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ABSTRACT
Because phospholipase C � (PLC-�) is activated by G�12/13 and
Rho family GTPases, we investigated whether these G proteins
contribute to the increased inositol lipid hydrolysis observed in
COS-7 cells after activation of certain G protein-coupled recep-
tors. Stimulation of inositol lipid hydrolysis by endogenous lyso-
phosphatidic acid (LPA) or thrombin receptors was markedly en-
hanced by the expression of PLC-�. Expression of the LPA1 or
PAR1 receptor increased inositol phosphate production in re-
sponse to LPA or SFLLRN, respectively, and these agonist-stim-
ulated responses were markedly enhanced by coexpression of
PLC-�. Both LPA1 and PAR1 receptor-mediated activation of
PLC-� was inhibited by coexpression of the regulator of G protein
signaling (RGS) domain of p115RhoGEF, a GTPase-activating
protein for G�12/13 but not by expression of the RGS domain of
GRK2, which inhibits G�q signaling. In contrast, activation of the
Gq-coupled M1 muscarinic or P2Y2 purinergic receptor was nei-

ther enhanced by coexpression with PLC-� nor inhibited by the
RGS domain of p115RhoGEF but was blocked by expression of
the RGS domain of GRK2. Expression of the Rho inhibitor C3
botulinum toxin did not affect LPA- or SFLLRN-stimulated inositol
lipid hydrolysis in the absence of PLC-� but completely prevented
the PLC-�-dependent increase in inositol phosphate accumula-
tion. Likewise, C3 toxin blocked the PLC-�-dependent stimulatory
effects of the LPA1, LPA2, LPA3, or PAR1 receptor but had no
effect on the agonist-promoted inositol phosphate response of the
M1 or P2Y2 receptor. Moreover, PLC-�-dependent stimulation of
inositol phosphate accumulation by activation of the epidermal
growth factor receptor, which involves Ras- but not Rho-mediated
activation of the phospholipase, was unaffected by C3 toxin.
These studies illustrate that specific LPA and thrombin receptors
promote inositol lipid signaling via activation of G�12/13 and Rho.

Many extracellular hormones, neurotransmitters, and
growth factors exert their physiological effects by mecha-
nisms that in part involve phospholipase C-catalyzed break-
down of phosphatidylinositol (4,5)P2 into the Ca2�-mobiliz-
ing second-messenger inositol (1,4,5)P3 and the protein
kinase C-activating second-messenger diacylglycerol (Irvine
et al., 1987; Rhee, 2001). For example, extracellular stimuli
that activate members of the large family of seven transmem-
brane-spanning heterotrimeric G protein-coupled receptors
(GPCRs) activate PLC-� isozymes by the release of �-sub-

units of the Gq family of G proteins (Smrcka et al., 1991;
Taylor et al., 1991; Waldo et al., 1991) or by the release of
G�� dimers from activated Gi (Blank et al., 1992; Boyer et al.,
1992; Camps et al., 1992). In contrast, PLC-� enzymes are
activated by tyrosine phosphorylation after activation of re-
ceptor and nonreceptor tyrosine kinases (Meisenhelder et al.,
1989; Wahl et al., 1989).

PLC-�, which possesses Ras-associating (RA) domains at
its carboxyl terminus, was initially identified in Caenorhab-
ditis elegans as a Ras-binding protein (Shibatohge et al.,
1998). Mammalian PLC-� is activated by coexpression with
Ras (Kelley et al., 2001; Song et al., 2001) and by activators
of GEFs that in turn promote the formation of active Rap or
Ras (Schmidt et al., 2001; Evellin et al., 2002; Keiper et al.,
2004). For example, Gs-coupled GPCRs promote PLC-�-de-
pendent inositol lipid signaling through activation of the

This work was supported by grants GM38213, GM57391, and GM65533
from the National Institute of General Medical Sciences (National Institutes of
Health). M.D.H. is a predoctoral fellow of the Pharmaceutical Research and
Manufacturers of America (PhRMA) Foundation.

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

doi:10.1124/mol.105.017921.

ABBREVIATIONS: GPCR, G protein-coupled receptor; DMEM, Dulbecco’s modified Eagle’s medium; LPA, lysophosphatidic acid; EGF, epidermal
growth factor; PLC, phospholipase C; RGS, regulator of G protein signaling; GEF, guanine nucleotide exchange factor; C3 toxin, C3 botulinum
toxin; p115-RGS, the RGS domain of p115 Rho guanine nucleotide exchange factor; GRK2-RGS, the RGS domain of G protein receptor kinase-2;
RA, Ras-associating; PDZ, postsynaptic density-95/disc-large/zona occludens.

0026-895X/06/6906-2068–2075$20.00
MOLECULAR PHARMACOLOGY Vol. 69, No. 6
Copyright © 2006 The American Society for Pharmacology and Experimental Therapeutics 17921/3117915
Mol Pharmacol 69:2068–2075, 2006 Printed in U.S.A.

2068



cAMP-activated GEF, EPAC, which in turn activates Rap1A
(Schmidt et al., 2001). Initial studies of mammalian PLC-�
revealed activation by G�12 and G�13 but not by G�q (Lopez
et al., 2001; Wing et al., 2001), and G�� also has been shown
to activate this PLC isozyme (Wing et al., 2001).

Coexpression of Rho family GTPases with PLC-� results in
marked stimulation of inositol lipid hydrolysis (Wing et al.,
2003). PLC-� mutants that lack functional RA domains re-
tain activation by Rho, indicating that Rho family GTPases
regulate this PLC isozyme by a mechanism distinct from that
used by Ras and Rap. Observation of GTP-dependent activa-
tion of purified PLC-� by purified RhoA illustrates that the
stimulatory action of Rho in inositol lipid signaling is direct
(Seifert et al., 2004). GEFs for Rho are downstream effectors
of G�12/13 (Hart et al., 1998; Fukuhara et al., 1999; Booden et
al., 2002; Suzuki et al., 2003; Dutt et al., 2004). Thus, the
observation of Rho-dependent activation of PLC-� suggests
that GPCRs that activate G�12/13 promote inositol lipid sig-
naling through the activation of Rho.

With the goal of establishing whether receptor-mediated
regulation of inositol lipid signaling occurs through a mech-
anism involving G�12/13, Rho, and PLC-�, we studied the
regulation of PLC-�-promoted inositol lipid hydrolysis by en-
dogenous and recombinant GPCRs expressed in COS-7 cells.
The results of these studies are consistent with the idea that
G�12/13- and Rho-dependent activation of PLC-� occurs down-
stream of both LPA- and thrombin-activated receptors and
that the regulation of PLC-� by G�12/13 occurs at least in part
through activation of Rho.

Materials and Methods
Materials. Expression vectors (in pcDNA3.1) for the human M1

muscarinic cholinergic, LPA1, LPA2, and LPA3 receptors were pur-
chased from the University of Missouri–Rolla cDNA Resource Center
(Rolla, MO). An expression vector encoding the human P2Y2 receptor
was described previously (Nicholas et al., 1996). The plasmid encod-
ing wild-type epidermal growth factor (EGF) receptor is described by
Carter and Sorkin (1998). A pCMV-Script vector encoding FLAG-
tagged rat PLC-� was generously provided by Grant Kelley, State
University of New York (Syracuse, NY). An expression vector for C3
botulinum toxin was obtained from Channing Der, University of
North Carolina (Chapel Hill, NC). cDNA encoding the first 240
amino acids of human p115RhoGEF was subcloned in-frame with an
N-terminal tandem hemagglutinin-epitope tag into a modified
pcDNA3.1 vector (Hains et al., 2004). cDNA encoding amino acids 45
to 178 of bovine GRK2 (designated GRK2-RGS) in frame with an
N-terminal hemagglutinin-epitope tag in pcDNA3 was kindly pro-
vided by Dr. Jeffrey Benovic (Thomas Jefferson University, Phila-
delphia, PA). 1-Oleoyl-L-�-lysophosphatidic acid sodium salt (LPA)
was purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in
water containing 1.0% fatty acid-free bovine serum albumin. The
PAR1 receptor agonist peptide SFLLRN was synthesized as the
carboxyl amide and purified by reverse-phase high-pressure liquid
chromatography (University of North Carolina Peptide Facility,
Chapel Hill, NC). UTP, carbachol, and EGF were purchased from
Sigma-Aldrich. All other reagents were from sources noted previ-
ously (Wing et al., 2001, 2003; Seifert et al., 2004).

Cell Culture and Transfection of COS-7 Cells. COS-7 cells
were plated in 12- or 96-well culture dishes and maintained in
DMEM supplemented with 10% fetal bovine serum, 4 mM L-glu-
tamine, 100 U/ml penicillin, and 100 �g/ml streptomycin at 37°C in
a 10% CO2/90% air atmosphere. The indicated DNA expression vec-
tors were transfected into COS-7 cells using FuGENE 6 transfection
reagent (Roche Applied Science, Indianapolis, IN) at a ratio of 3:1

(FuGENE/DNA) following the manufacturer’s protocol. Empty-vec-
tor DNA was used as necessary to maintain a constant total amount
of DNA per well.

Measurement of [3H]Inositol Phosphates. Approximately 24 h
after transfection, the medium was replaced with inositol- and serum-
free DMEM containing 1 �Ci/well [myo-3H]inositol (American Radiola-
beled Chemicals, St. Louis, MO). Phospholipase C activity was quanti-
fied 12 h after labeling by incubation in inositol-free DMEM containing
10 mM LiCl either in the absence of a receptor agonist or in the presence
of 10 �M LPA, 50 �M SFFLRN, 100 �M carbachol, 100 �M UTP, or 100
ng/ml EGF. The reaction was stopped after 30 to 60 min by aspiration
of the medium and addition of ice-cold 50 mM formic acid. After neu-
tralization with 150 mM ammonium hydroxide, the accumulation of
[3H]inositol phosphates was quantified by Dowex chromatography as
described previously (Wing et al., 2001).

Western Blotting. COS-7 cells were seeded at 60,000 cells/well in
a 12-well plate and transfected 24 h later with pcDNA3, myc-PLC-�,
or myc-PLC-� with 0.3, 3, or 30 ng of C3 toxin using FuGENE 6
transfection reagent as described previously. Forty-eight hours after
transfection, the cells were lysed on ice in 200 �l of lysis buffer (20
mM Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA, and 1%
Triton X-100, containing protease inhibitors). COS-7 cell lysates
were sonicated in an ice-water bath for 5 min and then centrifuged at
13,000g for 20 min at 4°C. The supernatant was removed, mixed 1:1
with 5� Laemmli sample buffer, boiled for 5 min, and subjected to
SDS-polyacrylamide gel electrophoresis and transfer to nitrocellu-
lose. Western blotting was performed using anti-myc clone 9E10
(Roche Applied Science) and anti-�-tubulin clone B-5-1-2 (Sigma-
Aldrich) primary antibodies, a secondary anti-mouse IgG antibody
conjugated to horseradish peroxidase (GE Healthcare, Little Chal-
font, Buckinghamshire, UK), and enhanced chemiluminescence
(Denville Scientific Inc., Metuchen, NJ).

Results
PLC-�-Dependent Promotion of Inositol Lipid Signal-

ing by Endogenous LPA and Thrombin Receptors. We
reported recently that Rho GTPases directly activate PLC-�
(Wing et al., 2003; Seifert et al., 2004). To begin to address
potential GPCR-mediated regulation of this PLC isozyme
through a Rho-dependent signaling pathway, we screened
COS-7 cells for the functional presence of GPCRs that exhibit
PLC-�-dependent activation of inositol lipid signaling. Incuba-
tion of cells with histamine, prostaglandin E2, carbachol, aden-
osine, norepinephrine, somatostatin, or a combination of P2Y
receptor agonists (UTP, 2MeSADP, ATP, UDP, and UDP-glu-
cose) all failed to elevate inositol phosphates in a PLC-�-depen-
dent manner (data not shown). In contrast, as was reported
recently by Kelley et al. (2004), incubation of PLC-�-expressing
cells with LPA (10 �M) or with the agonist peptide SFLLRN (50
�M) resulted in an increase in inositol phosphate levels com-
pared with the very low responses observed with LPA or
SFLLRN in control cells (Fig. 1).

PLC-�-Dependent Stimulation of Inositol Phosphate
Accumulation by Molecularly Defined LPA and
Thrombin Receptors. Because LPA is the cognate agonist
for at least three different GPCRs, we individually expressed
the LPA1, LPA2, or LPA3 receptors in COS-7 cells with the
goal of determining the extent to which these signaling pro-
teins exhibit PLC-�-dependence in their action. LPA-stimu-
lated inositol phosphate accumulation was reproducibly in-
creased in LPA1 receptor-expressing cells compared with
empty vector-transfected cells and was enhanced by �10-fold
in LPA2 or LPA3 receptor-expressing cells (Fig. 2). Coexpres-
sion of the LPA1 receptor with PLC-� markedly enhanced the
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inositol phosphate response to LPA. Coexpression with
PLC-� also increased the LPA-promoted inositol lipid signal-
ing response in LPA2 or LPA3 receptor-expressing cells, al-
though the enhancement observed with PLC-� was both vari-
able and of much smaller magnitude (i.e., from no effect to
approximately 2-fold increases in response) than that ob-
served with the LPA1 receptor (Fig. 2). To determine whether
the lack of effect of the LPA2 and LPA3 receptors on PLC-�
activation was due to a depletion of phosphatidylinositol
(4,5)P2, we examined the ability of other G�q-coupled recep-
tors to promote inositol lipid signaling. G�q-coupled receptors
such as P2Y4 and P2Y11 produced much larger responses
than the LPA2 and LPA3 receptors (data not shown), sug-
gesting that the system is not saturated. In addition, selec-
tive inhibition of the large G�q-stimulated response of the
LPA2 and LPA3 receptors by the RGS domain of GRK2 (Car-
man et al., 1999; Hains et al., 2004) did not uncover a PLC-
�-dependent response by these receptors (data not shown).
Therefore, the LPA1 receptor promotes signaling responses
in COS-7 cells that are markedly dependent on the presence
of PLC-�, whereas the inositol lipid signaling response in
LPA2 or LPA3 receptor-expressing cells is less affected by the
expression of PLC-�.

Given the effects of PLC-� on agonist-promoted responses of
the molecularly defined LPA receptors, we also tested the ac-
tivities of the PAR1 receptor, another GPCR known to couple to
G�12/13- and Rho-regulated pathways, and two receptors, the
M1 muscarinic cholinergic receptor and the nucleotide-acti-
vated P2Y2 receptor, known to primarily activate Gq-regulated
signaling pathways. Expression of the PAR1 receptor in the
presence of PLC-� resulted in a marked increase in SFLLRN-
promoted inositol phosphate accumulation (Fig. 3A). In con-
trast, expression of the M1 muscarinic receptor (Fig. 3B) or
P2Y2 receptor (Fig. 3C) resulted in a marked increase in ago-
nist-promoted inositol lipid response that was not further aug-
mented by coexpression with PLC-�. The large increase in basal
[3H]inositol phosphate accumulation illustrated in Fig. 3C is
due to basal release of ATP and UTP from COS-7 cells, which in
turn activates the expressed P2Y2 receptor (Lazarowski et al.,
1995, 2000; Alvarado-Castillo et al., 2005).

RGS Protein-Selective Inhibition of PLC-�-Depen-
dent Signaling by the LPA1 and PAR1 Receptors. Acti-
vation of both LPA (Anliker and Chun, 2004; Riobo and
Manning, 2005) and thrombin (Trejo, 2003; Riobo and Man-

ning, 2005) receptors has been reported previously to result
in activation of G�12/13- and Rho-promoted signaling path-
ways. To address the potential roles of G�12/13 and G�q in the
responses to these GPCRs, we applied the RGS domain of
p115RhoGEF (p115-RGS), which acts as a GTPase-activating
protein for G�12 and G�13 (Kozasa et al., 1998; Hains et al.,
2004), and GRK2-RGS, which is known to bind selectively to
G�q and inhibit G�q signaling (Carman et al., 1999; Hains et
al., 2004). Coexpression of p115-RGS with the LPA1 receptor
or PAR1 receptor had no effect on agonist-stimulated inositol
phosphate accumulation in the absence of PLC-� (Fig. 4, A
and B). However, the elevated agonist-promoted inositol
phosphate response observed in cells coexpressing these re-
ceptors with PLC-� was essentially completely inhibited by
coexpression with p115-RGS. In contrast, p115-RGS had no
effect on agonist-stimulated inositol phosphate responses
promoted by the M1 muscarinic receptor (Fig. 4C) or P2Y2

receptor (data not shown) in the absence or presence of
PLC-�. Conversely, expression of G�q-binding GRK2-RGS
significantly inhibited M1 (Fig. 4C) and P2Y2 (data not
shown) receptor-promoted signaling but had no effect on the
inositol lipid signaling response to the LPA1 (Fig. 4A) or
PAR1 (Fig. 4B) receptor, either in the absence or presence of
the expression of PLC-�.

C3 Toxin Inhibits G�12/13-, LPA-, and Thrombin-Pro-
moted Activation of PLC-�. The data presented thus far
implicate G�12/13 in the mechanism of activation of PLC-� by
LPA and thrombin receptors. In contrast, the M1 muscarinic
and P2Y2 receptors apparently regulate inositol lipid signal-
ing by mechanisms that involve neither G�12/13 nor PLC-�.
To address the potential role of Rho in GPCR-promoted ac-
tivation of PLC-�, we used C3 toxin to inactivate Rho. Ex-
pression of GTPase-deficient mutants of G�12 (G�12Q229L)
or G�13 (G�13Q226L) had no effect on the accumulation of
inositol phosphates in control COS-7 cells (Fig. 5A). However,
coexpression of these G�12 or G�13 mutants with PLC-�
resulted in a marked increase in [3H]inositol phosphate ac-
cumulation compared with [3H]inositol phosphate levels in
cells transfected with PLC-� alone. The capacity of G�12 and
G�13 to activate PLC-� was lost with the transfection of
increasing amounts of an expression vector for C3 botulinum
toxin (Fig. 5B). Loss of responsiveness was not due to a

Fig. 2. PLC-�-dependence of LPA-stimulated [3H]inositol phosphate accu-
mulation in cells expressing empty vector, LPA1, LPA2, or LPA3 receptor.
COS-7 cells were transfected with an expression vector for the LPA1, LPA2,
or LPA3 receptor in the absence or presence of an expression vector for
PLC-�. [3H]Inositol phosphate accumulation was quantified in the absence
or presence of 10 �M LPA as described under Materials and Methods.

Fig. 1. PLC-�-dependent stimulation of inositol phosphate accumulation
by endogenous LPA and thrombin receptors in COS-7 cells. [3H]Inositol
phosphate accumulation was measured as described under Materials and
Methods in COS-7 cells transfected with empty vector or with an expres-
sion vector for PLC-�. Incubations were in the presence of vehicle, 10 �M
LPA, or 50 �M SFLLRN.

2070 Hains et al.



nonspecific effect on inositol lipid signaling because the ca-
pacity of GTPase-deficient G�q (G�qQ209L) to promote phos-
phoinositide hydrolysis was largely retained. To determine

whether the reduction of PLC-� activity was due to a de-
crease in the expression level of PLC-�, we immunoblotted
cell lysates expressing PLC-� alone or PLC-� in the presence

Fig. 3. Differential effects of PLC-� on agonist-stimulated
[3H]inositol phosphate accumulation in cells expressing the
PAR1 receptor versus the M1 muscarinic cholinergic or
P2Y2 receptor. COS-7 cells were transfected with an ex-
pression vector for the PAR1 (A), M1 muscarinic cholin-
ergic (B), or P2Y2 (C) receptor in the absence or presence of
an expression vector for PLC-�. [3H]Inositol phosphate ac-
cumulation was quantified in the PAR1, M1, or P2Y2 re-
ceptor-expressing cells in the absence or presence of 50 �M
SFLLRN, 100 �M carbachol, or 100 �M UTP, respectively.

Fig. 4. Differential effects of RGS proteins on LPA1 recep-
tor- and PAR1 receptor- versus M1 muscarinic receptor-
promoted [3H]inositol phosphate accumulation in PLC-�-
expressing cells. COS-7 cells were transfected with the
LPA1 receptor, the PAR1 receptor, or the M1 muscarinic
cholinergic receptor in the absence or presence of PLC-�
and with either p115-RGS or GRK2-RGS. [3H]Inositol
phosphate accumulation was quantified in the LPA1,
PAR1, or M1 receptor-expressing cells in the absence or
presence of 10 �M LPA, 50 �M SFLLRN, or 100 �M car-
bachol, respectively, as described under Materials and
Methods.

Fig. 5. C3 toxin-mediated inhibition of the activation of
PLC-� by G�12 and G�13. A, COS-7 cells were transfected
with empty vector, GTPase-deficient G�12 (G�12 Q226L),
or GTPase-deficient G�13 (G�13 Q229L) in the absence or
presence of transfection of an expression vector for PLC-�.
B, COS-7 cells were transfected with PLC-� � G�12, PLC-�
� G�13, or G�q(Q209L) and with the indicated amounts of
an expression vector for C3 toxin. [3H]Inositol phosphate
accumulation was measured as described under Materials
and Methods. Data are expressed as the percentage of
maximum, with the average maximum for each as follows:
PLC-� � G�12, 6693 cpm; PLC-� � G�13, 12,447 cpm;
G�q(Q209L), 7947 cpm. C, COS-7 cells were transfected
with empty vector, myc-PLC-�, or myc-PLC-� in the pres-
ence of 0.3 ng of C3 toxin, 3 ng of C3 toxin, or 30 ng of C3
toxin. Forty-eight hours after transfection, the cells were
lysed and mixed 1:1 with 5� Laemmli sample buffer. The
lysates were subjected to SDS-polyacrylamide gel electro-
phoresis and immunoblotted for the presence of myc-
PLC-� and �-tubulin as indicated.
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of increasing amounts of C3 toxin. The expression of PLC-� in
the presence of 0.3, 3, or 30 ng of C3 toxin was not signifi-
cantly altered (Fig. 5C), suggesting that the lack of PLC-�-
dependent activity in the presence of C3 toxin is not due to
the inhibition of PLC-� expression. Thus, Rho is downstream
of G�12 and G�13 in the PLC-�-dependent signaling response
measured under these conditions.

The potential contribution of Rho to the PLC-�-dependent
stimulation of inositol lipid signaling by the endogenous LPA
and thrombin receptors of COS-7 cells also was examined by
measuring inositol phosphate accumulation after expression
of C3 toxin. Whereas the capacity of LPA (Fig. 6A) or
SFLLRN (Fig. 6B) to stimulate phosphoinositide hydrolysis
in the absence of PLC-� was not affected by transient expres-
sion of C3 toxin, PLC-�-dependent elevation of inositol phos-
phates in response to both agonists was entirely lost in C3
toxin-expressing cells in a concentration-dependent manner
(Fig. 6, A and B). These results suggest that endogenous
LPA and thrombin receptors of COS-7 cells activate a Rho
GTPase(s), which in turn activates PLC-�.

C3 Toxin-Mediated Inhibition of PLC-�-Dependent
Inositol Lipid Signaling by Molecularly Defined LPA
and Thrombin Receptors. To determine whether Rho also
is involved in PLC-�-dependent inositol lipid signaling by
molecularly defined LPA receptors and the PAR1 receptor,
C3 toxin was coexpressed with each of these receptors in the
absence or presence of PLC-�. The increased response to LPA
conferred by LPA1 receptor expression was not affected by C3
toxin (data not shown). In contrast, the large PLC-�-depen-
dent response to LPA observed in LPA1 receptor-expressing
cells was completely inhibited in a concentration-dependent
manner by coexpression of C3 toxin (Fig. 7A). C3 toxin also
had no effect on the LPA-promoted inositol phosphate re-
sponse in COS-7 cells expressing either the LPA2 or LPA3

receptor alone (data not shown) but blocked completely and
in a concentration-dependent manner the PLC-�-dependent
effects of LPA mediated through these two receptors (Fig. 7,
B and C). Expression of C3 toxin also resulted in the loss of
PLC-�-dependent but not -independent inositol lipid signal-
ing of the PAR1 receptor (Fig. 8A). In contrast, agonist-
stimulated inositol phosphate accumulation promoted by the

M1 muscarinic cholinergic receptor (Fig. 8B) or the P2Y2

purinergic receptor (Fig. 8C) was neither enhanced by ex-
pression of PLC-� nor inhibited by coexpression of C3 toxin.

Although expression of C3 toxin did not affect the expression
of PLC-� (Fig. 5C and data not shown), the elevated levels of
basal [3H]inositol phosphate accumulation after PLC-� expres-
sion were suppressed by coexpression of C3 toxin (Figs. 7 and 8).
PLC-�-dependent elevation of [3H]inositol phosphate accumu-
lation also was inhibited by p115-RGS (Fig. 4A and data not
shown), suggesting that a G�12/13/Rho-dependent pathway ac-
tivates expressed PLC-� in the absence of added receptor ago-
nists. An analogous effect is observed with overexpression of
Gq-coupled P2Y receptors (Fig. 8C) in the absence of application
of exogenous agonist as a result of autocrine release of cognate
adenine and uridine nucleotide agonists (Filtz et al., 1994; Laz-
arowski et al., 2000; Alvarado-Castillo et al., 2005). Nonethe-
less, these results do not rule out the possibility that C3 toxin
nonspecifically inhibits the activation of PLC-� by all activators.
Thus, we also examined EGF receptor-mediated activation of
PLC-�, which occurs via a G�12/13/Rho-independent mechanism
involving the binding of Ras subfamily GTPases to the carboxyl-
terminal RA domains of the enzyme (Kelley et al., 2001, 2004;
Song et al., 2001; Stope et al., 2004). As illustrated in Fig. 9B,
PLC-�-dependent effects of EGF on [3H]inositol phosphate ac-
cumulation were observed in COS-7 cells coexpressing the EGF
receptor. The effect of C3 toxin on EGF-promoted activation of
PLC-� was examined in a series of experiments in which PLC-
�-dependent accumulation of [3H]inositol phosphates was
quantified in the presence of EGF versus LPA in EGF receptor-
expressing cells versus LPA1 receptor-expressing cells, respec-
tively. Whereas the expression of increasing amounts of C3
toxin inhibited LPA1 receptor-promoted [3H]inositol phosphate
accumulation (Figs. 7A and 9A), little if any effect of C3 toxin on
PLC-�-dependent stimulatory effects of the EGF receptor was
observed (Fig. 9B).

Discussion
PLC isozymes contain a highly conserved catalytic core

and additional domains that render these isozymes suscep-
tible to different modes of regulation (Rhee, 2001). PLC-� is
activated by Ras and Rho GTPases and by subunits of het-
erotrimeric G proteins, including G�12, G�13, G�s, and G��
(Kelley et al., 2001; Lopez et al., 2001; Schmidt et al., 2001;
Song et al., 2001; Wing et al., 2001, 2003). Activation by Ras
subfamily GTPases occurs as a consequence of direct inter-
action of these G proteins with RA domains in the carboxyl
terminus of PLC-� (Kelley et al., 2001; Song et al., 2001). We
illustrated recently that Rho binds to an undefined sequence
in the catalytic core of PLC-�, activating the isozyme through
a mechanism that does not require the RA domains (Wing et
al., 2003; Seifert et al., 2004). In contrast, the mechanism(s)
whereby PLC-� is activated by subunits of heterotrimeric G
proteins remains largely unclear and may not be direct. Data
reported in the current study indicate that activation of
PLC-� by G�12 and G�13 after expression in COS-7 cells is
dependent on functional Rho. Moreover, these results are
consistent with the conclusion that activation of PLC-� by
receptors for LPA and thrombin is dependent on the activa-
tion of both G�12/13 and Rho.

The downstream signaling responses promoted by GPCRs
through G�12/13-dependent mechanisms have been less clearly

Fig. 6. Effect of C3 toxin on PLC-�-dependent signaling of endogenous
LPA and thrombin receptors. COS-7 cells were cotransfected with the
indicated amounts of an expression vector for C3 toxin and either empty
vector or an expression vector for PLC-�. [3H]Inositol phosphate accumu-
lation was measured in the absence or presence of 10 �M LPA or 50 �M
SFLLRN as described under Materials and Methods.
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defined than those dependent on activation of G� subunits of
the Gs, Gi, and Gq families. Nonetheless, marked morphological
and cell proliferative changes are consistently observed with
the introduction of GTPase-deficient mutants of G�12 or G�13 in
various cell types (Sah et al., 2000; Kurose, 2003), and a variety
of effectors are stimulated downstream of activation of G�12/13

(Kurose, 2003; Riobo and Manning, 2005). Some of the cellular
responses promoted by G�12/13 are mimicked by activated Rho,
and activation of Rho occurs in many if not all cells in which
G�12 or G�13 is activated (Sah et al., 2000). A large family of
RhoGEFs (Hart et al., 1998; Fukuhara et al., 1999; Booden et
al., 2002; Suzuki et al., 2003; Dutt et al., 2004) (e.g.,
p115RhoGEF, leukemia-associated RhoGEF, PDZ-RhoGEF,
and Lbc-RhoGEF) are among the best studied of the effector
proteins directly regulated by G�12/13. Moreover, the observa-
tion that certain G�12/13-coupled GPCRs produce cellular ef-
fects that involve Rho (Sah et al., 2000) or RhoGEFs (Wang et
al., 2004) suggests that the putative Rho-activated PLC-� sig-
naling pathway implied from our previous studies is logically
extended to GPCRs that activate Rho GTPases through activa-
tion of G�12/13 (Buhl et al., 1995; Sah et al., 2000; Sagi et al.,
2001; Kurose, 2003).

The recent observation by Kelley and coworkers (2004) of
activation of PLC-� by natively expressed LPA and PAR
receptors of COS-7 cells was confirmed by the results re-
ported here. Whereas the inositol lipid signaling response of

these GPCRs was not affected by C3 toxin in the absence of
PLC-� expression, the complete inhibition of PLC-�-depen-
dent signaling from these receptors by C3 toxin is consistent
with the conclusion that LPA and thrombin receptor-pro-
moted activation of PLC-� occurs through activation of Rho.
Previous studies of the three subtypes of LPA receptors have
suggested that these GPCRs couple to multiple G proteins
(Anliker and Chun, 2004; Riobo and Manning, 2005). Expres-
sion of the LPA1, LPA2, or LPA3 receptors all resulted in an
enhanced inositol phosphate response to LPA in COS-7 cells.
The large increase in LPA-stimulated response observed
when the LPA1 receptor was coexpressed with PLC-�, and
the inhibition of this augmented response by p115-RGS or C3
toxin is consistent with the known coupling of this GPCR to
G�12/13 (Anliker and Chun, 2004; Riobo and Manning, 2005).
Moreover, these results are consistent with the conclusion
that the LPA1 receptor activates PLC-� through G�12/13-
promoted activation of Rho. Observation of a large PLC-�-
dependent signaling response with expression of the PAR1
receptor also was consistent with the known coupling of this
receptor to G�12/13 and Rho signaling pathways (Trejo, 2003;
Riobo and Manning, 2005).

More than 50 RhoGEFs exist (Rossman et al., 2005), and
therefore, Rho is activated by many different signaling path-
ways in addition to those involving G�12/13. Indeed, G�q also
promotes activation of Rho through mechanisms that appar-

Fig. 7. C3 toxin-mediated inhibition of LPA-stim-
ulated [3H]inositol phosphate accumulation in
COS-7 cells expressing PLC-� and the LPA1, LPA2,
or LPA3 receptor. COS-7 cells were transfected
with the indicated amounts of C3 toxin DNA and
expression vectors for PLC-� and the LPA1, LPA2,
or LPA3 receptor. [3H]Inositol phosphate accumu-
lation was quantified in the absence or presence of
10 �M LPA as described under Materials and
Methods.

Fig. 8. Differential effect of C3 toxin on PAR1
receptor- versus M1 muscarinic cholinergic
and P2Y2 receptor-promoted [3H]inositol phos-
phate accumulation in PLC-�-expressing cells.
COS-7 cells were transfected with the indi-
cated amounts of C3 toxin DNA and expression
vectors for PLC-� and the PAR1 (A), M1 mus-
carinic cholinergic (B), or P2Y2 purinergic re-
ceptor (C). [3H]Inositol phosphate accumula-
tion was quantified in the PAR1, M1, or P2Y2
receptor-expressing cells in the absence or
presence of 50 �M SFLLRN, 100 �M carba-
chol, or 100 �M UTP, respectively.
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ently are independent of inositol lipid hydrolysis (Sah et al.,
2000; Lutz et al., 2005), and G�q-activated RhoGEFs have
been proposed to exist (Booden et al., 2002; Vogt et al., 2003;
Lutz et al., 2005). Thus, GPCRs potentially regulate PLC-�
through G�q-dependent signaling pathways, although this
apparently does not occur in COS-7 cells with the M1 mus-
carinic or P2Y2 purinergic receptors. That is, whereas large
increases in agonist-stimulated inositol lipid hydrolysis were
observed after the expression of the Gq-coupled M1 musca-
rinic or P2Y2 receptors, no activation of PLC-� by these two
receptors was observed. Perhaps Gq-regulated RhoGEFs are
not expressed in COS-7 cells or lack cellular localization with
the LPA and thrombin receptors and PLC-�.

The RhoGEF responsible for LPA and thrombin receptor-
promoted activation of PLC-� in COS-7 cells remains to be
identified. Indeed the work of Wang et al. (2004) in PC-3
prostate cancer cells indicates that the LPA and thrombin
receptors may activate Rho through distinct RhoGEFs.
Whereas the PAR1 receptor used the G�12/13-activated Rho-
GEF leukemia-associated RhoGEF, LPA receptor-promoted
signaling involved another G�12/13-activated RhoGEF, PDZ-
RhoGEF. It is noteworthy that Yamada et al. (2005) recently
reported that the carboxyl termini of the LPA1 and LPA2

receptors, but not the LPA3 receptor, interact with the PDZ
domain of PDZ-RhoGEF and that mutation of the carboxyl
terminus of the LPA1 and LPA2 receptors results in loss of
capacity of LPA to promote the activation of Rho.

The most parsimonious interpretation of the current data is
that LPA and thrombin receptors natively expressed in COS-7
cells and recombinant LPA1 and PAR1 receptors overexpressed
in these cells all potently activate PLC-� as a downstream
consequence of the activation of G�12/13 and Rho. LPA and
thrombin receptors also are known to activate Gq and Gi and
therefore also regulate inositol lipid signaling through the acti-
vation of PLC-� isozymes. The relative contribution of these
different inositol lipid signaling pathways almost certainly will
vary widely across cell types, and it will be important to estab-
lish the relative contribution of Rho-dependent activation of
PLC-� in the physiological responses to LPA and thrombin.

Independent binding of activated Rho and Ras subfamily
GTPases to PLC-� implies complex physiological regulation
of this inositol lipid-hydrolyzing isozyme from multiple cell
surface receptors. Activation of PLC-� by EGF receptors was
shown to be dependent on intact RA domains and apparently
involves GEF-promoted activation of Ras or Rap (Kelley et
al., 2004). Activation of Rap1A and consequential binding of
GTP-bound Rap1A to the carboxyl-terminal RA domains also
account for activation of PLC-� by G�s-coupled GPCRs, which
activate adenylyl cyclase, elevate cAMP levels, and therefore
activate a cAMP-regulated GEF for Rap1A (Schmidt et al.,
2001; Evellin et al., 2002; Keiper et al., 2004). G�12, G�13,
and/or other G� subunits may yet prove to be direct activa-
tors of PLC-�. However, the data presented here indicate that
Rho accounts for much if not all of the activation of this
isozyme by G�12 and G�13, and the direct regulation of PLC-�
illustrated to date involves binding of Rho family GTPases in
the catalytic core of the isozyme and binding of Ras family
GTPases in the RA domains of the carboxyl terminus.

The physiological roles played by PLC-� have yet to be de-
fined. However, mice lacking functional PLC-� exhibit defects in
heart semilunar valve development (Tadano et al., 2005), in-
creased susceptibility to hypertrophy under chronic stress
(Wang et al., 2005), and marked reduction of the incidence of
skin tumors in a chemical carcinogen-induced model (Bai et al.,
2004). Furthermore, PLC-� is specifically induced in the devel-
oping mouse brain (Wu et al., 2003), suggesting a role for this
phospholipase in neuronal differentiation. Rho-mediated path-
ways downstream of receptors for LPA, thrombin, and other
extracellular signaling molecules subserve important roles in
neuronal growth and differentiation (Govek et al., 2005). The
current study suggests that it will be important to establish the
contribution of Rho-regulated PLC-� in various aspects of neu-
ronal development and function.

In summary, the current work together with previous stud-
ies illustrating that Rho directly activates PLC-� are consis-
tent with the idea that PLC-� is a downstream effector of
GPCRs that activate G�12/13 and consequentially activate
Rho. LPA, thrombin, and other receptors that activate
G�12/13 also predictably activate Gq. The relative contribu-
tion of PLC-� versus PLC-� isozymes in the physiological
action of these G�12/13-activating GPCRs will be important to
establish. Likewise, RhoA, RhoB, and RhoC robustly activate
PLC-�, and it will be important to understand the extent to
which this PLC isozyme is involved in the wide range of
cellular processes known to be regulated by these GTPases.

Acknowledgments

We are indebted to Sarah Rogan for initial experiments with C3
toxin. We thank Dr. Kevin R. Lynch (University of Virginia, Charlottes-

Fig. 9. Lack of effect of C3 toxin on EGF receptor-promoted activation of
PLC-�. COS-7 cells were transfected with the indicated amounts of C3
toxin DNA and expression vectors for PLC-� and the LPA1 (A) or EGF
receptor (B). [3H]Inositol phosphate accumulation was quantified in the
LPA1 or EGF receptor-expressing cells in the absence or presence of 10
�M LPA or 100 ng/ml EGF, respectively.

2074 Hains et al.



ville, VA) for discussion and Dr. Francis S. Willard for assistance with
cloning and figure preparation and critical appraisal of the manuscript.

References
Alvarado-Castillo C, Harden TK, and Boyer JL (2005) Regulation of P2Y1 receptor-

mediated signaling by the ectonucleoside triphosphate diphosphohydrolase
isozymes NTPDase1 and NTPDase2. Mol Pharmacol 67:114–122.

Anliker B and Chun J (2004) Cell surface receptors in lysophospholipid signaling.
Semin Cell Dev Biol 15:457–465.

Bai Y, Edamatsu H, Maeda S, Saito H, Suzuki N, Satoh T, and Kataoka T (2004)
Crucial role of phospholipase Cepsilon in chemical carcinogen-induced skin tumor
development. Cancer Res 64:8808–8810.

Blank JL, Brattain KA, and Exton JH (1992) Activation of cytosolic phosphoinositide
phospholipase C by G-protein �� subunits. J Biol Chem 267:23069–23075.

Booden MA, Siderovski DP, and Der CJ (2002) Leukemia-associated Rho guanine
nucleotide exchange factor promotes G alpha q-coupled activation of RhoA. Mol
Cell Biol 22:4053–4061.

Boyer JL, Waldo GL, and Harden TK (1992) ��-Subunit activation of G-protein-
regulated phospholipase C. J Biol Chem 267:25451–25456.

Buhl AM, Johnson NL, Dhanasekaran N, and Johnson GL (1995) G�12 and G�13
stimulate Rho-dependent stress fiber formation and focal adhesion assembly.
J Biol Chem 270:24631–24634.

Camps M, Carozzi A, Schnabel P, Scheer A, Parker PJ, and Gierschik P (1992)
Isozyme-selective stimulation of phospholipase C-beta 2 by G protein beta gamma-
subunits. Nature (Lond) 360:684–686.

Carman CV, Parent JL, Day PW, Pronin AN, Sternweis PM, Wedegaertner PB,
Gilman AG, Benovic JL, and Kozasa T (1999) Selective regulation of G�q/11 by an
RGS domain in the G protein-coupled receptor kinase, GRK2. J Biol Chem 274:
34483–34492.

Carter RE and Sorkin A (1998) Endocytosis of functional epidermal growth factor
receptor-green fluorescent protein chimera. J Biol Chem 273:35000–35007.

Dutt P, Nguyen N, and Toksoz D (2004) Role of Lbc RhoGEF in Galpha12/13-induced
signals to Rho GTPase. Cell Signal 16:201–209.

Evellin S, Nolte J, Tysack K, vom Dorp F, Thiel M, Weernink PA, Jakobs KH, Webb
EJ, Lomasney JW, and Schmidt M (2002) Stimulation of phospholipase C-� by the
M3 muscarinic acetylcholine receptor mediated by cyclic AMP and the GTPase
Rap2B. J Biol Chem 277:16805–16813.

Filtz TM, Li Q, Boyer JL, Nicholas RA, and Harden TK (1994) Expression of a cloned
P2Y purinergic receptor that couples to phospholipase C. Mol Pharmacol 46:8–14.

Fukuhara S, Murga C, Zohar M, Igishi T, and Gutkind JS (1999) A novel PDZ
domain containing guanine nucleotide exchange factor links heterotrimeric G
proteins to Rho. J Biol Chem 274:5868–5879.

Govek EE, Newey SE, and Van Aelst L (2005) The role of the Rho GTPases in
neuronal development. Genes Dev 19:1–49.

Hains MD, Siderovski DP, and Harden TK (2004) Application of RGS box proteins to
evaluate G-protein selectivity in receptor-promoted signaling. Methods Enzymol
389:71–88.

Hart MJ, Jiang X, Kozasa T, Roscoe W, Singer WD, Gilman AG, Sternweis PC, and
Bollag G (1998) Direct stimulation of the guanine nucleotide exchange activity of
p115 RhoGEF by Galpha13. Science (Wash DC) 280:2112–2114.

Irvine RF, Letcher AJ, Lander DJ, Heslop JP, and Berridge MJ (1987)
Inositol(3,4)bisphosphate and inositol(1,3)bisphosphate in GH4 cells—evidence
for complex breakdown of inositol(1,3,4)trisphosphate. Biochem Biophys Res Com-
mun 143:353–359.

Keiper M, Stope MB, Szatkowski D, Bohm A, Tysack K, Vom Dorp F, Saur O, Oude
Weernink PA, Evellin S, Jakobs KH, et al. (2004) Epac- and Ca2�-controlled
activation of Ras and extracellular signal-regulated kinases by Gs-coupled recep-
tors. J Biol Chem 279:46497–46508.

Kelley GG, Reks SE, Ondrako JM, and Smrcka AV (2001) Phospholipase C(epsilon):
a novel Ras effector. EMBO (Eur Mol Biol Organ) J 20:743–754.

Kelley GG, Reks SE, and Smrcka AV (2004) Hormonal regulation of phospholipase
Cepsilon through distinct and overlapping pathways involving G12 and Ras family
G-proteins. Biochem J 378:129–139.

Kozasa T, Jiang X, Hart MJ, Sternweis PM, Singer WD, Gilman AG, Bollag G, and
Sternweis PC (1998) p115 RhoGEF, a GTPase activating protein for Galpha12 and
Galpha13. Science (Wash DC) 280:2109–2111.

Kurose H (2003) Galpha12 and Galpha13 as key regulatory mediator in signal
transduction. Life Sci 74:155–161.

Lazarowski ER, Boucher RC, and Harden TK (2000) Constitutive release of ATP and
evidence for major contribution of ecto-nucleotide pyrophosphatase and nucleoside
diphosphokinase to extracellular nucleotide concentrations. J Biol Chem 275:
31061–31068.

Lazarowski ER, Watt WC, Stutts MJ, Boucher RC, and Harden TK (1995) Pharma-
cological selectivity of the cloned human P2U-purinoceptor: potent activation by
diadenosine tetraphosphate. Br J Pharmacol 116:1619–1627.

Lopez I, Mak EC, Ding J, Hamm HE, and Lomasney JW (2001) A novel bifunctional
phospholipase C that is regulated by G�12 and stimulates the Ras/mitogen-
activated protein kinase pathway. J Biol Chem 276:2758–2765.

Lutz S, Freichel-Blomquist A, Yang Y, Rumenapp U, Jakobs KH, Schmidt M, and
Wieland T (2005) The guanine nucleotide exchange factor p63RhoGEF, a specific link
between Gq/11-coupled receptor signaling and RhoA. J Biol Chem 280:11134–11139.

Meisenhelder J, Suh PG, Rhee SG, and Hunter T (1989) Phospholipase C-gamma is

a substrate for the PDGF and EGF receptor protein-tyrosine kinases in vivo and in
vitro. Cell 57:1109–1122.

Nicholas RA, Watt WC, Lazarowski ER, Li Q, and Harden K (1996) Uridine nucle-
otide selectivity of three phospholipase C-activating P2 receptors: identification of
a UDP-selective, a UTP-selective and an ATP- and UTP-specific receptor. Mol
Pharmacol 50:224–229.

Rhee SG (2001) Regulation of phosphoinositide-specific phospholipase C. Annu Rev
Biochem 70:281–312.

Riobo NA and Manning DR (2005) Receptors coupled to heterotrimeric G proteins of
the G12 family. Trends Pharmacol Sci 26:146–154.

Rossman KL, Der CJ, and Sondek J (2005) GEF means go: turning on RHO GTPases
with guanine nucleotide-exchange factors. Nat Rev Mol Cell Biol 6:167–180.

Sagi SA, Seasholtz TM, Kobiashvili M, Wilson BA, Toksoz D, and Brown JH (2001)
Physical and functional interactions of G�q with Rho and its exchange factors.
J Biol Chem 276:15445–15452.

Sah VP, Seasholtz TM, Sagi SA, and Brown JH (2000) The role of Rho in G protein-
coupled receptor signal transduction. Annu Rev Pharmacol Toxicol 40:459–489.

Schmidt M, Evellin S, Weernink PA, von Dorp F, Rehmann H, Lomasney JW, and
Jakobs KH (2001) A new phospholipase-C-calcium signalling pathway mediated
by cyclic AMP and a Rap GTPase. Nat Cell Biol 3:1020–1024.

Seifert JP, Wing MR, Snyder JT, Gershburg S, Sondek J, and Harden TK (2004)
RhoA activates purified phospholipase C-� by a guanine nucleotide-dependent
mechanism. J Biol Chem 279:47992–47997.

Shibatohge M, Kariya K, Liao Y, Hu CD, Watari Y, Goshima M, Shima F, and
Kataoka T (1998) Identification of PLC210, a Caenorhabditis elegans phospho-
lipase C, as a putative effector of Ras. J Biol Chem 273:6218–6222.

Smrcka AV, Hepler JR, Brown KO, and Sternweis PC (1991) Regulation of polypho-
sphoinositide-specific phospholipase C activity by purified Gq. Science (Wash DC)
251:804–807.

Song C, Hu CD, Masago M, Kariyai K, Yamawaki-Kataoka Y, Shibatohge M, Wu D,
Satoh T, and Kataoka T (2001) Regulation of a novel human phospholipase C,
PLC�, through membrane targeting by Ras. J Biol Chem 276:2752–2757.

Stope MB, Vom Dorp F, Szatkowski D, Bohm A, Keiper M, Nolte J, Oude Weernink
PA, Rosskopf D, Evellin S, Jakobs KH, et al. (2004) Rap2B-dependent stimulation
of phospholipase C-epsilon by epidermal growth factor receptor mediated by c-Src
phosphorylation of RasGRP3. Mol Cell Biol 24:4664–4676.

Suzuki N, Nakamura S, Mano H, and Kozasa T (2003) G� 12 activates Rho GTPase
through tyrosine-phosphorylated leukemia-associated RhoGEF. Proc Natl Acad
Sci USA 100:733–738.

Tadano M, Edamatsu H, Minamisawa S, Yokoyama U, Ishikawa Y, Suzuki N, Saito
H, Wu D, Masago-Toda M, Yamawaki-Kataoka Y, et al. (2005) Congenital semi-
lunar valvulogenesis defect in mice deficient in phospholipase C epsilon. Mol Cell
Biol 25:2191–2199.

Taylor SJ, Chae HZ, Rhee SG, and Exton JH (1991) Activation of the beta 1 isozyme
of phospholipase C by alpha subunits of the Gq class of G proteins. Nature (Lond)
350:516–518.

Trejo J (2003) Protease-activated receptors: new concepts in regulation of G protein-
coupled receptor signaling and trafficking. J Pharmacol Exp Ther 307:437–442.

Vogt S, Grosse R, Schultz G, and Offermanns S (2003) Receptor-dependent RhoA
activation in G12/G13-deficient cells: genetic evidence for an involvement of Gq/G11.
J Biol Chem 278:28743–28749.

Wahl MI, Nishibe S, Suh PG, Rhee SG, and Carpenter G (1989) Epidermal growth
factor stimulates tyrosine phosphorylation of phospholipase C-II independently of
receptor internalization and extracellular calcium. Proc Natl Acad Sci USA 86:
1568–1572.

Waldo GL, Boyer JL, Morris AJ, and Harden TK (1991) Purification of an AlF4- and
G-protein beta gamma-subunit-regulated phospholipase C-activating protein.
J Biol Chem 266:14217–14225.

Wang H, Oestreich EA, Maekawa N, Bullard TA, Vikstrom KL, Dirksen RT, Kelley
GG, Blaxall BC, and Smrcka AV (2005) Phospholipase C � modulates �-adrenergic
receptor-dependent cardiac contraction and inhibits cardiac hypertrophy. Circ Res
97:1305–1313.

Wang Q, Liu M, Kozasa T, Rothstein JD, Sternweis PC, and Neubig RR (2004)
Thrombin and lysophosphatidic acid receptors utilize distinct rhoGEFs in prostate
cancer cells. J Biol Chem 279:28831–28834.

Wing MR, Houston D, Kelley GG, Der CJ, Siderovski DP, and Harden TK (2001)
Activation of phospholipase C-� by heterotrimeric G protein ��-subunits. J Biol
Chem 276:48257–48261.

Wing MR, Snyder JT, Sondek J, and Harden TK (2003) Direct activation of phos-
pholipase C-� by Rho. J Biol Chem 278:41253–41258.

Wu D, Tadano M, Edamatsu H, Masago-Toda M, Yamawaki-Kataoka Y, Terashima
T, Mizoguchi A, Minami Y, Satoh T, and Kataoka T (2003) Neuronal lineage-
specific induction of phospholipase Cepsilon expression in the developing mouse
brain. Eur J Neurosci 17:1571–1580.

Yamada T, Ohoka Y, Kogo M, and Inagaki S (2005) Physical and functional inter-
actions of the lysophosphatidic acid receptors with PDZ domain-containing Rho-
GEFs. J Biol Chem 280:19358–19363.

Address correspondence to: Dr. T. K. Harden, Department of Pharmacol-
ogy, University of North Carolina School of Medicine, Chapel Hill, NC 27599-
7365. E-mail: tkh@med.unc.edu

PLC-� Activation by LPA and PAR Receptors 2075


