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Phosphorylation and activation of mitogen- and stress-activated protein
kinase-1 in adult rat cardiac myocytes by G-protein-coupled receptor
agonists requires both extracellular-signal-regulated kinase and
p38 mitogen-activated protein kinase
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G-protein-coupled receptor agonists are powerful stimulators of

mitogen-activated protein kinase (MAPK) cascades in cardiac

myocytes. However, little is known regarding the physiological

activation of enzymes downstream of MAPKs. We examined

the activation of mitogen- and stress-activated protein kinase-1

(MSK1), a downstream target of MAPKs, in adult rat cardiac

myocytes by phenylephrine and endothelin-1. Both agonists

induced the phosphorylation of MSK1 at Thr-581 and Ser-376

but not at Ser-360. Maximal phosphorylation was observed at

10–15 min after stimulation and it correlated with increased

activity. Maximal activation of MSK1 in adult cardiomyocytes

temporally coincided with maximal p38 MAPK activation while

activation of the extracellular-signal-regulated kinase (ERK)

INTRODUCTION

In cardiac myocytes, endothelin-1 (ET-1) and α
"
-adrenergic

agonists such as phenylephrine (PE) stimulate hypertrophic

growth, inducing both the morphological and transcriptional

changes associated with the response [1]. The signalling pathways

utilized are probably manifold but mitogen-activated protein

kinase (MAPK) pathways have been implicated in the regulation

of this response [1,2]. MAPKs are a superfamily of proline-

directed serine}threonine protein kinases that regulate the

activities of transcription factors and other cell-signalling pro-

teins [3–5]. These kinases are phosphorylated and activated by

dual-specificity kinases that in turn are regulated by specific

upstream kinases. Of the three best-characterized subfamilies,

the extracellular-signal-regulated kinases (ERKs) are generally

implicated in the regulation of growth responses of the cell,

whereas the c-Jun N-terminal kinases (JNKs) and p38 MAPKs

are more usually associated with cellular responses to stress

[6,7]. The nature of these cascades allows considerable potential

for signal integration and amplification as well as the possi-

bility of cross-talk between pathways because of the apparent

overlapping substrate specificities of some of the components

and of the upstream signalling molecules.

All threeMAPKsubfamilies havebeen implicated in the regula-

tion of cardiac myocyte hypertrophy but there is considerable

debate as to which are physiologically relevant in this response

[1,8]. Recent evidence also suggests that there may be additional

effects on cell survival [9]. In neonatal rat ventricular myocytes,

ET-1andPEwere shown toactivateERKs, JNKsandp38MAPK

Abbreviations used: ERK, extracellular-signal-regulated kinase ; ET-1, endothelin-1 ; GPCR, G-protein-coupled receptor ; JNK, c-Jun N-terminal
kinase ; MAPK, mitogen-activated protein kinase ; MAPKAPK1, MAPK-activated protein kinase-1 ; MSK1, mitogen- and stress-activated protein
kinase-1 ; PE, phenylephrine ; DTT, dithiothreitol ; E64, trans-epoxy succinyl-L-leucylamido-(4-guanidino)butane.
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cascade was more rapid. Phosphorylation and activation of

MSK1 was completely inhibited by either PD98059 (ERK1}2

pathway inhibitor) or SB203580 (p38 MAPK inhibitor) alone.

These data demonstrate that MSK1 activation in adult rat

cardiac myocytes by G-protein-coupled receptor agonists

requires the simultaneous activation of both the ERK and p38

MAPK pathways. However, the lack of phosphorylation at

Ser-360, an identified phosphorylation site targeted by MAPKs,

may indicate that MSK1 is not a direct substrate of ERK1}2

and p38 MAPK in adult rat cardiomyocytes.

Key words: adrenergic agonist, endothelin-1.

[10–14]. In addition, PE activates all three MAPK subfamilies in

the isolated perfused rat heart [15]. However, the regulation of

MAPK cascades in adult rat cardiac cells has not been studied

extensively. The extrapolation of the results from neonatal to

adult cells is difficult, because there are marked phenotypic

differences between neonatal and adult cardiac myocytes,

including age-dependent changes in protein kinase expression

[16] and α
"
-adrenergic signalling [17]. In addition, alterations

in ERK signalling between neonatal and adult cardiac myocytes

in response to angiotensin II have been reported [18,19].

Therefore, identification of the cellular signalling events

involved in MAPK activation and downstream targets in adult

rat cardiac myocytes is important for understanding the in �i�o

changes in cardiac function.

Mitogen- and stress-activated protein kinase-1 (MSK1) is a

previously identified enzyme that is present in variousmammalian

cell types [20]. MSK1 is activated in �i�o by a vast variety of

extracellular signals that include growth factors, phorbol esters,

cell-damaging stimuli and pro-inflammatory cytokines. The

reason for this is that MSK1 is activated in �itro and in �i�o by

a mechanism involving an interaction with either ERKs or p38

MAPK. MSK1 has been implicated in the regulation of tran-

scriptional activation [20–22]. However, expression or activation

of MSK1 has not yet been demonstrated in cardiac myocytes.

In the present study, we first characterized the activation of

ERKs and p38 MAPK by hypertrophic G-protein-coupled

receptor (GPCR) agonists, PE and ET-1, in adult rat cardiac

myocytes. Furthermore, we investigated the effect of these

agonists on MAPK signalling to MSK1. We show for the first

# 2002 Biochemical Society



758 T. Markou and A. Lazou

time in cardiac myocytes that GPCR agonists activate MSK1

and that this effect requires activation of both the ERK and p38

MAPK pathways.

EXPERIMENTAL

Materials

PE, ET-1, ,-propranolol, prazosin, DMSO, dithiothreitol

(DTT), leupeptin, trans-epoxy succinyl--leucylamido-(4-guani-

dino)butane (E64), PMSF and Protein G–agarose were obtained

from Sigma (St. Louis, MO, U.S.A.). SB203580, PD98059,

GF109203X and H89 were obtained from Calbiochem (La Jolla,

CA, U.S.A.). [γ-$#P]ATP was from Amersham Pharmacia Bio-

tech (Glyfada, Greece). Bradford protein assay reagent was from

Bio-Rad (Hercules, CA, U.S.A.). Nitrocellulose (0.45 µm) was

obtained from Schleicher & Schuell (Keene, NH, U.S.A.). Rabbit

polyclonal antibodies to total ERK1}2 and p38 MAPK, as well

as antibodies specific for phosphorylated MSK1(Thr-581),

MSK1(Ser-376) and MSK1(Ser-360), and the dually phos-

phorylated p38 MAPK were obtained from Cell Signalling

(Beverly, MA, U.S.A.). A mouse monoclonal antibody to phos-

phorylated ERK1}2 was also from Cell Signalling. Antibody

to total MSK1 and Crosstide peptide (Gly-Arg-Pro-Arg-Thr-Ser-

Ser-Phe-Ala-Glu-Gly) were from Upstate Biotechnology (Lake

Placid, NY, U.S.A.). Prestained molecular-mass markers were

from New England Biolabs (Beverly, MA, U.S.A.). Western-

blotting chemiluminencence reagent kit was from Santa Cruz

Biotechnology (Santa Cruz, CA, U.S.A.). Secondary antibodies

were from Dako (High Wycombe, Bucks., U.K.). X-OMAT AR

film was purchased from Eastman Kodak Company (New York,

NY, U.S.A.). General laboratory reagents were from Sigma or

Merck (Darmstadt, Germany).

Isolation of cardiac myocytes

Ventricular cardiac myocytes were isolated from 200–250 g adult

male Wistar rats by cardiac retrograde aortic perfusion as

described previously [23], with minor modifications. Briefly, the

hearts were perfused in a retrograde fashion for 5 min with

Krebs–Henseleit medium (hereafter referred to as incubation

medium) containing 25 mM NaHCO
$
, 4.7 mM KCl, 118.5 mM

NaCl, 1.2 mM MgSO
%
.7H

#
O, 1.2 mM KH

#
PO

%
, 10 mM glucose

and 5 µΜ added Ca#+ as CaCl
#
. Perfusion continued for 40 min

with incubation medium containing 0.5 mg}ml collagenase

(CLS1; Biochrom KG) and 50 µΜ Ca#+. The heartwas gently dis-

sociated through the bore of a large-tip pipette, followed by two

decantations to separate dead cells. Cells were finally resuspended

in incubation medium, in which added Ca#+ was gradually

increased to 1 mM. Preparations were considered satisfactory

only if the yield of rod-shaped cells was more than 70%.

Cell treatment and lysis

Freshly isolated cardiomyocytes were incubated at 37 °C in

incubation buffer containing agonists, inhibitors or vehicle for

various times, lysed in ice-cold buffer containing 20 mM Hepes,

pH 7.5, 20 mM β-glycerophosphate, 50 mM NaF, 2 mM EDTA,

0.2 mM Na
$
VO

%
, 5 mM DTT, 10 mM benzamidine, 200 µM

leupeptin, 10 µM E64, 300 µM PMSF and 1% (v}v) Triton

X-100, and extracted on ice for 30 min. Cell lysates were centri-

fuged (10000 g for 5 minat 4 °C) and the supernatantswere boiled

with 0.33 vol. of SDS sample buffer [0.33 M Tris}HCl, pH 6.8,

10% (w}v) SDS, 13% (v}v) glycerol, 133 mM DTT and

0.2% (w}v) Bromophenol Blue]. Protein concentrations were

determined using the Bio-Rad Bradford assay.

Immunoblot analysis

Proteins were separated by SDS}PAGE on 10% (w}v; MAPKs)

or 8% (w}v; MSK1) acrylamide}0.275% (w}v) bis-acrylamide

slab gels and transferred electrophoretically on to nitrocellulose

membranes (0.45 µm). Membranes were blocked with TBS-T

[20 mM Tris}HCl, pH 7.5, 137 mM NaCl and 0.1% (v}v)

Tween 20] containing 5% (w}v) non-fat milk powder for 30 min

at room temperature, and then incubated with the appropriate

antibody [1:1000 dilution in TBS-T containing 5% (w}v) BSA]

at 4 °C overnight. Proteins were detected with horseradish

peroxidase-conjugated secondary antibody [1:5000 dilution in

TBS-T containing 1% (w}v) non-fat milk powder for 1 h at room

temperature] and were visualized by enhanced chemiluminesc-

ence. Scanning densitometry was used for semi-quantitative

analysis of the data.

Immunoprecipitation and assay of MSK1 activity

Myocytes were exposed to 100 µM PE with or without pretreat-

ment with inhibitors and lysed in ice-cold buffer A [20 mM

Tris}HCl, pH 7.5, 1 mM EDTA, 10% (v}v) glycerol, 100 mM

KCl, 5 mM NaF, 0.2 mM Na
$
VO

%
, 5 mM MgCl

#
, 0.05% (v}v)

mercaptoethanol, 10 mM β-glycerophosphate, 0.2 mM

leupeptin, 0.01 mM E64, 5 mM DTT, 0.3 mM PMSF,

0.004 mMmicrocystinLRand0.1% (v}v)TritonX-100].Extracts

were centrifuged (10000 g for 5 min at 4 °C), supernatants were

removed and protein content was determined using the Bio-Rad

Bradford assay. Cell lysates (1 mg of protein) were incubated

at 4 °C for 2 h on a shaking platform with 3 µg of MSK1

antibody (Upstate Biotechnology) coupled to 20 µl of Protein

G–agarose. The immunoprecipitates were washed twice with

100 µl of buffer A and once with 100 µl of buffer B (50 mM

Tris}HCl, pH 7.5, 0.1 mM EGTA, 10 mM MgCl
#
, 3 mM DTT

and 10 µM cAMP-dependent protein kinase inhibitor peptide).

The immunoprecipitated MSK1 pellets were resuspended

in 40 µl of buffer B containing 30 µM Crosstide peptide,

0.125 mM ATP and 2 µCi of [γ-$#P]ATP (5000 Ci}mmol). Assays

were carried out for 15 min at 30 °C and reactions stop-

ped by placing the tubes on ice. The samples were centrifuged

(10000 g for 30 s at 4 °C) and 30 µl of supernatant was spot-

ted on to P81 papers (Whatman International). The papers were

washed three times in 0.75 mM orthophosphoric acid and the

radioactivity incorparated into the peptide was measured by

Cerenkov counting in a scintillation counter. One unit of

activity was defined as the amount of enzyme that catalysed

the phosphorylation of 1 nmol of peptide in 1 min.

Statistics

Data are presented as means³S.E.M. from n independent

experiments. Statistical analyses (ANOVA with Dunnet post test

or two-tailed Student’s t test where appropriate) were performed

using Instat (Graph Pad Software, San Diego, CA, U.S.A.) with

significance taken as being established at P! 0.05.

RESULTS

Activation of ERK1/2 and p38 MAPK by PE and ET-1

PE and ET-1 activate all three MAPK subfamilies in neonatal rat

ventricular myocytes [10,13,14]. In addition, PE activates these

kinases in the perfused adult rat heart [15], whereas the effect of

ET-1 has not been tested in this setting. To examine the activation

of ERKs and p38 MAPK by PE and ET-1 in adult rat

cardiomyocytes, we determined the phosphorylation of these
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Figure 1 Phosphorylation of ERK1/2 and p38 MAPK by PE and ET-1 in adult rat cardiomyocytes

Cardiomyocytes were exposed to 100 µM PE (A) or 100 nM ET-1 (B) for the times indicated. Cell extracts (100 µg) were subjected to SDS/PAGE and immunoblotted with an antibody specific

for phospho-ERK1/2 or phospho-p38 MAPK. Membranes were stripped and reprobed for total ERK1/2, or total p38 MAPK, as a control for equal protein loading. The experiments were repeated

three times with comparable results. Immunoblotted phospho-ERK1/2 (C) and phospho-p38 MAPK (D) from cardiomyocytes exposed to PE (solid bars) or ET-1 (open bars) were quantified by

laser scanning densitometry and plotted. The results are expressed as means³S.E.M. from three independent experiments.

kinases by immunoblotting with antibodies specific for the dually

phosphorylated forms of each of the kinases after exposure to

agonists over a 1–30 min period. We confirmed the activation of

ERK1}2 and p38 MAPK by PE. Similarly, ET-1 activated both

kinases. Specifically, PE rapidly activated ERK1}2, stimulating

a maximal response (E 7.5-fold relative to controls) within

1 min, declining drastically after that and reaching basal levels by

15 min (Figures 1A and 1C). In comparison, ET-1-stimulated

phosphorylation of ERK1}2 was also rapid, showing maximal

stimulation at 2 min, and was equally robust (E 7-fold relative

to controls) but remained considerably elevated over 15 min

(Figures 1B and 1C). p38 MAPK phosphorylation by PE

(E 9-fold compared with the controls) or ET-1 (E 7-fold increase

compared with the controls) was delayed compared with that of

ERK1}2. A maximal increase in p38 MAPK phosphorylation

was observed at 10–15 min, and this was sustained up to 30 min

(Figures 1A, 1B and 1D). In all cases, equal protein loading

was verified by reprobing the immunoblots with antibodies

recognizing ERK1}2 or p38 MAPK independently of the

phosphorylation state.

Further control experiments showed that, as expected,

ERK1}2 phosphorylation by both agonists was inhibited by

PD98059 and U0126 but not SB203580. PD98059 and U0126

had no effect on p38 MAPK phosphorylation (results not shown).

In addition, we used GF109203X, which was originally developed

as a protein kinase C inhibitor [24]. When cardiomyocytes

were pre-exposed to 1 µM GF109203X, PE- or ET-1-stimulated

ERK1}2 phosphorylation was abolished. However, at the same

concentration GF109203X had no effect on p38 MAPK

phosphorylation (Figure 2). In all cases, controls with the

inhibitors alone were included. We confirmed equal loading of

protein by reprobing the membranes with antibodies against

total ERK1}2 or total p38 MAPK.

PE and ET-1 stimulate MSK1 phosphorylation

The MAPKs regulate a variety of different biological processes

through their actions in the cell cytoplasm and nucleus. MSK1

has been identified previously as a downstream target of ERK

and p38 MAPK pathways [20]. We therefore investigated whether

the activation of MAPKs in response to GPCR agonists could

also lead to the activation of MSK1. Exposure of cardiomyocytes

to either PE or ET-1 resulted in increased phosphorylation of

MSK1, as assessed by immunoblotting with an antibody specific

for the kinase when phosphorylated at Thr-581. Maximal levels

were attained at 10–15 min after exposure to agonists ; thus

enhanced phosphorylation of MSK1 coincides temporally with

the activation of p38 MAPK (Figures 3A and 3C). MSK1 was

activated to a somewhat lesser extent by ET-1 (E 5.5-fold)

compared with the activation induced by PE (E 7.5-fold; Figures

3B and 3C). Equal protein loading was confirmed using an

antibody against total MSK1. Similar results were obtained in

additional experiments in which an antibody specific for MSK1

phosphorylated at Ser-376 was used (results not shown).

However, we did not observe any phosphorylation when

we used an antibody to the Ser-360 phosphorylated kinase.

The PE-stimulated MSK1 phosphorylation was reversed by the

α
"
-adrenergic specific antagonist prazosin, whereas it was not

affected by ,-propranolol, a β-adrenergic-specific antagonist

(Figure 3D).

PE- and ET-1-stimulated MSK1 phosphorylation is regulated by
ERK and p38 MAPK

In other mammalian cells tested, MSK1 can be activated by

either ERKs or p38 MAPK. We therefore used the ERK pathway

inhibitor PD98059 and the p38 MAPK inhibitor SB203580 to

assess the contribution of these MAPKs in the phosphorylation
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Figure 2 Effect of GF109203X on PE- and ET-1-induced phosphorylation of ERK1/2 and p38 MAPK

Cardiomyocytes were either not exposed to inhibitors (®) or pretreated for 10 min (­) with GF109203X (GF ; 1 µM). Then they were incubated in the absence of agonists, or in the presence

of 100 µM PE (A) or 100 nM ET-1 (B) for 15 min (p38 MAPK) or 2 min (ERK1/2). Cell extracts (100 µg) were immunoblotted for phosphorylated ERK1/2 or phosphorylated p38 MAPK. Membranes

were stripped and reprobed for total ERK1/2, or total p38 MAPK, as a control for equal protein loading. These experiments were repeated three times with comparable results. ERK1/2 and p38

MAPK phosphorylation were analysed by laser scanning densitometry and plotted (A and B, top panels). The results are presented as means³S.E.M. from three independent experiments.

Figure 3 PE and ET-1 stimulate MSK1 phosphorylation

Cardiomyocytes were exposed to 100 µM PE (A) or 100 nM ET-1 (B) for the times indicated. Cell extracts (100 µg) were subjected to SDS/PAGE and immunoblotted with an antibody that detects

MSK1 when phosphorylated at Thr-581 (A and B, top panels). An antibody against total MSK1 was used to verify equal protein loading (A and B, bottom panels). The molecular-mass markers

are shown on the right. The data shown are representative of three independent experiments. (C) Phosphorylation of MSK1 by PE (solid bars) or ET-1 (open bars) was quantified by laser scanning

densitometry and plotted. The results are expressed as means³S.E.M. from three independent experiments. (D) Phosphorylation of MSK1 by PE (10 min) was completely inhibited by pretreatment

with the α1-adrenoceptor-selective antagonist prazosin (1 µM, 10 min ; bottom panel) but not affected by D,L-propranolol (2 µM, 10 min ; top panel). The data shown are representative of three

independent experiments. prz, prazosin ; prp, propranolol.

of MSK1 in adult rat ventricular myocytes. We also used the

GF109203X, which effectively blocks ERK1}2 activation by PE

or ET-1 but has no effect on p38 MAPK in our cell system

(Figure 2). Phosphorylation of MSK1 by ET-1 and PE was

completely prevented by PD98059 or SB203580 alone (Figures

4A and 4B). Similarly, prior treatment of cardiomyocytes with

GF109203X resulted in the complete inhibition of MSK1

phosphorylation. Similar results were obtained when either the

MSK1(Thr-581) or MSK1(Ser-376) antibody was used. These

results imply a role for both ERK1}2 and p38 MAPK in

regulating MSK1 phosphorylation by PE or ET-1. To test the

possibility that the above effects were not due to a non-specific

inhibitory effect, H89, which was originally developed as an

inhibitor of cAMP-dependent protein kinase but which has been

also shown to inhibit several other protein kinases [25], was

added prior to exposure to ET-1 or PE. Incubation of cardio-
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Figure 4 Inhibition of ERK1/2 or p38 MAPK attenuates MSK1 phosphorylation by PE or ET-1

Cardiomyocytes were either left untreated or preincubated with SB203580 (SB ; 10 µM), PD98059 (PD ; 10 µM) or GF109203X (GF ; 1 µM). Then they were incubated in the absence of agonists

(A and B, open bars) or in the presence of 100 µΜ PE (A, solid bars) or 100 nM ET-1 (B, solid bars) for 10 min. Proteins (100 µg) were separated by SDS/PAGE and phospho-MSK1-

(-Thr-581) was detected by immunoblotting (A and B, bottom panels). This experiment was repeated three times with comparable results. Blots were quantified by laser scanning densitometry

(A and B, top panels). The results are expressed as means³S.E.M. from three independent experiments. Asterisks indicate significant inhibition of MSK1 phosphorylation (P ! 0.05, ANOVA with

Dunnet post test) compared with identically treated cells in the absence of inhibitors. (C) MSK1 phosphorylation by PE or ET-1 was not affected by pretreatment of cardiomyocytes with H89

(10 µM; 10 min). The data shown are representative of three independent experiments.

myocytes with 10 µM H89 had no effect on MSK1 phosphoryl-

ation (Figure 4C).

PE increases MSK1 activity through ERK and p38 MAPK
pathways

To test whether the increased phosphorylation of MSK1 at

Thr-581andSer-376observed inadult cardiomyocytes in response

to PE and ET-1 resulted in the activation of the kinase, MSK1

was immunoprecipitated and the activity was measured using

Crosstide as a substrate. As shown in Figure 5(A), activation of

the kinase followed a time course that paralleled that of the

increase in phosphorylation, showing a maximum at 10–15 min

after stimulation with PE. The activation of MSK1 was com-

pletely suppressed when the cardiomyocytes were incubated with

PE in the presence of either PD98059 or SB203580 (Figure 5B).

The addition of both inhibitors did not reduce the activity

further.

DISCUSSION

This study elucidates further the signal-transduction pathways

involved in GPCR-induced activation of MAPKs in cardiac

myocytes by focusing on a target downstream of ERK1}2 and

p38 MAPK. We show that MSK1 is present in adult rat

cardiomyocytes and it is activated in response to hypertrophic

GPCR agonists. The phosphorylation and activation of MSK1 is

inhibited by drugs that prevent activation of ERK1}2 (PD98059,

GF109203X) or p38 MAPK (SB203580). These observations

suggest that both pathways are required for the activation of

MSK1.

The regulation of MAPK pathways by GPCR agonists such as

ET-1 and PE has been studied extensively and characterized in

primary cultures of neonatal rat ventricular myocytes [10,13,14].

These studies have reported that GPCR agonists activate all

three of the well-characterized MAPK subfamilies (ERK1}2,

p38 MAPK and JNKs). These kinases have been implicated in

the transcriptional changes associated with the hypertrophic

response, although evidence also suggests that they may

have a role in cell survival [1,2]. Although less extensively

studied, the activation of ERK1}2, p38 MAPK and JNKs by the

α
"
-adrenergic agonist PE has been also shown in intact perfused

rat heart [15]. Here we confirmed that the GPCR agonists PE

and ET-1 stimulate both ERK1}2 and p38 MAPK in adult rat

cardiac myocytes (Figure 1). The temporal pattern of activation

of the two kinases was different. It is of interest that the phos-

phorylation of ERK1}2 by PE was very rapid and transient. The

ET-1-induced ERK1}2 phosphorylation was more sustained,

showing a maximum at 2–5 min, and it followed more

closely the typical time course of ERK activation by agonists and

growth factors observed in neonatal cardiomyocytes [13,26].

However, in primary cultures of adult rat cardiomyocytes,

noradrenaline-stimulated ERK1}2 activation persisted for at

least 48 h [27]. The discrepancy between our results and the latter

study may reflect differences related to the different cell models.

On the other hand, p38 MAPK phosphorylation was slow,

requiring 10–15 min to reach maximal levels, and it remained

elevated for at least 30 min (Figures 1A, 1B and 1D). These
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Figure 5 PE increases MSK1 activity

(A) Cardiomyocytes were exposed to 100 µM PE for the times indicated. After cell lysis, MSK1

was immunoprecipitated and assayed as described in the Experimental section. The data are

expressed as means³S.E.M. from three independent experiments. (B) Cardiomyocytes were

pretreated for 10 min with SB203580 (SB ; 10 µM), PD98059 (PD ; 50 µM) or both together.

They were then stimulated with 100 µM PE for 10 min, in the continued presence of inhibitors.

MSK1 was immunoprecipitated and assayed. The data are presented as means³S.E.M. from

three independent experiments.

results are consistent with the more sustained p38 MAPK

activation (maximal at 10 min) reported in the neonatal

ventricular myocytes and perfused rat heart [14,15]. It is of note

that PE strongly activates ERK1}2 and p38 MAPK in adult

cardiomyocytes, comparable with ET-1 (Figure 1), whereas PE is

considered to be a less powerful activator of these pathways in

neonatal cardiomyocytes [1,2]. This may be due to develop-

mentally related changes in α
"
-adrenoceptor physiology in

rat cardiac myocytes. The use of GF109203X inhibitor revealed

that, in adult cardiomyocytes, phosphorylation of p38 MAPK

was not affected at concentrations that completely abolished

ERK1}2 phosphorylation (Figure 2). This is in contrast to the

situation in neonatal cardiac myocytes where activation of p38

MAPK by ET-1 was inhibited by GF109203X [14]. GF109203X

was originally developed as a specific inhibitor of protein kinase

C [24] but this has been argued against in recent studies [25].

However, in the context of the present study, it should be noted

that GF109203X has a differential effect on ERK1}2 and p38

MAPK activation.

To date, little is known of the regulation of the downstream

molecular targets of ERK1}2 and p38 MAPK in the adult heart.

A new MAPK target protein MSK1 has been identified [20].

In HEK-293 cells, MSK1 is activated in an ERK-dependent

manner by stimulation with phorbol esters or epidermal growth

factor, whereas activation induced by UV irradiation, oxidative

stress and other cell-damaging stimuli is mediated through

p38 MAPK [20]. These results suggest that either ERK

or p38 MAPK activity are sufficient for activation of MSK1.

Here we provide evidence that GPCR agonists phosphorylate

and activate MSK1 in adult rat cardiomyocytes (Figures 3 and 5).

MSK1, like the closely related MAPK-activated protein kinase-1

(MAPKAPK1) isoforms (also known as RSK), is unusual in that

it contains two distinct protein kinase domains within a single

polypeptide. The four regulatory phosphorylation sites identified

in MAPKAPK1 are conserved in MSK1, suggesting a similar

mechanism of activation where the C-terminal domain is

essential for the activation of the N-terminal domain, which

phosphorylates exogenous substrates [20,28]. By analogy to

MAPKAPK1, two of the four phosphorylation sites, Thr-581

in the C-terminal domain and Ser-360, which is located between

the two kinase domains, are phosphorylated by MAPKs. The

phosphorylation of Thr-581 activates the C-terminal kinase

domain, allowing it to phosphorylate Ser-376. The combined

phosphorylation of Ser-360 and Ser-376 appears to be critical for

the activation of the N-terminal domain, which may then enhance

phosphorylation of Ser-212 [20,28]. Using antibodies against

MSK1 phosphorylated at Thr-581, Ser-376 or Ser-360, we

observed increased phosphorylation in response to stimulation

of cardiomyocytes with PE or ET-1 at Thr-581 and Ser-376

but not at Ser-360. Given the above-described mechanism

of activation, both Ser-360 and Ser-376 should be critical

for the activation of the N-terminal kinase of MSK1. However,

increased phosphorylation of only Thr-581 and Ser-376, which

was observed in response to PE in cardiomyocytes, resulted in

the activation of the kinase (Figures 3 and 5). Nevertheless, the

observed activation may not represent full activity. It cannot

be excluded that another site, which we have not detected,

is also required for full activation of the MSK1 isoform in

cardiomyocytes.

Maximal activation of MSK1 in adult cardiomyocytes

temporally coincides with maximal p38 MAPK activation,

whereas activation of the ERK cascade is more rapid. Thus it

would be expected that p38 MAPK is more likely to be the

upstream kinase responsible for MSK1 phosphorylation.

However, at 10 min, when the maximal activation of MSK1

is observed, the agonist-stimulated ERK1}2 phosphorylation is

still increased over 2-fold compared with the unstimulated cells,

and this could still contribute to MSK1 phosphorylation. It

should be noted that, considering only the temporal profiles of the

phosphorylation of the three kinases, it is difficult to assess

the contribution of each of the MAPKs to the phosphorylation

and activation of MSK1 because it is unclear how the kinetics

of ERK1}2 and p38 MAPK phosphorylation interact and co-

ordinate MSK1 activation. One factor that should be taken

into account is the potentially differing compartmentalization

of the three kinases.

PD98059 and SB203580 independently and completely

inhibited PE- and ET-1-induced MSK1 phosphorylation and

activation (Figures 4A, 4B and 5B), implying that MSK1 is a

substrate of both ERK1}2 and p38 MAPK. Furthermore, these

results suggest that both ERK1}2 and p38 MAPK are required

for MSK1 activation in adult cardiomyocytes in response to

GPCR agonists and contradict published data in other cell

systems where simultaneous inhibition of ERK1}2 and p38

MAPK activity is required to fully inhibit MSK1 activation in

response to growth factors [20,22]. Further support for the

requirement of both ERK and p38 MAPK pathways for MSK1

activation can be obtained from the use of GF109203X.

GF109203X, which inhibits ERK1}2 but not p38 MAPK in

adult cardiomyocytes (Figure 2), abolished phosphorylation of

MSK1. However, these results should be interpreted

with caution since GF109203X may have inhibited other kinases

required for MSK1 phosphorylation in cardiomyocytes. Con-

sidering the inhibition data together, with the fact that

MSK1 is not phosphorylated at Ser-360, we cannot exclude

the possibility that MSK1 is not a direct substrate of ERK1}2

and p38 MAPK in adult rat cardiac myocytes.
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In conclusion, we provide evidence demonstrating for the first

time in cardiac myocytes that MSK1 is phosphorylated at Thr-

581 and Ser-376, activated by hypertrophic GPCR agonists and

that this activation requires the simultaneous activation of both

the ERK and p38 MAPK pathways. The physiological role of

activated MSK1 in cardiac myocytes is unknown. In other cell

types, activated MSK1 has been shown to phosphorylate

nucleosomal components, such as histone H3}HMG-14 [29], as

well as transcription factors, such as cAMP-response-element-

binding protein and activating transcription factor 1 [20–22],

indicating that it may play a role in the regulation of gene

expression. This issue has not been addressed in the present study

and will require further investigation. In this regard, several

studies have suggested cAMP-response-element-binding protein

as an important regulator of gene expression in cardiomyocytes,

which has possible relevance to the pathophysiology of the

heart [30,31].

REFERENCES

1 Sugden, P. H. and Clerk, A. (1998) Cellular mechanisms of cardiac hypertrophy.

J. Mol. Med. 76, 725–746

2 Clerk, A. and Sugden, P. H. (1999) Activation of protein kinase cascades in the heart

by hypertrophic G protein-coupled receptor agonists. Am. J. Cardiol. 83, 64H–69H

3 Seger, R. and Krebs, E. G. (1995) The MAPK signaling cascade. FASEB J. 9,
726–735

4 Graves, J. D. and Krebs, E. G. (1999) Protein phosphorylation and signal

transduction. Pharmacol. Ther. 82, 111–121

5 Widmann, C., Gibson, S., Jarpe, M. B. and Johnson, G. L. (1999) Mitogen-activated

protein kinase : conservation of a three-kinase module from yeast to human. Physiol.

Rev. 79, 143–180

6 Garrington, T. P. and Johnson, G. L. (1999) Organization and regulation of

mitogen-activated protein kinase signaling pathways. Curr. Opin. Cell Biol. 11,
211–218

7 Kyriakis, J. H. and Avruch, J. (2001) Mammalian mitogen-activated protein kinase

signal transduction pathways activated by stress and inflammation. Physiol. Rev. 81,
807–869

8 Sugden, P. H. and Clerk, A. (1998) ‘‘ Stress-responsive ’’ mitogen-activated protein

kinases (c-Jun N-terminal kinases and p38 mitogen-activated protein kinases) in the

myocardium. Circ. Res. 83, 345–352

9 Abe, J., Baines, C. P. and Berk, B. C. (2000) Role of mitogen-activated protein

kinases in ischemia and reperfusion injury : the good and the bad. Circ. Res. 86,
607–609

10 Bogoyevitch, M. A., Glennon, P. E., Andersson, M. B., Clerk, A., Lazou, A.,

Marsall, J. C., Parker, P. J. and Sugden, P. H. (1994) Endothelin-1 and fibroblast

growth factors stimulate the mitogen-activated protein kinase signaling cascade

in cardiac myocytes. The potential role of the cascade in the integration of two

signaling pathways leading to myocyte hypertrophy. J. Biol. Chem. 269,
1110–1119

11 Bogoyevitch, M. A., Ketterman, A. J. and Sugden, P. H. (1995) Cellular stresses

differentially activate c-Jun N-terminal protein kinases and extracellular

signal-regulated protein kinases in cultured ventricular myocytes. J. Biol. Chem.

270, 29710–29717

12 Ramirez, M. T., Sah, V. P., Zhao, X.-L., Hunter, J. J., Chien, K. R. and Brown, J. H.

(1997) The MEKK-JNK pathway is stimulated by alpha1-adrenergic receptor and ras

activation and is associated with in vitro and in vivo cardiac hypertrophy. J. Biol.

Chem. 272, 14057–14061

Received 13 December 2001/18 April 2002 ; accepted 7 May 2002

Published as BJ Immediate Publication 7 May 2002, DOI 10.1042/BJ20011828

13 Clerk, A., Bogoyevitch, M. A., Andersson, M. B. and Sugden, P. H. (1994) Differential

activation of protein kinase C isoforms by endothelin-1 and phenylephrine and

subsequent stimulation of p42 and p44 mitogen-activated protein kinases in

ventricular myocytes cultured from neonatal rat hearts. J. Biol. Chem. 269,
32848–32857

14 Clerk, A., Michael, A. and Sugden, P. H. (1998) Stimulation of the p38

mitogen-activated protein kinase pathway in neonatal rat ventricular myocytes by

the G protein-coupled receptor agonists, endothelin-1 and phenylephrine : a role

in cardiac myocyte hypertrophy? J. Cell Biol. 142, 523–535

15 Lazou, A., Sugden, P. H. and Clerk, A. (1998) Activation of mitogen-activated protein

kinases (p38 MAPKs, SAPKs/JNKs and ERKs) by the G-protein-coupled receptor

agonist phenylephrine in the perfused rat heart. Biochem. J. 332, 459–465

16 Rybin, V. O. and Steinberg, S. F. (1994) Protein kinase C isoform expression and

regulation in the developing rat heart. Circ. Res. 74, 299–309

17 Schaffer, W. and Williams, R. S. (1986) Age-dependent changes in expression of

alpha 1-adrenergic receptors in rat myocardium. Biochem. Biophys. Res. Commun.

138, 387–391

18 Sadoshima, J., Qiu, Z., Morgan, J. P. and Izumo, S. (1995) Angiotensin II and other

hypertrophic stimuli mediated by G protein-coupled receptors activate tyrosine kinase,

mitogen-activated protein kinase, and 90-kD S6 kinase in cardiac myocytes. The

critical role of Ca2+-dependent signaling. Circ. Res. 76, 1–15

19 Fischer, T. A., Singh, O’Hara, D. S., Kaye, D. M. and Kelly, R. A. (1998) Role of AT1

and AT2 receptors in regulation of MAPKs and MKP-1 by ANG II in adult cardiac

myocytes. Am. J. Physiol. 275, H906–H916

20 Deak, M., Clifton, A. D., Lucocq, J. M. and Alessi, D. R. (1998) Mitogen- and

stress-activated protein kinase-1 (MSK1) is directly activated by MAPK and

SAPK2/p38, and may mediate activation of CREB. EMBO J. 17, 4426–4441

21 Arthur, J. S. C. and Cohen, P. (2000) MSK1 is required for CREB phosphorylation in

response to mitogens in mouse embryonic stem cells. FEBS Lett. 482, 44–48

22 Wiggin, G. R., Soloaga, A., Foster, J. M., Murray-Tait, V., Cohen, P. and Arthur, J. S. C.

(2002) MSK1 and MSK2 are required for the mitogen- and stress-induced

phosphorylation of CREB and ATF1 in fibroblasts. Mol. Cell. Biol. 22, 2871–2881

23 Lazou, A., Fuller, S. J., Bogoyevitch, M. A., Orfali, K. A. and Sugden, P. H. (1994)

Characterization of stimulation of phosphoinositide hydrolysis by α1-adrenergic

agonists in adult rat hearts. Am. J. Physiol. 267, H970–H978

24 Toullec, D., Pianneti, P., Coste, P., Bellevergue, P., Grand-Perret, T., Ajakane, M.,

Baudet, V., Boissin, P., Boursier, E., Loriolle, F., Duhamel, L. et al. (1991) The

bisindolylmaleimide GF 109203X is a potent and selective inhibitor of protein kinase

C. J. Biol. Chem. 266, 15771–15781

25 Davies, S. P., Reddy, H., Caivano, M. and Cohen, P. (2000) Specificity and

mechanisms of action of some commonly used protein kinase inhibitors. Biochem. J.

351, 95–105

26 Bogoyevitch, M. A., Andersson, M. B., Gillespie-Brown, J., Clerk, A., Glennon, P. E.,

Fuller, S. J. and Sugden, P. H. (1996) Adrenergic receptor stimulation of the

mitogen-activated protein kinase cascade and cardiac hypertrophy. Biochem. J. 314,
115–121

27 Xiao, L., Pimental, D. R., Amin, J. K., Singh, K., Sawyer, D. B. and Colucci, W. S.

(2001) MEK1/2-ERK1/2 mediates α1-adrenergic receptor-stimulated hypertrophy in

adult rat ventricular myocytes J. Mol. Cell Cardiol. 33, 779–787

28 Dalby, K. N., Morrice, N., Caudwell, F. B., Avruch, J. and Cohen, P. (1998)

Identification of regulatory sites in mitogen-activated protein kinase (MAPK)-activated

protein kinase-1α/p90rsk that are inducible by MAPK. J. Biol. Chem. 273,
1496–1505

29 Thomson, S., Clayton, A. L., Hazzalin, C. A., Rose, S., Barrat, M. J. and

Mahadevan, L. C. (1999) The nucleosomal response associated with immediate-early

gene induction is mediated via alternative MAP kinase cascades : MSK1 as a

potential histone H3/HMG-14 kinase. EMBO J. 18, 4779–4793

30 Mu$ ller, F. U., Boknı!k, P., Knapp, J., Linck, B., Lu$ ss, H., Neumann, J. and

Schmitz, W. (2001) Activation and inactivation of cAMP-response element-mediated

gene transcription in cardiac myocytes. Cardiovasc. Res. 52, 95–102

31 Fentzke, R. C., Korcarz, C. E., Lang, R. M., Lin, H. and Leiden, J. M. (1998) Dilated

cardiomyopathy in transgenic mice expressing a dominant-negative CREB

transcription factor in the heart. J. Clin. Invest. 101, 2415–2426

# 2002 Biochemical Society


