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Pancreatic cancer (PaCa) survival has not improved since 1970s and has a dismal one-year survival rate of 21%, one of the lowest in the UK. Novel treatment strategies are needed to treat this unmet clinical need. Our group has developed small molecule antagonists against AM2R, based on a rational drug design strategy. Research has shown that AM2R not only regulates tumour growth and survival, but also angiogenesis, immunosuppression and epithelial-to-mesenchymal transition within the tumour microenvironment. Several lead compounds (SHF-638, SHF-771, SHF-1036, and SHF-1041) have been identified to be potent and selective in inhibiting AM2R, against other similar receptors.
This study was done to evaluate the effect of AM2R antagonists on PaCa cell lines in vitro and in vivo. PaCa cell lines were shown to express mRNA of ADM and its receptor components (CLR and RAMPs), and that these receptors were shown to be functional in producing cAMP. AM2R antagonists were able to decrease viability (up to 40% decrease, p<0.05) and increase apoptosis (up to 104% increase, p<0.05) of PaCa cells in vitro, as well as decrease in vivo tumour growth (up to 56% decrease, p=0.05) in a subcutaneous model of PaCa. AM2R antagonists were also evaluated in vitro and in vivo in combination with currently used chemotherapeutics although AM2R antagonists did not appear to significantly enhance chemotherapeutic effects at the doses used in this study. The anti-tumoural effect of AM2R antagonists as a monotherapy were more pronounced in vivo than in vitro, suggesting that AM2R antagonists also has an anti-tumoural effect on pancreatic stroma, not just on PaCa cells. 
Overall, the results from this study suggest that AM2R antagonists not only inhibit growth of PaCa cells but also mediate anti-tumoural effects within the tumour microenvironment. Hence, AM2R antagonists could potentially be used to target desmoplasia in PaCa, making the tumours more susceptible to other concurrent treatment (e.g. chemotherapy).
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IMD – intermedin (also known as adrenomedullin-2 peptide (ADM-2))
IVIS – in vivo imaging system
JNK - c-Jun N-terminal kinase
LC-MS/MS – liquid chromatography-tandem mass spectrometry
LOXL2 - lysyl oxidase-like protein-2
MAPK – mitogen-activated protein kinase
MMP – matrix metallopeptidase
MR-proADM – mid-regional pro-adrenomedullin
MPACT – Mayo Physician Alliance for Clinical Trials
MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
nab paclitaxel – nanoparticle albumin-bound paclitaxel
ns – not significant
NFκB – nuclear factor κB
OD – optical density
PBS – phosphate-buffered saline
PaCa – pancreatic cancer
PAMP – pro-ADM N-terminal 20-peptide
PDAC – pancreatic ductal adenocarcinoma
PDGF – platelet-derived growth factor
PDX – patient-derived xenografts
PKA – protein kinase A
PKC – protein kinase C
PP cells – pancreatic polypeptide cells (formerly known as F or γ cells)
PSC – pancreatic stellate cells (activated PSCs are also known as cancer-associated fibroblasts or myofibroblasts in pancreatic tumours)
qPCR – quantitative real-time polymerase chain
rADM – recombinant bioactive ADM
RAMP – receptor activity-modifying protein
ROI – region of interest
RFP – red fluorescent protein
RPMI – Roswell Park Memorial Institute
SBRT – stereotactic body radiation therapy
SEER – Surveillance, Epidemiology and End Results Program (National Cancer Institute)
SMC – smooth muscle cell
SN-38 – Activated irinotecan
SPARC – secreted protein acidic and rich in cysteine (also known as osteonectin)
TAM – tumour-associated macrophage
TBE – Tris-borate EDTA
TBS – Tris-buffered saline
TE – Tris-EDTA
TGF-β – transforming growth factor beta
TGS – Tris/Glycine/SDS
TNF-α – tumour necrosis factor alpha
TS – thymidylate synthase
VEC – vascular endothelial cells
VEGF – vascular endothelial growth factor
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[bookmark: _Toc3276182]Chapter 1: Introduction


1.1 [bookmark: _Toc452655519][bookmark: _Toc3276183] Pancreatic Cancer
Pancreatic cancer (PaCa) is the tenth most common cancer and the fifth most common cause of cancer deaths in the UK (Cancer Research UK, 2015b). Unlike most other cancers, incidence rates in the last decade have increased by 8% (Simard et al., 2012). This may reflect increased prevalence in the population of smoking and obesity (risk factors), or survival from what were previously other fatal diseases. One, five- and ten-year survival rates for PaCa in 2010-2011 were 21%, 3% and 1% respectively and unlike most other cancers have not changed since the 1970s (Cancer Research UK, 2015b). This is due to PaCa routinely being diagnosed at a terminal stage, due to non-specific early symptoms. Figure 1.1 shows a schematic of the pancreas. 75% of PaCa develop in the head of the pancreas, 15-20% in the body and 5-10% in the tail (Cancer Research UK, 2015a). PaCa that develop in the head present earlier (Stage 1 or 2) than body and tail tumours (Winer et al., 2019). However, after surgical resection, patients with head tumours have worse overall survival compared to those with body and tail tumours (Winer et al., 2019). This suggests that the location of tumourigenesis affects PaCa’s biological differences, which in turns affects its prognosis.

[image: C:\Users\UOS\Desktop\Literature Review 20150104\figure 1.gif]
[bookmark: _Ref524353353][bookmark: _Toc452655593][bookmark: _Toc3148085]Figure 1.1: Schematic of a pancreas. a) The mature pancreas sits next to the duodenum. b) Exocrine pancreas: Acinar cells produce digestive juices to be secreted via ducts to the duodenum. c) Endocrine pancreas: Islets made up of four hormone-producing cell types: α-cells, β-cells, δ-cells and pancreatic polypeptide (PP) cells. They produce glucagon, insulin, somatostatin and PP respectively. Figure reprinted by permission from Macmillan Publishers Ltd: Nature Publishing Group (Edlund, 2002) ©2002
[bookmark: _Ref525047952]



Table 1.1 lists types of exocrine PaCa, which account for 95% of all PaCa, the most common being ductal adenocarcinoma (PDAC). PDAC originates in ducts that secrete pancreatic digestive enzymes that pass through the pancreatic and then the common bile duct to the duodenum (Figure 1.1b).

[bookmark: _Toc3131440]Table 1.1: Types of exocrine pancreatic tumours
	Types of exocrine tumours
	Description

	Cancerous

	Pancreatic ductal adenocarcinoma
	95% of exocrine PaCa, develop from duct or acinar cells, mostly found in pancreas head

	Ampullary cancer
	Develops in ampulla of Vater, blocks bile duct leading to jaundice

	Benign and pre-cancerous

	Intraductal papillary mucinous neoplasm with invasive carcinoma 
	Develop finger-like projections into 
pancreatic duct secreting mucus, 
occur mostly in older men

	Mucinous cystic neoplasm with invasive carcinoma
	Cystic tumours filled with thick mucus 
in body of tail of pancreas, 
occur almost exclusively in middle-aged women

	Pancreatoblastoma
	Found predominantly in children, associated with Beckwith-Wiedemann syndrome

	Serous cystadenocarcinoma
	Develop from benign cysts containing watery fluid

	Solid pseudopapillary neoplasm
	Parts of tumour are solid and parts are 
cystic with finger-like projections, 
mostly found in younger woman and not aggressive



Table 1.2 lists types of endocrine tumours that account for the remaining 5% of PaCa and these have a better prognosis (five-year survival rate 42% vs. 4%) compared to PDAC, (SEER, 2018). This is due to a subset of endocrine tumours being functioning (hormone-secreting) and causing a noticeable set of symptoms, allowing the tumours to be detected earlier than non-functioning or exocrine tumours. Endocrine tumours develop in islet cells that produce hormones including insulin, somatostatin and PP (Figure 1.1c).
[bookmark: _Ref525047959][bookmark: _Toc3131441]Table 1.2: Types of endocrine pancreatic tumours
	Types of endocrine tumours
	Description

	Gastrinomas
(Zollinger-Ellison syndrome)
	2nd most common endocrine tumour (half are cancerous), develop in pancreas head or duodenum, over-produce gastrin causing peptic ulcers

	Glucagonomas
	Most are cancerous, develop in pancreas tail and metastatic, over-produce glucagon which regulates blood sugar, occur mostly in post-menopausal women

	Insulinomas
	Most common endocrine tumour (mostly benign), over-produce insulin causing hypoglycaemia, 
occur mostly in middle-aged women

	Somatostatinomas
	Most are cancerous, over-produce somatostatin causing gallstones, diabetes, diarrhoea, fatty stool, 
occur mostly in women

	VIPomas
	Most are cancerous, develop in pancreas tail, over-produce VIP (vasoactive intestinal polypeptide) causing watery diarrhoea and Verner-Morrison syndrome, 
occur mostly in women

	Non-functioning
	Does not cause noticeable symptoms as it does not over-produce hormones, often found in tests for other diseases


1.1.1 [bookmark: _Toc451964011][bookmark: _Toc452655520][bookmark: _Toc3276184]Diagnosis and staging of PaCa
As mentioned in Section 1.1, early stages of PDAC can be asymptomatic and difficult to diagnose. Most clear symptoms only manifest in advanced disease. This results in PaCa having one of the lowest one-year survival rates (20% vs. 96% in breast cancer) compared to other cancers (Cancer Research UK, 2014). Common early symptoms include perceived back pain, non-specific abdominal discomfort, indigestion and mild weight loss (Loc et al., 2014). Some patients may also have recently diagnosed diabetes, within two years before PaCa diagnosis (Gullo et al., 1994). If jaundice develops, it is usually a sign that the tumour mass has obstructed the bile duct, preventing the flow of bile to the duodenum, leading to bilirubin accumulation in the system (van der Gaag et al., 2009). This coincides with a change in stool colour due to reduction of stercobilin (breakdown product of bilirubin) in the faeces. 
Table 1.3 shows how the TNM (tumour, node, and metastasis) system takes into account tumour size as well as its spread into adjacent lymph nodes or distant sites. Table 1.4 shows how clinical PaCa staging correlates with the TNM system, as well as tumour location, percentage of cases at diagnosis and 1-year survival rates. Endocrine tumours are also graded by Ki67 proliferation index, where well- and poorly-differentiated tumours have less or more than 20% Ki6-positive tumour cells, respectively (Hamilton et al., 2012). 
[bookmark: _Ref525048111][bookmark: _Toc3131442]Table 1.3: TNM staging system
	T (Tumour)

	T1
	Tumour completely in pancreas, <2cm

	T2
	2-4cm

	T3
	>4cm

	T4
	Tumour grown outside pancreas into nearby large blood vessels

	N (Nodes)

	N0
	No lymph nodes contain cancer cells

	N1
	1-3 lymph nodes contain cancer cells

	N2
	>4 lymph nodes contain cancer cells

	M (Metastasis)

	M0
	Cancer not spread to distant organs

	M1
	Cancer spread to distant organs






[bookmark: _Ref525048122][bookmark: _Toc3131443]Table 1.4: Clinical PaCa staging/grading and how it associates with tumour, node and metastasis (TNM) staging system, location and size of tumour, proportion of cases at diagnosis and 1-year survival rates
	Stage/ Grade
	TNM system
	Location of cancer
	Size
	% cases stage at diagnosis
	1-year survival

	1a
	T1, N0, M0
	Completely in pancreas
	<2cm
	4-6%
	76%

	1b
	T2, N0, M0
	
	2-4cm
	
	49%

	2a
	T3, N0, M0
	Gone into surrounding tissues (duodenum, bile duct)
	>4cm
	10-11%
	48%

	2b
	T1-3, N1, M0
	Gone into surrounding tissues and 1-3 nearby lymph nodes
	Any size
	
	45%

	3
	T4, NX, M0
	Grown outside pancreas into nearby large blood vessel
	
	7-9%
	28%

	4
	TX, NX, M1
	Cancer has spread to other areas of body
(e.g. liver, lungs)
	
	47-54%
	8%


X in TNM: any category; Data in table summarised from Cancer Research UK and Surveillance, Epidemiology and End Results Program (National Cancer Institute). Data available from:
https://www.cancerresearchuk.org/sites/default/files/cstream-node/inc_by_stage_pancreas.pdf, accessed September 2018;
https://seer.cancer.gov/csr/1975_2015, accessed September 2018



[bookmark: _Toc451964013][bookmark: _Toc452655522]Currently, the only FDA approved biomarker for PaCa is carbohydrate antigen 19-9 (CA 19-9) in serum. However, it is still considered a poor biomarker for PDAC as the median sensitivity and specificity of CA 19-9 is 79% and 82%, respectively (Goonetilleke and Siriwardena, 2007). Using elevated CA 19-9 serum levels to screen for PDAC yields an even more dismal positive predictive value of 0.5-0.9% (Ballehaninna and Chamberlain, 2012). Additionally, CA 19-9 is a sialyl Lewis antigen, meaning PaCa patients with Lewis-null blood type (5-10% of the Caucasian population) do not produce CA 19-9, resulting in false negative results (Goonetilleke and Siriwardena, 2007). Lastly, elevated CA 19-9 levels are also implicated in a variety of diseases including acute and chronic pancreatitis, hepatitis and cholangiocarcinoma. Other PaCa markers – including amylase, immunoreactive elastase and carcinoembryonic antigen – have lower sensitivities and specificities and are also up-regulated in pancreatic diseases and other malignancies (Pezzilli et al., 2016, Hamano et al., 1987, Carpelan-Holmstrom et al., 2002). Currently, no well-established diagnostic test exists for early and accurate PaCa detection, although differences in volatile organic compounds in breath offer the possibility of earlier detection (Markar et al., 2018). Recently, a cohort study protocol was published to detect PaCa in new-onset diabetic patients using adrenomedullin (ADM) as a marker to delineate high or low-risk populations (Antolino et al., 2018).
1.1.2 [bookmark: _Toc451964012][bookmark: _Toc452655521][bookmark: _Toc3276185]Treatment
Treatment options for PaCa patients depend on disease stage, as shown in Figure 1.2. Surgery is only an option for patients whose tumours have not spread locally and beyond the pancreas (Stages 1-2, Section 1.1.2.1). Once the tumours have become locally advanced and found in major blood vessels and lymph nodes (Stage 3), chemotherapy is the treatment of choice with surgery only being an option for symptomatic relief of jaundice or bowel blockage (Jinkins et al., 2013). In metastatic PaCa (Stage 4), chemotherapy is not curative and only offered to shrink the tumour or to relieve symptoms associated with advanced disease. The various chemotherapeutics used (alone or in cocktails) to treat or relieve symptoms of PaCa will be explored in Section 1.1.2.2. Interestingly, radiotherapy is not currently offered to treat local or advanced PaCa even though it is used for curative treatment of 20-55% of other cancers worldwide (Delaney et al., 2005), and this will be explained in Section 1.1.2.3.   
[image: ]
[bookmark: _Ref522782383][bookmark: _Ref522782369][bookmark: _Toc3148086]Figure 1.2: Treatment options for various stages of pancreatic cancer

[bookmark: _Toc3276186]1.1.2.1 Surgical resection of PaCa
Surgery is only available for patients whose PaCa have not metastasised (Stages 1 and 2), and this only occurs in 27% of patients according to pre-recruitment figures for European Study Group for Pancreatic Cancer (ESPAC) trials (Wagner et al., 2004). Depending on where the tumour is located in the pancreas and how much it has spread to surrounding tissues, patients could undergo various types of major operations for resection. The surgery could include partial or complete removal of specific organs adjacent to the pancreas. Table 1.5 shows the types of surgery available for PaCa and the respective tissues that are removed in addition to the primary tumour. 
[bookmark: _Ref523489780][bookmark: _Toc3131444]Table 1.5: Types of PaCa surgeries and organs that are resected
	
	PPPD
	Whipple’s
	Distal pancreatectomy
	Total pancreatectomy

	Pancreas
	Head
	Head
	Body and tail
	Whole

	Duodenum
	Whole
	Whole
	-
	Whole

	Gallbladder
	Whole
	Whole
	-
	Whole

	Bile duct
	Part of
	Part of
	-
	Part of

	Stomach
	-
	Part of
	-
	Part of

	Spleen
	-
	-
	Whole
	Whole

	Surrounding lymph nodes
	-
	-
	-
	Many


PPPD: Pylorus Preserving PancreaticoDuodenectomy

Surgical resection has been shown to increase median survival (8.4 vs. 19.1 months, p<0.0001) as well as one-year (69.8% vs. 26.8%, p<0.0001) and five-year survival rates (24.6% vs. 2.9%, p<0.0001) in patients with stage 1 PaCa compared to no surgery (Bilimoria et al., 2007). However, resection has also been shown to induce dissemination of occult tumour cells into the peritoneal cavity in a third of PaCa patients (Steen et al., 2018). 
Adjuvant chemotherapy is offered to patients after resection to improve survival and prolong time to recurrence. In the ESPAC-1 trial, adjuvant 5-fluorouracil (5-FU) based chemotherapy has been shown to significantly increase median survival (19.7 vs. 14.0 months, p<0.001) in patients with resected PaCa compared to patients without (Neoptolemos et al., 2001). A retrospective study of stage 1 and 2 PaCa patients who have undergone surgical resection in Ohio State University showed that while recurrence rates (33% vs. 27%) were similar between patients with adjuvant chemotherapy and without, median time to recurrence (13.7 vs. 4.2 months, p<0.001) was significantly improved (Martin et al., 2014). 
Obstructive jaundice is a common presenting symptom amongst PaCa patients, thus pre-operative biliary stenting was introduced in the 1960s in a bid to reduce post-operative morbidity and mortality after surgical resection (Denning et al., 1981).  Despite its initial positive intentions, pre-operative biliary stenting has recently been shown to result in contrary outcomes with respect to resection, such as increases in pre-operative infection and post-operative complication rates (Scheufele et al., 2017). Thus, it is currently only offered to patients with severe jaundice, undergoing neo-adjuvant therapy or postponed surgical resection (Jinkins et al., 2013).
[bookmark: _Toc3276187]1.1.2.2 Chemotherapeutic agents used to treat PaCa
Chemotherapy is used in early stages (1 and 2) PaCa post-operatively to decrease chances of recurrence, or in late stages (3 and 4) PaCa to or to shrink tumours and relieve tumour-associated symptoms. 
[bookmark: _Ref523492997]Table 1.6 lists chemotherapeutic agents currently used to treat PaCa, either on their own or in combination chemotherapy regimens shown in Figure 1.2. 
Table 1.6: Chemotherapeutic agents used to treat PaCa and their modes of actionTS: thymidylate synthase
FOLFIRINOX: FOLinic acid (leucovorin), 5-Fluorouracil, IRINotecan, OXaliplatin; 
Nab paclitaxel: nanoparticle albumin-bound paclitaxel


	Chemotherapeutic agent
	Other names
	Mode of action
	Reference

	5-fluorouracil
	Adrucil, part of FOLFIRINOX
	Inhibits TS  prevents DNA synthesis  cell death
	(Sommer and Santi, 1974)

	Capecitabine
	Xeloda
	Inhibits TS  prevents DNA synthesis  cell death
	(Miwa et al., 1998)

	Gemcitabine
	Gemzar
	Masquerades as cytidine + inhibits TS  prevents DNA synthesis  cell death
	(Plunkett et al., 1995, Honeywell et al., 2015)

	Irinotecan
	Camptosar,  part of FOLFIRINOX
	Inhibits topoisomerase I  prevents DNA synthesis  cell death
	(Jacob et al., 2001)

	Oxaliplatin
	Eloxatin, part of FOLFIRINOX
	Forms cross-links in DNA  prevents DNA synthesis  cell death
	(Faivre et al., 2003)

	Nab-paclitaxel
	Abraxane
	Inhibits microtubule reorganisation + induces multipolar divisions 
cell death
	(Horwitz, 1994, Zasadil et al., 2014)


5-FU was the first chemotherapeutic agent evaluated for advanced PaCa. ESPAC-1 trial showed that adjuvant 5-FU improved median survival (19.7 vs. 14.0 months, p<0.001) in patients with resected PaCa compared to no treatment (Neoptolemos et al., 2001). 5-FU’s active metabolite (fluorodeoxyuridine monophosphate, FdUMP) inhibits thymidylate synthase (TS) by forming a stable complex with it, impeding dTMP synthesis and leading to nucleotide imbalance (Sommer and Santi, 1974). FdUMP also prevents deoxyuridine monophosphate (dUMP) from binding to TS, resulting in an accumulation of dUMP. Tri-phosphorylated dUMP and FdUMP (dUTP and FdUTP) can be misincorporated into DNA resulting in irreparable DNA damage and eventually cell death (Lindahl, 1974). 
Gemcitabine is another commonly used chemotherapeutic agent used to treat PaCa, especially in patients who are not fit enough to tolerate 5-FU chemotherapy cocktails (e.g. FOLFIRINOX). Gemcitabine, like 5-FU, is a pyrimidine analog. Misincorporation of gemcitabine triphosphate (dFdCTP) results in irreparable DNA damage leading to cell death (Plunkett et al., 1995). Recently, it has also been shown that gemcitabine’s metabolite, dFdUMP, can also inhibit TS in the same manner as 5-FU (Honeywell et al., 2015). In 1997, gemcitabine was the second drug after 5-FU to be approved by the FDA to treat advanced PaCa. In patients with metastatic PaCa, gemcitabine improved survival duration (5.65 vs. 4.41 months, p<0.01) and response (23.8% vs. 4.8%, p<0.01) compared to 5-FU (Burris et al., 1997). ESPAC-3 trial also revealed that in PaCa patients with resected tumours, while adjuvant gemcitabine did not improve overall and progression-free survival compared to adjuvant 5-FU, it did result in less treatment-related serious adverse effects (7.5% vs. 14%, p<0.001) although this did not significantly improve their quality of life (Neoptolemos et al., 2010). 
Capecitabine is another chemotherapeutic agent that is offered in PaCa treatment regimens in combination with gemcitabine. Capecitabine is a 5-FU prodrug developed to improve tolerability and intratumour concentrations compared to other 5-FU derivatives (Miwa et al., 1998). ESPAC-4 trial showed in patients with resected PaCa that capecitabine plus gemcitabine increased 5-year overall survival (28.8% vs. 16.3%, p<0.05) and median survival time (28.0 vs. 25.5 months, p<0.05) compared to gemcitabine alone (Cunningham et al., 2009). There were also no differences in treatment-related serious adverse events and quality of life, suggesting that capecitabine has a better safety profile than 5-FU.
Irinotecan and oxaliplatin are two other chemotherapeutics that are part of the FOLFIRINOX regimen. Activated irinotecan (SN-38) binds to topoisomerase I-DNA cleavage complex preventing re-ligation of DNA strands, causing double-strand DNA breakage and cell death (Jacob et al., 2001). Oxaliplatin forms intra- and inter-strand crosslinks in DNA, inhibiting DNA replication and transcription leading to cell death (Faivre et al., 2003, Woynarowski et al., 2000). In 2011, FOLFIRINOX overtook gemcitabine as first-line treatment for advanced PaCa. In the PRODIGE 4/ACCORD 11 trial, FOLFIRINOX resulted in better median overall survival (11.1 vs. 6.8 months, p<0.001), median progression-free survival (6.4 vs. 3.3 months, p<0.001) and response rate (31.6% vs. 9.4%, p<0.001) in patients with metastatic PaCa compared to gemcitabine alone (Conroy et al., 2011). However, FOLFIRINOX had significantly more grade 3 or 4 adverse events compared to gemcitabine. Thus, FOLFIRINOX is first-line treatment only for advanced PaCa patients with good performance status according to Eastern Cooperative Oncology Group guidelines where they are fully active (ECOG grade 0) or able to carry out light or sedentary work but restricted in physically strenuous activities (ECOG grade 1).
Lastly, albumin-bound nanoparticle form of paclitaxel (nab-paclitaxel) is a chemotherapeutic agent approved to treat PaCa. Paclitaxel inhibits reorganisation of the microtubule network, blocking cells in G2/M phase of the cell cycle and leading to cell death (Horwitz, 1994). However, it has been more recently hypothesised that paclitaxel kills breast tumour cells by inducing multipolar divisions resulting in daughter cells with aneuploidy which die due to loss of essential chromosomes (Zasadil et al., 2014). In the MPACT trial, nab-paclitaxel in combination with gemcitabine has also been shown to increase overall survival (8.5 vs. 6.7 months, p<0.05), progression-free survival (5.5 vs. 3.7 months, p<0.001) and response rate (23% vs. 7%, p<0.001) in advanced PaCa patients compared to gemcitabine alone (Von Hoff et al., 2013). Additionally, an important prognostic marker in PaCa patients receiving nab-paclitaxel is osteonectin (SPARC), a protein that binds albumin. This enables SPARC positive tumours to have increased accumulation of paclitaxel due to the binding of SPARC to albumin-conjugated paclitaxel (Desai et al., 2009). In patients treated with nab-paclitaxel and gemcitabine, patients with positive SPARC status had significant increase in overall survival (17.8 vs. 8.1 months, p<0.05) compared to patients with a negative SPARC status (Von Hoff et al., 2011). 
[bookmark: _Toc3276188]1.1.2.3 Radiotherapy for PaCa patients
Compared to other treatment strategies for PaCa (resection or chemotherapy), radiotherapy is not commonly offered to PaCa patients. Radiotherapy has been shown in clinical trials and meta-analyses to offer no additional benefits to PaCa patients when used alone or in combination with other treatment regimens such as chemotherapy or palliative care. In the LAP07 trial, chemoradiation did not improve overall survival (15.2 vs. 16.5 months, not significant) compared to chemotherapy in stage 3 PaCa patients who had previously been treated with gemcitabine with or without tyrosine kinase inhibitor erlotinib (Hammel et al., 2016). Moreover, a safer regimen of radiotherapy which more specifically targets tumour tissues (stereotactic body radiation therapy, SBRT) similarly failed to improve overall survival (18.8 vs. 13.6 months, not significant) in stage 3 PaCa patients compared to conventional chemoradiation (Wild et al., 2016). However, SBRT resulted in significantly less severe radiation-induced lymphopenia (13.8% vs. 71.7%, p<0.001) compared to chemoradiation.
1.1.3 [bookmark: _Toc3276189]Risk Factors
While survival rates of other cancers have been greatly improved comparing rates from 2010-2011 and 1970s, such as breast (ten-year survival from 40% to 75%) and prostate (ten-year survival from 25% to 80%) cancers, PaCa ten-year survival rates have not changed from 1% (Cancer Research UK, 2015b). Incidence rates of PaCa have also increased by 9-11% comparing incidence rates from 2003-2005 and 2013-2015 (Cancer Research UK, 2015b). This is due to the increase in PaCa-associated risk factors which include smoking, reproductive factors (hormones and parity) and type 2 diabetes mellitus (new-onset DM). 
Even though one of the major risk factors for PaCa is smoking, its relationship remains contentious. A pooled analysis of second primary PaCa revealed connections with smoking-related cancers (Shen et al., 2006). One proposed mechanism is that nicotine promotes growth and metastasis of PaCa via hepatocyte growth factor-induced c-Met activation (Delitto et al., 2015). 
PaCa has also been shown to have an association with both male and female sex hormones. PaCa is positively associated with previous uterine and ovarian cancer yet has an inverse relationship with prostate cancer (Shen et al., 2006). Higher estradiol levels were found in males and females with PaCa, compared to healthy volunteers (Fyssas et al., 1997). High parity (number of times given birth) is also linked with lower risk of PaCa death (Teras et al., 2005). After ovarian and breast cancer, PaCa is the third cancer associated with germline BRCA1/2 mutations, in addition to sex hormone dysregulation (Lynch et al., 2005, Thompson et al., 2001). The combined evidence suggest that the various sex hormones (estrogens, progestogens and androgens) could be differentially involved in PaCa, having either a positive or negative association.   
Diabetes mellitus (DM) is an independent risk factor for PaCa. A meta-analysis of DM and PaCa revealed that the risk increase is two-fold (Ben et al., 2011). However, studies are equivocal on whether PaCa affects development of diabetes or vice versa. Metabolic abnormalities of diabetes, such as hyperglycaemia, could fuel oncogenic pathways promoting cancer growth, migration and invasion (Ryu et al., 2014). On the other hand, PaCa cells have been shown to inhibit insulin signalling in β-cells, a mechanism by which PaCa could lead to new-onset DM (Aggarwal et al., 2012). A biological basis for the epidemiological link between DM and PaCa was identified to be ADM expression. 
In addition to being a potential link between PaCa and DM, ADM has also been shown to be up-regulated in many types of cancers and has been shown to augment cancer-promoting pathways resulting in increased proliferation and angiogenesis, apoptosis and immune evasion as well as therapeutic resistance. Section 1.2 will introduce ADM expression, signal transduction and physiological function. The link between dysregulated ADM signalling cancer-promoting pathways will be discussed in Section 1.3.
1.2 [bookmark: _Toc451964014][bookmark: _Toc452655523][bookmark: _Toc3276190] ADRENOMEDULLIN (ADM)
[bookmark: _Toc452394383]ADM is a peptide of 52 amino acids (a.a.) and 6 kDa. It belongs to the calcitonin superfamily which includes amylin (AMY), calcitonin gene-related peptide (CGRP) and intermedin (IMD or adrenomedullin-2) (Muff et al., 2003). They share similar secondary structures consisting of an amino acid ring formed by a disulphide bond and an amidated carboxyl terminus (Roh et al., 2004).  Circulating ADM in plasma has a short half-life of 16-20 minutes and binds to complement protein factor H, rendering it undetectable (Pio et al., 2002, Dupuis et al., 2005). Plasma concentrations of ADM in healthy controls have been shown in at least 15 independent studies to range between 1-10 pM (Hinson et al., 2000). Section 1.2.1 will detail the process of ADM gene and protein expression.
1.2.1 [bookmark: _Toc451964015][bookmark: _Toc452655524][bookmark: _Toc3276191]GENE AND PROTEIN EXPRESSION
[bookmark: _Toc452394385]ADM expression is encoded by ADM gene and is found on human chromosome 11p15.4.  Figure 1.3 shows the schematic of how the primary translational ADM product is cleaved and processed into its final circulating forms. Pre-proADM (185 a.a.) is cleaved at N-terminus to form pro-ADM, a precursor of mature ADM (a.a. 95-146) and associated peptides including pro-ADM N-terminal 20-peptide (PAMP, a.a. 22-42), mid-regional pro-ADM (MR-proADM, a.a. 45-92) and C-terminally glycine-extended adrenomedullin (CT-proADM also known as adrenotensin, a.a. 153-185) (Beltowski and Jamroz, 2004). Pro-ADM is further cleaved into circulation into biologically active ADM and associated peptides (PAMP, MR-proADM and CT-proADM). 
[bookmark: _Toc3148087][bookmark: _Ref525123699][image: ]Figure 1.3: Schematic of biogenesis of adrenomedullin from primary translational product to biologically active ADM and associated peptides. Figure adapted with permission from Macmillan Publishers Ltd: Elsevier (Weber et al., 2017) ©2017
Oxidative stress and inflammatory molecules like tumour necrosis factor α (TNF-α) can increase ADM secretion (Drimal and Drimal, 2006). Hypoxia is also a potent ADM inducer. This is mediated by hypoxia-inducible-factor-1 (HIF-1) transactivation of ADM promoter and post-transcriptional mRNA stabilisation (Garayoa et al., 2000). 

1.2.2 [bookmark: _Toc451964016][bookmark: _Toc452655525][bookmark: _Toc3276192]RECEPTORS
[bookmark: _Toc451964017][bookmark: _Toc452655526]ADM primarily functions through the combination of a G protein-coupled receptor (GPCR) and a receptor activity-modifying protein (RAMP). These are detailed in the following sections (Section 1.2.2.1 to 1.2.2.3). Section 1.2.2.4 will elaborate on ADM’s association with other receptors. 
1.2.2.1 [bookmark: _Toc3276193][bookmark: _Toc451964018]G-PROTEIN COUPLED RECEPTORS
[bookmark: _Toc452394388][bookmark: _Ref525307799][bookmark: _Toc452655611]GPCRs contain an N-terminal extracellular domain for ligand binding, a seven-transmembrane domain and a C-terminal intracellular domain for signalling to secondary messengers (Liebmann, 2004). Table 1.7 lists the GPCR superfamily classes. Receptors that bind to ADM and other calcitonin superfamily peptides fall in Class B – calcitonin receptor (CTR) and calcitonin receptor-like receptor (CLR). 
Table 1.7: GPCR superfamily classescAMP: cyclic adenosine monophosphate; CaSR: calcium-sensing receptor; CLR: calcitonin receptor-like receptor; CTR: calcitonin receptor; GABAB: gamma-aminobutyric acid class B; PTHR: parathyroid hormone receptor


	Class
	Receptor Family
	Examples

	A
	Rhodopsin-like
	Rhodopsin, histamine receptors

	B
	Secretin
	CTR, CLR, PTHR

	C
	Metabotropic glutamate
	CaSR, GABAB receptors

	D
	Fungal pheromone
	Mating factor receptors

	E
	cAMP
	Serpentine receptors

	F
	Frizzled-type
	Frizzled and Smoothened receptors


Recent research has purported that the paradigm of GPCR activation is more complex than just an on/off mechanism. A single receptor can bind to different ligands, exist in multiple confirmations and subsequently result in activation/inactivation of G protein signalling pathways. This is thought to be due to the complexing of GPCRs with different RAMPs, resulting in completely different receptor complexes (further elaborated in Section 1.2.2.3). 
1.2.2.2 [bookmark: _Toc452655527][bookmark: _Toc3276194][bookmark: _Toc451964019]CALCITONIN RECEPTOR-LIKE RECEPTOR (CLR)
[bookmark: _Toc452394390]CLR gene is located in human chromosome 2q31 sharing 54% sequence identity with CTR (Sexton et al., 2006). CLR protein is approximately 70 kDa and varies depending on glycosylation (McLatchie et al., 1998). Unlike most GPCRs, CLR requires association with RAMPs (Section 1.2.2.3) for cell-surface trafficking and ligand specificity (Hilairet et al., 2001). This is achieved through terminal or core glycosylation of CLR (Flahaut et al., 2002). Once the CLR/RAMP receptor complex is co-trafficked to the cell surface, ligand binding can then activate downstream signalling as detailed in Section 1.2.3.
1.2.2.3 [bookmark: _Toc452655528][bookmark: _Toc3276195]RECEPTOR ACTIVITY-MODIFYING PROTEINS
The three members in the human RAMP family (RAMP-1, RAMP-2 and RAMP-3) have low amino acid sequence homology (31% identical, 56% similar) with each other (McLatchie et al., 1998). RAMP-1 and RAMP-3 are 148 a.a. long while RAMP-2 is 175 a.a. long. Genes encoding RAMP-1, -2 and -3 are found in human chromosomes 2q36-q37.1, 17q12-q21.1 and 7p11-7p13 respectively (Derst et al., 2000). RAMPs are approximately 14 to 17 kDa and comprise of a large extracellular N terminus (~100 a.a.), single transmembrane domain and short intracellular domain (~10 a.a.) (McLatchie et al., 1998). 
RAMPs are distributed in more sites around the body than CLR, suggesting they have additional roles beyond association with CLR. RAMPs can associate with other GPCRs to alter their pharmacology, trafficking and signalling consequences.  
Firstly, the association of different RAMPs to a receptor can subtly change its conformation to result in a pharmacologically different receptor complex that favours different ligands. For example, CLR and CTR can bind to each of the three RAMPs resulting in receptor complexes with different potencies for calcitonin superfamily ligands, as shown in Table 1.8. ADM not only binds to AM1R and AM2R but also with CGRPR, albeit at a lower affinity. This makes it tricky to pinpoint which ligand/receptor combinations are responsible for physiological and pathological manifestations. 
Secondly, RAMPs are also responsible for trafficking of GPCRs to the cell surface. RAMP-1 forms heterodimers with CLR before transporting it from endoplasmic reticulum to the cell surface, as shown in co-transfection studies in Xenopus oocytes (Flahaut et al., 2002). RAMP-1 and RAMP-3 have also been shown to traffic calcium sensing receptor (CaSR) for cell surface expression in COS-7 cells (Bouschet et al., 2005). However, presence of RAMPs is not sufficient for cell surface expression of GPCRs. Glycosylation of RAMPs may additionally be required. Co-transfection studies in Xenopus oocytes showed N-glycosylation of RAMP-2 and RAMP-3 is integral for cell surface trafficking prior to binding with CLR (Flahaut et al., 2002). 
Table 1.8: Rank order of calcitonin superfamily potencies for CLR/RAMP and CTR/RAMP receptor complexesADM: adrenomedullin; AMY: amylin; CGRP: calcitonin gene-related peptide; CLR: calcitonin receptor-like receptor; CT: calcitonin; CTR: calcitonin receptor; IMD: intermedin
Table adapted with permission from Macmillan Publishers Ltd: Elsevier (Hay et al., 2006) ©2006


	Receptor complexes
	Rank order of potency

	CLR/RAMP-1 (CGRPR)
	CGRP > ADM ≥ IMD > AMY

	CLR/RAMP-2 (AM1R)
	ADM > IMD > CGRP, AMY

	CLR/RAMP-3 (AM2R)
	ADM ≥ IMD ≥ CGRP > AMY

	CTR/RAMP-1 (AMY1R)
	AMY ≥ CGRP > IMD ≥ CT > ADM

	CTR/RAMP-2 (AMY2R)
	Poorly defined

	CTR/RAMP-3 (AMY3R)
	AMY > CGRP ≥ IMD ≥ CT > ADM

	CTR only
	CT > AMY, CGRP > ADM, IMD


Lastly, RAMPs can also modulate downstream signalling in GPCRs. Co-expression studies showed that interaction of different RAMPs with CTR can alter G-protein coupling efficiencies, resulting in different signalling profile between them or in the absence of RAMPs (Morfis et al., 2008). In COS-7 and HEK-293 cells, CTR co-expressed with RAMP-1 or RAMP-3 had 20- to 30-fold AMY potency for cAMP production, compared to either CTR alone or co-expressed with RAMP-2.  However, only a mild increase in AMY potency was seen for ERK1/2 activation and Ca2+ mobilisation (2 to 5-fold).  
1.2.2.4 [bookmark: _Toc451964020][bookmark: _Toc452655529][bookmark: _Toc3276196][bookmark: _Toc451964021][bookmark: _Toc452655530]OTHER ADRENOMEDULLIN RECEPTORS
[bookmark: _Toc452394393]ADM has previously been shown to bind to other GPCRs such as ADMR and RDC1.  However, they are not considered to be genuine ADM receptors (Hay et al., 2011). ADMR is now known as orphan GPCR GPR182. RDC1 expression does correlate with ADM expression in various cell types including monocytes and pheochromocytomas, but studies have yet to show direct ADM binding effects (Bosco et al., 2006, Thouënnon et al., 2010).
1.2.3 [bookmark: _Toc3276197][bookmark: _Toc452394395]SIGNAL TRANSDUCTION
[bookmark: _Toc451964022][bookmark: _Toc452655531]ADM mainly activates three signalling pathways – cAMP, Akt and mitogen-activated protein kinase (MAPK). These pathways are outlined in Figure 1.4.  
Increased cAMP levels lead to relaxation of vascular cells and cardiac monocytes (Shimekake et al., 1995, Ikeda et al., 1996). Increased protein kinase A (PKA) activation is also growth-inhibitory (Shichiri and Hirata, 2003). ADM also stimulates calcium influx via PKA, which has been shown to activate nitric oxide synthase and release in SK-N-SH neuroblastoma cells (Xu and Krukoff, 2005). In vascular endothelial cells (VEC), Akt activation regulates vasodilation, growth, migration and cord-like structure formation (Fernandez-Sauze et al., 2004). ADM can both stimulate and inhibit proliferation through MAPK pathways. ADM promotes VEC proliferation through extracellular signal-regulated kinase (ERK) downstream pathways (Fritz-Six et al., 2008). In glomerular mesangial cells, ADM activates apoptosis through activation of other kinases including PKA, c-Jun N-terminal kinase (JNK) and protein phosphatase 2A (Kitamura et al., 1993).
[bookmark: _Ref524356174][bookmark: _Toc440397360][bookmark: _Toc452655594][image: ]
[bookmark: _Ref525145410][bookmark: _Ref525145401][bookmark: _Toc3148088]Figure 1.4: ADM mainly activates three signalling pathways: cAMP, MAPK and Akt. Binding of ADM to its receptors can activate pathways that either stimulate or inhibit cell growth. Activating adenylyl cyclase (AC) increases cAMP levels, which in turn activates protein kinase A (PKA). One of PKA’s effects is growth inhibitory. MAPK signalling can be growth-stimulatory [extracellular-related kinase (ERK) and c-Jun N-terminal kinase (JNK)-AP-1 pathways] or growth-inhibitory [JNK inhibition of apoptosis suppressors like Bcl-2]. Lastly, activation of phosphoinositide-3-kinase (PI3K) promotes Akt activation, which stimulates cell growth.

1.2.4 [bookmark: _Toc3276198]BIOLOGICAL FUNCTIONS OF ADRENOMEDULLIN
[bookmark: _Toc452394398]Figure 1.5 shows an overview of ADM’s physiological and pathophysiological functions. Most of ADM’s functions in various organs (e.g. female tissues, kidney and bladder) involve mediation of vasodilation. Similar to CGRP, which is another member of the calcitonin family of peptides, ADM induces hypotension via nitric oxide release (Miura et al., 1995). ADM mediates vasodilation of vascular endothelial cells and smooth muscle cells (SMCs) through cAMP/calcium calmodulin and cAMP/Akt pathways respectively (Yallampalli et al., 2013). More specifically, AM2R have been shown to primarily mediated ADM’s vasodilator effects in SMCs through cAMP/Akt pathways (Chauhan et al., 2015). 
Other physiological effects mediated by ADM (e.g. female tissues, kidney, bladder and immunity) will be discussed in Chapter 3. While ADM is crucial for homeostasis, it can also lead to pathological functions when dysregulated. ADM is associated with various diseases including diabetes, hypertension, heart failure and renal failure (Martínez et al., 1999, Kohno et al., 1996, Nishikimi et al., 2003, Nishikimi et al., 2001). The next section will elaborate on its regulation of different cancer hallmarks in various cancers.
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[bookmark: _Ref525304847][bookmark: _Toc3148089]Figure 1.5: ADM regulates both physiological and pathological functions in various organs. While ADM is essential to sustain regulation of blood pressure and hormone secretion, dysregulation of ADM signalling could result in stimulation of pathways that promote cancer growth and metastasis.
1.3 [bookmark: _Toc451964024][bookmark: _Toc452655533][bookmark: _Toc3276199]ADRENOMEDULLIN AND CANCER
As a tumour grows, it will eventually outgrow its blood supply. This results in regions of the tumour with lower oxygen concentration than normal as oxygen is consumed by the rapidly dividing tumour cells adjacent to existing blood vasculature and this phenomena is called hypoxia. One of the molecules up-regulated to continually promote tumour cell proliferation is ADM. This has been shown in various types of cancers including colorectal and pancreatic (Nouguerède et al., 2013, Keleg et al., 2007). It is currently accepted that ADM’s pro-tumoural effect is primarily driven through its regulation of angiogenesis, leading to the tumour establishing more vasculature to continue supporting its growth and metastasis to distant organs. The subsequent sections will detail the effect of ADM on various cancer hallmarks and the signalling pathways that are involved in each of those hallmarks.  
1.3.1 [bookmark: _Toc451964026][bookmark: _Toc452655535][bookmark: _Toc3276200]ADRENOMEDULLIN AND PROLIFERATION
[bookmark: _Toc452394406][bookmark: _Toc452394404]ADM regulates proliferation through several pathways, outlined in Figure 1.6. In Du145 prostate cancer and T47D breast cancer cells, ADM significantly increased in vitro proliferation via the Ras-Raf-MEK-ERK pathway. Up-regulation of Raf-1, MEK1/2 and ERK1/2 proteins were detected in Du145 prostate cancer after 10 minutes of ADM treatment (Berenguer-Daizé et al., 2013). Another pathway involves JNK and AP-1, possibly in a positive feedback loop. ADM-overexpressing T47D breast cancer cells had increased levels of Ras, Raf, PKC and MAPKp49 (JNK) oncogenic proteins (Martínez et al., 2002). ADM stimulates glioblastoma proliferation by inducing c-Jun and JNK phosphorylation, which increases activator protein-1 (AP-1) DNA binding activity and cyclin D1 levels (Ouafik et al., 2009). Basic fibroblast growth factor (b-FGF) can induce ADM expression in a time- and dose-dependent manner through the JNK-AP-1 pathway in CAOV3 ovarian cancer cells (Zhang et al., 2009). AP-1 was shown to bind to ADM promoter, which is critical for b-FGF-induced ADM expression.
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[bookmark: _Ref524619299][bookmark: _Toc440397361][bookmark: _Toc452655595][bookmark: _Toc3148090]Figure 1.6: ADM promotes tumour proliferation through Ras-Raf-MEK-ERK pathway and positive feedback loop via JNK-AP-1 pathway. Binding of ADM to its receptor can up-regulate Ras and protein kinase C (PKC) activation of the MEK-ERK signalling cascade. c-Jun can also be activated and signal through the JNK-AP-1 pathway. AP-1 has also been shown to bind to ADM promoter, further promoting ADM-expression in a positive feedback loop.  

ADM both stimulates and inhibits proliferation of tumour cells, depending on cell type and treatment duration. Short-term ADM treatment (under 20 minutes) increased ERK1/2 phosphorylation, whereas long-term treatment (40-60 minutes) had the opposite effect in PC-3 prostate cancer cells (Abasolo et al., 2004). The same was observed for Raf-1, MEK1/2 and ERK1/2 phosphorylation in Du145 prostate cancer cells (Berenguer-Daizé et al., 2013). 
[bookmark: _Toc451964027]ADM has also been shown to also stimulate and inhibit tumour proliferation in a non-dose responsive manner. In Capan-1, Colo-357 and Panc-1 PaCa cells, recombinant bioactive ADM (rADM) stimulated in vitro growth at lower concentrations (1 nM) and inhibited growth at higher concentrations (100 to 1000 nM) (Keleg et al., 2007).
ADM stimulates growth of clear-cell-carcinomas, colorectal cancer and PDAC. Inhibition of BIZ and 786-O clear-cell-carcinomas proliferation was observed in vitro when anti-ADM or anti-ADM receptors (anti-CLR, anti-RAMP-2 and anti-RAMP-3; also known as anti-AMR) were administered (Deville et al., 2009). The same was observed in HT-26 colorectal cancer cells (Nouguerède et al., 2013). This suggests ADM-induced proliferation in clear-cell-carcinomas and colorectal cancer may be mediated through AM1R or AM2R. rADM antagonised TGFβ-1 inhibition of proliferation by blocking Smad2/3 phosphorylation in Colo-357 PDAC cells (Keleg et al., 2007).
In some ovarian, pheochromocytoma and prostate cancer, ADM inhibits proliferation. Silencing of ADM gene using shRNA reduced in vitro proliferation and decreased phosphorylated ERK in HO8910 ovarian cancer cells (Chen et al., 2012). ADM gene overexpression inhibited PC-3 proliferation in vitro and in vivo (Abasolo et al., 2003). ADM treatment also increased LNCaP doubling time in vitro (Berenguer et al., 2008). ADM treatment (0.1 to 100 nM) increased primary pheochromocytoma cell proliferation significantly in MTT assays (Zeng et al., 2006).
1.3.2 [bookmark: _Toc452655536][bookmark: _Toc3276201]ADRENOMEDULLIN AND APOPTOSIS
[bookmark: _Toc452394408]ADM regulates apoptosis through nuclear factor κB (NFκB) and caspase-8 signalling pathways, shown in Figure 1.7. Luciferase reporter assays  showed ADM increasing NFκB activity in BxPC-3, MPanc96 and Panc-1 PaCa cells (Ramachandran et al., 2007).  ADM-overexpressing T47D breast cancer cells also had lower levels of pro-apoptotic proteins (Bax, Bid, caspase-8) (Martínez et al., 2002).
[image: ]
[bookmark: _Ref524619512][bookmark: _Toc440397362][bookmark: _Toc452655596][bookmark: _Toc3148091]Figure 1.7: ADM regulates apoptosis through NF-κB and Caspase-8 pathways. ADM up-regulates NF-κB pathway, leading to inhibition of pro-apoptotic JNK which down-regulate apoptosis-inhibitors including Bcl-2. ADM also down-regulates Caspase-8 signalling, which inhibits pro-apoptotic proteins such as Bid, Bad and Bax to mediate apoptosis. 
ADM has been shown to protect tumour cells from apoptosis induced by chemotherapy, hypoxia and nutrient deprivation. shRNA ADM silencing decreased anti-apoptotic Bcl-2 protein expression in HO8910 ovarian cancer cells (Chen et al., 2012). Co-treatment of shRNA and carboplatin also increased chemosensitivity of HO1890 cells, as shown by MTT assay. ADM overexpression inhibited etoposide-induced apoptosis of PC-3 cells by increasing Bcl-2/Bax ratio (Abasolo et al., 2006). ADM treatment or overexpression in Ishikawa cells decreased hypoxia-induced apoptosis and up-regulation of anti-apoptotic Bcl-2 (Oehler et al., 2001). shRNA knockdown of ADM in T24 bladder cancer cells showed significant increase in hypoxia-induced apoptosis by Annexin-V staining (Liu et al., 2013). ADM overexpressing T47D and MCF-7 breast cancer cells were also protected from serum deprivation-induced apoptosis (Martínez et al., 2002).
ADM expression in tumour sections correlate with low apoptosis levels. IHC staining of clear-cell renal carcinoma tissues revealed epithelial cells with high levels of ADM staining had decreased active caspase-3 staining (Deville et al., 2009). Similar observations in SW480 colorectal tumours revealed increased caspase-3 staining and necrosis in ADM shRNA-knockdown tumours (Wang et al., 2014). Uterine cervix tissues showed high levels of ADM and Bcl-2 cytoplasmic staining in invasive squamous cells (Li et al., 2003).

1.3.3 [bookmark: _Toc451964028][bookmark: _Toc452655537][bookmark: _Toc3276202]ADRENOMEDULLIN AND ANGIOGENESIS
[bookmark: _Toc452394410]While ADM antagonist ADM22-52 was unable to curb in vitro PaCa growth, it was able to significantly reduce tumour growth in vivo by reducing blood vessel capacity in the tumour (Ishikawa et al., 2003). This suggests that ADM promotes PaCa mainly by mediating its angiogenic properties. Figure 1.8 outlines the pathways through which ADM mediates angiogenesis and lymphangiogenesis in tumours.
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[bookmark: _Ref524619562][bookmark: _Toc440397363][bookmark: _Toc452655597][bookmark: _Toc3148092]Figure 1.8: ADM promotes angiogenesis and lymphangiogenesis via several inducers and mediators. Hypoxia, reproductive hormones and glucose levels can induce ADM to stimulate angiogenic signalling. Akt-PI3K signalling in smooth muscle cells (SMC) can induce migration towards tumour site and vessel maturation. JNK-AP-1 signalling can increase vascular endothelial growth factor (VEGF) levels, another potent inducer of angiogenesis and lymphangiogenesis. Hence, VEGF can work together with ADM to promote vessel growth. ADM can also stimulate propionyl-L-carnitine (PLC) to induce endothelial nitric oxide synthase (eNOS) activation, further contributing to vessel growth. 
A hypoxic tumour environment induces expression of HIF-1α which upregulates ADM expression in a time-dependent manner (Liu et al., 2013, Molitoris et al., 2009). One possible mechanism is decreased ADM promoter histone methylation by JMJD1A (Krieg et al., 2010, Ponnaluri et al., 2011). Two types of ADM transcripts are expressed in normal and cancer cells to regulate ADM expression: full-length with introns removed and a non-protein producing transcript with introns retained (Sena et al., 2014). Interestingly, hypoxia favours the full-length isoform resulting in its increased expression in tumours compared to normal tissues.
[bookmark: _Toc452394411]Other factors may augment hypoxia-induced ADM expression including thyroid hormone or glucose. Active thyroid hormone-stimulated expression of hepatic leukaemia factor activated thyroid hormone receptor β/retinoid X receptor α heterodimer, which subsequently increased HIF-1α and ADM expressions (Otto and Fandrey, 2008). This is observed in primary human hepatocytes, kidney and lung cancer cells. DNA microarray analysis of Mia-PaCa-2 cells revealed higher ADM expression in glucose-deprived hypoxia than hypoxia only, mediated by 5’ AMP-activated kinase activation (Natsuizaka et al., 2007).
Under normoxia, ADM expression can be regulated by HIF-1α-dependent and -independent mechanisms. IL-1β activates HIF1-α to induce ADM mRNA expression in OVCAR-3 ovarian cancer cells (Frede et al., 2005). Reproductive hormones such as estradiol and progesterone can also regulate ADM expression. Estradiol alone was unable to induce ADM mRNA expression in ECC-1 endometrial cancer cells, but combination of estradiol and HIF-1α induced significantly more ADM expression than HIF-1α alone (Molitoris et al., 2009). Progesterone alone significantly increased ADM protein expression in primary leiomyoma cells (Xu et al., 2006). Co-administration with progesterone receptor modulator CB-2914 antagonised this effect. ADM-induced angiogenesis was also stimulated by HIF-1α-independent mechanisms under normoxia as shown in multiple myeloma cells (Kocemba et al., 2013).
High glucose levels are shown to increase HIF-1α expression in tumour and decrease HIF-1α expression in non-tumour cells, respectively (Dehne et al., 2010). This was revealed to not be due to increased mRNA expression or protein translation, but due to increased HIF-1α stability. Dehne and colleagues also showed that increasing glucose enhanced prolyl hydroxylase degradation of HIF-1α in non-tumour C2C12 mouse myoblast cells under normoxia, presumably due to oxoglutarate availability. Another study showed that increased glucose levels decreased prolyl hydroxylase activity in C6 rat glioma cells (Lu et al., 2005). This was assumed to be from increased production of other intermediates of the citric acid cycle, which inhibit prolyl hydroxylase activity.
Angiogenesis and lymphangiogenesis are required for tumour growth and metastasis. ADM has been shown to regulate both to promote androgen-independent prostate cancer. Without androgen, ADM-treated LNCaP xenografts were larger and had more blood vessels (Berenguer et al., 2008). Anti-ADM treatment decreased growth of LNCaP tumours in castrated animals (Berenguer-Daizé et al., 2013). Treatment of subcutaneous and orthotopic Du145 prostate cancer xenografts with anti-ADM also significantly reduced tumours and vascularity in both models (Berenguer-Daizé et al., 2013). 
In mouse Lewis lung carcinoma cells, ADM gene dosage only influenced tumour lymphangiogenesis, not proliferation or angiogenesis (Karpinich et al., 2013). Subsequent experiments revealed that ADM increased gap junction signalling between tumour cells and lymphatic endothelial cells (LECs) by β-catenin nuclear translocation, promoting lymph node metastasis (Karpinich and Caron, 2015).  
ADM promotes angiogenesis independently or together with vascular endothelial growth factor (VEGF). Recombinant bioactive ADM increased VEGF secretion in pancreatic tumour cell lines Mia-PaCa-2, Panc-1 and Colo-357, but not significantly in T3M4 and Capan-1 (Keleg et al., 2007). ADM treatment of HO891 ovarian cancer cells induced VEGF mRNA expression, and this was attenuated by pre-treatment with ADM antagonist ADM22-52 (Chen et al., 2015). This inhibition was transcriptional rather than post-translational, as pre-treatment with actinomycin D did not increase VEGF mRNA half-life. ADM-induced VEGF expression was attributed to JNK as ADM treatment increased JNK phosphorylation and co-administration with JNK inhibitor abrogated VEGF mRNA expression. ADM treatment increased VEGF secretion of Ishikawa and primary endometrial tumour cells, suggesting possible synergism in ADM and VEGF-mediated tumour progression (Evans et al., 2012). 
ADM is able to induce endothelial cell migration into the tumour microenvironment, promoting carcinogenesis via neoangiogenesis and lymphangiogenesis. Co-administration of ADM and VEGF markedly increased in vitro human umbilical venous endothelial cell (HUVEC) differentiation into vascular structures on Matrigel, compared to ADM or VEGF treatment alone (Fernandez-Sauze et al., 2004). This was not due to additional VEGF secretion by ADM, as VEGF levels did not differ between ADM-treated and untreated HUVECs. Additionally, protein expression of CLR, RAMP-2 and RAMP-3 was detected in HUVECs, suggesting that its differentiation could be mediated by AM1R and AM2R. In Boyden chamber experiments, HUVECs migration and invasion was induced by ADM in a dose-dependent manner (Fernandez-Sauze et al., 2004). VEGF-induced mobilisation of CD133+/VEGFR2+ endothelial progenitor cells into circulation was inhibited by ADM22-52 (Tsuchiya et al., 2010). Conditioned media from LECs mediated migration of human umbilical venous smooth muscle cells in Transwell assays (Berenguer-Daizé et al., 2013). Pre-treatment of LECs with anti-ADM abrogated this effect. This suggests that ADM secreted by LECs can regulate tumour-associated lymphangiogenesis by recruiting SMCs during collecting vessel formation. 
[bookmark: _Toc452394412]There are two stromal cell types in the tumour microenvironment that can enhance ADM levels to mediate tumour growth and angiogenesis: tumour-associated macrophages (TAMs) and cancer-associated fibroblasts (CAFs). Co-culture of B16/F10 mouse melanoma cells or its conditioned media with primary peritoneal macrophages or bone marrow–derived macrophages resulted in up-regulation of ADM secretion detected by ELISA (Chen et al., 2011). Conditioned media from co-cultured RAW264.7 mouse macrophages and B16/F10 cells also promoted migration and tubule formation of human dermal microvascular endothelial cells (HMECs). ADM treatment of HMECs induced endothelial nitric oxide synthase phosphorylation, suggesting that HMEC tubule formation is facilitated by endothelial nitric oxide synthase signalling in vitro. Subcutaneous co-inoculation of RAW264.7 and B16/F10 cells resulted in significantly larger tumours with more blood vessels in vivo, compared to controls with B16/F10 only. These data suggests that TAMs are able to secrete factors into the microenvironment leading to increased ADM expression within the tumour to enhance angiogenesis. 
Another stromal cell type shown to mediate tumour growth and angiogenesis through ADM are CAFs. Studies in breast tumours have shown high expression of ADM and its receptors AM1R and AM2R in CAFs prepared from invasive breast carcinomas, compared to normal fibroblasts (Benyahia et al., 2017). Systemic administration of anti-AMR also resulted in reduced vessel structures in in vivo Matrigel plugs containing CAFs. Immunohistochemistry of tumour xenografts containing CAFs and MCF-7 breast cancer cell line revealed that in vivo treatment with anti-AMR or ADM22-52 also disrupted tumour vasculature by depleting vascular endothelial cells, thereby inhibiting tumour growth. These data suggests that CAFs, like TAMs, are able to secrete factors into the microenvironment leading to increased ADM expression within the tumour to enhance angiogenesis.
1.3.4 [bookmark: _Toc451964029][bookmark: _Toc452655538][bookmark: _Toc3276203]ADRENOMEDULLIN AND MIGRATION/INVASION
ADM can promote migration and invasion of breast, cholangiocarcinoma, colorectal, clear-cell renal, pancreatic and prostate tumour cells. In vivo experiments show ADM-overexpressing MDA-MB-231 breast cancer cells metastasised more rapidly to bone (Siclari et al., 2014). Wound healing and Transwell invasion assays reveal significantly increased migration and invasion of ADM-transfected HuCCT1 cholangiocarcinoma cells (Zhou et al., 2015). ADM increased invasiveness of Du145 prostate cancer cells through Matrigel in a dose-dependent manner (Berenguer-Daizé et al., 2013). shRNA silencing of GPR182 inhibited ADM-induced growth and invasion of MPanc96 PaCa cells in vitro and in vivo (Ramachandran et al., 2007, Ramachandran et al., 2009). The same effect was seen in 4/5 human PaCa cell lines treated with rADM in a Matrigel invasion assay, where invasive abilities were increased by 42-107% compared to untreated cells (Keleg et al., 2007). Treatment with anti-CLR decreased invasion in the same cell lines suggesting a role for CLR in ADM-induced invasion, however the effects of RAMPs were not investigated in the study. ADM also induced dose-dependent invasion of HT-26 colorectal carcinoma cells through Matrigel-coated Boyden chamber (Nouguerède et al., 2013). Preincubation with anti-ADM or anti-AMR blocked the ADM-induced invasion. This suggests that ADM induces invasion of colorectal carcinoma through either AM1R or AM2R. Similar results were shown in SW480 colorectal carcinoma cells as well as BIZ and 786-O clear-cell renal carcinoma cells (Wang et al., 2014, Deville et al., 2009).
Figure 1.9 summarises the pathways through which ADM can promote migration and invasion of tumour cells. In HO8910 ovarian cancer cells, ADM-induced migration was mediated by increased integrin α5β1 activation, leading to increased focal adhesion kinase (FAK) and paxillin phosphorylation, as revealed by flow cytometry and western blotting respectively (Deng et al., 2012). Anti-α5β1 abrogated ADM-induced FAK and paxillin phosphorylation. ADM-induced migration of CRT-MG astroglioma cells was influenced by aberrant oncostatin M activation of STAT-3 (Lim et al., 2014). ADM promotes migration and invasion of PC-3 prostate and T24/83 urothelial cancer cells through TRPV2 cell-surface translocation and increased resting calcium levels (Oulidi et al., 2013). ADM can also induce M2-skewed polarisation of mice peritoneal macrophages similar to TAMs, allowing them to promote migration of HO8910 ovarian cancer cells by activating RhoA pathway (Pang et al., 2013).
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[bookmark: _Ref524619912][bookmark: _Toc440397364][bookmark: _Toc452655598][bookmark: _Toc3148093]Figure 1.9: ADM promotes migration and invasion of tumour cells, allowing them to metastasise to secondary sites. 1) ADM can induce cell-surface localisation of ion channel TRPV2, increasing calcium levels in the cell promoting cytoskeletal filament reorganisation. 2) ADM can also activate integrin α5β1 to recruit focal adhesion protein complexes [containing focal adhesion kinase (FAK) and paxillin] and activate RhoA, which mediates actin contractility. 3) ADM can also induce STAT-3 (through aberrant oncostatin M signalling) to up-regulate matrix metallopeptidase-9 (MMP-9) expression, which contributes to actin contractility and extracellular matrix (ECM) degradation. 
1.3.5 [bookmark: _Toc451964030][bookmark: _Toc452655539][bookmark: _Toc3276204]ADRENOMEDULLIN AND OTHER CANCER HALLMARKS
Epithelial-mesenchymal transition (EMT) signals the initiation of cancer metastasis. Adenoviral transduction of ADM into HuCCT1 cholangiocarcinoma cells induced EMT in vitro by up-regulation of epithelial markers N-cadherin and vimentin and down-regulation of mesenchymal markers E-cadherin and ZO-1 (Zhou et al., 2015). The same study revealed that this was due to ADM activating EMT-related transcription factor ZEB1.
Neuroendocrine differentiation is associated with progression of androgen-independent prostate cancer. ADM treatment of LNCaP prostate cancer cells resulted in neuroendocrine-like morphological changes (Berenguer et al., 2008). This was reversed by co-administration of ADM with anti-AMR, suggesting that ADM-induced neuroendocrine differentiation is mediated by AM1R or AM2R. Co-treatment with pertussis toxin also ablated neuroendocrine differentiation, indicating that it is facilitated by cGMP production stimulation. 
ADM may also be involved in tumour evasion of the immune system. Through cAMP-dependent mechanisms, ADM has been shown to down-regulate macrophage function. ADM suppressed lipopolysaccaride-induced secretion of TNF- α and IL-6 in mouse RAW264.7 and peritoneal macrophages (Kubo et al., 1998). ADM also induced cAMP production in rat alveolar macrophages, inhibiting cytokine-induced neutrophil chemoattractant secretion (Kamoi et al., 1995). ADM is a crosstalk molecule between tumour and mast cells. Confocal microscopy revealed ADM-producing mast cells in human breast and lung cancer tissues. (Zudaire et al., 2006). The same study showed ADM-producing mast cell line HMC-1 augmented A549 lung cancer cell growth in vitro and angiogenesis in vivo.
1.3.6 [bookmark: _Toc3276205]RAMP-3 MEDIATED ADM SIGNALLING: THERAPEUTIC TARGET IN CANCER
While it is evident that ADM is involved in signalling of many pro-tumoural processes from enhancing growth through to mediating spread to secondary sites, it is crucial to remember that ADM is also important for homeostasis. Section 1.2.4 detailed the role of ADM in a variety of physiological functions in the body, and that when dysregulated, could result in devastating consequences in promoting cancer growth and spread. It is essential to determine specifically how ADM signalling has been skewed towards being pro-tumoural. Figure 1.10 shows the various receptor complexes that ADM can bind and signal through. There are two therapeutic strategies to targeting ADM – complete inhibition of ADM signalling, or inhibition of the specific receptor complexes (CLR, RAMP-2 and/or RAMP-3) responsible for dysregulated ADM signalling. 
A blanket ADM inhibition is not desirable as ADM is important in both physiological and pathological functions (Figure 1.5). Additionally, ADM is also a protective agent in many diseases, including hypertension, renal failure and ischemia reperfusion injuries (Lainchbury et al., 1997, Nishikimi, 2007, Kirisci et al., 2013). ADM knockout mice are also embryonically lethal and this has been shown by independent research groups to be due to cardiovascular abnormalities (Shindo et al., 2001, Caron and Smithies, 2001, Shimosawa et al., 2002). 
[image: ]
[bookmark: _Ref525310442][bookmark: _Toc3148094]Figure 1.10: Receptor complexes that ADM mediates signalling through, comprising of CLR and RAMPs. While RAMP-2-mediated ADM signalling is essential for physiological processes including blood pressure regulation, aberrant RAMP-3-mediated ADM signalling can result in cancer promoting pathways.
Since ADM exerts its effects through AM1R and AM2R, its actions could be regulated differently by targeting CLR, RAMP-2 or RAMP-3. The range of effects is clear from in vivo studies in mice lacking genes for the different receptor components. Mice with deleted CLR (no functioning AM1R and AM2R) were embryonically lethal with cardiovascular defects, similar to ADM knockout mice (Dackor et al., 2006). RAMP-2 knockout (no functioning AM1R) were also embryonically lethal with cardiovascular defects, suggesting both CLR and RAMP-2 is important in cardiovascular physiology and therefore should not be inhibited (Dackor et al., 2007). Surprisingly, RAMP-3 knockout mice (no functioning AM2R) were normal until old age, where they appeared to exhibit decreased weight (Dackor et al., 2007). Additionally, in vitro and in vivo experiments revealed that RAMP-3 functions downstream of lysyl oxidase-like protein-2 (LOXL2) mediating pro-tumorigenic processes in MDA-MB-231 breast cancer cells, including EMT and invasiveness (Brekhman et al., 2011). Since there were no adverse effects associated with RAMP-3 knockout in mice as well as evidence that RAMP-3 mediates pro-tumoural processes in cancer, RAMP-3 is a good therapeutic target to investigate. 
ADM inhibitors used in research include antibodies against ADM (anti-ADM) and its receptor components (e.g. anti-CLR, anti-RAMP-2, anti-RAMP-3 or a combination of the three – anti-AMR) as well as a truncated form of ADM peptide (ADM22-52) which inhibits receptors that ADM can bind and signal through. Various research groups have shown anti-tumoural effects of anti-ADM, anti-AMR and ADM22-52 in various cancers including colorectal, glioblastoma and pancreatic (Nouguerède et al., 2013, Ouafik et al., 2002, Ishikawa et al., 2003). Although these ADM inhibitors have shown anti-tumoural effects in vitro and in vivo subcutaneous xenograft models, their development into clinic (specifically as anti-cancer therapy) is stunted due to short half-lives or undesirable modes of delivery.
	Using polyclonal anti-ADM to treat U87 human glioblastoma cells lead to a decrease in growth both in vitro and in vivo (Ouafik et al., 2002), although the effect in vivo was more pronounced (70% reduction vs. 33%). Analysis of tumour vasculature revealed that anti-ADM treatment lead to significantly less vessel development than control tumours. The results suggest that the anti-tumoural effect of anti-ADM on U87 glioblastoma cells were due to both a decrease in growth of tumour cells as well as angiogenesis. 
Experiments using ADM22-52 to treat human PaCa cells in vitro (BxPC-3 and PCI-35) and in vivo (PCI-43) showed no effect in vitro but a decrease in growth of PaCa xenografts in vivo (Ishikawa et al., 2003). Unlike the experiments on glioblastoma cells, these results suggest that the anti-tumoural effect of ADM22-52 was due to its effects on angiogenesis but not on the growth of PaCa cells themselves. 
Anti-ADM, anti-AM1R (anti-CLR and anti-RAMP-2), anti- AM2R (anti-CLR and anti-RAMP-3) and ADM22-52 were investigated to treat HT-29 human colorectal cancer cells in vitro and in vivo (Nouguerède et al., 2013). Treatment with anti-AM1R, anti-AM2R and ADM22-52 led to decreased cell growth and invasion in vitro and decreased tumour growth in vivo. This suggests that it is the inhibition of the receptor complexes mediating ADM responses (AM1R and AM2R) that resulted in the anti-tumoural effects. Similar to results in both glioblastoma and pancreatic tumours, anti-ADM treated colorectal tumours were significantly less vascular than control tumours.
In both glioblastoma and pancreatic in vivo experiments, treatment of anti-ADM and ADM22-52 were given intratumourally, which is not a desirable mode of delivery in clinic (Ishikawa et al., 2003, Ouafik et al., 2002). However, similar anti-tumoural effects were seen using systemic intraperitoneal treatment of anti-ADM every three days in A549 lung, U87 glioma and HT-29 colorectal cancer xenografts (Kaafarani et al., 2009). 
The aforementioned treatment strategies involve neutralising either ADM or the individual receptor components that ADM binds and signals through (e.g. CLR, RAMP-2 and RAMP-3). Instead, our group is developing small molecule antagonists that specifically block the binding of ADM to the CLR/RAMP-3 receptor complex, without inhibiting its binding and effect through other receptor complexes (e.g. CLR/RAMP-2). 
This allows us to investigate the research question of whether targeting RAMP-3-mediated ADM signalling will successfully improve PaCa outcome. To do this, we will address three hypotheses:
1) PaCa cells express ADM and receptor components necessary for RAMP-mediated ADM signalling (CLR and RAMPs) and that these constituents are functional
2) Small molecule antagonists against AM2R can decrease PaCa growth in vitro and in vivo
3) Small molecule antagonists against AM2R can be used in combination with chemotherapy to decrease PaCa growth in vitro and in vivo
Chapter 3 will detail whether PaCa cell lines to be used in in vitro and in vivo experiments with small molecule antagonists express ADM or the receptor components necessary for RAMP-3-mediated ADM signalling, and whether these are functional. Endpoint and quantitative PCR were used detect ADM, CLR and RAMP mRNA transcripts in a panel of seven PaCa cell lines. The functionality of these receptor components were tested by stimulation with ADM or other calcitonin family peptides and measuring the levels of cAMP production. In vitro viability assays were used to determine doubling time and sub-optimal serum concentration in culture conditions of PaCa cell lines, for use in subsequent antagonist experiments.
The design and screening strategy, as well as in vitro and in vivo anti-tumoural effect of the small molecule antagonists, will be detailed in Chapter 4. Single dose screen was done to determine the effect of compounds on viability of one PaCa cell line (CFPAC-1) in vitro. Subsequently, in vitro viability and apoptosis assays were used to further elucidate the effect of lead compounds on a variety of PaCa cell lines. Efficacy of lead compounds were also investigated in vivo in a subcutaneous xenograft model of PaCa. 
Chapter 5 will detail whether the small molecule antagonists have the potential to be used in combination with currently existing chemotherapeutic agents to treat PaCa which may have developed therapeutic resistance. In vitro viability assays were used to test efficacy of chemotherapeutic agents (5-fluorouracil and gemcitabine) alone and in combination with lead compound SHF-638. Efficacy of gemcitabine alone and in combination with lead compound SHF-771 was also investigated in vivo in an orthotopic xenograft model of PaCa.








[bookmark: _Toc3276206]Chapter 2: General Methods

2. MATERIALS AND METHODS
All reagents and commercial sources are listed in Table 7.1 in the Appendix. Detailed explanations for individual protocols are elaborated in each sub-section or Methods sections in Chapters 3 to 5.
[bookmark: _Toc3276207]2.1 Cell Culture
PaCa cell lines were obtained from ATCC and genomic verification of origin had been conducted to authenticate the cell lines. PaCa cell lines were cultured in media and supplements listed in Table 2.1, and incubated in a humidified incubator at 37°C with 5% CO2. Passages 35 and lower were used for experiments. Flasks were washed twice with PBS and media changed twice weekly (Table 2.2). Cells were maintained until 70-80% confluence before harvesting or splitting (Figure 2.1). 
[bookmark: _Toc3276208][bookmark: _Ref1307279]2.1.1 Subculture/Harvesting of Cells
To sub-culture or harvest cells for subsequent experiments, cells were washed twice with PBS and detached using TrypLE for 5-10 minutes at 37°C (volume of reagents in Table 2.2). Detachment was confirmed by microscopy. PBS was used to wash cells off the bottom of the flask and the cell suspension was transferred to a 15 mL or 50 mL centrifuge tube. Cells were centrifuged at 250 x g for 5 minutes and the resulting cell pellet was re-suspended in media. For sub-culturing, appropriate volume of cell suspension was transferred to a new sterile flask with warm growth media (Table 2.1). To set up experiments, cells were counted as in Section 2.1.3 before diluting to appropriate volume needed.
[bookmark: _Ref2778646][bookmark: _Toc3131448]Table 2.1: Cell lines, optimal growth media and supplements
	Cell Line
	Manufacturer
	Media and Supplements

	Pancreatic Cancer Cells

	AsPC-1
	ATCC
	RPMI 1640 + 15% FBS (Gibco) + 1 mM NaPyr + 1% P/S

	BxPC-3
	ATCC
	RPMI 1640 + 10% FBS (Gibco) + 1 mM NaPyr + 1% P/S

	Capan-2
	ATCC
	McCoy’s 5A + 10% FBS (Sigma-Aldrich) + 1% P/S

	CFPAC-1
	ATCC
	DMEM + 10% FBS (Gibco) + 1% P/S

	HPAF-II
	ATCC
	RPMI 1640 + 10% FBS (Gibco) + 1 mM NaPyr + 1% P/S

	Panc 10.05
	ATCC
	RPMI 1640 + 15% FBS (Gibco) + 1 mM NaPyr + 1% P/S

	SW1990
	ATCC
	DMEM + 10% FBS (Gibco) + 1% P/S


[bookmark: _Toc451887480][bookmark: _Toc451889979][bookmark: _Toc451890078][bookmark: _Toc451890208][bookmark: _Toc451890363][bookmark: _Toc452394421][bookmark: _Toc452655545][bookmark: _Toc3133584][bookmark: _Toc3276209]FBS: fetal calf serum; NaPyr: sodium pyruvate; P/S: penicillin/streptomycin; DMEM: Dulbecco’s Modified Eagle Medium  



[bookmark: _Ref2778665][bookmark: _Toc3131449]Table 2.2: Volumes of reagents used for cell culture in different flask sizes
	Flask
	PBS wash (media change)
	Media change
	TrypLE
	PBS wash (after detachment)

	T25
	3 mL
	5 mL
	1 mL
	2 mL

	T75
	5 mL
	10 mL
	3 mL
	3 mL

	T175
	10 mL
	30 mL
	5 mL
	5 mL


[image: ]
[bookmark: _Ref1389636][bookmark: _Toc3148095][bookmark: _Ref513579980]Figure 2.1: Cell confluence prior to harvesting or splitting. Phase-contrast images of BxPC-3 pancreatic cancer cell line at 70% confluence used in in vitro and in vivo experiments. Image was taken at 100x magnification.

[bookmark: _Toc3276210]2.1.2 Cell Freezing
Cell suspension was prepared as described in Section 2.1.1, but were counted (Section 2.1.3) before centrifuging at 250 x g for 5 minutes. Cell pellet was re-suspended in appropriate volume of freezing media (growth media with 10% DMSO) before transferring 1e6 or 2e6 cells per cryo-tube (1 mL each), to keep as frozen stocks or for use in cAMP assays (Section 3.2.8). Cryo-tubes were labelled with cell line, passage number and date frozen. Cryo-tubes were stored in Mr Frosty™ Freezing Container overnight in -80°C before storage in -80°C freezer (less than one year) or liquid nitrogen Biorepository (longer term). 
[bookmark: _Toc3276211]2.1.3 Cell Counting
Cell viability was assessed using trypan blue exclusion. 10 µL of cell suspension was added to 10 µL of trypan blue in a 0.5 ml centrifuge tube. The mixture was transferred to a disposable counting slide and counted using Countess II Automated Cell-Counter (Thermo Fisher).
[bookmark: _Toc452655564][bookmark: _Toc3276212]2.2 Compound Screening
Small molecular antagonists targeting CLR and RAMP-3 interaction were designed by medicinal and computational chemists in Sandexis Molecular Design (UK) and produced by chemists in Peakdale Molecular (UK) and WuXi AppTec (China). Homology models were built based on computer predictions from available crystal structures of CLR/RAMP receptor complexes with known agonists or antagonists. 
The screening cascade is depicted in Figure 2.2. Firstly, high-throughput screening of small molecules was done using the cAMP assay (Section 3.2.8). This allows us to determine potency and specificity of the compounds in inhibiting respective CLR/RAMP complexes. Once we have identified compounds that are potent in inhibiting RAMP-3 mediated ADM stimulation in cAMP assays, their pharmacokinetics were investigated to ensure they are suitable in vivo candidates with reasonable half-lives and clearance. Identified lead compounds were then investigated functionally in in vitro assays measuring effect on cell viability and apoptosis, before moving on to in vivo studies. 

[image: ]
[bookmark: _Ref513580361][bookmark: _Toc3148096]Figure 2.2: Screening cascade for small molecule antagonists against AM2R. Compounds were first screened for potency and selectivity on cells overexpressing AM2R, compared to cells overexpressing the other receptor/RAMP complexes. Compounds with pIC50 more potent than 8.0 were then screened in viability and apoptosis assays, to see their effects on pancreatic cancer cell lines. Pharmacokinetics of lead compounds will then be investigated (e.g. bioavailability, half-life, and clearance) before selecting suitable in vivo candidates. 



Powder stocks were stored at room temperature. Compounds were dissolved to 20 mM solutions in 100% DMSO and sonicated for 10 minutes at 37°C to ensure they have completely dissolved. Stocks in DMSO were then stored at -20°C. For use in cAMP, viability and apoptosis assays (Sections 2.3 and 3.2.8), 20 mM stocks were diluted to 2 mM solutions in 100% DMSO and sonicated for 10 minutes at 37°C before further dilutions in respective vehicles.
[bookmark: _Toc3276213][bookmark: _Toc452655565]2.3 In vitro Functional assays
[bookmark: _Toc452655567][bookmark: _Toc3276214]2.3.1 Viability assay
[bookmark: _Toc452394436]To measure the effect of treatment on cancer cell viability, RealTime-Glo MT Viability Assay (Promega) was used. Figure 2.3 shows the principles of the assay. This viability assay measures reducing potential (metabolism) as a proxy for number of viable cells. Luminescent signal is only produced when the MT Viability pro-substrate is reduced by viable cells into NanoLuc® substrate which is then used by NanoLuc® luciferase in the culture media. The MT Viability pro-substrate cannot be used by the NanoLuc® luciferase to produce luminescence, which is why dead cells will produce no signal. Compared to similar assays measuring reducing potential of cells (e.g. MTT), the luminescence-based RealTime-Glo MT Viability Assay is non-lytic and more sensitive than colorimetric or fluorometric assays. 
[image: ]
[bookmark: _Ref513580641][bookmark: _Toc3148097]Figure 2.3: Principles of RealTime-Glo™ Cell Viability assay, adapted from Promega manual. (A) Live cells (metabolically active) reduce MT Cell Viability Substrate into NanoLuc® substrate. The NanoLuc® substrate diffuses into the culture media containing NanoLuc® luciferase which produces a luminescent signal. (B) Dead cells do not reduce the MT Cell Viability Substrate, producing no luminescence.
Cells were seeded into 96-well white clear-bottom plates (Corning) in full serum media overnight before washing and changing to sub-optimal media (Table 2.3) containing RealTime-Glo™ reagents (1:1,000 each of enzyme and substrate). Empty wells were filled with PBS to prevent evaporation. A baseline luminescence read was taken using EnSight Multimode Plate Reader (PerkinElmer) after an hour of incubation at 37°C. Cells were then treated with compounds or vehicle-control (PBS + 0.05% DMSO) daily. Luminescence readings were taken daily for 72 hours. Plates were incubated at 37°C for at least an hour before each reading as the assay is temperature-sensitive. After 72 hours, assays can be continued by replacing media with freshly made reagents. Results were normalised to vehicle-treated controls as 100%. Figure 2.4 shows an example of the raw and normalised values of CFPAC-1 cells treated with 2 µM gemcitabine. 
[bookmark: _Ref513580664][bookmark: _Toc452655624][bookmark: _Toc3131450]Table 2.3: Sub-optimal media and seeding density for viability assay
	Cell Line
	Media and Supplements
	Seeding Density

	AsPC-1
	RPMI 1640 + 5% FBS (Gibco) + 
1 mM NaPyr + 1% P/S
	2,000 cells/well

	BxPC-2
	RPMI 1640 + 5% FBS (Gibco) + 
1 mM NaPyr + 1% P/S
	2,000 cells/well

	Capan-2
	McCoy’s + 5% FBS (Sigma) + 1% P/S
	2,000 cells/well

	CFPAC-1
	DMEM + 5% FBS (Gibco) + 1% P/S
	2,000 cells/well

	HPAF-II
	RPMI 1640 + 5% FBS (Gibco) + 
1 mM NaPyr + 1% P/S
	2,000 cells/well

	Panc10.05
	RPMI 1640 + 5% FBS (Gibco) + 
1 mM NaPyr + 1% P/S
	2,000 cells/well

	SW1990
	DMEM + 5% FBS (Gibco) + 1% P/S
	2,000 cells/well


[bookmark: _Toc3133590][bookmark: _Toc3276215]FBS: fetal bovine serum; NaPyr: sodium pyruvate; P/S: penicillin/streptomycin; DMEM: Dulbecco’s Modified Eagle Medium; RPMI: Roswell Park Memorial Institute  



[image: ]
[bookmark: _Ref513580686][bookmark: _Toc3148098]Figure 2.4: Raw luminescence values (A) and normalised values (B) of human pancreatic cancer cells CFPAC-1 treated with 2μM of gemcitabine daily over three days. Results were normalised to vehicle-treated row controls as 100% and blank well values as 0%. 


[bookmark: _Toc3276216]2.3.2 Apoptosis assay
To measure the effect of treatment on apoptosis in cancer cells, luminescence-based Caspase-Glo™ 3/7 Assay (Promega) was used. This end-point assay measures late-stage apoptotic markers – caspases 3 and 7. Figure 2.5 shows the principles of this assay. In order to produce light, luciferase requires not only luciferin as a substrate but also oxygen and magnesium-bound adenosine triphosphate.  This reaction results in the production of oxyluciferin, carbon dioxide, adenosine monophosphate and diphosphate. The decay of highly unstable oxyluciferin produces a photon of light, which is measured as luminescence signal. 
Cells were seeded into 96-well white clear-bottom plates (Corning) in optimal growth media overnight before washing and changing to 50 μL per well of serum-free media except unstressed control wells (50 μL per well of optimal growth media). Wells with optimal growth media and 0% serum-free media (no cells) were also incubated as baseline Caspase 3/7 negative and positive controls, respectively. Empty wells were filled with PBS to prevent evaporation. Cells were then treated with compounds diluted in PBS or vehicle-control (PBS + 0.05% DMSO). After the treatment duration, plates and Caspase-Glo™ reagents were equilibrated to room temperature. 50 μL of Caspase-Glo™ reagent was added per well and left to incubate for 30 to 60 minutes on a plate shaker (550 rpm). Luminescence read was then taken using EnSight Multimode Plate Reader (PerkinElmer) set to 22°C, as the assay is temperature-sensitive. Baseline readings (well with media only) were subtracted from luminescence readings of all wells. Results were normalised to unstressed controls (optimal growth media) and serum-starved vehicle controls as 0% and 100% apoptosis, respectively.  
[image: ]
[bookmark: _Ref513580709][bookmark: _Toc3148099]Figure 2.5: Principles of Caspase-Glo apoptosis assay, adapted from Promega manual. Caspase 3/7 in samples cleave DEVD sequence on proluciferin, releasing aminoluciferin which is a substrate for Ultra-Glo™ luciferase. This results in light production, correlating with Caspase 3/7 levels. 


[bookmark: _Toc3276217]2.4 Statistical Analysis
All data in Chapters 3 to 5 are shown as mean and standard error of mean (SEM) unless otherwise stated. Graphpad Prism was used to analyse and display data. Outliers were removed from statistical analysis using robust regression and outlier removal (ROUT) method. 
[bookmark: OLE_LINK1]To decide between parametric or non-parametric tests, D’Agostino-Pearson omnibus normality test was done for each data set. Only data sets that passed the test were analysed using parametric statistical tests (Student’s t-test for two groups with same variance, Welch’s t-test for two groups with different variance, one-way ANOVA for three or more groups). Other data sets were analysed using non-parametric statistical tests (Mann-Whitney for two groups, Kruskal-Wallis for three or more groups).
In experiments where there are more than one experimental variable (i.e. combination treatments using chemotherapeutics together with small molecule antagonists), two-way ANOVA was used to analyse individual variables and the interaction between them. Repeated-measures two-way ANOVA was used to analyse time course data. Post-hoc multiple comparisons tests (Dunnett or Tukey) were also used to determine statistical significance of differences. 







[bookmark: _Toc3276218]Chapter 3: Characterisation of PaCa cell lines

[bookmark: _Ref517363565][bookmark: _Toc3276219]3.1 Introduction
[bookmark: _Toc3276220]3.1.1 Physiological roles and expression of ADM
ADM is expressed in a plethora of tissue types and has numerous physiological roles. Section 3.1.1.1 will elucidate its biological functions in various organs. Section 3.1.1.2 will detail the expression of ADM and its receptor components (CLR and RAMPs) in normal tissues. Section 3.1.1.3 will focus on functions and expression of ADM and its receptor components in the pancreas.  
[bookmark: _Toc3276221]3.1.1.1 Functions and expression of ADM and its receptor components in normal tissues
Figures 3.1 to 3.3 show ADM, CLR and RAMP expression in normal tissue types around the body, from the Human Protein Atlas database (Uhlen et al., 2015). ADM and its receptor components (CLR and RAMPs) are not only expressed in different parts of the body, but also responsible for mediating various functions including pregnancy, gut function, immunity and vascular homeostasis.
Female reproductive organs are one of the body tissues that highly express ADM and its receptor components (Figures 3.1 to 3.3). While ADM mRNA is evenly distributed in the human uterus, CLR and RAMP mRNA are specifically expressed its vasculature suggesting that ADM mediates its vasodilation effects primarily through those receptors (Nikitenko et al., 2001). Vascular relaxation mediated by ADM is greater during pregnancy than non-pregnant state (Yallampalli et al., 2013). Additionally, ADM can also regulate trophoblast proliferation and differentiation, showing it may also be involved in the implantation process (Zhang et al., 2005). 
ADM and its receptor components are also expressed in urinary system. In the kidney, ADM has vasodilator, diuretic and natriuretic effects and is found in distal tubules, collecting ducts and urinary tract (Sandner et al., 2004). High levels of ADM are observed both in renal tubular cell lines derived from different species and in plasma from patients with chronic renal failure, showing ADM’s autocrine/paracrine role in renal physiology and pathology (Sato et al., 1998, Cheung et al., 1998). 
ADM is also implicated in host defence against microbes (e.g. infection, sepsis). ADM expression in human gastric adenocarcinoma cells increases in response to bacterial infection (Allaker and Kapas, 2003). The same study revealed increased levels of gut ADM in the intestinal epithelium of the ileum of cows with bovine paratuberculosis compared to healthy cows. In vitro disc diffusion and broth microdilution experiments also confirm its anti-microbial properties in both gram-positive and -negative strains of bacteria (Allaker et al., 1999). ADM post-secretory processing was proposed to enhance anti-microbial activity by generating several peptide versions (Wiesner and Vilcinskas, 2010). 
[image: ]RNA-seq expression is reported as TPM (Transcripts Per kilobase Million); Protein expression score is based on a best estimate of the true protein expression for proteins where the antibody staining pattern has been analyzed by knowledge-based annotation

[bookmark: _Toc3148100]Figure 3.1: ADM RNA and protein expression in normal tissues. Figure adapted from Human Protein Atlas, images available from: 
https://v18.proteinatlas.org/ENSG00000148926-ADM/tissue, accessed Mar 2019
[image: ]RNA-seq expression is reported as TPM (Transcripts Per kilobase Million); Protein expression score is based on a best estimate of the true protein expression for proteins where the antibody staining pattern has been analyzed by knowledge-based annotation

[bookmark: _Toc3148101]Figure 3.2: CLR RNA and protein expression in normal tissues. Figure adapted from Human Protein Atlas, images available from: 
https://v18.proteinatlas.org/ENSG00000064989-CALCRL/tissue, accessed Mar 2019

[image: ]RNA-seq expression is reported as TPM (Transcripts Per kilobase Million)

[bookmark: _Toc3148102]Figure 3.3: RAMP RNA expression in normal tissues. Figure adapted from Human Protein Atlas, images available from: 
https://v18.proteinatlas.org/ENSG00000132329-RAMP1/tissue, accessed Mar 2019;
https://v18.proteinatlas.org/ENSG00000131477-RAMP2/tissue, accessed Mar 2019;
https://v18.proteinatlas.org/ENSG00000122679-RAMP3/tissue, accessed Mar 2019

[bookmark: _Toc3276222]3.1.1.2 Functions and expression of ADM and its receptor components in the pancreas
As seen in Figures 3.1 to 3.3, ADM and its receptor components are expressed in both exocrine (acini, enzyme-secreting) and endocrine (islet cells, hormone-secreting) cells of the pancreas. CLR has low protein expression in acini and medium expression in islet cells. Conversely, ADM has medium expression in acini and undetectable expression in islet cells.
ADM has been shown to inhibit insulin secretion in studies in vitro (rat islet cells) and in vivo (oral glucose tolerance in rats) (Martinez et al., 1996, Martínez et al., 2000). The mechanism by which ADM inhibits insulin secretion in islet β-cells is through binding with factor H, which protects ADM from proteases (Martínez et al., 2001, Zudaire et al., 2003b). ADM treatment increases circulating glucose levels in a rat diabetes model, which is consistent with insulin inhibition (Zudaire et al., 2003a). PCR and immunohistochemistry reveals that CLR and RAMPs are also found on islet cells (Martínez et al., 2000). This suggests that even though ADM is not highly expressed in islet cells, it is able to exert its insulin inhibitory effects through CLR and RAMP receptor complexes within islet cells.
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[bookmark: _Toc3276223]3.1.2 ADM and its receptors in cancer
Section 3.1.1 detailed how ADM is expressed in various tissue types and important for homeostasis. Section 3.1.2 will reveal the association of ADM and its receptor components development and progression of various cancers and section 3.1.2.1 will focus on ADM’s link to PaCa specifically. 
[bookmark: _Toc452655613][bookmark: _Toc439846726]There is strong evidence for the association of ADM and its receptor components in numerous cancers. Table 3.1 summarises the association of ADM and its receptors with progression in various cancers. Figures 3.4 to 3.6 show that ADM, CLR and RAMP-1, -2 and -3 RNA transcripts are expressed in a range of cancers around the body (Uhlen et al., 2015). ADM and its receptor components are expressed not only in tumour cells but stromal components including immune cells and vasculature (Allaker and Kapas, 2003). The effect of ADM and its receptor complexes in various cancer hallmarks (proliferation, apoptosis, angiogenesis, migration/invasion) have previously been reviewed in Section 1.3. The next section will focus on the link between ADM and PaCa specifically.


[bookmark: _Toc3131451]Table 3.1: Association of ADM and its receptors with disease progression in various types of cancers
	Cancer
	Receptor expression
	ADM association with progression
	References

	Breast carcinoma
	
	Lymph node metastasis
	(Oehler et al., 2003)

	Bladder urothelial cell carcinoma
	
	Progression
	(Liu et al., 2013)

	Chromophobe renal carcinoma
	
	Progression*
	(Deville et al., 2009)

	Clear-cell renal carcinoma
	CLR, RAMPs 2 and 3
	Risk of relapse after nephrectomy
	(Deville et al., 2009)

	Colorectal carcinoma
	CLR, RAMPs 2 and 3
	Progression, clinical survival rate, risk of relapse and cancer-related death after resection
	(Nouguerède et al., 2013, Kim et al., 2012, Uemura et al., 2011)

	Endometrial carcinoma
	
	Progression*
	(Evans et al., 2012)

	Glioma
	
	Progression
	(Carlson et al., 2007)

	Glioblastoma
	CLR, RAMPs 2 and 3
	Progression
	(Ouafik et al., 2002)

	Hepatocellular carcinoma
	
	Progression, invasion, metastasis
	(Park et al., 2008, Qu et al., 2015)

	Kaposi’s sarcoma
	CLR
	Progression
	(Hagner et al., 2006)

	Lung carcinoma, small cell
	
	Progression**
	(Martinez et al., 1995)

	Lung carcinoma, squamous cell
	
	Progression**
	(Martinez et al., 1995)

	Lung adenocarcinoma
	
	Progression
	(Martinez et al., 1995)

	Ganglioneuroblastoma
	
	Progression
	(Satoh et al., 1995)

	Nasopharyngeal carcinoma
	
	Progression, long-term survival
	(Zhang et al., 2015)

	Neuroblastoma
	
	Differentiation
	(Satoh et al., 1995)

	Osteosarcoma
	
	Progression, metastasis, larger residual tumour size after cytoreduction, shorter disease-free and overall survival time
	(Dai et al., 2013, Deng et al., 2012)

	Orbital tumours
	
	Progression
	(Udono et al., 2000)

	Ovarian carcinoma
	
	Overall survival, Positive prognostic factor
	(Deng et al., 2012, Baranello et al., 2012)

	Pancreatic adenocarcinoma
	CLR, RAMPs 1 and 2
	Progression, invasionmp
	(Aggarwal et al., 2012, Keleg et al., 2007)

	Pancreatic insulinoma
	
	Progression
	(Aggarwal et al., 2012)

	Pheochromocytoma
	CLR, RAMPs 1, 2, and 3
	Progression
	(Letizia et al., 2001, Thouennon et al., 2010)

	Pituitary adenomas
	
	Progression
	(Lombardero et al., 2008)

	Prostate adenocarcinoma
	
	High Gleason scores
	(Sion-Vardy et al., 2004, Rocchi et al., 2001)

	Skin carcinomas
	CLR, RAMPs 2 and 3
	Progression
	(Martínez et al., 1997)

	Uterine leiomyoma
	CLR
	Progression
	(Nikitenko et al., 2006)


* increase in ADM mRNA and decrease in AM protein expressions associated with disease progression
** decrease in ADM mRNA associated with disease progression
m: mRNA only; p: protein only; mp: mRNA and protein


[image: ](A) RNA-seq expression is reported as median Fragments Per Kilobase of exon per Million reads (FPKM), generated by The Cancer Genome Atlas (B) Protein expression shows medium/high levels of protein (coloured bar). Low or undetected protein levels are reflected by the white bars. In pancreatic cancer tissue samples, ADM protein levels were low and undetected in 1/8 and 7/8 samples, respectively.  

[bookmark: _Toc3148103]Figure 3.4: ADM RNA (A) and protein (B) expression in cancerous tissues. Figure adapted from Human Protein Atlas, images available from: 
https://v18.proteinatlas.org/ENSG00000148926-ADM/pathology, accessed Mar 2019


[image: ](A) RNA-seq expression is reported as median Fragments Per Kilobase of exon per Million reads (FPKM), generated by The Cancer Genome Atlas (B) Protein expression shows medium/high levels of protein (coloured bar). Low or undetected protein levels are reflected by the white bars. In pancreatic cancer tissue samples, CLR protein levels were medium, low and undetected in 6/11, 4/11 and 1/11 samples, respectively.  

[bookmark: _Toc3148104]Figure 3.5: CLR RNA (A) and protein (B) expression in cancerous tissues. Figure adapted from Human Protein Atlas, images available from: 
https://v18.proteinatlas.org/ENSG00000064989-CALCRL/pathology, accessed Mar 2019
[image: ]RNA-seq expression is reported as median Fragments Per Kilobase of exon per Million reads (FPKM), generated by The Cancer Genome Atlas

[bookmark: _Toc3148105]Figure 3.6: RAMP RNA expression in cancerous tissues. Figure adapted from Human Protein Atlas, images available from: 
https://v18.proteinatlas.org/ENSG00000132329-RAMP1/pathology, accessed Mar 2019
https://v18.proteinatlas.org/ENSG00000131477-RAMP2/pathology, accessed Mar 2019
https://v18.proteinatlas.org/ENSG00000122679-RAMP3/pathology, accessed Mar 2019
[bookmark: _Toc3276224]3.1.2.1 ADM and its receptors in PaCa
The previous section detailed the strong evidence for association between ADM and its receptor components in various cancers, including PaCa. Quantitative PCR showed that ADM and CLR mRNA transcript levels were both higher in PaCa tissues (1.5-fold and 2.5-fold respectively) compared to normal pancreatic tissues (Keleg et al., 2007). Interestingly, ADM mRNA levels were also 1.8-fold higher in tissues from PaCa patients with lymph node metastases compared to patients without. These data suggest that ADM expression is not only elevated in PaCa, but correlates with disease progression. 
As seen in Section 3.1.1.2, ADM has a crucial role in regulating blood glucose levels in pancreatic islet β-cells. It has also been suggested that ADM could explain the link between PaCa and diabetes mellitus (DM). A study has shown that new-onset DM could be a manifestation of PaCa and this process may be mediated by ADM (Aggarwal et al., 2012).
Radioimmunoassay revealed mean±SEM plasma ADM levels are significantly higher in PaCa patients who develop diabetes (22.9 ± 10.7 fmol/L) than individuals with new-onset DM (14.8 ± 10.7 fmol/L, p<0.001) and healthy controls (12.9 ± 6.6 fmol/L, p<0.001) (Aggarwal et al., 2012).   ADM levels in PaCa patients who develop diabetes (22.9 ± 10.7 fmol/L) were also higher (p = 0.057) than those who did not (18.3 ± 7.0 fmol/L). Aggarwal and colleagues concluded that ADM could potentially be used as an early PaCa biomarker since patients develop diabetes an average of 13 months prior to PaCa diagnosis, even though it is inferior to that of late PaCa biomarker CA-19-9 in distinguishing between PaCa and healthy controls. The implication that ADM plasma levels has potential as a biomarker for an earlier detection of PaCa is crucial since most diagnoses are made at locally advanced or metastatic stages, where one-year survival rate of PaCa patients is 20% in the UK (Cancer Research UK, 2015b).
[bookmark: _Toc452394402]The same study revealed ADM treatment reduced insulin secretion in glucose-stimulated INS1 rat β-cells and isolated mouse β-cells (Aggarwal et al., 2012). This suggests ADM may induce insulin resistance in a subset of PaCa patients leading to development of DM. One possible mechanism is that the tumour cells shed ADM-containing exosomes into circulation, and these have been shown in vitro to readily enter β-cells, resulting in endoplasmic reticulum stress and inhibition of insulin secretion (Javeed et al., 2015). Exosomal ADM secreted by PaCa also induces lipolysis in subcutaneous adipose tissue (Sagar et al., 2015). Together, these data could explain the weight loss phenomena associated with new-onset DM prior to PaCa presentation, despite the primary cause of new-onset DM being obesity (Hart et al., 2011).  
ADM has been shown to directly increase proliferation and invasion of PaCa cells. In vitro, human PaCa cell lines (BxPC-3, MPanc96 and Panc-1) increased proliferation and invasion through Matrigel-coated chambers in response to ADM treatment, and this was shown to be mediated through nuclear factor κB (Ramachandran et al., 2007). Interestingly, the same study showed that while ADM mRNA was expressed in both PaCa cells and stromal cells (endothelial and pancreatic stellate cells (PSCs), CLR and RAMP mRNA were only co-expressed in stromal cells. This suggests that paracrine regulation of stromal cells by tumour-derived ADM, but not autocrine regulation of the tumour cells themselves, could be mediated by CLR/RAMPs in PDAC. 
ADM has also been shown to strongly induce infiltrating myeloid cells, including tumour-associated macrophages (TAMs), in PDAC to pro-tumour phenotypes, further promoting tumour growth and angiogenesis (Xu et al., 2016). ADM was shown to enhance migration, and invasion of TAMs in vitro. ADM also enhanced the ability of TAMs to adhere and extravasate through endothelial cells in vitro. In vivo experiments using an ADM antagonist also shows significant inhibition of TAMs and angiogenesis, leading to suppression of PDAC progression.
ADM has also been shown to mediate desmoplasia in PaCa, which is a fibroinflammatory response that characterises PaCa. ADM (together with Sonic Hedgehog) mediate the effect of MYB on PaCa cells and PSCs towards PaCa growth and desmoplasia in vitro and in vivo (Bhardwaj et al., 2016). Chapter 5 will elaborate on how ADM and its receptors can mediate PaCa stromal cells to contribute towards PaCa growth and its resistance to conventional therapies.
	Identifying receptor components responsible for orchestrating ADM’s pro-tumoural effects could decrease chances of side effects and improve current treatment regimens, prognosis and survival for PaCa patients. While this section revealed how ADM mediates pro-tumoural processes in tumour and stromal cells within the PaCa environment, Section 1.3.6 also showed similarly how RAMP-3 is not only involved in promoting growth and spread of tumour cells, but also in modulating angiogenesis and EMT within the tumour microenvironment. In order to target ADM and its receptor components in PaCa, we first need to characterise both the expression and function of the hormone and receptors in PaCa.


[bookmark: _Toc3276225]3.1.3 Hypothesis
The null hypothesis is that ADM and its receptor components are not expressed or functional in PaCa cells and thus would not be involved in cancer development and progression.  
[bookmark: _Toc3276226]3.1.4 Aims and objectives
The growth curves of a panel of seven PaCa cell lines were determined to optimise experimental conditions for further in vitro (viability and apoptosis) and in vivo (subcutaneous and orthotopic xenograft models) studies. Serum titration was also done to determine serum-reduced media needed for cell growth, for use in subsequent in vitro experiments with small molecule antagonists against AM2R. 
The cell lines were also characterised for expression of ADM and its receptor components. Endpoint and quantitative PCR was used to detect mRNA transcripts. The cell lines were also tested for stimulation with ADM and other calcitonin family peptides using a cAMP assay.  


[bookmark: _Toc3276227]3.2 Methods
[bookmark: _Toc3276228]3.2.1 Cell culture
Section 2.1 details how the PaCa cell lines were cultured and Table 2.1 lists their respective media and supplements. Cells were sub-cultured or seeded for experiments at 60-80% confluency. Cells were seeded for experiments at passage 35 or less. 
[bookmark: _Toc3276229]3.2.2 Viability assay 
Sections 2.1.1 and 2.1.3 detail how the PaCa cell lines were harvested and counted respectively, prior to seeding for viability assays. Section 2.3.1 details how RealTime-Glo MT Viability Assay was used to measure viability of PaCa cell lines to determine population doubling times. For viability assays lasting longer than three days, wells were washed with PBS and given fresh reagents every three days to continue the assay for a total of nine days. 
[bookmark: _Toc3276230]3.2.3 Serum-titration Proliferation assay
Sections 2.1.1 and 2.1.3 detail how the PaCa cell lines were harvested and counted respectively, prior to seeding for proliferation assays. Cells were seeded in media with different serum concentrations into 24-well plates (25,000 per well). Wells were then counted in triplicate every three days, according to Section 2.1.3, to determine cell number per well. Every three days, wells that were not counted at that time point were washed with PBS and given fresh media. 
[bookmark: _Toc452655550][bookmark: _Toc3276231]3.2.4 RNA Extraction
To obtain RNA for end-point PCR, ReliaPrep™ RNA Cell Miniprep System was used. All incubations and centrifugation were done at room temperature unless otherwise stated. Cells were detached and counted as in Section 2.1.1 and 2.1.3. Cell suspensions were centrifuged for 5 minutes at 300 x g and re-suspended in ice-cold PBS to wash the cells. Cells were spun down as before and re-suspended in appropriate volume of BL + TG buffer (Table 3.2). Liquid suspensions were vortexed to shear genomic DNA before addition of appropriate volume of 100% isopropanol (Table 3.2). 
[bookmark: _Ref524524104][bookmark: _Toc3131452]Table 3.2: Volumes of reagents used for RNA extraction using Reliaprep™ RNA Cell Miniprep System
	Cell count
	BL + TG buffer (μL)
	100% isopropanol (μL)
	DNAse/RNAse free water (μL)

	<5e5
	100
	35
	15

	5e5 to 2e6
	250
	85
	30

	>2e6
	500
	170
	50



Liquid suspensions were vortexed again before transferring to the Minicolumn in a Collection Tube. Tubes were centrifuged for 30 seconds at 14,000 x g. Liquids in Collection Tubes were discarded and Minicolumns were replaced into Collection tubes. 500  μL RNA Wash Solution was added to each Minicolumn and tubes were centrifuged for another 30 seconds at 14,000 x g. Liquids in Collection Tubes were discarded and DNase I incubation mix was made by gentle pipetting (30 μL per sample), according to Table 3.3. DNAse incubation mix (30 μL per sample) was added to each Minicolumn and incubated for 15 minutes. Column Wash Solution (200 μL per sample) was added to each Minicolumn and centrifuged for another 30 seconds at 14,000 x g. RNA Wash Solution (500 μL per sample) was added to each Minicolumn and centrifuged for another 30 seconds at 14,000 x g. Wash solutions and Collection tubes were discarded and Minicolumns were replaced into a new Collection tube. 
[bookmark: _Ref524524848][bookmark: _Toc3131453]Table 3.3: Volumes of reagents used to make DNAse incubation mix
	Reagent
	Volume (μL)

	Yellow Core Buffer
	24

	MnCl2
	3

	DNAse
	3

	Total
	30



RNA Wash Solution (300 µL per sample) was added to each Minicolumn and centrifuged for two minutes at 14,000 x g. Minicolumns were transferred to an Elution tube and nuclease-free water was added to each column according to Table 3.4. Minicolumns and Elution tubes were placed in the centrifuge with the Elution tube lid facing outside, and centrifuged for one minutes at 14,000 x g. RNA was quantified as in Section 3.2.5 before storing at -80°C.
[bookmark: _Ref524525427][bookmark: _Toc3131454]Table 3.4: Volume of nuclease-free water used for RNA extraction from different number of cells
	Cell count
	Volume of nuclease-free water (μL)

	<5e5
	15

	5e5 to 2e6
	30

	>2e6
	50


[bookmark: _Toc452655551]
[bookmark: _Toc3276232]3.2.5 Quantification of RNA
Following extractions of RNA (Section 3.2.4), RNA concentrations, as well as their purities, were quantified using Nanodrop® spectrophotometer. Table 3.5 shows acceptable ranges of absorbance ratios for RNA. Section 3.2.6 and 3.2.7 will detail cDNA synthesis and data acquisition techniques used in end-point PCR and quantitative PCR (qPCR), respectively.
[bookmark: _Ref513580014][bookmark: _Toc3131455]Table 3.5: Acceptable absorbance ratios for RNA purity
	Nucleic Acids
	260/280 nm absorbance ratio
	260/230 nm absorbance ratio

	RNA
	Around 2.0
	2.0 to 2.2



[bookmark: _Toc452655552]

[bookmark: _Toc3276233]3.2.6 Endpoint PCR techniques
[bookmark: _Toc3276234]3.2.6.1 cDNA Synthesis
After RNA extraction and quantification detailed in Sections 3.2.4 and 3.2.5, cDNA synthesis was done using High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher). RNase decontamination solution was used on surfaces and equipment before starting the experiment. Reaction mixes were made in microcentrifuge tubes and briefly spun down to mix contents and remove air bubbles. Volumes of each component are detailed in Table 3.6, for both reverse transcriptase positive (RT+) and negative (RT-) samples. Tubes are kept on ice before starting the reaction in a thermal cycler. Samples were incubated for an hour at 37°C, heated for 5 minutes at 95°C, then cooled at 4°C before storing at -20°C.
Table 3.6: Component volumes for reverse transcriptase reactions per sample[bookmark: _Toc452655553][bookmark: _Toc3276235]RT: reverse transcriptase; x cannot be greater than 9 μL 


	Component
	Volume (μL)

	
	RT+
	RT-

	2x RT Buffer
	10
	10

	20x Enzyme Mix
	1
	0

	RNA (2 μg)
	x
	x

	Nuclease-free water
	(9 – x)
	(10 – x)

	Total
	20
	20


[bookmark: _Toc452655554]

[bookmark: _Toc3276236]3.2.6.2 Endpoint PCR reaction
End-point PCR was done using GoTaq® G2 Flexi DNA Polymerase Kit. Reaction components were thawed on ice and vortexed thoroughly before use. Reaction mixes were made in nuclease-free microcentrifuge tubes and briefly spun down to mix contents and remove air bubbles. Volumes of each component are detailed in Table 3.7. Tubes are kept on ice before starting the reaction in a thermal cycler according to general amplification temperatures (denaturation at 95°C; annealing at 52-56°C; extension at 72°C). The number of cycles ran for CLR, RAMP-1 and RAMP-2 samples were 35 cycles (40 cycles for RAMP-3 samples). Table 3.8 lists the primers, sequences, expected product sizes and optimised annealing temperatures.
Table 3.7: Component volumes for polymerase chain reactions (PCR) per sample[bookmark: _Toc452655555][bookmark: _Toc3276237]RT: reverse transcriptase; x: volume containing up to 0.5 μg of cDNA; y: volume topped up to 50 μL total



	Component
	Volume (μL)

	5x GoTaq® G2 Flexi Green Buffer
	10

	MgCl2, 25 mM
	2

	PCR Nucleotide Mix, 10 mM
	1

	Forward Primer
	5

	Reverse Primer
	5

	GoTaq® G2 Flexi DNA Polymerase (5u/ μL)
	0.25

	cDNA (RT- or RT+; <0.5 μg)
	x

	Nuclease-free water
	y

	Total
	50


Table 3.8: Melting/annealing temperatures, expected product sizes and sequences for primers used in end-point and quantitative PCR[bookmark: _Toc452655557][bookmark: _Toc3276238]TM: melting temperature; TA: annealing temperature; F: forward primer; R: reverse primer


	Primers
	TM (°C)
	TA (°C)
	Product size (bp)
	Sequence

	CLR
	59.4
	54.4
	302
	CTTGGCTGGGGATTTCCACT (F)

	
	59.4
	
	
	CCTTCAGGTCGCCATGGAAT (R)

	RAMP-1
	59
	54
	193
	ATGCAGAGGTGGACAGGTTC (F)

	
	60
	
	
	GCCTACACAATGCCCTCAGT (R)

	RAMP-2
	61
	56
	256
	CTGTCCTGAATCCCCACGAG (F)

	
	60
	
	
	CTCTCTGCCAAGGGATTGGG (R)

	RAMP-3
	59.6
	55
	227
	AAGGTGGACGTCTGGAAGTG (F)

	
	57.2
	
	
	ATAACGATCAGCGGGATGAG (R)

	GAPDH
	57.3
	52
	354
	TTGTCAGCAATGCATCCTGC (F)

	
	57.3
	
	
	GCTTCACCACCTTCTTGATG (R)


	
[bookmark: _Toc3276239]3.2.6.3 Gel Electrophoresis
Gel electrophoresis was used to visualise separated PCR products by size. 1.5g agarose was mixed with 100 mL TBE and fully dissolved in the microwave. Ethidium bromide was added (2.5 μg) and the gel mixture was put into the mould with combs creating wells. After the gel has solidified (30 minutes), combs were removed and samples were loaded. For each reaction, water and GAPDH were used as negative and positive sample controls respectively. DNA ladder (100 to 10,000 bp) was also loaded to confirm PCR product size. Running of gel electrophoresis was done for 30 minutes before visualisation using Gel Doc XR+ System.   
To validate endpoint PCR data, Sanger sequencing was used to confirm amplified targets. Samples were analysed by University of Sheffield Core Genomic Facility using BigDye™ Terminator v3.1 Cycle Sequencing Kit and Applied Biosystems 3730 DNA Analyzer. Sequencing data were visualised using FinchTV software and aligned to target sequences using Basic Local Alignment Search Tool (BLAST) in the National Centre for Biotechnology Information (NCBI) website. Figure 3.7 shows an example of RAMP-1 sequencing data and NCBI BLAST results. The same was acquired for CLR, RAMP-2 and RAMP-3 PCR samples (Appendix Figures 7.1 to 7.5). 
[image: ]
[bookmark: _Ref524614896][bookmark: _Toc3148106]Figure 3.7: (A) RAMP-1 sequencing data visualised on FinchTV software (B) NCBI BLAST alignment results of RAMP-1 sequencing data
[bookmark: _Toc3276240]3.2.7 Quantitative Real-time PCR (qPCR) techniques
[bookmark: _Toc3276241]3.2.7.1 cDNA Synthesis
Samples were prepared to a final amount of 1.5 μg using Precision Nanoscript2 Reverse Transcription Kit with oligodT primers, according to Table 3.9. Samples then undergo annealing for five minutes at 65°C and were subsequently placed on ice immediately following the annealing reaction.  
Table 3.9: Reagent volumes for annealing reaction prior to qPCR per sample[bookmark: _Toc3276242]x: volume containing 1.5μg of RNA



	Component
	Volume (μL)

	RNA (1.5 μg)
	x

	Reverse transcriptase primer (oligodT)
	1

	Nuclease-free water
	(9 – x)

	Total
	10


[bookmark: _Ref524527286]Following annealing, extension reaction mix was added to both reverse transcriptase positive (RT+) and negative (RT-) samples accordingly (Table 3.10). Samples then undergo extension for 20 minutes at 42°C, 10 minutes at 72°C and incubated at 4°C until real-time PCR reaction or stored at -20°C.

Table 3.10: Reagent volumes for extension reaction prior to qPCR per sample[bookmark: _Toc3276243]RT: reverse transcriptase 


	Component
	Volume (μL)

	
	RT+
	RT-

	Nanoscript2 4x Reverse transcriptase Buffer
	5
	5

	Nanoscript2 Enzyme
	1
	0

	dNTP mix (10mM)
	1
	1

	Nuclease-free water
	3
	4

	Total
	10
	10



[bookmark: _Toc3276244]3.2.7.2 qPCR reaction
In comparison to end-point PCR, qPCR is a quantitative method of measuring mRNA levels of genes of interest in comparison to a house-keeping gene. Double-dye (Hydrolysis) Probe geNorm 6 Gene Kit was used to determine appropriate house-keeping to use for qPCR of analysed PaCa cell lines. The house-keeping gene selected was ACTB (β-actin) as the mRNA levels expressed were similar in analysed cell lines. 
PrecisionPLUS with ROX kit was used for qPCR reaction. ROX (or rhodamine-X) is a reference dye used to normalise (correcting for pipetting errors or instrumental drift) fluorescence intensity of qPCR reporter dyes including Taqman probes, which are used in our qPCR reactions. Figure 3.8 shows the principles of TaqMan detection method used in qPCR. Taqman probes, like primers, were specifically designed for different target sequences.
[image: ]
[bookmark: _Ref524530494][bookmark: _Toc3148107]Figure 3.8: Principle of TaqMan in polymerase chain reactions adapted from Promega (A) Taqman probe contains reporter fluorophore (R) and quencher (Q), hence intact probe signals are quenched. (B) Taqman probes anneal to DNA region amplified by primers. Taq polymerase extend these primers and degrades the annealed probes due to its 5’ to 3’ exonuclease activity, releasing reporter fluorophore allowing it to fluoresce (C).
[bookmark: _Ref524529875]
Equipment and nuclease-free water used for qPCR were sterilised under UV light for at least 20 minutes. cDNA samples were diluted to 5 ng/μL in nuclease-free water. qPCR Master Mix was made according to Table 3.11. Samples were added into 384-well plate in triplicate (2.5 μL per well) before addition of qPCR Master Mix (7.5 μL per well). 384-well plate was centrifuged for one minute at 250 x g to ensure uniform mixing of samples and reagents within each well.

[bookmark: _Ref536644679][bookmark: _Ref536644672][bookmark: _Toc3131461]Table 3.11: Reagent volumes for qPCR Master Mix per sample
	Component
	Volume (μL)

	PrecisionPLUS qPCR Master Mix
	5

	qPCR primer and probes
	0.5

	Nuclease-free water
	2

	Total
	7.5



Applied Biosystems 7900HT Fast Real-Time PCR System was used for the qPCR reaction. Each reaction was run for 40 cycles, where each cycle consists of incubation at 95°C (130 seconds) and 60°C (60 seconds). Reactions measuring house-keeping gene and samples without reverse transcriptase were used Analysis of qPCR reactions were done using Sequence Detection System (SDS) v2.4. Results of amplification plots are plotted with y-axis on log-scale (Figure 3.9). Thresholds used to interpolate Ct values (number of cycles needed to cross background fluorescence threshold) from the x-axis are set crossing linear phases of all plots within the same reaction (green line, Figure 3.9).
[image: ]
[bookmark: _Ref536279724][bookmark: _Toc3148108]Figure 3.9: qPCR amplification plot (y-axis on log-scale) quantifying ADM in PaCa samples with reverse transcriptase (A) and without (B). Threshold (green line) was set within the linear range to interpolate Ct values (number of cycles needed to cross background fluorescence threshold)

[bookmark: _Toc3276245]3.2.8 cAMP assay
GPCRs, including CLR, can mediate the conversion of adenosine triphosphate into cAMP as a result of adenylyl cyclase activation. Calcitonin superfamily peptides (ADM, CGRP and IMD) were used to stimulate PaCa cells and the resulting intracellular cAMP was quantified using LANCE® cAMP 384 kit. Forskolin was also used as a positive control as it directly activates adenylyl cyclase resulting in maximum possible cAMP production. All reactions, incubations and fluorescence readings were done/taken at room temperature (22-25°C).
LANCE® cAMP assay is a time-resolved fluorescence energy transfer assay. Figure 3.10 shows the principles of the assay. Instead of measuring the direct binding of antibodies to cAMP, this assay is based on competition between europium-labelled cAMP complex (from the kit) and cAMP in samples, for binding sites on Alexa-Fluor 647 labelled cAMP antibodies (from the kit). 340 nm wavelength excites the europium which itself emits 615 nm fluorescence. When the europium-labelled complex is additionally bound to Alexa-Fluor 647 labelled cAMP antibodies, the Alexa Fluor dye emits 665 nm fluorescence. The more cAMP in the sample competing to bind with the antibodies, the lower the 665 nm fluorescence (inversely proportional). 
[image: ]
[bookmark: _Ref534556557][bookmark: _Toc3148109]Figure 3.10: Principles of time-resolved fluorescence resonance energy transfer (TR-FRET) in cAMP assay, adapted from PerkinElmer manual. Europium (Eu) excited at 320 nm will emit 615 nm fluorescence.  (A) When the excited Eu-labelled cAMP complex is additionally bound to Alexa-Fluor 647 labelled cAMP antibodies, Eu transfers energy to the Alexa Fluor dye resulting in 665 nm TR-FRET signal. (B) When cAMP from samples compete and bind to Alexa-Fluor 647 labelled cAMP antibodies, the 665 nm fluorescence is diminished.

Stimulation buffer was made according to Table 3.12 (pH adjusted to 7.4 with 0.1 M NaOH). Stimulation buffer made with HBSS with Ca2+ and Mg2+ was used as diluent for ligands as per manufacturer’s protocol. However, buffer using HBSS without Ca2+ and Mg2+ was used to prepare cells as it discouraged clumping and ensured equal distribution between wells. IBMX was used to inhibit phosphodiesterase degradation of cAMP. BSA was also used to stabilise antibody in the assay process. 
[bookmark: _Ref524532785][bookmark: _Toc3131462]Table 3.12: 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


[bookmark: _Toc3276246]HBSS: Hank’s buffered saline solution
[bookmark: _Toc3276247]HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[bookmark: _Toc3276248]BSA: bovine serum albumin
[bookmark: _Toc3276249]IBMX: 3-isobutyl-1-methylxanthine




Figure 3.11 shows the schematic of setting up cAMP assays to measure stimulation by peptide ligands. Half-log serial dilutions of ADM, CGRP, AMY and forskolin were done using INTEGRA VIAFLO 125 multichannel pipette on the ASSIST automated pipette platform, in 96-well plates. Forskolin was used as a positive control as it bypasses receptor activation to directly activate adenylyl cyclase and produce cAMP. Tables 3.13 and 3.14 show the volumes used for serial dilution of calcitonin family peptides and forskolin, respectively. 2X concentration was prepared as addition of cells would result in final concentration. Ligands were then plated into 384-well Optiplates (6 µL per well).

[image: ]
[bookmark: _Ref513580461][bookmark: _Toc3148110]Figure 3.11: Well setup for cAMP assays measuring agonist stimulation. Cells (1) were stimulated with different concentrations of agonists (2) for 30 minutes before adding the Detection Mix (3). Fluorescence (Excitation: 320nm Emission: 615/665nm) was recorded on a plate-reader an hour after addition of Detection Mix. 

Table 3.13: Half-log serial dilution of calcitonin family peptides for cAMP assay[bookmark: _Toc3276250]Conc: concentration; stimulation buffer was used as diluent




	Dilution
	2X conc (M)
	Final conc (M)
	Volume of dilution
	Diluent

	1
	2.00E-06
	1.00E-06
	4 μL of 60μM
	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



Table 3.14: Half-log serial dilution of forskolin for cAMP assay[bookmark: _Toc3276251]Conc: concentration; stimulation buffer was used as diluent




	Dilution
	2X conc (M)
	Final conc (M)
	Volume of dilution
	Diluent

	1
	2.00E-04
	1.00E-04
	80μL of 150μM
	40μL

	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


Frozen cell aliquots were thawed and counted as in Sections 2.1.1 and 2.1.3, respectively. Alexa Fluor anti-cAMP was added 1:100 to cell suspension before seeding into wells (2,500 cells in 6 µL per well). After this point, reactions were done in the dark. Cells were stimulated by ligands for 30 minutes at room temperature before adding Detection Mix (europium-labelled cAMP tracer complex; 12 µL per well) which had been prepared at least 30 minutes prior to use. After one hour, the plate was read on EnSight Multimode Plate Reader (PerkinElmer) at 320/340 nm excitation and 615/665 nm emission was recorded. Forskolin-stimulated (0.1 mM) and vehicle-control wells were used as controls for 100% and 0% cAMP stimulation, respectively.
[bookmark: _Toc3276252]3.3 Results
[bookmark: _Toc3276253]3.3.1 Morphology of PaCa cells
PaCa cell lines cultured in vitro were imaged to determine morphology and monitored regularly to ensure similarity to previous cultures. Figure 3.12 shows the morphology of a panel of seven PaCa cell lines. Morphology of all cell lines are similar to images from ATCC website (where they were purchased from).
AsPC-1 cells grow in a monolayers with disorganised patterns made up of round, polygonal and elongated cells. AsPC-1 monolayers uniformly occupy areas and smaller clusters of proliferating cells can be observed.
Unlike AsPC-1, BxPC-3 cultures have a cobblestone epithelial monolayer. BxPC-3 cells also have a more prominent nuclei and appear slightly bigger than AsPC-1 cells, as they adhere more flatly. BxPC-3 monolayers also uniformly occupy areas and smaller clusters of proliferating cells can be observed.
Capan-2 grows in a cobblestone epithelial monolayer with homogenous round or polygonal cells. Unlike AsPC-1 and BxPC-3 cultures, Capan-2 monolayers tend to be huge distinct islands with empty spaces in between which do not contain many smaller clusters of proliferating cells.
CFPAC-1 grows in monolayers with disorganised patterns. Unlike the other cell lines, CFPAC-1 cultures contain elongated cells which swirl around the boundaries of polygonal cells. Similar to AsPC-1, CFPAC-1 monolayers occupy areas uniformly and smaller clusters of proliferating cells can be observed.
HPAF-II grows in a cobblestone epithelial monolayer with round or polygonal cells. Similar to Capan-2 cultures, HPAF-II monolayers tend to be huge distinct islands with empty spaces in between which do not contain many smaller clusters of proliferating cells. Giant multinucleated cells surrounded by smaller mononuclear cells are also present.
Panc10.05, similar to BxPC-3, grow in a cobblestone epithelial monolayer with round and polygonal cells. Similar to Capan-2 and HPAF-II cultures, Panc10.05 monolayers tend to be huge distinct islands with empty spaces in between which do not contain many smaller clusters of proliferating cells. Similar to HPAF-II, giant multinucleated cells surrounded by smaller mononuclear cells are also present.
SW1990, like BxPC-3, grow in a cobblestone epithelial monolayer with homogenous round and polygonal cells. SW1990 monolayers uniformly occupy areas and smaller clusters of proliferating cells can be observed, also similar to BxPC-3. Similar to HPAF-II and Panc10.05, giant multinucleated cells surrounded by smaller mononuclear cells are also present.
[image: ]
[image: ]
[bookmark: _Ref524610270][bookmark: _Toc3148111]Figure 3.12: Phase-contrast images of panel of seven pancreatic cancer cell lines used in in vitro and in vivo experiments, purchased from American Type Culture Collection (ATCC). Images were taken 2 to 7 days after seeding, at 100x (left) and 200x (right) magnification.


[bookmark: _Toc3276254]3.3.2 PaCa cells growth curves
In order to determining optimal seeding density and duration of subsequent in vitro experiments (viability and apoptosis), viability assays were done to determine doubling time of PaCa cell lines. Figure 3.13 shows the growth curves for seven PaCa cell lines. Population doubling times were calculated using the formula:

where n1 and n2 are luminescence readings in the linear growth phase, and duration is the time between n1 and n2 readings. Doubling times for the cell lines are listed in Table 3.15, ranging from 46.1 to 97.6 hours. 




[image: ]
[bookmark: _Ref524339614][bookmark: _Toc3148112]Figure 3.13: Growth curves of seven PaCa cell lines measured using RealTime-Glo MT Viability Assay. Cells were seeded at 2,000 cells per well in 96-well plates in optimal growth media (Chapter 2 Table 2.1). Luminescence readings (corresponding to cell number) were taken until cells have reached stationary or death phase. Doubling time was calculated using the linear log phase of growth as shown between the two sets of dotted lines. Calculated doubling times for PaCa cells are summarised in Table 3.15. 
[bookmark: _Toc3276255]3.3.3 Effect of serum titration on PaCa cell growth
	In order to optimise assay conditions to test the effect of small molecule antagonists on PaCa cells in serum-reduced media, viability assays were done on PaCa cells using media with different serum concentrations. As expected, higher serum concentration in the media resulted in faster cell growth (Figure 3.14). Serum-reduced concentrations (summarised in Table 3.15) were chosen based on growth to 50% of maxima, so the effect of small molecule antagonists will not be masked in subsequent functional studies. 
[image: ]
[bookmark: _Ref524520104][bookmark: _Toc3148113]Figure 3.14: Effect of different serum concentrations on cell growth of PaCa cells. Cells were seeded at 25,000 cells per well in 24-well plates in growth media with varying concentrations of foetal calf serum (FCS) and counted in triplicates every three days. Serum-reduced media concentration was chosen based on growth to 50% of maxima for subsequent functional studies using small molecule antagonists.
[bookmark: _Ref517361598][bookmark: _Ref524339642][bookmark: _Toc3131465]Table 3.15: Doubling time, full and serum-reduced media of seven PaCa cells
	Cell line
	Doubling time (hours)
	Full media
	Serum-reduced media

	AsPC-1
	58.1
	15% RPMI
	7% RPMI

	BxPC-3
	55.3
	10% RPMI
	5% RPMI

	Capan-2
	82.0
	10% McCoy’s
	5% McCoy’s

	CFPAC-1
	56.3
	10% DMEM
	5% DMEM

	HPAF-II
	97.6
	10% RPMI
	7% RPMI

	Panc10.05
	46.1
	15% RPMI
	5% RPMI

	SW1990
	70.1
	10% DMEM
	5% DMEM



[bookmark: _Toc3276256]3.3.4 mRNA Expression of ADM/CLR/RAMPs
To determine if PaCa cell lines express the ligand and receptor components necessary for ADM signalling (ADM, CLR, RAMP-1, RAMP-2 and RAMP-3), qPCR and endpoint PCR was done to measure mRNA levels. Table 3.16 shows ADM mRNA expression in seven PaCa cell lines as analysed by qPCR, with mean Ct values ranging between 23.0 and 26.1. All cell lines had a Ct value of below 35, meaning all samples contained detectable amounts of ADM mRNA. 
Figures 3.15 to 3.18 show CLR, RAMP-1 and RAMP-2 mRNA expression in seven PaCa cell lines as analysed by end-point PCR. As summarised in Table 3.17, all cell lines express mRNA of all the aforementioned receptor components (CLR, RAMP-1, RAMP-2 and RAMP-3), except BxPC-3 which did not appear to express RAMP-3.
Table 3.16: Relative ADM mRNA expression in seven PaCa cell lines detected by quantitative real-time polymerase chain reaction[bookmark: _Toc3276257]Data from three independent experimental repeats and presented as mean±SD (3 s.f.). 
[bookmark: _Toc3276258]Ct: number of cycles needed to cross background fluorescence threshold




	Cell line
	ADM Ct value
	ACTB Ct value
	ADM mRNA expression relative to ACTB (%)

	AsPC-1
	23.0±0.55
	18.1±1.01
	3.60±1.37

	BxPC-3
	24.1±0.97
	22.1±0.40
	57.9±33.0

	Capan-2
	23.5±1.06
	20.8±0.55
	32.4±25.4

	CFPAC-1
	23.9±0.61
	18.5±0.40
	3.98±1.54

	HPAF-II
	26.1±1.05
	17.6±0.44
	0.68±0.46

	Panc10.05
	23.5±0.42
	16.2±0.01
	0.16±0.04

	SW1990
	25.2±1.82
	18.1±0.10
	1.85±1.35



[image: ]
[bookmark: _Toc3148114]Figure 3.15: CLR mRNA expression in seven PaCa cell lines detected by end-point polymerase chain reaction. PC-3 prostate cancer cell line was used as a positive control. Reaction without template DNA (water control) was done as a negative control. Monochrome images were inverted using MSPaint. Representative data from one of three independent experimental repeats is shown. 
[image: ]
[bookmark: _Toc3148115]Figure 3.16: RAMP-1 mRNA expression in seven PaCa cell lines detected by end-point polymerase chain reaction. PC-3 prostate cancer cell line was used as a positive control. Reaction without template DNA (water control) was done as a negative control. Monochrome images were inverted using MSPaint. Representative data from one of three independent experimental repeats is shown.

[image: ]
[bookmark: _Toc3148116]Figure 3.17: RAMP-2 mRNA expression in seven PaCa cell lines detected by end-point polymerase chain reaction. CHO-K1 cell line over-expressing AM1 receptor components (CLR + RAMP-2) was used as a positive control. Reaction without template DNA (water control) was done as a negative control. Monochrome images were inverted using MSPaint. Representative data from one of three independent experimental repeats is shown.

[image: ]
[bookmark: _Toc3148117]Figure 3.18: RAMP-3 mRNA expression in seven PaCa cell lines detected by end-point polymerase chain reaction. 1321N1 cell line over-expressing AM2 receptor components (CLR + RAMP-3) was used as a positive control. Reaction without template DNA (water control) was done as a negative control. Monochrome images were inverted using MSPaint. Representative data from one of three independent experimental repeats is shown.
	

Table 3.17: ADM, CLR and RAMP mRNA expression in PaCa cell linesq: quantitative RT-PCR (Ct value)
ep: endpoint RT-PCR


	Cell line
	ADMq
	CLRep
	RAMP-1ep
	RAMP-2ep
	RAMP-3ep

	AsPC-1
	23.0±0.06
	+
	+
	+
	+

	BxPC-3
	24.1±0.30
	+
	+
	+
	-

	Capan-2
	23.5±0.20
	+
	+
	+
	+

	CFPAC-1
	23.9±0.10
	+
	+
	+
	+

	HPAF-II
	26.1±0.15
	+
	+
	+
	+

	Panc10.05
	23.5±0.18
	+
	+
	+
	+

	SW1990
	25.2±0.22
	+
	+
	+
	+


[bookmark: _Toc3276259]3.3.5 Stimulation of PaCa cells with calcitonin superfamily
To determine if ADM or other calcitonin superfamily peptides mediate downstream signalling in PaCa cell lines, cAMP assays were done to measure the effect of these peptides on cAMP production. Figure 3.19 shows the response of PaCa cell lines when stimulated with calcitonin superfamily peptides (ADM, CGRP and IMD) between 1 μM and 10 pM. Six out of seven cell lines were stimulated by CGRP with EC50 doses between 3.43 nM and 57.1 nM. CGRP stimulation also varied in efficacy, ranging between 20-100% of maximal cAMP production (normalised to forskolin). Five out of seven cell lines were also stimulated by ADM, and the results for IMD stimulation were mirrored in the same cell lines. SW1990 was the only cell line not stimulated with any of the calcitonin family peptides at the tested concentrations. 
[image: ]
[bookmark: _Ref524339896][bookmark: _Ref524339880][bookmark: _Toc3148118]Figure 3.19: Effect of calcitonin family peptides (ADM, CGRP, IMD) on cAMP production of seven PaCa cell lines. Cells were stimulated for 30 minutes at various concentrations and cAMP levels were measured using LANCE Ultra cAMP kit. Cell lines were differently stimulated in potency and efficacy. Two cell lines appear not to be stimulated at concentrations tested (BxPC-3 and SW1990). Data are from three independent experimental repeats and presented as mean±SEM. Data were normalised to stimulation with 100 μM forskolin and blank as 100% and 0% stimulation. Dose response curves were analysed using four-parameter logistic curve. Only unambiguous EC50 values are stated (3 s.f.).
[bookmark: _Toc3276260]3.4 Discussion
[bookmark: _Toc3276261]3.4.1 Panel of PaCa cell lines vary in morphology and doubling times
	In order to screen small molecule antagonists against AM2R as well as investigate their effects on cancer hallmarks in PaCa, a panel of seven PaCa cell lines were first characterised in vitro before deciding which to use for subsequent in vitro and in vivo experiments. 
All seven PaCa cell lines typically grew as cobblestone colonies with epithelial morphology in vitro, except AsPC-1 and CFPAC-1. CFPAC-1 cells were more elongated and grew in a disorganised pattern, suggesting a more mesenchymal appearance. AsPC-1 cells were slightly less elongated than CFPAC-1 but also grew in a disorganised pattern in culture. Three cells lines (Capan-2, HPAF-II and Panc10.05) grew in distinct huge islands with no smaller clusters of proliferating cells. Three cell lines (HPAF-II, Panc10.05 and SW1990) also contained giant multinucleated cells in the cell population. Heterogeneous cell populations have also been observed in other reports characterising PaCa cell lines, where different genetic variants have been observed within the same cell line (Deer et al., 2010). None of the observed in vitro morphological characteristics correlated with tumour background (primary or metastasis, differentiation status). This suggests that the way PaCa cells grow in vivo may not necessarily be recapitulated in vitro in monolayer cultures.    
The PaCa cell line doubling times obtained from our viability experiments are similar to values recorded in the literature (Table 3.18). Slight variation observed could have resulted from differences in culture condition and experiment techniques. Culture media we optimised also differed from ones used in literature. Additionally, our doubling times were determined using Promega’s Real-Time Glo MT Viability Assay, whereas ones from literature utilise trypan blue exclusion counting method. Viability assay was the method of choice as it is real-time and faster to acquire results than counting assays (endpoint, laborious). However, it is a surrogate method that assumes cell metabolism as a proxy for cell number (Duellman et al., 2015). We have also acquired doubling times for four cell lines (AsPC-1, BxPC-3, CFPAC-1 and HPAF-II) using both viability and counting assays and obtained similar results (Table 3.18), giving us confidence that results from our viability assays are comparable to results from conventionally used counting assays.
[bookmark: _Ref517689363]The panel of seven PaCa cell lines have varying doubling times with a range of 46.1 to 97.6 hours. Doubling times, like cell morphology, also did not correlate with differentiation status (well or poor) or whether the cell lines were derived from primary or metastatic tumours. Again, this suggests that for these PaCa cell lines, in vitro monolayer cultures may not necessarily mimic in vivo growth.
[bookmark: _Ref536645331][bookmark: _Toc3131468]Table 3.18: PaCa cell line doubling times from viability and counting experiments compared to literature
	Cell line
	Viability assay doubling time (hours)
	Counting assay doubling time (hours)
	Doubling time from references (hours)

	AsPC-1
	58.1
	41.5
	38-46 (Chen et al., 1982, Cowley et al., 2014)

	BxPC-3
	55.3
	72.0
	48-60 (Tan et al., 1986, Cowley et al., 2014)

	Capan-2
	82.0
	-
	96 (Kyriazis et al., 1986)

	CFPAC-1
	56.3
	66.2
	30-45 (Cowley et al., 2014, Schoumacher et al., 1990)

	HPAF-II
	97.6
	112.5
	70 (Cowley et al., 2014)

	Panc10.05
	46.1
	-
	30 (Cowley et al., 2014)

	SW1990
	70.1
	-
	64-72 (Cowley et al., 2014, Kyriazis et al., 1983)



In summary, the panel of seven PaCa cell lines are varied in background, in vitro morphology and growth characteristics. Additionally, all of these cell lines have also been shown to be successfully inoculated in either subcutaneous or orthotopic PaCa models in vivo (Miknyoczki et al., 1999, Hotz et al., 2003, Shi et al., 2016, Hofmann et al., 2012, Xie et al., 2013).  Being able to test using a panel of PaCa cell lines would enable us to have more of an insight during the process of drug development, from in vitro screening through to in vivo studies, as opposed to picking one model PaCa cell line. 
[bookmark: _Toc3276262]3.4.2 PaCa cell lines express ADM and its receptor components
	In addition to characterising experimental conditions (doubling times, serum-reduced media concentrations) for subsequent in vitro experiments using the PaCa cell lines, it is also crucial to determine if these cell lines also express the ligand and receptor components necessary for ADM signalling (ADM, CLR, RAMP-1, RAMP-2 and RAMP-3).
Endpoint and quantitative PCR reveal that all PaCa cell lines express ADM, CLR, RAMP-1, RAMP-2 and RAMP-3 mRNA under optimal culture conditions, except BxPC-3 which had undetectable levels of RAMP-3 mRNA. These results are important as they suggest that ADM and its receptor components are present in PaCa cell lines and therefore could be involved in PaCa progression. 
RAMP-3 has been shown to be expressed in several cancers including colorectal, glioblastoma and clear-cell renal (Nouguerède et al., 2013, Ouafik et al., 2002, Deville et al., 2009). However, PaCa cell lines have previously been shown to have undetectable levels of RAMP-3 mRNA, except for T3M4 (Ramachandran et al., 2007, Keleg et al., 2007). Ramachandran et al.’s study included three cell lines also analysed in our study – AsPC-1, BxPC-3 and CFPAC-1. Similar to Ramachandran et al.’s study, our study confirms that RAMP-1 and RAMP-2 mRNA is expressed by these cell lines. However, in contrast to Ramachandran et al.’s study, our study shows that CLR and RAMP-3 mRNA were also expressed in AsPC-1 and CFPAC-1. Variation in CLR and RAMP-3 mRNA expression could be due to differences in cell culture and PCR techniques. The same media was used to culture our cells as in Ramachandran et al.’s study. However, different primers were used to detect CLR and RAMP-3 mRNA. To our knowledge, our results are the first to show that RAMP-3 mRNA is expressed in 6 out of 7 tested PaCa cells. The presence of RAMP-3 suggests that this accessory protein may mediate ADM signalling in the PaCa environment. 
While RAMP-3 had previously been shown to be undetectable in PaCa cells themselves, RAMP-3 is expressed by stromal cells in the tumour environment including endothelial, PSCs and immune cells. HUVEC endothelial cell line and primary stellate cells cultured from PaCa resections have both been shown to express RAMP-3 mRNA by endpoint PCR (Ramachandran et al., 2007). RAMP-3 protein was also expressed in infiltrating immune cells within renal tumours (Deville et al., 2009). Myelomonocytic cells which commonly infiltrate PaCa also express RAMP-3 mRNA and protein detected by qPCR and western blot respectively (Xu et al., 2016). More crucially, this study also showed that pro-tumoural processes (growth, migration, angiogenesis) mediated by the myelomonocytic cells have been shown in vitro (migration/invasion assay) and in vivo (subcutaneous model) to be mediated by ADM and CLR (Xu et al., 2016). Together with our findings that PaCa cells also express RAMP-3, these data bolster the hypothesis that RAMP-3 could mediate paracellular signalling between tumour and stromal cells in a PaCa microenvironment.
A huge barrier to characterising protein expression of RAMPs is the lack of adequate antibodies available commercially. We attempted characterising protein expression by flow cytometry, immunofluorescence and western blots with commercially available antibodies but results were inconsistent and bands appeared at unexpected heights. Additionally, one of the antibodies against human RAMP-1 (ab156575) has recently been deemed unsuitable to be used for flow cytometry and immunofluorescence applications by abcam. Until more specific and reliable antibodies become available, the only option is to characterise mRNA expression by either endpoint or quantitative PCR as we have done in Section 3.3.4.
[bookmark: _Toc3276263]3.4.3 PaCa cell lines are stimulated by ADM and other calcitonin superfamily peptides
Since we have shown that the panel of PaCa cell lines express the ligand and receptor components necessary for ADM signalling, the next step would be to determine if these receptor complexes are indeed functional. Pharmacological experiments have confirmed that signalling of ADM through AM1R and AM2R resulted in cAMP response (McLatchie et al., 1998, Kuwasako et al., 2012). Hence, cAMP assays were used to determine if these receptor components were functional in the panel of PaCa cell lines. In addition to ADM, two other members of the calcitonin superfamily (CGRP and IMD) were also tested as these ligands can also signal through the same receptor complexes as ADM.
cAMP assays have shown that 6 out of 7 PaCa cell lines were stimulated by ADM, CGRP and IMD, albeit to a different extent (Figure 3.19). PaCa cell lines were most potently stimulated by CGRP, compared to ADM and IMD. CFPAC-1 and HPAF-II were stimulated most by ADM (EC50 288 nM for both). Despite the similar EC50, ADM stimulation of CFPAC-1 was more efficacious (100% maximum response vs. 60%) than HPAF-II. Since CFPAC-1’s response to ADM was the most potent and efficacious out of all the cell lines, CFPAC-1 was chosen to do high-throughput viability screening of small molecule antagonists, as well as further in vitro and in vivo experiments to elucidate effects of small molecule antagonists on various aspects of PaCa growth and progression. 
PaCa cell lines were not only differentially stimulated to produce cAMP in terms of potency but also efficacy. For example, CGRP was more potent in HPAF-II (EC50 3.43 nM) compared to AsPC-1 (EC50 32 nM). However, it was more efficacious in AsPC-1 (100% maximum response) than HPAF-II (60% maximum response). This appears like a theoretical curve for a partial agonistic effect. However, since cAMP results are not normalised to maximal cAMP response of a particular receptor, it is unlikely to be a partial agonist. Instead, results are normalised to forskolin stimulation which bypasses receptor activation and is a measure of maximal cAMP production within the cell.
SW1990 was the only cell line that did not appear to produce cAMP upon stimulation with calcitonin family peptides at the tested concentrations. This shows that mere presence of ADM and its receptor components does not necessarily mean that ADM can function through its receptors, since SW1990 does express ADM, CLR and RAMPs mRNA. This means that additional criteria is needed for ADM to function through its receptors, such as close association of CLR and RAMP to form a functional receptor complex. This can be measured by proximity ligation assay (PLA), where a maximum theoretical distance of 40 nm between two proteins is able to produce an amplified fluorescence signal which can be visualised. However, this requires specific antibodies to CLR and the respective RAMP which will be an issue since such antibodies are still not available for RAMPs, as discussed previously in Section 3.4.2.
It is also crucial to note that calcitonin family peptides can bind to more than one receptor complex (i.e. ADM can bind to CLR complexing with any of the three RAMPs) albeit at different potencies. This makes it hard to elucidate which receptor complexes were responsible for the cAMP responses seen with the different peptides. In the future, knockouts of one or more RAMP could be generated in PaCa cell lines using CRISPR technology before conducting the same cAMP experiments to decide which of the RAMPs are responsible for the various observable effects in each cell line. For example, comparing cAMP production of ADM-stimulated wild-type and RAMP-3 knockout cell lines would reveal if the ADM-stimulatory effect is RAMP-3 mediated or not.
Lastly, cAMP is not the only measure of cell signalling. In fact, ADM is known to exert its effects through either of these three pathways in species- , organ- and tissue-specific manner: Akt, cAMP and MAPK/ERK (Section 1.2.3). In the future, assays measuring Akt or ERK levels could also be used to determine potency and efficacy of calcitonin peptide family stimulation in PaCa cells.
[bookmark: _Toc3276264]3.4.4 Mesenchymal and metastatic PaCa cell lines responded to ADM stimulation
ADM has been shown to mediate migration, invasion and metastasis in many cancers, such as breast, colorectal and pancreatic (Section 1.3.4). Thus, it would be interesting to investigate if PaCa cell lines derived from metastases were more likely to be stimulated by ADM compared to PaCa cell lines derived from primary tumours. 
Out of the four metastatic PaCa cell lines tested, three of them (AsPC-1, CFPAC-1 and HPAF-II) responded to ADM stimulation in the cAMP assay (Figure 3.19). On the other hand, none of the PaCa cell lines derived from primary tumours responded to ADM stimulation (BxPC-3, Capan-2 and Panc10.05). A similar effect was seen for CGRP stimulation, where CGRP was 10x more potent on the metastatic PaCa cell lines compared to the primary ones. This suggests that PaCa that respond to ADM are also likely to respond to CGRP, possibly due to the similar receptor complexes both ligands signal through. 
[bookmark: _Toc3131469]Table 3.19: PaCa cell lines, morphology, primary or metastatic tumours and ADM EC50 from cAMP assays
	Cell line
	Morphology
	Metastatic
	ADM EC50

	AsPC-1
	Mesenchymal
	yes
	682

	CFPAC-1
	Mesenchymal
	yes
	288

	HPAF-II
	Epithelial
	yes
	288

	Capan-2
	Epithelial
	no
	nd

	Panc10.05
	Epithelial
	no
	nd

	BxPC-3
	Epithelial
	no
	nd

	SW1990
	Epithelial
	yes
	nd


Additionally, both of the mesenchymal-looking PaCa cell lines (AsPC-1 and CFPAC-1) responded to ADM stimulation. This bolsters other studies which have shown that ADM can mediate EMT signalling within a PaCa microenvironment (Section 1.3.5). RAMP-3 has also been implicated in mediating EMT signalling of breast cancer cells (Brekhman et al., 2011). The presence of RAMP-3 mRNA in the mesenchymal-looking PaCa cell lines combined with the fact that these cell lines are stimulated by ADM compared to epithelial-looking PaCa cell lines provides evidence that EMT in PaCa may also be mediated by ADM signalling through RAMP-3.   [bookmark: _Toc3276265]Table arranged in order from highest to lowest ADM potency in cAMP assays. Excluding SW1990, only metastatic and PaCa cell lines responded to ADM stimulation. Both of the mesenchymal-looking cell lines also responded to ADM stimulation.
[bookmark: _Toc3276266]EC50: concentration of drug giving half-maximal response; nd: not determined




Aside from whether tumours were derived from metastases or had mesenchymal morphology, response to ADM in cAMP assays did not correlate with other PaCa characteristics such as differentiation status and in vitro doubling time. This suggests that ADM might play a more prominent role in metastasis of PaCa compared to its primary growth. This means that clinical development of small molecular antagonists against RAMP-3 could target PaCa differently than current chemotherapeutic agents. While chemotherapy only targets cancer cells that divide rapidly, RAMP-3 antagonists may be able to target slower-dividing or dormant tumour cells which could be metastatic. A combination of chemotherapy and RAMP-3 antagonists would be a good way forward to target not just rapidly proliferating PaCa cells but also metastatic PaCa cells which may be chemo-resistant. This combination strategy is discussed in detail in Chapter 5. 

[bookmark: _Toc3276267]3.5 Conclusion
The culture conditions (doubling time, serum-reduced media concentration) for PaCa cell lines have been optimised for further in vitro experiments using small molecule antagonists against AM2R (viability and apoptosis assays). These include high-throughput single point screening assays on CFPAC-1 cell line as well as dose response experiments on various PaCa cell lines. 
All PaCa cell lines tested express mRNA of ADM and the receptor components responsible for ADM signalling (CLR and RAMPs), except BxPC-3 (RAMP-3 not detected). Therefore, it is possible that ADM and its receptors may be involved in mediating PaCa progression. There is currently an ongoing effort to knockdown and overexpress RAMP-3 in PaCa cells to confirm if the observed effects are due to RAMP-3. 
Almost all (6 out of 7) PaCa cell lines tested were stimulated by calcitonin family of peptides (ADM, CGRP and IMD) to produce cAMP. This suggests that ADM and its receptor complexes are indeed functional in PaCa cells and may mediate signalling pathways downstream of cAMP to progress PaCa development. 






[bookmark: _Toc3276268]Chapter 4: Small molecule antagonist against AM2R as a monotherapy for pancreatic cancer


[bookmark: _Toc3276269]4.1 Introduction
Many PaCa patients are diagnosed at late-stage and therapeutic options for these patients are limited. They are not eligible for surgery as that would not eradicate metastatic lesions. Chemotherapeutic regimens that appear to confer benefits to survival are also too toxic for patients with a poor ECOG performance status (grade 2 and above) according to guidelines on daily living abilities. Although chemotherapy cocktail FOLFIRINOX has been shown to improve overall survival, progression-free survival and response rate in patients with advanced PaCa compared to gemcitabine alone, FOLFIRINOX is first-line treatment only for advanced PaCa patients with good performance status (Conroy et al., 2011). This is due to FOLFIRINOX resulting in significantly more severe or life threatening adverse events (grade 3 and 4 as per CTCAE criteria) compared to gemcitabine alone (Conroy et al., 2011).  Radiotherapy is also not currently offered to treat local and advanced PaCa as clinical trials and meta-analyses have shown it does not offer additional benefits compared to chemotherapy and even best supportive care. This shows the need for newer strategies in targeting PaCa especially in patients where options are limited. 
Since our group is developing AM2R antagonists using commercially available CGRPR antagonists as a starting point, section 4.1.1 will detail clinical development of antagonists against CGRP and CGRPR to treat various diseases including migraine and sepsis. Section 4.1.2 will discuss preclinical studies using ADM antagonists to target cancers, including PaCa. Sections 4.1.3 and 4.1.4 will elaborate on the design and screening strategies for our development of small molecule antagonists against AM2R from virtual in silico screening, to high-throughput in vitro assays, through to in vivo studies.   
[bookmark: _Toc3276270]4.1.1 Antagonists against CGRP and its receptor components (CLR+RAMP-1)
Calcitonin superfamily antagonists known as the gepants are currently in clinical trials and target the CGRPR in order to treat migraine. Even though they were efficacious in clinical trials, four out of the six gepants (olcegepant, telcagepant, MK-3207, BI44370TA) have been discontinued for various reasons including lack of oral bioavailability and liver toxicity from frequent use (Hewitt et al., 2011, Ho et al., 2016, Ho et al., 2014). Ubrogepant and rimegepant are still in Phase III trials for long-term safety and tolerability studies (NCT03237845, NCT02828020).
While gepants were developed to treat acute migraine, humanised monoclonal antibodies against CGRP (galcanezumab, eptinezumab, and fremanezumab) and CGRPR (erenumab) are also in clinical development for chronic migraine. Gepants are small molecules (534 to 869 g/mol) that can barely cross the blood brain barrier yet are efficacious in the treatment of migraine, suggesting primary site of action is peripheral to central nervous system (Edvinsson and Warfvinge, 2017). Monoclonal antibodies are much larger than gepants (150 kDa vs. 0.2-1 kDa) and therefore likely to exert its effects on the central nervous system outside of the blood brain barrier as well (Tepper, 2018). CGRP and CGRPR antibodies have also completed phase II and III trials with good tolerability (Dodick et al., 2014a, Dodick et al., 2014b). The plasma elimination half-lives of CGRP and CGRPR antibodies are considerably longer than gepants (25-45 days vs. 2.5 hours) (Bigal et al., 2015, Recober and Russo, 2007). A meta-analysis has also shown that treatment using monoclonal antibodies against CGRP and CGRPR result in significantly less monthly migraine days compared to placebo (Hou et al., 2017). Three of these antibodies (erenumab, fremanezumab and galcanezumab) have also been approved in 2018 by FDA for migraine prevention as monthly or quarterly injections (Tepper, 2018).
Antagonists against ADM and its receptors are not as advanced in clinical development compared to CGRP/CGRPR antagonists, as will be revealed in Section 4.1.2. Since clinical development of CGRP and CGRPR antagonists have resulted in FDA approved treatments for migraines, our group decided to develop AM2R antagonists using the backbone of orally bioavailable CGRP antagonist MK-3207 developed by Merck. This will be discussed in Section 4.1.3.
[bookmark: _Toc3276271]4.1.2 Antagonists against ADM and its receptor components (CLR + RAMP-2 and -3)
Although inhibitors against ADM and its receptors are not as advanced as their CGRP/CGRPR counterparts in clinical development, ADM antagonists have been shown to be efficacious in preclinical studies in inhibiting various cancers, including PaCa.
ADM22-52 is a peptide fragment of ADM that antagonises ADM on both AM1R and AM2R. ADM22-52 has been shown to inhibit growth of MCF-7 breast tumours in an in vivo subcutaneous model by disrupting vasculature and inducing apoptosis (Benyahia et al., 2017). Intratumoural ADM22-52 treatment also suppresses growth of subcutaneous PCI-43 PaCa cells by decreasing numbers of proliferative PaCa cells as well as angiogenesis, compared to vehicle-control (Ishikawa et al., 2003). 
Aside from peptide antagonists against ADM, three small molecules non-peptide antagonists of ADM (NSC16311, NSC28086 and NSC37133) have also been shown to inhibit tumour growth and metastasis in vivo. In a tobacco-induced subcutaneous tumour model, A549 lung tumours were greatly reduced in mice given systemic NSC16311 treatment compared to vehicle-control (Portal-Nuñez et al., 2012). The same compound is also able to decrease ADM-induced tubule formation of lymphatic endothelial cells in vitro (Fang et al., 2009). These studies show that ADM inhibitors not only target primary growth of tumour cells but also their local and distal spread through endothelial and lymphatic vasculature.
Antibodies against ADM and its receptor components have also been shown to target cancer in preclinical studies. These include polyclonal antibodies against ADM as well as a cocktail of antibodies that target ADM receptor components (anti-CLR, anti-RAMP-2 and anti-RAMP-3). The use of these antibodies to target cancer – discussed in Section 1.3.6 – have been shown to inhibit tumour growth as well as stromal pro-tumoural processes (e.g. angiogenesis and lymphangiogenesis), similar to small molecule antagonists and peptides against ADM and its receptors. Despite these promising data on tumour inhibition, the development of ADM inhibitors into clinic is stunted due to short half-lives or undesirable modes of delivery (Lopez and Martinez, 2002).
While antagonists against ADM and its receptors have not been used in clinical trials for cancer patients, anti-ADM (adrecizumab) is currently in clinical trials for sepsis patients. Animal and phase I human studies have shown adrecizumab to be safe and well-tolerated in models of systemic inflammation and sepsis (Geven et al., 2018). Interestingly, as it is a non-neutralising antibody, it is not used to completely abrogate ADM signalling but to retain its beneficial effects whilst negating its detrimental effects.  
In comparison to the development of CGRP antagonists in clinic, antagonists against ADM and its receptor components (CLR, RAMP-2 and RAMP-3) are not widely available due to their limited selectivity over receptor subtypes. Table 4.1 shows the affinities of ADM/CGRP peptide antagonists against CLR/RAMP receptors. CGRP8-37 is 2-4 logs selective in inhibiting CGRPR compared to AM1R/AM2R, whereas ADM22-52 is only 1-2 logs selective in inhibiting AM1R/AM2R compared to CGRPR (Hong et al., 2012). This shows a need for development of more selective antagonists against ADM and specific receptor complexes in a bid to target dysregulated ADM signalling in diseases such as cancer and sepsis. 

Table 4.1: Affinities of peptide antagonists against CLR/RAMP receptor complexespKi estimates from radioligand binding studies adapted from (Hong et al., 2012)
CGRPR: CLR/RAMP-1; AM1R: CLR/RAMP-2; AM2R: CLR/RAMP-3

	Antagonist
	CGRPR
	AM1R
	AM2R

	ADM22-52
	~6
	7-8
	7-8

	CGRP8-37
	9-10
	6-7
	6-7




[bookmark: _Toc3276272]4.1.3 Design Strategy: Rational drug design based on currently available crystal structures 
Crystal structures of CGRPR and AM1R bound to calcitonin superfamily peptides and small molecule antagonists have been resolved (ter Haar et al., 2010, Kusano et al., 2008, Booe et al., 2018). However, no crystal structure currently exists of AM2R. A homology model of AM2R has been developed based on crystal structures of CGRPR and AM1R (Booe et al., 2015). In order to develop small molecules selective for AM2R, the AM2R homology model was used to virtually screen compounds before their chemical syntheses. 
The starting point for rational drug design was orally bioavailable CGRP antagonist MK-3207 hydrochloride developed by Merck, which is composed of two domains that bind to CLR and RAMP-1 respectively (Figure 4.1). Virtual compounds were conceived by changing the RAMP-1 binding domain to one that would theoretically prefer binding to RAMP-3. Virtual compounds were then docked onto the AM2R homology model to determine potential AM2R selectivity prior to synthesis. Modelling work was done by collaborators from Sandexis. Compounds that were likely to be potent and selective for CLR/RAMP-3 over the other receptor subtypes were then chemically synthesised by medicinal chemistry collaborators in Concept Life Sciences (previously Peakdale Molecular) and WuXi AppTec.  
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[bookmark: _Ref525651886][bookmark: _Toc3148119]Figure 4.1: Structure of CGRP antagonist MK-3207 showing the domains that bind to residues on CLR and RAMP-1 specifically. 

[bookmark: _Toc3276273]4.1.4 Screening Strategy: High-throughput in vitro to in vivo studies 
One of the classical signalling pathways downstream of AM2R is cAMP-dependent (Kuwasako et al., 2012). Therefore, cAMP assay was used in the initial stage to screen for compounds potent and selective in inhibiting ADM stimulation of AM2R in a 1321N1 cell line overexpressing AM2R. In addition to doing counter-screens against cells overexpressing CLR/RAMP receptor complexes (CGRPR and AM1R), cells overexpressing CTR/RAMP receptor complexes (AMY1R and AMY3R) were also tested due to similarities (54% sequence identity) between CTR and CLR (Sexton et al., 2006). Table 4.2 shows the pIC50 values obtained from cAMP screening assays for four lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041). They are very selective for AM2R over AM1R, AMY1R and AMY3 (two- to three-logs) and slightly less selective over CGRPR (half- to one-log). More interestingly, unlike ADM22-52 which has the same affinity for AM1R and AM2R (Table 4.1), our lead compounds are two- to three-log selective for AM2R over AM1R (Table 4.2). Compounds that were potent and efficacious in cAMP screening assays were taken forward to do more in depth in vitro experiments (viability and apoptosis) to determine if they will be suitable in vivo candidates. 
Table 4.2: pIC50 of lead compounds against CLR/RAMP and CTR/RAMP receptor complexesMean pIC50 values obtained from cAMP assays (minimum three independent experimental repeats). CGRPR: CLR/RAMP-1; AM1R: CLR/RAMP-2; AM2R: CLR/RAMP-3; AMY1R: CTR/RAMP-1; AMY3R: CTR/RAMP-3. Data from Avgoustou, 2018.

	Compound
	CGRPR
	AM1R
	AM2R
	AMY1R
	AMY3R

	SHF-638
	8.23
	< 5.43
	8.88
	5.51
	6.28

	SHF-771
	8.29
	6.28
	8.88
	< 5.51
	5.98

	SHF-1036
	8.61
	6.04
	8.85
	5.41
	5.95

	SHF-1041
	7.26
	5.30
	8.52
	5.07
	5.58


Pharmacokinetic studies were conducted by our collaborators in WuXi AppTec to determine dosing in subsequent studies in in vivo tumour models. Figure 4.2 shows the plasma concentrations of lead compounds in mice after a single intraperitoneal dosing at 10 mg/kg, as measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Two of the lead compounds (SHF-771 and SHF-1036) were undetectable 8 hours post-treatment, compared to SHF-638 and SHF-1041 which were still detectable 24 hours post-treatment (Figure 4.2). The lead compounds have differing pharmacokinetic properties which may affect their efficacy in vivo, even though they are all potent in inhibiting AM2R in vitro (Table 4.2). 

[image: ]
[bookmark: _Ref447024][bookmark: _Toc3148120]Figure 4.2: Plasma concentration of lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) after intraperitoneal dosing of 10 mg/kg in mice. SHF-638 and SHF-1041 were detectable in plasma 24 hours post-treatment, but SHF-771 and SHF-1036 were undetectable 8 hours post-treatment. Data provided by collaborators from WuXi AppTec. 


To complement results from in vitro experiments, in vivo studies were conducted for a more extensive analyses of AM2R antagonists on tumour burden, tumour stroma and to determine safety profile of these compounds. Tumour burden was analysed by measuring volume (twice weekly) and mass at endpoint. Weighing of vital organs (liver, kidney, and spleen) were done to identify organs which may be adversely affected by treatments. Tumour and organs were processed into tissue sections for further immunohistological analysis. Plasma samples were also collected to measure levels of proteins of interest by ELISA. 
In vivo studies were conducted together with colleague Dr Paris Avgoustou. We have previously shown using a subcutaneous xenograft model that daily intraperitoneal injection of lead compound SHF-638 (20 mg/kg) was able to decrease in vivo tumour growth of breast (MDA-MB-231) and pancreatic (CFPAC-1) tumours by 56% and 50% (Figure 4.3, p<0.05). Immunohistochemical analysis of CFPAC-1 tumour sections treated with SHF-638 revealed a 39% decrease in proliferative cell numbers (Figure 4.4A, p<0.05) and 41% increase in necrotic regions within the tumour (Figure 4.4B, p<0.05), compared to vehicle-control. Decrease in α-SMA expression (marker for activated PSCs, -35%, p<0.05) and CD31 expression (endothelial marker, -23%, not significant) were also observed in SHF-638 treated CFPAC-1 subcutaneous tumour sections, compared to vehicle-control (Figure 4.4C and Figure 4.4D). This suggests that in addition to inhibiting growth and promoting death of tumour cells, SHF-638 also decreased PSC expression as well as angiogenesis in PaCa tumours. 
Altogether, these studies show that small molecule antagonists against AM2R have great potential to be developed to treat PaCa as they not only target growth of PaCa cells but also the microenvironment components that supports PaCa development and spread. 
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[bookmark: _Ref535848385][bookmark: _Toc3148121]Figure 4.3: Growth curves of MDA-MB-231 breast and CFPAC-1 pancreatic subcutaneous tumours in Balb/c nude mice. After four weeks of daily treatment with 20mg/kg of SHF-638, tumour volumes were decreased by 50-56% compared to vehicle-treated control mice (p<0.05). Data presented as mean±SD. Data from (Avgoustou, 2018)
[image: ]
[bookmark: _Ref535848421][bookmark: _Toc3148122]Figure 4.4: Histological analysis of CFPAC-1 subcutaneous tumour sections. After four weeks of 20mg/kg of SHF-638 treatment, CFPAC-1 tumours had less in Ki67-positive proliferative cells (p<0.05) (A), more necrotic area (p<0.05) (B), less αSMA-positive PSCs (p<0.01) (C) and less CD31-positive endothelial cells (not significant) (D), compared to vehicle-treated CFPAC-1 tumours. Data presented as mean±SD. Data from (Avgoustou, 2018)
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[bookmark: _Toc3276274]4.1.5 Hypothesis and research aims
The null hypothesis for this chapter is that small molecule antagonists against AM2R will not affect PaCa growth in vitro and in vivo. 
Secondary screening of potent small molecule antagonists against AM2R was done using human PaCa cell line CFPAC-1 in in vitro viability assays. In conjunction with results from primary cAMP screening and pharmacokinetic studies, lead compounds were taken forward to do more thorough in vitro viability and apoptosis assays using other PaCa cell lines to ensure they work across tumours of different genetic complexities. 
Efficacy of lead compounds (SHF-771, SHF-1036 and SHF-1041) were investigated in vivo in a subcutaneous xenograft model of PaCa using CFPAC-1 Luc cells. This allows us to determine the effect of AM2R antagonism on PaCa tumour growth in vivo, in addition to in vitro.

[bookmark: _Toc3276275]4.2 Methods
[bookmark: _Toc3276276]4.2.1 Viability assay – Single point screening
CFPAC-1 cells were used to screen batches of compounds (listed in Table 7.2) for in vitro efficacy in a viability assay. Each batch consisted of 17 compounds to be screened, two positive controls (SHF-638 and gemcitabine) and a vehicle-control to ensure consistency of the assay and subsequent analyses. CFPAC-1 cells were treated daily and cell viability was assessed daily over three days using RealTime-Glo MT Viability Kit as detailed in Section 2.3.1. 
Stocks of small molecule antagonists and gemcitabine were made up to 20mM in 100% DMSO. 50X treatment aliquots (diluted in PBS) were made to treat 2μL per well (100μL total volume per well). Vehicle-controls were made the same way as treatment stocks, and subsequently diluted in PBS. Treatment stocks and aliquots were stored at -20°C. Treatment aliquots were sonicated for 10 minutes in 37°C water bath prior to treatments.
[bookmark: _Toc3276277]4.2.2 Viability assay – Dose responses
CFPAC-1 cells were treated with various concentrations of SHF-638 daily. Cell viability was assessed daily for 72 hours using RealTime-Glo MT Viability Kit as detailed in Section 2.3.1. Wells were washed with PBS and freshly made reagent was put into wells to continue the assay for an additional 72 hours, if desired.
Stocks were made up to 20mM in 100% DMSO. 50X treatment aliquots (diluted in PBS) were made to treat 2μL per well (100μL total volume per well). Vehicle-controls were made the same way as treatment stocks, and subsequently diluted in PBS. Treatment stocks and aliquots were stored at -20°C. Treatment aliquots were sonicated for 10 minutes in 37°C water bath prior to treatments.
[bookmark: _Toc3276278]4.2.3 Apoptosis assay – Dose responses
CFPAC-1 cells were treated with different concentrations of SHF-638 for 24 hours. Late apoptosis (Caspase 3/7) levels were assessed using Caspase-Glo 3/7 Assay Kit as detailed in Section 2.3.2. 
Stocks were made up to 20mM in 100% DMSO. 25X treatment aliquots (diluted in PBS) were made to treat 2μL per well (50μL total volume per well). Vehicle-controls were made the same way as treatment stocks, and subsequently diluted in PBS. Treatment stocks and aliquots were stored at -20°C. Treatment aliquots were sonicated for 10 minutes in 37°C water bath prior to treatments.
[bookmark: _Toc3276279]4.2.4 In vivo subcutaneous model
In order to screen suitable lead compounds in vivo, a subcutaneous model was initially chosen bearing in mind that more complex models would be used subsequently, such as an intrapancreatic orthotopic model. 
While subcutaneous tumour volume can be measured using vernier calipers, orthotopic tumours are not accessible for regular measurements using the same method. Since we would be using PaCa cells transduced with luciferase to allow imaging of orthotopic tumours using the in vivo luminescence imaging system (IVIS), the same cells were used for the subcutaneous experiments, allowing us to compare between the two models. 
[bookmark: _Toc3276280]4.2.4.1 Lentiviral transduction of cells with firefly luciferase
CFPAC-1 cells were transduced with a lentiviral vector containing firefly Luciferase, fluorescence marker (RFP, excitation maxima 545 nm, emission maxima 620 nm) and antibiotic resistance (blasticidin) for use in orthotopic in vivo models (Figure 4.5).  This allows for live imaging of tumour cells in live mice to monitor primary tumour growth and metastases. CFPAC-1 cells were seeded in a 24-well plate to a confluency of 75% the next day. Multiplicity of infection of 3 was used to transduce cells, meaning three virus particles per cell. Three days after transduction, fluorescence microscopy was used to check transduction rate. Cells were then selected for at least a week using 20ug/mL blasticidin, as determined from a kill curve. Once the cells have been harvested from T175 flask, RFP-positive cells were sorted using fluorescence-activated cell sorting (FACS; Excitation: 545 nm, Emission: 620 nm). Wild-type cells were used as a negative control for the cell sorting. Luciferase expression of cells were also checked prior to each in vivo experiment, using D-luciferin (Figure 4.6). The principles of how luciferase activity results in light production had previously been discussed in Section 2.3.2 (Figure 2.5).
[image: ]
[bookmark: _Ref513580739][bookmark: _Toc3148123]Figure 4.5: Lentiviral vector map scheme, adapted from Amsbio manual. Luciferase and red fluorescent protein (RFP) are constitutively expressed as individual proteins under EF1a promoter. Blasticidin (Bsd) antibiotic marker is expressed under Rsv promoter. Lentiviral particles are replication incompetent with self-inactivating 3’ untranslated region (SIN-3UTR).
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[bookmark: _Ref513580762][bookmark: _Toc3148124]Figure 4.6: Luciferase expression of pancreatic cancer cells CFPAC-1 Luc were checked prior to each in vivo experiment, using D-luciferin as a substrate for the firefly luciferase. (A) Wild-type CFPAC-1 cells (B) CFPAC-1 Luc cells
[bookmark: _Toc3276281]4.2.4.2 Mice
Subcutaneous pancreatic cancer studies were performed using 5- to 6-week old female BALB/c nude mice from Envigo or Charles River, depending on availability. All procedures were reviewed and approved by the local Research Ethics Committees in the University of Sheffield and complied with the UK Animals (Scientific Procedures) Act 1986. Studies were performed under project license PF61050A3.
[bookmark: _Toc3276282]4.2.4.3 Treatment preparation for intraperitoneal injections
[bookmark: _Ref513580808]Lead compounds (SHF-771, SHF-1036 and SHF-1041) were dissolved in Kolliphor vehicle (Table 4.3) + 5% DMSO at respective concentrations shown in Table 4.4. Solid stocks of lead compounds were first dissolved in appropriate volume of 100% DMSO (5% of final volume) and sonicated for 10 minutes in a 37°C water bath before adding to appropriate volume of Kolliphor vehicle (remaining 95% of volume). Vehicle controls were made similarly (Kolliphor vehicle + 5% DMSO). Compound and vehicle mixtures were further sonicated for 10 minutes before adjusting pH to physiological levels (7.4). This is crucial as most of the small compound antagonist treatments were basic (around pH 9.0) whereas the vehicle was slightly acidic (pH 6.0).   
[bookmark: _Ref462150][bookmark: _Toc3131472]Table 4.3: Recipe for Kolliphor vehicle
	Reagent
	Amount

	Kolliphor® HS15
	11 g

	Kollisolv® PEG E 400
	33 mL

	PBS
	66 mL

	Kolliphor vehicle
	100 mL



[bookmark: _Ref520402721][bookmark: _Toc3131473]Table 4.4: Treatment concentrations of lead compounds (SHF-771, SHF-1036 and SHF-1041) made in Kolliphor + 5% DMSO for respective doses in vivo
	Dose in vivo
	Concentration in 
Kolliphor vehicle + 5% DMSO

	5mg/kg
	0.5mg/mL

	10mg/kg
	1mg/mL

	20mg/kg
	2mg/mL

	30mg/kg
	3mg/mL



Treatment solutions were stored in 5 mL aliquots at -20°C or 4°C once they have been thawed for use. Solutions were prepared at concentrations that would enable us to give 200μL injections per mouse. Before each treatment, aliquots were sonicated for 10 minutes in a 37°C water bath. Mice were injected intraperitoneally in the lower quadrants, alternating between the left and right side. Treatment regimen is shown in Table 4.5.
[bookmark: _Ref513580833]
[bookmark: _Ref462169][bookmark: _Toc3131474]Table 4.5: Treatment regimen for single agent pancreatic subcutaneous xenograft experiments using Balb/c nude mice
	SHF-771 single agent

	Treatment Group
	Treatment
	Frequency
	Volume (µL)

	Vehicle-control
	Kolliphor vehicle + 5% DMSO
	Once daily
	200

	20mg/kg
	2mg/mL in vehicle
	Once daily
	200

	30mg/kg
	3mg/mL in vehicle
	Once daily
	200

	SHF-1036 single agent

	Treatment Group
	Treatment
	Frequency
	Volume (µL)

	Vehicle-control
	Kolliphor vehicle + 5% DMSO
	Once daily
	200

	5mg/kg
	0.5mg/mL in vehicle
	Once daily
	200

	10mg/kg
	1mg/mL in vehicle
	Once daily
	200

	20mg/kg
	2mg/mL in vehicle
	Once daily
	200

	SHF-1041 single agent

	Treatment Group
	Treatment
	Frequency
	Volume (µL)

	Vehicle-control
	Kolliphor vehicle + 5% DMSO
	Once daily
	200

	5mg/kg
	0.5mg/mL in vehicle
	Once daily
	200

	10mg/kg
	1mg/mL in vehicle
	Once daily
	200

	20mg/kg
	2mg/mL in vehicle
	Once daily
	200





[bookmark: _Toc3276283]4.2.4.4 Cell preparation for subcutaneous injections
CFPAC-1 cells transduced with Luciferase (CFPAC-1 Luc) were harvested from T175 flasks and counted according to Sections 2.1.1 and 2.1.3. Matrigel was thawed on ice or in the fridge overnight. Tubes, tips and PBS used in this protocol had been pre-chilled in the fridge or kept on ice prior to cell harvesting. Cell suspension was prepared at a concentration of 30-50e6 cells/mL in a Matrigel/PBS mixture (3:2 ratio) and kept on ice. Twice the amount of cells needed was prepared to account for dead volume and accidental wastage during injections. 
25G needles and 1 mL syringes were used for subcutaneous injection of CFPAC-1 Luc cells into the left dorsal flank of the mice (3-5e6, 100uL per mouse). Mice were then randomised into cages and cages were subsequently randomised into treatment groups.   
[bookmark: _Toc3276284]4.2.4.5 Measurement of subcutaneous tumour growth
Vernier calipers were used to measure tumour volume twice a week using the formula: 

where v is tumour volume, w is tumour width, and l is tumour length. This formula assumes a cylindrical shape of the tumour. Mice weights were simultaneously recorded to ensure tumour growth and treatment regimens did not cause mice weight to decrease >20% which would warrant Schedule 1 culling (i.e overdose with isofluorane then cervical dislocation). 
[bookmark: _Toc3276285]4.2.4.6 In vivo experimental endpoint
Mice were anaesthetised with inhaled isofluorane and blood was withdrawn by cardiac puncture (25G needle, 1 mL syringe) and collected in Vacutainer tubes containing anti-coagulant EDTA. Needles were removed prior to collection in tubes to prevent haemolysis. Mice were then culled by cervical dislocation. Liver, kidney and spleen were collected, weighed then fixed with 10% neutral-buffered formalin before sending them off to Histology core facility to be embedded in paraffin, cut into sections and stored at 4°C.
Blood collected were centrifuged (1,600 x g, 15 minutes, 4°C) and resultant plasma were transferred into fresh polypropylene tubes and stored at -80°C for use in ELISA.

[bookmark: _Toc3276286]4.3 Results
[bookmark: _Toc3276287]4.3.1 Single point screening of compounds in in vitro viability assays
Single point viability screening was done on human PaCa cells CFPAC-1 to determine efficacy of potent AM2R antagonists (IC50 < 10 nM, listed in Table 7.2) on PaCa cell viability. CFPAC-1 cells were treated daily with 2 μM of each compound over three days. To determine if there is a correlation between AM2R potency and percentage viability decrease in CFPAC-1 cells, Graphpad Prism 7.04 was used to do a linear regression analysis. Figure 4.7 shows the scatter plot of AM2R potency against percentage viability reduction. There appears to be no significant non-zero association between how potent a compound is against AM2R and its ability to decrease viability of PaCa cells in vitro (Figure 4.7, p=0.41). 
Viability screening was not used subsequently to inform selection of hit compounds. Lead compounds were selected on the basis of potency and efficacy in cAMP screening assays and additional pharmacokinetic studies done by our collaborators in WuXi AppTec. Lead compounds SHF-638, SHF-771, SHF-1036 and SHF-1041 were taken forward to do more comprehensive in vitro and in vivo experiments. 
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[bookmark: _Ref513478347][bookmark: _Toc3148125]Figure 4.7: Scatter plot showing relationship between AM2R potency and viability reduction. pIC50 of compounds against AM2R (cAMP assay) was plotted against percentage reduction viability of CFPAC-1 pancreatic cancer cell. Pearson correlation analysis showed no significant correlation between the two. 

[bookmark: _Toc3276288]4.3.2 Effect of lead compounds on viability and apoptosis of pancreatic cancer cell line CFPAC-1 in vitro
	Lead compounds SHF-638, SHF-771, SHF-1036 and SHF-1041 (structures in Figure 7.6) were tested on PaCa cell line CFPAC-1 in a viability assay over a longer duration. CFPAC-1 were treated daily with 3 μM of respective lead compound over nine days, compared to three days in the screening assays. Figure 4.8 shows that lead compounds were able to decrease viability of CFPAC-1 by 22-37% over nine days (p<0.05). 
Lead compounds were also tested in apoptosis assays using various treatment concentrations (3 μM to 100 nM) on CFPAC-1 cells. Figure 4.9 shows that all tested concentrations of lead compounds increased Caspase 3/7 levels in CFPAC-1 cells by up to 76% 24 hours after treatment.

[image: ]
[bookmark: _Ref521924298][bookmark: _Toc3148126]Figure 4.8: Effect of lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) on viability of five human pancreatic cancer cell lines in vitro. Daily treatment with 3 μM significantly decreased viability of pancreatic cancer cell lines by 22-37% after nine days, compared to vehicle-treated controls (p<0.05). Two-way ANOVA was used for all data sets. Data are from three independent experimental repeats and presented as mean±SEM.
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[bookmark: _Ref521924561][bookmark: _Toc3148127][bookmark: OLE_LINK5]Figure 4.9: Effect after 24 hour of treatment with different concentrations of lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) on Caspase 3/7 levels (late apoptotic markers) of human pancreatic cancer cell line CFPAC-1 in vitro. Cells were serum-starved in stressed conditions. One-way ANOVA was used for all data sets. Data are from three independent experimental repeats and presented as mean±SEM.


[bookmark: _Toc3276289]4.3.3 Effect of SHF-638 on viability and apoptosis of pancreatic cancer cell lines in vitro
	SHF-638 was first of the lead compounds to be tested on four other PaCa cell lines (AsPC-1, Capan-2, HPAF-II and Panc10.05), in addition to previously tested PaCa cell line CFPAC-1. PaCa cells were treated daily with 3 μM of SHF-638 over nine days, compared to three days in the screening assays. Figure 4.10 shows that SHF-638 was able to significantly decrease viability of all five PaCa cell lines by 25-40% over nine days (p<0.05). 
SHF-638 was also tested on Panc10.05 cell line in apoptosis assays. Figure 4.11B shows that 3 μM of SHF-638 significantly increased Caspase 3/7 levels of CFPAC-1 and Panc10.05 cell lines by 50% and 104% respectively 24 hours after treatment (p<0.01). Various concentrations of SHF-638 were also tested in an apoptosis assay on CFPAC-1 cells. Figure 4.11A shows that 500 nM and above of SHF-638 was able to significantly increase Caspase 3/7 levels of CFPAC-1 cells 24 hours after treatment (p<0.05).
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[bookmark: _Ref513478271][bookmark: _Toc3148128]Figure 4.10: Effect of SHF-638 on viability of five human pancreatic cancer cell lines in vitro. Daily treatment with 3 μM SHF-638 significantly decreased viability of pancreatic cancer cell lines by 25-40% after nine days, compared to vehicle-treated controls (p<0.05). Two-way ANOVA was used for all data sets. Data are from three independent experimental repeats and presented as mean±SEM.
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[bookmark: _Ref513478287][bookmark: _Toc3148129][bookmark: OLE_LINK3][bookmark: OLE_LINK8][bookmark: OLE_LINK7]Figure 4.11: Effect of SHF-638 on apoptosis of human pancreatic cancer cell lines CFPAC-1 (A) and Panc10.05 (B) in vitro. (A) SHF-638 treatment between 500 nM and 3μM were able to significantly increase Caspase 3/7 levels after 24 hours in CFPAC-1 cells (+42 to +50%, p<0.05). (B) SHF-638 (3 μM) also increased Caspase 3/7 levels in Panc10.05 24 hours after treatment (+104%, p<0.001). One-way ANOVA and student’s t-test were used for (A) and (B) respectively, compared to stressed control. Data are from three independent repeats and presented as mean±SEM. 

[bookmark: _Toc3276290]4.3.4 Effect of lead compounds in vivo
As seen in the in vitro viability and apoptosis assays, small molecule antagonists against AM2R can decrease viability and increase apoptosis in various PaCa cell lines. A subcutaneous xenograft model using CFPAC-1 Luc cell line was subsequently used to assess the effect of these lead compounds in vivo. All in vivo studies were conducted together with colleague Dr Paris Avgoustou.
[bookmark: _Toc3276291]4.3.4.1 Safety profile of lead compounds
In order to ensure that treatment regimens or tumour burden did not lead to adverse effects in mice, their weights were recorded twice a week and behaviour observed daily during treatments. 
At experimental endpoint (21 days after tumour inoculation), mice treated with 5 and 10 mg/kg doses of either SHF-1036 or SHF-1041 had no significant difference in weight gain compared to vehicle-treated mice (Figure 4.12B and C). However, SHF-771 (20 and 30 mg/kg) treatment had significant changes in weight gain compared to vehicle-treated mice (Figure 4.12A, 0-1% gain vs. 6% gain, p<0.05). There was also a significant trend towards lesser weight gain with increasing doses of SHF-771 and SHF-1041 (p<0.05). Throughout the treatment duration, none of the mice loss weight to warrant Schedule 1 culling (>20% decrease in weight compared to before tumour inoculation). 
Subcutaneous tumour inoculation and treatment regimens did not result in any adverse effects such as eating/drinking difficulties, persistent hypothermia or hunching. Thickening of abdominal wall was observed in mice treated with lead compounds after 2-3 weeks of treatment but this did not result in any observable adverse behaviour. This, however, did result in increased peritoneal pressure meaning around 20% treatment volume started to leak out right after 2-3 weeks of treatment.
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[bookmark: _Ref513478399][bookmark: _Toc3148130][bookmark: OLE_LINK4]Figure 4.12: Weight change at endpoint (Day 21) compared to before tumour implantation. (A) Mice treated with 20mg/kg and 30mg/kg of SHF-771 had significant weight change compared to vehicle-treated mice. SHF-1036 (B) and SHF-1041 (C) did not lead to significant weight change compared to vehicle-treated mice at tested doses. However, ANOVA post-test analysis showed a significant trend towards lesser weight gain with increasing doses of SHF-771 and SHF-1041 (p<0.05). One-way ANOVA was used. Data presented as mean±SEM.



In order to see if small molecule antagonists against AM2R were soluble across the blood-brain barrier, LC-MS/MS was used to detect the amount of SHF-1041 present in the mice brain homogenate at experimental endpoint. Mouse brains collected at endpoint (24 hours after final treatment) were frozen intact in liquid nitrogen and stored at -80°C until shipping. Samples were shipped in dry ice to York Bioanalytical Solutions (Sandwich, UK) where tissue homogenisation and LC-MS/MS analysis were performed. Pearson correlation analysis shows that SHF-1041 amount in the brain positively correlated with the treatment dose of SHF-1041 given (Figure 4.13, p = 0.003). 
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[bookmark: _Ref432833][bookmark: _Toc3148131]Figure 4.13: SHF-1041 detected in mice brain homogenate at endpoint by LC-MS/MS. Pearson correlation analysis showed that the amount of SHF-1041 detected in the brains correlated positively with the treatment dose of SHF-1041 (p = 0.003). Data are from three samples per treatment dose and presented as mean±SEM.
[bookmark: _Toc3276292]4.3.4.2 Tumour burden
To investigate if lead compounds could decrease tumour burden in an in vivo subcutaneous model, Balb/c nude mice implanted with human pancreatic cancer cells CFPAC-1 Luc were treated daily intraperitoneally with treatment doses or vehicle-control. Tumour growth was monitored twice a week by vernier calipers. Measured volumes were normalised to baseline volume before mice started any treatment (3 days after tumour inoculation). 
Figure 4.14 shows the growth curves and endpoint data for mice treated with various doses of lead compounds. 20mg/kg and 30 mg/kg doses of SHF-771 decreased tumour burden by 44% (p<0.05) and 32% (not significant) respectively after 18 days of treatment, compared to vehicle-control (Figure 4.14A). 5mg/kg and 10mg/kg doses of either SHF-1036 or SHF-1041 also decreased tumour burden by 41-56% after the same treatment duration, compared to vehicle-control (Figure 4.14B and C). 
In order to measure if lower doses of small molecular antagonists would still result in treatment efficacy, 0.5 and 1 mg/kg treatment doses of SHF-1036 were also tested. Figure 4.15 shows that 0.5 and 1 mg/kg SHF-1036 were less efficacious than the higher doses (5 and 10 mg/kg) but still managed to decrease tumour burden by 22% (not significant) and 38% (p<0.05) respectively, compared to vehicle control.  
[bookmark: OLE_LINK2][image: ]
[bookmark: _Ref513478456][bookmark: _Ref521933004][bookmark: _Toc3148132]Figure 4.14: Growth curves (left) and endpoint data (right) of pancreatic subcutaneous tumours (human PaCa CFPAC-1 Luc) in Balb/c nude mice treated daily with lead compounds SHF-771 (A), SHF-1036 (B) and SHF-1041 (C). Treatment with various concentrations of lead compounds decreased tumour volume by 32-56% compared to vehicle-treated mice. Two-way ANOVA was used for growth curves. Data presented as mean±SEM.
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[bookmark: _Ref536366175][bookmark: _Toc3148133]Figure 4.15: Endpoint data of pancreatic subcutaneous tumours (human PaCa CFPAC-1 Luc) in Balb/c nude mice treated daily with various doses of lead compound SHF-1036. One-way ANOVA was used, post-test analysis showed a significant linear trend (p=0.0013), where increasing doses of SHF1036 lead to greater decreases in tumour growth. Data presented as mean±SEM.

While tumour volume measurements suggest that treatment with small molecule antagonists against AM2R resulted in smaller tumours (Figures 4.14 and 4.15), measurement of tumour masses at endpoint did not show significant differences between the treatment groups (Figure 4.16). 
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[bookmark: _Ref521936014][bookmark: _Toc3148134]Figure 4.16: Tumour masses in mice treated with different doses of lead compounds SHF-1036 (A) and SHF-1041 (B) in pancreatic subcutaneous model using human PaCa cell line CFPAC-1 Luc in Balb/c nude mice. None of the tested doses significantly affected tumour masses compared to vehicle-control. One-way ANOVA was used, post-test analysis showed no trend with increasing doses. Data presented as mean±SEM.

[bookmark: _Toc3276293]4.3.4.4 Vital organs
[bookmark: OLE_LINK6]Weighing of vital organs at endpoint can help to identify organs which may have been adversely affected by treatments. Mice treated with lead compounds had no significant differences in the masses of livers, kidneys and spleens compared to control mice (Figures 4.17 and 4.18). However, when compared to naïve mice (no tumours, vehicle-control), control mice (tumour, vehicle-control) had significantly larger kidneys and spleens (Figures 4.17 and 4.18).  In general, treatment with small molecule antagonists against AM2R did not significantly alleviate or exacerbate the larger kidneys and spleens resulting from tumour inoculation. However, a further increase was seen in kidney size which positively correlated with SHF-1041 treatment doses (Figure 4.18). 
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[bookmark: _Ref513478494][bookmark: _Toc3148135]Figure 4.17: Liver, kidney and spleen mass in mice treated with different doses of lead compound SHF-1036 in pancreatic subcutaneous model using human PaCa cell line CFPAC-1 Luc in Balb/c nude mice. Mice with tumours (control) had significantly larger kidneys and spleens than naïve mice. None of the tested doses significantly affected organ masses compared to vehicle-control. Student’s t-test was used to compare mice with tumours (control) and without (naïve). One-way ANOVA was used when comparing mice treated with SHF-1036 to vehicle-control, post-test analysis showed no trend with increasing doses. Data presented as mean±SEM.

[image: ]
[bookmark: _Ref460692][bookmark: _Toc3148136]Figure 4.18: Liver, kidney and spleen mass in mice treated with different doses of lead compound SHF-1041 in pancreatic subcutaneous model using human PaCa cell line CFPAC-1 Luc in Balb/c nude mice. Mice with tumours (control) had significantly larger kidneys and spleens than naïve mice. None of the tested doses significantly affected organ masses compared to vehicle-control. Student’s t-test was used to compare mice with tumours (control) and without (naïve). One-way ANOVA was used when comparing mice treated with SHF-1041 to vehicle-control, post-test for linear trend analysis showed increasing SHF-1041 doses correlated with larger kidneys (p<0.05). Data presented as mean±SEM.

[bookmark: _Toc3276294]4.4 Discussion
[bookmark: _Toc3276295]4.4.1 Potency in inhibiting ADM does not correlate with efficacy in decreasing PaCa viability in vitro
Our primary screening was done using cAMP assays and compounds that are potent in inhibiting AM2R signalling (pIC50 < 8) were taken forward to do secondary screening in viability assays (Section 4.3.1). Viability assays were chosen as a screening method instead of apoptosis assays primarily as it is real-time and could reveal temporal-dependent changes associated with AM2R. Endpoint apoptosis assay may not be an appropriate method for screening as it may lead to false negatives. For instance, too short a duration would not detect efficacious compounds with a longer on-rate, as these compounds would not have had time to exert their pro-apoptotic effects. While viability assays are adequate for the screening triage due to their slightly extended time-frame (72 hours) and ability to acquire results real-time, apoptosis assays are not as appropriate to be used in a high-throughput setting due to only being able to measure at endpoint at a designated duration which may not be able to detect all truly efficacious compounds.
ADM has been shown to function through cAMP-dependent pathways to mediate pro-tumoural signalling affecting growth, apoptosis and immune evasion (Section 1.3). Interestingly, however, there is no correlation between how potent a compound is in inhibiting ADM-signalling via AM2R in a cAMP assay and how efficacious it is in inhibiting in vitro viability of PaCa cells (Section 4.3.1). This suggests that there may be other differences between the small molecule antagonists that warrant further investigation. Our current screening strategy prioritises investigating the efficacy of compounds on inhibition of ligand stimulation using cAMP assays. Since the potency of a compound is a result of both affinity (binding of compounds to receptor complex) and efficacy (receptor occupancy and ability to initiate downstream response), the affinity of compounds should additionally be investigated. It is possible that less potent compounds against AM2R in a cAMP assay may have better kinetics than their potent counterparts, which may allow them to have increased duration of action resulting in a greater overall decrease in PaCa viability or apoptosis. Measuring affinity can be done using surface plasmon resonance (SPR) technology. Our receptor complex of interest (CLR/RAMP-3) or membranes from cells overexpressing CLR/RAMP-3 can be immobilised on sensor chips. Compounds and buffers can then be flowed over the chips and a change in refractive index can then be detected and quantified to obtain binding affinities. Compared to other binding assays, SPR does not require radioactive of fluorescence labelling of compounds which saves time and increases biological relevance. 
Alternatively, there are also cAMP-independent signalling that may be responsible for the effects of ADM on PaCa viability, such as ERK or Akt (Section 1.2.3). In fact, ADM has specifically been shown to promote proliferation of breast and prostate cancer cells through ERK signalling (Berenguer-Daizé et al., 2013, Martínez et al., 2002). Secondary screening could be done to determine the effect of AM2R antagonists on ERK signalling, which may be more able to predict in vitro and in vivo efficacy in inhibiting cancer growth. 
[bookmark: _Toc3276296]4.4.2 Small molecule antagonists against AM2R inhibit growth of PaCa cells in vitro
Small molecule antagonists developed have been shown in earlier studies to be very selective for AM2R over AM1R, AMY1R and AMY3 (two- to three-logs) and slightly less selective over CGRPR (half- to one-log). Unlike truncated peptide antagonist ADM22-52 which has the same affinity for AM1R and AM2R (pIC50 7-8 for both, Table 4.1), our lead compounds are two- to three-log selective in inhibiting ADM stimulation of AM2R over AM1R (pIC50 8-9 vs. 5-6, Table 4.2). To our knowledge, we have developed the first potent and selective small molecule antagonists against AM2R. 
In vitro results show that small molecule antagonists against AM2R are able to decrease viability of PaCa cell lines (Sections 4.3.2 to 4.3.3). This is important as unchecked proliferation is the hallmark of all cancer cells. More interestingly, this feeds into the current narrative of ADM being both pro-proliferative and anti-proliferative depending on the tumour type and doses used. Exogenous treatment (200 nM) decreased growth of PaCa cells (BxPC-3, MPanc96, and Panc-1) in vitro (Ramachandran et al., 2007). However, another study have shown that while higher doses of rADM (100 to 1000 nM) decrease growth of PaCa cell lines (Capan-1, Colo-357 and Panc-1), lower doses of rADM (1 nM) increased growth of the same cells in vitro (Keleg et al., 2007). Keleg et al. concluded that since additional studies using CLR antagonist did not lead to consistent growth-inhibitory effects, ADM has only minor growth regulatory effects in PaCa cells. This study did not elucidate whether AM1R or AM2R was responsible in mediating the observed phenomena. Our results show that antagonising AM2R consistently reduced viability of all five tested PaCa cell lines (AsPC-1, Capan-2, CFPAC-1, HPAF-II, and Panc10.05), suggesting that ADM could mediate pro-proliferative signalling through AM2R. 
[bookmark: _Toc3276297]4.4.3 Small molecule antagonists against AM2R enhances apoptosis of PaCa cells in vitro 
Evading apoptosis is another hallmark of cancer cells, resulting in tumours being able to resist cell death. Our results show that small molecule antagonists against AM2R are able to increase apoptosis in vitro in serum-starved PaCa cell lines (Sections 4.3.2 to 4.3.3). Unlike ADM’s inconsistent effect on cancer cell proliferation, ADM has been shown to be anti-apoptotic in many cancers including PaCa. Exogenous treatment of ADM (200 nM) up-regulated NFκB activation (which mediates anti-apoptotic signalling) in PaCa cells in vitro (Ramachandran et al., 2007). This study also showed that ADM antagonist ADM22-52 (1 μM) decreased basal NFκB activity in the same PaCa cell lines. Our results show that antagonising AM2R increased apoptosis in both PaCa cell lines tested (CFPAC-1, and Panc10.05), suggesting that ADM could mediate anti-apoptotic signalling through AM2R in PaCa.
[bookmark: _Toc3276298]4.4.4 Small molecule antagonists against AM2R inhibit growth of PaCa cells in vivo
We have shown earlier that small molecules against AM2R are efficacious in decreasing viability and increasing apoptosis in PaCa cell lines in vitro (Section 4.3.1 to 4.3.2). While in vitro experiments reveal the effect of AM2R antagonism on PaCa cells themselves, in vivo experiments can also reveal if the compounds have any additional effects on the tumour microenvironment (e.g. blood/lymph vasculature, PSC activation, infiltrating immune cells).
We have previously shown in vivo using a subcutaneous xenograft model that 20 mg/kg of racemate SHF-638 was able to decrease CFPAC-1 tumour growth by 50% (Figure 4.3, p<0.05). Interestingly, 20 mg/kg of SHF-771, which is a pure enantiomer of SHF-638, decreased CFPAC-1 Luc tumour growth by 44% (Figure 4.14A). The slight difference could be explained by PaCa cells used or pharmacokinetic profile of the compounds. While wild-type CFPAC-1 cells were used in the SHF-638 subcutaneous experiment, luciferase-transduced CFPAC-1 cells were used in the current studies.  As mentioned previously, CFPAC-1 Luc cells were used in current subcutaneous experiments bearing in mind that more complex models may be used in the future, such as orthotopic pancreatic models which would require luminescence imaging of tumours to measure tumour growth. Other than the difference in cells used in the two experiments, SHF-638 and SHF-771 have also been shown to have a different pharmacokinetic profile. Studies done by our collaborators in WuXi AppTec showed that pure enantiomer SHF-771 has a faster clearance from plasma than SHF-638 racemate (Figure 4.2). This suggests that the presence of the other enantiomer in the SHF-638 racemate (SHF-770) could be involved in giving SHF-638 a more desirable pharmacokinetic profile even though it itself is not as potent in inhibiting AM2R as either SHF-638 or SHF-771.
In vivo experiments also suggest that treatment with small molecule antagonists against AM2R changes the physical properties of inoculated PaCa xenografts which could be beneficial to patient survival. Tumour volume and mass analyses suggest small molecule antagonists against AM2R caused tumours to be denser than vehicle-control, since smaller tumour volumes were seen in treated mice (Figures 4.14 and 4.15) yet there were no significant differences in mass compared to vehicle-control (Figure 4.16). In clinical observations of PaCa patients, patients with loose stroma have significant worse overall survival (21.4 vs 45.0 months, p<0.001), progression-free survival (15.6 vs 41.8 months, p<0.001), local progression-free survival (19.4 vs 44.4 months, p<0.001) and distant metastasis-free survival (17.0 vs 43.6 months, p<0.001) compared to those with dense stroma (Wang et al., 2016). These observations suggest that denser PaCa stroma may result in better survival in PaCa patients. However, research shows that stroma can either promote or inhibit PaCa progression depending on the mediators. Further histological analysis on tumour sections should be done to confirm which stromal components have changed as a result of AM2R antagonist treatment (i.e. vasculature, EMT and CAF expression). 
[bookmark: _Toc3276299]4.4.5 Small molecule antagonists appear safe and efficacious in vivo at given doses
Drugs under development have to undergo studies in preclinical species before being evaluated in humans, to assess safety and efficacy in vivo. This will reveal any potential toxicity associated with the treatment at given doses. Safety profile of AM2R antagonists as single agents in vivo appear favourable since there were no significant differences in weight and side effects compared to vehicle-control, aside from SHF-771 (Figure 4.12). Higher doses of SHF-771 (20 to 30 mg/kg) had been given compared to the other lead compounds (5 to 10 mg/kg). However, since lower doses of other lead compounds appeared to be as efficacious as higher ones (Figures 4.14 and 4.15), this is unlikely to be an issue with subsequent studies. Despite the differences in weight, none of the mice loss 20% weight compared to the beginning of the experiment (Figure 4.12), which would warrant the mice being culled under Schedule 1. 
Aside from the thickening of the abdominal wall, no other adverse effects were observed. This is important as many pancreatic cancer therapeutics in clinic, mainly chemotherapy agents, are riddled with side effects including nausea/vomiting, diarrhoea/constipation and peripheral neuropathy. These can be even more severe when they are used in combination with other therapies (chemotherapeutic cocktail, radiotherapy). More interestingly, liver toxicity was also not observed as a result of repeated treatment with small molecule antagonists against AM2R. This is a different phenomenon to clinical trials with CGRP antagonists such as telcagepant which lead to increases in transaminases (associated with liver toxicity) in some patients upon repeated dosing (Ho et al., 2014).
Small molecule antagonists have also been shown to be soluble across the blood-brain barrier (Figure 4.13). Since no adverse effects were observed in the mice, this may possibly be beneficial to PaCa patients. Current lead compounds, whilst potent in antagonising AM2R, are also potent in antagonising CGRPR (Table 4.2). Since CGRP is implicated in mediating pain pathways (Russell et al., 2014), small molecule antagonists in addition to inhibiting PaCa growth may also alleviate pain associated with the tumour or other concurrent therapy.
[bookmark: _Toc3276300]4.4.6 Small molecule antagonists appear more efficacious in vivo than in vitro
In vitro results show that lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) were able to significantly decrease viability of CFPAC-1 by 22-37% after nine days of treatment (Figure 4.8, p<0.05). The same compounds were also able to decrease in vivo growth of subcutaneous CFPAC-1 Luc tumours by 32-56% after 21 days of treatment (Figure 4.14, p<0.05). Aside from differences in treatment duration, in vitro results appear to underestimate the observed effect on tumour burden in vivo. 
One of the reasons is that small molecule antagonists may also have an effect on stromal cell types responsible for pro-tumoural signalling within the tumour microenvironment, which would not have been present in in vitro assay cultures. ADM has been shown to be able to mediate pro-tumoural signalling in stromal components such as immune cells, vasculature and PSCs (Zudaire et al., 2006, Berenguer et al., 2008, Bhardwaj et al., 2016, Xu et al., 2016). In vitro tumour organoids could be used to delineate which stromal components are responsible in mediating anti-tumoural effect of the compounds. These 3D tumour organoids can vary in complexity from homogenous tumour spheroids (Feng et al., 2017, Wen et al., 2013) to co-culture spheroids incorporating stromal cells such as PSCs (Lee et al., 2018). Additionally, tumour spheroids have been shown to have different therapeutic resistance profiles to monolayer cultures. Chemotherapeutic agents (5-FU and gemcitabine) were shown to be less efficacious in spheroids than monolayers of human PaCa cell lines MIA PaCa-2 and PANC-1 (Wen et al., 2013). Hence, in vitro tumour spheroids may also more accurate predict the efficacy of lead compounds in vivo than the currently used monolayer in vitro viability and apoptosis assays.
Tissues sections and homgenate from the in vivo experiments could also be used to detect changes in stroma and measure drug penetrance. As seen in the previous study, earlier lead compound SHF-638 not only decreased numbers of proliferative PaCa cells but also inhibited stromal constituents such as activated PSCs and angiogenesis (Figure 4.4). The same markers can be detected by immunohistochemistry to analyse differences as a result of treatment with AM2R antagonists. LC-MS/MS can additionally be used to measure drug penetrance within the tumour homogenate, similar to analysis done in brain homogenate (Section 4.3.4.1) to detect if AM2R antagonist was soluble across blood-brain barrier. 



[bookmark: _Toc3276301]4.5 Conclusion
We have established high-throughput in vitro viability and apoptosis screening of small molecule antagonists which had previously been shown to be potent and selective in inhibiting AM2R in cAMP assays. 
Lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) have been shown to be effective in decreasing viability of CFPAC-1 human PaCa cell line by 22-37% (p<0.05) after 9 days of 3 μM daily treatment. Early lead compound SHF-638 has also been shown to decrease viability of five PaCa cell lines by 25-40% (p<0.05) after 9 days of 3 μM daily treatment. 
In addition to decreasing viability of PaCa cell lines, small molecule antagonists against AM2R are also able to increase apoptosis in PaCa cell lines. Lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) have been shown to be effective in increasing apoptosis of CFPAC-1 human PaCa cell line by up to 76% (p<0.05) after 24 hours of treatment with concentrations between 3 μM and 100 nM. Early lead compound SHF-638 has also been shown to increase apoptosis of two PaCa cell lines up to 104% (p<0.05) after 24 hours of 3 μM treatment. 
Interestingly, despite the ability of potent AM2R antagonists in inhibiting viability and increasing apoptosis of PaCa cell lines, there appears to be no non-zero association between how potent a compound is in inhibiting AM2R and its ability to decrease viability of PaCa cells in vitro (p=0.53).
Lead compounds (SHF-771, SHF-1036 and SHF-1041) are not only efficacious at decreasing growth of PaCa cells in vitro but also in vivo in CFPAC-1 subcutaneous xenograft models. Treatment with various concentrations (5mg/kg to 30mg/kg) of lead compounds decreased tumour volume by 32-56% (p<0.05) compared to vehicle-treated mice, after 18 days of daily treatment. Additionally, lead compounds have a good safety profile as they did not result in any observable adverse events in mice. 



[bookmark: _Toc3276302]Chapter 5: Small molecule antagonist against AM2R in combination with chemotherapy to treat pancreatic cancer


[bookmark: _Toc3276303]5.1 Introduction
PaCa patients typically present late-stage disease as it is asymptomatic at earlier stages where surgery is a feasible option. Even though chemotherapy have been shown in clinical trials to improve survival of PaCa patients, they are still not successful as the chemotherapeutic agents are toxic and patients eventually develop resistance to them. First-line treatment chemotherapy cocktail FOLFIRINOX is only offered to PaCa patients with good performance status as it had been shown to result in significantly more grade 3 or 4 adverse events compared to gemcitabine alone (Conroy et al., 2011). Although FOLFIRINOX results in better progression-free survival than gemcitabine alone (6.4 vs. 3.3 months, p<0.001), the PRODIGE 4/ACCORD 11 trial results show that patients still relapse and eventually die from the disease (Conroy et al., 2011). Current treatment options are not efficient in eradicating the disease due to the different mechanisms of therapeutic resistance within the tumour as a result of desmoplasia, which is a pathological characteristic of PaCa. The next section will detail how signalling within the desmoplastic PaCa microenvironment reinforce each other to create an environment that enhances tumour growth and spread, as well as resistance to anti-tumoural effects from the immune system or cancer therapy. 
[bookmark: _Toc3276304]5.1.1 Therapeutic resistance in PaCa
Despite the efforts in discerning the best therapeutic regimens for PaCa, it is ultimately hard to treat as the tumour microenvironment has developed mechanisms that result in biological and physical resistance to systemic treatments. Figure 5.1 shows how these mechanisms positively reinforce each other to promote proliferation and spread of tumour cells, as well as resisting endogenous (immunity) and exogenous (therapies) anti-tumoural effects. 
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[bookmark: _Ref523830130][bookmark: _Toc3148137]Figure 5.1: Barriers to treating pancreatic cancer: 1) fibrosis; 2) immunosuppressive environment; 3) epithelial-mesenchymal transition and cancer stem cells. These positively reinforce each other in creating a hypoxic microenvironment that promotes growth and spread of pancreatic cancer, as well as drug resistance.
Prior to the development of pancreatic neoplasms, injuries to the pancreas (e.g. genetic susceptibility, smoking, alcohol) can induce a pro-inflammatory environment resulting in an up-regulation in immune signalling (cytokines, chemokines) and extracellular matrix (ECM) production to repair the wounds. Recurrent pancreatic injuries prolong this inflammatory response and cells with sustained DNA damage take advantage of this environment to initiate tumourigenesis. Thereafter, tumour-stromal interactions continue to sustain the chronic inflammation leading to desmoplasia, a common characteristic of PaCa (Section 5.1.1.1).  The desmoplastic PaCa microenvironment also promotes proliferation and activation of PSCs into CAFs (also known as myofibroblasts or activated PSCs). In turn, CAFs increase ECM production which further increases the stromal components within the microenvironment. The desmoplastic reaction eventually results in a dense tumour that is 90% composed of fibrous stroma obstructing tumour perfusion and developing hypoxia, thereby impeding delivery of therapeutic agents to the PaCa cells within the tumour (Gnanamony and Gondi, 2017).
Chronic inflammation also involves infiltration of immune cells that create an immunosuppressive PaCa environment (Section 5.1.1.2). Anti-tumour T cell response is inhibited by infiltrated myeloid-derived suppressive cells (MDSCs) and T regulatory (Treg) cells, resulting in even more proliferation of PaCa cells and eventually metastasis. MDSCs and Treg cells also augment CAF activation and ECM production, feeding back into the desmoplastic reaction. MDSCs also induce EMT in a subset of PaCa cells to become cancer stem cells (CSCs), which are more migratory, invasive and chemoresistant compared to the other tumour cells in the population (Section 5.1.1.3).
[bookmark: _Toc3276305]5.1.1.1 Desmoplasia
Under healthy conditions, the pancreatic architecture is preserved by a balance between ECM degradation and production. PSCs are normally found in periacinar, periductal and perivascular regions of the pancreas in a quiescent state, with low levels of proliferation and production of ECM and growth factors (Algul et al., 2007). When the pancreas encounters infection or tissue damage, acute inflammatory response serves to maintain homeostasis and heal the wound. Damaged acinar cells releases cytokines and chemokines that recruit immune cells to the vicinity in order to remove foreign pathogens, damaged cells and ECM (Ramudo et al., 2009). Activated platelets form a clot where endothelial cells and activated PSCs can migrate into to form new blood vessels and deposit ECM, respectively, to repair damaged tissue. Re-epithelisation of the wound then occurs, aided by activated PSCs which dissolve the clot and degrade ECM, allowing the epithelial cells to migrate into the wound to protect the new tissue. PSCs then migrate out of the once injured tissue and revert back to a quiescent state. 
In a diseased pancreas, chronic inflammation results in fibrosis (scarring) rather than healing of damaged tissues as PSCs are consistently activated by transforming growth factor β (TGF-β) signalling and over-produce ECM (Yen et al., 2002, Medicherla et al., 2007). This fibrotic inflammatory response (desmoplasia) is what characterises PaCa, resulting in a dense scarred tumour with reduced elasticity. Figure 5.2B shows the abundance of tumour stroma within the PaCa microenvironment and disruption of the discrete exocrine and endocrine structures found in normal pancreatic tissue shown in Figure 5.2A. 
Desmoplasia can lead to physiological chemoresistance in PaCa, as a result of increased interstitial pressure and excessive ECM production. Elevation of interstitial pressure resulting from fibrosis inhibits delivery of therapeutic agents due to reduced exchange of molecules between the tissue and bloodstream boundary, including chemotherapy (Provenzano et al., 2012). ECM within tumours also contribute to physiological chemoresistance by acting like a molecular sieve to therapeutic molecules from the bloodstream. In an orthotopic PaCa model, reduction of collagen content in L3.6pl tumours significantly increased response to intravenous doxorubicin treatment (Diop-Frimpong et al., 2011). 
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[bookmark: _Ref702671][bookmark: _Toc3148138]Figure 5.2: Histological tissue samples from normal pancreas (A) and pancreatic tumour (B). (A) Normal pancreas contained discrete exocrine (acini and ducts, enzyme-secreting) and endocrine (islets of Langerhans, hormone-secreting) structures to aid food digestion and hormones to regulate blood glucose levels, respectively. (B) Pancreatic tumours contain cancer cells growing in a disorganised pattern, embedded in a dense desmoplastic tumour stroma. Figure adapted from Human Protein Atlas, images available from: 
https://v18.proteinatlas.org/learn/dictionary/normal/pancreas
https://v18.proteinatlas.org/learn/dictionary/pathology/pancreatic+cancer

In addition to physiological resistance to PaCa therapy, desmoplasia can also cause biological resistance due to decreased uptake and increased efflux of chemotherapeutic agents in tumour cells. Gene expression analysis revealed that PaCa patients with low levels of nucleoside transporter which uptakes gemcitabine (hENT1) have significantly shorter median overall survival (8.5 vs. 25.7 months, p<0.001) compared to patients with high hENT1 levels (Giovannetti et al., 2006). Increased expression of efflux transporters such as ATP-binding cassette is also implicated in biological chemoresistance in PaCa. Gemcitabine-resistant populations of PaCa cell lines HPAC and CFPAC-1 also have significantly higher mRNA expression of ATP-binding cassette family members (ABCG2 and ABCB1) compared to wild-type cells (Hong et al., 2009). Interestingly, the same study also showed that PaCa cells not only acquire gemcitabine resistance after being exposed to high doses, but also stem-like properties (CD44+ marker, increased in vitro colony formation and in vivo tumour inoculation) that correlate with lower patient survival (25.3 vs. 16.9 months, p<0.05), compared to CD44- populations (Hong et al., 2009). The contribution of EMT within PDAC microenvironment to therapeutic resistance will be discussed further in Section 5.1.1.3.
While ADM has commonly been known to mediate tumour and endothelial cell development in the PDAC microenvironment, it has also recently been shown to mediate both PaCa and PSC’s contributions to desmoplasia. ADM, together with Sonic Hedgehog, mediates the effect of MYB on PaCa and PSCs contributing to existing desmoplasia (Bhardwaj et al., 2016). In vivo orthotopic experiments using MYB over-expressing and -silenced human PaCa cells MiaPaCa show that high MYB expression induces dense desmoplastic regions compared to the minimal desmoplasia seen in low MYB-expressing group. In vitro proliferation experiments assays using ADM and Sonic Hedgehog antagonists reveal that MYB’s increasing of PaCa and PSC proliferation was mediated by cooperation of ADM and Sonic Hedgehog. While it is not known whether this effect is facilitated by AM2R, there is potential in investigating whether small molecule inhibitors against AM2R can ameliorate ADM’s pro-tumoural effects on PaCa cells and PSCs within the desmoplastic PDAC environment. 
[bookmark: _Toc3276306]5.1.1.2 Immunosuppresive environment
The previous section detailed how desmoplasia causes PaCa to be physiologically and biologically resistant to therapies due to the fibrotic architecture. In addition to fibrosis, desmoplasia is also characterised by chronic inflammation. This results in infiltration of immune cells such as MDSCs, TAMs and Treg cells which creates an immunosuppressive PDAC environment that also promotes PaCa growth, spread and chemoresistance. 
MDSCs are immature myeloid cells that are precursors to macrophages, dendritic cells and granulocytes. MDSCs are commonly distinguished by subtypes that resemble monocytes (CD11b+CD15- in human, Gr1lo/intCD11b+ in mice) or polymorphonuclear cells (CD11b+CD15+ in human, Gr1hiCD11b+ in mice). A study using genetically engineered mouse KPC model of PDAC showed that tumour-derived granulocyte-macrophage colony-stimulating factor (GM-CSF) drives the development of Gr1hiCD11b+ MDSCs which suppress anti-tumour T cell response (Bayne et al., 2012). While MDSCs themselves do not directly contribute to therapeutic resistance in PaCa, they produce various factors in the tumour environment that induce EMT in a subset of tumour cells. These tumour cells become CSCs which have been shown to be the chemoresistant population in pancreatic tumours (Section 5.1.1.3).
The most populous immune cell type to infiltrate pancreatic tumours are TAMs. Hypoxia in the tumour microenvironment via HIF-1α causes monocytic MDSCs to differentiate into TAMs (Corzo et al., 2010). TAM numbers significantly correlate with tumour size, local and early liver recurrence as well as shortened survival in PaCa patients who underwent surgical resection (Yoshikawa et al., 2012). Like their precursors MDSCs, TAMs can also activate PSCs and CSCs via STAT3 and Sonic Hedgehog pathways, further contributing to desmoplasia and chemoresistance in the PaCa microenvironment (Schmid-Kotsas et al., 1999, Jinushi et al., 2011).
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Another infiltrating inflammatory cell population in the PaCa are Treg cells. While they do not themselves induce tumorigenesis, they suppress immune responses that could have occurred in the tumour microenvironment. Treg cells are also implicated in poor clinical response in PDAC to immunotherapy due to their augmented expression in PDAC tissues compared to healthy pancreatic tissues (Liyanage et al., 2002). The same study showed in ex vivo functional experiments that Treg cells suppress proliferation and immune activation of CD4+ and CD8+ lymphocytes (Liyanage et al., 2002). Additionally, Treg cells release TGF-β that lead to over-production of ECM as well as proliferation of CAFs, both of which contribute to desmoplasia as previously detailed in Section 5.1.1.1. 
As well as mediating pro-tumoural signalling between PaCa cells and PSCs in the desmoplastic PDAC environment, ADM has also been shown to induce in vivo tumour infiltration and in vitro transformation of MDSCs and macrophages into pro-tumoural phenotypes expressing CD206 (M2-specific marker) in PDAC (Xu et al., 2016). However, since the study used blanket ADM up-regulation (exogenous treatment, over-expression) as well as inhibition (peptide antagonist ADM22-52), it is unsure which receptor complexes are responsible for the observed phenomena. Hence, small molecule antagonists against AM2R would enable us to determine if ADM’s effects in converting MDSCs and TAMs into pro-tumoural phenotype in PDAC is in fact mediated by AM2R.  
[bookmark: _Toc3276307]5.1.1.3 Epithelial-to-mesenchymal transition in PaCa
The previous two sections have shown that desmoplasia is characterised by both fibrosis and chronic inflammation which creates an immunosuppressive environment which fuels tumour growth as well as physical and biological resistance to cancer therapy. This complex signalling also induces EMT of tumour and stromal cells within the tumour microenvironment, which positively reinforces the desmoplastic reaction (Figure 5.1). As mentioned in the previous section, factors (e.g. TGF-β) released by tumour and immune cells in the PDAC microenvironment can activate PSCs into CAFs via EMT. CAFs can further induce a subset of tumour cells to undergo EMT into CSCs, which are more migratory, invasive and chemoresistant compared to the other tumour cells in the population.
PSCs are normally found in periacinar, periductal and perivascular regions of the pancreas (Algul et al., 2007). Typically in a quiescent state, PSCs have low levels of proliferation and production of ECM and growth factors. However, once activated into CAFs by factors secreted in a diseased pancreatic environment by both tumour and infiltrating immune cells, CAFs begin to proliferate, migrate and produce ECM and growth factors, thus contributing back to the desmoplastic environment in a vicious cycle. Studies using rat PSCs reveal that TGF-β and PDGF in the PDAC microenvironment released by infiltrating immune cells activate and promote proliferation of CAFs as well as stimulate CAF synthesis of ECM components (Schneider et al., 2001). 
CAFs and tumour cells in the PDAC environment have a symbiotic relationship which further fuels desmoplasia and therapeutic resistance. Conditioned media from human PaCa cell lines (MiaPaCa2, Panc1 and SW850) stimulated primary PSC proliferation as well as their ECM protein production (Bachem et al., 2005).  Conversely, conditioned media from primary PSCs also promoted in vitro proliferation, invasion and colony formation of human PaCa cell lines BxPC-3 and Panc1 (Hwang et al., 2008). In the same study, in vitro proliferation and apoptosis assays also revealed that gemcitabine and radiation therapy were less effective in BxPC-3 cells treated with PSC conditioned media. These results show the positive feedback loop in which tumour cells activate PSCs which then mediate signalling that subsequently enables a population of tumour cells to become resistant to anti-cancer treatments - CSCs. 
[bookmark: _Ref523847613][bookmark: _Ref523847598]Since CSCs are more migratory, invasive and chemoresistant than the other tumour cells in the population, being able to identify CSCs in the PDAC microenvironment would theoretically enable us to target the cells that can evade conventional chemotherapy and more likely to metastasise. Table 5.1 lists the markers commonly associated with pancreatic CSCs. 


[bookmark: _Toc3131475]Table 5.1: Pancreatic cancer stem cell markers and their pro-tumoural properties
	Markers
	Mechanism
	Reference

	ALDH+
	More clonogenic (in vitro), 
more tumour-initiating (in vivo - s)
	(Rasheed et al., 2010)

	CD24+/CD44+/ESA+
	Up-regulate self-renewal pathways (qPCR of primary PDAC)
	(Li et al., 2007)

	CD133+
	More tumorigenic (primary PDAC, 
in vivo - o), gemcitabine-resistant 
(in vitro and in vivo - o)
	(Hermann et al., 2007)

	CD166+
	More clonogenic (in vitro), 
less  invasive and migratory (in vitro), more tumorigenic (in vivo – s/o)
	(Fujiwara et al., 2014)

	DCLK1HI
	More tumour-initiating 
(in vitro spheroids, in vivo - o)
	(Bailey et al., 2014)


All comparisons are done versus cells negative/low for marker, within the same population
ALDH: aldehyde dehydrogenase 1
DCLK1: double cortin-like kinase 1
ESA: epithelial-specific antigen (also known as epithelial-cell adhesion molecule – EpCAM)
PDAC: pancreatic ductal adenocarcinoma
qPCR: quantitative real-time polymerase chain reaction
s: subcutaneous xenograft model
o: orthotopic xenograft model

Pancreatic CSC markers confer different tumour-promoting characteristics. ALDH+ Capan-1 human PaCa cells are more clonogenic in vitro compared to unsorted/ALDH- populations (Rasheed et al., 2010). The same study showed that ALDH+ resected primary human pancreatic cancer xenografts also have higher tumour-initiating capacities than unsorted population in a subcutaneous in vivo model. Similarly, in vitro clonogenicity and in vitro/in vivo tumour growth were significantly augmented in CD133+ and DCLK1HI primary human/mouse PDAC tissues, as well as CD166+ human PaCa cell lines compared to unsorted populations (Fujiwara et al., 2014, Hermann et al., 2007, Bailey et al., 2014). In vitro resistance to gemcitabine was also seen in CD133+ primary human PDAC cells compared to CD133- population (Hermann et al., 2007). While the expression of CSC markers confer characteristics that promote tumour growth and resistance to therapies, they may also promote functions which appear anti-tumoural. For example, while CD166+ Panc1 cells have been shown to have increased in vitro and in vivo tumour growth compared to CD166- population, in vitro Transwell assays show that CD166+ cells were less invasive and migratory, suggesting CSC marker expression regulates functions differently in PaCa cells (Fujiwara et al., 2014).
We have discussed how PSCs can induce EMT in PaCa cells to create a CSC population that are more invasive and chemoresistant than non-CSC cells (Hwang et al., 2008). Conversely, PaCa cells can induce EMT and activate PSCs to become CAFs (Bachem et al., 2005). Additionally, MDSCs and TAMs can also mediate EMT in both PSCs and PaCa cells (Schmid-Kotsas et al., 1999, Jinushi et al., 2011). While ADM has been shown to be able to mediate EMT in cholangiocarcinoma (Zhou et al., 2015), it is unknown whether it does the same in PaCa and whether this could be facilitated by AM2R. Interestingly, RAMP-3 has also been implicated in contributing to EMT in breast cancer. In vitro and in vivo experiments show that RAMP-3 functions as a downstream target of LOXL2, mediating pro-tumorigenic processes such as EMT and invasiveness in MDA-MB-231 breast cancer cells (Brekhman et al., 2011). While a blanket ADM inhibition did not completely abrogate pro-invasive effects of LOXL2, the authors suggested that since this effect is partially mediated by RAMP-3, RAMP-3 inhibitors could function as anti-tumour agents to target EMT in cancer. 
[bookmark: _Toc3276308]5.1.2 Potential of using AM2R antagonists in combination with chemotherapy
Currently used chemotherapeutic regimens have been shown to be unsuccessful in treating PaCa due to high levels of toxicity and patients still end up with recurrence and metastasis within months of starting treatment. Hence, there is great necessity in developing less toxic and more efficacious treatment regimens for PaCa patients. One strategy would be to do a combination treatment using another targeted agent (e.g. AM2R antagonists) together with lower doses of chemotherapy.
We have seen in Sections 5.1.1.1 to 5.1.1.3 that ADM and RAMP-3 have been shown to be implicated in unique features of PDAC stroma including desmoplasia, immunosuppressive microenvironment, as well as EMT of PSCs and PaCa cells into CAFs and CSCs respectively. Therefore, there is great potential in using AM2R antagonists to rewire the PDAC stroma to become anti-tumoural.
Chapter 4 has shown evidence that AM2R antagonists not only inhibits growth and augments apoptosis in PaCa cells in vitro (Figures 4.8 to 4.11), they can also decrease tumour growth, CAF expression and blood vasculature in vivo (Figures 4.3, 4.14 and 4.15). Since subsets of cells in the PDAC environment (e.g. CSCs) have developed mechanisms to evade conventional chemotherapy, it would be interesting to determine if AM2R antagonists are able to re-wire the signalling and revert the resistant tumour cells back to being susceptible to chemotherapy. Figure 5.3 shows a schematic of how chemoresistance develops in PaCa and how AM2R antagonists could be used in combination with chemotherapy to prevent the development of recurrence and metastasis post-treatment. While conventional chemotherapy does work in eliminating tumour bulk, chemo-resistant CSCs left untreated could grow back into a viable tumour that is more aggressive and may even spread to a secondary location. Since this process is aided by stromal cells in the PDAC microenvironment, the addition AM2R antagonists could inhibit pro-tumoural signalling within the PDAC stroma, preventing the CSCs from growing and metastasising. AM2R antagonists could also rewire the CSCs back into an epithelial-like phenotype, which could sensitise them to chemotherapy, thereby eliminating the once resistant PaCa population.
[image: ]
[bookmark: _Ref1039665][bookmark: _Toc3148139]Figure 5.3: Schematic of development of chemoresistance in pancreatic cancer. After undergoing chemotherapy, chemoresistant population of tumour cells (pancreatic cancer stem cells) continue proliferating and may even metastasise to a secondary location. This process is mediated by pro-tumoural stromal cells in the microenvironment such as infiltrating immune cells and cancer-associated fibroblasts. Using an AM2R antagonist in combination with chemotherapy could inhibit development of chemoresistance, preventing recurrence and metastasis post-treatment.


[bookmark: _Toc3276309]5.1.3 Hypothesis and research aims
The null hypothesis for this chapter is that addition of small molecule antagonist against AM2R will not enhance effects of chemotherapeutic agents on PaCa growth in vitro and in vivo. 
Efficacy of chemotherapeutic agents (5-FU and gemcitabine) on PaCa cell viability were first tested in vitro. Thereafter, these chemotherapeutic agents were used in combination with various concentrations of lead compound SHF-638 to investigate their combined effect on PaCa cell viability in vitro.
Efficacy of gemcitabine alone or in combination with lead compound SHF-771 (pure and potent enantiomer of SHF-638) was also investigated in an in vivo orthotopic xenograft model of PaCa using CFPAC-1 Luc cells. Using this model allows us to determine if there are additional effects within a pancreatic tumour microenvironment that a subcutaneous model would not have been able to reveal.


[bookmark: _Toc3276310]5.2 Methods
[bookmark: _Toc3276311]5.2.1 Chemotherapy dose response in vitro viability assays
CFPAC-1 cells were treated with chemotherapeutic agents (gemcitabine, 5-FU) daily. Cell viability was assessed daily for 72 hours using RealTime-Glo MT Viability Kit as detailed in Section 2.3.1. Wells were washed with PBS and freshly made reagent was added into wells to continue the assay for an additional 72 hours, if desired.
Stocks of chemotherapeutic agents were made up to 20 mM according to manufacturers’ manual. 50X treatment aliquots (diluted in PBS) were made to treat 2 μL per well (100 μL total volume per well). Vehicle-controls were made the same way as treatment stocks, and subsequently diluted in PBS. Treatment stocks and aliquots were stored at -20°C. Treatment aliquots were sonicated for 10 minutes in 37°C water bath prior to treatments.
[bookmark: _Toc3276312]5.2.2 Combination treatment (Small molecule antagonist + chemotherapy) in in vitro viability assays
CFPAC-1 cells were treated with a combination of chemotherapeutic agents (gemcitabine, 5-FU) and small molecule antagonist SHF-638 daily. Cell viability was assessed daily for 72 hours using RealTime-Glo MT Viability Kit as detailed in Section 2.3.1.


Stocks of chemotherapeutic agents were made up to 20mM according to manufacturers’ manual. SHF-638 was dissolved in DMSO to make 20 mM stocks. 50X treatment aliquots (diluted in PBS) were made to treat 2 μL per well (100 μL total volume per well). Vehicle-controls were made the same way as treatment stocks, and subsequently diluted in PBS. Treatment stocks and aliquots were stored at -20°C. Treatment aliquots were sonicated for 10 minutes in 37°C water bath prior to treatments.
[bookmark: _Toc3276313]5.2.3 In vivo orthotopic model
[bookmark: _Toc3276314]5.2.3.1 Mice
Orthotopic pancreatic cancer studies were performed using 5- to 6-week old female BALB/c nude mice from Envigo or Charles River, depending on availability. All procedures were reviewed and approved by the local Research Ethics Committees in the University of Sheffield and complied with the UK Animals (Scientific Procedures) Act 1986. Studies were performed under project license PF61050A3.
[bookmark: _Toc3276315]5.2.3.2 Treatment preparation for intraperitoneal injections
Lead compound SHF-771 was dissolved in Kolliphor vehicle + 3% DMSO at a concentration of 4 mg/mL. Kolliphor vehicle (Table 5.2) was chosen after our medical chemistry collaborators (WuXi) tested several formulations and how they affect solubility of our compounds. Kolliphor formulation is a potent non-ionic solubilizer with low toxicity. Solid stock of SHF-771 was first dissolved in appropriate volume of 100% DMSO (3% of final volume) and sonicated for 10 minutes before adding remaining volume of Kolliphor vehicle. Vehicle controls were made similarly (3% DMSO in Kolliphor vehicle). Compound and vehicle mixtures were further sonicated for 10 minutes before adjusting pH to physiological levels (pH 7.4). This is crucial as most of the small compound antagonist treatments were basic (around pH 9.0) whereas the vehicle was slightly acidic (pH 6.0) prior to adjusting pH.   
[bookmark: _Ref520643427][bookmark: _Ref520643419][bookmark: _Toc3131476]Table 5.2: Recipe for Kolliphor vehicle
	Reagent
	Amount

	Kolliphor® HS15
	11 g

	Kollisolv® PEG E 400
	33 mL

	PBS
	66 mL

	Kolliphor vehicle
	100 mL



Gemcitabine HCl was dissolved in PBS at a concentration of 2.5 mg/mL (for 12.5 mg/kg treatment). Treatment solution was sonicated for 10 minutes before adjusting pH to physiological levels (pH 7.4), similar to pH of PBS. Again, this was crucial as the treatment solution was initially acidic (pH 2.5). In previous studies, we had used a treatment dose of 50 mg/kg from a study that used the same PaCa cell line (CFPAC-1) as our orthotopic model, albeit in a subcutaneous model (Shi et al., 2016). However, this dose proved to be too efficacious as tumours did not develop in mice treated with 50 mg/kg gemcitabine. Hence, we decided to decrease the dose to a quarter of 50 mg/kg (12.5 mg/kg) in the current experiment.  
Treatment solutions of SHF-771 and gemcitabine were stored in 5 mL aliquots at -20°C (long-term) or -4°C once they have been thawed for use. Solutions were prepared at concentrations that would enable us to give 100 μL injections per mouse, assuming 20 g weight per mouse. This is a fair assumption as the mice were expected to weigh around 15-20 g during the course of the experiment (Figure 5.4). Before each treatment, treatment aliquots were sonicated for 10 minutes in a 37°C water bath. Mice were injected intraperitoneally in the lower quadrants, alternating between the left and right side. Treatment regimens are shown in Table 5.3.  
[image: ]
[bookmark: _Ref513580863][bookmark: _Toc3148140]Figure 5.4: Expected Balb/c nude mice weights from Charles River showing 5-9 week old mice weighing between 15-20 g during that age range
[bookmark: _Ref520643482][bookmark: _Toc3131477]Table 5.3: Treatment regime for pancreatic orthotopic xenograft experiments using Balb/c nude mice
	SHF-771 (20 mg/kg) alone or in combination 
with gemcitabine (12.5 mg/kg)

	Treatment Group
	Treatment
	Frequency
	Volume (μL)

	Vehicle-control
	Kolliphor vehicle + 3% DMSO
	Once daily
	100

	
	PBS
	Twice weekly
	100

	Gemcitabine only
	Kolliphor vehicle + 3% DMSO
	Once daily
	100

	
	2.5mg/mL gemcitabine
	Twice weekly
	100

	SHF-771 only
	4 mg/mL SHF-771
	Once daily
	100

	
	PBS
	Twice weekly
	100

	Gemcitabine + SHF-771
	4 mg/mL SHF-771
	Once daily
	100

	
	2.5 mg/mL gemcitabine
	Twice weekly
	100



[bookmark: _Toc3276316]5.2.3.3 Cell preparation for intrapancreatic injections
CFPAC-1 cells transduced with Luciferase (CFPAC-1 Luc) were harvested from T175 flasks and counted according to Sections 2.1.1 and 2.1.3. Matrigel was thawed on ice or in the fridge overnight. Tubes, tips and PBS used in this protocol had been pre-chilled in the fridge or kept on ice prior to cell harvesting, to prevent Matrigel mixtures from solidifying prematurely. Cell suspension was prepared at a concentration of 10 million cells/mL in a Matrigel:PBS mixture (3:2 ratio) and kept on ice throughout the intrapancreatic injection procedure. Twice the amount of cells needed was prepared to account for dead volume and accidental wastage during surgery.  
[bookmark: _Toc3276317]5.2.3.4 Intrapancreatic injection of cells
All surgical tools used were autoclaved prior to surgery. Insulin syringes (27 G, 1 mL) used for intrapancreatic injections were pre-chilled on ice. Mice were anaesthetised with inhaled isofluorene, checked for lack of pedal reflex and positioned on a 37°C heating pad. Abdomen was sterilised using surgical spirit. Scalpel and sterile surgical tools were used to make an incision (around 5 mm) in the skin and abdominal wall above where the spleen is (left upper flank). The spleen, connected to the pancreas, was lifted through the incision. The pancreas was spread onto a sterile swab to allow for intrapancreatic injection of 40 μL of CFPAC-Luc cell suspension (400,000 cells) into the pancreas tail, parallel to the vasculature to minimise bleeding. The needle was left in the injection site for at least 10 seconds prior to removal, to prevent further leakage. The spleen and pancreas were placed back into the abdominal cavity. The abdominal cavity was closed by two-layer suture – continuous 5-0 polydioxanone absorbable suture with round needle for the abdominal wall and interrupted 6-0 polypropylene suture with cutting needle for the skin. Iodine was applied to the stitches and mice were observed in a temperature-controlled incubator with access to mash until recovery (30 minutes to an hour). Post-operative status and wound healing were monitored daily. No wound infection was observed.
[bookmark: _Toc3276318]5.2.3.5 Measurement of tumour growth by IVIS imaging
Before starting treatment (Day 3), bioluminescence of tumours were imaged using PerkinElmer’s Lumina II in vivo imaging system (IVIS). Mice were anaesthetised with inhaled isofluorene and given 100 μL D-luciferin (8.6 μg/mL) subcutaneously. Mice were then placed in the bioluminescent imaging system under anaesthesia. After allowing the D-luciferin to circulate for five minutes, white-light and bioluminescence images were captured. Mice were then removed from inhaled anaesthetic and allowed to recover in their home cages. Following treatment, mice were imaged every week to monitor tumour growth. Bioluminescence signals were quantified using Living Image software (Figure 5.5). Regions of interests were drawn around the primary tumours of each mice and total flux (p/sec) were recorded as an output. 
[bookmark: _Toc3276319]5.2.3.6 In vivo experimental endpoint
Mice were anaesthetised with inhaled isofluorene and given D-luciferin subcutaneously as described in Section 5.2.3.5, for posthumous IVIS imaging. After allowing the D-luciferin to circulate for five minutes, blood was withdrawn by cardiac puncture (25 G needle, 1 mL syringe) and collected in Vacutainer tubes containing anti-coagulant EDTA. Needles were removed prior to collection in tubes to prevent haemolysis. Mice were then culled by cervical dislocation. Pancreas and organs were imaged by IVIS to quantify endpoint tumour bioluminescence and detect presence of metastasis or residual primary tumour, if any (Figure 5.6). 

[image: F:\Sheffield PhD\Analysis\In vivo\AJ1 CFPAC-1 orthotopic 771 gem\IVIS AJ1a\analysed\Day 7\AJJ20180206152739_001\AJJ20180206152739_001.PNG]
[bookmark: _Ref513580901][bookmark: _Toc3148141]Figure 5.5: Bioluminescence of pancreatic tumours were quantified using Living Image software. Regions of interest (ROIs) were drawn around the tumours and the total flux (p/sec) of each tumour was recorded as an output.

[image: ]
[bookmark: _Ref513580936][bookmark: _Toc3148142]Figure 5.6: Bioluminescence of resected primary pancreatic tumours at endpoint (A), internal organs (B) and empty body (C). (B) and (C) were imaged to confirm absence of metastases or residual primary tumours
Pancreas (with tumour), liver, kidney and spleen were collected, weighed then fixed with 10% neutral-buffered formalin before sending them off to Histology core facility to be embedded in paraffin, cut into sections and stored at 4°C. Blood collected were centrifuged (1,600 x g, 15 minutes, 4°C) and resultant plasma were transferred into fresh polypropylene tubes and stored at -80°C for use in ELISA.
[bookmark: _Toc3276320]5.2.3.7 MR-proADM Enzyme-linked Immunosorbent Assay
ADM has a circulating half-life of 22 minutes and binds to receptors rapidly after its release (Meeran et al., 1997). Instead of measuring ADM in plasma from in vivo experiments, MR-proADM was measured instead as it is more stable than ADM (half-life of a few hours) and plasma MR-proADM levels correlate with levels of ADM (Valenzuela-Sanchez et al., 2016, Gille et al., 2017).
To measure the concentration of MR-proADM in plasma, human MR-proADM ELISA kit (Amsbio) was used. This method is highly sensitive and specific, due to the use of capture and detection antibodies against the antigen of interest. Figure 5.7 shows the ELISA incubation steps with various antibodies and substrate, resulting in a colorimetric readout correlating to the amount of antigen in the wells.  
As mentioned in Section 5.2.3.6, to obtain plasma from in vivo experiments, blood collected by intracardiac withdrawal were put into Vacutainer tubes containing anti-coagulant EDTA. Tube were centrifuged (1,600 x g, 15 minutes, 4°C) and resultant plasma were transferred into fresh polypropylene tubes and stored at -80°C until use in ELISA. 
Prior to starting the ELISA, reagents and samples were brought to room temperature. Smaller reagent tubes were centrifuged for one minute (10,000 x g) before making working solutions and standards. 25X wash buffer was diluted with distilled water to 1X wash solution. Different concentrations of MR-proADM standards were made by serial dilution of the 1000 pg/mL stock in provided diluent (Table 5.4). Working solutions of 100X biotinylated detection antibody and 100X HRP conjugate were made by diluting with respective diluents. 
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[bookmark: _Ref513715293][bookmark: _Toc3148143]Figure 5.7: Principles of enzyme-linked immunosorbent assay (ELISA). Plates are washed between each step to remove unbound solutes. (A) Plasma samples and standards are added to ELISA plates coated with capture antibody against the antigen of interest. (B) Addition of biotinylated detection antibody will also bind to antigen of interest. (C) Avidin-conjugated horseradish peroxidase is added, where avidin will bind to the biotin on the detection antibody. Addition of substrate for horseradish will result in a colorimetric change that correlates with the amount of antigen in the well.  
Table 5.4: Serial dilution of MR-proADM standards for ELISA[bookmark: _Toc3276321]Diluent: Reference Standard and Sample Diluent


	Concentration of standards (pg/mL)
	Volume of previous dilution (µL)
	Volume of diluent (µL)

	1000 (stock)
	-
	-

	500
	500
	500

	250
	500
	500

	125
	500
	500

	62.5
	500
	500

	31.25
	500
	500

	15.63
	500
	500

	0
	-
	500


100 µL of sample or standard was added to each well of the micro ELISA plate in duplicates, avoiding wall touching and foaming. Plate was sealed and incubated for 90 minutes at 37°C. Multichannel pipette was used to remove liquid from wells before adding 100 µL biotinylated detection antibody working solution per well. Plate was sealed and incubated for one hour at 37°C. Solutions were decanted from wells onto absorbent paper and washed with 350 µL wash buffer for 1 minute. Decanting and washing was repeated three times. 100 µL of HRP conjugate working solution was added per well. Plate was sealed and incubated for 30 minutes at 37°C. Solutions were decanted from wells onto absorbent paper and washed with 350 µL wash buffer for 1 minute. Decanting and washing was repeated five times. 90 µL of substrate reagent was added per well. Plate was sealed and incubated for 15 minutes at 37°C, protected from light using foil. 50 µL of stop solution was added per well. EnSight Multimode Plate Reader (PerkinElmer, set to 450nm and 37°C) was used to determine optical density (OD) value of wells. OD values are proportional to concentration of MR-proADM.
To correlate OD values of standards to their respective concentrations, duplicate readings were averaged before subtracting averaged zero standard OD value from them. Four parameter logistic curve was fit with standard concentration on x-axis and OD values on the y-axis, using GraphPad Prism 7.01 (Figure 5.8). Average OD values of samples were then interpolated if they fall within the OD value range of the standards.
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[bookmark: _Ref513580327][bookmark: _Toc3148144]Figure 5.8: Four parameter logistic curve of MR-proADM concentrations ranging from 15.63 to 1000 pg/mL. Average OD readings of samples were interpolated from standard curves on the same plate. 


5.3 [bookmark: _Toc3276322]Results
5.3.1 [bookmark: _Ref1054551][bookmark: _Toc3276323]Dose response of chemotherapeutics in in vitro viability assays
We have seen in Chapter 4 that small molecule antagonists against AM2R are able to decrease viability and increase apoptosis of PaCa cells in vitro, as well as decrease in vivo tumour growth in a PaCa subcutaneous xenograft model. 
In order to determine if AM2R antagonists could be used in a combination therapy with chemotherapy, we first tested the effects of chemotherapeutic agents (5-FU and gemcitabine) on viability of PaCa cell line CFPAC-1 as detailed in Section 5.2.1. Daily treatment with 500 nM to 3 µM of either 5-FU or gemcitabine significantly decreased viability of CFPAC-1 after seven days, compared to vehicle-treated controls (p<0.05, Figures 5.9A and 5.9B). Dose response analysis of the endpoint data reveal that gemcitabine is more potent than 5-FU at decreasing CFPAC-1 viability (Figure 5.9C).
To subsequently test the combination of chemotherapy with small molecule antagonists against AM2R, 1 μM 5-FU and 500 nM of gemcitabine were chosen for further in vitro combination experiments as they resulted in 50% efficacy (decrease in viability) over the treatment duration (Figure 5.9C).
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[bookmark: _Ref522103409][bookmark: _Toc3148145]Figure 5.9: Effect of different concentrations of chemotherapeutic agents 5-FU (A) and gemcitabine (B) on viability of human pancreatic cancer cells CFPAC-1 in vitro. Daily treatment with 500 nM to 3 μM of 5-FU and 100 nM to 3 μM of gemcitabine significantly decreased viability of CFPAC-1 after nine days, compared to vehicle-treated controls (p<0.05). (C) Dose response of endpoint data from (A) and (B) reveal that gemcitabine is more potent than 5-FU at decreasing CFPAC-1 viability. Two-way ANOVA was used for all data sets.  Data are from three independent experimental repeats and presented as mean±SEM.
  


5.3.2 [bookmark: _Ref1052400][bookmark: _Toc3276324]Combination of chemotherapeutics and SHF-638 in in vitro viability assays
As mentioned in the previous section, 1 μM 5-FU and 500 nM of gemcitabine were chosen for further in vitro experiments using chemotherapeutics in combination with small molecule antagonists against AM2R, as detailed in Section 5.2.2. Figure 5.10 shows the results for CFPAC-1 cells treated daily with different concentrations of SHF-638 in combination with 1 μM 5-FU or 500 nM gemcitabine.
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[bookmark: _Ref522103816][bookmark: _Toc3148146]Figure 5.10: Effect of different concentrations of small molecule antagonist against AM2R SHF-638 in combination with single concentration of chemotherapeutic agents 5-FU (A) and gemcitabine (B) on viability of human pancreatic cancer cells CFPAC-1 in vitro. Two-way ANOVA was used. Data are from three independent experimental repeats and presented as mean±SEM.
$ or $$: p<0.05 or p<0.01 compared to control within the group, 
*** or ****: p<0.001 or p<0.0001 compared to control group (no chemotherapy)



Multiple comparisons testing shows that SHF-638 treatment alone was able to decrease CFPAC-1 viability dose dependently by 13-17% over three days (p<0.05), compared to vehicle-control. The effect was milder in combination with 1 μM 5-FU, where SHF-638 further decreased viability by 0.7-2.8% (not significant), compared to 1 μM 5-FU alone (21% decrease). The same effect was seen in combination with 500 nM gemcitabine, where SHF-638 doses decreased CFPAC-1 viability by an additional 0.6-1.4% (not significant), compared to 500 nM gemcitabine alone (19% decrease). 
Two-way ANOVA also revealed that 5-FU (p<0.0001) and SHF-638 (p<0.05) treatments both significantly decreased viability of CFPAC-1 cells, and that there were no interaction between the treatment groups (p=0.11). The same was also seen in the two-way ANOVA results for gemcitabine (p<0.001) and SHF-638 (p<0.05), with there being no interaction between the two groups (p=0.18). 
5.3.3 [bookmark: _Toc3276325]Effect of SHF-771 in combination with chemotherapeutic gemcitabine in vivo
	We have shown in Section 4.3.4 that small molecule antagonists against AM2R can decrease CFPAC-1 tumour burden in an in vivo subcutaneous xenograft model by up to 56% (p<0.05). We have also shown in Section 5.3.2 that small molecule antagonists against AM2R decrease PaCa cell viability in vitro alone or in combination with chemotherapeutics agents. It is likely that our lead compounds will eventually be used in combination with currently available chemotherapeutics in a clinical setting as opposed to being a single agent treatment option. Therefore, a combination of AM2R antagonist (SHF-771) and chemotherapeutic (gemcitabine) was tested in the CFPAC-1 Luc intrapancreatic orthotopic xenograft model. 
	Since we have shown in a subcutaneous PaCa model that our lead compounds were able to decrease tumour burden in vivo, we were additionally interested in whether a similar effect will be observed in tumours inoculated orthotopically. It is shown that PaCa tumour tissues in subcutaneous and orthotopic models have differing metabonomics and metabolomics due to the differences in tumour microenvironment (Zhan et al., 2017). An orthotopic model will also reveal if other features in the PaCa microenvironment (e.g. desmoplasia, PSCs, immune cells, blood and lymph vessels) that could be affected by treatment with AM2R antagonists alone or in combination with chemotherapeutics.


5.3.3.1 [bookmark: _Toc3276326]Safety profile of combination treatment
Similar to Section 4.3.4.1, mice weights were recorded once a week and behaviours observed daily during treatments to ensure treatment regimens did not cause adverse effects. Figure 5.11 shows the mice weight changes at experimental endpoint compared to before surgery. Two-way ANOVA revealed that SHF-771 treatment did not significantly affect mice weight gain but gemcitabine significantly decreased mice weight gain (p<0.05). There was no interaction between gemcitabine and SHF-771 treatments (p=0.65). Throughout the experimental duration, none of the mice loss weight to warrant Schedule 1 culling (>20% decrease in weight compared to before tumour inoculation).
[image: ]
[bookmark: _Ref514609038][bookmark: _Toc3148147]Figure 5.11: Weight change at endpoint (Day 28 – control, SHF-771 only; Day 35 – gemcitabine only, gemcitabine + SHF-771) compared to before surgery in combination in vivo orthotopic experiments. SHF-771 (20 mg/kg) treatment did not significantly affect mice weight change. Gemcitabine (12.5 mg/kg) significantly lowered mice weight change (p<0.05). Two-way ANOVA was used. Data presented as mean±SEM. *: p<0.05

Intrapancreatic tumour inoculation and treatment regimens did not result in any adverse effects including eating/drinking difficulties, persistent hypothermia or hunching. Thickening of abdominal wall was observed in mice treated with SHF-771 alone and in combination with gemcitabine after two weeks of treatment (similar to in vivo subcutaneous model in Section 4.3.4.1), but this did not result in any observable adverse behaviour. The increased peritoneal pressure that stemmed from this resulted in around 20% of treatment volume leaking out after two weeks of treatment, which was also observed in the in vivo subcutaneous model in Section 4.3.4.1.
5.3.3.2 [bookmark: _Ref1054557][bookmark: _Toc3276327]Tumour burden
To investigate how small molecule antagonist against AM2R (SHF-771) compares to standard chemotherapeutics in affecting tumour burden in an in vivo orthotopic pancreatic model, Balb/c nude mice implanted with human pancreatic cancer cells CFPAC-1 intrapancreatically were subsequently treated intraperitoneally with either 20 mg/kg of SHF-771 (daily), 12.5 mg/kg gemcitabine (twice weekly), a combination of the two, or vehicle-controls. Figure 5.12 shows the tumour growth curves resulting from weekly IVIS imaging. Figure 5.13 shows the individual data points shown in the last time point in Figure 5.12 (Day 28 for groups without gemcitabine, Day 35 for gemcitabine groups).

[image: ]
[bookmark: _Ref514609407][bookmark: _Toc3148148]Figure 5.12: Growth curve of pancreatic orthotopic tumours from live IVIS imaging of Balb/c mice treated with vehicle-control, SHF-771 (20 mg/kg, daily), gemcitabine (12.5 mg/kg, twice weekly) or a combination of both. Data presented as mean±SEM.
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[bookmark: _Ref526513570][bookmark: _Toc3148149]Figure 5.13: Tumour burden at endpoint in a pancreatic orthotopic xenograft model using human pancreatic cancer cell line CFPAC-1 (Day 28 for groups without gemcitabine, Day 35 for gemcitabine groups). SHF-771 treatment (20 mg/kg) decreased tumour mass by 38% compared to vehicle-treatment (p<0.05). In comparison, gemcitabine (12.5 mg/kg) decreased tumour mass by up to 98% compared to vehicle-treatment (p<0.0001). Addition of SHF-771 to the gemcitabine treatment further decreased tumour mass by 5% (ns). Two-way ANOVA was used, outliers were excluded by ROUT (1 each from gemcitabine only and gemcitabine + SHF-771 groups). Data presented as mean±SEM.
$: p<0.05 compared to control within the group 
****: p<0.0001 compared to control group (no gemcitabine), ns: not significant
SHF-771 treatment alone was able to decrease tumour growth (as measured by bioluminescence) by 38% compared to vehicle-control (Figure 5.13, p<0.05). However, gemcitabine treatment alone was able to significantly decrease tumour growth by 98% to vehicle-treatment (Figure 5.13, p<0.0001). Combination of SHF-771 and gemcitabine decreased tumour growth by 5% compared to gemcitabine treatment only (not significant), but 98% compared to vehicle-control (p<0.0001). Two-way ANOVA revealed that there was no interaction between gemcitabine and SHF-771 treatments (p=0.11).
Comparing tumour masses between the groups (Figure 5.14) revealed a similar trend to tumour bioluminescence results (Figure 5.13), although the differences were less pronounced. Two-way ANOVA revealed once again that gemcitabine but not SHF-771 significantly decreased tumour masses (p<0.0001 and p=0.08 respectively), and that there were no interaction between the two types of treatments (p=0.62). SHF-771 treatment alone decreased tumour mass by 14% compared to vehicle-treatment (not significant). In comparison, gemcitabine treatment alone decreased tumour mass by 66% compared to vehicle-control. Combination of SHF-771 and gemcitabine decreased tumour mass by 24% compared to gemcitabine treatment only (not significant), but 74% compared to vehicle-control (p<0.0001).
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[bookmark: _Ref514609493][bookmark: _Toc3148150]Figure 5.14: Tumour masses at endpoint in a pancreatic orthotopic xenograft model using human pancreatic cancer cell line CFPAC-1 (Day 28 for groups without gemcitabine, Day 35 for gemcitabine groups). SHF-771 treatment (20 mg/kg) decreased tumour mass by 14% compared to vehicle-treatment (ns). In comparison, gemcitabine treatment (12.5 mg/kg) decreased tumour mass by 66% compared to vehicle-control (p<0.0001). Combination of SHF-771 and gemcitabine decreased tumour mass by 24% compared to gemcitabine treatment only (ns). Two-way ANOVA was used, outliers were excluded by ROUT (2 from gemcitabine + SHF-771). Data presented as mean±SEM.
****: p<0.0001 compared to control group (no gemcitabine), ns: not significant


5.3.3.3 [bookmark: _Toc3276328]Vital organs
Vital organs were weighed to identify organs that may be adversely affected by treatment regimens. Treatment regimens did not cause any significant changes in masses of livers and kidneys (Figure 5.15). However, two-way ANOVA revealed that both gemcitabine and SHF-771 treatments resulted in smaller spleens (p<0.0001 and p<0.05 respectively, Figure 5.15) and that there was no interaction between the two types of treatments (p=0.87). 
Multiple comparison tests show that SHF-771 treatment decreased spleen masses by 21% (p<0.05) and 17% (not significant) in gemcitabine and non-gemcitabine groups respectively, compared to vehicle control (Figure 5.15). Multiple comparison tests also showed that gemcitabine treatment decreased spleen masses by 38% (p<0.0001) and 22% (p<0.05) in SHF-771 and non-SHF-771 groups respectively, compared to vehicle control (Figure 5.15). 
Inoculation of orthotopic CFPAC-1 tumour also significantly increased liver (22%, p<0.01), kidney (19%, p<0.05) and spleen (103%, p<0.0001) masses of mice, compared to naïve mice without tumours (Figure 5.15). Only gemcitabine treatment (alone and in combination with SHF-771) significantly decreased spleen masses (22-38%, p<0.05), compared to vehicle-treated mice (control).
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[bookmark: _Ref514609580]
[bookmark: _Toc3148151]Figure 5.15: Liver, kidney and spleen masses in mice treated with gemcitabine, lead compound SHF-771, a combination or vehicle-control in a pancreatic orthotopic model using human PaCa cell line CFPAC-1 Luc in Balb/c nude mice. Mice inoculated CFPAC-1 tumour (control) had a significant increase in liver (22%, p<0.01), kidney (19%, p<0.05) and spleen (103%, p<0.0001) masses, compared to mice without tumours (naïve). Treatment with gemcitabine, SHF-771 or a combination of the two generally decreased the organ masses towards naïve masses. Only gemcitabine treatment (alone and in combination with SHF-771) significantly decreased spleen masses (22-38%, p<0.05), compared to vehicle-treated mice (control). Student’s t-test was used compared to respective controls (naïve or control). Data presented as mean±SEM. 
$ or $$$$: p<0.05 compared to vehicle-treated mice (control)
*, ** or ****: p<0.05, p<0.01 or p<0.0001 compared to naïve mice

To determine if the spleen mass correlates with tumour burden or mice weights, correlation analyses were done. Pearson correlation analysis shows that spleen mass positively correlates with tumour mass significantly (R2=0.335, p<0.0001, (Figure 5.16A) but not mice weights (R2=0.08, p=0.08, Figure 5.16B).
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[bookmark: _Ref522111223][bookmark: _Toc3148152]Figure 5.16: Scatter plot showing relationships between spleen mass and either tumour mass (A) or mice weights (B). Pearson correlation analysis shows that spleen mass positively correlates with tumour mass (p<0.0001) but not mice weights (p=0.08).

5.3.3.4 [bookmark: _Toc3276329]Plasma levels of mid-regional pro-adrenomedullin (MR-proADM)
In addition to analysing the effect of combination treatment on tumour burden, plasma levels of mid-regional pro-adrenomedullin (MR-proADM) were also analysed by ELISA. Figure 5.17A shows that mice treated with vehicle or SHF-771 alone (46.06 pg/mL) had higher plasma levels of MR-proADM than mice treated with gemcitabine alone (19.22 pg/mL) or in combination with SHF-771 (24.72 pg/mL). However, not all plasma samples had detectable levels of MR-proADM (Figure 5.17B), therefore these samples were plotted as the minimum detectable concentration in Figure 5.17A.
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[bookmark: _Ref514609922][bookmark: _Toc3148153]Figure 5.17: (A) Plasma levels of mid-regional pro-adrenomedullin (MR-proADM) from mice treated with vehicle control, 12.5 mg/kg gemcitabine, 20 mg/kg SHF-771 or a combination of the two. Gemcitabine treatment significantly decreased mean plasma levels of MR-proADM by 39-46% (p<0.05). SHF-771 treatment (alone or in combination with gemcitabine) increased mean plasma levels of MR-proADM by 27-45% (ns). (B) Plasma levels from some samples were undetectable in the ELISA and were plotted as the minimum detectable concentration (15.63 pg/mL) shown by the dotted line in (A). Plasma levels of MR-proADM did not correlate with tumour masses (C) or bioluminescence (D). Data presented as mean±SEM. *: p<0.05, ns: not significant

Two-way ANOVA analysis revealed that gemcitabine treatment significantly decreased MR-proADM levels but not SHF-771 treatment (p=0.02 and p=0.15 respectively, Figure 5.17A). There was also no significant interaction between gemcitabine and SHF-771 treatments (p=0.52, Figure 5.17A). 
Multiple comparison tests showed that SHF-771 treatment increased mean plasma levels of MR-proADM by 45% and 27%  in gemcitabine and non-gemcitabine groups respectively, compared to non-SHF-771 treatment (not significant, Figure 5.17A). Multiple comparison tests also showed that gemcitabine treatment decreased mean plasma levels of MR-proADM by 46% (p<0.05) and 39% (not significant) in SHF-771 and non-SHF-771 groups respectively, compared to non-gemcitabine treatment (Figure 5.17A). 
To determine if the plasma levels of MR-proADM correlate with tumour burden, a correlation analysis was done comparing it to either tumour mass or bioluminescence. There does not appear to be a statistically significant non-zero association between plasma levels of MR-proADM and either tumour mass (R2=0.036, p=0.25, Figure 5.17C) or luminescence (R2=0.020, p=0.39, Figure 5.17D).  


[bookmark: _Toc3276330]5.4 Discussion
5.4.1 [bookmark: _Toc3276331]Pancreatic cancer cell line CFPAC-1 is not resistant to chemotherapy in vitro and in vivo
[bookmark: _Ref1060243]In vitro and in vivo results show that human PaCa cell line CFPAC-1 is not resistant to chemotherapeutic agents 5-FU and gemcitabine (Sections 5.3.1 and 5.3.3.2). Similar evidence was seen in literature as shown in Tables 5.5 and 5.6. While IC50 of 5-FU on CFPAC-1 viability was similar between our study and that in literature (1 µM, Table 5.5), IC50 of gemcitabine was variable (11 to 950 nM, Table 5.6). Our results were similar to Arumugam and colleagues, although our experiment was done over a longer duration (7 vs. 3 days). 

[bookmark: _Toc3131479]Table 5.5: IC50 of 5-FU on human pancreatic cancer cell line 
CFPAC-1 viability
	IC50 (nM)
	Treatment duration
	Reference

	1000
	7-days
	Figure 5.9A

	1000
	3-days
	(Arumugam et al., 2009)


IC50 data acquired using MTT assay (all references) or RealTime-Glo MT Viability Assay (our data)

[bookmark: _Ref1060592]

[bookmark: _Toc3131480]Table 5.6: IC50 of gemcitabine on human pancreatic cancer cell line 
CFPAC-1 viabilityIC50 data acquired using MTT assay (all references) or RealTime-Glo MT Viability Assay (our data)

	IC50 (nM)
	Treatment duration
	Reference

	500
	7-days
	Figure 5.9B

	10
	3-days
	(Akada et al., 2005)

	44.3
	5-days
	(Guo et al., 2012)

	33
	3-days
	(Hong et al., 2009)

	834
	2-days
	(Li et al., 2018)

	300
	3-days
	(Arumugam et al., 2009)



5.4.2 [bookmark: _Toc3276332]Small molecule antagonist against AM2R in combination with chemotherapy are safe and efficacious in vivo at given doses
Gemcitabine treatment alone was able to decrease in vivo tumour burden more efficaciously compared to SHF-771 alone. The addition of SHF-771 to the gemcitabine regimen appears to further decrease tumour burden, but the effect was not statistically significant. It would be interesting to further decrease the dose of gemcitabine to see if AM2R antagonist would then be able significantly decrease tumour burden. This is clinically important as chemotherapeutics are riddled with side effects (e.g. nausea/vomiting, diarrhoea/constipation and peripheral neuropathy) at efficacious doses. To be able to decrease the chemotherapeutic dose considerably (in a combination therapy) yet retain the therapeutic effect by the addition of another treatment regimen (e.g. small molecule antagonist against AM2R) that does not appear to result in any adverse effects would have a positive effect on patient wellbeing.
Another observation was that after Day 28, tumours in mice treated with gemcitabine alone and in combination with SHF-771 started to grow again, as seen in the increase in tumour bioluminescence at Day 35 (Figure 5.12B). More interestingly, the increase was more drastic in mice treated with gemcitabine alone, compared to mice treated with combination of gemcitabine and SHF-771. One postulation is that the inoculated PaCa tumours started to become resistant to gemcitabine treatment after Day 28, but this effect was slightly mitigated in the mice also treated with SHF-771. Future work could be done to determine if another of SHF-771’s in vivo effects include preventing inoculated pancreatic tumour cells from becoming resistant to gemcitabine treatment. This would require continuing the experiment for longer than 35 days to see if tumours in mice treated only with gemcitabine would eventually grow to the size of vehicle-treated tumours, compared to tumours in mice treated with both gemcitabine and SHF-771.
Similar to the subcutaneous in vivo experiment in Chapter 4, SHF-771 did not lead to weight differences in mice compared to vehicle-treatment. However, gemcitabine treatment significantly decreased weight gain. This mirrors weight- or appetite- related adverse effects that currently plague cancer patients undergoing chemotherapy. It also suggests that small molecule antagonists against AM2R have a good safety profile to use in combination with chemotherapeutic regimens as they did not exacerbate the weight loss effects of gemcitabine.  
We also observed a decrease in spleen mass in mice treated with either AM2R antagonist or gemcitabine, and that the effect was more pronounced in mice treated with both. Compared to spleen size of naïve mice (Figure 5.15, mean 93.5g), this suggests that the combination of SHF-771 and gemcitabine not only inhibited PaCa growth but also ameliorated the increase in spleen size of vehicle-treated mice (Figure 5.15, 117.6 vs. 190.1, p<0.0001).  One possible reason is that the intrapancreatic tumour growth puts undue pressure on the veins in the spleen, resulting in spleen enlargement. This explanation corroborates with the positive correlation shown between spleen mass and tumour mass (Figure 5.16). 
Compared to the subcutaneous PaCa model (Chapter 4, Figure 4.14A), 20 mg/kg SHF-771 was slightly less efficacious in decreasing in vivo growth of orthotopic PaCa tumours (44% vs. 38% decrease in tumour volume, both p<0.05). This could be due to a different tumour microenvironment in the two models. Further immunohistochemical analyses will reveal if this is due to a differing growth and treatment effect on tumour cells or stromal cells (e.g. vasculature, PSCs, immune cells). Pancreatic tumours are also notorious for having low levels of vasculature compared to normal pancreas or benign tumours (Komar et al., 2009). This may make it harder for SHF-771 treatment to penetrate orthotopic tumours compared to subcutaneous tumours, thus being less efficacious in the orthotopic model. 
5.4.3 [bookmark: _Toc3276333]Small molecule antagonist against AM2R appear more efficacious in vivo than in vitro, in combination with chemotherapy
In vitro results show that AM2R inhibition decreases tumour cell viability alone and in combination with chemotherapeutics agents, in a dose dependent manner. However, the effect of AM2R inhibition is less obvious in the presence of a chemotherapeutic agent at the concentrations and treatment durations used. Future experiments could be done lower concentrations of chemotherapeutic agents (IC10 instead of IC50) and for a longer treatment duration (nine days instead of three days).
Perhaps, since CFPAC-1 is already sensitive to chemotherapy, AM2R antagonists would not be able to significantly augment this effect. Future studies could be done using chemo-resistant PaCa cell lines. We have acquired 5-FU and gemcitabine resistant CFPAC-1 lines by exposing the wild-type cells to serially escalated doses of each chemotherapeutic agent. These CFPAC-1 derivative lines are 100X more resistant to the respective chemotherapeutic agent in vitro. Further characterisation will be done to determine differences in vitro and in vivo, using AM2R antagonists as single agents or in combination with chemotherapy. Differences in expression of ADM and its receptor components (CLR, RAMPs) will also be investigated.
Similar to Chapter 4, the effects of AM2R antagonists (in combination with chemotherapy) in inhibiting tumour growth are milder in vitro compared to in vivo. This suggests that AM2R antagonists not only inhibit PaCa cell growth in vivo, but may additionally mediate anti-tumoural signalling of stroma cells in the PaCa microenvironment. To further investigate the effect of AM2R antagonism on pancreatic stroma, immunohistochemical analyses can be done to determine differences in populations of different stromal constituents such as CAFs, endothelial and immune cells. 
Differences in α-SMA positive cells (marker for CAFs) could reveal if AM2R antagonism was able to rewire CAFs back to being non-tumour promoting PSCs. We have seen in a previous study that CAF expression was decreased in CFPAC-1 tumours of mice treated with early lead compound SHF-638 compared vehicle-control (Figure 4.4C). However, since this earlier study was done using a subcutaneous model, it would be interesting to see if the effect on CAFs is similar in an orthotopic model  
Differences in CD31 positive cells (marker for blood vessels) can also reveal if AM2R antagonism normalises blood vasculature within PaCa. Anti-angiogenic therapies aim to normalise vasculature, which is not as simple as decreasing the number of blood vessels within the tumour. While increased vascular permeability could make the tumour more susceptible to systemic therapy, this may also increase the propensity of tumour cells to migrate and spread through circulation into distant sites leading to metastasis, which is ultimately the cause of PaCa mortality. Conversely, shutting down tumour vasculature would cut off its supply of nutrients and factors from circulation, eventually resulting in tumour necrosis. However, this would make it additionally harder for systemic therapy to get into a tumour that is already resistant to treatment. It is still contentious as to which would be more beneficial in targeting PaCa, which is known for having low levels of vascular permeability (Komar et al., 2009). However, we have seen in a previous study that CD31 expression was decreased in CFPAC-1 tumours of mice treated with early lead compound SHF-638 compared vehicle-control (Figure 4.4D). This suggests that AM2R antagonist decreases PaCa angiogenesis in a subcutaneous model, resulting in inhibition of in vivo tumour growth. It would be interesting to see if the effect on tumour vasculature is similar in an orthotopic model. 
Determining the effect of AM2R antagonism on the immune response within a pancreatic tumour is also important, as PaCa typically results in an immunosuppressive environment. This study was done in Balb/c nude mice which are athymic and therefore do not produce T cells. Section 5.1.1.2 revealed that PaCa microenvironment has a diminished anti-tumour T cell response. In order to determine how small molecule antagonists against AM2R function within a functioning immune system, syngeneic (or allograft) in vivo models could be used. This involves inoculating PaCa cells from the same genetic background as the mice, which means tumour rejection should not happen. Currently, there exists a syngeneic orthotopic PDAC model in C57BL/6 mice using Panc02, 6606PDA and 6606l murine PaCa cell lines which can be used to evaluate therapies in a preclinical setting (Partecke et al., 2011, Zechner et al., 2015). Additionally, 6606l is derived from a liver metastasis from mice with PaCa. A drawback of this model is that it is ultimately a murine system and may still not recapitulate what occurs in humans. 
5.4.4 [bookmark: _Toc3276334]Small molecule antagonist against AM2R increases plasma MR-proADM levels in vivo
ELISA quantification of MR-proADM plasma levels reveal that while gemcitabine treatment significantly reduced MR-proADM levels, SHF-771 treatment (alone or in combination with gemcitabine) increased MR-proADM, compared to vehicle-control although it was not statistically significant (Figure 5.17A). The results suggest that smaller tumours (as a result of gemcitabine treatment) correlate with lower levels of MR-proADM. However, correlation analyses revealed that plasma MR-proADM levels are not significantly correlated with tumour mass (Figure 5.17C) or bioluminescence (Figure 5.17D). Additionally, SHF-771 treatment resulted in smaller tumours than vehicle-controls yet plasma levels of MR-proADM were increased. 
A similar observation was seen in studies investigating the effect of the absence or downregulation of RAMP-1 and RAMP-2. In RAMP-1 knockout Cre-loxP mice, elevated levels of serum CGRP was detected upon LPS-induction, compared to wild-type RAMP-1 mice (Tsujikawa et al., 2007). Baseline levels of CGRP were similar in RAMP-1 wild-type and knockout mice prior to lipopolysaccharide administration. This result suggests that lipopolysaccharide-induction elevated CGRP levels to regulate the subsequent production of cytokines, but CGRP was not able to function through RAMP-1 in the knockout mice, therefore remaining in circulation. In another study, ADM mRNA expression measured by qPCR was significantly elevated in both RAMP-2 knockout embryos and RAMP-2 heterozygous adult mice, compared to wild-type (Ichikawa-Shindo et al., 2008). The authors suggest that this may be due to a compensatory response to the absence of a functional ADM receptor. The results from these two studies suggest that inhibition of RAMP could result a compensatory mechanism or inability to function through receptor complexes containing that specific RAMP. This could explain the higher plasma levels of MR-proADM observed in SHF-771 treated mice compared to vehicle-controls in our study, even though tumour growth was inhibited. 
[bookmark: _Toc3276335]5.5 Conclusion
We have shown that small molecule antagonist against AM2R are able to decrease PaCa growth on its own or in combination with chemotherapeutic agents, both in vitro and in vivo.
Lead compound SHF-638 was effective in decreasing viability  of CFPAC-1 human PaCa cell line in vitro by 13-17% (p<0.05) over three days of daily treatment (500 nM to 3 μM). When used in combination with chemotherapeutic agents (1 μM 5-FU or 500 nM gemcitabine), the effect of SHF-638 treatment in further decreasing CFPAC-1 viability was not statistically significant. 
Lead compound SHF-771 (20 mg/kg) was able to decrease in vivo tumour burden by 38% (p<0.05) compared to vehicle-control, in an orthotopic PaCa model. When used in combination with 12.5 mg/kg gemcitabine, SHF-771 treatment further decreased tumour burden by 5%. However, similar to in vitro results, this was not statistically significant.
Interestingly, while gemcitabine treatment decreases plasma MR-proADM levels, SHF-771 treatment increases plasma levels of MR-proADM even though it decreases tumour burden in vivo. Correlation analyses shows that plasma MR-proADM does not correlate with tumour burden, suggesting that there is a feedback loop as a result of SHF-771 treatment that results in systemic increase of MR-proADM levels, and thus ADM levels.

While gemcitabine treatment (alone and in combination with SHF-771) resulted in significant weight loss in mice, SHF-771 treatment alone did not lead to a significant change in weight. This suggests that small molecule antagonists against AM2R have a good safety profile and should be further investigated to be used in combination with sub-effective doses of chemotherapeutic agents.






[bookmark: _Toc3276336]Chapter 6: General Discussion


[bookmark: _Toc3276337]6. General Discussion
This study was conducted to develop novel therapeutic agents for the treatment of PaCa, currently classed as an unmet clinical need. Currently used chemotherapeutic agents fail to treat PaCa as they are very toxic and patients still relapse mere months after the initiation of therapy. Median overall survival for metastatic PaCa patients given first-line treatment FOLFIRINOX is just under a year (Conroy et al., 2011). This shows a crucial need to develop novel treatment strategies for the treatment of PaCa, in which most patients are diagnosed at late-stage due to its asymptomatic nature.
ADM has been shown to be up-regulated in many different cancers (Table 3.1) and responsible for mediating various pro-tumoural processes including proliferation, angiogenesis, migration and evasion of apoptosis (Section 1.3). RAMP-3 has also been shown to promote EMT and invasion in breast cancer cells, downstream of LOXL2 (Brekhman et al., 2011). Various groups have shown that the inhibition of ADM and its receptors result in anti-tumoural response in many tumour types including colorectal, glioblastoma and pancreatic (Nouguerède et al., 2013, Ouafik et al., 2002, Ishikawa et al., 2003). More interestingly, this response is not only limited to an effect on the cancer cells themselves, but also on pro-tumoural stromal components such as vasculature, CAFs and TAMs. 
Our group has developed antagonists that inhibits ADM signalling specifically through AM2R, and selective enough not to affect its signalling through other receptor complexes such as AM1R (Section 4.1.4, Table 4.2). This is unlike previous attempts to target ADM and its receptors using peptide antagonists (ADM22-52) or antibodies against the ligand (anti-ADM) and its individual receptor components (anti-CLR, anti-RAMP-2 and anti-RAMP-3). These efforts do more than target ADM signalling through its specific receptors (AM1R or AM2R) – they inhibit signalling of other calcitonin superfamily ligands (AMY, CGRP and IMD) and receptor complexes made up of the same individual components (CGRPR, AMY1R and AMY3R). Such promiscuous inhibition on a variety of unintended targets could lead to undesirable side effects as seen in ADM, CLR and RAMP-2 knockout mice being embryonically lethal due to cardiovascular defects (Shindo et al., 2001, Caron and Smithies, 2001, Shimosawa et al., 2002, Dackor et al., 2006, Dackor et al., 2007).
	Using a rational structure-based drug design method, our group has screened over a thousand small molecules and successfully developed hit compounds that are both potent and specific in inhibiting AM2R (Table 4.2, Section 4.1.4). This current study was done to investigate the effects of these AM2R antagonists on PaCa and its associated hallmarks in vitro and in vivo. The hypotheses for this study are:
1) PaCa cells express ADM and receptor components necessary for RAMP-mediated ADM signalling (CLR and RAMPs) and that these constituents are functional
2) Small molecule antagonists against AM2R can inhibit PaCa growth in vitro and in vivo
3) Small molecule antagonists against AM2R can be used in combination with chemotherapy to inhibit PaCa growth in vitro and in vivo
[bookmark: _Toc3276338]6.1 Pancreatic cancer cells express adrenomedullin and its receptor components and these are functional
In order to verify the potential of targeting AM2R in PaCa, the first objective was to determine if PaCa cells express ADM and receptor components necessary for RAMP-mediated ADM signalling (CLR and RAMPs) and if these constituents are functional. Endpoint and quantitative qPCR were used to detect mRNA transcripts of ADM, CLR and RAMPs in the PaCa cell lines (Section 3.3.4). There are limitations to using mRNA expression as a proxy of protein expression due to additional processes involved in translating mRNA into protein. However, detection of RAMP protein expression is hampered by the lack of adequate antibodies available commercially, therefore the only option currently is to characterise mRNA expression as we have done in this study.


We have shown that a panel of seven PaCa cell lines express mRNA of ADM and its receptor components (CLR, RAMP-1, RAMP-2 and RAMP-3, Section 3.3.4). These characterisation results confirm that ADM and its receptor complexes are expressed in PaCa, and may therefore be viable therapeutic targets for the treatment of PaCa. PaCa cell lines have previously been shown to have undetectable levels of RAMP-3 mRNA, except for T3M4 (Ramachandran et al., 2007, Keleg et al., 2007). To our knowledge, this study is the first to show that RAMP-3 mRNA is expressed in a variety of PaCa cell lines (6 out of 7).
Unlike the expression of RAMP-3 in PaCa cells, RAMP-3 expression has unequivocally been shown in PaCa stromal components such as endothelial, PSCs and infiltrating immune cells (Ramachandran et al., 2007, Xu et al., 2016). This supports the therapeutic strategy to target RAMP-3 in PaCa as it would not only be able to inhibit growth of tumour cells themselves, but may also target stromal cells and desmoplasia, further augmenting anti-tumoural signalling within the PaCa microenvironment.   
While this study has shown that ADM and its receptor components are expressed in PaCa, mere presence is not evidence of function. Previous pharmacological studies have shown that signalling of ADM through AM1R and AM2R resulted in cAMP response (McLatchie et al., 1998). Hence, we used a cAMP assay to evaluate the response of PaCa cells stimulated with a variety of calcitonin superfamily peptides (ADM, CGRP and IMD). Results from cAMP assays reveal that the panel of PaCa cell lines are stimulated by the calcitonin superfamily peptides at different potencies and efficacies (Section 3.3.5, Figure 3.19). Interestingly, the results from our study also reiterate the fact that just because ADM receptor components are present in PaCa, it does not necessarily mean that these receptor components are functional. PaCa cell line SW1990 was shown to express ADM, CLR and RAMPs mRNA, yet it was shown in cAMP assays to not be stimulated by any of the tested calcitonin superfamily peptides. This suggest that the receptor complexes are either not present or functional in this cell line (even though mRNA transcripts were detectable), or that there may be other pathways in which the calcitonin superfamily peptides also signal through in PaCa cells, such as Akt and MAPK/ERK (Chauhan et al., 2015, Martínez et al., 2002). ADM has been shown to increase in vitro proliferation of breast and prostate cancer cells by signalling through MAPK/ERK (Berenguer-Daizé et al., 2013, Martínez et al., 2002).
While ADM has been shown to stimulate cAMP production in a variety of cell types including vascular endothelial cells and SMCs (Yallampalli et al., 2013, Chauhan et al., 2015), our study is the first to show that ADM can also stimulate cAMP production in PaCa cells. Together with the mRNA expression results, this study confirms that ADM and its receptor complexes are not only expressed but functional in some PaCa cell lines, and could therefore be viable therapeutic targets for the treatment of PaCa.
[bookmark: _Toc3276339]6.2 Small molecule antagonists against AM2R inhibit pancreatic cancer growth in vitro and in vivo
AM2R antagonists were first investigated in vitro and in vivo as a monotherapy to treat PaCa. Screening of potent AM2R antagonists in a viability assay revealed compounds that were effective in decreasing viability of a human PaCa cell line CFPAC-1 (Section 4.3.1). Lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) were additionally shown to decrease viability and enhance apoptosis in a variety of PaCa cell lines (Section 4.3.2 and 4.3.3). Lead compounds were also safe and efficacious in inhibiting tumour growth in vivo in a subcutaneous model using CFPAC-1 Luc cells (Section 4.3.5).
Previous efforts to elucidate ADM’s involvement in PaCa has resulted in contradictory observations. Higher concentrations (100 to 1000 nM) of ADM has been shown to be anti-proliferative in PaCa cells in vitro, yet lower concentrations (1 nM) appear to be pro-proliferative (Ramachandran et al., 2007, Keleg et al., 2007). Additionally, ADM22-52 has been shown to have no effect on in vitro proliferation of BxPC-3 PaCa cell line also used in the previous studies (Ishikawa et al., 2003). Our study is the first to specifically inhibit signalling through AM2R. Treatment with AM2R antagonists have consistently resulted in a decrease in viability in PaCa cell lines (Section 4.3.2). This suggests that AM2R could be the predominant receptor responsible for pro-proliferative ADM signalling in PaCa, bolstering the novel therapeutic strategy to target AM2R in PaCa.
Studies have also shown that ADM’s effect within PaCa is predominantly on stromal components and not the cancer cells themselves. While ADM22-52 treatment did not have an effect on PaCa growth in vitro, it decreased in vivo growth of PaCa subcutaneous xenografts (Ishikawa et al., 2003). This was shown to be due to a decrease in tumour angiogenesis in the mice treated with ADM22-52, compared to control mice. Studies in other tumour types (colorectal and glioblastoma) also showed a more drastic in vivo inhibition of tumour growth compared to in vitro (Nouguerède et al., 2013, Ouafik et al., 2002). Our studies using AM2R antagonist SHF-638 have shown that inhibiting AM2R not only inhibits PaCa growth (Figure 4.12 – in vitro, Figure 4.3 – in vivo) but also results in significant anti-tumoural changes of stromal components within the tumours including vasculature and CAF expression (Figure 4.4). Our results suggest that the anti-angiogenic effect seen in Ishikawa and colleagues’ study with ADM22-52 treatment may be mediated by AM2R. While Ishikawa and colleagues’ have shown that a blanket ADM inhibition did not result in a decrease in in vitro growth of PaCa cells, our study shows that inhibition of AM2R specifically resulted in a reduction in PaCa viability in vitro. This means that a therapeutic strategy to target AM2R in PaCa, and not ADM, would be more extensive than current therapeutic regimens as it not only targets the tumour cells but also the stromal components that are responsible for pro-tumoural signalling within the PaCa environment. This is important as the main reason PaCa treatments fail is due to the treatment not being able to penetrate the surrounding fibrotic stroma. 
Interestingly, AM2R inhibition in vivo resulted in an increase in plasma ADM levels compared to control mice, even though tumour sizes were smaller (Figure 5.17). This raises a potential problem with the development of ADM as a biomarker in PaCa. ADM has previously been shown to potentially be useful for early detection of PaCa patients, as the plasma ADM levels were significantly higher in PaCa patients than individuals with new-onset diabetes or healthy controls (Aggarwal et al., 2012). Recently, there has been a cohort study protocol to detect PaCa in new-onset diabetic patients using ADM as a marker to delineate high or low-risk populations (Antolino et al., 2018). Our study shows that while a clear therapeutic response results in lower ADM plasma levels in mice as in the gemcitabine-treated mice (39-46% decrease, Figure 5.17), treatment with AM2R antagonist – whilst decreasing tumour growth (38% decrease, p<0.05, Figure 5.13) – actually increased ADM plasma levels (27% increase, not significant, Figure 5.17). This suggests that while ADM has the potential to be used as a diagnostic biomarker for PaCa, using it to monitor response to PaCa treatment may be problematic depending on the treatment modality. 
[bookmark: _Toc3276340]6.3 Small molecule antagonists against AM2R in combination with chemotherapy inhibits pancreatic cancer growth in vivo
In addition to examining the effect of AM2R antagonists as a monotherapy for PaCa, the potential of using AM2R antagonists in combination with currently used chemotherapeutic agents (5-fluorouracil and gemcitabine) was also investigated. While AM2R antagonists were not as efficacious as chemotherapy in inhibiting tumour growth in vitro and in vivo as monotherapy (Section 5.3.2), combination therapy was more efficacious than the individual therapies in vivo (Section 5.3.3.2). Interestingly, we did not see the additional anti-tumoural benefit of AM2R antagonists in viability assays in vitro (Section 5.3.2), suggesting once again that its AM2R inhibition affects PaCa stroma more than the tumour cells themselves. 
	While AM2R antagonists have shown to be efficacious in mediating anti-tumoural responses in cancer and stromal cells in the PDAC microenvironment, in reality it is unlikely to be put forth as a monotherapy for PaCa as it is not as efficacious as currently used chemotherapeutic agents as seen from our in vitro and in vivo studies (Sections 5.3.2 and 5.3.3.2). As seen in Figure 5.3, chemotherapy eliminates the tumour bulk leaving behind a chemo-resistant CSC population. Our study has shown that targeting AM2R in PaCa is a novel and viable therapeutic strategy that is efficacious and not toxic, and can therefore be used in combination with chemotherapy to treat PaCa. While chemotherapy targets rapidly dividing cells (tumoural and non-tumoural) and may even cause chemoresistance and subsequent relapse in PaCa patients, AM2R antagonists have the additional potential to impede chemoresistance by targeting slower-growing metastatic tumour cells as well as stromal cells responsible for chemoresistance. Future work will be done to determine if AM2R antagonists can sensitise chemo-resistant PaCa cell lines or populations into being susceptible to chemotherapy. Immunohistochemistry will be done on the tumour sections from our in vivo studies to determine if the tumour growth inhibition effect from AM2R antagonists was due to mediation of anti-tumoural stromal processes involving desmoplasia, vasculature, CAFs, CSCs and infiltrating immune cells. Another treatment strategy will also be investigated by combining lower doses of chemotherapy with temporal-based administration of AM2R antagonists to more effectively eradicate PaCa, compared to tested regimens in the current study.
[bookmark: _Toc3276341]6.4 Small molecule antagonists against AM2R are safe at given doses in vivo
In addition to determining if AM2R antagonists are efficacious in inhibiting PaCa growth in vivo, it is also crucial that they do not cause any adverse effects. Compared to gemcitabine, AM2R antagonists had a better safety profile in vivo as they did not result in significantly less weight gain compared to vehicle-treated mice (Sections 5.3.3.1 and 5.3.3.3). This is clinically important as chemotherapy is fraught with many adverse effects (e.g. nausea/vomiting, diarrhoea/constipation and peripheral neuropathy) at efficacious doses. Patients with poor performance status are also not offered FOLFIRINOX as it resulted in significantly more grade 3 or 4 adverse events compared to gemcitabine alone (Conroy et al., 2011). Our study shows that AM2R inhibitors are safe when used as monotherapy or in combination with chemotherapy and should therefore be explored in other treatment regimens. 
	Another observation was that AM2R antagonists can also cross the blood-brain barrier in a dose-dependent manner (Figure 4.16). Since no adverse effects were observed associated with an undesirable effect on the central nervous system, this suggests that AM2R antagonists could also be used to treat primary or secondary brain tumours, where majority of cancer drugs do not readily cross the blood-brain barrier. ADM has been shown to promote glioblastoma and treatment with anti-ADM have resulted in inhibition of subcutaneous glioblastoma growth in vitro and in vivo (Ouafik et al., 2002, Ouafik et al., 2009). Whilst anti-ADM was administered intratumourally in the glioblastoma in vivo experiment done by Ouafik and colleagues, our study shows that AM2R antagonists can be administered systemically (intraperitoneally) and cross the blood-brain barrier in order to exert its anti-tumoural effects. 
[bookmark: _Toc3276342]6.5 Experimental caveats
The in vitro assays employed in this study measured the effect of AM2R antagonists on PaCa viability and apoptosis. These outcomes were important in our understanding of how the small molecules potentially exert their anti-tumoural effect as both sustained proliferative signalling and the ability to resist programmed cell death are established hallmarks of cancer (Hanahan et al., 2011). The viability assay uses cellular reduction capacity (metabolism) as a proxy for proliferation and the apoptosis assay measures activity of late-stage apoptotic markers caspases 3 and 7. While there are experimental limitations associated with these assumptions, these are currently recognised and well-established assays. 
In vitro assays measure the effect on individual cancer hallmarks in isolation. Hence, in vivo experiments are also necessary to evaluate the efficacy of anti-cancer treatments systemically. Subcutaneous murine tumour xenograft models are widely used as they are relatively simple and are able to evaluate molecular mechanisms of cancer. This study has shown that AM2R antagonists are able to inhibit tumour growth by 32-56% in subcutaneous models at tested doses (Section 4.3.5.2, Figures 4.17 and 4.18). In a previous study of early lead compound SHF-638, we determined that this is not only a result of decrease in proliferative cell numbers and increase in necrotic areas, but also decrease in anti-tumoural stromal components such as vasculature and CAF expression (Section 4.1.4, Figure 4.4).
Since subcutaneous models involve the inoculation of tumours under the skin which is not clinically relevant, orthotopic xenograft models were also used to evaluate treatment regimens using AM2R antagonists. In this model, SHF-771 (20 mg/kg) was able to inhibit tumour growth by 38% (Section 5.3.3.2, Figure 5.13). Interestingly, the same treatment resulted in a 44% inhibition of subcutaneous tumour (Section 4.3.5.2, Figure 4.17). This reiterates the unique PDAC microenvironment that creates a fibrotic stroma that prevents treatments from penetrating to exert their therapeutic effects. While these tumour inhibition effects appear to be fairly mild, it is crucial to note that there are differences in the pharmacokinetic profile of the AM2R antagonists on mouse and human receptors. Pharmacological studies done by colleagues have shown that AM2R antagonists are one-log more potent on human AM2R receptors compared to mouse receptors (not shown). This suggests that the in vivo murine experiments may in fact underestimate the potential therapeutic effect in humans. Ultimately, these are mouse models and may not translate to effect in humans due to species differences, and only clinical trials can effectually determine whether AM2R antagonists will be successful in the treatment of PaCa in clinic.

[bookmark: _Toc3276343]6.6 Future work
	Currently, our development of AM2R antagonists have yielded small molecules that are potent and selective in inhibiting AM2R over CGRPR by half- to one-log (Table 4.2). This suggests that the anti-tumoural effects seem by the small molecule antagonists cannot for certain be attributed to their inhibition of AM2R only. However, since these compounds are two- to three-log selective for AM2R over AM1R, we can almost certainly conclude that the anti-tumoural effects are not due to AM1R inhibition. In using AM2R antagonists, we also do not know which calcitonin superfamily ligands inhibited from signalling through AM2R are mediating the observed anti-tumoural effects in this study. While we are developing antagonists more selective for AM2R over CGRPR, we will also continue to investigate the concomitant inhibition of both AM2R and CGRPR in the treatment of PaCa as we have essentially done in this study. We are also currently developing ADM and RAMP-3 knock-down PaCa cell lines in order to elucidate which ligands and receptor complexes specifically are responsible in mediating various cancer hallmarks in vitro and in vivo. 
	While our primary compounds screening was done in cAMP assays, results from our study and others suggest that cAMP-independent signalling (Akt and MAPK/ERK) could also mediate different pro-tumoural signalling in PaCa (e.g. viability, apoptosis, EMT, pro-tumoural stroma). More characterisation will be done in vitro and in vivo on tumour sections from current studies to investigate the downstream effect of AM2R inhibition on individual cancer hallmarks.
	This study has shown that AM2R antagonists are therapeutic and have a good pharmacological profile as they not only inhibit PaCa growth in vitro, but are safe at efficacious doses in vivo. It may prove challenging to pursue AM2R antagonists to be incorporated into PaCa treatment regimens as most emerging treatments fail to show efficacy in clinical trials due to desmoplastic nature of PDAC. However, since our preclinical development of AM2R antagonists have hitherto been successful, AM2R antagonists could progress in to clinical trials by developing them to manage other diseases also mediated by AM2R such as an aggressive sub-type of T-cell lymphoma – Sézary syndrome. A hallmark symptom in Sézary patients is erythroderma, an itchy rash that can eventually cover most of the whole body. Patients may also suffer from oedema, enlarged lymph nodes and the inability to regulate body temperature. Interestingly, whole-exome and RNA sequencing of Sézary cells from patient samples have been shown to contain duplication of a chromosomal region containing RAMP-3 (Prasad et al., 2016). Hence, AM2R antagonists could developed as Sézary syndrome treatment with curative intent or to manage the aforementioned symptoms in order to improve the quality of life in these patients. 


[bookmark: _Toc3276344]6.7 Conclusion
This study was done to investigate the research question of whether targeting RAMP-3-mediated ADM signalling will successfully improve PaCa outcome. The null hypotheses for this study have been disproved, we have shown that:
1) ADM and its receptor components (CLR, RAMP-1, RAMP-2 and RAMP-3) are expressed or functional in PaCa cells and thus could be involved in cancer development and progression
2) Small molecule antagonist against AM2R decreases PaCa growth in vitro and in vivo
3) [bookmark: _GoBack]Small molecule antagonist against AM2R enhances effects of chemotherapeutic agents on PaCa growth in vitro and in vivo
This study has shown that PaCa cells express functional ADM and receptor components. Inhibition of AM2R in PaCa cells using potent and selective small molecule antagonists decreased viability and increased apoptosis in vitro, as well as inhibited in vivo tumour growth in both subcutaneous and orthotopic models. Due to their additional effects on stromal cells and desmoplasia in the PDAC environment, these AM2R antagonists can also be used in combination with chemotherapy to further inhibit PaCa growth in vivo. More importantly, unlike currently used chemotherapy, AM2R antagonists are safe and do not result in adverse effects at efficacious doses. 





[bookmark: _Toc3276345]Appendix


[bookmark: _Ref513579956][bookmark: _Toc3131481]Table 7.1: Reagents, their manufacturers and respective product codes
	Reagent
	Company, Product No.

	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

	Dulbecco’s Phosphate-Buffered Saline (PBS)
	Thermo Fisher, 14040

	TrypLE Express Enzyme
	Thermo Fisher, 12605

	Trypan Blue Solution, 0.4%
	Thermo Fisher, 15250

	PBS
	Thermo Fisher, 10010

	Polymerase Chain Reaction (Endpoint and Quantitative)

	ReliaPrep™ RNA Cell Miniprep
	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 

	Precision 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

	ELISA

	Human MR-proADM ELISA Kit
	Amsbio, E-EL-H5441

	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

	Apoptosis Assays

	Caspase-Glo™ 3/7 Apoptosis Assay
	Promega, G8093

	Lentiviral Transduction of Cells

	Lentiviral Expression Particles for Luciferase
	Amsbio, LVP-009S

	Blasticidin S HCl
	Thermo Fisher, R21001

	Compound preparation (in vitro and in vivo)

	Gemcitabine HCl
	MedChem Express, 
HY-B0003, CS-0735

	Kolliphor® HS 15
	Sigma-Aldrich, 42966

	Kollisolv® PEG E 400
	Sigma-Aldrich, 06855

	Dimethyl Sulfoxide (DMSO)
	Sigma-Aldrich, D8418

	In vivo (cell injection, IVIS imaging, endpoint)

	Corning® Matrigel® Basement Matrix
	Corning, 354234

	Dulbecco’s PBS
	Thermo Fisher, 14040

	Isoflurane (IsoFlo)
	Zoetis, 50019100

	XenoLight D-Luciferin
	PerkinElmer, 122799
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[bookmark: _Toc3148154]Figure 7.1: (A) ADM sequencing data visualised on FinchTV software (B) NCBI BLAST alignment results of ADM sequencing data
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[bookmark: _Toc3148155]Figure 7.2: (A) CLR sequencing data visualised on FinchTV software (B) NCBI BLAST alignment results of CLR sequencing data
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[bookmark: _Toc3148156]Figure 7.3: (A) RAMP-1 sequencing data visualised on FinchTV software (B) NCBI BLAST alignment results of RAMP-1 sequencing data
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[bookmark: _Toc3148157]Figure 7.4: (A) RAMP-2 sequencing data visualised on FinchTV software (B) NCBI BLAST alignment results of RAMP-2 sequencing data
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[bookmark: _Toc3148158]Figure 7.5: (A) RAMP-3 sequencing data visualised on FinchTV software (B) NCBI BLAST alignment results of RAMP-3 sequencing data
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Figure 7.6: Chemical structures of lead compounds (SHF-638, SHF-771, SHF-1036 and SHF-1041) used in Chapters 4 and 5



Table 7.2: List of AM2R antagonists used in single-point viability assay, AM2R pIC50 from cAMP assays and their percentage reduction in PaCa viability
	Compound ID
	Batch
	AM2R pIC50
	% reduction in viability

	SHF-0000638
	AA-004
	8.88
	14.83

	SHF-0000638
	AA-004
	8.88
	15.61

	SHF-0000638
	AA-004
	8.88
	12.33

	SHF-0000705
	AA-001
	9.02
	11.19

	SHF-0000707
	AA-001
	8.76
	23.04

	SHF-0000771
	AA-001
	8.88
	13.71

	SHF-0000771
	AA-002
	8.88
	13.87

	SHF-0000771
	AA-003
	8.88
	13.72

	SHF-0000771
	AQ-001
	8.88
	13.11

	SHF-0000771
	CN-001
	8.88
	14.36

	SHF-0000771
	CN-002
	8.88
	13.65

	SHF-0000771
	CN-003
	8.88
	15.28

	SHF-0000771
	CN-004
	8.88
	19.92

	SHF-0000911
	AA-001
	8.87
	17.46

	SHF-0000988
	CN-001
	8.59
	14.42

	SHF-0000989
	CN-001
	8.47
	20.94

	SHF-0001003
	CN-001
	9.24
	4.783

	SHF-0001007
	CN-001
	8.87
	20.8

	SHF-0001013
	CN-001
	8.83
	23.31

	SHF-0001014
	CN-001
	8.82
	23.53

	SHF-0001015
	CN-001
	9.2
	8.787

	SHF-0001016
	CN-001
	8.63
	23.8

	SHF-0001017
	CN-001
	9.23
	11.81

	SHF-0001019
	CN-001
	8.74
	21.47

	SHF-0001022
	CN-001
	8.94
	-4.793

	SHF-0001024
	CN-001
	8.83
	-1.311

	SHF-0001025
	CN-001
	8.64
	-0.04136

	SHF-0001026
	CN-001
	8.66
	6.316

	SHF-0001028
	CN-001
	9.12
	14.08

	SHF-0001029
	CN-001
	8.7
	3.76

	SHF-0001031
	CN-001
	8.63
	1.595

	SHF-0001034
	CN-001
	9.03
	11.8

	SHF-0001036
	CN-001
	8.85
	12.4

	SHF-0001037
	CN-001
	9.05
	15.39

	SHF-0001038
	CN-001
	8.96
	9.03

	SHF-0001039
	CN-001
	8.86
	13.78

	SHF-0001042
	CN-001
	8.84
	16.66

	SHF-0001049
	CN-001
	8.63
	12.19

	SHF-0001052
	CN-001
	8.53
	10.18

	SHF-0001053
	CN-001
	8.67
	10.28

	SHF-0001054
	CN-001
	8.08
	8.588

	SHF-0001055
	CN-001
	8.49
	11.58

	SHF-0001056
	CN-001
	8.13
	5.742

	SHF-0001058
	CN-001
	8.2
	37.08

	SHF-0001059
	CN-001
	8.25
	11.71

	SHF-0001060
	CN-001
	8.34
	20

	SHF-0001061
	CN-001
	8.35
	16.99

	SHF-0001065
	CN-001
	8.42
	14.27

	SHF-0001068
	CN-001
	8.3
	14.02

	SHF-0001070
	CN-001
	8.04
	11.53

	SHF-0001073
	CN-001
	7.59
	20.28

	SHF-0001074
	CN-001
	8.19
	13.62

	SHF-0001075
	CN-001
	7.82
	6.263

	SHF-0001076
	CN-001
	8.22
	10.14


[bookmark: _Toc3276346]
SHF-638 was used as a control in each of the three viability assay runs (18 compounds per run) and results from each run were listed separately.

AA: free base
AQ: hydrochloride salt
CN: trifluoroacetate salt
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Range 2: 370 to 396 Genpank Graphics A previous mateh ) First Mateh
Score Bpect  Identities Gaps. Strand
42.8 bits(46) a8 25/27(93%) 0/27(0%) Plus/Plus.

Query 198 GTGGAATAAGTGGGCTCTGNGTCGNGG 224
ST T
Sbjct 370 GTGGAATAAGTGGGCTCTGAGTCGTGE 396
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Homo sapiens calcitonin receptor like receptor (CALCRL), transcript variant 1, mRNA
Sequence ID: NM_00S795.5 Length: 6155 Number of Matches:

Range 1: 1373 to 1621 Gengiank _Graphics
Score Expect  Identities Gaps Strand
421 bits(466) 6e-114  241/249(97%) 0/249(0%) Plus/Plus.

Query 25  CTTATATTACAATGACAATTGCTGGATCAGTTCTGATACCCATCTCCNCNNCNTTATCCA 84

T R N
Sbjct 1373 CTTATATTACAATGACAATTGCTGGATCAGTTCTGATACCCATCTCCTCTACATTATCCA 1432

Query 85  TGGCCCAATTTGTGCTGCTTTACTGGTGARTCELEtttttCTTGTTAAATATTGTACGCGT 144
LCECCEEELEEEDEE LT
Sbjct 1433 TGGCCCAATTTGTGCTGCTTTACTGGTGRATCTTTTTTTCTTGTTARATATTGTACGCGT 1492

Query 145  TCTCNTCACCAAGTTAAAAGTTACACACCAAGCGGAATCCAATCTGTACATGARAGCTGT 204
R
Sbjct 1493 TCTCATCACCAAGTTARAAGTTACACACCAAGCGGAATCCAATCTGTACATGARAGCTGT 1552

Query 205  GAGAGCTACTCTTATCTTGGTGCCATTGCTTGGCATTGAATTTGNGCTGATTCCATGGON 264
CUCLECEC DD T
Sbjct 1553 GAGAGCTACTCTTATCTTGGTGCCATTGCTTGGCATTGAATTTGTGCTGATTCCATGGCG 1612

Query 265 ANCIGAAGG 273
[N
Sbjct 1613 ACCTGAAGG 1621
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PREDICTED: Homo sapiens receptor activity modifying protein 1 (RAMP1), transcript variant X3, mRNA
Sequence ID: XM 0170031562 Length: 1002 Number of Matches: 1

Range 1: 540 to 650 Genpank Graphics

Score Bpect Ldentities Gaps Strand

100 bits(110) le17  85/111(77%) 1/111(0%) Plus/Plus

Query 31  ATCTCANGCANGGCCGNGCGGNACCNNCCCGGCA-CARCNTCNACCCCTTCATCNTGNTC
ULCCE DD CUECE UE FOE LD T E EE T T ]

Sbjct 540 ATCTCAGGCAGGGCCGTGCGGGACCCGCCCGGCAGCATCCTCTACCCCTTCATCGTGGTC

Query 90  NCCATCNNNGTGACACTGCTGGTNACNGCANTNGTGGNCNNGCACAGCNAG 140

sbict

600

LCELE CHCED DU TE T L T
CCCATCACGGTGACCCTGCTGGTGACGGCACTGGTGGTCTGGCAGAGCARG 650

89
599
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Homo sapiens receptor activity modifying protein 2 (RAMP2), mRNA
‘Sequence ID: NM_005854.2 Length: 808 Number of Matches: 1

Range 1: 211 to 421 GenBank Graphics
Score Expect  Identities Gaps. Strand
316 bits(350) le-82  193/211(91%) 0/211(0%) Plus/Plus

Query 16  CAGGNACACCANGGTCANAAGGGGGGACGGTGAAGAACTATGANACAGNTGICCAATTTN 75
UL LT T LT L FL T
sbjct 211 CAGGCACACCAGGGTCAGAAGGGGGGACGGTGAAGAACTATGAGACAGCTGTCCAATTTT 270

Query 76  NCTNGAATNATTATANNGATCAAATGGANCCTATCNAARAGGATTGGTGCGACTGGGCCA 135
U UEE FEEEE DL L EEEECE LT
sbjct 271 GCTGGAATCATTATAAGGATCAAATGGATCCTATCGAARAGGATTGGTGCGACTGGGCCA 330

Query 136 TGATTANCANGCCTTATAGCACCCTGCNAGATTGCCTGGAGCACTTTGCAGAGTTGNTTG 195
LULEE E U EECEE P FEEEEL LT
sbjct 331 TGATTAGCAGGCCTTATAGCACCCTGCGAGATTGCCTGGAGCACTTTGCAGAGITGTTTG 390

Query 196 ACCTGGGCTTCCCCAATCCCTTGGCAGANAG 226
PECUCECUCCEUCELCCEL T L]
sbjct 391 ACCTGGGCTTCCCCAATCCCTTGGCAGAGAG 421
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Homo sapiens receptor activity modifying protein 3 (RAMP3), mRNA
Sequence ID: NM_005856.3 Length: 1323 Number of Matches: 1

Range 1: 257 0 405 Genflank Graphics
Score Expect  1dentities Gops Strand
255 bits(282) 3e64  145/149(97%) 0/149(0%) Plus/Plus

Query 22  CGANATGGAGGCCAATGTCGTGGGCTGCTACTGGCCCAACCCCCTGGCCCANGGCTTNAT 81

LU CLECECECECEDE DD EETETE LT T
Sbjct 257 CGAGATGGAGGCCAATGTCGTGGGCTGCTACTGGCCCAACCCCCTGGCCCAGGGCTTCAT 316

Query 82  CACCGGCATCCACAGGCAGTTCTTCTCCAACTGCACCNTGGACAGGGTCCACTTGGAGGA 141

LU ELEHL L L
Sbjet 317 CACCGGCATCCACAGGCAGTTCTTCTCCRACTG CAGGGTCCACTTGGAGGA 376

Query 142 CCCCCCAGACGAGGTTCTCATCCCGCTGA 170
TULCCCCECEEE T
Sbjct 377 CCCCCCAGACGAGGTTCTCATCCCGCTGA 405
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