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Abstract As one of the most important second messengers,
3',5'-cyclic adenosine monophosphate (cAMP) mediates
various extracellular signals including hormones and neuro-
transmitters, and induces appropriate responses in diverse types
of cells. Since cAMP was formerly believed to transmit signals
through only two direct target molecules, protein kinase A and
the cyclic nucleotide-gated channel, the sensational discovery
in 1998 of another novel direct effecter of cCAMP [exchange
proteins directly activated by cAMP (Epac)] attracted a great
deal of scientific interest in cAMP signaling. Numerous studies
on Epac have since disclosed its important functions in various
tissues in the body. Recently, observations of genetically
manipulated mice in various pathogenic models have begun to
reveal the in vivo significance of previous in vitro or cellular-
level findings. Here, we focused on the function of Epac in the
heart. Accumulating evidence has revealed that both Epac1 and
Epac2 play important roles in the structure and function of the
heart under physiological and pathological conditions.
Accordingly, developing the ability to regulate cAMP-medi-
ated signaling through Epac may lead to remarkable new
therapies for the treatment of cardiac diseases.
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Introduction

The appropriate regulation of cardiac function is critical in
maintaining a proper metabolic state, and catecholamines,
including norepinephrine and epinephrine, are among the
most important hormones that regulate cardiac function.
These catecholamines, which are released from the cardiac
sympathetic nerve terminal or the adrenal medulla, bind to
several subtypes of adrenergic receptors (AR) in the heart
including B1-, B2-, B3-, and a1-AR. Among these, B1-AR
is known to play a central role in catecholamines’ positive
inotropic, lusitropic, and chronotropic effects [1].

The primary action of ligand-stimulated B1-AR is the
activation of stimulatory G proteins (Gs), which activate
adenylyl cyclase (AC). AC produces 3',5'-cyclic adenosine
monophosphate (cAMP) from ATP, leading to elevation of
the intracellular concentration of cAMP [2]. cAMP is one
of the most important second messengers in the body, as it
mediates various extracellular signals including hormones
and neurotransmitters, and induces responses in diverse
types of cells.

cAMP was formerly believed to transmit its signals via
only two direct target molecules, protein kinase A (PKA)
and the cyclic nucleotide-gated channel. cAMP binds to the
regulatory subunit of PKA, inhibiting it and thus causing
conformational change resulting in the release of catalytic
subunits. Consequently, PKA phosphorylates various
important proteins, including L-type Ca®" channel
(LTCC), phospholamban (PLN), ryanodine receptor (RyR),
troponin I, myosin-binding protein-C, and cAMP-response
element binding protein (CREB), and thereby regulates
cellular functions including cardiac contractility and gene
transcription [1, 3]. Direct binding of cAMP to the cyclic
nucleotide-gated channel, on the other hand, causes
hyperpolarization-activated cation inward current (If),
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leading to a positive chronotropic effect. cAMP-induced
responses of cardiomyocytes have been explained with
reference to such mechanisms.

In 1998, however, a novel direct effecter of cAMP was
discovered: exchange proteins directly activated by cAMP
(Epac) [4, 5]. The discovery of Epac was remarkable in that
it identified another novel pathway through which cAMP
elevation signaling could be mediated and induce an
original cellular response independent of PKA. This path-
way may serve as a useful therapeutic target, because the
modulation of Epac function is expected to enable more
specific regulation of particular cAMP-mediated signals
than is possible with therapies targeting B-AR and ACs.
Specific regulation of signaling is required for the devel-
opment of safe and useful therapies.

Numerous studies have clarified the important role of
Epac as distinct from that of PKA in various tissues [6, 7].
In this review, we focused on Epac’s roles in the heart.

Epac
Structure

Epacl and Epac?2, the two identified Epac isoform proteins,
have molecular masses of about 100 and 110 kDa
(Epac2A), respectively [8]. They are encoded in distinct
genes, namely, RAPGEF3 on chromosome 12 and RAP-
GEF4 on chromosome 2. Epac2 has three variants,
Epac2A, Epac2B, and Epac2C, that stem from variations in
the transcriptional start site and splicing manner [9].

Epac was initially identified as proteins in possession of
both a cAMP-binding domain and motifs of guanine
nucleotide exchange factors (GEFs) for the Ras super-
family of guanine nucleotide-binding proteins [4, 5]. Epacl
and Epac2 are also specific GEFs for both Rapl and Rap2
[4, 10, 11], members of the Ras superfamily. Interacting
with cAMP causes Epac to bind to Raps and to convert
them to their activated forms by exchanging bound GDP
for GTP.

Epacl, Epac2B and Epac2C all possess a cAMP-binding
domain (cAMP-BD) called cAMP-BD-B, while Epac2A
has a different type of domain known as cAMP-BD-A,
which is believed to have no significant effect on Epac2
activity [11] but is thought to play an important role in
localization to the plasma membrane [9] (Fig. 1a). In other
major regions, Epacl and Epac2 proteins are structurally
similar. Their C-terminal side catalytic region contains
three principal domains. The first of these is a cell division
cycle 25 (Cdc 25) homology GEF domain, which is
responsible for GEF activity of Epac and includes a nuclear
pore targeting signal [12]. The second is a Ras-association
(RA) domain, which is reported to play an important role in
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targeting Epac2 to the plasma membrane via interaction
with activated Ras [13]. The third is a Ras-exchange motif
(REM), which is believed to be involved in stabilization of
the active conformation of Epac [14].

The N-terminal side regulatory region, meanwhile,
includes a disheveled Egl-10 pleckstrin (DEP) domain and
cAMP-BD. The DEP domain is reported to be necessary
for the cAMP-induced translocation of Epacl from the
cytosol to the plasma membrane, where it activates Rap
[15, 16]. The DEP domain is absent in Epac2C [17].

In the absence of cAMP (inactive state), Epac is
reported to sterically auto-inhibit its GEF activity. The
binding of cAMP to cAMP-BD-B is believed to induce a
conformational change in Epac’s structure that promotes
the accessibility of Rap to the catalytic region of Epac [18].
Consequently, the GDP on Rap is exchanged to GTP by
Epac, thereby facilitating its function (Fig. 1b).

By taking advantage of this unique character of Epac,
several Epac-based fluorescence resonance energy transfer
biosensors have been developed to study cAMP compart-
mentation and dynamics in living cells [10, 19, 20]. Each
probe consists of Epac and two fluorescent proteins, one
tethered to Epac’s N terminus and the other to the C ter-
minus. The conformational change that follows the binding
of cAMP to the cAMP-BD of Epac causes an increase in
the distance between these fluorescent proteins and a
change in their relative orientation, which jointly inhibit
fluorescent resonance energy transfer (FRET) between
them. Consequently, we can detect elevated cAMP levels
by looking for a reduction in the acceptor fluorescence
intensity caused by FRET.

Epac pharmacological modulators

The identification of specific agonists and antagonists for
Epacl and/or Epac2 has facilitated the study of Epac-me-
diated signaling [21, 22]. The highly conserved glutamate
residue that interacts with the 2-hydroxyl of the cAMP
ribose group via hydrogen bonds is absent in the cAMP-
binding domain of Epac, suggesting that the 2-hydroxyl is
not necessary for binding between Epac and cAMP. For
cAMP’s high affinity binding with PKA, on the other hand,
the 2-hydroxyl of the cAMP ribose group is known to be
required. Based on these findings, 8-(4-chloro-phenylthio)-
2'-0-methyladenosine-3'-5'cyclic monophosphate (8-CPT)
was identified as a selective activator for Epac [23].
Although 8-CPT activates both Epacl and Epac2, a recent
study clearly demonstrated that its effect on Epacl is far
more potent than that on Epac2 [24]. In an in vitro
experiment, 8-CPT activated recombinant Epacl about
three times more potently than cAMP did, which is why
8-CPT is referred to as a superagonist of Epacl [25, 26]. Its
effect on Epac2, on the other hand, was about half of that
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Fig. 1 The structure of Epac.

a Epacl, Epac2B, and Epac2C A
each contain one cAMP-binding Epacl
domain-B (cAMP-BD-B). In
contrast, Epac2A contains a
different domain (cAMP-BD-
A). In the other major region,
Epacl and Epac2 proteins share
a common structure. The
C-terminal side catalytic region
contains three principle domains
including a cell division cycle
25 (Cdc 25) homology GEF
domain (CDC25-HD), Ras-
association (RA) domain, and
Ras-exchange motif (REM).
The N-terminal side regulatory
region includes a disheveled,
Egl-10, pleckstrin (DEP)
domain and cAMP-BD. b In the
absence of cAMP (inactive
state), Epac sterically auto-
inhibits its GEF activity.
Binding of cAMP to cAMP-BD-
B induces a conformational
change of Epac’s structure that
promotes accessibility of Rap to
the catalytic region of Epac
(active state). Consequently, the
GDP on Rap is exchanged to
GTP by Epac, thereby
facilitating its function
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Epacl

Active state

caused by cAMP. Recently, Sp-8-BnT-cAMPS (S-220)
was identified as an Epac2 selective potent activator. S-220
also appears to be a so-called superagonist of Epac2 [24].
To improve 8-CPT’s permeability through the cellular
membrane, the acetoxymethyl (AM) ester of 8-CPT (8-
CPT-AM) was synthesized [27]. When 8-CPT-AM comes
in contact with cytosol, it is hydrolyzed by cellular
esterases and turns into active 8-CPT. In human cells,
8-CPT-AM has been reported to activate Epac to a potency
more than 100 times greater than normal. Yet several such
cAMP analogues have been reported to inhibit phospho-
diesterases (PDEs) as well [28]. Therefore, it should be
considered that the consequent elevation of cAMP or
c¢GMP may activate targets other than Epac, including PKA
and PKG. Sulfonylurea (SU), a commonly used antidia-
betic agent, is also suggested to be an Epac2 agonist [29].
However, a different study indicated that this property was
not observed and that SU may instead activate Epac2 via
elevation of intracellular cAMP [30].

Recently, several selective inhibitors of Epac have been
reported. 5-cyano-6-oxo-1,6-dihydrocyclohexyl (ESI-08)
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and 3-(5-tert-butyl-isoxazol-3-yl)-2-[(3-chloro-phenyl)-hy-
drazno]-3-oxopropionitrile (ESI-09) were identified as
inhibitors of Epac in a high-throughput screening assay
[31, 32]. In addition, structure—activity relationship analysis
revealed  that  5-cyano-6-oxo-1,6-dihydrocyclopentyl
(HJCO0197) and 5-cyano-6-oxo-1,6-dihydrocyclopropyl
(HJCO0198) are potent Epac antagonists [32]. 5225554 and
5376753 were discovered as Epac inhibitors through com-
putational screening of compounds that bind to the hinge
region of Epac [33]. Epac mutation near the hinge region was
reported to substantially affect its activity [34]. Several
isoform-specific Epac inhibitors have been reported as well,
including 5,7-dibromo-6-fluoro-2-methyl-1,2,3,4-tetrahy-
droquinoline-1-carbaldehyde (CE3F4) (Epacl-specific)
[35], 4-methyl-2,4,6-trimethylphenylsulfone  (ESI-05)
(Epac2-specific), and ESI-07 (Epac2-specific) [36]. Because
they were discovered relatively recently, there are fewer
reports on these antagonists than there are on the agonists.
Recently, ESI-09 is reported to exhibit a non-specific protein
denaturing property at high concentrations [37, 38]. Their
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target-specificity and effectiveness in vitro and in vivo
should be verified in future studies.

Expression

While Epacl is reported to be expressed ubiquitously in
various tissues, the expression patterns of the Epac2 iso-
forms are relatively tissue-specific [4]. Epac2A is detected
most commonly in the brain and pancreatic islets. In con-
trast, Epac2B and Epac2C are typically expressed in the
adrenal glands and liver, respectively [9, 39].

The mechanism by which Epac expression is regulated
has not yet been well studied. HIF-1a directly binds to the
hypoxia response element (HRE) in Epacl promoter and
up-regulates its transcription [40]. It was also suggested
that the methylation state of Epac2 promoter was important
for its activity [39]. In addition, microRNA-133, which has
been suggested to play protective roles against cardiac
dysfunction, fibrosis, and hypertrophy [41, 42], was
reported to down-regulate Epac [43]. Further studies are
required in order to clarify the molecular mechanisms
involved.

Both Epacl and Epac2 mRNA are expressed in the
mouse heart. Interestingly, it was suggested that Epac2
mRNA becomes predominant over Epacl mRNA in the
adult mouse heart [44]. Several reports indicate that the
isoforms’ expression levels in the heart can change under
pathological conditions, which is discussed in the follow-
ing section. Greater mRNA expression of Epacl than of
Epac2 was observed in human hearts, especially in patients
with failing hearts [45]. In contrast, Epacl was down-
regulated in cardiac fibroblasts after myocardial infarction
or TGF-f stimulation [46].

Distribution and compartmentalization

cAMP is recognized as a critical second messenger of
adrenergic stimuli. Yet not all signals that up-regulate
cAMP production produce the same effects in the cell. For
example, both of the major cardiac AC isoforms, type 5
(ACS) and type 6 (AC6), are expressed in cardiomyocytes,
and overexpression of either AC gene causes significant
elevation of AC activity [47]. Yet transgenic mice with
cardiac-specific overexpression of AC5 or AC6 did not
show similar phenotypes in response to cardiac stresses
[48-51]. One possible explanation for such inconsistencies
is the compartmentalization of signaling molecules in
cardiomyocytes [52]. The molecules involved in the
transduction of cardiac stress and adrenergic activation-
induced signaling are not homogenously located in the cell.
Traditional methods for evaluating the intracellular
expression of certain molecules, including western blot-
ting, RT-PCR, and ELISA using crude protein extracts
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from homogenates of cultured cells or tissues, cannot
assess variation in molecular localization within the cell;
this limitation has caused us to overlook such variation
and prevents us from being able to explain several cellular
responses. To overcome such difficulties, several bio-
physical techniques including fluorescent tags for protein
labeling, biosensors of small molecules, and electro-
physiological recordings using cyclic nucleotide-gated
channels, etc., have been developed to study subcellular
cAMP signaling. The isoform-specific distribution of each
of several signaling molecules, including adrenergic
receptors, ACs, PDEs, and A-kinase anchor proteins
(AKAPs), has been recognized to play a critical role in the
regulation of cells’ complicated responses to various
stimuli and conditions. Through attempts to clarify the
mechanisms underlying various cellular functions, the
intracellular distribution and translocation of these
molecules has come to be acknowledged as a very
important factor. Here, we summarize the reports on the
distribution, translocation, and compartmentalization of
Epacl- and Epac2-mediated signaling.

The translocation and distribution of Epac have been
reported for various cell types. In particular, the important
roles of Epac-mediated signaling in the plasma membrane
and the nuclear membrane have been identified. In
HEK?293 cells, for example, exogenously overexpressed
Epacl has been observed at the plasma membrane, in the
cytosol, in the mitochondria, at the nuclear membrane, and
inside the nucleus [53]. In cardiomyocytes, a recent report
indicates a predominant distribution of Epacl at the nuclear
envelope, while Epac2 is concentrated at the T-tubules
[54]. Forskolin- or ISO-induced up-regulation of cAMP
and 8-CPT-induced Epac activation resulted in transloca-
tion of Epacl from the cytosol toward the plasma
membrane, thereby facilitating the activation of Rap at the
membrane [15, 16] and the subsequent enhancement of
Rap-induced adhesion of the cells [53]. The DEP domain
and conformational change of Epacl were demonstrated to
play essential roles in this translocation [15]. In addition,
Epacl directly binds to phosphatidic acid (PA), a nega-
tively charged phospholipid in the plasma membrane. This
interaction was also demonstrated to be important in the
translocation of Epac and in Epacl-induced Rap activation
[16]. PA, which has been suggested to regulate various
cellular functions, has also been reported to bind to
important signaling molecules at the plasma membrane
including PDE4 [55], Sos (a Ras GEF) [56], and mTOR
[57]; the last of which plays a pivotal role in the heart.
Thus, PA may function as a point for crosstalk between
Epac and these signaling molecules. Interaction between
the RA domain of Epac2 and activated Ras was reported to
be critical in Ras-induced Epac2 translocation from the
cytosol to the plasma membrane [13].
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Moreover, in a thyroid cell line, N-terminal Epacl was
reported to bind to radixin [58], a member of the ezrin—
radixin—moesin (ERM) family, a group of membrane-as-
sociated proteins that plays an important role in the
regulation of cell structure and signal transduction [59].
The interaction between Epacl and ERM was reported to
be important in the activated-ERM-induced plasma mem-
brane recruitment of Epacl [60]. As radixin can also bind
to PKA, the complex can serve as a point for crosstalk
between PKA and Epac-mediated signaling.

Interaction between Epacl and B-arrestin2, one of the
scaffold proteins for p-AR-mediated signaling, was
demonstrated in HEK-293 cells exogenously expressing
those proteins [61]. In the same cells, B1-AR, but not 2-
AR, induced Epacl translocation from the cytosol to the
plasma membrane via a B-arrestin2-dependent mechanism,
resulting in activation of H-Ras through Rap2B, which
induces hypertrophic signaling. Nevertheless, both 1- and
B2-AR stimulation induced activation of Rapl, which
induces non-hypertrophic signaling. B2-AR stimulation-
induced competitive inhibition of interaction between -
arrestin2 and Epacl by endogenous PDE4D5 was sug-
gested as a mechanism for the elimination of B2-AR-
induced Epac translocation. It has also been reported that
B1-AR stimulation induces formation of a [-arrestin—
CaMKII-Epacl complex [62]. B-Arrestin has consistently
been shown to play a pivotal role in ISO- or 8-CPT-in-
duced Ca®"/calmodulin-dependent protein kinase II
(CaMKII) phosphorylation in the mouse heart. These
mechanisms involved in the recruitment of Epac to the
plasma membrane may play an important role in the reg-
ulation of Epac-mediated signaling.

Epacl also binds to another small GTPase, Ran-GTP, via
its RA domain [63]. Ran is known to exist at the nuclear
envelope and to play an important role in nuclear-cytoplas-
mic transport. It has been demonstrated that Epacl must
interact with Ran at the nuclear membrane in order to acti-
vate Rapl. In addition, RanBP2, which binds to Ran, also
interacts with Epacl and recruits it to the nuclear membrane
[64]. These interactions, along with H-Ras-mediated sig-
naling [65], may be involved in the regulation by Epacl of
nuclear export of histone deacetylase (HDAC), which is
reported to be a pivotal mechanism in Epac-induced cardiac
hypertrophy. Phospholipase C (PLC) € and inositol 1,3,5
triphosphate receptor (IP3R), both located at the nuclear
membrane, are also thought to be involved in this mechanism
[65, 66]. In cardiomyocytes, muscle-specific AKAP
(mAKAP) at the nuclear membrane forms a complex with
PKA, PDE4D3, Epacl, and ERKS. This has been suggested
to be involved in the Epacl-induced negative regulation of
the hypertrophic response [67]. These findings indicate that
Epacl plays an important role in the regulation of the cardiac
hypertrophic response at the nuclear membrane.

A recent report evaluated the distribution of Epac in
cardiomyocytes using a novel fluorescent cAMP derivate
Epac ligand 8-[pharos-575]-2'-O-methyladenosine-3',5'-
cyclic monophosphate (®#-O-Me-cAMP) [54]. As the probe
binds to both Epacl and Epac2, the authors evaluated the
distribution of each isoform separately by using Epacl- or
Epac2-deficient mice. In Epac2-deficient mouse hearts,
Epacl localizes at the nuclear envelope. On the other hand,
in Epacl-knockout (Epacl KO) mouse hearts, Epac2
appears to be concentrated around the T-tubules. These
findings are compatible with those of other reports showing
that Epacl plays an important role in the induction of
hypertrophic gene transcription [68], while Epac2 induces
an arrhythmogenic SR Ca* leak [69].

Epac under physiological and pathological
conditions

The role of Epac in the regulation of cardiac
contractility

The first step in cardiac contraction is the transfer of an
amount of Ca®" through the L-type Ca>* channel (LTCC)
into cardiomyocytes in response to action potential-in-
duced depolarization of the plasma membrane [70]. The
resulting slight change in intracellular Ca*" concentration
triggers the release of a much larger amount of Ca*" from
the sarcoplasmic reticulum (SR) via ryanodine receptor 2
(RyR2), in a process called Ca*"-induced Ca®" release
(CICR). The consequent elevation of cytosolic Ca** con-
centration increases binding between Ca®>" and troponin C,
thereby initiating sliding of muscle filaments. In the
relaxation phase, the increased cytosolic Ca®" is removed
through the action of several Ca?' handling proteins
including SR Ca*"-ATPase, sarcolemmal Na™/Ca®"
exchanger, and sarcolemmal Ca’"-ATPase [71].

Like PKA, Epac has been indicated to enhance cardiac
contractility (Fig. 2). In adult mouse ventricular myocytes
(AMVM), 8-CPT treatment increased the amplitude of the
Ca®* transient via Rap-, PLCe-, protein kinase C (PKC) ¢-,
and CaMKII-mediated signaling [72, 73]. In addition,
8-CPT treatment enhanced phosphorylation of several
CaMKII sites of Ca>" handling proteins including RyR2
(Ser*®'®) and phospholamban (PLN) (Thr'"), indicating
that the consequent activation of those proteins may
facilitate Ca®" release from SR and its re-uptake. The
critical role of PLCe¢ in catecholamine-induced increases in
Ca’" transient amplitude and contractile function was
demonstrated in an experiment using PLCe ™'~ mice [74].
Both of the major functions of PLCe, namely, PIP,
hydrolysis and Rap guanine nucleotide exchange (GEF),
were demonstrated to be critical in the 8-CPT-induced

@ Springer



596

T. Fujita et al.

Fig. 2 The role of Epac in
cardiomyocytes. a Epac has
been indicated to enhance
cardiac contractility. Epac
increased the amplitude of the
Ca®" transient in a process
dependent on Rap-, PLCe-,
PKCe-, and CaMKII-mediated
signaling. Epac enhanced the
phosphorylation of several Ca®"
handling proteins including
RyR2 and PLN, thereby
possibly facilitating Ca®"
release from SR and re-uptake.
Epac also enhanced cardiac
myofilament Ca®" sensitivity,
possibly through
phosphorylation of ¢Tnl and
cMyBP-C via PKC- and
CaMKII-mediated signaling.
Adrenergic activation-induced
hyperphosphorylation of PLN
and RyR2 was reported to be
involved in the development of
HF and arrhythmias. b Epac has
been indicated to regulate
cardiac hypertrophy. Epac
induced activation of the pro-
hypertrophic transcription
factors NFAT and MEF-2 in a
CaMKII-dependent manner.
Epac also induced nuclear
export of HDAC4 and HDACS,
both of which inhibit MEF-2
activity in the nucleus The pro-
hypertrophic kinase ERKS,
which forms a complex with
Epac and mAKAP at the nuclear
membrane, was attenuated by
Epac through Rap activation
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elevation of Ca®>" transient amplitude [73]. As mentioned
above, PLCe is known to be stimulated by Epac through
Rap activation [75]. Therefore, following the activation of
Epac, PLCe and Rap may presumably activate each other,
thereby enhancing their signaling.

In myocytes purified from 4-week-old, 8-CPT-treated
rat hearts, an increased amplitude of Ca®* transient and cell
shortening were observed [76]. In this model, SR Ca>*
content was also elevated by 8-CPT treatment. In addition,
8-CPT treatment increased the L-type Ca®" current in adult
rat ventricular myocytes (ARVM). PLCg deficiency, on the
other hand, caused no significant change in the current in
AMVM [73].

Additionally, activation of Epac-mediated signaling was
reported to induce an increase in cardiac myofilament Ca®"
sensitivity via PKC- and CaMKII-mediated signaling [77].
In AMVM, 8-CPT treatment induced phosphorylation of
troponin I (cTnl) and cardiac myosin binding protein-C
(cMyBP-C), both of which play critical roles in the regu-
lation of Ca" sensitivity, independent of PKA.

An in vivo study suggested that Epacl also has a pro-
moting effect on cardiac contractility. We found that
phosphorylation of PLN (Ser'®), which has been reported
as a major PKA-dependent phosphorylation site, is signif-
icantly attenuated in Epacl KO mouse hearts [78] (Fig. 2).
We did not observe any significant difference between WT
and Epacl KO mouse hearts in protein expression levels of
molecules involved in catecholamine-mediated signaling,
including B1- AR, B2-AR, B-AR kinase (BARK), Gsa, Gio,
GB, Gq, type 5/6 AC, and PKA subunits. Ca®" transient
amplitude, however, was significantly smaller in the
ARVM derived from Epacl KO mice than in the wild
type. The decay rate was also smaller and the decay time
constant (t) was significantly prolonged in Epacl KO
cardiomyocytes. Moreover, the amplitude of the caffeine-
induced increase in cytoplasmic Ca®* concentration, which
represents the Ca”" content in SR, was smaller in Epacl
KO cardiomyocytes. Consistently, left ventricle ejection
fraction (LVEF) in the basal state was significantly
decreased and LV end-systolic diameter (LVESD) was
increased in Epacl KO mice, indicating that Epacl plays a
critical role in the maintenance of contractility.

Interestingly, the responses of cardiac contractility to
ISO stimulation were well preserved in Epacl KO mice.
During continuous intravenous infusion of ISO
(0.13-0.40 pg/kg/min), the resulting increase in LVEF and
decrease in LVESD reached similar levels in Epacl KO
mice and WT under the same treatment conditions [78],
suggesting that Epacl may not be involved in acute regu-
lation of contractility in response to catecholamine signals.
In Epac2 KO mouse hearts under PLN phosphorylation, no
significant difference from WT mice was observed in
Ser!®, Thr!'”, LVEF, or LVESD in the basal state [78],

indicating that the important role of Epac in maintenance
of contractility may be mainly attributed to Epacl rather
than Epac2.

Nevertheless, several studies have failed to observe a
promoting effect of Epacl on cardiac contractility. For
instance, a study using an alternate Epac KO mouse line
showed that no significant difference in cardiac contrac-
tility in the basal state was associated with a deficiency of
Epacl, Epac2, or both isoforms [69, 79]. The different
genetic backgrounds of the different mouse lines might
cause these discrepancies in the reported phenotypes of
Epacl KO mice. In addition, in some reports, Epac acti-
vation failed to increase, or even decreased, the amplitude
of the Ca’" (ransient. In ARVM, 8-CPT treatment
decreased the amplitude of the Ca®* transient [77, 80] and
prolonged the decay time constant [80]. Differences in the
species used and in the timing of Ca®" transient measure-
ment were suggested to be responsible for this
inconsistency [81].

The role of Epac in the development of cardiac
hypertrophy

As an adaptation to pressure- or volume-overload, car-
diomyocytes increase the organization of sarcomere,
leading to cardiac hypertrophy. The increase of cardiac
wall thickness results in the alleviation of wall stress,
thereby diminishing oxygen consumption [82]. Although
the larger working structure created under these conditions
generally supports the maintenance of cardiac function, in
pathological conditions the vascular system may not
develop sufficiently to meet those additional demands,
reportedly leading to heart failure [83]. In addition, cardiac
hypertrophy is demonstrated to be related to a poor prog-
nosis and high risk for cardiovascular diseases [84]. Thus,
prevention of cardiac hypertrophy is one of the major
clinical issues in the management of heart diseases.

Epac is reported to be up-regulated in the hypertrophic
heart. In a thoracic aortic constriction (TAC)-induced
animal cardiac hypertrophy model, the elevation of Epacl
mRNA [44] and protein [45] expression were observed. In
an ISO-induced mouse cardiac hypertrophy model, mean-
while, both Epacl and Epac2 mRNA were up-regulated
[44].

Epac has been reported to have both pro-hypertrophic
and anti-hypertrophic effects (Fig. 2). Several small G
proteins including Rap, Ras, and Rac have been reported to
be involved in Epac-induced cardiac hypertrophy. Epac has
been shown to stimulate PLCe, which plays an important
role in the development of cardiac hypertrophy [85],
through Rap activation [75]. In PLCe down-regulated
NRVM, hypertrophic growth was drastically reduced. In
addition, cardiomyocyte-specific PLCe knockout mice
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were reported to be resistant to stress-induced cardiac
hypertrophy [66]. PLCe was shown to form a complex with
Epacl, muscle-specific A-kinase anchoring protein
(mAKAP), and the pro-hypertrophic kinases PKCe and
PKD at the nuclear envelope. These findings suggest that
Epacl activation may lead to the acceleration of hyper-
trophic signals. In Epacl KO mice, the attenuation of ISO-
induced hypertrophic remodeling was observed [79].
Interestingly, in the same study, Epac was also reported to
induce autophagy in NRVM via a Rap, Ca*", Ca*'/-
calmodulin-dependent kinase kinase B (CaMKKf), AMP-
dependent protein kinase (AMPK) pathway, thereby sup-
pressing hypertrophy.

In ARVM, 8-CPT, an Epac-activating agent, induced
hypertrophy through Ras-, calcineurin-, and CaMKII-me-
diated signaling independent of PKA and Rapl activation
[45]. Additionally, Epac is reported to activate H-Ras via
PLC/IP3R-mediated signaling and elevation of intracellu-
lar Ca®>" in neonatal rat cardiomyocytes (NRVM) [65].
8-CPT also induced activation of the pro-hypertrophic
transcription factors nuclear factor of activated T cell
(NFAT) and myocyte enhancer factor 2 (MEF-2) in a
CaMKII-dependent manner. Consistently, after 8-CPT
treatment, the nuclear export of histone deacetylase 4
(HDAC4) and HDACS, which inhibit MEF-2 activity in
the nucleus, was observed in COS cells [65] and ARVM
[68]. Epac-induced elevation of nuclear Ca’" was sug-
gested to be involved in the mechanism controlling this
process [68, 86]. The important role of Epacl in the
translocation of HDACS5 was also demonstrated in an
experiment using Epacl-deficient mouse cardiomyocytes
[54]. As mentioned above, an increased concentration of
Epacl in the nuclear membrane was observed in AMVM
[54]. In addition, it was reported that B1-AR, but not (32-
AR, induces Epacl translocation from the cytosol to the
plasma membrane via a -arrestin2-dependent mechanism
in HEK-293 cells, resulting in the activation of H-Ras
through Rap2B, thereby inducing hypertrophic signaling
[61].

In HEK-293 cells, Epac directly activates R-Ras and
phospholipase D [87], both of which may play a role in the
development of cardiac hypertrophy [88]. Another small G
protein, Rac, is also reported to be involved in Epac-in-
duced Ca®"- and NFAT-dependent cardiac hypertrophy in
NRVM [89].

Anti-hypertrophic effects of Epac have also been sug-
gested. It is reported that the activity of the pro-
hypertrophic kinase ERKS [90] is attenuated by Epac
through Rap activation [67]. Both ERKS and Epac are also
components of the mAKAP complex, which localizes at
the nuclear membrane of NRVM. In addition, neither our
group nor another group observed any difference in heart
size between Epacl KO and WT mice at baseline or after
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pressure overload [69, 78]. In the ISO-induced hypertrophy
model, Epacl deficiency inhibited the development of
hypertrophy after long-term ISO infusion [79], but not in
another study with relatively short and high-dose treatment
[78].

As mentioned above, the effect of Epac on the devel-
opment of cardiac hypertrophy remains controversial.
Further studies using tissue-specific conditional knockout
animal models, as well as functional in vivo Epac specific
ligands are required in order to confirm the role of Epac
proteins in cardiac hypertrophy.

The role of Epac in the regulation of cardiomyocyte
apoptosis

Cardiomyocyte apoptosis has been recognized as an
important mechanism for the development of cardiac dys-
function [91-93]. The role of Epac in apoptosis has been
reported in various studies. Both pro-apoptotic and anti-
apoptotic roles of Epac have been suggested in different
cell types and study conditions. In cardiomyocytes, the role
of Epac remains controversial.

Several reports have indicated that Epac activation
inhibits cardiomyocyte death. Glucagon-like peptide-1
receptors (GLP-1Rs), one of the G protein-coupled recep-
tors (GPCR), have been reported to evoke cAMP-mediated
signaling pathways. GLP-1R stimulation with exendin-4, a
potent agonist for the receptor as well as an established
agent for the treatment of type 2 diabetes, prevented H,O,-
induced reactive oxygen species production and caspase-3
activation and apoptosis in cardiomyocytes. These effects
were significantly attenuated by Epacl silencing with
siRNA in NRVMs [94]. Exendin-4 induced up-regulation
of the anti-apoptotic protein Bcl-2, while antioxidant
enzymes, including catalase, glutathione peroxidase-1, and
manganese superoxide dismutase, were reduced by down-
regulation of Epacl with SiRNA. These findings indicate
that Epacl may play an important role in the protective
effect of GLP-1R agonists against ischemia-induced car-
diomyocyte apoptosis.

Phosphodiesterase (PDE) catalyzes the hydrolysis of
cAMP, thereby down-regulating the intracellular cAMP
concentration. Roflumilast, an inhibitor of the major car-
diac PDE subtype PDE4, protects neonatal rat
cardiomyocytes from NO-induced apoptosis in an Epacl-
dependent manner [95]. Epacl-induced AKT phosphory-
lation was indicated to be involved in this effect.

In cultured adult feline ventricular myocytes (AFVMs),
8-CPT exerted a protective effect against high extracellular
Ca*"-induced cell death in an ERK1/2 activation-depen-
dent manner [96].

Several other studies, in contrast, have suggested a pro-
apoptotic effect of Epac-mediated signaling. In vivo,
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pressure overload-induced up-regulation of Bax, a pro-
apoptotic protein, and an increase in TUNEL-positive
cardiomyocytes were significantly attenuated in Epacl KO
mouse hearts [78], indicating that the absence of Epacl has
a protective effect against apoptosis. Similarly, cardiomy-
ocyte apoptosis induced by chronic catecholamine stress
was also attenuated by Epacl deficiency in vivo.

In addition, Epac activation induces apoptosis in mouse
cortical neurons, but not in NRVMSs. The absence of Bim
expression in cardiomyocytes was suggested as a possible
reason for this difference [97].

These inconsistencies indicate that further studies are
necessary to clarify the role of Epac in the regulation of
cardiomyocyte apoptosis.

The role of Epac in the development of heart failure

In keeping with the protective effect of Epacl deficiency
against the induction of cardiomyocyte apoptosis, pressure
overload-induced cardiac dysfunction was significantly
attenuated in Epacl KO mice [78]. TAC-induced pressure
overload did not cause significant cardiac dysfunction in
Epacl KO mice. Evaluated indices of cardiac function
including LVEF, LVESD, maximum dp/dt, and minimum
dp/dt did not change significantly 3 weeks after TAC in
Epacl KO mice, whereas in WT mice those indexes changed
to indicate the onset of heart failure. Epac2 KO mice, on the
other hand, exhibited significant attenuation of cardiac
function similar to that seen in WT mice, indicating that
Epacl rather than Epac2 plays a critical role in the devel-
opment of heart failure. In addition, in an aging [78] and
chronic catecholamine stimulation [78, 79] induced mouse
heart failure model, Epacl deficiency exerts a protective
effect against the development of cardiac dysfunction,
indicating that Epacl plays critical roles in stress-induced
cardiac dysfunction. In Epacl KO mouse hearts, we found
that PLN phosphorylation at Ser'® was significantly attenu-
ated in the basal state and after ISO stimulation. PLN is a
negative regulator of SR Ca®" transporting adenosine
triphosphatase (SERCA2a) function. Thus, PLN attenuates
both relaxation and contraction of hearts [98]. Phosphory-
lation of PLN at Ser'® has been reported to inhibit PLN
function, thereby enhancing cardiac function. Although the
role of PLN function in the development of heart failure
remains controversial [99—102], the activated state of PLN in
Epacl KO mice may contribute to this genotype’s resistance
to stress-induced heart failure (Fig. 2).

It has been indicated that harmful effects of B-AR sig-
naling on the development of heart diseases may be
mediated by AC5 [48, 103]. Recent report demonstrated
that Epacl deficiency attenuates ACS5-mediated cate-
cholamine stress-induced cardiac dysfunction, apoptosis,
fibrosis and arrhythmogenesis [104].

Nevertheless, the role of Epac activation in the devel-
opment of heart failure remains controversial, because
experiments with another Epacl KO mouse line showed no
significant effect of Epacl deficiency on the development
of pressure overload-induced heart failure [69].

The role of Epac in the development of arrhythmia

Arrhythmias are among the most common problems seen
in patients with cardiac diseases. In fact, severe ventricular
arrhythmia is one of the main causes of sudden death. The
presence of atrial fibrillation (AF) significantly increases
the risk of stroke. Numerous studies have demonstrated
that catecholamine stimulation plays a pivotal role in the
development of these arrhythmias [105—-107]. Accumulat-
ing evidence indicates that Epac-mediated signaling
regulates several other signaling pathways that are
involved in the development of arrhythmias, including
calcium handling, K* channel currency [108, 109], and
Na' channel function [110].

Epac activation has been suggested to have a pro-ar-
rhythmic effect. Adrenergic receptor (AR) activation has
been reported to induce SR Ca*" leak and consequent
spontaneous SR Ca®" release (SCR) [111, 112]. Cate-
cholamine-induced phosphorylation of RYR2 by protein
kinase A or CaMKII was thought to be involved in this
process. Diastolic SR Ca®" leak is responsible for the
development of delayed afterdepolarization (DAD), which
is recognized as a major source of ectopic activity
[105, 113]. Several reports indicate that Epac is involved in
the arrhythmogenic effect of catecholamine (Fig. 2).

8-CPT treatment increased SCR and Ca®" waves in
ARVM [76]. In AMVM, the 8-CPT-induced increase in
SCR was attenuated by either CaMKII inhibition via KN-
93 treatment or inhibition of RYR?2 phosphorylation at the
CaMKII site (Ser*®'*), indicating that RYR2 phosphory-
lation by CaMKII is involved in this process. In addition, in
perfused mouse hearts, 8-CPT infusion significantly
increased the incidence of extrastimuli pacing-induced
ventricular tachycardia (VT) [114]. Moreover, Epac2
deficiency completely abolished the 8-CPT-induced SCR
increase in mouse cardiomyocytes [69] and decreased the
ISO-induced increase in extrastimuli pacing-induced VT,
while Epacl KO did not affect the incidence of 8-CPT-
induced SCR increase, indicating that Epac2 rather than
Epacl is involved in the arrhythmogenic effect. Consis-
tently, Epac2 in AMVM was found to be concentrated in
the T-tubules, where the calcium-handling proteins
involved in CICR also occur [54].

On the other hand, the duration of pacing-induced AF
was significantly shorter in Epacl KO mice [78]. In addi-
tion, an Epacl-specific inhibitor attenuated 8-CPT-induced
spontaneous Ca®" waves in ARVM, indicating that Epacl
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is also involved in the development of arrhythmias [115].
ISO-induced phosphorylation of RyR2 was attenuated at
both the PKA site (Ser’®®®) and the CaMKII site (Ser”®'%)
by silencing of the Epacl gene with siRNA in NRVM.

In addition, it has been reported that 8-CPT treatment
up-regulates transient receptor potential canonical channels
isoform 3 (TRPC3) and 4 (TRPC4) and enhances store-
operated Ca>" entry (SOCE)-like activity in ARVM [115].
8-CPT-induced spontaneous Ca®" waves were inhibited by
a TPPC3 antagonist. These findings indicate that Epac may
cause a pro-arrhythmic effect through activation of TRPCs.

Prolongation of the action potential duration (APD) in
the failing heart has been demonstrated in studies using
animal models and human cardiomyocytes [116, 117].
APD prolongation has also been suggested to play an
important role in arrhythmogenesis by increasing suscep-
tibility to early afterdepolarizations and inducing
dispersion of repolarization [118]. Sustained catecholamine
stimulation induced down-regulation of potassium voltage-
gated channel subfamily E member 1 (KCNE1), and the
consequent repression of slow delayed-rectifier K current
(Ixs) was suggested to be involved in this mechanism
[108, 109]. In guinea pig ventricular cardiomyocytes, ISO
treatment decreased mMRNA and membrane protein
expression of KCNEI1 through B1-AR-, Epacl-, Ca2+-,
calcineurin-, and NFAT-mediated signaling, independent
of PKA activity. In vivo activation of Epac by 8-CPT
infusion in guinea pig decreased KCNEI expression and
Ik, density. 8-CPT-induced prolongation of APD was also
observed in ARVM [109]. In that same study, the decrease
in sustained K™ current was suggested to be responsible for
the effect.

Fig. 3 The role of Epac in the
development of cardiac fibrosis.
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Cardiac Na current (Iy,) has been also reported to play an
important role in the development of arrhythmia [119, 120].
In addition, the enhancement of late Iy, due to Na channel
phosphorylation by CaMKII, which can be activated by
Epac, has been suggested to be involved in the mechanism
[121]. 8-CPT treatment enhanced late Iy,, while inhibition of
PKA with PKI did not affect the ISO-induced late Iy,
enhancement in AMVM, indicating that Epac is involved in
catecholamine-induced regulation of late Iy, [110]. These
findings indicate that Epacl plays an important role in cat-
echolamine-induced arrhythmogenesis in the failing heart.

Epac is also reported to be involved in the neoformation
of gap junctions (GJ). Accumulation of Connexin43
(Cx43), a critical component of the GJ in cardiomyocytes,
and N-cadherin at the cell—cell contacts [122] were induced
by 8-CPT treatment in neonatal rat cardiomyocytes. PKC-
dependent phosphorylation of Cx43 accompanied by
enhanced gap junctional intercellular communication was
also observed in 8-CPT-treated NRVM [123]. Since Cx43
deficiency has been demonstrated to cause arrhythmia
[124, 125], Epac function may affect susceptibility to
arrhythmia via regulation of GJ formation.

The role of Epac in the development of cardiac
fibrosis

It has been reported that about 27 % of the cells in the adult
murine heart are fibroblasts, while 56 % are cardiomy-
ocytes [126]. Cardiac fibroblasts play an important role in
the development of the extracellular matrix (ECM) of the
myocardium [127]. The effect of Epac on the development
of cardiac fibrosis remains controversial (Fig. 3).
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8-CPT treatment decreased collagen mRNA expression
and DNA synthesis independent of Rapl expression level
in adult rat cardiac fibroblasts [46]. In addition, Epac
overexpression in cardiac fibroblasts resulted in the
repression of transforming growth factor B1 (TGFp1)-in-
duced collagen synthesis, indicating that Epacl-mediated
signaling represses cardiac fibrogenesis. Moreover, pro-fi-
brotic factors, including TGFB1 and angiotensin II (Ang
II), inhibited the mRNA expression of Epacl in cardiac
fibroblasts. These factors are believed to play pivotal roles
in the transformation of fibroblasts to myofibroblasts [127],
the latter of which exhibit enhanced ECM protein synthesis
activity. Consistently, the expression level of Epacl was
decreased in murine cardiac fibroblasts after myocardial
infarction. In the adult rat cardiac fibroblast, Ang II-in-
duced collagen synthesis was attenuated by §8-CPT
treatment through phosphoinositol-3 kinase (PI3K) [128].
In the same study, Epac was thought to be involved in the
anti-fibrotic effect of adenosine A2 receptor activation.

It has been indicated that Ang II induces collagen syn-
thesis via regulation of a phosphodiesterase 1A (PDE1A)-,
cAMP-, Epacl-, and Rapl-mediated signaling pathway in
neonatal rat cardiac fibroblasts [129]. Ang II-induced
PDE1A up-regulation, which could depress cAMP con-
centration, is suggested to be involved in the mechanism.
PDEIA has also been demonstrated to be involved in the
Ang II-induced transformation of fibroblasts to
myofibroblasts.

Several other reports, in contrast, have failed to observe
any anti-fibrotic effect of Epac. In neonatal mouse cardiac
fibroblasts, Epac was reported to play a pivotal role in B-
adrenergic receptor activation-induced production of
interleukin-6 (IL-6) [130], which is reported to mediate
cardiac fibrosis [131]. Activation of the PKCd/p38 MAPK
pathway by Epac was thought to be involved in this
mechanism. In vivo, no difference in the severity of cardiac
fibrosis was observed between WT and Epacl KO at
baseline [78]. In addition, the development of cardiac
fibrosis induced by various stresses, including TAC, ISO
infusion, and aging, was attenuated in Epacl KO mice
[78, 79]. However, based on these findings, we cannot
conclude that Epacl promotes pro-fibrotic signaling in
cardiac fibroblasts, because these results were obtained in
whole-body Epacl KO mice. The loss of cardiomyocytes
induces cardiac fibrosis as a means of replacing damaged
cardiomyocytes with ECM to maintain cardiac structure.
Therefore, Epac deficiency-induced differences in car-
diomyocyte death may subsequently affect the amount of
fibrosis in the heart. Further studies using tissue-specific
conditional KO animals or in vivo Epac specific ligands
will be important in clarifying the role of Epac in the
development of cardiac fibrosis.

Conclusion

Numerous studies on Epac have disclosed its important
functions in various tissues in the body. Recently, experi-
ments using genetically manipulated mice in various
pathogenic models have begun to reveal the in vivo sig-
nificance of earlier findings that were observed in vitro or
on a cellular level.

Interestingly, though the significance of Epac’s func-
tions in various cells is widely accepted, systemic Epacl
and Epac2 double-knockout mice were reported to be
viable and to show no significant differences from WT
mice, at least at baseline, in heart structure or function [69].
This characteristic may make Epac a more desirable ther-
apeutic target because it suggests that anti-Epac therapy
will not result in very many or very severe side effects.
Further in vivo investigations using tissue-specific and/or
inducible conditional Epac-deficient animals or Epac
pharmacological modulators will provide additional infor-
mation regarding useful methods of temporal and spatial
regulation of each Epac isoform’s activity for the treatment
or prevention of cardiac diseases.

In addition, the relationships between Epac and other
cAMP target molecules should be further clarified. PKA and
Epac, for example, can work either cooperatively or in
opposition to one another, depending on the cell type and
conditions. Clarifying the roles of these molecules in each of
their possible pathways and the detailed mechanisms of the
crosstalk between them will aid in understanding their sig-
naling. To achieve this, we must also come to understand the
compartmentalization of each of these signaling molecules.
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