
Molecular Biology of the Cell
Vol. 16, 2234–2247, May 2005

Lysophosphatidylcholine-induced Surface Redistribution
Regulates Signaling of the Murine G Protein-coupled
Receptor G2A□D

Li Wang,* Caius G. Radu,* Li V. Yang,† Laurent A. Bentolila,‡
Mireille Riedinger,† and Owen N. Witte*†

*Department of Microbiology, Immunology, and Molecular Genetics, †Howard Hughes Medical Institute/
UCLA, and ‡Department of Chemistry and Biochemistry, UCLA, Los Angeles, CA 90095

Submitted December 2, 2004; Revised February 10, 2005; Accepted February 11, 2005
Monitoring Editor: Sandra Schmid

Intracellular trafficking and spatial dynamics of membrane receptors critically regulate receptor function. Using micro-
scopic and subcellular fractionation analysis, we studied the localization of the murine G protein-coupled receptor G2A
(muG2A). Evaluating green fluorescent protein-tagged, exogenously expressed as well as the endogenous muG2A, we
observed that this receptor was spontaneously internalized and accumulated in endosomal compartments, whereas its
surface expression was enhanced and stabilized by lysophosphatidylcholine (LPC) treatment. Monensin, a general
inhibitor of recycling pathways, blocked LPC-regulated surface localization of muG2A as well as muG2A-dependent
extracellular signal-regulated kinase (ERK) activation and cell migration induced by LPC treatment. Mutation of the
conserved DRY motif (R3A) enhanced the surface expression of muG2A, resulting in its resistance to monensin
inhibition of ERK activation. Our data suggest that intracellular sequestration and surface expression regulated by LPC,
rather than direct agonistic activity control the signaling responses of murine G2A toward LPC.

INTRODUCTION

G protein-coupled receptors (GPCRs) are seven-transmem-
brane proteins that transduce a variety of extracellular stimuli
and mediate diverse biological processes such as cell growth,
differentiation, apoptosis, and migration (Bockaert and Pin,
1999; Pierce et al., 2002). The general paradigm for GPCR acti-
vation involves agonist-induced conformational change of
the receptor and coupling to heterotrimeric G protein-medi-
ated signaling pathways (Cabrera-Vera et al., 2003).

Lysophospholipids such as lysophosphatidylcholine
(LPC), sphingosylphosphoryl-choline (SPC), lysophos-
phatitic acid (LPA), and sphingosine 1-phosphate (S1P) reg-
ulate a wide array of biological processes (Moolenaar, 1999;
Graler and Goetzl, 2002; Ishii et al., 2004). LPC is regularly
produced from the cell membranes as a normal metabolic
product of phosphatidylcholine (PC), the major phospho-
lipid component in eukaryotic cells. LPC can be generated
by hydrolysis of phosphatidylcholine catalyzed by phospho-
lipase A2 (McKean et al., 1981). Alternatively, lecithin:cho-
lesterol acyltransferase can transfer the sn-2 fatty acid of PC
to free cholesterol in the plasma, generating cholesterol es-

ters and LPC (Santamarina-Fojo et al., 2000). As a major lipid
component of oxidized LDL, LPC displays inflammatory
activity and is an important etiological factor in human
systemic lupus erythematosus (SLE) (George et al., 1999) and
atherosclerosis (Steinbrecher et al., 1990).

Murine G2A (muG2A) is a G protein-coupled receptor
that is predominantly expressed in hematopoietic cells such
as lymphocytes and myeloid cells and is transcriptionally
up-regulated by proliferative stimuli, DNA damage, or
stress (Weng et al., 1998). Potential roles of muG2A in pe-
ripheral tolerance and autoimmune control were revealed
by gene knockout studies, where G2A null mice on a mixed
genetic background developed a late onset autoimmune
phenotype resembling the human autoimmune disease SLE
(Le et al., 2001). Overexpression of muG2A in nonhemato-
poietic cell types induced various constitutive effects, in-
cluding cell cycle arrest at G2/M, cytoskeleton rearrange-
ment via activation of RhoA and growth inhibition (Weng et
al., 1998; Kabarowski et al., 2000), and oncogenic transfor-
mation in some strains of NIH3T3 fibroblasts (Zohn et al.,
2000). Overexpression of human G2A (huG2A) in HeLa cells
resulted in the accumulation of inositol phosphate and
cAMP as well as apoptotic responses (Lin and Ye, 2003).

Phylogenetic analysis shows that G2A belongs to a sub-
family of GPCRs, including OGR1 (Xu et al., 2000), TDAG8
(Choi et al., 1996), and GPR4 (Heiber et al., 1995). Several
lysophospholipids have been reported to be ligands for this
GPCR family, such as SPC as a ligand for OGR1 (Xu et al.,
2000) and psychosine as a ligand for TDAG8 (Im et al., 2001).
LPC was reported as a direct ligand that binds and activates
G2A (Kabarowski et al., 2001). Because we have not been
able to repeat the original data provided by our collabora-
tor’s laboratory, claiming the direct binding of radioactive
LPC to murine G2A, the authors have retracted this paper

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E04–12–1044)
on February 23, 2005.
□D The online version of this article contains supplemental material
at MBC Online (http://www.molbiolcell.org).

Address correspondence to: Owen N. Witte (owenw@microbio.
ucla.edu).

Abbreviations used: LPA, lysophosphatitic acid; LPC, lysophos-
phatidylcholine; S1P, sphingosine 1-phosphate; SPC, sphingo-
sylphosphoryl-choline.

2234 © 2005 by The American Society for Cell Biology



(Witte et al., 2005). LPC-induced cell migration responses de-
pendent on G2A reported in (Kabarowski et al., 2001) have
been repeated in other independent studies (Radu et al., 2004;
Yang et al., 2005). This article reinvestigates the relationship of
LPC to G2A intracellular localization and signaling.

A functional relationship between LPC and G2A has been
documented by several independent studies. LPC was
found to enhance cAMP production and to potentiate the
apoptotic effects of huG2A in HeLa cells (Lin and Ye, 2003).
LPC also antagonized the proton-dependent activity of
huG2A at a pH lower than 7.2 (Murakami et al., 2004).
Studies on the murine G2A homologue demonstrated that
LPC induced muG2A-dependent extracellular signal-regu-
lated kinase (ERK) activation (in Chinese hamster ovary
[CHO] cells) and cell migration (in T lymphocytes and mac-
rophages) (Kabarowski et al., 2001; Radu et al., 2004; Yang et
al., 2005). These observations did not reveal the mechanism
by which LPC and G2A communicate. It remains an open
question as to whether LPC acts via directly binding to G2A
or indirectly via another unknown pathway.

The intracellular trafficking and localization of GPCRs are
regulated by various mechanisms and are critical for recep-
tor signaling (Tan et al., 2004). Receptor mislocalization has

been associated with human diseases. For example, aberrant
membrane localization of the mutant rhodopsin and the
vasopressin V2 receptor causes retinitis pigmentosa and
nephrogenic diabetes insipidus, respectively (Tan et al.,
2004). For most GPCRs, unbound receptors are localized on
the cell surface. Agonist activation leads to receptor desen-
sitization and internalization via arrestin/clathrin-mediated
endocytosis (Ferguson, 2001). Internalized receptors are ei-
ther degraded in lysosomes or resensitized and recycled
back to the cell surface (von Zastrow, 2003).

Alternatively, many GPCRs are constitutively internalized
in the absence of any ligands. Examples include the chole-
cystokinin receptor type A (Tarasova et al., 1997) and �1d-
adrenergic receptor (McCune et al., 2000) or constitutively
active mutant alleles of parathyroid hormone receptor (Fer-
rari and Bisello, 2001) and angiotensin II AT1A receptor
(Miserey-Lenkei et al., 2002). In these cases, the constitu-
tively active conformation of the receptor couples the recep-
tor to arrestin- and clathrin-mediated endocytic pathways
(Parnot et al., 2002; Seifert and Wenzel-Seifert, 2002). Inverse
agonists can prevent the constitutive internalization by sta-
bilizing the inactive conformation (Milligan, 2003; Prather,
2004). Other GPCRs, such as PAR1 (Shapiro et al., 1996),

Figure 1. Intracellular localization of murine
G2A and the LPA2 receptor in DO11.10 T
hybridoma cells. DO11.10 cells overexpress-
ing muG2A-GFP or LPA2 receptor-GFP were
either untreated or treated with hypertonic
sucrose medium (pH 7.2) containing 0.45 M
sucrose for 6 h, labeled with rhodamine-la-
beled transferrin for 40 min, and analyzed
using confocal microscopy.
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�1a-adrenergic receptor (Morris et al., 2004), and metabo-
tropic glutamate receptors 1a and 5 (Dale et al., 2001;
Fourgeaud et al., 2003) are spontaneously internalized in the
absence of any receptor activity. An internal pool of recep-
tors can thus be maintained and recycled to allow continu-
ous signaling when agonists are overly present.

In light of multiple observations regarding LPC-induced
responses of G2A (Lin and Ye, 2003; Murakami et al., 2004;
Radu et al., 2004; Yang et al., 2005), we reexamined in this
study how LPC might regulate the receptor intracellular
trafficking. We now provide evidence that the surface ex-
pression of muG2A is enhanced and stabilized by LPC, and
the surface redistribution of muG2A from the endosomal

compartment is critical for LPC-induced signaling responses
that lead to ERK activation and cell migration.

MATERIALS AND METHODS

Cell Culture
The wild-type (wt) DO11.10 mouse T-cell hybridoma and the G2AsiRNA

DO11.10 clone stably expressing a muG2A-specific small interfering RNA
(siRNA) were as described previously (Radu et al., 2004). All DO11.10 deriv-
atives were maintained in RPMI 1640 medium supplemented with 2 mM
l-glutamine and 5% charcoal dextran-treated fetal bovine serum (FBS) (Gemini,
Irvine, CA). The tetracycline-regulated Swiss 3T3 clones expressing muG2A-
green fluorescent protein (GFP) or LPA2R-GFP were maintained in DMEM
supplemented with 2 mM l-glutamine, 10% FBS (Hyclone Laboratories, Logan,
UT) and 1 �g/ml tetracycline. For the pulse-chase experiment, cell were washed

Figure 2. Intracellular localization of murine G2A and the LPA2 receptor in Swiss 3T3 fibroblasts. (A) Swiss3T3 cells overexpressing
muG2A-GFP were either untreated or treated with hypertonic sucrose medium (pH 7.2) for 6 h, labeled with rhodamine-labeled transferrin
for 40 min, and analyzed using confocal microscopy. Alternatively, cells were transfected with plasmids expressing either wt or K44A mutant
dynamin2. After 48 h, cells were labeled with rhodamine-labeled transferrin and analyzed using confocal microscopy. (B) Colocalization of
G2A-GFP with various intracellular marker proteins. Cells were stained by rhodamine-labeled transferrin and Lysotracker Red or labeled
using antibodies recognizing the endosome marker EEA1, the endoplasmic reticulum marker calnexin, and the Golgi marker p115. Insets
show magnified region where G2A-GFP colocalizes with transferrin and EEA1. Bar, 20 �m.
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with PBS to get rid of serum-borne LPC, and fresh DMEM containing 2%
charcoal dextran treated FBS was added during the experiment.

Reagents
Rhodamine-conjugated transferrin and Lysotracker Red DND-99 were from
Molecular Probes (Eugene, OR). The muG2A-specific rabbit polyclonal anti-
bodies were as described previously (Radu et al., 2004). The mouse monoclo-
nal antibodies specific for mouse CD3zeta, Rab11b, and phosphorylated ERK;
the rabbit polyclonal antibody for ERK2; and the goat polyclonal antibody for
calnexin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
mouse monoclonal antibody p115 was obtained from BD Biosciences (San
Jose, CA). The Alexa-594 conjugated goat anti-mouse and donkey anti-goat
secondary antibodies were obtained from Molecular Probes. Stromal cell-
derived factor-1� (SDF1-�) (PeproTech, Rocky Hill, NJ) was dissolved in PBS
to make a 20 �g/ml stock solution and stored at �20°C. Monensin (Calbio-
chem, San Diego, CA) was dissolved in ethanol to obtain 50 mM stock and
stored at �20°C. The 14:0, 16:0, 18:0, and 18:1 forms of LPC (Avanti Polar
Lipids, Alabaster, AL) were dissolved in methanol as 50 mM stock. Other
lipids used in this study include lysophosphatidylethanolamine (LPE), SPC,
LPA, S1P, and platelet-activating factor (PAF) (Avanti Polar Lipids). All lipid
stocks were stored under nitrogen at –80°C in glass vials.

ERK Activation Assay
LPC-induced ERK activation was assayed as described previously
(Kabarowski et al., 2001). Cells were washed in PBS and resuspended in
serum-free medium (SFM) (pH 7.2) containing 0.1% fatty acid-free bovine
serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO). An aliquot was taken as
time 0 and kept on ice. On addition of 10 �M LPC, cells were incubated at
37°C and 8% CO2 for indicated time before aliquots were taken and lysed in
detergent buffer (10 mM Tris-HCl, pH 7.0, 100 mM NaCl, 1% Triton, and 5
mM EDTA) supplemented with protease inhibitor cocktail (Roche Diagnos-
tics, Indianapolis, IN). The level of phosphorylated-ERK and total ERK was
examined by Western blotting.

Transmigration Assay
The transmigration assay was as described with modifications (Radu et al.,
2004). Cells were washed with PBS, serum starved for 1 h, and recovered
using Ficoll gradient (Ficoll-PaquePLUS; Amersham Biosciences, Piscataway,
NJ). Cells (2 � 105) were resuspended in 100 �l of SFM (pH 7.2) containing
0.1% fatty acid-free BSA (Sigma-Aldrich), and added to the upper chamber of
a 24-well plate with 5.0-�m pore size polycarbonate filters (Costar, Cam-
bridge, MA). SFM containing chemotactic factors (10 �M LPC or 10 ng/ml
SDF1-�) were added to the lower chamber in a 600-�l volume. After 2-h
incubation at 37°C and 8% CO2, transmigrated cells were recovered from the
lower chamber and counted. Data are presented as mean � SE from three
wells for each treatment. Typically, one of three repeated experiments is
shown.

Subcellular Fractionation
Subcellular fractionation using sucrose gradient centrifugation was as de-
scribed previously with modifications (Kassis and Sullivan, 1986; Liang et al.,
2004). Cells (5 � 107) were washed with PBS (pH 7.4) and resuspended in 1
ml of ice-cold homogenizing buffer (50 mM Tris-HCl, pH 7.0, 5 mM EDTA,
and 5% sucrose) supplemented with protease inhibitor cocktail (Roche Diag-
nostics). After 15-min incubation on ice, cells were homogenized with 30�
strokes in a 1.5-ml Douncer, followed by 6� passage through a 27-gauage
(0.41 � 32-mm) needle. Homogenates were spun at 300 � g for 5 min to get
rid of cell debris and nuclei. The postnuclear supernatants were collected and
spun at 80,000 rpm for 30 min to obtain the total membrane pellets, which were
resuspended in 500 �l of homogenizing buffer. The total membrane fraction was
layered on top of a discontinuous sucrose gradient that contains 1 ml of 15%, 1
ml of 30%, 1.5 ml of 35%, and 1 ml of 45% sucrose in buffer (50 mM Tris-HCl, pH
7.0, and 5 mM EDTA). The gradient was centrifuged in a Beckman SW55Ti rotor
at 30,000 rpm for 1 h at 4°C. Fractions (400 �l) were collected from top of the
gradient and analyzed by SDS-PAGE and Western blot.

Indirect Immunofluorescence, Confocal Fluorescence
Microscopy, and Quantitative Analysis
Swiss 3T3 cells grown on polylysine-coated coverslips were fixed with 3%
paraformaldehyde in PBS for 10 min at room temperature, washed with PBS,
and permeabilized with 0.1% Triton-X 100 in PBS for 10 min. Cells were
blocked with 10% serum in PBS for 30 min, incubated with primary antibod-
ies for 1 h, washed with PBS, incubated with secondary antibodies for 1 h, and
washed again with PBS. The coverslips were dried and mounted on slides
with Slowfade (Molecular Probes).

Specimens were analyzed on a TCS SP2 Acusto-Optical beam splitter laser
scanning confocal inverted microscope (Leica Microsystems, Exton, PA)
equipped with a 63� oil immersion objective (HCX PL APO, 1.40 numerical
aperture) as well as 488-nm (GFP), 534-nm (rhodamine and Lysotracker), and
594-nm (Alexa-594) laser lines. The detection range for each fluorophore was

optimally set in separate channels using the Acusto-Optical beam splitter.
Images of 50–100 cells from multiple random fields were acquired for each
experimental condition. Serial optical sections were recorded at 1-�m inter-
vals, and digital images were saved as 12-bit depth TIFF files. Images were
imported into Image J version 1.32 for quantitative analysis. Background was
determined as the mean pixel density of the region of interest and subtracted.
For each cell, the intracellular region (IR) was defined by the cell contour
omitting the plasma membrane region, whereas the total cellular region (CR)
was defined as the plasma membrane region plus the intracellular region. The
intracellular fluorescence (IF) was calculated as the mean pixel density times
the pixel number from the IR. The total cellular fluorescence (TCF) was
calculated as the mean pixel density times the pixel number from the CR. The
percentage of intracellular receptors was calculated as IF/TCF � 100. The
results were presented as mean � SE.

RESULTS

Intracellular Localization of Murine G2A-GFP in Murine
T-Cells
To study the intracellular localization of muG2A in a lym-
phoid cell type, we overexpressed a muG2A-GFP fusion
protein in the T-cell hybridoma line DO11.10 by using a
retroviral expression vector. The level of overexpression is
�20-fold relative to endogenous receptor when analyzed by
Western blotting (our unpublished data). It has been previ-
ously shown that this level of expression in this cell type
does not cause major changes in cell growth or ability of the
cells to respond to immune receptor activation (Radu et al.,
2004).

LPA and LPC are closely related lysophospholipids. The
LPA receptors belong to a highly conserved GPCR family
(Graler and Goetzl, 2002). Like most GPCRs, the LPA1 re-
ceptor is localized at the cell surface in the absence of LPA
and internalized upon ligand activation (Murph et al., 2003).
Because DO11.10 cells express the endogenous LPA2, but
not the LPA1 receptor (Radu et al., 2004), we examined the
localization of the murine LPA2 receptor-GFP fusion protein
in these cells.

Cells were grown in media (pH 7.2) supplemented with
charcoal dextran-stripped FBS. We observed a surface local-
ization of the LPA2 receptor in the absence of exogenous
LPA (Figure 1). We found that a significant fraction of
muG2A-GFP was localized in intracellular vesicles that also
contained internalized transferrin. Treatment with hyper-
tonic sucrose, which inhibits the clathrin-mediated endocy-
tosis (Heuser and Anderson, 1989), enhanced the surface
expression of muG2A-GFP, but it had no effect on the LPA2
receptor. This result suggests that in this T-cell line, muG2A
is constitutively internalized and the prominent intracellular
localization might result from a slower recycling rate.

Intracellular Localization of Murine G2A-GFP in Murine
Fibroblasts
Cells with extensive cytoplasm and extended morphology
are optimal for protein localization studies. Because lym-
phocytes lack such features, we chose a fibroblast cell line
(Swiss3T3) to further characterize the intracellular traffick-
ing of muG2A. Similar to what has been observed in
DO11.10 cells, the majority of the fusion protein was local-
ized on intracellular vesicles, but it accumulated at the cell
surface upon treatment with hypertonic sucrose (Figure 2A).

We examined the effect of the dominant negative mutant
of dynamin2 (K44A), which inhibits both clathrin-depen-
dent and -independent endocytic pathways (Damke et al.,
1994; Conner and Schmid, 2003). When transiently overex-
pressed in Swiss 3T3 cells for 48 h, the K44A mutant of
dynamin2 resulted in surface accumulation of muG2A-GFP,
whereas the wt dynamin2 had no effect. The uptake of
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rhodamine-labeled transferrin was examined to confirm the
inhibition of endocytic pathways by mutant dynamin2.

The colocalization of muG2A-GFP with various intracel-
lular markers was examined (Figure 2B). muG2A-GFP did
not colocalize with the ER marker protein calnexin, the Golgi
marker protein P115, or the late endosome/lysosomes that
were stained by Lysotracker. Significant colocalization, how-
ever, could be seen with the endosomal compartment that
was identified either by rhodamine-labeled transferrin or by
early endosomal marker early endosome antigen 1 (EEA1).
These data suggest that the intracellular muG2A is localized
on endosomal vesicles.

Spatial Dynamics of Murine G2A-GFP in Response
to LPC
To monitor the spatial dynamics of newly synthesized
muG2A, we established a tetracycline-regulated expression
system, in which the expression of the muG2A-GFP fusion
protein is suppressed by tetracycline but rapidly turned on
upon its removal.

As shown in Figure 3, tetracycline in the medium (pH 7.2)
prevented the expression of muG2A-GFP and LPA2 recep-
tor-GFP in Swiss3T3 cells. A “pulse” period was initiated by
removal of tetracycline to allow protein expression. The
localization of muG2A-GFP or LPA2R-GFP was examined
after 5-h incubation in medium supplemented with 2% char-
coal-treated serum, which contains low concentration of
LPC. Newly synthesized muG2A-GFP and LPA2R-GFP
were found to be largely at the cell surface. A “chase” phase
was started by the addition of 10 �g/ml cycloheximide, a
protein synthesis inhibitor. The majority of muG2A-GFP
accumulated in intracellular vesicles at the end of the 5-h
chase, whereas LPA2R-GFP was still maintained at the cell
surface. This result indicates that muG2A is constitutively
internalized from the plasma membrane into an intracellular
receptor pool.

Because LPC induces G2A-dependent signaling re-
sponses, such as ERK activation and cell migration, we
examined the effect of LPC on muG2A localization. Cells
were treated with 10 �M LPC or 5 �M LPA at the end of the
chase period. As shown in Figure 3, LPC but not LPA
treatment resulted in the movement of intracellular muG2A-
GFP to the cell surface. LPA but not LPC induced internal-
ization of the LPA2 receptor.

Similar receptor behavior was observed in DO11.10 cells
and confirmed by quantitative analysis of confocal images
(Figure 4). For each treatment, we analyzed �50 cells from
multiple random fields. The percentage of intracellular re-
ceptor was shown as mean values with standard deviations.
About 65% of receptors were initially localized on intracel-
lular vesicles. Treatment with LPC at pH 7.2 decreased the

intracellular receptor level down to �20% in a time-depen-
dent and dose-dependent manner (Figure 4, B and C). A
comparable concentration of LPA did not have any effect on
muG2A but caused �60% of the LPA2 receptor to be inter-
nalized. Prolonged treatment with LPC rendered the major-
ity (�80%) of the muG2A-GFP to the cell surface without
significant change of protein expression level (Figure 4B; our
unpublished data). To exclude the possibility that the en-
hanced surface receptor level arises from new protein syn-
thesis, we treated cells with 10 �g/ml cycloheximide to-
gether with 10 �M LPC for 2 h. Cycloheximide had no effect
on muG2A localization (our unpublished data). We also
have compared the localization of huG2A and muG2A in
DO11.10 cells. In the absence of added LPC, the level of
endosomal huG2A was lower (�45%) compared with that of
muG2A (�65%) (Supplemental Figure 1). Similar to
muG2A, LPC treatment enhanced the surface expression of
huG2A.

Previously a panel of structurally related lysophospholip-
ids were tested in the radioactive LPC binding assay
(Kabarowski et al., 2001). Among various forms of LPC, 16:0,
18:0, and 18:1 LPC were claimed to have similar affinity for
muG2A, whereas 14:0 LPC failed to compete against 16:0
LPC for receptor binding. SPC also was claimed to have
intermediate affinity for the receptor, leading to the conclu-
sion that LPC and SPC are direct ligands for G2A with high
and low affinity, respectively. Because those data have not
been successfully reproduced by independent studies or our
laboratory’s recent attempts, we reevaluated the specificity
of the interaction between muG2A and these lipids, by using
the LPC-mediated receptor localization assay (Figure 4D).
We found that addition of 16:0, 18:0, and 18:1 LPC (10 �M)
resulted in similar surface redistribution of muG2A,
whereas 14:0 LPC showed significant but lower activity. In
contrast, addition of 10 �M SPC had no effect. These results
are contradictory to the report by Kabarowski et al. (2001)
regarding the binding affinity of 14:0 LPC and SPC. How-
ever, they are consistent with another independent study,
showing that 14:0 LPC was capable of inducing muG2A-
dependent cell migration with 50% efficiency compared with
16:0, 18:0, and 18:1 LPC (Yang et al., 2005). In addition, SPC
was not able to induce G2A-dependent cell migration
(Kabarowski et al., 2001).

Lysophospholipids contain a large polar head group and
a single acyl chain. Such structural characteristics facilitate
their insertion into lipid membranes, resulting in the alter-
ation of spontaneous curvature of the lipid monolayer, as
well as the conformation and function of membrane proteins
(Lundbaek and Andersen, 1994). To rule out the possibility
that LPC-induced muG2A redistribution might result from
its general effect on membrane deformation, we examined
other lysophospholipids, including 10 �M LPE, 10 �M PAF,
and 10 �M lysophosphatidylinositol. None of these lysophos-
pholipids affected muG2A localization in the absence and pres-
ence of added LPC (Figure 4D). Additional lysophospholipids,
such as lysoPAF, showed weak activity in activating G2A-
dependent migration and ERK activation as well as inducing
G2A relocalization to the cell surface (Yang and Witte; our
unpublished data). It is under investigation as to whether these
lipids act via the same mechanism as LPC.

To further test the hypothesis that muG2A is continuously
internalized in the absence of LPC, we examined the reinter-
nalization of muG2A-GFP upon removal of LPC. Cells were
treated with 10 �M LPC at pH 7.2 for 6 h before being washed
and resuspended in serum-free medium. Significant reinter-
nalization occurred after 1 h of LPC washout (Figure 4E).

Figure 3 (facing page). Spatial dynamics of muG2A-GFP in Swiss
3T3 cells. Swiss3T3 cells were engineered to stably express muG2A-
GFP or LPA2 receptor-GFP under a tetracycline (Tet)-regulated
promoter. Cells were initially grown in presence of 1 �g/ml tetra-
cycline to turn off the gene expression. The pulse phase was started
by removal of tetracycline. The regular FBS in the growth medium
(pH 7.2) was also replaced with 2% charcoal dextran treated FBS,
which contains low level of serum-borne LPC. After 5-h pulse, the
chase phase (5 h) was initiated by addition of 10 �g/ml cyclohexi-
mide (CHM) to block further protein synthesis. The efficiency of
cycloheximide was confirmed when added at the beginning. 10 �M
LPC or 5 �M LPA was added to the cells at the end of the chase
period, and cells were further incubated for 60 min before being
analyzed by confocal microscopy. Representative images are
shown. Bar, 20 �m.
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Figure 4. LPC treatment enhances the surface expression of muG2A-GFP. (A) DO11.10 cells overexpressing muG2A-GFP or LPA2R-GFP
were treated with either 10 �M LPC for 2 h or 5 �M LPA for 30 min at pH 7.2 before the microscopic analysis. Representative images are
shown. For quantitative analysis, multiple fields of images were acquired, and the intracellular receptor level was quantified and presented
as mean � SE from typically 50–100 cells. The time course and dose dependence of LPC-mediated muG2A surface expression (B and C) and
the effects of other lysophospholipids (D) are shown. (E) LPC-pretreated cells were washed and incubated in medium (pH 7.2) without added
LPC. Aliquots of cells were taken at indicated time and the reinternalized receptors were examined.
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The Spatial Redistribution of Endogenous Murine G2A
Monitored by Subcellular Fractionation
Subcellular fractionation is an alternative approach to study
GPCR intracellular localization. On a discontinuous sucrose
gradient, surface receptors such as �-adrenergic receptor,
are enriched at the interface of 30 and 45% sucrose (30/45%
fraction). An agonist, such as isoproterenol, leads to receptor
internalization and accumulation at the interface of 15 and
30% sucrose (15/30% fraction), where smaller endosomal
vesicles reside (Krueger et al., 1997; Liang et al., 2004).

We used the similar fractionation technique to resolve the
intracellular and surface localized muG2A. DO11.10 cells
overexpressing muG2A-GFP or LPA2R-GFP were either un-
treated or treated with LPC or LPA, respectively. Total
membrane fractions were then prepared and analyzed.
CD3zeta is a subunit of the T-cell receptor TCR/CD3 com-

plex (Exley et al., 1991). Rab11 is a small G protein that is
involved in the endosomal recycling pathway and colocal-
izes with the transferrin receptor on pericentriolar recycling
endosomes (Ullrich et al., 1996; Schimmoller et al., 1998).
These two proteins were first examined as marker proteins
for plasma membrane and endosomal vesicles, respectively
(Figure 5A). CD3zeta was predominantly enriched at the
30/45% interface, whereas Rab11b was fractionated to both
15/30 and 30/45% interfaces. This result indicates a partial
separation of endosomal vesicles from the plasma mem-
brane vesicles. Namely, the 15/30% fraction was enriched
with endosomal vesicles, whereas the 30/45% fraction con-
tained a mixture of both types of membranes.

We then examined the localization of LPA2R-GFP on the
gradient. In the absence of LPA, LPA2R-GFP was mostly
enriched at the 30/45% fraction. Treatment with LPA (5 �M

Figure 5. Subcellular fractionation confirms LPC-regulated surface redistribution of both overexpressed muG2A-GFP fusion protein and
endogenous muG2A. (A) DO11.10 cells overexpressing LPA2R-GFP were either untreated or treated with 5 �M LPA for 30 min at pH 7.2
at 37°C. Cells were fractionated by discontinuous sucrose gradient and fractions were analyzed using antibodies specific for GFP. DO11.10
cells overexpressing muG2A-GFP (B) or the wt cells (C) were either untreated or treated with 10 �M LPC for 2 h at pH 7.2 before the
fractionation analysis.
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for 30 min) enhanced the amount of LPA2R-GFP at the
15/30% fraction. This result is indicative of receptor inter-
nalization from the cell surface to the endosomal compart-
ment. However, due to the cofractionation of endosomal and
plasma vesicles at the 30/45% interface, the amount of inter-
nalized receptors would be greatly underestimated if quanti-
fied using this result. Nevertheless, the enhancement of
LPA2R-GFP at the endosomal fraction in response to LPA is
consistent with and complementary to the microscopic data.

The localization pattern of overexpressed muG2A-GFP on
the gradient, however, was different from that of LPA2R-
GFP. A significant portion of muG2A-GFP accumulated at
the 15/30% interface in the absence of LPC (Figure 5B). LPC
treatment (10 �M for 2 h) reduced the amount of G2A at the
lower density fractions and resulted in a predominant peak
at the 30/45% interface. A similar result was observed for
endogenously expressed muG2A, monitored using an anti-
body specific for the C-terminal region of the receptor (Radu
et al., 2004) (Figure 5C). Thus, the behavior of the moderately
overexpressed muG2A-GFP fusion protein reflects that of
the endogenous muG2A. Together, these results indicate
that LPC triggers the relocalization of G2A from the endo-
somal compartment to the cell surface.

Blockade of Intracellular Recycling Pathways Alters
Murine G2A Trafficking and Signaling
We hypothesized that LPC-regulated surface expression en-
hancement of murine G2A might be an initial step during
receptor responses and that a blockade of this pathway
could abolish muG2A-dependent signaling responses to
LPC. We tested the effect of monensin, a proton ionophore
that disrupts the recycling pathway (Mollenhauer et al.,
1990). As shown in Figure 6, A and B, pretreatment with
monensin (25 �M for 1 h) effectively blocked LPC-triggered
surface relocation of muG2A, as demonstrated by both mi-
croscopic and subcellular fractionation analysis.

Previous studies on muG2A have established that LPC-
induced cell migratory responses are dependent on G2A
(Radu et al., 2004). It was shown that the majority of endog-
enous G2A was knocked down in a DO11.10 cell line ex-
pressing a G2A-specific siRNA (DO11.10 G2AsiRNA). These
cells failed to migrate toward an LPC gradient. However, when
reconstituted with a mutant form of muG2A that is resistant to
siRNA due to a silent mutation in the siRNA target region
(Radu et al., 2004), LPC could induce cell migration (Figure 7A).
Monensin (50 �M for 1 h) blocked LPC-dependent cell migra-
tion, but it did not affect chemokine SDF1-�–mediated cell

Figure 6. Blockade of general recycling pathways via monensin inhibits LPC-mediated muG2A redistribution to the cell surface. DO11.10
cells overexpressing muG2A-GFP were either untreated or pretreated with 50 �M monensin for 1 h at 37°C in serum-free medium (pH 7.2).
Viable cells were recovered using Ficoll gradient and treated with 10 �M LPC for 2 h before being analyzed by confocal microscopy (A) and
subcellular fractionation (B). Representative images are shown. Bar, 20 �m.
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migration. To rule out the potential artifact caused by over-
expression and GFP tagging, we analyzed the effect of mo-
nensin on wild-type DO11.10 cells that express endogenous
muG2A. Consistently, LPC but not SDF1-�–induced cell
migration was inhibited by monensin (Figure 7B).

When heterologously overexpressed in CHO cells,
muG2A mediated LPC-induced ERK activation (Kabar-
owski et al., 2001). We used DO11.10 G2AsiRNA cells recon-
stituted with muG2A fused to a monomeric red fluorescent
protein (RFP) (Campbell et al., 2002) to further analyze such
a response. Exogenous 10 �M LPC induced ERK activation
only in muG2A-RFP-reconstituted cells (Figure 8A). This
process was inhibited by monensin treatment (10 �M for 30
min), whereas SDF1-�–dependent ERK activation was un-
affected. Similar inhibition was observed in monensin
treated DO11.10 wild-type cells (Figure 8B). Together, these
data indicate that LPC-regulated surface expression of
muG2A is critical for signaling responses that lead to ERK
activation and cell migration.

We noted that the kinetics of LPC-induced ERK activation
(15–30 min; Figure 8) seemed to be faster than the relocal-
ization process of G2A (1–2 h; Figure 4). It is conceivable that
G2A-residing vesicles might consist of heterogeneous pop-
ulations even in individual cells. A subpopulation of vesicles
might deliver G2A to the cell surface via faster kinetics to
mediate early ERK activation. Continuous delivery of intra-
cellular G2A may be achieved by slower recycling over a
much longer period. These latter receptors may not be re-
quired for ERK activation but instead be involved in other
downstream signaling pathways such as cell migration.
Such differential kinetics might facilitate the sequential cou-
pling of G2A to multiple signaling pathways.

Mutation at the Arginine Residue of the DRY Motif Alters
Receptor Trafficking
Many GPCRs contain a highly conserved E/DRY motif in
the cytoplasmic loop at the end of the third transmembrane
domain, which plays critical roles in regulating receptor
conformation and activities (Savarese and Fraser, 1992; Ol-
iveira et al., 1994). We mutated the arginine residue to ala-
nine (DRY to DAY) and examined the localization of the
DAY muG2A-GFP in DO11.10 cells and Swiss 3T3 cells.

A higher surface expression of this mutant in the absence
of exogenous LPC and a lower localization to endosomal
vesicles were observed, as shown by both microscopic and
subcellular fractionation analysis (Figure 9, A and B). Treat-
ment with LPC did not change the percentage of receptor at
the cell surface. A small portion of the mutant receptor
showed a perinuclear reticular localization that had not been
seen in the wt receptor. Although the nature of this subfrac-
tion is unclear, it might represent the biosynthetic interme-
diates of the mutant protein.

A similar level of ERK activation was induced by LPC
in G2AsiRNA cells reconstituted with either wt or DAY
muG2A as RFP fusion proteins (Figure 9C). Unlike wt
muG2A, however, the mutant receptor was resistant to
monensin effects for blocking ERK activation (Figure 9D).
This result suggests that the DAY muG2A mutant by-
passes the surface redistribution step regulated by LPC
and achieves a more prominent surface localization in the
absence of LPC. The monensin resistance of the DAY
muG2A mutant supports the hypothesis that LPC-regu-
lated surface expression of muG2A is an important initial
step in receptor activation.

Figure 7. LPC-induced cell migration via
muG2A is blocked by monensin. (A)
DO11.10 G2AsiRNA cells, as well as cells re-
constituted with an siRNA-resistant form of
muG2A fused to RFP, were either untreated
or pretreated with 50 �M monensin for 1 h at
pH 7.2/37°C. Cells (2 � 105) were added to
the upper chamber of a 24-well plate. LPC (10
�M) or 20 ng/ml SDF1-� was added to the
lower chamber as chemoattractant. Transmi-
grated cells were recovered after 2 h and
counted. Data are presented as mean � SE.
(B) Wild-type DO11.10 cells were treated and
analyzed as in A.
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DISCUSSION

Mechanisms Regulating the Activity of Murine G2A
Receptor
Multiple mechanisms have been reported to regulate the
activity and signaling of muG2A. Its expression level varies
between different tissues and cell lines and is transcription-
ally up-regulated by specific stimuli (i.e., stress or DNA
damaging reagents) (Weng et al., 1998). LPC induces G2A-
dependent ERK activation and cell migration. The level of

LPC is regulated by PLA2 that catalyzes PC hydrolysis
during LPC biosynthesis (McKean et al., 1981) and also by
lysophospholipase D (autotaxin) that converts LPC into LPA
(Xie and Meier, 2004).

Using a combination of microscopic and biochemical anal-
yses, we have demonstrated that muG2A is spontaneously
internalized via dynamin-dependent endocytosis, and its
surface expression is enhanced by LPC. The possible mech-
anisms for LPC-triggered muG2A redistribution include
slower receptor internalization, accelerated recycling, or reg-
ulated exocytosis. In addition, other signaling adaptor mol-
ecules such as �-arrestin and spinophilin (Kohout and
Lefkowitz, 2003; Wang et al., 2004), or other regulatory
mechanisms such as receptor oligomerization (George et al.,
2002) might be involved in the spatial regulation of muG2A.

Recent studies demonstrate that members of this GPCR
family can be activated by extracellular protons (Ludwig et
al., 2003; Murakami et al., 2004). However, we did not ob-
serve any effects of pH on muG2A localization in the ab-
sence or presence of LPC (our unpublished data). In addi-
tion, our recent studies reproduced the pH-dependent
activation of OGR1, GPR4, and TDAG8 but showed that
muG2A does not behave as a proton-sensing receptor, and
huG2A is a much weaker pH sensor (Radu et al., 2005).

Potential Roles of the DRY Motif in Regulating Receptor
Localization and Signaling
The conserved DRY motif of many GPCRs has been impli-
cated in regulating receptor conformation and signaling.
Mutations of the conserved arginine often results in a loss of
receptor activity by decreasing the G protein coupling, as
observed for rhodopsin (Acharya and Karnik, 1996) and m1
muscarinic acetylcholine receptor (Zhu et al., 1994). Other
effects also have been seen in different receptors. For exam-
ple, the R3A mutation only weakly affected the Gi-coupling
of the CB2 cannabinoid receptor (Rhee et al., 2000), whereas
in the A3 adenosine receptor it resulted in a constitutive
activity (Chen et al., 2001). In the histamine H2 receptor, this
mutation resulted in a highly unstable receptor with en-
hanced agonist affinity but decreased G protein coupling
(Alewijnse et al., 2000). In the �1b-adrenergic receptor, vari-
ous substitutions of arginine resulted in constitutive activity,
impaired activity, or complete loss of activity, indicating that
the DRY motif might help the receptor to assume multiple
conformations that lead to different activities (Scheer et al.,
2000). In addition, the DRY motif of CXCR4 was dispensable
for its Gi signaling (Roland et al., 2003).

The arginine in the DRY motif also has been shown to
regulate receptor trafficking. The R3H mutation in the va-
sopressin receptor V2 and angiotensin receptor AT1aR, and
the R3E mutation in �1b-adrenergic receptor enhanced the
binding affinity of �-arrestin to the receptor. This resulted in
a loss-of-function phenotype due to receptor constitutive
internalization and localization in endocytic vesicles in the
absence of agonists (Wilbanks et al., 2002). Our studies pro-
vide another example in which the DRY motif plays a role in
regulating receptor trafficking. The DAY mutant of muG2A
acquires enhanced surface-expression and is no longer spa-
tially regulated like the wt receptor.

Control of Receptor Response Threshold
Proper localization and turnover of receptors at the cell
surface are key determinants for appropriate receptor activ-
ities (Edwards et al., 2000). The surface expression of many
membrane receptors is regulated. For example, tyrosine ki-
nases have been implicated in stabilizing the surface expres-
sion of the T-cell coreceptor CD4 (Pelchen-Matthews et al.,

Figure 8. LPC-induced ERK activation via muG2A is inhibited by
monensin. (A) DO11.10 G2AsiRNA cells as well as muG2A-RFP
reconstituted cells were either untreated or pretreated with 10 �M
monensin for 30 min at pH 7.2/37°C. Cells were spun and resus-
pended in fresh monensin medium containing either 10 �M LPC or
10 ng/ml SDF1-�. Aliquots of cells were taken at indicated time
points and cell lysates were prepared. The level of phosphorylated
ERK and total ERK were analyzed using Western blot. (B) Wild-type
DO11.10 cells were treated and analyzed as in A.
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1992) and the erythropoietin receptor (Huang et al., 2001).
Smoothened (Smo) is a membrane receptor that is normally
sequestered in intracellular compartments, but it is mobi-
lized to the cell surface by Hedgehog (Hh) signaling (Zhu et
al., 2003).

Intracellular sequestration and regulated surface expres-
sion could be key mechanisms to control receptor activities.
A well studied example is the mobilization of intracellular
glucose transporter 4 (Glut4) via insulin-triggered exocytosis
of Glut4 vesicles (Kanzaki and Pessin, 2003). Such regulation
not only ensures efficient responses toward fluctuating glu-
cose levels but also prevents chronic responses that might be
either wasteful or pathological.

Similar to glucose, LPC is ubiquitously present in most
tissues and in plasma (Croset et al., 2000). The prevalent
nature of LPC presents a unique challenge for cells to reg-
ulate its signaling. Our studies on murine G2A indicate that
LPC-dependent signaling via muG2A could be fine-tuned
by receptor spatial control. We hypothesize that physiolog-
ical levels of LPC might set the sensitivity threshold of
muG2A by maintaining a basal level of surface expression.
Elevated LPC levels (i.e., under inflammatory conditions)
would mobilize the intracellular receptor pool to reach
higher surface density for the initiation of signaling path-
ways.

Currently it is unclear whether LPC acts as a free lipid
or needs to be “presented” by an unknown protein carrier

for signaling. In either case, the concentration of total LPC
in plasma is probably not indicative of how much LPC is
capable of signaling because LPC remains mostly bound
to serum proteins such as albumin (Croset et al., 2000).
Nevertheless, when DO11.10 cells were treated with fresh
FBS, intracellular G2A also was relocalized to cell surface
(our unpublished data), indicating that active LPC or
another regulator is present in serum. The physiological
implication based on this observation would be that when
G2A expressing cells (i.e., lymphocytes and monocytes) circu-
late in the blood, they are exposed to active LPC, which could
set the balance of intracellular versus cell surface G2A and thus
the signaling threshold of G2A before cells enter a local tissue
site.

One also might speculate that by stabilizing muG2A at the
cell surface, the LPC concentration gradient could help to
establish a polarized distribution of muG2A, similar to that
of chemokine receptors (Nieto et al., 1997), which may in
turn regulate cell migration or other downstream responses.

In conclusion, the study presented here defines a unique
spatial regulation of muG2A mediated by LPC. Regardless
of whether LPC exerts its effects directly through binding to
G2A or indirectly via other unknown pathway, further un-
derstanding of intracellular receptor trafficking should help
to elucidate the complex role of protons and LPC in G2A
signaling.

Figure 9. The R-A mutation of the DRY motif (DAY muG2A) resulted in constitutive surface expression as well as monensin-insensitive
signaling responses. Localization of DAY muG2A-GFP expressed in DO11.10 cells and Swiss3T3 cells were analyzed by microscopy (A) and
by subcellular fractionation analysis (B) as described in text. (C) Similar ERK activation in response to 10 �M LPC at pH 7.2 was observed
in DO11.10 G2AsiRNA cells reconstituted with wt or DAY muG2A-RFP. (D) LPC-induced ERK activation is resistant to monensin treatment
(10 �M, 30 min at pH 7.2/37°C) in DO11.10 G2AsiRNA cells overexpressing the DAY muG2A mutant.
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