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ABSTRACT
Angiotensin II (Ang II) plays a critical role in hypertrophy of cardiomyocytes; however, the molecular mechanism, especially the signaling

cascades, in cardiomyocytes remains unclear. In the present study, we examined the mechanism of Ang II in hypertrophy of cardiomyocytes.

Ang II rapidly stimulated phosphorylation of protein kinase C epsilon (PKCe) in a time- and dose-dependent manner via Ang II receptor-1

(AT1). Furthermore, Ang II-induced extracellular signal-regulated kinase 5 (ERK5) phosphorylation and translocation was mediated through a

signal pathway that involves AT1 and PKCe, which resulted in transcriptional activation of myocyte enhancer factor-2C (MEF2C) and

hypertrophy. Consequently, inhibiting PKCe or ERK5 by small interfering RNA (siRNA) significantly attenuated Ang II-induced MEF2C

activation and hypertrophy of rat cardiomyocytes. These data provide evidence that PKCe-dependent ERK5 phosphorylation and

nucleocytoplasmic traffic mediates Ang II-induced MEF2C activation and cardiomyocyte hypertrophy. PKCe and ERK5 may be potential

targets in the treatment of pathological vascular hypertrophy associated with the enhanced renin–angiotensin system. J. Cell. Biochem. 109:

653–662, 2010. � 2010 Wiley-Liss, Inc.
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M yocardial hypertrophy is a risk factor of heart failure.

Cardiomyocytes can respond to mechanical load, whether

provoked by axial stretch, increased beating frequency, or osmotic

swelling [Brede et al., 2003; Yutao et al., 2006]. To compensate for

increased mechanical load, cardiomyocytes react in a defined way,

by inducing hypertrophic growth [Schlüter and Wenzel, 2008].

Cardiac hypertrophy alters myocyte shape and the extracellular

matrix, which results in wall thickening, then chamber dilation, and

myocardiac dysfunction. This process is initially compensatory for

increased workload, the prolongation of which leads to congestive

heart failure, arrhythmia, and sudden death.
ing Geng contributed to this study.

rant sponsor: National 973 Basic Research Program of China; Grant num

Correspondence to: Guohai Su, MD, Department of Cardiology, Ji’nan
handong, PR China. E-mail: suguohai1230@163.com

*Correspondence to: Zhiming Ge, PhD and Weiqiang Kang, MD, The Key L
nd Function Research, Chinese Ministry of Education and Chinese Minis
ospital, Shandong, Wenhuaxi Road, Jinan 250014, PR China. E-mail: zh

eceived 22 December 2008; Accepted 3 November 2009 � DOI 10.1002/

ublished online 5 January 2010 in Wiley InterScience (www.interscience
Angiotensin II (Ang II) is an octapeptide that exerts inotropic,

hypertrophic, and apoptotic effects on cardiomyocytes [Fabris et al.,

2007; Mollmann et al., 2007]. Thus, Ang II is central for any process

involved in the control of hypertrophy and heart failure. The

corresponding signal transduction pathways have been demon-

strated in fetal, neonatal, and adult cardiomyocytes. The renin–

angiotensin system is an important component of the physiological

and pathological responses of the cardiovascular system [Griendling

et al., 1996; Joerg and Jeffery, 2006; Mehta and Griendling, 2007].

Through Ang II receptor-1 (AT1), Ang II carries out its functions,

including hypertrophic remodeling of cardiomyocytes, which
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involves various downstream signal transduction mechanisms

[Zhan et al., 2005; Mehta and Griendling, 2007]. However, the

regulatory molecular mechanisms, specifically the signaling

cascades, involved in Ang II-induced cardiomyocyte hypertrophy

are not fully understood.

Mitogen-activated protein kinases (MAPKs) are a family of

serine/threonine kinases that play a central role in transducing

extracellular cues into various intracellular responses [Coulombe

and Meloche, 2007]. Activated MAPKs phosphorylate multiple

intracellular targets, including numerous transcription factors that

induce the reprogramming of gene expression. A new member of the

MAPK family, extracellular signal-regulated kinase 5 (ERK5), is

activated in response to growth factors and stress. ERK5 is twice the

size of ERK1/2 and similar to ERK1/2, has the Thr–Glu–Tyr (TEY)

activation motif [Nishimoto and Nishida, 2006]. The pertinent

phosphorylation sites of ERK5 have been mapped to Thr218/Tyr220.

The kinase domain is encoded in its amino-acid terminus, whereas

its unique carboxy terminus encodes two proline-rich regions, a

nuclear export domain and a nuclear localization domain

[Nishimoto and Nishida, 2006; Wang and Tournier, 2006]. Activated

ERK5 translocates from the cytoplasm to the nucleus and then

phosphorylates substrates, including myocyte enhancer factor-2C

(MEF2C) [Nishimoto and Nishida, 2006].

Several physiological roles of ERK5 have been reported

[Nishimoto and Nishida, 2006; Wang and Tournier, 2006]. In

pathological conditions, ERK5 is involved in tumor development

and hypertrophy [Wang and Tournier, 2006]. All four MAPKs,

including ERK5, are activated during the development of cardiac

hypertrophy [Nicol et al., 2000]. Recent studies indicated that ERK5

was involved in cardiac hypertrophy and was stimulated by Gq-

coupled G protein-coupled receptors in epithelial cells via unknown

mechanisms [Garcı́a-Hoz et al., 2007]. The ERK5 pathway has also

been implicated in vascular disorders such as atherosclerosis, a

pathological process initiated by injury of endothelial cells due to

multiple stimuli (i.e., smoking, diabetes mellitus, hypertension, and

hyperlipidemia) [Garcı́a-Hoz et al., 2007]. More recently, some

studies have showed that ERK5 is implicated in Ang II-induced

proliferation of vascular smooth muscle cells [Sharma and

Goalstone, 2007]. However, little is known about the regulation

and role of ERK5 in hypertrophy of cardiomyocytes stimulated by

Ang II.

In vivo and tissue-culture experiments with phorbol esters used

as general protein kinase C (PKC) agonists have revealed PKC

agonists have long been implicated in cell proliferation, survival,

and programmed death [Murray et al., 1997]. In cultured

cardiomyocytes, PKC agonists regulate contractility and hyper-

trophy [Dorn and Mochly-Rosen, 2002]. However, PKC has at least

12 different isoforms, and the multiplicity of family members

produces varied cellular responses depending on isoform activity

and physiological context. In cardiac tissue, PKC isoform expression

differs by species, cell type, and developmental stage, with most

adult mammalian myocardia expressing PKCa, b1, b2, d, e, and l/z

[Bowling et al., 1999; Sabri and Steinberg, 2003].

The best-characterized PKC isoform in cardiac hypertrophy is

PKCe. PKCe is activated in response to hypertrophic stimuli in

cultured myocytes and in vivo [Chen et al., 2001], and over-
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expression and activation of PKCe results in myocardial hyper-

trophy [Takeishi et al., 2000]. PKCe is implicated in hypertrophic

signaling because it is activated by mechanical stress as well as

genetic (Gq) and physiological (pressure overload) hypertrophic

stimuli [Gu and Bishop, 1994; D’Angelo et al., 1997]. PKCe was

perceived to be a key mediator of maladaptive hypertrophy.

However, the downstream signaling molecules, including the

particular receptors and specific PKC isoforms, that mediate ERK5

activation in response to specific cellular stimuli in the ERK5

activation pathways remain elusive.

Here, we describe Ang II stimulating PKCe phosphorylation

through an AT1-PKC-dependent signal pathway, which sub-

sequently led to ERK5 phosphorylation, translocation, MEF2C

transcriptional activation, and cardiomyocyte hypertrophy.

Our findings suggest that PKCe and ERK5 are implicated in Ang

II-induced cardiomyocyte hypertrophy.

MATERIALS AND METHODS

MATERIALS

All basic laboratory reagents were from Sigma–Aldrich (St. Louis,

MO). Ang II was from Sigma (St. Louis, MO). Anti-phospho-PKCe,
anti-PKCe, anti-phospho-ERK5, anti-phospho-MEF2C, anti-MEF2C,

and anti-ERK5 antibodies were from Santa Cruz Biotechnology

(Santa Cruz, CA). Anti-phospho-ERK1/2, anti-ERK1/2, anti-

phospho-p38, and anti-p38 antibodies were from Cell Signalling

(Boston, MA). SDS–polyacrylamide gels were from Pierce (Rockford,

IL); polyvinylidene fluoride (PVDF) and the protein gel apparatus

were from Bio-Rad (Hercules, CA). Minimal essential medium

(MEM), fetal bovine serum (FBS), phosphate buffered saline

(PBS), penicillin/streptomycin, non-essential amino-acids and

L-glutamine, PD123319 and Go 6983 were from Sigma–Aldrich.

Valsartan was obtained from Pro Du (Shandong University, China).

CELL CULTURING

Animals used in these experiments were handled in accordance with

the Guiding Principles in the Care and Use of Animals, approved by

the Council of the China Physiological Society. Neonatal rat

cardiomyocytes from 2- to 3-day-old Sprague–Dawley rats were

prepared as previously described [Poizat et al., 2000]. The rats were

anesthetized and sacrificed by immersing in 70% (v/v) alcohol. The

ventricles were removed and washed three times in D-Hanks

balanced salt solution (g/L: 0.4 KCl, 0.06 KH2PO4, 8.0 NaCl,

0.35 NaHCO3, and 0.06 Na2HPO4 7H2O, pH 7.2) at 48C, then minced

and incubated with 0.25% (w/v) trypsinase for 10 min at 378C.

Addition of an equal volume of cold Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% (v/v) newborn calf serum was used

to terminate the digestion. The supernatant was discarded. Then,

cells were incubated with fresh 0.25% trypsinase for 15 min at 378C,

and the supernatant was collected. The latter digestion step was

repeated four times. Cells in the supernatant were isolated by

centrifugation for 10 min at 1,500 rev/min at room temperature.

Cardiomyocytes were cultured as monolayers at 5� 104 cells/cm2

and incubated with Ang II at different times and various dosages.

Prior to stimulation, all cells were placed in serum-reduced medium

(0.1% FBS) for 24 h to maintain quiescence.
JOURNAL OF CELLULAR BIOCHEMISTRY



WESTERN BLOT ANALYSIS

Cardiomyocytes were lysed in ice-cold lysis buffer (150 mM

NaCl, 5 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride, 1 mM

dithiothreitol, 1 mM sodium vandate, 1 mM sodium phosphate,

1% Triton X-100, 0.5% SDS, 10mg/ml aprotinin, 10mg/ml

leupetin, 50 mM HEPES, pH 7.5). Crude lysates were sonicated

and centrifuged at 10,000 rpm for 5 min at 48C. Total protein

concentration from the resulting supernatant was determined by

bicinchoninic acid protein assay (Pierce) and normalized to 1 mg/ml.

Aliquots of whole cell lysates were dried in a Speedvac Concentrator

(Savant, Holbrook, NY), denatured in Laemmli sample buffer,

and stored at �208C until use. Samples were boiled for 10 min, and

30mg protein per lane was resolved on SDS–PAGE before being

transferred to PVDF membranes. Membranes were probed with

rabbit or goat polyclonal antibodies specific for phosphorylation,

and total proteins were then incubated with goat anti-rabbit

or rabbit anti-goat horseradish peroxidase-conjugated polyclonal

antibodies. Proteins were detected by use of an electrochemilumi-

nescence detection kit (Amersham, Piscataway, NJ) and quantitated

by densitometry, by use of a Bio-Rad Fluor-S MultiImager

(Bio-Rad).

IMMUNOFLUORESCENCE STAINING

Cells cultured on plastic dishes were washed with PBS and fixed in

2% paraformaldehyde for 30 min at room temperature, then rinsed

twice in PBS. Monolayers were then permeabilized three times for

10 min each, with PBS supplemented with 0.1% (final concentra-

tion) Triton X-100 and then blocked twice in PBS with 0.2% BSA

for 10 min each at room temperature. Cells were incubated with

rabbit polyclonal anti-phospho-ERK5 antibody (diluted 1:100) in

blocking solution overnight at 48C. Coverslips incubated with rabbit

polyclonal IgG, instead of primary antiserum, served as negative

controls. After 3 washes for 10 min each in PBS with 0.2% BSA,

coverslips were incubated with Alexa Fluor 488 (green)-conjugated

goat-anti-rabbit secondary antibody for 30 min and washed three

times in PBS with 0.2% BSA. Immunolabeled cells were counter-

stained with DAPI to detect cell nuclei, then slides were mounted.

Samples were analyzed by confocal immunofluorescence micro-

scopy with a Zeiss LSM510 system. To avoid interference between

fluorescence signals, images were captured under multitracking

mode.

SMALL INTERFERING RNA (siRNA) STUDIES

Double-stranded 21-mer siRNA (siR-PKCe) was designed as

described [Elbashir et al., 2002]. Rat PKCe siRNA was obtained

from Genepharma (Shanghai, China). The PKCe-specific siRNA

sequences used were as follows: #1, 50-AAGATCGAGCTGGC-

TGTCTTT-30; #2, 50-TTCTAGCTCGACCGACAGAAA-30. Cardiomyo-

cytes were removed by trypsinization, seeded into 60 mm dishes,

and cultured for 24 h. Transfection of cardiomyocytes involved use

of Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

protocol [Vega et al., 2004; Ozgen et al., 2008], with 100 nM non-

targeting control siRNA or Smart Pool siRNA for PKCe. After 48 h,

cells were exposed to Ang II as indicated, and lysates underwent

Western blot analysis. Rat ERK5 siRNA was used to identify the

involvement of ERK5 in MEF2C activation and cardiomyocyte
JOURNAL OF CELLULAR BIOCHEMISTRY
hypertrophy. The rat ERK5-specific siRNA sequences were as

follows: #1, 50-CAGUCACUUGUGCCACCUATT-30; #2, 50-GGAG-

GAAUUCUUAAACCAATT-30; #3, 50-GGCCCUGUAUCUCAGACUA-

TT-30 (GenBank Accession No. NM_002749).
MEASUREMENT OF [3H]-LEU INCORPORATION AND

CARDIOMYOCYTE DIAMETER

To determine cell hypertrophy, we measured [3H]-Leu incorporation

and cardiomyocyte surface area. After being digested, centrifuged,

and resuspended in DMEM, cardiomyocytes were counted in at least

three dishes at each time point, by use of phase-contrast microscopy.

Cardiomyocyte surface area (mm2) was determined from randomly

selected fields from independent cell cultures by use of Quantimet

570 software (Leica, The Netherlands). Ten fields were randomly

chosen for every group, and 10 cardiomyocytes were determined for

every field.

[3H]-Leu incorporation in cardiomyocytes was assessed as

described previously [Luo et al., 2001]. Cardiomyocytes were made

quiescent by incubation in serum-free DMEM medium for 24 h. Cells

were incubated with 1mCi/ml [3H]-Leu in the presence or absence of

100 nM Ang II. After 24 h, cells were washed twice with ice-cold

PBS, and the proteins were precipitated in 5% trichloroacetic acid.

[3H]-Leu incorporation was determined by use of a scintillation

counter.
STATISTICAL ANALYSIS

Data were analyzed by SPSS version 12.0 (SPSS, Inc., Chicago, IL).

All data were analyzed by Student’s t-test. A P< 0.05 was

considered statistically significant. Results are expressed as the

mean� SEM of at least three independent experiments.
RESULTS

ACTIVATION OF MAPKS BY ANG II IN NEONATAL

RAT CARDIOMYOCYTES

To determine the signaling molecules that are specifically involved

in the hypertrophic response of cells pretreated with Ang II, we

first examined the potential role of ERK1/2, P38, and ERK5 in

cardiomyocytes in response to Ang II stimulation. Ang II (100 nmol/

L) induced phosphorylation of ERK5 after 5 min, with peak

phosphorylation between 15 and 30 min, which returned to baseline

values after 1 h (Fig. 1A). However, the phosphorylation of ERK1/2

and p38 was earlier than that of ERK5. The phosphorylation

response of ERK5 began at 1 nmol/L, with maximal effect at

100 nmol/L (Fig. 1B). With Ang II stimulation, ERK5 protein level did

not change (Fig. 1).
AT1 BUT NOT AT2 RECEPTOR MEDIATES ANG II-INDUCED

ERK5 PHOSPHORYLATION

Ang II exerts its biological effects through binding to the two

receptor subtypes AT1 and AT2, which belong to the superfamily of

G protein-coupled receptors [Touyz and Berry, 2002]. To determine

which subtype mediates ERK5 phosphorylation in cardiomyocytes,

cells were pretreated for 1 h with valsartan (0.3, 1.0, and 3.0mmol/L),
CARDIOMYOCYTE HYPERTROPHY WITH ANG II STIMULATION 655



Fig. 1. Ang II stimulates ERK5 phosphorylation in cardiomyocytes. Cardiomyocytes were stimulated with Ang II (100 nM) for various times (A) or at different doses (B).

Representative Western blot analysis results of the phosphorylation of ERK5 (p-ERK5), expression of ERK5, and b-actin (as a loading control) in cell lysates (n¼ 4 experiments).
�P< 0.01; #P< 0.05.
a specific antagonist for AT1, or PD123319 (20mmol/L), an

antagonist for AT2, then stimulated with Ang II (100 nmol/L) for

1 h. Valsartan inhibited Ang II-induced ERK5 activation in a dose-

dependent manner, the dose of 3mmol/L completely blocking ERK5

phosphorylation (Fig. 2B), whereas PD123319 had no effect on Ang

II activation of ERK5 (Fig. 2A).
Fig. 2. AT1-receptor-mediated Ang II-induced ERK5 phosphorylation. Cardiomyocytes

stimulated with Ang II for 5 min; Western blot analysis (n¼ 4 experiments) of the ph
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ANG II STIMULATES ERK5 ACTIVATION THROUGH A

PKC-DEPENDENT PATHWAY

In vivo and tissue-culture experiments involving phorbol esters as

general PKC agonists have implicated PKCs in cell proliferation,

survival, and programmed death [Minamino and Komuro, 2007]. In
were pretreated with PD123319 (20mmol/L) (A) or valsartan (B) for 30 min and then

osphorylation of ERK5 and expression of ERK5 and b-actin (as a loading control).

JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Ang II stimulates ERK5 phosphorylation through AT1-PKC in cardiomyocytes. Cardiomyocytes were stimulated with Ang II for 15 min at different doses.

Cardiomyocytes were pretreated with the PKC inhibitor Go 6983 (A) for 1 h, then with Ang II for 1 h. Different PKC isozymes were detected on Ang II (100 nM) stimulation

for 15 min (B). Cardiomyocytes were transfected with scramble (control) or PKCZ siRNA, then stimulated with Ang II (100 nM) (C). Western blot analysis (n¼ 3 experiments) of

the phosphorylation of ERK5 and expression of ERK5 and b-actin (as a loading control). �P< 0.01; #P< 0.05 versus controls.
cultured cardiomyocytes, PKCs regulate contractility and hyper-

trophy [Dorn and Mochly-Rosen, 2002]. To determine whether PKC

activation is involved in Ang II-induced ERK5 phosphorylation in

cardiomyocytes, we examined the effect of PKC inhibition on ERK5

phosphorylation. Quiescent cells were pretreated with the general

PKC inhibitor Go 6983 (0.3, 1, and 3mmol/L) for 1 h before being

exposed to Ang II (100 nmol/L) for 1 h. Go 6983 blocked ERK5

phosphorylation in a dose-dependent manner (Fig. 3A), which

suggests that PKC is involved in Ang II-stimulated ERK5

phosphorylation in cardiomyocytes.
PKCe SPECIFICALLY MEDIATES ANG II–INDUCED

ERK5 PHOSPHORYLATION

Next, we attempted to determine which specific isotype of PKC is

required for ERK5 activation. Several PKC isoforms, including a, b,

d, e, and z, are expressed in cardiomyocytes [Dorn and Force, 2005],

PKCa and PKCb are upregulated, PKCe is upregulated or is a key

mediator of maladaptive hypertrophy, and levels of PKCd and z do

not change [Dempsey et al., 2000; Braz et al., 2004; Steinberg, 2008].

Ang II (100 nM) treatment induced marked phosphorylation of PKCe
within 15 min (Fig. 3B) but did not induce phosphorylation of

PKCa/b, PKCd, or PKCz.

To substantiate the role of PKCe in Ang II-induced ERK5

phosphorylation, we knocked down endogenous PKCe in cardio-

myocytes using siRNA. Transfection of PKCe siRNA in cardiomyo-

cytes markedly reduced PKCe protein expression without affecting

the expression of ERK5 and b-actin (Fig. 3C). Silencing PKCe by
JOURNAL OF CELLULAR BIOCHEMISTRY
siRNA significantly inhibited Ang II-induced ERK5 phosphoryla-

tion, which indicates that PKCe is required for ERK5 phosphoryla-

tion with Ang II stimulation in cardiomyocytes.

ANG II STIMULATES ERK5 TRANSLOCATION VIA

A PKCe-DEPENDENT PATHWAY

To determine the consequences of ERK5 phosphorylation, we

studied the effect of Ang II on ERK5 subcellular distribution in

cardiomyocytes. Before stimulation with Ang II, ERK5 was located

primarily in the cytoplasm of cardiomyocytes (Fig. 4A); ERK5

nuclear entry was seen at 15 min after Ang II stimulation, with a

striking translocation from the cytoplasm to the nucleus. At 60 min

of Ang II treatment, ERK5 was gradually shuttled back to the

cytoplasm.

To gain further insights into the signaling pathways leading to

Ang II-induced translocation of ERK5, we studied the effects of

PKCe. Knocking down PKCe expression by siRNA greatly attenuated

15 min (100 nM) Ang II-induced translocation of ERK5 in

cardiomyocytes (Fig. 4B). The PKC inhibitor Go 6983 (3mmol/L)

also blocked Ang II-induced ERK5 translocation (Fig. 4B), which

suggests that an AT1-PKCe-dependent pathway is involved in the

nucleocytoplasmic traffic of ERK5 in cardiomyocytes.

We also demonstrated changes in the amount of total ERK5

content between the nucleus and cytoplasm due to Ang II

stimulation. We found a time-dependent increase in nuclear content

of total ERK5, with concomitant decrease in cytoplasmic content on

both Western blot and graphical analysis (Fig. 4C).
CARDIOMYOCYTE HYPERTROPHY WITH ANG II STIMULATION 657



Fig. 4. Ang II stimulates ERK5 nuclear entry through a PKCe pathway. Cardiomyocytes were stimulated with Ang II for different times (A). Cardiomyocytes were transfected

with PKCe siRNA or inhibited by Go 6983 (3mmol/L), then stimulated with Ang II (100 nM) for 15 min (B). Representative fluorescence images show the subcellular localization

of the proteins (n¼ 4 experiments, magnification 40�). �P< 0.05 versus Ang II (0 nM). C: Changes in p-ERK5 and total ERK5 between the nucleus and cytoplasm due to Ang II

(100 nM) stimulation.
PKCe AND ERK5 ARE INVOLVED IN ANG II-INDUCED

ACTIVATION OF MEF2C

Because activated ERK5 phosphorylates MEF2C [Zhao et al., 2009],

we examined whether Ang II stimulated the phosphorylation of

MEF2C in cardiomyocytes. Ang II significantly stimulated the

phosphorylation of MEF2C on treatment with Ang II (100 nM) for

15 min (P< 0.05); the phosphorylation returned to basal levels by

60 min (Fig. 5A). Knocking down PKCe or ERK5 expression by siRNA

significantly attenuated the activation of MEF2C with Ang II

(100 nM) treatment (Fig. 5B).
PKCe AND ERK5 ARE INVOLVED IN ANG II-STIMULATED

CARDIOMYOCYTE HYPERTROPHY

Ang II promotes cellular hypertrophy as a result of increased protein

synthesis, so we evaluated protein synthesis by measuring [3H]-Leu

incorporation, a marker of cell hypertrophy. [3H]-Leu incorporation
658 CARDIOMYOCYTE HYPERTROPHY WITH ANG II STIMULATION
was significantly greater in cells treated with Ang II (100 and

1,000 nM) than in controls (P< 0.01; Fig. 6A). Ang II (100 nM)

was therefore used for subsequent measurement of hypertrophy.

Moreover, Ang II treatment increased the cell size of cardio-

myocytes, as shown by significantly increased cell surface area

(Fig. 6A).

To further research the functional role of PKCe and ERK5 in Ang II

signaling, we examined whether PKCe and ERK5 are involved in

Ang II-stimulated cardiomyocyte hypertrophy. Cardiomyocytes

were infected with PKCe or ERK5 siRNA (Fig. 6B). Ang II (100 nM)

significantly increased [3H]-Leu incorporation. Inhibiting PKCe by

siRNA greatly suppressed Ang II-induced [3H]-Leu incorporation

(P< 0.01). Similarly, [3H]-Leu incorporation was significantly

greater with Ang II (100 nM) and non-targeting ERK5 siRNA

treatment (control) than with targeting ERK5 siRNA (P< 0.01)

(Fig. 6B), which suggests that PKCe and ERK5 play a pivotal role in

Ang II-induced cardiomyocyte hypertrophy.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. PKCe and ERK5 are involved in Ang II-induced MEF2C activation. Ang II stimulated MEF2C(A). Cardiomyocytes were transfected with PKCe or ERK5 siRNA, then

stimulated with Ang II (B). Western blot analysis of the phosphorylation of MEF2C and expression levels of MEF2C, PKCe, ERK5, and b-actin (as a loading control) with Ang II

(100 nM) treatment. �P< 0.05 versus Ang II (0 min).

Fig. 6. ERK5 activation is required for induced hypertrophy by Ang II. [3H]-Leu was added to cardiomyocytes, then cells were stimulated with and without Ang II (100 nM) for

15 min; cell area was also detected (A). �P< 0.01 versus control. Cardiomyocytes were treated with Ang II (100 nM) for 24 h (B). Bars in figures indicate 20mm. �P< 0.05 versus

control. [3H]-Leu incorporation after treatment with non-targeting PKCe or ERK5 siRNA (control) with Ang II (100 nM) stimulation. �,#P< 0.05, P< 0.01 versus control.
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DISCUSSION

Our results reveal that Ang II induces ERK5-activated nuclear

translocation mediated by PKCe in cardiomyocytes, which results in

phosphorylation of MEF2C and consequent cardiomyocyte hyper-

trophy. Ang II stimulated ERK5 phosphorylation in a time- and

dose-dependent manner in rat cardiomyocytes. Furthermore, Ang

II-induced ERK5 phosphorylation was mediated through a signal

pathway that involves the AT1 receptor and PKCe, and this pathway

plays an important role for ERK5 nuclear export and action of

MEF2C. Importantly, PKCe- and ERK5-dependent responses con-

tribute to regulation of Ang II-induced [3H]-Leu incorporation into

cardiomyocytes to cause cell hypertrophy. These findings reveal a

novel role of PKCe and ERK5 in Ang II-induced signal transduction

in cardiomyocyte hypertrophy, which may provide new insights

into the molecular mechanism of heart remodeling in animal models

and in humans.

MAPKs are involved in the regulation of a large variety of cellular

processes such as cell growth, differentiation, hypertrophy, cell

cycle, death, and survival. The major groups of MAPKs found in

cardiac tissue include the ERK1/2, c-Jun NH2-terminal kinase (JNK),

p38-MAPK, and ERK5. Involvement of all three classical MAPK

pathways (ERK1/2, JNK, and p38) has been implicated in the

mechanisms of cardiac hypertrophy. Accumulating studies have

suggested that the reactive oxygen species (ROS) dependent ERK1/2

pathway was involved in cardiac hypertrophy induced by Ang II

[Zou et al., 2008; Cai et al., 2009]. The activation of p38-MAPK

signaling pathway was associated with the development of

hypertrophy in transgenic mice with Ang II-induced cardiac

hypertrophy [Pellieux et al., 2000] and in a model of hypertensive

cardiac hypertrophy in spontaneously hypertensive stroke-prone

rats [Behr et al., 2001]. Studies also documented the possible role of

JNK in hypertrophic responses to Gq receptor-coupled hypertrophic

agonists. Wang et al. [1998] found that specific activation of JNK

pathway led to the induction of hypertrophic responses. Activation

of JNK pathway was shown to contribute to the morphological

response of neonatal rat cardiomyocytes and to increase the

expression of hypertrophy-related genes [Finn et al., 2001]. Possible

role of three classical MAPK pathways in hypertrophic responses

was demonstrated using adenovirus-mediated gene transfer,

whereby constitutive expression of dual-specificity phosphatase

MKP-1 in cultured primary myocytes blocked the activation of

ERK1/2, JNKs, and p38-MAPK, and prevented the agonist-induced

hypertrophy [Bueno et al., 2001].

ERK5, another member of MAPKs, has also been shown to play an

important role in cardiomyocyte hypertrophy. Our observations

suggest that both ERK5 and other members of the MAPK family are

activated by Ang II, but not at the same time. The physiological

function of ERK5 signaling is just beginning to be elucidated, as in

our study. ERK5 is essential for cardiovascular development and

plays a role in cardiomyocyte hypertrophy. The targeted deletion of

the ERK5 gene in mice has provided genetic evidence for an essential

role of the ERK5 signaling pathway during heart development

[Regan et al., 2002; Yan et al., 2003; Wang et al., 2005]. Some recent

studies have implicated ERK5 as a potential signal transducer for

cardiac hypertrophy [Takahashi et al., 2005; Shin et al., 2008].
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Although the pathways activated by Ang II in cardiomyocytes have

been explored in detail, no studies have addressed the role of ERK5.

In this study, we provide evidence that ERK5 is markedly activated

when cardiomyocytes are exposed to Ang II. When MAPKs

translocate to the nucleus, they control transcription to regulate

many critical cellular processes, including growth, differentiation,

survival, apoptosis, and stress-related responses [Nishimoto and

Nishida, 2006; Wang, 2007]. The C-terminal region of ERK5

contains a unique sequence and shows transcriptional activation

of MEF2C, peroxisome proliferator activated receptor g1 and

members of the activator protein 1 (AP1) family, c-fos and Fra1

[Akaike et al., 2004; Nishimoto and Nishida, 2006]. ERK5 has a

potential role in the transcriptional regulation of hypertrophic

genes, in particular MEF2C-dependent genes such as c-jun,

through direct phosphorylation and activation of the transcription

factor MEF2C, and governs hypertrophic growth [Takahashi et al.,

2005; Zhao et al., 2009]. Consistent with these findings, our study

indicated that Ang II-induced ERK5 phosphorylation resulted in

MEF2C activation and cardiomyocyte hypertrophy. Knocking down

ERK5 by siRNA significantly attenuated MEF2C activation and

[3H]-Leu incorporation. Increased [3H]-Leu incorporation could be

involved in increased protein synthesis and the resulting cellular

hypertrophy caused by Ang II. Our Ang II treatment increased [3H]-

Leu incorporation, which was inhibited by siRNA transfection to

silence ERK5 (Fig. 6); these results are consistent with Ang II-

induced increase in cell size, as shown by increased cell area.

With respect to the subcellular distribution of ERK5, initial

reports indicated that analogous to ERK1/2, ERK5 is a cytoplasmic

protein that moves to the nucleus on stimulation in NIH3T3 cells

[Yan et al., 2005]. However, other reports challenged this concept by

showing the nuclear location of ERK5 in HeLa or Rat-1 cells,

independent of their stimulation [Raviv et al., 2004]. To analyze

whether this different subcellular location of ERK5 was cell-type

specific, we analyzed the subcellular distribution of ERK5 in

cardiomyocytes and found ERK5 mainly located in the cytoplasm in

unstimulated cardiomyocytes and moving to the nucleus on Ang II

stimulation. Dual phosphorylation is critical for ERK5 nuclear entry;

a form of ERK5 in which the dual phosphorylation site is mutated is

unable to enter into the nucleus, even when coexpressed with

constitutively active MEK5 [Raviv et al., 2004; Kondoh et al., 2006].

In agreement with this notion, we found that both the PKC inhibitor

Go 6983 and PKCe specific siRNA greatly inhibited the phosphor-

ylation of ERK5, with a significant decrease of ERK5 nucleocyto-

plasmic shuttling. Recently, a mechanism for the nucleocytoplasmic

transport of ERK5 has been proposed, whereby three different

regions govern the nucleocytoplasmic distribution [Wang and

Tournier, 2006]. One region corresponds to the N-terminus and

appears to favor cytoplasmic anchoring of ERK5 [Yan et al., 2001].

The other two regions are at the C-terminal region: one acts as a

bipartite nuclear localization sequence [Yan et al., 2001; Kondoh

et al., 2006], and the other favors the nuclear export of ERK5

[Buschbeck and Ullrich, 2005]. The balance between nuclear import

and export determines the subcellular localization of ERK5 [Kondoh

et al., 2006].

Many studies have investigated the intracellular molecular

mechanisms that regulate developmental and pathological cardiac
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hypertrophy. Among the data obtained, PKC isozymes emerged as

potential mediators of PKC hypertrophic stimuli. We used multiple

approaches to determine and confirm the specific role of PKCe in

mediating Ang II-induced ERK5 activation. The general PKC

inhibitor Go 6983 blocked Ang II-induced ERK5 activation in a

concentration-dependent manner, which suggests that Ang II

induces ERK5 activation through a PKC-dependent pathway in

cardiomyocytes. Further findings that Ang II induces activation of

PKCe in cardiomyocytes (Fig. 4A) and that the siRNA of PKCe
blocked Ang II-induced ERK5 activation (Fig. 4B) strongly suggest

the functional involvement of PKCe in Ang II-induced ERK5

activation. PKCe is activated in response to hypertrophic stimuli in

cultured myocytes and in vivo [Chen et al., 2001], and over-

expression and activation of PKCe results in myocardial hyper-

trophy [Takeishi et al., 2000]. Our results also revealed that PKCe
siRNA significantly reduced [3H]-Leu incorporation, a measure of

cell hypertrophy, which indicated that PKCe is involved in

hypertrophy of cardiomyocytes.

CONCLUSIONS

In summary, we demonstrate that Ang II induces AT1-PKCe-
dependent ERK5 phosphorylation and translocation. As well, PKCe
and ERK5 are involved in Ang II-stimulated MEF2C activation and

cardiomyocyte hypertrophy. These results provide new insights into

the molecular underpinnings of hypertrophy in cardiomyocytes in

response to Ang II. Further studies are needed to define the specific

genes regulated by the PKCe-ERK5 pathway. Such progress may

provide novel targets for therapeutic manipulation through

pharmacological or genetic approaches in pathological cardiac

remodeling in hypertension, atherosclerosis, and diabetes.
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