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Lysophosphatidylinositol (LPI) is an endogenous ligand
for GPRS5S5, a putative novel type of cannabinoid recep-
tor. In this study, we first examined the effects of LPI
on p38 mitogen-activated protein kinase in HEK293
cells expressing GPRS55. LPI induced the rapid phos-
phorylation of p38 mitogen-activated protein kinase in
GPRS55-expressing cells. No apparent effect was
observed in the vector-transfected cells. The exposure
of GPR55-expressing cells to LPI also triggered the
phosphorylation of activating transcription factor 2
downstream of the p38 mitogen-activated protein
kinase. Treatment of the cells with Y-27632
[a Rho-associated kinase (ROCK) inhibitor] blocked
the LPIl-induced phosphorylation of p38 mitogen-
activated protein kinase and activating transcription
factor 2, suggesting that the Rho-ROCK pathway is
involved in these cellular responses. Notably, GPR55
was found to be abundantly expressed in lymphoid
organs such as the spleen and thymus. We obtained
evidence that rapid phosphorylation of p38
mitogen-activated protein kinase and activating tran-
scription factor 2 also takes place in IM-9 lymphoblas-
toid cells, which naturally express GPRS5S, after
stimulation with LPI. These results suggest that
GPRS55 and its endogenous ligand LPI play essential
roles in the homoeostatic responses to stress signals in
several mammalian tissues and cells including certain
types of immune cells.

Keywords: activating transcription factor 2/
cannabinoid/G protein-coupled receptor/
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Abbreviations: abn-CBD, abnormal cannabidiol;
ATF-2, activating transcription factor 2; ERK,
extracellular signal-regulated kinase; LPC, lysopho-
sphatidylcholine; LPI, lysophosphatidylinositol;
MAPK, mitogen-activated protein kinase; A°-THC,
A’-tetrahydrocannabinol.

A9-Tetrahydrocannabinol (A°-THC), a major psy-
choactive constituent of marijuana, binds to specific
receptor(s), i.e. the cannabinoid receptors, thereby eli-
citing a variety of pharmacological responses (/). To
date, two types of cannabinoid receptors have been
identified, the CBIl receptor and the CB2 receptor
(2,3). Studies using the CBI1/CB2 selective ligands
and knockout mice have revealed that additional
receptors for the cannabinoids exist (4—6). Recently,
several groups proposed that orphan G protein-
coupled receptor 55 (GPRSS5) (7) is such an additional
cannabinoid receptor (§—17), yet it has a low sequence
identity with the CB1 (13.5%) and CB2 (14.4%) recep-
tors and lacks the CB1 and CB2 functional fingerprints
(12, 13).

To search for an endogenous ligand for GPRS5S, we
generated HEK293 cells that stably expressed human
GPRS55 and found that lysophosphatidylinositol (LPT)
induced rapid phosphorylation of extracellular
signal-regulated kinase (ERK) and a transient increase
in the intracellular free Ca>™ concentration (/4). The
effect of LPI was diminished by treatment of the cells
with siRNA against GPRS55. We also found that recep-
tor desensitization occurred following exposure to LPI
(14). These results strongly suggest that LPI is an
endogenous ligand for GPRS55.

Notably, GPRS55 is widely expressed within the
body, such as in the brain, spleen, tonsils, testes and
ileum (7, 8, 11), suggesting that it plays a role in con-
trolling a variety of physiological responses (/5—17).
However, the information available concerning the
biological roles of GPRS55 is limited. Furthermore,
there are many inconsistencies regarding the effects
of cannabinoid compounds, such as CP55940 and
2-arachidonoyglycerol, on GPRS55 (8—24).

In this study, to assess the function of GPRS55, we
explored possible intracellular signalling molecules,
downstreams of GPRS55, using HEK?293 cells expres-
sing GPRS5 as target cells and LPI and related mole-
cules as receptor ligands. We found that LPI induced
rapid phosphorylation of p38 mitogen-activated pro-
tein kinase (MAPK). We also found that LPI pro-
voked the time-dependent phosphorylation of
activating transcription factor 2 (ATF-2). Similar
results were obtained for IM-9 lymphoblastoid cells,
which naturally express GPRS5S.

Materials and Methods

Chemicals
Essentially fatty acid-free BSA, LPI sodium salt (derived from soy-
bean), lysophosphatidylcholine (LPC) (derived from egg yolk) and
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WINS55212-2 were purchased from Sigma (St Louis, MO, USA).
CP55940 and abnormal cannabidiol (abn-CBD) were acquired
from Tocris (Bristol, UK). O-1602 was purchased from the
Cayman Chemical Co (Ann Arbor, MI, USA). Y-27632, PD98059,
SB203580 and SP600215 were acquired from EMD Chemicals Inc.
(Gibbstown, NJ, USA). Sucrose monolaurate (SM-1200), wortman-
nin and herbimycin A were obtained from Wako Pure Chem.
Ind. (Osaka, Japan). The anti-phospho-p38 MAPK rabbit anti-
body, anti-p38 MAPK rabbit antibody, anti-phospho-ATF-2
rabbit antibody, anti-ATF-2 rabbit antibody and anti-rabbit 1gG
horseradish peroxidase-linked goat antibody were obtained from
Cell Signaling Technology (Danvers, MA, USA). The C3 toxin
was acquired from List Biological Laboratories (Campbell, CA,
USA).

Cloning

A DNA fragment containing the entire open reading frame of the
human GPR55 gene (GenBank™ accession number NM_005683)
was amplified from human spleen ¢cDNA by PCR as described
previously (/4).

Cells

HEK293 cells were grown at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum, 100
U/ml of penicillin and 100 pg/ml of streptomycin. The cells were then
transfected with GPR55-pcDNA4/TO or an empty vector using
Lipofectamine™ 2000 reagent. The stably transfected clones were
selected in the presence of zeocin (100pug/ml, Invitrogen). The
human lymphoblastoid cell lines, Jurkat cells, Raji cells, Daudi
cells and IM-9 cells were grown at 37°C in RPM11640 supplemented
with 10% fetal bovine serum, 100 U/ml of penicillin and 100 pg/ml
of streptomycin.

Western blot analysis

The subconfluent HEK293 cells expressing GPR55 were incubated
in 1ml of DMEM containing 5SmM HEPES—NaOH (pH 7.4)
and 0.1% BSA in the presence of LPI, various ligands or the vehicle
(final concentration of DMSO: 0.02%, v/v) in 35-mm dishes at
37°C for the indicated periods of time. Following the incubation,
the medium was aspirated and the cells were washed with
ice-cold Tyrode’s solution containing SmM HEPES—NaOH (pH
7.4). The IM-9 cells were incubated in 500 pl of RPMI1640 contain-
ing 5 mM HEPES—NaOH (pH 7.4) and 0.1% BSA in the presence
or absence of LPI at 37°C for the indicated periods of time.
Following the incubation, the cells were spun down and the
medium was removed. Western blot analysis was carried out as pre-
viously described (/4). The intensity of the bands was quantified
using ImageJ, and the ratio of phospho-p38 MAPK to total p38
MAPK or the ratio of phospho-ATF-2 to total ATF-2 was calcu-
lated. The data were expressed as fold stimulation (compared to
vehicle alone).

RT-PCR analysis

cDNA templates were synthesized from total RNA obtained from
various human organs (Ambion). Real-time PCR was performed
using SYBR® Premix Ex Taq™ (Takara Bio, Inc.). The following
primers were used: GPR55: 5-ACAGTTTGCAGTCCACATCC-3’
(sense), 5-ACGCTTCCGTACATGCTGAC-3' (antisense);
GAPDH: 5-ACAGTCCATGCCATCACTGC-3' (sense), 5'-TCCA
CCACCCTGTTGCTGTA-3’ (antisense). For conventional PCR
analysis, total RNA was extracted from Jurkat cells, Raji cells,
Daudi cells and IM-9 cells using ISOGEN (Nippon Gene Co.,
Ltd). The RNA was treated with RNase-free DNase I and reverse
transcribed to cDNA. PCR was carried out using Ex Taq polymer-
ase (Takara Bio, Inc.) under the following conditions: for amplifica-
tion of the GPR55 gene, 30 cycles of 1 min at 95°C, 1 min at 60°C
and 1 min at 72°C; for amplification of the GAPDH gene, 25 cycles
of 1 min at 94°C, 1 min at 60°C and 1 min at 72°C.

RNA interference (RNAi) analysis

IM-9 cells were transfected with Duplex small interfering RNA
(siRNA) for GPRS5S5 using the Lipofectamine RNAIMAX reagent
as previously described (/4). Following transfection, the cells were
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incubated at 37°C for 48 h. A scrambled stealth RNAI (Invitrogen)
was used as a negative control.

Statistical analysis

The data were analysed by analysis of variance (ANOVA) followed
by Dunnett’s test (Figs 2—4, 6A and B) or Tukey’s test (Figs 5 and
6C). P<0.05 was considered to be significant.

Results

Effects of LPI on p38 MAPK in GPR55-expressing
HEK293 Cells

We first examined the effects of LPI on p38 MAPK in
the vector-transfected cells and GPRS55-expressing
cells. As demonstrated in Fig. 1, LPI (1 uM) exerted
no apparent effect on p38 MAPK in the
vector-transfected cells. Overexpression of GPRS5
modestly increased the basal phosphorylation level of
p38 MAPK. Notably, treatment of the cells with LPI
(1 uM) markedly enhanced the phosphorylation of p38
MAPK in the GPR55-expressing cells.

Figure 2 shows the time-dependent changes in the
phosphorylation of p38 MAPK following stimulation
with LPI (1 uM). LPI caused rapid phorphorylation of
p38 MAPK in the GPRS55-expressing cells, but not in
the vector-transfected cells. The response was detect-
able 2.5min after stimulation with LPI and persisted
for at least 20 min.

LPI produced concentration-dependent increases
in the phosphorylation of p38 MAPK in the
GPRS55-expressing cells (Fig. 3); the response was
detectable from 30nM and reached a plateau at
3uM. The ECsy was 300nM. On the other hand,
LPI did not induce the phosphorylation of p38
MAPK at least upto 10 uM in the vector-transfected
cells.

Effects of LPI, various cannabinoid receptor ligands
and related molecules, on p38 MAPK in
GPR55-expressing HEK293 cells

We next compared the ability of LPI and various can-
nabinoid receptor ligands as well as structurally related
molecules to activate p38 MAPK. As demonstrated in
Fig. 4A, no marked change was observed following the
addition of various ligands to the vector-transfected
cells. On the other hand, LPI (1 uM) evoked the phos-
phorylation of p38 MAPK in the GPR55-expressing

ww | +— Phospho-p38 MAPK

~— Total-p38 MAPK

LPI - + - +
Vector GPR55

Fig. 1 Effects of LPI on p38 MAPK in GPRS5-expressing HEK293
cells. Vector-transfected cells or GPR55-expressing cells were incu-
bated in the presence or absence of LPI (1 uM) at 37°C for 10 min.
A western blot analysis was performed as described in the ‘Materials
and Methods’ section. The result is representative of four separate
experiments with similar results.
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Fig. 2 Time-dependent changes in the phosphorylation of p38 MAPK in GPR55-expressing HEK293 cells. Vector-transfected cells (A) or
GPR55-expressing cells (B) were incubated in the presence or absence of LPI (1uM) at 37°C for the indicated periods of time. A western blot
analysis was performed as described in the “Materials and Methods’ section. The data are expressed as the fold stimulation (compared to time 0).
The values are the means +SD of four determinations. **P<0.01; ***P <0.001.
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Fig. 3 Dose dependence of LPI-induced phosphorylation of p38 MAPK in GPR55-expressing HEK293 cells. Vector-transfected cells (A) or
GPRS55-transfected cells (B) were incubated in the presence or absence of various concentrations of LPI at 37°C for 10 min. A western blot
analysis was performed as described in the ‘Materials and Methods’ section. The data are expressed as the fold stimulation (compared to vehicle
alone). The values are the means +SD of four determinations. **P<0.01; ***P<0.001.
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Fig. 4 Effects of LPI, various cannabinoid receptor ligands and related molecules on p38 MAPK in GPR55-expressing HEK293 cells.
Vector-transfected cells (A) or GPR55-expressing cells (B) were incubated in the presence or absence of LPI, various cannabinoid receptor
ligands and structurally related molecules (1uM each) at 37°C for 10 min. A western blot analysis was performed as described in the ‘Materials
and Methods’ section. The data are expressed as the fold stimulation (compared to vehicle alone). The values are the means = SD of four
determinations. ***P <0.001.

cells (Fig. 4B). In contrast, various cannabinoid GPR55-expressing  cells. LPC (1uM) and the
receptor ligands, such as CP55940, WINS55212-2, non-ionic detergent SM-1200 (1 uM) also had no
A°-THC, abn-CBD and O-1602 (1M each), had effect on the phosphorylation of p38 MAPK in these
no effect on the p38 MAPK level in the cells.

673

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hio'sfeulnolpio)xosqly/:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

S. Oka et al.

Effects of several inhibitors on LPl-induced
phosphorylation of p38 MAPK in GPR55-expressing
HEK293 cells

To investigate the intracellular signalling pathways
that are downstream of GPRS55 and involved in
the phosphorylation of p38 MAPK, we treated the
GPR55-expressing  cells  with  several inhibitors.
As shown in Fig. 5A, treatment with Y-27632
[a Rho-associated kinase (ROCK) inhibitor; 20 pM]
completely blocked the LPI (1 uM)-induced phosphor-
ylation of p38 MAPK in the GPR55-expressing cells.
On the other hand, PD98059 (a MEK inhibitor;
20 uM), wortmannin (a phosphatidylinositol 3-kinase
inhibitor; 500 nM) and herbimycin A (a tyrosine kinase
inhibitor; 20 uM) had no influence on the effect of LPI.
The effect of the C3 toxin treatment is depicted in
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Fig. 5 Effects of various inhibitors on p38 MAPK in
GPRS55-expressing HEK293 cells. (A) GPRS55-expressing cells were
treated with the vehicle, Y-27632 (20 uM), wortmannin (500 nM),
herbimycin A (20 pM) or PD98059 (20 uM) at 37°C for 1 h and then
incubated in the presence of LPI (1 uM) at 37°C for 10 min. (B)
GPRS55-expressing cells were incubated in the presence or absence of
C3 toxin (20 pg/ml) at 37°C for 24 h. The cells were then washed and
challenged with LPI (1 uM) at 37°C for 10 min. A western blot
analysis was performed as described in the ‘Materials and Methods’
section. The data are expressed as the fold stimulation (compared to
vehicle alone). The values are the means +SD of four determina-
tions. ***P <0.001.

Fig. 5B. Treatment of the cells with the C3 toxin
(20 pg/ml) markedly suppressed LPI-induced phos-
phorylation of p38 MAPK, indicating that RhoA is
critically involved in the response.

Effect of LPl on the ATF-2 transcription factor in
GPR55-expressing cells

The transcription factor ATF-2 is a downstream target
of p38 MAPK. So, we tested the ability of LPI to acti-
vate ATF-2 in the GPRS55-expressing cells. The activa-
tion of ATF-2 was evaluated by determining its
phosphorylation. As demonstrated in Fig. 6B, the
exposure of the cells to LPI (3 uM) markedly stimu-
lated the phosphorylation of ATF-2. The response was
detectable from 5 min after treatment with LPI and
persisted for at least 120 min. No apparent effect of
LPI on the phosphorylation of ATF-2 was observed
in the vector-transfected cells (Fig. 6A).

We then examined the effects of several inhibitors on
the LPI (3 uM)-induced phosphorylation of ATF-2 in
the GPRS55-expressing cells. As demonstrated in
Fig. 6C, PD98059 (a MEK inhibitor; 20 uM) did not
markedly influence the LPI-induced phosphorylation
of ATF-2. SB203580 (a p38 MAPK o/B-isoforms
inhibitor; 20 uM) also did not affect the phosphoryla-
tion of ATF-2. On the other hand, the LPI-induced
phosphorylation of ATF-2 was markedly reduced by
Y-27632 (a ROCK inhibitor; 20 uM), as in the case of
the p38 MAPK activation shown in Fig. 5, suggesting
that Rho-ROCK act as common upstream molecules
for both p38 MAPK and ATF-2 activation.

Expression of GPR55 mRNA in various human
organs and cell lines

In order to determine the effects of LPI on naturally
GPR55-expressing cells, we investigated the expression
of GPR55 in various human organs and cell lines. As
illustrated in Fig. 7A, high levels of GPRS55 expression
were observed in the spleen, thymus, small intestine
and testes. Substantial levels of GPR55 mRNA were
also detected in the brain, lung and colon. On the other
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Fig. 6 Effects of LPI on the phosphorylation of ATF-2 in GPR55-expressing HEK293 cells. Vector-transfected cells (A) or GPR55-expressing
cells (B) were incubated in the presence or absence of LPI (3 pM) at 37°C for the indicated periods of time. A western blot analysis was performed
as described in the ‘Materials and Methods’ section. The data are expressed as the fold stimulation (compared to time 0). The values are the
means +SD of four determinations. **P<0.01; ***P<0.001. (C) GPR55-expressing cells were treated with the vehicle, Y-27632 (20 uM),
SB203580 (20 uM) or PD98059 (20 uM) at 37°C for 1 h and then incubated in the presence of LPI (3 uM) at 37°C for 30 min. A western blot
analysis was performed as described in the ‘Materials and Methods’ section. The data are expressed as the fold stimulation (compared to vehicle
alone). The values are the means + SD of four determinations. ***P <0.001.
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Fig. 7 Expression of GPR55 mRNA in various human organs and cell lines. (A) The expression of GPR55 mRNA in various human organs was
determined by real-time PCR as described in the “Materials and Methods’ section. Results are expressed as arbitrary units and normalized
against GAPDH mRNA expression. (B) The expression of GPR55 mRNA in several lymphoblastoid cell lines was determined by RT-PCR as

described in the ‘Materials and Methods” section.

hand, the expression levels of GPR55 mRNA in other
organs, such as the liver, heart and kidney, were rather
low.

We then explored the expression of GPR55 mRNA
in several lymphoblastoid cell lines, because high levels
of GPR55 mRNA expression were observed in the
spleen and thymus. We found that GPR55 mRNA
was abundantly expressed in IM-9 cells, while its
expression in Jurkat cells, Raji cells and Daudi cells
was negligible (Fig. 7B).

Effects of LPl on p38 MAPK and ATF-2 in IM-9 cells
The effects of LPI on p38 MAPK and ATF-2 in IM-9
cells were examined next. As demonstrated in Fig. 8A,
LPI (1 uM) evoked the phosphorylation of p38 MAPK
in IM-9 cells. LPI (3 uM) also induced the phosphor-
ylation of ATF-2 (Fig. 8B). On the other hand, LPC
(3uM) did not influence the phosphorylation of p38
MAPK or ATF-2 in IM-9 cells (data not shown). Of
note, treatment of the cells with the siRNA markedly
reduced the LPI-induced phosphorylation of p38
MAPK (by 80%) and ATF-2 (by 60%), whereas treat-
ment with a control siRNA did not exert any effect on
the LPI-induced response (data not shown). Moreover,
the LPI-induced phosphorylation of p38 MAPK or
ATF-2 was not observed in Jurkat cells, Raji cells
and Daudi cells (data not shown). These results suggest
that the augmented phosphorylation of p38 MAPK
and ATF-2 is a common cellular event in
GPR55-expressing cells following stimulation with
LPI.

Discussion

GPR55 is a rhodopsin-like G protein-coupled receptor
that was identified in 1999 (7). Evidence is accumulat-
ing that GPRSS5 is expressed in various mammalian
tissues and cells (7, 8, I11). Yet, the endogenous
ligand for GPRS55 was not determined for a long
time. Recently, we started a search for the endogenous
ligand for GPRS55 and obtained evidence that LPI acts
as an agonist towards GPRS55. LPI induced the rapid
phosphorylation of ERK and a Ca®" transient in HEK

293 cells expressing GPRS55 but not in vector-
transfected cells (/4, 20). Several investigators also
reported that LPI induces Ca®" responses and activa-
tion of the nuclear factor of activated T cells (NFAT)
in HEK293 cells expressing GPR55 (21), a Ca®" tran-
sient in mouse dorsal root ganglion neurons (/8) and
the EA.hy926 human umbilical vein endothelial cell
line (19), B-arrestin translocation in HEK?293 cells
expressing GPR55 (22) and enhanced phosphorylation
of ERK in the BV-2 mouse microglial cell line (25).
Nevertheless, not much information is currently avail-
able concerning LPI as a GPRS55 ligand.

In this study, we examined in detail the effects of
LPI on several other signalling molecules such as p38
MAPK. We found that LPI induced the phosphoryla-
tion of p38 MAPK in GPRS55-expressing HEK293
cells (Figs 1-3). A similar result was obtained for
IM-9 cells, which naturally express GPRS55 (Fig. 8).
The phosphorylation of p38 MAPK was blocked by
a ROCK inhibitor and C3 toxin, suggesting that the
effect of LPI on p38 MAPK was mediated by the
Rho-ROCK pathway. On the other hand, MEK, phos-
phatidylinositol 3-kinase and tyrosine kinase seem not
to be involved in the phosphorylation of p38 MAPK.

We also found that LPI caused the phosphorylation
of the ATF-2 transcription factor, a member of the
leucine zipper family of DNA binding proteins in
GPR55-expressing HEK?293 cells (Fig. 6B) and IM-9
cells (Fig. 8). ATF-2 is activated in response to signals
that converge on the stress-activated protein kinases
p38 MAPK and c-Jun N-terminal kinase (JNK) (26).
It has also been reported that ATF-2 can be activated
by ERK (27). As for JNK, it appears not to be
involved, because LPI did not induce the activation
of JNK, and the inhibition of this enzyme using a spe-
cific inhibitor (SP600125) did not influence the activa-
tion of either p38 MAPK or ATF-2 (data not shown).
The blockage of the MEK/ERK pathway using
PD98059 also did not affect the LPI-induced phos-
phorylation of ATF-2 (Fig. 6C), suggesting that the
activation of ERK induced by LPI is not relevant
to ATF-2 activation. Notably, SB203580, a p38
MAPK inhibitor, did not affect the LPI-induced
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Fig. 8 Effects of LPI on the phosphorylation of p38 MAPK and
ATF-2 in IM-9 cells. IM-9 cells were incubated in the presence or
absence of LPI at 37°C for the indicated periods of time. A western
blot analysis was performed as described in the ‘Materials and
Methods’ section. (A) Effects of LPI (1 uM) on the phosphorylation
of p38 MAPK. (B) Effects of LPI (3 uM) on the phosphorylation of
ATF-2. The data are representative of three separate experiments
with similar results.

phosphorylation of ATF-2 (Fig. 6C). This is not sur-
prising, because SB203580 blocks the p38c- and
B-isoforms, but not the y- or d-isoform (28), raising
the possibility that LPI activated the p38 MAPK -
or d-isoform thereby inducing the phosphorylation of
ATF-2. In relation to this, it should be noted that
Marinissen et al. (29) reported that RhoA selectively
activates p38y, but not p38a. It is also worth noting
that the LPI-induced phosphorylation of p38 MAPK
in GPR55-expessing HEK293 cells was mediated by
the Rho-ROCK pathway (Fig. 5). It is conceivable,
therefore, that LPI stimulates p38 MAPK (presumably
y- or &-isoform) primarily via the Rho-ROCK path-
way, leading to the activation of ATF-2.

Thus, RhoA and ROCK are key molecules in the
LPI-induced activation of p38 MAPK and ATF-2.
This is consistent with the fact that GPRS5S5 is thought
to couple to the G513 protein (/7) and that the acti-
vation of the G5 protein, in general, leads to an
increase in RhoA guanine nucleotide exchange and
ROCK activation (30, 31). Several investigators have
previously reported that the Rho-ROCK pathway is
involved in GPR55-mediated cellular responses, e.g.
the Ca®" response and the activation of NFAT (21).
We also found that the Rho-ROCK pathway partici-
pates in ERK activation (S. Oka et al., unpublished
results). It appears, therefore, that the Gyy3-
RhoA-ROCK signalling pathway mediates various
LPI- and GPR55-induced cellular events.

Meanwhile, GPRS55 has been reported as a possible
novel type of cannabinoid receptor (§—11, 18). Several
investigators have demonstrated that various cannabi-
noid receptor ligands stimulate the binding of
[*SIGTPYS to  membranes prepared  from
GPRS55-expressing HEK 293 cells (8—117). Several can-
nabinoid receptor ligands have also been shown to
induce Ca®" responses in HEK293 cells expressing

676

GPRS55 (18, 19, 21). On the other hand, in our previous
study, various cannabinoid receptor ligands (1 pM)
failed to induce the phosphorylation of either ERK
or a Ca’" transient in HEK293 cells expressing
GPR55 (14). Several cannabinoid receptor ligands
also failed to induce the phosphorylation of p38
MAPK (Fig. 4). The reason for these discrepancies is
not clear. The different experimental results, with
respect to the effects of the cannabinoid receptor
ligands, may be attributed, at least in part, to differ-
ences in the experimental conditions and protocols. In
any case, the thorough elucidation of whether GPR55
acts as an effective and functional receptor for canna-
binoids requires future investigation.

The physiological implications of the LPI-induced
and GPRS55-mediated phosphorylation of p38
MAPK have also not been fully elucidated. GPRS55
has been shown to be expressed in certain regions of
the brain and several peripheral tissues such as the
spleen and tonsils (7, 8, 11). We also observed that
GPRS55 is highly expressed in the spleen and thymus
(Fig. 7). Several investigators have reported that
GPR55 may participate in a variety of physiological
and pathophysiological processes, e¢.g. the regulation
of cytokine production, inflammatory/neuropathic
pain and the regulation of wvascular functions
(15—24, 32). Considering that p38 MAPK is responsive
to various cellular stresses including inflammatory
cytokines, lipopolysaccharides, heat shock, osmotic
shock and ultraviolet irradiation and is involved in
cell differentiation and apoptosis (33, 34), it seems
very likely that GPRS55 and its endogenous ligand,
LPI, play essential roles in the self-defence mechanisms
against stress stimuli in several biological systems such
as the nervous system, immune system and vascular
system. Several investigators have previously demon-
strated that LPI exhibits biological activity towards
certain types of mammalian cells (35), yet the details
of the mechanisms behind these actions remain to be
determined. Further detailed studies are thus needed to
fully elucidate the physiological and pathophysiologi-
cal roles of GPR55 and LPI in mammalian tissues.

In summary, we found that LPI induced the rapid
phosphorylation of p38 MAPK in HEK293 cells
expressing GPR55 and IM-9 cells. We also found
that LPI provoked the phosphorylation of the tran-
scription factor ATF-2. These results point to roles
of GPR55 and LPI in the homeostatic responses to
stress signals in several types of mammalian cells.
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