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Abstract f-Adrenergic receptors can activate extracel-
lular signal-regulated kinases (ERKs) via different
mechanisms. In this study, we investigated the molecular
mechanism of fl-adrenergic receptor (f1AR)-mediated
ERK activation in African green monkey kidney COS-7
cells. Treatment of cells with isoproterenol (ISO), a f1AR
selective agonist, induced phosphorylation of ERK1/2 in
a dose-dependent manner. ISO-stimulated ERK phos-
phorylation was not influenced by the Gfy inhibitor, fAR
kinase carboxyl terminal (SARKct) or by the Gi inhibitor,
pertussis toxin (PTX), but it was clearly abolished via
inhibition of protein kinase A (PKA) with H89, or of
mitogen-activated protein kinase kinase (MEKI1) with
PD98059, revealing that the Gas subunit is involved in
ERK regulation through the PKA/MEKI1 pathway. We also
tested the effect of the adenylate cyclase activator forskolin
on ERK activation, and the result was identical to that of
ISO stimulation. Moreover, pretreatment with the epider-
mal growth factor receptor (EGFR) tyrosine kinase
inhibitor AG1478 or with the Src tyrosine kinase inhibitor
PP2 did not affect ERK activation. These observations
suggest a mechanism of f1AR-mediated ERK activity that
involves the Gas subunit, but not EGFR or Src tyrosine
kinase.

J. Zheng and H. Shen contributed equally to this work.

J. Zheng - H. Shen - Y. Xiong - X. Yang - J. He (IX)
Department of Biochemistry and Molecular Biology,

Capital Medical University, No. 10 Xitoutiao, You An Men Wai,
100069 Beijing, People’s Republic of China

e-mail: jq_he@ccmu.edu.cn

Keywords Src-related kinase - G protein -
Protein kinase A - Epidermal growth factor receptor -
Mitogen-activated protein kinase

Abbreviations

COS-7 African green monkey kidney cells
DMEM Dulbecco’s modified Eagle’s medium
ISO Isoproterenol

B1AR f1-Adrenergic receptor

GPCR G protein-coupled receptor

G protein ~ GTP binding regulatory protein

MAP Mitogen-activated protein

ERK The mitogen-activated protein kinases
extracellular signal-regulated kinase

BARK f-Adrenergic receptor kinase

CT Carboxyl terminal

FSK Forskolin

AC Adenylate cyclase

PTX Pertussis toxin

cAMP Cyclic AMP

PKA Protein kinase A

PKC Protein kinase C

H&9 N-[2-((p-bromocinnamyl)amino)ethyl]-5-

isoquinolinesulfonamide
PP2 4-Amino-5-(4-chlorophenyl)-7-(¢-butyl)
pyrazolo [3,4-d]pyrimidine

MEK1 Mitogen-activated ERK kinase 1

PD98059 2-(2-Amino-3-methoxyphenol)-
oxanaphthalen-4-one

EGFR Epidermal growth factor receptor

AG1478 2-(2-Amino-3-methoxyphenyl)-
oxanaphthalen-4-one, and 4-(3-
chloroanilino)-6,7-dimethoxyquinazoline

SDS Sodium dodecyl sulfate
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PAGE Polyacrylamide gel electrophoresis

PSD-95 Postsynaptic density-95

MAGI-2 Membrane-associated guanylate kinase
inverted-2

CNrasGEF cAMP-dependent guanine nucleotide
exchange factor

GIPC GAIP-interacting protein carboxyl terminus

CAL Cystic fibrosis transmembrane conductance
regulator-associated ligand

MAGUK  Membrane-associated guanylate kinase

Introduction

At present, three f-adrenergic receptor (AR) subtypes are
recognized: f1, 2, and 3. All three receptors modulate
peripheral vascular tone. These receptors are prototypic Gs
coupled receptors, whose signaling properties are largely
mediated by generation of intracellular cyclic AMP
(cAMP) and the subsequent activation of protein kinase A
(PKA). In addition to stimulating production of cAMP, the
f2AR and B3AR can also influence the extracellular sig-
nal-regulated kinase (ERK)/mitogen-activated protein
kinase (MAPK) pathway by interacting with tyrosine
kinase receptors, and mediate ERK activation through
several mechanisms (Crespo et al. 1995; Lazou et al. 1994;
Maudsley et al. 2000; Soeder et al. 1999; Wang and
Bachrach 2002). However, the relationships between the
P1AR signaling system, tyrosine kinase receptors and ERK
activation remain largely undefined.

The physiological activity of f1AR is largely mediated
by the classical Gs/adenylate cyclase (AC)/protein kinase
A (PKA) pathway (Jans and Pavo 1995; Steinberg 1999;
Xiao 2001; Xiao et al. 1999), although the phosphorylated
receptor may also engage the cyclase-negative Goi sub-
units (Martin et al. 2004). Sustained S1AR activation may
also be implicated in a number of adverse effects including
cardiomyocyte hypertrophy and eventually apoptosis
(Ahmet et al. 2005). The activation of f1AR also con-
tributes to ischemia—reperfusion damage, and has a role in
ischemic preconditioning (Spear et al. 2007). This receptor
is therefore the target for treatment of several common
diseases, including congestive heart failure, asthma and
benign prostatic hyperplasia. Blockade of S1AR improves
survival in left ventricular systolic dysfunction (Ahmet
et al. 2005; de Groote et al. 2005). However, the precise
mechanisms of f1AR activity in these processes need to be
clarified.

Activation of the mitogen-activated protein kinase
(MAPK) kinase (MEK)/ERK1/2 pathway is involved in the
development of cardiac hypertrophy (Massey et al. 1998;
Molkentin and Dorn 2001; Yanagawa and Nagaya 2007)
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and elevated ERK activity has been reported in failing
human hearts exhibiting dilated cardiomyopathy (Takeishi
et al. 2002). Several studies have shown that G protein-
coupled receptors (GPCRs) can directly or indirectly
influence these processes by modulating the activity of the
ERK1/2 pathway. It is also clear that fARs are key regu-
lators of MAPK signaling, especially in the context of heart
disease (Xiao et al. 2006). However, the mechanism of
f1AR-activated MAPK signaling is still not well under-
stood. Therefore, we first explored the relationship between
stimulation of S1AR and ERK activation, and further
investigated ERK activation and signaling molecules
involved in GPCR cascades and MEKI1 activity.

G protein-coupling receptors (GPCRs) affecting tyrosine
kinase signaling pathways are mostly activated by mem-
bers of the superfamily of tyrosine kinase receptors, and
modulate long-term cellular responses associated with
adaptations to growth or stress factors. We therefore also
explored whether the epidermal growth factor receptor
(EGFR) and Src family kinase are involved in ERK
activation.

We found that stimulation of the human S1AR expres-
sed in COS-7 (African green monkey kidney) cells
specifically activates ERK1/2. This was mediated by cou-
pling of the receptor to G protein Gs o subunit, and thus is
dependent upon activation of adenylate cyclase. We failed
to observe a role for Src family tyrosine kinases or EGFR
in the ERK/MAPK activation mediated by f1AR.

Materials and methods
Cell culture, transfection and cell treatments

COS-7 cells (American Type Culture Collection, Manassas,
VA, USA) were grown in complete medium (Dulbecco’s
modified Eagle’s medium plus 10% fetal bovine serum and
1% penicillin/streptomycin) in a 37°C/5% CO, incubator.
The carboxyl terminal portion of SARK1 (SARKct) were
kindly provided by Dr. Robert J. Lefkowitz (Duke Uni-
versity). For transfections, 1 pg of cDNA coding for human
S1AR in the pcDNA3 expression vector, or 1 pg each of
f1AR and fARKct (which is an inhibitor of Gfy subunit)
was mixed with Lipofectamine 2,000 (10 pl) (Invitrogen,
Carlsbad, USA) and added to 5 ml of incomplete medium in
10-cm tissue culture plates containing cells at 50-70%
confluence. Following a 4 h incubation, fetal bovine serum
was added to the medium to 10%.

In order to dissect the signal transduction pathways
underlying the f1AR-mediated activation of ERK, COS-7
cells were serum starved overnight, then treated with (—)-
isoproterenol (ISO, 5 min at 37°C; Sigma Chemical Corp.,
St Louis, MO, USA), and/or forskolin (FSK, Adenylate



P1AR mediated ERK activation

77

cyclase activator, 5 min at 37°C; Sigma) (Lumbreras et al.
2006), after the cells were pre-incubated with Bordetella
pertussis toxin (PTX, Gi inhibitor, 100 ng/ml, 16 h;
Sigma), N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquin-
olinesulfonamide (H89, a PKA inhibitor, 20 uM, 45 min;
Calbiochem Corp., La Jolla, CA, USA), 2-(2-amino-3-
methoxyphenol)-oxanaphthalen-4-one (PD 98059, MEK1
inhibitor, 50 uM, 30 min; Calbiochem) (Yuan et al. 2007),
2-(2-amino-3-methoxyphenyl)-oxanaphthalen-4-one, and
4-(3-chloroanilino)-6,7-dimethoxyquinazoline (tyrphostin
AG1478, EGFR inhibitor, 100 nM, 30 min; Calbiochem)
or 4-amino-5-(4-chlorophenyl)-7-(z-butyl) pyrazolo [3,4-
d]pyrimidine (PP2, a Src tyrosine kinase inhibitor, 10 puM,
15 min; Calbiochem).

Western blotting and antibodies

Western blotting was performed as described previously
(Cheon et al. 2003). Briefly, sample aliquots correspond-
ing to 25 ug of protein were resolved using 4-20%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Invitrogen) for 1 h at 150 V and then
transferred to nitrocellulose. The blots were blocked in the
blot buffer (2% nonfat dry milk, 0.1% Tween 20, 50 mM
NaCl, 10 mM Hepes, pH 7.4) for at least 30 min and then
incubated with primary antibody in the blot buffer for 1 h
at room temperature. The blots were then washed three
times with 10 ml of the blot buffer each and incubated for
30 min at room temperature with a horseradish peroxi-
dase-conjugated secondary antibody (GE/Amersham
Biosciences, Buckinghamshire, UK) in the blot buffer.
Finally, the blots were washed three more times with
10 ml of the blot buffer each and visualized by enzyme-
linked chemiluminescence as described above. Horserad-
ish peroxidase-conjugated anti-mouse IgG and anti-rabbit
IgG secondary antibodies were purchased from GE/
Amersham Biosciences.

Phospho-extracellular signal-regulated kinase assay

This assay was performed essentially as previously descri-
bed (Flamigni et al. 2007). Briefly, 24 h after transfection
the cells were split into 6-well dishes and incubated in
serum-free medium overnight prior to experiments. Agonist
stimulation was performed at 37°C in serum-free media for
5 min. The medium was removed, and the cells were har-
vested in 1 x SDS-PAGE sample buffer (10 mM Tris—HCI,
pH 7.4, 10 mM NaCl, 3 mM MgCl,, 2 mM Na3;VO,,
10 mM NaF and protease inhibitors). The samples were
sonicated briefly and analyzed by SDS-PAGE. The levels of
p42/44 ERK phosphorylation were visualized by Western
blotting using an anti-phospho-ERK1/2(Thr 202/Tyr 204)
antibody (Cell Signaling Technology, Beverly, MA, USA),

whereas the levels of total ERK in the same lysates were
assessed using an anti-ERK antibody (Cell Signaling
Technology). Immunoreactive bands were visualized by
chemiluminescence and quantified using the US National
Institutes of Health Image 1.62 program. For each sample,
the level of phospho-ERK immunoreactivity was normal-
ized to the total ERK immunoreactivity.

Statistics

The data are presented as the means £+ SE. Statistical
significance was determined by one-way ANOVA,
followed by Tukey’s multiple comparison test.

Results

The mitogen-activated protein kinase pathway
is activated by stimulation of f1-adrenergic receptor

In order to examine f1 adrenergic receptor-mediated
extracellular signal-regulated kinase activation, COS-7
cells were transiently transfected with either pcDNA3
vector or FLAG-f1AR. Following isoproterenol (ISO,
10 uM) stimulation, cells were collected and sonicated,
and then subjected to Western blotting to detect the ERK
activity. The data showed that ISO stimulation of f1AR
induced a robust ERK phosphorylation/activation com-
pared with non-stimulated cells, which was approximately
four fold that cells transfected with vector alone. These
results suggested that ERK phosphorylation in receptor-
transfected cells is mostly S1AR stimulation-dependent
(Fig. 1a). We further explored S1AR-stimulated ERK
activation over a range of agonist concentrations. The dose
response curve for ISO-stimulated ERK activation is
shown in Fig. 1b. The results indicated that ERK phos-
phorylation could be detected with 1 nM ISO stimulation.
Increasing concentrations of ISO activated ERK accord-
ingly. These results demonstrated that ERK1/2 in COS-7
cells could be activated by f1AR.

Extracellular signal-regulated kinase stimulation
by f1-adrenergic receptor is not mediated
by the Gffy complex

Signal transduction via G protein-coupled receptors trig-
gers the activation of heterotrimeric («fly) G proteins,
resulting in the separation of Ga and Gffy subunits. There
is evidence that both Go and Gfy subunits transduce
upon receptor activation. A single receptor type can
therefore activate more than one effector by comple-
mentary transduction via o« and fy subunits of the
cognate G protein. f1AR might use either Go or Gfiy
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Fig. 1 Extracellular signal-regulated kinase is activated by stimula-
tion of f1-adrenergic receptor. a f1AR stimulation enhanced ERK
phosphorylation. COS-7 cells were transiently transfected with f1AR.
Twenty-four hours after transfection, cells were treated with serum-
free medium overnight. Serum-starved COS-7 cells were stimulated
for 5 min with 10 pM ISO at 37°C. The cells were solubilized in 1x
SDS-PAGE sample buffer. Phosphorylation of ERK in the whole cell

subunit to activate ERK. To investigate the possible role
of the Gfy complex in the activation of ERK by Sf1AR,
we cotransfected f1AR and the Gfy inhibitor SJARKct
into COS-7 cells. There was no difference in the acti-
vation of ERK by ISO between COS-7 cells expressing
P1AR in the presence or absence of fARKct co-expres-
sion (Fig. 2a, P > 0.05), indicating that ERK activation
was independent of the Gfy subunits, and was mediated
by the Gos subunit.

Extracellular signal-regulated kinase stimulation
by f1-adrenergic receptor is through adenylate
cyclase pathway

To determine whether the extracellular signal-regulated
kinase activation was a consequence of the classic f1AR-
mediated increase in intracellular cAMP concentration, we
directly stimulated adenylate cyclase with 1 pM forskolin
(FSK), and found that the extent of ERK activation with
FSK was very similar to that with ISO (Fig. 2b, P > 0.05),
indicating that AC activity is involved in the ERK stimu-
lation mediated by S1AR.
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lysates was detected by Western blot analysis using an anti-phospho-
ERK1/2 antibody. The data presented is representative of a minimum
of three independent experiments. b f1 AR-mediated ERK activation
is dose-dependent. COS-7 cells were transiently transfected with
P1AR. Serum-starved cells were stimulated with the indicated doses
of ISO for 5 min at 37°C. Phosphorylation of ERK was detected and
ERK activation was quantified

Extracellular signal-regulated kinase stimulation
by f1AR is independent of the functional status
of Gi/o o subunits

The above results indicated, as expected, that extracellular
signal-regulated kinase activation was mediated via the Gs «
subunit stimulating adenylate cyclase. Then, we further
investigated whether ERK activation was mediated by
Gi/o o subunits, and found that preincubation with PTX
(catalyzing ADP ribosylation of Gi/o « subunits and blocking
their function) did not produce a significant change in the
stimulation of ERK activity by either ISO (10 uM) or FSK
(100 nM) (Fig. 3, P > 0.05). This result confirmed that the
activation of ERK was independent of Gi/o subunits.

Extracellular signal-regulated kinase stimulation
by the f1-adrenergic receptor requires
mitogen-activated protein kinase-kinase

and protein kinase A activity

To investigate whether the activation of extracellular signal-
regulated kinase by the f/1-adrenergic receptor was mediated
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Fig. 2 Extracellular signal-
regulated kinase stimulation by
fl-adrenergic receptor occurs
through Go but not the Gffy
complex. a Inhibition of Gfy
with SARKct does not alter
p1AR-mediated p44/42 MAPK
activation. COS-7 cells were
transiently transfected with the
P1AR with or without SJARKct
co-expression. Cells were serum
starved overnight and
stimulated with ISO (100 nM)
for 5 min. Quantification of
ERK activation did not show the
difference between COS-7 cells
expressing only f1AR and those
co-expressing f1AR and
PARKct (P > 0.05). b f1AR-
mediated ERK activation by
forskolin (FSK). COS-7 cells
were transiently transfected
with f1AR. Serum-starved
COS-7 cells were stimulated
with 1 pM FSK for 5 min or
100 nM ISO for 5 min at 37°C.
There is no difference in ERK
activation with FSK or ISO
stimulation (P > 0.05)
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by activation of MAPK kinase (MEK), the cells were incu-
bated with PD98059, an inhibitor of MEK, for 30 min before
activation of the f1AR, and it was shown (Fig. 4, *P < 0.01)
that pretreatment with PD98059 led to a complete inhibition
of the f1AR-mediated activation of ERK by ISO. Similarly,
inhibition of PKA by preincubation with the PKA antagonist
H89 completely inhibited the activation of ERK (Fig. 4,
*P < 0.01). These two results revealed that PKA and MEK
participated in the activation of ERK via Gs mediation, since
PKA is known to be stimulated through Gs activity.

Protein tyrosine kinases of EGFR and Src families are
not involved in extracellular signal-regulated kinase
stimulation mediated by the fi1-adrenergic receptor

It is well established that G protein-coupled receptor sig-
naling systems can network with tyrosine kinase receptors by
several mechanisms. We decided to investigate whether
S1AR could transmit its signal in cooperation with tyrosine
kinase receptors. The involvement of protein tyrosine
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kinases in the activation of ERK by the f1AR was tested by
incubating the cells with AG1478 (an EGFR tyrosine kinase
inhibitor) or PP2 (an inhibitor of Src family tyrosine kina-
ses). Neither of these agents significantly changed the
activation of ERK, indicating that EGFR and Src family
tyrosine kinase are not involved in ERK stimulation by
P1AR (Fig. 4, P > 0.05).

Discussion

GPCRs activate the extracellular signal-regulated kinases
ERK/MAPK pathways via diverse signaling pathways
depending on the receptors, the cell types and the types of
agonists (Daaka et al. 1997; Galandrin and Bouvier 2006;
Galandrin et al. 2008; Gesty-Palmer et al. 2006; Soeder et al.
1999). The f1AR, perhaps by virtue of its ability to couple
with multiple signaling pathways, exhibits remarkable cell
and ligand specificity regarding the mechanism of ERK
stimulation.
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Fig. 3 Inhibition of Gi signaling with pertussis toxin treatment does
not alter f1-adrenergic receptor-mediated extracellular signal-regu-
lated kinase activation. COS-7 cells were transiently transfected with
P1AR. Serum-starved cells were pre-treated with PTX overnight
before stimulation by ISO (10 uM for 5 min) or FSK (100 nM for
5 min). Quantification of ERK activation showed a similar response
in the presence or absence of PTX treatment (P > 0.05)

Both the f1AR and 2AR subtypes are expressed in the
heart and appear to regulate cardiac function through
similar intracellular signaling pathways (Brodde 1991).
f2AR has been extensively studied in receptor-mediated
ERK activation (Daaka et al. 1997; Luttrell 2002; Luttrell
et al. 1997), and f2AR-stimulated ERK1/2 activation has
been reported in cultured HEK-293 and COS-7 cells, and in
isolated cardiac myocytes (Crespo et al. 1995; Daaka et al.
1998; Lazou et al. 1994). It has been clearly demonstrated
that stimulation of f2AR activates the MAP kinase ERK in
a manner mediated by the fy subunits of PTX-sensitive G
proteins (Gi) through a pathway involving the non-receptor
tyrosine kinase c-Src, the small G protein Ras and Raf-1
kinase (Luttrell 2002; Luttrell et al. 1997). The mecha-
nism(s) of f1AR-stimulated ERK activation is somewhat
more controversial. A number of groups have reported that
the S1AR is unable to stimulate ERK activation, a con-
clusion based on the perceived inability of f1AR to couple
to Gi (Kilts et al. 2000; Lavoie et al. 2002). However,
recent data from cardiac myocytes suggest that f1AR can
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MAPK in African green monkey kidney COS-7 cells. COS-7 cells
were transiently transfected with the f1AR. Serum-starved cells were
pre-incubated with 20 pM H89 for 45 min, 50 pM MEK inhibitor PD
98059 (PD) for 30 min, 100 nM EGFR inhibitor AG1478 (AG) for
30 min, or 10 uM Src tyrosine kinase inhibitor PP2 for 15 min,
respectively, before stimulation by ISO (100 nM for 5 min). Quan-
tification of the effect of protein kinase A and mitogen-activated
protein kinase kinasel on ERK activation is also shown

activate ERK and p38 in a Gi-dependent manner, even
though S1AR is less potent at stimulating ERK activation
than 2AR (Chesley et al. 2000; Communal et al. 2000).
The involvement of Gs in isoproterenol-stimulated ERK1/2
activation has also been proposed for f1AR in HEK293
cells, cardiac myocytes, COS-7 cells and rat adipocytes
(Chaudhry et al. 1994; Gauthier et al. 1996; Kobayashi
et al. 2005; Tutor et al. 2007). Other results have indicated
that activation of S1AR by ISO triggers different signal
transduction pathways in order to stimulate ERKI1/2
(Galandrin et al. 2008; Kim et al. 2008; Wisler et al. 2007).
For example, ISO caused ERK activation in a src-depen-
dent manner through both Gfy- and G protein-independent
pathways in HEK293 cells (Galandrin et al. 2008). But so
far, the mechanisms behind the observed differential acti-
vation of ERK are still unknown.

The objective of this study was to further elucidate the
mechanism of f1AR mediated ERK activation. We found
that ERK can be activated by f1AR stimulation in a dose-
dependent way (Fig. 1) and that inhibiting the Gfy subunit
by cotransfection with SAR kinase carboxyl terminal
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e)h(tracellulhar sjgnal:regulated ( ISO Extracellular
kinase activation via b4

fl-adrenergic receptor. f1AR
agonist ISO induces a potent
ERK1/2 stimulation by the
classic Gs/AC/PKA cascade and
not by the Src family tyrosine
kinase. Following the binding of
agonist and activation of
heterotrimeric G proteins

(step 1), Gas and AC mediate
the production of the cAMP.
Subsequently, PKA, MEKI1 and
other ERK proteins were
activated. That is, f1AR
signaling pathway was involved
in linearly regulating ERK1/2
activation via the classic Gas/
AC/cAMP/PKA pathway in
COS-7 cells, and PTX-sensitive
Gi protein, Src family tyrosine
kinase and EGFR were not
required for ERK activation

cAMP

(PARKct, Gfy inhibitor) did not influence ISO-stimulated
ERK phosphorylation (Fig. 2). When we stimulated f1AR
with forskolin (FSK), an adenylate cyclase activator, the
ERK activation level was similar to that obtained with ISO
stimulation. Blocking the Gi pathway using pertussis toxin
(PTX, Gi inhibitor) also did not change the activation
level of ERK (Fig. 3). Inhibiting protein kinase A or
mitogen-activated protein kinase kinase MEK1 with H89
(protein kinase A inhibitor) or PD98059 (MEKI inhibitor),
respectively, almost completely abolished the ERK acti-
vation mediated by ISO (Fig. 4). These results indicate that
P1AR stimulation can specifically activate ERK signaling
mediated by a Gas-dependent pathway. We also found that
AG1478 (epidermal growth factor receptor EGFR tyrosine
kinase inhibitor) or PP2 (Src tyrosine kinase inhibitor) pre-
treated cells did not change the activation of ERK by f1AR
stimulation (Fig. 4), indicating that f1AR activated ERK
signaling pathway is independent of EGFR or Src related
kinase.

Like most GPCRs, f1AR exhibits marked variation in
its behavior in distinct cell types, with substantial differ-
ences in the rate and extent of agonist-promoted
internalization being especially notable (Green and Liggett
1994; Shiina et al. 2000; Suzuki et al. 1992; Tang et al.
1999). Such differences in f1AR behavior in distinct cells
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NU
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MAPK

may be explained in large part by the differential expres-
sion of /1AR-interacting proteins such as PDZ scaffolds. It
has been shown that several PDZ proteins associate with
P1AR, including PSD-95 (postsynaptic density-95) (Hu
et al. 2000, 2002; Xu et al. 2001), membrane-associated
guanylate kinase inverted-2 (MAGI-2) (Xu et al. 2001),
cAMP-dependent guanine nucleotide exchange factor, also
known as PDZ-GEF1 (CNrasGEF) (Pak et al. 2002),
GAIP-interacting protein, carboxyl terminus (GIPC) (Hu
et al. 2003), and cystic fibrosis transmembrane conduc-
tance regulator-associated ligand, also known as GOPC or
FIG (CAL) (He et al. 2004). MAGI-2 and PSD-95 are
structurally related PDZ proteins of the membrane-associ-
ated guanylate kinase-like (MAGUK) family, but
nonetheless they exhibit diametrically opposing effects on
agonist-induced S1AR internalization; MAGI-2 strongly
promotes S1AR internalization (Xu et al. 2001), whereas
PSD-95 markedly inhibits it (Hu et al. 2000; Xu et al.
2001). In contrast, CNrasGEF and GIPC have no obvious
effects on f1AR endocytosis but rather regulate various
aspects of f1AR signaling (Hu et al. 2003; Pak et al. 2002),
whereas the Golgi-associated protein CAL directs f1AR
anterograde trafficking through the endoplasmic reticulum—
Golgi complex to the plasma membrane (He et al. 2004).
These PDZ scaffolds are not expressed uniformly across all
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tissues but instead tend to exhibit profound differences in
expression levels between different tissues and cell types
(Hung and Sheng 2002). Thus, interactions of GPCRs such
as f1AR with PDZ scaffolds that exhibit distinctive pat-
terns of expression across different tissues may account for
many examples of cell-type specific regulation of GPCR
signaling such as ERK activation (He et al. 2000).

The difference in the ERK signaling pathway in COS-7
cells may also be explained by the difference between
isolates, such as expression level of signaling molecules and
sensitivity of the different assay systems. It has been
appreciated that many receptors, including the f2AR, can
exist in multiple ‘‘active’’ conformations after ligand
binding (Ghanouni et al. 2001; Granier et al. 2007; Kenakin
1995; Swaminath et al. 2005). These variable conforma-
tions may lead to widely differing cellular outcomes and
may help explain the diverse signaling profiles in different
reports. In this study, we showed that f1AR-mediated ERK
activation was not sensitive to the EGFR inhibitor and Src
family protein inhibitor PP2. Our result was consistent with
previous reports that tyrosine kinases were not essential for
P1AR signaling to ERK/MAPK in some cell types (Tutor
et al. 2007), suggesting that f1AR mediated a different
ERK activation pathway from $2AR and 3AR (Cao et al.
2000; Kursula 2008; Luttrell et al. 1999; Maudsley et al.
2000; Robidoux et al. 2006), and that the ERK activation by
B1AR might be a direct consequence of Gs-mediated ERK
activation. The proposed model of f1AR-mediated ERK
activation with our findings is presented in Fig. 5.

It has been demonstrated that SAR stimulation of ERK1/
2 may play a role in the development of cardiac hyper-
trophy (Zou et al. 1999). Activation of the MEK/ERK1/2
pathway is involved in the development of cardiac hyper-
trophy (Molkentin and Dorn 2001), and elevated ERK
activation has been reported in failing human hearts with
dilated cardiomyopathy (Takeishi et al. 2002). The evi-
dence of adverse, pro-apoptotic effects of fi1-adrenergic
receptor (f1AR) stimulation in an isolated cardiac myocyte
model has provided a mechanistic basis for the selective
blockade of S1AR in chronic heart failure (Bristow 1997).
As such, the elucidation of the mechanism of ERK acti-
vation is helpful for finding new drug targets. Knowledge
of the molecules involved in the signal transduction path-
way activated by S1AR, therefore, could have important
therapeutic implications, guiding the development of new
drugs for conditions associated to impaired vascular
responses such as hypertension, heart failure and coronary
disease. However, some details of this model remain to be
determined. GPCR-activated ERK is generally translocated
to the nucleus, where it phosphorylates and regulates
transcription factors (Pierce et al. 2001). Therefore,
potential downstream targets of f1-ERK signaling in COS-
7 remain to be identified. Also, we should detect if the
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difference of ERK activation mediated by f1AR mecha-
nism among different researchers is because of differential
expression of PDZ proteins.

Acknowledgments This work was supported by National Natural
Science Foundation of the People’s Republic of China (No: 30572183
and 30772573), the New Century Excellent Talents in University of
China (NCET-06-0184), Research Fund for the Doctoral Program of
Higher Education of China (20060025011), Foundation of Beijing
Educational Committee (KZ200610025013), Natural Science Foun-
dation of Beijing (No: 7082009) and Scientific Research Foundation
for Returned Scholars, Ministry of Education of China awarded to
J. He, and fund for Excellent Talents in Beijing (20071D0501800253)
awarded to JF Zheng. The manuscript correction of Julius Paul
Pradeep John is highly appreciated.

References

Ahmet I, Lakatta EG, Talan MI (2005) Pharmacological stimulation
of beta2-adrenergic receptors (beta2AR) enhances therapeutic
effectiveness of betal AR blockade in rodent dilated ischemic
cardiomyopathy. Heart Fail Rev 10:289-296. doi:10.1007/
s10741-005-7543-3

Bristow MR (1997) Mechanism of action of beta-blocking agents in
heart failure. Am J Cardiol 80:26L—40L. doi:10.1016/S0002-
9149(97)00846-1

Brodde OE (1991) Beta 1- and beta 2-adrenoceptors in the human
heart: properties, function, and alterations in chronic heart
failure. Pharmacol Rev 43:203-242

Cao W, Luttrell LM, Medvedev AV, Pierce KL, Daniel KW, Dixon
TM, Lefkowitz RJ, Collins S (2000) Direct binding of activated
c-Src to the beta 3-adrenergic receptor is required for MAP
kinase activation. J Biol Chem 275:38131-38134. doi:10.1074/
jbc.C000592200

Chaudhry A, MacKenzie RG, Georgic LM, Granneman JG (1994)
Differential interaction of beta 1- and beta 3-adrenergic receptors
with Gi in rat adipocytes. Cell Signal 6:457-465. doi:10.1016/
0898-6568(94)90093-0

Cheon MS, Bajo M, Kim SH, Claudio JO, Stewart AK, Patterson D,
Kruger WD, Kondoh H, Lubec G (2003) Protein levels of genes
encoded on chromosome 21 in fetal Down syndrome brain:
challenging the gene dosage effect hypothesis (Part II). Amino
Acids 24:119-125

Chesley A, Lundberg MS, Asai T, Xiao RP, Ohtani S, Lakatta EG,
Crow MT (2000) The beta(2)-adrenergic receptor delivers an
antiapoptotic signal to cardiac myocytes through G(i)-dependent
coupling to phosphatidylinositol 3’-kinase. Circ Res 87:1172—
1179

Communal C, Colucci WS, Singh K (2000) p38 Mitogen-activated
protein kinase pathway protects adult rat ventricular myocytes
against beta-adrenergic receptor-stimulated apoptosis. Evidence
for Gi-dependent activation. J Biol Chem 275:19395-19400.
doi:10.1074/jbc.M910471199

Crespo P, Cachero TG, Xu N, Gutkind JS (1995) Dual effect of beta-
adrenergic receptors on mitogen-activated protein kinase.
Evidence for a beta gamma-dependent activation and a G alpha
s-cAMP-mediated inhibition. J Biol Chem 270:25259-25265.
doi:10.1074/jbc.270.42.25259

Daaka Y, Luttrell LM, Letkowitz RJ (1997) Switching of the
coupling of the beta2-adrenergic receptor to different G proteins
by protein kinase A. Nature 390:88-91. doi:10.1038/36362

Daaka Y, Luttrell LM, Ahn S, Della Rocca GJ, Ferguson SS, Caron
MG, Lefkowitz RJ (1998) Essential role for G protein-coupled


http://dx.doi.org/10.1007/s10741-005-7543-3
http://dx.doi.org/10.1007/s10741-005-7543-3
http://dx.doi.org/10.1016/S0002-9149(97)00846-1
http://dx.doi.org/10.1016/S0002-9149(97)00846-1
http://dx.doi.org/10.1074/jbc.C000592200
http://dx.doi.org/10.1074/jbc.C000592200
http://dx.doi.org/10.1016/0898-6568(94)90093-0
http://dx.doi.org/10.1016/0898-6568(94)90093-0
http://dx.doi.org/10.1074/jbc.M910471199
http://dx.doi.org/10.1074/jbc.270.42.25259
http://dx.doi.org/10.1038/36362

P1AR mediated ERK activation

83

receptor endocytosis in the activation of mitogen-activated
protein kinase. J Biol Chem 273:685-688. doi:10.1074/jbc.
273.2.685

de Groote P, Lamblin N, Helbecque N, Mouquet F, Mc Fadden E,
Hermant X, Amouyel P, Dallongeville J, Bauters C (2005) The
impact of beta-adrenoreceptor gene polymorphisms on survival
in patients with congestive heart failure. Eur J Heart Fail 7:966—
973. doi:10.1016/j.ejheart.2004.10.006

Flamigni F, Stanic I, Facchini A, Cetrullo S, Tantini B, Borzi RM,
Guarnieri C, Caldarera CM (2007) Polyamine biosynthesis as a
target to inhibit apoptosis of non-tumoral cells. Amino Acids
33:197-202. doi:10.1007/s00726-007-0514-3

Galandrin S, Bouvier M (2006) Distinct signaling profiles of betal
and beta2 adrenergic receptor ligands toward adenylyl cyclase
and mitogen-activated protein kinase reveals the pluridimensi-
onality of efficacy. Mol Pharmacol 70:1575-1584. doi:10.1124/
mol.106.026716

Galandrin S, Oligny-Longpre G, Bonin H, Ogawa K, Gales C,
Bouvier M (2008) Conformational rearrangements and signaling
cascades involved in ligand-biased mitogen-activated protein
kinase signaling through the betal-adrenergic receptor. Mol
Pharmacol 74:162-172. doi:10.1124/mol.107.043893

Gauthier C, Tavernier G, Charpentier F, Langin D, Le Marec H
(1996) Functional beta3-adrenoceptor in the human heart. J Clin
Invest 98:556-562. doi:10.1172/JCI1118823

Gesty-Palmer D, Chen M, Reiter E, Ahn S, Nelson CD, Wang S,
Eckhardt AE, Cowan CL, Spurney RF, Luttrell LM, Lefkowitz
RJ (2006) Distinct beta-arrestin- and G protein-dependent
pathways for parathyroid hormone receptor-stimulated ERK1/2
activation. J Biol Chem 281:10856-10864. doi:10.1074/jbc.
M513380200

Ghanouni P, Steenhuis JJ, Farrens DL, Kobilka BK (2001) Agonist-
induced conformational changes in the G-protein-coupling
domain of the beta 2 adrenergic receptor. Proc Natl Acad Sci
USA 98:5997-6002. doi:10.1073/pnas.101126198

Granier S, Kim S, Shafer AM, Ratnala VR, Fung JJ, Zare RN,
Kobilka B (2007) Structure and conformational changes in the
C-terminal domain of the beta2-adrenoceptor: insights from
fluorescence resonance energy transfer studies. J Biol Chem
282:13895-13905. doi:10.1074/jbc.M611904200

Green SA, Liggett SB (1994) A proline-rich region of the third
intracellular loop imparts phenotypic beta 1-versus beta 2-adren-
ergic receptor coupling and sequestration. J Biol Chem
269:26215-26219

He J, Bellini M, Xu J, Castleberry AM, Hall RA (2004) Interaction
with cystic fibrosis transmembrane conductance regulator-asso-
ciated ligand (CAL) inhibits betal-adrenergic receptor surface
expression. J Biol Chem 279:50190-50196. doi:10.1074/jbc.
M404876200

He J, Bellini M, Inuzuka H, Xu J, Xiong Y, Yang X, Castleberry AM,
Hall RA (2006) Proteomic analysis of betal-adrenergic receptor
interactions with PDZ scaffold proteins. J Biol Chem 281:2820-
2827. doi:10.1074/jbc.M509503200

Hu LA, Tang Y, Miller WE, Cong M, Lau AG, Letkowitz RJ, Hall
RA (2000) Beta 1-adrenergic receptor association with PSD-95.
Inhibition of receptor internalization and facilitation of beta
1-adrenergic receptor interaction with N-methyl-p-aspartate
receptors. J Biol Chem 275:38659-38666. doi:10.1074/jbc.
MO005938200

Hu LA, Chen W, Premont RT, Cong M, Lefkowitz RJ (2002) G
protein-coupled receptor kinase 5 regulates beta 1-adrenergic
receptor association with PSD-95. J Biol Chem 277:1607-1613.
doi:10.1074/jbc.M 107297200

Hu LA, Chen W, Martin NP, Whalen EJ, Premont RT, Lefkowitz
RJ (2003) GIPC interacts with the betal-adrenergic receptor
and regulates betal-adrenergic receptor-mediated ERK

activation. J Biol Chem 278:26295-26301. doi:10.1074/jbc.
M212352200

Hung AY, Sheng M (2002) PDZ domains: structural modules for
protein complex assembly. J Biol Chem 277:5699-5702.
doi:10.1074/jbc.R100065200

Jans DA, Pavo I (1995) A mechanistic role for polypeptide hormone-
receptor lateral mobility in signal-transduction. Amino Acids
9:93-109

Kenakin T (1995) Agonist-receptor efficacy. II. Agonist trafficking of
receptor  signals. Trends Pharmacol Sci 16:232-238.
doi:10.1016/S0165-6147(00)89032-X

Kilts JD, Gerhardt MA, Richardson MD, Sreeram G, Mackensen GB,
Grocott HP, White WD, Davis RD, Newman MF, Reves JG,
Schwinn DA, Kwatra MM (2000) Beta(2)-adrenergic and several
other G protein-coupled receptors in human atrial membranes
activate both G(s) and G(i). Circ Res 87:705-709

Kim IM, Tilley DG, Chen J, Salazar NC, Whalen EJ, Violin JD,
Rockman HA (2008) Beta-blockers alprenolol and carvedilol
stimulate beta-arrestin-mediated EGFR transactivation. Proc
Natl Acad Sci USA 105:14555-14560. doi:10.1073/pnas.
0804745105

Kobayashi H, Narita Y, Nishida M, Kurose H (2005) Beta-arrestin2
enhances beta2-adrenergic receptor-mediated nuclear transloca-
tion of ERK. Cell Signal 17:1248-1253. doi:10.1016/j.cellsig.
2004.12.014

Kursula P (2008) Structural properties of proteins specific to the
myelin sheath. Amino Acids 34:175-185. doi:10.1007/s00726-
006-0479-7

Lavoie C, Mercier JF, Salahpour A, Umapathy D, Breit A, Villeneuve
LR, Zhu WZ, Xiao RP, Lakatta EG, Bouvier M, Hebert TE
(2002) Beta 1/beta 2-adrenergic receptor heterodimerization
regulates beta 2-adrenergic receptor internalization and ERK
signaling efficacy. J Biol Chem 277:35402-35410. doi:
10.1074/jbc.M204163200

Lazou A, Bogoyevitch MA, Clerk A, Fuller SJ, Marshall CJ, Sugden
PH (1994) Regulation of mitogen-activated protein kinase
cascade in adult rat heart preparations in vitro. Circ Res
75:932-941

Lumbreras M, Baamonde C, Martinez-Cue C, Lubec G, Cairns N,
Salles J, Dierssen M, Florez J (2006) Brain G protein-dependent
signaling pathways in Down syndrome and Alzheimer’s disease.
Amino Acids 31:449-456. doi:10.1007/s00726-005-0272-z

Luttrell LM (2002) Activation and targeting of mitogen-activated
protein kinases by G-protein-coupled receptors. Can J Physiol
Pharmacol 80:375-382. doi:10.1139/y02-045

Luttrell LM, van Biesen T, Hawes BE, Koch WJ, Krueger KM,
Touhara K, Lefkowitz RJ (1997) G-protein-coupled receptors
and their regulation: activation of the MAP kinase signaling
pathway by G-protein-coupled receptors. Adv Second Messen-
ger Phosphoprotein Res 31:263-277

Luttrell LM, Ferguson SS, Daaka Y, Miller WE, Maudsley S, Della
Rocca GJ, Lin F, Kawakatsu H, Owada K, Luttrell DK, Caron
MG, Lefkowitz RJ (1999) Beta-arrestin-dependent formation of
beta2 adrenergic receptor-Src protein kinase complexes. Science
283:655-661. doi:10.1126/science.283.5402.655

Martin NP, Whalen EJ, Zamah MA, Pierce KL, Lefkowitz RJ (2004)
PKA-mediated phosphorylation of the betal-adrenergic receptor
promotes Gs/Gi switching. Cell Signal 16:1397-1403.
doi:10.1016/j.cellsig.2004.05.002

Massey KA, Blakeslee CH, Pitkow HS (1998) A review of
physiological and metabolic effects of essential amino acids.
Amino Acids 14:271-300. doi:10.1007/BF01318848

Maudsley S, Pierce KL, Zamah AM, Miller WE, Ahn S, Daaka Y,
Lefkowitz RJ, Luttrell LM (2000) The beta(2)-adrenergic
receptor mediates extracellular signal-regulated kinase activation
via assembly of a multi-receptor complex with the epidermal

@ Springer


http://dx.doi.org/10.1074/jbc.273.2.685
http://dx.doi.org/10.1074/jbc.273.2.685
http://dx.doi.org/10.1016/j.ejheart.2004.10.006
http://dx.doi.org/10.1007/s00726-007-0514-3
http://dx.doi.org/10.1124/mol.106.026716
http://dx.doi.org/10.1124/mol.106.026716
http://dx.doi.org/10.1124/mol.107.043893
http://dx.doi.org/10.1172/JCI118823
http://dx.doi.org/10.1074/jbc.M513380200
http://dx.doi.org/10.1074/jbc.M513380200
http://dx.doi.org/10.1073/pnas.101126198
http://dx.doi.org/10.1074/jbc.M611904200
http://dx.doi.org/10.1074/jbc.M404876200
http://dx.doi.org/10.1074/jbc.M404876200
http://dx.doi.org/10.1074/jbc.M509503200
http://dx.doi.org/10.1074/jbc.M005938200
http://dx.doi.org/10.1074/jbc.M005938200
http://dx.doi.org/10.1074/jbc.M107297200
http://dx.doi.org/10.1074/jbc.M212352200
http://dx.doi.org/10.1074/jbc.M212352200
http://dx.doi.org/10.1074/jbc.R100065200
http://dx.doi.org/10.1016/S0165-6147(00)89032-X
http://dx.doi.org/10.1073/pnas.0804745105
http://dx.doi.org/10.1073/pnas.0804745105
http://dx.doi.org/10.1016/j.cellsig.2004.12.014
http://dx.doi.org/10.1016/j.cellsig.2004.12.014
http://dx.doi.org/10.1007/s00726-006-0479-7
http://dx.doi.org/10.1007/s00726-006-0479-7
http://dx.doi.org/10.1074/jbc.M204163200
http://dx.doi.org/10.1007/s00726-005-0272-z
http://dx.doi.org/10.1139/y02-045
http://dx.doi.org/10.1126/science.283.5402.655
http://dx.doi.org/10.1016/j.cellsig.2004.05.002
http://dx.doi.org/10.1007/BF01318848

84

J. Zheng et al.

growth factor receptor. J Biol Chem 275:9572-9580. doi:
10.1074/jbc.275.13.9572

Molkentin JD, Dorn IGII (2001) Cytoplasmic signaling pathways that
regulate cardiac hypertrophy. Annu Rev Physiol 63:391-426.
doi:10.1146/annurev.physiol.63.1.391

Pak Y, Pham N, Rotin D (2002) Direct binding of the betal
adrenergic receptor to the cyclic AMP-dependent guanine
nucleotide exchange factor CNrasGEF leads to Ras activation.
Mol Cell Biol 22:7942-7952. doi:10.1128/MCB.22.22.7942-
7952.2002

Pierce KL, Luttrell LM, Lefkowitz RJ (2001) New mechanisms in
heptahelical receptor signaling to mitogen activated protein
kinase cascades. Oncogene 20:1532-1539. doi:10.1038/sj.onc.
1204184

Robidoux J, Kumar N, Daniel KW, Moukdar F, Cyr M, Medvedev
AV, Collins S (2006) Maximal beta3-adrenergic regulation of
lipolysis involves Src and epidermal growth factor receptor-
dependent ERK1/2 activation. J Biol Chem 281:37794-37802.
doi:10.1074/jbc.M605572200

Shiina T, Kawasaki A, Nagao T, Kurose H (2000) Interaction with
beta-arrestin determines the difference in internalization behav-
ior between betal- and beta2-adrenergic receptors. J Biol Chem
275:29082-29090. doi:10.1074/jbc.M909757199

Soeder KJ, Snedden SK, Cao W, Della Rocca GJ, Daniel KW,
Luttrell LM, Collins S (1999) The beta3-adrenergic receptor
activates mitogen-activated protein kinase in adipocytes through
a Gi-dependent mechanism. J Biol Chem 274:12017-12022. doi:
10.1074/jbc.274.17.12017

Spear JF, Prabu SK, Galati D, Raza H, Anandatheerthavarada HK,
Avadhani NG (2007) Betal-adrenoreceptor activation contrib-
utes to ischemia—reperfusion damage as well as playing a role in
ischemic preconditioning. Am J Physiol Heart Circ Physiol
292:H2459-H2466. doi:10.1152/ajpheart.00459.2006

Steinberg SF (1999) The molecular basis for distinct beta-adrenergic
receptor subtype actions in cardiomyocytes. Circ Res 85:1101—
1111

Suzuki T, Nguyen CT, Nantel F, Bonin H, Valiquette M, Frielle T,
Bouvier M (1992) Distinct regulation of beta 1- and beta
2-adrenergic receptors in Chinese hamster fibroblasts. Mol
Pharmacol 41:542-548

Swaminath G, Deupi X, Lee TW, Zhu W, Thian FS, Kobilka TS,
Kobilka B (2005) Probing the beta2 adrenoceptor binding site
with catechol reveals differences in binding and activation by
agonists and partial agonists. J Biol Chem 280:22165-22171.
doi:10.1074/jbc.M502352200

Takeishi Y, Huang Q, Abe J, Che W, Lee JD, Kawakatsu H, Hoit BD,
Berk BC, Walsh RA (2002) Activation of mitogen-activated

@ Springer

protein kinases and p90 ribosomal S6 kinase in failing human
hearts with dilated cardiomyopathy. Cardiovasc Res 53:131-
137. doi:10.1016/S0008-6363(01)00438-2

Tang Y, Hu LA, Miller WE, Ringstad N, Hall RA, Pitcher JA,
DeCamilli P, Lefkowitz RJ (1999) Identification of the endo-
philins (SH3p4/p8/p13) as novel binding partners for the betal-
adrenergic receptor. Proc Natl Acad Sci USA 96:12559-12564.
doi:10.1073/pnas.96.22.12559

Tutor AS, Penela P, Mayor F Jr (2007) Anti-betal-adrenergic receptor
autoantibodies are potent stimulators of the ERK1/2 pathway in
cardiac cells. Cardiovasc Res 76:51-60. doi:10.1016/j.cardiores.
2007.05.022

Wang YC, Bachrach U (2002) The specific anti-cancer activity of
green tea (—)-epigallocatechin-3-gallate (EGCG). Amino Acids
22:131-143. doi:10.1007/s007260200002

Wisler JW, DeWire SM, Whalen EJ, Violin JD, Drake MT, Ahn S,
Shenoy SK, Lefkowitz RJ (2007) A unique mechanism of beta-
blocker action: carvedilol stimulates beta-arrestin signaling. Proc
Natl Acad Sci USA 104:16657-16662. doi:10.1073/pnas.
0707936104

Xiao RP (2001) Beta-adrenergic signaling in the heart: dual coupling
of the beta2-adrenergic receptor to G(s) and G(i) proteins. Sci
STKE 2001:RE15. doi:10.1126/stke.2001.104.re15

Xiao RP, Cheng H, Zhou YY, Kuschel M, Lakatta EG (1999) Recent
advances in cardiac beta(2)-adrenergic signal transduction. Circ
Res 85:1092-1100

Xiao RP, Zhu W, Zheng M, Cao C, Zhang Y, Lakatta EG, Han Q
(2006) Subtype-specific alphal- and beta-adrenoceptor signaling
in the heart. Trends Pharmacol Sci 27:330-337. doi:10.1016/
j-tips.2006.04.009

Xu J, Paquet M, Lau AG, Wood JD, Ross CA, Hall RA (2001) Beta 1-
adrenergic receptor association with the synaptic scaffolding
protein membrane-associated guanylate kinase inverted-2
(MAGI-2). Differential regulation of receptor internalization
by MAGI-2 and PSD-95. J Biol Chem 276:41310-41317.
doi:10.1074/jbc.M 107480200

Yanagawa B, Nagaya N (2007) Adrenomedullin: molecular mecha-
nisms and its role in cardiac disease. Amino Acids 32:157-164.
doi:10.1007/500726-005-0279-5

Yuan LQ, Lu Y, Luo XH, Xie H, Wu XP, Liao EY (2007) Taurine
promotes connective tissue growth factor (CTGF) expression in
osteoblasts through the ERK signal pathway. Amino Acids
32:425-430. doi:10.1007/s00726-006-0380-4

Zou Y, Komuro I, Yamazaki T, Kudoh S, Uozumi H, Kadowaki T,
Yazaki Y (1999) Both Gs and Gi proteins are critically involved
in isoproterenol-induced cardiomyocyte hypertrophy. J Biol
Chem 274:9760-9770. doi:10.1074/jbc.274.14.9760


http://dx.doi.org/10.1074/jbc.275.13.9572
http://dx.doi.org/10.1146/annurev.physiol.63.1.391
http://dx.doi.org/10.1128/MCB.22.22.7942-7952.2002
http://dx.doi.org/10.1128/MCB.22.22.7942-7952.2002
http://dx.doi.org/10.1038/sj.onc.1204184
http://dx.doi.org/10.1038/sj.onc.1204184
http://dx.doi.org/10.1074/jbc.M605572200
http://dx.doi.org/10.1074/jbc.M909757199
http://dx.doi.org/10.1074/jbc.274.17.12017
http://dx.doi.org/10.1152/ajpheart.00459.2006
http://dx.doi.org/10.1074/jbc.M502352200
http://dx.doi.org/10.1016/S0008-6363(01)00438-2
http://dx.doi.org/10.1073/pnas.96.22.12559
http://dx.doi.org/10.1016/j.cardiores.2007.05.022
http://dx.doi.org/10.1016/j.cardiores.2007.05.022
http://dx.doi.org/10.1007/s007260200002
http://dx.doi.org/10.1073/pnas.0707936104
http://dx.doi.org/10.1073/pnas.0707936104
http://dx.doi.org/10.1126/stke.2001.104.re15
http://dx.doi.org/10.1016/j.tips.2006.04.009
http://dx.doi.org/10.1016/j.tips.2006.04.009
http://dx.doi.org/10.1074/jbc.M107480200
http://dx.doi.org/10.1007/s00726-005-0279-5
http://dx.doi.org/10.1007/s00726-006-0380-4
http://dx.doi.org/10.1074/jbc.274.14.9760

	The &bgr;1-adrenergic receptor mediates extracellular �signal-regulated kinase activation via G&agr;s
	Abstract
	Introduction
	Materials and methods
	Cell culture, transfection and cell treatments
	Western blotting and antibodies
	Phospho-extracellular signal-regulated kinase assay
	Statistics

	Results
	The mitogen-activated protein kinase pathway�is activated by stimulation of &bgr;1-adrenergic receptor
	Extracellular signal-regulated kinase stimulation �by &bgr;1-adrenergic receptor is not mediated �by the G&bgr;&ggr; complex
	Extracellular signal-regulated kinase stimulation�by &bgr;1-adrenergic receptor is through adenylate�cyclase pathway
	Extracellular signal-regulated kinase stimulation �by &bgr;1AR is independent of the functional status �of Gi/o &agr; subunits
	Extracellular signal-regulated kinase stimulation �by the &bgr;1-adrenergic receptor requires �mitogen-activated protein kinase-kinase�and protein kinase A activity
	Protein tyrosine kinases of EGFR and Src families are not involved in extracellular signal-regulated kinase stimulation mediated by the &bgr;1-adrenergic receptor

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


