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ABSTRACT
In the present study, we examined the roles of G12, G13, Gq,
and Gi in endothelin-1-induced hypertrophic responses. Endo-
thelin-1 stimulation activated extracellular signal-regulated ki-
nase (ERK) and c-Jun NH2-terminal kinase (JNK) in cultured rat
neonatal myocytes. The activation of JNK, but not ERK, was
inhibited by the expression of carboxyl terminal regions of G�12
and G�13. JNK activation was also inhibited by expression of
the G�12/G�13-specific inhibitor regulator of G protein signaling
(RGS) domain of p115RhoGEF and the G�q-specific inhibitor
RGS domain of the G protein-coupled receptor kinase 2
(GRK2-RGS). JNK activation was not, however, inhibited by

expression of the carboxyl terminal region of G protein-coupled
receptor kinase 2 (GRK2-ct), which is a G��-sequestering
polypeptide. Additionally, JNK activation but not ERK activation
was inhibited by the expression of C3 exoenzyme that inacti-
vates small GTPase Rho. These results suggest that JNK acti-
vation by G�12, G�13, and G�q is involved in Rho. On the other
hand, ERK activation was inhibited by pertussis toxin treat-
ment, the receptor-Gi uncoupler, and GRK2-ct. Thus, ERK was
activated by G�i- and G��-dependent pathways. These results
clearly demonstrate that differential pathways activate JNK and
ERK.

ET-1, a vasoactive peptide containing 21 amino acids, is
produced by endothelial and epithelial cells, macrophages,
fibroblasts, cardiomyocytes, and many other types of cells
(Miyauchi and Masaki, 1999). The ET-1 receptor belongs to
the superfamily of G protein-coupled receptors and consists
of two subtypes, ETA and ETB. ETA but not ETB subtypes are
expressed in the heart. ET-1 is involved in hypertrophic
responses in vitro and in development of heart failure in vivo
(Shubeita et al., 1990; Sakai et al., 1996). Although cardiac
hypertrophy is assumed to be a compensatory response in its
early stage, it causes myocardial infarction, arrhythmia, and
sudden death. Therefore, it is important to elucidate the
molecular mechanism of ET-1-induced cardiac hypertrophy.
As yet, the signaling pathways leading to cardiac hypertro-
phy by ET-1 stimulation have not been fully examined.

To date, it is believed that ET-1-mediated responses, in-

cluding MAPK activation, are mediated by G�q, G�i, and G��

(Miyauchi and Masaki, 1999). G� subunits are divided into
four families based on homology of their amino acid sequenc-
es: Gs, Gi, Gq, and G12 (Simon et al., 1991). It has not,
however, been determined whether the ET-1 receptor couples
with G proteins other than Gq and Gi. The G12 family has
most recently been identified and consists of two members,
G�12 and G�13, which ubiquitously express throughout the
body (Simon et al., 1991). It has been reported that G�12/
G�13 are activated by stimulation of thrombin, lysophospha-
tidic acid, and thyroid-stimulating hormone receptors (Gohla
et al., 1999). Several groups have reported that in a transient
expression system that G�12/G�13 can regulate various in-
tracellular effectors or cellular responses such as Na�/H�

exchanger (Voyno-Yasenetskaya et al., 1994), JNK (Collins et
al., 1996), actin-stress fiber formation (Buhl et al., 1995;
Gohla et al., 1999), apoptosis (Berestetskaya et al., 1998),
and neurite retraction (Kranenburg et al., 1999). In addition,
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G�12/G�13 can stimulate the formation of the active GTP-
bound form of RhoA in cultured cells, and G�13 stimulates
the GDP-GTP exchange of RhoA through the activation of
Rho guanine nucleotide exchange factor in an in vitro system
(Hart et al., 1998; Kranenburg et al., 1999). It is therefore
possible that the ET-1 receptor couples not only with Gq and
Gi but also with G12/G13.

Gq and Gi frequently activate MAPK, which plays an im-
portant role in cellular responses. MAPK belongs to the Ser/
Thr kinase family that regulates intracellular events
through phosphorylation of various proteins, including tran-
scription factors (Widmann et al., 1999). MAPK is activated
in cardiomyocytes by G protein-coupled receptors, receptor
tyrosine kinases, and stress stimuli (Sugden and Clerk,
1998). There are, at least, three subfamilies of MAPK: ERK,
JNK, and p38 MAPK. When these MAPKs are activated in
the heart, cardiac cells turn on the reprogramming of gene
expression that leads to hypertrophy. However, it has not
been examined which of the G proteins or intermediate sig-
naling proteins mediate MAPK activation by ET-1 stimula-
tion.

To examine the contribution of each G� subunit to cellular
responses, it is necessary to express the inhibitory proteins or
peptides that show G� specificity. The RGS domain is a
protein motif that selectively interacts with the G� subunits
of Gq, Gi, and/or the G12 family (De Vries et al., 2000). The
domain consists of about 120 amino acids and has been
identified in at least 16 proteins. For instance, RGS4, one of
the RGS proteins, interacts with G�i and G�q and results in
inhibition of protein function by accelerating their GTPase
activities (Yan et al., 1997). A further example is RGS do-
mains of p115RhoGEF and GRK2, which show specificity
toward G�12/G�13 and G�q, respectively. Therefore, this
property could potentially be a powerful tool to analyze the
functions of the G� subunits in cells.

In the present study, we investigated the roles of G�i, G�q,
G�12/G�13, and G�� subunits on ET-1-induced JNK and ERK
activation in cultured rat neonatal myocytes. Because neo-
natal myocytes are resistant to conventional transfection
methods using calcium phosphate and polycationic lipid, we
have used adenovirus gene expression system to express
G�12/G�13- or G�q-specific RGS domains, carboxyl terminal
regions of G�12/G�13 (G�12-ct/G�13-ct), and a G��-sequester-
ing polypeptide (GRK2-ct). We demonstrate that G�12/G�13

and G�q mediate JNK activation, whereas Gi and G�� me-
diate ERK activation.

Materials and Methods
Materials. ET-1 was purchased from Sigma-Aldrich (St. Louis,

MO). PTX was from Calbiochem (Darmstadt, Germany). MBP, Ther-
moscript, and Oligo(dT)20 primer were from Invitrogen (Carlsbad,
CA). Horseradish peroxidase-conjugated anti-rabbit IgG antibody,
horseradish peroxidase-conjugated anti-mouse IgG antibody, anti-
JNK1 (SC-474 for immunoprecipitation), anti-JNK1 (SC-571 for
Western blotting), and anti-ERK2 (SC-154 for immunoprecipitation)
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). U0126 was purchased from Funakoshi Co. (Tokyo, Japan).
Rabbit anti-ERK1/2 and rabbit anti-phospho ERK1/2 antibodies (for
Western blotting) were purchased from Promega (Madison, WI).
Mouse anti-p38 and rabbit anti-phospho p38 antibodies were pur-
chased from New England Biolabs (Beverly, MA). [�-32P]ATP,
[32P]NAD, and enhanced chemiluminescence reagent were from

PerkinElmer Life Sciences (Boston, MA). Pluronic F-127 and Alexa
Fluor 594 phalloidin were from Molecular Probes (Eugene, OR). The
fura-2/acetoxymethyl ester was from Dojindo Laboratories (Kum-
amoto, Japan). Anti-HA high-affinity rat monoclonal antibody (clone
3F10) and collagenase were from Roche Diagnostics (Mannheim,
Germany). RNeasy Kit was from QIAGEN (Valencia, CA). Platinum
Pfx DNA polymerase and PfuTurbo DNA Polymerase were from
Stratagene (La Jolla, CA). Sources of other reagents were mentioned
in a previous report (Nishida et al., 2000).

Production of Recombinant Adenoviruses. G�12 and G�13 in
pBluescript were provided by Dr. Melvin I. Simon (California Insti-
tute of Technology, Pasadena, CA). Rat GRK2 in pBluescript was
provided by Dr. Robert J. Lefkowitz (Duke University, Durham, NC).
The plasmid encoding C3 toxin was provided by Dr. Shu Narumiya
(Kyoto University, Kyoto, Japan). Mouse G�q was cloned from the
mouse brain as follows. Total RNA was isolated from the mouse
brain with RNeasy kit according to manufacturer’s instruction. After
reverse transcription with Thermoscript, PCR was performed by two
primers: 5�-GCGCGGTACCAGAATGACTCTGGAGTCCATC-3� (for-
ward primer) and 5�-CGCGGATATCTTAGACCAGATTGTACTC-
CTT-3� (reverse primer) for G�q. The amino terminal region contain-
ing the RGS domain of p115RhoGEF (p115-RGS, amino acids 1–252)
was amplified with two primers 5�-GCGC GGTACCATGGAAGACT-
TCGCCCGAGGG-3� (forward primer) and 5�-GCGCAAGCTTTCA-
CAGTAGGACACAGTTCCCCATCACCTTTTTCCG-3� (reverse primer).
The extra four amino acids Cys-Val-Leu-Leu, a geranyl geranylation
signal, were added at the end of the RGS domain of p115RhoGEF to
facilitate translocation to the membrane. The RGS domain of GRK2
(GRK2-RGS, amino acids 1–188) was prepared by PCR with two
primers: 5�-GCGCGGTACCATGGCCGACCTGGAGGCGGTA-3� (for-
ward primer) and 5�-CGCGAAGCTTTCACTTCCACTGGCA-
GAACCGTGT-3� (reverse primer). For expression of C3 toxin, entire
coding region of C3 toxin was amplified by two primers 5�-GCGCG-
GATCCACCATGGCTAGCTATGCAGATACTTTC-3� (forward primer)
and 5�-CGCGGTCGACAGCTATTTAAATATCATTGCTGTAATC-3�
(reverse primer). We found a sequence error at position 325 in the
original sequence of C3 toxin. The correct sequence is G instead of A.
Therefore, amino acid at position 109 is changed from Thr to Ala. The
carboxyl terminal regions of G�12, G�13, and G�q were constructed
by PCR with two primers: 5�-GCGCGGTACCATGGTCCAGCGC-
TACCTGGTGCAG-3� (forward primer) and 5�-CGCGCTCGAGTCACT-
GCAGCATGATGTCTTTCAG-3� (reverse primer) for G�12 (G�12-ct,
amino acids 325–379); 5�-GCGCGGTACCATGGTCCAAAAGTTTCT-
GGTGGAA-3� (forward primer) and 5�-GCGCCTCGAGTCACTG-
CAGCATGAGCTGCTT-3� (reverse primer) for G�13 (G�13-ct, amino
acids 322–378); and 5�-GCGCGGTACCATGGCTCGAGAATTCATC-
CTGAAA-3� (forward primer) and 5�-CGCGCTCGAGTTAGACCA-
GATTGTACTCCTT-3� (reverse primer) for G�q (G�q-ct, amino acids
305–359), respectively. All PCR products were sequenced and the
identity of the sequences was confirmed. These PCR products were
inserted into appropriate sites of pAdTrack-CMV. Recombinant ad-
enoviruses encoding GFP, p115-RGS, GRK2-RGS, C3 toxin, G�q-ct,
G�12-ct, and G�13-ct were produced by the method of He et al. (1998).
Recombinant adenoviruses for expression of the carboxyl terminal
region of GRK2 (GRK2-ct, amino acids 542–685) was produced as
described previously (Nishida et al., 2000). Recombinant adenovirus
for LacZ was provided by RIKEN DNA Bank (Tsukuba, Japan) and
amplified as described previously (Nishida et al., 2000).

Cell Culture and Adenovirus Infection. Primary cultures of
rat neonatal cardiomyocytes were prepared from 0 to 1 day old
Sprague-Dawley rats as described previously (Nishida et al., 2000).
Cardiomyocytes were plated on 2% gelatin-coated 60-mm culture
dishes at density of �7 to 8 � 106 cells/well (for kinase assay) or
six-well plates at density of �3 to 4 � 106 cells/well (for Western
blot). Cells were infected by recombinant adenovirus 20 h after
plating at 100 MOI (except for the infection with virus encoding
GRK2-RGS, which were infected at 300 MOI). Under these condi-
tions, almost 100% of cells expressed recombinant proteins as deter-
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mined by LacZ staining or visualization of GFP. CHO-K1 cells were
maintained in F-12 medium supplemented with 10% fetal bovine
serum and 20 �g/ml gentamicin at 37°C. Adenovirus infection was
performed at a density of �7 � 104 cells/cm2 at 100 MOI, and the
cells were cultured in F-12 medium containing 5% fetal bovine serum
and 20 �g/ml gentamicin. Twenty-four hours after infection, cells
were replated in slide chamber or slide glass at a density of �1 � 104

cells/cm2. Cells were grown for additional �12 to 16 h in the presence
of fetal bovine serum, and for 24 h in the absence of fetal bovine
serum before stimulation.

ERK and JNK Kinase Assays. Forty-eight hours after infection,
cardiomyocytes were stimulated by ET-1 and collected by scraping in
RIPA buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mM Tris, pH 8.0) containing 2 mM EGTA,
2 mM dithiothreitol, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml leupeptin, and 10 �g/ml aprotinin. Cell lysates
were centrifuged at 15,000 rpm at 4°C for 10 min. The supernatants
were incubated with 2 �g of anti-JNK1 or 2 �g of anti-ERK2 and
protein A-Sepharose for 1.5 h at 4°C. The immune complexes were
washed once with RIPA buffer and then twice with kinase buffer (1
mM EGTA, 10 mM MgCl2, and 50 mM Tris, pH 7.4). The immune
complexes were resuspended in 40 �l of kinase buffer containing 5
�Ci of [�-32P]ATP, 30 �M ATP, and 2 �g of GST-c-Jun (1–79) or 8 �g
of MBP as a substrate, and then incubated for 25 min at 30°C.
Reactions were terminated by the addition of SDS sample buffer and
boiling for 3 min. The proteins were resolved by SDS-PAGE and
radioactive bands of GST-c-Jun or MBP were quantified using film-
less autoradiographic analysis (Fuji BAS1800, Fuji, Tokyo, Japan).
Aliquots of supernatant of cell lysates from each sample were sub-
jected to Western blot analysis to confirm that the equal amount of
JNK or ERK was loaded in each lane.

Western Blot Analysis. Forty-eight hours after infection, cardiac
myocytes were stimulated by ET-1 and collected into RIPA buffer
containing 2 mM EGTA, 2 mM dithiothreitol, 1 mM Na3VO4, 1 mM
phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, and 10 �g/ml
aprotinin. After being centrifuged at 15,000 rpm for 10 min at 4°C,
the supernatants were used for Western blot analysis. The samples
(�20 �g) were combined with SDS sample buffer, boiled, and then
subjected to SDS-PAGE followed by the transfer on to a polyvinyli-
dene difluoride membrane by semidry method. The membrane was
incubated with Tris-buffered saline-Tween 20 (20 mM Tris, pH 7.4,
137 mM NaCl, and 0.2% Tween 20) containing 5% nonfat milk, and
then with anti-JNK1, anti-ERK1/2, anti-p38 MAPK, anti-phospho
ERK1/2, or anti-phospho p38MAPK antibodies. The antibodies
bound to the membrane were detected with horseradish peroxidase-
conjugated anti-rabbit or anti-mouse IgG antibody and visualized
with enhanced chemiluminescence method. Optical density on the
film was measured with NIH Image. The ratios of phosphorylated
ERK1/2 or p38 MAPK to total ERK1/2 or p38 MAPK were calculated,
respectively. Fold stimulation was expressed by setting the control
value as 1.

Intracellular Ca2� Measurements of CHO-K1 Cells and Neo-
natal Myocytes. Fura-2 was loaded to CHO-K1 cells on coverslips
by incubation in F-12 medium containing 10% fetal bovine serum, 10
�M fura-2/acetoxymethyl ester, and 0.2% (w/v) Pluonic F-127 at 37°C
for 40 min, and washed with HEPES-buffered saline containing 107
mM NaCl, 6 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2, 1.2 mM KH2PO4,
11.5 mM glucose, and 20 mM HEPES, adjusted to pH 7.4 with
NaOH. The coverslips were then placed in a perfusion chamber
mounted on the stage of the microscope. Fluorescence images of cells
were recorded, and analyzed with video image analysis system (AR-
GUS-20/CA; Hamamatsu Photonics, Hamamatsu, Japan). The
fura-2 fluorescence at an emission wavelength of 510 nm was ob-
served at room temperature by exciting fura-2 at 340 and 380 nm.
Calibration of the fluorescence signals for calculation of [Ca2�]i was
performed by equilibrating [Ca2�]i and extracellular calcium with 5
�M ionomycin (Rmax), followed by the addition of 10 mM EGTA
(Rmin), and by Kd value of 225 nM for fura-2 (Nishida et al., 1999).

The measurement of [Ca2�]i of neonatal myocytes was determined by
method as described previously (Hara et al., 2002). Briefly, fura-2
was loaded to neonatal myocytes by essentially the same method as
CHO-K1 cells. Pluonic F-127 was removed from HEPES-buffered
saline, and the incubation time for loading fura-2 was at 37°C for 40
min. Three minutes before measuring [Ca2�]i, the medium was
changed to Ca2�-free HEPES-buffered saline containing 0.5 mM
EGTA. The measurement and calibration were same as the method
of CHO-K1 cells.

Detection of G�-ct Messages by RT-PCR. Total RNA was
isolated from adenovirus-overexpressed myocytes with RNeasy kit.
Isolated RNA was reverse-transcribed using ThermoScript RT-PCR
system and Oligo(dT)20 primer. For subsequent verification of com-
plete removal of genomic DNA, aliquots of each RNA sample were
also subjected to mock reverse transcription, in the absence of re-
verse transcriptase. A cDNA was subjected to PCR for 35 cycles in a
final volume of 50 �l using 1 unit of platinum Pfx DNA polymerase
or PfuTurbo DNA polymerase. After an initial denaturation of 2 min
at 94°C, each cycle consisted of 15 s at 94°C, 30 s at 55°C, and 40 s
at 68°C. To verify removal of genomic DNA, PCR amplification was
performed on the LacZ or GFP-expressed samples using the same
primers. The sequences of the forward and reverse primers were
5�-GATCCGCTAGAGATCTGGTACCATG-3� (common to G�q-ct,
G�12-ct, and G�13-ct) and 5�-GTACTCCTTCAGGTTCAGCTG-
CAGG-3� (for G�q-ct), 5�-CTGCAGCATGATGTCTTTCAGGTTC-3�
(for G�12-ct), or 5�-CTGCAGCATGAGCTGCTTCAGGTTG-3� (for
G�13-ct), respectively.

In Vitro PTX-Catalyzed ADP-Ribosylation of Cardiac Mem-
brane. Cardiomyocytes pretreated with or without 100 ng/ml PTX
for 18 h were washed with ice-cold phosphate-buffered saline and
mechanically detached in ice-cold lysis buffer containing 50 mM Tris,
pH 7.5, 5 mM EDTA, 5 mM EGTA, 10 �g/ml benzamidine, 5 �g/ml
aprotinin, and 5 �g/ml leupeptin. The lysate was centrifuged at
15,000 rpm for 10 min at 4°C. The pellet was resuspended in lysis
buffer with potter type homogenizer, and stored at �80°C until use.
PTX was preactivated by incubation in the solution containing 50
mM Tris, pH 7.5, 5 mM ATP, 20 mM dithiothreitol, and 1 mg/ml
bovine serum albumin for 30 min at 30°C. Then, activated PTX was
added to assay mixture including 50 �g of the membrane prepared as
described above, and incubated for 60 min at 30°C. The final concen-
tration of all reagents in the assay mixture were as follows: 50 mM
Tris, pH 7.5, 50 �M GDP, 10 mM thymidine, 5 �M NAD, 0.5 �M
[32P]NAD, 20 �g/ml PTX, 0.2 mg/ml bovine serum albumin, 1 mM
ATP, and 4 mM dithiothreitol. The reaction was stopped by the
addition of excessive amount of ice-cold 50 mM Tris, pH 7.5, and the
samples were centrifuged at 15,000 rpm for 10 min at 4°C. The pellet
was solubilized in SDS sample buffer, boiled, and subjected to SDS-
PAGE. Radioactive bands were detected by filmless autoradio-
graphic analysis (Fuji BAS1800).

Statistical Analysis. All data are expressed as mean � S.E.
Statistical significance was evaluated by analysis of variance, fol-
lowed by Tukey’s multiple range test.

Results
To examine the signaling pathways leading to JNK and

ERK activation upon ET-1 stimulation, we first character-
ized the pattern of MAPK (ERK, JNK, and p38 MAPK) acti-
vation in cultured rat neonatal myocytes. ERK activation
was observed at 30 pM and reached maximal level at around
3 nM, whereas JNK activation was observed at 0.3 nM and
reached its maximally activated state at around 30 nM (Fig.
1A). The peak of ERK activation was observed after 10-min
stimulation, whereas the peak of JNK activation occurred
after 20-min stimulation (Fig. 1B). Therefore, ERK or JNK
activation was determined by stimulation with 1 nM for 10
min or 10 nM for 20 min, respectively. From this, there is a
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discrepancy in potencies between ERK and JNK activation
by ET-1 stimulation, which may represent different signaling
pathways leading to ERK and JNK activation. Another pos-
sible cause of the discrepancy is the different sensitivities of
the two assay systems. ERK activation was determined by
Western blot analysis and JNK activation was determined by
phosphorylation activity. Of these, Western blot analysis
may be more sensitive than phosphorylation assay analysis.
In contrast to ERK and JNK activation, the extent of p38
MAPK activation by ET-1 was less than 2-fold using our
detection system (data not shown). Therefore, in the present
study, we did not examine further the signaling pathway of
p38 MAPK activation but focused on the signaling pathways
of ERK and JNK activation. We then examined the contri-
bution of each G protein to ET-1-induced MAPK activation.
To determine the involvement of Gq and G12/G13 in ET-1-
induced ERK or JNK activation, we expressed the carboxyl

terminal portions of G�q, G�12, and G�13 (G�q-ct, G�12-ct,
and G�13-ct) that are expected to selectively inhibit the re-
ceptor-respective G protein coupling. At first, selectivity of
each G�-ct was examined in CHO-K1 cells, because CHO-K1
cells showed a strong increase in [Ca2�]i by receptor stimu-
lation. In CHO-K1 cells, ATP stimulation increased [Ca2�]i
(Fig. 2A). This increase in [Ca2�]i represents G�q-mediated
phospholipase C activation and release of Ca2� from intra-
cellular storage by inositol-1,4,5-triphosphate, because
[Ca2�]i was determined in the absence of extracellular Ca2�.
The expression of G�q-ct but not G�12-ct and G�13-ct inhib-
ited the ATP-induced increase in [Ca2�]i. This result shows
that G�q-ct but not G�12-ct and G�13-ct selectively inhibit the
ATP receptor-Gq coupling. ATP stimulation also induced ac-
tin rearrangement (Fig. 2B). In contrast to the ATP-induced
increase in [Ca2�]i, ATP-induced actin rearrangement was
inhibited by G�12-ct and G�13-ct but not G�q-ct. To confirm
the specificity of various G�-ct constructs in neonatal myo-
cytes, we determined the ET-1-induced increase in [Ca2�]i
(Fig. 2C). ET-1 stimulation increased [Ca2�]i, whereas G�q-ct
but not G�12-ct and G�13-ct inhibited an increase in [Ca2�]i.
Because [Ca2�]i was determined in the absence of extracel-
lular Ca2�, these results clearly demonstrate that G�q-ct
selectively inhibits receptor-Gq coupling. These results also
demonstrate that G�12-ct and G�13-ct selectively inhibit the
signal transduction pathway of receptor-induced actin rear-
rangement without affecting receptor-Gq coupling. When
G�12-ct or G�13-ct was expressed in neonatal myocytes, the
G�-ct constructs inhibited ET-1-induced JNK activation (Fig.
3A). JNK activation was also inhibited by G�q-ct (Fig. 3B).
These results suggest that ET-1-induced JNK activation is
mediated by G12, G13, and Gq. Because the G�-ct constructs
also express GFP, we compared the agonist-induced re-
sponses in GFP-expressing cells with those in LacZ-express-
ing cells. These results suggest that fold stimulation of ERK
by agonist stimulation in GFP-expressing cells was similar to
that in LacZ-expressing cells (data not shown). Because we
were unable to detect respective proteins using Western blot-
ting, we used RT-PCR methodology to detect the mRNA of
G�-ct. Expression of the G�-ct constructs was confirmed by
RT-PCR (Fig. 4). The PCR products of the G�-ct constructs
were detected only in cells infected by adenovirus coding for
the respective G�-ct sequence. The sizes of the amplified PCR
products were found to agree with their predicted sizes.
Therefore, it was reasonable to conclude that the G�-ct con-
structs were expressed in neonatal myocytes and inhibited
JNK activation. ET-1 stimulation also activated ERK, as
determined by Western blot analysis using an anti-phospho-
ERK antibody. In contrast to susceptibility of JNK activation
to G�12-ct, G�13-ct, and G�q-ct, ET1-induced ERK activation
was not affected by these G�-ct constructs (Fig. 5, A and B).
ERK activation was also measured by determining the abil-
ity of ERK to phosphorylate an MAPK substrate, MBP, after
ERK was immunoprecipitated using an anti-ERK antibody.
Although ET-1 stimulated ERK activity around 5-fold, this
ERK activation was not affected by G�12-ct or G�13-ct (Fig.
6). The results obtained from measurement of MBP phos-
phorylation by immunoprecipitated ERK were similar to
those obtained by Western blot analysis using an anti-phos-
pho ERK antibody. Therefore, the decrease in intensity of the
phosphorylated form of ERK, observed by Western blot anal-
ysis reflects the actual inhibition of ERK phosphorylating

Fig. 1. Characteristics of ERK and JNK activation induced by ET-1 in
cultured rat neonatal cardiomyocytes. A, dose-response curves of ERK
and JNK activation induced by ET-1. Cells were stimulated by the indi-
cated concentration of ET-1 for 10 min (ERK) or 20 min (JNK). B, time
courses of ERK and JNK activation by ET-1. Cells were stimulated by 1
nM ET-1 (ERK) or 10 nM ET-1 (JNK) for the indicated time. ERK
activation was determined by Western blot analysis with anti-phospho-
ERK antibody, and JNK activity was determined by immune complex
kinase assay as described under Materials and Methods. The result is
shown as mean � S.E. from three independent experiments.
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activity. These results indicate that G12, G13, and Gq are
involved in signaling pathway of ET-1-induced JNK activa-
tion. However, G12, G13, and Gq do not play any roles in
ET-1-induced ERK activation.

To examine which subunits of G12, G13, and Gq are in-
volved in ET-1-induced JNK activation, we constructed and

Fig. 2. Specific inhibition of each G protein signaling by respective G�-ct
constructs in CHO-K1 cells. A, effects of G�-ct constructs on ATP-induced
increase in [Ca2�]i. CHO-K1 cells were infected by adenoviruses coding
LacZ, G�q-ct, G�12-ct, or G�13-ct at 100 MOI. Forty-eight hours after
infection, cells were stimulated by 100 �M ATP, and [Ca2�]i was mea-
sured as described under Materials and Methods. Typical traces of
change in [Ca2�]i are shown. B, effects of G�-ct constructs on ATP-
induced actin polymerization. CHO-K1 cells were infected by adenovi-
ruses coding LacZ, G�q-ct, G�12-ct, or G�13-ct at 100 MOI. Sixty to 64 h
after infection, cells were stimulated by 100 �M ATP for 1 h. Polymerized
actin fibers were then visualized by Alexa Fluor 594 phalloidin as de-
scribed under Materials and Methods. C, effects of G�-ct constructs on
ET-1-induced increase in [Ca2�]i. Neonatal myocytes were infected by
adenoviruses coding LacZ, G�q-ct, G�12-ct, or G�13-ct at 100 MOI. Forty-
eight hours after infection, cells were stimulated by 30 nM ET-1, and
[Ca2�]i was measured as described under Materials and Methods. Typical
traces of change in [Ca2�]i are shown.

Fig. 3. Inhibitory effects of G�-ct constructs on ET-1-induced JNK acti-
vation. Effects of G�12-ct and G�13-ct (A) and G�q-ct (B) on ET-1-induced
JNK activation. Cells expressing LacZ, G�12-ct, G�13-ct, or G�q-ct were
stimulated by 10 nM ET-1 for 20 min. JNK activity was determined by
immune complex kinase assay using GST-c-Jun as described under Ma-
terials and Methods. Representative result of phosphorylation of GST-c-
Jun is shown (top). JNK activity is expressed as fold increase relative to
JNK activity of LacZ-expressing cells without stimulation. The result of
fold increase is shown as mean � S.E. of three independent experiments
(graph). Western blot of JNK using a portion of cell lysates revealed
nearly equal amounts of JNK were used for immunoprecipitation (indi-
cated as total JNK, bottom). ��, p � 0.01 versus ET-1 stimulation in
LacZ-expressing cells.
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expressed the G�12/G�13-selective RGS domain (p115-RGS),
G�q-selective RGS domain (GRK2-RGS), and a G��-seques-
tering polypeptide (GRK2-ct) in neonatal myocytes. Figure 7
shows that p115-RGS almost completely inhibits ET-1-in-
duced JNK activation (Fig. 7A) but did not affect ET-1-in-
duced ERK activation (Fig. 7B). The expression of p115-RGS
was confirmed by Western blot analysis (Fig. 7E). G�q-spe-
cific RGS domain GRK2-RGS inhibited JNK activation with-
out affecting ERK activation (Fig. 7, C and D). To confirm the
expression of p115-RGS and GRK2-RGS, cell lysates were
subjected to Western blot analysis (Fig. 7E). p115-RGS was
strongly expressed in neonatal myocytes. Because antibodies
recognizing GRK2-RGS were not commercially available, we
produced adenovirus for expression of HA-tagged GRK2-
RGS. Western blot analysis revealed the expression of HA-
tagged GRK2-RGS in neonatal myocytes and CHO-K1 cells
(Fig. 7E). The expression of HA-tagged GRK2-RGS at 300
MOI was greater than at 100 MOI in the two cells. In
CHO-K1 cells, GRK2-RGS at 300 MOI inhibited the increase
in [Ca2�]i more strongly than at 100 MOI (Fig. 7F). This
result was consistent with the expression of GRK2-RGS as
determined by anti-HA antibody. The inhibition by GRK2-
RGS at 300 MOI was stronger than at 100 MOI, and the
expression of GRK2-RGS at 300 MOI was higher than 100
MOI. Therefore, GRK2-RGS at 300 MOI inhibits the function
of G�q in CHO-K1 cells. The expression of GRK2-RGS in
neonatal myocytes was similar to that of CHO-K1 cells. Thus,
it is reasonable to conclude that GRK2-RGS at 300 MOI
almost completely inhibits the function of G�q in neonatal
myocytes as well as in CHO-K1 cells. Thus, the higher
amount (higher MOI number) of GRK2-RGS that was neces-
sary to inhibit the JNK activation is explained by the insuf-
ficient expression of GRK2-RGS at 100 MOI. Figure 7F also
shows the specificity of p115-RGS. The ATP-induced increase
in [Ca2�]i was not affected by the expression of p115-RGS
and thus the site of action of p115-RGS is on G�12 and G�13,
but not on receptor-G� coupling. We next determined the
involvement of Gi and G�� in ET-1-induced JNK and ERK
activation. In contrast to p115-RGS and GRK2-RGS, PTX

treatment did not affect ET-1-induced JNK activation (Fig.
8A). However, PTX treatment did inhibit ERK activation
(Fig. 8B). An MEK inhibitor, U0126, almost completely in-
hibited ERK activation as expected (Fig. 8B). The inability of
PTX to affect JNK activation was not due to inefficient ADP-
ribosylation of G�i but the prior PTX treatment did abolish in
vitro ADP-ribosylation of the membranes (Fig. 8C). There-
fore, PTX treatment abolished the function of endogenous
G�i under the present experimental conditions. PTX treat-
ment and GRK-ct inhibited ERK activation but G�q-ct, G�12-
ct, and G�13-ct did not inhibit the activation. The ET-1-
induced activation of ERK is therefore mainly regulated by
G�� of Gi. To examine whether inhibition of ERK detected by
Western blotting reflected the inhibition of ERK activity, we

Fig. 4. RT-PCR of various G�-ct constructs. Total RNA was prepared
from cells infecting with LacZ, G�12-ct, G�13-ct, or G�q-ct-expressing
adenoviruses. After reverse transcription, PCR was performed with two
primers: one is derived from vector region and the other is from the
carboxyl terminal sequence that is specific for each G�. PCR products
were run on 2.0% agarose gel.

Fig. 5. Effects of G�-ct constructs on ET-1-induced ERK activation as
determined by Western blot analysis with anti-phospho ERK antibody.
Cells expressing G�12-ct, G�13-ct (A), or G�q-ct (B) were stimulated by 1
nM ET-1 for 10 min, and ERK activation was determined by Western blot
as described under Materials and Methods. Typical result of ERK acti-
vation by Western blot analysis is shown (top). The result of fold increase
is shown as mean � S.E. of at least three independent experiments
(graph).
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determined ERK activity in an immunocomplex. From this,
ET-1 stimulation increased ERK activity by about 5-fold (Fig.
9A). This activation was inhibited by GRK2-ct and PTX treat-
ment (Fig. 9, A and B). The ET-1-induced increase in ERK
phosphorylating activity was also inhibited by the MEK in-
hibitor U0126, indicating that ERK is activated by MEK (Fig.
9B). Therefore, the inhibition of ERK detected by Western
blot analysis actually reflects the inhibition of ERK activity.

It has been reported that G12 and G13 regulate the Rho-
dependent signaling pathway. To investigate this, we exam-
ined the role of Rho in ET-1-induced JNK and ERK activa-
tion. The C3 toxin, which was expressed in neonatal
myocytes to inactivate Rho, almost completely inhibited JNK
activation without affecting ERK activation (Fig. 10, A and
B). Rho may be located downstream of G�12, G�13, and G�q,
and lead to activation of JNK but not ERK.

Discussion
One of the aims in the present study was to examine

whether G12 and G13 are involved in ET-1-induced MAPK
activation. No previous reports have directly demonstrated
the coupling of the ET-1 receptor with G12 and/or G13. To
examine the contribution of G12 and G13 to ET-1-mediated
signal transduction pathways, we developed two types of
reagent. One of the reagents was a carboxyl terminal portion
of G�12 and G�13 that interferes with the receptor G protein
coupling. The carboxyl terminal portion of G� is important
for the coupling of receptors with G proteins (Hamm, 1998).
Three groups have demonstrated that the carboxyl terminal
portion of G� can block receptor-mediated G protein activa-
tion in cells. Gilchrist et al. (2001) reported that 11 amino

acid peptides derived from carboxyl terminal portions of G�q

but not G�i inhibit thrombin-mediated [Ca2�]i flux in endo-
thelial cells. Akhter et al. (1998) reported that carboxyl ter-
minal polypeptide of G�q consisting of 55 amino acids, inhib-
its �1-adrenergic receptor-induced inositol phosphates
accumulation in vitro and blocks hypertrophy induced by
pressure overload in vivo. Yuan et al. (2001) reported that the
fusion protein of GFP with a carboxyl terminal of 45 amino
acids of G�13 inhibits bombesin-induced protein kinase D
activation (Yuan et al., 2001). We demonstrated in the
present study the selectivity of various G�-ct constructs to
inhibit the coupling of G� with receptor. The results demon-
strated that various G�-ct constructs could be used for ana-
lyzing the role of G proteins in receptor-mediated G protein
signaling.

Another reagent is a polypeptide coding RGS domain that
selectively interacts with G�q or G�12/G�13. The RGS domain
is defined as a region of about 120 amino acids and has been
identified in at least 16 different protein species. Many of
these interact with G�i or G�q and accelerate their GTPase
activities. The RGS domains specific for G�q and G�12/G�13

have been recently identified in GRK2 and p115RhoGEF,
respectively (Hart et al., 1998; Kozasa et al., 1998; Carman et
al., 1999). Rümenapp et al. (2001) reported that the expres-
sion of the RGS domain (Lsc-RGS) of mouse homolog of
p115RhoGEF in human embryonic kidney 293 cells inhibits
muscarinic acetylcholine receptor-mediated phospholipase D
activation and is regulated by G�12/G�13 but not G�q. We
have demonstrated in the present study that the RGS do-
main of p115RhoGEF in cultured rat neonatal myocytes al-
most completely inhibits JNK activation without signifi-
cantly affecting ERK activation. The present results
observed with G�-ct constructs and RGS domains strongly
support the belief that ET-1 receptor couples with G12/G13,
and � subunits of G12/G13 are involved in ET-1-induced JNK
activation. So far, there are no convenient reagents that
selectively block the functions of PTX-insensitive G� sub-
units such as G�q and G�12/G�13. These present results,
together with the Rümenapp et al. (2001) results, demon-
strate that RGS domains are selective for PTX-insensitive
G�q and G�12/G�13 and powerful tools to dissect their func-
tions in cells.

It may be thought that various G�-ct constructs should
inhibit all kinds of receptor-G protein coupling, irrespective
of the origin of carboxyl terminal sequences, because their
site of action is a receptor-G protein interface. However, two
reports suggest that the receptor exists in several different
conformations (MacKinnon et al., 2001; Vilardaga et al.,
2001). Vilardaga et al. (2001) reported that parathyroid hor-
mone receptor mutants, with an impaired ability to couple
with Gq, do not show reduced responses to agonist-mediated
phosphorylation of the receptor by GRK2, nor agonist-in-
duced recruitment of �-arrestin to the cell membrane
(Vilardaga et al., 2001). MacKinnon et al. (2001) reported
that a substance P analog binds to the ligand-binding site
shared by bombesin, and the substance P analog and bomb-
esin activate the JNK and ERK. Although a dominant neg-
ative mutant of G�12 blocked JNK and ERK activation in-
duced by these two agonists, ERK activation by the analog
but not bombesin was PTX-sensitive (MacKinnon et al.,
2001). These results indicate that the receptor exists in sev-
eral conformations that are differentially recognized by dif-

Fig. 6. Effects of G�12-ct and G�13-ct on ET-1-induced ERK activation as
determined by phosphorylation activity. Cells expressing LacZ, G�12-ct,
or G�13-ct were stimulated by 10 nM ET-1 for 10 min. Cell extract was
prepared and subjected to immunoprecipitation by anti-ERK2 antibody.
ERK activity in immune complex was then determined using MBP as a
substrate. Representative result of kinase assay is shown (top). ERK
activity is expressed as fold increase relative to the activity of unstimu-
lated LacZ-expressing cells. The result of fold increase is shown as
mean � S.E. of three independent experiments (graph). Western blot of
ERK using a portion of cell lysates revealed nearly equal amounts of ERK
were used for immunoprecipitation (bottom).
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Fig. 7. Determination of G protein species involved in ET-1-induced 1 nM ET-1 for 10 min (ERK) or JNK and ERK activation. A to D, cells were
infected by adenoviruses coding p115-RGS or GRK2-ct or GRK2-RGS. These cells were stimulated by 10 nM ET-1 for 20 min (JNK). JNK activity (A
and C) was determined by immune complex kinase assay as described under Materials and Methods. ERK activation (B and D) was determined by
phospho-ERK specific antibody. Representative results of kinase assay or Western blot are shown (top). JNK activity and ERK activation were
expressed as fold increase relative to those of unstimulated LacZ-expressing cells. The result of fold increase is shown as mean � S.E. of at least three
independent experiments (graph). � or ��, p � 0.05 or p � 0.01 versus ET-1 stimulation of LacZ-expressing cells, respectively. E, expression of
p115-RGS or GRK2-RGS was determined by Western blot analysis. Cells were infected by adenoviruses expressing p115-RGS or HA-tagged
GRK2-RGS with MOI of 100 or 300. The cell lysates were used for Western blot analysis with polyclonal anti-p115-RGS or monoclonal anti-HA
antibody. F, effects of p115-RGS and GRK2-RGS on the ATP-induced increase in [Ca2�]i. CHO-K1 cells were infected by adenoviruses coding GFP,
GRK2-RGS or p115-RGS at 100 or 300 MOI. Forty-eight hours after infection, cells were stimulated by 100 �M ATP, and [Ca2�]i was measured as
described under Materials and Methods. Typical traces of change in [Ca2�]i are shown.
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ferent signaling proteins. Therefore, it is possible that G�q

and G�12/G�13 interact with the ET-1 receptor in a different
conformation. If so, G�12-ct and G�13-ct do not interfere with
the receptor-Gq coupling, and G�q-ct does not affect receptor-
G12/G13 coupling.

Fig. 9. Involvement of G�� and Gi in ET-1-induced ERK activation. Cells
expressing GRK2-ct (A) or pretreating with 100 ng/ml PTX for 18 h or 10
�M U0126 for 30 min (B) were stimulated by 10 nM ET-1 for 10 min. Cell
lysate was prepared and subjected to immunoprecipitation with anti-
ERK2 antibody, and immune complex kinase assay with MBP as a
substrate were performed as described under Materials and Methods.
Representative result of kinase assay is shown (top). ERK activity was
expressed as fold increase relative to that of unstimulated LacZ-express-
ing cells. The result is shown as mean � S.E. of three independent
experiments (graph). Western blot of ERK using a portion of cell lysates
revealed nearly equal amounts of ERK were used for immunoprecipita-
tion (bottom). ��, p � 0.01 versus ET-1 stimulation of LacZ-expressing
cells.

Fig. 8. Effect of PTX or MEK inhibitor U0126 on ET-1-induced JNK and
ERK activation. Cells were pretreated with PTX (100 ng/ml; 18 h) or
U0126 (10 �M, 30 min) and stimulated by 1 nM ET-1 for 10 min (ERK) or
10 nM ET-1 for 20 min (JNK). A, JNK activity was determined by
immune complex kinase assay using GST-c-Jun as described Materials
and Methods. Representative result of phosphorylation of GST-c-Jun is
shown (top). B, ERK activation was determined by Western blot analysis.
Representative result of Western blot analysis is shown (top). Pretreat-
ment with PTX or U0126 alone did not affect basal ERK activation state
(data not shown). The result is shown as mean � S.E. of at least three
experiments (graph). ��, p � 0.01 versus ET-1 stimulation of LacZ-
expressing cells. C, ADP-ribosylation of G�i by PTX was performed using
membrane fractions prepared from PTX-untreated (�) or treated (�) cells
as described under Materials and Methods.
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It has been reported that Rho is involved in cardiac hyper-
trophy. Transfection or infection of constitutively active
RhoA stimulates atrial natriuretic factor expression (Sah et
al., 1996; Thorburn et al., 1997; Hoshijima et al., 1998) and
myofibrillogenesis (Thorburn et al., 1997; Hoshijima et al.,
1998). On the other hand, dominant negative RhoA prevents
phenylephrine-induced (Sah et al., 1996), Gq-stimulated

(Hines and Thorburn, 1998), and Ras-induced (Thorburn et
al., 1997) hypertrophy. Considering these reports, we exam-
ined whether Rho is involved in ET-1-induced MAPK activa-
tion. To ablate the function of Rho, we expressed the C3 toxin
in neonatal myocytes using the adenovirus gene expression
system. The C3 toxin inactivates Rho by ADP-ribosylation of
Asn41 in its effector domain. The present study demonstrated
that the C3 toxin almost completely inhibited ET-1-induced
JNK but not ERK activation. Because G�12-ct and G�13-ct
inhibited JNK activation, and G�13 activates RhoA via p115-
RhoGEF in vitro (Hart et al., 1998), it is reasonable to con-
clude that G�12 and G�13 activate JNK through Rho. The
present study also showed that G�q-ct as well as G�12-ct and
G�13-ct inhibited JNK activation. Although cross talk be-
tween G�q- and G�12/G�13-signaling pathways is unknown, a
recent report suggests that the activation step of Rho is a site
of G�q action (Mehta et al., 2001). Rho locates in the cytosol
as a complex with GDI. Rho should dissociate from GDI
before Rho is translocated to the membrane and activated by
receptor stimulation. The report demonstrated that the pro-
tein kinase C-� phosphorylates GDI of the Rho-GDI complex,
and the resulting phosphorylation of GDI leads to dissocia-
tion of the complex into Rho and GDI (Mehta et al., 2001).
Thus, G�q may be involved in phosphorylation of GDI
through activation of protein kinase C-�. It remains to be
determined whether G�q contributes to Rho activation in
neonatal myocytes.

In conclusion, the present study demonstrates for the first
time that G�12, G�13, and G�q are involved in ET-1-induced
JNK activation in cells. We also demonstrate that ERK acti-
vation by ET-1 stimulation is mediated by Gi and G��. Fur-
ther investigations to analyze the functions of G�q, G�12, and
G�13 in in vivo animal model will provide an interesting
insight into the physiological meaning of ET-1-mediated JNK
activation through G�12, G�13, and G�q.
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