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SUMMARY
To understand the molecular mechanism by which the angio-

tensin II (All) type 1 receptor (AT1 receptor) transduces its
biological signal, we examined the role of various signaling
molecules involved in AT1 receptor signaling in Chinese ham-
ster ovary cells stably transfected with the AT1 receptor. AT1
receptor-transfected cells responded to All treatment by inhib-
iting adenylyl cyclase, increasing the intracellular Ca2� concen-
tration, and activating protein kinase C (PKC)a and PKC#{128}.All
also activated the c-fos gene and mitogen-activated protein
(MAP) kinases. The activation of PKC, the c-fos gene, and MAP

kinases was blocked by inhibition of PKC induced by pretreat-
ment with 1 2-O-tetradecanoylphorbol-1 3-acetate but not by
pretreatment with pertussis toxin, suggesting that PKC couples
to the activation of the the c-fos gene and MAP kinases. in
addition, All activated Raf-1 and MAP kinase kinase in a PKC-
dependent manner. A dominant negative mutant of Ras had no
effect on All-induced MAP kinase or c-fos gene activation.
Thus, the AT1 receptor signals through Raf-1 and its down-
stream signaling molecules by a PKC-dependent mechanism
that does not involve Ras activation.

All, a biologically active product of the renin-angiotensin

system, is a major regulator of smooth muscle cell prolifera-

tion, blood pressure, and electrolyte balance (1). These di-

verse actions are believed to be mediated through the AT1

receptor, which belongs to the seven-transmembrane G pro-

tein-coupled receptor family (2-4). In the signal transduction

triggered by All, binding of All to the AT1 receptor stimu-

lates a number of signaling molecules (5), including PLCJ3,

which is activated through the Gq family, to generate inosi-

tol-1,4,5-trisphosphate and diacylglycerol. Inositol-1,4,5-

trisphosphate then releases calcium from intracellular

stores, and diacylglycerol activates PKC (6). The AT1 recep-

tor has also been shown to couple to PTX-sensitive G1/G0,

resulting in the inhibition of adenylyl cyclase (7). Further

along this signal transduction system, All activates Raf-1

and MAP kinases (8, 9), as previously found for tyrosine

kinase receptors such as epidermal growth factor receptors

( 10). MAP kinases transmit mitogenic signals to effector mol-
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ecules such as the proto-oncogenes c-los, c-myc, and c-jun,
which are involved in AT1 receptor signaling (11-13). Among

those proto-oncogenes, the c-fos gene is one of the best char-

acterized examples of these immediate/early-response genes,

and its induction correlates with All-induced proliferation of

smooth muscle cells ( 13).

Three mechanisms have been proposed to link G protein-

coupled receptors to MAP kinases and further-downstream

effector molecules. One possible mechanism is direct activa-

tion of Raf-1 by PKC. PKCa can activate Raf-1 by phospho-

rylating a serine residue at position 499 (14, 15). A second

possible mechanism is Ras-dependent activation through the

13-)’ subunit of G proteins, leading to sequential activation of a
group of serine/threonine kinases, such as Raf, MEK, and

MAP kinases. This effect of Ras in receptor signaling has

been shown in G1-coupled acetyicholine muscarinic m2 recep-

tors (16), lysophosphatidic acid receptors (17), a2-adrenergic

receptors (18), and thrombin receptors (19). A third possible

mechanism is the recently discovered MEKK-mediated acti-

vation of MAP kinases (20), although recent data suggest

that MEKK preferentially activates c-Jun amino-terminal

kinase (21). Because previous reports have shown that c-los

gene activation by All in cardiac myoblasts is partially PKC

dependent (22) and Raf-1 activation by All is PKC dependent

ABBREVIATIONS: All, angiotensin II; AT1 , type 1 angiotensin II; PLC, phospholipase; PKC, protein kinase C; MAP, mitogen-activated protein;
ERK, extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase; MEKK, mitogen-activated
protein kinase/extracellular signal-regulated kinase kinase; CHO, Chinese hamster ovary; �3-gal, p-galactosidase; PTX, pertussis toxin; GST,
glutathione-S-transferase; PBS, phosphate-buffered saline; FCS, fetal calf serum; MBP, myelin basic protein(s); TPA, 12-O-tetradecanoylphorbol-
13-acetate; PDGF, platelet-derived growth factor; EGTA, ethylene glycol bis(f3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; HEPES, 4-(2-
hydroxyethyl)-1 -piperazineethanesulfonic acid.
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in smooth muscle cells (8), we investigated which signaling

events were induced by All and whether these pathways
were PKC dependent in CHO cell lines stably expressing the
human AT1 receptor. We also explored the role ofRas in c-los

activation by using a dominant negative mutant of Ras.

Experimental Procedures

Materials and chemicals. All was obtained from Peninsula

Laboratories (Belmont, CA). Lipofectamine, OPTI-MEM I, and anti-

PKC isoform-specific antibodies were obtained from Life Technolo-
gies (Grand Island, NY). Luciferase assay system and Galacto-Light

for 13-gal assay were obtained from Promega (Madison, WI) and
Tropix (Bedford, MA), respectively. PTX was obtained from BIOMOL

Research Laboratories (Plymouth Meeting, PA). Anti-ERK2 anti-
body and anti-Raf-1 antibody were purchased from Santa Cruz Bio-

chemicals (Santa Cruz, CA), and anti-MEK1&2 antibody was from
Transduction Laboratories (Lexington, KY). Anti-HA antibody
(12CA5) was kindly provided by Qianjin Hu (University of Califor-

nia, San Francisco, CA). Escherichia coli producing GST fused to
MEK (GST-MEK) and GST fused to a kinase negative mutant of
ERK1 (GST-KNERK1) were kindly provided by R. L. Erikson (Has-

yard University, Cambridge, MA). GST-MEK and GST-KNERK

were purified as described previously (23), and GST-MEK was di-
gested by thrombm to remove GST.

Plasmids. The human AT1 receptor eDNA was cloned by poly-

merase chain reaction using human aortic smooth muscle cDNA
(InVitrogen, San Diego, CA) as a template and cloned into expression

vector pBJ-1 using NotI and EcoRV sites. p2FTL, a luciferase re-
porter plasmid that has the serum response element of c-fos, was

kindly provided by G. Rosenfeld (University ofCalifornia, San Diego,

CA). pSV-/3-gal control vector was obtained from Promega. A domi-
nant negative mutant of c-Ras (N’7Ras) was kindly provided by

Akira Kikuchi (University of California, San Francisco). pcDNAI-
ERK2 was provided by Henry Bourne (University of California, San

Francisco).

Cell culture and establishment of stable cell lines. CHO-K1
cells were grown at 37#{176}in 5% CO2 in Ham’s F-12 medium containing
10% FCS (Intergen, Purchase, NY), streptomycin (100 �g/ml), and

penicillin (100 lU/nil). AT1 receptor stable transfectants were ob-

tamed by cotransfection of pBJ-1-AT1 and a vector containing the
neomycin-resistant gene. CHO cells were incubated for 24 hr with 1

pg of pSV-7Dneo plus 5 j.tg of pBJ-1-AT1 in the presence of 30 pJ of
lipofectamine in 5 ml of OPTI-MEM. On the next day, the cells were

switched to full growth medium containing 400 �tg/mi G-418, an
analog to neomycin (GIBCO BRL, Baltimore, MD). The selection of

individual neomycin-resistant cell clones was carried out 1 week
later. Neomycin-resistant clones were tested for expression of the

recombinant form of the AT1 receptor by a binding experiment.

Adenylyl cyclase assays. CHO-AT1 cells were grown until con-

fluent in 12-well dishes and labeled overnight with 2 �tCiJml [3H]ade-
nine (25-30 Ci/mmol) in Ham’s F-12 with 10% FCS in the presence
or absence of 100 ng/znl PTX. On the next day, the cells were washed
with serum-free media supplemented with 1 mg/ml bovine serum

albumin and 10 mrsi HEPES. After removal of the washing media,
the cells were stimulated by the addition of fresh media containing

50 �tM forskolin and 100 n�vi All in the presence of 1 mrt� 3-isobutyl-
1-methylxanthine for 20 mm at room temperature. The incubation

was terminated by replacement ofthe media with 1 ml ofice-cold 5%

trichioroacetic acid containing 1 mr�i cAMP and 1 mr�i ATP. After
incubation at 4#{176}for 30 mm, the labeled [3H]ATP and [3H]cAMP pools

were separated and quantified by chromatography on Dowex 50W
and neutral alumina columns, as described previously (24). The 1-ml

acid supernatant was loaded onto 1-nil Dowex columns, and the ATP

pools eluted with 3 ml of H2O. The Dowex 50W columns were then
placed over 1-ml alumina columns, and 10 ml of H2O was added to

the Dowex columns and the eluent allowed to drip directly onto the

alumina. The cAMP pool was then eluted directly from the alumina
with 5 ml of 0.1 M imidazole and 0.01 m� sodium azide. Adenylyl

cyclase activity was expressed as a ratio by the equation cAMP/(ATP
+ cAMP).

Luciferase and 13-gal assay. CHO cells in each well (12-well

plates; Nunc, Naperville, CT) were transfected for 6-8 hr with a total

of 0.4-0.6 � of plasmid DNA in 0.4 ml of OPTI-MEM I containing

1.2 �tl oflipofectamine. Then, cells were switched to full medium and

incubated 18 hr. After a 24-hr incubation in Ham’s F-12 medium
containing 0.5% FCS, cells were stimulated for indicated times, and

the cell lysate was used for measuring luciferase and 13-gal activity

according to the manufacturer’s instructions. Transfection of pSV-/3-
gal was done to correct the transfection efficiency. Both activities

were measured in the linear range, and endogenous f3-gal activity

was negligible (<1%).

MAP kinase assay. Subconfluent CHO-AT1 cells were serum

starved for 24 hr and stimulated with agonists for 5 mm. After being

washed twice with ice-cold PBS containing 1 mM sodium orthovana-

date, the cells were lysed in 500 �l of ice-cold lysis buffer (20 mM
HEPES, pH 7.4, 50 mM NaCl, 1% Triton X-100, 20 �M leupeptin, 1

mM phenylmethylsulfonyl fluoride, 10 j.tg/ml aprotinin, 1 mM sodium
orthovanadate, 50 mM sodium fluoride). After centrifugation at

13,000 x g for 15 mm, equal amounts of cell lysates were incubated

with anti-ERK2 antibody for 2 hr at 4#{176}and collected with Protein
A-Sepharose beads. Samples were then washed three times with

lysis buffer and twice with washing buffer (25 mM Tris, pH 7.4, 25

mM 13-glycerophosphate, 1 mivi sodium orthovanadate) and then in-

cubated in 50 pi of kinase buffer (25 mM HEPES, pH 7.4, 10 mM
magnesium acetate, 2 mM dithiothreitol, 2 mM EGTA, 200 �.tM sodium

orthovanadate, 50 �tM ATP, 250 �tg/mi MBP, 2 �tM protein kinase A
inhibitor, and 2 �.tCi of [y-32PIATP) for 30 mm at 25#{176}C.MAP kinase

activity was assayed in two ways: autoradiography and 32P-incorpo-
ration into p8l phosphocellulose paper. After incubation, the reac-
tion was stopped by the addition of Laemmli loading buffer (26), the

samples were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and the phosphoproteins were visualized by autora-
diography. Alternately, after incubation, 25-�tl aliquots were spotted
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U

Fig. 1. AT1 receptor mediates inhibition of adenylyl cyclase. CHO-AT1
cells were labeled with rH]adenine in the presence or absence of 100
ng/ml PTX (PTx) and stimulated with 50 �tM forskolin in the presence or
absence of 1 00 nM All. The adenylyl cyclase activity was measured as
described in Materials and methods. Data were expressed as mean ±
standard deviation from two independent experiments with triplicate
determinations. *, p < 0.05 versus forskolin.
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Fig. 2. Dose-dependency of c-fos gene activation induced by All in

CHO-AT1 cells. After CHO-AT1 cells were transiently transfected with
the reporter plasmid p2FTL and pSV-�-gal as an internal control (0.2
.tg/well each) by lipofectamine and were serum starved for 24 hr, they

were stimulated with various concentrations of All for 6 hr. Data are
expressed as mean ± standard deviation of fold increase over basal
from three independent experiments with triplicate determinations.
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Fig. 4. Effect of pretreatment with TPA or PTX (PTx) on MAP kinase
activation in CHO-AT1 cells. Subconfluent CHO-AT1 cells were serum
starved for 24 hr in the presence of vehicle (control), 100 ng/ml TPA, or
100 ng/ml PTX for 24 hr and stimulated with vehicle (basal, C), 100 nM
All (A), or 1 00 ng/ml TPA (7) for 5 mm. Top, Phosphorylated MBP were
visualized by autoradiography. The amount of the immunoprecipitate
was assessed by Western blotting. A representative autoradiogram
from four independent experiments is shown. Bottom, incorporation of
32p into MBP. Data are expressed as fold increase of MBP phosphor-
ylation over basal after stimulation with All and TPA and are mean ±
standard deviation from six independent experiments. *, p < 0.05
versus control.

(Yokohama, Japan) and the calcium-sensitive fluor Fura-2 as de-

scribed previously (25).
Ita.f-1 and MEK activity assay. Equal amounts of cell lysates

were immunoprecipitated with anti-Raf-1 antibody or anti-MEK1&2

antibody, and the immunoprecipitates were used for an in vitro

kinase assay. In vitro kinase activity was measured by incubating

the immunoprecipitates with 100 ng/ml wild-type MEK and 500

ng/ml GST-KNERK1 (Raf-1 assay) or with GST-KNERK1 (MEK

assay) in 30 pJ of kinase buffer (20 mM Tris-Cl, pH 7.5, 10 mM

magnesium chloride, 20 mM �3-glycerophosphate, 200 �M sodium

orthovanadate, 2 mM EGTA, and 10 �Ci of[y-32PIATP) for 20 mm at

300 (23). Then, the samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the phosphoproteins were

visualized by autoradiography.

PKC assay. Serum-starved cells were washed twice with PBS and

stimulated with 100 nM All or 100 ng/ml TPA for 1 mm. Then, the

cells were rinsed with ice-cold PBS and scraped in 1 mlldish of buffer
A (25 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 20

,.tM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 10 �tg/ml aproti-
nm). The cells were homogenized 10 times using a 15-mi Dounce

homogenizer, and the lysates were centrifuged at 100,000 x g for 30

onto p81 phosphocellulose paper and extensively washed with 150

mM phosphoric acid. The paper was dried, and 32P-incorporation into

MBP was measured with a scintillation counter (27)

Ca2� measurement. After collection of the cells by incubation in

2 m�i EDTA-PBS for 10 mm at 37#{176},All-induced increases in cyto-
plasmic Ca2 were measured using an Hitachi F-2000 fluorometer

8

7 #{149}All
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CHO cells Control TPA PTx

cHO-AT1 cells

Fig. 3. Effect of pretreatment with TPA or PTX on c-fos gene activation
by All in CHO-AT, cells. After transient transfection with pF2TL and
pSV-�-gal (0.2 j.tg/well each), CHO-AT1 cells were serum starved in the
presence of vehicle (control), 100 ng/ml TPA, or 100 ng/ml PTX (PTx) for
24 hr and stimulated with vehicle (basal), 1 00 nM All, or 100 ng/ml TPA
for 4 hr. Data are expressed as fold increase over basal luciferase/f3-gal
activity after stimulation with All and MBP and are mean ± standard

deviation of three independent experiments with triplicate determina-
tions. Data for CHO cells are also shown. *, p < 0.05 versus control.
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Fig. 5. All-induced increases in cytoplasmic calcium in CHO-AT1 cells.
After pretreatment with vehicle (control) or 1 00 nglml TPA for 24 hr, the
cells were collected by being incubated in 2 m� EDTA-PBS for 10 mm
at 37#{176}.Then, All-induced cytoplasmic calcium transients were mea-
sured as described in Experimental Procedures.
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mm. The supernatants (cytosolic fractions) were collected, and the

membrane pellets were suspended in 1 ml of buffer A containing 1%

Triton X-100. The suspensions were rocked for 30 mm at 4#{176}and then
centrifuged at 100,000 x g for 30 mm. The supernatants were used
for membrane fractions. Equal amounts of cytosolic and membrane

fractions were used for Western blotting.

Results and Discussion

To determine the mechanism by which the AT1 receptor

transduces its biological signal, we developed stable CHO cell

lines expressing the recombinant human AT1 receptor. These

cells bound ‘25I-[Sar’,Ile8]AII with a high affinity. The cell

line with the highest binding activity, CHO-AT1, was used in

these experiments. The CHO-AT1 cells expressed AT1 recep-

tors with a Kd for All of -�1 nM (data not shown), which is

comparable to the binding affinity that has been reported (7).

Because the AT1 receptor has been reported to couple to

G1/GO (5, 7), we examined the effect ofAll on adenylyl cyclase

activity. Activation of the AT1 receptor inhibited forskolin-

induced adenylyl cyclase activation by 25.6% (Fig. 1), which

is comparable to the result described previously (5). How-

ever, after pretreatment ofthe cells with PTX, All stimulated

adenylyl cyclase activity in CHO-AT1 cells, indicating that

the AT1 receptor couples to PTX-sensitive G proteins, most

likely G1, and PTX-insensitive G proteins, such as G8 or Gq.
All-induced activation of adenylyl cyclase has been shown in

cultured vascular smooth muscle cells (28) and bovine adre-

nal cells (29), and activation of receptors coupled to polyphos-
phoinositide turnover has been shown to enhance agonist-

stimulated cAMP accumulation in bovine adrenal cells (30).

Because G,, activation by All is not known, the All-induced

activation of adenylyl cyclase is presumably mediated

through activation of the Gq family. Thus, the activation of

adenylyl cyclase by All in CHO-AT1 cells seems to be regu-

lated by G1 and the Gq family.

Because the c-los gene activation is closely related to the

mechanism of All-induced cell proliferation (13), we next

examined its regulation in CHO-AT1 cells. To check whether

the c-fos-luciferase reporter system (31) can be used to assess

AT1 receptor signaling in CHO-AT1 cells, we determined the

time course and dose dependency of c-los gene activation by

All. After cotransfection of the reporter plasmid p2FTL and

pSV-f3-gal as an internal control, the cells were serum

starved for 24 hr and stimulated with 100 nr�t All for various

times. After stimulation with All, the c-los-luciferase/�3-gal

ratio reached a peak at 6 hr and then declined (data not

shown). All activated c-los gene expression in a dose-depen-

dent manner with an EC50 of -7 nM (Fig. 2), which is con-

sistent with the Kd value of this receptor for All. All in-

creased the luciferase//3-gal ratio to -�7-fold the base-line

value and reached a plateau at 100 nM.

We next examined which G protein is involved in c-los gene

activation by All. We pretreated CHO-AT1 cells for 24 hr
with TPA to inhibit TPA-sensitive PKC, which is down-

stream of the Gq family, and with PTX to inactivate G�/G0.

We then determined the effect of TPA and PTX on c-los gene

activation induced by All. Pretreatment with TPA abolished

All- and TPA-induced c-los gene activation (Fig. 3). In con-

trast, PTX did not significantly affect All-induced c-los acti-

vation in CHO-AT1 cells. In control nontransfected CHO

cells, All did not stimulate the c-los gene induction. These

results indicate that c-los gene activation by All occurs pref-

erentially through a Gq family activation pathway and is

probably mediated by PKC activation.

To confirm that PKC mediates All activation of the c-los

gene in CHO-AT1 cells, we assessed whether All-induced

activation of MAP kinases, which are upstream of c-los, is

PKC dependent. For this experiment, we determined the

level of phosphorylation of MBP in lysates of cells expressing

the AT1 receptor after treatment with All. All and TPA

stimulated MAP kinases in CHO-AT1 cells by -�-2.5- and

-5-fold, respectively (Fig. 4). Pretreatment with TPA abol-

ished All- and TPA-mediated MAP kinase activation. How-

ever, pretreatment with PTX had no effect. All did not stim-

ulate MAP kinases in control CHO cells. These results

indicate that MAP kinase activation and c-los activation by

All are PKC dependent.
To show that pretreatment with TPA does not affect up-

stream signaling, we assessed PLC activity by measuring

changes in the intracellular Ca2 � increase after All stimu-

lation in CHO-AT1 cells. We observed that the intracellular

Ca2� response to All was not affected by pretreatment with

TPA (Fig. 5). In addition, PTX pretreatment had no effect on
All-induced intracellular Ca2� response (data not shown),

indicating that this Ca2 � response is mediated by the Gq

family. Thus, PLC activity is not affected by TPA pretreat-

ment. We also found that binding of ‘251-[Sar’,Ile8lAII was

not affected in this cell line by pretreatment with TPA (data

not shown). Thus, pretreatment with TPA does not seem to

affect upstream signaling.

Sequential activation of Raf and MEK has been proposed
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as the major pathway for MAP kinase activation (28-30).

Therefore, we tried to determine whether in AT1 receptor

signal transduction in CHO-AT1 cells, Raf-1 and MEK are

signaling intermediates between PKC and MAP kinases. Raf,

a serine/threonine kinase, is thought to play a central role in
the transduction ofgrowth signals and is activated by growth

factors such as PDGF (35) and epidermal growth factor (10).

PKC is known to activate Raf by direct phosphorylation (14,

15). Therefore, we investigated whether All can activate

Raf-1 and MEK by a PKC-dependent mechanism in CHO-

AT1 cells. Raf-1 activity was assayed by incubation of Raf-1
immunoprecipitates with MEK and a kinase negative mu-

tant of ERK1 (KNERK1). Phosphorylation of the KNERK1

was then determined. As shown in Fig. 6A, All and TPA

activated Raf-1. This activation of Raf-1 by All and TPA was

blocked by inhibition of PKC. These results are direct evi-

dence that All can activate Raf-1 via a PKC-dependent mech-

anism. A recent study showed that B-Raf may play an im-

portant role in MEK activation (36). However, we could not

A Rat-i Assay

l� � .-MEK

Fig. 6. Activation of Raf-1 (A) and MEK (B) by All in CHO-AT1 cells.
CHO-AT1 cells were serum starved in the presence of vehicle (control)

or 100 ng/ml TPA for 24 hr and then stimulated with vehicle (C), 1 00 nM
All (A), or 100 ng/ml TPA (1) for 5 mm. Equal amounts of cell lysates
were immunoprecipitated with anti-Raf-1 or anti-MEK1&2 antibody,
and the immunoprecipitates were used for an in vitro kinase assay. The
phosphoproteins were visualized by autoradiography. Arrow, position
of phosphorylated KNERK1 . A, Autophosphorylated Raf-1 (arrow). The
amounts of the immunoprecipitate were assessed by Western blotting.
A representative autoradiogram from four independent experiments is
shown. Left, molecular mass standards (70 and 43 kDa).

show B-Raf activation by All in CHO-AT1 cells (data not

shown).

To determine whether All can also activate MEK by a

PKC-dependent mechanism in CHO-AT1 cells, MEK activity

was assayed by incubating MEK immunoprecipitates with

KNERK1. Phosphorylation of the KNERK1 was then deter-

mined. We found that All and TPA activated MEK and that

this activation of MEK by All and TPA was blocked by

inhibition of PKC (Fig. 6B), indicating that All can also

activate MEK by a PKC-dependent mechanism. These re-

sults show that Raf-1 and MEK are signaling intermediates

between PKC and MAP kinases.

It has been demonstrated that Raf-1 is a substrate for a

variety of PKC isozymes, in particular, a, /3, and y (14, 15).

Because we have shown that TPA-sensitive PKC is respon-

sible for Raf-1 activation, we tried to determine which iso-

form of PKC is activated by All among the TPA-sensitive

PKC isoforms (a, j3, ‘y, 6, #{128}).When PKC is activated, it is

translocated from the cytosol to the membrane (37). There-

fore, after stimulating the cells, we fractionated the cell ly-

sates into cytosolic and membrane fractions. Each PKC iso-

form was then identified by Western blotting. Among TPA-

sensitive PKC isoforms tested, we found that only PKCa and

PKC#{128}were detected by Western blotting in CHO-AT1 cells
and that All and TPA induced translocation of PKCa and

PKC#{128}from the cytosol to the membrane, although stimula-

tion of PKC by All is weaker than that by TPA (Fig. 7). Both

PKC isoforms almost disappeared from the cells after pre-
treatment with TPA. Based on the report of Raf-1 activation

by PKCa (14, 15), these results suggest that PKCa is respon-

sible for All-induced Raf-1 activation.

Because Hirai et al. (38) reported that PKC� and PKC#{128}

activate Ras, we explored the possibility that PKC#{128}-mediated

Ras activation is involved in MAP kinase and c-los gene

activation in CHO-AT1 cells. To test whether Ras is involved

in AT1 receptor signaling in CHO-AT1 cells, we inhibited the

function of Ras using a dominant negative mutant of Ras

(N’7Ras). First, we examined whether N’TRas can affect

MAP kinase activation by All in CHO-AT1 cells. After trans-

fecting pcDNAI-HA-tagged ERK2 in the presence of an

N’7Ras construct (pcDNA3-N’7Ras) or a control vector

(pcDNA3) in CHO-AT1 cells and CHO cells that express
PDGF� receptors (CHO-PDGFf3R) (39), we stimulated the

cells with appropriate agonists and then measured MAP

Membrane Cytosol

I ii 1
- - + - - - + -

CAA T CAA T

Fig. 7. Translocation of PKC induced by All. CHO-AT1 cells were
serum starved in the presence of vehicle or 100 ng/ml TPAfor 24 hr and
stimulated with vehicle (cDNA, C), 100 nM All (A), or 100 ng/ml TPA (7)
for 1 mm. Equal amounts of cytosolic and membrane proteins were
immunoprecipitated with anti-PKCt or PKC#{128}antibody and analyzed by
Western blotting. A representative data from three independent exper-
iments is shown. Left, molecular mass standards (1 05 and 70 kDa).
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B

Control N17 Ras
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-�. � � �4-MBP

� � ��4-ERK2

CHO-PDGF�R

Control N17 Ras

8

0I 0

CHO-AT1 cells

. All
m TPA

Fig. 8. Effect of N17Ras on MAP kinase and c-fos gene activation by
All in CHO-AT1 cells and by PDGF-BB in CHO-PDGFpR cells. Top,
After CHO-AT1 and CHO-PDGF(3R cells were transiently transfected
with 1 �tg/ml pcDNAI-HA tagged ERK2 in the presence of 1 j.tg/ml
pcDNA3 (control) or pcDNA3-N17Ras (N17Ras), they were serum
starved for 24 hr and stimulated with vehicle (C), 100 nM All (A), 1 n�i
PDGF-BB (P), or 100 ng/ml TPA (7) for 5 mm. Phosphorylated MBP
were visualized by autoradiography. The amount of the immunoprecipi-
tate was assessed by Western blotting. A representative autoradiogram
and Western blot from three independent experiments are shown.
Bottom, After CHO-AT1 and CHO-PDGF(3R cells were transiently trans-
fected with p2FTL and pSV-f3-gal (0.2 .tg/well each) in the presence of
0.2 �g of pcDNA3 (control) or pcDNA3-N17Ras (N17Ras), they were
serum starved for 24 hr and stimulated with 100 nr�i All, 1 nM PDGF-BB,
or 1 00 ng/ml TPA for 6 hr. Data are expressed as fold increase over
basal of luciferase/�3-gal ratio after stimulation with All, PDGF-BB, and
TPA and mean ± standard deviation of three independent experiments
with triplicate determinations. *, p < 0.05 versus control.

kinase activity. N’7Ras inhibited PDGF-induced MAP kinase

activation but did not inhibit All-induced MAP kinase acti-

vation (Fig. 8, top). Nt7Ras did not affect TPA-induced MAP

kinase activation in both cell lines. Next, we examined the

effect of Nt7Ras on c-los gene activation. p2FTL and pSV-j3-

gal were cotransfected in the presence of pcDNA3-N’7Ras or

pcDNA3 in CHO-AT1 cells and CHO-PDGFf3R cells. The

effect of Nt7Ras on All- and PDGF-induced c-los activation

was then determined. N’7Ras inhibited PDGF-BB-induced

c-los activation by 70% in CHO-PDGFj3R cells but did not

inhibit All-induced c-los gene activation in CHO-AT1 cells

(Fig. 8, bottom). This result is consistent with the result of

MAP kinase activation by All and PDGF. These results sug-

gest that Ras is not involved in the AT1 receptor signaling

cascades that lead to activation of MAP kinase and the c-los

gene. In addition, we found that N17Ras did not affect MAP

kinase and c-los gene activation by TPA in either cell type.

Furthermore, c-los activation by a constitutively active mu-

tant of Ras was not blocked by inhibition of PKC (data not

shown). Thus, Ras and PKC seem to activate the c-los gene

through independent pathways in CHO cells. However, in

other cell lines, the relationship of Ras and PKC in signal

transduction may be different (40-42). Although we have

shown that Ras is not involved in the signaling pathway

leading to the activation of MAP kinases and the c-los gene,

Ras might be involved in the activation of c-jun through

MEKK and c-jun amino-terminal kinase in AT1 receptor

signaling (21).

In contrast to our finding, Sadoshima et al. (43) showed

that MAR kinase activation by All was not blocked by TPA

pretreatment in cardiac myocytes. We also found MAP ki-

nase activation by All was not inhibited by TPA or PTX

pretreatment in rat aortic smooth muscle cells in culture.

Considering the fact that cAMP stimulates mitogenesis in

Swiss 3T3 fibroblasts (44), whereas this nucleotide inhibits

the proliferation ofsmooth muscle cells (45), signaling events

in fibroblastic cell lines might not always be applicable to

smooth muscle cells. Because most of the signal transduction

pathways have been elucidated in fibroblastic cell lines, we

should be aware of the cell specificity of signaling pathways.

However, it is possible the signaling pathway in CHO cells

can be applied to other cell types that express the AT1 recep-

tor.

In conclusion, we found that All activated Raf-1, MEK,

MAP kinase, and the c-los gene in a PKC-dependent manner

in CHO-AT1 cells. Ras does not seem to be involved in the

activation ofMAP kinase and the c-los gene by All in this cell

line, although we could not rule out the possibility that Ras

might be involved in the activation of c-jun through MEKK

and c-jun amino-terminal kinase. In that process, PTX-sen-

sitive GIG0 might be involved. Recently, Giasson and Me-

loche (46) demonstrated that the p’7O 56 protein kinase is

involved in All-induced hypertrophy in vascular smooth

muscle cells. The relative contribution of the p’ZO 56 kinase

and proto-oncogenes such as c-los to smooth muscle prolifer-

ation remains to be clarified.
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