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Abstract 

Pancreatic cancer (PaCa) is the 4th most common cause of cancer related death and incidence rates 

are increasing. Understanding how PaCa develops is important for earlier detection and better 

treatment outcomes. ADM is a peptide hormone associated with many cancers. It has physiological 

and pathological roles regulated through receptor complexes composed of CLR and RAMPs. RAMPs 

alter the selectivity of receptor, the AM1 receptor (CLR and RAMP-2) is associated with physiological 

roles (regulating blood pressure), the AM2 receptor (CLR and RAMP-3) is associated with 

pathological roles. The AM2 receptor has been shown to regulate tumour growth and survival, 

angiogenesis, immunosuppression and epithelial-to-mesenchymal transition.  

The aim of this study was the elucidate the role of ADM in PaCa.  The results showed that in a panel 

of seven PaCa cell lines, ADM, CLR and RAMPs were expressed at both mRNA and protein level. 

Therefore, inducible CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs and scrshRNA controls were 

developed and used for in vitro and in vivo experiments. In vitro, viability and apoptosis assays 

showed that both KD and control cells responded to gemcitabine treatment but not to 5-

fluorouracil. In vivo, both orthotopic and subcutaneous models showed no significant difference in 

tumour weight or volume between different groups (CFPAC-1 ADM KD, scrshRNA and wild-type 

cells). There were no significant differences between the percentage of immune cells in different 

groups. Furthermore, immunohistochemistry showed no significant differences in the number of 

Ki67 positive cells. Analysis of α-SMA and endomucin needed further work. 

Overall, the results demonstrate that ADM and its receptor components are expressed in PaCa cell 

lines. However, further elucidation of the exact role of ADM in tumour development is needed with 

more focus on the tumour stroma. Focus on pancreatic stellate cells (α-SMA) shows promise in the 

field of PaCa. 
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1.1 Pancreatic cancer 

1.1.1 Pancreatic cancer incidence and diagnosis 

Pancreatic cancer (PaCa) is now the 17th most common cancer in Europe and the 10th most common 

cancer in the UK (2017) due to an increasingly ageing population in more developed countries. It is 

the 4th most common cause of cancer-related deaths, accounting for 6% of cancer deaths (Ferlay et 

al., 2018) and out of all cancer types, it has the lowest 5 year survival rate of 8% (Siegel, Miller, & 

Jemal, 2018). In the UK between 1993-2017, the incidence rates of PaCa cases increased by 17%. 

Furthermore, Rahib et al (2014) have predicted that by 2035 PaCa will become the second most 

common cause of cancer-related death. These predictions are based on demographic changes and 

average annual percentage changes (AAPC) in death rates (Figure 1.1). With the same number of 

deaths each year as the number of patients diagnosed with PaCa and the previously described 

predictions, there is increasing pressure to find improved methods of diagnosis and treatment (Ferlay 

et al., 2018). 
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Figure 1.1 Projected cancer deaths by 2030 based on data collected in the United States. Rahib et al 

(2014) used demographic changes and average annual percentage change (AAPC) in death rates to 

predict deaths in cancers. The data shows that by 2030, PaCa is predicted to become the second 

most common cause of cancer related death.  

1.1.2 Pancreas function 

To understand the symptoms of PaCa and the prognosis associated with tumours in different parts of 

the pancreas, it is important to understand its structure and function. It is a relatively quiescent organ 

that has both exocrine and endocrine functions (Figure 1.2). It plays an important role in digestion of 

food and regulation of blood sugar. Dysfunction in the pancreas can lead to diseases including 

diabetes, pancreatitis and PaCa. 
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Figure 1.2 The structure of the pancreas. (A) The pancreas has two main roles; digestion of food and 

regulation of blood glucose. It contains a main pancreatic duct that releases digestive enzymes from 

other ducts into the duodenum together with bile from the common bile duct. This connection forms 

the Ampulla of Vater which is located at the top of duodenum and aids in the digestion of food 

(exocrine function). (B) Exocrine pancreas composed of acinar and duct cells. Acinar cells contain 

digestive enzymes and constitute the bulk of pancreatic tissue. Ducts add mucous and bicarbonate to 

the enzyme mix that is released into the duodenum (C) The structure of the acinar cells stemming off 

the pancreatic duct. (D) The Islet of Langerhans (forming the endocrine portion) embedded within 

exocrine tissue containing a group of 4 main cell types; alpha cells, beta cells, delta cells and pancreatic 

polypeptide cells. These all release hormones directly into the bloodstream to regulate blood glucose 

levels (alpha and beta cells) and modulate the secretion of other pancreatic cell types (delta and 

pancreatic polypeptide cells (Copyright 2002 with permission from Nature Reviews, Bardeesy & 

DePinho, 2002) 
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1.1.2.1 Exocrine function 

The main exocrine function of the pancreas is to aid in the digestion of food. When food enters the 

stomach, enzymes are released from the system of pancreatic ducts which drain into the main 

pancreatic duct (Figure 1.2). This joins the common bile duct to form the Ampulla of Vater located in 

the first portion of the duodenum. The digestive enzymes from the pancreas combined with the bile 

are released into the duodenum to digest fat, carbohydrates and protein. PaCa often blocks both ducts 

causing malabsorption and jaundice.  

1.1.2.2 Endocrine function 

The endocrine part of the pancreas is composed of the Islet of Langerhans, these are composed of 4 

different cell types that release hormones directly into the bloodstream (Table 1.1). Insulin and 

glucagon are the main hormones released.  

Table 1.1 Endocrine cells that form the islet of Langerhans 

Cell type  Function 

Alpha Cells These are glucagon secreting cells and account 
for approximately 20% of cells within an islet. 
Low blood glucose levels stimulate the release 
of this hormone. 

Beta Cells These cells release insulin and account for 
approximately 75% of islet cells. When blood 
glucose levels are elevated, insulin is released 
to bring levels back to normal. 

Delta Cells These cells make up 10% of an islet and release 
the hormone somatostatin. This inhibits the 
release of glucagon, insulin and pancreatic 
polypeptide. 

Pancreatic polypeptide (PP) cells These are mainly located in the head of the 
pancreas and it has been suggested that its 
main role is in regulating satiety. It can also 
inhibit pancreatic polypeptide secretions. 
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1.1.3 Pancreatic cancer types 

Pancreatic tumours can be divided into exocrine tumours (non-pancreatic hormone secreting cells) 

(section 1.1.2.1) or endocrine tumours (pancreatic hormone secreting) (section 1.1.2.2) with 

pancreatic ductal adenocarcinoma (PDAC) being the most common subtype belonging to the exocrine 

tumour family. The location of tumours in the pancreas is important as it can affect the prognosis of 

patients; 65% of tumours are in the head, 15% are in the body/tail of the pancreas, whilst the 

remainder diffusely involve the gland (Figure 1.2) (Artinyan et al., 2008; Dreyer et al., 2018). Tomasello 

et al (2019) found that long term prognosis of pancreatic head cancer is better than body/tail PaCa. 

Patients with pancreatic head cancers present with symptoms sooner due to biliary obstruction. This 

causes abdominal pain, jaundice, dark urine, and light coloured stools. Earlier diagnosis means that 

patients are more likely to be offered tumour resection and therefore, have a better prognosis. 

Body/tail tumours of the pancreas are commonly associated with non-specific symptoms including 

unexplained weight loss and pain. Biliary obstruction is less likely in body/tail PaCa due to tumour 

location and therefore symptoms including jaundice are less likely to be present. Jaundice is a more 

visible symptom as it causes yellowing of the skin which makes it easier for doctors to locate the root 

cause of the problem faster (De La Cruz et al., 2014; Tomasello et al., 2019).  

1.1.2.1 Exocrine tumours 

The physiological role of the exocrine pancreas is to release digestive enzymes into the pancreatic 

ducts and into the duodenum (Section 1.1.2.1) (Pan & Wright, 2011). Disruption of this system often 

leads to weight loss, anorexia, jaundice and abdominal pain which patients commonly present with 

(Porta et al., 2005). Exocrine PaCa has a worse prognosis due to the lack of specific symptoms. The 

majority of exocrine tumours (95%) are PDACs and are distinguished by the cell type and location 

(Table 1.2).  

 In some cases premalignant lesions including pancreatic intraepithelial neoplasms (PanINs) (Figure 

1.3) and intraepithelial neoplasias (IPMNs) develop before primary PaCa tumours establish (Table 1.2). 
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These are more commonly located in the head of the pancreas. PanINs are flat or papillary lesions 

located in interlobular pancreatic ducts, they have columnar to cuboidal cells with varying amounts of 

mucin (Hruban et al., 2001; Zamboni et al., 2013). They often develop in a process called acinar-to-

ductal metaplasia (Figure 1.3), acinar cells transdifferentiate into more epithelial/ductal like 

phenotypes when exposed to environmental changes including tissue damage, inflammation or stress 

(e.g. hypoxia). During the transition from acinar cells to a more ductal phenotype, the acinar cells gain 

more progenitor cell like characteristics. This activates proto-oncogenes including KRAS that 

transforms the cells to PanINs (Friedlander et al., 2009; Orth et al., 2019). Following acinar-to-ductal 

metaplasia and the development of PanINs, TP53 and SMAD4 mutations transform the tumour into a 

malignant phenotype (PDAC) (Figure 1.3). These mutations can often drive PDAC to metastasise (Chen 

et al., 2014; Morton et al., 2010; Orth et al., 2019). PDAC is frequently located in the head of the 

pancreas and is an epithelial tumour with ductal cells (Table 1.2).  

IPMNs are cystic pancreatic lesions and tumours of the duct epithelium. IPMNs are histologically 

subdivided by their origin and whether lesions involve main ducts or branch ducts. The subtypes are; 

intestinal main duct IPMN, pancreatobiliary main duct IPMN, gastric branch duct IPMN and oncocytic 

main duct IPMN. Each IPMN is characterised by cell types, intestinal IPMNs have columnar cells with 

elongated nuclei, pancreatobiliary IPMNs are characterised branched papillae and high grade 

intraepithelial neoplasms. Oncocytic IPMNs have a branched papillary structure and eosinophilic 

cytoplasm mixed with goblet cells and mucin producing cells (Distler et al., 2013; Hruban et al., 2001; 

Zamboni et al., 2013). Mucinous cystic neoplasms (MCNs) are also premalignant lesions and are found 

exclusively in the body and tail of pancreas in middle aged women. The structure of these tumours 

include tall mucin-secreting cells and dense cellular ovarian-type stroma (Crippa et al., 2008).  

There also other rare types of malignant lesions that include, pancreatic squamous cell carcinoma 

(SCC) which is equally distributed between the head, tail and body of the pancreas and is composed 

of squamous cells (Simone et al., 2013). Another rare subtype of PaCa is pancreatic adenosquamous 
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carincoma, accounting for 1-4% of cases. This is typically found in the body/tail of the pancreas and is 

composed of both squamous and glandular cells (Boyd et al., 2012). Ampullary cancers are located in 

the ampulla of Vater which is a small opening where the pancreatic and bile ducts connect to the small 

intestine (Perysinakis, Margaris, & Kouraklis, 2014) (Table 1.2). 

Table 1.2 Types of premalignant and malignant exocrine tumours 

Type Description Location Incidence Symptoms References 

Premalignant lesions 

Pancreatic 
intraepithelial 

neoplasms 
(PanINs) 

- Non-invasive 
precursors lesions 
- Flat or papillary 
lesions in 
pancreatic ducts 
- Transition from 
intraepithelial to 
invasive pancreatic 
neoplasias (Figure 
1.2) 

Head or 
body of 
the 
pancreas 
 

Most 
common 
precursor to 
PDAC 

Abdominal pain, 
jaundice, 
dyspepsia, 
weight loss, 
nausea and 
vomiting 

(Distler et al., 
2014; 
Hackeng et 
al., 2016; 
Zamboni et 
al., 2013; 
Andea, 
Sarkar, & 
Adsay, 2003; 
Yu et al., 
2018)  

Intraductal 
papillary 
mucinous 
neoplasms 

(IPMN) 

- Cystic pancreatic 
tumours of the 
duct epithelium 
- Papillary 
epithelial 
proliferation and 
mucin production 
lead to dilatation 
of ducts  
- 1/3 of cases are 
associated with 
invasive carcinoma 
of the tubular and 
colloid type 

Pancreatic 
head 
(often not 
invasive) 
 

Less than 
10% of all 
pancreatic 
neoplasms  
 

Abdominal pain, 
back pain, 
weight loss, 
appetite loss 
and jaundice  

(Distler et al., 
2014; 
Chanjuan & 
Hruban, 2012; 
Adsay et al., 
2004; 
Andea et al., 
2003; Mimura 
et al., 2010) 

Mucinous cystic 
neoplasms 

(MCNs) 

- Often detected 
incidentally  
- Common in 
women  
- 5-year survival is 
almost 100% 
- Pancreas 
resection offered 
in 60% of cases 

Head and 
body of 
the 
pancreas 
 

 Least 
common out 
of 
premalignant 
lesions 

Asymptomatic (Distler et al., 
2014; 
Crippa et al., 
2008; 
Valsangkar et 
al., 2012; 
Yamao et al., 
2011) 

Malignant lesions 

Pancreatic 
ductal 

adenocarcinoma 
(PDAC) 

- Poor prognosis 
with 5-year 
survival of 3-5%.  

Mainly 
head of 
the 
pancreas 

95% of all 
pancreatic 
tumours 

Weakness, loss 
of appetite, 
weight loss, 
abdominal pain, 

(Hackeng et 
al., 2016; 
Fatima, 2010; 
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 -PanINs are the 
most frequent 
precursors to 
PDAC. 

in ductal 
cells. 
 

bile in urine, 
cholestasis 

Pancreatic 
Cancer UK, 
2018; Porta et 
al., 2005) 

Squamous cell 
carcinoma 

- Squamous 
epithelium 
structure 
- Poor prognosis 
(patients not 
sensitive to 
chemo- or radio-
therapy 
- Surgical resection 
increases median 
survival of 7 
months. 

Head, tail 
or body 
 

Primary rare 
malignancy 
accounting 
for 0.5-2% of 
cases.  
 

Indistinguishable 
symptoms from 
PDAC  

(Abedi et al., 
2017; Zhang 
et al., 
2018;Al-
Shehri, 
Silverman, & 
King, 2008; 
(Meng-dan Xu 
et al, 2017; 
Zhang et al., 
2018) 

Adenosquamous - Combination of 
ductal 
adenocarcinoma 
and squamous cell 
carcinoma cells.  
- Poor median 
survival of 6 
months. 

Head of 
the 
pancreas 
 

Rare PaCa 
accounting 
for 1-4% of 
cases 
 

Indistinguishable 
symptoms from 
PDAC 

(Fang et al., 
2017; 
Boyd et al., 
2012) 

Ampullary 
cancer 

- Develops in the 
Ampulla de Vater 
which blocks the 
bile duct 
- 5-year overall 
survival is 40-45%   

Head of 
pancreas 
 

Rare cancer 
accounting 
for 6-8% of 
pancreatic 
head 
tumours 

Biliary 
obstructive 
symptoms 
including 
jaundice 

(Perysinakis 
et al., 2014; 
Sommerville 
et al., 2009) 

Figure 1.3 Acinar-to-ductal metaplasia progressing from premalignant PanINs to malignant PDAC.  

Genetic mutations drive the neoplastic changes from KRAS mutations in early stages of PDAC 
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development to TP53 and SMAD4 mutations in late stages which leads to invasive PDAC. Figure 

adapted with permission from Springer Nature (Orth et al.,2019) ©2019.  

 

1.1.3.2 Endocrine tumours  

Neuroendocrine tumours are less common than exocrine tumours, accounting for approximately 5% 

of PaCa cases (Table 1.3) (Rawla, Sunkara, & Gaduputi, 2019). The endocrine function of the pancreas 

is to release hormones including amylin, insulin and glucagon into the bloodstream (section 1.1.2.2) 

therefore patients often present with diabetes (Aggarwal et al., 2012; Bardeesy & DePinho, 2002). 

Patients with endocrine tumours have a much better prognosis than those with exocrine disease 

(Rawla et al., 2019) with a 1 year survival rate of 72.8% and an overall 5 year survival rate of 54% which 

increases to 93% if the tumour remains localised to the pancreas (American Cancer Society, 2021; 

Man, Wu, Shen, & Zhu, 2018). Meanwhile, PDAC patients have a 1 year survival rate of 18% which 

drops to 4% at 5 years (Cancer Research UK, 2017). 

Table 1.3 Types of endocrine tumour 

Type Description Location Incidence Symptoms References 

Gastrinomas (or 
Zollinger Ellison 

syndrome) 

- Develop in 
neuroendocrine 
cells that 
produce gastrin 
- Time between 
presentation 
and diagnosis is 
often after 5 
years 
- 50-60% of 
cases are 
malignant at 
the time of 
diagnosis 

Pancreatic 
head or 
duodenum 

Rare Peptic ulcers 
develop 

(Jensen et 
al., 2007; 
Roy et al., 
2000; 
Muniraj et 
al., 2013) 

Insulinomas Predominantly 
benign, with 
less than 10% 
becoming 
malignant 

Islet cells -1-2% of cases 
-Most common 
pancreatic 
neuroendocrine 
neoplasm 

Hypoglycaemia 
from 
overproduction 
of insulin 

(Cancer 
Research, 
2017a; 
Muniraj et 
al., 2013) 

Somatostatinomas Secrete large 
amounts of 
somatostatin, 

-Common 
in the 
head of 

Rare (1 in 40 
million) 

Characterised 
by the onset of 
diabetes, 

 (Cancer 
Research, 
2019; 
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controlling the 
release of other 
hormones 
within the 
pancreas 
 

the 
pancreas 
-70% of 
tumours 
become 
malignant 

cholelithiases, 
and diarrhoea 

Muniraj et 
al., 2013; 
Williamson, 
et al., 
2011) 

VIPomas -Increases 
release 
vasoactive 
intestinal 
peptide (VIP). 
VIP controls 
salt, water and 
sugar levels in 
the GI tract 

-Develops 
in islets 
-40-70% of 
tumours 
become 
malignant 

Rare (1 in 10 
million) 

Characterised 
by diarrhoea, 
hyperkalaemia 
and 
dehydration 

 (Cancer 
Research, 
2019; 
Muniraj et 
al., 2013) 

Glucagonomas -Excess 
production of 
glucagon which 
is important in 
raising blood 
sugar levels 
 

-Islet cells 
--50-80% 
of 
tumours 
become 
malignant 

Rare (2 in 100 
million) 

Common 
symptoms 
include a rash, 
glucose 
intolerance 
and weight loss 

(Muniraj et 
al., 2013; 
Cancer 
Research, 
2019) 

Non-functioning -Slow growing 
tumours  
-Non-
functioning as 
they do not 
secrete 
hormones 
-More than 
60% are 
malignant.  

Head of 
the 
pancreas 

1-2% of all 
pancreatic 
tumours 

-Often 
asymptomatic 
before 
significant 
tumour burden 
-Diagnosed 
when scans are 
completed for 
other 
indications 

(Small et 
al., 2015 
;Cloyd & 
Poultsides, 
2015; 
Akerstrom 
& Hellman, 
2007) 

 

1.1.4 Risk Factors for Pancreatic Cancer 

PaCa is becoming increasingly common with the success in treating other cancers, and is predicted to 

become the second most common cause of cancer-related death by 2035 (Rahib et al., 2014). 

However, there are clear risk factors that increase incidence in subgroups of the population, such as 

age (Ferlay et al., 2018), obesity (Gonzalez, Sweetland, & Spencer, 2003; Larsson, Orsini, & Wolk, 

2007), smoking (Howes et al., 2004; Lynch et al., 2009) and chronic pancreatitis (Howes et al., 2004).  

Approximately 20% of PaCa cases are related to smoking, Yuan et al (2017) found that there is a 40% 

increased risk of death in patients who smoke. However, they also showed that stopping smoking 
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prior to diagnosis has no impact on patient survival. Furthermore, a meta-analysis study showed that 

there is a 75% increased risk of developing PaCa compared to non-smoker based on estimates across 

4 continents which persists 10 years after smoking cessation (Iodice et al., 2008). Additionally, there 

is evidence for the mechanism by which smoking increases PaCa incidence as exposure to nicotine 

increased phosphorylation of c-Met (a mesenchymal-epithelial transition factor) which in turn 

increased growth and metastases of PaCa. Hermann et al (2014) compared mice with K-Ras mutations 

that were nicotine-treated to those without nicotine exposure, showing that the mice treated with 

nicotine developed PanIN and PDAC lesions. Furthermore, they demonstrated that the nicotine 

acetylcholine receptor modulates proliferation and apoptosis of PaCa cells. 

With a rising number of the population becoming obese, increasing attention has been drawn to the 

association between cancer and obesity. Li et al (2009) showed that overweight people between the 

ages of 14-39 years and obese individuals between the age 20-49 years showed increased risk of PaCa 

regardless of their diabetic status. Individuals who were obese at a later age (between 20-49) had an 

earlier onset of PaCa by 2-6 years with a median diagnosis of 59 years, compared to 61 years and 64 

years in overweight and normal weight individuals respectively.  Furthermore, there is a larger 

association between men with a high BMI and PaCa. However, individuals who became obese at 40, 

did not appear to increase their likelihood of developing PaCa. Dawson et al (2013) used a KrasG12D 

mouse model to show that a high calorie/high fat diet can induce pancreatic inflammation and 

neoplasia in the presence of the Kras mutation. These results demonstrate that there are links 

between obesity and increased risk of PaCa, particularly if obesity is onset from a young age.   

Additionally, a common side effect of obesity is the development of type II diabetes and this has been 

associated with increased risk of developing pancreatic malignancies. Ben et al (2011) ran a meta-

analysis study on diabetes and PaCa risk, showing a 2-fold increase in risk of developing PaCa. 20-30% 

of patients with PaCa develop diabetes 2-4 years before diagnosis. However, it is also common for 

patients to develop type IIIc diabetes as a result of their PaCa diagnosis. Yuan et al (2015) showed that 
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patients with long-term diabetes had decreased survival, whilst in patients with short-term diabetes 

survival was not affected. In these cases, surgical resection often resolves the diabetes. Long term 

diabetes may decrease survival as hyperglycaemia has been shown to have a direct impact on cancer 

cell proliferation, migration and apoptosis (Ryu, Park, & Scherer, 2014).  

With an increasingly ageing populating, there has been a rise in the number of cases of various 

diseases. In the UK between 2015 and 2017, 47% of new cases of PaCa were in people over the age of 

75. There is a steep rise in cases between the ages of 50-54 however, the highest rates occur at 85-89 

(Cancer Research UK, 2017). In literature there is a lot of speculation about the suitability of elderly 

patients to undergo pancreatic resection (Whipple procedure). Generally older patients have a higher 

ECOG status and American Society of Anaesthesiology scores (ASA) which may deem them unfit to 

undergo surgery. Therefore, the increasing death rates in PaCa may be attributed to the ageing 

population and their lack of suitability for surgery. Melis et al (2012) analysed the outcome of 

Whipple’s procedure in PaCa patients below the age of 80 and above the age of 80. They found that 

patients over 80, had a worse ECOG status and higher ASA score, longer post-operative hospital stay 

and higher overall morbidity. In another study comparing the effects of Whipple’s procedure between 

younger patients (<70) and older patients (>70), older patients had a higher risk of developing a 

morbidity. Pre-operative co-morbidities (diabetes, pulmonary issues, cardiac diseases and 

neurological issues) were also more common in older patients and they were also shown to have a 

higher ASA score. Overall, elderly patients had higher mortality than younger patients. The percentage 

of older patients in this study (37.4%) was lower than younger patients which may indicate that elderly 

patients may have pre-operative co-morbidities that cause death prior to consideration of surgical 

resection (Haigh, Bilimoria, & DiFronzo, 2011).  

Family history is also a risk factor but to what degree is yet to be determined. A family history of 

ovarian, breast or colorectal cancer has been associated with increased risk of PaCa in some studies. 

BRCA2 mutations have been found in approximately 6% of pancreatic patients with a family history 
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(Couch et al., 2007). Jacobs et al (2010) pooled analysis concludes that family history is associated with 

a moderately increased risk of developing PaCa, this may be from inherited genetic mutations or a 

previous history of other cancers including, prostate. In conclusion, the risk of developing PaCa can be 

increased by multiple factors including a history of smoking, obesity, diabetes, ageing population and 

family history. Better understanding of early markers of PaCa and understanding the risk factors 

associated with PaCa could help reduce the poor survival rates associated with the disease.  

1.1.5 Diagnosis and symptoms 

PaCa is difficult to diagnose as it begins with non-specific symptoms which include abdominal and back 

pain, nausea and subsequently weight loss caused by malabsorption. These symptoms are not 

exclusive to PaCa making early diagnosis difficult. The late diagnosis means that only 10-20% of 

tumours are resectable and therefore poor prognosis is prevalent within the disease (Kommalapati et 

al., 2018).  

There is debate within literature over tumour location and poorer prognosis. Dreyer et al (2018) 

suggest that tumours in the head of the pancreas are associated with a better outcome which is 

mirrored by Artinyan et al (2008). It is suggested that this may be as patients with tumours in the head 

of the pancreas present with earlier symptoms including jaundice and are therefore diagnosed sooner. 

This means tumour resection is more likely to be available and result in a better outcome. However, 

body/tail tumours present with weight loss and pain at more advanced stages (including metastasis) 

which often means resectability is not an option. In contrast to Dreyer et al (2018) and Artinyan et al 

(2008), Winer et al (2019) found that although tumours at the head of the pancreas are detected 

earlier and have a higher chance of being resected, they are often not responsive to adjuvant therapy. 

Therefore, overall survival is worse in these patients. These data highlight the importance of 

recognising both the symptoms associated with PaCa for earlier diagnosis and the location of PaCa 

tumours. Recognising and understanding the significance of tumour location could be important so 

that patients can receive the most suitable treatment resulting in a better outcome.  
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Comorbidities such as diabetes often occur from the loss of β-islet cell function (Aggarwal et al., 2012), 

and in later stages jaundice may arise caused by blockage to the bile duct (Huggett & Pereira, 2011; 

Mateos and Conlon. 2016). Abdominal and back pain often present in patients from enlargement of 

the pancreas at the head or tail of the tumour which presses on other organs. The cancer often spreads 

to pancreatic nerves causing the associated “back” pain which is caused by referred pain from the 

pancreas (Okusaka et al., 2001). Nausea and vomiting commonly occur when the cancer spreads to 

the far end of the stomach causing a partial blockage, making it difficult for food to leave the stomach. 

Gallbladder and liver enlargement can be symptoms of PaCa. Gallbladder enlargement is caused by 

blockage of the bile duct, resulting in a build-up of bile in the gallbladder and jaundice. Liver 

enlargement is caused by spread of the cancer to the liver, this happens in approximately 50% of cases 

and results in poorer patient outcome (Smeenk et al., 2005).  

Blood clots can also occur is PaCa patients, this is particularly prevalent in patients with metastasis 

(3.3-fold increased risk compared to patients with localised PaCa), in patients receiving chemotherapy 

(4.8-fold increase within 3 months of discontinuing treatment) or in post-operative patients (4.5-fold 

increase 30 days post-operatively compared to surgical patients without cancer) (Blom, Osanto, & 

Rosendaal, 2005; Campello et al., 2019). In conclusion, these data highlight the difficulty in being able 

to recognise specific symptoms relating to PaCa. This often leads to misdiagnosis or late stage 

diagnosis resulting in poorer prognosis.  

Methods of diagnosing patients depends on the symptoms presented and how clear the diagnosis is 

from initial scans (Table 1.4). CT and MRI scans are the most commonly used diagnostic and staging 

tools pre-operatively (Zhang et al., 2012). Blood tests measuring tumour marker CA-19 are also 

performed alongside scans as an easy, relatively non-invasive test that can aid in diagnosis of the 

patients. Other scans and tests listed in Table 1.4 are used to gain additional information after initial 

diagnosis. Some individuals are offered CT scans as part of PaCa surveillance, including individuals with 

hereditary pancreatitis and PRSS1 mutations. People with BRCA1/2, PALB2, CDKN2A mutations, first 
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degree relatives with PaCa and individuals with Peutz-Jeghers syndrome (a predisposition to cancers 

of the abdominal organs and viscera) are also offered surveillance (NICE, 2018).  

Table 1.4 Diagnostic tests used for pancreatic cancer 

Diagnostic test Criteria References 

CT scan This is the initial scan used on 
patients. It is commonly used in 
individuals that present with 
obstructive jaundice, pancreatic 
abnormalities with no jaundice 
and cysts.  

(NICE, 2018; 
Pancreatic Cancer, 
2018) 

MRI/magnetic resonance 
cholangiopancreatopgraphy (MRCP) 

Obstructive jaundice, pancreatic 
abnormalities and no jaundice 
and cysts. MRCP is used to look 
at blockages in the bile duct by 
scanning the bile duct, liver, 
gallbladder and pancreas. 

(NICE, 2018) 

Positron- Emission tomography (PET) 
scan 

Obstructive jaundice and 
pancreatic abnormalities. 

(NICE, 2018) 

Endoscopic ultrasound (EUS) If diagnosis is not clear from 
scans, this can be used to take a 
biopsy.  

(NICE, 2018) 

Endoscopic retrograde 
cholangiopancreatography (ERCP) 

This is usually carried out when 
other imaging tools do not show 
pancreatic lesions and/or if the 
patient has jaundice. It can also 
be used if there is a blockage to 
the bile duct to insert a stent.  

(NICE, 2018) 

Endoscopic ultrasound fine needle 
aspiration 

This is generally used with 
pancreatic cysts if more 
information is needed on the 
likelihood of malignancy. This 
provides a cytological sample 
but can also be used with a 
carcinoembryonic antigen (CEA) 
assay.  

(NICE, 2018; 
Pancreatic Cancer, 
2018) 

Blood tests Blood tests can be used to look 
at blood counts, liver and 
kidney function, how severe 
jaundice is and CA19-9 levels. 
CA19-9 tumour marker is not 
always present in higher levels 
in PaCa patients. Furthermore, 
other cancers and conditions 
can increase levels so it is not 
specific to PaCa 

 (Pancreatic Cancer, 
2018; NICE, 2018) 
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Following the described scans and tests (Table 1.4), the stage of the cancer can be diagnosed to 

determine the appropriate treatment (Table 1.5 to Table 1.7) (Section 1.1.6). The stage is determined 

using the TNM staging system which looks at size of the tumour, whether it has spread to lymph nodes 

and whether it has metastasised. The outcome patients have is largely dependent on the stage the 

cancer is diagnosed and whether they are suitable for surgery (Table 1.7).  

Table 1.5 TNM staging for pancreatic cancer (Amin et al., 2017; Sobin, Gospodarowicz, & Wittekind, 
2009) 

T (tumour) 

T1A Tumour is < 0.5cm in any direction  

T1B Tumour is > 0.5cm but < 1cm in any direction 

T1C Tumour is > 1cm but < 2cm in any direction 

T2 Tumour is > 2cm but < 4cm in any direction 

T3 Tumour is > 4cm 

T4 Tumour has grown outside of pancreas into 
large blood vessel 

N (nodes) 

N0 No lymph nodes containing cancer 

N1 1-3 lymph nodes that contain cancer cells 

N2 Cancer involves more than 4 lymph nodes 

M(Metastasis) 

M0 Cancer has not spread to distant organs 

M1 Can has spread to distant organs 

 

Table 1.6 One year survival predictions based on stage of cancer, TNM and location (Bilimoria et al., 
2007.; Edge et al., 2015; Pancreatic Cancer, 2018) 

    Surgery No surgery 

Stage TNM Location Size 1 year 
survival  

% cases 
diagnosed  

1 year 
survival  

% cases 
diagnosed  

1A T1,NO,MO Completely in the 
pancreas 

<2 
cm 

71.3% 8.8% 29.2% 4.4% 

1B T2, NO, 
MO 

2-4 
cm 

67.3% 11.0% 26.0% 5.4% 

2A T3, NO, 
MO 

Spread to 
surrounding tissues 
but not involving 
lymph nodes 

>4cm 60.7% 17.9% 25.0% 10.1% 

2B T1-3, N1, 
MO 

Spread to 
surrounding tissue, 
involving lymph 
nodes 

Any 
size 

52.7% 36.4% 26.9% 11.8% 

3 T4, NX, 
MO 

Locally advanced. 
Spread to stomach, 
spleen, large bowel or 

44.5% 13.2% 27.0% 13.0% 
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blood vessels near 
pancreas 

4 TX, NX, 
M1 

Advanced/metastatic-
spread to other parts 
of the body including 
lungs, liver and 
peritoneum 

19.2% 12.7% 8.3% 55.2% 

 

1.1.6 Current treatments 

The current treatment options available for PaCa patients depends on the stage of cancer (Table 1.7), 

for example, chemotherapy with more adverse effects is not recommended for later stage patients. 

Neoadjuvant therapy, surgical resection and adjuvant therapy are offered to patients’ dependent on 

the severity of the disease. Surgery is shown to significantly improve patient outcome however, this 

is only available to a small number of patients (10-20%) due to late diagnosis. Therefore, early 

detection can make a significant difference to patient outcome. 

Takahashi et al (2018) analysed PaCa patient samples from stage I to IV and showed that the size of a 

tumour can determine median overall survival (OS). Tumours >2cm compared to tumours <2cm 

showed a poorer median OS of 20.5 months compared to 30.6 months respectively. Hsu et al (2018) 

compared 5 year survival in patients with stage I, IIA and IIB PaCa with tumours of <2.5cm and >2.5cm 

showing a 5 year survival of 17.5% and 6.0% respectively. This suggests that the size of a tumour has 

an impact on patient survival. The type of treatment offered to tumours >2cm also impacts survival. 

Surgery performed on these tumours frequently results in an R1 tumour resection (macroscopic 

removal of tumour but microscopic margins of positive tumour).  

Furthermore, surgery alone results in an median OS of 21.3 months but neoadjuvant chemotherapy 

or neoadjuvant radiotherapy increases median OS to 22.9 months and 25.8 months respectively, 

indicating a positive effect of therapy prior to surgery (Takahashi et al., 2018). Van Tienhoven et al 

(2018) compared PDAC patients with Stage I and II cancer. They showed that patients who have 

immediate surgery followed by adjuvant therapy had a lower median OS (13.5 months) compared to 

patients with pre-operative chemoradiotherapy, surgery followed by adjuvant therapy (median OS 
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17.1 months). Patients receiving neoadjuvant therapy had a 65% chance of an R0 resection 

(macroscopic removal of tumour) compared to 31% in adjuvant therapy alone.  Tummers et al (2019) 

have shown that median OS is effected by the type of resection achieved (patients had stage I-IV). 

Median OS increased from 15 months to 22 months when patients had an R0 resection.  

Chakraborty & Singh (2013) compared outcomes of patients without vascular invasion (Stage I, IIA and 

IIB) who had surgery to remove the tumour to those that didn’t. The results highlighted that surgery 

can significantly improve survival in these patients and showed that those who had surgery had a 

median OS of 18 months and without surgery has an median OS of 7 months. However, these 

experiments did not consider patients who may have had neoadjuvant therapy which could have 

increased overall survival further. 

Neoptolemos et al (2010) compared patients (Stage I-IVa) treated with gemcitabine (the standard 

PaCa treatment since the early 1990s) or fluorouracil (5-FU) with folinic acid (Table 1.8) in an ESPAC-3 

trial. Gemcitabine increased survival by 23.6 months compared to 23 months with the 5-FU/folinic 

acid combination. This suggests there is no significant difference between the two treatments 

however, 5-FU did cause more adverse effects. Von Hoff et al (2017) compared treatment with 

gemcitabine in combination with nab-paclitaxel to gemcitabine alone in advanced stage patients, 

survival increased by 35% in the first year of treatment in the combination therapy group compared 

to 9% in patients treated with gemcitabine alone. Although this combination therapy is less toxic than 

FOLFIRNOX, OS was lower at 6.7 months compared to 8.5 months with FOLFIRNOX.  

Conroy et al (2011) compared gemcitabine therapy to a modified FOLFIRINOX (FOLFIRINOX without 

bolus 5-FU). The modified FOLFORINOX significantly improved median OS to 54.4 months compared 

to 35 months in gemcitabine. However, the modified FOLFIRINOX did result in a higher percentage of 

patients suffering with grade 3/4 adverse effects (75.9% vs 52.9%). These results suggest that 

chemotherapy has to be carefully considered as most patients diagnosed with PaCa are elderly and 

therefore may be less tolerant of the adverse effects despite the suggested improved survival in 
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patients. These studies demonstrate the need for treatment that not only improves patient survival 

but also has fewer adverse effects. 

Table 1.7 Therapies available for PaCa patients at different stages of cancer (Cancer Research UK., 
2017; Cancer Research UK., 2019; NICE, 2018; El Kamar, Grossbard, & Kozuch, 2003; Werner et al., 
2013) 

Stage Treatment options 

Stage I and II Surgery is an option as tumours are resectable. 
Post-operative chemotherapy is given once 
patient has recovered. Treatment options 
include: 

- Gemcitabine and capecitabine 
- Gemcitabine and nab-paclitaxel 
- Gemcitabine alone if not well enough 

after surgery 
- FOLFIRINOX 

Stage III  30% of patients present at this stage. Surgery 
can be offered but with no curative purpose, 
simply for symptomatic relief so obstructive 
jaundice and gastric outlet obstruction using a 
stent or bypass surgery. Stage I and II 
chemotherapies available. 

Stage IV (metastatic) 50% of patients present at this stage. 
Chemotherapy is not curative, it is used to 
shrink tumour and relieve symptoms associated 
with the advanced disease. Surgery is also 
available to relieve symptoms. 
1st line options- FOLFIRINOX or if patients are fit 
(*EGOG 0-1) 
Gemcitabine with nab-paclitaxel for people 
unable to tolerate FOLFIRINOX 
2nd line options- oxaliplatin-based 
chemotherapy if not used in first line therapy 
Gemcitabine alone if patient is deemed unfit. 

*ECOG (Eastern Cooperative Oncology Group)- this determines patients level of functionality to determine their 
suitability for treatment.  

 

Table 1.8 Mechanism of action of different chemotherapies 

Chemotherapeutic agent Mechanism of action Reference 

Gemcitabine It is a deoxycytidine analogue 
that incorporates into DNA 
which prevents DNA synthesis 
and causes cell death. 

(Plunkett et al., 1995) 

Capecitabine This is pro-drug metabolised to 
5-fluorouracil (5-FU) which is a 
thymidylate synthase inhibitor 
which inhibits thymidine 

(Miwa et al., 1998) 
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monophosphate production. 
This is the active form of 
thymidine which is required 
for DNA synthesis. 

Nab-paclitaxel (or abraxane) A mitotic inhibitor that inhibits 
microtubule reorganisation 
and therefore causes cell 
death. 

(Yardley, 2013) 
(Manfredi & Horwitz, 1984) 

FOLFIRINOX This is a combination 
chemotherapy. 
FOL- this is folinic acid which 
enhances the effects of 5-FU 
F- this is 5-FU which 
incorporates in to the DNA 
molecule and inhibits DNA 
synthesis. 
IRIN- this is irinotecan which is 
a topoisomerase inhibitor 
which prevents DNA from 
uncoiling and duplicating 
OX- oxaloplatin is a platinum 
based anti-neoplastic agent 
that inhibits DNA repair and/or 
DNA synthesis. 

(Moran & Keyomars, 1987)- 
get better reference for FOL 
(Santi, McHenry, & Sommer, 
1974) 
(Hsiang & Liu, 1988) 
(Arango et al., 2004) 
(Faivrea, Chan, Salinas, 
Woynarowska, & 
Woynarowski, 2003) 

 

1.2 Adrenomedullin (ADM) and its physiological roles  

As previously described, PaCa is often diagnosed too late due to non-specific symptoms. However, 

individuals with hereditary pancreatitis, germline mutations or new-onset diabetes may be offered 

tests to monitor if there are any changes that indicate the development of PaCa. There are currently 

no blood tests specific to PaCa or that can be used as early indicators of PaCa developing (Pereira et 

al., 2020). There is evidence showing that ADM is elevated in serum in patients with PaCa (Francesco 

et al., 2016; Keleg et al., 2007) and this could potentially be significant as it could be used as part of 

PaCa diagnosis. However, elevated ADM levels are not specific to PaCa as there is evidence for 

increased levels in other cancers and diseases including sepsis. Therefore, measuring ADM in serum 

could be a supplementary aid in the diagnosis of PaCa but not as an exclusive method of diagnosis. 

ADM is a 52-amino acid peptide encoded by adm, it was originally isolated by Kitamura et al (1993) 

from an adrenal medulla pheochromocytoma. It functions as a circulating hormone and local paracrine 
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mediator that has both physiological and pathological roles. It belongs to the calcitonin superfamily 

which includes amylin, CGRP, calcitonin and ADM (Schönauer, Els-Heindl, & Beck-Sickinger, 2017). 

These have similar structural homology with a 6 amino acid ring formed by a disulphide bond between 

residues 16 and 21 (Ishimitsu, Kojima, et al., 1994) 

1.2.1 ADM synthesis  

In humans, ADM is encoded by a gene on chromosome 11 and consists of 4 exons and 3 introns 

(Ishimitsu, Kojima, et al., 1994). Its precursor, preproADM (185 amino acids) is cleaved at the N-

terminal signalling peptide (21 amino acids) to make proADM (184 amino acids).  Pro-ADM goes 

through a second cleavage to produce pro-ADM N-terminal 20 peptide (PAMP), mid-regional pro 

ADM, adrenotensin and glycine extended 53 amino acid peptide (Figure 1.4) (Gumusel et al., 1995; 

Kazuo Kitamura et al., 1998, 1993). The glycated form of ADM is inactive (accounts for 85% of ADM) 

and undergoes an enzymatic reaction to produce the mature 52 amino acid ADM by amidation (15% 

of ADM) (Meeran et al., 1997). It is mainly synthesised and secreted by endothelial cells (ECs) and 

vascular endothelial smooth muscle cells (VSMCs) that express ADM receptors. This suggests that 

ADM has an autocrine/paracrine function in vasculature (Sugo et al., 1994; Sugo et al., 1994). The 

circulating ADM half-life is 22 minutes and it is rapidly degraded by N-terminus proteases (Meeran et 

al., 1997).  
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Pre-pro ADM: pre-pro adrenomedullin; PAMP: proadrenomedullin NH₂ terminal 20 peptide; MR-proADM: midregional 
proadrenomedullin; ADM: adrenomedullin; CT-proADM: C-terminally glycine extended adrenomedullin  

Figure 1.4 Adrenomedullin (ADM) synthesis. Prepro-ADM is cleaved at the N terminal signalling 

peptide and produces Pro-ADM. Pro-ADM undergoes a second cleavage to produce, PAMP, MR-

proADM, ADM and CT-proADM. PAMP is activated following an enzymatic reaction with an amidating 

enzyme to produce mature PAMP.  ADM is activated by an enzymatic reaction where it is cleaved at 

the C-terminal to produce 52 amino acid, ADM. Figure adapted with permission from Oxford 

University press (Weber et al., 2017) ©2019 

1.2.2 Adrenomedullin receptors 

ADM primarily mediates its effects through a Family of B G-Protein coupled receptor (GPCR) that forms 

a complex with a receptor activity-modifying protein (RAMP) (Figure 1.5). This is discussed in further 

detail below. 

1.2.2.1 G-Protein Coupled Receptors  

GPCRs are the largest family of cell surface receptors and account for 40% of drug targets. They are 7 

transmembrane (7-TM) receptors that form either homo- or hetero- dimers.  They regulate 

intracellular signalling cascades in response to hormones, ions, photons, odorants and other stimuli. 
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Each has an alpha-helical segment which is separated by alternating intra/extracellular loops. GPCRs 

can be split into 6 different superfamily classes (Table 1.9). 

 

Table 1.9 GPCR superfamily classes 

Class Receptor family Examples 

A Rhodopsin like Rhodopsin/Histamine 

B Secretin CTR/CLR/GLP/PTH 

C Glutamate GABAB /GPRC6A 

D Fungal pheromone Mating factors 

E cAMP receptors Serpentine 

F Frizzled Frizzled and smoothened 
receptors 

CTR: calcitonin receptor; CLR: calcitonin receptor-like receptor; GLP: glucagon like peptide receptor; PTH: 
parathyroid hormone receptor; cAMP: cyclic adenosine monophosphate; GABAB: gamma-aminobutyric acid 
class B; GPRC6A: G protein-coupled receptor family C, group 6, member A  

GPCRs are composed of 3 regions; the N terminal extracellular loop for ligand binding, the 7-TM middle 

segment and the intracellular C terminal. Ligand binding at the N terminus causes a conformational 

change in the receptor and activates the C terminal triggering a downstream signalling cascade 

(Section 1.2.3). ADM receptors are heterodimeric complexes made of a family B GPCR, the calcitonin-

like receptor (CLR), which pairs with a single transmembrane RAMPs (Figure 1.5).   

 

Figure 1.5 Adrenomedullin receptor. ADM (red) can bind to one of two receptors composed of a 7 

transmembrane GPCR, calcitonin like receptor (CLR) (in blue) and a receptor activity-modifying protein 
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(RAMP). Different RAMPs form different receptors; RAMP-2/CLR complexes generate the AM1 

receptor (green) and RAMP-3/CLR make the AM2 receptor (yellow). These have different physiological 

roles involving the regulation of blood pressure and promoting tumorigenesis.  

1.2.2.2 Calcitonin receptor-like receptor (CLR) 

CLR is a 7-TM complex that makes up part of the ADM receptor. It has a  molecular weight of 

approximately 70 kDa and shares 55% sequence homology with calcitonin receptor (CTR). However, 

unlike CTR, CLR can only reach the cell surface with RAMP trafficking. RAMP-1 traffics CLR to the 

surface by terminal glycosylation (McLatchie et al., 1998) and RAMP-2 and RAMP-3 cause core 

glycosylation of CLR (Foord et al., 1999). Once CLR and RAMP are at the cell surface, the appropriate 

ligand can bind and activate downstream cell signalling (McLatchie et al., 1998). 

1.2.2.3 Receptor activity modifying proteins 

RAMPs are a small family of intrinsic proteins with only 3 members in humans named RAMP-1, RAMP-

2 and RAMP-3. These proteins share only 30% sequence homology. They have a single transmembrane 

spanning domain with an extracellular N terminal domain (90-100 amino acids) and a short 

intracellular C terminal domain (approximately 9 amino acids). The short C terminus has two basic 

residues which act as an endoplasmic retention signal. RAMP-1 is not glycosylated whilst RAMP-2 and 

RAMP-3 have two glycosylation sites. When RAMPs and CLR come together they override the 

endoplasmic retention signal at the C terminus and translocate the receptor complex from the 

endoplasmic reticulum to the plasma membrane. It is proposed that RAMPs aid in the trafficking of 

CLR to the cell surface (Steiner et al., 2002; McLatchie et al., 1998). . However, Flahaut, Rossier, & 

Firsov (2002) suggest only the RAMP-1/CRLR complex require dimerization to be trafficked to the 

plasma membrane. RAMP-2 and RAMP-3 contain N-glycosylated sites, only require N-glycan for their 

transport to the cell surface and therefore heterodimer assembly is not required for CLR cell surface 

expression. RAMPs also have a role in altering selectivity of a receptor for particular ligands (Table 

1.10) (McLatchie et al., 1998). 
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RAMPs interact with many different receptor types including the oestrogen receptor GPR30, PTH1 and 

PTH2 receptors and the calcium sensing receptor (Bouschet, Martin, & Henley, 2012; Christopoulos et 

al., 2003; Christopoulos et al., 1999; Lenhart et al., 2013; Serafin et al., 2020). However, CTR and CLR 

interactions with RAMPs are specifically associated with ADM ligand binding.  The potency of ADM, 

CGRP, intermedin (IMD) and amylin for the different receptors alters dependent on which RAMP 

interacts with either CLR or CTR (Table 1.10) (Hay, Poyner, & Sexton, 2006; Riveiro et al., 2021). RAMPs 

are essential for the trafficking of CLR to the cell surface and therefore crucial for ADM and CGRP 

receptor activity. 

Table 1.10 RAMP and CLR/CTR receptor complexes showing the rank of ligand potencies 

Receptor Ligand Ligand potency 

RAMP-1 + CLR (CGRP) CGRP CGRP > IMD > ADM > AMY 

RAMP-2 + CLR  (AM1r) ADM ADM > IMD > CGRP> AMY 

RAMP-3 + CLR (AM2r) ADM ADM > IMD > CGRP > AMY 

RAMP-1 + CTR (AMY1) AMY AMY ≥ CGRP > IMD > CT > 
ADM 

RAMP-2 +CTR (AMY2) AMY AMY  

RAMP-3 + CTR (AMY3) AMY AMY > CGRP > AM 
 

CGRP: calcitonin gene-related peptide; ADM: adrenomedullin; AMY: amylin; CLR: calcitonin receptor-like 
receptor; CTR: calcitonin receptor; CT: calcitonin; IMD: intermedin; RAMP: receptor activity modifying protein 

Table adapted with permissions from Vázquez, Riveiro, Berenguer-Daizé, O’Kane, Gormley, Touzelet, Rezai, 
Bekradda and Ouafik Copyright © 2021  

 

1.2.3 Signalling pathways  

ADM mediates its actions through three main signalling pathways which include cAMP, Akt and 

mitogen activate protein kinase (MAPK). Binding of the ADM ligand to AM1 receptor or AM2 receptor 

causes a conformational change that activates the intracellular C terminus. One pathway activated is 

the cAMP pathway which initiates either Gαs, Gαi or Gαq signalling. The Gαs pathway is an activating 

pathway, binding of ADM to the RAMP/CLR receptor induces the dissociation of the α-unit from the 

αβγ-complex on the N terminal. The α-subunit will bind to adenylyl cyclase  which generates cAMP. 



27 
 

cAMP converts inactive protein kinase A (PKA) to active PKA and induces a downstream signal (Blom 

et al., 2012; Sassone-Corsi, 2012) 

The cAMP pathway associated with ADM is important in regulating vascular and muscle cells. In many 

cell types, ADM and CGRP receptors are coupled with Gs proteins which activates adenylate cyclase 

and therefore intracellular levels of cAMP. In bovine aortic endothelial cells and vascular smooth 

muscle cells (VSMCs), accumulation of cAMP causes an increase in calcium efflux leading to relaxation 

of vascular cells (Shimekake et al., 1995). In prostate cancer, cAMP has been shown to increase cancer 

cell proliferation and invasion (Berenguer-Daize et al., 2013) (Figure 1.6). 

The PI3K/Akt pathway is also regulated by ADM and is often activated in vascular endothelial cells. It 

has been shown to have roles in regulating vasodilation, apoptosis proliferation and migration 

(Nishimatsu et al., 2001; Okumura et al., 2004). In hepatocellular carcinoma this pathway is induced 

following an increase in ADM expression in hypoxic conditions which promotes cancer cell 

proliferation (Park et al., 2008) (Figure 1.6).  

The activation of the MAPK/ERK pathway has roles in regulating cell death, increasing proliferation 

and invasion of cancer cells and inducing angiogenesis in cancer. ADM also induces this pathway to 

protect malignant cells from hypoxia induced cell death by the upregulation of Bcl-2 (Wu et al, 2015). 

In prostate and lung cancer, ADM has been shown to induce the MAPK pathway to increase 

proliferation and invasion of these cells (Berenguer-Daizé et al., 2013; Greillier & Tounsi, 2015). The 

diversity of this pathway expands to inducing angiogenesis, where Kim et al (2003) showed that ADM 

induces angiogenesis in endothelial cells through the AKT/ERK 1/2 focal adhesion pathway. 

Furthermore, Chen et al (2015) show that ADM induced VEGF expression in ovarian cells via the 

JNK/Activator protein 1 pathway (AP-1) (Figure 1.6).  



28 
 

 

Figure 1.6 Adrenomedullin pathways. ADM induces its effects through 3 main pathways which include; 

PI3K, MAPK and cAMP. (A) ADM mediates the PI3K pathway in hypoxic conditions and induces cancer 

cell proliferation. (B) ADM activates the MAPK pathway and increases the proliferation and invasion 

of cancer cells and protects malignant cells from hypoxia induced apoptosis by upregulating Bcl-2. 

Angiogenesis can also be induced by this pathway through the JNK/AP-1 pathway. (C) cAMP 

contributes to increased proliferation and invasion of cancer cells by activating PKA. 

ADM: adrenomedullin; PI3K: phosphoinositide 3 kinase; AP-1: activator protein 1, PKA; protein kinase A   

 

1.2.4 Physiological roles of ADM and its expression in different organs 

ADM RNA and protein is distributed in normal tissues, the highest level of ADM expression is found in 

the placenta and adipose tissue (Figure 1.7). At protein level there is similar distribution of ADM across 

many organs including the pancreas, female tissues, kidney, GI tract (specifically the stomach), bone 

marrow and immune organs. Figure 1.8 shows mRNA and protein expression of CLR and its 
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distribution. The highest RNA and protein levels is in the lungs. Protein expression is also high in the 

female tissue, skin, bone marrow and lymphoid tissues. RNA expression is relatively low in all the 

organs except the lungs. RAMP-1 RNA expression varies between organs as shown by Figure 1.9. 

RAMP-1 has the highest RNA expression female reproductive organs followed by smooth muscle and 

brain tissue according to analysis by the human protein atlas (HPA). RAMP-2 RNA is distributed 

amongst all organs with the highest RNA expression in the lungs, female reproductive organs, smooth 

muscle and adipose tissue respectively. Whilst RAMP-3 has the highest RNA expression in the lungs, 

thyroid and lymph nodes. These data obtained from HPA show the diversity in RNA and protein 

expression of ADM and its receptor components across many different organs. It shows the 

importance of ADM in regulating the functions of the human body and how alterations in ADM 

expression may impair the function of these organs and change ADM effects from physiological to 

pathological. Previous studies have shown that RAMP-2 is more abundantly expressed and has an 

important physiological role however, in pathological conditions where ADM levels elevate in plasma 

for example, in pregnancy, sepsis or heart failure, RAMP-3 expression becomes more prominent 

(Sonia Martínez-Herrero & Martínez, 2013).  

The first discovered physiological role of ADM was in vasodilation leading to reduced peripheral 

resistance and therefore hypotension. Blood pressure is regulated by ADM in the kidneys, brain and 

vessels  (Kitamura et al., 1993). In the cardiovascular system, ADM lowers blood pressure by 

decreasing peripheral vascular resistance. Other physiological systems regulated by ADM include the 

gastrointestinal, reproductive and immune system. ADM also has pathological roles, it has been shown 

to induce multiple cancer-promoting effects. These include stimulating tumour growth via 

proliferation of cells, promoting angiogenesis, inducing metastasis and evading the immune system 

(Section 1.3). Recently more attention has been drawn to the interactions with ADM and the 

pancreatic cancer stroma and the potential therapeutic implications. However, as ADM has an 

important role physiologically in the kidneys, heart and pancreas, it also means that dysregulation of 

this system can induce diseases including renal failure, hypertension and diabetes. 
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1.2.4.1 Physiological role of ADM in the pancreas 

In the pancreas, ADM is located in the endocrine portion of the organ. Immunocytochemistry, 

immunofluorescence and molecular studies have shown that ADM and its receptor components (CLR 

and RAMPs) are present in the β- islet cells of the pancreas. Therefore, it has been suggested that 

ADM has a role in regulation of insulin secretion and may explain why some patients develop new-

onset diabetes when they are diagnosed with PaCa (Martinez et al., 2000). It has been reported that 

ADM is secreted from pancreatic polypeptide cells into the bloodstream and is transported to β cells. 

ADM binding induces a cAMP signal which inhibits insulin secretion resulting in an increase in glucose 

(Zudaire, Martínez, & Cuttitta, 2001; Martinez et al., 2000). This is further supported by Martinez et al 

(1996) who added ADM dose dependently to rat islets and at a concentration of 1 µM, insulin secretion 

was inhibited by 78%.  Another potential role of ADM, is control the secretion of amylase as it has 

been proposed that ADM inhibits amylase secretion in rat pancreatic acini. Tsuchida et al (1999) 

identified a dose dependent inhibition of amylase secretion in rat acini suggesting that ADM may also 

have an exocrine role.  

1.2.4.2 Physiological role of ADM in the reproductive system 

Within the reproductive system, ADM has been shown to have an important role throughout 

pregnancy. ADM knockouts in mice resulted in embryo lethality (Dackor et al., 2007), suggesting that 

ADM is important in foetal development (Shindo et al., 2001). Suppression of ADM results in a 

shortage of placental vascularisation, malformation of the basement membrane in the aorta and 

cervical arteries, detachment of endothelial cells from the basement structure and oedema (Ichikawa-

Shindo et al., 2008; Li et al., 2006). Minegishi et al (1999) show a progressive increase in ADM plasma 

concentration from the non-pregnant follicular phase through to the third trimester, increasing from 

6.4 fmol/ml to 21.5 fmol/ml respectively. They also showed that ADM is expressed at mRNA level in 

the placenta and may have a role in trophoblast development, providing nutrients to the embryo.  
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RAMP-2 knockouts result in embryo lethality midgestation (Ichikawa-Shindo et al., 2008) however, 

RAMP-3 knockout mice have been shown to survive until old age (Dackor et al., 2007).  

1.2.4.3 Physiological role of ADM in the kidneys  

In the kidneys, immunostaining has shown expression of ADM in the collecting ducts, distal convoluted 

tubes, vessels, glomerular mesangial cells, endothelial cells and podocytes. Furthermore, ADM mRNA 

expression has been shown in the glomerulus, distal tubules, medullary collecting duct cells (Asada et 

al., 1999; Hino et al., 2005; Jougasaki et al., 1995; Nishikimi, 2007). CLR, RAMP-2 and RAMP-3 were 

also shown to be expressed in rat renal cortex and medulla (Yoshihara et al., 2001). These data suggest 

that ADM and its receptors play a role in regulation of renal haemodynamics, glomerular filtration and 

sodium homeostasis (Cockcroft et al., 1997; Ishiyama et al., 1993; Kitamura et al., 1993; Passaglia et 

al., 2014).  

1.2.4.4 Physiological role of ADM in the GI tract 

Within the GI tract, positive ADM staining has been shown to be located in enterochromaffin-like chief 

cells of the gastric fundus, glandular epithelia and gastrin containing cells of the pyloric mucosa and in 

neuroendocrine cells. ADM was identified as being localised near blood vessels in the neuroendocrine 

cells. ADM mRNA has been detected in non-endocrine cells of the basal half of the mucosa (Fukuda et 

al., 1999; Kitani et al., 1999; Sakata et al., 1998; Tajima et al., 1999). Rossowski, Jiang, & Coy (1997) 

have shown that the role of ADM within the GI tract may be in the regulation of gastric acid secretion. 

They showed that ADM is a potent inhibitor of gastric acid secretion (Hirsch et al., 2003; Rossowski et 

al., 1997).  As previously discussed, ADM has a major role in regulating vasculature including 

angiogenesis and the regulation of blood pressure, Salomone et al (2003) have shown that ADM is 

also found in the mucosal layer of the stomach and regulates blood supply to the gastrointestinal 

region to prevent gastric ulcers forming. There has also been a suggested link between the regulation 

of gastric emptying by ADM produced in the brain  (S. Martínez-Herrero & Martínez, 2016).  
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These data combined show the extent of ADMs impact under normal physiological conditions. This 

would be an important consideration if therapies were developed against ADM for PaCa treatment, 

as it would be important to ensure the described physiological effects of ADM would not be effected 

by treatment. 

 

 

 

Figure 1.7 mRNA and protein expression of ADM in different tissues and blood. (A) ADM RNA 

expression shown as mean protein transcript per million (pTPM), which corresponds to the mean 

values of individual samples for each tissue. Data obtained from HPA RNA-seq analysis which is used 

to estimate the transcript abundance in different cells, tissues and blood samples. (B) ADM protein 

expression in different tissues is scored as not detected, low, medium or high expression. 

https://v18.proteinatlas.org/ENSG00000148926-ADM/tissue 

 

https://v18.proteinatlas.org/ENSG00000148926-ADM/tissue
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Figure 1.8 mRNA and protein expression of CLR in different tissues and blood. (A) CLR RNA expression, 

shown as mean protein transcript per million (pTPM), which correspond to mean values of individual 

samples for each tissue. Data obtained from HPA RNA-seq analysis which is used to estimate the 

transcript abundance in different cells, tissues and blood samples. (B) CLR protein expression of 

different tissues is scored as not detected, low, medium or high expression 

https://www.proteinatlas.org/ENSG00000064989-CALCRL/tissue 
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Figure 1.9 mRNA expression of RAMP-1 (A), RAMP-2 (B) and RAMP-3 (C) in different tissues and blood. 

RAMP RNA expression is shown as mean protein transcript per million (pTPM), which corresponds to 

mean values of individual samples for each tissue. Data obtained from HPA RNA-seq analysis which is 

used to estimate the transcript abundance in different cells, tissues and blood samples 

https://v18.proteinatlas.org/ENSG00000132329-RAMP1/tissue 

https://www.proteinatlas.org/ENSG00000131477-

RAMP2/tissuehttps://www.proteinatlas.org/ENSG00000122679-RAMP3/tissue 

https://v18.proteinatlas.org/ENSG00000132329-RAMP1/tissue
https://www.proteinatlas.org/ENSG00000131477-RAMP2/tissuehttps:/www.proteinatlas.org/ENSG00000122679-RAMP3/tissue
https://www.proteinatlas.org/ENSG00000131477-RAMP2/tissuehttps:/www.proteinatlas.org/ENSG00000122679-RAMP3/tissue
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1.2.5 Role of Proadrenomedullin N-terminal peptide (PAMP) 

PAMP is a biologically active molecule produced as a result of proteolytic cleavage of pro-ADM as 

shown in Figure 1.4. It has been identified in plasma, adrenal medulla, the right atrium, kidneys and 

brain. The receptor PAMP binds to has been suggested to be MrgX2, unlike ADM which has been 

shown to induce its effect through the AM1 and AM2 receptors (Meyrath et al., 2021). 

Physiologically, PAMP has been shown to exert hypotensive activity in rats and cats. In human 

disease, elevated plasma levels of PAMP has been associated with hypertension, renal failure and 

congestive heart failure (Mahata et al., 1998). More recently, PAMP has been shown to act as an 

antimicrobial peptide and as an endogenous ligand to chemokine receptor, ACKR3. ACKR3 has been 

shown to have roles in regulating embryogenesis, hematopoeisis, neuronal migration, angiogenesis 

and cardiac development (Ajish, Yang, Kumar, & Yub, 2020; Meyrath et al., 2021).   

1.3 Adrenomedullin and Cancer  

The tumour microenvironment is diverse and hosts multiple different cell types and conditions that 

promote cancer cell survival. ADM plays a vital role in the communication between these different cell 

types. It is secreted by both cancer cells and tumour stromal cells including macrophages, pericytes, 

fibroblasts and endothelial cells. This extensive network is connected by the expression and secretion 

of ADM in these different cell types. Therefore, ADM is associated with multiple hallmarks of cancer 

including inducing proliferation, inducing angiogenesis, evading apoptosis and immune evasion. 

In PaCa, the formation of dense fibrous scar tissue (desmoplasia) plays a key role in current therapies 

being largely unsuccessful due to the hypoxic hypovascular environment that develops. Therefore, 

understanding the role of ADM in the development of scar tissue and its interactions with different 

stromal tissue cells, could provide a novel therapeutic target. In this section, the role of ADM in 

promoting different pro-tumorigenic effects is discussed and provides understanding of why ADM may 

play a role in the development of PaCa. 
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 1.3.1 Proliferation 

In a normal tissue, proliferation of cells is tightly regulated by the production and release of growth 

promoting signals however, in cancer this often becomes dysregulated. Studies looking at the effects 

of ADM on proliferative behaviour of cancer cells have shown both stimulatory and inhibitory effects. 

In Capan-1, COLO-357 and Panc-1 PaCa cell lines, ADM was observed to have both stimulatory and 

inhibitory effects on proliferation. Addition of recombinant bioactive ADM to the cell lines at a 

concentration of 1 nM resulted in increased proliferation of the cancer cells (Keleg et al., 2007). 

Another study showed ADM blocked TGF-β growth inhibition and therefore promoted the 

proliferation of the cells (Kleeff & Korc, 1998). Whilst higher concentrations of the recombinant ADM 

(100-1000 nM) decreased the proliferation of the cells (Keleg et al., 2007). Kleeff & Korc (1998) 

observed that TGF-1β inhibited growth of COLO-357 cells in a dose and time dependent manner 

through the phosphorylation of Smad 2/3. These results suggest that ADM induces proliferation in 

Paca cells, potentially by inhibiting TGF-β. However, higher concentrations of recombinant ADM 

appeared to inhibit cell proliferation. 

In prostate cancer, Berenguer et al (2008) showed a significant increase in LNCaP prostate cancer (PCa) 

tumour growth when injected intra-peritoneally or intra-tumorally with ADM.  Berenguer-Daizé et al 

(2013) also showed that ADM has growth promoting effects in vitro by treating DU145 PCa cells with 

different doses of ADM and showed a dose dependent increase in proliferation using MTT assays. 

Furthermore, Berenguer-Daizé et al (2013) showed that PC-3 and DU145 PCa cells treated with an 

anti-ADM antibody (αAM), showed a dose dependent decrease in cell proliferation. This suggests that 

ADM plays a role in the proliferation of cancer cell growth. Treatment of DU145 xenografts in vivo 

with αAM also resulted in decreased tumour growth. It was suggested that ADM mediated cell 

proliferation is through the cAMP/CRAF/MEK/ERK pathways. 

However, Abasolo et al (2004) showed contrasting results, suggesting ADM has inhibitory effects on 

cancer cell proliferation. Proliferation assays demonstrated that ADM overexpression resulted in 
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inhibition of cell proliferation in PC-3 and LNCaP cells however, not in DU145 cells. Furthermore, in 

vivo, PC-3 tumours overexpressing ADM showed decreased tumour volume. An important 

consideration in the in vivo study may be that the cells were injected subcutaneously. An orthotopic 

experiment may have been a better alternative as the cells would have been in a more representative 

tumour microenvironment. In conclusion, these results show contrasting results however, both 

studies carried out different methods of determining ADM effect on proliferation.  

Abasolo et al (2004) also looked at ADM receptor expression in prostate cancer, showing mRNA  

expression of the RAMP-2/CRLR receptor using endpoint PCR and northern blot analysis. Berenguer-

Daizé et al (2013) also analysed RAMP-3 expression and showed the expression of ADM, CLR, RAMP-

2 and RAMP-3 in prostate cancer sections, tumour xenografts and at mRNA level. These results may 

explain why Abasolo et al (2004) saw a decrease in cell proliferation whereas Berenguer-Daizé et al 

(2013) saw an increase in cell proliferation. These data may indicate that the proliferative effects of 

ADM are specifically induced by the RAMP-3/CLR complex. 

In breast cancer cell lines, T47D and MCF7, overexpression of ADM under stressful conditions including 

serum deprivation or exposure to TNF-α resulted in a survival advantage for the cells. Ras, Raf, PKC, 

MAPKp49 expression increased together with cell proliferation when ADM was overexpressed in these 

cell lines. These data suggest that ADM promotes oncogenic signal transduction (Martínez et al., 

2002).  

Ouafik et al (2002) demonstrated that ADM has growth promoting effects in U87 glioblastoma cells. 

In vitro blockage of ADM using αAM resulted in decreased growth of cells. In vivo, U87 cells injected 

subcutaneously were treated with αAM and showed a 70% decrease in tumour growth. The 

mechanism by which ADM induces proliferation in these cells was suggested by Ouafik, Berenguer-

Daizé, & Berthois (2009) to be JNK/c-Jun/AP-1 pathway which increases cyclin D1 levels. This pathway 

was also described by Zhang et al (2009) in an ovarian cancer cell line, CAOV3. They proposed that 
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AP1 binds to the ADM promoter and on induction of ADM through the basic fibroblast growth factor 

(bFGF), the JNK-AP-1 pathway is induced which promotes proliferation.  

Nouguerède et al (2013) treated HT-29 colorectal cancer cells with synthetic ADM and showed an 

increase in proliferation of cancer cells. In vivo treatment of HT-29 tumour xenografts with αAM 

resulted in supressed tumour growth. Deville et al (2009) also showed ADM to induce proliferation in 

clear cell renal carcinoma cells, BIZ and 786-0. Both these studies treated cells with anti-CLR, anti-

RAMP-2 and anti-RAMP-3 antibodies which all showed a decrease in basal proliferation suggesting 

that ADM induces its proliferative effects through these receptors.  

Overall, the collective data show that ADM has a direct role in inducing proliferation of cancer cells, 

including in PaCa. ADM induces these effects through the MAPK pathways; ERK and JNK-AP-1 (Figure 

1.6). These data provide the first evidence that ADM plays an important role in pro-tumorigenic effects 

through the RAMP-2/-3 and CLR receptors.  

1.3.2 Apoptosis 

Resisting cell death is another hallmark of cancer that promotes cancer cell survival. This mechanism 

regulates the cell life cycle and ADM has a role in regulating the transcription factors that are 

important for this process. BxPC-3, Panc-1 and MPanc-96 PaCa cells treated with ADM antagonist 

(ADM22-52) showed reduced basal NFκB activity compared to untreated cells expressing ADM. NFκB 

function is to inhibit apoptosis (Figure 1.10) therefore, the ADM22-52 inhibiting its activity suggests ADM 

has a direct role in controlling the transcription of this molecule and therefore apoptosis in PaCa 

(Ramachandran et al., 2007). 

Martinez et al (2002) overexpressed ADM in T47D and MCF7 breast cancer cells under serum starved 

conditions showing a reduction in apoptosis and a decrease in caspase-8, Bax and Bid proteins (Figure 

1.10). This result was mimicked by Abasolo, Montuenga, & Calvo (2006) with serum starved ADM 

overexpressing PC-3 cells. Treating the overexpressing PC-3 cells with etoposide (chemotherapy) 

prevented the usual pro-apoptotic action and increased the Bcl-2/Bax ratio. The role of Bcl-2 is to 
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prevent apoptosis by binding to Bax which is a pro-apoptotic molecule. Ishikawa endometrial cancer 

cells overexpressing ADM under hypoxic conditions also showed increased resistance to apoptosis and 

an increase in Bcl-2 (Oehler et al. 2001) (Figure 1.10). In contrast, Oehler et al (2001) silenced the 

expression of ADM using shRNA in ovarian cells, HO8910. This resulted in decreased expression of Bcl-

2 and therefore increased apoptosis. The interaction between ADM and Bcl-2 has been demonstrated 

by Li et al (2003) revealing ADM and Bcl-2 are immunolocalised in the cytoplasm of invasive cervical 

squamous carcinoma. However, ADM and Bcl-2 were not immunolocalised in the cytoplasm of normal 

cervical epithelium and carcinoma intraepithelial neoplasias (Li et al, 2003). These results suggest a 

relationship between ADM, Bcl-2 and inhibition of apoptosis in cancer cells specifically and normal 

tissue.  

ADM knockdown (ADM KD) studies in bladder and colon cancer correlated with an increase in 

apoptosis with reduced levels of ADM. Liu et al (2013) developed ADM KD T24 urothelial cells and 

showed increased apoptosis in the KD cells, compared to non-transfected cells when stained for 

annexin-V. In ADM KD colon tumour xenografts, Wang et al (2014) showed increased caspase-3 

staining of tissues and a reduction in tumour size. Furthermore, Deville et al (2009) showed a clear 

relationship between ADM and caspase-3 in clear cell renal carcinoma epithelial cells, showing higher 

ADM expression levels correlated with decreased caspase-3 activity (Figure 1.10). These results 

demonstrate that decreasing ADM expression increases apoptosis and caspase-3 activity. 

In colorectal HT-29 mouse xenografts treated with αAM, there was an increase in apoptosis. The 

apoptotic index (% of apoptotic cells/bodies per all tumour cells) was measured using MAb F7-26 

antibody and showed a 2-3 fold higher number of apoptotic cells in αAM treated cells than controls 

(Nouguerède et al., 2013). In conclusion, ADM plays a role in the regulation of apoptosis by interacting 

with molecules from the apoptotic pathway including NFκb, Bcl-2, caspase-8 and caspase-3 (Figure 

1.10). The results demonstrate the role of ADM in promoting cancer cell survival. 
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Figure 1.10 ADM role in the extrinsic apoptosis pathway. ADM downregulates of caspase-8 and 

caspase-3 which decreases Bid/Bax/Bak expression and inhibits apoptosis. ADM upregulates Bcl-2 and 

NFκB which also inhibits apoptosis. Figure adapted with copyright permission from Macmillan 

Publisher Ltd ©2011, Olsson & Zhivotovsky (2011) 

1.3.3 Angiogenesis 

Angiogenesis is a key component of a tumour microenvironment as it provides a source of oxygen and 

nutrients for tumours grow. In a study by Ishikawa et al (2003), treatment of PaCa cells with ADM22-52 

antagonist decreased growth of tumours in vivo. Immunohistochemistry analysis of these tumours 

showed significantly smaller blood vessels in tumours treated with the antagonist.  

Iimuro et al (2004) looked at the effects ADM had on inducing angiogenesis comparing heterozygous 

sarcoma 180 ADM knockout mice to wild-type (WT) mice. Both groups were injected with either ADM 

or ADM22-52 (competitive antagonist). WT mice treated with ADM showed an increase in tumour 

weight and capillary density within and around the tumour. Whilst mice treated with the antagonist 

showed reduced tumour growth and capillary density similar to the ADM knockouts. Glioblastoma 
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tumours injected subcutaneously in vivo by Ouafik et al (2002) also showed less vascularisation in 

tumours treated with αAM antibody compared to controls. Whilst, Oehler et al (2002) showed 

significantly increased vascular density in endometrial tumours overexpressing ADM. These results 

were also shown in other studies by Tsuchiya et al (2010), Berenguer-Daizé et al  (2013) and Berenguer 

et al (2008) in DU145 and LNCaP prostate cancer cells and renal cell carcinoma (RCC) respectively. 

They treated tumour xenografts with either ADM or ADM22-52. Interestingly, Tsuchiya et al (2010) 

showed that treating normal endothelial cells with ADM or the antagonist had no effect on 

angiogenesis. These results suggest that ADM has a role in directly altering vascular density in cancer 

specifically and therefore it promotes tumour growth. 

The study by Iimuro et al (2004) also investigated angiogenesis and its pathways using co-culturing 

experiments. Endothelial cells co-cultured with fibroblasts showed an increase in capillary formation 

when treated with ADM and VEGF combined. ADM alone did not increase capillary formation, whilst 

VEGF alone did which suggests ADM enhances the effects of VEGF. Proliferation of HUVECs was also 

greater with a combination of ADM and VEGF. Furthermore, culturing endothelial cells with ADM 

showed a time and dose dependent increase in VEGF. Similarly, ADM minimally activated the Akt 

pathway alone however, ADM in combination with VEGF showed a time and dose dependent increase 

in Akt activation. This suggests that ADM induces angiogenesis by increasing VEGF-induced Akt 

activation (Figure 1.11).  

Chen et al (2015) also looked at the association between ADM and VEGF in HO-8910 epithelial ovarian 

cancer cells. They also found that ADM enhanced VEGF expression in a dose and time dependent 

manner. Furthermore, JNK expression was also increased when ADM was added to the cancer cells. 

Adding a JNK inhibitor to the cells stopped ADM induced VEGF expression suggesting that the JNK/AP-

1 pathway is activated by ADM and induces downstream angiogenesis (Figure 1.11). Treating co-

cultured endothelial cells with HO-8910 cells with ADM also increased endothelial cell tube formation 

through ADM induction of VEGF via the JNK/AP-1 pathway. 
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Fernandez-Sauze et al (2004) also investigated the role of ADM in inducing angiogenesis and whether 

ADM and VEGF work synergistically to induce this process. In vitro they showed that synthetic ADM 

peptide induced HUVEC differentiation in matrigel similar to Kaafarani et al (2009) who showed this 

in vivo. The study showed HUVEC media treated with ADM over a period of 3 hours did not show an 

increase in VEGF secretion. They also investigated whether ADM-induced capillary tube formation is 

effected when VEGF neutralising antibody is added, finding that it does not reduce ADM induced 

capillary like tube formation but does eliminate VEGF-induced morphologic differentiation. These 

results were based on HUVEC cells alone, co-cultures with cancer cells may suggest a more synergistic 

relationship between ADM and VEGF as cancer cells form a network between these molecules and 

can trigger multiple pathways shown by studies completed by Keleg et al (2007) and Chen et al (2015). 

Kaafarani et al (2009) injected matrigel plugs into mice either alone, with VEGF and bFGF or with ADM 

peptide. The results showed an increase in cellularity in both the VEGF/bFGF and ADM peptide 

matrigel plugs. The most significant increase in cellularity was in the ADM peptide treated plugs. A 

further experiment treating ADM matrigel plugs with different doses of anti-ADM receptor antibodies 

(αAMr) showed a dose dependent decrease in cellularity of the plugs. This study illustrates that ADM 

activates angiogenesis via the RAMP/CLR receptors.  

Fernandez-Sauze et al (2004) showed that ADM induces HUVEC invasion and migration in a dose 

dependent manner. Migration increased by 97% when ADM was used as a chemoattractant. They also 

wanted to determine the receptors through which ADM mediates angiogenesis therefore, anti-

CLR/anti-RAMP-2/anti-RAMP-3 antibodies were added to HUVEC cells. HUVEC cells were seeded in 

the upper compartment of a Boyden chamber and ADM, ADM/bFGF or bFGF alone were used as 

chemo-attractants. The most significant results showed that HUVEC cells treated with the αAMr 

antibodies showed the biggest reduction in HUVEC cell migration. Anti-RAMP-3 showed the largest 

reduction in migration. These data suggest that ADM induced both endothelial cell migration and that 

the chemotactic signalling is mediated via the CRLR/RAMP-2 and CRLR-RAMP-3 receptors.  
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Kocemba et al (2013) showed that ADM mediates its pro-angiogenic actions in non-solid tumours as 

well. They showed that in multiple myeloma cells (MM) ADM is highly expressed and secreted. They 

also demonstrated that the levels of ADM expression correlated with disease progression and 

molecular subtype. MM cells overexpressing ADM enhanced proliferation and angiogenesis of HUVEC 

cells. To show these effects were induced by ADM, HUVEC cells with treated with small molecule ADM 

antagonists which showed complete inhibition of proliferation and angiogenesis of HUVEC cells. To 

determine whether endogenous ADM induces these same effects, conditioned media from L363 MM 

cells that produced high levels of ADM under normoxic conditions was added to HUVECs. This 

promoted both angiogenic activity and induced proliferation of HUVEC cells. Adding the antagonists 

reduced endothelial mesh formation. These data also show that overexpression of ADM plays a role 

in angiogenesis. 

Chen et al (2011) looked at the interaction between tumour associated macrophage (TAMs) ADM 

secretion and induction of angiogenesis. Immunofluorescent analysis showed that TAMs expressed 

ADM in human melanoma. Furthermore, co-culturing the cells resulted in increased ADM expression 

compared to TAMs and melanoma cells cultured alone. Secretion of ADM from TAMs treated with 

tumour cell conditioned media was much higher than tumour cells treated with TAM conditioned 

media. This suggests that TAMs increase ADM secretion. The role of ADM secretion and TAMs in 

inducing angiogenesis was examined by co-culturing TAM conditioned media with endothelial cells. 

This resulted in enhanced endothelial cells migration and tubule formation. Addition of a neutralising 

ADM antibody or ADM22-52 attenuated the effects of TAM induced angiogenesis in vitro. These results 

demonstrate how ADM is largely involved in the crosstalk between cells within the tumour 

microenvironment. These data specifically demonstrate the crosstalk between TAMs, ADM secretion 

and the induction of angiogenesis.  

ADM has also been shown to interact with cancer associated fibroblasts (CAFs) and induce 

angiogenesis. CAFs play a large role in stromal development in PaCa and have been suggested to 
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contribute to the formation of desmoplasia and induction of angiogenesis. Benyahia et al (2017) 

looked at the role of CAFs in MCF-7 invasive breast carcinoma cells showing CAFs expression of ADM, 

AM1 receptor and AM2 receptor by immunostaining. In vivo, mice were injected with matrigel plugs 

containing CAFs independent of tumour cells which revealed in a significant increase in 

neovascularisation compared to normal human dermal fibroblast cells or without fibroblasts. 

Treatment of mice with αAMr resulted in a clear decrease in angiogenesis compared with control IgG 

treatment. Furthermore, histological examination revealed disruption to the tumour vasculature with 

depletion of vascular endothelial cells. Again, these results highlight they key role of ADM in the 

crosstalk between different cells that make up the tumour environment and induce pro-tumorigenic 

pathways including angiogenesis. 

 

Figure 1.11 ADM role in angiogenesis. ADM increases VEGF levels through the JNK/AP-1 pathway 

which can directly induce angiogenesis or activate the PI3K/Akt pathway. PI3K activates AKT which 

induction migration and maturation of vessels resulting in angiogenesis 
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Another common feature of the tumour microenvironment is hypoxia, ADM is upregulated in hypoxic 

conditions which induces angiogenesis. Hypoxia is a state that occurs when cell growth exceeds 

oxygen supply to the capillary bed. Regions of hypoxia are detected by a transcription factor, hypoxia 

inducible factor 1 (HIF-1). HIF-1 is a heterodimer composed of HIF-1α and HIF-1β, the HIF-1α molecule 

has an oxygen degradation domain that is cleaved under normoxic conditions (Garayoa et al. 2000). 

Keleg et al (2007) suggest that ADM may mediate its actions through VEGF in hypoxic conditions. PaCa 

cell line supernatant was treated with recombinant ADM (rADM) and secreted VEGF was measured. 3 

out of 5 cells lines showed that ADM was strongly induced by hypoxia which increased invasiveness of 

the PaCa cell lines. Addition of recombinant ADM to the cell lines showed an increase in VEGF 

secretion of 65.2%, 43.4% and 14.3% in 3 out of 5 cell lines. These data suggest that ADM is 

upregulated under hypoxic conditions and induces VEGF expression therefore may have a role in 

inducing angiogenesis. However, 2 out of 5 cell lines did not show the same response, indicating that 

in some cell lines the effects of ADM may be direct, whilst in the unresponsive cancer cell lines the 

effects of ADM may be indirect. 

 Kocemba et al (2013) investigated the relationship between hypoxia and ADM expression. In two MM 

cell lines, there was an increase in ADM expression of both mRNA and protein (1.6-fold and 3.6-fold 

increase) expression when the cell lines were exposed to hypoxia. Additionally, the increased ADM 

secretion induced by hypoxia resulted in a 2-fold increase in HUVEC cell proliferation which was 

inhibited by normoxic conditions. These data demonstrate that ADM expression is clearly increased 

under hypoxic conditions and plays a role in inducing angiogenesis.   

Fujita et al (2002) also showed an increase in ADM mRNA expression in 3 RCC cell lines in a time 

dependent manner when exposed to hypoxic conditions. They also showed an increase in VEGF 

expression in a time dependent manner but to a lesser degree. However, there were no changes in 

HIF-1 expression. They did show that there was a positive correlation between ADM mRNA expression 
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and microvessel count. The study concluded that ADM plays a crucial role in tumorigenesis by 

promoting angiogenesis through tumour generated VEGF in hypoxic conditions.  

Uemura et al (2011) suggested ADM may be a good marker to determine the prognosis of colorectal 

cancer patients. They showed that patients with liver metastasis expressed high levels of ADM. 

Furthermore, the probability of disease-free survival was higher in patients expressing lower levels of 

ADM compared to higher levels from microarray analysis. They also investigated the relationship 

between ADM, HIF and VEGF expression showing a positive correlation between HIF-1 and ADM 

expression and VEGF and ADM expression. These data combined suggest that ADM expression could 

be a useful marker for patients with a higher risk of metastases and relapse in patients with colorectal 

cancer who have undergone curative resection. The higher risk associated with high ADM expression 

can be correlated with the increase expression of HIF-1 and VEGF, suggesting that ADM may promote 

angiogenesis. This study states that ADM and VEGF work synergistically and that ADM is a hypoxia 

induced gene.  

A positive correlation between ADM expression and VEGF expression under hypoxic conditions was 

also show by Yao et al (2019) in osteosarcoma cells. The amount of ADM and VEGF expression in the 

cells increased in a time dependent manner, showing the highest mRNA and protein expression levels 

after 24 hours of hypoxia. To demonstrate ADM and VEGF have a direct relationship, MG-63 ADM KD 

cells were injected into nude mice showing that decreased ADM levels were associated with 

decreased tumour volumes and CD31 marker (vascular endothelial marker) compared to scrambled 

controls and PBS controls. Analysis of total protein from tumour tissue showed a significant reduction 

in VEGF expression in ADM KD mice, compared to control groups. These results show a direct 

relationship between ADM expression and VEGF and suggest that they work synergistically to induce 

angiogenesis and aid in tumour growth.  

Zhang et al (2017) showed that ADM upregulated HIF-1α and VEGF in CAOV3 epithelial ovarian cancer 

cells overexpressing ADM, compared to ADM knockout cells that inhibited their expression. ADM also 
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promoted HUVEC proliferation, migration and tube formation. The study concluded that ADM is an 

upstream molecule of of HIF-1α/VEGF in this CAOV3 and promotes angiogenesis through HIF-1α and 

VEGF. 

Overall, these results show the vast amount of data associating ADM with angiogenesis. The results 

highlight the diversity of ADM in communicating with multiple cell types (endothelial cells, TAMs and 

CAFs) molecules (HIF-1 and VEGF) and pathways (Akt-activation and JNK/AP-1) that all interact to 

induce angiogenesis and promote tumour survival. It has been shown that these pathways and 

molecules are induced through the CRLR/RAMP-2 and CRLR-RAMP-3 receptors, suggesting that these 

could be important in tumorigenesis and targets for future therapy targets in PaCa and other cancers.  

1.3.4 Invasion/Migration 

Invasion and migration are common hallmarks of cancer that lead to metastasis. Metastasis occurs 

when neoplastic tumour cells migrate into the lymphatic and blood vessels and invade distant organs. 

PaCa is often diagnosed once the tumour has metastasised, Dai et al (2020) investigated the receptors 

and molecules associated with this metastasis in PaCa. They found that activation of the ADM/RAMP-

2 system by recombinant ADM and inhibition of the ADM/RAMP-3 system in PAN02 cells in vivo 

resulted in decreased metastasis. This suggests that the ADM/RAMP-3 system could be one of the 

main drivers of tumour metastasis in PaCa and could be used as a potential therapeutic target.  

The above described in vivo model was developed after investigating the effects of tamoxifen induced 

RAMP-2 vascular endothelial cell specific knockouts and RAMP-3 knockouts in PAN02 cells. They found 

that PAN02 RAMP-2 endothelial knockouts injected into the spleen supressed tumour growth at site 

of injection and in metastatic liver however, there was increased liver metastasis compared to control. 

Masson trichrome staining showed an increase in fibrosis in RAMP-2 endothelial knockouts and 

increased expression of α-SMA and podoplanin (PDPN), which are both used as markers for CAFs and 

associated with increasing metastatic potential of tumours. However, in RAMP-3 knockouts there was 

decreased incidence of liver metastasis which was verified by decreased fibrosis and α-SMA/PDPN 
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expression in the tumour periphery. These results support that RAMP-3 plays a larger role in 

metastasis however, a limitation to this study is that the RAMP-2 knockouts were endothelial cell 

specific due to embryo lethality following full knockout. This means the conditions compared were 

not exactly the same as RAMP-3 knockouts were not endothelial cell specific. It also highlights that 

RAMP-3/CLR would be a more suitable therapeutic target.  

The study described also showed that RAMP-3 knockouts decreased α-SMA/PDPN expression, which 

means the number of CAFs within the tumour site were lower in knockouts. CAFs play an important 

role in the development of tumour metastasis as they interact with many cells that make up the 

tumour microenvironment. They regulate growth, survival and invasiveness of cancer cells, as well as 

angiogenesis by the secretion of growth factors. Therefore, Dai et al (2020) compared RAMP-3 

knockout CAF/PAN02 to RAMP-3 expressing CAF/PAN02 in both a subcutaneous model and orthotopic 

spleen model. The subcutaneous model showed that tumour weight, α-SMA, PDPN and Ki67 

expression decreased in RAMP-3 knockout CAF/PAN02 mice compared to the overexpressing model. 

The orthotopic model showed lower incidence of metastasis in the RAMP-3 knockout CAF/PAN02 mice 

compared to RAMP-3 expressing CAF/PAN02 and PAN02 cells alone.  

The potential for RAMP-3 as a metastatic driver was further supported by in vitro co-cultures showing 

less vimentin expression in PAN02 cells treated with conditioned media from RAMP-3 knockout CAFs 

compared to PAN02 treated with RAMP-3 expressing CAF conditioned media which showed very high 

vimentin expression. Vimentin is a mesenchymal marker and this data suggests that ADM may induce 

the epithelial-mesenchymal transition via the CRLR/RAMP-3 receptor to help promote metastases. 

Zhou et al (2015) transduced ADM into HuCCT1 and showed a downregulation of E-cadherin and ZO-

1 and upregulation of N-cadherin, vimentin and mesenchymal transcription factors (ZEB 1 AND ZEB2). 

Whilst ADM KD resulted in the reversal of EMT. The study showed that ADM induces EMT specifically 

through ZEB1 which is a transcription factor associated with the regulation of EMT in epithelial cells. 

In conclusion, these data suggest that depletion of RAMP-3 in CAFS supresses tumour metastases and 
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growth and therefore, RAMP-3 plays a key role in tumorigenesis. Furthermore, ADM plays a key role 

in EMT potentially through the CRLR/RAMP-3 receptor. 

Nouguerède et al (2013) also tried to correlate ADM receptor expression and lymph node and distant 

metastasis. They showed a correlation between increased ADM, RAMP-2, RAMP-3 and CLR expression 

and increased lymph node and distant metastasis in colorectal cancer tissues. Whilst, Siclari et al 

(2014) showed that overexpression of ADM in MDA-MB-231 breast cancer cells in vivo caused  

increased bone metastasis. This lead to poorer survival in overexpressing mice as the onset of 

metastasis was faster. These results support evidence that ADM plays a key role in driving metastasis 

in cancer. 

Many studies have investigated the role of ADM in increasing invasiveness of cancer cells. Nouguerède 

et al (2013) showed a dose dependent increase in colorectal HT-29 cell invasion in response to 

increasing ADM concentration compared to controls. This has also been demonstrated in other 

cancers including liver, prostate, pancreatic, bladder, brain and colorectal cancers (Berenguer-Daizé 

et al., 2013; Deville et al., 2009; Keleg et al., 2007; Lim et al., 2014; Ramachandran et al., 2009; Wang 

et al., 2014; Zhou et al., 2015). These studies all used ADM as a chemoattractant and measured the 

amount of invasiveness compared to controls. Some of the studies treated cells with either αAM, ADM 

antagonists or ADM knockout cells which inhibited the invasiveness of the cells (Berenguer-Daizé et 

al., 2013; Chen et al., 2012; Keleg et al., 2007; Ramachandran et al., 2007). These results demonstrate 

that ADM has a direct effect on invasiveness in multiple cancers and could potentially be associated 

with increasing the invasiveness of PaCa. 

ADM has been shown to increase migration in renal, ovarian and brain cancers. Deville et al (2009) 

showed a dose dependent increase in migration in BIZ and 786-O renal cancer cells treated with ADM. 

Deng et al (2012) investigated the mechanism by which ADM increases migration in HO8910 ovarian 

cancer cells by measuring levels of integrin α5β1, induced phosphorylation of FAK (focal adhesion 

kinase) and paxillin. They treated ovarian cells with ADM for 12 hours and showed an increase in the 
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aforementioned molecules. These molecules are part of the pathway that promotes invasion and 

migration by activating scaffold proteins including paxillin. Inhibiting integrin α5β1 using an antibody 

effectively downregulated the effects of ADM on migration but also inhibited phosphorylation of FAK 

and paxillin. Oulidi et al (2013) also showed an increase ADM was associated with increased adhesion, 

migration and invasion through phosphorylation of FAK, integrin β1 and activation of TRPV2 

translocation to plasma membrane. Increased integrin levels resulted in binding and induction of 

fibronectin and increased invasion and metastasis in bladder cancer. Knocking out TRPV2 in prostate 

and bladder cancer cells, resulted in inhibition of ADM stimulatory effects on increasing fibronectin, 

migration and invasion. These data once again demonstrate the versatility of ADM in that it interacts 

with a number of molecules, all resulting in an increase in both invasion and migration. 

ADMs role in inducing migration was shown by Lim et al (2014) in astroglioma cells. They suggest that 

oncostatin-M (OSM), a cytokine part of the interleukin-6 family induces STAT-3 phosphorylation and 

nuclear translocation which increases DNA binding of STAT-3 to ADM promoter and increases ADM 

mRNA and secretion. The downstream effect of the ADM was increased migration of astrioglioma cell 

migration in a dose dependent manner.  
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Figure 1.12 ADM role in invasion and migration. (A) Increasing levels of ADM cause the translocation 

of TRPV2 which increases calcium levels causes a downstream increase of invasion and migration of 

cancer cells. (B) Oncostatin M (OM) phosphorylates STAT-3 which binds to the ADM promoter and 

induces invasion and migration in cancer cells. (C) Integrin α5β1 phosphorylates FAK/Paxillin which 

increases invasion and migration. 

In conclusion, ADM has a clear role in inducing invasion and migration of cancer cells which has been 

demonstrated extensively in PaCa (Figure 1.12). Moreover, this has been shown to be specific to the 

RAMP-3/CLR receptor. The diversity of ADM and its receptor in interacting with different molecules 

and cells has been evidenced again. The results show that ADM directly interacts with CAFs and that 

RAMP-3 knockouts in these cells results in decreased metastasis of PaCa. Furthermore, ADM has 

downstream effects on a number of pathways (integrin α5β1, FAK, paxillin, TRPV2, oncostatin-M and 

STAT-3) that induce invasion, migration and adhesion of cancer cells. These results could explain why 

PaCa is so difficult to treat as ADM interacts with a complex network of pathways which all contribute 

to a more aggressive cancer phenotype. 

1.3.5 Immune evasion 

Cancer cells have multiple mechanisms that aid in cancer survival and growth which includes evading 

the immune system. Xu et al (2016) have shown that infiltration of myelomonocytic cells (MMC) into 

the stroma is a hallmark of PDAC and associated with poor prognosis. MMC cells are multipotent cells 

that can differentiate into blood monocytes, macrophages or dendritic cells. Tumour infiltrating MMC 

cells mainly differentiate into macrophages or myeloid derived suppressor cells in the tumour 

microenvironment. In this study, high ADM expression in PaCa tumour tissues positively correlated 

with the density of CD11b+ (MMC cells). ADM and its receptor components (GPR182, CRLR, RAMP-2, 

RAMP-3) were also shown to be expressed on MMC cells. These data show that the ADM may induce 

MMC cells effects through the CRLR/RAMP-2/-3 receptors.  
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Xu et al (2016) showed ADM stimulates invasion and migration of MMC cells in a dose dependent 

manner. This effect was inhibited by adding either ADM22-52 or CLR antibody to the MMC cells. Matrigel 

plugs also displayed an increased recruitment of MMC cells following ADM treatment. To determine 

the mechanism by which migration and invasion of MMC cells is induced, inhibitors of MAPK, PI3K/Akt 

and eNOS were used. Treatment of MMC cells with these inhibitors reduced ADM induced invasion 

and migration suggesting that the aforementioned signalling pathways are downstream of ADM.   

More cell-cell adhesion, trans-endothelial migration and cell-ECM adhesion of MMC cells was 

determined with higher expression levels of ADM which correlated with increased expression of 

VCAM-1 and ICAM-1 (adhesion molecules). Additionally, MS1 (mouse pancreatic islet endothelial 

cells) treated with conditioned media from PANC-1 tumour cells showed increased expression of 

VCAM-1 and ICAM-1 and MMC cell adhesion to MS1 cells which was reversed with ADM22-52 treatment 

(Xu et al., 2016).  

ADM also induces myeloid cells (macrophages and tumour derived suppressor cells) to express pro-

tumour phenotypes. Bone marrow derived macrophages (BMDMs) treated with ADM showed a 2-fold 

increase in CD206+ (M2 marker) by flow cytometry. Flow cytometry showed treatment of BMDMs 

with PANC-1 conditioned media showed a significant increase in the % of CD206+ cells. Therefore, 

ADM secreted from PaCa tumour cells polarises macrophages into a pro-tumour phenotype.  

In vivo, overexpressing ADM in SW1990 cells (SW1190-ADM) resulted in increased CB11b+ MMC cell 

recruitment and angiogenesis compared to SW1990-vector control. The MMC cells were located close 

to blood vessels and attached to endothelial cells in the SW1990-ADM overexpressing cells. Treatment 

of SW1990-ADM cells with ADM antagonist resulted in decreased tumour growth, CD11b+ MMC cells 

and tumour angiogenesis.  To determine the cause of inhibited tumour growth and angiogenesis, 

clodronate liposomes, which deplete CD11b+ MMC cells, were administered to both SW1990-ADM 

and SW1990-vector. This showed a significant decrease in macrophages, tumour growth and 

angiogenesis in SW1990-ADM mice. Therefore, MMC cells within tumours and ADM work together to 
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promote a pro-tumour environment and as a consequence, result in poorer disease free survival in 

patients with higher ADM levels.  

 Pang et al (2013) found that tumour derived ADM from ovarian cancer cell line HO8910 caused 

polarisation of macrophages to M2 phenotype. Macrophage polarisation is used to describe the 

conversion of macrophages from the M1 phenotype (anti-tumorigenesis) to the M2 phenotype (pro-

tumorigenesis). This normally happens in response to changes in microenvironment signals.  It has 

been suggested that cancer cells drive macrophages to change from M1 to M2 phenotype. CD206 is a 

marker of the M2 phenotype and co-culturing H08910 with macrophages showed a significant 

increase in its expression. Whilst HO8910 ADM KDs or ADM22-52 treated cells co-cultured with 

macrophages showed a significant decrease in ADM expression. These data show that tumour derived 

ADM induces macrophage polarisation to produce a pro-tumour environment. This same pattern was 

reflected with Arg-1 expression, Arg-1 is a marker of M2 macrophages and co-culturing HO8910 cells 

with macrophages resulted in increased Arg-1 expression in macrophages.   

The study also shows that M2 polarised macrophages induce migration of HO8910 via RhoA. This was 

shown by inhibiting RhoA with C3 exoenzyme which not only resulted in decreased migration of cancer 

cells in co-culture with macrophages but also decreased stress fibre formation and cytoskeleton 

rearrangement of HO8910. Stress fibre formation and cytoskeleton rearrangement play a role in the 

migration of cancer cells, remodelling of the cytoskeleton provides a mechanical force for cell 

migration. Furthermore, ADM22-52 antagonist inhibited migratory effects of HO8910 in co-culture 

suggesting ADM signals through RhoA.  

Chen et al (2011) also showed a significant increase in CD206 and Arg-1 when B16/F10 melanoma cells 

or ADM were co-cultured with 264.7 macrophages. They suggested macrophage polarisation is driven 

by ADM as ADM is co-localised with CLR and its receptor components (RAMP-2/RAMP-3) in RAW 264.7 

macrophage cells. However, B16/F10 melanoma cells only express CLR therefore, they concluded that 

ADM works in an autocrine loop on TAMs. Furthermore, treatment of macrophages with B16/F10 
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conditioned media showed a significant increase in ADM secretion and expression of its receptor 

components in macrophages after 24 hours compared to B16/F10 cells treated with macrophage 

conditioned media. Therefore, this data shows that tumour cells enhance the autocrine effect on 

TAMS. In vivo, the effect of ADM receptor antagonists was assessed in B16/F10 and A375 melanoma 

tumour cells. ADM receptor antagonists significantly inhibited tumour growth and decreased 

expression of ADM in tumour tissue. Further analysis of tumour tissue showed a significant decrease 

the % of M2 phenotype macrophages. Together these results show an autocrine effect of ADM that 

drives macrophage polarisation and contributes to melanoma development.  

Kubo et al (1998) demonstrated ADM ability to supress secretion of TNF-α and IL-6 under LPS 

stimulation in RAW 264.7 and mouse peritoneal macrophages to enhance immune evasion in vitro. In 

Swiss 3T3 fibroblast cells, ADM was also shown to inhibit TNF-α and IL1β. The mechanism through 

which ADM inhibits TNF-α was suggested to be the cAMP protein kinase A pathway as inhibiting ADM 

and cAMP protein kinase A rapidly restored TNF levels (Isumi et al., 1999). These results demonstrate 

ADM ability to interact with different molecules to help evade the immune system and aid in cancer 

survival. 

Zudaire et al (2006) showed that in human lung and breast cancer tumours, confocal microscopy 

detected ADM producing mast cells within the tumour infiltrates. Mast cells are a type of granulocyte 

that form part of the immune system. Normally they respond to inflammation and allergic reactions 

but in cancer, it has been suggested that they can secrete pro-angiogenic factors, growth factors and 

pro- and anti- inflammatory mediators. MTT assays with co-cultures of A549 lung cancer cells treated 

with conditioned media from HMC-1 mast cells with either scrambled siRNA (HMC-Scr) or ADM siRNA 

(HMC-AM knockdown) showed faster proliferation of A549 cells in the presence of HMC-Scr 

conditioned media. These results suggest that ADM from mast cells is involved in the crosstalk with 

tumour cells to induce cancer cell proliferation. Furthermore, they showed that ADM induces pro-

angiogenic effects in mast cells by increasing mast cell mRNA expression of VEGF, monocyte 
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chemotactic protein-1 and bFGF. This was also shown in vivo where HMC-1 cells with or without ADM 

neutralising antibody were injected into mice using a directed in vivo angiogenesis assay. 

Neovascularisation was seen in mice without the neutralising antibody and angiogenesis was inhibited 

in the presence of the neutralising antibody. The results suggest that mast cell driven angiogenesis is 

modulated by mast cell released ADM. In conclusion, ADM, mast cells and tumour cells interact with 

each other to induce pro-tumorigenic conditions including increased proliferation of cancer cells and 

induction of angiogenesis.  

Lv et al (2018) showed that ADM induces mast cell degranulation and that is correlates with increased 

ADM expression in gastric tumours compared to normal tissue. Furthermore, they showed that ADM 

induces mast cell degranulation. When mast cells were co-cultured with tumour tissue culture 

supernatant (TTCS), addition of ADM22-52 inhibited mast cell degranulation. Akt phosphorylation was 

also inhibited as a consequence. These data show that tumour derived ADM plays a crucial role in 

mast cell degranulation by activating the PI3K-AKT pathway in gastric cancer.  The pathway through 

which this mast cell degranulation is induced was suggested by Lv et al (2018) showing that ADM 

induced degranulation through the PI3-Akt signalling pathway. This induced proliferation and 

inhibited apoptosis of gastric cancer cells. 

In conclusion, these data show that ADM interacts with molecules that make up the immune system 

to induce tumorigenic effects. High ADM expression correlated with high MMC levels which have been 

shown to differentiate into macrophages. ADM has been shown to drive macrophage polarisation 

resulting in the M2 phenotype and increased tumour growth. Furthermore, a relationship between 

ADM and mast cells has been found, ADM derived from mast cells has been shown to drive both 

cancer cell proliferation and invasion. These data not only show the interaction of ADM with different 

immune cells but show the crossover between ADM and different cancer hallmarks. It shows the 

complexity of cancer and the networks ADM forms.  
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1.3.6 Adrenomedullin and desmoplasia 

The tumour microenvironment is composed of a multitude of cells including endothelial cells, immune 

cells, neuronal cells and CAFs. In PaCa, the tumour microenvironment results in a dense stromal 

environment with intense scar tissue around the tumour, known as desmoplasia. It is suggested that 

desmoplasia is largely responsible for patients lack of response to current therapies as the dense 

fibrous scar tissue around the tumours, makes the tumour microenvironment hypoxic and avascular. 

CAFs have been shown to express ADM and its receptors in multiple cancers suggesting it has a key 

role in the development of the stromal microenvironment.  

Bhardwaj et al (2016) looked at the association between myb, a proto-oncogene, and ADM expression 

in the development of pancreatic desmoplasia. Examining pancreatic tumour xenografts inoculated 

with myb-overexpressing cells, there was an increase in desmoplasia compared to myb-silenced PaCa 

cells. There was increased staining of collagen I, fibronectin which are both important in extracellular 

proteins and an increase in α-SMA. Overexpressing myb resulted in increased proliferation of 

pancreatic stellate cells (precursor to CAFs) and silencing myb decreased proliferation of pancreatic 

stellate cells. When myb was overexpressed, ADM and SHH was shown to be upregulated. It was found 

that myb has binding sites on both SHH and the ADM promoters. SHH and ADM have an enhanced 

effect on tumour growth in combination, as opposed to alone. When pancreatic stellate cells were co-

cultured with overexpressing myb PaCa cells, there was a significant growth reduction in cancer cells 

with addition of ADM antagonist in combination with a SHH neutralising antibody.  

These results demonstrate the limited research around desmoplasia and PaCa. However, it does 

highlight the need for further research in this field as understanding the molecules associated with 

desmoplasia and the mechanisms could be crucial to improving treatment of PaCa. Gathering more 

evidence for ADM role in the development of the dense fibrous scar tissue, could make ADM and its 

receptors a valuable target for future therapy to use in combination with current chemotherapies.   
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1.4 Conclusion  

The described data shows the complex and vast role that ADM has in cancer and specifically, its links 

with PaCa. Data show more research of ADM role in other cancers and therefore, highlights a gap in 

research in PaCa as it is evident that ADM influences many cancer hallmarks. The difficulty in 

diagnosing and treating PaCa is largely responsible for the poor statistics around PaCa survival. The 

described data lead to the investigation of the role of ADM in the crosstalk between PaCa and the 

pancreatic stroma in this study. Understanding this could provide evidence needed to support ADM 

blockade as a valuable target for future PaCa treatment either alone or as a combination therapy.  

1.5 Hypothesis 

To develop a further understanding of the role of ADM and RAMP-3 in the development of PaCa, the 

following null hypotheses will be addressed: 

1) PaCa cell lines do not express ADM and its receptor components therefore, ADM has no 

functional role in PaCa. 

2) ADM and RAMP-3 have no involvement in the regulation of proliferation in PaCa cells 

3) ADM and RAMP-3 have no role in regulating response to currently used chemotherapies, 

gemcitabine and 5-FU 

4) ADM has no influence on tumour growth and metastases  

1.6 Aims and objectives 

To investigate these null hypotheses, the following aims and objectives will be addressed: 

1) A panel of 7 PaCa cell lines will be characterised for both mRNA and protein expression of 

ADM and its receptor components (CLR, RAMP-1, RAMP-2 and RAMP-3). 

2) ADM and RAMP-3 KDs will be developed in a PaCa cell line to investigate the effect this has 

on proliferation of cells in vitro compared to wild-type cells. 
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3) ADM and RAMP-3 KD cells will be compared to wild-type cells to assess whether proliferation 

and apoptosis of KD cells is altered in response to gemcitabine and 5-FU. 

4) ADM KDs will be used in, in vivo orthotopic and subcutaneous models to determine whether 

tumour growth and metastases differ compared to controls.  
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2.0 Materials and methods  

All reagents and commercial sources are listed in the Appendix. More detailed explanations for 

protocols are provided in chapters 3 to 6. 

2.1 Cell culture  

PaCa cell lines were obtained from ATCC and characteristics are defined in Table 2. 1. Cell lines were 

cultured in conditions specified in Table 2.2 and incubated at 37°C with 5% CO2. Passages of 45 and 

below were used in experiments. Flasks were washed twice with PBS and had media changed 3 times 

a week. Cells were maintained at a confluence of 70-80% which was monitored by microscopy (Figure 

2.1).  

Table 2. 1 Characteristics of cell lines purchased from ATCC including organism, gender, age, 
histology, tumour source, mutation and mycoplasma status. All culture phenotypes were consistent 
with literature and supplier (ATCC) images (Cai et al., 2013; Chen et al., 1982; Kopantzev et al., 2019; 
Procacci et al., 2018; Tan et al., 1986) 

Cell line Organism Gender/Age Histology Tumour 
source 

Mutations Mycoplasma 
tested 

AsPC-1 Human Female, 62 
years 

Adenocarcinoma Metastasis, 
ascites 

CDKN2A, 
FBXW7. 
KRAS, 

MAP2K4, 
TP53 

 

BxPC-3 Human Female, 61 
years 

Adenocarcinoma Primary CDKN2A, 
MAP2K4, 
SMAD4, 

TP53 

 

Capan-2 Human Male,  56 
years 

Adenocarcinoma Primary KRAS  

CFPAC-
1** 

Human Male, 26 
years 

Ductal 
Adenocarcinoma 

Metastasis, 
liver 

KRAS, 
SMAD4, 

TP53 

  

HPAF-
II*** 

Human Male, 44 
years 

Adenocarcinoma Metastasis, 
ascites 

CDKN2A, 
KRAS, 
TP53 

 

Panc 
10.05 

Human Male, nd Adenocarcinoma Primary KRAS, 
TP53 

 

SW1990 Human Male, 56 
years 

Adenocarcinoma, 
stage II 

Metastasis, 
spleen 

CDKN2A, 
KRAS 

 

Nd- not defined 

**patient also had cystic fibrosis, no links made between cystic fibrosis causing pancreatic cancer 
(Schoumacher et al., 1990) 
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*** patient had metastasis to liver, diaphragm and lymph nodes 

 

2.1.1 Sub-culturing/Harvesting 

To sub-culture or harvest cells, cells were washed twice in PBS and detached for 5-10 minutes using 

appropriate volume of TrpLE (Table 2.3). To confirm cell detachment cells were checked under the 

microscope. Once confirmed, the appropriate volume of PBS was added (Table 2.3) and cells were 

transferred to a 15mL falcon tube and centrifuged at 250xg for 5 minutes to get a pellet. The pellet 

was resuspended in warm media. For sub-culturing, the appropriate volume of cells was added into a 

new flask containing warm media. To set up a new experiment cells were counted as described in 

section 2.1.4 and diluted in an appropriate volume of media. 

Table 2.2 Cell lines, optimal growth media and supplements 

Cell type Media 

ASPC-1 RPMI 15% FCS (Gibco) + 1mM 
sodium pyruvate and 1% 
penicillin-streptomycin. 

BXPC-3 RPMI 10% FCS (Gibco) + 1mM 
sodium pyruvate and 1% 
penicillin-streptomycin. 

Capan-2 McCoy’s 5a 10% FCS (Sigma) + 1% 
penicillin-streptomycin. 

CFPAC-1 DMEM 10% FCS (Gibco) + 1% 
penicillin-streptomycin. 

HPAF-II RPMI 10% FCS (Gibco) + 1mM 
sodium pyruvate and 1% 
penicillin-streptomycin. 

Panc 10.05 RPMI 15% FCS (Gibco) + 1mM 
sodium pyruvate and 1% 
penicillin-streptomycin. 

SW1990 DMEM 10% FCS (Gibco) + 1% 
pencillin-streptomycin. 

FCS- foetal calf serum 

Table 2.3 Volume of reagents used with different flask sizes in cell culture 

Flask PBS wash Media TrypLE PBS wash (after 
detachment) 

T25 2 mL 5 mL 1 mL 1 mL 

T75 10 mL 10 mL 2 mL 2 mL 

T175 15 mL 25 mL 4 mL 4 mL 
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Figure 2.1 Phase image of CFPAC-1 cell line at 70% confluency used for both in vitro and in vivo 

experiments. Image was taken at 100x magnification. 

2.1.2 Cell freezing 

To avoid passaging cells too highly, cell stocks at lower passages (passages 5 to 15) were prepared and 

frozen. Cell suspensions were prepared as described in section 2.1.1 and counted (section 2.1.4) 

before centrifuging at 250 x g for 5 minutes. The pellets were resuspended in freezing media (optimal 

media containing 5% DMSO) and 1e6 cells/mL cells were transferred into cryo-tubes (1 mL each). 

Tubes were labelled with cell type, passage number and date of freezing. Cells were stored overnight 

in Mr Frosty ™ Freezing container at -80°C. For short term storage (up to a year), the cells were stored 

at -80°C, for longer term storage, the cells were stored in liquid nitrogen. 

2.1.3 Cell thawing 

To revive frozen cells, the cells were thawed at 37°C in a water bath and resuspended in 1 mL of 

warmed media. The resuspended cells were transferred into a 15 mL falcon and spun at 250 x g for 5 

minutes. The cell pellet was resuspended into a 1mL of media and transferred into a T25 flask 

containing warmed media.  



63 
 

2.1.4 Cell counting 

Trypan blue is used to differentiate between live and dead cells. Dead cells appear blue as they lose 

cell membrane integrity. 10 µL of cell suspension was added to 10 µL of trypan blue in a 0.5 mL 

centrifuge tube. Cell/Trypan blue suspensions were transferred into a counting slide and counted on 

the Thermo Fisher Countess II™ Automated cell counter.  

2.2 Endpoint PCR 

To determine whether the RAMPs, AM and CLR are expressed in the PaCa cell lines, endpoint PCR was 

used. 

2.2.1 RNA extraction 

RNA was extracted using the Promega Reliaprep™ Cell Miniprep System and performed at room 

temperature unless otherwise specified. The cells were prepared as described in section 2.1.1, 

counted as described in section 2.1.4 and spun at 300 x g for 5 minutes. The supernatant was discarded 

and the pellet was resuspended in 1mL ice cold PBS and spun at 300 x g for 5 minutes. Cells were then 

resuspended in appropriate volume BL +TG buffer and vortexed (Table 2.4).  

Table 2.4 List of reagent volumes required for ReliaPrep™ Cell Miniprep System. 

Cell count BL + TG buffer (μL) 100% isopropanol (μL) Water (μL) 

1x102-5x105 100µL 35µL 15μL 

>5x105-2x106 250µL 85µL 30μL 

>2x106-5x106 500µL 170µL 50μL 

 

The appropriate volume of Isopropanol was added to resuspended cell pellet and vortexed for 5 

minutes (Table 2.4). ReliaPrep™ Minicolumns were placed in collection tubes and the cell lysate was 

transferred into the Minicolumn. This was centrifuged for 30 seconds at 14,000 x g and the liquid in 

the collection tube was discarded. 500µL of RNA wash solution was added to the Minicolumn and 

centrifuged at 14,000 x g for 30 seconds before the liquid in the collection tube was discarded. For 
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each sample, a DNAse I recipe mix was prepared (Table 2.5) and 30 µL was added to the Minicolumn 

and left for to incubate for 15 minutes at room temperature. 

Table 2.5 ReliaPrep™ MiniPrep system DNAse I mix recipe 

Reagent Volume 

Yellow core buffer 24.0 µL 

0.09 M MnCl2 3.0 µL 

DNAse I enzyme 3.0 µL 

  

After 15 minutes, 200 µL of column wash was added to the Minicolumn and spun at 14,000 x g for 15 

seconds. 500 µL of RNA wash solution was added to the Minicolumn without discarding the liquid in 

the collection tube. This was spun at 14,000 x g for 30 seconds. The Minicolumn was transferred to a 

new collection tube and 300 µL of RNA wash solution was added and spun at 14,000 x g for 2 minutes. 

The Minicolumn was transferred into an elution tube before the appropriate volume of water was 

added (Table 2.4) and it was spun at 14,000 x g for 1 minute. The RNA collected in the elution tube 

was stored at -20°C until further use.   

2.2.2 Quantification of RNA 

To determine the concentration of RNA for cDNA synthesis and subsequent endpoint PCR and real-

time PCR experiements, the Thermo Fisher NanoDrop™ 2000 was used. This determines the 

concentration of RNA at an optical density of 260nm. The optimal absorbance ratios for RNA are 

specified in Table 2.6. 

Table 2.6 Absorbance ratios for RNA purity 

Nucleic acid 260/280 ratio 260/230 ratio 

RNA 2.0 2.0-2.2 

 

2.2.3 cDNA synthesis 

Following RNA extraction, cDNA was synthesised using the Thermo Fisher High Capacity RNA-to-

cDNA™ kit. RNAase decontamination solution was used on all surfaces before the experiment to 
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minimise risk of contamination by ribonucleases. The RNA reaction mix was prepared in 0.2 mL PCR 

tubes using the reagents and volumes specified in Table 2.7. The final amount of RNA prepared was 

1.0 µg. Following sample preparation, the samples were run at 37⁰C for 60 minutes, 95⁰C for 5 minutes 

and then were held at 4⁰C using the Thermo Fisher Proflex™ PCR system. The samples were stored at 

-20⁰C following preparation. 

Table 2.7 List of volumes and reagents required for cDNA synthesis 

Reagents RT +ve (μL) RT -ve (μL) 

2X RT Buffer mix 10.0 µL 10.0μL 

20X Enzyme mix 1.0 µL - 

RNA sample (1.0 μg) Up to 9.0 µL Up to 9.0 μL 

Nuclease-free water To make final volume 20.0 μL To make final volume 20.0 μL 

Total reaction volume 20.0 µL 20.0 μL 

 

2.2.4 Endpoint PCR reaction 

Endpoint PCR was carried out on prepared cDNA samples for 7 different PaCa cell lines using the 

Promega GoTaq® Hot Start Polymerase kit. The samples and reaction mix were prepared in a UV PCR 

cabinet to minimise risk of contamination. Before the reaction mix was prepared, pipette tips, 

pipettes, 0.2 mL PCR tubes and nuclease free water were placed under UV light for 30 minutes. The 

reagents were thawed on ice and vortexed before use. Reaction mixes were prepared in nuclease-free 

0.2 mL reaction tubes as specified in Table 2.8 and Table 2.9. The reaction was run in the Thermo 

Fisher ProFlex™ using the general recommended temperatures and times; Denaturation was set to 

95°C for 2 minutes, annealing temperatures and cycles were set according to the primer of interest 

(Table 2.10) and extension was at 72°C. 

Table 2.8 Reaction components for endpoint PCR per reaction for ADM, RAMP-1, RAMP-2 and CLR 

Reagents Volume (µL) 

5X green GoTaq® Flexibuffer 10.0 μL 

MgCl₂ (25mM) 1.5 μL 

F primer (10 μM) 1.0 μL 

R primer (10 μM) 1.0 μL 

dNTPs (10 mM) 1.0 μL 

Polymerase (5u/µL) 0.25 μL 
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cDNA 1.0 μL 

RNAase/DNAase free water 34.25 μL 

Total volume 50.0 μL 

 

Table 2.9 Reaction components for RAMP-3 endpoint PCR reaction 

Reagents Volume (µL) 

5X green GoTaq® Flexibuffer 10.0 μL 

MgCl₂ (25mM) 1.5 μL 

F primer (10 μM) 5.0 μL 

R primer (10 μM) 5.0 μL 

dNTPs (10 mM) 1.0 μL 

Polymerase (5u/µL) 0.25 μL 

cDNA 1.0 μL 

RNAase/DNAase free water 26.25 μL 

Total volume 50.0 μL 

 

Table 2.10 Primer sequences, product size, annealing temperature and cycle number 

Target Sequence Size 
(BP) 

Annealing 
temperature 

Cycle 
number 

ADM F 5’- CTGATGTACCTGGGTTCGCT -3’ 
R 5’- ATGTCCTGGGGCCGAATAAG -3’ 

197 540C 35 

RAMP-1 F 5’-ATGCAGAGGTGGACAGGTTC-3’  
R 5’-GCCTACACAATGCCCTCAGT-3’ 

193 530C 35 

RAMP-2 F 5’-CTGTCCTGAATCCCCACGAG-3’  
R 5’-CTCTCTGCCAAGGGATTGGG-3’ 

256 650C 35 

RAMP-3 F 5’-AAGGTGGACGTCTGGAAGTG-3’  
R 5’-ATAACGATCAGCGGGATGAG-3’ 

227 560C 40 

CLR F 5’-CTTGGCTGGGGATTTCCACT-3’  
R 5’-CCTTCAGGTCGCCATGGAAT-3’ 

302 54.40C 35 

GAPDH F 5’-TTGTCAGCAATGCATCCTGC-3’  
R 5’-GCTTCACCACCTTCTTGATG-3’ 

354 560C 35 

 

2.2.5 Gel electrophoresis 

Gel electrophoresis used to visualise PCR products by size. PCR products were visualised on a 1.5% 

agarose gel. 1.5 g of agarose was added to 100 mL of Tris/Borate/EDTA (TBE) buffer and dissolved in  

the microwave. To visualise the PCR products, 5 µL of Ethidium bromide (2.5 µg) was added to the 

agarose gel. After the gel set (20 minutes), it was transferred into an electrophoresis gel chamber 

containing the 1X TBE buffer. 10 µL of Norgen HighRanger 1kb DNA ladder (Figure 2.2) was added into 
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the first well, followed by 10 µL of each sample including a water control. The gel was run for 45 

minutes at 200V and visualised using the Gel Doc XR+ System. 

 

Figure 2.2. Norgen HighRanger 1kb DNA ladder 

 

2.2.6 Sanger sequencing 

To validate the endpoint PCR results, Sanger sequencing was used to confirm the correct targets were 

amplified (Figure 2.3). The PCR products were analysed by the University of Sheffield Core Genomic 

Facility using the BigDye™ Terminator v3.1 cycle sequencing kit and run on the Applied Biosystems 

3730 DNA analyser (ThermoFischer, Paisley, UK). The results were viewed using FinchTV, an example 

of RAMP-3 sequencing data is shown in Figure 2.3 which was aligned using BLAST (Basic Local 

Alignment Search Tool, NCBI) to identify target sequence.  
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Figure 2.3 Example of sequencing data. (A) RAMP-3 sequencing visualised on FinchTV software. (B) 

RAMP-3 NCBI Blast alignment of RAMP-3 sequencing data. 

2.3 Quantitative Real-Time PCR (QPCR) 

This is a method used to determine mRNA levels of ADM and RAMP-1 quantitatively.  

2.3.1 cDNA synthesis 

1.5 μg  RNA  was prepared using Primerdesign precision nanoScript2 reverse transcription kit. The 

reaction is split into two steps; annealing and extension. The annealing reaction mix was prepared in 

0.2 mL nuclease-free PCR tubes as shown in Table 2.11 and was placed  in the Thermo Fisher Proflex™ 

at 65⁰C for 5 minutes and then immediately transferred onto ice. 
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Table 2.11 NanoScript 2 reverse transcription annealing step 

Reagents Volume (μL) 

RNA template (1.5 μg) x µL 

RT primer (OligoDT) 1.0 µL 

RNAase/DNAase free water x µL 

Total volume 10 µL 

 

Following the annealing step, the extension mix was prepared as specified in Table 2.12 and 10 μL of 

the extension mix was added to 10 µL of the annealing mix. This was run at 42⁰C for 20 minutes, 72⁰C 

for 10 minutes and samples were held at 4⁰C. Samples were stored at -20⁰C. 

Table 2.12 Precision nanoScript 2 reverse transcriptase extension mix 

Reagents RT +ve (μL) RT -ve (μL) 

NanoScript2 4X RT buffer 5.0 μL 5.0 µL 

dNTP mix (10mM) 1.0 μL 1.0 µL 

RNAase/DNAase free water 3.0 μL 4.0 µL 

NanoScript2 enzyme 1.0 μL - 

Total volume 10 μL 10 µL 

 

2.3.2 QPCR 

QPCR was completed to quantify the levels of ADM and RAMP-1 in PaCa cell lines and for knockdown 

validation of ADM in CFPAC-1 cells. The Double-Dye hydrolysis geNorm 6 Gene kit was used to 

determine the appropriate housekeeping gene for the PaCa cell lines. ACTB (β-actin) was selected as 

the mRNA levels between cell lines were similar. 

Primerdesign PrecisionPLUS mastermix with ROX was used for QPCR. ROX (rhodamine-X) is a 

reference dye used for normalisation of the fluorescent reporter signal, in this case. It allows for the 

correction of well-to-well variation from pipetting errors and fluorescent fluctuations. Primers were 

designed by PrimerDesign with a double-dye hydrolysis probe labelled with a 6-carboxyfluorescence 

(FAM) reporter. The hydrolysis probe used in this reaction was a Taqman style probe. The TaqMan 

probes works by releasing a fluorescent signal. During the QPCR reaction, in the denaturing step, the 

temperature is raised and the cDNA template is denatured. At this stage the TaqMan probe is 
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quenched. During the annealing phase, the temperature is lowered and the primers and probe bind 

to the specific target sequence. During the extension phase, the temperature is raised and the Taq 

DNA polymerase synthesises new strands of DNA using unlabelled primers and the template strand. 

When the polymerase reaches the TaqMan probe, its endogenous nuclease activity cleaves the probe 

and separates the fluorescent reporter dye FAM from the quencher. This results in a fluorescent signal, 

the amount of fluorescence released, equates to the amount of DNA template present in the PCR. 

All QPCR equipment excluding the reagents were placed under UV light for 30 minutes. The cDNA 

synthesised was diluted to a concentration of 5 ng/µL in nuclease-free water to a total volume of 50 

µL. 2.5 µL of the cDNA was loaded into a 384-well plate in triplicate, followed by 7.5 µL of PrimerDesign 

PrecisionPLUS MasterMix (Table 2.13) containing ADM primers (Table 2.14) 

Table 2.13 Mastermix for QPCR reaction 

Reagents Volume (µL) 

PrecisionPLUS QPCR Master Mix 5.0 µL 

Primer/Probe 0.5 µL 

RNAase/DNAase free water 2.0 µL 

cDNA 2.5 µL 

Total volume 10.0 µL 

 

Table 2.14 Primer sequences for ADM designed by PrimerDesign with double dye hydrolysis probe 
and FAM reporter  

Target Sequence  Tm 

ADM Forward GCATGAAAGAGAAAGACTGATTACC 59°C 

ADM Reverse GCTGTTCGCATATCACCCATT 58°C 

 

After loading the Thermo Scientific 384 well white plate with samples and mastermix, the plate was 

spun at 250 x g for 1 minute before running on the Applied Biosystems 7900 HT Fast Real-Time PCR. 

Each reaction was run for 40 cycles at 95°C for 2 minutes, 95°C for 10 seconds and 60°C for 1 minute. 

The data was analysed using the Sequence Detection System (SDS) v2.4 (Figure 2.4). Ct values 
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correlate to the number of cycles it takes for the fluorescent signal to cross the threshold. The Ct value 

is inversely related to the amount of starting DNA.   

 

 

 

 

 

 

 

 

 

Figure 2.4 QPCR amplification plot for ADM in PaCa cell lines (y-axis on log scale). (A) Reverse 

transcriptase positive samples. (B) Reverse transcriptase negative samples. Samples showed no band 

following endpoint PCR gel electrophoresis using ACTB primers. The threshold (green line) is set 

within the linear phase to interpolate the Ct values for each sample. 

2.4 Western blotting 

This method was used to detect RAMP-1, RAMP-2, RAMP-3 protein in the PaCa cell lines. 

2.4.1 Protein extraction 

Cells were grown to a confluency of 70% in a T75 flask before being used. The flask was kept on ice 

during the extraction. Halt™ Protease and Phosphatase inhibitor Cocktail diluted 1:100 in NP40 buffer 

(150mM NaCl, 50mM Tris Base pH 8.0 and 1% NP-40) were prepared to make a lysis buffer. The 

protease inhibitors in the lysis buffer were aprotinin, bestatin, E-64 and leupeptin which inhibit serine 

(A) (B) 
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and cysteine proteases. Phosphatase inhibitors prevent the degradation of sodium fluoride, sodium 

orthovanadate, sodium pyrophosphate and β-glycerophosphate in serine, threonine and tyrosine. 

The cells were washed twice with ice cold PBS before 1 mL of the lysis buffer was added to the cells 

and left to incubate on ice for 5 minutes. Cells were then scraped from the bottom of the flask and 

the lysate was transferred into a 1.5 mL cold Eppendorf tube. The lysate was then sonicated for 30 

seconds at input 60 and spun at 13,000 xg for 20 minutes at 4°C. The lysate was transferred to a new 

1.5 mL Eppendorf and kept at -20°C until required for BCA assays or western blotting.  

2.4.2 Bicinchoninic (BCA) assay  

To measure the protein concentration of samples from the protein extraction, the colorimetric Biorad 

DC protein assay was used. The protein sample reacts with both alkaline copper tartrate and folin 

reagent. Initially the samples react with copper tartrate and then reduce the Folin reagent with the 

loss of 1-3 oxygen atoms. These oxygen atoms are typically associated with tryptophan and tyrosine 

producing a blue colour on reduction. This was detected at a wavelength of 750nm on the Ensight® 

Perkin Elmer plate reader.  

A series of dilutions were prepared to generate a standard curve to determine protein concentrations 

using bovine serum albumin (BSA) diluted in NP-40 lysis buffer (Table 2.15). The standards were loaded 

in 5 µL triplicates into a 96 well plate. 5 µL of both neat and 1:10 diluted protein samples were also 

loaded in triplicate. To each well, 25 µL of working solution (a mix of solution A and S) was added. The 

working solution was prepared by adding 20 µL S for every 1 mL of solution A (containing alkaline 

copper tartrate). 200 µL of reagent B was added to each well and the plate was left to incubate for 15 

minutes at room temperature. The plate was read on the Ensight® Perkin Elmer plate reader at 750nm. 

A standard curve was plotted (Figure 2.5) on GraphPad Prism, the protein sample concentrations were 

interpolated using the standard curve linear equation: y= mx + c    
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Table 2.15 Dilutions prepared to make a standard curve for BCA assay 

Protein conc (mg/mL) NP-40 lysis buffer (µL) BSA (µL) 

1.43 0.0 20.0 

1.14 4.0 16.0 

0.86 8.0 12.0 

0.57 12.0 8.0 

0.29 16.0 4.0 

0.00 20.0 0.0 
 

.

  

Figure 2.5 Normalized BCA assay standard curve 

 

2.4.3 Western blotting: Gel electrophoresis and transfer 

Western blotting is a method used to determine expression of different proteins in the samples using 

antibodies. Each sample was prepared using 5 µg  protein. The samples are diluted in 4X laemmli 

buffer (LB) and 350 mM DTT (dithiothreitol). LB contains 2% sodium dodecyl sulphate (SDS) which aids 

in denaturing proteins and distributes a negative charge across protein samples. The buffer contains 

glycerol which increases the density of the sample for the gel electrophoresis, whilst the bromophenol 

blue within the buffer runs ahead of the protein to monitor its movement down the gel. DTT reduces 
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intra-molecular and inter-molecular bonds in the protein samples. The protein samples were 

separated by size when loaded onto an electrophoresis gel with a charge applied onto the gel. The 

protein was then transferred onto a membrane to be probed with antibodies. The membrane was 

blocked to prevent non-specific binding and the proteins were detected by a secondary antibody 

conjugated to horse-radish peroxidase. The bands were detected by chemiluminescence.  

The samples were prepared to a final concentration of 5 µg with LB (65.8mM Tris-HCl pH 6.8, 26.3% 

glycerol, 2.0% SDS and 0.01% bromophenol blue), 350 mM DTT and water to make a final volume of 

50 µL. The samples were heated to 95°C for 10 minutes to denature the protein sample. 10µL of 

Precision Plus Protein™ Dual Colour standards ladder was added into a 4-20% Mini-PROTEAN® TGX™ 

Precast Protein gel, along with 50 µL of each sample in the Biorad Vertical Electrophoresis Cell with 1X 

Tris/Glycine/SDS running buffer. The samples were run at 150V for 45 minutes and transferred onto a 

trans-blot PVDF membrane. The transfer was completed with the Trans-Blot® Turbo™ Rapid transfer 

system using pre-set conditions for mixed molecular weight proteins at 25V for 7 minutes.   

2.4.4 Western blotting: Blocking and probing 

The transfer membrane was blocked in the appropriate blocking buffer diluted in 1X TBS-T (150mM 

Tris, 20 mM Tris Base and 0.1% Tween) (Table 2.16) for 1 hour on a plate shaker at 600 rpm. Following 

blocking, the membrane was probed in a 50 mL falcon tube with the appropriate antibody 

concentration (Table 2.16) and left overnight at 4°C on a roller. The next day, the membrane was 

washed 3 times for 10 minutes each in 1X TBS-T before adding the appropriate secondary antibody in 

blocking buffer (Table 2.17) for 1 hour at room temperature on the roller. After 1 hour, the membrane 

was washed 3 times for 5 minutes in 1X TBS-T and 3 times for 5 minutes in water. 
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Table 2.16 Primary antibody dilutions and blocks 

Target Antibody 
type 

Species Code Concentration Block 

RAMP-1 Monoclonal Anti-rabbit Abcam 
ab156575 

1:1000 3% BSA + 0.01% 
Tween 

RAMP-2 Monoclonal  Anti-mouse Santa Cruz 
Biotechnology 

sc-365240 

1:100 3% BSA + 0.01% 
Tween 

RAMP-3 Monoclonal  Anti-mouse Santa Cruz 
Biotechnology 

sc-365313 

1:1000 5% skimmed milk + 
0.01% Tween  

 

Table 2.17 Secondary antibody dilutions 

Secondary antibody Antibody type Code Concentration 

Goat IgG anti-rabbit HRP Polyclonal Dako P0449 1:15,000 

Goat IgG anti-mouse HRP Polyclonal Dake P0447 1:2000 

 

2.4.5 Western blotting: Detection 

The protein was detected using the Thermo Fisher SuperSignal™ West Dura Extended Duration 

substrate. This assay consists of luminol-based enhanced chemiluminescence substrate (ECL) to detect 

HRP. It detects antigens by oxidising the ECL in the presence of HRP and peroxidase. 250 µL of ECL and 

peroxidase were mixed and added to the blot covered in the detection mix. The blot was placed in 

between transparent plastic film and visualised on the GelDoc XR+ Gel Documentation System.  

2.8 Statistical analysis 

All data shown in Chapters 3-6 are shown as mean and standard error of mean (SEM). Graphpad Prism, 

version 9.2.0 was used to analyse and display the data collected.  

One-way ANOVA analysis was used for analysis of the effect a single independent variable (for 

example, a particular dose of a chemotherapy) on multiple groups (different cell types). In 

experiments where there was more than one variable (different chemotherapy doses and different 

cell types), two-way ANOVA analysis was used to identify interactions between different variables and 

to analyse the variables individually. Repeated measure two-way ANOVA analysis used for viability 
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assays specifically, where the data was time-course related. Tukey’s multiple comparisons tests were 

used as post-hoc analysis for two-way ANOVA analysis. ROUT outlier tests were done to identify 

potential outliers however, no outliers were identified within data. 
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3.1 Introduction 

3.1.1 ADM and its receptors in PaCa 

PaCa cancer is known to exhibit an aggressive phenotype and is associated with a poor patient 

survival. There is limited understanding on the molecules that drive this phenotype however, ADM 

and its receptor components have been shown to be elevated in other cancers. Evidence is growing 

that the CLR/RAMP-3 receptor may be the key driver in inducing pro-tumorigenic effects whilst the 

CLR/RAMP-2 receptor has been linked to more physiological functions. However, research within 

PaCa could implicate otherwise as discussed below.  

Ishikawa et al (2003) show that ADM mRNA was expressed in 5 PaCa cell lines however, only 2 out of 

5 expressed both RAMP-2 and CLR, two expressed RAMP-2 alone and one cell line expressed neither. 

RAMP-3 expression was not detected in any of the cell lines. Treating tumours with αAM antibody 

resulted in decreased tumour size and a decrease in the number of proliferating tumour cells. 

Furthermore, formation of large blood vessels was supressed which depleted the oxygen and 

nutrient supply to the tumour and inhibited its growth. The receptor through which this effect was 

mediated was not confirmed however, RAMP-2 has been associated with vessel growth and 

decreased tumour size in a study by Dai et al (2020). 

Keleg et al (2007) also showed limited RAMP-3 expression with only 1 out of 5 PaCa cell lines 

expressing RAMP-3 at mRNA level. However, all the cell lines expressed ADM, CLR, RAMP-1 and 

RAMP-2. Median mRNA expression of ADM and its receptor components in normal pancreatic tissue 

and PDAC tissue showed an increase in ADM and CLR expression in PDAC. There was no difference in 

RAMP-2 mRNA expression and RAMP-1 and RAMP-3 showed a decrease in PDAC samples compared 

to normal tissue. Immunostaining of PDAC tissue showed co-localisation of CLR with RAMP-1 or 

RAMP-2 in malignant cells but no RAMP-3. These data also indicate that RAMP-3 may not have a 

direct effect on PDAC.  
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Ramachandran et al (2007) also explored the expression of ADM and its receptors in both cell lines 

and tissues. In tissues they showed that 43 out of 48 PDAC samples expressed ADM. Furthermore, all 

eight cell lines expressed ADM. However, CLR and RAMP-3 were not expressed in these cell lines but 

RAMP-1 and RAMP-2 were expressed in BxPC-3, Panc-1 and MiaPaCa-2 cells. However, the ADMR 

receptor (also known as L1-R) was expressed. Furthermore, silencing of ADMR resulted in reduced 

invasion and migration suggesting the invasive and migratory mechanisms may be induced through 

this receptor instead. Interestingly, pancreatic stellate cells (PSCs, a type of CAF) and HUVECS 

expressed both ADMR and CLR suggesting that the CLR/RAMP receptors may act on cells within the 

tumour microenvironment but not the PaCa cells themselves producing a more aggressive PaCa 

phenotype.  

The role of ADM and its receptor components in cancer has largely been researched under the 

assumption that they induce direct effects on tumour cells. However, research in PaCa has shown 

evidence that ADM may induce its pro-tumorigenic effects by interacting with cells that enter the 

tumour microenvironment, as opposed to cancer cells themselves.  Xu et al (2016) have shown 

evidence for this as they showed CLR, RAMP-2 and RAMP-3 expression in myelomonocytic cells 

(MMCs) associated with PDAC. They showed that PaCa cells secrete ADM and that MMCs express 

the receptors for ADM to bind to. In vivo, overexpression of ADM in PaCa cells resulted in increased 

recruitment of MMCs compared to controls.  

Dai et al (2020) most recently demonstrated ADM interactions with cancer-associated fibroblasts 

(CAFs) in the tumour microenvironment. CAFs are cells found within the PaCa tumour 

microenvironment that have been shown to interact with multiple cells of the microenvironment 

and induce pro-tumorigenic effects (explained in more detail in Chapter 6). Dai et al (2020) showed 

the association between CAFs and increasing the tumorigenic and metastatic capacity of PaCa. 

RAMP-2 endothelial knockouts in mice showed that tumour masses significantly decreased and that 

angiogenesis was defective at both tumour and metastatic sites. They showed that in metastatic 
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sites, RAMP-3 expression was significantly elevated with ten times greater expression than RAMP-2. 

The increase in RAMP-3 expression correlated with increased α-SMA and PDPN expression which are 

markers of CAFs and lymphatic endothelial cells and associated with poorer prognosis in patients. 

They also generated RAMP-3 knockouts to investigate the association between RAMP-3 and CAFs 

further. They found that there was less fibrosis in metastatic livers and less expression of α-

SMA/PDPN, suggesting that RAMP-3 may regulate metastasis in PaCa.  

These data suggest a novel approach to PaCa therapy and give a new insight into our understanding 

and approach of ADM and RAMP-3 role in cancer. It has been widely accepted that RAMP-2 may 

have a physiological role within the human body and therefore any pathological conditions including 

cancer may be driven by RAMP-3 as there is limited understanding of the CLR/RAMP-3 receptor. 

However, research around PaCa suggests that RAMP-2 may have a direct role on PaCa tumours 

whilst RAMP-3 interacts with the cells that are part of the tumour microenvironment for example, 

CAFs, MMC cells and TAMs to make the tumour more aggressive and induce metastasis. These data 

confirm that ADM plays a key role in PaCa and that it utilises both RAMP-2/CLR and RAMP-3/CLR 

receptors to induce pro-tumorigenic effects. From a novel therapy perspective, targeting these 

receptors may be a challenge as RAMP-2 is important in regulating blood pressure however, 

targeting RAMP-3 may be more feasible. This may reduce metastasis and the formation of fibrosis 

around tumours making it easier for current therapies to access the target site. ADM22-52 has already 

shown promise in targeting the ADM receptor to treat cancer. This is an antagonist that targets both 

AM1 and AM2 receptors. Ishikawa et al (2003) showed how intra-tumoural injection of PCI-43 PaCa 

cells with AM22-52 resulted in decreased tumour growth that correlated with small blood vessel 

diameter. Furthermore, in a breast cancer xenograft model, Benyahia et al (2017) showed how 

treatment of MCF-7 cells with AM22-52 or αAMr resulted in decreased tumour volume. Treatment also 

induced disruption to tumour vasculature, induction of apoptosis and decreased tumour cell 

proliferation. These results show promise for developing an antagonist again the AM2 receptor.  



81 
 

3.1.2 ADM and its receptors in other cancers  

Expression of ADM and its receptor components is shown in Table 3.1, showing that it is expressed 

in a wide range of cancers. ADM does not necessarily have a direct role in causing cancer however, it 

does contribute to the pathogenesis of cancer. It has been shown to induce proliferation of cancer 

cells and inhibit apoptosis, induce angiogenesis and lymphangiogenesis and alter the phenotype of 

cancer cells to make them more aggressive (Berenguer-Daizé et al., 2013; Berenguer et al., 2008; 

Fritz-Six, Dunworth, Li, & Caron, 2008; Greillier & Tounsi, 2015; Hague et al., 2000; Ichikawa-shindo 

et al., 2008; Brekhman et al., 2011). 

Multiple studies demonstrate how ADM expression is correlated with poorer prognoses and disease 

stage. Greillier & Tounsi (2015) showed 2-fold to 10-fold higher ADM tissue mRNA expression in 

malignant pleural mesothelioma (MPM) compared to normal pleural lung tissue suggesting that 

ADM has a role in making the cells more malignant. Mazzocchi et al (2004) also showed how 

increased ADM expression was shown in prostate carcinoma samples compared to prostate 

hyperplasia. Deville et al (2009) compared ADM expression in normal renal tissue to clear cell renal 

carcinoma and chromphobe renal carcinoma tissue samples, showing higher ADM mRNA expression 

in the malignant tissues. This correlated with increased VEGF expression suggesting that ADM may 

induce angiogenesis. Together, these data indicate that ADM is expressed more in malignant 

phenotypes compared to normal tissues. 

Furthermore, higher ADM expression has been correlated with increased risk of relapse and 

metastases. Deville et al (2009) showed higher expression of ADM correlated with an increased 

chance of relapse following curative nephrectomy. In colorectal cancer, high ADM mRNA expression 

has been suggested to be a good marker of predicting high risk relapse and cancer-related death in 

patients who undergo curative resection. This has also been shown by Uemura et al (2011) who 

showed high expression of ADM correlated with cancer recurrence and liver metastasis. In epithelial 

ovarian cancer, Deng et al (2012) showed a correlation between high ADM expression, higher 
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incidence of metastases, larger residual size of tumour after chemotherapy, shorter disease free and 

overall survival time. These data combined indicate that ADM is associated with increased risk of 

cancer recurrence and metastases. 

Ouafik et al (2002) demonstrate a correlation between more malignant phenotypes of brain 

tumours and ADM mRNA expression. In glioblastomas, ADM expression was high compared to low 

grade astrocytomas which had barely detectable levels of ADM mRNA.  Rocchi et al (2001) showed a 

correlation between high ADM mRNA expression and Gleason score, with barely detectable levels of 

ADM in benign prostate hyperplasia but increasing ADM expression between Gleason scores of 6-9. 

Berenguer-Daizé et al (2013) also showed a correlation between ADM expression and increasing 

Gleason score. These data suggest that ADM expression correlates with a more aggressive cancer 

phenotype.  

ADM can induce its pro-tumorigenic effects through multiple receptors including CLR/RAMP-2 and 

CLR/RAMP-3 receptors. Determining which receptor ADM induces its pro-tumorigenic effects could 

be valuable for designing therapeutic targets against ADM. Ouafik et al (2002) showed that 

CLR/RAMP-2 and CLR/RAMP-3 expression was increased in gliomas. Giacalone et al (2003) have 

shown that RAMP-2 and RAMP-3 are expressed in human ovarian cancer cell lines at mRNA level. 

Berenguer-Daizé et al (2013) showed CLR, RAMP-2 and RAMP-3 expression increased with increasing 

Gleason score in prostate cancer. CLR, RAMP-2 and RAMP-3 expression was dispersed amongst the 

stromal collagen septa and clusters of stromal cells. Furthermore, Mazzocchi et al (2004) showed 

that CLR and RAMP-2 were expressed at mRNA level in equal amounts in prostate hyperplasias and 

carcinomas however, RAMP-3 and ADM were expressed significantly more in prostate carcinomas. 

RAMP-3 immunostaining in renal cell carcinoma showed that RAMP-3 was located in inflammatory 

cells that infiltrated the tumour suggesting that RAMP-3 and ADM are also expressed in cells of the 

tumour microenvironment, not only tumour cells (Deville et al., 2009).These data are in line with 
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previous findings suggesting that RAMP-2 is more important in inducing physiological effects whilst 

RAMP-3 is associated with pathological effects.  

Table 3.1 Summary of ADM and its receptor component expression. Expression was measured as 
mRNA and protein by western blot or immunostaining. Table adapted from Riveiro, Berenguer-daize, 
Kane, & Oua (2021) 

Cancer  ADM CLR RAMP-1 RAMP-2 RAMP-3 References 

Breast + + NR + + (Benyahia et al., 2017; 
Brekhman et al., 2011; 

Siclari et al., 2014) 

Colorectal + + NR + + (Kaafarani et al., 2009; 
Nouguerède et al., 2013; 

Uemura et al., 2011; Wang 
et al., 2014) 

Glioblastoma + + NR + + (Kaafarani et al., 2009; L. 
H. Ouafik et al., 2002) 

Kidney + + NR + + (Deville et al., 2009; 
Ishimitsu, Nishikimi, et al., 

1994; Michelsen et al., 
2006) 

Liver + + NR + + (Park et al., 2008) 

Melanoma + + NR + + (Peiwen Chen, Huang, 
Bong, Ding, Song, & Wang, 

2011) 

Malignant pleural 
mesothelioma 

+ + NR + + (Greillier & Tounsi, 2015) 

Osteosarcoma + + NR  + + (Dai et al., 2013; Wu et al., 
2015) 

Ovarian + + NR + + (Giacalone et al., 2003) 

Pancreas + + + + + (Dai et al., 2020; Ishikawa 
et al., 2003; Keleg et al., 
2007; Ramachandran et 
al., 2007; Xu et al., 2016) 

Prostate + + + + + (Berenguer-daize et al., 
2013; Rocchi et al., 2001; 

Mazzocchi et al., 2004) 
 NR: not reported 

 

3.1.3 Hypothesis 

The null hypothesis is that PaCa cell lines do not express ADM and its receptor components (CLR, 

RAMP-1, RAMP-2 and RAMP-3) and have no functional role in PaCa. Therefore, ADM and its receptor 

components are not involved in PaCa development and progression.   
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3.1.4 Aims and objectives 

The aim of the characterisation of the PaCa cell lines was to determine the expression of ADM and 

its receptors for in vivo and in vitro experiments. Confirmation of receptor expression and functional 

role was used to select suitable cell lines to develop ADM and RAMP-3 knockdowns to determine 

their role in PaCa cancer progression.  

Endpoint PCR and QPCR were used to characterise the PaCa cell lines at mRNA level. Western 

blotting was used to determine expression of the RAMPs at protein level. cAMP assays were 

important to determine the functional role of ADM and other calcitonin peptides (CGRP and IMD), 

this helped identify cell lines most suitable for determining the effects of ADM and RAMP-3 

knockdowns.  
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3.2 Methods 

3.2.1 Cell culture 

Chapter 2, Section 2.1 outlines how PaCa cells were cultured and the appropriate media and 

supplements used for each cell line (Table 2.1). Cells were seeded or sub-cultured at a confluency of 

70-80%. Cells were seeded for experiments at passages 45 or less to ensure cells maintained the 

same morphology, growth rate, protein expression and transfection efficiency.   

3.2.2 Endpoint PCR 
 

Chapter 2, Section 2.2 describes how PaCa cell lines were characterised for mRNA from RNA 

extraction to endpoint PCR. RNA was first extracted using the Promega ReliaPrep™ Cell Miniprep 

system and the amount of RNA in samples was quantified using the NanoDrop™ 2000 (Thermo 

Fisher) as described in Section 2.2.1 and 2.2.2. Once the RNA concentration was determined, 1.0 µg 

of cDNA was prepared using Thermo Fisher high capacity RNA-to-cDNA™ kit as described in Section 

2.2.3. The synthesised cDNA was used to analyse ADM, CLR and RAMP 1-3 mRNA expression using 

the Promega GoTaq® HotStart polymerase kit and the primers specified in Table 2.9 (Section 2.2.4). 

The samples were run on a 1.5% agarose gel with ethidium bromide and mRNA bands were 

visualised using the Gel Doc XR+ System (Section 2.2.5). To confirm that the bands corresponded to 

ADM, CLR, RAMP 1-3 mRNA samples were sequenced by the Sheffield Core Genomic facility and 

analysed using FinchTV (Section 2.2.6)   

3.2.3 QPCR 
 

QPCR was used to quantify levels of RNA in PaCa cell lines. 1.5 µg cDNA was prepped using 

Primerdesign Precision nanoScript2 reverse transcription kit. The two-step process (annealing and 

extension) was described in Section 2.3.1. RAMP-1 and ADM levels were quantified using the 

Primerdesign PrecisionPlus buffer with ROX reference dye and the primers listed in Table 2.3. The 



86 
 

primers had a double dye hydrolysis probe with a FAM reporter. The hydrolysis probe was a TaqMan 

style probe (Section 2.3.2)  

3.2.4 Western blot 

Western blotting was used to determine protein expression in the seven PaCa cell lines outlined in 

Chapter 2, Section 2.1.1. First, protein was extracted using NP40 lysis buffer described in section 

2.4.1. To determine the protein concentration, Biorad DC protein assay was used to determine the 

volume of protein needed to make a final concentration of 5 µg protein (Section 2.4.2). The protein 

was probed for RAMP-1, RAMP-2 and RAMP-3 (Table 2.15) and visualised on the GelDoc XR+ Gel 

documentation system (Chapter 2, Section 2.4). 

3.2.5 cAMP assays 

To further characterise the 7 PaCa cell lines and determine if they had functional ADM receptors, the 

LANCE® cAMP 384 kit was used. Downstream of CLR (GPCR) is the cAMP pathway, following ligand 

binding (ADM, CGRP and IMD), adenosine triphosphate is converted to cAMP following activation of 

adenylyl cyclase.  

The LANCE cAMP assay is a time resolved fluorescence energy transfer (TR-FRET) immunoassay that 

measures cAMP production after GPCR stimulation following ligand binding. The assay is based on 

competition between a Europium-labelled cAMP tracer complex (formed by tight interactions 

between biotin-cAMP and EU-streptavidin) and cAMP in the samples for binding sites on cAMP-

specific antibody. The cAMP-specific antibody is labelled with AlexaFluor 647 dye. 

When Europium labelled-cAMP tracer complex is excited at a wavelength of 320 nm, it transfers 

energy to the Alexa-Fluor-labelled antibody. Fluorescence released following the energy transfer is 

measured at 665 nm. The more cAMP in the cell sample, the lower the amount of fluorescence at 

665 nm as there is less of the Europium-labelled complex available to bind to the Alexa Fluor 
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antibody. This is a competition assay therefore, the signal produced is inversely proportional to the 

amount of cAMP in the cells (Figure 3.1). 

 

Figure 3.1 Principles of the LANCE cAMP assay. (A) When the Europium labelled cAMP tracer 

complex is excited at 320 nm and bound to the Alexa Fluor 647 antibody, energy is transferred from 

the Europium complex to the antibody. This releases a fluorescent signal (TR-FRET) at 665 nm. (B) 

However, in the presence of a sample containing cAMP Alexa Fluor binds to the sample cAMP 

instead of the Europium complex. This results in a lower TR-FRET signal which is inversely 

proportional to the amount of cAMP produced by the sample of interest.  

A stimulation buffer was made with HBSS with Ca²⁺ and Mg²⁺ according to Table 3.2 (pH adjusted to 

7.4 with 0.1 M NaOH) and used as a diluent for ligands as specified by the manufacturers protocol. 

To prepare cells, HBSS without Ca²⁺ and Mg²⁺ was used to prevent clumping and to ensure equal 
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distribution of cells between wells. IBMX was used to inhibit phosphodiesterase degradation of 

cAMP and BSA was used to stabilise the antibody used in the assay.  

Table 3.2 Stimulation buffer recipe for cAMP assays 

Reagent Stock concentration Volume added Final concentration 

HBSS - 15 mL - 

HEPES 1 M 75 µL 5 mM 

BSA Stabiliser 7% 200 µL 0.1% 

IBMX 250 mM 30 µL 0.5 mM 
HBSS: Hank’s buffered saline solution; HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; BSA: bovine 
serum albumin; IBMX: 3-isobutyl-1-methylxanthine  

In each well prepared, 6 µL cells, 6 µL agonist and 12 µL detection mix was added respectively. Half-

log dilutions of ADM, CGRP, IMD were prepared using the VIAFLO 125 multichannel pipette on the 

ASSIST automated pipette platform in 96 well plates. Forskolin was used as a positive control as it 

directly activates adenylyl cyclase. Both ligand and forskolin dilutions were prepared according to 

Table 3.3 and Table 3.4. Once ligands were prepared and cells were seeded as described below, 6 µL 

of the ligand agonists were added in 384-well Optiplates. 

Table 3.3 Half-log serial dilution of calcitonin family peptides for cAMP assay 

Dilution 2x conc (M) Final conc (M) Volume of 
dilution  

Diluent 

1 2.00E-06 1.00E-06 4 µL of 60 µM 116 µL 

2 6.32E-07 3.16E-07 30 µL of 1 70 µL 

3 2.00E-07 1.00E-07 30 µL of 2 60 µL 

4 6.32E-08 3.16E-08 30 µL of 3 70 µL 

5 2.00E-08 1.00E-08 30 µL of 4 60 µL 

6 6.32E-09 3.16E-09 30 µL of 5 70 µL 

7 2.00E-09 1.00E-09 30 µL of 6 60 µL 

8 6.32E-10 3.16E-10 30 µL of 7 70 µL 

9 2.00E-10 1.00E-10 30 µL of 8 60 µL 

10 6.32E-11 3.16E-11 30 µL of 9 70 µL 

11 2.00E-11 1.00E-11 30 µL of 10 60 µL 

Blank - - - 70 µL  
Conc: concentration; stimulation buffer was used as the diluent 
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Table 3.4 Half-log serial dilutions of forskolin for cAMP assay 

Dilution 2x conc (M) Final conc (M) Volume of 
dilution  

Diluent 

1 2.00E-04 1.00E-04 80 µL of 150 µM 40 µL 

2 6.32E-05 3.16E-05 30 µL of 1 70 µL 

3 2.00E-05 1.00E-05 30 µL of 2 60 µL 

4 6.32E-06 3.16E-06 30 µL of 3 70 µL 

5 2.00E-06 1.00E-06 30 µL of 4 60 µL 

6 6.32E-07 3.16E-07 30 µL of 5 70 µL 

7 2.00E-07 1.00E-07 30 µL of 6 60 µL 

8 6.32E-08 3.16E-08 30 µL of 7 70 µL 

9 2.00E-08 1.00E-08 30 µL of 8 60 µL 

10 6.32E-09 3.16E-09 30 µL of 9 70 µL 

11 2.00E-09 1.00E-09 30 µL of 10 60 µL 

Blank - - - 70 µL  
Conc: concentration; stimulation buffer was used as the diluent 

 

Frozen cell aliquots were thawed and counted as described in Section 2.1.3 and 2.1.4 and Alexa Fluor 

anti-cAMP was added 1:100 to cell suspension before being seeded into wells (2,500 cells in 6 µL). 

The remainder of the experiment was completed in darkness. Cells were stimulated for 30 minutes 

by the diluted ligands at room temperature and 12 µL detection mix (europium-labelled CAMP tracer 

complex) was added to each well which was prepared 30 minutes before its use. After an hour, the 

plate was read on the EnSight Multimode Plate Reader (PerkinElmer) at 320/340 nm excitation and 

615/665 nm emission. Both forskolin-stimulated (0.1 mM) and vehicle-control wells were used as 

controls for 100% and 0% cAMP stimulation respectively.  
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3.3 Results 

3.3.1 PaCa Cell morphology 

PaCa cell lines were cultured in vitro and imaged to determine morphology of the cells and ensure 

that the cells were healthy (Figure 3.2). The morphology of the panel of 7 PaCa cell lines was 

compared to the images on ATCC where the cells were supplied from. The panel of 7 PaCa cell lines 

outlined in Table 2. 1 were selected as they represent pancreatic adenocarcinomas with different 

characteristics including different mutations, genders and stages of cancer (either primary or 

metastatic). Using a panel of cell lines with these different characteristics could inform whether 

specific characteristics effected expression of AM and its receptor components, the functionality of 

the receptor (cAMP) and changes in viability and apoptosis.  

AsPC-1 cells are adherent cells that have a round and elongated morphology. As the cells become 

more confluent, they begin to grow in clusters of proliferating cells to form a single monolayer. 

BxPC-3 cells have an epithelial morphology, are adherent and also form a monolayer. BxPC-3 cells 

appear slightly bigger in size compared to AsPC-1 cells and also form clusters of proliferating cells 

forming a single monolayer.   

Capan-2 cells are adherent, polygonal epithelial cells that grow in clusters. These cells differ to AsPC-

1 and BxPC-3 cells as they grow in separate clusters with large empty spaces in between. CFPAC-1 

cells have a more mesenchymal morphology and polarisation making the cells appear round and 

elongated. They grow in monolayers similar to the other cell types however, they have a 

disorganised pattern of growth. After the cells have established and become more confluent, they 

distribute evenly and form clusters of proliferating cells similar to AsPC-1 and BxPC-3 cells.  

HPAF-II cells have epithelial morphology and are adherent. The cells are pleomorphic and form a 

single monolayer. Similar to Capan-2 cells, they form distinct clusters of cells with large empty 

spaces between with a few smaller clusters of proliferating cells. They also form giant 

multinucleated cells with some smaller mononucleated cells. 
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Panc 10.05 form epithelial monolayers and are similar to BxPC-3 cells in appearance with round and 

polygonal cell types. However, they grow in similar patterns to Capan-2 and HPAF-II cells forming 

large clusters and empty spaces in between. Furthermore, they form both multinucleated and 

mononuclear cells similar to HPAF-II. SW1990 cells are epithelial in morphology and have a mix of 

polygonal and round cells. They form a monolayer with smaller clusters of proliferating cells. They 

also have a mix of multinucleated and mononuclear cells.  
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Figure 3.2 Phase-contrast images of a panel of seven pancreatic cell lines from American Type 

Culture Collection (ATCC). (A) AsPC-1, (B) BxPC-3, (C) Capan-2, (D) CFPAC-1, (E) HPAF-II, (F) Panc 

10.05 and (G) SW1990. Images were taken at 100x magnification.  
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3.3.2 mRNA expression of ADM/CLR/RAMPs 

To determine if PaCa cell lines express ADM and its receptor components including CLR and RAMP 1 

to 3, mRNA expression was determined by endpoint PCR and QPCR. Determining ADM and its 

receptor expression was important to identify which cell lines produce ADM and RAMP-3 KDs in.  

Figure 3.3, Figure 3.5, Figure 3.7, Figure 3.9 and Figure 3.11 show endpoint expression of RAMP-1-3, 

CLR and ADM across the seven different PaCa cell lines. Figure 3.3 shows that all the cell lines 

express RAMP-1 with bands at a height of 193 base pairs (BP), including in the CGRP receptor control 

cells. The expression of RAMP-1 was further confirmed by the sequencing data shown in Figure 3.4 

with a sequence similarity of 77%, suggesting low homology due to a poor sequencing read RAMP-1 

expression was confirmed in AsPC-1, BxPC-3, Capan-2, CFPAC-1, HPAF-II, Panc 10.05 and SW1990 

cells. RAMP-2 expression was also confirmed by endpoint PCR with bands at 256 BP (Figure 3.5). The 

results showed a more varied degree in expression across the cell lines with fainter bands in ASPC-1 

and Panc 10.05 and a strong band in SW1990 and the AM1 control. The expression of RAMP-2 was 

confirmed by sequencing data with a sequence similarity of 91% (Figure 3.6). RAMP-3 was also 

expressed in most cell lines including AM2 control cells. BxPC-3 did not show a band at the height of 

226 BP (Figure 3.7). RAMP-3 endpoint PCR gel electrophoresis also showed multiple bands that were 

below 226 BP, including BxPC-3. Expression of RAMP-3 was confirmed following excision of the band 

at 226 BP and by sequencing data, showing 99% similarity to the RAMP-3 gene (Figure 3.8). Figure 

3.9 shows expression of ADM in all seven PaCa cell lines with a band at a height of 197 BP which was 

also shown in AM2 control cells. This result was confirmed by sequencing data with a sequencing 

similarity of 98% (Figure 3.10). CLR is also expressed across all the cell lines with a band at 302 BP 

including in the control cells (Figure 3.11). The expression of CLR was confirmed by sequencing with 

a sequencing similarity of 97% (Figure 3.12).     

To determine quantitative levels of mRNA expression, QPCR was used to determine expression 

levels of ADM, RAMP-1, RAMP-2 and RAMP-3. ADM mRNA expression was confirmed across all the 
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cell lines was similar with Ct values ranging from 22.5 in BxPC-3 cells to 26.0 in SW1990 (Table 3.). 

RAMP-1 mRNA expression confirmed in all seven PaCa cell lines. Ct values ranged from 23.0 in HPAF-

II to 27.5 in Capan-2 (Table 3.5). RAMP-2 and RAMP-3 mRNA expression was not shown in the 7 PaCa 

cell lines however, AM1 and AM2 cell controls were shown to express RAMP-2 and RAMP-3 with Ct 

values of 18.3 and 16.3 respectively. A Ct value above 35 was used as the cycle cut-off value.  

 

Figure 3.3 RAMP-1 endpoint PCR. RAMP-1 mRNA expression in seven PaCa cell lines with bands at 

193 base pairs (BP) representing RAMP-1. CGRP cells were used as a positive control and water was 

used as a negative control as it has no DNA template. The data shown is representative of three 

independent experimental repeats. 
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Figure 3.4 RAMP-1 sequencing data from CFPAC-1 PaCa RNA sample. (A) NCBI Blast alignment was 

used to identify the sequence obtained from FinchTV software after Sanger sequencing was 

completed on PCR sample (B) FinchTV software was used to identify the sequence in the sample and 

determine if the band at a height of 193 BP in Figure 3.3 correlated to RAMP-1 expression using NCBI 

Blast alignment. 

 



96 
 

Figure 3.5 RAMP-2 endpoint PCR. RAMP-2 mRNA expression in seven PaCa cell lines with bands at 

256 base pairs (BP) representing RAMP-2. AM1 cells were used as a positive control and water was 

used as a negative control as it has no DNA template. The data shown is representative of three 

independent experimental repeats. 

 

Figure 3.6 RAMP-2 sequencing. RAMP-2 sequencing data from CFPAC-1 PaCa RNA sample. (A) NCBI 

Blast alignment was used to identify the sequence obtained from FinchTV software after Sanger 

sequencing was completed on PCR sample (B) FinchTV software was used to identify the sequence in 
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the sample and determine if the band at a height of 256 BP in Figure 3.5 correlated to RAMP-2 

expression using NCBI Blast alignment. 

 

Figure 3.7 RAMP-3 endpoint PCR. RAMP-3 mRNA expression in seven PaCa cell lines with bands at 

226 base pairs (BP) representing RAMP-3. AM2 cells were used as a positive control and water was 

used as a negative control as it has no DNA template. The data shown is representative of three 

independent experimental repeats. 
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Figure 3.8 RAMP-3 sequencing. RAMP-3 sequencing data from CFPAC-1 PaCa RNA sample. (A) NCBI 

Blast alignment was used to identify the sequence obtained from FinchTV software after Sanger 

sequencing was completed on PCR sample (B) FinchTV software was used to identify the sequence in 

the sample and determine if the band at a height of 226 BP in Figure 3.7 correlated to RAMP-3 

expression using NCBI Blast alignment. 
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Figure 3.9 ADM endpoint PCR. ADM mRNA expression in seven PaCa cell lines with bands at 197 

base pairs (BP) representing ADM. AM2 cells were used as a positive control and water was used as 

a negative control as it has no DNA template. The data shown is representative of three independent 

experimental repeats. 
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Figure 3.10 ADM sequencing. ADM sequencing data from CFPAC-1 PaCa RNA sample. (A) NCBI Blast 

alignment was used to identify the sequence obtained from FinchTV software after Sanger 

sequencing was completed on PCR sample (B) FinchTV software was used to identify the sequence in 

the sample and determine if the band at 196 BP in Figure 3.9 correlated to ADM expression using 

NCBI Blast alignment. 
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Figure 3.11 CLR endpoint PCR. CLR mRNA expression in seven PaCa cell lines with bands at 302 base 

pairs (BP) representing CLR. AM2 cells were used as a positive control and water was used as a 

negative control as it has no DNA template. The data shown is representative of three independent 

experimental repeats. 
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Figure 3.12 CLR sequencing. CLR sequencing data from CFPAC-1 PaCa RNA sample. (A) NCBI Blast 

alignment was used to identify the sequence obtained from FinchTV software after Sanger 

sequencing was completed on PCR sample (B) FinchTV software was used to identify the sequence in 

the sample and determine if the band at a height of 302 BP in Figure 3.11 correlated to CLR 

expression using NCBI Blast alignment. 
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Table 3.5 ADM and RAMP-1 mRNA expression in seven PaCa cell lines detected by quantitative real-
time polymerase chain reaction (QPCR). Data is presented as 3 independent experimental repeats 
and presented as mean±SD. 

Cell line ADM Ct value RAMP-1 Ct value 

AsPC-1 23.5±0.61 24.0±1.27 

BxPC-3 22.5±0.58 26.8±0.42 

Capan-2 23.5±1.06 27.5±1.06 

CFPAC-1 23.1±0.74 23.3±1.56 

HPAF-II 24.4±1.91 23.0±0.21 

Panc 10.05 22.9±0.82 24.9±1.77 

SW1990 26.0±1.26 26.6±0.11 

Ct: Cycle threshold. This is the number of cycles required for the fluorescent signal to cross the background fluorescent 
threshold. 

3.3.3 Protein expression of RAMPs 

The expression of RAMP-1, RAMP-2 and RAMP-3 was also determined at protein level in the seven 

PaCa cell lines. RAMP-1 was expressed across all the cell lines as shown by the band at 17 kDa 

(Figure 3.13). RAMP-2 was also expressed in all cell lines with a single band at 17 kDa. The strongest 

band was in BxPC-3 (Figure 3.14). Figure 3.15 shows RAMP-3 expression in all cell lines with a band 

at 34 kDa (RAMP-3 dimer). These results show that all the RAMPs are expressed at protein level 

across the 7 different PaCa cell lines.  
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Figure 3.13 RAMP-1 protein expression determined by western blotting. RAMP-1 protein expression 

in seven PaCa cell lines with bands at 17 kDa representing RAMP-1. The data shown is representative 

of three independent experimental repeats. 
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Figure 3.14 RAMP-2 protein expression determined by western blotting. RAMP-2 protein expression 

in seven PaCa cell lines with bands at 17 kDa representing RAMP-2. The data shown is representative 

of three independent experimental repeats. 

                

Figure 3.15 RAMP-3 protein expression determined by western blotting. RAMP-3 protein expression 

in seven PaCa cell lines with bands at 34 kDa representing RAMP-3. The data shown is representative 

of three independent experimental repeats. 

3.3.4 Stimulation of PaCa cells with calcitonin superfamily 

To determine if the cell lines are functional in the 7 PaCa cell lines, cAMP assays were completed. 

These were important to inform which cell lines would be used to develop ADM and RAMP-3 KDs  

(Chapter 4). Figure 3.16 shows the response of PaCa cell lines when stimulated by ADM, CGRP and 

IMD when stimulated at concentrations between 1 µM and 10 pM. Six out of the seven cell lines 

were stimulated by CGRP with EC₅₀ doses ranging between 3.43 nM and 57.1 nM. CGRP stimulation 

efficacy varied between 20-100% when normalised to forskolin. Five out of the cell lines were 

stimulated by ADM with EC₅₀ ranging between 288 nM and 682 nM, the efficacy ranged between 40-
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100%. IMD also stimulated cAMP production in five out of the seven cell lines. SW1990 was not 

stimulated by any of ligands.  

 

Figure 3.16 Effect of calcitonin peptides (ADM, CGRP, IMD) on cAMP production of seven PaCa cell 

lines. Cells were stimulated for 30 minutes with different concentrations of peptide and cAMP levels 

were measured. SW1990 cells were not stimulated by the peptide concentrations prepared. BxPC-3 

was stimulated by CGRP, and the remainder of cells were stimulated at different potencies and 
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efficacies by all peptides. These data were collected as three independent repeats and presented as 

mean ±SEM. The data was normalised to 100 µM forskolin and blank representing 100% and 0% 

stimulation respectively. Dose response curves were analysed using four-parameter logistic curve 

and only unambiguous EC₅₀ values are shown. This experiment and data was completed by Dr 

Ameera Jailani and was presented in her thesis (March 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

3.4 Discussion 

ADM and its receptor components (CLR, RAMP-1, RAMP-2 and RAMP-3) have been previously shown 

to be expressed in PaCa and other cancer cell lines including prostate cancer, colorectal cancer, 

endometrial cancer and glioblastomas. Furthermore, these studies have shown ADM to induce pro-

tumorigenic effects including proliferation, inhibiting apoptosis and immunosuppression (Abasolo, et 

al., 2004; Berenguer-Daizé et al., 2013; Berenguer et al., 2008; Ishikawa et al., 2003; Keleg et al., 

2007; Oehler et al., 2003; Ouafik et al., 2002; Wang et al., 2014). These studies provide the basis for 

investigating the role of ADM and its receptor components in the PaCa. Therefore, a panel of 7 PaCa 

cell lines were characterised at mRNA and protein to determine whether ADM, CLR, RAMP-1, RAMP-

2 and RAMP-3 are expressed in PaCa as this has not previously been done. Furthermore, cAMP data 

was collected to determine whether the cell lines had functional receptors. These experiments and 

data were important to determine subsequent experiments shown in chapter 4 to chapter 6. 

3.4.1 PaCa cell line morphology 

Understanding the characteristics of PaCa cell lines was important to determine the most suitable 

cell lines to generate ADM and RAMP-3 knockdowns for both in vivo and in vitro assays. Therefore, a 

panel of 7 PaCa cell lines were analysed for morphology, ADM and its receptor mRNA and protein 

expression and cAMP stimulation by ADM and calcitonin superfamily peptides.  

The cell lines can be subdivided by multiple characteristics including, cobblestone appearance, 

epithelial appearance, polygonal, elongated or round cells, mononuclear or multinucleated. The 

majority of the cells appear to have a cobblestone epithelial appearance, with the exception of 

CFPAC-1 and AsPC-1. CFPAC-1 in particular has a more mesenchymal appearance with elongated and 

round cells, AsPC-1 has some of these characteristics but presented more subtly. These cells also 

grow in a more disorganised pattern. Capan-2, Panc 10.05 and SW1990 all have polygonal shapes, 

whilst BxPC-3 cells have a more distinct round shape. HPAF-II are pleomorphic with a mix of 

polygonal and round shapes (Figure 3.2).  
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Distinguishing between epithelial and mesenchymal morphologies of cells can be indicative of cell 

line characteristics. Epithelial cells are more rounded and have previously been shown to express 

more E-cadherin and low vimentin, whilst mesenchymal cells have been associated with high 

expression of vimentin and low expression of E-cadherin. Both these markers are important markers 

of epithelial-to-mesenchymal transition (EMT) which can lead to metastases. Minami et al (2021) 

showed that low E-cadherin expression in two PaCa cell lines (Panc-1 and KP4) correlated with a 

more mesenchymal appearance including more elongated and spindle shaped cells. These cell lines 

also had more invasive capacities. Mesenchymal cells also have increased migratory capacity, 

resistance to apoptosis and increased expression of ECM components which aids in the development 

of fibrosis around PaCa tumours (Kalluri & Neilson., 2016). Both AsPC-1 and CFPAC-1 are metastatic 

derived cell lines therefore, their mesenchymal cell appearance correlates with their metastatic 

status. However, HPAF-II and SW1990 cells are also metastatic cell lines and have more epithelial 

features with round and polygonal cells suggesting spindle shaped mesenchymal cells do not 

necessarily correlate with metastatic potential of cells. Dai et al (2020) and Zhou et al (2015) have 

both shown the involvement of ADM and RAMP-3 in EMT.  Dai et al (2020) showed that RAMP-3 KOs 

in PAN02 cells resulted in decreased vimentin expression and migratory capacity. Zhou et al (2015) 

showed that ADM KDs in chollangiocellular carcinoma resulted in reversal of EMT.  

 Cells can also be characterised as mononuclear or multinucleated; HPAF-II, Panc 10.05 and SW1990 

have a mix of mononuclear and multinucleated cells, whilst ASPC-1 cells present as mononuclear. 

There are also two distinct patterms that the cells grow in, in vitro, either as a single monolayer 

covering all space or in clusters with large empty spaces. ASPC-1, BxPC-3, CFPAC-1 and SW1990 all 

grow as a single monolayer with no spaces in between. However, Capan-2, HPAF-II and Panc 10.05 

all grow as clusters with large empty spaces between.  Hasegawa et al (2017) have shown that 

metastatic PaCa cells contained more multinucleated cells compared to primary tumour cells. HPAF-

II and SW1990 cells are both metastatic derived cell lines and showed multinucleated cell 
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morphologies therefore, although the cells do not have a mesenchymal appearance, their 

metastastic potential may be driven by multinucleated cells.  

3.4.2 PaCa cell lines express ADM and its receptor components 

It was essential to characterise the panel of the seven PaCa cell lines for both ADM and its receptor 

components (RAMP-1, RAMP-2, RAMP-3 and CLR) to select appropriate cell lines for ADM and 

RAMP-3 knockdown development. Endpoint PCR, QPCR and western blots confirmed expression of 

ADM, RAMPs and CLR in all the cell lines cultured under optimal conditions at both mRNA and 

protein level (only RAMPs were characterised at protein level). These data were significant as they 

confirmed that ADM and its receptors may play a role in PaCa development.  

Although the data presented and other studies researching mRNA expression of ADM, RAMP and 

CLR expression in glioblastomas, ovarian cancer, renal cancers and prostate cancer all show mRNA 

and protein expression of RAMP-3 (Berenguer-Daizé et al., 2013; Deville et al., 2009; Giacalone et al., 

2003; Ouafik et al., 2002), current PaCa cancer research shows limited evidence of RAMP-3 

expression. Ishikawa et al (2003) studied 5 PaCa cell lines and showed ADM mRNA expression in all 

the cell lines however, there was no RAMP-3 mRNA expression in any of the cell lines including BxPC-

3 which is also shown in Figure 3.7. However, they did show that BxPC-3 expresses CLR and RAMP-2 

similar to Figure 3.5 and Figure 3.11 together with another PaCa cell line, PCI-35. Two other cell lines 

expressed only RAMP-2 alone and another cell line expressed only ADM alone but none of the 

CLR/RAMP receptor components. Keleg et al (2007) measured mRNA expression in 5 PaCa cell lines 

and found them all to express ADM, CLR, RAMP-1 and RAMP-2 however, only one cell line expressed 

RAMP-3. Furthermore, analysis of PaCa tissue showed co-localisation of CLR with RAMP-1 and 

RAMP-2 in tissue but no RAMP-3. Ramachandran et al (2007) also analysed mRNA expression in 8 

cell lines including BxPC-3, AsPC-1 and CFPAC-1 finding that all expressed ADM but there was no 

evidence of CLR or RAMP-3 expression. BxPC-3 did express RAMP-1 and RAMP-2 which mimics the 

results shown in Figure 3.3, Table 3.5 and Figure 3.5. However what is clear from the literature is 
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that RAMP-3 expression is more prevalent in cells that infiltrate the tumour as demonstrated by 

Chen et al  (2011), Dai et al (2020), Kaafarani et al (2009), Xu et al (2016) Deville et al (2009) and 

Ramachandran et al (2007).  

In melanoma, Chen et al (2011) showed that CLR was expressed in melanoma cells but RAMP-2 and 

RAMP-3 were not. However, infiltrating TAMs expressed ADM, CLR, RAMP-2 and RAMP-3 and co-

localisation of ADM and the RAMP/CLR complexes was also found in macrophages. Furthermore, 

melanoma cells treated in vivo treated with ADM receptor antagonist showed a decreased 

percentage of M2 phenotype macrophages. In renal cell carcinoma, Deville et al (2009) showed that 

RAMP-3 was only expressed in inflammatory cells that were infiltrating the tumours suggesting that 

RAMP-3 may play an important role in the crosstalk between tumour cells and infiltrating cells.  

Whilst, Kaafarani et al (2009) showed that CLR/RAMP-2 and CLR/RAMP-3 promote ADM in matrigel 

plugs to induce angiogenesis by promoting the recruitment of pericytes, endothelial cells, myeloid 

precursor cells and macrophages which work together to promote channel formation. 

Ramachandran et al (2007) revealed that ADM and its receptors interact with cells of the stromal 

microenvironment (CAFs and HUVECs) to induce pro-tumorigenic effects. 

 Xu et al (2016) showed PaCa cells secreted high levels of ADM however, receptors for ADM were 

only found on MMC cells. ADM enhanced MMC cell invasion and migration and promoted adhesion 

and transendothelial migration of MMC cells by increasing VCAM-1 and ICAM-1 expression in 

endothelial cells. These molecules work together to promote EMT and create a more aggressive 

phenotype. Furthermore, ADM had an impact on macrophages and myeloid derived suppressor cells 

(MDSC) by promoting expression of a more pro-tumour phenotype.  These data combined with Dai 

et al (2020) research that provides evidence that RAMP-3 has a key role in promoting metastasis in 

PaCa by increasing expression of RAMP-3 in CAFs, show that ADM and RAMP-3 work synergistically 

to integrate the complex network of molecules that form the PaCa tumour microenvironment. In 
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future, research around expression of ADM and its receptors in cells found in the PaCa tumour 

microenvironment may be a field of research to consider.  

There are few studies describing the characterisation of cell lines for RAMPs and CLR at protein level 

using western blotting. The data shown in Section 3.3.3 shows bands at 17 kDa (monomer) across 

the panel of seven PaCa cell lines for RAMP-1 and RAMP-2. RAMP-3 expression is shown as a dimer 

with a band at 34 kDa, this blot also shows multiple other uncharacterised bands. Berenguer-Daizé 

et al (2013) have shown protein expression of CLR, RAMP-2 and RAMP-3 in DU145 cells with a band 

at 48 kDa (CLR) and 28 kDa (RAMP-2 and RAMP-3) and additional bands at 50 kDa and 73 kDa which 

they suggest are homo- and hetero- dimers. However, there is limited western blot data 

characterising PaCa cells or other cancer cell available. Hay & Pioszak (2016) suggest that there are 

few antibodies available that have undergone rigorous testing and what is often assumed as a 

homodimer and heterodimer has been shown to artifact. These data suggest that more research 

needs to be done into developing antibodies specific to ADM and its receptor components to be sure 

that the bands seen correlate to the proteins.  

It is important to consider the different RAMP-2 and RAMP-3 mRNA expression data collected by 

endpoint PCR and QPCR. Endpoint PCR data shows that the PaCa cell lines express both RAMP-2 and 

RAMP-3 however, QPCR data only showed expression of RAMP-2 and RAMP-3 in AM1 and AM2 

controls. QPCR is a method that detects mRNA in the exponential phase of PCR, whilst endpoint PCR 

detects mRNA in the plateau phase of PCR. Therefore, if expression of RAMP-2 and RAMP-3 is low 

(RAMP-3 endpoint PCR cycle number was of 40), then QPCR may not detect mRNA expression. To 

date, there is still no set maximum cycle number that is used for mRNA detection in QPCR and there 

is much debate over which cycle numbers detect false positives. Too low cycle cut-off points may not 

detect true positive numbers whilst too high cycle numbers (50-60 cycles) may detect false positives 

(Burns et al, 2005; Burns & Valdivia, 2008; Bustin et al., 2009). The Applied Biosystems 7900 HT Fast 

Real-Time PCR instrument used to collect RAMP-2 and RAMP-3 data detected up to 39 cycles, 
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anything above was classed as ‘undetermined’. Increasing the cycle number may have detected 

RAMP-2 and RAMP-3, particularly as RAMP-3 required a minimum of 40 cycles for detection by 

endpoint PCR. However, at 40 cycles the RAMP-3 endpoint PCR detected non-specific bands. It has 

been suggested that too many cycles can increase error and result in multiple band detection 

following gel electrophoresis (Figure 3.7). The concentration of primer was also higher in the RAMP-

3 mastermix which could have caused primer dimers. Furthermore, this may explain why BxPC-3 

samples showed no RAMP-3 expression, a higher cycle number may have detected expression 

however, this may have resulted in further non-specific bands (Figure 3,7). Sequencing the lower 

molecular weight in future would help determine other genes being detected. The concentration of 

primer was also higher in the RAMP-3 mastermix which can also cause primer dimers. MgCl₂ 

concentration, addition of DMSO, increasing primer concentration and altering annealing 

temperatures were optimised to try and produce single band gels. However, expression of RAMP-3 

was confirmed by sequencing which suggests RAMP-3 is expressed at mRNA level in the seven PaCa 

cell lines (Figure 3.8). Furthermore, western blotting confirmed the expression of RAMP-2 and 

RAMP-3 (Figure 3.14 and Figure 3.15) which suggests the 7 PaCa cell lines express mature protein. 

Another important consideration is the presence of multiple bands following RAMP-2 endpoint PCR 

shown in Figure 3.5, BxPC-3 and Panc 10.05 samples showed higher bands. RAMP-2 primers were 

not designed across intron-exon boundaries as primers that crossed these boundaries did not have a 

suitable GC content (40-60%), annealing temperature or primer length (18-30bp). Designing primers 

that cross intron-exon boundaries would have confirmed that the higher bands in Figure 3.5 may be 

as a result of genomic contamination. Lower bands in all RAMP-2 and CLR PCR gels (Figure 3.5 and 

Figure 3.11 respectively) may be explained by primer dimers which can be caused by too low 

annealing temperatures or too long extension time.  
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3.3.3 PaCa cell lines are stimulated by ADM, CGRP and IMD to produce cAMP 

Having shown that a panel of 7 PaCa cell lines all express ADM and its receptor components, it was 

important to determine if the receptor components are functional. Section 1.2.3 outlines the 

signalling pathways ADM induces that are associated RAMP/CLR receptors including the cAMP 

pathway (McLatchie et al., 1998). Therefore, cAMP assays were used to determine the functionality 

of RAMP/CLR receptors.  The purpose of these experiments was to identify suitable cell lines to 

generate ADM and RAMP-3 knockdowns in future for in vivo and in vitro experiments described in 

Chapters 5 and 6.  The data described in Section 3.3.4 also shows CGRP and IMD ligand data as they 

can also bind to the same receptor complexes ADM. 

Three of the cell lines (AsPC-1, CFPAC-1 and HPAF-II) were stimulated by ADM with CFPAC-1 and 

HPAF-II being the most potent with a EC₅₀ of 288 nM compared to 682 nM in AsPC-1. CFPAC-1 cells 

were more efficacious with 100% maximum response compared to 60% in HPAF-II. Six of the seven 

cell lines were stimulated by CGRP with HPAF-II being the most potent at 3.43 nM however it was 

60% efficacious compared to CFPAC-1 which was slightly less potent at 6.64 nM but had 100% 

efficacy. Based on the higher efficacy of ADM and CGRP and confirmed expression of ADM and 

RAMP-3 at RNA and protein level (RAMP-3 only), CFPAC-1 was selected to generate the ADM and 

RAMP-3 knockdowns described in Chapter 4.  

Based on the characteristics outlined by ATCC, it was the three metastatic cell lines that responded 

to stimulation by ADM with the exception of SW1990. SW1990 may induce pro-tumorigenic actions 

through other pathways including MAPK or PI3K kinase pathways. Furthermore, Xu et al (2016) 

showed that SW1990 had the lowest ADM expression which may also explain the lack of stimulation. 

BxPC-3, Capan-2 and Panc 10.05 are all primary tumours and only showed CGRP stimulation but not 

ADM. These data suggest that ADM has a role in making tumours metastatic as opposed to being 

involved in establishing the initial tumour. This is further supported by data on PaCa from Dai et al 

(2020), Ramachandran et al (2007) and Xu et al (2016) that showed ADM and RAMP-3 roles in 
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metastasis and their expression in cells found within the tumour microenvironment including TAMs 

and MMCs cells. 
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3.5 Conclusion 

The morphology of the cell lines was characterised to understand the different characteristics of the 

cells. This was to ensure that any morphological changes could be recognised which may indicate 

unhealthy cells in vitro together with regular mycoplasma tests. Culture conditions and doubling 

times had previously been optimised for in vitro experiments including RNA and protein collection.  

All seven PaCa cell lines were characterised at mRNA and protein level to determine the expression 

of ADM, CLR and RAMPs. These receptor components were all detected in the seven cell lines and 

confirmed by sequencing. This data confirmed that ADM and its receptor components may have a 

role in PaCa progression and therefore, would be a suitable peptide and receptor to investigate 

further for its stromal and tumorigenic effects.  

Six out of seven cell lines were stimulated by calcitonin family peptides (ADM, CGRP and IMD) which 

suggests that ADM and its receptor components have a functional role PaCa cells. These data 

suggest ADM mediates downstream signalling pathways of cAMP involved in PaCa progression and 

development.   
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4.1 Introduction 

The physiological role of ADM and RAMP-3 and their role in cancer have been discussed in depth in 

Chapters 1 and 3. These chapters highlight the limited understanding of the exact roles of ADM and 

RAMP-3 in PaCa. However, Dai et al (2020) provide a new insight into the roles of these genes and 

show the value of knockout (KO) studies.  

For this study, SMARTvector inducible lentiviral shRNA was chosen to develop knockdowns (KD). This 

is a highly efficient method of transduction as viral particles are used to infect the cells of interest 

which results in a KD (explained in Section 4.2.1). This tool enables the switching on and off of 

knockdowns instead of permanently knocking down which is beneficial in cases where permanent KD 

may be lethal to cells, or in vivo where research scientists may be interested in how tumour growth is 

effected by switching on and off the inducible gene. Further benefits to lentiviral KDs is that they have 

a high transduction efficiency and are very scalable for this reason. KOs completely silence the of a 

gene of interest however, development can be time consuming. They also often require isolating 

single clones and scaling them up before determining if the KO has been successful by PCR and 

sequencing. KD and KO studies provide a useful insight into the role of genes in different disease 

including cancer and their effect on pro-tumorigenic pathways including proliferation, apoptosis and 

angiogenesis.  

In this chapter, Section 4.3.1 will show the development of inducible lentiviral KDs of ADM, RAMP-3 

and scrambled controls in CFPAC-1 cells. Whilst Section 4.3.2 will show results of successful 

transduction of ADM KDs and scrambled control with firefly luciferase (Luc-RFP). The effect of CFPAC-

1 ADM KDs and RAMP-3 KDs on proliferation will also be discussed. Development of these KDs will be 

used for future in vitro and in vivo experiments discussed in Chapters 5 and 6.  

4.1.1 ADM knockdown studies 

ADM KDs have been used in numerous studies to investigate cancer and other disease models such as 

diabetes. Li et al (2014) developed ADM KDs and scrambled controls in hepatocellular carcinoma cells, 
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showing an increase in apoptosis when ADM was knocked down. In vivo they combined cisplatin 

(chemotherapy) with ADM KD in SMMC-7221 cells and showed a 77.2% decrease in tumour growth 

compared to 39.2% with cisplatin alone showing the therapeutic potential of antagonising ADM in 

cancer.  

Wang et al (2014) also analysed the effects of ADM KDs in colorectal cancer tumour xenografts 

showing a block in angiogenesis, activation of apoptosis and tumour growth suppression. In bladder 

cancer and osteosarcoma, ADM KDs in cell lines also showed an increase in apoptosis and inhibition 

of cancer cell proliferation (Dai, et al., 2013; Liu et al., 2013). Angiogenesis has also been shown to be 

regulated by ADM following KD studies in CAOV3 ovarian cancer cells, where HIF-1α and VEGF mRNA 

were shown to decrease following ADM KD. These molecules are tightly associated with hypoxia and 

angiogenesis therefore it was concluded that ADM is an important regulator of this process (Zhang et 

al., 2017). 

Zhou et al (2015) were able to show the role of ADM in metastasis in intrahepatic cholangiocellular 

carcinoma. ADM KDs in these cells resulted in the reversal of EMT which is an important process for 

metastasis. Zudaire et al (2006) developed ADM KDs in mast cells which supressed anchorage 

dependent and independent growth of A549 lung cancer cells. Whilst Pang et al (2013) showed how 

ADM KDs in ovarian cancer cells effects macrophage polarisation. There was a significant increase in 

macrophage M2 marker, CD206, in non-transduced ovarian H08910, whereas there was a decrease in 

CD206 in KD cells. There was also a decrease in macrophage migration, stress fibre formation and 

cytoskeleton rearrangement when macrophages were co-cultured with HO8910 ADM KD cells. 

Aggarwal et al (2012) looked at the effects of ADM KDs in PANC-1 cells on insulin secretion from INS-

1 cells (insulin secreting β-cells). They showed that ADM KDs resulted in increased insulin secretion 

(174% insulin secretion) compared to scrambled controls (100% insulin secretion). This result was also 

replicated when ADM KDs were generated in mouse islets. These data show that ADM KDs inhibit 

glucose stimulated insulin secretion. 
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Overall, these results demonstrate the diversity of ADM and how KDs provide useful insights in both 

cancer models and processes including insulin secretion from pancreatic β cells. Furthermore, the data 

shows that KDs can be used for both in vitro and in vivo applications.  

4.1.2 RAMP-3 knockdown studies 

Research relating to RAMP-3 is very limited, it has only been more recently that research around the 

significance of RAMP-3 at a pathological level has been investigated. RAMP-1 has been widely studied 

and characterised relating to its association with migraines, RAMP-2 is well understood and been most 

notably been associated with regulation of blood pressure and embryo lethality following knockdown. 

However, there is limited research available of RAMP-3 and therefore, more research needs to be 

conducted around the role of RAMP-3. Expression of RAMP-3 has been shown in many cancer studies 

discussed in Chapters 1 and 3, and also mRNA and protein expression has been shown in the panel of 

seven PaCa cell lines investigated in this study (Chapter 3). 

Dai et al (2020) show the potential significance of RAMP-3 in PaCa where RAMP-3 KOs in mice showed 

decreased PaCa metastasis. The study also showed how co-culture of RAMP-3 KO CAFs with PaCa 

tumour cells resulted in decreased migration, proliferation and metastasis. This is some of the first 

evidence showing the significant role of RAMP-3 in tumorigenesis in PaCa, showing that it is important 

to consider cells of the tumour microenvironment, not the cancer cells alone when focussing on 

RAMP-3.  

Venkatanarayan et al (2015) looked at the role of amylin (IAPP), a peptide hormone co-secreted with 

insulin from β-cells of the pancreas, RAMP-3 and CLR in non-small cell lung carcinoma. RAMP-3 KDs  

in lung adenocarcinoma cells, H1299, showed that KD of RAMP-3 did not inhibit glycolysis  and reactive 

oxygen species (ROS) and apoptosis were not induced following treatment with H1299 media 

secreting IAPP. These data suggest that RAMP-3 expression is critical for IAPP role in inhibiting 

glycolysis and inducing ROS and apoptosis in  lung cancer cells showing that RAMP-3 has a positive 
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effect in these cancers. Furthermore, using basal cancer cell patient samples, RAMP-3 expression was 

associated with better patient survival determined by a Kaplan Meier curve.  

RAMP-3 KD studies have shown its role in inducing cAMP production in mesenteric artery smooth 

muscle cells. RAMP-3 KDs resulted in inhibited cAMP production (Chauhan et al., 2015). These results 

demonstrate that RAMP-3 has diverse roles, one study showing that RAMP-3 is involved in pro-

tumorigenic pathways, whilst the other demonstrates improved patient survival in breast cancer. 

However, it is important to consider that this is with amylin as the ligand, not ADM. Furthermore, 

RAMP-3 has been shown to have some association with vascular smooth muscle cells which could be 

significant when considering developing AM2 receptor specific therapies.  

Overall, the combined ADM and RAMP-3 KD studies show how useful KD and KO studies can be in 

finding out the roles of genes in multiple pathways. It is evident that more research has been 

conducted into the consequences of ADM KDs in a variety of cancers. In particular, it highlights that 

research into ADM KDs in cells other than just tumour cells alone, could provide novel insights into 

the role of ADM and RAMP-3 in PaCa. The limited studies involving RAMP-3 KDs show that more 

research needs to be done into the role of RAMP-3 both physiologically and pathologically.  

4.1.3 Aims and Objectives  

The main aim of the project was to develop ADM and RAMP-3 KDs that could be used for future in 

vitro and in vivo experiments. The second aim was to transduce the KDs with firefly luciferase (Luc-

RFP) so cells could be used for in vivo orthotopic experiments. Validating the KDs by QPCR was 

important for in vivo experiments. Furthermore, showing green fluorescent protein (GFP) induction 

and red fluorescent protein (RFP) induction by imaging and on the plate reader also contributed to 

validating successful transductions. This was important as cells were to be used for experiments 

showing the role of ADM and RAMP-3 in the pathogenesis of PaCa. Proliferation of KD cells compared 

to WT cells was also determined as part of the characterisation to see whether KDs had an impact on 

CFPAC-1 proliferation. 
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4.2 Methods 

4.2.1 Transduction of ADM/RAMP-3 with SMARTvector inducible lentiviral shRNA 

To generate ADM/RAMP-3 KDs in CFPAC-1 cells, Dharmacon™ SMARTvector™ Inducible Lentiviral 

shRNA particles were used (Figure 4.1) and scrambled shRNA (scrshRNA) was used as the control. This 

method of transduction utilises the activation of a Tet-On®3G bipartite induction system. The system 

includes an inducible RNA polymerase II promoter (mCMV) that has been optimised for minimal basal 

induction and potent activation upon induction with doxycycline. When doxycycline is added, the 

TRE3G (tetracycline responsive element) inducible promotor is bound and activated by the Tet-On 3G 

transactivator protein that is encoded within the inducible shRNA vector. The TRE3G promoter and 

Tet-On 3G protein work together to tightly regulate shRNA expression. Within the vector, there is also 

a puromycin resistance gene that is used for selection of cells that have been successfully transduced. 

The vector also includes a TurboGFP reporter which can be used to monitor successful transduction 

and expression when doxycycline is added to the cells. Successful transduction results in an increase 

in GFP expression which can be detected using a microscope. 
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Vector element Utility 

5-LTR 5’ long terminal repeat-needed for lentiviral 
production and integration of the construct 
into host cell genome 

Ψ Psi packaging sequence allows lentiviral 
genome packaging using lentiviral packaging 
systems 

RRE Rev response element increases packaging 
efficiency of full length lentiviral genome which 
enhances titre 

TRE3G Inducible promoter with tetracycline response 
elements which are activated by Tet-On 3G 
protein in the presence of doxycycline 

tGFP Turbo GFP reporter for visual tracking of 
transduction and expression upon doxycycline 
induction 

SMARTvector universal scaffold Scaffold based on native primary microRNA in 
which gene targeting sequence is embedded 

mCMV Murine cytomegalovirus- RNA polymerase II 
promoter  

PuroR Puromycin resistance gene which permits 
antibiotic selection of transduced cells 

2A Self-cleaving peptide that enables expression of 
both PuroR and Tet-On 3G transactivator from a 
single RNA polymerase II promoter   

Tet-On 3G Encodes doxycycline regulated transactivator 
protein which binds to TRE3G only when 
doxycycline is added 

WPRE Woodchuck Hepatitis Post-transcriptional 
Regulatory element which enhances transgene 
expression in target cells 

3’ SIN LTR 3’ self-inactivating Long Terminal Repeat for 
generation of replication-incompetent lentiviral 
particles after integration 

Figure 4.1 Dharmacon SMARTvector Inducible Lentiviral shRNA vector structure and table describing 

the individual vector elements adapted from the Dharmacon SMARTvector technical manual. The 

lentiviral knockdowns are induced by doxycycline which activates TRE3G inducible promoter. The 

SMARTvector universal scaffold encodes the gene targeting sequence of interest (ADM, RAMP-3 or 

scrambled). Turbo GFP is downstream of promoter and is used as a visual tracker of transduction after 
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addition of doxycycline. Puromycin resistance gene is incorporated into the vector to allow selection 

of transduced cells.  

For both ADM and RAMP-3 knockdowns, a combination of 3 shRNA were combined (Table 4.1) (Figure 

4.2 and Figure 4.3) to make a final MOI (multiplicity of infection) of 1.8. The MOI is the ratio of the 

number of viral particles to the number of cells. For the scrshRNA control, an MOI of 0.5 was prepared 

as recommended by Dharmacon.  

Table 4.1 SMARTvector inducible lentiviral shRNA clone ID for ADM, RAMP-3 and scrambled control. 
The table includes the gene target sequence and the titre provided to for each individual vector. For 
ADM and RAMP-3, the 3 vectors were combined to make a final MOI of 1.8. 

Clone ID Vector Gene Gene Target Sequence Titre 
(TU/well) 

V3IHSMCG_5097476 piSMART 
mCMV/TurboGFP 

ADM GCGTCGGAGTTTCGAAAGA 8.88E+07 

V3IHSMCG_5154731 piSMART 
mCMV/TurboGFP 

ADM ACCTGGGTTCGCTCGCCTT 1.49E+07 

V3IHSMCG_9181061 piSMART 
mCMV/TurboGFP 

ADM GGTCGGACTCTGGTGTCTT 3.45E+07 

V3IHSMCG_5735531 piSMART 
mCMV/TurboGFP 

RAMP-3 TGGGAAGGCTTTCGCAGAC 6.63+07 

V3IHSMCG_6204461 piSMART 
mCMV/TurboGFP 

RAMP-3 CAATGTCGTGGGCTGCTAC 8.47+E07 

V3IHSMCG_8049887 piSMART 
mCMV/TurboGFP 

RAMP-3 CACAGGCAGTTCTTCTCCA 1.33+08 

VSC6584 Non-targeting 
Control mCMV—

TurboGFP 

Scrambled  1.25+08 
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actcagtggtttcttggtgacactggatagaacagctcaagccttgccacttcgggcttc 

tcactgcagctgggcttggacttcggagttttgccattgccagtgggacgtctgagactt 

tctccttcaagtacttggcagatcactctcttagcaggtaggtgccgcagaccctgcggg 

ttaagaggtggggtggggggcagtgcttgccaaggccctaaactgggagcgctgggtgag 

gggaacaacccactttggagggttctctgagagatagatacaccccatatcctgggccca 

gctcgtgcacacagctggaggtccagagacccagtcccctctgctccgtcagccaagttc 

caagaagttgagcagagaccctctgggagcctggcggggtgcagcggcctcccctgcggg 

gcctgtcacccggccggcgcgtgcaaacgcctctggcgcctctctgcgcggagggagata 

agcgtctgagccagggaaagcgcgggctaaacccgcctcgccggggcccctgcccgccct 

ccgtgccccgcccgggcggtgcagctggcccgggtgctcacgctcgactctctttcttct 

tttccagggtctgcgcttcgcagccgggatgaagctggtttccgtcgccctgatgtacct 

gggttcgctcgccttcctaggcgctgacaccgctcggttggatgtcgcgtcggagtttcg 

aaagaagtgagtccgggcagcgccttcccccttgctggtacctggcaggcaaggggaact 

gaccgttggtcccgaaggtctagaagtgaatgggagcagggacaggcctgggcgtcacct 

gaacgcacgcgaatcgggtctgcttgtgttttccaggtggaataagtgggctctgagtcg 

tgggaagagggaactgcggatgtccagcagctaccccaccgggctcgctgacgtgaaggc 

cgggcctgcccagacccttattcggccccaggacatgaagggtgcctctcgaagccccga 

agacaggtaactacgccctgtgctgtccagggacgggagggaaggaaggtgtgcgggagg 

agttctctgtctccactcccctggcccgggggatcgtcggggctggaccgcagctcagat 

ggcgcgagcagtttccagctccctctggctctagaatggctcccgttcccggtgttgggg 

ccaaagctctgcttgatggggtctcaagttgcctttcttccccctccccccgcccgcagc 

agtccggatgccgcccgcatccgagtcaagcgctaccgccagagcatgaacaacttccag 

ggcctccggagctttggctgccgcttcgggacgtgcacggtgcagaagctggcacaccag 

atctaccagttcacagataaggacaaggacaacgtcgcccccaggagcaagatcagcccc 

cagggctacggccgccggcgccggcgctccctgcccgaggccggcccgggtcggactctg 

gtgtcttctaagccacaagcacacggggctccagcccccccgagtggaagtgctccccac 

tttctttaggatttaggcgcccatggtacaaggaatagtcgcgcaagcatcccgctggtg 

cctcccgggacgaaggacttcccgagcggtgtggggaccgggctctgacagccctgcgga 

gaccctgagtccgggaggcaccgtccggcggcgagctctggctttgcaagggcccctcct 

tctgggggcttcgcttccttagccttgctcaggtgcaagtgccccagggggcggggtgca 

gaagaatccgagtgtttgccaggcttaaggagaggagaaactgagaaatgaatgctgaga 

cccccggagcaggggtctgagccacagccgtgctcgcccacaaactgatttctcacggcg 

tgtcaccccaccagggcgcaagcctcactattacttgaactttccaaaacctaaagagga 

aaagtgcaatgcgtgttgtacatacagaggtaactatcaatatttaagtttgttgctgtc 

aagattttttttgtaacttcaaatatagagatatttttgtacgttatatattgtattaag 

ggcattttaaaagcaattatattgtcctcccctattttaagacgtgaatgtctcagcgag 

gtgtaaagttgttcgccgcgtggaatgtgagtgtgtttgtgtgcatgaaagagaaagact 

gattacctcctgtgtggaagaaggaaacaccgagtctctgtataatctatttacataaaa 

        tgggtgatatgcgaacagcaaaccaataaactgtctcaatgctga 

 

Figure 4.2 ADM sequence from NCBI GenBank. SMARTvector inducible lentiviral shRNA sequences for 

ADM are highlighted in yellow, green and pink.  
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gagcgtgacccagctgcggccggccagccatggagactggagcgctgcggcgcccgcaac 

ttctcccgttgctgctgctgctctgcggtgggtgtcccagagcaggcggctgcaacgaga 

caggcatgttggagaggctgcccctgtgtgggaaggctttcgcagacatgatgggcaagg 

tggacgtctggaagtggtgcaacctgtccgagttcatcgtgtactatgagagtttcacca 

actgcaccgagatggaggccaatgtcgtgggctgctactggcccaaccccctggcccagg 

gcttcatcaccggcatccacaggcagttcttctccaactgcaccgtggacagggtccact 

tggaggaccccccagacgaggttctcatcccgctgatcgttatacccgtcgttctgactg 

tcgccatggctggcctggtggtgtggcgcagcaaacgcaccgacacgctgctgtgagggt 

cccggtgagatggagtgggtcacacctggcaagctggaagaaagttccctggggatggga 

gatcgggtgggtgctgccaatctccagctactgtggccacaccccacctggtcatgggca 

gacccctcccttcctgggctgacctgctccctcgaggccagcctgctccctggctgaggc 

tcaggctatccgcccaagctctttgctcattctagggccagtggaggaaaatgtgataag 

gccagagcttgtgtgctgggcaagaaatcacctgctgcatcctgtgctccgcaggctggg 

ccggaagcctctgcctgcaggtttctatgctgtttcttagcacagaatccagcctagcct 

tagccgcagtctaggccctgcttggactaggactccttgcttgaccccatctctggttcc 

tgccctggctcctgcaccagccccagctcctgcctacatccaggcagaaatataggcagg 

ggctcttggaagacgttccgtgctgtgacctccgagccctcctggtgggaagacagctgg 

aaaggctgggaggagaagggaggggctgggggttcccaggagccatgcgtggcctgcaga 

gtccattccatcatgatgctgtgcccgctatgggctgtgtccatgaccagaggctggagt 

gggggtgtgttatagcccctcaccgggacttgctgtgcggatggggcctgggcctccttc 

ctacaggggctcctctgtgggtgaggggccctctggaatggcatcccatgagcttgtggc 

        ctctatctgctaccatctgtgttttatctgagtaaagttaccttacttctgg 

 

Figure 4.3 RAMP-3 sequence from NCBI GenBank. SMARTvector inducible lentiviral shRNA sequences 

for RAMP-3 are highlighted in yellow, green and pink. 

Before transduction, cells were grown to a confluency of ~70% in a T75 flask. Cells were seeded in a 6 

well plate at a density of 250,000 cells per well in 2 mL of warmed full serum media using the methods 

described in Section 2.1.1. and 2.1.4. The next day, transduction media containing 1 mL full serum 

media, lentiviral particles (MOI 1.8 or 0.5 for ADM/RAMP-3 and scrshRNA respectively) and 8µL 1 

mg/mL polybrene was prepared. The transduction media was left to stand at room temperature for 

20 minutes, the cells were washed twice with PBS before the transduction media was added to the 

cells seeded the previous day. Three days after transduction, the cells were sub-cultured into a T25 

flask and the media was changed to selection media containing 2 µg/mL puromycin the following days. 

Puromycin selection continued for a week before 500 ng/mL doxycycline was added to the cells for a 

week to induce the transduction before cell sorting (Section 4.2.2). 
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4.2.2 Optimising concentration of doxycycline for induction of CFPAC-1 ADM, CFPAC-

1 RAMP-3 and CFPAC-1 scrshRNA 

An increase in GFP expression is a marker of successful induction of inducible lentiviral KDs 

therefore, a black clear bottomed 96 well plate was used to measure changes in GFP and determine 

the optimal doxycycline concentration. CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs and CFPAC-1 

scrshRNA were seeded in a 96 well black clear bottomed plate (2,000 cells/well). The cells were 

treated every two days with either no doxycycline, 10 ng/mL doxycycline, 100 ng/mL doxycycline or 

500 ng/mL doxycycline. The amount of GFP expression was measured using the Ensight ® Perkin 

Elmer plate reader (excitation 482 nm and emission 502 nm) daily. Data was plotted using GraphPad, 

version 9.2.0.  

4.2.3 GFP cell sort of CFPAC-1 ADM/RAMP-3 knockdowns 

The KD cells and scrshRNA cells treated with 500 ng/mL doxycycline for a week and sub-cultured into 

a T75 flask until they reached a confluency of 70%. Negative control T75 flasks were also prepared 

containing the KD cells and scrshRNA with media without doxycycline. The cells without doxycycline 

in the media did not express GFP, any cells that were more fluorescent than the control cells were 

sorted.  

To sort the cells, the cells were detached and counted using methods described in Section 2.1.1 and 

2.1.4 to ensure there were no more than 10e6 cells/mL. The counted cells were filtered through a 100 

µM Nylon cell strainer before being sorted for GFP positive cells with mid and high GFP expression 

using fluorescence activated cell sorting (FACS) (excitation 482 nm, emission 502 nm). FACSAria was 

operated by a technician in the Core Flow Cytometry facility to sort the cells. After the sort, the cells 

were centrifuged at 250 x g for 5 minutes and resuspended in full serum media in a 6 well plate. Cells 

were sub-cultured into a T75 flask and induced with 500 ng/mL doxycycline for a week before use in 

in vitro experiments.   
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4.2.4 ADM knockdown validation by QPCR  

To determine if ADM KD were successful, QPCR using ADM and ACTB (housekeeper) primers was 

completed. The samples outlined in Table 4.2 were RNA extracted as described in Section 2.2.1 before 

the RNA samples were quantified using the NanoDrop 2000, cDNA was synthesised and the QPCR was 

run (Section 2.2.2 and 2.3). Before collecting the RNA, cells were seeded in a 6 well plate in duplicates 

at a density of 350,000 cells/well (Day 1 RNA collection) and 100,000 cells/well (Day 7 RNA collection) 

to ensure RNA was collected when cells were 60-70% confluent, half the cells were induced with 500 

ng/mL doxycycline, whilst the other half of cells were treated with normal full serum media. RNA was 

collected either after 1 day of doxycycline induction or after 7 days of doxycycline induction. CFPAC-1 

WT cells and AM2 overexpressing cells were seeded at 350,000 cells/well and the RNA was collected 

when they reached 70% confluency. Before RNA collection the cells were visualised using the 

microscope and images were taken to show cells expressing GFP following induction with doxycycline.  

Table 4.2 A list of the samples that were RNA extracted to validate the knockdown of ADM in CFPAC-
1 cells.  

Sample  Doxycycline induced (0.5 mg/mL)? 

AM2 overexpressing cells No 

CFPAC-1 scrshRNA controls Yes 

Day 1 CFPAC-1 ADM knockdown Yes 

Day 7 CFPAC-1 ADM knockdown Yes  

Day 1 CFPAC-1 ADM knockdown No 

Day 7 CFPAC-1 ADM knockdown No 

 

The differences in ADM mRNA expression was determined by calculating the delta-delta Ct (2ˉΔΔCt). 

This is used to calculate the relative fold change gene expression of samples. The calculation was 

relative to doxycycline induced CFPAC-1 scrshRNA controls. Doxycycline induced CFPAC-1 scrshRNA 

controls were used as the control to calculate the fold change. Following 2ˉΔΔCt calculations, the 
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percentage difference in ADM expression relative to CFPAC-1 scrshRNA control was calculated.  Data 

was plotted using GraphPad, version 9.2.0. 

4.2.5 Lentiviral transduction of ADM knockdown cells and ScrshRNA cells with firefly 

luciferase (Luc-RFP) 

CFPAC-1 ADM KD and CFPAC-1 scrshRNA cells were transduced with a lentiviral vector containing 

firefly luciferase, red fluorescent protein (RFP) marker and an antibiotic resistance gene for blasticidin 

(Figure 4.4) for use in in vivo orthotopic models. Luc-RFP transduction of cells allows live monitoring 

of tumour cells in mice for primary tumour size and metastasis. To transduce the cells, CFPAC-1 ADM 

KDs and CFPAC-1 scrshRNA were seeded in a 24 well plate so cells were 70% confluent the following 

day. The following day, the cells were transduced with an MOI of 3. Once the cells had established, 

cells were selected in 20 µg/mL blasticidin for a week. The cells were monitored for fluorescence under 

the microscope and sub-cultured until they reached a confluency of 70% in a T75 flask. The Luc-RFP 

transduced KDs and KDs without Luc-RFP were seeded in a 6 well plate at 300,000 cells/well and 

treated with D-luciferin prior starting the in vivo experiment to ensure the cells were successfully 

transfected using IVIS (In Vivo Imaging System). D-luciferin is the substrate to luciferase and produces 

a bioluminescent signal. Luc-RFP transduced and un-transduced KD cells were also seeded at 2,000 

cells/well in a 96-well clear black bottom plate and treated with 5 µL D-luciferin for 30 minutes to 

measure luminescence on the Ensight® Perkin Elmer plate reader.  

Cppt; Central polypurine tract (cppt) increases lentivirus mediated gene transfer efficiency, WPRE; Woodchuck 
Heptatis Virus Post-transcriptional Regulatory Element creates a tertiary structure enhancing expression of 
gene of interest. 

Figure 4.4 Firefly Luciferase vector adapted from the Amsbio manual. EF1a is a promoter upstream of 

luciferase and red fluorescent protein (RFP) which are constitutively expressed as individual proteins. 

Blasticidin (Bsd) resistance gene permits antibiotic selection of transduced cells and is downstream of 

the Rsv promoter.  
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4.2.6 CFPAC-1 ADM KD, RAMP-3 KD, scrshRNA and WT viability assay  

To determine whether transduction of CFPAC-1 cells with inducible lentiviral ADM shRNA, RAMP-3 

shRNA and scrshRNA had an effect on viability of cells compared to WT cells, the RealTime Glo™ MT 

cell viability assay was used. The RealTime Glo™ MT cell viability assay is a bioluminescent method 

used to measure cell viability. It determines the number of viable cells by measuring the reducing 

potential of them.  

The assay measures the reducing potential of cells and their metabolism. The reaction involves the 

addition of a cell permeant pro-substrate and NanoLuc® luciferase to cells in culture. Viable cells will 

reduce the pro-substrate and release it into the surrounding media. The NanoLuc® substrate that is 

produced reacts with NanoLuc® luciferase in the media and generates a luminescent signal (Figure 

4.5). The enzyme/substrate mix remains stable in the media for 72 hours at 37°C. If cells are dead, 

there will be no luminescent signal as the MT cell viability substrate will not be reduced by the cells.  

 

Figure 4.5 Principles of the RealTime Glo™ MT Viability assay. (A) Metabolically active cells (viable 

cells) will reduce the cell viability substrate which reacts with NanoLuc luciferase ® to produce a 

luminescent signal. (B) Dead cells are unable to reduce the substrate and therefore no luminescent 

signal is released (Promega, 2016).  
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Cells were seeded at a density of 2,000 cells per well (100 µL optimal growth media per well) in a clear 

white bottomed 96 well plate and left overnight in the incubator at 37°C. The following day, the MT 

cell viability substrate and NanoLuc® enzyme were heated to 37°C with 5% media for 10 minutes. The 

enzyme and substrate (1:1000 dilution) were added 5% media and shaken vigorously. The cells in the 

plate were first washed twice with 100 µL PBS and then 100 µL of the reagent mix was added. The 

cells were left to incubate for 1 hour at 37°C before taking the baseline luminescence reading on the 

plate reader with the lid removed and a plastic film placed on top. The luminescence was measured 

every 24 hours for 72 hours. Data was normalised to day 0 luminescence, plotted and analysed using 

GraphPad, version 9.2.0. Two-way ANOVA analysis and Tukey’s multiple comparison test were used 

to determine any significant differences between CFPAC-1 KDs, scrshRNA controls and WT cells.  
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4.3 Results 

4.3.1 Knockdown validation 

CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs and scrshRNA controls were developed using inducible 

lentiviral shRNA to compare effects of KD, scrshRNA control and WT cells in vitro and in vivo. The data 

shown in this chapter describes the development and validation of the KDs. It also includes data on 

how viability of cells if effected by KD of ADM and RAMP-3. 

4.3.3.1 CFPAC-1 ADM Knockdown doxycycline induction 

As described in section 4.2.1 for successful KD, the KD cells must be induced by doxycycline (dox). 

CFPAC-1 ADM KD cells were seeded in a 6 well plate and treated with media containing different 

concentrations of doxycycline every two days (no dox, 10 ng/mL, 100 ng/mL and 500 ng/mL), at day 1 

and day 7 images were taken on the microscope (Figure 4.6) and RNA was collected. The amount of 

fluorescence was also measured over a 7-day period and plotted to monitor any changes as described 

in section 4.2.2 (Figure 4.7). Figure 4.6 shows that when full serum media without doxycycline was 

added to cells, there was no change in GFP expression at day 1 (panel A) and day 7 (panel B). The same 

result was replicated in CFPAC-1 ADM KDs treated with full serum media containing 10 ng/mL 

doxycycline, there was no difference between day 1 (panel C) and day 7 (panel D). At a concentration 

of 100 ng/mL on both day 1 (panel E) and day 7 (panel F), there was GFP expression with an increase 

seen at day 7. Figure 4.7 also shows that GFP fluorescence in CFPAC-1 ADM KDs increased by 26% 

increase  from day 1 to day 7. CFPAC-1 ADM KDs treated with media containing 500 ng/mL doxycycline 

showed a clear increase in GFP expression of 46.8% between day 1 and day 7 of 46.8% (Figure 4.7). 

This was also captured on the microscope as shown by Figure 4.6 where there is an increase in GFP as 

doxycycline concentration increases.  
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Figure 4.6 Day 1 and Day 7 CFPAC-1 ADM inducible lentiviral shRNA KD induction. ADM KDs were 

induced over 7 days with different concentrations of dox (A) Day 1 CFPAC-1 ADM inducible KD without 

dox induction (B) Day 7 CFPAC-1 ADM inducible KD induced without dox (C) Day 1 CFPAC-1 ADM 

inducible KD with 10 ng/mL dox (D) Day 7 CFPAC-1 ADM inducible KD with 10 ng/mL dox (E) Day 1 

CFPAC-1 ADM inducible KD with 100 ng/mL dox (F) Day 7 CFPAC-1 ADM inducible KD with 100 ng/mL 

dox (G) Day 1 CFPAC-1 ADM inducible KD with 500 ng/mL dox (H) Day 7 CFPAC-1 ADM inducible KD 

with 500 ng/mL dox. 
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Figure 4.7 CFPAC-1 ADM KD doxycycline (dox) induction over seven days. CFPAC-1 ADM KDs were 

induced at different dox concentrations (no dox, 10 ng/mL, 100 ng/mL, 500 ng/mL) and GFP was 

measured an excitation of 482 nm and emission of 502 nm. One-way ANOVA analysis confirmed a 

significant difference between different dox conditions on day 7 (p= 0.01). 

4.3.3.2 CFPAC-1 RAMP-3 Knockdown doxycycline induction 

CFPAC-1 RAMP-3 KDs were also developed to determine the effect in in vitro assays (Chapter 5). Figure 

4.8 shows similar results to the CFPAC-1 ADM KDs described in Section 4.3.3.1. There was no 

difference in day 1 and day 7 GFP in untreated and 10 ng/mL doxycycline RAMP-3 KDs (panel A, B, C 

and D). There was a 35% increase in GFP between day 1 and day 7 (Figure 4.9) in RAMP-3 KDs treated 

with media containing 100 ng/mL doxycycline (Figure 4.8 panel E and F). At 500 ng/mL there was a 

57% increase in GFP expression between days 1 and 7 (Figure 4.9) and panel G and H also visually 

show the increase in GFP expression in images taken prior to RNA extraction (Figure 4.8). 
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Figure 4.8 Day 1 and Day 7 CFPAC-1 RAMP-3 inducible lentiviral shRNA KD induction. RAMP-3 KD were 

induced over 7 days with different concentrations of doxycycline (A) Day 1 CFPAC-1 RAMP-3 inducible 

KD without dox induction (B) Day 7 CFPAC-1 RAMP-3 inducible KD induced without dox (C) Day 1 

CFPAC-1 RAMP-3 inducible KD with 10 ng/mL dox (D) Day 7 CFPAC-1 RAMP-3 inducible KD with 10 

ng/mL dox (E) Day 1 CFPAC-1 RAMP-3 inducible KD with 100 ng/mL dox (F) Day 7 CFPAC-1 RAMP-3 

inducible knockdown with 100 ng/mL dox (G) Day 1 CFPAC-1 RAMP-3 inducible KD with 500 ng/mL 

dox (H) Day 7 CFPAC-1 RAMP-3 inducible KD with 500 ng/mL dox. 
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Figure 4.9 CFPAC-1 RAMP-3 knockdown doxycycline (dox) induction over seven days. CFPAC-1 RAMP-

3 KDs were induced at different dox concentrations (no dox, 10 ng/mL, 100 ng/mL, 500 ng/mL) and 

GFP was measured an excitation of 482 nm and emission of 502 nm. One-way ANOVA analysis 

confirmed a significant difference between different concentrations of dox on day 7 (p= 0.002). 

4.3.3.3 CFPAC-1 scrambled shRNA (scrshRNA) control doxycycline induction 

CFPAC-1 scrshRNA control cells were developed to compare in vitro and in vivo results from ADM and 

RAMP-3 KDs. ScrshRNA is when an shRNA sequence has its nucleotides randomly rearranged to 

generate a random sequence. Figure 4.10 shows the results for doxycycline induction of the scrshRNA 

controls, as with ADM and RAMP-3 KDs, there was no GFP expression in untreated cells at both day 1 

and day 7 (panel A and B). Cells treated with 10 ng/mL doxycycline showed GFP expression at day 7 

from day 1 (panel C and D), showing only a small increase of 8% (Figure 4.11). CFPAC-1 scrshRNA 

treated with 100 ng/mL doxycycline show a clear increase in GFP expression in Figure 4.10 (panel E 

and F) however, Figure 4.11 only showed a 10.8% increase in doxycycline when cells were read on the 

plate reader. CFPAC-1 scrshRNA treated with 500 ng/mL doxycycline showed an increase of 42.2% GFP 

expression from day 1 to day 7 which is also shown in panel G and H of Figure 4.10.  
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Figure 4.10 Day 1 and Day 7 CFPAC-1 inducible scrambled shRNA (scrshRNA) control dox induction. 

CFPAC-1 scrshRNA cells were induced over 7 days with different concentrations of dox (A) Day 1 

CFPAC-1 scrshRNA without dox induction (B) Day 7 CFPAC-1 scrshRNA without dox (C) Day 1 CFPAC-1 

scrshRNA with 10 ng/mL dox (D) Day 7 CFPAC-1 scrshRNA with 10 ng/mL doxycycline (E) Day 1 CFPAC-

1 inducible scrshRNA with 100 ng/mL dox (F) Day 7 CFPAC-1 scrshRNA with 100 ng/mL dox (G) Day 1 

CFPAC-1 inducible scrambled control with 500 ng/mL doxycycline (H) Day 7 CFPAC-1 scrshRNA with 

500 ng/mL dox. 
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Figure 4.11 CFPAC-1 scrshRNA doxycycline (dox) induction over seven days. CFPAC-1 scrshRNA cells 

were induced at different dox concentrations (no dox, 10 ng/mL, 100 ng/mL, 500 ng/mL) and GFP was 

measured an excitation of 482 nm and emission of 502 nm. One-way ANOVA analysis confirmed a 

significant difference between different dox concentrations on day 7 (p= 0.0009). 

4.3.3.4 QPCR validation 

QPCR was used to validate the successful KD of ADM for use of cells in vivo. Figure 4.12 shows the 

delta-delta Ct values calculated relative to CFPAC-1 scrshRNA controls. The data shows that following 

one day of doxycycline induction at a concentration of 500 ng/mL, there was a 43% decrease in ADM 

expression relative to CFPAC1-1 scrshRNA control (p= 0.002). CFPAC-1 ADM KDs not induced with 

doxycycline on day 1 had a larger decrease in ADM expression relative to CFPAC-1 scrshRNA of 69% 

(p< 0.0001). After no doxycycline induction of CFPAC-1 ADM KDs for 7 days, there was an 81% 

decrease in ADM expression relative to CFPAC-1 scrshRNA (p<0.0001). CFPAC-1 ADM KDs induced with 

500 ng/mL doxycycline showed a 71% decrease in ADM expression following 7 days of induction 

relative to CFPAC-1 scrshRNA (p< 0.0001). Overexpressing AM2 cells showed a 299% increase in ADM 

expression relative to CFPAC-1 scrshRNA. 
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Figure 4.12 Fold change in expression of ADM in CFPAC-1 ADM KD relative to CFPAC-1 scrshRNA 

determined by QPCR. Delta delta Ct (2–∆∆Ct) was used to calculate the fold change in ADM expression 

in CFPAC-1 ADM KDs relative to scrshRNA controls. Day 1 CFPAC-1 ADM KD no dox and 500 ng/mL dox 

induction, showed a 69% decrease and 43% decrease in ADM expression relative to CFPAC-1 scrshRNA 

respectively. Day 7 CFPAC-1 ADM KD no dox and 500 ng/mL dox induction, showed an 89% and 71% 

decrease in ADM expression relative to CFPAC-1 scrshRNA respectively. AM2 control cells showed a 

189% increase in ADM expression relative to CFPAC-1 scrshRNA. The fold change (2–∆∆Ct) was 0.31, 

0.57, 0.11, 0.29, and 3.9 for day 1 CFPAC-1 ADM KD no dox and 500 ng/ml dox, day 7 CFPAC-1 ADM 

KD no dox and 500 ng/ml dox and AM2 respectively. One-way ANOVA analysis showed a significant 

difference (p< 0.0001) between CFPAC-1 ADM KDs at day 1 and day 7 and CFPAC-1 scrshRNA. Tukey’s 

multiple comparison post-hoc test showed more specific significant differences shown in the graph. 
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4.3.3.5 Effect of CFPAC-1 ADM KD and RAMP-3 KD on viability of cells 

The viability of CFPAC-1 cells was compared to determine whether KD of ADM or RAMP-3 had an 

impact on the viability of CFPAC-1 cells following doxycycline induction. The percentage viability was 

calculated relative to day 0. The data shown in Figure 4.13 shows that CFPAC-1 WT cells had the 

biggest increase in viability relative to day 0 (1469.9% on day 3) and that CFPAC-1 scrshRNA cells had 

the smallest increase in viability (307.6% on day 3). Two-way ANOVA analysis showed that there was 

a statistical difference between the percentage viability of all the cell lines (p= 0.0002). On day 3, 

Tukey’s multiple comparison test shows that there is a significant difference between CFPAC-1 ADM 

KDs (662.2% day 3) and CFPAC-1 WT cells (1569.9% day 3) (p= 0.03) and CFPAC-1 scrshRNA (407.6% 

on day 3) and CFPAC-1 WT cells (p= 0.02). There were no significant differences between CFPAC-1 

RAMP-3 KDs and WT cells on day 3, although the percentage viability was lower in CFPAC-1 RAMP-3 

KDs (1021.1%). There were also no significant differences between CFPAC-1 ADM KDs/RAMP-3 KDs 

and CFPAC-1 scrshRNA. 

 

Figure 4.13 CFPAC-1 ADM KD, RAMP-3 KD, scrshRNA and WT percentage viability relative to baseline 

day 0 read. Cells were induced with 500 ng/mL doxycycline for 7 days before viability of the cells was 

measured. Results are based on 3 independent repeats and presented as mean±SEM. One-way 



141 
 

ANOVA analysis showed a significant difference between CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs, 

CFPAC-1 scrshRNA and CFPAC-1 WT at day 3 (p= 0.002). 

4.3.2 Lentiviral transduction of KD cells with firefly luciferase (Luc-RFP) 

4.3.2.1 Luc-RFP transduction validation 

CFPAC-1 ADM KDs and CFPAC-1 scrshRNA cells were transduced with Luc-RFP to be able to monitor 

tumour growth in vivo following orthotopic injection. To ensure that the KD cells were successfully 

transduced with Luc-RFP, cells were treated with D-luciferin substrate to measure luminescence of 

cells on the on the plate reader and cells were also visualised using IVIS (Section 4.2.4). Figure 4.14 

shows that the KDs with Luc-RFP had higher levels of luminescent signal than, CFPAC-1 ADM KD, 

scrshRNA and media without Luc-RFP transduction. CFPAC-1 ADM KD transduced with Luc-RFP had 

higher luminescent signal which is also shown in Figure 4.15 by the luminescent signal detected by 

IVIS. CFPAC-1 ADM KD transduced with Luc-RFP showed a signal of 1.897 E07 (p/sec) compared to 

CFPAC-1 scrshRNA which has a signal of 1.316 E07 (p/sec). CFPAC-1 ADM KDs and CFPAC-1 scrshRNA 

cell lines without Luc-RFP showed no luminescent signal. 
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Figure 4.14 Luminescence of CFPAC-1 ADM KD and CFPAC-1 scrshRNA (Scr) controls transduced with 

Luc-RFP. Luminescence of Luc-RFP transduced CFPAC-1 ADM KD and CFPAC-1 scrshRNA cells was 

compared to CFPAC-1 ADM KDs and CFPAC-1 scrshRNA that had not been transduced with Luc-RFP. 
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All cells were induced with D-luciferin before luminescence was measured on the Ensight Perkin Elmer 

plate reader. Luminescence of media was also measured as a control.   

 

 

Figure 4.15 Luciferase expression in CFPAC-1 ADM KD-LucRFP and CFPAC-1 scrshRNA-LucRFP cells 

imaged before in vivo orthotopic experiment following addition of D-luciferin substrate. (A) CFPAC-1 

scrshRNA-LucRFP transduced cells (B) CFPAC-1 scrshRNA cells (C) CFPAC-1 ADM KD-LucRFP transduced 

cells (D) CFPAC-1 ADM KD cells. The region of interest (ROI) was selected on Living Image software and 

total flux (p/sec) was determined. 
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4.4 Discussion 

CFPAC-1 ADM and CFPAC-1 RAMP-3 KDs were developed for both in vitro and in vivo experiments to 

determine the effects of these genes in the development of PaCa. CFPAC-1 cells were chosen to 

develop KDs in as they showed mRNA expression of both RAMP-3 and ADM which was confirmed 

further by sequencing data (Chapter 3, Figure 3.7 to Figure 3,9 and Table 3.5). RAMP-3 expression was 

also shown at protein level in CFPAC-1 cells as a dimer (Chapter 3, Figure 3.15). cAMP assays showed 

that ADM activated cAMP production in CFPAC-1 cells with 100% efficacy and a potency of 288 nM 

(Figure 3.16). These cells were also selected based on previous data obtained from the lab group 

showing successful establishment of CFPAC-1 cells subcutaneously and in orthotopic experiments. The 

experimental parameters of these in vivo models were based on Shi et al (2016) paper.  

To generate KDs, inducible lentiviral shRNA was used which is a tool that can be used to switch on and 

off KD of genes. The advantages of this system is that it allows for a stable transfection and long term 

usage by retroviral delivery compared to using siRNA. It also has a higher transfection efficiency, 

infecting nearly any cells type with the ability to integrate into both dividing and non-dividing cells. 

The ability to switch the KD of a gene on and off also provides a useful advantage in cells where the 

KD of the gene may be lethal. Furthermore, it provides the option of using non-induced cells as a 

control instead of developing a separate control cell line. 

4.4.1 CFPAC-1 ADM knockdowns are validated, whilst RAMP-3 knockdowns need 

further validation 

The results in Figure 4.6 and Figure 4.7 show induction of ADM KDs at concentrations of 100 ng/mL 

and 500 ng/mL doxycycline, with higher levels of GFP expression at 500 ng/mL. These results are 

mimicked in CFPAC-1 RAMP-3 KDs and in CFPAC-1 scrshRNA controls (Figure 4.8, Figure 4.9, Figure 

4.10 and Figure 4.11). Based on the principles of the inducible lentiviral shRNA described in Section 

4.2.1, the induction of KDs was successful as the addition of doxycycline to cells resulted in the 

activation of the lentiviral promoter and activation of downstream GFP. One limitation to this is that 
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the GFP images presented in Figure 4.6, Figure 4.8 and Figure 4.10 do not represent the GFP 

measurements in Figure 4.7, Figure 4.9 and Figure 4.11. The images presented are not be directly 

comparable to the GFP readings from the plate reader, intensity of GFP under the microscope is 

regulated by exposure. The small differences in GFP expression between no doxycycline and 500 

ng/mL may be due to auto-fluorescence of the cells in the no doxycycline group.   

However, to further validate this, QPCR was completed on CFPAC-1 ADM KDs and CFPAC-1 scrshRNA 

cells (Figure 4.12) showing the fold change in expression and the percentage decrease or increase in 

ADM expression relative to the scrshRNA. Induced scrshRNA was used as expression of ADM in these 

cells should not be effected. In future, CFPAC-1 WT cells could be used as an alternative control. As 

RAMP-3 was not detected using RAMP-3 QPCR primers as shown in the Chapter 3, RAMP-3 KD was 

not able to be validated by QPCR and therefore, were not used for in vivo experiments. The QPCR 

results for CFPAC-1 ADM KDs (Figure 4.12) show that on day 1, the KD cells that were not induced by 

doxycycline had a 69% decrease in ADM expression compared to scrshRNA, whilst the CFPAC-1 ADM 

knockdowns induced with 500 ng/mL doxycycline, had a 43% decrease in ADM expression at day 1. At 

day 7, cells without doxycycline treatment or induced with 500 ng/mL doxycycline had a further 

decrease in ADM expression to 89% and 71% respectively. There was a bigger change in expression 

over 7 days in the 500 ng/mL doxycycline induced CFPAC-1 ADM KD cells compared to the non-induced 

cells. Notable significant differences were seen between day 1 ADM KD with no doxcycline and 

scrshRNA (p< 0.0001), day 7 ADM KD no doxycycline and scrshRNA (p< 0.0001), day 1 doxycycline 

induced CFPAC-1 ADM KD and day 7 induced CFPAC-1 ADM KDs (p= 0.05), day 1 doxycycline induced 

and scrshRNA (p= 0.002) and day 7 doxycycline induced scrshRNA (p< 0.0001). 

The larger decrease in ADM expression in the non-induced cells could be attributed to leakiness of the 

inducible promoter with GFP. Nash & Lever (2004) showed 3 days after transduction of 293T cells with 

either a lentiviral vector or control plasmid without viral packaging and GFP, both had a high 

percentage of GFP positive cells. Kozlova et al (2020) have suggested that cells naturally have some 
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auto-fluorescence when live or dead, this can be from endogenous fluorophores originated from 

mitochondria and lysosomes, also flavaproteins, NADPH, lipo-pigments and aromatic amino acids. 

Therefore, the high GFP expression levels may not completely correlate with successful transduction 

and may explain the similar levels of ADM expression in non-induced and induced KDs. Treating WT 

cells with doxycycline and measuring the impact this has on GFP expression could be completed in 

future. This data could be used to normalise the fluorescence detected in KD cells compared to WT 

cells.  

Furthermore, basal leakiness is a reoccurring issue in Tet systems which results in mRNA expression in 

non-induced cells being similar to that in doxycycline induced cells. This can be from cryptic promoters 

or false promoters that lead to leaky expression in non-induced cells. Meyer-ficca et al (2004) tested 

different vector systems and showed promoter leakiness, both induced and non-induced promoters 

showed similar protein and luciferase activity following induction. Another important of consideration 

is that fetal bovine serum (FBS) added to media may contain traces of tetracycline including 

doxycycline as it is widely administered to animals by vets. This may explain the similar levels in ADM 

expression between induced and non-induced KDs. Using tetracycline free FBS in future would reduce 

unintentional induction of KDs.  

Another important consideration is that the selection process may have selected a subpopulation of 

cells that intrinsically express less ADM than the parent population. Without the limitations of COVID-

19, multiple CFPAC-1 ADM KD cells could have been developed to generate multiple KD strains or 

isolate individual clones to compare different ADM KDs. This would have allowed for selection of KD 

cells that intrinsically express more ADM. This would have shown more distinct differences in ADM 

mRNA expression between CFPAC-1 ADM KDs, CFPAC-1 scrshRNA and CFPAC-1 wild-type cells. 

Furthermore, there may have been more defined differences in viability/apoptosis assays and in 

tumour growth, immune cell populations, Ki67/α-SMA/endomucin expression in future experiments.   
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Following ADM KD validation, Luc-RFP was transduced into CFPAC-1 ADM KD cells and CFPAC-1 

scrshRNA controls for use in vivo. Transducing the cells with RFP and luciferase allows for visualisation 

in vitro and in vivo (Figure 4.14 and Figure 4.15). In vitro, differences in luminescence between Luc-

RFP transduced and Luc-RFP non-transduced KDs were measured. This showed a clear increase in 

luminescent signal in transduced cells. This was also shown when the cells were treated with D-

luciferin and the bioluminescence of the cells was measured using IVIS. D-luciferin acts as an enzyme 

to the luciferase and produces a bioluminescent signal (Chapter 6). CFPAC-1 ADM KD and CFPAC-1 

scrshRNA cells were the only cell lines selected for in vivo applications as they had more validation 

than RAMP-3, this decision complies with the 3R’s (replacement, reduction and refinement) that 

ensure animals are treated in the most humane way. Further validation including a QPCR would be 

needed to use RAMP-3 KD in vivo to ensure that the decrease in RAMP-3 expression was significant. 

The development of the KDs with or without Luc-RFP provide potential to develop in vitro and in vivo 

assays to compare the effects reduced levels of ADM/RAMP-3 to normal expression levels. Previous 

studies have shown the potential implications of ADM and RAMP-3 KDs. For example, ADM KDs have 

resulted in increased apoptosis in hepatocellular carcinoma, colorectal cancer and osteosarcoma (Dai 

et al., 2013; Li et al., 2014; Wang et al., 2014). ADM KDs have also been shown to regulate angiogenesis 

by decreasing expression of VEGF and inhibiting angiogenesis in ovarian and colorectal cancer (Wang 

et al., 2014; Zhang et al., 2017). Furthermore, ADM has been to promote metastasis, for example, KDs 

resulted in the reversal of EMT in intrahepatic cholangiocellular carcinoma (Zhou et al., 2015). ADM 

has also been shown to regulate mast cells and macrophage polarisation in other studies (Pang et al., 

2013; Zudaire et al., 2006). There are significantly fewer studies investigating the role of RAMP-3 KDs 

in cancer however, most recently Dai et al (2020) showed RAMP-3 KOs in PaCa cells reduced 

metastasis. Overall, these data show that more research is needed investigating the role of RAMP-3 

in cancer and that there is also a gap in ADM KD studies relating to PaCa. 
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4.4.2 CFPAC-1 ADM KD and CFPAC-1 RAMP-3 KD reduce cell viability compared to 

CFPAC-1 WT cells 

The data collected shows that KD of ADM and RAMP-3 reduces the viability of cells compared to 

CFPAC-1 WT cells (Figure 4.13). However, CFPAC-1 scrshRNA cells were shown to have the lowest 

viability out of all the cell types. This suggests that transducing the cells with inducible lentiviral shRNA 

has an impact on viability regardless of KD of a specific gene. The large increases in viability from day 

0 to day 3 as the calculations are based on normalising the luminescence of each individual cell line 

(CFPAC-1 ADM KD, CFPAC-1 RAMP-3 KD, CFPAC-1 scrshRNA and CFPAC-1 wild-type cells) to day 0. As 

the cells proliferated over 72 hours, the number of viable cells detected increases relatively. In future, 

normalising the viability to wild-type cells on each day would show how proliferation of KD cells and 

scrshRNA controls changes relative to wild-type cells. There is currently limited literature in relation 

to KD of ADM and RAMP-3 in PaCa cells and the effect on proliferation. However, Ishikawa et al (2003) 

showed that addition of ADM antagonist to BxPC-3 cells and PCI-35 cells which were both shown to 

express CLR and RAMP-2, had no effect on proliferation in vitro. However, in vivo administration of 

ADM antagonist to PCI-35 tumours showed a decrease in tumour growth. This however, could be due 

to effects on other cells within in the tumour microenvironment, not the PaCa cell themselves. This is 

supported by Dai et al (2020) where RAMP-3 knockouts (KOs) developed in cancer associated 

fibroblasts (CAFs) were co-cultured with PAN02 PaCa cells which resulted in a decrease in in vitro cell 

proliferation. This suggests that CAFs may regulate PaCa proliferation. Keleg et al (2007) showed that 

addition of ADM to 5 PaCa cells had an inhibitory effect on 2 out of 5 cell lines whilst the remaining 3 

had no change in proliferation.  

In other cancer cell lines ADM KDs have also been shown to reduce the proliferation of cancer cells. 

Wang et al (2014) showed that silencing ADM in colorectal SW480 cells resulted in decreased cell 

proliferation in vitro. This was also shown by Yao et al (2019) where KD of ADM in osteosarcoma cells 

decreased cell proliferation. Addition of exogenous ADM to osteosarcoma cells significantly increased 
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proliferation. In prostate cancer cell lines, Abasolo et al  (2004) showed that overexpression of ADM 

in PC-3 and LNCaP cells inhibited proliferation and that proliferation of DU145 cells was not affected. 

Whilst addition of exogenous ADM to DU145 cells increased proliferation by 25% and had no effect 

on PC-3 and LNCaP cells (Rocchi et al., 2001). Furthermore, Berenguer-Daizé et al (2013) showed that 

addition of αAM to DU145 cells inhibited proliferation of cells in a dose dependent manner. After 8 

days of treatment, proliferation decreased by 52% at the highest dose of αAM compared to IgG 

controls. These data suggest DU145 respond to ADM in a paracrine manner, whilst inhibition of PC-3 

and LNCaP proliferation may have been induced by autocrine effects.  

Together these data show that CFPAC-1 ADM KDs and RAMP-3 KDs have a decrease in cell viability. 

KD of ADM has also shown to decrease proliferation of both osteosarcoma cells and colorectal cancer 

cells suggesting that ADM does influence cancer cell proliferation. However, other studies have 

demonstrated that cancer cell lines were not affected by exogenous inhibition or stimulation of ADM, 

including PaCa cells. It is important to consider that these studies were not KD studies and that some 

cell lines may respond to autocrine ADM and others to paracrine stimulation by ADM. More research 

into the effect of ADM and RAMP-3 in PaCa cell lines is needed, although the recent study by Dai et al 

(2020) suggests that other cells of the tumour microenvironment (CAFs) may have an effect on 

proliferation. 
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4.5 Conclusion 

These data show successful development of inducible lentiviral ADM KDs and CFPAC-1 scrshRNA 

controls. Induction of ADM, RAMP-3 and scrshRNA KDs using doxycycline at different concentrations 

resulted in a dose dependent increase in GFP expression (Figure 4.7, Figure 4.9, Figure 4.11). ADM KDs 

were validated using QPCR to calculate the fold change in ADM mRNA expression and percentage 

decrease in ADM mRNA expression relative to CFPAC-1 scrshRNA control cells. This showed an 89% 

and 71% decrease in ADM expression by day 7 without doxycycline and with 500 ng/mL doxycycline 

respectively (Figure 4.12). CFPAC-1 ADM KDs were also shown to have decreased proliferation 

compared to CFPAC-1 WT cells (Figure 4.13). RAMP-3 KDs were successfully induced by doxycycline as 

shown in Figure 4.8 and Figure 4.9 however, QPCR validation was not completed. High cycle numbers 

required to detect RAMP-3 mRNA expression (Chapter 3), made it difficult to quantify percentage 

decreases in expression. Viability assays comparing the effect of CFPAC-1 RAMP-3 KDs compared to 

CFPAC-1 WT cells and CFPAC-1 scrshRNA, showed that proliferation of CFPAC-1 RAMP-3 KDs 

decreased relative to CFPAC-1 WT cells but not CFPAC-1 scrshRNA. CFPAC-1 scrshRNA had the lowest 

percentage viability (Figure 4.13). As RAMP-3 KDs were not validated by QPCR, they were used for in 

vitro applications including viability assays and apoptosis assays (Chapter 5). ADM KD and scrshRNA 

control cells were successfully transduced with Luc-RFP for in vivo applications (Chapter 6) as shown 

by Figure 4.14 and Figure 4.15. 

Overall, these data show that RAMP-3 KDs would need further validation for in vivo applications. 

CFPAC-1 ADM KDs have been successfully developed and validated for use in both in vitro and in vivo. 

In future, ADM and RAMP-3 KDs should be developed in other cell lines to see if the different 

characteristics of cells described in Chapter 3 might cause cells to respond differently to ADM and 

RAMP-3 KDs in vitro and in vivo.  
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5.1 Introduction 

5.1.1 The use of gemcitabine and 5-FU in PaCa treatment 

Gemicitabine and 5-FU are currently used as part of the treatment regime for PaCa in both late stages 

and advanced stage. One of the main difficulties in treating PaCa is that is often diagnosed in late 

stages, finding the right treatment for later stage patients can be difficult as patients may not be fit 

enough (determined by their ECOG status) for more intense treatments including FOLFIRINOX. In early 

stages, gemcitabine is offered alone or in combination with other therapies including 5-FU (Chapter 

1, section 1.1.6) following tumour resection. Despite the availability of these treatments, median 

overall survival is similar with gemcitabine alone or gemcitabine in combination with 5-FU.  

Neoptolemos et al (2010) have shown that there is not a significant difference in median between 

PDAC patients who had undergone surgical resection followed by treatment with either 5-FU in 

combination with folinic acid or gemcitabine alone. Median survival was 23 months and 23.6 months 

respectively. However, patients treated with 5-FU did have more adverse effects than patients treated 

with gemcitabine alone. Multiple studies comparing median survival between gemcitabine therapy 

alone and gemcitabine in combination with 5-FU or the pro-drug to 5-FU, capecitabine did not show 

significant differences in survival showing that neither has a survival advantage (Costanzo et al., 2005; 

Cunningham et al., 2005; Scheithauer et al., 2003). Ueno et al (2009) showed that in patients who 

have undergone both surgery and gemcitabine chemotherapy overall survival was 22.3 months vs 18.4 

months. Disease free survival was also longer in patients who received gemcitabine compared to 

surgery alone (11.4 months vs 5 months).  

FOLFIRINOX is also a therapy that is used for PaCa treatment dependent on the patients ECOG status 

which determines how fit and well the patient is. This is offered to patients with early diagnosis and 

resectable tumours or as a first line of treatment if patients have metastasis and are fit enough. Conroy 

et al (2018) have shown median overall survival to be 54.3 months in patients treated with FOLFIRNOX 

compared to 35 months in patients treated with gemcitabine alone following tumour resection. 
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However, adverse events are more prevalent in patients treated with FOLFIRINOX with 75.9% patients 

experiencing adverse effects compared to 52.9% in gemcitabine treated patients. In patients with 

metastatic cancer, median overall survival was 11.1 months following FOLFIRINOX treatment and 6.8 

months in patients treated with gemcitabine. There were more adverse events in FOLFIRINOX treated 

patients however, definitive degradation in quality of life after 6 months of treatment was more 

common in patients treated with gemcitabine (66% with gemcitabine treatment vs 31% in FOLFIRINOX 

patients). 

These data demonstrate the difficulty in finding a treatment that improves PaCa patient survival and 

that does not have serious adverse effects for already unfit patients. It shows that the regime for PaCa 

treatment may need reassessing or novel approaches to treating patients need to be developed. 

Therefore, understanding the PaCa tumour microenvironment and the key molecules involved in PaCa 

development could provide useful insights into how to improve response to current chemotherapies. 

Furthermore, understanding this may provide novel targets for PaCa treatment. One of the main 

issues in PaCa treatment is that often chemotherapies are unable to reach the target site due to the 

dense stromal environment that develops. PSCs are one of main cell types found within the PaCa 

tumour microenvironment and have been shown to promote tumorigenesis. Hwang et al (2008) 

showed that apoptosis of BxPC-3 cells was significantly lower in cells treated with human PSC 

conditioned media compared to cells BxPC-3 cells cultured in serum free media (9.4% and 38.9% 

apoptosis respectively). These data show that targeting cells other than the tumour cells themselves 

could provide a novel approach to PaCa therapy and improve the effectiveness of currently available 

chemotherapies including gemcitabine and 5-FU. 

5.1.2 ADM and proliferation of cancer cells  

Dysregulation of proliferation is one of the main hallmarks of cancer described by Hanahan & 

Weinberg (2000). In normal tissue, proliferation is tightly regulated by the production and release of 

growth promoting signals which ensure the homeostasis of cell number, ensuring normal tissue 



153 
 

architecture and function. In cancer, the regulation of growth promoting signals and the cell cycle is 

dysregulated. One of the main aims of chemotherapy is to alter the proliferation of cancer cells to 

prevent the tumours from getting larger and spreading. ADM has been shown to induce proliferation 

in different cancers including PaCa, prostate, glioblastoma, colorectal, renal and gastric cancer 

(Abasolo et al., 2004; Berenguer-Daizé et al., 2013; Deville et al., 2009; Keleg et al., 2007; Nouguerède 

et al., 2013; Ouafik et al., 2002; Qiao et al., 2017). 

There are few studies investigating the role of ADM in proliferation of PaCa however, Keleg et al (2007) 

showed the role of ADM in proliferation in vitro. They showed that treating 5 different PaCa cell lines 

with recombinant ADM resulted in ~20% inhibition in 2 cell lines. There was no significant effect in 

other cell lines. They also treated the panel of PaCa cells with a CLR antagonist finding an increase in 

proliferation in Colo-387 cells at a concentration of 4 nM, however, in other cell lines there were no 

growth inhibitory or stimulatory effects. Overall, the results showed that ADM only has slight growth 

inhibitory effects in two of the PaCa cell lines however, this study showed ADM to have more of a role 

in inducing invasion of PaCa cells and inducing angiogenesis. In vivo, Dai et al (2020) have shown a 

reduction in Ki67 positive cells in mouse tumours and RAMP-3 KO CAFs compared to RAMP-3 

overexpressing CAFs. These data suggest that CAFs expressing ADM may induce proliferation of 

tumour cells.  

Abasolo et al (2004) showed that ADM has a growth inhibitory effects in prostate cancer cell lines. 

Overexpressing ADM in PC-3 and LNCaP cells resulted in growth inhibition of the cells and addition 

synthetic ADM peptide to WT PC-3 cells and LNCaP cells resulted in 20% and 50% inhibition 

respectively at concentrations of 10-1000 nM ADM peptide. WT and overexpressing Du145 cells 

however, showed no significant effect on proliferation except when treated with 1000 nM ADM 

peptide. In contrast, Berenguer-Daizé et al (2013) showed that ADM stimulated DU145 cell 

proliferation in vitro. Treatment of the cells with αAM resulted in inhibition of proliferation of DU145 

and PC-3 cells.  
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These results are closely mirrored in U87 glioblastoma cells where treatment with an anti-ADM 

antibody resulted in decreased proliferation of the glioma cells by 16%, 28% and 33% at days 4, 6 and 

8. Whilst addition of ADM resulted in a 13% and 12% increase in proliferation after 6 and 8 days of 

treatment (Ouafik et al., 2002). In colorectal cancer cells treated with ADM, proliferation increased by 

20% and treatment of these cells with anti-CLR/RAMP-2 and anti-CLR/RAMP-3 antibodies resulted in 

70% and 80% inhibition of proliferation respectively. 70% inhibition of proliferation was also seen 

when cells were treated with AM22-52 (Nouguerède et al., 2013). In renal cell carcinoma, anti-ADM 

antibody treatment resulted in 60% and 20% inhibition of proliferation in BIZ and 786-O cells. AM22-52 

resulted in 40% inhibition of BIZ. These data suggest that ADM may induce its proliferative effects in 

an autocrine manner in the different cancer cell lines.  

Overall, these data show the lack of research around ADMs role in inducing proliferation in PaCa. The 

data suggests that ADM has an inhibitory effect on proliferation of PaCa cells which is also supported 

by Abasolo et al (2004) showing the same results in two prostate cancer cell lines. However, other 

studies have shown that ADM induces proliferation in an autocrine manner. Therefore, in PaCa and in 

the prostate cancer cell lines that showed inhibitory effects of ADM on proliferation, induction of 

proliferation may be paracrine.  This is supported by the in vivo study by Dai et al (2020) who showed 

RAMP-3 K0 CAFs to induce proliferation of PAN02 cells.  

5.1.3 The role of ADM in regulating apoptosis in cancer and resistance to chemotherapy 

Apoptosis is an important physiological process used to regulate cell death. In cancer, this system 

often becomes dysregulated, resulting in the survival of cancer cells and establishment of primary 

tumours. One of the key factors contributing to PaCa prognosis, is resistance to apoptosis which makes 

it unresponsive to the conventional chemotherapies used in the treatment of cancers. Schniewind et 

al (2004) have shown one of the mechanisms by which PaCa resists gemcitabine by altering apoptosis. 

They overexpressed  Bcl-xL (anti-apoptotic) and Bax (pro-apoptotic) in Colo357 cells and treated them 

with gemcitabine. Cells treated with gemcitabine had 80% intact DNA when Bcl-xL was overexpressed, 
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compared to 20% intact DNA in WT and Bax overexpressing cells in vitro. Furthermore, in vivo 

treatment of Bcl-xL overexpressing cells with or without gemcitabine showed no changes in tumour 

size, suggesting that this molecule is involved in preventing apoptosis in PaCa. Bold, Chandra, & 

Mcconkey (1999) also showed a correlation between enhanced chemo-resistance in PaCa and 

overexpression of Bcl-2.  

5-FU induces DNA damage which should activate DNA repair systems and induce apoptosis. However, 

lack of sensitivity to 5-FU is common in PaCa, Shi et al (2002) showed this in 4 PaCa cell lines. They 

showed that PaCa cell lines are more sensitive to gemcitabine over 5-FU. PaCa cell lines had a range 

of responses to 5-FU with IC50 ranging from 0.22-4.63 µM compared to 11.51-42.2 nM when treated 

with gemcitabine. Following repeated treatment, the IC50 increased in two of the cell lines treated with 

5-FU and one cell line treated with gemcitabine. Furthermore, mRNA expression of pro-apoptotic 

molecules of the Bcl-2 family corresponded with responsiveness to chemotherapies. Capan-1 cells had 

lower basal levels of Bcl-xL and mcl-1 mRNA (anti-apoptotic molecules) and higher sensitivity to 5-FU 

and gemcitabine. Whilst MiaPaCa-2 and AsPC-1 cells displayed higher basal levels of these molecules 

and more resistance to 5-FU and gemcitabine. Oehler, Norbury, Hague, Rees, & Bicknell (2001) have 

shown a relationship between ADM upregulation in endometrial cancer under hypoxic conditions 

which induces the upregulation of Bcl-2, causing resistance to apoptosis. Ishikawa cells (endometrial 

cancer cells) were transfected with ADM or treated with ADM showing an increased resistance to 

hypoxia induced apoptosis. After 36 hours of ADM treatment at a concentration of 10-6 M, there was 

a 40% decrease in hypoxic induced cell death. Li, Takeuchi, Ohara, & Maruo, (2003) also showed this 

in cervical invasive carcinoma, where higher expression of Bcl-2 and ADM, correlated with increased 

apoptosis resistance compared to carcinoma in situ and normal cervical tissue.  

Further evidence of the role of ADM in causing resistance to apoptosis in cancer has been shown by 

Martinez et al (2002). Overexpression of ADM in T47D and MCF-7 cell lines resulted in decreased 

apoptosis. Deville et al (2009) also correlated high levels of ADM staining with low levels of apoptosis 
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detected through caspase-3 in renal cell carcinoma. In colon cancer models, KD of ADM in vivo was 

associated with increased apoptosis represented by an increase in number of cleaved caspase-3 cells 

in tumour xenografts compared to control tumours (Wang et al., 2014). ADM KDs in osteosarcoma 

also showed an increase in apoptosis compared to control group (Dai et al., 2013) and in colorectal 

cancer, the apoptotic index was higher in tissue sections following treatment of tumours with an 

antibody against ADM.  

Overall, the combined data shows a correlation between increased ADM expression in cancer and 

inhibition of apoptosis. ADM has been associated with regulating pro- and anti- apoptotic molecules 

in cancer and therefore may be partially responsible for causing resistance to gemcitabine and 5-FU 

in PaCa. Therefore, 5-FU and gemcitabine were selected to treat KD cells and determine the effects 

on apoptosis. Targeting ADM and RAMP-3 in combination with gemcitabine or 5-FU, could be a novel 

approach to treatment of pancreatic cancer. 

5.1.4 Hypothesis 

The null hypothesis is ADM and RAMP-3 have no involvement in regulating proliferation of PaCa cells 

and do not inhibit apoptosis. Therefore, ADM and RAMP-3 are not involved in promoting PaCa tumour 

proliferation and inhibition of apoptosis. 

5.1.5 Aim and Objectives  

The main aims were to determine the effects of chemotherapies (gemcitabine and 5-FU) on the 

viability and apoptosis of CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs, CFPAC-1 scrshRNA and CFPAC-1 

WT cells. The objective was to see if knocking down ADM and RAMP-3 had an effect on the 

proliferation and apoptosis of cancer cells. 

To determine whether CFPAC-1 KDs alter the response to gemcitabine and 5-FU chemotherapy and 

effect the proliferation of KD cells compared to scrshRNA and WT cells, promega Real-Time-Glo cell 

viability assays were completed. Furthermore, to determine if apoptosis is effected by knocking down 

ADM and RAMP-3 and whether KDs respond differently to gemcitabine and 5-FU compared to 
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scrshRNA and WT cells, promega caspase 3/7 apoptosis assays were completed. The data was plotted 

and analysed on GraphPad Prism, version 9.2.0. Two-way repeated measure ANOVA, one-way ANOVA 

and non-linear regression was used to determine any statistical significance within the data. 
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5.2 Methods 

Cells used for viability and apoptosis assays were sub-cultured and counted as described in Chapter 2, 

Section 2.1.1 and Section 2.1.4. CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs and CFPAC-1 scrshRNA cells 

were transduced as described in Chapter 4, Section 4.2.1. 

5.2.1 Gemicitabine and 5-FU Viability assay 

The RealTime Glo™ MT cell viability assay was used as outlined in Chapter 4, Section 4.2.4 to determine 

the effects of current chemotherapies used to treat PaCa (gemicitabine and 5-FU) on CFPAC-1 ADM, 

CFPAC-1 RAMP-3, scrshRNA and WT cells. The cells were seeded in a white clear bottom 96-well plate 

at a density of 2,000 cells/well in 100 µL full serum media in triplicate (10% FCS). The following day, 

the viability substrate was added as described in Chapter 4, section 4.2.5 in 5% media and incubated 

for an hour before the baseline luminescence was read on the plate reader. 5% media was used as 

this is half the optimal concentration of FBS needed for growth of CFPAC-1 cells. This reduces bias in 

detecting any increases or decreases in viability of KD cells, scrshRNA and WT cells following treatment 

with gemcitabine and 5-FU, as the cells grow at 50% of their normal rate. After the baseline reading, 

the cells were treated with gemcitabine and 5-FU drug dilutions ranging from 1µM to 1nM. Readings 

were taken at 24 hours, 48 hours and 72 hours after addition of the RealTime Glo™ MT Viability 

Reagents. The stocks of gemcitabine and 5-FU were made up to 20 mM according to the 

manufacturers’ guidelines. 50X aliquots were prepared and diluted in PBS so that 2 µL of treatment 

could be added to each well (100 µL total volume per well). An untreated control was also prepared 

containing DMSO. The treatment stocks and aliquots were stored at -20⁰C. The data was plotted on 

GraphPad Prism version 9.2.0.  

5.2.2 Gemicitabine and 5-FU Apoptosis assay 

The Promega Caspase-Glo® 3/7 assay was used to determine late stage apoptosis in CFPAC-1 ADM KD, 

RAMP-3 KD, scrshRNA and WT cells following treatment with different concentrations of gemcitabine 

and 5-FU daily for 48 hours. This is an endpoint luminescent assay that measures caspase -3 and -7 



159 
 

activity in cells (Figure 5.1). The luminescence is proportional to the amount of caspase activity. To 

generate a luminescent signal, pro-luciferin substrate is cleaved by caspase 3/7 to produce 

aminoluciferin, a substrate to luciferase. Following cleavage, together with aminoluciferin, oxygen and 

magnesium bound adenosine triphosphate (ATP) produce oxyluciferin, carbon dioxide, adenosine 

monophosphate and disphosphate. Oxyluciferin decays and produces a photon of light producing the 

luminescent signal. 

 

Figure 5.1 Schematic diagram of the Caspase 3/7 assay. After caspase cleavage of proluciferin-DEVD 

substrate, aminoluciferin a substrate for luciferin is released, resulting in a luminescent signal in the 

presence of ATP (Promega, 2019). 

CFPAC-1 WT, scrshRNA and RAMP-3/ADM knockdown CFPAC-1 cells were used for this experiment. 

The cells were seeded at a density of 20,000 cells per well in a white clear bottom 96 well plate and 

left overnight at 37°C in 50 µL optimal growth media. The media was changed to serum free media to 

induce stress on the cells the following day and the cells were treated with different doses of 

gemcitibine of 5-FU (1µM- 1nM) daily 48 hours. Control wells containing full growth serum and 0% 

growth serum without cells were incubated as a baseline for negative and postive controls. After 48 

hours of treatment, 50µL of the enzyme substrate reagent was added per well. The plate was 
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incubated at room temperature for an hour on a plate shaker. The luminescent signal was read on the 

Ensight® Perkin Elmer plate reader. The data was plotted on GraphPad Prism version 9.2.0. 
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5.3 Results 

5.3.1 Effect of gemcitabine on viability and apoptosis of KD cells 

Gemcitabine is a chemotherapy used for the treatment of PaCa and therefore, the effect of different 

doses of gemcitabine on viability and apoptosis of CFPAC-1 KD cells, scrshRNA controls and WT cells 

was compared. Figure 5.2 shows the change in viability of KD cells and controls over 3 days. Two-way 

ANOVA analysis of CFPAC-1 ADM KD viability assays shows a significant difference between the 

different doses of gemcitabine (p< 0.0001) and between the different days the cells were treated with 

gemcitabine (p< 0.0001). Following 3 days of treatment with 1 µM gemcitabine, there was a 68.2% 

decrease in viability compared to untreated cells (p <0.0001). At a concentration of 500 nM 

gemcitabine, there was a 67.5% decrease in viability compared to untreated cells and at a dose 100 

nM gemcitabine, there was a 63.6% decrease in viability 

Two-way ANOVA analysis shows a significant difference (p <0.0001) between drug concentration and 

day in CFPAC-1 RAMP-3 KD viability assays following gemcitabine treatment (Figure 5.2). There was 

also a significant difference between the different days alone and the different drug concentrations 

of gemcitabine alone (p <0.0001). One-way ANOVA analysis comparing CFPAC-1 ADM KDs, RAMP-3 

KDs, scrshRNA and WT cells response to different concentrations of gemcitabine on day 3 shows no 

significant difference between different cell lines except at a dose of 100 nM. At 100 nM, there is a 

significant difference between CFPAC-1 ADM KD on day 3 and scrshRNA (p= 0.009) percentage 

viability. On day 3, CFPAC-1 ADM KDs had 36.4% viability compared to scrshRNA at 61.8%. 

Figure 5.3 shows a gemcitabine dose response curve for CFPAC-1 ADM KD, RAMP-3 KD, scrshRNA and 

WT cells. The logIC50 was determined by non-linear regression to be -7.774, -7.919, -7.698, -7.553 in 

CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs, CFPAC-1 scrshRNA and CFPAC-1 WT cells respectfully. 
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Figure 5.2 Effect of different doses of gemcitabine on percentage viability determined over 3 days. 

Two-way repeated measure ANOVA analysis showed that (A) CFPAC-1 ADM KDs treated with different 

doses of gemcitabine and induced with doxycycline showed a significant difference (p >0.0001) in 

viability over 3 days of treatment (B) RAMP-3 KDs treated with gemcitabine and induced with 

doxycycline showed a significant difference (p >0.0001) in viability following treatment with different 

doses of gemcitabine over 3 days. (C) CFPAC-1 scrshRNA treated with different doses of gemcitabine 

and induced with doxycycline showed a significant difference (p >0.0001) in percentage viability 

following 3 days of treatment (D) CFPAC-1 WT cells treated with different doses of gemcitabine and 

induced with doxycycline showed a significant difference (p >0.0001) in percentage viability following 

3 days of treatment. One-way ANOVA analysis also showed a significant difference between CFPAC-1 

RAMP-3 KD and CFPAC-1 scrshRNA treated with 100 nM gemcitabine at day 3. These results are based 

on the means of 3 independent repeats. Data was normalised against untreated cells which were 

calculated to have 100% viability. Data presented as mean  SEM. 
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Figure 5.3 Day 3 gemcitabine viability dose response of CFPAC-1 ADM KD, CFPAC-1 RAMP-3 KD, CFPAC-

1 scrshRNA, CFPAC-1 WT cells. Non-linear regression analysis showed that there is no difference in 

logIC50 following 3 days of gemcitabine treatment (p= 0.5375) The logIC50 for CFPAC-1 ADM KD, RAMP-

3 KD, scrshRNA and WT cells was -7.774, -7.919, -7.698, -7.553 respectively. The data presented is 

based on the means of 3 independent repeats. 

Figure 5.4 shows apoptosis in CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs, CFPAC-1 scrshRNA and WT 

cells following gemcitabine treatment. Following one-way ANOVA analysis of CFPAC-1 ADM KDs, there 

was a significant difference between untreated CFPAC-1 ADM KDs and 1 µM and 500 nM treated 

CFPAC-1 ADM KDs (Figure 5.4). Figure 5.4 shows a 1-fold increase and 1.3-fold increase in apoptosis 

following gemcitabine treatment at doses of 1 µM and 500 nM in CFPAC-1 ADM KDs compared to 

untreated cells. CFPAC-1 RAMP-3 KDs also showed a significant increase in apoptosis compared to 

untreated cells at doses of 1 µM, 500 nM and 100 nM gemcitabine (Figure 5.4). They showed a 1.1-

fold, 1.6-fold and 1.7-fold increase in apoptosis respectively. CFPAC-1 RAMP-3 KDs treated with 100 

nM gemcitabine, had the largest increase in apoptosis compared to all the cell lines (Figure 5.4). 

Furthermore, one-way ANOVA analysis confirmed that there is a statistically significant difference 

between CFPAC-1 RAMP-3 KDs and WT cells treated with 100 nM gemcitabine (p= 0.0002) (Figure 5.4). 
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CFPAC-1 scrshRNA shows an increase in apoptosis following gemcitabine treatment, with the largest 

increase at a dose of 100 nM showing a 1.1-fold increase in apoptosis compared to untreated cells 

(Figure 5.4 and Table 5.1). CFPAC-1 WT cells show the most apoptosis at higher doses of gemcitabine 

treatment with 2.1-fold, 2.4-fold and 1.5-fold apoptosis at 1 µM, 500 nM and 100 nM respectively.   

 

Figure 5.4 Effect of different doses of gemcitabine on apoptosis of KD cells. Fold change in apoptosis 

was calculated relative to untreated cells. (A) CFPAC-1 ADM KD (B) CFPAC-1 RAMP-3 KD (C) CFPAC-1 

scrshRNA (D) CFPAC-1 WT cells. One-way ANOVA analysis and shows a significant difference following 

treatment of CFPAC-1 ADM KD (p= 0.02), CFPAC-1 RAMP-3 KD (p<0.0001), CFPAC-1 scrshRNA (p 

<0.0004) and CFPAC-1 WT cells (p<0.0001) with different doses of gemcitabine. Data presented is 

based on the means of 4 independent repeats. Data is presented as mean  SEM.  
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5.3.2 Effect of 5-FU on viability and apoptosis of KD cells 

5-FU is used as a monotherapy, in combination with gemcitabine or as part of a chemotherapy cocktail 

(FOLFIRINOX) in early and late stage PaCa. Therefore, the effect of different doses of 5-FU on viability 

and apoptosis of CFPAC-1 KD cells, scrshRNA controls and WT cells was compared. Figure 5.5 shows 

the change in viability of KD cells and controls over 3 days. CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs 

and CFPAC-1 scrshRNA show no significant changes in viability following treatment with different 

doses of 5-FU. In CFPAC-1 WT cells, there was some effect on viability following 5-FU treatment. There 

was a 13.2% decrease in viability at a dose of 500 nM 5-FU compared to 100 nM 5-FU treated CFPAC-

1 WT cells at day 3 (p= 0.03). There was also a difference between 500 nM 5-FU treated and 3 nM 

treated 5-FU treated CFPAC-1 WT cells, showing 14.5% less viable cells at 500 nM (p= 0.02). However, 

the decrease in viability is significantly less than gemcitabine treated cells. Figure 5.6 shows that there 

is no significant difference between different doses and cell types following 3 days of treatment with 

5-FU. 

 

Figure 5.5 Effect of different doses of 5-FU on % viability over 3 days. Two-way repeated measure 

ANOVA analysis showed no significant difference between different doses of 5-FU and day of 
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treatment in (A) CFPAC-1 ADM KD (B) CFPAC-1 RAMP-3 KD and (C) CFPAC-1 scrshRNA. However, (D) 

CFPAC-1 WT cells showed a significant difference between different doses of 5-FU (p <0.0001). These 

results are based on the means of 3 independent repeats. Data is presented as mean  SEM. 

Figure 5.6 Day 3 5-FU % viability dose response of CFPAC-1 ADM KD, CFPAC-1 RAMP-3 KD, CFPAC-1 

scrshRNA and CFPAC-1 WT cells. Two-way ANOVA analysis showed no significant difference in 

interactions between different doses of 5-FU and the different cell lines. There is a significant 

difference between drug concentrations alone (p < 0.0001) and between the different cell lines (p= 

0.001), CFPAC-1 scrshRNA had the highest percentage viability on day 3 at -6 compared to the other 

cell lines. LogIC50 could not be calculated with the data collected. The data presented is based on the 

means of 3 independent repeats and is shown as mean  SEM 

The apoptosis data shown in Figure 5.7 shows no significant difference in apoptosis between the 

different doses of 5-FU and untreated cells in CFPAC-1 ADM KD and RAMP-3 KDs. CFPAC-1 ADM KDs 

treated with 10 nM 5-FU showed the largest fold increase in apoptosis relative to untreated cells (0.1-

fold increase) and at doses of 100 nM and 500 nM 5-FU, there was the smallest fold change in 

apoptosis compared to untreated cells (0.008-fold increase). This shows that there is no dose-

dependent effect on apoptosis following apoptosis treatment in CFPAC-1 ADM KDs and that there is 
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no significant difference in apoptosis from untreated CFPAC-1 ADM KDs. CFPAC-1 ADM KDs cells had 

a 0.09-fold increase relative to untreated cells compared to WT cells (1.1-fold increase relative to 

untreated cells) at a dose of 1 µM 5-FU.  

CFPAC-1 RAMP-3 KDs showed no significant difference between untreated RAMP-3 KDs and different 

doses of 5-FU (Figure 5.7). However, there was a significant difference at a dose of 1 µM 5-FU between 

CFPAC-1 RAMP-3 KDs and CFPAC-1 WT cells that showed a 0.3-fold and 1.1-fold increase in apoptosis 

respectively (relative to untreated cells) (p= 0.001) (Figure 5.7). At a dose of 500 nM 5-FU, CFPAC-1 

RAMP-3 KDs cells showed 0.6-fold less apoptosis compared to CFPAC-1 WT cells treated with the same 

dose (Figure 5.7). There were similar levels of apoptosis between doses of 1-100 nM 5-FU. CFPAC-1 

scrshRNA cells shown in Figure 5.7 showed a significant difference between different doses of 5-FU. 

ScrshRNA treated with 1 µM 5-FU showed a 0.2-fold decrease in apoptosis compared to untreated 

cells (Figure 5.7). At a dose of 3 nM 5-FU, there was a 0.2-fold increase in apoptosis compared to 

untreated cells (Figure 5.7). CFPAC-1 WT cells treated with 5-FU had the highest amount of apoptosis 

compared to the other cell types however, the percentage of apoptosis is far lower than gemcitabine 

(Figure 5.4 and Figure 5.7).  One-way ANOVA analysis does confirm a statistically significant difference 

in apoptosis between the means of different doses of 5-FU (p< 0.0001). Treatment with 1 µM 5-FU 

showed the biggest response and fold increase in apoptosis with 1.1-fold  more apoptosis compared 

to untreated cells . All other doses had a similar increase in apoptosis showing that the changes in 

apoptosis are not dose dependent following 48 hour 5-FU treatment.  
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Figure 5.7 Effect of different doses of 5-FU on apoptosis of KD cells compared to controls. Fold change 

in apoptosis was calculated relative to untreated cells. (A) CFPAC-1 ADM KDs (B) CFPAC-1 RAMP-3 KDs 

(C) CFPAC-1 scrshRNA (D) CFPAC-1 WT cells. One-way ANOVA analysis shows no significant difference 

between different doses of 5-FU and apoptosis in CFPAC-1 ADM KDs and CFPAC-1 RAMP-3 KDs. CFPAC-

1 scrshRNA showed a significant difference (p< 0.0001) between different doses of 5-FU untreated 

cells. CFPAC-1 WT cells also showed a significant difference between different doses of 5-FU and 

untreated cells (p< 0.0001). In all cell lines, there was a significant difference between the different 

cell lines at different doses of 5-FU. Data presented is based on means of 3 independent repeats. Data 

is presented as mean  SEM. 
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5.4 Discussion 

Gemcitabine and 5-FU are currently used for the treatment of PaCa, gemcitabine is used either alone 

or in combination with 5-FU as first line therapy or in advanced stages of PaCa. Both these 

chemotherapies work by inhibiting DNA synthesis by incorporating into the DNA of cancer cells, 

resulting in in DNA damage. In PaCa, treatment with these chemotherapies often results in resistance 

and therefore, unsuccessful treatment of patients unless the cancer is detected in early stages and 

tumour resection is an option.  

Proliferation and dysregulation of apoptosis are key hallmarks of cancer that promote cancer cell 

survival. Increased proliferation of multiple cancer cell types including PaCa, prostate, glioblastoma, 

colorectal, renal and gastric cancer (Abasolo et al., 2004; Berenguer-Daizé et al., 2013; Deville et al., 

2009; Keleg et al., 2007; Nouguerède et al., 2013; Ouafik et al., 2002; Qiao et al., 2017) has been shown 

to be linked with increased expression of ADM, which ultimately results in cancer cell survival and 

progression. Regulation of apoptosis is also important for development of cancer, apoptosis if often 

inhibited in cancer cells which promotes tumour survival. ADM overexpression has been associated 

with preventing apoptosis in different cancers including endometrial, ovarian, breast, renal, colon and 

bone cancer (Dai et al., 2013; Deville et al., 2009; Li et al., 2003; Martinez et al., 2002; Oehler et al., 

2001; Wang et al., 2014). ADM has been linked to the Bcl-2 protein family which is associated with the 

regulation of apoptosis. The overall aim of this chapter was to determine if ADM and RAMP-3 KDs in 

PaCa cells alter response to gemcitabine and 5-FU treatment by measuring the viability (proliferation) 

and apoptosis of the cells.  

5.4.1 CFPAC-1 KD cells respond to gemcitabine resulting in a decrease in PaCa 

proliferation 

Analysis of CFPAC-1 ADM KD viability assays showed that there is a significant difference between 

different doses of gemcitabine and the day the cells are treated (p< 0.0001) (Figure 5.2). Following 3 

days of treatment with gemcitabine, viability of cells decreased significantly at doses of 1 µM, 500 nM 
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and 100 nM gemcitabine compared to untreated cells (100% viability). The aforementioned doses of 

gemcitabine caused a decrease in viability of 68.2%, 67.5% and 63.6% respectively. The data show that 

CFPAC-1 ADM KDs do not increase or decrease sensitivity to gemcitabine as CFPAC-1 WT cells had 

similar responses at doses of 1 µM and 500 nM showing a 68.4% and 67.7% reduction in viability 

respectively (Figure 5.2). The similarity in results between CFPAC-1 ADM KDs and WT cells could be 

explained by Akada et al (2005) who show that CFPAC-1 cells were 1 of 3 PaCa cell lines in a panel of 

15 PaCa cell lines that were the most sensitive to gemcitabine. After 72 hours of treatment with 25 

ng/mL (95 nM) gemcitabine, CFPAC-1 cells showed less than 20% cell survival. Data collected in this 

study showed that after 72 hours at a dose of 100 nM, CFPAC-1 wild-type cells had 42.5% viability, 

whilst CFPAC-1 ADM KDs had 36.4% survival at 100 nM. Developing CFPAC-1 ADM KDs in one of the 

other cell lines characterised for ADM in Chapter 3, for example, AsPC-1 cells which were shown to be 

moderately sensitive to gemcitabine in this study, may provide a more useful insight into the role of 

ADM in proliferation and response to gemcitabine.  

Analysis of CFPAC-1 RAMP-3 KDs treated with different doses of gemcitabine shows a significant 

difference (p< 0.0001) in percentage viability between drug concentration and the day of treatment 

(Figure 5.2). Compared to CFPAC-1 ADM KDs, the cells were slightly less sensitive to gemcitabine 

however, this was not significant as viability decreased by 59.5%, 57.9%. 54.6% at doses of 1 µM, 500 

nM and 100 nM gemcitabine respectively. Two-way ANOVA analysis showed that at day 3, there was 

a significant difference between doses of 100 nM and 3 nM gemcitabine, with a 52% decrease in 

viability when treated with 100 nM gemcitabine (p= 0.39).  There was also a 53.6% decrease in viability 

at a dose of 100 nM gemcitabine compared to 1 nM. At day 2, there were significant differences 

between untreated CFPAC-1 RAMP-3 KDs and 1 µM, 500 nM and 100 nM gemcitabine doses, all 

showing a nearly 50% decrease in viability compared to untreated cells.  

Furthermore, comparing 100 nM treated CFPAC-1 ADM KDs to scrshRNA KDs at day 3 showed a 

significant difference (p= 0.0093) in viability with a 25.4% decrease in viability in RAMP-3 KDs (Figure 
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5.2b and d). Previous data from Nouguerède et al (2013) showed that in colorectal cancer, treating 

cells with anti-ADM antibody resulted in 70%% inhibition of proliferation 

The LogIC50 was determined by non-linear regression for both CFPAC-1 KD cells, scrshRNA and WT cells 

following 3 days of gemcitabine treatment which showed no significant difference in logIC50 (Figure 

5.3). The logIC50 values determined were -7.774, -7.919, -7.698 and -7.553 in CFPAC-1 ADM KD, CFPAC-

1 RAMP-3 KD, CFPAC-1 scrshRNA and CFPAC-1 WT cells respectively. The dose response curve shows 

that at 1 µM (-6), there is higher viability in scrshRNA at day 3 of 100% compared to between 79%-

85% in KDs and WT cells. There was no statistical significance in the difference however, treatment 

with gemcitabine over a longer time course may show more disparity in means between KDs and 

scrshRNA. This could be a consideration for future experiments. 

Overall, the gemcitabine data shows that proliferation of cells is not significantly altered by knocking 

down ADM or RAMP-3 in CFPAC-1 cells. The log IC50 determined by percentage viability data on day 3 

was similar across all cell lines and therefore the null hypothesis was accepted that there is no 

significant difference between the IC50 in KDs and controls (scrshRNA and WT cells) (Figure 5.3). At day 

3, the percentage viability is overall highest in CFPAC-1 scrshRNA but there were not significant 

differences in viability as percentage viability ranged between 92%-105% at all doses of gemcitabine. 

There are more significant differences between different cells lines and different doses of gemcitabine 

at day 2 at doses of 1 µM and 100 nM gemcitabine. At a dose of 500 nM there was a significant 

difference (p= 0.002) between CFPAC-1 ADM KD viability (47.1%) and scrshRNA (60.4%). The lack of 

significant differences at day 3 between different cell lines may be indicative that the cell lines may 

have needed longer treatment with gemcitabine. Ouafik et al (2002) have shown that treatment of 

glioma cells with anti-ADM antibody resulted in decreasing viability over 8 days. The viability of cells 

was decreased by only 16% at day 4 but by day 8 the viability decreased by another 17% to 33%. 

Although, this experiment was not analysing the effects of gemcitabine on glioma cells, it was 

measuring the effect of ADM on the viability of cells showing that longer exposure to anti-ADM 
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resulted in double the decrease in viability. Therefore, longer treatment of cells with gemcitabine and 

induction of ADM KDs for a longer period of time could be a future consideration for viability assays. 

Furthermore, developing KDs in more of the PaCa cell lines characterised in Chapter 3, could provide 

a bigger insight into the exact role of ADM and RAMP-3 KDs in PaCa cancer. Analysis by Akada et al 

(2005) showed that different PaCa cell lines have different sensitivity to gemcitabine treatment due 

to mutations and their natural proliferative rate. Furthermore, the exact role of ADM in proliferation 

has not been fully elucidated as it has been shown to have both inhibitory and stimulatory effects 

therefore, developing KDs in a larger range of PaCa cell lines may contribute to understanding ADM 

role in PaCa. Keleg et al (2007) have shown ADM to have growth inhibitory effects in 2 out of 5 PaCa 

cell lines. In prostate cancer, Abasolo et al (2004) and Berenguer-Daizé et al (2013) show contrasting 

results in relation to the role of ADM in inducing or inhibiting proliferation. Abasolo et al (2004) show 

that overexpression of ADM results in inhibition of proliferation of prostate cancer cells, whereas 

Berenguer-Daizé et al (2013) show ADM to induces proliferation. However, both studies analysed 

different prostate cancer cell lines which suggests that other factors may effect proliferation in 

combination with ADM. Although these results do not directly relate to the effect of gemcitabine on 

cancer cell lines, it does show that there is variability within cell lines of the same cancer and therefore, 

the viability results obtained following treatment of CFPAC-1 ADM KDs and RAMP-3 KDs with 

gemcitabine and 5-FU may differ with the different cell lines characterised in Chapter 3. 

5.4.2 Viability assays show that CFPAC-1 KD cells are resistant to 5-FU treatment  

CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs and scrshRNA treated with 5-FU showed no significant 

difference between different doses of 5-FU and the day of treatment (Figure 5.5). WT CFPAC-1 showed 

a significant difference (p< 0.0001) between different doses of 5-FU and the day of treatment (Figure 

5.5). Following 3 days of treatment, there was a significant difference (p=0.03) between CFPAC-1 WT 

cells treated with 500 nM and 100 nM 5-FU showing 13.2% less viable cells in the group treated with 

500 nM. There was also a significant difference (p= 0.02) between CFPAC-1 WT cells treated with 500 
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nM and 3 nM 5-FU, where there was a 14.5% decrease in viability in 500 nM treated cells compared 

to 3 nM. However, compared to gemcitabine, the viability of the cells was still high at 500 nM with 

88.9% viability. The XY graph analysed by two-way ANOVA showed no significant difference between 

the different cells lines at each dose of 5-FU doses however, there was a significant difference (p > 

0.0001) between drug concentrations alone and the different cell types alone (p= 0.001) (Figure 5.5). 

Overall, the percentage viability and therefore proliferation of the KD cells, WT cells and scrshRNA was 

not significant and suggests that CFPAC-1 cells may be resistant to 5-FU.  

Shi et al (2002) have shown that PaCa cell lines treated with 5-FU alone are generally resistant to 5-

FU which may explain why there is limited response to treatment in both KDs and controls. Chapter 1 

also shows that 5-FU is often administered in combination with gemcitabine or if patients are fit 

enough, it is used in combination with other drugs as part of FOLFIRNOX treatment. Treatment with 

FOLFIRINOX following pancreatic tumour resection increases survival to 54.3 months compared to 

gemcitabine alone treatment which increased survival by 35 months (Conroy et al., 2018). These data 

suggest that combined therapy with 5-FU may be more effective in reducing the viability of CFPAC-1 

cells. As discussed above, CFPAC-1 were shown to be sensitive to gemcitabine treatment but this was 

not mirrored by all PaCa cell lines in the study completed by Akada et al (2005) therefore, CFPAC-1 

may not be as sensitive to 5-FU as other PaCa cell lines. Therefore, developing KDs in other cell lines 

characterised in Chapter 3 may provide a useful insight into whether other PaCa cells respond to 5-FU 

and whether KD of ADM or RAMP-3 changes the response to 5-FU. Furthermore, increasing the dose 

of 5-FU that CFPAC-1 KDs, scrshRNA and WT cells are treated with may show more changes in the 

viability of cells.  

5.4.3 CFPAC-1 KD cells are sensitive to gemcitabine which induces apoptosis 

Analysis of gemcitabine treated CFPAC-1 ADM KDs, showed a significant difference between 

untreated CFPAC-1 ADM KDs and 1 µM and 500 nM treated ADM KDs (p= 0.02). The cells treated with 

1 µM gemcitabine showed a 1.03-fold increase in apoptosis  compared to untreated cells and at a dose 
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of 500 nM gemcitabine, there was a 1.3-fold increase in apoptosis compared to untreated cells (p= 

0.003) (Figure 5.4).  

CFPAC-1 RAMP-3 KDs treated with gemcitabine showed a significant difference in apoptosis between 

treated and untreated RAMP-3 KDs (p <0.0001). At a dose of 1 µM, there was a 1.1-fold increase (p= 

0.009) in apoptosis compared to untreated cells, at 500 nM there was a 1.6-fold increase (p= 0.0002) 

in apoptosis and at 100 nM there was a 1.7-fold increase (p< 0.0001) in apoptosis compared to 

untreated cells (Figure 5.4). Overall, the highest fold increase in apoptosis was in CFPAC-1 RAMP-3 KDs 

compared to untreated cells (1.7-fold increase) at a dose of 100 nM. This was significantly different to 

CFPAC-1 WT cells that showed a 0.52-fold increase in apoptosis compared to untreated cells (p= 

0.0468) (Figure 5.4). This shows that KD of RAMP-3 increases sensitivity to gemcitabine at 100 nM. 

The viability data in Figure 5.2 also shows that at a concentration of 100 nM gemcitabine, RAMP-3 KDs 

reduce viability of cells and are therefore more sensitive to gemcitabine treatment. These data suggest 

that RAMP-3 may play a role in regulating proliferation and apoptosis in PaCa. Furthermore, as 

previously discussed, Akada et al (2005) show that CFPAC-1 cells are sensitive to gemcitabine 

treatment however, they also show that the increased sensitivity to gemcitabine is related to BNIP-3. 

BNIP-3 is part of the Bcl-2 protein family that has been described in Chapter 1 and in this chapter. Bcl-

2 is a protein molecule important in regulating apoptosis and has been shown to be regulated by ADM. 

Akada et al (2005) show that in PaCa cell lines sensitive to gemcitabine including CFPAC-1, there is 

upregulation of BNIP-3, whereas in cell lines with intermediate sensitivity or resistance, BNIP-3 is 

downregulated. Wu et al (2015), have also shown that ADM upregulates Bcl-2 and protects cancer 

cells from hypoxia induced death promoting cancer cell survival. Based on this evidence and the fact 

that ADM has been associated with regulation of apoptosis through the Bcl-2 family, the data in Figure 

5.4 could indicate that targeting the RAMP-3 receptor by knocking down its expression, could increase 

the responsiveness of gemcitabine sensitive tumours and induce more apoptosis in PaCa as although 

CFPAC-1 WT cells were already sensitive to gemcitabine, knocking down RAMP-3 increased this effect 

by 1.2 fold (p= 0.05). Developing KDs in AsPC-1 which is one of the cell lines characterised in Chapter 
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3 and that was determined as intermediately- sensitive to gemcitabine by Akada et al (2005) would 

be useful to see whether apoptosis and sensitivity to gemcitabine is altered to the same degree.  

Analysis of CFPAC-1 scrshRNA cells treated with different doses of gemcitabine showed a significant 

difference between untreated cells and cells treated with gemcitabine at a dose of 500 nM (p= 

0.0002), with a 1.1-fold increase in apoptosis compared to untreated cells (Figure 5.4). There was no 

significant difference between untreated cells and different doses of gemcitabine for the remainder 

of concentrations. There was also no significant difference between different doses of gemcitabine 

and different cell lines. Analysis of CFPAC-1 WT showed a significant difference (p <0.0001) in cells 

treated with different doses of gemcitabine. There was a significant difference between untreated 

cells and cells treated at 1 µM, 500 nM and 100 nM with a 1.1-fold, 1.4-fold and 1.5-fold increase in 

apoptosis respectively. 

Overall, at lower doses of gemcitabine (1 nM, 3 nM and 10 nM), CFPAC-1 WT cells are the least 

sensitive to gemcitabine (Figure 5.4). At a dose of 100 nM gemcitabine, CFPAC-1 WT cells and CFPAC-

1 scrshRNA both have lower levels of apoptosis compared to the KD cells (Figure 5.4). More 

specifically, CFPAC-1 RAMP-3 KDs are 3.2-fold more sensitive to gemcitabine than CFPAC-1 WT cells 

and 2.8-fold more sensitive to gemcitabine than CFPAC-1 scrshRNA. At a dose of 500 nM gemcitabine, 

all the cell lines have similar levels of apoptosis. Apoptosis decreases slightly at 1 µM however, 

apoptosis remains similar across all cell lines. There may be a decrease in apoptosis at a higher dose 

as the cells may have adapted to become more resistant to gemcitabine. 

5.4.4 CFPAC-1 KD cells are resistant to 5-FU treatment and do not induce apoptosis 

Viability data of KD cells treated with 5-FU showed limited or no change in proliferation in CFPAC-1 KD 

cells and CFPAC-1 scrshRNA with some response to treatment in CFPAC-1 WT but the results were not 

significant suggesting the cells may be resistant to 5-FU. Similar results were obtained from apoptosis 

data, showing limited sensitivity to 5-FU with some response to 5-FU by CFPAC-1 WT cells (Figure 5.7). 

Analysis of 5-FU treated CFPAC-1 ADM KDs, showed no significant difference between different doses 
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of 5-FU and untreated cells. The highest increase in apoptosis was at a dose of 10 nM 5-FU (0.1-fold 

increase) and the lowest percentage of apoptosis was at 500 nM and 100 nM (0.01-fold increase) 

(Figure 5.7).  

Comparing CFPAC-1 ADM KDs to CFPAC-1 WT cells, the largest difference in apoptosis was at a dose 

of 1µM, ADM KDs showed a 0.08-fold increase in apoptosis compared to a 1.1-fold increase in 

apoptosis in CFPAC-1 WT cells (Figure 5.7), suggesting that decreasing ADM expression increases 

resistance to 5-FU and that ADM is important in promoting apoptosis in CFPAC-1 cells. At lower doses 

of 5-FU, there was no significant difference determined between the different cell lines treated with 

different concentrations of 5-FU. 

CFPAC-1 RAMP-3 KDs treated with different doses of 5-FU showed no significant difference between 

doses. However, there was a significant difference between CFPAC-1 RAMP-3 KDs and CFPAC-1 WT 

cells at different doses of 5-FU. The highest amount of apoptosis was at a dose of 1 µM 5-FU (0.3-fold 

increase compared to untreated) which is significantly lower (p=0.001) compared to CFPAC-1 WT cells 

(1.1-fold increase compared to untreated), this suggests that RAMP-3 KDs also increase resistance to 

5-FU (Figure 5.7). There was also a significant difference between CFPAC-1 RAMP-3 KDs and CFPAC-1 

scrshRNA at a dose of 1 µM 5-FU, RAMP-3 KDs had 0.3-fold increase inapoptosis compared to a 0.2-

fold decrease in CFPAC-1 scrshRNA (p= 0.003). 500 nM 5-FU caused a 0.6-fold decrease in apoptosis 

in RAMP-3 KDs compared to WT cells (p= 0.01), again suggesting that reducing levels of RAMP-3 may 

cause resistance to 5-FU and apoptosis (Figure 5.7). Between concentrations of 1 nM- 100 nM 5-FU, 

there was a decrease in apoptosis between 0.3-0.4-foldcompared to WT cells showing that there isn’t 

much difference in apoptosis between the different doses of 5-FU and therefore any changes are not 

dose dependent.  

Analysis of scrshRNA treated with different doses of 5-FU showed a significant difference between 

different doses of 5-FU (p< 0.0001). Tukey’s multiple comparison test showed that there was a 

significant difference between untreated scrshRNA and 1 µM 5-FU and untreated scrshRNA and 3 nM 
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5-FU treated scrshRNA, showing 0.2-fold decrease and 0.18-fold increase in apoptosis respectively 

(Figure 5.7). The decrease in apoptosis at a dose of 1 µM 5-FU could indicate that the cells begin to 

develop resistance to 5-FU. Analysis also showed a significant difference between different doses of 

5-FU and KD cell lines compared to CFPAC-1 scrshRNA. The biggest difference in apoptosis was at 1 

µM when comparing CFPAC-1 scrshRNA to CFPAC-1 WT cells which, showing a 1.3-fold decrease in 

apoptosis in CFPAC-1 scrshRNA. The highest amount of apoptosis in the scrshRNA group was at a 

concentration 3 nM 5-FU with a 0.18-fold increase in apoptosis compared to untreated cells. Overall, 

the data suggests that CFPAC-1 scrshRNA are resistant to 5-FU treatment as at all doses of 5-FU, there 

is limited response to treatment (Figure 5.7).  

CFPAC-1 WT cells treated with 5-FU had a lower percentage of apoptosis than gemcitabine treated 

cells but the changes were still significantly different (p <0.0001). The largest increase in apoptosis 

was at 500 nM with 1.1-fold increase in apoptosis compared to untreated (p= 0.001). At all other 

concentrations of 5-FU, CFPAC-1 WT cells had similar percentage increases in apoptosis (Figure 5.7). 

Compared to gemcitabine treatment, the 5-FU apoptosis data shows that CFPAC-1 cells are resistant 

to 5-FU. Shi et al (2002) have shown that repeated exposure of PaCa cells to 5-FU increases resistance 

of the cells and increased IC50 values by 2.1-fold and 1.8-fold in Capan-1 and T3M4 cells. They found 

that Bcl-xL mRNA expression was significantly upregulated in Capan-1 cells following repeated 

exposure to 5-FU, making the cells more resistant to 5-FU. They also showed an increase in Bcl-2 mRNA 

expression in T3M4, Capan-1 and AsPC-1 cells of 2.5-fold, 1.8-fold and 1.5-fold following 5-FU 

treatment. They concluded that Bcl-2 plays an important role in chemo-resistance. ADM closely 

regulates Bcl-2 under hypoxic conditions, therefore ADM and RAMP-3 KDs in CFPAC-1 and other PaCa 

cell lines following exposure to both hypoxia and 5-FU may be a good indicator of whether targeting 

ADM and RAMP-3 could improve patient response to 5-FU.  

Future considerations for 5-FU apoptosis assays may be to expose PaCa cells to hypoxic conditions. 

Koong et al (2000) showed that in 7 patients with PaCa undergoing pancreatic resection, areas of the 
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pancreas with tumour had median p02 oxygen levels of 0-5.3 mmHg. In contrast, adjacent normal 

tissue had median p02 oxygen levels of 9.3-92.7 mmHg showing that pancreatic tumours are 

significantly more hypoxic. Furthermore, ADM has been shown to be elevated in hypoxic conditions 

and inhibit apoptosis by increasing Bcl-2 levels. This has been shown to be mediated by the CLR/RAMP 

receptor in osteosarcoma and endometrial cancer (Oehler et al., 2001; Wu et al., 2015). Therefore, 

exposing PaCa cells with ADM and RAMP-3 KDs to hypoxic conditions may provide a more accurate 

representation of the effects of ADM and RAMP-3 in PaCa and also may affect response to 

chemotherapy.  
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5.5 Conclusion 

In conclusion, both viability and apoptosis results showed that CFPAC-1 KD, scrshRNA and WT cells 

were more sensitive to gemcitabine than 5-FU. Gemcitabine viability data shows that following 3 days 

of gemcitabine treatment at doses of 1 µM, 500 nM and 100 nM, CFPAC-1 ADM KDs and CFPAC-1 

RAMP-3 KDs have a significant decrease in viability (Figure 5.2). CFPAC-1 RAMP-3 KDs are slightly more 

viable compared to ADM KDs. CFPAC-1 ADM KDs were shown to have a significant decrease in viability 

compared to CFPAC-1 scrshRNA at a dose of 100 nM gemcitabine (p= 0.009). CFPAC-1 ADM KDs have 

similar viability to CFPAC-1 WT cells following treatment with gemcitabine (Figure 5.2). Overall, the 

data suggest that knocking down ADM and RAMP-3 in CFPAC-1 cells does not significantly change the 

sensitivity of the cells to gemcitabine. However, this may be as CFPAC-1 are already sensitive to 

gemcitabine which has been shown in other studies. Therefore, ADM and RAMP-3 may play a more 

crucial role in cell lines that have intermediate sensitivity or resistance to apoptosis (Akada et al., 

2005). 

Apoptosis data following gemcitabine treatment showed a significant difference between untreated 

CFPAC-1 ADM KDs and 1 µM and 500 nM gemcitabine treatment with 1.03-fold and 1.3-fold increase 

in apoptosis relative to untreatedrespectively. This was also shown in CFPAC-1 RAMP-3 KDs with 

significant increases in apoptosis also at 100 nM, this showed the highest fold increase in apoptosis 

increase compared to untreated cells. CFPAC-1 WT cells also showed a significant increase in apoptosis 

at 1 µM, 500 nM and 100 nM and scrshRNA showed a significant difference between untreated and 

treated cells at 500 nM (Figure 5.4). Overall, there was not a significant difference between the 

different cell lines however, the data does show that CFPAC-1 cells are sensitive to gemcitabine 

treatment. 

Following 5-FU treatment, the viability of CFPAC-1 ADM KDs, CFPAC-1 RAMP-3 KDs, CFPAC-1 scrshRNA 

and CFPAC-1 WT cells was not significantly different at different doses (Figure 5.5). WT cells showed 

the most response following 5-FU treatment. However, at higher doses including 500 nM 5-FU, the 
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viability of cells was still high at 88.9%. These data suggest that CFPAC-1 cells may be resistant to 5-FU 

and knocking down ADM or RAMP-3 does not improve the response of cells to this treatment. 

Apoptosis data also shows that that CFPAC-1 KD and scrshRNA cells are not sensitive to 5-FU treatment 

with very small increases in apoptosis (Figure 5.7). At a dose of 1 µM 5-FU, there was a 0.2-fold 

decrease in apoptosis suggesting that cells may have developed resistance at the higher dose of 5-FU. 

The most significant effect of 5-FU was in CFPAC-1 WT cells at 1 µM where there was 1.1-fold increase 

in apoptosis compared to untreated cells (Figure 5.5). There were also significant increases in 

apoptosis compared to untreated cells at doses of 500 nM and 100 nM 5-FU. 

The apoptosis data overall shows that KD and control cells were most responsive to gemcitabine 

treatment compared to 5-FU. In the gemcitabine treated cells, apoptosis was the highest in RAMP-3 

KDs treated with 500 nM gemcitabine. On average, the highest amount of apoptosis was in RAMP-3 

KDs with an average 0.7-fold increase in apoptosis and the lowest amount of apoptosis was in 

scrshRNA at 0.2-fold increase in apoptosis. This comparison suggests that reducing levels of RAMP-3 

may improve response to gemcitabine. In 5-FU treated cells, the highest apoptosis was in CFPAC-1 WT 

cells with an average increase of 0.5-fold apoptosis. This shows that KDs have no effect on improving 

response to 5-FU. 

In future, changing the experimental conditions of both viability and apoptosis assays may show a 

more significant role of ADM and RAMP-3 in regulating the tumour microenvironment and improving 

response to chemotherapies. Koong et al (2000) have shown that hypoxia is a key feature of the PaCa 

tumour environment as previously discussed. Furthermore, Wu et al (2015) and Oehler et al (2001) 

have shown the relationship between increasing ADM expression following hypoxia and increasing 

Bcl-2 expression in cancer which prevents apoptosis. Therefore, exposing the cells to hypoxic 

conditions may show the effects of ADM and RAMP-3 KDs on proliferation and apoptosis of cells more 

significantly. Treatment of cells for a longer period of time with gemcitabine or 5-FU may also be 

beneficial as Ouafik et al (2002) showed that viability assays showed half the viability at day 8 
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compared to day 4 measurements in glioma cells. Higher doses of gemcitabine and combinational 

therapy may also provide further insight into the effect of the chemotherapies and whether ADM and 

RAMP-3 KDs alter the response. Combinational therapy has been shown to improve overall survival in 

PaCa patients (Conroy et al., 2011; Neoptolemos et al., 2010). Finally, developing KDs in a larger group 

of PaCa cell lines could show whether KDs may be more or less beneficial dependent on the cell lines 

and whether personalised therapy may be more beneficial to PaCa patients. Akada et al (2005) have 

shown that whilst CFPAC-1 cells are sensitive to gemcitabine, AsPC-1 cells have intermediate 

sensitivity so developing KDs in these cells that have been characterised in Chapter 3 may be useful.  
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6.1 Introduction 

The pancreatic tumour microenvironment is composed of a complex network of cells that all play a 

role in the development and progression of PaCa. One of the key characteristics of PaCa is desmoplasia 

(dense fibrous scar tissue), caused by an increase in PSCs and excessive deposition of extracellular 

matrix (ECM) often resulting in chemo-resistance. The ECM is normally tightly regulated by molecules 

that promote degradation and deposition of the ECM however, this becomes dysregulated as 

desmoplasia develops.  

Immune cells, endothelial cells, neuronal cells and pericytes also play an important role in the 

development of the stroma around the tumour and contribute to chemo-resistance within the 

tumour. An important interaction within the stromal environment is the crosstalk between PaCa 

tumour cells and PSCs, they have a bi-directional relationship which results in increased proliferation 

and migration of each other. This has a downstream effect on immune cells, endothelial cells, the ECM 

and neuronal cells that infiltrate the tumour microenvironment (Figure 6.1).  ADM has been shown to 

be associated with many of the cells associated with the pancreatic tumour microenvironment that 

drive desmoplasia and resistance to chemotherapy (Bhardwaj et al., 2016; Dai et al., 2020; Ishikawa 

et al., 2003; Keleg et al., 2007; Xu et al., 2016). This chapter will discuss the complex microenvironment 

and the role that ADM plays in creating it.  

6.1.2 Pancreatic stellate cells (PSCs) role in desmoplasia 

In a healthy pancreas, PSCs are generally inactive and play some role in the maintenance and 

degradation of ECM by producing matrix metalloproteinases (MMPs) and tissue inhibitors of 

metalloproteinases (TIMPS). When inactive, they have vitamin A containing fat droplets in their 

cytoplasm. Following injury to the pancreas or inflammation, PSCs lose their vitamin A droplets and 

change phenotype to a myofibroblast-type cell. This was shown by Apte et al (1998) in isolated rat 

PSCs, after 24 hours of culturing PSCs, the cells were positive for desmin and contained lipid droplets 

but negative for α-SMA with an angular type structure. However, after 48 hours of culture, 
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immunocytochemistry showed the cells were positive for both desmin and α-SMA and lost their lipid 

droplets. Bachem et al (1998) also isolated rat PSCs to show how the phenotype and expression of 

ECM proteins changes over time. They showed that early primary PSCs contained lipid droplets and 

expressed vimentin in all PSCs and desmin in 20-40% of the cells. The lipid droplets were located in 

the cytoplasm and peri-nuclear region of cells. However, within 4-8 days of primary culture, the 

number of lipid droplets began depleting and expression levels of α-SMA changed (30-50%), whilst 

vimentin and desmin expression remained at 100%. Once the cells were passaged, over 90% of the 

cells expressed α-SMA, desmin was expressed in 20-50% of cells and vimentin was still expressed in 

all the cells. The PSCs also changed phenotype to become more flattened with long cytoplasmic 

extensions. The change in phenotype correlated with increased expression of collagen I, collagen III, 

fibronectin and laminin which was determined by immunofluorescence. These data suggest that 

activated PSCs play a key role in the development of the ECM around the tumour. Furthermore, 

activated PSCs release inflammatory cytokines, chemokines and growth factors for example, TGF-β, 

VEGF, PDGF and angiotensin. These promote cancer cell proliferation and metastases and 

proliferation of endothelial cells and alteration in immune response (Hwang et al., 2008; C. Li, Cui, 

Yang, Wang, & Zhuo, 2020; Masamune et al., 2008). It is important to note that PSCs are a subtype of 

CAF, when PSCs are activated they become a type of CAF. In studies describing the role of fibroblasts 

in other cancers as well as PaCa, the term CAF is often used. 
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Figure 6.1 The role of activated PSCs in the crosstalk with PaCa tumour cells. PaCa cells and pancreatic 

stellate cells (PSCs) have a bidirectional relationship, tumour cells increase the proliferation, migration 

and the amount of extracellular matrix (ECM) produced by PSCs. PSCs increase the proliferation and 

migration of tumour cells and inhibit apoptosis. Adrenomedullin (ADM) receptors have been shown 

to be present in PSCs, therefore together with the increased proliferation and migration induced by 

cancer cells, ADM plays a role in activating pro-tumorigenic pathways. PSCs increase neuronal 

migration towards cancer cells and increase the proliferation of endothelial cells inducing 

angiogenesis. Furthermore, they increase the production of ECM by increasing production of collagen 

I, III and fibronectin. PSCs also have a role in immune regulation by increasing numbers of myeloid 

derived suppressor cells (MDSCs), regulatory T cells (Tregs) and M2 phenotype macrophages which 

favour a pro-tumorigenic environment. However, they also decrease CD4+ T cells, CD8+ T cells, natural 
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killer cells (NK cells) and M1 phenotype macrophages which promote anti-tumour activity. Ultimately 

this results in increased desmoplasia, invasion and metastasis of PaCa.  

Masamune et al (2008) have shown that following hypoxic induction of PSCs, nuclear expression of 

HIF-1α (hypoxic marker) and collagen I production and migration of PSCs increased. PSCs have also 

been shown to excessively secrete matrix proteins which include collagen, laminin and fibronectin in 

the extracellular matrix (ECM) which induces desmoplasia. They also secrete both MMPs and TIMPs 

which become uncontrolled and dysregulate ECM production resulting in fibrosis (Armstrong et al., 

2004). 

Masamune et al (2008) also show that PSCs exposed to hypoxic conditions increase the proliferation 

and migration of endothelial cells and induce angiogenesis. Furthermore, analysis of resected patient 

PaCa samples showed that in areas of fibrosis, there was increased nuclear expression of HIF-1α in α-

SMA positive PSCs, suggesting hypoxia is important in the activation of PSCs. Hwang et al (2008) have 

shown the influence of human PSCs on proliferation, migration and invasion of PaCa cells and how 

they alter response to PaCa treatments. Treating BxPC-3 and Panc-1 cells with PSC conditioned media 

increased proliferation, migration, invasion and colony formation of these PaCa cells. These cells were 

also less responsive to gemcitabine and radiation therapy by inhibition of apoptosis. In vivo, co-

injection of tumour cells with PSCs resulted in increased incidence of primary tumour establishment, 

increased size of tumour and metastasis.  These data suggest that PSCs are activated in hypoxic 

conditions causing the activation of pro-tumorigenic pathways including deposition of collagen I, 

angiogenesis, promoting cancer cell proliferation and migration and as a consequence tumour 

establishment and metastasis. 

The immune system can also be regulated by activated PSCs. Li et al (2020) combined PAN02 PaCa 

cells with PSCs and injected them orthotopically, using PaCa cells alone as a control. Combining PaCa 

cells with PSCs resulted in an increase in proliferation and metastases which was accompanied by 

changes to the immune microenvironment. Tumour weight significantly increased in PaCa cells 
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combined with PSCs which correlated with increased α-SMA expression. The number of myeloid 

derived suppressor cells (MDSCs) and T regulatory cells (Tregs) were also increased in the bone 

marrow, spleen and tumour tissue following co-transplantation of PaCa cells with PSCs. However, 

CD4⁺, CD8⁺ and NK cells decreased in tumour tissues and spleen. The M2 macrophage phenotype also 

increased and the M1 phenotype decreased in tumours with combined PaCa cells and PSCs. These 

data suggest that activated PSCs reduce the activity of anti-tumour immune cells and increase immune 

cells that help evade immune detection. 

Benyahia et al (2017) have shown that ADM and its receptors are highly expressed in CAFs derived 

from invasive breast carcinoma compared to normal human dermal fibroblasts (NHDF). ADM mRNA 

expression was shown to be 4-24 fold higher in CAFs compared to NHDF. RAMP-2, RAMP-3 and CLR 

were also shown to be expressed in CAFs derived from breast carcinoma. In vitro, ADM was shown to 

induce proliferation of CAFs and in vivo combination of CAFs with PaCa cells resulted in increased 

tumour volume. Administration of anti-ADM receptor (αAMR) to matrigel plugs containing CAFs in 

vivo showed a decrease in neovascularisation and a depletion of vessel structures. Histological analysis 

of matrigel plugs showed a depletion of vascular endothelial cells (CD31), induced apoptosis (cleaved 

caspase-3) and decreased tumour cell proliferation (Ki67). These results demonstrate that ADM and 

its receptor have been shown to be expressed in CAFs and that they induce pro-tumorigenic 

phenotypes that result in the growth of PaCa tumours and potentially metastases.  

In PaCa, Dai et al (2020) have shown that RAMP-3 KO mice were associated with decreased PDPN or 

α-SMA positive CAFs in the periphery of tumours in metastatic sites following histological analysis. 

Therefore, RAMP-3 KO CAFs were developed and co-cultured with PAN02 cells showing decreased 

migration, proliferation and metastasis of tumour cells. These results were also shown in vivo where 

RAMP-3 KOs in CAFs implanted with PAN02 cells resulted in decreased metastasis. The results suggest 

that ADM/RAMP-3 expressed in CAFs drives tumour metastasis and play an important role in the 

development of PaCa. In conclusion, ADM could be a valuable therapeutic target for treatment of 
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PaCa as PSCs/CAFs have been shown to be involved with multiple pathways leading to the formation 

of desmoplasia and stromal microenvironment around the pancreatic tumour.  

6.1.2 The extracellular matrix (ECM) in PaCa progression 

The ECM is composed of a complex network of molecules and acts as a scaffold, playing an important 

role in maintaining tissue architecture. It is important for structural integrity and provides tensile 

strength (Armstrong et al., 2004). Disruption to the ECM by alterations induces pro-tumorigenic 

effects. The ECM is composed of fibronectin, laminin, glycoproteins, proteoglycans and 

glycosaminoglycans (Walker, Mojares, & Hernández, 2018). Type I and III collagens are the main 

structural proteins of PaCa tumours, together with fibronectin, these proteins are strongly 

upregulated by stromal fibroblasts. Figure 6. shows that activation of PSCs is associated with increased 

ECM resulting in desmoplasia. Increased ECM is associated with poorer patient survival as 

demonstrated by Whatcott et al (2015), excessive ECM deposition in primary and metastatic primary 

tumours was associated with poorer OS. They found that both primary and metastatic tumours were 

highly fibrotic and that Kaplan-Meier curves showed a correlation between high collagen I levels and 

poorer median survival. Patients with low collagen I levels had median overall survival of 14.6 months 

compared to 6.4 months in patients with high collagen I levels. These data demonstrate the impact 

ECM can have on PaCa progression and clinical outcome.  

Armstrong et al (2004) also showed a relationship between collagen I and development of the ECM 

and desmoplasia. Overall, this study showed that PaCa cells promote proliferation and collagen 

synthesis by activating PSCs that induce collagen I, MMPs and TIMP synthesis. Collagen I was shown 

to be a major product of PSCs, providing PaCa cells with a survival advantage by inhibiting apoptosis 

and increasing proliferation of cells following treatment with 5-FU. Furthermore, histological analysis 

of normal pancreatic tissue compared to PaCa patient samples showed low levels of α-SMA in normal 

pancreas and a marked increase in PaCa samples. PaCa α-SMA expression was located in fibrotic bands 

and around malignant glands showing that α-SMA is associated with malignancy. The same pattern 
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was seen with collagen I, where normal tissue had low levels of collagen I and PaCa tissues expressed 

high levels of collagen I in large tracts that surround the malignant epithelium in PDAC.  

Furthermore, in vitro analysis showed that PaCa cell line (AsPC-1, Panc-1 and MiaPaCa-2) supernatants 

increased proliferation of PSCs and that AsPC-1 supernatant stimulated PSC collagen synthesis. 

Additionally, PSCs were shown to be a primary source of MMP-2 which promote the accumulation of 

ECM (Armstrong et al., 2004). Similar to Armstrong et al (2004), Bachem et al (2005) also showed that 

human PaCa patient tissues were associated with a high number of α-SMA and desmin positive cells 

that correlated with intense collagen and fibronectin staining. PaCa cells (MiaPaCa-2, Panc-1 and 

SW850) were also shown to stimulate the proliferation of PSCs, inducing ECM synthesis. PSCs co-

cultured with PaCa cells showed more intense collagen I, III and fibronectin immunostaining compared 

to PaCa cells cultured alone. Furthermore, in vivo subcutaneous models showed that tumours grew 

faster when PaCa cells were inoculated together with PSCs, compared to PaCa cells alone. This again 

correlated with increased expression of α-SMA staining and desmin positive cells in the mixed cell 

group. Together, these data show the complex network between PaCa tumour cells, PSCs and 

predominantly collagen I in both promoting ECM development and in promoting cancer cell 

proliferation. These results clearly demonstrate the bi-directional relationship of cancer cells and PSCs 

described in Figure 6.1. They also show how the cells work together to develop a more aggressive 

PaCa phenotype which is resistant to chemotherapy.  

The role of ADM in inducing the pro-tumorigenic phenotype associated with increased collagen I and 

α-SMA expression has been shown by Bhardwaj et al (2016). They showed the relationship between 

MYB (an oncogenic transcription factor), ADM and induction of the desmoplastic reaction by 

promoting production of ECM proteins. Orthotopic injection of MYB overexpressing PaCa cells into 

the mouse pancreas, increased desmoplasia significantly compared to MYB-silenced PaCa cells. 

Immunostaining of the PaCa tumours showed an increase in collagen I, fibronectin and α-SMA. 

Furthermore, they showed that MYB has binding sites on ADM and Sonic hedgehog (SHH) promoters 
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by in silico analysis. This was confirmed by chromatin-immunoprecipitation and co-culture of PSCs 

with MYB expressing PaCa cells. Co-cultures of these cells with ADM antagonist resulted in decreased 

viability and therefore decreased proliferation of PSCs. This suggests that MYB expression in PaCa cells 

induces effects on PSCs through ADM. MYB and ADM co-operate to induce proliferation of PSCs and 

have potential to activate downstream effects of PSCs including increased collagen I and fibronectin 

expression which increases ECM production and formation of stromal tissue around the tumour. 

Overall, this produces a more aggressive PaCa phenotype. 

6.1.3 Immune cells 

Evading immune surveillance is one of the original hallmarks of cancer recognised by Hanahan & 

Weinberg (2000). The immune system is important in healthy tissue, it acts as surveillance system to 

detect any changes within normal tissue such as viruses or bacteria. In cancer, cells evade the immune 

system which leads to favourable conditions for the tumour microenvironment and promotion of 

tumour cell survival (Hanahan & Weinberg, 2011). Clark et al (2007) showed that immunosuppressive 

cells appear during early progression of PaCa and continue to outweigh anti-tumour immune cells 

throughout the whole development of PaCa. TAMs, MDSC and Treg cells were found to be the 

particularly dominant population of cells from the very beginning.  

The TGF-β inflammatory pathway is a key pathway activated during PaCa and is a potent inducer of 

desmoplasia. Aoyagi et al (2004) have demonstrated this as TGF-β expression is higher in PaCa  patient 

tumours compared to non-neoplastic tissues. Increased TGF-β correlated with increased collagen I 

and III expression. However, further immunohistochemistry analysis showed that there was only faint 

TGF-β cytoplasmic staining in PaCa cells. Infiltrating granulocytes which were predominantly identified 

as neutrophils were shown to secrete TGF-β. Overall, it was shown that instead of directly interacting 

with tumour cells, TGF-β released from granulocytes stimulated PSCs to produce collagen I and III. This 

result is another example of how cells of the tumour microenvironment do not stick to their single 
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niche but interact with multiple cells within the tumour microenvironment to induce a more 

aggressive phenotype without directly acting on tumour cells themselves.  

ADMs role in the regulation of the immune system in both PaCa and other cancers including ovarian 

cancer, melanoma, lung and breast cancer is described in Chapter 1, Section 1.4.5. In PaCa, Xu et al 

(2016) showed the role of MMCs in the regulation of immune cells. Infiltration of MMCs into the 

stromal environment was shown to be associated with poorer prognosis in patients. MMC 

differentiation into macrophages and MDSCs was correlated with high ADM expression in PaCa. ADM 

was also shown to increase migration and invasion of MMCs and induce M2 macrophage polarisation. 

Bone marrow derived macrophages (BMDMs) were treated with 100nM ADM for 24 hours which 

resulted in increased expression of CD206+ and Arg-1 (both markers of M2 macrophage phenotype). 

Flow cytometry showed a 2-fold increase in F4/80+ CD206+ phenotype in BMDMs. Furthermore, 

culturing BMDMs in Panc-1 conditioned mediated also showed an increase in F4/80+ CD206+ and Arg-

1. These data suggest that ADM induces MMC differentiation to produce M2 phenotype macrophages 

which promote an immunosuppressive microenvironment and tumour growth. 

The role of ADM in polarising macrophages has also been shown in ovarian cancers and melanoma 

(Chen et al., 2011; Pang et al., 2013). Chen et al (2011) suggest that ADM polarises macrophages to an 

M2 phenotype in an autocrine manner. Culturing macrophages in B16/F10 melanoma conditioned 

media resulted in increased expression of ADM and its receptor. ADM has also been associated with 

mast cell degranulation in gastric cancer (Lv et al., 2018). In breast and lung cancer, mast cells have 

been shown to be ADM producing. A549 lung cancer cells treated with conditioned media from HMC-

1 mast cells transduced with either scrshRNA (HMC-1Scr) or ADM shRNA to produce KDs (HMC-1ADM) 

showed that HMC-1Scr increased proliferation of A549 cells more than ADM KDs. ADM KDs mast cells 

showed no increase in A549 cell proliferation. Furthermore, ADM was shown to have a pro-angiogenic 

role in mast cells by increasing expression of VEGF and FGF. This effect was neutralised by treatment 

with ADM neutralising antibody (Zudaire et al., 2006).  
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Overall, these studies highlight the significance of immune cells within the PaCa tumour 

microenvironment and show that dysregulation of the immune system is critical to PaCa progression. 

ADM has also been shown to be associated with multiple cells of the immune system however, further 

elucidation of ADM’s role in regulating the immune system is needed.  

6.1.4 Endothelial cells and angiogenesis 

Angiogenesis has been described as an important process involved in supplying oxygen and nutrients 

to tumours to promote cancer cell survival. There is much debate over the vascularity of PaCa tumours 

and how much of an influence this has on patient survival. VEGF has been previously associated with 

a less favourable prognosis in PaCa patients by Ikeda et al (1999), they showed that hypervascularity 

was correlated with poorer prognosis in patients. Niedergethmann et al (2002) showed a correlation 

between VEGF expression, increased microvessel density (MVD) and survival after curative resection, 

suggesting that higher expression of VEGF and MVD correlate with increased chance of PaCa 

recurrence. However, Van Der Zee et al (2011) compared vascularity in the tumours of the PDAC head 

and in peri-ampullary tumours. They found that in peri-ampullary tumours there was a higher MVD 

compared to PDAC in the head of the pancreas. High MVD in PDAC was associated with lymph node 

involvement although these factors did not correlate with overall survival, recurrence free survival or 

cancer specific survival. Barău et al (2013) showed that PaCa tumours are characterised by high MVD 

in tumours compared to peri-tumoural areas. Furthermore, they found that MVD correlated with 

differentiation of tumours, poorly differentiated tumours had the highest MVD compared to 

moderately and well differentiated tumours. However, the level of MVD did not correlate with distant 

and lymph node metastases. Instead, Barău et al (2013) suggest that the dense stroma that forms 

around the tumour induces a hypoxic environment which allows only the most aggressive tumour cells 

to survive regardless of the MVD. These data highlight the conflicting opinion of the influence of 

vasculature on PaCa tumour survival.  
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Intense desmoplasia around PaCa tumours has been shown to increase the interstitial fluid pressure 

(IFP) in tumours. This has been suggested to result in compression of blood vessels in tumours creating 

a hypovascular and hypoxic microenvironment. The blood vessel compression has been suggested to 

result in inhibition of effective drug penetration and delivery (Koong et al., 2000; Provenzano et al., 

2012). Changes in IFP around PDAC tumours has been clearly demonstrated by Provenzano et al 

(2012). They measured IFP around a healthy pancreas in mice and in PDAC tumours that were 

developed in genetically engineered mice (GEM). In healthy mice, the IFP was 8-13 mmHg and in PDAC 

tumours the IFP increased to 75-130 mmHg. This clearly demonstrates that the development of PDAC 

tumours causes dysregulation of IFP and has potential to effect drug penetration. 

PSCs also play an important role in the regulation of vascularity, they have been shown to induce both 

angiogenesis and the development of ECM around PaCa tumours and therefore, influence both MVD 

and desmoplasia around the tumours. Under hypoxic conditions, it has been shown that PSCs increase 

the production of vascular endothelial growth factor (VEGF), collagen I and migration of PSCs. 

Conditioned media from PSC exposed to hypoxia induced HUVEC proliferation, migration and 

angiogenesis in vitro and in vivo. These results show that PSCs are important in the regulation of 

angiogenesis within the PaCa microenvironment (Masamune et al., 2008).   

The role of ADM in inducing angiogenesis in PaCa and other cancers has been widely investigated as 

demonstrated in chapter 1, section 1.4.3. In PaCa, Ishikawa et al (2003) showed that in vivo treatment 

of PaCa tumours with ADM22-52 antagonist resulted in decreased tumour growth and smaller blood 

vessels following analysis by CD31 immunostaining. This indicates that ADM may have a role in 

inducing angiogenesis in PaCa. Keleg et al (2007) also analysed the role of ADM in PaCa under hypoxic 

conditions. They showed that 3 out of 5 cells lines had increased ADM expression following hypoxia. 

Addition of recombinant ADM to these cell lines also resulted in increased VEGF expression. 

Proliferation of HUVECs was increased 2-fold in hypoxic conditions compared to normoxic conditions 

which also correlated with increasing ADM expression. Therefore, ADM potentially induces angiogenic 
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effects through induction of VEGF expression in PaCa. Dai et al (2020) developed RAMP-2 endothelial 

cell KO mice and analysed the effects that this had on angiogenesis and tumour metastases. KO of 

RAMP-2 resulted in decreased angiogenesis however, metastasis increased which was correlated with 

increased expression of both RAMP-3 and PDPN (markers of CAFs). These data suggest that the 

ADM/RAMP-3 system can overcome a reduction in angiogenesis in PaCa by inducing pro-tumorigenic 

effects through the RAMP-3 receptor and by activating CAFs. CAFs have been previously described to 

increase endothelial cell production (Figure 6.1) so this may be one of the mechanisms through which 

metastases is induced. Together, these data demonstrate that although ADM may regulate 

angiogenesis, MVD and angiogenesis do not necessarily indicate the prognosis of patients. The hypoxic 

environment generated by the development of the stroma which causes compression of blood vessels 

and increased IFP, may have more of an impact on patient overall survival as therapies become less 

successful at penetrating tumours.  

6.1.5 Neuronal cells 

The role of nerves in PaCa still needs further elucidation and understanding of this could be significant 

not only in the treatment of PaCa but also in the management of pain. Liebl et al (2014) showed neural 

invasion to be present in all 132 PaCa patient samples they analysed following tumour resection. 

Stopczynski et al (2014) have shown that neural invasion was present at all stages of PDAC and not 

limited to just late stages. Perineural invasion (PNI) is a common feature in PaCa and defined as the 

presence of neoplastic cells along nerve cells and sometimes within different layers of nerve fibres. 

PaCa cells have been shown to grow along nerve cells and within the perineural space suggesting 

cancer cells invade the neuronal cells (Kayahara et al., 2007). Furthermore, Ceyhan et al (2008) have 

shown that PaCa cells change morphology prior to migration towards neuron cells and become more 

elongated. Once PaCa cells have migrated they form clusters around the neuronal cells.  

Pain is a common symptom described by PaCa patients which is often caused by neuronal invasion. 

Dang et al (2006) showed an example of this by analysing nerve growth factor (NGF) expression in 
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primary PaCa patient samples. They specifically analysed expression of two NGF receptors; TrkA and 

p75NGFR which are commonly associated with back and abdominal pain. They found that patients 

with high TrkA expression had more PNI and a higher degree of pain. However, high expression of 

p75NGFR was associated with longer overall survival in patients.  

PSCs also play a role in inducing PNI as shown in Figure 6.1 Li et al (2014) show that in tissue sections 

from PaCa patients, 61.4% had PNI which correlated with strong sonic hedgehog (SHH) expression. 

Furthermore, they showed that SHH overexpression in tumours activated the SHH pathway in PSCs. 

Overexpression of SHH in PSCs was associated with increased cancer cell migration and invasion along 

nerve axons together with increased tumour growth and metastasis in vitro and in vivo. Increased 

expression of MMP-2, MMP-9 and NGF was also associated with increased SHH expression in PSC. 

These data show the important role of the activation of PSCs by SHH paracrine signals from PaCa cells, 

in inducing PNI. Bhardwaj et al (2016) have shown MYB induces activation of PSCs by interacting with 

ADM and SHH promoters which promotes tumour growth (Chapter 1, Section 1.3.6).  There is currently 

limited research around the association of ADM in PNI and therefore, however investigating the 

association between ADM, SHH and MYB in PNI could be an important consideration in future research 

as ADM has been shown to have such a prominent role involving other cells of the tumour 

microenvironment. ADM/RAMP-3 expression on the surface of PSCs has been shown by Dai et al 

(2020) and PSCs have been described to induce PNI, investigating the relationship of ADM in inducing 

PSCs and tumour cells to induce PNI could be a future area of research. 

6.1.6 Summary 

Overall these data describe the complexity of PaCa tumours and show that the communication 

between all the cells of the PaCa microenvironment and how they contribute to PaCa’s aggressive 

desmoplastic phenotype. Desmoplastic scar tissue has been shown to account for 70-80% of the 

tumour mass (Kadaba et al., 2013). This is largely responsible for the lack of response to currently 

available chemotherapies as the scar tissue and dense hypovascular ECM of the tumour create a 
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barrier to these therapies. This chapter’s introduction shows how ADM interacts with most cells of the 

PaCa microenvironment including PSCs/CAFs, immune cells, endothelial cells and proteins on the 

ECM. Most recently, Dai et al (2020) showed the important interaction between ADM and CAFs in 

vivo, co-transplantation of RAMP-3 KOs CAFs/PAN02 showed a reduction in metastasis in mice. 

Therefore, ADM could be a key modulator of the desmoplastic reaction and progression of PaCa. The 

AM₂ (CLR/RAMP-3) receptor which potentially mediates some of ADM’s pro-tumoural functions could 

be a valuable target to improve response to currently available chemotherapies.  

6.1.7 Hypothesis  

The null hypothesis is that knocking down ADM has no influence on tumour growth and metastases 

in vivo.  Therefore, ADM has no effect on cells of the tumour microenvironment that promote tumour 

growth and metastases including immune cells and proliferating tumour cells.  

6.1.8 Aims and objectives  

The aim of this chapter was to determine the effect of CFPAC-1 ADM KD on the growth of tumours 

compared to CFPAC-1 scrshRNA controls and wild-type CFPAC-1 cells (WT) in vivo. The other aim was 

to determine whether there were differences within the tumour microenvironment composition in 

mice inoculated with either CFPAC-1 ADM KDs, CFPAC-1 scrshRNA or wild-type cells in vivo. 

To determine the impact ADM has on tumour growth and the microenvironment, two in vivo 

experiments were designed. The first in vivo experiment involved orthotopic injection of CFPAC-1 

ADM KDs and scrshRNA into the pancreas. This was used to compare whether tumour growth was 

increased or decreased following ADM KD. Furthermore, different doxycycline induction regimes were 

compared to assess whether the rate of tumour growth was altered between doxycycline induced and 

non-induced KDs or scrshRNA controls. Tumour growth was measured using in vivo imaging system 

(IVIS) which measured the bioluminescent signal of tumours and showed any signs of metastasis. The 

orthotopic in vivo model was also used to determine whether the microenvironment was different 

between CFPAC-1 ADM KDs and CFPAC-1 scrshRNA controls. This was determined by performing 
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immunohistochemistry on tissue sections to measure Ki67, α-SMA and endomucin. Immune cells in 

mouse blood samples were also measured to determine if there were any differences between 

groups. 

The second in vivo experiment was a subcutaneous model comparing CFPAC-1 ADM KDs, CFPAC-1 

scrshRNA and CFPAC-1 WT cells. The main objective was to determine differences in tumour size 

between doxycycline induced and non-induced ADM KDs and controls. This was determined by 

measuring tumour volume with Vernier callipers. 
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6.2 Methods 

6.2.1 In vivo orthotopic model 

6.2.1.1 Mice 

Orthotopic tumour xenograft studies were carried out in 5 to 6 week old female nude BALB/c mice 

from Charles River. Before beginning the experiment, all procedures were reviewed and approved by 

the local Research Ethics Committees in the University of Sheffield and complied with UK Animals 

(Scientific Procedures) Act 1986. Studies were performed under project licence PF61050A3. 

6.2.1.2 Cell preparation for orthotopic injection 

CFPAC-1 ADM KDs transduced with luciferase (CFPAC-1 ADM KD-LucRFP) and CFPAC-1 scrshRNA cells 

transduced with luciferase (CFPAC-1 scrshRNA-LucRFP) as described in Chapter 4, Section 4.2.4. They 

were harvested in T175 flasks and counted as described in Chapter 2, Sections 2.1.1 and 2.1.4. The 

day before the procedure, Matrigel was thawed on ice in the fridge to prevent the Matrigel from 

solidifying. Bijou tubes, 1 mL tips and PBS were chilled in the fridge overnight. The cells were prepared 

at a concentrations of 10 million cells/mL in a mix of Matrigel:PBS (3:2 ratio). The cell preparation was 

carried out using ice cold PBS and tips that had been kept in the fridge over night to minimise chances 

of Matrigel solidifying.  

6.2.1.4 Orthotopic injection of cells into pancreas 

Insulin syringes (27 G, 1 mL) were used for intrapancreatic injections and kept on ice during the 

procedure to prevent the cell/matrigel mix from solidifying prior to injection. The mice were 

anaesthetised by isofluorene inhalation and checked for pedal reflex and placed on a heating pad at 

37 ⁰C. 

Once it was confirmed that the mice had been anaesthetised, the abdomen was surgically sterilised 

and a sterile scalpel was used to make an incision into the skin and abdominal wall on the upper left 

flank near the spleen. The spleen is located by the pancreas and was lifted through incision. The 
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pancreas was spread on a sterile swab before intrapancreatic injection of the 40 µL CFPAC-1 ADM KD 

Luc-RFP or CFPAC-1 scrshRNA Luc-RFP (400,000 cells/injection). The needle was left at the site of 

injection for a minimum of 10 seconds to minimise risk of cells leaking. The spleen and pancreas were 

placed back into the abdominal cavity and the incision was closed by a two-layer suture. The 

abdominal wall was stitched together using a continuous 5-0 polydioxanone absorbable suture. The 

skin was stitched back together using interrupted 6-0 polypropylene suture and cutting needle. Iodine 

was applied to the sutures to act as an antiseptic and mice were observed for 30 minutes in a 

temperature controlled incubator with mash. The mice continued to be monitored on a daily basis to 

ensure no infection developed following surgery. 

6.2.1.5 Doxycycline preparation and regime 

Three days after surgery, CFPAC-1 ADM KDs and scrshRNA were either induced with water containing 

0.5 mg/mL doxycycline or and given normal water. 5 mL of doxycycline was added to 1 litre of water 

to make a final concentration of 0.5 mg/mL. The water containing doxycycline was changed every 2 

days. The mice were split into three groups dependent on their doxycycline water regime which is 

outlined in Table 6.1 and Figure 6.2. 

Table 6.1 Doxycycline water regime. CFPAC-1 ADM KD and scrshRNA were divided into three groups 
according to their doxycycline treatment.  

Doxycycline 
regime 

Day 0 Day 17 Day 34 Day 45 

Dox on Water containing 
0.5 mg/mL dox 

changed every 2 
days 

Water 
containing 0.5 

mg/mL dox 
changed every 2 

days 

Water 
containing 0.5 

mg/mL dox 
changed every 2 

days 

Endpoint 

Dox on/off/on Water containing 
0.5 mg/mL dox 

changed every 2 
days 

Dox treatment 
stopped. Water 

without 
doxycycline 

given to mice 

Dox treatment 
restarts 

Endpoint 

No dox Water without dox Water without 
dox 

Water without 
dox 

Endpoint 
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Figure 6.2 Orthotopic in vivo schematic. Female BALB/c nude mice were injected with 400,000 

CFPAC-1 ADM KDs or CFPAC-1 scrshRNA cells directly into the pancreas. After 3 days, mice were 

divided into groups dependent on their doxycycline water regime (dox, dox on/off/on or no dox). At 

day 17 half the mice were culled and tumours, liver, kidney and spleen were collected for analysis. 

The mice in the dox on/off/on group had their water changed to contain no dox. At day 34, mice in 

the dox on/off/on group were given doxycycline again to re-induce KDs. Day 45 was the endpoint of 

the experiment and tumours, livers, kidneys and spleens were collected for analysis. 

6.2.1.6 Measuring tumour growth by IVIS 

Tumour growth was monitored and imaged by measuring bioluminescence using the PerkinElmer 

Lumina II in vivo imaging system (IVIS). The first measurement was taken at day 3 before KDs were 

either induced with doxycycline containing water or left non-induced with normal water. 

Measurements continued twice weekly to ensure tumour growth was within limits. 

To measure bioluminescence, mice were anaesthetised with inhaled isoflurane and injected with 100 

µL D-Luciferin (8.6 µg/mL) subcutaneously. Mice continued to be anaesthetised for 10 minutes to 

allow D-luciferin to circulate before mice were placed in IVIS to image white light and bioluminescence 

for later analysis. The mice were placed back in their cages and continued to be monitored for 30 

minutes after to ensure they had fully recovered. The bioluminescent images were quantified using 
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the LivingImage software (Figure 6.3) by drawing regions of interest (ROI) around the primary tumour. 

The total flux (p/sec) was recorded and plotted on GraphPad 9.2.0. Mouse weights were also 

measured twice weekly to ensure that weight did not drop more than 20% from starting weight.  

 

Figure 6.3 Bioluminescent quantification of pancreatic tumours. Region of interests (ROI) were drawn 

around the tumours to determine total flux (p/sec) which was recorded and plotted on GraphPad 

9.2.0. 

6.2.1.7 In Vivo Endpoint  

The endpoint for each group of mice was either on day 17 (for interim analysis) or on day 45. The mice 

were anaesthetised with isoflurane and injected subcutaneously with 100 µL of D-luciferin (8.6 µg/mL) 

for analysis of tumours luminescence. D-luciferin was left to circulate around mice for 10 minutes 

before blood was withdrawn by cardiac puncture (25 G needle and 1 mL syringe). The needles were 

removed to prevent haemolysis before the blood was collected in Vacutainer tubes containing EDTA. 

The culling of mice was confirmed by cervical dislocation as recommended by the Schedule 1 

guidelines outlined Animals (Scientific Procedures) Act 1986. The pancreas tumour and organs were 
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collected and bioluminescence was measured using IVIS to quantify endpoint tumour 

bioluminescence and detect any metastasis Figure 6.4). Tumour and organs were weighed and fixed 

in 10% neutral buffered formalin. Fixed samples were sent to the Histology core facility for paraffin 

embedding and sectioning for immunohistochemistry analysis. 

 

Figure 6.4 Bioluminescence of (A) Primary pancreatic tumour and spleen, (B) organs (C) and empty 

body measured by IVIS to check for metastasis from primary tumour site.  

6.2.1.8 Endpoint analysis of immune cells 

Following collection of whole blood by cardiac puncture in Vacutainer tubes containing EDTA, 20 µL 

aliquots of whole blood were collected in 0.5 mL Eppendorf tubes for analysis of immune cells by the 

scil Vet abc Plus haematology analyser. 10 µL of whole blood was aspirated by the scil Vet abc Plus to 

determine the percentage of monocytes, eosinophils and lymphocytes. Data was plotted on GraphPad 

9.2.0 and analysed by Two-way ANOVA and Tukey’s multiple comparison test.  

6.2.1.8 Ki67 staining of orthotopic tumours (immunohistochemistry) 

For analysis of the effects of ADM KD on proliferation of CFPAC-1 cells, tumour sections from the 

orthotopic experiment were prepared by the Histology Core facility and analysed using anti-Ki67 

proliferation marker subsequently. The samples analysed were CFPAC-1 ADM KDs and CFPAC-1 

scrshRNA from the dox on, dox on/off/on and no dox groups (refer to Table 6.1) from both day 17 cull 

and day 45 culls.  
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The slides were first dewaxed for 5 minutes in Coplin jars containing xylene and then rehydrated 

through an alcohol gradient from 100% to 70% for 2 minutes at each concentration. The slides were 

then rehydrated for 5 minutes in water and placed in 250 mL Tris-EDTA (TE) buffer (10 mM Tris, 1 mM 

EDTA, pH 8.0) in a water bath for 25 minutes. The slides were cooled for 20 minutes at room 

temperature before being rinsed in TE buffer 3 times for 5 minutes. A wax border was drawn around 

the sample to prevent reagents leaking off the slide.  

The sections were next blocked for 1 hour with goat serum in Tris Buffer Saline with 0.05% Tween 

(TBS-T) (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6). This was followed by incubation in the 

Ki67 primary antibody (rabbit polyclonal, ab15580) at a concentration of 1:250 in TBS-T blocking buffer 

for 1 hour at room temperature. The slides were then washed 3 times in TBS (50 mM Tris, 150 mM 

NaCl, pH 7.6) for 5 minutes, followed by application of the secondary biotinylated goat anti-rabbit 

(Vector Labs, PK-4001) antibody diluted 1:150 in blocking serum containing TBS-T for 30 minutes at 

room temperature. The slides were again rinsed 3 times for 5 minutes in TBS and ABC (avidin-biotin 

complex) was applied for 30 minutes at room temperature.  

The slides were again rinsed in TBS 3 times for 5 minutes before ImmPACT DAB (Vector Labs, SK-4105) 

was applied for 2 minutes. One drop of DAB was diluted in 1 mL DAB reagent. Excess DAB was removed 

before the slides were rinsed in water for 5 minutes. Slides were counterstained in haematoxylin for 

20 seconds and then dehydrated in alcohol, starting at a concentration of 70% and ending in 100% 

alcohol for 2 minutes at each concentration. The slides were placed in xylene for a final 5 minutes 

before mounting. Coverslips were mounted onto slides with DPX mounting medium. Coverslips were 

left to air dry before analysis of slides on QuPath.  

 6.2.1.9 Analysis of Ki67 positive cells using QuPath  

Slides stained for Ki67 were analysed and the percentage of positive Ki67 staining was quantified using 

QuPath. The first step was to manually annotate the slide to select the region of interest (ROI) which 

was considered the whole tumour/tissue section for this analysis (Figure 6.5). Following this, the 
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analyse tab was selected followed by positive cell detection to set the parameters for positive cell 

detection (Figure 6.6). Optical density summary was detected and a single threshold value was 

selected to discriminate between truly positive cells (brown DAB staining) and false positive cells 

(background brown staining). After running positive cell detection on QuPath, cells stained positively 

with DAB for Ki67 were shown in red and cells that were not detected of Ki67 positive and therefore 

had no brown DAB staining were shown in blue (Figure 6.7a). Selecting the annotations tab on QuPath 

showed the percentage of cells stained positively for Ki67 (Figure 6.7b). The percentage of Ki67 

positive cells was plotted in GraphPad Prism 9.2.0 and analysed by two-way ANOVA analysis. 

  

Figure 6.5 Ki67 tumour section annotation on QuPath. Slides were annotated (yellow border) to select 

region of interest to detect the number of Ki67 positive cells. 
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Figure 6.6 QuPath positive cell detection parameters. The detection image is first selected and 

changed to optical density summary. The score compartment selected was Nucleus: DAB OD mean 

and the single threshold was selected as 0.5 to discriminate between positively Ki67 cells and 

unstained cells.  
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Figure 6.7 Analysis of Ki67 positive cells using QuPath. (A) Ki67 positive cells shown in red (DAB 

stained) and negative shown in blue following positive cell detection analysis. (B) The final output is 

shown under the annotation panel which calculates the number of Ki67 positive cells (red box). 

6.2.2 In vivo subcutaneous model 

6.2.2.1 Mice 

Subcutaneous tumour xenograft studies were carried out in 5 to 6 week old female nude BALB/c mice 

from Charles River. Before beginning the experiment, all procedures were reviewed and approved by 

the local Research Ethics Committees in the University of Sheffield and complied with UK Animals 

(Scientific Procedures) Act 1986. Studies were performed under project licence PF61050A3. 

6.2.2.2 Cell preparation for subcutaneous injection 

CFPAC-1 ADM KD-LucRFP, CFPAC-1 scrshRNA-LucRFP and CFPAC-1-LucRFP were harvested in triple 

layer T175 flasks and counted as described in Chapter 2, Section 2.1.1 and 2.1.4. The day before the 

procedure, Matrigel was thawed on ice in the fridge to prevent the Matrigel from solidifying. Bijoux 

tubes, 1 mL tips and PBS were chilled in the fridge overnight. The cells were prepared at a 

concentration of 30 million cells/mL in a mix of Matrigel:PBS (3:2 ratio). The cell preparation was 

carried out using ice cold PBS and tips that had been kept in the fridge over night to minimise chances 

of Matrigel solidifying.  
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6.2.2.3 Subcutaneous injection of cells 

25 G needles and 1 mL syringes (insulin syringes) were used for subcutaneous injection of CFPAC-1 

ADM KD-LucRFP, CFPAC-1 scrshRNA-LucRFP and CFPAC-1-LucRFP into the left dorsal flank of mice. 

Each mouse was injected with 100 µL of cells (3 million cells/mouse). Mice were split into 6 groups 

dependent on cell type and doxycycline induction (Table 6.2). CFPAC-1-LucRFP cells were also induced 

with doxycycline to see if doxycycline effected growth of tumours without inducible shRNA. 

Doxycycline was prepared as described in Section 6.2.1.5. 

Table 6.2 The subcutaneous in vivo experiment was split into 6 groups according to cell type and 
whether KD cells were induced by doxycycline (0.5 mg/mL).   

Cells Doxycycline induced (0.5 
mg/mL) 

CFPAC-1 ADM KD-LucRFP Yes 

CFPAC-1 ADM KD-LucRFP No  

CFPAC-1 scrshRNA-LucRFP Yes  

CFPAC-1 scrshRNA-LucRFP No 

CFPAC-1-LucRFP Yes 

CFPAC-1-LucRFP No  

 

6.2.2.4 Measuring subcutaneous tumour growth 

Tumour growth was measured using Vernier callipers twice a week. Tumour volume (mm³) was 

determined by the formula below: 

V = [π (
w

2
)
2

× ℓ] 

v represents the tumour volume, w is tumour width and ℓ is tumour length. The mice body weights 

were also recorded 3 times a week to ensure that the body weight did not drop more than 20% from 

starting weight.  

6.2.3.5 In vivo endpoint 

Mice were anaesthetised by inhalation of isoflurane and blood was collected by cardiac puncture using 

a 25 G needle and 1 mL syringe. The needle was removed before the blood was dispensed into 



208 
 

Vacutainer tubes containing EDTA. Cervical dislocation was used to cull the animals before collection 

of tumour and organs. The tumour, liver, kidney and spleen were collected and weighed before being 

fixed in 10% neutral buffered saline. Samples were sent to the Histology Core facility for samples to 

be embedded in paraffin and sectioned for immunohistochemistry.  
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6.3 Results 

In vivo orthotopic models were developed using CFPAC-1 ADM KD cells and CFPAC-1 scrshRNA 

controls as described in Section 6.2. The KDs and controls were either induced with doxycycline (dox 

on), were both induced and not induced by doxycycline (dox on/off/on) or not induced at all (no dox). 

The purpose of this experiment was to determine whether KD of ADM altered tumour growth 

measured by luminescence of tumours and weight of tumours ex vivo. Further analysis included 

measuring organs weights, determining whether there were alterations to immune cell percentages 

between groups and analysing the percentage of positive Ki67 proliferating tumour cells. A 

subcutaneous model was also developed to determine changes in tumour volume and weight 

between doxycycline induced and un-induced CFPAC-1 ADM KDs and scrshRNA controls. This was 

determined by regular measurements of tumours using Vernier callipers and measuring tumour 

weight ex vivo. Weights of mice were also measured 3 times a week to ensure that weight did not 

drop below 20% of their starting weight. 

6.3.1 Comparison of orthotopic tumour weight and luminescence of CFPAC-1 ADM KDs 

and scrshRNA 

Figure 6.8a shows tumour weights following day 17 interim cull. Two-way ANOVA analysis showed a 

significant difference in CFPAC-1 ADM KDs and CFPAC-1 scrshRNA (p= 0.05) and between different 

doxycycline conditions (p= 0.03).CFPAC-1 ADM KDs in the no dox group had the highest average 

tumour weight of 195.7 mg and the lowest was in dox on/off/on group at 147.1 mg. CFPAC-1 scrshRNA 

followed the same pattern in results with slightly lower tumour weights, the average highest tumour 

weight was in the no dox group at 167.0 mg and lowest in the dox on/off/on group at 141.6 mg. The 

dox on group in scrshRNA was only 4.2 mg heavier than dox on/off/on showing only a small difference 

in tumour weight between groups.  

Day 45 two-way ANOVA analysis of tumour weight showed a significant difference between the 

CFPAC-1 ADM KDs and scrshRNA (p= 0.0010). Tumour weights were higher in the CFPAC-1 ADM KD 
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group compared to scrshRNA controls. CFPAC-1 ADM KDs induced with doxycycline were 289 mg 

heavier than CFPAC-1 scrshRNA control average. CFPAC-1 ADM KDs in the dox on/off/on group were 

313.4 mg heavier in weight compared to scrshRNA control average. CFPAC-1 ADM KDs in the no dox 

group had the largest increase in tumour weight of 554.6 mg compared to scrshRNA controls. In both 

CFPAC-1 ADM KDs and scrshRNA no dox groups, tumour weights were the highest (Figure 6.8b). 

However, Tukey’s multiple comparison tests showed no significant differences between these 

different conditions. 

Two-way ANOVA analysis of ex vivo tumour luminescence at day 17 showed no significant difference 

between different doxycycline conditions and KDs compared to controls (Figure 6.8c). However, at 

day 45 there was a significant difference between the different doxycycline conditions (p< 0.0001). 

Tukey’s multiple comparison test showed that there was a statistical difference between CFPAC-1 

ADM KDs in the dox on/off/on group and no dox group (p= 0.03). There was also a significant 

difference between CFPAC-1 scrshRNA dox on and no dox (p= 0.01) and CFPAC-1 scrshRNA in the dox 

on/off/on and no dox group (p= 0.008) (Figure 6.8d). 
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Figure 6.8 Day 17 and Day 45 tumour weights following orthotopic injection of CFPAC-1 ADM KDs or 

CFPAC-1 scrshRNA into 5-6 week old BALB/C female mice. KDs and scrshRNA control were either 

induced with dox (dox), induced with dox which was stopped at day 17 and then re-induced on day 34 

as described in methods (dox on/off/on) or not induced by dox (no dox) (A) Day 17 interim cull tumour 

weight. The tumour weight of CFPAC-1 ADM KDs and scrshRNA was measured in dox (blue), dox 

on/off/on (green) and no dox (orange) samples (B) Day 45 endpoint cull tumour weight in CFPAC-1 

ADM KD and scrshRNA samples following dox, dox on/off/on or no dox treatment (C) Day 17 interim 

cull tumour luminescence. The luminescent signal of CFPAC-1 ADM KD and CFPAC-1 scrshRNA samples 

was measured in dox (blue), dox on/off/on (red) and no dox (green) samples and plotted as total flux 

(p/sec) (D) Day 45 endpoint cull tumour luminescence following dox, dox on/off/on and no dox 

treatment. Arrows indicate mice that had to be culled on day 38 due to significant weight loss and 

tumour size. Two-way ANOVA analysis was used for statistical analysis of samples. 
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6.3.2 Comparison of CFPAC-1 ADM KD and CFPAC-1 scrshRNA tumour luminescence 

determined by IVIS 

The luminescence of tumours was measured following subcutaneous injection of D-luciferin by IVIS. 

This method was used to compare luminescent signal between ADM KDs and controls in dox on, dox 

on/off/on and no dox groups. Measuring the luminescent signal also was used as a method to identify 

any areas of metastasis. Figure 6.9a shows that the luminescent signals in each group (dox on, dox 

on/off/on and no dox) were not significantly different between CFPAC-1 ADM KDs and CFPAC-1 

scrshRNA controls. ADM KDs and scrshRNA in the no dox group had the highest luminescent signal. 

CFPAC-1 ADM KD induced with doxycycline had higher luminescent signal than scrshRNA, both groups 

had more luminescence than dox on/off/on group until day 31. CFPAC-1 ADM KDs in the dox on/off/on 

group had slightly higher luminescence compared to scrshRNA dox on/off/on. CFPAC-1 scrshRNA 

induced with doxycycline had the smallest changes in luminescence over 45 days. By the endpoint at 

day 45, all the cells had a similar luminescent signal except CFPAC-1 ADM KDs and CFPAC-1 scrshRNA 

controls induced with dox.  

Figure 6.9b shows the tumour percentage luminescence relative to the initial day 3 luminescent 

signals. This was calculated as the CFPAC-1 scrshRNA controls had a slightly lower luminescent signal 

when measured by IVIS in vitro following transduction with Luc-RFP described in Chapter 4, Section 

4.2.4. Following normalisation to day 3, the data still shows similarities to the luminescence data 

shown in Figure 6.9a. Both cell types in the no dox group had the highest percentage luminescence, 

by day 45 CFPAC-1 scrshRNA had slightly more luminescence. This was followed by CFPAC-1 ADM KDs 

in the dox on/off/on until day 38 where induced CFPAC-1 ADM KDs (dox on) had the highest 

percentage luminescence. The increase in luminescence in the CFPAC-1 ADM dox on group at day 38 

and then the sudden decline at day 42 (Figure 6.9) relates to the premature endpoint of a mouse due 

to significant weight loss and tumour size (Figure 6.8). At day 45, both CFPAC-1 ADM KDs and CFPAC-

1 scrshRNA in dox on/off/on and dox induced group had similar percentage luminescence. At the 
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endpoint, CFPAC-1 scrshRNA without doxycycline induction had the highest percentage luminescence 

and CFPAC-1 ADM dox on/off/on had the lowest percentage luminescence. Overall CFPAC-1 ADM dox 

on/off/on had the smallest changes in luminescence over 45 days.  

 

Figure 6.9 CFPAC-1 ADM KD and CFPAC-1 scrshRNA tumour luminescence following orthotopic 

injection of cells into the pancreas determined by IVIS. Cells were either induced with doxycycline or 

non-induced and split into 3 groups; dox on, dox on/off/on or no dox. (A) Log tumour luminescence 

measured once a week over 45 days. (B) Percentage tumour luminescence relative to the first 

luminescence read on day 3. Data is presented as mean ± SEM. 
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6.3.3 Orthotopic model interim and endpoint organ weights  

Once mice reached their endpoints, liver, kidney and spleen were collected from CFPAC-1 ADM KDs 

and CFPAC-1 scrshRNA. The organs were imaged using IVIS to determine if there was any metastasis 

(Figure 6.12) and organs were weighed to see if there were any differences in organ weight between 

KDs and controls and also within the different doxycycline conditions. Two-way ANOVA analysis shows 

no significant differences between weights of CFPAC-1 ADM KDs and CFPAC-1 scrshRNA organs and 

the different doxycycline treatments on day 17 and day 45 (Figure 6.10).  

Although there were no significant differences found on day 17 between CFPAC-1 ADM KDs and 

scrshRNA control organ weights, IVIS imaging did show some potential stomach metastasis in 5 of the 

mice at day 45. This was represented by an increase in luminescent signal in the stomach.  Two mice 

from CFPAC-1 scrshRNA dox on group showed potential luminescent signal in the stomach, one mouse 

from the CFPAC-1 ADM KD dox on group showed a luminescent signal in the stomach and two mice 

from the CFPAC-1 scrshRNA no dox group had a luminescent signal in the stomach (Figure 6.11). An 

example of this is shown in Figure 6.12a. 
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Figure 6.10 CFPAC-1 ADM KDs and CFPAC-1 scrshRNA day 17 and 45 organ weights following 

orthotopic injection of cells into pancreas. ADM KD and control scrshRNA cells were grouped by 

whether they were induced by doxycycline or not induced by doxycycline into 3 groups; dox on, dox 

on/off/on and no dox (A) Day 17 liver weight of CFPAC-1 ADM KD and scrshRNA. (B) Day 45 liver weight 

of CFPAC-1 ADM KD and scrshRNA. (C) Day 17 kidney weight of CFPAC-1 ADM KD and scrshRNA. (D) 

Day 45 kidney weight of CFPAC-1 ADM KD and scrshRNA. (E) Day 17 spleen weight of CFPAC-1 ADM 

KD and scrshRNA. (F) Day 45 kidney weight of CFPAC-1 ADM KD and scrshRNA. Data presented as 

mean ± SEM. 
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Figure 6.11 A graph to show proportion of mice with potential stomach metastases in CFPAC-1 ADM 

KD and CFPAC-1 scrshRNA groups (data includes Day 38 and day 45 mice). Mice with potential stomach 

metastases had luminescent signal in stomach following endpoint cull (day 45). The graph shows 1 out 

of 5 mice in CFPAC-1 ADM dox on group to have potential metastases. In CFPAC-1 scrshRNA dox on 

and no dox group, 2 out of 4 mice had potential stomach metastases.  
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Figure 6.12 CFPAC-1 scrshRNA day 45 no DOX and DOX on/off/on organ IVIS luminescence. Following 

culling of mice at day 45 endpoint, luminescence of organs was measured to see if any metastasis was 

apparent. (A) CFPAC-1 scrshRNA no DOX IVIS luminescence with potential stomach metastasis. (B) 

CFPAC-1 scrshRNA DOX on/off/on IVIS luminescence with minimal luminescent signal present. 

6.3.4 CFPAC-1 ADM KD and CFPAC-1 scrshRNA immune analysis 

Whole blood was collected on day 17 and day 45 by cardiac puncture from CFPAC-1 ADM KDs and 

CFPAC-1 scrshRNA for immune cell analysis. The values obtained for monocytes, eosinophil and 

lymphocytes were compared to the values provided by Charles River for BALB/C female mice. Figure 

6.13a and b show that monocytes were within normal range at day 17 and 45 with one outlier in ADM 

KDs and scrshRNA in the no dox group. The percentage of eosinophils in both CFPAC-1 ADM KDs and 

CFPAC-1 scrshRNA were shown to be both within range and outside of the normal range determined 

by Charles River. The variability in distribution was amongst both ADM KD and scrshRNA and different 

doxycycline conditions at day 17 and day 45. The lymphocyte percentage in both CFPAC-1 ADM KDs 

and scrshRNA were within normal range on day 17 and day 45. However, CFPAC-1 ADM KDs without 

doxycycline treatments had lower levels of lymphocytes on day 17 (Figure 6.13).  

Two-way ANOVA analysis of day 17 data showed no significant difference between CFPAC-1 ADM KDs 

and scrshRNA and the different doxycycline conditions in monocytes and eosinophils. However, there 
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was a significant difference between different doxcycline conditions (p=0.04), ADM KDs compared to 

scrshRNA (p= 0.03) and in interactions (p= 0.04) following analysis of lymphocytes (Figure 6.13e and 

f). Tukey’s multiple comparison tests showed specific significant differences between CFPAC-1 ADM 

KDs and scrshRNA not induced with doxycycline (p= 0.02). The CFPAC-1 ADM no dox group had 26% 

fewer lymphocytes that the CFPAC-1 scrshRNA group. However, CFPAC-1 ADM group has 3 mice 

compared to 5 mice in the CFPAC-1 scrshRNA. Also the CFPAC-1 ADM KD group has an outlier showing 

only 5.9% lymphocytes, compared to 47.2% and 43.8% for the other two repeats. The multiple 

comparison test also showed a significant difference (p= 0.02) between CFPAC-1 ADM KDs in the dox 

on/off/on group and no dox group. Lymphocytes without doxycycline induction had overall lower 

percentage of lymphocytes on day 17. 

Two-way ANOVA analysis of day 45 monocyte and lymphocyte percentage in whole blood mouse 

samples showed significant differences only between the different doxycycline conditions in 

monocytes (p=0.20) and lymphocytes (p=0.03) (Figure 6.13). However, eosinophils showed no 

significant differences between different doxycycline conditions. Tukey’s multiple comparison tests 

showed no significant differences for all immune cells.  
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Figure 6.13 Day 17 and day 45 CFPAC-1 ADM KD and CFPAC-1 scrshRNA whole blood immune analysis. 

On the day of cull, blood was collected by mice by cardiac puncture and whole blood was analysed for 

immune cells in cells grouped by dox on, dox on/off/on and no dox. Dotted lines indicate normal levels 

of monocytes, eosinophils and lymphocytes in BALB/C female nude mice determined by supplier, 

Charles River. (A) Monocyte percentage in whole blood collected from CFPAC-1 ADM and CFPAC-1 

scrshRNA on day 17 (B) Monocyte percentage in whole blood collected from CFPAC-1 ADM KD and 

CFPAC-1 scrshRNA on day 45. (C) Eosinophil percentage in whole blood collected from CFPAC-1 ADM 

KD and CFPAC-1 scrshRNA on day 17. (D) Eosinophil percentage in whole blood collected from CFPAC-

1 ADM KD and CFPAC-1 scrshRNA on day 45. (E) Lymphocyte percentage in CFPAC-1 ADM KDs and 

CFPAC-1 scrshRNA on day 17. (F) Lymphocyte percentage in CFPAC-1 ADM KDs and CFPAC-1 scrshRNA 

on day 45. Data presented as mean ±SEM. 
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6.3.5 Comparison of CFPAC-1 ADM KD and scrshRNA histology and Ki67 proliferating 

cells  

Tumours of CFPAC-1 ADM KD and CFPAC-1 scrshRNA were collected on day 17 and 45, fixed in formalin 

and sectioned for immunohistochemistry. Sectioned tumours were H&E stained (Figure 6.14, Figure 

6.15 and Figure 6.16) and were also analysed for the number of Ki67 positive cells by 

immunohistochemistry (Figure 6.17).  

Figure 6.14 show IVIS images and H&E stains of CFPAC-1 scrshRNA and CFPAC-1 ADM KD mice that 

were doxycycline-induced for the whole experiment. They show that at day 45, luminescent signal 

was higher than in day 17 samples. In Figure 6.14a, there is no or very low luminescent signal at day 

17 in CFPAC-1 scrshRNA which correlates with the uniform pancreatic structure shown in Figure 6.14b 

where there is no apparent tumour cells. This also correlated with Ki67 analysis which showed that in 

the total area, there was only 1.5% Ki67 positive cells (Figure 6.17). Figure 6.14c shows that in CFPAC-

1 scrshRNA induced with doxycycline, there is a significant increase in luminescent signal on day 45. 

This also correlates with the H&E which shows a less uniform pancreatic structure and poor 

differentiation of cells (Figure 6,14d). This correlates with the increased percentage of Ki67 positive 

cells (37.4%) in the tumour section analysed (Figure 6.17). Figure 6.14e and Figure 6.14f show CFPAC-

1 ADM KDs on day 17. The IVIS signal on day 17 is higher than the CFPAC-1 scrshRNA group on day 17. 

The majority of the section, shows that the pancreas is well differentiated and maintains normal 

structure. However, a small portion of the section looks less well differentiated suggesting initiation 

of tumour establishment. This is represented by the Ki67 staining which showed that 7.5% of cells 

were positively stained (Figure 6.17). Figure 6.14g and Figure 6.14h represent CFPAC-1 ADM KDs 

induced with doxycycline on day 45. They show that the luminescent signal of the tumour increased 

and that the tumour section looks less well differentiated compared to day 17. 36% of cells were 

shown to be Ki67 positive on day 45 (Figure 6.17). 
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Figure 6.15 shows IVIS images and H&E stains of CFPAC-1 scrshRNA and CFPAC-1 ADM KDs in the dox 

on/off/on group. Figure 6.15a shows a luminescent signal at day 17 in CFPAC-1 scrshRNA that is higher 

than the signal in CFPAC-1 scrshRNA in doxycycline induced group (Figure 6.15a). The H&E stain in 

Figure 6.15b is representative of day 17 CFPAC-1 scrshRNA dox on/off/on group and shows a well 

differentiated pancreas without tumour cells. Ki67 analysis of the section showed no KI67 positive 

cells (Figure 6.17). Figure 6.15c shows CFPAC-1 scrshRNA at day 45 with an increased luminescent 

signal and the tumour section (Figure 6.15d) looks less well differentiated. The Ki67 positive cells 

increased by 38.5% (Figure 6.17) compared to day 17. Day 17 CFPAC-1 ADM KDs shown in Figure 6.15e 

had a higher luminescent signal compared to day 17 CFPAC-1 scrshRNA (Figure6.15a). The percentage 

of Ki67 positive cells was also higher than in day 17 scrshRNA, showing 4.5% of the cells to be Ki67 

positive (Figure 6.17). The tissue section looks well differentiated in Figure 6.15f showing few signs of 

tumour establishment. Figure 6.15g represents CFPAC-1 ADM KDs on day 45 in dox on/off/on group, 

the IVIS signal increased on day 45 compared to day 17 CFPAC-1 ADM KDs in the same group. The 

tumour section shown in Figure 6.15h shows that pancreas is less well differentiated. Furthermore, 

the number of Ki67 positive cells increased to 64.7% (Figure 6.17). 

Figure 6.16 shows CFPAC-1 scrshRNA and CFPAC-1 ADM KDs that were not induced with doxycycline. 

Figure 6.a showed luminescent tumour signal in day 17 scrshRNA samples, this signal was the highest 

out of all doxycycline groups (Figure 6.14, Figure 6.15 and Figure 6.16). Figure 6.b shows the H&E stain 

for day 17 CFPAC-1 scrshRNA where only the right hand side of the section was analysed as other as 

the remainder of the slide had sections of other organs. Ki67 analysis shown in Figure 6.17 showed 

only 2.3% Ki67 positive cells. At day 45, the CFPAC-1 scrshRNA in the no dox group showed an 

increased luminescent signal (Figure 6.16c), this correlated with poorer differentiation of the pancreas 

(Figure 6.16d) and an increased number of Ki67 positive cells (38.5%) as shown by Ki67 data (Figure 

6.17). Day 17 CFPAC-1 ADM KDs that were not induced with doxycycline showed a luminescent signal 

on day 17 (Figure 6.16e) and a well differentiated pancreatic section (Figure 6.16f). Figure 6.17 showed 

only 4.5% of cells were Ki67 positive. At day 45, luminescent signal increased in no dox CFPAC-1 ADM 
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KDs. The H&E section also looks significantly less well differentiated compared to day 17 (Figure 

6.16h). This is represented number of Ki67 positive cells detected by immunohistochemistry (50.7%). 

 

Figure 6.14 Day 17 and Day 45 CFPAC-1 scrshRNA and CFPAC-1 ADM KD doxycycline induced IVIS 

images and H&E stains. ScrshRNA and ADM KD mice were culled either on day 17 or day 45, the 

luminescence of tumours was measured using IVIS and tumours were collected for sectioning. 

Tumours were stained with H&E and Ki67 (not show in image). (A) Day 17 CFPAC-1 scrshRNA induced 

with doxycycline IVIS image. (B) Day 17 CFPAC-1 scrshRNA induced with doxycycline H&E (1.5% Ki67 

positive staining). (C) Day 45 CFPAC-1 scrshRNA induced with doxycycline IVIS image. (D) Day 45 

CFPAC-1 scrshRNA induced with doxycycline H&E (37.4% Ki67 positive staining). (E) Day 17 CFPAC-1 

ADM KD induced with doxycycline IVIS image. (F) Day 17 CFPAC-1 ADM KD induced with doxycycline 

H&E stain (7.5% Ki67 positive staining). (G) Day 45 CFPAC-1 ADM KD induced with doxycycline IVIS 

image. (H) Day 45 CFPAC-1 ADM KD induced with doxycycline H&E stain (36% Ki67 positive staining). 
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Figure 6.15 Day 17 and day 45 CFPAC-1 scrshRNA and CFPAC-1 ADM KD dox on/off/on IVIS images and 

H&E stains. ScrshRNA and ADM KD mice were culled either on day 17 or day 45, the luminescence of 

tumours was measured using IVIS and tumours were collected for sectioning. Tumours were stained 

with H&E and Ki67 (not show in image). (A) Day 17 CFPAC-1 scrshRNA dox on/off/on IVIS image. (B) 

Day 17 CFPAC-1 scrshRNA dox on/off/on H&E (0% Ki67 positive staining). (C) Day 45 CFPAC-1 scrshRNA 

dox on/off/on IVIS image. (D) Day 45 CFPAC-1 scrshRNA dox on/off/on H&E (38.5% Ki67 positive 

staining). (E) Day 17 CFPAC-1 ADM KD dox on/off/on IVIS image. (F) Day 17 CFPAC-1 ADM KD dox 

on/off/on H&E (4.5 % Ki67 positive staining). (G) Day 45 CFPAC-1 ADM KD dox on/off/on IVIS image. 

(H) Day 45 CFPAC-1 ADM KD induced dox on/off/on H&E (64.7% Ki67 positive staining). 
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Figure 6.16 Day 17 and day 45 CFPAC-1 scrshRNA and CFPAC-1 ADM KD no dox IVIS images and H&E 

stains. ScrshRNA and ADM KD mice were culled either on day 17 or day 45, the luminescence of 

tumours was measured using IVIS and tumours were collected for sectioning. Tumours were stained 

with H&E and Ki67 (not show in image). (A) Day 17 CFPAC-1 scrshRNA no dox IVIS image. (B) Day 17 

CFPAC-1 scrshRNA no dox H&E (2.3% Ki67 positive staining, only analysed PaCa tissue on the right of 

the section). (C) Day 45 CFPAC-1 scrshRNA no dox IVIS image. (D) Day 45 CFPAC-1 scrshRNA no dox 

H&E (44.1% Ki67 positive staining). (E) Day 17 CFPAC-1 ADM KD no dox IVIS image. (F) Day 17 CFPAC-

1 ADM KD no dox H&E (3.2 % Ki67 positive staining). (G) Day 45 CFPAC-1 ADM KD no dox IVIS image. 

(H) Day 45 CFPAC-1 ADM KD induced no dox H&E (50.7% Ki67 positive staining). 

Figure 6.14, Figure 6.15 and Figure 6.16 show that the pancreas becomes less differentiated by day 

45. At day 17 most sections appear to be a well differentiated pancreas without established tumour 

cells. Figure 6.17a shows day 17 Ki67 percentages in both CFPAC-1 ADM KDs and CFPAC-1 scrshRNA 

samples in dox on, dox on/off/on group and no dox groups. Two-way ANOVA analysis shows a 

significant difference (p= 0.009) between CFPAC-1 ADM KD and CFPAC-1 scrshRNA. Comparison of day 
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45 CFPAC-1 ADM KDs and CFPAC-1 scrshRNA Ki67 positive cells showed no significant differences 

between cell types or doxycycline conditions (Figure 6.17b). 

Comparison of CFPAC-1 ADM KDs on day 17 and day 45 showed a significant difference (p <0.0001) 

between the day 17 and day 45 in all doxycycline conditions (Figure 6.17c). Tukey’s multiple 

comparison test showed CFPAC-1 ADM KDs induced with doxycycline had a 31% increase in Ki67 

positive cells by day 45 (p= 0.04). CFPAC-1 ADM KDs in the doxycycline on/off/on group showed a 

38.7% increase in Ki67 positive cells (p= 0.002) and in no dox CFPAC-1 ADM KDs, there was a 49.8% 

increase in Ki67 positive cells by day 45 (p= 0.001).    

Two-way ANOVA analysis showed a significant difference between different doxycycline conditions 

(p= 0.01) and interactions (p= 0.0061). Tukey’s multiple comparison test showed a 61.2% increase in 

Ki67 positive cells in the doxycycline induced group by day 45 (p< 0.0001) and a 31.2% increase in 

percentage of Ki67 positive cells in dox on/off/on group (p= 0.001). CFPAC-1 scrshRNA in the no dox 

group showed a 39.7% increase percentage of Ki67 positive cells (p <0.0001). Furthermore, there was 

a significant difference at day 45 in CFPAC-1 scrshRNA Ki67 positive cells when comparing doxycycline 

on and dox on/off/on groups. Cells induced with doxycycline (dox on group) had 31.7% more Ki67 

positive cells. An important consideration is in the CFPAC-1 scrshRNA day 45 doxycycline groups, there 

are fewer samples and therefore, more repeats would provide a more accurate representation in the 

differences between groups.  
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Figure 6.17 Ki67 positive percentage cells in CFPAC-1 ADM KDs and CFPAC-1 scrshRNA. Tissue sections 

collected from orthotopic experiment were analysed by immunohistochemistry for the percentage of 

Ki67 positive cells. (A) Comparison of day 17 Ki67 % positive cells in CFPAC-1 ADM KD and CFPAC-1 

scrshRNA samples (B) Comparison of day 45 Ki67 % positive in CFPAC-1 ADM KDs and CFPAC-1 

scrshRNA. (C) Comparison of day 17 and day 45 CFPAC-1 ADM KD Ki67 % positive cells following 

different doxycycline regimes described in methods. (D) Comparison of day 17 and day 45 CFPAC-1 

scrshRNA % positive cells following different dox regimes described in methods. Data presented as 

mean ± SEM. 

6.3.6 In vivo differences in tumour volume and weight following between CFPAC-1 

ADM KDs, CFPAC-1 scrshRNA and CFPAC-1 WT cells (subcutaneous) 

 A subcutaneous in vivo experiment was designed to compare tumour volume and weight between 

CFPAC-1 ADM KDs, scrshRNA and WT cells that were either induced with dox or not induced. 

Comparison of tumour volumes (Figure 6.18a) shows that WT cells both induced with dox and 

untreated showed the largest tumour volume with similar tumour volumes between both dox 

conditions. CFPAC-1 ADM KDs induced with doxycycline and untreated had the next largest tumour 



227 
 

volumes, followed by CFPAC-1 scrshRNA in both dox groups. The CFPAC-1 scrshRNA tumour volume 

did not significantly increase over the period of the experiment, particularly in the dox induced group.  

Analysis of subcutaneous tumour weight (Figure 6.18) by two-way ANOVA shows a significant 

difference between CFPAC-1 ADM KD, scrshRNA and WT cells (p <0.0001) and between induced and 

non-induced groups (p= 0.004). There is a significant difference between CFPAC-1 ADM KD and 

scrshRNA induced with dox (p=0.005), ADM KDs tumour weight was 333.7 mg more than scrshRNA. 

There was also a significant difference between tumour weight of CFPAC-1 scrshRNA and CFPAC-1 WT 

cells induced with dox (p <0.0001). WT cells tumour weight was 558.6 mg more than scrshRNA. 

Untreated CFPAC-1 scrshRNA and CFPAC-1 WT also show a significant difference in tumour weight (p= 

0.0006) as WT cells weighed 400 mg more than scrshRNA cells.  
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Figure 6.18 Subcutaneous tumour volume (mm3) and weight (mg) of CFPAC-1 ADM KDs, CFPAC-1 

scrshRNA and CFPAC-1 WT cells either induced with doxycycline (dox) or untreated (no dox). (A) 

Comparison of tumour volume (mm3) between subcutaneous dox induced and non-induced CFPAC-1 

ADM KD, CFPAC-1 scrshRNA and CFPAC-1 WT cells. (B)  Comparison of tumour weight (mg) between 

subcutaneous dox induced and non-induced CFPAC-1 ADM KD, CFPAC-1 scrshRNA and CFPAC-1 WT 

cells. Both data are presented as mean ±SEM.  
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6.3.7 In vivo analysis of organ weights of CFPAC-1 ADM KD compared to CFPAC-1 

scrshRNA and CFPAC-1 WT cells 

Once the subcutaneous experiment reached its endpoint, liver, kidney and spleen were collected to 

determine any differences between groups. This includes changes in organ weight which may be 

caused by metastasis of tumour cells to other organs. Organs were also collected for sectioning and 

H&E staining which would show potential signs of metastasis following analysis. Two-way ANOVA 

analysis comparing liver weight (Figure 6.19a) showed significant difference between different 

doxcycline conditions (p= 0.005) and between CFPAC-1 ADM KD, scrshRNA and WT cells (p= 0.01) and 

in interactions. Tukey’s multiple comparison test showed a significant difference between CFPAC-1 

scrshRNA induced with doxycycline and non-induced scrshRNA (p= 0.01). The liver weight of the non-

induced scrshRNA was 204 mg more than the induced scrshRNA. There was also a significant different 

between non-induced CFPAC-1 ADM KD and CFPAC-1 scrshRNA where scrshRNA weighed 223 mg 

more than ADM KDs. 

Two-way ANOVA analysis of kidney weight showed no significant differences following two-way 

ANOVA analysis (Figure 6.19b). Analysis of spleen weights showed a significant difference (p= 0.004) 

between doxycycline induced and non-induced groups (Figure 6.19c). Tukey’s multiple comparisons 

test more specifically showed a significant difference (p= 0.03) between CFPAC-1 scrshRNA induced 

and non-induced where in the non-induced group, the spleen weight was increased by 35.9 mg. 
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Figure 6.19 Subcutaneous organ weights in CFPAC-1 ADM KDs, scrshRNA and WT cells following 

induction of KD with doxycycline (dox) or no doxycycline treatment (no dox). (A) Liver weight following 

subcutaneous injection of CFPAC-1 ADM KD, scrshRNA and WT cells. (B) Kidney weight following 

subcutaneous injection of CFPAC-1 ADM KD, scrshRNA and WT cells. (C) Spleen weight following 

subcutaneous injection of CFPAC-1 ADM KD, scrshRNA and WT cells. Data presented as mean ±SEM 

and was statistically analysed by two-way ANOVA.  
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6.4 Discussion 

The aim of this chapter was to determine the effects of knocking down ADM in CFPAC-1 cells on 

tumour growth and interactions with cells of the tumour microenvironment. To do this, in vivo 

orthotopic and subcutaneous experiments with CFPAC-1 ADM KDs, CFPAC-1 scrshRNA and CFPAC-1 

WT cells were prepared. The data collected from the orthotopic experiment showed the effects of 

ADM KDs on tumour growth by imaging tumours twice weekly using IVIS to detect tumour 

luminescence and by weighing tumours ex vivo on day 17 at the interim cull or on day 45 following 

the endpoint cull. The same data was collected for CFPAC-1 scrshRNA controls. Organs were also 

imaged using IVIS to identify any areas of potential metastasis on both day 17 and day 45 and weighed. 

Whole blood was collected to analyse whether there were any differences between immune cells in 

ADM KDs and scrshRNA control. Tumours collected at day 17 and 45 were also collected for sectioning, 

H&E staining and immunohistochemistry analysis of Ki67, α-SMA and endomucin. Due to time 

constraints following the COVID-19 pandemic, full analysis of α-SMA and endomucin was not 

completed. Another aim of this experiment was to determine whether different doxycycline regimes 

(dox on, dox on/off/on or no dox) effected tumour growth.  

The aim of the subcutaneous experiment was to see whether tumour volume changed between 

CFPAC-1 ADM KDs, CFPAC-1 scrshRNA and CFPAC-1 WT. The experiment also informed whether 

doxycycline induction of KDs compared to no doxycycline induction effected tumour volume within 

each group. 

6.4.1 CFPAC-1 ADM KDs, scrshRNA and WT cell effect on tumour growth and 

proliferation  

Tumour growth was monitored by IVIS (orthotopic), measuring tumour weight (orthotopic and 

subcutaneous) and by measuring tumour volume (subcutaneous). After the tumours were weighed, 

they were fixed in formalin before sectioning for analysis of Ki67 positive cells by 

immunohistochemistry. Ki67 determines the number of proliferating cells and is used as a predictive 
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for aggressiveness of cancers in clinic. Myoteri et al (2017) analysed 53 PDAC sections, 54.7% had a 

high percentage (>16% immunostained nuclei) of Ki67 positive cells, 43.4% had a low percentage 

(<15% immunostained nuclei) of Ki67 positive cells and 1.9% had no Ki67 positive cells. The amount 

of Ki67 positive cells correlated with the stage of cancer; the majority of cases with high Ki67 

expression were diagnosed with stage III or IV PDAC, low Ki67 expression correlated with stage I and 

II PDAC and the sample with no Ki67 was stage I PDAC. This shows the value in Ki67 in predicting how 

developed PDAC is. 

Overall, the results obtained from the orthotopic model showed that KD of ADM resulted in higher 

tumour weight in mice at day 45 compared to CFPAC-1 scrshRNA controls. There was a significant 

difference (p= 0.03) between CFPAC-1 ADM KD and scrshRNA tumour weights with ADM KD tumour 

weight being larger on average (Figure 6.8). This correlated with the luminescence and Ki67 data 

showing that both ADM KDs and scrshRNA not induced with doxycycline had the highest luminescent 

signal (Figure 6.9) and percentage of Ki67 positive cells respectively (Figure 6.17). This shows a 

correlation between more developed tumours and increasing number of Ki67 positive cells. Higher 

Ki67 percentage was associated with more poorly differentiated tumours (Figure 6.14 to Figure 6.16). 

As the group with no doxycycline induction had higher tumour weights, the data suggests that 

doxycycline induction of ADM KD or scrshRNA slightly inhibits tumour growth. However, there were 

no significant differences between different doxycycline conditions in both CFPAC-1 ADM KDs and 

scrshRNA.  

Within all 3 CFPAC-1 ADM KD group, 5 mice had to be culled prematurely on day 38 due to significant 

weight loss and palpation. These mice were in different doxycycline groups, two mice were in the 

doxycycline induced group, two mice were in the dox on/off/on group and one mouse from the group 

without dox induction. These data demonstrate that the different doxycycline conditions did not alter 

the rate of tumour growth. Furthermore, the prematurely culled mice also did not have significantly 

more Ki67 positive cells. All Ki67 slides were stained by the same operator over two days, the large 
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difference in Ki67 positive cells may be attributed to the analysis of slides on QuPath. The whole tissue 

was analysed, in future, analysing the tumour section alone would be a valuable addition to the data. 

This may reduce large differences in the number of Ki67 positive cells between day 17 and day 45. 

Ex vivo, the tumours collected were imaged using IVIS to detect luminescent tumour signal (Figure 

6.8c and d). At day 17 luminescent signal in CFPAC-1 ADM KDs was similar between different 

doxycycline groups however, there was a larger variation in luminescent signal. This may be as 

tumours were not fully established by day 17. CFPAC-1 scrshRNA results correlated with the tumour 

weights determined, showing that in doxycycline induced and dox on/off/on mice, the luminescent 

signal was lower than in the mice that hadn’t been induced with doxycycline. Overall, CFPAC-1 ADM 

KDs had higher luminescent signal at day 17 compared to scrshRNA. However, in vitro measurement 

of luminescent signal showed that ADM KDs transduced with Luc-RFP had a higher luminescent signal 

which may be partially responsible for the higher luminescent signal.  

At day 45, ex vivo CFPAC-1 ADM KDs and scrshRNA in the no dox group had the highest luminescent 

signal. This correlates with the tumour weights and Ki67 percentage positive cells shown in Figure 6.8, 

Figure 6.9 and Figure 6.17. ADM KDs and scrshRNA induced with dox or in the dox group had lower 

luminescent signal and tumour weights. However, there was no significant difference between the 

two groups. 

The subcutaneous model data compared CFPAC-1 ADM KDs, CFPAC-1 scrshRNA and CFPAC-1 WT cell 

tumour volumes, showing WT cells to have the largest tumour volume and weight, followed by ADM 

KDs and scrshRNA respectively (Figure 6.18). The higher tumour volume in ADM KDs compared to 

scrshRNA correlates with the observations in the orthotopic model. ADM KDs induced with 

doxycycline had a significantly higher tumour volume than scrshRNA in the doxycycline induced group. 

The results also showed a statistical difference in tumour weight between induced and non-induced 

scrshRNA and WT cells. WT cells were significantly higher in tumour volume compared to scrshRNA.  

An important consideration is that scrshRNA tumours induced with doxycycline did not appear to 
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establish and therefore the data should be interpreted with precaution until tumours have been H&E 

stained to determine if there are any signs of malignancy. However, comparison of ADM KDs to 

scrshRNA does mimic the data established in the orthotopic model. Although, there is no significant 

difference between ADM KDs and WT cell tumour volume, ADM KDs did have lower tumour volume 

overall suggesting that ADM KD may play some role in the regulation of tumour growth. However, 

further histological analysis and potentially comparison of ADM mRNA in tumours collected to 

determine if ADM and scrshRNA had similar levels of ADM throughout the experiment. 

Overall, tumour size, luminescence and volume of ADM KDs was higher compared to scrshRNA 

control. Furthermore, although Ki67 did correlate with tumour progression in terms of less well 

differentiated tumours at day 45, ADM KD did not appear to significantly influence the percentage of 

Ki67 positive cells compared to scrshRNA. Keleg et al (2007) have shown that ADM has both 

stimulatory and inhibitory effects on different PaCa cell lines following addition of recombinant ADM 

to the cells. Two out of the five cell lines were inhibited by addition of recombinant ADM and in the 

remainder of cell lines, ADM did not have a significant effect on growth. The effects on proliferation 

were determined in vitro however, these results do demonstrate that PaCa cells may not all be 

responsive to exogenous ADM in normoxic conditions. It also shows that different cell lines within the 

same type of cancer respond differently to ADM therefore, developing ADM KDs in other cell lines 

may be valuable.  

However, in vivo, Ishikawa et al (2003) show that intra-tumoural injection of ADM antagonist to PCI-

43 PaCa cells resulted in inhibition of tumour growth. This study is not directly comparable to the 

orthotopic and subcutaneous models from this study as KDs were not developed in PCI-43 cells 

however, it does demonstrate inhibition of ADM was shown to reduce tumour growth which is 

opposing to the results shown in Figure 6.8. Figure 6.18 also shows that ADM KD resulted in some 

inhibition of tumour growth compared to WT cells however, scrshRNA controls had lower or similar 

tumour weight compared to ADM KDs. 
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Wang et al (2014) injected SW480 cells with ADM KDs subcutaneously into mice which resulted in 

significant reduction in tumour growth. In 70% of mice transduced with ADM KD, there was no 

detectable tumour at the endpoint. This was associated with inhibition of angiogenesis and activation 

of apoptosis. Interestingly, they did show that there was no significant difference between Ki67 

positive cells in ADM KD cells and control cells. This suggests that ADM may not have a direct effect 

on proliferation. This is further supported by the Keleg et al (2007) showing ADM to have either no 

effect on cell proliferation or an inhibitory effect. This may explain the lack of significant differences 

in Ki67 positive cells between CFPAC-1 ADM KDs and CFPAC-1 scrshRNA shown in Figure 6.17. Yao et 

al (2019) also developed ADM KDs but in osteosarcoma showing a decrease in tumour volume 

compared to scrshRNA and blank controls. Both these data suggest that ADM has a pro-tumorigenic 

role as suppression of its expression results in decreased tumour volume. This data is in contrast to 

the results shown in Figure 6.8 and Figure 6.18.  

Karpinich et al (2013) compared the number of Ki67 positive foci in ADM KD and ADM overexpressing 

murine Lewis lung carcinoma cells injected subcutaneously into C57BL/6 mice. They found that ADM 

KD had low numbers of Ki67 positive cells compared to scrshRNA and empty vector controls tumours. 

ADM overexpressing lung cells had increased Ki67 positive cells compared to controls. Yao et al (2019) 

also developed ADM KDs in osteosarcoma cells showing a decrease in tumour volume compared to 

scrshRNA and blank controls. Both these data suggest that ADM has a pro-tumorigenic role as 

suppression of its expression results in decreased tumour volume and number of Ki67 cells, whilst 

overexpression in lung cancer cells resulted in an increased number in Ki67 proliferating cells. This 

data is in contrast to the results shown in Figure 6.8 and Figure 6.17.   

Abasolo et al (2003) and Abasolo et al (2004) overexpressed ADM in prostate cancer cell lines and 

injected them subcutaneously into mice. They found that in PC-3 prostate cancer cell overexpressing 

ADM, tumour growth was inhibited. In vitro, overexpression of ADM in PC-3 and LNCaP cells was 

associated with decreased proliferation however, this was not replicated in DU145 cell overexpressing 
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ADM. These data, similar to Keleg (2007) suggest that different cancer cell lines of the same cancer 

type respond differently to ADM. Although this data relates to overexpression of ADM, it suggests that 

KD of ADM may increase PC-3 tumour growth as shown in CFPAC-1 ADM KDs in Figure 6.8 when 

compared to scrshRNA. 

Other studies investigating the role of ADM in cancer, have not developed ADM KDs or overexpressed 

ADM in tumour cells. However, they have injected αAM intra-tumourally or intra-peritoneally to 

assess the effects of ADM on tumour growth or volume in vivo. Nouguerède et al (2013) show that 

treating HT-29 colorectal tumour xenografts with αAM reduced tumour growth. This was also shown 

Berenguer-Daizé et al (2013) in Du145 and LNCaP prostate cancer cells. Treatment with αAM 

decreased the overall tumour volume compared to controls. Tumour growth of LNCaP cells was shown 

to increase following intra-peritoneal and intra-tumoural injection of ADM. This suggests that ADM 

induces pro-tumorigenic effects such as increasing proliferation of cancer cells in a variety of cancers. 

Oehler et al (2002) overexpressed ADM in two endometrial cell lines, Ishikawa cells and RL95.2, and 

implanted the cells subcutaneously. RL95.2 overexpressing ADM showed an increase in tumour 

growth. However, Ishikawa cells overexpressing ADM and implanted together with MDA-435S carrier 

cells as the cells alone are weakly tumorigenic, showed ADM overexpression to have a small impact 

on tumour growth. Martinez et al (2002) overexpressed ADM in T47D breast cancer cells and 

implanted them subcutaneously in vivo. The empty plasmid control group in this study showed no 

tumour development in a group of 10 mice and in ADM overexpressing cells, 3 out of 10 mice 

developed tumours. These show the variability even between mice, not only cell line. These data also 

suggest that different cell lines may respond differently to ADM overexpression or silencing and 

therefore, it is important to develop KDs in multiple cell lines to provide a bigger picture on the impact 

of ADM on in vivo tumour growth and proliferation.  

Overall, these data show that different cancers have different responses to changes in ADM 

expression or treatment with ADM or αAM. There are even different responses between different cell 
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lines of the same cancer, this has been demonstrated in PaCa. This highlights the value of developing 

ADM KDs or KOs in multiple cell lines of the same type of cancer to get a wider perspective on the 

effects and ADM which may infer why certain cell lines respond differently.  

An important technical consideration is the administration of doxycycline, the successful induction of 

KDs relies on mice drinking the water containing doxycycline. The downfall with addition of 

doxycycline to water is that it can make the water taste bitter and therefore, mice may not want to 

drink water as frequently. To overcome this, it has been suggested that adding sucrose to the water 

may encourage mice to drink water more. However, this has been found to induce severe dehydration 

in mice resulting in weight loss, skin thinning and loss of elasticity to skin. This was shown by 

Cawthorne, Swindell, Stratford, Dive, & Welman (2007) who showed this effect was induced 

regardless of presence or tumour cells. Therefore, mice may have consumed less water than required 

to induce KDs which may have contributed to the results obtained. Chapter 4 discusses the effect of 

basal leakiness of promoters in successful induction of KDs. Meyer-ficca et al (2004) have shown that 

basal leakiness of promoters within shRNA which meant that mRNA expression in induced and non-

induced KDs is similar. This may explain why differences in tumour weight and volume generally were 

not significantly different between different doxycycline conditions.  

6.4.2 CFPAC-1 ADM KD and CFPAC-1 scrshRNA effects on organs 

 Organs from the in vivo orthotopic model were collected and imaged using IVIS on either day 17 or 

day 45 to identify luminescence in organs other than the pancreas (liver, kidney, spleen and GI tract) 

that could be representative of metastasis. Organs (liver, kidney and spleen) were also collected in 

both orthotopic and subcutaneous experiments to record differences in organ weight and for H&E 

analysis. In the orthotopic experiment, luminescent signal was identified in 4 CFPAC-1 scrshRNA mice 

stomachs and one from CFPAC-1 ADM KD at day 45 (Figure 6.12). The signal in stomachs was identified 

in CFPAC-1 scrshRNA induced with dox (x2), CFPAC-1 scrshRNA no dox (x2) and in CFPAC-1 ADM KD 

that was induced with dox (x1) (Figure 6.11). The stomachs were also noticeably harder, H&E sections 
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of the stomach showed no signs of tumour development. Furthermore, stomach metastasis is not a 

common occurrence in PaCa patience, literature on stomach metastasis is reported by individual cases 

as opposed to an overview due to the limited occurrence. Therefore, stomach hardening may be due 

to inefficient gastric emptying. Barkin et al (1986) and Leung & Silverman (2009) have described 

delayed gastric emptying (also known as gastroparesis) in patients with unresectable PaCa. Delayed 

gastric emptying is often accompanied with symptoms of nausea, vomiting and early satiety.  

There were no significant differences found between weights of liver, kidney, spleen in CFPAC-1 ADM 

KDs and scrshRNA and different doxycycline conditions on day 17 and day 45. Figure 6.10 shows that 

on day 45 one of the spleens in the CFPAC-1 ADM KD dox on/off/on group was noticeably higher, the 

tumour weight was also noticeably higher in this mouse (Figure 6.8). This spleen was from the group 

of mice whose endpoint ended prematurely due to significant weight loss, palpation and high 

luminescent signal in tumour. There was no luminescent signal detected in the spleen therefore 

metastasis is unlikely to be the cause of the enlargement. There is limited literature relating pancreatic 

cancer to an enlarged spleen, therefore, histological analysis of the enlarged spleen may provide 

further insight into the cause of it. One explanation may be due to the significant size of the tumour 

putting pressure on the spleen and the veins supplying the spleen, causing it to enlarge. 

Comparison of subcutaneous organs showed a significant difference between CFPAC-1 ADM KDs and 

CFPAC-1 scrshRNA livers following induction with doxycycline. CFPAC-1 scrshRNA induced with 

doxycycline had the largest liver weight compared to CFPAC-1 ADM KD suggesting that KD of ADM 

may decrease liver size. There were no significant differences between kidney weight in CFPAC-1 ADM 

KD, scrshRNA and WT cells. Comparing spleen weight, there was a significant difference between 

CFPAC-1 scrshRNA that was induced and not induced. The no dox CFPAC-1 scrshRNA group overall had 

heavier spleens, this suggests that doxycycline may decrease liver volume.  

Overall, these data show that organs were not significantly affected by KD of ADM. There were no 

signs of luminescent signal in most organs except 5 stomachs (Figure 6.11 and Figure 6.12) however, 
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did not show signs of metastasis when comparing H&E sections from normal stomachs and stomach 

that had luminescent signal (Figure 8.1). The stomachs were however, noticeably harder which may 

be attributed to delayed gastric emptying (Barkin et al., 1986; Leung & Silverman, 2009). 

6.4.3 CFPAC-1 ADM KDs and CFPAC-1 scrshRNA effects on immune cells 

Immune cells within the PaCa microenvironment adapt to produce a pro-tumorigenic environment. 

PaCa is associated with increased infiltration of TAMs, MDSCs and Tregs which are all associated with 

immune suppressive effects helping the tumour evade detection and promoting cancer cell survival. 

An important consideration when interpreting the current data, BALB/c nude mice are athymic 

therefore, they have no T cells. A further important consideration is that CFPAC-1 cells are derived 

from a male patient however, the host species were female BALB/C nude mice and analysis of immune 

cells was based on data provided by Charles River on female mice. A future consideration would be to 

use both male and female cell lines in both male and female mouse strains.  

At day 17, in both CFPAC-1 ADM KDs and scrshRNA, monocyte percentages were within the normal 

range for BALB/c nude female mice specified by Charles River. At day 45, the monocyte percentage 

was mainly within normal range with one outlier in both CFPAC-1 ADM and scrshRNA with no 

doxycycline induction. There was a significant difference between CFPAC-1 ADM KDs and scrshRNA in 

doxycycline induced and non-induced groups at day 45 (Figure 6.13). These data suggest that KD of 

ADM decreases the number of blood monocytes present. Sanford et al (2013) have shown that low 

monocyte levels in patient blood samples is associated with increased patient survival. Compared to 

healthy controls, inflammatory monocytes were shown to be increased in blood and decreased in 

bone marrow in PaCa patient samples. This was correlated with decreased patient survival following 

tumour resection. Therefore, the lower levels of monocytes detected in ADM KDs could indicate that 

ADM regulates monocyte levels. However, these results were also determined in scrshRNA samples 

suggesting that doxycycline administration may be effecting monocyte levels. Monocyte levels in the 
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no doxycycline group were still within normal monocyte range but more at the upper end of the scale. 

Therefore, ADM may not have a significant role in the regulation of monocytes.  

However, ADM has been associated with increased expression of CD11b+ which is a marker for 

myelomonocytic cells (MMC). MMCs can differentiate into blood monocytes, macrophages or 

dendritic cells. Xu et al (2016) have shown that patients express CD11b+ in pancreatic tissues and that, 

CD11b+ expression is associated with increased ADM expression. MMCs have also been shown to 

express the receptors for ADM (CLR and RAMPs). ADM was shown to induce migration and invasion 

and MMC cells and inducing macrophages and MDSCs to express pro-tumour phenotypes. In vivo, 

MMC cell depletion was associated with supressed tumour growth. These data show the potential 

value in investigating the relationship between ADM expression and expression of myelomonocytes. 

Using mice with a fully functional immune system and analysing potential infiltrating cells into the 

tumour microenvironment when comparing CFPAC-1 ADM KDs to CFPAC-1 scrshRNA controls may 

provide a valuable insight into the role of ADM in regulating immune cells in PaCa. 

The percentage of eosinophils ay day 17 in both CFPAC-1 ADM KDs and scrshRNA were both inside 

and outside normal eosinophil range. In the dox on/off/on and no dox CFPAC-1 scrshRNA group, the 

majority of mice had eosinophil percentages higher than the normal range (Figure 6.13). However, at 

day 45 only the doxycycline induced group showed the majority of blood samples to be outside the 

normal eosinophil percentage range (Figure 6.13). CFPAC-1 ADM KDs induced with doxycycline on day 

17, the majority of blood samples were within the normal eosinophil percentage range. The dox 

on/off/on and no dox group blood samples were mainly outside of normal eosinophil percentage 

range. On day 45, CFPAC-1 ADM KD induced with doxycycline group, predominantly had eosinophil 

percentages outside the normal range. However, dox on/off/on and no dox ADM KDs were more 

within range by day 45. Manohar, Verma, Venkateshaiah, & Mishra (2017) have shown eosinophils 

have some role in development of pancreatic malignancy following pancreatitis. Both eosinophils and 

degranulated eosinophils were identified in both malignant and non-malignant pancreatic tissue 
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sections. It was suggested that eosinophils have a role in the development of fibrosis and therefore 

pancreatic malignancy. However, there are no studies linking the regulation of eosinophil numbers to 

ADM expression and progression of PaCa.  

At day 45, both CFPAC-1 scrshRNA and ADM KDs induced with doxycycline blood samples increased 

the percentage of eosinophils to outside the normal range. This suggests that doxycycline potentially 

has an effect on eosinophil percentage as there were no significant differences between scrshRNA and 

ADM KDs. To determine whether there was a specific association between ADM KD and eosinophils 

in the progression of PaCa, staining pre-malignant and malignant patient tissues at different stages of 

PaCa may be the first step. 

There was a significant difference in lymphocytes between CFPAC-1 ADM KD and scrshRNA however, 

the mice used for this experiment were athymic and therefore, the results are only representative of 

the B lymphocyte and natural killer cell (NK cell) population, not T lymphocytes. At day 17, there was 

a significant difference between CFPAC-1 ADM KDs and scrshRNA not induced with doxycycline, with 

ADM KDs having a lower percentage of lymphocytes. However, at day 45 there were no significant 

differences between CFPAC-1 ADM KDs and scrshRNA in the no dox group however, the average 

percentage of lymphocytes in ADM KDs still remained lower. The lower percentage of lymphocytes in 

ADM KDs may be associated with the immune system adapting to avoid immune detection and 

therefore allowing the tumour to proliferate further, shown by the increased tumour weight in ADM 

KDs. At day 17 and day 45, the percentage of lymphocytes in the doxycycline induced and doxycycline 

on/off/on group were similar. Although, the differences in percentage of lymphocytes are small 

between induced KDs and non-induced KDs, the data could indicate reducing expression of ADM has 

a positive impact on lymphocytes, increasing their infiltration into tumours and therefore reducing 

tumour growth. However, understanding why CFPAC-1 scrshRNA has similar responses needs further 

elucidation. Furthermore, the majority of data was within normal lymphocyte percentage range so 

effects of ADM may not be significant on B lymphocytes and NK cells. 
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NK cells have been described to have a positive effect within the innate immune system with the 

ability to detect cancer cells. However, in PDAC, patients have been described to have significantly 

lower NK cell blood counts compared to healthy individuals (p< 0.001). Patients with lower NK cell 

counts had poorer clinical outcomes and poorer response to chemotherapy. This study was only 

completed in a small number of patients all located in South Korea however, it does suggest that 

depletion of NK cells in PaCa has a negative impact. There are currently no studies on the association 

between ADM and NK cells in cancer. B lymphocytes have more pro-tumorigenic activity and have 

been suggested to induce M2 macrophage phenotype polarisation which increases cancer cell growth 

and aid in avoiding immune surveillance (Biswas & Mantovani, 2010). In PDAC, Spear et al (2019) show 

that B cells have both a immunosuppressive and immuno-stimulatory effect. In secondary lymphoid 

organs, B cells have an immunosuppressive effect however, when recruited within the tumour 

microenvironment, B cells have an immuno-stimulatory effect. Suggesting they have an anti-tumoural 

effect however, there have been no studies associating ADM with B cell regulation in cancer.  

Overall, further research is required to find associations between ADM and immune cells within the 

PaCa microenvironment. Using the current data collected, further analysis on immune cells could be 

completed on tissue sections by staining for activated B lymphocytes with CD19, CD25 or CD30 

markers. To gain further understanding of the effect of ADM KDs on macrophage polarisation, using 

conditioned media from ADM KDs, CFPAC-1 scrshRNA or CFPAC-1 WT cells on macrophages could 

inform whether there are differences in the numbers of polarised macrophages by analysis with flow 

cytometry.  

Furthermore, Li et al (2020) have shown that when PaCa cells were combined with PSCs, tumour 

weight increased and CD4+, CD8+ and NK cells cells decreased promoting a pro-tumorigenic 

microenvironment. Therefore, developing an in vivo model with C57BL/6 mice and injecting ADM KD 

and scrshRNA orthotopically may add value to understanding the involvement of T cells within the 

immune system. T cell infiltration could be analysed by immunohistochemistry but also collecting the 
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spleen, tumour and bone marrow cells from the tibia and fibia to analyse any changes to the of CD4+, 

CD8+ and NK by flow cytometry as described by Li et al (2020). This would show whether there is a 

relationship between ADM and regulation of T lymphocytes.  
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6.4.4 Conclusion 

In conclusion, these data provide preliminary information on the potential role of ADM within the 

tumour microenvironment. The introduction demonstrates the interplay between ADM with many 

cells and the tumour microenvironment including tumour cells, PSCs, endothelial cells, immune cells, 

the ECM and neuronal cells. Dai et al (2020) most recent publication shows the important role of PaCa 

cells and CAFs in inducing metastasis in PaCa, mediated through ADM and RAMP-3 receptor  

expression. This highlights the value of investigating the role of ADM in PaCa and also shows that 

developing successful RAMP-3 KDs could provide important information regarding the tumorigenesis 

of PaCa.  

Currently, the data shows that CFPAC-1 ADM KDs increased tumour growth compared to scrshRNA 

controls. In both ADM KD and scrshRNA, at day 45 the tumour weight is highest in the no doxycycline 

groups (Figure 6.8) which also correlated with the higher luminescent signals shown in Figure 6.9. 

Therefore, doxycycline induction may have some effect on decreasing tumour growth however, this 

is not exclusive to ADM KDs as the same result was shown in scrshRNA controls. Analysis of 

subcutaneous tumour volume showed that ADM KDs and scrshRNA mice had lower tumour volumes 

in both doxycycline induced and non-induced groups compared to WT CFPAC-1 cells (Figure 6.18). 

Organ weights were not significantly affected by knockdown of ADM and scrshRNA with some 

anomalies in organ weight (Figure 6.19). The spleen was shown to be significantly enlarged in one of 

the mice culled prematurely in the CFPAC-1 ADM KD group at day 38. Furthermore, five stomachs 

imaged using IVIS were shown to have luminescent signal at day 45 however, based on current analysis 

this is not associated with stomach metastasis. Analysis of organs from the subcutaneous experiment 

showed there was a significant difference between liver weight when comparing CFPAC-1 ADM KD 

and CFPAC-1 scrshRNA induced without doxycycline induction. The liver volume was larger in the 

scrshRNA group (Figure 6.19). 



245 
 

H&E analysis and Ki67 analysis of tumour sections showed that at day 45, tumours appeared more 

poorly differentiated that day 17 pancreas sections (Figure 6.14, Figure 6.15 and Figure 6.16). This was 

associated with increasing numbers of Ki67 positive cells (Figure 6.17). Overall, there was no 

significant differences between Ki67 positive cells when comparing CFPAC-1 ADM KDs and scrshRNA 

on day 45. There were also no significant different between Ki67 positive cells and the different 

doxycycline regimes.  

Immune cell analysis showed that monocyte percentage was within the normal range specified by 

Charles River for BALB/c nude mice. Eosinophils showed more varied data with the percentage of 

eosinophils being within and outside the number range in both CFPAC-1 ADM KDs and scrshRNA on 

day 17 and day 45. Lymphocytes were shown to be mainly within normal percentage range in both 

ADM KDs and scrshRNA (Figure 6.13). 

Staining of tumour sections for α-SMA and endomucin was also completed by immunohistochemistry 

to analyse potential differences in PSC expression and endothelial cell density when comparing ADM 

KDs to scrshRNA. However, analysis has not been completed prior to submission therefore this is an 

area of future work. Developing ADM KDs in multiple cell lines may be beneficial as it has been 

demonstrated widely in PaCa, prostate and renal cancer that different cell lines respond differently to 

ADM. Some cell lines were completely unresponsive to ADM, some showed increased proliferation, 

whilst other decreased proliferation in response to ADM. Furthermore, validation of RAMP-3 KDs by 

QPCR for use in in vivo applications may provide useful information into the specific role of RAMP-3 

in inducing pathological roles in PaCa.  
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7.1 General discussion 

The overall aim of this study was to elucidate the role of ADM in PaCa, more specifically its role in 

the cross-talk between PaCa tumour cells and cells of the tumour microenvironment (PSCs, 

endothelial cells, immune cells and neuronal cells). ADM and its receptor components have been 

previously shown to be expressed in multiple cancers (Table 3.1) and to have a role in regulating 

proliferation, apoptosis, angiogenesis, migration and invasion, and immune regulation. Desmoplasia 

is also a prominent feature in PaCa that results in deposition of scar tissue around the tumour. 

Within the desmoplastic environment, there is an increase in fibroblasts (often PSCs) which results in 

excessive deposition of ECM. The scar tissue around the tumour creates a barrier, which makes it 

difficult for current chemotherapies to penetrate. Having a full understanding of the role of ADM in 

the development of desmoplasia, and its interactions with cells that promote a pro-tumorigenic 

environment could provide a novel approach to targeting PaCa in combination with currently used 

chemotherapies. Recent evidence has shown CAFs to have an important role in PaCa, by promoting 

metastases in PaCa through the RAMP-3/CLR receptor (Dai et al., 2020).  

Due to the COVID-19 pandemic full elucidation of the role of ADM and RAMP-3 in the development 

of the stromal environment was not completed. There was no access to the laboratories for 5 

months and therefore all planned experiments were unable to be completed. The closure of 

laboratories had a large impact on the in vivo studies. Analysis of the effect of ADM KD on the 

stromal microenvironment was limited as a consequence of this closure. Analysis of α-SMA and 

endomucin immunostaining was unable to be completed as a consequence. Analysis of tumour ADM 

and RAMP-3 expression was also unable to be completed. Furthermore, investigation of the role of 

RAMP-3 in the stromal environment may have been explored. 

The focus of this study was to characterise a panel of seven PaCa cell lines to show that ADM and its 

receptor components (CLR, RAMP-1, RAMP-2 and RAMP-3) are expressed in PaCa at both mRNA and 

protein level. The functional role of ADM and its receptor components was determined by cAMP 
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assays by stimulating cells with different ligands (ADM, CGRP and intermedin) (Jailani., 2019). 

Therefore, once expression of ADM was confirmed in all cell lines, ADM and RAMP-3 KDs were 

developed for both in vitro and in vivo studies in CFPAC-1 cells. In vitro, the effect of ADM and 

RAMP-3 KDs on the viability and apoptosis of cells following gemcitabine and 5-FU treatment was 

determined. In vivo, CFPAC-1 ADM KDs were used to determine the role of ADM in tumour growth, 

metastasis and regulation of the immune system.  

The null hypotheses were: 

1) PaCa cell lines do not express ADM and its receptor components therefore, ADM has no 

functional role in PaCa. 

2) ADM and RAMP-3 have no involvement in the regulation of proliferation and apoptosis 

therefore knockdowns will not affect these processes. 

3) Knockdown of ADM has no influence on tumour growth and metastases. Therefore, the cells 

of the tumour microenvironment (including immune cells and proliferating tumour cells) will 

also not effected by ADM KD. 
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7.1.1 Characterisation 

Characterisation of seven PaCa cell lines was completed using endpoint PCR, QPCR and western 

blotting to determine mRNA and protein expression. ADM, CLR, RAMP-1, RAMP-2 and RAMP-3 were 

expressed at mRNA level in all seven cell lines as shown by endpoint PCR. This was confirmed by 

sequencing the PCR samples (Figure 3.3 to 3.12). QPCR confirmed expression of ADM in all cell lines 

which is shown in Table 3.5. Western blotting confirmed expression of RAMP-1, RAMP-2 and RAMP-

3 at protein level in all cell lines (Figure 3.13 to Figure 3.15). Confirming the expression of ADM and 

RAMP-3 was essential before developing knockdowns in CFPAC-1 cell lines.  

Ishikawa et al (2003) have previously characterised 5 PaCa cell lines including BxPC-3. They showed 

all cell lines express ADM and that ADM mRNA expression increased following exposure of cells to 

hypoxic conditions. CLR was only expressed in 2 out of 5 cell lines including BxPC-3 and RAMP-2 was 

expressed in 4 out of 5 cell lines however, the cell lines were not characterised for RAMP-3 mRNA 

expression. Keleg et al (2007) characterised 5 different PaCa cell lines for mRNA expression showing 

that ADM, CLR, RAMP-1 and RAMP-2 were expressed in all cell lines. RAMP-3 expression was only 

confirmed in one of the cell lines, T3M4. Ramachandran et al (2007) characterised 8 PaCa cell lines 

including BxPC-3, CFPAC-1 and HPAF-II in which CLR was not detected at mRNA level. RAMP-1 and 

RAMP-2 were expressed in all cell lines however, RAMP-3 expression was not determined in any of 

the cell lines.  

These data demonstrate the variability in ADM and its receptor expression between different PaCa 

cell lines but also, within the same cell lines. Ramachandran et al (2007) and Keleg et al (2007) both 

characterised Panc-1 PaCa cells, Keleg et al (2007) showed that Panc-1 cells expressed CLR whilst 

Ramachandran et al (2007) showed no CLR expression. Furthermore, BxPC-3 cells were shown to 

express CLR by Ishikawa et al (2003) however, Ramachandran et al (2007) showed that BxPC-3 cells 

did not express CLR. Differences in primer design could affect whether ADM and its receptor 

components are detected by PCR. Optimisation of primers is essential for successful detection of 
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mRNA. During primer design, careful selection of primers with a high GC content (40-60%) is 

essential for the stability of primers. Furthermore, designing primers with similar melting 

temperatures so that annealing temperatures are similar (52⁰C to 58⁰C). Annealing temperatures 

above 65⁰C cause secondary annealing (Abd-Elsalam, 2003; A. Apte & Daniel, 2009). Other factors 

within the PCR reaction including MgCl₂ content may also effect success of PCR product detection. 

MgCl2 acts as a co-factor to Taq Polymerase and also aids in primer binding to specific target. 

Furthermore, the method used to detect mRNA could potentially influence whether mRNA 

expression is detected, Ishikawa et al (2003) used northern blotting which is less sensitive that PCR. 

However, this does not mean that cell lines that show no mRNA expression are wrong, other 

external factors may affect whether ADM and its receptor components are detected, Keleg et al 

(2007) showed how hypoxia increased the expression of ADM in cell lines suggesting that the 

hypoxic microenvironment which has been described in PaCa tumours may also influence whether 

ADM and its receptor components are expressed in some cases. There is currently limited literature 

confirming the expression of ADM and all its receptor components at mRNA level in PaCa cell lines 

therefore, this is one of the first studies to show it in a panel of seven PaCa cell lines. This was the 

first data collected that suggested ADM its receptor components may potentially play a role in PaCa 

tumorigenesis and therefore, further investigation into the role of ADM was explored by developing 

ADM and RAMP-3 KDs in CFPAC-1 cells. 

Western blotting was used to detect protein in PaCa cell lines which showed all cells expressed 

RAMP-1, RAMP-2 and RAMP-3 (Figure 3.13 to 3.15). CLR antibody optimisation was attempted 

however, the inconsistency in results did not provide confidence in the quality of the antibody. The 

inconsistency in results may be related to the quality of the antibody, polyclonal antibodies have 

affinity for the same antigen as monoclonal antibodies but different epitopes. Multiple non-specific 

bands were identified that were not at 55 kDa suggesting the antibody lacks specificity potentially 

due to lack of rigorous testing on multiple samples by the supplier. The same samples were used for 

CLR optimisation as the RAMP antibodies therefore, the samples used were not an issue. 
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Optimisation using different protein concentrations, blocking buffers, primary and secondary 

antibody concentrations were tested to try and gain consistency between blots however, the results 

remained inconsistent. Therefore, characterisation of CLR in the 7 PaCa cell lines was not completed. 

Chapter 3 discussed the limited protein characterisation of ADM and its receptor components in 

PaCa cell lines. Expression of ADM, RAMPs and CLR at protein level have only been shown by 

Berenguer-daize et al (2013) in DU145 prostate cancer cells. However, as discussed by Hay & Pioszak 

(2016), there is a lack of available antibodies that have been rigorously tested and therefore bands 

detected are often artefacts. This demonstrates the need for more thorough research into 

antibodies that have been extensively tested and can confidently be used within research. This 

would also help in further validating CFPAC-1 ADM KDs at protein level in this study. 

7.1.2 Knockdown development and validation 

ADM and RAMP-3 KDs were developed using inducible lentiviral shRNA in CFPAC-1 cells after ADM 

and RAMP-3 expression was confirmed by endpoint PCR and sequencing. ADM expression was 

confirmed by both endpoint PCR and QPCR. CFPAC-1 cells were also selected as they have previously 

been shown to increase cAMP production with high potency and efficacy following ADM ligand 

stimulation showing that the receptor is functional (Figure 3.16).  

Successful KD of ADM in CFPAC-1 cells was confirmed by QPCR showing a 71% decrease in ADM 

expression after 7 days of doxycycline induction compared to CFPAC-1 scrshRNA (Figure 4.12). 

CFPAC-1 ADM KDs that were not induced with doxycycline had an 89% decrease in ADM expression 

compared to scrshRNA. Meyer-ficca et al (2004) have demonstrated that inducible KDs are prone to 

promoter leakiness and that FBS may contain traces of doxycycline which may have contributed to 

the significant decrease in ADM expression in non-induced CFPAC-1 ADM KDs. Induction of KDs in 

both CFPAC-1 ADM KDs and CFPAC-1 RAMP-3 KDs was further confirmed by inducing the cells with 

doxycycline over 7 days and showing that GFP expression increased from day 1 to day 7, particularly 

following 500 ng/mL doxycycline induction (Figure 4.6 to 4.11).   
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Following confirmation of a significant reduction in ADM expression by QPCR (Figure 4.12), CFPAC-1 

ADM KDs and CFPAC-1 scrshRNA were transduced with firefly luciferase to develop cells suitable for 

in vivo imaging. Successful transduction of firefly luciferase was confirmed by measuring 

luminescence of cells (Figure 4.14 and Figure 4.15). All cells were treated with D-luciferin, Figure 

4.14 showed that luminescence only increased in the cells transduced with firefly luciferase which 

confirmed successful transduction. Successful transduction was also confirmed by measuring 

luminescence using IVIS which showed luminescent signal only in cells transduced with luciferase 

(Figure 4.15).  

The role of ADM in the development of PaCa and other cancers has been extensively shown. ADM 

has been shown to be associated with inducing proliferation, inhibiting apoptosis, inducing 

angiogenesis and regulating the immune system (Dai et al., 2020; Ishikawa et al., 2003; Keleg et al., 

2007; Ramachandran et al., 2007; Xu et al., 2016). Furthermore, there is accumulating evidence that 

ADM and its receptors are expressed in PSCs. PSCs have been shown to be involved in the 

development of desmoplasia around PaCa tumours by producing excessive collagen I and other cells 

of the ECM (Dai et al., 2020; Masamune et al., 2008; Ramachandran et al., 2007). There is currently 

more literature relating ADM expression in other cancers including breast, colorectal and prostate 

cancers. These provide the foundations to understanding the potential role of ADM in PaCa but also 

demonstrate how differently different cancers may respond to ADM showing that it is important to 

understand the role of ADM in each cancer individually. Dai et al (2020), Wang et al (2014) and Yao 

et al (2019) have all shown the value of developing ADM/RAMP-3 KDs in PaCa, colorectal cancer and 

osteosarcoma respectively for both in vitro and in vivo use. These combined factors validate why 

ADM and RAMP-3 KDs were developed in CFPAC-1 cells. 

7.1.3 Viability and apoptosis  

The effect of CFPAC-1 ADM and RAMP-3 KDs on viability and apoptosis was compared to CFPAC-1 

scrshRNA controls and WT cells. This was to determine whether KDs improved response to currently 
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available chemotherapies used to treat PaCa, gemcitabine and 5-FU. Comparison of viability in ADM 

KDs, RAMP-3 KDs, scrshRNA and WT cells was determined to see whether KDs alone effected 

proliferation (Figure 4.13). These data show that KD of ADM and RAMP-3 reduced the viability of 

CFPAC-1 cells compared to WT cells. However, scrshRNA were the least viable cells. Keleg et al 

(2007) have previously shown that addition of recombinant ADM to 5 PaCa cell lines had both 

stimulatory and inhibitory effects, suggesting that the role ADM in PaCa proliferation may be 

dependent on the cell line. In other cancers including prostate, breast, renal and colorectal cancer, 

addition of exogenous ADM or overexpression of ADM has been associated with increased 

proliferation of cells (Berenguer-Daize et al., 2013; Berenguer et al., 2008; Deville et al., 2009; 

Martinez et al., 2002; Nouguerède et al., 2013). However, Abasolo et al (2004) have shown ADM 

overexpression inhibits proliferation of two prostate cancer cell lines.  

The specific role of RAMP-3 in regulating proliferation has been demonstrated by both Dai et al 

(2020) and Nouguerède et al (2013) in both PaCa and colorectal cancer respectively. RAMP-3 KOs 

developed in CAF/PAN02 cells resulted in smaller tumour size and a decreased number of Ki67 

positive cells suggesting that proliferation is reduced by KOs (Dai et al., 2020). In colorectal cancer, 

treating cells with an anti-RAMP-3 receptor antibody resulted in 70% inhibition of proliferation 

(Nouguerède et al., 2013). These data combined with literature shows that ADM predominantly has 

a stimulatory effect on proliferation. It also shows that RAMP-3 has a role in inducing cancer cell 

proliferation suggesting that ADM may induced its proliferative effects through the RAMP-3 

receptor. However, some exceptions in ADM inducing proliferation have been demonstrated in both 

PaCa and prostate cancer (Abasolo et al., 2004; Keleg ., et al., 2007). This study shows that KD of 

ADM and RAMP-3 reduces the proliferation of CFPAC-1 PaCa cells however, this was not significant. 

CFPAC-1 ADM KDs treated with 1 µM, 500 nM and 100 nM gemcitabine showed between 63.6% to 

68.2% decrease in viability compared to untreated cells (Figure 5.2). RAMP-3 KDs showed no 

significant differences between different doses of gemcitabine and untreated cells however, RAMP-3 
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KDs were shown to be significantly less viable at 100 nM compared to scrshRNA. Both CFPAC-1 ADM 

KDs and RAMP-3 KDs had an increase in apoptosis at higher doses of gemcitabine compared to 

untreated cells and WT cells (Figure 5.4). CFPAC-1 scrshRNA had no significant increases in apoptosis 

except at 500 nM where apoptosis increased by 1.1-fold compared to untreated cells. CFPAC-1 WT 

cells had significant differences between treated and untreated cells at doses of 1 µM, 500 nM and 

100 nM.  

Combining the viability and apoptosis data, the results suggest that at a dose of 100 nM gemcitabine 

CFPAC-1 ADM KD viability is decreased and apoptosis is increased significantly compared to CFPAC-1 

scrshRNA and CFPAC-1 WT cells respectively. CFPAC-1 scrshRNA treated at this dose of gemcitabine 

showed 61.8% viability compared to ADM KDs that had 36.4% viability. Apoptosis data comparing 

RAMP-3 KDs to WT cells at a dose of 100 nM gemcitabine, showed 110% more apoptosis in RAMP-3 

KDs. Akada et al (2005) have previously shown that CFPAC-1 cells are sensitive to gemcitabine 

treatment showing that after 72 hours of treatment, viability was less than 20%. CFPAC-1 cells also 

had the lowest IC50 out of the 3 cell lines that were sensitive. High sensitivity to gemcitabine 

correlated with higher expression of BNIP3 which is a pro-apoptotic molecule that is part of the Bcl-2 

family. ADM has been previously shown to regulate Bcl-2 expression to promote anti-apoptotic 

effects in both osteosarcoma and ovarian cancer cells (Oehler., 2001; Wu et al., 2015). Therefore, 

reducing expression of ADM and RAMP-3 in CFPAC-1 cells could have potentially altered the ratio of 

pro-apoptotic (BNIP3) and anti-apoptotic Bcl-2 family molecules to promote more apoptosis and 

improved response to gemcitabine. To confirm this, analysis of Bcl-2 family gene expression would 

need to be confirmed, particularly as at higher doses of gemcitabine (500 nM and 1 µM), apoptosis 

decreased slightly. However, apoptosis remained higher in RAMP-3 KDs compared to WT CFPAC-1 

and scrshRNA.  

Viability and apoptosis data show that both KD cells and controls are unresponsive to 5-FU 

treatment. CFPAC-1 ADM KDs, RAMP-3 KDs and scrshRNA showed no significant differences 
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between treated and untreated cells (Figure 5.5). CFPAC-1 WT cells were also less responsive 

compared to treatment with gemcitabine, the largest decrease in viability was 14.5% at a 500 nM 

dose of 5-FU compared to 3 nM. Apoptosis data showed no significant differences between different 

doses of 5-FU and CFPAC-1 ADM KD and RAMP-3 KD (Figure 5.7). CFPAC-1 scrshRNA showed that at 

the highest dose of 5-FU (1 µM), the amount of apoptosis decreased by 0.2-fold compared to 

untreated cells. The largest increase in apoptosis was at 3 nM when apoptosis increased by 0.2-fold 

compared to untreated. CFPAC-1 WT cells were also less responsive to 5-FU than gemcitabine 

however, at a dose of 1 µM, they showed a 1.1-fold increase in apoptosis compared to untreated 

cells. Shi et al  (2002) show that after 72 hours of 5-FU and gemcitabine PaCa treatment, PaCa cell 

viability decreased, gemcitabine treated cells were more sensitive with nM IC50 values compared to 

µM IC50 values following 5-FU treatment. However, repeated exposure to 5-FU, PaCa cells were 

resistant to 5-FU. Data from this study also suggests that CFPAC-1 cells are resistant to 5-FU and that 

KD of RAMP-3 or ADM does not improve response. Regine et al (2008) compared patient response 

to gemcitabine and 5-FU monotherapy. This showed that patients were more sensitive to 

gemcitabine with a median free survival of 20.5 months compared to 16.9 months in 5-FU treated 

patients. 3-year survival was also higher in gemcitabine treated patients at 31% compared to 22% in 

5-FU treated patients. Although, this data is related to patients and is not an in vitro model, it does 

highlight that patients are also less responsive to 5-FU. It also shows that regardless of the treatment 

patients receive, median free survival and 3-year survival is still low. Using higher doses of 5-FU may 

be a future consideration for in vitro experiments. However, these data do show that alternative 

treatments are needed to improve PaCa patient outcome.  

7.1.4 In vivo 

Orthotopic and subcutaneous models were developed using CFPAC-1 ADM KDs, scrshRNA and WT 

cells to compare effects of ADM KD on tumour growth, metastases, immune cells and proliferation. 

CFPAC-1 ADM KD-LucRFP and CFPAC-1 scrshRNA-LucRFP cells were injected orthotopically into the 

pancreas and mice were split into three groups dependent on whether the KD was induced with 
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doxycycline or not (Table 6.1 and Figure 6.2). The luminescence of tumours and weight of mice was 

measured twice weekly to monitor tumour growth and ensure mice have no significant weight loss. 

At the endpoint of the experiment (day 17 or day 45), luminescence of tumours and organs was 

measured by IVIS. Furthermore, the weight of tumours, liver, kidney and spleen were recorded. 

Tumours and organs were sent to histology for sectioning and H&E staining, the remaining sections 

for stained for Ki67 by immunohistochemistry. The subcutaneous model was used to compare 

differences in tumour volume between CFPAC-1 ADM KDs, scrshRNA and WT cells.  

Overall, tumour weight was shown to be highest in CFPAC-1 ADM KDs compared to CFPAC-1 

scrshRNA in the orthotopic model. Tumours that were not induced with doxycycline had the highest 

tumour weight, suggesting that doxycycline does induce KDs and therefore effect tumour size. 

Tumours in the dox on/off/on group had a larger tumour weight than dox on suggesting that 

temporarily inhibiting the induction of ADM KDs, drove a temporary increase in tumour growth 

(Figure 6.8). Ex vivo analysis of tumour luminescence showed no significant differences between 

CFPAC-1 ADM KD and scrshRNA tumour luminescence however, there were significant differences 

between the different doxycycline conditions. Luminescent signal was higher in CFPAC-1 ADM KDs in 

the no dox group compared to dox on/off/on. CFPAC-1 scrshRNA had a significant difference in 

luminescent signal between no dox and dox on/off/on and between no dox and dox on. 

Luminescence was highest in the no dox group suggesting that in scrshRNA control, induction of 

scrshRNA results in slower tumour growth. (Figure 6.9).  

Comparison of tumour volume and weight from the subcutaneous in vivo model showed that CFPAC-

1 WT cells had the largest tumour volume and weight. CFPAC-1 ADM KD tumour volume and weight 

was smaller than WT cells but larger than CFPAC-1 scrshRNA. The difference in tumour weight was 

significantly different between doxycycline induced CFPAC-1 ADM KDs and scrshRNA. These data are 

consistent with the orthotopic model showing that ADM KDs had larger tumour weights. Although 

the no doxycycline groups had lower tumour volumes and weights, there was no significant 
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difference between doxycycline induced and non-induced cells (Fig 6.18). CFPAC-1 WT cells that 

were induced with doxycycline and non-induced were significantly larger than CFPAC-1 scrshRNA 

(Figure 6.18).  

Analysis of IVIS luminescence, H&E tumour sections and Ki67 positive cells in CFPAC-1 ADM KDs and 

scrshRNA showed that at day 45, luminescence increased (Figure 6.14 to 6.16), the pancreas was 

more poorly differentiated showing a more malignant phenotype (Figure 6.14 to 6.16) and that the 

number of Ki67 positive cells increased (Figure 6.17) compared to day 17. Analysis of Ki67 positive 

cells showed that at day 17 there was a significant difference between ADM KD and scrshRNA. ADM 

KDs had overall more Ki67 positive cells in both dox on and dox on/off/on groups. At day 45, there 

was no significant difference in the number of Ki67 positive cells between ADM KDs and scrshRNA, 

there were also no significant differences between the different doxycycline conditions. CFPAC-1 

ADM KDs overall had the largest percentage increase in Ki67 (49.8%) in the no dox group and the 

lowest percentage increase in the dox on group (31%) at day 45. This suggests that inducing ADM 

KDs with doxycycline, slows down the rate of tumour growth which is supported by the data 

showing lower tumour weight in doxycycline induced ADM KDs (Figure 6.8 and 6.18). CFPAC-1 

scrshRNA showed that cells in the dox on group showed the largest increase in Ki67 positive cells 

(61.2%). ScrshRNA cells in the dox on/off/on had the smallest increase in Ki67 positive cells of 31.2% 

(Figure 6.15). These data combined suggest that ADM KDs in CFPAC-1 permanently induced by 

doxycycline have reduced numbers of Ki67 positive cells compared to scrshRNA permanently 

induced with doxycycline. However, overall ADM KDs do not slow down the rate of tumour growth 

compared to scrshRNA in CFPAC-1 cells. 

In PaCa, specific ADM KD studies have not been completed however, intra-tumoural injection of 

ADM antagonist into PaCa cells resulted in inhibition of tumour growth. By the experimental 

endpoint, 70% of the mice had a barely detectable tumour (Ishikawa et al., 2003). This suggests that 

ADM may have a role in promoting PaCa tumour growth in cancer. In other cancers including 



258 
 

colorectal, osteoscarcoma, hepatocellular cancer and bladder cancer, KD of ADM was associated 

with decreasing tumour growth (Dai et al., 2013; Li et al., 2014; Liu et al., 2013; Wang et al., 2014; 

Yao et al., 2019). These data indicate that ADM does have pro-tumorigenic effects. Overexpression 

of ADM in various cancer cell lines has shown more variable data. Abasolo et al (2003) and Abasolo 

et al (2004) showed that ADM overexpression in PC-3 prostate cancer cells resulted in reduced 

tumour growth. Furthermore, Oehler et al (2002) showed overexpression of ADM in endometrial cell 

lines resulted in increased tumour growth in RL95.2 however, overexpression of ADM in Ishikawa 

cells had a low impact tumour growth. (Martinez et al., (2002) showed that overexpression of ADM 

in T47D breast cancer cells resulted in establishment of tumours in 3 out of 10 mice, whilst empty 

plasmid showed no tumour development. Studies analysing the effect of αAM on tumour growth in 

colorectal cancer, prostate cancer and glioblastoma all showed that tumour volume decreased 

(Berenguer-Daize et al., 2013; Nouguerède et al., 2013; L. H. Ouafik et al., 2002). Together these data 

demonstrate the varied responses between different cancer cell lines to ADM stimulation or 

inhibition. ADM KD data predominantly shows evidence for decreasing tumour volume which is in 

contrast to the data obtained from this study. Furthermore, treatment of tumours with antagonists 

or α-AM induced a decrease in tumour volume. In contrast, overexpression of ADM shows more 

varied results, this could be due to inconsistency in the amount of overexpression between different 

studies or due to the cancer type. Factors such as how well tumours initially establish regardless of 

KD or overexpression of a gene could be that the results provide more varied data. The 

overexpression data highlights the value in replicating experiments in multiple cell lines as different 

cell lines may show contrasting results. Although, the data predominantly shows that ADM may have 

a pro-tumorigenic effect, based on data from this study and studies showing the effect of ADM 

expression, the role of ADM in tumour growth requires further elucidation which could be 

determined by repeating experiments in multiple cell lines. 

 Furthermore, Dai et al (2020) demonstrated that RAMP-3 KOs themselves did not cause a decrease 

in tumour growth as tumour growth between RAMP-3 KO and wild-type PAN02 cells was the same. 
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RAMP-2 KO in endothelial cells was responsible for a decrease in tumour growth but was shown 

increase metastases together with increased RAMP-3 expression. Therefore, whether tumours 

increase or decrease in growth in response to ADM may be influenced by which RAMP is expressed 

more dominantly (RAMP-2 or RAMP-3) and therefore which receptor is activated (AM1 or AM2). 

Karpinich et al (2013) developed ADM KD and cells overexpressing ADM in Lewis lung cell carcinoma 

cells. They found that tumour volume did not differ between ADM overexpressing cells, ADM KD 

cells and scrshRNA controls. However, there were more significantly more Ki67 positive cells in ADM 

overexpressing cells compared to scrshRNA which correlated with increased lymphatic vessel size 

and lymph node lymphangiogenesis. Therefore, this study suggested this may correlate with ADM 

overexpression inducing distant metastases. Together with Dai et al (2020) data, this suggests that 

ADM in Lewis lung cell carcinoma may predominantly induce its pro-tumorigenic effects through 

RAMP-3 in this model. However, comparison of expression of RAMP-2 and RAMP-3 in the tumours 

would need to be determined to confirm this. These two studies may explain why CFPAC-1 ADM KDs 

showed no difference in tumour volume compared to scrshRNA controls. Analysis of RAMP-3 

expression between CFPAC-1 scrshRNA and ADM KD and staining for lymphangiogenesis using 

markers including LYVE-1 may also provide further insight into why there is no difference in tumour 

volume. This could also be applied to the subcutaneous model where although WT cells had a higher 

tumour volume, it was not significantly different. Comparing RAMP-3 expression and expression of 

molecules that are known to promote distant metastases may inform why tumour volumes were not 

significantly different.  

There are also some technical considerations that may have effected tumour volume. CFPAC-1 ADM 

KDs developed used inducible lentiviral knockdowns which require induction with doxycycline. This 

relies on the mice consuming enough water to induce KDs however, Cawthorne et al (2007) 

suggested that the bitter taste of doxycycline could affect consumption of water. Although, there 

were no obvious signs of dehydration throughout the course of the in vivo experiments. Adding 

sucrose to water to reduce the bitter taste of doxycycline and increase water consumption have 
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been suggested however, this lead to severe dehydration. Potentially giving mice food containing 

doxycycline may be a better alternative as doxycycline has been shown to remain stable in food. 

Furthermore, consumption of food containing doxycycline was not reduced in mice compared to 

mice provided with their usual feed (Cawthorne et al., 2007).  

Organs were collected from both orthotopic and subcutaneous experiments to analyse whether any 

metastases developed and also to determine any differences in organ weight between groups. 

Analysis of organs by IVIS showed 5 of the stomach collected to have luminescent signal however, 

based on current analysis by H&E, there is no obvious metastases. Further analysis such as 

comparison of Ki67 positive cells between a stomach without a luminescent signal and a stomach 

without a luminescent signal could be compared. Comparison of liver, kidney and spleen weights 

between day 17 and day 45 in both CFPAC-1 ADM KDs and CFPAC-1 scrshRNA showed no significant 

differences (Figure 6.10). Analysis of organs from subcutaneous experiments showed a significant 

difference between the weight of liver in CFPAC-1 ADM KDs compared to scrshRNA not induced with 

doxycycline with scrshRNA livers weighing more (Fig 6.19). Liver metastases has previously been 

shown to correlate with RAMP-3 expression in PaCa (Dai et al., 2020) however, analysis of liver of 

liver sections by H&E would need to be completed before confirming any metastases.  

Immune cell analysis of whole blood collected from mice following orthotopic injection of CFPAC-1 

ADM KDs and CFPAC-1 scrshRNA into the pancreas showed, the percentage of monocytes was 

within the normal range for BALB/c nude mice on day 17 and day 45. At day 45, monocyte 

percentage was raised in both CFPAC-1 ADM KDs and scrshRNA cells that were not induced with 

doxycycline (Figure 6.13). Eosinophil percentage was varied in both CFPAC-1 ADM KDs and scrshRNA 

on day 17 and day 45 with lymphocyte percentage both inside and outside the normal range for 

BALB/c nude mice (Figure 6.13). Lymphocyte percentage was predominantly normal in both CFPAC-1 

ADM KDs and scrshRNA. CFPAC-1 ADM KD cells not induced with doxycycline had lower levels of 

lymphocytes on both day 17 and day 45. Comparison of ADM KDs to scrshRNA on day 17 without 
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doxycycline induction, showed that ADM KDs had significantly less lymphocytes (26% less). On day 

45 monocytes and eosinophils showed that there were significant differences between different 

doxycycline conditions.  

There is limited literature associating ADM with monocytes, eosinophils and lymphocytes. Sanford et 

al (2013) have shown that low monocyte levels in patient samples correlated with increased patient 

survival. Therefore, the increase in monocytes in both CFPAC-1 ADM KD and scrshRNA not induced 

with doxycycline at day 45 in this study may correlate with tumour progression. However, this may 

not specifically be linked to ADM expression as scrshRNA groups had similar results. Xu et al (2016), 

have shown a correlation between increased ADM expression and increased myelomonocytic 

differentiation into M2 phenotype macrophages and myeloid derived suppressor cells that exhibit a 

pro-tumorigenic phenotype. Analysing tumour sections for specific monocytic cells including M2 

phenotype macrophages may provide a more specific insight into the role of ADM in regulating 

monocytic cells. Eosinophils have been suggested to have a role in the development of fibrosis and 

pancreatic malignancy however, no specific associations have been made with ADM (Manohar et al., 

2017). This study shows large variability between percentage of eosinophils however, on day 45 

there are more eosinophils outside the ‘normal’ range for BALB/c nude mice suggesting that tumour 

progression may increase eosinophil percentage. However, there were no significant differences 

between ADM KD and scrshRNA suggesting that this is change is not necessarily driven by ADM. 

When interpreting the lymphocyte results, an important consideration is that the mice are athymic 

and therefore, interpretation of results only relates to NK cells and B lymphocytes. Higher 

percentages of NK cells have been associated with better prognosis in PaCa patients however, this 

has not been shown to be regulated by ADM in literature. It has also been suggested that B cells 

have an immuno-stimulatory effects in PaCa tumour microenvironments however, this is also not 

specifically associated with ADM expression. Together with data from this study, ADM appears to 

not regulate B lymphocytes and NK cells in this CFPAC-1 xenograft model. 
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7.1.5 Future work 

Current data shows that ADM and its receptor components are expressed in all cell lines however, 

the role of ADM in PaCa has not been fully elucidated. The data also shows that that reducing levels 

of ADM does not significantly affect tumour growth. There were also no significant differences 

between Ki67 positive staining between CFPAC-1 ADM KDs and scrshRNA controls. However, 

endomucin and α-SMA staining analysis needs to be completed to see if ADM has an effect on 

angiogenesis or the percentage of α-SMA positive PSCs. These would inform whether ADM has an 

effect on cells within the tumour microenvironment, as opposed to tumour cells themselves. 

Ishikawa et al (2003) showed that treating PaCa cells with AM22-52 resulted in smaller blood vessels. 

Furthermore, Keleg et al (2007) showed that hypoxic conditions increased both ADM expression and 

VEGF expression. Proliferation of HUVEC cells increased with increasing ADM expression. Dai et al 

(2020) also show that RAMP-2 KO in endothelial cells is associated with decreased angiogenesis. 

Together these data show that ADM has been shown to have an important role in the regulation of 

angiogenesis. Therefore, comparison of CFPAC-1 ADM KDs to CFPAC-1 scrshRNA endomucin may 

inform whether vasculature within the tumour was effected by reducing ADM in CFPAC-1 cells. Dai 

et al (2020) have also shown that increased RAMP-3 expression correlated with increased α-SMA 

expression and a more aggressive phenotype as it is associated with activated PSCs. The pro-

tumorigenic effects of PSCs are discussed in Chapter 6 and shown in Figure 6.1. Therefore, although 

tumour growth may not have decreased as a result of ADM KDs, the number of α-SMA positive PSCs 

may have reduced. This would inform whether KD of ADM results in a less aggressive PaCa tumour 

phenotype. To confirm this, analysis of α-SMA positive staining by QuPath needs to be completed.  

Analysing mRNA expression of ADM, RAMP-2 and RAMP-3 in tumours collected from CFPAC-1 ADM 

KDs, scrshRNA and WT cells by QPCR would be completed in future. This would show if RAMP-2 or 

RAMP-3 expression is more dominant and may provide a further explanation as to why tumour 

growth was not significantly different between groups. Dai et al (2020) showed that activation of 

RAMP-2 by exogenous ADM in RAMP-3 KO mice reduced tumour growth and metastases. However, 
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that tumour size was no different between RAMP-3 KO PAN02 cells and RAMP-3 +/+ PAN02 cells. 

RAMP-2 KOs in endothelial cells showed decreased tumour growth but increased metastases which 

was correlated with increased RAMP-3 expression. These data demonstrate the contrasting roles 

that RAMP-2 and RAMP-3 have in PaCa, finding out whether RAMP-2 or RAMP-3 expression is more 

dominant in CFPAC-1 ADM KDs may explain the lack of significant differences between tumour size 

when comparing to scrshRNA. This could be determined by extracting RNA from tumours collected 

from both orthotopic and subcutaneous experiments and measuring expression of ADM, RAMP-2 

and RAMP-3 in tumours. Staining tumours for RAMP-2 and RAMP-3 by immunohistochemistry could 

also be used to identify if expression is localised to a particular area of the tumour. 

Developing ADM or RAMP-3 KDs in other PaCa cell lines that have been shown to have functional 

ADM receptors for example, AsPC-1 and HPAF-II (Figure 3.16) could provide a wider perspective of 

the different responses PaCa cell lines have to ADM/RAMP-3 KDs. It would show if the results 

obtained from this study would be replicated or whether there are differences between cell lines. 

Keleg et al (2007) have shown that different PaCa cell lines responded differently to recombinant 

ADM, two of the cell lines had increased proliferation whilst the remainder were unresponsive. 

Furthermore, Akada et al (2005) have shown that different cell lines responded differently to 

gemcitabine. CFPAC-1 cells were shown to be sensitive, ASPC-1 cells were intermediately sensitive. 

Together, these data show that all PaCa cells do not all have the same responses therefore, 

comparing the effect of ADM or RAMP-3 KDs in other cell lines may provide different insights into 

the role of ADM in PaCa progression both in vitro and in vivo. 

In future, using CFPAC-1 RAMP-3 KDs in vivo after further validation of successful KD may help clarify 

how much of a role the CLR/RAMP-3 receptor has in inducing pro-tumorigenic effects. To date, the 

important physiological role of the CLR/RAMP-2 system in regulating blood pressure and in 

embryological development has been determined. However, until recently, the pathological role of 

RAMP-3 has been more speculation based, as opposed to evidence based with more focus on ADM 
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itself. Recently, Dai et al (2020) showed how KD of RAMP-3 in PaCa supressed tumour metastases 

suggesting that RAMP-3 plays an important role in the spread of PaCa. Following KD of RAMP-2 in 

endothelial cells which supressed tumour growth, they showed that the number of CAFs on the 

periphery of metastatic tumours was significantly higher together with increased expression of 

RAMP-3. Therefore, they developed RAMP-3 KOs in CAFs which showed tumour weight and 

metastases decreased. Furthermore, in vitro cultures showed decreased proliferation and migration 

of PAN02 cells co-cultured with RAMP-3 KO CAFs. These data demonstrate the important role of 

RAMP-3 in metastasis and tumour growth. Developing RAMP-3 KDs in both human PaCa cells and 

CAFs and exploring the effect this has on other cells that have been previously shown to be 

regulated by PSCs in Figure 6.1 could add to the picture of the exact role RAMP-3 and PSCs have in 

PaCa progression and development. 

In vitro, conditioned media from RAMP-3 KD PSCs/CFPAC-1 cells could be used to treat 

macrophages. The percentage of M2 phenotype macrophages in the KD group compared to WT or 

scrshRNA control PSCs/CFPAC-1 could be compared by flow cytometry to see if they have a role in 

the altering macrophages to the M2 phenotype. The migration and proliferation of macrophages 

could also be compared. These experiments could also be conducted using HUVEC cells to see if 

migration and proliferation is altered when co-cultured with RAMP-3 KD PSCs/CFPAC-1 cells. In vivo, 

co-injection of these cells into mice with a more functional immune system could be used to see if 

tumour growth is altered but also whether the population of immune cells is different between KDs 

and controls. This could be completed by staining for CD206 M2 phenotype macrophage marker on 

tumour sections. Furthermore, analysis of endothelial cells by endomucin expression and differences 

in ECM by measuring collagen I expression which has shown to be tightly regulated by PSCs could be 

completed (Armstrong et al., 2004; Max G. Bachem et al., 2005; Masamune et al., 2008). These data 

could potentially provide a bigger picture for the cross-talk of ADM, RAMP-3, PaCa tumour cells and 

PSCs. Demonstrating that ADM induces its pro-tumorigenic effects predominantly through RAMP-3 

could provide a novel target for the treatment of PaCa. Particularly if the role of RAMP-3 in the 
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development of PaCa is associated with the development of ECM and therefore, desmoplasia 

around the tumour tissue. Finding a method to break down the ECM barrier around the tumour, 

could improve response to currently used chemotherapies.  

7.1.6 Conclusion 

In conclusion, the data show that ADM and its receptor components are expressed in a panel of 7 

PaCa cell lines. Previously collected data also showed that in 5 out of 7 of cell lines ADM has a 

functional role by increasing cAMP production. Therefore, the null hypothesis that ADM and its 

receptor components are not expressed and have no functional role in PaCa is disproved. 

Furthermore, KD of ADM and RAMP-3 in CFPAC-1 was shown to decrease proliferation of CFPAC-1 

cells compared to CFPAC-1 WT cells however, this was not shown to be significant. Treatment of 

CFPAC-1 ADM KDs and RAMP-3 KDs with gemcitabine and 5-FU showed that cells were responsive to 

gemcitabine but not 5-FU. The viability of KD cells was not significantly different from the CFPAC-1 

WT cells and scrshRNA controls. However, at a dose of 100 nM gemcitabine, the amount of 

apoptosis significantly increased in RAMP-3 KDs and ADM KDs suggesting they may improve 

response to chemotherapy compared to WT cells. Therefore, the current data partially disproves the 

null hypothesis that ADM and RAMP-3 have no involvement in the regulation of proliferation and 

apoptosis as proliferation was decreased in CFPAC-1 ADM KDs and RAMP-3 KDs (not significantly) 

and apoptosis increased at some doses of gemcitabine (significantly). 

Current data suggests that ADM knockdown in CFPAC-1 cells has no effect on tumour growth and 

metastases which proves the null hypothesis. There is currently limited data related to the KD or 

overexpression of ADM in PaCa. Ishikawa et al (2003) showed that treatment of PCI-43 PaCa 

tumours with ADM antagonist resulted in decreased tumour size compared to controls. Other 

studies have demonstrated different PaCa cell lines respond differently to ADM in terms of 

proliferation and response to gemcitabine or 5-FU (Akada et al., 2005; Keleg et al., 2007). Therefore, 

a definitive role of ADM in regulating tumour size and weight would need further elucidation by 
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developing the same KDs in other PaCa cell lines. Furthermore, the receptor that ADM binds to may 

also effect whether tumour size and metastases are altered (Dai et al., 2020). Therefore, developing 

KDs specific to RAMP-3 in multiple PaCa cell lines may provide a more useful insight into the 

crosstalk of ADM and RAMP-3 in the development of PaCa tumours.  

The data obtained from this study, together with previous studies around PaCa have demonstrated 

the potential significance of ADM and RAMP-3 in PaCa, particularly the association between RAMP-3 

expression in CAFs and tumorigenesis. However, further research is needed showing the connection 

between ADM, RAMP-3, CAFs (PSCs) and PaCa development. Understanding the exact role ADM and 

RAMP-3 have in activating PSCs and the downstream effects of this on the ECM and desmoplasia still 

needs determining. The role ADM has in inducing other cells within the PaCa tumour 

microenvironment is also essential however, for an ADM/RAMP-3 antagonist to be able to target 

cells within the tumour microenvironment, it must first be able to target the desmoplastic scar tissue 

around the tumour. This would enable penetration of an ADM antagonist in combination with 

current chemotherapies to the target site (tumour cells). Therefore, future research should shift to 

the role of ADM and RAMP-3 in the development of the desmoplastic environment with focus on the 

role of PSC in inducing this.  
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Table 8.1 Reagents, manufacturers and product codes 

Reagent Company/ Product code 

Cell culture 

Dulbecco’s Modified Eagle Medium, GlutaMAX Thermo Fisher, 31966 

RPMI 1640, GlutaMAX Thermo Fisher, 61870 

McCoy’s 5A (Modified) Medium, GlutaMAX  Thermo Fisher, 36600 

Fetal Bovine Serum (FBS) Gibco, 10270 

Sodium Pyruvate (NaPyr)  Thermo Fisher, 11360 

Penicillin-Streptomycin (P/S) Thermo Fisher, 15140 

TrypLE Express Enzyme Thermo Fisher, 14040 

Dulbecco’s Phosphate-Buffered Saline (PBS) Thermo Fisher, 12605 

Trypan Blue Solution, 0.4% Thermo Fisher, 15250 

PBS Thermo Fisher, 10010 

Polymerase chain reaction (PCR), endpoint and QPCR 

ReliaPrep™ RNA Cell Miniprep Precision Promega, Z6012 

High-Capacity RNA-to-cDNA™ Kit Thermo Fisher, 4387406 

GoTaq® G2 Flexi DNA Polymerase Promega, M7801 

HighRanger Plus 100 bp DNA Ladder Norgen Biotek, 12000 

nanoScript2 Reverse Transcription Kit Primerdesign 

RT-NanoScript2 Double-dye (Hydrolysis) probe geNorm 6 gene kit Primerdesign, ge-DD-6 

RNaseZap® RNase Decontamination Solution Thermo Fisher, AM9780 

Gel electrophoresis 

Agarose  Fisher Scientific BP1356 

Tris Acetate EDTA (TAE) National Diagnostics, EC861 

Ethidium Bromide Sigma Aldrich, E1385 

FullRanger 100bp DNA Ladder GeneFlow, L3-0014 

Protein extraction, BCA assay and Western Blotting 

Halt™ Protease and Phosphatase Inhibitor cocktail (100 X) Thermo Fisher, 78446 

DC protein assay  Biorad, 5000111 

4 X Laemmli Sample buffer Biorad, 1610747 

Precision Plus Protein™ Dual Colour Standards Ladder Biorad, 1610374 

4-20% Mini-PROTEON® TGX™ Precast Protein Gels Biorad, 4561096 

10 X Tris/Glycine/SDS Biorad, 1610732 

SuperSignal West Dura Extended Duration Substrate Thermo Fisher, 34075 

cAMP assay 

LANCE cAMP 384 Kit  PerkinElmer, AD0264 

384-well Optiplates PerkinElmer, 6007299 

Hank’s Buffered Saline Solution (HBSS) Thermo Scientific, 24020 

Hank’s Buffered Saline Solution (no Ca2+, no Mg2+) Thermo Scientific, 14170 

Stabilizer, 7.5% (DTPA-purified BSA)  PerkinElmer, CR84 

3-isobutyl-1-methylxanthine Sigma-Aldrich, I5879 

HEPES Fisher Scientific, BP310-1 

Forskolin Sigma-Aldrich, F3917 

Human adrenomedullin Anaspec, AS-60447 

Human calcitonin gene-related peptide Sigma-Aldrich, SCP0060 

Human intermedin Bachem, H-6064 

Viability assay 

RealTime-Glo™ MT Cell Viability Assay  Promega, G9712 

Corning™ Costar™ 96-Well White Clear-Bottom Plates Corning, 3610 
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Apoptosis assay 

Caspase-Glo™ 3/7 Apoptosis Assay  Promega, G8093 

Compound preparation for viability and apoptosis assay 

Gemcitabine HCl  HY-B0003, CS-0735 

5-Fluorouracil (5-FU) Sigma-Aldrich, F6627 

Dimethyl Sulfoxide (DMSO)  Sigma-Aldrich, D8418 

In vivo (cell preparation, IVIS and endpoint) 

Corning® Matrigel® Basement Matrix  Corning, 354234 

Dulbecco’s PBS Thermo Fisher, 14040 

Isoflurane (IsoFlo) Zoetis, 50019100 

XenoLight D-Luciferin PerkinElmer, 122799 

Doxycycline 100 mg/mL oral solution  Karidox, 100675 

 

 

Figure 8.1 Example H&E stomach histology collected at day 45 from CFPAC-1 scrshRNA no dox 

group. (A) CFPAC-1 scrshRNA no dox stomach section from mouse with luminescent signal in 

stomach following IVIS analysis. (B) CFPAC-1 scrshRNA no dox stomach section from mouse with no 

luminescent signal in stomach following IVIS analysis. 
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