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ARTICLE INFO ABSTRACT

Article history:

Growing evidence indicates that G protein-coupled receptors can form homo- and hetero-oligomers to diver-
sify signal transduction. However, the molecular mechanisms and physiological significance of G protein-
coupled receptor-oligomers are not fully understood. Both ADOR1 (adenosine A; receptor) and TBXA2R
(thromboxane A, receptor ct; TP« receptor), members of the G protein-coupled receptor family, act on astro-
cytes and renal mesangial cells, suggesting certain functional correlations. In this study, we explored the
possibility that adenosine A; and TP« receptors form hetero-oligomers with novel pharmacological profiles.
We showed that these receptors hetero-oligomerize by conducting coimmunoprecipitation and biolumines-
cence resonance energy transfer (BRET?) assays in adenosine A, receptor and TP« receptor-cotransfected
HEK293T cells. Furthermore, coexpression of the receptors affected signal transduction including the accu-
mulation of cyclic AMP and phosphorylation of extracellular signal-regulated kinase-1 and -2 was significant-
ly increased by high and low concentrations of adenosine A, receptor agonist and TP« agonists, respectively.
Our study provides evidence of hetero-oligomerization between adenosine A; and TP« receptors for the first
time, and suggests that this oligomerization affects signal transduction responding to different concentra-
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tions of receptor agonists.
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1. Introduction

The classical concept that G protein-coupled receptors function as
monomers has been changing due to the increasing evidence of G
protein-coupled receptor oligomerization (Dalrymple et al., 2008;
Rozenfeld and Devi, 2009). Oligomerization can increase the diversity
of G protein-coupled receptor phenotypes (Panetta and Greenwood,
2008). Therefore, it is important to clarify the combinations of G
protein-coupled receptors which form hetero-oligomers.

Adenosine has various physiological effects, causing reductions in
sympathetic and parasympathetic activities, pre-synaptic inhibition,
ischemic pre-conditioning and renal mesangial cell proliferation via
adenosine receptors (Fredholm et al., 2001; Martinez-Salgado et al.,
2007). Adenosine receptors are subclassified into A;, Aya, Asg and As
subtypes (Fredholm et al,, 2001), all of which couple to G proteins.
G proteins that are activated by G protein-coupled receptors and

* Corresponding author. Tel.: +81 22 795 5915; fax: + 81 22 795 5504.
E-mail address: hirasawa@mail.pharm.tohoku.ac.jp (N. Hirasawa).
! Present address: Laboratory of Physiology and Pharmacology, School of Advanced
Science and Engineering, Waseda University, Twins, Wakamatsu-cho 2-2, Shinjuku-
ku, Tokyo 162-8480, Japan.

0014-2999/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2011.12.006

made up of alpha («), beta (), and gamma (7y) subunits. Go subunits
have many classes and behave differently in the recognition of the ef-
fectors. The adenosine A, receptor, the official gene name is ADORI1,
which is coupled to members of the pertussis toxin (PTX)-sensitive
family of G proteins, G;,, (G;) proteins, which inhibits cyclic AMP
production (Ralevic and Burnstock, 1998). Hetero-oligomerization
of adenosine A; receptors with various G protein-coupled receptors
was additionally reported. For example, adenosine A; and P2Y recep-
tors formed a hetero-oligomer with novel pharmacological proper-
ties, including ligand-binding pharmacology and receptor signal
responses, in human embryonic kidney 293T (HEK293T) cells
cotransfected with these receptors (Suzuki et al., 2009).

The thromboxane A, (TXA;) is an unstable arachidonic acid me-
tabolite. The TXA, receptor (TP receptor), the official gene name is
TBXAZ2R, also belongs to the G protein-coupled receptor family, and
communicates mainly with Ggic¢ (Gy) (Johnston et al, 2001;
Shenker et al., 1991), resulting in phospholipase C (PLC) activation.
In addition, the TP receptor couples to other G proteins, including
G2 (G12), Gysex (Gys), G; and Gga (Cordeaux et al., 2000; Djellas et
al, 1999; Hirata et al., 1996; Nakahata, 2008; Offermanns et al.,
1994). TXA; elicits diverse physiological/pathophysiological functions
including the proliferation of glial cells and proliferation and contrac-
tion of renal mesangial cells upon binding to TP receptors (Nakahata,
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2008). There are two alternatively spliced isoforms, TXA, receptor
o TP receptor) and TXA, receptor [> (Hirata et al, 1991;
Raychowdhury et al., 1994), which differ only at the C-terminus.
Both adenosine A; and TP receptors are expressed in astrocytes and
renal mesangial cells (Daré et al., 2007; Martinez-Salgado et al.,
2007; Nakahata, 2008). In addition, both receptors are involved in de-
creasing the glomerular filtration rate via enhancement of renal
mesangial cell proliferation and contraction (Martinez-Salgado et
al., 2007; Nakahata, 2008). The contraction of mesangial cells was in-
duced by incubation with platelet-supernatants, and abolished by a
TP receptor blocker (Arribas et al., 1993). TXA, and adenosine are re-
leased from platelets. TXA; is involved in platelet activation, leading
to platelet shape changes, aggregation and secretion (Nakahata,
2008). On the other hand, adenosine is a potent inhibitor of platelet
activation (Cooper et al., 1995). From this evidence, it is possible
that adenosine A, and TP receptors interact physically and functional-
ly. In this study, we examined the hetero-oligomerization of the
adenosine A, and TP receptors using coimmunoprecipitation and bio-
luminescence resonance energy transfer (BRET?) techniques, and the
effects on their signal transduction in HEK293T cells cotransfected
with plasmids for these receptors.

2. Materials and methods
2.1. Materials

Human embryonic kidney 293T (HEK293T) were provided by
Hiroyasu Nakata (Department of Molecular Cell Signalling, Tokyo,
Japan). DeepBlueC was purchased from Perkin Elmer Life Sciences
(Boston, MA). Forskolin was purchased from Wako Pure Chemicals
(Osaka, Japan). Pertussis toxin and 4-(3-butoxy-4-methoxybenzyl)
imidazolidin-2-one (Ro20-1724) were from Calbiochem (San Diego,
CA). 15-[10,2c(Z),3ct,4a]]-7-[3-[[2-[ (phenylamino)carbonyl]hydrazine]
methyl]-7-oxabicyclo[2.2.1]hept-2-y1]-5-heptenoic acid (SQ29548) and
9,11-dideoxy-9c, 11-epoxymethanoprostaglandin Foo (U46619) were
from Cayman Chemical (Ann Arbor, MI). N°-cyclopentyladenosine
(CPA) and 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) was from
Sigma Aldrich (St. Louis, MO). Fura 2-AM was purchased from Dojindo
(Kumamoto, Japan). Anti-HA antibody and FuGENE HD Transfection
Reagent were purchased from Roche Applied Science (Manheim,
Germany). HRP-conjugated anti-mouse IgG, Protein G-Sepharose™ and
ECL™ Western blotting detection reagent were purchased from GE
Healthcare (Piscataway, NJ). Anti-myc 9E10 antibody was purchased
from Covance (Berkeley, CA). Anti-adenosine A receptor antibody was
from Acris Antibodies GmbH (Hiddenhausen, Germany). Anti-ERK 1/2
antibody, anti-phospho-ERK 1/2 antibody and HRP-conjugated anti-
rabbit IgG were purchased from Cell Signaling Technology (Beverly,
MA). HRP-conjugated anti-rat IgG was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Triple hemagglutinin-tagged adenosine
A, receptor (3HA-adenosine A; receptor), hemagglutinin-tagged lyso-
phosphatidic acid 1 receptor (HA-lysophosphatidic acid 1 receptor) and
G-protein alpha q (G4) plasmids were purchased from UMR cDNA Re-
source Center (Rolla, MO). Other chemicals used were of reagent grade
or the highest quality available.

2.2. Construction of plasmids, cell culture and transfection

The HA-tagged TP« receptor (HA-TPo receptor), HA-tagged aden-
osine A, receptor (HA-adenosine A; receptor), myc-tagged adenosine
A, receptor (myc-adenosine A, receptor), HA-adenosine A; receptor-
Renilla luciferase (HA-adenosine A; receptor-Rluc) and HA-
adenosine A receptor-modified green fluorescent protein (HA-aden-
osine A, receptor-GFP?) were constructed as described previously
(Suzuki et al., 2006; Suzuki et al., 2009). HEK293T cells were grown
in Dulbecco's modified Eagle's medium (DMEM; Sigma Aldrich, St.
Louis, MO) containing 10% fetal calf serum, 50 units/ml penicillin,

and 50 pg/ml streptomycin in a humidified incubator with a 5% CO,
atmosphere at 37 °C. Transfections were done with FuGENE HD
Transfection Reagent as described before (Suzuki et al., 2006).

2.3. Immunoprecipitation

HEK293T cells transfected with the myc-adenosine A, receptor,
HA-TP« receptor and HA-lysophosphatidic acid 1 receptor were cul-
tured for 48 h. Approximately 107 cells were collected by centrifuga-
tion at 1900xg and washed twice with Dulbecco's phosphate-
buffered saline (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH,POy4, and
8.1 mM Na,HPO,). Cells were disrupted by sonication using a Handy
Sonic UR-20P (Tomy Seiko, Tokyo, Japan) in 300l of lysis buffer
(20 mM Tris-HCl pH7.4, 1 mM EDTA, 150 mM Nacl, 1% TritonX-100,
and 1 mM NasVO,). After incubation for 3 h at 4 °C, the solution was
centrifuged at 17,400 x g for 20 min at 4 °C, and the supernatant was
pre-cleared with 30 pl/ml of 50% (w/v) Protein G-Sepharose in lysis
buffer, followed by centrifugation at 17,400 xg for 10s to remove
nonspecifically bound proteins. The supernatant was incubated with
anti-myc 9E10 antibody (10 pg/ml) for 1 h, followed by Protein G-
Sepharose™ (50 pl/ml) for 2 h. The mixture was centrifuged, the
resulting immune complex was washed twice with 500 pl of lysis
buffer, and bound proteins were eluted with 30 pl of Laemmli sample
buffer (75 mM Tris-HCl, 2% SDS, 10% glycerol, 3% 2-mercaptoethanol,
and 0.003% bromophenol blue).

2.4. Extracellular signal-regulated kinase1/2 (ERK1/2) assay

HEK293T cells were seeded onto 12-well plates at a density of 10°
cells/well. At 24 h after seeding, the cells were transfected with the
3HA-adenosine A; receptor and HA-TP« receptor. For pertussis
toxin treatment, cells were incubated with 100 ng/ml of pertussis
toxin for 16 h. They were washed with a Tyrode-HEPES solution
(137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl, 1.8 mM CaCl,, 10 mM
HEPES, and 5.6 mM glucose, pH 7.4) and preincubated for 20 min at
37 °C. The cells were incubated with DPCPX, SQ29548 or YM-
254890 (Astellas, Tokyo, Japan) for 10 min prior to stimulation with
CPA and/or U46619 for 10 min at 37 °C. The reaction was terminated
by aspiration of the medium and cells were lysed in 150 ul of ice-cold
Laemmli sample buffer.

2.5. Western blot analysis

The samples were loaded on a 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel for electrophoresis (PAGE), and transferred to
polyvinylidene difluoride (PVDF) membranes. The membranes were
blocked with 5% non-fat milk in TBST (10 mM Tris-HCl, 100 mM
NaCl, and 0.05% Tween 20, pH 7.4), incubated with anti-HA antibody
(1:2000), anti-adenosine A; receptor antibody (1:2000), anti-ERK1/2
antibody (1:2000) or anti-phospho ERK1/2 antibody (1:2000) for
90 min followed by HRP-conjugated anti-rat IgG (1:2000) or anti-
rabbit 1gG (1:5000) for 90 min at room temperature, and detected
with ECL™ Western blotting detection reagents.

2.6. BRET? assay

HEK293T cells (5% 10° per 35 mm dish) were cotransfected with a
fixed amount (1pg) of HA-adenosine A; receptor-Rluc and HA-
adenosine A; receptor-GFP? plasmids and increasing concentrations
of unfused receptor plasmids (0, 0.4, 0.8, 1.2, 1.6, 20pug of
HA-adenosine A, receptor or HA-TPa receptor plasmids, and 0, 0.6,
1.2, 1.8, 2.7, 3.6 ug of HA-lysophosphatidic acid 1 receptor) using
the FuGENE HD Transfection reagent. For a control, non-transfected
cells were used. At 48 h after transfection, the cells were harvested
and suspended in assay buffer (Dulbecco's phosphate-buffered saline
containing 0.1 mg/ml CaCl,, 0.1 mg/ml MgCl,, and 1mg/ml b-
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glucose). Suspended cells were distributed in a white-walled 96-well
Plate (OptiPlate, Perkin Elmer Life Sciences) at a density of 1x10°
cells/well, and incubated for 20 min at 37 °C. DeepBlueC was then
added at a final concentration of 5 uM. Assays were conducted imme-
diately using a Fusion o universal microplate analyzer (Perkin Elmer
Life Sciences) for the detection of Rluc at 410 nm and GFP? at 515 nm.
The BRET ratio was calculated as the ratio between GFP? and Rluc
emission, corrected with the background emission from non-
transfected cells.

2.7. Measurement of intracellular Ca®* concentrations

The measurement of intracellular free Ca? * concentration ([Ca®*];)
was carried out as described previously (Sasaki et al., 2006). HEK293T
cells were cotransfected with 3HA-adenosine A, receptor/G,, HA-TPx
receptor/G, or 3HA-adenosine A; receptor/HA-TP« receptor/G, and
cultured for 48 h. Transfected cells were harvested and suspended in
Tyrode's solution (137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl,, 1.8 mM
CaCl,, 5.6 mM glucose, and 10 mM HEPES, pH 7.4), incubated with
5mM fura2-AM for 15 min at 37 °C. Subsequently the cells were
washed twice with Tyrode's solution and modified Tyrode's solution
(137 mM Na(l, 2.7 mM KCl, 1.0 mM MgCl,, 0.18 mM CaCl,, 5.6 mM glu-
cose, and 10 mM HEPES, pH 7.4), and resuspended in modified Tyrode's
solution at 10°cells/ml. Fura2-AM fluorescence was recorded (1.5 ml
aliquots) at 37 °C with gentle stirring using a FP-6500 (JASCO Corpora-
tion, Tokyo) with excitation at 340 nm and 380 nm and emission at
510 nm. Calibration of the signal was performed in each sample by
adding 0.15% Triton X-100 to obtain maximal fluorescence (F.,) and
then 2.5 mM EGTA to obtain minimal fluorescence (F,;,). The ratio of
fluorescence at 340 nm to that at 380 nm is a measure of [Ca®'];
assuming a K4 of 244 nM Ca® ™ for fura 2-AM.

2.8. Cyclic AMP assay

HEK293T cells were seeded onto 48-well plates at a density of
2x10%/well. At 24 h after seeding, the cells were transfected with
the 3HA-adenosine A; receptor and/or HA-TPa receptor. After
48 h, the medium was changed to Eagle's minimum essential
medium—20 mM HEPES, and preincubated for 20 min at 37 °C.
The cells were incubated with 100 uM of Ro 20-1724 as a phospho-
diesterase inhibitor for 15 min with or without receptor antago-
nists. The cells were then stimulated with a receptor agonist and
100 uM forskolin, and incubated for another 10 min. Reactions
were terminated by adding 2.5% perchloric acid. Acid-extracts
were mixed with a 1/10 volume of 4.2 N KOH to neutralize the
acid, forming potassium perchlorate as a precipitate. The cyclic
AMP in the supernatant was succinylated and determined using a
radioimmunoassay kit (Yamasa, Tokyo, Japan) according to the
manufacturer's directions.

3. Results
3.1. Coimmunoprecipitation of myc-adenosine A; and HA-TPc receptors

To determine whether the adenosine A; and TP« receptors inter-
act, we performed a coimmunoprecipitation analysis using HEK293T
cells transiently transfected with the myc-adenosine A, receptor
and/or HA-TPa receptor. We detected the myc-adenosine A, receptor
in the complex precipitated with anti-myc in cells transfected with
the myc-adenosine A; receptor and cotransfected with the myc-
adenosine A; receptor/HA-TP« receptor (Fig. 1A, left panel, lanes 2
and 3 in ‘IP’, arrow), indicating the validity of this method. Important-
ly, we detected the band which corresponds to the HA-TP« receptor
in the complex precipitated with anti-myc only in cells cotransfected
with myc-adenosine A;/HA-TP« receptors (Fig. 1B, lane 3 in ‘IP’, ar-
rows). This band was not obtained from the cells transfected with

A
IP : anti-myc
WB : anti-adenosine A, receptor

Extract P sup

e L anan e
kba NT 1 2 3 1 2 3 1 2 3
e L

TR

1 : HA-TPo receptor
2 : myc-adenosine A, receptor

w

: myc-adenosine A | receptor
/HA-TPo. receptor

NT : non-transfected

B
IP : anti-myc
WB : anti-HA

Extract P sup
e T e
kDa NT 1 2 3 1 2 3 1
30 -
254

2-.3
'- "\'3.]
1 : HA-TPo receptor

2 : myc-adenosine A receptor

3 : myc-adenosine A receptor
/HA-TPo. receptor
NT : non-transfected

C
IP : anti-myc
WB : anti-HA

Extract IP sup
’
kDa NT 1

2 31 2 31 2 3
467 Joed
30+ -9 S

1 : HA-lysophosphatidic acid 1 receptor
2 : myc-adenosine A, receptor

3 : myc-adenosine A, receptor
/HA-lysophosphatidic acid 1 receptor
NT : non-transfected

Fig. 1. Coimmunoprecipitation of the myc-adenosine A; receptor and HA-TP« receptor
or lysophosphatidic acid 1 receptor. HEK293T cells transiently transfected with the
myc-adenosine A, receptor and HA-prostanoid TP« receptor (A and B) or HA-
lysophosphatidic acid 1 receptor (C). Cell lysates were immunoprecipitated with
anti-myc antibody, and precipitates were analyzed by Western blotting with anti-HA
(B and C) and anti-adenosine A; receptor (A) antibodies. A negative control of non-
transfected cells showed no detectable bands (lane ‘NT’). Arrows indicate the myc-
adenosine A, receptor (A) and TP« receptor (B). Extract, solubilized membrane
extract; IP, immunoprecipitate; sup, supernatant following immunoprecipitation;
WB, Western blotting with the antibody indicated. Approximate molecular masses
are shown in kDa.
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the HA-TPa receptor alone (Fig. 1B, lane 1 in ‘IP"). These results
suggest the formation of a complex between myc-adenosine A; re-
ceptors and HA-TP« receptors in the cotransfected cells. We did not
detect the myc-adenosine A; receptor in the complex precipitated
with anti-myc in cells cotransfected with the myc-adenosine A; re-
ceptor and HA-adenosine A; receptor instead of HA-TP« receptor
(Fig. 1C).

3.2. BRET? inhibition of the homo-dimerization of adenosine A; receptors
by TP« receptors

We performed a competitive BRET? assay using HEK293T cells
transiently transfected with Rluc- and GFP?-fused HA-adenosine A,
receptors and unlabeled HA-TPa receptors. With this strategy,
adenosine A; receptor/TP« receptor interactions were assessed based
on the competition of adenosine A; receptor homodimerization with
adenosine A; receptor/TPx receptor heterodimerization in the living
cells. The homodimerization of adenosine A; receptors was confirmed
by BRET? assay using HA-adenosine A; receptor-Rluc and HA-
adenosine A; receptor-GFP? (Suzuki et al, 2009). The specificity of
adenosine A, receptor/TPc receptor interaction was verified by the
observed decrease in the BRET? signals of adenosine A; receptor
homodimerization when constant amounts of HA-adenosine A,
receptor-Rluc and HA-adenosine A, receptor-GFP? were coexpressed
with increasing concentrations of unlabeled HA-TPa receptor
(Fig. 2A). For a control, a comparable increasing amount of unlabeled
HA-lysophosphatidic acid 1 receptor was coexpressed with a constant
amount of HA-adenosine A, receptor-Rluc and HA-adenosine A,
receptor-GFP?, which did not cause a significant decrease in the BRET?
signal of the HA-adenosine A; receptor-Rluc and HA-adenosine A,
receptor-GFP? pairs (Fig. 2B). These results suggested that in cotrans-
fected living cells, the adenosine A; and TP« receptors formed a

A

0.05 4 HA-TPa receptor

0.04

heterodimer whereas the adenosine A, receptor and lysophosphatidic
acid 1 receptor did not.

3.3. Effect of adenosine A; receptor and TP« receptor agonists on
forskolin-stimulated cyclic AMP accumulation

We next examined whether the adenosine A; receptor/TPa
receptor-coexpression affects signal transduction. We studied adeno-
sine A, receptor agonist-induced inhibition of adenylyl cyclase via Gyq.
As expected, CPA (1 M), a selective adenosine A; receptor agonist
(Ralevic and Burnstock, 1998), decreased the forskolin-evoked in-
crease in cyclic AMP levels in the cells expressing the 3HA-adenosine
A, receptor alone and the cells coexpressing 3HA-adenosine A; and
HA-TPa receptors (Fig. 3A and B, 3rd column from the left).
Furthermore, DPCPX (10puM) (Ralevic and Burnstock, 1998), a
selective adenosine A; receptor antagonist, antagonized the CPA-
induced inhibition of cyclic AMP levels in both 3HA-adenosine A;
receptor-expressing cells and 3HA-adenosine A, receptor/HA-TPa re-
ceptor-coexpressing cells (Fig. 3A and B, 6th column from the left).
U46619, a selective TPa receptor agonist (Abramovitz et al., 2000),
caused a small increase in forskolin-evoked cyclic AMP levels in cells
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Fig. 2. Competitive BRET? assay. HEK293T cells were cotransfected with a fixed concen-
tration of HA-adenosine A, receptor-Rluc and HA-adenosine A; receptor-GFP? plas-
mids and increasing amounts of (A) HA-TPa receptor, or (B) HA-lysophosphatidic
acid 1 receptor plasmids. The data are the mean+SEM for three experiments.
*P<0.05, **P<0.005, ***P<0.001 vs. 0 (Dunnett's test).

Fig. 3. Effects of adenosine A, receptor and TP« receptor agonists and antagonists on
forskolin-stimulated cyclic AMP accumulation. Assays were performed in HEK293T
cells transfected with the 3HA-adenosine A; receptor (A and C), HA-TP«a receptor
(D), and 3HA-adenosine A, receptor/HA-TP« receptor (B, E and F). The data were nor-
malized to the forskolin-evoked cyclic AMP concentration in control cells (without li-
gands). The data are the mean4S.EM of triplicate determinations, and the results
are representative of two similar experiments. #P<0.05, ***P<0.001, vs. forskolin-
stimulated cyclic AMP accumulation (Tukey's test).
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expressing the HA-TPa receptor alone (data not shown) and
coexpressing 3HA-adenosine A; and HA-TP« receptors (Fig. 3B).
Furthermore, the U46619-induced increase in cyclic AMP was inhib-
ited by SQ29548 (10 M), a TP« receptor antagonist (Nakahata,
2008), in 3HA-adenosine A, receptor/HA-TP« receptor-coexpressing
cells (Fig. 3B, 7th column from the left). The simultaneous addition
of CPA (1 M) and U46619 (1 uM) decreased the forskolin-evoked in-
crease in cyclic AMP levels slightly in cells expressing the 3HA-
adenosine A; receptor alone (Fig. 3A, 5th column from the left),
though not at all in 3HA-adenosine A; receptor/HA-TP« receptor-
coexpressing cells (Fig. 3B, 5th column from the left). Notably, we
found that the forskolin-evoked increase among 3HA-adenosine A,
receptor/HA-TP« receptor-coexpressing cells was markedly increased
by the simultaneous addition of CPA (10 uM) and U46619 (0.01 uM)
(Fig. 3C, 3rd column from the left). This characteristic increase was
not induced by stimulation with CPA (10 pM) or U46619 (0.01 pM) in-
dividually (Fig. 3C, 4th and 5th columns). In addition, it was not seen
in cells expressing the 3HA-adenosine A; receptor or HA-TPc
receptor alone (data not shown). DPCPX (50 M) and SQ29548
(0.1 uM) inhibited this synergistic increase by the simultaneous
addition of CPA (10 uM) and U46619 (0.01 uM) in 3HA-adenosine A,
receptor/HA-TPw receptor-coexpressing cells (Fig. 3C, 6th and 7th col-
umns from the left).

3.4. Effect of agonists for both adenosine A, and TP« receptors on ERK1/2
phosphorylation

It is reported that the individual stimulation of both the adenosine
A, receptor and TP receptor causes the activation of extracellular
signal-regulated kinase-1/2 (ERK1/2), a major kinase of mitogen-
activated protein kinase (MAPK) signaling pathways (Dickenson et
al, 1998; Miggin and Kinsella, 2001). Then, we examined whether
adenosine A; receptor/TPa receptor-coexpression affects ERK1/2
phosphorylation. Importantly, ERK1/2 phosphorylation in 3HA-
adenosine A; receptor/HA-TP« receptor-coexpressing cells was syn-
ergistically enhanced by the simultaneous addition of CPA and
U46619 in all concentrations we tested, as compared with ERK1/2
phosphorylation in cells expressing the 3HA-adenosine A, receptor
or HA-TPa receptor alone (Fig. 4A-C). This synergistic effect was
not found on stimulation with CPA or U46619 alone (Fig. 4D-F). In
addition, we examined the effects of receptor antagonists and
pertussis toxin and YM-254890, which block signal transduction
through G; and G, respectively. As shown in Fig. 5, pretreatment of
3HA-adenosine A; receptor/HA-TPa receptor-coexpressing cells
with DPCPX significantly inhibited the synergistic effect of CPA
(0.1 M) and U46619 (0.1 pM) or CPA (1 pM) and U46619 (1 nM)
(Fig. 5B and D). However, DPCPX did not block ERK1/2 phosphoryla-
tion on the addition of 1 nM CPA and 1 ;M U46619 (Fig. 5C). In addi-
tion, SQ29548 did not have any inhibitory effect on ERK1/2
phosphorylation (Fig. 5A-D). Pertussis toxin and YM-254890 signifi-
cantly inhibited the synergistic effect of CPA (0.1 M) and U46619
(0.1 uM) or CPA (1 uM) and U46619 (1 nM) on ERK1/2 phosphoryla-
tion (Fig. 6A, B and D), whereas neither inhibitor had a significant
effect on 1 nM CPA and 1 uM U46619-stimulated ERK1/2 phosphory-
lation (Fig. 6A and C).

3.5. Effect of coexpression of adenosine A; and TP« receptors on Ca’
signaling

TP« receptor stimulation causes the activation of phospholipase C
and subsequent elevation of [Ca? ' ]; via G, (Shenker et al., 1991). In
addition, adenosine A, receptor stimulation also causes an elevation
of [Ca®"]; via GB and Gv released from G; (Dickenson and Hill,
1998; Quitterer and Lohse, 1999). We examined whether adenosine
A, receptor/TPo receptor-coexpression affects the alteration of [Ca® *J;
in Fura2-AM-loaded cells. Stimulation of cells expressing the

HA-TPa receptor and coexpressing the 3HA-adenosine A; and HA-
TPa receptors with U46619 (1pM) induced a rapid, transient
elevation of [Ca®*]; (Fig. 7B and C). Stimulation of 3HA-adenosine
A, receptor-expressing cells and 3HA-adenosine A, receptor/HA-
TP receptor-coexpressing cells with CPA (1 uM) induced a subtle
elevation of [Ca? *]; (Fig. 7D and F). Simultaneous treatment with
U46619 (1 M) and CPA (1uM) induced elevations of [Ca®"]; in
3HA-adenosine A; receptor-expressing cells, HA-TP« receptor-
expressing cells and 3HA-adenosine A, receptor/HA-TP« receptor-
coexpressing cells (Fig. 7G, H and 1), but we could not see obvious
differences from stimulation with each agonist alone. Simultaneous
stimulation of U46619 and CPA-induced elevation of [Ca® "]; were
blocked by pretreatment with SQ29548 (3 uM, Fig. 8D-F), but not
DPCPX (Fig. 8A-C).

4. Discussion

The present study proves the existence of a heteromeric complex
formed by adenosine A; and TP« receptors in solubilized and living
HEK293T cells coexpressing these receptors. Fig. 1 shows that coim-
munoprecipitation revealed that the adenosine A; and TP« receptors
associate in HEK293T cells cotransfected with these receptors. The
possibility of hetero-oligomerization between adenosine A; and TPo
receptors suggested by the coimmunoprecipitation assay using solu-
bilized cell membranes (Fig. 1) confirmed with a competitive BRET?
assay (Fig. 2). BRET? assay is using living cells, so we observed the in-
teraction in the intact cells. The specific decrease in the BRET? signal
of Rluc- and GFP2-fused adenosine A, receptor pairs on transfection
of an increased amount of unlabeled TP« receptor was similar to
the result obtained using an unlabeled adenosine A; receptor
substituted for the TP« receptor (data not shown). Significant
BRET? signal between Rluc- and GFP?-fused adenosine A, receptors
indicated a homodimer as reported previously (Suzuki et al., 2009).
It is likely that unlabeled TP« receptors and unlabeled adenosine A,
receptors competitively blocked the interaction between Rluc- and
GFP?-fused adenosine A; receptors. In the case of nonspecific interac-
tion, a decrease in BRET signal would not be obtained (Marullo and
Bouvier, 2007), as a result using the lysophosphatidic acid 1 receptor
substituted for the TP« receptor (Fig. 2B). These results confirmed
that adenosine A; and TP« receptors form hetero-oligomers in
cotransfected HEK293T cells.

G protein-coupled receptor oligomerization may increase the di-
versity of G protein-coupled receptor phenotypes by altering the
function of receptors. It is important whether oligomerization has
some specific effects on the function of the receptor. In this study, in
adenosine A; receptor/TPa receptor-coexpressing HEK293T cells,
the cyclic AMP level and ERK1/2 activation were significantly altered.
However, Ca?" signaling was not altered by the coexpression of
adenosine A; and TP« receptors. In the cells which were not trans-
fected with the TP receptor, [Ca®*]; was slightly increased by stim-
ulation with the TP« receptor agonist, possibly because of
endogenous TP« receptors in HEK293T cells (D'Angelo et al., 1996).
Whereas, in the adenosine A; receptor/TP« receptor-coexpressing
cells, costimulation with a high concentration (10 uM) of adenosine
A, receptor agonist and low concentration (0.01 ;M) of TP« receptor
agonist markedly increased cyclic AMP levels (Fig. 3C). However,
costimulation with equal concentrations of these agonists had no sig-
nificant effect on cyclic AMP levels (Fig. 3B). This is similar to the case
of adenosine A, receptor and P2Y, receptor-hetero-oligomer, which
costimulation of high concentrations of P2Y, receptor agonist and
low concentrations of adenosine A; receptor agonist had significantly
affected cyclic AMP level (Suzuki et al., 2006). This characteristic in-
crease of cyclic AMP levels by simultaneous treatment with a high
concentration of adenosine A, receptor agonist and low concentra-
tion of TP« receptor agonist was inhibited by the antagonists for
both receptors (Fig. 3C). Furthermore, a high concentration of



10 N. Mizuno et al. / European Journal of Pharmacology 677 (2012) 5-14

A 3HA-A{R
3HA-AIR  HA-TPo  /jA.TPo

() 1.2 3¢ 1 2 3()1 23 1:CPAO.LuM)+U46619 (0.1 xM)

PERKIZ 0 o e o o e e .
2 : CPA (1 M) + U46619 (1 iM)

ERK12 IESSSSSSmImSmImmmImmEEmSE 3.CcPAG (M) + T46619 (1 ub)

B C
12 1 Ekk ko 1.6 7
14 4
o 107 “ 1
Z o g3 12
- g & ~
= 2 s + = ; 14
g8 =
ZE w0 SE 08 -
a2 g o
ZE SE 06 A
! - E M =
g M ' &
2 : 204 A
2 ..
|—-=-—‘ - l—!—-' 0.z J
o e | I ] e Bl I i i i b
(-) 1 2 3 1 2 1 2 3 ) 1 2 3
3HA-AR HA-TPo. 3HA-AR 3HA-AR
/HA-TPo.
D 3HA-A(R 3HA-A{R
JHA-ALR /HA-TPa. HA-TPo, /HA-TPa. 4 : CPA (1nM)
4 56 456 (789G 7829 5 : CPA (0.1 uM)
.: ‘ 6 : CPA (1 uM)
pERK1/2 ot s - l“ - - - &Q\
7 : U46619 (1 nM)
ERK1/2 MM 7“‘.“‘”:3 8 : 46619 (0.1 uM)
9 : U46619 (1 uM)
E
6 61
54 5.4
Q o
2 a4 2 4l
- rn 2
=3 = Z
£ 32
S :=: 3 8 E = +
Sz oz
2€ =z
é T 24 é = 2.4
= =
] o,
) D ﬂ D i
oL D 0 ;
- 4 5 6 4 5 6 = 7 8 9 T 8 9
3HA-AIR 3HA-A(R HA-TPo. 3HA-AR
/HA-TPq. /HA-TPo,
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adenosine A; receptor agonist or low concentration of TP« receptor increase in cyclic AMP level was reported (Nakahata, 2008). In fact,
agonist alone did not have a significant effect on cyclic AMP levels stimulation with the TP« receptor agonist induced an increase in cy-
in cells coexpressing adenosine A; and TP« receptors. The TPa recep- clic AMP levels in cells expressing the TP« receptor alone (data not
tor couples with not only G, but also G, and a TPa receptor-mediated shown), though this increase was rather small compared to the
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Fig. 7. Mobilization of Ca* " evoked by the indicated agents in HEK293T cells transfected with the adenosine A, receptor and/or TPc receptor. Cells were transfected with 3HA-A,
receptor and G (A, D, G), HA-TP« receptor and G, (B, E, H), and 3HA-A, receptor/HA-TP« receptor and G (C, F, 1). Cells were loaded with fura 2-AM and stimulated with the fol-
lowing agents at the times indicated by the arrows: (A, B, C) 1 uM U46619; (D, E, F) 1 iM CPA; (G, H,1); 1 tM U46619 and 1 uM CPA. The results are representative of two similar

experiments.

notable effect of both agonists. Previously, heterodimerization be-
tween TP« and prostaglandin I, receptors in HEK293T cells cotrans-
fected with both receptors facilitated TP receptor-mediated cyclic
AMP generation (Wilson et al., 2004).

Stimulation of the adenosine A, receptor activates ERK1/2 phos-
phorylation via Gi-derived (y subunits (Dickenson et al, 1998).
ERK1/2 was activated not only by {3y subunits but also by Gq, G; and
G125 pathways (Honma et al., 2006; Nakahata, 2008; Norum et al.,
2003). Therefore, both adenosine A; and TPc receptors could individ-
ually activate ERK1/2 via various pathways. We examined whether
adenosine A, receptor/TP« receptor-coexpression affects ERK1/2
activation, and found that costimulation with both receptor agonists
induced the synergistic, not additive, activation of ERK1/2 in adeno-
sine A; receptor/TPa receptor-coexpressing cells as compared with
the results obtained in adenosine A; receptor or TPa receptor
alone-expressing cells. This suggests that the formation of hetero-
oligomers between adenosine A; and TPa receptors could alter
receptor functions. In addition, in adenosine A; receptor and TP«
receptor-coexpressing cells, stimulation with the adenosine A; recep-
tor agonist or TPa receptor agonist did not induce synergistic activa-
tion of ERK1/2. Namely, costimulation with both these receptor
agonists on receptor-coexpressing cells was needed for the synergis-
tic activation of ERK1/2. In adenosine A, receptor/TPa receptor-
coexpressing cells, each concentration of U46619 in combination
with 1 pM and 0.1 uM CPA induced greater ERK1/2 activation than

the combination including 1 nM CPA. And the synergistic facilitation
of ERK1/2 activation was significantly suppressed by DPCPX, but not
by SQ29548. These results suggest that the stimulation of adenosine
A, receptors is important in this synergistic facilitation in receptor-
coexpressing cells. Also, inhibition of G; and G, by PTX and
YM-254890 suppressed ERK1/2 activation induced by costimulation
with both agonists as well as the suppression by DPCPX. The synergis-
tic ERK1/2 activation induced by both agonists in these receptor-
coexpressing cells may have diverse pathways including G; and Gq.
Although we found that the adenosine A receptor and TP« receptor
form a heterooligomer, and that their ligands synergized the produc-
tion of cCAMP and the activation of ERK1/2, we could not demonstrate
that the synergism was caused by the receptor heterooligomerization.
The possibility that the synergism might be induced by interaction of
different types of G protein coupled to these receptors was not de-
nied. Further exploration is needed to clarify the precise molecular
mechanism in detail.

In conclusion, we showed that the adenosine A, receptor and TP«
receptor formed a hetero-oligomer in HEK293T cells. Furthermore,
the coexpression of these receptors affected receptor signal re-
sponses. Namely, the accumulation of cyclic AMP and activation of
ERK1/2 were markedly enhanced by costimulation especially with
different concentrations of both receptor agonists in coexpressing
cells as compared with that in cells expressing either of these recep-
tors alone. Many neurotransmitters are released from presynaptic
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Fig. 8. Mobilization of Ca? * evoked by indicated agonists and antagonists in HEK293T cells transfected with the adenosine A, receptor and/or TP« receptor. Cells were transfected
with the 3HA-adenosine A, receptor and G, (A, D), HA-TP« receptor and G, (B, E), 3HA-adenosine A, receptor/HA-TPo receptor and G, (C, F). Cells were loaded with fura 2-AM and
stimulated with the following agents at the times indicated by the arrows: (A, B, C) 3 M SQ29548 and costimulated 1M U46619 and 1 M CPA; (D, E, F) 10 UM DPCPX, 1 M

U46619 and 1 uM CPA. The results were representative of two similar experiments.

regions simultaneously. Currently, many drugs are developed on the
assumption that G protein-coupled receptor functions as a monomer-
ic form. If G protein-coupled receptor forms an oligomer under
certain pathological conditions, targeting of the oligomer may expand
the potential for drug discovery. The present results suggest the reg-
ulation of signal transduction via G protein-coupled receptor
heterodimers with different concentrations of neurotransmitters.
The physiological role of G protein-coupled receptor oligomerization
is still not fully understood. To identify the cells which have the re-
ceptor hetero-oligomerized of adenosine A; and prostanoid TP« re-
ceptors would be required to clarify the physiological roles.
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