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Abstract
The special glycerophospholipids plasmalogens (Pls) are enriched in the brain and reported

to prevent neuronal cell death by enhancing phosphorylation of Akt and ERK signaling in

neuronal cells. Though the activation of Akt and ERK was found to be necessary for the

neuronal cells survival, it was not known how Pls enhanced cellular signaling. To answer

this question, we searched for neuronal specific orphan GPCR (G-protein coupled receptor)

proteins, since these proteins were believed to play a role in cellular signal transduction

through the lipid rafts, where both Pls and some GPCRs were found to be enriched. In the

present study, pan GPCR inhibitor significantly reduced Pls-induced ERK signaling in neu-

ronal cells, suggesting that Pls could activate GPCRs to induce signaling. We then checked

mRNA expression of 19 orphan GPCRs and 10 of them were found to be highly expressed

in neuronal cells. The knockdown of these 10 neuronal specific GPCRs by short hairpin

(sh)-RNA lentiviral particles revealed that the Pls-mediated phosphorylation of ERK was

inhibited inGPR1, GPR19, GPR21,GPR27 andGPR61 knockdown cells. We further found

that the overexpression of these GPCRs enhanced Pls-mediated phosphorylation of ERK

and Akt in cells. Most interestingly, the GPCRs-mediated cellular signaling was reduced sig-

nificantly when the endogenous Pls were reduced. Our cumulative data, for the first time,

suggest a possible mechanism for Pls-induced cellular signaling in the nervous system.

Introduction
Plasmalogens (Pls), which are glycerophospholipids characterized by the presence of vinyl
ether linkage at the sn-1 position, are enriched in the central nervous system [1,2]. Pls are not
only the structural membrane components and reservoirs for second messengers, but also
reported to play a role in the membrane fusion, ion transport and cholesterol efflux [3]. In
addition, since the vinyl ether bond at the sn-1 makes Pls more susceptible to oxidative stress
than corresponding ester bonded glycerophospholipids, Pls act as antioxidants and protect
cells from oxidative stress [4]. Based on the evidence that Pls were reduced in the Alzheimer’s
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patients brain samples [4–6], we previously hypothesized that they might have a neuroprotec-
tive function and in fact found their role as anti-apoptotic agents [7]. Pls were found to induce
phosphorylation of ERK and Akt kinases resulting in the inhibition of apoptotic cleavage of
caspase-3 to inhibit neuronal cell death [7]. The independent research group also reported that
Pls had the capability to induce phosphorylation of Akt resulting in the myelination of axons
by Schwan cells in the peripheral nervous system [8]. It is, therefore, reasonable that Pls-medi-
ated induction of cellular signaling can play a role in the nervous system [3,4]. However, the
precise mechanism for the Pls-induced cellular signaling is mostly unknown.

We previously found that Pls induced phosphorylation of Akt and ERK in neuronal cells
but not in astrocytes [7]. To identify the possible target proteins involved in the Pls-induced
cellular signaling in brain cells, we have screened several orphan G-protein coupled receptors
(GPCRs). It is a common understanding that many GPCRs function through the membrane
lipid rafts which are known to be enriched with the Pls [4,9–11]. Lipid rafts are subdomains in
the cell membrane containing cholesterol, glycosphingolipids and other cellular components at
high concentrations and forming a platform for many membrane proteins to transduce their
signaling [10,12]. It is also known that a receptor for one of glycerophospholipids, platelet-acti-
vating factor (PAF) is a GPCR [13,14]. To this hypothesis, we found interesting evidence that
the Pls-mediated phosphorylation of Akt and ERK in neuronal cells was inhibited by pre-treat-
ment with a G-protein inhibitor, suggesting that GPCRs might be possible mediators of Pls-sig-
naling cascade. We then screened several orphan GPCRs based on their high abundance in the
nervous system and identified 5 neuronal specific orphan GPCRs that might play a role in
enhancing Pls-signaling in neuronal cells.

Materials and Methods
All experimental procedures involving the usage of animals were approved by the Ethics Com-
mittee on Animal Experiments at Kyushu University, Japan. We have strictly followed the
guidelines “Principles for the Care and Use of Animals” described by the Physiological Society
of Japan. All efforts were made to minimize animal’s suffering and the number of animals used
for study.

Preparation of Pls
Highly pure Pls were prepared by extracting from chicken skin as reported previously [15] and
kindly donated by Central Research Institute, Marudai Food Co. Ltd. (Osaka). Pls consisted of
96.5% ethanolamine Pls, 2.5% choline Pls, 0.5% sphingomyelin and 0.5% other phospholipids.
Pls were dissolved in 99.5% ethanol to the stock concentration of 10 mg/ml and diluted to the
desired concentration (500 ng/ml) immediately before use. Vehicle (ethanol at the same con-
centration without Pls) was used in the control groups.

Cell cultures
The human embryonic kidney derived 293T (Hek293T) cells, mouse neuroblastoma derived
cells, (Neuro 2A, or N2A), astrocyte cell lines (A1) and microglial cell lines (MG6) were pur-
chased from Health Science Research Resources Bank, RIKEN, Japan. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% heat-inactivated fetal bovine
serum (FBS) (Invitrogen, Carlsbad, CA, USA), 50 μg/ml penicillin, 50 μg/ml streptomycin
(Invitrogen) and glucose at 37°C in 5% CO2 as described before [7].

Primary hippocampal neurons were prepared from E-18 embryo of mice. After dissection
of anesthetized pregnant mice, meninges of embryo were removed carefully. The hippocampus
were cleared with the surrounding cortex and dissolved in trypsin solution containing PBS,
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bovine serum albumin (BSA), and glucose at 37°C for 15 minutes. FBS was used to neutralize
the trypsin activity. The hippocampus were then dissociated in neurobasal medium (GIBCO)
supplemented with B27 (GIBCO) by appropriate pipetting using different pour sized Pasteur
pipette. The dissociated neurons were then cultured on poly-D-lysine coated glass cover slips
(30,000 cells/15 mm coverslip) with neurobasal medium in 5% CO2 humidified incubator.
On DIV (Disk In Vitro) 3, 90% of cultured medium was replaced with B27 free neurobasal
medium. Cytosine arabinoside (Ara-C) purchased from Sigma was added on DIV 3 primary
neurons at a concentration of 1 μM to inhibit microglial proliferation. More than 95% pure pri-
mary hippocampal pyramidal neuronal cells (on disk in vitro 21) were used as primary neurons
[7]. Primary microglia (>90% pure) and astrocytes (>85% pure) were collected according to
our previous report [16] from the hippocampal tissue of the new born mice.

Real-time PCR analyses
Total RNA was extracted from the cells by TRIZOL reagents (Life Technologies) following
standard protocols. cDNAs were prepared from the purified total RNA using ReverTra Ace
qPCR RT Kit (Toyobo, Japan). Real-time PCR reaction was carried out by SYBR Premix Ex
Taq (Takara, Japan) following the manufacturer’s protocol. The real-time quantifications were
carried on a 7500 Real Time PCR System (Applied Biosystems). The specific primers used to
amplify the each mouse gene from the cDNA were as follows: GPR1, forward 5΄-TCTTCCAG
TCTCCCAGCTTC-3΄ and reverse 5΄-TAAGCTGCGCACCCTTTCTA-3΄; GPR15, forward
5΄-ACAAGCCCAGATCCTCCTTT-3΄ and reverse 5΄-CCCACCACTCCAGTCAAGAA-3΄;
GPR19, forward 5΄-ACTTCCTGCTTGGTCACAGG-3΄ and reverse 5΄-TCGTGATAGGG
CAAAAATCC-3΄; GPR20, forward 5΄-TGGGTCCACAGACCTAGAGC-3΄ and reverse 5΄-
GCATGTCAGTGGTCAGTGCT-3΄; GPR21, forward 5΄-TGGCTTTTGTTTGGATTTCA-3΄
and reverse 5΄-GGGCAGAGGGAGGAAGATTA-3΄; GPR25, forward 5΄-CTGCTTGGAACC
TGCCTTAC-3΄ and reverse 5΄-TCAGTAGCCACACCACGAAG-3΄; GPR26, forward 5΄-
CACGTACCTCAAGGTGCTCA-3΄ and reverse 5΄-CACACTGGGGTGTATGTCCA-3΄; GPR27,
forward 5΄-CTTCCTGGCCGCACTCTT-3΄ and reverse 5΄-GGCGTAGAAGCGGTGGTG-3΄;
GPR50, forward 5΄-CCGAAATTCTGGCAACATCT-3΄ and reverse 5΄-CCCAACTGA
CATGGCATACA-3΄; GPR52, forward 5΄-ATACGCTGACCTCCTCGTTG-3΄ and reverse
5΄-ATCCAAACACCTGGCAAGTC-3΄; GPR61, forward 5΄-AGGCATCAGCTGAGAAGAGC-
3΄ and reverse 5΄-TCTGCAACTCTTCCGGACTC-3΄; GPR62, forward 5΄-CTAGCAAACCC
CAGTGAAGC-3΄ and reverse 5΄-CTACGAGAACCGCCAGGATA-3΄; GPR82, forward 5΄-
AGCAGACCACTGTGACAACG-3΄ and reverse 5΄-TGGTTGAATGCATGTCGAGT-3΄;
GPR101, forward 5΄-AGCCTTCAGCAGCAACAGAT-3΄ and reverse 5΄-GTGAAGTCAGA
CAGGCACGA-3΄; GPR135, forward 5΄-GCTCCTGCTCATCTTCTTGC-3΄ and reverse 5΄-
AGGATGAAGGCGTTTGTGAC-3΄; GPR142, forward 5΄-CCCTGTGTGGCTGGTATCAT-3΄
and reverse 5΄-TAGGAGGGTTTCCTGGTCCT-3΄; GPR150, forward 5΄-TCTGAGCAAG
GAGCCTCTGT-3΄ and reverse 5΄-CAGGATGATCCCCAAGAAGA-3΄; GPR162, forward 5΄-
CTCGTCGGGAGTGCGTCT-3΄ and reverse 5΄-GTGGGTGTCTTGGTGCACAG-3΄; and the
internal control GAPDH, forward 5΄-CAATGTGTCCGTCGTGGATCT-3΄ and reverse 5΄-
GTCCTCAGTGTAGCCCAAGATG-3΄. We normalized the expression of target genes with the
endogenous GAPDH expression by the technique of delta-delta Ct values.

Cloning of the sh-RNA lentiviruses and the preparation of lentiviruses
The sh-RNA sequences were cloned into the pLL3.7 lentiviral vector following the protocol
provided in the Addgene website (Plasmid No 11795) [17]. The target sequences of
mice genome were as follows: sh-GPR1 (5΄-GGAGGTCCTACCTTATAC-3΄), sh-GPR19
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(5΄-ATACCATCGTCTACCCGC-3΄), sh-GPR21 (5΄-CCAGCGAGGACTAAAGGG-3΄), sh-
GPR27 (5΄-ACGCACCTCGTCTACCTC-3΄), sh-GPR61 (5΄-AGAACGTGGTAACCTGGA-
3΄), sh-GPR62 (5΄-GCCTGAACGTTCAGATGG-3΄), sh-GPR135 (5΄-GGTGATCGTGAAG
CATCG-3΄), sh-GPR142 (5΄-CCCAAGATACGATGGTGT-3΄), sh-GPR150 (5΄-GAACA
ACCTATACAAACA-3΄), sh-GPR162 (5΄-GGCACCTGTGACGACTAC-3΄) and sh-GNPAT
(5΄-GGCTCAATCGGAACACGT-3’. To produce viruses, we transfected the Hek-293T cells
with the cloned pLL3.7 vectors along with the packaging vectors pMD2.G (Addgene plasmid
12259), pRSV-Rev (Addgene plasmid 12253), and pMDLg/pRRE (Addgene plasmid 12251)
by using the transfection reagent FuGENE-HD (Clontech). Seventy two hours after the trans-
fection, the cells supernatant was cleared off the cell debris and centrifuged at 24,000 rpm for
3 h at 4°C and the viral pellet was dissolved in PBS buffer containing 1% BSA. After checking
the viral titer in N2A cells, 2×105 TDU (transduction units) were infected to the target N2A
cells cultured at the number of 2×105 cells/well in 6 well dishes.

Cloning of G-protein coupled receptors and overexpression in the cells
The mouse mRNA sequences of the gene GPR1, GPR19, GPR21, GPR61 were cloned by the
PCR from the cDNA derived from mouse embryo of E16. The high fidelity polymerase enzyme
(LA-tag, TAKARA) was used to clone the gene sequences and sub cloned into the T-vector
(pGEM-T Easy, Promega) followed by the confirmation of the sequences. The following primer
sets were used for sub-cloning GPR1 (forward: 5΄-GTTTGAGGCTAGAAAGGGTGCGCA-3΄
and reverse: 5΄-CAGAGGGCAGCCAGAAAGATACATG-3΄); GPR19 (forward: 5’-GGAGA
TATGAATGTGTTCCGA-3’ and reverse: 5’- AATCTCTGGCACATAACAGTGA-3’); GPR21
(forward: 5’-CAGTATACCCACCACAGCAGCAAC-3’; and reverse: 5’- CTATGAAGGT
TATCTGGATAGTCTG-3’); and GPR61 (forward: 5’-AGTGATTAGAGCCTGCCTTACAGG-
3’ and reverse: 5’- TGCCACATGTCCATCCTGTCGATTC—3’). After confirming the
sequences of the cloned genes, the ORF (open reading frame) sequences were cloned by infu-
sion HD (Takara, Japan) techniques by following the standard protocol into the expression
plasmid c-Flag pCDNA3 (Addgene vector no 20011). The following primer sets were used for
clone the ORF sequences into the c-Flag pCDNA3 plasmid vectors: GPR1 (forward: 5’ CTTA
TCTAGACTCGAGCCACCATGGAAGTCTCAAAGGAAATGT-3’ and reverse: 5΄-ATCCGG
TACCCTCGAGCTGGGCAGTTTCTAGGAGAG-3’); PR19 (forward: 5’-CTTATCTAGACTC
GAGCCACCATGGATAACGACCAGCCGCCTG-3’ and reverse: 5΄-ATCCGGTACCCTCGAG
GACAAAAGTGTTTGGAGGGT-3’); GPR21 (forward: 5’-CTTATCTAGACTCGAGCCACC
ATGAACTCCACCTGGGATGGTA-3’ and reverse: 5΄-ATCCGGTACCCTCGAGGATATGA
GATCCATTAGG-3’); and GPR61 (forward: 5’-CTTATCTAGACTCGAGCCACCATGGAG
TCCTCACCCATCCCC-3’ and reverse: 5΄-ATCCGGTACCCTCGAGTGACTCCAGCCTTGGT
GAGG-3’). The underlined sequences were designed for recombination into the EcoR1
restriction enzyme digested c-Flag pCDNA3 vector. The Kozak sequences, GCCACC (bold
character), were added before the first codon ATG of each genes ORF sequences aimed to
enhance the protein expression. The cloned vectors were then transfected into the Hek293T
and N2A cells by FuGENE-HD (Promega) and the expression was confirmed by western-blot-
ting assays using the flag monoclonal antibody.

Western blot analysis
Western blotting assays were performed by the protocol described in our previous report [7].
The following antibodies are used for immune blotting assays: monoclonal anti-Flag (M185-3L,
MBL), Akt (610860, BD Biosciences), β-Actin (sc-4778, Santa Cruz) and the cell signaling anti-
bodies (p-Akt, ERK, and p-ERK). GNPAT antibody was purchased from Abcam (ab75060).
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Statistical analysis
To analyze the significant differences between two groups, Student’s t-test was used. For the
multiple comparisons, we performed one way ANOVA followed by Bonferroni’s test except for
the comparison to a single control group, in which we used Dunnett’s post hoc test. P values
less than 0.05 were considered as statistically significant.

Results

G-protein Inhibitor reduces Pls-mediated phosphorylation of Akt and
ERK in the neuronal cells
To see whether the Pls-mediated signaling is dependent on the GPCRs, we employed a general
G-protein inhibitor GDPβS. GDPβS is known to effectively inhibit G-protein signaling when it
is added extracellularly after dissolving with DMSO [18]. We treated the neuronal cells with
GDPβS in DMSO and found that the extracellular addition of Pls (500 ng/ml) failed to induce
phosphorylation of ERK and Akt (Fig 1A and 1B). We then looked for possible neuronal spe-
cific GPCR proteins that could participate in the signal transduction by the Pls. To screen for
the possible GPCRs, we focused on orphan GPCRs that were enriched in the central nervous
system. Real-time PCR data showed the mRNA expression of 19 orphan receptors among neu-
ronal, astrocytes and microglial cells (Fig 1C). Notably, a total of 10 GPCRs (GPR1, GPR19,
GPR21, GPR27, GPR61, GPR62, GPR135, GPR142, GPR150, and GPR162) were found to be
highly expressed among the neuronal cells and also in the primary neuronal culture. We then
hypothesized that these GPCRs might function as the mediator of the Pls-induced signaling.

Knockdown of GPCRs inhibits Pls-mediated activation of ERK
To identify the possible GPCR(s) involved in the Pls-signaling from the selected candidates, we
have approached a knock down assays using the sh-RNA lentiviruses targeting the individual
GPCRs in the neuronal cells. We cloned selective sh-RNAs deliverable plasmid vectors and the
knockdown efficiency of the lentiviruses was confirmed by infection in the neuronal cells fol-
lowed by real-time PCR analysis. A significant reduction of mRNA expression of the targeted
GPCRs was confirmed in the lentivirus transfected cells (Fig 2A). We then infected the N2A
cells by the sh-RNAs targeting the GPCRs and the control Luciferase and treated with Pls.
Western blotting assays showed that the extracellular addition of Pls did not increase the phos-
phorylated ERK in the neuronal cells infected with the sh-GPR1, sh-GPR19, sh-GPR21, sh-
GPR27 and sh-GPR61 (Fig 2B and 2C). Knockdown of other 5 GPCRs by the lentiviruses (sh-
GPR62, sh-GPR135, sh-GPR142, sh-GPR150, and sh-GPR162) had same effect as that of the
control sh-Luciferase (sh-Luc.) infected cells, suggesting that only the 5 orphan GPCRs among
the selected candidates were involved in the Pls-induced signaling in the neuronal cells. In
addition, we also compared the induction of p-ERK expression between Pls-treatment and
non-treatment in the 5 selected GPCRs (GPR1, GPR19, GPR21, GPR27 and GPR61) and
GPR62 knockdown N2A cells. We found that the treatment with Pls had no effect in the 5
selected groups, while control sh-Luc and GPR62 knockdown groups showed significant effects
of Pls-treatment (Fig 2D and 2E). These cumulative data suggest that the GPR1, GPR19,
GPR21, GPR27 and GPR61 transduce Pls-mediated signaling.

Overexpression ofGPR1,GPR19,GPR21 andGPR61 enhance
phosphorylation of ERK and Akt in the cells
To prove that the identified orphan GPCRs were the mediator of Pls-signaling, we cloned four
mouse GPCRs into the CMV promoter containing flag tagged expression vector. Since we
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Fig 1. G-protein Inhibitor reduces Pls-mediated phosphorylation of Akt and ERK in the neuronal cells. (A) Pls-mediated phosphorylation of ERK and
Akt was cancelled by treatments with the G-protein inhibitor. The neuronal cells (N2A) were cultured in low serum (2% FBS) containing medium for 20 hr and
then treated with the G-protein inhibitor GDPβS at 200 μM concentration for 4 hours followed by Pls (500 ng/ml) treatments for 20 minutes. Cell extracts were
then subjected to western blotting assays. (B) The quantification data of panel A showed that Pls treatment failed to increase phosphorylation of ERK and Akt
in the GDPβS pretreated cells (One way ANOVA followed by Bonferoni’s test, n = 5, *, P<0.05 and **, P<0.01. n.s. stands for not significant). Image-J
software was used to quantify the signals. (C) Real-time PCR data shows the orphan GPCRs expression in the primary neurons, astrocytes, microglia and
also in the cell lines of N2A (neuronal derived cells), A1 (astrocytes) and MG6 (microglia). The data represent mean ± S.E.M (standard error of mean) (n = 3).

doi:10.1371/journal.pone.0150846.g001
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Fig 2. Knockdown of GPCRs inhibits Pls-mediated activation of ERK. (A) Total RNAs extracted from the sh-RNA containing lentivirus transfected N2A
cells were subjected to the real-time PCR analysis. The relative expression of the target GPCRs was reduced by their respective sh-RNA (Student’s t-test,
n = 5, *, P<0.05 and **, P<0.01). (B) Western-blotting assays showed the reduction of Pls-mediated phosphorylation of ERK in theGPR1,GPR19, GPR21,
GPR27 andGPR61 knockdown cells. N2A cells were infected by the sh-RNAs lentiviruses followed by the treatments with 2% FBS containing medium for 24
hours. Pls (500 ng/ml) were added 20 minutes before the cells were collected for western blotting assays. The data represent three independent experiments
(n = 3). (C) The quantification data of panel B showed a significant reduction in the expression of phosphorylated ERK in theGPR1,GPR19,GPR21, GPR27
andGPR61 knockdown cells treated with the Pls. The data represent mean ± S.E.M and the n.s. indicates not significant (One way ANOVA followed by
Dunnett’s post hoc test by considering the sh-Luc with Pls group as reference. n = 5, *, P<0.05 and **, P<0.01). (D) Western-blotting assays showed the
difference in the p-ERK expression between Pls-treated and non-treated groups ofGPR1,GPR19,GPR21,GPR27,GPR61 andGPR62 knockdown cells.
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failed to clone the cDNA of GPR27 in the present study using the mouse embryonic cDNA, we
used only the four GPCRs for the overexpression study. We overexpressed the cloned expres-
sion vectors into the Hek293-T cells cultured with 2% FBS containing DMEMmedium and
confirmed the overexpressed protein in the cells by western blotting assays using the Flag anti-
body. We have used low concentration of FBS aimed to see the changes in the phosphorylation
of ERK and Akt by the overexpression with the fear that high FBS could mask the effect of
these overexpressed proteins. Interestingly, compared with the control vector (empty plasmid)
transfected cells, all these protein overexpression enhanced the phosphorylation of ERK and
Akt (Fig 3A), suggesting that these proteins had signal enhancing effects in the non-neuronal
cells. Similar to that of the Hek293T cells, we then overexpressed the GPCRs in the neuronal
cells and found that all of these GPCRs significantly enhanced phosphorylation of ERK and
Akt (Fig 3B and 3C). These data show that GPR1, GPR19, GPR21 and GPR61 have the ability
to enhance the cellular signaling in various types of cells when they are overexpressed. Since
astrocytes had lower expression of these GPCRs (Fig 1), it was possible to explain why extracel-
lular addition of Pls failed to induce p-ERK and p-Akt in these cells, which was questioned in
our previous study [7]. These findings suggest that high expression of these GPCRs in the neu-
ronal cells may be a cause of the neuronal cells sensitivity to the Pls.

The GPCRs accelerate Pls-mediated phosphorylation of ERK and Akt in
the neuronal cells
Though the overexpression of the GPCRs itself was enough to induce the phosphorylation of
ERK and Akt, it was unknown whether these overexpression facilitated the Pls-induced signal-
ing. To examine this issue, we treated the GPCRs overexpressed neuronal cells with Pls and
checked the signaling by western blotting assays. We found that the addition of Pls induced
phosphorylation of ERK and Akt in the GPCRs overexpressed cells compared with the Mock
(pCDNA3.flag) transfected group (Fig 4A and 4B). Most interestingly the fold increase in the
phosphorylation of Akt and ERK by the overexpression of GPCRs was significantly higher
compared with the mock group (Fig 4C). These data clearly suggested that the Pls-mediated
activation of cellular signaling was enhanced by the overexpression of the GPCRs in the cells.

Endogenously produced Pls can enhance the GPCRs-mediated
signaling
To rule out the possibility that cellular derived Pls might have the ability to regulate the signal-
ing via the GPCR proteins, we first knocked down endogenous GNPAT (glyceronephosphate
O-acyltransferase, a rate limiting Pls synthesizing enzyme) gene by sh-GNPAT lentiviral parti-
cles. Interestingly, the reduction of the endogenous GNPAT expression by sh-RNA in the neu-
ronal cells was associated with the significant reduction of phosphorylated ERK and Akt
proteins (Fig 5A and 5B). Mass spectroscopic assays showed that the knockdown of GNPAT
in the N2A cells resulted in a significant reduction of ethanolamine Pls (PlsEtn), vinyl ether
bonded type of glycerophospholipids, without affecting ester-type phospholipids (e.g.,
phosphatidylethanolamine, PtdEtn) in the experimental condition of panel A in Fig 5 (data not
shown). To make it clear whether the cellular signaling was specific to the Pls but not to ester-
type of phospholipids, we treated the serum deprived N2A cells by the PtdEtn and Pls. Western

The data represents 3 independent experiments. (E) The quantification data of panel D showed no effect of Pls in the sh-GPR1, sh-GPR19, sh-GPR21, sh-
GPR27 and sh-GPR61, but not sh-Luc and sh-GPR62 groups. The data represent mean ± S.E.M and the n.s. indicates not significant (Student`s t-test; n = 3,
**, P <0.01). Furthermore, the reduction of p-ERK expression in the Pls treatment groups ofGPR1,GPR19,GPR21,GPR27 andGPR61 knockdown cells
was significant compared with the control sh-Luc group. (Dunnett’s test. n = 3, *, P < 0.05).

doi:10.1371/journal.pone.0150846.g002
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Fig 3. Overexpression of GPCRs enhances phosphorylation of ERK and Akt in the cells. (A) Hek293-T
cells cultured in 2% FBS containing medium were transfected by the flag taggedGPR1,GPR19,GPR21 and
GPR61 expression plasmids along with the control flag tagged empty plasmids (mock group) for 48 hours
followed by western blotting assays. Overexpression of the proteins was confirmed by the immunoblotting
with anti-Flag antibody. Quantification of p-ERK, p-Akt and the total proteins of ERK and Akt showed the
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blotting data showed that the PtdEtn treatments failed to induce ERK and Akt signaling com-
pared with that of the Pls treatments (Fig 5C and 5D), which suggest that among the similar
class of the phospholipids Pls had the specific effect to induce ERK and Akt signaling. To prove
that the orphan GPCRs could transduce the Pls-mediated signaling, we overexpressed the
GPCRs in the Pls-reduced N2A cells, where endogenous Pls synthesis was disrupted by sh-
GNPAT lentiviral particles, and found a significant reduction of GPCRs-mediated increase in
ERK signaling (Fig 5E and 5F). These cumulative data suggest that the endogenous Pls may
induce the orphan GPCRs-mediated signaling in neuronal cells.

Discussion
In this study, we report for the first time that neuronal specific GPCRs can transduce Pls-medi-
ated signaling in cells. Because of the increased expression of the GPCRs in neuronal cells, our
results explained a possible mechanism for neuronal cell induction of ERK and Akt signaling
by Pls which was not explained in our previous study [7]. Our current data also show that the
overexpression of these neuronal specific GPCRs can enhance cellular signaling in the non-
neuronal cell line Hek293-T. It is, therefore, suggested that the low endogenous expression of
GPCRs in primary astrocytes could explain their insensitivity to Pls treatments, which was
investigated in our previous report [7]. Results obtained in the current study provide sufficient
evidence to show that Pls-induced cellular signaling is accelerated by GPCR proteins and ques-
tion whether endogenous cellular Pls are necessary for the signaling activity of these GPCRs in
neuronal cells. Since it is well understood that intracellular Pls produced in the endoplasmic
reticulum can be transported out of the cells [1], it is possible that Pls secreted from cells can
activate GPCRs on neuronal cell membranes to maintain ERK and Akt signaling. Interestingly,
our present findings show that reduction of Pls in neuronal cells significantly reduced the acti-
vation of ERK signaling by the overexpression of GPCR protein(s). It is possible that cell-
derived Pls in the brain could maintain the cellular signaling among neuronal cells by GPCR
protein(s). Further study will be carried out to assess the possible biological and functional con-
tribution of Pls (e.g., neuronal cell survival, memory maintenance, etc.) mediated by each of
these GPCRs in neuronal cells.

It is well known that GPCR proteins can form functionally active homomers and hetero-
mers with different GPCRs or even tyrosine kinase receptors to induce cellular signaling
[11,19,20]. These multi-protein complexes could induce kinase activity resulting in the phos-
phorylation of Akt and ERK. It is therefore possible that these GPCRs may work independently
of Pls in the neuronal cells to transduce cellular signaling. However, our results showed that
the extracellular addition of Pls enhanced the signaling of these GPCRs, suggesting that Pls
might have a role in modulating the possible homodimers and even heterodimers. The findings
of our current research show that the single knockdown of each of the GPCRs (GPR1, GPR19,
GPR21, GPR27 and GPR61) can effectively cancel the Pls-mediated signaling, suggesting that
each of the GPCRs may form heterodimers with other GPCRs to transduce the Pls signaling.
Our current data, showing that other GPCRs do not compensate each other (Fig 2), suggest

significant increases in the phosphorylation of ERK and Akt by the overexpression of GPCRs compared with
mock empty flag tagged plasmid transfected group (Dunnett’s test, n = 5, *, P<0.05 and **, P<0.01). The
data represents three independent experiments. (B) Similar to that of the Hek-293T cells of panel A, N2A
cells were transfected by the GPCR expressing plasmids along with the control mock empty flag tagged
plasmid and phosphorylation of ERK and Akt was investigated by the western blotting assays. The data
represents 5 independent experiments. (C) Quantification data of the panel C showed the significant increase
in the phosphorylation of ERK and Akt among the GPCRs overexpressed N2A cells compared with control
(mock) group. The data represent mean ± S.E.M. (Student’s t-test, n = 5, P<0.05* and 0.01**)

doi:10.1371/journal.pone.0150846.g003
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Fig 4. The GPCRs enhances Pls-mediated signaling in the cells. (A) N2A cells cultured with low serum
(2% FBS) were transfected by the control and GPCRs plasmids for 48 hours followed by the treatments with
Pls (500 ng/ml) for 20 minutes. Cell extracts were subjected to western blotting assays. The data represents
five independent experiments (n = 3). (B) Quantification data of panel A showed the significant increase in the
phosphorylation of ERK and Akt proteins among the GPCRs (GPR1,GPR19,GPR21 andGPR61)
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that each of these GPCRs (GPR1, GPR19, GPR21, GPR2 and GPR61) may play an important
role in activating the remaining GPCRs by Pls, possibly by forming active heteromers. Further
studies are planned to assess whether each of these GPCRs can form heteromers with the
remaining GPCRs to transduce Pls-signaling in neuronal cells. In the present study, we have
confirmed that the addition of Pls can accelerate the cellular signaling in the GPR1, GPR19,
GPR21, and GPR61 overexpressed neuronal cells (Fig 4). However, it is still unknown whether

transfected and the mock transfected cells by the Pls treatments. The data represent mean ± S.E.M
(Student’s t-test, n = 5, *, P<0.05 and **, P<0.01). (C) The fold induction in the level of phosphorylated ERK
and Akt compared with the mock transfected cells (considered as one unit) was counted in the GPCRs
overexpressed cells. Statistical analysis showed a significant increase in the Pls-mediated induction of ERK
and Akt phosphorylation by the GPCRs overexpression in the neuronal cells shown in panel A (Bonferroni’s
test, n = 5, *, P<0.05 and **, P<0.01).

doi:10.1371/journal.pone.0150846.g004

Fig 5. The Pls specific cellular signaling mediated by the GPCRs. (A) Western blotting assays showed the reduction of p-ERK and p-Akt expression in
the N2A cells where the Pls-synthesizing enzyme GNPAT was knocked down by sh-GNPAT lentivirus. The data represent three independent experiments.
(B) The quantification data of the panel A showed the significant reduction of phosphorylated ERK and Akt proteins in theGNPAT knockdown cells. The data
represent mean ± S.E.M (Student’s t-test, n = 3, **, P < 0.01). (C) Serum deprived N2A cells were treated with Pls (500 ng/ml) and PtdEtn
(phosphatidylethanolamine, 500 ng/ml) for 20 minutes. Cells extracts were then subjected to western blotting assays to detect phosphorylation status of ERK
and Akt proteins. The data represent three independent experiments. (D) Quantification data of panel C showed that PtdEtn treatments did not significantly
increase the phosphorylated ERK and Akt as compared with the Pls treatments group. The data represent mean ± S.E.M (Bonferroni’s test; n = 3, *,
P < 0.05). (E) N2A cells were infected by sh-GNPAT and the control sh-Luc lentivirus particles for 24 hours flowed by the overexpression of the GPCRs
expressing plasmids for 48 hours. Cell extracts were then subjected to western blotting assays. The data represents three independent experiments (n = 3).
(F) Quantification data of the panel E showed that the GPCRs-mediated increase in phosphorylation of ERK in the control lentivirus group (sh-Luc) was
abolished in the sh-GNPAT groups. The data represent mean ± S.E.M (Dunnett`s test; n = 3, *, P < 0.05).

doi:10.1371/journal.pone.0150846.g005
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the Pls have any signal enhancing effect to the other neuronal specific GPCRs such as GPR27,
GPR62, GPR135, GPR142, GPR150 and GPR162. Further study will be carried out to see if the
Pls have any influence on those GPCRs when they are overexpressed in the cells. However, by
the knockdown study, it seems that those GPCRs except the GPR27 may not be crucial for the
signal transduction by Pls. We observed that relatively weak knockdown of GPR1 gave a similar
effect to that of strong knockdown of GPR19 and GPR61 in cancelling the Pls-mediated ERK
signal, suggesting that these GPCRs might have different sensitivity to Pls. Another possibility
is that Pls can activate cellular signaling via lipid rafts of cellular membranes, which usually
anchor many functional membrane proteins including GPCRs. Interestingly, Pls were found to
be enriched in lipid rafts [4]. It has also been reported that many GPCRs are located in the lipid
raft compartments of cellular membranes which are enriched in cholesterol, sphingomyelin,
caveolin, flotillin and other components [9,10], suggesting a possibility that the Pls in lipid
rafts may have a role in signal transduction through GPCRs. In addition to the lipid raft
hypothesis, it is also possible that Pls could act as ligands to activate GPCRs because some lip-
ids are reported to activate GPCRs as ligands to induce cellular signaling [21]. Since the addi-
tion of Pls to the culture medium activated ERK and Akt signaling in neuronal cells within a
short time in our current study, it was reasonable to suggest that Pls might act as ligands to
activate these GPCRs. If the Pls act as ligands, similar to the lyso-type lipids, PFA [13, 14], Pls
may bind directly with GPCRs to activate them. A study of the direct interaction between
GPCRs and Pls will be carried out to address this process. Thus, we intend to study these two
possible functional consequences in a future study, using both ligands and lipid components,
to clarify the mechanism of Pls activation of GPCRs.

In conclusion, our present study suggests that Pls-signaling is associated with GPCR pro-
teins in neuronal cells which might be important in regulating the cellular signaling to main-
tain effective neuronal activity in the brain. Future studies focusing on the functional
relationship of these GPCRs with Pls in maintaining possible neuronal activities (e.g., neuronal
survival, memory consolidation, anti-inflammatory function, etc.), could reveal detailed mech-
anisms of how Pls function in the nervous system.

Acknowledgments
We would like to thank Ms. Ayako Tajima for her help to perform experiments. We appreciate
the valuable technical supports from the Research Support Center, Graduate School of Medical
Sciences, Kyushu University. We also thank Dr. Rhodri E. Jones (Kyushu University) and Dr.
Ako Niwase for their critical corrections of English. Pls were kindly donated by the Central
Research Institute, Marudai Food Co. Ltd. (Osaka). This study was supported by JSPS
KAKENHI Grant Number 26460320 to T.K.

Author Contributions
Conceived and designed the experiments: MSH TK. Performed the experiments: MSH KM.
Analyzed the data: MSH KM TK. Contributed reagents/materials/analysis tools: MSH KM.
Wrote the paper: MSH TK. Obtained permission for use of cell lines: TK.

References
1. Brites P, Waterham HR, Wanders RJ. Functions and biosynthesis of plasmalogens in health and dis-

ease. Biochim Biophys Acta. 2004; 1636(2–3):219–31. (doi: 10.1016/j.bbalip.2003.12.010) PMID:
15164770

2. Zoeller RA, Morand OH, Raetz CR. A possible role for plasmalogens in protecting animal cells against
photosensitized killing. J Biol Chem. 1988; 263(23):11590–6.) PMID: 3403547

Plasmalogens Enhance GPCR Protein's Signaling

PLOS ONE | DOI:10.1371/journal.pone.0150846 March 2, 2016 13 / 14

http://dx.doi.org/10.1016/j.bbalip.2003.12.010
http://www.ncbi.nlm.nih.gov/pubmed/15164770
http://www.ncbi.nlm.nih.gov/pubmed/3403547


3. Farooqui AA, Horrocks LA. Plasmalogens: workhorse lipids of membranes in normal and injured neu-
rons and glia. Neuroscientist. 2001; 7(3):232–45.) PMID: 11499402

4. Braverman NE, Moser AB. Functions of plasmalogen lipids in health and disease. Biochim Biophys
Acta. 2012; 1822(9):1442–52. (doi: 10.1016/j.bbadis.2012.05.008) PMID: 22627108

5. Wood PL, Mankidy R, Ritchie S, Heath D, Wood JA, Flax J, et al. Circulating plasmalogen levels and
Alzheimer Disease Assessment Scale-Cognitive scores in Alzheimer patients. J Psychiatry Neurosci.
2010; 35(1):59–62.) PMID: 20040248

6. Ifuku M, Katafuchi T, Mawatari S, Noda M, Miake K, SugiyamaM, et al. Anti-inflammatory/anti-amyloi-
dogenic effects of plasmalogens in lipopolysaccharide-induced neuroinflammation in adult mice. J Neu-
roinflammation. 2012; 9:197. (doi: 10.1186/1742-2094-9-197) PMID: 22889165

7. Hossain MS, Ifuku M, Take S, Kawamura J, Miake K, Katafuchi T. Plasmalogens rescue neuronal cell
death through an activation of AKT and ERK survival signaling. PLoS One. 2013; 8(12):e83508. (doi:
10.1371/journal.pone.0083508) PMID: 24376709

8. da Silva TF, Eira J, Lopes AT, Malheiro AR, Sousa V, Luoma A, et al. Peripheral nervous system plas-
malogens regulate Schwann cell differentiation and myelination. J Clin Invest. 2014; 124(6):2560–70.
(doi: 10.1172/JCI72063) PMID: 24762439

9. Chini B, Parenti M. G-protein coupled receptors in lipid rafts and caveolae: how, when and why do they
go there? J Mol Endocrinol. 2004; 32(2):325–38.) PMID: 15072542

10. Insel PA, Head BP, Patel HH, Roth DM, Bundey RA, Swaney JS. Compartmentation of G-protein-cou-
pled receptors and their signalling components in lipid rafts and caveolae. Biochem Soc Trans. 2005;
33(Pt 5):1131–4. (doi: 10.1042/BST20051131) PMID: 16246064

11. Ritter SL, Hall RA. Fine-tuning of GPCR activity by receptor-interacting proteins. Nat Rev Mol Cell Biol.
2009; 10(12):819–30. (doi: 10.1038/nrm2803) PMID: 19935667

12. Pike LJ, Han X, Chung KN, Gross RW. Lipid rafts are enriched in arachidonic acid and plasmenyletha-
nolamine and their composition is independent of caveolin-1 expression: a quantitative electrospray
ionization/mass spectrometric analysis. Biochemistry. 2002; 41(6):2075–88) PMID: 11827555

13. Seyfried CE, Schweickart VL, Godiska R, Gray PW. The human platelet-activating factor receptor gene
(PTAFR) contains no introns and maps to chromosome 1. Genomics. 1992; 13(3):832–4.) PMID:
1322356

14. Ishii S, Nagase T, Shimizu T. Platelet-activating factor receptor. Prostaglandins Other Lipid Mediat.
2002; 68–69:599–609.) PMID: 12432946

15. Mawatari S, Yunoki K, SugiyamaM, Fujino T. Simultaneous preparation of purified plasmalogens and
sphingomyelin in human erythrocytes with phospholipase A1 from Aspergillus orizae. Biosci Biotechnol
Biochem. 2009; 73(12):2621–5. (JST.JSTAGE/bbb/90455 [pii].) PMID: 19966491

16. Ifuku M, Hossain SM, Noda M, Katafuchi T. Induction of interleukin-1β by activated microglia is a pre-
requisite for immunologically induced fatigue. Eur J Neurosci. 2014; 40:3253–63. (doi: 10.1111/ejn.
12668) PMID: 25040499

17. Rubinson DA, Dillon CP, Kwiatkowski AV, Sievers C, Yang L, Kopinja J, et al. A lentivirus-based sys-
tem to functionally silence genes in primary mammalian cells, stem cells and transgenic mice by RNA
interference. Nat Genet. 2003; 33(3):401–6. (doi: 10.1038/ng1117) PMID: 12590264

18. Sluka KA, Willis WD. The effects of G-protein and protein kinase inhibitors on the behavioral responses
of rats to intradermal injection of capsaicin. Pain. 1997; 71(2):165–78.) PMID: 9211478

19. Park PS, Filipek S, Wells JW, Palczewski K. Oligomerization of G protein-coupled receptors: past, pres-
ent, and future. Biochemistry. 2004; 43(50):15643–56. (doi: 10.1021/bi047907k) PMID: 15595821

20. Pyne NJ, Pyne S. Receptor tyrosine kinase-G-protein-coupled receptor signalling platforms: out of the
shadow? Trends Pharmacol Sci. 2011; 32(8):443–50. (doi: 10.1016/j.tips.2011.04.002) PMID:
21612832

21. Yin H, Chu A, Li W, Wang B, Shelton F, Otero F, et al. Lipid G protein-coupled receptor ligand identifica-
tion using β-arrestin PathHunter assay. J Biol Chem. 2009; 284(18):12328–38. (doi: 10.1074/jbc.
M806516200) PMID: 19286662

Plasmalogens Enhance GPCR Protein's Signaling

PLOS ONE | DOI:10.1371/journal.pone.0150846 March 2, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/11499402
http://dx.doi.org/10.1016/j.bbadis.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22627108
http://www.ncbi.nlm.nih.gov/pubmed/20040248
http://dx.doi.org/10.1186/1742-2094-9-197
http://www.ncbi.nlm.nih.gov/pubmed/22889165
http://dx.doi.org/10.1371/journal.pone.0083508
http://www.ncbi.nlm.nih.gov/pubmed/24376709
http://dx.doi.org/10.1172/JCI72063
http://www.ncbi.nlm.nih.gov/pubmed/24762439
http://www.ncbi.nlm.nih.gov/pubmed/15072542
http://dx.doi.org/10.1042/BST20051131
http://www.ncbi.nlm.nih.gov/pubmed/16246064
http://dx.doi.org/10.1038/nrm2803
http://www.ncbi.nlm.nih.gov/pubmed/19935667
http://www.ncbi.nlm.nih.gov/pubmed/11827555
http://www.ncbi.nlm.nih.gov/pubmed/1322356
http://www.ncbi.nlm.nih.gov/pubmed/12432946
http://www.ncbi.nlm.nih.gov/pubmed/19966491
http://dx.doi.org/10.1111/ejn.12668
http://dx.doi.org/10.1111/ejn.12668
http://www.ncbi.nlm.nih.gov/pubmed/25040499
http://dx.doi.org/10.1038/ng1117
http://www.ncbi.nlm.nih.gov/pubmed/12590264
http://www.ncbi.nlm.nih.gov/pubmed/9211478
http://dx.doi.org/10.1021/bi047907k
http://www.ncbi.nlm.nih.gov/pubmed/15595821
http://dx.doi.org/10.1016/j.tips.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21612832
http://dx.doi.org/10.1074/jbc.M806516200
http://dx.doi.org/10.1074/jbc.M806516200
http://www.ncbi.nlm.nih.gov/pubmed/19286662

