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1.General Information

Epac (Exchange protein directly activated by
cAMP) is an important effector for cAMP, which
was originally thought to act only through protein
kinase A (PKA) or cyclic nucleotide binding ion
channels. The two variants of Epac, Epacl and
Epac2, were identified in 1998 by two studies.
The first study was through data base screening
for a molecule with RapGEF activity and
homology to cyclic AMP binding proteins (8) and
the second by a screen for cyclic AMP binding
proteins in brain (23). Both Epacl and Epac2
have GEF activity for Rapl and were alternatively
known as cAMPGEF1 and cAMPGEF2. Because
calcium and diacylglycerol activated RapGEFs,
known as CalDAG-GEFs which were discovered
earlier, the official gene name for Epacs are
Rapgef3 and Rapgef4. The Drosophila gene,
however, is Epac and we will use this designation
in the remainder of this review.

Epac Sequence and Structure

Epacl mRNA is ubiquitously expressed, whereas
Epac2 is predominantly expressed in brain and
endocrine tissues (23). Epacl and 2 are 881 and
993 amino acid homologous proteins with Epac2

having a N-terminal extension. They share
common domain structures within a N-terminal
regulatory region and a C-terminal catalytic
domain as shown in Figure 1 (2,15,19). The N-
terminal region possesses one (Epacl) or two
(Epac2) CNB (Cyclic Nucleotide Binding) domains
and a DEP (Disheveled, Egl-10, and Pleckstrin)
domain. The C-terminal region contains a
CDC25-homology domain, a REM (Ras Exchange
Motif) and a RA (Ras Association) domain. The
functional cAMP-binding site on Epacl and Epac2
binds cAMP in vitro with similar affinity to that of
PKA (Kd 2.8 uM for Epac1 and 1.2 yM for Epac2
compared with 2.9 uyM for PKA). Epac2 has an
additional low affinity cAMP-binding domain at its
N-terminus (Kd 87 pM), which has an uncertain
function since it is not required for cAMP-induced
Rapl activation (8). While in vitro cAMP affinity for
Epac and PKA are virtually the same, the
concentration of cAMP required for half-maximal
activation of Epac1 is around 30 yM compared
with ~1 uM for PKA. The difference in these
sensitivities may be due to positive co-operativity
between the two cAMP-binding sites on PKA,
which is lacking on Epacl which has only a single
CAMP-binding site (7). This means that PKA can
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be activated by small increases in cAMP levels,
but higher levels of CAMP are required to activate
Epac-mediated signaling. The crystal structure of
Epac2 has been obtained for both inactive and
active configurations (32, 33). Upon cAMP
binding, the regulatory region of the molecule
moves to expose the catalytic region. The DEP

domain is involved in membrane targeting of the
active molecule and the REM domain is
participates in Ras activation when the two
molecules are closely approximated. For further
details relating to the structural dynamics in the
activation of Epac, see (16).
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Figure 1: Domain structure of Epacl and Epac2. Both Epacl (881 amino acids) and Epac2 (993 amino

acids) contain two domains: regulatory and catalytic. The regulatory region has the cyclic nucleotide-binding
domain (CNB), the Desheveled-Egl-10-Pleckstrin (DEP), which is involved in membrane localization. The catalytic
region has the CDC25-homology domain, which is responsible for the guanine-nucleotide exchange activity, and

the Ras exchange motif (REM), which stabilizes the catalytic helix of CDC25HD, and the Ras-association (RA)

domain, which is a protein interaction motif.

Epac Selective cAMP Analogs

An important advance in the ability to study Epac
was the development of cAMP analogs that are
selective for Epac or PKA (10). Selectivity for
Epac is conferred by the substitution of an O-
Methyl group on the ribose moiety of CAMP at the
2’ carbon position allowing the 2’-O-Methyl-cAMP
derivative (Figure 2) to act as an Epac agonist.
To enhance lipophilicity, this modification is
usually combined with addition of a chloro-
phenylthio moiety to yield 8-(4-chloro-phenylthio)-
2’-O-methyladenosine-3’,5’-cyclic monophosphate

(pCPT-2-O-Me-cAMP).  Such analogs are
sometimes referred to as ESCAs (Epac-selective
cAMP analogs). Conversely, N6-benzoyl-cAMP
(6-Bnz-cAMP) (Fig. 2) is an agonist for PKA, but
inactive with regard to Epac. Evidence as to
whether ESCAs are activating PKA can be by the
simultaneous use of PKA inhibitors. Currently, no
inhibitors of Epac proteins are available. The Arf-
GEF inhibitor, brefeldin, was shown to be an
inhibitor of Epac function, but is likely non-
selective (15, 40).
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Figure 2. Molecular structure of cAMP (A) and analogs specific for Epac, 8-pCPT-2-O-Me-cAMP, (B) and

PKA, 6-Bnz-cAMP (C).

Biological Functions of Epacs

The major function of Epac is to serve as the
guanine nucleotide exchange or GEF function for
Rapl and Rap2. Epac and Rap play major roles
in the regulation of cardiac function, secretion,
vascular function, proliferation, and inflammation
and study of these processes has revealed
downstream targets (1). In the heart, Epac acts
through Rap to mediate the action of B-adrenergic
receptors to activate phospholipase Ce and
mobilize intracellular Ca** (30). This leads to
activation of PKC and CaMKIl and enhanced
phosphorylation of ryanodine receptors (29).
Epac also plays a role in cardiac hypertrophy, but
this action was reported to be independent of
Rap, and to involve calcineurin and CaMKIl (27,
28).

Epac regulates exocytosis in neurons, endocrine
and exocrine cells. The best studied process is
insulin secretion by islet beta cells. cAMP-
induced by incretin receptors, such as those for
GLP-1 and GIP, is known to potentiate glucose-
stimulated insulin secretion. This is now known to
be mediated by Epac2, the primary form of Epac
in beta cells (21, 31). Epac mediates the cAMP
dependent mobilization of Ca®* from intracellular
stores (18). This action, as in cardiac muscle,
involves PKCe and is abolished in PKCe KO mice

(9). In addition to potentiating Ca®* signaling
through an effect on ryanodine receptors, Epac
may bind Rim2, an effector of the small G protein
Rab3 and another protein, Piccolo and mediate
recruitment of secretory granules to release sites
on the plasma membrane in a process known as
priming (11, 22, 24, 37). A number of reviews are
available on this subject (19, 25, 35). Epac has
been shown to play a role in neurosecretion in the
giant synapse of the Calyx of Held, hippocampal
neurons, and in the crayfish neuromuscular
junction (14, 20, 44). Through such effects, Epac
plays a role in learning and memory. Epac also
contributes to neurite outgrowth, neuronal
differentiation and axon regeneration (39). In this
study of PACAP-mediated deuronal
differentiation, Rap was not essential but rather
another small G protein Rit that is related to Ras
was involved. A role of Epac in exocrine
secretion is considered in Section 2.

Epac plays a role in vascular function in the
endothelial layer of blood vessels where cAMP
strengthens the epithelial barrier and counteracts
the effect of inflammatory mediators (6, 13). This
involves both cadherin molecules linking to the
underlying actin cytoskeleton and the formation of
junctional complexes both of which are mediated
by Rapl. In addition to the vascular endothelium,



cAMP signaling also regulates inflammation
through actions on leukocytes, most of which
express Epacl.

cAMP is known to play a role in many cells in
regulating cell proliferation through positive or
negative effects on mitogenesis depending on the
cellular context and Epac and/or Rapl may be
involved (1). For example, Epac acts
synergistically with PKA to enhance mitogenesis
mediated by cAMP in rat thyroid cells (17). Some
of this proliferative effect of Epac may be
mediated by Rapl activating the ERK cascade in
a Ras independent manner involving BRaf (12).
Less is known as to the negative effects of cAMP
on cell division, but overexpression of Epac or
Rapl inhibits proliferation of Jurkat T-cells (3). In
addition to effects on mitogenesis, Epac and
Rapl may mediate some of the effects of CAMP
on cell differentiation (1).

2. Epac in the Exocrine Pancreas

CAMP induced by secretin and VIP is known to
regulate both acinar and ductal cell function.
Effects of cAMP on acinar cells include
potentiation of enzyme secretion and sensitization
to intracellular digestive enzyme activation (5, 42).
To evaluate possible effects of Epac as a
mediator of cAMP, Chaudhuri et al utilized 8-
pCPT-2-O-Me-cAMP and showed that it
enhanced both carbachol-induced amylase
secretion and zymogen activation in rat acini and
the effect was not blocked by PKI (4). By
contrast, the Epac agonist had no effect on CREB
phosphorylation. They concluded that cyclic AMP
could act by both PKA and Epac pathways. In a
study of Rapl activation, Sabbatini et al showed
that Epacl, but not Epac2, was present in mouse
pancreatic exocrine cells (34). They found that
the effect of forskolin to activate Rapl were
mimicked by 8Br-cAMP and 8-pCPT-2-O-Me-
cAMP and this activation was not blocked by a
PKA inhibitor. Using a polyclonal antibody against
Epacl from Abcam, Epacl was localized by

immunohistochemistry to the granular pole of the
acini where it overlapped Rapl which is known to
be on the ZG membrane (See Molecule Page for
Rapl). Epacl however has not been identified on
the ZG. Thus the Epac/Rapl pathway appeared
to mediate cyclic AMP stimulated amylase
secretion. At present the downstream mediators
of Rapl are unknown. In a third study in rat acini,
the effect of cAMP to enhance the speed of Ca**
waves was shown to be mediated in part by PKA
and in part by Epac (36). This effect involves the
ryanodine receptor and Ca®" release. At present
there is no evidence for a role for Epac in
pancreatic duct cells and the effect of cCAMP on
ductal secretion is believed mediated by PKA
phosphorylation of CFTR. However, we are not
aware any study that has evaluated the effects of
ESCA.

Epacl has also been identified in the parotid
gland (38). Unlike the pancreatic acinar cell,
isoproterenol-induced amylase secretion from
parotid acinar cells is largely mediated by cAMP.
This secretion has been shown in part to involve
Epac as well as the predominant PKA component
(38, 43).

A published letter to the Editor suggests that
Epacl is overexpressed in human pancreatic
adenocarcinoma and can mediate the inhibition of
growth in response to cAMP seen in Pancl and
MiaPaCa cell lines (26). Further investigations on
the role of Epac in neoplasia are warranted.

3. Tools to Study Epac

a. cDNA clones

cDNA clones are available from Origene and
GeneCopeia. A dominant negative Epacl has
been described (17).

b. Antibodies

In our earlier work (34) we used a rabbit
polyclonal from Abcam (ab#21236) for both
immunoblotting and immunofluorescence.
However, current batches of this antibody have



failed to work for us. A mouse monoclonal c. Viral Vectors
antibody against Epacl is available from Cell
Signaling (#4155). This monoclonal antibody is
produced by immunizing animals with a d. Mouse lines
recombinant fragment of human Epacl and works
well for immunoblotting. Other antibodies for Epac
are available from Abcam and Santa Cruz, but we
have not tested their utility. e. Epac specific cAMP analogs

8-(4-chlorophenylthio)-2’-O-methyl-cAMP is
available from Biolog Life Science Institute,
Bremen, Germany.

An Ad-Epacl is available from Vector Biolabs.

Epacl KO mice has been described in (41).
Epac2 KO mice has been described in (37).
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