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Abstract:

The cyclic AMP (cAMP)-binding proteins, Epac, are guanine nucleotide exchange factors for the Ras-like small GTPases. Since

their discovery in 1998 and with the development of specific Epac agonists, many data in the literature have illustrated their critical

role in multiple cellular events mediated by the second messenger cAMP. Given the importance of cAMP in cardiovascular physiol-

ogy and physiopathology, there is a growing interest to delineate the role of these multi-domain Epac in the cardiovascular system.

This review will focus on recent pharmacological and biochemical studies aiming at understanding the role of Epac in cardiomyo-

cyte signaling and hypertrophy.
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Abbreviations: CaMKII – Ca2+/calmodulin-dependent protein

kinase II, cAMP – cyclic adenosine 3’,5’-monophosphate,

Epac – nucleotide exchange factor directly activated by cAMP,

GEFs – guanine nucleotide exchange factors, HF – heart fail-

ure, IP3 – inositol 1,4,5-triphosphate, PDEs – phosphodies-

terases, PKA – protein kinase A, REM – ras-exchanger motif,

RyR – ryanodine receptor

Introduction

Cyclic adenosine 3’,5’-monophosphate (cAMP) is

one of the most important second messengers in the

heart because it regulates many physiological pro-

cesses such as cardiac contractility, relaxation and

automaticity. It is a major second messenger involved

in the sympathetic regulation of heart function. cAMP

and its classical downstream effector, protein kinase A

(PKA), are considered to be the essential effector

molecules mediating the many physiological effects

of Gs-coupled receptors. For instance, upon stimula-

tion of cardiac �-adrenergic receptors (�-AR), cAMP,

acting via PKA, influences the activity of several key

proteins involved in excitation-contraction coupling,

such as L-type Ca2+ channels, phospholamban, ryano-

dine receptors (RyR) and troponin I [3]. These effects

produce PKA-dependent increases in Ca2+ current
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(ICa), sarcoplasmic reticulum (SR) Ca2+ uptake and

release, as well as a desensitization of the myofila-

ments to Ca2+. The net result is the characteristic posi-

tive inotropic (contractile force) and lusitropic (re-

laxation) effects of �-AR activation in cardiac myo-

cytes [4]. In addition, binding of cAMP to the

hyperpolarization-activated cyclic nucleotide-gated

channels (HCN) that carry the pacemaker current,

helps to increase cardiac rhythm in response to a sym-

pathetic stimulation (chronotropic effect). Although

acute stimulation of the cAMP pathway enhances

heart function, a sustained elevation of cAMP induces

hypertrophic growth and ventricular dysfunction [38].

Cardiomyocyte hypertrophy is the compensatory re-

sponse of the heart to stress and is characterized by

non-mitotic growth, addition of new sarcomeres, fetal

gene expression, and specific changes in ionic chan-

nel properties [24]. Epidemiological studies have

demonstrated that chronic hypertrophy predisposes

individuals to heart failure (HF), arrhythmia and sud-

den death [2, 17, 20, 31]. Although the mechanisms

by which �-AR and cAMP regulate cardiac contractil-

ity are well established, the signaling pathways in-

volved in cAMP-induced cardiac remodeling are not

fully understood.

A decade ago, a novel family of proteins directly

activated by cAMP was discovered, adding more

complexity to the cAMP-mediated signaling mecha-

nism [11, 27]. These proteins, named Epac (Exchange

proteins directly activated by cAMP), function in

a PKA-independent manner and therefore represent

a novel mechanism for governing signaling specific-

ity within the cAMP cascade. Specifically, they are

guanine nucleotide exchange factors (GEFs) for the

Ras family of small GTPases, Rap1 and Rap2 [6].

Through Rap GTPases, Epac influence diverse cAMP-

dependent cellular processes such as cell division, dif-

ferentiation, exocytosis and amyloid protein secretion

[22, 33, 50]. Given the importance of cAMP in car-

diovascular physiology and physiopathology, a grow-

ing number of studies aim at determining the role of

Epac in the cardiovascular system [53]. In this review,

we will highlight recent findings on Epac with respect

to their signaling and their role in the regulation of

cardiac myocyte growth. Since it is not the purpose of

this review to provide an exhaustive list of all biologi-

cal actions of Epac in the cardiovascular system, the

reader is encouraged to refer to other reviews focused

on related issues [6, 7, 22, 53].

Epac

To date, two Epac isoforms, named Epac1 (RapGEF3)

and Epac2 (RapGEF4), have been cloned [11, 27].

Each variant is coded by a distinct gene. Northern blot

analysis of the gene expression pattern of human Epac

revealed that Epac1 mRNA was highly expressed in

a variety of tissues such as the heart, kidneys, ovaries,

and thyroid glands, whereas Epac2 mRNA was de-

tectable most notably in the brain, pituitary, and adre-

nal gland [27]. Based on quantitative RT-PCR and im-

munoblot blot analysis, Epac1 has been shown to be

more abundant than Epac2 in the myocardium [36,

59]. Structurally, both Epac contain in their C-termi-
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Fig. 1. Epac are multidomain proteins. The indicated domains are: DEP – Dishevelled-Egl-10-Pleckstrin domain; cAMP – cAMP binding do-
main; REM – Ras-exchanger motif; RA – Ras-association domain; and CDC25 – CDC25 homology domain. The DEP domain is responsible for
Epac association to cellular membranes. CDC25 stabilized by the REM domain promotes the exchange of GDP for GTP on Rap GTPases.
In the inactive state, the N-terminal regulatory region of Epac directly interacts with the catalytic region and inhibits GEF activity. Binding of
cAMP to the high affinity cAMP-B domain induces conformational changes and releases the auto-inhibition of the catalytic site and allows Epac
to activate the Rap GTPases



nal catalytic region a CDC25 homology domain that

promotes the exchange of GDP for GTP on Rap

GTPases and a Ras-exchanger motif (REM), which is

required for stabilizing the GEF domain [6] (Fig. 1).

In Epac2, there is a functional Ras-associating (RA)

domain that enables a direct interaction with GTP-

bound Ras [32]. The N-terminal regulatory regions of

Epac contain two domains: a dishevelled, Egl-10,

pleckstrin (DEP) domain, which is responsible for

membrane association, and a high-affinity cAMP-

binding domain (cAMP-B) (in vitro Kd of 1–4 �M)

[10, 43] (Fig. 1). Studies using X-ray crystallography

and biochemical analyses of Epac have suggested the

molecular mechanism by which cAMP controls Epac

activation [7, 46, 47]. In the absence of cAMP, the

regulatory region containing the cAMP-binding do-

main directly interacts with the catalytic region and

inhibits GEF activity.

Binding of cAMP to Epac induces huge conforma-

tional changes within the protein and releases the

auto-inhibitory effect of the N-terminus of the protein,

leading to Rap1 activation [46]. Epac2 is character-

ized by an additional cAMP-binding domain

(cAMP-A), which has a 20-fold lower affinity than

the cAMP-B domain [48]. Deletion of this domain

does not modify Epac2 regulation by cAMP or its

GEF activity [10], and its biological function is so far

unknown.

The concentration of cAMP required to activate

Epac in vitro was initially estimated to be about 10-fold

higher than PKA [13]. This result was further sup-

ported by the observation that cAMP FRET sensors

based on PKA are more sensitive than those based on

Epac [41]. However, recent data indicate that Epac

and PKA have the same affinity for cAMP, suggesting

that Epac and PKA respond to physiologically rele-

vant cAMP concentrations [9]. Consistent with these

data, Epac were shown to be activated by intracellular

increases in cAMP levels induced by Gs-protein-

coupled receptors (GPCRs) that are positively linked

to adenylyl cyclase, including serotonin 5-HT4 recep-

tors, �-adrenergic receptors (�-AR), prostaglandin re-

ceptors and the glucagon-like peptide-1 receptor in

different cellular systems [21, 33, 36, 44, 49, 52].

An important advance in the functional characteri-

zation of Epac were the synthesis of cAMP analogues

that are cell permeant and specific for Epac [13, 26].

These Epac-selective cAMP analogs incorporate a

2’-O-methyl substitution on the ribose ring of cAMP,

a modification that impairs their ability to activate

PKA [13, 22]. Among them, 8-pCPT-2’-O-Me-cAMP

is the most commonly used Epac agonist and exhibits

high affinity for Epac (Kd 2.2 �M for Epac1) as well

as reduced affinity for PKA (Kd 200–300 �M) [13].

Such cAMP analogues should be used carefully, as a re-

cent study indicates that both 8-pCPT-2’-O-Me-cAMP

and the non-hydrolyzable sp8-pCPT-2’-O-Me-cAMP

can activate cAMP/PKA and/or cGMP/ PKG pathways

depending upon the model and the doses used [42].

Thus, supplemental tools such as siRNA or recombinant

mutants of Epac must be used to discriminate Epac-

mediated from PKA-mediated pathways and to evaluate

the functional role of the GEF Epac in cellular pro-

cesses.

Epac and Ca2+ handling

The initial observation showing the ability of Epac to

regulate the release of Ca2+ from intracellular Ca2+

stores was initially described in pancreatic beta cells

[21, 26]. Given the importance of cAMP and Ca2+ in

cardiac function, several studies have aimed to deter-

mine the role of Epac in Ca2+ handling. The Epac-

specific cAMP analogue 8-pCPT-2’-O-Me-cAMP

was reported to produce bursts of Ca2+ transients in

neonatal rat cardiomyocytes [37]. In electrically sti-

mulated adult cardiac myocytes, a phospholipase C

(PLC)-�-dependent increase in the [Ca2+]i transient

amplitude has been shown, suggesting a role of Epac

in the excitation-contraction coupling [39]. However,

others authors failed to demonstrate any effect of

Epac on the amplitude of [Ca2+]i transients [23] and

even showed a slight decrease in global Ca2+ tran-

sients [40]. Obviously, further investigation will be

needed to better delineate the possible role of Epac in

excitation-contraction coupling.

While systolic Ca2+ release induces contraction

and is the key of excitation-contraction coupling, dia-

stolic Ca2+ release may also have an important role in

heart function or dysfunction. Specifically, diastolic

Ca2+ release has been involved in activating transcrip-

tion (excitation-transcription coupling [58]) during

hypertrophy development and promoting arrhythmia

[15, 29, 51]. Modulation of diastolic Ca2+ release by

Epac have been analyzed in quiescent adult rat car-

diac myocytes. Direct Epac activation using 8-pCPT-
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2’-O-Me-cAMP increases Ca2+ release in a PKA-

independent but Ca2+/calmodulin protein kinase II

(CaMKII)-dependent manner [40]. The effect is an in-

crease in Ca2+ spark (RyR openings) frequency lead-

ing to SR Ca2+ leak. This action is dependent upon

RyR phosphorylation by CaMKII, which acts as

a downstream effector of Epac [40]. Consistent with

this finding, Curran and colleagues [8] also found that

�-AR stimulation enhanced SR Ca2+ leak in ventricu-

lar cardiomyocytes in a CaMKII-dependent (and PKA-

independent) manner. Recently, other authors have

shown that Epac activation increases Ca2+ release (as

Ca2+ waves) in quiescent mouse cardiomyocytes [23].

This increase in RyR activity during diastole is

CaMKII-dependent and might be involved in pro-

arrhythmogenic Epac actions [23]. This result is con-

sistent with recent findings identifying RyR altera-

tions in catecholaminergic polymorphic ventricular

tachycardia and CaMKII involvement in arrhythmia

[18]. In fact, the Ca2+ released by the RyR is exported

out of the cell through the sodium/calcium exchanger,

inducing a depolarizing current. If this current reaches

threshold, an action potential is triggered. The pro-

arrhythmogenic effects of Epac are due to the in-

creased activity of the RyR without any changes in

ionic currents involved in action potential duration

(APD). In fact, Epac failed to induce any modification

of the APD [23, 40]. Moreover, we did not find any

effect of Epac in the L-type calcium current [40].

A detailed analysis of the effects of Epac on ionic cur-

rents is still lacking.

Epac and cardiac myocyte hypertrophy

The first clues to the functional role of Epac1 in car-

diac myocytes came from our in vitro studies showing

that Epac activation induced all of the features of car-

diac hypertrophy in neonatal cardiac myocytes, in-

cluding myofibrillogenesis, increased cell size, pro-

tein synthesis and expression of embryonic genes

such as ANF [37]. In addition, we recently found that

Epac1 was involved in the hypertrophic effects of

�-AR in a PKA-independent fashion in adult rat ven-

tricular cardiac myocytes [36]. Consistent with its

role in cardiac growth, Epac expression is increased

in different animal models of myocardial hypertrophy.

Epac1 is indeed upregulated in the myocardium of

rats subjected to pressure overload induced by tho-

racic aortic constriction [36]. Furthermore, both

Epac1 and Epac2 mRNA were found to be increased

in mouse hearts during chronic isoprenaline infusion,

which is a model of left ventricular hypertrophy [56].

Interestingly, the hypertrophic effects of Epac were

more pronounced in cardiomyocytes isolated from

banded rats than in those isolated from sham-operated

animals [36]. This can be explained with the high ex-

pression level of Epac in stress conditions. Such find-

ings prompt speculation that Epac1 expression in re-

sponse to stress (i.e., high levels of catecholamine)

contributes to the progression of pathological cardiac

growth. The observation that Epac1 is increased in the

human failing heart suggests a possible role of this

cAMP-GEF during the late cardiac remodeling [36].

However, another study found that Epac1 blocked

ERK5 activation and cell growth induced by the leu-

kemia inhibitory factor in neonatal cardiac myocytes

[12]. Thus, the regulation of cardiac growth by Epac

probably depends upon the hypertrophic stimuli, the

species and the differentiation stage.

Epac signaling pathways

It is known that alterations in intracellular Ca2+ han-

dling progressively exacerbate a hypertrophic or car-

diomyopathic phenotype, in part through sustained

activation of Ca2+-sensitive signal transduction path-

ways [29, 51]. Consistent with its role in cardiac myo-

cyte hypertrophy, Epac-specific activation triggers

a signaling pathway involving the Ca2+/calmodulin

dependent phosphatase, calcineurin and the small

GTPase, Rac in neonatal rat cells [37]. Similarly, the

hypertrophic effects of Epac were found to be de-

pendent on both calcineurin and CaMKII in adult rat

cardiac myocytes [36] (Fig. 2). These two well-

known calcium sensitive proteins activate a hypertro-

phic gene program through the activation of transcrip-

tions factors such as NF-AT (Fig. 2). Clearly, these

novel functional properties of Epac will require fur-

ther in vivo investigation and several questions remain

to be addressed. For instance, it is not yet known how

Epac activates CaMKII. Recent evidence suggests

that a perinuclear Ca2+ pool associated with the

inositol-1,4,5-triphosphate (IP3) receptor can regulate

CaMKII activity, thereby controlling hypertrophic
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gene expression [58]. In addition, Epac have been

shown to stimulate PLC-� leading to the production of

IP3 and a subsequent rise in intracellular Ca2+ in cell

lines [14, 28, 52]. Epac have also been reported to ac-

tivate the PLC-�-IP3 signaling pathway in cardiac

myocytes [39]. These data, combined with Epac nu-

clear localization, suggest that Epac could activate

CaMKII and the hypertrophic program by regulating

local Ca2+ release from the nuclear envelope via the

IP3 receptor.

Interestingly, the classical effector of Epac, Rap1,

was not found to be involved in Epac1-dependent cell

growth, although Epac1 was able to strongly activate

Rap1 in cardiac myocytes [36, 55]. These results ap-

pear to contradict data indicating that functional ef-

fects of Epac are Rap1-dependent. Indeed, Epac1 in-

hibits the hypertrophic extracellular signal-regulated

kinase 5 (ERK5) pathway by a mechanism involving

Rap1 in neonatal cardiomyocytes [12]. In addition,

Epac regulates gap junction formation by increasing

the accumulation of connexin-43 at cell-cell contacts

in a Rap1-dependent manner [55]. This apparent dis-

crepancy suggests the existence of spatiotemporal dy-

namics of Epac signaling that determine its coupling

to different effectors and hence functional effect.

Compartmentalization of Epac signaling

Since both PKA and Epac are ubiquitously expressed

in all tissues, an increase in intracellular cAMP levels

should lead to the activation of both enzymes, which

raises the question of the molecular mechanisms that

control Epac-mediated signaling. Pivotal in shaping

and controlling intracellular cAMP gradients in cells

150 Pharmacological Reports, 2009, 61, 146–153

Fig. 2. Possible signaling pathways involved in Epac hypertrophic effects. Epac activation contributes to the hypertrophic effect of �-adrene-
rgic stimulation through the small G proteins H- Ras and Rho, but not through its classical effector Rap1A. The latter has been shown to activate
Rac [33]. The hypertrophic effects of Epac involve Ca2+ sensitive proteins such as CaMKII and calcineurin and downstream transcription fac-
tors. Epac also stimulates RyR2 phosphorylation via CaMKII and subsequent Ca2+ leak might contribute to CaMKII and calcineurin activation.
AC – Adenylyl cyclase; CaMKII – Ca2+/calmodulin dependent protein kinase II; NFAT – Nuclear factor of activated T cell; MEF2 – Myocyte en-
hancer factor 2; RyR2 – Ryanodine receptors; SR – sarcoplasmic reticulum



are phosphodiesterases (PDEs), which provide the

sole means of degrading cAMP [1, 16]. As for PKA,

there is now evidence that PDEs contribute to the

specificity of Epac signaling in a spatial and temporal

manner [25, 35, 45]. However, PKA and Epac may

also be interconnected to regulate cellular processes.

For example, the PDE4 inhibitor roflumilast has been

shown to protect against NO-induced cardiac myo-

cyte apoptosis via both cAMP-PKA and Epac-depen-

dent pathways [30]. In addition, both Epac and PKA

inhibit collagen synthesis and cardiac fibroblast pro-

liferation [59].

Epac subcellular localization may also contribute

to Epac signaling regulation and specificity as sug-

gested by the presence of a muscle-specific A kinase-

anchoring protein (AKAP)/Epac complex at the nu-

clear membranes of cardiac myocytes [12]. Epac have

also been shown to be expressed in soluble and par-

ticulate nuclear/perinuclear fractions of various cell

types [5, 25] and, depending on their localization,

Epac activate different downstream effectors [5, 57].

In a similar manner, small G-proteins, such as Ras,

have also been shown to give different signals from

different locations [19, 34]. These data highlight

the importance of the localization of Epac and small

G-proteins in the nature of their signaling pathways.

Our own studies have shown that the Epac-induced

hypertrophic effect was Ras- and Rac-dependent but

Rap1-independent [36, 37]. Thus, the distinction be-

tween the coupling of Epac to Rap1 or Ras signaling

could be determined by its localization to micro sub-

cellular compartments, explaining the different bio-

logical effects of Epac inside a cardiac myocyte.

Conclusion and perspectives

During the last decade, there has been considerable

progress in characterizing the role of Epac in the mul-

tiple actions of cAMP in cells. However, it is just the

beginning of their functional characterization in car-

diac myocytes. Overall, analyses of Ca2+ handling in

cardiac myocytes show that Epac promote SR Ca2+

release. However, further studies are needed to eluci-

date whether this effect contributes to excitation-

contraction coupling and/or excitation/transcription

coupling. The specific function of Epac may depend

upon their microcellular environments as well as its

expression and localization. Our discussion on the

role of Epac in myocardial hypertrophy was mainly

based on cell culture models and pointed out the cru-

cial need to develop transgenic mouse models as well

as Epac pharmacological inhibitors to better under-

stand the involvement of this cAMP-GEF in the regu-

lation myocardial function.
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