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BACKGROUND AND PURPOSE

Heteromerization of GPCRs is key to the integration of extracellular signals and the subsequent cell response via several
mechanisms including heteromer-selective ligand binding, trafficking and/or downstream signalling. As the
lysophosphatidylinositol GPCR 55 (GPR55) has been shown to affect the function of the cannabinoid receptor subtype 2 (CB,
receptor) in human neutrophils, we investigated the possible heteromerization of CB, receptors with GPR55.

EXPERIMENTAL APPROACH

The direct interaction of human GPR55 and CB; receptors heterologously expressed in HEK293 cells was assessed by
co-immunoprecipitation and bioluminescence resonance energy transfer assays. The effect of cross-talk on signalling was
investigated at downstream levels by label-free real-time methods (Epic dynamic mass redistribution and CellKey impedance
assays), ERK1/2-MAPK activation and gene reporter assays.

KEY RESULTS

GPR55 and CB; receptors co-localized on the surface of HEK293 cells, co-precipitated in membrane extracts and formed
heteromers in living HEK293 cells. Whereas heteromerization led to a reduction in GPR55-mediated activation of transcription
factors (nuclear factor of activated T-cells, NF-xB and cAMP response element), ERK1/2-MAPK activation was potentiated in
the presence of CB, receptors. CB, receptor-mediated signalling was also affected by co-expression with GPR55. Label-free
assays confirmed cross-talk between the two receptors.
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CONCLUSIONS AND IMPLICATIONS

Heteromers, unique signalling units, form in HEK293 cells expressing GPR55 and CB; receptors. The signalling by agonists of
either receptor was governed (i) by the presence or absence of the partner receptors (with the consequent formation of

heteromers) and (ii) by the activation state of the partner receptor.

Abbreviations

A-836339, [2,2,3,3-tetramethyl-cyclopropanecarboxylic acid [3-(2-methoxy-ethyl)-4,5-dimethyl-3H-thiazol-(2Z)-ylidene]-
amide]; AM 251, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide; AM
630, 6-iodo-2-methyl-1-[2-(4-morpholinyl-)ethyl]-1H-indol-3-yl](4-methoxyphenyl)methanone; CB, receptor,
cannabinoid receptor 2; CP 55,940, ((-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)
cyclohexanol); CRE, cAMP response element; DMR, dynamic mass redistribution; GPR55, GPCR 55; LPI, L-o-
lysophosphatidylinositol; NFAT, nuclear factor of activated T-cells; RLU, relative light unit; Rluc, Renilla luciferase;
SR144528, 5-(4-chloro-3-methylphenyl)-1-[(4-methylphenyl)methyl]-N-[(1S,2S,4R)-1,3,3-trimethylbicyclo[2.2.1]hept-
2-yl]-1H-pyrazole-3-carboxamide; SRE, serum response element; WIN 55, 212-2 (R)-(+)-[2,3-dihydro-5-methyl-3-
(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone
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This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b).

Introduction

The cell environment is sensed by seven-transmembrane-
domain GPCRs, which are one of the most populated families
in the human proteome (Lander etal.,, 2001) and play a
crucial role in development, neurotransmission, hormone
function and cell proliferation and migration. Thus, due to
their versatile roles in health and disease, GPCRs are impor-
tant drug targets in pharmacotherapy (Fredriksson et al.,
2003). Cannabinoid receptors are members of the class A
GPCR subfamily and mediate many physiological effects
exerted by endogenous cannabinoids, such as anandamide
and 2-arachidonoyl-glycerol (2-AG; Pacher and Kunos, 2013).
Cannabinoid receptor 1 (CB, receptor), the GPCR most abun-
dantly expressed in brain, is activated by 2-AG (Sugiura et al.,
1999), with higher affinity by anandamide (Pacher et al.,
2006) and also by the main psychoactive constituent of Can-
nabis sativa, A°-tetrahydrocannabinol (Matsuda et al., 1990).
The CB, receptor is also activated by endocannabinoids and
modulates the function of immune cells (Basu et al., 2013;
Ramirez et al., 2013). Both receptors are reported to couple to
G; heterotrimeric G-proteins and to inhibit cAMP production
(Howlett, 2005; Pertwee et al., 2010).
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Less than a decade ago, GPCR deorphanization studies led
to the discovery of GPCR 55 (GPRSS), a putative cannabinoid
receptor that binds to some of the inverse agonists of CB;
receptors, such as SR141716A (rimonabant) and AM 251
(Petitet et al., 2006; Hiley and Kaup, 2007; Johns et al., 2007;
Pertwee, 2007; Ryberg et al., 2007; Lauckner etal., 2008;
Brown and Robin Hiley, 2009; Henstridge etal., 2009).
However, it was reported that L-a-lysophosphatidylinositol
(LPI) is the endogenous agonist of GPRSS5 (Oka et al., 2007).
Upon activation, GPRSS induces intracellular calcium release
via a Gos/RhoA-mediated pathway (Oka et al., 2009; Balenga
et al., 2011a), promotes proliferation via ERK1/2-MAPK acti-
vation (Henstridge etal., 2010; Andradas etal., 2011;
Perez-Gomez etal., 2013) and regulates cytoskeletal rear-
rangement and migration (Balenga et al., 2011a; Obara et al.,
2011).

The signalling pathways and subsequent physiological
actions of endocannabinoids are further diversified by the
occurrence of dimers and oligomers of cannabinoid receptors
with other GPCRs. Interestingly, the CB; receptor forms
homomers (Wager-Miller et al., 2002) and also heteromers
with CB, receptors (Callen et al., 2012) or GPRSS (Kargl et al.,
2012). We have previously reported a functional cross-talk
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between GPRS5 and CB, receptors in human blood neutro-
phils and HL60 cells (Balenga et al., 2011a). Therefore, the aim
of the current study was to investigate the possible occurrence
of heteromers between GPRS5 and CB, receptors. By means of
molecular, biochemical and label-free approaches, early and
late signalling events were compared in cells expressing CB,
receptors, GPRSS or both receptors. Our results suggest that
GPRSS5 and CB, receptors indeed interact, and that the acti-
vation of ERK1/2 and transcription factors [nuclear factor of
activated T-cells (NFAT), NF-xB, cCAMP response element (CRE)
and serum response element (SRE)] is differentially modulated
in cells co-expressing the two receptors.

Methods

N-terminal tagging of HA and FLAG epitopes
to receptors

The receptors were tagged with either a triple haemagglutinin
epitope (HA; 3xHA-GPRSS; Henstridge et al., 2009) or a FLAG
epitope (FLAG-CB,R) at the N terminus and were sub-cloned
into a pcDNA 3.1 vector (Martini et al., 2007). All constructs
were verified by DNA sequencing.

Cells

Cells were grown in DMEM (Invitrogen) supplemented with
10% FBS at 37°C in a humidified atmosphere of 5% CO,. For
all functional assays, cells were starved in serum-free Opti-
MEM (Invitrogen) overnight, unless mentioned otherwise.

Generation of stable cell lines

AD-293 (HEK293) cells were engineered to stably express
3xHA-GPRSS [HEK-GPRSS; kindly provided by Andrew Irving
from the University of Dundee (Scotland)] or FLAG-CB,
receptors (HEK-CB, receptor). The HEK-GPRSS cells were
transfected with FLAG-CB, receptors and clones stably
expressing GPR55 and CB, receptors (HEK-CB,R/GPRSS5) were
evaluated. Selection for expression of receptors was as
follows: 0.3 mg-mL™ G418 for GPR55 and 0.2 mg-mL™ zeocin
for CB, receptors. Cell nomenclature was based on BJP’s
‘Concise Guide to Pharmacology’ (Alexander et al., 2013).

Transient transfection
HEK-GPRSS cells were transfected with pcDNA3.1 plasmid
(empty or with the coding sequences for FLAG-hCB,R or
-hCCRS) using Lipofectamine 2000 (Invitrogen) and were
used 48 h post-transfection.

Immunocytochemistry

HEK293 cells were grown to 50% confluence on poly-D-lysin
coated glass coverslips and starved in OptiMEM overnight.
Antibody feeding experiments were performed as described
previously (Kargl et al., 2012). In short, living cells were fed
with anti-HA.11 (1:1000, Covance) and anti-FLAG M1
(1:1000, Sigma) antibodies for 30 min at 37°C and stimulated
with LPI or vehicle for 45 min at 37°C. Subsequently, cells
were fixed in 3.7% paraformaldehyde, permeabilized in
blocking buffer (50 mM Tris-HCl, pH 7.5, 1 mM CacCl,, 0.3%
Triton X-100 and 3% milk) and incubated with Alexa Fluor
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488-conjugated IgG2b against the FLAG tag (1:1000, Invitro-
gen) and Alexa Fluor 594-conjugated IgG1 against the HA tag
(1:1000, Invitrogen) for 20 min. Cells were finally mounted
in DAPI-containing Vectashield mounting medium (Vector
Laboratories Inc., Peterborough, UK). The immunolabelled
receptors were imaged on a laser scanning confocal micro-
scope (Zeiss LMS 510 META; Zeiss, Jena, Germany) with Plan-
Neofluar (40x/1.3 Oil DIC) objective.

Flow cytometry

HEK293, HEK-GPRSS, HEK-CB, receptor and HEK-CB,R/
GPRSS cells were grown in six-well plates (40 000 cells per
well) and starved in serum-free Opti-MEM overnight. Cells
were transferred to FACS tubes, incubated for 30 min with 1%
BSA and stained with anti-FLAG antibody (M1; 1:1000) for
CB, receptors or anti-HA antibody (HA-11; 1:1000) for GPR5S
labelling (60 min, at 4°C). Cells were washed twice and sec-
ondary antibodies (Alexa Fluor-488 anti-mouse 1gG2b for CB,
receptors or Alexa Fluor-488 anti-mouse IgG1 for GPRSS)
were added for 45 min at 4°C. Finally, cells were washed
twice, fixed and analysed in a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA, USA).

Co-immunoprecipitation (Co-IP) assay

HEK293, HEK-CB, receptor, HEK-GPR55 and HEK-CB,R/
GPRSS cells were grown in 10 cm dishes and starved in
serum-free Opti-MEM overnight. Cells were washed twice
with PBS and lysed in IPB buffer (10 mM Tris-HCl pH 7.4,
150 mM NaCl, 25 mM KCI, 1 mM CacCl,, 0.1% Triton X-100,
pH 7.4) supplemented with a complete cocktail of protease
inhibitors (Roche). Lysates were centrifuged and supernatants
were incubated with 20 uL anti-FLAG M2 monoclonal anti-
body affinity matrix for 1 h; 30 uL of lysate was kept for
FLAG, HA and B-actin control blots. Samples were washed,
deglycosylated with PNGase for 1 h at 37°C and boiled with
reducing sample buffer for 5 min. Precipitates and control
lysates were resolved on a 4-20% Tris-Glycine gradient gel
and then transferred to a PVDF membrane. Membranes were
immunoblotted with anti-HA for GPR55 (HA-11, 1:1000),
anti-FLAG for CB, receptors (M2, 1:500, Sigma) or anti-B-actin
(1:1000) for 2 h. All blots were incubated for 2 h with an
HRP-conjugated anti-mouse antibody (1:4000). Films were
developed using the ECL Western blotting substrate.

BRET

Fusion proteins and expression vectors. The human cDNA for
GPRSS, CB; and dopamine D, receptors cloned in pcDNA3.1
were amplified without their stop codons using sense and
antisense primers harbouring either unique EcoRI and
BamH1 sites (CB, receptor, GPR5S5) or Xhol and EcoR1 (D,
receptor). The fragments were then subcloned to be in-frame
at the C-terminal end with Renilla luciferase (Rluc) into the
EcoRI and BamH1 (GPR55) restriction site of an Rluc-
expressing vector (pRluc-N1, PerkinElmer, Wellesley, MA,
USA), or into the BamH1 and EcoRI (CB, receptor) or Xhol
and EcoR1 (D, receptor) restriction site of an EYFP express-
ing vector (EYFP-N1; enhanced yellow variant of GFP; Clon-
tech, Heidelberg, Germany; GPR55-Rluc, CB, receptor-YFP or
D,, receptor-YFP). Expression of constructs was tested by
confocal microscopy using a polyclonal anti-GPR55 antibody
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(1:100; 10224 Cayman Chemical) detected with an Alexa
Fluor 546-conjugated goat anti-rabbit IgG antibody (1:600;
Molecular Probes, Invitrogen) along with TO-PRO®-3 (1:400,
T3605, Molecular Probes, Invitrogen) for nuclear staining.
Cells were mounted in aqueous mounting medium and
inspected under LSM 510 META (Zeiss) inverted confocal
microscope equipped with a 40xP-Neofluar (NA 1.3). CB,
receptor-YFP was visualized directly following excitation with
the argon laser at 488 nm. Images were acquired using the
Zeiss software (Aim4). Receptor functionality was tested by
performing ERK1/2 activation assays.

BRET assays. HEK293 cells growing in six-well plates or
60-mm-diameter dishes were transiently transfected with
fusion protein cDNA and ramified PEI (PolyEthylenImine,
Sigma, St. Louis, MO, USA). Cells were incubated with the
corresponding cDNA together with ramified PEI (5 mL of
10 uM PEI for each pg cDNA) and 150 mM NaCl in a serum-
free medium. After 4 h, the medium was changed to a fresh
complete culture medium. For BRET assays, 48 h after trans-
fection cells were washed twice in quick succession in HBSS
(137 mM NaCl; 5mM KCI; 0.34 mM Na,HPO,x12H,0;
0.44 mM  KH,PO,;; 1.26 mM  CaClx2H,O; 0.4 mM
MgSO,4x7H,0; 0.5 mM MgCl,; and 10 mM HEPES pH 7.4)
supplemented with 0.1% glucose (w v'), detached by gently
pipetting and resuspended in the same buffer. To control the
cell number, sample protein concentration was determined
using a Bradford assay kit (Bio-Rad, Munich, Germany) using
BSA dilutions as standards. To quantify receptor-fluorescence
expression, cells (20 pg protein) were distributed in 96-well
microplates (black plates with a transparent bottom; Porvair,
Leatherhead, UK) and fluorescence was read using a Mithras
LB 940 (Berthold, Bad Wildbad, Germany) equipped with a
high-energy xenon flash lamp, using an excitation filter of
485 nm. Receptor-fluorescence expression was determined as
fluorescence of the sample minus the fluorescence of cells
expressing protein-Rluc alone. For BRET measurements, the
equivalent of 20 ug of cell suspension was distributed in
96-well microplates (white plates; Porvair) and 5 uM coelent-
erazine H (PJK GMBH, Kleinblittersdorf, Germany) was added.
After 1 min of adding coelenterazine H, readings were col-
lected using a Mithras LB 940 (Berthold, Bad Wildbad,
Germany) that allows the integration of the signals detected
in the short-wavelength filter at 485 nm (440-500 nm) and
the long-wavelength filter at 530 nm (510-590 nm). To quan-
tify receptor-Rluc expression, luminescence readings were
performed after 10 min of adding 5 uM coelenterazine H.
Cells expressing BRET donors alone were used to determine
background. The net BRET is defined as [(long-wavelength
emission)/(short-wavelength emission)]-Cf where Cf corre-
sponds to [(long-wavelength emission)/(short-wavelength
emission)] for the Rluc construct expressed alone in the same
experiment. BRET curves were fitted by using a non-linear
regression equation, assuming a single phase with GraphPad
Prism software (San Diego, CA, USA). BRET values are given as
milli BRET units (mBU: 1000 X net BRET).

Gene I’€p01’l’€f assays
HEK293, HEK-CB, receptor, HEK-GPR55 and HEK-CB,R/
GPRSS cells were seeded (20 000 cells-per well) in 96-well
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plates and were transiently transfected with pNFAT-, NF-kB-,
PCRE- or pSRE-Luc reporter plasmids (PathDetect; Stratagene,
Santa Clara, CA, USA) using Lipofectamine 2000 as described
by the manufacturer (Invitrogen). Twenty four hours later,
cells were incubated with ligands for 6 h in serum-free Opti-
MEM medium at 37°C. For gene-dose experiments, HEK-
GPRSS cells were transiently transfected with a combination
of reporter plasmids with pcDNA, pcDNA-CB,R or pcDNA-
CCRS and incubation with ligands was performed 48 h post-
transfection. In some experiments, cells were pre-incubated
with PTX (100 ng-mL™) overnight and then stimulated with
ligands in the presence of PTX (25 ng-mL™) for 6 h. Luciferase
activity was visualized by using the steadylite plus Kit (Perki-
nElmer, Waltham, MA, USA) as described previously
(Henstridge et al., 2009). Luminescence was measured in a
TopCounter (Top Count NXT; Packard) for 5 s. Luminescence
values are given as relative light units.

Transcription factor translocation

Cells were seeded on glass coverslips in six-well plates. Cells
were subsequently transfected with 3 pg of GFP-NFAT4 or
EGFP-p65 (NF-xB) plasmid vectors with Lipofectamine 2000
and then deprived of serum overnight in serum-free Opti-
MEM. After that, cells were treated with 5 uM LPI in serum-
free Opti-MEM for 30 min and then fixed with 3.7%
paraformaldehyde. Coverslips were mounted onto a slide
with Vectashield Mounting Medium with DAPI (Vector Labo-
ratories Inc.) and images of translocation of GFP-tagged pro-
teins were taken using an Olympus fluorescence microscope
(Olympus, Vienna, Austria) equipped with a Hamamatsu
ORCA CCD camera (Hamamatsu, Herrsching am Ammersee,
Germany).

ERK immunoblotting

Six-well plates of confluent HEK293, HEK-CB, receptor, HEK-
GPRS5S and HEK-CB,R/GPRSS cells were incubated overnight
with serum-free Opti-MEM media and then treated with and
without the indicated ligands for the indicated time (see
corresponding figure legends) at 37°C. Cells were rinsed with
ice-cold PBS and lysed by the addition of 100 pL of ice-cold
lysis buffer (50 mM Tris-HCI pH 7.4; 50 mM NaF; 150 mM
NaCl; 45 mM B-glycerophosphate; 1% Triton X-100; 0.4 mM
Na;VO,; and protease inhibitor mixture). The cellular debris
was removed by centrifugation at 13 000x g for 5 min at 4°C,
and protein was quantified by the bicinchoninic acid method
using BSA dilutions as standard. To determine the level of
ERK1/2 phosphorylation, equivalent amounts of protein
(15 pg) were mixed with 6x Laemmli sample buffer, separated
by electrophoresis on a denaturing 10% SDS-polyacrylamide
gel and transferred onto nitrocellulose membranes
(BioTrace™ NT Nitrocellulose Transfer Membrane, 66485;
PALL, Port Washington, NY, USA). After that, Odyssey block-
ing buffer (LI-COR Biosciences, Lincoln, NE, USA) was added,
and the membranes were rocked for 60 min. Membranes were
then probed with a mixture of a mouse anti-phospho-ERK1/2
antibody (1:1000 dilution; M8159; Sigma Chemical Co) and
rabbit anti-ERK1/2 antibody that recognizes both phosphor-
ylated and non-phosphorylated ERK1/2 (1:20 000; M5670;
Sigma Chemical Co) in blocking buffer for 2-3 h at room
temperature. After being washed three times with TBS/



Tween20, membranes were incubated with a mixture of
IRDye®CW 800 (anti-mouse) antibody (1:15 000; 926-32210
LI-COR Biosciences, Lincoln, Nebraska, USA) and IRDye
680RD (anti-rabbit) antibody (1:15 000; 926-68071; LI-COR
Biosciences) for 1 h at room temperature. Bands were visual-
ized by the Odyssey® Fc Imaging System (LI-COR Biosciences)
and their densities quantified using the Image Studio soft-
ware 1.1 (LI-COR Biosciences). The level of phosphorylated
ERK1/2 isoforms was normalized for differences in loading
using the total ERK1/2 protein band intensities.

Label-free dynamic mass redistribution

(DMR) assay

DMR assays were performed as previously described
(Henstridge et al., 2010; Schroder et al., 2010; Balenga et al.,
2011a). Briefly, 48 h before the assay, cells were seeded at a
density of 7500 cells per well in 384-well Epic® (Corning®, NY,
USA) sensor microplates with 30 uL growth medium (DMEM,
10% FCS) and cultured for 24 h (37°C, 5% CO,). Cells were
deprived of serum for 24 h in 30 uL HBSS with 20 mM HEPES
(pH 7.15). Before the assay, cells were washed once with assay
buffer [HBSS with 20 mM HEPES and 0.1% BSA-faf (pH 7.15)].
Thereafter, the sensor plate was scanned by the Epic reader
(Corning) at 28°C and a baseline optical signature was
recorded. Then 10 uL of LPI, dissolved in the assay buffer, was
added to the cells and DMR responses were monitored for
3600s. Data were normalized and expressed as % of
maximum activation induced by LPI. For analysis of DMR
data, the AUC values of DMR signals between the 0 and
3600 s time points with mean and SEM were used to calculate
agonist activity. AUC values were transformed into relative
AUC units to give equivalent baseline optical recordings for
all dose-response curves from any given assay plate. Data
were then normalized and expressed as % of maximum
(100%) activation induced by a saturating concentration of
LPI. Data were additionally analysed by determining the
slopes of tangents to the origin of the real-time traces to
capture the steepness of the initial ascending parts.

Label-free impedance assay

CellKey® (Molecular Devices, Madrid, Spain) system provides
a universal, label-free, cell-based assay platform that uses
cellular dielectric spectroscopy to measure endogenous and
transfected receptor activation in real time in live cells (Scott
and Peters, 2010). Changes in the complex impedance (AZ or
dZ) of a cell monolayer in response to receptor stimulation
are measured. Impedance (Z) is defined by the ratio of
voltage/current as described by Ohm’s law (Z = V/I). Cells
stably expressing GPRSS5, CB, receptors or both receptors were
grown to confluence in a CellKey Standard 96-well micro-
plate that contains electrodes at the bottom of each well. In
these cells, medium was replaced 24 h later by HBSS buffer
(Invitrogen) supplemented with 20 mM HEPES and 0.1% BSA
for 30 min before running the cell equilibration protocol. A
baseline was recorded for 5 min, and then cells were treated
with different reagents, and data were acquired for the fol-
lowing 15 min. To calculate the impedance, small voltages at
24 different measurement frequencies were applied to cells.
At low frequencies, extracellular currents that pass
around individual cells in the layer were induced. At high

Heteromerization of GPR55 and CB, receptors

frequencies, transcellular currents that penetrate the cellular
membrane were induced, and the ratio of the applied voltage
and the measured current were computed for each well as the
impedance. The output data refer to the maximum change in
extracellular currents in response to the added drug.

cAMP accumulation assay

cAMP accumulation in HEK293 cells stably expressing GPRS55
was performed using the HTRF-cAMP dynamic kit (CisBio,
Codolet, France) according to manufacturer’s instructions.
Briefly, cells were treated with the indicated ligands for
10 min, incubated in lysis buffer (20 mM Tris, 1% Triton
X-100, pH 7.5) for 30 min and dispensed in white 384-well
microplates at a density of 30 000 cells per well. The cellular
lysates were incubated for 60 min at room temperature con-
taining HTRF assay reagents, and time-resolved Forster’s reso-
nance energy transfer signals were measured after excitation
at 320 nm using the Envision 2104 Multilabel Reader (Perki-
nElmer). Data analysis was made based on the fluorescence
ratio emitted by the labelled cAMP probe (665 nm) over the
light emitted by the europium cryptate-labelled anti-cAMP
antibody (620 nm). A standard curve was used to calculate
CcAMP concentration.

Statistical analysis

Data are presented as mean + SEM where applicable and were
analysed by one- or two-way ANova or Student’s t-test using
GraphPad Prism software. We considered a P value < 0.05
statistically significant.

Reagents

G418, Zeocin, DMEM, PBS and HBSS were purchased
from Invitrogen (Carlsbad, CA, USA). NFAT cytoplasmic
calcineurin-dependent 3 (GFP-NFATc3) plasmid was kindly
supplied by Dr. Masamitsu lino (Tokyo University, Tokyo,
Japan; Henstridge etal.,, 2009). EGFP-tagged NFxB p65
plasmid was provided by Dr. Wolfgang Graier (Medical Uni-
versity of Graz, Austria; Waldeck-Weiermair et al., 2008).
A-836339 ([2,2,3,3-tetramethyl-cyclopropanecarboxylic acid
[3-(2-methoxy-ethyl)-4,5-dimethyl-3H-thiazol-(2Z)-ylidene]-
amide]), AM 630 (6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]
-1H-indol-3-yl](4-methoxyphenyl)methanone), AM 251
(N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-1H-pyrazole-3-carboxamide), CP 55,940 ((-)-cis-3-[2-
hydroxy-4-(1,1-dimethylheptyl)phenyl]- trans-4- (3 -hydro-
xypropyl)cyclohexanol) and WIN 55,212-2 mesylate ((R)-(+)
-[2,3-dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo
[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone
mesylate) were purchased from Tocris Bioscience (Bristol,
UK) and SR144528 (5-(4-chloro-3-methylphenyl)-1-[(4-
methylphenyl)methyl]-N-[(1S,2S,4R)-1,3,3-trimethylbicyclo
[2.2.1]hept-2-yl]-1H-pyrazole-3-carboxamide) was purchased
from Cayman Chemical (Ann Arbor, M1, USA). Anti-FLAG M1,
anti-FLAG M2 monoclonal antibody affinity matrix, Pertussis
toxin (PTX), fatty acid-free BSA (BSAfaf), LPI, IBMX
(3-isobutyl-1-methylxanthine), poly-D-lysine and cholera
toxin were purchased from Sigma (Munich, Germany). HA-11
antibody was from Covance (Vienna, VA, USA).
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Results

GPRSS5 and CB; receptors co-localize on the
cell surface

To investigate a possible physical interaction and consequent
modulation of signalling cascades by co-expression of CB,
receptors and GPRSS, transient transfection of HEK293 cells
as well as stable expression of receptors were performed. The
two GPCRs were expressed mainly on the cell surface of
HEK-GPRS5S and HEK-CB, receptor cells, as well as in HEK-
CB,R/GPRSS cells and displayed profound co-localization
(Figure 1A). Moreover, quantitative measurement by flow
cytometry revealed that surface expression was not signifi-
cantly affected by the presence of the second receptor
(Figure 1B).

GPRSS5 forms a heteromer with CB; receptors

It is well accepted now that the heteromerization of GPCRs
can result in both novel ligand binding properties and/or
heteromer-specific signalling patterns (Waldhoer et al., 2005;
Rivero-Muller et al., 2010; Renner et al., 2012; Sedej et al.,
2012). The possible heteromerization of CB, receptors and
GPRSS was explored by two complementary approaches. We
conducted a Co-IP assay in whole-cell lysate preparations of
HEK293 cells expressing GPRS55 and CB, receptors alone
(HEK-GPRSS and HEK-CB, receptors, respectively) or in com-
bination (HEK-CB,R/GPRSS). By using the anti-FLAG anti-
body we precipitated the CB, receptor and immunoblotted
for the presence of HA-tagged GPRSS5 in the precipitate. We
found that the two GPCRs in fact co-precipitated in lysates
from HEK-CB,R/GPRSS cells (Figure 1C and D). In addition, a
direct interaction between GPRSS5 and CB, receptors was
assessed by a BRET biophysical approach. BRET studies in

HEK293 cells transfected with GPR55-Rluc and CB, receptor-
YFP indicated a strong energy transfer, that is, close proximity
of the donor and acceptor placed in the C-terminus of the
two fusion proteins (Figure 1E). The analysis of the expres-
sion constructs by confocal microscopy showed that the two
receptors, fused to Rluc or YFP, were expressed mainly on the
cell surface of transiently transfected (HEK-GPRS55-Rluc, HEK-
CB;R-YFP and HEK-CB,R-YFP/GPR55-Rluc) cells. As in cells
stably expressing CB, receptors and GPRSS5 (Figure 1A),
co-localization of the two proteins were observed in
transiently transfected HEK-CB,R-YFP/GPRS5-Rluc cells
(Figure 1F). Transient transfection led to functional CB,
receptor-YFP (Callen et al., 2012) and GPRS5-Rluc (Support-
ing Information Fig. S1) proteins as determined by ERK1/2
activation analysis. Saturation of the BRET signal -when the
amount of the acceptor (CB,R-YFP) was increased — indicated
that the interaction between CB, receptors and GPRSS to
form CB, receptor/GPRSS heteromers was specific. Fitting the
data using a non-linear regression equation allowed calcula-
tion of the BRET parameters: BRET,.x = 80 £ 10 mBU; BRETs,
=40+ 10 mBU. The linear relationship between the BRET and
YFP/Rluc ratios that was obtained by using D.,R-YFP (4.2
isoform of the human dopamine D, receptor) as a negative
control, also confirmed the specificity of the CB, receptor/
GPRSS interaction in living HEK293 cells (Figure 1E).

LPI-induced co-internalization

Stimulation of HEK-GPRSS cells with LPI led to the internali-
zation of GPRSS (Figure 2), confirming our previous report
(Kargl et al., 2012). The agonist of a receptor in a heteromer
may or may not induce co-internalization of the two recep-
tors (Hillion etal.,, 2002; Kargl etal., 2012). To explore
whether GPRS55 and CB, receptors retain their interaction
upon GPRSS stimulation, we pre-labelled cells with respective

Figure 1

GPR55 and CB; receptors co-localize on the surface of HEK293 cells and form heteromers. (A) HEK293 cells stably expressing HA-tagged GPR55
(HEK-GPR55), FLAG-tagged CB, receptor (HEK-CB,R), both receptors (HEK-CB,R/GPR55) or none (HEK293) were fed with anti-HA and anti-FLAG
antibodies for 30 min, followed by staining with Alexa Fluor 594-conjugated goat anti-mouse IgG1a (red) and Alexa Fluor 488-conjugated goat
anti-mouse IgG2b (green) antibodies and nuclei were counterstained with DAPI. Images were captured and analysed with Zeiss LSM510 META
Axioplan confocal microscope and are representative of 2-3 experiments. Original magnification: 40x. Scale bar: 20 um. (B) Cells were stained
with anti-FLAG and/or anti-HA antibody and appropriate secondary antibodies in FACS tubes, fixed and measured in a FACSCalibur flow cytometer
(Becton Dickinson, CA, USA). Mean fluorescence intensity (MFI) of GPR55 staining in HEK-GPR55 cells and CB, receptors in HEK-CB,R cells were
considered as 100%, respectively, and were used to normalize receptor expression in double-expressing cells. Data are mean + SEM from two
independent experiments performed in duplicate. (C) Lysates from stable cells lines were centrifuged and parts of the supernatants were kept at
—20°C for FLAG, HA and B-actin control blots while the rest of the supernatant was subjected to Co-IP. After SDS-PAGE and transferring to PVDF
membranes HA-GPR55, FLAG-CB,R and B-actin were detected using anti-HA, anti-FLAG or anti-B-actin antibody respectively. Representative blots
from five independent experiments are shown. (D) Analysis of Co-IP results was conducted by densitometry of protein bands in blots using Image).
Data are mean = SEM from four independent experiments. (E) BRET saturation experiments showing CB,R-GPR55 heteromerization were
performed using cells transfected with 0.5 ug of cDNA corresponding to GPR55-Rluc and increasing amounts of cDNA (0-3 pg cDNA)
corresponding to CB,R-YFP. As negative control, cells were also transfected with cDNA corresponding to GPR55-Rluc (0.5 pug) and dopamine
D4.2R-YFP (0 to 4 ug cDNA). Both fluorescence and luminescence for each sample were measured before each experiment to confirm similar donor
expressions (approximately 150 000 bioluminescence units) while monitoring the increase in acceptor expression (100 to 80 000 net fluorescence
units). The relative amount of BRET is given as the ratio between the fluorescence of the acceptor minus the fluorescence detected in cells
expressing only the donor and the luciferase activity of the donor. BRET data are expressed as the mean + SEM of 4-8 different experiments; data
are grouped according to the signal provided by the BRET acceptor. mBU, mili BRET units. (F) HEK293 cells transiently co-transfected with
GPR55-Rluc and CB,R-YFP were fixed and incubated with polyclonal anti-GPR55 antibody followed by staining with Alexa Fluor 546-conjugated
goat anti-rabbit IgG antibody, for GPR55-Rluc receptor visualization (red channel). Cell nuclei were stained with TO-PRO-3 (blue channel). Cells
were inspected under LSM 510 META (Zeiss, Jena, Germany) inverted confocal microscope equipped with a 40xP-Neofluar (NA 1.3). CB,R-YFP
was visualized directly following excitation with the argon laser at 488 nm (green channel). Images were acquired using the Zeiss software (Aim4)
and are representative of 2-3 experiments. Original magnification: 40x. Scale bar: 7 um.
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HA-GPR55 FLAG-CB,R DAPI

Figure 2

LPl-induced co-internalization of CB, receptors and GPR55. HEK293
cell lines were fed with anti-HA and anti-FLAG antibodies for 30 min
followed by stimulation with 2.5 uM LPI for 45 min. Fixed cells were
then stained with Alexa Fluor 594-conjugated goat anti-mouse
IgG1a (red) and Alexa Fluor 488-conjugated goat anti-mouse IgG2b
(green) antibodies and their nuclei were counterstained with DAPI.
Images were captured and analysed with Zeiss LSM510 META Axi-
oplan confocal microscope and are representative of 2-3 experi-
ments. Original magnification: 40x. Scale bar: 20 pm.

Merged

HEK293

HEK-GPR55

HEK-CB,R/GPR55 HEK-CB,R

anti-tag antibodies. Whereas LPI treatment did not modify
the surface localization of CB, receptors in HEK-CB, receptors
cells, it induced co-internalization of receptors in HEK-CB,R/
GPRSS cells (Figure 2). Expression of CB, receptors and
GPRSS in the absence of LPI stimulation was similar to that
displayed in Figure 1. These results suggest a strong interac-
tion of receptors in the heteromer, which results in
co-internalization after activation of GPRSS.

CB, receptor-GPR5S5 cross-talk in transiently
transfected cells

As heteromerization can affect signalling by cross-talk within
the complex, HEK-GPRS55 cells were used to investigate
whether activation of NFAT, a transcription factor down-
stream of GPRSS (Henstridge et al., 2009), is affected by
co-expression of CB, receptors. The results show that activa-
tion of NFAT -induced by 1 uM of the GPRS5S5 agonist LPI- was
reduced in a dose-dependent manner upon transient expres-
sion of CB, receptors (Figure 3A). This reduction was attrib-
utable to the expression of the cannabinoid receptor because
transfection with pcDNA3 or a plasmid encoding the unre-
lated chemokine receptor CCRS did not affect NFAT activa-
tion (Figure 3A). Transcription factors NF-xB and CRE are also
activated by GPRS5-mediated signalling (Henstridge et al.,
2010). Therefore, similar assays were performed using
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reporter systems specific for NF-kB and CRE, and the results
indicate that the effect of 1 uM LPI (Figure 3B and C) in
HEK-GPRSS cells was reduced in a dose-dependent fashion by
the transient co-expression of CB, receptors. These results
suggest a decreased GPR55-mediated activation of the above-
described transcription factors when the two receptors are
co-expressed.

CB; receptor-GPR5S5 cross-talk in stably
transfected cells

Activation of NFAT and NF-kB results in their translocation to
the nucleus, where they regulate the expression of a variety of
genes involved in inflammation, immune response, cell
growth and development (Napetschnig and Wu, 2013; Robbs
et al., 2013; Stefos et al., 2013; Zaslavsky et al., 2013). HEK293
and stable HEK-CB, receptor, HEK-GPRS55 and HEK-CB,R/
GPRSS cells were transiently transfected with either GFP-
tagged NFATc3 or GFP-tagged NF-xB p65 plasmids and the
nuclear translocation in response to vehicle or LPI was inves-
tigated by fluorescence microscopy. Whereas both NFAT and
NF-kB displayed exclusively cytosolic localization in all
vehicle-treated cells, stimulation of GPRS5S in HEK-GPR55
cells led to their nuclear translocation. However, merely cyto-
solic GFP localization was observed in HEK-CB, receptor and
HEK-CB,R/GPRSS cells after LPI stimulation (Figure 3D).

To further investigate the cross-talk between the two
receptors, the effect of LPI was compared in the three stable
cell lines along with parental HEK293 cells by using the
reporter assay for NFAT activity. NFAT activation was signifi-
cantly reduced at several LPI concentrations in HEK-CB,
receptor/GPRSS cells compared with its activation in HEK-
GPRSS cells (Figure 4A); LPI did not induce NFAT activation
in HEK-CB; receptor cells. To test whether the cross-talk on
NFAT activation depends on the type of GPRSS agonist, the
synthetic cannabinoid agonist AM251 which also activates
GPRSS (Henstridge et al., 2009; 2010) was also used. AM 251-
induced NFAT activation was significantly reduced in
HEK-CB,R/GPRSS cells (Supporting Information Fig. S2),
indicating that the cross-talk in this specific downstream
pathway does depend on GPRSS engagement.

We have previously shown that activation of GPRSS in
HEK293 cells leads to cytoskeletal rearrangement (filamen-
tous actin formation; Balenga et al., 2011a). SRE sense F-actin
formation and replenish cytoskeletal protein repertoire via
gene expression regulation (Miralles et al., 2003; Kuwahara
et al., 2005). Given that LPI induces SRE via GPRSS (Kargl
et al., 2012), we tested whether CB, receptor expression regu-
lates this pathway by carrying out a reporter gene assay. Over
a wide range of concentrations, LPI had no effect in HEK293
or HEK-CB, receptor cells, but potently induced SRE in HEK-
GPRSS cells. As expected, this response was significantly
reduced in HEK-CB,R/GPRSS compared with HEK-GPRSS
cells (Figure 4B). Overall, these results in stable transfectants
indicate that LPI has no effect on HEK-CB, receptor cells and
reinforces the idea that co-expression of CB, receptors with
GPRSS selectively attenuates signalling pathways down-
stream of GPRSS.

As it may be involved in SRE induction, ERK1/2 phospho-
rylation (Yang etal., 1999; Buchwalter efal., 2004) in
response to LPI was assessed in these cells. There was a sig-
nificantly higher phosphorylation of ERK1/2 in HEK-CB,R/
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The CB, receptor reduces the GPR55-mediated activation of transcription factors. HEK-GPR55 cells seeded in 96-well plates were transiently
transfected with increasing amounts of pcDNA3, pcDNA-CB,R or pcDNA-CCR5 plasmids along with constant amounts of (A) pNFAT-Luc (B)
pNF-kB-Luc or (C) pCRE-Luc plasmids for 48 h. Cells were then stimulated with 1T uM LPI for 6 h in a serum-free medium. Luciferase activity was
visualized using Steadylite plus kit (PerkinElmer). Luminescence expressed as relative light units (RLU) was measured in a TopCounter (Top Count
NXT; Packard) for 5 s. Data are mean + SEM of a representative experiment out of 2-3 independent experiments performed in quadruplicate. (D)
Cells were transiently transfected with GFP-tagged NFATc3 or EGFP-tagged p65 subunit of NF-kB and after serum starvation cells were stimulated
with either vehicle or 5 uM LPI for 30 min. Translocation of GFP-tagged transcription factors was visualized using an Olympus fluorescence
microscope equipped with a Hamamatsu ORCA CCD camera. Cell nuclei were stained with DAPI (blue). Representative cells of four independent
experiments are shown. Original magnification: 60x. Scale bars: 20 um.

GPRSS5 cells as compared with HEK-GPRSS cells after 10 min
LPI (2.5 uM) treatment (Figure 4C and D). It is also notewor-
thy that in HEK-CB,R/GPRSS cells the LPI-mediated (2.5 uM)
ERK1/2 activation was significantly attenuated in the pres-
ence of SR144528 (250 nM), a specific CB, receptor antago-
nist (Figure 4C and D).

To test whether the signalling pathways originating from
CB; receptors are regulated by heteromer formation, we first
explored the suitability of CRE reporter assay to study CB,

receptor downstream cascades. WIN 55,212-2 (Figure 5A) and
CP 55,940 (Supporting Information Fig. S3) behaved as ago-
nists in HEK-CB, receptor cells and reduced a 5 uM forskolin-
induced CRE activation, proving the functionality of the CB,
receptors in HEK-CB, receptor cells. In addition, WIN
55,212-2 did not attenuate the forskolin-induced CRE in the
absence of CB, receptors in HEK293 and HEK-GPRSS cells
(Figure 5A). The inhibition of forskolin-induced CRE by WIN
55,212-2 was comparable between HEK-CB, receptor and
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Figure 4

Effect of stable expression of CB, receptors on GPR55-mediated activation of transcription factors and ERK1/2-MAP kinase. Stable cell lines seeded
in 96-well plates were transfected with (A) pNFAT-Luc or (B) pSRE-Luc. Twenty four hours post-transfection, cells were stimulated with increasing
concentrations of LPI in serum-free media for 6 h. Luciferase activity was measured as in Figure 3. Data are mean + SEM of a representative
experiment out of 3-5 independent experiments performed in quadruplicate. Statistical analysis was performed to compare SRE responses in
HEK-GPR55 versus HEK-CB,R/GPR55 cells by two-way anova followed by Bonferroni’s post hoc multiple comparison test. *P < 0.05; **P < 0.01;
***P < 0.001. (C) HEK-GPR55 and HEK-CB,R/GPR55 cells were seeded on six-well plates and 24 h post-serum starvation cells were stimulated with
2.5 uM LPI for 10 min or pretreated for 10 min with the CB, receptor antagonist SR144528 (250 nM) before agonist treatment. Total ERK1/2 and
phosphorylated ERK1/2 in cell lysates were analysed by Western blotting. One representative blot from three independent experiments is shown.
(D) Phosphorylated ERK1/2 and ERK1/2 bands in the blots from panel C were analysed by Image Studio software 1.1 (LI-COR Biosciences). Data
were normalized to the basal ratio of pERK1/2 to ERK1/2 in HEK-GPR55 cells and are mean + SEM from three independent experiments. Significant
differences were determined by one-way anova followed by post hoc Tukey'’s t-test (*P < 0.01, ##P < 0.001 compared with control; ***P < 0.001
compared with HEK-CB,R/GPR55 cells treated with LPI) or a Student’s t-test (8%&P < 0.001 HEK-GPR55 cells compared with HEK-CB,R/GPR55).

HEK-CB,R/GPRS55 cells (Figure 5B), indicating that CB, vation in the three stable cell lines (Figure 6A and B). The

receptor-mediated CRE inhibition is not modulated by het-
eromer formation. Moreover, NFAT activation by LPI in HEK-
CB,R/GPRS5 and HEK-GPRSS cells was not significantly
affected by either PTX treatment (Figure 5C) or the CB, recep-
tor inverse agonist AM 630 (Figure 5D), suggesting that CB,
receptors-mediated inhibition of GPRSS5 signalling to NFAT is
Gi-independent and the inverse agonist of CB,R does not
restore the GPRS5-mediated NFAT activation.

In addition to the reporter gene assays, we also analysed
the ERK1/2 phosphorylation in response to CB, receptor acti-

5396 British Journal of Pharmacology (2014) 171 5387-5406

effect of the CB, receptor agonist CP 55,940 on ERK1/2 phos-
phorylation was significantly reduced in HEK-CB,R/GPRS55
cells compared with its activation in HEK-CB, receptor. Simi-
larly, we did not observe any differential effect induced by
SR144528 or AM 630 (CB, receptor antagonists) in HEK-CB,R/
GPRS5S5 cells treated with CP 55,940. These results indicate
that the CB, receptor downstream pathway implicated in
ERK1/2 phosphorylation is modulated by heteromer forma-
tion. Overall these results indicate that heteromer formation
modulates signalling events.
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G; signalling downstream of CB, receptors is not involved in the receptor cross-talk that affects transcription factors. (A) Stable cell lines seeded
in a 96-well plate were transfected with pCRE-Luc. Twenty four hours post-transfection, cells were pre-incubated with 1 mM IBMX for 10 min in
serum-free media. Cells were then treated with increasing concentrations of WIN 55, 212-2 for 30 min followed by stimulation with 5 uM forskolin
for 10 min. Luciferase activity was measured as in Figure 3. (B) CRE activation was measured in HEK-CB, receptor and HEK-CB,R/GPR55 cells in
response to several concentrations of WIN 55, 212-2, as described in panel A. (C) HEK-GPR55 and HEK-CB,R/GPR55 cells seeded in 96-well plates
were transfected with pNFAT-Luc. Twenty four hours post-transfection, cells were pre-incubated with 100 ng-mL™" PTX overnight. Thereafter, cells
were stimulated with increasing concentrations of LPI in serum-free media containing 25 ng-mL™' PTX for 6 h. (D) HEK-GPR55 and HEK-CB,R/
GPR55 cells were seeded as in panel C and were then pre-incubated with either 5 uM AM 630 or the vehicle (DMSO) for 30 min. Cells were then
stimulated with increasing concentrations of LPI as in panel C. Luciferase activity was measured as in Figure 3. Data are mean + SEM from a
representative experiment from three independent experiments performed in quadruplicate.

Label-free approaches to study
HEK-CB,R/GPRS5S5 cell responses

In order to assess the modulation of GPRSS signalling cas-
cades under less manipulated conditions, that is, unlabelled
live cells, we exploited two label-free assays that provide
real-time monitoring of cell mass redistribution or electric
impedance respectively. We have previously proven the suit-
ability of DMR assays for studies with GPRS55 (Henstridge
et al., 2010; Schroder et al., 2010; Balenga et al., 2011a) and
with some other — Gi-coupled — GPCRs (Schroder et al., 2010).
Therefore, we used this methodology first to compare LPI
effects in the absence or presence of CB, receptors. In fact,
DMR responses to a variety of LPI concentrations in HEK-

CB,R/GPRSS cells were significantly smaller in amplitude
and delayed as compared with those in HEK-GPRSS cells
(Figure 7A and B). Impairment of GPRSS signalling in the
presence of CB, receptors is well reflected if the AUC
is utilized to compute concentration-effect relationships
(Figure 7C). An essentially identical conclusion is derived
from data utilizing the slope values of tangents to the origins
of the DMR traces (Supporting Information Fig. S5). While
LPI did not induce DMR responses either in HEK293 or in
HEK-CB, receptor cells, both cell lines were responsive to ATP
used as a positive control (Supporting Information Fig. S4A
and B). Similar to our results in the NFAT reporter assay, the
CB, receptor inverse agonist AM 630 (1 uM) did not restore
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Effect of stable expression of GPR55 on CB, receptor-mediated activation of ERK1/2-MAP kinase. (A) HEK-GPR55, HEK-CB, receptor and
HEK-CB,R/GPRS55 cells were seeded on six-well plates and 24 h post-serum starvation, cells were stimulated with CP 55,940 (100 nM) for 10 min
or pretreated for 10 min with CB, receptor antagonists SR144528 (250 nM) and AM 630 (250 nM) before agonist treatment. Total ERK1/2 and
phosphorylated ERK1/2 in cell lysates were analysed by Western blotting with respective antibodies. One representative blot from three
independent experiments is shown. (B) Phosphorylated ERK1/2 and ERK1/2 bands in the blots from panel A were analysed by using the Image
Studio software 1.1 (LI-COR Biosciences). Data were normalized to the basal ratio of pERK1/2 to ERK1/2 and are mean + SEM from three
independent experiments. Significant differences were analysed by one-way anova followed by post hoc Tukey’s t-test (**P < 0.01, #*#P < 0.001
compared with control; **P < 0.01 compared with cells treated with CP 55,940).

the GPRS5-mediated DMR responses (Figure 7D). The DMR
response was also analysed in all cell lines using the endog-
enous CB,/CB, receptor agonist, 2-AG, and the results show
that co-expression of the two receptors blunts the small
but measurable response seen in HEK-CB, receptor cells
(Figure 8). Taken together, these results indicate that the CB,
receptor- and the GPR55-mediated responses in holistic DMR
recordings are reduced (Figure 7) or even blunted (Figure 8)
by co-expression of the two receptors.

Impedance traces suggest a complex interaction between
GPRS5 and CB; receptors (Figure 9). Treatment of HEK-GPRS5S
cells with LPI (5 uM) led to a very rapid negative response
that was not affected by A-836339, a potent and selective CB,
receptor agonist (Figure 9A). Parental HEK293 cells used as a
control failed to respond to LPI or A-836339, but responded
to LPA, which was used as a positive control for cell response
(Supporting Information Fig. S4C). Also of note was the lack
of significant signal in HEK-CB, receptor cells treated with
the potent and selective CB, receptor agonist, A-836339
(Figure 9C). As a decrease in impedance was reported to be
associated with G, signalling cascade (Peters etal., 2010),
cAMP accumulation assays were performed. While forskolin
led to a marked increase in intracellular cAMP in HEK-GPRSS
cells, LPI failed to significantly increase cAMP levels (Support-
ing Information Fig. S6), confirming our previous results that
GPRSS5 does not couple to Go, protein (Schroder et al., 2010).
In line with this, the decrease in impedance was not abol-
ished by pretreatment of cells with cholera toxin (data not
shown). Intriguingly, in the presence of CB, receptors (HEK-
CB,R/GPRSS cells), the LPI-stimulated induction of the nega-
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tive response was significantly enhanced compared with
HEK-GPRSS cells (Figure 9B). However, a negative cross-talk
following CB, receptor activation was again noticed, since the
CB, receptor agonist A-836339 was able to significantly
reduce the LPI-triggered signal in HEK-CB,R/GPRSS, but not
in HEK-GPRSS cells (Figure 9A-C). These real-time measure-
ments confirm that CB, receptor activation reduces the signal
provided by an agonist-activated GPRSS receptor.

Discussion

The signalling pathways and function of GPR55 have been
under investigation in recent years in several host systems,
either in heterologous expression systems such as HEK293
cells (Ryberg et al., 2007; Henstridge et al., 2009), and CHO
cells (Lauckner etal., 2008), or in endogenous receptor-
expressing B cells (Oka ef al., 2010), tumours (Hu et al., 2011;
Pineiro etal., 2011; Perez-Gomez ef al., 2013), neutrophils
(Balenga et al., 2011a), neurons (Lauckner et al., 2008; Obara
et al., 2011) or platelets (Kargl ef al., 2013). Despite the con-
troversial pharmacology of GPRSS reported in HEK293 cells
by different groups, its signalling and function are also con-
founded by the cell type endogenously expressing this recep-
tor. The last decade has seen a plethora of reports on
dimerization and oligomerization of GPCRs, which lead to
alteration of individual GPCR signalling, trafficking and
thereby function (Rozenfeld and Devi, 2011; Tadagaki et al.,
2012). We have recently reported the heteromerization of CB;
receptors and GPRS5S5 in HEK293 cells and their cross-talk with
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respect to downstream signalling pathways (Kargl etal.,
2012). Moreover, we have studied the regulatory function of
GPRS5 on CB, receptors in human neutrophils and have
reported a putative functional interaction at the level of small
GTPases (Balenga et al., 2011a). Here, we tested the hypoth-
esis that GPRS5 heteromerizes with CB, receptors and
assessed the signalling cascades in cells expressing the
heteromer.

Using various technologies, we demonstrate that GPR55
and CB, receptor interact when co-expressed in HEK293 cells.
We identified receptor heteromers using both Co-IP and BRET
assays. We showed that GPRSS specifically heteromerizes
with CB, receptors, but not with an unrelated receptor; in fact
co-expression of the dopamine Dy, receptor with GPRS5 did
not result in significant and/or saturable BRET. Furthermore,
immunofluorescence staining showed the co-localization of
both CB, receptors and GPRS5 on the surface of cells. In
addition, we could observe a co-internalization of the CB,

receptor with GPR5S5 when the cells were stimulated with
LPI. We next explored the possible modulation of GPRSS
signalling by CB, receptors. When the CB, receptor was
co-expressed with GPRSS, the induction of transcription
factors downstream of GPRSS by LPI was significantly
reduced. This inhibitory effect of CB, receptors was expres-
sion level-dependent, since a gene-dose experiment with CB,
receptor-cDNA resulted in a proportional reduction of the
GPRS5-mediated NFAT, NF-kB and CRE activation. Similar to
its heteromerization with GPRSS5, the CB, receptor-mediated
effect on GPRSS signalling was specific because co-expression
of increasing cDNA doses of CCRS, a constitutively active
Gi-coupled GPCR (Lagane et al., 2005), did not alter GPRSS
signalling to NFAT. The results in these transiently transfected
cells demonstrate that co-expression of CB, receptors affects
the GPR55-mediated signalling.

In addition to the luminescence-based reporter gene
assay, we visualized the activation/nuclear translocation of
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NFAT and NF-xB upon stimulation of GPRSS in the presence
and absence of CB, receptors by fluorescence microscopy.
Whereas LPI-stimulated HEK-GPRSS cells showed a predomi-
nantly nuclear localization of NFAT and NF-xB, HEK-CB,R/
GPRSS5 cells displayed exclusively cytoplasmic localization of
these factors, thus corroborating the CB, receptor-GPRSS
cross-talk detected in luciferase-based assays.

Cross-talk between CB, receptors and GPRSS also affects
the cytoskeletal rearrangement and migration of neutrophils,
which express the two receptors (Balenga etal., 2011a).
Serum response factor is a downstream transcription factor
involved in the regulation of cytoskeletal protein expression
(Miano et al., 2007) and proliferation (Vickers et al., 2004)
through binding to SRE in the promoter region of respective
genes. As SRE is also activated downstream of GPRSS5 (Kargl
et al., 2012), we assessed the induction of SRE to broaden our
investigation on the signalling cascades, which are affected
by heteromer formation, and found that co-expression of CB,
receptors significantly reduced the LPI/GPRS5-mediated SRE
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induction. We also performed Western blot analysis of
ERK1/2 activation by which we showed a potentiation of the
LPI effect in HEK-CB,R/GPRSS cells. Also by the ERK1/2 acti-
vation analysis we demonstrated a clear cross-antagonism
between receptors in co-transfected cells, which by constitut-
ing a particular fingerprint, further confirms the formation of
CB; receptor-GPRS5 heteromers.

In the present study, we measured the CB, receptor-
mediated inhibition of forskolin-induced CRE that - together
with ERK1/2 phosphorylation - is a good readout for CB,
receptor signalling studies in HEK cells. CB, receptor activa-
tion inhibited the CRE induction initiated by forskolin in a
concentration-dependent manner in HEK-CB;R cells, proving
the functionality of the receptors in the HEK293 cell system.
The inhibitory action of CB, receptors on cAMP-related CRE
induction was not significantly modulated in the presence
of GPRSS in HEK-CB,R/GPRSS cells. However, exposure of
these cells to a CB, receptor agonist demonstrated that CB,
receptor-induced ERK1/2 activation is inhibited by heteromer
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Assessment of cross-talk between GPR55 and CB, receptors by
impedance determinations. CellKey label-free assays were performed
in HEK-GPR55 and HEK-CB,R/GPR55 cells, treated with 1 nM of
A-836339 (CB; receptor agonist), 5 uM of LPI or both. Results cor-
respond to the maximal decrease in impedance with respect to basal
levels. Representative traces for individual assays are shown for (A)
HEK-GPR55 and (B) HEK-CB,R/GPR55 cells (traces corresponding to
2 s interval recordings of impedance in four different wells). (C) The
maximum decay in impedance that is, for each well, automatically
provided by the equipment is depicted as bar graph (data for HEK-
CB; receptor also shown). Data are mean + SEM from 4-8 independ-
ent experiments performed in quadruplicates. Statistical significance
was calculated by one-way anova followed by Bonferroni’s post hoc
multiple comparison test (*P < 0.05 with respect to A-836339; *P <
0.05 with respect to LPI).

formation. In contrast to these observations, we previously
found that GPRSS augments the CB, receptor-mediated
chemotaxis and decreases CB, receptor-mediated reactive
oxygen species production (Balenga et al., 2011a). This may
imply that GPRS5S5 does not necessarily alter, in the same way,
all signalling cascades initiated by Gi-coupled CB, receptors.
It is well-known that the CB, receptor couples to a PTX-
sensitive Go; protein and there are reports on its constitutive
activity (Atwood et al., 2012). We explored the possibility of
such downstream cross-talk between CB, receptors and
GPRSS by pre-incubating HEK-GPRS55 and HEK-CB,R/GPR5S

Heteromerization of GPR55 and CB, receptors

cells with either PTX to inhibit the G;-mediated signalling or
a CB, receptor inverse agonist AM 630. We did not detect
any change in potency or efficacy of LPI in activating NFAT
either in HEK-GPRSS or HEK-CB,R/GPRSS cells by any of
these molecules, first corroborating previous reports on
Gi-independent signalling of GPR55 (Nevalainen and Irving,
2010) and secondly, proving that the inhibitory effect of CB,
receptors on GPRSS signalling to NFAT is not mediated by
any G;-dependent constitutive activity.

Label-free high-throughput systems have been recently
used for deorphanization and delineating the coupling fea-
tures of GPCRs (Rocheville et al., 2013). We have shown the
suitability of DMR assay to study several GPCRs, including
GPRSS, coupling to various G-proteins (Henstridge et al.,
2010; Schroder et al., 2010; Blattermann et al., 2012). Here,
we compared the LPI-induced mass redistribution in all of our
stable cell lines and found similar results as in the NFAT
reporter assay. Namely, the presence of CB, receptors signifi-
cantly reduced the overall LPI-mediated signalling and also
the response was slowed down as indicated by slope analysis
of the initial phase of the DMR traces. Interestingly, the
results obtained using the impedance-based label-free system
provided evidence of stronger signalling via GPRSS in cells
co-expressing CB, receptors. However, an enhanced signal-
ling capacity of LPI on the heteromer was, again, attenuated
by the CB, receptor activation, suggesting that heteromer
formation modulates GPRS5S function and that CB, receptors
activation further affects the signalling of the partner recep-
tor. It should also be noted that the reduction in impedance,
which seems to represent a characteristic feature for
G,-coupled receptors (Scott and Peters, 2010), was not due to
coupling of GPRSS5 to G,. Apart from the lack of reports
linking GPRSS to G, LPI failed to induce cAMP production
and cholera toxin at a concentration of 100 ng-mL™" was not
able to block the label-free signal. As GPRSS is likely to be
coupled to Giz13 and/or Gg-proteins (Lauckner et al., 2008;
Henstridge et al., 2009), our data suggest that coupling to
these G-proteins may give impedance reductions qualita-
tively similar to those obtained upon coupling to G,. Note-
worthy, we have previously shown that co-activation of
GPRSS (by LPI) and CB, receptors (by 2-AG) will increase the
NFAT activation and DMR responses in HEK-CB,R/GPRS55
cells (Balenga efal.,, 2011a). Therefore, whereas GPRSS5-
mediated DMR responses are reduced or augmented, respec-
tively, when the CB, receptor is in a ligand-free state or
co-activated, the impedance results show a reverse behaviour;
the presence of ligand-free CB, receptor leads to a marked
negative response and co-activation of the two receptors
reduces this negative response.

Previous reports have shown that some of the compounds
used in the current study may bind to GPRSS5 and to cannabi-
noid receptors, and this partly explains why GPR55 was even
considered as a third cannabinoid receptor (Johns et al., 2007;
Brown and Robin Hiley, 2009). The natural cannabinoid,
tetrahydrocannabinol, was suggested to also bind to GPRSS
(Lauckner et al., 2008). CP 55,940, a non-selective CB,/CB;
cannabinoid receptor agonist (Felder et al., 1995; Showalter
et al., 1996; Thomas et al., 1998), was initially reported to be
an agonist for GPRS5 (Ryberg ef al., 2007) but subsequent
studies from three independent laboratories have identified it
as a GPRSS antagonist (Henstridge et al., 2009; Kapur et al.,
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2009; Brown et al., 2011). Moreover, although the endog-
enous CB,/CB, receptor agonist, 2-AG, was reported as potent
GPRSS agonist (Ryberg et al., 2007), others have not found
GPRSS stimulation by this compound (Lauckner et al., 2008;
Henstridge ef al., 2009; Kapur et al., 2009). All these data
show the complexity of characterizing GPRSS5 ligands and
signalling pathways. Importantly, the potential interaction of
ligands with both CB, receptors and GPRS55 does not affect
the conclusions of this paper. Moreover a CB,-GP55 receptor-
heteromer-selectivity may explain some of the conflicting
results. This possibility merits further experimental effort.
Taken together, the results indicate that different path-
ways are engaged by either CB, receptors or GPRSS and that
they are differentially regulated when these receptors are
co-expressed. A scheme of events based on our results is
depicted in Figure 10. Our biochemical and reporter assays
provided data that were qualitatively different from those
obtained by label-free measurements. This convergent
approach taking advantage of a wide spectrum of tools to
analyse GPCR-mediated signalling gives valuable comple-
mentary information. Co-expression of the two receptors
reduces many aspects of GPRS55-mediated signalling. The
experimental approaches show that simply by receptor
co-expression, that is, without activation of CB, receptors, the
LPI-induced signalling may be attenuated. DMR data also
indicate that the relatively small signal due to CB, receptor
activation is blunted just by co-expression with GPRSS5 recep-
tors. Therefore, it seems that heteromer formation leads to a
distinct coupling to the signalling machinery and that
further activation of one receptor leads to conformational
changes (inter-receptor cross-talk) that affect coupling to the
transducer proteins (G-proteins or else in G-independent sig-
nalling). Interestingly, the effect of the heteromer is not
always antagonistic as GPR55-mediated ERK1/2 activation is
augmented upon heteromer formation and as LPI produces a
more marked negative impedance signal in heteromer-
expressing cells. The shape of the impedance signal is not the
one expected for Gi-mediated coupling and would rather be
consistent with a Gs-mediated effect. As the negative imped-
ance was not significantly affected by cholera toxin it may be
due to another G-protein or it may result from G-protein-
independent coupling. Although impedance signal triggered
by LPI is higher in HEK-CB,R/GPRS5 than in HEK-GPR55
cells, CB, receptor agonists negatively regulated the GPRSS5-
mediated effects. Of note CB, receptor agonists, in DMR or
impedance assays, had little effect in HEK-CB, receptor cells,
while they significantly reduced the GPR55-induced signal-
ling. Studies on HEK cells may provide more information
about such cross-talk than other cells in which CB, receptors
are more responsive to agonists (data in preparation). As an
example, one of the agonists used, A-836339, behaves as a
potent selective CB, receptor agonist (Yao etal., 2009) in
HEK293 cells, but screening/functional assays require stable
co-expression with a chimeric, Gggos, protein (Yao etal.,
2008). The HEK-CB, receptor cells used here indeed have
functional receptors with marked responses in ERK1/2 and
reporter assays, small response in DMR assays and no signifi-
cant response in impedance read-outs. Cross-modulation
may result from intermolecular interactions within the het-
eromer, from agonist-induced conformational changes trans-
mitted to the partner receptor in the heteromer and from
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differential coupling of the heteromer to the G-protein-
dependent/independent transduction machinery. Interest-
ingly, the reduction of forskolin-induced CRE activation by
CB, receptor agonists was not affected by heteromer expres-
sion thus suggesting that CB, receptor-GPR55 heteromers do
not couple to G..

We have previously shown that the CB, receptor-
mediated production of reactive oxygen species and migra-
tion of human neutrophils are regulated by GPR5S (Balenga
etal.,, 2011a). This cross-talk is likely to be due to receptor
heteromerization. As heteromers are functionally different
entities, that is, signalling has properties specific for the het-
eromer that cannot be provided by the individual receptors
(Ferre et al., 2009), it is likely that neutrophils display CB,
receptor-GPRSS heteromers and heteromer-specific signal-
ling. Other cells of the immune system and microglial cells of
the CNS are candidates to express the two receptors and,
probably, also CB, receptor and GPRSS heteromers. Further-
more, CB, receptors and GPRS5 are targets for analgesic
therapy (Cheng and Hitchcock, 2007; Staton efal., 2008;
Guindon and Hohmann, 2009; Balenga et al., 2011b) and,
consequently, further work may help to elucidate the role of
CB, receptor-GPRSS heteromers in pain control. Some types
of cancer are reported to be enriched in either of the recep-
tors, which are being considered in the therapy of malignant
proliferation (Andradas ef al., 2011; Guindon and Hohmann,
2011). Therefore, tumour cells expressing the two receptors
may display CB, receptor-GPRSS5 heteromers, whose differen-
tial link to the cell signalling machinery may result in novel
heteromer-based strategies to combat cancer. Elucidating
such possibilities in primary tumour cells and leukocytes are
currently in progress.
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Figure S1 HEK293 cells transiently transfected with GPRSS-
Rluc were seeded on six-well plates and 24 h post serum
starvation cells were stimulated with 1 uM LPI for 10 min.
Total ERK1/2 and phosphorylated ERK1/2 in cell lysates were
analysed by Western blotting. Data are normalized to the
basal ratio of pERK1/2 to ERK1/2 and are mean + SEM from
three independent experiments. Data were tested for signifi-
cant differences by Students’ t-test, **P < 0.01.

Figure S2 All stable cell lines seeded in 96-well plates were
transfected with pNFAT-Luc. Twenty four hours post-
transfection, cells were stimulated with increasing concentra-
tions of AM 251 in serum-free media for 6 h. Luciferase
activity was measured as in Figure 3. Data are mean + SEM of
a representative experiment out of three independent experi-
ments performed in duplicate. Statistical analysis was per-
formed by two-way aNova followed by Bonferroni’s post hoc
multiple comparison test. ***P < 0.001.

Figure S3 HEK-CB; receptor cells seeded in a 96-well plate
were transfected with pCRE-Luc. Twenty-four hours post
transfection, cells were pre-incubated with 1 mM IBMX for
10 min in serum-free media. Cells were then treated with 1 or
10 uM CP 55,904 for 30 min followed by stimulation with
5 uM forskolin for 10 min. Luciferase activity was measured
as in Figure 3. Data are mean + SEM of a representative experi-
ment out of three independent experiments performed in
quadruplicate.

Figure $4 (A) HEK293 or (B) HEK-CB, receptor cells were
stimulated with increasing concentrations of LPI or 100 uM
ATP and the resulting picometer shifts of reflected light wave-
length against time (s) were monitored in DMR assay as in
Figure 7. (C) Real-time impedance recordings for HEK293
treated with A-836339 (5 uM), LPI (5 uM) or LPA (5 pM).
Figure S5 Quantitative comparison of CB, receptor-GPR5S
cross-talk using label-free whole-cell DMR recordings. (A)
Concentration-effect relationship for LPI stimulating GPRS5
in the absence and presence of CB, receptor. Curves were
computed by utilizing the AUC between 0 and 3600 s. Curves
are presented as dashed lines and were taken from Figure 7C
to facilitate comparison with panel B. (B) Concentration—
effect relationships as shown in A but derived from the slope
of tangents to the origins of each real-time recording. (C and
D) Representative real-time recordings including the tangents
for calculation of slope values to compute concentration—
effect curves. Data in A and B show mean values + SEM of at
least three independent experiments; data in C and D are
mean values £ SEM of one representative dataset. Statistical
analysis was performed for LPI-mediated responses in HEK-
GPRSS versus HEK-CB,R/GPRSS cells by two-way aNova fol-
lowed by Bonferroni’s post hoc multiple comparison test.
**P < 0.01; ***P < 0.001.

Figure $6 cAMP determination in HEK-GPRSS cells. LPI did
not induce cAMP accumulation in HEK293 stably expressing
GPRSS5 receptor; forskolin was used as positive control. cAMP
levels were determined using the HTRF® cAMP assay kit as
indicated in Methods. Data are the mean + SEM from at least
three independent experiments. ***P < 0.001.
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