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Abstract 

Pancreatic adenocarcinoma (PDAC) is a lethal malignancy with a poor 

survival rate. One main challenge regarding PDAC is resistance to 

chemotherapy and radiotherapy. Therefore, there is an urgent 

requirement to characterise the mechanisms underpinning chemo-

resistance and radio-resistance in PDAC. Recent evidence has revealed 

that microRNAs (miR) play a pivotal role in resistance to chemotherapy in 

other cancer types by controlling drug trafficking and sequestration. 

Additionally, it is well established that miRs can modulate radio-

resistance by altering levels of oxidative stress. MiR-31 has previously 

been demonstrated to regulate sensitivity to chemoradiotherapy in other 

cancer types, although it remains largely unexplored in PDAC. Here, we 

investigated the biological role and potential mechanisms of miR-31 in 

PDAC chemo-resistance and radio-resistance.   

Overexpressing miR-31 in BxPC-3 cells significantly promoted clonogenic 

resistance to platinum-based chemotherapeutics, particularly cisplatin. 

Reciprocally, suppressing miR-31 in Panc-1 cells enhanced cisplatin 

sensitivity. Although miR-31 increased chemo-resistance, paradoxically, 

inductively coupled plasma mass spectrometry (ICP-MS) revealed a 

higher relative intracellular accumulation of platinum. This was 

associated with a significantly decreased intranuclear concentration of 

platinum which may explain the differences in DNA damage induction. In 

silico analysis displayed ATOX1, a vital drug transporter, as a predictive 

target of miR-31, may play an essential role in shuttling cisplatin to the 

nucleus. Overexpressing ATOX1 in PDAC cells displayed increased 

cisplatin sensitivity and presents as a useful target for modulating chemo-

resistance in PDAC.  

Moreover, it was found that manipulating miR-31 altered radiosensitivity 

in PDAC cells by regulating oxidative stress and DNA damage. Glutathione 

peroxidase 8 (GPx8) is an anti-oxidant enzyme that plays an important 

role in the elimination of reactive oxygen species (ROS).  Using online 
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bioinformatics algorithms, we identified the 3’UTR of GPx8 as a predictive 

target of miR-31. Our study demonstrates that manipulating miR-31 

alters GPx8 expression for the first time, thereby regulating ROS 

detoxification and promoting either a radioresistant or radiosensitive 

phenotype. 

Our study demonstrates the potential mechanisms underlying the 

chemo-resistance and radio-resistance of PDAC cells mediated by drug 

trafficking and oxidative stress by miR-31, indicating promising targets 

and therapeutic strategies in PDAC.   
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1.1 Pancreatic Ductal Adenocarcinoma  

1.1.1 Overview  

Despite recent advances in understanding the disease, pancreatic cancer 

remains one of the world’s deadliest malignancies. Although the disease 

accounts for only 3% of all cancers, it is the seventh leading cause of 

cancer-related deaths worldwide [1]. In addition, pancreatic cancer has 

an overall five-year survival rate of less than 9%, with most patients dying 

within three to eight months post-diagnosis. GLOBOCAN estimates 

showed approximately 495,773 diagnoses and 466,003 deaths from 

pancreatic cancer globally in 2020 [2]. Pancreatic cancer affects almost 

600 people in Ireland each year [2]. A significant concern is that this 

mortality rate is continuing to match the increasing incidence in the 

Western world; pancreatic cancer is expected to surpass breast cancer to 

become the second most common cause of cancer-related death in the 

United States by the year 2030 [3], a trend paralleled in Europe. Because 

pancreatic ductal adenocarcinoma (PDAC) accounts for over 90% of 

pancreatic cancer cases, pancreatic cancer will therefore be referred to 

as PDAC.  

Symptoms are often described as non-specific and may be overlooked by 

patients and physicians [4]. For this reason, as well as the lack of 

biomarkers for early detection, PDAC presents with an inferior prognosis. 

Many patients are diagnosed at the inoperable metastatic stage at initial 

presentation, and even in the minority of patients who undergo surgery 

(15%), most will relapse and succumb within two years. One significant 

obstacle to PDAC treatment is that patients are typically unresponsive to 

chemotherapy and radiotherapy and achieve only modest prolongation 

in overall survival with conventional therapies, frequently at the cost of 

significant side effects and a negative impact on quality of life [5]. As such, 

there is a considerable need to characterize resistance mechanisms to 

chemotherapy and radiotherapy in PDAC, identify predictive biomarkers 
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to guide the choice of cytotoxic therapy, and develop new therapeutic 

approaches. 

1.1.2 Risk Factors 

As with many other cancers, the risk of developing PDAC increases with 

age and is predominantly a disease that affects older individuals [8]. The 

mean age of patients diagnosed with early-stage cancer is around 2.3 

years younger than those with advanced-stage cancer, suggesting that it 

takes approximately 12-24 months for PDAC to advance from the early to 

the late stage [9]. It is well established that the age at which incidence 

peaks differ between countries. For example, in India, the incidence of 

PDAC becomes more common in the sixth decade of life, whereas in the 

United States, it is the seventh decade of life [10].   

Worldwide, the incidence of PDAC is more significant in males than 

females [1], although incidence rates differ among men and women in 

developed and developing countries. Where males are twice as likely to 

develop PDAC than women in India. Despite the sex difference, a 

systematic review of 15 studies concluded that reproductive factors are 

not associated with PDAC in women [11]. Therefore, this suggests that 

the differences in PDAC point towards environmental or undiscovered 

genetic factors as alternative explanations for male predominance.  

It has been proposed that approximately 5-10% of PDAC has a familial 

basis [12], and patients with familial risk factors have an increased risk of 

developing PDAC than those with no family history. A first-degree 

relationship is described as a parent-child or sibling-sibling relationship. 

One epidemiological study found that Icelanders with a first-degree 

family relative with PDAC had a 2.33-fold increased risk of developing the 

disease themselves [13]. Another relatable study extended these 

analyses by following thousands of patients with a family history of PDAC 

and showed that patients with two first-first-degree relatives with PDAC 
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have a 6-fold increased risk of developing the disease, and patients with 

three or more first-degree relatives with PDAC have up to a 32-fold 

increased risk [14]. Furthermore, a meta-analysis of nine studies 

demonstrated that having one affected relative resulted in an 80% 

increased risk of PDAC [15]. In familial PDAC, the risk rises exponentially 

with the number of first-degree relatives involved, and BRCA2 and PALB 

mutations are the most common inherited mutations [16, 17].  

The relationship between diabetes and PDAC has long been recognized 

since 1833, when a patient presented with diabetes and died six months 

later from PDAC [18]. Since then, many epidemiological studies have 

displayed that diabetes (predominantly type II) occurs more frequently in 

PDAC patients and is a well-established risk factor for the disease [19]. In 

addition, insulin resistance, associated hyperglycaemia, and 

hyperinsulinemia have all been proposed to be the underlying 

mechanisms for developing diabetes-associated PDAC [6, 20].  

The epidemiological evidence for associating alcohol consumption and its 

increased risk of developing PDAC is generally mixed [21]. Results from 

meta-analyses and pooled analyses consistently displayed that daily 

consumption of ≥ 30 g of alcohol (the equivalent of >3 glasses of any 

alcoholic drink per day) can increase an individual’s risk of developing 

PDAC by 20% [22]. Cigarette smoking has been undeniably identified as 

the most important modifiable risk factor for PDAC, with numerous 

individual and combined studies displaying a positive correlation. The 

international Pancreatic Cancer Case-Control Consortium (PanC4) study 

analysed 12 case-control studies, including 6507 pancreatic cases and 

12,890 controls, where the results confirmed that current cigarette 

smoking is associated with a two-fold increased risk of PDAC, and the risk 

increases with the number of cigarettes smoked and duration of smoking 

[23].  
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Chronic pancreatitis (CP) is a progressive inflammatory condition of the 

pancreas resulting in pathological fibrosis and destruction of acinar cells. 

Therefore, it is responsible for most of the burden of exocrine pancreatic 

disease. The overall incidence ranges from 2-14/100,000 in the United 

States population [24]. Even though there is a strong association between 

CP and PDAC, over 20 years, only 5% of patients with CP will develop 

PDAC compared to other more prevalent factors [25]. However, a meta-

analysis study displayed a 13-fold increased risk of developing PDAC in 

these patients compared with controls [25], so ideally, CP patients could 

be a potential target group for PDAC screening.  

1.1.3 Pathogenesis  

The classical and well-characterized precursor lesions of PDAC display a 

ductal phenotype, implying this tumour type’s ductal cell of origin. The 

three best-characterized precursors of this malignancy include pancreatic 

intraepithelial neoplasia (PanIN), intraductal papillary mucinous 

neoplasms (IPMN), and mucinous cystic neoplasms (MCN) [26]; and it is 

proposed that these three precursors derive from PDAC stem cells (CSC) 

[27]; where each precursor has its own unique clinical, pathological, and 

molecular characteristics.   

Pancreatic Intraepithelial Neoplasia (PanIN) 

PanIN is non-invasive, microscopical (generally less than 5 mm) 

mucinous-papillary lesions in the small pancreatic ducts. These legions 

were first grouped in 2001 and were initially graded from 1-3 [28]. Lately, 

a two-tiered system has been introduced to simplify classification, 

suggesting that the historical grades of 1A/1B and 2 be classified as low-

grade PanIN. The original PanIN 3 was revised to a high grade [29]. 

Concrete data shows that, in general, PanIN 3 is more prevalent in older 

individuals, patients with PDAC, and patients at high risk for PDAC (e.g., 

from CP) [30, 31]. Peters et al. [32] designed a microsimulation model and 
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estimated the lifetime probability of progressing from PanIN 1 to 

detectable PDAC to be 1.5% for men and 1.3% for women. It was also 

estimated that the progression from PanIN 1 to detectable PDAC took 

33.6 years and 35.3 years, respectively, and PanIN 3 to detectable PDAC 

took 11.3 and 12.3 years [30]; this indicates a possible window for 

screening preceding the development of invasive PDAC. 

Intraductal Papillary Mucinous Neoplasms (IPMN) 

IPMN is a cystic pancreatic lesion deriving from intraductal growth of 

mucin-producing cells and was first described in 1980. It accounts for 1-

2% of all pancreatic exocrine tumours and up to 50% of all cystic tumours 

[33]. Based on location and extent, three subtypes can be identified: 

main-duct (MD-IPMN), branch-duct (BD-IPMN), and mixed-type IPMN 

(MT-IPMN). MD-IPMN is perceived as dilation of the main pancreatic duct 

of greater than 5 mm and is frequently located in the pancreatic head 

(~65%) and accounts for up to 21% of the IPMNs; additionally, MD-IPMN 

has the highest risk of exhibiting malignant progression (28-81%) [34, 35]. 

BD-IPMN is defined as a grape-like cyst (>5 mm) that accounts for up to 

64% of IPMNs and can develop multifocally (where more than one 

tumour can occur) throughout the pancreas. BD-IPMNs have the least risk 

of malignant progression (7-42%), although their multifocality (40%) is 

subtle [34, 35]. Finally, MD-IPMN is a crossover between MD-IPMN and 

BD-IPMN and is seen in up to 38% of all IPMN cases, of which 20-65% are 

malignant [34, 36].  

Mucinous Cystic Neoplasms (MCN) 

MCN also represent premalignant lesions in the pancreas where they 

account for 25% of pancreatic cysts, are more predominant in women, 

and are defined as mucin-producing and septated cyst-forming epithelial 

neoplasia of the pancreas with an idiosyncratic ovarian-type stroma [37]. 

MCNs are often remote; their sizes range from 5 – 35 cm, consisting of a 
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thick fibrotic wall, and show no clear communication with the ductal 

system [38]. A study by Crippa et al. [35] revealed that of 163 patients 

with resected MCN, 12% and 17.5% had invasive carcinoma and 

malignant MCNs, respectively. 

1.1.4 Histological subtypes  

Most PDACs are believed to arise from PanIN, and the histopathological 

features help with categorization [39]. PanIN-1A and PanIN-1B are tall 

columnar cells with basally located small oval nuclei and abundant 

supranuclear mucin. PanIN-1A and PanIN-1B differences include the flat 

epithelium and papillary (and micropapillary) architecture, respectively. 

PanIN-2 presents mainly papillary epithelium with mild to moderate 

cytological atypia. PanIN-3 is distinguished by typically papillary or 

micropapillary proliferations of cells with notable cytological atypia. 

Histologically, IPMNs can be categorized as gastric-foveolar, intestinal, 

pancreatobiliary, or oncocytic types established on the direction of 

differentiation of the neoplastic epithelium [40]. Gastric-foveolar IPMNs 

are lined by the foveolar epithelium of the gastric mucosa. The neoplastic 

epithelial cells consist of apical mucin with minute basally orientated 

nuclei. The flattened epithelium comprises a single layer of cells, but the 

neoplastic epithelium may often form papillae. Mitosis is scarce, and 

lesions mostly display low-grade dysplasia. Gastric-foveolar IPMNs can 

frequently be mixed with intestinal and pancreatobiliary type epithelium. 

Finally, invasive carcinomas are uncommon but tend to be classified as 

ductal carcinomas when present. Intestinal IPMNs mirror villous 

adenomas of the gastrointestinal tract. The neoplastic cells have 

elongated nuclei and are often described as being pseudostratified. 

Intestinal IPMNs generally have moderate-to high-grade dysplasia [41]. 

Pancreatobiliary IPMNs are frequently high-grade lesions with intricate 

architecture, crib forming papillae, and bridging. They consist of cuboidal 

neoplastic cells and present atypical nuclei with visible nucleoli. Lower-

grade dysplasia is uncommon but, when presented, is characterized by 
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mild atypia with hyperchromasia and enlarged nuclei [41]. Oncocytic 

IPMNs are morphologically the most complex legions and present with 

intricately branched papillae, cribriform formations, and solid cell nests. 

They commonly harbour high-grade dysplasia.  

Microscopically, MCN cysts are lined by a columnar mucin-producing 

neoplastic epithelium [42]. Its ovarian-type stroma consists of densely 

packed spindle cells with round to elongated nuclei and a little cytoplasm. 

The stromal cells generally express oestrogen, progesterone, and inhibin 

receptors. It is common to observe fibrotic stroma within the lesions. The 

degree of dysplasia in MCN is erratic and may change precipitously from 

minimal to severe. The majority of MCNs are presented as low-grade 

dysplasia [42].  

1.1.5 Clinical Presentation  

Due to the location of the pancreas, the initial growth of cancer is silent; 

therefore, displayed symptoms are often a sign of advanced disease. The 

presenting symptoms of PDAC are mainly dependent on tumour location. 

Most tumours are discovered on the pancreatic head; signs and 

symptoms include the right-upper quadrant or epigastric pain (79%) and 

jaundice, which affects around 56% of patients as tumours can obstruct 

the biliary system. Other common manifestations include nausea or 

vomiting (51%) and diarrhoea (43%). Cancer in the pancreatic body or tail 

often presents with new or worsening back pain (49%), as PDAC has an 

affinity for pancreatic nerves [6-7]. Systemic manifestations may include 

rapid weight loss (85%) and anorexia (83%). Tumours that advance 

beyond the pancreas may cause duodenal obstruction or gastrointestinal 

bleeding. Finally, laboratory study abnormalities can include elevated 

liver function studies, hyperglycemia, and anaemia [6-7].  

1.1.6 Staging  

The staging of PDAC is based on the tumour-node-metastasis 

classification (Table 1). The size of the tumour and its association with the 
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main blood vessels are considered when classifying the tumour from TX 

to T4; nodal classification is defined by the magnitude of lymph node 

involvement which ranges from NX to N1, and finally, the presence or 

absence of metastatic cancer which has spread to distant organs, defines 

the metastatic category as M0 or M1, respectively [43]. Staging for PDAC 

is a tremendously difficult task, although it influences survival data to 

appropriately stratify patients into different treatment categories (Table 

2). 

Recent changes in the TNM classification for the T parameter have 

extended the number of patients compliant with surgical resection [44]. 

Due to current advantages in surgical techniques, particularly in the 

venous interposition grafts, the tumours of patients with limited superior 

mesenteric vein involvement are now deemed resectable. Before the 

change in TNM classification, these patients would have been considered 

to have T4 disease. However, the newer TNM classification describes such 

cases as T3 disease [44].  
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Table 1. A representation of TNM classification for PDAC.  

 

 

 

 

 

 

 

Primary tumour (T) DESCRIPTION  

TX Primary tumour is inaccessible.   

T0 Primary tumour is undetectable. 

  

 

T1 Tumour is limited to the pancreas only. Tumour length ≤ 

2cm  

 

T2 Tumour is limited to the pancreas only. Tumour length > 

2cm 

 

T3 The wide spread of the tumour to tissues, blood vessels, 

and nerve cells surrounding the pancreas. 

 

T4 Tumour has metastasised to distant organs. Unresectable 

primary tumour.  

 

Regional Lymph 

nodes (N) 

DESCRIPTION  

NX Regional lymph nodes are inaccessible.   

N0 No tumour spread to regional lymph nodes.  

N1 Tumours spread to regional lymph nodes.  

Distant metastasis 

(M)  

DESCRIPTION  

M0 No distant metastasis   

M1 Distant metastasis  
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Table 2. TNM staging and appropriate treatment of PDAC. 

 

  

Stage  T N M TREATMENT EXPLOITED 

IA T1 N0 M0 Surgery, Postoperative 

chemotherapy, Postoperative 

chemoradiotherapy  

IB T2 N0 M0 Surgery, Postoperative 

chemotherapy, Postoperative 

chemoradiotherapy 

IIA T3 N0 M0 Surgery, Postoperative 

chemotherapy, Postoperative 

chemoradiotherapy 

IIB T1, T2, T3 N1 M0 Surgery, Postoperative 

chemotherapy, Postoperative 

chemoradiotherapy 

III T4 N0 or N1 M0 Chemotherapy, 

Chemoradiotherapy, Palliative 

surgery  

IV T1, T2, T3, 

T4 

N0 or N1 M1 Palliative therapy, 

Chemotherapy  
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1.1.7 Biomarkers for Early Detection   

Biomarkers are essential in managing patients with invasive cancers [45]. 

PDAC remains to have an abysmal prognosis even with the tremendous 

effort invested in identifying accurate biomarkers, ideally present in the 

timeframe between carcinogenesis onset and tumour invasion, to allow 

diagnosing PDAC in early curable stages to improve overall survival [46]. 

The ideal biomarker should be easily detected in this setting with 

adequate sensitivity and specificity. However, no such biomarker exists. 

Consequently, there is an urgent unmet need to identify ideal biomarkers 

in PDAC. 

Serum carbohydrate antigen (CA) 19-9 is the only biomarker approved by 

the United States Food and Drug Administration (US FDA) [47]. Although 

CA-19-9 is regarded as the most common and validated biomarker and 

has been widely used in diagnosing PDAC for a long time, it remains to 

have a poor predictive value in asymptomatic patients [48]. There are two 

main challenges facing the use of CA-19-9 alone as a biomarker for the 

early detection of PDAC. Firstly, only 65% of patients with resectable 

PDAC have elevated serum CA 19-9 levels, so CA-19-9 testing would result 

in false-negative results and deceive the diagnosis [49]. Secondly, 

elevated CA-19-9 has been observed in other medical conditions, 

including chronic pancreatitis and acute cholangitis, and gastrointestinal 

malignancies, including gastric and colorectal cancer [50]. Numerous 

other carbohydrate antigens have been considerably studied, including 

CA-242, CEA, and CA-125, where they have all been found to be overall 

less sensitive than CA-19-9 [51].  

Mutations of K-ras remain the predominant genetic characteristic in 

PDAC patients. They can be effectively detected in the serum, pancreatic 

juice, and faeces, even in patients with premalignant pancreatic lesions 

[53]. However, K-ras mutations are not exclusively specific to PDAC and 

are frequently evident in other malignancies and chronic pancreatitis 
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[54]. One meta-analysis questioned whether K-ras mutation rates 

increased parallel to the grade of dysplasia in duct lesions. K-ras 

mutations were identified in 36%, 44% and 87% of PanIN-1A, 1B, and 2-3 

lesions, respectively [55]. Mulcahy et al. [56] identified K-ras mutations 

in the plasma of all four patients suffering from chronic pancreatitis (4/4) 

and reported that all patients were later diagnosed with PDAC during 

follow-up; from 7.3 months to 16.7 months after the time of K-ras 

mutation testing. These studies are a useful indication that K-ras 

mutations are an early event during tumourgenesis; therefore, K-ras 

mutations can be considered potential biomarkers with appreciable 

sensitivity for the early diagnosis of PDAC, but further characterization 

and verification in larger cohorts are essential.   

1.2 Treatment 

Treatment of PDAC is generally multimodal, where patients will receive 

surgery, chemotherapy, and/or radiotherapy. 

1.2.1 Surgery  

Surgery alone remains the only potentially curative treatment. 

Unfortunately, only those diagnosed early are eligible for surgery, 

meaning less than 20% of patients have this option; amongst these 

candidates, the median postoperative survival is less than 20 months, 

with a five-year survival rate of approximately 20% [57]. Before 1935, 

pancreatic resections were deemed impossible, with surgery-mortality 

rates reaching as high as 30%. However, since then, 

pancreaticoduodenectomy, also known as the Whipple procedure, 

involves removing the pancreatic head, duodenum, and a portion of the 

common bile duct, gallbladder, and sometimes part of the stomach is 

carried out regularly, with surgical-mortality rates falling to below 3% 

[58].  
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1.2.2 Chemotherapy 

In 1997, the first milestone study regarding palliative chemotherapy in 

PDAC patients was published, wherein gemcitabine was compared with 

weekly-dose-5-fluorouracil (5-FU) as the first-line treatment for patients 

diagnosed with locally advanced unresectable or metastatic PDAC [59]. 

The results revealed that gemcitabine treatment increased survival from 

4.41 to 5.65 months. As gemcitabine therapy was shown to be more 

beneficial than 5-FU for a percentage of patients, gemcitabine 

monotherapy became the standard of care, despite only modest 

increases in overall survival. 

A study published in 2011 by Conroy et al. [60] first introduced the 

FOLFIRINOX regimen – a combination of infusional 5-FU/folinic acid, 

irinotecan, and oxaliplatin – into the treatment of metastatic PDAC. More 

recently, FOLFIRINOX improved overall survival compared with 

gemcitabine when administered as a first-line treatment in patients with 

metastatic PDAC [61]. A phase III trial was instigated to investigate the 

efficacy of modified-FOLFIRINOX, compared with gemcitabine, as 

adjuvant therapy after resectable PDAC. Here, Conroy et al. [61] showed 

that median disease-free survival was 21.6 months in the modified-

FOLFIRINOX group and 12.8 months in the gemcitabine group. The three-

year disease-free survival rates for the modified-FOLFIRINOX group and 

the gemcitabine group were 39.7% and 21.4%, respectively. The overall 

survival rate at three years was 63.4% in the modified-FOLFIRINOX group 

compared to 48.6% in the gemcitabine group. A randomized phase III trial 

successfully used gemcitabine-free combination therapy for the first time 

[61].  

Furthermore, germline and somatic genetic profiling of PDAC is a new 

trend in modern research for treatment options [62]. From the 

perspective of the clinical and therapeutic influence of mutations in 

PDAC, the BRCA1 and BRCA2 genes are the most studied. This is because 

BRCA1/2 plays a pivotal role in the homologous recombination (HR) 
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pathway [63]. Tumours that are BRCA1/2 deficient are deemed defective 

in DNA repair by HR and are sensitive to DNA crosslinking agents, such as 

cisplatin. Therefore, these agents are logical options for treating 

BRCA1/2- deficient tumours and have been clinically effective [64].  

1.2.3 Radiotherapy  

The role of radiotherapy in PDAC continues to be investigated, and its use 

in the adjuvant setting remains controversial [65]. Generally, 

neoadjuvant radiotherapy is accepted in borderline resectable diseases, 

though prospective data are scarce. Neoadjuvant radiotherapy, with or 

without chemotherapy, may downstage the illness and increase the 

chances of complete resection [66]. Interestingly, neoadjuvant 

radiotherapy can eliminate the need to treat hypoxic tumour tissue, 

which is often a result of the surgical disruption of a blood supply to the 

tumour cells. Additionally, extreme surgical stress and postoperative 

complications significantly increase the release of perioperative 

cytokines, a phenomenon known as surgical oncotaxis, which has been 

shown to enhance tumour metastasis, resulting in a poor prognosis for 

cancer patients [67]. Surgical oncotaxis can adversely affect the efficacy 

of adjuvant treatment, which can be avoided by neoadjuvant 

radiotherapy. 

One particular meta-analysis that included 111 trials with 4,394 patients 

investigated the effects of neoadjuvant chemotherapy and radiotherapy 

on tumour response, resectability, and patient survival [68]. Neoadjuvant 

chemotherapy was given in 96.4% of the studies with the primary agent’s 

gemcitabine and FOLFIRINOX therapy. Neoadjuvant radiotherapy was 

applied in 93.7% of the studies with doses ranging from 24 to 63 Gy, 

where most patients were 1.8 Gy/fraction, 2 Gy/fraction, or 3 

Gy/fraction. The studies were divided into two groups: group 1 included 

patients whose tumours presented as resectable on preoperative 

examination, and group 2 included patients whose tumours presented as 

borderline resectable or unresectable. Additionally, Gillen et al. [68] 
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revealed that similar percentages of the tumours in both groups 

responded to neoadjuvant therapy by shrinking tumours. In group 1 and 

group 2, approximately 75% and 33% of the tumours were resectable 

post-neoadjuvant therapy, respectively. After resection, the average 

overall-survival time for group 1 patients was 23.3 months. The average 

survival time for group 2 patients after resection was 20.5 months. 

Therefore, it should be considered that patients with locally non-

resectable tumours should be included in neoadjuvant regimes and later 

re-evaluated for resection. 

To date, randomized trials have been unsuccessful in resolving the debate 

surrounding the role of adjuvant radiotherapy in resectable PDAC. In the 

1980s, the Gastrointestinal Tumour Study Group (GITSG) conducted the 

first randomized trial to evaluate adjuvant chemoradiotherapy's role in 

resecting PDAC [69]. Patients also received bolus 5-FU chemotherapy 

during radiotherapy. Unfortunately, despite the trial demonstrating an 

overall survival benefit between the treatment arm and the observation 

arm (20 vs. 11 months, respectively), only 43 patients were accrued over 

eight years. Furthermore, the GITSG study was heavily criticized over slow 

accrual, small sample size, and suboptimal radiotherapy with a low dose 

delivered in a split-course fashion, so the trial was forced to close early.  

The European Organisation for Research and Treatment of Cancer 

(EORTC) study consisted of 218 patients, where the objective was to 

investigate the overall-survival benefit of adjuvant radiotherapy and 

infusion 5-FU versus observation alone after surgery in patients with 

PDAC [70]. This study did not show significant overall-survival benefits 

with the addition of chemoradiotherapy to surgical resection. Median 

overall-survival rates for the chemoradiotherapy arm as compared to the 

observation arm were 17.1 months and 12.6 months, respectively. Like 

the GITSG study, the EORTC study was criticized due to suboptimal RT, 

small sample size, the high proportion of patients preceding assigned 
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therapy, and the inclusion of patients with positive surgical margins 

without stratification deemed as study design flaws.  

Further research is needed to define optimal chemotherapy and radiation 

doses and techniques and to assess the effects of chemotherapy and 

radiation more closely – not only on survival but also on local disease 

control and quality of life. 

1.2.4 Targeted therapies  

Poly (ADP-ribose) polymerase 1 (PARP) enzymes primarily repair single-

strand DNA breaks and play crucial roles in DNA damage repair [71]. 

Accumulation of single-strand DNA breaks in the presence of PARP 

inhibitors results in the formation of double-strand breaks, which require 

homologous recombination to repair [71]. Tumours that are deficient in 

DNA damage repair mechanisms such as BRCA mutants respond better to 

platinum-based chemotherapies. Interestingly, the phase III POLO trial 

showed a near doubling of progression-free survival compared with a 

placebo in advanced PDAC when using the PARP inhibitor, Olaparib [72]. 

As a result, the US Food and Drug Administration (FDA) approved olaparib 

as a maintenance treatment for germline BRCA mutated advanced PDAC 

that has not progressed on platinum-based chemotherapy. 

The KRAS gene are the most mutated oncogenes in cancers, resulting in 

abnormal proliferation and tumorigenesis [73]. Certain tumours are more 

dependent on KRAS mutation, especially PDAC. The most predominant 

KRAS mutation site in PDAC occurs at codon 12; most commonly G12D 

(45%), followed by G12V (35%), and G12R at 17%. Other mutations such 

as G12C and G12F occur at a lower frequency [74]. Significant progress is 

now being made in the G12D space with the development of numerous 

compounds that can bind to and inhibit KRAS G12D, most particularly 

MRTX1133 [75].  
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1.2.5 Chemoradiotherapy resistance  

 The majority of patients with cancer will receive chemotherapy or 

radiotherapy as a curative treatment or during palliative care [76]. 

Undoubtedly, the poor prognosis can be partially attributed to the 

inherent resistance that PDAC appears to have toward chemotherapy and 

radiation. Resistance to chemotherapy and radiation, the ability of cancer 

cells to evade or cope with the presence of therapeutics, is a critical 

challenge that oncology research seeks to understand and overcome 

[77]. Either having refractory or resistant disease defines patients [78]. 

Patients with innate resistance to chemoradiotherapy, also termed 

refractory disease, are inherently resistant to the treatment. Patients 

who initially respond but relapse have acquired resistance [79].  

Chemotherapeutic agents work through multiple mechanisms, generally 

inhibiting physiological DNA processes and targeting abnormal 

proliferating cells [80]. For example, cisplatin intercalates double-

stranded DNA, and 5-FU prevents the synthesis of DNA nucleotides; all 

inhibit DNA replication and thus prevent cell growth and encourage 

apoptosis. If cells can nullify these effects by stimulating their growth and 

inhibiting apoptosis, then resistance is achieved. 

Numerous mechanisms have been established that play a key role in 

chemoresistance [80, 81]. Firstly, alterations to drug transport across the 

cell membrane are one of the primary examples of chemoresistance. The 

decreased influx and increased efflux of drugs restrict drug accumulation 

within the cell, thus limiting the drug cytotoxicity. The influx copper 

transporter CTR1 has been displayed as one of the significant 

transporters for drug accumulation, and any defects have been strongly 

associated with chemoresistance, especially resistance to cisplatin [82]. 

The ATP-binding cassette (ABC) transporter family is also associated with 

chemoresistance. These transmembrane proteins can reduce the 

intracellular concentrations of drugs via an increase in the efflux of drugs 

and the redistribution of drugs away from the site of action [83]. In 
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addition to the accumulation of the drugs within the cell, the localization 

of the drugs at the site of action is also essential to exceeding the 

sublethal threshold of cytotoxicity. Since platinum-based 

chemotherapeutic agents exert their cytotoxic effects in the nucleus, the 

localisation of platinum in the cytoplasm sequesters the drug from the 

nucleus and promotes resistance [84]. Intracellular pH can also alter 

cellular sensitivity to chemotherapeutics, such as cisplatin, which is 

inactivated by high intracellular pH [85]. 

It is well established that DNA damage is induced by chemotherapeutic 

agents or reactive oxygen species (ROS) by limiting their accessibility to 

the nucleus [86]. Glutathione (GSH) is the most abundant nonprotein 

antioxidant in eukaryotic cells. Interestingly, GSH detoxification 

neutralises the DNA-damaging molecules produced by drugs and 

radiation [87, 88]. Moreover, elevated GSH levels are observed in various 

tumours, making them more resistant to chemotherapy [89]. Therefore, 

it is not surprising that targeting GSH presents an attractive approach for 

medical intervention against resistance to anti-cancer treatment. 

Various endogenous and exogenous DNA-damaging agents, such as 

ionizing radiation and chemotherapeutic agents, can lead to DNA lesions, 

including single-strand breaks (SSBs) and double-strand breaks (DSBs) 

[90]. To prevent this, cells have evolved a series of mechanisms called 

DNA damage response (DDR) to deal with such lesions [91]. The increase 

in DNA repair activity is also thought to be means of resistance, especially 

to that of a platinum-based agent [92]. The central DNA repair pathways 

in the cell are direct repair (DR), base excision repair (BER), nucleotide 

excision repair (NER), mismatch repair (MMR), homologous 

recombination (HR), and non-homologous end-joining (NHEJ). 

DR is defined as eliminating DNA and RNA damage using chemical 

reversion that does not require conventional DNA repair properties, such 

as a nucleotide template, breaking the phosphodiester backbone, or DNA 

synthesis. In mammalian cells, the DR is utilized to repair specific types of 
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DNA damage caused by ubiquitous alkylating agents by the alkylguanine 

DNA alky-transferase protein (AGT) [93]. Alkyl and methyl DNA adducts, 

such as those formed by the platinum-based agents, are quickly and 

efficiently repaired by AGT.  

The BER pathway recognises and removes DNA bases damaged by 

alkylation, ROS, or radiation [94]. Initially, a DNA glycosylase recognizes 

and releases a damaged base that cleaves the N-glycosidic bond between 

the base and the DNA backbone, generating an AP site. NER is involved in 

the recognition and repair of several different bulky DNA-helix distorting 

lesions, which may potentially block DNA replication or transcription [95]. 

MMR repairs mismatching of base pairs and insertions or deletions that 

may arise during replication or recombination and some damage caused 

by ROS [96]. Mismatches are recognised by one of two mutS homolog 

(MSH) heterodimer protein complexes, which generally comprise MSH2 

and MSH6, depending on the type of damage. Another heterodimer 

comprised MLH1, and postmeiotic segregation-increased 1 (PMS1) forms 

a complex with the MSH heterodimer to initiate repair. Deficient or 

alterations in MMR have been revealed to promote resistance to 

chemotherapeutics, including cisplatin and topoisomerase II inhibitors 

because MMR typically recognises DNA adducts and induces apoptosis 

[97, 98]. 

The HR and NHEJ are responsible for the repair of dsDNA breaks which 

are the most cytotoxic form of DNA damage caused by anti-cancer 

treatment [99, 100]. Briefly, HR favourably uses the sister chromatid as a 

repair template, which allows the high-fidelity restoration of the 

sequence at the break, resulting in error-free repair. The sister chromatid 

is only present after replication, and HR is primarily active in the S/G2 

phases of the cell cycle [101]. The main steps in HR repair are mediated 

by the single-strand binding protein replication protein A (RPA), Rad51, 

Rad52, and Rad54, and the Rad51 paralogs XRCC2, XRCC3, Rad51B, 

Rad51C, and Rad51D [102]. Conversely, NHEJ directly re-ligates the two 
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broken DNA strands using a template-independent mechanism. Because 

it does not require a homologous template, NHEJ is not restricted to a 

particular cell cycle phase. NHEJ is the primary pathway responsible for 

the repair of IR-induced DSBs [103]. 

Eukaryotic cells have four phases within the cell cycle. G1, S, G2, M, and 

one phase outside the cell cycle, G0 [104]. Both the cell position within 

the cell cycle and the activation of cell cycle checkpoints following 

exposure to anti-cancer treatment play a role in determining cellular 

sensitivity to chemotherapy and radiation [105, 106]. Generally, cells in 

the M and G2 phase are most sensitive to radiation; cells in the G1 phase 

are more resistant, while cells in the S phase are most resistant. In 

comparison, 5-FU is only cytotoxic to cells during the S phase of the cell 

cycle [107]. In contrast, cisplatin DNA adduct formation is cell cycle 

independent but is most cytotoxic in the late stages of G1 immediately 

before the S phase [108]. However, the ability of cells to acquire and 

maintain resistance to chemotherapy in PDAC remains both a clinical and 

scientific challenge. Overall, the investigation into the affected molecular 

pathways and how these pathways are modulated helps improve 

prognosis and survival times in patients who, unfortunately, with this 

disease, have limited options. 

1.3 Tumour Biology  

In 2000, Hanahan and Weinberg published their prominent review: the 

hallmarks of cancer [109], where they attempted to organize the 

sophisticated complexities of cancer biology into six significant hallmarks. 

In 2011, four more hallmarks were added [110]. More recently, in 2022 

[111], the original six hallmarks noted in 2000 and ten hallmarks noted in 

2011 was developed to incorporate fourteen aspects contributing to 

cancer (Figure 1).   
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1.3.1 Sustaining Proliferative signalling  

Actively proliferating cells are fundamental to the development of 

oncogenesis [112]. It is well established that cancer cells can become 

hyper-responsive to proliferation signals by increasing the expression of 

growth factor receptors on the cell surface and upregulating the 

production of growth factors to stimulate autocrine proliferation [113]. 

Interestingly, the MAPK and PI3K-Akt signalling pathways are the most 

frequently activated signalling pathways in PDAC (approximately 90%). 

Hence significant efforts have been made to develop pharmacological 

agents targeting these signalling pathways. Briefly, the MAPK pathway 

consists of a kinase cascade, where K-Ras activates Raf kinases, activating 

MEK1/2 [114]. In pre-clinical models, MEK inhibitor PD325901 reduced 

tumour burden and prolonged survival time and showed a synergistic 

effect with Akt inhibitor GSK690693 [115]. Additionally, efforts have been 

made to develop pharmacological agents targeting MAPK and PI3K-Akt 

signalling pathways. PI3K and Akt inhibitors were tested in pre-clinical 

models in ovarian cancer, revealing compelling anti-cancer interest [116]. 

These findings indicate that targeting K-Ras downstream pathways is a 

potential therapeutic option for PDAC patients harbouring K-Ras 

mutations. 
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Figure 1. Hallmarks of cancer. Left, the Hallmarks of Cancer currently embody eight hallmark 
capabilities and two enabling characteristics. In addition to the six acquired capabilities—
Hallmarks of Cancer—proposed in 2000 [109], the four provisional “emerging hallmarks” 
were introduced in 2011 [110]. Right, a conceptual diagram illustrating the fourteen revised 
hallmarks of cancer adapted from [111].  
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1.3.2 Evasion of Growth suppressors 

In addition to enhancing the growth factor-mediated pathways, cancer 

cells can repress anti-proliferative growth by suppressing signalling by 

altering the tumour suppressors such as the retinoblastoma protein (RB) 

and tumour protein (TP53) and are considered the gatekeepers of cell 

cycle progression [117, 118]. The RB and TP53 suppressor proteins are 

additional targets in PDAC due to their documented inactivation in PDAC 

[119, 120]. A previous study by Thomas et al. [121] displayed that 

targeting RB phosphorylation by activating phosphatase presents a 

rational strategy to inhibit PDAC cell growth. TP53 suppressor gene 

mutations are one of the most frequently observed abnormalities in 

cancer and are mutated in 70% of PDAC patients [122]. One recent study 

assessed TP53 mutations and mRNA expression in 57 patients with PDAC, 

and it was demonstrated that patients with low TP53 mRNA expression 

were associated with a worse prognosis (p = 0.032) [123]. This evidence 

suggests that RB and TP53 could be ideal therapeutic targets and 

biomarkers for prognosis and therapy prediction. 

1.3.3 Deregulating cellular metabolism  

Cancer cells reprogram their energy metabolism pathways to meet the 

high demand inflicted by increased cell proliferation [124]. In a normal 

cell, aerobic respiration occurs through glucose processing to pyruvate 

via glycolysis. In anaerobic conditions, glycolysis is primarily utilised, a 

primitive method of energy metabolism, which is an inefficient pathway 

that yields 2 molecules of ATP per glucose, whereas 38 molecules of ATP 

are generated in complete aerobic oxidation and is also known as 

oxidative phosphorylation [125]. In tumours, glucose uptake dramatically 

increases, and lactate is made, even in oxygen and fully functioning 

mitochondria. This process is known as the Warburg Effect [126], and to 

date, there is no conclusive explanation as to why the cancer cell prefers 

glycolytic metabolism. To facilitate increased glucose uptake for energy 

metabolism, the cancer cell upregulates the glucose transporter GLUT1. 
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Recently, Boira et al. [127] showed that GLUT1 could be related to higher 

aggressivity in PDAC and could be used as a prognostic marker. 

Additionally, a previous study revealed that the maintenance of glycolysis 

activity is vital for the survival of PDAC cells, where blocking glycolysis 

using 2DG, a derivative of glucose, results in apoptosis [128].  

1.3.4 Resisting cell death 

Apoptosis is a mechanism of programmed cell death essential for 

maintaining tissue homeostasis by eliminating damaged or abnormal cells 

to conserve normal cells [129]. Within the context of cancer, cells can 

avoid apoptosis regardless of multiple mutagenic events and the 

dysregulation of critical cellular pathways. The Bcl-2 family is the best-

characterized group of apoptosis-mediating factors [129, 130]. It can be 

divided into two groups according to their functional properties: anti-

apoptotic proteins like Bcl-xL and Bcl-2 and pro-apoptotic proteins, 

including Bax and Bak. High levels of Bcl-1 have been found in various 

cancers [131], but interestingly, Bcl-2 has been reported to be decreased 

in PDAC cells [132]. Bcl-2 antisense constructs, such as G3139, have been 

used alongside chemotherapeutic agents to treat various cancers [133]; 

however, if this is a therapeutic approach that would be successful in 

PDAC displaying decreased levels remains uncertain.  

1.3.5 Evading immune destruction  

Unsurprisingly, avoiding immune cell-mediated destruction is 

fundamental to cancer development and progression [134]. Cancer cells 

produce immunosuppressive factors to evade immune destruction, 

including TGF-β, which can paralyze cytotoxic T lymphocytes and natural 

killer cells [135]. Interestingly TGF-β plays contradicting roles in PDAC, 

where it behaves as a tumour suppressor in early-stage PDAC by 

promoting apoptosis and inhibiting cell cycle progression [136]. However, 

it acts as a tumour promoter in the late stage by immune evasion and 

metastasis [136, 137]. The microenvironment in PDAC is highly 
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immunosuppressive and composed of T regulatory cells, which block 

cytotoxic T lymphocyte’s duties in tumour recognition and destruction 

[138].  

1.3.6 Genomic instability  

One main characteristic of cancer cells is genomic instability [139]. 

Genetic integrity is closely monitored by several surveillance 

mechanisms, DNA damage checkpoints, DNA repair responses, and 

mitotic checkpoints. Hence a defect in regulating any of these 

mechanisms often results in genomic instability. 

ATM has been frequently mutated in PDAC and presents as one of the 

essential mediators of DNA damage response and repair pathway 

alongside ATR [140]. Briefly, double-strand DNA breaks activate the 

cascade of ATM and BRCA1/BRCA2 to launch DNA repair [141]. 

BRCA1/BRCA2 are two vital proteins in the activation and operation of 

homologous recombination (HR) in double-strand DNA break repair. 

BRCAs, especially BRCA2, interact with HR, initiating proteins such as 

RAD51 and recruiting DNA repair assembly [141, 142]. PALB2 performs a 

significant role in recruiting DNA repair machinery to activate HR, and 

interestingly, its mutations are related to an increased risk of PDAC [143]. 

Compared to other DNA damage repair systems, HR uses homologous 

DNA to repair the breaks, yielding error-free and high-quality outcomes 

[144]. A switch from HR to different DNA repair pathways confers an 

increased risk of alterations in DNA sequence, which creates frequent 

deleterious changes in genetic material due to low-fidelity DNA repair 

and genetic rearrangements [145]. 

 PARP1is a crucial nuclear enzyme essential for the activation of DNA 

damage response, particularly in single-stranded DNA break repair (SSBR) 

[146]. Spontaneous single-stranded DNA breaks are recognized by 

PARP1, and recruitment of X-ray Repair Cross-Complementing Protein 1 

(XRCC1), which functions as a scaffolding protein in SSBR, is mediated by 



 

44 
 

PARP1 [146, 147]. Additionally, evidence suggests that PARP1 is involved 

in NHEJ [148]. Recently, PARP inhibitors have demonstrated clinical 

activity in patients with PDAC and pathogenic variants in BRCA1, BRCA2, 

and PALB2, improving the efficacy with combination therapies, 

particularly platinum-based agents [149, 150].   

1.3.7 Angiogenesis  

The vascular system within the body delivers essential nutrients and 

oxygen to both normal and cancer cells. The endothelial cells forming the 

systemic vasculature vessels are generally quiescent. However, the 

generation of new vasculature is switched on in cancerous cells, which is 

needed for sustaining tumour growth and allows cancer cells to 

metastasize away from the site of the primary tumour [151]. The 

angiogenic switch is supported by various progressive and suppressive 

factors, including VEGF and TSP-1; these proteins are often dysregulated 

within cancer, leading to problems with vasculature and potentially an 

increase in new vessels forming in the tumour and its microenvironment 

[152]. VEGF gene expression can be modulated by several factors, 

including posttranscriptional regulation, hypoxia, and oncogene 

signalling [153]. PDAC is a hypovascular tumour in a hypoxic 

microenvironment. The prominent pathological feature is the high levels 

of fibrosis, termed desmoplasia, which generates excessive interstitial 

fluid pressures at primary and metastatic tumour sites [154]. 

Desmoplasia results in vasculature collapse that promotes cancer 

development and inhibits drug penetration and uptake, inducing cancer 

resistance to target therapy [155]. Therefore, anti-angiogenic treatment 

is effective in PDAC to inhibit blood vessel growth and prevent cancer cell 

growth. Axitinib and Sorafenib are effective drugs used to target growth 

factors and their corresponding receptors [156].  
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1.3.8 Activating invasion and metastasis  

As tumour growth increases and a vasculature supply is acquired, the 

cancer cells undergo an epithelial-to-mesenchymal transition (EMT) 

[157]. Interactions between the cancer cells, stromal tumour cells, and 

the dysregulated intracellular signalling pathways induce the EMT 

phenotype. One broadly observed alteration in cell-to-environment 

interaction in PDAC involves E-cadherin and plays a critical role in 

coupling adjacent cells by E-cadherin bridges. Loss of the cell-cell 

adhesion molecule E-cadherin and the loss of cell-matrix attachment 

proteins are associated with migration and EMT and is commonly 

observed in PDAC tumours [158]. E-cadherin downregulation is 

modulated by a complex network of signalling pathways and 

transcription factors, such as Slug and Snail [157-159]. Consequently, it 

leads to decreased cell-cell adhesion, enables the separation of individual 

cells from the primary tumour mass, and represents an essential 

characteristic in carcinoma progression.  

However, one recent study revealed elevated levels of expression of E-

cadherin and functional adherent cell junction cultured PDAC cells, 

although they exhibited a highly invasive and metastatic potential [160]. 

These results indicate the importance of studies that definitively clarify 

the role of E-cadherin and EMT in PDAC development and progression. 

1.4 MicroRNAs 

1.4.1 MicroRNAs: Biogenesis and Functionality  

MicroRNAs (miRNAs) are a class of non-protein-coding RNAs represented 

by short, single-stranded RNA approximately 18–24 nucleotides in length 

[161]. They are described as master regulators of gene expression at the 

post-transcriptional level [162]. Emerging evidence has revealed that 

miRNAs are vital for normal animal development and are engaged in 

many biological processes [163]. In 2001, numerous small non-coding 

RNAs were identified and were collectively termed miRNA; since then, 
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thousands of miRNAs have been discovered, and there are currently over 

2,500 annotated miRNAs in the human genome, but the functional roles 

of many miRNAs remain unclear, and an attractive area of research [164]. 

MiRNA biogenesis (Figure 2) begins by being frequently transcribed in the 

nucleus by RNA polymerase II, producing a single-stranded RNA transcript 

1–7 kb in length [165]. Then, this primary miRNA folds onto itself and is 

processed into precursor-miRNA (pre-miRNA) by Drosha and DGCR, 

where the 3'-UTR and 5’-UTR ends are cleaved and are subsequently 

exported into the cytoplasm by the exportin-5/RanGTP complex in the 

nuclear membrane [166, 167]. In the cytoplasm, the pre-miRNA is further 

processed by Dicer and TRBP, which involves the removal of the terminal 

loop, forming the miRNA duplex miRNA-5p/miRNA-3p, which is to 

become the mature strand or the passenger strand depending upon the 

thermodynamic stability and directionality of the duplex. Finally, the 

mature strand will be incorporated into the RISC (RNA-induced silencing 

complex), while the passenger strand is subsequently degraded [165-

168].  
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Figure 2. The biogenesis and functionality of miRNAs. RNA polymerase 
II transcribes a specific microRNA gene producing a primary (pri) 
microRNA strand, which subsequently folds onto itself. Primary miRNA 
is processed by Drosha and DGCR, producing a precursor (pre) miRNA 
that is transported into the cytoplasm via the exportin/Ran-GTP 
network. In the cytoplasm, the precursor miRNA is further processed by 
Dicer and TRBP, and the hairpin loop is removed. The microRNA duplex 
is formed, containing one mature strand and one passenger strand. The 
passenger strand is degraded, and the mature strand is incorporated 
into the RNA-induced silencing complex (RISC), which also consists of an 
argonaute (Ago) protein. Finally, the mature miRNA can now bind by 
either perfect or imperfect complementarity to the messenger (m) RNA, 
resulting in degradation or inhibition, respectively. Diagram was 
designed using biorender.com.  
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The major functional elements of the RISC are composed of argonaute 

(Ago) proteins. Of the four family members identified in mammals (Ago1–

4), only Ago2 can directly cleave the mRNA target [169]. Ago proteins 

directly bind to the mature miRNA strand and seek target mRNAs that 

have complementarity to the miRNA. The ‘seed’ region within the target 

mRNA is a 2–7 nucleotide sequence fundamental for miRNA binding 

[170]. The ‘seed’ regions are commonly found at the 3’-end of the mRNA, 

as the RISC has less competition with the ribosomal units and 

translational machinery [170, 171]. Additionally, regulated target mRNA 

usually has longer 3’-UTR, which presents multiple miRNA binding sites. 

In animals, miRNA-mRNA binding is generally a result of imperfect 

complementarity, where the RISC can tolerate base wobbles and 

mismatch binding. In contrast, near-perfect complementarity is 

commonly seen in plants [172]. This imperfect relationship aids a single 

miRNA in targeting numerous mRNA targets, whereas a single mRNA can 

be targeted by multiple miRNAs [170-172].  

How the mature miRNAs downregulate gene expression at the post-

transcriptional level remains unknown. However, mRNA degradation and 

translational repression are the two most plausible mechanisms to 

describe this phenomenon [173]. The identity of the target determines 

the choice of mechanism. Once incorporated into the RISC, the mature 

miRNA will specify degradation if the mRNA has sufficient 

complementarity to the mature miRNA or results in translational 

repression if the mRNA does not have sufficient complementarity to be 

degraded [174]. 

MiRNAs account for approximately 1% of the genome and are estimated 

to regulate between 25%–35% of genes and are an essential element in 

various cellular pathways [175]. Different cell types have specialized 

functions, express a precise set of genes related to cell function, and are 

thus reflected in tissue-specific miRNA expression profiles [176]. For 
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example, dysregulated miRNA expression is a common feature in human 

diseases, especially in cancer [177].  

1.4.2 MiRNAs in cancer biology  

MiRNAs are involved in numerous pathways and cellular processes within 

the cell. Hence it is not surprising that miRNA dysregulation is viewed as 

a fundamental feature of cancer and is considered instrumental in the 

acquisition of the hallmarks of cancer, such as invasion, angiogenesis, and 

evasion of apoptosis. In 2002, Calin and colleagues first highlighted the 

link between miRNA and cancer [178]. They observed a common deletion 

and downregulation of chromosomal region 13q14 in B-cell chronic 

leukaemia (CLL). Interestingly, this region encoded the genes miR-15 and 

miR-16 and was revealed to be deleted in 68% of CLL patients. Moreover, 

Calin et al. [179] found that approximately 50% of miRNAs are located on 

fragile sites. They also revealed that miRNAs located in the deleted 

regions display lower expression in various cancer types.  

Compared to normal tissue, the miRNA expression in cancer tissue is 

globally downregulated [180]. For example, the expression of miR-200a, 

miR-200b, and miR-200c was significantly higher than that in normal 

tissues, whereas miR-199a, miR-140, miR-145, and miR-125b1 displayed 

low expression in ovarian cancer tissues [181]. One potential explanation 

for this global decrease in miR expression may be the inhibition of DICER, 

as shown by Wilczynski et al. [182]. Intriguingly, miRs can also distinguish 

and characterise the different tumoural subgroups. For example, it has 

been revealed that miRs are differentially expressed in the different renal 

cancer subtypes and can be used to determine the subclass [183].  

1.4.3 MiRNA Manipulation Therapy 

It is suggested that cancer-associated miRNAs present with either 

oncogenic (oncomiR) or tumour suppressive (tsmiR) activities [184]. 

OncomiRs are commonly overexpressed in human cancers and require 

inhibition, which may help re-establish the normality of expression, thus 
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restoring the function of tumour suppressor genes [185]. AntagomiRs are 

generally used to inhibit miRNA expression; such inhibitors are single-

stranded oligonucleotides complementary to the mature miRNA target. 

Subsequently, the mature miRNA cannot effectively be incorporated into 

the RISC, and its function is lost [186]. Other practical approaches for 

inhibiting miRNA expression include small inhibitors or decoys known as 

miRNA sponges and masking [187].  

In contrast, tsmiRs are frequently under-expressed, so miRNA mimics 

have been designed to restore the normal function of tumour suppressive 

miRNAs by replacing or substituting the lost miRNA by using a synthetic 

miRNA-like molecule [188]. These small molecules resemble the relevant 

miRNA and can be incorporated into the RISC to achieve the downstream 

inhibition or degradation of target mRNAs. Furthermore, miRNAs can be 

restored using DNA plasmids containing specific miRNAs that 

epigenetically alter endogenous expression [189]. 

Depending on the miRNA and cancer type, suppressing or reintroducing 

miRNAs provides a potential and effective strategy for targeting specific 

pathways in cancer, including PDAC. The different methods used to 

manipulate miRNA expression in human diseases are summarised in 

Figure 3.  
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Figure 3. Strategies for the manipulation of miRNA expression in PDAC. 
Specific miRNAs are classified as either oncogene (oncomiRs) or tumour 
suppressors (tsmiRs). OncomiRs are often overexpressed in pancreatic 
cancer (PC), whereas tsmiRs are often underexpressed. Restoring tsmiRs 
is possible via the use of miRNA mimics and DNA plasmids containing 
genes for miRNA. Suppressing oncomiRs is also possible using miRNA 
inhibitors, including antagomiRs, miRNA sponges, small inhibitors, and 
miRNA masking. Diagram was designed using Biorender.com. 
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1.4.4 MiRNA Delivery 

MiRNAs are relatively small with low molecular weight; they have been 

appropriately formulated into an effective delivery system, making them 

suitable for developing into clinical cancer therapy [190]. Additionally, 

miRNAs are sufficiently stable, can be readily chemically modified, and 

are less immunogenic than plasmid DNA-based gene therapy and protein-

based drug molecules. The effective delivery strategies include viral 

vectors, inorganic nanoparticles, polymeric vectors, lipid-based vectors, 

cell-derived membrane carriers, and 3D scaffolds, all summarised in 

Figure 4.  

Viral Vectors 

Viral vectors have emerged as desirable vehicles for efficiently delivering 

genes, including miRNAs, particularly target cells, and causing long-term 

gene expression. Viruses possess different characteristics, and their 

mechanisms of action vary; therefore, a specific vector may be more 

suitable than others. The properties of four popular viral vector systems 

that can facilitate high-level transgene and miRNA expression are 

adenovirus, adeno-associated virus, retrovirus, and the subclass 

lentivirus. These viral vectors can be employed to effectively deliver 

therapeutic miRNAs to treat various types of cancer, including PDAC 

[191]. 

Adenoviruses belong to the Adenoviridae family, which are non-

enveloped viruses that present with an icosahedral protein capsid that 

comprises a linear duplex DNA genome of approximately 36 kb. To date, 

over 400 gene therapy trials have been, or are currently being, conducted 

with adenoviral vectors, and most of these trials are for cancer treatment 

[192]. Adenoviral vectors are highly advantageous, as they can be grown 

into high titer stable stocks, are highly efficient, can effectively infect 

dividing or non-dividing cells, and have a large insert capacity of  
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Figure 4. Different strategies used for the delivery of miRNAs. The most 
effective strategies for delivering miRNAs to target cells include viral 
vectors, inorganic nanoparticles, polymeric vectors, lipid-based carriers, 
cell-derived membrane carriers, and 3D scaffolds. Diagram was designed 
using Biorender.com. 

 



 

54 
 

approximately 8 kb. However, due to its strong immunogenicity in vivo, 

adenoviral vectors have been stripped away from their viral protein-

coding sequences, creating the first helper-dependent adenovirus 

vectors [193]. This consequently reduced immunogenicity and improved 

efficiency, making their use an excellent strategy for delivering 

therapeutic genes.  

Adeno-associated viruses also belong to the Adenoviridae family. They 

are non-enveloped viruses comprising single-stranded DNA genomes. 

Adeno-associated viruses can transduce both dividing and non-dividing 

cells; they are considered non-pathogenic (thus have relatively low 

toxicity) and have a low risk of insertional mutagenesis [194]. However, 

adeno-associated viruses depend upon helper viruses for replication, 

which is quite time-consuming and expensive. Furthermore, the insert 

capacity is less than that of an adenovirus – approximately 4 kb. 

Nevertheless, the absence of pathogenicity in humans makes adeno-

associated viruses an attractive therapeutic vehicle. Furthermore, in 

contrast to other viral vectors, the adeno-associated virus is the only 

vector system whose wild-type virus is not associated with human 

malignancies [195].  

Retroviruses belong to the Retrovirdae family. They have enveloped 

viruses containing single-stranded RNA genomes. Retroviral vector-

mediated gene transfer has been fundamental to the development of 

gene therapy [196]. Retroviruses have several distinct advantages over 

other vectors, one of the most important of which is their ability to 

transform their single-stranded RNA genome into a double-stranded DNA 

molecule that stably integrates into the target cell genome, allowing 

permanent modification of the target cell’s nuclear genome [196]. 

Additionally, retroviral vectors present an inadequate immune response 

in the host and have a similar insert capacity to the adenoviral vectors. 

Unfortunately, the ability of retroviruses to integrate into the host cell's 

chromosome also raises the possibility of insertional mutagenesis and 
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oncogene activation [196]. Finally, retroviral vectors have low vector 

titers with the potential of infecting dividing cells only.  

Lentiviruses represent a subgroup of the Retrovirdae family, and – like 

retroviruses – they stably insert genetic material into their host cells, 

resulting in stable gene expression [197]. However, transcriptional 

silencing may occur over time. The main benefit of lentivirus over 

retrovirus vectors is that the former can transduce dividing and non-

dividing cells. Additionally, lentiviruses are considered safer than 

retroviruses due to their new generation of self-activation. However, the 

challenge of an increased risk of insertional mutagenesis remains [197, 

198]. 

Inorganic Nanoparticles 

Due to its demonstrably reduced pathogenicity, low cost, and simplicity 

of production, non-viral vectors have significant safety advantages over 

viral approaches; and the ultimate goal, of course, is to facilitate more 

effective and patient-friendly treatment regimens by reducing drug 

concentration and dosing frequency and by offering easier administration 

[199]. In addition, inorganic nanoparticles offer exceptional prospects for 

cell-specific controlled delivery of miRNAs for therapeutic responses; 

these include gold, mesoporous silicon, graphene oxide, and iron oxide-

mediated nanoparticles [200].  

Gold nanoparticles are promising as a feasible and appealing technology. 

Furthermore, due to their unique physiochemical properties, their 

functional groups – including amines and thiol groups – can be easily 

modified on their surfaces, thus making suitable vectors for effectively 

delivering miRNAs to sites of interest [201]. 

Mesoporous silica nanoparticles are solid materials and are composed of 

a honeycomb-like porous structure comprising channels that have the 

potential to absorb or encapsulate relatively large quantities of bioactive 

molecules [202]. Such vectors thus present many advantages as drug 
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delivery vehicles, including uniform and tuneable pore size, easy 

independent surface functionalization, and enhanced thermal stability.  

Graphene oxide has also become a convenient drug and gene delivery 

agent. Because of its small size, intrinsic optical properties, large specific 

surface area, low cost, and valuable non-covalent interactions with 

aromatic drug molecules, graphene oxide is an encouraging new material 

for biological and medical applications [203]. However, the negative 

charge of both miRNAs and graphene oxide may cause electrostatic 

repulsion between them [204].  

Iron oxide nanoparticles, with their superparamagnetic properties, low 

toxicity, sizeable surface-area-to-volume ratio, and easy separation 

method, are used for numerous biological and medical applications, 

including drug delivery [205]. Interestingly, due to its polycation polymer-

functionalized mesoporous structure, the miRNA-loading ability and 

tumour cell uptake efficiency of the nano-complex have been significantly 

increased [206].  

Polymeric vectors 

Polymeric vectors have recently gained significant attention owing to 

their low cytotoxicity and immunogenic properties; thus, they represent 

another attractive nanoscale strategy for therapeutic delivery [207]. 

Among these polymers, polyethyleneimine, polymeric molecules 

composed of positively charged repeating amine groups, can effectively 

bind to miRNAs to form nano-sized complexes, preventing degradation, 

endorsing cellular uptake, and efficient intracellular release [208]. 

Polyethyleneimine is subdivided into either linear or branched types. A 

recent study demonstrated that linear polyethyleneimine has the 

potential to modify its geometry more quickly as compared to branched 

polyethyleneimine. This means linear polyethyleneimine is more 

adaptable at a specific target site [207, 208]. Nevertheless, branched 
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polyethyleneimine is more effective at miRNA delivery than 

Lipofectamine 2000 [209].  

Polymeric micelles are particularly well suited for miRNA delivery due to 

their inherent and modifiable properties [210]. In addition, polymeric 

micelles share similar capabilities with nanoparticles, liposomes, and 

other nano-carriers in their capacities as therapeutic delivery agents. 

Moreover, polymeric micelles are among the most extensively studied 

delivery platforms; the unique opportunities offered by the wide choice 

of hydrophilic corona and hydrophobic core make them ideal for drug 

delivery and targeting, especially for anticancer drugs [211].  

Chitosan is a linear disaccharide made of D-glucosamine and N-acetyl-D-

glucosamine. It is derived from the deacetylation of the naturally 

abundant chitin found in the cell walls of fungi. Chitosan displays 

encouraging biological properties, including low cytotoxicity, 

biocompatibility, and biodegradability [212]. It is also competent at 

delivering active compounds to specific sites. It has been widely 

investigated over the last few decades for potential application as a 

carrier of various therapeutic agents, including miRNAs [213].  

Lipid-based Carriers 

The use of lipids as drug delivery systems offers several advantages, 

including improved pharmacokinetics, increased absorption, and 

facilitated targeting [214]. Liposomes were first discovered in the mid-

1960s, but not until years later were they considered an ideal candidate 

for anticancer drug delivery [215]. Additionally, liposomes are the most 

frequently used transfection reagents in vitro. It should be noted 

however, that safe and efficacious delivery in vivo is rarely attained due 

to toxicity, non-specific uptake, and unwanted immune response [215].  

Solid lipid nanoparticles are a new generation of colloidal drug carrier 

systems consisting of solid surfactant-stabilized lipids at room and body 

temperature [216]. Solid lipid nanoparticles are advantageous because of 



 

58 
 

their low production cost, relatively low cytotoxicity, biodegradable 

composition, and stability against aggregation [217]. Furthermore, they 

offer protection to the entrapped therapeutic agents and prolonged 

therapeutic release from the matrix. They are just as valuable as 

liposomes and polymeric nanoparticles [217]. Nonetheless, solid lipid 

nanoparticles still present some limitations, including unpredictable 

gelation and low incorporation due to the crystalline structure of solid 

lipids.  

Therefore, a new generation was developed by regulating the mixture 

between solid lipids with liquid oil, known as a nanostructured lipid 

carrier. These were designed to resolve the problems raised by solid lipid 

nanoparticles, which included limited drug-loading capacity and drug 

expulsion during storage [218]. Nanostructured lipid carriers are highly 

favourable for use as carriers of toxic chemotherapeutic agents, taking 

advantage of their minute particle size and ability to passively or actively 

target tumour sites to enhance their delivery and reduce side effects 

[219].  

Cell-derived Membrane Carriers 

Exosomes are small vesicles with a diameter ranging from 50–100 nm 

secreted by various cell types and tissues [220]. Exosomes can enter 

recipient cells via two fundamental mechanisms: interaction with 

receptors on the target cell and activation of signalling pathways, and 

release of their content after endocytosis or fusion with the plasma 

membrane, leading to gene expression and protein translation 

alterations [220]. Due to their high stability in circulation and the intrinsic 

ability for cargo transfer, exosomes have been investigated as a novel 

drug delivery system for many diseases, including cancer [221]. 

Furthermore, it has been demonstrated that tumour cells release 

exosomes containing miRNAs, which indicates that exosomes possess 

such capabilities as natural carriers of miRNAs and can thus be exploited 

as an ideal therapeutic delivery system [222]. 
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Apoptotic bodies are extracellular vesicles that are formed during 

programmed cell death. Apoptotic bodies have the widest diameter, 

ranging from 50–500 nm [223]. Because of their lipid membranes, signals 

arrive undiluted and are protected from, for example, enzymatic 

degradation while traveling. There are numerous biomedical applications 

of these extracellular vesicles, including drug delivery using apoptotic 

bodies' delivery capabilities to target therapeutics to specific cells and 

tissues [223].  

Once activated, platelets release tiny, membrane-bound micro-particles 

(0.1–1 μM) containing bioactive proteins and genetic materials from their 

parent cells that may be transferred to and exert potent biological effects 

in recipient cells of the circulatory system. Therefore, these small lipid 

vesicles possess the capability to be therapeutic carriers by delivering 

miRNAs to target cells [224].  

3D Scaffold-based Delivery Systems 

Hydrogels (polyacrylamide) are swollen, hydrophilic, crosslinked polymer 

networks that present an excellent potential for use in biomedical 

research. They can be made into different forms for immobilization, 

ranging from thin films to nanoparticles. Their softness, biocompatibility, 

and aptitude for rapid diffusion of molecules make them beneficial for 

drug delivery, cell culture, wound healing, and sensing applications [225]. 

Hydrogels are a simple substrate for therapeutic immobilization with 

other advantages, such as entrapment, controlled release, and 

therapeutic protection. Compared to different scaffolds, immobilization 

in hydrogels occurs in 3D, which allows the high loading capacity of 

bioactive materials. Furthermore, hydrogels' exemplary optical 

transparency provides a convenient visual detection strategy. Hernandez 

et al. [226] demonstrated the feasibility of encapsulating miRNA 

therapeutics in hydrogels to enhance delivery and efficacy in later in vivo 

applications. 
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1.4.5 MiRNAs Modulate Sensitivity to Chemoradiotherapy in PDAC. 

Chemoradiotherapy represents a vital therapeutic strategy for many 

patients diagnosed with PDAC [69]. Unfortunately, many patients are 

unresponsive to such treatments due to the extreme aggressiveness of 

pancreatic tumours that display resistance to chemoradiotherapy, 

resulting in a poor prognosis [77-80]. Despite the intensity of research 

into the mechanisms underlying chemoresistance and radioresistance, 

the precise mechanisms of these phenomena remain poorly understood. 

Recent studies have indicated that miRNAs appear to be critical 

regulators of resistance to chemoradiotherapy in many cancer types, 

including PDAC. Furthermore, targeting miRNAs by either inhibiting or 

over-enhancing their expression has been revealed as an effective 

strategy for developing novel, more highly effective personalized 

therapies for improving responses to treatment [227]. 

Previous studies have suggested a variety of drug resistance mechanisms 

in PDAC. The ABC transporter superfamily members are essential 

mediators of drug efflux and multidrug resistance in many tumours [83]. 

Epithelial-mesenchymal transition (EMT) has been a potential mechanism 

for chemotherapeutic resistance. Recent studies have shown that many 

signalling pathways, including the Wnt, TGF-β, Hedgehog, Notch, and NF-

κB signalling pathways, were significant for EMT induction [158-160]. Cell 

cycle, proliferation, and apoptosis are also profoundly associated with 

resistance to chemotherapeutics agents, and targeting these 

mechanisms could help improve cancer therapy outcomes [104, 105]. 

MiRNAs have been demonstrated as essential mediators of 

chemoresistance in PDAC by playing a fundamental role in the above 

mechanisms. Dhayat et al. [228] revealed that miR-31, amongst others, 

was significantly downregulated in established gemcitabine-resistant 

PDAC cell lines by overexpressing the ABCC1 transporter. Wei et al. [229] 

demonstrated that miR-21 could confer drug resistance to 5-FU in PDAC 

cells by regulating the expression of tumour suppressor genes, including 
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PDCD4. Moreover, a recent study showed that the upregulation of Bcl-2 

is directly induced by miR-21 and is linked with apoptosis and 

chemoresistance in PDAC cells [230]. 

Interestingly, a study by Xiong et al. [231] found that miR-410-3p 

enhanced chemosensitivity to gemcitabine via inhibiting HMGB1-induced 

autophagy in PDAC cell lines.A recent study found that inhibiting miR-21 

and miR-221 in tumour-initiating stem-like cells significantly reduced 

chemoresistance to 5-FU in PDAC [232]. Nagano et al. [233] investigated 

the relationship between miR-29a expression and the response to 

gemcitabine in PDAC cell lines. The group demonstrated that miR-29a 

expression correlates significantly with the growth-inhibitory effect of 

gemcitabine and that activation of the Wnt/β-catenin signalling pathway 

mediated the miR-29a-induced resistance to gemcitabine in these cell 

lines [233].  

A previous study aimed to examine whether miR-429 was involved in 

mediating chemoresistance to gemcitabine in PDAC cells [234]. Firstly, a 

gemcitabine-resistant PDAC cell line (SW1990/GZ) was established from 

its original cell line (SW1990), where miR-429 expression was significantly 

lower in the SW1990/GZ cells. Interestingly, overexpression of miR-429 in 

this resistant cell line increased cellular sensitivity to gemcitabine through 

the regulation of PDCD4. Similar patterns were also demonstrated within 

a xenograft nude mice model [234].  

MiRNAs also regulate cellular sensitivity to platinum-based 

chemotherapeutics in PDAC cells. Li et al. [235] demonstrated that 

overexpression of miR-100 inhibited proliferation in PDAC cells and 

increased sensitivity to cisplatin. Moreover, overexpression of miR-100 

led to significant inhibition of tumour formation in vivo [235]. Schreiber 

et al. [236] found that overexpression of miR-374b in PDAC cells restored 

cisplatin sensitivity. Radioresistance has become the main obstacle to 

treating PDAC due to its limitations on the efficacy and outcomes of 

radiotherapy in clinical treatment [77]. Zhang et al. [237] generated a 



 

62 
 

radioresistant PDAC cell line and found that miR-216a was significantly 

downregulated compared to the control cell line. Overexpression of miR-

216a was shown to inhibit cell growth and colony formation ability, and 

it promoted cell apoptosis of radioresistant PDAC cells when exposed to 

irradiation by inhibiting beclin-1-mediated autophagy. Wang et al. [238] 

revealed that radioresistant PDAC cell lines displayed reduced miR-23b 

and increased autophagy compared with non-radioresistant control cells. 

Restoring miR-23b inhibited radiation-induced autophagy, whereas a 

miR-23b inhibitor promoted autophagy in PDAC cells by targeting ATG12; 

they thus concluded that miR-23b has significant potential to increase the 

sensitivity of PDAC cells to radiation therapy [238].  

Resistance to chemoradiotherapy remains an extreme challenge today, 

leading to relapse and metastatic spread in many cancer types. 

Therefore, new therapeutic strategies are desperately needed. Over the 

last decade, much evidence has revealed that miRNAs have opened a new 

avenue to understanding resistance to chemoradiotherapy (Table 3).  
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Table 3. MiRNAs are mechanistically associated with 

chemoradioresistance in PDAC. 

 

 

Mechanism Target miRNA Treatment Reference 

Transporter ABCC1 

ABCC1 

ABCC5 

ATP7A 

Glut-1 

miR-

31/330/378 

miR-1291 

miR-210 

miR-374b 

miR-520f 

Gemcitabine 

Doxorubicin 

Gemcitabine 

Cisplatin 

Gemcitabine 

[228] 

[242] 

[243] 

[236] 

[244] 

DNA Damage & 

Repair 

ATM/ATR 

DNA-PKc 

RRM1 

RRM2 

PDCD4 

miR-520f 

miR-101 

miR-101-3p 

miR-20a-5p 

miR-21 

Gemcitabine 

Gemcitabine 

Gemcitabine 

Gemcitabine  

5-Fluorouracil 

[244] 

[245] 

[246] 

[247] 

[229] 

Epithelial-

mesenchymal 

Transition (EMT) 

Fbw7/Notch-1 

ZEB1 

Fyn 

RHOF 

Snail 

miR-223 

miR-200/let-

7 

miR-125a-3p 

miR-3656 

miR-153 

Gemcitabine  

Gemcitabine  

Gemcitabine 

Gemcitabine 

Gemcitabine  

[248] 

[249] 

[250] 

[251] 

[252] 

Cell Cycle & Cell 

Proliferation  

Wee1/ 

Chk1/BMI-1/Yap-

1 

 

PTEN/RECK/p27 

PTEN 

PTEN/pAkt 

PTEN/P13K-Akt 

mTOR              

TGF-Beta 

HPGD                              

miR-15a 

 

miR-21/221 

miR-17-5p 

miR-21 

miR-21 

miR-99b 

miR193a 
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Furthermore, they present the ability to manipulate their expression via 

miRNA manipulation therapy as a remarkably efficacious potential 

therapeutic tool.  

1.4.6 MiRNAs in Clinical trials 

MiR-122 is an important host factor for hepatitis C virus (HCV) and 

promotes HCV RNA accumulation. Reduced levels of miR-122 were 

observed in patients with hepatocellular carcinoma, suggesting a 

potential role of miR-122 in the development of HCC. The locked nucleic 

acid, Miravirsen, works by targeting miR-122, resulting in a dose-

dependent and prolonged decrease of HCV RNA levels in chronic hepatitis 

C patients [239]. It is the first-ever drug that targets the miRNA. It entered 

clinical trials and is now in phase II clinical trial undergoing assessment for 

its safety and effectiveness in the patients.  

MRX34 targets miR-34a and can be used to treat a wide range of cancers, 

including NSCLC, ovarian cancer, and hepatocellular carcinoma.  

Currently, this molecule is in phase I clinical trial for the remedy of liver-

based tumours [240].  

MGN-4220 has been noted that cardiac fibrosis can be avoided by 

inhibiting miR-29. MiR-29 acts by activating the Wnt signalling pathway 

to support the pathological alteration of the heart. The MGN-4220 

molecule targets miR-29 for the treatment of cardiac fibrosis [241]. This 

molecule is currently undergoing development at miRagen therapeutics. 
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Hypothesis 

The overall aim is to initiate a new programme of pancreatic cancer 

research, using our previous findings in multiple cancers to begin 

understanding the biological influence of microRNA-31 on pancreatic 

cancer cell growth and aggressiveness and to determine if it can be used 

as a therapeutic target to augment PDAC responses to chemotherapy and 

radiotherapy.  

Specific aims 

i. To determine the influence of microRNA-31 on the relative 

sensitivities of PDAC cell lines to chemotherapy, specifically 5-FU, 

leucovorin, oxaliplatin, and gemcitabine. 

ii. To determine the influence of microRNA-31 on PDAC cell line 

sensitivity to clinically-relevant doses of radiotherapy.  

iii. To delineate the molecular mechanisms underpinning microRNA-

31-mediated alterations in sensitivity to chemotherapy and/or 

radiotherapy.  
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2.1 Reagents and materials  

2.1.1 Cytotoxic drug preparation  

Unless stated otherwise, all cytotoxic drugs were purchased from Sigma-

Aldrich [Missouri, USA]. The manufacturer’s manual determined 

concentrations of drugs and was research grade. Cisplatin was solubilized 

in 1X phosphate-buffered saline (PBS) [Lonza Group Ltd., Switzerland] at 

a stock concentration of 3.3 mM. Carboplatin was solubilized in PBS at a 

stock concentration of 26.8 mM. Oxaliplatin was solubilized in PBS at a 

stock concentration of 12 mM. 5-Fluorouracil (5-FU) was solubilized in 

DMSO [Sigma-Aldrich, USA] at a stock concentration of 61.5 mM. 

Gemcitabine was solubilized in PBS at a stock concentration of 10 mM. 

Leucovorin was solubilized in DMSO at a stock concentration of 10 mM. 

Bafilomycin A1 was solubilized in DMSO at a stock concentration of 15 

mM. Aliquots were stored at -20°C and thawed at 37 °C immediately 

before ensuring all drugs were in solution. Drugs dissolved in DMSO did 

not exceed concentrations of 0.1% for negative controls.  

2.1.2 Radiation treatment  

Irradiation was performed using an X-ray generator (CIX2) (XStrahl) at a 

dose rate of 1.87 Gray (Gy)/min [XSTRAHL, Surrey, UK]. Detailed 

dosimetry and warm-up cycles were performed regularly to ensure the 

irradiated dose was accurate. The irradiator was also regularly validated 

and calibrated. 

2.2 Cell lines  

Cell lines (Table 2.1) [American Type Culture Collection (ATCC), VA, USA] 

were sustained in Roswell Park Memorial Institute 1640 (RPMI-1640) 

medium [Biosciences, CA, USA]. 
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Table 2.1 Cell line characteristics utilised with the in vitro cell model of 

refractory PDAC.  

BxPC-3 Panc-1 

61-year-old Female 56-year-old Male 

Non-metastatic  Metastatic 

KRAS: Wild type 

TP53: 220 Cys 

P16: Wild type  

SMAD4: Homozygous deletion 

KRAS: 12 Asp 

TP53: 273 His 

P16: Homozygous deletion 

SMAD4: Wild type 

Low endogenous miR-31 High endogenous miR-31 

Stably transfected to 

overexpress/reintroduce miR-31 

Stably transfected to suppress / 

Zip down miR-31 

BxPC-3 miR-VC (vector control) 

BxPC-3 miR-31 (miR-31 

overexpression) 

Panc-1 Zip-miR-VC (vector 

control) 

Panc-1 Zip-miR-31 (suppressing 

miR-31) 

 

2.2.1 Cell culturing  

Cells were supplemented with 10% heat-inactivated foetal bovine serum 

(FBS) [Biosciences, USA], 1% Penicillin/Streptomycin (P/S) [Biosciences, 

USA], now referred to as complete medium. Cell culture reagents were 

appropriately stored at 4°C and warmed to 37°C in a water bath for at 

least 30 min before use. Cells were maintained in 95% humidified 

incubators at 37°C and 5% CO2 [Thermo Forma, USA]. The aseptic 

technique was adopted for all sterile procedures. Tissue culture was 

carried out in a Cleanair laminar airflow cabinet and was cleaned with 

ethanol (70% v/v). All reagents and equipment were sterilized before 

entering the laminar airflow unit with ethanol. Spent reagents and 

materials were decontaminated in a solution containing Haz-Tabs [Guest 
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Medical, UK] overnight out of the laminar flow area before flushing down 

the sink with running water.  

2.2.2 Sub-culturing  

All cell cultures were maintained in an exponential growth phase in 

vented T75 cm2 tissue culture flasks [Sarstedt, Numbrecht, Germany] and 

sub-cultured at 70%-80% confluency. Spent media was discarded to 

waste (containing decontaminating Haz-Tabs), and cells were briefly 

washed with sterile PBS. Next, cells were detached from the plastic 

surface of the flask using trypsin-EDTA [Sigma-Aldrich, USA]. To promote 

enzyme activity and cell detachment, cells were incubated with trypsin-

EDTA for 3-5 minutes at 37°C. Cells were checked for complete 

detachment using an inverted phase-contrast Nikon microscope [Nikon 

Corporation, Japan]. Trypsin-EDTA was inactivated with equal amounts of 

complete medium. The cell suspension was split into fresh and labelled 

T75 cm2 flasks at a varying ratio of 1:2 to 1:8, depending on experimental 

needs. Further complete medium was added to each flask to ensure a 

total volume of 15 mL. Cells were passaged approximately 2-3 times 

weekly, with passage numbers recorded accordingly.  

2.2.3 Frozen cell stocks 

Cell lines were regularly frozen and stored at -80°C and within liquid 

nitrogen. Regular freezing ensured passage numbers were kept low and 

cell lines were abundant. Confluent (70-80%) T75 cm2 flasks were washed 

with PBS, incubated with Trypsin-EDTA, and inactivated with complete 

medium, as described in section 2.2.2. Cells were then collected in 15 mL 

sterile tubes [Sarstedt, Germany] and centrifuged for 3 minutes at 300 X 

g to pellet cells. Spent media was discarded to waste. Cell pellets were 

resuspended in 1 mL freezing media (95% FBS, 5% DMSO v/v). Cryotubes 

[Sarstedt, Germany] were labelled appropriately, and 1 mL of the cell 

freeze mix suspension was added to each cryotube. Cell suspensions were 

stored at -80°C for at least 24 hours in a Mr. Frosty freezing container, 
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ensuring a gentle lowering of cellular temperature at a rate of 1 °C/min. 

Cryotubes were left at -80°C if cells were required within the next 6 

months or moved into liquid nitrogen for long-term storage.  

Cells were reconstituted by removal from -80°C or liquid nitrogen and 

quick thawing to 37°C. Once thawed, the suspension was added to the 

preheated complete medium and centrifuged for 3 minutes at 300 X g to 

pellet cells. Spent media was discarded to waste. Defrosted cells were 

resuspended in 1 mL complete medium and transferred into a fresh 

labelled T25 cm2 vented tissue culture flask [Sarstedt, Germany]. An 

additional complete medium was added, and cells were incubated at 

37°C, 5% CO2. To remove any residual DMSO, cells were washed with PBS, 

and complete fresh medium was applied the following day.  

2.2.4 Cell counting 

Cells were subjected to a PBS wash, Trypsin-EDTA, and coincident 

inactivation. Cell pellets were collected by centrifuging cells for 3 minutes 

at 300 X g. Spent media was discarded into waste. Cells were then 

resuspended in 1 mL preheated complete medium, and 20 µL of cell 

suspension was added to a well from a 96-well plate [Sarstedt, Germany] 

containing 180 µL of Trypan blue [Biosciences, USA]. The Trypan blue cell 

solution was mixed with 9 µL and loaded onto a Bright Line 

hemocytometer [Neubauer glass hemocytometer 0.01 mm depth, 

Marienfeld-Superior] covered with a glass coverslip. The hemocytometer 

was checked for air bubbles and was positioned under the microscope. 

Cells that remained viable appeared white due to the exclusion of the dye 

from the cell membrane interface, whereas dead cells appeared blue. An 

average was taken, and the dilution factor was considered to calculate a 

feasible cell count.   

2.2.5 Mycoplasma testing  

Cell culture supernatant (1 mL) was taken from a confluent 75 cm2 flask. 

The tube was centrifuged at 300 X g for 3 min to collect any cell debris. A 
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polymerase chain reaction (PCR) was set up in 0.2 mL tubes to contain 

per reaction:  

• 25 μL of Green GoTaq (polymerase enzyme)  

• 1 μL of sense primer (10 µM) (5′- GGGAGCAAACAGGATTAGATACCCT-3′)  

• 1 µL of anti-sense primer (10 μM) (5′-

TGCACCATCTGTCACTCTGTTAACCTC-3′)  

• 22 μL of molecular biology sterile grade water  

• 1 μL of cell culture supernatant  

A mycoplasma PCR negative (molecular biology sterile grade water) and 

a mycoplasma PCR positive (cell culture supernatant from a mycoplasma 

contaminated cell line) were included. The PCR reaction was set up as an 

initialisation set at 95°C for 5 min, followed by 40 cycles of a denaturing 

step at 94°C for 30 s, an annealing step at 55°C for 30 s, and an 

elongation/extension step at 72°C for 1 min followed by a final extension 

step at 72°C for 10 min. A 2% agarose gel was made by dissolving 2 g of 

agarose in 100 mL of Tris-acetate EDTA (TAE) buffer and heating in a 

microwave until the agarose dissolved. SYBR Safe DNA gel stain (10 µL) 

was added to the agarose mix, the gel was poured into the gel 64 

preparation tank, and a 15-well comb was inserted into the mixture. The 

gel was allowed to be set for 30 min at room temperature. Once the gel 

had been set, the gel was placed in the electrophoresis tank, and the 

comb was removed from the gel. TAE buffer was added to cover the gel. 

PCR-amplified products (18 µL) were added to the wells, and the gel was 

run at 100 V for 1 h. The gel was then imaged on a Fusion Fx imaging 

system. 

2.3 Manipulation of gene expression 

2.3.1 MiRNA (miR) plasmids  



 

72 
 

Overexpression and suppression of specific miR were achieved by 

transfection with miR plasmids purchased from Origene [Herford, 

Germany] (Appendices 1.1 & 1.2). Plasmids were CMV promoter-driven, 

including a bacterial resistance gene (ampicillin or kanamycin) and a GFP-

reported sequence. The miR-31 overexpression plasmid (MI0000089) 

encoded a miR precursor, then processed to the mature miR by the 

normal cellular machinery. The vector control plasmid (pCMVMIR) coded 

a scrambled sequence. Additionally, the miR-31 suppression (zip-down) 

plasmid (MZIP31-PA-1) produced an antisense oligonucleotide to the 

miR-31 sequence, which locks miR-31 and irreversibly inhibits its activity. 

The vector control plasmid (MZIP000-PA-1) coded a scrambled sequence. 

The overexpression plasmid and its vector control equivalent had a 

mammalian selection marker, conferring geneticin [Gibco, 

Massachusetts, USA] resistance. The suppression (zip-down) plasmid and 

its equivalent vector control have a mammalian selection marker 

encoding puromycin [Sigma-Aldrich, Ireland] resistance. 

2.3.2 Transfection of miR Plasmids in PDAC Cell Lines 

Cells were collected from the log phase, seeded into a 100 mm tissue 

culture dish at 3 x 105 cell density, and left to adhere overnight. The spent 

medium was removed, followed by a gentle wash of PBS. Incomplete 

Opti-MEM was added to the tissue culture dish. Transfections were 

performed using diluted Lipofectamine 2000 (L2K) [Thermo Fisher 

Scientific, Gloucester, UK], and for every 1 µg of plasmid used, three parts 

of L2K were required. 12 µg plasmid vector and vector control equivalents 

were used to transfect the miR-31 overexpression or suppression plasmid 

mixed in incomplete Opti-MEM. The suppressed miR-31 cell lines, which 

were referred to as Panc-1 Zip-miR-VC and Panc-1 Zip-miR-31, were 

maintained under a 2.5 µg/mL puromycin selection for 10 days. 

Hereafter, fresh puromycin was applied to every sub-culture. The 

overexpressed miR-31 cell lines, BxPC-3 miR-VC and BxPC-3 miR-31 were 

maintained under 450 µg/mL geneticin sulfate selection for 21 days. 
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Similarly, fresh geneticin was applied to every sub-culture. After six 

months, all cell lines would be destroyed, and earlier passages would be 

cultured to ensure maximum transfection efficiency.  

2.3.3 ATOX1 plasmids 

Overexpression of the protein ATOX1 was achieved by transfection with 

ATOX1 encoding plasmids from Origene (Appendix 1.3). Plasmids were 

CMV promoter-driven and included a bacterial resistance gene 

(ampicillin). The ATOX1 overexpression plasmid (RC221067) was 

designed by adding the ORF subclone of RC221067 into the control 

untagged pCMV6-AC vector (PS100020). An ampicillin resistance gene 

was encoded for bacterial selection; a neomycin n resistance gene was 

encoded for mammalian selection. 

2.3.4 Transfection of ATOX1 in PDAC Cell Lines  

According to the manufacturer’s instructions, liposomal transfection was 

performed using the L2K reagent. Cells were collected from the log phase, 

seeded into a 100 mm tissue culture dish at 1 x 106 cell density, and left 

to adhere overnight. Subsequently, the spent medium was removed and 

discarded from the dishes. Cells were subjected to a PBS wash, and Opti-

MEM reduced serum media was added to the dish. L2K was diluted, with 

9 µL of Lipofectamine added to 150 µL Opti-MEM. 1 µg of ATOX1 

overexpressing plasmid (RC221067) and its vector control equivalent 

(PS100020) were added to 150 µL Opti-Mem. The Lipofectamine and 

diluted plasmid stock solutions were then combined at a ratio of 1:1. 

Following incubation, the combined plasmid/transfection reagent was 

added to the 100 mm culture dish. Following 6 h of incubation with the 

plasmid/transfection reagent in the Opti-MEM filled wells, spent Opti-

MEM was removed, and fresh complete media was added. Panc-1 ATOX1 

cells and Panc-1 Vector Ctrl cells were maintained under a 600 µg/mL 

neomycin sulfate [Gibco, USA] selection for 21 days. Hereafter, fresh 

neomycin was applied to every sub-culture. 
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2.3.5 Silencing Glutathione Peroxidase 8 (Gpx8) in PDAC cells 

The BxPC-3 cells (3 × 105) were transfected with either the siRNA scramble 

control (4390843) or siRNA GPx8 (4392420), purchased from Origene, 

using the L2K reagent. The final concentration of siRNA was 10 nM. 

Transfections were performed using OptiMem as in section 2.3.4, and the 

cells were treated 48 h post-transfection. 

2.4 Gene expression analysis  

2.4.1 RNA extraction  

Surfaces and equipment were cleaned using 70% ethanol before 

procedures involving RNA. Filtered, RNase, and DNase-free sterile pipette 

tips [Thermo Fisher Scientific, UK] were used throughout all RNA/DNA-

based experiments. A T75 cm2 flask of cells (70-80% confluency) was 

placed on ice with spent medium discarded, followed by a gentle wash of 

cold PBS. Cells were lysed by adding 1 mL Trizol reagent [Thermo Fisher 

Scientific, UK], ensuring the entire surface was covered. This homogenate 

can be stored at room temperature for 5 minutes to permit the complete 

dissociation of nucleoprotein complexes. Cells were gently scraped using 

a cell scraper, and all the cell lysate was collected and transferred into a 

fresh labelled 1.5 mL Eppendorf. 

A volume of 100 µL of 1-Bromo-3-chloropropane BCP [Thermo Fisher 

Scientific, UK] was added to the lysate, vortexed for 15 seconds, then 

stored at room temperature for 10 min. Samples were centrifuged at 

12,000 x g for 15 min at 4°C using the mini centrifuge [Eppendorf]. After 

centrifugation, the mixture separates into a lower red phenol phase, 

white interphase, and a colourless upper aqueous phase. RNA remains 

exclusively in the aqueous phase, whereas DNA and proteins are in the 

interphase and organic phase. If centrifugation is performed at a higher 

temperature, a residual amount of DNA may sequester in the aqueous 

layer.  
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The aqueous layer was carefully transferred into a new 1.5 mL Eppendorf, 

and RNA was precipitated by adding 0.5 mL isopropanol and mixed 

gently. Samples were stored at room temperature for 8 min and 

centrifuged at 12,000 x g for 12 min at 4 °C. RNA precipitate is often visible 

before centrifugation, forming a gel-like or white pellet on the bottom of 

the Eppendorf.  

The supernatant was removed, and the RNA pellet was washed by 

vortexing in 1 mL of 75% (v/v) ethanol. Samples were centrifuged at 

12,000 x g for 12 min at 4 °C.  

The ethanol was removed, and the RNA pellet was air-dried for 5 min. It 

is essential to avoid it entirely during the RNA pellet as this will 

significantly decrease its solubility. The pellet was resuspended in 20 µL 

of RNase-free water and pulled down. Isolated RNA can be temporarily 

stored at -20 °C. 

2.4.2 RNA Quantification  

RNA was quantified spectrophotometrically using a Nanodrop 1000 

spectrophotometer [version 3.3.0, Nanodrop Technologies, USA]. The 

instrument was cleaned using deionised H2O and then blanked using 1 µL 

RNase-free H2O. A 1 µL volume of isolated RNA from each sample was 

loaded into the nanodrop pedestal. RNA was measured in ng/µL. DNA 

contamination was assessed by noting the Abs260/Abs280 ratio, with a 

ratio of above 1.8, indicating a relatively pure yield. The Abs260/Abs230 

ratio was also determined, with an above 1.7 indicating that the sample 

was free of phenol contamination.  

2.4.3 cDNA synthesis for miRNA 

According to the manufacturer's instructions, reverse transcription for 

miRNA was completed using the miScript II RT kit [Qiagen, MD, USA]. 

Reverse transcription used the HiSpec buffer, which ensures miRNAs only 

are polyadenylated and reverse transcribed with oligo-dT primers, 
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allowing amplification of mature miRNA. Whereas the HiFlex buffer 

ensures all RNAs are amplified.  

Previously extracted RNA was placed on ice alongside the reverse 

transcriptase mix. MiScript Nucleics Mix (10X), 5X miScript HiSpec buffer, 

and RNase-free water were thawed at room temperature. Mast mix for 

cDNA synthesis was prepared on a volume-per-reaction basis. Briefly, 4 

µL 5X miScript HiSpec buffer, 2 µL 10X Nucleics Mix, and 2 µL miScript 

Reverse Transcriptase Mix were added to form a master mix (miScript RT 

MM). A volume of 8 µL of miScript RT MM was then added to 0.5 mL flat-

topped tubes with 2 µg of RNA and RNase-free H2O (made up to 12 µL), 

giving a total reaction volume of 20 µL for each sample. Samples were 

gently vortexed, and pulse centrifuged to pool contents. The whole 

reaction was heated at 37°C for 1 h and then at 95 °C for 5 minutes to 

inactivate the miScript RT MM using the thermo-cycler [Thermo Fisher 

Scientific, UK]. Reverse transcribed RNA, now termed cDNA, was either 

placed on ice ready for quantitative-Real Time polymerase chain reaction 

(qRT-PCR) or could be stored at -20 °C for future investigation. 

2.4.4 Quantitative Real-Time PCR for miRNA 

To assess miRNA expression, SYBR Green-based qRT-PCR was employed. 

The miScript SYBR Green PCR kit and miScript primer assays [Qiagen, USA] 

were used along with cDNA synthesized in section 2.4.3. The SYBR Green 

qPCR process binds the SYBR Green dye to double-stranded DNA 

(dsDNA). The PCR amplifies the target sequence with the SYBR Green 

binding to each new copy of the dsDNA product, therefore increasing the 

fluorescent signal, which relates to the amount of amplified product.  

Each sample was plated in triplicate into 96-well qPCR plates [Thermo 

Fisher Scientific, UK] to limit the influence of outliers in the dataset. A 

volume of 1 µL cDNA (equivalent to 100 ng) was added to each well of the 

96-well plate. Two different qPCR reaction master mixes (qPCR MM) were 

prepared on a volume per reaction basis, one qPCR MM having the primer 
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assay of interest and the other having a PCR loading control primer assay. 

The reaction volumes included 10 µL 2X QuantiTect SYBR Green Master 

Mix, 2 µL 10x miScript primer assay (miR-31 or RNU-6), 2 µL 10X miScript 

Universal Primer, and 5 µL RNase-free water, making the total volume in 

the well 20 µL. The qPCR plate was covered with a transparent adhesive 

film and sealed. The plate was then subjected to a short spin in a 

miniplate spinner [Fisher Scientific, UK] to pool contents. Quant Studio 5 

real-time thermal cycler [Applied Biosystems, Thermo Fisher Scientific, 

USA] was programmed to run for 40 cycles after the initial activation at 

95°C for 15 min. Each cycle was set to denature at 94°C for 15 s, annealing 

primers at 55°C for 30 s, and extending primers at 70°C for 30 s.  

Data collection was collected during the primer extension step. qPCR data 

were analysed using the Livak method [265]. 

2.5 Protein expression analysis  

2.5.1 Protein lysate preparation  

Cells previously seeded into a T75 cm2 flask had spent media discarded to 

waste and were washed with 5 mL PBS, this was then discarded, and cells 

were trypsinized and placed into sterile 15 mL tubes with 10 mL complete 

medium. Next, cell suspensions were centrifuged for 3 min at 300 X g to 

pellet cells. From this point onward, cell pellets and reagents were kept 

on ice.  

The supernatant (5 mL PBS) was carefully removed from the tube, 

avoiding disturbance of the pellet. The cell pellet was then resuspended 

in cold 1X RIPA lysis buffer (50 mM Tris-HCl ph8, 1% Triton-X, 0.5% sodium 

deoxycholate, 0.1% SDS, 150 mM NaCl, with the addition of protease and 

phosphatase inhibitor tablets [Sigma-Aldrich, Arklow, Ireland]). The RIPA 

volume depends on the pellet’s size; a range of 40 µL - 80 µL per pellet 

was used to ensure optimal protein concentration. Cells were 

resuspended in RIPA and transferred into a 1.5 mL Eppendorf tubes. Cells 

with RIPA were kept on ice for 20-30 min to ensure efficient lysis and then 
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centrifuged at 12,000 X g, 4°C for 5 min. The supernatant was then 

collected and transferred to a new 1.5 mL Eppendorf.   

2.5.2 Protein quantification  

The protein was quantified using Pierce bicinchoninic acid (BCA) assay 

[Thermo Fisher Scientific, UK]. Initially, each BCA assay runs created a 

standard curve using 2 mg/mL bovine serum albumin (BSA). The protein 

concentration of a sample was calculated using the standard curve. Next, 

serial dilutions of the concentrated BSA were completed. A series of 8 

known protein concentrations were produced from 25 µg/mL to 2000 

µg/mL (diluted in RIPA buffer, with RIPA only as a blank). In a 96-well 

transparent bottom plate, 10 µL standards were aliquoted in duplicate. 

For protein concentrations to be within range of the assay, sample 

protein was diluted 1 in 10 within the well. The BCA assay reagent was 

made in a 15 mL tube at 50 parts of reagent A to one-part reagent B. Once 

mixed, 200 µL of the BCA assay reagent was added to all standards and 

protein-containing wells. The 96-well plate was covered in foil and 

incubated at 37°C for 20 min. Finally, absorbance was measured at 562 

nm on an Absorbance VersaMax microplate reader [Molecular Devices, 

CA, USA]. Using GraphPad Prism, a standard curve was plotted with BSA 

concentration on the x-axis and absorbance at 562 nm on the y-axis. The 

protein concentration within samples was therefore calculated using the 

equation of the standard line (y=mx+c). The dilution factor was also taken 

into consideration. 

2.5.3 Protein sample preparation  

Quantified samples were prepared (30-50 µg per sample) to be loaded 

onto a gel for SDS-PAGE protein separation. Samples were prepared with 

RIPA buffer and normalized to a total volume of 20 µL in 1.5 mL tubes. A 

volume of 6.25 µL loading buffer (3.3% SDS; 6 M Urea, 17 mM Tris-HCL 

ph7.5; 0.01% bromophenol blue and 0.07 M β-mercaptoethanol) was 

added to each sample, and samples pulse centrifuged to pool the 
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contents of the 1.5 mL tubes. Samples were then heated to 95 °C for 8 

min, after which samples were cooled on ice and pulse centrifuged again 

before gel loading.   

2.5.4 SDS-PAGE  

Preparation proteins were loaded onto a polyacrylamide gel and 

electrophoresed to separate proteins according to the size within the gel 

matrix. Gels were hand-cast (6-20%) according to recipes (Appendix 3). 

The gel casting apparatus was assembled with a glass spacer plate 

sandwiched with a short plate and clamped into a casting plate. The 

plates were checked for leaks by introducing 1 mL distilled H2O in 

between the plates using a Pasteur pipette [Biosciences, USA]. The 

resolving gel was prepared in a 50 mL tube [Sarstedt, Germany] and 

gently pipetted between the plates using a Pasteur pipette, stopping 2 

cm from the top of the short plat to all for the stacking gel. An isopropanol 

layer was gently pipetted on the resolving gel to ensure an even gel and 

assist polymerization. Once the resolving gel had polymerized after 20-30 

min, the isopropanol was carefully poured off, and the prepared stacking 

gel was pipetted on top. Once the top of the short plate had been reached 

with the stacking gel solution, a 10-well comb (1.0 mm thickness) was 

pushed between the plates ensuring no bubbles underneath the wells. 

The stacking gel was left for another 20-30 minutes to polymerize.  

Gels were clamped into a gasket, and the gasket fitted into a tank, with 

short plates facing inwards toward the central buffer reservoir. A small 

amount of 1X running buffer (diluted from 10X stock: 30.3 g Tris base, 

144g glycine, 100 mL 10% SDS, H2O up to 1 L) was poured between plates 

to ensure no leakage. Further, 1X running buffer was added to the space 

between plates up to the top of the gasket. After removing the well 

combs, using a 1 mL syringe gauge needle, wells were flushed with 1X 

running buffer to endure residual polymerized stacking gel that did not 

interrupt the loading of the gel.  
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Gels were loaded with molecular weight markers for the first well (5 µL 

1kB PageRuler Plus Prestained Ladder [Thermo Fisher Scientific, UK]). 

Next, a volume of 20 µL sample was added to each well. Gels were then 

electrophoresed [PowerPac Universal, Bio-Rad] for 120 min at 100 V to 

120 V. Gels were stopped when the dye front became close to the bottom 

of the gel. Glass plates were carefully separated after electrophoresis was 

completed, and the wells cut from the gel. The gel was then transferred 

to a box tray containing 1X transfer buffer (diluted from 10X stock: 30.2 g 

Tris base, 144 g glycine, dH2O up to 1 L) for 5 minutes until equipment 

and reagents for transferring were prepared. 

2.5.5 Western blotting  

Proteins separated by SDS-PAGE were transferred onto polyvinylidene 

fluoride (PVDF) 0.20/0.42 µM membrane [Thermo Fisher Scientific, UK]. 

Briefly, proteins are probed on the PVDF membrane with specific primary 

antibodies directed against a protein of interest. After washing, the PVDF 

membrane is probed with horseradish peroxidase (HRP) linked secondary 

antibodies bind to the primary antibodies and can be detected through a 

chemiluminescent substrate.  

Cassettes were assembled appropriately, and all components were 

thoroughly soaked in 1X transfer buffer, ensuring the clear side was facing 

down. Firstly, a sponge was placed onto the clear side of the cassette, 

followed by two filter papers. Next, the PVDF membrane was activated in 

methanol for 30 s, the polyacrylamide gel, two filter papers, and finally, 

another sponge. Finally, a roller was used to ensure no air bubbles were 

present. The sandwich cassette was then carefully closed, fastened, and 

inserted into the transfer gasket, with the black side of the cassette facing 

the black side of the gasket. The transfer gasket was slotted into the tank 

and filled to the marked level with 1X transfer buffer. The tank was then 

placed in a magnetic stirrer, and protein was transferred at 100 V for 1 h.  
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After the transfer was completed, the cassette was removed and carefully 

disassembled using forceps to minimize contact with the PVDF 

membrane. Filter papers and gel remains were discarded to waste. 

Notably, the orientation of the membrane was noted and using a scalpel, 

the top left-hand corner of the membrane was cut. Next, the PVDF was 

transferred into a 50 mL tube to block the membrane (thus preventing 

non-specific binding of antibody), which contained 5% non-fat dried milk 

[Marvel, UK] in 1X TBST (TBS diluted from 10X: 24 g Tris HCl [Melford, UK], 

5.6 g Tris base, 88 g NaCl, up to 1 L dH2O, with the addition of 0.1% Tween-

20) solution.  

Membranes were incubated at room temperature on a tube roller 

[Fisher, UK] for 1 h. After blocking, the blocking solution was discarded, 

and membranes were washed in TBST for 10 min with two changes. Then, 

membranes were incubated in primary antibody overnight at 4 °C on a 

tube roller. Primary antibodies were prepared in 50 mL tubes, with either 

5% milk solution or 5% BSA solution – prepared with TBST – depending 

on manufacturer recommendations (Table 2.2). Membranes were 

washed in TBST for 30 min, with at least 4 changes of wash during that 

period. Secondary antibodies were also prepared in fresh 50 mL tubes in 

milk solution. Next, membranes were incubated in a secondary antibody 

for two h at room temperature on a tube roller. Membranes were then 

washed in TBST for 30 minutes with five wash changes.  

The membranes were imaged through a chemiluminescent imaging 

system (Fusion FX; Vilber Lourmat). Firstly, SuperSignalTM West Pico PLUS 

chemiluminescence substrate [Thermo Fisher Scientific, UK] was 

prepared by combining the two reagents (1:1). Membranes were put 

onto a sheet of clear acetate with the chemiluminescence substrate mix 

poured onto the membrane, ensuring the surface was completely 

covered. An additional acetate sheet was then placed over the top of the  
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Table 2.2. Antibodies used for Western blotting.  

 

 

 

 

 

 

Target protein Manufacturer Catalogue no. Species Dilution used 

TurboGFP Origene TA150041 Mouse 1:10,000  

(5% milk/TBST) 

Phospho-
histone H2A.X 
(S139) 

Cell Signaling 9718S Rabbit 1:1000  

(5% BSA/TBST) 

ATP7A Santa Cruz SC-376467 Mouse 1:1000  

(5% milk/TBST) 

ATP7B Santa Cruz SC-373964 Mouse 1:1000  

(5% milk/TBST) 

LAMP-1 Santa Cruz SC-17768 Mouse 1:1000  

(5% milk/TBST) 

ABCB9 Assay Genie PACO49334 Rabbit 1:5000  

(5% milk/TBST) 

CTR1 Santa Crus SC-66847 Rabbit 1:1000  

(5% milk/TBST) 

GPx8 Assay Genie  CAB20390 Rabbit 1:2000  

(5% milk/TBST) 

ATOX1 Assay Genie CAB19925 Rabbit 1:500  
(5% milk/TBST) 

Beta-actin Santa Cruz SC-69879 Mouse 1:10,000  

(5% milk/TBST) 

Anti-mouse 
(2°) 

Cell Signaling 7076S Rabbit 1:2000  

(5% milk/TBST) 

Anti-rabbit (2°) Cell Signaling 7074P2 Goat 1:2000 ( 

5% milk/TBST) 
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membrane. All air bubbles were rolled out. Membranes were inputted 

into the imaging system and occasionally imaged over 5 minutes.  

To complete densitometry analysis, western blots developed on film 

were imaged using white light on the imaging system. The volume tool 

drew boxes around bands of interest, displaying volume intensity. The 

volume intensity of a band was normalized to the volume density of the 

loading control by dividing the band of interest by the β-actin band. 

Where appropriate, band volume densities were normalized to a control 

sample's densities. 

2.5.6 ATOX1 ELISA  

The Human ATOX1 enzyme-linked immunosorbent assay (ELISA) 

(HUFI08736), purchased from Assay Genie [Dublin, Ireland], was used to 

assess ATOX1 levels in PDAC cell lines. ELISA was performed as per the 

manufacturer’s recommendations. Briefly, each standard and sample 

was measured in duplicate, and all wells were washed with washing 

buffer beforehand. Protein was collected as previously described in 

section 2.5.2. Standards and samples were added (0.1 mL) per well where 

the plate was sealed and incubated at 37 °C for 90 min. The seal was 

removed, the plate content was discarded, followed by two washes. Next, 

Biotin- detection antibody working solution (0.1 mL) was added to the 

wells, where the plate was sealed and incubated at 37°C for 60 min. 

Following incubation, the cover was removed, and the plate was washed 

three times. Next, HRP-Streptavidin Conjugate (SABC) was added (0.1 mL) 

into each well, where the plate was covered and incubated at 37°C for 30 

min. Again, the cover was removed, and the plate was washed five times. 

Then 90 µl of TMB substrate was added to each well and incubated at 

37°C in the dark for 10-20 min. Following incubation, 50 µl of Stop 

solution was added to each well and mixed thoroughly. The O.D. 

absorbance at 450 was measured using the microplate reader. 
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2.6 Fluorescent Microscopy  

2.6.1 Lysosomal mass/pH 

A multiparametric cytotoxicity assay was performed using Cellomics® HCS 

reagent HitKit™ as per the manufacturer’s instructions [Thermo Fisher 

Scientific, USA]. This kit has lysosomal pH, which is a toxicity-attributed 

phenomenon. Some toxins can interfere with the cell’s functionality by 

affecting the pH of organelles such as lysosomes and endosomes or by 

causing an increase in the number of lysosomes. The dye used in the 

chosen cytotoxicity assay is a weak base that accumulates in acidic 

organelles, such as lysosomes and endosomes, which allows changes in 

lysosomal physiology to be determined. For instance, an increase or 

decrease in the pH of acidic organelles and the changes in lysosome 

numbers by compound toxicity results in a reduction or an increase in 

fluorescence intensity, respectively. High-resolution intracellular 

accumulation of fluorescently labelled nanoparticles was visualized by 

confocal laser scanning microscopy [Carl Zeiss, Axiovert, Germany]. All 

these were scanned and acquired in a stereology configuration of 5 

randomly selected fields. Images were acquired at 10 X magnification 

using three detection channels with different excitation filters. A TRITC 

filter (channel 3) detected lysosomal mass and pH changes with red 

fluorescence at 599 nm. The fluorescent staining intensities reflecting cell 

lysosomal mass/pH changes (TRITC filter) were quantified for each cell in 

the microscopic fields by IN Cell Investigator and software (GE 

Healthcare, UK). 

2.7 Compartment Isolation  

2.7.1 Cytoplasmic and Nuclear Separation  

The separated cytoplasmic and nuclear compartments were completed 

using the Nuclear Extraction Kit [Active Motif, UK]. In short, cells were 

harvested and washed in ice-cold PBS and pelleted at 200 X g for 5 min in 

a microcentrifuge pre-cooled at 4 ᵒC. The cell pellet was gently 
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resuspended in 500 µL Hypotonic Buffer and left on ice for 15 min. Then, 

25 µL Detergent was added and vortexed at the highest setting for 10 

seconds. Ensure all cells have been efficiently lysed and the nuclei 

released under the microscope. Suspensions are centrifuged for 30 

seconds at 14,000 X g in a microcentrifuge pre-cooled at 4 ᵒC—transfer 

supernatant (cytoplasmic fraction) into a pre-chilled microcentrifuge 

tube. Store the supernatant at –80ºC until ready to use. Use the pellet for 

nuclear fraction collection. OPTIONAL: A fraction of supernatant 

(cytoplasmic fraction) was saved to determine fractionation efficiency by 

Western blot. Resuspend nuclear pellet in 50 µl Complete Lysis Buffer. 

OPTIONAL: 2.5 µl Detergent can be added to help solubilise membrane-

associated nuclear proteins. A very viscous pellet may form and not 

completely resuspend—vortex 10 seconds at the highest setting. 

Incubate suspension for 30 minutes on ice on a rocking platform set at 

150 rpm. 3. Vortex 30 seconds at the highest setting. Centrifuge for 10 

min at 14,000 X g in a microcentrifuge pre-cooled at 4 ᵒC. Transfer 

supernatant (nuclear fraction) into a pre-chilled microcentrifuge tube. 

OPTIONAL: A fraction of supernatant (nuclear fraction) was saved to 

determine fractionation efficiency by Western blot. 

2.7.2 Lysosomal Isolation  

The lysosomal compartment isolation was completed using the Minute™ 

Lysosome Isolation Kit for Mammalian Cells [Invent Biotechnologies inc., 

USA] and followed the manufacturer’s instructions. Briefly, cells were 

harvested and washed with ice-cold PBS. The cell suspension was 

centrifuged for 5 min at 500 X g. The supernatant was discarded, the cell 

pellet was resuspended in 500 µL Buffer A then incubated on ice for 5-10 

min, and then vortexed vigorously for 10-30 seconds. The cell suspension 

is immediately transferred to the filter cartridge. Cap the filter cartridge, 

and the sample was inverted a few times and centrifuged at 16,000 X g 

for 30 seconds. The filter was discarded, and the cell pellet was 

resuspended by vigorous vortexing for 10 seconds. The suspension was 



 

86 
 

then centrifuged at 2000 X g for 3 min, and the supernatant was 

transferred to a fresh 1.5 mL microfuge tube and centrifuged at 4 ᵒC for 

15 min at 11,000 X g. The pellet contains mainly mitochondria and cell 

debris. After centrifugation, carefully transfer 400 µL supernatant to a 

fresh 1.5 mL tube and spin at 16,000 X g at 4 ᵒC for 30 min. The 

supernatant was removed. The pellet is resuspended in 200 µL cold Buffer 

A by pipetting up and down 60-100 times and vortex vigorously for 20 

seconds. Centrifuge at 2000 X g for 4 min. The supernatant was carefully 

transferred to a fresh 1.5 mL tube. Then 100 µL Buffer B was added to the 

tube and vortexed briefly to mix well (the supernatant to buffer B ratio is 

2:1). Sampled were incubated in the tube on ice for 30 min and centrifuge 

at 11,000 X g for 10 min. The supernatant was removed and then spun at 

11,000 X g for a few seconds to bring down the residual reagent and 

remove it altogether. Resuspend the pellet in 50-150 µL PBS or other 

buffers. This is a highly enriched lysosome fraction.  

2.8 Flow Cytometry  

2.8.1 Cell cycle analysis  

Cell cycle analysis was performed by Propidium iodide (PI) [BioLegend, 

USA] staining and using the BD LSR Fortessa flow cytometer [BD 

Biosciences, USA]. The intensity of the PI signal is proportional to DNA 

content. Cells in the exponential growth phase were harvested by 

trypsinization as previously described. Cells were seeded at a density of 1 

x 105 cells in T25 flasks and allowed to adhere overnight at 37°C in 5% 

C02/95% humidified air. Cells were then treated with cisplatin for 24 h. At 

24 h, 48 h, and 72 h, cells were collected by trypsinization and collected 

in 15 ml tubes. Cells were centrifuged at 300 x g for 3 min, and the 

supernatant was decanted. The cell pellet was washed with PBS and 

centrifuged, and the waste was discarded. Cells were fixed and 

permeabilized by dropwise addition of 4.5 mL ice-cold ethanol (70% v/v 

in dH2O) while vortexing to avoid the formation of aggregates. Cells were 

stored in the fixative overnight at 4°C. Fixed cells were centrifuged at 300 
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X g for 3 min, and the supernatant was decanted. Cells were then washed 

with 1 mL PBS and centrifuged as before. Each sample was resuspended 

in 0.5 mL Triton X-100 (0.1% v/v in dH2O) [Sigma-Aldrich, Ireland], 

containing PI (0.02 mg/mL) and RNase A (0.2 mg/mL) [Sigma-Aldrich, 

Ireland], except for appropriate controls. The addition of RNase A ensures 

that any RNA is digested, preventing any interference with the DNA 

signal. Samples were incubated at 37°C for 30 min and then at RT°C for 

1.5 h in the staining solution. Cells were subjected to the flow cytometer, 

and data was analysed using FlowJo v10 software [TreeStar Inc., Oregon, 

USA]. 

2.9 Cell-based assays 

2.9.1 Clonogenic assay 

The sensitivity of cells to chemotherapeutics and radiation treatment was 

measured by clonogenic assay, which is the standard method for 

measuring cytotoxicity. Cell seeding densities were optimized to ensure 

at least 200 viable colonies were present in a 6-well plate at the end of 

the clonogenic incubation (Appendix T1). Cell seeding densities were 

adjusted according to treatments, with a greater cell density where 

treatment would indicate lower countable colonies.  

Cell number with 2 mL complete medium were added into 6-well plates 

and allowed to adhere overnight in a 37°C, 5% CO2 humidified incubator. 

Spent media was carefully aspirated to ensure the adhered single cells 

were not disturbed. Cells were then subjected to chemotherapy 

treatment using established IC50
 doses for 24 h, following which 

treatment was carefully aspirated and 2 mL fresh complete medium 

applied to each well. For radiation-treated clonogenics, plates were 

irradiated and exposed to doses from 2 Gy to 8. After exposure, plates 

were returned to the incubator. Plates were incubated for 8-10 days post-

seeding.  
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Colonies were fixed by aspirating and discarding media, then with a 

gentle wash with PBS to each well. A crystal violet solution (0.1% w/v 

crystal violet, 60% v/v MeOH, 40% v/v H2O) was then used to stain 

colonies. The fixative was left at room temperature for 1 h, after which it 

was carefully removed. Sodium hydroxide was added to waste to 

inactivate crystal violet. Wells were washed carefully with water until 

colonies were distinct and crystal violet sediment no longer remained. 

Plates were left overnight to dry at room temperature. Colonies were 

counted using the GelCount instrument [Oxford Optronix, UK], using 

optimized CHARM (compact Hough and radial map) image processing 

algorithms for each cell line. The CHARM algorithm was optimized to 

distinguish and detect individual colonies. The CHARM algorithm 

distinguished between colonies using various functional features, 

including colony diameter and colony density. 

Plating efficiency (PE) was calculated as the colony count divided by the 

number of cells seeded. Surviving fraction (SF) was therefore calculated 

as the colony count, divided by the control’s PE, multiplied by the number 

of cells seeded.  

 

2.9.2 Proliferative Capacity Assay 

A basic cumulative cell count assay was employed to detect subtle 

changes in proliferative capacity; 3x105 cells were seeded into 100 mm 

tissue culture dishes and allowed to adhere overnight. Subsequently, 

spent media was discarded to waste, and chemotherapy treatment was 

applied for 24 h. Treatment was aspirated, and 10 mL fresh complete 

medium was added to each culture dish. For radiotherapy, cells were 

Plating Efficiency (PE) = control colony count/number of control cells 

seeded 

Surviving Fraction (SF) = colony count/(PE × number of cells seeded) 
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treated 24 h post-seeding. Cells were re-seeded at 3x105 every 3 days for 

9 days, and a cumulative cell count was taken at each time of re-seeding. 

2.9.3 MTS Assay 

According to the manufacturer's instructions, cellular viability in response 

to chemotherapeutic/radiation treatment via CellTiter 96® Aqueous One 

Solution Cell Proliferation Assay [Promega, Hampshire, UK]. Briefly, 

Aqueous One Solution is a colorimetric-based assay that contains the 

tetrazolium compound MTS, which is reduced by metabolically active 

cells, producing a coloured formazan product which can then be 

measured at an absorbance of 495 nm on the VersaMax microplate 

reader. 

Cells were seeded at a density of 5x103 cells per well in 100 µL complete 

media within a 96-well transparent bottomed plate, with each 

experimental condition plated in triplicate. Cells were incubated 

overnight, after which the spent media was removed from each well and 

a suitable treatment medium added (including at least one media well on 

each plate). A volume of 20 µL of MTS reagent was added to each well 72 

h after treatment. After adding the MTS reagent, plates were measured 

at 495 nm on a plate reader. The triplicate absorbance readings were 

averaged, and the media-only reference was subtracted from the 

readings.  

2.9.4 Measurement of Intracellular ROS 

H2O2 was measured using the Fluorometric-Near Infrared ROS assay kit 

(Abcam, Cambridge, UK). Cells were seeded at a concentration of 1x104 

cells/well into an opaque 96-well plate and allowed to adhere overnight 

at 37°C in 5% CO2/95% humidified air. Cells were treated and left in the 

incubator for the appropriate time interval. Briefly, the H2O2 reaction 

mixture was prepared according to the manufacturer’s instructions. A 

volume of 50 µL of the H2O2 reaction mixture was added to each well and 

incubated at room temperature for 0-30 min, protected by light. 
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Fluorescence was measured at Ex/EM = 640/680 nm using the GloMax 

microplate reader [Promega, UK]. 

2.9.5 Measurement of Intracellular GSH Levels 

Levels of reduced glutathione (GSH) were measured using the 

luminescence-based GSH/GSSG-GloTM assay [Promega, UK]. Cells were 

seeded at a concentration of 5x103 cells/well into a white-bottomed 96-

well plate and allowed to adhere overnight at 37°C in 5% CO2/95% 

humidified air. Cells were treated with appropriate treatment for 24 h. 

After treatment, spent media was discarded to waste, 50 µL total GSH 

was applied to each well, then shaken using an orbital shaker [Medical 

Supply Co., Ireland] for 5 min. A volume of 50 µL of luciferase generation 

reagent was added to all wells, and plates were incubated for 30 min. A 

volume of 100 µL of luciferase detection reagent was added to all wells 

and incubated for 15 min at room temperature. Finally, luminescence was 

read with the GloMax microplate reader, with an integration time of 1000 

ms.  

2.9.6 Measurement of caspase 3/7 levels 

Caspase 3/7 activity was measured using the ApoTox-GloTM assay 

[Promega, UK]. Cells were seeded at a concentration of 1x104 cells/well 

into a white-bottomed 96-well plate and allowed to adhere overnight at 

37°C in 5% CO2/95% humidified air. Cells were treated with radiation and 

left for appropriate time intervals. A volume of 100 µL of caspase 3/7 

substrate dissolved in caspase 3/7 buffer was added to each well. The 

plates were placed on the orbital-shaker for 30 seconds, left to incubate 

for 20 min at room temperature, and finally measured for luminescence 

signal using the GloMax microplate reader with 1000 ms integration time. 

2.9.7 Crystal violet assay  

Cells were fixed in 1% glutaraldehyde in PBS for 15 min at room 

temperature. Fixative was removed, and cells were washed twice with 

PBS and stained with 0.1% crystal violet solution for 30 min at room 
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temperature. The stain was removed, and cells were washed twice with 

H2O and allowed to air-dry overnight. Cells were incubated with 1% Triton 

X-100 in PBS on a plate shaker for 2 h. Absorbance was read at 595 nm 

on the VersaMax microplate reader. 

2.9.8 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 

Inductively Coupled Plasma Mass Spectroscopy, or ICP-MS, measures the 

trace elements within a given sample. Here, we adopted ICP-MS to 

analyse platinum (the main component of cisplatin) at the most abundant 

isotope, Pt195. Cells were treated with 50 µM cisplatin for 24 h, to ensure 

enough platinum was quantifiable by ICP-MS, after which cells were 

harvested and counted, fractionated, or pulled down to isolate organelle 

areas of interest. Cells (2x106) or fractions were incubated in HNO3 

overnight at 70°C. Following incubation, samples were sent to Essen, 

Germany, where ICP-MS measured platinum content. Standard curves 

were generated using aqueous serial dilutions of known standards. Each 

measurement taken was representative of 3 technical replicates from an 

individual sample. 

2.10 Clinical Data 

2.10.1 MiR-31 Kaplan Meier   

The Cancer Genome Atlas (TCGA) Pancreatic Adenocarcinoma (PAAD) 

data RSEM RNASeq V2 normalized counts were downloaded from 

OncoLnc and accompanying clinical data (including overall survival) from 

the Broad firehose. All tissue is collected post-surgery, with all patients 

receiving no prior treatment. RNA was then extracted from fresh-frozen 

tissue and sequenced. The type of chemotherapy chosen was unknown.  

For miRNA-31-5p and miRNA-31-3p, 184 patients had useable expression 

data. Of these patients, 117 later went on to receive chemotherapy. For 

use with Kaplan-Meier curves, expression was discretized into a low and 

high expression using the MaxStat R package, whereby an unbiased split 

point is selected based on the maximum Log-Rank statistic. Kaplan-Meier 
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operator curves were plotted using the survminer R package and 

visualized using ggplot2.  

2.10.2 ATOX1 Kaplan Meier 

The Kaplan-Meier plotter (PAN-cancer) was used to examine the effect of 

low and high ATOX1 expression on the overall survival of patients with 

PDAC (n = 177). To select the expression cut-off between the groups, all 

possible cut-off values between the lower and upper quartiles were 

computed, with the best-performing cut-off being selected. Cox 

proportional hazards regression analysis was performed to assess the 

relationship between ATOX1 expression levels and survival. The type of 

chemotherapy used was unknown. All data was taken from the TCGA 

database.   

2.11 Statistical analysis  

GraphPad Prism 10 software was used to perform statistical analysis. 

Experiments were repeated at least three times, and the results were 

displayed as mean ± SEM. The statistical significance of the results was 

determined by a two-tailed paired t-test, a one-sample t-test, and a 

one/two-way ANOVA; * p < 0.05 was considered a statistically significant 

difference.  

 

 

 

 

 

 



 

93 
 

 

 

 

 

 

Chapter Three 

The role of miR-31 in modulating 

PDAC sensitivity to chemotherapy and 

radiotherapy 
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3.1 Introduction 

Pancreatic cancer represents a significant and growing health problem. 

Despite being the twelfth most common cancer globally, pancreatic 

cancer has one of the lowest (9%) 5-year survival rates among all cancer 

types [1, 266]. According to GLOBOCAN 2020, 495,773 new cases and 

466,003 deaths were attributed to pancreatic cancer worldwide in the 

year 2020 [2]. Pancreatic cancer is considered the fourth cancer-related 

cause of death in the United States. It is projected to rise to second place 

in cancer mortality in Northern America by 2030, a trend reflected in 

Europe [1, 4, 5]. Histologically, pancreatic ductal adenocarcinoma (PDAC) 

is responsible for more than 90% of pancreatic cancer cases. The high 

mortality rate of PDAC is primarily due to late diagnosis and tumour 

resistance to treatment [5, 8]. Surgery is the only curative treatment 

option for PDAC; however, less than 15% of patients are eligible for this 

procedure [57]. Resistance to chemotherapy and radiotherapy has 

become a critical challenge in treating PDAC, with most patients 

displaying resistance patterns and succumbing to their disease [69-71]. 

The elucidation of markers and mechanisms of resistance would 

therefore be a significant clinical benefit and is critical for improving 

therapeutic efficacy for patients with PDAC. 

MiRNAs are a group of small non-coding RNA molecules that regulate 

gene expression at the posttranscriptional level. Generally, miRNAs 

interact with the 3’UTR of target mRNAs to suppress expression. 

However, interactions of miRNAs with other regions, including the 5’UTR, 

coding sequence, and gene promoters, have been reported [161-163]. 

The sequence complementarity between nucleotides 2-8, also known as 

the ‘seed region,’ is vital for target sequence recognition. However, 

perfect complementarity is not essential for regulation. It has been well 

established that a single miRNA has the potential to target and regulate 

multiple genes, and a single gene can be regulated by various miRNAs 

[171-173]. Interestingly, it is estimated that approximately 50% of 



 

95 
 

miRNAs are encoded on fragile sites within the genome [267], hence the 

current interest in miRNA as modulators of cancer biology. MiRNA-31 

(miR-31) is among the most frequently altered miRNA in cancer, where 

altered expression has been detected in various cancer types and has 

been thoroughly reviewed by Laurila and Kallioniemi [268]. 

One of the key genetic events in PDAC development is the inactivation of 

the p16 tumour suppressor gene [269]. The p16 gene is encoded on 

chromosome 9p21.3, a recognized fragile site in the human genome 

[270]. Interestingly, miR-31 is encoded in the exact location downstream 

of p16, and it is reasonable to believe that because of their proximity, 

they are frequently co-deleted or co-disrupted together [271]. 

Additionally, epigenetic modifications such as the hyper-methylation 

caused by EZH2 are responsible for the low expression of miR-31 [272]. 

However, in contrast, miR-31 is moderate to highly expressed in16 from 

23 pancreatic and colorectal cell lines when compared to HPNE “normal” 

cells which was developed from the human pancreatic duct [273]. The 

BxPC-3 and Colo205 (developed from ascitic fluid derived from a male 

with colon cancer) cell lines were the only cells that displayed no miR-31 

expression [273].  

We have previously demonstrated that miR-31 is a valuable therapeutic 

target regulating chemotherapy and radiotherapy sensitivity by altering 

drug transportation and DNA damage repair genes in other cancer types 

[274, 275]. However, its role in modulating chemosensitivity and 

radiosensitivity in PDAC remains to be explored. Therefore, the 

investigation of miR-31 and the elucidation as to whether it modulates 

chemosensitivity and radiosensitivity in PDAC cell lines is to be elucidated 

within this chapter.   
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3.2 Rationale, Aims, and Objectives  

Patients diagnosed with PDAC display an extremely poor prognosis, and 

responding to treatment, including chemotherapy and radiotherapy, 

remains a challenge due to tumour resistance. Emerging evidence has 

revealed miRNAs as potential biomarkers and can be targeted to modify 

the response to treatment in PDAC and other cancers. With previously 

established results indicating miR-31 manipulation leads to modulating 

cellular sensitivity to anticancer therapies, we hypothesise that miR-31 

manipulation modulates chemosensitivity and radiosensitivity in PDAC. 

The objectives of this chapter were to (1) determine whether the 

dysregulation of miR-31 is associated with PDAC chemoresistance and 

radioresistance, to identify whether miR-31 may present a therapeutic 

target or predictive biomarker in PDAC (2) to explore the effect of miR-31 

manipulation on biological endpoints relating to chemoresistance and 

radioresistance to characterise any alterations observed and to elucidate 

further and clarify the role of miR-31 in PDAC cell lines in response to 

therapy.  
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3.3 Experimental design  

Assessing miRNA expression in PDAC cell lines  

To analyse the status of miR-31 within a range of PDAC cell lines to 

establish and verify which lines would be suitable for miR-31 

overexpression and suppression, the most prevalent epithelioid subtype 

BxPC-3 and Panc-1 cell lines were chosen, and a brief characterisation of 

which is noted in Table 3.1.  

Stable expression of miR-31 in BxPC-3 and Panc-1 

To establish the cell line models using BxPC-3 as a model of miR-31 

overexpression and Panc-1 as a model of miR-31 suppression, cell lines 

were transfected using lipofectamine with either miR-31-overexpressing 

or miR-31-suppressing plasmids, respectively. Transfections were 

confirmed by western blot with GFP as a marker; however, this did not 

directly confirm the manipulation of miR-31 within the system, but it 

supported the plasmid integration and certified RT-qPCR measured 

support of miR-31 manipulation.  

Analysis of the effect of miR-31 manipulation on anti-cancer therapies  

The clonogenic assay, MTS assay, and a cumulative cell count were 

performed to assess PDAC cell response to chemotherapy and 

radiotherapy with altered miR-31 expression. The clonogenic assay is the 

gold standard for determining response to agents as it covers all forms of 

cell death, both early and late events.  
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3.4 Results 

3.4.1 Confirmation of miR-31 status in PDAC cell lines  

Resistance to chemoradiotherapy has been previously associated with 

miR-31 in multiple cancer types; therefore, manipulating miR-31 

expression in PDAC cell lines was assessed to reveal any alterations to 

chemotherapy or radiation therapy. The relative expression of miR-31 

was substantially reduced (** p = 0.0038) in the BxPC-3 parental cell line 

compared to the Panc-1 parental cell line (Figure 3.1), confirming the 

results of other groups. This allowed us to create an antagonistic modified 

miR-31 expression system within the same subtype, whereby the BxPC-3 

cell line had miR-31 overexpressed, and the Panc-1 cell line had miR-31 

suppressed.  

3.4.2 Establishing a miR-31 manipulated stable model 

To study the effect of miR-31 on cellular sensitivity to chemotherapy or 

radiotherapy in PDAC cell lines, a model of stable miR-31 overexpression 

and suppression was established. The miR-31 overexpressing plasmid 

encoded the miR-31 precursor sequence and produced both mature miR-

31-3p and miR-31-5p. Thus, overexpression refers to general miR-31 

overexpression, as it is not possible to differentiate between the 

contributions of miR-31-3p and miR-31-5p in this model.  

Following transfection of BxPC-3 cells with either miR-VC or miR-31 

expressing plasmids and transfection of Panc-1 cells with suppression 

plasmids Zip-miR-VC or Zip-miR-31, confirmation of miR-31 

overexpression or suppression in stable expressing models were 

measured by RT-qPCR (Figure 3.2 & 3.3). The BxPC-3 miR-31 cell line 

showed a successful transfection by presenting a greater RQ of miR-31 

than its vector control equivalent. Similarly, The Panc-1 Zip-miR-31 cell 

line displayed a successful transfection by presenting a reduced RQ of 

miR-31 compared to its vector control equivalent. However, the 

suppression of miR-31 in Panc-1 cells was modest and may have had a 
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bearing on future results. Additionally, to confirm the expression of the 

miR-VC or Zip-miR-VC within cells, the GFP reporter was analysed via 

western blot (Figure 3.4). 
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Figure 3.1 MiR-31 status in PDAC cell lines. (A) Ct values of PDAC cell lines 
comparing miR-31 expression. BxPC-3 parental cells have a greater mean 
Ct value compared to Panc-1 parental cells. (B) RT-qPCR displaying the 
relative level of expression of endogenous miR-31 between BxPC-3 
parental and Panc-1 parental cells (** p = 0.0038). All RT-qPCR runs were 
loaded with 100 ng of cDNA. Relative values were normalised to the 
endogenous control RNU-6. A one sample t.test was applied for statistical 
analysis (n = 3).  

(A) 
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Figure 3.2 Confirmation of overexpressing miR-31 in BxPC-3 cells. (A) Ct 
values of BxPC-3 cell lines comparing miR-31 expression. BxPC-3 miR-31 
cells have a lower mean Ct value compared to BxPC-3 miR-VC cells. (B) RT-
qPCR displaying the relative level of expression of miR-31 between BxPC-
3 miR-31 cells and BxPC-3 miR-VC cells (n = 3). All RT-qPCR runs were 
loaded with 100 ng of cDNA. Relative values were normalised to the 
endogenous control RNU-6.  

(A) 

(B) 
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(A) 

(B) 

Figure 3.3 Confirmation of suppressing miR-31 in Panc-1 cells. (A) Ct values 
of Panc-1 cell lines comparing miR-31 expression. Panc-1 Zip-miR-31 cells 
have a greater mean Ct value compared to Panc-1 Zip-miR-VC cells. (B) RT-
qPCR displaying the relative level of expression of miR-31 between Panc-1 
Zip-miR-31 cells and Panc-1 Zip-miR-VC cells (n = 3). All RT-qPCR runs were 
loaded with 100 ng of cDNA. Relative values were normalised to the 
endogenous control RNU-6.  
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Figure 3.4 Confirmation of stable transfection in PDAC cell lines. (A) 
Representative western blot displaying GFP expression in transfected 
BxPC-3 cell lines (B) Representative western blot displaying GFP 
expression in transfected Panc-1 cell lines. β-actin was used as the 
loading control. The data demonstrate the successful transfection of 
plasmids in both cell lines. Western blots detailed are representative of 
n = 2.  
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3.4.3 Mycoplasma screening of PDAC cell lines  

Because mycoplasma infection can affect the changes in metabolism and 

cell proliferation, all cell lines used were regularly tested for mycoplasma 

contamination, as described in section 2.2.5. No mycoplasma 

contamination was detected in either parental or stable cell lines (Figure 

3.5).  

3.4.4 Establishing the IC50 doses of chemotherapeutics in PDAC cell lines. 

Before investigating if miR-31 modulates chemosensitivity in the miR-31 

manipulated PDAC models, PDAC parental cells were treated with a range 

of a chemotherapeutic agent to establish an IC50 dose, indicating how 

much the drug is needed to inhibit a biological process by half, and a dose-

response kill curve determined this by clonogenic assay. The IC50 doses of 

alkylating agents are shown in Figure 3.6, and anti-metabolite agents are 

shown in Figure 3.15.  

3.4.5 MiR-31 modulates cellular sensitivity to alkylating agents in PDAC 

cell lines. 

To investigate if miR-31 modulates cellular sensitivity to alkylating agents 

in miR-31 manipulated PDAC models, cells were treated with cisplatin (24 

h), carboplatin (48 h), or oxaliplatin (24 h) alone. It was established that 

overexpressing miR-31 in BxPC-3 cells significantly promoted 

chemoresistance to cisplatin (Figure 3.7) and oxaliplatin (Figure 3.9) but 

not with carboplatin (Figure 3.8) when compared to its miR-VC 

equivalent. Furthermore, it was also established that suppressing miR-31 

in Panc-1 cells significantly enhanced chemosensitivity to cisplatin 

treatment (Figure 3.10), but not with carboplatin (Figure 3.11) and 

oxaliplatin (Figure 3.12) when compared to its Zip-miR-VC equivalent.  
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Figure 3.5 Mycoplasma testing of PDAC cell lines. Cell culture 
supernatants were collected from PDAC cell lines used in this study on 
a regular basis and tested for mycoplasma contamination. No traces of 
mycoplasma were observed in any cell lines when compared to the 
positive control (lane 19).  
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Figure 3.6 IC50 doses of alkylating chemotherapeutic agents in 
PDAC cell lines. (A) Dose-response for cisplatin treatment for 24 h 
in the BxPC-3 parental cell line (IC50 = 0.784 µM) and Panc-1 parental 
cell line (IC50 =1.38 µM). (B) Dose-response for carboplatin 
treatment for 48 h in the BxPC-3 parental cell line (IC50 = 0.923 µM) 
and Panc-1 parental cell line (IC50 = 1.80 µM). (C) Dose-response for 
oxaliplatin treatment for 24 h in the BxPC-3 parental cell line (IC50 = 
1.45 µM) and Panc-1 parental cell line (IC50 = 1.68 µM). All clonogenic 
assays were vehicle-controlled with the analysis of PBS treated 
controls considered when calculating the surviving fraction. IC50 
doses were established using GraphPad Prism.   

(A) 

(B) 

(C) 
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Figure 3.7 Overexpressing miR-31 in BxPC-3 cells promotes cisplatin 
resistance. Clonogenic analysis revealed that overexpressing miR-31 in 
BxPC-3 cells displayed a significant increase in the surviving fraction when 
compared to its miR-VC equivalent (* p = 0.0456). Cells were treated with 
the IC50 dose of 0.784 µM cisplatin for 24 h. All clonogenic assays were 
vehicle-controlled; as such, no error is associated with PBS treatment (set to 
1), with the analysis of controls considered in calculating the surviving 
fraction. Data are presented as the mean ± SEM. A two-tailed paired t.test 
was applied for statistical analysis (n = 3). 
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Figure 3.8 Overexpressing miR-31 in BxPC-3 cells does not modulate 
carboplatin resistance. Clonogenic analysis revealed that overexpressing miR-
31 in BxPC-3 cells did not significantly alter the surviving fraction when 
compared to its miR-VC equivalent (p = 0.390). Cells were treated with the IC50 
dose of 0.923 µM carboplatin for 48 h. All clonogenic assays were vehicle-
controlled; as such, no error is associated with PBS treatment (set to 1), with 
the analysis of controls considered in calculating the surviving fraction. Data 
are presented as the mean ± SEM. A two-tailed paired t.test was applied for 
statistical analysis (n = 3). 
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Figure 3.9 Overexpressing miR-31 in BxPC-3 cells promotes oxaliplatin 
resistance. Clonogenic analysis revealed that overexpressing miR-31 in BxPC-
3 cells significantly increased the surviving fraction when compared to its miR-
VC equivalent (* p = 0.0165). Cells were treated with the IC50 dose of 1.45 µM 
oxaliplatin for 24 h. All clonogenic assays were vehicle-controlled; as such, no 
error is associated with PBS treatment (set to 1), with the analysis of controls 
considered in calculating the surviving fraction. Data are presented as the 
mean ± SEM. A two-tailed paired t.test was applied for statistical analysis (n = 
3). 
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Figure 3.10 Suppressing miR-31 in Panc-1 cells enhances cisplatin 
sensitivity. Clonogenic analysis revealed that suppressing miR-31 in Panc-
1 cells displayed a significant reduction in the surviving fraction when 
compared to its Zip-miR-VC equivalent (* p = 0.0102). Cells were treated 
with the IC50 dose of 1.38 µM cisplatin for 24 h. All clonogenic assays were 
vehicle-controlled; as such, no error is associated with PBS treatment (set 
to 1), with the analysis of controls considered in calculating the surviving 
fraction. Data are presented as the mean ± SEM. A two-tailed paired t.test 
was applied for statistical analysis (n = 3). 
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Figure 3.11 Suppressing miR-31 in Panc-1 cells does not modulate carboplatin 
resistance. Clonogenic analysis revealed that suppressing miR-31 in Panc-1 
cells did not alter the surviving fraction when compared to its Zip-miR-VC 
equivalent (p = 0.105). Cells were treated with the IC50 dose of 1.80 µM 
carboplatin for 48 h. All clonogenic assays were vehicle-controlled; as such, no 
error is associated with PBS treatment (set to 1), with the analysis of controls 
considered in calculating the surviving fraction. Data are presented as the 
mean ± SEM. A two-tailed paired t.test was applied for statistical analysis (n = 
3). 
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Figure 3.12 Suppressing miR-31 in Panc-1 cells does not modulate 
oxaliplatin resistance. Clonogenic analysis revealed that suppressing 
miR-31 in Panc-1 cells did not alter the surviving fraction when 
compared to its Zip-miR-VC equivalent (p = 0.146). Cells were treated 
with the IC50 dose of 1.68 µM oxaliplatin for 24 h. All clonogenic assays 
were vehicle-controlled; as such, no error is associated with PBS 
treatment (set to 1), with the analysis of controls considered in 
calculating the surviving fraction. Data are presented as the mean ± 
SEM. A two-tailed paired t.test was applied for statistical analysis (n = 
3). 
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3.4.6 MiR-31 modulates cellular sensitivity to anti-metabolite agents in 

PDAC cell lines. 

To further investigate if miR-31 modulates cellular sensitivity to anti-

metabolite agents in miR-31 manipulated PDAC models, cells were 

treated with gemcitabine (24 h), 5-FU (24 h), or leucovorin (48 h) with 5-

FU (final 24 h). It was established that overexpressing miR-31 in BxPC-3 

cells significantly enhanced chemosensitivity to gemcitabine (Figure 

3.16), 5-FU (Figure 3.17), and leucovorin with 5-FU (Figure 3.18) when 

compared to its miR-VC equivalent. Furthermore, it was also established 

that suppressing miR-31 in Panc-1 cells significantly promoted 

chemoresistance to 5-FU (Figure 3.20) and leucovorin with 5-FU (Figure 

3.21), but not with gemcitabine (Figure 3.19) when compared to its Zip-

miR-VC equivalent.   

3.4.7 MiR-31 alters proliferation in PDAC cell lines post-cisplatin 

treatment. 

After overexpressing miR-31 increased clonogenic survival in BxPC-3 and 

suppressing miR-31 decreased survival in Panc-1 cells, a cumulative cell 

count was undertaken first to determine whether miR-31 alone, without 

the influence of cisplatin, would affect proliferation. It is well established 

that proliferation rates can influence chemo-resistance, where cells with 

a slower proliferation rate are more chemo-resistant than fast-

proliferating cells, so monitoring the proliferation rate indicates whether 

proliferation plays a role in regulating cisplatin resistance. It was found 

that miR-31 manipulation without the influence of cisplatin produced no 

significant change in the proliferation rate (Figure 3.22). A significant 

change in the proliferation of BxPC-3 miR-31 cells occurred only on day 9 

(* p = 0.0157) post cisplatin treatment, whereas the BxPC-3 miR-VC cells 

were significantly affected on day 3 (* p = 0.0268) post cisplatin 

treatment. Assaying cumulative proliferation with cisplatin treatment 

revealed a significant reduction in proliferation only on day 9 (* p =  
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Figure 3.15 IC50 doses of anti-metabolite chemotherapeutic agents in 
PDAC cell lines. (A) Dose-response for gemcitabine treatment for 24 h 
in the BxPC-3 parental cell line (IC50 = 9.33 nM) and Panc-1 parental cell 
line (IC50 = 15.0 nM). (B) Dose-response for 5-FU treatment for 24 h in 
the BxPC-3 parental cell line (IC50 = 24.2 µM) and Panc-1 parental cell 
line (IC50 = 4.44 µM). (C) Dose-response for 5-FU treatment with 1 µM 
leucovorin for 24 h in the BxPC-3 parental cell line (IC50 = 8.02 µM) and 
Panc-1 parental cell line (IC50 = 3.15 µM). All clonogenic assays were 
vehicle-controlled with the analysis of PBS/DMSO treated controls 
considered when calculating the surviving fraction. IC50 doses were 
established using GraphPad Prism.   

(A) 

(B) 

(C) 
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Figure 3.16 Overexpressing miR-31 in BxPC-3 cells enhances gemcitabine 
sensitivity. Clonogenic analysis revealed that overexpressing miR-31 in 
BxPC-3 cells displayed a significant reduction in the surviving fraction when 
compared to its miR-VC equivalent (* p = 0.0187). Cells were treated with 
the IC50 dose of 9.33 nM gemcitabine for 24 h. All clonogenic assays were 
vehicle-controlled; as such, no error is associated with PBS treatment (set 
to 1), with the analysis of controls considered in calculating the surviving 
fraction. Data are presented as the mean ± SEM. A two-tailed paired t.test 
was applied for statistical analysis (n = 3). 
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Figure 3.17 Overexpressing miR-31 in BxPC-3 cells enhances 5-FU sensitivity. 
Clonogenic analysis revealed that overexpressing miR-31 in BxPC-3 cells 
displayed a significant reduction in the surviving fraction when compared to its 
miR-VC equivalent (** p = 0.00661). Cells were treated with the IC50 dose of 24.2 
µM 5-FU for 24 h. All clonogenic assays were vehicle-controlled; as such, no error 
is associated with DMSO treatment (set to 1), with the analysis of controls 
considered in calculating the surviving fraction. Data are presented as the mean 
± SEM. A two-tailed paired t.test was applied for statistical analysis (n = 3). 
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Figure 3.18 Overexpressing miR-31 in BxPC-3 cells enhances 5-FU with 
leucovorin sensitivity. Clonogenic analysis revealed that overexpressing miR-31 
in BxPC-3 cells displayed a significant reduction in the surviving fraction when 
compared to its miR-VC equivalent (*p = 0.0286). Cells were treated 1 µM of 
leucovorin in combination with the new IC50 dose of 8.02 µM 5-FU for 24 h. All 
clonogenic assays were vehicle-controlled; as such, no error is associated with 
DMSO treatment (set to 1), with the analysis of controls considered in calculating 
the surviving fraction. Data are presented as the mean ± SEM. A two-tailed paired 
t.test was applied for statistical analysis (n = 3). 
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Figure 3.19 Suppressing miR-31 in Panc-1 cells does not alter 
gemcitabine resistance. Clonogenic analysis revealed that suppressing 
miR-31 in Panc-1 cells did not alter the surviving fraction when compared 
to its Zip-miR-VC equivalent (p = 0.562). Cells were treated with the IC50 
dose of 15.0 nM gemcitabine for 24 h. All clonogenic assays were 
vehicle-controlled; as such, no error is associated with PBS treatment 
(set to 1), with the analysis of controls considered in calculating the 
surviving fraction. Data are presented as the mean ± SEM. A two-tailed 
paired t.test was applied for statistical analysis (n = 3). 
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Figure 3.20 Suppressing miR-31 in Panc-1 cells promotes 5-FU resistance. 
Clonogenic analysis revealed that suppressing miR-31 in Panc-1 cells 
displayed a significant reduction in the surviving fraction when compared 
to its Zip-miR-VC equivalent (* p = 0.0305). Cells were treated with the IC50 
dose of 4.44 µM 5-FU for 24 h. All clonogenic assays were vehicle-
controlled; as such, no error is associated with DMSO treatment (set to 1), 
with the analysis of controls considered in calculating the surviving 
fraction. Data are presented as the mean ± SEM. A two-tailed paired t.test 
was applied for statistical analysis (n = 3). 
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Figure 3.21 Suppressing miR-31 in Panc-1 cells promotes 5-FU with 
leucovorin resistance. Clonogenic analysis revealed that suppressing 
miR-31 in Panc-1 cells displayed a significant increase in the surviving 
fraction when compared to its Zip-miR-VC equivalent (* p = 0.0456). 
Cells were treated with 1 µM of leucovorin in combination with the new 
IC50 dose of 3.15 µM 5-FU for 24 h. All clonogenic assays were vehicle-
controlled; as such, no error is associated with DMSO treatment (set to 
1), with the analysis of controls considered in calculating the surviving 
fraction. Data are presented as the mean ± SEM. A two-tailed paired 
t.test was applied for statistical analysis (n = 3). 
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Figure 3.22 Overexpressing miR-31 in BxPC-3 cells conveys a delay in 
sensitivity to cisplatin. Assaying cumulative proliferation with cisplatin 
treatment displayed a significant reduction in cell count at all time points for 
parental and miR-VC cells, whereas miR-31 cells appear less sensitive to 
cisplatin until day 9 days post-treatment. All cells were treated with 7.84 μM 
cisplatin for 24 h, and 3x105 cells were reseeded every third day for nine-days. 
At day 3 post-treatment only BxPC-3 parental cells (* p = 0.0251) and miR-VC 
cells (* p = 0.0268) displayed a significant reduction in cell count sooner 
compared to its untreated equivalent. At day 6 post-treatment, parental cells 
(** p = 0.0042) and miR-VC cells (** p = 0.0026). At day 9 post-treatment, 
parental cells (** p = 0.0056), miR-VC cells (** p = 0.0012), and miR-31 cells (* 
p = 0.0157). Day 0 results are all seeded with 3x105 cells, as such no error is 
associated. Data are presented as the mean ± SEM. One-way ANOVA with 
Tukey's post-hoc test was applied for statistical analysis (n = 3). 



 

122 
 

0.0207) in Panc-1 Zip-miR-VC cells, whereas Zip-miR-31 cells appeared 

more sensitive to the cisplatin treatment on day 6 (** p = 0.0015) (Figure 

3.23). As assessed by a cumulative proliferation assay, miR-31 alone does 

not alter cell proliferation. Although, post cisplatin treatment, loss of miR-

31 encouraged cell death, displayed by a reduced cell count, which can 

explain the differences in clonogenicity. 

3.4.8 Loss of miR-31 is associated with better overall survival in patients 

with PDAC. 

To determine whether miR-31-5p or miR-31-3p expression was 

correlated with predictive outcomes for patients receiving 

chemotherapy, expression values were related to overall survival 

following surgery using the Kaplan-Meier method. For both miR-31-5p 

(Figure 3.24A) and miR-31-3p (Figure 3.24B), higher expression displayed  

poor overall survival, while lower expression resulted in an improved 

prognostic outcome. Cox regression also confirmed a significant 

association with overall survival for the ascertained split-point. Patients 

with higher expression of miR-31-5p were around 1.82 times more likely 

to die than those with low expression (* p = 0.0367). Patients with high 

miR-31-3p expression were around 1.66 times more likely to die (p = 

0.095) within the follow-up period, although no statistical significance 

was found. 
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Figure 3.23 Suppressing miR-31 in Panc-1 cells reduces cell count post cisplatin 
treatment. Assaying cumulative proliferation with cisplatin treatment displayed 
a significant reduction in cell count sooner for Zip-miR-31 cells, whereas 
Parental and Zip-miR-VC cells appear less sensitive to cisplatin until day 9 days 
post-treatment. All cells were treated with 13.8 μM cisplatin for 24 h and 3x105 
cells were reseeded every third day for nine days. On day 6 post-treatment, 
there was a significant reduction in cell count for cisplatin-treated Zip-miR-31 
cells only when compared to its untreated cells (** p = 0.0015). At day 9 post-
treatment, parental cells (* p = 0.0168), Zip-miR-VC cells (* p = 0.0207), and Zip-
miR-31 cells (** p = 0.0015). Day 0 results are all seeded with 3x105 cells, as 
such no error is associated. Data are presented as the mean ± SEM. One-way 
ANOVA with Tukey's post-hoc test was applied for statistical analysis (n = 3). 



 

124 
 

 

(Days) 

(Days) 

(Days) 

(Days) 

Figure 3.24 The effect of miR-31 expression on survival for patients who 
received chemotherapy. Kaplan Meier curves demonstrating the effect of (A) 
miR-31-5p and (B) miR-31-3p on survival. MiR-31 was separated into two 
groups: low expression vs high expression. Survival is measured in days post-
surgery. Log-rank (Mantel-Cox) test was applied for statistical analysis. 

(A) 

(B) 
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3.4.9 MiR-31 modulates sensitivity to radiation treatment in PDAC cell 

lines. 

To investigate if miR-31 modulates sensitivity to radiation treatment in 

PDAC cell lines, the clonogenic assay was applied with clinically relevant 

treatment doses, from 2 Gy to 8 Gy. Seeding densities were optimized to 

ensure adequate statistical power. BxPC-3 parental cells displayed a more 

radioresistant phenotype when compared with Panc-1 parental cells 

across all radiation doses, but only statistically significant at 2 Gy and 4 

Gy (Figure 3.25). For future experiments, all cell lines were treated with 

4 Gy radiation. This represented an approximate IC50 dose, so it provided 

a representable margin above and below to determine the effect of miR-

31 on cell survival. Our results show that overexpressing miR-31 into 

BxPC-3 cells significantly enhanced sensitivity to radiation treatment, as 

measured via surviving fraction (Figure 3.26). Reciprocally, there was a 

modest yet statistically significant increase in surviving fraction when 

suppressing miR-31 in Panc-1 cells, promoting resistance to radiation 

treatment (Figure 3.27).  

The cellular viability was also assessed to support our previous 

observations by measuring metabolism levels. Here it was shown that 

overexpressing miR-31 in BxPC-3 cells significantly reduced cellular 

viability 24 h post-radiation treatment (Figure 3.28). In contrast, 

suppressing miR-31 in Panc-1 cells increased cellular viability (Figure 

3.29). These results indicate that miR-31 may be a functional modulator 

of sensitivity to radiation treatment in PDAC cell lines. 

3.4.10 MiR-31 alters proliferation in PDAC cell lines post-radiation 

treatment. 

Following the observation that overexpressing miR-31 reduced 

clonogenic survival and cellular viability in BxPC-3 cells and increased 

survival and cellular viability in the miR-31-suppressed Panc-1 cells, a 

cumulative cell count was undertaken first to determine whether miR-31  
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Figure 3.25 Clonogenic survival of PDAC cell lines when treated with 
radiation. The radiosensitivity of PDAC lines was assessed by clonogenic 
assay. BxPC-3 and Panc-1 parent cell lines were irradiated with 2 Gy, 4 Gy, 6 
Gy, and 8 Gy. Control cells were mock-irradiated. At the end of the 
incubation period (8-10 days), surviving colonies were counted, and the 
surviving fraction was determined. The BxPC-3 cell line were more 
radioresistant than the Panc-1 cell line at 2 Gy and 4 Gy. Data are 
represented as the mean ± SEM (n = 3). Two-way ANOVA with Tukey's post-
hoc test adopted for statistical analysis; comparing BxPC-3 cells to Panc-1 
cells at 2 Gy (*** p = 0.0010); 4 Gy (**** p < 0.0001); 6 Gy (p = 0.1213); and 
8 Gy (p = 0.9495). 

 



 

127 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 Overexpressing miR-31 in BxPC-3 cells enhances radiosensitivity. 

BxPC-3 cells were stably transfected with a miR-VC or miR-31 plasmid. Cells 

were treated at 4 Gy at 24 h post-seeding while controls were mocked 

irradiated (0 Gy). Surviving colonies were counted at the end of the incubation 

period (8-10 days), and a clonogenic assay determined the surviving fraction. 

Treating at 4 Gy significantly reduced survival in miR-31 overexpressed BxPC-

3 cells when compared to miR-VC it’s equivalent (** p = 0.00891). No 

significant difference was observed between parental and miR-VC cells (p = 

0.913). Data are expressed as the mean ± SEM and analysed by a two-tailed 

paired t-test (n = 3). 
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Figure 3.27 Suppressing miR-31 in Panc-1 cells promotes 
radioresistance. Panc-1 cells were stably transfected with either a Zip-
miR-VC or Zip-miR-31 plasmid. Cells were treated at 4 Gy at 24 h post-
seeding while controls were mocked irradiated (0 Gy). Surviving colonies 
were counted at the end of the incubation period (8-10 days), and a 
clonogenic assay determined the surviving fraction. Treating at 4 Gy 
significantly increased survival in miR-31 suppressed Panc-1 cells 
compared to its Zip-miR-VC equivalent (* p = 0.0211). No significant 
difference was observed between parental and Zip-miR-VC cells (p = 
0.835). Data are expressed as the mean ± SEM and analysed by a two-
tailed paired t-test (n = 3). 
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Figure 3.28 Overexpressing miR-31 in BxPC-3 cells reduces cellular viability 

post-radiation treatment. BxPC-3 cells were stably transfected with a miR-

VC or miR-31 plasmid. Cells were treated at 4 Gy at 24 h post-seeding while 

controls were mocked irradiated (0 Gy). Treating at 4 Gy significantly 

reduced cellular viability (as measured by metabolism) in miR-31 

overexpressed BxPC-3 cells compared to miR-VC equivalent (* p = 0.0484). 

No significant difference was observed between parental and miR-VC cells (p 

= 0.752). Data are expressed as the mean ± SEM and analysed by a two-tailed 

paired t-test (n = 3). 
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Figure 3.29 Suppressing miR-31 in Panc-1 cells increases cellular 

viability post-radiation treatment. Panc-1 cells were stably 

transfected with a miR-VC or miR-31 plasmid. Cells were treated at 4 

Gy at 24 h post-seeding while controls were mocked irradiated (0 Gy). 

Treating at 4 Gy significantly increased cellular viability (as measured 

by metabolism) in miR-31 suppressed Panc-1 cells, compared to Zip-

miR-VC; it’s equivalent (* p = 0.033). No significant difference was 

observed between parental and Zip-miR-VC cells (p = 0.199). Data are 

expressed as the mean ± SEM and analysed by a two-tailed paired t-

test (n = 3). 
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alone, without the influence of radiation, would affect proliferation. 

Moreover, the cumulative cell count attempted to establish when miR-31 

might influence proliferation. It was demonstrated that miR-31 

manipulation without the influence of radiation produced no significant 

change in proliferation rate; the cells only responded differently after 

radiation, indicating miR-31 plays an active role in the response post-

radiation treatment. We observed a reduction in cell count when over-

expressing miR-31 in BxPC-3 cells three days post-radiation treatment, 

whereas no significant difference was observed in its vector control 

equivalent (Figure 3.30). Additionally, there was an increase in cell count 

when suppressing miR-31 in Panc-1 cells 3- and 6-days post-radiation 

treatment, while no significance was found with its vector control 

equivalent (Figure 3.31). 
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Figure 3.30 Overexpressing miR-31 alters cell proliferation post-

radiation treatment. Assaying cumulative proliferation with radiation 

treatment revealed no significant decrease in proliferation at any time 

points in BxPC-3-miR-VC treated cells when compared to untreated cells. 

MiR-31 treated cells significantly reduced cell count at day 3 (* p = 0.0353) 

compared to untreated cells. Data are expressed as the mean ± SEM. One-

way ANOVA with Tukey's post-hoc test was adopted for statistical 

analysis (n = 3). 
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Figure 3.31 Suppressing miR-31 alters cell proliferation post-radiation 

treatment. Assaying cumulative proliferation with radiation treatment 

revealed a significant reduction in proliferation on day 3 (** p = 0.00122) 

and day 6 (* p = 0.0120) in Panc-1 Zip-miR-VC cells treated cells compared 

to untreated cells. In comparison, Zip-miR-31 cells only displayed a 

reduction in cell count at day three (* p = 0.0354) compared to untreated 

cells. Data are expressed as the mean ± SEM. One-way ANOVA with 

Tukey's post-hoc test was adopted for statistical analysis (n = 3).  
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3.5 Discussion  

Research on miR-31 shows that it displays altered expression levels in 

various tumours. There is evidence to support oncogenic and tumour 

suppressive functions in cancer cells, where it has been reported that 

miR-31 is lost in ovarian, prostate, and oesophageal cancers [271]. In 

comparison, high expression of miR-31 has been found in lung cancer, 

colorectal cancer, and head and neck squamous cell carcinoma [271, 

276]. Within PDAC, the fragile site 9p21, where miR-31 is encoded, is lost 

in approximately 85% of PDAC tumours [270, 271]. Consequently, it is 

supposed that miR-31 is lost in most PDAC tumour [277]. However, high 

expression of miR-31 has been reported in PDAC from multiple studies 

[278]. Although, in dispute with previous research, Papaconstantinou et 

al. [279] found miR-31 to be down-regulated in eighty-eight samples of 

PDAC. This discrepancy between miR-31 expression and PDAC tumour 

suggests that further research is needed to identify if loss of miR-31 in 

PDAC correlates to better or poor prognosis. 

The data presented in this chapter showed that miR-31-expressing cells 

promote resistance to platinum-based chemotherapies in PDAC cell lines. 

However, by enhancing cellular sensitivity to treatment, miR-31-

expressing cells display an opposite effect to anti-metabolic agents and 

radiation alone. Although, it was found that suppressing miR-31 in Panc-

1 cells did not promote gemcitabine resistance. From all PDAC cell lines, 

Panc-1 is the most resistant to gemcitabine [280], so encouraging cells to 

display a more resistant phenotype when already inherently resistant 

presents a challenging task. Nevertheless, the differences observed in 

cellular sensitivity between platinum agents (e.g., cisplatin, carboplatin, 

or oxaliplatin) and anti-metabolites (e.g., gemcitabine or 5-fluorouracil) 

when manipulating miR-31 may be explained by the differences in the 

mechanism of action of the drugs. All platinum agents act as pro-drugs, 

where the chloride ligands are generally removed via hydrolysis, which is 

necessary before they can target DNA [84]. Subsequently, this binding 
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between DNA and platinum agents induces apoptosis, a form of 

programmed cell death. Whereas anti-metabolites function by mimicking 

the molecules that a cell needs to survive. Gemcitabine is a broad-

spectrum agent and displays different mechanisms of action depending 

on its phosphorylation state [281]. 5-FU, phosphorylated, can inhibit 

thymidylate synthase, resulting in an imbalanced pool of deoxythymidine 

triphosphate required for DNA synthesis [282]. Furthermore, the primary 

effect of radiation treatment harming cells is directly affecting DNA or 

indirectly by producing reactive oxygen species derived from the 

ionisation of the water component of the cells [283, 284].  

Because miR-31 can alter hundreds of genes simultaneously and due to 

the differences in the mechanism of action from platinum agents, anti-

metabolites, and radiation treatment, it is not surprising that opposing 

effects are observed in cellular sensitivity. Manipulating miR-31 in PDAC 

cell lines may alter gene expression of a particular pathway specific to 

platinum agents only and has no significance or plays antagonistic roles 

with anti-metabolite or radiation treatment. Interestingly, a recent study 

that generated an isogenic model of OE33 Cis P (cisplatin-sensitive) and 

OE33 Cis R (cisplatin-resistant) cells found OE33 Cis R cells to be more 

sensitive to 5-FU and radiation treatment when compared to OE33 P cells 

[285]—supporting our observations where miR-31 expressing cells 

promote cisplatin resistance but enhance sensitivity to 5-FU and radiation 

treatment. Furthermore, Hummels et al. [286] found two miRNAs from 

an 848-miRNA panel, miR-31 and miR-125a, to have altered expression in 

both cisplatin-resistant and 5-FU-resistance oesophageal cells. 

Suggesting that miR-31 expression plays a role in modulating 

chemotherapy in various cancer types, but it appears to be chemotherapy 

specific, where both a chemo-sensitive and chemo-resistant phenotype 

can be expected depending on the choice of drug.  

There are differences between cisplatin and carboplatin pharmacology 

and pharmacokinetics [287, 288]. Cisplatin is a smaller compound 
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considered more potent than carboplatin. Additionally, carboplatin is 

thought to be more dependent upon passive diffusion across the cell 

membrane, implying that membrane transporters are not required for 

the cellular intake of carboplatin [287, 288]. Because no significant 

differences in the survival fraction were observed in the miR-31 

manipulated models when treated with carboplatin, this may suggest 

that miR-31 alters the trafficking of cisplatin across the cell membrane or 

affects how cisplatin is activated and sequestered once inside the cell. 

Interestingly, only miR-31 overexpressed cells displayed significance in 

oxaliplatin sensitivity. Oxaliplatin is a larger compound than cisplatin yet 

smaller than carboplatin, and oxaliplatin has been demonstrated to be 

more potent than carboplatin but not cisplatin [289]. Like cisplatin, 

oxaliplatin also relies on similar modes of transport across the cell 

membrane [289, 290]. Furthermore, our findings show that miR-31-

expressing cells display cisplatin sensitivity. However, it just takes a more 

extended period, indicating the potential miR-31 has on altering the 

availability of cisplatin to the nucleus, where it is needed to target DNA 

and induce cell death, rather than the need to enhance the DNA damage 

and repair system.   

Supporting our findings, Moody et al. [274] revealed that overexpressing 

miR-31 also promoted cisplatin resistance in malignant pleural 

mesothelioma cells. In another study, Samuel et al. [291] found that 

overexpressing miR-31 led to increased cisplatin resistance in ovarian 

cancer cell lines. Although, miR-31 was displayed to weaken the cisplatin 

resistance in medulloblastoma cell lines [292]. Additionally, Chen et al. 

[293] demonstrated that upregulating miR-31 in hepatocellular 

carcinoma cell lines reduced chemoresistance to cisplatin. Nevertheless, 

miR-31 can modulate cisplatin sensitivity, but if a resistant or sensitive 

phenotype is observed seems to depend on the cancer type.  

So far, no reliable target molecules exist to predict or influence the 

efficacy of gemcitabine in PDAC. One recent study proposed that miRNAs 
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play an essential role in gemcitabine resistance in PDAC cells [228]. After 

generating stable gemcitabine-resistant variants of PDAC cell lines, a 

miRNA screening revealed miR-31 (among other miRNAs) was 

significantly downregulated in gemcitabine-resistant cells [228]. The data 

here show that loss of miR-31 is also associated with gemcitabine 

resistance, alluding to the importance of miR-31 modulating gemcitabine 

sensitivity in PDAC cell lines.  

5-FU signifies the chemotherapeutic backbone for numerous cancer 

types' neoadjuvant, adjuvant, and palliative treatment [294]. Although 5-

FU is still considered inferior to gemcitabine treatment, tumour 

resistance remains a significant challenge [107]. To our knowledge, it was 

established that miR-31 enhances 5-FU sensitivity in PDAC cell lines for 

the first time. Comparably, Korourian et al. [295] demonstrated that the 

induction of miR-31 expression increased 5-FU sensitivity in gastric 

adenocarcinoma cell lines. Interestingly, like cisplatin treatment, miR-31 

expression can reverse 5-FU resistance in other cancers. Nakagawa et al. 

[296] and Li et al. [297] revealed that the increased miR-31 expression 

was linked to 5-FU resistance.  

Moreover, the ability to use a lower dosage of chemotherapy but still 

display a large amount of cell kill would be ideal for patients as it would 

reduce side effects. Leucovorin is a potentiator of 5-FU efficacy and 

depicts a synergistic relationship [298]. This is achieved by increasing the 

rate of thymidylate synthase inhibition. Here it was shown that pre-

treating miR-31 expressing cells with leucovorin, and a lower dose of 5-

FU, achieved the same amount of cell death compared to a higher dose 

of 5-FU only. Further investigation is needed to know how miR-31 

enhances 5-FU toxicity, but our findings suggest that miR-31 encourages 

5-FU sensitivity the same way, at least to some degree, as leucovorin does 

with 5-FU.  

Approximately 10-30% of patients with PDAC will receive radiation 

therapy as part of their treatment plan, although radioresistance remains 
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a problem [65, 70]. Here it was revealed that overexpressing miR-31 

enhances radiosensitivity while suppressing miR-31 promotes 

radioresistance in PDAC cell lines. Interestingly, Wen et al. [299] displayed 

similar results in hepatocellular carcinoma cell lines, where miR-31 

knockdown desensitised cells to radiation, whereas miR-31 upregulation 

gave the opposite effect. In addition, Korner et al. [300] demonstrated 

that mimicking miR-31 expression in breast cancer cell lines enhanced 

cellular sensitivity to radiation treatment. Moreover, a recent study 

revealed that the ectopic re-expression of miR-31 significantly re-

sensitised radioresistant oesophageal cells to radiation [275].  

Platinum agents, including cisplatin and oxaliplatin, have been widely 

shown to enhance radiosensitivity [301]. However, from the findings 

here, depending on a tumour’s miR-31 status, this combination therapy 

may offer no benefit compared to a standalone treatment. Additionally, 

it is well established that 5-FU and gemcitabine behave as 

radiosensitisers. If the miR-31 expression profile of a tumour is known, it 

could be beneficial to improve the efficacy of treatment. However, using 

conventional chemotherapies as a radio-sensitisation may lead to 

enhanced toxicity and adverse side effects in patients [302]. Therefore, a 

chemotherapeutic-free-radiosensitiser would be of significant interest, 

and miR-31 could present as a novel target for modulating anti-cancer 

therapies, especially in PDAC. 

The ability to induce DNA damage is what all platinum agents, anti-

metabolites, and radiation treatment have in common. Thus, assessing 

levels of DNA damage induction post-treatment would be helpful to 

underpin the mechanisms behind resistance due to miR-31 manipulation 

in PDAC cell lines. Suppose any discrepancies in DNA damage induction 

were observed between therapy-resistant cells versus therapy-sensitive 

cells due to miR-31 manipulation. In that case, this implies that miR-31 

alters a pathway specific to platinum-based agents or vice versa. This may 

include the transport across the cell membrane into the cell, drug 
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sequestration, or the trafficking to the nucleus where it is needed to 

induce DNA damage and, consequently, cell death. The next chapter will 

explore the relationship between miR-31 and how it might modulate 

platinum-based chemotherapeutics.  
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Chapter Four  

Part I 

MiR-31 alters the drug trafficking of 

chemotherapeutics in PDAC. 
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4.1 Introduction  

Anticancer drug resistance in cancer cells is a complex phenomenon, and 

unfortunately, many patients will likely develop resistance and respond 

poorly to treatment [72-76]. Therefore, a better understanding of drug 

resistance mechanisms will likely improve drug efficacy and therapeutic 

strategies in oncology. MicroRNAs regulate numerous protein-coding 

genes, including essential genes in cancer, particularly in cancer drug 

resistance [188, 189]. MiR-31 has significantly regulated genes that 

potentiate drug resistance in various cancer types [274, 292, 297]. In the 

previous chapter, it was displayed that there was a correlation between 

miR-31 overexpression and increased therapeutic resistance to platinum-

based agents. Although, miR-31 overexpression enhanced cellular 

sensitivity to anti-metabolites and radiation treatment independently. 

Pathways that respond to all platinum-based agents, anti-metabolites, 

and radiotherapy include nucleotide excision repair (NER) and base 

excision repair (BER) pathways, which promote DNA damage repair [90]. 

Because miR-31 displayed a paradoxical effect by promoting resistance to 

platinum-based agents but enhanced sensitivity to anti-metabolite 

agents and radiation, miR-31 is likely to be altering a pathway specific to 

platinum-based agents where changes to the cellular drug metabolism 

and drug transportation may well be contributing to the resistance 

observed. 

Cisplatin, a generally used chemotherapeutic agent for solid tumours, is 

an effective single agent or can be used in combination with other drugs, 

including gemcitabine, to treat PDAC [304]. However, due to tumour 

resistance, many patients with PDAC will respond poorly to cisplatin and 

succumb to their disease [74]. Consequently, understanding the 

mechanisms associated with the chemo-resistance of PDAC cells is 

essential and can redefine the use of cisplatin in PDAC chemotherapy. 

Resistance to cisplatin has generally been attributed to altered DNA 

repair, altered accumulation, and drug detoxification [304]. Perhaps the 
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most studied resistance model involves drug transport across the plasma 

membrane [304, 305]. Recent evidence suggests that cisplatin enters 

cells by active or passive transport [306], and it is well established that 

the copper transporter CTR1 plays a role as the primary facilitator of 

cisplatin influx into the intracellular environment [307]. CTR1 has 

previously displayed clinical relevance since high expression was 

associated with an excellent therapeutic response [308]. At the same 

time, low levels resulted in poor therapeutic outcomes in patients with 

ovarian cancer [309]. Deletion of CTR1 was reported to reduce cisplatin 

accumulation and increase resistance in vitro and in vivo [310].  

Additionally, the proteins primarily responsible for the efflux of cisplatin 

are the copper transporters ATP7A and ATP7B, which are found in the 

secretory pathway (e.g., Golgi body) and can also be located on the 

plasma membrane [311]. Studies have associated ATP7A and ATP7B with 

cisplatin resistance, where cells lacking these efflux transporters were 

markedly more sensitive to cisplatin chemotherapy [311, 312]. 

Once in the cell, cisplatin can be detoxified by the antioxidant glutathione 

(GSH) and has been strongly linked to cisplatin resistance [87-89]. It is 

well established that lysosomes play a vital role in detoxifying and 

sequestrating drugs, including cisplatin [313]. Generally, lysosomes have 

a low pH and are essential for capturing and neutralizing toxins, drugs, 

and heavy metals [314]. The ability of lysosomes to sequester drugs has 

been reported in various cancer cell lines [313, 315]. Additionally, a 

known lysosomal-bound drug transporter, ABCB9, has been linked to 

modulating resistance [316].  

The role of cisplatin transport in PDAC remains poorly understood. 

Therefore, this chapter explores the potential mechanisms of why miR-

31 promotes cisplatin resistance.  
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4.2 Rationale, Aims, and Objectives  

PDAC cells expressing miR-31 display increased resistance to platinum-

based chemotherapeutic treatment. It has been previously demonstrated 

that miRNAs alter numerous resistance-associated pathways, including 

modulation of drug sequestration and transportation. We hypothesized 

that miR-31 might regulate how cisplatin is sequestered and transported 

within PDAC cell lines.  Therefore, the ability of miR-31 to control drug 

trafficking within the cellular environment was investigated.  

The objectives of this chapter were (1) to explore the effect of the miR-

31 expression on the levels of cisplatin uptake in PDAC cells and (2) to 

identify potential molecular mechanisms underpinning any miR-31 

mediated alterations in cisplatin transport in PDAC cells. 
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4.3 Experimental design 

Assessing the concentration of platinum within PDAC cells 

To analyse cisplatin uptake in PDAC cells, platinum content was evaluated 

and quantified using ICP-MS.  

Analysis of copper transporters  

To establish whether influx, efflux, and sequestration/transporter 

proteins were involved in the chemo-resistant phenotype demonstrated 

within the miR-31 manipulated PDAC models. Western blot was adopted 

to assess protein expression.  

Analysis of lysosomal pH  

Fluorescence microscopy was utilized to evaluate lysosomal acidity to 

determine if alterations in lysosomal pH modulated chemoresistance in 

PDAC cells.  

Isolation of the lysosomal compartment 

The investigation of the platinum content within lysosomes was 

approached using a spin-column-based technology that is simple, rapid, 

and efficient. The number of starting cells required is much smaller than 

that of traditional methods. This method can significantly enrich cultured-

cell lysosomes without using a Dounce homogenizer and 

ultracentrifugation. Although fractionation has long been utilized to 

separate lysosomes, this technique does not delineate between 

lysosomes and other membrane-bound organelles, including 

peroxisomes and mitochondria, meaning that the analysis of the fraction 

is misleading. 
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4.4 Results  

4.4.1 Manipulating miR-31 alters the intracellular accumulation of 

cisplatin in PDAC cell lines. 

One of the main challenges of cisplatin therapy in cancer is the uptake of 

the chemotherapeutic agent across the plasma membrane into the cell. 

Therefore, the concentration of Pt195 (considered the most abundant 

isotope of platinum) was assessed in the miR-31 manipulated BxPC-3 and 

Panc-1 cell lines to establish a potential mechanism underpinning miR-

31-mediated cisplatin resistance. No differences in Pt195 levels were 

found in the supernatants of cisplatin-treated cells (Figure 

4.1). Interestingly, the intracellular level of Pt195 was increased but only 

approached statistical significance in BxPC-3 miR-31 cells compared to its 

miR-VC equivalent (Figure 4.2A). A reduction in Pt195 but no statistically 

significant difference was observed intracellularly in Panc-1 Zip-miR-31 

cells compared to its Zip-miR-VC equivalent (Figure 4.2B). These results 

suggest that despite miR-31 promoting cisplatin resistance, the resistant 

population of cells surprisingly had a greater concentration of cisplatin 

within them; however, no statistical significance was observed. The 

assimilation of cisplatin into the cells was thought to occur by passive 

diffusion; however recent studies reveal the significant role of specific 

membrane transporters, such as the copper transporter CTR1 for the 

uptake and ATP7A/B for the export of platinum-based drugs, including 

cisplatin. Moreover, previous studies have associated the importance of 

these influx and efflux pumps in chemo-resistance in various cancer 

types. However, there were no statistically significant differences in the 

expression of CTR1 in either miR-31 manipulated BxPC-3 or Panc-1 cell 

lines (Figure 4.3). Additionally, no statistically significant differences 

were displayed in ATP7A/ATP7B expression (Figures 4.4 & 

4.5). Although, there appeared to be a trend toward increased 

expression of ATP7B in BxPC-3 miR-31 cells (p = 0.0876) and decreased 

expression of ATP7B in Panc-1 Zip-miR-31 cells (p = 0.0873) 
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Figure 4.1 Supernatant cisplatin content is unaltered with miR-31 
manipulation in PDAC cell lines. ICP-MS analysis of supernatant from 
cells treated with 50 µM cisplatin for 24 h. (A) No significant changes in 
platinum (Pt195) were observed in the supernatants of BxPC-3 miR-31 cells 
compared to the miR-VC equivalent. (B) No significant differences in 
platinum (Pt195) were observed in the supernatants of Panc-1 Zip-miR-31 
cells compared to the Zip-miR-VC equivalent Data presented as the ± 
SEM. A two-tailed paired t.test was applied for statistical analysis (n =3). 
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Figure 4.2 Intracellular cisplatin content is unaltered with miR-31 
manipulation in PDAC cell lines. ICP-MS analysis of cells treated with 50 
µM cisplatin for 24 h. (A) A trend displayed increased platinum (Pt195) 
levels in BxPC-3 miR-31 cells compared to the miR-VC equivalent, 
although no significant differences were observed. (B) There is a trend 
toward decreased levels of Pt195 in Panc-1 Zip-miR-31 cells compared to 
the Zip-miR-VC equivalent, although no significant differences were 
observed. Data presented as the ± SEM. A two-tailed paired t.test was 
applied for statistical analysis (n =3). 
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(A) 

(B) 

Figure 4.3 Manipulating miR-31 in PDAC cell lines does not significantly 
alter the expression of drug influx transporter CTR1. Representative 
western blot illustrates the drug influx transporter copper transporter 1 
(CTR1) expression to be (A) not altered by miR-31 overexpression in BxPC-
3 cells, and (B) not altered by miR-31 suppression in Panc-1 cells. 
Densitometry analysis was applied displaying the relative intensity of 
CTR1 expression. Data are presented as the mean ± SEM. BxPC-3 miR-
VC/Panc-1 Zip-miR-VC is utilised as the relative control and is set to 1, as 
such no error is associated. A one-sampled t.test was applied for 
statistical analysis (n =3). 

.   
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Figure 4.4 Manipulating miR-31 in BxPC-3 cells does not significantly 
alter the expression of drug efflux transporters ATP7A and ATP7B. 
Representative western blot illustrates no alterations between the drug 
efflux transporters ATP7A and ATP7B by miR-31 overexpression in BxPC-
3 cells. Densitometry analysis was applied displaying the relative intensity 
of ATP7A and ATP7B expression. Data are presented as the mean ± SEM. 
BxPC-3 miR-VC is utilised as the relative control and is set to 1, as such no 
error is associated. A one-sampled t.test was applied for statistical 
analysis (n =3). 
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Figure 4.5 Manipulating miR-31 in Panc-1 cells does not significantly 
alter the expression of drug efflux transporters ATP7A and ATP7B. 
Representative western blot illustrates no alterations between the drug 
efflux transporters ATP7A and ATP7B by miR-31 suppression in Panc-1 
cells. Densitometry analysis was applied displaying the relative intensity 
of ATP7A and ATP7B expression. Data are presented as the mean ± SEM. 
Panc-1 Zip-miR-VC is utilised as the relative control and is set to 1, as such 
no error is associated. A one-sampled t.test was applied for statistical 
analysis (n =3). 
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could potentially promote cisplatin resistance in BxPC-3 cells and 

enhance cisplatin sensitivity in Panc-1 cells. Still, it does not explain the 

modest increased levels (yet not significant) of Pt195 found in the more 

resistant cells. To this end, Pt195 levels within the cytoplasmic and nuclear 

compartments were assessed independently post-cisplatin treatment. 

4.4.2 Manipulating miR-31 alters the nuclear accumulation of cisplatin in 

PDAC cell lines. 

Further investigation was needed to resolve how miR-31 expressing cells 

(BxPC-3 miR-31 & Panc-1 Zip-miR-VC cells) displayed cisplatin resistance 

in defiance of a modest increase (but not significant) in the levels of 

intracellular cisplatin as measured by Pt195. Therefore, both the 

cytoplasmic and nuclear compartments were separated from cells, and 

ICP-MS post-cisplatin-treatment measured levels of Pt195 to determine if 

there was a discrepancy in the accumulation of Pt195 within the nuclear 

region, where it carries out its function by promoting cross-linkage 

damage. ICP-MS analysis displayed a statistically significant increase of 

Pt195 within the cytoplasmic compartment in our BxPC-3 miR-31 cells 

(Figure 4.6A). Nevertheless, a statistically significant reduction of Pt195 

found in the nuclear case in BxPC-3 miR-31 cells could potentially explain 

the cisplatin-resistant phenotype observed here (Figure 4.7A). 

Conversely, the opposite trend was observed within our Panc-1 miR-31 

suppressed cells, although no statistical significance was found (Figures 

4.6B & 4.7B). This data strongly imply that the increased cisplatin 

resistance observed upon miR-31 expression is likely due to the altered 

sequestration and trafficking of drugs to the nucleus.   

4.4.3 Manipulating miR-31 alters DNA damage induction and repair post 

cisplatin treatment. 

To confirm if miR-31 altered levels of cisplatin within the nucleus, the 

influence of miR-31 on DNA damage induction was measured by 

investigating levels of phospho-histone H2A.X.  
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Figure 4.6 Cytoplasmic cisplatin content is altered with miR-31 
manipulation in PDAC cell lines. ICP-MS analysis of the cytoplasmic 
compartment of cells treated with 50 µM cisplatin for 24 h. (A) There is a 
significant (* p = 0.0384) increase in levels of platinum (Pt195) in BxPC-3 
miR-31 cells compared to the miR-VC equivalent. (B) There is a trend 
toward decreased levels of Pt195 in Panc-1 Zip-miR-31 cells compared to 
the Zip-miR-VC equivalent. Data presented as the ± SEM. A two-tailed 
paired t.test was applied for statistical analysis (n =3). 
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Figure 4.7 Nuclear cisplatin content is altered with miR-31 manipulation 
in PDAC cell lines. ICP-MS analysis of the nuclear compartment of cells 
treated with 50 µM cisplatin for 24 h. (A) There is a significant (* p = 
0.0206) decrease in levels of platinum (Pt195) in BxPC-3 miR-31 cells 
compared to the miR-VC equivalent. (B) There is a trend towards 
increased levels of Pt195 in Panc-1 Zip-miR-31 cells compared to the Zip-
miR-VC equivalent. Data presented as the ± SEM. A two-tailed paired 
t.test was applied for statistical analysis (n =3). 
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(gamma-H2A.X), a marker of double-strand breaks (DSBs) and is 

associated with cell death. In response to cisplatin, it was found that 

BxPC-3 miR-31 cells reduced gamma-H2A.X levels compared to their miR-

VC equivalent (Figure 4.8), while Panc-1 Zip-miR-31 cells increased 

gamma-H2A.X levels compared to their Zip-miR-VC equivalent (Figure 

4.9). The loss of gamma-H2A.X is generally consistent with DNA repair 

and is a vital survival mechanism that is likely to play a role in the cisplatin 

resistance of miR-31 abundant cells. Although, low gamma-H2A.X levels 

may also indicate either alteration in cisplatin detoxification or the 

inadequacy of cisplatin being transported into the nucleus, thus resulting 

in fewer DSBs.  

4.4.4 Cell cycle checkpoint operation in miR-31 manipulated PDAC models. 

The effect of cisplatin on cell cycle distribution in miR-31 manipulated 

BxPC-3 cells was assessed by PI staining and flow cytometry to investigate 

any alterations in cell cycle checkpoint operation. It is well established 

that cell cycle analysis is associated with chemoresistance. A trend 

indicated that the BxPC-3 cisplatin-resistant cells accumulated in the S-

phase at all time points post-cisplatin treatment (Figure 4.10). Because 

no statistical analysis was performed, further investigation into the cell 

cycle is required to determine if the cell cycle plays a role in either miR-

31 promoting cisplatin resistance or supporting the delay of cisplatin 

enhancing cellular sensitivity.  

4.4.5 Oxidant and antioxidant levels in miR-31 manipulated PDAC models. 

It is well established that differences in oxidants and antioxidant levels 

have been associated with chemo-resistance and detoxification of 

platinum-based drugs. Therefore, to prove whether oxidant and 

antioxidant levels contributed to cisplatin resistance in our miR-31 

manipulated models, hydrogen peroxide generation which is considered 

the primary type of reactive oxygen species (ROS), and total glutathione 

(GSH) levels were assessed. There were 
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Beta-actin (42 kDa) 

Gamma-H2A.X (15 kDa) 

Figure 4.8 Overexpressing miR-31 in BxPC-3 cells correlates to 
reduced gamma-H2A.X levels. Representative western blot time 
course and densitometry analysis for gamma-H2A.X as a marker of 
DNA damage with cisplatin (Cis) treatment in BxPC-3 miR-31 cells 
compared to the miR-VC equivalent. Cells were treated with 7.84 µM 
Cis for 24 h. Interestingly, levels of gamma-H2A.X were reduced but 
no significant differences were observed post-cisplatin treatment. 
Data are represented as the mean ± SEM. Two-way ANOVA with 
Tukey's post-hoc test was adopted for statistical analysis (n = 3). 
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Gamma-H2A.X (15 kDa) 

Beta-actin (42 kDa) 

Figure 4.9 Suppressing miR-31 in Panc-1 cells correlates to 
increased gamma-H2A.X levels. Representative western blot time 
course and densitometry analysis for gamma-H2A.X as a marker of 
DNA damage with cisplatin (Cis) treatment in Panc-1 Zip-miR-31 
cells compared to the Zip-miR-VC equivalent. Cells were treated 
with 13.8 µM Cis for 24 h. Interestingly, levels of gamma-H2A.X 
were increased but no significant differences were observed post-
cisplatin treatment. Data are represented as the mean ± SEM. Two-
way ANOVA with Tukey's post-hoc test was adopted for statistical 
analysis (n = 3). 
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Figure 4.10 Overexpressing miR-31 may induce S-Phase arrest in BxPC-
3 cells post-cisplatin treatment. The effect of cisplatin treatment on the 
cell cycle distribution of BxPC-3 miR-VC and miR-31 cells was investigated 
at 24 h, 48 h, and 72 h post cisplatin treatment. Cells were treated with 
7.84 µM cisplatin for 24 h.  The analysis of cell cycle was completed n = 
2, therefore, statistics was not applied. Data are represented as the mean 
± SEM. 
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Figure 4.10 Overexpressing miR-31 may induce S-Phase arrest in BxPC-3 
cells post-cisplatin treatment continued. The effect of cisplatin 
treatment on the cell cycle distribution of BxPC-3 miR-VC and miR-31 cells 
was investigated at 24 h, 48 h, and 72 h post cisplatin treatment. Cells 
were treated with 7.84 µM cisplatin for 24 h.  The analysis of cell cycle 
was completed n = 2, therefore, statistics was not applied. Data are 
represented as the mean ± SEM. 
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no statistically significant differences in ROS levels were found between 

cisplatin-treated cells and untreated cells in BxPC-3 cells (Figure 4.11A) 

and Panc-1 cells (Figure 4.12A). Similarly, there were no significant 

changes in total GSH levels in BxPC-3 cells (Figure 4.11B) and Panc-1 cells 

(Figure 4.12B). This data suggests that miR-31 promotes cisplatin 

resistance mainly independent of ROS and GSH biology.  

4.4.6 Correlation between miR-31 and lysosomal pH for regulating 

cisplatin resistance. 

Lysosomes are acidic organelles and generally show a pH of 4.5 - 5.5 

achieved by a membrane V-ATPase pump and play many vital roles, 

including multidrug resistance. Interestingly, it was found that 

overexpressing miR-31 in BxPC-3 cells, without any treatment, 

significantly increased pHLys when compared to its miR-VC equivalent 

(Figure 4.13A). Additionally, a reduction in pHLys was displayed while 

suppressing miR-31 in Panc-1 cells, but no statistically significant 

differences were observed (Figure 4.13B). One possible explanation is 

that miR-31 expressing PDAC cells may present fewer V-ATPases on the 

lysosomal membrane, reducing lysosomal acidification. 

Bafilomycin A1 (BA1) is a frequently used inhibitor of lysosomal function 

by blocking the V-ATPase pumps found on the lysosomal membrane. BA1 

prevents lysosomal acidification and consequently increases pHLys and 

has been demonstrated to promote cisplatin resistance. We propose that 

BA1 treatment would offer protection in PDAC cell lines against cisplatin 

by increasing pHLys. It was found that treating with BA1 and cisplatin 

separately or in combination increased pHLys in BxPC-3 miR-31 cells 

compared to its miR-VC equivalent (Figure 4.15A). However, treating 

with BA1 increased cisplatin sensitivity rather than resistance as 

expected, thus displaying a synergistic relationship, especially in miR-31 

expressing cells (Figure 4.15B). Additionally, BA1 treatment increased 

cisplatin sensitivity in Panc-1 Zip-miR-31 cells  
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Figure 4.11 Overexpressing miR-31 in BcPC-3 cells does not alter 
reactive oxygen species or glutathione generation post-cisplatin 
treatment. BxPC-3 cells were treated with 7.84 µM cisplatin for 24 h. (A) 
Reactive oxygen species (ROS) was assessed 24 h post cisplatin treatment. 
(B) Glutathione (GSH) was assessed 24 h post cisplatin treatment. No 
significant differences were observed in all cell lines, suggesting that ROS 
and GSH generation play no role in miR-31 modulating cisplatin 
resistance. Data are presented as the mean ± SEM. A two-tailed paired 
t.test was applied for statistical analysis (n = 3). 
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(A) 

(B) 

Figure 4.12 Suppressing miR-31 in Panc-1 cells does not alter reactive 
oxygen species or glutathione generation post-cisplatin treatment. 
Panc-1 cells were treated with 13.8 µM cisplatin for 24 h. (A) Reactive 
oxygen species (ROS) was assessed 24 h post cisplatin treatment. (B) 
Glutathione (GSH) was assessed 24 h post cisplatin treatment. Similar ROS 
and GSH levels were observed in all cell lines, suggesting that ROS and 
GSH generation play no role in miR-31 modulating cisplatin resistance. 
Data are presented as the mean ± SEM. A two-tailed paired t.test was 
applied for statistical analysis (n = 3). 
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(A) 

(B) 

Figure 4.13 Manipulating miR-31 alters lysosomal mass/pH in PDAC cell 
lines. (A) Overexpressing miR-31 in BxPC-3 cells significantly increases 
lysosomal mass/pH in untreated cells (* p = 0.0123), bafilomycin A1 (BA1) 
treated cells (**** p < 0.0001), cisplatin-treated cells (* p = 0.0282), and 
BA1 with cisplatin-treated cells (*** p = 0.0006). (B) Suppressing miR-31 
in Panc-1 cells displayed no significant differences in lysosomal mass/pH. 
Cells were pre-treated with 10 nM BA1 for 48 hours, followed by IC50 

doses of cisplatin for the last 24 h. Data are presented as the mean ± SEM. 
A Two-way ANOVA was applied for statistical analysis (n = 3). 

 



 

163 
 

 

 

 

Figure 4.14 Overexpressing miR-31 increases lysosomal pH in BxPC-3 
cells. Immunofluorescent images showing lysosomal mass/pH staining 
(red) in BxPC-3 untreated, bafilomycin A1 (BA1), cisplatin-treated (Cis), 
and BA1 & Cis treated cells. MiR-31 displayed an increase in lysosomal 
mass/pH in all treatment conditions. Nuclei (blue) were stained with 
DAPI. Cells were pre-treated with 10 nM BA1 for 48 hours, followed by 
IC50 doses of cisplatin the last 24 h. 
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(A) 

(B) 

Figure 4.15 Bafilomycin A1 enhances cisplatin sensitivity in PDAC cell 
lines. (A) Overexpressing miR-31 in BxPC-3 cells significantly increases 
lysosomal mass/pH in untreated cells (* p = 0.0123), bafilomycin A1 
(BA1) treated cells (**** p < 0.0001), cisplatin-treated cells (* p = 
0.0282), and BA1 with cisplatin-treated cells (*** p = 0.0006). (B) 
Suppressing miR-31 in Panc-1 cells displayed no significant differences 
in lysosomal mass/pH. Cells were pre-treated with 10 nM BA1 for 48 
hours, followed by IC50 doses of cisplatin for the last 24 h. Data are 
presented as the mean ± SEM. A Two-way ANOVA was applied for 
statistical analysis (n = 3). 
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compared to its Zip-miR-VC equivalent, where the Zip-miR-VC cells 

displayed more cell death when compared to the cells treated with 

cisplatin alone (Figure 4.15). These results suggest that increasing pHLys 

using the V-ATPase inhibitor BA1 does not protect cells against cisplatin 

in PDAC cell lines but significantly enhances cisplatin sensitivity, 

particularly in miR-31 expressing cells, which is likely caused by another 

mechanism that is not associated with lysosomal acidification. 

Nevertheless, miR-31 could be related to cisplatin resistance by altering 

lysosomal acidification in BxPC-3 cells.  

4.4.7 Manipulating miR-31 alters the lysosomal-bound transporter 

ABCB9.  

An association between miR-31 and the lysosomal-bound transporter 

ABCB9 was previously established in NSCLC. Here, overexpressing miR-31 

in BxPC-3 cells upregulated ABCB9 at the protein level, although no 

statistically significant reduction was observed upon suppressing miR-31 

in Panc-1 cells (Figure 4.16). To establish whether an increase in 

lysosomal quantity may account for the change in ABCB9, the expression 

of the lysosomal marker LAMP-1 was assessed. No statistically significant 

differences in LAMP-1 expression were observed, supporting a specific 

upregulating of the ABCB9 transporter rather than changes in lysosomal 

numbers (Figure 4.17).  

4.4.8 Overexpressing miR-31 does not alter the lysosomal packaging of 

Pt195 by increasing ABCB9.  

One common route by which cells can traffic cytotoxic drugs, including 

cisplatin, away from the nucleus is packaging into intracellular vesicles 

such as lysosomes. Because the lysosomal drug transporter, ABCB9, was 

significantly greater in miR-31 overexpressed BxPC-3 cells compared to 

its miR-VC equivalent, both cell types were treated with cisplatin for 24 

h, and the lysosomes were isolated to determine if more Pt195 were 

packaged within the lysosomes. 
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Figure 4.16 Manipulating miR-31 in PDAC cell lines does not 
significantly alter the expression of LAMP1. (A) Representative 
western blot illustrating a moderate reduction in lysosomal density 
as assessed by LAMP1 when miR-31 was overexpressing in BxPC-3 
cells. (B) Representative western blot illustrating a moderate 
increase in lysosomal density as assessed by LAMP1 when miR-31 
was suppressed in Panc-1 cells. Densitometry analysis was applied, 
displaying the relative intensity of ABCB9 expression. Data are 
presented as the mean ± SEM. BxPC-3 miR-VC/Panc-1 Zip-miR-VC is 
utilised as the relative control and is set to 1; no error is associated. 
A one-sampled t.test was applied for statistical analysis (n = 3). 

(A) 

(B) 
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Figure 4.17 Overexpressing mi3-31 significantly increases the lysosomal 
drug transporter ABCB9. (A) Representative western blot (n = 4) 
illustrating a significant increase in ABCB9 expression with miR-31 
overexpression in BxPC-3 cells (* p = 0.0181). (B) Representative western 
blot (n = 3) illustrating a modest reduction of ABCB9 expression with miR-
31 suppression in Panc-1 cells. Densitometry analysis was applied, 
displaying the relative intensity of ABCB9 expression. Data are presented 
as the mean ± SEM. BxPC-3 miR-VC/Panc-1 Zip-miR-VC is utilised as the 
relative control and is set to 1; no error is associated. A one-sampled t.test 
was applied for statistical analysis.  
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Surprisingly, ICP-MS analysis displayed a 0.57 ppb ± 0.15 ppb decrease in 

Pt195 concentration, but no statically significant differences were 

observed between the lysosomal compartments of the two cell types 

(Figure 4.18). Indicating that despite miR-31 overexpressed BxPC-3 cells 

displaying an increase in ABCB9 levels, the lysosomal packaging of Pt195 

remains unaltered.  

4.4.9 Manipulating miR-31 alters the trafficking of cisplatin to the nucleus 

via ATOX1.  

Emerging evidence has revealed that copper-transport proteins play a 

crucial role in cisplatin activity, including the metal chaperone ATOX1, 

which binds via its conserved metal-binding motif. Interestingly, ATOX1 

has been associated with cisplatin transportation across the cell and the 

nucleus, potentially contributing to the regulation of cisplatin 

accumulation. In Silico analysis displayed, ATOX1 is a predictive target of 

miR-31-3p (Figure 4.19A). To investigate whether miR-31 altered ATOX1 

levels, basal ATOX1 was assessed at the protein level in the miR-31 

manipulated PDAC models. It was found that overexpressing miR-31 in 

BxPC-3 cells significantly reduced ATOX1 levels while suppressing miR-31 

in Panc-1 cells significantly increased ATOX1 levels (Figure 4.19B & 

4.19C). 
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Figure 4.18 Overexpressing miR-31 in BxPC-3 cells does not affect the 
platinum content of the lysosomal region. ICP-MS of lysosomal isolation 
following 50 µM cisplatin treatment for 24 h displayed a trend towards a 
decrease in platinum (Pt195) with miR-31 overexpressed BxPC-3 cells. Data 
are presented as the mean ± SEM. A two-tailed paired t.test was applied 
for statistical analysis (n = 3).  
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(A) 

(B) 

(C) 

Figure 4.19 Manipulating miR-31 in PDAC cells alters the expression of 
ATOX1. (A) The communications between ATOX1 transcripts with miR-
31-3p recognition sites. (B) Overexpressing miR-31 in BxPC-3 cells 
significantly reduced ATOX1 levels compared to its vector control 
equivalent (* p = 0.0221). (C) Suppressing miR-31 in Panc-1 cells 
significantly increased ATOX1 levels compared to its vector control 
equivalent (* p = 0.0396). Data are expressed as the mean ± SEM and was 
analysed by a two-tailed paired t.test (n = 5). 
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4.5 Discussion  

Cisplatin is one of the most used chemotherapeutic agents in treating 

patients with various types of cancer, including ovarian, lung, and breast 

cancer [317]. It is estimated that up to 80% of all cancer patients 

undergoing chemotherapy will receive cisplatin, representing an essential 

cancer treatment regimen [317]. Additionally, cisplatin is considered the 

last option for treating patients with PDAC and is frequently used to treat 

advanced or metastatic disease, particularly for patients who present 

with BRAC1/2 or PALB mutations [318]. However, cisplatin resistance 

remains a significant challenge in cancer, especially PDAC. Therefore, it is 

vital to understand the molecular mechanisms underlying cellular 

cisplatin resistance. 

In the previous chapter, it was observed that miR-31 expressing cells 

increased resistance to platinum-based chemotherapeutics, particularly 

cisplatin. This chapter aimed to explore how miR-31 potentially 

modulated cisplatin resistance and examined the differences in the 

trafficking of cisplatin to the nucleus of the cell. 

With the potential accumulation of Pt195 in miR-31 expressing cells, the 

cellular flux of chemotherapeutics was investigated. It is well established 

that copper membrane-bound transporters are essential mediators for 

the cellular uptake and efflux of platinum-based agents such as cisplatin 

[308-311]. Reduced influx or increased efflux is associated with 

decreased intracellular accumulation. In this study, it was found no 

changes in influx transporter CTR1 or efflux transporters ATP7A and 

ATP7B, suggesting that miR-31 promotes cisplatin resistance 

independent of copper transporters. In contrast with the results 

established here, Feng et al. [319] demonstrated that miR-130a reduced 

CTR1 levels and influenced cisplatin resistance in cervical cancer cells. A 

recent study evaluated the relationship between CTR1 expression and 

intratumoral tissue platinum concentrations from NSCLC specimens and 

found that undetectable CTR1 expression was linked to reduced platinum 
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concentrations. Despite showing no significant differences, it was shown 

here that CTR1 appeared to be increased in miR-31 expressing cells, 

which may explain, at least to some degree, the increase in Pt195 

concentrations found within the cell. However, it would not explain the 

role of miR-31 in promoting cisplatin resistance in PDAC cells. 

Interestingly, Eljack et al. [320] revealed that cisplatin could passively 

diffuse across a lipid bilayer but only in high chloride concentrations in 

the surrounding medium, suggesting that chloride ions play a role in the 

cellular accumulation of cisplatin.  

Although not explored in this study, CTR2 has also been linked to cisplatin 

resistance, although CTR2 plays an opposing role compared to CTR1 and 

functions as an efflux transporter [321]. Higher CTR2 levels have been 

linked to cisplatin resistance in ovarian cancer cell lines [322]. 

Additionally, recent studies have indicated that CTR2 can induce CTR1 

cleavage, resulting in a reduced influx of cisplatin [323, 324].  

The export of cisplatin is achieved by the copper-transporting ATPases 

ATP7A and ATP7B, which can be found on the plasma membrane and are 

located on the trans-Golgi network, therefore, regulating the cellular 

efflux of cisplatin [307, 311]. Wang et al. [325] showed that miR-133a 

reduced ATP7B levels and enhanced cisplatin sensitivity in larynx 

carcinoma cells. A previous study demonstrated that miR-495 inhibited 

cisplatin resistance in oesophageal cancer cells by lowering ATP7A 

expression [326]. Although in this study, it was shown that miR-31 

manipulation in PDAC cells does not significantly alter ATP7A and ATP7B.  

Drug detoxification is vital in regulating drug resistance and is primarily 

achieved by antioxidants. Glutathione (GSH) is a common antioxidant 

found in all human cells and has been strongly associated with cisplatin 

resistance by sequestration [87, 89]. Because it was shown that miR-31-

expressing cells increased cisplatin resistance, a trend toward the 

increased cellular accumulation of cisplatin was observed. Therefore, we 

proposed that miR-31 will likely increase drug detoxification and 
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sequestration by increasing GSH levels. Although, it was found that miR-

31 did not alter GSH levels, indicating that antioxidants, particularly GSH, 

do not play a role in modulating cisplatin resistance in PDAC cells.  

The primary target of cisplatin is genomic DNA which results in DNA 

adducts, consequently stalling replication. Generally, the DNA damage 

response is activated due to cisplatin-induced DNA damage. Therefore, 

levels of Pt195 were assessed in the cytoplasmic and nuclear 

compartments. Overexpressing miR-31 in BxPC-3 cells displayed a 

significant increase of Pt195 in the cytoplasmic compartment and a 

significant reduction of Pt195 in the nuclear compartment. Whereas 

suppressing miR-31 in Panc-1 cells showed the opposite trend. This 

suggests that the increased resistance to cisplatin following miR-31 

overexpression is likely due to the altered trafficking of drugs to the 

nucleus. This was supported by changes observed in the induction of DNA 

damage, as measured by gamma-H2A.X. 

With the decrease in DNA damage induction upon miR-31 

overexpression, it was essential to analyse whether this was a platinum-

based therapy-specific response. In clinical practice, 5-FU is an anti-

metabolite drug frequently used to treat patients with PDAC. Although 

not assessed here, it is likely that suppressing miR-31 reduces DNA 

damage levels post-5-FU treatment because of the resistant phenotype. 

This would suggest two points. Firstly, that miR-31 is likely to regulate a 

pathway specific to cisplatin due to differences in DNA damage from the 

different drugs. Accumulation differences were previously observed in 

Lanzi et al. [327], resulting in decreased DNA platination, contributing to 

cisplatin resistance in ovarian cancer cells. Secondly, miR-31 will likely 

increase 5-FU sensitivity by increasing DNA damage repair, although 

more work is needed to prove this. Interestingly, Lynam-Lennon et al. 

[320] demonstrated that miR-31 overexpression regulated the number of 

DNA damage repair genes in OAC cell lines and thus may be a potential 
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route for future investigation when assessing anti-metabolite treatment 

in PDAC.   

Cells can sequester cytotoxic drugs away from the nucleus by packaging 

them into intracellular vesicles, such as lysosomes which have been 

reported to be crucial in altering chemo-resistance [313-315]. One 

previous study showed that restoring miR-194 expression sensitized cells 

to drug treatment by down-regulating LAMP2 in metastatic renal cell 

carcinoma [329]. In this study, it was found that the lysosomal burden 

does not alter cisplatin sensitivity while manipulating miR-31. Moreover, 

the lysosomal-bound drug transporter ABCB9 has been associated with 

cisplatin resistance by manipulating miR-31 expression [330]. Therefore, 

prompting the investigation of whether miR-31 may alter ABCB9 

expression, consequently regulating cisplatin transport across the 

lysosomal membrane. Here it was found that overexpressing miR-31 

displayed a significant increase in ABCB9 expression, establishing one 

possible mechanism for how miR-31 promotes cisplatin resistance in 

PDAC cells. Theoretically, an increased ABCB9 expression would mean 

more cisplatin accumulates within the lysosomes. However, ICP-MS 

analysis revealed that Pt195 levels remained unaltered within the 

lysosomal compartment of miR-31 overexpressed cells, despite increased 

ABCB9 expression. This implies that ABCB9 upregulation does not 

contribute to the specific pathway mediated by miR-31 to enhance PDAC 

chemo-resistance. Furthermore, lysosomal compartments are acidic, 

achieved by the membrane V-ATPase pumps. A previous study identified 

a linear relationship between increased lysosomal pH (pHLys) and cisplatin 

resistance in head and neck squamous cell carcinoma cell lines [331]. 

Moreover, Chauhan et al. [332] found an increase in pHLys within a 

cisplatin-resistant derived human epidermoid carcinoma cell line. 

Interestingly, it was found that overexpressing miR-31 significantly 

increased pHLys. One possible explanation is that miR-31 expressing cells 

may present fewer V-ATPase pumps on the lysosomal membrane, 
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increasing the pHLys. Bafilomycin A1 (BA1) is a frequently used inhibitor of 

lysosomal function by blocking the V-ATPase pumps [333]. BA1 prevents 

lysosomal acidification as fewer protons can enter the lysosomal 

compartment. Treating cisplatin-sensitive cells with BA1 has been 

previously shown to mimic cisplatin-resistant cells' behaviour [332]. 

Furthermore, Nilsson et al. [331] found that BA1 pre-treatment protects 

against cell death caused by cisplatin, supporting that the pHLys are of 

importance to the cellular sensitivity to cisplatin. Therefore, it is proposed 

that BA1 treatment would offer protection in PDAC cell lines against 

cisplatin by increasing pHLys. In this study, it was found that treating cells 

with BA1 and cisplatin increased pHLys in miR-31 expressing cells. 

However, here it showed increased cisplatin sensitivity rather than its 

resistance, as expected.  

The question remains as to how miR-31 can regulate the trafficking of 

cisplatin to the nuclear compartment in PDAC cells. Astoundingly, 

research focussing on nuclear trafficking and the transport of 

chemotherapy remains poorly understood. Antioxidant 1 (ATOX1) was 

identified as the first copper chaperone and plays a significant role in 

copper transportation to the nucleus [334]. Interestingly, copper and 

cisplatin share the same binding motif found on ATOX1. Our results show 

that miR-31 expressing cells significantly reduced ATOX1 expression in 

PDAC cells. Therefore, promoting the investigation if ATOX1 is 

responsible for the trafficking of cisplatin to the nucleus and regulating 

resistance to treatment.   

This chapter has uncovered a potentially novel mechanism behind miR-

31-mediated cisplatin resistance in PDAC, potentially mediated via the 

modulation of the copper transporter, ATOX1. Therefore, to further 

investigate the significance of the contribution of ATOX1 to PDAC 

resistance, in the next chapter, ATOX1 was independently expressed to 

evaluate its contribution to the miR-31-mediated cisplatin-resistant 

phenotype.  
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Chapter Four  

Part II 

ATOX1 modulates cisplatin sensitivity 

in PDAC. 
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4.6 Introduction  

The redox catalyst, copper (Cu), is an essential micronutrient for the 

human cell, despite displaying lower concentrations than other metals 

such as sodium and potassium within the human body [335]. Due to the 

limited amount of Cu that organisms receive in their diet, cells face the 

challenge of distributing Cu where it is needed to ensure the activity of 

Cu-dependent proteins for their function. Cu is a cofactor for numerous 

redox enzymes, including Cu and Zinc dismutase, tyrosinase, and 

cytochrome c oxidase [335, 336]. It is essential in mitochondrial 

metabolism, cell proliferation, and antioxidant defense [335, 336]. 

Regulating Cu within the body is necessary, where low levels have been 

linked to neurological diseases, including Alzheimer’s, and Parkinson’s 

[337]. Higher Cu levels are equally detrimental by degrading 

macromolecules, including proteins, lipids, and DNA. Nonetheless, 

accumulated Cu can be detoxified by high amounts of glutathione (GSH) 

and metallothioneins [338]. It Is not surprising that Cu is fundamental for 

at least three characteristic phenomena involved in cancer: proliferative 

immortality, angiogenesis, and metastasis [339]. Elevated Cu 

concentrations have been previously reported in the serum or tumours 

of patients with many cancer types, such as breast, lung, gastrointestinal, 

and prostate cancers [339, 340]. Cu concentrations were significantly 

increased in the serum of patients with pancreatic cancer and potentially 

present as a marker for pancreatic cancer and possible development 

[341]. 

The antioxidant protein 1 (ATOX1) is a small metal-binding protein with a 

predicted molecular weight of 7 kDa, found in the cytosolic and nuclear 

regions and has an 85% sequence identity in mammalian species and is 

highly conserved amongst eukaryotic cells [342]. CopZ, a known 

orthologue of ATOX1, was identified in bacteria. ATOX1 is considered a 

vital cytosolic metallochaperone in human cells [343]. ATOX1 was 

identified as the first copper chaperone; it receives Cu from the CTR1 
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influx transporters and delivers it to the ATP7A and ATP7B efflux 

transporters found on the trans-Golgi network, thus playing a significant 

role in Cu transportation and Cu homeostasis. It is well established that 

ATOX1 is associated with altering oxidative stress via antioxidant 

function. One recent study revealed overexpressing ATOX1 protected 

neuronal cells against hydrogen peroxide treatment by reducing cellular 

ROS levels [344]. It is thought that ATOX1 regulates antioxidant function 

by supplying Cu cofactors to Cu-dependent enzymes that participate in 

antioxidant defense [342]. Moreover, recent evidence revealed that 

ATOX1 is upregulated in breast, colorectal, uterus, and liver tumours, 

where patients with high ATOX1 levels are at higher risk of metastasis 

than those with low ATOX1 levels [345].  

Platinum (Pt)-based anti-tumour agents, such as cisplatin, have been 

used to treat various cancer types and, alongside gemcitabine, including 

PDAC [64]. The cytotoxic target of these drugs is DNA, which induces 

platinum-DNA adducts, affecting DNA replication and promoting cell 

death or apoptosis. However, cisplatin resistance remains a significant 

challenge in anti-cancer therapy [346]. One of the predominant 

characteristics of cellular resistance to cisplatin is the reduced drug 

accumulation in the nucleus. It is thought that only 1% of cisplatin reaches 

the nucleus, where it is needed to carry out its function [347]. 

Consequently, fewer platinum-DNA adducts are formed, resulting in 

cancer-cell survival. Therefore, a better understanding of Pt-based drugs 

by Pt-trafficking proteins may help address challenging issues, such as 

drug availability to the cancer cell’s nuclei and altering chemosensitivity.   

Interestingly, substantial evidence indicates that the mechanism of 

cisplatin transport into the cells and its distribution to different cellular 

compartments involves copper transporters, at least to some degree. Like 

Cu, cisplatin can enter or leave the cell via CTR1 and ATP7A/B, 

respectively [306]. Moreover, it has been revealed that cisplatin can bind 

to the metal-binding site of ATOX1 [348]. Initially, it was thought that Cu 
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was unnecessary because cisplatin could still bind to ATOX1 in its 

absence. However, recent research revealed that the presence of Cu 

helps attract cisplatin to ATOX1, which potentially explains why cisplatin 

favours the Cu transport system over other modes of transport [349]. 

Recently, it has been reported that Cu accumulation was observed within 

the nuclei in cells with high levels of ATOX1 compared to cells that lack 

ATOX1, suggesting a role of ATOX1 in transporting Cu to the cell nuclei 

[350]. But if ATOX1 plays a part in transporting cisplatin to the nucleus 

remains poorly understood. Furthermore, it has previously been shown 

that ATOX1 functions as a novel transcription factor. Once activated by 

Cu, it undergoes nuclear translocation, which alters cell proliferation by 

targeting the cis-element of the cyclin D1 promoter [334]. Thus, nuclear 

ATOX1 may be positively correlated with the proliferation rates of cells. 

However, Kahra et al. [351] supported that ATOX1 was translocated to 

the nucleus but played no role in DNA binding. It appears that ATOX1 

mediates transcriptional regulation via unknown proteins.  

Therefore, if cisplatin displays a similar mode of transport, it is worth 

investigating if altering ATOX1 influences transporting cisplatin to the 

cell’s nucleus, thus presenting a therapeutic target for altering 

chemosensitivity.  

This chapter, therefore, aims to clarify the relationship between ATOX1 

and resistance to cisplatin within PDAC cell lines; this is to be done 

independently of miR-31.  
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4.7 Rationale, Aims, and Objectives  

The metallochaperone ATOX1 is downregulated upon miR-31 

overexpression and upregulated upon miR-31 suppression in BxPC-3 and 

Panc-1 cell lines. The downregulation of ATOX1 in association with 

increased expression of miR-31 suggests that PDAC cells expressing 

ATOX1 at lower levels than baseline potentially is not as effective in 

transporting cisplatin to the nucleus. It is hypothesized that ATOX1, as a 

miR-31 target, is the functional facilitator of the cisplatin-resistant 

phenotype.  

The objectives of this chapter were to 1) determine whether ATOX1, 

independent of miR-31, contributes to PDAC cisplatin resistance and 2) 

explore the effect of ATOX1 modulation on DNA damage to identify 

whether ATOX1 plays a functional role in cisplatin transportation to the 

nucleus.  
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4.8 Experimental design  

ATOX1 manipulation in PDAC cell lines  

ATOX1 was suppressed in the parental BxPC-3 cell line and overexpressed 

in the Panc-1 cell line via stable plasmid transfection. The approach to 

independently modulate ATOX1 expression was adopted to view whether 

ATOX1 contributed to altering cisplatin resistance identified in previous 

chapters.   

The effect of ATOX1 on chemoresistance  

The clonogenic assay was utilized to determine the overall effect of 

chemoresistance with ATOX1 manipulation, with support from analyzing 

gamma-H2A.X using Western blot. This approach would investigate 

whether manipulating ATOX1 expression, a drug transporter, altered 

cisplatin transportation to the nucleus and determine if ATOX1 was the 

functional facilitator of miR-31 in regulating cisplatin resistance within 

the PDAC systems studied here.   
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4.9 Results 

4.9.1 Overexpressing ATOX1 enhances cisplatin sensitivity in Panc-1 cells. 

With a correlation found between miR-31 and ATOX1 expression possibly 

modulating chemosensitivity, further experiments were performed to 

elucidate if ATOX1 alone was the mediator for chemo-sensitizing PDAC 

cells. This was investigated by overexpressing ATOX1 in Panc-1 parental 

cells, independent of miR-31 modifications. ATOX1 overexpression was 

confirmed by western blot (Figure 4.20A). Clonogenic analysis revealed 

that overexpressing ATOX1 significantly reduced the surviving fraction (* 

p = 0.0416) post-cisplatin treatment compared to its vector control 

equivalent (Figure 4.20B). Where overexpressing ATOX1 reduced the 

surviving fraction by 9.2% ± 0.2% in Panc-1 cells. 

4.9.2 ATOX1 expression is associated with improved overall survival in 

PDAC. 

PDAC patients with high ATOX1 expression have significantly improved 

overall survival rates compared to those with low ATOX1 expression 

(**** p = 000094, FDR=0.01). Patients with high ATOX1 expression are 

twice as likely to survive to any given time point compared to low 

expression (HR=2.08) (Figure 4.21). The choice of chemotherapy used 

was unknown and presents as a limitation.  
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Figure 4.20 Overexpressing ATOX1 in Panc-1 cells enhances cisplatin 
sensitivity. (A) Representative western blot confirming ATOX1 
overexpression in Panc-1 cells. Densitometry analysis revealed a 
significant increase in ATOX1 expression (* p = 0.0353) in Panc-1 ATOX1 
cells compared to Panc-1 Vector Ctrl cells. Data are expressed as the 
mean ± SEM and analysed by a one-sample t.test. (B) Cells were treated 
with 1.38 µM cisplatin for 24 h. Clonogenic analysis revealed 
overexpressing ATOX1 in Panc-1 cells significantly reduced surviving 
fraction (* p = 0.0416) compared to its vector control equivalent. Data are 
expressed as the mean ± SEM and was analysed by a two-tailed paired 
t.test (n = 4). 
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Figure 4.21 The effect of ATOX1 expression on survival in PDAC. The 
Kaplan-Meier plotter (PAN-cancer) was used to examine the effect of low 
and high ATOX1 expression on the overall survival of patients with PDAC 
(n = 177). To select the expression cut-off between the groups, all possible 
cut-off values between the lower and upper quartiles were computed, 
with the best performing cut-off selected. Cox proportional hazards 
regression analysis was performed to assess the relationship between 
ATOX1 expression levels and survival. 
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4.10 Discussion  

Cisplatin treats many human malignancies, including ovarian, lung, and 

colon cancers [84]. Drug resistance and nephrotoxicity are the significant 

limitations of this commonly used anti-cancer drug [81, 352]. After being 

intravenously administrated, a considerable amount of cisplatin will bind 

with proteins in the blood. It appears that 24 h after infusion, the protein-

binding rate for cisplatin is close to 99%, and the protein-platinum 

complex formed is generally irreversible [353, 354]. In vitro studies 

revealed how cisplatin can bind to serum albumin in blood plasma, 

haemoglobin, cytochrome c, and CopC [353-357]. Most often, large doses 

of cisplatin are needed to be administrated in the blood to assure 

sufficient cell uptake and to make it to the nucleus to target DNA and 

promote cell death. It is still unclear how much cisplatin reaches the 

nuclear compartment, but our findings suggest it is in the low micromolar 

ranges, despite large amounts getting into the cell cytoplasm [347]. It is 

widely accepted today that cellular copper (Cu) transporting proteins are 

involved in cisplatin uptake and efflux [82]. In humans, cellular Cu 

homeostasis is maintained by the Cu chaperone ATOX1, which obtains Cu 

from CTR1 and then delivers it to metal-binding domains of ATP7A and 

ATP7B in the secretory pathway [358]. It has been revealed that the 

metal-binding motif domains of common Cu transporters, such as ATP7B, 

are similar in structure to ATOX1, which suggests that this 

metallochaperone will also be able to interact with cisplatin.  

Numerous reports revealed that the ATOX1 levels in cells influence their 

sensitivity to cisplatin. Safaei et al. [359] demonstrated that ATOX1-

expressing cells (ATOX1 +/+) were slightly more sensitive to the cytotoxic 

effects of cisplatin than ATOX1 knockout cells (ATOX1 -/-). Additionally, 

to assess the impact of the loss of ATOX1 on the intracellular distribution 

of cisplatin, ATOX1 +/+ and ATOX1 -/- cells were exposed to cisplatin for 

24 h and then subjected to subcellular fractionation, where the cytosolic 

and nuclear compartments were isolated, and the levels of Pt was 
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quantified. Similar levels of Pt were observed in the cytosolic 

compartments. However, the nuclear fractions of ATOX1 +/+ cells had 

significantly higher levels of Pt than those of ATOX1 -/- cells [359]. In this 

study, it was demonstrated that overexpressing PDAC cells with ATOX1 

enhances cisplatin sensitivity and is correlated with improved survival; 

although not assessed here, one possible explanation is the increased 

cisplatin transport to the nucleus.  

Based on the above observations and our findings, targeting copper 

transporters appear to be an innovative strategy for promoting cellular 

sensitivity to cisplatin. For instance, ammonium tetra-thiomolybdate 

(TM) is a copper chelator used to treat Wilson’s disease [360]. It has also 

been shown to inhibit tumour growth due to its ant-angiogenic effect 

[361]. Mechanistic in vitro and in vivo investigations indicated that TM 

modulates copper levels by binding to copper proteins, such as 

metallothioneins [362]. An X-ray crystal structure displayed that TM binds 

to ATX1, an analogue of ATOX1 in yeast [363]. Additionally, one previous 

study showed that TM could enhance cisplatin sensitivity by increasing 

DNA platination in cancerous cells [364]. It was hypothesised that TM 

modulates cisplatin resistance by altering CTR1 expression [364, 365]. 

However, no changes in CTR1 mRNA levels were found, suggesting that 

other Cu-transporters may play an essential role in modulating cellular 

sensitivity to cisplatin. Undoubtedly, more research is needed to 

understand how ATOX1 modulates cisplatin sensitivity and how copper 

chelators such as TM can be combined with cisplatin to encourage DNA-

induced cell death.  

Generally, metal binding is believed to significantly lower the reactivity of 

metalloproteins towards platinum (Pt) compounds, especially when the 

metal shares similar binding sites as the Pt. Xi et al. [366] displayed that 

the binding of Cu and Pt to ATOX1 is not simply competitive but that Cu 

binding promotes the interaction of ATOX1 with Pt. Furthermore, the 

structural investigations on ATOX1 have shown that, upon Cu binding, 
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both Cys12 and Cys15 show decreased dynamics, and their side chains 

become closer [367]. In addition, the more solvent exposure of Cys15 thiol 

in Cu-ATOX1 could make the cysteines more accessible for Pt binding 

[367]. This suggests that measuring intracellular Cu levels could also be 

critical to understanding the relationship between Pt-ATOX1 and cisplatin 

sensitivity.  

It has previously been revealed that a crucial transcriptional factor, p53, 

plays a role in the Cu transport to the nuclei of HCT116 cells, where its 

accumulation can promote cell death [368]. Beaino et al. [350] displayed 

that p53 may affect the nuclear transport of Cu by increasing ATOX1 

levels. Additionally, ATOX1 levels in HCT116 p53 knock-out cells are less 

than in HCT116 p53 expressing cells [350]. The effect of cisplatin on Cu 

nuclear localization in HCT116 p53 expressing cells and knockout cells 

was investigated. Cisplatin treatment increased nuclear localization of Cu 

in p53-expressing cells, likely due to the increased ATOX1 levels. 

Moreover, Beaino et al. [350] showed that HCT116 p53 +/+ are more 

sensitive to cisplatin than p53 -/- cells and undergo much more apoptosis 

and cell death. This study concludes that combining Cu and cisplatin may 

improve the efficiency of treating resistant tumours with wild-type p53 

by increasing ATOX1 expression, therefore presenting an innovative 

therapeutic target for increasing the effectiveness of platinum agents in 

cancer, including PDAC.  

Ultimately, we have shown that miR-31 modulates cisplatin resistance 

within in vitro studies of PDAC by altering ATOX1 expression (Figure 4.22). 

Additionally, when ATOX1 is overexpressed independently of miR-31, an 

increase in cisplatin sensitivity is observed, supporting the initial 

hypothesis. Altogether, this insinuates that ATOX1 expression is essential 

within the context of PDAC; nevertheless, further investigation is needed 

to determine if platinum-based agents use ATOX1 as a hitchhiker to the 

nucleus to promote DNA damage and, consequently, cell death.  
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Overexpressing 

miR-31 

Suppressing 

miR-31 

Figure 4.22 Summary of the effect of miR-31 manipulation and ATOX1 
overexpression on PDAC cells. The PDAC cell (orange) displayed a chemo-
resistant phenotype when miR-31 was overexpressed and a chemo-
sensitive phenotype when miR-31 was suppressed. Cells that express 
higher levels of miR-31 reduced levels of the copper transporter, ATOX1, 
consequently decreasing the nuclear content of cisplatin (Pt). Overall, it 
can be noted that the increase in ATOX1 expression is essential within the 
context of PDAC chemosensitivity. 
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  Chapter Five 

MiR-31 regulates oxidative stress and 

radiosensitivity in PDAC. 
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5.1 Introduction 

Pancreatic cancer is one of the most lethal forms of human malignancy, 

having a 5-year survival rate of less than 7% [1, 2]. Pancreatic cancer is 

expected to become the second most common cause of cancer-related 

death in the United States by 2030, a trend reflected in Europe [369, 370]. 

Pancreatic ductal adenocarcinoma (PDAC) accounts for over 90% of all 

pancreatic cancer cases, with surgery being the only curative treatment. 

The symptoms associated with PDAC, such as abdominal pain or back 

pain, are notoriously vague and contribute to these cancers’ late 

diagnosis and subsequent poor survival rates [371]. As a result, only 10–

20% of patients are eligible for curative surgery due to late diagnosis 

[372]. Approximately 35% of patients present with locally advanced PDAC 

and will receive radiotherapy, an essential component of palliative 

treatment for patients with metastatic disease [370-372]. Unfortunately, 

tumour resistance to radiotherapy remains a significant clinical challenge 

in PDAC treatment and is poorly understood [78, 373]. The features 

frequently associated with radioresistance include alterations in DNA 

repair, proliferation, cell-cycle checkpoint control, apoptosis, and altered 

reactive oxygen species (ROS) biology [374, 375]. As such, elucidating the 

mechanisms of radioresistance in PDAC is essential for developing new 

therapeutic approaches to improve treatment efficacy and prolong 

patient survival. ROS are unstable oxygen-containing substances that 

display significant oxidative activity [376]. Radiotherapy generates ROS 

through the radiolysis of water within the cell [377]. 

The excessive amounts of ROS induced by radiotherapy account for about 

two-thirds of the DNA damage caused during treatment, resulting in cell 

damage and death [378, 379]. However, the cell has an antioxidant 

defense system that protects against oxidative damage caused by 

elevated ROS levels [380]. Nevertheless, alterations within these 

antioxidant defense systems have been associated with resistance to 

radiotherapy by negatively impacting the detoxification of excess ROS 
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[379-382]. MicroRNAs (miRs) are small (18–22 nucleotides), non-coding 

RNAs that regulate gene expression at the post-transcriptional level by 

predominantly targeting the 3’ untranslated region (UTR) of target 

mRNAs, resulting in mRNA degradation and inhibition of protein 

translation [163, 164]. Importantly, due to imperfect complementarity, a 

single miR molecule has the potential to target multiple mRNAs 

simultaneously, making them attractive therapeutic targets [165, 170]. 

One of the key genetic events in PDAC development is the inactivation of 

the p16 tumour suppressor gene [269]. The p16 gene is encoded on 

chromosome 9p21.3, a recognised fragile site in the human genome 

[270]. Interestingly, microRNA-31 (miR-31) is encoded just downstream 

of p16, and as such, they are frequently co-deleted or co-disrupted 

together [382]. We have previously demonstrated that miR-31 is a useful 

therapeutic target regulating chemotherapy and radiotherapy sensitivity 

by altering drug transportation and DNA damage repair genes in other 

cancer types [274, 265, 328]. However, its role in regulating 

radiosensitivity in PDAC remains to be elucidated. In this study, we 

examine the role of miR-31 in radioresistance using PDAC cell lines of 

differing miR-31 statuses. For the first time, our results show that 

manipulating miR-31 expression in PDAC cells regulates sensitivity to 

clinically relevant doses of radiation by targeting an antioxidant enzyme, 

glutathione peroxidase 8 (GPx8), which plays a vital role in ROS 

detoxification. We demonstrate miR-31 as a suitable therapeutic target 

in PDAC by regulating sensitivity to radiotherapy via modulation of 

oxidative stress and DNA damage. 
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5.2 Rationale, Aims, and Objectives  

The antioxidant GPx8 is downregulated upon miR-31 overexpression in 

BxPC-3 cells. The downregulation of GPx8 in association with increased 

expression of miR-31 suggests that PDAC cells expressing GPx8 at lower 

levels than baseline potentially is not as effective as eliminating ROS 

levels induced by radiotherapy. It is hypothesised that GPx8, as a miR-31 

target, is the functional facilitator of the radio-resistant phenotype. 

In chapter 3, we investigated the role of miR-31 in modulating sensitivity 

to radiotherapy and found that miR-31 suppressed the antioxidant GPx8 

in BxPC-3 cells. In this chapter, we examine the role of GPx8 in modulating 

sensitivity to radiotherapy by altering ROS generation and DNA damage 

induction.    
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5.3 Experimental design  

Silencing GPx8 in PDAC cell lines  

GPx8 was silenced in the parental BxPC-3 cell line using si-RNA 

technology. The approach to independently silence GPx8 expression was 

adopted to view whether GPx8 contributed to altering radiosensitivity 

identified in previous chapters.   

The effect of GPx8 on radiosensitivity   

The clonogenic assay was utilized to determine the overall effect of 

radioresistance with GPx8 silencing, with support from the analysis of 

gamma-H2A.X using Western blot. Wholly this approach would facilitate 

the investigation of whether silencing GPx8, an enzymatic antioxidant, 

altered ROS elimination and therefore determine if GPx8 was the 

functional facilitator of miR-31 in regulating radiosensitivity within the 

PDAC systems studied here.   
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5.4 Results 

5.4.1 Manipulating miR-31 Alters DNA Damage Induction and Repair in 

PDAC Cell Lines. 

Radiation-induced cell death is frequently due to DNA damage, especially 

to double-strand DNA breaks (DSBs), and alterations in the DNA repair 

systems have been strongly associated with radioresistance. Having 

observed the differences in clonogenic survival, we examined the 

influence of miR-31 on DNA damage induction and repair by investigating 

the levels of gamma-H2A.X, which occurs at the sites of DSBs. It was found 

that overexpressing miR-31 in BxPC-3 cells significantly increased the 

levels of gamma-H2A.X 20 min post-radiation treatment (* p = 0.0120), 

whereas the levels of gamma-H2A.X are reduced at 4 h (p = 0.932) and 24 

h (p = 0.939) post-radiation (Figure 5.1). Gamma-H2A.X levels were 

shown to be decreased in Panc-1 Zip-miR-31 cells; however, no significant 

differences were observed at 20 min (p > 0.999), 4 h (p = 0.990), or 24 h 

post-radiation treatment (p = 0.664), despite a trend being observed 

(Figure 5.2). Subsequently, to determine if the levels of DNA damage 

corresponded to cell death, apoptosis was assessed post-radiation 

treatment. 

5.4.2 Manipulating miR-31 Alters Radiation-Induced Apoptosis in PDAC 

Cell Lines.  

To study a possible cause of cell sensitivity to radiation treatment, we 

measured caspase 3/7 activity as a marker of apoptosis. Overexpressing 

miR-31 in BxPC-3 cells displayed no significant changes in caspase 3/7 at 

20 min (p > 0.999) post-radiation treatment. However, a significant 

increase in caspase 3/7 activity was observed at 4 h (**** p < 0.0001) and 

24 h (**** p < 0.0001) post-radiation treatment (Figure 5.3). Suppressing 

miR-31 in Panc-1 cells displayed no significant differences at 20 min post-

radiation treatment (p = 0.968). However, a significant reduction in 



 

195 
 

 

  

Figure 5.1 The expression of miR-31 positively correlates with DNA 
damage incurred when treated with radiation in BxPC-3 cells. 
Representative western blot time course and densitometry analysis for 
gamma-H2A.X as a marker of DNA damage with radiation treatment (RT) 
in BxPC-3 cells. A significant increase in gamma-H2A.X levels were 
observed in the BxPC-3 miR-31 cells 20 min (* p = 0.0120) post-RT. 
Interestingly, levels of gamma-H2A.X were reduced but no significant 
differences were observed at 4 h (p = 0.932) and 24 h (p = 0.939) post-RT. 
Data are represented as the mean ± SEM. Two-way ANOVA with Tukey's 
post-hoc test was adopted for statistical analysis (n = 3). 
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Figure 5.2 The expression of miR-31 positively correlates with DNA 
damage incurred when treated with radiation in Panc-1 cells. 
Representative western blot time course and densitometry analysis for 
gamma-H2A.X as a marker of DNA damage with RT (4 Gy) in Panc-1 cells. 
It is evident that levels of gamma-H2A.X decreased in Panc-1 Zip-miR-31 
cells, however no significant differences were observed 20 min (p > 
0.999), 4 h (p = 0.990), and 24 h post-RT (p = 0.664).  Data are represented 
as the mean ± SEM. Two-way ANOVA with Tukey's post-hoc test was 
adopted for statistical analysis (n = 3). 
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Figure 5.3 Overexpressing miR-31 increases apoptosis levels in BxPC-3 
cells. Caspase 3/7 activity was measured as markers of apoptosis at 20 
min, 4 h, and 24 h post-radiation treatment (RT). There were no 
significant differences in apoptosis in 20 min post-RT (p > 0.999) between 
BxPC-3 miR-VC and miR-31 cells. Although overexpressing miR-31 in 
BxPC-3 cells displayed a significant increase in apoptosis 4 h (**** p < 
0.0001) and 24 h (**** p < 0.0001) post RT.  Data are represented as the 
mean ± SEM. Two-way ANOVA with Tukey's post-hoc test was adopted 
for statistical analysis (n =3). 
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Figure 5.4. Suppressing miR-31 reduces apoptosis levels in Panc-1 cells. 
Caspase 3/7 activity was measured as markers of apoptosis at 20 min, 4 
h, and 24 h post-radiation treatment (RT). Panc-1 Zip-miR-VC and Zip-
miR-31 cells.  There are no significant differences in apoptosis 20 min 
post-RT between Panc-1 Zip-miR-VC and Zip-miR-31 cells (p = 0.9368). 
Although suppressing miR-31 in Panc-1 cells displayed a significant 
decrease in apoptosis 4 h (* p = 0.0199) and 24 h (** p = 0.00630) post 
RT. Data are represented as the mean ± SEM. Two-way ANOVA with 
Tukey's post-hoc test adopted for statistical analysis (n = 3). 
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caspase 3/7 activity was observed at 4 h (* p = 0.0498) and 24 h (** p = 

0.001) post-radiation treatment (Figure 5.4). 

5.4.3 Manipulating miR-31 Alters Reactive Oxygen Species (ROS) Levels in 

PDAC Cell Lines. 

To determine whether the ROS levels contributed to DNA damage and 

potentially radioresistance within our models, we analysed ROS 

generation 20 min, 4 h, and 24 h post-radiation treatment and compared 

this to its untreated cells. It was found that overexpressing miR-31 in 

BxPC-3 cells resulted in a significant increase in ROS generation when 

treated with 4 Gy compared to its untreated control at 20 min (**** p < 

0.0001) and 4 h (* p = 0.0295), while no significant increase was observed 

24 h post-radiation treatment (p = 0.0690). The vector control equivalent 

displayed a significant increase in ROS generation at 20 min (** p = 

0.00180) post-radiation treatment only (Figure 5.5). Furthermore, 

suppressing miR31 in Panc-1 cells resulted in a significant increase in ROS 

generation when treated with 4 Gy compared to the untreated control at 

20 min (**** p < 0.0001) post-radiation treatment, but no significant 

increase was displayed at 4 h (p > 0.999) post-radiation treatment. 

Moreover, a significant increase was observed in the vector control 

equivalent at 20 min (**** p < 0.0001), 4 h (** p = 0.00860) and 24 h (** 

p = 0.00670) post-radiation treatment (Figure 5.6). Overall, these data 

indicate a role for miR-31-monitored ROS generation post-radiation 

treatment, subsequently impacting downstream DNA damage. A possible 

explanation for this is that miR-31 alters the levels of antioxidants, which 

are essential for scavenging ROS, resulting in their detoxification and 

elimination. 

5.4.4 Manipulating miR-31 Does Not Alter Glutathione (GSH) Levels in 

PDAC Cell Lines. 

The glutathione (GSH) levels were assessed 24 h post-radiation 

treatment. We observed no significant changes in the GSH between the  
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Figure 5.5 Overexpressing miR-31 alters ROS levels in BxPC-3 cells. ROS 
levels were assessed 20 min, 4 h, and 24 h post-radiation treatment (RT) 
and compared to its untreated control (0 Gy). Overexpressing miR-31 in 
BxPC-3 cells displayed a greater significance in ROS levels 20 min (*** p < 
0.001) and 4 h (* p = 0.0295) post-RT. Meanwhile, miR-VC cells only 
displayed a significant increase in ROS levels 20 min (** p = 0.0018) post-
RT and were restored by displaying no significant differences 4 h and 24 
h post-RT. Data are expressed as the mean ± SEM. Two-way ANOVA with 
Tukey's post-hoc test was adopted for statistical analysis (n = 3). 
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Figure 5.6 Suppressing miR-31 alters ROS levels in Panc-1 cell. ROS levels 
were assessed 20 min, 4 h, and 24 h post-radiation treatment (RT) and 
compared to its untreated control (0 Gy). Suppressing miR-31 in Panc-1 
cells significantly increased ROS levels 20 min (**** p < 0.0001) post-RT 
but was restored by displaying no significant differences 4 h and 24 h 
post-RT. Whereas Zip-miR-VC cells displayed a significant increase in ROS 
levels 20 min (**** p < 0.0001), 4 h (** p = 0.0086) and 24 h (** p = 
0.0067) post RT. Data are expressed as the mean ± SEM. Two-way ANOVA 
with Tukey's post-hoc test was adopted for statistical analysis (n = 3). 
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Figure 5.7 Manipulating miR-31 does not alter total glutathione (GSH) 
levels in PDAC cell lines. Total GSH in (A) BxPC-3 parental, miR-VC, and 
miR-31 cells, and (B) Panc-1 parent, Zip-miR-VC and Zip-miR-31 cells, 
post-radiation with 0 Gy and 4 Gy. No significant differences were 
observed between cells. Data are expressed as the mean ± SEM and was 
analysed by a two-tailed paired t.test (n = 3).     
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treated and untreated cells within both the BxPC-3 (Figure 5.7A) and 

Panc-1 (Figure 5.7B) models.  

5.4.5 Overexpressing miR-31 Alters Glutathione Peroxidase 8 (GPx8) in 

PDAC Cell Lines. 

The potential regulation of sensitivity to radiation treatment by miR-31 is 

attributed to its ability to alter the expression of its target genes. The miR 

target prediction algorithm TargetScan 

(http://www.targetscan.org/vert_72/), miRTargetLink (https://ccb-

web.cs.uni-saarland.de/mirtargetlink/), and miRWalk 

(http://mirwalk.umm.uni-heidelberg.de/) predicted that the 3’UTR of 

GPx8 mRNA contained putative miR-31 binding sites (Figure 5.8A). To 

determine whether miR-31 regulates radiosensitivity of PDAC cells by 

altering GPx8, levels of GPx8 in PDAC models were quantified by western 

blot. It was shown that overexpressing miR-31 significantly reduced GPx8 

expression in BxPC-3 cells (* p = 0.0279) (Figure 5.8B). Whereas 

suppressing miR-31 in Panc-1 cells displayed a modest but no significant 

increase of GPx8 expression (p = 0.947) (Figure 5.8C). 

5.4.6 Silencing GPx8 Enhances Radiosensitivity in BxPC-3 Cells.  

With a correlation between the overexpressing miR-31 and GPx8 

downregulation, possibly modulating radiosensitivity, further 

experiments were performed to elucidate if the GPx8 modification alone 

was sufficient for radio-sensitising PDAC cells. This was investigated by 

silencing GPx8 in BxPC-3 parental cells, independent of miR-31 

modification. GPx8 silencing was confirmed by Western blot (Figure 9). 

The clonogenic analysis revealed that silencing GPx8 significantly reduced 

the surviving fraction (** p = 0.00353) post-radiation treatment 

compared to its scrambled control (Figure 10), indicating an influence of 

GPx8 on radiosensitivity in PDAC cells. 
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(B) 

(C) 

Figure 5.8 Manipulating miR-31 in PDAC cells alters the expression of GPx8. 
(A) The communications between GPx8 transcripts with miR-31-5p 
recognition sites. (B) Representative western blot illustrating GPx8 levels in 
BxP-C-3 models. Overexpressing miR-31 in BxPC-3 cells significantly reduced 
GPx8 levels compared to its vector control equivalent (* p = 0.0279). (C) 
Representative blot illustrating GPx8 levels in Panc-1 models. Suppressing 
miR-31 in Panc-1 cells does not significantly alter GPx8 levels compared to its 
vector control equivalent (p = 0.947). Data are expressed as the mean ± SEM 
and was analysed by a one-sample t.test (n = 3).     

 

(A) 
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Figure 5.9 Confirmation of GPx8 silencing BxPC-3 cells. Representative 
western blot confirming GPx8 silencing in BxPC-3 cells. BxPC-3 cells were 
transiently transfected with either si-Scramble or si-GPx8 for 48 h. 
Densitometry analysis revealed a significant reduction in GPx8 expression 
(* p = 0.0434) in si-GPx8 cells compared to si-Scramble cells. Data are 
expressed as the mean ± SEM and analysed by a one-sample t.test (n = 
4).     
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Figure 5.10 Silencing GPx8 in BxPC-3 cells enhances sensitivity to 

radiation treatment. Clonogenic analysis revealed that silencing 

GPx8 in BxPC-3 cells significantly reduced surviving fraction (** p = 

0.00353) when compared to its scramble control. All cells were 

irradiated with 4 Gy whilst controls were mocked irradiated (0 Gy) 

48 h post transfection. Data are expressed as the mean ± SEM and 

was analysed by a two-tailed paired t.test (n = 7). 
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5.4.7 Silencing GPx8 Alters Reactive Oxygen Species (ROS) in BxPC-3 Cells. 

To determine if GPx8 altered ROS levels and, thus, the radiosensitivity in 

PDAC cells, we silenced GPx8 in the BxPC-3 parental cells and assessed 

the ROS levels at 20 min, 4 h, and 24 h post-radiation treatment (Figure 

5.11). Here it was demonstrated that silencing GPx8 resulted in a 

significant increase in ROS levels at 20 min (**** p < 0.0001) when 

compared to its untreated control (0 Gy). Similarly, ROS levels were 

significantly increased in the scrambled control cells at 20 min post-

radiation treatment (**** p < 0.0001). Interestingly, ROS levels were still 

significantly increased when silencing GPx8 at 4 h (** p = 0.0073) post-

radiation treatment, but no significant changes were observed in the 

scrambled control cells at 4 h (p = 0.934) post-radiation treatment. A 

significant increase in ROS levels was observed at 24 h post-radiation in 

the si-GPx8 cells (*** p = 0.0004) and the si-Scramble equivalent (*** p = 

0.0002). 

5.4.8 GPx8 Protects BxPC-3 Cells against DNA-Damage Post-Radiation 

Treatment. 

As GPx8 expression was associated with radioresistance, potentially by 

promoting ROS detoxification compared to the cells with lower GPx8 

levels, gamma-H2A.X was assessed at 20 min and 4 h post-radiation 

treatment to determine if silencing GPx8 affected DNA damage (Figure 

5.12). A trend indicated that silencing GPx8 in BxPC-3 cells increased the 

gamma-H2A.X levels compared to its scrambled control 20 min post-

radiation treatment. However, no statistical significance was observed. 

Nevertheless, GPx8 potentially protects cells from radiation treatment by 

eliminating ROS, which is linked to reduced levels of DNA damage and 

enhanced cell survival.  
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Figure 5.11 Silencing GPx8 in BxPC-3 cells alters ROS levels post-

radiation treatment. ROS levels were assessed 20 min, 4 h, and 24 h 

post-radiation treatment (RT) and compared to its untreated control (0 

Gy). Silencing GPx8 in BxPC-3 cells displayed a significant increase in ROS 

levels 20 min (**** p < 0.0001), 4 h (*** p = 0.0073), and 24 h (*** p = 

0.0004) post-RT. The scramble control equivalent displayed a significant 

increase in ROS levels 20 min (**** p < 0.0001) post-RT and displayed no 

significant increase 4 h (p = 0.934); however, a significant increase was 

observed 24 h (*** p = 0.0002) post-RT. Data are expressed as the mean 

± SEM. Two-way ANOVA with Tukey's post-hoc test was adopted for 

statistical analysis (n = 3). 
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Figure 5.12 Silencing GPx8 in BxPC-3 cells increases gamma-H2A.X 

levels post-radiation treatment. Representative western blot time 

course and densitometry analysis for gamma-H2A.X as a marker of 

DNA damage with radiation treatment (RT) in si-GPx8 and si-

Scramble BxPC-3 cells. A trend indicated that gamma-H2A.X levels 

were increased at 20 min and 4 h post-RT in BxPC-3 cells with GPx8 

silenced compared to its scramble control (n = 3). However, no 

statistical significance was found. Two-way ANOVA with Tukey's 

post-hoc test adopted for statistical analysis, comparing si-GPx8 

BxPC-3 cells to si-Scramble BxPC-3 cells at 20 min post-RT (p = 0.461) 

and 4 h post-RT (p = 0.999). 
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5.5 Discussion  

Radiotherapy continues to be a central pillar of treatment for all solid 

tumour types, with over a third of PDAC patients receiving radiotherapy 

at some point during their disease course [383]. Unfortunately, 

radioresistance is one of the leading causes of poor prognosis in patients 

with PDAC, and as such, investigating the mechanisms underlying this 

radioresistance is crucial for the improvement of treatment strategies 

and patient survival.  

ROS levels play an essential role in cell-cycle progression and proliferation 

[384]. Additionally, studies have shown how ROS are associated with 

apoptosis, metabolism, and hypoxic signalling [384, 385]. ROS 

accumulation can give rise to oxidative stress, resulting in DNA damage 

and cell death [86]. Moreover, it is well known that ROS-mediated DNA 

damage is the primary source of cell death caused by radiotherapy [86, 

386]. Nevertheless, the cellular antioxidant defence system can help to 

regulate oxidative stress by reducing excess ROS and promoting DNA 

repair [387]. However, dysregulation within these defence systems can 

result in resistance to anti-cancer therapies [388]. Glutathione 

peroxidases (GPx) are a family of enzymatic antioxidants that play an 

essential role in ROS detoxification, particularly hydrogen peroxide 

(H2O2), using reduced glutathione (GSH) as its substrate [389]. 

Additionally, it is well-established that the GPx family protects cells from 

DNA damage caused by excessive ROS [390]. To date, eight different GPx 

family members (GPx1-GPx8) have been identified [391], and recent 

studies have demonstrated that several members of the GPx family play 

a crucial role in resistance to anti-cancer therapies by altering levels of 

oxidative stress [392]. GPx8 is a membrane protein located on the 

endoplasmic reticulum (ER) and is a molecular gatekeeper that plays a 

vital role in regulating H2O2, where the knockdown of GPx8 in HEK-293 

cells encourages ER stress and decreased cellular viability [393]. Zhang et 

al. [394] showed that GPx8 promotes migration and invasion, where high 
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expression of GPx8 in lung cancer was correlated with a worse clinical 

outcome and prognosis. Additionally, a recent study demonstrated GPx8 

as a critical player in a metabolic-inflammatory pathway that acts as a 

robust regulator of cancer cell aggressiveness [395]. Despite recent 

research elucidating the different biological functions of GPx8, its role in 

regulating radiosensitivity in cancer remains largely unexplored. 

Emerging evidence has demonstrated miRs as essential regulators of 

cancer initiation, promotion, progression, and resistance to anti-cancer 

therapies, including radiotherapy [396]. MiR-31 has been shown to act as 

either an oncogene or a tumour suppressor gene depending on the 

cancer type [271] and has been reported to be underexpressed in 

patients with PDAC [278]. Recent studies have revealed how miR-31 can 

influence invasion and migration in various cancers [397, 398] and how it 

plays a vital role in regulating sensitivity to anticancer therapies [274, 

275]. However, its role in regulating radiosensitivity in PDAC remains to 

be investigated. It was shown that modulating miR-31 in PDAC cell lines 

can regulate radiosensitivity and the levels of DNA damage. 

Overexpressing miR-31 resulted in a reduction of DNA damage at 24 h 

post-radiation treatment; this may be explained by the promotion of DNA 

damage repair in the surviving cells or due to the failure of generating 

detectable gamma-H2A.X due to a large amount of cell death. 

Consequently, caspase 3/7 activity was measured as a marker of 

apoptosis to control for the discrepancy found between radiosensitivity 

and reduced DNA damage. It was found that overexpressing miR-31 in 

BxPC3 cells displayed substantial caspase 3/7 activity at 4 h and 24 h post-

radiation treatment, indicating that the levels of gamma-H2A.X were 

difficult to detect and quantify due to the large amounts of cell death 

occurring at these time points. In comparison, suppressing miR-31 in 

Panc-1 cells displayed a significant reduction in caspase 3/7 activity 4 h 

and 24 h post-radiation treatment, indicating that suppressing miR-31 

reduces the rates of apoptosis post-radiation treatment. Moreover, this 

may explain the differences observed within the accumulated cell counts 
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recorded on day three and day six post-radiation treatment. ROS have 

been demonstrated as critical regulators of radiosensitivity in cancer and 

are known to promote DNA damage and cell death. We analysed H2O2 

generation, a primary type of ROS in PDAC cells. It was demonstrated 

here that H2O2 was elevated 20 min post-radiotherapy but was quickly 

returned to baseline by 4 h and 24 h post-radiotherapy when suppressing 

miR-31 in Panc-1 cells. By comparison, the H2O2 levels were significantly 

elevated at 20 min and 4 h post-radiotherapy when overexpressing miR-

31 in BxPC-3 cells—indicating that cells with low miR-31 are better 

equipped at detoxifying ROS post-radiotherapy, thus promoting a 

radioresistant phenotype. Elevated levels of GSH are known to be 

associated with radioresistance by detoxifying excessive ROS [399], 

although it was displayed that levels of GSH remained unaltered across 

the PDAC cell lines, even post-radiotherapy; suggesting that miR-31 does 

not affect the GSH levels; therefore, playing no biological role in 

regulating miR-31-regulated radiosensitivity in PDAC. The mechanisms 

linking ROS and miR in regulating therapeutic resistance in PDAC are still 

unclear. However, using specific miRs for targeting antioxidant defence 

systems has been an area of thriving potential for improving cancer 

treatments. Pajic et al. [400] presented miR-139-5p as a potent 

modulator of radiotherapy in breast cancer by targeting multiple DNA 

repair genes and ROS defence pathways. MiR-17-3p has been revealed to 

target antioxidant enzymes, including GPx2, thus enhancing 

radiosensitivity in prostate cancer [401]. Furthermore, miR-153 was 

demonstrated to downregulate GPx1, leading to radioresistance in 

glioma stem cells [402]. Here, it was revealed that miR-31 alters the 

expression of the antioxidant enzyme GPx8, where overexpressing miR-

31 significantly reduces GPx8 levels, potentially resulting in a loss of its 

ability to detoxify ROS effectively, thus promoting DNA damage and cell 

death. However, suppressing miR-31 showed no significant increase in 

GPx8, despite detoxifying ROS effectively and displaying reduced DNA 

damage. The potential method by which miR-31 alters GPx8 and 
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regulates radiosensitivity in PDAC cells is summarised in Figure 5.13. 

Finally, we aimed to determine whether GPx8, independent of miR-31, 

contributed to PDAC radiosensitivity. It was found that silencing GPx8 in 

the BxPC-3 parental cells enhanced radiosensitivity. Additionally, GPx8 

expression protects cells from radiation treatment by detoxifying ROS 

more efficiently and is associated with reduced levels of DNA damage. 

These findings can be used for further research aimed at targeting 

antioxidants using miRNAs to improve the efficiency of radiotherapy for 

the treatment of PDAC. This study has assessed miR-31’s influence on 

radiosensitivity in the in vitro PDAC cell models. Analyses of miR-31 

expression in pre-treatment patient-derived tumour samples, stratified 

into good and poor response groups, would considerably add to the 

impact of this study. The patient-derived samples could be used to 

evaluate miR-31 and GPx8 expression as predictive biomarkers.  
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Figure 5.13 An illustration displaying how miR-31 can regulate levels 

of ROS by targeting GPx8. Radiation treatment can cause an increase 

in intracellular reactive oxygen species (ROS), which can target specific 

cell signalling systems and induce DNA damage directly, resulting in 

cell death. Glutathione peroxidase 8 (GPx8) is an enzymatic 

antioxidant that helps detoxify excessive ROS by converting reduced 

glutathione (GSH) into its oxidised form (GSSG), therefore promoting 

cell survival. (A) Low levels of miR-31 in PDAC cells result in an increase 

in GPx8, supporting ROS detoxification and encouraging cell survival. 

(B) Whereas high levels of miR-31 in PDAC cells can reduce GPx8. 

Moreover, reducing GPx8 can result in ROS accumulation as ROS is 

being detoxified less efficiently, so promoting cell death. 
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6.1 Conclusion discussion  

PDAC is a highly malignant tumour with an extremely poor prognosis [1, 

369]. Chemotherapy-acquired drug resistance and radioresistance are 

the main issues facing PDAC patients without surgical opportunities and 

undergoing postoperative treatments. Therefore, it is of great clinical 

significance to conduct in-depth research on the molecular mechanism of 

action, underpin pathways associated with treatment resistance of PDAC, 

and explore new treatment methods. In this study, we aimed to 

understand why PDAC cells are resistant to chemotherapy and 

radiotherapy and to expand a clinically viable route by which sensitivity 

could be enhanced. A group of noncoding molecules named microRNAs 

(miRNA/s) are established regulators of many cancer pathways [177]. 

Studies have shown that miRNAs can induce tumour cell drug resistance 

through different mechanisms.  

An interesting miRNA, miR-31, is encoded on a fragile site and is 

frequently dysregulated in cancer, including PDAC [271, 279, 382], which 

led to the potential for miR-31 to be functionally investigated in the 

context of resistance to chemotherapy and radiotherapy. MiR-31 has 

been shown to act as either an oncogene or a tumour suppressor gene 

depending on the cancer type and has been reported to be 

underexpressed in patients with PDAC [271, 279]. However, miR-31 has 

also been upregulated in primary PDAC cancers and was recently 

associated with poor prognosis [271, 279]. The present study has 

determined that miR-31 expression in PDAC cells promotes resistance to 

platinum-based therapy, although it enhances sensitivity to anti-

metabolite-based therapy and radiotherapy in vitro. 

Radiotherapy continues to be a central pillar of treatment for all solid 

tumour types, with over a third of PDAC patients receiving radiotherapy 

at some point during their disease course [383]. Unfortunately, 

radioresistance is one of the leading causes of poor prognosis in patients 

with PDAC. As such, investigating the mechanisms underlying this 
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radioresistance is crucial for improving treatment strategies and patient 

survival.  GPx is a family of enzymatic antioxidants that play a vital role in 

ROS detoxification, particularly hydrogen peroxide (H2O2) [389]. 

Additionally, it is well-established that the GPx family protects cells from 

DNA damage caused by excessive ROS [390]. GPx8 is a membrane protein 

located on the endoplasmic reticulum (ER) and is considered a molecular 

gatekeeper that plays a vital role in regulating H2O2, where the 

knockdown of GPx8 in HEK-293 cells encourages ER stress and decreased 

cellular viability [393]. Zhang et al. [394] showed that GPx8 promotes 

migration and invasion, where high expression of GPx8 in lung cancer was 

correlated with a worse clinical outcome and prognosis. In this study, it 

was demonstrated that manipulating miR-31 expression in PDAC cell lines 

can regulate radiosensitivity and the levels of DNA damage by delaying 

how fast ROS can be eliminated post-treatment. Furthermore, we reveal 

that miR-31 alters the expression of the antioxidant enzyme GPx8, where 

overexpressing miR-31 significantly reduces GPx8 levels, potentially 

resulting in losing its ability to detoxify ROS effectively, thus promoting 

DNA damage and cell death. In addition, silencing GPx8 in PDAC cells 

increased radio sensitivity. These findings can be used for further 

research to target antioxidants using miRNAs to improve radiotherapy’s 

efficiency in treating PDAC.  

Platinum-based drugs are among the most active anticancer agents. They 

are used as a single agent or in combination with other chemotherapeutic 

agents and radiotherapy to manage a broad spectrum of human 

malignancies, including PDAC [64, 84]. Although most patients initially 

respond well to platinum-based chemotherapy, many develop drug 

resistance and relapse and succumb to their disease. Platinum resistance 

is considered multi-factorial and includes both mechanisms that limit the 

formation of platinum–DNA adducts and mechanisms which prevent cell 

death following drug treatment. It is well established that reduced 

cellular accumulation of platinum, either by impaired uptake or increased 
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efflux, is often found in cells selected for drug resistance, both in vivo and 

in vitro, and is generally considered one of the most consistent 

characteristics of platinum-resistant cells [304]. 

In this study, a higher amount of platinum in miR-31 expressing cells and 

a reduction in the concentration of platinum in the nuclear fraction were 

observed. Yet, the question remained as to how cells could survive an 

increased intracellular concentration of cisplatin. The movement of 

platinum-based agents within the intracellular environment is generally 

characterised by the copper transporters CTR1, ATP7A, and ATP7B, which 

are known to play significant trafficking roles [311, 322]. Although no 

significant changes are observed here for the influx and efflux 

transporters CTR1, ATP7A, and ATP7B, there may still be contributions to 

the overall phenotypic resistance observed with miR-31 overexpression.  

Substantial evidence supports that miRNAs can mediate cellular 

sequestration by altering lysosomal activity [313-315]. Here, a modest 

change in lysosomal accumulation was observed; this promoted the 

investigation of possible drug transporters bound to lysosomes and 

encouraged the study of whether miR-31 expressing cells had a higher 

aggregate burden of lysosomes. Pennati et al. [403] showed that miR-205 

replacement in prostate cancer cells caused an enhancement of cisplatin 

cytotoxic activity in vitro and in vivo because of down-regulated lysosome 

function and protein trafficking, leading to alterations in the autophagic 

flux of cells. Drayton et al. [404] demonstrated that overexpressing miR-

27a in cisplatin-resistant bladder cancer cells reduced the expression of 

the cysteine and glutamate exchanger SLC7A11. This supports the 

findings that miRNA can regulate cellular transporters, signifying cellular 

chemoresistance regulation. 

Additionally, the lysosomally bound drug transporter ABCB9 has been 

identified as a modulator of resistance, with the dysregulation of the 

protein enhancing or reducing response to therapeutics [311, 330]. In this 

study, ABCB9 appears to be increased with the miR-31 overexpressing 
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more cisplatin-resistant phenotype, although no differences in cisplatin 

accumulation were found in ABCB9 high-expressing cells compared to 

ABCB9 low-expressing cells; indicating that ABCB9 modulating drug 

resistance is cancer-specific or that the current technology is limiting and 

is too challenging to determine the lysosomal content of cisplatin in PDAC 

cells accurately.  

Moreover, lysosomes are acidic organelles, and a strict pH is required to 

function correctly. A previous study demonstrated that a low pH within 

lysosomes is linked to cisplatin sensitivity. Here It was found that miR-31-

expressing cells have a higher pH within lysosomes and are associated 

with a cisplatin-resistant phenotype, raising the question of whether 

preventing lysosomal acidification protects cells against cisplatin 

treatment. However, it was found that pre-treating cells with BA1, a V-

ATPase inhibitor responsible for pumping protons into the lysosomal 

compartment, thus reducing the pH, enhanced cisplatin sensitivity. This 

finding suggests that BA1 may alter other cisplatin-resistant pathways, 

such as autophagy [405]. Nevertheless, miR-31-expressing cells appeared 

to be more sensitive to BA1 treatment and may present an area for future 

research. 

Emerging evidence has revealed that multiple members of the nucleo-

cytoplasmic transport system are deregulated in cancers and malignant 

tissues [406] and may present an attractive research area for 

understanding the mechanisms behind drug resistance, particularly 

platinum-based drugs. For example, Wang et al. [407] showed that more 

cisplatin accumulated within the nuclei of parental cisplatin-sensitive 

ovarian cancer cell lines compared to cisplatin-resistance cell lines, 

highlighting the importance of transportation of drugs from the 

cytoplasmic to the nuclear compartment and its involvement with 

resistance to therapy. Additionally, our findings show that miR-31 

enhances sensitivity to radiation treatment, 5-FU, and gemcitabine, 
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whereas miR-31 promotes resistance to cisplatin. This suggests that miR-

31 is affecting a pathway specific to platinum-based agents.  

It has been reported that less than 1% of cisplatin reaches the nucleus of 

cancer cells to have an impact, suggesting that drug trafficking and 

sequestration play a vital role in promoting cisplatin resistance [347]. 

ATOX1 is a copper chaperone and has been reported to shuttle copper to 

the nucleus [348]. Interestingly, it has been revealed that cisplatin can 

bind to the copper-binding site of ATOX1. Initially, it was thought copper 

was unnecessary because cisplatin could still bind to ATOX1 in its 

absence. However, recent research revealed that the presence of copper 

helps form the cisplatin-ATOX1 complex, which may explain why cisplatin 

favours the copper transport system over other modes of transport. In 

this study, it was found that miR-31 reduces levels of ATOX1, and 

overexpressing ATOX1 in PDAC cells reduced the survival fraction post 

cisplatin treatment.  

We have shown that miR-31 is an innovative and suitable therapeutic 

target for overcoming resistance to treatment in PDAC. Although miR-31 

presents itself as a double-edged sword, it can enhance sensitivity to 

radiation treatment, 5-FU, and gemcitabine, while increasing platinum-

based agents' resistance, particularly cisplatin. Nonetheless, a potentially 

novel mechanism behind enhanced resistance, which may potentiate a 

modified treatment strategy in the future, has been uncovered. Many 

PDAC patients are inherently resistant to treatment, and most have a 

poor prognosis; this has driven the field to find an alternative therapy or 

indeed enhance the ability of the readily available therapeutics to combat 

this disease [373]. Prospectively, the consequence of further 

investigating this mechanism within an in vivo system may lead to the 

ability to screen patients for miR-31 status. Patients who express high 

levels of miR-31 could potentially be stratified to have an antagomir 

administered to suppress miR-31 expression, which could mean the 

efficiency of platinum-based chemotherapy cytotoxicity would be 
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enhanced. But in the context of radiation and anti-metabolite treatment, 

patients who express low levels of miR-31 could be administered mimics 

to overexpress miR-31, which could increase cell death.  

6.2 Future work 

Firstly, with the observed increase in resistance to platinum-based agents 

and increased sensitivity to radiotherapy and anti-metabolite agents with 

miR-31 overexpression in PDAC in vitro, it would be beneficial to develop 

a 3- dimensional based system to mimic that of the 2-dimensional model 

utilised within this study, with the potential to move forward to an in vivo 

model that could explicate cisplatin and radiation sensitivity at a more 

clinically relevant level. Additionally, this allows in vivo studies to better 

visualise potential interactions, improving their safety, toxicity, and 

efficacy predictions. 

Secondly, analyses of miR-31 expression in pre-treatment patient-derived 

tumour samples stratified into good and poor response groups would 

considerably add to the impact of this study. The patient-derived samples 

could be used to evaluate miR-31 and GPx8/ATOX1 expression as 

predictive biomarkers of response to cancer therapy.  

Furthermore, a screen for miR-31-regulated genes and proteins by 

transcriptome and proteome analysis, respectively, may be ideal. This 

investigation would broadly identify miR-31 targets, which could be 

further analysed by pathway analysis to identify potential new avenues 

to chemoresistance and radioresistance.  

Because miR-31 has the potential to target multiple pathways to 

modulate sensitivity to chemotherapy and radiotherapy, other pathways 

which can regulate resistance to treatment are still unknown; pathways 

that could be potentially more effective than the mechanisms 

investigated in this study. Exploring the lysosomal and cytosolic pH in 

more depth is an attractive area of research to understand the 

pharmacodynamics of drugs used to treat PDAC and to investigate the 
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acid dissociation constant (pKa) of these drugs, which can alter their 

function due to changes in pH.  

Moreover, further research is needed to understand the mechanisms 

behind 5-FU and gemcitabine resistance, which frequently treat PDAC 

tumours. Recent evidence suggests that deficiency in DNA repair proteins 

confers susceptibility to DNA damage, making cancer cells vulnerable to 

various cancer chemotherapies. 5-FU is an anticancer nucleoside 

analogue that inhibits thymidylate synthase and causes DNA damage via 

the misincorporation of FdUTP and dUTP into DNA under the conditions 

of dTTP depletion. Interestingly, miRNAs, particularly miR-31, can inhibit 

thymidylate synthase and dUTPase function, thus increasing cell death by 

promoting uracil misincorporation.  
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Figure A1.1. Plasmid map for miR-31 overexpression/reintroduction. 

Under the control of a CMV promoter, miR-31 was produced from the 

plasmid. A GFP reported was encoded on the plasmid for detection. A 

kanamycin resistance gene was encoded for bacterial selection; a 

geneticin (also known as neomycin) resistance gene was encoded for 

mammalian selection. The plasmid was purchased from Origene.  

Image sourced at: http://www.origene.com/MicroRNA/pCMV-MIR-
Vector.aspx 

 

 

http://www.origene.com/MicroRNA/pCMV-MIR-Vector.aspx
http://www.origene.com/MicroRNA/pCMV-MIR-Vector.aspx
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Figure A1.2. Plasmid map for Zip-miR-31 suppression. Under the control 

of a CMV promoter, an antisense-miR-31 (anti-miR) was produced from 

the plasmid bound to endogenous miR-31, effectively inhibiting its 

functionality. A GFP reporter was encoded on the plasmid for detection. 

An ampicillin resistance gene was encoded for bacterial selection; a 

puromycin resistance gene was encoded for mammalian selection. The 

plasmid was purchased from SBI.  

Image sourced at: https://www.systembio.com/microrna-

research/microRNA-knockdown/mirzip/technical-details. 

 

https://www.systembio.com/microrna-research/microRNA-knockdown/mirzip/technical-details
https://www.systembio.com/microrna-research/microRNA-knockdown/mirzip/technical-details
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Figure A1.3. Plasmid map for ATOX1 overexpression 

plasmid.  The ATOX1 overexpressing plasmid was designed by 

adding the ORF subclone of RC221067 into the control 

untagged pCMV6-AC vector PS100020.  An ampicillin resistance 

gene was encoded for bacterial selection; a neomycin n resistance 

gene was encoded for mammalian selection. The plasmid was 

purchased from Origene.  

https://www.origene.com/catalog/cdna-clones/expression-plasmids/rc221067/atox1-nm_004045-human-tagged-orf-clone
https://www.origene.com/catalog/cdna-clones/expression-plasmids/rc221067/atox1-nm_004045-human-tagged-orf-clone
https://www.origene.com/catalog/vectors/mammalian-expression-vectors/ps100020/pcmv6-ac-mammalian-expression-vector
https://www.origene.com/catalog/vectors/mammalian-expression-vectors/ps100020/pcmv6-ac-mammalian-expression-vector
https://www.origene.com/catalog/vectors/mammalian-expression-vectors/ps100020/pcmv6-ac-mammalian-expression-vector
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Table A1. Optimised Compact Hough and Radial Map (CHARM) settings 

for PDAC cell lines. The algorithm was optimised to ensure that 

sufficient colonies were analysed, without considering anomalies. 

 

 

 

   

    

Panel Function  Setting 
F1 Pre-Processed  Smoothing BxPC-3: 4 

Panc-1: 2 
F2 Edge Detection  Contrast BxPC-3: 40/100 

Panc-1: 30/100 
F3 Centre Detection  Detection mode Dark on light 
 Centre Detection Sensitivity  BxPC-3: 75/100 

Panc-1 85/100 
 Indicative Colony Diameter 

Ranger 
BxPC-3: Lower 50 µM / Upper 
2000 µM 
Panc-1: Lower 100 µM / Upper 
2500 µM 

 Min Centre to Centre 
Separation 

55 µM 

 Auto-select Yes 
 Smoothing  3 
F4 Shape Control Circularity Factor 50/100 
 Edge Distance Threshold 75/100 
 No. of Spokes 32 
 Shape Filtering  Fast Gaussian, Filter size 3 
 Shape Processing  Best Fit Circle 
F5 Filtering Controls  Colony Diameter Filter  BxPC-3: Min 50 µM / Max 2000 

µM 
Panc-1: Lower 100 µM / Upper 
2500 µM 

 Colony Intensity  Min 0.1 
Max 2.50 

 Good Edge Factor  40/50 
 Borders from Centroids Yes 
F6 Overlap Controls Merge Overlapping Objects 100 
 Overlap Circulation  Area 
 Retain the Most Intense  
 Calc new Cluster Boundaries Yes 
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Table A2. Optimising cell seeding densities for the clonogenic assay. The 

number of cells seeded per well of a six six-welled plate was optimised to 

ensure a minimum of ~200 colonies after fixing and staining. The mean 

colony number was taken from all wells for all experiments. 

 

  

Cell Line Treatment 

Cells Seeded 

Cells Seeded 

BxPC-3 Parental/miR-VC/miR-

31 

Panc-1 Parental/Zip-miR-

VC/Zip-miR-31 

Ctrl 

IC50 drug 

4 Gy 

1500 

4000 

4000 

BxPC-3 Parental/miR-VC/miR-

31 

Panc-1 Parental/Zip-miR-

VC/Zip-miR-31 

Ctrl 

2 Gy 

4 Gy 

6 Gy 

8 Gy 

1500 

3000 

4000 

5000 

6000 

BxPC-3 si-Scramble/si-GPx8 Ctrl 

4 Gy 

1500 

5000 

Panc-1 Vector Ctrl/ Panc-1 

ATOX1 

Ctrl 

IC50 Cisplatin 

1000 

3000 
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Definitions / Units  

3’ 3 prime 

5’ 5 prime 

5-FU 5-Fluorouracil  

ABCB9 ATP binding cassette subfamily B 

member 9 

Ago Argonaut protein  

ATOX1 Antioxidant 1 

Amp Ampicillin  

ANOVA Analysis of variance 

APS Ammonium persulfate 

ATP Adenosine triphosphate  

ATP7A ATPase copper transporting alpha  

ATP7B ATPase copper transporting beta  

BA1 Bafilomycin A1 

BCA Bicinchoninic acid 

BER Base excision repair 

BSA Bovine serum albumin  

cDNA Complimentary DNA 

CHARM Compact Hough and radial map 

Cis Cisplatin  

CTR1 Copper transporter receptor 1 

DDR DNA damage response 

DGCR DiGeorge syndrome chromosomal 

region 

DMSO Dimethyl sulfoxide 

DNA Deoxyribose nucleic acid 

E. coli Escherichia coli 

EDTA Ethylenediaminetetraacetic Acid 

EMT Epithelial-mesenchymal transition  

FBS Foetal bovine serum 
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G418 Geneticin antibiotic 

GFP Green fluorescent protein  

GSH Glutathione  

GSSG Glutathione disulfide 

GPx(8) Glutathione peroxidase (8) 

HRP Horseradishj peroxidise  

IC50 Concentration of a drug where the 

response is reduced by half  

IHC Immunohistochemistry  

LAMP1 Lysosomal-associated membrane 

protein 1 

MDR Multi-drug resistance  

miR- MicroRNA-  

miRNA MicroRNA 

miR-Zip MicroRNA suppression plasmid  

mRNA Messenger RNA 

n Number of replicates  

ns Non-significant  

p Probability  

PBS Phosphate buffered saline  

PCR Polymerase chain reaction  

PDAC Pancreatic ductal adenocarcinoma  

pHLys Lysosomal pH 

Pt195 Platinum 

Pre-miRNA Pre-miRNA 

Pri-miRNA Primary-microRNA 

Puro Puromycin  

PVDF Polyvinylidene fluoride  

qPCR Quantitative PCR 

RIPA Radioimmunoprecipitation assay 

buffer 
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RISC RNA-induced silencing complex 

RNA Ribose nucleic acid 

RNase Ribonuclease 

ROS Reactive oxygen species 

RPMI-1640 Roswell Park Memorial Institute cell 

culture medium  

RT Reverse transcription  

SEM Standard error of mean 

SD Standard deviation  

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis  

TBS Tris buffered saline 

TBST Tris buffered saline with tween 20 

TEMED Tetramethylenediamine 

β Beta 

˚C Degrees Celsius  

Gy Gray  

g Grams 

h Hours  

kDa Kilo Dalton 

µL Microlitres  

µG Micrograms  

µM Micromolar  

M Molar 

mg Milligrams  

mL Millilitres  

mM Millimolar  

min Minutes  

nM Nanomolar  

ppm  Part per million  
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ppb  Part per billion  

s Seconds 

v/v Volume per volume  

w/v Weight per volume  
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