 20 µM DMF, 0.5 Gy 

EXBR, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR 

(Schedule 2), 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM MMF + 

0.16 µM gemcitabine (Schedule 3) induced a statistically significant increase in the 
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number of cells in G2/M phase when compared with the untreated control 4 hours 

post treatment (P ≤ 0.0452). 

As can be seen in figure 4.1D, in Panc-1 cells no treatments caused a statistically 

significant change in the number of cells in sG1 phase when compared with the 

untreated control 24 hours post treatment (P > 0.9999). When looking at G1 phase, 

0.6 µM MMF, 20 µM DMF, and 20 µM DMF + 0.5 Gy EXBR induced a statistically 

significant increase in the number of cells in G1 phase 24 hours post treatment when 

compared with the untreated control 24 hours post treatment (P ≤ 0.0135). 

Conversely, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant decrease in the number of cells in G1 phase when 

compared with the untreated control 24 hours post treatment (P < 0.0001). When 

looking at S phase, 0.5 Gy EXBR, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 3) induced a statistically significant increase in the number of cells in S 

phase when compared with the untreated control 24 hours post treatment (P ≤ 

0.0183). When looking at G2/M phase, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 

0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 3) induced a statistically significant increase in the number of 

cells in G2/M phase when compared with the untreated control 24 hours post 

treatment (P ≤ 0.0001). 

As can be seen in figure 4.1E, in Panc-1 cells no treatments caused a statistically 

significant change in the number of cells in sG1 phase when compared with the 

untreated control 36 hours post treatment (P > 0.9999). When looking at G1 phase, 

0.16 µM gemcitabine, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.16 

µM gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 
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induced a statistically significant increase in the number of cells in G1 phase when 

compared with the untreated control 36 hours post treatment (P < 0.0001). When 

looking at S phase, only 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1) induced a 

statistically significant increase in the number of cells in S phase when compared with 

the untreated control 36 hours post treatment (P = 0.0047). When looking at G2/M 

phase, 0.16 µM gemcitabine, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF 

+ 0.16 µM gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 3) induced a statistically significant increase in the number of cells in G2/M 

phase when compared with the untreated control 36 hours post treatment (P ≤ 

0.0003). 

Some changes were observed in the untreated control over the time course, with a 

statistically significant increase in the number of cells in G1 phase at the 4-hour 

timepoint (P = 0.0090), however this did not change for the remainder of the time 

course (P ≥ 0.6541). The other change observed was that there was a statistically 

significant increase in the number of cells in G2/M phase at the 4-hour timepoint (P ≤ 

0.0001), however this did not change for the remainder of the time course (P ≥ 

0.9932). 

A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Panc-1 cells following two-way ANOVA with Bonferroni post hoc 

test can be found in tables 4.1 – 4.10. 
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Table 4.1: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus the untreated control zero hours post 
treatment.  Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S ** 0.0032 

G2/M ns 0.6360 

Control vs MMF 

sG1 **** <0.0001 

G1 *** 0.0003 

S ** 0.0028 

G2/M **** <0.0001 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.0769 

G2/M *** 0.0007 

Control vs EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+R 
Sch 1 

sG1 **** <0.0001 

G1 ** 0.0054 

S ** 0.0011 

G2/M **** <0.0001 

Control vs M+R 
Sch 2 

sG1 **** <0.0001 

G1 **** <0.0001 

S ** 0.0016 

G2/M **** <0.0001 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 ns 0.0765 

S ns 0.0755 

G2/M ns >0.9999 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 * 0.0169 

S ns >0.9999 

G2/M ns 0.5244 

Control vs M+G 
Sch 3 

sG1 **** <0.0001 

G1 *** 0.0001 

S *** 0.0004 

G2/M **** <0.0001 
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Table 4.2: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus monotherapies zero hours post treatment. Sch 
= schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 ns 0.6391 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+R Sch 1 vs 
EXBR 

sG1 **** <0.0001 

G1 ns 0.1259 

S * 0.0193 

G2/M **** <0.0001 

M+R Sch 2 vs 
MMF 

sG1 ns 0.2328 

G1 ** 0.0024 

S ns >0.9999 

G2/M ns 0.3073 

M+R Sch 2 vs 
EXBR 

sG1 **** <0.0001 

G1 **** <0.0001 

S * 0.0275 

G2/M **** <0.0001 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 * 0.0370 

S ns >0.9999 

G2/M ns 0.4253 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns 0.8018 

G2/M ns >0.9999 

M+G Sch 1 vs 
MMF 

sG1 **** <0.0001 

G1 ns >0.9999 

S ns 0.1059 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 *** 0.0007 

S ns >0.9999 

G2/M ns 0.0782 

M+G Sch 3 vs 
MMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 3 vs 
gemcitabine 

sG1 **** <0.0001 

G1 * 0.0388 

S ns 0.4565 

G2/M **** <0.0001 
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Table 4.3: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus the untreated control one hour post treatment. 
Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs MMF 

sG1 ** 0.0013 

G1 ns >0.9999 

S ns >0.9999 

G2/M **** <0.0001 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

Control vs EXBR 

sG1 ns >0.9999 

G1 ns 0.0990 

S ns 0.0710 

G2/M ns >0.9999 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+R 
Sch 2 

sG1 ** 0.0049 

G1 ns >0.9999 

S ns >0.9999 

G2/M ** 0.0033 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 ns 0.1053 

S ns >0.9999 

G2/M * 0.0180 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns 0.3995 

G2/M ns 0.2485 
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Table 4.4: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus monotherapies one hour post treatment. Sch 
= schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 *** 0.0009 

G1 ns >0.9999 

S ns 0.8075 

G2/M **** <0.0001 

M+R Sch 1 vs 
EXBR 

sG1 ns >0.9999 

G1 ns 0.0629 

S ns 0.5978 

G2/M ns >0.9999 

M+R Sch 2 vs 
MMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+R Sch 2 vs 
EXBR 

sG1 ** 0.0083 

G1 ns 0.0948 

S ** 0.0043 

G2/M ** 0.0038 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns 0.6136 

S ns >0.9999 

G2/M ns 0.0984 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 *** 0.0004 

S ns 0.8210 

G2/M * 0.0162 

M+G Sch 1 vs 
MMF 

sG1 ** 0.0034 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 *** 0.0002 

S *** 0.0009 

G2/M ns >0.9999 

M+G Sch 3 vs 
MMF 

sG1 ** 0.0010 

G1 ns >0.9999 

S ns 0.1147 

G2/M **** <0.0001 

M+G Sch 3 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 
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Table 4.5: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus the untreated control four hours post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 ns >0.9999 

G1 ns 0.5735 

S ns 0.9634 

G2/M * 0.0452 

Control vs MMF 

sG1 ns >0.9999 

G1 *** 0.0010 

S ns >0.9999 

G2/M *** 0.0001 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 * 0.0384 

S ns >0.9999 

G2/M ** 0.0051 

Control vs EXBR 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.9360 

G2/M **** <0.0001 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

Control vs M+R 
Sch 2 

sG1 ns >0.9999 

G1 *** 0.0001 

S ns >0.9999 

G2/M *** 0.0002 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns 0.3780 

G2/M ns 0.0699 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S ** 0.0019 

G2/M **** <0.0001 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

 

 

 

 

 



230 
 

Table 4.6: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus monotherapies four hours post treatment. Sch 
= schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+R Sch 1 vs 
EXBR 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M ns 0.7200 

M+R Sch 2 vs 
MMF 

sG1 >0.9999 >0.9999 

G1 >0.9999 >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+R Sch 2 vs 
EXBR 

sG1 >0.9999 >0.9999 

G1 ns 0.0971 

S ns >0.9999 

G2/M ** 0.0014 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

M+G Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S *** 0.0003 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S *** 0.0001 

G2/M **** <0.0001 

M+G Sch 3 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+G Sch 3 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 
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Table 4.7: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus the untreated control 24 hours post treatment. 
Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 ns >0.9999 

G1 *** 0.0007 

S ns 0.1334 

G2/M ns 0.1100 

Control vs MMF 

sG1 ns >0.9999 

G1 ** 0.0095 

S ns 0.7820 

G2/M ns 0.2387 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 ns 0.6231 

S ns >0.9999 

G2/M ns 0.8663 

Control vs EXBR 

sG1 ns >0.9999 

G1 ns 0.7145 

S * 0.0183 

G2/M ns >0.9999 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

Control vs M+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 * 0.0135 

S ns >0.9999 

G2/M ns 0.7805 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M *** 0.0001 
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Table 4.8: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus monotherapies 24 hours post treatment. Sch = 
schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+R Sch 1 vs 
EXBR 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+R Sch 2 vs 
MMF 

sG1 ns >0.9999 

G1 ns 0.3294 

S ns >0.9999 

G2/M ns 0.2583 

M+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns 0.0564 

S ** 0.0019 

G2/M ns >0.9999 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 *** 0.0002 

S *** 0.0006 

G2/M ns >0.9999 

M+G Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+G Sch 3 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+G Sch 3 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M ** 0.0081 
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Table 4.9: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus the untreated control 36 hours post treatment. 
Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 ns >0.9999 

G1 ns 0.8993 

S ns >0.9999 

G2/M ns >0.9999 

Control vs MMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs M+R 
Sch 2 

sG1 ns >0.9999 

G1 ns 0.1212 

S ns >0.9999 

G2/M ns >0.9999 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S ** 0.0047 

G2/M **** <0.0001 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M *** 0.0003 
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Table 4.10: Statistical comparisons of the distribution of treated Panc-1 cells 
throughout the cell cycle versus monotherapies 36 hours post treatment. Sch = 
schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.9263 

G2/M **** <0.0001 

M+R Sch 1 vs 
EXBR 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

M+R Sch 2 vs 
MMF 

sG1 ns >0.9999 

G1 * 0.0219 

S ns 0.1282 

G2/M ns >0.9999 

M+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns 0.1526 

S ns 0.4396 

G2/M ns >0.9999 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.0697 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S * 0.0258 

G2/M **** <0.0001 

M+G Sch 3 vs 
MMF 

sG1 ns >0.9999 

G1 *** 0.0004 

S ns >0.9999 

G2/M *** 0.0002 

M+G Sch 3 vs 
gemcitabine 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 
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Summary of cell cycle analysis in Panc-1 

Overall, in Panc-1 cells, it took until four hours post treatment for the effects of the 

MMF + EXBR schedule 1 combination to induce any changes in the distribution of 

cells in the cell cycle when compared with the untreated control. The combination 

caused the cells to begin accumulating in both S phase and G2/M of the cell cycle in 

Panc-1 cells. However, as time progressed cells began to accumulate in G2/M phase 

36 hours post treatment in Panc-1 cells. MMF monotherapy initially induced an 

increase in sG1 phase, indicating damaged cells, however this resolved by 36 hours 

post treatment. EXBR alone caused cells to accumulate in the G2/M phase four hours 

post treatment, indicating activation of the G2/M checkpoint due to DNA damage, 

however this resolved by 36 hours post treatment. 

Initially the schedule 1 combination of 0.6 µM MMF + 0.16 µM gemcitabine did not 

appear to have any effect on the distribution of cells in the cell cycle, however as the 

time course continued the combination caused the cells to accumulate in G2/M phase 

of the cell cycle in the Panc-1 cell line, indicating DNA damage has occurred, 

activating the G2/M checkpoint. Overall gemcitabine monotherapy induced G2/M 

arrest, indicating DNA damage and the subsequent activation of the G2/M checkpoint. 

MMF monotherapy initially induced an increase in sG1 phase, indicating damaged 

cells, however this resolved by 36 hours post treatment. 

Overall, the schedule 2 combination of 0.6 µM MMF + 0.5 Gy EXBR induced an 

increase in the number of cells in sG1 phase immediately post treatment when 

compared with the untreated control, indicating the cells were damaged, which 

continued until four hours post treatment where the cell began to accumulate in G2/M 

phase, suggesting the G2/M checkpoint had been activated due to the presence of 

DNA damage. However, from 24 to 36 hours post treatment the distribution of cells in 

the cell cycle did not differ from the untreated control, indicating any DNA damage 
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inflicted by the combination was able to be resolved. MMF monotherapy initially 

induced an increase in sG1 phase, indicating damaged cells, however this resolved 

by 36 hours post treatment. EXBR alone caused cells to accumulate in the G2/M 

phase four hours post treatment, indicating activation of the G2/M checkpoint due to 

DNA damage, however this was resolved by 36 hours post treatment. Therefore, 

these results indicate that the combination is not promising for the treatment of 

pancreatic cancer. 

Overall, the schedule 2 combination of 20 µM DMF + 0.5 Gy EXBR had no significant 

effect on the cell cycle in the Panc-1 cell line as the G1 arrest seen 24 hours post 

treatment had resolved 36 hours post treatment. DMF monotherapy overall had no 

effect on the distribution of the cells throughout the cell cycle when compared with the 

untreated control. EXBR alone caused cells to accumulate in the G2/M phase four 

hours post treatment, indicating activation of the G2/M checkpoint due to DNA 

damage, however this resolved by 36 hours post treatment when compared with the 

untreated control.  

Overall, the schedule 3 combination of MMF + gemcitabine caused the cells to 

accumulate in S phase of the cell cycle in the Panc-1 cell line up to 24 hours post 

treatment, indicating the cells had suffered DNA damage, activating the intra-S phase 

cell cycle checkpoint, however 36 hours post treatment the cells began to accumulate 

in G2/M phase, indicating the cells had begun transitioning form S phase to G2/M 

phase when compared to the untreated control. Overall gemcitabine monotherapy 

induced G2/M arrest, indicating DNA damage and the subsequent activation of the 

G2/M checkpoint when compared with the untreated control. MMF monotherapy 

initially induced an increase in sG1 phase, indicating damaged cells, however this 

resolved by 36 hours post treatment. This result indicates that the combination shows 

promise. 
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To investigate the effects of the developed combinations on the distribution of cells in 

the cell cycle in Mia PaCa-2 cells, the cell cycle assay was carried out as described 

in section 4.3.3, and the results presented in figure 4.2. In appendix 7 – 11, tables 

containing the average values for the distribution of cells throughout the cell cycle 

following treatment can be found. 
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Figure 4.2: Cell cycle analysis of combination therapies in Mia PaCa-2. Cells 

were incubated and harvested at specific time points post treatment before 

undergoing flow cytometry to determine cell cycle distribution. (A) Distribution of cells 

0 hours post treatment. (B) Distribution of cells 1 hour post treatment. (C) Distribution 

of cells 4 hours post treatment. (D) Distribution of cells 24 hours post treatment. (E) 

Distribution of cells 36 hours post treatment. All data is represented as an average of 

three independent experiments ± the standard deviation. 
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As can be seen in figure 4.2A, in Mia PaCa-2 cells only 0.6 µM MMF and 0.6 µM 

MMF + 0.5 Gy EXBR (Schedule 2) induced a statistically significant increase in the 

number of cells in sG1 phase when compared with the untreated control zero hours 

post treatment (P < 0.0001). When looking at G1 phase, 0.16 µM gemcitabine and 

0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1) induced a statistically significant 

decrease in the number of cells in G1 phase when compared with the untreated 

control zero hours post treatment (P < 0.0001). Conversely, 0.6 µM MMF + 0.5 Gy 

EXBR (Schedule 2) and 0.16 µM gemcitabine and 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 3) induced a statistically significant increase in the number of 

cells in G1 phase when compared with the untreated control zero hours post treatment 

(P ≤ 0.0021). When looking at S phase, only 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 1) induced a statistically significant increase in the number of cells in S 

phase when compared with the untreated control zero hours post treatment (P < 

0.0001). When looking at G2/M phase, 0.6 µM MMF and 0.16 µM gemcitabine and 

0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) induced a statistically significant 

decrease in the number of cells in G2/M phase when compared with the untreated 

control zero hours post treatment (P ≤ 0.0017). 

As can be seen in figure 4.2B, in Mia PaCa-2 cells 0.6 µM MMF and 0.6 µM MMF + 

0.5 Gy EXBR (Schedule 1), 0.6 µM MMF and 0.6 µM MMF + 0.5 Gy EXBR (Schedule 

2), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) induced a statistically 

significant increase in the number of cells in sG1 phase when compared with the 

untreated control one hour post treatment (P ≤ 0.0132). When looking at G1 phase, 

only 0.6 µM MMF induced a statistically significant increase in the number of cells in 

G1 phase when compared with the untreated control one hour post treatment (P = 

0.0216). Conversely, 0.16 µM gemcitabine induced a statistically significant decrease 

in the number of cells in G1 phase when compared with the untreated control one 
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hour post treatment (P = 0.0018). When looking at S phase, no treatments induced a 

statistically significant change in the number of cells in S phase when compared with 

the untreated control one hour post treatment (P > 0.9999). When looking at G2/M 

phase, 0.6 µM MMF, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 

Gy EXBR (Schedule 2), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant decrease in the number of cells in G2/M phase when 

compared with the untreated control one hour post treatment (P < 0.0001). 

Conversely, 0.16 µM gemcitabine was the only treatment to induce a statistically 

significant increase in the number of cells in G2/M phase one hour post treatment 

when compared with the untreated control one hour post treatment (P = 0.0292). 

As can be seen in figure 4.2C, in Mia PaCa-2 cells only 20 µM DMF induced a 

statistically significant increase in the number of cells in sG1 phase when compared 

with the untreated control four hours post treatment (P < 0.0001). When looking at G1 

phase, 0.16 µM gemcitabine, 20 µM DMF, and 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 1) induced a statistically significant increase in the number of cells in G1 

phase when compared with the untreated control four hours post treatment (P ≤ 

0.0051). When looking at S phase, no treatments induced a statistically significant 

change in the number of cells in S phase when compared with the untreated control 

four hours post treatment (P ≥ 0.2150). When looking at G2/M phase, 0.16 µM 

gemcitabine and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1) induced a 

statistically significant increase in the number of cells in G2/M phase when compared 

with the untreated control four hours post treatment (P < 0.0001). Whereas 20 µM 

DMF was the only treatment to induce a statistically significant decrease in the 

number of cells in G2/M phase when compared with the untreated control four hours 

post treatment (P < 0.0001). 
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As can be seen in figure 4.2D, in Mia PaCa-2 cells 0.6 µM MMF, 0.5 Gy EXBR, 20 

µM DMF, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), and 20 µM DMF + 0.5 Gy EXBR 

(Schedule 2) induced a statistically significant increase int the number of cells in sG1 

phase when compared with the untreated control 24 hours post treatment (P ≤ 

0.0493). When looking at G1 phase, 0.6 µM MMF, 0.16 µM gemcitabine, 20 µM DMF, 

0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), and 20 µM DMF + 0.5 Gy EXBR (Schedule 

2) induced a statistically significant decrease in the number of cells in G1 phase when 

compared with the untreated control 24 hours post treatment (P ≤ 0.0009). When 

looking at S phase, no treatments induced a statistically significant change in the 

number of cells in S phase when compared with the untreated control 24 hours post 

treatment (P ≥ 0.0722). When looking at G2/M phase, only 0.6 µM MMF induced a 

statistically significant decrease in the number of cells in G2/M phase when compared 

with the untreated control 24 hours post treatment (P < 0.0001). Whereas 0.16 µM 

gemcitabine and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1) induced a 

statistically significant increase in the number of cells in G2/M phase when compared 

with the untreated control 24 hours post treatment (P < 0.0001). 

As can be seen in figure 4.2E, in Mia PaCa-2 cells 0.6 µM MMF, 20 µM DMF, and 20 

µM DMF + 0.5 Gy EXBR (Schedule 2) induced a statistically significant increase in 

the number of cells in sG1 phase when compared with the untreated control 36 hours 

post treatment (P < 0.0001). When looking at G1 phase, 0.6 µM MMF, 20 µM DMF, 

0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 3), and 20 µM DMF + 0.5 Gy EXBR (Schedule 2) induced a 

statistically significant decrease in the number of cells in G1 phase when compared 

with the untreated control 36 hours post treatment (P < 0.0001). When looking at S 

phase, 0.5 Gy EXBR, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 3) induced a statistically significant increase 
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in the number of cells in S phase when compared with the untreated control 36 hours 

post treatment (P ≤ 0.0040). When looking at G2/M phase, 0.6 µM MMF, 20 µM DMF, 

0.5 Gy EXBR, and 20 µM DMF + 0.5 Gy EXBR (Schedule 2) induced a statistically 

significant decrease in the number of cells in G2/M phase when compared with the 

untreated control 36 hours post treatment (P ≤ 0.0023). Conversely, 0.6 µM MMF + 

0.16 µM gemcitabine (Schedule 1) was the only treatment to induce a statistically 

significant increase in the number of cells in G2/M phase when compared with the 

untreated control 36 hours post treatment (P < 0.0001). 

Some changes were observed in the untreated control over the time course, with a 

statistically significant increase in the number of cells in G1 phase at the 24-hour 

timepoint (P = 0.0013), however this did not change for the remainder of the time 

course (P = 0.0659). The other change observed was that there was a statistically 

significant decrease in the number of cells in S phase at the 4- and 36-hour timepoint 

(P ≤ 0.0050). 

A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Panc-1 cells following two-way ANOVA with Bonferroni post hoc 

test can be found in tables 4.1 – 4.20. 
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Table 4.11: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus the untreated control zero hours post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 ns >0.9999 

G1 ns 0.1415 

S ns >0.9999 

G2/M ns 0.1511 

Control vs MMF 

sG1 **** <0.0001 

G1 ns >0.9999 

S ns >0.9999 

G2/M ** 0.0017 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns 0.3392 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns 0.2211 

Control vs M+R 
Sch 2 

sG1 **** <0.0001 

G1 ** 0.0021 

S ns >0.9999 

G2/M **** <0.0001 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 ns 0.3680 

S ns 0.3393 

G2/M ns >0.9999 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M ** 0.0033 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 ns 0.6801 

S ns >0.9999 

G2/M **** <0.0001 
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Table 4.12: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus monotherapies zero hours post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 *** 0.0003 

G1 ns 0.0681 

S ns >0.9999 

G2/M ns 0.4016 

M+R Sch 1 vs 
EXBR 

sG1 ns >0.9999 

G1 ns 0.1909 

S ns >0.9999 

G2/M ** 0.0013 

M+R Sch 2 vs 
MMF 

sG1 ns 0.1078 

G1 ns 0.0999 

S ns 0.0999 

G2/M ns 0.0999 

M+R Sch 2 vs 
EXBR 

sG1 **** <0.0001 

G1 * 0.0311 

S ns 0.2530 

G2/M **** <0.0001 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 1 vs 
MMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S **** <0.0001 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 ns >0.9999 

S ** 0.0011 

G2/M * 0.0452 

M+G Sch 3 vs 
MMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

M+G Sch 3 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 
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Table 4.13: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus the untreated control one hour post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs MMF 

sG1 ns 0.7438 

G1 * 0.0216 

S ns >0.9999 

G2/M **** <0.0001 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 ** 0.0018 

S ns >0.9999 

G2/M * 0.0292 

Control vs EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+R 
Sch 1 

sG1 * 0.0132 

G1 ns >0.9999 

S ns >0.9999 

G2/M **** <0.0001 

Control vs M+R 
Sch 2 

sG1 **** <0.0001 

G1 ns >0.9999 

S ns >0.9999 

G2/M **** <0.0001 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+G 
Sch 3 

sG1 *** 0.0006 

G1 ns 0.1177 

S ns >0.9999 

G2/M **** <0.0001 
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Table 4.14: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus monotherapies one hour post treatment. 
Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 ns 0.5388 

G1 ns 0.2954 

S ns >0.9999 

G2/M ns >0.9999 

M+R Sch 1 vs 
EXBR 

sG1 * 0.0135 

G1 ns 0.9164 

S ns >0.9999 

G2/M **** <0.0001 

M+R Sch 2 vs 
MMF 

sG1 ** 0.0028 

G1 ** 0.0087 

S ns >0.9999 

G2/M ns >0.9999 

M+R Sch 2 vs 
EXBR 

sG1 **** <0.0001 

G1 ns >0.9999 

S ns >0.9999 

G2/M **** <0.0001 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 1 vs 
MMF 

sG1 ns 0.5467 

G1 ns 0.1269 

S ns >0.9999 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M ** 0.0023 

M+G Sch 3 vs 
MMF 

sG1 ns 0.0542 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 3 vs 
gemcitabine 

sG1 *** 0.0006 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

 

 

 



247 
 

Table 4.15: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus the untreated control four hours post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 **** <0.0001 

G1 ** 0.0051 

S ns >0.9999 

G2/M **** <0.0001 

Control vs MMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.6164 

G2/M **** <0.0001 

Control vs EXBR 

sG1 ns >0.9999 

G1 ns 0.8576 

S ns >0.9999 

G2/M ns 0.3643 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns 0.2055 

Control vs M+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs D+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns 0.2047 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.2150 

G2/M **** <0.0001 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 ns 0.3471 

S ns 0.7044 

G2/M ns >0.9999 
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Table 4.16: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus monotherapies four hours post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns 0.3093 

M+R Sch 1 vs 
EXBR 

sG1 ns >0.9999 

G1 ns 0.7854 

S ns >0.9999 

G2/M ns >0.9999 

M+R Sch 2 vs 
MMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
DMF 

sG1 **** <0.0001 

G1 *** 0.0003 

S ns >0.9999 

G2/M ** 0.0011 

D+R Sch 2 vs 
EXBR 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 1 vs 
MMF 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.4453 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 3 vs 
MMF 

sG1 ns >0.9999 

G1 ns 0.4698 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 3 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 
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Table 4.17: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus the untreated control 24 hours post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs MMF 

sG1 **** <0.0001 

G1 *** 0.0009 

S ns 0.0722 

G2/M **** <0.0001 

Control vs 
gemcitabine 

sG1 ns 0.6223 

G1 **** <0.0001 

S ns 0.7999 

G2/M **** <0.0001 

Control vs EXBR 

sG1 * 0.0493 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns 0.0873 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs D+R 
Sch 2 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.9673 

G2/M **** <0.0001 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 
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Table 4.18: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus monotherapies 24 hours post treatment. 
Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 **** <0.0001 

G1 ** 0.0018 

S ns 0.4306 

G2/M *** 0.0001 

M+R Sch 1 vs 
EXBR 

sG1 ns 0.1231 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns 0.6625 

M+R Sch 2 vs 
MMF 

sG1 **** <0.0001 

G1 *** 0.0004 

S * 0.0442 

G2/M *** 0.0001 

M+R Sch 2 vs 
EXBR 

sG1 ns 0.1957 

G1 ns 0.7523 

S ns >0.9999 

G2/M ns 0.4853 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
EXBR 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns 0.5988 

G2/M ** 0.0079 

M+G Sch 1 vs 
MMF 

sG1 **** <0.0001 

G1 *** 0.0003 

S ns >0.9999 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

M+G Sch 3 vs 
MMF 

sG1 **** <0.0001 

G1 *** 0.0004 

S ns 0.1235 

G2/M **** <0.0001 

M+G Sch 3 vs 
gemcitabine 

sG1 ns 0.5239 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 
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Table 4.19: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus the untreated control 36 hours post 
treatment. Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = 
not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

Control vs DMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns 0.8910 

G2/M **** <0.0001 

Control vs MMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs 
gemcitabine 

sG1 ns >0.9999 

G1 ns 0.0595 

S ns 0.1891 

G2/M ns >0.9999 

Control vs EXBR 

sG1 ns 0.1293 

G1 ns 0.1896 

S ** 0.0037 

G2/M ** 0.0023 

Control vs M+R 
Sch 1 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs M+R 
Sch 2 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

Control vs D+R 
Sch 2 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

Control vs M+G 
Sch 1 

sG1 ns >0.9999 

G1 **** <0.0001 

S ** 0.0040 

G2/M **** <0.0001 

Control vs M+G 
Sch 3 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M ns 0.4748 
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Table 4.20: Statistical comparisons of the distribution of treated Mia PaCa-2 
cells throughout the cell cycle versus monotherapies 36 hours post treatment. 
Sch = schedule, M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Phase of cell 

cycle 
Summary P-value 

M+R Sch 1 vs 
MMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

M+R Sch 1 vs 
EXBR 

sG1 ns 0.1767 

G1 ns >0.9999 

S * 0.0463 

G2/M ** 0.0037 

M+R Sch 2 vs 
MMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S ns >0.9999 

G2/M **** <0.0001 

M+R Sch 2 vs 
EXBR 

sG1 ns 0.1710 

G1 ns 0.2568 

S ** 0.0022 

G2/M ** 0.0013 

D+R Sch 2 vs 
DMF 

sG1 ns >0.9999 

G1 ns >0.9999 

S ns >0.9999 

G2/M ns >0.9999 

D+R Sch 2 vs 
EXBR 

sG1 **** <0.0001 

G1 **** <0.0001 

S ** 0.0034 

G2/M * 0.0350 

M+G Sch 1 vs 
MMF 

sG1 **** <0.0001 

G1 **** <0.0001 

S ** 0.0021 

G2/M **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S ns 0.8257 

G2/M **** <0.0001 

M+G Sch 3 vs 
MMF 

sG1 **** <0.0001 

G1 ns >0.9999 

S **** <0.0001 

G2/M **** <0.0001 

M+G Sch 3 vs 
gemcitabine 

sG1 ns >0.9999 

G1 **** <0.0001 

S **** <0.0001 

G2/M ns 0.2799 
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Summary of cell cycle analysis in Mia PaCa-2 

Overall, the schedule 1 combination of 0.6 µM MMF + 0.5 Gy EXBR initially appeared 

to cause Mia PaCa-2 cells to accumulate in G1 phase, however as time progressed 

the cells continued to progress through the cell cycle unhindered. Surprisingly, MMF 

monotherapy caused cells to continue to accumulate in sG1 phase as time 

progressed, which would suggest the cells were damaged and possibly undergoing 

apoptosis. EXBR alone overall had no effect on the distribution of cells throughout the 

cell cycle, however 36 hours post treatment it began to cause cells to accumulate in 

S phase, indicating DNA damage and subsequent activation of the intra-S checkpoint. 

The schedule 1 combination of MMF + gemcitabine caused the cells to accumulate in 

G2/M phase of the cell cycle in the Mia PaCa-2 cell line, with the number of cells in 

the G2/M phase continuing to increase as the time course progressed, indicating the 

activation of the G2/M checkpoint in response to DNA damage. As the cells continued 

to accumulate in G2/M this would suggest the cells are unable to repair the DNA 

damage that was induced by the combination indued. MMF monotherapy caused cells 

to continue to accumulate in sG1 phase as time progressed, which would suggest the 

cells were damaged and possibly undergoing apoptosis. Overall gemcitabine 

monotherapy induced G2/M arrest, indicating DNA damage and the subsequent 

activation of the G2/M checkpoint.  

Overall, the schedule 2 combination of 0.6 µM MMF + 0.5 Gy EXBR had no effect on 

the distribution of cells in the cell cycle when compared with the untreated control in 

the Mia PaCa-2 cell line, despite the initial increase in the number of cells in sG1 

phase which indicated the cells were damaged. EXBR alone overall had no effect on 

the distribution of cells throughout the cell cycle, however 36 hours post treatment it 

began to cause cells to accumulate in S phase, indicating DNA damage and 

subsequent activation of the intra-S checkpoint. MMF monotherapy initially induced 
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an increase in sG1 phase, indicating damaged cells, however this resolved by 36 

hours post treatment.  

Initially the schedule 2 combination of 20 µM DMF + 0.5 Gy had no effect on the 

distribution of cells throughout the cell cycle, until 24 hours post treatment and 

beyond, where it caused cells to accumulate in sG1 phase in the Mia PaCa-2 cell line. 

This indicates that the cells are damaged and possibly undergoing apoptosis. EXBR 

alone overall had no effect on the distribution of cells throughout the cell cycle, 

however 36 hours post treatment it began to cause cells to accumulate in S phase, 

indicating DNA damage and subsequent activation of the intra-S checkpoint. DMF 

monotherapy initially had no effect on the distribution of cells throughout the cell cycle, 

however 4 hours post treatment it began to induce an increase in the number of cells 

in sG1 phase, which continued to increase until 36 hours post treatment, indicating 

the cells were damaged and possibly undergoing apoptosis.  

Initially, the schedule 1 combination of MMF + gemcitabine had no effect on the 

distribution of cells in the cell cycle until 36 hours post treatment, where it caused cells 

to accumulate in caused the cells to accumulate in S phase of the cell cycle in Mia 

PaCa-2 cells, indicating DNA damage and subsequent activation of the intra-S phase 

cell cycle checkpoint. MMF monotherapy caused cells to continue to accumulate in 

sG1 phase as time progressed, which would suggest the cells were damaged and 

possibly undergoing apoptosis. Overall gemcitabine monotherapy induced G2/M 

arrest, indicating DNA damage and the subsequent activation of the G2/M checkpoint.  
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4.4.2: Apoptosis studies on developed combinations 

To investigate if the selected combinations were inducing cell death via apoptosis in 

the Panc-1 cell line, the apoptosis assay was carried out as described in section 

4.3.4, and the results presented in figure 4.3. 
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Figure 4.3: Apoptosis analysis of combination therapies in Panc-1. Cells were 

incubated and harvested at specific time points post treatment before undergoing flow 

cytometry to determine the stage of apoptosis. (A) Distribution of cells 0 hours post 

treatment. (B) Distribution of cells 1 hour post treatment. (C) Distribution of cells 4 

hours post treatment. (D) Distribution of cells 24 hours post treatment. (E) Distribution 

of cells 36 hours post treatment. All data is represented as an average of three 

independent experiments ± the standard deviation. 
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As can be seen in figure 4.3A, in Panc-1 cells 0.6 µM MMF, 0.5 Gy EXBR, 0.6 µM 

MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), 0.6 

µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 3), and 20 µM DMF + 0.5 Gy EXBR (Schedule 2) induced a statistically 

significant increase in the number of early apoptotic cells when compared with the 

untreated control zero hours post treatment (P ≤ 0.0223). When looking at late 

apoptosis, 0.5 Gy EXBR, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 3), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 

2), and 20 µM DMF + 0.5 Gy EXBR (Schedule 2) induced a statistically significant 

increase in the number of late apoptotic cells when compared with the untreated 

control zero hours post treatment (P ≤ 0.0230). When looking at necrosis, only 0.5 

Gy EXBR and 0.16 µM gemcitabine induced a statistically significant increase in the 

number of necrotic cells when compared with the untreated control zero hours post 

treatment (P < 0.0001). 

As can be seen in figure 4.3B, in Panc-1 cells 0.6 µM MMF, 20 µM DMF, 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 3), and 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2) induced a statistically 

significant increase in the number of early apoptotic cells when compared with the 

untreated control one hour post treatment (P ≤ 0.0112). When looking at late 

apoptosis, 0.6 µM MMF, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 

µM MMF + 0.16 µM gemcitabine (Schedule 3) induced a statistically significant 

increase in the number of late apoptotic cells when compared with the untreated 

control one hour post treatment (P ≤ 0.0095). When looking at necrosis, only 0.16 

µM gemcitabine and 20 µM DMF induced a statistically significant increase in the 

number of necrotic cells when compared with the untreated control one hour post 

treatment (P ≤ 0.0005). 
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As can be seen in figure 4.3C, in Panc-1 cells only 0.6 µM MMF and .6 µM MMF + 

0.16 µM gemcitabine (Schedule 1) induced a statistically significant increase in the 

number of early apoptotic cells when compared with the untreated control four hours 

post treatment (P < 0.0001). When looking at late apoptosis, 0.6 µM MMF, 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 3), and 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2) induced a statistically 

significant increase in the number of late apoptotic cells when compared with the 

untreated control (P ≤ 0.0208). When looking at necrosis, 0.6 µM MMF, 0.5 Gy 

EXBR, 0.16 µM gemcitabine, and 20 µM DMF + 0.5 Gy EXBR (Schedule 2) induced 

a statistically significant increase in the number of necrotic cells when compared 

with the untreated control four hours post treatment (P ≤ 0.0317). 

As can be seen in figure 4.3D, in Panc-1 cells 0.6 µM MMF, 0.5 Gy EXBR, 0.16 µM 

gemcitabine, 20 µM DMF, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 

µM MMF + 0.5 Gy EXBR (Schedule 2), and 20 µM DMF + 0.5 Gy EXBR (Schedule 

2) induced a statistically significant increase in the number of early apoptotic cells 

when compared with the untreated control 24 hours post treatment (P ≤ 0.0127). 

When looking at late apoptosis, only 0.16 µM gemcitabine and 0.6 µM MMF + 0.16 

µM gemcitabine (Schedule 1) induced a statistically significant increase in the 

number of late apoptotic cells when compared with the untreated control 24 hours 

post treatment (P ≤ 0.0031).When looking at necrosis, only 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 1) induced a statistically significant increase in the number of 

necrotic cells when compared with the untreated control 24 hours post treatment (P 

= 0.0430). 

As can be seen in figure 4.3E, in Panc-1 cells 0.6 µM MMF, 0.16 µM gemcitabine, 

and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1) induced a statistically 

significant increase in the number of early apoptotic cells when compared with the 
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untreated control 36 hours post treatment (P ≤ 0.0006). When looking at late 

apoptosis, 0.6 µM MMF, 20 µM DMF, 0.16 µM gemcitabine, 0.6 µM MMF + 0.5 Gy 

EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), 20 µM DMF + 0.5 

Gy EXBR (Schedule 2), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant increase in the number of late apoptotic cells when 

compared with the untreated control 36 hours post treatment (P ≤ 0.0015). No 

treatments induced a statistically significant change in the number of necrotic cells 

when compared with the untreated control 36 hours post treatment (P ≥ 0.1001). 

A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Panc-1 cells following two-way ANOVA with Bonferroni post hoc 

test can be found in tables 4.21 – 4.30. 
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Table 4.21: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus the untreated control zero hours post treatment. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ns 0.8774 

Late Apoptosis ns 0.9962 

Necrosis ns 0.8733 

Control vs MMF 

Early Apoptosis * 0.0223 

Late Apoptosis ns 0.1261 

Necrosis ns >0.9999 

Control vs 
gemcitabine 

Early Apoptosis ns 0.5353 

Late Apoptosis ns 0.9888 

Necrosis **** <0.0001 

Control vs EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 

Control vs M+R 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis ns >0.9999 

Necrosis ns >0.9999 

Control vs M+R 
Sch 2 

Early Apoptosis **** <0.0001 

Late Apoptosis ** 0.0050 

Necrosis ns 0.9137 

Control vs D+R 
Sch 2 

Early Apoptosis **** <0.0001 

Late Apoptosis * 0.0230 

Necrosis ns 0.6121 

Control vs M+G 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis ** 0.0021 

Necrosis ns 0.9512 

Control vs M+G 
Sch 3 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.8097 
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Table 4.22: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus monotherapies zero hours post treatment. Sch = schedule, M = MMF, D = 
MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis ** 0.0039 

Late Apoptosis ns >0.9999 

Necrosis ns >0.9999 

M+R Sch 1 vs 
EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 

M+R Sch 2 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.5448 

Necrosis ns >0.9999 

M+R Sch 2 vs 
EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 

D+R Sch 2 vs 
DMF 

Early Apoptosis **** <0.0001 

Late Apoptosis * 0.0387 

Necrosis **** <0.0001 

D+R Sch 2 vs 
EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9641 

M+G Sch 1 vs 
MMF 

Early Apoptosis ** 0.0049 

Late Apoptosis ns 0.3478 

Necrosis ns 0.6373 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis *** 0.0009 

Necrosis **** <0.0001 

M+G Sch 3 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9965 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 
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Table 4.23: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus the untreated control one hour post treatment. Sch = schedule, M = MMF, 
D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ** 0.0068 

Late Apoptosis ns >0.9999 

Necrosis **** <0.0001 

Control vs MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.3386 

Control vs 
gemcitabine 

Early Apoptosis ns >0.9999 

Late Apoptosis ns >0.9999 

Necrosis *** 0.0005 

Control vs EXBR 

Early Apoptosis ns 0.4064 

Late Apoptosis ns 0.9987 

Necrosis ns 0.4294 

Control vs M+R 
Sch 1 

Early Apoptosis ns 0.9290 

Late Apoptosis ns 0.9931 

Necrosis ns 0.3282 

Control vs M+R 
Sch 2 

Early Apoptosis * 0.0112 

Late Apoptosis ns 0.5838 

Necrosis ns 0.8082 

Control vs D+R 
Sch 2 

Early Apoptosis ns 0.5320 

Late Apoptosis ns 0.9943 

Necrosis ns 0.3133 

Control vs M+G 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9433 

Control vs M+G 
Sch 3 

Early Apoptosis *** 0.0001 

Late Apoptosis ** 0.0095 

Necrosis ns 0.9144 
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Table 4.24: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus monotherapies one hour post treatment. Sch = schedule, M = MMF, D = 
MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ** 0.0087 

M+R Sch 1 vs 
EXBR 

Early Apoptosis ns 0.7682 

Late Apoptosis ns 0.9746 

Necrosis ns 0.9975 

M+R Sch 2 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.1772 

M+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.1392 

Late Apoptosis ns 0.6495 

Necrosis ns 0.9976 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.1557 

Late Apoptosis ns 0.9952 

Necrosis **** <0.0001 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.9978 

Late Apoptosis ns 0.9779 

Necrosis ns 0.9942 

M+G Sch 1 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.8919 

Necrosis ns 0.3592 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis *** 0.0001 

M+G Sch 3 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis ** 0.0037 

Necrosis ns 0.2819 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis *** 0.0001 

Late Apoptosis * 0.0113 

Necrosis **** <0.0001 
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Table 4.25: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus the untreated control four hours post treatment. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ns 0.7476 

Late Apoptosis ns 0.2839 

Necrosis ns 0.9636 

Control vs MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis * 0.0317 

Control vs 
gemcitabine 

Early Apoptosis ns 0.6733 

Late Apoptosis ns 0.5404 

Necrosis **** <0.0001 

Control vs EXBR 

Early Apoptosis ns 0.6323 

Late Apoptosis ns 0.5277 

Necrosis ** 0.0016 

Control vs M+R 
Sch 1 

Early Apoptosis ns 0.9982 

Late Apoptosis ns 0.1759 

Necrosis ns >0.9999 

Control vs M+R 
Sch 2 

Early Apoptosis ns 0.2912 

Late Apoptosis * 0.0208 

Necrosis ns 0.6551 

Control vs D+R 
Sch 2 

Early Apoptosis ns 0.1480 

Late Apoptosis ns 0.0725 

Necrosis *** 0.0001 

Control vs M+G 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.3803 

Control vs M+G 
Sch 3 

Early Apoptosis ns 0.1306 

Late Apoptosis ** 0.0024 

Necrosis ns 0.9423 
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Table 4.26: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus monotherapies four hours post treatment. Sch = schedule, M = MMF, D = 
MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis * 0.0343 

M+R Sch 1 vs 
EXBR 

Early Apoptosis ns 0.5265 

Late Apoptosis ** 0.0079 

Necrosis ** 0.0018 

M+R Sch 2 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.3024 

M+R Sch 2 vs 
EXBR 

Early Apoptosis * 0.0246 

Late Apoptosis *** 0.0005 

Necrosis * 0.0294 

D+R Sch 2 vs 
DMF 

Early Apoptosis * 0.0158 

Late Apoptosis *** 0.0007 

Necrosis *** 0.0005 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.9934 

Late Apoptosis ns 0.9859 

Necrosis ns 0.4332 

M+G Sch 1 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.9966 

Necrosis ns 0.8442 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 

M+G Sch 3 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.2813 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis * 0.0104 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 
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Table 4.27: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus the untreated control 24 hours post treatment. Sch = schedule, M = MMF, 
D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis *** 0.0003 

Late Apoptosis ns 0.0774 

Necrosis ns 0.6749 

Control vs MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.1578 

Necrosis ns 0.9996 

Control vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.6601 

Control vs EXBR 

Early Apoptosis ** 0.0063 

Late Apoptosis ns 0.1730 

Necrosis ns >0.9999 

Control vs M+R 
Sch 1 

Early Apoptosis ns 0.9523 

Late Apoptosis ns 0.9572 

Necrosis ns 0.7153 

Control vs M+R 
Sch 2 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.7440 

Necrosis ns 0.8024 

Control vs D+R 
Sch 2 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.2928 

Necrosis ns >0.9999 

Control vs M+G 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis ** 0.0031 

Necrosis * 0.0430 

Control vs M+G 
Sch 3 

Early Apoptosis ns 0.0724 

Late Apoptosis ns 0.0699 

Necrosis ns >0.9999 
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Table 4.28: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus monotherapies 24 hours post treatment. Sch = schedule, M = MMF, D = 
MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.3663 

Necrosis ns 0.7753 

M+R Sch 1 vs 
EXBR 

Early Apoptosis * 0.0238 

Late Apoptosis ns 0.3928 

Necrosis ns 0.7126 

M+R Sch 2 vs 
MMF 

Early Apoptosis ns 0.7241 

Late Apoptosis ns 0.7620 

Necrosis ns 0.8505 

M+R Sch 2 vs 
EXBR 

Early Apoptosis ** 0.0068 

Late Apoptosis ns 0.7870 

Necrosis ns 0.8001 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.1663 

Late Apoptosis ns 0.8916 

Necrosis ns 0.6896 

D+R Sch 2 vs 
EXBR 

Early Apoptosis * 0.0296 

Late Apoptosis ns 0.9628 

Necrosis ns >0.9999 

M+G Sch 1 vs 
MMF 

Early Apoptosis ns 0.9293 

Late Apoptosis ns 0.3076 

Necrosis ns 0.0540 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis ** 0.0020 

Necrosis ns 0.3807 

M+G Sch 3 vs 
MMF 

Early Apoptosis ns 0.3569 

Late Apoptosis ns 0.4381 

Necrosis ns >0.9999 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis *** 0.0001 
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Table 4.29: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus the untreated control 36 hours post treatment. Sch = schedule, M = MMF, 
D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ns 0.5410 

Late Apoptosis *** 0.0002 

Necrosis ns 0.5575 

Control vs MMF 

Early Apoptosis *** 0.0006 

Late Apoptosis ** 0.0013 

Necrosis ns 0.9942 

Control vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9747 

Control vs EXBR 

Early Apoptosis ns 0.8615 

Late Apoptosis ns 0.8640 

Necrosis ns 0.9995 

Control vs M+R 
Sch 1 

Early Apoptosis ns 0.3130 

Late Apoptosis **** <0.0001 

Necrosis ns 0.7693 

Control vs M+R 
Sch 2 

Early Apoptosis ns 0.3667 

Late Apoptosis **** <0.0001 

Necrosis ns 0.1001 

Control vs D+R 
Sch 2 

Early Apoptosis ns 0.4007 

Late Apoptosis **** <0.0001 

Necrosis ns 0.3883 

Control vs M+G 
Sch 1 

Early Apoptosis *** 0.0005 

Late Apoptosis ns 0.4281 

Necrosis ns 0.9990 

Control vs M+G 
Sch 3 

Early Apoptosis ns 0.2873 

Late Apoptosis ** 0.0015 

Necrosis ns 0.2362 
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Table 4.30: Statistical comparisons of the distribution of apoptotic Panc-1 cells 
versus monotherapies 36 hours post treatment. Sch = schedule, M = MMF, D = 
MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis ns 0.0565 

Late Apoptosis ns 0.7492 

Necrosis ns 0.8913 

M+R Sch 1 vs 
EXBR 

Early Apoptosis ns 0.7660 

Late Apoptosis *** 0.0007 

Necrosis ns 0.8280 

M+R Sch 2 vs 
MMF 

Early Apoptosis ns 0.0710 

Late Apoptosis * 0.0119 

Necrosis ns 0.1608 

M+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.8032 

Late Apoptosis **** <0.0001 

Necrosis ns 0.1241 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.9951 

Late Apoptosis ns 0.9265 

Necrosis ns 0.4462 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.8226 

Late Apoptosis *** 0.0003 

Necrosis ns 0.9914 

M+G Sch 1 vs 
MMF 

Early Apoptosis ns 0.9907 

Late Apoptosis ns 0.0946 

Necrosis ns 0.9996 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis ** 0.0023 

Necrosis ns 0.9923 

M+G Sch 3 vs 
MMF 

Early Apoptosis ns 0.3383 

Late Apoptosis ns 0.8659 

Necrosis ns 0.3267 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.9599 

Necrosis ns 0.4049 

 

Summary of apoptosis analysis in Panc-1 

The schedule 1 combination of 0.6 µM MMF + 0.5 Gy EXBR induced a low level of 

apoptosis in Panc-1 cells initially post treatment, however as time progressed the 

combination did not appear to induce apoptosis until the final time point at 36 hours 

post treatment, suggesting an alternative mechanism of cell death is at play. MMF 

monotherapy induced apoptosis, which continued to increase as the time course 

progressed, however by 36 hours post treatment the number of apoptotic cells began 



270 
 

to decrease. Initially EXBR alone induced a significant level of apoptosis, however 

this decreased as the time course progressed. Overall, in these experiments, the 

single agents induced more apoptosis than the combination. 

Overall, the schedule 1 combination of MMF + gemcitabine induced apoptosis in 

Panc-1 cell line from zero hours post treatment to 24 hours post treatment, however 

the population of apoptotic cells began to decline at the 36-hour post treatment 

timepoint, indicating the late apoptotic cells previously seen have been eliminated 

from the population of cells. MMF monotherapy induced apoptosis, which continued 

to increase as the time course progressed, however by 36 hours post treatment the 

number of apoptotic cells began to decrease. Initially EXBR alone induced significant 

apoptosis, however this decreased as the time course progressed. Overall, the 

combination induced more apoptosis than the single agents until 24 hours post 

treatment, where gemcitabine induced more apoptosis than the combination. 

Overall, the schedule 2 combination of 0.6 µM MMF + 0.5 Gy EXBR induced 

apoptosis immediately post treatment, which decreased between one to four hours 

post treatment, indicating the apoptotic population of cells had been eliminated. 

However, from 24 to 36 hours post treatment the combination began to induce 

apoptosis once again, indicating the combination is inducing cell death. Initially 

EXBR alone induced higher levels of apoptosis, however this decreased as the time 

course progressed. MMF monotherapy induced apoptosis, which continued to 

increase as the time course progressed, however by 36 hours post treatment the 

number of apoptotic cells began to decrease. The combination overall did not induce 

more apoptosis than the single agents and would therefore not be considered as a 

promising treatment strategy based on this result. 

Overall, the schedule 2 combination of 20 µM DMF + 0.5 Gy EXBR induced a low 

level of apoptosis in the Panc-1 cell line when compared with the untreated control. 
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However, DMF monotherapy was just as effective at inducing apoptosis as the 

combination and EXBR alone initially induced a great deal of apoptosis, however 

this decreased as the time course progressed.  

The schedule 3 combination of MMF + gemcitabine induced apoptosis in the Panc-1 

cell line when compared to the untreated control, which increased as the time course 

progressed. Gemcitabine monotherapy initially induced necrosis, however 24 hours 

post treatment it began to induce apoptosis when compared with the untreated 

control. MMF monotherapy induced apoptosis when compared with the untreated 

control, which continued to increase as the time course progressed, however by 36 

hours post treatment the number of apoptotic cells began to decrease. Overall, 

gemcitabine monotherapy induced more apoptosis than the combination, suggesting 

the combination was of no additional benefit. 

To investigate if the selected combinations were inducing cell death via apoptosis in 

the Mia PaCa-2 cell line, the apoptosis assay was carried out as described in section 

4.3.4, and the results presented in figure 4.4. 
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Figure 4.4: Apoptosis analysis of combination therapies in Mia PaCa-2. Cells 

were incubated and harvested at specific time points post treatment before 

undergoing flow cytometry to determine the stage of apoptosis. (A) Distribution of cells 

0 hours post treatment. (B) Distribution of cells 1 hour post treatment. (C) Distribution 

of cells 4 hours post treatment. (D) Distribution of cells 24 hours post treatment. (E) 

Distribution of cells 36 hours post treatment. All data is represented as an average of 

three independent experiments ± the standard deviation. 
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As can be seen in figure 4.4A, in Mia PaCa-2 cells 0.16 µM gemcitabine, 0.5 Gy 

EXBR, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 3) 

induced a statistically significant increase in the number of early apoptotic cells when 

compared with the untreated control zero hours post treatment (P ≤ 0.0032). When 

looking at late apoptosis, only 0.5 Gy EXBR and 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 1) induced a statistically significant increase in the number of late apoptotic 

cells when compared with the untreated control zero hours post treatment (P ≤ 

0.0270). Only 0.5 Gy EXBR induced a statistically significant increase in the number 

of necrotic cells when compared with the untreated control zero hours post treatment 

(P < 0.0001). 

As can be seen in figure 4.4B, in Mia PaCa-2 cells only 0.16 µM gemcitabine induced 

a statistically significant increase in the number of early apoptotic cells when 

compared with the untreated control one hour post treatment (P < 0.0001). When 

looking at late apoptosis, 0.6 µM MMF, 0.5 Gy EXBR, 0.16 µM gemcitabine, 0.6 µM 

MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), 0.6 

µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 3) induced a statistically significant increase in the number of 

late apoptotic cells when compared with the untreated control one hour post treatment 

(P ≤ 0.0161). No treatments induced a statistically significant change in the number 

of necrotic cells when compared with the untreated control one hour post treatment 

(P ≥ 0.4087). 

As can be seen in figure 4.4C, in Mia PaCa-2 cells 0.16 µM gemcitabine and 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 1) induced a statistically significant increase 

in the number of early apoptotic cells when compared with the untreated control four 

hours post treatment (P ≤ 0.0322). When looking at late apoptosis, 0.6 µM MMF, 0.16 
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µM gemcitabine, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM MMF 

+ 0.16 µM gemcitabine (Schedule 3) induced a statistically significant increase in the 

number of late apoptotic cells when compared with the untreated control four hours 

post treatment (P ≤ 0.0110). When looking at necrosis, 0.6 µM MMF and 0.5 Gy EXBR 

induced a statistically significant increase in the number of necrotic cells when 

compared with the untreated control four hours post treatment (P ≤ 0.0038). 

As can be seen in figure 4.4D, in Mia PaCa-2 cells 0.6 µM MMF, 0.5 Gy EXBR, 0.16 

µM gemcitabine, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy 

EXBR (Schedule 2), 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 3) induced an increase in the number of early 

apoptotic cells when compared with the untreated control 24 hours post treatment (P 

≤ 0.0006). When looking at late apoptosis, 0.6 µM MMF, 0.5 Gy EXBR, 0.16 µM 

gemcitabine, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR 

(Schedule 2), 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), and 0.6 µM MMF + 

0.16 µM gemcitabine (Schedule 3) induced an increase in the number of late apoptotic 

cells when compared with the untreated control 24 hours post treatment (P ≤ 0.0006). 

No treatments induced a statistically significant change in the number of necrotic cells 

when compared with the untreated control 24 hours post treatment (P ≥ 0.4694). 

As can be seen in figure 4.4E, in Mia PaCa-2 cells 0.6 µM MMF, 0.5 Gy EXBR, 

0.16 µM gemcitabine, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 

Gy EXBR (Schedule 2), 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 3), and 20 µM DMF + 0.5 Gy EXBR 

(Schedule 2)  induced an increase in the number of early apoptotic cells when 

compared with the untreated control 36 hours post treatment (P ≤ 0.0018). When 

looking at late apoptosis, 0.6 µM MMF, 0.5 Gy EXBR, 0.16 µM gemcitabine, 0.6 µM 

MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), 0.6 
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µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 3), and 20 µM DMF + 0.5 Gy EXBR (Schedule 2)  induced an increase in 

the number of late apoptotic cells when compared with the untreated control 36 

hours post treatment (P ≤ 0.0173). When looking at necrosis, 0.6 µM MMF, 0.5 Gy 

EXBR, 0.16 µM gemcitabine, 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM 

MMF + 0.5 Gy EXBR (Schedule 2), and 0.6 µM MMF + 0.16 µM gemcitabine 

(Schedule 3) induced a statistically significant increase in the number of necrotic 

cells when compared with the untreated control 36 hours post treatment (P ≤ 

0.0090). 

A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Mia PaCa-2 cells following two-way ANOVA with Bonferroni post 

hoc test can be found in tables 4.31 – 4.40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



276 
 

Table 4.31: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus the untreated control zero hours post treatment. Sch = schedule, M 
= MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ns 0.2835 

Late Apoptosis ns 0.2835 

Necrosis ns 0.9997 

Control vs MMF 

Early Apoptosis ns 0.3776 

Late Apoptosis ns >0.9999 

Necrosis ns >0.9999 

Control vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.9937 

Necrosis ns 0.9998 

Control vs EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis * 0.0270 

Necrosis **** <0.0001 

Control vs M+R 
Sch 1 

Early Apoptosis *** 0.0008 

Late Apoptosis ns >0.9999 

Necrosis ns >0.9999 

Control vs M+R 
Sch 2 

Early Apoptosis ns 0.1154 

Late Apoptosis ns 0.8117 

Necrosis ns >0.9999 

Control vs D+R 
Sch 2 

Early Apoptosis ns 0.1548 

Late Apoptosis ns 0.8345 

Necrosis ns 0.9998 

Control vs M+G 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9954 

Control vs M+G 
Sch 3 

Early Apoptosis ** 0.0032 

Late Apoptosis ns 0.7642 

Necrosis ns >0.9999 
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Table 4.32: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus monotherapies zero hours post treatment. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis ns 0.1364 

Late Apoptosis ns >0.9999 

Necrosis ns >0.9999 

M+R Sch 1 vs 
EXBR 

Early Apoptosis ns 0.6237 

Late Apoptosis * 0.0331 

Necrosis **** <0.0001 

M+R Sch 2 vs 
MMF 

Early Apoptosis ns 0.9711 

Late Apoptosis ns 0.9842 

Necrosis ns 0.9996 

M+R Sch 2 vs 
EXBR 

Early Apoptosis ** 0.0068 

Late Apoptosis ns 0.1779 

Necrosis **** <0.0001 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.9854 

Late Apoptosis ns 0.2978 

Necrosis ns 0.9983 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ** 0.0014 

Late Apoptosis ** 0.0017 

Necrosis **** <0.0001 

M+G Sch 1 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9973 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9988 

M+G Sch 3 vs 
MMF 

Early Apoptosis ns 0.2871 

Late Apoptosis ns 0.9762 

Necrosis ns >0.9999 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis ns 0.3171 

Late Apoptosis ns 0.8894 

Necrosis ns >0.9999 
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Table 4.33: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus the untreated control one hour post treatment. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ns 0.8886 

Late Apoptosis ns 0.6607 

Necrosis ns 0.9992 

Control vs MMF 

Early Apoptosis ns 0.9818 

Late Apoptosis * 0.0289 

Necrosis ns 0.9266 

Control vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.5014 

Control vs EXBR 

Early Apoptosis ns 0.1946 

Late Apoptosis **** <0.0001 

Necrosis ns 0.4087 

Control vs M+R 
Sch 1 

Early Apoptosis ns 0.1214 

Late Apoptosis *** 0.0003 

Necrosis ns 0.9876 

Control vs M+R 
Sch 2 

Early Apoptosis ns 0.0525 

Late Apoptosis *** 0.0006 

Necrosis ns 0.5352 

Control vs D+R 
Sch 2 

Early Apoptosis ns 0.9996 

Late Apoptosis * 0.0211 

Necrosis ns 0.9971 

Control vs M+G 
Sch 1 

Early Apoptosis ns 0.7540 

Late Apoptosis *** 0.0006 

Necrosis ns 0.9505 

Control vs M+G 
Sch 3 

Early Apoptosis ns 0.3880 

Late Apoptosis *** 0.0006 

Necrosis ns 0.6121 
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Table 4.34: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus monotherapies one hour post treatment. Sch = schedule, M = MMF, 
D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis ns 0.0552 

Late Apoptosis ns 0.3530 

Necrosis ns 0.9916 

M+R Sch 1 vs 
EXBR 

Early Apoptosis ns 0.9944 

Late Apoptosis ns 0.7534 

Necrosis ns 0.6046 

M+R Sch 2 vs 
MMF 

Early Apoptosis * 0.0236 

Late Apoptosis ns 0.3236 

Necrosis ns 0.8576 

M+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.8469 

Late Apoptosis ns 0.8898 

Necrosis ns 0.9998 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.9253 

Late Apoptosis ns 0.2385 

Necrosis ns 0.9999 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.0990 

Late Apoptosis * 0.0144 

Necrosis ns 0.4130 

M+G Sch 1 vs 
MMF 

Early Apoptosis ns 0.5434 

Late Apoptosis ns 0.3581 

Necrosis ns >0.9999 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis ** 0.0012 

Late Apoptosis ns 0.0818 

Necrosis ns 0.8156 

M+G Sch 3 vs 
MMF 

Early Apoptosis ns 0.2317 

Late Apoptosis ns 0.2827 

Necrosis ns 0.9017 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis * 0.0118 

Late Apoptosis ns 0.1671 

Necrosis ns 0.9995 
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Table 4.35: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus the untreated control four hours post treatment. Sch = schedule, M 
= MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ns 0.1430 

Late Apoptosis ns 0.1228 

Necrosis ns 0.9786 

Control vs MMF 

Early Apoptosis ns 0.1902 

Late Apoptosis *** 0.0002 

Necrosis ** 0.0038 

Control vs 
gemcitabine 

Early Apoptosis ** 0.0039 

Late Apoptosis **** <0.0001 

Necrosis ns 0.0784 

Control vs EXBR 

Early Apoptosis ns 0.4480 

Late Apoptosis ns 0.0603 

Necrosis **** <0.0001 

Control vs M+R 
Sch 1 

Early Apoptosis ns 0.9603 

Late Apoptosis ns 0.5870 

Necrosis ns 0.6407 

Control vs M+R 
Sch 2 

Early Apoptosis ns 0.7446 

Late Apoptosis ns 0.1457 

Necrosis ns 0.9992 

Control vs D+R 
Sch 2 

Early Apoptosis ns 0.9300 

Late Apoptosis ns 0.9802 

Necrosis ns 0.6957 

Control vs M+G 
Sch 1 

Early Apoptosis * 0.0322 

Late Apoptosis * 0.0110 

Necrosis ns 0.9994 

Control vs M+G 
Sch 3 

Early Apoptosis ns 0.2114 

Late Apoptosis ** 0.0048 

Necrosis ns 0.9367 
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Table 4.36: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus monotherapies four hours post treatment. Sch = schedule, M = MMF, 
D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.4143 

Necrosis **** <0.0001 

M+R Sch 1 vs 
EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.7448 

Necrosis ** 0.0025 

M+R Sch 2 vs 
MMF 

Early Apoptosis ns 0.7558 

Late Apoptosis ns 0.0788 

Necrosis ** 0.0034 

M+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.9685 

Late Apoptosis ns 0.9836 

Necrosis **** <0.0001 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.3913 

Late Apoptosis ns 0.0545 

Necrosis ns 0.8971 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.7767 

Late Apoptosis * 0.0196 

Necrosis **** <0.0001 

M+G Sch 1 vs 
MMF 

Early Apoptosis ns 0.8453 

Late Apoptosis ns 0.4190 

Necrosis ** 0.0024 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis ns 0.8371 

Late Apoptosis *** 0.0003 

Necrosis ns 0.0608 

M+G Sch 3 vs 
MMF 

Early Apoptosis ns >0.9999 

Late Apoptosis ns 0.7297 

Necrosis * 0.0219 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis ns 0.3990 

Late Apoptosis ** 0.0017 

Necrosis ns 0.2833 
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Table 4.37: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus the untreated control 24 hours post treatment. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis ns 0.1430 

Late Apoptosis ns 0.1228 

Necrosis ns 0.9786 

Control vs MMF 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.5073 

Control vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.4694 

Control vs EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.6481 

Control vs M+R 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis *** 0.0006 

Necrosis ns 0.9485 

Control vs M+R 
Sch 2 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9998 

Control vs D+R 
Sch 2 

Early Apoptosis ns 0.9300 

Late Apoptosis ns 0.9802 

Necrosis ns 0.6957 

Control vs M+G 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9321 

Control vs M+G 
Sch 3 

Early Apoptosis *** 0.0007 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9418 
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Table 4.38: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus monotherapies 24 hours post treatment. Sch = schedule, M = MMF, 
D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis ** 0.0046 

Late Apoptosis **** <0.0001 

Necrosis ns 0.8242 

M+R Sch 1 vs 
EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.0887 

Necrosis ns 0.9208 

M+R Sch 2 vs 
MMF 

Early Apoptosis ns 0.7689 

Late Apoptosis * 0.0142 

Necrosis ns 0.5992 

M+R Sch 2 vs 
EXBR 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.9802 

Necrosis ns 0.7304 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.3913 

Late Apoptosis ns 0.0545 

Necrosis ns 0.8971 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.7767 

Late Apoptosis * 0.0196 

Necrosis **** <0.0001 

M+G Sch 1 vs 
MMF 

Early Apoptosis * 0.0317 

Late Apoptosis ns 0.2256 

Necrosis ns 0.9512 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis ** 0.0059 

Necrosis ns 0.8211 

M+G Sch 3 vs 
MMF 

Early Apoptosis *** 0.0007 

Late Apoptosis **** <0.0001 

Necrosis ns 0.9418 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis ns 0.6027 

Necrosis ns 0.7438 
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Table 4.39: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus the untreated control 36 hours post treatment. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

Control vs DMF 

Early Apoptosis *** 0.0004 

Late Apoptosis **** <0.0001 

Necrosis ns 0.5865 

Control vs MMF 

Early Apoptosis ** 0.0018 

Late Apoptosis **** <0.0001 

Necrosis ** 0.0015 

Control vs 
gemcitabine 

Early Apoptosis **** <0.0001 

Late Apoptosis * 0.0173 

Necrosis ns 0.8584 

Control vs EXBR 

Early Apoptosis ** 0.0018 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 

Control vs M+R 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis **** <0.0001 

Control vs M+R 
Sch 2 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis *** 0.0002 

Control vs D+R 
Sch 2 

Early Apoptosis *** 0.0001 

Late Apoptosis **** <0.0001 

Necrosis ns 0.0930 

Control vs M+G 
Sch 1 

Early Apoptosis **** <0.0001 

Late Apoptosis **** <0.0001 

Necrosis *** 0.0002 

Control vs M+G 
Sch 3 

Early Apoptosis ** 0.0016 

Late Apoptosis **** <0.0001 

Necrosis ** 0.0090 
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Table 4.40: Statistical comparisons of the distribution of apoptotic Mia PaCa-2 
cells versus monotherapies 36 hours post treatment. Sch = schedule, M = MMF, 
D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison 
Mode of Cell 

Death 
Summary P-value 

M+R Sch 1 vs 
MMF 

Early Apoptosis ns 0.3940 

Late Apoptosis * 0.0163 

Necrosis ns 0.2814 

M+R Sch 1 vs 
EXBR 

Early Apoptosis ns 0.3958 

Late Apoptosis ns 0.0819 

Necrosis ns 0.4798 

M+R Sch 2 vs 
MMF 

Early Apoptosis ns 0.5819 

Late Apoptosis ns 0.6316 

Necrosis ns 0.9977 

M+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.5842 

Late Apoptosis ns 0.9787 

Necrosis ** 0.0058 

D+R Sch 2 vs 
DMF 

Early Apoptosis ns 0.9669 

Late Apoptosis ns 0.2232 

Necrosis ns 0.6620 

D+R Sch 2 vs 
EXBR 

Early Apoptosis ns 0.9868 

Late Apoptosis ns 0.9882 

Necrosis **** <0.0001 

M+G Sch 1 vs 
MMF 

Early Apoptosis ns 0.1108 

Late Apoptosis * 0.0291 

Necrosis ns 0.9980 

M+G Sch 1 vs 
gemcitabine 

Early Apoptosis ns 0.8318 

Late Apoptosis **** <0.0001 

Necrosis ** 0.0019 

M+G Sch 3 vs 
MMF 

Early Apoptosis ns >0.9999 

Late Apoptosis * 0.0165 

Necrosis ns 0.9096 

M+G Sch 3 vs 
gemcitabine 

Early Apoptosis ns 0.5804 

Late Apoptosis **** <0.0001 

Necrosis * 0.0494 

 

Summary of apoptosis analysis in Mia PaCa-2 

Overall, the schedule 1 combination of 0.6 µM MMF + 0.5 Gy EXBR induced 

apoptosis in Mia PaCa-2 cells, which transitioned from early apoptosis in the earlier 

timepoints to late apoptosis and necrosis by the final 36 hours post treatment 

timepoint, suggesting cells continued to undergo apoptosis post treatment. MMF 

monotherapy induced apoptosis, which continued to increase as the time course 

progressed, and 4 hours post treatment MMF began to induce necrosis. EXBR 
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alone initially induced apoptosis and necrosis, which increased as the time course 

progressed. However, the combination did not induce more apoptosis or necrosis 

than either single agent alone overall. 

Overall, the schedule 1 combination of 0.6 µM MMF + 0.16 µM gemcitabine induced 

apoptosis in the Mia PaCa-2 cell line, which continued to increase over the time 

course and necrosis began to occur by 36 hours post treatment. MMF induced 

apoptosis, which continued to increase as the time course progressed, and 4 hours 

post treatment it began to induce necrosis. Gemcitabine continued to induce 

apoptosis until 36 hours post treatment, where the number of apoptotic cells began 

to decrease. Overall, the combination induced more apoptosis than both single 

agents overall by the time 36 hours post treatment was reached suggesting the 

combination is of additional benefit as hypothesised. 

Overall, the schedule 2 combination of 0.6 µM MMF + 0.5 Gy EXBR induced more 

apoptosis than the untreated control in the Mia PaCa-2 cell line, which increased as 

the time course progressed and led to necrosis 36 hours post treatment. MMF 

induced apoptosis, which continued to increase as the time course progressed, and 

4 hours post treatment it began to induce necrosis. EXBR alone initially induced 

apoptosis and necrosis, which increased as the time course progressed. The 

combination overall did not induce more apoptosis/necrosis than EXBR alone, 

suggesting the combination was of no additional benefit. 

The schedule 2 combination of 20 µM DMF + 0.5 Gy EXBR initially induced 

apoptosis in the Mia PaCa-2 cell line immediately post treatment, however the 

number of apoptotic cells decreased until 36 hours post treatment when the number 

of apoptotic cells again began to increase when compared with the untreated 

control. EXBR alone initially induced apoptosis and necrosis, which increased as the 

time course progressed compared with the untreated control. DMF monotherapy 
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induced apoptosis, which increased as the time course progressed when compared 

with the untreated control. Overall, the combination did not induce more apoptosis 

than EXBR alone, indicating the combination was of no additional benefit when 

compared with the EXBR alone. 

Overall, the schedule 1 combination of 0.6 µM MMF + 0.16 µM gemcitabine induced 

apoptosis in the Mia PaCa-2 cell line, which increased as the time course 

progressed, with the greatest amount of apoptosis induced 36 hours post treatment. 

MMF induced apoptosis, which continued to increase as the time course 

progressed, and 4 hours post treatment it began to induce necrosis. Gemcitabine 

continued to induce apoptosis until 36 hours post treatment, where the number of 

apoptotic cells began to decrease. The combination induced more apoptosis overall 

than both single agents. 

4.4.3: DNA damage studies on developed combinations 

To investigate if the selected combinations were inducing DNA damage in the Panc-

1 cell line, the comet assay was carried out as described in section 4.3.5, and the 

results presented in figure 4.5. 
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Figure 4.5: DNA damage analysis of combination therapies in Panc-1. Cells were 

incubated and harvested at specific time points post treatment before undergoing 

comet assay to determine if DNA damage had been induced. All data is represented 

as an average of three independent experiments ± the standard error of the mean. 
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As can be seen in figure 4.5, in Panc-1 cells, 20 µM DMF, 0.6 µM MMF, 0.5 Gy 

EXBR, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 3), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 1), 0.6 µM MMF 

+ 0.5 Gy EXBR (Schedule 2), and 20 µM DMF + 0.5 Gy EXBR (Schedule 2) induced 

a statistically significantly greater amount of DNA damage when compared with the 

untreated control zero hours post treatment (P < 0.0001). 

One hour post treatment in Panc-1 cells, 20 µM DMF, 0.16 µM gemcitabine, 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 3), and 0.6 µM MMF + 0.5 Gy EXBR 

(Schedule 1) induced a statistically significantly greater amount of DNA damage 

when compared with the untreated control one hour post treatment (P ≤ 0.0191). 

Four hours post treatment in Panc-1 cells, no treatments induced a statistically 

significant amount of DNA damage when compared with the untreated control four 

hours post treatment (P ≥ 0.9604). 

24 hours post treatment in Panc-1 cells, only 20 µM DMF and 0.16 µM gemcitabine 

induced a statistically significantly greater amount of DNA damage when compared 

with the untreated control 24 hours post treatment (P ≤ 0.0065). 

36 hours post treatment in Panc-1 cells, only 0.6 µM MMF + 0.5 Gy EXBR 

(Schedule 1) induced a statistically significantly greater amount of DNA damage 

when compared with the untreated control 36 hours post treatment (P < 0.0001). 

A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Panc-1 cells following two-way ANOVA with Bonferroni post hoc 

test can be found in tables 4.41 and 4.42. 
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Table 4.41: Statistical comparisons of DNA damage of treated Panc-1 cells 
throughout the time course versus the untreated control. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

Control vs DMF 

0 **** <0.0001 

1 * 0.0191 

4 ns >0.9999 

24 ** 0.0065 

36 ns 0.9996 

Control vs MMF 

0 **** <0.0001 

1 ns 0.2645 

4 ns >0.9999 

24 ns 0.1394 

36 ns 0.8273 

Control vs 
gemcitabine 

0 ns 0.3260 

1 *** 0.0001 

4 ns >0.9999 

24 **** <0.0001 

36 ns 0.9047 

Control vs EXBR 

0 **** <0.0001 

1 ns 0.7931 

4 ns >0.9999 

24 ns 0.5037 

36 ns 0.3097 

Control vs M+R 
Sch 1 

0 **** <0.0001 

1 ** 0.0091 

4 ns 0.9604 

24 ns 0.9583 

36 **** <0.0001 

Control vs M+R 
Sch 2 

0 **** <0.0001 

1 ns 0.4228 

4 ns >0.9999 

24 ns 0.9453 

36 ns >0.9999 

Control vs M+G 
Sch 1 

0 **** <0.0001 

1 ns 0.6078 

4 ns 0.9916 

24 ns 0.8909 

36 ns 0.8612 

Control vs M+G 
Sch 3 

0 **** <0.0001 

1 **** <0.0001 

4 ns 0.8928 

24 ns 0.2590 

36 ns 0.9863 

Control vs D+R 
Sch 2 

0 **** <0.0001 

1 ns 0.5065 

4 ns >0.9999 

24 ns 0.7525 

36 ns 0.2152 
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Table 4.42: Statistical comparisons of DNA damage of treated Panc-1 cells 
throughout the time course versus the untreated control. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

D+R Sch 2 vs DMF 

0 **** <0.0001 

1 ns 0.9948 

4 ns 0.9996 

24 ns 0.6087 

36 ns 0.4530 

D+R Sch 2 vs EXBR 

0 **** <0.0001 

1 ns >0.9999 

4 ns >0.9999 

24 ns >0.9999 

36 ns >0.9999 

M+G Sch 1 vs MMF 

0 **** <0.0001 

1 ns >0.9999 

4 ns 0.9952 

24 ns 0.9845 

36 ns >0.9999 

M+G Sch 1 vs 
gemcitabine 

0 **** <0.0001 

1 ns 0.4853 

4 ns 0.9359 

24 **** <0.0001 

36 ns >0.9999 

M+G Sch 3 vs MMF 

0 ** 0.0039 

1 ** 0.0011 

4 ns 0.9215 

24 ns >0.9999 

36 ns >0.9999 

M+G Sch 3 vs 
gemcitabine 

0 **** <0.0001 

1 ns 0.0694 

4 ns 0.6830 

24 **** <0.0001 

36 ns >0.9999 

M+R Sch 1 vs MMF 

0 ns 0.6086 

1 ns 0.9837 

4 ns 0.9738 

24 ns 0.9165 

36 *** 0.0002 

M+R Sch 1 vs 
EXBR 

0 **** <0.0001 

1 ns 0.6876 

4 ns 0.9925 

24 ns 0.9961 

36 ns 0.2512 

M+R Sch 2 vs MMF 

0 ns 0.9934 

1 ns >0.9999 

4 ns >0.9999 

24 ns 0.9571 

36 ns 0.9994 

M+R Sch 2 vs 
EXBR 

0 * 0.0176 

1 ns >0.9999 

4 ns >0.9999 

24 ns 0.9986 

36 ns 0.7991 
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Summary of DNA damage following treatment in Panc-1 cells 

Overall, the DNA damage induced by the schedule 1 combination of 0.6 µM MMF + 

0.5 Gy EXBR was unable to be fully repaired in Panc-1 cells, as the DNA damage 

was statistically significantly greater 36 hours post treatment when compared with the 

untreated control, whereas the single agent damage was able to be repaired. This 

result implies the combination may have therapeutic efficacy as the combination is 

inducing DNA damage the cell is unable to repair, which could lead to cancer cell 

death. 

Overall, the DNA damage induced by the schedule 1 combination of 0.6 µM MMF + 

0.16 µM gemcitabine was fully repaired in the Panc-1 cells, despite the initial peak of 

DNA damage seen immediately post treatment. 

Overall, the DNA damage induced by the schedule 2 combination of 0.6 µM MMF + 

0.5 Gy EXBR was able to be fully repaired in the Panc-1 cells over the analysed time 

course, indicating the combination was no different from that of the untreated control. 

Overall, the DNA damage induced by the schedule 2 combination of 20 µM DMF + 

0.5 Gy EXBR was able to be fully repaired in the Panc-1 cells over the analysed time 

course as it did not differ from the untreated control. 

Overall, the DNA damage induced by the schedule 1 combination of 0.6 µM MMF + 

0.16 µM gemcitabine was able to be fully repaired in the Panc-1 cells as the DNA 

damage decreased over time and retuned to that of the untreated control 36 hours 

post treatment, suggesting the combination was of no additional benefit. 

To investigate if the selected combinations were inducing DNA damage in the Mia 

PaCa-2 cell line, the comet assay was carried out as described in section 4.3.5, and 

the results presented in figure 4.6. 
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Figure 4.6: DNA damage analysis of combination therapies in Mia PaCa-2. Cells 

were incubated and harvested at specific time points post treatment before 

undergoing comet assay to determine if DNA damage had been induced. All data is 

represented as an average of three independent experiments ± the standard error of 

the mean. 
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As can be seen in figure 4.6, in Mia PaCa-2 cells, 0.16 µM gemcitabine, 0.5 Gy 

EXBR, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 0.16 µM 

gemcitabine (Schedule 3), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), and 20 µM 

DMF + 0.5 Gy EXBR (Schedule 2) induced a statistically significantly greater 

amount of DNA damage when compared with the untreated control zero hours post 

treatment (P ≤ 0.0367). 

One hour post treatment in Mia PaCa-2 cells, 0.6 µM MMF, 0.16 µM gemcitabine, 

0.5 Gy EXBR, 0.6 µM MMF + 0.16 µM gemcitabine (Schedule 1), 0.6 µM MMF + 

0.16 µM gemcitabine (Schedule 3), 0.6 µM MMF + 0.5 Gy EXBR (Schedule 2), 0.6 

µM MMF + 0.5 Gy EXBR (Schedule 1) and 20 µM DMF + 0.5 Gy EXBR (Schedule 

2) induced a statistically significantly greater amount of DNA damage when 

compared with the untreated control one hour post treatment (P ≤ 0.0004). 

Four hours post treatment in Mia PaCa-2 cells, all tested monotherapies and 

combination therapies induced a statistically significantly greater amount of DNA 

damage when compared with the untreated control four hours post treatment (P < 

0.0001). 

24 hours post treatment in Mia PaCa-2 cells, all tested monotherapies and 

combination therapies, with the exception of 20 µM DMF, induced a statistically 

significantly greater amount of DNA damage when compared with the untreated 

control 24 hours post treatment (P < 0.0001). 

36 hours post treatment in Mia PaCa-2 cells, all tested monotherapies and 

combination therapies induced a statistically significantly greater amount of DNA 

damage when compared with the untreated control 36 hours post treatment (P < 

0.0001). 
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A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Mia PaCa-2 cells following two-way ANOVA with Bonferroni post 

hoc test can be found in tables 4.43 and 4.44. 
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Table 4.43: Statistical comparisons of DNA damage of treated Mia PaCa-2 cells 
throughout the time course versus the untreated control. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

Control vs DMF 

0 ns 0.3814 

1 ns 0.6807 

4 **** <0.0001 

24 ns >0.9999 

36 **** <0.0001 

Control vs MMF 

0 ns 0.0927 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

Control vs 
gemcitabine 

0 * 0.0367 

1 *** 0.0004 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

Control vs EXBR 

0 **** <0.0001 

1 ns 0.0559 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

Control vs M+R 
Sch 1 

0 ns 0.5040 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

Control vs M+R 
Sch 2 

0 * 0.0332 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

Control vs M+G 
Sch 1 

0 ** 0.0017 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

Control vs M+G 
Sch 3 

0 **** <0.0001 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

Control vs D+R 
Sch 2 

0 ** 0.0012 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 
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Table 4.44: Statistical comparisons of DNA damage of treated Mia PaCa-2 cells 
throughout the time course versus the untreated control. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

D+R Sch 2 vs DMF 

0 ns 0.7028 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

D+R Sch 2 vs EXBR 

0 **** <0.0001 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

M+G Sch 1 vs MMF 

0 ns 0.9704 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

M+G Sch 1 vs 
gemcitabine 

0 **** <0.0001 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

M+G Sch 3 vs MMF 

0 **** <0.0001 

1 ns 0.2483 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

M+G Sch 3 vs 
gemcitabine 

0 **** <0.0001 

1 ns 0.7070 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

M+R Sch 1 vs MMF 

0 ns 0.9973 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

M+R Sch 1 vs 
EXBR 

0 **** <0.0001 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 

M+R Sch 2 vs MMF 

0 ns >0.9999 

1 **** <0.0001 

4 **** <0.0001 

24 ns 0.0993 

36 **** <0.0001 

M+R Sch 2 vs 
EXBR 

0 **** <0.0001 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 **** <0.0001 
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Summary of DNA damage following treatment in Mia PaCa-2 cells 

Overall, the DNA damage induced by the schedule 1 combination of 0.6 µM MMF + 

0.5 Gy EXBR was unable to be fully repaired in the Mia PaCa-2 cells, as the induced 

DNA damage continued to increase until 36 hours post treatment, whereas the 

damage induced by both single agents began to decrease, indicating DNA repair. 

Overall, the DNA damage induced by the schedule 1 combination of 0.6 µM MMF + 

0.16 µM gemcitabine was fully repaired in the Mia PaCa-2 cells, with the single agents 

inducing more damage overall when compared with the untreated control, surprisingly 

suggesting that the cytotoxicity induced combination is related to DNA damage. 

Overall, the DNA damage induced by the schedule 1 combination of 0.6 µM MMF + 

0.5 Gy EXBR was able to be fully repaired in the Mia PaCa-2 cells, as the DNA 

damage induced by the combination 36 hours post treatment did not statistically 

significantly differ from the DNA damage initially induced by the combination zero 

hours post treatment. 

Overall, the DNA damage induced by the schedule 1 combination of 20 µM DMF + 

0.5 Gy EXBR was not fully repaired in the Mia PaCa-2 cells, as the DNA damage 36 

hours post treatment was greater than that of the untreated control, however the 

monotherapies induced more DNA damage overall, indicating this combination was 

of no additional benefit. 

Overall, the DNA damage induced by the schedule 1 combination of 0.6 µM MMF + 

0.16 µM gemcitabine was repaired in the Mia PaCa-2 cells, however the DNA damage 

induced by the single agents was also repaired. This suggest that the combination 

was of no additional benefit. 
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4.4.4: Glutathione studies on developed combinations 

To investigate the effects of the developed combinations on glutathione levels within 

Panc-1 cells, the glutathione assay was carried out as described in section 4.3.6, and 

the results presented in figure 4.7.  
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Figure 4.7: Glutathione analysis of combination therapies in Panc-1. Cells were 

incubated and harvested at specific time points post treatment before undergoing 

glutathione assay to determine if the glutathione levels within the cell had been altered 

following treatment. All data is represented as an average of three independent 

experiments ± the standard deviation. 
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As can be seen in figure 4.7, in Panc-1 cells only 20 µM DMF induced a statistically 

significant increase in the glutathione level when compared with the untreated 

control zero hours post treatment (P < 0.0001). 

One hour post treatment in Panc-1 cells, 20 µM DMF and 0.6 µM MMF + 0.5 Gy 

EXBR (Schedule 1) induced a statistically significant increase in the glutathione 

level when compared with the untreated control one hour post treatment (P ≤ 

0.0002). 

Four hours post treatment in Panc-1 cells, only 0.6 µM MMF and 0.6 µM + 0.5 Gy 

EXBR (Schedule 1) induced a statistically significant increase in the glutathione 

level when compared with the untreated control four hours post treatment (P ≤ 

0.0351). 

24 hours post treatment in Panc-1 cells, only 0.6 µM MMF, 0.5 Gy EXBR, 20 µM 

DMF, and 0.6 µM + 0.5 Gy EXBR (Schedule 1) induced a statistically significant 

increase in the glutathione level when compared with the untreated control 24 hours 

post treatment (P ≤ 0.0062). 

36 hours post treatment in Panc-1 cells single agents or combination therapies 

induced a statistically significant change in the glutathione level when compared 

with the untreated control 36 hours post treatment (P ≥ 0.4449). 

A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Panc-1 cells following two-way ANOVA with Bonferroni post hoc 

test can be found in tables 4.45 and 4.46. 

 

 



302 
 

Table 4.45: Statistical comparisons of glutathione levels in treated Panc-1 cells 
throughout the time course versus the untreated control. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

Control vs DMF 

0 **** <0.0001 

1 *** 0.0002 

4 ns 0.2020 

24 **** <0.0001 

36 ns 0.9956 

Control vs MMF 

0 ns 0.6891 

1 ns >0.9999 

4 * 0.0351 

24 **** <0.0001 

36 ns 0.9320 

Control vs 
gemcitabine 

0 ns 0.3011 

1 ns >0.9999 

4 ns 0.9298 

24 ns 0.9881 

36 ns >0.9999 

Control vs EXBR 

0 ns 0.7002 

1 ns 0.6833 

4 ns >0.9999 

24 ** 0.0062 

36 ns 0.5414 

Control vs M+R 
Sch 1 

0 ns 0.5509 

1 **** <0.0001 

4 **** <0.0001 

24 **** <0.0001 

36 ns 0.4449 

Control vs M+R 
Sch 2 

0 ns 0.9935 

1 ns 0.8892 

4 ns 0.8332 

24 ns 0.1065 

36 ns 0.6594 

Control vs M+G 
Sch 1 

0 ns >0.9999 

1 ns 0.8332 

4 ns 0.9962 

24 ns 0.0609 

36 ns 0.9390 

Control vs M+G 
Sch 3 

0 ns 0.9946 

1 ns 0.9672 

4 ns 0.2572 

24 ns >0.9999 

36 ns >0.9999 

Control vs D+R 
Sch 2 

0 ns 0.7258 

1 ns 0.8892 

4 ns 0.9053 

24 ns 0.9818 

36 ns 0.9553 
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Table 4.46: Statistical comparisons of glutathione levels in treated Panc-1 cells 
throughout the time course versus the untreated control. Sch = schedule, M = 
MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

D+R Sch 2 vs DMF 

0 **** <0.0001 

1 * 0.0332 

4 ns 0.0757 

24 **** <0.0001 

36 ns >0.9999 

D+R Sch 2 vs EXBR 

0 ns >0.9999 

1 ns >0.9999 

4 **** <0.0001 

24 ns 0.1526 

36 * 0.0343 

M+G Sch 1 vs MMF 

0 ns 0.7545 

1 ns 0.7113 

4 ns 0.3017 

24 **** <0.0001 

36 ns >0.9999 

M+G Sch 1 vs 
gemcitabine 

0 ns 0.3612 

1 ns 0.5654 

4 ns >0.9999 

24 ** 0.0021 

36 ns 0.9843 

M+G Sch 3 vs MMF 

0 ns 0.9952 

1 ns 0.9910 

4 ns 0.9982 

24 **** <0.0001 

36 ns 0.9724 

M+G Sch 3 vs 
gemcitabine 

0 ns 0.8805 

1 ns 0.9985 

4 ns 0.9760 

24 ns 0.9819 

36 ns >0.9999 

M+R Sch 1 vs MMF 

0 ns >0.9999 

1 **** <0.0001 

4 ns 0.9914 

24 **** <0.0001 

36 ns 0.9974 

M+R Sch 1 vs 
EXBR 

0 ** 0.0059 

1 *** 0.0008 

4 ns 0.3456 

24 * 0.0152 

36 ** 0.0015 

M+R Sch 2 vs MMF 

0 ns 0.9960 

1 ns 0.9540 

4 ns 0.7715 

24 **** <0.0001 

36 ns >0.9999 

M+R Sch 2 vs 
EXBR 

0 ns 0.1444 

1 ns >0.9999 

4 ns 0.8189 

24 ns 0.9936 

36 ** 0.0046 
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Summary of glutathione levels following treatment in Panc-1 cells 

Overall, none of the developed combinations influenced the glutathione levels within 

the cell, as the glutathione levels did not statistically significantly vary form that of the 

untreated control overall. Unexpectedly, MMF monotherapy caused an increase in 

glutathione levels in Panc-1 cells 24 hours post treatment, however this returned to 

that of the untreated control 36 hours post treatment. This result contradicts our 

hypothesis that MMF would decrease glutathione. As the glutathione levels rose in 

the untreated control over the time course, this suggests an experimental error and 

the results may not be a true representative of what was happening with glutathione 

levels within the cell. 

To investigate the effects of the developed combinations on glutathione levels within 

Mia PaCa-2 cells, the glutathione assay was carried out as described in section 4.3.6, 

and the results presented in figure 4.8.  
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Figure 4.8: Glutathione analysis of combination therapies in Mia PaCa-2. Cells 

were incubated and harvested at specific time points post treatment before 

undergoing glutathione assay to determine if the glutathione levels within the cell had 

been altered following treatment. All data is represented as an average of three 

independent experiments ± the standard deviation. 
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As can be seen in figure 4.8 in Mia PaCa-2 cells, only 20 µM DMF induced a 

statistically significant increase in glutathione levels when compared with the 

untreated control zero hours post treatment (P = 0.0223). 

One hour post treatment in Mia PaCa-2 cells, 20 µM DMF + 0.5 Gy EXBR and 0.6 µM 

MMF + 0.16 µM gemcitabine (Schedule 3) induced a statistically significant increase 

in glutathione levels when compared with the untreated control one hour post 

treatment (P ≤ 0.0044). 

Four hours post treatment in Mia PaCa-2 cells, no monotherapies or combination 

therapies induced a statistically significant change in glutathione levels when 

compared with the untreated control four hours post treatment (P = 0.2035). 

24 hours post treatment in Mia PaCa-2 cells, 0.16 µM gemcitabine and 0.6 µM MMF 

+ 0.16 µM gemcitabine (Schedule 1) induced a statistically significant reduction in 

glutathione levels when compared with the untreated control 24 hours post treatment 

(P ≤ 0.0071). Conversely, 20 µM DMF induced a statistically significant increase in 

glutathione levels when compared with the untreated control 24 hours post treatment 

(P < 0.0001). 

36 hours post treatment in Mia PaCa-2 cells, only 0.6 µM MMF + 0.5 Gy EXBR 

(Schedule 1) induced a statistically significant increase in glutathione levels when 

compared with the untreated control 36 hours post treatment (P = 0.0059). 

A summary of all statistical comparisons carried out between the untreated control 

and therapies, and between combination therapies and individual components over 

the time course in Mia PaCa-2 cells following two-way ANOVA with Bonferroni post 

hoc test can be found in tables 4.47 and 4.48. 
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Table 4.47: Statistical comparisons of glutathione levels in treated Mia PaCa-2 
cells throughout the time course versus the untreated control. Sch = schedule, 
M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

Control vs DMF 

0 * 0.0223 

1 ns 0.9710 

4 ns 0.9393 

24 **** <0.0001 

36 ns 0.9879 

Control vs MMF 

0 ns >0.9999 

1 ns >0.9999 

4 ns >0.9999 

24 ns 0.9987 

36 ns 0.8608 

Control vs 
gemcitabine 

0 ns 0.9936 

1 ns 0.3152 

4 ns >0.9999 

24 **** <0.0001 

36 ns 0.4860 

Control vs EXBR 

0 ns >0.9999 

1 ns >0.9999 

4 ns >0.9999 

24 ns 0.1265 

36 ns 0.9989 

Control vs M+R 
Sch 1 

0 ns >0.9999 

1 ns 0.5666 

4 ns 0.6451 

24 ns 0.9980 

36 ** 0.0059 

Control vs M+R 
Sch 2 

0 ns 0.9898 

1 * 0.0355 

4 ns 0.9688 

24 ns 0.9588 

36 ns 0.9973 

Control vs M+G 
Sch 1 

0 ns >0.9999 

1 ns >0.9999 

4 ns >0.9999 

24 ** 0.0071 

36 ns 0.2662 

Control vs M+G 
Sch 3 

0 ns 0.9696 

1 **** <0.0001 

4 ns 0.6046 

24 ns >0.9999 

36 ns 0.8826 

Control vs D+R 
Sch 2 

0 ns 0.5529 

1 ** 0.0044 

4 ns 0.2035 

24 ns 0.7987 

36 ns 0.4306 
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Table 4.48: Statistical comparisons of glutathione levels in treated Mia PaCa-2 
cells throughout the time course versus the untreated control. Sch = schedule, 
M = MMF, D = MMF, G = gemcitabine, R = EXBR, ns = not significant. 

Comparison Time Point (hrs) Summary P-value 

D+R Sch 2 vs DMF 

0 ns 0.9098 

1 ns 0.1456 

4 ns 0.9482 

24 ** 0.0018 

36 ns 0.9713 

D+R Sch 2 vs EXBR 

0 ns 0.4056 

1 ** 0.0019 

4 ns 0.3020 

24 *** 0.0006 

36 ns 0.0897 

M+G Sch 1 vs MMF 

0 ns >0.9999 

1 ns >0.9999 

4 ns 0.9998 

24 *** 0.0004 

36 ns 0.9937 

M+G Sch 1 vs 
gemcitabine 

0 ns 0.9992 

1 ns 0.2525 

4 ns >0.9999 

24 ns 0.7339 

36 ns >0.9999 

M+G Sch 3 vs MMF 

0 ns 0.9734 

1 *** 0.0001 

4 ns 0.8659 

24 ns 0.9851 

36 ns >0.9999 

M+G Sch 3 vs 
gemcitabine 

0 ns >0.9999 

1 ns 0.1192 

4 ns 0.7288 

24 **** <0.0001 

36 ns 0.9997 

M+R Sch 1 vs MMF 

0 ns >0.9999 

1 ns 0.8204 

4 ns 0.8908 

24 ns 0.8420 

36 **** <0.0001 

M+R Sch 1 vs 
EXBR 

0 ns 0.9998 

1 ns 0.4102 

4 ns 0.7730 

24 ns 0.5683 

36 *** 0.0004 

M+R Sch 2 vs MMF 

0 ns 0.9914 

1 ns 0.1042 

4 ns 0.9988 

24 ns 0.5703 

36 ns 0.3211 

M+R Sch 2 vs 
EXBR 

0 ns 0.9624 

1 * 0.0177 

4 ns 0.9910 

24 ns 0.8406 

36 ns 0.8316 
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Summary of glutathione levels following treatment in Mia PaCa-2 cells 

Overall, none of the developed combinations influenced the glutathione levels within 

the cell, as the glutathione levels did not statistically significantly vary form that of the 

untreated control overall. Unexpectedly, DMF monotherapy caused an increase in 

glutathione levels in Panc-1 cells 24 hours post treatment, however this returned to 

that of the untreated control 36 hours post treatment. This result contradicts our 

hypothesis that DMF would decrease glutathione. As the glutathione levels rose in 

the untreated control over the time course, this suggests an experimental error and 

the results may not be a true representative of what was happening with glutathione 

levels within the cell. 

An overall summary of all mechanistic studies carried out can be found in table 49 

and 50. 
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Table 4.49: Summary of mechanistic results for combination therapies in Panc-
1 cells vs the untreated control 

Schedule 1 MMF + EXBR 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle ↑ sG1 No change ↑ S & G2/M ↑ S & G2/M ↑ G2/M 

Apoptosis ↑ apoptosis No change No change No change ↑ apoptosis 

DNA Damage 
↑ DNA 

damage 
No change No change No change 

↑ DNA 

damage 

Glutathione 

Level 
No change ↑ glutathione No change ↑ glutathione No change 

Schedule 1 MMF + gemcitabine 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle No change ↑ G2/M ↑ S & G2/M ↑ S & G2/M ↑ S & G2/M 

Apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis 

DNA Damage  
↑ DNA 

damage 
No change No change No change No change 

Glutathione 

Level 
No change No change No change No change No change 

Schedule 2 MMF + EXBR 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle ↑ sG1 ↑ sG1 ↑ G2/M No change No change 

Apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis 

DNA Damage  
↑ DNA 

damage 
No change No change No change No change 

Glutathione 

Level 
No change No change No change No change No change 

Schedule 2 DMF + EXBR 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle No change ↑ G2/M No change ↑ G1 No change 

Apoptosis ↑ apoptosis No change No change ↑ apoptosis ↑ apoptosis 

DNA Damage  
↑ DNA 

damage 
No change No change No change No change 

Glutathione 

Level 
No change No change 

↑ 

glutathione 
No change No change 

Schedule 3 MMF + gemcitabine 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle ↑ sG1 & S No change ↑ S & G2/M ↑ S & G2/M ↑ G2/M 

Apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis 

DNA Damage  
↑ DNA 

damage 

↑ DNA 

damage 
No change No change No change 

Glutathione 

Level 
No change No change No change No change No change 
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Table 4.50: Summary of mechanistic results for combination therapies in Mia 
PaCa-2 cells vs the untreated control 

Schedule 1 MMF + EXBR 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle No change ↑ sG1 No change No change No change 

Apoptosis ↑ apoptosis ↑ apoptosis No change ↑ apoptosis ↑ apoptosis 

DNA 

Damage 
No change 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

Glutathione 

Level 
No change No change No change No change 

↑ 

glutathione 

Schedule 1 MMF + gemcitabine 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle ↑ S & G2/M No change ↑ G2/M ↑ G2/M ↑ G2/M 

Apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis 

DNA 

Damage  

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

Glutathione 

Level 
No change No change No change 

↓ 

glutathione 
No change 

Schedule 2 MMF + EXBR 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle ↑ sG1 ↑ sG1 No change No change No change 

Apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis 

DNA 

Damage  

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

Glutathione 

Level 
No change 

↑ 

glutathione 
No change No change No change 

Schedule 2 DMF + EXBR 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle No change No change No change ↑ sG1 ↑ sG1 

Apoptosis No change ↑ apoptosis No change No change ↑ apoptosis 

DNA 

Damage  
No change 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

Glutathione 

Level 
No change 

↑ 

glutathione 
No change No change No change 

Schedule 3 MMF + gemcitabine 

 0 hours 1 hour 4 hours 24 hours 36 hours 

Cell Cycle ↑ G1 ↑ sG1 No change No change ↑ S 

Apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis ↑ apoptosis 

DNA 

Damage  

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

↑ DNA 

damage 

Glutathione 

Level 
No change 

↑ 

glutathione 
No change No change No change 
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4.5: DISCUSSION 

4.5.1: Monotherapies 

As a monotherapy MMF induced an increase in the number of cells in sG1 phase in 

both Panc-1 and Mia PaCa-2 cell lines, which corresponded with an increase in the 

number of apoptotic cells and an increase in DNA damage. In Panc-1 cells MMF 

caused glutathione levels to fall below that of the untreated control 36 hours post 

treatment, however in Mia PaCa-2 cells MMF had no effect on glutathione levels. In 

the literature no studies looking at the effects of MMF and glutathione could be found, 

however as the active metabolite of DMF, it was assumed that MMF would lower 

glutathione levels as is reported in the literature for DMF [117]. A possible explanation 

for the obtained results is both Panc-1 and Mia PaCa-2 cell lines have p53 missense 

mutations, and in the literature it has been reported that p53 missense mutant cancers 

upregulate NRF2 activity [217], therefore the mutant p53 activity may be 

counteracting the NRF2 inhibition reported to be induced by DMF in the literature 

[117]. Additionally, no studies looking at the mechanism of cell death induced by MMF 

could be found in the literature, however for DMF it has been reported that DMF 

induced apoptosis, as a investigating the effects of DMF on human colon carcinoma 

cell lines found DMF induced apoptosis [203]. Therefore, it was assumed that MMF 

would also induce apoptosis as it is the active metabolite of DMF, and this was 

reflected in the obtained results as MMF did induce apoptosis in the pancreatic cancer 

cell lines. Unfortunately, no studies could be found in the literature investigating the 

effects of MMF on the cell cycle, however it has been reported that DMF induces G1 

phase arrest, however this effect was not seen in the obtained results as MMF 

induced an increase in the number of cells in sG1 in both cell lines [111, 203, 204]. 

DMF monotherapy caused cells to accumulate in G1 phase until 24 hours post 

treatment, where the cells then appeared to continue cycling similar to the untreated 
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control in Panc-1, which is supported by studies in the literature [203, 204]. However, 

in Mia PaCa-2, DMF monotherapy caused an increase in the number of cells in sG1 

phase, similarly to the effect seen with MMF in the cell line. As previously mentioned, 

DMF has been shown to be preferentially cytotoxic to cancer cells with KRAS mutation 

in the literature [112], and Mia PaCa-2 has a different KRAS mutation to Panc-1 

(G12C vs G12D) which is rarer and may make it more sensitive to DMF therapy, 

however further studies would be required to conform this hypothesis. As seen with 

MMF, the glutathione reducing effect of DMF was not seen experimentally, indicating 

that the effect was missed with the selected time points, or that DMF is acting 

differently than as was expected as reported in the literature [112, 203]. 

Gemcitabine monotherapy induced G2/M arrest in both Panc-1 and Mia PaCa-2 cell 

lines, which was unexpected as in the literature it was reported that gemcitabine 

induces G1/S phase arrest [84]. However, studies in the literature utilising the Mia 

Paca-2 cell line found that treatment with gemcitabine induced an increase in G2/M 

phase [218], as we observed experimentally, and that incubation with gemcitabine 

induced G2/M checkpoint activation, causing cells to accumulate in G2/M phase 

[194]. Gemcitabine induced apoptosis, which coincided with findings reported in the 

literature [87, 219, 220]. 

In the literature radiation is reported to induce cell cycle arrest in all phases of the cell 

cycle, which is dependent on the dose of radiation and whether the cell is p53 

competent [193, 221, 222]. In this study we found that EXBR induced G2/M arrest in 

Panc-1 cells and S phase arrest in Mia PaCa-2 cells. In the literature, a study found 

that irradiating Panc-1 and Mia PaCa-2 cells with 4 Gy of ionizing radiation induced 

G2/M arrest [223], supporting our findings in Panc-1, but not in Mia PaCa-2. Our 

findings in Mia PaCa-2 may be due to the low dose of radiation utilised (0.5 Gy). We 

found that 0.5 Gy EXBR induced DNA damage and apoptosis in both Panc-1 and Mia 



314 
 

PaCa-2 cells over the time course, which is supported by the literature as studies 

have shown that radiation induces apoptosis [222]. 

4.5.2: MMF + EXBR 

As seen in chapter 3, the schedule 1 combination of MMF + EXBR, where both 

agents were administered simultaneously, was of additional benefit over the 

monotherapies in both Panc-1 and Mia PaCa-2 cells, which resulted in decreased 

clonogenicity. In an attempt to uncover the mechanism underpinning this combination, 

the effect of the combination on the cell cycle, apoptosis, DNA damage and 

glutathione was investigated. 

In Panc-1 the schedule 1 combination of MMF + EXBR initially caused an increase in 

the number of cells in sG1 phase, which corresponded with an increase in apoptosis 

and DNA damage, however the glutathione level remained unchanged from the 

untreated control. Later (1 – 24 hours post treatment) the cells began to arrest in S 

phase, indicating the high level of DNA damage induced initially caused the cells to 

arrest in S phase due to the activation of the intra-S checkpoint. During this time, the 

glutathione level increased, and the DNA damage and number of apoptotic cells 

decreased, indicating that the cells began to repair the damage induced initially. By 

36 hours post treatment the cells were arresting in G2/M phase, indicating the cells 

were unable to continue repairing the damage previously induced which 

corresponded with an increase in apoptosis and DNA damage, with a decrease in 

glutathione levels within the cell. 

In Mia PaCa-2 the schedule 1 combination of MMF + EXBR initially caused an 

increase in the number of cells in sG1 phase, which corresponded with an increase 

in apoptosis. Later (1 – 36 hours post treatment) the DNA damage induced began to 

increase, as did the number of apoptotic cells and glutathione levels within the cells, 

however the distribution of cells in the cell cycle remained unchanged when compared 
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with the untreated control, which suggests that the damaged and apoptotic cells had 

been disintegrated and removed from the cell population at this time point. 

In both cell lines the combination induced apoptosis, however the overall percentage 

of apoptotic cells was low 36 hours post treatment (15.8% in Panc-1 and 34.6% in 

Mia PaCa-2), suggesting that an alternative mechanism of cell death may be 

occurring. Previous studies have shown that there is a link between DMF, and 

therefore MMF, and the induction of autophagy via NRF2 activity [203, 224]. 

Autophagy is a highly conserved recycling process in which damaged organelles and 

proteins are degraded via the lysosome and turned into metabolites to fuel further 

metabolic processes and pathways [225, 226]. Additionally, autophagy is known to be 

upregulated in pancreatic cancers (but not in healthy pancreatic tissue) and thought 

to be one of the main driving factors in disease progression and therapy resistance 

[226, 227]. It could therefore be the case that the MMF in the combination is further 

promoting autophagy in the cells to deal with the damage inflicted, hence the low level 

of apoptosis seen, however further studies would be required to confirm this 

hypothesis. 

As seen in chapter 3, the schedule 2 combination of MMF + EXBR, where MMF was 

incubated with the cells for 24 hours before irradiation, was of additional benefit over 

the monotherapies in both Panc-1 and Mia PaCa-2, which resulted in decreased 

clonogenicity. In an attempt to uncover the mechanism underpinning this combination, 

the effect of the combination on the cell cycle, apoptosis, DNA damage and 

glutathione was investigated. 

In Panc-1 and Mia PaCa-2 cells, immediately post treatment the schedule 2 

combination of MMF + EXBR caused an increase in the number of sG1 cells, which 

corresponded with an increase in apoptosis and DNA damage. One to four hours post 

treatment the cell cycle remained largely unaffected, and the amount of DNA damage 
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and apoptosis decreased. Between 24 – 36 hours post treatment the cell cycle 

remained unaffected, however the level of apoptosis increased despite the DNA 

damage decreasing. The lack of DNA damage seen could be attributed to the fact 

that the comet assay was performed under neutral conditions, which is less sensitive 

at detecting smaller amounts of DNA damage when compared with the alkaline comet 

assay [91]. To confirm this hypothesis the combination would have to be tested using 

the alkaline comet assay, or an alternative DNA damage assessing assay such as 

the γ-H2AX assay [206]. In both cell lines the schedule 2 combination of MMF + EXBR 

had no effect on the level of glutathione in the cell when compared with the untreated 

control. 

Overall, the combination of MMF + EXBR was highly effective in both Panc-1 and Mia 

PaCa-2 cells regardless of schedule, however when looking at the mechanistic results 

when given in schedule 1 (simultaneously) the combination induced sustained cell 

cycle arrest, as well as DNA damage that was unable to be repaired, suggesting that 

this schedule of the combination was more effective when compared with the 

schedule 2 variant. Thus, the schedule 2 combination of MMF + EXBR looks like a 

promising candidate scheme for investigation in vivo and possible clinical translation, 

however in vivo side effects would first have to be assessed. 

4.5.3: MMF + gemcitabine  

As seen in chapter 3, the schedule 1 combination of MMF + gemcitabine, where both 

agents were administered simultaneously, was of additional benefit over the 

monotherapies in Panc-1, however in Mia PaCa-2, the combination was of no 

additional benefit and did not reduce clonogenicity when compared with the 

monotherapies. To uncover the mechanism underpinning this combination, the effect 

of the combination on the cell cycle, apoptosis, DNA damage and glutathione was 

investigated. 
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In both Panc-1 and Mia PaCa-2, immediately post treatment with the schedule 1 

combination of MMF + gemcitabine, there was an increase in apoptotic cells, which 

corresponded with an increase in DNA damage, but the cell cycle was initially 

unaffected in Panc-1, whereas in Mia Paca-2 the cells began accumulating in S and 

G2/M phase, indicating the DNA damage induced activated the cell cycle checkpoints 

to undergo DNA repair. Following this initial increase in DNA damage and apoptotic 

cells, 1 – 36 hours post treatment the amount of DNA damage present decreased, as 

did the number of apoptotic cells, however the cells were consistently arresting in 

G2/M phase for the remainder of the time course, indicating the cells were struggling 

to deal with the DNA damage initially induced and activation of the G2/M checkpoint. 

Again, the overall level of apoptosis was low, supporting the hypothesis of an 

alternative mode of cell death, however the combination did induce more apoptosis 

than both single agents in both Mia PaCa-2 and Panc-1. However, it may be that an 

alternative mechanism of apoptosis was at play, and that the cells were apoptosing 

via caspase cleavage or PAPR cleavage for example, however further studies would 

be required to confirm this as time did not permit for an alternative assay to be carried 

out [228, 229]. 

The glutathione levels within the Panc-1 and Mia PaCa-2 cells remained unchanged 

throughout the time course when compared with the untreated control, suggesting the 

MMF indeed reduced glutathione levels within the cell as hypothesised and 

preventing them from rising in response to ROS resulting from treatment. The 

reasoning behind the result seen in Mia PaCa-2 is currently unclear, as 

mechanistically the combination worked almost identically in both cell lines. As Mia 

PaCa-2 was highly sensitive to gemcitabine monotherapy (chapter 2), the added 

benefit of the combination may have been difficult to determine, therefore the 

experiment should be repeated using lower doses of gemcitabine that are not highly 
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cytotoxic alone, to allow any benefit between MMF and gemcitabine in this schedule 

to be seen. Unfortunately, this combination has not been reported in the literature, 

therefore no comparisons could be made. 

As seen in chapter 3, the schedule 3 combination of MMF + gemcitabine, where MMF 

was incubated with the cells for 24 hours prior to the addition of gemcitabine, was 

highly effective in both Panc-1 and Mia PaCa-2 when given at lower concentrations. 

To uncover the mechanism underpinning this combination, the effect of the 

combination on the cell cycle, apoptosis, DNA damage and glutathione was 

investigated. 

In Panc-1, the schedule 3 combination of MMF + gemcitabine induced an increase in 

the number of sG1 cells immediately post treatment, which corresponded with an 

increase in both apoptosis and DNA damage. Between 1 – 4 hours post treatment the 

number of apoptotic cells decreased, which coincided with a decrease in DNA 

damage, however the cells began to accumulate in both S phase and G2/M phase. 

Following this the number of apoptotic cells began to increase between 24 – 36 hours 

post treatment, with the cells ultimately arresting in G2/M phase, implying that the 

cells were unable to fully repair the damage induced initially post treatment. Overall, 

this combination had no effect on the glutathione level of the cell as it remained the 

same as the untreated control throughout the time course. 

In Mia PaCa-2, 0 – 1 hours post treatment, the schedule 3 combination of MMF + 

gemcitabine induced an increase in the number of sG1 cells, which coincided with an 

increase in apoptosis and DNA damage. Between 4 – 36 hours the cells began to 

ultimately arrest in S phase, which corresponded with increasing DNA damage and 

apoptosis. Following treatment with this combination, the glutathione levels in Mia 

PaCa-2 increased from 0 – 4 hours, suggesting that there was a large increase in 

ROS at this time interval, which gemcitabine is known to induce [230]. The glutathione 
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level then returned to the same level as that of the untreated control 24 – 36 hours 

post treatment.  

As this combination and MMF itself are novel in the treatment of pancreatic cancer 

there were no other studies available in the literature with which to draw comparisons. 

It was however noted that in both Panc-1 and Mia PaCa-2 cells in both schedules of 

MMF + gemcitabine, gemcitabine monotherapy induced more apoptosis than the 

combination, suggesting that the interaction between MMF and gemcitabine is 

inducing an alternative mode of cell death, such as autophagy, as previously 

mentioned DMF is known to induce autophagy, which would imply MMF does as well 

[203, 224]. 

4.5.4: DMF + EXBR  

As seen in chapter 3, the schedule 2 combination of DMF + EXBR, where cells were 

incubated with DMF for 24 hours prior to irradiation, was highly effective in both cell 

lines tested, however the combination was only of additional benefit over the individual 

components in Mia PaCa-2 cells. In an attempt to uncover the mechanism 

underpinning this combination, the effect of the combination on the cell cycle, 

apoptosis, DNA damage and glutathione was investigated. 

In Panc-1, the schedule 2 combination of DMF + EXBR overall had no effect on the 

cell cycle, which was unexpected as the single agents of DMF and EXBR induced G1, 

and G2/M arrest zero hours post treatment respectively, then the cells began to cycle 

like the untreated control. This result suggests that the agents are cancelling out each 

other’s effect on the cell cycle. Immediately post treatment the combination induced 

an increase in both apoptosis and DNA damage, with no change to cellular glutathione 

levels. Between 1 – 4 hours post treatment the amount of DNA damage and the 

number of apoptotic cells decreased, which corresponded with an increase in 

glutathione levels. Between 24 – 36 hours post treatment the amount of apoptotic 
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cells and DNA damage increased, with the glutathione levels remaining the same as 

the untreated control. The reduced effectiveness of the schedule 2 combination seen 

in Panc-1, could be in part due to the inability of the combination to induce any kind 

of cell cycle arrest. Compared with the single therapies, the schedule 2 combination 

of DMF + EXBR did not induce more apoptosis or DNA damage in Panc-1, suggesting 

there is another mechanism underpinning the combination. 

In Mia PaCa-2, initially post treatment with the schedule 2 combination of DMF + 

EXBR induced an increase in apoptosis, however no changes were observed in the 

cell cycle, DNA damage and glutathione levels. Between 1 – 4 hours post treatment 

the number of apoptotic cells decreased overall, but the level of DNA damage 

increased, which could in part be due to the observed increase in glutathione levels. 

This subsequently led to an increase in the number of sG1 cells 24 – 36 hours post 

treatment, which coincided with an increase in DNA damage and apoptosis. This 

result was not unexpected as previous studies have demonstrated DMF inducing 

apoptosis in pancreatic cancer, as well as other cancers [214, 231]. EXBR alone 

induced more apoptosis than the combination in Mia PaCa-2, again suggesting as 

previously mentioned that an alternative mode of cell death is being induced by the 

combination. The combination did not have a significant effect on the cell cycle, when 

compared with DMF monotherapy, suggesting that much of the activity from the 

combination observed in Mia PaCa-2 comes from DMF and not EXBR. 

Again, the overall level of apoptosis observed was low after treatment in both cell 

lines, reinforcing the hypothesis that an alternative mechanism of cell death is at play, 

and the combination did not induce more DNA damage than the single therapies or 

alter the cell cycle, suggesting that overall, the combination of DMF + EXBR is 

inducing its cytotoxic effect in an alternative manner to those tested in this study. To 

confirm this hypothesis further studies would be required. 
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4.5.5: Summary 

Overall DMF and MMF did not function as expected over the analysed time course, 

as both as a single agent and in combination the glutathione levels did not differ from 

the untreated control, suggesting that the concentration of the drugs was insufficiently 

high to inhibit NRF2 activity, or that the reduction of glutathione occurs earlier more 

immediately after administration of the drugs. 

In the literature, a limited number of studies have shown that DMF induces G1 phase 

arrest, and although no studies utilising MMF could be found, as it is the active 

metabolite of DMF we assume it will exhibit the same effect. From our studies, we 

cannot conclude what effect DMF and MMF have on the cell cycle, as the results 

varied between each of the two cell lines used in this study and there was no clear 

phase of cell cycle arrest when given as a single agent. In combination with 

gemcitabine or EXBR, MMF appears to induce S and or G2/M arrest. DMF in 

combination with EXBR had no effect on the cell cycle overall. 

In Panc-1 cells, only MMF + EXBR (schedule 1) induced sustained DNA damage by 

the end of the time course. The DNA damage induced by the remaining combinations 

was resolved by the end of the time course in Panc-1 cells. In Mia PaCa-2 cells, all 

combinations tested induced sustained DNA damage by the end of the time course. 

This suggests that DDR mechanisms are more upregulated in the Panc-1 cell line. 

Unexpectedly, the glutathione levels increased in the control of both cell lines starting 

at 24 hours post treatment. One possible explanation of this is that studies have 

shown that total glutathione levels increase within the cell during G1 phase of the cell 

cycle as the cell begins to transition to S phase [232]. Therefore, it may be possible 

that the increase in glutathione observed 24 hours post treatment could be due to 

cells preparing to enter the S phase, as both cell lines have a doubling time of 

approximately 24 hours, so at this time point they may have been preparing to enter 
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another round of cell division. However, this hypothesis could not be confirmed by the 

cell cycle data obtained as there was no increase in G1 phase at this time point, 

although this was for different cell populations under different experimental conditions 

than those used in the glutathione assay. 

As previously discussed, the overall level of apoptosis induced by the various 

therapies was low given the results seen in previous chapters that suggest the drugs 

to be highly cytotoxic, suggesting that an alternative mechanism of cell death, such 

as autophagy or ferroptosis, is at play or that the assay chosen to measure apoptosis 

was inefficient in this cell line. 

Overall, the combination of MMF + EXBR, regardless of schedule, showed the most 

promise for the treatment of pancreatic cancers. Additionally, we believe MMF + 

gemcitabine (schedule 1) showed promise; however, it was more effective in Panc-1 

than Mia PaCa-2, suggesting its effectiveness might not be universal. 
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CHAPTER 5: Discussion, conclusions, & future work 
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5.2: Discussion & Future work 

Pancreatic cancer is one of the most lethal cancers, with the average five-year 

survival rate being 9% globally [44]. This appalling survival rate is mainly due to two 

factors: late diagnosis and chemoresistance, with the current gold standard therapy 

gemcitabine being only effective for 20% of patients [88], which leaves patients with 

limited options, highlighting the need for alternative therapies. We identified DMF and 

MMF as a potential candidate for the treatment of pancreatic cancers due to its 

reported ability to reduce glutathione levels within the cell, which we hypothesised 

would lead to the chemo- and radio-sensitisation of pancreatic cancer cells [111]. 

Therefore, we aimed to develop novel combination therapies utilising both DMF and 

MMF. 

Firstly, we characterised the cytotoxic effects of both DMF and MMF alone. From our 

data overall, MMF was more effective as a cytotoxic agent than DMF, as MMF 

induced a greater proportion of cytotoxicity in both Panc-1 and Mia PaCa-2 cell lines 

both in 2D and 3D cell models. However, it was noted that Mia PaCa-2 cells exhibited 

a higher sensitivity to DMF when compared with Panc-1, although this effect was still 

lesser than that of MMF, which we propose is due to the rarer KRAS mutation present 

in this cell line, as DMF is known to have preferential activity in specific KRAS mutants 

[112]. However further studies would be required to confirm this hypothesis. Given 

the difference in cytotoxicity observed between DMF and MMF monotherapy, this 

leads us to believe that the prodrug DMF was not being hydrolysed into MMF at a 

high rate as in the body DMF is reported to have a half-life of 12 minutes, implying 

that 24 and 48-hour incubation times should have been more than sufficient for 

conversion into MMF. The hydrolysis of DMF into MMF is carried out by digestive 

esterases present within the GI tract, and it is unclear if such enzymes are present in 

in vitro cell cultures, which could account for the differences in cytotoxicity observed 
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as only a small fraction of DMF may have been converted into MMF [122-125]. A 

study in the literature found that carboxylesterase 1 (CES1) is the digestive esterase 

responsible for the hydrolysis of DMF into MMF and methanol, with the authors 

hypothesising that alcohol (methanol) limits the effectiveness of DMF/MMF [233]. The 

Panc-1 cell line has a higher expression of CES1 when compared with Mia PaCa-2 

(32.5 vs 0.3 nTPM), which we believe could account for the difference in activity, as 

DMF will be hydrolysed more readily in Panc-1 cells, methanol will build up in the cells 

at a greater rate when compared with Mia PaCa-2 cells, therefore limiting the overall 

effectiveness of the drug. A diagrammatic representation of this hypothesised 

mechanism is displayed in appendix 12.  Therefore, giving DMF in the active 

metabolite form (MMF) circumvents the build-up of methanol and allows the cytotoxic 

effect to be seen [233, 234]. However, despite Panc-1 expressing a far greater 

amount of CES1 than Mia PaCa-2, overall, the pancreatic cancer cell lines express a 

reduced level of CES1 when compared to gallbladder or liver cancer [234]. 

While we speculate that KRAS mutation and drug metabolism could account for the 

differences observed in cytotoxicity between DMF and MMF, we also believe that the 

drugs may be working entirely differently despite being regarded as prodrug and 

active metabolite. To confirm this hypothesis further studies would be required that 

are out with the scope of this project. 

When we assessed both DMF and MMF as part of combination therapies, the trend 

observed between DMF and MMF monotherapy continued into the developed 

combinations, with MMF based combinations being more effective overall as they 

reduced spheroid growth more than the individual agents.  

The literature has proposed that the anticancer mechanism of action for DMF/MMF 

was inhibition of the transcription factor NRF2, and reduction of glutathione levels 

within the cell, which would leave the cancer cell more vulnerable to oxidative damage 
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via ROS and ultimately cell death [117]. However, this mechanism was unable to be 

confirmed in the studies carried out as the glutathione level was never observed to be 

decreased by the administration of the drugs over the selected time course. However, 

it may be that the selected time points were too late after the initial administration of 

the drug to see the effect, as other studies within our lab indicate that DMF reduces 

glutathione levels within hours of administering the drug, therefore this suggests that 

the selected time points for analysis of glutathione levels in this study were incorrect 

[195]. Additionally, as the half-life of DMF and MMF (12 & 30 minutes respectively) is 

short, it may be that by the time the samples were collected for glutathione analysis, 

the drugs had been fully metabolised, and therefore no longer reducing the 

glutathione levels within the cell. To answer this hypothesis the glutathione levels 

should be checked immediately following treatment administration, not post treatment 

and an alternative mode of measurement of glutathione levels should be investigated 

as we believe the kit that was utilised was not optimal. Another possible explanation 

for the lack of effect on glutathione levels observed may be due to both Panc-1 and 

Mia PaCa-2 being p53 mutants, which has been reported in the literature to 

upregulate NRF2 activity, therefore the anti NRF2 activity reported by DMF may have 

been counteracted by mutant p53 activity, causing the cells to have neither an 

increase nor decrease in glutathione levels [217]. As an alternative means of 

assessing if DMF/MMF inhibits NRF2 activity, we could have assessed NRF2 

expression via Western blotting to determine if the drugs were having the 

hypothesised effect of inhibiting NRF2 expression. 

The mechanism of cell death caused by DMF/MMF was unclear from the data 

obtained, as both agents consistently induced a low level of apoptosis, which did not 

correspond with the high levels of cytotoxicity observed. Literature suggests that DMF 

induces apoptosis, however an alternative mechanism of apoptosis may also have 
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occurred in Panc-1 and Mia PaCa-2 cells, which would not have been detected by the 

apoptosis assay utilised, as we only looked for the presence of annexin V, therefore 

other apoptotic markers such as PARP cleavage or caspase cleavage should have 

been explored, however due to time constraints this was not feasible [203, 228, 229]. 

Alternatively, an alternative mechanism of cell death is at play, with autophagy 

appearing to be a likely suspect due to the links between DMF and autophagy 

upregulation observed in the literature [203, 224] and the well documented 

upregulation of autophagy in pancreatic cancers [226-229]. To determine if this 

hypothesis is correct an assay to quantify autophagy would have to be carried out. 

This was attempted, but due to time constraints and issues in obtaining a signal in the 

positive control, it was unable to be determined if autophagy was taking place. 

However, we are developing alternative protocols within the lab group to quantify 

autophagy utilising Western blotting. Alternatively, in the literature it has been shown 

that DMF induces ferroptosis, which is known to be involved in cell death in KRAS 

mutant pancreatic cells [214, 235, 236]. Additionally, the dysregulation of NRF2 

activity is speculated to be involved in the ferroptosis pathway [236]. Therefore, DMF 

and MMF may be inducing ferroptosis in Panc-1 and Mia PaCa-2 cells which is being 

mediated by dysregulation of the NRF2 pathway, however further studies would be 

required to investigate this hypothesis. 

When looking at the effects of DMF and MMF on the cell cycle and DNA 

damage/repair, we found that MMF induced an increase in the number of cells in sG1 

phase in both Panc-1 and Mia PaCa-2. DMF however had different effects on the cell 

cycle depending on the cell line, as in Panc-1 it induced cells to accumulate in G1 

phase, whereas in Mia PaCa-2 it caused cells to accumulate in sG1 phase. This data 

again suggests DMF is has differential activity in the two cell lines, which we believe 

to be due to the difference in KRAS mutation between Panc-1 and Mia PaCa-2 [112]. 
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Interestingly, the DNA damage induced by DMF/MMF monotherapy in Panc-1 was 

fully repaired by the end of the time course (0 – 36 hours post treatment) analysed in 

this study, however in Mia PaCa-2 the induced DNA damage was not fully repaired, 

again suggesting that the Mia PaCa-2 cell line is more sensitive to fumarates overall. 

In combination the effects of DMF/MMF on the cell cycle differed, with the majority of 

the developed novel combinations inducing an increase in the number of cells in G2/M 

phase, suggesting that the fumarates are working in an alternative manner in 

combination EXBR and gemcitabine. 

We found the combinations of MMF + EXBR; DMF + EXBR; and MMF + gemcitabine 

exhibited significantly greater effectiveness in 2D cell models in both Panc-1 and Mia 

PaCa-2 cells when analysed via the clonogenic assay. However, this rarely translated 

into the 3D spheroid model, with combinations being of no additional benefit over the 

individual agents when tested in the 3D spheroid model. We hypothesise that the 

reduced effectiveness of the combinations in Panc-1 and Mia PaCa-2 spheroids was 

due to the monotherapies being highly effective at reducing spheroid growth alone. 

To further test the combinations in a 3D cell model, the combinations should be tested 

in an in vivo model, such as the chick embryo model, which we have been establishing 

in our lab to enable us to assess promising combination schedules in vivo without the 

need to utilise murine cancer models [237, 238]. This would adhere to the principles 

of the 3Rs as the model is cheaper, higher throughput and partially replaces the use 

of rodents [237, 238].  Unfortunately, the model has yet to be reproducibly established 

in our lab, however preliminary studies show promise that the model would be a 

suitable and cost-effective means of assessing the developed combinations in vivo. 

However, alternative considerations may have to be made when assessing DMF and 

MMF in vivo as it has been reported in the literature that DMF induces changes in the 

distribution of immune cells, which could have an impact on the anti-cancer effects, 
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therefore an alternative animal model may have to be utilised, such as a syngeneic 

mouse model or a humanised mouse model [239]. 

Future work would include finding an alternative way of assessing glutathione levels 

within the cell and testing for changes in glutathione at much earlier time points to see 

if DMF/MMF is indeed reducing glutathione as proposed in the literature. Additionally, 

Western blotting experiments would be carried out to determine if autophagy is the 

mode of cell death as hypothesised. Finally, the combinations should be tested in an 

in vivo model to further assess the validity of the combinations. 

5.2: Limitations 

The limitations of this study are that both DMF/MMF and the developed combinations 

were only tested in immortalised pancreatic cancer cell lines, which are noted to have 

several disadvantages over primary pancreatic tumour cells such as: altered 

phenotype and epigenetic changes that less adequately reflect a patient [240]. As this 

study was not carried out in primary cells or in an in vivo model, we cannot definitively 

conclude that the effects seen in vitro would translate clinically. Additionally, it was 

hoped to trial the developed combinations in an in house developed cell line that was 

resistant to gemcitabine monotherapy to allow the efficacy of the combinations to be 

assessed as a means of overcoming gemcitabine resistance, however all attempts to 

create this cell line resulted in cells that were more sensitive to gemcitabine than the 

original parental cells. 

As the combination therapy experiments carried out in this study only consisted of 

three concentrations of each combination, no conclusions could be made surrounding 

synergy or antagonism of the developed combinations. To enable synergism to be 

analysed the combinations would have to be assessed with a minimum of four 

concentrations. Additionally, the SynergyFinder+ software should be used to interpret 
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synergism, rather than other software that rely on combination index analysis that 

utilise the Chou-Talalay method. 

As the cell cycle studies carried out did not utilise an antibody, such as phosphor-

histone H3 which is expressed exclusively in M phase, to distinguish between G2 and 

M phase, some information about the effects of treatments on the cell cycle may have 

been lost. Therefore, to improve these experiments the inclusion of such an antibody 

would allow us to distinguish between G2 and M phase. 

We don’t believe the glutathione assay kit we used was an adequate means of 

determining the glutathione levels within the cell as we encountered multiple issues 

when using this kit and believe an alternative means of assessing glutathione would 

have yielded more representative results and allowed us to see the reported effect of 

DMF in which it depletes glutathione. If these experiments were to be repeated, 

monochlorobimane could be used.  Monochlorobimane is a cell permeable 

fluorescent probe that binds to intracellular glutathione to create a fluorescent product 

which can then be detected by a fluorimeter. This would be more advantageous as 

the cell’s glutathione levels could be analysed live, opposed to the kit we utilised 

where cells had to be harvested, lysed, etc before the glutathione levels could be 

assessed, which may have allowed time for glutathione levels to be altered due to 

stress induced by the harvesting process. 

5.3: Final Conclusions 

We conclude that MMF shows promise as a chemotherapeutic agent for the treatment 

of pancreatic cancers, and that out of all the combinations assessed the schedule 1 

(simultaneous administration) combination of MMF + EXBR shows the most promise 

as a combination therapy for the treatment of pancreatic cancers. However, further 

studies to elucidate the specific mechanism of action of MMF and in vivo studies 

would be required to fully assess the drug as both a monotherapy and in combination. 
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Overall, DMF was less potent than MMF, and less efficacious in combination when 

compared with MMF. The schedule 2 combination of DMF + EXBR only showed 

promise in the Mia PaCa-2 cell line, however it effectively reduced the growth of 

spheroids in both cell lines, suggesting this combination may have some efficacy, but 

further studies would be required to confirm this hypothesis. 

Additionally, the schedule 1 combination of MMF + gemcitabine showed some 

promise, although the major drawback of this combination is that it contains 

gemcitabine, which as has been discussed throughout has limited efficacy in the 

clinical due to a multitude of reasons, therefore the benefit of this combination 

clinically could be limited. Therefore, further in vivo studies would be required before 

considering this combination to be truly efficacious.  
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Appendix 1: Representative flow cytometry plots. (A) Cell cycle FSC/SSC and 

gating strategies. (B) Annexin V FSC/SSC and gating strategies. BL1 = FITC, BL2 = 

PI, Q1 = necrosis, Q2 = late apoptosis, Q3 = non apoptotic cells and Q4 = early 

apoptosis. 
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Appendix 2: Distribution of Panc-1 cells in the cell cycle zero hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.19 45.64 13.47 40.68 

Gemcitabine 1.64 26.77 20.0 51.57 

DMF 0.32 32.83 22.33 44.50 

MMF 21.32 34.26 22.94 21.46 

EXBR 1.20 42.65 16.01 39.70 

MMF + EXBR 
(Schedule 1) 

17.28 36.74 23.76 22.20 

MMF + 
gemcitabine 
(Schedule 1) 

0.58 37.62 16.73 45.05 

MMF + EXBR 
(Schedule 2) 

26.57 24.64 23.44 26.40 

DMF + EXBR 
(Schedule 2) 

0.65 39.57 19.55 40.20 

MMF + 
gemcitabine 
(Schedule 3) 

20.48 33.75 24.39 21.36 
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Appendix 3: Distribution of Panc-1 cells in the cell cycle one hour post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.51 43.12 15.91 40.44 

Gemcitabine 1.77 13.43 27.22 57.56 

DMF 0.55 40.89 16.26 42.28 

MMF 9.79 43.97 17.17 29.05 

EXBR 0.93 48.77 9.95 40.33 

MMF + EXBR 
(Schedule 1) 

0.22 42.70 13.74 43.32 

MMF + 
gemcitabine 
(Schedule 1) 

1.27 24.27 17.67 56.77 

MMF + EXBR 
(Schedule 2) 

8.70 41.11 18.24 31.93 

DMF + EXBR 
(Schedule 2) 

0.40 36.32 14.10 49.16 

MMF + 
gemcitabine 
(Schedule 3) 

0.42 42.71 11.73 45.12 
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Appendix 4: Distribution of Panc-1 cells in the cell cycle four hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.73 58.30 21.14 19.82 

Gemcitabine 1.47 49.15 17.99 31.37 

DMF 1.55 53.58 17.19 27.66 

MMF 0.42 46.08 19.18 34.31 

EXBR 0.37 36.01 16.97 46.63 

MMF + EXBR 
(Schedule 1) 

0.25 1.42 47.10 51.21 

MMF + 
gemcitabine 
(Schedule 1) 

0.59 2.97 33.78 62.63 

MMF + EXBR 
(Schedule 2) 

1.23 43.51 20.90 34.34 

DMF + EXBR 
(Schedule 2) 

0.29 56.68 15.84 27.17 

MMF + 
gemcitabine 
(Schedule 3) 

0.62 0.67 48.32 50.37 
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Appendix 5: Distribution of Panc-1 cells in the cell cycle 24 hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 1.36 63.19 17.12 18.31 

Gemcitabine 0.45 57.98 18.58 22.97 

DMF 2.84 75.62 10.28 11.24 

MMF 2.02 72.56 12.91 12.49 

EXBR 0.37 58.85 25.82 14.94 

MMF + EXBR 
(Schedule 1) 

0.39 4.46 57.53 37.59 

MMF + 
gemcitabine 
(Schedule 1) 

1.73 7.05 42.40 48.80 

MMF + EXBR 
(Schedule 2) 

0.40 66.82 14.19 18.57 

DMF + EXBR 
(Schedule 2) 

0.25 72.64 13.19 13.89 

MMF + 
gemcitabine 
(Schedule 3) 

0.52 7.44 57.58 34.45 
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Appendix 6: Distribution of Panc-1 cells in the cell cycle 36 hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.57 61.57 17.64 20.20 

Gemcitabine 0.32 39.06 20.06 40.54 

DMF 0.49 66.67 16.25 16.58 

MMF 0.18 59.05 21.56 19.19 

EXBR 0.31 61.94 19.48 18.25 

MMF + EXBR 
(Schedule 1) 

0.34 40.23 16.19 43.22 

MMF + 
gemcitabine 
(Schedule 1) 

1.01 6.07 31.70 61.21 

MMF + EXBR 
(Schedule 2) 

0.26 70.51 12.71 16.49 

DMF + EXBR 
(Schedule 2) 

0.31 65.55 16.20 17.93 

MMF + 
gemcitabine 
(Schedule 3) 

0.23 41.11 20.33 38.31 
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Appendix 7: Distribution of Mia PaCa-2 cells in the cell cycle zero hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.19 45.64 13.47 40.68 

Gemcitabine 1.64 26.77 20.0 51.57 

DMF 0.32 32.83 22.33 44.50 

MMF 21.32 34.26 22.94 21.46 

EXBR 1.20 42.65 16.01 39.70 

MMF + EXBR 
(Schedule 1) 

17.28 36.74 23.76 22.20 

MMF + 
gemcitabine 
(Schedule 1) 

0.58 37.62 16.73 45.05 

MMF + EXBR 
(Schedule 2) 

26.57 24.64 23.44 26.40 

DMF + EXBR 
(Schedule 2) 

0.65 39.57 19.55 40.20 

MMF + 
gemcitabine 
(Schedule 3) 

20.48 33.75 24.39 21.36 
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Appendix 8: Distribution of Mia PaCa-2 cells in the cell cycle one hour post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.51 43.12 15.91 40.44 

Gemcitabine 1.77 13.43 27.22 57.56 

DMF 0.55 40.89 16.26 42.28 

MMF 9.79 43.97 17.17 29.05 

EXBR 0.93 48.77 9.95 40.33 

MMF + EXBR 
(Schedule 1) 

0.22 42.70 13.74 43.32 

MMF + 
gemcitabine 
(Schedule 1) 

1.27 24.27 17.67 56.77 

MMF + EXBR 
(Schedule 2) 

8.70 41.11 18.24 31.93 

DMF + EXBR 
(Schedule 2) 

0.40 36.32 14.10 49.16 

MMF + 
gemcitabine 
(Schedule 3) 

0.42 42.71 11.73 45.12 
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Appendix 9: Distribution of Mia PaCa-2 cells in the cell cycle four hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.73 58.30 21.14 19.82 

Gemcitabine 1.47 49.15 17.99335 31.37 

DMF 1.55 53.58 17.19 27.66 

MMF 0.42 46.08 19.18 34.31 

EXBR 0.37 36.01 16.97 46.63 

MMF + EXBR 
(Schedule 1) 

0.25 1.42 47.10 51.21 

MMF + 
gemcitabine 
(Schedule 1) 

0.59 2.97 33.78 62.63 

MMF + EXBR 
(Schedule 2) 

1.23 43.51 20.90 34.34 

DMF + EXBR 
(Schedule 2) 

0.29 56.68 15.84 27.17 

MMF + 
gemcitabine 
(Schedule 3) 

0.62 0.67 48.32 50.37 
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Appendix 10: Distribution of Mia PaCa-2 cells in the cell cycle 24 hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 1.36 63.19 17.12 18.31 

Gemcitabine 0.45 57.98 18.58 22.97 

DMF 2.84 75.62 10.28 11.24 

MMF 2.02 72.56 12.91 12.49 

EXBR 0.37 58.8 25.82 14.94 

MMF + EXBR 
(Schedule 1) 

0.39 4.4 57.53 37.59 

MMF + 
gemcitabine 
(Schedule 1) 

1.73 7.05 42.40 48.80 

MMF + EXBR 
(Schedule 2) 

0.40 66.82 14.19 18.57 

DMF + EXBR 
(Schedule 2) 

0.25 72.64 13.19 13.89 

MMF + 
gemcitabine 
(Schedule 3) 

0.52 7.44 57.58 34.45 
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Appendix 11: Distribution of Mia PaCa-2 cells in the cell cycle 36 hours post 

treatment 

Treatment 
% of cells in 
sG1 phase 

% of cells in 
G1 phase 

% of cells in 
S phase 

% of cells in 
G2/M 

Control 0.57 61.57 17.64 20.20 

Gemcitabine 0.32 39.06 20.06 40.54 

DMF 0.49 66.67 16.25 16.58 

MMF 0.18 59.05 21.56 19.19 

EXBR 0.31 61.94 19.48 18.25 

MMF + EXBR 
(Schedule 1) 

0.34 40.23 16.19 43.22 

MMF + 
gemcitabine 
(Schedule 1) 

1.01 6.07 31.70 61.21 

MMF + EXBR 
(Schedule 2) 

0.26 70.51 12.71 16.49 

DMF + EXBR 
(Schedule 2) 

0.31 65.55 16.20 17.93 

MMF + 
gemcitabine 
(Schedule 3) 

0.23 41.11 20.33 38.31 
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Appendix 12: Inhibition of MMF via production of methanol. DMF is hydrolysed 

by the digestive esterase CES1 into MMF and methanol. Alcohol is known to inhibit 

MMF activity, therefore cell lines that highly express CES1 may reduce MMF 

effectiveness. 
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