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Thesis Abstract. 

Novel Insights into the Interaction Between GPRC6A and Receptor Activity Modifying 

Proteins. 

 

The G protein-coupled receptor GPRC6A is a nutrient receptor, promiscuously activated by L-

amino acids in mouse and human. However, published data is conflicting about the ability of 

the receptor to respond to other ligands, such as testosterone, its analogues, and the bone-

derived osteocalcin, where there are species differences. Reports have shown that whilst the 

murine receptor is successfully expressed at the cell membrane, the human GPRC6A 

(hGPRC6A) remains intracellularly retained. Receptor activity-modifying proteins (RAMPs) are 

small accessory proteins known to influence surface trafficking and ligand affinity when 

complexed with a GPCR. We hypothesised that hGPRC6A  interacts with RAMPs thereby 

aiding in its forward trafficking and signalling capabilities. Here we show that association of 

the hGPRC6A receptor with RAMP1, allows the receptor to traffic to the cell surface and 

respond to additional ligands to which it is insensitive to in the absence of RAMP1. Specifically, 

we demonstrate using FRET and ELISA that transfection of hGPRC6A-expressing cells with 

RAMP1 (but neither RAMP2, nor RAMP3) changes the location of the GPRC6A within cells, so 

that there is cell surface localisation. This leads to the activation of intracellular calcium 

mobilisation by testosterone [pEC50 6.63±0.28] and DHEA [pEC50 6.61±0.34], as well as the L-

amino acids L-Orn [pEC50 6.23±0.35], L-Arg [pEC50 6.01±0.33], L-Lys [pEC50 6.52±0.38], 

although not osteocalcin. In order to determine the functional significance of these findings, 

we have explored the role of hGPRC6A and RAMP1 in prostate cancer cells in vitro and in 

vivo. It is already known that knockout of GPRC6A reduces PC-3 xenograft tumour growth in 

mice and that SNPs in GPRC6A reduces disease severity in men, while GPRC6A knockout in 

PC-3 cells also reduces tumour growth. We show that the absence of RAMP1 in hGPRC6A-

expressing PC-3 prostate cancer cells reduces viability by 41% (p<0.0001), colony formation 

89% (p<0.0001) and other markers of tumorigenesis, and the effects of GPRC6A agonists and 

antagonists is blunted in those cells, compared with GPRC6A/RAMP1-expressing cells. Taken 

together, our data are consistent with a requirement for RAMP1 for full functionality of 

GPRC6A in humans, and displays distinctly different profile in mice. Additionally, our data may 

provide a novel target for research into treatments for hormone refractory prostate cancer. 
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1.1 Introduction. 

The G protein-coupled receptor, class C, group 6, member A (GPRC6A) is a novel G protein-

coupled receptor (GPCR) belonging to the class C GPCRs; including the metabotropic 

glutamate (mGlu) receptors, the γ-aminobutyric acid receptor B (GABAB), the calcium-sensing 

receptor (CaSR), as well as three taste receptors (T1R), pheromone receptors (abundant in 

rodents but not humans) and a group of orphan receptors (i.e. GPR156, GPR158, GPR179, and 

GPRC5A-D) (Alexander et al., 2013; Armstrong et al., 2020). GPCR classification is based 

predominately upon similarities in their sequence homology in the transmembrane region 

and to a lesser extent the types of ligands the can therefore sense (Basith et al., 2018). 

Currently GPRC6A falls into this family based on its similarities in sequence homology and 

types of ligands. The majority of research investigating GPRC6A’s physiological role has been 

based on the phenotypic observations from three GPRC6A knockout (KO) mice models (Pi et 

al., 2015; Wellendorph et al., 2009; Jorgensen, et al. 2017). However, data from the different 

KO models have failed to produce concordant data, making the delineation of GPRC6A’s 

physiological profile increasingly challenging. Current pharmacological data is agreed that 

GPRC6A is activated by L-type amino acids and high levels of divalent cations (Ca2+ and Mg2+); 

with such ligands reported to predominately initiate intracellular calcium mobilisation and 

inositol 1, 4, 5-triphosphate (IP3) accumulation (Pi, Nishimoto and Quarles, 2017; Rueda, P. et 

al. 2016). However, pharmacological studies on GPRC6A’s responses to hormones osteocalcin 

(Ocn) and testosterone remain inconsistent (Pi et al., 2017). Here we sought to conduct a 

fundamental pharmacological study aiming to elucidate what ligands GPRC6A is responsive 

to and begin preliminary investigations into GPRC6A’s physiological role. 

 

1.1.1 G Protein-Coupled Receptors. 

GPCRs represent the largest family of mammalian membrane-associated protein receptors 

(approximately 800 GPCRs in the human genome) (Leach & Gregory, 2017). These cell surface 

receptors play a pivotal part in transducing a variety of external stimuli to initiate intracellular 

signalling cascade reactions. GPCRs share common architecture, consisting of seven helical 

transmembrane domains (7TM) connected by alternating intracellular (ICL) and extracellular 

loops, an intracellular C-terminus and an extracellular N-terminus (Jacobson, 2016). GPCRs 

are currently categorised into six major classes; A through F, grouped on the basis of their 
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amino acid sequence homology, structural features and similarities in physiological ligands 

they sense (G. M. Hu et al., 2017).  

 

Due to their involvement in a wide variety of physiological processes and cell surface 

accessibility, GPCRs are the single largest class of drug targets. Approximately 35% of all 

pharmaceutical drugs approved by the FDA target a GPCR, with currently 320 new therapeutic 

agents in clinical trials (Hauser et al., 2017; Sriram & Insel, 2018). Research has now identified 

several novel characteristics within GPCRs; including hetero- and homo-dimerization, and the 

recruitment of necessary accessory proteins, to potentially target in new drug development 

strategies (Rask-andersen et al., 2014; Santos et al., 2016). These characteristics could provide 

exploitative avenues to modulate the receptors actions, targeting interventions of specific 

cellular processes and minimising potential side effects (Hauser et al., 2017; Jacobsen et al., 

2017). Therefore, mapping GPCRs expression and possessing a detailed knowledge of their 

functional mechanisms is increasingly valuable to the development of novel pharmaceuticals. 

 

1.1.2 GPCR Activation. 

GPCRs transduce extracellular stimuli through heterotrimeric G proteins associated at the 

intracellular side of the plasma membrane. Activation of G protein signalling can initiate a 

variety of intracellular signalling cascades (Weis & Kobilka, 2018). G proteins associate at the 

C-terminus of the GPCR and exist in a heterotrimeric complex, comprising three subunits; α, 

β, and γ. Subunits β and γ possess high affinity for one another and are often treated as a 

single unit (Syrovatkina et al., 2016). In the unstimulated state, the Gα subunit directly binds 

a single guanosine-diphosphate (GDP) molecule in complex with the peripheral β and γ 

subunits. Ligand binding to a GPCR triggers a conformation change within the GPCR structure 

allowing for transduction of the external stimuli to form a high affinity agonist-GPCR complex. 

Subsequent G protein activation allows for the displacement of the GDP molecule with a 

guanosine-triphosphate (GTP) molecule at the Gα subunit, followed by the dissociation of the 

βγ heterodimer (Neumann, Khawaja and Müller-ladner, 2014). Release of Gα subunit enables 

activation of membrane-associated effector proteins to begin downstream signalling cascade 

reactions. G proteins remain in the active state whilst GTP is bound; however, hydrolysis of 

GTP to GDP initiates the re-assembly of the α, β, and γ subunits into the inactive 
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heterotrimeric state and commences re-association with the GPCR (Figure 1.1) (Neumann et 

al., 2014; Syrovatkina et al., 2016).  

 

Additionally, role of the βγ heterodimer also plays an important signalling role. Initially 

thought to act as the negative regulator of the Gα subunit, allowing reassembly with the 

receptor for subsequent signalling. In the inactive state, GDP bound Gα is tightly associated 

to the βγ subunit, reducing the rate of which GDP is released thus acting as an inhibitor. Upon 

agonist binding, active Gα releases GDP and now binds free GTP as described above. Here, 

the βγ subunit plays a chief role in promoting nucleotide exchange (Gurevich & Gurevich, 

2019) . Research has proposed a mechanism for nucleotide exchange. Crystal structures of 

GPCRs in active and inactive conformations reveal shifts in receptor conformations in order 

to sufficiently activate G protein signaling. Most notably, TM6 and TM7 outward movements. 

 

Gα is thought to dissociate from the cognate βγ subunit allowing access to the effector 

binding interfaces and enabling subsequent downstream signalling (Smrcka, 2008). Crystal 

structures of GPCRs in active and inactive conformations revealed important conformational 

changes for receptor mediated nucleotide exchange. Gα subunits has been shown that the 

nucleotide binding site is buried at the interface between the two domains, the ras-homology 

domain (RHD) and the alpha-helical domain (AHD). This suggests a receptor-mediated 

rearrangement of these domains to enable  nucleotide entry or exit (reviewed by Mahoney, 

& Sunahara, 2016). While RHD and AHD separation within Gα is necessary for GDP release, 

opening the inter-domain interface is insufficient to stimulate nucleotide exchange. Rather, 

an activated receptor promotes GDP release by allosterically disrupting the nucleotide-

binding site via interactions with the Gα N- and C-termini (Devree, et al. 2016). Crystal 

structures of bound nucleotide is coordinated by interactions between the purine base with 

the β5-α4 and β6-α5 loops, as well as interactions between the nucleotide phosphates and 

the P-loop of the Gα RHD (Kaya, et al. 2014; Pachov et al. 2016). These regions of Gα are 

directly linked to receptor-interacting elements. The α5 helix (carboxy-terminus) of the G 

protein engages an activated GPCR by embedding into the site opened by the outward 

movement of TM6. Similarly, the P-loop is tied to the Gα N-terminal helix via the β1 strand, 

and several lines of evidence suggest that interaction of the receptor with the Gα N-terminus 
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contributes to GDP release (reviewed by Duc, Kim, Chung 2017; Mahoney and Sunahara, 

2016; Weis & Kobilka, 2018). 

 

Gβγ subunits have also been shown to exhibit a role in the recruitment of GPCR signalling 

proteins (e.g GPCR kinases and arrestins) in order to regulate the sensitivity of GPCRs and 

prevent further signalling (Gurevich & Gurevich, 2019). In addition to desensitising GPCR 

signalling, research has now shown Gβγ subunits can modulate numerous effector proteins 

involved in GPCR signalling including ion channels (Logothetis et al., 1987), phospholipase C 

(PLC) proteins (Philip et al., 2010; Poon et al., 2009; Jing Zhang et al., 1996), adenylyl cyclase 

(AC) isoforms (Sunahara & Taussig, 2002; Taussig et al., 1994), voltage gated calcium channels 

(Geib et al., 2002; Gray et al., 2007; Zamponi et al., 1997), and mitogen-activated protein 

kinases (MAPK) (Kotecha et al., 2002; L. M. Luttrell et al., 1999). This field has become an 

intriguing new aspect of GPCR research and has been reviewed extensively by  (Dupré et al., 

2009), (Khan et al., 2013), and (Mahoney & Sunahara, 2016); however, is not main focus of 

this work.  

 

The mechanism by which GPCRs become activated is based on a dynamic conformation 

equilibrium between the inactive and active biophysical states (Gardella & Vilardaga, 2015). 

Research suggests that ligand binding produces a subsequent shift in the receptors that 

favours the active conformation in order to transduce the extracellular stimuli (Routledge et 

al., 2017).  

  

1.2 G Protein-mediated Signal Transduction Pathways. 

Following signal transduction and G protein activation, G proteins trigger intracellular 

signalling cascade through the activation of secondary messengers. Secondary messengers 

coordinate a cascade of enzymes which ultimately lead to an increase in protein 

phosphorylation and a biological response.  Activation of G protein signalling can initiate the 

production of a wide range of different secondary messenger molecules including; cyclic 

adenosine monophosphate (cAMP), diacylglycerol (DAG), and IP3. Three main G protein 

signalling pathways have been categorised based on the respective secondary messenger and 

signalling cascades (Figure 1.1) (Cabrera-vera et al., 2003). The most well studies pathways 

mediated by G proteins act through the G protein subtypes, Gαs, Gαq, and Gαi. These 
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pathways sequentially coordinate the activation/inactivation of the downstream effector 

proteins; AC and PLC, respectively (Jiang and Bajpayee, 2009). Activation of a distinct pathway 

is predominantly ligand-dependant; however, GPCRs has been shown to display preferential 

coupling to specific pathways depending on tissue types co-factors and/or external 

environmental influences (M. Jiang & Bajpayee, 2009) (Figure 1.1).  

 

It is assumed that Gas subunit C-terminus interact with a cognate receptor and is a primary 

determinant for g-protein selectivity. Okashah et al., (2019) showed using BRET-based 

interaction methods that upon stimulation all receptors couple with Gαi to some extent and 

Gαs receptors all coupling somewhat to Gαq. However, Gαi receptor such as the muscarinic 3 

receptor appeared to be much more specific. Crystallography studies have attempted to 

elucidate the mechanisms which underpin G protein selectivity; however, these efforts have 

failed to deduce the precise coupling. This is likely due to these structure are GDP-released 

final state of GPCR-G protein complexes. Whereas, recent data has suggested a step-wise 

conformational change occurs whereby early-stage conformations differing from current 

crystallography models (Du et al., 2019; X. Liu et al., 2019; J. Wang et al., 2020). Interestingly, 

recent research revealed the existence of a “selectivity amino acid barcode” on each G 

protein that is recognised by distinct regions on the GPCR; as well as  sequence-based 

coupling specificity features, inside and outside the transmembrane domain. Although 

universally conserved positions in the barcode allow the receptors to bind and activate G 

proteins in a similar manner, different receptors recognise the unique positions of the G-

protein barcode through distinct residues(Flock et al., 2017; Inoue et al., 2019). This data was 

also mirrored recently by Seo et al., (2021) demonstrating GPCRs and G proteins have a 

common conserved and coevolved residues narrowing down the region known as G-Red. 
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Table 1.1 G protein subtypes; G pathways proteins and their interacting effector proteins, respective biological functions. 

 
 

1.2.1 Phosphatidylinositol Signalling Pathway Gαq/PLC/IP3. 

GPRC6A is reported to predominantly couple to the Gαq signalling pathway (Jacobsen et al., 

2013; P Wellendorph et al., 2005). Activation of the Gαq protein allows the α-subunit to 

laterally diffuse through the plasma membrane and subsequently activate membrane-

associated PLC to hydrolyse phosphatidylinositol 4, 5-biphophate to secondary messengers; 

IP3 and DAG. IP3 can now migrate towards the endoplasmic reticulum (ER) where is it binds 

its corresponding receptor to facilitate the mobilisation of intracellular calcium (Ca2+) stores 

(Shukla et al., 2014). Concurrently, DAG elicits the activation of cytosolic protein kinase C 

(PKC) thus enabling the consequent phosphorylation of several cascade-associated proteins 

that results in the activation of transcription factors, enabling the modulation of gene 

expression (Figure 1.1) (Putney & Tomita, 2013).   

 

G-protein	 Subtype	(s) Protein Effector(s) Physiological	Function(s)

Gs Gαs;	Gαolf
• Stimulates	adenylyl	

cyclase	activity

• Myocardial	hypertrophy,	

• decrease	 in	amino	acid	uptake,	

• inhibition	of	synthesis	of	glycogen,	

• oestrogen and	progesterone	

synthesis,	
• aldosterone	and	cortisol	synthesis	,

• reabsorption	of	calcium	from	bone,	

• fluid	secretion,	

• inhibition	of	platelet	aggregation	 and	

secretion

Gq
Gαq;	Gα11,	Gα14;	

Gα15

• Activates	

phospholipase	C

• p63RhoGEF

• Myocardial	hypertrophy,	

• platelet	activation,	

• hormone	release	 in	anterior	pituitary,	

• synaptic	transmission	at	Purkinje	cell	

synapses

Gi

Gαi1;	Gαi2;	Gαi3;	

GαoA;	GαoB;	Gαz;	

Gαt1;	Gαt2;	Gαg

• Inhibits	adenylyl	

cyclase	activity.

• Increases	activity	

of	cGMP-

Phosphodiesterase	
E

• Vision,	taste,	

• cardiac	activation	(contractility),	

• regulation	of	cardiac	L-type	Ca2+

channels,

• hepatic	authophagy,	
• lipid	metabolism,	

• regulation	of	immune	cells,	

• renal	 function,	

• platelet	activation,

G12 Gα12,	Gα13

• Regulates	Ras

homology	guanine	

nucleotide	

exchange	 factors.

• Activates
phospholipase	D

• Platelet	activation,	

• smooth	muscle	contraction,	

• leukocyte	migration,	

• neuronal	axon	guidance
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It is agreed that PLC is that canonical target effector protein for the Gαq pathway, however, 

studies have now identified other direct effectors proteins activated by Gαq. Studies have 

shown the p63RhoGEF to bind Gαq facilitating Rho activation by converting Rho-GDP to Rho-

GTP. The canonical mechanism for this pathways activation involves the activation of the 

Gα12/13 family and p115RhoGEF. However, this has been shown to be cell type and/or 

receptor-dependant with certain tissues preferentially activating the Gαq pathway (Aittaleb 

et al., 2010).  

 

A number of well validated Gαq inhibitors have been identified. These include; the cyclic 

peptide YM-254890 isolated from Chromobacterium spp. (Takasaki et al., 2004), and UBO-QIC 

(also known as FR900359) isolated from Ardisia crenata (Schrage et al., 2015). YM-254890 is 

reported to bind at hinge region connecting two domains of the Gαq protein; α-helical domain 

and the Ras-like domain. GDP and GTP bind at the interface between these two domains (Wall 

et al., 1995). Binding of YM-254890 at the hinge stops the two domains from separating, thus 

preventing GDP/GTP binding at the concealed nucleotide binding site, resulting in G protein 

inhibition (Dror et al., 2015; Rasmussen et al., 2011). UBO-QIC is thought to act in a similar 

fashion due its structural similarities to YM-254890. However, biochemical investigation has 

reported UBO-QIC to possess a higher specificity for Gαq and bind via a slower reversible 

mechanism that demonstrates a longer duration of action (Charpentier et al., 2016; Schrage 

et al., 2015). 

 

1.2.2 Cyclic AMP Signalling Pathway Gαs/AC/cAMP/PKA. 

As well as its Gαq coupling capabilities; GPRC6A has also been shown to couple to the Gαs 

signalling pathway (Pi et al., 2015, 2016; Pi & Quarles, 2012b). Activation of Gαs proteins 

initiates AC activity, increasing adenosine triphosphate (ATP) hydrolysis and cAMP 

production. cAMP’s subsequent accumulation act as the secondary messenger necessary for 

downstream cascade reactions to occur; resulting in protein kinase A (PKA) activation. 

Increases in PKA activity allow for transcription factor activation and subsequent modulation 

of target gene expression (Figure 1.1) (Ali et al., 2008; Rueda et al., 2016). Several modulators 

have been identified to activate the nine AC isoforms, all can be activated by Gαs. The Gαs 

family consists of two Gαs splice variant isoforms; Gαs short and Gαs long, and Gαolf (Table 
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1.1). Due to its involvement in major biological processes Gαs has been widely studied. The 

Gαs family members action can be inhibited by Suramin and related small molecules; 

however, their action exhibit low specificity and low membrane permeability thus have little 

use for targeting Gαs in vivo (Hohenegger et al., 1998). 

 

1.2.3 Gαi/AC/cAMP/PK Signalling. 

The primary function go Gαi subunits is to act as a negative regulator of Gαs signalling through 

the inhibition of AC activity. This results in a decrease in cAMP production which prevents the 

activation of protein kinases. The Gαi family consists of Gαo, Gαi1, Gαi2, Gαi3, Gαz and 

Gαt (Table 1.1) (Hepler & Gilman, 1992). All Gαi isoforms have been shown to inhibit AC with 

biochemical assays revealing no isoform-specific functions (Sunahara et al., 1996). Petussis 

toxin (PTX) produced by Bordetella pertussis catalyses α subunit ADP-ribosylation of the Gαi 

protein, thereby inhibiting G proteins from interacting with their cognate receptor. This ADP-

ribosylation locks the α subunit into an inactive GDP-bound state, preventing the inhibition 

of AC (Burns, 1988; Mangmool & Kurose, 2011; Pittman, 1979). Excluding Gαz, all of the 

Gαi family members are inhibited by PTX through ADP-ribose modification of a unique 

cysteine residue at the C-terminus. This modification in thought to inhibit interaction with 

GPCRs by steric occlusion (Campbell & Smrcka, 2018). With numerous GPCRs being reported 

to couple through this pathway, Gαi is thought to be the most widely distributed signalling 

system. In receptor pharmacology, this Gαi inhibitory action has been can be exploited to 

investigate GPCRs Gαi modulation provoking an enhanced cAMP accumulation (Burns, 1988; 

Katada & Ui, 1982; Tamura et al., 1982). Few reports have shown whether GPRC6A couples 

to the Gαi pathway with different groups unable to replicate the others findings (Jacobsen et 

al., 2013; Pi & Quarles, 2012b). 
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Figure 1.1 Ligand Stimulation & Signalling at GPCRs; GPCRs mediate the action of multiple specific ligands. Upon stimulation 
GPCR facilitates Gα binding GTP (active state) and dissociates from βγ-subunits. GPCRs couple to a multitude of signalling 
cascades, principally the Gαs/cAMP/PKA pathway, the Gαq/PLC/PKC pathway, and Gαi pathways. Signal in transduced 
intracellular through a series of cascade reaction that ultimately result in the activation of transcription factors that will 
modulate cellular gene expression; influencing the overall biological response (adapted from with permissions from Nature 
Reviews Copyright 2016, Gardella & Vilardaga, 2015). 

 

1.2.4 Arrestin-Mediated Signalling. 

The first identified role of arrestins was the prevention of re-coupling of a phosphorylated 

GPCR to its cognate G proteins by successfully out-competing G protein complex (Wilden et 

al., 1986). Recent data show both to engage at same interhelical cavity located at the 

cytoplasmic side of the receptor to block binding of the other (Carpenter et al., 2016; Y. L. 

Liang et al., 2017; Y. Zhang et al., 2017; Zhou et al., 2017). In the active phosphorylated state, 

G proteins readily dissociate from the GPCRs, thus arresting effaceable out compete G 

proteins. Binding of the arrestins promote the recruitment of clatharin, adaptor protein-2 and 

other proteins responsible for receptor internalisation (Goodman et al., 1996; Laporte et al., 

1999). In addition to receptor desensitisation, arrestins have also been shown to serve as 

signalling transducers (reviewed by (Peterson & Luttrell, 2017). Arrestin signalling has been 

shown to initiate Src-dependent MAPK and extracellular signal-regulated kinase (ERK) 1/2 

activation (L. M. Luttrell et al., 1999; 2001). However, whether these events are entirely 
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arresting-dependent still remains an area of dispute and need further study. This rapidly 

developing field of GPCR research has be extensively reviewed by Gurevich & Gurevich, 2019. 

 

1.2.5 MAPK/ERK Signalling Pathway. 

Multiple reports have shown GPRC6A to activate ERK1/2 phosphorylation in response to a 

number of ligands (Pi et al., 2012, 2016; Ye et al., 2019). The ERK pathway is one of the four 

MAPK signalling pathways. The activation of ERK cascade is responsible for cell proliferation 

and differentiation, migration, apoptosis and survival. Aberrant signalling of this pathway is 

often link to the development of many cancers. It has been well demonstrated that GPCRs 

may couple to the ERK signalling cascade (Eishingdrelo, 2013). GPCRs can activate the ERK 

phosphorylation through Gα subtypes (Table 1.1) and Gβγ signalling through Ras, Rap, 

phospho-kinases, tyrosine kinases (i.e. Src) or arrestins (Ahn et al., 2004; Leroy et al., 2007; 

H. Wei et al., 2003). As described in sections 1.3.1 and 1.3.2, PKA and PKC are important 

components in G-proteins mediated signalling. Researchers have demonstrated that 

treatment with the PKA inhibitor H89 and PKC inhibitor GF1090203X prevents G-protein-

dependant ERK1/2 phosphorylation (Gesty-Palmer et al., 2006; Mochizuki et al., 1999).  

 

1.3 GPRC6A Expression Profile. 

Analysis of the Ensembl human genome database reports mouse and human Gprc6a 

comprises six exons with alternative splice variants that produces three functional receptor 

isoforms (Figure 1.2) (Law et al., 2016). The most abundant of these is the human orthologue 

isoform 1, consisting of 926 amino acids, sharing approximately 34% sequence homology with 

the CaSR, 28% with the T1R1 and 24% with the mGluR1. The human and mouse homologs 

share an 80% sequence homology, with a key distinction between the two being the human 

variant is not successfully expressed at the cell surface in a recombinant system (Kuang et al., 

2005; P Wellendorph et al., 2005; Petrine Wellendorph et al., 2007; Petrine Wellendorph & 

Bräuner-Osborne, 2004). The reason for this intracellular retention motif is thought to be the 

result of an insertion/deletion variant in the third intracellular loop (ICL-3) (S. Jørgensen et 

al., 2017). The short variant is only found in humans and least prevalent amongst the African 

(60%). The long variant observed in European and Asian populations is partially linked to a 
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premature stop codon producing a truncated non-functional form of the receptor (S. 

Jørgensen et al., 2017; Ye et al., 2017).  

 

 

Figure 1.2 Comparison of Human & Mouse Gprc6a; Organisation of exons 1-6 (blue boxes) and introns (grey horizontal line); 
splicing at putative splice sites gives three isoforms of GPRC6A (Clemmensen et al., 2014; Kuang et al., 2005; Petrine 
Wellendorph & Bräuner-Osborne, 2004). 

 

The expression pattern of a given receptor can often give indications to the physiological 

function of the receptor. The majority of data concerning GPRC6A’s tissue expression profile 

and distribution has stemmed primarily from quantitative polymerase chain reaction analysis 

and in situ hybridisation. Quantification of GPRC6A transcripts in mouse, rat and human 

systems has reveal GPRC6A to be present in many tissues (see Table 1.2) although at relatively 

low levels (Bystrova et al., 2010; Kuang et al., 2005; Pi et al., 2005; Regard et al., 2007; Petrine 

Wellendorph et al., 2007; Petrine Wellendorph & Bräuner-Osborne, 2004). Successfully 

translated GPRC6A receptor has been identified in thymus, bone, embryonic, lung, liver, 

heart, kidney, skeletal muscle, testis, pancreas, adipose and brain tissue (Clemmensen et al., 

2014). Multiple studies have reported GPRC6A mRNA to be expressed in islet of Langerhans 

β-cells suggesting the receptors regulatory role in insulin secretion and glucose metabolism 

(Pi et al., 2008; Regard et al., 2007; Petrine Wellendorph & Bräuner-Osborne, 2004). However, 

this was challenged by Luo et al., (2010) stating that GPRC6A was prominently expressed in 

pancreatic exocrine tissues and not specifically the islets of Langerhans. Later studies 

confirmed of the receptors expression within the islet of Langerhans, with subsequent studies 

also identifying GPRC6A expression in intestinal L cells: STC-1 and GLUTag cells prompting 



 25 

questions over its deeper role in energy metabolism (Oya et al., 2013; Smajilovic et al., 2013). 

Interestingly, GPRC6A transcripts has been also shown to be endogenously expressed and 

drastically upregulated in PC-3, 22Rv1, and LNCaP, human prostate carcinoma cell lines (Oya 

et al., 2013a; Smajilovic et al., 2013). This data sparked further investigation into GPRC6A role 

in prostate cancer progression discussed in chapter 4. 

 

Table 1.2 GPRC6A Expression profile; GPRC6A receptor tissue expression pattern in mouse, rat, & human tissues (Copyright 
2016 with permissions form the British Journal of Pharmacology, (Clemmensen et al., 2014). 

 
 

1.4 GPRC6A Structure-Function Relationship.  

1.4.1 Receptor Structure. 

Class C GPCRs are characterised by two unique structural features: first, a large extended 

extracellular domain that is distal from the 7TM and contains the orthosteric sites; second, 

Species Tissues/Cell	line References

Human Brain
Lung
Liver
Skeletal	 muscles
Spleen
Testis
Heart
Kidney
Leukocytes
Monocytes
Prostate
Pancreas
Ovary

Wellendorph &	Brauner-Osborne,	2004;
Pi	&	Quarles	2012;
Rossol et	al. 2012

Rat Kidney
Brain
Lung
Liver
Mesenteric	artery
Tongue

Wellendorph et	al. 2007;
Harno,	et	al. 2008

Mouse Kidney
Brain
Lung
Liver
Testis
Pancreas
Salivary	gland
Aorta
Skeletal	 muscles
Adipose	tissue
Stomach
Bonemarrow
Thymus
Intestine

Kuang,	et	al. 2005;
Regard,	et	al. 2007;
Wellendorph,	et	al.	2009;
Bystrova, et	al. 2010;
Luo,	et	al.	2010;
Pi,	et	al.	2010;	2011;	2012;
Oury,	et	al. 2011;
Oya, et	al. 2011;
Smajilovic,	et	al. 2013
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they form constitutive dimers with unique activation modes compared to other classes of 

GPCR. Class C GPCRs are further divided into 7 subtypes comprising; the mGlu, GABAB, CaSR, 

sweet and amino acid T1R2, T1R3, pheromone receptors, odorant receptors, and orphan 

receptors. GPRC6A is classified as a class C GPCR comprising a characteristic extended 

extracellular N-terminus that has been reported to form a bi-lobed structure separate from 

the transmembrane domain important in ligands recognition. These two domains are 

separated by a region of conserved cysteine residues important in receptor activation (Figure 

1.3) (Chun et al., 2012).  

 

X-ray crystallography studies of class C GPCRs mGlu, CaSR, T1R and GABABR combined with 

analysis of GPRC6A primary sequence revealed GPRC6A to possess substantial homology 

(34% sequence conservation) with the human CaSR and the goldfish 5.24 receptor (44% 

sequence conservation) (Chun et al., 2012; Pi et al., 2011; Pi & Quarles, 2012b; Wu et al., 

2014). The multiple crystal structures of class C GPCRs published reveal a characteristic seven 

transmembrane (7TM) domain and an extended bi-lobular N-terminal extracellular domain 

termed the Venus flytrap (VFT) domain, both connected by a conserved cysteine rich domain 

(CRD), common architectural features shared across class C GPCRs (Figure 1.3) (Brauner-

Osborne et al., 2007; Chun et al., 2012; Jacobsen et al., 2013; Kunishima et al., 2000; J. Park 

et al., 2019; Rondard et al., 2011a; Petrine Wellendorph & Bräuner-Osborne, 2004; Wu et al., 

2014).  

 

Through mutational analysis the VFT domain has been shown to bear similar homology to 

that of the bacterial periplasmic binding proteins (O’Hara et al., 1993) containing an 

orthosteric binding pocket situated between two extracellular lobes and an adjacent “hinge” 

region (F. Zhang et al., 2008). The region is thought to provide flexibility to the structure 

allowing the cleft to enclose around the ligand in either an “closed” or “open” conformation 

(Chun et al., 2012; Kunishima et al., 2000; Tsuchiya et al., 2002). The majority of our 

knowledge concerning the mechanisms of GPRC6A ligand binding has been based upon mGlu 

receptors serving as a model system; the activation mechanism is purported to be conserved 

with the GPRC6A receptor given that both have been shown to be stimulated by L-amino acid 

agonists (Wellendorph & Bräuner-Osborne, 2009). 
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It is proposed that agonist binding promotes a conformation “closing” in the VFT cleft and 

subsequent torsion between the functional interfaces of a receptor dimer (Jensen and 

Spalding, 2004). This change in conformation extends downwards towards the 7TM domain 

through the VFT-CRD interaction allowing the activation of the cytoplasmic portion of the 

receptor (A. A. Jensen & Spalding, 2004). Site-directed mutagenesis of the VFT regions 

proposed orthosteric binding pocket identified two highly conserved serine/threonine 

residues, common in facilitating ligand recognition in multiple class C GPCRs (Rondard et al., 

2006). 

 

 

Figure 1.3 (A) Cryo-EM 3D model of full length class C mGlu5 receptor inactive (A) and active states (B). Positions in the VFT 
(red), CRD (yellow), CRD/7TM interface (purple) and 7TM domain (green) (Koehl et al., 2019). (C) Snakeplot representation 
of structural features of human GPRC6A. The cysteine residue involved in homo-dimerization and the N-linked glycosylation 
sites are shown in yellow and green, respectively. Residues important for binding of an orthosteric ligand are shown in blue, 
while purple residues are involved in binding of allosteric antagonists. The long variant of the receptor (rs386705086) is 
indicated in the dashed area in the ICL3 region, and the premature STOP codon (rs6907580) that is partially linked to the 
long variant is shown in red.7 The SNP reported to be associated with male infertility (rs14391345) is shown in light blue. 
(adapted from with permissions from Nature Reviews Copyright 2016, Jorgensen & Brauner-Osborne 2019) 
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Further analysis of the receptor VFT domain suggests several possible sites for N-

glycosylation. Western blot analysis has shown that treatment of GPRC6A using the amidase; 

peptide-N-glycosidase F leads to the loss of a heavier weight band revealing GPRC6A is 

glycosylated at its N-terminus (Wellendorph & Bräuner-Osborne, 2009; Petrine Wellendorph 

et al., 2005a). More recent studies using site directed mutagenesis in conjunction with 

peptide-N-glycosidase F treatment found seven Asparagine (Asn) residues to possess N-

glycans also identifying residues Asn86Q and Asn555Q impeding surface and total expression 

(Nørskov-Lauritsen et al., 2015). 

 

The CRD is known to been conserved across all class C GPCRs connecting the VFT and 7TM 

domains (excluding the GABAB1-2 receptors lacking a CRD region) (Brauner-Osborne et al., 

2007; Nørskov-Lauritsen et al., 2015). CRD comprises approximately 80 amino acids 

containing nine conserved cysteine residues (Pin et al., 2003). Further work has revealed the 

CRD to play an integral role in receptor activation of the mGlu3, T1R and the CaSR (J. Hu et al., 

2000; P. Jiang et al., 2004). The crystal structure of mGlu3’s extracellular domain resolved by 

Muto et al., (2007) revealed eight disulphide bond forming residues within the CRD region 

with a ninth forming a disulphide bridge between a cysteine residue situated within the VFT 

domain. The structural arrangement provides rigidity between the VFT and the CRD of the 

receptor (Figure 1.3). Furthermore, the disulphide link between these two domains is 

necessary for allosteric interaction between the VFT and 7TM domains. Mutagenesis of this 

site ablated agonist activation of the mGlu (Rondard et al., 2006). 

 

Recent work by Koehl et al., (2019) has successfully generated cryo-EM structures for the class 

C GPCR mGlu5 dimers in both the active and inactive conformations. The models reveal the 

characteristic class C GPCR 7TM, CRD and VFT domains (Figure 1.3). Furthermore, the work 

demonstrated the activation mechanism for mGlu5 receptor. The active conformation of the 

mGlu5 is compacted with interactions occurring between subunit within the VFT, CRD and 

7TM domains. The researched reports that agonist binding at the VFT domain causes a 

compaction of the subunit between the dimer interface, thus positioning the CRD into close 

proximity. Interactions between the CRD’s and the second extracellular loops of the receptor 

enable the rigid-body repositioning of the 7TM domains, which come into contact to enable 
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signalling (Figure 1.3) (Koehl et al., 2019). This work is crucial in understanding how class C 

GPCRs function mechanistically, including the GPRC6A. 

 

1.4.2 Cell Surface Trafficking. 

Research focused towards recombinant human GPRC6A (hGPRC6A) receptor has proven to 

be more challenging as studies have shown the human isoform fail to be sufficiently 

expressed at the cell surface in vitro. Multiple supporting studies have demonstrated cell 

surface expression of rat, goldfish and mouse GPRC6A (mGPRC6A); however, hGPRC6A 

isoform appears to be retained and therefore fails to transduce to agonist stimuli (Kuang et 

al., 2005; Wellendorph et al., 2005; Christiansen et al., 2007). A recent study by (Christiansen 

et al., 2007; Kuang et al., 2005; P Wellendorph et al., 2005) sought to elucidate potential 

trafficking mechanisms by the creation of a chimeric receptor. The study found that 

substitution of the human 7TM region for the goldfish 7TM regained the receptors cell surface 

expression, suggesting that part of the human 7TM isoform inhibits forward trafficking. 

Furthermore, by site directed mutagenesis the researchers identified a change in the ICL-3 is 

associated with the receptors intracellular retention and impedes forward trafficking of the 

human ortholog. Interspecies analysis of the GPRC6A polypeptide sequence reveals a highly 

conserved “RKLP” sequence present in pre-human species; however, in humans a notable 

common polymorphism is observed at position 744 a region encoding the third intracellular 

loop substituting the “FAFKGRKLPENY” to a “FAFKGKYENY” amino acid sequence. The unique 

allele is indicative of the evolutionary changes that GPRC6A has undergone (Jørgensen et al., 

2017). The study identified replacement of the murine third intracellular short loop-KGKY for 

the human third intracellular long loop-KGRKLP variant results in minimal cell surface 

expression in HEK293 cells. The “KY” short form of the receptor is far more prevalent in 

humans with a genomic frequency ranging from 60% in the African population to 99% in the 

East Asian population (Jørgensen et al., 2017). The longer, cell surface expressed variant has 

been shown to display higher prevalence in the African populations; whereas in the European 

and Asian population this variant is seen to be predominantly linked to a STOP codon at amino 

acids residue 57 leading to a truncated form of the protein (Figure 1.3) (Jørgensen et al., 

2017).  
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1.4.3 Receptor Dimerization. 

It is widely accepted that receptor dimer formation is mandatory in class C GPCRs 

pharmacology, including; signal transduction, internalisation, and ontogeny. Many class C 

GPRCs have been shown to form higher order oligomers by covalent disulphide bridges at the 

lipophilic transmembrane domains (reviewed by Møller et al., 2017). Research has shown that 

class C GPCRs; CaSR and mGlu forming homodimers (Bai et al., 1998; Kunishima et al., 2000; 

Romano et al., 2001; Rondard et al., 2011a; Tsuchiya et al., 2002; Zaixiang Zhang et al., 2001), 

while GABAB2 and T1R forms heterodimers in order to be successfully trafficked to the cell 

surface (Kaupmann et al., 1997; Nelson et al., 2001; Pagano et al., 2001; Zhao et al., 2003). 

Class C GPCRs form constitutive dimers at the VFT domain. mGlu1 crystal structures reveal 

hydrophobic interactions between the VFT lobe 1 of each monomer which are stabilised by 

disulphide bond linkage (Ray et al., 1999; Ray & Hauschild, 2000; Romano et al., 2001; Tsuji 

et al., 2000). This has also been demonstrated in the GABAB1 and GABAB2 heterodimer with 

lobe 1 mediating the subunit interaction (J. Liu et al., 2004; Rondard et al., 2008). Subsequent 

research utilising FRET-based methods has also shown mGlu1-8 receptors ability to form 

heterodimers in HEK293 cells; however, this is yet to be demonstrated in an in vivo system 

(Doumazane et al., 2011). It is important to note that class C hetero-dimerisation appears to 

follow receptors related within their phylogenetic tree. The CaSR is the closest homolog to 

GPRC6A with both receptors being widely expressed and having interrelating expression 

patterns (Rossol et al., 2012; Wellendorph & Bräuner-Osborne, 2009). It could therefore be 

hypothesized that these receptors form heterodimers or alternatively, if expressed in the 

same system as distinct homodimers that work synergistically to facilitate intracellular 

signalling. While the murine receptor will successfully express at the cell surface the human 

receptor appears to remain intracellularly retained when expressed recombinantly (Kuang et 

al., 2005). This species difference may be indicative of the necessity of a chaperone protein 

to enable forward trafficking of the receptor (Wellendorph et al., 2005). This may be in the 

form of another receptor subtype, similar to the GABAB receptor; or an accessory protein such 

as the receptor activity-modifying proteins (RAMPs) demonstrated to be fundamental 

components of many class B GPCRs (Morfis et al., 2008). 
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Previously GPRC6A’s ability to form dimers had only been demonstrated by bands of dimeric 

weight shown by Western Blot (Petrine Wellendorph et al., 2007). However, recently 

mutagenic studies conducted by Nørskov-Lauritsen et al., (2015) showed using time-resolved 

FRET-based analysis reported GPRC6A receptors formed homodimers through formation of 

disulphide linkage at a conserved extracellular cysteine 131 residue. Furthermore, agonist 

treatment increased the number of dimeric receptors and protected against the actions of 

reducing agents (Nørskov-Lauritsen et al., 2015; Ward et al., 1998). These findings suggest 

that agonist binding enhances dimer-stabilisation and the disulphide linkage aids in fine-

tuning of the GPRC6A receptor conformation. 

 

1.4.4 Desensitization & Internalisation. 

Signal termination is another important aspect of GPCR signalling. The canonical model for 

GPCR signal termination reports intracellular kinases to phosphorylate the receptor’s C-

terminus, recruiting β-arrestins which in-turn uncouples the receptor-G-protein interaction, 

inhibiting further signalling (Reiter, et al. 2013). Internalised receptors then undergo 

endocytic compartmentalisation and sorting for degradation or recycling for further cell 

surface activation (Seachrist & Ferguson, 2003). 

 

Three potential PKC phosphorylation sites have been identified in the C-terminus of GPRC6A 

and are believed to be involved in regulating receptor desensitization and internalization, 

and/or the interaction with crucial scaffolding proteins (Nørskov-Lauritsen et al., 2015). Using 

antibody feeding assays in-tandem with time-resolved FRET revealed that the rat GPRC6A 

predominantly undergoes constitutive internalisation and co-localises with endosomal 

markers Rab5, Rab11 and to a lesser degree Rab7. These findings suggest that the GPRC6A 

receptor undergoes Rab11-dependant (long loop) recycling and therefore provides continual 

reserves of receptor at the cell surface, despite chronic exposure to agonists (Jacobsen et al., 

2017). A number of distinct trafficking pathways have been reported for several of the class 

C receptors (reviewed by Ferguson, 2001); the concept of non-canonical trafficking has 

become a reoccurring feature of nutrient-sensing class C GPCRs (Magalhaes et al., 2012). This 

mechanism explains the large pool of class C receptor maintained at the cell surface despite 

prolonged exposure to agonists.  
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1.5 GPRC6A Ligand Controversies. 

After first cloning the GPRC6A receptor, studies conducted by the groups led by Hampson and 

Brauner-Osborne quickly deorphanized the receptor as a promiscuous L-type amino acids 

receptor (Kuang et al., 2005; P Wellendorph et al., 2005). Later studies confirmed this, 

reporting Gαq coupled responses to L-amino acids (Faure et al., 2009; Pi et al., 2018; Rueda 

et al., 2016) and at physiologically relevant potencies in mice (Christiansen et al., 2007). 

Subsequent reports also observed divalent cations Ca2+ and Mg2+ acted either as positive 

allosteric modulators enhancing L-amino acid responses (Christiansen et al., 2007; Jacobsen 

et al., 2013; Kuang et al., 2005; Pi et al., 2005; P Wellendorph et al., 2005; Petrine 

Wellendorph & Bräuner-Osborne, 2004) similar characteristics observed in other class C 

GPCRs (Brauner-Osborne et al., 2007; Kuang et al., 2005). However, as further investigations 

continued into the GPRC6A, discrepancies began to emerge from different in vitro and in vivo 

models. Data collected from in vivo studies brought forth new ideas about GPRC6A’s 

sensitivity to testosterone and Ocn. For the steroid hormone testosterone, certain studies 

firmly report testosterone acting through GPRC6A (Pi et al., 2015; Pi, Parrill, et al., 2010) whilst 

others have failed to replicate this (Jacobsen et al., 2013). Futhermore, groups also report 

Ocn as an GPRC6A agonist (Otani et al., 2015; Pi et al., 2005, 2011, 2016); whilst, other groups 

have failed to reproduce any activation (Jacobsen et al., 2013; Rueda et al., 2016). GPRC6A 

affinity for physiologically important ligands has made it an intriguing target for therapeutic 

intervention. However, due to the promiscuous array of suggested agonist and the lack of 

supportive pharmacological data it has made clarification of the receptors physiological role 

increasingly complicated. 

 

1.5.1 L-Amino Acids. 

Preliminary pharmacological studies of the hGPRC6A utilised a chimeric form of the receptor, 

comprising the extracellular portion of the hGPRC6A combined with the 7TM region of the 

goldfish 5.24-receptor. Using this approach researchers observed successful cell surface 

trafficking and comparable functionality in fluorometric calcium assays. Using the Xenopus 

oocyte system, GPRC6A exhibited dose-dependent responses upon L-amino acid stimulation 

with potent activation by L-ornithine (L-Orn), L-arginine (L-Arg), L-alanine (L-Ala), and L-lysine 
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(L-Lys) (micromolar range) (Table 1.3) (Kuang et al., 2005; P Wellendorph et al., 2005). 

Subsequent studies using alternate systems (i.e. HEK293 and CHO-K1) reported L-amino acid-

induced GPRC6A activation, stating murine GPRC6A initiated intracellular calcium 

mobilisation and triggered endogenous Ca2+-dependant chloride channels coupled with IP3 

accumulation (Christiansen et al., 2007; Faure et al., 2009; Jacobsen et al., 2013; Pi et al., 

2005; Rojas Bie Thomsen et al., 2012). In X-ray crystal studies, in silico docking of L-Arg 

indicated a tight fit within the orthosteric binding pocket of the VFT domain of the GPRC6A 

with minimal space for larger ligands (Minghua Wang et al., 2006). The findings supported 

previous observation reporting mutations S149A and/or S172A within the VFT orthosteric 

binding site ablated L-Lys and L-Arg agonistic activity (P Wellendorph et al., 2005).  

 
Table 1.3 EC50 values (µM) for L-amino acids on GPRC6A from mouse, rat, and human studies. Mouse and Rat data were 
determined using IP3 accumulation in tsA cell co-expressing Gαq(G66D). Human data was collected using chimeric receptor 
comprising human VFT/CRD domains and goldfish 5.24 7TM domain using Fluo-4 intracellular calcium assay. (Christiansen 
et al., 2007; P Wellendorph et al., 2005; Petrine Wellendorph et al., 2007)(Copyright 2016 with permissions from British 
Journal of Pharmacology, Clemmensen et al. 2014). 

 

 

1.5.2 Osteocalcin. 

Multiple studies have proposed the bone-derived peptide Ocn as a ligand for the GPRC6A. In 

vitro studies have reported the expression of GPRC6A to be essential to facilitate the effects 

of Ocn (Otani et al., 2015; Pi et al., 2005, 2011, 2016). Ocn is exclusively synthesised by 

osteoblasts, where is undergoes post-translational y-carboxylation at three glutamate 

residues. In this carboxylated state, Ocn has a higher affinity to bind Ca2+, adopting an α-

helical structure to bind to hydroxyapatite in bone ha (Hauschka & Carr, 1982; Hoang et al., 

2003). During bone resorption Ocn becomes uncarboxylated losing its affinity for 

L-amino acid
EC50	(μM)	[%	relative	efficacy]

Concentration	in	Mouse
Plasma	 [mean±SEM]	 (μM)	Mouse Human Rat

L-Orn 63.6 112 264 86

L-Lys 135 169 >1000 366

L-Arg 284 44.1 >1000 137

L-Cys 356 >1000 >1000 n/a

L-Ala 486 173 >1000 431
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hydroxyapatite and thus facilitating its release into circulation (Hauschka & Carr, 1982; 

Lacombe & Ferron, 2015). Multiple groups have reported that uncarboxylated Ocn’s 

endocrine and metabolic actions are mediated through the activation of GPRC6A (Mera et al., 

2016; Oury et al., 2011, 2013; Pi et al., 2005, 2011, 2016).  

 

GPRC6A has been shown to transduce Ocn using multiple in vitro models; reportedly coupling 

to Gαq signalling pathways to facilitate anabolic effects in multiple tissues types (Hauschka & 

Carr, 1982; Oury et al., 2013). Research published by Pi et al., (2011) reported Ocn and Ocn-

derived C-terminal hexapeptide directly stimulated GPRC6A PKD1 and ERK activation inducing 

increased insulin secretion from pancreatic β-cells. Furthermore, exon II GPRC6A−/− 

significantly attenuated the observed ERK responses. Subsequent investigations into  

GPRC6A’s sensitivity to Ocn revealed that heterologous cell lines gain Ocn sensing function 

when transfected with GPRC6A cDNA, whilst deletion of GPRC6A causes a loss on Ocn-

induced signalling (Oury et al., 2013; Pi et al., 2016). Contrasting in vitro research by Jacobsen 

et al., (2013) observed increases in intracellular calcium mobilisation and inositol phosphate 

turnover from L-amino acid stimuli but failed to see activation of GPRC6A from Ocn. Following 

this, supportive data observed only amino acid activation of the mGPRC6A, and were not able 

to reproduce the previously published data demonstrating the agonistic activity of Ocn or Ocn 

variants on GPRC6A, and posit that GPRC6A functionality is negligible in humans (Rueda et 

al., 2016).  

 

In vivo studies have attempted to make connections together with previous in vitro data with 

multiple groups arguing exon II GPRC6A-/- mice exhibit identical phenotypes to that of the 

Ocn-/- mouse model (Mera et al., 2016; J. Wei et al., 2014). However, a recent Ocn-/- rat model 

challenges this conclusion where the mouse metabolic disturbances were not conserved in 

the rat model (Lambert et al., 2016). The discrepancies here, pose the question as to whether 

Ocn’s actions and/or GPRC6A’s ligand sensitivity are conserved between species. One 

important point to note is the adiponectin receptors progestin and adipoQ are deleted as a 

consequence of generating the Ocn-/- mice, and thus may cause non-specific metabolic 

disturbances. Therefore, it could be argued that alternate unknown Ocn receptors could be 

present (Ducy et al., 1996; Lambert et al., 2016). With the current data concerning GPRC6A’s 
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sensitivity to Ocn it is difficult to draw any exact conclusions about the agonistic activity or 

the mechanisms of action further research is necessary before any consensus can be reached. 

 

Interestingly, osteoblastic secretion of Ocn is reported to promote the biosynthesis of 

testosterone upon binding to GPRC6A in gonadal tissues (Wei et al., 2014). The secretion of 

testosterone from the gonads has been established as an integral part of bone maturation 

and maintenance. In addition, androgens have been shown to prolong osteoblast lifespan, 

stimulate proliferation and differentiation, and aid in the maintenance of trabecular bone 

integrity (J. Wei et al., 2014). A loss of function mutation in GPRC6A can lead to male sterility 

in humans and glucose intolerance, supporting GPRC6A importance in skeletal and gonadal 

cross talk (Oury et al., 2013). The detailed subcellular pharmacology of this receptor and its 

importance in the testosterone-Ocn crosstalk currently remains unclear and thus warrants 

further study to elucidate this. 

 

1.5.3 Testosterone. 

Classically, testosterone is known to stimulate gene expression through nuclear androgen 

receptors (AR). For this to the occur testosterone first must undergo conversion into 5-

dihydrotestosterone so it binds with high affinity to the AR-transcription complex. However, 

emerging reports have suggested this process to not be essential for testosterone, 

hypothesising its important functions on alternate pathways distinct from AR-mediated gene 

transcription (Asuthkar et al., 2015; Bhasin & Jasuja, 2009). Testosterone is known to facilitate 

fast-acting, transcription-independent effects through a GPCR, the identity of which remains 

to be elucidated. However, multiple groups have proposed the steroid hormone to be an 

endogenous GPRC6A ligand (Ko et al., 2014; Pi et al., 2015; Pi, Parrill, et al., 2010; Ye et al., 

2017, 2019). Independent findings by Oury et al., (2013) observed that overexpression the 

GPRC6A receptor in AR-deficient HEK293 cells led to rapid ERK1/2 signalling when stimulated 

with testosterone. In addition, GPRC6A small interference RNA (siRNA)-mediated knock down 

significantly attenuated testosterone-induced ERK1/2 phosphorylation compared to wild 

type (WT) control groups (Pi, Parrill, et al., 2010). A follow up study identified target residues 

(Phe666 and Glu746) in the 7TM domains involved in testosterone binding by computational 

analysis. Subsequent site directed mutagenesis of these sites recorded significant losses in 
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testosterone-induced ERK1/2 phosphorylation in HEK293 cells. Results from this study 

strengthened previous work reporting exon II GPRC6A-/- mice exhibited a reduction in b-cell 

insulin secretion when stimulated with testosterone (Oury et al., 2011). Investigation into 

other models found the human prostate cancer cell-line PC-3 to be highly expressive of 

GPRC6A but lacking AR expression (Dreaden et al., 2012; W. D. Tilley et al., 1990). Repeating 

previous experiments revealed PC-3 cells to display substantial increases in ERK1/2 

phosphorylation upon treatment with testosterone; however, negligible responses were 

observed in siRNA GPRC6A knockdown PC-3 cells (Pi et al., 2015). Other studies provide 

supportive evidence reporting testosterone stimulation in skin keratinocytes provoked 

increased Duox1 activity and H2O2 production via IP3 accumulation and calcium mobilisation. 

However, siRNA knock down of the GPRC6A receptor halted Duox1 activation thus preventing 

apoptosis induction (De Toni et al., 2017; Oury et al., 2011, 2013). 

 

1.6 Role of GPRC6A in Physiology & Pathophysiology. 

As previously stated the GPRC6A receptor is widely expressed and has been shown to be 

sensitive to range of ligands implicated in a variety of physiological processes. The majority of 

our knowledge on the physiology relevance of GPRC6A stems from knock out mouse studies. 

At present, three published KO models have been generated; exon II (Oury et al., 2011; 

Petrine Wellendorph & Bräuner-Osborne, 2004), exon VI (Pi et al., 2008) and full locus 

GPRC6A KO models (C. V. Jørgensen et al., 2019; Kinsey-Jones et al., 2015) (see Figure 1.2) . 

Collectively, this work has provided some insight into the phenotypic effects of GPRC6A in 

physiology; however, gaps in our understanding remain despite the availability of genetically 

modified animals. The need from strong supportive pharmacological data is required in order 

to correctly categorise this receptor physiological role; thus, providing a platform for future 

therapeutic research. 

 

1.6.1 Bone Metabolism. 

With expression studies showing GPRC6A to exhibit higher expression in bone tissues along 

with its broad amino acid and Ocn sensitivity many studies have attempted to identify 

whether this receptor has role regulating bone health (Pi et al., 2008; Pi, Zhang, et al., 2010; 

Pi & Quarles, 2012b). L-Arg is known to impact osteogenesis and osteoblastic differentiation, 
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and with reports mostly agreeing L-Arg as a putative ligand of GPRC6A, groups have 

hypothesised a regulatory role in mediating its effects. Research found that deletion of 

mGPRC6A exon II encoding a portion of the extracellular region of the receptor produced 

mice exhibiting lower bone mineral density (BMD) due to a decrease in bone mineralisation 

(Pi et al., 2008; Pi, Zhang, et al., 2010). These reports were later reinforced with subsequent 

investigation revealing Gprc6a-/- mice exhibited a comparative osteopenia phenotype, and 

additional impaired osteoblast ability to sense amino acids and Ca2+ (S. Liu et al., 2017). In 

contrast, targeting of exon VI of Gprc6a resulted in no changes in osteoblast 

function/numbers, bone microarchitecture, or BMD observed in the previously published 

research (Wellendorph & Bräuner-Osborne, 2009). Interestingly, analysis of the full locus 

GPRC6A KO mice (C. V. Jørgensen et al., 2019) revealed joint phenotypes, exhibiting 

reductions in serum osteocalcin levels (exon II) with no alterations to the bone 

microarchitecture (exon IV). Conclusion concerning GPRC6A’s involvement in bone 

metabolism remain unclear. However, the data indicates that deletion of exon VI is related 

with a much subtler phenotype than that of exon II. Furthermore, the research also identified 

two single nucleotide polymorphisms (SNP) within the non-coding regions of the Gprc6a 

associated with lower spine BMD in an American cohort of 1,000 patients (Pi et al., 2008; Pi, 

Zhang, et al., 2010). However, this phenotype was unable to be fully replicated in mouse 

model, reporting reductions in serum Ocn levels but only minor alterations in long bone 

microstructure (C. V. Jørgensen et al., 2019; Petrine Wellendorph et al., 2009). 

 

1.6.2 Energy & Glucose Homeostasis. 

The majority of studies have focussed on the potential function of GPRC6A in regulating 

glucose metabolism. However, whether GPRC6A directly impacts on glucose homeostasis 

remains unclear. The lack of consensus stems again from the different knock out models used 

in order to study phenotypic changes (Pi et al., 2005; P Wellendorph et al., 2005). GPRC6A 

exon II KO mice displayed increases in adiposity, hepatic stenosis, hyperphagia, and fasting 

glucose levels; as well as, decreases in circulating insulin levels and insulin tolerance. 

Decreases in locomotion, glucose metabolic disruption and increases in levels of circulating 

leptin are all linked to the obesity phenotype (Pi et al., 2008). In contrast, exon VI KO models 

exhibited no changes in body weight, nor on other indicators such as consumption of oxygen, 
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dietary intake. Furthermore, groups failed to support the increased body fat mass, insulin 

resistance, or glucose intolerance observed in the exon II model (Smajilovic et al., 2013; 

Wellendorph & Bräuner-Osborne, 2009). These data are in accordance with phenotypes 

exhibited by full locus KO mice, reporting normal basal glucose levels, normal insulin 

sensitivity and body composition, and observed no detrimental effects on metabolic 

development (C. V. Jørgensen et al., 2019; Kinsey-Jones et al., 2015). Thus, suggesting the 

receptor in not integral to the regulation of energy consumption. 

 

Research has shown that ablation of GPRC6A by the Flox/Cre methodology led to mice 

offspring exhibiting decreases in pancreatic weight, islet number and size, circulating insulin 

levels, and insulin expression; as well as reduced β-cell proliferation, all common phenotypes 

observed in glucose intolerance and insulin resistance (Pi et al., 2008; Pi, Zhang, et al., 2010). 

Conversely,  Clemmensen et al., (2013) using the same approach were unable to produce this 

phenotype and proposed that disruptions in glucose metabolism were identifiable when 

subjected to a high-fat diet; hypothesising that this phenotype may be secondary in 

coexistence and coexistent with adiposity and thus not directly linked to GPRC6A ablation. 

 

Prior research has shown L-Arg; a GPRC6A agonist, is a potent insulin secretagogue and that 

dietary supplementation significant aids in glucose metabolism in vivo (Newsholme & Krause, 

2012; Pi et al., 2012). Research conducted by Pi & Quarles, (2012) found islet β-cells isolated 

from their exon II GPRC6A KO mice, saw reductions in insulin levels and stimulation index in 

response to L-Arg. The work found decreases basal serum insulin level in GPRC6A-/- mice. 

Moreover, decreases in L-Arg-induced ERK1/2 and cAMP signalling were observed in GPRC6A-

/- mice. However, studies conducted using exon VI mice displayed L-Arg to potently induce 

insulin secretion in both GPRC6A-/- and WT cells in vivo and ex vivo (Smajilovic et al., 2013). 

Without further study, it remains unclear as to whether GPRC6A has a direct role in L-Arg-

induced insulin release.  

 

Genetic cohort studies comparing the functional long ICL-3 GPRC6A and the non-functional 

short ICL-3/stop codon GPRC6A variant in a Danish population sample found that male 

carriers of the functional ICL-3 variant displayed increased insulin response to glucose 

tolerance tests compare to the short ICL-3 variant (S. Jørgensen et al., 2017). Furthermore, a 
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separate study identified a common GPCR6A Pro91Ser genotype predisposing increased 

fasting insulin and HOMA-IR; however, this study failed to establish whether the patients 

involved were carriers of the either ICL-3 or stop codon genotypes (Di Nisio et al., 2017). 

 

1.6.3 Gastrointestinal Nutrient Receptor. 

The majority of research is agreed upon GPRC6A’s sensitivity to L-amino acids, combined with 

its expression in digestive system tissues, GPRC6A has been a suggested candidate to sense 

digested amino acids in the GI tract (D. Haid et al., 2011; D. C. Haid et al., 2012). Data has 

reported GPRC6A to mediate L-Orn-induced glucagon-like peptide-1 (GLP-1) release from 

GLUTag intestinal cells (Oya et al., 2013b; Rueda et al., 2016). Furthermore, studies have 

shown L-Arg stimulated peptide YY secretion in both WT and GPRC6A-/- colonic L-cells; 

however, L-Arg-induced GLP-1 secretion was significantly attenuated in GPRC6A-/- cells  

(Alamshah et al., 2016). However, attempts to demonstrate this action in vivo have failed to 

show differences in GLP-1 secretion in both the exon VI and the full loci GPRC6A KO models. 

One explanation is that GPRC6A is not solely responsible for amino acid-induced GLP-1, with 

other receptors (i.e. T1R1-R3 and CaSR) working synergistically to sense L-Orn and L-Arg in 

vivo (Alamshah et al., 2016; Clemmensen et al., 2014; Wauson et al., 2013; Wellendorph & 

Bräuner-Osborne, 2009). 

 

1.6.4 Inflammation. 

A smaller avenue of GPRC6A research has led to the receptors involvement in inflammation. 

As part of a genome-wide meta-analysis; GPRC6A was identified as a novel locus involved 

with concentrations of circulating C-reactive protein an established biomarker for systemic 

inflammation (Clemmensen et al., 2013; Oya et al., 2013a; Pi et al., 2011; Pi & Quarles, 2012; 

Smajilovic et al., 2013). Monocytes and macrophages harvested from GPRC6A exon VI mice 

reportedly expressed decreased calcium-induced secretions of pro-inflammatory cytokines 

IL-1α, IL-1β, and tumour necrosis factor. Subsequent studies reported supportive data, 

implicating GPRC6A in mediating Nlrp3 calcium-activated inflammasome responses in 

response to alum adjuvanticity in vitro and in vivo (Quandt et al., 2015; Rossol et al., 2012). 

The research into GPRC6A’s proposed role in inflammatory response is relatively new, as 
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current reports remain speculative and the evidence is currently limited and needs further 

investigation. 

 

1.6.5 Male Fertility. 

With groups reporting GPRC6A’s ability to sense testosterone it was proposed that hGPRC6A 

may participate in regulating male fertility and maturation. Global exon II GPRC6A-/- mice 

studies observed significant reductions in male mice genito-anal distances, testicular size and 

weight, seminal vesicle weight, as well as lower levels of circulating testosterone and elevated 

oestradiol. Furthermore, the study reported KO-KO breeding resulted in litters of 

approximately half the size in comparison to heterozygous pairs (Pi et al., 2008). Following 

these reports, research conducted by Oury et al., (2011) showed GPRC6A expression in the 

Leydig cells of the testes and that osteocalcin promoted testosterone secretion. In addition, 

Leydig exon II deletion of GPRC6A caused matching feminisation phenotypes observed in the 

global exon II deletion. As previously mentioned, testosterone was reported to exhibited 

agonistic activity on GPRC6A in HEK-293 and in mice compared to GPRC6A-/- cells and mice 

(Pi, Parrill, et al., 2010). In addition, this study also reported that, when treated with 

testosterone saw castrated WT mice exhibit full recovery of seminal vesicles in size, weight 

and appearance compared to controls. Whereas, GPRC6A-/- castrated mice exhibited 

negligible recovery to testosterone replacement regime. Combined genetic cohort studies, 

found two SNPs Phe464Tyr and Pro91Ser mutations associated with increased risk of 

infertility, oligozoospermia and cryptorchidism (De Toni et al., 2017; Oury et al., 2013). 

Conversely, none of the aforementioned phenotypic changes were observed in the exon VI 

KO models (unpublished by Jorgensen). Furthermore, in a genetic study conducted by S. 

Jørgensen et al., (2017) in the Danish population observed no differences in testosterone 

levels or offspring numbers when comparing the short ICL-3 variant and carriers of the 

premature stop codon alleles. Taken together it could be argued that the exon VI KO model 

produces phenotypes more representative of humans than the exon II model; however, it 

must be noted that cohorts of east Asian and African populations are needed to support this. 
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1.6.6 Prostate Cancer.  

Although controversy has made defining this receptor physiological function difficult; 

mounting supportive data has implicated GPRC6A in the physiology of male fertility and 

prostate cancer. In a genome-wide association study (GWAS) GPRC6A has been identified as 

one of five prostate cancer susceptibility loci in both the Asian and European population 

(Lindström et al., 2012; Long et al., 2012; Sullivan et al., 2015; Takata et al., 2010; Wang et 

al., 2012). GPRC6A-/- mice are observed to exhibit feminisation measured by the reductions 

in testicular and seminal vesicle size and weight in both global and Leydig cell KO models (De 

Toni et al., 2017; Oury et al., 2011; Pi, et al., 2010). Subsequent research by Pi & Quarles, 

(2012a) observed significant increases in Gprc6a transcripts in prostate cancer cells; 22Rv-1, 

LNCaP, and PC-3 compared to levels in normal prostate cell types In addition, researchers 

here crossbred Gprc6a-/- mice with TRAMP (TRansgenic Adenocarcinoma Mouse Prostate) 

prostate cancer mice and found significant reductions in prostate cancer progression and 

improvements in survival. The TRAMP mice model has become widely used in prostate cancer 

research, as they closely imitate the disease pathogenesis (Greenberg et al., 1995). TRAMP 

mice uniformly and spontaneously orthotopic prostate tumours following puberty following 

induced SV40 T antigen oncoprotein expression. The popularity of this model is that inducible 

TRAMP mice is androgen driven and regulated by development. This means TRAMP mice 

tumours transiently regress; mimicking androgen withdrawal (i.e. castration or anti-androgen 

therapies), but subsequently relapse, mirroring androgen-insensitive carcinomas commonly 

seen in humans (Hurwitz et al., 2001). Additionally, treatment with siRNA targeting GPRC6A 

found significant reductions in migration and invasive capabilities in PC-3 cells. Furthermore, 

activity levels of the matrix metalloproteases which are commonly upregulated in metastatic 

progression, were decreased (Dehghan et al., 2011). Generation of a novel GPRC6A exon III 

KO using the CRIPSR/Cas technology, reported the attenuation of tumorigenesis in human 

prostate cancer xenograph mice; with reductions in proliferation, migration, and expression 

of genes involved for regulating testosterone biosynthesis (Ye et al., 2017). Furthermore, 

follow on studies found hGPRC6A plays an integral role in mediating testosterone induced PC-

3 cell proliferation and autophagy (Ye et al., 2019). Similar trends have been reported with 

RAMP1’s involvement in prostate cancer progression. We, and other groups have observed 

RAMP1 expression to be significantly upregulated in prostate cancer cell lines; and knock 
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down of RAMP1 drastically reduced tumour size, proliferative capabilities and tumorigenicity 

in vitro and in vivo (Logan et al., 2013; Romanuik et al., 2009; Warrington, 2018).  

 

Taken together, we hypothesised that hGPRC6A and RAMP1 play a combined role in prostate 

cancer and may in the future provide a novel therapeutic target where current androgen-

insensitive interventions fail. 

 

1.7 RAMPs and Interaction with GPCRs. 

1.7.1 Receptor-Activity-Modifying Proteins. 

Receptor activity-modifying protein (RAMPs) represent a small group of membrane-spanning 

accessory proteins that interact and alter a GPCR’s phenotypic function. RAMPs have been 

identified to engender GPCR forwards trafficking activity, ligand affinity, and signalling 

coupling introducing a substantial functional diversity amongst GPCRs (Ko et al., 2014). In 

humans, three isoforms have been identified to date; RAMP1, RAMP2 and RAMP3 (Ko et al., 

2014). RAMPs are structurally simplistic, comprising a single membrane-spanning domain, a 

short intracellular C-terminus and an extracellular N-terminus (Ko et al., 2014). The first 

reports of RAMP1 identified it as a chaperone protein, enhancing the cell surface expression 

of the calcitonin-like receptor (CLR) to form a functional calcitonin gene-related peptide 

(CGRP) receptor (Routledge et al., 2017). The research that followed returned the discovery 

of the two other RAMP isoforms and brought to light a novel paradigm of how classical GPCR 

functionality is perceived (Gingell et al., 2016; Sexton et al., 2009). The findings from these 

studies found that depending on which RAMP complexed with the CLR gave rise to three 

distinct functional receptors. The CLR receptor and RAMP1 complex forming a functional 

CGRP receptor; whilst complexing with RAMP2 and -3 result in two discrete adrenomedullin 

receptors, producing distinctly different signalling profiles and trafficking mechanisms (Figure 

1.4). 
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Figure 1.4; Receptor Activity-Modifying Proteins; Receptor complexes that are formed when CLR and RAMPs associate. CLR 
is the 7-TM protein in green. RAMP1 is shown in purple, RAMP2 in green, and RAMP3 in orange. When complexed with 
RAMP1; CLR forms the CGRP receptor whereas RAMP2 or RAMP3 with CLR form the AM1 and AM2 receptors, respectively. 

 

1.7.2 RAMP Structure-Function Relationship. 

RAMPs have been shown to be an integral part of GPCR activity and receptor phenotype. 

Mutations in RAMP1’s N-terminus resulted in reduced responses to CGRP peptide, suggesting 

RAMP1 extracellular domain may be an integral participant in facilitating ligand affinity and 

binding. Furthermore, site directed mutagenesis of RAMP1 was found to significantly 

decrease CGRP binding and cell surface (Harikumar et al., 2010; Hay & Pioszak, 2016; Simms 

et al., 2009). Interestingly, RAMPs have been recently proposed to influence functional GPCR 

pathway coupling, posing as an essential component in preferential intracellular signalling 

bias (Mclatchie et al., 1998). The research claims that certain GPCRs display a RAMP-

dependent and ligand-dependant signalling bias among the Gαs, Gαq, and Gαi signalling 

pathways (Hay & Pioszak, 2016; Klein et al., 2017; Mclatchie et al., 1998). 

 

1.7.3 Evidence for the interaction of RAMPs and Calcium Sensing Receptor. 

The wealth of research has visibly demonstrated the considerable role RAMPs play in GPCR 

machinery and overall pharmacology; however, the large body of data exists on class B GPCRs 

making large strides in class B receptor characterisation. However, whether GPCR−RAMP 

interactions are a common and global feature in the human GPCR gene family is an open 

question and one with direct therapeutic implications (Simms et al., 2009). The CaSR belongs 

to the class C GPCRs possessing significant homology with the human GPRC6A receptor 
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(~34%) and its research has aided in preliminary studies of GPR6CA. The CaSR plays a 

predominant role in regulating systemic Ca2+ homeostasis through its sensing of small changes 

in extracellular Ca2+ and modulating calciotropic hormones (Weston et al., 2016). Gingell et 

al., (2016) research sought to overview of the molecular determinants controlling CaSR; 

reporting that in COS-7 cells CaSR fails to be effectively expressed at the cell surface due to 

negligible levels of native RAMP1 and RAMP3 expression. However, HEK293 have been 

characterised to express sufficient levels of RAMP1 saw successful forward trafficking of CaSR 

to the membrane. In addition, co-expression of RAMP1 or RAMP3 found restorative action 

on CaSR trafficking in COS-7 cells extended the concept of RAMP escorting intermediates to 

class C GPCRs (Barbash et al., 2017). Research by Bouschet et al., (2012) and Desai et al., 

(2014) reported immunoglobulin inactivation of RAMP1 resulted in a dose dependent decline 

in CaSR-mediated signalling in response to Cinacalcet in Thyroid cancinoma TT cells, 

suggesting a novel functional role for RAMP1 in regulation of CaSR signalling in addition to its 

known role in receptor trafficking. The collective research suggests that RAMP1 is necessary 

for CaSR cell surface trafficking and, in conjunction with its homology to GPRC6A a 

comparative system can be hypothesised. 

 

1.7.4 GPRC6A & RAMP1. 

While studies have shown functional mouse GPRC6A to be successfully expressed at the cell 

surface; human GPRC6A remains intracellularly retained (Jacobsen et al., 2017b; Kuang et al., 

2005; Wellendorph et al., 2005). Knowledge of RAMPs chaperone capabilities and the 

mechanistic profiles of homologous GPCRs; the concept of a GPRC6A/RAMP heterodimers 

may bridge the gap between discrepancies within the research field. Our preliminary findings 

by MSc student Zhu Lan and Dr. A. Desai have shown GPRC6A to interact with RAMP1, co-

localising at the ER trafficking vesicles and at the cell surface, typical of a trafficking pathway 

suggesting RAMP1 necessity for human GPRC6A cell surface trafficking (discussed in detail in 

chapter 2). The combined concepts serve as the foundation for this research and current work 

aims to confirm a GPRC6A/RAMP1 trafficking heterodimer concept, investigate the effects on 

signalling and begin to provide perspective on it physiological relevance.  
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As previously stated, GPRC6A is widely expressed and seen in several tissues, such that results 

from this study could provide novel insight into a variety of disciplines; however, here the 

primary focus will be GPRC6A and RAMP1’s implication in cancer. GWAS investigation cited 

Gprc6a SNP rs339331 as a prostate cancer susceptibility gene stating genetic predisposition 

is a higher contributing factor in prostate cancer than many other common human tumours 

(Lindström et al., 2012; Long et al., 2012; Sullivan et al., 2015; Takata et al., 2010; Meilin Wang 

et al., 2012). Characterisation studies have shown GPRC6A’s expression to be elevated in 

Leydig cells and GPRC6A knockdown dampen the metastatic signalling and pro-invasive MMP 

activity, thus limiting the migration and invasive capabilities of prostate cancer cells (Ye et al., 

2017). Furthermore, in comparison multiple studies have reported significant RAMP1 

upregulation in differing tumour tissue, with prostate carcinoma being one of the highest 

type; however, its significant up-regulation is also reported in, meningioma’s, human adrenal 

tumours and prostate carcinomas (A. J. Desai et al., 2014). The findings improve our 

understanding of the genetic basis of prostate carcinogenesis and provide insight into the 

genetic mosaic of prostate cancer susceptibility among different ethnic populations.  
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1.8 Hypothesis & Objectives. 

Hypothesis: RAMP1 is a crucial requirement for successful forward trafficking of the hGPRC6A 

receptor and signal transduction. 

 

1.8.1 Aims. 

Objective 1: To generate and characterise a cell line that stably expresses hGPRC6A and 

RAMP1 in CHO-K1 cells. 

 

Objective 2: To determine the degree of cell surface expression of hGPRC6A receptor in the 

presence of RAMP1 by Immunofluorescence-assisted flow cytometry and cell surface ELISA 

techniques. 

 

Objective 3: To measure the extent of Gαq-activated intracellular calcium mobilisation when 

stimulated with various putative ligands by application of Ca2+-sensitive fluorescence dye in 

vitro using the Calcium 6 FLIPR assay kit. 

 

Objective 4:  To measure the extent of Gαs-activated intracellular cAMP accumulation when 

stimulated with various putative ligands by using the LANCE cAMP detection assay kit. 

 

Objective 5: To investigate the impact of RAMP knock out on GPRC6A intracellular signalling 

in PC-3 cells using the aforementioned biochemical assays. 
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2 Chapter 2: GPRC6A & RAMP1: Interaction & Trafficking.  
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2.1 GPRC6A & RAMP1 Interaction Introduction. 

Research focused towards recombinant human GPRC6A receptor has proven to be more 

challenging as studies have shown that the human isoform fails to be sufficiently expressed 

at the cell surface in vitro. Multiple supporting studies have demonstrated cell surface 

expression of mouse, rat and goldfish GPRC6A; however, the human GPRC6A orthologue 

appears to be retained and therefore fails to transduce agonist stimuli (Ye et al., 2017). A 

study by Wellendorph et al., (2005) sought to elucidate potential trafficking mechanisms by 

the creation of a chimeric receptor. The study found that substitution of the human 7TM 

region for the 5.24 goldfish 7TM regained the receptors cell surface expression, suggesting 

that part of the human 7TM isoform inhibits forward trafficking. More recent work by  

Jørgensen et al., (2017) generated a range of chimeric human/mouse receptors identifying a 

change in the ICL-3 was associated with the receptors intracellular retention and impedes 

forward trafficking of the human receptor. Furthermore, interspecies analysis of the GPRC6A 

polypeptide sequence revealed a highly conserved “RKLP” sequence present in pre-human 

species; however, in humans a notable common polymorphism is observed at position 744 a 

region encoding the ICL-3 changing the longer “FAFKGRKLPENY” to a shorter “FAFKGKYENY” 

amino acid sequence. The unique alleles are indicative of the evolutionary changes that 

GPRC6A has undergone and explains the difference in GPRC6A surface express between 

species. With this knowledge, the study identified replacement of the murine ICL-3 for the 

human short variant resulted in minimal cell surface expression in HEK-293 cells, whilst the 

longer variant displayed successful surface expression (Jørgensen et al., 2017). The short loop 

is far more prevalent in humans (60% in African, 99% in East Asian); whilst the longer variant 

is often associated with a premature stop codon which results in truncated non-functional 

form of the receptor (C. V. Jørgensen & Bräuner-Osborne, 2020). GPCR ICL-3 is well known to 

be an essential region for scaffold/accessory protein interaction to facilitate surface 

trafficking (Lefkowitz, 2007). Due to the receptor’s wide spread tissue distribution combined 

with the more prevalent retained receptor allele, it could be argued that a requirement for a 

tissue specific chaperone proteins interacting with the ICL-3 of the hGPRC6A are crucial to 

enable successful surface trafficking. 
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2.1.1 GPRC6A Recombinant Expression. 

The large extent of our knowledge concerning the GPRC6A receptor have come from studies 

carried out in CHO and HEK-293 cell lines (Jacobsen, et al., 2013; Rueda et al., 2016; 

Wellendorph et al., 2005). These cell lines offer robust transfection systems combined with 

post-translational modification of complex recombinant proteins. 

CHO cells are epithelial cells derived from Chinese hamster ovum, often used 

in biological and medical research and commercially in the production of 

therapeutic proteins (Derouazi et al., 2004; Puck, 1985; Wurm, 2004). They have found wide 

use in studies of genetics, toxicity screening, nutrition and gene expression, particularly to 

express recombinant proteins. CHO cells are the most commonly used mammalian hosts for 

industrial production; offering post-translational modification of recombinant exogenous 

proteins at high yields (Lai et al., 2013; Wurm & Hacker, 2011).  

 

In previous studies, Jacobsen et al. (2013) had generated a CHO cell line stably expressing 

mGPRC6A and hGPRC6A using the FlpIn/FRT technology. Here researcher saw successful 

surface expression of the mouse receptor in cell-surface staining enzyme-linked 

immunosorbent assay (ELISA). However, when stably expressing the hGPRC6A no surface 

expression was detected. The data was supportive of findings reported by Wellendorph et al., 

(2004; 2005) and Rueda et al., (2016) reporting that, in HEK-293 and COS-7 cells the hGPRC6A 

exhibited negligible cell surface expression. Due to this, investigation into the hGPRC6A 

pharmacological profile has been increasingly challenging. Therefore, the majority of 

trafficking and signalling data has been predominantly based upon the murine variant with 

hopes of drawing similarities between the two species (Christiansen et al., 2007; Jacobsen et 

al., 2013; Pi et al., 2011; Rueda et al., 2016).   

 

Analysing the GPRC6A expression patterns in human, rat and mouse tissues has found 

widespread distribution; however, subsequent studies note not all tissues expressing GPRC6A 

are equally responsive when exposed to stimuli (see Table 1.2) (Clemmensen et al., 2014). 

The receptors varied expression, combined with the importance of the ICL-3 region begin to 

suggest whether the presence of a tissue specific co-factor (i.e. RAMPs) is necessary for 

successful hGPRC6A function. It is important to note that all the aforementioned studies fail 
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to specify the relevance of this factor. HEK-293, COS-7 and CHO-K1 cells have previously been 

characterised to express negligible levels of RAMPs (A. J. Desai et al., 2014; Wootten et al., 

2013) and thus may offer a possible explanation for the discrepancies within the literature.  

 

The fundamentally important role of RAMPs in chaperoning GPCRs to the plasma membrane 

has been well demonstrated in class B GPCRs. The seminal study demonstrating this concept 

was reported by Mclatchie et al., (1998), identifying RAMPs to positively modulate the 

translocation of the CLR to the cell surface. Over the past decade research has demonstrated 

that this phenomenon applies to an extensive range of GPCRs and is not limited to class B 

GPCRs only (Hay & Pioszak, 2016). The interactions between class C GPCRs and RAMPs have 

previously been shown by Bouschet et al., (2005, 2008, 2012) and Desai et al., (2014); where 

RAMP1 and RAMP3 protein complexes were formed with the CaSR and shown to successful 

forward trafficking to the plasma membrane in HEK-293 and COS-7 cell lines, respectively. As 

previously stated, GPRC6A shares 34% amino acid sequence identity with the CaSR 

(Wellendorph & Bräuner-Osborne, 2004) and thus could be hypothesised to exhibit similar 

interactions with RAMP proteins seen in other class C receptors.  

 

2.1.2 GPCR-RAMP Interaction. 

2.1.2.1 Class A GPCRs & RAMPs. 

GPR30 is a novel oestrogen/oestradiol receptor belonging to the class A GPCR group, and 

have brought large amount of interesting due to its divergent from the classical nuclear 

oestrogen receptors (α and β) (Prossnitz & Maggiolini, 2009). Similar to that of GPRC6A, 

GPR30 has been subject to some controversy regarding its trafficking and subcellular 

localisation, as well as conflicting reports regarding its downstream signalling and even ligand 

binding specificity (Lenhart et al., 2013). Early studies observed the majority of GPR30 to be 

expressed in intracellular membranes with little cell surface expression; similar to classical 

oestrogen receptors receptors (Filardo et al., 2007; Otto et al., 2008; Revankar et al., 2007). 

However, more recent reports using bioluminescence resonance energy transfer titration 

studies, and co-immunoprecipitation, showed GPR30 and RAMP3 interaction that led to 

increased cell surface expression in HEK293 cells (Lenhart et al., 2013). This concept was 
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further demonstrated in vivo, with marked phenotypic differences observed in the subcellular 

localisation of GPR30 in cardiac cells. RAMP3-/- mice cardiac tissues displayed GPR30 cytosolic 

disorganisation and mislocalisation, whilst wild type mice exhibited health surface expression 

of the receptor. Moreover, deletion of RAMP3 in vivo resulted in significantly losses in 

GPR30’s cardioprotective ability, citing significant reduction in cardiac hypertrophy and 

perivascular fibrosis. The novel data offers a potential explanation for the discrepancies in the 

field with current groups now positing previous cell lines used possessing poor/no 

endogenous expression of the relevant chaperone proteins i.e. RAMP3 (Bouschet et al., 2012; 

Lenhart et al., 2013). 

 

2.1.2.2 Class B GPCRs & RAMPs. 

Class B GPCRs have been the most well-researched group of GPCRs in relation to their 

interaction with RAMPs. The C-terminus of RAMPs has been demonstrated be been crucial to 

trafficking and signalling in the class B amylin receptors; interacting at sites contained within 

the intracellular connecting portions of the GPCR (Barwell, et al. 2010). Class B amylin 

receptor comprise the Calcitonin receptor (CTR) and a RAMP protein; depending on what 

RAMP is complexed with the CLR results in receptors with varying ligand affinity amylin 

receptor-1 (CTR+RAMP1) amylin receptor-2 (CTR+RAMP2), and amylin receptor-3  

(CTR+RAMP3) (see Figure 1.4). In COS-7 cells, truncations of RAMP1-3 significantly decreased 

receptor surface expression, binding affinity and potency in cAMP accumulation when 

stimulated with amylin. However, when overexpressed alongside the Gαs subunits, this defect 

was ameliorated, suggesting RAMPs’ involvement in direct coupling of the amylin receptor 

and G-proteins (Udawela, et al. 2006). This data was further extended with follow up studies 

reporting a marked increase in sensitivity amylin receptor-1 and amylin receptor-3 amylin-

induced cAMP accumulation. Results demonstrated significantly weaker responses in amylin-

induced calcium mobilisation and ERK activation, when compared to CTR when expressed 

alone in COS-7 and HEK-293 cells (Morfis et al., 2008). This demonstrates a clear abilities for 

RAMPs to modulate CTR signalling (Christopoulos et al., 2003; Wootten et al., 2013). 
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2.1.2.3 Class C GPCRs & RAMPs. 

Although this concept has been well-demonstrated in class A and B GPCRs, reports have now 

shown this mechanism is also crucial in class C GPCRs. Reports by Bouschet et al. (2005) and 

Desai et al. (2014) showed that RAMP1 and RAMP3 are key chaperones in the forwards 

trafficking the CaSR. When expressed alone, immunofluorescence imaging saw the CaSR to 

remain intracellularly retained in HEK293 or COS-7 cells. Neither of these cell lines 

endogenously express RAMP1; however, co-expression with RAMP1 or RAMP3; was sufficient 

to target CaSR to the plasma membrane. Furthermore, siRNA knock down of RAMP1 resulted 

in significant reductions in CaSR surface trafficking (Bouschet et al., 2005). This data was later 

supported by Desai et al., (2014) using FRET-based techniques in COS-7 cells. Co-expression 

of CaSR and RAMP1 or RAMP3, but not RAMP2 resulted in significant increases in surface co-

localisation of the receptor.  

 

2.1.2.4 FRET based Interaction & Stoichiometry. 

Protein-protein interactions are often studied using a variety of techniques including 

immunofluorescent co-localisation, X-ray crystallography and co-immunoprecipitation. 

However, these methods are often limited by their sensitivity and the detergents used 

negatively affecting the natural protein interactions. Furthermore, these techniques often 

offer low resolution and therefore require vigorous mathematical corrections in order to 

provide reliable sensitivity (Hoppe et al., 2002; Piston & Kremers, 2007; Van Rheenen et al., 

2004). However, novel FRET-based techniques offer a specific and highly sensitive 

methodology for measuring biological protein interaction.  

 

The FRET system is reliant upon the transfer of energy from two fluorophore labels tagged to 

two proteins; characterised as the transport of electromagnetic energy transfer from one 

donor fluorophore in its excited state to an acceptor fluorophore through non-radiative 

coupling (Hoppe et al., 2002; Ma et al., 2014; Piston & Kremers, 2007; Van Rheenen et al., 

2004). The efficiency of this energy transfer is inversely proportional to the distance between 

the donor and acceptor, making FRET extremely sensitive to very small changes in distance 
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(Figure 2.1). The yellow fluorescence protein (YFP) and the cyan fluorescence protein (CFP) 

are a frequently used fluorophore pair when studying biological protein-protein interaction. 

Previous work conducted by a previous PhD student Dr. A. Desai (2012) utilised the Citrine 

(Cit) and Cerulean (Cer) tags - genetic variants of YFP and CFP - to tag to the intracellular C-

terminus of the GPRC6A and RAMPs, respectively. Using these mutants offer much greater 

benefits over the eYFP and eCFP precursor tags. YFP and CFP were historically common 

fluorescent pair for detecting molecular interaction in living cells and biosensors (Jin Zhang et 

al., 2002). However, the YFP-to-CFP ratio generated by this pair only amounts to 10-30%; 

pushing the limits of modern digital microscopes often due to the noise is often over 10% of 

the signal at low intensity levels (Swedlow et al., 2002). eCFP is known to exhibit low 

fluorescence resulting in low signal-to-noise ratio (Rizzo et al., 2004). However, Cer is 

approximately 2.5-fold brighter than CFP, higher quantum yield and extinction coefficient, 

resistance to fluorophore dimerization and acid quenching (Heikal et al., 2000; Markwardt et 

al., 2011; Rizzo et al., 2004; Shaner et al., 2005).  

 
Figure 2.1 Principles of Forster Resonance Energy Transfer; (A) GPCR and RAMP are C-terminally tagged with Cit and Cer, 
respectively. If both proteins are not in close proximity (i.e. not interacting), the successful transfer of energy cannot occur. 
However, if both proteins are drawn close to one another through interaction, the distance between both fluorophores is 
now sufficient (<10 nm)  to allow the transfer of energy from the excited Cer to the Cit. The resultant emitted fluorescence 
is measured as the FRET. (B) GPCR-Cit expression (C) RAMP-Cer expression (D) GPCR-Cit + RAMP-Cer co-expression. Artificial 
colouring shown here are applied post imaging to demonstrate 
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2.1.2.5 FRET Imaging of GPRC6A & RAMP Interaction. 

Previous work done by a previous MSc student Zhu Lan and Dr. A Desai utilised sensitised 

FRET to compare the efficiency of hGPRC6A and RAMPs interactions as well as semi-quantify 

the number of hGPRC6A/RAMP complexes at the cell membrane. Combinations of Cit only 

along with RAMP-Cer constructs were transfected in order to measure background levels of 

FRET. When transfected with GPRC6A-Cit only, the majority of receptors localised at the 

perinuclear region. However, when co-transfected with RAMP1-Cer or RAMP2-Cer areas of 

co-localisation FRET complexes were observed at the perinuclear halo, cytoplasm (Figure 2.2). 

Furthermore, when co-transfected with RAMP1-Cer FRET complexes are seen towards the 

cell membrane organised in small trafficking vesicles and at the plasma membrane (Figure 

2.2). When co-expressed with RAMP2-Cer, FRET complexes were seen to only localise at the 

perinuclear region, failing to migrate to the cell surface; leaving GPRC6A-Cit to remain 

intracellularly retained. In the case of RAMP3-Cer, negligible FRET interaction was observed 

with no cell surface co-localisation being detectable. GPRC6A/RAMP1 complexes were 

significantly greater in intensity than that of the RAMP2/3 combinations p < 0.0001 (Figure 

2.2). 

 

 
Figure 2.2 FRET analysis of GPRC6A and RAMP1 interaction gathered by MSc student Zhu Lan and Dr. A Desai; Regions of 
high FRET intensity (Yellow) is only seen when co-localisation of GPRC6A and RAMP1 occurs. RAMP1 is seen to co-localise 
with GPRC6A around the perinuclear halo and in trafficking vesicles; furthermore, GPR6CA and RAMP1 in FRET complexes 
are seen at the cell surface in significantly higher numbers than RAMP2 or RAMP3 combinations p < 0.0001. GPRC6A/RAMP2 
are seen to co-localise; however, complexes are seen to be intracellularly retained around the perinuclear halo. Negligible 

10!m10!m 10!m

NFRET	%	of +VE	
control Fa (%) Fd (%) R

GPRC6A	+	RAMP1
(n=10) 34.6	± 2.5** 68.4 ± 7.8*** 19.7	± 2.36*** 0.34	± 0.12

GPRC6A	+	RAMP2
(n=18) 10.5	± 3.02 8.56	± 3.32 3.24	± 1.28 0.2	± 0.37

GPRC6A	+	RAMP3
(n=18) 6.14	± 2.51 4.83	± 3.32 0.8	± 2.30 0.2	± 0.80
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co-localisation is seen to occur between GPRC6A and RAMP3 (A. Desai, 2012). Normalised FRET (NFRET), Acceptor 
Fluorescence (Fa), Donor Fluorescence (Fd), Ratio (R). 

 

2.1.3 Receptor Cell Surface Expression. 

2.1.3.1 Cell surface Quantification Flow Cytometry.  

In addition to protein-protein interaction, research aimed to investigate hGPRC6A forward 

trafficking and cell surface expression in CHO-K1 cells. One common methodology used to 

detect surface protein expression is flow cytometric methods and immunostaining. Flow 

cytometry is a well-established method for fast and accurate quantification of cellular protein 

levels and is a particularly appealing option for measuring cell surface antigens of intact cells. 

The principle on which this technique is based relies upon passing a suspension of cells 

through a fluidics system allowing the cells to be analysed individually in real time. With this 

configuration, each cell is passed uniformly through an excitation laser of specific wavelength 

and the resultant scattered light is captured by a series of photodetectors assessing; cell size, 

morphology and complexity, and fluorescence emission (Figure 2.3) (Nolan & Condello, 2013). 

Most modern flow cytometers contain a range of different lasers and photodetectors offering 

a number of excitation and emission wavelengths. This allows cells to be stained for many 

characteristics at once and the fluorescence from the different fluorophores distinguished by 

colour (Givan, 2010). 
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Figure 2.3 (A) Illustration of Flow Cytometry staining; Cell surface antibody staining is non-permeable thus only recognises 
cell surface proteins. If RAMP1 aids in surface trafficking of hGPRC6A positive staining will only be detected when both 
proteins are co-expressed. Samples will then be analysed by flow cytometry. (B) Flow cytometry gating; (i) FSC-A/SSC-A 
gating of live cells. (ii) Red 660/20-A/ SSC-A gating of negative and (iii) positive populations. 

 

The most common approach to cell surface quantitative flow cytometry is through the use of 

fluorescently labelled antibodies. In order to optimise antibody-epitope binding 

considerations must be taken concerning; incubation temperature and duration as well as the 

pre-incubation with a FcR blocking serum to decrease non-specific binding of the antibody Fc 

portion (Anselmo et al., 2014). Proteins known to be expressed at low levels may be masked 

by cell auto-fluorescence, in particular when expressed in highly auto-fluorescent cells, such 

as macrophages, polymorphonuclear neutrophils, and mesenchymal stem cells. Furthermore, 
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to minimize background signal antibodies conjugated with fluorophores with an emission 

wavelength red spectrum, such as PECy-7, allophycocyanin, and Alexa-647, are 

recommended. Signal amplification may also be required to detect receptors with low 

expression levels, such as the GPRC6A receptor. One such strategy to increase the 

fluorophore : protein ratio is the use of biotin-conjugated primary antibodies followed by 

staining with a streptavidin-conjugated fluorophore (Givan, 2011). The major limitation of this 

staining approach – apart for the reliance on well-validated specific antibodies - is that 

samples must be handled with care (i.e. low centrifugation rate) to avoid the rupture of 

fluorophore-antibody complexes. Native receptors are often expressed at low levels, and the 

commercial availability of selective antibodies for any given GPCR is limited. Therefore, the 

creation of recombinant receptors by an insertion of epitope tags, fluorescent proteins, or 

small reporter enzymes, in conjunction with heterologous expression, is a common technique 

employed to facilitate surface measurement of GPCRs (Beerepoot et al., 2013; Hislop & Von 

Zastrow, 2011). It is important to note that inserting an additional sequence or epitopes to 

receptors could potentially alter receptor function. With increasing understanding of the 

functional domains of GPCRs, the careful placement of an extracellular epitope generally does 

not alter receptor biology.  

 

The insertion of epitopes, (e.g. Myc, Flag, HA) for which commercially available high-affinity 

antibodies are available, makes development of antibody-dependent surface expression 

assays possible for essentially any membrane protein (Bizzard, 2008). Although the use of 

antibodies against affinity tags is cheaper and the choice of secondary antibodies is much 

greater, they still require extended incubation and wash steps, decreasing suitability for high-

throughput screens. Other approaches are available including fluorescent ligands and 

genetically encoded fluorescent proteins; however, these methods will not be discussed in 

detail here as they were not used in this project. 
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2.1.3.2 Fluorescence-Assisted Cell Sorting.  

Once detected by flow cytometry, analysed cells undergo fluorescence-assisted cell sorting 

(FACS) whereby detected cells can then be sorted into respective populations based on the 

parameters discussed above. As cells are analysed on a uniform basis, cells that pass through 

the fluidics system can then be individually given a charge when passed through an electric 

field. This allows populations to then subsequently sorted by charge difference based on 

previous data gathered by flow cytometry (Figure 2.3). The charged droplets then fall through 

an electrostatic deflection system that diverts droplets into containers based upon their 

charge. Collected under sterile conditions, cells can be further cultured, manipulated, and 

studied (Adan et al., 2017; Cossarizza et al., 2017). The method therefore, offers an effective 

way of sorting a heterogeneous population into homogeneous stably expressing cell 

populations. 

 

2.1.3.3 Whole-Cell Cell surface ELISA.  

Flow cytometry detects fluorescence emitted from cell-bound fluorophores upon excitation 

as they pass in front of a light source (Nevins & Marchese, 2018). Whereas, an ELISA is a plate-

based technique that employs an enzyme, like alkaline phosphatase, to detect an immobilized 

antigen after incubation with a substrate, yielding a measurable product (Engvall, 1980). 

Although radio ligand binding can be a powerful method to precisely and quantitatively 

measure receptor surface expression and endocytosis, there are numerous technical and 

logistic challenges associated with this method. Whole-cell ELISA provides a robust 

alternative to measure surface expression and agonist-induced GPCR internalization at least 

for N-terminally epitope tagged receptors expressed in heterologous cells (Ghosh et al., 2017; 

Kumari et al., 2016; Pandey et al., 2019). The assay works in a similar manner as flow 

cytometry methods, utilising an epitope-specific primary antibody and a secondary antibody. 

However, a peroxidase enzyme-linked secondary antibody is used as the disclosing agent in 

place of a fluorescence secondary. This provides a colorimetric change when a substrate is 

applied to quantify the extent of positive staining. Similar to flow cytometry, certain caveats 

must be considered to ensure optimal antibody-epitope binding. Incubation temperature and 
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time as well as the pre-incubation with a FcR blocking serum are again an important factor to 

reduce non-specific binding.  

 

One benefit that the whole-cell ELISA assay possess over flow cytometry methods is absence 

of any auto-fluorescence of background interference that can make detecting low expressing 

receptors difficult to quantify in flow cytometry. Some of the limitations still persists with this 

approach, again suffering a reliance on well-validated antibodies; however, as previously 

mentioned this issue can be resolved via the insertion of recognisable epitope tags. Thus, we 

adopted a similar strategy in both investigations, making use of our GPRC6A-myc tagged 

construct in order to look at RAMP1’s effect on cell surface expression of the hGPRC6A. With 

the emergence of many GPCRs reliance upon RAMPs to facilitate effective surface trafficking; 

preliminary experiments sought to reproduce FRET data reported by previous PhD student  

Dr. Desai, and MSc student Zhu Lan (2012) generating a stable GPRC6A-Cit, RAMP1-Cer cell 

line. Furthermore, the work aimed to extend this data by studying the effect of RAMP1 on 

GPRC6A surface expression using multiple techniques to demonstrate this.  
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2.1.4 Research Aims 

1. Generate a stable GPRC6A-Cit and RAMP1-Cer expressing CHO-K1 cell line. 

2. Sub-cloning construct to produce functional Myc tagged hGPRC6A protein. 

3. Quantify cell surface expression of GPRC6A and RAMP1 in CHO-K1 cells by Flow 

cytometric and ELISA immunostaining. 

 

2.1.5 Research Hypothesis. 

RAMP1 co-localises with hGPRC6A and subsequently increases its ability to successfully 

traffic to the cell surface. 
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2.2 Methods & Materials. 

2.2.1 Cell Culture. 

Chinese Hamster Ovum cells (CHO-K1, ATCC) were cultured in T-75 cm2 flasks in F-12K 

Medium (Kaighn's Modification of Ham's F-12 Medium), containing, 1500 mg/L sodium 

bicarbonate, 10% Foetal Calf Serum (GIBCO, Paisley, UK), 2 mM L-glutamine, 1% of 10,000 

units of penicillin and 10 mg/mL streptomycin (Sigma-Aldrich, St. Louis, Missouri, US), at 37°C 

in 5% CO2 incubator. 

 

2.2.1.1 Passaging of Cells.  

CHO-K1 cells were washed twice with 1X Phosphate Buffered Saline (PBS, GIBCO, Paisley) 

prior to the addition of 1X TrypLE Express Enzyme Solution (GIBCO, Paisley) and incubated for 

approximately 10-15 minutes at 37°C until cells became fully detached from the flask. Enzyme 

detaching reagent was neutralised by the addition of equal volume of medium. Cells were 

subsequently centrifuged at 200 x g for 5 minutes and resuspended in warm F-12K media and 

added to a fresh flask at a ratio of 1:10 or 1:25 depending on their confluency. Cell lines were 

incubated at 37°C in 5% CO2 with fresh media routinely changed twice a week. Cells were 

routinely passaged at 80-90% confluency. 

 

2.2.1.2 Cell Counting. 

Cells were detached and pelleted as previously described (section 2.2.1.1) and resuspended 

in 1 mL of medium. 20 µL of cell suspension was added to 20 µL Trypan Blue (GIBCO, Paisley) 

in a 200 µL Eppendorf microcentrifuge tube. 10 µL of cell-trypan mix was added to Countess™ 

Cell Counting Chamber Slides (Invitrogen, ThermoFisher Scientific) for counting. Cell 

number/mL was calculated using the formula below: 

 

!"#$%&	() *%++, #-⁄ = 	0%,1&%2	3"#$%&	()	*%++,	 × 100078%&9:%	3"#$%&	()	*%++,  
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2.2.1.3 Cell Cryopreservation and Thawing Procedure. 

In order to store cells long term, cells were cryopreserved. Freezing media was prepared and 

stored at 4°C until use; freezing media comprised CHO-K1 F-12K Medium (Kaighn’s 

Modification of Ham’s F12 Medium) and RPMI complete medium with the addition of 10% 

dimethyl sulfoxide. Cells were washed and detached as previously described in section 2.2.3. 

Total cell number was determined using Trypan Blue and the Countess FL II Cell Counter 

(ThemoFisher) and subsequently resuspended in the appropriate volume of freezing media 

to give 1 million cells/mL. Suspension was then aliquoted into cryogenic storage vials and 

placed into Mr FrostyTM isopropanol chamber and stored overnight at -80°C. Frozen cells were 

then transferred to liquid nitrogen chambers. 

 

When required frozen cell aliquots would be removed from storage and immediately placed 

into 37oC water bath. Cryovials were gently swirled for a few seconds to speed up process 

until 80% thawed. Vial was transferred to laminar flow hood and 1 mL of pre-warmed media 

was added to the vial. The suspension was now aspirated and transferred to a fresh 15 mL 

Falcon tube (Corning, UK) and span at 200 x g for 5 minutes. Cells were then resuspended in 

fresh warm media and transferred to a new culture vessel. 

 

2.2.2 CHO-K1 Characterisation. 

Preliminary studies needed to ascertain whether CHO-K1 endogenously expressed GPRC6A 

and RAMP1 before proceeding with further experiments.  CHO-K1 RNA was extracted using 

the Promega ReliaPrep RNA kit and converted to cDNA. Products were amplified by 

polymerase chain reaction (PCR) and PCR products were then separated by gel 

electrophoresis to determine correct molecular weight. Subsequently, products were 

sequenced by Sanger sequencing methods. 

 

2.2.2.1 RNA Extraction. 

CHO-K1 cells mRNA was extraction using Promega ReliaprepTM
 Cell Miniprep System. Cells 

were grown in T-75 culture flasks to 70% confluency as previously stated. Detached cells were 
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pelleted at 200 x g for 5 minutes; supernatant was discarded and cells pellet resuspended in 

1mL of ice-cold PBS. Cell were then counted using the Countess II FL Automated Cell Counter 

(ThermoFisher) and resuspended in the appropriate volumes of BL and 1-thioglycerol (TG) 

buffer (Table 2.1). Subsequently, sample supernatant was discarded and cells were 

resuspended in 250 µL BL + TG Buffer containing 1-Thioglycerol, guanidine hydrochloride and 

guanidine thiocyanate lysing the cells and denaturing nucleoprotein complexes releasing 

RNA. Samples were stored at -20C. RNA was extracted using the ReliaPrep RNA Cell Miniprep 

System (Promega) following the manufacturers protocol provided. This included inactivation 

of endogenous ribonuclease (RNase) activity and the removal of contaminating DNA and 

proteins. Lysates were added to the proprietary RNA binding matrix columns and centrifuged 

at 14,000 x g for 1 minute. Subsequent flow-through was then discarded from the collection 

tube. 500 µL RNA wash buffer was then added to the column and then centrifuged again for 

30 seconds. flow-through was discarded once again. Samples were treated with DNAse I to 

ensure removal of genomic contaminants. Treatment was prepared by adding 3 µL 0.09 M 

MnCl2, then 24 µL Yellow Core Buffer and finally 3 µL TURBO DNase I (Ambion) enzyme per 

sample. DNAse treated samples were incubated for 15 minutes at room temperature. 

Columns were subsequently washed with 200 µL of Column wash and centrifuged again, 

discarding the collection tube flow-through. Columns were washed a further two times with 

500 µL of RNA wash buffer. Finally, RNA extracts were eluted from the binding matrix column 

by the addition of 30 µL of nuclease-free water. Samples were quantified using the 

Nanodrop2000 (ThermoScientific, Waltham, Massachusetts, US). OD values at 260 nm were 

used to estimate DNA concentration in ng/mL, OD260/OD280 values in the range of 1.90-2.00 

were considered to indicate good purity. 

 
Table 2.1 ReliaPrep Cell Miniprep System; List of cell count ranges with the respective volumes of BL+TG Buffer and 

Isopropanol. 

 
 

Number	of	Cells BL	+	TG	Buffer 100%	Isopropanol

1x102 to 5x105 100μL 35μL

>5x105 to 2x105 250μL 85μL

>2x106 to 5x105 500μL 170μL
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2.2.2.2 cDNA Synthesis. 

RNA extractions subsequently underwent RNA to cDNA conversion using the High Capacity 

RNA-to-cDNA kit (Applied Biosystems). Reactions comprised at reverse transcriptase positive 

(containing reverse transcriptase RT+VE), RT negative control (not containing reverse 

transcriptase RT-VE) and a H2O control reaction to ensure  no genomic contamination and 

target specific amplification. 2 µg of RNA was quantified using the Nanodrop2000. Reagents 

were thawed on ice and mixed as per protocol provided (Table 2.2). Thermocycler reactions 

used the ThermoFisher Proflex Pro PCR system (Life Technologies) and program ran at 37oC 

for 60 minutes, 95oC for 5 minutes and subsequently held at 4°C. Synthesised cDNA samples 

were then stored at -20oC. 

 

Table 2.2 High capacity RNA-to-cDNA kit; List of reagents for cDNA synthesis. 

 

2.2.2.3 Endpoint PCR. 

Synthesised cDNA was the amplified by endpoint PCR to establish endogenous GPRC6A and 

RAMP1 expression. The Primer3 web tool ELIXIR was used to design primers for each target. 

Forward and reverse primers were designed to specifically target gene exons to avoid intron 

splicing removing region of the target sequence (Table 2.3). Primer3 ELIXIR returned primer 

pairs for each target site. Primer selection criteria was based upon their length, guanosine-

cytosine (GC) content, and melting point. Primers were chosen no longer than 20 nucleotides 

any longer an there is an increased risk of non-specific binding and hairpin formation. Primer 

pairs containing GC contents of 40 - 60% and similar melting points were preferable. G and C 

are able to form three hydrogen bonds; compared to adenosine and thymine  who can only 

Reagents RT	+ve RT	-ve H2O	Control

2X	RT	buffer	mix 10μL 10μL 10μL

20X	Enzyme	mix 1.0μL - 10μL

RNA	sample	(1.0μg) Up	to	9.0μL Up	to	9.0μL -

Nuclease	free	H2O
Total	 reaction	volume	

of	20μL
Total	 reaction	volume	

of	20μL
Total	 reaction	volume	

of	20μL
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form two. This enables stronger annealing of the primers to the target DNA site during PCR 

amplification. 
Table 2.3 Primer design; Forward and reverse primer sequences for CHO Gprc6a and CHO Ramp1 with respective annealing 
temperatures and theoretical products sizes. 

 
 

Each reaction sample was made in the GoTaq® Mastermix (Table 2.4). All reagents were 

thawed on ice and mixed using sterile pipette tips in PCR reaction tubes. All reactions were 

briefly centrifuged to remove the presence of any air bubbles. PCR amplification reactions 

were carried out using the ThermoFisher Proflex Pro PCR system and program ran for 35 

cycles at 95oC for 3 minutes, 55°C for 1 minutes and 72°C for 1 minute; following this the 

samples were held at 4°C.  Samples were stored long term at -20°C.  

 

Table 2.4 GoTaq® PCR Mastermix reagents; List of reagents for endpoint PCR reaction. 

 
 

Target	site Primer	Sequence
Annealing	

Temperature	
(oC)

Product	
size	(bp)

CHO	GPRC6A
Forward	– 5’-CATGGCTGTCTCAAGGATGC-3’ 58.98

233
Reverse	– 5’-CTGCAAAAGTGTTCAGGGCT-3’ 58.96

CHO	RAMP1
Forward	– 5’-AGACTCTGTGGTGTGACTGG-3’ 58.96

216
Reverse	– 5’-GCATGATGAAAGGGCAGAGG-3’ 58.97

Mastermix Reagents Volume	 (μL)

5X Green	GoTaq®	FlexiBuffer 10

MgCl2 1.5

dNTPs 1.0

Forward	Primer	(10μM) 5.0

Reverse	Primer	 (10μM) 5.0

DNA	Polymerase 0.25

cDNA	sample 1.0

Nuclease	free	H2O Total	 reaction	volume	to	50μL
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2.2.2.4 Gel Electrophoresis. 

Samples were subsequently run along a 1.5% agarose gel to separate amplified products by 

molecular weight. 1.5 g of agarose (Fisher Scientific) was dissolved in 100 mL of tris-borate-

EDTA (TBE) buffer (Scientific Laboratory Supplies) by heating for 120 seconds in a 750 W 

microwave. Solution was mixed by gently swirling and heated for a further 40 seconds to 

ensure agarose was fully dissolved. Ethidium bromide (Signa-Aldrich) was added at a final 

concentration of 0.05 µg/mL to allow DNA identification under UV light. Agarose gel was 

allowed to cool to 50 – 60oC before the addition of ethidium bromide and the procedure was 

carried out wearing, lab coat, face mask and insulated gloves. Gels were cast in a 10 x 20cm 

tank, any bubbles were removed with pipette tip and a well comb was added before gel was 

allowed to set. The GoTaq Mastermix buffer density allowed for products to be loaded 

directly into agarose gel wells. Gel electrophoresis was carried out in a horizontal tank 

containing TBE buffer for 45 minutes at 200 V. Bands were imaged using ChemiDocTM XRS+ 

Imaging system (Biorad, California, US) against HighRanger Plus 100 bp DNA Ladder (Norgen 

Biotek Corp., Canada, 2018).  

 

2.2.3 Plasmid Constructs.  

To be able to investigate different aspects of the GPRC6A receptor, several constructs were 

used in order to examine cell surface expression and downstream signalling. The different 

constructs are detailed in Figure 2.4 & 2.5 were kindly gifted from Dr. A. Desai and MSc 

student Zhu Lan. Construct 1a comprised a pcDNA3.1 vector (Invitrogen, UK) with human 

Gprc6a insert. Construct 1b, also a pcDNA3.1 vector contained human gprc6a insert with the 

addition of a C-terminal Cit tag; the system would allow for validating receptor expression 

FRET experiments and generating a stable cell line through FACS. Construct 1c utilised the 

pCMV Prolink II vector (Discover X, UK) with human Gprc6a insert with encoded N-terminal 

Myc-tag in order to assess cell surface expression, with a range of validated antibodies in flow 

cytometry and ELISA experiments. 
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Figure 2.4 GPRC6A constructs; Construct 1a PKII vector containing native human GPRC6A. Construct 1b PKII vector containing 
human GPRC6A with intracellular citrine tag. Construct 1c PKII vector containing human GPRC6A with extracellular Myc tag. 
All constructs contained G418 resistance gene allowing for antibiotic selection. 

 

Construct 2a comprised a pcDNA3.1 vector with human RAMP1 insert. Construct 2b, also 

pcDNA3.1 vector contained human RAMP1 insert with the addition of a C-terminal Cer tag; 

used in validate expression and provide the second component to enable FRET measurements 

of receptor-RAMP interaction. Construct 2c utilised the pcDNA3.1 vector with human RAMP1 

insert with encoded N-terminal Flag-tag in order to assess cell surface expression in flow 

cytometry and ELISA experiments. All plasmid constructs used contained G418 resistance 

gene allowing for antibiotic selection.  
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Figure 2.5 RAMP1 constructs; Construct 2a pcDNA3.1 vector containing native human RAMP1. Construct 2b pcDNA3.1 vector 
containing human RAMP1 with intracellular Cerulean tag. Construct 2c pcDNA3.1 containing human RAMP1 with 
extracellular Flag tag. All constructs contained G418 resistance gene allowing for antibiotic selection. 

 

2.2.4 Generation of GPRC6A-Cit & RAMP-Cer CHO-K1 Cell Lines. 

For high through-put screening high receptor expression is important to ensure adequate 

assay responses. GPRC6A is known to be expressed at relatively low levels in many tissues (C. 

Clemmensen et al., 2014), thus selecting the correct expression system was essential to allow 

cell surface and biochemical investigation. In order to obtain sufficient signal output from 

biochemical assays previous signalling studies adopted the co-transfection of the permutated 

Gαq(G66D) protein alongside GPRC6A in order to boost subsequent assay signal output (Kuang 

et al., 2005; Rueda et al., 2016; Wellendorph et al., 2005). However, this approach of 

overburdening cells with transfected DNA constructs can lead to an increased toxicity. This 

methodology also may produce responses that are not representable of native GPRC6A 

signalling.  

 

Two main strategies can be adopted when generating cell lines expressing recombinant 

protein; transient or stable (Jayawickreme & Kost, 1997). Transient transfection offers rapid 
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expression of an exogenous plasmid at high levels over a short period, eventually ceasing as 

the foreign constructs are degraded by the host. Multiple transfections are often required 

when carrying out high throughput screening, which can lead to large variations in 

subsequent assays due to differences in transfection efficacy and expression levels (Chen et 

al., 2007). Stably transfected cell lines offer consistent expression of the foreign gene of 

interest over a much long duration (Johnston & Johnston, 2002; Schroeder & Neagle, 1996). 

Both strategies can be employed in biochemical screening. Despite the target protein 

expression is lower compared to transient systems, stable expression systems are the much-

preferred approach in biochemical assay due to the lower cost, ease of culture and reduced 

assay variation (Zhiyun Zhang et al., 2012). 

 

2.2.4.1 Lipofectamine 3000 Reagent 

Using constructs 1b and 2b (Figure 2.4Figure 2.5), CHO-K1 cells were transfected using 

Lipofectamine 3000 reagent. Lipofectamine 3000 (Invitrogen, Carlsbard, California, US) was 

chosen to capitalise of its lower toxicity (T. Wang et al., 2018) and greater efficiency compared 

to other transfection reagents PEIpro (PolyPlus Transfection, France) and Lipofectamine 2000 

(Invitrogen, Carlsbard, California, US) (Figure Ap. 2). Cells were seeded 24 hours prior to give 

70-90% confluency at time of transfection.  DNA was diluted in to 5 µg along with P3000 

reagent at a ratio of 2 µL : 1µg DNA to a final volume of 50 µL. Lipofectamine 3000 reagent 

was then diluted in following manufacturers suggested optimisation concentration to ensure 

optimal transfection efficiency. All tubes were then gently vortexed. 25 µL of diluted 

Lipofectamine 3000 reagent was then combined with 25 µL of diluted DNA solution. Tubes 

were then vortexed immediately and incubated at room temperature for 20 minutes. During 

this incubation cell plates were washed twice with PBS, and replaced with 1mL of Opti-MEM 

Reduced serum medium is then added. 50 µL of DNA/Lipofectamine 3000 mix was added 

dropwise to the respective wells. Plates are gently swirled for even distribution. Cells were 

then incubated at 37°C overnight. 24 hours post-transfection, cells were washed twice with 

PBS and fresh medium added. 
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2.2.4.2 Fluorescence-assisted Cell Sorting. 

Successful expression of GPRC6A-Cit and RAMP1-Cer was verified by monitoring Cit and Cer 

fluorescence levels in cells post-transfection. Transfected populations were maintained in 

F12-K medium (Kaighn’s Modification of Ham’s F-12 medium), containing 2 mg/mL of G418 

to ensure efficient selection of successfully transfected cells. Optimal G418 concentrations 

was determined by kill curve analysis (Figure Ap.1). Following 1 week of antibiotic treatment, 

cells were sorted based on their Cit and Cer fluorescence by FACS using lasers Violet 450/40-

A and Blue 530/30-A (Figure Ap.3). This resulted four distinct populations; mock transfected 

negative control, GPRC6A-Cit only, RAMP1-Cer only and GPRC6A-Cit + RAMP1-Cer co-

expressing CHO-K1 cells. Enriched populations were maintained in complete media 

containing 2 mg/mL G418 to ensure stable expression of GPRC6A-Cit and RAMP1-Cer. 

Following 1 week of selection, sorted populations underwent a further FACS enrichment and 

sorted populations were again maintained in complete media containing 2 mg/mL G418. 

 

2.2.4.3 GPRC6A & RAMP1 FRET Imaging in CHO-K1 Cells. 

Following the transfection and FACS, CHO-K1 cells populations enriched for GPR6CA-Cit, 

RAMP1-Cer and GPRC6A-Cit+RAMP1-Cer were seeded into 35 mm glass bottom imaging 

dishes (MatTek Life Sciences, Ashland, MA) at 50,000 cell/well in 2.5 mL of complete media. 

Subsequently, cell populations were imaged over the course of 1 week using the EVOS FL II 

fluorescence microscope tracking the levels of Cit, Cer and FRET intensities. Media was 

changed every 2 days (Perkin Elmer, US). 

 

2.2.5 Subcloning GPRC6A-myc construct. 

Constructs containing Cit and Cer fluorescent tagged were engineered previously by Dr. A. 

Desai (2012). However, these constructs did not allow for precise probing of the 

receptor/RAMP cell surface expression. Thus, we chose to engineer a novel construct 

incorporating the epitope tag –myc at the hGPRC6A N-terminal; enabling flow cytometric and 
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cell surface ELISA analysis using a variety of validated antibodies to investigate RAMP1’s role 

in hGPRC6A forward trafficking. 

 

2.2.5.1 DNA Restriction Digestion and Ligation. 

GPRC6A-myc gene string (Invitrogen, UK) was engineered into pCMV Prolink II vector such 

that the myc tag was located at the extracellular N-terminus of the GPRC6A. The cloning sites 

SacI-GPRC6A-myc-HindIII were selected for engineering the constructs into the pCMV Prolink 

II vector (DiscoverX). To clone the purified GPRC6A-myc between SacI-HF and HindIII-HF 

restriction sites; 600 ng of GPRC6A-myc and 2 μg of pCMV Prolink II vector were  separately 

digested using 20 units of SACI-HF and HindIII-HF restriction endonucleases (New England 

Biolabs) in 1X NEbuffer 2 (New England Biolabs)  in nuclease-free water to give a final reaction 

volume of 50 μL. Reactions were then incubated at 37oC for 1 hour then heat inactivated at 

65oC.  

 

In an attempt to inhibit self-ligation of the SACI-HF and HindIII-HF restricted pCMV Prolink II 

vector; the vector underwent a dephosphorylation reaction using 5UI of Shrimp Alkaline 

phosphatase (New England Biolabs) in 1X Shrimp Alkaline phosphatase buffer (New England 

Biolabs) and nuclease free water. Reactions were incubated at 37°C for 1 hour and 

subsequently stopped at 65°C. DNA was quantified using Nanodrop2000 (ThermoScientific, 

Waltham, Massachusetts, US) at 260 nm. 100 ng of GPRC6A-myc insert was ligated into the 

dephosphorylated pCMV Prolink II vector using 2000 U of T4 DNA ligase enzyme (New England 

Biolabs) in 1X T4 DNA ligase reaction buffer (New England Biolabs) and nuclease-free water 

to give 60 μL final volume. Subsequently, reactions were then incubated at 4°C overnight.  

 

2.2.5.2 Transformation of E. coli. 

All vector constructs underwent transformation in E. coli for amplification and for glycerol 

stock production. 1 µL of plasmid DNA was added to 20 µL of competent E. coli cells 

(Invitrogen, Carlsbad, California, US), which were then thawed and incubated for 30 minutes 

at on ice. Cells were then heat shocked at 42°C for 30 seconds. 250 µL of super optimal broth 
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with catabolite suppression media was then added and incubated in orbital shaker for 60 

minutes at 37°C set at 200 rpm. Cells were then spread onto kanamycin (50 µg/mL) or 

ampicillin (100 µg/mL) agar plates, respectively. Plates were then left to incubate at 37°C, 

overnight. If successful, single colonies were subsequently picked and dropped into broth 

containing the same concentration of antibiotics and incubated in orbital shaker overnight at 

37°C set at 200 rpm. Samples were quantified using the Nanodrop2000 (ThermoScientific, 

US). 

 

2.2.5.3 Preparation of Bacterial Glycerol Stocks. 

For long term storage of successfully transformed colonies, 25% (v/v) glycerol was added to 

1 mL of bacterial culture in a 2 mL cryotube (Falcon, Corning) and frozen in liquid nitrogen. 

Cryotubes were then kept at -80°C for future use. 

 

2.2.5.4 Plasmid DNA Extraction Kits. 

Plasmid isolation and extraction was performed at two scales; smaller scale using the PureLink 

Quick Plasmid DNA Miniprep Kit (Invitrogen), larger scale using the PureYieldTM MaxiPrep DNA 

Extraction kit (Promega). Both kits work in a similar fashion; using sodium dodecyl sulfate 

(SDS) ionic detergent to lyse open bacterial cells releasing plasmid DNA. Cell suspensions are 

then centrifuged to separate cell debris and genetic material. The PureYieldTM MaxiPrep DNA 

Extraction kit offers an additional endotoxin removal solution to remove bacterial endotoxins 

that might later interfere with DNA purity, transfection efficiency or expression. DNA preps 

are then pulled through a column containing a silica membrane; the PureLink Quick Plasmid 

DNA Miniprep Kit uses centrifugal force, whilst the PureYieldTM MaxiPrep DNA Extraction kit 

uses a vacuum pump to force genetic material through the membrane. Plasmid DNA will bind 

to the positively charge silica gel. The column is then washed removing any remaining purities 

bound to the silica. Bound DNA is eluted by the addition of water or an elution buffer (usually 

Tris-EDTA). Outlined below is the PureLink Quick Plasmid DNA Miniprep Kit. 
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If colony growth was successful, single colonies were taken and grown in 5 mL of LB broth 

containing 50 μg/mL of Kanamycin at 37°C overnight in a shaking incubator set at 200 rpm.  

The following day, cells were subsequently pelleted by centrifugation for 5 minutes at 12,000 

x g and resuspended in 250 μL Resuspension Buffer. To each sample, 250 μL of Lysis Buffer 

was added, mixed and incubated at room temperature for 5 minutes. 350 μL of Precipitate 

Buffer was subsequently added and samples were mixed immediately by vigorously shaking 

until mixture is homogenous. The lysates were then centrifuged at 12,000 x g at room 

temperature for 10 minutes. Lysate supernatants were then loaded into a spin columns 

contained in a 2 mL wash tube and centrifuged at 12,000 x g at room temperature for 1 

minute. The flow-through was discarded and placed back into the Wash Tube. An additional 

wash was carried out by adding 500 μL of Wash Buffer 10 to the column and incubated for 1 

minute. The column was then centrifuged at 12,000 x g for 1 minute. Column flow-through 

was discarded and returned to the Wash Tube. Subsequently, 700 μL of Wash Buffer 9 was 

added to the columns and centrifuged at 12,000 x g for 1 minute. This step was repeated, 

discarding the flow-through again before returning the column to a fresh Recovery Tube. To 

elute extracted DNA, 75 μL of preheated TE elution buffer was added to the centre of each 

binding column and incubated at room temperature for 1 minute. Finally, columns were 

centrifuged at 12,000 x g for 2 minutes and the flow-through was stored at -4°C. Extracts were 

quantified using the Nanodrop2000.  

 

2.2.5.5 GPRC6A-myc Insertion Construct Validation. 

Initially, the extracted colony DNA underwent restriction digestion to screen for the 

expression of the GPRC6A-myc insert. 1 μg of extracted DNA was treated with 10 U of 

restriction endonucleases SacI-HF and HindIII-HF for 1 hour at 37oC. The restricted DNA was 

then separated using  gel electrophoresis on a 1.0% agarose and positive clones were 

identified under UV light (see section 2.2.2.4). The extracted DNA for each positive clone was 

then sent for Sanger sequencing using the ABi automated sequencer in the Genomic Core 

Facility, Medical School, University of Sheffield with the primers denoted in   
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Table 2.5.  
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Table 2.5 Sequencing primer design; Forward and reverse primer sequences for human Gprc6a with respective annealing 
temperatures and theoretical products sizes. 

 
 

2.2.6 Validation of GPRC6A-myc Protein Expression. 

CHO-K1 cells were transfected with Lipofectamine 3000 described in section 2.2.4.1. CHO-K1 

underwent protein extraction and quantification by bicinchoninic acid (BCA) assay. CHO-K1 

protein extractions were then probed for –myc by Western blot for successful GPRC6A-myc 

expression. 

 

2.2.6.1 CHO-K1 Protein Extraction. 

CHO-K1 cells were grown in T-75 cm2 flasks to approximately 70% confluency and incubated 

on ice for 10 minutes. Subsequently, cells were washed twice with ice-cold PBS and 1 mL of 

1% NP-40 lysis buffer (150 mM NaCl, 50 mM TrisBase, pH 8.0) containing 10 µL protease 

inhibitors; bestatin, aprotinin, and leupeptin inhibiting cysteine and serine proteases 

(Halt Protease Inhibitor Cocktail, Thermo Scientific). Phosphatase inhibitors contained 

sodium orthovanadate and sodium fluoride inhibiting, threonine, tyrosine and serine 

phosphatases. Cells were then incubated on ice for a further 5 minutes. Flasks were then 

scraped to detach cells and transferred to a sterile 2 mL Eppendorf tube. Samples were 

sonicated for 30 seconds at 60 Hz and then centrifuged at 14,000 x g at 4°C for 20 minutes. 

Supernatants were then removed and transferred to new 2 mL Eppendorf tubes and stored 

at -20oC.  

 

Target	site Primer	Sequence
Annealing	

Temperature	
(oC)

Product	
size	(bp)

GPRC6A	Site	1
Forward	– 5’-GCCAATCCAGTTCCAACCAG-3’ 54.5

214
Reverse	– 5’-GGCTGTCATAGGTTCTGGGT-3’ 54.5

GPRC6A	Site	2
Forward	– 5’-AGTCCTGGCTCAGCATAGTC-3’ 54.5

202
Reverse	– 5’-ACTTGCTTCCCAGTGACAGT-3’ 52.3
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2.2.6.2 Bicinchoninic acid protein assay. 

Sample protein concentrations were quantified using the DC Protein Assay BCA assay kit (Bio-

Rad, Pierce). Protein samples are solubilized in detergent and quantified by a colorimetric 

reaction. The assay is reliant upon the reaction between alkaline copper tartare, Folin 

solution. The copper tartrate solution reacts with the solubilized proteins in the sample and 

then reduce the Folin reagent, losing up to 3 oxygen atoms. This reaction creates a number 

reduced species possessing a characteristic blue colour with an absorbance within 405 nm to 

705 nm. 1.43 mg/mL bovine serum albumin Protein Assay Standard (BioRad) was used to 

make serial dilution range of 5 concentration in NP-40 lysis buffer to generate a standard 

curve assay (Table 2.6). 5µL of sample or standard was added a 96 well plate in triplicate. 

Samples of high concentration were assayed at a 1:10 and 1:100 dilution. 25 µL of working 

A/S reagent (prepared by adding 10 µL of reagent S to 500 µL of reagent A) to each well. 

Subsequently, 250 µL of Reagent B was added immediately to all wells and the plate 

incubated for 15-30 minutes at room temperature to allow colorimetric development. Optical 

Density (OD) values were measured using a spectrophotometer (Eppendorf) set at 562 nm. 

Plotting of the standard curve was conducted using the GraphPad Prism 7 software and 

unknown protein concentrations were interpolated from the standard curve linear equation 

(Figure 2.6).  

 

Table 2.6 Protein standards for BCA assay standard curve. 

 

Protein	 Standard	
Concentration	 (mg/mL) 0 0.286 0.572 0.858 1.144 1.43

Stock	Volume	(µL) 0 4 8 12 16 20

NP-40	Lysis	buffer	(µL) 20 16 12 8 4 0
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Figure 2.6 BCA Protein Assay Stand Curve; Plotted standard BSA protein standard to interpolate unknown sample protein 
concentrations; with respective y = mx + c and R2 values. 

 

2.2.6.3 Western Blotting: Gel Electrophoresis & Transfer. 

To check the successful expression of GPRC6A-myc construct following transfection in CHO-

K1 cells, Western blotting analysis was chosen as an efficient means to validated successful 

expression of GPRC6A-myc at the protein level. Once the concentration of sample protein had 

been determined, samples were diluted in distilled water and Laemmli buffer (Biorad) (25% 

glycerol, 62.5 mM Tris-HCl, 2% SDS, 0.01% bromophenol blue, pH 6.8) mixed with 350 mM 

dithiothreitol (Fisher Scientific) to aid in disulphide band reduction and protein denaturation. 

Proteins were then denatured by incubation at 95oC for 10 minutes. Samples were then 

separated by molecular weight using gel electrophoresis method. 1-2% Mini-PROTEAN® 

TGXTM (Bio-Rad) Precast protein gels were used, running 10 µL of Precision Plus ProteinTM Dual 

Colour Standards (Bio-Rad) alongside 50 µL of sample loaded in a Vertical Electrophoresis Cell 

(Bio-Rad) containing with 1X Tris/Glycine/SDS running buffer (Bio-Rad). Loaded samples were 

allowed to separate for 40-60 minutes at 150 V. Once separated, proteins are subsequently 

transferred to a Trans-Blot PVDF membrane (Bio-Rad) using the Trans-Blot® Turbo Rapid 

Transfer System (Bio-Rad) applying 25 V gradient perpendicular to the gels orientation for 7 

minutes.  
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2.2.6.4 Western blotting: Blocking & Probing. 

Proteins bound to this membrane were then probed for by immunostaining. Prior to staining 

membranes were folded into 50 mL Falcon tubes (Corning) and blocked with 3% milk in TBS-

T (Tesco, UK) at room temperature for 1 hour on a tube roller. Membrane blocking reduces 

non-specific protein interactions prior to the primary antibody addition. The primary antibody 

goat anti-myc was then diluted 1:100 in blocking buffer and then incubated with the transfer 

membrane at 4°C overnight on a tube roller. The next day, membranes were washed thrice 

with 1X TBS-T (20 mM Tris Base, 0.1% Tween-20, Tween-20, 150 mM NaCl2, pH 7.6) for 10 

minutes on a tube roller. Subsequently, membranes were incubated with 1:1000 dilution 

rabbit anti-goat horse-radish peroxidase (HRP) conjugated secondary antibody (Dako) at 

room temperature for 1 hour on a tube roller. The blot was then washed thrice for 5 minutes 

in 1X TBS-T and then a further three times for 10 minutes in distilled water.  

 

2.2.6.5 Western blotting: Detection. 

Antibody probed membrane blots were detected by WestDura SuperSignal West Femto 

Maximum Sensitivity Substrate (ThermoScientific).  250 µL of Stable Peroxidae solution was 

mixed in equal volume Luminol/Enhancer solution. The conjugated peroxidase catalyses 

Luminol oxidation and releases prolonged chemiluminescence which can be visualized using 

a Gel Doc XR+ Gel Documentation System (Biorad). 

 

2.2.7 GPRC6A and RAMP1 Cell Surface Expression. 

To investigate the role of RAMP1 in successful forward trafficking of the hGPRC6A two 

methods were used; flow cytometry and whole-cell cell surface ELISA. Both techniques utilise 

tagged anti-myc and anti-flag antibodies stain for GPRC6A-myc and RAMP1-flag proteins to 

identify target protein cell surface expression. Due the the lower surface expression of the 

receptor, cells were transiently transfected to capitalise on spike in protein expression. 
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2.2.7.1 Flow Cytometry – RAMP1-Flag Cell Surface Expression Immunostaining Staining. 

An alternative strategy used RAMP1-Flag constructs in order to identify RAMP1 expression 

enabling the use of well-validated Flag antibodies. CHO-K1 were transfected with 

Lipofectamine 3000 (see section 2.2.5.7) using Constructs 1a and 2c (Figures 2.4 & 2.5). Cells 

were counted as previously mentioned in section 2.2.1.2 and centrifuged at 1000 x g for 5 

minutes at 4°C. Cells were then washed with 1 mL of Hank’s buffered saline solution (HBSS) 

(containing 1 mM CaCl3, 1 mM MgCl3, pH 7.4), centrifuged and then resuspended in 100 µL of 

4% paraformaldehyde. Cells were incubated for 30 minutes centrifuged and then 

resuspended in 100 µL of Fc block (10% chicken serum (Sigma-Aldrich, St. Louis, Missouri, US), 

in 3% bovine serum albumin (BSA) diluted in HBSS) and incubated for 30 minutes. 

Subsequently, cells were incubated for 60 minutes on ice in primary mouse anti-Flag (Trans 

Genic Inc, KO602-M) or Mouse isotype control IgG (ThermoFisher) at 1.88 µg/mL. All 

antibodies were diluted in 3% BSA in HBSS to prevent nonspecific antibody binding. Following 

a 60 minute incubation on ice, cells were washed twice with 3% BSA in HBSS, and secondary 

Chicken anti-mouse AlexaFluor647 IgG (Invitrogen) was added to appropriate reaction tubes 

at 1 µg/mL. Cells were incubated for another 60 minutes on ice and subsequently wash 3 

times in 3% BSA in HBSS, before being resuspended in 300 µL of HBSS. Samples were then 

analysed immediately by flow cytometry LSR II (BD Bioscience). 

 

2.2.7.2 Flow Cytometry – GPRC6A Cell Surface Expression Staining. 

Flow cytometry was used to investigate cell surface RAMP1 was complexed with hGPRC6A. 

However, due to the lack of validated antibodies targeted at GPRC6A, transient transfection 

of Construct 1c and 2a (see Figures 2.4 & 2.5) utilising an extracellular myc tagged human 

GPRC6A receptor provided a choice of well researched antibodies to use from. 

Immunostaining procedure was carried out as previously stated (see section 2.2.7.1); 

however, antibody dilutions of the primary mouse anti-myc (Merck Millipore, Billerica, MA, 

USA; 9E10) and mouse isotype control (Sigma-Aldrich) were used at 1:50 dilution. The same 

secondary Chicken anti-mouse AlexaFluor647 IgG (Invitrogen) was used for detection at 1 

µg/mL in 3% BSA in HBSS. 
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2.2.7.3 Flow Cytometry – Cell Populations. 

Cell populations to be analysed were first gated on the basis of indices of forward and side 

scattering (FSC-A/SSC-A dot plot). Negative subpopulations were gated against the non-

stained, isotype, and secondary alone controls (Figure 2.3B). A minimum of 100,000 events 

were gated. An interval gate was then established on the control histogram which was 

obtained from samples incubated in the absence of anti-RAMP1 antibodies, and 

subsequently, determined percent of positive events and mean fluorescence of cells carrying 

membrane-bound receptors. Immunofluorescent staining of live cells was performed using 

FACSBDS software on the BD LSRII (using laser – Red 633 nm to excite AlexaFluor647) (BD 

Biosciences, Oxford, UK). Histogram plot were analysed using the FlowJo analysis software 

(FlowJo LLC, Ashland, Oregon, US). 

 

2.2.7.4 Immuno-linked ELISA - Cell Surface Expression Immunostaining Staining. 

Cell surface expression was determined by ELISA and performed as previously described 

(Pandey et al., 2019; Weston et al., 2016). Cells were plated into a 24 well plates and 

transiently transfected with GPRC6CA-myc and RAMP1 for myc staining experiments and 

hGPRC6A and RAMP-Flag for flag staining experiments (see Figure 2.4Figure 2.5) as described 

in section 2.2.4.1 500 μL of 4% paraformaldehyde in PBS was added directly to each well of a 

24-well plate containing transfected cells and transfection media and incubated at room 

temperature with gentle shaking for 20 minutes at 500 rpm. The wells were aspirated and 

washed twice. All washing was performed with 500 μL PBS for 10 minutes with gentle 

agitation. 500 μL of 1% BSA in PBS was added to block non-specific antibody binding and 

incubated for 45 minutes at room temperature with gentle agitation at 500 rpm. Cell surface 

expression of receptor components was detected using mouse anti-Flag monoclonal antibody 

1 μg/mL (Trans Genic Inc, KO602-M), or anti-myc 1:2500 (Merck Millipore, Billerica, MA, USA; 

9E10) to detect the tagged RAMP or receptors respectively. All antibodies were diluted in 

HBSS. 250 μL of antibody dilution was added and incubated at room temperature for 30 

minutes with gently agitation. Following incubation, cells are washed three times and re-

blocked in 1% BSA in HBSS for a further 15 minutes. Subsequently, 250 μL of goat anti-mouse 

HRP conjugate (Sigma-Aldrich) were used to detect the primary antibody at a 1:1000 dilution 



 81 

and incubated for 30 minutes at room temperature with gently agitation. Thermo TMB 

Substrate (ThermoFisher) was used to reveal antibody staining; 100 μL of substrate was added 

to all wells and incubated for 30 minutes with gently agitation. The reaction was stopped by 

adding 0.8 M H2SO4, mixing gently and absorbance was read at 450 nm on the Ensight Plate 

reader (Perkin Elmer, UK). Experiments were performed in triplicate and data shown are the 

mean ± SEM of three to four independent experiments compared to GPRC6A only cells by 

non-parametric one-way ANOVA (Kruskal–Wallis test) followed by Dunn's multiple 

comparison test (Bailey & Hay, 2007). 
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2.3 Results. 

2.3.1 Native CHO GPRC6A and CHO RAMP1 Expression Characterisation. 

Characterization of CHO-K1 cells identified low expression levels of endogenous hamster 

GPRC6A and RAMP1. Band were present in RT +VE reaction for CHO-GPRC6A and CHO-RAMP1 

at the correct height for the theoretical product size (Figure 2.7). No bands were observed in 

RT –VE and H2O control reactions negating nonspecific conversion and contamination 

respectively. Products from endpoint PCR were then Sanger sequenced to confirm target 

gene amplification. All sequenced targets were successfully sequenced and cross referenced 

using the NCBI database sequences using nucleotide Basic Local Alignment Search Tool 

(nBLAST) (Figure 2.8). 

 

 
Figure 2.7 Endpoint PCR analysis of CHO GPRC6A and CHO RAMP1 endogenous expression; (A) Band present in RT+VE 
reaction at expected CHO RAMP1 band height (product size 216 bp). No bands present in RT –VE and H2O control reactions 
assume no sample contamination. (B) Band present in RT+VE reaction at expected CHO GPRC6A band height (product size 
233 bp). No bands present in RT –VE and H2O control reactions assume no sample contamination. 

 

CHO-K1	GPRC6A;	 (~233bp)

CHO-K1	RAMP1;	 (~216bp)
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Figure 2.8 Sanger sequence for endogenous CHO-K1 GPRC6A and RAMP1; analysed using 4Peaks software; Sanger sequences 
for GPRC6A and RAMP1 aligned with NCBI XM_003510334.2 and XM_016979132.1 mRNA sequences with 92% and 100% 
identity match found, respectively. 

 

2.3.2 Cell Membrane FRET-based Analysis of GPRC6A and RAMPs. 

Fluorescent imaging of the FACS populations GPRC6A-Cit only, RAMP1-Cer only, and GPRC6A-

Cit+RAMP1-Cer cells revealed comparable results to the previous FRET experiments carried 

out in COS-7 cells (A. Desai, 2012). pcDNA3.1 mock transfected CHO-K1 control cells, 

displayed no fluorescent signal in all Cit, Cer and FRET capture channels (Figure 2.9). CHO-K1 

cells transfected with GPRC6A-Cit only displayed Cit [Ex 516 nm; Em 529 nm] fluorescence 

when excited at 516 nm filter; but no signal was recorded when excited for Cer [Ex 433 nm; 

Em 475 nm] or FRET signal [Ex 433 nm; Em 529 nm] (Figure 2.9). Cells transfected with 

RAMP1-Cer only, fluorescence signal was observed when excited for Cer but not for Cit or 

FRET (Figure 2.9). CHO-K1 cells transfected with both GPRC6A-Cit and RAMP1-Cer, 

fluorescent signal was recorded in both the Cit and Cer filter channels. In addition, 

fluorescence signal was seen in the FRET filter channel with co-localisation appearing diffuse 

throughout the cytosol (Figure 2.9). Phase imaging displayed all cells populations imaged 

showed no abnormalities in morphology or viability

Chinese Hamster	RAMP1;

Chinese	Hamster	GPRC6A;
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Figure 2.9 Citrine, Cerulean and FRET Imaging of FAC sorted CHO-K1 cell lines; Relative Citrine, Cerulean and FRET fluorescence signals CHO-K1 following two FACS sorts. pcDNA3.1 mock 
transfection displayed no fluorescence in any of the channels. GPRC6A-Cit+pcDNA3.1 see regions of high fluorescence intensity (yellow) when excited for citrine; however, no signal in cerulean 
or FRET channels. In RAMP1-Cer+pcDNA3.1 see regions of high fluorescence intensity (green) when excited for cerulean; however, no signal in citrine or FRET channels. In GPRC6A-Cit+RAMP1-
Cer, strong signal is seen in citrine and cerulean channels indicative of both proteins being expressed. Additionally, strong FRET signal (red) in observed in these cells, suggestive of protein-
proteins interaction in CHO-K1 cells, as previously seen in COS-7 cells (Figure 2.2). All images were taken at approximately 70% confluency and cells appeared healthy as detailed in phase 
images. Images are representative of 3 independent repeats.  



2.3.3 GPRC6A-myc Subcloning Validation. 

Successful insertion of GPRC6A-myc construct and recombinant expression was validated 

by using semi quantitative restriction digest endpoint PCR, Sanger sequencing, and 

Western blot analysis (Figure 2.10). Treatment of the re-ligated constructs with HindIII-HF 

and SacI-HF found observed bands of three molecular weights (Figure 2.10A) 

corresponding to the theoretical molecular weights of the restricted pCMV Prolink II 

vector and the GPRC6A-myc insert. A higher molecular weight band was also observed in 

the restriction digest gel, whose weight equated to the sum of both the pCMV Prolink II 

vector and insert. Sanger sequencing of the recombinant construct product returned the 

correct target and matched to NCBI database sequences using nBLAST (Figure 2.10B). 

Subsequent CHO-K1 cells transfected with construct 1c (Figure 2.4) saw positive staining 

for the –myc tag protein (~154.8 kDa [Receptor 104.8 kDa + Myc 50 kDa]) in Western blot 

analysis (Figure 2.10C). CHO-K1 WT and mock vector cells also saw no positive staining in 

comparison.  
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Figure 2.10 Endpoint PCR analysis and Sanger Sequencing of GPRC6A-myc constructs; (A) Gel presented shows two 
picked colonies containing re-ligated GPRC6A-myc construct. Extracted DNA from both colonies shows three distinct 
bands; unrestricted vector (~7120bp), restricted vector (~4125bp), and insert (~2995bp). H2O control showed no 
contamination bands. (B) Sanger sequences for GPRC6A-myc construct aligned with NCBI XM_ mRNA sequences with 
92% and 100% identity match found. (C) Subsequent Western blot analysis of these constructs revealed positive staining 
for –myc in CHO-K1 cells transfected GPRC6A-myc at the desired MW (~154.8KDa). No bands were present in mock 
vector or CHO-K1 WT control groups.  

 

2.3.4 RAMP1 Cell Surface Expression. 

Investigation of RAMP1 cell surface expression was performed by non-permeablised flow 

cytometry, providing semi-quantitative measurement. Staining of RAMP1-Flag on mock 

transfected and RAMP1-Flag only CHO-K1 cells saw no positive staining for Flag with 

negligible emission shift in Red 660/20-A (Figure 2.11A & B). CHO-K1 cells co-transfected 

with RAMP1-Flag and GPRC6A exhibited shift from unstained group with 28.1% of the 

total population positively expressing the RAMP1-Flag at the cell surface (Figure 2.11C). 

Myc tag	protein	staining;	 (~154.8kDa)(C)

Myc Gene	sequence;	(B)
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No positive staining was observed when staining with isotype or secondary only control 

(Figure 2.11). 

 

 
Figure 2.11 Flow Cytometry RAMP1-Flag Staining; Transiently transfected CHO-K1 cell surface RAMP1-Flag staining 
histogram plots. (A) (B) Negligible positive staining was observed from unstained group in mock and RAMP1-Flag only 
transfected control cells. (C) CHO-K1 cells co-transfected with RAMP1-Flag and hGPRC6A exhibited shift in Red 660/20 
from unstained group with a larger number of cells positively expressing the RAMP1-Flag at the cell surface compared 
to the other control groups. Data collected is representative of 1 independent repeats. Negligible positive staining was 
observed for secondary only and isotype controls for all transfection groups. 

 

Sample	Name Positive Count Freq.	of	Total	
(%)

Unstained Population 38 0.74

Isotype	only 376 6.58

Secondary	only 357 6.05

GPRC6A+RAMP1-
Flag 1146 28.1

Sample	Name Positive Count Freq.	of	Total	
(%)

Unstained Population 42 0.78

Isotype	only 25 0.40

Secondary	only 48 0.72

GPRC6A+RAMP1-
Flag 152 2.61

Sample	Name Positive Count Freq.	of	Total	
(%)

Unstained Population 36 0.54

Isotype	only 42 0.73

Secondary	only 44 0.77

GPRC6A+RAMP1-
Flag 181 3.40

(A) Mock	Transfection

(B) RAMP1-Flag	only

(C) GPRC6A	+	RAMP1-Flag
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2.3.5 GPRC6A-myc Cell Surface Expression. 

Staining of myc was used to revealed cell surface expression of GPRC6A-myc and to what 

degree RAMP1 affected the receptor’s cell surface expression. Mock transfected CHO-K1 

cells saw negligible positive Myc staining or shift in Red 660/20-A (Figure 2.12A). CHO-K1 

cells transfected with GPRC6A-myc only exhibited a distinct shift in Red 660/20-A with 

small positive population of cell exhibiting GPRC6A-myc at the cell surface (7.28% of the 

total population) (Figure 2.12B). CHO-K1 cells co-transfected with both GPRC6A-myc and 

RAMP1 exhibit a distinct shift in Red 660/20-A from unstained group revealing 42.8% of 

the total population positively expressing the receptor at the cell surface compared to the 

other cell groups (Figure 2.12C). No positive staining was observed in isotype or secondary 

only staining (Figure 2.12).  
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Figure 2.12 Flow Cytometry GPRC6A-myc Staining; Transiently transfected CHO-K1 cell surface GPRC6A-Myc staining 
histogram plots. (A) Negligible positive staining was observed from unstained group in mock transfected control cells. 
(B) Small positive population seen in CHO-K1 cells transfected with GPRC6A-Myc construct only (7.28% of the total 
population). (C) CHO-K1 cells co-transfected with both GPRC6A-myc and RAMP1 exhibited distinct shift from unstained 
group in Red 660/20-A with 42.8% of the total population positively expressing the receptor at the cell surface compared 
to the other controls. Data collected is representative of 2 independent repeats. Negligible positive staining was 
observed for secondary only and isotype controls for all transfection groups. 

 

Sample	Name Positive Count Freq.	of	Total	
(%)

Unstained Population 68 1.04

Isotype	only 710 13.2

Secondary	only 424 6.69

GPRC6A-myc+RAMP1 2448 42.8

Sample	Name Positive Count Freq.	of	Total	
(%)

Unstained Population 48 0.78

Isotype	only 111 1.96

Secondary	only 98 1.61

GPRC6A-myc+RAMP1 383 7.28

Sample	Name Positive Count Freq.	of	Cell	
Population	(%)

Unstained Population 56 1.04

Isotype	only 49 0.94

Secondary	only 47 0.93

GPRC6A-myc+RAMP1 268 6.87

(A) Mock	Transfection

(B) GPRC6A-Myc	only

(C) GPRC6A-Myc	+	RAMP1
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2.3.6 Cell Surface Expression of GPRC6A-myc and RAMPs by ELISA. 

Whole-cell cell surface ELISA was used to assess the influence of RAMPs on GPRC6A 

forward trafficking. Expression of GPRC6A was monitored by monoclonal antibodies 

against–Myc. Cell surface ELISA found that co-expression of GPRC6A-myc with RAMP1 

significantly increased positive -myc staining compared to expression of GPRC6A-myc only 

(p < 0.001) (Figure 2.13). Furthermore, surface -myc positive staining was significantly 

higher when GPRC6A-myc was co-expression with RAMP1 compared to co-expression 

with GPRC6A-myc+RAMP2 (p < 0.01) and RAMP3 (p < 0.0001) combinations (Figure 2.13). 

 

 
Figure 2.13 GPRC6A-myc Cell Surface Expression; anti-myc stain cell surface ELISA in GPRC6A-Myc/RAMP transiently co-
expressing cells. All constructs were assayed in triplicate from 3 independent transfections. Each group of triplicates 
was corrected for background from Prolink II+pcDNA3.1 transfected cells and from cells treated with only secondary 
HRP-conjugated antibody for each transfected condition. significantly higher positive staining –Myc was observed when 
GPRC6A and RAMP1 are co-expressed, compared to GPRC6A only (p < 0.001); RAMP2 (p < 0.01); and RAMP3 (p < 
0.0001). Data are from 3 independent experiments and are presented as mean ± SEM. 

 

2.3.7 Cell Surface Expression of GPRC6A and RAMPs-Flag by ELISA. 

Whole-cell cell surface ELISA was additionally used to investigate which RAMP exhibited 

greater surface expression when co-expressed with hGPRC6A. Surface expression of 

RAMP1/2/3 was monitored by antibodies against Flag tag. Cell surface ELISA found that 

co-expression of GPRC6A with RAMP1-Flag significantly increased positive Flag staining 

compared to expression of GPRC6A only (p < 0.05). Furthermore, positive surface staining 
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for Flag was significantly increased when GPRC6A was co-expressed with RAMP1-Flag 

compared to co-expression with GPRC6A+RAMP2-Flag/3-Flag combinations (p < 0.05) 

(Figure 2.14). Both –Myc and –Flag ELISA experiment show comparable trend in hGPRC6A 

cell surface expression and mirrored data observed in the previous FRET-based 

experiments (see Figure 2.2).  

 

 
Figure 2.14 RAMP1-Flag Cell Surface Expression; anti-Flag stain cell surface ELISA in GPRC6A/RAMP-Flag transiently co-
expressing cells. All constructs were assayed in triplicate from 4 independent transfections. Each group of triplicates 
was corrected for background from mock transfected cells and from cells treated with only secondary HRP-conjugated 
antibody for each transfected condition. Significantly higher positive staining –Flag (p < 0.05) was observed when 
GPRC6A and RAMP1-Flag are co-expressed, compared to GPRC6A only (p < 0.05); RAMP2-Flag (p < 0.05); and RAMP3-
Flag (p < 0.05).  Experiments were performed in triplicate and are from 4 independent experiments and are presented 
as mean ± SEM. 
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2.4 Discussion. 

The experiments detailed in this chapter sought to investigate the interactions between 

hGPRC6A and RAMPs. The work provided a fundamental basis to why the human variant 

of the receptor fails to be adequately expressed at the cell surface and further offers an 

explanation for the pharmacological discrepancies within the field. RAMP’s tissue 

distribution is known to exceed that of their interacting partners, thus prompting the 

investigation of these unidentified proteins. Although it is known that predominantly class 

B GPCRs interact with RAMPs, recent discoveries have shown the concept of GPCR-RAMP 

hetero-dimerisation is transferrable across different GPCR classes. An increasing number 

of published reports show RAMPs to be fundamental components to class A & C GPCRs 

(Barbash et al., 2017; Bouschet et al., 2005, 2008, 2012; A. J. Desai et al., 2014; Lenhart et 

al., 2013). 

 

A brief discussion of the data previously acquired from our group will be given here in 

order to provide context to the results obtained as part of this project. Preliminary 

experiments focussed towards providing supportive data for the previously obtained FRET 

data concerning hGPRC6A and RAMP1 interaction in COS-7 cells (A. Desai, 2012). Using 

the same constructs, we were able to produce CHO-K1 cell lines that stably expressed 

GPRC6A-Cit only, RAMP1-Cer only and a co-expressing GPRC6A-Cit + RAMP1-Cer, through 

combination of antibiotic selection and FACS. 

 

2.4.1 FRET Analysis of GPRC6A and RAMP Interaction. 

2.4.1.1 GPRC6A and RAMPs in COS-7 Cells. 

GPRC6A and RAMP1 were tagged with the acceptor Cit and donor Cer fluorophores, 

respectively. These fluorophore mutants of YFP and CFP offer advantages over their 

derivatives. Being a long wavelength mutant; Cit provides greater peak separation from 

Cer, expressing easily with resistance to acidity quenching (Heikal et al., 2000). Cer is 

known to be brighter than CFP with additional resistance to photo bleaching, improved 

fluorescence lifetime and signal to noise ratio (Rizzo et al., 2004). Furthermore, C-terminal 

tagging the receptor and RAMPs reduces any forward trafficking which may be caused by 
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the inserted signal peptide of the fluorophore (Christopoulos et al., 2003). Furthermore, 

it was important to select cell lines that didn’t endogenously express either GPRC6A or 

RAMPs, as this might interfere with cell surface trafficking of the transfected hGPRC6A 

causing inaccurate FRET measurements. In previous work COS-7 showed no endogenous 

levels of GPRC6A or any of the RAMPs (Bouschet et al., 2005; Christopoulos et al., 2003; 

A. Desai, 2012; Harikumar et al., 2010; Kelly et al., 2008; Mclatchie et al., 1998; Morfis et 

al., 2008). The same was observed in our CHO-K1 cells (Figure 2.7Figure 2.8). Desai’s PhD 

data demonstrated hGPRC6A to be intracellularly retained at the perinuclear region when 

GPRC6A is expressed by itself in COS-7 cells, supporting previous findings (Wellendorph, 

et al. 2005). However, distinct regions of co-localisation were observed when hGPRC6A 

was co-expressed with RAMP1 but not RAMP2/3 at sites commonly associated with GPCR 

forward trafficking (i.e. perinuclear region, ER, trafficking vesicles, Golgi, and plasma 

membrane (Figure 2.2) (Mclatchie et al., 1998). Hence, it demonstrated for the first time 

that RAMP1 aided in the trafficking of hGPRC6A in COS-7 cells. Co-expression with RAMP2 

did display regions of co-localisation; however, this was only seen around the perinuclear 

region which may be indicative of an GPRC6A/RAMP2 endo-cellular functional role, 

binding hydrophilic ligands (Figure 2.2). This idea of an endocellular function has 

previously been proposed by other groups, mirroring the functional characteristics of the 

classical oestrogen receptors and ARs (Pi et al., 2008, 2011; Pi, Zhang, et al., 2010). Further 

investigation is required here to delineate GPRC6A and RAMP2 role intracellularly. 

 

2.4.1.2 GPRC6A and RAMPs in CHO-K1 Cells. 

Characterisation of CHO-K1 cells for GPRC6A and RAMP1 revealed transcript 

endogenously present; albeit these bands are very faint (Figure 2.7). If repeated it would 

be recommended to run probes against a well-expressed housekeeping gene i.e. GAPDH 

in order to semi-quantify the relative expression levels. When probing for Although other 

groups have already reported negligible levels of endogenous RAMPs expression in CHO 

cells (Cegla et al., 2017; Tilakaratne et al., 2000; Wootten et al., 2013); it would have been 

beneficial to probe endogenous RAMP2 and RAMP3 in our cells. As shown the previous 

FRET experiments in COS-7 cells RAMP2 also has the ability to complex with GPRC6A (A. 
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Desai, 2012). This promiscuous interaction could later interfere with trafficking and 

signalling experiments. Using the same constructs, we were able to produce CHO-K1 cell 

lines that stably expressed GPRC6A-Cit only, RAMP1-Cer only and a co-expressing 

GPRC6A-Cit / RAMP1-Cer, through combination of antibiotic selection and FACS. 

Antibiotic selection concentration was decided based upon G418 kill curve (Figure Ap.1); 

cell viability was assessed using the RealTime-GloTM MT Cell Viability Kit (Promega, UK) 

(see section 4.2.3). CHO-K1 cells treated with 2.0 mg/mL G418 saw fastest decreases in 

cell viability. Interestingly, even at 0.0 mg/mL decreases were observed in cell viability in 

a bell-shaped curve. This is most like due the rapid growth rate of CHO-K1 cells (doubling 

time approx. 24 hours) outgrowing the well plate dish and beginning to die due to 

overcrowding. Subsequently, may wish to seed plates at lower densities to avoid this. Dual 

sorting strategy allowed for isolation of highly pure and viable cells (Kuka & Ashwell, 

2013). Sorting transfected colonies based on both the Cit and Cer fluorescence yielded 

four distinct populations, the largest population of cells neither displayed high degrees of 

Cit or Cer fluorescence. Sorting based on fluorescence gave indication of successful co-

transfection of both GPRC6A-Cit and RAMP1-Cer. However, both gifted constructs were 

engineered to contain the G418 selection marker, thus it could be argued that populations 

collected were cell containing either construct in a heterogeneous population. Thus future 

work would benefit greatly from using constructs containing two distinct antibiotic 

selection markers. This would allow for dual selection, ensuring only cells containing both 

constructs would survive. Interestingly, in dual sorting the populations a large population 

of cells exhibiting neither Cit nor Cer fluorescence is observed, even following G418 

antibiotic selection (Figure Ap.3). One possible explanation for this is the natural silencing 

of the gene cassette; allowing the cells to utilise the inserted antibiotic resistance but has 

silencing the pCMV promoter upstream from GPRC6A-Cit or RAMP1-Cer by methylation 

(Moritz et al., 2015). Other pCMV promoter mutants less prone to methylation could be 

used in future work to avoid this issue (Moritz et al., 2015). The low cell acquisition may, 

in part be due to loss of cells inside the instruments. Maximising throughput rates enables 

the rapid acquisition of cell populations; however, it can detrimentally affect the 

instruments ability to effectively identify exact populations within a sample (Cossarizza et 

al., 2017). Lowering the throughput (<500 events/s) has been shown to provide data with 

fewer misidentified doublets and missed positive events (Baumgart et al., 2017). 
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However, it is more plausible that the transfection method produced poor transfection 

efficiency (Figure Ap. 2). Clear distinct populations were observed displaying high levels 

of GPRC6A-Cit only, RAMP1-Cer only, and both GPRC6A-Cit + RAMP1-Cer co-expression. 

Imaging of these enriched populations revealed strong FRET signals only when both 

GPRC6A-Cit and RAMP1-Cer are co-expressed in CHO-K1 cells (Figure 2.2). Other 

transfection reagents are available and may provide greater efficiency when transfecting 

large constructs. A number of papers have reported using the FlpIn/FRT technology to 

achieve recombinant mGPRC6A expression in HEK-293T cells (Jacobsen et al., 2013; Kuang 

et al., 2005; Rueda et al., 2016). The system relies upon the Flp recombinase facilitating 

the exchange of two FRT target sequences. A vector contains the gene of interest flanked 

by two regions homology to the host genome (Barnes et al., 2003). This approach works 

very efficiently to delivery exogenous DNA to the target cells, and could be considered in 

future studies due to its ease in in vivo experiments (Goodrich, et al. 2018). However, 

when concerning the co-expression of multiple proteins, it can bring increased complexity 

and costings to experiments (Barnes et al., 2003; Goodrich, et al. 2018). It is also important 

to note that overexpressing two proteins can have detrimental effects upon the cell. 

Overexpression systems can lead to resource overload, unnatural protein-protein 

interaction, stoichiometric imbalance and pathway modulation (reviewed by Moriya, 

2015). Future work would benefit greatly from lowering the DNA concentrations used for 

transfection and see whether the subsequent FRET interactions are comparable. 

Furthermore, subsequent studies may use an expression system that natively expresses 

GPRC6A and RAMP1 may be provide greater insight in whether the interaction studied 

here is true. Comparison between a wild-type expressing system and a system that has 

had RAMP1 deleted would give a more accurate view of the interactions between GPRC6A 

and RAMP1 at physiologically relevant levels. 

 

2.4.1.3 FRET System Limitations. 

A major drawback of the FRET system pertains to the over-expression of large 

fluorophores proteins intracellularly. Areas of particularly high protein-protein co-

localisation or fluorophore aggregation lead to non-linear fluorescence emission – this is 
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demonstrated as regions of saturated FRET intensity (regions of black in Figure 2.2), where 

protein-protein interactions are unable to be effaceable determined. This phenomenon 

can, in part be ameliorated with extensive mathematical normalisation taking the 

saturation into account to significantly reduce the dependence on the excitation intensity 

(Szendi-Szatmári et al., 2019). It is also important to mention that in over-expressing 

conditions the interactions observed may not represent physiological interactions as the 

introduction of foreign proteins may detrimentally effect natural intracellular 

mechanisms within the cell. Larger fluorescent protein labels (above 30 kDa/4 nm) have 

a tendency to oligomerise into tetramers; however, the tags used here fall beneath this 

threshold (Citrine = 28 KDa and Cerulean = 26 KDa) (Baird et al., 2000; Toseland, 2013).  

 

The principal strength and weakness of the FRET system is it’s highly sensitivity to protein-

protein distance and orientation; chemical fluorophores – evenly covalently bonded are 

found to be highly mobile in physiological conditions (Hink et al., 2000). For example, the 

binding of Ca2+-calmodulin has been shown to disrupt protein subunit interaction; binding 

fluorophores pairs and immobilise then in orientations unfavourable for efficient FRET 

exchange (Zheng et al. 2003). This could be partially accounted for by measuring the 

fluorophore anisotropy in the experimental environment allowing for better optimisation 

of the fluorophore pair. This methodology measures the light emitted by a fluorophore 

along different axes of polarisation (reviewed by Ojha et al., 2020; Yengo & Berger, 2010). 

Accordingly, the results obtained from the preliminary FRET investigation represented 

initial observations and required further investigation to confirm this using alternative 

approaches. 

 

2.4.2 Validation of GPRC6A-myc Subcloning. 

The constructs generated by Desai et al (2012) enabled ample strategies for investigating 

GPRC6A receptor expression levels and co-localization. These constructs offered little 

insight into RAMPs effect on GPRC6A trafficking, and in the absence of validated hGPRC6A 

antibodies the generation of a construct containing GPR6CA with a recognizable epitope 

tag offered greater benefits for future experiments. The myc tag offers a great range of 

well-researched antibodies raised in a variety of animals hosts, optimized for flexibility in 
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many assays (Kolodziej & Young, 1991)(Terpe, 2003). Furthermore, although both provide 

high specificity to their desired target, anti-myc antibodies offer higher specificity when 

used in conjunction with enzyme–linked secondary detection antibody; a tactic that 

complimented future ELISA experiments when investigating cell surface expression 

(Kimple et al., 2013).  

 

Subcloning of the GPR6CA-myc construct saw successful re-ligation of the insertion into 

the pCMV Prolink II vector. Treatment with HindIII-HF and SacI-HF offered highly targeted 

DNA cleavage with the added reductions in star activity using high-fidelity forms of the 

restriction enzymes (Mayer, 1978; Roberts, 2005). Although the restriction digest 

observed two bands corresponding to the molecular weights of the vector and insert; the 

presence of a higher molecular weight band is indicative of improper restriction (Figure 

2.10A). Restriction endonucleases - evolved as part of the prokaryote innate immunity - 

have notoriously low Kmax and Kcat activity (Halford & Goodall, 1988). To combat this, it is 

common to maximise DNA concentrations in restriction reactions in an attempt to 

maximise the yields of products. However, endonucleases are essentially substrate 

inhibited as similar restriction sites act as inhibitors or alternate substrates (i.e. star 

activity) at sufficiently high concentrations (Robinson & Sligar, 1993). Future experiments 

hoping to clear up these reactions may adopt a few strategies. Preliminary tests may 

benefit from setting up reactions containing moderate concentrations of enzyme and 

DNA and allowing these reactions to incubate for an extended period; improving the 

product yields (Robinson & Sligar, 1993).  

 

Attempts were made to run the gel for an extended period and decrease the agarose 

percentage; however, in doing so saw losses in band intensity and sample/ladder 

resolution. Based on the molecular weight equating to the sum of the vector and insert, 

this high molecular weight band was assumed to be an artefact from unrestricted vector 

(Figure 2.10A). This commonly is the results of inefficient endonuclease activity. If longer 

restriction times fail to ameliorate the issue, it may be possible that contaminants present 

in the reaction are inhibiting the enzymatic action (Yue & Labash, 1991). This can 

commonly be treated with dilution, using reactions of the same quantities of enzyme and 
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DNA in larger volumes of buffer (Matsumura, 2015; Zeng et al., 1997). However, excision 

and sequencing of this band would provide better evidence in supporting this assumption. 

 

Further validation of successful construct expression required measurement of GPRC6A-

myc protein expression (Figure 2.10C). Western blotting found, following transfection into 

CHO-K1 cells, positive staining for GPRC6A-myc (~154.8 kDa) in comparison to CHO-K1 WT 

and mock transfected control groups. However, it must be stated that the repeatability of 

this experiment showed some degree in variation concerning the band intensity, 

repeatability and; in Western blotting, the antibody displayed non-specificity in binding 

to the unidentified proteins and the ladder itself. Thus we cannot definitive say GPRC6A-

myc was expressed at the protein level. This may explain the low ELISA OD value readings 

close to the plate reader’s linear limit 0.2-2.0. The introduction of higher concentration 

blocking buffer and/or increased incubation time might have ameliorated this issue. 

 

It is important to note that although both constructs comprise a similar vector backbone 

and were engineered downstream of the same pCMV promoter , the introduction of two 

different vectors may cause alternative levels of expression on the cells. For the transient 

surface expression experiments, both vectors were transfected with the same amount of 

DNA and thus assumed to express at a comparable level. Furthermore, both pcDNA3.1 

and Prolink II vectors again contained the same antibiotic G418 selection marker. 

Concerning the GPRC6A-Cit, successfully transfection could be evaluated based on CHO-

K1 Cit fluorescence; with GPRC6A-myc this was no longer possible. This could be 

evidenced by unsuccessful replication of flow cytometry staining and very low OD value 

readings close to the plate reader’s linear limit 0.2-2.0. Future work would benefit greatly 

from utilising identical vector constructs combined with distinct antibiotic markers to 

ensure cell in all subsequent experiments are subject to identical metabolic load, protein 

production, toxicity etc. and selected populations co-expressed both vectors. 

 

2.4.3 GPRC6A Cell Surface Expression by Flow Cytometric Analysis. 

Flow cytometry of live transiently overexpressing CHO-K1 cells was used preliminarily to 

determine whether RAMP1 increased the cell surface expression of hGPRC6A. Flow 
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cytometric analysis of non-permeablised cells allowed for targeting of proteins specifically 

localised to the plasma membrane. Literature has established that whilst the murine 

GPRC6A is successfully forward trafficked, human GPRC6A remains intracellularly 

retained; this suggests the requirement for a chaperone protein to allow adequate cell 

surface expression. This necessity for a chaperone may provide an explanation for the 

receptor’s lack of surface expression when expressed recombinantly (Christiansen et al., 

2007; Kuang et al., 2005; P Wellendorph et al., 2005). Here we have shown that in CHO-

K1 cells overexpressing hGPRC6A and RAMP1, GPRC6A can be successfully detected at the 

cell membrane and that RAMP1 positively modulates hGPRC6A cell surface expression 

(Figure 2.11Figure 2.12). With our previous FRET data, the flow cytometric data provides 

supportive evidence of RAMP1 aiding in forward trafficking of hGPRC6A. Interestingly, 

with our knowledge that that RAMPs possess a promiscuous ability to complex with a 

variety of GPCRs (Hay & Pioszak, 2016); is may be expected to see some level of surface 

expression when staining for the Flag tag. Here, we see negligible surface when RAMP1-

Flag is expressed alone (Figure 2.11). However, it’s important to note that that RAMP1-

Flag is overexpressed, any interaction that may occur with endogenous receptors will be 

significantly smaller as endogenous receptors may be expressed at a level that is 

undetectable at the cell surface. Furthermore, it known that RAMPs, especially RAMP1 

are unable to trafficking to the surface independently, an must undergo proper 

glycosylation in order to be forward trafficked (Christopoulos et al., 2002; Wootten et al., 

2013). Thus, results from the anti-flag immunofluorescence staining can only provide the 

assumption of hGPRC6A/RAMP1 cell surface complexes. Hence, constitute insufficient 

proof to reliably confirm RAMP1 aiding in the receptors trafficking. 

 

Using the GPRC6A-myc tagged construct gave us a more accurate insight into the 

receptors ability to forward traffic in the presence of RAMP1. Subsequent efforts to 

validate GPRC6A and RAMP1 interaction utilised GPRC6A-myc construct (Figure 2.4). This 

approach allowed for a wider range of well-validated antibodies to target the specific 

surface protein tags. Here we observed a comparable pattern in cell surface expression; 

expression of hGPRC6A only in myc experiments yielded negligible positive staining, 

comparable to mock transfection. Only co-expression of both GPRC6A-myc and RAMP1 

produced a significant increase in cell surface positive staining (Figure 2.12). From these 
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findings, we can now start to draw more concrete conclusions from the data; showing 

RAMP1 to positively modulate hGPRC6A forward trafficking in CHO-K1 cells.   

 

However, results of the anti-myc flow cytometry surface staining only represent n=2 as 

the repeatability of this experiment brought uncertainty to the validity of the 

methodology. Following considerable optimisation attempts, certain staining patterns 

would reveal no changes in shift between unstained and stained groups; whilst other 

attempts would display shift in isotype or secondary antibody control staining groups. 

Possible causes for the variability may be explained by the receptor’s large size and the 

limited number of available receptors that can be expressed at the surface at one time. 

Furthermore, the methodology required numerous washing steps which may have been 

detrimental to the cells ability to expressed an adequate number of receptors at the 

plasma membrane. Due to the greater degree of variability; combined with the receptors 

low expression profile (Clemmensen, et al. 2014) and the promiscuous action of RAMPs 

(McLatchie et al, 1998; Bouschet et al. 2008; 2012; Desai et al. 2014; Hay & Pioszak, et al. 

2016), the flow cytometric approach required too much time in order to produce 

sufficient supporting data. Therefore, whole-cell cell surface ELISA was adopted to 

provide an additional methodology to illustrate RAMP-mediated GPRC6A cell surface 

expression. 

 

2.4.4 GPRC6A Cell Surface Expression by Whole-Cell Surface ELISA. 

One major advantage of using the whole-cell surface ELISA over flow cytometry was that 

it allowed for cells to be plated and grown overnight, without the need to be held in 

suspension when assayed. This method avoided the use potentially harmful detachment 

regents; which may cleave surface proteins embedded within the plasma membrane. 

Similarly, in agreement with studies identifying retention motif present in the hGPRC6A 

(Jørgensen et al., 2017; Kuang et al., 2005; Wellendorph et al., 2005), we observed that 

expression of hGPRC6A alone produced poor cell surface trafficking in CHO-K1 cells. 

However, levels of hGPRC6A surface expression were significantly increased when co-

expressed with RAMP1 specifically in both –Flag and –myc staining experiments (Figure 

2.13Figure 2.14). This pattern was seen in our FRET, ELISA and flow cytometry co-
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localisation studies, observing high levels of GPRC6A/RAMP1 co-localisation at regions 

commonly associated with receptor assembly/processing and trafficking (i.e. ER, 

trafficking vesicles, plasma membrane) (Mclatchie et al., 1998). Compared to flow 

cytometric analysis, whole-cell cell surface ELISA provided robust consistent data. Taken 

together, the data supports the notion that RAMP1 is an essential component in 

facilitating successful forward trafficking of the hGPRC6A receptor. Potential explanations 

for the lack of cell surface expression observed in previous pharmacological studies is that 

the cell lines used (i.e. commonly HEK293 & CHO-K1) lack the necessary scaffolding and/or 

accessory proteins (e.g. RAMPs) found in cells endogenously expressing GPRC6A. 

 

2.4.5 Alternative Methodologies. 

Cit and Cer possess extensive spectral overlap between the donor emission and the 

acceptor excitation. In an ideal system, there should be no overlap between in the 

excitation spectra and the emission spectra between the FRET pair; as this can result in 

the acceptor’s direct excitation by the donor excitation wavelength (Ma et al., 2014). 

Alternative strategies for validating cell surface expression may incorporate the use of 

bioluminescence resonance energy transfer technology; a relatively recent methodology, 

combining the protein-protein interaction of FRET with impermeable bioluminescent 

markers. This system uses an enzyme (i.e. luciferase) and substrate (i.e. luciferin) to 

generate the donor light and a fluorophore as the acceptor (Bacart et al., 2008). This 

approach enables the donor to be excited chemically rather than optically and thus avoids 

issues concerning spectral overlap, bleed-through and crosstalk (Gandía et al., 2008). The 

strategy has already been successfully employed to demonstrate the interaction of 

secretin receptor and RAMP3, identifying TM6 and TM7 as key interfaces for this 

molecular interaction (Harikumar et al., 2010). The novel approach could provide data on 

specific domains (i.e. hGPRC6A ICL-3) involved in the hGPRC6A and RAMP1 interaction; 

tracking cell surface FRET intensity for successful cell surface trafficking. Additionally, this 

would negate the need to express a GPRC6A complex linked to a tagged protein that may 

well infer with normal receptor function (Prasad, Hollins and Lambert, 2010; Xie et al., 

2012; Namkung et al., 2016).  
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Future studies might employ a more detailed approach for investigating the interaction 

between hGPRC6A and RAMP1; examining the specific interfaces involved in the complex. 

These include, affinity chromatography, co-immunoprecipitation, X-ray crystallography, 

and NMR spectroscopy (Rao et al., 2014). Affinity chromatography offers a highly 

responsive methodology, detecting even the weak interactions between proteins. 

However, a major limitation when implementing this approach is its high degree of false 

positives arising from high specificity amongst proteins; incorrectly identifying protein-

protein interaction when neither protein interact under physiological conditions. Because 

of this, protein-protein interactions studies cannot fully rely on this technology and is 

often required in combinations with other methods (e.g. SDS-PAGE or mass spectroscopy) 

to validate the findings (Rao et al., 2014). One avenue may exploit X-ray crystallography 

enabling the visualisation of protein structures at the atomic level heightening our 

understanding of important structural motifs in binding. In particular, what 

conformational changes occur upon RAMP or ligand binding. This information would be 

especially crucial in designing novel small molecules targeting the hGPRC6A receptor. This 

approach could be broadened further utilising nuclear magnetic resonance spectroscopy 

to localise precise binding interfaces between the two proteins (Gao et al., 2004; 

O’Connell et al., 2009; Ortega-Roldan et al., 2018; Tong et al., 2001). 
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3 Chapter 3: GPRC6A Intracellular Signalling. 
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3.1 GPRC6A Signalling Introduction. 

The current GPCR research field has undergone a large paradigm shift in terms of how 

these receptors are understood to operate. No longer does the “on” or “off” mechanism 

or the one-ligand one-receptor model apply. Mounting research have shown GPCRs to 

operate in a variety of receptor conformations exhibiting subtle differences in the 

receptors signalling and ligand-binding profile (Katritch et al., 2013; Namkung et al., 2016; 

P. S. H. Park et al., 2008). GPRC6A has previously been demonstrated to activate multiple 

intracellular pathways through more than one G protein, characterising GPRC6A as a 

pleiotropic receptor (Jacobsen et al., 2013; Pi et al., 2005, 2016; Pi & Quarles, 2012b). 

Previous data has demonstrated RAMPs to play an integral role in the class C CaSR 

functionality, a human receptor that shares a significant homology with the GPRC6A 

(Bouschet et al., 2005, 2012; A. J. Desai et al., 2014; Rossol et al., 2012; P Wellendorph et 

al., 2005). Thus far, RAMPs have been shown to exhibit chaperone capabilities with 

GPRC6A (see chapter 2); however, studies have also reported RAMPs role in modulating 

GPCRs signalling functionality.  

 

3.1.1 GPCR Signalling-Transduction Mechanism.  

The putative model by which GPCRs transduce extracellular stimuli can be explained by 

the ternary complex model, accounting for the cooperative interactions between the 

receptor, G proteins and agonist. A combination of crystallography and biochemical data 

has proposed the concept that the majority of GPCRs exists in a dynamic equilibrium 

between an inactive state (R and R’) and an active state (R’’ and R*). The interaction of 

the heterotrimeric G protein complex can then convert this further to a signalling state 

(R*G) (Figure 3.1) (Katritch et al., 2013). The G proteins will bind exclusively to the R* 

state, provoking a downstream cellular response. The binding of an agonist shifts the 

equilibrium in favour of the active states, demonstrated by large conformational changes 

within the GPCR. In the active states, the GPCR is capable of pre-coupling to a G protein 

and can therefore exist in a R*G state. Inverse agonists will shift the equilibrium towards 

the receptor’s inactive states, while antagonists have no affect the equilibrium (Nygaard 

et al., 2009). These five distinct receptor conformations have been well demonstrated in 
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the rhodopsin, β1-andrenergic, β2-andrenergic and A2A adenosine receptors (find all the 

citations). Separate conformation active states are likely to exist for GPCRs coupling to G 

protein independent pathways, namely β-arrestin pathways (i.e. R*A) and G protein 

receptor kinases (i.e. R*GRK) (Katritch et al., 2013). 

 

Although the receptors studied possess stark architectural differences, comparisons of 

their inactive and active conformations revealed similar activation-dependant structural 

changes at the receptors intracellular side. The most distinct of these structural 

rearrangements occurs in helix VI, exhibiting an outward “swinging” in tandem with a 

movement in helix V. The size of this movement differs depending on the GPCR and the 

different active states. For example, helix VI is reported to move approximately 3.5 Å in 

the A2A adenosine receptor in the R’’, 6 Å in the rhodopsin receptor in the R’’ and R*, and 

upto 11-14 Å in the β2-andrenergic receptor-G protein complex (R*G) (Rasmussen et al., 

2011). The rearrangements of helices V and VI in the R*G state appear to be 

predominantly G protein-controlled and coincide with the release of GDP (Katritch et al., 

2013). Conformational changes in helices III and VII have also been demonstrated across 

these receptors. In the A2A adenosine receptor, helix III is seen to move upwards along its 

axis and shift laterally. Helix VII is seen to move towards the interior of the 7TM domain, 

exhibiting a distortion in its helix backbone (Lebon et al., 2011; F. Xu et al., 2011). The data 

here suggest a crucial involvement of helices V and VI in G protein interaction and 

activation. While conformational changes helices III and VII are most likely to be 

receptor/ligand-dependent.  
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Figure 3.1 Mechanistic Model of GPCR Activation; In the lack of a bound agonist the receptor in the inactive state (R). 
This conformation can be stabilised with the binding of an inverse agonist or an antagonist. Upon binding of an agonist, 
the receptor enters the inactive R’ state, this state differs from R representing only small localised changes to the 
binding pocket. In the R’’ state the receptor is said to be activated, represented by changes in conformation of the 
transmembrane helices exposing the G protein binding interface. In R* the activated receptor now begins to engage 
with the G proteins at the intracellular C-terminus. R*G represents the receptor-G protein signalling complex which is 
characterised by full activation of the receptor and Gαβγ subunits. The transition from R* to R*G occurs alongside the 
release of GDP therefore; the transition is unidirectional. Termination of the signal occurs upon dissociation of the 
protein complex and returns back to the inactive states when new Gαβγ-GDP binds to the receptor (adapted from 
Katritch, et al. 2013). Helcies III (dark blue), V (red), VII (light blue), and VIII (dark green) are indicated. 

 

In the unstimulated state, the Gα subunit directly binds a single GDP molecule in complex 

with the peripheral β and γ subunits. Guanosine nucleotides are thought to shift the 

equilibrium in favour of the low-affinity or uncoupled state (P. S. H. Park et al., 2008). 

Ligand binding to the GPCR enables a conformation change within the GPCR structure 

allowing for transduction of the external stimuli to form a high affinity agonist-GPCR 

complex. Subsequent G protein activation allows for the displacement of the GDP 

molecule with a GTP molecule at the Gα subunit, followed by the dissociation of the βγ 

dimer (Namkung et al., 2016; Prasad et al., 2010; Xie et al., 2012). Release of Gα subunit 

enables activation of membrane-associated effector proteins initiating downstream 

signalling cascade reactions. G proteins remain in the active state whilst GTP is bound; 

however, hydrolysis of GTP to GDP initiates the re-assembly of the α, β, and γ subunits 

into the inactive heterotrimer and re-association with the GPCR back to the basal state 

(Namkung et al., 2016; Prasad et al., 2010; Xie et al., 2012). The mechanism by which 

GPCRs become activated exists in a dynamic conformation equilibrium between the 

inactive and active biophysical states.  
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3.1.2 Promiscuous G-protein coupling. 

There is a growing consensus that GPCRs have the capability to couple to the different G 

signalling cascades to varying degrees. It is now clear that GPCRs can engage with multiple 

G proteins and the line between cognate and non-cognate signalling is increasingly 

blurred. Furthermore, the coupling of GPCRs to non-G-protein transducers, including β-

arrestins or other scaffold proteins, to initiate additional signalling cascades has become 

an accepted property of GPCR signal transduction (Seyedabadi et al., 2019). Examples of 

this concept include the β-adrenergic receptors; with compounds metoprolol and 

bisoprolol activating Gαi proteins but not Gαs; carvedilol displays partial agonism for β-

arrestin signalling but antagonism for Gαs signalling; whereas, salmenterol acts in the 

reciprocal manner. The biases in G protein activation may explain the varied therapeutic 

profiles observed from different compounds. For example, salmenterol’s full agonism on 

Gαs activation may explain its longer duration of action in chronic heart failure treatment 

in comparison to carvedilol (Carter & Hill, 2005; Malik et al., 2013; Onfroy et al., 2017; 

Rajagopal et al., 2011; Wisler et al., 2007).  

 

3.1.2.1 Promiscious G Protein Signalling in Class C GPCRs. 

This concept has been thoroughly demonstrated in the well-researched GPCRs families 

and continues to hold true as novel studies are published. The class C CaSR, which 

possesses large sequence homology with the GPRC6A receptor has been reported to 

couple to multiple G-protein pathways (Gerbino et al., 2005; Mamillapalli et al., 2008; 

Okashah et al., 2019). Table 3.1 summarises the signalling pathways GPRC6A is reported 

to activate. The most studied and well-characterised mechanism is the Gαq-mediated 

PLCβ pathway. This pathway initiates IP3 cleavage, leading to the subsequent mobilisation 

of intracellular Ca2+ stores from the ER. PLC-mediated calcium release by the GPRC6A has 

been demonstrated in HEK-293 cells Wellendorph et al., (2005) and later supported by 

the by Pi et al., (2005)and  Jacobsen et al., (2013). Using mGPRC6A-transfected HEK-293 

cells and pathway selective inhibitors, the Quarles group observed that downstream 

serum-response element and ERK are activated by divalent cations (Gαq and Gαi 

pathways) (Pi et al., 2005; Pi, Zhang, et al., 2010; Pi & Quarles, 2012b), L-Arg (pathway not 



 183 

investigated) (Pi et al., 2011), the steroid testosterone (Gαi pathway, Gαq not investigated) 

(Pi, Parrill, et al., 2010), and the peptide osteocalcin (Gαq pathway, Gαi not investigated) 

(Pi et al., 2011). In addition, this group has shown that all four agonist classes lead to cAMP 

accumulation in the mGPRC6A-HEK293 cell line and thus is likely also to be Gαs coupled 

(Dreaden et al., 2012; Pi et al., 2012). Finally, the Karsenty group has shown that 

osteocalcin leads to a bell-shaped, concentration-dependent increase in cAMP, indicating 

Gαs coupling, but no osteocalcin-mediated activation of the Gαq or ERK pathways in Leydig 

cells. These osteocalcin responses, however, were not shown specifically to be mediated 

by GPCR6A (Oury et al., 2011). Thus, conflicting findings regarding GPRC6A signalling have 

been reported, and physiologic relevant and signalling remain discrepant. 

Table 3.1 Intracellular Signalling Pathways GPRC6A is reported to activate. 

 

    

3.1.3 GPRC6A & PLC/DAG/IP2 Pathway Activation. 

The cascade mechanisms for the PLC/DAG/IP3 signalling pathway have been previously 

mentioned in chapter 1,  section 1.2.1. Here we will focus on the literature published 

discerning GPRC6A’s intracellularly signalling pathways. Preliminary studies of GPRC6A 

signalling came from Kuang et al. (2005), reporting a fish odorant-mouse chimeric 

receptor generated increases in intracellular calcium release and IP turnover when 

GPRC6A Signalling 
Pathway Ligand(s) Species References Notes

G⍺s

L-amino acids, 
Ocn, DJ-V-
159, divalent 
cations

mGPRC6A

(Pi et al. 2012); (Pi, et al. 
2016); (Pi, et al. 2018);  
(Oury, et al. 2014);
(Pi, et al. 2005)

Oury, et al. 2014 could 
not show G⍺q activation 
by Ocn

G⍺q
L-amino acids, 
Ocn, divalent 
cations,

human/5.43 chimera,
rGPRC6A, 
mGPRC6A

(Kuang, et al. 
2005)(Wellendorph et al. 
2005)(Wellendorph, et al. 
2007)(Christiansen, et al. 
2007)(Faure, et al. 
2009)(Rueda, et al. 
2016)(Jacobsen, et al. 2013)

Christiansen, et al. 2007 
could not show G⍺s nor 
G⍺i activation. 
Rueda, et al. 2016 could 
not show ERK1/2, G⍺s 
nor G⍺i activation.
Jacobsen, et al. 2013 
could not show G⍺s nor 
G⍺i activation

G⍺i Ocn, divalent 
cations mGPRC6A (Pi, et al. 2005)

ERK1/2

L-amino acids, 
Ocn, DJ-V-
159, 
Testosterone, 
divalent 
cations

mGPRC6A

(Pi et al. 2012)(Pi, et al. 2016) 
(Pi, et al. 2018)(Pi, et al. 
2018)(Pi, et al. 2005)(Pi, et al. 
2011)(Pi, et al. 2010)(Pi, et al. 
2015)
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stimulated with lysine. These data were later supported by Wellendorph et al. (2005) 

demonstrating the intracellular calcium responses mediated by the fish odorant-human 

chimeric receptor were ablated when pre-treated with the inhibitor BAPTA-AM. 

Moreover, the CaSR agonists, strontium, gadolinium, and magnesium were able to 

activate ERK downstream of the Gαq pathway through GPRC6A (Pi, et al. 2005). 

Subsequent studies, confirmed Gαq responses through the use of PLC and IP3 receptor 

inhibitors (U-73122 and 2-aminoethoxydiphenyl borate (2-APB), respectively. Here, 

researchers found intracellular calcium responses were significantly suppressed when 

induced by L-Orn. Furthermore, co-treatment with the calcimimetic Calindol and calcilytic 

NPS-2143 ablated L-Orn calcium responses (Faure et al., 2009). These results support the 

notion that the binding of extracellular L-Orn to GPRC6A increases intracellular calcium 

release via an Gαq/PLC/DAG/IP3-mediated pathway (Christiansen et al., 2007; Jacobsen et 

al., 2013; Oya et al., 2013b; Petrine Wellendorph et al., 2007)  

 

3.1.4 GPRC6A & Gαs/AC/cAMP Signalling Pathway. 

In addition to the Gαq signalling cascade, GPCRs have been well-established to trigger AC 

activation and cAMP accumulation through activation of the Gαs signalling pathway (see 

chapter 1,  section 1.2.2). Research into GPRC6A’s proclivity to activate Gαs signalling has 

been more fraught with controversy with different groups generating discordant, 

unsupportive data (Jacobsen et al., 2013; Pi et al., 2012; Rueda et al., 2016). Using the 

downstream serum-response element research by the Quarles group found L-Arg, 

osteocalcin, and Zn2+ resulted in significant increases in cAMP accumulation and ERK 

activation in HEK-293 cells expressing GPRC6A, but not in WT HEK-293 cells that do not 

endogenously express the receptor (Pi, et al. 2011; 2012). In addition, this group have 

reported the steroid testosterone and the peptide Ocn to stimulate Gαs signalling in 

GPRC6A-HEK-293 cells (Dreaden, 2012; Pi 2010; 2012). This was further supported by 

Oury, et al. (2013) reporting Ocn consistently stimulated cAMP production in GPRC6A 

expressing TM3 Leydig cells. 
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However, Jacobsen et al. (2013) were unable to confirm previously published data 

demonstrating Gαi- and Gαs-mediated signalling. Reporting L-Orn, Ca2+, testosterone or 

Ocn did not induce cAMP production in mGPRC6A expressing CHO cell line. These findings 

were later echoed by Rueda et al. (2016), reporting no detectable modulation of cAMP 

accumulation or phosphorylation of ERK1/2 with L-Orn, or Ocn variant suggesting that the 

mouse receptor is primarily a Gαq-coupled receptor. Additionally, these same studies 

unable to confirm the reported Gαi-coupling of this receptor, demonstrating no Gαi-

modulation was observed when stimulated with the aforementioned ligands. 

 

One major limitation when testing the mGPRC6A receptor is the presence of L-amino acids 

and divalent cations in cell culture media; this may be responsible for activation and 

subsequent desensitisation of receptor; hence making it difficult to obtain robust 

responses of the recombinantly expressed receptor in mammalian cells. Furthermore, it 

is important to note that the vast majority of our pharmacological understanding of this 

receptor is based upon research conducted on the murine variant of the receptor. As 

previously mentioned in section 1.7, there is an emerging wealth of evidence that show 

the importance of tissue-type specific cofactor that are crucial to GPCR functionality 

(McLatchie, et al. 1998). Based on the disparity in data and different profiles between cell 

and receptor types, it could be hypothesised that GPRC6A and its interacting partners 

could be responsible for the activating several signalling cascades.  

 

3.1.5 Role of RAMPs in GPCR Signalling.  

RAMPs have been well reported to play a pivotal role in facilitating functional signalling  

of  GPCRs. In addition to trafficking, the role of RAMPs in GPCR signalling has now become 

well documented over the last few decades; whereby RAMPs constitute an integral role 

in receptor functionality and/or intracellular signalling modulation (Christopoulos et al., 

2003; Gibbons et al., 2007; Harikumar et al., 2010; Hay & Pioszak, 2016; Wootten et al., 

2013; Zhongming Zhang et al., 2011). 
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3.1.5.1 Class C GPCRs & RAMPs. 

However, whether GPCR−RAMP interactions are a common and global feature in the 

human GPCR gene family is an open question and one with direct therapeutic implications 

(Namkung et al., 2016; Prasad et al., 2010; Xie et al., 2012). The CaSR belongs to the class 

C GPCRs possessing significant homology with the human GPRC6A receptor (~34%) and 

its research has aided in preliminary studies of GPR6CA. The CaSR plays a predominant 

role in regulating systemic Ca2+ homeostasis through its sensing of small changes in 

extracellular Ca2+ and modulating calciotropic hormones (Neumann et al., 2014). Barbash 

et al., (2017) research sought to overview the molecular determinants controlling CaSR; 

reporting that in COS-7 cells CaSR fails to be effectively expressed at the cell surface due 

to negligible levels of native RAMP1 and RAMP3. However, HEK-293 have been 

characterised to express sufficient levels of RAMP1 saw successful forward trafficking of 

CaSR to the membrane. In addition, co-expression of RAMP1 or RAMP3 found restorative 

action on CaSR trafficking in COS-7 cells extended the concept of RAMP escorting 

intermediates of class C GPCRs (Bouschet et al., 2012; A. J. Desai et al., 2014). Research 

by Bouschet et al., (2012)and Desai et al., (2014) reported immunoglobulin inactivation 

of RAMP1 resulted in a dose dependent decline in CaSR-mediated signalling in response 

to Cinacalcet in Thyroid cancinoma TT cells, suggesting a novel functional role for RAMP1 

in regulation of CaSR signalling in addition to its known role in receptor trafficking. The 

collective research suggests that RAMP1 is necessary for CaSR cell surface trafficking and, 

in conjunction with its homology to GPRC6A a comparative system can be hypothesised. 

 

3.1.5.2 GPRC6A & RAMP1. 

As previously described in section 2.1; a multitude of  studies have shown the murine 

receptor to exhibit successful cell surface expression, whilst the human form fails to traffic 

to the surface, remaining intracellularly retained (Jacobsen et al., 2017; S. Jørgensen et 

al., 2017; Kuang et al., 2005; Rueda et al., 2016; Petrine Wellendorph & Bräuner-Osborne, 

2004). The data provided from other GPCRs is evidence of the receptor-RAMP concept as 

transferrable across the families of GPCRs. Knowledge of RAMPs chaperone capabilities 
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and the mechanistic profiles of homologous GPCRs; the concept of a GPRC6A/RAMP 

heteromer may bridge the gap between discrepancies within the research field. As 

previously mentioned in chapter 2 we have already demonstrated hGPRC6A can interact 

with RAMP1, positively modulating the receptors forward trafficking. However, with the 

knowledge of RAMPs influence of GPCRs signalling capabilities, our subsequent 

experiments sought to elucidate whether the interaction influences downstream 

intracellular signalling capabilities. 

 

3.1.6 GPRC6A Ligand Controversies. 

As previously mentioned in section 2.1, preliminary pharmacological investigation of the 

GPRC6A receptor was conducted using a chimeric goldfish receptor, with studies 

reporting GPRC6A as a promiscuous L-type amino acids receptor (Kuang et al., 2005; 

Wellendorph et al., 2005). With subsequent studies primarily focussed towards the 

murine variant of the GPRC6A receptor (Jacobsen et al., 2013; Rueda et al., 2016). 

However, as the research has progressed discrepancies have begun to emerge from 

different in vitro and in vivo models. Although it is somewhat agreed upon that the 

GPRC6A is able to sense L-amino acids; some groups have also cited divalent cation Ca2+ 

and Mg2+ to enhance responses on mGPRC6A (Christiansen et al., 2007; Jacobsen et al., 

2013). Furthermore, data collected from in vivo studies brought forth new ideas about 

GPRC6A’s sensitivity to testosterone and Ocn, with certain groups firmly reporting 

testosterone and Ocn response whilst follow up studies failed to reproduce any activation 

(Pi, et al. 2005; 2011; 2016; Oury, et al. 2011; Mera, et al. 2016; Jacobsen et al., 2013; 

Rueda et al., 2016 Karsenty and Olson, 2017). GPRC6A affinity for physiologically 

important ligands has made it an intriguing target for therapeutic intervention. However, 

due to the promiscuous array of suggested agonist and the lack of supportive 

pharmacological data it has made clarification of the receptors physiological role 

increasingly complicated. Drawing on the evidence reporting the importance of RAMPs in 

certain GPCRs functionality, we hypothesised that RAMPs is a fundamental component in 

functional hGPRC6A signalling, explaining the discrepancies seen in the literature and 

offering a novel mechanism by which hGPRC6A initiates several signalling pathways.  
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3.1.7 Research Aims. 

1. Provide supportive evidence of GPRC6A Gαq-activation via L-amino acids. 

2. Investigate GPRC6A disputed sensitivity to hormones testosterone and 

osteocalcin. 

3. Investigate GPRC6A activation of Gαs and Gαi pathway via L-amino acids and 

hormone ligands. 

 

3.1.8 Research Hypothesis. 

RAMP1 positively increases the level of intracellular G-protein signalling mediated by the 

hGPRC6A receptor. 
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3.2 Materials and Methods. 

3.2.1 Intracellular Gαq/PLC/IP3 Signalling. 

3.2.1.1 Calcium 6 FLIPR Kit Assay protocol. 

Intracellular calcium signalling was measured using the Calcium 6 FLIPR kit Assay 

(Molecular Devices); cells were grown in culture reagents and assayed in Loading buffer 

(1x HBSS buffer, 20mM HEPES, 10mM CaCl2, and pH adjusted to 7.4) on 96 well black, 

clear bottom plates (Corning, USA). 

 

The method was developed utilising CHO-K1 cells stably transfected with constructs 1b & 

2b previously described in section 2.2.3 (Figure 2.4 & Figure 2.5). Cells were seeded at 

10,000 cells/well in standard growth media, 48 h prior in 96-well black, clear-bottom 

plates (Corning, USA) at 37°C to give 80% confluency at time of assay. Media was replaced 

with 1% FBS media 24 h prior to stimulation. After thawing and equilibrating the Calcium 

6 assay reagent to RT, it was dissolved (1:10 ratio) in 10 mL of loading buffer (1x HBSS 

buffer, 20 mM HEPES, 10 mM CaCl2, and pH adjusted to 7.4). Mix by vortexing (~1-2 min) 

until contents of vial are completely dissolved. Probenecid was added to loading dye to 

give final in-well concentration of 2.5 mM. 100 µL of Calcium 6 loading dye was then 

added to all wells and incubated for 2 hours at 37°C, 5% CO2. All compounds were diluted 

in 1X loading buffer to be 1X in-well concentration. Following incubation, plate was then 

transferred directly to the Flexstation3 assay plate carriage (Molecular Devices, California, 

US) and was allowed to equilibrate at 37°C for 10 minutes. Traces were collected for 300 

seconds, including a 50 second baseline read prior to compound well addition (  
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Table 3.2). Cell fluorescence (excitation at 485 nm; emission at 525 nm) was monitored 

following exposure to the compound. Protein tags Cit (Ex 516nm and Em 529nm) and Cer 

(Ex 433nm and Em 475nm) were outside excited by the calcium 6 dye and thus deemed 

to have minimal interference. 

All intra-experimental traces were obtained in duplicate. Increases in intracellular calcium 

are reported as the maximum fluorescence value after exposure minus the basal 

fluorescence value before exposure. 
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Table 3.2 Flexstation 3 plate reader parameters; plate reader settings used to measure Calcium 6 FLIPR Kit assay. 

 

3.2.1.2 UBO-QIC Treatment. 

Cells were grown overnight in 100 μL of media in 96-well black plates at 37°C in 5% CO2. 

Cells were pretreated with 10μM of UBO-QIC before the addition of agonists (Kukkonen, 

2015). The calcium assay kit was used as described in the above section. 100 μL of the 

calcium 6 dye/probenecid mix was added to the plate was incubated with at 37°C for 120 

minutes. The compound plate was prepared using dilutions of various compounds in 

Hank's Buffer (pH 7.4). Samples were run in duplicate using the Flexstation 3 as previously 

described above. 

 

3.2.1.3 NPS-2143 Antagonism. 

Cells were grown overnight in 100 μL of media in 96-well black plates at 37°C in 5% CO2. 

The calcium assay kit was used as described in the above section. Cells were incubated 

with 100 μL calcium 6 dye/probenecid at 37°C for 120 min. Cell were then pretreated with 

25 μL of concentration range of NPS-2143 for 15 minutes prior to agonist addition. The 

compound plate was prepared using IC80 of varying agonists in Hank's Buffer (pH 7.4). 

Samples were run in duplicate using the Flexstation 3 as previously described. 

 

Fluorescence	Parameters 96-well	plate

Excitation	Wavelength	(nm) 485

Emission	Wavelength	(nm) 525

Automatic	Emission	Cut-Off	(nm) 515

PMT	Sensitivity 6

Pipette	Height	(µL) 230

Transfer	Volume	(µL) 50

Compound	Concentration	(Fold) 5X

Addition	Speed	(Rate)	Adherent	Cells 3
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3.2.2 Intracellular Gαs/AC/cAMP/PKA Signalling. 

3.2.2.1 Cyclic AMP Accumulation assay. 

To measure the extent of GPRC6A-induced Gαs activation, research adopted the LANCE 

cAMP Detection kit (Perkin Elmer) offering a time-resolved fluorescence energy transfer 

immunoassay capturing cAMP production upon modulation of the AC activity. The assay 

is based on the competition between sample cAMP and a Europium (Eu)-labelled cAMP 

tracer complex for binding sites on  cAMP-specific antibodies conjugated to AlexaFluor-

647. The Eu-labelled cAMP tracer complex comprises firmly bound biotin-cAMP and Eu-

streptavidin. When the antibodies are bound to the Eu-streptavidin/biotin-cAMP tracer, 

excitation at 340 nm excites the Eu and the resultant energy is transferred to the 

AlexaFluor-labelled antibody. This concept is similar to the FRET principles discussed in 

section 2.1.2.4. The emitted fluorescence measured at 665 nm will decrease in the 

presence of sample cAMP, and resulting signals will be inversely proportional to the cAMP 

concentration of a sample (Figure 3.2). 

 

 
Figure 3.2 LANCE cAMP Assay Principle; Light pulse at 340 nm excites the Europium-chelate of the Eu-SA/bcAMP tracer. 
The energy emitted from the Eu-chelate is transferred to the Alexa Fluor® 647 labeled anti-cAMP antibodies bound to 
the tracer, generating a TR-FRET signal at 665 nm. Residual energy from the Eu-chelate will produce light at 615 nm. 
cAMP of a sample competes with the tracer for antibody binding sites and causes signal reduction. 

 

CHO-K1 cells were seeded into 96-well plates to give 80% confluence after 24 hours 

(Figure Ap.4). Growth media was removed and replaced with stimulation buffer (HBSS 1X 

containing 1 mM CaCl2, phenol red, 0.5 mM HEPES, 0.1% BSA, 0.5 mM 3-isobutyl-1-

methylxanthine) and incubated at 37°C for 30 min before ligand stimulation to allow 

baseline equilibration in reduced serum. All ligands were diluted in stimulation buffer to 

twice the in-well concentration and added directly to the plate. Cells were incubated for 
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30 minutes at 37°C, and plates were placed on ice immediately thereafter to prevent 

further stimulation. Medium was quickly removed from all wells and cells were 

immediately lysed with 50 µL of ice-cold detection buffer (provided in the LANCE cAMP 

assay kit). Once the detection buffer was applied, cells were gently agitated for 15–

30 minutes at 4°C to ensure full cell lysis. 

 

Gαs activation was measured by cAMP accumulation using the LANCE cAMP assay kit 

(Perkin Elmer, Massachusetts, US). The proportion of sample to antibody was based on 

the suggested preparation of the standard curve. Thus, 6 μL of lysate sample was 

transferred to a white 384-well plate (Perkin Elmer, Massachusetts, US). Anti-cAMP 

antibody was diluted 1:100 in detection buffer was then added immediately to each well 

(6 μL of diluted anti-cAMP antibody/well). The lysate samples and antibody were mixed 

in the plate and incubated, protected from light, for 30 minutes prior to the addition of 

the detection mix with gentle agitation. The detection mix (europium-streptavidin and 

biotin-cAMP) was prepared as per LANCE kit instructions. First, intermediate dilutions of 

europium-streptavidin at 1:18, and biotin-cAMP at 1:6; then each intermediate dilution is 

further diluted 1:125 in detection buffer to give the detection mix); complexes were 

allowed to form for at least at room temperature 15 minutes. Following this, 12 μL of the 

detection mix was added per well. The plate was then left at room temperature for a 

further 60 minutes, before detection. Plates were read using the Ensight TR-FRET-capable 

plate reader (Perkin Elmer, Massachusetts, US), with excitation at 340 nm and emissions 

at 615 nm and 665 nm. 

 

3.2.2.2 Pertussis Treatment. 

For investigation of Gαi modulation cells were pretreated 24 hours prior to assaying with 

growth media supplemented with 200 ng/µL (PTX) (Sigma-Aldrich, USA) (Weston et al. 

2016). Following an overnight incubation, cells were stimulated with serial concentrations 

of agonists and the degree of Gαi activation was measured using the LANCE cAMP kit as 

previously described above. 
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3.2.3 Data & Statistical Analysis. 

Concentration-response data were analysed using a three-parameter logistic function 

(Motulsky & Christopoulos, 2004) to generate estimates of agonist potency (LogEC50). For 

intracellular calcium mobilisation, agonist responses were normalised to the peak 

response to 10 µM ATP as a positive activator of calcium response maximal response 

(Figure 3.3). For cAMP responses, data was normalised to 0.1 mM Forskolin (FSK) as a 

maximal response (Figure Ap.4). Data for all CHO-K1 assays represents the pEC50 ± SEM of 

three to ten independent experiments. Statistical analyses were performed using 

GraphPad Prism version 7.0 (GraphPad Software, San Diego, California, USA). 

 
Figure 3.3 ATP Dose Response & Example ATP Traces of Intracellular Calcium Release; agonist responses were 
normalised to the peak response to 10 µM ATP.  
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3.3 Results. 

3.3.1 RAMP1 Influence on hGPRC6A-mediated Calcium Mobilisation. 

3.3.1.1 L-amino acids. 

Since previous signalling studies suggest that GPRC6A preferentially couples to the Gαq 

pathway, we first assessed CHO-hGPRC6A cells in assays of calcium mobilisation. 

Negligible responses were observed from CHO-K1 cells expressing hGPRC6A only; 

however, when co-expressed with RAMP1 we observed dose-dependent responses to L-

Orn [pEC50 7.66 ± 0.53], L-Ala [pEC50 7.34 ± 0.70] and L-Arg [pEC50 4.98 ± 0.38]. No 

intracellular calcium responses were recorded when stimulated with L-Lys (Figure 3.4). 

Additionally, experiments were conducted against the mGPRC6A revealing small 

responses to L-Orn and L-Arg but not L-Ala or L-Lys.  
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Figure 3.4 Intracellular Calcium mobilisation induced by L-amino acids; Comparison of different transfection groups 
found only co-expression of the hGPRC6A with RAMP1 produced robust concentration-dependent increases in 
intracellular calcium release when stimulated with L-amino acids; L-Orn, L-Arg, L-Ala. Negligible responses were 
observed in GPRC6A only and RAMP1 only transfection groups. Responses displayed are expressed as a percentage of 
ATP-induced calcium release. Responses were observed with mGPRC6A only comparable to published literature. Data 
are from 3 independent experiments, grouped  and are presented as mean ± SEM. 
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3.3.1.2 Osteocalcin. 

To further address the pharmacological controversies of this receptor, we concomitantly 

sought to evaluate GPRC6A sensitivity to more pharmacologically intriguing ligands. Ocn 

is peptide hormone known to play key role in bone remodelling, existing in two forms 

dependant on the degree of carboxylation which is reported to be determinant for its 

signalling capabilities (Benton, ME et al. 1995). Here we found small responses 

uncarboxylated-Ocn variants [pEC50 7.20 ± 0.39] in the presence of both GPRC6A and 

RAMP1 (Figure 3.5) exhibiting similar partial agonism as L-amino acids. No responses were 

recorded to the carboxylated variant. Further experiments aimed to investigate whether 

Ocn indirectly activate hGPRC6A function; however, Ocn variants (IC50 0.40 µM) failed to 

elicit a response the potency or maximal response to L-Orn in assays of calcium 

mobilisation (data not shown). 
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Figure 3.5 Calcium mobilisation induced by bone/hormone ligands on GPRC6A+RAMP1 expressing CHO-K1 cells; Dose-
dependent responses were seen when stimulated with testosterone with the largest maximal responses observed at 
high doses of testosterone. Concentration dependent responses were also observed upon DHEA stimulation and the 
GPRC6A agonist DJ-V-159. Stimulation with osteocalcin variants produced partial or negligible responses in calcium 
mobilisation. Negligible responses were observed in mock vector, GPRC6A only and RAMP1 only transfection groups. 
Responses displayed are expressed as a percentage of ATP-induced calcium release. No responses were observed with 
mGPRC6A only comparable to published literature. Data are from 3 to 6 independent experiments, grouped and are 
presented as mean ± SEM. 
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3.3.1.3 Testosterone. 

Subsequent studies aimed to elucidate hGPRC6A sensitivity to testosterone and related 

ligands. In calcium mobilisation assays we observed specific dose-dependent responses 

to testosterone when hGPRC6A is co-expressed with RAMP1 [pEC50 6.97 ± 0.33] with no 

responses seen in the mouse receptor, hGPRC6A only, RAMP1 only or mock vector control 

groups (Figure 3.5). No responses were observed with Testosterone metabolites; 5-DHT, 

5-Androstenediol, or 4-Androstenedione (Figure Ap.5). Interestingly, DHEA a testosterone 

precursors elicited robust responses [pEC50 5.93 ± 0.56] in hGPRC6A when co-expressed 

with RAMP1 and smaller response with hGPRC6A only [pEC50 5.50 ± 0.31] and RAMP1 only 

[pEC50 5.06 ± 0.23] (Figure 3.5). Furthermore, we confirmed responses to the Quarles 

group (Pi, et al. 2018) GPRC6A synthesised tri-phenol agonist, DJ-V-159 [pEC50 6.99 ± 

0.40]; with follow up experiments confirming hGPRC6A Gαq-coupling through UBO-QIC 

treatment experiments (Figure 3.5 & Figure 3.6). Additionally, calcium mobilisation in 

response to a submaximal EC80 dosing of testosterone was sensitive to application of the 

GPRC6A antagonist, NPS-2143 [pIC50 11.4 ± 0.60] this was similarly observed when 

stimulating with the GPRC6A agonist, DJ-V-150 [pIC50 11.3 ± 0.51] (Figure 3.6). The findings 

here, provide evidence that testosterone provokes intracellular calcium release partially 

via the hGPRC6A receptor in our CHO-K1 cells. 
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Figure 3.6; (A) Calcium mobilisation following UBO-QIC Gq inhibitor; GPRC6A/RAMP1 calcium mobilisation responses to 
testosterone are significantly attenuated following pretreatment with 10 μM UBO-QIC G⍺q inhibitor. Data are from 2 
independent experiments and are presented as mean ± SEM. (B) Treatment of NPS-2143 dose response; Stimulation of 
GPRC6A with EC80 doses of testosterone and DJ-V-159 following treatment with dose response of GPRC6A antagonist 
NPS-2143. Data are from 3-4 independent experiments, grouped and are presented as mean ± SEM. 

 

3.3.2 RAMP1 Influence on hGPRC6A-mediated cAMP Accumulation. 

3.3.2.1 L-amino acids. 

Published data has also reported GPRC6A to couple to the Gαs/cAMP/AC (Rueda et al. 

2016; Oury et al. 2014; Pi, et al. 2012; 2011). Accordingly, experiments also endeavoured 
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to investigate hGPRC6A/RAMP1 involvement by quantifying cAMP accumulation assays. 

Preliminary experiments stimulated with putative L-amino acids showed small partial 

responses to L-Orn [pEC50 6.42 ± 0.40], L-Ala, [pEC50 5.77 ± 0.60] and L-Arg [pEC50 5.68 ± 

0.30] (Figure 3.7) only when hGPRC6A was co-expressed with RAMP1. Negligible 

responses were observed in all control groups. No responses were recorded when 

stimulating with L-Lys. 

 
Figure 3.7 Intracellular cAMP accumulation induced by L-amino acids; Comparison of different transfection groups 
found only co-expression of the hGPRC6A with RAMP1 produced robust concentration-dependent increases in 
intracellular cAMP accumulation when stimulated with L-amino acids; L-Orn, L-Arg, and L-Ala. Responses are similar to 
calcium release data however, degree of activation is seen of small magnitude. Negligible responses were observed in 
GPRC6A only and RAMP1 only transfection groups. Responses displayed are expressed as a percentage of FSK-induced 
cAMP accumulation. Data are from 3 independent experiments, grouped and are presented as mean ± SEM. 
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3.3.2.2 Bone & Hormone Ligands. 

Experiments with ligands; testosterone, ucOcn, DHEA found negligible/none responses in 

cAMP accumulation (Figure 3.8). No responses were observed with testosterone 

metabolites; 5-DHT, 5-Androstenediol, or 4-Androstenedione (Figure Ap.5). Interestingly, 

DJ-V-159 compound provoked a small but robust response in cAMP accumulation [pEC50 

6.02 ± 0.43]; this was only observed in GPRC6A/RAMP1 co-expressing CHO-K1 cells.  

 

 
Figure 3.8 Intracellular cAMP Accumulation induced by bone/hormone ligands; Negligible responses were observed in 
all CHO-K1 overexpressing cells when stimulating with testosterone, ucOcn and DHEA. Small dose-dependent response 
was observed when stimulated with DJ-V-159 [pEC50 6.02 ± 0.43]. Data are from 3 independent experiments, grouped 
and are presented as mean ± SEM. 
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From the previous finding, subsequent experiments sought to look at Gαi modulation 

mediated through the hGPRC6A. Two disparate ligands were selected, hGPRC6A L-Orn 

and DJ-V-159 cAMP accumulation responses showed no Gαi modulation when pre-treated 

with Gαi inhibitor, PTX toxin (200 ng/µL) (Figure 3.9). 

 

 
Figure 3.9 Adenylyl cyclase inhibition induced by L-Orn and DJ V-159; cells treatment with 200 ng/mL 24 hours prior to 
stimulation observed negligible Gi modulation when stimulated with L-Orn or DJ-V-159; with responses observing 
comparable dose response pIC50 values to the untreated control groups. Data are from 3 independent experiments, 
grouped and are presented as mean ± SEM. 
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3.4 Discussion. 

Data from multiple groups concerning the signalling of GPRC6A has been considerably 

discrepant; thus, identifying physiologically relevant ligands of this receptor has remained 

elusive. Here we conducted a comprehensive study of the GPRC6A’s intracellular G-

protein signalling activation in vitro. Furthermore, we demonstrated a fundamental role 

RAMP1 plays in hGPRC6A signalling, expanding the range of diverse agonists it senses and 

differentiating it from the mouse receptor. 

 

3.4.1 Gαq Signalling & Ca2+ Mobilisation. 

In studying the downstream cellular signalling of recombinantly co-expressed hGPRC6A 

and hRAMP1 we have successfully confirmed Gαq coupled responses to basic L-amino 

acids, with L-Orn, L-Arg, and L-Ala as agonists (Figure 3.4). These findings support 

previously published data showing both human and murine GPRC6A to be a promiscuous 

L-amino acid-sensing receptor, without the need of co-expressing the mutated Gαq(G66D) 

protein as a prerequisite to elicit these responses (Kuang et al. 2005; Jacobsen et al. 2013; 

Rueda et al. 2016). However, L-Orn and L-Ala responses were observed to exhibit much 

higher potency in comparison to published pEC50 values (Christiansen et al., 2007; 

Jacobsen et al., 2013; Rueda et al., 2016). This may in part be due to the species 

differences or difference in assay format. Stimulation with L-Arg showed much more 

comparable pEC50 to the aforementioned studies; however, future work may wish to 

stimulate at higher concentrations of L-amino acid to ensure max calcium mobilisation 

response is definitively recorded (Figure 3.4). However, responses observed were 

relatively small compared to ATP responses; this was somewhat expected as other papers 

using other methodologies have also shown GPRC6A to exhibit small responses to L-amino 

acids (Jacobsen et al., 2013; Kuang et al., 2005; Pi et al., 2018; Rueda et al., 2016). 

Furthermore, L-Ala exhibited large SEM values which questions the validity of the 

responses observed (Figure 3.4). Due to limited lab access and restrictions during the 

COVID-19 pandemic these data only represents n=3; further research would be needed 

to assess the validity and reproducibility of these results. 
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Signal traces observed for CHO-K1 cells overexpressing RAMP1 only may be the result of 

non-specific interaction of RAMP1 with endogenous hamster GPRC6A as observed at 

small levels in PCR analysis (Figure 2.7Figure 2.8).  

 

In recent studies, GPRC6A’s ability to sense ligands testosterone and Ocn, sparking 

intrigue into the receptors involvement in the bone-energy metabolism axis and the 

crosstalk between bone and the gonad (Pi, et al. 2015; 2016; 2018). Our calcium 

mobilisation studies only observed robust dose-dependent responses to testosterone 

when hGPRC6A was co-expressed with RAMP1 (Figure 3.5). It is important to note that 

these responses were only observable with the human GPRC6A, sensitivity to 

testosterone was not seen in the murine receptor (Figure 3.5). This distinction is pertinent 

as a large cause of the controversy surround this receptor’s pharmacological profile stems 

from the majority of groups, excluding a few (S. Jørgensen et al., 2017), reporting from 

inconsistent data concerning the human and mouse variants (reviewed by C. Clemmensen 

et al., 2014). Moreover, use of the UBO-QIC Gαq inhibitor suggests that testosterone-

induced calcium mobilisation is mediated through the Gαq signalling pathway in this 

system (Figure 3.6A). However, due to limited lab access and restrictions during the 

COVID-19 pandemic these data is only representative of 2 independent repeats; thus we 

cannot definitively confirm exclusive Gαq pathway activation. Furthermore, treatment 

with the GPRC6A antagonist, NPS-2143 partial inhibited these responses in a dose-

dependent manner confirming the responses observed are receptor specific (Figure 3.6B). 

However, our treatments with NPS-2143 on CHO cells stimulated with testosterone and 

DJ-V-159 observed pIC50 values of 11.4 ± 0.60 and 11.3 ± 0.51, respectively. These values 

are particular potent, especially in comparison to Faure et al., (2009), reporting pIC50 

values of 10 µM. It may be beneficial to test whether NPS-2143 in the absence of 

testosterone or DJ-V-159 to determine any agonistic effects it may have on GPRC6A. This 

may explain the high potency exhibited here (Figure 3.6B). Interestingly, we also recorded 

small level calcium mobilisation when stimulated with uncarboxylated Ocn (Figure 3.5). 

Due to the magnitude of the responses Ocn cannot necessarily be classified as an agonist, 

as the calcium mobilisation experiments were conducted in a buffer containing Ca2+ and 

Mg2+ which have been previously reported as potential agonists (Pi, et al. 2012). It is 

plausible that the presence of divalent cations is needed to achieve robust GPRC6A 
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responses, and in that regard, Ocn may instead be classified as co-agonists (Kuang, et al. 

2005; Pi, et al. 2005; Wellendorph, et al. 2005; Christiansen, et al. 2007; Jacobsen, et al. 

2013).  

 

Furthermore, investigation into the testosterone precursor DHEA saw robust responses 

in CHO-K1 cells co-expressing both hGPRC6A and RAMP1 (Figure 3.5). DHEA metabolism 

may increase circulating levels of testosterone, posing a greater risk in prostate cancer 

patients. However, this stance in contested as current researcher publish disparaging 

reports unable to definitively confirm or deny the claim (Arnold et al., 2005, 2008; Ciolino 

et al., 2003; Green et al., 2001). Interestingly, smaller responses were also observed in 

CHO-K1 cells expressing a hGPRC6A only and RAMP1 only; which could be argued as 

evidence for RAMP1 coupling with an unknown endogenous DHEA receptor provoking an 

intracellular calcium release. This is an interesting area of research as a primary receptor 

for DHEA has long remained elusive. DHEA has been shown to bind class I and II nuclear 

receptors; AR, oestrogen receptors-α and β, pregnane X receptor/steroid, and xenobiotic 

receptor (R. M. Evans & Mangelsdorf, 2014; Prough et al., 2016; Traish et al., 2011; Webb 

et al., 2006). From our findings, the likely explanation is that DHEA’s lipophilic qualities 

enable its free diffusion across the membrane (Le et al., 2012) and signal via one of the 

numerous endogenous nuclear receptors previously described (Hutchinson et al., 2002). 

Further biochemical investigation is needed to discern whether hGPRC6A is a viable 

receptor for DHEA.  

 

In addition, the computationally identified compound; DJ-V-159 (Pi et al., 2018) was also 

found to trigger intracellular calcium mobilisation (Figure 3.5). Again, these responses 

were only seen when hGPRC6A was co-expressed with the RAMP1 protein and not in 

control groups – including the murine receptor (Figure 3.5). Similarly, to testosterone, 

NPS-2134 treatment saw dose-dependent inhibition of DJ-V-159-induced intracellular 

calcium response confirming them as GPRC6A-mediated (Figure 3.6). 

 

It is important to note that although certain deviations were observed in potencies and 

maximal responses when comparing previous reports; S. Jørgensen et al., (2017) was able 

to show similar L-amino acid potency in both human and mouse GPRC6A; however, the 
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vast majority of published pharmacological data on the GPRC6A receptor has 

characterised the murine GPRC6A not the human receptor (Clemmensen, et al. 2014; 

Jacobsen et al., 2013; Rueda et al., 2016). Therefore, the data may provide novel insight 

into the pharmacological differences between species specific receptors. Here our 

comparative study using the murine GPRC6A has elucidated species marked differences 

between the human and mouse receptor pharmacology. Recent mutational analysis 

studies examined ILC3 region of the GPRC6A; here the study reports that replacement of 

the human ICL-3-KGKKLY motif with the mouse ICL-3-KGKY variant resulted in restoration 

of successful cell surface trafficking in HEK293 cells (S. Jørgensen et al., 2017). The study 

provides insight into the intracellular machinery of this receptor; reporting that many 

accessory proteins interact at the intracellular loops of GPCRs (Sexton et al., 2009); 

Further supporting the concept that RAMPs may associated at this region of the GPCR in 

order to form a functional receptor.  

 

3.4.2 FLIPR Calcium 6 Assay Format. 

The data generated supports previous research using the Fluo-4 AM dye (data not shown); 

however FLIPR Calcium 6 dye was able to produce much greater signal as the previous 

Fluo-4 AM assay was only read using the EVOS FL II fluorescence microscope and was 

unable to be recorded using the Flexstation 3 plate reader. It must be noted that 

repetitions of the experiment led to small degree of variability between signal trace 

patterns as demonstrated by the SEM values. This variation may be the result of testing 

on different passaged populations of CHO-K1 cells expressing hGPRC6A and RAMP1; 

making resolution of subtle changes in Ca2+ mobilisation challenging. The generation of 

the stable expressing cell line may have combated this issue over transient systems; 

allowing for stringent antibiotic selection and FACS sorting favouring homogeneous 

expression and more consistent responses. However, further replicates are required to 

ensure the validity of these data. Furthermore, it could be argued that in using the 

receptor and ramps tagged to fluorescent proteins Cit and Cer may interfere with the 

fluorescence excitation and emission of the calcium dye. However, Protein tags Cit (Ex 

516nm and Em 529nm) and Cer (Ex 433nm and Em 475nm) were outside the wavelengths 

required to excited the calcium 6 dye (Ex 485nm and Em 525nm) and thus deemed to 
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have minimal interference. Moreover, with the tags being around the similar range, this 

may have contributed to a dampening of the overall signal and interfered with the signal 

to noise ratio, evidenced by our low maximal responses (Figure 3.4 & Figure 3.5). To 

evaluate this extent of fluorophore interference, future work could replicate these 

experiments using untagged GPRC6A and RAMP and observe identical responses. 

 

In comparison to previous work the FLIPR calcium 6 dye offered greater advantages of the 

Flou-4, Flou-4-AM, and Fluo-8 dyes (Pi, et al. 2010, 2011, 2012; Rueda, et al. 2016). The 

FLIPR Calcium 6 dye offers a much larger signal window; thus working with receptors with 

low expression profiles can produce lower overall responses. The calcium 6 dye larger 

signal window offers a robust assay for compound screening and optimised for 

challenging targets. In addition, the systems masking dye allows for a reduced reliance on 

anion transporter blockers (i.e. probenecid) which can be harmful to the target cells. 

Translating the assay to parallel system plate reader (i.e. Flexstation® 3, Molecular Devices 

Inc., Sunnyvale, California, US); the modified assay allows for high through-put screening 

of multiple compounds providing expanded biochemical information on dynamic range, 

pharmacokinetics, and compound potency (Heusinkveld & Westerink, 2011). Certain 

considerations were made when transferring to the plate reader format, ensuring novel 

data generated can be comparable and consistent. Although the sensitivity of single cell 

fluorescence microscopy is evidently superior when compared to the plate reader format; 

plate readers offer sufficient temporal resolution when measuring Ca2+ mobilisation 

(Heusinkveld & Westerink, 2011). Parallel systems reading multiple wells concurrently, 

provide real-time measurements whilst minimising delay between measurements of the 

first and last wells (Heusinkveld & Westerink, 2011). 

 

3.4.3 Gαs Signalling & cAMP Accumulation. 

Here we have shown RAMP1 positively modulates GPRC6A ability to signals through Gαs 

signalling when stimulated with L-amino acids. The findings display small doses-

dependant responses when hGPRC6A is co-expressed with RAMP1. All L-amino acids 

tested here exhibited similar potencies and maximal cAMP responses. The small 

magnitude of these supports the idea that recombinant hGPRC6A is primarily a 
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Gαq coupled receptor (Figure 3.7). These data are largely concordant with the findings of 

Jacobsen et al. (2013) and Rueda et al. (2016), who drew similar conclusions for the 

mGPRC6A recombinantly expressed in CHO-K1 and HEK293 cells, respectively. We were 

unable to support previous findings (Pi, et al. 2010) of the murine GPRC6A eliciting 

activation of the Gαs pathway; however, this may be related to difference in assay format 

and sensitivity. Furthermore, testosterone, Ocn variants and DHEA stimulations, RAMP1 

exhibited no agonistic activity on hGPRC6A (Figure 3.8). Interestingly, DJ-V-159 induced 

small dose-dependent increases in cAMP production comparable to L-amino acid 

responses observed in CHO-K1 cells co-expressing hGPRC6A and RAMP1 (Figure 3.8). This 

in part, may be explained by the modelling strategy used to identify DJ-V-159 as a 

potential agonist; cross-referencing putative L-amino acid binding sites residues within 

the ligand recognition VFT and 7TM domains of the GPRC6A receptor (Pi, et al. 2018). 

 

The result suggests RAMP1 increases forward trafficking of the receptor, thus increasing 

the number of available GPRC6A receptors at the surface to transduce external stimuli. 

The dose responses curves observed indicate partial agonism which, in part may be 

explained by the receptor’s low expression profile (Kuang et al., 2005; Oury et al., 2011; 

Pi & Quarles, 2012b; Smajilovic et al., 2013; P Wellendorph et al., 2005). Across all ligands, 

minimal responses were observed; future experiments, might benefit from using assay 

kits offering a greater level of sensitivity to detect more subtle fluctuations in intracellular 

cAMP accumulation (e.g. Perkin Elmer LANCE Ultra or the AlphaScreen cAMP kits). 

 

However, the results may put forward the concept that this receptor may not signal 

through one distinct intracellular pathway but a combination, depending on the ligand 

stimuli. The co-expression of RAMP1 with GPRC6A may be the missing link between why 

certain groups report testosterone responsiveness whilst others fail to (S. Jørgensen et 

al., 2017). Similar dose response curves were seen with L-amino acid stimulation (Figure 

3.7). Partial activation is observed when GPRC6A is expressed alone; however, a much 

larger maximal response is seen when both the GPRC6A and RAMP1 are co-expressed, 

suggesting RAMP1 may escalate the degree of forward trafficking of the hGPRC6A 

However, a comparable response is seen in cell expressing RAMP1 only, suggesting that 

L-Ala may be activating cAMP production via other endogenous receptors that may be 
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aided by the RAMP1 overexpression. The assay format allows for areas of optimisation 

including cell number, stimulation times and temperature which may open up the 

dynamic range of the assay allowing greater insight into the finer mechanisms of this 

receptors Gαs signalling. Taken together, the findings here support the claim that GPRC6A 

predominately couples to the Gαq/PLC/DAG pathways with minimal Gαs activation and 

negligible Gαi modulation. 

 

3.4.4 G Protein Signalling & ERK1/2 activation. 

As mentioned in section 1.2.5, GPRC6A has been reported to the couple to the ERK1/2 

signalling pathway. However, these findings have failed to be completely replicable, with 

different groups unable to produce concordant data. Research by Pi et al. (2011; 2016) 

showed in GPRC6A overexpressing HEK-293 dose dependant activation of ERK1/2 

signalling when stimulated by Ocn. Moreover, these responses were significantly 

attenuated when treated with U73122 (PLC inhibitor) and Ro31-8220 (PKC inhibitor). In 

contrast, data reported by Jacobsen et al (2013) and Rueda et al. (2016) failed to 

reproduce these findings, observing no activation in ERK activity upon Ocn stimulation. 

Here we demonstrated negligible activation of both the Gαq and Gαs pathways when 

stimulated with Ocn variants; in line with the latter studies. However, GPCRs have been 

shown to signal independently of G-proteins, through the recruitment of GRKs and 

arrestin proteins - known regulators of the ERK1/2 pathway (Gurevich & Gurevich, 2019; 

D. G. Tilley, 2011). Investigating into the role of RAMP1 in hGPRC6A-mediated ERK1/2 

phosphorylation may clear up the current discrepancies over Ocn as a putative agonist for 

this receptor. Furthermore, ERK1/2 signalling has been shown to be crucial in regulating 

cell growth and apoptosis. Dysregulated activation of this pathway is commonly 

implicated in many common cancers (Guo et al., 2020). As will be discussed in the 

following chapter, aberrant ERK signalling mediated by the GPRC6A/RAMP1 receptor 

heteromer may play in crucial role in the development and progression of castration 

resistant prostate cancer (Nickols et al., 2019). 
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3.4.5 Further Biochemical Analysis. 

To understand the pharmacological profile of GPRC6A further characterisation the 

mechanisms by which the receptor signals through Gαq, Gαs, and Gαi is required. The 

prospective studies may look at IP3 accumulation, an intermediate of the Gαq signalling 

cascade as an alternate method for GPRC6A characterisation. Previous studies have 

utilised IP3 as an effective method of measuring Gαq signalling (Kuang et al., 2005; Pi & 

Quarles, 2012; Wellendorph & Bräuner-Osborne, 2009). By investigating several 

intermediates of the Gαq pathway, the combined data of intracellular Ca2+ mobilisation, 

IP3 accumulation will offer a much clearer map of the GPRC6A signalling profile.  

 

In addition to acting as a chaperone, several studies have also shown RAMPs ability to 

alter GPCR ligand affinity and signalling bias (Rueda et al., 2016). We have already shown 

that GPRC6A has the potential to transduce through two distinct pathways; further 

investigation into which specific G-protein pathways may adopt scintillation proximity 

assays and DMR technology. Data here could confirm the concept of bias agonism opening 

up the research field to novel agonist/antagonist development as research tools or even 

pharmaceuticals. Knowledge of preferential signal activation and pathway specific 

compounds could allow for precise control over fundamental cell biology and the 

modulation of cellular activity.  

 

Building on the functional data presented here, we intended to expand our current 

screening of potential GPRC6A orthologues to extend to pharmacological relevant DHEA 

derivatives. With ranging effects in breast and prostate cancer the discovery of a 

potentially novel DHEA receptor could shed new light on an area fraught with controversy 

(reviewed by Arnold 2009).  

 

A large area of controversy includes the bone derived peptide hormone Ocn, shown to 

play an important physiological role along with testosterone in bone and gonadal 

development (Rueda et al., 2016). Whilst some studies report Ocn and testosterone 

stimulate Ca2+ mobilisation, ERK1/2 phosphorylation, and cAMP accumulation (Barbash 

et al., 2017; Weston et al., 2016). Other groups fail to see Ocn and testosterone as viable 
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agonist of GPRC6A (Chamouni & Oury, 2014). In concordance with the latter studies our 

data is supportive of these conclusions observing no agonist activity on the mouse 

receptor nor the human receptor when expressed alone. Conversely, our data also shows 

when co-expressed with RAMP1, uncarboxylated-Ocn and testosterone induced Gαq 

signalling through the hGPRC6A. This data agrees with the findings by (Ferron et al., 2010; 

Oury et al., 2011, 2013; Pi et al., 2015, 2016) and Oury et al. (2011; 2013). Inclusion of 

RAMP1 in hGPRC6A mediated signalling could potentially begin to resolve current 

controversies concerning GPRC6A ligands transduction and physiological purpose. 

 

The multiple positive reports logically should not be dismissed by the contrasting findings; 

the disparate results may be the result of differences in cell models and receptor species 

used. This dichotomy suggests the concept that cell-type specific co-factors (i.e. RAMPs) 

may be necessary to alter hGPRC6A function for certain stimuli. The findings 

comprehensively demonstrate a stark species delineation between the mouse and human 

receptor. This difference may be the consequence of previous evolutionary changes 

leading to disparate mechanistic differences between the two receptors; the higher order 

organism requiring trafficking aid in the form of RAMP1 to address the increase in 

complexity.  

 

  



 183 

4 Chapter 4: GPRC6A & RAMP1 Role in Prostate Cancer. 
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4.1 GPRC6A & RAMP1 Role in Prostate Cancer Introduction. 

In the previous chapters, we have comprehensively evaluated RAMP1’s role in facilitating 

hGPRC6A’s forward trafficking and intracellular signalling. We observed a marked 

difference in pharmacological profiles between the mouse and human forms of the 

GPRC6A receptor in in vitro overexpressing systems. The findings offer an explanation for 

the discrepancies seen in the literature when comparing mouse and human GPRC6A. With 

reports citing both GPRC6A and RAMP1 involvement in prostate cancer combined with 

our novel findings of testosterone sensitivity, we hypothesised a synergistic role in late 

stage androgen-insensitive carcinoma. This may also offer insight into why current anti-

androgen therapies fail to impede the progression of anti-sensitive tumours to hormone 

refractory prostate tumours. 

 

4.1.1 Prostate Cancer. 

Prostate cancer is rapidly becoming the most common cancer in men in western 

countries, who have a 1 in 8 chance of being diagnosed with the disease in the UK (Lloyd 

et al., 2015). Benign prostate tumours are often treated relatively successfully by 

prostatectomy and/or radiotherapy. However, recurrent prostate tumours are treated 

with hormonal therapies or androgen deprivation therapy (ADT). These treatments often 

work by blocking testosterone synthesis or preventing AR signalling. The AR is crucial for 

prostate development and normal function. Testosterone and its metabolite DHT exert 

their effects through the AR to initiate AR-mediated transcriptional 

factors.  Approximately 80-90% of prostate cancer are dependent on androgen at initial 

diagnosis (Heinlein & Chang, 2004). These treatments are largely successful in androgen-

sensitive tumours; however, the majority of patients will relapse with tumours resistant 

to anti-androgen therapies. This is commonly due to alternative mechanisms to canonical 

AR signalling, AR amplification or androgen production within the tumour; at this point 

the disease has progressed to castration-resistant or androgen-insensitive prostate 

cancer (Saraon, et al. 2019) (Knudsen & Kelly, 2011). Although there are treatment 

options available for early stage prostate cancer, for patients with advanced metastatic 

disease, options are much more limited with tumours often progressing to bone 

metastasis (Bubendorf et al., 2000; Ziaee et al., 2015). One consequence of this is that the 
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European Association of Urology estimates that all patients with anti-androgen therapy 

resistant prostate cancer are currently involved in clinical trials (Heidenreich et al. 2014). 

However, there is still a clear unmet clinical need to discover new pharmaceutical targets 

that are involved in advanced stages of prostate cancer and its metastasis.  

 

Dynamic expression of AR is well-established and often can be managed during ADT. 

Recent interests have shifted from AR focussed interventions towards novel AR-

independent pathways responsible for cell proliferation and survival in androgen-

insensitive carcinomas. Tumours from patients with castration-resistant prostate cancers 

exhibit a down regulation of AR expression with one study reporting 41% of samples 

displaying >10% AR expression (R. B. Shah et al., 2004). Similar observations were seen in 

a recent two-decade molecular study by Bluemn et al., (2017), reporting a ‘phenotypic 

shift’ in metastatic castrate-resistant prostate cancer towards an AR-null phenotype. This 

data demonstrates the importance of alternate AR bypass mechanisms responsible for 

the disease progression. A number of studies have demonstrated multiple mechanisms 

that bypass the AR and potentiate tumorigenic signalling within these tumours (reviewed 

by Sahin et al., 2018; Saraon et al., 2014; Xu et al., 2019). Examples of AR-independent 

signalling include the insulin-like growth factor (IGF) and epidermal growth factor (EGF) 

receptors. Research has reported IGF-1 and EGF receptors can initiate signalling cascades 

resulting in the activation of AR-regulated gene transcription under low androgen 

conditions (Culig et al., 1994). These receptors are known to initiate the downstream 

activation of pathways; Akt, MAPK, and STAT, aberrantly expressed pathways in prostate 

tumours (Edwards & Bartlett, 2005). Growth factor receptors have been shown to activate 

important cell-cycle regulatory and proliferative transcription factors AP1, c-MYC and NF-

κB through the MAPK/Ras/Raf/PKC pathway (Edwards & Bartlett, 2005; Weber & Gioeli, 

2004). 

 

Although significant advances have afforded vast benefits to patients with androgen-

insensitive prostate cancer; no current treatments provide a cure for the disease. The 

majority of patients will undergo a regime of palliative therapy, aimed at improving quality 

of life and pain reduction. Currently approved therapies used in the management of 

androgen-insensitive carcinomas either act by inhibiting androgen signalling, inhibiting 
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depolymerisation of microtubules, promoting polymerisation, radioactive calcium 

mimetics targeting bone metastasis or immunotherapies. At present, abiraterone, 

enzalutamide, apalutamide, darolutamide and cabazitaxel are the frontline treatments 

for androgen-insensitive disease



Table 4.1) (M. A. Rice et al., 2019; Swami et al., 2020; L. Xu et al., 2019). The recent trails 

from these drugs have demonstrated marked improvements in overall survival, 

progression-free survival, and metastasis-free survival



Table 4.1); however, all have shown to possess a high percentage chance of 

cardiovascular/clotting events, nausea and vomiting, neurological events and metabolic 

disturbances (De Bono et al., 2011; Fizazi et al., 2012; Graff et al., 2015; Hussain et al., 

2018; M. A. Rice et al., 2019; Scher et al., 2012; E. J. Small et al., 2019; Eric J. Small et al., 

2006; Smith et al., 2018a). Numerous novel therapeutics are currently in trials and has 

been reviewed extensively by (M. A. Rice et al., 2019; Swami et al., 2020).



Table 4.1 Current Anti-Androgen Therapies; Pharmacological and clinical properties of anti-androgen therapies approved for treatment of castration resistant prostate cancer. Abiraterone (De 
Bono et al., 2011; Ryan et al., 2010, 2015); Enzalutamide (Beer et al., 2014; C. P. Evans et al., 2016; Graff et al., 2015; Hussain et al., 2018; Scher et al., 2012) Apalutamide (Rathkopf et al., 2017; 
E. J. Small et al., 2019; Smith et al., 2016, 2018b) Darolutamide (Fizazi et al., 2019; Massard et al., 2016). Not reported (NR), Androgen receptor (AR), castration resistant prostate cancer (CRPC), 
castration-sensitive prostate cancer (CSPC). *survival at 24 months; **median survival. 

 

Compound Classification Target

Primary	 endpoint	(intervention vs	control)

Adverse effects Applications ReferencesOverall	
Survival
at 3	years

Progression-
free survival

Median	
Metastasis-
free	survival

Abiraterone Biosynthesis	
Inhibitor

Cytochrome
p450	enzyme	
17

75%	vs	45% 33	months vs	
14.8	months NR

• hypertension
• hypokalemia	
• edema
• hepatotoxicity
• adrenocortical	

insufficiency

metastatic	CRPC,	
metastatic	high-risk	
CSPC

(Fizazi,	et	al.	2017;	
de	Bono,	et	al.2011;	
Ryan	et	al.	2010;	
2015)

Enzalutamide Androgen	Receptor	
Blocker AR	antagonist 80%	vs	72% NR 36.5	months	vs	

14.7	months

• fatigue
• hypertension
• dizziness
• nausea	and	falls
• risk	of	seizure

non-metastatic	
CRPC,	metastatic	
CSPC

(Davis,	et	al.	2019;	
Hussain,	et	al.	2018;	
Beer,	et	al.	2014;	
Evans,	et	al.	2016;	
Graff, et	al.	2015;	
Scher,	 	et	al.	2012)

Apalutamide Androgen	Receptor	
Blocker

Competitive	AR	
inhibitor

82.4%	vs	
14.7%*

68.2%	vs	
47.5%*

40.4	months	vs	
18.4	months

• fatigue
• hypertension
• rash
• diarrhea
• nausea
• arthralgia
• peripheral	edema

non-metastatic	
CRPC

(Chi, et	al.	2019;	
Smith,	et	al.	2018;	
Rathkopf,	et	al.	
2017;	EJ	Small,	et	
al.2019;	Small,	et	al.	
2016;	2018)

Darolutamide Androgen	Receptor	
Blocker

AR	antagonist NR NR
40.4 months	vs	
18.4	months

• fatigue
• nausea
• pain	in	extremities
• rashes
• ischemia	
• heart	 failure

non-metastatic	
CRPC

(Fizazi,	et	al.	
2019;Massard,	et	al.	
2016)

Cabazitaxel Androgen	Receptor	
Blocker

Microtubule	
inhibitor

13.4	months vs	
14.5	months**

8	months	vs	3.7	
months** NR

• fatigue
• nausea
• pain	in	extremities
• hair	loss
• shortness of	breath
• Abdominal	pain

metastatic	CRPC
(Eisenberger,	 et	al.	
2017; de	Wit,	et	al.	
2019)



4.1.2 GPRC6A & RAMP1 in Prostate Cancer. 

4.1.2.1 Evidence of GPRC6A/RAMP1 & Prostate Cancer In Vivo. 

The majority of our understanding GPRC6A’s role in prostate cancer has stemmed from 

phenotypic mouse studies. GPRC6A-/- mice are observed to exhibit feminisation measured 

by the reductions in testicular and seminal vesicle size and weight in both global and 

Leydig cell KO models (De Toni, et al. 2016; Oury, F. et al. 2011; Pi et al. 2010). In 

subsequent studies Gprc6a transcript were reported to be significantly elevated in 

prostate cancer cell types; 22Rv-1, LNCap, and PC-3 when compared to healthy prostate 

cells (Pi, et al. 2012). In addition, researchers here crossbred Gprc6a-/- mice with TRAMP 

(TRansgenic Adenocarcinoma Mouse Prostate) prostate cancer mice and found significant 

reductions in prostate cancer progression and improvements in survival. In a more recent 

study, treatment of PC-3 cells with GPRC6A siRNA drastically attenuated PC-3’s migratory 

and invasive capabilities. (Liu,  et al., 2016). Moreover, the report noted the increase in 

matrix metalloprotease-2 and -9 activity often responsible for metastatic progression, 

were reduced when subjected to GPRC6A siRNA treatment. Generation of a novel GPRC6A 

exon III KO using the CRIPSR/Cas technology, reported the attenuation of tumorigenesis 

in human prostate cancer xenograph mice; with reductions in proliferation, migration, 

and expression of genes involved for regulating testosterone biosynthesis (Pi, et al. 2012; 

Ye et al., 2017). Similar trends have been reported with RAMP1’s involvement in prostate 

cancer progression. We, and other groups have observed RAMP1 expression to be 

significantly upregulated in prostate cancer cell lines; and knock down of RAMP1 

drastically reduced tumour size, proliferative capabilities and tumourigenicity in vitro and 

in vivo (Logan et al., 2013; Romanuik et al., 2009; Warrington 2018). Taken together, we 

hypothesise that GPRC6A and RAMP1 could play a combined role in prostate cancer and 

may provide a novel therapeutic target where current androgen-insensitive interventions 

fail. 
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4.1.2.2 Clinical Evidence of GPRC6A & Prostate Cancer 

In a GWAS, GPRC6A has been identified as one of five prostate cancer susceptibility loci 

in both the Asian and European population (Takata, S. et al. 2010; Wang, W. et al. 2012; 

Long, et al. 2012; Lindstrom S. 2012; Sullivan 2015). In a seminal GWAS study found in a 

Japanese cohort of 4,584 participants with prostate cancer, GPRC6A SNP rs339331 

showed significantly association with prostate cancer risk (p = 1.6x10-7) (Takata et al., 

2010). Subsequent studies in the Chinese cohorts, replicated these findings reporting the 

same rs339331 SNP led to increased prostate cancer risk (p = 1.43x10-5) (Long et al., 2012). 

Furthermore, research conducted by Wang et al., (2012) reported individuals with 

multiple copies of the risk alleles saw cumulative effect with an increased prostate cancer 

risk in a dose-dependent manner. The rs339331 TT allele was observed to be significantly 

associated with higher GPRC6A mRNA expression compared to the C allele. However, 

none of the variants were seen to be associated with clinical stage or Gleason score. These 

combined reports coincide with multiple studies reporting a rapidly increasing incidence 

of prostate cancer in the East Asian population (Ha Chung et al., 2019; Kimura & Egawa, 

2018; Matsuda & Saika, 2009). In multiple European cohorts totalling 265,000 Caucasian 

participants, research found a significant association between the GPRC6A rs339331 SNP 

and prostate cancer risk (p = 1.9x10-3) (Lindström et al., 2012). This trend was also found 

in a subsequent American cohort, observing a significant increase in prostate specific 

antigen after radical prostatectomy (p = 0.02). However, no associations were observed 

in risk of developing castrate-resistant metastasis (Sullivan et al., 2015). 

 

4.1.3 Prostate Cancer Cell lines. 

To investigate GPRC6A’s disputed involvement in prostate cancer, relevant cell lines are 

needed in order to accurately model prostate cancer signalling. Many cell lines have been 

characterised, based on the different stages of prostate cancer progression. Cell lines are 

often chosen based tumorigenic properties and their ability to accurately imitate 

increasing stages of prostate cancer progression. This also includes sites commonly 

associated with tumour metastasis. The first cell lines used were Du-145, PC-3, and LNCap, 

considered to be the standard cell lines widely used in prostate cancer research. 
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4.1.3.1 DU-145 Prostate Cancer Cell Line. 

The DU-145 cell line are epithelial cells derived from a central nervous system metastasis 

from a 69 year old Caucasian male with prostate adenocarcinoma (Stone et al., 1978). DU-

145 are androgen insensitive, are negative for prostate-specific antigen, and androgen 

receptor expression (Pulukuri et al., 2005). The ability to sense androgens is a marker of 

early prostate cancer; with patients often being treated with anti-androgen therapies to 

inhibit further growth. However, patients can enter remission whereby tumours non 

longer respond to these treatments; this is term hormone-refractory or androgen 

insensitive (Leone et al., 2018). DU-145 cells have been characterised to exhibit moderate 

metastatic potential in comparison to other prostate cancer cell lines (Paul & Breul, 2000). 

This cell line is commonly used when investigating the later stages of prostate cancer 

development and metastasis.  

 

4.1.3.2 LNCaP Prostate Cancer Cell Line. 

LNCaP cells are prostate adenocarcinoma cells isolated from metastasised lymph node 

biopsy from a 50 year old Caucasian male (Horoszewicz et al., 1980). LNCaP cells were 

characterised to be androgen sensitive, exhibiting AR-mediated signalling and 

demonstrating poor tumorigenesis in vivo in the absence of co-cultured mesenchymal 

and/or stromal cells (Gleave et al., 1992; Lim et al., 1993). This demonstrated the 

significance of extracellular matrix  in prostate cancer progression and the secreted 

paracrine factors that surround tumours. Sub cell line C4-2 and C4-2B, cultured from 

LNCaP cells are often used to study lymph and bone metastasis of primary prostate 

cancers (Thalmann et al., 2000). 

 

4.1.3.3 PC-3 Prostate Cancer Cell Line. 

The PC-3 cell line was first derived in 1979, from a 62-year-old white man from a lumbar 

vertebral metastasis (Kaighn et al., 1979). The PC-3 cell line is characterised as highly 

metastatic, reported to establish lymph node and bone metastases with osteolytic 

responses in mice (Pettaway et al., 1996; Shevrin et al., 1988; Stephenson et al., 1992). 
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PC-3 cells are thought to be androgen insensitive as they do not express the androgen 

receptor, representing an appropriate model for late-stage androgen-insensitive 

carcinoma (Dozmorov et al., 2009). Transcriptome from the PC-3 cell line, have previously 

been characterised for endogenous expression RAMP1 and hGPRC6A transcripts (Figure 

4.1) (Warrington, 2018; Ye et al., 2017, 2019) . It is important to note that these studies 

also found PC-3 cells to be negative for the expression of the nuclear AR (Figure 4.1). 

Furthermore, to investigate the involvement of hGPRC6A and RAMP1 in PC-3 intracellular 

signalling, we had generated a RAMP1-/- PC-3 cell line. This was carried out using 

CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats) methodology 

to successfully KO the endogenous RAMP1 gene in PC-3 cells. 
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Figure 4.1; (A) Amplified PC-3 DNA samples by endpoint PCR targeting RAMP1 (193bp). (B) Sanger sequencing and 
nBLAST for RAMP1 aligned with NCBI NM_005855.3 RAMP1 mRNA sequence with a 96% match (Warrington, 2018). (C) 
Multiple papers have shown WT PC-3 cells to been negative for the androgen receptor expression whilst endogenously 
express hGPRC6A; as was as other androgen-insensitive prostate cancer cell lines DU145, PC-3, LNCaP, & 22Rv1 (Lui, et 
al. 2016; Ye et al. 2017; 2019). 

 

4.1.4 Generation of RAMP1-/- PC-3 Cell line. 

A prostate cancer RAMP1 KO cell has yet to be reported in the literature bar a PC-3 RAMP1 

knock down cell line (Logan et al., 2013). However, with increasing evidence of a link 

between RAMP1 and GPRC6A involvement in prostate cancer progression, the need for a 

RAMP1 KO cell line would be an essential tool to study GPRC6A and RAMP1 in prostate 

cancer. The Clustered Regularly Interspaced Palindromic Repeat (CRISPR)/Cas9 HDR 

PC-3 RAMP1;	 (~193bp)

Human RAMP1;

hGPRC6A

Androgen	Receptor

(A)

(B)

Prostate Carcinoma	cell	lines	hGPRC6A;(C)
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system was adopted here by previous PhD student Dr. Warringtion to successfully 

generate a PC-3 RAMP1 KO cell line in order to investigate GPRC6A and its subcomponents 

in prostate cancer.  

 

4.1.4.1 Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Technology. 

Gene KO technologies often exploit intrinsic cellular processes involved in DNA repair. 

Non-homologous end joining (NHEJ) is the most simplistic of these mechanisms, occurring 

in the absence of template DNA. This process involves the insertion of indiscriminate 

nucleotides into the region of DNA to reconnect the damaged sequence; however, this 

method is non-specific and often results in inactivation mutations (Rodgers & Mcvey, 

2016). Homology-directed repair (HDR) utilises native template DNA to enable targeted 

repair of genetic material. It is understood that in mammalian cells, HDR accounts for 30-

50% of repair events following endonuclease double-strand DNA breaks (DSBs) (F. Liang 

et al., 1998). Exploiting these cellular repair mechanisms in tandem with specific 

endonucleases has enabled precise genomic editing by point mutations at any given gene 

locus. Initial users of these methods led to the development of gene KO technologies such 

as the zinc finger nucleases (ZFN) and the transcription activator-like effector protein 

system (TALENs) (Bogdanove & Voytas, 2011; Cermak et al., 2011; Klug, 2010; Mak et al., 

2013). 

 

CRISPR/Cas9 technology differs from these aforementioned systems by it use of Cas9 

endonucleases. In prokaryotes, Cas9 endonucleases offer an immunological defence 

mechanism against viral invasion. Complexing with guide RNA (gRNA), homologous with 

the target locus in the protospacer adjacent motif site. Active Cas9 induces DSB in DNA 

sequences recognized as foreign to the host. The excised fragments can then become 

incorporated in the CRSIPR sequence. In subsequent infections the Cat proteins can then 

express the CRISPR loci to enable recruitment of CRISPR RNAs to guide the Cat 

endonuclease to target, cleave and destroy invasive DNA. (Barrangou et al., 2007). 

Preliminary studies saw CRISPR/Cas9 induced DSB in vitro which were subsequently 

repaired by NHEJ, producing insertion/deletion mutations in the sequence (Jinek et al., 
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2012). Subsequent studies combined the technology with donor DNA sequences 

complementary to sites of interest. Here, researchers found donor DNA was inserted in 

the sites at which Cas9 DSB had been induced by HDR (Cong et al., 2013; Mali et al., 2013). 

CRISPR/Cas9, ZFNs and TALENs technologies all exploit intrinsic cellular repair 

mechanisms; however, the use of gRNA provides efficient, targeted genomic editing. 

 

4.1.4.2 RAMP1-/- Influence on PC-3 cells In Vitro & In Vivo. 

With both proteins have been reported to be upregulated in prostate cancer cell lines it 

is unsurprising that GPRC6A and RAMP1 have emerged as interesting therapeutic targets 

due to their putative role in mediating multiple in vivo effects (Logan et al., 2013; Pi, 

Parrill, et al., 2010; Pi & Quarles, 2012a; Ye et al., 2017, 2019). Using a range of techniques, 

previous PhD student Dr. Warrington demonstrated that RAMP1 deletion in PC-3 cells 

leads to reductions in pro-tumorigenic capabilities in vitro and in vivo. A brief summary of 

Dr. Warrington’s PhD findings will be made as a background to the subsequent signalling 

data performed as part of this study. Specifically, RAMP1 deletion in PC-3 cells led to 

reduced viability and increased basal levels of apoptosis-associated caspases (Figure 4.2). 

Furthermore, key markers of invasion mechanisms such as colony formation and invasion 

were also significantly inhibited in vitro following RAMP1 deletion (Figure 4.2) 

(Warrington, 2018). Analysis of downstream pathways led to significant reductions in 

expression of phosphorylated Akt and STAT3 proteins in RAMP1-/- cells. Akt is a key factor 

for cell survival and has been previously linked with prostate cancer cell growth. Whilst 

STAT3 proteins are key regulators in transduction pathways responsible for numerous 

growth factors and control of apoptosis (Warrington, 2018). Furthermore Dr. 

Warrington’s PhD work demonstrated for the importance of RAMP1 specifically in 

prostate cancer growth is further supported by data we obtained from in vivo cancer 

models in mice. Subcutaneous injection of PC-3 cells in immunocompromised balb/c nude 

mice was associated with a dramatic inhibition of tumour growth in mice injected with 

RAMP1-/- cells compared with WT controls. In many cases RAMP1-/- tumours failed to 

establish as tumours; of those that did, shown negligible increases in size (Figure 4.3) 

(Warrington, 2018). It is important to note the RAMPs propensity to complex with the 
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other GPCRs; particularly the CLR. It may therefore be argued that these phenotypic 

changes observed may the result of the loss of action from CGRP receptors (CLR+RAMP1) 

(see chapter 1, section 1.7.1). To determine this, PC-3 WT cells were treated with either 

CGRP agonist or Telcagepant (a CGRP antagonist). In cAMP accumulation experiments 

negligible effects were seen from either CGRP or Telcagepant, indicating that neither the 

CGRP nor its receptor is involved in inhibiting tumour growth observed in the RAMP1-/- 

cells (data not shown) (Warrington, 2018).  

 

 
Figure 4.2 Dr. Warrington’s data demonstrating deletion of RAMP1 reduces the tumorigenic capability of PC3 cells in 
vitro; (A) Viability assay plot showing the number of viable cells on days 1-3, calculated as a percentage from cell counts 
at day zero. (B) Quantification of caspase 3/7 levels in normal cell culture conditions and after 48 hours of serum 
starvation. (C) Percentage of cells (compared to number seeded) adhering to fibronectin-coated culture plates after 
washing with PBS. (D) Number of colonies formed in culture after seeding of 100 WT or RAMP1 KO cells. Unpaired 
Student’s t-test (Mean ± SEM). * p=<0.05; ** p=<0.01; *** p=<0.001; **** p=<0.0001 (Warrington, 2018).  

 

Histological analysis of the tumours revealed major differences in the tissue architecture. 

Haematoxylin and eosin staining of tumours from mice injected with WT PC-3 cells had a 

high frequency of necrotic centres and were densely packed with tumour cells, a common 

consequence of outgrowing of the blood supply (Figure 4.3). In contrast, tumours from 

mice injected with RAMP1-/- cells were smaller, less dense, more homogenous and lacked 

central necrotic lesions (Warrington, 2018). Necrotic centres are common architectural 
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changes observed in subcutaneous tumours, where they become too large for an 

adequate blood supply to reach the inner core limiting the supply of nutrients (Lee et al., 

2018). Immunostaining of PC-3 WT cells for GPRC6A revealed an organized staining 

pattern with clear distribution of positive staining localized to the plasma membranes 

(data not shown). Conversely, in RAMP1-/- PC-3 cells GPRC6A staining appeared 

prominently cytosolic and disorganised (data not shown). Naturally without further 

confirmation, those inferences might appear less than fully justified. However, our results 

should be considered against the background of other work linking GPRC6A and RAMP1 

to cancer and specifically prostate cancer.  

 
Figure 4.3 Dr. Warrington data demonstring the deletion of RAMP1 leads to reduction of subcutaneous xenograft 
tumour growth; (A) Tumour volume measurements as a percentage increase from first measurement after tumour 
establishment at Day 6. (B) Tumour mass measured at Day 17. (C) Quantitative measurements of Ki67 (a marker of cell 
proliferation) in equivalent tumour sections. (D) Haemotoxylin and eosin staining of tumour sections was used to 
disclose morphological differences. Scale bar = 100 µM. Unpaired Student’s t-test (Mean ± SEM). * p=<0.05; ** p=<0.01; 
*** p=<0.001; **** p=<0.0001. (Warrington, 2018) 

 

Following metastasis, prostate cancer frequently becomes a terminal disease. 80% of 

prostate tumour metastases are found in the bone (Bubendorf et al., 2000) and therefore 

identifying key factors responsible for the engraftment and tumorigenesis in the bone 

environment reflects an important clinical need. Intracardiac injection of PC-3 cells into 

immunocompromised balb/c nude mice recapitulates the process of prostate cancer cells 

metastasizing from the bloodstream and colonizing bone (N. Wang et al., 2015).  MicroCT 

WT RAMP1 KO
0

200

400

600

800

Tu
m

ou
r M

as
s 

(m
g)

****
p = <0.0001

RAMP1	KOWT

WT RAMP1 KO
0

10

20

30

40

50
%

 K
i6

7 
Po

si
tiv

e 
C

el
ls

10 15 20
0

100

200

300

400

500

600

Day

Tu
m

ou
r V

ol
um

e 
(%

)

WT
RAMP1 KO

***

***

****

6

(A) (B) (C)

(D)



 154 

scanning of the tibiae of the mice revealed significant differences in the level of bone 

destruction after skeletal metastasis. Although Dr. Warrington could not confirm a change 

in the number of osteolytic lesions, the reduced bone tumour burden may be caused by 

a slower growth rate of RAMP1-/- cells within the bone environment. 

 

Taken together Dr. Warrington’s previous findings alongside a number of papers begin to 

suggest GPRC6A may play an integral role in prostate cancer development and 

progression with a clear reliance on RAMP1. Therefore, establishing the link between 

GPRC6A and RAMP1 within the context of prostate cancer is crucial factor for the 

development of potentially novel treatment. For this, strong pharmacological data in 

necessary for target identification. 
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4.1.5 Research Aims. 

1. Investigate the involvement of GPRC6A/RAMP1 in PC-3 cell downstream signalling 

2. Investigate hGPRC6A involvement in PC-3 cell viability. 

 

4.1.6 Research Hypothesis. 

RAMP1 facilitate hGPRC6A intracellular signalling in PC-3 cells. 
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4.2 Materials & Methods. 

4.2.1 PC-3 Cell Culturing. 

PC-3 cells were cultured in T-75 cm2 flasks (Nunclon, Thermo Scientific) in RPMI 1640 

medium containing Glutamax™ (Gibco), 10% fetal calf serum (Sigma-Aldrich), 10 mg/mL 

Streptomycin, and 1% penicillin (Sigma-Aldrich, St Louis, Missouri, US) at 37°C in a 5% CO2 

incubator. Passaging and subculturing of PC-3 cells was carried as described in sections 

2.2.1.1 & 2.2.1.2. 

 

4.2.2 Calcium 6 FLIPR Kit Assay. 

Intracellular calcium signalling was measured using the Calcium 6 FLIPR Kit Assay 

(Molecular Devices); all procedures were carried out as previously described in chapter 3, 

sections 3.2.1.1 & 3.2.1.3. 

 

4.2.3 PC-3 Cell Viability Assay. 

Cell viability was measured using the RealTime-GloTM MT Cell Viability Kit (Promega, UK). 

The kit measures real time cell viability by a non-lytic bioluminescent method. Cell viability 

is determined in culture by measuring the metabolic activity and reducing potential of the 

cells. Cells were seeded at 1000 cells/well into clear-bottomed white 96 well plates and 

incubated overnight at 37°C in 5% CO2. PC-3 WT seeding densities had been optimised 

previously (Warrington, 2018). 2 µL of 1000X NanoLuc cell-permeable substrate along 

with 2 µL 1000X NanoLuc enzyme luciferase was added to PC-3 WT cells to give a 1X in-

well concentration. Viable cells will reduce the synthesized substrate into luciferin; this 

second substrate can then go on to be hydrolysed by the NanoLuc luciferase emitting a 

luminescent signal detected using the Ensight plate reader (Perkin Elmer). Cell viability 

was monitored over 5 days. Cell viability can then be read in real-time, due to the format 

enabling the signal to be read continually over an extended time period. Cells were 

treated daily with the GPRC6A antagonist NPS-2134; 2 µL dilutions of NPS-2143 were 

diluted in PBS to give a 1X in-well final concentration. 
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4.2.4 Statistical Analysis. 

All data are expressed as mean ± SD with the statistical significance being tested for  using 

a 2way ANOVA with Dunnett’s multiple comparisons with Prism 7 software (GraphPad). P 

< 0.05 was considered significant.  
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4.3 Results. 

4.3.1 Calcium Signalling in PC-3 Cell line. 

Following the fundamental pharmacological data, we then sought to investigate hGPRC6A 

in a pathophysiological role. Testosterone is a well-established pro-oncogenic facilitator 

of prostate cancer progression and in conjunction with our novel data showing hGPRC6A 

testosterone sensitivity, experiments were designed to investigate the potential hGPRC6A 

and RAMP1 involvement in androgen-insensitive carcinoma.  

 

As previously stated CRISPR generated RAMP1 KO PC-3 cells endogenously expressed 

hGPRC6A and RAMP1, but not the AR (Figure 4.1). Calcium mobilisation assays revealed 

AR negative PC-3 WT cells were responsive to high doses of testosterone [pEC50 6.23 ± 

0.18] whilst RAMP1 KO PC-3 cells exhibited no sensitivity (Figure 4.4). In addition, the 

GPRC6A agonist DJ-V-159 provoked intracellular calcium mobilisation in PC-3 WT cells 

[pEC50 6.01 ± 0.26]; however, this response was not seen in RAMP1 KO PC-3 cells. 

Responses for both testosterone and DJ-V-159 exhibited comparable pEC50 values to the 

overexpressing hGPRC6A+RAMP1 CHO-K1 cells and to previous data (Figure 3.5). 

Negligible calcium mobilisations were observed in mock vector controls, hGPRC6A only 

and RAMP1 only transfection groups when stimulating with either agonist (Figure 4.4). 
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Figure 4.4 Calcium mobilisation stimulation on PC3 RAMP1 KO cells; (A) Testosterone stimulation on PC3 R1 KO cells; 
Dose-dependent responses were similarly seen with testosterone stimulation with the largest maximal responses 
observed at high doses of testosterone. Androgen receptor negative WT PC3 cells display smaller degree of calcium 
mobilisation, whilst this response is ablated in the R1 KO cells.  (B) DJ-V-159 stimulation on PC3 R1 KO cells; Dose-
dependent responses were similarly seen with DJ-V-159 stimulation with the largest maximal responses observed at 
high doses of DJ-V-159. Androgen receptor negative WT PC3 cells display smaller degree of calcium mobilisation, whilst 
this response is ablated in the R1 KO cells. Negligible calcium mobilisation was observed in mock vector controls, 
hGPRC6A only and RAMP1 only transfection groups. Data are from 3 independent experiments and are presented as 
mean ± SEM.  

 

Moreover, in WT PC-3 cells treatment with the GPRC6A antagonist, NPS-2143 displayed 

dose dependant inhibitions of submaximal EC80 dosing of testosterone [pIC50 11.5 ± 0.54] 

attenuating the previously observed PC-3 WT responses (Figure 4.5). However, treatment 

with NPS-2143 failed to inhibit WT PC-3 calcium in a dose dependant manner when 

stimulated with EC80 dosing of DJ-V-159. 
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Figure 4.5 Treatment of NPS-2143 dose response on PC-3 cell line; Stimulation of PC-3 cells with EC80 doses of 
testosterone and DJ-V-159 following treatment with dose response of GPRC6A antagonist NPS-2143. (A) NPS-2143 
exhibits partial dose dependant inhibition of PC-3 calcium mobilisation when stimulated with testosterone; with curves 
display comparable pIC50 for NPS-2143 to that of the hGPRC6A+RAMP1 overexpressing CHO-K1 cell line. (B) PC-3 calcium 
mobilisation induced by DJ-V-159 failed to be inhibited by NPS-2143 in a dose dependant manner. Data are from 3-4 
independent experiments and are presented as mean ± SEM. 

 

4.3.2 NPS-2143 Effect on PC-3 Cells Viability. 

PC-3 WT cells were treated with the GPRC6A antagonist NPS-2143 to investigate its effect 

on cell viability. Luminescent signal was recorded every 24 hours over the course of 5 

days. When treated with increasing concentrations of NPS-2143, WT PC-3 cells exhibited 

dose-dependent decreases in cell viability. Vehicle control showed no effect on cell 

viability.  After 3 experimental repeats is was found that treatment with NPS-2143 at 

doses greater than 1 µm over 5 days showed significant decreases in WT PC-3 cell viability 

compared to vehicle controls groups. 5 µM and 3 µM showed a 100% decrease after 72 
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hours, whilst 1 µM displayed a 51.4% decrease after 72 hours; increasing to a 76.1% 

reduction at 120 hours. Treatment at 0.1 µM NPS-2143 only began to show slight 

reductions in cell viability after 120 hours with a 10.1%; however, these reductions were 

not statistically significant (Figure 4.6). 

 

 
Figure 4.6 NPS-2143 Treatment PC-3 Cell Viability Assay; Dose-dependent decreases in PC-3 cell viability when treated 
with the GPRC6A antagonist NPS-2143 [pIC50 6.0 ± 0.14]. Data represents mean ± SD from 3 independent repeats. 
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4.4 Discussion. 

GPRC6A has previously been identified as a prostate cancer susceptibility loci, with 

subsequent research strengthening the link between this receptor and prostate cancer 

progression (Lindström et al., 2012; Long et al., 2012; Takata et al., 2010). With our new 

understanding of the hGPRC6A’s requirement of the RAMP1 accessory protein, and its 

novel sensitivity to testosterone our efforts sought to investigate their combined role in 

prostate cancer development/progression.  

 

4.4.1 hGPRC6A-mediated Testosterone Signalling in Wild Type PC-3 Cells. 

The major findings from this study reveal that PC-3 WT cells still displayed the ability to 

sense testosterone, even in the absence of traditional ARs. Moreover, deletion of the 

RAMP1 protein reduced these responses for both testosterone and DJ-V-159-induced 

calcium mobilisation (Figure 4.5). Both our PC-3 WT and RAMP1-/- PC-3 cells were 

characterised for endogenous RAMP1; not GPRC6A expression. PC-3 WT cells have been 

shown to express endogenous GPRC6A (Ye et al., 2017, 2019); however, characterising 

our cells for endogenous GPRC6A would ensure the lack of GPRC6A-mediated response 

to due to the deletion of RAMP1 and not absence of both. he may explain the small 

calcium mobilisation response seen in the RAMP1-/- PC-3 cells. Calcium signalling has been 

well described to be a major contributing pathway towards prostate cancer apoptotic 

evasion, angiogenesis, migration and invasion, and metastatic homing of tumour cells to 

bone (reviewed by Ardura et al., 2020). GPRC6A has previously been reported to mediate 

testosterone signalling in prostate cell lines. Reports by Ye et al., (2017, 2019), showed 

dose-dependent activation of the ERK1/2, protein kinases B, and mTORC1 pathways in 

PC-3 WT cells. It will be beneficial to investigate RAMP1 role in GPRC6A’s ability to activate 

ERK1/2 signalling PC-3 cells, supporting this Ye et al. (2017; 2019) findings. Interestingly, 

in the aforementioned study PC-3 cells endogenously expressed the short ICL-3 variant of 

the GPRC6A that is known to be functional but poorly expressed at the cell surface (S. 

Jørgensen et al., 2017). Findings from this study demonstrate the necessity for RAMP1 in 

order to facilitate functional cell surface signalling of the hGPRC6A. Data gathered here 

may suggest an alternate signalling pathway for testosterone to “bypass” conventional 

AR-mediated signalling and initiate cell growth and proliferation. Numerous reports have 
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implicated GPRC6A as a novel receptor that may enable continued androgen signalling in 

prostate tumours (M. Liu et al., 2016; Long et al., 2012; Pi, Parrill, et al., 2010; Pi & Quarles, 

2012a; Takata et al., 2010; Meilin Wang et al., 2012; Ye et al., 2017, 2019). To our 

knowledge, this is the first study to link both GPRC6A and RAMP1 in prostate cancer 

signalling and may provide a novel explanation for the associations between the hormonal 

factors and prostate cancer risks; specifically, when regarding the molecular mechanisms 

for androgen-insensitive carcinoma progression.  

 

Testosterone-induced calcium mobilisation in WT PC-3 was observed to be partially 

inhibited by NPS-2143 in a dose dependant manner comparable to CHO-K1 

overexpressing cells (Figure 3.6B). However, although DJ-V-159 responses continued to 

exhibit dose-dependent inhibition by NPS-2143 treatment in overexpressing CHO-K1 cells; 

in PC-3 WT cells calcium mobilisation failed to be antagonised (Figure 4.5). Thus, the 

results cannot definitively confirm the responses were explicitly mediated through the 

hGPRC6A receptor, and may suggest the presence of alternate GPCRs endogenous to the 

PC-3 cells responsible for the observed response. For example, papers have shown PC-3 

cells do possess a narrow range of AR expression and activity, that can be modulated with 

varying levels of numerous factors (Alimirah et al., 2006; Sampson et al., 2013; Tararova 

et al., 2007) and thus could explain the partial antagonism of testosterone-induced 

calcium mobilisation. Research carried out by Alimirah et al. (2006), found DU-145 and 

PC-3 cells to endogenously express AR at both the mRNA and protein level but at lower 

levels to that of AR-positive LNCaP cells. Treatment with DHT saw no increases in the AR 

signalling but reported increases in AR expression and nuclear accumulation. Knockdown 

of AR in PC-3 cells resulted in decreases in the cyclin-dependent kinase inhibitor, p21CIP1; 

a phenotype common in aggressive prostate cancer (Roy et al., 2008). Future 

investigations would benefit greatly from the inclusion of other prostate cancer cell lines 

– i.e. androgen-sensitive DU145, LNCaP and -insensitive C4-2, CWRR22R, DU145, 22Rv1 – 

to broaden our understanding of GPRC6A in prostate cancer. In addition, the addition of 

generating a GPRC6A KO cell line would further cement these observed responses are 

hGPRC6A mediated gain a wider scope of GPRC6A/RAMP1 combined effect on hormone 

refractory carcinoma and their involvement in the process of androgen resistance.  
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4.4.2 GPRC6A on PC-3 Cell Viability. 

When looking at cell viability; treatment with the GPRC6A antagonist NPS-2143 saw 

significant dose-dependent decreases in PC-3 cell viability (Figure 4.6). These findings are 

supportive of previous reports demonstrating the importance of GPRC6A in prostate 

cancer cell proliferation and survival. However, future work should replicate this data on 

PC-3 RAMP1 KO cells as a control, as no change in viability would be aspected. 

Proliferative capability of GPRC6A-/- PC-3 cells exhibited significant decreases in cell 

number and survival compared to WT controls (Ye et al., 2017). Researchers also reported 

decreases in the proliferative markers Ki-67 and PCNA expression as a consequent of 

GPRC6A KO (Ye et al., 2019). It may be interesting to evaluate the specificity of the NPS-

2143 antagonist. NPS-2143 was preliminary designed to act as a CaSR antagonist (Nemeth 

et al., 2001) and its specificity to antagonise GPRC6A was reported later (Faure et al., 

2009). Recent reports have previously shown NPS-2143 treatment to inhibit PC-3 

proliferation and migration, as well as downregulation of CaSR (Yamamura et al., 2019). 

Treatment of PC-3 in combination with other CaSR calcilytic antagonists such as the 

SB423557 (Kumar et al. 2010) may provide a greater insight into the specificity of NPS-

2143 action on GPRC6A. The preliminary findings here begin to draw together the link 

between the importance of GPRC6A and RAMP1 in prostate cancer progression. Future 

experiments would benefit greatly from investigating GPRC6A action in prostate cancer 

mouse models. Previous work has demonstrated that loss of RAMP1 in in PC-3 cells leads 

to the failure of tumour establishment in vivo (Warrington, 2018). RAMP1 in well-known 

to couple to a variety of GPCRs, most notably the CLR forming the CGRP receptor (see 

chapter 1, section 1.7.1) (Mclatchie et al., 1998). However, treatment of these tumours 

with CGRP antagonists olcagepant and telcagepant saw no changes to tumour 

development; thus, suggest an alternative receptor may facilitate tumorigenesis. Tracking 

the effects of NPS-2143 treatment in PC-3 cell tumours in vivo would further support the 

receptors involvement; measuring whether the reductions in viability were conserved in 

vivo and whether these decreases were of a similar magnitude to those seen in the 

RAMP1-/- PC-3 tumours (Figure 4.3).  
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Findings from previous chapters have shown RAMP1 to be integral role in facilitating 

hGPRC6A signalling; potentially explaining current controversies over its signalling profile. 

The data proposes the GPRC6A/RAMP1 receptor may play an important role in prostate 

cancer tumorigenesis and metastasis. Deletion of RAMP1 leads to a downregulation of 

GPRC6A-mediated signalling in PC-3 cells, as well as decreases in cell growth in vitro with 

increased markers of apoptosis and inhibition of markers of metastasis as well as potent 

effects in vivo. Furthermore, blocking of the GPRC6A receptor in PC-3 leads to the 

inhibition of PC-3 testosterone signalling, cell viability and growth capabilities.  
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5 Chapter 5: General Discussion.  
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5.1 General Discussion. 

The GPRC6A receptor has now been studied in depth for nearly two decades and although 

the field has been challenged by controversy; different groups have been able to agree 

upon GPRC6A to be a promiscuous L-amino acid receptor in mouse and humans 

(Christiansen et al., 2007; Jacobsen et al., 2013; Pi et al., 2005, 2012; Rueda et al., 2016; 

P. Wellendorph & Bräuner-Osborne, 2009; P Wellendorph et al., 2005). However, there is 

a lack of certainty over the receptor’s ability to respond to other ligands; such as 

testosterone, and osteocalcin, where species differences are concerned making defining 

the receptors overall physiological role challenging (sections GPRC6A Ligand 

Controversies. & Role of GPRC6A in Physiology & Pathophysiology.). The major issued 

faced in prior hGPRC6A research is the receptor’s inability to effectively transport the 

surface to allow comprehensive biochemical analysis. Here we have presented a 

comprehensive evaluation of the hGPRC6A receptor, demonstrating RAMP1 as an 

intrinsic requirement to facilitate receptor functionality. Through generating a CHO-K1 

cell line that stably co-express hGPRC6A and RAMP1, we systematically tested different 

putative agonists (L-amino acids, testosterone, Ocn) to elucidate the receptor 

pharmacological profile and begin to delineate differences seen between the mouse and 

human forms of the receptor Figure 3.4 -Figure 3.9. 

 

Numerous studies have delineated the receptor’s mRNA at the tissue level; 

demonstrating GPRC6A is widely expressed in a multitude of tissues at low levels, with 

functionality only observed in specific tissues (C. Clemmensen et al., 2014). Most notably 

researchers have reported GPRC6A-mediated action in pancreatic tissues, testes, bone 

and adipose tissue (De Toni et al., 2017; Otani et al., 2015; Oury et al., 2011; Pi et al., 2008, 

2012, 2016). However, the absence of well-established commercially available antibodies 

has made mapping of the receptor protein at the sub-tissue level difficult. In addition, due 

to the lack of receptor-specific pharmacological tool compounds, the physiological 

function of the receptor has so far mainly been addressed by phenotype assessment of 

KO mice. However, comparisons between different exon KO’s models has brought further 

inconsistencies, with different groups unable to agree upon phenotypic changes.  
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From the multitude of research, it is clear that RAMPs possess the ability to engender 

altered GPCR phenotypes; ligand binding affinities, and signalling patterns. This concept 

has been demonstrated most prolifically through class B GPCRs (McLatchie, et al. 1998; 

Muff et al. 1999; Christopoulos, et al. 2003; Harikumar, et al. 2006); however, as the 

research field has progressed this phenomenon has been exhibited in multiple GPCR 

classes. Most pertinent of these is the class C GPCR, CaSR receptor with multiple papers 

identifying RAMP1 and RAMP3 as crucial components of the functional CaSR machinery 

(Bouschet et al., 2008, 2012; Desai et al., 2014). The mechanisms by which the GPRC6A 

binds multiple ligands, and activates multiple signalling pathways have remained elusive. 

This is in-part due to the receptors poor cell surface trafficking, especially when expressed 

recombinantly – a characteristic it shares with other class C GPCRs (i.e. CaSR) 

(Clemmensen, et al. 2014). Accordingly, the project aimed to fundamentally characterise 

the hGPRC6A’s pharmacological profile and whether RAMPs subcellular interaction 

influenced the trafficking and intracellular signalling capabilities of the human receptor. 

 

The project was subdivided into three main objectives: 

• To gain a greater understanding of the interactions between the GPRC6A receptor 

and RAMPs. 

• To identify whether RAMPs possess a functional role in GPRC6A-mediated signalling 

and elucidate similarities/difference between the mouse and human forms. 

• To begin to investigate the synergistic role of GPRC6A and RAMPs in prostate 

physiology and hormone refractory carcinomas. 

 

5.1.1 GPRC6A Cell Surface Trafficking. 

The starting point of the present study was that recombinantly expressed hGPRC6A is 

retained intracellularly in contrast to mouse, rat and goldfish analogs. In agreement with 

studies identifying the retention motif present in the hGPRC6A (Kuang, et al. 2005; 

Wellendorph, et al. 2005; Jorgensen, et al. 2017), we observed that expression of 

hGPRC6A alone produced poor cell surface trafficking in CHO-K1 cells. hGPRC6A’s wide 

spread expression but inefficient forward trafficking may suggest the necessity for a 

tissue-specific accessory protein for effective chaperoning. However, levels of hGPRC6A 
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surface expression were significantly increased when co-expressed with RAMP1 

specifically. This was seen in our ELISA experiments and confirmed findings from previous 

FRET co-localisation PhD studies by Desai; observing high levels of GPRC6A/RAMP1 co-

localisation at regions commonly associated with receptor assembly/processing and 

trafficking (i.e. ER, trafficking vesicles, plasma membrane) (Figure 2.2, Figure 2.13 & Figure 

2.14). This demonstrated that in CHO-K1 cells hGPRC6A is capable of forming higher-order 

oligomer complexes with RAMP1; subsequently increasing the trafficking and signalling 

properties of the hGPRC6A receptor.  

 

Similar to the human CaSR the hGPRC6A is proposed to possess a ER retention motif 

preventing the receptor from dimerization and subsequently trafficking (Bouschet et al., 

2005; Cavanaugh et al., 2010; C. Clemmensen et al., 2014; Stepanchick et al., 2010). With 

the identification of the importance of the ICL-3 situated within the human receptor, it 

may be plausible to hypothesise that this region represents a core binding site for RAMP1 

to interact and aide in trafficking the hGPRC6A. With the evidence presented here it could 

be argued that the interactions between RAMP1 at the receptor’s ICL-3 region enable the 

efficient transportation of the hGPRC6A from the ER to the Golgi. Here it can undergo N-

terminal glycosylation and then be delivered to the cell surface (Fan, et al. 1997) as 

observed by our FRET and ELISA experiments. Future studies discerning crucial amino acid 

residues within both proteins would be greatly beneficial further supporting this concept. 

Taken together, the data supports the notion that RAMP1 is an essential component in 

facilitating successful forward trafficking of the hGPRC6A receptor (Figure 2.11, Figure 

2.14). Potential explanations for the lack of cell surface expression observed in previous 

pharmacological studies is that the cell lines used lack the necessary scaffolding and/or 

signalling proteins found in cells endogenously expressing GPRC6A. 

 

Interestingly, our FRET experiments also demonstrated hGPRC6A was able to complex 

with RAMP2 to a lesser extent (Figure 2.2). Unlike RAMP1, hGPRC6A exhibited co-

localisation with RAMP2 at the perinuclear region, and remained intracellularly retained. 

This may be evidence for a possible endo-cellular nuclear receptor function, offering a 

novel mechanism for compartmentalised signalling. The classical dogma of GPCR 

signalling dictates that GPCRs localise to the plasma membrane in order to initiate a 
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cascade of effector proteins to permit intracellular signalling. However, there is now 

mounting evidence that suggests GPCRs localise to a multitude of intracellular 

membranes; particularly the nucleus (Cheng et al., 2011; Pupo et al., 2013; Revankar et 

al., 2007; Zimmerman et al., 2016).  

 

The recent development of FRET biosensors and super-resolution microscopy has 

revealed the importance of temporal and spatial organisation of internal GPCRs in endo-

cellular signalling (Halls & Canals, 2018). The recent advancements in genetically encoded 

biosensors has shown that compartmentalised GPCR signalling is often reliant upon the 

formation of higher-order oligomers to enable the efficient organisation and activation of 

signalling proteins (Conti et al., 2014; Ellisdon & Halls, 2016; Halls, 2012; D. D. Jensen et 

al., 2017; Willoughby & Cooper, 2007). The findings of a RAMP1 or RAMP2-dependent 

signalling mechanism for compartmentalised hGPRC6A signalling may bring a novel 

multimodal function, elucidating its subcellular signalling localisation.  

 

Furthermore, with prevailing evidence demonstrating RAMPs ability to engender bias 

agonism; it would be noteworthy to consider receptor location as an important factor in 

GPCR signalling mechanisms. Future research investigating GPRC6A ability to signal from 

several intracellular locations could provide novel strategies that may improve the 

effectiveness of future drug development. The concept of selective intracellular 

endosomal targeting with GPCR antagonists has already been demonstrated by Jensen, et 

al. (2017); and serves as evidence of not only targeting the receptor but also at the right 

location. 

 

One major challenged faced in the research field is due to the receptor’s poor cell surface 

expression when recombinantly expressed. This had made thorough investigation of the 

receptor’s pharmacological profile, and ultimately its physiological role increasingly 

challenging. The findings presented here, have given a comprehensive evaluation of the 

hGPRC6A trafficking mechanisms, demonstrating RAMP1 as a fundamental component 

for successful cell surface expression of the hGPRC6A (Figure 5.1). 
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Figure 5.1 Proposed model for human GPRC6A and RAMP1 trafficking and signalling; starting from the bottom left 
(clockwise) (1) Translated GPRC6A polypeptide chains are localised to the endoplasmic reticulum (ER) for assembly. 
Diffusion enables GPRC6A to complex with RAMP1 proteins present at the ER. (2) GPRC6A/RAMP1 heterodimers are 
then packaged into budding trafficking vesicles and sent through the ER and Golgi to allow further post-translational 
modification (i.e N-glycosylation). (3) Mature GPRC6A now reaches the plasma membrane, where is can freely diffuse 
until homo-dimerization with a pool of GPRC6A. (4) Upon extracellular ligand binding (e.g. testosterone), signal 
transduction allows G protein activation and subsequent activation of membrane-bound effector proteins (i.e. PLC). (5) 
Activation of signalling cascade secondary messengers result in the activation of transcription factors and gene 
regulation. (6) Resultant gene expression initiates cellular proliferation and differentiation, etc. Aberrant expression of 
these processes can lead to tumorigenesis and ultimately metastasis. 

 

5.1.2 CHO-K1 GPRC6A/RAMP1 Overexpression System. 

It’s important to note the study designed using a CHO-K1 GPRC6A and RAMP1 

overexpression system. Given the receptor’s infamously low expression (Wellendorph et 

al., 2005), this approach enabled successful identification of receptor/RAMP complexes 

at the surface and permitted measurable signal in our biochemical assays. Overexpression 

experiments are most useful for identifying novel protein and studying their function in a 

qualitative manner (Andréll & Tate, 2013). Four primary mechanisms of cellular defects 

as a results of protein overexpression; resource overload, stoichiometric imbalance, 

promiscuous interactions, and pathway modulation (Moriya, 2015). Protein 

overexpression has been shown to burden cellular machinery involved in protein 

assemble (P. Shah et al., 2013). Overexertion of this apparatus could impair or impede it’s 

function to synthesize of other important proteins. Furthermore, other energy-dependent 
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components of successful protein production may become hampered such as gene 

‘reading’, protein maturation, transportation and recycling (Bolognesi & Lehner, 2018; A. 

M. Rice & McLysaght, 2017). These changes in cell growth can largely be explained by 

resource overload and toxicity (Tomala et al., 2014). Protein overexpression creates an 

abnormal cellular environment through enhanced metabolic activity and/or turnover. 

Moreover, the introduction of an exogenous protein in abundance can often lead to a 

stoichiometric imbalance resulting in toxicity through promiscuous interactions and/or 

pathway modulation (Moriya, 2015).  

 

Therefore, future studies would benefit greatly from the inclusion of hGPRC6A native 

systems to investigate the role of RAMP1 in hGPRC6A-mediated signalling under more 

physiological conditions. In both COS-7 and CHO-K1 GPRC6A and RAMP1 were 

overexpressed; this approach allowed for rapid identification of GPRC6A and RAMP1 co-

localisation, surface expression and signalling. However, for the reasons stated above; 

protein aggregation, mis-localisation and pathway modulation could be participating 

factors in the data collected here. Due to this the inclusion of native endogenously 

expressing systems in combination with the KO strategy (i.e. PC3 RAMP1-/-) would provide 

a more physiologically relevant insight into RAMP1 role in GPRC6A-mediated signalling. 

Nonetheless, no approach is without its caveats and concerns of using an overexpressing 

system are seen as negligibly different from those associated with an alternate mutant 

background; be it, gene KO or a gain-of-function mutations (Prelich, 2012). 

 

5.1.3 GPRC6A Downstream Signalling Profile. 

Here we have comprehensively demonstrated that both the mouse and human receptor 

are able to initiate downstream Gαq coupled responses to L-amino acids, with L-Orn, L-

Arg, L-Ala and L-Lys as agonists. The data here suggests that RAMP1 is a fundamental 

requirement to facilitate successful hGPRC6A signalling. These findings are in 

concordance with previously published data showing GPRC6A to be a promiscuous L-

amino acid-sensing receptor, without the need of co-expressing the permutated Gαq(G66D) 

protein as a requisite to elicit these responses (Jacobsen et al., 2013; S. Jørgensen et al., 

2017; Rueda et al., 2016; Petrine Wellendorph et al., 2007). GPRC6A has emerged in 



 173 

recent years as an interesting target due to is reported sensitivity to ligands; testosterone 

and Ocn (Pi et al., 2011, 2015, 2016; Pi, Parrill, et al., 2010). The vast majority of data has 

focussed towards the murine variant of the receptor; with groups reporting distinct 

GPRC6A-dependent differences in physiology (Ko et al., 2014; Oury et al., 2011; Pi, Parrill, 

et al., 2010; Pi & Quarles, 2012a; Ye et al., 2017). However, when attempting to replicate 

these findings in vitro, discrepancies begin to emerge with groups reporting no agonist 

activity (Jacobsen et al., 2013). From our investigations, we were not able to confirm the 

reported Gαq responses mediated by the mouse receptor in response to testosterone or 

Ocn stimulation (Figure 3.5). This was also true of the human receptor when expressed 

alone. In our study, only when the human receptor was co-expressed with RAMP1 did 

were see robust dose-dependent response to testosterone (Figure 3.5). Moreover, by 

further biochemical investigation we demonstrate these responses to be specifically 

mediated through the hGPRC6A receptor via Gαq coupling (Figure 3.6). Thus, our data in 

part agrees with the groups Christiansen et al., (2007); Jacobsen et al., (2013); P. 

Wellendorph & Bräuner-Osborne, (2009); P Wellendorph et al., (2005; 2007) and Rueda 

et al., (2016), failing to show testosterone or Ocn sensitivity in the mouse or human 

receptor. The findings here show marked differences between the mouse and human 

receptor when concerning GPRC6A’s testosterone sensitivity; demonstrating RAMP1 to 

be an essential component for functional hGPCRC6A signalling. The necessity for sufficient 

RAMP1 tissue expression may be a fundamental explanation for the discrepancies seen in 

the literature. 

 

It is also important to note we recorded small responses in intracellular calcium 

mobilisation when stimulating with uncarboxylated-Ocn. As mentioned in chapter 4, the 

magnitude of these responses provides insufficient evidence of targeted hGPRC6A-

mediated calcium mobilisation, and thus from this data set it is unsuitable to classify Ocn 

as a putative agonist of this receptor. This is largely concordant with data published 

concerning the mouse receptor, agreeing with the Christiansen et al., (2007); Jacobsen et 

al., (2013); P Wellendorph et al., (2005) and Rueda et al., (2016); reporting negligible 

responses in calcium mobilisation or IP3 accumulation. Further investigation is required 

using a variety of signalling assay to accurately classify Ocn as an hGPRC6A agonist. 
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The major findings here suggest the mouse and human GPRC6A possess distinctly 

different pharmacological profiles; with the latter requiring the presence of RAMP1 in 

order to form a functional receptor. This disparity between the two species variants may 

explain some of the differences seen in the literature. A large portion of our knowledge 

concerning the GPRC6A has stemmed from phenotypic in vivo KO studies in an attempt 

to assess the receptor’s physiological role. This approach has produced large 

discrepancies through the generation of different KO models and focused subsequent 

investigations towards the murine variant (C. V. Jørgensen et al., 2019; Pi et al., 2008; 

Petrine Wellendorph et al., 2009; Ye et al., 2017). Here, our data suggests mouse and 

human receptors behave fundamentally differently and make cross-species comparison 

increasingly difficult. 

 

Further investigation shows responses to DHEA and the computationally identified 

GPRC6A agonist; DJ-V-159 (Pi, et al. 2018). Again, responses in both Gαq and Gαs were 

only seen when hGPRC6A was co-expressed with the RAMP1 protein (Figure 3.5, Figure 

3.6, Figure 3.8 &Figure 3.9). Minimal modulation of the Gαs or Gαi pathways was observed 

with L-amino acids, testosterone or Ocn  (Figure 3.7 & Figure 3.9) supporting the idea that 

recombinant hGPRC6A is primarily a Gαq coupled receptor. These data are largely 

concordant with the findings of Jacobsen et al. (2013) and Rueda et al. (2016), who drew 

similar conclusions for the mGPRC6A recombinantly expressed in CHO-K1 and HEK293 

cells, respectively. Data produced has revealed complexing with RAMP1 infers additional 

functionality; extending the range of ligands capable of activating this receptor.  

 

Since the receptors cloning, a multitude of studies have contributed knowledge towards 

GPRC6A expression pattern, distribution and pharmacological profile. Reports have 

shown the rat GPRC6A forms disulphide-linked homodimers and is constitutively 

internalised (Norskov-Lauritsen, et al. 2015; Jacobsen, et al. 2017). Phenotypic in vivo data 

has failed to elucidate the physiological function of GPRC6A as the different exon KO have 

produced different phenotypic responses of which remained unconfirmed by 

independent research groups. Recently published data using the full locus mGPRC6A KO 

model have demonstrated similar phenotypic changes to that of the exon VI KO model 

with respect to bone and metabolism (Clemmensen, et al. 2017; Jorgensen, et al. 2019). 
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Other studies indicate a role of GPRC6A in male reproduction and prostate cancer, and 

will be important to validate in other groups/mouse models before firm conclusions can 

be drawn. However, it is important to note these studied were conducted using the 

murine receptor and considerations must be made concerning the translational value to 

the human receptor. 

 

Interestingly, on top of the recent publications by the Bräuner-Osborne group (2019) 

revealing a indel in the ICL-3 causing the intracellular retention of the hGPRC6A; hundreds 

of additional SNPs have been reported in the hGPRC6A gene (Lek et al., 2016). This data 

provides an ideal foundation for working with large human cohorts to reveal the 

associations of GPRC6A and various phenotypes. The major advantage here being much 

greater populations sizes in comparison to previous mouse studies and directly addressing 

human relevance. With this grounding, resultant phenotypes can be assessed in mice to 

discern mechanisms and evaluate of the murine models hold real translational value. 

Furthermore, with the emergence of novel SNP screening, future studies would benefit 

greatly from cross referencing notable mutant variants with the mechanistic GPRC6A 

characteristics – i.e. cell surface expression and degree of intracellular signalling. This 

would enable honing in on specific SNPs, identifying their physiological and clinical 

relevance. As stated in chapter 4, section 4.1.2.2, cross referencing of GPRC6A SNP 

rs339331 in particular with GPRC6A responsiveness to testosterone may strengthen the 

associated with prostate cancer. 

 

5.1.4 GPRC6A & RAMP1 in Prostate Cancer 

Prostate cancer is now rapidly becoming ever more prevalent worldwide, with a fifth of 

those fatal diagnosed (Rawla, 2019). Over the past decade, huge advances have been 

made in identifying the molecular mechanisms behind prostate cancer and its associated 

risk factors; this had led to vast improvements in diagnosis, treatment and overall survival 

rates (Gatta et al., 2014; Lloyd et al., 2015). However, despite it still remains the second 

lead cause of death in the US (Rawla, 2019). A subset of this group that has failed to yield 

any major clinical improvements, are that of hormone-refractory prostate cancers, with 

patients often presenting with relapsing tumours that are resistant to current anti-
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androgen therapies and develop metastases leading to a median survival time of 9-12 

months (Cattrini et al., 2019; Tamada et al., 2018). Research has shown that late-stage 

androgen-resistance carcinomas still pose as an unmet clinical need requiring alternative 

novel treatment modalities, estimating all patients with anti-androgen therapy resistant 

prostate cancer are currently enrolled in clinical trials (Heidenreich et al., 2014a, 2014b). 

Published data in tandem with GWAS has implicated GPRC6A and RAMP1 as the link 

between hormonal factors and prostate cancer risk (Logan et al., 2013; Long et al., 2012; 

Pi & Quarles, 2012a; Takata et al., 2010; Ye et al., 2017). As previously stated in section 

4.1.2.2, the association with GPRC6A and prostate cancer has been shown across 

Japanese, Chinese, African and European cohorts; all demonstrating the increased risk of 

prostate cancer development. providing an alternate molecular mechanism by which 

androgen-insensitive carcinoma continue to progress under current therapies. 

 

In addition to our novel findings demonstrating RAMP1’s necessity in hGPRC6A forward 

trafficking and signalling capabilities; we have also shown PC-3 cell testosterone 

sensitivity partially mediated through the hGPRC6A receptor (Figure 4.4Figure 4.5). These 

results may provide an explanation for late-stage hormone refractory prostate cancer 

progression, offering a novel mechanism by which these tumours can utilise androgen 

growth factors without the expression of the classical ARs. With the increasing number of 

reports showing the involvement of GPRC6A in prostate along with our groups previous 

findings of RAMP1 necessity for its progression in vitro and in vivo (Figure 4.2Figure 4.3), 

it can be argued that both play a synergistic role in late-stage androgen insensitive 

prostate cancer. 

 

5.1.5 Conclusions. 

In summary, we have conducted a fundamental pharmacological evaluation of the 

hGPRC6A and shown RAMP1 to be an integral part of the receptor molecular machinery. 

Our cells’ responses to testosterone are robust and consistent with KO mouse 

phenotypes. The finding of an important role for RAMP1 in GPRC6A signalling could 

potentially bridge the gap between current controversies the field faces. Furthermore, we 

propose, the GPRC6A/RAMP1 receptor may play an important role in prostate cancer 
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tumorigenesis and metastasis. Deletion of RAMP1 leads to a downregulation of GPRC6A 

ability to mediated downstream PC-3 signalling, as well as attenuate tumorigenic 

characteristics in vitro and in vivo. Our data, taken together with other findings linking 

GPRC6A and RAMP1 with progression of other cancers, opens up this receptor for future 

therapeutic exploitation and implies value for agents that can modulate function of the 

heteromeric receptor complex. 
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Figure Ap.1 G418 antibiotic concentration kill curve; CHO-K1 cell viability following daily G418 treatment. Dose-
dependent decreases in CHO-K1 cell viability when treated with the G418 antibiotic. 
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Figure Ap. 2 Optimisation of GPRC6A-Cit transfection method; (A) PEIpro Transfection reagent day 2 (B) Lipofectaime 
2000 reagent day 2 (C) Lipofectamine 3000 reagent day 2 (D) Spectral Scan (Ex 516 nm and Em 529 nm) comparison of 
different transfection reagents used over the time course of 4 days. 
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Figure Ap.3 Fluorescence-assisted cell sort of GPRC6A-Cit and RAMP1-Cer populations; Flow cytometry gating; FSC-
A/SSC-A gating of live cells, FSC-A/FSC-H gating of doublets; Violet 450/40-A/ Blue 530/30-A of Cit and Cer positive 
populations. (A) Mock transfected CHO-K1 control cells (B) hGPRC6A-Cit + RAMP1-Cer CHO-K1 cell line. 
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Figure Ap.4 CHO-K1 LANCE cAMP kit assay cell number optimisation; forskolin dose response cAMP standard curves 
used to obtain the dynamic range and sensitivity of the assay and to determine the optimal cell densities. Curves 
represent 3 independent repeats and are presented as mean ± SEM. forskolin, (FSK); cells/well (c/w). 
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Figure Ap.5 Intracellular cAMP accumulation induced by testosterone metabolic derivatives; Negligible responses were 
observed in all CHO-K1 overexpressing cells when stimulating with all metabolites. Data are from 3 independent 
experiments and are presented as mean ± SEM. 

-14 -12 -10 -8 -6 -4

0

10

20

30

log [Ligand] M

Mock Transfection

GPRC6A only

RAMP1 only

GPRC6A + RAMP1

[5-Dihydrotestosterone]

-14 -12 -10 -8 -6 -4

0

10

20

30

Log [Ligand] (M)

%
 F

S
K

 [c
A

M
P

]
R

es
po

ns
e

Mock Vector

GPRC6A only

RAMP1 only

GPRC6A + RAMP1

-14 -12 -10 -8 -6 -4

0

10

20

30

log [Ligand] M

%
 F

S
K

 [c
A

M
P

]
R

es
po

ns
e

Mock Transfection

GPRC6A only

RAMP1 only

GPRC6A + RAMP1

[4-Androstenedione] [5-Androstenediol]


