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[bookmark: _Toc527381447]Abstract
The bioactive peptide hormone adrenomedullin (AM) is a potent vasodilator and plays a pivotal role in several physiological mechanisms such as hormone secretion, vasculogenesis, lymphangiogenesis, and angiogenesis. AM mediates its function via two receptors; AM1 (CLR/RAMP2) and AM2 (CLR/RAMP3) receptors. AM signalling has been shown to impart a beneficial effect on cancer cells by enhancing proliferation, evading apoptosis, potentiating EMT, inducing angiogenesis, and tumour development. Although the pro-tumourigenic effect of AM has been established in several solid tumours, the effect of RAMP3 on cell growth, survival, and metastasis of hormone dependent and hormone independent breast carcinoma are still unexplored. We hypothesize that AM signalling via CLR/RAMP3 is critical for cancer progression and tumour development of hormone-negative breast cancer. To test this hypothesis, triple negative metastatic human breast cancer cell line MDA-MB-231 was chosen. The preliminary receptor expression results displayed that AM, CLR, RAMP1, RAMP2, and RAMP3 were observed in MDA-MB-231 cells validated by end-point RT-PCR, DNA sequencing, qRT-PCR and western blotting. The cells were then transfected with RAMP3 using shRNA mediated lentiviral transfection by Lipofectamine®. Knockdown of RAMP3 was significantly reduced and the expression confirmed by western blotting. Amongst the transfected RAMP3 shRNA clones, only co-transfected RAMP3 significantly inhibited RAMP3 expression by 50% compared to control cells and was taken further for subsequent in vitro and in vivo studies. RAMP3 knockdown displayed increased AM expression and did not affect the expression of CLR, RAMP1, and RAMP2 validated by end-point RT-PCR, qRT-PCR and western blotting.
In vitro cell-based functional assays such as cell proliferation and viability assays revealed that RAMP3 knockdown did not affect cellular growth. AM agonist at 1 µM did not induce proliferation and viability of both control and knockdown cells, while AM antagonist at 1 µM significantly suppressed proliferation and viability of only control cells. Contrary to growth assay results, RAMP3 knockdown significantly decreased migration, invasion, clonogenicity and enhanced apoptosis compared to control cells. AM agonist and antagonist did not alter migration and apoptosis of control and knockdown cells. However, the cAMP assay results showed no effect on both MDA-MB-231 and RAMP3 knockdown cells stimulated with exogenous AM (1-52) on cAMP level. Interestingly, in vivo model using BALB/c nude mice revealed that RAMP3 knockdown tumours had significantly higher necrosis, and CD31 expression compared to control cells. Despite an increase in tumour volume, RAMP3 knockdown did not induce a significant change compared to control cells. Based on in vivo and in vitro results, RAMP3 knockdown may not function as a growth factor in initiating tumour proliferation.
Overall, RAMP3 has been shown to play an important role in migration, invasion, apoptosis, clonogenicity, necrosis, and angiogenesis of hormone-negative breast cancer.
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[bookmark: _Toc527381454]Breast Cancer
Breast cancer is the primary and leading cause of death among women with hormone related cancers, worldwide (Torre et al., 2016). Breast cancer is a multi-factorial disease with genetic, epigenetic, biological and environmental factors playing a cohesive role in the incidence and development of cancer (Martin and Weber, 2000). Global incidence of breast cancer in 2012 is highest in the United States and Western Europe and has been increasing steadily in Africa and Asia population, which chronologically registered to have the lowest incidence rates (Torre et al., 2016). The risk factors of breast cancer are strongly associated with age, inherited genetic predisposition, obesity, early menarche, nulliparity, late menopause and other breast-related abnormalities such as ductal and lobular hyperplasia (DeSantis et al., 2014). 
Extensive cohort-based studies and statistics have shown that early diagnosis of breast cancer often results in better survival status. The survival rate has been highest in the developed countries while the lack of diagnostic facilities, healthcare schemes and treatments have influenced poor survival rates in developing and underdeveloped countries (Coleman et al., 2008). Clinical presentation of breast gland deformities, indicating breast cancer, includes breast lumps, nipple discharge, swollen lymph nodes, breast or nipple pain, redness and swelling of the breast. Several diagnostic techniques such as mammography, ultrasound, positron emission tomography (PET), magnetic resonance imaging (MRI), and improvised versions such as contrast-enhanced (CE) digital mammography and microwave imaging have greatly contributed towards the diagnosis of primary and metastatic lesions. Besides biomedical instrumentation, classical histology and biomarker-based methods such as enzyme-linked immunosorbent assay (ELISA), immunohistochemistry (IHC), have aided in identifying tumours based on their distinct genotype and heterogeneity (Rakha et al., 2010; Shah et al., 2014). Hence, identification and classification of breast tumour type when presented with symptoms greatly assist treatment options and predictive outcomes.
1.1.1 [bookmark: _Toc515376244][bookmark: _Toc515379630][bookmark: _Toc527381455]Molecular Subtypes of Breast Cancer
The most common subtype of breast cancer is the invasive ductal carcinoma which represents 80% followed by 10% invasive lobular carcinoma. Other subtypes such as mucinous, cribriform, micropapillary, papillary, tubular, medullary, metaplastic, and inflammatory carcinomas are less common. Mutations in susceptibility genes such as BRCA1, BRCA2, p53 are the most common genetic factors contributing to disease genotype in hereditary breast carcinoma (Economopoulou et al., 2015).
Clinical classification of breast cancer is mainly based on the distribution status of hormonal receptors oestrogen, progesterone and epidermal growth factor receptor 2 (HER-2/neu), (Allison, 2012). Steroid hormone receptors such as oestrogen and progesterone are the most common biological factors influencing the incidence and progression of hormone-dependent breast cancer subtypes. Besides, mutations in proto-oncogene, tumour suppressor genes and hormone receptors, over-expression of growth factors have been heavily associated with disease progression. Growth factor receptors, epidermal growth factor receptor 2 (Her2/neu), epidermal growth factor 1 (EGF) and insulin-like growth factor (IGF) have been reported to play an important role in initiation, survival and metastatic cascade of the breast cancer (Abdulkareem, 2013). Development of drug resistance against known causative factors is a recurring hurdle contributing to poor prognosis and affecting disease-free survival. Hence, comprehensive understanding of breast cancer aetiology and distinct genotype classification is pivotal for early diagnosis and identification of novel therapeutic targets. 
Heterogeneity in breast cancer is often associated with mutation of oestrogen receptor (ER), progesterone receptor (PR) and Her2/neuin breast carcinoma. More than 70% of breast cancer subtypes exhibit positive status for oestrogen receptor and close to 60% for progesterone receptor (Althuis et al., 2004). Proto-oncogene HER-2/neu is frequently up-regulated in 20-30% of breast cancer patients with an aggressive phenotype. The treatment regimes based on intra-tumour heterogeneity classification have shown successful results in controlling breast cancer progression. Based on transcriptomic and proteomic studies, breast carcinoma is often stratified into luminal tumours (Luminal A and Luminal B), ERBB2 oncogene over-expressed HER2/neu+ tumours and basal-like tumours namely the triple negative breast cancer (TNBC), (Table 1-1) (Polyak, 2011, Turashvili and Brogi, 2017). Besides, the four standard genetic classifications, the occurrence of claudin-low tumours, and androgen positive tumours have also been identified (Prat et al., 2010, Park et al., 2011).
Luminal subtype tumours are essentially ER-positive; however, luminal B subtype displays poor prognosis due to mutations in cell cycle markers. Similar to luminal subtypes, HER2/neu+ subtype also expresses mutations in cell cycle markers and can further be classified into ER-/PR-/HER2+ and ER+/PR+/HER2+ tumours. Also, biomarkers such as tumour suppressor protein p53, epidermal growth factor receptor (EGFR), matrix metalloproteinase 9 (MMP9), proliferation index Ki-67, and cytokeratin 5/6 (CK5/6) are also used for understanding the intra-tumour heterogeneity, aggressiveness and acquired resistance within classified breast cancer subtypes (Duffy et al., 2017).
[bookmark: _Toc527379654]Table ‎1‑1: Classification of breast cancer subtype based on receptor expression 
	 Subtype
	ER
	PR
	HER2

	Luminal A
	+
	-/+
	-

	Luminal B
	+
	-/+
	+

	Her2
	-
	-
	+

	Basal-like
	-
	-
	-


[bookmark: _Toc515376245][bookmark: _Toc515379631][bookmark: _Toc527381456]1.1.2 Current Treatment Modalities
Staging and grading of breast cancer have greatly contributed towards the diagnosis, treatment and future prognosis. The current staging protocol assisting treatment involves the classification based on tumour size (T 1-4), lymph nodes involvement (N 1-3) and the presence of distant organ metastases (M 0-1). Depending on the staging, effective therapeutic interventions can be formulated (Edge and Compton, 2010). For example, classification of stage III cancer implies locally advanced tumours with surgical intervention options. Besides staging, grading of breast cancer involves classification of tumours into low, intermediate and high grades depending on size, nucleoli, chromatin, and pleomorphism. Grading of tumours often insinuates the gravity of overall prognosis and disease spread. High-grade tumours  are often associated with metastatic potential, resistance to conventional therapies and recurrence (Arpino et al., 2015).
A combination of mastectomy, chemotherapy, radiation and endocrine therapy can be deployed either as first-line treatment or as an adjuvant therapy depending on the stage and grade of tumours (Ward et al., 2015). Apart from chemotherapy and radiation for resectable tumours, a range of therapeutics has been used either as a standard treatment or adjuvant therapy. Most common therapeutic interventions used for breast cancer include anti-metabolites (5-fluorouracil), alkylating agents (cyclophosphamide), ethnopharmacological agents (paclitaxel), endocrine agents (tamoxifen), and monoclonal antibodies (trastuzumab).
Receptor-based classification of breast carcinoma is a prerequisite for employing necessary treatment intervention and for effectively gauging disease prognosis in hormone positive subtypes. ER-positive tumours are well differentiated with better prognosis and progression-free survival. The luminal and HER2/neu+ tumours can be targeted with hormone receptor antagonist and anti-HER2/neu+ therapies. Sex steroid hormones, namely oestrogen and progesterone influence the pathogenesis, treatment, and disease outcome of breast carcinoma. Administration of oestrogen antagonist tamoxifen and aromatose inhibitors as an adjuvant therapy has greatly advanced the therapeutic success of standard chemotherapy (Huiart et al., 2011). However, there is no targeted therapy for TNBC and standard line of treatment is still chemotherapy with combinations of neo-adjuvant therapies. Compared to luminal and Her2/neu+ tumours, basal subtype represents worst prognosis with minimal residual disease (MRD), lesser progression-free survival (PFS) and metastatic relapse (Pandey et al., 2009).
Despite successful administration of chemotherapy, and biological therapy, de novo, and acquired resistances are the most common clinical manifestations which ultimately limit their initial success (Ramos and Bentires-Alj, 2015). Hence, biological therapies targeting different hallmarks of cancer and multiple drug resistance (MDR) independent of hormone and growth factors receptor pathways are explored for better treatment outcome (Johnston, 2015).
1. [bookmark: _Toc515376246][bookmark: _Toc515379632][bookmark: _Toc527381457]Triple-Negative Breast Cancer and Metastasis
Triple-negative breast cancer (TNBC), accounting for 10-20% of all breast carcinoma subtypes is often associated with poor prognosis and disease recurrence (Hubalek et al., 2017). The absence of hormone receptor and growth factor receptor expression is often associated with poor differentiation, aggressive histological grade and subsequent metastasis (Anders and Carey, 2009). Despite the advancement of research in translational oncology, cytotoxic chemotherapy is still the gold standard for disease management of TNBC (Lee and Djamgoz, 2018). Heterogeneity of TNBC is subdivided into six intrinsic subtypes such as basal-like 1 (BL-1), basal-like 2 (BL-2), immune modulator (IM), mesenchymal (M), mesenchymal stem–like (MSL), luminal androgen receptor (LAR), further obstructing the therapeutic success (Figure 1-1) (Abramson et al., 2015). Such distinct subtypes and heterogeneity within the hormone-negative tumours reveal complex cellular compartment affecting the clonogenicity, survival, drug resistance and metastasis (Rakha et al., 2008). Apart from phenotypic alternations, common genomic alterations in TNBC features uncontrolled cell cycle progression with loss of function mutations in TP53, RB1, BRCA1, and PTEN, as well as gain of function alterations in the cyclin/cyclin-dependent kinases and the PI3K/AKT signal transduction pathway. Hence, pre-clinical models employing TNBC cells are a major part of on-going breast cancer research for devising therapeutic interventions for basal-like tumours and understanding the invasion and metastatic transformation of primary breast tumours.
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[bookmark: _Ref515373952][bookmark: _Toc527379157]Figure ‎1‑1: Triple negative breast cancer subtype classification (Uscanga-Perales et al., 2016).
Breast cancer associated metastasis majorly accounts for all breast cancer related mortality. Sequential steps involved in the metastatic cascade include, heterogeneous tumour mass proliferation, migration, invasion, intravasation, survival in vasculature, extravasation and metastatic colonisation at the distant organ-specific site (Pantel and Brakenhoff, 2004; Mina and Sledge, 2011). Organotropism exhibited by disseminated metastatic cells includes bone, lungs, brain, and liver. Visceral metastases are the preferred metastatic destination of triple negative breast cancer, while hormone receptor-positive breast cancers metastasise to bone (Mego et al., 2010). However, recent discoveries have shown evidence of the bone metastasis by triple negative breast cancer influenced by novel bone remodelling markers (Cox et al., 2015; Gartland et al., 2016). The lifetime risk of developing breast cancer is one in eight in women; up to 80% of those women with advanced breast cancer develop incurable bone metastasis (Siclari et al., 2006). Bone metastases are classified into two different lesions; osteotropic lesions with increased bone formation or osteolytic lesions characterised by abnormal bone resorption leading to disrupted bone homeostasis. The majority of the patients with stage IV breast metastatic cancer have osteolytic bone lesions (Kingsley et al., 2007). Once breast cancer spreads to bone, patients suffer from several skeletal complications such as severe bone pain, hypercalcemia, spinal cord or nerve compression and skeletal fractures as a result of bone remodelling (Siclari et al., 2006; Suva et al., 2009). Bone metastasis is incurable and the median survival of patients with bone metastasis is 2 years (Siclari et al., 2007). Currently, the only treatment to inhibit bone metastasis and reduce skeletal complications is anti-resorptive drugs such as bisphosphonate (Coleman, 2001).
[bookmark: _Toc515376247][bookmark: _Toc515379633][bookmark: _Toc527381458]Peptide Hormone Family
Peptide hormones are small or large hydrophilic polymers of amino acids synthesised within rough endoplasmic reticulum of endocrine glands. Hormones involved in the physiological and pathological processes are often categorised into steroids, peptides, glycoproteins, amino acid and fatty acid groups. Though peptide hormones are released from endocrine glands, they differ from steroid hormone based on their structure, composition, synthesis, mode of action, and effect of activation. Mechanism of action of steroid hormones are facilitated by direct nuclear translocation of the hormones acting as second messengers, whereas peptide hormones trigger signal cascade via receptor binding at the plasma membrane due to their high polarity. Signal transduction of peptide hormone occurs via interaction with G protein coupled receptors (GPCRs) resulting in generation of second messengers such as cAMP, Ca2+, inositol-1,4,5-triphosphate (IP3), and diacylglycerol (DAG) in the cytosol. Measurement of excessive peptide hormones in the systemic circulation precludes disease formation. Staggering results have connected the role of peptide hormones in several disease progressions, especially cancer, (Table 1-2). One such peptide hormone involved in tumourigenesis is adrenomedullin, a transmembrane receptor mediating signal transduction via family-B  G protein-coupled receptors (Culhane et al., 2015).



[bookmark: _Toc527379655]Table ‎1‑2: Type of peptide hormones
	Hormone 
	Hormones secreted

	Proteins/peptides
	Calcitonin

	
	Parathyroid hormone (PTH)

	
	Insulin

	
	Prolactin (Prl)

	
	Glucagon

	
	Adrenocorticotrophic hormone (ACTH)

	
	Secretin

	
	Gastric inhibitory peptide (GIP)

	
	β-lipotropin and enkephalin

	
	Gastrin

	
	Growth hormone (GH)

	
	Cholecystokinin (CCK)



[bookmark: _Toc515376248][bookmark: _Toc515379634][bookmark: _Toc527381459]Adrenomedullin (AM) Peptide Hormone
AM, a regulatory vasodilator peptide hormone of calcitonin family of peptides was originally extracted from human adrenal tumour pheochromocytoma by a group of scientists in Japan in 1993. During the same year, human AM cDNA was cloned and structure of AM and its precursor was described (Kitamura et al., 1993a, Kitamura et al., 1993b). AM is a potent hypotensive peptide which stimulates the production of rat platelet cyclic adenosine monophosphate, or cAMP resulting in a reduction in blood pressure of the rat (Kitamura et al., 1993a).
[bookmark: _Toc515376249][bookmark: _Toc515379635][bookmark: _Toc527381460]AM - Structure and Synthesis
Human mature AM is composed of 52 amino acids in length (Figure ‎1‑2). AM structure has similar characteristics with calcitonin gene-related peptide (CGRP), amylin and α- and β-calcitonin (CT) thus; it belongs to peptide super-family calcitonin (CT) (Hay et al., 2011, Kitamura et al., 1993b). AM protein structure has a ring comprising of 6 amino acids; which is formed by an intra-molecular disulfide bond between two cysteine residues 16 and 21 and amidated C-terminus tyrosine as shown in (Figure ‎1‑2) (Beltowski and Jamroz, 2004). AM with a ring is a structural feature important for the biological and pharmacological function of the peptide due to its binding ability to its receptors. No disulfide ring is present in AM (22-52) c-terminal fragment which means that AM receptor can bind but without biological activity; for this reason, it is considered to be an AM receptor antagonist (Muff et al., 2001).
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[bookmark: _Ref511849582][bookmark: _Toc527379158]Figure ‎1‑2: AM peptide sequence (52aa).
The ring structure formed between two Cysteine residues 16 and 21 by disulphide bond and C terminus amidation. Between 22 to 52 aa is the AM antagonist Figure drown by self-Adapted from (Beltowski and Jamroz, 2004).
AM is encoded by the AM gene which is located on the single locus of chromosome 11. The human AM gene consists of four exons and three introns (Ishimitsu et al., 1994). In the 5’ end flanking region there are several binding sites for transcriptional factors including TATA-653, CAAT-755 and GC-682 box (Nishikimi et al., 1994; Ishimitsu et al., 1998). The binding sites are for activator protein-2 (AP-2), activator protein-1 (AP-1) and a regulated enhancer element cAMP, also a nuclear factor-ĸβ site is found on the promoter of the AM gene (Hinson et al., 2000). AP-2 binding site induces AM expression by mediating transcriptional regulation through cAMP and protein kinase C (Ishimitsu et al., 1994).
The mature AM peptide is synthesised from pre-pro-AM which is a large precursor molecule containing 185 amino acids. Post-translational modification removes the N-terminal 21-residue signal peptide from pre-pro-AM to produce 164 amino acids known as pro-AM. This pro-hormone acts as a precursor to generate two bioactive peptides: mature AM and another related peptide called pro-AM N-terminal 20-peptide (PAMP) (Figure ‎1‑3) (Kitamura et al., 1993b, Beltowski and Jamroz, 2004). The start codon ATG is located on exon two of the pre-pro-AM gene and the sequence is terminated by the stop codon TAG in exon four (Ishimitsu et al., 1994). The AM coding region is on exon 4 of the AM gene whereas PAMP is encoded by the end of exon 2 and the beginning of exon 3 as shown in (Figure ‎1‑3)  (Ishimitsu et al., 1994, Beltowski and Jamroz, 2004). AM is produced after splicing from precursor pro-AM in one of two forms, immature or inactive form (iAM) AM-Gly of 53-amino acids which are converted into mature AM by enzymatic amidation peptidylglycine α-monooxygnase (PAM); the difference between immature AM-Gly and mature AM form is glycine extension (Figure ‎1‑3) (Kitamura et al., 1998). PAM is composed of two domains and co-expressed with AM in many different cells (Beltowski and Jamroz, 2004).
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[bookmark: _Ref511852534][bookmark: _Toc527379159]Figure ‎1‑3: Structure and synthesis of AM and PAMP. 
Human AM is encoded by AM gene which is located on chromosome 11 and formed of 4 exons and 3 introns. AM is generated from pre-pro-AM which is a large precursor molecule containing 185 amino acids. After translation the N-terminal 21-residue signal peptide from pre-pro-AM is removed and 164 amino acids known as pro-AM are formed. Both the peptides AM and PAMP are derived from precursor pro-AM. The amidating enzyme PAM cleaves iAM to mAM. Adapted from (Martinez et al., 2001).
[bookmark: _Toc515376250][bookmark: _Toc515379636][bookmark: _Toc527381461]AM Signal Transduction Pathway
AM mediates its biological effects through its specific receptors (CLR) and (RAMPs) which involve cAMP, nitric oxide (NO) and calcium-dependent mechanisms. Kitamura et al., reported that elevation of cAMP level in platelets was stimulated by AM production (Kitamura et al., 1993a). The cAMP is considered to be a second messenger that is activated by AM actions. The intracellular mechanism pathway of AM via activating G-protein coupled receptor subtype Gs which activates adenylate cyclase (AC) leads to an increase in cAMP and protein kinase A (PKA) in smooth muscle and endothelial cells (Figure ‎1‑4) (Mittra and Bourreau, 2006; Gibbons et al., 2007). 
AM’s effect on calcium signalling mechanisms has been investigated; activation of intracellular Ca2+ and up-regulation of nitric oxide (NO) in endothelial cells, NO activation mediated by cGMP formation (Figure ‎1‑4) (Shimekake et al., 1995; Hinson et al., 2000). Moreover, an increase in Ca2+ mobilisation induced bybradykinin mediates PTX-insensitive phosphoinositol response in endothelial cells (Shimekake et al., 1995). In vascular smooth muscle cells, mitogen-activated protein kinase (MAPK) was stimulated by AM. The stimulation of MAPK could explain the role of AM in angiogenesis (Nikitenko et al., 2006b). A combination of different cellular signalling mechanisms may be responsible for AM physiological functions in different types of cells which will be discussed in more detail below (Zudaire et al., 2003b).
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[bookmark: _Ref511852778][bookmark: _Toc527379160]Figure ‎1‑4: Cellular and signalling mechanism of AM. 
Physiological effects of AM mediated through its specific receptors by increasing activity of cAMP and Ca2+ mobilisation. (Gs) G protein alpha subunit, (AC) Adenylated cyclase, (PKA) Protein kinase A, (PI3K) Phosphatidylinositol 3-kinase. (NO) Nitric oxide (Gibbons et al., 2007; Shimekake et al., 1995).
The activities of AM are mediated through the combination of a G-protein coupled receptor (GPCR) known as calcitonin receptor-like receptor (CLR) and accessory proteins called receptor activity modifying proteins (RAMPs) (McLatchie et al., 1998; Bunton et al., 2004). The CLR belongs to family B of G-protein-coupled receptors (GPCR). The GPCRs super-family is composed of large protein members all of which have seven transmembrane domains 7TM. They are divided into six classes: A, B, C, D, E, and F, based on shared sequence homology. GPCRs are involved in many physiological processes and most of them respond to endogenous signal transduction pathways, for example, peptides, lipids, and neurotransmitters (Vassilatis et al., 2003). However, RAMPs have a single transmembrane domain that interacts with GPCRs in order to transport CLR to the cell surface and modify its ligand specificity and affinity. There are three RAMP isoforms which have been cloned known as RAMP1, RAMP2, and RAMP3 that share less than 30% sequence homology (McLatchie et al., 1998). The co-expression of RAMP1 associated with CLR results in the formation of calcitonin gene-related peptide (CGRP) (Figure ‎1‑5). However, the expression of RAMP2 and RAMP3 with the CLR leads to the formation of two AM receptors (known as AM1 and AM2, respectively) (Figure ‎1‑5), (McLatchie et al., 1998; Bunton et al., 2004). The association of RAMP with CLR is essential for its transport from the endoplasmic reticulum to the plasma membrane. Furthermore, RAMPs control CLR glycosylation and have an important role in their pharmacological effect (McLatchie et al., 1998).
The regulation mechanism of CLR and RAMPs expression is still not fully elucidated. However, it has been shown that both RAMP2 and RAMP3 have important physiological functions in vivo. A scientists group determined the effect of RAMP2 and RAMP3 in mice by generating RAMP2 and RAMP3 knockout mice. They found that RAMP2-/- mice did not survive while RAMP3-/- mice normally survived up to 6 months of age during embryogenesis (Dackor et al., 2006). Interestingly, this group observed that RAMP2-/- mice phenotype is similar to AM-/- mice in their previous study (Dackor et al., 2006). However, in adulthood duration RAMP2-/- mice affect the fertility and reproduction but not the RAMP3-/- mice (Dackor et al., 2007). Therefore, these results demonstrated that RAMP2 is involved in controlling the physiological function while RAMP3 knockout did not affect the survival and fertility of the mice and maintain the normal body weight (Dackor et al., 2007). This suggests that blocking RAMP3/CLR (AM2) receptor would have little effect on the physiological processes.
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[bookmark: _Ref511853136][bookmark: _Toc527379161]Figure ‎1‑5: The structure of AM receptors.
The interaction of RAMP1 with CLR produces CGRP receptor, RAMP2 with CLR AM1 receptor and RAMP3 with CLR AM2 receptor. (RCP) receptor component protein. Figure adapted from Brain and Grant (2004), drew myself.

[bookmark: _Toc515376251][bookmark: _Toc515379637][bookmark: _Toc527381462]Patho-Physiological Importance of AM Signalling
AM mRNA is expressed in a wide range of tissues including blood vessels, brain, lung, kidney, and heart. It has been reported that mRNA expression of AM was very high in adrenal medulla but 1% less in vascular endothelial cells, kidney, and lung by using RNA northern blot (Kitamura et al., 1993b). By using a variety of molecular  techniques e.g. mRNA analysis, immunocytochemistry (ICC) and in situ hybridisation (ISH), AM was found to be expressed in different normal mammalian tissues and organs such as heart, pancreas, gastrointestinal and reproductive tract, brain and pituitary gland (Hinson et al., 2000). Other evidence has shown that it is also expressed by different types of cancer cells demonstrated by gene, protein and immunohistochemistry studies (Miller et al., 1996) and reviewed by Zudaire et al. (2003b) and Beltowski and Jamroz, (2004). 
Clinical studies of assessing AM plasma concentration in blood was measured by radioimmunoassay in four different organs: adrenal gland, heart, kidney and lung. The result was similar by comparing the AM plasma concentration. However, they found a significant reduction of plasma concentration of AM in the aorta than in pulmonary artery (Nishikimi et al., 1994). Thus, it has been suggested that the major site of AM clearance is lung (Nishikimi et al., 1994; Hinson et al., 2000). AM is also found in some biological fluids such as plasma, urine (Ichiki et al., 1994; Nishikimi et al., 2001) and milk (Pio et al., 2000). Under normal conditions, the concentration of AM in plasma is between 2 and 10 pico-molar. AM can be bound to AM binding protein-1 (AMBP-1) in the plasma; this binding factor is also known as human complement factor H, which may affect the bioavailability of AM in circulation (Pio et al., 2001). AM circulating half-life is 20 minutes in plasma. The AM concentration in plasma is lower than the concentration in urine and is increased during acute myocardial infractions (Bunton et al., 2004). 
Recently, it has been found that AM is involved in a broad range of biological functions and processes from blood pressure regulation to cellular mechanism regulation. The predominant physiological function of AM is reducing blood pressure due to its effect as a vasodilator peptide. AM is a potent hypotensive peptide which has been shown to induce vasodilation in vascular smooth muscle by increasing cAMP concentration (Kitamura et al., 1993a; Nuki et al., 1993). AM exerts its vasodilation effect by two mechanisms, either an increase in intracellular cAMP leading to relaxation in vascular smooth muscle cells VSMCs or by an increase in Ca2+ resulting in activation of NO synthase and its release which in turn induces smooth muscle cell relaxation (Figure ‎1‑4), (Shimekake et al., 1995). 
There are other functions such as bronchodilatation, where AM has the ability to induce a bronchodilator effect by inhibiting histamine or acetylcholine (Kanazawa et al., 1994). AM regulates renal function by infusion of AM into the renal artery in dog results in renal vasodilation. Moreover, renal flow is increased with urine and urinary sodium excretion; thus, AM is a potent renal vasodilator peptide with a diuretic action (Ebara et al., 1994). AM acts as an inhibitor of cardiac hypertrophy and it has been shown that the expression of AM in cardiomyocytes induced by Ang II can inhibit de novo protein synthesis (Tsuruda et al., 1998). Also, AM has an important role to regulate the biological function of the pancreas which maintains insulin homeostasis and normal glucose level in blood. So, AM is considered to be an effective factor in hormone regulation (Zudaire et al., 2003a). AM is highly expressed in the skin and oral mucus which suggests that the antimicrobial actions of AM, could be able to prevent infection in skin, oral, respiratory tract and gut microflora (Allaker et al., 1999). 
To understand the physiological role of AM and its receptor, in vivo studies have been done. A genetic engineering modified study demonstrated the biological function of AM by using the AM gene knockout mouse showing that AM is essential in cardiovascular tissue development and survival (Caron and Smithies, 2001). In another study by the same group, by comparing between AM-/- mice and Calcrl-/- mice, their findings revealed that Calcrl gene has similar functions to AM during embryonic cardiovascular development (Dackor et al., 2006). Mice lacking the AM gene suffered from hydrops fetalis and the embryos died at mid-gestation, presented with cardiovascular defects and oedema (Caron and Smithies, 2001, Dackor et al., 2006). 
Other effects of AM and its receptors including cell proliferation, angiogenesis stimulation, and apoptosis have been investigated. Previous research investigated the expression of CLR, RAMP2, and RAMP3 in human umbilical vein endothelial cells (HUVECs). Expression of AM and its receptors was observed, as well as AM induced migration, and invasion of endothelial cells. AM induced HUVEC migration was mediated by the angiogenic factor VEGF (Fernandez-Sauze et al., 2004). AM and its receptors positively impact embryogenesis and organ formation such as heart, blood vessels, and bone (Montuenga et al., 1997).
AM is involved in bone formation and stimulates the osteoblast proliferation, and chondrocytes in vivo (Montuenga et al., 1997; Cornish et al., 2003). Furthermore, previous studies have suggested that AM acts as a mitogenic regulatory peptide for Swiss 3T3 cells. AM encourages DNA synthesis through the cell cycle in cooperation with insulin resulting in cell proliferation by elevating the intracellular cAMP (Withers et al., 1996).     
In summary, AM is involved in numerous functions and biological regulations such as hypotensive effects, hormone regulation, renal function, antimicrobial activity (Zudaire et al., 2003a), cell proliferation and growth regulation (Montuenga et al., 1997).  However, elevating or reducing AM level has been correlated with various pathological diseases.
[bookmark: _Toc515379638]AM and Diseases
Change in plasma level of circulating AM has been implicated in several pathological conditions such as renal disease, cardiovascular disease, septic shock, inflammation, diabetes mellitus, pulmonary disease, gastrointestinal disease and cancer (Zudaire et al., 2003b; Beltowski and Jamroz, 2004). Several reports have proposed that AM plays an important role in cardiovascular malfunction. High plasma levels of AM were found in patients with heart failure (Jougasaki et al., 1995; Nishikimi et al., 1995). In addition, another study indicated up-regulation of AM and AM receptors CLR and RAMP2 mRNA in different regions of rat heart (Totsune et al., 2000). In this project, we mainly focused on the role of AM mediated by RAMP3 in cellular proliferation, invasion, angiogenesis, and tumour metastasis especially in breast cancer which will be discussed in the following section.
[bookmark: _Toc515379639]Effect of AM on Cellular proliferation, apoptosis, hypoxia and tumour angiogenesis
Hypoxia
Hypoxia is the state of oxygen deprivation due to an inadequate oxygen concentration in the blood system. The hypoxic state can be triggered by environmental or physiological factors and the onset of hypoxia is often associated with deregulation of tissue homeostasis. Hypoxia is also a condition in which solid tumours can rapidly grow and survive. Hypoxia influences tumour cell proliferation, angiogenesis, invasion, and metastasis by distinct mechanisms (Bennewith and Dedhar, 2011). The transcription factor hypoxia-inducible factor-1 (HIF-1) is activated by a reduction in oxygen concentration (Dachs and Chaplin, 1998). Hypoxia is an inducer of AM expression in human cell lines including tumour cell lines. It is well known that HIF-1α is expressed in different human tumours for example breast, colorectal, prostate, pancreatic and renal tumours (Rankin and Giaccia, 2008). Oxygen deprivation (hypoxia) plays an essential role in cancer treatment. Chemotherapy/radiation resistance stimulates mutagenesis and leads to tumour metastasis (Dachs and Chaplin, 1998).
Several studies have documented the relationship between up-regulation of AM receptors and hypoxia. Up-regulation of transcript level RAMP3 alongside RAMP1 and RDC-1 was observed in hypoxic rat lungs with no significant difference on RAMP2 and CLR receptors (Qing et al., 2001). AM acts as an autocrine/paracrine growth factor for different tumour cell lines which are regulated by a reduction in oxygen tension. Results obtained from HIF-1 α and β knockout mouse derived cell lines either by activation and inhibition of HIF-1 in human tumour cell line found that HIF-1 is involved in up-regulation of AM transcription and protein expression by a reduction in oxygen tension (Garayoa et al., 2000). Their interesting findings showed that AM is up-regulated under hypoxia and may be involved in the promotion of the mechanism of carcinogenesis (Garayoa et al., 2000). The role of AM and cancer through proliferation, angiogenesis, apoptosis, metastasis will be discussed in detail (Figure ‎1‑6).
Proliferation and Angiogenesis
Angiogenesis is one of the main features that are essential for tumour proliferation, invasion, and metastasis. Imbalance in oxygen concentration often results in secretion of pro-angiogenic mediators. Growth factors such as VEGF, fibroblast growth factor-2 (FGF-2) and IL-8 stimulate tumour migration and recruitment of blood vessels (Ribatti et al., 2005). AM exerts its mitogenic effect mediated through stimulation of endothelial cell migration and proliferation through cAMP/protein kinase PKA pathway (Figure ‎1‑4) and (Figure ‎1‑6). The influence of AM on cell proliferation is dependent on the type of cell. 
AM is able to stimulate the proliferation of fibroblasts, keratinocytes, osteoblasts and endothelial cells. The proliferative effect of AM was observed on endothelial cells (HUVECs) cultured in 0.5%, AM able to induce cell proliferation in lower concentration of FBS. However, AM antagonist has the ability to inhibit the HUVEC cell proliferation (Miyashita et al., 203). Furthermore, it has been shown that the effect of AM in Swiss 3T3 fibroblasts cells, stimulates DNA synthesis and proliferation by the cAMP/PKA pathway, however, this can be blocked by a PKA inhibitor (Withers et al., 1996). In rat VSMC, mitogen-activated protein kinase MAPK induced by AM stimulates cell proliferation through protein tyrosine kinase PTK. However, MAPK activity and proliferation were blocked by MAPK inhibitor (Figure ‎1‑6) (Iwasaki et al., 1998).
One of the tumour angiogenesis studies has demonstrated the effectiveness of the antagonist, AM (22-52), on the growth of pancreatic tumours in vivo. Reduction of the pancreatic cancer growth in severe combined immunodeficient (SCID) mice was observed by injecting with the AM antagonist (Ishikawa et al., 2003; Miseki et al., 2007). A similar study was carried out using renal cell carcinoma (RCC) model. Tsuchiya et al created naked DNA-encoding AM antagonist to inhibit the tumour growth in mice and their results showed a significant reduction of tumour growth (Tsuchiya et al., 2010). Further, the results showed the effect of AM antagonists on tumour endothelial cells TECs whereas no effect was found on the normal endothelial cells (NECs) (Tsuchiya et al., 2010). AM administration enhanced VEGF expression and serine/threonine protein kinase B Akt activation both playing an important role in angiogenesis in vitro and in vivo. In contrast, a reduction in tumour weight and capillary density was observed in AM+/- mice injected with S180 tumour cells and treated with AM (22-52) antagonist (Iimuro et al., 2004).
Apoptosis
It has been reported that AM has an anti-apoptotic role in tumour cells. Apoptosis is programmed cell death in which deregulation of repair mechanisms can lead to uncontrolled cell growth and death and can promote cancer cell growth. Inhibitory effect of AM induces apoptosis in rat endothelial cells, with no effect on cell proliferation (Kato et al., 1997). Another study showed the protection ability of AM against apoptosis. It has been found that the oncoprotein Bcl-2 expressed in endometrial cancer induced cell apoptosis under hypoxic condition. Also, co-expression of AM and Bcl-2 preventing apoptosis under hypoxia or normoxia (Figure ‎1‑6) (Oehler et al., 2001). In breast cancer research, over-expression of AM in MCF7 and T47D lead to increased resistance to apoptosis in serum-free conditions (Martinez et al., 2002). 
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[bookmark: _Ref511854042][bookmark: _Toc527379162]Figure ‎1‑6: Role of AM in tumour progression.
AM bind to the CLR/RAMP2 and CLR/RAMP3 receptors on the plasma membrane. AM induced angiogenic effect mediated by activation intracellular pathway Ras/Raf/MEK/ERK1/2 and PI3-kinase/Akt activation. Effect of AM on tumour cells survival by up-regulation of Bcl2 (Nikitenko et al., 2006b; Hinson et al., 2000; Oehler et al., 2001).
[bookmark: _Toc515376252][bookmark: _Toc515379640][bookmark: _Toc527381463]AM Induced Tumourigenesis
Besides aiding tumour associated hypoxia and angiogenesis, AM signalling has been reported to promote tumourigenesis via autocrine and paracrine signalling. The expression of AM and its receptors have been demonstrated in different types of cancer cell lines. AM has been shown by several studies to be involved in tumour initiation and progression by promoting tumour cell proliferation, angiogenesis, and inhibition of apoptosis. In addition, AM and its receptors are expressed by 75% of different tumour cell lines, and its expression has been reported in different human cancer cell lines including breast cancer (Miller et al., 1996). High expression of human AM has been demonstrated in lung cancer (Martinez et al., 1997), colon cancer (Wang et al., 2014), osteosarcoma bone tumours (Dai et al., 2013), pancreatic cancer (Ishikawa et al., 2003) prostate cancer, brain cancer, ovarian cancer (Miller et al., 1996) and  breast cancer (Martinez et al., 2002).
The role of AM in tumourigenesis has been evaluated in several studies either by genetically modifying AM or by exogenous administration of AM antagonist in vivo. Colon tumour formation was investigated by generating an AM knockdown stable cell line and subcutaneous injection of AM knockdown cells resulted in reduced tumour volume in nude mice model (Wang et al., 2014). Similarly, the effect of intra-tumoural injection of AM agonist and antagonist (AMA) on the tumour growth of SCID mice injected with pancreatic cancer cells PCI-43 was analysed. The AM antagonist treated mice showed a reduction in tumour volume compared to mice treated with AM (Ishikawa et al., 2003). Another pancreatic cancer study showed the autocrine effect of AM in orthotopic tumour formation by injecting nude mice with Panc-1 over-expressing AM and MPanc96 with AM knockdown. Tumour formation and invasion was increased in mice injected with AM over-expressing cells. However, down-regulation of AM expression decreased the tumour formation and metastasis (Ramachandran et al., 2007). 
All these observations from several studies demonstrated that AM is a multifunctional hormone that promotes tumour growth, cellular proliferation and angiogenesis predominantly executed by RAMP3 signalling. Further, AM is an anti-apoptotic factor which protects tumour cells from apoptosis (Figure 1-7). Therefore, the aim of this thesis is to study the effect of AM via RAMP3 signalling in breast cancer.
[image: ]
[bookmark: _Toc527379163]Figure ‎1‑7: Role of AM in cancer.
[bookmark: _Toc515376253][bookmark: _Toc515379641][bookmark: _Toc527381464]RAMP3 Signalling-Mediators and Repressors
The RAMP family of protein is a single transmembrane (TM) regulatory protein comprising of three members, namely; RAMP1, RAMP2 and RAMP3, respectively. Secondary protein structures of RAMP proteins share similarity with a single TM segment, an extracellular amino-terminus, and intracellular C-terminal domain (Hay and Pioszak, 2016). RAMP signalling modulates the effective binding and activation of CLR to CGRP and AM receptors thereby influencing the pharmacology of GPCRs. Amongst the RAMP proteins, RAMP1 catalyses binding of CLR to CGRP, whereas RAMP2 and RAMP3 favour binding of CLR to AM. RAMP proteins have been reported to form homodimers by interacting with nine GPCRs across three different GPCR classes. Mechanistic applications of such interactions are yet to be resolved for a comprehensive understanding. For example, orphan receptor G-protein couples oestrogen receptor (GPR30) has been reported to mediate metastasis of triple negative breast cancer cells via oestrogen receptor independent pathway, investigating the mechanistic role of RAMP3 interactions with GPR30 may aid in understanding the pharmacology of targeting RAMP signalling (Figure 1-8 and Table 1-3) (Hay and Pioszak, 2016).
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[bookmark: _Toc527379164]Figure ‎1‑8: Functional outcome of RAMP3 signalling. 
Four major roles that have been reported for RAMPs: 1. RAMPs enable the forward trafficking of some GPCRs to the cell surface. 2. RAMPs can alter GPCR pharmacology, switching ligand selectivity for some GPCRs. 3. RAMPs can influence coupling to GPCR signaling pathways. 4. RAMPs may alter the trafficking pathway of some GPCRs from the cell surface, with different RAMPs controlling receptor fate through recycling or degradative pathways adapted (Hay and Pioszak, 2016).





[bookmark: _Toc527379656]Table ‎1‑3: RAMP3 interaction with GPCR proteins adapted (Hay and Pioszak, 2016).
	GPCR protein
	GPCR Classification
	RAMP Protein
	Functional importance

	Adrenomedullin/CGRP receptors – CGRP, AM1, AM2 
	B
	RAMP1, RAMP2, RAMP3
	Receptor trafficking

	Calcitonin receptor (AMY1, AMY2, AMY3)
	B
	RAMP1, RAMP2, RAMP3
	Signal transduction pathway

	G protein-coupled oestrogen receptor 1 (GPR30)
	A
	RAMP3
	Receptor trafficking

	Parathyroid hormone 2 (PTH2)
	B
	RAMP3
	Unknown

	Parathyroid hormone 1 (PTH1)
	B
	RAMP2
	Unknown

	Secretin
	B
	RAMP3
	Receptor trafficking

	Vasoactiveintestinal polypeptide receptor 1 (VPAC1)
	B
	RAMP1, RAMP2, RAMP3
	Signal transduction pathway

	Vasoactive intestinal polypeptide receptor 2 (VPAC2)
	B
	RAMP1, RAMP2, RAMP3
	Signal transduction pathway

	Calcium sensing receptor
	C
	RAMP1, RAMP3
	Receptor trafficking

	Corticotropin releasing factor type 1(CRF1)
	B
	RAMP2
	Receptor trafficking, Signal transduction pathway

	Glucagon
	B
	RAMP2
	Unknown


[bookmark: _Toc515376254][bookmark: _Toc515379642][bookmark: _Toc527381465]RAMP3 as a Proto-Oncogene and Inducer of the Tumour Microenvironment
RAMP signalling deregulation is often associated with pro-tumourigenic effect in pre-clinical models. Besides functioning as a proto-oncogene and inducing an autocrine effect, RAMP3 protein has also been reported to aid and induce tumourigenesis via tumour-associated microenvironment. Tumour microenvironment (TME) comprises of cellular and non-cellular components of the non-cancerous cells, which foster growth, progression and survival of tumours (Kim and Zhang, 2016; Quail and Joyce, 2013). The cellular constituent includes inflammatory cells, immune cells, fibroblasts, endocrine cells, adipose cells and blood vessel network. Recent studies revealed that RAMP2 and RAMP3 expression were observed in cancer associated fibroblasts (CAFs) obtained from mastectomy of invasive human breast carcinoma compared to normal fibroblasts. Administration of anti-AM antibody and anti-AM receptor antibody resulted in significant reduction in proliferation of CAFs, in vitro. Also, anti-AM receptor antibody treatment circumvented tumour vasculature in vivo, signalling the prospective paracrine function of RAMPs in tumour angiogenesis. Further, anti-AM receptor antibody and AM (22-52) antagonist treatments caused tumour regression of MCF-7/CAF tumours with decreased proliferation, reduced neo-vascularisation and increased apoptosis (Benyahia et al., 2017). 
[bookmark: _Toc515376255][bookmark: _Toc515379643][bookmark: _Toc527381466]RAMP3 Signalling and Breast Carcinoma
Recent evidence has shown details of the effect of RAMP3 signalling on hypoxia, angiogenesis and invasion of breast carcinoma. However, lack of defined 3D structure and multitude of interacting proteins with unexplored interacting domains makes it difficult for developing a decisive therapeutic target.
Physiological effects of AM stimulate bone formation and osteoblast proliferation, suggesting that it could play a specific role in breast cancer metastases to bone. As mentioned earlier, AM is over-expressed in a number of cancer cell lines and found in the plasma serum of cancer patients. AM expression was high in breast cancer tissues and plasma of patients with breast cancer. Also, increasing levels of AM was correlated with auxiliary lymph node metastasis in breast cancer patients (Oehler et al., 2003). Plasma AM concentration was significantly higher in patients with osteosarcoma compared to the control healthy group. Immunohistochemical data detected a similar result by comparing the expression of AM in osteosarcoma tissues from patients (Dai et al., 2013). Another study demonstrated the addition of AM in human ECV ovarian tumour cell line promoted and increased cancer motility (Martinez et al., 2002).
The RAMP3 expression was up-regulated by LOXL2 in several tumours such as colon, breast and gastric. Co-expression of RAMP3 and LOXL2 was detected in MDA-MB-231. Lysyl oxidase-like protein-2 (LOXL2) is an enzyme which has been found to enhance tumour cell invasion and progression. A recent study indicated that the role of RAMP3 and LOXL2 induced epithelial-mesenchymal transition (EMT). Their results demonstrated that inhibiting LOXL2 expression decreased RAMP3 expression and by re-expressing RAMP3 in LOXL2 knockdown cells, it restored the negative effect of LOXL2 inhibition. However, over expression of RAMP3 did not affect LOXL2 expression, suggesting that RAMP3 acts downstream of LOXL2 (Brekhman et al., 2011). Furthermore, their findings showed that down-regulation of LOXL2 resulted in inhibiting breast cancer invasiveness and re-expression of RAMP3 in LOXL2 knocked out cells to restoration of invasiveness of the breast cancer. Down-regulation of LOXL2 and RAMP3 reduced phosphorylation of p38 MAPK. Also, reduced blood vessel density by CD31 expression was observed in knockdown RAMP3 (Brekhman et al., 2011). To conclude, RAMP3 has a potential role in cancer metastasis and tumour formation. 
[bookmark: _Toc515376256][bookmark: _Toc515379644][bookmark: _Toc527381467]RAMP3 as a Therapeutic Target
Regression of tumour growth with the direct effect on tumour angiogenesis in carcinomas and non-cancerous cells of TME establishes the pro-angiogenic and tumour-inducing property of RAMP3, in vitro and in vivo, respectively. However, RAMP3 regulations of proliferation, differentiation, stemness and metastasis of breast cancer are still unexplored. Though AM signalling has been shown to play a critical role in tumourigenesis, recent evidence has suggested that RAMP3 interacts with several initiators of metastatic cascade besides LOXL2. Hence, understanding RAMP3 interaction with other signalling molecules may further help us to understand the complexity of the metastatic cascade.


GPR30 ER Signalling
Transcriptional activation of RAMP3 is also mediated by oestradiol and oestrogen receptors may interact with RAMP3 signalling (Watanabe et al., 2006). A seven-transmembrane receptor G protein-coupled receptor 30 (GPR30), is an orphan receptor mediating non-genomic oestrogenic effect (Rae and Johnson, 2005). Functional activation of GPR30 is associated with activation of PI3K/AKT, MAPK signalling, adenylyl cyclase activation and transactivation of EGFRs (Prossnitz and Maggiolini, 2009). Several reports have suggested pro-tumourigenic and anti-tumourigenic effect of GPR30 activation (Ariazi et al., 2010; Girgert et al., 2014). RAMP3 has been shown to interact with GPR30 and plays an essential role in sex-dependent GPR30 mediated cardio-protection (Barrick et al., 2012; Lenhart et al., 2013). Interactions between GRP30 and RAMP3 are important since it is the first reported study detailing the interactions between a RAMP and a Class A GPCR. Besides physiological significance of RAMP3-GPR30 interaction, GPR30 has a significant role in metastasis of triple negative breast cancer (Chen et al., 2016; De Marco et al., 2016). Further, GPR30 has been reported to activate adenylyl cyclase, EGFR, Ca2+, and MAPK signalling pathway. Hence, GPR30 and RAMP3 interaction has to be explored for clinical relevance.
In this project, the cell line model is the triple negative breast cancer MDA-MB-231 cells which chosen to understand the hormone-independent growth and metastasis pattern of breast cancer cells. Selection of hormone-independent model depends on the protein of interest and molecular pathway under study. 
A preliminary study in mice uterus revealed that oestrogen treated wild-type mice showed a 43-fold increased expression of RAMP3 compared to oestrogen receptor knock-out mice (Hewitt et al., 2005). Also, AM, and RAMP3 genes were shown to contain oestrogen receptor binding site (Watanabe et al., 2006). Although RAMP3 respond to exogenous oestrogen treatment in vivo models, not much has been explored connecting RAMP3 and oestrogen dependent or independent breast cancer subtypes. Further, G-protein coupled oestrogen receptor (GPER) interacts with RAMP3 and GPER expression is observed in MDA-MB-231 cells. Although, GPER promotes and restricts breast cancer tumuorigenesis, its role in RAMP3 expression is still unexplored.
Epithelial to Mesenchymal (EMT) Transition
Hallmarks of EMT include cytoskeletal rearrangements and up-regulation of mesenchymal markers (Lamouille et al., 2014). Cytoskeletal rearrangement is often associated with actin polymerisation. It is clear that onset of hypoxia and EMT transition down-regulates oestrogen receptor and not much has been documented regarding role of RAMP3 signalling in the initiation of EMT (Al Saleh et al., 2011; Bouris et al., 2015). Induction of EMT imparts a mesenchymal phenotype to the cells and the acquisition of morphological change is often reported to be the defining state for cells to extravasate and metastasise to distant organs. Hence, molecular targets blocking the onset of mutations prior to migration and invasion will greatly improve disease prognosis and overall survival (Heerboth et al., 2015). RAMP3 acts downstream of LOXL2 protein and LOX proteins are involved in breast cancer metastases to bone (Brekhman et al., 2011). Previous reports have shown that LOX acts downstream of TWIST gene and promotes EMT transition, acquisition of stem-like cell property and promotes metastasis. Molecular targets directed against TWIST have shown promising results. LOXL2 has been shown to repress E-cadherin via oxidation of SNAIL-1, thereby imparting invasive signatures to non-metastatic cells (Sakurai et al., 2009). Hence, RAMP3 activity and the effect on EMT markers can be studied for better understanding of its role in invasion.
[bookmark: _Toc515376257][bookmark: _Toc515379645]Despite the wealth of information available, little is known regarding the role of RAMP3 in breast cancer initiation, progression and metastasis both in vitro and in vivo. Furthermore, RAMP protein family in general lacks a defined 3D structure and much of its interacting partners and binding domains are yet to be explored. Proteomic studies may aid in understanding novel RAMP3 interacting partners and may further broaden the drug discovery process. However, pre-clinical studies detailing the mechanistic impact of RAMP3 on proliferation, cell death, survival and tumour formation will majorly expand its role as a tumour initiating marker. Since, RAMP3 does not have a deleterious effect on embryogenesis, vasculogenesis, and lymphangiogenesis, and interacts with several molecular players involved in metastasis; studying the cellular functionality of RAMP3 may serve to understand key intrinsic signals affecting breast cancer. Hence, we proposed to study the role of AM and CLR/RAMP3 in breast cancer with specific focus on major hallmarks of cancer governing replicative potential, apoptosis, angiogenesis, invasion, and survival.
[bookmark: _Toc527381468]Project Hypothesis and Aims
The overview of this project is to test the hypothesis that “Adrenomedullin (AM) through its receptor AM2 (CLR/RAMP3) mediates cancer progression and tumour formation of triple negative breast cancer”
Preliminary hypothesis is further divided into three sub-hypotheses:
· The triple negative MDA-MB-231 cell line expresses AM and its receptors (CLR/RAMP2) AM1 and (CLR /RAMP3) AM2.
· RAMP3 knockdown affects the cellular proliferation, migration, invasion, apoptosis and clonogenicity in vitro.
· RAMP3 knockdown reduces tumour development and growth in vivo.
The aims and objectives are:
· To measure the expression of AM and its receptors in human metastatic triple negative breast cancer cell line by end-point RT-PCR, qRT-PCR and western blotting.
· To generate a knockdown cell line of RAMP3 receptor using shRNA method.
· To determine the effect of RAMP3 knockdown in MDA-MB-231 cells on proliferation, migration, invasion, apoptosis and clonogenicity in vitro.
· [bookmark: _Toc515376258][bookmark: _Toc515379646]To determine the in vivo tumour growth and development in female BALB/c mice.



[bookmark: _Toc527381469]Chapter two: General Materials and methods
[bookmark: _Toc515376259][bookmark: _Toc515379647]Chapter Two: General Materials and Methods
[bookmark: _Toc527381470]Cell Culture Reagents and Materials
The reagents and the materials used in the experiments are illustrated in Table 2-1 and Table 2-2 below:
[bookmark: _Toc527379657]Table ‎2‑1: Reagents used in the experiments
	Reagent
	Supplier

	Foetal bovine serum (FBS)
	Gibco life technologies 

	Phosphate buffered saline (PBS)
	Gibco 

	Trypsin/Ethylenediaminetetraacetic acid EDTA solution
	Sigma-Aldrich 

	Penicillin-Streptomycin
	Sigma-Aldrich

	RPMI 1640 
	Invitrogen Gibco®

	DMSO
	Invitrogen

	70% Industrial methylated spirits 
	Fisher scientific

	0.4% Trypan blue solution
	Sigma-Aldrich


[bookmark: _Toc527379658]Table ‎2‑2: Material used in the experiments
	Material
	Supplier

	PIPETMAN P20, P100, P200, and P1000
	GILSON

	Disposable pipettes (2,5,10 and 25 mL)
	Sterilin

	Disposable Tips Pipette tips (10 uL, 20 uL, 200 uL, 1000 uL)
	Tip One STAR LAB

	Centrifuge Tubes (15 and 50 mL)
	Sterilin

	Cell culture Flasks (T25,T75, and T175)
	Thermo scientific

	Multi-well plates (24 and 96 wells)
	IWAKI

	Cry Tube vials 2 mL
	Thermo scientific

	NalgeneTM Cryo 1ºC freezing container
	NALGENE

	Haemocytometer 
	

	Disposable Eppendorph tubes (0.5 mL, 1.5 mL)
	STAR LAB

	Countess™ II Automated Cell Counter
	Thermo Fisher Scientific


[bookmark: _Toc515376260][bookmark: _Toc515379648][bookmark: _Toc527381471]Tissue Culture
[bookmark: _Toc515376261][bookmark: _Toc515379649][bookmark: _Toc527381472]Cell lines
The MDA-MB-231 breast cancer cell line was obtained from (ATCC® HTB-26™). These cells were derived from the pleural effusion of relapsed metastatic breast cancer after removal of the primary tumour (Cailleau et al., 1974).
Other cell lines were used as a positive control and engineered to over-express naturally Gs coupled. Over-expressing cells were CGRP receptor (CLR, RAMP1) human cell line 1321N1, AM receptors AM1 (CLR/RAMP2) Chinese hamster ovary CHO-K1, AM2 (CLR/RAMP3) human cell line 1321N1. These receptor over-expressing cells were procured from DiscoverX.
[bookmark: _Toc527379659]Table ‎2‑3: Cell lines used in this study
	Cell line
	Supplier
	Medium

	[bookmark: OLE_LINK1]RAMP-1 over-expressing 1321N1 (CGRP cells)
	DiscoverX
	DMEM + 10% FBS (Gibco) + 1% P/S

	RAMP-2 over-expressing CHO (AM1 cells)
	DiscoverX
	CHO Medium 6 + Serum 6 + Antibiotics Mix 6 (DiscoverX)

	RAMP-3 over-expressing 1321N1 (AM2 cells)
	DiscoverX
	DMEM + 10% FBS (Gibco) + 1% P/S


[bookmark: _Toc515376262][bookmark: _Toc515379650][bookmark: _Toc527381473]Maintaining and sub-culturing of cell lines
The cell lines were routinely cultured in sterile tissue culture flask, incubated at 37 °C with 5% CO2. The cryopreserved MDA-MB-231 cells were removed from the liquid nitrogen tank, thawed for two minutes in a water bath at 37°C. The thawed cells were gently transferred to a RPMI1640 medium containing 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells were routinely monitored using phase contrast microscopy for contamination and cell density. At 90% confluency, the cells were harvested by trypsinisation with trypsin-EDTA and sub-cultured into a new sterile T75 cm2 flask. Unused cells were cryopreserved using 5% DMSO and stored in liquid nitrogen as cryo stock for future usage. The cells were routinely passaged every 3 days.
[bookmark: _Toc515376263][bookmark: _Toc515379651][bookmark: _Toc527381474]Cell harvesting by trypsinisation
Trypsinisation is a process of cell detachment from tissue culture flask using protease Trypsin-EDTA for the purpose of sub-culturing or for setting up an experiment. The media, 1X phosphate-buffered saline solution (PBS) and 1X trypsin-EDTA were warmed in a water bath at 37°C.The media was removed from the flask and washed twice with a specific volume of 1X PBS. Then, 1X Trypsin-EDTA was added to the flask and incubated for 5 minutes at 37°C, until the cells were detached. The amount of trypsin added is dependent on the surface area and the amount of trypsin needed can be seen in (2-4). Post trypsinisation, RPMI medium with FBS was added to neutralise the effect of trypsin-EDTA.
[bookmark: _Toc527379660]Table ‎2‑4: Type of the cell culture flask and volume of PBS, Trypsin-EDTA and media
	Flask size
	PBS wash/mL
	Trypsin-EDTA/mL
	Neutralisation media/mL

	T25
	5 mL
	1 mL
	2 mL

	T75
	10 mL
	3 mL
	6 mL

	T175
	15 mL
	5 mL
	10 mL



[bookmark: _Toc515376264][bookmark: _Toc515379652][bookmark: _Toc527381475]Thawing and freezing cell lines
All the cell lines were frozen in liquid nitrogen for long-term storage. All experiments were performed within 10 passages of MDA-MB-231 cells.
[bookmark: _Toc515376265][bookmark: _Toc515379653][bookmark: _Toc527381476]Freezing cells
The cells were harvested by trypsinisation when they reached 90% confluency. The trypsinised cells were removed from the flask and centrifuged at 1000 rpm for 5 minutes to pellet the cells. The cell pellet was resuspended in the freezing media (Standard medium with 5% DMSO at a cell density of 1X106 cell/mL. The cells suspension was added to labelled cryovial tubes and placed into a Nalgene cryfreeze. All the tubes were stored at -80 °C freezer for 2 days and then transferred to liquid nitrogen for long-term storage.
[bookmark: _Toc515376266][bookmark: _Toc515379654][bookmark: _Toc527381477]Cell counting
The cells were counted via two different methods by using either Neubauer Haemocytometer or by Automated Cell Counter (Countess® II). The cells were harvested by trypsinisation method as described in 2.2.3. The cells were centrifuged at 1000 rpm for 5 min to discard the supernatant. The cell pellet was suspended in 1 mL standard media using vortex and counted using either of the two methods.
[bookmark: _Toc515379655]Haemocytometer
For routine cell counting, a haemocytometer was used. The haemocytometer was cleaned using 75% ethanol and left to air dry. The coverslip was placed on top of the haemocytometer with a little bit of pressure using circular motion to fix the coverslip. The suspended cells were then mixed with trypan blue dye at the ration of 1:1. Then, 10 µL aliquots of cell suspensions were injected into the edge of the cover-slip in each counting grid using a pipette and visualised under the inverted microscope of 10X optical zoom.  The cell viability is calculated using the formula:
Total viable cells/mL = Average cells per square X dilution factor X 104
Total cells = cells/mL X total original volume of cell suspension
[image: ]
[bookmark: _Toc527379165]Figure ‎2‑1: Haemocytometer grid under the microscope. The four squares represent the grids for cell counting.
[bookmark: _Toc515379656]Automated Cell Counter
The countess II automated cell counter provides a quick and accurate measure of cell count. This cell counter has a sophisticated ability to autofocus and employs image analysis algorithm to obtain accurate cell viability counting. Similar to haemocytometer, cells were pipetted into disposable countess chamber slide and inserted into the machine to obtain the results. The end results display, viable cells, dead cells and total number of cells.
[bookmark: _Toc515376267][bookmark: _Toc515379657][bookmark: _Toc527381478]Proliferation assay using haemocytometer cell counting
[bookmark: _Toc527379661]Table ‎2‑5: Materials used in proliferation assay
	Items
	Supplier

	Foetal bovine serum (FBS)
	Gibco life technologies 

	Phosphate buffered saline (PBS)
	Gibco 

	Trypsin/ Ethylenediaminetetraacetic acid EDTA solution
	Sigma-Aldrich 

	Penicillin-Streptomycin
	Sigma-Aldrich

	RPMI 1640 
	Invitrogen Gibco®

	0.4% Trypan blue solution
	Sigma-Aldrich

	Haemocytometer
	



The proliferation assay was used to determine the doubling time of the cells as well as their response to serum titration and different treatments. The proliferation assays were performed in the same condition and incubation at 37ºC in 5% CO2.
[bookmark: _Toc515376268][bookmark: _Toc515379658][bookmark: _Toc527381479]Growth curve
The MDA-MB-231 cells were harvested by trypsinisation from a 90% confluent flask as described previously. The MDA-MB-231 cells were seeded at a density of 20,000 cells/well in 10% FBS in medium into a 12 well plate for 6 days. The cell number was counted by a haemocytometer method every 24 hrs for 6 days and the experiments were done in triplicates. The average cell number (mean) was plotted and calculated for each day. The media was changed on day 4 during the growth curve experiment. The growth curve experiment was repeated three times for statistical significance.



[image: ]
[bookmark: _Toc527379166]Figure ‎2‑2: A representative graph of the growth curve. 
The picture showed the 3 phases of the growth curve. The lag phase represents from day of the seeding to the day before the exponential phase. The exponential phase represents the period when the cells start growing rapidly until reaching the plateau phase or the stationary phase which defines as stable cell growth or stop.
[bookmark: _Toc415635524][bookmark: _Toc415659932][bookmark: _Toc416670605][bookmark: _Toc416706752][bookmark: _Toc515376269][bookmark: _Toc515379659][bookmark: _Toc527381480]Serum titration growth curves
As described in the growth curve experiment, the cells were seeded at a density of 20,000 cells/mL into a 12 well plate and left to grow for 24 hours. The media in the 12 well plates were removed, and the cells were washed twice with 1X PBS. The media (RPMI) containing different concentrations starting from 0%, 1%, 2%, 4%, 6%, 8% and 10% of FBS were added to the cells. The number of cells was counted every 24 hrs in triplicate wells by haemocytometer. Doubling time was calculated from experimental data during the exponential growth (48-96 hrs of culture) using the algorithm provided by http://www.doubling-time.com.  
Doubling time =           Duration *log(2)
          Log (Final concentration) – log (Initial concentration)
Data were analysed, and the parameters of the growth curve, cell population and statistical analyses were carried out using GraphPad Prism7 software.
[bookmark: _Toc515376270][bookmark: _Toc515379660][bookmark: _Toc527381481]Proliferation assay using AM Agonist (AM 1-52)
The cells were harvested by trypsinisation and counted as described (2.2.3 and 2.2.6) previously. In a 48 well plate, the cells were seeded at a density of 4000 cells/well in 200 µL media. The cells were incubated for 48 hours in 10% FBS and then the media was removed and washed with 1X PBS once and replaced with 2% FBS media containing differing concentration of AM 1-52 (1 µM, 1 nM, 1 pM). The drug treatment was performed every day for six days and the media changed on day 4. Living cells were counted every day using trypan blue.
[bookmark: _Toc515376271][bookmark: _Toc515379661][bookmark: _Toc527381482]Proliferation assay using AM antagonist (AM 22-52)
The protocol for treating the antagonist AM (22-52) (1 µM, 1 nM, 1 pM) was followed as per section 2.3.3.
[bookmark: _Toc515376272][bookmark: _Toc515379662][bookmark: _Toc527381483]Viability assay
[bookmark: _Toc527379662]Table ‎2‑6: Materials used in viability assay.
	Items
	Supplier

	RealTime-Glo™ MT Cell Viability Assay
	Promega

	MT Cell Viability Substrate, 1,000X 
	Promega

	NanoLuc® Enzyme, 1,000X
	Promega

	96 Well White plate
	Coster

	Multichannel pipette
	INTEGRA

	Plate shaker
	Stuart

	Microplate reader 
	PerkinElmer



In this study, we have used two different methods to measure the number of viable cells in response to AM agonist and antagonist. First the proliferation assay was performed by counting trypan blue stained cells, described previously section 2.3. Second, Real time GIo MT cell viability assay was used in order to measure the cell viability. 
A flask of 90% confluent cell culture was used for this assay. The flask was washed twice with 1X PBS to remove dead cells and the cells were trypsinised and counted as per sections 2.2.3 and 2.2.6, respectively.  Then, 2000 cell/well was seeded onto a 96 white well plate supplemented with 10% FBS media. Next day, the media were removed and replaced with 2% FBS media containing equal volume of MT cell viability substrate and NanLuc enzyme. After 1hour incubation at 37ºC, the luminescent signal was detected using plate reader (0-time point).  Then differing concentration of AM (1-52) and AM (22-52) (1 µM, 1 nM, 1 pM) were added every day for three days. The cell viability was monitored by measuring luminescence every 24 hours in triplicate for 3 days. Experiment was performed as three independent repeats. 
[bookmark: _Toc515376273][bookmark: _Toc515379663][bookmark: _Toc527381484]Clonogenic Assay (monolayer clonogenic assay)
[bookmark: _Toc527379663]Table ‎2‑7: Materials used in clonogenic assay
	Items 
	Supplier

	6 Well Assay Plate
	Corning incorporated Costar

	Methanol
	Fisher scientific

	Crystal violet
	Sigma

	Pixera Visual Communication System, digital camera
	Pixera


Clonogenic assay or colony formation assay is an in vitro cell survival assay which measures the ability of a single cell to form a colony, defined as a group of cells comprising of at least 50 cells. It is a useful technique to determine the ability of cancer cells to form colonies under a specific condition (Rajendran and Jain, 2018).
The MDA-MB-231 cells were grown to 80% confluency in a T-75 flask. The flask was washed twice with 1X PBS to remove dead cells and the cells were trypsinised as per section 2.2.3. The cell suspension was transferred to centrifuge tubes and spun down at 1000 rpm for 5 minutes. The supernatant was removed, and the pellet was re-suspended in fresh complete media and counted using a haemocytometer. 
One hundred cells were seeded onto a 6 well plate containing 3 mL of media and left in the incubator at 37 °C and 5% CO2 for two weeks. On day 14, the plates were removed from the incubator and the media was discarded carefully followed by washing each well with 1 mL of 1X PBS without touching the inner side of the well. Then, 1 mL of 100% ice-cold methanol was used to fix the colonies for 15 minutes. Methanol was removed, and the colonies were stained with 1 mL of Crystal violet solution for 10 minutes. Next, the wells were washed with water to get rid of the excess staining and left to air dry completely before being prepared for counting. The colonies were counted by taking images using pixera visual communication suite and gene tool software was used to count the number of colonies in each well.
[bookmark: _Toc515376274][bookmark: _Toc515379664][bookmark: _Toc527381485]Wound Healing Assay (Scratch assay)
[bookmark: _Toc527379664]Table ‎2‑8: Materials used in wound healing assay
	Items
	Supplier

	Mitomycin C
	Sigma

	EVOS FL Auto Cell Imaging System Microscope
	Life technologies

	EVOS Onstage Incubator
	Life technologies


The wound healing assay, (also known as scratch assay), is the standard method to measure the ability of the individual cells to migrate to close (wound gap) scratch that was made intentionally, in vitro. It is an easy, low-cost and well-developed technique to study cell migration. Scratch assay is a suitable technique to compare the ability of cell migration between different types of cells (Liang et al., 2007). 
As previously described, the cells were harvested and counted using a cell counter. Then, 0.5 X 106 cells/wells were seeded in triplicates into a 12 well plate for each cell type and left until the cells reach 90-100% confluent monolayer. The cells were washed twice with 1X PBS, to remove cell floaters. Then, 10 μg/mL of mitomycin C in serum free media was added to each well and incubated for 2 hours in the incubator. Mitomycin C, an effective DNA cross-linker disrupts cellular proliferation and hence the presence of cells within the scratch area implies the migration effect by invasive cells. The scratch was made for each well using a p200 pipette tip, and each time the scratch tip was replaced with a new one to retain the consistency of the scratch in all wells. The cells were washed twice with 1X PBS gently without tearing up the monolayer of cells to remove any cell debris fresh media was added to each well. After that, the plate was placed under the microscope and live images were captured at 0 hr, 6 hr, 10 hrs and     16 hrs using auto cell imaging system microscope (4X phase objective). The plates were returned to the incubator and images were taken at the specific time point. The area of the scratch (images) was quantified by measuring the width between the migrating cell boundaries using ImageJ software. Three (beacons) regions in the wound were measured in each well and in triplicate wells.
[image: ]
[bookmark: _Toc527379167]Figure ‎2‑3: A representative image of the wound healing assay. The image shows the original picture of the wound healing at 0 time. The area of the scratch was measured using the imageJ software; the outline of the wound is shown in yellow. Images was taken by EVOS FL Auto Cell Imaging System Microscope, scale bar=1000µm.
The wound healing was represented as the percentage of wound closure the time point 0 hr was considered as 0% and when the area was fully closed the area was considered as 100%.
Wound Opening (%) = [(Opening area Tx /opening area T0) X 100]
Wound Closure (%) = Wound Opening (%) -100.
[bookmark: _Toc515376275][bookmark: _Toc515379665][bookmark: _Toc527381486]Wound healing assay with AM stimulation
To examine the effect of the AM agonist and AM antagonist on migration, the migration assay was performed as mentioned before in 2.5. After the cells were incubated with Mitomycin C, the cells were stimulated with three different doses of      AM (1-52) agonist and AM (22-52) antagonist which are 1 μM, 1 nM and 1 pM. The concentrations were made in 1 mL of fresh media and added to the cells.

[bookmark: _Toc515376276][bookmark: _Toc515379666][bookmark: _Toc527381487]Apoptosis Caspase-GIo® 3/7 Assay
	Items
	Supplier

	Caspase-GIo®3/7 Assay
	Promega

	96 Well plate White plate
	Coster

	Multichannel pipette
	INTEGRA

	Plate shaker
	Stuart

	Microplate reader 
	PerkinElmer


[bookmark: _Toc527379665] Table ‎2‑9: Materials used in apoptosis assay

The caspase-GIo 3/7 kit is used to measure programmed cell death, in vitro. This is a useful technique for determining the changes in caspase activity following an apoptotic stimulus such as serum starvation. Induction of apoptosis was measured using a luminogenic substrate which contains the tetra peptide sequence DEVD; cleavage of DEVD substrate releases the luminescence signal, produced by luciferase.
A flask of 90% confluence cell culture was used for this assay. The flask was washed twice with 1X PBS to remove dead cells and the cells were trypsinised and counted as per section 2.2.3 and 2.2.6, respectively. Then, in 96 white well plate cells were seeded at a density of 5000 cell/well in 10% FBS media. Next day the media were removed gently and replaced with serum-free media. In this experiment, MDA-MB-231 cells were cultured in the presence and absence of FBS for 48 hrs. Then, the plates were placed in the incubator at 37°C and 5% CO2. To measure the luminescence background blank well without cells was generated. The Caspase-GIo 3/7 buffer and the lyophilised substrate was placed at room temperature to equilibrate. The buffer was mixed well with the substrate until dissolved. After the incubation, the plate was removed from the incubator and equilibrated to room temperature, and then the Caspase-GIo® 3/7 reagent was mixed with each well sample in 1:1 ratio including the blank well. Then, the plates were gently mixed on the plate shaker. Finally, the plate was placed in the plate reader to measure the luminescence.
[bookmark: _Toc515376277][bookmark: _Toc515379667][bookmark: _Toc527381488]Invasion assay
[bookmark: _Toc527379666]Table ‎2‑10: Materials used in invasion assay
	Items
	Supplier

	Corning® BioCoat™ Mateigel® Invasion Chamber
	CORNING

	Control insert (24-well)
	CORNING

	24 Well Assay Plate
	Corning incorporated Costar

	Chemoattractant (10%FBS in RPMI medium)
	Gibco

	Bicarbonate based culture medium RPMI (Serum-Free)
	Gibco

	Sterile forceps
	Cell bio lab

	Cotton swap
	

	Toluidine Blue
	Sigma

	Borax
	Sigma

	EVOS FL Auto Cell Imaging System Microscope
	Life technologies



[bookmark: OLE_LINK2]The triple negative MDA-MB-231 cell line is a highly aggressive and invasive breast adenocarcinoma cell and forms tumours in mice models. The BD Biosciences Biocoat Matrigel Invasion Chamber kit was used to assess the invasive properties of the MDA-MB-231 cells after RAMP3 knockdown. Under sterile condition, the Matrigel inserts provided in the invasion kit were removed form -20°C to room temperature for about 1hr. Then each insert was rehydrated with warmed bicarbonate-based culture medium (serum-free RPMI) and incubated for 2 hrs at 37°C and 5%CO2.The cells in T75 flask were starved overnight by replacing the complete medium with serum free medium. The media was removed, and the flask was washed twice with 1X PBS and trypsinised as per 2.2.3. The media was discarded, and the cell pellet was resuspended in serum free medium, counted by haemocytometer. The cells were seeded into the Matrigel coated insert and non-coated insert (control) at the concentration of 2.5x104cells/insert. After rehydration, the medium was carefully removed, and the inserts were placed into a 24 well plate. In the 24 well plate, 0.750 mL of chemo attractant medium (RPMI containing 10% FBS) was added and 0.5 mL of cell suspension was added into insert. After 24 hrs incubation the plate was removed from the incubator, and the non-invading cells were removed by repeatedly “scrubbing” the membrane with a cotton swab inside the bottom of the membrane. After that, the coated chamber and control inserts were fixed with 100% methanol for 2 minutes and stained with 1% Toluidine Blue in 1% borax for 2 minutes. Then the inserts were washed twice with distilled water to remove excess stain and allowed to dry in room temperature. To quantify the number of invaded cell, imaging was taken in five random fields by phase contrast microscope using 20X objective. Then the cell number was counted by the ImageJ software. 

[image: ]
[bookmark: _Toc527379168]Figure ‎2‑4: Principle of invasion assay diagram.
Steps of the invasion are illustrated in the diagram. A representative image of the invasion is shown. The image was taken by auto Cell Imaging System Microscope, scale bar = 1000 µm.
[bookmark: _Toc515376278][bookmark: _Toc515379668][bookmark: _Toc527381489]cAMP assay 
[bookmark: _Toc527379667]Table ‎2‑11: Materials used in cAMP assay
	Item
	Supplier

	Lance Ultra cAMP kit
	Perkin Elmer

	Eu-cAMP tracer
	Perkin Elmer

	ULight anti-Camp
	Perkin Elmer

	cAMP detection buffer
	Perkin Elmer

	BSA stabilizer (7.5%solution)
	Perkin Elmer

	Hanks’ Balanced salt solution (HBSS)(1x) 
	Gibco

	HEPES Buffer solution (1M) 
	Gibco

	Forskolin
	Sigma

	IBMX
	Sigma

	Optiplate-384, white
	Perkin Elmer

	PBS buffer
	Gibco

	Adrenomedullin (1-52), Human
	AnaSpec

	Microplate reader 
	Perkin Elmer



The Perkin Elmer Lance Ultra cAMP kit was incubated at room temperature for 1 hr before starting the assay. The stimulation buffer was prepared by adding 14 mL (HBSS), 75 µL1M (HEPES), 200 µL (7.5% BSA) and 30 µL IBMX and the pH was adjusted to pH 7.4 by adding sodium hydroxide. The ligand, human AM (1-52) was prepared by diluting in the stimulation buffer, 60 µM AM (1-52) as shown in (Table 2-12). The positive control Forskolin was prepared to the final concentration of 10-4 M by adding 60 µL of (500 µM) Forskolin and 120 µL stimulation buffer.

[bookmark: _Ref506469218]
[bookmark: _Toc527379668]Table ‎2‑12: Serial dilutions of AM ligand (60 µM) with stimulation buffer.
	Dilution
	Final Concentration
AM (1-52) (M)
	4X (M)
	Volume of dilution 
	Stimulation buffer

	1
	1x10-6
	4x10-6
	3.3 µL of 
60 uM Ligand
	96.7

	2
	3x10-7
	1.2x10-6
	30 µL of 1
	70

	3
	1x10-7
	4x10-7
	30 µL of 2
	60

	4
	3x10-8
	1.2x10-7
	30 µL of 3
	70

	5
	1x10-8
	4x10-8
	30 µL of 4
	60

	6
	3x10-9
	1.2x10-8
	30 µL of 5
	70

	7
	1x10-9
	4x10-4
	30 µL of 6
	60

	8
	3x10-10
	1.2x10-4
	30 µL of 7
	70

	9
	1x10-10
	4x10-10
	30 µL of 8
	60

	10
	3x10-11
	2x10-10
	30 µL of 9
	70

	11
	1x10-11
	2x10-11
	30 µL of 10
	60

	12 (negative control)
	0
	0
	__
	70



Then 5 µL of the positive control forskolin and diluted AM ligand was loaded into a 348 well plate. The frozen cell vials were defrosted in warm bath for 30 seconds. In a 15 mL falcon tube, 1 mL of cell suspension was mixed with 1 mL of stimulation buffer and centrifuged at 1000 rpm for 5 minutes. The supernatant was discarded and 1 mL of 1X PBS buffer was added and centrifuged at 1000rpm for 5 minutes. Then 1mL of stimulation buffer was added and the cells were counted using auto-cell counter. The number of cells plated in this assay was 2500 cells/5µL. Then the plate was centrifuged at 1000 rpm for 1 minute and incubated for 30 minutes at room temperature. The Eu and ULight were prepared in the dilutions 1:50 and 1:150 with detection buffer, respectively. Using automated pipette, 5 µL of Eu solution was dispensed into each well and centrifuged at 1000 rmp for 1 minute. Then 5 µL of ULight solution was dispensed into each well and the plate was centrifuged at 1000 rpm for 1 minute. The plate was incubated in dark at room temperature for 1hour and the luminescence was measured at 665 nm TR-FRET using plate reader.
[bookmark: _Toc515376279][bookmark: _Toc515379669][bookmark: _Toc527381490]RNA extraction
[bookmark: _Toc527379669]Table ‎2‑13: Materials used for RNA extraction
	Item
	Supplier

	[bookmark: _Hlk499745382]ReliaPrep™ RNA Cell Miniprep System
	Promega

	ReliaPrep™ Minicolumns 
	Promega

	Collection Tubes 
	Promega

	Elution Tubes
	Promega

	BL Buffer
	Promega

	1-Thioglycerol TG Buffer
	Promega

	Isopropanol
	Fisher Chemical

	Column Wash Solution (CWE)
	Promega

	DNase I (lyophilized)
	Promega

	MnCl2, 0.09M
	Promega

	Yellow Core Buffer
	Promega

	RNA Wash Solution (RWA)
	Promega

	Ethanol
	Fisher Chemical

	Nuclease-Free Water
	Promega

	NanoDrop™2000/2000c Spectrophotometers

	Thermo Fisher



[bookmark: _Ref506469425]The RNA extraction was performed using the ReliaPrep™ RNA Cell Miniprep System kit from Promega. This protocol provides a high quality of RNA purification and the technique is very efficient and effective. According to manufacturer’s protocol, the MDA-MB-231 and positive control cell lines were processed for RNA extraction. A flask of 90% confluent cells was washed three times with 1X PBS buffer, and then cells were trypsinised and counted using sections 2.2.3 and 2.2.6, respectively. The cell pellet (containing 5x105 - 2x106 cells/mL) was washed with ice-cold 1X PBS and centrifuged at 300 x g for 5 minutes. Then the supernatant was discarded carefully and BL+TG buffer was added to the cell pellet followed by pipetting 7-10 times. Then 100% isopropanol was added to the cell lysate in appropriate volume and mixed by vortexing for 5 seconds. The recommended volume of BL+TG and isopropanol are shown in        (Table 2-14).
[bookmark: _Toc527379670]Table ‎2‑14: Recommended volume of BL+TG buffer with isopropanol according to cell number.
	Cell number range
	BL+TG
	100% Isopropanol

	1 × 102 to 5 × 105
	100 µL
	35 µL

	>5 × 105 to 2 × 106
	250 µL
	85 µL

	>2 × 106 to 5 × 106
	500 µL
	170 µL



[bookmark: _Hlk499754564]Then the cell lysate was transferred to ReliaPrep™ minicolumn and centrifuged at 12,000–14,000 × g for 30 seconds. The liquid in collection tube was discarded and 500 µL of RNA Wash Solution with was added to the ReliaPrep™ minicolumn and centrifuged at 12,000–14,000 × g for 30 seconds. The RNA wash solution was prepared by diluting with 100% ethanol. For DNase treatment step, 24 µL yellow core buffer, 3µL 0.09 M MnCl2 and 3 µL DNase I enzyme was added into a sterile 1.5 mL eppndorf tube and mixed gently. Then the DNase buffer solution was added to the mini-column and incubated for 15 minutes at room temperature. After the incubation, 200 µL of column wash solution (ethanol added) was added to the ReliaPrep™ mini-column and centrifuged at 12,000–14,000 × g for 15 seconds. The RNA Wash Solution of 500 µL was added to the column and centrifuged at 12,000–14,000 × g for 30 seconds. The ReliaPrep™ mini-column was placed into a new collection tube and 300 µL of RNA Wash Solution (with ethanol added) was added and centrifuged at high speed for 2 minutes. For final elution step, the ReliaPrep™ mini-column was removed from collection tube and placed into a new sterile 1.5 mL eppendorf tube. Then 20 µl volume of DNase free water was added to the ReliaPrep™ mini-column and centrifuged at 12,000–14,000 × g for 1 minute. The purity of RNA was quantified by NanoDrop™2000/2000c Spectrophotometer. The A260/280 ratios along with RNA concentration as ng/μL were recorded. All the RNA samples are stored at -20°C.
[bookmark: _Toc515376280][bookmark: _Toc515379670][bookmark: _Toc527381491]cDNA synthesis
[bookmark: _Toc527379671]Table ‎2‑15: Materials used for cDNA synthesis
	Items
	Supplier

	High capacity cDNA reverse transcription kit
	Applied Biosystems

	10X RT buffer
	Applied Biosystems

	10X RT Random primers
	Applied Biosystems

	25X dNTP mix, 100 mM
	Applied Biosystems

	MultiScribe™ Reverse Transcriptase, 50 unite/µL
	Applied Biosystems

	DNase free water
	Promega

	Thermal Cycler Machine, ProFlex PCR system
	ThermoFisher scientific



The cDNA was generated by reverse transcription and amplified using polymerase chain reaction (PCR), according to high capacity cDNA kit (Applied Biosystems). For a 20 µL reaction, 2 µg of RNA was used and all the components were mixed at an appropriate volume in sterile PCR tube as shown in (Table 2-16). The reaction volumes were calculated by using the following table.
[bookmark: _Ref506469808][bookmark: _Toc527379672]Table ‎2‑16: cDNA synthesis reaction component
	Component Volume (µL)
	+RT reaction
	-RT control

	10X RT Buffer
	2.0 µL
	2 µL

	dNTP mix (100 mM)
	0.8 µL
	-

	10X RT Random primers
	2.0 µL
	2.0 µL

	MultiScribe Reverse Transcriptase
	1.0 uL
	-

	Nuclease-free water
	4.2 µL
	5 µL

	RNA sample
	10 µL
	10 µL (2 µg)



The reaction tubes were vortexed to eliminate any air bubbles. Then all PCR reaction tubes were placed in a thermal cycler machine to start the reverse transcription reaction. The reaction conditions are mentioned in (Table 2-17), below.
[bookmark: _Toc527379673]Table ‎2‑17: cDNA reaction condition.
	Setting
	Step1
	Atep2
	Step3
	Step4

	Temp
	25 °C
	37 °C
	85 °C
	4 °C

	Time
	10 minutes
	120 minutes
	5 minutes
	∞



[bookmark: _Toc515376281][bookmark: _Toc515379671][bookmark: _Toc527381492]Reverse transcription-PCR
[bookmark: _Toc527379674]Table ‎2‑18: Materials used for PCR reaction
	Items
	Supplier

	GoTaq® G2 Hot Start Polymerase Kit
	Promega

	5X green Gotaq Flexi Buffer
	Promega

	Magnesium Chloride (MgCl) Solution, 25mM
	Promega

	PCR Nuceotide Mix, 10mM
	Promega

	GoTaq G2 Hot Start Polymerase 
	Promega

	Forward, Reverse Primer
	Eurofins Genomics

	DNase free water
	Promega

	10X TBE Buffer
	Sigma

	Agarose Powder
	Fisher BioReagents

	Thermal Cycler Machine, ProFlex PCR system
	Thermo Fisher Scientific

	PCR Reaction tubes, 200uL
	Star Lab

	Ethidium bromide solution, (500µg/mL)
	Sigma

	HighRange Plus 100 bp DNA ladder
	NORGEN

	Gel Doc XR+ imaging system
	Bio-Rad


The RT-PCR reaction was performed as per manufacturer’s protocol, to investigate the mRNA expression of AM, RAMP1, RAMP2, RAMP3 and CLR. The primers used in the End point PCR were designed using NCBI website (https://www.ncbi.nlm.nih.gov) and ordered from Eurofins/MWG. Primer concentration of 100 pmol/μL was made by dissolving the primers in nuclease-free water. A 50µL reaction mixture was prepared in a sterile PCR tube, as shown in (Table 2-19).
[bookmark: _Ref506470182][bookmark: _Toc527379675]Table ‎2‑19: The PCR reaction mixture in each tube
	Component
	Volume (µL)
	Final Concentration

	5X green GoTaq
	10 µL
	1X

	10 mM dNTP Mix
	1 µL
	0.2 mM each dNTP

	MgCl2 (25 mM)
	1.5 µL
		1.5 mM




	Forward primer
	5 µL
	0.1–1.0 μM

	Reverse primer
	5 µL
	0.1–1.0 μM

	GoTaq DNA polymerase
	0.25 µL
	1.25 U

	Template cDNA
	1 µL
	<0.5μg/50 μL

	Nuclease-free H2O
	26.25 µL
	__


[bookmark: _Toc527379676]Table ‎2‑20: Reverse transcription – PCR primers, forward and reverse primers.
	Gene
	Orientation
	Sequence 5’–>3’
	Annealing Tm [°C]
	PCR product

	AM
	Forward
	TACCGAGAGCATGAACAA
	
54
	
276 bp

	
	Reverse
	CTAAAGAAAGTGGGGAGCACTTC
	
	

	RAMP1

	Forward
	ATGCAGAGGTGGACAGGTTC
	
54
	
193 bp

	
	Reverse
	GCCTACACAATGCCCTCAGT
	
	

	RAMP2

	Forward
	CTGTCCTGAATCCCCACGAG
	
56
	
256 bp

	
	Reverse
	CTCTCTGCCAAGGGATTGGG
	
	

	RAMP3
	Forward
	AAGGTGGACGTCTGGAAGTG
	
55
	
227 bp

	
	Reverse
	ATAACGATCAGCGGGATGAG
	
	

	CLR

	Forward
	CTTGGCTGGGGATTTCCACT
	
54.4
	
302 bp

	
	Reverse
	CCTTCAGGTCGCCATGGAAT
	
	

	GAPDH

	Forward
	TTGTCAGCAATGCATCCTGC
	
52
	
354 bp

	
	Reverse
	GCTTCACCACCTTCTTGATG
	
	



[bookmark: _Toc527379677]The PCR conditions used in this experiment is given in the table below.
Table ‎2‑21: PCR cycle conditions
	PCR steps
	Initially
	Denaturation
	Annealing
	Extension
	Final extension
	Hold

	Temp
	95°C
	95°C
	60°C
	72°C
	72°C
	4°C

	Time
	2 min
	1 min
	1 min
	1 min
	5 min
	∞

	Cycles
	1
	35 Cycles
	1
	


[bookmark: _Toc405754855]
[bookmark: _Toc515376282][bookmark: _Toc515379672][bookmark: _Toc527381493]Agarose gel electrophoresis
Agarose gel electrophoresis was prepared to visualise the amplification of PCR product. PCR product of 10 µL was loaded onto a 1.5% agarose gel, and then the samples were run at 200 V for 45 minutes. The gel was prepared by adding 1.5 g of agarose powder and 100 mL of 1X Tris-Borate-EDTA buffer. The solution was placed in a microwave until it dissolved, and 5μL ethidium bromide was used as DNA intercalating dye. Then the PCR tank was filled with 1X TBE and the gel was placed into it. The full range 100 bp DNA ladder was loaded into the first lane of each gel to determine the size of the amplified bands, after that the gel was illuminated with UV light using the Gel Doc XR+ imaging system. The pictures were saved on a computer for documentation.
[bookmark: _Toc515376283][bookmark: _Toc515379673][bookmark: _Toc527381494]Quantitative PCR
[bookmark: _Toc527379678]Table ‎2‑22: Materials used in qRT-PCR
	Reagents
	Supplier

	Precision nanScript 2 Reverse Transcription kit
	Primerdesign

	Oligo-dt primer
	Primerdesign

	dNTP mix(10mM)
	Primerdesign

	NanoScript 2 4X reaction buffer
	Primerdesign

	DNase free water
	Primerdesign

	Primer design 2X Precision Plus™
	Primerdesign

	Primers
	Primerdesign

	GeNorm™refrence gene selection kit labelled with FAM
	Primerdesign

	Sterile microAMP®Optical 384 well reaction plate
	Life Technologies

	Microseal® 'B' PCR Plate Sealing Film,
	Bio-Rad

	7900 Real-time PCR machine
	Applied Biosystem™ 


To perform real time PCR, cDNA was prepared using the same kit. To prepare cDNA from 2 μg of RNA, the RT annealing step is:
[bookmark: _Toc527379679]Table ‎2‑23: First step of cDNA for qRT-PCR.
	Component
	Reaction

	RNA template (2µg)
	X µL

	RT primer
	1 µL

	DNAse free water
	Y µL

	Final volume
	10 µL


(X= 2µg of RNA, (Y= 10-(X+1))
The entire reagents were mixed together in a 0.2 mL PCR tube. Then the tubes were incubated at 65°C for 5 minutes. In this step, make sure the temperature does not exceed 65°C, to prevent RNA degradation. Immediately after the incubation time, all the tubes were transferred to ice. The next step is to prepare the cDNA using the reaction mixture mentioned in Table 2-24.
[bookmark: _Toc527379680]Table ‎2‑24: Second step of making cDNA for qRT-PCR.
	Component
	Reaction

	nanoScrip2 4X buffer
	5 µL

	dNTP mix 10mM
	1 µL

	DNAse free water
	3 µL

	nanoScrip2 enzyme
	1 µL

	Final volume
	10 µL


The final reaction volume of 10 µL was added to each RNA sample in the ice box. The tubes were mixed by briefly vortexing followed by a pulse-spin and incubated at room temperature for 5 minutes. After that, the tubes were incubated at 42°C for 20 minutes and heat inactivated at 75°C for 10 minutes. The cDNA samples tubes can be stored at -20°C, for future usage.
[bookmark: _Toc515376284][bookmark: _Toc515379674][bookmark: _Toc527381495]Quantitative Real time-PCR Reaction
Real-time PCR with double-dye- FAM labelled (Taqman style) kit was used to quantify the mRNA expression. The primers used for real-time PCR are listed in the table below. Before starting the experiments, all the pipettes, tips, tubes, 384-well PCR plate and DNase water were UV irradiated for 30 minutes.
[bookmark: _Toc527379681]Table ‎2‑25: qPCR primers and product size.
	Gene ID
	Orientation
	Sequence 5’–>3’
	Product size

	RAMP1
	Forward
	TCTATTTCAGCCCATCACCTCTTC
	139 bp

	
	Reverse
	TGCCCCAGTCACACCACA
	

	RAMP2
	Forward
	TCTCCCGTTTCTTCCCACAG
	139 bp

	
	Reverse
	GAACTTGCTCTCGTCCTTACC
	

	RAMP3
	Forward
	CCAACTGCACCGAGATGGAG
	98 bp

	
	Reverse
	GGAGAAGAACTGCCTGTGGAT
	

	Adrenomed-ullin ADM
	Forward
	GCATGAAAGAGAAAGACTGATTACC
	97 bp

	
	Reverse
	GCTGTTCGCATATCACCCATT
	


Each cDNA sample was diluted to the final concentration 5 ng/uL in DNase free water. The diluted cDNA sample of 2.5 µL was loaded into each well of a 384 well plate. The real time reaction buffer of 7.5 µL was loaded in each well according to the experiment. The 10 µL reaction sample was prepared as per the following table:
[bookmark: _Toc527379682]

Table ‎2‑26: qPCR reaction.
	Component
	Reaction

	Precision Plus
	5 µL

	Primer mix
	0.5 µL

	DNase free water
	2 µL

	Template (25 ng)
	2.5 µL

	Final volume
	10 µL



Then the plate was sealed with micoseal (Bio-Rad) and centrifuged for 2 minutes at 1000 rpm. The plate was analysed using ABI 7900 a Real-Time PCR system from applied biosystems with SDS 2.4 version software for analysis.
[bookmark: _Toc527379683] Table ‎2‑27: The thermal reaction condition of qPCR.
	PCR step
	Enzyme activation
	Denaturation
	Extension

	Time
	2 min
	10 seconds
	60 seconds

	Temp.
	95°C
	95°C
	60°C

	Cycling x 40
	40 Cycles


[bookmark: _Toc515376285][bookmark: _Toc515379675][bookmark: _Toc527381496]Quantitative PCR analysis
The Ct (threshold cycle) is defined as the number of cycles required for the fluorescent to cross the minimum threshold. The Ct value is inversely proportional to the amount of mRNA expression of the respective gene. For example, lower Ct value signifies higher expression of the respective gene.
For the real-time PCR analysis, the relative expression of the gene, the Ct values (raw data) of the gene of interest and the housekeeping gene (reference genes) are essential. There are multi-steps to calculate the relative expression of the gene of interest to the housekeeping gene:
1) Calculate the average of the Ct values of the target gene and housekeeping gene for each experiment.
2) Normalised the Ct value by calculating the difference of the target gene and the housekeeping gene.
Delta ΔCt = Ct Target gene - Ct housekeeping gene.

3) Normalised the delta Ct value to the Delta CT of the control sample to get delta delta Ctvalue (ΔΔCt).
ΔΔCt = ΔCt (sample) – ΔCt (control)



4) Fold change 2^-ΔΔCt.
[bookmark: _Toc405754856][bookmark: _Toc515376286][bookmark: _Toc515379676][bookmark: _Toc527381497]Western blotting
[bookmark: _Toc527379684]Table ‎2‑28: Materials used for western blotting
	Items
	Supplier

	DC protein Assay 
	Bio-Rad

	Halt™ Proteinase inhibitors cocktail
	Thermo Fisher scientific

	Cell Scraper
	Nalgene Nunc Ltd

	Protein standard II
	Bio-Rad

	Running Buffer: 10X Tris/Glycine Buffer 
	Bio-Rad

	Mini-Protean TGX Gels, 4-20%
	Bio-Rad

	Trans-Blot Turbo Transfer Pack, 0.2um PVDF
	Bio-Rad

	Precision Plus Proteins Standards Dual color
	Bio-Rad

	Loading Buffer 2X Laemmli buffer
	Bio-Rad

	10X Dithiothreitol DTT
	Fisher scientific

	Electrophoresis power supply
	Bio-Rad

	Trans-Blot Turbo machine
	Bio-Rad


[bookmark: _Toc405754857][bookmark: _Toc515376287][bookmark: _Toc515379677][bookmark: _Toc527381498]Protein extraction
Protein extraction was performed to analyse protein expression using western blotting. The protein was extracted using NP40 lysis buffer. The cells in a T-175 cm2 flask were washed twice with cold 1X PBS buffer, and then 1 mL of NP40 lysis buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris-Cl (pH 8.0) with a protease inhibitor cocktail (AEBSF, Aprotinin, Bestatin, E-64, Leupeptin, Pepstain A and EDTA) was added to the flask. The mixture was directly added into the culture flask to prevent protein degradation. The flask was placed on ice for 5 minutes and then the cells were collected using a scraper along the surface of the flask and transferred into a 1.5 mL eppendorf tube. The tube was placed on ice for 30 minutes and was sonicated by ultrasonicator and then spun down at 13000 xg for 20 minutes at 4°C. The cell lysate was aliquoted into a sterile eppendorf tube for protein quantification.
[bookmark: _Toc405754858][bookmark: _Toc515376288][bookmark: _Toc515379678][bookmark: _Toc527381499]Protein quantification BCA assay
Quantification of the extracted proteins from the MDA-MB-231 and the positive cell lines were determined using the colorimetric assay Bio-Rad DC protein assay kit. The assay is based on the interaction of protein with an alkaline copper tartrate solution and Folin’s reagent. The protein standards were performed in duplicate with lysis buffer and protein standard II bovine serum albumin. BSA was diluted into different concentrations to produce a standard curve as shown in Table 2-29. The protein assay working reagent is prepared by mixing 1 mL of reagent A (BCA Reagent) with 20 μL of reagent S. In a 96 well plate, 5 μL of the standards and unknown samples were loaded. Then 25 μL of working solution was added to each well followed by 200 μL of reagent B. The plate was placed onto plate shaker to mix the reagents. After 15 minutes incubation, the absorbance was measured using a spectrophotometer at 750 nm. Linear Regression analysis was done using GraphPad Prism7 software to interpolate concentrations of protein samples from BSA standards (Figure 2-3).
[bookmark: _Toc527379685]Table ‎2‑29: Preparing of protein standard of BSA and lysis buffer of different concentrations. These BSA protein standards range from (0.294–1.47 mg/mL).
	Stander
	Final concentration BSA mg/mL
	BSA (μL)
	Lysis buffer (μL)

	     1
	1.47
	20 μL
	__

	2
	1.176
	16 μL
	4 μL

	3
	0.882
	12 μL
	 8 μL

	4
	0.588
	 8 μL
	12 μL

	5
	0.294
	4 μL
	16 μL

	6
	0
	__
	20 μL



[image: ]
[bookmark: _Toc527379169]Figure ‎2‑5: Example of the protein standard curve.

[bookmark: _Toc405754859][bookmark: _Toc515376289][bookmark: _Toc515379679][bookmark: _Toc527381500]Western blotting protocol
Western blotting was done to validate the functionality of protein expression in MDA-MB-231 control and knockdown cells.
[bookmark: _Toc405754860][bookmark: _Toc515376290][bookmark: _Toc515379680][bookmark: _Toc527381501]Sample preparation and running
The protein sample of 5 μg was used by mixing the protein with loading buffer (2x Laemelli sample buffer) and denaturation agent 10x DTT. The mixture was heated at 95°C for 10 minutes to denature proteins.
[bookmark: _Toc405754862]The gel plates were placed into a cassette and gel running apparatus was placed towards the centre of the tank (Bio-Rad), and the tank was filled with 1X running buffer Tris/Glycine Buffer. The combs were removed, and wells were washed with running buffer. Equal volume of the protein samples was loaded into the wells of a mini SDS-PAGE 4-20% gel, along with molecular weight marker. Then the gel was allowed to run for 10 minutes at 100 V, and then the voltage increased to 150 V for about 1 hour to finish the run.
[bookmark: _Toc515376291][bookmark: _Toc515379681][bookmark: _Toc527381502]Transfer
The transfer method employed is the Trans-blot Turbo, essentially a semi-dry technique, which provides rapid transfers with high efficiency.
After the completion of SDS-PAGE run, the transfer pack Trans-Blot Turbo, 0.2 μm PVDF was opened. The transfer pack has two stacks of the membranes-anode (which including the PVDF membrane) and the cathode stack. The cassette was prepared by opening the lid and placed the bottom membrane (anode stack) than the gel and on the top of the gel the cathode stake. To remove the trapped air between the membranes, the 15 mL tube was used as roller. Then the lid was placed on the cassette and placed into the transfer machine. The transfer was performed at 25 V for 7 minutes. When the run was completed, the cassette was removed from the machine to remove the membrane from the sandwich. The transfer membrane is ready for blocking.
[bookmark: _Toc405754863][bookmark: _Toc515376292][bookmark: _Toc515379682][bookmark: _Toc527381503]Blocking and probing
The PVDF membrane was removed from the cassette and blocked to prevent non-specific protein binding. The blocking solution used was 3% bovine serum albumin (BSA) in 0.1% PBS-Tween. The membrane was incubated in blocking solution for 1 hour at room temperature on the shaker. Then the transfer membrane was incubated with primary antibody in specific concentration against the protein of interest at 4°C, overnight with gentle agitation.
[bookmark: _Toc527379686]Table ‎2‑30: Primary antibodies against a specific protein in western blotting with dilution.
	Primary antibody
	Dilution
	Catalogue No.

	Rabbit monoclonal Anti-RAMP1
	1:1000 in 3% BSA in 0.1% PBS-T
	EPR10867(ab156575)

	Mouse monoclonal Anti-RAMP2 (B-5)
	1:1000 3% BSA in 0.1% PBS-T
	SC-365240

	Mouse monoclonal Anti-RAMP3 (G-1)
	1:1000 3% BSA in 0.1% PBS-T
	SC-365313

	Mouse monoclonal anti-human CLR
	1:1000 in 3% BSA in 0.1% PBS-T
	Mab 33/08-1F2

	Rabbit monoclonal anti-Vinculin
	1:5000 in 3% BSA in 0.1%PBS-T
	Ab129002



The next day the membrane was washed with washing buffer Tris-base TBS including 0.1% tween20, for 3 to 5 times for 10 minutes per wash to remove the excess primary antibody. Then the membrane was incubated with a secondary antibody according to the following table and incubated for 1hour at room temperature on a shaker.
[bookmark: _Toc527379687]Table ‎2‑31: Conjugated secondary antibodies raised against rabbit or mouse dilution.
	Protein
	Secondary antibody
	Dilution
	Supplier

	RAMP-1
	polyclonal goat anti-rabbit immunoglobulins HRP
	1:15000 in 3% BSA in 0.1% PBS-T
	Dako

	RAMP-2
	polyclonal goat anti-mouse immunoglobulins HRP
	1:10000 in 3% BSA in 0.1% PBS-T
	Dako

	RAMP-3
	polyclonal goat anti-mouse immunoglobulins HRP
	1:2000 in 3% BSA in 0.1% PBS-T 
	Dako

	CLR
	polyclonal goat anti-mouse immunoglobulins HRP
	1:2000 in 3% BSA in 0.1% PBS-T
	Dako

	Vinculin
	polyclonal goat anti-rabbit immunoglobulins HRP
	1:5000 in 3% BSA in 0.1% PBS-T
	Dako


The membrane was washed with 0.1% TBS-T for 3 to 5 times for 10 minutes per wash to remove excess secondary antibody. The final washes, the membrane washed with water three times for 5 minutes per wash to remove an excess Tween 20. Signal development, SuperSignal® West Dura was used to visualise the band signal. The membrane was placed onto a plate, and then 1 mL of chemiluminescent substrate solution was added and incubated for 5 minutes. Then the membrane was sealed in plastic wrap. Finally, the membrane blot was imaged using the ChmiDoc™ machine (bio-rad). All the images were saved, and the bands density was analysed using ImageJ Lab software version 5.2.1.
[bookmark: _Toc527381504]Quantification of protein expression
The bands corresponding to RAMP1, RAMP2, RAMP3, CLR and vinculin were quantified using Image-Lab software. The band intensity of RAMPs and CLR were normalised to the intensity of housekeeping protein Vinculin. The blot image was edited using Image-Lab software, Similar size rectangle was used to crop all images and background was automatically subtracted. In excel sheet, the volume of each band was recorded, and then the ratio was calculated by normalising the protein of interest band volume by the loading control volume. In addition, the relative expression was calculated to the control.   

[bookmark: _Toc515376293][bookmark: _Toc515379683][bookmark: _Toc527381505][bookmark: _Toc527379688]Generating knockdown cell using shRNA
Table ‎2‑32: Materials used for generating shRNA
	Item
	Supplier

	shRNA (bacterial glycerol stock) plasmid
	Sigma

	S.O.C media
	ThermoFisher

	Agar
	Sigma-Aldrich

	LB broth
	Sigma-Aldrich

	Carbenicillin disodium salt
	Sigma-Aldrich

	PureLink™ Quick Plasmid Miniprep Kit
	Promega

	Resuspension Buffer (R3; 50 mM Tris-HCl, pH 8.0; 10 mM EDTA) 
	Promega

	RNase A (20 mg/mL in Resuspension Buffer R3) 
	Promega

	Lysis Buffer (L7; 200 mM NaOH, 1% w/v SDS) 
	Promega

	Precipitation Buffer (N4) 
	Promega

	Wash Buffer (W9) 
	Promega

	Wash Buffer (W10) 
	Promega

	TE Buffer (10 mM Tris-HCl, pH 8.0; 0.1 mM EDTA) 
	Promega

	Wash and recovery tubes 
	Promega

	Spin columns
	Promega

	Resuspension Buffer (R3; 50 mM Tris-HCl, pH 8.0; 10 mM EDTA) 
	Promega

	RNase A (20 mg/mL in Resuspension Buffer R3) 
	Promega



To generate stable knockdown cells, mission short hairpin RNA (shRNA) bacterial glycerol stock from (Sigma) was used. It is a viral vector-based RNAi library against human genes. The pLKO.1 cloning vector is the backbone upon which the RNAi Consortium has built a library of shRNAs directed against 15,000 human genes.
A target set of five individual clones of mission TRC1 shRNA for RAMP3 gene was used for gene silencing. Briefly, each lentiviral plasmid vector (pLKO.1-Puro) contains various 21-base sense and antisense short hairpin sequence verified to target specific regions of the RAMP3 gene (see table 2-33 below for sequence).
[bookmark: _Toc527379689]Table ‎2‑33: shRNA sequence for RAMP3 gene
	TRC number
	Region
	TRC version
	Sequence

	TRCN0000060978
	CDS
	1
	CCGGCATCGTGTACTATGAGAGTTTCTCGAGAAACTCTCATAGTACACGATGTTTTTG

	TRCN0000060981
	CDS
	1
	CCGGCGAGGTTCTCATCCCGCTGATCTCGAGATCAGCGGGATGAGAACCTCGTTTTTG

	TRCN0000060982
	CDS
	1
	CCGGGAAGGCTTTCGCAGACATGATCTCGAGATCATGTCTGCGAAAGCCTTCTTTTTG

	TRCN0000060980
	CDS
	1
	CCGGTCCGAGTTCATCGTGTACTATCTCGAGATAGTACACGATGAACTCGGATTTTTG

	TRCN0000060979
	CDS
	1
	CCGGCTGATCGTTATACCCGTCGTTCTCGAGAACGACGGGTATAACGATCAGTTTTTG


(Underlined sequence= RAMP3 shRNA target site sequence)
[image: pLKO.1-puro Vector Map]
[bookmark: _Toc527379170]Figure ‎2‑6: Vector Map (pLKO.1puro), image was adapted from (sigma-Aldrich).

[bookmark: _Toc527379690]

Table ‎2‑34: TRC-1 lentiviral plasmid vector description and features
	Name
	Description

	Cppt
	Central polypurine tract

	HPGK
	Human phosphoglycerate kinase eukaryotic promoter

	PuroR
	Puromycin resistance gene for mammalian selection

	SIN/LTR
	3' self-inactivating long terminal repeat

	f1 ori
	f1 origin of replication

	AmpR
	Ampicillin resistance gene for bacterial selection

	pUC ori
	pUC origin of replication

	5' LTR
	5' long terminal repeat

	Psi
	RNA packaging signal

	RRE
	Rev response element


First, the bacterial glycerol stock tubes were removed from -80°C freezer and centrifugied before opening the lid. Then, 50 µL of the bacterial glycerol stock was placed into a new sterile culture tube containing 0.5 mL S.O.C media without antibiotics. The culture tubes were incubated at 37°C for 30 minutes on the shaker. Then, 25 µL of the bacterial culture was inoculated into an agar plate containing 100 µg/mL carbenicillin by using a sterile loop. Carbenicillin, a semi-synthetic ampicillin analog, is recommended over ampicillin due to its increased stability in cultures. All the agar plates were incubated at 37°C for 15-20 hours. Then single colony was isolated from the culture agar plate into LB broth medium.
[bookmark: _Toc515376294][bookmark: _Toc515379684][bookmark: _Toc527381506]Bacterial culture
The single colony of bacteria was picked for inoculating into a 5 mL LB broth media containing the appropriate antibiotics carbenicillin 100 µg/mL. The culture broth tubes were incubated on a shaker incubator at 37°C with moderate speed at 225 rpm overnight for 14-18 hours. The plasmid DNA was extracted using the PureLink™ Quick Plasmid Miniprep Kit.
[bookmark: _Toc515376295][bookmark: _Toc515379685][bookmark: _Toc527381507]DNA plasmid extraction
The plasmid DNA was extracted using mini-prep kit pureLink Quick plasmid DNA miniprep kit. The overnight incubated bacterial cultures tubes were centrifuged at 12,000 x g for 15 minutes and the pellet was resuspended thoroughly in 250 µL cell resuspension buffer (R3) containing RNase A, until it is homogeneous. The cells were lysed by adding 250 µL lysis buffer (L7) by inverting the capped tube gently until the mixture was homogeneous, and then incubated for 5 minutes at room temperature. Then, 350 µL of precipitation buffer (N4) was added to the cell lysate by mixing and inverting the tube. The lysate was centrifuged at 12,000 xg for 10 minutes. The supernatant was loaded into a spin column and centrifuged at 12,000 xg for 1 minute. The columns were added into new wash tube and 500 µL of wash buffer (W10) was added and incubated for 1 minute at room temperature. The column was centrifuged at 12,000 xg for 1 minute and then, placed into new wash tube. The wash buffer (W9) of 700 µL with ethanol was added and centrifuged at 12,000 xg for 1 minute, twice. The columns were placed into a sterile tube and 75 µL of preheated at 65°C TE buffer was added and incubated for 2 minutes at room temperature. The DNA was finally eluted by centrifugation at 12,000 xg for 2 minutes. The DNA plasmid was quantified using the Nanodrop spectrophotometer. The A260/280 ratios along with DNA concentration as ng/μL were recorded. The DNA plasmid samples were stored at -°20C.
[bookmark: _Toc515376296][bookmark: _Toc515379686][bookmark: _Toc527381508]Plasmid transfection
The cells were transfected with shRNA plasmid DNA using lipofectamine 2000 reagent protocol (Invitrogen by Thermos Fisher Scientific). Prior to transfection, a flask of 90% MDA-MB-231 cells were washed twice with 1X PBS buffer, and trypsinised and counted as per sections 2.2.3 and 2.2.6, respectively. The cells were seeded onto a 6-well plate at the density 5x105 cells/mL and the plate was incubated at 37C° with 5% CO2. On the transfection day, MDA-MB-231 cells were about 70-90% confluent, and the medium was replaced with antibiotic free growth medium. For each transfection well, the DNA-lipid complex was prepared by diluted DNA (µg) to lipofectamine 2000 (µL) in the ratio of 1:2. The transfection complex was prepared by diluting 2.5µg DNA in 150 µL of Opti-MEM reduced serum medium in a sterile tube. In a new sterile tube 6 µL of lipofectamine 2000 was mixed with 150 µL of Opti-MEM reduced serum medium and incubated for 5 minutes at room temperature. After the incubation, plasmid DNA was combined with lipofectamine 2000 in the ratio of 1:1. The total volume of 300 µL was mixed gently and incubated for 20 minutes at room temperature. The cell plate was removed from the incubator to the sterile hood and 300 µL of the DNA-lipid complex was added to each well of the 6 well plate and incubated at 37°C for 48 hours. After 24 hours, the transfected cells were selected by adding the selective medium containing puromycin at an appropriate concentration 3 µg/mL. 
[bookmark: _Toc515376297][bookmark: _Toc515379687][bookmark: _Toc527381509]In vivo tumour model
[bookmark: _Toc515376298][bookmark: _Toc515379688][bookmark: _Toc527381510]Mice
The in vivo experiment was performed using six-week old female BALB/c immunocompromised mice (Charles River, UK), which were maintained in a sterile environment. Experiments were performed in accordance with local guidelines and with Home Office approval of University of Sheffield, UK. A total of twenty mice were used (control group= 10 mice and RAMP3 KO group= 10 mice)
[bookmark: _Toc515376299][bookmark: _Toc515379689][bookmark: _Toc527381511]Tumour injection
The MDA-MB-231 control and RAMP3 knockdown cells were cultured under normal cell culture conditions. On the day of inoculation, the cells were prepared by washing the flask twice with 1X PBS buffer, and trypsinised and counted as per sections 2.2.3 and 2.2.6, respectively. The cells 5X106 were suspended in100µL of PBS with matrigel in the ratio of 1:1. The mice were generally anesthetised using isoflurane and 5X106 cells were injected subcutaneously (S.C.) into the left flank region of the mouse. There were two groups of 10 mice with MDA-MB-231 and RAMP3 KD cells, respectively.
[bookmark: _Toc515376300][bookmark: _Toc515379690][bookmark: _Toc527381512]Tumour measurement
Mice were checked twice a week for tumour formation and growth, and the tumour volume was determined by using callipers for measurement. The tumour volumes were calculated using the formula
Tumour volume mm3 = ((Length) X 3.14 X (width)/2)2
According to the guidelines, mice were euthanized when their tumour volume reached 1000 mm3. The study was conducted for 4 weeks, but the mice were sacrificed at day 23, post injection. The tumours were removed and collected for weight measurement and then stored in 10% formalin for histological analysis.
[bookmark: _Toc515376301][bookmark: _Toc515379691][bookmark: _Toc527381513]Histology
 Tumours were fixed in 10% formalin and were processed for paraffin embedding. The tumours were embedded in paraffin wax and serial sections of 3 µm thickness were cut using microtome at the Histology lab of the University of Sheffield. Each tumour section was mounted on the histology slide for Haematoxylin and eosin stain (H&E). Then the sections were scanned using panoramic 250 slide scanner and slides were analysed using CaseViewer software.
[bookmark: _Toc515376302][bookmark: _Toc515379692][bookmark: _Toc527381514]Haematoxylin and eosin (H&E) staining
The purpose of H&E staining was to observe the morphological change of the tumours. Haematoxylin is a basic dye which stains acidic cell structures (nuclei) while eosin is an acidic dye which stains basic cell structures (e.g. cytoplasm, muscle, connective tissues, red blood cells). 
The mounted slides were dried overnight, and the sections were deparaffinised with xylene twice, 5 minutes each time. Then, the slides were rehydrated twice in absolute alcohol (100% ethanol) to remove the xylene for 5 minutes each time. Rehydration were continued by using 95% IMS and 70% IMS for 5 minutes each time. After that the slides were briefly washed in tap water. Then, the slides were stained with Gill’s haematoxylin stain for 90-120 seconds followed by rinsing in running water. The sections were stained with 1% aqueous eosin for 5 minutes (made up with 1% calcium carbonate) and then washed in running tap water in order to stain the cytoplasm. 
Sections were rehydrated through 70% and 94% IMS for 10 seconds to absolute alcohol 100% ethanol for 30 seconds twice. Then, xylene was used twice to remove IMS for 1 minutes and 3 minutes. Finally, the cover slips were mounted using DPX, and then the sections were covered with the cover slip. All the slides were left to air dry for the next scanning and analysis.
[bookmark: _Toc515376303][bookmark: _Toc515379693][bookmark: _Toc527381515]CD31 immunohistochemistry
[bookmark: _Hlk515887145] The angiogenesis marker CD31 was performed in order to measure the blood vessels development in the tumour sections. Sections were deparaffinised with tap water, then the sections were washed with xylene for 5 minutes and 30 seconds in alcohol and the sections were left in the tap water. The slide sections were incubated with proprietary buffer for antigens retrieval (Citrate buffer pH6, preheat 80°C, heat at 95°C for 25mins, cool). Following antigen retrieval, all sections were washed gently in tap water, and then soaked in 3% H2O2 in H2O for 20 minutes. Then the sections were washed and marked using PAP pen in order to detect the tissues. To reduce further nonspecific background staining, slides were incubated with rabbit serum blocking solutions for 30 minutes at room temperature. All slides then were incubated at 4° C overnight with antibody rat monoclonal anti-mouse endothelial cell marker CD31 (OPTISTAIN) at optimised concentration 1:50. Next day, the slides were washed with TBST for 5 minutes three times. The slides were incubated with biotinylated secondary antibody (Vectastain) against rat Immunoglobulins at room temperature for 30 minutes. After that, the slides were washed in PBS for 10 minutes. The detection was performed using ABC kit (Vectastain), prepared according to manufacturer instruction by adding one drop of solution A and one drop of solution B in 2.5 mL of TBS and incubated 30 minutes before using. The slides were incubated with the ABC for 30 minutes at room temperature, followed by washing in PBS for 5 minutes. One drop of impact DAB Eq (reagent 1 and 2) was added to each slide. The slides were washed with PBS for 5 minutes twice. Slides were counterstained with Gill’s haematoxylin for 30 seconds. The slides were dehydrated and mounted with DPX.
[bookmark: _Toc515376304][bookmark: _Toc515379694][bookmark: _Toc527381516]Statistical analysis
Statistical analyses were carried out by using GraphPad prism7 software. All the experiments were performed in triplicate and the data were represented as mean ± SEM, as indicated in the legends. Statistical significant was assessed using unpaired t-test for two group comparisons. Two-way ANOVA (Sidak’s multiple comparisons) was conducted comparing two groups in growth curve. Two-way ANOVA test (Dunnett’s multiple comparisons test) was used in the proliferation and viability assays for comparing the treatments with controls. P value * indicates significance p<0.05, ** indicates p<0.01, *** indicates p<0.001 and ****p< 0.0001.



















[bookmark: _Toc527381517]Chapter three: Characterisation of AM receptors and generation of RAMP3 knockdown breast cancer cell line, in vitro 

[bookmark: _Toc515376306][bookmark: _Toc515379696]Chapter Three: Characterisation of AM Receptors and Generation of RAMP3 Knockdown Breast Cancer Cell Line, In Vitro
[bookmark: _Toc527381518]Introduction
As discussed in the introduction, we hypothesised that RAMP3 knockdown deregulates triple negative breast cancer metastasis. The preparatory aim was to characterise the expression profile of adrenomedullin (AM) and its receptors in triple negative breast cancer cell line MDA-MB-231. Amongst several metastatic cell lines, the highly invasive MDA-MB-231 cell line is the most commonly used model for in vitro and in vivo studies. The poorly differentiated MDA-MB-231 cell line is classified as the basal B subtype and their invasive property is characterised by degradation of extracellular matrix by proteolytic enzymes (Holiday et al., 2011; Chavez et al., 2010). Hence, MDA-MB-231 cell line will be an ideal pre-clinical model to study the processes of migration, invasion, angiogenesis and metastasis effect of RAMP3. 
The peptide hormone AM is widely secreted in human cancer cell lines as previously reported (Miller et al., 1996; Zudaire et al., 2003b). The biological function of AM is mediated via two cell surface receptors, AM1 and AM2. Co-expression of CLR and RAMP2 forms AM1 receptor while co-expression of CLR with RAMP3 forms AM2 receptor (McLatchie et al., 1998). Characterisation of AM and its receptors are significant since its regulation is associated with breast cancer metastasis and it also plays a significant role in osteolytic bone lesions (Siclari et al., 2014). To recognise the functional role of RAMP3, end-point RT-PCR, qRT-PCR and western blotting was used to validate transcript and protein level expression of AM and its receptors.
Expression of AM and its receptors are frequently up-regulated in tumour microenvironment and their presence is strongly associated with sustaining angiogenesis and promoting breast cancer progression (Zudaire et al., 2003b). Several deletion studies and transgenic model of AM and RAMPs have provided a valuable tool for understanding the functional importance of these receptors. Although significance of AM and its participating receptors as critical regulators of breast cancer metastasis to bone is reported, pro-metastatic signature of RAMP3 in breast cancer is unresolved. Hence, RAMP3 could be utilised as a novel therapeutic target for understanding pathology of hormone receptor negative breast cancer.
To validate the putative role of RAMP3 in breast cancer, shRNA technique was used to down-regulate RAMP3 expression. Five different plasmids were used to stably transfect and the transfection efficiency of RAMP3 shRNA knockdown cells were identified using qRT-PCR and western blotting. Since AM and CGRP receptor activities are positively influenced by RAMPs and CLR, end-point RT-PCR, qRT-PCR and western blotting was used to validate transcript and protein level expression of AM and its receptors in RAMP3 knockdown cells. Also, efficiency of stable transfection was identified using western blotting.
Overall, the objective of this chapter is to elucidate the expression of AM and its receptors in MDA-MB-231 cells, and then inhibit the expression of RAMP3 receptor by shRNA technique. The RAMP3 knockdown cells were further probed for the expression of RAMPs, AMs and CLRs, by end-point RT-PCR, qRT-PCR and western blotting. After identifying the functional correlation between AM and its receptors in RAMP3 knockdown cells, efficiency of stable transfection was verified by western blotting.


[bookmark: _Toc515376307][bookmark: _Toc515379697][bookmark: _Toc527381519]Hypothesis and Objectives
[bookmark: _Toc527381520]Hypothesis
AM and its receptors (CLR/RAMP2), (CLR/RAMP3) are expressed in triple negative cell line MDA-MB-231. 
[bookmark: _Toc527381521]Objectives
· [bookmark: _Hlk509417366]To measure AM and its receptor status in MDA-MB-231 cell line at gene and protein level.
· To generate RAMP3 knockdown cell line using shRNA technique.
· To validate RAMP3 knockdown in MDA-MB-231 cell line at gene and protein level.
· To determine the expression of RAMP1, RAMP2, CLR and AM in the RAMP3 knockdown at both gene and protein level.
· To confirm the stability of RAMP3 knockdown without antibiotic selection for 4 weeks at the protein level. 


[bookmark: _Toc515376308][bookmark: _Toc515379698][bookmark: _Toc527381522]Specific material and method
[bookmark: _Toc515376309][bookmark: _Toc515379699][bookmark: _Toc527381523]Cell line maintenance and culture
The cell lines used in this project were maintained in sterile culture condition as previously described in (2.2.2) and (2.2.3). For RNA and protein extraction, the passage number of MDA-MB-231 cells was in the range (25-35).
[bookmark: _Toc515376310][bookmark: _Toc515379700][bookmark: _Toc527381524]RNA extraction and cDNA synthesis
The RNA was extracted using ReliaPrep™ RNA Cell Miniprep System kit from Promega as earlier mentioned in chapter 2 (2.10). Two microgram of total RNA was reverse transcribed to cDNA.
[bookmark: _Toc515376311][bookmark: _Toc515379701][bookmark: _Toc527381525]End-point RT-PCR and qRT-PCR
[bookmark: _Hlk505507738]Reverse transcription-PCR was performed to investigate the mRNA expression of AM, RAMP1, RAMP2, RAMP3 and CLR genes. The primers were obtained from (Eurofins Genomics) and mRNA was reverse transcribed using GoTaq DNA polymerase from Promega. The PCR products were sequenced by Core Genomic Facility of (University of Sheffield) to validate the results. Quantitative RT-PCR was carried out to quantify the mRNA expression of AM, RAMPs and β-Actin (housekeeping gene).
[bookmark: _Toc515376312][bookmark: _Toc515379702][bookmark: _Toc527381526]Western blot
The western blotting methodology as earlier mentioned in chapter 2 (2.12). The protein concentration of 5µg was resolved in SDS-PAGE and probed with RAMP1, RAMP2, RAMP3, and CLR primary antibody. Vinculin was used as a housekeeping protein to normalise protein expression. Bands densitometry were quantified using Image-Lab software version 5.2.1.
[bookmark: _Toc515376313][bookmark: _Toc515379703][bookmark: _Toc527381527]Stable transfection
The MDA-MB-231 cells were transfected with pLKO.1 puro RAMP3 shRNA vector and positively transfected cells were selected with 2 µg/mL puromycin. The transfection was performed using Lipofectamine® 2000 following the manufacturer’s instructions.
[bookmark: _Toc515376314][bookmark: _Toc515379704][bookmark: _Toc527381528]Statistical analysis
Data were analysed using GraphPad prism 7 software. Statistical significant was assessed using unpaired t-test for two group comparison and One-way ANOVA test with (Dunnett’s multiple comparisons test) for more than two group comparison. Data expressed as mean ± SEM from at least three independent experiments. The statistical significant result of P value< 0.05 indicates single asterisk *. A double and triple asterisk indicates **P< 0.01 and ***P< 0.001, respectively.

[bookmark: _Toc515376315][bookmark: _Toc515379705][bookmark: _Toc527381529]Result
[bookmark: _Toc515376316][bookmark: _Toc515379706][bookmark: _Toc527381530]End-point RT-PCR
[bookmark: _Toc515379707]End-point RT-PCR of AM and RAMPs in MDA-MB-231 cell line
The receptors AM, CLR and RAMPs were expressed in both MDA-MB-231 and positive control cell lines. Total RNA of 2 µg was used for end-point RT-PCR and GAPDH were used as a housekeeping gene. RT negative control containing all the RT-PCR reagents except reverse transcriptase enzyme was used to verify genomic DNA contamination during RNA extraction.
The positive cell lines used in this project was engineered to over express naturally GPCRs.  Chinese hamster ovary cell line CHO-K1 were transfected with plasmid AM1 receptor (CLR + RAMP2) to generate AM1 cells.  Human cell line 1321N1 was transfected with plasmid human CGRP1 (CLR + RAMP1) and AM2 receptor (CLR + RAMP3) to over-express CGRP receptor and AM2 receptor, respectively.
The PCR result show expression of AM in MDA-MB-231 and AM2 cells (Figure 3-1). The expression of CLR and RAMP1 was observed in MDA-MB-231 and CGRP over-expressing cells (Figure 3-3) and (Figure 3-4), respectively. Also, RAMP2 expression in MDA-MB-231 and AM1 cells (Figure 3-5) and RAMP3 expression in MDA-MB-231 and AM2 cells (Figure 3-6) were observed. Optimisation of annealing temperature was mentioned in chapter 2. All experiments were performed thrice for statistical significance.
[bookmark: _Toc515379708]Direct DNA Sequencing
Identity of the gene of interest was confirmed by Sanger sequencing of RT-PCR products and probed for their authenticity using NCBI BLAST. 
The PCR products were sequenced by the Core Genomic Facility at the University of Sheffield and obtained sequence reads were blasted in the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast). The sequencing results confirmed by NCBI blast revealed a greater than 90 % identity, AM (98%), RAMP1 (99%), RAMP2 (99%), RAMP3 (97%), CLR (100%) of MDA-MB-231 cells. Similarly, percentage identity greater than 90% was observed, AM (97%), RAMP1 (99%), RAMP2 (91%), RAMP3 (97%), CLR (100%) of positive control (Table 3-1), and (Table 3-2).

[image: ]
[bookmark: _Toc527379171]Figure ‎3‑1: Expression of AM in MDA-MB-231 cell line by RT-PCR.
Representative image of agarose gel electrophoresis shows expression of adrenomedullin (AM) mRNA in MDA-MB-231 and AM2 positive control cell lines. Bands at 276 bp band corresponding to AM and 354 bp band for GAPDH. GAPDH was used as a housekeeping gene. Repeated=3

[image: ]
[bookmark: _Ref510440894][bookmark: _Toc527379172]Figure ‎3‑2: Representative result of PCR product sequencing.
The PCR products of the AM in MDA-MB-231 cells and AM2 cells were subjected to Sanger sequence to validate the identity. The BLAST result showed 98% and 97% identities in MDA-MB-231 and AM2 cells, respectively. The accession number is NM_001124.2. 



[image: ]
[bookmark: _Ref504562482][bookmark: _Toc527379173]Figure ‎3‑3: Expression of CLR in MDA-MB-231 cell line.
Representative image of agarose gel electrophoresis shows expression of CLR mRNA in MDA-MB-231 and CGRP positive control cell lines. Bands at 302 bp band corresponding to CLR and 354 bp band for GAPDH. GAPDH was used as a housekeeping gene. Repeated=3




[bookmark: _Ref504563054][bookmark: _Ref509245412][image: ]
[bookmark: _Toc527379174]Figure ‎3‑4: Expression of RAMP1 in MDA-MB-231 cell line.
Representative image of agarose gel electrophoresis shows expression of RAMP1 mRNA in MDA-MB-231 and CGRP positive control cell lines. Bands at 193 bp band corresponding to CLR and 354 bp band for GAPDH. GAPDH was used as a housekeeping gene. Repeated=3
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[bookmark: _Ref504565607]
[bookmark: _Toc527379175]Figure ‎3‑5: Expression of RAMP2 in MDA-MB-231 cell line.
Representative image of agarose gel electrophoresis shows expression of RAMP2 mRNA in MDA-MB-231 and AM1 positive control cell lines. Bands at 256 bp band corresponding to RAMP2 and 354 bp band for GAPDH. GAPDH was used as a housekeeping gene. Repeated=3
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[bookmark: _Toc527379176]Figure ‎3‑6: Expression of RAMP3 in MDA-MB-231 cell line.
Representative image of agarose gel electrophoresis shows expression of RAMP3 mRNA in MDA-MB-231 and AM2 positive control cell lines. Bands at 227 bp band corresponding to RAMP3 and 354 bp band for GAPDH. GAPDH was used as a housekeeping gene. Repeated=3










[bookmark: _Toc527379691]
Table 3‑1: Identity of PCR product verified by DNA sequencing and NCBI blast in MDA-MB-231 cells.
	Gene
	Accession No.
	Description
	Query coverage
	Identity

	AM
	NM-001124.2
	Homo sapiens adrenomedullin (ADM), mRNA
	90%
	98%

	RAMP1
	NM-005855.2
	Homo sapiens receptor (G protein-coupled) activity modifying protein 1 (RAMP1), mRNA
	84%
	99%

	RAMP2
	NM-005854.2
	Homo sapiens receptor (G protein-coupled) activity modifying protein 2 (RAMP2), mRNA
	90%
	99%

	RAMP3
	NM_005856.2
	Homo sapiens receptor (G protein-coupled) activity modifying protein 3 (RAMP3), mRNA
	89%
	97%

	CLR
	NM_001271751.1
	Homo sapiens calcitonin receptor-like (CALCRL), transcript variant 2, mRNA
	88%
	100%

	GAPDH
	NM-001289746.1
	Homo sapiens glyceraldehyde-3-phosphate dehydrogenase (GAPDH), transcript variant 4, mRNA
	90%
	99%










[bookmark: _Toc527379692]Table 3‑2: Identity of PCR products verified by DNA sequencing and NCBI blast in positive control cells.
	Gene
	Accession No.
	Description
	Query coverage
	Identity

	AM
	NM-001124.2
	Homo sapiens adrenomedullin (ADM), mRNA
	88%
	97%

	RAMP1
	NM-005855.2
	Homo sapiens receptor (G protein-coupled) activity modifying protein 1 (RAMP1), mRNA
	90%
	99%

	RAMP2
	NM-005854.2
	Homo sapiens receptor (G protein-coupled) activity modifying protein 2 (RAMP2), mRNA
	90%
	91%

	RAMP3
	NM_005856.2
	Homo sapiens receptor (G protein-coupled) activity modifying protein 3 (RAMP3), mRNA
	90%
	97%

	CLR
	NM_001271751.1
	Homo sapiens calcitonin receptor-like (CALCRL), transcript variant 2, mRNA
	90%
	100%

	GAPDH
	NM_001289746.1
	Homo sapiens glyceraldehyde-3-phosphate dehydrogenase (GAPDH), transcript variant 4, mRNA
	95%
	99%




[bookmark: _Toc515376317][bookmark: _Toc515379709][bookmark: _Toc527381531]Western blot Results
To validate the presence of functional AM and its receptors, MDA-MB-231 cells were probed for RAMPs and CLR expression using western blotting. The AM1, AM2 and CGRP1 over-expression cells were used as a positive control. Protein concentration of 5µg was resolved in SDS-PAGE gel electrophoresis. The housekeeping protein vinculin as a loading control was used to normalise protein expression. Our findings showed that protein level expression of RAMP1, RAMP2, RAMP3 and CLR were observed in MDA-MB-231 cell line. 
Multiple bands close to 20 kDa and 37 kDa were observed for RAMP1 protein and the expected molecular weight of its monomer is 17 kDa (Figure 3-7, A). A band close to 20 kDa was observed for RAMP2 protein and the expected molecular weight of its monomer is 19 kDa (Figure 3-7, B). Similar to RAMP1 protein expression, multiple bands were observed for RAMP3 (Figure 3-7, C) and CLR (Figure 3-7, D) western blotting. Expected molecular weight of RAMP3 monomer close to 28 kDa was observed. Though, CLR monomer band close to 48 kDa was observed, its intensity was much lesser compared to other multiple bands.
Bands intensities were measured for RAMPs and CLR in MDA-MB-231 using Image-Lab software. RAMP1 was significantly highly expressed in MDA-MB-231 cells compared to RAMP2 and CLR. RAMP3 expression level showed no significant difference in comparing to RAMP1, RAMP2 and CLR (Figure 3-8). 



[image: ]
[bookmark: _Toc527379177]Figure ‎3‑7: Western blot expression of RAMPs and CLR protein.
Representative blot of RAMPs and CLR expression in MDA-MB-231 cells and positive cell lines. A) RAMP1 band observes at ~20 kDa. B) RAMP2 band observes at ~20 kDa. C) RAMP3 band observes at~28 kDa. D) CLR band observes at ~50 kD. The loading control is Vinculin and band detected at 124 kDa
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[bookmark: _Toc527379178]Figure ‎3‑8: Western blot analysis of RAMPs and CLR protein expression in MDA-MB-231 cells.
Densitometry analysis of RAMP1, RAMP2, RAMP3 and CLR normalised to loading control protein Vinculin. RAMP1 expression showed a significant high expression compared to RAMP2 and CLR in MDA-MB-231. Error bars represent mean ± SEM and data are representative of three independent experiments. t-test was performed comparing MDA-MB-231. P values were generated using unpaired t-test. * indicates significance P<0.05. Band densitometry done using Image-Lab software.



.


[bookmark: _Toc515376318][bookmark: _Toc515379710][bookmark: _Toc527381532]Knockdown of RAMP3 in MDA-MB-231 cell using shRNA
To assess the functional importance of RAMP3 expressed by MDA-MB-231 cells, shRNA technique was used to knockdown RAMP3. Five different plasmids sequence of RAMP3 gene were provided and the shRNA sequence was cloned into the pLKO.1-puro lentiviral vector, as previously described in Chapter 2. In order to optimise these plasmids, cells were transfected individually with plasmid DNA and co-transfection of all the five plasmids using Lipofectamine® 2000. The plasmid DNA (µg) to Lipofectamine®2000 (µl) ratio of 1:2 was standardised for MDA-MB-231 cells.
[bookmark: OLE_LINK6]After 48 hours, the medium was replaced with selection medium containing puromycin. Puromycin dihydrocholoride was used to select the transfected cells with shRNA harbouring puromycin resistant gene. Puromycin dose response curve was performed on wild type MDA-MB-231 cell in order to determine the minimum puromycin concentration required to kill the non-transfected cells. The cells were treated with different concentrations of puromycin (0.5 µg/mL-5 µg/mL) and monitored for 72 hours (Figure 3-9). Reduction of cell number was obvious in the treated cell with different concentration of puromycin. However, puromycin concentration of 1 µg/mL induced cell death close to 100 % within 48 hours. No apparent cell death was observed in untreated (control) cells post 72 hours (Figure 3-9).  .
The transfected MDA-MB-231 with RAMP3 shRNA plasmids and non-transfected cells were selected using 1 µg/mL puromycin. Puromycin induced cell death in non-transfected cells compared to transfected cells. The cells were maintained in the selection culture medium for four weeks for further characterisation (Figure 3-10).


[bookmark: _Ref504674917][bookmark: _Ref504674906][image: ]
[bookmark: _Toc527379179]Figure ‎3‑9: Puromycin dose response curve.
[bookmark: _Hlk505550382]Dose response curve of non-transfected MDA-MB-231 cells to puromycin. MDA-MB-231 cells were treated with 0 µg, 0.5 µg, 1 µg, 2 µg, 3 µg, 4 µg and 5 µg concentrations of puromycin. Untreated cells served as a positive control. Dose response curve was plotted based on results measured at 24, 48, and 72 hours by haemocytometer. The treated cells were obviously reduced in all the concentrations. The result shows 1 µg/mL puromycin was successfully induced cells death. Error bars represents mean ± SEM and data are representative of triplicate experiments. Unpaired t-test was performed comparing untreated (control) and 1 µg treated cells at 48 hrs and 72 hrs. P values were generated using unpaired t-test. * indicates significance P < 0.05, ** indicates P < 0.01.



[bookmark: _Ref504675948][image: ]
[bookmark: _Toc527379180]Figure ‎3‑10:  Images of the transfection of MDA-MB-231 with RAMP3 shRNA.
The MDA-MB-231 cells were transfected either individually or co-transfection with five different shRNAs targeting human RAMP3 gene. Two days’ post-transfection, transfected cells were selected in 1µg of puromycin. MDA-MB-231 non-transfected cells were used as a negative control and no viable cell in selection media was observed. Viable cell number was examined, and photomicrographs were taken after 72 hrs in selection medium. Scale bar= 400 µm. 
[bookmark: _Toc515376319][bookmark: _Toc515379711][bookmark: _Toc527381533]Optimisation of RAMP3 knockdown by End-point PCR and western blotting
The RNA and protein were extracted from six different shRNA clones of transfected cells. The end-point RT-PCR was performed in order to validate the gene expression of the RAMP3 in shRNA transfected cells. Gel documentation of the amplicons revealed RAMP3 expression in non-transfected and knockdown cells. GAPDH was used as loading control of the cDNA samples (Figure 3-11). RAMP3 co-transfected cells band was fainter compared to the control cells and other transfected cells.
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[bookmark: _Toc527379181]Figure ‎3‑11: End-point PCR for RAMP3 shRNA clones.
Representative image of agarose gel electrophoresis shows expression of RAMP3 mRNA in MDA-MB-231, AM2 positive control cell line and cells transfected with RAMP3 shRNA.RAMP3 Band detects at 227 bp and 354 bp band for GAPDH. GAPDH was used as a housekeeping gene. RAMP3 co-transfected cells displays a faint band compared to MDA-MB-231 cells and shRNA transfected cells. Repeated=3

In order to determine the functional protein expression of RAMP3 in shRNA transfected cells, western blotting was performed. Protein lysates were subjected to SDS-PAGE and the densitometry of the bands were analysed. The co-transfected cells exhibited a reduction in the protein expression by 50% compared to the non-transfected cells. No significant difference in reduction of RAMP3 expression was observed from other shRNA clones (Figure 3-12).




[bookmark: _Ref509252763][image: ]
[bookmark: _Toc527379182]Figure ‎3‑12: Optimisation of RAMP3 shRNA clone by western blotting.
A) A representative blot result of RAMP3 expression in MDA-MB-231 cells and positive cell line AM2 cells and RAMP3 shRNA clones. Band at ~28 kDa and 124 kDa corresponding to RAMP3 and Vinculin, respectively. B) Densitometry result of RAMP3 normalised to housekeeping protein Vinculin showed 50% reduction in the expression of RAMP3 in RAMP3 co-transfected cells compared to MDA-MB-231 cells. Error bars represents mean ± SEM and data are representative of three independent experiments.  One-Way ANOVA with (Dunnett's multiple comparisons) was used. P value was generated using unpaired t-test * indicates significance P <0.05, ** indicates P <0.01, and *** indicates P <0.001.
[bookmark: _Toc515376320][bookmark: _Toc515379712][bookmark: _Toc527381534]qRT-PCR result
[bookmark: _Toc515379713]Reference gene validation
Quantitative real-time PCR in control MDA-MB-231 and RAMP3 knockdown cells verified validation of using appropriate reference genes for normalising mRNA expression. Six reference genes used in the study were ACTB, UBC, B2M, ATP, YWHAZ and PRLP0. The expression of the gene depends on the row Ct value classified as highly expressed (Ct<25), moderate Ct = 25 to 29, low Ct (30-34) and non-expressed Ct > 35.
According to the Ct values, the most stable and highly expressed reference gene in the control and transfected cells was ACTB β-actin. No statistical significant variation was observed in the Ct value of MDA-MB-231 (22.44 ± 0.03044, n=3) and RAMP3 co-transfected cells (21.68 ± 0.3187, n=3). Therefore, ACTB was used as housekeeping gene for all further qRT-PCR experiments (Figure 3-13).
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[bookmark: _Toc527379183]Figure ‎3‑13: Validation of reference genes in non-transfected and co-transfected cells.
The Ct value result of six reference genes (ACTB, UBC, B2M, ATP, YWHAZ and PRLP0) in MDA-MB-231 and RAMP3 KD. The result shows no differences in reference gene expression between the MDA-MB-231 and RAMP3 KD cells. The housekeeping gene ACTB was used for the mRNA expression normalisation. Error bars represent mean ± SEM and data are representative of three independent experiments. Unpaired t-test was performed comparing non-transfected (MDA-MB-231) and co-transfected RAMP3. 



[bookmark: _Toc515379714]Expression of RAMP3 mRNA in WT and KD
In order to quantify the knockdown of RAMP3 in MDA-MB-231 cells at the mRNA level, qRT-PCR was performed. End-point PCR showed expression of RAMP3 in all knockdown cells and western blot results showed a significant reduction of RAMP3 in co-transfected cells compared to individual RAMP3 shRNA knockdown cells. Hence, to ascertain significant change between non-transfected and co-transfected cells, qRT-PCR was performed.
According to the difference in fold change, a significant down regulation by 70% of RAMP3 gene was found in co-transfected cells. Henceforth, the RAMP3 co-transfected cell will be represented as RAMP3 KD cells.
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[bookmark: _Toc527379184]Figure ‎3‑14: mRNA expression of RAMP3 by qRT-PCR in non-transfected and RAMP3 KD cells.
mRNA expression of RAMP3 in MDA-MB-231 and RAMP3 KD cells shows a significant reduction by 70%. RAMP3 expression in AM2 positive cells indicates a significant RAMP3 expression. Error bars represents mean ± SEM and data are representative of three independent experiments. One-Way ANOVA with (Dunnett's multiple comparisons) and P values were generated *** indicates P<0.001. 
[bookmark: _Toc515379715]Expression of RAMP1, RAMP2 and CLR in RAMP3 knockdown cells
Since RAMP3 along with RAMP2 stimulate AM receptor activity, and CGRP receptor generation is influenced by co-expression of RAMP1 and CLR (Nikitenko et al., 2006b) mRNA and protein level expression of RAMP1, RAMP 2, CLR and AM was measured in MDA-MB-231 as control cell and RAMP3 KD cells.
The end-point RT-PCR, qRT-PCR and western blotting results revealed no significant difference in RAMP1 expression between MDA-MB-231 and RAMP3 KD cells (Figure 3-15). Further, the results showed that the reduction of RAMP3 did not affect RAMP1 mRNA or protein level expression (Figure 3-15, A - D).


[image: ]
[bookmark: _Ref505192851][bookmark: _Toc527379185]Figure ‎3‑15: Expression of RAMP1 in RAMP3 knockdown cell.
A) Representative image of agarose gel electrophoresis revealed bands at 193 bp and 354 bp for RAMP1 and GAPDH, respectively. B) The mRNA level expression of RAMP1 was quantified by qRT-PCR. C) Representative blot of RAMP1 expression, results revealed band close to 20 kDa for RAMP1 and loading control vinculin at 124 kDa in both MDA-MB-231 and RAMP3 KD cells. D) Densitometry results of RAMP1 normalised to vinculin revealed no significant difference between MDA-MB-231 and RAMP3 KD cells. Error bars represents mean ± SEM and data are representative of three independent experiments. Unpaired t-test was performed and P values were generated using unpaired t-test. * indicates significance P<0.05, ** indicates P<0.01 *** indicates P<0.001, ****indicates P<0.0001.




Similar to RAMP1, end-point RT-PCR, qRT-PCR and western blotting results revealed no significant difference in RAMP2 expression between non-transfected MDA-MB-231 and RAMP3 KD cells (Figure 3-16). Further, the mRNA expression of RAMP2 in positive control AM2 cells were much stronger compared to MDA-MB-231 and RAMP3 KD cells.
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[bookmark: _Ref505194887][bookmark: _Toc527379186]Figure ‎3‑16: Expression of RAMP2 in RAMP3 knockdown cells.
A) Representative image of agarose gel electrophoresis revealed bands at 256 bp and 354 bp for RAMP2 and GAPDH respectively. B) The mRNA level expression of RAMP1 was quantified by qRT-PCR. C) Representative blot of RAMP2 expression, results revealed band close to 20 kDa for RAMP2 and loading control vinculin at 124 kDa in both non-transfected MDA-B-231 cells and RAMP3 KD cells. D) Densitometry results of RAMP2 normalised to vinculin revealed no significant difference between MDA-MB-231 and RAMP3 KD cells. Error bars represent mean ± SEM and data are representative of three independent experiments. t-test was performed and P values were generated using unpaired t-test. * indicates significance P<0.05, ** indicates P<0.01 *** indicates P<0.001, ****indicates P<0.0001.

End-point RT-PCR results showed stronger band intensity for CLR in RAMP3 KD cells compared to MDA-MB-231 cells (Figure 3-17, A). Protein expression of CLR was detected at bands close to 50 kDa (Figure 3-17, B). The CLR densitometry results showed no statistically significant difference between MDA-MB-231 and RAMP3 KD cells (Figure 3-17, C).  
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[bookmark: _Toc527379187]Figure ‎3‑17: Expression of CLR in RAMP3 knockdown cells.
A) Representative image of agarose gel electrophoresis revealed bands at 302 bp and 354 bp for CLR and GAPDH, respectively. B) Representative blot of CLR protein expression, results revealed band close to 50 kDa for CLR and loading control vinculin at 124 kDa in both MDA-MB-231 and RAMP3 KD. C) Densitometry results of CLR normalised to vinculin revealed no significant difference between MDA-MB-231 and RAMP3 KD cells. Error bars represent mean ± SEM and data are representative of triplicate experiments. Unpaired t-test was performed with no significant result.

Similar to RAMP1, RAMP2 and CLR, end-point PCR results of AM, revealed no significant difference between MDA-MB-231 and RAMP3 KD (Figure 3-18, A). On the contrary, AM mRNA expression was significantly higher in RAMP3 KD cells and AM2 cells compared to non-transfected MDA-MB-231 cells (Figure 3-18, B). 
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[bookmark: _Ref509256357][bookmark: _Toc527379188]Figure ‎3‑18: Expression of AM in RAMP3 knockdown.
A) Representative image of agarose gel electrophoresis revealed bands at 276 bp and 354 bp for AM and GAPDH, respectively. B) The fold change result of qRT-PCR shows a significant up-regulation of AM by 3.5 fold in RAMP3 KD cells and 7 folds in CGRP positive cells compared to MDA-MB-231. Error bars represents mean ± SEM and data are representative of triplicate experiments. Unpaired t-test was performed and P values were generated using unpaired t-test. * indicates significance P<0.05, ** indicates P<0.01 *** indicates P<0.001, ****indicates P<0.0001. 
[bookmark: _Toc515376321][bookmark: _Toc515379716][bookmark: _Toc527381535]Determination of stable transfection of RAMP3 KD cells.
In order to determine the stability of the RAMP3 knockdown without antibiotic selection media, the cells were cultured without puromycin for about 4 weeks. The protein was extracted from the cells every week and processed for western blot. Western blotting results of RAMP3 revealed reduction of the RAMP3 expression in the RAMP3 knockdown cells and stability was observed for 4 weeks. The RAMP3 KD1, KD2 and KD3 represent protein extraction from cells processed at week 2, 3, and 4, respectively (Figure 3-19). 
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[bookmark: _Toc527379189]Figure ‎3‑19: RAMP3 knockdown stability out of selection media.
A) Representative blot of RAMP3 protein expression results revealed band close to    28 kDa for RAMP3 and loading control vinculin at 124 kDa in both MDA-MB-231 and RAMP3 KD cells. B) Densitometry results of RAMP3 normalised to vinculin revealed significant reduction of RAMP3 comparing to MDA-MB-23. Error bars represent mean ± SEM and data are representative of three independent experiments. t-test was performed and P values were generated using unpaired t-test. * indicates significance P <0.05, ** indicates P <0.01. Protein extraction for RAMP3 KD 1 = Week 2, RAMP3 KD 2 = Week 3, and RAMP3 KD 3 = Week 4.


[bookmark: _Toc515376322][bookmark: _Toc515379717][bookmark: _Toc527381536]Discussion
The rationale behind this study was to elucidate the putative role of RAMP3 expression in cancer progression of triple negative breast cancer. To date, there are no comprehensive pre-clinical studies, which signify the functional importance of RAMP3 mediated breast cancer metastasis besides its effect on angiogenesis and tumour formation. Since we hypothesised that RAMP3 potentiates breast cancer metastasis, validation of AM expression in the chosen cell line model and RAMP3 knockdown were pivotal to this study before testing the hypothesis using in vitro cell based functional assays and in vivo nude mice model.
[bookmark: _Toc515376323][bookmark: _Toc515379718]Gene and protein level expression of AM, CLR, and RAMPs in MDA-MB-231 and positive control cells.
The end-point RT-PCR results revealed that MDA-MB-231 cells have mRNA level expression for AM, CLR, and RAMPs. The amplicon band intensity in agarose gel electrophoresis was weaker for RAMP2 and RAMP3 in MDA-MB-231 cells compared to RAMP2 positive cell line AM1 and RAMP3 positive cell line AM2, respectively (Figure 3-5) and (Figure 3-6).
On the contrary, the band intensity of AM, RAMP1, and CLR appeared similar in all cell types (Figure 3-1, Figure 3-3, and Figure 3-4). Several studies have reported the expression of AM in normal and cancer cells (Martinez et al., 2002; Oehler et al., 2003). Miller et al., the study showed the expression of AM mRNA in normal and cancer cell lines such as prostate, adrenal gland, bone marrow, cartilage, colon, lung, nervous system, ovary, and prostate (Miller et al., 1996). Our result is consistent with the previous report, which showed AM, and RAMP3 mRNA expression in MDA-MB-231 cells (Brekhman et al., 2011; Siclari et al., 2014). However, our results are contradictory to Brekhman et al study, which revealed that CLR mRNA expression was not observed in MDA-MB-231 cells suggesting AM receptor independent effect of RAMP3 mediated tumour formation.
Similar to mRNA expression, protein level expression of RAMP1, RAMP2, RAMP3 and CLR were observed in the MDA-MB-231 cell line. Expected molecular weight for RAMP1 monomer is 17 kDa and bands close to 20 kDa was observed in both MDA-MB-231 and CGRP control cells (Figure 3-7, A). Appearance of a weak band close to 37 kDa was presumed to be RAMP1 homodimer; our result was consistent with the previous findings (Sexton et al., 2001; Cueille et al., 2002). The monomer form of RAMP2 was detected at ~20 kDa (Figure 3-7, B). However, several studies showed that RAMP2 can run as multimer, and likely to consist of 25 kDa monomer, 50 kDa homodimer and 35 kDa heterogeneously glycosylated form (Fernandez-Sauze et al., 2004).
According to the RAMP3 primary antibody manufacture’s information, the monomer form of RAMP3 is close to 28 kDa, homodimer form is at 50 kDa and heterodimer form is close to 75 kDa. In (Figure 3-7, C), RAMP3 was detected at 28 kDa considered as a heterogeneously glycosylated monomer. Our result is in agreement with previous studies of RAMP3, showing 28 kDa band as heterogeneously glycosylated and 73 kDa as a heterodimer (CLR/RAMP3) ( Sexton et al., 2001; Metellus et al., 2011). 
In all three RAMPs, monomer form of the protein was observed. Similar to RAMP1 and RAMP3, CLR western blotting results yielded multiple bands alongside homodimer form close to 48 kDa (Figure 3-7, D). The molecular weight of CLR is 58 kDa however the CLR protein is glycosylated by endogenous endoglycosidase and bands close to 48 kDa was observed, as reported earlier (Muff et al., 2001; Sexton et al., 2001; Metellus et al., 2011). Similar 48 kDa bands were observed in HUVECs cells. Similarly, glioblastoma cells showed heterodimers at 73 kDa revealing the accessory receptors heterodimerisation of CLR/RAMP2 and CLR/RAMP3 (Fernandez-Sauze et al., 2004; Metellus et al., 2011).
Co-expression of RAMPs with CLR required transferring the receptor to the cell surface. The MDA-MB-231 cells expressed RAMP1 at gene and protein level, involving the terminal glycosylation of CLR, which resulted in bands of higher molecular weight. Though, RAMP2 and RAMP3 possess glycosylation site, their involvement in the glycosylation process of CLR was not observed (McLatchie et al., 1998; Sexton et al., 2001; Nikitenko et al., 2006a). 
The molecular weight of AM is 6 kDa, several studies have reported the expression of AM in different cancer cell line at the protein level. AM was detected in cancer cell H270 and MCF-7 by using specific rabbit antiserum (Miller et al., 1996). However, in our western blot experiment, we could not observe the expression due to the availability of specific antibody to detect AM protein with western blotting.
[bookmark: _Toc515376324][bookmark: _Toc515379719]Generation and validation of RAMP3 knockdown cells
Knockdown of RAMP3 using shRNA technique was successfully performed by Lipofectamine® transfection. Five different RAMP3 plasmids were provided, however, the negative control (scrambled control) was not provided for unknown reason. The non-targeting shRNA control or (scrambled) should be used to confirm the knockdown level. In this project wild-type MDA-MB-231 cells was used as negative control. The MDA-MB-231 cells were transfected individually with RAMP3 plasmid and as all five plasmids at equal molar concentration in the same time. Transfected cells were maintained in puromycin antibiotic based on the dose-response curve results (Figure 3-9). Phase contrast micrograph results revealed there was no significant difference in viable cell density between cells transfected with RAMP3-978, RAMP3-979, RAMP3-980, RAMP3-981 and RAMP3-982. Further, co-transfection (henceforth represented as RAMP3 KD with five different RAMP3 plasmids did not significantly increase viable cell number in comparison with cells transfected with individual plasmids (Figure 3-10). Transfection of five different plasmids as co-transfection was performed to enhance the efficiency of the transfection.   
The transfected cells were characterised for the RAMP3 expression. The end-point RT-PCR results revealed mRNA expression of RAMP3 in individually transfected and RAMP3 KD cells. RAMP3 mRNA expression with weaker band intensity was observed only in RAMP3 KD cells (Figure 3-12). Western blotting results for RAMP3 revealed that RAMP3 expression was significantly reduced only in RAMP3 KD cells by 50% compared to the control (Figure 3-13). The real time RT-PCR results revealed that 70% reduction in fold change was observed in RAMP3 KD cells compared to the MDA-MB-231 control cells, thereby affirming the end-point RT-PCR results. Since end-point RT-PCR, qRT-PCR and western blotting showed marked reduction in RAMP3 expression in RAMP3 KD cells, for all subsequent transfection studies and cell-based functional assays, only RAMP3 KD cells were chosen.
[bookmark: _Toc515376325][bookmark: _Toc515379720]Brekhman et al had generated RAMP3 knockdown cells in MDA-MB-231 and LM2-4 (an aggressive variant of MDA-MB-231 cells) using specific shRNA sequence in order to study the role of intracellular LOXL2 in tumour growth (Brekhman et al., 2011). Another study showed the reduction of RAMP3 mRNA in VSMC vascular smooth muscle cells by 80% in comparing to the control in order to study the pharmacologic effect of CALCB and AM (Chauhan et al., 2015).
Validation of AM, CLR and RAMPs expression in RAMP3 knockdown cells
Characterisation of AM, CLR and RAMPs expression in RAMP3 knockdown cells was performed using end-point RT-PCR, q-PCR and western blotting.
The end-point RT-PCR results revealed that AM, CLR, RAMP1 and RAMP2 mRNA were expressed in RAMP3 KD cells. Although, the amplicon band density of AM and CLR were higher in RAMP3 KD cell compared to the control cells. Excluding CLR, the qRT-PCR fold change result of AM, RAMP1, and RAMP2 validated their respective end-point RT-PCR results. The mRNA fold change of CLR could not be quantified using qRT-PCR since CLR primers required optimisation. Fold change of mRNA AM expression was higher in RAMP3 KD cells by 90% compared to the control cells (Figure 3-18).
[bookmark: _Toc515376326][bookmark: _Toc515379721]Western blotting results revealed that RAMP1 and RAMP2 expression were similar in MDA-MB-231 and RAMP3 KD cells, thereby complimenting their respective mRNA expression results. Interestingly, RAMP1 results showed an increase in mRNA fold change without any significant difference in protein level between non-transfected MDA-MB-231 cells and CGRP positive control cells. Although western blotting results of CLR depicted stronger band intensity in RAMP3 KD cells, densitometry results showed no statistically significant difference between non-transfected and RAMP3 KD cells. Western blotting of AM yielded inconsistent results due to the poor quality of the primary antibody (data not shown).  A similar result was reported by Brekhman et al study, their result showed that reduction in the expression of RAMP3 did not affect the expression of AM (Brekhman et al., 2011). However, the MDA-MB-231 cells used in their study did not express the CLR receptor. 
Stable transfection of RAMP3 KD cells
The RAMP3 KD cells were grown in puromycin free media for 4 weeks to determine the efficiency of stable transfection. Cells grown in the absence of puromycin were processed every week until 4th week and western blotting was performed for RAMP3. Western blotting results showed that RAMP3 expression did not increase in the absence of puromycin selection, thereby validating the stability of RAMP3 shRNA knockdowns. 
Overall, AM and its receptor expression were observed in MDA-MB-231 cell line. We successfully generated stable clones of RAMP3 knockdown cells and have also identified that RAMP3 knockdown did not affect the regulation of RAMP1, RAMP2, and CLR at the mRNA and protein level. However, up-regulation of AM gene level in RAMP3 knockdown requires clear understanding. Hence, RAMP3 knockdown cell line will be employed as a pre-clinical model for evaluation of RAMP3 mediated breast cancer. 
[bookmark: _Toc515376327][bookmark: _Toc515379722]


[bookmark: _Toc527381537]Chapter four: Effect of RAMP3 knockdown on cellular proliferation, apoptosis, migration, invasion, and clonogenicity of MDA-MD-231 cells, in vitro


[bookmark: _Toc515376328][bookmark: _Toc515379723]Chapter four: Effect of RAMP3 knockdown on cellular proliferation, apoptosis, migration, invasion, and clonogenicity of MDA-MD-231 cells, in vitro 
[bookmark: _Toc527381538]Introduction
In the previous chapter, we have characterised the gene and protein level expression of AM, CLR, and RAMPs in the MDA-MB-231 cell line. We successfully generated stable clones of RAMP3 knockdown via lipofectamine® transfection. Amongst the transfected shRNA vectors, RAMP3 KD cells displayed decreased expression of RAMP3, thereby validating RAMP3 KD cell line as a reliable in vitro model for studying RAMP3 mediated cancer metastasis. In addition, the regulation of RAMP1, RAMP2, CLR and AM markers were unaffected in RAMP3 KD cells, as shown by end-point RT-PCR, qRT-PCR and western blotting. Further, the RAMP3 expression was consistently low and stable in the chosen cell line, despite the absence of puromycin antibiotic selection, as shown by western blotting. Hence, RAMP3 KD cells will be used for cell-based functional assays.
Co-expression of RAMP3 with CLR produces AM2 receptor, which is involved in several pathological conditions, especially cancer. Though the importance of RAMP3 in several solid tumours and tumour-associated microenvironment were reported before, its role in mediating and aiding breast cancer metastasis is still undetermined ( Brekhman et al., 2011; Benyahia et al., 2017). ECM regulating enzyme, LOXL-2 knockdown down-regulates RAMP3 expression, but RAMP3 over-expression restores invasion, and tumour formation in LOXL2 inhibited cells independent of AM/CLR activity. In addition, RAMP3 knockdown did not affect the LOXL-2 expression signalling that RAMP3 functions downstream of LOXL2 in MDA-MB-231 cells. Further, RAMP3 knockdown affected tumour formation and blood vessel density in MDA-MB-231 and LM2-4 cells (Brekhman et al., 2011). Contrary to our results, the previous study clearly showed that CLR expression was undetermined in MDA-MB-231 cells. Since, our RAMP3 knockdown cells express CLR and increased AM compared to control cells, studying RAMP3 knockdown effect may help us to understand novel genetic heterogeneity employed by breast cancer to promote invasion and tumour formation. 
The pro-tumourigenic effect of a putative marker measures its effect on cellular viability, proliferation, invasion, and apoptosis (Menyhárt et al., 2016). Further, clonogenicity assay measures the ability of cancer cells to survive and proliferate under undesirable conditions (Horibata et al., 2015; Rajendran and Jain, 2018). Hence, cell-based functional assays will illustrate the effect of RAMP3 knockdown on cellular activity governing proliferation, migration, invasion, colony formation and apoptosis. In addition, functional activity of the RAMP3 receptor was also monitored using cAMP assay in response to AM agonist (Vasudevan, 2017). Proliferation assay using haemocytometer and cell viability assay by RealTime-Glo™ MT kit measured the growth kinetics of RAMP3 KD cells under differing serum concentrations and stimulation by AM agonist/antagonists. Treatment with AM agonists and antagonists in all cell-based functional assays excluding cAMP assay, which utilises only AM agonist. Wound healing and matrigel invasion assays measured the migration and invasion efficiency of knockdown cells. Activation of death protease caspase 3 involved in apoptosis was measured using caspase 3/7 assay. Further, clonogenicity assay measured the colony formation efficiency of RAMP3 KD cells.
The objective of this chapter is to understand the putative anti-proliferative, anti-invasive, anti-clonogenic and pro-apoptotic effects of RAMP3 down-regulation with CLR and AM expressing cells. Results of this chapter will further ascertain the importance of RAMP3 functionality in cellular function and survival of triple negative breast cancer cells besides angiogenesis and tumour formation.


[bookmark: _Toc515376329][bookmark: _Toc515379724][bookmark: _Toc527381539]Hypothesis and Objective
[bookmark: _Toc527381540]Hypothesis
We hypothesised that RAMP3 knockdown will affect the proliferation, viability, migration, invasion, apoptosis, clonogenicity and cAMP level of triple negative breast cancer.
[bookmark: _Toc527381541]Objective:
· To determine the effect of RAMP3 KD in MDA-MB-231 on cell proliferation, cell viability, migration, invasion and apoptosis with AM agonist and its antagonist (22-52) and without it.
· To determine the effect of RAMP3 KD on the clonogenicity.
· To determine the effect of RAMP3 KD on the cAMP production. 


[bookmark: _Toc515376330][bookmark: _Toc515379725][bookmark: _Toc527381542]Specific materials and methods
[bookmark: _Toc515376331][bookmark: _Toc515379726][bookmark: _Toc527381543]Proliferation assay
Proliferation assay was performed as per section 2.3 given in chapter 2. The cell number was counted using haemocytometer and the proliferation rate was calibrated based on the relative increase in cell number versus the number of days.
[bookmark: _Toc515379727]Serum titration assay
Serum titration assay was performed to identify the optimal dose of FBS required to influence the proliferation of MDA-MB-231 control cells. The cell number calculation was counted every 48 hours for 6 days using haemocytometer.
[bookmark: _Toc515379728]Growth curve
Time response effects of 10% FBS and 2% FBS on the proliferation of MDA-MB-231 control and RAMP3 KD cells were measured. The cell number was counted every day for 6 days using haemocytometer.
[bookmark: _Toc515379729]Proliferation assay using AM agonist and AM antagonist
The dose-response and time response effect of agonist (AM 1-52) and antagonist (AM 22-52) were measured in MDA-MB-231 control and RAMP3 KD cells grown under 2% FBS. The cells were counted every day for 6 days using haemocytometer.
[bookmark: _Toc515379730]Viability assay using AM agonist and AM antagonist
In order to assess the AM agonist and antagonist dose response, viability assay was performed as previously described in 2.4 in chapter 2. Cells were seeded in 96 white well plate supplemented with 2% FBS medium. The living cells were estimated using viability assay GIo MT kit. Cell viability was monitored by measuring luminescence every 24 hours in triplicate for 3 days.
[bookmark: _Toc515376332][bookmark: _Toc515379731][bookmark: _Toc527381544]Wound healing assay
Wound healing assay was performed as per section 2.5 in chapter 2. The images at 0, 6, 10, and 16 hrs were taken using an auto cell imaging system microscope (10X phase objective). Wound closure measures the width between the migrating cell boundaries using the ImageJ software. The wound healing was represented as the percentage of wound closure the time point 0 hr was considered as 0% and when the area was fully closed the area was considered as 100%.
Wound Opening (%) = [(Opening area Tx /opening area T0) X 100]
Wound Closure (%)= Wound Opening (%)-100.

[bookmark: _Toc515376333][bookmark: _Toc515379732][bookmark: _Toc527381545]Apoptosis using Caspase 3/7
The dose response effect of agonist (AM 1-52) and antagonist (AM 22-52) on apoptosis of MDA-MB-231 control and RAMP3 KD cells were measured using Caspase-Glo® 3/7 (Promega) assay kit as per section 2.6 in chapter 2. The caspase 3 release catalysed by aminoluciferin-labeled synthetic tetrapeptide, serves as a substrate for the luciferase enzyme and the luminescence was measured using the plate reader.
[bookmark: _Toc515376334][bookmark: _Toc515379733][bookmark: _Toc527381546]Colony formation assays
Clonogenicity assay was performed as per section 2.4 of chapter 2. The colonies were fixed with 100% ice-cold methanol and crystal violet was used to stain the colonies. Obtained images and colonies were counted using gene tool software.
[bookmark: _Toc515376335][bookmark: _Toc515379734][bookmark: _Toc527381547]Migration and invasion assays
Invasive potential of RAMP3 KD cells were studied using invasion assay as per section 2.7 of chapter 2. The BD Biosciences Biocoat Matrigel Invasion Chamber kit measured the invasive potential of knockdown cells. Photomicrographs were taken using phase contrast microscope and the invaded cells were counted using Image J software.
[bookmark: _Toc515376336][bookmark: _Toc515379735][bookmark: _Toc527381548]cAMP assay
Generation of cAMP in response to growth factor receptor activation was assessed as per section 2.8 of chapter 2. Perkin Elmer Lance Ultra cAMP kit was used to measure cAMP and luminescence was calculated using the plate reader. 
[bookmark: _Toc515376337][bookmark: _Toc515379736][bookmark: _Toc527381549]Statistical analysis
Statistical analyses were carried out by using Graphpad prism7 software. All the experiments were performed in triplicate and the data were represented as mean ± SEM, as indicated in the legends. Statistical significant was assessed using unpaired t-test for two group comparisons. The proliferation assay (growth curve), Two-way ANOVA (Sidak’s multiple comparisons) was conducted comparing two groups. The proliferation assay using AM treatment, One-way ANOVA test (Dunnett’s multiple comparisons test) was used for comparing the treated cells with controls (untreated). P value * indicates significance P<0.05, ** indicates P<0.01, *** indicates P<0.001 and ****P< 0.0001.




[bookmark: _Toc515376338][bookmark: _Toc515379737][bookmark: _Toc527381550]Result
[bookmark: _Toc515376339][bookmark: _Toc515379738][bookmark: _Toc527381551]Proliferation result
[bookmark: _Toc515379739]Serum proliferation assay
[bookmark: _Hlk506747934]This experiment evaluated the growth characteristics of MDA-MB-231 under different concentration of FBS. The MDA-MB-231 cells were seeded on to a 12 well plate in media containing 10% FBS, and replaced with differing concentrations of serum from 0%, 1%, 2%, 4%, 6%, 8%, 10%, after 24 hours. The results revealed the significant effect on proliferation with varying concentrations of FBS at different time point incubation (Table 4-1), (Figure 4-1, A and B). An increase in proliferation was observed across all concentrations of FBS. The FBS concentration of 0% did not induce an increase in proliferation after 48 hours. Amongst the different FBS concentrations, 10% vs 8% and 6% vs 4% did not yield a significant effect on proliferation rate. However, comparison of 0% vs 2% and 2% vs 4% yielded a significant increase in proliferation rate of (P = 0.0004) and (P = 0.0022), respectively (Figure 4-1, B). The population doubling time calculated using the Roth V. 2006 Doubling Time calculator available from: http://www.doubling-time.com/compute.php. See section (2.3.2).












	FBS concentration
	Doubling time (hours)

	0%
	134 hrs

	2%
	62.4 hrs

	4%
	35 hrs

	6%
	34 hrs

	8%
	32 hrs

	10%
	31 hrs


[bookmark: _Toc527379693]Table ‎4‑1: Doubling time expressed in hours for different FBS concentrations.
The population doubling time for each serum concentration calculated on day 6 using the Roth V. 2006 Doubling Time computing software. A significant increase in doubling time observed between 0% vs 2% and 2% vs 4% FBS concentrations. No significant difference observed between 10% vs 8% and 6% vs 4% FBS concentrations. The data are representative of three independent experiments.
[image: ]
[bookmark: _Toc527379190]Figure ‎4‑1: The dose and time response effects of FBS concentrations on the growth of MDA-MB-231 cells.
A) The cells grown in several different FBS concentrations ranging from 0% to 10 % and the cell number counted every 48 hours for 6 days. B) Growth curve of MDA-MB-231 cells on day 6 plotted to assess the importance of different serum concentration. A significant increase in doubling time observed between 0% vs 2% and 2% vs 4% FBS concentrations. No significant difference observed between 10% vs 8% and 6% vs 4% FBS concentrations. The data are representative of three independent experiments. Error bars represent mean ± SEM and was performed comparing different serum conditions. P values were generated using unpaired t-test, ** indicates P <0.01 *** indicates P <0.001.
[bookmark: _Toc515379740]Growth curve of MDA-MB-231 and RAMP3 KD
Growth curve experiment determines the growth kinetics of RAMP3 KD and MDA-MB-231 control cells under different serum conditions. The cells were counted everyday using haemocytometer for up to 6 days. The doubling time of MDA-MB-231 and RAMP3 KD cells cultured in 10 % FBS were 32 hrs and 29 hrs, respectively. The doubling time of MDA-MB-231 and RAMP3 KD cells grown in 2 % FBS were 63.4 hrs and 60 hrs, respectively. An increase in proliferation observed in MDA-MB-231 and RAMP3 KD cells up until 120 days under both 10 % and 2 % serum concentrations. It was observed that proliferation of RAMP3 KD cells were unaffected under normal and low serum concentrations (Figure 4-2). The population doubling time was calculated using the Roth V. 2006 Doubling Time Computing, Available from: http://www.doubling-time.com/compute.php.
[image: ]
[bookmark: _Toc527379191]Figure ‎4‑2: Growth curve of MDA-MB-231 and RAMP3 KD under different serum concentrations.
The MDA-MD-231 and RAMP3 KD cells grown using (A) 10% and (B) 2% FBS and the cell numbers were counted every day for 6 days using haemocytometer. The data are representative of three independent experiments. Proliferation was unaffected in MDA-MB-231 control and RAMP3 KD cells under low and standard serum conditions. Error bar represented as mean ± SEM and Two-way ANOVA performed comparing two cell lines. P values were generated using Sidak's multiple comparisons test. * indicates significance P <0.05.
[bookmark: _Toc515379741]Effect of AM agonist and antagonist on cell growth
The effect of AM agonist (1-52) and AM antagonist (22-52) on cellular growth of MDA-MB-231 and RAMP3 KD cells were calculated using proliferation assay. The cells were seeded onto a 12 well plate with standard medium containing 10% FBS, and the medium was changed to 2% FBS medium, after 48 hrs. The cells were stimulated daily with 1 pM, 1 nM, and 1 µM concentrations of AM (1-52) and AM (22-52), respectively. The cells were counted every day using haemocytometer. The results revealed that AM (1-52) agonist did not have a significant effect on cell growth (Figure ‎4‑3), while AM (22-52) antagonist significantly reduced the cell growth of MDA-MB-231 control cells and not RAMP3 KD cells (Figure ‎4‑4). The three doses of AM (22-52) was able to inhibit the MDA-MB-231 cell growth on day 3, 4 and 5.   



[image: ]
[bookmark: _Ref506829853][bookmark: _Toc527379192]Figure ‎4‑3: Effect of AM agonist (1-52) on growth curve of MDA-MB-231 control and RAMP3 KD cells.
Growth kinetics of (A) MDA-MD-231 and (B) RAMP3 KD cells were stimulated daily with three different doses of AM agonist (1-52) (1 pM, 1 nM and 1 µM). AM (1-52) agonist did not have a significant effect on proliferation of MDA-MB-231 control and RAMP3 KD cells. The data are representative of three independent experiments. Error bars represent mean ± SEM and Two-way ANOVA was performed comparing different treatment conditions. P values were generated using Dunnett's multiple comparisons.
[bookmark: _Ref506829931][image: ]
[bookmark: _Toc527379193]Figure ‎4‑4: Effect of AM antagonist (22-52) on growth curve of MDA-MB-231 control and RAMP3 KD cells.
[bookmark: _Toc515379742]Growth kinetics of (A) MDA-MB-231 and (B) RAMP3 KD cells stimulated with AM antagonist (22-52). Cells were daily stimulated with three doses AM antagonist (22-52) (1 pM, 1 nM and 1 µM). The data are representative of three independent experiments. AM (22-52) antagonist reduced the proliferation of MDA-MB-231 control cells but not RAMP3 KD cells. Error bars represent mean ± SEM and Two-way ANOVA was performed comparing different treatment conditions. P values were generated using Dunnett's multiple comparisons. 
Effect of AM agonist and antagonist on cell viability
The effect of AM agonist (1-52) and AM antagonist (22-52) on cellular growth of were calculated using viability assay. Cells were seeded on to a white 96 well plate with standard medium containing 10% FBS, and the medium was changed to 2% FBS medium, after 48 hrs. The Real Time-Glo™ MT cell viability assay was used and the cells were stimulated daily with 1pM, 1nM, and 1µM concentrations of AM (1-52) and AM (22-52), respectively. The luminescence measured at 0 hour and then every 24 hours for three days. Similar to cell proliferation results, AM agonist did not have a significant effect on cell viability (Figure ‎4‑5), while AM (22-52) antagonist reduced the cell growth of MDA-MB-231 control cells only at 1 µM concentration (Figure ‎4‑6). 
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[bookmark: _Ref506830072][bookmark: _Toc527379194]Figure ‎4‑5: Dose and time response effect of AM agonist (1-52) on viability of MDA-MB-231 control and RAMP3 KD cells.
Viability assay MDA-MD-231 (A) and RAMP3 KD (B) cells were stimulated with three different doses of AM agonist (1-52) (1 pM, 1 nM and 1 µM). The average of luminescence RLU plotted at days 0, 1, 2 and 3. No effect of AM (1-52) observed on the cell viability in MDA-MB-231 and RAMP3 KD cells. The data are representative of three independent experiments. Error bar represent mean ± SEM and Two-Way ANOVA was performed comparing different treatment conditions. P values were generated using Dunnett's multiple comparisons.
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[bookmark: _Ref506830110][bookmark: _Toc527379195]Figure ‎4‑6: Dose and time response effect of AM antagonist (22-52) on viability of MDA-MB-231 control and RAMP3 KD cells.
Viability assay of MDA-MD-231 (A) and RAMP3 KD (B) cells were stimulated daily with three different doses of AM antagonist (22-52) (1 nM, 1 pM and 1 µM). The average of luminescence RLU plotted at days 0, 1, 2 and 3. 1 µM of AM (22-52) showed inhibition of the cell viability on the MDA-MB-231 control cells without any effect on RAMP3 KD cells. The data are representative of three independent experiments. Error bar represent mean ± SEM and Two-way ANOVA was performed comparing different treatment conditions. P values were generated using Dunnett's multiple comparisons. * indicates significance P<0.05, ** indicates P<0.01. 
[bookmark: _Toc515376340][bookmark: _Toc515379743][bookmark: _Toc527381552]Wound healing assay
The wound healing assay measures the effect of RAMP3 knockdown on cell migration. The cells were treated with different concentrations (5 µg/mL and 10 µg/mL) of anti-mitotic agent, mitomycin C and incubated for 2 hrs prior to the scratch assay. Mitomycin C inhibits cell proliferation and equally distinguishes migration from proliferation. Optimisation of Mitomycin C concentration calculated the appropriate dose for inhibitory effect at different time points using reported inhibitor concentrations (Limame et al., 2012; Di et al., 2015). Significant effect on inhibition of proliferation was observed at both the concentrations of Mitomycin C, at 24, 48 and 72 hours (Figure ‎4‑7). Hence, for subsequent wound healing assay in RAMP3 KD cells, 10 µg/mL of mitomycin C was used to study migration.
The scratches were made using 200 µL tip and three different positions on each scratch were photographed every 2 hrs for a time period of 24 hours and four time-point (0 hr, 6 hrs, 10 hrs and 16 hrs) data were collected for the final analysis. ImageJ software was used to analyse the wound closure. Our results revealed wound closure in both MDA-MB-231 control and RAMP3 KD cells. However, the data analysis showed that MDA-MB-231 cells migrated more rapidly than the RAMP3 KD cells. Further, significant reduction in migration of RAMP3 KD cells were observed at 6 hrs (P = 0.0001), 10 hrs (P = 0.0003) and 16 hrs (P = 0.0016) (Figure ‎4‑8).
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[bookmark: _Ref506830347][bookmark: _Toc527379196]Figure ‎4‑7: Optimisation of mitomycin C concentration for wound healing assay.
The MDA-MB-231 control cells treated with two concentrations of mitomycin C for 2 hours (5 µg/mL, and 10 µg/mL) and the cells were counted every 24 hours over three days. Mitomycin concentrations of 5 µg/mL, and 10 µg/mL significantly reduced of number of MDA-MB-231 cells. Error bars represent mean ± SEM and data are representative of triplicate independent experiments. Two-way ANOVA was performed comparing untreated cells and treated cells. P values were generated using Dunnett's multiple comparisons test. *indicates significance P <0.05, ** indicates P <0.01 *** indicates P <0.001.
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[bookmark: _Ref506830416][bookmark: _Toc527379197]Figure ‎4‑8: Effect of RAMP3 knockdown on migration of MDA-MB-231 control and RAMP3 KD cells.
[bookmark: OLE_LINK3]Micrograph images (A) and percentage would closure (B) represent differential (wound closure) effect due to RAMP3 knockdown at four different time point. After scratch, cell migration was captured at 0hr, 6 hrs, 10 hrs and 16 hrs on the EVOS® Cell Imaging System equipped with an EVOS® Onstage Incubator using a 4X phase objective. Significant reduction in wound closure of RAMP3 KD cells were observed at 6 hr, 10 hr and 16 hr time points. The wound healing assay was performed in three independent experiments. The data are representative of three independent experiments. Error bars represented mean ± SEM and unpaired t-test was performed comparing MDA-MB-231 and RAMP3 knockdown. P values were generated using unpaired t-test. * indicates significance P <0.05, ** indicates P <0.01 *** indicates P <0.001.
[bookmark: _Toc515379744]Wound Healing assay using AM agonist and antagonist
Also, the effect of AM agonist (1-52) and AM antagonist (22-52) on migration of MDA-MB-231 control and RAMP3 KD cells were measured. As described previously in (4.3.2), similar protocol was followed and cells were treated with 1 pM, 1 nM, and 1 µM concentrations of AM (1-52) and AM (22-52), respectively. Since, all three-time point showed statistically significant reduction in wound healing for RAMP3 KD cells, data were analysed at 16 hrs for AM agonist and antagonist stimulated cells. No significant differences were observed on the cell migration of MDA-MB-231 control neither RAMP3 KD cells treated with agonist AM (1-52) and antagonist AM (22-52).


[image: ]
[bookmark: _Toc527379198]Figure ‎4‑9: Dose response effect of AM (1-52) and AM (22-52) on cell migration of MDA-MB-231 control and RAMP3 KD cells post 16 hrs treatment.
The MDA-MB-231 and RAMP3 KD cells were stimulated with AM agonist (1-52) (A) and antagonist (22-52) (B). No effect was observed on the cell migration using AM agonist and antagonist. The wound healing assay performed in three independent experiments and the scratch area quantified with using ImageJ software. Error bars represent mean ± SEM and t-test performed comparing MDA-MB-231 and RAMP3 knockdown. NS= Not significant.

[bookmark: _Toc515376341][bookmark: _Toc515379745][bookmark: _Toc527381553]Effect of RAMP3 knockdown on apoptosis
To investigate whether reduction of RAMP3 expression can induce cell apoptosis, caspase 3/7 activity was measured using Caspase-Glo® 3/7 (Promega) assay kit. To examine the molecular mechanism underlying apoptosis process, we stained cells with aminoluciferin-labeled substrate of caspase and determined the caspase-3/7 activities by measuring the luminescence intensities. The MDA-MB-231 control and RAMP3 KD cells seeded onto a white-96 well plate and were allowed to attach overnight, then cells were grown in two different FBS concentrations. The caspase 3/7 activity was measured after 48 hrs and 72 hrs.
The activity of caspase-3/7 significantly increased by 50% in RAMP3 KD compared to MDA-MB-231 control cells grown at 10% FBS (P <0.0001) (Figure ‎4‑10, A). Similarly, a significant increase in caspase 3/7 activity by 34% was observed in RAMP3 KD cells in serum deprived condition (P = 0.0013), (Figure ‎4‑10, B). The caspase 3/7 activity at 72 hrs, RAMP3 KD cells showed a significant increase by 47% compared to MDA-MB-231 cells in 10% FBS (P <0.0001), (Figure ‎4‑11, A). In Serum deprivation condition RAMP3 KD showed an increase by 18% compared to MDA-MB-231 (P = 0.0262), (Figure ‎4‑11, B).
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[bookmark: _Ref506830610][bookmark: _Toc527379199]Figure ‎4‑10: Apoptosis activity of MDA-MB-231 and RAMP3 KD cells post 48 hrs treatment.
Caspase-Glo® 3/7 (Promega) assay kit measured apoptosis under two different serum concentrations. Significant increase in caspase 3/7 activity was observed in RAMP3 KD cells grown using 10 % (A) and 0% (B) FBS after 48 hrs. The data are representative of three independent experiments. Error bars represent mean ± SEM and t-test was performed comparing MDA-MB-231 and RAMP3 KD cells. The P values were generated using unpaired t-test. * indicates significance P < 0.05, ** indicates P < 0.01, *** indicates P <0.001 and **** indicates P <0.0001.
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[bookmark: _Ref510460548][bookmark: _Toc527379200]Figure ‎4‑11: Apoptosis activity of MDA-MB-231 and RAMP3 KD cells post 72 hrs treatment.
Caspase-Glo® 3/7 (Promega) assay kit measured apoptosis under two different serum concentrations of (A) 10% and (B) 0% FBS. Significant increase in caspase 3/7 activity was observed in RAMP3 KD cells grown using 10 % and 0% FBS after 72 hrs. The data are representative of three independent experiments. Error bars represented mean ± SEM and t-test was performed comparing MDA-MB-231 and RAMP3 KD. P values were generated using unpaired t-test. * indicates significance P <0.05, ** indicates P <0.01, *** indicates P <0.001 and **** indicates P < 0.0001.
[bookmark: _Toc515379746]The effect of AM agonist and antagonist on cell apoptosis
The preliminary data observed an increase in caspase 3/7 activity in RAMP3 KD cells compared to the MDA-MB-231 control cells. Hence, AM treatment was used to investigate the effect of both AM (1-52) and AM (22-52) on apoptosis. Similar to section (4.3.3), cells were treated daily with three doses of AM agonist and antagonist (1 pM,    1 nM, and 1 µM) for 48 hrs and 72 hrs, respectively. AM is an anti-apoptotic factor which inhibits cell apoptosis (Siclari et al., 2014, Larráyoz et al., 2014). 
Our results revealed no significant effect of AM agonist in the caspase 3/7 activity in MDA-MB-231 control and RAMP3 KD cells grown under 10 % and 0 % FBS at 48 hrs, respectively. Further, 30% reduction (P = 0.017) in caspase 3/7 activity was observed only between RAMP3 KD untreated and 1 µM AM (1-52) treated RAMP3 KD cells at   48 hrs, thereby signalling the anti-apoptotic effect of AM agonist. Compared to agonist, AM antagonist did not induce a significant increase in caspase 3/7 activity of MDA-MB-231 control and RAMP3 KD cells grown under 0% and 10% FBS at 48 hrs. 
Figure ‎4‑14 shows no significant effect of AM agonist (1-52) on caspase 3/7 activity at 72 hrs on MDA-MB-231 and RAMP3 KD cells. However, unexpected results were observed in MDA-MB-231 cells, cells were treated with AM agonist showed an increase in the apoptosis activity at 72 hrs. Increasing the apoptosis activity might be due to cells being starved for a long time duration. 
However, antagonist AM (22-52) significantly induced apoptosis in MDA-MB-231 cells treated with 1 µM compared to untreated cells at 0% FBS condition (Figure ‎4‑15, B). No significant effect was observed in MDA-MB-231 and RAMP3 KD treated with    AM (22-52) in 10% and RAMP3 KD at 0% FBS at 72 hrs.
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[bookmark: _Ref510638785][bookmark: _Toc527379201][bookmark: OLE_LINK4]Figure ‎4‑12: Effect of AM agonist (1-52) on apoptosis in MDA-MB-231 and RAMP3 KD cells post 48 hrs treatment.
Effect of AM (1-52) on apoptosis under 10% (A) and 0% (B) FBS concentrations were measured using Caspase-Glo® 3/7 (Promega) assay kit. Significant increase in caspase 3/7 activity was observed in RAMP3 KD cells grown using 10% and 0% FBS. The data are representative of three independent experiments. Error bars represent mean ± SEM and t-test was performed comparing different treatment conditions. P values were generated using unpaired t-test. * indicates significance P<0.05, NS= Not significant.
[image: ]
[bookmark: _Toc527379202]Figure ‎4‑13: Effect of AM (22-52) on apoptosis in MDA-MB-231 and RAMP3 KD cell post 48 hrs.
Effect of AM (22-52) on apoptosis under 10% (A) and 0% (B) were measured using Caspase-Glo® 3/7 (Promega) assay kit. No significant effect of AM (22-52) was observed on the caspase 3/7 activity in cells grown under 10% and 0% FBS for 48 hrs. The data are representative of three independent experiments. Error bar represent mean ± SEM and t-test was performed comparing different treatment conditions. P values were generated using unpaired t-test. NS= Not significant.
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[bookmark: _Ref510618271][bookmark: _Toc527379203]Figure ‎4‑14: Effect of AM agonist (1-52) on cell apoptosis in MDA-MB-231 and RAMP3 KD cells at 72 hrs.
Effect of AM (1-52) on apoptosis under 10% (A) and 0% FBS (B) were measured using Caspase-Glo® 3/7 (Promega) assay kit. Result show no effect of AM agonist on the cell apoptosis at both 10% FBS and 0% FBS. Significant increase was shown on the treated MDA-MB-231 cell at 0% FBS.  The data are representative of three independent experiments. Error bars represent mean ± SEM and t-test was performed comparing different treatment conditions. P values were generated using unpaired t-test. * indicates significance p<0.05, ** indicates p<0.01 **** indicates p<0.0001. NS= Not significant.
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[bookmark: _Ref510618532][bookmark: _Toc527379204]Figure ‎4‑15: Effect of AM (22-52) on apoptosis in MDA-MB-231 and RAMP3 KD cell at 72 hrs.
Effect of AM (22-52) on apoptosis under 10% (A) and 0% (B) were measured using Caspase-Glo® 3/7 (Promega) assay kit. Apoptosis was significantly induced in MDA-MB-231 cells treated with 1 µM antagonist at 0%. No significant increase in caspase 3/7 activity in RAMP3 KD cells grown under 10% and 0% FBS. The data are representative of three independent experiments. Error bars represent mean ± SEM and t-test was performed comparing different treatment conditions. P values were generated using unpaired t-test. * indicates significance P <0.05, ** indicates P <0.01 **** indicates P <0.0001. NS= Not significant.

[bookmark: _Toc515376342][bookmark: _Toc515379747][bookmark: _Toc527381554]Colony formation result
[bookmark: OLE_LINK7]Clonogenicity assay was performed to determine the survival ability and colony formation efficiency of RAMP3 knockdown breast cancer cells. One hundred cells were seeded in a 6 well plate and incubated at 37°C with 5% CO2 incubator for 14 days. The results revealed a significant reduction in the number of colonies of RAMP3 KD cells compared to MDA-MB-231 control cells (P = 0.0228) (Figure ‎4‑16).



[bookmark: _Ref510460983][bookmark: _Ref505967126][image: ]
[bookmark: _Ref510618897][bookmark: _Toc527379205]Figure ‎4‑16: Colony formation assay of MDA-MB-231 and RAMP3 KD.
A) Representative Images of colonies of MDA-MB-231 and RAMP3 KD cells and B) Analysis of the number of colonies. The colonies were fixed using 100% ice-cold methanol and stained with crystal violet on Day 14. The colonies were captured using pixera visual communication suite and counted using Gene tool software. Significant reduction in colonies was observed in RAMP3 KD cells compared to MDA-MB-231 control cells. The data are representative of three independent experiments. Error bars represent mean ± SEM and t-test was performed comparing MDA-MB-231 and RAMP3 knockdown cell. P values were generated using unpaired t-test. * indicates significance P<0.05.
[bookmark: _Toc515376343][bookmark: _Toc515379748][bookmark: _Toc527381555]Invasion assay result
Since significant reduction in migration was observed in RAMP3 KD cells, invasion assay was carried out to understand RAMP3 knockdown on invasive potential of triple negative breast cancer cells. Biocoat Matrigel invasion chambers were used and 1% Toluidine Blue stained invading and migrating cells. In order to test the ability of cell motility, non-coated transwell was used. Figure ‎4‑17 shows a representative image of randomly selected field of invasion and migration. The number of invaded cells were significantly reduced in RAMP3 KD compared to the MDA-MB-231 control cells (P <0.0102) (Figure ‎4‑18, A). Moreover, RAMP3 knockdown significantly reduced cell migration through the transwell (P <0.0019) (Figure ‎4‑18, B) complimenting the results of wound healing assay (Figure ‎4‑8). 
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[bookmark: _Ref506831309][bookmark: _Toc527379206]Figure ‎4‑17: Representative photomicrograph images of invading and migrating cells of MDA-MB-231 and RAMP3 KD.
The cells were stained with 1% toluidine Blue and the invaded cells were counted using ImageJ software. The image shows lesser number of invaded and migrated cells in RAMP3 KD compared to MDA-MB-231 control. The data are representative of three independent experiments. Scale bar = 200 µm. 
[image: ]
[bookmark: _Ref506831455][bookmark: _Toc527379207]Figure ‎4‑18: Result of cell invasion and migration in MDA-MB-231 and RAMP3 knockdown cells.
Invading and migrating cells were stained using 1% toluidine and counted using ImageJ software. Significant reduction of cell invasion and migration was shown in RAMP3 KD cells. The data are representative of three independent experiments. Error bars represent mean ± SEM and t-test was performed comparing MDA-MB-231 and RAMP3 KD. P values were generated using unpaired t-test. * indicates significance P <0.05, ** indicates P <0.01 *** indicates P <0.001.
[bookmark: _Toc515376344][bookmark: _Toc515379749][bookmark: _Toc527381556]cAMP assay
The receptor activation of AM is directly associated with the generation of intracellular cAMP. Hence, cAMP level was evaluated in MDA-MB-231 control and RAMP3 KD cells. The cells were stimulated with different concentrations of AM agonist (1-52). Positive control for cAMP assay was 10-4 M Forskolin.
The results (Figure 4-19) showed that the level of cAMP was unaltered in MDA-MB-231 and RAMP3 KD cells. Further, agonist AM (1-52) did not increase the intracellular level of cAMP in MDA-MB-231 and subsequently did not decrease the cAMP level in the RAMP3 KD cells. Increase in cAMP level was observed in positive control cell lines, AM1 and AM2. 



[image: ]
[bookmark: _Toc527379208]Figure ‎4‑19: cAMP results of MDA-MB-231 and RAMP3 Knockdown cells.
A) MDA-MB-231, B) RAMP3 KD, C) AM1 and D) AM2 positive control cell lines were stimulated with different concentrations of AM agonist (1-52). 10-4 M Forskolin was used as a positive control and the TR-FRET was 200. No significant increase or decrease in cAMP was observed in MDA-MB-231 cells and RAMP3 KD cells. Further, increase in cAMP was observed in AM1 and AM2 positive control cell lines. The data are representative of three independent experiments. Error bars are represent mean ± SEM. 


[bookmark: _Toc515376345][bookmark: _Toc515379750][bookmark: _Toc527381557]Discussion
The aim of this chapter is to validate the pro-tumourigenic effect RAMP3 signalling in breast cancer cells. Comprehensive understanding of AM’s role in cancer progression and bone metastasis (Dai et al., 2010; Awolaran et al., 2016; Warrington et al., 2017), may further enhance the scope for targeted therapies. Since we have established RAMP3 KD cells as an in vitro model for elucidating the role of RAMP3 in tumour survival and progression, we hypothesised that partial inhibition of RAMP3 in triple negative breast cancer cell will reduce tumour progression and invasiveness. Cell-based functional assays were carried out to determine pro-oncogenic role of RAMP3, in vitro.
The effect of RAMP3 knockdown on cell proliferation and viability
The doubling time of MDA-MB-231 cell line was reported to be 29.92 ± 2.85 hours (Limame et al, 2012). In our study, doubling time calculated for MDA-MB-231 control cells grown under 10 % FBS was consistent with the previous finding. Growth curve of MDA-MB-231 and RAMP3 KD cells was affected by reduced serum concentration at 2%. Yet, an increase in proliferation was observed over the six-day incubation time under both serum concentrations. Previous reports have shown that, AM over-expression did not induce proliferation of T47D and MDA-MB-231 cell lines under standard serum conditions (Martínez et al., 2002; Siclari et al., 2014). On the contrary, an increase in DNA synthesis was observed, when AM over-expressing cells were starved implying its role in survival and anti-apoptosis than as a stimulating growth factor. However, no significant difference in proliferation was observed in MDA-MB-231 control and RAMP3 KD cells at 10% and 2% FBS, respectively. Although, RAMP3 KD cells had increased endogenous AM expression, no significant effect on proliferation was observed at 2% FBS concentration. 
The MDA-MB-231 and RAMP3 KD cells were stimulated by AM agonist and antagonist by using three different concentrations of 1 pM, 1nM, and 1μM, respectively. The AM agonist and antagonist were added daily to the culture medium due to their shorter half-life. It has been previously reported that the plasma half-life of AM is 22.0 ± 1.6 minutes (Meeran et al.,1997). In addition, several studies investigating the effects of AM on cellular proliferation stated that AM was added daily to the cell culture due to its shorter half-life and also to observe a significant effect (Abasolo et al., 2004; Abasolo et al., 2006; Ramachandran et al., 2007). Furthermore, the peptide hormone along with other peptide hormones in the CGRP family is extremely sticky. Hence, to prevent binding of AM to the experiment tube surface, specific protein tubes were used in all the experiments. 
Our results of proliferation assay involving stimulation by exogenous AM (1-52) agonist did not promote increase in proliferation of MDA-MB-231 control and RAMP3 KD cells. On the contrary, exogenous AM antagonist (22-52) significantly reduced the proliferation of MDA-MB-231 control cells at day 3, day 4 and day 5, respectively. Viability assay was also used to measure the effect of RAMP3 knockdown on MDA-MB-231 cells. Consistent with the proliferation assay results, significant reduction in viability was observed only in MDA-MB-231 control cells treated with 1 µM of AM antagonist. No significant effect on viability was observed in MDA-MB-231 and RAMP3 KD cells stimulated with AM agonist. Since cell viability is an indirect measurement of proliferation/DNA synthesis, combined results of proliferation and viability assay establishes that RAMP3 knockdown did not have a deleterious effect on proliferation and viability of MDA-MB-231 cells alone or stimulated by AM agonist (1-52). Further, only 1 µM of AM antagonist (22-52) induced significant reduction in proliferation and viability of MDA-MB-231 cells.
Previous reports have shown that secretory AM in the conditioned media of cultured cells may have paracrine effect (Miller et al., 1996; Ramachandran et al., 2007; Berenguer et al., 2008). However, secretory AM expression was not quantified in our study and further validation is required to measure the secreted AM peptide in culture medium by ELISA or western blot. Similar to breast cancer, contradictory results with AM expression and proliferation were reported in prostate cancer cell lines. AM expression did not affect proliferation of highly tumourigenic, androgen resistant, osteolytic prostate cancer cell line PC-3 but induced proliferation of moderately tumourigenic DU-145 cell line (Rocchi et al., 2001; Mazzocchi et al., 2004). It was postulated that PC3 cells highly produced AM peptide in culture medium and hence was unaffected by exogenous stimulation (Rocchi et al., 2001).  
Our results were contradictory to the previous reports which showed that AM (1-52) induces proliferation. AM (1-52) was able to stimulate the cell proliferation in BxPC3, MPanc96, and Panc-1 pancreatic cancer cell lines (Ramachandran et al., 2007). The proliferative effect of AM was shown in HUVECs, at 0.5% and 2% FBS concentrations. However, the proliferation effect was higher in low FBS concentration. In addition, the HUVECs cell proliferation, was inhibited using AM (22-52) antagonist (Miyashita et al., 2003). The cell growth of human colorectal cancer (CRC) cell line HT-29 was stimulated with exogenous AM (1-52) and the proliferation was significantly inhibited with AM (22-52) (Nouguerede et al., 2013). However, exogenous treatment of AM with three differing concentrations (50 nM, 100 nM, and 500 nM) did not induce cell proliferation of ovarian cancer cell lines and its drug-resistant counterpart under serum-starved conditions (Baranello et al., 2012). 
The effect of the knockdown of RAMP3 on the migration and invasion of cells 
Cancer inducing agents may have pro-invasive, pro-migration effect with no effect on proliferation of triple negative breast cancer (Yang et al., 2013). Since RAMP3 knockdown did not affect proliferation and viability, migration and invasion assays were used to investigate the role of RAMP3 in metastasis. Several studies indicate that AM contributes to cancer progression and metastasis, though it is not clear yet if AM mediates via RAMP3. Martinez et al., study has investigated the angiogenic effect of AM in human ovarian cancer cell (ECV). The cells were treated with exogenous AM and the migration ability of the (ECV) cells was increased compared to untreated cells. Their results suggest that AM may play a role in cell migration (Martinez et al., 2002).
Our results signify that RAMP3 KD cells migrate and invade at a slower rate compared to MDA-MB-231 control cells. The RAMP3 KD cells stimulated with AM agonist (1-52) and AM antagonist (22-52) exhibited no effect on migration compared to control cells, across all concentrations. Similar result was observed in MDA-MB-231 control cells. Similar to proliferation, AM agonist and antagonist did not affect migration and invasion. It is unclear if 10% FBS condition hindered growth factor effect of AM expressing RAMP3 knockdown cells.
In contrast to the migration result, previous reports have shown positive effect of exogenous AM on migration of HUVEC endothelial cells (Miyashita et al., 2003). Similarly, HO8910 ovarian cell migration was increased and inhibited by exogenous AM and AM (22-52) treatments, respectively (Deng et al., 2012). Furthermore, recent study showed the effect of AM (1-52) and AM (22-52) on the astroglioma cells. Migration of astroglioma cells grown in 1% FBS, was significantly enhanced by AM (1-52). However, antagonist AM (22-52) showed no effect on the cell migration (Lim et al., 2014). Ramachandran et al., study shows over-expression of AM enhanced migration of pancreatic cancer cell line Panc-1. However, silencing the AM expression in MPanc96 cells reduced the cell invasion. Furthermore, silencing the expression of AM receptor (ADMR) in Panc-1 and MPanc96 cell lines significantly inhibited their invasion (Ramachandran et al., 2007). In addition, recombinant AM promotes invasiveness in pancreatic cell line Panc-1 and colorectal cancer cell line HT-29 cells (Keleg et al., 2007, Nouguerede et al., 2013). In contrast, AM antagonist does not have any effect on HT-29 cell invasion. Since, the effect of AM agonist and antagonist is not universal across all cell types and the inducers and inhibitors are not RAMP3 specific, inhibitors targeting CLR, amylin, and measurement of secretory AM by ELISA may aid in understanding the activation and inhibition of AM signalling and their conclusive role in invasion.
Effect of RAMP3 KD on the induction of apoptosis
Since, inhibition of apoptosis is a classical hallmark of cancer (Baig et al., 2016), executioner death caspases, caspase3/7 release was measured in RAMP3 knockdown cells. Since, serum deprived condition also exerts induction of apoptosis (Braun et al., 2011), 0% FBS was used to compare the effect of apoptosis under standard serum concentration of 10% FBS. Our results revealed that caspase 3/7 release was higher in RAMP3 KD cells grown under both medium containing 10 % and 0% FBS compared to MDA-MB-231 control cells. Our result revealed that AM inhibitor promoted apoptosis induction in MDA-MB-231 cells under serum deprivation only at 72 hrs but not in RAMP3 KD (Figure ‎4‑15, B). 
Surprisingly, MDA-MB-231 control and RAMP3 KD cells supplemented with medium containing 10% FBS did not inhibit the expression of caspase 3/7 release across all concentrations of AM agonist (1-52) for 48 hrs and 72 hrs. Excluding 1 µM of AM agonist, all other concentrations induced an increased expression of caspase 3/7 in RAMP3 KD cells supplemented with 0% FBS. No significant results were observed for AM antagonist (22-52) stimulated cells grown under 10% and 0% FBS at 48 hrs. However, 1 µM of AM (22-52) enhanced cell apoptosis in MDA-MB-231 in the absence of serum. 
Surprisingly, the exogenous AM (1-52) did not inhibit apoptosis in MDA-MB-231 and RAMP3 KD at 10% and 0% FBS concentrations (Figure ‎4‑12), (Figure ‎4‑14). In disagreement with our result, the anti-apoptotic ability of AM peptide was demonstrated in rabbit endothelial cells REC (Kato et al., 1997). Under serum starvation condition, it has been found that over-expression of AM evades apoptosis of breast cancer cell T47D (Martinez et al., 2002). Amongst prostate cancer cell lines exposed to serum starvation, AM protects Du-145 and PC-3 but not LNCaP against apoptosis (Abasolo et al., 2006). 
The effect of RAMP3 KD on colony formation
Since malignant transformation of cancer cell is also influenced by the ability of the cancer cells to survive and proliferate under undesirable conditions, colony forming efficiency of RAMP3 KD cells were evaluated. Our results indicate that RAMP3 knockdown cells have lesser colony forming efficiency compared to MDA-MB-231 control cells thereby implying that RAMP3 regulation and expression may assist cancer cells to invade and survive under harsh conditions without any external aid. AM promotes survival and colony forming efficiency in a cell type dependent manner. Amongst ovarian cell lines grown under serum-starved condition, only HEY cells responded to increased clonogenicity (Baranello et al., 2012). Importance of AM role, especially RAMP3 in clonal expansion and survival of cancer cells is obscure. Arginine methyltransferase PRMT5 involved in breast cancer stem cells was shown to activate AM but repress RAMP3 (Chiang et al., 2017). On the contrary, RAMP3 gene expression was observed to be important for survival of breast cancer stem cells (Yin et al., 2014). Hence, analysing the role of RAMP3 in cancer stem cells may further widen the importance of RAMP3 signalling in survival, drug resistance and clonal expansion.
The effect of RAMP3 KD on cAMP levels
Several studies indicate that the signalling pathway of AM is associated with increased level of cAMP. The signal transduction pathway of AM elevates the intracellular cAMP pathway through activation of adenylyl cyclase-protein kinase pathway (Hinson et al., 2000). Other signalling pathways might affect AM actions such as Ca2+, nitric oxide, cGMP, and MAPK. Our cAMP assay result did not show any alteration in cAMP level in response to AM ligand in MDA-MB-231 cells and RAMP3 KD cells. However, AM was able to increase the cAMP level of the positive cell lines AM1 and AM2 thereby clarifying that it is not an experimental error. Similar effect was observed in prostate cancer cell line PC-3 using different range of AM ligand (Abasolo et al., 2004). Also, they found an increase in the ERK1/2 pathway in PC-3 cells. Thus, measuring other AM signalling pathways such as ERK1/2, MAPK cascade, intracellular Ca++ level and elevation of NO and cGMP are required in order to understand the functional effect of AM.
Overall, the results of this chapter signify an anti-invasive, anti-clonogenic and pro-apoptotic effect of RAMP3 down regulation in hormone receptor negative breast cancer cells. Extensive pathway-guided pre-clinical studies are required for complete understanding of RAMP3 mediated metastasis of breast cancer. 
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[bookmark: _Toc527381558]Chapter five: In vivo evaluation of RAMP3 knockdown using BALB/c nude mice model
[bookmark: _Toc515376347][bookmark: _Toc515379752]

Chapter five: In vivo evaluation of RAMP3 knockdown using BALB/c nude mice model
5.1 [bookmark: _Toc527381559]Introduction
In the previous chapter, we have characterised the cellular effect of RAMP3 knockdown on MDA-MB-231 cells using cell based functional assays. In vitro results revealed that RAMP3 knockdown significantly affected the migration, invasion, and clonogenicity with no apparent effect on proliferation and viability of knockdown cells. Furthermore, induction of apoptosis was significantly higher in RAMP3 KD cells compared to MDA-MB-231 control cells. Functional assays measuring receptor activity are necessary to understand the impact of receptor mediated downstream signalling since, endogenous AM expression has been reported to facilitate osteolytic metastases in breast cancer (Siclari et al., 2014). The cAMP assay measuring the activity of AM receptor did not yield results both in MDA-MB-231 control and RAMP3 KD cells. Hence, direct measurement of the receptor activity could not be achieved during this study. Based on cell-based functional assay results, we proposed that RAMP3 expression may play a pivotal role in survival, invasion and apoptosis of triple negative breast cancer cells.
Though, in vitro cell based assays are the primary steps for screening and validating the effect of putative oncogenic markers (Feve et al., 2014; Katt et al., 2016), in vivo study is essential to understand the development of tumour progression within the host environment. Several clinical and pre-clinical studies have established the significance of RAMP3 expression in metastatic tumours. However, most of these studies only compare the expression pattern alongside RAMP2, CLR and AM in normal and metastatic adult solid tumour tissues. It has been reported that RAMP3, alongside RAMP2, CLR and AM expressions were higher in lymph node and metastasis of colorectal cancer tissues (Nouguerède et al., 2013). Similarly, malignant pleural mesothelioma displayed higher expression of AM, CLR, RAMP2 and RAMP3 compared to normal tissues (Greillier et al., 2016). 
Despite accumulating evidences of enhanced RAMP3 signalling in metastatic tissues, it is still unclear if RAMP3 can independently drive organ specific metastases. The conclusive evidence of RAMP3 signalling in triple negative breast cancer model revealed that it induces invasion, angiogenesis and tumour formation in BALB/c nude mice (Brekhman et al., 2011). RAMP3 knockdown induced a mesenchymal-to-epithelial transition (MET), reduced migration and down-regulation of p38 MAPK phosphorylation. Also, reduction in blood vessel density measured by CD31 level was observed in RAMP3 KD and MDA-MB-231 cells. Further, re-expression of RAMP3 in LOXL2 knockdown MDA-MB-231 cells restored their invasion and tumour forming efficiency (Brekhman et al., 2011). However, no further information is available for mode of metastasis route regulated by RAMP3 signalling.
Contrary to the above results, RAMP3 knockout in vivo results did not affect capillary formation, blood vessel recovery, and blood vessel markers such as CD31 and VEGF-A in RAMP3 KO mice (Yamauchi et al., 2014). However, lymphatic vessel marker, podoplanin (PDPN) expression was reduced and dilated lymphatic vessels were observed in RAMP3 KO mice. Reduced lymphatic drainage, mobility and PI3/AKT signalling was observed in lymphatic endothelial cells harbouring RAMP3 KO. The AM-RAMP3 signalling was observed to be essential for lymphatic development and did affect angiogenesis and lymphangiogenesis in RAMP3 knockout lymphatic endothelial cells. Thus, it has been reported that RAMP2 regulates vasculogenesis and is essential for survival of developing embryo while RAMP3 is essential for lymphatic development in adults. Also, RAMP3 deletion did not affect neovascularisation and tumour growth of sarcoma cells (Yamauchi et al., 2014).
In lymphatic vessels, forkhead box transcription factor FOXC2 and NFATc1 act together to initiate VEGF-C maturation of collecting vessel maturation (Alitalo et al., 2005; Norrmén et al., 2011). The FOXC2 interacts with several lymphatic modulators such as VEGF-C, neuropilin-1, transforming growth factor-β receptor and emerging modulators such as RAMP3 and RAMP1. However, the in vivo status of such interaction is not validated. Further, RAMP1 knockdown was also shown to reduce lymphangiogenesis in mice model (Kurashige et al., 2014). The lymph collecting vessel plays a pivotal role in the dissemination of tumours cells to adjacent lymph nodes controlled by VEGF-C and VEGF-D (Hoshida et al., 2006; Shayan et al., 2006; Karnezis et al., 2012; Gogineni et al., 2013). Reduction of contractile force in the collecting lymphatic vessels significantly reduced lymph flow and tumour cell spread to lymph node. Since, RAMP3 knockout affects lymphatic drainage and lymph node only metastases have better prognosis (Goldhirsch et al., 2009; Kawada and Taketo, 2011), it would be interesting to study the effect of RAMP3 expression in lymph node metastases in pre-clinical models and breast cancer patient tissues. 
Though, RAMP3 deletion affects lymphatic vessel homeostasis in lymphatic endothelial cells and angiogenesis in MDA-MB-231 cells, there is no published report detailing tumour formation efficiency and angiogenesis of RAMP3 knockdown breast cancer cells expressing AM and CLR receptors. Since, AM, CLR, RAMP1 and RAMP2 were uninhibited in RAMP3 knockdown cells, their cumulative effect on tumour formation and angiogenesis may help us to understand the dynamics of AM signalling and RAMP3 knockdown. Hence, an in vivo experiment was performed using BALB/c nude mice model to analyse RAMP3 mediated tumour formation. The metastatic MDA-MB-231 cell line was chosen to analyse the effect of AM in modulating tumour formation and angiogenesis. Metastasising proficiency of xenograft MDA-MB-231 cells in nude mice was attributed towards degradation of extracellular matrix by proteolytic enzymes such as MMP2, MMP9 and down-regulation of TIMP proteins. Also, subset of MDA-MB-231 cells contains different subpopulations which are metastatic to visceral organs such as lung, brain and also to bone. Therefore, MDA-MB-231 cells may function as a valuable tool for studying the role of RAMP3 in suppressing breast cancer metastasis to bone (Chavez et al., 2010; Holliday and Speirs, 2011).
Tumour size, volume and necrotic area were measured in the experimental groups and tissue sections were stained for histological evaluation. In order to measure the initiation of tumour angiogenesis, both the experimental groups were stained for CD31 antibody. The objective of this chapter is to understand the effect RAMP3 knockdown has on tumour formation and tumour angiogenesis using a BALB/c nude mice model.
[bookmark: _Toc515376348][bookmark: _Toc515379753][bookmark: _Toc527381560]Hypothesis and Objective
[bookmark: _Toc527381561]Hypothesis
It is hypothesised that RAMP3 knockdown cells deregulates vascular development and reduces tumour formation, in vivo.
[bookmark: _Toc527381562]Objectives
· To inject RAMP3 knockdown and MDA-MB-231 control cells subcutaneously into BALB/c mice.
· To determine the tumour volume, tumour weight and necrotic area in both MDA-MB-231 control and RAMP3 KD tumours.
· To investigate the effect of RAMP3 KD on the formation of new blood vessels by analysing the tumours section using CD31 marker.


[bookmark: _Toc515376349][bookmark: _Toc515379754][bookmark: _Toc527381563]Material and methods
[bookmark: _Toc515376350][bookmark: _Toc515379755][bookmark: _Toc527381564]Cell line
The cell lines were used in this in vivo experiment are MDA-MB-231 as control cells and RAMP3 knockdown cells. 
[bookmark: _Toc515376351][bookmark: _Toc515379756][bookmark: _Toc527381565]Mice
The in vivo experiment was performed using six-week old female BALB/c immunocompromised mice (Charles River, UK), which were maintained in a sterile environment. Experiments were performed in accordance with local guidelines and with Home Office approval of University of Sheffield, UK. A total of twenty mice were used, each group (control group= 10 mice and RAMP3 KO group= 10 mice).
[bookmark: _Toc515376352][bookmark: _Toc515379757][bookmark: _Toc527381566]Tumour cell injection
[bookmark: _Hlk513735026]The animal house works were performed gratefully with our lab’s colleagues Jess Warrington, Paris Avgousou and Ameera A. Jailani. The animal house works including (mice tumour injection, tumour measurement and mice sacrificed). The tissue culture lab works were performed by myself, the cells were prepared for mice injection, cells culture flasks from each MDA-MB-231 and RAMP3 KO cells were harvested by trypsinisation and were counted. Cell density of 5X106 cells were suspended in 100 µL of PBS and the suspended cells were mixed with Matrigel in ratio of 1:1. The cell suspension was subcutaneously injected into the left flank region of the mice.
[bookmark: _Toc515376353][bookmark: _Toc515379758][bookmark: _Toc527381567]Tumour measurement
Mice were monitored twice a week for tumour formation and growth, and the tumour volume were determined by using callipers for measurement. The tumour volumes were calculated using the below formula
Tumour volume mm3 = ((Length) X 3.14 X (width)/2)2
According to the guidelines, the mice were euthanised when their tumour volume reached ~600 cm3. The study was conducted for 4 weeks, but the mice were sacrificed at day 23, post injection. The tumours were removed and collected for weight measurement and then stored in 10% formalin for histological analysis.
[bookmark: _Toc515376354][bookmark: _Toc515379759][bookmark: _Toc527381568]Tumour histology
The tumour tissues were processed and stained by Mr. Mark Kinch at the Histology department of the University of Sheffield, UK. The tumours were embedded in paraffin wax and serial sections of 3 µM thickness were cut using the microtome. Each tumour section was mounted on the histology slide for haematoxylin and eosin staining (H&E). Then the sections were scanned using panoramic 250 slide scanner and analysed using CaseViewer software.
[bookmark: _Toc515376355][bookmark: _Toc515379760][bookmark: _Toc527381569]Necrotic area analysis
The area of necrosis was quantified using CaseViewer software in H&E tumour sections. The necrotic area was measured, and the percentage of necrotic area was calculated using the formula,
% tumour necrosis = (necrosis area/ total tumour area) x 100 
The average necrotic area and the percentage necrotic area was recorded (Figure ‎5‑1, Figure ‎5‑2).
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[bookmark: _Ref508287195][bookmark: _Toc527379209]Figure ‎5‑1: Example of measuring the necrotic area in tumour section using case viewer software, scale bar = 1000 µm.
[image: ]
[bookmark: _Ref508287198][bookmark: _Toc527379210]Figure ‎5‑2: Example of calculating the percentage of the necrotic area using case viewer software, scale bar=1000 µm.
[bookmark: _Toc515376356][bookmark: _Toc515379761][bookmark: _Toc527381570]CD31 Immunohistochemistry
The immunohistochemistry was performed thankfully by our lab’ colleague Ameera A. Jailani. Sections were deparaffinised with tap water, then the sections were in xylene for 5 minutes and 30 seconds in alcohol and the sections were left in the tap water. The slide sections were in the antigens retrieved with proprietary buffer (Citrate buffer pH6, preheat 80°C, heat at 95°C for 25mins, cool). Following antigen retrieval, all sections were washed gently in tap water, and then soaked in 3% H2O2 in H2O for 20 minutes. Then the sections were washed and marked using PAP pen in order to detect the tissues. To reduce further nonspecific background staining, slides were incubated with rabbit serum blocking solutions for 30 minutes at room temperature. All slides then were incubated at 4°C overnight with antibody rat monoclonal anti-mouse endothelial cell marker CD31 (OPTISTAIN) at optimised concentration 1:50. Next day, the slides were washed with TBST for 5 minutes three times. followed by 30 minutes incubation with biotinylated secondary antibody (Vectastain) against rat Immunoglobulinins at room temperature. After that, the slides were washed in PBS for 10 minutes. The detection was performed using ABC kit (Vectastain), prepared according to manufacturer instruction by adding one drop of solution A and one drop of solution B in 2.5 mL of TBS and incubated 30 minutes before using. The slides were incubated with the ABC for 30 minutes at room temperature, followed by washing in PBS for 5 minutes. For visualisation, one drop of impact DAB Eq (reagent 1 and 2) was added to each slide. The slides were washed with PBS for 5 minutes twice. Slides were counterstained with Gill’s haematoxylin for 30 seconds. The slides were dehydrated and mounted with DPX. The slides were scanned using slide scanner machine and snapshot images were taken using QuPath software. CD31 positive expression areas were analysed using ImageJ software in four random regions per tissues section. 
[bookmark: _Toc515376357][bookmark: _Toc515379762][bookmark: _Toc527381571]Statistical analysis
Statistical analyses were carried out by using GraphPad prism7 software. The data were presented as mean ± SEM, as indicated in the legends. Statistical significant was assessed using unpaired t-test for two group comparisons. P value * indicates significance P<0.05, ** indicates P<0.01 *** indicates P<0.001.
[bookmark: _Toc515376358][bookmark: _Toc515379763][bookmark: _Toc527381572]Result
[bookmark: _Toc515376359][bookmark: _Toc515379764][bookmark: _Toc527381573]Tumour development
In order to investigate the role of RAMP3 knockdown in tumour development, in vivo experiment was performed. We studied the effect of RAMP3 knockdown in triple negative breast cancer by injecting MDA-MB-231 control and RAMP3 KD cells subcutaneously in the left flank regions of the female BALB/c nude mice. The mice were monitored for the primary xenograft tumour development, and the developing tumours were measured twice a week using a calliper. Figure ‎5‑3 shows the tumour volume of individual mouse of each group; the control group injected with MDA-MB-231 and knockdown group injected with RAMP3 KD cells. The average tumour volume of RAMP3 KD cells reduced significantly on day 10 post injection (P =0.0028) compared to the MDA-MB-231 control group. However, the growth of the tumours after day 10 started to increase gradually with no significant difference between the two groups at day 21, as shown in (Figure 5-4). The tumours mass was also monitored and a slight increase in weight was observed during the tumour growth. The average mice weights for MDA-MB-231 control group were 15.2 g and 16.9 g on day 0 and day 21, respectively. Similarly, the average weights of RAMP3 KD mice group were 15.5 g and 17.2 g on day 0 and 21, respectively. 
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[bookmark: _Ref507413858][bookmark: _Toc527379211]Figure ‎5‑3: Tumour volume of individual mouse.
Tumour cell density of 5X106 cells were injected subcutaneously in the left flank of female mice and the tumour volume was measured twice a week using a calliper. A) Tumour volume of mice injected with MDA-MB-231 cell. B) Tumour volume of mice injected with RAMP3 KD cells. Data represented as individual tumour size for each mouse over 21 days.
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[bookmark: _Ref507416886][bookmark: _Toc527379212]Figure ‎5‑4: Tumour volume of female BALB/C nude mice injected with MDA-MB-231 control and RAMP3 KD cells.
RAMP3 KD tumour volume mean revealed reduction on day 10 compared to control MDA-MB-231. No significant was obtained on day 21. Error bars represent mean ± SEM and unpaired t-test was performed comparing MDA-MB-231 control and RAMP3 KD group. P values were generated using unpaired t-test. * indicates significance P < 0.05, ** indicates P <0.01.


[bookmark: _Toc515376360][bookmark: _Toc515379765][bookmark: _Toc527381574]Tumour weight
The tumour in each group was measured twice a week and the tumour volume was monitored until tumour size reached ~600 cm3. The mice were scarified on day 23, and the tumour was collected, photographed and weighted for further analysis. There was no significant difference between MDA-MB-231 control and RAMP3 KD group’s tumour weight. Interestingly, the tumour mass of RAMP3 KD group were larger than the MDA-MB-231 control group as shown in (Figure 5-6). The average weight of the tumour of the control group was 201 mg whereas the RAMP3 KD was 357 mg, (Figure 5-6). Grossly, few areas of sub-capsular haemorrhages were also noticeable in some of the knockdown tumours (Figure 5-5). 
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[bookmark: _Ref508310789][bookmark: _Toc527379213]Figure ‎5‑5: Xenograft tumour images of MDA-MB-231 control and RAMP3 KD cells.
Tumours were harvested at day 23 post injection from A) MDA-MB-231 control B) RAMP3 KD tumours grown in BALB/c nude mice model.
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[bookmark: _Ref508311039][bookmark: _Toc527379214]Figure ‎5‑6: Average tumour weight of MDA-MB-231 control and RAMP3 KD groups(mg).
A) Representative tumour images of MDA-MB-231 control and RAMP3 KD groups. B) The average tumour weight of MDA-MB-231 control and RAMP3 KD groups. Ten female BALB/c nude mice received an injection of MDA-MB-231 control cells and RAMP3 KD cells. On day 23, mice were sacrificed and excised tumours were photographed as shown in A. No significant difference in tumour weight was observed between control and knockdown groups as shown in B. Data represent mean ± SEM and unpaired t-test was performed comparing control and RAMP3 KD group. 

[bookmark: _Toc515376361][bookmark: _Toc515379766][bookmark: _Toc527381575]Tumour necrosis
Since the tumour volume and tumour weight result showed no significant effect of RAMP3 inhibition on the tumour formation, we also observed the effect of RAMP3 knockdown on tumour necrosis and tumour angiogenesis. Xenograft tumours were collected from mice at day 23 and tumour histology sections were stained with H&E as previously mentioned in the material and methods section. 
Figure 5-7 shows the histological analysis of the H&E tumour sections of the MDA-MB-231 control and RAMP3 KD groups. The whole tumour sections were examined at 0.5X magnification, and the morphological differences between MDA-MB-231 control and RAMP3 KD tumour groups were distinctively observed. In contrast to the control group, the RAMP3 tumours exhibited a massive area of central necrosis (light pink) and haemorrhagic lakes. The observed effect was the resultant effect of extravasations of red blood cells (RBCs) from the deformed/disrupted blood vessels surrounded by a peripheral area of highly viable tumour cells (dark purple).
The percentage necrotic area was calculated by dividing necrotic area by the total tumour area in each individual H&E stained tumour section. The RAMP3 KD tumour group presented with significantly higher percentage of necrotic area compared to the MDA-MB-231 control tumours by 33 fold-difference (Figure 5-8). The average necrotic area in MDA-MB-231 control and RAMP3 KD tumours were 0.4 mm2 and 24 mm2, respectively. Overall, in vivo data of this project suggest that RAMP3 knockdown might have an effect on tumour development by inducing necrosis.
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[bookmark: _Ref508466679][bookmark: _Toc527379215]Figure ‎5‑7: Representative H&E stained sections of MDA-MB-231 control and RAMP3 KD tumours.
Figures A and B represents the complete tumour section at 0.5X magnification, scale bar = 2000 µm. The 20X magnification of the RAMP3 knockdown tumour section shows a large central area with less intense staining and loss of normal tissue architecture; which is typical for necrosis. In addition, a considerable amount of blood lakes was also observed indicating disruption of blood vessels and extravasation of RBCs, scale bar = 200 µm.
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[bookmark: _Ref513807086][bookmark: _Toc527379216]Figure ‎5‑8: Histological analysis of necrotic area in MDA-MB-231 control and RAMP3 KD tumours.
A) The percentage of the necrotic area. B) Histological analysis of the necrotic area represented as mm2. The RAMP3 KD tumours displayed significantly increased necrotic area compared to control group. Data represent mean ± SEM and unpaired t-test was performed comparing control and RAMP3 KD group. P value was generated using unpaired t-test * indicates significance P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001 and ****indicates P < 0.0001.


[bookmark: _Toc515376362][bookmark: _Toc515379767][bookmark: _Toc527381576]CD31 Immunohistochemistry
In order to understand the onset of tumour angiogenesis, micro-vessel density (MVD) at the tumour site was measured by performing immunohistochemistry for CD31. The tumour sections were deparaffinised and incubated with the angiogenesis marker CD31 antibody. The MVD was defined as the mean of four different random fields of CD31 per tumour section. The CD31 positive areas were measured and analysed using ImageJ software. Unexpectedly, the blood vessels density of the RAMP3 knockdown was higher than the control MDA-MB-231 (P=0.0028) (Figure 5-9). Despite the number of the blood vessels in RAMP3 KD, the observed blood vessels were shorter and underdeveloped. 
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[bookmark: _Toc527379217]Figure ‎5‑9: Blood vessel density of MDA-MB-231 and RAMP3 KD tumours using CD31.
Representative images of CD31 expression in MDA-MB-231 (A) and RAMP3 KD cells (B). The tumours that developed from MDA-MB-231 and RAMP3 KD cells were sectioned; the blood vessels were stained using CD31 antibody, scale bar= 50 µm. C) The MVD was measured in MDA-MB-231 and RAMP3 KD tumour using ImageJ software to measure the CD31 positive area. RAMP3 KD sections displays more micro-vessels density compared to the MDA-MB-231 control section by 40 %. Data represent mean ± SEM and t-test was performed comparing MDA-MB-231 and RAMP3 KD group. P value was generated using unpaired t-test * indicates significance P <0.05, ** indicates P <0.01.
[bookmark: _Toc515376363][bookmark: _Toc515379768][bookmark: _Toc527381577]Discussion
The aim of this chapter is to evaluate the tumour forming efficiency by RAMP3 knockdown cells expressing AM and CLR in BALB/c nude mice model. According to the functional assays results RAMP3 KD cells reduced the migration and invasion and enhanced the apoptosis. However, no effect was observed on the proliferation. The in vivo result of this study revealed that tumour volume of RAMP3 KD cells significantly increased post day 10 compared to MDA-MB-231 control cells. However, the average tumour volume result on the last day of the measurement day 21 showed no difference between control and RAMP3 KD groups. Further, the tumour volume of RAMP3 KD cells was much higher than MDA-MB-231 control cells. It is unclear, if the increase in tumour volume was associated with hypoxia, since several reports indicate that increased tumour mass can also be linked to deprivation of oxygen and nutrients supply (Walsh et al., 2014; Muz et al., 2015; El Guerrab et al., 2017). In consistent with our result, previous study showed that there was no significant difference on the tumour growth of sarcoma cells injected in axillary region of wild type mice and RAMP3 KO mice (Yamauchi et al., 2014). Thus, reduction of RAMP3 expression might not affect the tumour growth. Also, the AM, CLR, RAMP1 and RAMP2 was expressed in the tumour tissues from wild type and RAMP3 KO mice (Yamauchi et al., 2014). Similar to our results, the gene and protein expression showed that RAMP3 KD cells expressed AM, CLR, RAMP1 and RAMP2.
It has been reported that AM expression is induced under hypoxia in several cancer models and prevents hypoxia induced cell death (Garayoa et al., 2000; Oehler et al., 2001; Keleg et al., 2007; Deville et al., 2009; Uemura et al., 2011). The histological evaluation of RAMP3 KD and MDA-MB-231 control groups revealed that necrosis was significantly higher by 35% in RAMP3 KD cells compared to MDA-MB-231 control cells (Figure 5-8). Previously published reports have documented that necrosis around hypoxic cells contributes to an aggressive phenotype and can positively influence the tumour size and volume (Leek et al., 1999; Jimenez et al., 2001; Tomes et al., 2003).
The in vivo data of this study are contradictory to the previously published study which showed reduced breast cancer tumour formation and reduced micro-vessel density in female BALB/c nude mice injected with shRNA targeting RAMP3 (Brekhman et al., 2011). However, the reported study used LM2-4 breast cancer cells, a highly metastatic variant of MDA-MB-231 cells for xenograft injection. The LM2 cells were obtained from sequential selection of metastatic tumours of MDA-MB-231 xenograft grown in CB17 severe combined immunodeficient (SCID) mice (Munoz et al., 2006; Guerin et al., 2013; Nofiele and Cheng, 2014). LM2 cells have shown to migrate faster in endothelial cell layer and expresses high level of chemokine CXCL1 involved in resistance and lung metastasis of breast cancer (Gupta et al., 2007; Acharyya et al., 2012). Also, K-Ras expression and phosphorylation of ERK pathway involved in lung metastasis was higher in LM2 cells compared to parental cells (Choi and Helfman, 2014). Absence of necrosis and reduced vessel density by CD31 measurement was observed in their study.
The immunohistochemical staining of CD31 expression in the RAMP3 KD tumours displayed small and not well-developed blood vessels. It is not clear whether AM over-expression or CLR expression has a negative effect in RAMP3 KD. In agreement of our CD31 immunostaining results, Yamauchi et al., study showed no difference in CD31 expression of tail lymphedema model between wild type and RAMP3 KO mice (Yamauchi et al., 2014). Also, Siclari et al., study found that over-expression of AM in MDA-MB-231 cells could promote the tumour growth of mammary fad pad though, with no significant effect was observed on the blood vessels development (Siclari et al., 2014). Contrary to our results, AM knockdown in colon cancer model reduced the blood vessels development and induced apoptosis. Also, the histological sections revealed a large necrotic area in the AM knockdown sections compared to the control (Wang et al., 2014). Taken together, inhibiting RAMP3 expression may or may not have effect on the blood vessels formation. However, the abnormality features on the blood vessels development should be further studied.
The preliminary study of AM role in breast cancer reported that AM expression is correlated with breast cancer metastasis to lymph node. Also, their findings showed the positive correlation between plasma AM expression and tumour grade in breast cancer patients (Oehler et al., 2003). AM over-expression in breast cancer cell line T47D enhances subcutaneous tumour growth. However, the opposite effect was observed in prostate cancer, Abasolo et al., study found that over-expression AM in PC-3 cells was able to reduce cells and tumour growth in vivo and in vitro (Abasolo et al., 2003). However, our results showed that endogenous AM expression of xenograft model did not show significant decrease or increase in tumour mass or volume between RAMP3 KD and control cells. The importance of CLR/RAMP3 receptor in mediating the effect of AM2 might serve as a novel biomarker and therapeutic target for inhibiting breast cancer metastasis. RAMP3 expression is critical for lymphatic vessel architecture and angiogenesis. Hence, quantification of RAMP3 expression in lymph node metastasis may serve as a diagnostic and prognostic factor. RAMP3 in the absence of metastatic inducer LOXL2 can also promote EMT and invasion of MDA-MB-231 and LM2-4 cells (Brekhman et al., 2011). The report also showed that RAMP3 activity was unaffected by amylin receptor inhibition but affected by CTR inhibition suggesting AM/CLR independent and CTR dependent mechanisms in MDA-MB-231 cells (Brekhman et al., 2011).
The in vivo result of this thesis suggests that RAMP3 knockdown cells expressing AM and CLR receptors could have bypassed the negative effect of RAMP3 knockdown. It is unclear if CLR expression in our MDA-MB-231 cells and increased expression of AM in the knockdown cells display a distinct mutational genotype accumulated by cancer cells. Also, LOXL2 and GPR30 expression was not measured in MDA-MB-231 cells. It has been shown that LOXL2 acts upstream of RAMP3 and GRP30 interact with RAMP3 to confer cardio-protective effect (Lenhart et al., 2013). Both LOXL2 and GPR30 have been reported to mediate metastasis of triple negative breast cancer. Further evaluation for AM, CLR, CTR, amylin, GPR30 and LOXL2 expression in RAMP3 knockdown tumours is essential to ascertain the ambiguity of in vivo data. Overall, our results suggest that RAMP3 knockdown tumours display enhanced tumour mass, necrosis and increased vascular network suggesting a plausible involvement of AM, CLR/RAMP1, CLR/RAMP2 receptors and hypoxia activated factors. Based on the preliminary in vivo study, experiments involving RAMP3 role in organotropic metastasis will be carried out.
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[bookmark: _Toc527381579]Discussion
To date, there are several evidence-based research studies that have validated the importance of AM signalling in breast oncogenesis. However, the involvement of RAMP3 autocrine function has been highlighted only for its effect on invasion, in vitro, and angiogenesis and tumour formation, in vivo (Yamauchi et al., 2014; Brekhman et al., 2011). RAMP3 protein also induces paracrine effect, predominantly via fibroblasts, blood vessels, and immune cells present in a TME. RAMP3 secretion by tumour microenvironment via CAFs has shown to induce breast cancer formation (Benyahia et al., 2017). Despite its autocrine and paracrine action, the effect of RAMP3 signalling on cellular function, survival, and metastasis of breast carcinoma is still unresolved. 
Hence, we proposed to comprehend AM signalling via RAMP3 with a specific focus on its effect on the proliferation, viability, migration, apoptosis, clonogenicity, tumour growth, and angiogenesis. Since the acquisition of unlimited replicative potential, evasion of apoptosis, sustaining angiogenesis, growth factor secretion and invasion are intrinsic signatures of malignant cells (Hanahan and Weinberg, 2000), this study has been designed to shed some light on these intrinsic traits using the highly aggressive metastatic breast cancer cell line MDA-MB-231. The triple negative breast cancer MDA-MB-231 cells have no functional oestrogen receptor, however, RAMP3 is affected by oestrogen (Hewitt et al., 2005). Thus, due to no in vitro or clinical study of RAMP3 and oestrogen receptor in breast cancer in our project we have used MDA-MB-231 cell line.        
The results obtained from this pre-clinical study may further support our understanding of the pro-tumourigenic status/involvement of RAMP3 in breast cancer. 
   The experimental design for this thesis was structured to test our major hypothesis and three sub-hypotheses:
Adrenomedullin (AM) through its receptor AM2 (CLR/RAMP3) mediates tumour progression and development of triple negative breast cancer:
1. The triple negative MDA-MB-231 cell line expresses AM and its receptors (CLR/RAMP2) AM1, (CLR/RAMP3) AM2 and knockdown of RAMP3 using shRNA.
2. The RAMP3 knockdown negatively affects the cellular proliferation, viability, migration, invasion, apoptosis, and clonogenicity, in vitro.
3. RAMP3 knockdown reduces angiogenesis and tumour formation, in vivo.
The cumulative findings of this study indicate that RAMP3 may play a significant role in breast cancer and its expression is pivotal for survival, apoptosis, invasion, angiogenesis and tumour formation of triple negative breast cancer.
Our preliminary experimental set-up was to knockdown RAMP1, RAMP2, RAMP3 and CLR receptors to study their role in breast cancer progression. The previous report had documented that MDA-MB-231 cells express AM but not CLR at the gene level. Also, RAMP3 knockdown in MDA-MB-231 cells resulted in decreased migration, angiogenesis and tumour formation (Brekhman et al., 2011). Further, RAMP interacting receptor such as calcium receptor signalling (CaSR) and GPR30 are highly expressed in MDA-MB-231 cells (Bouschet et al., 2005; Saidak et al., 2009; Wei et al., 2014; Hernández-Bedolla et al., 2015; Chen et al., 2016; De Marco et al., 2016). Therefore, MDA-MB-231 cells may function as a valuable tool for studying the role of RAMP3 in breast cancer (Chavez et al., 2010; Holliday and Speirs, 2011). Besides cell-based functional assays, xenograft nude mice study was also performed to understand the dynamics of AM expression in tumour formation and angiogenesis (Martinez et al., 2002).
In the first data chapter, we characterised the expression of AM, CLR, and RAMPs and the knockdown experiment was performed for all receptors. Our results highlight that AM and its interacting receptors CLR and RAMPs are expressed in MDA-MB-231 cell line both at the gene and protein level. The expression of AM has been reported in several breast cancer cell line models and normal breast tissue at the gene and protein level (Miller et al., 1996; Garayoa et al., 2000; Oehler et al., 2003; Siclari et al., 2014). However, our end-point RT-PCR, qRT-PCR and western blotting results showed the presence of RAMPs and CLR in MDA-MB-231 cell line for the first time. AM exerts its actions through CLR/RAMP2 or CLR/RAMP3. Thus, the expression of CLR is prerequisite for AM signalling. However, our CLR expression result is contradictory with the previous study which showed that both MDA-MB-231 and LM2-4, an aggressive variant of MDA-MB-231 cell line, does not express CLR receptor (Brekhman et al., 2011). Though CLR expression was measured using end-point RT-PCR and western blotting, qRT-PCR for CLR quantification did not yield desirable results due to a primer problem (Figure 3-17).
 RAMP family protein expression is required to control and transport CLR to the cell surface. Western blotting for RAMP family and CLR proteins yielded multiple bands due to non-specificity and non-availability of good quality primary antibody. Selection of commercially available RAMPs and CLR antibodies was difficult due to a dearth of published information, and lack of regulated quality control by the manufacturers. Protein bands higher than the expected molecular weight were observed revealing the presence of artefacts as opposed to homodimers of RAMP proteins (Zhao et al., 1998; Cueille et al., 2002). Adding to the complexity, the structure of RAMP family protein is still unresolved and much of its binding domains and interacting partners are yet to be discovered. Hence, for a definitive measure of protein expression, good quality and epitope-specific antibody are mandatory. Intracellular and extracellular AM and its receptors can also be measured using flow cytometry and immunocytochemistry. Since AM is also secreted into the growth media, ELISA can be used to quantify secretory AM levels.
Since we aimed for partial inhibition, the gene knockdown was performed using shRNA technology via lentiviral transfection (Boettcher and McManus, 2015). RNA interference (RNAi) is a powerful tool to generate stable knockdown clones and does not require isolation of single clones unlike genome editing techniques (Ketting, 2011). Despite the advantages of the technique, shRNA efficiency is dependent on the plasmid size and cell line model. The shRNA sequence plasmid was optimised for AM, RAMP1, RAMP2, RAMP3 and CLR receptors. The MDA-MB-231 cells were transfected with the respective pLKO.1 puro plasmids and the transfected cells were selected using puromycin antibiotic selection. Although MDA-MB-231 cells were reported to yield medium efficiency with Lipofectamine® transfection, our transfection efficiency results were low, and very few puromycin resistant clones were obtained. This could be attributed to the larger size of shRNA pLKO.1 plasmid. 
Optimisation of plasmid/Lipofectamine® concentrations and confirmation of individual knockdown clones by end-point RT-PCR, qRT-PCR and western blotting was time-consuming, which further delayed the experimental plan. Due to the time limit, only RAMP3 knockdown was taken forward for further cell based in vitro assays and in vivo study. Also, scrambled control plasmid was not provided and we are aware that in gene modification experiment, the negative control plasmid should be applied to allow us to observe the knockdown level. So, wild-type MDA-MB-231 cell line was used as negative control.
At each experimental step from characterisation to the knockdown generation, validation at the mRNA and protein level expressions were achieved using end-point RT-PCR, qRT-PCR and western blotting. About 70% and 50% reduction of RAMP3 was observed at the gene and protein level, respectively. Also, the stability of the knockdown was observed using western blotting method and the cells were grown in antibiotics free medium for four weeks without any increase in RAMP3 expression.
To understand the effect of RAMP3 knockdown on AM signalling, qRT-PCR and western blotting were performed to investigate the expression of AM, RAMP1, RAMP2, and CLR receptors. RAMP3 knockdown cells did not affect gene and protein level expression of RAMP1, RAMP2, and CLR protein (Figure 3-15, Figure 3-16, and Figure 3-17). However, high expression of AM mRNA was observed (Figure 3-18). A previous research report on RAMP3 knockout of lymphatic endothelial cells had shown that the expression of AM, RAMP1, RAMP2 and CLR was unaltered at the mRNA level (Yamauchi et al., 2014). Also, expression of RAMP2 and CLR was unchanged in heart and kidney tissues of RAMP3-/- mice (Dackor et al., 2007). Similarly, RAMP3 knockdown in MDA-MB-231 cells did not alter AM expression in vitro (Brekhman et al., 2011). Furthermore, RAMP1 knockdown of highly metastatic prostate cancer PC-3 cells did not affect the expression of RAMP2 and RAMP3 (Logan et al., 2013). Taken together, these results may suggest that RAMP3 inhibition may not affect AM and its interacting receptor expression of normal and cancerous cells. Since RAMP3 is not an essential factor affecting embryogenesis or vasculogenesis, targeting RAMP3 could serve as a potential pharmacological target without affecting normal physiological mechanisms.
AM expression was significantly higher in knockdown cells compared to control cells (Figure 3-18). Up-regulation of AM in RAMP3 knockdown was measured only at the gene level. AM protein expression was not measured, due to a lower molecular weight of AM (~6 kDa) and availability of good quality primary antibody. In order to confirm the over-expression of functional AM in a RAMP3 knockdown, western blotting, ELISA and flow cytometry can be employed. It is unclear why AM expression was enhanced in RAMP3 knockdown cells. Induced expression of AM in hormone receptor-positive cell lines was shown to impart metastatic potential implying an autocrine, pro-oncogenic function (Martinez et al., 2002). Over-expression of AM resulted in increased proliferation, resistance to apoptosis, sustained angiogenesis, and enhanced tumourigenicity. Hence cellular assays measuring the rate of proliferation, invasion, migration, apoptosis, and colony forming efficiency was used to understand the effect of RAMP3 knockdown, in vitro. Also, AM agonist and antagonist were employed to understand AM signalling pathway function in knockdown cells.
In the second chapter, the functional importance of RAMP3 knockdown was evaluated using several cell-based functional assays. Firstly, RAMP3 knockdown on cellular growth was evaluated using two different methods: cells counting using trypan blue and RealTime-Glo MT Cell Viability. Increased expression of AM was shown to enhance thymidine intake necessary for DNA synthesis suggesting its role in cellular proliferation (Martínez et al., 1997). However, data of this thesis suggest that RAMP3 knockdown did not affect proliferation and proliferation rate was similar in both control and knockdown cells; despite the finding that AM expression was significantly higher in the knockdown cells compared to control cells. Similarly, RAMP3 knockdown did not affect cellular proliferation of lymphatic endothelial cells (Yamauchi et al., 2014). Also, the results of this project are in line with the previous report which showed that the proliferation efficiency is similar in both AM over-expressing MDA-MB-231 cells and their control cells (Martinez et al., 2002, Siclari et al., 2014). However, AM over-expressing cells under serum starvation showed increased DNA synthesis rate implying its role as a growth factor under stress conditions. Although AM expression was higher in knockdown cells, our results show that serum starvation (2% FBS) did not induce enhanced proliferation rate in MDA-MB-231 control and knockdown cells. Consistent with the proliferation assay, cell viability was unaffected in both knockdown and control cells. 
Furthermore, the effect of AM agonist and antagonist on the growth and viability of breast cancer cells was also performed using trypan blue and RealTime-Glo MT Cell Viability in vitro. AM agonist of 1 µM concentration did not induce increased proliferation or enhanced viability of MDA-MB-231 control and RAMP3 knockdown cells. Differential results have shown that AM agonist may or may not induce proliferation. However, the proliferation rate was higher in low serum concentrations. Dose-response curve with concentrations above 1 µM AM agonist may help us to understand the effect of AM stimulation. It has been reported that exogenous stimulation of AM did not affect proliferation of prostate cancer cells due to high secretion of AM peptide in the culture medium (Rocchi et al., 2001). We did not measure secretory AM and endogenous AM by ELISA and western blotting, respectively. It is inconclusive to assume that AM secretion was higher in the media and hence AM agonist did not affect proliferation.
On the contrary, treatment of 1 µM AM (22-52) antagonist reduced the proliferation of MDA-MB-231 control cells but not RAMP3 KD cells in both proliferation and cell viability assays (Figure 4-4, A, Figure 4-6, A). The binding affinity of truncated AM, AM (22-52) is weaker for RAMP2 and weakest for RAMP3 (Robinson et al., 2009; Hay et al., 2011). Since, RAMP2 and RAMP3 are unaffected in MDA-MB-231 control cells, AM (22-52) was able to induce inhibition by inhibiting both AM1 and AM2 receptors. There is a possibility that AM signalling via RAMP3 is essential for antagonistic effect. Since RAMP3 is partially inhibited, AM (22-52) could not bind to RAMP3 to show inhibitory effect despite increased AM level in knockdown cells. Previous reports have demonstrated the tumour suppressing effect of AM antagonist (22-52) and 1 µM exogenous treatment was sufficient to induce anti-proliferative effect (Miseki et al., 2007; Nouguerede et al., 2013; Greillier et al., 2016). Our proliferation and viability assay results suggest that RAMP3 partial inhibition may not be deleterious for proliferation or viability of MDA-MB-231 cells. The same cannot be applied for complete RAMP3 knockout status. Hence, genome editing studies may further help us to understand the pathology of RAMP3 signalling and its direct effect on cellular proliferation and viability.
The proliferation index measurement was done based on manual cell counting with trypan blue staining. However, manual counting is tedious, time-consuming and often prone to errors. Tetrazolium reduction assays such as MTT/MTS/XTS, rezasurin reduction assays such as alamarBlue® and proliferation assay such as thymidine incorporation assay (Riss et al., 2011) can greatly enhance the efficiency and reduce error to ascertain the conclusive effect. In addition to proliferation assays, the RealTime-Glo MT Cell Viability Assay was used in this project to measure the RAMP3 knockdown effect on viability. 
The initial stage of cancer metastasis involves drastic phenotypical and genotypical changes implying an acquisition of metastatic potential. AM signalling promotes invasion and migration of several adult solid tumours (Deville et al., 2009, Hay et al., 2011, Wong et al., 2013). Our study showed that migration and invasion were significantly inhibited in knockdown cells in comparison to control cells. Consistent with the results of the proliferation and viability assays, AM agonist (1-52) did not affect invasion and migration of control and knockdown cells. Contrary to proliferation and viability assays, 1 µM AM antagonist (22-52) did not inhibit the migration of MDA-MB-231 control cells and the RAMP3 KD cells. Our results suggest that RAMP3 is essential for migration and invasion of MDA-MB-231 cells. Since cancer cells migrate artificial wound and invade through an ECM resembling barrier, wound healing and matrigel invasion assays can indirectly measure the invasive potential of breast cancer cells. For a conclusive understanding of tumour cell dissemination at the initial phase of metastasis, measurement of EMT and MMP markers greatly help. Classical traits of EMT are marked with cytoskeletal rearrangements to form invadopodia, deregulation of epithelial marker E-cadherin, and enhanced expression of mesenchymal markers such as N-cadherin, Slug, Twist, Vimentin, β-Cadherin. LOXL2 has been shown to repress E-cadherin via oxidation of SNAIL-1, thereby imparting invasive signatures to non-metastatic cells (Sakurai et al., 2009). Further, MMP2 and MMP9 proteases are involved in degrading ECM matrix for the dissemination of breast cancer cells into the blood stream. Gelatin zymography can be performed in RAMP3 knockdown cells to measure the level of MMP2 and MMP9. Further, expression of LOXL2, TWIST, E-cadherin, N-Cadherin can also be measured by qRT-PCR and western blotting.
The ability of the cancer cells to evade apoptosis and survive deleterious environment suggests an aggressive and acquired metastatic ability. The apoptosis results measuring caspase 3/7 suggest that RAMP3 knockdown significantly induced apoptosis compared to control cells. Though caspase 3/7 measurement signals involvement of apoptosis, it does not differentiate based on type or stage of cell death. Propidium iodide (PI) and Annexin V staining with FACS or fluorescent microscopy can be used to study early or late apoptosis. PI and Annexin V staining are relatively cheaper and require fewer resources. Comparatively, DNA fragmentation assay can be used prior to caspase 3/7 luciferase assay, since it is cost effective and final documentation involves agarose gel electrophoresis to visualise fragmented DNA.
Previous reports have shown that AM expression is beneficial to increase endometrial cancer cells by increasing Bcl2 expression to counteract hypoxia-induced cell death (Oehler et al., 2001). Hyperoxia induced cell death in rat lung was reduced by exogenous AM treatment via attenuation of caspase 3 expression (Vadivel et al., 2010). Also, AM knockdown in gastric cancer cells increased cleaved caspase 3 and Bcl2 expression (Qiao et al., 2017). Further, apoptosis induced by serum deprivation in osteoblasts was rescued by AM treatment (Uzan et al., 2008). Despite the increased level of AM, RAMP3 knockdown cells displayed increased caspase 3/7 activity suggesting that RAMP3 expression is pivotal for apoptosis in MDA-MB-231 cells. Western blotting of cleaved caspase-3, Fas, and Bcl2 proteins may further shed information upon whether the cell death was mediated by intrinsic or extrinsic death signalling pathway. 
Our clonogenicity results showed that colony forming efficiency was affected in knockdown cells compared to control cells. Since the presence of AM and CLR did not stabilise or increase clonal expansion, RAMP3/CLR signalling may be critical for the survival of disseminated cancer cells. Previous reports have validated the role of AM in survival and clonogenicity (Baranello et al., 2012; Martínez-Herrero et al., 2012; Chiang et al., 2017). Statistical analysis of breast cancer patient data correlating breast cancer stem cells revealed 41-gene signature list aiding survival and metastasis. Amongst the gene panel, RAMP3 alongside osteolytic factors such as IL-6, IL-8 was also listed (Yin et al., 2014). On the contrary, arginine methyltransferase PRMT5 highly expressed in breast cancer stem cells were shown to inhibit RAMP3 and activates AM and LOX. The ambiguous status of RAMP3 in breast cancer stem cell function needs to be explored for identifying its role in survival and clonogenicity of breast cancer cells. Hence, breast cancer stem cell markers such as CD44, CD24, and ALDH1 can be measured in RAMP3 knockdown cells by immunofluorescence, qRT-PCR, and FACS. Further, side population assay can also be performed in RAMP3 knockdown cells to estimate the efficiency and potency of RAMP3 knockdown cells to form breast cancer stem cells.
The cAMP assay results of this project show that the MDA-MB-231 and RAMP3 knockdown cell were not stimulated by AM ligand.  Our cAMP results also compliment proliferation and viability assay studies which showed that AM agonist did not have any mitogenic effect on control and knockdown cells. Exogenous treatment of prostate cancer cell line PC-3 by exogenous AM did not increase intracellular cAMP. However, activation of the ERK1/2 pathway was observed (Abasolo et al., 2004). Also, AM mediated ERK signalling has been reported in several studies. In MDA-MB-231 cells, LOXL2 mediated tumour formation is potentiated by RAMP3 and P38 MAPK pathway (Brekhman et al., 2011). Hence, measurement of intracellular Ca+2 concentration upon AM receptor activation by calcium mobilisation assay and protein expression of MAPK and ERK signalling pathways by western blotting may further ascertain the functional effect of AM in breast cancer cell line MDA-MB-231. 
Ability to induce and sustain vasculogenesis is crucial for the primary tumour to acquire a heterogeneous aggressive genotype and successfully survive and metastasise leading to the clinical manifestation of cancer. Pro-angiogenic molecules secreted by breast cancer cells such as VEGF, bFGF, Angiogenin etc induce blood vessel formation and supports tumourigenesis. The onset of angiogenesis is crucial for a primary tumour to extravasate. Targeted therapies against angiogenesis have been successful in functioning as an adjuvant therapy. AM has been shown to induce new blood vessel formation in several physiological and pathological conditions (Kaafarani et al., 2009; Berenguer-Daize et al., 2013; Karpinich et al., 2013; Chauhan et al., 2015,). Our in vivo results have shown profound vascular network and higher expression of CD31 compared to control cells. However, RAMP3 knockdown sarcoma cells did not affect tumour growth and neovascularisation. Also, capillary formation, blood vessel recovery, blood vessel marker expression such as CD31 and VEGF-A, blood vessel and lymphatic densities did not differ between RAMP3 KO and wild-type mice (Yamauchi et al., 2014). Interesting, lymphatic vessel marker, podoplanin (PDPN) expression was reduced and dilated lymphatic vessels were observed in RAMP3 KO mice. Contrary to lymphatic endothelial cells and sarcoma cells, RAMP3 knockdown in MDA-MB-231 resulted in reduced CD31 expression. Measurement of PDPN expression in RAMP3 knockdown mice by qRT-PCR and immunohistochemistry may help us to understand if lymphatic vessel deregulation was observed in RAMP3 knockdown breast cancer. 
It is unclear if AM and other interacting receptors could have mediated increased blood vessel, enhanced necrosis and tumour formation in the in vivo model. Despite an increase in tumour mass in RAMP3 knockdown cells, there was no significant difference between the two groups. In this project, in vivo tumour formation results compliment with in vitro cell proliferation and viability assay confirming that RAMP3 knockdown did not cause an increase or decrease in proliferation or tumour mass. It is also unclear if, AM signalling via tumour microenvironment (TME) could have compensated for the RAMP3 knockdown. Beside autonomous autocrine effect, AM can induce tumour formation, evade immunosurveillance and establish distant organ tumour by manipulating cells within the TME (Chen et al., 2011, Huang and Chu, 2014). RAMP3 knockdown is often associated with the defective lymphatic system (Yamauchi et al., 2014). RAMP1 is also reported to play a key role in wound healing and lymphangiogenesis and have been shown to play a significant role in cellular trafficking of CaSR (Kurashige et al., 2014). Since RAMP1, RAMP2 and CLR expression is unaltered and AM expression was higher, there is a possibility of AM mediated effect of tumour formation and vasculogenesis via RAMP1/CLR (Hay and Pioszak, 2016) and AM1 (RAMP2/CLR) receptor pathways. Similar to western blotting, immunohistochemistry of RAMP3 could not be performed due to lack of good quality primary antibody. Though, cell-derived xenografts (CDX) are relatively cheaper, easier and form a resectable tumour, an effective activity of the TME cannot be studied due to their immunocompromised state lacking an active immune system. Compared to syngeneic 4T1 mice cells which effectively form metastasis, MDA-MB-231 cells rarely form metastasis as a CDX model via subcutaneous injection. Hence, direct implantation of CDX into the bloodstream may aid in studying breast cancer metastasis compared to subcutaneous injection used in our study. 
[bookmark: _Toc527381580]Future Direction
Confounding results of our research require further validation and thorough understanding for mapping RAMP3 dependent and independent mechanisms in aiding tumourigenesis. Though, our in vitro cell based functional assays and in vivo study may highlight tumour supporting effect of RAMP3, its effect on known metastatic inducers, oncogenic signal transduction pathways, epigenome, and cancer stem cells is critical for comprehensive evaluation as a promising biomarker and a better therapeutic target. Hence, future prospects of this study can be focused upon analysing the molecular interplay between interactors, and enhancers and repressors of RAMP3.
Conclusive shreds of evidence have shown that hypoxia activated LOX facilitates metastatic niches formation at bone and navigation of oestrogen receptor negative breast cancer cells to bone (Cox et al., 2015). Inhibitors and antibodies targeting LOX and its effectors have significantly reduced the pre-metastatic lesion formation. However, monoclonal antibodies and inhibitors such as BAPN and LOXL-2 inhibitor Simtuzumab against LOX have not yielded effective results due to lack of specificity and toxicity (Cox et al., 2016). Since AM, LOX and LOXL2 expression is activated under hypoxia, there can be a possibility that RAMP3 can also function downstream of LOX protein and effective strategies can be employed to understand if the metastatic ability of LOX is potentiated by RAMP3. Hence, LOX and LOXL2 expression can be measured in RAMP3 knockdown cells by qRT-PCR and western blotting under hypoxia and normoxia. Further, MDA-MB-231 control and RAMP3 knockdown cells can be treated with LOX inhibitor beta-aminopropionitrile (BAPN) and LOX expression and invasive potential can be measured by qRT-PCR and matrigel invasion assay, respectively.
G protein-coupled receptor 30 (GPR30) has a significant role in metastasis of triple negative breast cancer and effectively interacts with RAMP3 (Chen et al., 2016; De Marco et al., 2016). Hence, GRP30 expression can be measured in the RAMP3 knockdown cell by end-point RT-PCR qRT-PCR and western blotting. Also, GPR30 expression can be inhibited by receptor-specific agonist G-1 and cell-based functional assays such as proliferation and invasion assays can be carried out to understand its role in RAMP3 knockdown cells (Wei et al., 2014). Understanding the role of GRP30 in RAMP3 knockdown cells may further help us to understand the complexity of GPCR activity, oestrogen signalling, and RAMP3 pathology. 
AM signalling through AM2 receptor (CLR/RAMP3) is essential for lymphatic development without any deleterious effect on angiogenesis and lymphangiogenesis. Reduction of contractile force in the collecting lymphatic vessels significantly reduced lymph flow and tumour cell spread to the lymph node. Since, RAMP3 knockout affects lymphatic drainage and lymph node only metastases have a better prognosis (Kawada and Taketo, 2011; Goldhirsch et al., 2009), it would be interesting to study the effect of RAMP3 expression in lymph node metastases in pre-clinical models and breast cancer patient tissues. Immunohistochemistry of AM, CLR, and RAMP3 can be performed in patients with and without invasive lymph node metastasis. Further, Spike-in SILAC proteomic analysis guided by mass spectrometry can be performed on cell lysate to identify differentially expressed proteins in control and RAMP3 knockdown cells.
[bookmark: _Toc527381581]Conclusion
In summary, data of this thesis have shown that AM signalling via (CLR/RAMP3) AM2 receptor is an essential regulator of survival, migration, and apoptosis of hormone-negative breast cancer cells. The knockdown of RAMP3 reduced migration, invasion, and colony formation, and enhanced apoptosis without any significant effect on cell proliferation and viability of breast cancer cells, in vitro. On the contrary, RAMP3 knockdown tumours exhibited increased larger tumour volume, necrosis and profound vascular network compared to wild-type tumours, in vivo. Further investigation is required to understand the uncertain result of the in vivo study. Elucidation of RAMP3 role in breast cancer may aid in developing targeted biological therapy against cancer progression and may greatly impact the therapeutic recalcitrance and progression-free survival.
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DNA sequencing result
The PCR products were sequenced by the Core Genomic Facility at the University of Sheffield and obtained sequence reads were blasted in the NCBI website (https://blast.ncbi.nlm.nih.gov/Blast). 
[image: ]Adrenomedullin in MDA-MB-231 

Figure 1: PCR Product of the AM in MDA-MB-231 and AM2 cells. The blast result showed 98% and 97% identities in MDA-MB-231 and AM2 cells, respectively. The accession number is NM_001124.2.
[image: ]
Figure 2: PCR Product of the CLR in MDA-MB-231 and CGRP cells. The blast result showed 100% identities in both MDA-MB-231 and CGRP cells. The accession number is NM_005795.5.
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Figure 3: PCR Product of the RAMP1 in MDA-MB-231 and CGRP cells. The blast result showed 99% and 98% identities in MDA-MB-231 and CGRP cells, respectively. The accession number is NM_005855.3.
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Figure 4: PCR Product of the RAMP2 in MDA-MB-231 and AM1 cells. The blast result showed 99% and 91% identities in MDA-MB-231 and AM1 cells, respectively. The accession number is NM_005854.2.
[image: ]
Figure 5: PCR Product of the RAMP3 in MDA-MB-231 and AM2 cells. The blast result showed 97% and 99% identities in MDA-MB-231 and AM2 cells, respectively. The accession number is NM_005856.2.
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Figure 6: PCR Product of the GAPDH in MDA-MB-231 and AM2 cells. The blast result showed 99% identities in both MDA-MB-231 and AM2 cells. The accession number is NM_001289745.2.
[image: ]
Figure 7: PCR Product of the RAMP3in RAMP3 KD cells. The blast result showed 97% and 92% identities in RAMP3 KD cells. The accession number is NM_005856.2.
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Figure 8: PCR Product of the GAPDH RAMP3 KD cells. The blast result showed 90% identities in RAMP3 KD cells. The accession number is NM_001289745.2.
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