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Abstract

Substantial evidence suggests that the progressive loss of cardiomyocytes caused by apoptosis

significantly contributes to the development of heart failure. β-Adrenergic receptor activation and

subsequent persistent phosphodiesterase 3A (PDE3A) downregulation and concomitant inducible

cAMP early repressor (ICER) upregulation (PDE3A/ICER feedback loop) has been proposed to

play a key role in the pathogenesis of cardiomyocyte apoptosis. In contrast, insulin-like growth

factor-1 can activate cell survival pathways, providing protection against cell death and restoring

muscle function. In this study, we found that insulin-like growth factor-1 activates extracellular

signal-regulated kinase 5 (ERK5) and inhibits PDE3A/ICER feedback loop. Insulin-like growth

factor-1 normalized isoproterenol-mediated PDE3A downregulation and ICER upregulation via

ERK5/MEF2 activation, and also inhibited isoproterenol-induced myocyte apoptosis. To

determine the physiological relevance of ERK5 activation in regulating PDE3A/ICER feedback

loop, we investigated the PDE3A/ICER expression and cardiomyocyte apoptosis in transgenic

mice with cardiac specific expression of a constitutively active form of mitogen-activated protein

(MAP)/extracellular signal-regulated protein kinase (ERK) kinase 5α (MEK5α) (CA-MEK5α-

Tg). In wild-type mice, pressure overload– or doxorubicin-induced significant reduction of

PDE3A expression and subsequent ICER induction. Cardiac specific expression of CA-MEK5α

rescued pressure overload– or doxorubicin-mediated PDE3A downregulation and ICER

upregulation and inhibited myocyte apoptosis as well as subsequent cardiac dysfunction in vivo.

These data suggest that preventing the feedback loop of PDE3A/ICER by ERK5 activation could

inhibit progression of myocyte apoptosis as well as cardiac dysfunction. These data suggest a new
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therapeutic paradigm for end stage of heart failure by inhibiting the PDE3A/ICER feedback loop

via activating ERK5.
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Cardiac remodeling, including dysregulated myocyte apoptosis, contributes to the

development and progression of pathological remodeling after cardiac ischemia/reperfusion

and the transition from cardiac hypertrophy to chronic heart failure.1–3 A number of

observations suggest that cardiac myocyte loss by apoptosis contributes to the transition

from cardiac hypertrophy to heart failure.4 Previously, we reported a key role of

phosphodiesterase 3A (PDE3A) and inducible cAMP early repressor (ICER) in

cardiomyocyte apoptosis.5 PDEs exist as a superfamily with multiple isoforms that differ in

tissue distribution, biochemical properties, and sensitivity to chemical inhibitors.6 At least

21 genes encoding more than 50 different PDE isoforms have been identified and grouped

into 11 broad families (PDE1 to PDE11).6 Each tissue/cell type expresses a distinct set of

PDEs. In cardiomyocytes, PDE3, together with PDE4, accounts for >90% of the basal

cAMP-hydrolyzing activity, although their relative contributions may differ among species.7

We have recently found that in both neonatal and adult cardiomyocytes, inhibition of PDE3

function but not PDE4 significantly increased cardiomyocyte apoptosis despite the fact that

PDE4 inhibition elicited a more profound elevation of cAMP compared with PDE3

inhibition.5,7,8 These observations indicate that cardiomyocyte apoptosis is regulated by a

subset of cAMP molecules that are preferentially coupled to PDE3, which are independent

of the overall cellular cAMP levels in the cell.

ICERs are members of the cAMP-responsive element (CRE) modulator family. The

expression of ICERs is transcriptionally induced by CRE-binding protein (CREB) via a

CREB sequence in the ICER promoter.9 ICER proteins contain DNA-binding and leucine

zipper domains but not the N-terminal transactivation domain, which renders them

endogenous inhibitors of gene transcription driven by its cognates such as CREB and

activating transcription factor 1 (ATF-1).9 ICER has been shown to function as an important

inducer or mediator of apoptosis in various cell types including neuronal cells10 and

cardiomyocytes.5,11 We have recently shown that angiotensin II (Ang II) and β-adrenergic

receptor activation induced a sustained downregulation of PDE3A1 expression via a

“positive-feedback loop,” where ICER represses PDE3A gene expression and PDE3A

reduction then feeds back, leading to increased ICER expression resulting from protein

kinase A (PKA) activation.8 This feedback regulatory mechanism is essential for sustained

ICER induction and subsequent cardiomyocyte apoptosis. Our previous findings

demonstrated a key role of PDE3A in the regulation of cardiomyocyte survival and

suggested that strategies to block the PDE3A/ICER feedback loop could reduce

cardiomyocyte apoptosis and benefit heart failure.

Extracellular signal-regulated kinase 5/big mitogen-activated protein kinase 1 (ERK5/

BMK1) is a member of the mitogen-activated protein kinase family, which is activated by
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oxidative and hyperosmotic stress, growth factors, and pathways involving certain G

protein–coupled receptors.12 The upstream kinase that phosphorylates ERK5 has been

identified as mitogen-activated protein kinase/ERK kinase (MEK5).13,14 Like many

mitogen-activated protein kinase family members, ERK5 plays a significant role in cell

growth and differentiation via activation of its downstream substrate myocyte enhancer

factor 2 (MEF2), although emerging evidence suggests unique functional characteristics.

Oxidative stress–mediated activation of ERK5 is documented to have an antiapoptotic

effect15 and ERK5 knockout mice have impaired cardiac and vascular development.16

Recently we, along with Kasler et al, reported that ERK5 is not only a kinase but also

possesses transcriptional activity.17,18 We also reported that ERK5 activation was

significantly decreased in human heart failure.19 Although activation of ERK5 by the

constitutively active form of MEK5α (CA-MEK5α) has been demonstrated to have a

cardioprotective effect against acute ischemia/reperfusion in an isolated heart model,20 the

exact role of ERK5 activation and its possible cardioprotective mechanism in chronic heart

failure remains unclear.

An important cardiomyocyte survival factor is insulin-like growth factor-1 (IGF-1), but its

effect on the PDE3A/ICER feedback loop remains largely unknown. IGF-1 is synthesized

under the control of growth hormone by various cell types, including cardiac muscle.21

IGF-1 stimulates protein synthesis and cell growth and exerts antiapoptotic effects in many

organs including cardiac muscle.22–24 Mehrhof et al have reported that IGF-1 activates Akt

and ERK1/2 and inhibits apoptosis.25 Interestingly, although the importance of IGF-1/

phosphatidylinositol 3-kinase activation in cell survival is well established,26–28 the specific

role of Akt in heart failure has recently become more complicated.29–31

In this study, we found that ERK5 activation induced by IGF-1 significantly inhibited

isoproterenol (ISO)-mediated apoptosis via regulating PDE3A/ICER feedback loop. In

addition, activation of ERK5 in CA-MEK5α-Tg mice prevents pressure overload– and

doxorubicin (Dox)-mediated induction of PDE3A/ICER feedback loop, cardiac apoptosis, as

well as subsequent cardiac dysfunction in vivo. These data suggest the critical role of ERK5

activation on cardiac apoptosis and subsequent dysfunction via preventing the development

of PDE3A/ICER feedback loop.

Materials and Methods

An expanded Materials and Methods section is available in the online data supplement at

http://circres.ahajournals.org.

Details on reagents and adenovirus vectors, cultured rat neonatal cardiomyocytes, Western

blot analysis, analysis of apoptosis, mouse model of thoracic aorta constriction (TAC), in

vivo hemodynamic measurements with cardiac catheterization, protein extract from heart

tissue, echocardiographic analysis, histology, ERK5 transcriptional activity (mammalian

one-hybrid analysis), animal models, and statistical analysis are also provided in the online

data supplement.
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Results

ERK5 Activation by IGF-1 Inhibits the ISO-Induced Sustained Reduction of PDE3A and
Concomitant Induction of ICER

Previously, we demonstrated that activation of ERK5 inhibits apoptosis in endothelial

cells.32 There is increasing evidence that IGF-1 can be protective in cardiac injury, but the

exact mechanism remains unclear. Therefore, we first investigated whether IGF-1 can

increase ERK5 activation in cardiomyocytes. As shown in Figure 1A, we found that IGF-1

could significantly increase ERK5 kinase activation until at least 48 hours after stimulation.

Because ERK5 is not just a “kinase” but also possesses strong transcriptional activity and

increases MEF2 activity,17,18 we investigated whether IGF-1 can stimulate ERK5

transcriptional activity using a Gal4-ERK5 construct. As shown in Figure 1B, we found that

IGF-1 significantly increased ERK5 transcriptional activity.

We have reported that ISO induced a sustained downregulation of PDE3A and upregulation

of ICER, which are regulated by the PDE3A/ICER positive-feedback loop.8 The PDE3A/

ICER feedback loop is essential for Ang II and ISO-induced apoptosis.5 Because IGF-1

stimulates ERK5 activation and inhibits cardiac apoptosis,21 we determined whether IGF-1–

mediated ERK5 activation can inhibit both sustained reduction of PDE3A expression and

induction of ICER following ISO treatment of cardiac myocytes. As shown in Figure 2A

and 2B, ISO inhibited PDE3A expression and induced ICER expression after 24 hours of

stimulation, and pretreatment with IGF-1 before 24 hours of ISO stimulation abolished ISO-

mediated feedback loop of PDE3A reduction and ICER induction. Interestingly,

transduction of dominant negative ERK5 (Ad-DN-ERK5) completely abolished the

inhibitory effect of IGF-1 on ISO-mediated PDE3A reduction and ICER induction (Figure

2B). To confirm the role of endogenous ERK5 activation, ERK5 expression was reduced by

ERK5 small interfering RNA (siRNA) (Figure 2C). We found that the reduction of ERK5 by

ERK5 siRNA but not control siRNA abolished the inhibitory effect of IGF-1 on ISO-

mediated reduction of PDE3A, indicating the importance of endogenous ERK5 in regulation

of the PDE3A/ICER feedback loop.

To detect whether activation of ERK5 can inhibit the ISO-mediated PDE3A/ICER feedback

loop, we transduced cardiomyocytes with an adenovirus containing CA-MEK5α. As shown

in Figure 2D, ERK5 activation by CA-MEK5α significantly inhibited ISO-mediated PDE3A

reduction and ICER induction. These data indicate that ERK5 plays a critical role in the

inhibitory effect of IGF-1 on the ISO-mediated PDE3A/ICER positive-feedback loop.

Role of ERK5 Activation in Mediating the IGF-1 Antiapoptotic Effect

Because persistent expression of ICER causes myocyte apoptosis and ERK5 activation

inhibits ISO-mediated PDE3A reduction and ICER induction, we determined the role of

IGF-1–mediated ERK5 activation in cardiomyocyte apoptosis. As shown in Figure 2E, ISO

stimulation of 48 hours significantly increased cardiomyocyte apoptosis determined by

TUNEL staining, which is consistent with observations reported previously.5 The role of

ERK5 activation in ISO-induced apoptosis was determined by overexpressing CA-MEK5α
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in cardiomyocytes. As shown in Figure 2E, CA-MEK5α blocked ISO-induced apoptosis,

suggesting the critical role of ERK5 activation in regulating cardiomyocyte apoptosis.

To determine the role of ERK5 in the IGF-1–mediated inhibitory effect on apoptosis, we

transduced Ad-LacZ or Ad-DN-ERK5 into cardiomyocytes. Twenty four hours after

transduction, we pretreated the cells with vehicle or IGF-1. Twenty-four hours later, the

cells were stimulated by ISO for 48 hours and cardiomyocyte apoptosis was measured. As

shown in Figure 2E, we found that pretreatment of cells by IGF-1 completely inhibited ISO-

induced apoptosis. However, the antiapoptotic effect of IGF-1 was completely inhibited by

Ad-DN-ERK5, indicating that ERK5 is critical in mediating the IGF-1 antiapoptotic effect

in cardiomyocytes.

ERK5/MEF2 Activation Is Critical for the IGF-1–Mediated Inhibition of PDE3A/ICER
Feedback Loop

It is well established that MEF2 is an important downstream substrate for ERK5 kinase.33

Therefore, we investigated the role of MEF2 on the IGF-1–mediated inhibitory effect on

PDE3A/ICER feedback loop. First, we transduced cardiomyocytes with an adenovirus

containing a dominant negative form of MEF2C (R3T mutant, a mutation in the MADS box

of MEF2C that eliminates DNA binding without affecting dimerization) (Ad-DN-MEF2) or

Ad-LacZ as a control. The dominant negative form of R3T MEF2C mutant can dimerize

with endogenous MEF2 proteins including MEF2A and MEF2C and inhibit their

activities.34 After 24 hours of transduction, cardiomyocytes were stimulated with IGF-1 or

vehicle followed by ISO or vehicle stimulation as shown in Figure 2A. As shown in Figure

3A, IGF-1 inhibited ISO-mediated PDE3A reduction and ICER induction, and we found that

Ad-DN-MEF2 transduction abolished this inhibitory effect of IGF-1 on PDE3A reduction

and ICER induction. To further confirm the importance of MEF2 activation, we

cotransduced Ad-CA-MEK5α and Ad-DN-MEF2, and, after 24 hours of transduction, we

stimulated the cells with ISO. As shown in Figure 3B, activation of ERK5 inhibited ISO-

mediated PDE3A reduction and ICER induction. Transduction of Ad-DN-MEF2 did not

inhibit Ad-CA-MEK5α–mediated ERK5 activation as expected (Figure 3B, third panel from

the bottom). Transduction with Ad-DN-MEF2 abolished the inhibitory effect of IGF-1 on

ISO-mediated PDE3A downregulation and ICER upregulation, suggesting a critical role for

MEF2 activation in IGF-1/ERK5-mediated inhibition on PDE3A/ICER feedback loop.

Role of ERK5 in the Regulation of ICER Protein Stability, Which Inhibits ERK5-Mediated
Antiapoptotic Effect and PDE3A Expression

In this study, we found that activation of ERK5 can induce PDE3A expression and inhibit

ICER induction. Previously, we have reported that overexpression of ICER inhibits PDE3A

expression and forms a PDE3A/ICER feedback loop.8 The expression level of ICER is

regulated by CREB-dependent ICER gene transcription as well as proteasome-dependent

ICER protein ubiquitination and degradation.35 We have found the critical role of PKA

activation in stabilizing the ICER protein.8 However, the role of ERK5 activation on ICER

protein stability remains unknown. To determine the role of ERK5 activation on ICER

stability, we examined the effect of ERK5 activation on forskolin-mediated ICER protein

stability. As shown in Figure 4A, cardiomyocytes were transduced with Ad-LacZ or Ad-
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CA-MEK5α for 24 hours and then transduced with Ad-ICER for 12 hours (this time

allowing a sufficient expression of ICER; data not shown). After Ad-ICER transduction,

cells were treated with cycloheximide for 12 hours and then stimulated with forskolin for 16

hours. As shown in Figure 4B and 4C, in the presence of lacZ, forskolin increased ICER

expression, although cells were pretreated with cycloheximide. ICER was induced

exogenously by Ad-ICER transduction and forskolin-mediated ICER induction was

investigated under the treatment with the protein synthesis inhibitor cycloheximide.

Therefore, the increase of ICER by forskolin was solely attributable to ICER protein

stabilization but not attributable to the regulation of transcriptional machinery or RNA

stability, as we described previously.8 CA-MEK5α significantly decreased forskolin-

mediated ICER stabilization in both cardiomyocytes and CHO cells (Figure 4B and 4C),

indicating that ERK5 plays an important role in destabilizing the ICER protein, which is

opposite of the effect of PKA activation on ICER stability. The exact mechanism of ICER

stabilization induced by PKA remains unclear. It is possible that ERK5 activation inhibits

the process of PKA-mediated ICER stabilization. However, further investigation is required

to address this question.

Although ERK5 can regulate ICER destabilization, the involvement of ICER as a

downstream effector of ERK5 activation during the ERK5-mediated antiapoptotic effect and

PDE3A expression remains unclear. As shown in Figure 2D, we found that activation of

ERK5 could inhibit ISO-mediated ICER induction. To determine the contribution of ERK5-

mediated ICER reduction to the antiapoptotic effect, we cotransduced cardiomyocytes with

Ad-LacZ or Ad-CA-MEK5α with Ad-ICER and assessed apoptosis. In agreement with our

previous reports,5 we found that apoptosis was evoked by ICER overexpression (Figure 4D).

However, Ad-CA-MEK5α transduction could not inhibit apoptosis induced by ICER

overexpression (Figure 4D). Furthermore, we found that activation of ERK5 by CA-MEK5α

could not restore PDE3A reduction by ICER overexpression (Figure 4E), suggesting that the

reduction of ICER and induction of PDE3A is a critical downstream event mediated by

ERK5 activation, which is the mechanism for the observed ERK5 antiapoptotic effect in

cardiomyocytes.

Pressure Overload and Doxorubicin-Mediated Reduction of PDE3A and ICER Induction
Were Inhibited in the CA-MEK5α-Tg Heart

Previously, we found that PDE3A reduction and subsequent ICER induction is critical for

ISO-mediated apoptosis and that pressure overload by TAC decreased PDE3A expression

and increased ICER expression.5 Therefore, we next examined whether ERK5 activation by

CA-MEK5α prevents pressure overload–induced PDE3A reduction and subsequent ICER

induction. As shown in Figure 5A (functional data in Table I of the online data supplement;

Figure 7), pressure overload inhibited PDE3A expression and significantly increased ICER

induction in nontransgenic littermate control (NLC) mice. In contrast, PDE3A expression

was preserved in CA-MEK5α-Tg mice, and we did not find any significant increase of

ICER expression induced by pressure overload in CA-MEK5α-Tg mice. There were no

significant differences in Akt and ERK1/2 activation among NLC and CA-MEK5α-Tg

mice. To determine the general role of ERK5 activation on PDE3A/ICER feedback loop in

heart failure, we also examined PDE3A and ICER expression in a Dox-mediated mouse
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heart failure model. As shown in Figure 5B, we also found a significant reduction of PDE3A

and ICER induction after 5 days of Dox treatment, which were completely abolished in CA-

MEK5α-Tg mice. No significant differences of Akt and ERK1/2 activation among NLC and

CA-MEK5α-Tg mice were observed in this model. These data support the critical role of

ERK5 activation in regulating the PDE3A/ICER feedback loop in a heart failure model.

Cardiac Expression of CA-MEK5α Reduces Apoptosis Induced by Pressure Overload or
Dox

Apoptosis is believed to be important for the transition from hypertrophy to heart failure.4 It

has been reported that although apoptotic cells are not detectable in normal mouse LV, they

are widespread in the LV after 8-week TAC.36 Similarly, we found very few TUNEL-

positive cells in control and 4-week TAC mouse hearts. In contrast, in hearts after 8-weeks

of TAC, the number of in situ TUNEL-positive cells was increased to 0.33±0.06% (Figure

6A, left). We found significantly decreased TUNEL-positive cells in CA-MEK5α-Tg mice

after 8 weeks of TAC (Figure 6A, left). In a Dox-mediated heart failure model, we also

found that Dox-induced apoptosis was significantly inhibited in CA-MEK5α-Tg mice,

supporting the general antiapoptotic role of ERK5 activation in heart failure (Figure 6A,

right). To confirm these data, we further evaluated the process of apoptosis in vivo by

examining cleaved caspase-3 expression. As shown in Figure 6B, cleaved caspase-3

expression was significantly increased in both TAC and Dox-mediated heart failure models,

and activation of ERK5 by CA-MEK5α abolished cleaved caspase-3 expression in these

heart failure models. Of note, these same samples did not have any significant differences in

ERK1/2 and Akt expression or activation (Figure 5). These data further support the

antiapoptotic role of ERK5 activation during heart failure.

CA-MEK5α–Mediated ERK5 Activation Prevents Dox or TAC-Mediated Cardiac Dysfunction

Because we found a critical inhibitory role for ERK5 activation on PDE3A and the ICER

feedback loop and apoptosis, we next investigated whether ERK5 activation can inhibit the

development of heart failure in vivo. Figure 7A shows a representative echocardiogram after

vehicle or Dox administration in NLC and CA-MEK5α-Tg mice. As shown in supplemental

Table I, left ventricular (LV) end-systolic diameter was markedly increased in NLC mice

after Dox injection, but significantly smaller in Dox-injected CA-MEK5α-Tg mice

compared with Dox-injected NLC mice. Fractional shortening was also better preserved in

Dox-injected CA-MEK5α mice than Dox-NLC (supplemental Table I; Figure 7B). In

agreement with our previous reports, there was no difference in basal cardiac function

between NLC and CA-MEK5α-Tg mice.20 After Dox injection, we observed a significant

decrease of developed pressure and dP/dtmax in NLC mice. In contrast, Dox-injected CA-

MEK5α-Tg mice had normal developed pressure and dP/dtmax (Figure 7C, supplemental

Table II).

To further determine the role of ERK5 activation in heart failure, we performed TAC in both

NLC and CA-MEK5α-Tg mice. As shown in supplemental Table III, LV weight was

increased by 37% in 4-week TAC mice and by 89% in 8-week TAC mice compared with

age-matched controls. At these stages of hypertrophy, there were no differences between

CA-MEK5α-Tg and NLC in body weight, LV weight, and LV/body weight ratio. In the 4-
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week TAC mice, absolute LV systolic pressure was elevated in both CA-MEK5α-Tg and

NLC mice. Interestingly, in the 8-week TAC NLC mice, absolute LV systolic pressure was

lower than in the 4-week TAC mice despite a greater magnitude of hypertrophy. However,

we found that in CA-MEK5α-Tg mice, absolute LV systolic pressure did not decrease

compared with 4-week TAC CA-MEK5α-Tg mice. Furthermore, in the 8-week TAC mice,

LV systolic developed pressure per gram (LV weight) was significantly depressed in NLC

mice compared with the sham-operation group. In contrast, LV systolic developed pressure

per gram was significantly higher in the 8-week TAC CA-MEK5α-Tg mice. Furthermore,

we found that the absolute values for developed pressure, dP/dtmax, and dP/dtmin in the 8-

week TAC CA-MEK5α-Tg mice were greater than those in the 8-week TAC NLC mice

(Figure 7D, and supplemental Table III). Heart rate was similar between the groups

(supplemental Table III). These data suggest the presence of depressed systolic performance

in the 8-week TAC NLC mice compared with the 4-week TAC NLC mice, and ERK5

activation induced by CA-MEK5α-Tg inhibits the development of cardiac dysfunction by

pressure overload.

Discussion

We have previously reported that the PDE3A expression and activity was significantly

decreased during the transition from compensated hypertrophy to decompensated heart

failure.5 Because PDE3A expression and activity as well as subsequent inhibition of ICER

expression are crucial for inhibiting apoptosis, the reduction of PDE3A may have a

significant impact on pressure overload– and Dox-mediated apoptosis and subsequent

cardiac dysfunction. In fact, we found that activation of ERK5 significantly inhibited

PDE3A reduction as well as ICER induction and subsequent apoptosis and partially

normalized cardiac function. These data suggest an important role for the PDE3A/ICER

(Figure 8) feedback loop in the transition from compensated hypertrophy to decompensated

heart failure.

To our knowledge this is the first report to show that IGF-1 activates ERK5 in

cardiomyocytes. IGF-1/ERK5 inhibits the ISO-mediated PDE3A/ICER feedback loop and

plays a critical role in regulating ISO-induced apoptosis. Based on both DN-ERK5 and

ERK5 siRNA results (Figure 2), IGF-1–mediated ERK5 activation is definitely “necessary”

to inhibit ISO-mediated reduction of PDE3A. Furthermore, we found that the antiapoptotic

effect of ERK5 activation was lost by overexpression of ICER by Ad-ICER transduction,

suggesting that ERK5 activation acts upstream of the PDE3A/ICER feedback loop,

consistent with the IGF-1 results reported in Figures 2 and 3. The ability of IGF-1 to inhibit

cell death by both apoptosis and necrosis has previously been shown in experimental

ischemic cardiomyopathy in vivo.37 In addition, Welch et al have reported that cardiac

specific IGF-1 expression prevented apoptosis and improved hemodynamics in

tropomodulin-overexpressing transgenic mice.26 Because IGF-1 activates

phosphatidylinositol 3-kinase, which in turn phosphorylates the downstream effector

molecule Akt and inhibits apoptosis, Akt has been the main focus of the antiapoptotic effect

of IGF-1.31 However, the role of Akt in heart failure becomes complicated, because

overexpression of Akt in the heart may become maladaptive.29,30 Although future studies

will be required for the dependency of phosphatidylinositol 3-kinase on ERK5 activation,
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our data suggest a critical role for ERK5 activation in relaying the IGF-1–mediated

cardioprotective effect. Furthermore, because we found the possible involvement of other

kinases in regulating PDE3A expression (C.Y., and J.-i.A., unpublished data, 2006), we

assume that activation of ERK5 kinase alone may not be “sufficient” to increase PDE3

expression. Therefore, CA-MEK5α did not change the basal expression of PDE3A (Figure

2D) but only prevented its loss and induction of ICER after ISO treatment (Figure 2B and

2C). In contrast, we observed increased PDE3 expression in CA-MEK5α-Tg mice in vivo

(Figure 5A), suggesting that ERK5 may be among the critical factors to regulate PDE3

expression in vivo. To better understand the role of ERK5 activation in IGF-1 signaling and

PDE3A expression, further studies would be required using IGF-1 transgenic mice with

knock out of ERK5.

An expanded Discussion section is available in the online data supplement

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
IGF-1 stimulated both ERK5 kinase and transcriptional activity. A, Cardiomyocytes were

stimulated with IGF-1 (20 ng/mL), and phosphorylated (top) and total (bottom) ERK5 were

measured by Western blot analysis at the indicated times. B, ERK5 transcriptional activity

was measured by mammalian 1-hybrid assay with Gal4-ERK5 construct transfection, as we

described previously.17
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Figure 2.
Role of ERK5 activation on IGF-1–mediated inhibition of PDE3A reduction and ICER

induction (PDE3A/ICER feedback loop). A, Schematic diagram showing experimental

protocol. Cardiomyocytes were transduced with Ad-LacZ, Ad-DN-ERK5, or Ad-DN-MEK1

at 50 multiplicities of infection for 24 hours (B) or ERK5 or control siRNA for 72 hours (C),

followed by treatment with or without IGF-1 (20 ng/mL) for 24 hours and then stimulated

with vehicle or ISO for 24 to 48 hours as indicated. Expression of PDE3A, ICER, and ERK5

activation were detected by Western blotting. B through D, Critical role of ERK5 activation

on IGF-1–mediated inhibition on PDE3A/ICER feedback loop. B and C, Cardiomyocytes

were transduced with Ad-LacZ or Ad-DN-ERK5, or ERK5 or control siRNA, followed by

IGF-1 and ISO treatment, as described for A. D, Cardiomyocytes were transduced with Ad-

LacZ or Ad-CA-MEK5α, followed by ISO treatment for 24 hours. E, Role of ERK5

activation on IGF-1–mediated inhibition on ISO-induced apoptosis. Cardiomyocytes were

transduced with Ad-LacZ, Ad-CA-MEK5α, or Ad-DN-ERK5 at 50 multiplicities of

infection for 24 hours, followed by treatment with or without IGF-1 (20 ng/mL) for 24

hours, and then stimulated with vehicle or ISO for 48 hours. IGF-1–induced ERK5

activation was critical for inhibiting ISO-mediated apoptosis. Data represent mean of 3

repeats (mean±SD). Similar results were obtained from at least 2 independent experiments.

IB indicates immunoblot.
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Figure 3.
Critical role of MEF2 activation on IGF-1–mediated inhibition on PDE3A/ICER feedback

loop. Cardiomyocytes were transduced with Ad-LacZ, Ad-DN-MEF2 (A, B), or Ad-CA-

MEK5α (B), followed by treatment with or without IGF-1 (20 ng/mL) for 24 hours (A), as

described in Figure 2A, and then stimulated with vehicle or ISO for 24 to 48 hours as

indicated. Expression of PDE3A, ICER, and ERK5 activation were detected by Western

blotting. IB indicates immunoblot.
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Figure 4.
Role of ERK5 activation on ICER stability and PDE3A/ICER feedback loop regulation. A,

Schematic diagram showing experimental protocol. Cardiomyocytes were transduced with

Ad-LacZ or Ad-CA-MEK5α for 24 hours and then transduced with Ad-ICER. Twelve hours

after Ad-ICER transduction, cells were pretreated with cycloheximide, then stimulated with

forskolin (10 μmol/L) or vehicle for 16 hours. B, Western blotting showing ICER and

cAMP-responsive element modulator (CREM) protein expression in cardiomyocytes treated

with the above protocol. C, The intensity of the band representing ICER was normalized to

the intensity of Ad-LacZ and vehicle-treated control samples, which was designated as 1.

Data represent mean±SD of 3 samples. *P<0.05. D, Effect of ERK5 activation on ICER-

mediated apoptosis. Cardiomyocytes were transduced with Ad-LacZ, Ad-CA-MEK5α, or

Ad-ICER at 50 multiplicities of infection for 24 hours. ERK5 activation could not reverse

ICER-mediated apoptosis. Data represent mean of 3 repeats (mean±SD). Similar results

were obtained from at least 2 independent experiments. E, Cardiomyocytes were transduced

with Ad-LacZ, Ad-ICER, or Ad-CA-MEK5α. After 24 hours of transduction, expression of

PDE3A, ICER, and ERK5 activation were detected by Western blotting. IB indicates

immunoblot.
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Figure 5.
Pressure overload and Dox-mediated PDE3A reduction and ICER induction in NLC and

CA-MEK5α-Tg mice. A, Western blot showing PDE3A and ICER expression and ERK5,

Akt, and ERK1/2 kinase activity in sham and 8-week TAC mouse hearts in NLC and CA-

MEK5α-Tg mice. B, Western blot showing PDE3A and ICER expression and ERK5, Akt,

and ERK1/2 kinase activity in vehicle and Dox-treated (5 days) hearts in NLC and CA-

MEK5α-Tg mice. IB indicates immunoblot.
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Figure 6.
Pressure overload– and Dox-induced myocardial apoptosis in NLC and CA-MEK5-Tg mice.

A, Pressure overload–mediated (left) or Dox-mediated (right) percentage of TUNEL-

positive nuclei in NLC and CA-MEK5α-Tg mice. B, Pressure overload–mediated (left) or

Dox-mediated (right) cleaved caspase-3 expression in NLC and CA-MEK5α-Tg mice. The

intensity of the band representing cleaved caspase-3 was normalized to the intensity of 1

control samples that was designated as 1. Data represent mean±SD of 3 samples.** P<0.01

compared with NLC sham (left) or vehicle treatment (right).

Yan et al. Page 17

Circ Res. Author manuscript; available in PMC 2014 July 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
Cardioprotective role of ERK5 activation in Dox- and TAC-mediated heart failure model. A,

Representative M-mode echocardiogram of NLC and CA-MEK5α-Tg mice treated with

vehicle or Dox. Dd indicates diameter of diastole; Ds, diameter of systolic. B, Percentage of

fractional shortening (FS) in NLC and CA-MEK5α-Tg mice after vehicle or Dox treatment.

C and D, Hemodynamic measurements in NLC and CA-MEK5a-Tg mice after Dox

treatment (C) or TAC (D). All data are expressed as mean±SD. **P<0.01.
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Figure 8.
Scheme of ERK5/MEF2 activation and PDE3A/ICER feedback loop. ISO induced sustained

downregulation of PDE3A expression and upregulation of ICER, which is regulated by

PDE3A/ICER-positive feedback loop. IGF-1–induced ERK5 activation leads to PDE3A

expression caused by MEF2-dependent PDE3A promoter activation and inhibits induction

of PDE3A/ICER autoregulatory positive-feedback loop, which plays a key role in

cardiomyocyte apoptosis.
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