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Abstract

The ghrelin receptor (or growth hormone secretagogue receptor; GHS-R1a) is a G-protein
coupled receptor with significant potential to modulate appetite, and it is therefore a promising
pharmacological target for the treatment of metabolic disorders, including obesity, cachexia
and malnutrition. The GHS-R1a receptor has a complex pharmacology and is activated by
ligand-mediated G-protein dependent as well as G-protein independent signalling pathways.
The GHS-R1a receptor is also characterized by high basal ligand-independent signalling. Here,
we characterise the GHS-R1a receptor ligand-directed functional selectivity and bias of ligands
on GHS-R1a receptor signalling as well as its high constitutive activity. Particularly, we
investigated the pharmacological properties of the well-known GHS-R1a receptor ligands
ghrelin, MK-0677 and L-692,585, defined as full GHS-R1a receptor agonists, as well as [D-
Lys3]-GHRP and JMV2959 used as antagonists and the inverse agonist [D-Arg(1),D-
Phe(5),D-Trp(7,9),Leu(11)]-Substance P. These findings will provide novel insight in the
pharmacological characteristics of GHS-R1a receptor ligands and their signalling bias, which
will have implications for designing new drugs to target eating disorders and other ghrelin

receptor signalling functionalities with higher selectivity and, therefore, limited side effects.



Introduction

The gut hormone, ghrelin, is a 28-amino acid peptide that participates in the modulation of
several gastrointestinal functions such as gut motility, adiposity and glucose metabolism, as
well as the central regulation of appetite and secretion of growth hormone (GH) (Howard et
al., 1996; Inui, 2001; Kojimaetal., 1999; Muller et al., 2015; Tschop et al., 2000). Additionally,
ghrelin plays an important role in central nervous system participating in learning and memory
processes, sleep/awake rhythm and reward seeking behaviour (Berrout and Isokawa, 2017,
Mason et al., 2014). Ghrelin acts through the activation of the growth hormone secretagogue
receptor (GHS-R1a receptor), also called the ghrelin receptor. The GHS-R1a receptor is a
GPCR (G-protein coupled receptor), which classically exerts intracellular effects via Goq and
Gao/i activation (Cong et al., 2010) (Fig. 1). Briefly, the GHS-R1a-Gaq-dependent signalling
activates PLC (phospholipase C) responsible for intracellular Ca2* release, which in turn
activates PKCP (protein kinase C beta) (Lee et al., 2014), CAMKIIo (Ca2+/calmodulin-
dependent protein kinase Il alpha) and AMPK (AMP-activated protein kinase) (Bayliss et al.,
2016; Chen et al.,, 2011). The GHS-R1la-Gao/i—dependent signalling activates PI3-K
(phosphatidylinositol 3 kinase) to regulate the activation of PKA (protein kinase A) (Cavalier
etal., 2015), PKCe (protein kinase epsilon) and AKT (serine/threonine-specific protein kinase)
(Mousseaux et al., 2006). Furthermore, G-protein-independent signalling also occurs via the j3-
Arrestin scaffolding protein to activate ERK1/2 (extracellular signal-regulated kinases 1 and
2) and AKT (Bouzo-Lorenzo et al., 2016; Santos-Zas et al., 2013). Moreover, the GHS-R1a
receptor has a high and physiological relevant constitutive activity in absence of its endogenous
ligand, ghrelin (Camina et al., 2004; Damian et al., 2012; Els et al., 2010; Holst and Schwartz,
2004; Mear et al., 2013; Petersen et al., 2009). Due to the complexity of the downstream
signalling at the GHS-R1a receptor and the multitude of physiological functions it is believed

that specific signalling cascades may contribute to distinct functional responses. It has been



suggested that GHS-R1a-Gg-Ca?" dependent signalling is mainly related with GH secretion
(Osterstock et al., 2010) and GHS-R1a-B-Arrestin signalling is linked with mitogenic activity
and intracellular lipid storage (Santos-Zas et al., 2013). However, the functional outcome of
GHS-R1a receptor signalling might also be dependent on the tissue where the receptor is

expressed (Gnanapavan et al., 2002).

The GHS-R1a receptor is a promising pharmacological target for the treatment of metabolic
disorders, including obesity, cachexia and malnutrition, via the modulation of appetite
(Delporte, 2012). Compounds targeting the GHS-R1a receptor have therefore gained
significant pharmacological interest (Abegg et al., 2017; Allas and Abribat, 2013; Schellekens
et al., 2010; Schellekens et al., 2013a). Nevertheless, the limited success of therapeutics
targeting the GHS-R1a receptor in clinical development to date may be due to the complex
signalling pharmacology of the GHS-R1a receptor. A better understanding of GHS-R1a
receptor signalling, bias and ligand-mediated functionality would contribute to the successful

targeted drug discovery and development of ghrelin-mimetics.

Several synthetic compounds have been described in the literature as GHS-R1a receptor
ligands. These compounds have been categorised as agonists, antagonists and/or inverse
agonists, however recent evidence has demonstrated that the specific GHS-R1a receptor
downstream signalling pathways modulated by these ligands display signalling bias with
differential functional selectivity (Evron et al., 2014; M'Kadmi et al., 2015; Pastor-Cavada et
al., 2016; Sanger, 2014; Toth et al., 2017). The concepts of functional selectivity and ligand
bias are becoming increasingly appreciated in present-day of GPCR-drug discovery (Bologna
et al., 2017) and specifically in the case of GHS-R1a receptor signalling pathways, which
ultimately contribute to the prediction and selection of the most appropriate therapeutic

compound for specific GHS-R1a receptor mediated functionalities.



Measurements of receptor activation can be performed at many levels of signal transduction.
Here, we investigate several commercially available GHS-R1a receptor ligands and compare
them across a number of in vitro cellular assays using a human embryonic kidney (HEK293A)
cell line stably expressing the human GHS-R1a receptor (Schellekens et al., 2015; Schellekens
et al., 2013b; Schellekens et al., 2013c). We evaluate the potential bias of ligands classically
described as agonist, such as ghrelin, MK-0677 and L692,585, through GHS-R1la-Gg-
dependent signalling and GHS-R1a-B-Arrestin-dependent signalling. Moreover, we assess the
capacity of three well-known molecules, described as GHS-R1a antagonists or inverse agonist,
[D-lys®]-GHRP-6 (Dlys), IMV2959 and [D-Arg(1), D-Phe(5), D-Trp(7,9), Leu(11)]-substance
P (SP-analog), to effectively block specific GHS-R1a receptor signalling cascades. These
findings provide a novel insight in the pharmacological characteristics of these well-known
GHS-R1a receptor ligands and their bias, which will have important implications in the design
of novel, more selective GHS-R1a receptor ligands with predictable functional outcome for

pre-clinical and clinical drug development.
Material and Methods.
Compounds

Ghrelin (#SP-GHRL) was purchased from Innovagen (Lund, Sweden). MK-0677 (#5272), L-
692,585 (#2261), [D-lys®]-GHRP-6 (Dlys) (#1922,) and [D-Argl,D-Phe5,D-Trp7,9,Leull]-
Substance P (SP-analog) (#1946) were purchased from Tocris Bioscience (Ellisville, MO).
JMV2959 (#345888) was purchased from Calbiochem (San Diego, CA). Stocks were prepared

in assay buffer (1x Hank’s Balanced Salt Solution - HBSS with 20 mM HEPES).

Cell culture

Human embryonic kidney cells (HEK293A) from Invitrogen (Carlsbad, CA) were stably

transfected with a plasmid construct containing the human GHS-R1a receptor gene tagged with



an Enhanced Green Fluorescent Protein (HEK293A-GHSR1a-EGFP), as previously described
(Schellekens et al., 2013b; Schellekens et al., 2013c; Torres-Fuentes et al., 2014). Cells were
cultured in high glucose Dulbecco's modified Eagle's medium (DMEM, #D5796, Sigma-
Aldrich, Wicklow, Ireland) supplemented with 10% heat inactivated FBS (#F7524, Sigma-
Aldrich), 1% Non-Essential Amino Acids (NEAA) (11140035, Gibco Life Technologies,
Gaithersburg, MD) and 500 ng/ul G-418 (#345812, Calbiochem) and maintained at 37°C in a

humidified atmosphere with 5% CO,.
Intracellular calcium mobilisation assay

Receptor-mediated changes in intracellular calcium [Ca?*] were monitored with the use of the
FLIPR Tetra® High-Throughput Cellular Screening System (Molecular Devices, LLC
Sunnyvale, CA). HEK293A cells with the stable expression of the GHSR-1a-EGFP receptor
were seeded in black 96-well microtiter plates at a density of 2.5 x 10° cells/ml (2.5 x
10* cells/well) and incubated overnight at standard culture conditions. Growth media was
replaced 24 h before each experiment with serum free DMEM containing 1% NEAA. At the
day of experiment cells were incubated for 90 min with 80 pl of the Ca5 dye diluted in assay
buffer (1xHBSS, containing 20 mM HEPES) according to the manufacturer's protocol
(#R8186; Molecular Devices). Fluorescent readings were taken for a total of 120 seconds with
excitation wavelength of 485 nm and emission wavelength of 525 nm. For analysis of agonism
of GHS-R1a receptor ligands, 40 pl/well were added from compound plates using the liquid
handling option of the FLIPR Tetra® High-Throughput Cellular Screening System. For
analysis of antagonism or inverse agonism, cells were pre-incubated for 90 min with ligands
and Ca5 dye followed by addition of agonist. The relative increase in intracellular calcium
[Ca?*] was calculated as the difference between the maximum and baseline fluorescence, and
depicted as percentage relative fluorescent units (RFU) normalized to maximum response

(100% signal) obtained with 3.3% Fetal bovine serum (FBS). Background fluorescence was



recorded in cells in assay buffer alone and subtracted from RFUs. Data were analysed using
GraphPad Prism software (PRISM 5.0; GraphPAD Software Inc., San Diego, CA). The
concentration-response curves of GHSR-1a ligands were generated using nonlinear regression.
The curves were fitted to a 3-parametric logistic equation, allowing for the determination of

ECsoand Emax values.
B-Arrestin-1 recruitment assay

PathHunter® eXpress GHSRl1a U20S p-Arrestin-l GPCR Assay (93-0242E3CP5S,
Discoverx, Fremont, CA) was used to analyse the effects of GHS-R1a receptor ligands on both
basal and agonist-mediated -Arrestin-1 recruitment. Procedures were performed according to
the manufacturer's instructions. Briefly, cryopreserved PathHunter® eXpress GHSR1a U20S
cells were added to the cell plating reagents and plated at a density of 8.3 x 10* cells/mL (2.5
x 10° cells/well) in 96-well plates. After 48 h incubation at standard culture conditions, cells
were treated with GHS-R1a receptor ligands for 60 minutes. Luminescence signal was read
with the use of Synergy 2 (Biotek Instruments, Winooski, VT). Data were shown as RLU and

analysed using GraphPad Software.
Receptor internalisation assay

Ligand-mediated GHS-R1a receptor translocation was quantified by monitoring the EGFP
fluorescent trafficking away from the cellular membrane into vesicles within the cytosol.
HEK293-GHS-R1a-EGFP cells were seeded in 96-well microtiter plate at density of 2.5 x 10°
cells/ml (2.5 x 10 cells/well) and incubated for 48 h at standard culture conditions. 24 h before
experiment media was replaced with serum free DMEM containing 1% NEAA. Cells were
incubated with different concentrations of GHSR-1a receptor ligands for 60 minutes in 37°C.
To investigate the effect of antagonists/inverse agonists on ghrelin-mediated internalisation,

cells were pre-incubated with different concentrations of those compounds for 60 minutes prior



the addition of increasing concentration of GHS-R1a agonist and further incubation for 60
minutes. After treatment, cells were fixed with 4% paraformaldehyde in phosphate buffer
saline (PBS) for 20 min, and washed two times with 1x PBS. Cells were imaged on the GE
Healthcare IN Cell Analyzer 1000 (GE Healthcare Life Science, Buckinghamshire UK) and
analysed using the IN Cell Analyzer Developer Toolbox V1.6 Software (GE Healthcare) as
previously described (Pastor-Cavada et al., 2016). Data were analysed and depicted using

GraphPad Prism software.
ERKZ1/2 signalling assay

HEK?293-GHS-R1a-EGFP cells were seeded in 6-well microtiter plate at density of 2.5 x 108
cells/well and incubated for 24 h at standard culture conditions. Media was replaced with serum
free DMEM media containing 1% NEAA and incubated for another 24 h. Cells were exposed
to ligands at different concentrations for 60 minutes. The effect of GHS-R1a receptor
antagonists/inverse agonists on ghrelin-induced extracellular signal-regulated kinases
(ERK1/2) was investigated by pre-incubating cells for 60 minutes followed by the addition of
agonists for 60 minutes incubation. Phosphorylation of ERK1/2 was measured by Western blot.
Cells were lysed in RIPA extraction buffer (Thermo Fisher Scientific, Pierce, Sunnyvale, CA)
supplied with protease inhibitor cocktail (cOmplete ULTRA, Roche, Indianapolis, IN) and
phosphatase inhibitor (PhosSTOP, Roche). Cell lysates were clarified by centrifugation for 15
min at 14000 g at +4 °C. Protein concentration was measured by BCA Protein Assay kit
(Thermo Fisher Scientific) and equal protein amount was loaded on the gel (20ug). Proteins
were separated on 4-20% polyacrylamide electrophoresis gel (GenScript, Piscataway, NJ), and
transferred onto/to a 0.2 pm Immun-Blot PVDF membrane (Bio-Rad, Hercules, CA) in wet
mini-transfer system Owl VEP-2 (Thermo Fisher Scientific). After transfer membranes were
incubated with primary antibodies in 5% BSA (Sigma-Aldrich) against phospho-ERK1/2

Thr202/Tyr204, (#9101; 1:1000; Cell Signalling Technology Inc, Beverly, MA), and then



stripped using Restore Western blot stripping buffer (#21059; Thermo Scientific) and
incubated with anti-ERK1/2 (#4695; 1:1000; Cell Signalling Technology Inc) overnight at
+4°C. Additionally, anti-GFP-HRP (#ab6663; 1:1000; Abcam) and anti-B-actin (#A2228;
1:5000; Sigma) were used as loading control. Incubation with secondary antibodies (HRP-
conjugated, Sigma) was done in 5% fat-free milk for 1 h at room temperature. Detection was
performed using Amersham ECL Prime reagent (GE Healthcare Life Sciences) and the LAS-
3000 Imager/Image Reader LAS-3000 2.2 (FujiFilm, Tokyo, Japan). Quantitative image
analysis was done in ImageJ software. The density of phosphorylated protein bands was

normalized to the corresponding total protein bands.

Statistical analysis

Statistical analysis for calcium mobilisation, B-Arrestin-1 recruitment assays, ERK1/2 and
internalisation assay was performed using one-way ANOVA with Dunett’s post-hoc test
analysed using Prism Software (GraphPad Software, Inc). All data are presented as mean *

SEM. The differences between groups were deemed significant at p<0.05.

Results

Potency and efficacy profiles of GHS-R1a receptor ligands

We selected two synthetic agonists of the GHS-R1a receptor, MK-0677 and L692,585, and the
endogenous ligand ghrelin, to assess differences in functional selectivity towards diverse
signalling pathways, focusing on calcium mobilisation, B-Arrestin-1 recruitment, receptor
internalisation and downstream ERK1/2 signalling. Firstly, we compared the effects of the
ligands in calcium mobilisation in HEK293A cells that overexpress the GHS-R1a receptor. In
agreement with previous results (Evron et al., 2014; Holst et al., 2005) MK-0677 and L692,585
produced a strong agonist effect, (Fig. 2A; Table I), with L692,585 being the most potent

agonist (ECso 0.69 nM) compared to ghrelin (ECso 27.57 nM) and with MK-0677 (ECsg 2.45



nM). SP-analog and Dlys did not shown a Ca*2-dependent agonist activity, in contrast,
JMV2959 displayed a slight agonist activity (20.44 £ 2.4 % of maximal activation) which has
been suggested before (M'Kadmi et al., 2015). To investigate the effect of these GHS-R1a
receptor ligands in the B-Arrestin dependent signalling, the B-Arrestin-1 recruitment was
analysed in a U20S cell line. Ghrelin, MK-0677 and L692,585 (500 nM) all showed a classic
agonist response increasing p-Arrestin-1 recruitment, however this effect was not observed
after treatment with 500 nM pyridone, which was previously identified as a novel non-peptide
GHS-R1a receptor agonist in our laboratory (Pastor-Cavada et al., 2016) (Fig. 2B).
Interestingly, 1 UM SP-analog produced a significant decreases in the B-Arrestin-1 recruitment
in basal condition which confirm its ability to attenuate the ligand-independent constitutive

activity of the GHS-R1a receptor (Els et al., 2010).

Next, the effects of the ligands on GHS-R1a receptor internalisation into endosome, a
characteristic of receptor desensitisation, were examined. Both desensitisation and
internalisation process provide crucial physiological feedback mechanism that protect against
both acute and overstimulation of receptors (Ritter and Hall, 2009). Clear internalisation of the
GHS-R1a receptor was observed after treatment with the endogenous agonist ghrelin (500 nM),
as shown before (Torres-Fuentes et al., 2014) (Fig 2C and D). In addition, both MK-0677 and
L692,585 agonist resulted in a high increased GHS-R1a receptor internalisation with respect
to untreated cells (cells in assay buffer) (Fig. 2C and D). Ghrelin, MK-0677 and L692,585
agonists demonstrated a significant and concentration-dependent increase of GHS-R1a-EGFP
receptor internalisation after 1 h of ligand exposure (Fig. 2D, Table I1). MK-0677 presented
the higher potency (ECso 2.35 nM) compared to ghrelin (ECsg 38.87 nM) and with L692,585
(ECs0 21,89 nM), however there was no significant difference in the efficacy (Emax) between
ligands (Table I1). In contrast, treatment with the inverse agonist SP-analog did show a dose-

dependent decrease in EFGP fluorescence intensity within the cytoplasm (ECso 76.01 nM) (Fig.



2D). Interestingly, both IMV2979 and Dlys treatment also decreased GHS-R1a-EGFP receptor
in the cytoplasm with respect to untreated cells (JMV2959 ECso 74.65 nM; Dlys ECs0 1.6 uM)
(Fig. 2D and Table II). This implies that both compounds have inverse agonist properties on

the GHS-R1a receptor, which has not been reported before.

Previously it has been shown that both GHS-R1a receptor-G-protein-dependent and GHS-R1a-
B-Arrestin dependent signalling can activate the 44- and 42 kDa extracellular signal-regulated
kinase (ERK1/2) in different cell lines (Bouzo-Lorenzo et al., 2016; Lodeiro et al., 2009;
Mousseaux et al., 2006). The early phosphorylation peak of ERK1/2 activation is a G-protein-
dependent process that happens after few minutes of GHS-R1a receptor endogenous ligand
challenge, while the late peak phase of ERK1/2 activation is a B-Arrestin dependent mechanism
that occurs after 1 h of ghrelin treatment (Bouzo-Lorenzo et al., 2016; Camina, 2006). We
measured the late phase of ERK1/2 activation after 1 h of ghrelin incubation (Fig. 2E) and
observed that ghrelin at concentrations of 10 and 100 nM produced a significant increase in
ERK1/2 activation (Fig. 2E). Treatment with IMV2979 and Dlys had no effect, while treatment
with SP-analog produces a significant decrease in the basal ERK1/2 phosphorylation (Fig. 2F),

which confirms the inverse agonist nature of this compound.
Antagonist characteristics of [D-lys®]-GHRP-6 ligand

Next, we evaluated the effect of Dlys as an antagonist of GHS-R1a receptor signalling (Fig. 3).
This ligand has been widely used in in vitro and in vivo studies to antagonise the GHS-R1a
receptor (Beck et al., 2004; Torres-Fuentes et al., 2014), however it has not been established
whether this compound has biased antagonist properties. Hek-GHS-R1a-EGFP cells were
incubated for 1 h with 3 different concentration of Dlys and then they were challenged with
increasing concentration of ghrelin, MK-0677 and L692,585 for 1 h (Fig. 3 A; panel 1, 2 and

3). We observed that Dlys 1 uM pre-treatment blocked ghrelin- and L692,585-mediated



internalisation producing a shift in the curve to the right, however no significant blocking effect
was observed by Dlys for MK-0677-mediated internalisation (Fig. 3A). However, the Dlys-
mediated attenuation of GHS-R1a receptor internalization did not significantly reduce EC50
values nor efficacy (Table Il). In addition, we determined the effect of Dlys on ERK1/2
activation after agonist’s treatment (Fig. 3B; panel 1, 2 and 3). According with the
internalisation results, DIlys pre-treatment (1 pM) significantly decreased ghrelin- and
L692,585-dependent ERK1/2 activation, however the ERK1/2 activation after MK-0677
treatment was not reduced (Fig. 3B; panel 2). Interestingly, Dlys did not significantly change
calcium mobilisation after agonists treatment (Fig. 3C; panel 1, 2 and 3 and Table 1), suggesting
that this antagonist might possess a preferential blocking signalling cascade, corresponding to

the GHS-R1a-B-Arrestin pathway.

Antagonist characteristics of IMV2959 ligand

Next, we set out to determine the potential antagonist effect of JIMV2959 on GHS-Rla
receptor-G-protein-dependent versus B-Arrestin-dependent pathway (Fig. 4). IMV2959 is a
small molecule that has shown antagonist effect on GHS-R1a receptor signalling (Moulin et
al., 2013) and is able to bind to human GHS-R1a receptor in an orthosteric manner (Moulin et
al., 2007). Ligand-mediated internalisation was investigated using different concentrations of
JMV2959 followed by GHS-R1a receptor challenge with increasing concentration of ghrelin,
MK-0677 and L695,585. IMV2959 was able to decrease the ghrelin receptor internalisation
producing a rightwards shift of the ghrelin concentration-response curve (Fig. 4A; panel 1).
Rightwards shift were also obtained for IMVV2959 on MK-0677 and L692,585 mediated GHS-
R1a receptor internalisation (Fig. 4A; panel 2 and 3). Interestingly, JMV2959 pre-treatment
also produced a downward shift of L692,585 dose-concentration curve (Fig. 4A; panel 3).
However, only the highest concentration of IMV2959 (1 uM) was able to significantly reduce

ECso or Emax (Table I1). Next, the effect of IMVV2959 on agonist-mediated ERK1/2 activation



was evaluated (Fig 4B; panel 1, 2 and 3). We confirmed that IMV2959 1 uM was able to
significantly reduce ERK1/2 phosphorylation mediated by the three agonists tested in a
concentration dependent fashion, with the L692,585 agonist dependent response most strongly

attenuated by JIMV2959 (Fig. 4B, panel 3).

The ability of IMV2959 to act as antagonist in Gg-coupled GHS-R1a receptor signalling was
further assessed using the calcium mobilisation assay (Fig. 4C; panel 1, 2 and 3). As noted
earlier (Fig. 2A), ghrelin, MK-0677 and L692,585 all significantly increase intracellular
calcium influx via GHS-R1a receptor-dependent activation of Gg. JMV2959 was able to
significantly reduce GHS-R1a receptor-mediated calcium influx by ghrelin, MK-0677 and
L692,585 (Fig. 4C; panel 1, 2 and 3). The antagonist, JMV2959 significantly reduced the
potency (ECsp) of all three agonist and reduced maximal efficacy for MK-0677 and L692,585
at 1 uM and 0.1 uM (Table I). These data highlight that IMV2959 does not have a functional
bias on GHS-R1a receptor signalling and behaves as full antagonist to the endogenous ligand,
ghrelin, and the two agonists, MK-0677 and L692,585, attenuating both Gg- and B-Arrestin

mediated signalling.

Antagonist and inverse agonist characteristics of [D-Arg(1), D-Phe(5), D-Trp(7,9),

Leu(11)]-substance P (SP-analog)

The GHS-R1a receptor inverse agonists SP-analog has shown to decrease the high constitutive
activity of the GHS-R1a receptor, leading to an increase of GHS-R1a receptor availability on
the membrane (Holst et al.,, 2003). We analysed ligand-mediated GHS-R1a receptor
internalisation with a pre-incubation of increasing concentration of SP-analog (Fig. 5; panel 1,
2 and 3). In the presence of 1 uM SP-analog, GHS-R1a receptor internalisation was
significantly enhanced at increasing concentration of ghrelin and MK-0677, as demonstrated

by a greater cytoplasmic internalisation compared to ghrelin and MK-0677 exposure alone



(Fig, 5A,; panel 1 and 2) and significant increase in Emax (Table I1) (ghrelin Emax = 1.37 + 0.02;
ghrelin + 1 uM SP-analog Emax = 1.80 £ 0.05, p<0.05; MK-0677 Emax = 1.39 £ 0.02; MK-0677
+ 1 UM SP-analog Emax = 1.86 £ 0.04, p<0.05) and a significant increase in ECso for SP-analog
effect on MK-0677 (MK-0677 Emax = 2.35 nM; MK-0677 + 1 uM SP-analog Emax = 35.31 nM,
p<0.001, Table II). In contract, SP-analog pre-treatment showed a decreased GHS-Rla
receptor internalisation at lower concentrations of ghrelin and MK-0677 exposure, which
suggest the SP-analog ligand to also act as a GHS-R1a receptor antagonist (Fig. 5A; panel 1
and 2). However, the capacity of varying concentrations of L585,692 to promote the GHS-R1a
receptor internalisation was completely blocked by the pre-treatment with SP-analog
increasing Eso (L692,585 Eso = 21.89 nM; 1L692,585 + 1 uM SP-analog Eso = 332.6 nM,
p<0.05) (Fig. 5A; panel 3 and Table II). In addition, SP-analog pre-treatment (1 uM) was able
to block the levels of phosphorylated ERK1/2 phosphorylation induced by low doses of ghrelin,
MK-0677 and L692,585 (1 and 10 nM), but not at higher concentrations (100 nM) in cells
expressing the GHS-R1a receptor (Fig. 5B; panel 1, 2 and 3). In the calcium mobilisation assay,
we observed that increasing concentration of SP-analog resulted in significant higher calcium
mobilisation mediated by ghrelin, MK-0677 and L692,585 with corresponding increases in
Emax (Fig. 5C; panel 1, 2 and 3 and Table I). Therefore, this compound is acting as an inverse

agonist of the Gg-dependent signalling.



Discussion

Understanding the basis of interactions between ligands and their target GPCR receptors is
central to efforts in pharmacology and development of novel therapeutic ligands. Moreover, in
the case of GPCRs that are investigated as targets for the design of small molecule ligands to
treat diseases, a detailed level of understanding of receptor signalling is key for the design of

appropriate ligands with high selectivity to limit toxicity and off-target side effects.

The GHS-R1a receptor has been investigated as a promising pharmacological target for the
modulation of the appetite and food intake (Howick et al., 2017; Pietra et al., 2014; VVodnik et
al., 2016). However, the non-peptide GHS-R1a agonist anamorelin, currently in phase 3 trials
for the treatment of cancer-anorexia-cachexia, is the only therapeutic targeting the GHS-R1a

receptor so far (Garcia et al., 2015; Zhang and Garcia, 2015) .

The limited success of development of molecules targeting the GHS-R1a receptor from bench
to bedside may be due to the complex signalling of the GHS-R1a receptor. Therefore, a better
understanding of GHS-R1a receptor ligands and their signalling bias and selective functionality

is poised to improve the development of ghrelin-mimetics and GHS-R1a receptor antagonist.

Indeed, recent evidence has demonstrated that the GHS-R1a receptor is functionally biased,
favouring specific signalling transduction pathways over others depending on the specific
ligand present (Evron et al., 2014; Sivertsen et al., 2013). In addition, GHS-R1a receptor
agonists have been shown to act both as GHS-R1a agonists as well as allosteric modulators of
the receptor (Holst et al., 2005). An example of biased agonism for the GHS-R1a receptor is
the ligand JIMV3018, which demonstrated to drive partial Gaq-protein coupling and signalling,
but was unable to recruit B-Arrestin and also induced Gai-protein coupling (Mary et al., 2012).
Moreover, the hexapeptide KwFwLL was identified to favour the Gag-protein over the

Gal2/13-protein signalling pathway, therefore being labelled a biased inverse agonist (Holst



et al., 2007). Moreover, signalling bias for GHS-R1a receptor ligands towards B-Arrestin
activity as compared to G protein-dependent activity was shown in addiction therapy in vivo

(Toth et al., 2017).

Here, we investigated several GHS-R1a receptor ligands and modulators to establish the
specific signalling pathways that they regulate and to shed light on the complex GHS-R1a
receptor pharmacology, aimed to expand the current knowledge of the functional selectivity
and biased signalling of the GHS-R1a receptor. Additionally, we provide evidence for “probe
of dependence” at this receptor, which shows that the characteristics of the antagonist
compounds or allosteric modulation, depend on the identity of the orthostheric agonist

examined (Christopoulos, 2014; Keov et al., 2011).

Antagonists are defined by their capacity to bind to their target receptors, while lacking the
ability to modulate receptor signalling. Although JMV2959 has been identified as GHS-R1a
receptor agonist, we observed that IMVV2959 produces a slight increase in calcium intracellular
mobilisation in line with previous findings (M'Kadmi et al., 2015). However, increasing
concentration of IMVV2959 demonstrated an increase in GHS-R1a receptor localization on the
membrane, suggesting a reduced GHS-R1a receptor constitutive activity. This data reinforces
the complex pharmacology of this antagonist. IMVV2959 was also shown to inhibit agonist-
induced intracellular calcium mobilisation, receptor internalisation and ERK1/2
phosphorylation, in a dose-dependent manner, as expected from a full GHS-R1a receptor

agonist.

The peptide-based [D-lys®]-GHRP-6 ligand, has been used as a GHS-R1a receptor antagonist
and is described in several in vivo and in vitro studies (Lien et al., 2016; Liu et al., 2016;
Traebert et al., 2002). Here we observed that Dlys did not affect the ghrelin, MK-0677 or

L692,585-mediated calcium mobilisation, but was able to attenuate the ghrelin and L692,585-



dependent receptor internalisation and ERK1/2 activation, but unexpectedly, it did not block
MK-0677 receptor internalisation. This effect shows a probe of dependence effect and
specificity in its inhibitor capacity, demonstrating a clear antagonist biased behaviour towards
GHS-R1a-B-Arrestin dependent signalling. Interestingly, under basal conditions, Dlys did
show a reduction of receptor internalisation indicating that they may have potential to reduce
GHS-R1a receptor constitutive activity, similar to the GHS-R1a receptor inverse agonists, of
[D-Arg(1), D-Phe(5), D-Trp(7,9), Leu(1l)]-substance P (SP-analog). Indeed, SP-analog
showed a reduction of the B-Arrestin-1 recruitment, a significant reduction in ERK1/2
phosphorylation and in GHS-R1a receptor internalisation compared to basal conditions in a

ligand-independent manner, displaying a strong effect as a GHS-R1a receptor inverse agonist.

In addition, SP-analog showed a significant potentiation of GHS-R1a receptor agonist-
mediated calcium signalling, hypothesized to be due to an increased membrane expression of
the GHS-R1a receptor as previously reported (Liu et al., 2007). In fact, it has been shown
previously that SP-analog potentiates the MK-0677 and ghrelin-dependent calcium activation
(Holst et al., 2003). However, it is surprising that SP-analog behaves as competitive antagonist
of the L695,585 agonist in the receptor internalisation assay, suggesting an overlap with the
binding site for L692,585 ligand. In addition, SP-analog produces a relative low potency
antagonist effect for ghrelin- and MK-0677-induced ERK activation of GHS-R1a receptor
(<100 nM) which has been observed previously (Bennett et al., 2009). For that reason, the ratio
between GHS-R1a receptor agonist/antagonist concentrations needs to be taken in account

when in vivo studies are designed.

Additionally, the endogenous GHS-R1a receptor agonist ghrelin was compared to non-peptide
GHS-R1a receptor agonists, MK-0677 and L692,585. All receptor agonist were found to
increase intracellular calcium mobilisation, B-Arrestin-1 recruitment, receptor internalisation

and ERK1/2 activity. Particularly, L692,585 appears to be a more potent agonist that the



endogenous ligand ghrelin, increasing the potency in G-protein dependent assays. At the same
time, MK-0677 displayed a more potent activity than ghrelin and L692,585 in G-protein
independent signalling measured by the internalization assay. In agreement with our results, it
has been shown previously that MK-0677 is a bioavailable compound that activates growth
hormone secretion in vitro, and has increased potency and efficacy compared with ghrelin in
[35S]GTPyS scintillation proximity assay (Bennett et al., 2009). In the case of L692,585, it has
also been reported that this ligand presents higher efficacy and potency than ghrelin in the
[35S]GTPyS scintillation proximity assay (Bennett et al., 2009), however in our results we
observed an increased potency but not a higher efficacy. Interestingly, these two agonists dock
to the GHS-R1a receptor in the same site that ghrelin (Holst et al., 2009), beings orthosteric
agonists, for that reason they present similar signalling pathway characteristics than ghrelin
agonist. In addition, we tested the ability of pyridone, a novel non-peptide GHS-R1a receptor
agonist (Pastor-Cavada et al., 2016) to activate the B-Arrestin recruitment. This compound was
unable to activate this signalling pathway, suggesting that pyridone has a GHS-R1a-G-protein

dependent pathway bias.

In summary, we have demonstrated that ligands reported as GHS-R1a receptor antagonist
display functional selectivity and biased signalling properties and also modulate GHS-R1a
receptor constitutive activity. These data thus challenge the conventional characterization of
GHS-R1a receptor ligands into agonist, antagonist or inverse agonist. Further studies of GHS-
R1a receptor are required to examine the role of the functional selectivity in mediating the
effects of GHS-R1a receptor ligands in vivo. It is possible that the therapeutic effects of a
particular selective GHS-R1a receptor antagonist is mediated via specific GHS-R1a-coupled
second messenger signalling pathway, and its side effects via another. Specific molecular
signalling pathways of this complex receptor may translate in the very divergent functionalities

and behaviours in vivo. The findings in this study provide novel implications for designing



future drugs targeting the GHS-R1a receptor with higher selectivity and therefore, limited side

effects.



Figure Legends

Figure 1. The Ghrelin signalling pathway. Ghrelin signalling begins with the interaction
between ghrelin ligand and the GHS-R1a (growth hormone secretagogue type 1a) receptor,
which exerts it effects via Gaq-, Gai/o- or B-Arrestin- dependent mechanism. The Gogq
activation leads to activation of phospholipase C (PLC), which leads to increase of intracellular
Ca*? levels. Ca?* then activates several proteins including protein kinase C beta (PKCR),
calcium calmodulin dependent protein kinase Il (CamKII) and AMP-activated protein kinase
(AMPK). The activation of Gai/o produces the activation of phosphatidylinositol 3 kinase
(P13K), which in turns produces the activation of protein kinase epsilon (PKCe), protein kinase
A (PKA) and serine/threonine-specific protein kinase (AKT). In the B-Arrestin dependent
pathway, the binding of ghrelin ligand to GHS-R1a receptor activates the extracellular signal—
regulated kinase (ERK) and AKT that ultimately leads to receptor internalisation.

Figure 2. Characteristic of GHS-R1a receptor ligands on Gqg- and p-Arrestin- depend
signalling. (A) Concentration-response curves of five GHS-R1a receptor ligands in calcium
mobilisation assay in Hek-GHS-R1a-EGFP cell line shown as % of FBS response (n=3-6, in
duplicate). (B) Effect of GHS-R1a receptor ligands (500 nM, 1 h) on B-Arrestin-1 recruitment.
RLU=Relative Luminescence Units (n=3, in triplicate). (C) Representative images of GHS-
R1a receptor internalisation following of 500 nM ligands incubation for 1 h. Receptor
internalisation is detected by EGFP fusion protein at C-terminus of GHS-R1a receptor using
IN Cell analyser 1000. The cytoplasmic intensity of EGFP was evaluated as receptor
internalisation. (D) Concentration-response curves of five ligands of GHS-R1a receptor
internalisation. Results are normalized to buffer B (n=3-5, in triplicate). (E, F) Representative
blots and analysis of phospho-ERK1 relative to Total ERK1/2 level are shown after 1, 10 and
100 nM of ghrelin treatment for 1 h or 1 uM of Dlys, IMVV2959 or SP-analog treatment for 1
h (n=4) GFP and actin are shown as loading control. Data are the mean + S.E.M * p<0.05, **
p<0.01, ***p<0.001, ANOVA, Dunnett’s post hoc test.

Figure 3. Dlys antagonist characteristics on GHS-R1a receptor-mediated signalling. (A)
GHS-R1a receptor internalisation assay. HEK-GHS-R1a-EGFP cells were pre-treated for 1 h
with 0.01, 0.1 or 1 uM Dlys and then challenged with increasing concentration of ghrelin, MK-
0677 or L692,585 for 1 h. The intracellular intensity of EGFP was measured. Data were
normalized to Buffer B (n=3-4, in triplicate). (B) Representative blots and quantitative analysis
of p-ERKZ1/2 relative to total ERK1/2. HEK-GHS-R1a-EGFP cells were treated with 1 pM
Dlys for 1 h and then treated with 1, 10, 100 nM of ghrelin, MK-0677 or L692,585. Data were
normalized to Buffer B (n=3). (C) Calcium mobilisation assay. HEK-GHS-R1a-EGFP were
treated along with 0.01, 0.1 or 1uM Dlys and then treated with increasing concentration of
ghrelin, MK-0677 or L692,585 (n=4-5, in duplicate). Data showed as % of FBS response. Data
are the mean +S.E.M * p<0.05, ** p<0.01, ANOVA, Dunnett’s post hoc test.

Figure 4. IMV2959 antagonist characteristics on GHS-R1a receptor-mediated signalling.
(A) GHS-R1a receptor internalisation assay. HEK-GHS-R1a-EGFP cells were pre-treated for
1h with 0.01, 0.1 or 1 pM JMV2959 and then challenged with increasing concentration of
ghrelin, MK-0677 or L692,585 for 1 h. The intracellular intensity of EGFP was measured. Data



were normalized to Buffer B (n=3-4, in triplicate). (B) Representative blots and quantitative
analysis of p-ERK1/2 relative to total ERK1/2. HEK-GHS-R1a-EGFP cells were treated with
1 uM JMV2959 for 1h and then treated with 1, 10, 100 nM of ghrelin, MK-0677 or L692,585.
Data were normalized to Buffer B (n=3). (C) Calcium mobilisation assay. HEK-GHS-R1a-
EGFP were treated along with 0.01, 0.1 or 1 pM JMV2959 and then treated with increasing
concentration of ghrelin, MK-0677 or L692,585 (n=4, in duplicate). Data showed as % of FBS
response. Data are the mean £S.E.M * p<0.05, ** p<0.01, ANOVA, Dunnett’s post hoc test.

Figure 5. SP-analog antagonist/inverse agonist characteristics on GHS-R1a receptor-
mediated signalling. (A) GHS-R1a receptor internalisation assay. HEK-GHS-R1a-EGFP cells
were pre-treated for 1h with 0.01, 0.1 or 1 uM SP-analog and then challenged with increasing
concentration of ghrelin, MK-0677 or L692,585 for 1 h. The intracellular intensity of EGFP
was measured. Data were normalized to Buffer B (n=3-4, in triplicate). (B) Representative
blots and quantitative analysis of p-ERK1/2 relative to ERK1/2. HEK-GHS-R1a-EGFP cells
were treated with 1 uM SP-analog for 1 h and then treated with 1, 10, 100 nM of ghrelin, MK-
0677 or L692,585. Data were normalized to Buffer B (n=3). (C) Calcium mobilisation assay.
HEK-GHS-R1a-EGFP were treated along with 0.01, 0.1 or 1 pM SP-analog and then treated
with increasing concentration of ghrelin, MK-0677 or L692,585 (n=4, in duplicate). Data
showed as % of FBS response. Data are the mean +S.E.M * p<0.05, ** p<0.01, ANOVA,
Dunnett’s post hoc test.
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ctorfuen
Sticky Note
creo que quedaria mejor en verde? sabes como se salvan en verde? me puedo conectar remoto y lo hago??

ctorfuen
Sticky Note
aqui seria mejor poner EGFP perinuclear intensity porque realmente no es todo el citoplasma lo que miramos pero la zona perinuclear que es donde se concentran los receptores internalizados a ese time point
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Table I. Potency and efficacy of Ghrelin, MK067 and L585 in the presence on increasing concentrations
of Dlys, JMV and SP using GHSR-1a-EGFP internalisation assay. Emax is displayed as normalization with
the control (Buffer B). Data are presented as mean S.E.M

Condition pECso Emax
Ghrelin 7.65+0.21 1.37+0.02
+0.01 uM Dlys 7.66£0.22 1.17 £0.02
+ 0.1 uM Dlys 7.57 £0.19 1.17£0.02
+1 uM Dlys 7.53 +0.18 1.21+0.03
+0.01 uM JMV 7.25 +0.30 1.07 £0.02 *
+0.1 uM JMV 7.29+0.22 1.13+0.03
+1uM M JIMV 7.35+£0.25 1.23+0.04
+0.01 uM SP 7.45+£0.39 1.27 £ 0.05
+0.1 uM SP 7.57 £0.32 1.40 £ 0.07
+1 uM SP 7.02 £0.09 1.80 £ 0.05 *
MKO067 8.63+0.16 1.39+0.02
+0.01 uM Dlys 8.59+0.24 1.42 £0.03
+0.1 uM Dlys 8.53+0.21 1.45 +0.03
+ 1 uM Dlys 8.60+0.14 1.43 £0.02
+0.01 uM JMV 8.51+0.19 1.41+0.02
+0.1 uM JMV 8.55+0.20 1.39+0.02
+1uM M JMV 8.07 £ 0.09 Hokk 1.38 £0.02
+0.01 uM SP 8.78 £0.27 1.23 £0.02
+0.1 uM SP 8.35+0.15 1.46 £ 0.03
+1 uM SP 7.45 £0.07 *kk 1.86 £ 0.04 *
L585 7.66 £0.13 1.45+0.02
+0.01 uM Dlys 7.21+£0.09 1.50+0.04
+ 0.1 uM Dlys 7.42 £0.10 1.49+£0.03
+1 UM Dlys 7.21+0.09 1.47 +0.04
+0.01 uM JMV 7.66 £0.29 1.31+0.04
+0.1 uM JMV 7.59+£0.27 1.31+£0.04
+1uM M JMV 6.37 £0.50 * 1.18+0.14 *k
+0.01 pM SP 7.81+0.23 1.30+£0.03
+0.1 uM SP 7.35+£0.26 1.35+0.05
+1 uM SP 5.48 £ 0.82 * 1.31+£0.03

*p< 0.05, **p<0.01, ***p<0.001

one-way ANOVA with Dunnett's post hoc test



Table Il. Potency and efficacy of Ghrelin, MK067 and L585 in the presence on increasing concentrations
of Dlys, JMV and SP using Calcium mobilisation assay. Emax is displayed as normalization with
the control (Buffer B). Data are presented as mean S.E.M

Condition PECso Enmax
Ghrelin 7.56 £0.07 156.5+3.7
+0.01 uM Dlys 7.45 +£0.08 151.8 £ 5.53
+ 0.1 uM Dlys 7.33+£0.10 168.2 +7.29
+1 pM Dlys 7.47 +0.09 174.3 +5.53
+0.01 uM JMV 7.40+0.20 136.5+10.2
+0.1 uM JIMV 7.06 £ 0.16 131.7 £+ 8.45
+1 uM JMV 6.82+0.11 *k 123.5+6.30
+0.01 uM SP 7.75+£0.19 117.7+£7.61
+0.1 uM SP 7.76 £0.14 165.0+7.39
+1 uM SP 7.29£0.15 227.6+11.9 *x
MKO067 8.61+£0.09 120.9+2.46
+0.01 uM Dlys 8.63+0.14 123.6 +2.89
+ 0.1 uM Dlys 8.19+0.16 127.1 £ 3.66
+ 1 uM Dlys 8.70+0.15 130.0 £ 2.88
+0.01 uM JMV 8.88+0.16 112.0+£3.35
+0.1 uM JIMV 8.40+£0.12 85.17+£2.51
+1uMJMV 8.20+£0.09 * 56.5+1.84 *k
+0.01 uM SP 8.97+0.22 103.2 £+ 3.85
+0.1 uM SP 8.58 £ 0.10 156.8 + 3.48
+1 uM SP 8.68 £0.31 177.6 £9.24 *
L585 7.93 £0.06 1299+2.64
+0.01 uM Dlys 8.00 £ 0.08 117.5+£2.80
+ 0.1 uM Dlys 7.64 £0.07 117.3+2.44
+ 1 uM Dlys 7.99 £0.09 117.5+2.80
+0.01 puM JIMV 7.81+£0.09 101.0+£3.14
+0.1 uM JMV 7.19+£0.11 * 77.51+£3.81 *x
+1 uM JMV 6.64 £0.12 * 71.55+4.90 *kE
+0.01 uM SP 7.90+0.16 116.7 £5.40
+0.1 uM SP 7.99+0.17 203.5+10.11
+1 uM SP 7.61+0.12 311.0+13.47 *rk

*p< 0.05, **p<0.01, ***p<0.001

one way ANOVA with Dunnett's post hoc test
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