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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) and biliary tract cancers (BTC) are lethal 

diseases and have poor survival rates. MicroRNAs (miRNAs) are small non-coding 

RNAs that regulate gene expression at the post-transcriptional level. They are 

commonly deregulated in cancer and are incredibly stable molecules in tissues and 

biofluids. Therefore, miRNAs have potential as clinical useful biomarkers for the 

detection of cancer. PDAC and BTC often present with obstruction of the common bile 

duct leading to painless jaundice. Therefore, finding novel miRNAs in the bile-fluid 

associated with PDAC and/or BTC would be a considerable discovery, due to its close 

proximity to the malignant lesion. Exosomes are small extracellular vesicles of 

endocytic origin, which contain miRNAs. They are secreted into the extracellular space 

by a variety of cells, including cancer cells. They play a crucial role in cell-cell 

communication in the tumour microenvironment, transferring information through their 

cargo, and are implicated in cancer development and metastasis. Here, I develop upon 

these initial observations and demonstrate that bile miRNAs can discriminate PDAC 

and BTC from benign disease. Profiling revealed miRNAs are able to differentiate 

between benign and malignant lesions. These candidates were further validated in an 

independent cohort of bile samples and three miRNAs (miR-148a, miR-194 and miR-

125b) were able to not only differentiate benign from malignant lesions, but also 

discriminate between PDAC and cholangiocarcinoma (CCA). Furthermore, the 

expression of these three miRNAs was measured in exosomes from six pancreatic cell 

lines showing a higher expression of these miRNAs in exosomes compared to the cell 

pellet. A significantly higher expression of miR-148a was observed in exosomes 

compared to the cell pellet. Therefore, there is potential to use these bile-based 

miRNAs to improve diagnosis and stratify patients, thereby informing treatment 

decisions and improving survival by “personalising” their subsequent therapies. 
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dCCA: distal cholangiocarcinoma 
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ddH2O: distilled water 

DGCR8: Di George critical region gene 8 

DLS: dynamic light scattering 

DMBT1: deleted in malignant brain tumours 1 

DMEM: Dulbelco’s Modified Eagle Medium 

DNA: deoxyribonucleic acid 

dNTP: deoxyribonucleotide triphosphate 

dsRBD: double-stranded RNA binding domain 

dTTP: deoxythymidine triphosphate 

EDTA: ethylenediaminetetraacetic acid 

EGFR: epidermal growth factor receptor 

ELISA: enzyme-linked immunosorbent assay 

EM: electron microscope or electron microscopy 

EMT: epithelial-mesenchymal transition 

ERCP: endoscopic-retrograde cholangiopancreatography 

ESCRT: endosomal sorting complex required for transport 

ETS: environmental tobacco smoke 

EUS: endoscopic ultrasonography 

EUS-FNA: endoscopic ultrasonography fine-needle aspiration 

EV: extracellular vesicle 

FBS: foetal bovine serum 

FC: fold change 

FFPE: formalin-fixed paraffin-embedded 

FGF-19: fibroblast growth factor 19 

Fig: figure 

FNA: fine-needle aspiration 

FU: fluorouracil 

g: G-force 

GEM: gemcitabine 

GTP: guanosine tri-phosphate 

HCC: hepatocellular carcinoma 
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HCl: hydrochloric acid 

hEGF: human epidermal growth factor 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HER: human epidermal receptor 

HIF-1: hypoxia inhibitor factor 1 

HITS-CLIP: high-throughput sequencing crosslinking immunoprecipitation 

H2O: water 

HR-MM: hypoxia-resistant multiple myeloma 

HRP: horseradish peroxidase 

iCCA: intra-hepatic cholangiocarcinoma 

iCLIP: individual-nucleotide resolution crosslinking immunoprecipitation 

IgA: immunoglobulin A 

IgG: immunoglobulin G 

ILV: intraluminal vesicle 

IP: immunoprecipitation 

IPMN: intraductal papillary mucinous neoplasm 

KCl: potassium chloride 

kDa: kilo Dalton 

KH2PO4: monopotassium phosphate or potassium dihydrogen phosphate 

LCSGJ: Liver Cancer Study Group of Japan 

MCN: mucinous cystic neoplasms 

MEM: minimum essential medium 

mg: miligram 

MIF: macrophage migration inhibitory factor 

min: minute 

miRNAs (miR): microRNAs 

ml: millilitre 

mM: millimolar 

MRCP: magnetic resonance cholangiopancreatography 

MRE: microRNA recognition element 

MRI: magnetic resonance imaging 
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mRNA: messenger RNA 

MSKCC: Memorial Sloan-Kettering Cancer Center 

MVB: multivesicular body 

MVE: multivesicular endosome 

NaCl: sodium chloride 

Na2HPO4: sodium phosphate dibasic or disodium phosphate 

NCCJ: National Cancer Center of Japan 

ncRNA: non-coding RNA 

ng: nanogram 

nm: nanometer 

nt: nucleotide 

NTA: nanoparticle tracking analysis 

ORF: open reading frame 

OS: overall survival 

PACT: protein activator of PKR 

PanIN: pancreatic intraepithelial neoplasm 

PAR-CLIP: photoactivatable ribonucleoside-enhanced crosslinking and 
immunoprecipitation 

PBS: phosphate buffered saline 

PC: pancreatic cancer 

PCR: polymerase chain reaction 

pCCA: perihilar cholangiocarcinoma 

PDAC: pancreatic ductal adenocarcinoma 

PET: positron emission tomography 

PFA: paraformaldehyde 

PNET: pancreatic neuroendocrine tumours 

Pre-miRNA: precursor microRNA 

Pri-miRNA: primary microRNA 

PSC: primary sclerosing cholangitis 

R0: no tumour involvement of resection margin 

RISC: RNA-induced silencing complex 
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RLC: RISC loading complex 

RNA: ribonucleic acid 

RNase: ribonuclease 

RNAi: RNA interference 

RNA-seq: RNA sequencing 

RNA pol: RNA polymerase 

ROC: receiver operating characteristic 

RPMI: Roswell Park Memorial Institute 

rRNA: ribosomal RNA 

RT-PCR: reverse transcription polymerase chain reaction 

RT-qPCR: reverse transcription quantitative polymerase chain reaction 

SD: standard deviation 

SILAC: stable isotope labelling amino acid in cell culture 

siRNA: small interfering RNA 

SNAP: Soluble N-ethylamaleimide-sensitive fusion Attachment Protein 

SNARE: Soluble N-ethylamaleimide sensitive fusion Attachment Receptor 

snRNA: small nuclear RNA 

snoRNA: small nucleolar RNA 

Taq: thermus acquaticus 

TEM: transmission electron microscope/microscopy 

TGF-ß: transforming growth factor type ß 

TLR: toll-like receptor 

TNM: tumour, nodes, metastasis 

TRBP: TAR RNA-binding protein 

tRNA: transfer RNA 

UICC: Union for International Cancer Control 

µl: microliter 

µm: micrometre 

US: ultrasound or ultrasonography 

UTR: untranslated region 
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CHAPTER 1. INTRODUCTION 

1.1 Pancreatic cancer 

1.1.1 The pancreas 

The pancreas is a gland located in the abdominal cavity between the stomach and the 

spine. It can be divided into three different parts (head, body and tail) and it is 

composed of two different types of cells that also have different functions. Exocrine 

cells are formed by ducts, which contain acini (smalls sacs), and produce pancreatic 

enzymes that are released directly into the pancreatic duct and then into the duodenum 

to help digestion and break down metabolites such as fatty acids into small molecules; 

whereas endocrine cells, also called islets of Langerhans, generate different hormones, 

which play vital roles in metabolism (particularly insulin) and are released directly into 

the bloodstream. 

 

1.1.2 Types of pancreatic cancer 

The vast majority of pancreatic tumours belong to the exocrine type (95%) and within 

this category the most common type of tumours are adenocarcinomas (90%). 

Pancreatic ductal adenocarcinoma (PDAC) can grow anywhere in the pancreas, 

usually starts in the cells lining the pancreatic duct, and it is often found in the head of 

the pancreas. There are other rare types of exocrine tumours including acinar cell 

carcinoma, adenosquamous carcinoma, mucinous cyst neoplasms, 

pancreatoblastoma, colloid carcinoma, hepatoid carcinoma and giant cell tumour. The 

endocrine tumours are much less common (5%) and are also called pancreatic 

neuroendocrine tumours (PNETs) or islet cell tumours because they arise from 

endocrine cells in the islets of Langerhans that develop an abnormal growth. This type 

of tumours are either functional or non-functional meaning that functional 
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neuroendocrine tumours overproduce hormones and as a consequence patients 

present hormone-related symptoms, whereas the non-functional tumours do not 

produce hormones and hence, do not cause any hormone-related symptoms. A 

greater number of PNETs are non-functional tumours. These tumours are named 

based on the hormone cells that are affected (i.e. insulinoma, glucagonoma, 

gastrinoma). The tumour growth is slower in endocrine tumours compared to exocrine 

tumours and the therapeutic treatment differs between these two categories, generally 

presenting a better prognosis PNETs than PDAC. 

 

 

Figure 1.1. Anatomy of the biliary tract system. 

The gallbladder lies beneath the lower right lobe of the liver and stores bile before releasing it 

through the common bile duct into the small intestine. The pancreas is located in the abdominal 

cavity between the stomach and the spine. It can be divided in three parts: head, body and tail.  

For the National Cancer Institute © (2018) Terese Winslow LLC, U.S. Govt. has certain rights. 
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Pancreatic adenocarcinoma can also originate from pancreatic benign cystic tumours 

(BCTs) that can be either inflammatory or proliferative (1). Mucinous cystic neoplasms 

(MCNs) and intraductal papillary mucinous neoplasms (IPMNs) are two types of BCTs 

with the potential to progress to in situ or invasive carcinoma (2). IPMNs are intraductal 

neoplasms with tall, columnar, mucin-containing epithelium with or without papillary 

projections. They are connected to the pancreatic duct (main or side-branch), which is 

generally enlarged (3), whilst MCNs are separated from the ductal system (4). The 

highest percentage of malignancy is comprised in the main branch of the pancreatic 

duct (5), so IPMN lesions exhibit a higher malignant potential in comparison to MCNs. 

 

1.1.3 Epidemiology and statistics 

Pancreatic cancer was first described by Mondière in 1836 (6) and since then an 

exponential increase in its incidence has been reported worldwide. It is the fifth most 

common cause of cancer death in Europe and in the United Kingdom (UK), and the 

seventh most common cause of death worldwide (7, 8). It has been predicted that 

PDAC will become the second leading cause of cancer-related death in the USA in 

2020 (9). In 2012, about 338,000 people had PDAC worldwide but only 3% survived; 

whilst in Europe 409,911 new cases were diagnosed and 353,580 cases (86%) died 

from PDAC (7). In the UK (2015), a total number of 9,921 new cases were diagnosed 

but only 11% survived (8). The 5-year relative survival for PDAC is currently 3% in the 

UK and less than 5% worldwide (10). If the tumour is resectable, the 5-year survival 

rate increases between 7-25% in the UK. However, most patients (80-85%) present 

advanced unresectable carcinoma and only 20% of patients with malignant disease 

localised to the pancreas will benefit from surgery. In the UK, only a small percentage 

of patients (8%) are suitable to undergo surgery (8).  
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1.1.4 Aetiology and clinical characteristics of pancreatic cancer 

Pancreatic cancer, and particularly pancreatic ductal adenocarcinoma (PDAC), has a 

very poor prognosis due to its invasive nature to spread to surrounding organs. 

Generally, PDAC is diagnosed in elderly people (> 70 years) and almost all cases are 

diagnosed after the age of 55 years. However, men present a higher incidence rate of 

PDAC than women (11). 

Early stages of PDAC are usually clinically silent given that the early symptoms are 

quite vague and unspecific, which are often ignored by the patient and the doctor. 

These early symptoms include epigastric bloating, vomiting, diarrhoea and 

constipation followed by painless jaundice and weight loss as the disease progresses. 

Abdominal and mid-back pain are usually late symptoms (12). The obstruction of the 

pancreatic duct could occasionally result in episodes of pancreatitis (13). Additionally, 

important physical signs such as palpable liver and gallbladder, thrombophlebitis and 

abdominal tenderness should be noted given that usually indicates an advanced or 

unresectable disease. Nevertheless, other conditions including chronic pancreatitis 

and choledocholithiasis can mimic very similar signs and symptoms (12).  

The range of risk factors associated to PDAC is reasonably wide. The two most 

dominant risk factors are cigarette smoking and a family history of chronic pancreatitis, 

followed by diabetes mellitus (14) – the latter may be a sequela of the disease rather 

than a risk factor. It has been suggested that cigarette smoking as well as daily 

exposure to environmental tobacco smoke (ETS) contribute to an augmented risk of 

developing PDAC by more than 70% (15). Moreover, pancreatitis (acute or chronic) is 

an inflammatory disorder associated with the progression of PDAC. Despite patients 

with chronic pancreatitis (CP) are at a relatively high risk of developing PDAC, only 

around 5% of patients diagnosed with CP will develop a pancreatic carcinoma over a 

period of 20 years (16). It seems that progressive inflammatory episodes in chronic 
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pancreatitis are responsible of the neoplastic transformation of pancreatic cells that 

triggers towards pancreatic cancer progression (17).  

A family history of pancreatic cancer, defined as a family where a pair of first-degree 

relatives has been diagnosed with malignant pancreatic tumours, is an extremely 

relevant risk factor, which accounts for 7-10% of individuals affected with this disease 

(18). These patients tend to present more precancerous lesions and have an increased 

risk of developing PDAC compared to the general population (19). Despite the fact that 

testing for germline genetic changes is not a common practice in patients with a family 

history of PDAC, mainly due to failing in recognising a familial cancer syndrome from 

the family history, genetic tests should be considered for those individuals with many 

1st-degree relatives with pancreatic abnormalities which include germline mutations 

associated with inherited susceptibility for PDAC such as BRCA2, PALB2, CDKN2A, 

STK11 and PRSS1 genes, and Lynch syndrome (13).  

Furthermore, type II diabetes mellitus has been associated with an increased risk of 

suffering pancreatic cancer. The relationship between PDAC and diabetes is complex 

as it can be either a predisposing factor of PC or an early manifestation of the disease 

(20). Other risk factors include obesity, ethnic origin (African-American are at high risk), 

a high-fat diet, male gender, advanced age, alcohol consumption, occupational 

exposures (e.g. chlorinated hydrocarbon solvents and nickel) and possibly infection 

with Helicobacter pylori and periodontal disease (13). Hence, pancreatic cancer is a 

very complex and multifactorial disease.  

 

1.1.5 Molecular characteristics of pancreatic cancer 

Pancreatic cancer is a heterogeneous disease; therefore, it is essential to effectively 

classify precancerous lesions to investigate pancreatic carcinogenesis and develop 

new screening test to detect pancreatic neoplasms at an early stage.  
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It is believed that adenocarcinomas from the pancreas arise from non-invasive 

pancreatic duct lesions to infiltrating carcinomas by accumulating multiple genetic 

alterations. In 1998, Brat et al. established that duct lesions could later develop in 

infiltrating adenocarcinomas. Observations in 3 patients where a portion of their 

pancreas was resected strongly support the role of duct lesions in the development of 

PDAC (21). Currently, these pancreatic duct lesions are called PanINs (pancreatic 

intraepithelial neoplasm) and are grouped into three categories: PanIN-1, PanIN-2 and 

PanIN-3 according to the histological analysis (22). They are the best characterised 

precursors of PDAC, microscopic, non-invasive epithelial neoplasms formed in ducts 

from columnar-to-cuboidal cells with < 5 mm of diameter (23). Furthermore, PanIN-1 

lesions can be divided into PanIN-1A (flat epithelial lesions) and PanIN-1B (papillary 

epithelial lesions) and can be detected in up to 40% of adult pancreata not involved in 

an invasive carcinoma. PanIN-2 lesions are mostly papillary and present some nuclear 

abnormalities such as loss of polarity, nuclear crowding, enlarged nuclei and 

hyperchromatism. PanIN-3 lesions are usually papillary or micropapillary but are rarely 

flat. They are characterised by loss of nuclear polarity and are present in 30-50% of 

pancreata with invasive ductal carcinoma phenotype (23). 

 

Figure 1.2. Progression model for pancreatic cancer.  

Normal duct epithelium progresses from pancreatic duct precursor lesions (PanINs) to 

infiltrating carcinoma by accumulating multiple genetic alterations. Reproduced from Hruban et 

al., Clinical Cancer Research 6, 2969-2972 (2000). 
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Moreover, the evaluation of these lesions aids to define the molecular and genetic 

alterations present in each group. There is an accumulation of genetic alterations that 

are associated with histological progression from low-grade PanINs (PanIN-1) to 

intermediate grade (PanIN-2), to high-grade PanIN (PanIN-3), to invasive cancer. 

Hence, a progression model for pancreatic cancer has been developed. As it can be 

observed in Figure 1.2, early genetic events of PDAC tumourigenesis include 

activation of K-ras oncogene and overexpression of HER-2/neu; whereas inactivation 

of tumour-suppressor gene p16 (p16INK4A/CDKN2A) occurs slightly later (PanIN-2) 

and loss of p53, DPC4 and BRCA2 tumour-suppressor genes occur relatively late in 

the development of pancreatic neoplasia (PanIN-3) (24). It has been shown that 

PanIN-2 lesions often contain as many mutations as PanIN-3 and invasive tumour 

samples, indicating that pancreatic tumours could progressed from PanIN-2 lesions 

without forming PanIN-3 lesions (25). Nevertheless, it is important to bear in mind that 

not all PanIN lesions will progress to infiltrating carcinomas (24). 

Four genes were identified in pancreatic cancer to be commonly mutated, and these 

include the KRAS oncogene and three tumour suppressor genes: p16/CDKN2A, TP53 

and SMAD4. Furthermore, patients with a strong family history of pancreatic cancer 

are more predispose to develop this type of cancer due to inheritance of genetic 

abnormalities. In particular, four genes (BRCA2, p16/CDKN2A, STK11 and PRSS1) 

are known to cause familial aggregation of PC when they are mutated in the germline  

(19, 26-28). However, they only account for less than 20% of the familial aggregation 

of PDAC. It is suggested that genetic alterations in the pancreas could start in the 

germline with inherited mutations in genes including BRCA2, p16/CDKN2A, STK11, 

PALB2, ATM and PRSS1 and then progress to non-invasive precursor lesions that 

accumulate mutations in KRAS, p16/CDKN2A, TP53 and SMAD4 and then on to 

invasive PDAC (26). 
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The KRAS gene is located on chromosome 12 (12p) and is activated in almost all 

pancreatic cancers (90%). It is one of the most common genetic changes observed in 

early intraductal lesions and infiltrating PDAC (21, 29). Generally, normal duct 

epithelial cells do not present KRAS mutations (30). The majority of activating point 

mutations in the KRAS gene occur at codon 12 in PC and a few target codons 13 or 

61 (31). These mutations occur early in pancreatic development, before an invasive 

carcinoma develops (31). 

The tumour suppressor gene p16/CDKN2A encodes for the p16INK4A protein and it 

regulates the cell cycle via the p16/Rb pathway (31). Its inactivation in pancreatic 

cancer accounts for more than 95% (32).   

TP53 is another tumour suppressor gene located on chromosome 17 (17p), which 

codes for the p53 protein (31). This protein is important in many biological cell events 

such as regulation of the cell cycle checkpoint, maintenance of G2/M arrest and 

induction of apoptosis. In approximately 55-75% of pancreatic cancers this gene is 

inactivated (31). 

The SMAD4, also known as DPC4, is a tumour suppressor gene located on the 

chromosome 18 (18q) and is genetically inactivated in 55% of pancreatic cancers  (31). 

This gene codes for the protein Smad4, or dpc4, that is involved in signalling via the 

transforming growth factor type ß (TGF-ß). The activated form of TGF-ß promotes an 

intracellular cascade resulting in Smad4 being localised into the nucleus where it 

regulates the expression of specific target genes (31). According to Iacobuzio-

Donahue, the loss of SMAD4 was associated with metastases  (26). 

Other tumour suppressor genes are involved in pancreatic cancer but in a rather low 

frequency, less than 10%, and are the following: MKK4, TGFRI (ALK 5), STK11/LKB1, 

ACVR2, FBXW7 (CDC4) and EP300 (31). 
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Yachida and colleagues suggested that only 37–39% of carcinomas contain genetic 

alterations in all genes. In many cases pancreatic cancer presents mutations in two 

driver genes (KRAS and CDKN2A); however, other carcinomas have alternative 

combinations such as KRAS and TP53 but SMAD4 was never included (33). 

Individuals with only two driver genes mutated in PC had a significantly longer disease 

free and median overall survival (33). In contrast, Rachakonda and colleagues showed 

that KRAS mutations were associated with a reduced survival time in PC. Moreover, 

patients with concomitant mutations in KRAS and in CDKN2A have the lowest survival 

rate (29). In addition, Yachida et al. found that most of the genetic alterations in 

pancreatic metastases were also identified in paired primary cancers from the same 

subjects (33). 

In 2012, Biankin exposed a comprehensive evaluation of PDAC using whole exome 

sequencing and copy number analysis of 99 tumours (34). The study showed a large 

number of novel mutated genes including those involved in DNA damage repair (ATM), 

chromatin remodelling (EPC1 and ARID2) and others (ZIM2, NALCN, SLC16A4, 

MAP2K4 and MAGEA6). Recently, Bailey revealed an integrated genomic analysis 

combining whole-genome and deep-exome sequencing using 456 pancreatic ductal 

adenocarcinoma samples to identify mutational mechanisms and crucial genomic 

events in pancreatic carcinogenesis (35). The study defined 4 subtypes of PDAC: 

squamous, pancreatic progenitor, immunogenic and aberrantly differentiated 

endocrine exocrine (ADEX) associated with different survival and distinct 

histopathological characteristics. This classification overlaps with the Collisson 

classification (36) in three of the subtypes, except for the immunogenic subtype. 
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1.1.6 Clinical diagnosis of pancreatic cancer 

Pancreatic cancer patients can be classified following the TNM staging (Tumour, Node, 

Metastasis) shown in Table 1, which is helpful in determining prognosis; although a 

simplified classification - commonly used for treatment purposes – divides patients into 

four different categories according to the clinical stage of the tumour including 

resectable, borderline resectable, locally advanced and metastatic (13, 37). 

Depending on the stage of the disease a different therapeutic treatment will be given.  

Table 1.1. Staging of PDAC (AJCC).  

Stage Pre-operative status TNM level Description 

I Resectable T1 or T2, N0, M0 
No extrapancreatic disease, no 
encasement of the coeliac axis or 
SMA 

II Potentially resectable T1 or T2, N1, M0 
T3, N0 or N1, M0 

Regional lymph nodes may be 
involved, no encasement of coeliac 
axis or SMA, possible 
extrapancreatic involvement 

III Unresectable T4, N0 or N1, M0 
Regional lymph nodes may be 
involved, encasement of coeliac 
axis or SMA 

IV Unresectable T (any), N (any), M1 Liver peritoneal, lung metastases 

 

Early detection of pancreatic cancer has improved over the last decades. At first, early 

diagnosis of this malignant disease was limited to patients with obstructive painful 

jaundice and laboratory test included measurements of amylase in serum and urine, 

serum carbohydrate antigens such as CA19-9, abnormal glucose tolerance and 

glycosuria. Moreover, imaging techniques were also used which allowed clinicians to 

recognise the clinical characteristics of pancreatic cancer at an early stage (38). 

However, asymptomatic patients presented with locally advanced or metastatic 

disease due to the lack of an effective screening test to detect PDAC at an earlier 

stage (37).  Similarly, low- and high-risk pre-malignant lesions can be difficult to 

differentiate, therefore, an accurate clinical evaluation and a correct pre-operative 
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diagnosis is essential. For instance, sensitivity and specificity of endoscopic ultrasound 

fine-needle aspiration (EUS-FNA) to predict malignancy in pancreatic cyst lesions is 

24% and 97%, respectively (39), and current cross-sectional imaging modalities are 

not sufficiently reliable to differentiate between benign and malignant lesions (40, 41). 

Hence, development of better techniques to distinguish benign from pre-malignant and 

malignant pancreatic cyst tumours is urgently necessary.  

Currently, substantial improvements in non-invasive imaging techniques including 

ultrasonography (US), computed tomography (CT), magnetic resonance imaging 

(MRI), endoscopic ultrasonography (EUS), endoscopic retrograde 

cholangiopancreatography (ERCP) and positron emission tomography (PET) have 

enhanced the ability to diagnose PDAC and plan appropriate therapies for patients. 

Adequate combination of these different imaging modalities aid for diagnosis and 

staging of PDAC and they can also help in reducing the number of unnecessary 

surgical explorations; however, all of them have their limitations (12). For instance, CT 

scans are the best initial test for pancreatic cancer and staging of the disease, 

providing 80% accuracy for prediction of resectability. However, in cases where 

patients cannot tolerate intravenous contrast for CT scans the tumour staging is carried 

out with MRI, instead. Another frequently used imaging technique is EUS, which is 

used as a screening test due to its ability to detect small pre-invasive lesions. 

Additionally, EUS or CT-guided fine-needle aspirations are used for cytological 

diagnosis providing a sensitivity of 80%. In cases where a metastasis is suspected, a 

PET-CT scan is carried out although is currently not part of routine staging (13). 

Furthermore, an accurate screening blood test for early detection of PDAC is still to be 

found. Detection of serum marker CA19-9 in blood higher than 100-200 U/mL helps to 

predict unresectability and survival after surgery (13). It is also the most commonly 

used biomarker to monitor the disease providing information on prognosis and 

therapeutic response after surgical resection and chemotherapy (42).  Unfortunately, 
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there are not specific tumour biomarkers that have proven sufficient specificity and/or 

sensitivity for diagnosis. 

 

1.1.7 Treatment of pancreatic cancer 

1.1.7.1 Surgical treatment 

In the past, surgical resection was the treatment of choice to cure pancreatic cancer; 

although the potential to cure this tumour by only surgical treatment alone was low. 

However, surgical resection is the only currently effective therapeutic treatment to cure 

pancreatic cancer. There are different surgical procedures that can be performed but 

nowadays the most common procedure that provides a curative resection of the 

pancreas is a pancreaticoduodenectomy or Whipple procedure (43). Patients who 

successfully underwent a surgical resection of the pancreatic tumour (R0, margin 

negative) and follow an adjuvant therapy have a median survival rate of 20 months or 

more (44). 

1.1.7.2 Therapeutic treatment 

Radiotherapy at conventional doses (3000-4000 rad) had very little or no effect on 

pancreatic adenocarcinoma patients, indicating that these tumours are resistant to 

radiation and this type of therapy alone will not eradicate the malignant tumour. 

Likewise, chemotherapy was used as a palliative treatment because only a few drugs 

were well studied and the available data of standard anticancer agents was not 

sufficient. 

Currently, all these three modalities of treatment have improved considerably, 

especially chemo- and radiotherapy, which nowadays have a significant effect on 

pancreatic cancer patients’ survival. The first chemotherapeutic agent approved by the 

Food and Drug Administration (FDA) for the treatment of pancreatic cancer was 
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gemcitabine. In 1996, it was given to patients with locally advanced or metastatic 

PDAC who were previously treated with fluorouracil (5-FU). Gemcitabine in 

combination with 5-FU, capecitabine, oxaliplatin and cisplatin failed to improve survival 

compared with gemcitabine alone (45-51). On the other hand, a widely used treatment 

is the combination of nab-paclitaxel with gemcitabine – which resulted in a near 2-

month survival benefit; however, it is quite toxic compare to gemcitabine alone and 

might not be suitable for elderly patients and/or patients with a poor performance status 

(52). An alternative first-line therapy for healthy individuals is FOLFIRINOX; although 

its performance is superior to gemcitabine, its adverse effects are severe (53). The 

administration of FOLFIRINOX and gem/nab-paclitaxel is unlimited until disease 

progression. Dose modification is necessary when initial adverse effects such as 

peripheral neuropathy and myelosuppression appear  (54). The FDA approved a 

second-line treatment for those PDAC patients who have progressed on gemcitabine-

based therapy, which is the combination of nanoliposomal irinotecan and 5-FU (55). 

Other therapies aim to target the tumour microenvironment of the pancreas, impact 

the immune system (i.e. manipulate tumour associated-macrophages, lymphocytic T-

cells), induce DNA damage (e.g. PARP inhibitors) and target specific genes involved 

in carcinogenesis (e.g. p53) (54).  

To summarise, FOLFIRINOX is the standard care of PDAC patients receiving neo-

adjuvant treatment in the UK, whereas gemcitabine, nab-paclitaxel plus gemcitabine 

and erlotinib are given as adjuvant chemotherapeutics. A combination of 

chemotherapeutic regimens is given to locally advanced or metastatic PDAC patients. 

However, despite developments in early diagnosis and progress in understanding the 

biology and molecular mechanisms of PDAC there is still need for better therapies, 

specific biomarkers and diagnostic techniques to detect this disease at an earlier 

stage, particularly to those people at risk of developing pancreatic carcinoma. 
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1.1.8 Clinical trials for pancreatic cancer 

1.1.8.1 Clinical trials for resected pancreatic cancer 

Surgical resection is the only effective therapeutic treatment that provides a potential 

cure to patients with pancreatic cancer. Nevertheless, some patients will follow an 

adjuvant chemotherapeutic treatment.  

In 2004, the European Study Group for Pancreatic Cancer (ESPAC) carried out a 

multicentre trial (ESPAC-1), in which adjuvant chemotherapy with 5-FU had a 

significant survival benefit in patients with resected PDAC whilst a deleterious effect 

on patients’ survival was observed when chemoradiotherapy was administered (56).  

In 2007, a phase III randomised clinical trial that aimed to address the efficacy and 

toxicity of gemcitabine in resected PDAC patients was carried out (Charité Onklogie 

001 [CONKO-001], ISRCTN34802808) (57).  A prolonged overall survival (OS) was 

observed in patients randomised to adjuvant gemcitabine (22.8 months) in comparison 

with the control group (20.2 months); showing a 10-year overall survival of 12.2% and 

7.7%, respectively, and a 5-year overall survival rate of 20.7% and 10.4%, respectively.  

The disease-free survival for the gemcitabine group was 13.4 months whereas patients 

that only underwent a surgical procedure (observation group) had a disease-free 

survival of 6.9 months. Therefore, these findings supported the use of adjuvant 

gemcitabine in this setting as it resulted in increased overall survival and disease-free 

survival in patients with complete resection of the pancreatic tumour. 

The failure of adjuvant chemoradiotherapy to enhance survival was reflected in the 

ESPAC-1 trial, however, the Radiation Therapy Oncology Group proposed to evaluate 

whether adding gemcitabine to adjuvant fluorouracil chemoradiation might improve 

survival for patients with resected pancreatic adenocarcinoma in a phase III 

randomised clinical trial (RTOG-9704, NCT00003216) (58). Nevertheless, despite the 
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survival benefit was associated to the addition of gemcitabine to adjuvant fluorouracil-

based chemoradiation, this improvement was not statistically significant. 

In 2016, a Japanese study did a randomised, multicentre phase III clinical trial, 

JASPAC-01, where patients with resected PDAC were assigned to receive either 

gemcitabine or fluoropyrimidine S-1 (or S-1). They aimed to verify whether S-1 was 

superior to gemcitabine as an adjuvant chemotherapeutic agent for patients with 

resected PDAC given that S-1 is widely used in gastric cancer in Japan and its toxicity 

profile is different from gemcitabine, considering it to have some positive effects on 

patient’s quality of life (59). A significant improved overall survival was shown with 

adjuvant S-1 chemotherapy (46.5 months) in resected PDAC patients compared with 

adjuvant gemcitabine (25.2 months). An association with a higher 5-year survival was 

observed in the S-1 group (43.6%) than in the gemcitabine group (24.2%). The median 

relapse-free survival in the gemcitabine group was 11.3 months, whilst the S-1 group 

showed a relapse-free survival of 22.9 months. Despite the fact that this adjuvant 

chemotherapy with S-1 has shown a superior effectiveness than gemcitabine, it has 

only be proven in Japanese patients, hence, it should be evaluate in non-Asian 

patients. 

It has been shown in other clinical trials that a combined therapy using gemcitabine 

and capecitabine improved survival and tumour response in advanced or metastatic 

PDAC patients (47). Capecitabine is an orally active tumour-selective fluoropyrimidine 

carbamate, which provides a prolonged exposure to fluorouracil at lower peak 

concentrations. Thus, the European Study group for Pancreatic Cancer investigated 

the use of adjuvant combination therapy, with patients randomly assigned to 6 months 

of gemcitabine-capecitabine versus gemcitabine monotherapy (ESPAC-4, 

ISRCTN96397434). More than 700 patients were recruited, and the highest median 

overall survival was 28 months and it was observed in the combined therapy group 

whereas the gemcitabine group showed a median OS of 25.5 months (60). The 
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ESPAC-4 clinical trial showed that overall survival significantly increased with 

combined adjuvant chemotherapy (gemcitabine plus capecitabine) compared to 

gemcitabine monotherapy after surgical resection of pancreatic cancer. Therefore, 

gemcitabine plus capecitabine is now one of the adjuvant chemotherapeutic 

alternatives for patients with PDAC after surgical resection of the pancreas.  

Currently, there are some ongoing clinical trials such as the one carried out by the 

Radiation Therapy Oncology Group (RTOG-0848, NCT01013649) which is currently 

addressing the value of chemoradiotherapy in patients who have received standard-

of-care adjuvant chemotherapy after surgical resection. The ongoing RTOG-0848 

clinical trial randomly assigned patients to 6 months of adjuvant gemcitabine-based 

chemotherapy with or without erlotinib. Furthermore, those patients whose disease 

has not progressed after a full course of gemcitabine will be randomly assigned to 

receive chemoradiotherapy (capecitabine plus fluorouracil). Another phase III 

randomised clinical trial is APACT (Nab-paclitaxel and Gemcitabine vs Gemcitabine 

Alone as Adjuvant Therapy for Patients With Resected Pancreatic Cancer (the "Apact" 

Study), NCT01964430), which is currently assigning resected PDAC patients to 

gemcitabine monotherapy for 6 months or to gemcitabine/nab-paclitaxel combination 

therapy. The target accrual is 800 patients, with an estimated completion date of 2020. 

The efficacy of FOLFIRINOX to treat resectable pancreatic adenocarcinoma is also 

being evaluated in the ACCORD 24 clinical trial (Trial Comparing Adjuvant 

Chemotherapy With Gemcitabine Versus mFOLFIRINOX to Treat Resected 

Pancreatic Adenocarcinoma, NCT01526135). It will compare the difference between 

adjuvant chemotherapy with gemcitabine versus FOLFIRINOX.  

1.1.8.2 Clinical trials for locally advanced pancreatic cancer 

Chemoradiotherapy was historically used as the primary and initial treatment for 

patients with locally advanced disease. However, whether radiotherapy improves 

survival and quality of life is a controversial issue. Over the past several decades, 
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clinical trials have evaluated concurrent chemoradiotherapy compared with 

chemotherapy alone in patients with locally advanced disease; however, the results 

obtained were mixed (61).  

Currently, the standard treatment in the UK for locally advanced, non-resectable and 

non-metastatic PDAC is chemotherapy. Since gemcitabine was introduced as the 

standard care of treatment for patients with advanced pancreatic cancer in 1996, there 

has been no improvements in survival and this could be due to numerous phase III 

clinical trials have failed to statistically demonstrate a significant improve in the OS 

over gemcitabine, which ranged from 5.7 to 6.8 months (47, 62). For instance, in 1997 

Burris and colleagues reported a study in which 160 patients with metastatic PDAC 

were randomly assigned to receive either gemcitabine or fluorouracil (5-FU). This 

study demonstrated that gemcitabine conferred a modest survival advantage over 5-

FU and it was more effective in alleviating some disease-related symptoms (62). 

Another randomised trial in which patients were randomly assigned to receive 

gemcitabine plus capecitabine also failed in showing a clinical benefit over gemcitabine 

monotherapy (47). 

Only two trials where gemcitabine was administered together with either erlotinib or 

FOLFIRINOX showed a significant improvement in overall survival over gemcitabine 

alone (6.24 vs 5.91 months, and 11.1 vs 6.8 months, respectively) (53, 63). Erlotinib is 

an oral tyrosine kinase inhibitor of the human epidermal growth factor receptor type 1 

(HER1/EGFR) and FOLFIRINOX is the combination of four drugs including 5-

fluorouracil, leucovorin, irinotecan and oxaliplatin. Furthermore, progression-free 

survival was longer in the erlotinib plus gemcitabine arm and in the FOLFIRINOX group 

than in the gemcitabine alone arm (53, 63). Both studies demonstrated an 

improvement in survival of PDAC over gemcitabine monotherapy. Hence, they were 

considered as new treatment options for advanced PDAC patients.  
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Despite the mechanism of EGFR activation in pancreatic cancer remains poorly 

understood, there are potential factors such as gene amplification, ligand 

overexpression, altered receptor processing and autocrine or paracrine up-regulation, 

which support the role of EGFR in activating the progression of this malignant disease. 

Pre-clinical studies confirmed the anti-tumour effect of EGFR inhibition by tyrosine 

kinase inhibitors (TKIs) in pancreatic cancer (64-67). In two mouse xenograft models 

of pancreatic cancer where erlotinib was administered alone and in combination with 

gemcitabine a significantly increased apoptosis was observed as well as a blockage 

of EGFR phosphorylation (65). Similarly, when HPAC cells treated with erlotinib were 

implanted into athymic/nude mice, tumours grew slowly and showed a reduced 

metastatic potential (in vivo and in vitro) (67). Another study used TKIs that inhibited 

cell proliferation and phosphorylation of MAPK and EGFR autophosphorylation in 

pancreatic cell lines (66). In a pancreatic cancer mouse xenograft model, another TKI 

(PKI-166) exhibited activity alone and together with gemcitabine (64). 

Furthermore, erlotinib has been also evaluated in several clinical as a therapeutic 

target for solid tumours including pancreatic cancer (68, 69). The most recent study 

upon which the FDA based its approval of erlotinib showed that this therapeutic agent 

in combination with gemcitabine in patients with advanced pancreatic cancer results 

in a statistically significant improvement in OS (63). They also assessed the expression 

of EGFR in tumour samples, but it did not correlate with clinical response. However, 

the presence or absence of mutant K-ras is a potential molecular predictor of response 

to EGFR inhibitors given that RAS/MAP kinase is one of the downstream signalling 

pathways of EGFR. Hence, mutations in any of these signalling components may lead 

to therapeutic resistance. Moore et. al observed that patients with wild-type K-ras 

treated with erlotinib showed a trend of greater OS; however, this finding was not 

statistically significant (63). Moreover, it has been observed that patients who 

developed a skin rash showed improved outcomes but the mechanism by which this 
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occurs is still unclear. The challenge remains on identifying advanced pancreatic 

patients most likely to benefit from this therapeutic agent. Therefore, further 

investigation is needed to discover molecular markers predictive of response to 

erlotinib among pancreatic cancer patients. 

In 2011, a phase I/II clinical trial investigated the efficacy of a first-line gemcitabine plus 

nab-paclitaxel therapy in metastatic PDAC (70). Nab-paclitaxel is an albumin-based 

formulation of paclitaxel. The randomised phase III MPACT clinical trial 

[NCT00844649] confirmed previous report from 2011, supporting the superior effect of 

nab-paclitaxel plus gemcitabine over gemcitabine alone (71). The treatment of 

pancreatic cancer patients with nab-paclitaxel plus gemcitabine demonstrated a 

statistically improvement across all endpoints compared to gemcitabine alone, 

including OS (8.5 months versus 6.7 months) and progression-free survival (5.5 vs 

3.7). Therefore, it has been suggested that nab-paclitaxel together with gemcitabine 

could serve as a backbone on which other therapies for patients with pancreatic 

disease can be added. 
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1.2 Biliary tract cancer: Cholangiocarcinoma 

Biliary tract cancer is an uncommon type of cancer in developed countries and has a 

poor prognosis. In the UK, approximately 1,200 new cases are diagnosed each year 

(72). It includes cancer types from the biliary tree such as cholangiocarcinoma, 

ampullary carcinoma and gallbladder cancer. 

Patients with either resectable or locally advanced/metastatic biliary tract cancer have 

no established standard chemotherapy because individual randomised clinical trials 

for this rare type of cancer have not been performed. The data regarding first-line 

therapy in this type of cancers is very limited given that the only data available is from 

PDAC or hepatocellular carcinoma in which biliary tract cancer patients are included 

as a sub-group. Therefore, results from these studies should be considered with 

caution, as they are not sufficiently robust to define a standardised treatment.  

Valle and colleagues suggested that biliary tract cancers are chemo-sensitive and, 

although very little is known about their biology, it seems to be similar to that of 

gastrointestinal epithelial cancers sharing also similar oncogenic mutations (72). 

 

Figure 1.3. Cholangiocarcinoma.  

This is a cholangiocarcinoma (CCA), perihilar subtype that occurs in the hepatic duct bifurcation. 

For the National Cancer Institute © (2018) Terese Winslow LLC, U.S. Govt. has certain rights.  
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1.2.1 Types of cholangiocarcinoma 

Cholangiocarcinoma (CCA) is a relatively rare and heterogeneous tumour that 

originates from cholangiocytes, epithelial cells lining the biliary tree tract, which suffer 

a malignant neoplastic transformation. It is formed in the bile ducts that connect the 

gallbladder, the liver, the pancreas and the small intestine. There is a biological fluid 

called bile that flows through the bile ducts until it reaches the small intestine. 

This type of cancer is the most common malignancy of the biliary tract and the second 

most common primary hepatic malignancy (73). Adenocarcinoma is the most common 

type (90-95%) presenting poor to moderate differentiation, high desmoplastic stroma 

and mucin expression (74).  

According to its anatomic location, cholangiocarcinoma tumours are classified into 

three different subtypes (Figure 1.4): intrahepatic (iCCA), perihilar (pCCA) and distal 

extrahepatic (dCCA); being pCCA the most common – accounting for 80-90% of CCAs, 

and usually referred to as ‘Klatskin tumour’ (74). Originally, cholangiocarcinoma 

tumours were divided into intrahepatic and extrahepatic, including this latter the 

subtypes pCCA and dCCA (75-77). Intrahepatic CCA arises from biliary epithelial cells 

or hepatic progenitor cells located in the hepatic parenchyma near the secondary 

branches of the right and left hepatic ducts, whereas pCCA and dCCA arise from biliary 

epithelial cells and peribiliary glands. iCCA is separated from pCCA and dCCA by the 

second-order of biliary ducts and these latter two subtypes are separated by the cyst 

duct. The secondary branches of the right and left hepatic ducts and the common 

hepatic duct next to the origin of the cyst duct are the boundaries of pCCA tumours. 

Finally, dCCA is located in the common bile duct without including the Ampulla of Vater 

and two types of precursor lesions are proposed to arise from it: intraductal papillary 

neoplasms and biliary intraepithelial neoplasia (74). 
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Different growth patterns can be observed in intrahepatic and extrahepatic 

cholangiocarcinomas. In iCCA, four growth types are identified: 1) mass-forming, 2) 

periductal-infiltrating, 3) intraductal, and 4) undefined; whilst only two can be observed 

in pCCA: 1) mass-forming and 2) intraductal. Mass-forming is the most common form 

of iCCA and the combination of mass-forming and periductal-infiltrating subtype has 

the worst prognosis (73). In pCCA, the intraductal subtype can be further divided into 

nodular and periductal-infiltrating, being this latter the most common subtype (78). 

 

Figure 1.4. Classification of cholangiocarcinoma subtypes.  

This classification is based on anatomical location within the biliary tree system into intrahepatic 

(iCCA), perihilar (pCCA) and distal (dCCA). Reproduced from Blechacz et al., Gut and Liver 1, 

13-26 (2017). 

 

These cholangiocarcinoma tumours differ in their anatomic origin, their biological 

behaviour, their clinical management and their response to therapy. Therefore, the 

different cholangiocarcinoma subtypes should be considered as separate entities in 

regards to its clinical management. 
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1.2.2 Epidemiology and statistics of cholangiocarcinoma 

Generally, CCA accounts for only 3% of all gastrointestinal tumours. The incidence of 

cholangiocarcinoma presents a wide geographic variability. For instance, Asian 

countries (e.g. Thailand) show the highest incidence of CCA – probably due to the 

elevated prevalence of hepatobiliary flukes associated with the ingestion of 

undercooked fish, while Australia presents the lowest rate (79). In Europe, between 4 

to 18 inhabitants per million will be diagnosed with CCA(80). The incidence ratios of 

intrahepatic cholangiocarcinoma have increased in Europe, particularly in Western 

Europe, whereas the opposite has occurred with extrahepatic cholangiocarcinoma in 

which the incidence ratios have been stabilised or decreased (81). The median age of 

diagnosis is > 65 years and it is slightly more prevalent in males than in females (79). 

 

1.2.3 Aetiology and clinical characteristics of cholangiocarcinoma 

Established risk factors associated with the development of CCA include primary 

sclerosing cholangitis (PSC), hepatobiliary parasites (Opisthorchis viverrini and 

Clonorchis sinensis), congenital biliary malformations (Caroli’s disease, choledochal 

cyst), hepatolithiasis and chemical agents (thorotrast). Other possible risk factors such 

as infectious diseases (Hepatitis B, Hepatitis C, liver cirrhosis), biliary enteric drainage, 

toxins (i.e. dioxins), diabetes, obesity and smoking could also contribute to 

cholangiocarcinoma pathogenesis (74, 82). 

Generally, cholangiocarcionoma is clinically silent and usually symptoms, although 

unspecific, appear at an advanced stage.  

More than half of perihilar CCA patients have signs of malignancy such as abdominal 

pain, weight loss, malaise and cachexia. Moreover, it is also very common that patients 

present with biliary problems, as this type of tumour involves the main bile duct, such 
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as biliary obstruction with painless jaundice (90%) and cholangitis – although this is 

less frequent (10%) (73). Clinically, symptoms related to dCCA are similar to pCCA 

causing cholestasis and cholangitis as well as abdominal discomfort and weight loss 

(73) 

Intrahepatic cholangiocarcinoma presents with unspecific symptoms including 

abdominal discomfort, night sweats, malaise, fatigue and cachexia (73, 78). 

Unfortunately the detection of iCCA in asymptomatic patients is sometimes incidental 

by detecting an abdominal mass during an imaging procedure or a physical 

examination (76) 

 

1.2.4 Molecular characteristics of cholangiocarcinoma 

Chronic inflammation of the biliary epithelium and obstruction of the biliary tree are two 

common conditions associated to neoplastic transformation of the cholangiocytes and, 

therefore, risk factors that predispose patients to develop CCA. This malignant 

transformation of the cholangiocytes is the consequence of a chronic biliary 

inflammation and obstruction that triggers the production of cytokines and reactive 

oxygen species that causes cellular stress and irreversible DNA damage (83). These 

molecular changes contribute to tumour development and survival of malignant cells. 

 

1.2.5 Diagnosis of cholangiocarcinoma 

Diagnostic techniques such as computed tomography (CT) and magnetic resonance 

imaging (MRI) are helpful for evaluating the size of the primary tumour and detecting 

the presence of satellite lesions (73, 78). However, it is preferable to perform a CT as 

it might be more appropriate in order to assess the vascular status, identify 

extrahepatic metastases and predict resectability. Despite both imaging techniques 
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have low specificity (73), they accurately distinguish iCCA from hepatocellular 

carcinoma (HCC) in tumours > 2 cm diameter (74). It is important to discern iCCA 

tumours from HCC as they respond differently to therapy and the outcomes following 

liver transplantation could be suboptimal in patients with mixed features of both HCC 

and CCA (84). Positron emission tomography (PET) has a limited diagnostic value. 

Generally aids in detecting larger iCCAs and metastases (78) and PET/CT showed a 

very high sensitivity and specificity (95%) but it does not offer a significant advantage 

over the CT or MRI (85). Thus, histological diagnosis is also necessary. 

Serum tumour markers are attractive molecules that can help in CCA diagnosis, 

however, these markers have not reached adequate specificity. The most common 

serum tumour marker is the carbohydrate antigen 19-9 (CA 19-9) but its expression 

levels can also be elevated in other malignancies including gastrointestinal, pancreatic 

and gynaecological diseases as well as benign cholangiopathies (74). For example, 

serum levels of 129U/mL or greater in iCCA patients with PSC have a sensitivity and 

specificity of 79% and 98%, respectively (86). Nevertheless, it only detects iCCA 

patients with 62% sensitivity and 63% specificity (75). Therefore, it should be used in 

combination with other diagnostic tests.  

Perihilar and distal CCA subtypes have been grouped together as extrahepatic 

cholangiocarcinoma due to their clinical similarities. Hence, the same diagnostic 

criteria for pCCA are applied to dCCA. 

Endoscopic retrograde cholangiopancreatography (ERCP) is useful in evaluating 

biliary strictures, sampling epithelial cells for cytology and, in cases of obstruction of 

the bile ducts, aids in therapeutic dilatation and stent placement (75, 87). In addition, 

endoscopic ultrasound (EUS) combined with fine-needle aspiration can also help in 

assessing the biliary tract tree; however, it should be avoided because the tumour may 

spread to other sites (88). The implementation of PET is limited as it provides false-

negative and false-positive results because of a high desmoplastic and inflamed 
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environment surrounding the tumour (89). Thus, the preferred imaging modality for 

perihilar CCA is magnetic resonance cholangiopancreatography (MRCP) because it is 

a valuable diagnostic tool for the identification of this subtype of cancer with an 

accuracy of 76% and a sensitivity of 89% (90). A combination of MRCP with MRI 

enables the assessment of the biliary tree and it can also evaluate the extent of the 

tumour and its resectability with an accuracy of up to 95% (73). Serum levels of CA 

19-9 are less specific in pCCA than in iCCA (73). In addition, other conditions such as 

duct obstruction or cholangitis can also induce an increase in these levels, for this 

reason testing for serum tumour markers should be used in combination with other 

diagnostic tools. 

It is challenging to distinguish benign from malignant biliary duct strictures; therefore, 

diagnostic imaging techniques should be performed to determine the extent of the 

disease and stage it correctly, assess biliary tract obstruction(s) and manage patient 

therapy prior to surgery and/or biliary interventions. Additionally, histopathology and 

cytology analysis should be carried out as well as testing the levels of serum tumour 

markers in CCA patients.  

In summary, a multidisciplinary approach combining different diagnostic modalities is 

required, as it still remains a challenge to diagnose this disease at an early stage.  

 

1.2.6 Staging system for cholangiocarcinoma 

Cholangiocarcinoma has been classified using different staging systems depending 

on the subtype. For instance, intrahepatic cholangiocarcinoma tumours were 

previously classified based on the TNM classification, which is a pathologic staging 

system. There are three major staging systems for iCCA: 1) the American Joint 

Committee on Cancer/Union for International Cancer Control (AJCC/UICC), 2) the 

Liver Cancer Study Group of Japan (LCSGJ), and 3) the National Cancer Center of 
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Japan (NCCJ). However, none of them fulfils the criteria of an ideal staging system 

due to lack of correlation with prognosis. Therefore, a specific staging system has been 

recently proposed by the 7th edition of the American Joint Committee on Cancer 

(AJCC) (91).  

On the other hand, perihilar cholangiocarcinoma can be classified based on two 

staging systems including the AJCC/UICC and the Memorial Sloan-Kettering Cancer 

Center (MSKCC) staging system. The former one uses pathological data and can 

provide patient prognosis; however, assessment of surgical treatment is not applicable. 

By contrast, the MSKCC failed in stratifying patient with resectable and unresectable 

CCA with adequate accuracy (74, 84). Another classification is the Bismuth-Corlette, 

which is not a staging system, but was created to help surgical management (92). 

Despite the fact that it does not provide any prediction on resectability, this 

classification describes the location of the tumour and its spread within the biliary tract 

tree. A new staging system was proposed by an international CCA group (93) that 

combines the Bismuth-Corlette classification, the TNM and MSKCC staging systems 

and includes new prognostic factors. Its purpose is to serve as a more accurate pre-

operative staging system to be used in the surgical environment. 

Currently, the only staging system for distal extrahepatic cholangiocarcinoma is the 7th 

edition of the AJCC/UICC staging system, which is solely of prognostic value although 

it will require further validation (91). 

 

1.2.7 Surgical treatment of cholangiocarcinoma 

The preferred treatment option for all the CCAs is surgical resection with negative 

tumour margins (R0). In some perihilar CCAs, liver transplantation is also a treatment 

of choice. For those patients presenting unresectable tumours, combination 

chemotherapy of cisplatin and gemcitabine may be considered, if available. However, 
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treatment options are limited in the case of intrahepatic CCA and are usually 

associated to high recurrence rate and short survival times (i.e. months rather than 

years) (78). Currently, the only strategy with potential curative value is surgery in 

patients with localised disease (84). Otherwise, chemotherapy and enrolment in 

clinical trials are alternative options that should be considered if available. As a first-

line of treatment, gemcitabine plus cisplatin is given to patients with advanced disease 

because either the tumour is non-resectable or it has already spread (84).  

Surgical resection in the treatment of choice for perihilar CCA in absence of PSC 

because it provides long-term survival (5-year survival is 20-30%) (84). However, 

negative tumour margins and absence of nodular involvement increases survival up to 

45%. On the other hand, patients with pCCA and PSC might require a liver 

transplantation if the tumour is localised. Another alternative for early-stage pCCA 

patients with PSC but presenting non-resectable tumours is neoadjuvant 

chemoradiation plus liver transplantation (5-year survival of up to 72%) (84). For those 

patients with pCCA who are not candidates for either surgical resection or liver 

transplantation, chemotherapy with gemcitabine and cisplatin could be an option to 

consider (78). Valle and colleagues have proved that gemcitabine in combination with 

a platinum-based agent (e.g. cisplatin) increased survival of advanced biliary tract 

cancer patients (72). 

Patients with distal CCA often require a Whipple procedure. The overall 5-year survival 

of dCCA is 27% after resection (R0), with a median survival time of 25 months (94). 

However, if surgical resection is not possible then improvement of biliary obstruction 

and administration of a combination of chemotherapeutic agents (cisplatin and 

gemcitabine) or 5-FU alone is provided (78). 
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1.2.8 Therapeutic treatment of cholangiocarcinoma 

Regarding clinical trials, they were focused on testing gemcitabine and platinum-based 

agent(s) alone (cisplatin, oxaliplatin) as well as a combination chemotherapy using 

gemcitabine plus cisplatin or gemcitabine plus oxaliplatin (72, 95, 96). The combined 

chemotherapy with gemcitabine and a platinum-based agent was proved to be efficient 

and well tolerated in advanced biliary tract cancer patients so it was assigned as a 

standard treatment for patients with advanced biliary tract cancers. For that reason, 

Lee et al. tested this therapeutic combination with the addition of erlotinib, a tyrosine-

kinase inhibitor of EGFR (epidermal growth factor receptor), in a phase III clinical trial 

and even a significant difference in progression-free survival between groups was not 

observed, it did show anti-tumour activity (97); therefore, this strategy might be another 

first-line treatment option to consider in patients with advanced CCA. However, these 

still have some limitations such as lack of population diversity with respect to ethnic 

origin that will need to be overcome. 

Palliative care therapies are other alternatives of treatment offered to those patients 

with unresectable CCA tumours at the time of diagnosis. Usually this disease is 

diagnosed in elderly patients who also have comorbidities that preclude surgical 

resection (76). The purpose of these therapies is to relief biliary obstruction and to 

ameliorate symptoms to improve patients’ quality of life. 

Taken together, there have been advances in the diagnosis and clinical management 

of CCA. However, it is necessary to develop better staging systems in order to correctly 

stratify cholangiocarcinoma patients and designed an individualised therapeutic plan 

given that CCA tumours should be treated differently depending on their location. 

Moreover, clinical trials still have some limitations that will need to be overcome.  
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1.3. Biliary tract cancer: Ampullary carcinoma 

1.3.1 Epidemiology and statistics 

Ampullary cancer or ampullary carcinoma is a rare type of tumour, accounting for less 

than 1% of gastrointestinal cancers and approximately 7% of periampullary cancers 

(98). It was first reported by Cattell and Pyrtek in 1950 (99). It derives from the Ampulla 

of Vater, a region of 1.5 centimetres or less, located in the last part of the common bile 

duct and the pancreatic duct where it traverses the duodenal wall and opens into the 

duodenal lumen.  

 

1.3.2 Types of ampullary carcinomas 

This type of cancer is often confused with periampullary cancers, which originate in 

other parts of the body such as the pancreas, the bile duct or the small bowel. The 

vast majority of ampullary cancers are adenocarcinomas although there is a variety of 

sub-types including papillary, adenosquamous and mucinous. There are two main 

histologic subtypes based on the epithelium of origin: 1) intestinal, which derives from 

the intestinal epithelium, and 2) pancreatobiliary, which originates from the distal 

common bile duct and distal pancreatic duct (100). This latter presents the worse 

prognosis. 

 

1.3.3 Molecular and clinical characteristics of ampullary carcinoma 

Patients normally present with symptoms related to biliary obstruction (i.e. jaundice) at 

an early stage when the tumour can be resected, hence, about 50% undergo curative 

surgery – typically a pancreatico-duodenectomy (or Whipple procedure) (101). In 

general, these cancers have better survival rates than periampullary cancers (32-
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68%); however, recurrence rate is high and resected patients will eventually die from 

this disease (102, 103).  

Demeure and colleagues performed a whole-genome sequencing of an ampullary 

tumour and found genetic alterations in KRAS, SMAD4 and PTEN. Mutations in KRAS 

were located in codon 12 as in the majority of PDAC tumours; however, the incidence 

of these mutations was low in ampullary carcinoma (25 to 37%) compared to PDAC 

(95%). A somatic mutation in SMAD4 was observed and has also been previously 

reported in other studies to be present in ~50% of ampullary cancers. Moreover, PTEN, 

a tumour suppressor gene, was found to be deleted in a focal region in chromosome 

10 (104).   

 

1.3.4 Diagnostic of ampullary carcinoma 

An accurate preoperative staging is essential and is based on numerous imaging 

modalities including computed tomography (CT), magnetic resonance (MRI), 

endoscopic ultrasonograpy (EUS), extracorporeal ultrasonography (US), magnetic 

resonance cholangiopancreatoscopy (MRCP) and endoscopic-retrograde 

cholangiopancreatograpy (ERCP). The most commonly used imaging techniques are 

EUS and/or US, CT and MRCP because of their non-invasive technology and their 

availability (105). For tumour staging either EUS and/or intraductal US following TNM 

classification are used; however, intraductal US provides a superior resolution. To 

detect distant metastases is recommended to perform an MRI or a CT scan. It can 

show the location and extension of the tumour and the presence or absence of 

metastasis (106). It has a high accuracy in detecting disease of the abdominal cavity 

(105). Another technique is MRCP, which is highly accurate in detecting an obstruction 

and dilation of the biliary tract tree. Similarly, ERCP detects malignant biliary 

obstructions and can retrieve biopsy specimens and brush cytology samples for a 
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pathological diagnosis. However, this latter is more invasive and cannot distinguish the 

stage of the tumour (105). In summary, it is difficult to discriminate ampullary 

carcinoma from periampullary carcinoma and a carcinoma from the head of the 

pancreas. Therefore, a multimodality approach including standard blood biochemistry 

and tumour markers (i.e. CA19-9), usage of several imaging techniques such as 

abdominal US scan followed by CT, MRCP or ERCP should be carried out to diagnose 

the disease at an early stage. 

 

1.3.5 Treatment of ampullary carcinoma 

There is a lack of randomised clinical trials focused on ampullary carcinoma given that 

they represent a minority of gastrointestinal cancers (gastric and colorectal cancers). 

Thus, therapeutic treatment options are mainly derived from clinical trials conducted in 

pancreaticobiliary tract cancers in where a sub-group of patients present ampullary 

cancer. However, this sub-group is usually heterogeneous because it includes other 

types of pancreatic and biliary tract cancers and the sample size of each sub-group is 

too small, therefore, results from these clinical trials should be carefully considered.  

Gemcitabine has been used as the standard treatment for pancreatic cancer and is 

commonly used in biliary tract cancers and advanced ampullary carcinomas. However, 

its efficacy as a monotherapy remains poor (95).   

In 2009, a phase II trial was conducted in which capecitabine plus oxaliplatin (CAPOX) 

was evaluated in patients with advanced adenocarcinoma of the small bowel or the 

Ampulla of Vater. The results from this drug combination provided an overall survival 

(OS) of 50% and a median OS of 20.4 months, showing a 33% of response for 

ampullary carcinoma. A year later, a phase III clinical trial (ABC-02) investigated the 

combination of gemcitabine with cisplatin, demonstrating a significant advantage in 

patients with advanced biliary tract cancers and this therapy was recommended as an 
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appropriate option (72). Furthermore, another study evaluated the effectiveness of a 

chemotherapy combination between cisplatin, epirubicin, FU and gemcitabine (PEFG) 

in which ampullary carcinoma was the most responsive to this chemotherapeutic 

treatment with a median survival of 12.6 months (107).  

The management of the resected ampullary carcinoma is followed by the 

administration of adjuvant chemotherapy, preferably gemcitabine, because a survival 

benefit from adjuvant chemoradiation has not been observed (108, 109). However, a 

new clinical trial called BILCAP evaluated the role of adjuvant chemotherapy with 

capecitabine after macroscopically complete surgical resection of a biliary tract cancer 

was performed (110). A total of 447 patients were recruited in the UK and they were 

randomly assigned to the surgery alone group (observation group) or to the 

capecitabine group. Capecitabine used as an adjuvant chemotherapeutic treatment 

following surgical resection of a biliary tract tumour improved overall survival (OS) in 

patients with BTCs: the median OS for capecitabine was 51 months, whereas for the 

observation group was 36 months. Therefore, the outcome from the BILCAP clinical 

trial is that adjuvant chemotherapeutic treatment with capecitabine following surgical 

treatment could be the standard of care for patients with biliary tract cancer (110). 

In the case of locally advanced or metastatic stage, both chemoradiotherapy and 

chemotherapy are applied although there is no standard treatment yet. Generally, 

patients with advanced ampullary carcinomas receive an anti-metabolite 

(fluoropyrimidine and/or gemcitabine) plus a platinum agent (cisplatin, oxaliplatin).  
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1.4 Bile fluid 

1.4.1 Bile fluid 

Bile is a greenish yellow fluid produced by hepatocytes in the liver. They produce 

approximately 1 litre of bile every day, which consists of 95% water in where organic 

and inorganic complex solutes (5%) are dissolved. This fluid is slightly alkaline, with a 

pH of 7 to 8.  

 

1.4.2 Bile function 

Bile has a main function, which is to emulsify dietary fats and facilitate their intestinal 

absorption. It also neutralises hydrochloric acid present in the stomach before it passes 

into the small intestine (111). Nonetheless, there are other few functions which are 

also essential: 1) protects the organism from enteric infections by secreting 

inflammatory cytokines, immunoglobulin A (IgA) and stimulates the intestinal innate 

immune system, 2) it is the major excretory route for many molecules such as 

potentially harmful exogenous substances (i.e. heavy metals: arsenic, copper, 

manganese, lead, mercury, selenium, silver and zinc), hormones and cholesterol from 

the body, and 3) it is an essential component of the cholehepatic and enterohepatic 

circulation (111). 

 

1.4.3 Bile formation and secretion 

Bile is continuously produced and secreted from hepatocytes in the liver into the 

gallbladder and the common bile duct. The bile secretory system consists of a 

canalicular network composed by the apical membrane of adjacent hepatocytes and 

sealed by tight junctions. There are transporters (aquaporins) that create an osmotic 
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gradient within the bile canalicular lumen allowing the movement of the fluid into the 

lumen towards the portal tracts, which are bigger in size, that connect with the canals 

of Hering and the bile ducts (111). Once secreted into the biliary tree, the bile fluid can 

flow into the gallbladder, where it can be concentrated, stored or directly delivered to 

the common bile duct and then into the small intestine (duodenum). Hormones 

including cholecystokinin, gastrin and somatostatin, and also the vagus nerve control 

the amount of bile secreted into the duodenum.  

 

1.4.4 Components of bile fluid 

Bile is a highly complex secretion aqueous fluid, which contains less than 5% of solid 

(organic and inorganic) contents. For example, bile salts, cholesterol, bilirubin 

phospholipid, steroids amino acids, enzymes, porphyrins, vitamins, heavy metals, 

xenobiotics, exogenous drugs and environmental toxins are solid contents found in 

bile fluid (111). The most prevalent organic solutes are bile salts, which are large, 

negatively charged ions and are classified into four different types of free bile acids: 

cholic, chenodeoxycholic (CDCA), deoxycholic and lithocholic acid. The former two 

are synthesised by the liver and can be conjugated with glycine or taurine to form more 

complex acids and salts. The latter two are produced by intestinal bacteria which 

convert cholic acid into deoxycholic acid and CDCA into lithocholic acid. Bile fluid 

contains water, chloride, sodium and bicarbonates (111). 

Phosphatidylcholine and cholesterol are the two most predominant phospholipid and 

sterol in bile fluid, respectively. Moreover, many proteins including albumin, 

haemoglobin/haptoglobin complexes, apotransferring and FGF19 (fibroblast growth 

factor 19) are relatively abundant in bile. They access the bile via vesicular exocytosis 

at the canalicular membrane. Peptides and amino acids (glycine, cysteine and 

glutamic acid), vitamins (e.g. vitamin D, folic acid, pyridoxine and transcobalamin) as 
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well as hormones (oestrogens, insulin and steroids) are also found in bile. Furthermore, 

traces of other substances such as mucus, lecithin, fatty acids, serum proteins, neutral 

fats and urea can be found in bile fluid (111). 

 

1.4.5 Studies based on bile composition  

In the last decade, few studies have been carried out in which researchers investigated 

the composition of the bile fluid by performing proteomic and genome analysis. For 

example, Kristiansen and colleagues showed the first comprehensive proteomic study 

of human bile fluid using liquid chromatography and mass spectrometry (112). They 

identified a total number of 87 unique proteins in bile, which include proteins 

synthesised by hepatocytes such as enzymes (e.g. γ-glutamil transferase), epithelial 

glycoproteins, transport proteins (e.g. transferrin, lactoferring, ceruloplasmin) and 

proteins in the coagulation cascade (e.g. anti-thrombin and fibrinogen).  Moreover, 

other known and unknown cancer-associated proteins were also found: mucin 16 and 

mucin 2; Mac-2, lipocalin 2 and DMBT1 (deleted in malignant brain tumours 1), 

respectively (112). In a different study, Chapman and colleagues carried out a whole 

genome RNA expression profiling in bile samples from cholangiocarcinoma patients. 

They discovered that bile contains high levels of mRNA expression, which include 

genes such as HOXA10, PU5FI, PVT1 and LEF1 (113).  

These studies provide more information to the current knowledge of bile fluid 

components, suggesting that bile could be used as fluid for biomarker discovery and 

that gene expression profiling can be performed using RNA from bile. Bile fluid could 

serve as a source for early diagnosis of cancer in individuals with high-risk of 

developing biliary tract cancers (e.g. Hispanic communities and American Indians). 
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1.5 MicroRNAs 

Non-coding RNAs (ncRNAs) are a class of RNA molecules that do not code for 

proteins (114) and have emerged as attractive therapeutic targets and diagnostic tools 

in cancer. There are different classes of ncRNAs that comprise a broad range of 

functions including splicing, chromatin architecture, translational inhibition and 

messenger RNA (mRNA) degradation such as ribosomal RNAs (rRNAs), transfer 

RNAs (tRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs),  

microRNAs (miRNAs) and yet-to-be discovered small regulatory RNAs (114). They 

also have important roles in epigenetic, developmental and physiological processes 

as well as in pathological conditions such as cancer (114). 

MicroRNAs are small non-coding RNAs of 20-25 nucleotides (nt) in length that regulate 

gene expression at the post-transcriptional level by cleaving the mRNA or repressing 

its translation (115). MiRNAs are involved in RNA silencing also called RNA 

interference (RNAi), a physiologically conserved process that regulates gene 

expression (116, 117). This process is commonly shared by miRNAs and small 

interfering RNAs (siRNAs), where they function as guides of endonucleolytic cleavage 

of their RNA targets (115, 118). Several miRNAs can bind and regulate a single mRNA 

target; however, it is also feasible that a single miRNA binds to and controls many 

different mRNA targets (119). 

Taken together, there is consensus in classifying a small RNA as a miRNA when these 

criteria are met: 1) the mature form of a miRNA can range between 20-24 nucleotides 

in length, 2) it has the ability to bind to duplex RNAs (i.e. mRNA) in an imperfect 

complementary manner (see section 1.5.4), 3) its sequence should be evolutionary 

conserved, 4) it is expressed endogenously, and 5) it is expressed in particular cell 

types (120). Also, confirmation of its expression should be carried out by performing 
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molecular techniques such as reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) or microarray, which are frequently used in this field (121).  

 

1.5.1 The discovery of miRNAs 

MicroRNAs were first discovered in 1993 by Victor Ambros and his colleagues 

Rosalind Lee and Rhonda Feinbaum. They discovered that lin-4, a gene known to 

control the timing of Caenorhabditis elegans (C. elegans) development, instead of 

coding for a protein produces a pair of small RNAs (22 and 61 nucleotides in length, 

respectively) (122). These small RNAs are complementary to a repeated sequence in 

the 3’ untranslated region (UTR) in lin-14, resulting in a decrease in LIN-14 protein 

between the first and the second larval stage. Therefore, lin-4 RNAs might 

downregulate lin-14 by an antisense mechanism.  

After the discovery of lin-4 RNA there was no evidence of any similar non-coding RNAs 

in other species upon until let-7 was identified by Reinhart and colleagues in 2000 

(120). It was another C. elegans gene which encodes a small RNA of 21 nucleotides 

in length and that is complementary to elements in the 3’UTR of lin-14, lin-28, lin-41, 

lin-42 and daf-12 genes. They have proved that complementary sites in the 3’UTR of 

lin-41 bind to let-7 RNA during late and adult larval stages downregulating the activity 

of lin-41 gene and, therefore, repressing the synthesis of LIN-41 protein (120). 

Moreover, homologs of let-7 gene were found in human and fly genomes as well as 

let-7 RNA (123). One difference between let-7 and lin-4 is that the former is conserved 

across bilateral organisms whereas the latter is only present in nematodes (123). 

Before being named microRNAs, Pasquinelli proposed to call small temporal RNAs 

(stRNAs) these new RNAs generated by lin-4 and let-7 but this was until over a 

hundred additional new genes for small non-coding RNAs were discovered just a year 

after: 20 new genes in flies (Drosophila), 30 in human and 60 in nematodes (124, 125). 
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Reinhart and colleagues discovered that plants also present miRNAs. They initially 

described 16 Arabidopsis miRNAs of 20-25 nucleotides in length detected by Northern 

blot and predicted that plant miRNA precursors are longer than animal miRNAs. They 

also suggested that the presence of miRNAs in plants indicates that they arose early 

in eukaryotic evolution (126).  

 

1.5.2. The biogenesis of miRNAs  

Previous evidence from earlier investigations indicated that based on their genomic 

locations, miRNA genes can be grouped as follows: 1) exonic miRNA located in non-

coding transcription units, 2) intronic miRNA in non-coding transcription units, and 3) 

intronic miRNA located in protein-coding transcription units (121, 124). The vast 

majority of animal miRNA genes are transcribed by RNA polymerase II (Pol II), 

although Pol IIII can also transcribe a small group of miRNAs associated with Alu 

repeats (127, 128). This process occurs inside the nucleus and results in long primary 

miRNAs (pri-miRNAs) that contain a hairpin stem-loop structure, which are in turn 

processed by a multiprotein complex called the Microprocessor whose core 

components are the RNase III enzyme Drosha and the double-stranded RNA-binding 

domain (dsRBD) protein DGCR8/Pasha (129).  

RNase III proteins are dsRNA-specific endonucleases classified into three classes 

based on their domain organisation. Class I enzymes contain one conserved RNase 

III domain and an adjacent dsRNA-binding domain and are generally found in yeast 

and bacteria. Class II enzymes include Drosha and its homologues and contain a 

tandem RNase III domains and one dsRBD. Class III has a tandem nuclease domain, 

a dsRBD, a PAZ domain and a putative helicase domain. Dicer enzyme is included in 

this latter class (130).  
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1.5.2.1 MicroRNA transcription and processing by Drosha 

Drosha is a large protein (130-160 kDa) that possesses two tandem RNase III domains 

(RIIIDA and RIIIDB) and a dsRBD (121). It interacts with a dsRNA binding protein 

called DGCR8 (DiGeorge syndrome critical region gene 8), in mammals, and Pasha 

in Drosophila and C. elegans (131). There has not been found any Drosha and/or 

DGCR8 homologues in plants nor in yeast (126).   

DGCR8 and Drosha are components of a multi-protein machine named the 

Microprocessor (~ 500 kDa in D. melanogaster and ~ 650 kDa in humans) and are 

required in processing pri-miRNAs into pre-miRNA (131). The DGCR8 subunit is a 

protein encoded by the DGCR8 gene whose deletion was originally identified in the 

DiGeorge syndrome chromosomal region 8 (DGCR8) in the human chromosome 

22q11 (132, 133). DGCR8 is an evolutionary conserved protein of ~ 120 kDa that has 

two dsRBD near the C-terminal and a WW domain, which interacts with proline 

peptides, near the N-terminal (129, 131). The WW domain interacts with the surface 

of the amino terminus (N-terminal) domain of Drosha, which contains proline-rich 

peptides (129). 

The two RNase III domains of Drosha (RIIIDa and RIIIDb) form an intramolecular dimer 

where the two catalytic sites are in close proximity to each other. The C-terminal 

domain of DGCR8 interacts with the central region of Drosha and, seemingly, this 

complex orientates itself and recognises the terminal loop of the pri-miRNA. The RIIIDa 

cleaves the 3’ strand whereas the RIIIDb cuts the 5’ strand, generating an intermediate 

transcript known as precursor miRNA (pre-miRNA) of 60-70 nucleotides in length. This 

precursor has an overhang of 2-3 nucleotides which seems to be a signature motif for 

miRNA processing (121, 134, 135).  

 

 



 59 

1.5.2.2 Nuclear export by exportin-5 

Next, the pre-miRNA is transported to the cytoplasm via a Ran-GTP mechanism in 

which Exportin-5 recognises this signature motif characteristic of the RNase III 

cleavage (130). Once in the cytoplasm, the pre-miRNA is cleaved by another RNase 

III enzyme termed Dicer, which is a cytoplasmatic multi-domain protein of ~ 200 kDa 

and it is highly conserved in all eukaryotic organisms (121). Dicer contains two RIIIDs, 

one dsRBD and a long N-terminal section that has a DEAD-box RNA helicase domain, 

a central RNA binding PAZ domain and a DUF283 domain (134, 135). The PAZ 

domain possesses a binding pocket that joins to protruding nucleotides at the 3’ end 

of small RNAs (136). 

 

Figure 1.5. MicroRNA biogenesis in animals.  

The primary microRNA (miRNA) is transcribed by the RNA polymerase II and the 

microprocessor (Drosha-DGCR8) cleaves it inside the nucleus, resulting in a precursor miRNA 
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(pre-miRNA) that is transported into the cytoplasm through Exportin-5. Once in the cytoplasm, 

Dicer in complex with TRBP cleaves the pre-miRNA generating a duplex miRNA. The 

passenger strand of the miRNA duplex is degraded and the functional strand is recruited by 

Ago2 and loaded into the RISC complex, which guides the RISC to silence target mRNA 

through mRNA degradation or inhibition of translation. Reproduced from Mulrane et al., Cancer 

Research 73, 6554-6562 (2013). 

 

1.5.2.3 MicroRNA processing by Dicer 

Dicer interacts with dsRBD proteins TRBP/Loquacious (TAR RNA-binding protein) and 

PACT (protein activator of PKR), which in turn recruit the Argonaute-2 protein (Ago2). 

All these proteins are associated together (Dicer-TRBP-Ago2) and in absence of ATP 

hydrolysis form a trimeric complex (RISC loading complex, RLC) that initiates the 

assembly of the RNA-induced silencing complex (RISC) (137). This complex, 

particularly RNase III Dicer, recognises the double-stranded pre-miRNA with special 

affinity for the 5’ phosphate and the 3’ overhang at the base of the stem loop (115). At 

this point, the pre-miRNA can follow two fates: 1) Dicer RIIIDa cuts the 3’ strand whilst 

the RIIIDb cleaves the 5’ strand of the precursor, producing a mature miRNA duplex 

(miRNA:miRNA*) of approximately 22 nucleotides (134) or 2) prior to Dicer cleavage 

of the pre-miRNA, Ago2 cuts in the middle of the 3’ arm of the pre-miRNA (prospective 

passenger strand, miRNA*) generating a nicked ac-pre-miRNA that will be 

subsequently cleaved by Dicer eliminating the stem loop hairpin (132).  

1.5.2.4 MicroRNA binding to the RISC complex 

The active form of RISC, a ribonucleoprotein complex, only contains a single-stranded 

miRNA that guides it to the target mRNAs. Therefore, one strand (guide strand) of the 

RNA duplex is incorporated into the RISC complex due to its complementarity to the 

mRNA target, while the passenger strand (miRNA*) is subsequently degraded. This 

preference relies on the thermodynamic stability of the miRNA which determines which 

strand will be loaded into the RLC. Basically, the strand with relatively lower stability 
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of base-pairing at its 5’ end will be loaded into RISC (118). Both strands are separated 

in the absence of ATP hydrolysis (115, 138, 139) and it is thought that the unwinding 

and removal of the unselected strand is mediated by an RNA helicase activity (135). 

The guide strand associated with Ago2 leads the RLC (RISC Loading Complex) to the 

RNA target and RISC recognises the target mRNA based on complementarity between 

the miRNA and the mRNA transcript (139). In cases of perfect or near-perfect 

complementarity to the miRNA, target mRNAs are cleaved and degraded; whereas in 

cases of imperfect base-pairing the translation is repressed (140). 

 

1.5.3 MicroRNA biogenesis in plants 

On the other hand, the biogenesis of plant miRNAs appears to differ from animals. 

First, mature miRNAs in plants seem to be produced from longer primary transcripts. 

Second, a Drosha homolog in plant has not been found yet. Third, mature miRNAs are 

processed inside the nucleus. Fourth, most of the plant miRNAs cleave their target 

mRNAs (141). Studies carried out by Reinhart, Papp and Hin Le (126, 141, 142), 

suggested that DCL1, one of the four Dicer family members in plants, could function 

as Drosha and Dicer-like homologues during the cleavage steps for the maturation of 

miRNAs in plants. The first step involves cleaving the pri-miRNA which generates a 

pre-miRNA of ~ 70 nucleotides. Next, a Dicer homolog (DCL1 or another enzyme) 

present in the nucleus makes a second cut resulting in the miRNA:miRNA* duplex that 

will be then exported into the cytoplasm by a plant ortholog of Exportin-5 (HASTY) 

(115). After these cleavage steps, plant and animal miRNAs share the same RNA 

silencing pathway steps.  
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1.5.4 MicroRNA target recognition 

It is known that animal and plant miRNAs derive from endogenous, conserved genes 

and are processed from one arm of stem-loop precursors by Dicer or Dicer-like 

enzymes (126). However, they differ in their biogenesis and mode of target recognition. 

The mechanism whereby miRNAs pair with their target mRNAs to inhibit translation is 

different. In plants, miRNAs base pair to mRNA with a perfect or nearly perfect 

complementarity, whilst most animal miRNAs display an imperfect base pairing (143). 

Moreover, complementary sites in plants are mainly located within open reading 

frames (ORFs) and in 5’UTR regions but also in 3’UTRs, whereas in animals these 

sites are only within 3’UTR regions and present multiple sites within the same target 

mRNA (143). 

In animals, the mechanism of target recognition between miRNAs and mRNAs might 

result in a perfect or imperfect base pair complementarity, which is only found on 6-8 

nucleotides at the 5’ end of the miRNA. This region is known as the miRNA seed 

sequence and comprises nucleotides 2 to 7. Sites that are complementary to the seed 

sequence are known as canonical sites and are evolutionary conserved across 

species (144). There are seven types of miRNA target sites divided into three groups: 

canonical sites, marginal sites and atypical sites (145).  

Four types of miRNA target sites are seed-match sites that are selectively conserved; 

three of them belong to the canonical group (8mer, 7mer-m8 and 7mer-A1) and one 

to the marginal site group (6mer) (146). Canonical sites match the seed sequence but 

also pair with position 8 of the miRNA which is supplemented by a Watson-Crick 

pairing (7mer-m8) or have an adenine opposite position 1 of the miRNA (7mer-A1) or 

both (8mer). Marginal sites (6mer and offset 6mer site) match the seed region with 

only 6 nucleotides and generally have a reduced efficacy (147). When miRNA-mRNA 

interaction occurs at the 3’ portion of the miRNA and it is centred on nucleotides 13-
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17 is called atypical sites. There are two types within this group: 3’ supplementary sites, 

which require at least 3-4 uninterrupted Watson-Crick pairs, and 3’ compensatory sites, 

which compensate a mismatch or a bulge in the seed region requiring an extension of 

at least nine contiguous Watson-Crick pairs creating a functional site (145). 

 

Figure 1.6. Target sites.  

A-C) Canonical target sites: 7-8 nucleotides seed-matched sites. Contiguous Watson-Crick 

base-pairing is indicated with vertical dashes. D-E) Marginal canonical sites: 6 nucleotide sites 

match the seed region. F-G) Atypical sites with productive 3’ pairing: F) 3’ supplementary sites 

where nucleotides 13-16 supplement a 6-8 nucleotide site; G) 3’ compensatory sites where 

nucleotides 13-16 compensate for a seed mismatch and create a functional site. H) Number of 

preferentially conserved mammalian sites matching typical highly conserved miRNA. Values 

exposed are the number of preferentially conserved sites confidently detected above 

background, calculated as the average number of conserved sites subtracting the upper 95% 

confidence limit on the sites estimated to be conserved by chance. Reproduced from Bartel et 

al., Cell 136, 215-233 (2009). 
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1.5.5 Bioinformatic prediction and validation of miRNA targets 

The functional characterisation of miRNAs relies on the identification of miRNA target 

genes. However, these mRNA targets are difficult to characterise given that each 

miRNA has multiple mRNA targets and vice versa. Despite the correct identification of 

miRNA-mRNA interactions remains a challenge; this problem can be address through 

experimental validation and computational analysis (148).  

1.5.5.1 Experimental techniques for miRNA binding and target recognition 

Experimental methods include genetic screening, RNA sequencing (RNA-seq) and 

techniques based on AGO crosslinking and immunoprecipitation (AGO-CLIP). Genetic 

screening is a general approach to characterise the functionality of a gene and has the 

advantage that the targets identified are already linked to a phenotype (120, 122). The 

only disadvantage is that it can provide direct and indirect targets and this method is 

difficult to perform in animals. Hence, complimentary approaches should be used. For 

instance, measuring the gene expression by RNA-seq (145) or identifying proteins 

affected by changes in the expression of miRNAs with an approach named SILAC 

(stable isotope labelling by amino acids in cell culture) (149, 150). Nevertheless, as 

with genetic screenings, SILAC methodology also produces direct and indirect miRNA 

targets and is not very precise on where are located the miRNA-binding sites: it does 

not identify a direct correlation and functionality. Another technique relies on the 

immunoprecipitation (IP) of AGO proteins to detect miRNA-mRNA interactions leading 

to discover individual miRNA target sites up to single nucleotide resolution (147). This 

technique comprises different AGO- and CLIP-based methods including AGO-IP (151), 

AGO-CLIP (152), PAR-CLIP (153), HITS-CLIP (154, 155), iCLIP (156) and CLASH 

(crosslinking, immunoprecipitation and sequencing of hybrids) (157). However, these 

approaches also have drawbacks and computational models from CLIP data such as 

microMUMMIE, PARma and MIRZA are still needed to certainly infer the specific 
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interaction between miRNAs and their targets (147). Furthermore, once miRNA/mRNA 

targets are identified the individual interaction of miRNA/mRNA has to be verified by 

performing experimental validation techniques including RT-qPCR, luciferase reporter 

assays and western blot as the most commonly used (158). 

1.5.5.2 Computational techniques for miRNA target prediction 

Computational prediction tools provide a rapid method to identify putative miRNA 

targets and require a miRNA sequence dataset when searching for miRNA-mRNA 

interactions (148). Thus, the more sequences added to this dataset, the more robust 

the tool will be to predict effective miRNA-mRNA interactions. Databases include Rfam, 

miRBase, TarBase or miRecords, which contain sequences from different species. In 

2003, an up-to-date database called miRNA Registry (159) was created to store the 

RNA family sequences in which all new identified and published miRNAs from various 

species were annotated. This database assigns unique names to different miRNAs 

before they are published and provides a comprehensive and searchable catalogue 

available to the scientific community. Since then, the number of miRNAs annotated in, 

for instance, miRBase (http://www.mirbase.org/) rose from only a few hundreds to 

more than 38,000 miRNAs entries (160). However, it is important to bear in mind that 

not all sequences have been experimentally validated (only 25%) and the precise 

number of miRNAs is not established yet (148).  

1.5.5.3 Types of bioinformatic tools 

Bioinformatic tools can be classified into three groups according to the platform used: 

1) web-based, which are more user-friendly allowing a simple data entry with few 

options, 2) downloaded programmes, which are also user-friendly and allow more 

options for processing data, and 3) packages, which are more complex requiring a 

knowledge in bioinformatics (148). Generally, computational methods are based on 

the seed region as the key determinant of miRNA specificity for miRNA target 

http://www.mirbase.org/
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prediction. These methods search for multiple conserved regions of miRNA 

complementarity within 3’UTRs and include TargetScan (119), EIMMo (161), miRbase 

(162), PicTaR (163), EMBL (http://www.mirnas.ruselllab.org/), miRanda (164) and 

miRMap (165). However, other bioinformatic methods use their own criteria for base 

pairing. For example, DIANA Tools is a web service that offers access to data 

resources for miRNA analysis and considers miRNA-recognition elements (MREs) for 

miRNA:mRNA binding (166). It is clear that each computational method has its own 

advantages and disadvantages. For instance, using packages and scripts offers a 

more precise target prediction for each particular case (148). Hence, it is 

recommended to use more than one computational method.  

Taken together, the use of bioinformatics tools to find miRNA:mRNA target regulators 

is of fundamental interest amongst researchers. This could provide specific information 

to enable the construction of a complex regulatory network of mRNA-miRNA targets 

and highlight new genes that might be involved in tumourigenesis.  

 

1.5.6 MicroRNA studies in cancer 

It is known that pancreatic cancer and cancers of the bile duct are lethal diseases and 

present significant challenges, including lack of efficient diagnostic techniques and 

limited treatment options, which leads to a late detection and poor survival rates. 

Therefore, further investigation is needed to improve the detection process and the 

design of specific molecular therapeutic strategies. With the discovery of microRNAs 

and their involvement in the initiation and progression of human cancers, a wide range 

of studies focused on miRNA expression profiling have been reported with the aim of 

identifying signatures associated with staging, progression, diagnosis, prognosis and 

response to treatment. 

 

http://www.mirnas.ruselllab.org/
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1.5.6.1 MicroRNA profiling studies in cancer  

A very ambitious project aimed to characterise the expression patterns of all miRNAs 

known until that moment. For the first time the expression of miRNAs across all 

cancers would be determined. Nonetheless, to carry out this study an accurate and 

inexpensive profiling method had to be designed. In 2005, Lu and colleagues 

developed a bead-based profiling method in where oligonucleotide-capture probes 

complementary to miRNAs of interest were coupled to carboxylated 5-micron 

polystyrene beads impregnated with variable mixtures of two fluorescent dyes, each 

representing a single miRNA (167). The beads were analysed with a flow cytometer 

capable of measuring bead colour and phycoerythrin intensity. Moreover, this platform 

allows the addition of new miRNA capture beads to enable the detection of novel 

discovered miRNAs. From this study, a differential expression of almost all known 

miRNAs across cancer types was observed as well as the clustering of miRNA profiles 

into two major branches according to their developmental origin (epithelial and 

haematopoietic), supporting the theory that patterns of expression of miRNAs codify 

the developmental history of human cancers. For instance, samples from pancreas, 

liver, colon and stomach clustered together, mirroring their common derivation from 

embryonic endoderm tissues. A further investigation led to the conclusion that miRNAs 

are generally downregulated in tumours compared to normal tissues (167).  

A more challenging diagnostic differentiation was to address the cellular origin of 

tumours with uncertain diagnostic or histology. Successfully, Lu et al. classified poorly 

differentiated cancers and established the correct diagnosis with modest accuracy 

using miRNA expression profiles (167). They believed in the feasibility and potential 

diagnostic utility of monitoring the expression of miRNAs in human cancers given their 

extraordinary level of diversity across cancers.  

Later, Volinia et al. performed a large-scale miRNA microarray analysis in a total 

number of 540 samples from six distinct solid tumours (168), concluding that miRNAs 
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control the expression of oncogenes and tumour suppressor genes, and are also 

involved in cancer pathogenesis.  

Similarly, Bloomston and colleagues aimed to determine a miRNA expression pattern 

in pancreatic cancer (PC) and compare it with chronic pancreatitis (CP) patients and 

those with normal pancreas (169). They used a miRNA microarray to identify a global 

pattern of miRNA expression in PDAC. A common miRNA in all three groups was not 

observed, although chronic pancreatitis and normal pancreas showed a very similar 

expression pattern with a tendency of clustering together. These findings showed 

several up- and down-regulated miRNAs in PDAC compared to normal pancreas and 

chronic pancreatitis, meaning that a distinct miRNA expression pattern exists which 

can discriminate patients with PC versus CP and normal pancreas with an accuracy 

of 93% and 90%, respectively. Impressively, 95% accuracy was observed when 

comparing PDAC samples with both normal pancreas and chronic pancreatitis as a 

control condition.  

The first comprehensive study on miRNA expression profiles in tissues from chronic 

pancreatitis, normal pancreas and PDAC was conducted by Szafranska et al. in order 

to identify miRNA candidates with a potential clinical use (170). The combination of 

microarray profiling and statistical analyses enabled the identification of differentially 

expressed miRNAs in PDAC compared to normal and/or cell line samples. In a 

different study, Szafranska and co-workers aimed to demonstrate the feasibility of 

using fine-needle aspirate (FNA) biopsies of PDAC to detect specific miRNAs able to 

distinguish malignant from benign pancreatic tissues (171). Previous data showed that 

miR-217 was found to be expressed in pancreas but low or absent expression was 

seen in pancreatic carcinoma, whereas miR-196 was directly related to neoplastic 

processes and was upregulated in PDAC (170). Interestingly, Szafranska et al. 

validated previous results in this study in where they observed an opposite expression 

of these two particular miRNAs (171). A healthy pancreas accounts for 90% of acinar 
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cells, so it has been suggested that miR-217 is produced in acinar cells due to its high 

expression in healthy pancreas, whilst miR-196 is only produced in ductal 

adenocarcinoma cells and not in healthy acinar or ductal cells. Therefore, they 

proposed a two-miRNA classifier: an acinar-cell specific marker (miR-217) and a 

PDAC-specific marker (miR-196a) to measure the proliferation ratio of ductal 

adenocarcinoma cells versus acinar cells. These results indicate that miR-196a 

correlates with a carcinoma or an intermediate/high-risk early lesion. Hence, this 

miRNA classifier could serve to assess the pathological behaviour of the pancreas in 

suspicious cases to obtain a certain diagnosis.   

Ampullary carcinoma is a heterogeneous type of pancreatico-biliary adenocarcinoma 

originating from the ductal epithelium and from the intestinal mucosa of the papilla. 

Despite the fact that ampullary carcinomas are biologically different from PDAC, 

Schultz and colleagues aimed to define the differences in the expression patterns of 

miRNAs between PDAC, ampullary carcinoma, chronic pancreatitis and normal 

pancreas using non-microdissected FFPE tissues (172). Additionally, another goal 

was to discover novel diagnostic miRNAs and miRNA combinations in cancer tissue. 

A commercial microRNA assay from TaqMan was used to carry out the miRNA 

profiling and, as a result, a 19-miRNA classifier was generated to distinguish 

pancreatic and ampullary carcinomas from chronic pancreatitis and normal pancreas, 

which exhibited a high sensitivity and accuracy. Furthermore, a three-combination of 

two miRNAs (miR-198 and miR-411, miR-122 and miR-614, miR-93 and miR-614) 

significantly differentiates PDAC and ampullary carcinoma from CP and normal 

pancreas (172). Nevertheless, these combinations and the miRNA classifier model 

should be validated prospectively.  

Cholangiocarcinoma and pancreatic adenocarcinoma are two types of cancers that 

have overlapping immunohistochemical profiles and are indistinguishable from the 

clinical and histopathological point of view. Knowing this, Collins and colleagues 
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addressed for the first time the difference between cholangiocarcinoma and PDAC by 

developing a miRNA profile in order to be able to discriminate these two types of 

cancers at the molecular level (173). In contrast to the study carried out by Schultz and 

colleagues (172), they used micro-dissected paraffin-embedded tissues from both 

tumour types and matched benign tissue. They discovered several deregulated 

miRNAs in cholangiocarcinoma and pancreatic adenocarcinoma relative to the 

adjacent normal tissue in the bile duct epithelium and the pancreas, respectively. 

These findings expose that both cancers have a distinct miRNA profile, which supports 

previous studies where comparisons between PDAC and other types of cancers also 

showed a different miRNA expression profile (170, 172, 174).  

Recently, a PCR-based multiomics molecular platform that simultaneously analyses 

mRNA and miRNA expression patterns has been used to differentiate benign from 

malignant pancreatico-biliary cancers using a minimal amount of biopsy material (175). 

This platform is based on the TaqMan microfluidic array technology and contains 

customised mRNAs and miRNAs including 79 mRNA markers, 5 mRNA reference 

genes, 9 miRNA markers and 2 small RNA reference genes (176). The results from 

this study indicated that this technology might serve as a suitable molecular diagnostic 

tool to differentiate patients with a suspect solid pancreatic mass from benign lesions 

in a very accurate manner, presenting an excellent sensitivity, specificity and accuracy 

(91.7%, 94.5% and 93%, respectively). Furthermore, the combination of mRNAs and 

miRNAs as biomarker classifiers was superior to previous reported miRNA markers 

alone.  

To summarise, an extensive characterisation of the miRNA expression profile across 

all cancers was performed. Poorly differentiated cancers were also classified 

according to this. Different types of cancers displayed a distinct miRNA expression 

profile, which allowed discriminating with high accuracy, sensitivity and specificity 
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PDAC from pancreatico-biliary malignancies such as cholangiocarcinoma and 

ampullary carcinoma.  

1.5.6.2 MicroRNA expression profiles in pancreatic cystic lesions and in PanIN 

lesions 

There have been several studies demonstrating the potential of miRNAs in 

differentiating between benign and malignant pancreatic cyst tumours which include 

MCNs and IPMNs (174, 177-179), suggesting that miRNA signatures could accurately 

diagnose pancreatic cysts with a higher sensitivity and specificity than performing a 

cytological analysis. For instance, Lubezky et al. found that up-regulation of miR-21, 

miR-155 and miR-708 and decrease of miR-217 occurred during IPMN malignant 

transformation (174). However, these miRNA signatures have not been translated into 

the clinical setting yet.  

Similarly, a few studies assessing the expression of miRNAs in early pancreatic 

neoplasia have been carried out. For example, Du Rieu and Yu performed a miRNA 

profile study where they found that miR-21 was overexpressed with increasing PanIN 

grade lesions (180, 181). Moreover, Xue and colleagues discovered that miR-148a 

and miR-217 are down-regulated in PanIN 2-3 whereas miR-10b and miR-196 are up-

regulated (182). It seems that a miRNA signature that characterises high-grade PanIN 

lesions is emerging (180-182).  

1.5.6.3 Biomarker discovery using miRNAs from liquid biopsies for pancreatic 

cancer 

Currently, the only biomarker routinely used for the management of PC is CA 19-9, 

however 5% of the population do not express this marker (42), it has a variable 

specificity and sensitivity (85%) to detect PC and due to low prevalence of the disease 

it is not applicable for screening nor relevant to confirm diagnosis. Therefore, sensitive 

and specific biomarkers for early detection and diagnosis of pancreatic cancer are 
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essential due to the limited value of CA 19-9 and its inability to discriminate malignant 

from benign disease. During the last decade, the discovery of novel blood-based 

diagnostic biomarkers for cancer detection has been investigated. For instance, in 

2008 Mitchell et al. demonstrated the feasibility of using a blood-based miRNA 

biomarker for cancer detection using both clinical serum samples from patients with 

prostate cancer and a xenograft mouse model (183). Furthermore, they confirmed the 

presence of circulating miRNAs in plasma. They profiled the expression of 365 

miRNAs in human prostate cells using a microfluidic TaqMan low-density microRNA 

array. Two miRNAs were identified in human prostate cells but mouse homologues 

were not found, thus, it was hypothesised that they might be tumour-specific. The 

results revealed that these two miRNAs (miR-629 and miR-660) were detectable in all 

xenografted mice but not in control mice and the levels of these miRNAs in plasma 

correlated with tumour mass in each mouse.  Moreover, they discovered that miR-141, 

miR-200b and miR-200c were expressed in prostate epithelial cells but were absent in 

prostate stromal cells. Additionally, serum levels of miR-141 can discriminate patients 

with prostate cancer from healthy individuals with significant specificity and sensitivity. 

In a different study, Wang et al. (2009) addressed the accuracy of developing a blood-

based biomarker for pancreatic carcinoma that could distinguish PDAC patients from 

healthy subjects using a panel of four miRNAs (miR-21, miR-155, miR-196a and miR-

210) that were previously reported in other studies to be implicated in PDAC (169, 170, 

184). Nonetheless, these previous studies used tissue samples instead of biological 

fluids to evaluate the utility of a miRNA signature for screening and early detection of 

pancreatic cancer. Results from the study carried out by Wang and colleagues 

indicated that this panel of four miRNAs in plasma differentiate healthy individuals from 

PDAC patients with a moderate sensitivity and specificity. Despite limitations in the 

sample size of this study, these findings provided support towards the development of 

a specific and sensitive blood-based miRNA biomarker for PDAC.  
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Previous studies from Lee (2007) and Szafranska (2007) have reported variations in 

miRNA expression in samples from pancreatic tumour, chronic pancreatitis and normal 

pancreas (170, 185). Following this, Bauer and colleagues assessed the power of 

miRNA signatures for diagnosis in blood samples compared to pancreatic tissue 

samples (186). A total of 245 samples were profiled: 129 samples from tissue and 116 

samples from blood, distributed in three groups of patients (PDAC, CP and control). 

The results showed an overlap of differentially expressed miRNAs in blood and tissue 

samples, indicating a functional relationship between them. MicroRNAs in both blood 

and tissue exhibited an excellent accuracy in discriminating healthy individuals and 

patients with CP and PDAC. However, discrimination between PDAC patients and 

patients with CP was low in blood (Area Under Curve (AUC) < 0.70) compared to tissue 

(AUC > 0.80). These findings demonstrated that effective blood-based miRNA 

biomarkers distinguish malignant lesions from benign disease; nonetheless, 

biomarkers that differentiate between pancreatic lesions are still needed. 

Another study designed by Schultz and colleagues (2014) analysed whole blood from 

patients with PDAC, CP and healthy individuals with the purpose of describing 

differences in their miRNA expression as well as discovering a panel of miRNAs to be 

used in pancreatic cancer diagnosis (187). In this large case-study, two novel panels 

of miRNAs (index I and index II) were developed for pancreatic cancer diagnosis, 

which are composed of 4 or 10 miRNAs, respectively. These indexes can discriminate, 

to a certain degree, PDAC patients from healthy controls, although they did not provide 

a significant improvement over serum marker CA19-9. However, a combination of both 

indexes with CA19-9 could be useful in cases where CA19-9 is normal.  

A few years ago, a Japanese group analysed the expression of more than 2,500 

miRNAs in serum samples from patients with PDAC, biliary-tract cancer, other 

digestive cancers, patients with non-malignant disease and healthy participants using 

a highly sensitive microarray called “3D-Gene” (188). Two different cohorts were 
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established (test and training cohorts) and with the expression profiles of the ten most 

significant miRNAs a diagnostic index was developed. As a result, a high sensitivity, 

specificity and accuracy was reached by combining eight miRNAs (80.3%, 97.6% and 

91.6%, respectively). This combination was able to identify pancreatico-biliary patients 

from patients with other types of cancer or non-malignant abnormalities and healthy 

subjects with a very good performance. 

Recently, Puik and colleagues conducted a study focused on profiling plasma samples 

from patients with distal CCA and healthy individuals to identify a panel of miRNAs 

capable of accurately diagnosing and differentiating distal CCA from PDAC. They have 

discovered a three-miRNA plasma-based signature that can discriminate malignant 

from benign disease with high discriminatory power (AUC = 0.881). Curiously, two of 

these miRNAs could also distinguish distal CCA from PDAC with an AUC of 0.814 

(189). These results suggest the possibility of using a combined panel of plasma 

miRNAs to diagnose distal CCA and aid in decision-making for those patients with 

pancreatico-biliary diseases. 

It has been observed that biological fluids such as blood (187), serum (190), plasma 

(183, 191, 192), saliva (193, 194), urine (195), cerebrospinal fluid (196) (CSF), breast 

milk and seminal fluid (197) carry miRNA species that might be specific for a particular 

type of cancer. The discovery of miRNA panels that distinguishes benign from 

malignant pancreatic lesions with high accuracy is of special importance. Hence, 

developing a sensitive and specific miRNA signature for PDAC that could serve as a 

potential biomarker for early diagnosis is essential.  

1.5.6.4 MicroRNA expression profiles using bile fluid in pancreatic ductal 

adenocarcinoma and biliary-tract cancers 

The vast majority of the studies investigated the potential utility of a sensitive and 

specific blood test as a non-invasive biomarker for early detection of pancreatic cancer 



 75 

as it would be very valuable given that it is challenging to obtain useful tissue biopsies 

from patients with suspicious pancreatic cancer. It is known that circulating miRNAs 

can be detected in blood, however, they can originate from distant sites/organs and it 

has not been proved that circulating miRNAs found in blood are originated from 

patients with a pancreatic malignancy. Therefore, developing a blood-based test for a 

particular type of cancer, concretely for PDAC, might be less specific as if, for example, 

another biological fluid such as bile is taking into consideration. Therefore, other 

researchers assessed the capability of bile fluid as a potential biomarker for early 

diagnosis of PDAC given its proximity to the malignant lesion.  

For instance, Gregory Cote and co-workers carried out a study where the utility of 

miRNAs as diagnostic biomarkers to discriminate PDAC from CP and healthy subjects 

was assessed in plasma and bile samples (191). A selection of ten candidate miRNAs 

was based on previous studies where an association to PDAC was described. Eight 

miRNAs (miR-10b, miR-30c, miR-106b, miR-155, miR-181a, miR-181b, miR-196a and 

miR-212) were significantly different across groups and between individuals with CP 

and PDAC in plasma samples, whereas only five miRNAs were significantly different 

across groups in bile samples (miR-10b, miR-30c, miR-106b, miR-155 and miR-212) 

and between PDAC and controls two more miRNAs were significantly different (miR-

181a and miR-196). These five common miRNAs in plasma and bile (miR-10b, miR-

30c, miR-106b, miR-155 and miR-212) showed an excellent accuracy in differentiating 

PDAC from CP and controls. Thus, these five miRNAs were selected to create a PDAC 

signature panel in plasma and bile that was further validated in a training cohort, in 

where this panel exhibited an excellent accuracy and specificity to diagnose PDAC. 

Therefore, these findings indicated that a plasma and bile miRNA signature could be 

used as a non-invasive diagnostic test for PDAC or for evaluating and treating 

pancreatobiliary strictures after an ERCP procedure, respectively (191).  
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Similarly, Voigtländer et al. evaluated the miRNA profile of patients with primary 

sclerosing cholangitis (PSC) and patients with cholangiocarcinoma (CCA) in serum 

and bile (190). They performed a global miRNA profiling and discovered significant 

differences in serum and bile miRNAs between PSC patients and CCA patients (miR-

26a, miR-30b, miR-122, miR-126 and miR-1281; and miR-412, miR-640 and miR-1537 

and miR-3189 respectively). Although the sensitivity to discriminate between patients 

with PSC and CCA was low (50-67%), both panels of serum and biliary miRNAs 

showed a good accuracy (AUC > 0.80). Nonetheless, these results need to be 

validated in larger cohorts before using them for diagnostic purposes.  

In another study, Li and colleagues aimed to characterise human biliary extracellular 

vesicles and their miRNA content (198). This study was the first investigating the 

presence of extracellular vesicles (EVs) in human bile, although other researches have 

hypothesised about it in previous studies given the remarkable stability of miRNAs in 

biological fluids. Their results concluded that EVs contained miRNAs and a five-miRNA 

panel (miR-191, miR-486, miR-1274, miR-16 and miR-484) could be used to diagnose 

cholangiocarcinoma as it exhibited a superior performance than CA 19-9 and any 

current diagnostic methodology used in clinical practice.  

Taken together, these studies showed the feasibility of using bile fluid as a source of 

miRNAs for developing a miRNA-signature capable of differentiating pancreatic and 

biliary tract cancers from benign disease. This bile-based biomarker could be used in 

a clinical setting to evaluate and treat strictures in the biliary tract system and classify 

those patients with an uncertain diagnosis for PDAC or biliary-tract cancers.  
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1.6 Exosomes 

1.6.1 Extracellular vesicles 

Originally, the term exosome was used to name vesicles of 40-1,000 nm in size 

released by a diversity of cultured cells that carried 5’-nucleotidase activity (199). 

However, this terminology was adopted in 1983 by both Rose Johnstone’s group (200) 

and Philip Stahl‘s group (201) who were investigating the maturation of reticulocytes 

into red blood cells. They described the existence of extracellular vesicles (EVs) that 

could fuse with the plasma membrane and release their contents. The term exosomes 

was proposed later, in 1987, to define these EVs of endosomal origin generated by the 

fusion of multivesicular endosomes (MVEs) or multivesicular bodies (MVBs) with the 

plasma membrane (202). Almost a decade later, Raposo and Zitvogel showed that 

immune cells such as B lymphocytes and dendritic cells (DCs) also release exosomes 

(203, 204).  

Extracellular vesicles are formed of a lipid bilayer that contains transmembrane and 

cytosolic proteins, lipids and nucleic acids (i.e. RNA). Their size range from 40 to 500 

nm (up to 2,000 nm) and are highly heterogeneous. Currently, extracellular vesicles 

are divided into two main groups: exosomes and microvesicles, which are subdivided 

into different subtypes (Figure 7).  

 

1.6.2 Exosomes 

Exosomes are intraluminal vesicles (ILVs) generated by inward budding of the 

endosomal membrane during maturation of MVBs and are secreted by fusing with the 

plasma membrane of the cell (205). Their size ranges from 30 nm to 150 nm and are 

involved in intercellular communication between distinct types of cells. 
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Figure 1.7. Characteristics of extracellular vesicles: exosomes and microvesicles.  

Extracellular vesicles (EVs) are a heterogeneous population of membrane vesicles of diverse 

origin. Their size varies from 30-50 nm to 500 nm or even larger (1-10 µm). EVs are divided 

into two classes: exosomes and microvesicles. B) Formation of extracellular vesicles. D) 
Composition of extracellular vesicles. They contain a diversity of cargoes which include proteins, 

lipids and nucleic acids. Reproduced from Van Niel et al., Nature Reviews Molecular Cell 

Biology 19, 213-228 (2018). 

 

 

1.6.2.1 Composition of exosomes 

They contain in their cargoes proteins, lipids and nucleic acids (e.g. DNA, mRNA and 

miRNA). They are enriched in lipids including sphingomyelin, phosphatidylserine, 

cholesterol and ceramide. Several studies have reported that exosomes contain 

specific sequences of mRNA and miRNA that are preferentially retained inside the 
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cells or secreted/exported and this can affect gene expression in distant cells (206, 

207). Furthermore, exosomes also contain specific groups of proteins depending on 

the type of cell. Nevertheless, the most predominant proteins belong to endosomes, 

the plasma membrane and the cytosol, whilst other proteins from the nucleus, the 

Golgi complex or the endoplasmic reticulum are less abundant (208). 

 

Figure 1.8. Composition of extracellular vesicles. 

Schematic representation of the composition and membrane orientation of extracellular 

vesicles. Reproduced from Colombo et al., Annual Review of Cell and Developmental Biology 

430, 255-289 (2014). 

 

 

1.6.2.2 Biogenesis of exosomes 

Exosomes are a specific subtype of extracellular vesicles formed in endosomal 

compartments (i.e. MVBs). The formation of exosomes involves inward budding of 

MVBs, which form small internal vesicles (exosomes) that contain cellular proteins, 

lipids and nucleic acids that are free floating in the cytoplasm. When these MVBs fuse 

with lysosomes their contents will be degraded; however, if the fusion occurs with the 
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plasma membrane, these internal vesicles (exosomes) are released and can travel 

until they reach their destination(s), generally determined by specific binding to ligands 

on the cellular surface of target cells. This binding could occur by releasing EVs 

contents’ directly into the cytoplasm of the target cell or by an endocytic mechanism in 

which the target cell incorporates these EVs inside (209). 

 

Figure 1.9. Biogenesis of exosomes. 

Exosomes are small membrane vesicles secreted by most cell types. Inward budding of 

multivesicular endosomes (MVE) form small internal vesicles that contain proteins, nucleic 

acids and lipids from the cytoplasm. MVE can fuse with lysosomes or alternatively, these 

internal vesicles (exosomes) can be released when MVEs fuse with the cell membrane. Then 

exosomes can enter target cells via endocytic pathway or by fusing with the target cell 

membrane and releasing its content. Reproduced from Thery et al., F1000 Biology Reports 3, 

1-8 (2011).  

 

The process of biogenesis of exosomes requires particular sorting machineries, in 

which the endosomal sorting complex required for transport (ESCRT) is the main 

player (210).  ESCRT contains four complexes (ESCRT-0, ESCRT-I, ESCRT-II and 

ESCRT-III) and additional proteins associated. ESCRT-0 is the complex responsible 
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for recognising and recruiting ubiquitinated lipids and transmembrane proteins 

(cargoes) in the endosomal limiting membrane. ESCRT-0 is connected to ESCRT-I 

and together assemble cargoes in membrane microdomains of the limiting membrane 

of MVBs. ESCRT-II helps in the recruitment of ESCRT-III, a dynamic complex that 

promotes membrane budding followed by a vesicle neck constriction which drives 

vesicle scission through the assembling of individual subunits to the limiting membrane 

of MVBs. The accessory protein VPS4 ATPase allows dissociation and recycling of 

the ESCRT machinery (211, 212). In contrast, other studies revealed that exosomes 

could also be generated via an ESCRT-independent mechanism in which lipids, 

tetraspanins or heat shock proteins are involved (213). However, ESCRT-III is required 

for releasing exosomes into the MVB lumen, therefore, this complex is shared by both 

mechanisms.  

In summary, both ESCRT-dependent and ESCRT-independent mechanisms 

contribute in the biogenesis of exosomes. 

1.6.2.3 Secretion of exosomes 

Proteins of the Rab family are regulators of intracellular vesicle trafficking and are 

involved in exosome secretion. They control different stages of intracellular vesicle 

transport to the plasma membrane. SNARE proteins (soluble N-ethylamaleimide-

sensitive fusion attachment protein (SNAP) receptor) together with other SNAPs 

create a complex that enables the fusion of both the MVB membrane and the plasma 

membrane, resulting in the secretion of exosomes (214). RAB11 seems to be 

associated to recycling, whereas RAB35 acts in early endosomal sorting, and RAB27A 

and RAB27B are associated to late endosomal and secretory compartments, 

respectively (215). Therefore, different RABs are involved in different steps of 

endosomal maturation along the secretory pathway. 
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1.6.3 Methodology to purify and isolate exosomes 

It is important to bear in mind that there is no standardised methodology to purify, 

isolate and characterise exosomes. Each method has its own advantages and 

disadvantages and researchers choose the preferred technique(s) based on the type 

of starting sample material and the downstream experiments that will be performed 

afterwards.  

The starting sample material can be cell cultured medium or a biological fluid (blood, 

serum, plasma, ascites fluid, urine, saliva, bile, cerebrospinal fluid, milk and seminal 

fluid). Each sample will have different viscosities and will require an adaptation of the 

standard protocol because the rate and the duration of some steps will affect the 

efficiency of the technique. For instance, high-viscosity fluids such as plasma, serum, 

semen and bile should be diluted to decrease their viscosity; otherwise, they will have 

a lower sedimentation efficiency (216). 

1.6.3.1 Exosome isolation techniques 

Different methods to isolate extracellular vesicles have been described, being the 

following the most common: differential centrifugation (plus optional filtration step), 

density gradient, immunoaffinity-based technique (coated magnetic or latex beads), 

microfluidic devices and commercial kits. 

The gold standard method to purify exosomes is differential centrifugation. This 

technique is characterised by two initial low-speed centrifugation steps to remove cells, 

dead cells and debris (300 x g for 10 minutes at 4°C and 2,000 x g for 10 minutes at 

4°C, respectively). An optional filtration step is followed using a 0.2 µm or 0.8 µm filter, 

especially in those cases where RNAs are planned to be analysed – mainly to avoid 

contamination with large particles or additional debris. Then, a final low-speed 

centrifugation step at 10,000 x g for 30 minutes at 4°C is carried out. The final 

supernatant is then ultra-centrifuged at 100,000 x g for 1.5-2 hours at 4°C to separate 
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small and large extracellular subpopulations. The pellet obtained in this 

ultracentrifugation contains exosomes and contaminating proteins, therefore, and 

additional centrifugation at the same high speed and multiple washings with PBS 

(Phosphate Buffered Saline) are recommended (217). Especial attention to viscous 

biological fluid mentioned before where higher centrifugation force and time plus 

increasing dilutions in PBS should be performed (218).   

One disadvantage of using ultracentrifugation to isolate exosomes from body fluids is 

that they contain EVs from multiple cell types and differential centrifugation does not 

differentiate EVs subtypes and cells of origin (219). Thus, immunoaffinity-based 

techniques can be helpful for this particular aim. Basically, specific antibodies are 

coupled with magnetic beads allowing the isolation of a more homogenous exosomal 

profile (220). Similarly, sucrose density gradient centrifugation is another technique to 

purify exosomes and other extracellular vesicles from contaminants effectively, 

especially when immunoaffinity capture is limited because of antibody availability and 

suitability of exosomes markers (221). The density range at which exosomes have 

been found to float is 1.15 g/ml to 1.19 g/ml (217). Additionally, microfluidic devices 

might overcome the disadvantages of the current exosome isolation techniques 

including immunological separation, trapping and filtration. These devices showed a 

higher efficiency, specificity, purity and simplicity (222). 

Rekker and colleagues did a comparison between two techniques to isolate exosomes 

from serum: ultracentrifugation and a commercial kit called ExoQuick (Systems 

Biosciences, SBI). They concluded that both methodologies are suitable to perform an 

exosomal miRNA profiling using serum from patients (223). Commercial kits are an 

alternative to isolate exosomes from small volumes of samples using chemical 

reagents, particularly when there is a limitation with the starting sample material. 
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1.6.3.2 Exosomes characterisation 

Once exosomes are isolated it is important to verify that the purified material are 

exosomes and no other extracellular vesicles, therefore, assessment of their content 

in terms of proteins, nucleic acids, lipids as well as extracellular protein surface 

markers is performed. 

There are various techniques that can characterised exosomes based on their shape 

and size including electron microscopy (EM), atomic force microscopy (AFM), 

nanoparticle tracking analysis (NTA), dynamic light scattering (DLS) analysis and 

qNANO GOLD (216). Furthermore, there are several methods available to differentiate 

exosomes from other extracellular vesicles based on exosome markers which include 

liquid chromatography, mass spectrometry, immune-blot analysis, flow cytometry, 

western immune-blotting and ELISA technique (216). These molecular tools assess 

the presence of specific molecules from the exosome limiting membrane and/or from 

the exosome lumen such as tetraspanins (CD9, CD63, CD81, Flotilin1 and 2), lipids 

(cholesterol, sphingolipids, ceramide), integrins (Ep-CAM), chaperons (HSP70, 

HSP90), enzymes, biogenesis factors (ALIX, TSG101, VPS4), nucleic acids (miRNAs, 

mRNAs, DNA) and cytoskeletal molecules (205). However, other extracellular vesicles 

(i.e. microvesicles) display a common composition in their luminal and extracellular 

space. For that reason, it is crucial to detect those molecules that are solely specific 

for a subtype of extracellular vesicles.  

 

1.6.4 The role of exosomes in cancer 

Caby and co-workers showed for the first time the presence of exosomes in plasma 

blood from patients (224). These results provide strong evidence that blood cells 

secrete exosomes and that its isolation from blood fluids is possible. It also supports 

the hypothesis that exosomes are involved in intercellular communication. Later, 
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Valadi et al. published a remarkable study demonstrating exchange of nucleic acids 

between cells via exosomes (225). They were the first to discover that different 

miRNAs were present in exosomes, suggesting that exosomes transport both mRNA 

and miRNA when they are released from host cells. They transferred mouse exosomal 

RNA into human mast cells and they found that new mouse proteins were generated 

in recipient cells, which supports the hypothesis that exosomes are involved in 

intercellular communication, delivering RNA and modulating the activity of other 

recipient cells.  

Melo et al. discovered that circulating exosomes (crExos) expressing Glypican-1 

(GPC1+) could serve as an accurate biomarker for early detection of PDAC. They 

reported that crExos GPC1+ discriminate PDAC from benign pancreatic disease and 

healthy controls with a near perfect sensitivity and specificity (226). In contrast, Lai and 

co-workers exposed that an exosomal miRNA signature comprising elevated levels of 

miR-10b, miR-21, miR-30c miR-181a and low levels of  let-7a was superior to 

exosomal GPC1 or plasma CA 19-9 levels in establishing a diagnosis for PDAC as 

well as discriminating between PDAC and CP (227). Furthermore, Frampton et al. 

have not observed a significant difference in GPC1 levels between normal pancreas 

and PDAC tissue. They were unable to differentiate PDAC from benign pancreatic 

disease using circulating exosomes that expressed GPC1 (228). However, a 

significant decrease in crExos expressing GPC1 was exposed when comparing pre-

operative and post-operative plasma samples from PDAC patients. Additionally, 

patients with high levels of crExos containing GPC1 showed significantly larger PDAC 

tumours, and these results are in line with findings by Melo and colleagues (226, 228). 

Thus, high expression of GPC1 in crExos might determine tumour size and disease 

burden. 

In 2010, Webber and co-workers led a study about the effect of exosomes on target 

cell responses and they discovered that exosomes derived from tumour cells may be 
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implicated in inducing pre-metastatic changes resulting in the conversion of fibroblasts 

into myofibroblasts (229). They were the first to evidence that fibroblast differentiation 

into myofibroblasts was due to tumour-derived exosomes expressing TGF-ß1. Related 

to the formation of a pre-metastatic niche, Peinado et al. identified exosomes derived 

from melanoma cells as the factors that lead metastatic niche formation through a 

process of educating bone marrow progenitor cells towards a pro-vasculogenic and 

pro-metastatic phenotype, resulting in tumour progression and metastasis (230). They 

showed that exosomes are responsible for the pro-metastatic behaviour of bone 

marrow progenitor cells due to an increased expression level of MET, an oncoprotein. 

They also defined an exosome signature specific for melanoma with therapeutic and 

prognostic value, which may be helpful as an indicator of metastatic disease and 

tumour burden. They suggested that tumour-derived exosomes communicate with 

bone marrow progenitor cells through the delivery of genetic material that enables the 

progression and formation of a metastatic niche.  

Furthermore, O’Brien and colleagues supported the hypothesis that exosomes from 

triple-negative breast cancer cells concede phenotypic traits to other breast cancer 

recipient cells causing an aggressive behaviour to the latter (231). It has been 

demonstrated that exosomes have the ability to impact on recipient cells functionality 

as they are key players in intercellular communication and modulating the tumour 

microenvironment.  

In summary, exosomes are extracellular vesicles involved in intercellular 

communication that can modulate the environment of neighbouring cells. They are 

present in biological fluids and can induce the formation of pre-metastatic niches in 

distant organs. Moreover, it has been reported that exosomes can promote changes 

in the cells’ behaviour. 

 



 87 

1.6.5 Exosomes and miRNAs involved in cancer 

A study led by Skog et al. reported that primary human glioblastoma cells are highly 

enriched in miRNA, mRNA and angiogenic proteins in comparison with donor cells 

(232). They showed that glioblastoma cancer cells released microvesicles that can 

stimulate the formation of tubules, supporting the hypothesis that glioblastoma-derived 

microvesicles have a role in initiating an angiogenic phenotype in brain endothelial 

cells. EGFRvIII, a tumour-specific protein, was detected in serum microvesicles in 

glioblastoma patients (232). Therefore, given that mRNA and some miRNAs may be 

detected in serum exosomes from glioblastoma patients, a blood test where these 

microvesicles can be identified might provide diagnostic information and help in 

therapeutic decisions for cancer patients. 

Taylor and colleagues were the first in demonstrating the presence of small RNA 

species associated with circulating tumour exosomes (233). This and other previous 

studies reported aberrant expression profiles of miRNAs in ovarian cancer cells and 

other tumour cells, respectively. This abnormal miRNA expression was used to 

establish cancer-specific signatures and it appeared in both cellular and exosomal 

compartments of ovarian cancer patients. They observed a high degree of correlation 

between miRNAs from the tumour and the corresponding exosomes. Benign disease 

exhibited low or inexistent levels of exosomes and/or exosome small RNA, whereas 

exosomal miRNAs were significantly elevated in malignant disease. However, 

differences in exosomal miRNA expression between early and late stage ovarian 

cancer patients were not observed (233). These results only proved that specific 

miRNAs associated with circulating exosomes could be used in screening in order to 

identify the disease at an early stage given that malignant and benign disease seem 

to be distinguishable based on a panel of 8 specific miRNAs for ovarian cancer. 

Moreover, Fabbri et al. identified a mechanism in which miRNAs interact with toll-like 

receptors (TLRs) and modify the tumour microenvironment (234). They showed that 
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miR-21 and miR-29a are secreted by lung cancer cells via exosomes and these 

miRNAs activate a pro-metastatic inflammatory response by binding to TLRs in 

immune cells. This process might modify the tumour microenvironment driving towards 

tumour progression and metastasis in which exosomes are key players in the 

preparation of the cellular microenvironment for tumour invasion. This exemplifies the 

importance of exosomes as potential biomarkers for cancer. 

A Japanese study led by Umezu et al. exposed that higher levels of exosome 

production were observed in hypoxia-resistant multiple myeloma (HR-MM) cells 

compared to parental cells under normal levels of oxygen (normoxia) or acute hypoxia 

conditions (235). Exosomal expression levels of miR-135b were high in HR-MM-

derived exosomes and the formation of tubes was enhanced by targeting the HIF-

1/FIH signalling pathway. An interesting study carried out by Zhang and colleagues 

(2015) demonstrated that exosomes secreted by astrocytes transferred miRNAs that 

silence tumour suppressor gene PTEN in metastatic breast cancer cells that have 

spread to the brain (236). As a consequence, proliferation and metastatic niche 

formation is enhanced in brain metastatic cells. Nevertheless, once these cells 

(disseminated breast tumour cells) leave the brain and are no longer exposed to 

astrocytic exosomes, they expressed PTEN again. This evidenced the existence of a 

bi-directional cross-talk between metastatic tumour cells and their tumour 

microenvironment (236).   

Taken together, the presence of miRNAs in exosomes has been verified in several 

studies. They are involved in cancer progression and the formation of metastasis. 

Therefore, exosomal miRNAs could serve as cancer-specific signatures that can be 

used in early detection to discriminate benign and malignant disease. 
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1.6.6 Exosomes and miRNAs in pancreatic cancer 

It has been shown that the formation of pre-metastatic niches depends on tumour-

derived exosomes (230). In 2015, Costa-Silva and co-workers showed that in naïve 

mice the release of exosomes from PDAC cells induces the formation of a pre-

metastatic niche and, as a consequence, an increase in liver metastatic burden occurs 

(237). They demonstrated that exosomes derived from malignant pancreatic lesions 

are key players in the formation of a pre-metastatic niche in the liver. Exosomes can 

activate fibrotic signalling pathways resulting in the establishment of a pro-

inflammatory environment that favours metastasis. They detected increased levels of 

MIF (Macrophage Migration Inhibitory Factor) in exosomes derived from plasma in 

mice with pre-tumoural pancreatic lesions (either PDAC lesions or PanIN lesions). 

Furthermore, high exosomal levels of MIF were present in plasma from early stage 

PDAC patients, before liver metastases were formed. This indicated that MIF derived 

from tumour exosomes is responsible for pre-metastatic niche formation during PDAC 

metastasis. Therefore, MIF has the potential to be used as a biomarker of PDAC liver 

metastasis. In parallel, Madhavan et al. found a panel of exosomal proteins and 

miRNAs in serum that could be helpful in the diagnosis of pancreatic cancer (238).  

Despite that extracellular vesicles were identified in most cellular types and bodily 

fluids, the existence of EVs in human bile was not examined yet. Li and colleagues 

were the first to establish and characterise the presence of extracellular vesicles in 

human bile fluid (198). They supported the hypothesis that bile fluid enables cell-cell 

communication between hepatic and biliary tree cells through the transport of EVs 

containing miRNAs. They indicated that human biliary EVs contain miRNA species and 

proposed a biliary vesicle miRNAs’ panel for CCA diagnosis that showed a sensitivity 

and specificity of 67% and 96%, respectively, in comparison to the current available 

diagnostic methods (198). Li et al. reported the clinical potential of this novel bile-based 

5-miRNAs EVs’ panel for the diagnosis of patients with CCA. Furthermore, in another 
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study carried out by the same research group, a miRNA (miR-195) was found to be 

down-regulated in both CCA and neighbour stromal cells, whereas the overexpression 

of it in stroma cells inhibited tumour growth, migration and metastasis in adjacent CCA 

cells (198). They also observed that injection of EVs containing miR-195, an inhibitor 

of stromal pathways, in a rat model of CCA triggered the inhibition of CCA tumour 

growth and prolonged its survival. These results suggested that delivering EVs 

containing a therapeutic agent to CCA cells in vitro and in vivo might prevent cancer 

cell growth and extend survival.  

Recently, Richards et al. showed that cancer-associated fibroblasts (CAFs), when 

exposed to chemotherapy, exhibit an active role in modulating tumour survival and 

proliferation in cancer cells (239). They discovered the mechanism by which CAFs 

regulate proliferation and drug resistance in pancreatic cancer cells. They found that 

CAFs are intrinsically resistant to gemcitabine (GEM) and when they are exposed to it 

a significantly increase in the release of exosomes occurs. These exosomes contain 

chemo-resistance factors (mRNAs and miRNAs) that are transferred into recipient 

cells promoting proliferation and drug resistance. Epithelial pancreatic cancer cells 

treated with GEM-treated CAF exosomes exhibited high levels of Snail, an augmented 

proliferation and drug resistant. Conversely, when GEM-exposed CAFs were treated 

with an inhibitor of exosome release (GW4869), a significant suppression of chemo-

resistant capabilities of CAF cells was observed. Therefore, prevention of CAF 

exosomes to be secreted might be a promising therapeutic strategy for patients 

receiving gemcitabine-based treatments.  

Taken together, the use of exosomes to deliver therapeutic molecules into tumour cells 

to induce an immune response, reduce proliferation and suppress metastatic 

behaviour, is a promising approach, especially in the treatment of PDAC. However, 

many properties and mechanisms of extracellular vesicles’ biology are still elusive.   
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1.7 Aims and Objectives 

This project is focused on investigating the role of non-coding RNAs, especially 

miRNAs, as biomarkers in bile fluid to detect biliary tract cancers (BTCs) and 

pancreatic ductal adenocarcinoma (PDAC) at an early stage, as very little is known on 

this. Furthermore, discovering a bile-based miRNA-signature may serve as a classifier 

to stratify patients and subsequently improve diagnosis by personalising their 

treatment.  

Therefore, the aim of this research work is to profile microRNAs from bile samples to 

be able to discriminate PDAC and BTCs from benign disease. This miRNA expression 

profiling may provide further insights into the tumour biology of the pancreas and the 

biliary tract system, helping on the discovery of a miRNA-signature that could serve as 

a valuable predictive or prognostic biomarker in PDAC and/or BTCs.  

The first objective is to collect a large number of bile samples from PDAC and BTCs 

patients as well as individuals with benign disease (i.e. cholelithiasis and chronic 

pancreatitis) in order to perform a microRNA microarray to determine a miRNA 

expression pattern across these types of cancers.  

The second objective is to validate the performance of the candidate miRNAs found 

previously in this study that may play a role in differentiating benign from malignant 

lesions. 

The third objective is to determine whether miRNAs previously discovered in bile fluid 

samples from PDAC and BTCs patients are also expressed in exosomes (in vitro). 

Additionally, determine whether exosomal miRNAs could be used to distinguish 

malignant from benign disease. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Materials used 

2.1.1 Consumable plastic ware, chemicals, commercial kits and 

reagents 

Table 2.1. List of consumable plastic ware 

Consumable item Company Catalogue number 

Micro-centrifuge tubes: 
0.5 ml  
1.5 ml 
2 ml 

StarLab 

 
S1605-0000 
S1615-5500 
S1620-2700 

0.22 µm filters Sartorious 16534 

0.2 ml 48-well plate 
(PCR) 

Thermo Fisher 
Scientific AB-0648 

8-cap strips Molecular Bio 
Products 3418-C 

Fast Optical 96-well 
reaction plate (PCR) Applied Biosystems 4346906 

Optical adhesive film Applied Biosystems 4311971 

Serological pipettes 
(plastic wrapped): 

5 ml 
10 ml  
25 ml 

Corning 

 
CORN4051 
CORN4101 

4489 

T25 flask and  
T75 flasks Corning 

 
430639 
430641 

30 ml container bottle VWR 215-0321 

15 ml falcon tubes and 
50 ml falcon tubes VWR 

 
525-0401 
525-0402 

250 ml filter system 
500 ml filter system Corning 

 
513-3354 
513-3355 
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Table 2.2. List of chemicals  

Chemical Company Catalogue number Storage conditions 

2- propanol Sigma-Aldrich I9516-500ML Room temperature 

Ethanol absolute VWR Chemicals 20821.330 Room temperature 

4% 
paraformaldehyde 

Santa Cruz 
Biotechnology 
(ChemCruz) 

SC-281692 +4°C 

Karnovsky fixative Solmedia HST408S-C -20°C 

Bovine Serum 
Albumin (BSA) Sigma A3912 +4°C 

Chloroform VWR Chemicals 22711.324 Room temperature 

 

Table 2.3. List of commercial kits  

Commercial kit Company Catalogue number Storage 
conditions 

TRIzol Reagent  
(200 ml) Invitrogen 15596018 Room temperature 

TRIzol LS Reagent Invitrogen 10296028 Room temperature 

TaqMan® MicroRNA 
Reverse 

Transcription kit 
(1,000 reactions) 

Life Techonologies 
(TaqMan) 4366596 -20°C 

TaqMan® Universal 
Master Mix II, no 
UNG (1 x 5 ml) 

Life Techonologies 
(TaqMan) 4440040 -20°C 

RNA 6000 Nano 
assay kit Agilent Technologies 5067-1511 Room temperature, 

+4°C and -80°C 

RNA 6000 Pico 
assay kit Agilent Technologies 5067-1513 Room temperature, 

+4°C and -80°C 

ExoQuick-TC (50 ml) Systems Biosciences 
(SBI) EXOTC50A-1 Room temperature 

Exosome ELISA 
Complete Kit (CD9 

detection) 

Systems Biosciences 
(SBI) EXOEL-CD9A-1 +4°C and -20°C 

Exosome ELISA 
Complete Kit (CD63 

detection) 

Systems Biosciences 
(SBI) EXOEL-CD63A-1 +4°C and -20°C 
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Exosome ELISA 
Complete Kit (CD81 

detection) 

Systems Biosciences 
(SBI) EXOEL-CD81A-1 +4°C and -20°C 

 

Table 2.4. List of reagents 

Reagent Recipe Company Catalogue 
number 

Storage 
conditions 

RNase ZAP Sodium lauryl sulfate Ambion AM9780 Room 
temperature 

75% ethanol 
For 1 litre: Add 750 ml 
of ethanol to 250 ml of 

ddH2O 

VWR 
Chemicals 22711.324 Room 

temperature 

80% ethanol 
For 1 litre: Add 800 ml 
of ethanol to 200 ml of 

ddH2O 

VWR 
Chemicals 22711.324 Room 

temperature 

Phosphate 
Buffered Saline 
solution (PBS) 

For 1 litre:  

Add 800 ml of ddH2O 

Add 8g of NaCl 

Add 0.2 g of KCl 

Add 1.44 g of Na2HPO4 

Add 0.24 g of KH2PO4 

Adjust pH to 7.4 with 
HCl 

Add ddH2O to a total 
volume of 1 litre 

Sterilise by autoclaving 
(20 min at 121°C, liquid 

cycle) 

- - 
Room 

temperature 
or +4°C 

0.5 sodium 
cacodylate buffer     

5% bacteriological 
disinfectant 

(distel) 

For 1 litre: Add 50 ml of 
detergent to 950 ml of 

ddH2O 

Tristel 
Solutions TM305 Room 

temperature 

hEGF  
(stock: 1mg/ml) 

Add 200 µl of 10mM 
acetic acid to 0.2 mg of 

hEGF 

Final concentration: 
1mg/ml 

Aliquots of 5 µl will be 
stored at -20°C 

Sigma-Aldrich E9644-0.2MG      -20°C 
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Hydrocortisone 

(stock: 1mg/ml) 

Add 1 ml of 100% 
EtOH (ethanol) to 1 mg 

of hydrocortisone 

Final concentration: 
1mg/ml 

Aliquots of 20 µl will be 
stored at -20°C 

Sigma-Aldrich H088-1G 

Room 
temperature 
(aliquots at 
-20°C) 

Apo-transferrin 
(stock: 2.5 mg/ml) 

Add 10 ml of ddH2O to 
25 mg of apo-

transferrin 

Final concentration: 2.5 
mg/ml 

Aliquots of 1 ml will be 
stored at -20°C 

Sigma-Aldrich T1147-100MG -20°C 

Tri-iodothyronine 
(stock: 0.1 µg/ml) 

Add 10 ml of DMSO to 
1 mg of tri-

iodothyronine 

Take 10 µl from above 
and add 990 µl of 

DMSO 

Final concentration: 0.1 
µg/ml 

Aliquots of 2.5 µl will 
be stored at -20°C 

Sigma-Aldrich T0281-10MG -20°C 

O-phosporyil 
ethanolamine 

(stock: 20mg/ml) 

Add 1 ml of ddH2O to 
20 mg of O-phosphoryl 

ethanolamine 

Final concentration: 20 
mg/ml 

Aliquots of 50 µl will be 
stored at -20°C 

Sigma-Aldrich P0503-10MG -20°C 

cOmplete™ 
protease inhibitor 

cocktail 
25 tablets Sigma-Aldrich 11836153001 +4°C 
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2.1.2 microRNAs 

Table 2.5. List of microRNAs 

microRNA name TaqMan miRNA 
assay ID 

hsa-miR-15a-5p 000389 

hsa-miR-15b-5p 478313_mir 

hsa-miR-16-5p 477860_mir 

hsa-miR-21-5p 477975_mir 

hsa-miR-23a-3p 478532_mir 

hsa-miR-25-3p 477994_mir 

hsa-miR-29b-3p 478003_mir 

hsa-miR-30d-5p 478606_mir 

hsa-miR-93-5p 478210_mir 

hsa-miR-125b-5p 477885_mir 

hsa-miR-148a-3p 477814_mir 

hsa-miR-194-5p 477956_mir 

hsa-miR-181c-3p 477933_mir 

hsa-miR-200b-3p 477963_mir 

hsa-miR-451a 478107_mir 

hsa-miR-575 479056_mir 

hsa-miR-663a 479445_mir 

Cel-miR-39 000200 

U6 snRNA 001973 
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2.1.3 Pancreatic cancer cell lines  

Table 2.6. List of pancreatic cancer cell lines 

Cell name Cell type Company Catalogue 
number 

PANC-1 Human pancreatic epithelial 
cancer cell 

American Type 
Culture Collection 

(ATCC) 

ATCC-CRL-
1469 

MiaPaCa-2 Human pancreatic epithelial 
cancer cell 

American Type 
Culture Collection 

(ATCC) 

ATCC-CRL-
1420 

HPNE Human pancreatic ductal epithelial 
cell line – – 

HPDE_H6c7 Human pancreatic ductal epithelial 
cell line (H6c7) Kerafast ECA001 

TKCC-02 

Human pancreatic epithelial cell 
line derived from mouse 

xenografts initiated from a 
moderately differentiated 

adenocarcinoma taken from a 
pancreatic resection 

Australian 
Pancreatic 

Cancer Genome 
Initiative (APGI) 

– 

TKCC-10 

Human pancreatic epithelial cell 
line derived from mouse 

xenografts initiated from a poorly 
differentiated adenocarcinoma 

biopsy 

Australian 
Pancreatic 

Cancer Genome 
Initiative (APGI) 

– 

 

2.1.4 Tissue culture materials: cell growth media and supplements 

Table 2.7. Composition of cell culture growth media of PANC-1 and Mia-PaCa-2. 

PANC-1 and MIA-PaCa-2 

Cell culture media Volume (ml)  

DMEM 500 ml  

Supplements Volume to be added Final concentration 

Foetal Bovine Serum (FBS), 
exosome-depleted 50 ml 10X 

L-glutamine (200mM) 5 ml 1X (2mM) 

Penicillin / Streptomycin 5 ml 1X 
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Table 2.8. Composition of cell culture growth media of HPDE and H6c7. 

HPDE and H6c7 

Cell culture media Volume (ml)  

Keratinocyte SFM 500 ml  

Supplements Volume to be added Final concentration 

Antibiotic antimycotic (100X) 5 ml 1X 

 

Table 2.9. Composition of cell culture growth media of TKCC-02. 

TKCC-02 

Cell culture media Volume (ml)  

RPMI-1640 500 ml  

Supplements Volume to be added Final concentration 

Foetal Bovine Serum (FBS), 
exosome-depleted 50 ml 10 % 

L-glutamine (200mM) 5 ml 1 % (2mM) 

Penicillin / Streptomycin 
(100X) 5 ml 1 % (1X) 

hEGF (stock: 1mg/ml) 10 µl 20 ng/ml 

 

Table 2.10. Composition of cell culture growth media of TKCC-10. 

TKCC-10 

Cell culture media Volume (ml) Final volume (ml) 

HAM F-12 250 ml 
500 ml 

M199 250 ml 

Supplements Volume to be added Final concentration 

Foetal Bovine Serum (FBS), 
exosome-depleted 37.5 ml 7.5 % 

L-glutamine (200mM) 5 ml 1 % (2mM) 

Penicillin / Streptomycin 5 ml 1 % 

hEGF (stock: 1mg/ml) 5 µl 10 ng/ml 
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Hydrocortisone (stock: 1mg/ml) 20 µl 40 ng/ml 

Apo-transferrin (stock: 2.5 mg/ml) 1 ml 5 µg/ml 

Tri-iodothyronine (stock: 0.1 
µg/ml) 2.5 µl 0.5 pg/ml 

O-phosporyl ethanolamine  
(stock: 20 mg/ml) 50 µl 2 µg/ml 

Insulin (100 IU/ml) 500 µl 0.1 IU/ml 

Glucose solution 6 ml 0.12 % 

Gentamicin (1000X) 500 µl 1X 

HEPES (100X) 7.5 ml 15 mM 

MEM vitamins 5 ml 1 % 

 

Table 2.11. List of tissue culture growth media, supplements and reagents 

Name Company Catalogue 
number Storage conditions 

DMEM (Dulbelco’s 
Modified Eagle Medium) Sigma-Aldrich D5546-500ML +4°C 

RPMI-1640 Sigma-Aldrich R5886-500ML +4°C 

DMEM/F-12 Gibco 11320074 +4°C 

HAM F-12 Gibco 21765029 +4°C 

M199 Gibco 31150022 +4°C 

DMEM (with 4.6g/l of 
glucose) Lonza BE12-604F +4°C 

Keratinocyte SFM (+ 
supplements) Gibco 17005042 +4°C / -20°C 

Fetal Calf Serum (FCS) First Link UK 02-00850 50 ml aliquots at -20°C 

Fetal Bovine Serum 
(FBS), exosome-depleted Gibco A2720801 50 ml aliquots at -20°C 

HEPES Gibco 15630080 +4°C 

Phosphate Buffered 
Saline (PBS) - - Room temperature or 

+4°C 

Versene solution Gibco 15040066 +4°C 
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Trypsin Sigma-Aldrich T4549-100ML 5 ml aliquoats at -20°C 

EDTA Sigma-Aldrich E8008-100ML +4°C 

L-glutamine (200mM) Invitrogen 25030-024 5 ml aliquots at -20°C 

Penicillin / Streptomycin Invitrogen 15070-063 5 ml aliquots at -20°C 

Antibiotic antimycotic 
(100X) Gibco 15240-062 5 ml aliquots at -20°C 

Hydrocortisone Sigma-Aldrich H088-1G 20 µl Aliquots at -20°C 

hEGF Sigma-Aldrich E9644-0.2MG 10 µl aliquots at -20°C 

Insulin (100UI/ml) Sigma-Aldrich I9278-5ML +4°C 

Glucose (10%) Gibco G8644 +4°C 

Gentamicin (1000X) Sigma-Aldrich G1397-10ML +4°C 

Apo-transferrin Sigma-Aldrich T1147-100MG 1ml aliquots at -20°C 

Tri-iodothyronine Sigma-Aldrich T0281-10MG 2.5 µl aliquots at -20°C 

O-phosphoryl 
ethanolamine Sigma-Aldrich P0503-10MG 50 µl aliquots at -20°C 

MEM vitamins Gibco 11120052 5 ml aliquots at -20°C 

 

2.1.5 Antibodies 

Table 2.12. List of primary and secondary antibodies. 

PRIMARY ANTIBODIES 

Antibody Dilution Company Dilution buffer Storage conditions 

Exosomal 
surface 

marker CD9 
1:100 

SBI – part of 
Exosome 

ELISA 
complete kit 

(CD9) 

1X Blocking buffer +4°C 

Exosomal 
surface 

marker CD63 
1:100 

SBI – part of 
Exosome 

ELISA 
complete kit 

(CD63) 

1X Blocking 
buffer +4°C 



 102 

Exosomal 
surface maker 

CD81 
1:100 

SBI – part of 
Exosome 

ELISA 
complete kit 

(CD81) 

1X Blocking 
buffer +4°C 

Monoclonal 
anti-CD63 1:20 Abcam 

(ab23792)  -20°C 

 

SECONDARY ANTIBODIES 

Antibody Dilution Company Dilution buffer Storage conditions 

Goat anti-
Rabbit HRP 1:5,000 

SBI – part of 
Exosome 

ELISA 
complete kit 

(CD81) 

1X Blocking buffer +4°C 

Goat anti-
mouse IgG 
Fc specific 

(10 nm) gold 

1:50 BBI Solutions 
(EM.GAM10) 

 

+4°C 

 

2.1.6 Patient bile samples  

Following written informed consent, bile specimens were obtained from individuals with 

a benign condition such as cholelithiasis or chronic pancreatitis and from individuals 

who underwent tumour resection for a known PDAC, CCA, ampullary carcinoma or 

IPMN carcinoma between 2013 to 2018 at three different institutions: Hammersmith 

Hospital Imperial College London NHS Trust (London, UK), VUMC Amsterdam Center 

(Amsterdam, The Netherlands) and University Hospital of Pisa (Pisa, Italy). 

In the first cohort, called the discovery cohort, 57 bile samples were assessed from 

patients with pancreatic or biliary tract lesions and were classified into seven groups 

as follows: cholelithiasis and chronic pancreatitis (n = 14); pancreatic ductal 

adenocarcinoma (PDAC) primary stage IIa (n = 8); PDAC primary stage IIb (n = 14); 

PDAC advanced stage III/IV (n = 5); cholangiocarcinoma (CCA, n = 6), ampullary 

cancer (n = 3) and invasive intraductal papillary mucinous neoplasia (IPMN, n = 7). 

Patients with cholelithiasis and chronic pancreatitis composed the benign group, 
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whereas the malignant group involved PDAC, CCA, ampullary cancer and IPMN 

patients.  

The second cohort or validation cohort consisted of a total of 71 bile samples from 

patients with a benign condition (cholelithiasis) or those who underwent tumour 

resection for a known PDAC, CCA or ampullary carcinoma. Bile samples were 

obtained from the same international institutions mentioned above and patients’ 

samples were divided into four groups: benign disease (cholelithiasis, n = 34), PDAC 

stage I (n = 1), stage IIa/b (n = 14), stage III/IV (n = 12); CCA (n = 7) and ampullary 

carcinoma (n = 3). Patients with PDAC, CCA and ampullary carcinoma conformed the 

malignant group. 

Inclusion criteria included adult patients (> 18 years) with resectable disease, whereas 

patients with bad performance status and/or (no obvious) metastatic disease were not 

suitable for resection, and therefore, were excluded. 

Complete clinicopathological, follow-up and recurrence data were available from 

prospectively maintained databases. Further detailed clinicopathological information 

about the patients is provided in Appendix section A. 
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2.2 Methods used 

2.2.1 Ethical approval 

Analysis of miRNAs in human specimens of bile was approved by a UK national 

research ethics committee (Camden & Islington REC, London; 09/H0722/77) and by 

Imperial College Healthcare Tissue Bank (R17048, ICHTB HTA licence 12275, Wales 

REC 17/WA/0161) in the UK and the ethics committee at the University Hospital of 

Pisa in Italy and The VUMC Cancer Center in The Netherlands. 

 

2.2.2 Collection of patient samples 

All three European institutions followed the same standard procedure to collect bile. 

During surgery, bile was aspirated from each patient from either the gallbladder 

(patients with benign lesions) or the common bile duct (performing a Whipple 

procedure in patients with malignant lesions) using a medical syringe. After collection 

of the sample, this was stored at -80°C until further use. 

 

2.2.3 RNA extraction 

2.2.3.1 RNA isolation from human bile specimens 

An adapted protocol from Yan and Patel (240) was followed when performing RNA 

extraction in bile samples. Generally, 1 ml of bile was centrifuged (Sigma 1-14K) at 

low speed (3,000 x g) for 10 minutes at +4°C and the supernatant was then filtered 

with 0.22 µm Minisart® filters. Ideally 700-500 µl of bile were eluted after the filtration.  

To extract RNA from bile, TRIzol® LS Reagent protocol was followed according to 

manufacturer’s instructions although a few modifications were applied: 
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1. After adding TRIzol to homogenise the sample, 5 µl of a spike-in control (cel-

miR-39) was added.  

2. After adding chloroform and centrifuging the sample, three phases are 

observed. The aqueous phase is transferred into a new micro-centrifuge tube 

and an equal volume of chloroform is added. The sample is centrifuged again 

at the same speed as stated in the protocol and the upper phase is transferred 

to a new tube. 

3. The sample is stored at -80°C after adding isopropanol for an overnight 

incubation.  

4. The following step after isopropanol overnight incubation was a centrifugation. 

This centrifugation step was performed at high speed (16,500 x g) for 30 

minutes at +4°C. 

5. Ethanol concentration is at 80% (for 1 litre: 80 ml of 100% ethanol plus 20 ml 

of ddH2O) and washes are performed twice. 

After re-suspending the pellet in RNase-free water, concentration of RNA is measured 

with a spectrophotometer (NanoDrop 1000, Thermo Scientific) at 260 nm and 280 nm 

wavelengths, with special attention to the absorbance ratios A260/280 and A260/230 

to assure a good RNA quality: the 260/280 should range between 1.8 and 2.0, and the 

A260/230 should be greater than 1.5. 

2.2.3.2 RNA isolation from cell culture exosomes  

After precipitating exosomes from cell culture media using ExoQuick-TC, the pellet 

was re-suspended in 100-500 µl of PBS. TRIzol® LS Reagent protocol was followed 

according to manufacturer’s instructions although a few modifications were applied 

(see section 2.2.3.1).  
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Exosomal RNA concentration was measured using a spectrophotometer as well as a 

microfluidics-based platform named Bioanalyzer for checking not only the 

concentration but also the RNA integrity of the samples. 

 

2.2.4 Agilent RNA Nano and Pico Assay Bioanalyzer  

To determine the integrity and the concentration of total and small RNA from bile 

samples an Agilent 2100 Bioanalyzer device was used. It is a microfluidic chip-based 

technology, which separates RNA samples using an electrophoretic separation and 

detects RNA via laser-induced fluorescence. The software generates an RNA profile 

of each sample, which is displayed both as an electropherogram and a gel-like image. 

Additionally, the results expose the RNA concentration and the ribosomal ratio. There 

are different types of RNA assay/chips for RNA quality assessment. The RNA Nano 

assay/chip offers a sensitivity range from 25 ng/µl to 500 ng/µl and loading a total of 

12 samples, whereas the RNA Pico assay provides a range of sensitivity from 0.1 ng/µl 

to 5 ng/µl and a total loading of 11 samples.  

Depending on RNA concentrations observed with the spectrophotometer (NanoDrop 

1000, Thermo Scientific), RNA samples were analysed with either the RNA 6000 Nano 

or Pico assay kit following protocol instructions. 

A novelty from Agilent Bioanalyzer is the introduction of the RNA Integrity Number 

(RIN), a new tool for RNA quality assessment. It is an algorithm that assigns integrity 

values to RNA measurements. This algorithm permits the classification of eukaryotic 

total RNA based on a numbering system from 1 to 10, being 1 the most degraded and 

10 the most intact (241).   
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2.2.5 MicroRNA Reverse Transcription quantitative real-time 

Polymerase Chain Reaction (RT-qPCR) 

2.2.5.1 cDNA synthesis 

A reverse transcription using TaqMan MicroRNA Reverse Transcription Kit was 

performed following the manufacturer’s instructions. A total volume of 5 µl of RNA 

sample (10 ng) was mixed with 7 µl of master mix and 3 µl of 5X reverse transcription 

miRNA TaqMan® primer in a 48-well PCR plate and it was spun down to bring the 

solution to the bottom of the well. The samples were incubated in a PCR thermal cycler 

(Veriti, Applied Biosystems) at 16°C for 30 minutes to allow primer annealing, followed 

by 30 minutes at 42°C for the elongation step and 5 minutes at 85°C to inactivate the 

reverse transcriptase enzyme.  

Table 2.13. Master mix components of the reverse transcription 

Components Master mix volume (µl) per 15 µl  
single reaction 

100 mM dNTPs (with dTTP) 0.15 µl 

MultiScribe ™ Reverse Transcriptase, 50 U/ µl 1.00 µl 

10X Reverse Transcription Buffer 1.50 µl 

Rnase Inhibitor, 20 U/ µl 0.19 µl 

Nuclease-free water 4.16 µl 

Total volume 7.00 µl 

 

A list of miRNA-specific primers used in the reverse transcription is provided in section 

2.1.3. This selection of miRNAs was chosen based on bioinformatic analysis carried 

out after a microRNA expression assay was performed.  

MiRNA-181c was chosen as an endogenous control in the discovery and validation 

cohort because it was found to be consistently expressed across all RNA samples from 

the discovery cohort. 
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2.2.5.2 Quantitative real-time PCR (qPCR) 

The PCR amplification process is based on repeated thermal cycles involving three 

sequential steps: denaturation (95°C), annealing (50°C to 56°C) and extension (72°C). 

During denaturation the double-stranded template DNA is separated into two single 

strands. At this point, the temperature is lowered to allow annealing to the template 

DNA. Finally, the extension phase permits the elongation of the DNA strand by the 

polymerase enzyme. These three stages are repeated 30-40 times, increasing the 

number of copies of DNA each time. 

TaqMan probes or hydrolysis probes consist of a dual-labelled oligonucleotide with two 

fluorescent moieties: a reporter fluorophore and a quencher fluorophore at the 5’ and 

3’ end, respectively. As long as both fluorophores are in close proximity the probe will 

remain intact: the quencher dye will absorb the fluorescence emitted by the reporter 

fluorophore. 

 

Figure 2.1. Polymerase chain reaction steps. 

Main steps in PCR including denaturation, annealing and extension of the target sequence from 

a template DNA. Reproduced from ThermoFisher Scientific. 
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A mixture of forward and reverse primers and a dual-labelled hydrolysis probe are used 

to amplify and detect the cDNA target. Both the primer and the hydrolysis probe bind 

to the complementary DNA strand during the annealing (or amplification phase) and 

extension phase, immediately after the denaturation step.  After hybridisation and 

during the amplification phase, the Thermus acquaticus (Taq) polymerase recognises 

and binds to the double-stranded molecule and proceeds along the template, adding 

dNTPs that are complementary to the target on the 3’ end of the primer strand (242). 

However, when the polymerase enzyme encounters the hydrolysis probe this is 

degraded through the 5’-nuclease activity of the enzyme, cleaving the reporter 

fluorophore at the 5’ end and separating it from the hydrolysis probe and the quencher. 

As a result, the reporter dye emits a fluorescence signal which will be detected by the 

real-time PCR device and which is directly proportional to the amplification product. 

The fluorescence will increase consecutively as PCR cycles progresses, accumulating 

and exponentially increasing the intensity of the light emitted.  

To amplify mature miRNAs, the master mix for a single reaction was prepared for each 

miRNA (or TaqMan® assay) by combining 10 µl of 2X TaqMan Universal Master Mix 

II with 1 µl of 20X TaqMan® Assay (i.e. hydrolysis probe) in a micro-centrifuge tube 

(Fisher Scientific mySPIN6). The cDNA template from each sample, which was 

previously generated in the reverse transcription, was diluted in 1:10 with RNase-free 

H2O and 4.4 µl were added to the appropriate well in a Fast Optical 96-well reaction 

plate (Applied Biosystems). Then 11 µl of master mix plus 4.6 µl of RNase-free H2O, 

making a final volume of 20 µl, were added to the appropriate well in the reaction plate. 

Next, the plate was sealed with an adhesive film (Applied Biosystems) and centrifuged 

(Sigma 1-14K) at 2,000 x g for less than 1 minute at room temperature. 
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Figure 2.2. TaqMan mechanism. 

The first step is to raise the temperature to denature the double-strand of the cDNA (template). 

At this point the fluorescent dye at the 5’ end and the non-fluorescent dye (hydrolysis probe) at 

the 3’ end are bound together. Next, the temperature is lowered to enable the primers and the 

probe to anneal to their specific target sequences. Finally, the Taq polymerase synthesises 

new strands using until it encounters the hydrolysis probe, which is degraded and the 

fluorophore at the 5’ end is cleaved from the hydrolysis probe. This results in a fluorescence 

signal detected by the PCR device which is directly proportional to the amplified PCR product. 

Reproduced from ThermoFisher Scientific, TaqMan® 

 

 

Quantitative real-time PCR (qPCR) was performed with a StepOne Plus real-time PCR 

System (Applied Biosystems) and the thermal cycling conditions were as follow: a first 

stage of 2 minutes at 50°C and a second stage of 10 minutes at 95°C, followed by 40 

cycles of 15 seconds at 95°C and 60 seconds at 60°C.  

The list of miRNA TaqMan® assays is provided in section 2.1.5. Relative expression 

levels of each miRNA were calculated using the 2 –ΔCt method, where CT is the 

comparative threshold cycle or the number of cycles necessaries for the fluorescent 

signal to cross the threshold in the real-time PCR. To calculate the ΔCT value, the 
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average of comparative threshold cycle (CT) value of the target miRNA and the miRNA 

control (normaliser) were subtracted: ΔCT = Average miRNA target CT value – 

Average miRNA control (normaliser) CT value 

 

2.2.6 miRNA microarray expression profiling 

A microRNA expression profiling using the nCounter® Human v3 miRNA Expression 

Assay was performed in 58 RNA patients samples (discovery cohort) by NanoString 

Technologies. This platform is able to quantify the expression of 800 mature miRNAs 

derived from miRBase and it also includes 20 assay controls, 5 mRNA probes and 5 

spike-in controls. The assay controls are as follows: 6 positive controls and 8 negative 

controls, 3 ligation positive controls and 3 ligation negative controls.  

Reference mRNA controls are probes that recognise endogenous mRNA targets 

usually expressed in tissues. They can determine cellular contamination, failure of 

ligation, etc. These mRNAs should not be used as reference genes to normalise 

samples.  

Positive (ligation) and negative (ligation) controls are probes that recognise synthetic 

mRNA targets included or not included in the assay, respectively. Positive controls are 

used to confirm linear response to input amounts and confirm that low input signal is 

above background. Negative controls are used to determine background signal 

independent of the success of the ligation. It can be used to set the threshold to define 

the expression of miRNA(s). Positive and negative ligation controls monitor ligation 

efficiency and non-specific ligation, respectively. 

Spike-in controls are probes that recognise exogenous miRNA targets that are not 

included in the assay to monitor sample processing steps such as RNA isolation or 

purification prior to the NanoString assay protocol. 
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This assay does not use a reverse transcription or amplification methodology to detect 

miRNAs, instead, molecular barcodes and single molecule imagining to quantify up to 

800 transcripts in a single reaction are used. The steps involved in the preparation of 

the assay include a multiplexed annealing of specific tags to the miRNAs, a ligation 

reaction and an enzymatic purification step to remove unligated material. The miRNAs 

are tagged and ready to be analysed using the nCounter Analysis System. This 

technology is based on the direct molecular barcoding and digital detection of target 

molecules using a colour-coded probe pair. The probe pair consists of two probes: a 

Reporter Probe, which carries signal on its 5’ end, and a Capture Probe, which carries 

a biotin on its 3’ end.  

During the overnight hybridisation reaction, there is a large excess of probe pairs to 

guarantee that target nucleic acids find a probe pair. After hybridisation, the excess of 

probes is removed and probe(s)/target(s) are aligned and immobilised on a cartridge 

for data collection. Each miRNA is identified by their own colour-code generated by 

the Reporter Probe. 

The complexity of the colour codes (four colours in six positions) enables a large 

diversity of targets present in the same sample to be individually resolved and 

identified during data collection. 

This digital quantification provides high sensitivity, precision and reproducibility.  
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Figure 2.3. nCounter microRNA expression technology. 

This platform enables the performance of highly multiplexed, digital quantification of hundreds 

of different nucleic acids in a single reaction. Each gene of interest requires a corresponding 

capture probe and a reporter probe. 1) The sample material is mixed with an excess of reporter 

and capture probes. The reporter probe contains the fluorescent barcode signal and the capture 

probe is coupled to a biotin tag that immobilises the hybridised complex. 2) The excess of 

capture and reporter probes are removed. 3) Sample cartridges are placed in the Digital 

Analyser device for data collection. This machine counts the fluorescent barcodes and a total 

running of each target is tabulated. Reproduced from NanoString Technologies nCounter 

System. 
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2.2.7 Bioinformatic analysis 

A supervised clustering analysis using R program (DESeq2) was performed to 

determine differences between groups:  

 Benign vs all malignant cases (PDAC, CCA, ampullary carcinoma and IPMN). 

 Benign vs PDAC.  

 Benign vs CCA. 

 PDAC vs CCA. 

 PDAC vs other malignant (CCA, ampullary carcinoma and IPMN). 

 CCA vs other malignant (PDAC, ampullary carcinoma and IPMN). 

 Early PDAC vs late PDAC 

 Early PDAC vs CP 

 Late PDAC vs CP 

 PDAC vs CP 

 

2.2.8 Cell culture and cell lines 

2.2.8.1 Passaging for pancreatic cell lines 

The cell lines used for exosome experiments were PANC-1, MiaPaCa-2, HPNE, H6c7. 

TKCC-02 and TKCC-10. All these cell lines are adherent cells and were routinely 

cultured in T75 flasks and incubated at 37°C in a humidified incubator with a 5% CO2 

atmosphere. Each pancreatic cell line was cultured in different cell culture conditions 

(see section 2.1.4). All cell culture work was performed under sterile conditions.  
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When 70-80% confluence was reached, cells were sub-cultured. Therefore, the cell 

medium was removed and the cells were rinsed with 3 ml of PBS. Afterwards, PBS 

solution was removed and the addition of 3 ml of EDTA-Trypsin allowed the cells to 

detach from the flask. After incubating the cells with this solution for 10-15 minutes, 

the same volume of PBS was added to inactivate the EDTA-Trypsin solution and avoid 

cells from dying. The contents of the flask(s) where then transferred into a 30 ml 

container tube and a centrifugation step was performed at 1500 rpm for 5 minutes. The 

supernatant was aspirated and the pellet was re-suspended in growth culture medium. 

Cells were transferred into new T75 cell culture flasks and grown to desired cell density. 

Finally, the cell culture flasks were incubated at 37°C in a humidified incubator with a 

5% CO2 atmosphere. 

This process was repeated as demanded by the growth characteristics of the cell line, 

usually 2 times a week for TKCC-10, HPNE and MiaPaCa-2 and 3-4 times a week for 

PANC-1, H6c7 and TKCC-02. 

2.2.8.2 Collection of exosome-depleted medium from pancreatic cells in growth  

Once pancreatic cells reached 80-90% confluence and were growing in the exosome-

depleted growth media for at least 24-48 hours, 15 ml of exosome-depleted media was 

filtered with a 0.22 µm filter and transferred to a 15 ml container tube. One tablet of 

protease inhibitor cocktail was added to the container before storing the exosome-

depleted medium at -80°C until further use. 

 

2.2.9 Precipitation and isolation of exosomes 

Pancreatic cell lines were growing in exosome-depleted medium for 24-48 hours until 

they reached 80-90% confluence. Then, 15 ml of exosome-depleted media was 

collected from pancreatic cells and filtered using 0.22 µm filters. Next, centrifugation 
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at 3,000 x g for 15 minutes to remove cells and cell debris was performed and the 

supernatant was transferred to a new collection tube. Subsequently 3 ml of ExoQuick-

TC was added to the tube and the mixture was mixed well by inverting or flicking the 

tube prior to overnight refrigeration at +4°C. The tube(s) remained upright during the 

overnight refrigeration (at least 12 hours) and were not rotated or mixed. After the 

incubation period, the mixture was centrifuged at 1,500 x g for 30 minutes (room 

temperature or +4°C). After this, exosomes appeared at the bottom as a white/beige 

pellet. Next, the supernatant was removed and the tube was centrifuge again at 1,500 

x g for 5 minutes to remove any residual traces of fluid. After that, aspiration of any 

residual traces of fluid and re-suspension of the pellet in 100-500 µl of PBS or in a 

specific buffer was done. RNA content was measured with a spectrophotometer 

(NanoDrop 1000, Thermo Scientific) and RNA quality was assessed with a 

microfluidics-based platform (2100 Bioanalyzer, Agilent Technologies). 

 

2.2.10 Enzyme-linked Immunosorbent Assay (ELISA) 

An enzyme-linked immunosorbent assay (ELISA) using the Exosome ELISA complete 

kit for CD9, CD63 and CD81 was performed following the manufacturer’s instructions.  

After precipitating exosomes from cell culture media using ExoQuick-TC, the pellet 

was re-suspended in 200 µl of Exosome Binding Buffer and vortex for 15 seconds. 

Prior to centrifuge the re-suspended pellet at 1,500 x g for 5 minutes, an incubation 

step at 37°C for 20 minutes was done. Then, the supernatant was transferred to a new 

tube and it was placed on ice. 

A standard curve was prepared by performing serial dilutions of the ExoElisa protein 

standard using the Exosome Binding Buffer. 
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Next, 50 µl of prepared protein standards and 50 µl of exosome protein sample was 

added to the appropriate well in the micro-titer plate. Then, the plate was sealed and 

incubated overnight at 37°C. After the incubation period, the plate was inverted to 

empty all contents. The plate was washed 3 times for 5 minutes each time with 100 µl 

of 1X Wash buffer (this washing step was also followed after incubation with primary 

and secondary antibodies). 

Exosome-specific primary antibodies for CD9, CD63 and CD81 were diluted 1:100 in 

1X Blocking buffer and 50 µl of were added to each well before incubating the plate for 

1 hour at room temperature (with shaking). After the incubation step, the plate was 

washed. Next, an exosome-validated secondary antibody was diluted in 1:5,000 with 

1X Blocking buffer and 50 µl of were added to each well before incubating the plate for 

1 hour at room temperature (with shaking). After the incubation, the plate was washed. 

Subsequently, 50 µl of Super-sensitive TMB ELISA substrate (warmed to room 

temperature) were added in each well and the plate was incubated (with shaking) for 

15-45 minutes at room temperature. Immediately after, 50 µl of Stop buffer solution 

was added and the plate was read with a spectrophotometric plate reader (Optimax) 

at 450 nm wavelength of absorbance. 

 

2.2.11 Transmission Electron Microscopy (TEM) and Immunogold 

labelling 

Exosomes were isolated from pancreatic cell culture media using Exo-Quick TC kit as 

described in section 2.2.9 and then were fixed in 4% paraformaldehyde (PFA) for 60 

minutes. Then, 10 µl of fixed exosomes were dropped onto a formvar carbon-coated 

grid for 60 minutes. Three droplets of 0.5 M sodium cacodylate buffer (pH 7.4) were 

added to each grid followed by 5 minutes incubation each. Next, one droplet of 1% 

bovine serum albumin (BSA) was added and incubated for 30 minutes. Subsequently, 
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the grids were incubated for 60 minutes with 10 µl of anti-CD63 (ab23792) at 1:10 

dilution. Unbound antibody was removed by blocking the grid with 1% BSA for 5 

minutes. For immuno-gold staining, the grids were labelled with a secondary antibody, 

goat anti-mouse IgG Fc specific (10 nm), conjugated to gold particles (EM.GAM10) at 

1:50 dilution for 60 minutes followed by 3 washes in phosphate buffer saline (PBS) 

and a final wash in distilled water. Then, the grid was stained with 2% uranyl acetate 

for 3 minutes and washed in distilled water. The excess of liquid was removed and the 

grid was dried at room temperature for 10 minutes. Observations at 100,000 and 

150,000 magnification were carried out using a TEM and digital micrographs were 

taken using Gatan digital micrograph. 

 

2.2.12 Statistical analysis 

Statistical analysis was performed using GraphPad Prism, software version 7 

(GraphPad Software, Intuitive Software for Science, San Diego, CA). MiRNA 

expression levels between groups were compared using a parametric t-test for 

normally distributed data across all samples. Furthermore, for each group of patient 

samples the mean ± SD (standard deviation) was presented. 

Statistical significance was established at p-values <0.05 and 95% CI (confidence 

interval) are presented. The level of significance was set at p-value <0.05, as indicated 

by asterisks: * p-value <0.05, ** p-value <0.01, *** p-value <0.001, and **** p-value 

<0.0001. 
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CHAPTER 3. MicroRNAs in bile fluid discriminate 

between benign and malignant pancreatic and biliary-

tract lesions  

3.1. Background 

It is known that PDAC and BTC are lethal diseases and present significant challenges, 

including lack of efficient diagnostic techniques and limited treatment options, which 

leads to a late detection and poor survival rates.  

Non-coding RNAs (ncRNAs) are a class of RNA molecules that do not code for 

proteins (114) and have emerged as attractive therapeutic targets and diagnostic tools 

in cancer. There are different classes of ncRNAs, which include microRNAs: small 

endogenous non-coding RNAs of 17-25 nucleotides in length that regulate gene 

expression at the post-transcriptional level (115). They are thought to be involved in 

haematopoiesis, cell proliferation and cell death (134, 243). Indeed, their deregulation 

contributes to cancer development (168). They are stable and evolutionary conserved 

molecules that can be detected in tissue biopsies (171, 172) and bodily fluids such as 

plasma (183, 187) and bile (190, 191, 198). Given their stability and tissue specificity, 

miRNAs are exceptional molecules that could be used in the detection of PDAC (169, 

173).  

Therefore, finding novel miRNAs in bile fluid associated with PDAC or BTC would be 

a considerable discovery due to the close proximity of this biological fluid to the 

malignant lesion.  
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3.2 Results section 

3.2.1 Bile samples collection and RNA isolation from the discovery 

and validation cohort 

3.2.1.1 Study population 

In this study a total of 128 individuals were included, with 57 subjects grouped into the 

discovery cohort and 71 distributed into the validation cohort (Figure 3.1). Bile fluid 

samples were collected from patients with benign lesions (cholecystitis, cholelithiasis 

and chronic pancreatitis), PDAC (stage IIa, IIb and III/IV), CCA, ampullary carcinoma 

(AC) and IPMN (Figure 3.1). Histopathological data is shown in Appendix Section A. 

 

 

Figure 3.1. Study population. 

This bile study contains 128 individuals divided into two different cohorts (discovery, n=57; and 

validation, n=71). Each group has a benign group and four and/or three different types of 

cancers, including PDAC, CCA, AC and IPMN carcinoma, respectively.  
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3.2.2 MicroRNA microarray profiling identifies miRNAs differentially 

expressed in benign and malignant pancreatic lesions 

3.2.2.1 Bioinformatic analyses revealed up-regulated and down-regulated 

miRNAs in malignant lesions compared to benign lesions 

In order to discriminate between benign lesions and malignant pancreatic and biliary 

lesions, miRNA expression profiling using the nCounter technology (Nanostring) was 

performed. A total of 800 miRNAs were screened across all samples from the 

discovery cohort. The miRNA microarray aimed to discover differential expression 

between pancreatic cancers (i.e. PDAC and IPMN carcinoma) and BTC, as well as 

comparing these groups to benign lesions. Bioinformatic analyses were carried out 

using R programme (DESeq2) and the comparisons were as follow: 

 All malignant tumours (PDAC, CCA, AC and IPMN) vs benign controls. 

 PDAC vs benign controls.  

 CCA vs benign controls. 

 PDAC vs other malignant tumours (CCA, AC and IPMN). 

 CCA vs other malignant tumours (PDAC, AC and IPMN). 

 CCA vs PDAC. 

 Early PDAC vs late PDAC. 

 PDAC vs CP. 

 Early PDAC vs CP. 

 Late PDAC vs CP. 
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Tables 3.1 to 3.10 show all the top miRNAs differentially expressed across all the 

comparisons performed with R program DESeq2. Venn diagrams were also generated 

(see Figure 3.2 and Figure 3.3). Furthermore, a threshold of significance has been 

established in an adjusted p-value of 0.01 – 0.05 and a fold change of 1.5 – 2.  

Malignant tumours vs benign controls 

Only one miRNA (miR-148a) was significantly differentially expressed between 

malignant tumours (PDAC, CCA, AC and IPMN carcinoma), and benign controls with 

an adjusted p-value = 0.0172 and fold change of 1.97. This miRNA was observed to 

be up-regulated in malignant lesions compared to benign lesions (Table 3.1). 

PDAC vs benign controls 

Similar results were observed when PDAC was compared to benign controls, with miR-

148a being the only significantly differentially expressed miRNA (Table 3.2). 

 

Table 3.1. MicroRNAs differentially expressed in all tumours compared to benign 

All malignant tumours versus benign 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-148a-3p 0.9792 0.0004 0.0172 1.9715 

 

Table 3.2. MicroRNAs differentially expressed in PDAC compared to benign 

PDAC versus benign 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-148a-3p 0.92849 0.0029 0.1124 1.9032 
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Figure 3.2. Venn diagrams showing up-regulated and down-regulated miRNAs in all 
malignant tumours compared to benign. 

From top to bottom, the expression of different miRNAs is (A) up-regulated (red) or (B) down-

regulated (green) in malignant tumours, including PDAC, CCA, AC and IPMN carcinoma 

lesions, compared to benign lesions. 
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Figure 3.3. Venn diagrams showing up-regulated and down-regulated miRNAs in PDAC. 

The expression of different miRNAs is (A) up-regulated (red) or (B) down-regulated (green) in 

PDAC compared to benign lesions, CCA and other tumours including AC, CCA and IPMN 

carcinoma lesions. 

 

CCA vs benign controls 

Four miRNAs were observed to be significantly differentially expressed between CCA 

and benign subjects. Three of these miRNAs (miR-15b, miR-25 and miR-93) were 

found to be up-regulated with a 4- and 3-fold change, respectively, and an adjusted p-
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value < 0.05. Conversely, miR-194 was the only significant down-regulated miRNA 

(adjusted p-value < 0.05), although the fold change was minimal (Table 3.3).  

Moreover, two miRNAs (miR-15a and miR-16) showed a tendency towards a higher 

level of expression with a 2.5- and a 3-fold change, respectively, and an adjusted p-

value of 0.0511. Another miRNA (miR-30d) showed a tendency towards a lower level 

of expression (Table 3.3). 

Table 3.3. MicroRNAs differentially expressed in CCA compared to benign 

CCA versus benign 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-15b-5p 2.1976 < 0.0001 0.0014 4.5873 

hsa-miR-93-5p 1.6402 0.0002 0.0034 3.1180 

hsa-miR-194-5p -1.8387 0.0028 0.0270 0.2795 

hsa-miR-25-3p 1.6277 0.0039 0.0279 3.0904 

hsa-miR-15a-5p 1.3430 0.0109 0.0511 2.5369 

hsa-miR-16-5p 1.6238 0.0098 0.0511 3.0819 

hsa-miR-30d-5p -1.4395 0.0131 0.0524 0.3686 

 

PDAC vs other malignant tumours 

One miRNA (miR-29b) was found up-regulated in PDAC compared to other malignant 

tumours which include CCA, AC and IPMN carcinoma (adjusted p-value 0.0513 and 

with a fold change under 2, Table 3.4).  

Table 3.4. MicroRNAs differentially expressed in PDAC compared to all malignant 
tumours 

PDAC versus all malignant tumours 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-29b-3p 0.9783 0.0013 0.0513 1.9702 
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CCA vs all malignant tumours 

Nine miRNAs were significantly differentially expressed between CCA and other 

malignant tumours including PDAC, AC and IPMN carcinoma (adjusted p-value < 0.05). 

Seven miRNAs (miR-15a, miR-15b, miR-16, miR-25, miR-93, miR-451a and let-7i) 

were up-regulated, showing a fold change between 2.0 and 4.0; whilst miR-125b and 

miR-194 were down-regulated (adjusted p-value < 0.05) (Table 3.5). 

Table 3.5. MicroRNAs differentially expressed in CCA compared to all malignant 
tumours 

CCA versus all malignant tumours 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-93-5p 1.7225 < 0.0001 < 0.0001 3.3000 

hsa-miR-15b-5p 1.8266 0.0003 0.0040 3.5470 

hsa-let-7i-5p 1.0385 0.0005 0.0051 2.0541 

hsa-miR-16-5p 1.7823 0.0011 0.0078 3.4398 

hsa-miR-451a 2.0191 0.0031 0.0167 4.0535 

hsa-miR-25-3p 1.4445 0.0050 0.0226 2.7217 

hsa-miR-15a-5p 1.3261 0.0059 0.0231 2.5072 

hsa-miR-125b-
5p -1.4293 0.0091 0.0302 0.3712 

hsa-miR-194-5p -1.3007 0.0100 0.0302 0.4059 

 

CCA vs PDAC 

A comparison between CCA and PDAC was performed and eight miRNAs were 

observed to be significantly different expressed. Five miRNAs were up-regulated 

showing a 3-fold change and an adjusted p-value < 0.05. The other three miRNAs 

(miR-125b, miR-194 and let-7i) were down-regulated (Table 3.6). Moreover, miR-15a 

and miR-29b showed a tendency towards a higher and a lower level of expression, 

respectively (Table 3.6). 
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Table 3.6. MicroRNAs differentially expressed in CCA compared to PDAC 

CCA versus PDAC 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-93-5p 1.6480 < 0.0001 0.0008 3.1340 

hsa-miR-25-3p 1.7962 < 0.0001 0.0010 3.4731 

hsa-miR-15b-5p 1.8022 0.0004 0.0045 3.4876 

hsa-miR-16-5p 1.7776 0.0010 0.0073 3.4285 

hsa-let-7i-5p 0.8495 0.0045 0.0224 1.8019 

hsa-miR-451a 1.8903 0.0048 0.0224 3.7072 

hsa-miR-125b-
5p -1.3564 0.0079 0.0317 0.3905 

hsa-miR-194-5p -1.1579 0.0103 0.0362 0.4481 

hsa-miR-15a-5p 1.0797 0.0213 0.0597 2.1135 

hsa-miR-29b-3p -1.1664 0.0194 0.0597 0.4455 
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Figure 3.4. Venn diagrams showing up-regulated and down-regulated miRNAs in CCA. 

The expression of different miRNAs is (A) up-regulated (red) or (B) down-regulated (green) in 

CCA compared to benign lesions, PDAC and other tumours including AC, PDAC and IPMN 

lesions.  

 

Early PDAC vs late PDAC 

Four miRNAs exposed a tendency towards a higher (miR-29b and miR-200b) and a 

lower level of expression (miR-25 and miR-93) when comparing early PDAC and late 

PDAC (adjusted p-value = 0.1677, Table 3.7).  
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Table 3.7. MicroRNAs differentially expressed in early PDAC compared to late PDAC 

Early PDAC versus late PDAC 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-200b-3p 1.0852 0.0197 0.1677 2.1216 

hsa-miR-25-3p -1.1978 0.0178 0.1677 0.4359 

hsa-miR-29b-3p 1.6445 0.0163 0.1677 3.1265 

hsa-miR-93-5p -1.1260 0.0070 0.1677 0.4581 

 

PDAC vs CP 

In Table 3.8, four miRNAs were observed to be significantly different between PDAC 

and CP (adjusted p-value < 0.05). Three of them (miR-200b, miR-23a and miR-29b) 

were up-regulated exhibiting a fold change ranging from 3.0 to 5.0, whereas miR-575 

was down-regulated. 

Early PDAC vs CP 

Similarly results were observed when early PDAC was compared to chronic pancreatic 

(Table 3.9). Additionally, miR-148a showed a tendency towards a higher level of 

expression when comparing early PDAC versus CP (adjusted p-value = 0.058 and 

near a 3-fold change).  

Late PDAC vs CP 

As shown in Table 3.10, only miR-663 was observed to be significantly different when 

comparing PDAC vs CP (adjusted p-value = 0.01). 
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Table 3.8. MicroRNAs significantly differentially expressed in PDAC compared to 
chronic pancreatitis (CP) 

PDAC versus CP 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-575 -4.5951 0.0004 0.0164 0.0413 

hsa-miR-200b-3p 1.6455 0.0035 0.0364 3.1286 

hsa-miR-23a-3p 1.8060 0.0042 0.0364 3.4967 

hsa-miR-29b-3p 2.3165 0.0036 0.0364 4.9813 

 

Table 3.9. MicroRNAs differentially expressed in early PDAC compared to chronic 
pancreatitis (CP) 

Early PDAC versus CP 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-200b-3p 1.7912 0.0011 0.0186 3.4632 

hsa-miR-575 -4.3676 0.0011 0.0186 0.0484 

hsa-miR-29b-3p 2.4913 0.0017 0.0190 5.6229 

hsa-miR-23a-3p 1.8238 0.0057 0.0460 3.5401 

hsa-miR-148a-3p 1.5246 0.0091 0.0582 2.8771 

 

Table 3.10. MicroRNAs differentially expressed in late PDAC compared to chronic 
pancreatitis (CP) 

Late PDAC versus CP 

miRNA Log2FC p-value p-adj value FC 

hsa-miR-663a -4.7943 0.0003 0.0120 0.0360 
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3.2.3 Validation of miRNA microarray data by Reverse Transcription 

quantitative PCR (RT-qPCR)  

To confirm the miRNA microarray results, RT-qPCR was performed and miRNA 

expression levels were normalised using miR-181c. This miRNA was selected using a 

program called NormFinder (http://moma.dk/normfinder-software), which identifies the 

optimal normalisation miRNA according to their expression stability among a set of 

candidates. 

3.2.3.1 Up-regulated and down-regulated miRNAs in pancreatico-biliary 

malignancies compared to benign lesions 

MiRNA-148a was found to be significantly up-regulated (p-value < 0.0001) in 

malignant pancreatico-biliary lesions and IPMN lesions compared to benign lesions 

(mean = 17.05 ± 16.33 (SD) vs. 5.66 ± 3.21). This miRNA was also significantly up-

regulated in PDAC compared to benign lesions (p-value = 0.0004; 15.07 ± 12.42 vs. 

5.66 ± 3.21). Moreover, miR-29b was found to be significantly up-regulated in PDAC 

(p-value = 0.0038; 53.87 ± 70.55 vs. 12.42 ± 12.72) in comparison to CCA (Figure 3.5) 

and also when PDAC was compared with BTCs and IPMN lesions (p-value = 0.0111; 

53.87 ± 70.55 vs. 17.66 ± 27.81). Furthermore, miR-125b and miR-194 were found to 

be significantly down-regulated in CCA and when compared to benign lesions (miR-

125b: p-value = 0.0150, 54.86 ± 37.64 vs. 110.60 ± 71.11; miR-194: p-value = 0.0032, 

17.99 ± 11.87 vs. 175.50 ± 181.20) (Fig. 3.5). These two miRNAs were also 

significantly down-regulated in CCA in comparison to PDAC (miR-125b: p-value = 

0.0096, 54.86 ± 37.64 vs. 126.30 ± 130.80; miR-194: p-value = 0.0011, 17.99 ± 11.87 

vs. 56.96 ± 55.96) and CCA vs. malignant lesions (miR-125b: p-value = 0.0121, 54.86 

± 37.64 vs. 111.60 ± 117.00; miR-194: p-value = 0.0011, 17.99 ± 11.87 vs. 62.76 ± 

79.17). Contrary to the bioinformatic analysis, in where miRNA-16 was proving up-

regulation in CCA compared with PDAC and compared to other malignant tumours 

http://moma.dk/normfinder-software
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(see Table 3.5 and 3.6), this miRNA was found to be down-regulated instead (see Fig. 

3.5). The results from the validation of the miRNA microarray data revealed that miR-

16 was significantly down-regulated in CCA compared to benign lesions, and also 

when compared to other malignant lesions (see Appendix Section B.1, Figure B.1.1).  

 

 
Figure 3.5. Expression levels of miRNAs in different pancreatic and bile duct 
malignancies (discovery cohort). 

A) miR-16, B) miR-29b, C) miR-125b, D) miR-148a and E) miR-194. 

 

It is important to mention that most of the miRNA expression levels for the IPMN group 

are low (Figure 3.5), therefore, a positive control for IPMN would be necessary to 

confirm these results.” 
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3.2.4 Performance of bile miRNA candidates found in the discovery 

cohort 

The performance of several miRNAs was assessed by Receiver Operating 

Characteristic (ROC) curve analysis and Area Under Curve (AUC) measurement to 

determine the discriminatory power of these miRNAs in differentiating between benign 

and malignant disease and between pancreatic and biliary-tract cancers (BTCs). 

 

3.2.4.1 MiRNA candidates found in the discovery cohort are able to discriminate 

malignant tumours from benign disease 

It can be observed in Figure 3.6 that miRNA-148a has an AUC higher than 0.75 in 

discriminating malignant tumours (PDAC, CCA, AC and IPMN lesions) from benign 

disease (AUC = 0.7532; CI: 0.63 - 0.88; p-value = 0.0046). Moreover, miR-148a 

differentiated PDAC and BTCs (CCA, AC) from benign disease with an AUC near to 

0.80 (see Appendix Section B.1, Figure B.1.2). Furthermore, miR-148a exhibited an 

AUC of 0.7302 in discriminating PDAC from benign disease (see Appendix Section 

B.1, Figure B.1.2)  

 
Figure 3.6. ROC curve analysis of miR-148a in discriminating benign from malignant 
lesions. 

MiRNA-148a differentiates malignant lesions (PDAC, BTCs and IPMN lesions) from benign 

disease with discriminatory power of 75.32%. 
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Moreover, miR-125b showed and AUC higher than 0.70, whereas miR-194 showed an 

AUC higher than 0.90 in differentiating CCA from benign controls (Appendix Section 

B.1, Figure B.1.3). Likewise, miR-16 exhibited an AUC > 0.75 in differentiating CCA 

from benign controls (Appendix Section B.1, Figure B.1.4). 

 

3.2.4.2 MiRNA candidates from the discovery cohort are able to distinguish 

malignancy within pancreatico-biliary tract cancers and IPMN lesions  

In Figure 3.7, miR-194 displayed an AUC > 0.75 in differentiating CCA from PDAC 

(AUC 0.7884; CI: 0.63 – 0.95; p-value = 0.0203), while miR-125b showed an AUC < 

0.70 (AUC = 0.6720, CI: 0.49 – 0.86, p-value = 0.1663). Additionally, miR-29b showed 

an AUC < 0.70 in distinguishing PDAC from CCA (see Appendix Section B1, Figure 

B.1.5).  

 

Figure 3.7 ROC curve analysis of different miRNAs discriminating CCA from PDAC.  

A) miR-125b, and B) miR-194.   

 

Furthermore, miR-125b and miR-194 discriminated CCA from other malignant lesions, 

which include PDAC, AC and IPMN lesions, (see Appendix Section B1, Figure B.1.6) 

with an AUC < 0.70 and AUC > 0.75, respectively. Moreover, the discriminatory power 

of miR-29b in distinguishing PDAC from other biliary tract cancers (i.e. CCA and AC) 

and IPMN lesions was lower than 70% (see Appendix Section B1, Figure B.1.7). 
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3.2.5 Validation of bile miRNA biomarker candidates in an 

independent cohort by RT-qPCR 

3.2.5.1 MicroRNAs are deregulated in pancreatico-biliary tract cancers 

compared to benign controls  

To confirm previous results from the discovery cohort, RT-qPCR was performed in an 

independent cohort of samples and miRNA expression levels were normalised using 

miR-181c. 

MiRNA-148a has been confirmed to be significantly up-regulated in malignant disease 

compared to benign lesions (p-value = 0.0015; 57.94 ± 78.44 vs. 15.57 ± 22.14) 

(Figure 3.8). Additionally, it was also up-regulated between PDAC and benign disease 

(see Appendix Section B.2, Figure B.2.1).  

Furthermore, miR-125b and miR-194 were confirmed to be significantly down-

regulated (Fig. 3.8) in CCA compared to PDAC (miR-125b: p-value = 0.0030, 82.06 ± 

97.38 vs. 243.60 ± 195.50; miR-194: p-value = 0.0547, 127.30 ± 65.87 vs. 397.60 ± 

838.90). They were also significantly down-regulated in CCA as compared with 

pancreatico-biliary tract cancers (miR-125b: p-value = 0.0028, 82.06 ± 97.38 vs. 

373.10 ± 501.30; and miR-194: p-value = 0.0164, 127.30 ± 65.85 vs. 599.00 ± 1147).  

Contrary to bioinformatic analysis, but in concordance with the results from the 

discovery, miR-16 was confirmed to be down-regulated in CCA (Fig. 3.8) compared to 

PDAC (p-value = 0.0208, 819.30 ± 880.40 vs. 3364 ± 5965).  

Three miRNAs including miR-16, miR-125b and miR-194 were observed to be down-

regulated in CCA in comparison to benign lesions (see Appendix Section B.2, Figure 

B.2.1). Additionally, miR-16 was confirmed to be down-regulated in CCA compared to 

pancreatico-biliary tract cancers (see Appendix Section B.2, Fig. B.2.1). In the 

bioinformatic analysis and validation of these data in the discovery cohort, miR-29b 
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was found to be significantly up-regulated in PDAC as compared to CCA. However, 

this was not confirmed in the validation cohort. Here, miR-29b was not significantly up-

regulated in PDAC compared with CCA (p-value = 0.3223, 10.60 ± 11.60 vs 8.42 ± 

10.60); instead a down-regulation was observed when comparing PDAC vs. benign 

controls (p-value = 0.0146, 10.60 ± 11.60 vs 32.90 ± 55.75), and also between CCA 

and benign lesions (p-value = 0.0116, 8.42 ± 10.60 vs 32.90 ± 55.75). (Fig. 3.8). 

 
Figure 3.8. MicroRNA expression levels of different types of pancreatico-biliary tract 
cancers from the validation cohort.  

A) miR-16, B) miR-125b, C) miR-148a and D) miR-194. 
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3.2.6 Performance of candidate miRNAs in the validation cohort 

The performance of four miRNAs including miR-29b, miR-125b, miR-148a and miR-

194 was assessed by ROC curve analysis and AUC measurement to determine the 

discriminatory power of these miRNAs in differentiating between benign and malignant 

disease and between pancreatic and BTCs. 

3.2.6.1 Bile miRNAs discriminate benign lesions from malignant tumours  

In Figure 3.9, miRNA-148a discriminated benign lesions from malignant disease with 

an AUC > 0.75 (AUC = 0.7552; CI: 0.64 – 0.87; p-value = 0.0002).  

In contrast, both miR-125b and miR-194 showed and AUC lower than 0.65 (see 

Appendix Section B.2, Figure B.2.2) in differentiating benign controls from malignant 

disease. 

 

Figure 3.9 ROC curve analysis of miR-148a in discriminating benign from malignant 
lesions (PDAC, CCA, AC and IPMN carcinoma). 

 

 

3.2.6.2 Bile miRNAs can differentiate benign lesions from pancreatic cancer 

and biliary-tract cancers 

MiR-148 can distinguished PDAC from benign lesions with an AUC higher than 0.75 

(see Appendix Section B.2, Figure B.2.3). MiRNA-125b distinguished CCA from 
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benign controls with an AUC > 0.80 (see Appendix Section B.2, Figure B.2.4). 

Conversely, miR-194 exhibited an AUC lower than 0.65 in discriminating CCA from 

benign disease (see Appendix Section B.2, Fig. B2.4). Similarly, miR-16 differentiated 

CCA from benign disease (see Appendix Section B.2, Figure B.2.5). 

3.2.6.3 Bile miRNAs distinguish CCA from PDAC and from other malignant 

biliary-tract cancers 

In Figure 3.10, miR-125b distinguished between CCA and PDAC with an AUC > 0.70 

(AUC = 0.7937, CI: 0.61 – 0.98, p-value = 0.0181) and between CCA and pancreatico-

biliary tract cancers (i.e. PDAC and AC) with an AUC higher than 0.80 (see Appendix 

Section B.2, Figure B.2.6). In contrast, miR-194 showed an AUC = 0.65 (Fig. 3.10) in 

discriminating CCA from PDAC (CI: 0.36 – 0.75; p-value = 0.6547) and an AUC < 0.60 

in discriminating CCA from other pancreatico-biliary tract cancers (see Appendix 

Section B.2, Fig. B.2.6). Additionally, miR-16 differentiated CCA from pancreatico-

biliary tract cancers (i.e. PDAC and AC) with an AUC > 0.70 (see Appendix Section 

B.2, Figure B.2.7). Moreover, this miRNA also distinguished between CCA and PDAC 

(AUC > 0.70). 

 

Figure 3.10 ROC curve analysis of miR-125b and miR-194 in discriminating CCA from 
PDAC  

A) miR-125b and B) miR-194  
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3.2.7 Flow chart 

A flow chart showing the expression of the most significantly de-regulated miRNAs 

was created (Figure 3.11).  It shows miR-148a as the classifier between benign and 

malignant disease. Moreover, within malignant disease two branches divide two major 

malignant types of tumour: PDAC and CCA. From each group, there is a list of up- and 

down-regulated miRNAs found during the bioinformatics analysis when comparing 

CCA versus PDAC and vice versa. An initial validation of these findings was performed 

in the discovery cohort, where most of the miRNAs found up- or down-regulated in the 

bioinformatics analysis also showed the same expression after being validated, with 

the exception of three miRNAs from the CCA group (miR15a, miR-15b and miR-16). 

Contrary to the bioinformatic analysis, these miRNAs were not found to be up-

regulated in CCA, but instead down-regulated after validating the miRNA microarray 

data, although they were not significantly differentially expressed. Subsequently, an 

alternative cohort of samples was collected (validation cohort) and a second validation 

was performed. In this final validation, not all the previously discovered miRNAs 

showed a significantly differentially expression. In the PDAC group, there was a shift 

between the initial validation and the final validation: miR-29b did not exhibit a 

significantly increased expression when compared with CCA. On the other hand, in 

the CCA group, from a list of six miRNAs found to be up- and down-regulated, only 

two were confirmed to be down-regulated in CCA compared to PDAC (miR-125b and 

miR-194) in all the analysis. MiRNA-16 was initially up-regulated (bioinformatic 

analysis), but its expression decreased in the following analysis, showing a down-

regulation in CCA when compared to PDAC. In the discovery cohort miR-16 (*) was 

not significantly up-regulated, whereas in the validation cohort it was. 
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Figure 3.11. Flow chart showing de-regulated miRNAs across PDAC and CCA. 

MicroRNA-148a acts as a classifier between benign and malignant disease. The bioinformatics 

analysis revealed some de-regulated miRNAs in PDAC and CCA, which were validated a 

posteriori in different cohort of samples. Two miRNAs (miR-125b and miR-194) are significantly 

down-regulated in all the analysis when comparing CCA to PDAC. (*) in the discovery cohort, 

miR-16 was not significantly down-regulated in CCA compared to PDAC. 

 

 

3.3 Discussion 

Currently, imaging techniques alone such as CT and MRI cannot detect pancreatic or 

BTCs at an early stage, nor differentiate between benign and malignant lesions. 

Despite that detection of pancreatic cancer at an early stage increases the likelihood 

of being resectable, in the majority of the cases the cancer present at an advanced 

stage when surgical resection is no longer possible. Furthermore, CCA and PDAC 

have overlapping immunohistochemical profiles and are very difficult to distinguish 

from a clinical and histopathological view. Moreover, blood-based diagnostic markers 

lack specificity and sensitivity (e.g. CA 19-9) (42). Therefore, sensitive and specific 

biomarkers to detect PDAC and BTCs at an early stage are necessary. Furthermore, 
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there are no biomarkers able to robustly stratify these tumours at the time of 

presentation.  

Initial profiling studies focused on discovering a tumoural miRNA expression “signature” 

in various cancers, especially PDAC and BTCs (169-173, 175). These studies 

indicated that each tumour exhibited a distinct miRNA expression pattern, which 

enabled the discrimination between benign and malignant lesions. As a consequence, 

many researchers have aimed to discover novel diagnostic biomarkers for cancer in 

liquid biopsies (i.e. blood, saliva, urine) in order to allow more non-invasive methods 

for detection. Consequently, a large number of studies have focused on demonstrating 

the feasibility of a clinical useful blood-based miRNA biomarkers for distinguishing 

between cancer patients and healthy individuals with a high specificity and sensitivity. 

Findings from these studies indicated that panels of miRNAs could even be effective 

for discriminating malignant lesions from benign disease (183, 186, 187, 189, 244). 

However, more specific biomarkers for PDAC and BTCs are still needed. Amazingly, 

only a few studies have investigated the potential of bile-based miRNAs as useful 

biomarkers to detect and/or stratify PDAC and BTCs (190, 191).  

For the first time, we have identified a miRNA signature in pancreatico-biliary tract 

cancers. The study was divided into two cohorts (discovery and validation) and was 

composed of benign and malignant disease groups (see Fig. 3.1). Next, miRNA 

profiling of 800 human miRNAs was performed on the discovery cohort (n = 51). 

Bioinformatic analyses showed that miR-148a was differentially up-regulated between 

malignant tumours (PDAC, CCA, AC and IPMN carcinoma) and benign controls (see 

Venn diagram, Figure 3.2), and between PDAC and benign lesions (Figure 3.3) with 

a near 2-fold change (see Table 3.1 and Table 3.2). Moreover, the validation of these 

results by RT-qPCR confirmed that this miRNA was significantly up-regulated in 

malignant pancreatico-biliary lesions and in IPMN carcinoma compared to benign 

disease (Figure 3.5), exhibiting a good discriminatory power (AUC = 0.7532). 
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Additionally, miR-148a was significantly up-regulated when compared to PDAC 

patients vs. benign controls (Fig 3.5 and Figure B.1.2).  

Another miRNA that was found up-regulated after performing the bioinformatic 

analysis in PDAC compared to other malignant lesions was miR-29b. Results from the 

RT-qPCR performed in the discovery cohort (Fig 3.5) confirmed it was significantly up-

regulated in PDAC when compared to BTCs and IPMN carcinoma. However, miR-29b 

exhibited a low discriminatory power (AUC < 0.70) when comparing PDAC vs. BTCs 

and IPMN carcinoma (see Appendices, Figure B.1.7). Furthermore, bioinformatic 

analysis showed this miRNA was down-regulated between CCA and PDAC (Table 

3.6). 

Of the miRNAs up-regulated in PDAC compared to benign lesions or to other 

malignant lesions (CCA, AC, IPMN), but particularly to CCA, miR-148a and miR-29b 

were chosen for further investigation in an independent cohort of samples (validation 

cohort). Surprisingly, the results from the validation cohort exposed that miR-29b was 

not significantly up-regulated when comparing PDAC to BTCs; in fact, it was 

significantly down-regulated when comparing PDAC versus benign controls and 

between CCA and benign lesions (see Appendices, Figure B.2.1). These results 

showed a change in the expression of miR-29b: from being up-regulated in PDAC as 

compared to other malignant lesions (Figure 3.3 and Fig 3.5), in both bioinformatic 

analysis and the initial confirmation of these results in a RT-qPCR performed in the 

discovery cohort, to be down-regulated in an alternative cohort of samples (validation 

cohort) - where it exhibited a decreased expression and it is unable to significantly 

discriminate PDAC from CCA or other malignant lesions (Figure B.2.1). Therefore, 

this miRNA was not further validated and additionally analyses were not carried out 

using this miRNA.  

Interestingly, miRNA-148a was significantly up-regulated in malignant disease 

compared to benign lesions, showing a good discriminatory power (AUC > 0.75) in the 
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validation cohort. In this study, miR-148a has been successfully validated as being 

significantly up-regulated in malignant lesions compared to benign lesions when 

performing bioinformatic analyses and when further validating these results in two 

independent cohorts. Therefore, this miRNA could potentially serve as a classifier 

between benign and malignant disease.  

Conversely, earlier studies described that miR-148a was down-regulated in PDAC 

compared to normal pancreas (169-171, 173) and its expression was enriched in 

normal pancreas (170). Furthermore, Bloomston and Schultz showed that miR-148a 

was down-regulated in PDAC compared to chronic pancreatitis (169, 172). According 

to Schultz, expression levels of miR-148a were one of the most significantly decreased 

in PDAC compared to chronic pancreatitis and normal pancreas (172). Hanoun et al. 

indicated that down-regulation of miR-148a is an early marker of PDAC, and 

microscopic PanIN lesions also have decreased expression of this miRNA (245). 

Furthermore, miR-148a was included in a 5-miRNA panel, which in combination with 

standard cytology was able to improve PDAC detection up to 91% (246). Taken 

together, these studies have demonstrated that miR-148a is significantly down-

regulated in PDAC tissue compared to normal pancreas and chronic pancreatitis. 

These studies performed miRNA expression profiling in tissues (i.e. FFPE and EUS-

FNA biopsies), whereas in the present study profiling was performed using bile 

samples. A few studies have shown that cancer cells secrete miRNAs via EVs into the 

circulation enabling cellular communication with the microenvironment (198, 239). 

Thus, one reasonable explanation for the difference in expression between the bile 

fluid and tissues is that malignant cells in the pancreas and/or the biliary tree actively 

release this miR-148a into the bile and it is therefore detected at higher levels 

compared with patients with benign disease. Perhaps this is a mechanism by which 

cancer cells get rid of this documented tumour suppressor miRNA (170, 245, 247-250) 
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in order to ensure their survival (i.e. low expression inside the cell, and higher in the 

extracellular space).  

Moreover, several studies have demonstrated that miR-148 is down-regulated in other 

types of cancer, including gastric, colorectal, melanoma and hepatoblastoma (247, 251, 

252). Furthermore, Zheng et al. suggested that miR-148a acts as a tumour suppressor 

in metastatic gastric cancer and its decreased expression contributes to lymph node 

metastasis and tumour progression (248). However, in osteosarcoma the expression 

levels of miR-148a were increased (253). Also, Murata et al. suggested that up-

regulation of miR-148a could promote cell growth in prostate cancer cells (254). 

Expression of this miRNA is therefore clearly tumour specific. 

In contrast, plasma levels of miR-148a were up-regulated in multiple myeloma patients 

compared with healthy controls, and its increased expression was associated with a 

shorter relapse-free survival time (255). Nonetheless, serum levels of miR-148a were 

significantly low in non-small cell lung cancer (NSCLC) patients as compared to 

healthy individuals (256). Yang et al. suggested that miR-148a has a tumour 

suppressive role in NSCLC and its low expression is associated with large size 

tumours and lymph node metastasis (256).  

In summary, several studies have been able to show that miR-148a is dysregulated in 

cancer and its expression is dependent on cell context. 

On the other hand, several microRNAs were also observed to be de-regulated in CCA 

compared to other types of cancers and benign lesions. The bioinformatic analysis 

revealed five of them to be up-regulated, including miR-15a, miR-15b, miR-16, miR-

25 and miR-93, whilst miR-125 and miR-194 were observed to be down-regulated (see 

Table 3.5, Table 3.6 and Figure 3.4). However, none of the five up-regulated miRNAs 

showed a significant difference when comparing bile samples from CCA and PDAC 

patients in the discovery and validation cohorts. This is most likely to be due to the 
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normalization techniques used during bioinformatic analyses and also the increased 

sensitivity of TaqMan assays. Nonetheless, the levels of expression of miR-16 were 

decreased, rather than increased as shown in previous analyses, between CCA and 

PDAC, as well as when comparing CCA to other malignant tumours and to benign 

lesions (see Figure 3.5 and Figure B.1.1). Following the validation of the bioinformatic 

analysis, miR-125b and miR-194 were shown to be significantly decreased in CCA in 

comparison to PDAC, other malignant lesions (PDAC, CCA and IPMN carcinoma) and 

benign lesions (see Fig. 3.5). Moreover, miR-194 showed an excellent discriminatory 

power in differentiating CCA from benign controls (see Figure B.1.3). Both miRNAs 

(miR-125b and miR-194) also exhibited good to moderate discriminatory power in 

distinguishing CCA from PDAC (Figure 3.7), and in differentiating CCA from other 

pancreatico-biliary malignancies and IPMN carcinoma (Figure B.1.6). 

To further validate these results, an independent cohort of samples was used. 

Subsequently, miR-125b and miR-194, which were found to be down-regulated in CCA 

compared to PDAC, and to other pancreatico-biliary cancers and benign lesions, were 

further validated in this cohort. Likewise, miR-16 was selected to confirm whether its’ 

down-regulation could be further validated in an independent cohort. As observed in 

the previous results from this study, miR-125b and miR-194 were significantly down-

regulated in CCA compared to PDAC, as well as when comparing CCA to benign 

lesions, and CCA to other malignant tumours (Figure 3.8). Furthermore, miR-125b 

was able to differentiate CCA from PDAC and showed moderate discriminatory power 

(see Figure 3.10). In contrast, the discriminatory power of miR-194 in differentiating 

CCA from PDAC was lower in the validation cohort compared to the results from the 

discovery cohort (AUC = 0.7884 (Figure 3.7), AUC = 0.5556 (Figure 3.10), 

respectively). Moreover, miR-194 was unable to distinguish CCA subjects from 

controls or from other pancreatic and biliary-tract cancers with sufficient discriminatory 

power (see Figure B.2.4 and Figure B.2.6) compared to the discovery cohort.  
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Deregulation of miRNAs has been reported in multiple human cancer types. For 

example, Visone et al. has shown that miR-125b was down-regulated in thyroid 

carcinoma samples compared to normal thyroid tissue. Additionally, expression of 

miR-125b was lower in mouse thyroid cancer tissues compared to normal tissues. 

Therefore, miR-125b down-regulation may be implicated in thyroid carcinogenesis 

(257). Likewise, Nam et al. have identified several differentially expressed miRNAs in 

serous ovarian cancers compared to normal ovarian tissues. Among these, miR-125b 

was found to be down-regulated in ovarian carcinoma (258). Furthermore, 

Kappelmann and colleagues found that miR-125b levels were decreased in malignant 

melanoma tissue samples and cell lines compared to primary human melanocytes 

(259). These data suggest that miR-125b could be a potential tumour suppressor in 

malignant melanoma, serous ovarian carcinoma and thyroid cancer. Conversely, Lee 

and colleagues showed that inhibition of miR-125b decreased cell growth in prostate 

cancer cells (260).  

Shi and co-workers have demonstrated that increased expression of miR-125b triggers 

prostate cancer growth in xenograft tumours in intact and castrated nude mice (261). 

Thus, this miRNA has oncogenic features in prostate cancer, and its down-regulation 

results in suppression of prostate cancer growth. Furthermore, inhibition of miR-125b 

showed an increase in the sensitivity of prostate cancer cells to different therapeutic 

treatments leading to cell death (261). Ottaviani et al. showed that miR-125b is induced 

by TGF-b signalling pathway and regulates PDAC progression by promoting stemness, 

epithelial-mesenchymal transition (EMT) and tumourigenesis (262). They also 

demonstrated that inhibition of miR-125b sensitises PDAC cells to gemcitabine (GEM) 

triggering apoptosis. Similarly, Wang et al. found that serum levels of miR-125b were 

associated with chemotherapeutic resistance in breast cancer (263). Indeed, higher 

levels of circulating miR-125b were observed in non-responsive breast cancer (263) 

patients. Furthermore, reducing expression of miR-125b sensitised breast cancer cells 
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to chemotherapy (263). Moreover, expression levels of miR-125b were associated with 

tumour size, lymph node metastasis and disease stage. Advanced breast cancer 

patients exhibited a higher expression of miR-125b than early stage patients and 

healthy controls (263). Taken together, miR-125b has an oncogenic and/or tumour 

suppressor role depending on the type of human cancer. 

Recently, Zhang et al. demonstrated that levels of miR-194 were significantly 

increased in PDAC tissue compared to adjacent non-tumorous tissue. Additionally, 

serum levels of miR-194 were higher in PDAC patients compared to healthy controls 

(264). Hence, there was a positive correlation between the levels of miR-194 in tissue 

and serum. However, the discriminatory power to differentiate PDAC patients from 

healthy individuals was markedly low for this miRNA; therefore, it may not be a suitable 

serum diagnostic marker for PDAC. Moreover, Bernuzzi and colleagues also showed 

that serum levels of miR-125b and miR-194 were increased in CCA compared with 

healthy control subjects (265). Furthermore, two different studies also demonstrated 

that miR-194 was overexpressed in human breast (266) and colon cancer cell lines 

(267) promoting cell proliferation and tumour angiogenesis, respectively.  

Schultz et al. demonstrated that miR-194 was down-regulated in PDAC and AC 

compared with chronic pancreatitis. Moreover, miR-194 was significantly down-

regulated in PDAC compared to AC (172). Likewise, Khella (268) and Meng (269) 

suggested that miR-194 could act as a tumour suppressor in renal cell and 

hepatocellular carcinoma, respectively. They found that overexpression of miR-194 

reversed cell migration and invasion.  

In the present study, miR-148a was significantly up-regulated in bile from patients with 

malignant lesions compared to benign controls, whereas miR-125b and miR-194 were 

significantly down-regulated in CCA in comparison to PDAC. All three miRNAs showed 

moderate discriminatory power, in both discovery and validation cohorts, in 

differentiating, on one side benign lesions from malignant disease (miR-148a), and on 
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the other side CCA from PDAC (miR-125b and miR-194). To show an overall view of 

the good performance of these three miRNAs, a combined cohort composed of the 

discovery cohort and the validation cohort was created. Each cancer type, except 

IPMN lesions, was included in this combined cohort (see Appendices Section B.3). 

Within this combined cohort, miR-148a was significantly up-regulated in malignant 

disease compared to benign lesions, and was able to differentiate benign from 

malignant lesions with good discriminatory power (Figure B.3.1). Furthermore, miR-

125b and miR-194 were significantly down-regulated in CCA compared to PDAC 

(Figure B.3.2) and differentiated with a good discriminatory power between CCA and 

PDAC patients (Figure B.3.3). Additionally, these two miRNAs differentiated CCA from 

malignant disease and benign lesions with a good discriminatory power (Figure B.3.4 

and Figure B.3.5). Therefore, it is suggested that miR-148a could serve as a classifier 

of malignancy, whilst miR-125b and miR-194 might discriminate CCA from PDAC, 

being unique bile-based biomarkers for CCA. 

In summary, previous studies focused on profiling the expression of miRNAs in various 

types of cancers, in which tissue samples, cell lines and bodily fluids were used, 

showed a dysregulation in the expression levels of miR-125b, miR-148a and miR-194, 

which directly and/or reversely correlate with the findings in this thesis. In particular, 

the expression of miR-125b, miR-148a and miR-194 in pancreatic cancer tissue 

samples and cell lines is reversely correlated with the expression in bile. Taken 

together, this suggests that all the aforementioned miRNAs display a different 

expression in human cancers depending on the type of tumour.  
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CHAPTER 4. Pancreatic cell medium contains 

exosomal miRNAs  

4.1. Background 

Exosomes are small extracellular vesicles (30 to 150 nm in size) of endocytic origin, 

which contain proteins, lipids and nucleic acids (e.g. DNA, RNA and miRNAs) 

characteristic of their cellular origin (270). Exosomes can be secreted to the 

extracellular microenvironment by a variety of cells including stem cells (271), neurons 

(272, 273) and cancer cells (239), where they play a vital role in cell-cell 

communication transferring information through their cargo (209). Furthermore, they 

are found in many bodily fluids such as (e.g. blood, saliva, urine, breast milk and 

synovial fluid) and are implicated in cancer development, angiogenesis, pre-metastatic 

niche formation and metastasis (229-231, 235-237).  

Isolation of extracellular vesicles (EV) from biological fluids such as saliva, urine, 

plasma, and cell culture medium is performed following standard methods including 

differential ultracentrifugation, size exclusion chromatography, ultrafiltration, density 

gradient separation, polymer-based reagents and immunoaffinity capture. Each 

methodology has its advantages and disadvantages, and the choice of a particular 

technique is based on the cost, time, equipment and downstream analysis. For 

instance, differential ultracentrifugation is the gold standard method and uses high 

speed centrifugation steps to obtain EV. However, it requires a large amount of starting 

material and most of the time is difficult to collect. Thus, an alternative to isolate 

exosomes from small volumes of samples is to use chemical reagents provided in 

commercial kits specific for exosome purification.  
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4.2 Results section 

4.2.1 Pancreatic cell media contains exosomes 

4.2.1.1 Pancreatic cell lines 

A total number of six pancreatic cell lines were used to purify exosomes, which include 

two normal pancreatic ductal epithelium cell lines (HPNE and H6c7) and four PDAC 

cell lines (TKCC-02, TKCC-10, PANC-1 and MiaPaCa-2). All six pancreatic cell lines 

were grown with their corresponding cell culture growth media (see section 2.1.5) 

supplemented with exosome-depleted FCS. 

4.2.1.2 Isolation of exosomes from pancreatic cell culture medium 

Exosomes were isolated from cell culture supernatants from a total of six pancreatic 

cell lines using a commercial kit (Exo-Quick TC). Pancreatic cell lines were grown in 

exosome-depleted medium for 24-72 hours and then their cell media was collected. 

Exosomes have several markers on their surface membrane, including tetraspanins 

CD9, CD63 and CD81. A transmission electron microscope (TEM; JEOL 1200 EX) 

was used to assess the size of the EV followed by immunogold labelling with CD63 

antibody in order to evaluate the exosomes seen. In Figure 4.1 TEM images show 

exosomes with gold-labelled anti-CD63 attached to all pancreatic cell lines and 

negative controls without labelling. TEM analysis indicated that the isolated EV are 

exosomes (40-100 nm in diameter) and have CD63 surface marker. 

To further confirm the isolation of exosomes was successful, detection of other 

exosomal surface markers (CD9 and CD81), as well as CD63, was determined by 

ELISA. The total number of exosomes present in each sample was also quantified 

using the ExoELISA kit specific for CD9, CD63 and CD81. The standard curves for 

each protein (CD9, CD63 and CD81) are shown in the Appendix Section B.4 (Figure 

B.4.1). 
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Figure 4.1. Transmission electron microscopy.  

Exosomes from six pancreatic cell lines were visualised under TEM and immunogold labelling 

of CD63 was performed. The black dots represent the immunogold staining with CD63 antibody. 

The negative controls are exosomes without immunogold labelling for CD63. 

  

The ExoELISA protein standards are calibrated to NanoSight, and therefore the 

number of exosome readings (particles/ml) can be obtained after isolating exosomes 

from biofluids. Exosomes were quantified from four pancreatic cell lines, including 

H6c7, TKCC-02, TKCC-10 and MiaPaCa-2. The number of exosomes detected in 

each of these pancreatic cell lines is summarised in Table 4.1.  

Table 4.1. Number of exosomes in pancreatic cell lines 

Pancreatic cell line Number of exosomes Detection exosomal marker 

H6c7 5.49 x 107 CD63 

TKCC-02 6.35 x 106 CD63 

TKCC-10 2.54 x 109 CD81 

MiaPaCa-2 1.36 x 109 CD9 
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4.2.2 Identification of exosomal microRNAs in pancreatic cell 

medium  

4.2.2.1 Exosomal RNA isolation 

Exosome pellets from all six pancreatic cell lines were obtained using ExoQuick-TC kit 

and were re-suspended in 500 µl of PBS. Then, TRIzol LS Reagent was used to extract 

RNA from exosome pellets following manufacturer’s instructions, with a few 

modifications of the protocol (see section 2.2.3.1).  

The quality and quantity of all exosomal RNA samples was assessed with a 

microfluidics-based platform (Agilent Bioanalyzer). However, the RNA concentration 

was lower than 1 ng/µl and the RNA Integrity Number (RIN) ranged between 1.5 – 2.5.  

4.2.2.2 Exosomal miRNA expression in pancreatic cell lines 

To determine the exosomal microRNA expression levels in all six pancreatic cell lines, 

a reverse transcription quantitative PCR (RT-qPCR) was performed. The expression 

of three miRNAs including miR-125b, miR-148a and miR-194, which were discovered 

in a miRNA profiling performed on human bile samples, was measured using TaqMan 

assays. Despite the low RIN, we obtained reasonable CT values. The miRNA 

expression levels were normalised using small nucleolar U6. 

Furthermore, the expression of the aforementioned miRNAs was also measured in the 

pellet and supernatant of these six pancreatic cell lines. Nevertheless, the miRNA 

expression in the supernatant of MiaPaCa-2 was only performed for two miRNAs (miR-

148a and miR-194) as there was not sufficient supernatant material to measure an 

additional miRNA. Therefore, the miRNA expression levels of miR-125b in MiaPaCa-

2 cell line were only assessed in the cell pellet and in exosomes. 

 

 



 153 

4.2.2.2.1 miR-125b 

The cell pellet of H6c7, TKCC-10 and PANC-1 exhibited significantly decreased levels 

of miR-125b compared to the supernatant (p-value = 0.0020, p-value = 0.0173, p-value 

= 0.0036, respectively), whereas the expression of this miRNA was significantly higher 

in the supernatant of the aforementioned pancreatic cell lines compared to their 

exosomes (p-value = 0.0023, p-value = 0.0207, p-value = 0.0021, respectively). 

Furthermore, this miRNA showed a tendency towards a high expression in the 

supernatant of TKCC-02 compared to the cell pellet (p-value = 0.0725) and the 

exosomes (p-value = 0.0878). Moreover, miR-125b was significantly high expressed 

in exosomes compared to the cell pellet of H6c7 and TKCC-02 (p-value = 0.0372 and 

p-value = 0.0474, respectively). (Figure 4.2). In contrast, the expression of this miR-

125b in HPNE was not statistically significant when comparing the supernatant, the 

cell pellet and the exosomes (cell pellet vs supernatant, p-value = 0.203; cell pellet vs 

exosomes, p-value = 0.2584; supernatant vs exosomes, p-value = 0.1842). In 

MiaPaCa-2, the expression of miR-125b was only measured in the cell pellet and in 

the exosomes (Fig 4.2). However, despite observing increased expression in 

exosomes compared to the cell pellet, it was not statistically significant (p-value = 

0.2145).  

4.2.2.2.2 miR-148a 

The expression of miR-148a was significantly lower in the cell pellet of three PDAC 

cell lines compared to the supernatant (TKCC-10, p-value = 0.0058; PANC-1, p-value 

=0.0200; MiaPaCa-2, p-value =0.0196, respectively) as well as a significantly lower 

expression in the cell pellet of HPNE compared to the supernatant (p-value = 0.0260). 

Conversely, miR-148a exhibited significantly higher expression in the cell pellet of 

H6c7 and MiaPaCa-2 (p-value = 0.0209 and p-value = 0.0019). In contrast, the 

exosomal expression of miR-148 was higher in four pancreatic cell lines: two normal 

pancreatic cell lines (HPNE and H6c7) and two PDAC cell lines, including the primary 
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cell cultures TKCC-02 and TKCC-10, when comparing supernatant vs. exosomes. 

Whereas PANC-1 and MiaPaCa-2 exhibited a higher expression of miR-148a in the 

supernatant compared to the exosomes (Fig 4.2). However the expression of miR-

148a was not statistically significant when comparing the supernatant and the 

exosomes, except in TKCC-02 (p-value = 0.0163). Furthermore, decreased 

expression of miR-148a was observed in the cell pellet of all six pancreatic cell lines 

compared to exosomes. However, only H6c7, TKCC-02 and PANC-1 exhibited a 

statistical differential significance (p-value = 0.0269, p-value = 0.0231 and p-value = 

0.0024, respectively). 

4.2.2.2.3 miR-194 

Overall, the expression of miR-194 was observed to be lower in the cell pellet 

compared to the supernatant in all six pancreatic cell lines. However, only HPNE and 

PANC-1 exhibited a statistically differential significance (p-value = 0.0303 and p-value 

< 0.0001, respectively). Moreover, TKCC-10 and MiaPaCa-2 showed a tendency 

towards a lower level of expression in the cell pellet compared to the supernatant (p-

value = 0.0649 and p-value = 0.0620, respectively). Moreover, the aforementioned 

pancreatic cell lines also showed a lower expression of miR-194 in the cell pellet 

compared to exosomes; although only TKCC-02 exhibited a statistical differential 

significance (p-value = 0.0016). The expression of miR-194 was higher in exosomes 

compared to the supernatant of pancreatic normal cell lines (HPNE and H6c7), whilst 

in the four PDAC cell lines the expression of this miRNA was lower in the exosomes 

compared to the supernatant. However, only TKCC-02 and PANC-1 showed a 

statistical differential significance (p-value < 0.001). 
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Figure 4.2. Expression levels of miRNAs in cell pellet, supernatant and exosomes from 
normal and cancer pancreatic cell lines. 

A) miRNA-125b; B) miRNA-148a and C) miRNA-194  

* MiaPaCa-2 is only expressed in pellet and exosomes of miR-125b. 

 

 

4.3 Discussion 

4.3.1 Purification and characterisation of exosomes in pancreatic 

cell lines 

There are different methodologies to purify exosomes from cell culture medium and 

biofluids. Nevertheless, the purification of extracellular vesicles from either biological 

fluids such as saliva, blood, urine, or cell culture medium results in a heterogeneous 

population of vesicles. Moreover, these extracellular vesicles overlap in size range and 

have a similar morphology, which hinders a precise separation. However, they are 
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different in terms of origin, biogenesis mechanisms and composition. Thus, they can 

be distinguished based on their extravesicular membrane and lumen composition 

(205).  

It is important to verify the existence of exosomes by characterising their size 

distribution and the presence of specific protein markers. Therefore, different 

techniques have to be performed in order to confirm the isolation of exosomes. In this 

project, the confirmation of exosome isolation was carried out using two different 

methods: 1) to determine the size of the EV, TEM was used and 2) immunogold 

staining of the exosomal surface marker CD63.  

After reading the absorbance of the samples at 450 nm with the spectrophotometer, 

standard curves for protein standards CD9, CD3 and CD81 were generated and they 

were used to know the exact number of exosomes contained in the medium of six 

pancreatic cell lines. After the analysis, some pancreatic cell line samples showed a 

negative absorbance value meaning that the absorbance value was lower than the 

blank sample. Thus, it can be assumed that the number of exosomes in those 

particular samples was zero or below the range of the ELISA. 

One possible reason for this might be the small volume of pancreatic cell medium used 

to isolate exosomes. According to Thery and colleagues exosomes are successfully 

detected from cell culture medium using higher amounts of volume (e.g. 70 ml) 

because the yield of the purification process increases with the starting volume (217). 

Additionally, these authors also recommend to proceed with exosome purification as 

soon as possible, to avoid potential exosome loss due to storing the supernatants at 

+4°C or -80°C for prolonged periods. For example, Tauro and co-workers used 750 ml 

of cell culture medium to purify exosomes by ultracentrifugation and they obtained a 

yield of 375 µg of protein from 6 x 108 cells (220). 
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In this project, exosome-depleted supernatants were kept at -80°C for a couple of 

months until they were used. Therefore, this may be one of the reasons behind the 

difficulty in detecting exosomes in some pancreatic cell lines. Although Théry and 

colleagues indicated that some investigators have successfully isolated exosomes 

from cell supernatants kept at -80°C (217). Furthermore, a second reason could be the 

type of isolation protocol chosen, which was by polymer-based reagent. This method 

enables an enrichment of EV in the sample, however, it compromises the purity of the 

material as other protein contaminants might be co-isolated together, resulting in a low 

purity of the exosome material. 

Exosomes were only quantified in four pancreatic cell lines: TKCC-02 contained the 

lowest number of exosomes (6.35 x 106), whereas TKCC-10 had 2.54 x 109 exosomes, 

followed by MiaPaCa-2 with 1.36 x 109 exosomes. A total of 5.49 x 107 exosomes were 

present in H6c7 pancreatic cell line. Nonetheless, the fact that exosomal markers were 

not detected by ELISA in HPNE and PANC-1, and therefore, the concentrations of 

exosomes were not quantified, does not necessarily mean that exosomes are not 

present in these samples as they were observed in TEM images (Figure 4.1). Perhaps 

when performing the ExoELISA more standard dilutions should have been done to 

cover a larger range of concentrations of exosomes in order to detect the minimal 

number of exosomes present in the samples. 

 

4.3.2 Exosomal microRNA expression in pancreatic cell lines 

The exosomal expression of different miRNAs was assessed in six pancreatic cell lines. 

The expression of miR-125b was significantly higher in the supernatant of three 

pancreatic cancer cell lines (H6c7, TKCC-10 and PANC-1) compared to either the cell 

pellet or the exosomes. Moreover, this miRNA showed a tendency towards an 

increased expression in the supernatant of TKCC-02 compared to the cell pellet and 
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exosomes, whereas the expression of miR-125b in HPNE was not statistically 

significant when comparing the supernatant to the cell pellet or the exosomes. The 

exosomal expression of miR-125b was significantly higher only in H6c7 and TKCC-02 

when compared to the cell pellet (Figure 4.2).  

Exosomal miR-148a was significantly over-expressed in the three pancreatic cell lines 

H6c7, TKCC-02 and PANC-1 compared to the cell pellet and significantly over-

expressed in exosomes from TKCC-02 in comparison to the supernatant. The lowest 

level of expression of miR-148a was observed in the cell pellet of HPNE, TKCC-10, 

PANC-1 and MiaPaCa-2 in comparison to the cell supernatant, whereas H6c7 and 

TKCC-02 showed an overexpression of this miRNA in the cell pellet. Furthermore, 

three cell lines including H6c7, TKCC-02 and PANC-1 demonstrated a significantly 

higher expression of miR-148a in their exosomes compared to the cell pellet (Fig 4.2). 

Despite the fact that all four PDAC cell lines showed higher expression levels of miR-

194 in exosomes compared to the supernatant, only TKCC-02 and PANC-1 cells 

exhibited a significantly over-expression. Likewise, this miRNA was significantly higher 

in exosomes from TKCC-02 compared to the cell pellet. Two cell lines (H6c7 and 

TKCC-10) showed a tendency towards an increase level of expression of miR-194 in 

exosomes compared to the cell pellet. Markedly decreased expression levels of miR-

194 were observed in the cell pellet of all six pancreatic cell lines compared to the 

supernatant or the exosomes. However, only HPNE and PANC-1 showed a significant 

down-regulation in the expression of miR-194 in the cell pellet compared to the 

supernatant. Two PDAC cell lines (TKCC-10 and MiaPaCa-2) showed a tendency 

towards a lower level of expression of miR-194 in the cell pellet compared to the 

supernatant (Fig 4.2). 

Taken together, the expression of miR-125b, miR-148a and miR-194 was lower in the 

cell pellet of four PDAC cell lines (TKCC-02, TKCC-10, PANC-1 and MiaPaCa-2), 

whilst the expression of these miRNAs was higher in the supernatant and exosomes. 
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These findings correlate with the hypothesis that cancer cells release these miRNAs 

as circulating-free miRNAs and/or within EV (exosomes), where they are detected at 

higher levels compared with tumour (i.e. cell pellet) or normal cells. 

Several studies have revealed that tumour-derived exosomes contain miRNA 

signatures specific to different types of cancer. For instance, Corcoran et al. indicated 

that miR-148a expression was reduced in cells and exosomes of prostate cancer cells. 

This miRNA was significantly increased in prostate cancer tissues compared with 

matched benign tissues. Nevertheless, in prostate cancer patients this circulating-free 

urinary miR-148a was significantly reduced in comparison to those patients with 

benign prostatic hyperplasia (274). 

Furthermore, Alegre et al. found that expression levels of miR-125b in exosomes were 

significantly reduced in patients with melanoma compared to healthy individuals and 

disease-free melanoma patients (275). Interestingly, circulating-free miR-125b has 

been found to be down-regulated in metastatic melanoma (259), thyroid (257) and 

ovarian cancers (258). Alegre and colleagues observed a directly association between 

the levels of miR-125b in exosomes and the melanoma stage disease: lower levels of 

exosomal miR-125b were correlated with advanced melanoma stage (275). 

Recently, two studies performed an expression profiling of miRNAs derived from 

exosomes using serum (276) and plasma (249) samples from patients with early-stage 

PDAC to discriminate patients from healthy individuals. In both studies, only one 

exosomal miRNA was found up-regulated and its expression was higher in PDAC 

cases compared to healthy controls. Chen et al. also reported that in the supernatant 

of PDAC cells the expression of miR-23b was higher compared to normal pancreatic 

cells (276). Takahasi and colleagues showed a significant association between 

exosomal miR-451a levels and PDAC stage and tumour size (249). Additionally, high 

exosomal miR-451a was associated with recurrence and poor prognosis in PDAC 

patients after surgical resection. Likewise, Xu et al performed a next generation small 
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RNA sequencing of miRNAs derived from exosomes in PDAC cell lines and observed 

a significantly higher expression levels of three miRNAs in exosomes derived from 

PDAC cells compared to normal pancreatic cells (h-TERT-HPNE cells) (277). 

Moreover, these 3 exosomal miRNAs isolated from plasma samples of PDAC patients 

(early stage) exhibited significant increased levels when compared to controls (277). 

Other studies have also reported similar findings using serum samples from patients 

with PDAC where the expression of exosomal miRNAs (miR-17, miR-21, miR-191 and 

miR-451) was increased compared to healthy controls (278, 279). Wang et al. reported 

that exosomes released from hypoxic PDAC cells containing miR-301a activated 

macrophages, which facilitated migration, invasion and epithelial-mesenchymal 

transition (EMT) of pancreatic cancer cells both in vivo and ex vivo (280). They 

demonstrated that miR-301a was highly expressed in hypoxic PDAC cells and 

enriched in their exosomes (280). Likewise, Takikawa and colleagues observed that 

pancreatic stellate cells also released exosomes containing a variety of miRNAs, and 

their interaction with PDAC cells (PANC-1 and SUIT-2) stimulated cell migration and 

proliferation (281). Other studies have suggested that exosomes are involved in PDAC 

chemo-resistance to gemcitabine (282-284).  

Therefore, exosomes appear to be important components of the tumour 

microenvironment as they mediated the cross talk between PDAC cells and adjacent 

stroma cells by delivering their content, which ultimately influences tumour biology. 
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CHAPTER 5. CONCLUSIONS  

5.1 Conclusions 

Pancreatic ductal adenocarcinoma (PDAC) and biliary tract cancers (BTC) have few 

early symptoms, and these are also often unspecific. These tumours are characterised 

by painless jaundice due to biliary obstruction and are difficult to differentiate from each 

other because of the close anatomical proximity of the structures affected. A 

substantial improvement in non-invasive imaging techniques has enabled improved 

diagnosis and allowed better planning of therapies for patients with PDAC and BTC. 

However, biomarkers to improve diagnosis, and stratification of these tumours are 

lacking. Indeed, the only blood biomarker in clinical use for PDAC and BTC is CA 19-

9. However, it is not an accurate screening blood test for early detection of PDAC, as 

it is not sensitive or specific enough. Taken together, further investigations are required 

to improve the detection of these tumours and discover molecular therapeutic 

strategies.  

In the last two decades, miRNAs have emerged as potential diagnostic and therapeutic 

targets for human cancers. They can act as oncogenes or tumour suppressors in a 

cellular dependent manner contributing to cancer development. Therefore, the 

discovery of novel miRNA biomarkers associated with PDAC or BTCs in the bile fluid 

would be a considerable discovery, due to the close proximity of this biological fluid to 

the malignant lesion.  

Previous studies in blood and tissues have demonstrated the existence of diagnostic 

and prognostic miRNA signatures for PDAC. In this thesis, human bile has been 

profiled to identify a miRNA signature for PDAC and BTCs in order to improve detection 

in cases of diagnostic dilemma. Due to the viscosity of the human bile, the 

methodology followed to isolate RNA had to be optimised by implementing a series of 

additional steps to obtain a good quality and quantity.  
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We have shown that miRNAs can be measured in bile specimens and can differentiate 

between benign and malignant pancreatico-biliary disease. Moreover, bioinformatics 

analyses revealed a specific miRNA profile across all cancer subtypes: PDAC, CCA, 

AC and IPMN carcinoma. We identified three bile-based miRNAs, miR-125b, miR-

148a and miR-194, able to differentiate benign from malignant lesions, and also PDAC 

from CCA. MiRNA-148a was up-regulated in malignant pancreatico-biliary tract 

cancers compared to benign lesions. On the other hand, miR-125b and miR-194 were 

down-regulated in CCA compared to PDAC and other malignant tumours, as well as 

to benign lesions. 

Unexpectedly, a few studies focused on the discovery of miRNAs in bile fluid as 

markers for diagnosis in PDAC (191) and CCA (190) did not showed these three 

miRNAs as significantly different. One of the reasons could be the misrepresentation 

of BTC patients. For instance, one study measured the differential expression of 

selected miRNAs, which was based on previous studies from the literature, in plasma 

and bile from patients with a benign condition, chronic pancreatitis and PDAC (191). A 

different study focused their investigation on the evaluation of miRNA patterns across 

patients with PSC and CCA in bile and serum (190). In this thesis, the main objective 

was to profile miRNAs from bile samples to be able to discriminate PDAC and BTCs 

from benign disease. Hence, it is possible that these three miRNAs discovered here 

(miR-125b, miR-148a and miR-194) are more specific to this type of malignancies 

related to the biliary tree system and the pancreas given that Cote et al. and 

Voigtländer et al. compare PDAC and CCA, respectively, to benign conditions rather 

than to other biliary pathologies such as CCA, AC or IPMNs (190, 191). Moreover, 

another difference between the study carried out by Voigtländer and colleagues and 

the present one is the lack of validation of the results in an alternative cohort of samples 

to confirm there is a correlation between previous findings and an independent series 

of patients. 
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On the other hand, previous miRNA profiling studies in cancer reported a differential 

expression of miR-125b, miR-148a and miR-194, indicating that all three miRNAs 

display a different expression in human cancers depending on the tumour type (169, 

251, 258, 259). Particularly, in PDAC studies miR-148a has been shown to be down-

regulated (170), whilst miR-125b and miR-194 (CCA vs PDAC) were up-regulated (172, 

262). Surprisingly, our findings indicate that the expression of these three miRNAs is 

reversed in the bile, suggesting that the tumour either releases specific miRNAs into 

the extracellular space (i.e. bile) as they may have a tumour suppressor role, such as 

miR-148a, or preserves them inside the cell in order to promote survival (i.e. miR-125b 

and miR-194). 

Furthermore, we have demonstrated that pancreatic cell lines contain exosomes, and 

that exosomal miRNAs can be measured. This was done to determine whether 

candidate miRNAs discovered in PDAC bile samples were also expressed in PDAC 

exosomes. Indeed, we demonstrate that these miRNAs are down-regulated in the cell 

pellet of almost all PDAC cell lines compared with the matched supernatant and 

isolated exosomes. 

Therefore, it appears that PDAC cells release specific miRNAs, either circulating-free 

or enriched within exosomes, into the extracellular space and these may therefore 

appear in the bile at higher levels. These miRNAs may have tumour suppressor 

functions and therefore the cancer cells are trying to “excrete” them in order to ensure 

survival.  

MiRNAs appear to be robust molecules able to serve as potential biomarkers in the 

bile to detect and stratify pancreatico-biliary tumours. Furthermore, exosomes are EV 

involved in intercellular communication and can modulate the behaviour of 

neighbouring cells, as well as the tumour microenvironment, inducing the formation of 

pre-metastatic niches. Exosomes contain miRNAs that are delivered to recipient 

tumour cells potentially stimulating migration and proliferation. The bile-based miRNAs 
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that we have identified appear enriched in cancer cell exosomes and their functions 

need to be further elucidated.  

In summary, bile-based miRNAs may be clinically useful biomarkers to help detect 

pancreatico-biliary cancers, stratify patients, inform treatment decisions and predict 

survival, therefore allowing a more “personalised” treatment strategy, and better 

outcomes. 

 

5.2. Future directions 

In light of the results presented in this thesis, it would be interesting to investigate a 

few aspects further. 

Next, expression of the candidate bile miRNAs will be correlated with clinico-

pathological factors and survival outcomes for the patients with pancreatico-biliary 

tumours, in order to see whether these biomarkers can indeed stratify patients and 

prognosticate.  

Candidate miRNAs identified in this retrospective study will be validated in patients 

presenting with suspected pancreatico-biliary disease and/or obstructive jaundice. 

During endoscopic retrograde cholangio-pancreatography (ERCP), bile will be 

aspirated and RNA isolation will be performed. The ability of the candidate miRNAs 

discovered in the retrospective study will be assessed to detect malignancy at the time 

of ERCP and compare the sensitivity, specificity and AUC to standard clinical tests. In 

parallel, blood from matched bile samples will be collected and processed to obtain 

plasma and isolate RNA. Then, miRNA levels will be measured and correlated with 

levels in matched bile samples. Moreover, to investigate the source of bile miRNAs 

and to determine whether their expression is associated with tumoural levels, a small 

fresh frozen core biopsy or section from the formalin-fixed paraffin-embedded (FFPE) 
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tissue blocks will be collected from patients undergoing any surgical intervention to 

perform a miRNA analysis (e.g. in situ hybridisation) to compare tissue levels to those 

in bile and blood. 

In this thesis, we have demonstrated that pancreatic cell lines contain exosomes; 

however, this has not been tested in cholangiocarcinoma cell lines. Therefore, we will 

determine whether our bile-miRNA candidates are also expressed in exosomes from 

cholangiocarcinoma cell lines and normal cholangiocytes.  

Early studies have suggested that serum and plasma exosomal miRNAs might be 

sensitive and specific diagnostic markers in PDAC (238, 278). Recently, it has been 

shown that biliary exosomes can be isolated, and their miRNA cargo may have 

potential as biomarkers in BTCs (198, 285). The methodology to isolate circulating 

exosomes from bile will have to be optimised. After isolating exosomes from benign, 

PDAC and BTC bile samples, RNA extraction will be performed and small RNA 

sequencing will be carried out in order to identify differentially expressed miRNAs. 

Moreover, their ability to discriminate between benign and malignant lesions will be 

assessed. Correlation between biliary miRNAs and biliary-exosomes miRNAs in these 

samples will be also assessed to elucidate their source in bile and their potential as 

clinically useful miRNA biomarkers in patients with pancreatico-biliary disease. 
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APPENDICES 

 

A. Clinical data 

Table B.1. Clinicopathological data of the discovery cohort 

Diagnosis 
Benign  

(n = 15) 

PDAC  

(n = 28) 

CCA  

(n = 6) 

AC  

(n = 3) 

IPMN  

(n = 6) 

Age (years) 38 - 77 49 - 11 41 - 81 62 - 78 55 - 72 

Gender 
F 8 11 2 - 3 

M 7 17 4 3 3 

 

Table B.2. TNM staging of the discovery cohort 

Diagnosis 
TNM staging 

I IIa IIb IIIa IIIb IVa IVb 

PDAC  

(n = 28) 
- 8 14 - 2 - 4 

CCA  

(n = 6) 
1 - 2 - 2 - 1 

AC  

(n = 3) 
1 - 2 - - - - 

IPMN  

(n = 6) 
- - - 1 5 - - 
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Table B.3. Clinicopathological data of the validation cohort 

Diagnosis 
Benign  

(n = 34)* 

PDAC  

(n = 27) 

CCA  

(n = 7) 

AC  

(n = 3) 

CP  

(n = 4) 

Age (years) 29 - 74 46 - 80 49 - 80 53 - 68 33 - 69 

Gender 
F 19 11 3 - 2 

M 14 16 4 3 2 

 (*) missing: 1 benign 

 

Table B.4. TNM staging of the validation cohort 

Diagnosis 
TNM staging 

I IIa IIb IIIa IIIb IVa IVb 

PDAC  

(n = 34) 
1 1 13 3 5 - 4 

CCA  

(n = 7)* 
- - 4 - 1 - - 

AC  

(n = 3) 
- - 3 - - - - 

(*) missing: 2 CCA 
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B.1 Expression and performance of miRNAs in the discovery 

cohort 

 

 

Figure B.1.1 Relative expression levels of miR-16 and miR-194 across different types of 
pancreatic and bile duct malignancies (discovery cohort). 

A) miR-16 is down-regulated in CCA compared to benign lesions (p-value = 0.0087, mean = 

4706 ± 5026 (SD); mean = 19090 ± 19028). MiRNA-16 is up-regulated in benign lesions as 

compared to malignant lesions (miR-16: p-value = 0.0121, 19090 ± 19028 vs 5724 ± 11523). 

B) miR-194 is up-regulated in benign lesions as compared to malignant lesions (miR-194: p-

value = 0.0149, 175.50 ± 181.20 vs 55.64 ± 74.44). 
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Figure B.1.2. ROC curve analysis of miR-148a in discriminating benign from 
pancreatico-biliary tract cancers (PDAC, CCA and AC). 

A) miR-148a differentiates between benign lesions and pancreatico-biliary tract cancers (i.e. 

PDAC, CCA and AC) with an AUC = 0.7973 (CI: 0.69 - 0.92; p-value = 0.0012). B) miR-148a 

distinguishes benign from PDAC with a discriminatory power of 73.02% (CI: 0.58 - 0.88; p-

value = 0.0168). 

 

 

 

Figure B.1.3. ROC curve analysis of miR-125b and miR-194 in discriminating CCA from 
benign lesions. 

A) miR-125: (AUC = 0.7245, CI: 0.5091 – 0.9339, p-value = 0.1007), and B) miR-194 (AUC = 

0.9286, CI: 0.82 – 1.04; p-value = 0.0017). 
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Figure B.1.4. ROC curve analysis of miR-16 in discriminating benign lesions from CCA. 

MiRNA-16 exhibits an AUC = 0.7959 (CI: 0.5990 – 0.9928, p-value = 0.0305).  

 

 

 

Figure B.1.5.  ROC curve analysis of miR-29b in discriminating PDAC from CCA. 

MiR-29b shows an AUC of 0.6720 (CI: 0.49 - 0.86, p-value = 0.1663) in distinguishing PDAC 

from CCA. 
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Figure B.1.6.  ROC curve analysis of miR-125b and miR-194 in discriminating CCA from 
other malignant pancreatico-biliary tumours. 

A) miR-125b distinguishes CCA from PDAC, AC and IPMN with a discriminatory power of 

65.05% (CI: 0.50 – 0.83, p-value = 0.2108). B) miR-194 differentiates CCA from pancreatico-

biliary tract cancers (i.e. PDAC and AC) and IPMN lesions with a 77.03% discriminatory power 

(CI: 0.62 -0.92; p-value = 0.0247). 

 

 

 

Figure B.1.7. ROC curve analysis of miR-29b discriminating PDAC from other cancers 
of the bile duct. 

MiR-29b exhibits and AUC = 0.6623 (CI: 0.50 - 0.83: p-value = 0.0725). 
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B.2. Expression and performance of miRNAs in the validation 

cohort 

 

Figure B.2.1 Relative miRNA expression levels across different tumour types 
(validation cohort). 

A) miR-16 is down-regulated in CCA compared to pancreatico-biliary tract cancers (p-value = 

0.0053, mean = 819.30 ± 880.40 (SD), mean = 4127 ± 6440), and it is also down-regulated in 

CCA in comparison to benign lesions (p-value = 0.0208, 819.30 ± 880.40 vs 1621 ± 1907).  

B) miR-125b is down-regulated in CCA compared to benign lesions (p-value <0.0001, 82.06 ± 

97.38 vs 642.90 ± 662.90). C) miR-148a differentiates PDAC from benign disease (p-value = 

0.0098; 50.42 ± 70.76 vs 15.57 ± 22.14). D) miR-194 is down-regulated in CCA in comparison 

to benign disease (p-value = 0.0004, 127.30 ± 65.87 vs 714.10 ± 919.30). 
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Figure B.2.2. ROC curve analysis of miR-125b and miR-194 in discriminating benign 
lesions from malignant disease. 

A) miR-125b shows an AUC = 0.6431 (CI: 0.51 – 0.77, p-value = 0.0383) and B) miR-194 

exhibits an AUC = 0.5588 (CI: 0.42 – 0.70, p-value = 0.3943). 

 

 

 

Figure B.2.3. ROC curve analysis of miR-148a in discriminating benign from PDAC. 

MiRNA-148a shows an AUC = 0.7691 (CI: 0.65 – 0.89, p-value = 0.0003). 
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Figure B.2.4. ROC curve analysis of miR-125b and miR-194 in discriminating CCA from 
benign lesions 

A) miR-125b shows an AUC = 0.8487 (CI: 0.71 – 0.99; p-value = 0.0040), and b) miR-194 

exposes an AUC = 0.6387 (CI: 0.47 – 0.80; p-value = 0.2529). 

 

 

 

Figure B.2.5. ROC curve analysis of miR-16 in discriminating CCA from benign lesions. 

MiRNA-16 exhibits an AUC = 0.6176 (CI: 0.40 – 0.84; p-value = 0.3320). 
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Figure B.2.6. ROC curve analysis of miR-125b and miR-194 in discriminating CCA from 
other malignant lesions.  

A) miR-125b (AUC = 0.8143; CI: 0.65 – 0.98; p-value = 0.0105), and B) miR-194 (AUC = 0.5952, 

CI: 0.41– 0.78; p-value = 0.4380). 

 

 

 

Figure B.2.7 ROC analysis of miR-16 in discriminating CCA from PDAC and CCA from 
other malignant lesions. 

A) miR-16 differentiates CCA from PDAC (AUC = 0.7196, CI: 0.52 – 0.92, p-value = 0.071). B) 

miR-16 distinguishes CCA from other malignant lesions (i.e. PDAC and AC) with an AUC = 

0.7429 (CI: 0.56 – 0.93, p-value = 0.0480). 
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B.3. Expression and performance of miRNA-125b, miR-148a 

and miRNA-194 in pancreatico-biliary tract cancers after 

combining discovery and validation cohorts 

A combined cohort composed of the discovery cohort and the validation cohort was 

created. Each cancer type from the discovery cohort and the validation cohort was 

included in this combined cohort, except IPMN lesions. 

Table B.3.1. Number of subjects in each cohort classified by type of lesion. 

 Cohort 

Type of lesion Discovery (n) Validation (n) Combined (n) 

Benign  14 34 48 

PDAC 27 27 54 

CCA 7 7 14 

AC 3 3 6 

 

 

 

Figure B.3.1. Relative miRNA expression and ROC curve analysis of miR-148a in 
benign and malignant lesions (combined cohort). 

A) MiRNA-148a significantly differentiates benign from malignant lesions (p-value = 0.0004; 

mean = 12.68 ± 19.17 (SD), mean = 38.56 ± 59.64). B) MiRNA-148a differentiates benign from 

malignant lesions with a good discriminatory power (AUC = 0.7407; CI = 0.65 – 0.83; p-value 

< 0.0001). 
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Figure B.3.2. Relative miRNA expression of miR-125b and miR-194 in CCA and PDAC 
(combined cohort) 

A) miRNA-125b significantly differentiates CCA from PDAC (p-value = 0.0002; mean = 68.46 

± 72.32 (SD), mean = 184.90 ± 175.10) and B) miR-194 distinguishes CCA from PDAC with a 

p-value of 0.0382 (72.63 ± 72.68 vs 227.30 ± 613.50).  

 

 

Figure B.3.3. ROC analysis of miR-125b and miR-194 in discriminating CCA from PDAC 
in a combined cohort. 

A) miRNA-125b differentiates CCA from PDAC with an AUC = 0.7354 (CI: 0.60 – 0.87, p-value 

= 0.0069) and B) miR-194 distinguishes CCA from PDAC (AUC = 0.6124; CI: 0.45 – 0.78, p-

value of 0.1973).  
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Figure B.3.4. Relative miRNA expression of miR-125b and miR-194 in CCA and other 
malignant lesions and benign lesions (combined cohort). 

A) miRNA-125b significantly discriminates CCA from other malignant (i.e. PDAC and AC) and 

benign lesions (p-value < 0.0001; mean = 68.46 ± 72.32 (SD), mean = 353.00 ± 508.60) and 

B) miR-194 significantly differentiates CCA from other malignant (PDAC and AC) and benign 

lesions (p-value < 0.0001; 72.63 ± 72.68 vs 432.20 ± 838.10). 

 

 

Figure B.3.5. ROC analysis of miR-125b and miR-194 in discriminating CCA other 
malignant tumours (PDAC and AC) and benign lesions (combined cohort) 

A) miRNA-125b differentiates CCA from PDAC with an AUC = 0.7722 (CI: 0.66 – 0.89, p-value 

= 0.0009) and B) miR-194 distinguishes CCA from PDAC (AUC = 0.6875; CI: 0.55 – 0.82, p-

value of 0.0228).  
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B.4. Standard Curves  

 

 

Figure B.4.1. Standard curves for protein standards of CD63, CD9 and CD81 

A) Standard curve for protein standard CD9, B) Standard curve for protein standard CD63, and 
C) Standard curve for protein standard CD81. 
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