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Mechanical Stress Activates Protein Kinase Cascade of Phosphorylation
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Yukio Hiroi, Kohjiro Ueki, Kazuyuki Tobe, Takashi Kadowaki, Ryozo Nagai, and Yoshio Yazaki
Third Department of Medicine, University of Tokyo School of Medicine, Tokyo 113, Japan

Abstract

Wehave previously shown that stretching cardiac myocytes
evokes activation of protein kinase C (PKC), mitogen-acti-
vated protein kinases (MAPKs), and 90-kD ribosomal S6
kinase (p9OI"k). To clarify the signal transduction pathways
from external mechanical stress to nuclear gene expression
in stretch-induced cardiac hypertrophy, we have elucidated
protein kinase cascade of phosphorylation by examining the
time course of activation of MAPkinase kinase kinases
(MAPKKKs), MAPkinase kinase (MAPKK), MAPKs, and
p99OTk in neonatal rat cardiac myocytes. Mechanical stretch
transiently increased the activity of MAPKKKs.An increase
in MAPKKKsactivity was first detected at 1 min and maxi-
mal activation was observed at 2 min after stretch. The
activity of MAPKKwas increased by stretch from 1-2 min,
with a peak at 5 min after stretch. In addition, MAPKsand
p9Orsk were maximally activated at 8 min and at 10 - 30
min after stretch, respectively. Raf-1 kinase (Raf-1) and
(MAPK/extracellular signal-regulated kinase) kinase ki-
nase (MEKK), both of which have MAPKKKactivity, were
also activated by stretching cardiac myocytes for 2 min.
The angiotensin II receptor antagonist partially suppressed
activation of Raf-1 and MAPKsby stretch. The stretch-
induced hypertrophic responses such as activation of Raf-1
and MAPKs and an increase in amino acid uptake was
partially dependent on PKC, while a PKC inhibitor com-
pletely abolished MAPKactivation by angiotensin II. These
results suggest that mechanical stress activates the protein
kinase cascade of phosphorylation in cardiac myocytes in
the order of Raf-1 and MEKK, MAPKK, MAPKs and
p9oI~k, and that angiotensin II, which may be secreted from
stretched myocytes, may be partly involved in stretch-in-
duced hypertrophic responses by activating PKC. (J. Clin.
Invest. 1995. 96:438-446.) Key words: cardiac hypertrophy
* signal transduction * Raf-1 kinase * mitogen-activated pro-
tein kinase kinase ! mitogen-activated protein kinase

Introduction

Cardiac hypertrophy is an important cause of increased morbid-
ity and mortality ( 1). The hypertrophied heart exhibits impaired
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contraction and relaxation, and reduced coronary reserve after
transient ischemia, both of which lead to higher mortality in
heart failure and ischemic heart disease. Many lines of evidence
have suggested that mechanical stress plays a key role in pro-
ducing cardiac hypertrophy during hemodynamic overload (for
a review, see reference 2). Both in vivo and in vitro studies have
demonstrated that myocyte hypertrophy induced by pressure
overload is characterized by the expression of some immediate
early genes as an early event and of fetal type genes as a late
event, as well as by an increase in protein synthesis (2-6).
While the outcome of hypertrophy has been extensively charac-
terized, little is known concerning the signaling pathways that
link the external mechanical stress and the cellular and nuclear
events during hypertrophy. Effective prevention and regression
of cardiac hypertrophy require a better understanding of the
molecular mechanisms of cardiac hypertrophy.

External stimuli are generally transduced into the nucleus
through the protein kinase cascade of phosphorylation. It has
been reported that protein kinase C (PKC)' is activated by
stretching cardiac myocytes (5). Our recent studies have dem-
onstrated that mitogen-activated protein kinases (MAPKs) are
activated by mechanical stress during cardiac myocyte hypertro-
phy through both PKC-dependent and independent pathways
(7). The upstream activator of MAPKsis reported to be MAP
kinase kinase (MAPKK) (8-10), which is a dual-specificity
protein kinase that phosphorylates MAPKson both threonine
and tyrosine residues within a conserved threonine-glutamic
acid-tyrosine motif (11). MAPKKis also activated by phos-
phorylation of two serine residues (12). Current candidates for
this role in mammalian cells are the protooncogene protein
kinase Raf-I kinase (Raf-I) (13) and (MAPK/extracellular
signal-regulated kinase) kinase kinase (MEKK) (14). Raf-I
has been reported in many cell types to be activated through
PKC-dependent and independent pathways (15), and MEKK
has been suggested to mediate primary signals originating from
receptors that activate G proteins and PKC (14). Activated
MAPKstranslocate into the nucleus and activate nuclear tran-
scription factors such as c-myc, NF-IL6, and Elk-I (for a review,
see reference 16). Moreover, 90-kD ribosomal S6 kinase
(p90rsk) is reported to be a downstream enzyme of MAPKs( 17)
and to phosphorylate nuclear lamins (18). These observations

1. Abbreviations used in this paper: Ang II, angiotensin II; MAPK,
mitogen-activated protein kinase; MAPKK, MAP kinase kinase;
MAPKKK, MAPkinase kinase kinase; MBP, myelin basic protein;
MEKK, (MAPK/extracellular signal-regulated kinase) kinase kinase;
p90,k, 90-kD ribosomal S6 kinase; PKC, protein kinase C; Raf-1, Raf-
1 kinase; a-raf, anti-Raf-l kinase antibodies; rMAPK, recombinant
MAPK fused to maltose binding protein; rMAPKK, recombinant
MAPKKfused to glutathione S transferase; TPA, 12-0-tetradeca-
noylphorbol- 1 3-acetate.
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suggest that MAPKsand p9o0Tk play vital roles in transducing
signals into the nucleus.

The aim of this study is to elucidate the signal transduction
pathways in cardiac hypertrophy evoked by mechanical stress.
For this purpose, we examined the activation of protein kinases
such as Raf-1, MEKK, MAPKK, MAPKs, and p9o0k after
stretching myocytes. Mechanical stress induces sequential phos-
phorylation and activation of these protein kinases in the order
of Raf-1, MEKK, MAPKK, MAPKs, and p9O'". A growing
body of data suggests that all components of renin-angiotensin
system exist in the heart and that angiotensin H (Ang H) can
induce cardiac hypertrophy (19). Moreover, recent reports sug-
gest that Ang His involved in mechanical stress-induced cardiac
hypertrophy (20-22). In the present study, we then present the
data suggesting that activation of the protein kinases by stretch-
ing myocytes is induced both through Ang H-dependent and
independent pathways. While the activation of protein kinases
by mechanical stress is partially dependent on PKC, Ang H,
which may be secreted by stretched myocytes into the culture
media, induces activation of protein kinases in a mostly PKC-
dependent manner.

Methods

[ y 32p] ATPand [3H] phenylalanine were purchased from Du Pont-New
England Nuclear Co. (Boston, MA); DMEMand fetal bovine serum
(FBS) from GIBCOBRLCo. (Gaithersburg, MD); polyclonal antibody
against MEKKfrom Santa Cruz Biotechnology, Inc., (Santa Cruz, CA);
okadic acid from Wako Pure Chemical Industries, Ltd., Osaka, Japan;
and ProtoBlot immunoblotting system from Promega Biotec (Madison,
WI). Other reagents were purchased from Sigma Chemical Co. (St.
Louis, MO).

Cell culture and stretching of cardiac myocytes. Primary cultures
of cardiac myocytes were prepared from ventricles of l-d-old Wistar
rats as described previously (5), basically according to the method of
Simpson et al. (23). Stretching of myocytes was conducted as described
previously (5, 6). In brief, cardiac myocytes were plated at a field
density of 1 x 105 cells/cm2 on silicone rubber culture dishes. The
culture medium was changed 24 h after seeding to a solution consisting
of DMEcontaining 0.1% FBS. Cardiac myocytes were stretched by
20%, and lysed on ice with buffer A containing 25 mMTris-HCl, 25
mMNaCl, 1 mMsodium orthovanadate, 10 mMNaF, 10 mMsodium
pyrophosphate, 10 mMokadic acid, 0.5 mMethylene glycol-bis (b-
aminoethyl ether) N,N,N',N'tetraacetic acid (EGTA), and 1 mMphe-
nyl-methyl sulfonyl fluoride. Stretch and control experiments were car-
ried out simultaneously with the same pool of cells in each experiment
to match for temperature, CO2 content, or pH of the medium between
stretched and control cells.

Assay of MAPKKKactivity of Raf-J or MEKK. Both Raf-l and
MEKK have been reported to have MAP kinase kinase kinase
(MAPKKK) activity (13, 14). MAPKKKactivity was assayed by mea-
suring the phosphorylation of recombinant MAPKKfused to glutathione
S transferase (rMAPKK) (24). The rMAPKKfusion protein was made
by inserting mouse MAPKK1cDNA into pGEX-2T vector. Total cell
lysates or the immunoprecipitates with 20 jig/ml of anti-Raf-l antibody
(a-raf) or 10 Ag/ml of anti-MEKK antibody were incubated with the
substrate (100 ,g rMAPKK) and 2 ILCi [-y-32P]ATP in buffer B con-
taining 25 mMTris-HCl (pH 7.4), 10 mMMgCl2, 1 mMDTT, 40 ,M
ATP, 2 lM protein kinase inhibitor peptide, and 0.5 mMEGTAfor 30
min at 25°C. After incubation, rMAPKKwas collected using glutathione
beads and electrophoresed on a 7% polyacrylamide gel. The gel was
dried and subjected to autoradiography. a-raf is an affinity-purified rab-
bit polyclonal antibody raised against the COOH-terminal 12 amino
acid peptide (CTLTTSPRLPVF) of rat Raf-l, which recognizes c-raf,
but not B-raf and A-raf (25). Anti-MEKK antibody is also an affinity-

purified rabbit polyclonal antibody against the carboxy-terminal 22
amino acids of mouse MEKKand reacts with rat MEKKby immu-
noblotting and immunoprecipitation (data not shown).

Assay of MAPKKactivity. MAPKKactivity was assayed using re-
combinant MAPKfused to maltose binding protein (rMAPK) as de-
scribed previously (26). In brief, to separate MAPKKfrom endogenous
MAPKs, cell lysates were applied to Q-sepharose column and flow-
through fractions were immunoprecipitated with 25 j.g/ml of MAPKK
antibody which is an affinity-purified polyclonal antibody raised against
the NH2-terminal 16 amino acid peptide (PKKKPTPIQLNPNPEG) of
Xenopus MAPKKand termed anMAPKK(26,27). The immunoprecip-
itates were incubated with the substrate (100 jsg rMAPK) in buffer B
for 30 min at 25TC. rMAPKwas collected using amylose resin and was
electrophoresed on a 7% polyacrylamide gel. The gel was dried and
subjected to autoradiography.

Phosphorylation of MAPKs. The extracts of cardiac myocytes were
separated by SDS-PAGE. After electrophoresis, the proteins were elec-
trotransferred onto Immobilon-P membrane using a Milli Blot-SDS sys-
tem (Nihon Millpore Ltd., Tokyo, Japan). The unoccupied protein bind-
ing sites on the membrane were blocked by 3%BSAin buffer containing
10 mMTris-HCl, pH 7.5, 150 mMNaCl, and 0.1% Triton X-100 for
1 h at room temperature. The membrane was incubated with 10 jig/ml
of anti-MAPK antibody, aY91 (28), for 10 h at 4°C. aY91 is also an
affinity-purified rabbit polyclonal antibody raised against the 21 amino
acid sequence deduced from the rat MAPKcDNA (28). After washing,
the membrane was incubated for 1 h with alkaline phosphatase-coupled
second antibody, and developed using the ProtoBlot immunoblotting
system according to the manufacturer's instructions.

Assays of p9Orsk activity. The activity of p9Onk was measured as
previously described (7, 29). The immunoprecipitates from the lysates
of cardiac myocytes with 10 jig/ml of anti-p90'k antibody (arsk(m)c)
(29) or with control preimmune rabbit serum were incubated with 50
jsg of S6 peptide (RRLSSLRA) in 25 mMTris-HCl, pH 7.4, 10 mM
MgCl2, 1 mMDTT, 40 jiM ATP, 2 /Ci [y-32P]ATP, 2 jiM protein
kinase inhibitor peptide, and 0.5 mMEGTA. After incubation for 10
min at 25°C, 10 1.l of stopping solution containing 0.6% HCl, 1 mM
ATP, and 1% BSA was added. After centrifugation, aliquots of the
supernatants (15 tl) were spotted on 1.5 x 1.5 cm squares of P81
paper. The papers were washed five times for at least 10 min each in
0.5% phosphoric acid, then in acetone, and dried. The 32p uptake was
measured by Cerenkov counting method. arsk(m)c is also an affinity-
purified rabbit polyclonal antibody against the amino acid sequence
deduced from the cDNA of mouse S6 kinase II (29).

Phosphorylation of Raf-1. Phosphorylation of Raf-1 protein was
examined by Western blot analysis. Myocyte lysates were electropho-
resed on a 7% polyacrylamide gel, blotted onto a nitrocellulose sheet,
and incubated with a-raf. The immune complexes were detected by the
alkaline phosphatase method as described before (7).

Assay of Raf-J autokinase activity. Cardiac myocytes were lysed in
buffer A, and Raf-l was immunoprecipitated with a-raf. The autophos-
phorylation activity of Raf-1 was assayed by incubating the immunopre-
cipitates with 10 ACi [y-32P]ATP in 25 mMTris-HCl, pH 7.4, 140
mMNaCl, 5 mMMnCl2, 10% glycerol, and 20 jM ATP for 20 min.
Samples were separated by SDS-PAGE, and activity was detected by
autoradiography.

Kinase assays of aY91-immunoprecipitates in myelin basic protein
(MBP)-containing gels after SDS-PAGE. MAPKactivity was measured
using MBP-containing gels as described previously (7). In brief,
MAPKswere immunoprecipitated with aY91 in the presence of 0.15%
of SDS, and was electrophoresed on an SDS-polyacrylamide gel con-
taining 0.5 mg/ml MBP. MAPKswere denatured by 6 Mguanidine/
HCl and renatured in 50 mMTris-HCl (pH 8.0) containing 0.04%
Tween 40 and 5 mM2-mercaptoethanol. Phosphorylation of MBPwas
assayed by incubating the gel with [y-32P] ATP. After incubation, the
gel was washed extensively, dried, and then subjected to autoradiog-
raphy.

Amino acid incorporation into myocytes. After cultured in the se-
rum-free medium for 2 d, cardiac myocytes were stretched for 24 h in
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Figure 1. MAPKKKactivation by stretch in cardiac myocytes. Cardiac
myocytes were stretched by 20% for the indicated periods of time, and
the total cell lysates were subjected to the MAPKKKassay as described
in Methods. (A) A representative autoradiogram showing MAPKKK
activation by stretch in cardiac myocytes; (B) the time course of
MAPKKKactivation. Relative kinase activity was determined by scan-
ning each band with a densitometer. The results were indicated as
mean±SE for five independent experiments. The activity was expressed
relative to that obtained in nonstretched myocytes.

the absence or presence of 2 nM staurosporine. The relative amount of
protein synthesis was determined by assessing the incorporation of the
radioactivity into a trichloroacetic acid-insoluble fraction. 1 ,uCi/ml
[3H ] phenylalanine was added to the culture medium 2 h before harvest-
ing. The cells were rapidly rinsed four times with ice-cold PBS (10
mMsodium phosphate and 0.85% NaCl, pH 7.4) and incubated for 20
min on ice with 1 ml of 20% trichloroacetic acid. The total radioactivity
in each dish was determined by liquid scintillation counting. We re-
peated the experiment four times in duplicate.

Results

Mechanical stress up-regulates MAPKKKactivities. Wehave
previously shown that mechanical stress increases the activity
of MAPKs(7). MAPKsare reported to be activated by another
protein kinase MAPKK(8-10), the activity of which is regu-
lated by MAPKKKs(14). Both Raf-I and MEKKhave been
reported to have MAPKKKactivity (13, 14). To examine the
upstream enzyme of MAPKs, the activity of MAPKKKsin total
cell lysates was first analyzed by examining the phosphorylation
of rMAPKK (Fig. 1, A and B). We observed a significant
increase in the activity of MAPKKKsfrom as early as 1 min
after stretch compared with the nonstretch control (control, Fig.
1 A, lane a), and maximal induction of activity was observed
at 2 min after stretch, with a progressive decline in activity
thereafter. The slight increase in activity continued until 12 min,
and the levels returned to near control levels by 30 min (data
not shown).

Mechanical stress activates MAPKK. In many cell types,
MAPKKKs are reported to phosphorylate and activate
MAPKK. In cultured cardiac myocytes of neonatal rats, we
examined whether stretching of myocytes also activates
MAPKK. Without stretch, MAPKKactivity was barely detect-
able in the cardiocyte lysate (Fig. 2 A, lane a). Stretching by
20% for 1-10 min, however, significantly increased MAPKK
activity as shown in lane b-e. The activity of MAPKKwas
quantitated by densitometric scanning and the time course of
activation of MAPKKby stretch was shown in Fig. 2 B.
MAPKKactivity was increased as early as 1 min after stretch,
maximally activated 5 min after stretch, and gradually decreased

8 D C a e
Control 1 2 5 10 (min)

Stretch
io II J

T-n)

Figure 2. MAPKKactivation by stretch. MAPKKactivity was assayed
using rMAPKas a specific substrate. To separate MAPKKfrom endoge-
nous MAPKs, cell lysates were applied to Q-sepharose column and
flow-through fractions were immunoprecipitated with anMAPKKanti-
body (26). The immunoprecipitates were incubated with 100 ,.g
rMAPK in buffer B for 30 min at 25TC. rMAPK was collected using
amylose resin and was electrophoresed on a 7%polyacrylamide gel.
(A) A representative autoradiogram of stretch-induced MAPKKactiva-
tion in cardiac myocytes; (B) the time course of MAPKKactivation.
Each band of the autoradiogram was quantified by a densitometer and
the activity relative to that in nonstretched myocytes was indicated. The
average of two independent experiments was shown.

thereafter. The kinase activity returned to basal levels at 30 min
after stretch (Fig. 2 B).

Mechanical stress phosphorylates and activates MAPKs.
aY91 which recognizes both 42-kD and 44-kD MAPKsin the
presence of 0. 15%-SDS (28) was used to detect MAPKsin cell
lysates from cultured cardiac myocytes. It has been known that
MAPKsare activated by phosphorylation and that phosphory-
lated MAPKs are decreased in the electrophoretic mobility
(30). When cardiac myocytes were stretched by 20% for 1
min, an apparent decrease in electrophoretic mobility of 42-kD
MAPKwas not observed (Fig. 3, lane b). The shift of the 42-
kD band was first observed at 2 min after stretch (lane c).
The band was maximally shifted at 10 min (lane e). The shift
gradually decreased thereafter, and returned to control levels at
60 min after stretch (data not shown). Wealso measured the
MAPKactivity using MBP-containing gels. MAPKactivity was
also maximally increased 8 min after stretch and returned to
control levels at 60 min after stretch (reference 7, data not
shown). This observation is consistent with the notion that
phosphorylation of MAPKsreflects their activation (11).

44 kD
42 kD

a b

Control 1
c d e f
2 5 10 30 (min)

I
Stretch

Figure 3. Phosphorylation of MAPKsby stretch. Phosphorylation of
MAPKswas demonstrated by a shift in the electrophoretic mobility.
Cells were stretched by 20% for the indicated periods of time, and the
cell lysates were subjected to Western blot analysis with an anti-MAPKs
antibody, aY91 as described in Methods. Similar results were obtained
in three independent experiments.
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Figure 5. Stretch-induced Raf-l phosphorylation. Cardiac myocytes
were stretched by 20% for the indicated periods of time. Total cell
lysates were electrophoresed on a 7%polyacrylamide gel and transferred
to nitrocellulose filters. Protein blots were probed with a-raf. Essentially,
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similar results were obtained in three independent experiments.

Figure 4. Stretch-induced p9Or"k activation in cardiac myocytes. Cardiac
myocytes were stretched by 20% for the indicated periods of time and
cell lysates were subjected to immunoprecipitation with arsk(m)C
(closed circles) or control serum (open circles), followed by kinase
assay using S6 synthetic peptide as a substrate. The results were shown
as mean±SE for four independent experiments. Asterisks mean signifi-
cant (P < 0.05) increase in p9O'r activity compared with 0 time control.

Mechanical stress activates p90sok. MAPKsphosphorylate
and activate p9o0k , a cytosolic kinase that can phosphorylate
the nuclear lamins (18). Our preliminary data showed that
stretching of myocytes for 10 min increases p90ok activity (7).
In the present study, we extensively examined the time course
of stretch-induced p9orhk activation (Fig. 4). The activation was
not observed at 2 min after stretch. The increase in activity was
first detectable at 5 min, peaked at 10 min, and sustained higher
levels for at least 30 min after stimulation. At the 60-min time
point, the activity returned to the basal level.

Taken together, both initial and maximal activation of
MAPKKKs, MAPKK, MAPKs, and p9O'k was observed in
this order after stretch stimulation, suggesting that like growth
factor-induced signaling cascade in noncardiac cells, the
stretch-induced protein kinase cascade spreads in cardiac myo-
cytes in the order of MAPKKKs, MAPKK,MAPKs, and p90ok.

Mechanical stress phosphorylates and activates Raf-J.
Since activation of MAPKKKstriggers the protein kinase cas-
cade of phosphorylation of MAPKs and p90ok through
MAPKK,we further characterized MAPKKKactivation by me-
chanical stress. Raf-1 has been reported to have a MAPKKK
activity and to be activated by phosphorylation, which can be
detected by its shift of electrophoretic mobility (13, 15). We
therefore examined hyperphosphorylation of Raf-1 by Western
blotting using a-raf. Although there was no significant change
in the mobility of Raf-1 in cardiac myocytes stretched for 0.5
or 1 min (Fig. 5, lane b and c), Raf-1 molecules in stretched
cells for 2-10 min (lane d - f ) migrated more slowly than the
Raf-I molecules in the unstimulated cells (lane a), suggesting
that mechanical stretch hyperphosphorylated Raf-l. The mobil-
ity of Raf-1 returned to the control level at 30 min after stretch
(lane g).

Since the hyperphosphorylation of Raf-1 could have two
meanings, activation and feedback inhibition of Raf-1 (26), we
examined whether mechanical stress activates Raf-1. First, we
examined Raf-1 autokinase activity. Raf-1 was immunoprecipi-
tated with a-raf from the lysates of stretched myocytes and
incubated with [y-32P] ATP in vitro. Stretching for 1 to 2 min

increased Raf-1 autokinase activity as shown in Fig. 6 A. Autok-
inase activity of Raf-1 peaked at 1 min and returned to the
control level 12 min after stretch (Fig. 6, A and B). Secondly,
we examined Raf-1 activity using rMAPKKas a substrate. The
immunoprecipitates with a-raf were incubated with rMAPKK
and [y-32P] ATP, and the incorporation of 32p into rMAPKK
was examined. A rapid increase in MAPKKKactivity was ob-
served in the a-raf immunoprecipitates from stretched cells for
2 min (Fig. 7, lane b), indicating that mechanical stretch in-
creased the MAPKKKactivity of Raf-l.

Stretch-induced activation of Raf-J occurs via PKC-depen-
dent and independent pathways. Wehave previously reported
that mechanical stress induces MAPKactivation via both PKC-
dependent and independent pathways (7). It has been reported
in other cells that there are also two pathways for Raf-1 activa-
tion, PKC-dependent and independent pathways (15). We
therefore examined whether Raf-1 activation by stretching of
cardiac myocytes is associated with the activation of PKC.
When myocytes were pretreated with 10-7 M 12-O-tetradeca-
noylphorbol-13-acetate (TPA) for 24 h, TPA itself failed to
activate Raf-1 activity, suggesting that phorbol ester-sensitive
PKCwas completely depleted (data not shown). In these pre-
treated cardiocytes, activation of Raf- 1 by stretch was decreased
by - 50% as compared with the kinase activity in stretched
myocytes without pretreatment (Fig. 7, lane b and c). Since
the stretch-induced MAPKactivation was also partially sup-

a ,.

G.

4~

2

a b C
Control 1 2 (min)

lI
Stretch

O i is is
1_" ""

Figure 6. Raf-1 autokinase activation by stretch. (A) Cardiac myocytes
were stretched by 20% for the indicated periods of time. The immuno-
precipitates with a-raf were incubated with 10 ICi [y-32P]ATP for 20
min at 250C, electrophoresed on a 7% polyacrylamide gel, and the gel
was subjected to autoradiography. B, the intensity of 76-kD band corre-
sponding to Raf- 1 was measured by densitometric scanning of the auto-
radiogram. Values represent the mean values from three independent
experiments. The intensity of 76-kD Raf-l band of nonstretched myo-
cytes was designated as 1.0.
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pressed by the down-regulation of PKC (7), there may be two
pathways, PKC-dependent and independent pathways, in
stretch-induced signaling cascade of protein kinases and the two
pathways may converge at the level of Raf-1.

Stretch-induced activation of Raf-1 and MAPKsis partially
dependent on external Ang II. Recently, it has been reported
that Ang II is secreted from cardiac myocytes by stretch (31),
and our preliminary data suggest that the increase in MAPK
activity and c-fos gene expression by stretch are dependent on

Ang 11 (32). We therefore examined the role of Ang II in
the mechanical stress-induced signaling cascade. Whencardiac
myocytes were incubated with IO-7 MAng II for 2 min, sig-
nificant activation of Raf-I was observed (Fig. 8, Ang II). This
activation was completely suppressed by pretreatment with 1o-6
M Ang II type 1 receptor-specific antagonist, CV-11974
(CV-11974 + Ang II), suggesting that Raf-1 is activated by
Ang II through type 1 receptor. Next, after pretreatment with
CV-1 1974 (10-6 M) for 30 min, cardiac myocytes were

stretched by 20% for 2 min. Stretch-induced Raf-1 activation
was partially inhibited by pretreatment with CV-1 1974
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rMAPKKand [y-32P]ATP. Purified rMAPKKwas subjected to SDS-
PAGEand the gel was subjected to autoradiography. Relative kinase
activity was determined by scanning each band with a densitometer.
The results were indicated as mean±SE for four independent experi-
ments. The activity was expressed relative to that obtained in nontreated
myocytes. Asterisks mean a significant (P < 0.05) increase in MAPK
activity compared with control.
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C

a

'
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+ +
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Figure 9. Partial dependence of stretch-induced MAPKactivation on

Ang H. Cardiac myocytes were stimulated by Ang II (10-' M) for 8
min (A) or stretched by 20% for 8 min (B) with (lane c) or without
(lane b) the pretreatment by CV-1 1974 ( 10-6 M) for 30 min. MAPKs
were immunoprecipitated with aY91 and electrophoresed on a SDS-
polyacrylamide gel containing MBP. After denaturation and renatu-
ration, the gel was incubated with [y- 32P] ATP. The gel was washed,
dried, and subjected to autoradiography. Lane a, nonstretch; lane d
nonstretch with CV-1 1974. (C) The intensities of 42-kD and 44-kD
bands were measured by densitometric scanning of the autoradiogram.
Values represent the mean±SEfrom four independent experiments. The
intensity of 44-kD MAPKof nonstretched myocytes was designated
as 1.0.

(CV-11974 + Stretch), indicating that a part of Raf-1 activation
by mechanical stretch is dependent on Ang II.

The involvement of Ang II in stretch-induced MAPKactiva-
tion was also examined by kinase assays using MBP-containing
gels (32). Incubation with i0-' MAng H for 8 min evoked
maximal activation of both 42-kD and 44-kD MAPKsin cardiac
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Figure 10. Dependence of Ang 11-induced MAPKactivation on PKC.
(A) Cardiac myocytes were stimulated by 10-6 MAng H for 8 min in
the presence (lane b) or absence (lane c) of pretreatment with 2 nM
staurosporine for 30 min. The immunoprecipitates with an anti-MAPKs
antibody, aY91, were subjected to MAPKassays in MBP-containing
gels as described in Methods. (B) The intensities of 42-kD and 44-kD
bands were measured by densitometric scanning of the autoradiogram.
Values represent the mean values from three independent experiments.
The intensity of 44-kD MAPKof nonstretched myocytes was designated
as 1.0.

myocytes, and activation was completely blocked by 10-6 M
CV-1 1974 (Fig. 9, A and C, Ang II vs CV-11974 + Ang H).
This result suggests that like Raf-I activation, MAPKsare acti-
vated by Ang II through type 1 receptor. Stretch-induced MAPK
activation was suppressed by only 50-70% by the pretreatment
with CV-1 1974 (10-6 M) for 30 min (Fig. 9 B lane b and c;
Fig. 9 C Stretch vs CV-11974 + Stretch), which is consistent
with our previous results (32). Addition of CV-1 1974 did not
activate MAPKactivity by itself (Fig. 9 A, lane d; and Fig. 9
B, lane d). Pretreatment with Ang II type 2-receptor antagonist,
PD123319, had no effect on stretch-induced activation of Raf-
1 and MAPKs (data not shown). These results suggest that
there are two transduction pathways for mechanical stress, Ang
11-dependent (through type 1 receptor) and independent path-
ways.

Ang II-induced MAPKactivation is dependent on PKC.
Wehave previously shown that a PKC inhibitor, 2 nM stauro-
sporine, which completely abolished the effect of 10-6 MTPA,
partially suppressed the activation of MAPKsinduced by stretch
(7). Taken together, these results suggest that both PKC and
external Ang 11 are involved in part in stretch-induced activation
of the signaling pathway from Raf-I to MAPKs. Then we exam-
ined the relationship between PKC and Ang 11. Weanalyzed
the effect of PKCon MAPKactivation by Ang 11 using a PKC
inhibitor, staurosporine. As shown in Fig. 10, A and B, Ang 11
(10-6 M) increased the activity of both 42-kD and 44-kD
MAPKs, which was almost completely blocked by pretreatment
with staurosporine (2 nM for 30 min). Addition of TPA ( 10-6
M) did not activate MAPKactivity on this condition. Similar
results were obtained using PKC-down-regulated cardiac myo-
cytes (data not shown). Taken together, these results suggest
that while there are two pathways, PKC-dependent and inde-
pendent, for stretch-induced protein kinase cascade of phos-
phorylation, Ang II-induced signaling pathways are triggered
mainly by the activation of PKC.

Stretch causes MEKKactivation. Recently, MEKKas well
as Raf-1 has been reported to activate MAPKK(13, 14). We
examined whether stretch can also induce MEKKactivation in
cardiac myocytes. Although the nonstretched myocytes showed

106 >-

80 -*

Figure 11. MEKKacti-
vation by stretch in car-
diac myocytes. Cardiac
myocytes were stretched
by 20% for 2 min, and
MEKKwas immunopre-
cipitated from cell lysates
with a specific anti-
MEKKantibody. The
immunoprecipitates were
incubated with a specific
substrate (rMAPKK)
and [Y_32P] ATP.
rMAPKKwas collected
using glutathione beads
and electrophoresed on a
7% polyacrylamide gel.

a b
The gel was dried and
exposed to X-ray film for

Control Stretch 10 days.

almost no activity of MEKK(Fig. 11, lane a), stretch for 2
min dramatically increased the activity of MEKK(lane b),
suggesting that not only Raf-1 but also MEKKis activated
during mechanical stretch-induced hypertrophy.

Stretch induces an increase in phenylalanine incorporation
into myocytes via both PKC-dependent and independent path-
ways. Wehave previously shown that stretching of myocytes
increases phenylalanine incorporation into cells, suggesting that
mechanical stress directly induces cardiac cellular hypertrophy
(5, 6). To examine whether PKCis involved in stretch-induced
cardiac hypertrophy, we measured the relative amount of protein
synthesis after stretch in the presence or absence of stauro-
sporine. As shown in Fig. 12, stretch by 20%for 24 h stimulated
an amino acid incorporation by - 1.5-fold. This increase was
only partially suppressed by pretreatment with 2 nM stauro-
sporine. These data suggest that the cellular hypertrophy is also
induced by mechanical stress both through PKC-dependent and
independent pathways.

Discussion

In the present study, we investigated the signaling pathways
which are evoked by mechanical stress in neonatal rat cardiac
myocytes. Stretching of cardiac myocytes sequentially activated

C0 Figure 12. Partial depen-
dence of stretch-evoked

8* phenylalanine incorpo-
* ration on PKC. After pre-

treatment with stauro-
S

0 - sporine (2 nM) for 30
10 min, cardiac myocytes

were stimulated by
.. _ _ _ stretch for 24 h and

[3H]phenylalanine (1
= o- Z _ _ _ sCi/ml) was added 2 h

Control Stretch Staurosporine before harvest. The total
+ radioactivity of incorpo-

Stretch rated [3H] phenylalanine

into proteins was determined by liquid scintillation counting. The rela-
tive phenylalanine uptake was shown as mean±SE from four indepen-
dent experiments. (*P < 0.05 vs control).
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protein kinase cascade of phosphorylation. Both initial and max-
imal activation occurred in the order of MAPKKK, MAPKK,
MAPKs, and pgork. It has been reported that MAPKstranslo-
cate into the nucleus upon activation and activate transcription
factors which contain potential MAPKphosphorylation sites
(16). Wehave previously shown that mechanical loading in-
duces expression of immediate early response genes such as
c-myc and c-fos genes as an early event (3, 5, 33). Therefore,
once an extracellular signal, mechanical stress, is received
by cardiac myocytes, the signal may spread in cardiac myo-
cytes by protein kinase cascade in the order of MAPKKKs-+

MAPKK-+ MAPKs + p9Ork and may evoke the nuclear events
(gene expression). In addition, we have previously shown that
c-fos was abundantly expressed in cardiac, myocyte-rich frac-
tion rather than in nonmuscle-rich fraction (5) and that stretch-
ing of cardiac myocytes for 24 h increased total RNAcontent
by 45%, while RNAcontent in the nonmuscle-rich fraction was
not increased by stretch (6). These results suggest that the
stimulation of gene expression and hypertrophic responses by
stretch mainly occurs in cardiac myocytes although Ang II
whose secretion is induced by stretch from cardiac myocytes
may act on nonmuscle cardiocytes by a paracrine mechanism.

MAPKKKs, in general, have been implicated as transduc-
tion signaling molecules in the cytoplasm upstream of MAPKs
and downstream of other molecules such as Ras, PKC, and Src
(14). It has been reported that both Raf-1 and MEKKhave a
MAPKKKactivity and can phosphorylate and activate MAPKK
(13, 14). In other words, signal transduction pathways from
Raf-1 and MEKKconverge at MAPKKresulting in the activa-
tion of MAPKs. There have been many reports in yeast and
other mammalian cells suggesting that Raf-l may regulate the
MAPKnetwork primarily in response to receptors that are asso-
ciated with tyrosine kinase activity and that MEKKmight medi-
ate primary signals originating from receptors that activate G
proteins and PKC (34, 35). To clarify the upstream signals, we
examined which protein kinase, Raf-1 or MEKK, is activated
in stretched myocytes. Wedemonstrated for the first time that
stretching of myocytes activates both Raf-1 and MEKKin a
similar time course. The maximum activation of both Raf- 1 and
MEKKwas observed as early as 2 min (Figs. 7 and 11 ). These
results may imply that stretching of cardiac myocytes activates
multiple signal transduction pathways such as tyrosine kinases,
G proteins, and PKC, which is consistent with the previous
report (36). Although it is difficult to compare the activities of
two different kinases, since much more (- fivefold) activation
of Raf-1 was observed compared with that of MEKKby me-
chanical stress in cardiac myocytes, Raf-1 was used for further
analyses.

It has been recently reported that PKCa activates Raf-l as
well as MEKKby direct phosphorylation and that the phosphor-
ylated site of Raf-l by PKCa differs from that by the p21 ras
mediated signal (37). It has also been shown that 1, 25-dihy-
droxy vitamin D3 actually stimulates Raf-1 via a PKC-depen-
dent pathway (38). In the present study, we demonstrated that
mechanical stress activates Raf- 1 in cardiac myocytes. Stretch-
ing of cardiac myocytes hyperphosphorylated Raf-l (Fig. 5),
and increased Raf-l autokinase (Fig. 6) and MAPKKphosphor-
ylation activities (Fig. 7). This Raf-l activation by mechanical
stress was partially suppressed by PKC down-regulation (Fig.
7). In many cell types, a variety of mitogens activate p21l.
and Raf- 1, and the inhibition of p21 ras function abolishes activa-
tion of Raf-l by mitogens (39), suggesting that p21 ras exists

upstream of Raf-I in the signal transduction pathway. Recently,
p21 ' has been reported to be activated in cardiac myocytes by
mechanical stress (36). Taken together, the PKC-independent
activation of Raf- 1 by cardiocyte stretch may be induced
through p21 ras activation.

Although there is no direct evidence proving that the MAPK
cascade is involved in the stretch-induced hypertrophic re-
sponses, many studies in noncardiac cells as well as cardiac
cells suggest that MAPKcascade play a critical role in growth
responses. Thorburn et al. (40) showed that phenylephrine in-
duced the gene expression of atrial natriuretic factor in the
cardiocytes and this induction depends on the activation of
MAPKs. MAPKhas been reported to phosphorylate many pro-
teins including c-myc, c-jun and p62TCF (c-fos) which are
known to be activated during cardiac hypertrophy (2, 16). Ras
which is one of upstream signaling molecules for MAPKcas-
cade has been shown to be necessary and sufficient for hypertro-
phic response (41). These observations raise the possibility
that the MAPKcascade may be important in the hypertrophic
response of the heart. Development of specific MAPKinhibitors
or dominant negative MAPKmutants would elucidate this pos-
sibility.

Recent evidence has suggested that Ang II plays an im-
portant role in cardiac hypertrophy (20-22). Ang II shows
direct stimulatory effects on increased protein synthesis in cul-
tured cardiac myocytes (42, 43). Ang II infusion at subpressor
doses induces left ventricular hypertrophy in adult rats (44),
and cardiac hypertrophy of spontaneous hypertensive rats is
prevented by low doses of an Ang II type 1 receptor antagonist
(32). Moreover, hypertrophic events such as specific gene ex-
pression and activation of PKC and MAPKs induced by me-
chanical loading resemble those induced by Ang II (5-7). It
has been reported that mechanical stretch induces secretion of
Ang II from cardiocytes (31). In the present study, stretch-
induced activation of Raf-I and MAPKswas in part inhibited
by pretreatment with a type 1 Ang II receptor antagonist. Since
the amount of the antagonist used in the present study was
sufficient to suppress the maximal effect of Ang II, other factors
different from Ang II may be involved in Raf-l and MAPK
activation.

Mechanical stress induced Raf-1 activation, which was in
part suppressed by the down-regulation of PKC (Fig. 7). In the
previous paper, we have shown that activation of MAPKsby
stretch was also only partially suppressed by a PKC inhibitor,
staurosporine (7). On the contrary, Ang II-evoked activation
of Raf-1 and MAPK, and the increase in c-fos mRNAexpres-
sion and protein synthesis were completely blocked by PKC
down-regulation or staurosporine (Fig. 10, A and B and refer-
ence 43). Although the signals evoked by mechanical stress
mimic those by Ang II, there are some differences in the signal
transduction pathways between mechanical stress and Ang II.
In short, mechanical stress activates MAPKcascade both via
PKC-dependent and independent pathways, while MAPKacti-
vation by Ang II is mostly dependent on a PKCpathway.

The protein kinase cascade activated by mechanical stress
is composed of PKC, Raf-l, MEKK, MAPKK, MAPKs, and
p9Orsk (Fig. 13). Stretch stimulus induces the activation of Raf-
1 and MEKKin cardiac myocytes. A part of Raf-1 activation
was dependent on Ang II via a PKC-dependent pathway. Once
Raf- I and MEKKare activated, activation of MAPKK,MAPKs,
and pgorsk occurs serially in this order. It remains unknown at
present whether stretch-induced MEKKactivation is associated
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Figure 13. A model for
the signal transduction
cascade activated by me-

chanical stress in cardiac
myocytes. Mechanical
stretch induces secretion
of Ang H from cardiac
myocytes. Ang II acti-
vates PKC and then in-
duces the sequential acti-
vation of protein kinases
(Raf-l MAPKK-+

MAPK p90"k). There

might be other unknown
pathways for activating
Raf-l. MEKKis also ac-

tivated by stretch in car-

diac myocytes.

with external Ang II or PKC. Our findings highlight the complex
and specific signaling pathways of stretch-induced cardiac myo-

cyte hypertrophy. These stretch-induced signal transduction
pathways in cardiac myocytes have similarities in some aspects
to those of cells which are exposed to hyperosmotic shock.
Hyperosmotic shock causes activation of Pbs2 (a member of
MAPKK), Hogl (45), p38 (46) and Jnk (47) (members of
the MAPKfamily) in the yeasts (Pbs2, Hogi ) and in mamma-

lian cells (p38, Jnk). These observations suggest that the signal-
ing pathways evoked by mechanical stress, if hyperosmotic
shock were a kind of mechanical stress, might be highly con-

served in evolution and that the transduction of external me-

chanical stress into the nucleus is quite important for living
cells. Further studies are necessary to elucidate the mechanisms
by which the mechanical stimulus is converted into these bio-
chemical events and to determine upstream molecules includ-
ing "mechanoreceptors," which activate PKC, Raf-1, and
MEKK(48).
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