
Identification and Characterization of a Novel
Lysophosphatidic Acid Receptor, p2y5/LPA6

*□S

Received for publication, November 7, 2008, and in revised form, March 25, 2009 Published, JBC Papers in Press, April 22, 2009, DOI 10.1074/jbc.M808506200

Keisuke Yanagida‡, Kayo Masago‡, Hiroki Nakanishi§, Yasuyuki Kihara‡, Fumie Hamano‡, Yoko Tajima§,
Ryo Taguchi§¶, Takao Shimizu‡1, and Satoshi Ishii‡�1,2

From the Departments of ‡Biochemistry and Molecular Biology and §Metabolome, Faculty of Medicine, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033 and ¶CREST and �PRESTO, Japan Science and Technology Agency,
Kawaguchi, Saitama 332-8613, Japan

p2y5 is an orphan G protein-coupled receptor that is closely
related to the fourth lysophosphatidic acid (LPA) receptor,
LPA4.Herewe report that p2y5 is a novel LPA receptor coupling
to the G13-Rho signaling pathway. “LPA receptor-null” RH7777
and B103 cells exogenously expressing p2y5 showed [3H]LPA
binding, LPA-induced [35S]guanosine 5�-3-O-(thio)triphos-
phate binding, Rho-dependent alternation of cellular morphol-
ogy, and Gs/13 chimeric protein-mediated cAMP accumulation.
LPA-induced contraction of human umbilical vein endothelial
cells was suppressed by small interfering RNA knockdown of
endogenously expressed p2y5. We also found that 2-acyl-LPA
had higher activity to p2y5 than 1-acyl-LPA. A recent study has
suggested that p2y5 is an LPA receptor essential for human hair
growth. We confirmed that p2y5 is a functional LPA receptor
and propose to designate this receptor LPA6.

Lysophosphatidic acid (LPA3; 1- or 2-acyl-sn-glycero-3-
phosphate) is a naturally occurring lipid mediator with diverse
biological activities (1, 2). LPA plays important roles in many
biological processes, such as the nervous system (3), tumor
metastasis (4), wound healing (5), cardiovascular functions (6),
and reproduction (7), through its specific G protein-coupled
receptors (GPCRs). At least five subtypes of LPA receptors have
been identified. Three receptors (LPA1 (8), LPA2 (9), and LPA3
(10, 11)) share about 50% amino acid sequence identities, and
form the Edg (endothelial differentiation gene) family together

with the GPCRs for sphingosine 1-phosphate. Two additional
LPA receptors, p2y9/LPA4 (12) and GPR92/LPA5 (13, 14),
which show small similarities with the Edg family GPCRs, were
recently identified. These LPA receptors, by coupling with dif-
ferent sets of G proteins, transduce various responses in many
cell types. Depending on the functional coupling of a given LPA
receptor to the G proteins, LPA activates diverse signaling cas-
cades involving phosphoinositide 3-kinase, phospholipase C,
mitogen-activated protein kinase, Rho-family GTPase, and ad-
enylyl cyclase (2).
The fact that p2y5 shares the highest sequence homology

with p2y9/LPA4 among all GPCRs (12) strongly suggested that
LPA is a ligand for p2y5. However, we could not detect LPA-
induced Ca2� mobilization or cAMP level changes in p2y5-
overexpressing cells at the time of the identification of p2y9/
LPA4 as the fourth LPA receptor in our laboratory (12). In the
course of the further analysis of p2y5-overexpressing cells, we
found that p2y5 actually responded to LPA with activation of
the G13-Rho signaling pathway. Our results confirm the identi-
fication of p2y5 as an LPA receptor and extend the knowledge
of the functional roles of LPA.

EXPERIMENTAL PROCEDURES

Lipids—1-Oleoyl-LPA, 1-palmitoyl-LPA, 1-stearoyl-LPA,
1-myristoyl-LPA, and 1-arachidonoyl-LPA were purchased
fromAvanti Polar Lipids (Alabaster, AL). 1-Linoleoyl-LPA was
from Echelon Biosciences (Salt Lake City, UT). These lipids
were stored at �30 °C (10 mM stock in 50% ethanol). Alkyl-
OMPT (10 mM stock in dimethyl sulfoxide stored at �30 °C)
was from Echelon Biosciences. 2-Acyl-LPA was prepared from
phosphatidic acid (PA) using a 1,3-specific lipase derived from
fungi (15). Briefly, dioleoyl-PA, dilinoleoyl-PA, and diarachido-
noyl-PA (Avanti Polar Lipids) were incubatedwithRhizomucor
miehei lipase (Sigma) in the reaction buffer (100 mM sodium
acetate (pH 7.8), 150mMNaCl, and 2mMCaCl2) at 37 °C for 1 h
in the presence of an equal volume of diethyl ether. The aque-
ous phase was then applied to an Oasis HLB cartridge (60mg/3
ml; Waters, Milford, MA). 2-Acyl-LPA was eluted with metha-
nol after the washing with water. Since 2-acyl-LPA is unstable
(16), we used the fraction within 2 h after the elution. The
amount of LPA in the eluted fraction was determined by
phosphoric analysis after the separation of LPA by thin layer
chromatography.
Cell Culture—RH7777 rat hepatoma cells and B103 rat neu-

roblastoma cells were kindly provided by Dr. J. Chun (Scripps
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Research Institute, La Jolla, CA). These cells were maintained
on collagen-coated 100-mm dishes (Iwaki, Tokyo, Japan) in
Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% fetal bovine serum (Invitrogen). B103 cells and
RH7777 cells stably expressing p2y5, LPA1, or LPA3 (see below)
were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 0.3 mg/ml G418
(Invitrogen). Human umbilical vein endothelial cells (HUVECs)
were purchased from Cell Applications (San Diego, CA) and cul-
tured in collagen-coated 100-mm dishes with endothelial cell
growthmedium(CellApplications).The cellswereused for assays
from passages 4–7. In some experiments, cells were pretreated
with5�MY27632 (Calbiochem; froma5mMstock inwater stored
at�30 °C) for 10min.
Cloning of Human p2y5—A DNA fragment containing the

entire open reading frame of human p2y5 (GenBankTM acces-
sion number NM_005767) was first amplified from human
genomic DNA by PCR using Pfu turbo (Stratagene, La Jolla,
CA) and oligonucleotides (sense primer, 5�-AAAGTGCTTC-
CAAACTGAAAATTG-3�; antisense primer, 5�-CCCAGTG-
AGTCCTAATGGTTTTAT-3�). The entire open reading
frame of p2y5 with an additional sequence of hemagglutinin
(HA) epitope at the 5�-endwas subsequently amplified from the
resultant PCR products using KOD-Plus (Toyobo, Osaka,
Japan) and oligonucleotides (sense primer containing KpnI and
HA tag sequences, 5�-GGGGTACCGCCATGTACCCCTAC-
GACGTGCCCGACTACGCCGTAAGCGTTAACAGCTCC-
3�; antisense primer containing XbaI sequence, 5�-GCTCT-
AGATCAGGCAGCAGATTCATT-3�). The resultant DNA
fragment was digested with KpnI and XbaI and subsequently
cloned into the mammalian expression vector pCXN2.1, a
slightly modified version of pCXN2 (17) with multiple cloning
sites, between the KpnI and NheI sites.
Cloning of Human LPA Receptors—HA-tagged human LPA1

and LPA4 DNAwere constructed and cloned into pCXN2.1, as
described previously (18). The entire open reading frame of
human LPA2 (GenBankTM accession number NM_004720)
with an additional sequence of HA epitope at the 5�-end was
amplified from LPA2 cDNA in pcDNA3.1 (kindly provided by
Dr. Izumi, Gunma University, Japan) using KOD-Plus and
oligonucleotides (sense primer containing KpnI and HA tag
sequences, 5�-GGGGTACCGCCATGTACCCCTACGA-
CGTGCCCGACTACGCCGTCATCATGGGCCAGTGC-
3�; antisense primer containing XbaI sequence, 5�-GCTCTA-
GACTAAAGGGTGGAGTCCATCAG-3�). A DNA fragment
containing the entire open reading frame of human LPA3
(GenBankTM accession number NM_012152) was first ampli-
fied from a cDNA prepared from human kidney poly(A)� RNA
(Clontech, Palo Alto, CA) by PCR using Pfu turbo and oligonu-
cleotides (sense primer, 5�-TCTAGGATGTTCACTTCTTC-
TCCAC-3�; antisense primer, 5�-GAGAGGCATCCAGAGT-
TTAGGAAGT-3�). The entire open reading frame of LPA3
with an additional sequence of HA epitope at the 5�-end was
subsequently amplified from the resultant PCR products using
KOD-Plus and oligonucleotides (sense primer containing KpnI
and HA tag sequences, 5�-GGGGTACCGCCATGTACCC-
CTACGACGTGCCCGACTACGCCAATGAGTGTCACTA-
TGAC-3�; antisense primer containing XbaI sequence, 5�-

GCTCTAGATTAGGAAGTGCTTTTATTGCA-3�). A DNA
fragment containing the entire open reading frame of human
LPA5 (GenBankTM accession number NM_020400) was first
amplified from human genomic DNA by PCR using Pfu turbo
and oligonucleotides (sense primer, 5�-ACTTGAGGCTGAG-
AAAAGATTCAG-3�; antisense primer, 5�-ACTTTGTACTC-
TTCTGCGTTGCTAA-3�). The entire open reading frame of
LPA5 with an additional sequence of HA epitope at the 5�-end
was subsequently amplified from the resultant PCR products
usingKOD-Plus and oligonucleotides (sense primer containing
KpnI and HA tag sequences, 5�-GGGGTACCGCCATGTAC-
CCCTACGACGTGCCCGACTACGCCTTAGCCAACAGC-
TCCTCA-3�; antisense primer containing XbaI sequence, 5�-
GCTCTAGATCAGAGGGCGGAATCCTG-3�). All resultant
DNA fragments were digested with KpnI and XbaI and subse-
quently cloned into pCXN2.1.
Transient Expression and Membrane Preparation—RH7777

cells (2 � 106) were seeded in collagen-coated 100-mm dishes
and transfected with each receptor expression plasmid using
the Lipofectamine 2000 reagent (Invitrogen). After 24-h serum
starvation with Dulbecco’s modified Eagle’s medium contain-
ing 0.1% bovine serum albumin (BSA; fatty acid-free; Sigma),
the cells were washedwith phosphate-buffered saline twice and
scraped off. After further washing with binding buffer (25 mM
HEPES-NaOH (pH 7.4), 10mMMgCl2, and 0.25 M sucrose), the
cells were suspended in the buffer containing an additional pro-
tease inhibitor mixture (Complete; Roche Applied Science),
sonicated three times at 15 watts for 30 s, and centrifuged at
8,000 � g for 10 min at 4 °C. The supernatant was further cen-
trifuged at 100,000 � g for 60 min at 4 °C, and the resultant
pellet was homogenized in ice-cold binding buffer. The protein
concentration of the homogenate was determined with a Brad-
ford assay (Bio-Rad) using BSA as a standard.
Western Blotting—The membrane fraction (4 �g of protein)

from RH7777 cells was digested with 2 units ofN-glycosidase F
(Roche Applied Science) to remove asparagine-bound N-gly-
cans according to the manufacturer’s instructions. The protein
sample (with 5% 2-mercaptoethanol) was analyzed by 10%
SDS-PAGEwithout heat denaturation, followed by transfer to a
polyvinylidene difluoridemembrane (MilliporeCorp., Bedford,
MA). The membrane was blocked with 5% skim milk (Difco)
and probed with a 3F10 rat monoclonal anti-HA antibody
(Roche Applied Science). The bands were visualized with an
ECL chemiluminescence detection system (GE Healthcare)
using horseradish peroxidase-conjugated anti-rat IgG (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA).
Radioligand Binding Assay—A total of 20 �g each of the

membrane fractions was incubated in 200 �l of binding
buffer containing 0.25% BSA with the indicated concentra-
tions of [3H]LPA (1-oleoyl[oleoyl-9,10-3H]LPA, 57 Ci/mmol;
PerkinElmer Life Sciences) for 70 min at 4 °C. Membrane-
bound [3H]LPA was collected onto a Unifilter-96-GF/C
(PerkinElmer Life Sciences) using a MicroMate 196 harvester
(PerkinElmer Life Sciences). The filter was then rinsed 10 times
with ice-cold binding buffer and dried for 12 h at 50 °C. A
volume of 25 �l of MicroScint-0 scintillation mixture
(PerkinElmer Life Sciences) was added per well. The radioac-
tivity that remained on the filter was measured using a Top-
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Count microplate scintillation counter (PerkinElmer Life Sci-
ences). Total and nonspecific bindings were evaluated in the
absence and presence of 10 �M unlabeled 1-oleoyl-LPA,
respectively.
Stable Expression—B103 cells and RH7777 cells stably

expressing p2y5 (referred to hereafter as B103-p2y5 cells and
RH7777-p2y5 cells, respectively) were established as follows.
B103 cells and RH7777 cells were transfected with the p2y5-
expression plasmid (see above). Expression of the HA epitope
on the cell surface was confirmed by flow cytometric analysis
(EPICS XL, Beckman Coulter, Fullerton, CA) using a 3F10
anti-HA antibody and phycoerythrin-labeled anti-rat IgG
(Beckman Coulter) as the secondary antibody. Stable transfec-
tants were selected with 1 mg/ml G418 for 20 days. After label-
ing the drug-resistant cells with phycoerythrin, as described
above, a group of HA-positive cells was sorted using an auto-
mated magnetic cell sorter (autoMACS; Miltenyi Biotec,
Auburn, CA) with the use of anti-phycoerythrin MicroBeads
(Miltenyi Biotec). B103 cells andRH7777 cells stably expressing
LPA1 or LPA3 were established essentially as described previ-
ously (18).
[35S]GTP�S Binding Assay—Themembrane fraction (5�g of

protein) from RH7777 cells was incubated in 100 �l of GTP�S
binding buffer (20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 5 mM
MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 0.3 �M GDP, and
0.1% BSA) containing 0.5 nM [35S]GTP�S (46.2 MBq/mmol;
PerkinElmer Life Sciences) with or without various concen-
trations of ligands for 30 min at 30 °C. Membrane-bound
[35S]GTP�Swas separated from free by rapid filtration through
a Unifilter-96-GF/C, which was rinsed 10 times with ice-cold
TMN buffer (10 mM Tris-HCl (pH 7.5), 25 mM MgCl2, and 100
mM NaCl). Radioactivity was measured as described above.
[35S]GTP�S Binding to the G�13 Protein—The membrane

fraction (40 �g of protein) from RH7777 cells transiently
expressing p2y5 was incubated in 100 �l of GTP�S binding
buffer containing 0.5 nM [35S]GTP�S with or without 10 �M
1-oleoyl-LPA for 30 min at 30 °C. Then membrane protein was
resuspended in 900 �l of solubilization buffer (20 mMTris-HCl
(pH 7.5), 100 mMNaCl, 5 mMMgCl2, 1 mM EDTA, 1.25% Non-
idet P-40, 0.2% SDS, 100�MGDP, 100�MGTP, andComplete).
50 �l of protein A/G PLUS-agarose beads (Santa Cruz Biotech-
nology)were added to the extracts andmixed by rotation for 3 h
at 4 °C to preclear nonspecific binding. Agarose beads were
then pelletted, and the supernatant was incubated with 1:100
anti-G�13 antibody (A-20; Santa Cruz Biotechnology) for 60
min at 4 °C, and then 50 �l of protein A/G PLUS-agarose was
added. Following rotation for 12–16 h at 4 °C, the immune
complexes were collected by centrifugation and washed three
times with wash buffer (20 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 5 mM MgCl2, 1 mM EDTA, 100 �M GDP, and 100 �M
GTP). [35S]GTP�S binding in the immunoprecipitates was
quantified by liquid scintillation counting. Nonspecific binding
was determined by the immunoprecipitationwithout antibody.
Construction of Gs/13 Chimeric Protein Expression Plasmid—

Human Gs-encoding cDNA in pcDNA3.1 (G�s long subunit;
cDNA Resource Center, Rolla, MO) was used as a template to
replace its C-terminal five amino acids (QYELL) with those of
G13 (QLMLQ) (19) using PCR-basedmutagenesis with two oli-

gonucleotides (sense primer, 5�-ATTAATACGACTCACTA-
TAGG-3�; antisense primer, 5�-GGTCTAGATTACTGT-
AGCATAAGCTGACGAAGGTGCATGCGCTGAA-3�). The
resultant DNA fragment was digested with KpnI and XbaI and
subsequently cloned into the pcDNA3.1 vector. TheNheI-XbaI
DNA fragment (containing the Gs/13 sequence) in the resultant
plasmid replaced the Renilla luciferase sequence of the pRL-
CMV vector (Promega, Madison,WI). Intact pRL-CMV vector
served as the control for the Gs/13 expression vector.
cAMPMeasurement—To determine whether LPA receptors

affect the activity of adenylyl cyclases, an AlphaScreen cAMP
assay kit (PerkinElmer Life Sciences)was used as recommended
by the manufacturer. Cells (4 � 104) were seeded in collagen-
coated 96-well plates (Iwaki), followed by a 12-h serum starva-
tion in the presence or absence of 100 ng/ml pertussis toxin
(PTX; List Biological Laboratories, Campbell, CA; from a 400
�g/ml stock in 10 mM Tris-HCl (pH 7.4) and 2 M urea stored at
4 °C). The cells werewashedwith bufferA (Hanks’ balanced salt
solution containing 25 mM HEPES-NaOH (pH 7.4) and 0.1%
BSA) and incubated in 100 �l of buffer A containing 0.5 mM
3-isobutyl-1-methylxanthine (Sigma; from a 50 mM stock in
dimethyl sulfoxide stored at �30 °C) for 20 min at room tem-
perature. The reaction was initiated by adding 50 �l of various
concentrations of LPA in buffer Awith 10 �M forskolin (Sigma;
from a 10 mM stock in dimethyl sulfoxide stored at �30 °C).
After 30 min of incubation at room temperature, the reaction
was terminated by adding 15 �l of 10% Tween 20, followed by
overnight storage at 4 °C. The cAMP concentration in the cell
lysate was measured in triplicate with the Fusion system
(PerkinElmer Life Sciences). In some experiments, the cells
were pretreated with 10 �M Ki16425 (Sigma; from a 10 mM
stock in dimethyl sulfoxide stored at �30 °C) for 20 min at
room temperature.
mRNA Expression Profile of LPA Receptors in HUVECs—To-

tal RNA was extracted from HUVECs using an RNeasy minikit
(Qiagen, Tokyo, Japan) and reverse-transcribed using Super-
script II reverse transcriptase (Invitrogen). An equal aliquot of
the cDNA solution was used to amplify the different receptor
transcripts using ExTaq DNA polymerase (Takara, Tokyo,
Japan). The PCR program was as follows: denaturation at 94 °C
for 2.5 min and 40 cycles of amplification consisting of dena-
turation at 96 °C for 10 s, annealing at 57 °C for 10 s, and exten-
sion at 72 °C for 20 s. The sequences of primers used for LPA1,
LPA2, LPA3, LPA4, and LPA5 are the same as those used by
Kotarsky et al. (13). The primers for p2y5 were designed to
amplify a 358-bp fragment (sense primer, 5�-AGAATTGTGA-
GAAAGCGACCTC-3�; antisense primer, 5�-TCTGTGACC-
AGAATGAAACCAC-3�). The PCR products were separated
by electrophoresis on a 2% agarose gel.
LPA-induced Morphological Changes of HUVECs—To eval-

uate LPA-induced cell morphological changes of HUVECs, we
utilized the xCELLigence system (Roche Applied Science),
which measures cell-substrate impedance (20). Briefly,
HUVECs were seeded at 8,000 cells/well in an E-plate (Roche
Applied Science) coated with poly-D-lysine, followed by a 12-h
culture. The cellswere serum-starvedwith 100�l of endothelial
cell basal medium (Cell Applications) containing 0.1% BSA for
4 h and stimulated with 5�M of 1-oleoyl-LPA (by adding 5�l of
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100�M stock in phosphate-buffered saline containing 3%BSA).
Phosphate-buffered saline containing 3% BSA served as the
control for LPA stimulation. The cell index was continuously
monitored every 15 s for the duration of the experiments. For
the experiments with siRNAs, the cells (60,000 cells/well) cul-
tured in collagen-coated 12-well plates (Iwaki) were transfected
with 5 nMhuman p2y5 siRNAs (Silencer Select siRNA, IDnum-
bers s19796 and s19798; Ambion, Austin, TX) and control
siRNA (Silencer Select negative control 1; Ambion) using Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufac-
turer’s instructions. After a 24-h incubation, the cells were
reseeded at 8,000 cells/well in a poly-D-lysine-coated E-plate
and used for the assay as described above.
Quantitative Real TimePCR—In the siRNAexperiments, the

mRNA levels of LPA1, p2y5, and �-actin were quantified using
the LightCycler system (Roche Applied Science). The PCRs
were set up in microcapillary tubes in a volume of 20 �l, con-
sisting of 2 �l of cDNA solution, 1� FastStart DNA Master
SYBR Green I (Roche Applied Science), and 0.5 �M each sense
and antisense primers. The PCR program was as follows: dena-
turation at 95 °C for 3 min and 45 cycles of amplification con-
sisting of denaturation at 95 °C for 15 s, annealing at 65 °C for
5 s, and extension at 72 °C for 7 s. The primers for LPA1 (sense
primer, 5�-GGCTATGTTCGCCAGAGGACTAT-3�; anti-
sense primer, 5�-TCCAGGAGTCCAGCAGATGATAA-3�)
were designed to amplify a 135-bp fragment. The primers for
p2y5 (sense primer, 5�-GGTAAGCGTTAACAGCTCCCACT-
3�; antisense primer, 5�-TTTGAGGACGCAGATGAAAATGT-
3�) were designed to amplify a 139-bp fragment. The primers
for �-actin (sense primer, 5�-CAGGATGCAGAAGGAGATC-
ACTG-3�; antisense primer, 5�-TACTCCTGCTTGCTGATC-
CACAT-3�) were designed to amplify a 153-bp fragment. The
cDNA level of each sample was quantified using the second
derivative maximum method in LightCycler analysis software.
Statistical Analysis—To determine statistical significance,

the valueswere compared by unpaired two-tailed t test, analysis
of variance followed byTukey-Kramer test, or two-way analysis
of variance using Prism 4 software (GraphPad Software, San
Diego, CA). The differences were considered significant if p
values were less than 0.05.

RESULTS

Cell Aggregation of B103-p2y5 Cells in Serum-containing
Medium—An orphan receptor p2y5 shares the highest amino
acid sequence homology with LPA4 among all GPCRs (12),
which led us to hypothesize that p2y5 is an additional LPA
receptor. At first, we tested this hypothesis by detecting Ca2�

mobilization or the changes of intracellular cAMP level using
RH7777 cells and B103 cells stably overexpressing p2y5
(RH7777-p2y5 cells and B103-p2y5 cells, respectively) These
cell lineswere selected because they lack endogenous responses
to LPA in these assays (18, 21). Although flow cytometry anal-
ysis proved the high expression levels of p2y5 in these cells (Fig.
1A), we could not observe any p2y5-dependent signaling by
1-oleoyl-LPA (data not shown). Reporter gene assays detected
no p2y5-dependent activation of the zif268 or the CRE pro-
moter (data not shown).

In the course of the study of p2y5, we noticed that B103-p2y5
cells formed aggregates in serum-containing medium (Fig. 1B).
We previously showed that B103 cells expressing LPA4 formed
aggregates through Rho in serum-containingmedium, which is
abundant in LPA (18). Thus, the similar cell morphology
observed in B103-p2y5 cells implied the activation of the LPA-
p2y5-Rho signaling axis in these cells.
Neurite Retraction in B103-p2y5 Cells and Membrane Bleb-

bing in RH7777-p2y5 Cells by LPA—Since Rho activation in
B103 cells results in neurite retraction (14, 18, 21, 22), we exam-
ined whether LPA can induce neurite retraction in B103-p2y5
cells. Indeed, 1-oleoyl-LPA at a concentration of 1 �M induced
rapid neurite retraction in B103-p2y5 cells but not in B103-
vector cells (Fig. 2A, left and middle). Other related lysophos-
pholipids with glycerol, choline, serine, inositol, or ethanola-
mine as headgroup (at 10 �M) did not induce neurite retraction
at all (data not shown). This morphological change in B103-
p2y5 cells was Rho-associated kinase-dependent, because the
LPA effect was inhibited by the pretreatment with the Rho-
associated kinase inhibitor Y27632 (Fig. 2A, right). To confirm
the Rho-activating property of p2y5 in another cell line,
RH7777-p2y5 cells were stimulated with 1 �M LPA. LPA
inducedmembrane blebbing in RH7777-p2y5 cells muchmore
potently than in RH7777-vector cells (Fig. 2B, left andmiddle).
It has been reported that membrane blebbing is regulated by

FIGURE 1. Stable expression of p2y5 in B103 and RH7777 cells. A, flow
cytometry analysis. B103 and RH7777 cells were stably transfected with the
expression vector for p2y5 tagged with the HA epitope at the N terminus.
After staining with an anti-HA antibody and a phycoerythrin-conjugated sec-
ondary antibody, HA-positive cells were sorted by the automated magnetic
cell sorter and then subcultured. Data shown are the surface expression levels
of HA epitope in subcultured polyclonal cells (closed area). Empty vector-
transfected polyclonal cells served as a negative control (gray area). B, mor-
phologies of B103-vector and B103-p2y5 cells in serum-containing medium.
The cells were photographed 24 h after seeding. Bar, 50 �m.
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Rho (23–25). Consistently, themembrane blebbing in RH7777-
p2y5 cells was severely attenuated by Y27632 (Fig. 2B, right).
[3H]LPABinding to RH7777-p2y5 CellMembrane—Next, we

performed the LPA binding assay using membrane fractions
from RH7777 cells transiently expressing p2y5 or each of the
known five LPA receptors (LPA1–LPA5). Protein expression of
these receptors was confirmed by Western blotting analysis
(Fig. 3A, top). Under our experimental conditions, we could

not detect any specific binding
of [3H]1-oleoyl-LPA to transiently
expressed p2y5 or LPA3 (Fig. 3A,
bottom). Other four LPA receptors
displayed specific binding to
[3H]1-oleoyl-LPA (Fig. 3, A (bot-
tom) and B). Functional LPA3
receptors were actually expressed at
the cell surface, because treatment
with LPA induced Ca2� mobiliza-
tion in the cells expressing LPA3
(data not shown). The failure to
detect the specific binding to p2y5
and LPA3 might be due to the low
affinities or the rapid off rates of
LPA (see “Discussion”).
In contrast to the transient

expression system, small but signif-
icant specific binding was success-
fully detected when we used mem-
branes from RH7777 cells stably
expressing p2y5 (Fig. 3C). The spe-
cific binding did not reach satura-
tion even at 200 nM [3H]LPA (data
not shown), suggesting that the
affinity of 1-oleoyl-LPA to the
receptor is too low for Scatchard
analysis under our experimental
conditions. The pretreatment with
100 �M GTP�S severely decreased
the [3H]LPA binding of p2y5-ex-
pressing membranes (Fig. 3D), sug-
gesting that the specific binding to
[3H]LPA involves GPCRs.
LPA-induced GTP�S Binding to

Cell Membrane via p2y5—To dem-
onstrate that LPA signals directly
through p2y5, we performed a
[35S]GTP�S binding assay using
membrane fractions from RH7777
cells expressing p2y5. After the opti-
mization of GDP concentration (0.3
�M), we found that 1-oleoyl-LPA
increased [35S]GTP�S binding in a
dose-dependentmannerboth in tran-
sient and stable p2y5-expressing cells
(Fig. 4A).
As described earlier, p2y5 induced

striking morphological changes (i.e.
neurite retraction and membrane

blebbing) in a Rho-associated kinase-dependentmanner (Fig. 2,A
and B). This strongly suggested that p2y5 coupled to G12/13 pro-
tein. To verify theG13 coupling of p2y5,we examined [35S]GTP�S
incorporation into G�13 protein by immunoprecipitation with
anti-G�13 protein antibody.Withmembranes from RH7777 cells
transiently expressing p2y5, 10 �M 1-oleoyl-LPA induced an
�4-fold increase in [35S]GTP�S binding to G13 proteins, whereas
LPA had no effect on vector transfectants (Fig. 4B).

FIGURE 2. LPA-induced neurite retraction in B103-p2y5 cells and membrane blebbing in RH7777-p2y5
cells. A, induction of neurite retraction in B103-p2y5 cells. The cells cultured in collagen-coated 24-well plates
were serum-starved for 12 h, stimulated with 1 �M 1-oleoyl-LPA for 15 min, and fixed with 2% paraformalde-
hyde. Where indicated, the cells were pretreated with 5 �M Y27632 for 10 min (middle panels). Bar, 50 �m. The
boxed areas are magnified in the inset in the same panels. B, induction of membrane blebbing in RH7777-p2y5
cells. Cell culture, stimulation, and fixation were performed in the same manner as in A. Bar, 50 �m.
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Adenylyl CyclaseActivation by p2y5 through aGs/13Chimeric
Protein—For further confirmation of G12/13 proteins coupling
of p2y5, we applied Gs/13, a chimeric � subunit of Gs and G13
proteins that enables G13-coupling GPCRs to activate adenylyl
cyclases (19). 1-Oleoyl-LPA again failed to induce any signifi-
cant change in the intercellular cAMP level in B103-p2y5 cells
with or without transfection of a Gs/13 expression vector. How-
ever, when the cells transfected with Gs/13 were treated with
PTX, LPA significantly increased the cAMP level in a dose-de-
pendent manner (Fig. 5). In B103-vector cells, there was no
significant change in cAMP levels even after the transfection of
Gs/13 and treatment with PTX (Fig. 5).

Ligand Selectivity of p2y5—We next examined the ligand
selectivity of p2y5 by detecting increases in intercellular cAMP
levels in the Gs/13-transfected B103-p2y5 cells after PTX treat-
ment. LPA with saturated fatty acid (such as stearic acid, pal-
mitic acid, andmyristic acid) at the sn-1-position and 1-arachi-
donoyl-LPA was less potent than 1-oleoyl-LPA (Fig. 6A).
1-Linoleoyl-LPA showed higher activity than 1-oleoyl-LPA
(Fig. 6A, right). We next examined the potencies of nine syn-
thetic LPA analogs as p2y5 agonists and found that the LPA3-
selective agonist alkyl-OMPT (26, 27) had agonistic activity
almost equal to or slightly higher than 1-oleoyl-LPA (Fig. 6B).
Pretreatment with Ki16425, an antagonist for the Edg family

FIGURE 3. [3H]LPA binding to RH7777-p2y5 cell membrane. A, Western blotting of HA-tagged LPA receptors (top) and [3H]-1-oleoyl-LPA binding to tran-
siently expressed LPA receptors (bottom). Membrane fractions of RH7777 cells transiently expressing each receptor were used to confirm the receptor
expression by anti-HA antibody (top). Membrane fractions were incubated with 10 nM [3H]LPA in the presence (for detecting nonspecific binding) or absence
(for total binding) of 10 �M unlabeled 1-oleoyl-LPA for 70 min at 4 °C (bottom). Data are means � S.E. (n � 3) of a representative of three independent
experiments with similar results. *, p � 0.01 (using unpaired two-tailed t test). B, Scatchard analysis data of the specific binding of [3H]LPA to LPA1, LPA2, LPA4,
and LPA5. Data shown are representative of at least two independent experiments with similar results. C, [3H]1-oleoyl-LPA binding to the membrane fractions
from RH7777 cells stably expressing p2y5. Membrane fractions of RH7777-p2y5 cells were incubated with 30 nM [3H]LPA in the presence (for detecting
nonspecific binding) or absence (for total binding) of 10 �M unlabeled 1-oleoyl-LPA for 70 min at 4 °C. Data are means � S.E. (n � 3) of a representative of three
independent experiments with similar results. *, p � 0.05 (using unpaired two-tailed t test). D, sensitivity to GTP�S. Membrane fractions of RH7777-p2y5 cells
were incubated with or without 100 �M GTP�S for 30 min at room temperature, and a [3H]LPA binding assay was performed in the same manner as in A. Data
are means � S.E. (n � 3) of a representative of three independent experiments with similar results. *, p � 0.05 (using unpaired two-tailed t test).
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LPA receptors, LPA1, LPA2, and LPA3 (28), did not alter the
response of B103-p2y5 cells to LPA (Fig. S1), indicating that
Ki16425 is not an antagonist for p2y5.
Recently, p2y5 was identified as a causative gene for human

hair growth deficiency (29–33). Of note, the 2-acyl-LPA-pro-
ducing enzyme, membrane-bound PA-selective phospholipase
A1 � (mPA-PLA1� or LIPH), was also encoded by a gene

responsible for a similar hair disease (34). Thus, it was strongly
suggested that the endogenous and authentic ligand for p2y5 is
2-acyl-LPA. We next examined whether p2y5 shows a prefer-
ence for 2-acyl-LPA over 1-acyl-LPA. Commercially unavail-
able 2-acyl-LPA species were prepared using the R. miehei
lipase (15) and various PA species as described under “Experi-
mental Procedures.” When 1-palmitoyl-2-oleoyl PA was
digested with this enzyme, mass spectrometry analysis demon-
strated that the products mainly consisted of oleoyl-LPA,
whereas a very small amount of palmitoyl-LPA was produced
(data not shown), indicating the selective digestion at the sn-1-
position of PA.Next, 2-acyl-LPA species fromdioleoyl-PA, dili-
noleoyl-PA, and diarachidonoyl-PA were prepared. Contrary
to LPA1, LPA3 showed a preference for 2-acyl-LPA (35). We
consistently observed that the 2-oleoyl-LPA prepared by our
method showed higher activity than 1-oleoyl-LPA in the Ca2�

mobilization of RH7777 cells stably expressing LPA3 but not in
the cells expressing LPA1 (Fig. S2). cAMP assays gave consist-
ent results (Fig. 6C, left and middle), thus we examined the
effect of the position of fatty acid chain on p2y5 activation in the
cAMP assay with Gs/13-transfected B103 cells after PTX treat-
ment. As expected, 2-oleoyl-LPA showed higher activity in
forming cAMPviaGs/13 than 1-oleoyl-LPA (Fig. 6C, right). LPA
species containing linoleic acid and arachidonic acid at the
sn-2-position also showed higher activity than those at the sn-1
position (Fig. 6D). Like 1-acyl LPA species, 2-linoleoyl-LPAwas
more potent than 2-oleoyl-LPA, whereas 2-arachidonoyl-LPA
was less potent than 2-oleoyl-LPA (data not shown). The pref-
erence of p2y5 for 2-acyl-LPA was consistently observed in the
[35S]GTP�S binding assay using membrane fractions from
RH7777-p2y5 cells (Fig. 6E). Taken together, these results sug-
gest that 2-acyl-LPA is a potent ligand for p2y5.
LPA-induced Cell Contraction via Endogenous p2y5 in

HUVECs—Finally, we examined the function of the endog-
enously expressed p2y5. For this purpose, we used HUVECs,
which are shown to express p2y5 mRNA at a high level by a
comprehensive data base of gene expression profiles (available
on the World Wide Web). We also confirmed the high

FIGURE 4. LPA-induced [35S]GTP�S binding via p2y5. A, membrane fractions from RH7777 cells transiently (left) or stably (right) expressing p2y5 were
incubated with 0.5 nM [35S]GTP�S and the indicated concentrations of LPA for 30 min at 30 °C in the presence of 0.3 �M GDP. Data are means � S.E. (n � 3) of
a representative of three independent experiments with similar results; *, p � 0.001 for vector versus p2y5 using two-way analysis of variance. B, LPA-induced
[35S]GTP�S incorporation to G�13 protein. The membrane fraction from RH7777 cells transiently expressing p2y5 was incubated with 0.5 nM [35S]GTP�S and 10
�M 1-oleoyl-LPA for 30 min at 30 °C in the presence of 0.3 �M GDP. Then membrane protein was solubilized, and G�13 protein was immunoprecipitated to
detect [35S]GTP�S incorporated. Data are means � S.E. (n � 3) of a representative of two independent experiments with similar results. *, p � 0.001 (using
unpaired two-tailed t test).

FIGURE 5. Adenylyl cyclase activation by p2y5 through a Gs/13 chimeric
protein. B103-vector and B103-p2y5 cells were transfected with Gs/13 expres-
sion plasmid (right) or control plasmid (left). Serum-starved cells were pre-
treated with or without 100 ng/ml PTX for 12 h and stimulated with the
indicated concentrations of 1-oleoyl-LPA in the presence of 0.5 mM 3-isobu-
tyl-1-methylxanthine and 10 �M forskolin. After a 30-min incubation at room
temperature, the cells were solubilized. cAMP concentrations in the cell
lysates are shown. Data are means � S.E. (n � 3) of a representative of three
independent experiments with similar results. *, p � 0.001 (using two-way
analysis of variance).
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expression of p2y5 mRNA in HUVECs by reverse transcrip-
tion-PCR (Fig. 7A). Consistent with previous reports (36,
37), LPA1 mRNA was also highly expressed in these cells. No
mRNA expression of LPA2, LPA3, LPA4, and LPA5 was
detected under our experimental conditions. It has been
reported that HUVECs show Rho-dependent actin reorgani-
zation in response to LPA (38).When these cells were seeded
on poly-D-lysine-coated glass bottom dishes and serum-
starved, 1-oleoyl-LPA induced rapid contraction and round-
ing of these cells (Fig. 7B). Because similar morphological
changes were observed in LPA-stimulated B103-p2y5 cells
(Fig. 2A), it was probable that the contraction of HUVECs
was modulated by p2y5.
For the objective evaluation and quantification of themor-

phological changes, we utilized the xCELLigence system
from Roche Applied Science, which detects the cell-sub-
strate impedance (20). For example, a decrease in cell adhe-
sion or cell contraction, i.e., loss of the cell-electrode contact
area, leads to a decrease in the impedance (displayed as “cell
index”). Consistent with the rapid contraction and rounding
of HUVECs as shown in Fig. 7B, a decrease of cell index was

observed upon LPA-stimulation
(Fig. 7C) in a dose-dependent
manner (data not shown).We next
examined the role of p2y5 in this
effect by utilizing siRNA-medi-
ated gene silencing. The selective
and effective suppression of p2y5
gene expression by siRNAs was
confirmed by quantitative real
time PCR (Fig. 7D). The cells
treated with p2y5 siRNA showed
severe defects in the LPA-induced
cell index decrease compared with
control siRNA-treated cells (Fig.
7E, left). Another p2y5-siRNA
with a different target sequence
gave consistent results (Fig. S3).
On the other hand, thrombin
decreased the cell index equally in
control siRNA-treated and p2y5
siRNA-treated cells (Fig. 7E,
right). These results demonstrate
that not only overexpressed p2y5
but also endogenously expressed
p2y5 can function as an LPA
receptor that changes cell
morphologies.

DISCUSSION

In the current study, we have
identified LPA as a ligand for p2y5,
which shares the highest sequence
homologywith LPA4 (12). Themor-
phological characteristics of p2y5-
overexpressing cells led us to
hypothesize that p2y5 is an LPA
receptor coupling with G12/13 pro-

teins. This hypothesis was validated by the following experi-
ments: [3H]LPA binding assay, [35S]GTP�S binding assay,
observation of cellular morphology, cAMP assay with Gs/13
proteins, and gene knockdown study using HUVECs. Further-
more, we have shown that 2-acyl-LPA has higher potency to
p2y5 than 1-acyl-LPA.
Ligand binding has been recognized to bemost important for

the identification of receptor ligands (39). We could not detect
specific binding of [3H]1-oleoyl-LPA to RH7777 cells tran-
siently expressing p2y5. However, RH7777 cells stably express-
ing p2y5 showed small but significant specific binding (Fig. 3C).
Considering the sensitivity to GTP�S (Fig. 3D), the specific
binding of LPA can be ascribed to p2y5. The reasons for the
discrepancy between the transient and stable expression sys-
tems are currently unknown. With the use of the HA epitope
and a magnetic cell sorting system, the expression level of p2y5
was found to be extremely high in the stable cell line (Fig. 1A),
which might enable us to detect the low specific [3H]1-oleoyl-
LPA binding. Indeed, the specific binding of p2y5 was lower
comparedwith other LPA receptors (i.e. LPA1, LPA2, LPA4, and
LPA5). Even in the stable expression system, we failed to detect

FIGURE 6. Ligand selectivity of p2y5. Activities of various LPA species and alkyl-OMPT were examined by the
cAMP assay using B103-p2y5 cells transfected with Gs/13 after pretreatment with PTX (A–D). Agonistic activities
of 1-acyl-LPA species with saturated fatty acid (A, left) or unsaturated fatty acid (A, right), alkyl-OMPT (B), and
2-acyl-LPA species (C and D) are presented as a percentage of forskolin-induced cAMP accumulation in the
absence of LPA. 2-Acyl-LPA species (C–E) were prepared as described under “Experimental Procedures.” The
preference of p2y5 for 2-acyl-LPA was consistently observed in the GTP�S binding assay using membrane
fractions from RH7777- p2y5 cells (E). Data are means � S.E. (n � 3) of a representative of three independent
experiments with similar results.
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the saturation of the binding at 200 nM [3H]1-oleoyl-
LPA (data not shown). In the [35S]GTP�S binding assay and
cAMP assay, the EC50 values of 1-oleoyl-LPA were about 1 �M,
whichwas consistent with the specific binding too low to detect
the saturation of the binding under our experimental condi-
tions. Thus, radiolabeled ligands with much higher affinities to
p2y5 than 1-oleoyl-LPA will be required to determine an accu-
rate Kd value for this receptor. Another possible reason for the
poor detection of the specific binding might be the rapid off-
rate of the receptor. In our assay system, filter-trapped mem-
brane proteins were washed 10 times with a buffer. The recep-
tor-bound ligand might be released from the receptors if
the off-rate is much faster than the time spent in washing. We
note that an assay with three-time washing resulted in nonspe-
cific binding too high to allow detection of the specific binding
(data not shown). The receptor purification may overcome the
problemof high nonspecific binding, as recently reported in the
binding assay for free fatty acid receptor (40). Alternatively, a
binding assay without washing steps, such as the binding assay
with scintillation proximity assay technology and surface plas-
mon resonance biosensor (41), may be needed formore reliable
LPA binding assays. The [35S]GTP�S binding assay detects
direct receptor-G protein interactions (42) and is another
important assay for the demonstration of the direct receptor
activation by ligands. 1-Oleoyl-LPA increased the incorpora-
tion of [35S]GTP�S into the membrane fractions both from the
cells transiently and stably expressing p2y5 in a dose-dependent
manner (Fig. 4A). Although the signal-to-noise ratio is rela-
tively low in the standard [35S]GTP�S binding assay (about a
1.3-fold increase), we could detect an �4-fold increase of
[35S]GTP�S incorporation to G�13 protein (Fig. 4B) by another
binding assay employing immunoprecipitation steps (43).
Taken together, these results demonstrated that p2y5 is directly
activated by LPA.
In the first course of our screening of lipid ligands for p2y5 by

the Ca2� assay and cAMP assay, no LPA-dependent signaling
of p2y5 was observed in “LPA receptor-null” RH7777 and B103
cells (data not shown). Besides this, neither the zif268 nor the
CRE promoter was activated by LPA in reporter gene assays
using p2y5-expressing PC12h rat pheochromocytoma cells
(data not shown). Pasternack et al. (30) showed LPA-induced
CRE-directed luciferase activation in Chinese hamster ovary
cells expressing p2y5. This inconsistency might be due to the
fact that different cells, Chinese hamster ovary cells, were used.
Under our experimental conditions, LPA strongly enhanced
luciferase activity in PC12h cells transiently expressing LPA4 in
the CRE-driven reporter gene assay (data not shown). Thus, at
least the potency of p2y5 to couple with Gs protein might be
much lower than that of LPA4 in this cell line. Gq family pro-
teins did not seem to be involved in p2y5 signaling, because
B103 cells and RH7777 cells overexpressing p2y5 did not show
any Ca2� mobilization in response to LPA. In accordance with
this observation, in Chinese hamster ovary cells that have
endogenous LPA receptors, p2y5-overexpression had no
effect on the Ca2� signaling by LPA (12). Even in the pres-
ence of the promiscuous G protein, G16 (44), p2y5-depend-
ent Ca2� signaling was not observed in RH7777 cells (data
not shown).

FIGURE 7. p2y5-dependent contraction of HUVECs. A, mRNA expression
profile of LPA receptors in HUVECs. RNA was isolated from HUVECs and
reverse-transcribed. cDNA was amplified using primers described under
“Experimental Procedures.” PCR templates for “positive controls” were
cDNA from HEK293 cells (for LPA1 and LPA3), cDNA from HL-60 cells (for
LPA4 and p2y5), and expression plasmids for LPA2 and LPA5 in pCXN2.1.
B, contraction of HUVECs by LPA stimulation. HUVECs cultured in poly-L-
lysine-coated glass-bottomed 35-mm dishes were serum-starved, stimu-
lated with 10 �M 1-oleoyl-LPA for 30 min, and fixed with 2% paraformal-
dehyde. Bar, 50 �m. C, quantification of HUVEC contraction using the
xCELLigence system. The serum-starved cells were stimulated with 5 �M

LPA. A decrease in cell index was observed upon LPA stimulation. Data are
means � S.D. (n � 6) of a representative of two independent experiments
with similar results. D, quantitative real time PCR analysis in HUVECs trans-
fected with siRNAs. Expression levels of LPA1, p2y5, and �-actin mRNA in
the cells transfected with p2y5 siRNA (Silencer Select siRNA, ID numbers;
s19798) are presented as a percentage of those with control siRNA. Data
are means (n � 2) of a representative of four independent experiments
with similar results. E, effect of p2y5 on contraction of HUVECs. The cells
transfected with siRNAs were serum-starved. The morphological changes
upon the stimulation with 5 �M LPA (left panel) or 0.25 units/ml thrombin
(right panel) were evaluated in the same manner as C. Data are means �
S.D. (n � 6) of a representative of four (LPA) and two (thrombin) independ-
ent experiments with similar results. Another p2y5 siRNA with different
target sequence gave consistent results (Fig. S3).
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In contrast to the Ca2� assay and cAMP assay, LPA induced
drastic responses in the morphology of B103 cells and RH7777
cells overexpressing p2y5 (Fig. 2, A and B). Given the suscepti-
bility to Y27632, the morphological changes were Rho-associ-
ated kinase-dependent. Furthermore, because the morpholog-
ical changes were resistant to PTX or the Gq/11 inhibitor
YM254890 (data not shown), G12/13 protein seemed to be
involved, as previously reported in other LPA receptors (14, 18,
45). The G12/13 protein coupling of p2y5 was consistently dem-
onstrated not only by G13-specific [35S]GTP�S binding assay
(Fig. 4B) (see above) but also by the increase in intracellular
cAMP levels through a Gs/13 chimeric G protein (Fig. 5). How-
ever, the cAMP elevation was observed only after pretreatment
with PTX. Pasternack et al. (30) also showed a similar enhanc-
ing effect of PTX in reporter gene assays of p2y5. PTX-sensitive
Gproteins (possiblyGi/o familyG proteins)mightmodulate the
signaling of p2y5, although the precise mechanism is unclear
and awaits further signaling analysis of this receptor. We also
demonstrated that LPA regulates cell morphology via endoge-
nous p2y5 using siRNAs (Fig. 7 and Fig. S3). It has been
reported that LPA induces Rho-dependent morphological
changes in endothelial cells, which are supposed to regulate
endothelial permeability (46, 47). Taken together, our present
data of overexpression and knockdown experiments indicate
that the G12/13-Rho axis is involved in p2y5 signaling.

Autotaxin is an LPA-producing enzyme responsible for
the generation of LPA in plasma and serum (48, 49). Auto-
taxin knock-out mice show embryonic lethality mainly
because of severe blood vessel malformation (50, 51). Of
note, G13 knock-out (52) and G12/13 double knock-out mice
(53) had similar phenotypes, which can be rescued by re-ex-
pression of G13 protein in the endothelial cells (54). These
facts suggest that the LPA-G13-Rho signaling pathway in
endothelial cells is deeply involved in vascular development.
However, the responsible LPA receptor(s) has not yet been
identified (49). Since p2y5 played a main role in the Rho-
involved morphological changes induced by LPA in
HUVECs (Fig. 7 and Fig. S3), p2y5 might be the missing link
between the functions of autotaxin and G13.
mPA-PLA1� is another enzyme that produces LPA (55).

Recent studies showed that human hair growth deficiencies are
linked to genetic defects in mPA-PLA1� (34, 56–59) and p2y5
(29–33). Both p2y5 and mPA-PLA1� are highly expressed in
the inner root sheaths of hair follicles and are supposed to par-
ticipate in the development of hair follicles (30, 33, 34). In this
study, we showed that 2-acyl-LPA activated p2y5 more effi-
ciently than 1-acyl-LPA (Fig. 6). Since mPA-PLA1� produces
2-acyl-LPA by digesting PA (55), our results are consistent with
the similar phenotypes due to defects of mPA-PLA1� and p2y5
(48). Unfortunately, no detection method for discrimination
between 1-acyl- and 2-acyl-LPA has been established (60).
However, it is acceptable to assume that LPA prepared by our
method was rich in 2-acyl-LPA for the following reasons. First,
we used R. miehei lipase that has 1,3-selective lipase activities
(15) to avoid the digestion at the sn-2-position of PA. Actually,
when 1-palmitoyl-2-oleoyl PA was digested with the lipase,
mass spectrometry analysis demonstrated that the products
mainly consisted of oleoyl-LPA (data not shown). Second, to

reduce the effect of rapid acyl migration, we used the fraction
within 2 h after the column elution. Finally, using the products,
we reconfirmed the preference of LPA3 for 2-oleoyl-LPA over
1-oleoyl-LPA (Fig. 6C and Fig. S2), which was reported by Ban-
doh et al. (35). Further analysis, such as molecular species pro-
filing of LPA in the inner root sheaths of hair follicles, will be
needed to reveal the role of the mPA-PLA1�-p2y5 axis pro-
posed in human hair growth.
In conclusion, we report here the identification of p2y5 as a

novel sixth LPA receptor (LPA6), which activates the G12/13-
Rho signaling pathways. 2-Acyl-LPAhadhigher activity to p2y5
than 1-acyl-LPA, suggesting the functional coupling of mPA-
PLA1� with p2y5. We also showed the endogenous p2y5 func-
tion that affects themorphology ofHUVECs.Our present study
will help to better understand the physiological and pathologi-
cal roles of p2y5 as well as detail mechanisms of human hair
growth.
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F., Voss, K., Hillmer, A. M., Molderings, G. J., Franz, T., Ramirez, A.,
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