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EPAC proteins transduce diverse cellular actions
of cAMP
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It has now been over 10 years since efforts to completely understand the signalling actions of cAMP (3’-5"-cyclic adenosine
monophosphate) led to the discovery of exchange protein directly activated by cAMP (EPAC) proteins. In the current review
we will highlight important advances in the understanding of EPAC structure and function and demonstrate that EPAC proteins
mediate multiple actions of cAMP in cells, revealing future targets for pharmaceutical intervention. It has been known for some
time that drugs that elevate intracellular cAMP levels have proven therapeutic benefit for diseases ranging from depression to
inflammation. The challenge now is to determine which of these positive actions of CAMP involve activation of EPAC-regulated
signal transduction pathways. EPACs are specific guanine nucleotide exchange factors for the Ras GTPase homologues, Rap1
and Rap2, which they activate independently of the classical routes for cAMP signalling, cyclic nucleotide-gated ion channels
and protein kinase A. Rather, EPAC activation is triggered by internal conformational changes induced by direct interaction with
cAMP. Leading from this has been the development of EPAC-specific agonists, which has helped to delineate numerous cellular
actions of cAMP that rely on subsequent activation of EPAC. These include regulation of exocytosis and the control of cell
adhesion, growth, division and differentiation. Recent work also implicates EPAC in the regulation of anti-inflammatory
signalling in the vascular endothelium, namely negative regulation of pro-inflammatory cytokine signalling and positive
support of barrier function. Further elucidation of these important signalling mechanisms will no doubt support the develop-
ment of the next generation of anti-inflammatory drugs.
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Introduction

3’-5’-cyclic adenosine monophosphate (cAMP) is a central
second messenger that regulates key cellular responses,
including central metabolic events, cardiac and smooth
muscle contraction, secretory processes, cell growth, survival
and differentiation, as well as inflammatory responses. Inter-
action of hormones and neurotransmitters with G-protein-
coupled receptors promotes activation of the heterotrimeric
G-protein, Gso, stimulates the activation of one or more iso-
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forms of adenylyl cyclase. This leads to the synthesis of cCAMP,
and levels are further regulated through hydrolysis to 5’AMP
by a large family of cAMP phosphodiesterases (PDEs)
(Houslay, 1998). Given these pleiotropic actions of cAMP it is
not surprising that pharmaceutical manipulation of cAMP
levels in cells has proven therapeutic benefit in a wide
range of human disease. For example, cAMP-specific PDE
inhibitors have broad therapeutic potential, including anti-
inflammatory and antidepressant properties (Houslay et al.,
2005). Investigations into the mechanisms of CAMP signalling
therefore have far reaching implications in the understanding
and treatment of human disease.

A vital step towards a fuller understanding of the mecha-
nisms of cAMP signalling came a decade ago with the discov-
ery of the exchange proteins activated by cAMP (EPACs).



EPAC:s are specific guanine nucleotide exchange factors (GEFs)
for the Ras GTPase homologues, Rapl and Rap2, which they
activate independently of the classical route of cAMP signal
transduction, through protein kinase A (PKA) (Kawasaki et al.,
1998; de Rooij et al., 1998). Rap GTPases cycle between inac-
tive GDP- and active GTP-bound forms. The two known EPAC
isoforms, EPAC1 and EPAC2, have GEF activity that converts
Rap proteins to the active form, after which GTPase-activating
proteins complete the cycle by converting Rap to the inactive
form (Bos, 2003). Cyclic AMP-binding sites in EPAC proteins
facilitate their direct activation by cAMP, thereby relieving
auto-inhibitory influences of the cAMP-binding domain
towards the catalytic GEF domain.

A large body of work is now revealing that EPAC proteins
mediate many of the critical actions of cCAMP in the human
body. These functions are varied and range from maintenance
of proper circadian pacemaker (O’Neill etal., 2008) and
memory (Gelinas et al., 2008; Ouyang et al., 2008) functions
to wound healing (Yokoyama et al., 2008) and nerve regen-
eration (Murray and Shewan, 2008). Selective activation or
inhibition of EPAC-regulated signalling events will therefore
be the goal of cAMP-directed drug research in the future. The
exciting outcome of this may be the specific modulation of
EPAC-regulated signalling events leading to targeted thera-
peutic intervention with reduced side effects. This review
therefore aims to highlight ongoing work into the diverse
functions of EPAC proteins in humans, perhaps revealing
putative sites for future drug research.

Structural basis of EPAC regulation

The EPAC proteins are each made up of an N-terminal regu-
latory region and a C-terminal catalytic GEF region, with
each region able to function independently in terms of
cAMP binding and GEF activity respectively. Several lines of
evidence suggest that the EPACs populate multiple conforma-
tions in dynamic equilibrium ranging from a closed, auto-
inhibited state in which the regulatory region sterically blocks
access to the GEF’s active site, to a dramatically different,
open and catalytically active state in which the regulatory
region binds to a different face of the GEF. In the absence of
cAMP the proteins favour the closed auto-inhibited confor-
mation, while cCAMP binding shifts the equilibrium towards
the active conformation. X-ray crystallography has provided
highly informative snapshots of the open (Rehmann et al.,
2008) and closed (Rehmann et al., 2006) conformations of
EPAC2 while NMR spectroscopy has been used to explore how
ligand binding affects the dynamics of the critical conforma-
tional switch in EPAC1 (Harper et al., 2007; Mazhab-Jafari
etal., 2007; Das etal., 2008). Lower resolution techniques
have also been applied to the problem (Yu et al., 2006; Brock
et al., 2007), but their limitations, that is, the requirement
for an adequate prior model, are revealed in the light of
the structure of the EPAC2-Sp-CAMPS-RAP1B complex
(Rehmann et al., 2008).

The catalytic regions of both EPAC1 and 2 are constructed
from a Ras exchange motif (REM) and a CDC25 homology
domain (Figure 1A) arranged as in the Ras-GEF Sos. Unlike
Sos, the EPACs possess an intervening domain that adopts a
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ubiquitin fold, which has been proposed to be a functional
Ras association domain in EPAC2 (Li et al., 2006). However,
the observation that this Ras association activity is cAMP-
dependent is difficult to reconcile with the available struc-
tures in which access to the putative Ras association domain
is unaffected by cAMP binding. GEF activity is achieved by an
extensive association between the helical hairpin, ionic latch
(IL) loop and central core of the CDC25 homology domain
and the nucleotide-binding site of Rapl (Rehmann etal.,
2008). The helical hairpin enters the binding site and distorts
switch I and II regions, decreasing the number of favourable
contacts that can be made to the bound nucleotide, facilitat-
ing its release. Selectivity for RAP1B over Ras seems to be
determined in a coordinated fashion over the totality of the
contact surface, rather than by any particular key residues.

The regulatory region of EPAC1 contains two recognized
domains, a Dishevelled-Egl-10-Pleckstrin (DEP) domain and a
cyclic mononucleotide-binding (CNB) domain as well as a,
likely natively disordered, N-terminal extension. EPAC2
shares this organization, but possesses an additional CNB
domain N-terminal to the DEP domain. DEP domains are
typically membrane localization domains through either
protein—protein or protein-membrane interactions, and
EPACs’ DEP domains seem to be no exception (de Rooij et al.,
2000; Qiao et al., 2002). EPAC2’s N-terminal CNB domain
binds cAMP with a 20-fold lower affinity than the conserved
CNB and does not affect activation of EPAC2 by cAMP
(Rehmann et al., 2003). The apparently intimate association
between the two CNB domains seen in the cAMP-free EPAC2
crystal structure is therefore likely to be rather weak. The
critical domain for the regulation of EPAC activity by cAMP is
the conserved CNB domain immediately N-terminal to the
catalytic domain (Figure 1A).

In general, cAMP binds to the base binding site on one edge
of the B-sheet sandwich of CNB domains orienting its cyclic
phosphate group such that the conformation of an adjacent
loop, known as the phosphate-binding cassette, is altered. As
aresult, the hinge helix that links the core CNB domain to the
C-terminal lid is free to reorient, and the lid closes over the
nucleotide-binding site making contact with the base
(Rehmann et al., 2007; Kornev et al., 2008). The crystal struc-
ture of inactive EPAC2 revealed that, unlike other known
CNBs, the lid of the EPACs’ regulatory CNB domain forms
part of a B-sheet (the switchboard) that is anchored to the
REM of the catalytic region. This lid includes a VLVLE motif
that is conserved across CNBs and typically forms a helix in
the cAMP-bound conformation. The general mechanism by
which EPACs are activated by cAMP had therefore been
widely anticipated, with cAMP binding inducing the closing
of the CNB domain’s lid and reorientating the regulatory
region away from the Rap1-binding site (Figure 1B). However,
there is a surprising difference in detail revealed by the
EPAC2-Sp-CAMPS-RAP1B complex — the 1lid’s f-sheet confor-
mation is not stripped back and reformed as an a-helix, but is
instead retained inducing a ~180° rotation of the CNB
domain from one face of the switchboard B-sheet to the other
(Rehmann et al., 2008). As well as inducing lid closure in the
CNB domain, there is evidence that cAMP also affects the
other major contact point with the regulatory region — the IL.
Rather than causing a significant change in average structure,
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Figure 1 Structural basis of EPAC regulation. (A) Schematic diagram of EPAC domain organization. (B) Conformational changes upon cAMP
binding. Cartoon representations of the regulatory CNB domain and catalytic regions of EPAC2 are shown in the inactive (PDB 2byv) and active
(PDB 3cf6) conformations with the molecular surfaces of the CNB domain and bound RAP1B depicted. The yellow ovals indicate the two parts
of the cAMP-binding site (the lid and the pocket) in the inactive conformation. (C) Close-up view of the cAMP-binding site with Sp-CAMPS
bound & with 8-pCPT-2"OMe-cAMP docked in its place showing how the pCPT and OMe groups might be accommodated and contribute
to tighter binding between the core and lid of the CNB domain. Images generated by using PyMOL [DelLano, W.L.The PyMOL Molecular
Graphics System (2002) Delano Scientific, San Carlos, CA, USA]. 8-pCPT-2"OMe—cAMP, 8- (4- chlorophenylthio)- 2’- O- methyladenosine- 3’,
5’-cyclic monophosphate; cAMP, 3’-5’-cyclic adenosine monophosphate; CDC25-HD, CDC25 homology domain; CNB, cyclic nucleotides
binding; DEP, Dishevelled-Egl-10-Pleckstrin; EPAC, exchange protein activated by cAMP; HH, helix hairpin; IL, ionic latch; RA, Ras association;
REM, Ras exchange motif; Sp-CAMPS, adenosine- 3’, 5’-cyclic monophosphorothioate, Sp-isomer; SW, switchboard.

it appears that cAMP loosens the structure around key IL
residues making the closed, inactive conformation less
favoured for entropic reasons (Das ef al., 2008).

Substantial progress has already been made in understand-
ing the selectivity of cCAMP analogues that are agonists and
antagonists of PKA and the EPACs (Dao et al., 2006; Poppe
et al., 2008). The EPAC2-Sp-CAMPS-RAP1B complex helps to
explain why the commonly used, EPAC-selective analogue,
8-pCPT-2’OMe-cAMP (8- (4- chlorophenylthio)- 2- O-
methyladenosine- 3’, 5’-cyclic monophosphate) (Enserink
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et al., 2002) is a super-activator of EPACs — the adenine 8 and
ribose 2’ positions point towards the open mouth of the
cAMP-binding pocket where the additional pCPT and methyl
groups could be accommodated in a cleft between CNB
domain and REM (Figure 1C), extending their interaction —
and offers new opportunities for structure-guided agonist
design. Further opportunities for therapeutic intervention in
EPAC-mediated cAMP response lie in exploiting the, often cell
type- and function-specific, protein—protein interactions that
have been observed, for example with the PDZ domains of



Rim2 and Piccolo (Ozaki et al., 2000; Fujimoto et al., 2002), or
the microtubule-associated protein (MAP) light chains
(Magiera et al.,, 2004; Gupta and Yarwood, 2005; Borland
et al., 2006).

Regulation of exocytosis through EPAC

The first observation linking EPAC to the regulation of exo-
cytosis was the finding that EPAC2 interacts with Rim2, a
target of the small GTPase Rab3, and mediates cAMP-induced,
Ca*-dependent secretion of growth hormone from PC12 cells
and the release of C-peptide from MING6 cells, a highly differ-
entiated and glucose-responsive pancreatic B-cell line (Ozaki
et al., 2000). The accumulated evidence now points towards
EPAC as having a fundamental role in the regulation of exo-
cytosis in a range of different cellular contexts. For example,
EPAC activation, coupled to Ca* mobilization, has been
implicated in promoting the secretory activity of pituitary
melanotrophs (Sedej et al., 2005), triggering fast exocytosis in
rat chromaffin cells through the induction of CaV3 Ca* chan-
nels (Giancippoli et al., 2006), facilitating exocytotic fusion
between the outer acrosomal and plasma membranes in
sperm cells (Branham et al., 2006) and mediating apical exo-
cytosis and exocytotic insertion of aquaporin-2, in response
to arginine vasopressin, in the inner medullary collecting
duct (Yip, 2006; Balasubramanian et al., 2007). A number of
excellent reviews detailing the role of EPAC in cAMP-
promoted exocytosis have already been published (Holz,
2004; Seino and Shibasaki, 2005; Holz et al., 2006).

Of particular note are a growing number of studies that
implicate EPAC2 in the control of insulin secretion from pan-
creatic B-cells (Shibasaki et al., 2007). Incretin hormones, such
as glucagon-like peptide-1 (GLP-1) and gastric inhibitory
polypeptide, are known to potentiate glucose-induced insulin
secretion through cAMP-dependent mechanisms in these
cells (Holz, 2004). Incretin-promoted increases in intracellular
CAMP levels lead to an EPAC-mediated mobilization of Ca*
from intracellular Ca?* stores (Holz, 2004). This, in turn, leads
to the phenomenon of Ca*-induced Ca*" release (Kang et al.,
2003; Hatakeyama et al., 2007). Ca*-induced Ca*" release acti-
vates mitochondrial dehydrogenases, thereby up-regulating
glucose-dependent production of ATP. Consequently, there is
an increase in the cytosolic ATP/ADP ratio leading to the
closure of ATP-sensitive K* channels and membrane depolar-
ization (Holz, 2004). This promotes an influx of Ca*, through
voltage-dependent Ca?* channels, stimulating exocytosis of
insulin-containing secretory granules and promoting their
fusion with the plasma membrane (Holz, 2004).

There are a number of possible mechanisms by which EPAC2
could potentially promote mobilization of intracellular Ca*
(Holz et al., 2006), including Rap-dependent stimulation of
phospholipase Ce, leading to PIP2 hydrolysis and IP3 produc-
tion as seen in cardiomyocytes (Oestreich et al., 2007; Schmidt
et al., 2007). There is also some evidence suggesting that Rap1
may directly link EPAC signalling to Ca* mobilization,
through direct protein—protein interactions with the SERCA
Ca? ATPase in the endoplasmic reticulum (Lacabaratz-Porret
et al., 1998). Moreover, Ca®* mobilization in pancreatic B-cells
is sensitive to ryanodine (Kang et al., 2005), which is particu-
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larly intriguing in light of a report suggesting that in cardi-
omyocytes EPAC1 exists in a protein complex involving the
type 2 ryanodine receptor, a cAMP PDE and an PKA anchoring
protein (Dodge-Kafka et al., 2005). Whether such a macromo-
lecular complex couples EPAC and ryanodine receptor activa-
tion in pancreatic f-cells remains to be determined; however, a
functional link between EPAC and ryanodine receptor activa-
tion has been shown in cardiomyocytes (Pereira et al., 2007).
Here EPAC activation appears to stimulate CaMKII activity,
leading to ryanodine receptor phosphorylation and a subse-
quent increase in Ca** spark frequency (Pereira et al., 2007).

In addition to being involved these aspects of Ca?*-
dependent exocytosis, EPAC also appears to play a major role
in the later stages of secretory granule release. Accordingly,
direct activation of EPAC by 8-pCPT-2’0OMe-cAMP has been
shown to increase the number of exocytic sites in pancreatic
B-cells (Kwan etal.,, 2007a) and elevations in intracellular
cAMP increase the density of insulin-containing granules
underlying the plasma membrane, thereby facilitating
glucose-induced membrane/granule fusion (Shibasaki et al.,
2007). These actions of cAMP seem to have both a PKA-
dependent component, namely mobilization of slow-moving
dense-core vesicles, and an EPAC-dependent component,
involved in the mobilization of fast moving, small vesicles
(Hatakeyama et al., 2007). The ability of EPAC to potentiate
rapid exocytosis may be partly due to the formation of com-
plexes between EPAC2 and Rim2, a Rab3A GTPase-interacting
protein that plays a central role in Ca*-dependent exocytosis,
and Munc13-1, a diacylglycerol-binding protein essential for
the priming stage of vesicle fusion (Kwan et al., 2007b). Cou-
pling of vesicle exocytosis to elevations in intracellular Ca*
probably involves additional protein interactions between the
EPAC2/Rim2 complex and the Ca?" sensor protein, Piccolo,
which forms a heterodimer with Rim2 in a Ca*-dependent
manner (Fujimoto et al., 2002).

Further priming of insulin secretory granules also appears
to be assisted by protein interactions between EPAC2 and the
nucleotide-binding fold-1 of the B-cell sulphonylurea
receptor-1, SUR1 (Kang et al., 2006). A model has been sug-
gested whereby SUR1-mediated recruitment of EPAC2 to
secretory granules leads to the stimulation of CIC-3 chloride
channels, thereby generating an electromotive force that
drives H" uptake through the v-type H*-ATPase. This leads to
priming of exocytosis through vesicle acidification. Future
research into the role of EPAC in the control of insulin-
granule exocytosis in pancreatic B-cells will cast light onto the
mechanisms of action of incretin hormones in these cells.
Moreover, because glucagon-like peptide-1 mimetics are cur-
rently being used for the treatment of type 2 diabetes, this
type of research may lead to the development of small mol-
ecules that activate EPAC selectively and which might repre-
sent the next generation of anti-diabetic agents.

Regulation of cell proliferation by cAMP

A large number of studies have demonstrated the significance
of cAMP in the control of cell division (Table 1). Indeed,
cAMP can even promote reversion to the normal phenotype
of certain transformed cells (Pastan et al., 1975). Elevation of
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Table 1

Mitogenic and anti-mitogenic effects of (3’-5’-cyclic adenosine monophosphate) cAMP-elevating agents

Cell system Stimulant

Effect on proliferation References

Rat parotid acinar cells

Rat hepatocytes

Rat brown adipocytes

Rat pancreatic B-cells

Murine mammary epithelial cells
Immature rat sertoli cells

Swiss 3T3 fibroblasts

Dog thyroid epithelial cells

Rat arterial smooth muscle cells
Human foreskin fibroblasts
Normal and neoplastic human B-cells
Transformed fibroblasts
Transformed NIH-3T3 fibroblasts

B-adrenergic
Glucagon/B-adrenergic
B-adrenergic

Glucose

Prostaglandin E1

Prostaglandin E1

Prostaglandin E1
Forskolin

Forskolin

8-bromo-cAMP
Constitutively active Gsou

Follicle-stimulating hormone

Thyroid-stimulating hormone

(Purushotham et al., 1992)
(Thoresen et al., 1990)
(Cannon and Nedergaard, 1996)
(Rabinovitch et al., 1980)
(Burstein et al., 1976)
(Almiron and Chemes, 1988)
(Yamashita et al., 1986)
(Roger and Dumont, 1984)
(Nilsson and Olsson, 1984)
(Heldin et al., 1989)

- (Blomhoff et al., 1987)

- (Hordijk et al., 1994)

- (Chen and lyengar, 1994)

I+ + + + + + + +
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Figure 2 Control of cell fate by EPAC-activated intracellular signalling. The involvement of EPAC in intracellular signalling controlling cell
division, cell differentiation and cell hypertrophy is shown. Generally activation of EPAC by cAMP leads to the activation of Rap1 GTPase, which,
in turn, controls downstream signalling as indicated by black arrows. EPAC, exchange protein activated by cAMP; cAMP, 3’-5’-cyclic adenosine
monophosphate; GPCR, G-protein-coupled receptor; PKA, protein kinase A; NFAT, nuclear factor of activated T-cell.

intracellular cAMP leads to the rapid activation of Rap1 (Stork
and Schmitt, 2002), and it has been hypothesized that Rapl1,
like cAMP, can either stimulate or inhibit cell division,
depending on the cellular context (Ribeiro-Neto et al., 2002).
This leads to the question whether EPAC is involved in the
coupling of cAMP to pro- or anti-mitogenic signalling
through Rapl. Indeed, intriguing recent work has suggested
that direct activation of EPAC can inhibit the growth of pan-
creatic carcinoma cells (Lorenz et al., 2008). Is EPAC therefore
a valid target for future anti-cancer drugs? To address this we
will examine the current evidence linking EPAC to the posi-
tive and negative regulation of cell proliferation. In addition
we will also examine the role of EPAC in the related phenom-
ena of cell adhesion, differentiation and hypertrophy. A
summary of these mechanisms is presented in Figure 2.
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Positive effects of EPAC on cell division

There is intriguing evidence that at least some of the actions
of cAMP on the promotion of cell proliferation may involve
EPAC. For example, over-expression of EPAC1 in COS-7 cells
leads to an increase in multinuclear cell populations, suggest-
ing that EPAC may play an important role in mitosis in these
cells (Qiao et al., 2002). Moreover, multiple pathways contrib-
ute to cAMP-stimulated mitogenesis in rat thyroid cells;
however, it appears that only some of these are PKA-
dependent (Cass et al., 1999). Indeed, it has been recently
suggested that EPAC acts synergistically with PKA in rat
thyroid cells to enhance cAMP-mediated mitogenesis, but the
mechanisms underlying this action of EPAC remain to be
determined (Hochbaum et al., 2007).
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Figure 3 Anti-inflammatory effects of EPAC in VECs. EPAC mediates at least three anti-inflammatory signalling pathways in VECs. IL-6
signalling via STAT3 is inhibited by EPAC-dependent SOCS3 induction; this occurs via Rap1 and C/EBP transcription factors (black pathway).
EPAC mediates activation of integrins involved in adhesion of VECs to the basement membrane; the signalling pathway between EPAC-
activated Rap1 and integrin activation is not known, but may involve RIAM and talin, as reported for the allbp3 platelet integrin (purple
pathway). Agents such as thrombin and TNFo reduce adhesion of VECs to adjacent cells at adherens junctions via Rho, actin reorganization
to reduce cortical ring and increase contractile stress fibres and destabilization of microtubules, resulting in reduced cadherin-mediated
adhesion, increasing inter-endothelial gaps and thus increasing endothelial permeability (red pathway). In the presence of permeability-
increasing agents, EPAC reduces endothelial permeability by inhibiting Rho activation and actin cytoskeleton reorganization, by promoting
microtubule lengthening and by unidentified signalling pathways not requiring Rho or the cytoskeleton, all of which result in increased
cadherin-mediated adhesion (blue pathway). C/EBP, CCAAT/enhancer-binding protein; EPAC, exchange protein activated by cAMP; GPCR,
G-protein-coupled receptor; MT, microtubule; RIAM, Rap1-GTP-interacting adaptor molecule; SOCS3, suppressor of cytokine signalling 3;

VECs, vascular endothelial cells.

It is known that stimulation of cell growth through
G-protein-coupled receptors or receptor-coupled tyrosine
kinases normally involves the activation of protein kinase
cascades. The first of these to be discovered involved the ERK
gene products p42 (ERK2) and p44 (ERK1) MAP kinase (Her
et al., 1991; Pages et al., 1995), which are activated simulta-
neously in response to signals transmitted sequentially
through p21 Ras, p74 Raf and p45 MEK (Marshall, 1995).
There is increasing evidence that cAMP can also activate ERK,
and thereby promote cell proliferation, in a Ras-independent
manner in certain cell types (Wang et al., 2001; Fujita et al.,
2002). It has been suggested that this may be through a
pathway involving the activation of B-Raf by Rap1 GTP (Fujita
et al., 2002; Gao et al., 2006). Indeed, there have been recent
reports that 8-pCPT-2"OMe—cAMP can promote modest phos-
phorylation of ERK in a number of different cell types, includ-
ing SH-SYSY neuroblastoma (Monaghan ef al., 2008), human
umbilical vein endothelial cells (HUVEC) (Fang and Olah,
2007) and human melanoma cell lines (Gao et al., 2006).
However, this contradicts an earlier report demonstrating that

8-pCPT-2’"OMe-cAMP failed to induce ERK phosphorylation
in Chinese hamster ovary, HEK293T, OVCAR3 or PC12 cells
(Enserink et al., 2002). The involvement of EPAC in transduc-
ing signals to ERK therefore remains controversial, and there
may be additional, uncharacterized determinants that facili-
tate the coupling of EPAC to ERK activation in certain cells.

One factor that may contribute to the effective coupling of
EPAC to the ERK cascade is targeting of EPAC to discreet
sub-cellular compartments in different cells. Cell type-specific
intracellular targeting of EPAC may then lead to the activa-
tion of distinct, function-specific pools of Rapl, some of
which may be linked to ERK-activation and cell cycle control.
This idea is supported by three main observations. First, acti-
vation of EPAC1 in COS cells leads to specific activation of a
pool of Rapl in the perinuclear region (Ohba et al., 2003;
Borland et al., 2006), whereas activation of EPAC2 is accom-
panied by its Ras-dependent translocation, thereby coupling
cAMP to Rapl activation solely at the plasma membrane (Li
et al., 2006). Second, effective membrane targeting of EPAC1,
through its DEP domain, appears to be a prerequisite
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for cAMP-stimulated, EPAC-dependent proliferation of rat
thyroid follicular cells (Hochbaum etal., 2007). Finally,
enforced relocalization of EPAC1 from its normal perinuclear
location to the plasma membrane, through the addition of a
CAAX box, then allows cAMP to activate ERK through Rapl
and B-Raf (Wang et al., 2006). Together these studies show
that the correct intracellular targeting of EPAC may be critical
in determining the response of cells to elevations in intracel-
lular cAMP. Clearly, further work is required to unravel the
potentially diverse and subtle mechanisms by which EPAC
mediates the positive effects of cCAMP on cell proliferation.

Negative effects of EPAC on cell division

The role of EPAC in anti-mitogenic signalling by cAMP also
remains elusive. The mechanisms underlying the anti-
proliferative effects of CAMP have revealed that increases in
the levels of cell cycle inhibitor proteins, like p27Kip1, can
cause a block in G1 in some cells, including leukaemic T
lymphocyte cell lines such as Jurkat (Kato ef al., 1994; van
Oirschot et al., 2001). The inhibitory effects of cAMP on T
lymphocyte proliferation are purportedly the result of
increased PKA activity (Skalhegg ef al., 1992; Bauman et al.,
1994), which is required for inhibition of IL-2 production, an
essential mitogenic hormone in T-cells (Cantrell and Smith,
1984; Anastassiou et al., 1992). However, consistent reports
provide evidence for PKA-independent mechanisms for
immunomodulatory and anti-proliferative effects of cCAMP in
these cells (Bryce etal., 1999; Staples et al., 2001). In this
respect, over-expression of activated EPAC or activated Rapl
in Jurkat T-cells has been reported to inhibit IL-2 transcription
and cell proliferation (Boussiotis et al., 1997; Boussiotis et al.,
2000). Our recent findings contradict these reports, however,
and demonstrate that 8-pCPT-2’0OMe-cAMP failed to induce
growth arrest or p27Kip1 in Jurkat T-cells (Fuld et al., 2005).
This finding is supported by the work of Sebzda et al., who
found that the expression of active Rap1 in transgenic T-cells
provoked activation of integrins and cell adhesion, rather
than inducing growth arrest per se (Sebzda et al., 2002).

The role of EPAC in anti-mitogenic signalling is therefore
still open to question, and it remains to be seen to what
extent the cCAMP-EPAC-Rap1 pathway is involved in growth
inhibitory signals and the up-regulation of anti-proliferative
proteins like p27Kip1. Intriguingly, the principle EPAC effec-
tor in cells, Rapl, was originally identified as a protein that
reverts the morphological phenotype of Ras-transformed cells
(Kitayama et al., 1989). Given that cAMP can also promote
the reversion of transformed cells (Pastan et al., 1975), it is
tempting to speculate that this may involve the actions of
EPAC and Rap1 as appears to occur in pancreatic cancer cells
(Lorenz et al., 2008). Care should be taken in extrapolating
these results to all cells however, because Rapl has proven
oncogenic potential in a number of human cell types, includ-
ing papillary thyroid (De Falco et al., 2007), breast epithelium
(Itoh etal., 2007) and hematopoietic cells (Lafuente et al.,
2007). The involvement of EPAC in oncogenesis therefore
remains to be determined, and the relationship may be
complex.
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EPAC and cell differentiation

In addition to its role as a mitogenic effector, CAMP has been
shown to promote the differentiation of certain cell types.
Most notably, cAMP stimulates specialized functions in
thyroid cells (Pic et al., 1986), melanocytes (Chen et al., 1974),
neuronal cell lines (Frodin et al., 1994; Hoffman et al., 1994),
preadipocyte cell lines (Schmidt et al., 1990; Yarwood et al.,
1998) and cultured brown adipocytes (Cannon and Neder-
gaard, 1996). Moreover, the requirement for normal differen-
tiation and development of the Drosophila eye disc, ovary and
embryo in vivo (Asha et al., 1999) leads to the speculation that
Rapl may also be involved in the transmission of cAMP-
promoted, differentiative signals in these mammalian cell
types. This idea is supported by a recent study showing that
the eye-reducing and lethal effects of a dominant-negative
mutant of Rap1 could be overcome by the over-expression of
the Drosophila forms of EPAC or Rapl (Dupuy et al., 2005).
Further study of easily tractable, mammalian cell culture
systems will allow us to unravel the mechanistic links
between EPAC activation and cellular differentiation.

Although it is clear that the ERKs play a pivotal role in
mitogenesis (Pages etal., 1993), accumulated data from
several sources have suggested that the ERK cascade is an
important transducer of differentiative signals. Very compel-
ling evidence for the involvement of the ERK pathway in
cellular differentiation came originally from the use of
dominant-negative mutations of MEK, which inhibit differ-
entiation of T-cells (Alberola-Ila et al., 1995) and PC12 cells
(Cowley etal., 1994) and, later, a more direct antisense
approach was used to demonstrate an obligatory requirement
for ERK1 and 2 for the terminal differentiation of 3T3-L1 (Sale
etal., 1995) and 3T3-F442A preadipocytes (Yarwood et al.,
1999). Intriguingly, recent work on the adipose conversion of
3T3-L1 preadipocytes has demonstrated a dependence on
EPAC activation, which appears to couple to low-level ERK
activation in these cells (Petersen et al., 2008).

Research over a number of years into the differentiation of
the PC12 pheochromocytoma cell line has placed this cell
model as the paradigm of how the ERK cascade integrates
cAMP signalling into a coordinated programme of cellular
differentiation. Cyclic AMP induces activation of ERK in PC12
cells, although this is not sufficient to differentiate these cells
(Frodin et al., 1994). This appears to be due to the transient
nature of the cAMP stimulation, which is not sufficient to
induce translocation of ERK to the nucleus (Yao et al., 1995).
In contrast, differentiation induced by nerve growth factor
(NGF) is characterized by prolonged activation and nuclear
translocation of ERK (Traverse etal., 1992; Nguyen etal.,
1993). Still, cAMP acts synergistically with NGF to potentiate
PC12 differentiation (Yao et al., 1995). Therefore it appears
that there is threshold duration and magnitude of ERK acti-
vation that must be achieved before a cell is committed to a
pathway of differentiation.

EPAC seems to play an important role in meditating the
pro-differentiative action of cAMP. It has been demonstrated
that in PC12 cells activation of EPAC converts CAMP from a
proliferative to a differentiation-promoting signal (Kiermayer
et al., 2005). This seems, at least in part, to occur through the
ability of EPAC to extend the duration of PKA-dependent



ERK1/2 activation, leading to enhanced neurite outgrowth
(Kiermayer et al., 2005). The mechanisms for this potentia-
tion of ERK activity remain to be determined, but it has been
suggested that Rap1 contributes to the sustained activation of
ERK promoted by NGF in PC12 cells (York etal., 1998).
Another candidate may be the novel small GTPase, Rit, which
has been shown to enhance and sustain ERK activation fol-
lowing NGF stimulation of pheochromocytoma PC6 cells, a
mechanism that probably involves the engagement of B-Raf
(Shi and Andres, 20035; Shi et al., 2006). Rit is also activated by
cAMP through EPAC in PC6 cells in an apparently Rapl-
independent manner, but this does not seem to be important
for ERK activation by cAMP (Shi et al., 2006). Rather, Rit
activation by EPAC is required for CREB-dependent transcrip-
tion, a process that promotes neurite outgrowth and terminal
differentiation in these cells (Shi et al., 2006).

The accumulated evidence from these cell culture systems
points strongly towards a role for EPAC in mediating the
positive effects of CAMP on cell differentiation. We hope the
future development of EPAC knockout animals will throw
further light on the role of EPAC in differentiation and devel-
opment. In this respect, frustratingly little has so far been
reported about the phenotype of the recent EPAC2 knockout
mice (Shibasaki efal., 2007). Intriguingly, it was reported,
however, that these mice produced relatively few pancreatic
B-cells (Shibasaki et al., 2007), which suggests a role for EPAC2
in the development of this specialized cell type.

EPAC and cell hypertrophy

Hypertrophy is an increase in the size of cells in an organ or
tissue and is distinguishable from hyperplasia, which occurs
through cell division. For example, ventricular hypertrophy is
the increase in size of the cells of the ventricles of the heart.
Ventricular hypertrophy is the normal response to aerobic or
anaerobic exercise, but can also be associated with pathologi-
cal changes, such as those associated with hypertension. An
increase in the expression of both EPAC1 and EPAC2 mRNAs
has been noted during myocardial hypertrophy induced by
chronic isoproterenol infusion (Ulucan et al., 2007) In addi-
tion, EPAC1 mRNA is up-regulated during pressure overload-
induced ventricular hypertrophy (Ulucan et al., 2007). These
observations suggest that EPAC proteins are involved in the
pathophysiological processes leading to cardiac disease.
Further evidence for this link is provided by experiments
that show that EPAC activation in cardiomyocytes leads to the
activation of genes associated with cardiac hypertrophy,
through a pathway involving the small GTPase Rac, and the
calcium-regulated transcription factor nuclear factor of acti-
vated T-cells (NFAT) (Morel et al., 2005). Calcium mobilization
seems to be a critical determinant in linking EPAC activation to
the hypertrophic response in cardiac myocytes (Morel et al.,
2005). This probably occurs through activation of phospholi-
pase Ce, which has been shown to enhance intracellular
calcium release in these cells following EPAC/Rap1 activation
(Oestreich et al., 2007). The link between calcium mobilization
and Rac activation remains to be determined however, but this
might involve a calcium-sensitive GEF analogous to RasGRP1,
the calcium-regulated Ras-GEF (Keiper et al., 2004). Another
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potential route is through the Rac-specific GEFs Tiam1 and
Vav2, which are activated in endothelial cells by EPAC and
Rap1 (Birukova et al., 2008). Controversially, however, recent
work points towards the hypertrophic effects of EPAC as being
Rapl-independent and involving, rather, Ras, calcineurin and
calcium/calmodulin-dependent protein kinase II (Metrich
et al., 2008). The involvement of Rap1 in these events therefore
requires formal verification.

The potential role of EPAC in cardiac hypertrophy is further
complicated by the recent observation that EPAC1 actually
suppresses the activity of ERKS, a MAP kinase known to be
hypertrophic in cardiomyocytes (Dodge-Katka and Kapiloff,
2006). It should be noted however that in this study EPAC1
was found to be physically associated with the cAMP PDE4D3,
in a complex containing ERKS and the muscle-specific, PKA
anchoring protein, mAKAP (Dodge-Katka and Kapiloff, 2006).
Accordingly, elevations in intracellular cAMP stimulate
PDE4D3 activity through the activation of PKA (Dodge-Kafka
and Kapiloff, 2006). This should reduce local cAMP concen-
trations around the mAKAP complex, which may limit the
inhibitory effect of EPAC1 on ERKS activation. The EPAC-
containing, mAKAP complex may therefore represent a part
of complex feedback mechanisms that govern the hyper-
trophic response of cardiomyocytes.

EPAC in cell adhesion and migration

A strong line of recent research points towards a role for EPAC
as a key regulator of cell adhesion and migration. Central to
the regulation of cell adhesion is the ability of EPAC and Rap1
to control the activity of cell surface integrins. The signalling
mechanisms underpinning integrin activation are a matter of
great interest, because the ability to control cell adhesion, and
accordingly processes such as immune cell and tumour cell
migration, would be of great therapeutic use in many diseases,
including inflammatory conditions and cancer.

Integrins are a family of heterodimeric transmembrane pro-
teins composed of o. and B subunits and are involved in many
cell adhesion processes [reviewed in (Pribila et al., 2004)], often
binding RGD motif-containing ligands. The ability of many
integrins to bind ligand is dynamically regulated, in order to
allow adhesion and de-adhesion to a substrate or another cell
in response to external signals [reviewed in (Kinashi and Kata-
giri, 2005)]. Recently it has become clear that Rapl plays a
central role in integrin regulation; indeed, a defect in activa-
tion of Rapl has been shown to be the basis of an inherited
leucocyte adhesion deficiency disease [LAD-III; (Kinashi et al.,
2004)]. Rap1 activates integrins through changes in both affin-
ity for ligand (Katagiri et al., 2000; 2003; Bertoni et al., 2002;
Tohyama et al., 2003; Fagerholm et al., 2005; Han et al., 2006;
Lorenowicz et al., 2006; Carmona et al., 2008) and avidity (via
clustering of integrins at the cell surface) (Sebzda et al., 2002;
Katagiri et al., 2003; Carmona et al., 2008). Although it is
becoming clear that EPAC is not always responsible for Rap1-
mediated integrin activation, it is important to understand
Rap1 involvement in integrin activation in order to place the
effects of EPAC in an appropriate context.

Due to its importance in lymphocyte transmigration and
immunological synapse formation, much work has been
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carried out on the role of Rapl in activation of LFA-1
(Reedquist et al., 2000; de Bruyn et al., 2002; Liu et al., 2002;
Sebzda et al., 2002; Shimonaka et al., 2003; Katagiri et al.,
2004; Ghandour et al., 2007), but many other integrins have
also been shown to be activated by Rap1l. These include VLA-4
[04B1; (Reedquist et al., 2000; Arai et al., 2001; de Bruyn et al.,
2002; Liu et al., 2002; Sebzda et al., 2002; Shimonaka et al.,
2003)], the macrophage integrin Mac-1 [aMpB2; (Caron
et al., 2000)], the laminin receptor o531 (Sebzda et al., 2002),
the platelet integrin ollbB3 (Bertoni et al., 2002; Han et al.,
2006) and the vitronectin and CD23 receptor avp3 (Gao et al.,
2006).

Use of 8-pCPT-2’OMe-cAMP has allowed the specific
involvement of EPAC in integrin activation to be determined.
Rangarajan et al. (2003) showed that integrin-mediated adhe-
sion of the OvCar3 cell line to fibronectin was cAMP-
dependent and PKA-independent, and that over-expression of
EPAC1 in these cells increased both basal and cAMP-
stimulated adhesion. An increase in adhesion was also found
following treatment of the cells with 8-pCPT-2’OMe-cAMP, or
with B2 adrenoceptor agonists. Although expression of EPAC
proteins in leucocytes is not generally high (Tiwari etal.,
2004), EPAC does seem to be involved in the regulation of
integrin activity in these cells. EPAC activation increased
integrin-mediated adhesion of primary monocytes to
HUVECSs under flow (Lorenowicz et al., 2006), which appears
to be via B1 integrins as activation of 2 integrins could not be
detected in these cells. EPAC is also involved in B2 integrin-
dependent adhesion of human haematopoietic stem cells to
ICAM-1 (Carmona et al., 2008). As with Rap1, EPAC does not
appear to regulate activation of all integrin types, as treatment
of bladder carcinoma cells with 8-pCPT-2’0OMe-cAMP
increased adhesion via the a3B1, but not the a6p4, laminin
receptor (Enserink et al., 2004).

In addition to integrin activation, EPAC has been associated
with polarization of migrating cells. In migrating cells, exten-
sion occurs at the leading edge, often in response to a chemo-
tactic gradient, with retraction at the uropod resulting in cell
movement in the direction of the leading edge. Lorenowicz
et al. showed in U937 monocytic cells that treatment with
8-pCPT-2’OMe—cAMP of cells already adherent to fibronectin
doubled the number of polarized cells and caused a redistri-
bution of EPAC to the uropod (Lorenowicz et al., 2006). This
study also demonstrated an increase in cell migration towards
a chemotactic signal after stimulation of EPAC. In non-
haematopoietic cells, EPAC activation has been shown to
increase migration of endothelial progenitor cells on
fibronectin (Carmona et al., 2008), while, conversely, EPAC
activation inhibits migration of epithelial cells (Lyle et al.,
2008), although the latter appears to be independent of effects
on integrin activation, because it could not be mimicked by
enforced integrin activation by activating antibodies (Lyle
et al., 2008).

Signalling pathways in EPAC-mediated integrin
activation

The most thorough investigation into signalling of Rapl-
dependent integrin activation has been carried out by Han
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et al. (2006). It was previously known that conformational
changes associated with integrin activation were the result of
talin binding to integrin B subunits (Vinogradova et al., 2002).
This group recapitulated the allbB3 (platelet) integrin activa-
tion pathway by transfecting the integrin and potential sig-
nalling pathway components into Chinese hamster ovary
cells, demonstrating that activation of both protein kinase C
and a RapGEF, by ligand-induced calcium and DAG produc-
tion, promotes association of active Rapl with Rap1-GTP-
interacting adaptor molecule (RIAM) at the plasma
membrane. This leads to the recruitment of talin into a RIAM-
talin complex, and subsequent integrin activation. It is not
yet clear whether this activation pathway is universal, or
whether other integrins in other cell types are regulated via a
different mechanism.

The Rapl effector RAPL (regulator for cell adhesion and
polarization enriched in lymphoid tissues) was identified by
Katagiri et al. as a regulator of integrin activation in lymphoid
cells, involved in both affinity and avidity changes in LFA-1,
and is indispensable for LFA-1 redistribution and polarization
after chemokine or T-cell receptor (TCR) stimulation of T cells
(Katagiri et al., 2003). A particular role for RAPL in Rapl-
mediated cell migration has been suggested by Fujita et al.,
who showed that RAPL associated with microtubules in vas-
cular endothelial cells (VECs) and suggested a role for Rap1/
RAPL in microtubule extension towards the leading edge of
migrating cells (Fujita et al., 2002). Although RAPL is clearly
an important Rapl-regulated integrin activator, there are no
data currently available addressing the issue of potential EPAC
involvement in RAPL-mediated integrin activation.

An increasing body of evidence, however, links EPAC to the
control of integrin activation via Rapl. Because EPAC has
been shown to be able to mediate both affinity and avidity
modulation of integrins (Carmona et al., 2008), it is unlikely
that different RapGEFs mediate different types of integrin
activation; instead, it is probable that different RapGEFs are
used to activate Rapl in response to different extracellular
signals. Thus, EPAC does not appear to be involved in regu-
lation of LFA-1 activation in T cells, because such integrin
activation occurs largely in response to TCR or chemokine
stimulation (Katagiri et al., 2000; Sebzda et al., 2002; Ghan-
dour et al., 2007), which result in activation of CalDAG-GEFI
rather than EPAC. It is also possible that sub-cellular localiza-
tion determines whether EPAC stimulation results in integrin
activation. It has become clear over the past several years that
cAMP elevation in cells is not uniform, and that concentra-
tion gradients are important is determining which cAMP
effectors become activated in the cell (Houslay and Milligan,
1997). EPAC is generally localized to a perinuclear region in
unpolarized, non-migrating cells (Borland et al., 2006), and it
has been shown, at least in T cells, that integrin activation
occurs in response to activation of a pool of Rapl at the
plasma membrane (Bivona et al., 2004). Thus, CalDAG-GEFI,
which is also found at the plasma membrane of these cells,
rather than EPAC, is associated with LFA-1 activation.

Thus, it is clear that EPAC plays an important role in regu-
lating integrins, both in inflammatory processes (such as mac-
rophage adhesion to HUVECs (Lorenowicz et al., 2006)) and
in cells not directly involved in inflammation. However,
given the generally anti-inflammatory effects of cAMP on



Table 2 Pro- and anti-inflammatory actions of EPAC
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Cell type Effect

Details References

Alveolar macrophages Anti-inflammatory
Peritoneal macrophages/alveolar macrophage =~ N/A

RAW264.7 mouse macrophage line
RAW264.7 mouse macrophage line

Pro-inflammatory
Pro-inflammatory
J774A.1 mouse macrophage line Anti-inflammatory
Bone marrow-derived mouse dendritic cells Anti-inflammatory

Bone marrow-derived mouse dendritic cells Anti-inflammatory

EPAC activation suppresses phagocytosis

EPAC activation does not affect production of
inflammatory cytokines

EPAC signalling results in NF-xB activation

B2AR or EPAC activation increases pro-inflammatory
cytokine production

PGE; suppresses inflammatory cytokine production
via EPAC-dependent mechanism

EPAC activation suppresses production of
inflammatory chemokines

EPAC activation suppresses production of
inflammatory cytokines and chemokines

(Aronoff et al., 2005)
(Aronoff et al., 2006)

(Moon and Pyo, 2007)
(Tan et al., 2007)

(Xu et al., 2008)
(Jing et al., 2004)

(Aronoff et al., 2006)

EPAC, exchange protein activated by cAMP; N/A, not applicable; NF-xB, nuclear factor kappa B; PGE, prostaglandin E.

cells, it is difficult to predict exactly how EPAC activation will
affect overall cell adhesiveness and migratory capacity (and
therefore inflammation) until more data are available,
although it is likely that effects will be cell type-dependent.

Regulation of inflammation in vascular
endothelium by EPAC

Recent research has implicated EPAC in regulation of inflam-
matory processes in VECs, including the regulation of endot-
helial cell-cell junction stability (important in controlling
oedema) (Schmidt et al., 2007) and down-regulation of IL-6-
mediated inflammatory processes (Sands etal., 2006).
Whereas the role of EPAC in phagocytes during inflammation
appears to be cell type-specific (Table 2), the involvement of
EPAC in multiple anti-inflammatory processes in one cell type
presents an intriguing model in which to study how distinct
cellular processes may interact to present a coordinated
programme of anti-inflammatory responsiveness (Figure 3).
A number of groups have recently implicated EPAC signal-
ling in the regulation of endothelial cell-cell adhesion via the
vascular endothelial (VE)-cadherin (Cullere et al., 2005; Fuku-
hara et al., 2005; Kooistra et al., 2005). VE-cadherin in adhe-
rens junctions (AJs) on lateral surfaces of adjacent VECs
undergo homophilic adhesion, resulting in the formation of a
tight barrier between cells (Vandenbroucke et al., 2008). This
limits exchange between the vasculature and the underlying
tissue, and increased endothelial permeability as a result of
junction disruption can cause oedema. EPAC has been shown
to reduce VEC permeability as a result of redistribution of
junctional molecules (such as VE-cadherin) to lateral surfaces
where they can interact with binding partners on adjacent
cells, and by inhibiting cytoskeletal reorganization, which is
essential for increased endothelial permeability (Cullere et al.,
200S5; Fukuhara etal., 2005; Kooistra et al., 2005). Impor-
tantly, the main function of EPAC in regulating permeability
appears to be in reversing increases in permeability caused by
inflammatory mediators such as thrombin and TNFo (Cullere
et al., 2005; Fukuhara et al., 2005; Kooistra et al., 2005).
Known mechanisms increasing endothelial barrier per-
meability include endothelial cell contraction through
reorganization of the actin cytoskeleton (e.g. by thrombin)

(Bogatcheva etal., 2002; Vouret-Craviari etal., 2003),
microtubule-dependent AJ disassembly (e.g. by TNFa)
(Petrache et al., 2003) and changes in phosphorylation status
of AJ proteins (Mehta and Malik, 2006), all leading to inter-
nalization of AJ proteins. Activation of the small GTPase Rho
plays a pivotal role in integrating many of these permeability-
increasing signals. EPAC has been implicated in both actin-
dependent (Cullere et al., 2005; Fukuhara et al., 2005; Kooistra
et al., 2005; Birukova et al., 2007; Baumer et al., 2008) and
microtubule-dependent (Sehrawat et al., 2008) stabilization of
endothelial barriers, but has not yet been directly associated
with signalling pathways leading to VE-cadherin or its asso-
ciated catenin proteins, although it is known to regulate AJ
protein redistribution to lateral membranes after internaliza-
tion (Cullere et al., 2005; Fukuhara et al., 2005; Kooistra et al.,
2005).

Vascular endothelial-cadherin in AJs associates with o- and
B-catenins via its C-terminal domain, and p120 catenin via its
N-terminus (Lampugnani et al., 1995); a- and B-catenins link
VE-cadherin to the actin cytoskeleton (Lampugnani et al.,
1995), while p120 catenin appears to regulate cadherin adhe-
sion by controlling signalling mechanisms (Kondapalli et al.,
2004; Yanagisawa etal., 2004; Mehta and Malik, 2006).
Maintenance of endothelial barrier function requires a
cortical actin ring, and treatment of endothelial cells with
permeability-increasing agents such as thrombin often results
in actin reorganization to form contractile stress fibres (Van-
denbroucke et al., 2008); phosphorylation of myosin light
chain by endothelial myosin light chain kinase, in a Ca*/
calmodulin-dependent manner (Garcia et al., 1995; Goeckeler
and Wysolmerski, 1995) and potentiated by the Rho effector
ROCK (Noda etal., 1995; Yoshioka etal., 2007), drives
myosin-actin cross-bridge cycling leading to cell contraction.
Because VE-cadherin is connected to the actin cytoskeleton
via catenins, actin-mediated cell contraction physically pulls
the cadherin out of contact with its binding partner on an
adjacent cell and causes inter-endothelial gaps to appear,
increasing permeability (Moy et al., 1996).

A number of studies have implicated EPAC in reversal of
thrombin-mediated increases in permeability, demonstrating
that an increase in cAMP concentration, or direct activation
of EPAC, stabilizes the cortical actin ring, allowing redistribu-
tion of VE-cadherin to AJs (Cullere et al., 2005; Fukuhara
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et al., 2005; Kooistra et al., 2005; Birukova et al., 2008). While
EPAC has also been shown to inhibit activation of Rho
(Cullere et al., 2005), possibly via Racl (Birukova et al., 2007;
2008), it is not clear whether this is the mechanism of cortical
actin stabilization, or whether EPAC interacts with another
signalling pathway. However, EPAC-induced increases in
cortical actin are independent of its direct effects on
VE-cadherin: cells in which VE-cadherin has been down-
regulated from the cell surface by incubation in low calcium-
containing medium still show increased cortical actin when
EPAC is stimulated (Kooistra et al., 2005). Activation of EPAC
also increases the length of microtubules, independently of its
effects on VE-cadherin and Rap activation (Sehrawat et al.,
2008). These investigators showed that an intact microtubule
network was required for EPAC-dependent increases in
cortical actin and barrier enhancement, and that 8-pCPT-
2’0OMe-cAMP treatment of cells could reverse TNFo- and
TGFB-mediated increases in endothelial cell permeability.
Intriguingly, EPAC1 has been shown to interact with micro-
tubules and MAPs (Magiera et al., 2004; Gupta and Yarwood,
2005), although whether these interactions are required for
the regulation of cell contraction remains to be investigated.

One of the important questions regarding the effect of
EPAC on endothelial cells is whether inhibiting endothelial
permeability has any effect on endothelial transmigration by
leucocytes. This remains an open question that two studies
have so far attempted to answer: Cullere et al. saw no effect of
EPAC activation in endothelial cells on transmigration of
human neutrophils (Cullere et al., 2005), while Wittchen et al.
found an inhibition of transmigration of (neutrophil-like)
differentiated HL-60 cells (Wittchen et al., 2005). It is not yet
clear whether these differences are due to differences in cells
or experimental technique, or whether there truly is a differ-
ence in the effects of transmigration of primary neutrophils
and cell lines. However, even if this issue is clarified, it will
still not be clear whether any alterations in rates of transmi-
gration are due specifically to the effects of EPAC on endot-
helial barrier permeability, or whether they are due to other
effects of EPAC on endothelial cells.

EPAC and suppressor of cytokine signalling 3
induction

Recent research in our laboratory has identified an entirely
novel anti-inflammatory function for EPAC in endothelial
cells, involving induction of suppressor of cytokine signalling
3 (SOCS3) expression, resulting in inhibition of IL-6 signal-
ling (Sands et al., 2006).

IL-6 is a pro-inflammatory cytokine that has been detected
in atherosclerotic plaques (von der Thusen et al., 2003; Schi-
effer et al., 2004). Signalling by IL-6 occurs through the IL-6
receptor complex, composed of an IL-6-binding o chain (IL-
6Ra) and gp130, which cannot bind IL-6, but rather interacts
with IL-6Ra [reviewed in (Heinrich et al., 2003)]. The gp130
chain is widely expressed, including on vascular endothelium
(Heinrich et al., 2003), and although IL-Ro. is not expressed by
HUVECs (Sands et al., 2006), IL-6 signalling can be achieved
by binding of IL-6 to soluble IL-6Ro chain (released by a
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number of cell types, including activated macrophages at sites
of inflammation), and binding of this complex to endothelial
cell surface gp130 to allow signalling into the cell. On binding
of the complex to gp130, receptor clustering takes place and
the JAK-STAT signalling pathway is activated. Activated
STAT3 homodimerizes and is translocated to the nucleus,
where it acts as a transcription factor for induction of IL-6-
responsive genes.

Clearly, regulation of such pro-inflammatory signalling is
vital to prevent runaway inflammation. One of the most
important mechanisms for down-regulating JAK-STAT sig-
nalling is via the SOCS family of proteins [reviewed in
(Yoshimura et al., 2007)]. SOCS proteins are often induced
directly by the JAK-STAT pathway, they then go on to inhibit,
forming a classical negative feedback loop. SOCS3 inhibits
gp130 signalling by binding to tyrosine-phosphorylated JAKs
via the SOCS3 SH2 domain and preventing JAK-mediated
recruitment and activation of STATs (Sasaki etal., 1999).
While investigating the possible effects of cCAMP on signalling
of pro-inflammatory cytokines and using IL-6 signalling
in HUVECs as a model, we discovered a PKA-independent,
cAMP-mediated inhibition of IL-6 signalling: stimulation of
HUVECs with a combination of forskolin and rolipram, or
with a B2 adrenergic receptor agonist, reduced STAT3 phos-
phorylation in response to treatment with the IL-6/IL-6Ro
trans-signalling complex (Sands et al., 2006). This inhibition
did not require PKA, but rather was dependent on EPAC/Rap1
signalling, and was the result of EPAC-mediated induction of
SOCS3 expression. Downstream signalling from EPAC/Rapl
leads to activation of CCAAT/enhancer-binding proteins
(C/EBPs), which associate with the SOCS3 promoter via
one or more C/EBP consensus binding sites and promote
increased transcription of the gene (Yarwood et al., 2008). The
intermediate signalling steps between Rapl and C/EBP acti-
vation are not yet clear; there is evidence for an involvement
of ERK in SOCS3 induction in HUVECs, because pretreatment
of cells with the MEK inhibitor U0126 inhibits cAMP-
mediated SOCS3 induction (Sands et al., 2006), but its exact
role has not yet been clarified, and it may act in a pathway
parallel to that involving EPAC.

Cyclic AMP-mediated induction of SOCS proteins is not a
novel finding in itself, as treatment of cells with cAMP-
stimulating agonists has been shown to induce SOCS3 in
leucocytes (Gasperini etal.,, 2002) and in differentiated
3T3-L1 adipocytes (Fasshauer et al., 2002). However, this is
the first demonstration of EPAC involvement in such an anti-
inflammatory process, and one of the first reports of regula-
tion of gene transcription by EPAC, and is thus an important
advance in the EPAC field. The dual roles of EPAC in both
down-regulating cytokine-mediated inflammation and main-
taining the endothelial cell barrier suggest a central role for
this GEF in controlling endothelial responses to inflammatory
stimuli. Activation of EPAC both stabilizes the endothelial
barrier (which can be compromised by such inflammatory
mediators as TNFa) (Cullere et al., 2005; Fukuhara et al., 2005;
Kooistra et al., 2005) and inhibits signalling through the IL-6—
STAT3 pathway through induction of SOCS3 (Sands etal.,
2006; Yarwood et al., 2008). EPAC has also been reported to
activate integrins involved in VEC adhesion to basement
membrane, further reducing endothelial permeability



(Netherton et al., 2007). While no studies have looked at these
anti-inflammatory processes in the same cells, it is entirely
possible that they could be triggered by the same physiologi-
cal G-protein-coupled receptor ligand triggering cAMP pro-
duction; certainly, the biological outcomes of the pathways
would be compatible.

Overall we hope that we have presented in this review an
insight into the diverse actions of EPAC in controlling cell
functions. Given that these roles impinge on the regulation of
cellular mechanisms intimately involved in the manifestation
of diseases, like cancer and inflammation, we predict that
further research into the structure and function of EPAC pro-
teins will lead to the development of novel therapeutics.

Acknowledgements

SJY and GB are supported by a project grant from the Biotech-
nology and Biological Sciences Research Council (BB/
D015324/1). We would like to thank Dr Adrian Lapthorn for
his useful discussions.

Conflict of interest

None.

References

Alberola-Ila J, Forbush KA, Seger R, Krebs EG, Perlmutter RM (1995).
Selective requirement for MAP kinase activation in thymocyte dif-
ferentiation. Nature 373: 620-623.

Almiron I, Chemes H (1988). Spermatogenic onset. II. FSH modulates
mitotic activity of germ and Sertoli cells in immature rats. Int |
Androl 11: 235-246.

Anastassiou ED, Paliogianni F, Balow JP, Yamada H, Boumpas DT
(1992). Prostaglandin E2 and other cyclic AMP-elevating agents
modulate IL-2 and IL-2R alpha gene expression at multiple levels.
] Immunol 148: 2845-2852.

Arai A, Nosaka Y, Kanda E, Yamamoto K, Miyasaka N, Miura O (2001).
Rapl is activated by erythropoietin or interleukin-3 and is involved
in regulation of betal integrin-mediated hematopoietic cell adhe-
sion. J Biol Chem 276: 10453-10462.

Aronoff DM, Canetti C, Serezani CH, Luo M, Peters-Golden M (2005).
Cutting edge: macrophage inhibition by cyclic AMP (cAMP): differ-
ential roles of protein kinase A and exchange protein directly acti-
vated by cAMP-1. ] Immunol 174: 595-599.

Aronoff DM, Carstens JK, Chen GH, Toews GB, Peters-Golden M
(2006). Short communication: differences between macrophages
and dendritic cells in the cyclic AMP-dependent regulation of
lipopolysaccharide-induced cytokine and chemokine synthesis.
] Interferon Cytokine Res 26: 827-833.

Asha H, de Ruiter ND, Wang MG, Hariharan IK (1999). The Rapl
GTPase functions as a regulator of morphogenesis in vivo. EMBO |
18: 605-615.

Balasubramanian L, Sham JS, Yip KP (2007). Calcium signaling in
vasopressin-induced aquaporin-2 trafficking. Pflugers Arch.

Bauman GP, Bartik MM, Brooks WH, Roszman TL (1994). Induction of
cAMP-dependent protein kinase (PKA) activity in T cells after stimu-
lation of the prostaglandin E2 or the beta-adrenergic receptors:
relationship between PKA activity and inhibition of anti-CD3
monoclonal antibody-induced T cell proliferation. Cell Immunol
158: 182-194.

Diverse functions of EPAC
G Borland et al 81

Baumer Y, Drenckhahn D, Waschke ] (2008). cAMP induced Rac
1-mediated cytoskeletal reorganization in microvascular endothe-
lium. Histochem Cell Biol 129: 765-778.Epub 2008 Apr 8.

Bertoni A, Tadokoro S, Eto K, Pampori N, Parise LV, White GC et al.
(2002). Relationships between Raplb, affinity modulation of inte-
grin alpha IIbbeta 3, and the actin cytoskeleton. J Biol Chem 277:
25715-25721.

Birukova AA, Zagranichnaya T, Fu P, Alekseeva E, Chen W, Jacobson
JR et al. (2007). Prostaglandins PGE(2) and PGI(2) promote endot-
helial barrier enhancement via PKA- and Epacl/Rapl-dependent
Rac activation. Exp Cell Res 313: 2504-2520.

Birukova AA, Zagranichnaya T, Alekseeva E, Bokoch GM, Birukov KG
(2008). Epac/Rap and PKA are novel mechanisms of ANP-induced
Rac-mediated pulmonary endothelial barrier protection. ] Cell
Physiol 215: 715-724.

Bivona TG, Wiener HH, Ahearn IM, Silletti J, Chiu VK, Philips MR
(2004). Rap1l up-regulation and activation on plasma membrane
regulates T cell adhesion. J Cell Biol 164: 461-470.

Blomhoff HK, Smeland EB, Beiske K, Blomhoff R, Ruud E, Bjoro T et al.
(1987). Cyclic AMP-mediated suppression of normal and neoplastic
B cell proliferation is associated with regulation of myc and Ha-ras
protooncogenes. | Cell Physiol 131: 426-433.

Bogatcheva NV, Garcia JG, Verin AD (2002). Role of tyrosine kinase
signaling in endothelial cell barrier regulation. Vascul Pharmacol 39:
201-212.

Borland G, Gupta M, Magiera MM, Rundell CJ, Fuld S, Yarwood S§J
(2006). Microtubule-associated protein 1B-light chain 1 enhances
activation of Rap1 by exchange protein activated by cyclic AMP but
not intracellular targeting. Mol Pharmacol 69: 374-384.

Bos JL (2003). Epac: a new cAMP target and new avenues in cAMP
research. Nat Rev Mol Cell Biol 4: 733-738.

Boussiotis VA, Freeman GJ, Berezovskaya A, Barber DL, Nadler LM
(1997). Maintenance of human T cell anergy: blocking of IL-2 gene
transcription by activated Rapl. Science 278: 124-128.

Boussiotis VA, Freeman GJ, Taylor PA, Berezovskaya A, Grass I,
Blazar BR etal. (2000). p27kipl functions as an anergy factor
inhibiting interleukin 2 transcription and clonal expansion of
alloreactive human and mouse helper T lymphocytes. Nat Med
6: 290-297.

Branham MT, Mayorga LS, Tomes CN (2006). Calcium-induced
acrosomal exocytosis requires cAMP acting through a protein
kinase A-independent, Epac-mediated pathway. J Biol Chem 281:
8656-8666.

Brock M, Fan F, Mei FC, Li S, Gessner C, Woods VL et al. (2007).
Conformational analysis of Epac activation using amide hydrogen/
deuterium exchange mass spectrometry. J Biol Chem 282: 32256—
32263.

de Bruyn KM, Rangarajan S, Reedquist KA, Figdor CG, Bos JL (2002).
The small GTPase Rapl is required for Mn(2+)- and antibody-
induced LFA-1- and VLA-4-mediated cell adhesion. ] Biol Chem 277:
29468-29476.

Bryce PJ, Dascombe MJ, Hutchinson IV (1999). Inmunomodulatory
effects of pharmacological elevation of cyclic AMP in T lympho-
cytes proceed via a protein kinase A independent mechanism.
Immunopharmacology 41: 139-146.

Burstein S, Gagnon G, Hunter SA, Maudsley DV (1976). Prostaglandin
biosynthesis and stimulation of cyclic AMP in primary monolayer
cultures of epithelial cells from mouse mammary gland. Prostaglan-
dins 11: 85-99.

Cannon B, Nedergaard ] (1996). Adrenergic regulation of brown adi-
pocyte differentiation. Biochem Soc Trans 24: 407-412.

Cantrell DA, Smith KA (1984). The interleukin-2 T-cell system: a new
cell growth model. Science 224: 1312-1316.

Carmona G, Chavakis E, Koehl U, Zeiher AM, Dimmeler S (2008).
Activation of Epac stimulates integrin-dependent homing of pro-
genitor cells. Blood 111: 2640-2646.

Caron E, Self AJ, Hall A (2000). The GTPase Rap1 controls functional

British Journal of Pharmacology (2009) 158 70-86



Diverse functions of EPAC
82 G Borland et af

activation of macrophage integrin alphaMbeta2 by LPS and other
inflammatory mediators. Curr Biol 10: 974-978.

Cass LA, Summers SA, Prendergast GV, Backer JM, Birnbaum M],
Meinkoth JL (1999). Protein kinase A-dependent and -independent
signaling pathways contribute to cyclic AMP-stimulated prolifera-
tion. Mol Cell Biol 19: 5882-5891.

Chen J, Iyengar R (1994). Suppression of Ras-induced transformation
of NIH 3T3 cells by activated G alpha s. Science 263: 1278-1281.
Chen ST, Wahn H, Turner WA, Taylor JD, Tchen TT (1974). MSH,
cyclic AMP, and melanocyte differentiation. Recent Prog Horm Res

30: 319-345.

Cowley S, Paterson H, Kemp P, Marshall CJ (1994). Activation of MAP
kinase kinase is necessary and sufficient for PC12 differentiation
and for transformation of NIH 3T3 cells. Cell 77: 841-852.

Cullere X, Shaw SK, Andersson L, Hirahashi J, Luscinskas FW, Mayadas
TN (2005). Regulation of vascular endothelial barrier function by
Epac, a cAMP-activated exchange factor for Rap GTPase. Blood 105:
1950-1955.

Dao KK, Teigen K, Kopperud R, Hodneland E, Schwede F, Christensen
AE et al. (2006). Epacl and cAMP-dependent protein kinase holoen-
zyme have similar cAMP affinity, but their cAMP domains have
distinct structural features and cyclic nucleotide recognition. J Biol
Chem 281: 21500-21511.

Das R, Mazhab-Jafari MT, Chowdhury S, SilDas S, Selvaratnam R,
Melacini G (2008). Entropy-driven cAMP-dependent allosteric
control of inhibitory interactions in exchange proteins directly
activated by cAMP. ] Biol Chem 283: 19691-19703. Epub 2008 Apr
14.

De Falco V, Castellone MD, De Vita G, Cirafici AM, Hershman JM,
Guerrero C etal. (2007). RET/papillary thyroid carcinoma onco-
genic signaling through the Rapl small GTPase. Cancer Res 67:
381-390.

Dodge-Kafka KL, Kapiloft MS (2006). The mAKAP signaling complex:
integration of cAMP, calcium, and MAP kinase signaling pathways.
Eur J Cell Biol 85: 593-602.

Dodge-Kafka KL, Soughayer J, Pare GC, Carlisle Michel JJ, Langeberg
LK, Kapiloff MS etal. (2005). The protein kinase A anchoring
protein mAKAP coordinates two integrated cAMP effector path-
ways. Nature 437: 574-578.

Dupuy AG, L'Hoste S, Chetfils J, Camonis ], Gaudriault G, de Gun-
zburg J (2005). Novel Rapl dominant-negative mutants interfere
selectively with C3G and Epac. Oncogene 24: 4509-4520.

Enserink JM, Christensen AE, de Rooij ], van Triest M, Schwede F,
Genieser HG et al. (2002). A novel Epac-specific cAMP analogue
demonstrates independent regulation of Rapl and ERK. Nat Cell
Biol 4: 901-906.

Enserink JM, Price LS, Methi T, Mahic M, Sonnenberg A, Bos JL et al.
(2004). The cAMP-Epac-Rap1 pathway regulates cell spreading and
cell adhesion to laminin-5 through the alpha3betal integrin but
not the alpha6beta4 integrin. J Biol Chem 279: 44889-44896.

Fagerholm SC, Hilden TJ, Nurmi SM, Gahmberg CG (2005). Specific
integrin alpha and beta chain phosphorylations regulate LFA-1
activation through affinity-dependent and -independent mecha-
nisms. J Cell Biol 171: 705-715.

Fang Y, Olah ME (2007). Cyclic AMP-dependent, protein kinase
A-independent activation of extracellular signal-regulated kinase
1/2 following adenosine receptor stimulation in human umbilical
vein endothelial cells: role of exchange protein activated by cAMP
1 (Epacl). ] Pharmacol Exp Ther 322: 1189-1200.

Fasshauer M, Klein J, Lossner U, Paschke R (2002). Isoproterenol is a
positive regulator of the suppressor of cytokine signaling-3 gene
expression in 3T3-L1 adipocytes. ] Endocrinol 175: 727-733.

Frodin M, Peraldi P, Van Obberghen E (1994). Cyclic AMP activates
the mitogen-activated protein kinase cascade in PC12 cells. J Biol
Chem 269: 6207-6214.

Fujimoto K, Shibasaki T, Yokoi N, Kashima Y, Matsumoto M, Sasaki T
et al. (2002). Piccolo, a Ca2+ sensor in pancreatic beta-cells. Involve-

British Journal of Pharmacology (2009) 158 70-86

ment of cAMP-GEFII.Rim2.Piccolo complex in cAMP-dependent
exocytosis. ] Biol Chem 277: 50497-50502.

Fujita T, Meguro T, Fukuyama R, Nakamuta H, Koida M (2002). New
signaling pathway for parathyroid hormone and cyclic AMP action
on extracellular-regulated kinase and cell proliferation in bone cells.
Checkpoint of modulation by cyclic AMP. ] Biol Chem 277: 22191-
22200.

Fukuhara S, Sakurai A, Sano H, Yamagishi A, Somekawa S, Takakura N
et al. (2005). Cyclic AMP potentiates vascular endothelial cadherin-
mediated cell-cell contact to enhance endothelial barrier function
through an Epac-Rap1 signaling pathway. Mol Cell Biol 25: 136-146.

Fuld S, Borland G, Yarwood S§J (2005). Elevation of cyclic AMP in
Jurkat T-cells provokes distinct transcriptional responses through
the protein kinase A (PKA) and exchange protein activated by cyclic
AMP (EPAC) pathways. Exp Cell Res 309: 161-173.

Gao L, Feng Y, Bowers R, Becker-Hapak M, Gardner J, Council L et al.
(2006). Ras-associated protein-1 regulates extracellular signal-
regulated Kinase activation and migration in melanoma cells: two
processes important to melanoma tumorigenesis and metastasis.
Cancer Res 66: 7880-7888.

Garcia JG, Davis HW, Patterson CE (1995). Regulation of endothelial
cell gap formation and barrier dysfunction: role of myosin light
chain phosphorylation. J Cell Physiol 163: 510-522.

Gasperini S, Crepaldi L, Calzetti F, Gatto L, Berlato C, Bazzoni F et al.
(2002). Interleukin-10 and cAMP-elevating agents cooperate to
induce suppressor of cytokine signaling-3 via a protein kinase
A-independent signal. Eur Cytokine Netw 13: 47-53.

Gelinas JN, Banko JL, Peters MM, Klann E, Weeber EJ, Nguyen PV
(2008). Activation of exchange protein activated by cyclic-AMP
enhances long-lasting synaptic potentiation in the hippocampus.
Learn Mem 15: 403-411. Print 2008.

Ghandour H, Cullere X, Alvarez A, Luscinskas FW, Mayadas TN
(2007). Essential role for Rapl GTPase and its guanine exchange
factor CalDAG-GEFI in LFA-1 but not VLA-4 integrin mediated
human T-cell adhesion. Blood 110: 3682-3690.

Giancippoli A, Novara M, de Luca A, Baldelli P, Marcantoni A,
Carbone E etal. (2006). Low-threshold exocytosis induced by
cAMP-recruited CaV3.2 (alphalH) channels in rat chromaffin cells.
Biophys ] 90: 1830-1841.

Goeckeler ZM, Wysolmerski RB (1995). Myosin light chain kinase-
regulated endothelial cell contraction: the relationship between
isometric tension, actin polymerization, and myosin phosphoryla-
tion. J Cell Biol 130: 613-627.

Gupta M, Yarwood SJ (2005). MAP1A light chain 2 interacts with
exchange protein activated by cyclic AMP 1 (EPAC1) to enhance
Rap1 GTPase activity and cell adhesion. ] Biol Chem 280: 8109-8116.

Han J, Lim CJ, Watanabe N, Soriani A, Ratnikov B, Calderwood DA
et al. (2006). Reconstructing and deconstructing agonist-induced
activation of integrin alphallbbeta3. Curr Biol 16: 1796-1806.

Harper SM, Wienk H, Wechselberger RW, Bos JL, Boelens R, Rehmann
H (2007). Structural dynamics in the activation of EPAC. ] Biol Chem
283: 6501-6508.

Hatakeyama H, Takahashi N, Kishimoto T, Nemoto T, Kasai H (2007).
Two cAMP-dependent pathways differentially regulate exocytosis of
large dense-core and small vesicles in mouse beta-cells. | Physiol
582: 1087-1098.

Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-Newen G,
Schaper F (2003). Principles of interleukin (IL)-6-type cytokine sig-
nalling and its regulation. Biochem ] 374: 1-20.

Heldin NE, Paulsson Y, Forsberg K, Heldin CH, Westermark B (1989).
Induction of cyclic AMP synthesis by forskolin is followed by a
reduction in the expression of c-myc messenger RNA and inhibition
of 3H-thymidine incorporation in human fibroblasts. J Cell Physiol
138: 17-23.

Her JH, Wu J, Rall TB, Sturgill TW, Weber MJ (1991). Sequence of
pp42/MAP kinase, a serine/threonine kinase regulated by tyrosine
phosphorylation. Nucleic Acids Res 19: 3743.



Hochbaum D, Hong K, Barila G, Ribeiro-Neto F, Altschuler DL (2007).
Epac, in synergy with PKA, is required for cAMP-mediated mitoge-
nesis. J Biol Chem 283: 4464-4468.

Hoffman LM, Brooks SE, Stein MR, Schneck L (1994). Cyclic AMP
causes differentiation and decreases the expression of neutral gly-
cosphingolipids in cell cultures derived from a malignant glioma.
Biochim Biophys Acta 1222: 37-44.

Holz GG (2004). Epac: a new cAMP-binding protein in support of
glucagon-like peptide-1 receptor-mediated signal transduction in
the pancreatic beta-cell. Diabetes 53: 5-13.

Holz GG, Kang G, Harbeck M, Roe MW, Chepurny OG (2006). Cell
physiology of cAMP sensor Epac. ] Physiol 577: 5-15.

Hordijk PL, Verlaan I, Jalink K, van Corven EJ, Moolenaar WH (1994).
cAMP abrogates the p2lras-mitogen-activated protein Kkinase
pathway in fibroblasts. J Biol Chem 269: 3534-3538.

Houslay MD (1998). Adaptation in cyclic AMP signalling processes: a
central role for cyclic AMP phosphodiesterases. Semin Cell Dev Biol
9: 161-167.

Houslay MD, Milligan G (1997). Tailoring cAMP-signalling responses
through isoform multiplicity. Trends Biochem Sci 22: 217-224.

Houslay MD, Schafer P, Zhang KY (2005). Keynote review:
phosphodiesterase-4 as a therapeutic target. Drug Discov Today 10:
1503-1519.

Itoh M, Nelson CM, Myers CA, Bissell MJ (2007). Rapl integrates
tissue polarity, lumen formation, and tumorigenic potential in
human breast epithelial cells. Cancer Res 67: 4759-4766.

Jing H, Yen JH, Ganea D (2004). A novel signaling pathway mediates
the inhibition of CCL3/4 expression by prostaglandin E2. ] Biol
Chem 279: 55176-55186.

Kang G, Joseph JW, Chepurny OG, Monaco M, Wheeler MB, Bos JL
et al. (2003). Epac-selective CAMP analog 8-pCPT-2"-O-Me-cAMP as a
stimulus for Ca2+-induced Ca2+ release and exocytosis in pancre-
atic beta-cells. J Biol Chem 278: 8279-8285.

Kang G, Chepurny OG, Rindler MJ, Collis L, Chepurny Z, Li WH et al.
(2005). A cAMP and Ca2+ coincidence detector in support of Ca2+-
induced Ca2+ release in mouse pancreatic beta cells. | Physiol 566:
173-188.

Kang G, Chepurny OG, Malester B, Rindler MJ, Rehmann H, Bos JL
et al. (2006). cAMP sensor Epac as a determinant of ATP-sensitive
potassium channel activity in human pancreatic beta cells and rat
INS-1 cells. ] Physiol 573: 595-609.

Katagiri K, Hattori M, Minato N, Irie S, Takatsu K, Kinashi T (2000).
Rapl is a potent activation signal for leukocyte function-associated
antigen 1 distinct from protein kinase C and phosphatidylinositol-
3-OH kinase. Mol Cell Biol 20: 1956-1969.

Katagiri K, Maeda A, Shimonaka M, Kinashi T (2003). RAPL, a Rap1-
binding molecule that mediates Rapl-induced adhesion through
spatial regulation of LFA-1. Nat Immunol 4: 741-748.

Katagiri K, Shimonaka M, Kinashi T (2004). Rapl-mediated lympho-
cyte function-associated antigen-1 activation by the T cell antigen
receptor is dependent on phospholipase C-gammal. | Biol Chem
279: 11875-11881.

Kato JY, Matsuoka M, Polyak K, Massague J, Sherr CJ (1994). Cyclic
AMP-induced G1 phase arrest mediated by an inhibitor (p27Kip1)
of cyclin-dependent kinase 4 activation. Cell 79: 487-496.

Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M, Matsuda
M etal. (1998). A family of cAMP-binding proteins that directly
activate Rapl. Science 282: 2275-2279.

Keiper M, Stope MB, Szatkowski D, Bohm A, Tysack K, Vom Dorp F
et al. (2004). Epac- and Ca2+-controlled activation of Ras and extra-
cellular signal-regulated kinases by Gs-coupled receptors. ] Biol
Chem 279: 46497-46508.

Kiermayer S, Biondi RM, Imig ], Plotz G, Haupenthal J, Zeuzem S
et al. (2005). Epac activation converts cAMP from a proliferative
into a differentiation signal in PC12 cells. Mol Biol Cell 16: 5639-
5648.

Kinashi T, Katagiri K (2005). Regulation of immune cell adhesion and

Diverse functions of EPAC
G Borland et af 83

migration by regulator of adhesion and cell polarization enriched in
lymphoid tissues. Immunology 116: 164-171.

Kinashi T, Aker M, Sokolovsky-Eisenberg M, Grabovsky V, Tanaka C,
Shamri R et al. (2004). LAD-III, a leukocyte adhesion deficiency
syndrome associated with defective Rapl activation and impaired
stabilization of integrin bonds. Blood 103: 1033-1036.

Kitayama H, Sugimoto Y, Matsuzaki T, Ikawa Y, Noda M (1989). A
ras-related gene with transformation suppressor activity. Cell 56:
77-84.

Kondapalli J, Flozak AS, Albuquerque ML (2004). Laminar shear stress
differentially modulates gene expression of p120 catenin, Kaiso
transcription factor, and vascular endothelial cadherin in human
coronary artery endothelial cells. ] Biol Chem 279: 11417-11424.
Epub 2003 Dec 29.

Kooistra MR, Corada M, Dejana E, Bos JL (2005). Epacl regulates
integrity of endothelial cell junctions through VE-cadherin. FEBS
Lett 579: 4966-4972.

Kornev AP, Taylor SS, Ten Eyck LF (2008). A generalized allosteric
mechanism for cis-regulated cyclic nucleotide binding domains.
PLoS Comput Biol 4: e1000056.

Kwan EP, Gao X, Leung YM, Gaisano HY (2007a). Activation of
exchange protein directly activated by cyclic adenosine monophos-
phate and protein kinase A regulate common and distinct steps in
promoting plasma membrane exocytic and granule-to-granule
fusions in rat islet beta cells. Pancreas 35: e45-e54.

Kwan EP, Xie L, Sheu L, Ohtsuka T, Gaisano HY (2007b). Interaction
between Munc13-1 and RIM is critical for glucagon-like peptide-1
mediated rescue of exocytotic defects in Munc13-1 deficient pan-
creatic beta-cells. Diabetes 56: 2579-2588.

Lacabaratz-Porret C, Corvazier E, Kovacs T, Bobe R, Bredoux R, Launay
S etal. (1998). Platelet sarco/endoplasmic reticulum Ca2+ATPase
isoform 3b and Rap 1b: interrelation and regulation in physiopa-
thology. Biochem ] 332 (Pt 1): 173-181.

Lafuente EM, Iwamoto Y, Carman CV, van Puijenbroek AA, Constan-
tine E, Li L et al. (2007). Active Rapl, a small GTPase that induces
malignant transformation of hematopoietic progenitors, localizes
in the nucleus and regulates protein expression. Leuk Lymphoma 48:
987-1002.

Lampugnani MG, Corada M, Caveda L, Breviario F, Ayalon O, Geiger
B et al. (1995). The molecular organization of endothelial cell to cell
junctions: differential association of plakoglobin, beta-catenin, and
alpha-catenin with vascular endothelial cadherin (VE-cadherin).
J Cell Biol 129: 203-217.

Li Y, Asuri S, Rebhun JF, Castro AF, Paranavitana NC, Quilliam LA
(2006). The RAP1 guanine nucleotide exchange factor Epac2
couples cyclic AMP and Ras signals at the plasma membrane. ] Biol
Chem 281: 2506-2514.

Liu L, Schwartz BR, Tupper J, Lin N, Winn RK, Harlan JM (2002). The
GTPase Rapl regulates phorbol 12-myristate 13-acetate-stimulated
but not ligand-induced beta 1 integrin-dependent leukocyte adhe-
sion. ] Biol Chem 277: 40893-40900.

Lorenowicz MJ, van Gils J, de Boer M, Hordijk PL, Fernandez-Borja M
(2006). Epacl-Rapl signaling regulates monocyte adhesion and
chemotaxis. J Leukoc Biol 80: 1542-1552.

Lorenz R, Aleksic T, Wagner M, Adler G, Weber CK (2008). The cAMP/
Epacl/Rapl pathway in pancreatic carcinoma. Pancreas 37: 102—
103.

Lyle KS, Raaijmakers JH, Bruinsma W, Bos JL, de Rooij J (2008).
cAMP-induced Epac-Rap activation inhibits epithelial cell migra-
tion by modulating focal adhesion and leading edge dynamics. Cell
Signal 20: 1104-1116.

Magiera MM, Gupta M, Rundell CJ, Satish N, Ernens I, Yarwood S]
(2004). Exchange protein directly activated by cAMP (EPAC) inter-
acts with the light chain (LC) 2 of MAP1A. Biochem ] 382: 803—
810.

Marshall M (1995). Interactions between Ras and Raf: key regulatory
proteins in cellular transformation. Mol Reprod Dev 42: 493-499.

British Journal of Pharmacology (2009) 158 70-86



Diverse functions of EPAC
84 G Borland et af

Mazhab-Jafari MT, Das R, Fotheringham SA, SilDas S, Chowdhury S,
Melacini G (2007). Understanding cAMP-dependent allostery by
NMR spectroscopy: comparative analysis of the EPAC1 cAMP-
binding domain in its apo and cAMP-bound states. ] Am Chem Soc
129: 14482-14492.

Mehta D, Malik AB (2006). Signaling mechanisms regulating endot-
helial permeability. Physiol Rev 86: 279-367.

Metrich M, Lucas A, Gastineau M, Samuel JL, Heymes C, Morel E et al.
(2008). Epac mediates beta-adrenergic receptor-induced cardiomyo-
cyte hypertrophy. Circ Res 102: 959-965. Epub 2008 Mar 6.

Monaghan TK, Mackenzie CJ, Plevin R, Lutz EM (2008). PACAP-38
induces neuronal differentiation of human SH-SYS5Y neuroblastoma
cells via cAMP-mediated activation of ERK and p38 MAP kinases.
] Neurochem 104: 74-88.

Moon EY, Pyo S (2007). Lipopolysaccharide stimulates Epacl-
mediated Rap1/NF-kappaB pathway in Raw 264.7 murine macroph-
ages. Immunol Lett 110: 121-125.

Morel E, Marcantoni A, Gastineau M, Birkedal R, Rochais F, Garnier A
etal. (2005). cAMP-binding protein Epac induces cardiomyocyte
hypertrophy. Circ Res 97: 1296-1304.

Moy AB, Van Engelenhoven J, Bodmer J, Kamath ], Keese C, Giaever I
et al. (1996). Histamine and thrombin modulate endothelial focal
adhesion through centripetal and centrifugal forces. ] Clin Invest 97:
1020-1027.

Murray AJ, Shewan DA (2008). Epac mediates cyclic AMP-dependent
axon growth, guidance and regeneration. Mol Cell Neurosci 38:
578-588. Epub 2008 May 20.

Netherton SJ, Sutton JA, Wilson LS, Carter RL, Maurice DH (2007).
Both protein kinase A and exchange protein activated by cAMP
coordinate adhesion of human vascular endothelial cells. Circ Res
101: 768-776.

Nguyen TT, Scimeca JC, Filloux C, Peraldi P, Carpentier JL, Van
Obberghen E (1993). Co-regulation of the mitogen-activated
protein kinase, extracellular signal-regulated kinase 1, and the
90-kDa ribosomal S6 kinase in PC12 cells. Distinct effects of the
neurotrophic factor, nerve growth factor, and the mitogenic factor,
epidermal growth factor. J Biol Chem 268: 9803-9810.

Nilsson J, Olsson AG (1984). Prostaglandin E1 inhibits DNA synthesis
in arterial smooth muscle cells stimulated with platelet-derived
growth factor. Atherosclerosis 53: 77-82.

Noda M, Yasuda-Fukazawa C, Moriishi K, Kato T, Okuda T, Kurokawa
K etal. (1995). Involvement of rho in GTP gamma S-induced
enhancement of phosphorylation of 20 kDa myosin light chain in
vascular smooth muscle cells: inhibition of phosphatase activity.
FEBS Lett 367: 246-250.

O'Neill JS, Maywood ES, Chesham JE, Takahashi JS, Hastings MH
(2008). cAMP-dependent signaling as a core component of the
mammalian circadian pacemaker. Science 320: 949-953.

Oestreich EA, Wang H, Malik S, Kaproth-Joslin KA, Blaxall BC, Kelley
GG et al. (2007). Epac-mediated activation of phospholipase C(ep-
silon) plays a critical role in beta-adrenergic receptor-dependent
enhancement of Ca2+ mobilization in cardiac myocytes. ]| Biol
Chem 282: 5488-5495.

Ohba Y, Kurokawa K, Matsuda M (2003). Mechanism of the spatio-
temporal regulation of Ras and Rapl. EMBO ] 22: 859-869.

van Oirschot BA, Stahl M, Lens SM, Medema RH (2001). Protein kinase
A regulates expression of p27(kipl) and cyclin D3 to suppress
proliferation of leukemic T cell lines. J Biol Chem 276: 33854—
33860.

Ouyang M, Zhang L, Zhu JJ, Schwede F, Thomas SA (2008). Epac
signaling is required for hippocampus-dependent memory retrieval.
Proc Natl Acad Sci USA 7: 7.

Ozaki N, Shibasaki T, Kashima Y, Miki T, Takahashi K, Ueno H et al.
(2000). cCAMP-GEFII is a direct target of CAMP in regulated exocy-
tosis. Nat Cell Biol 2: 805-811.

Pages G, Lenormand P, L’Allemain G, Chambard JC, Meloche S,
Pouyssegur J (1993). Mitogen-activated protein kinases p42mapk

British Journal of Pharmacology (2009) 158 70-86

and p44mapk are required for fibroblast proliferation. Proc Natl
Acad Sci USA 90: 8319-8323.

Pages G, Stanley ER, Le Gall M, Brunet A, Pouyssegur J (1995). The
mouse p44 mitogen-activated protein kinase (extracellular signal-
regulated kinase 1) gene. Genomic organization and structure of the
5’-flanking regulatory region. J Biol Chem 270: 26986-26992.

Pastan IH, Johnson GS, Anderson WB (1975). Role of cyclic nucle-
otides in growth control. Annu Rev Biochem 44: 491-522.

Pereira L, Metrich M, Fernandez-Velasco M, Lucas A, Leroy ], Perrier R
etal. (2007). The cAMP binding protein Epac modulates Ca2+
sparks by a Ca2+/calmodulin kinase signalling pathway in rat
cardiac myocytes. | Physiol 583: 685-694.

Petersen RK, Madsen L, Pedersen LM, Hallenborg P, Hagland H, Viste
K et al. (2008). Cyclic AMP (cAMP)-mediated stimulation of adipo-
cyte differentiation requires the synergistic action of Epac- and
cAMP-dependent protein kinase-dependent processes. Mol Cell Biol
28: 3804-3816. Epub 2008 Apr 7.

Petrache I, Birukova A, Ramirez SI, Garcia JG, Verin AD (2003). The
role of the microtubules in tumor necrosis factor-alpha-induced
endothelial cell permeability. Am ] Respir Cell Mol Biol 28: 574-581.

Pic P, Michel-Bechet M, el Atiq F, Athouel-Haon AM (1986). Forskolin
stimulates CAMP production and the onset of the functional differ-
entiation in the fetal rat thyroid in vitro. Biol Cell 57: 231-237.

Poppe H, Rybalkin SD, Rehmann H, Hinds TR, Tang XB, Christensen
AE et al. (2008). Cyclic nucleotide analogs as probes of signaling
pathways. Nat Methods 5: 277-278.

Pribila JT, Quale AC, Mueller KL, Shimizu Y (2004). Integrins and T
cell-mediated immunity. Annu Rev Immunol 22: 157-180.

Purushotham KR, Dunn WA Jr, Schneyer CA, Humphreys-Beher MG
(1992). A novel mechanism for isoprenaline-stimulated prolifera-
tion of rat parotid acinar cells involving the epidermal growth
factor receptor and cell surface galactosyltransferase. Biochem | 284:
767-776.

Qiao ], Mei FC, Popov VL, Vergara LA, Cheng X (2002). Cell cycle-
dependent subcellular localization of exchange factor directly acti-
vated by cAMP. ] Biol Chem 277: 26581-26586.

Rabinovitch A, Blondel B, Murray T, Mintz DH (1980). Cyclic
adenosine-3’,5-monophosphate stimulates islet B cell replication in
neonatal rat pancreatic monolayer cultures. | Clin Invest 66: 1065—
1071.

Rangarajan S, Enserink JM, Kuiperij HB, de Rooij J, Price LS, Schwede
F et al. (2003). Cyclic AMP induces integrin-mediated cell adhesion
through Epac and Rap1 upon stimulation of the beta 2-adrenergic
receptor. J Cell Biol 160: 487-493.

Reedquist KA, Ross E, Koop EA, Wolthuis RM, Zwartkruis FJ, van
Kooyk Y etal. (2000). The small GTPase, Rapl, mediates CD31-
induced integrin adhesion. J Cell Biol 148: 1151-1158.

Rehmann H, Prakash B, Wolf E, Rueppel A, de Rooij J, Bos JL et al.
(2003). Structure and regulation of the cAMP-binding domains of
Epac2. Nat Struct Biol 10: 26-32.

Rehmann H, Das J, Knipscheer P, Wittinghofer A, Bos JL (2006).
Structure of the cyclic-AMP-responsive exchange factor Epac2 in its
auto-inhibited state. Nature 439: 625-628.

Rehmann H, Wittinghofer A, Bos JL (2007). Capturing cyclic nucle-
otides in action: snapshots from crystallographic studies. Nat Rev
Mol Cell Biol 8: 63-73.

Rehmann H, Arias-Palomo E, Hadders MA, Schwede F, Llorca O, Bos JL
(2008). Structure of Epac2 in complex with a cyclic AMP analogue
and RAP1B. Nature, 27: 27.

Ribeiro-Neto F, Urbani J, Lemee N, Lou L, Altschuler DL (2002). On
the mitogenic properties of Raplb: cAMP-induced G(1)/S entry
requires activated and phosphorylated Raplb. Proc Natl Acad Sci
USA 99: 5418-5423.

Roger PP, Dumont JE (1984). Factors controlling proliferation and
differentiation of canine thyroid cells cultured in reduced serum
conditions: effects of thyrotropin, cyclic AMP and growth factors.
Mol Cell Endocrinol 36: 79-93.



de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM,
Wittinghofer A et al. (1998). Epac is a Rapl guanine-nucleotide-
exchange factor directly activated by cyclic AMP. Nature 396: 474—
477.

de Rooij J, Rehmann H, van Triest M, Cool RH, Wittinghofer A, Bos JL
(2000). Mechanism of regulation of the Epac family of cAMP-
dependent RapGEFs. ] Biol Chem 275: 20829-20836.

Sale EM, Atkinson PG, Sale GJ (1995). Requirement of MAP kinase for
differentiation of fibroblasts to adipocytes, for insulin activation of
P90 S6 kinase and for insulin or serum stimulation of DNA synthe-
sis. EMBO ] 14: 674-684.

Sands WA, Woolson HD, Milne GR, Rutherford C, Palmer TM (2006).
Exchange protein activated by cyclic AMP (Epac)-mediated induc-
tion of suppressor of cytokine signaling 3 (SOCS-3) in vascular
endothelial cells. Mol Cell Biol 26: 6333-6346.

Sasaki A, Yasukawa H, Suzuki A, Kamizono S, Syoda T, Kinjyo I et al.
(1999). Cytokine-inducible SH2 protein-3 (CIS3/SOCS3) inhibits
Janus tyrosine kinase by binding through the N-terminal kinase
inhibitory region as well as SH2 domain. Genes Cells 4: 339-351.

Schieffer B, Selle T, Hilfiker A, Hilfiker-Kleiner D, Grote K, Tietge UJ
et al. (2004). Impact of interleukin-6 on plaque development and
morphology in experimental atherosclerosis. Circulation 110: 3493—
3500. Epub 2004 Nov 22.

Schmidt M, Sand C, Jakobs KH, Michel MC, Weernink PA (2007). Epac
and the cardiovascular system. Curr Opin Pharmacol 7: 193-200.
Schmidt W, Poll-Jordan G, Loffler G (1990). Adipose conversion of
3T3-L1 cells in a serum-free culture system depends on epidermal
growth factor, insulin-like growth factor I, corticosterone, and

cyclic AMP. ] Biol Chem 265: 15489-15495.

Sebzda E, Bracke M, Tugal T, Hogg N, Cantrell DA (2002). RaplA
positively regulates T cells via integrin activation rather than inhib-
iting lymphocyte signaling. Nat Immunol 3: 251-258.

Sedej S, Rose T, Rupnik M (2005). cAMP increases Ca2+-dependent
exocytosis through both PKA and Epac2 in mouse melanotrophs
from pituitary tissue slices. ] Physiol 567: 799-813.

Sehrawat S, Cullere X, Patel S, Italiano J Jr, Mayadas TN (2008). Role of
epacl, an exchange factor for rap GTPases, in endothelial microtu-
bule dynamics and barrier function. Mol Biol Cell 19: 1261-1270.

Seino S, Shibasaki T (2005). PKA-dependent and PKA-independent
pathways for cAMP-regulated exocytosis. Physiol Rev 85: 1303-1342.

Shi GX, Andres DA (2005). Rit contributes to nerve growth factor-
induced neuronal differentiation via activation of B-Raf-
extracellular signal-regulated kinase and p38 mitogen-activated
protein kinase cascades. Mol Cell Biol 25: 830-846.

Shi GX, Rehmann H, Andres DA (2006). A novel cyclic AMP-
dependent Epac-Rit signaling pathway contributes to PACAP38-
mediated neuronal differentiation. Mol Cell Biol 26: 9136-9147.

Shibasaki T, Takahashi H, Miki T, Sunaga Y, Matsumura K, Yamanaka
M et al. (2007). Essential role of Epac2/Rapl signaling in regulation
of insulin granule dynamics by cAMP. Proc Natl Acad Sci USA 104:
19333-19338.

Shimonaka M, Katagiri K, Nakayama T, Fujita N, Tsuruo T, Yoshie O
et al. (2003). Rap1 translates chemokine signals to integrin activa-
tion, cell polarization, and motility across vascular endothelium
under flow. J Cell Biol 161: 417-427.

Skalhegg BS, Landmark BF, Doskeland SO, Hansson V, Lea T, Jahnsen T
(1992). Cyclic AMP-dependent protein kinase type I mediates the
inhibitory effects of 3’,5’-cyclic adenosine monophosphate on cell
replication in human T lymphocytes. ] Biol Chem 267:15707-15714.

Staples KJ, Bergmann M, Tomita K, Houslay MD, McPhee I, Barnes PJ
etal. (2001). Adenosine 3’,5-cyclic monophosphate (cAMP)-
dependent inhibition of IL-5 from human T lymphocytes is not
mediated by the cAMP-dependent protein kinase A. ] Immunol 167:
2074-2080.

Stork PJ, Schmitt JM (2002). Crosstalk between cAMP and MAP kinase
signaling in the regulation of cell proliferation. Trends Cell Biol 12:
258-266.

Diverse functions of EPAC
G Borland et af 85

Tan KS, Nackley AG, Satterfield K, Maixner W, Diatchenko L, Flood
PM (2007). Beta2 adrenergic receptor activation stimulates pro-
inflammatory cytokine production in macrophages via PKA- and
NF-kappaB-independent mechanisms. Cell Signal 19: 251-260.

Thoresen GH, Sand TE, Refsnes M, Dajani OF, Guren TK, Gladhaug IP
etal. (1990). Dual effects of glucagon and cyclic AMP on DNA
synthesis in cultured rat hepatocytes: stimulatory regulation in
early G1 and inhibition shortly before the S phase entry. J Cell
Physiol 144: 523-530.

von der Thusen JH, Kuiper J, van Berkel TJ, Biessen EA (2003). Inter-
leukins in atherosclerosis: molecular pathways and therapeutic
potential. Pharmacol Rev 55: 133-166.

Tiwari S, Felekkis K, Moon EY, Flies A, Sherr DH, Lerner A (2004).
Among circulating hematopoietic cells, B-CLL uniquely expresses
functional EPAC1, but EPAC1-mediated Rapl activation does not
account for PDE4 inhibitor-induced apoptosis. Blood 103: 2661-
2667.

Tohyama Y, Katagiri K, Pardi R, Lu C, Springer TA, Kinashi T (2003).
The critical cytoplasmic regions of the alphal/beta2 integrin in
Rap1l-induced adhesion and migration. Mol Biol Cell 14: 2570-2582.

Traverse S, Gomez N, Paterson H, Marshall C, Cohen P (1992). Sus-
tained activation of the mitogen-activated protein (MAP) kinase
cascade may be required for differentiation of PC12 cells. Compari-
son of the effects of nerve growth factor and epidermal growth
factor. Biochem ] 288 (Pt 2): 351-355.

Ulucan C, Wang X, Baljinnyam E, Bai Y, Okumura S, Sato M et al.
(2007). Developmental changes in gene expression of Epac and its
upregulation in myocardial hypertrophy. Am ] Physiol Heart Circ
Physiol 293: H1662-H1672.

Vandenbroucke E, Mehta D, Minshall R, Malik AB (2008). Regulation
of endothelial junctional permeability. Ann N Y Acad Sci 1123:
134-145.

Vinogradova O, Velyvis A, Velyviene A, Hu B, Haas T, Plow E et al.
(2002). A structural mechanism of integrin alpha(IIb)beta(3)
‘inside-out’ activation as regulated by its cytoplasmic face. Cell 110:
587-597.

Vouret-Craviari V, Grall D, Van Obberghen-Schilling E (2003). Modu-
lation of Rho GTPase activity in endothelial cells by selective
proteinase-activated receptor (PAR) agonists. | Thromb Haemost 1:
1103-1111.

Wang L, Liu F, Adamo ML (2001). Cyclic AMP inhibits extracellular
signal-regulated kinase and phosphatidylinositol 3-kinase/Akt
pathways by inhibiting Rap1l. J Biol Chem 276: 37242-37249.

Wang Z, Dillon TJ, Pokala V, Mishra S, Labudda K, Hunter B ef al.
(2006). Rapl-mediated activation of extracellular signal-regulated
kinases by cyclic AMP is dependent on the mode of Rap1 activation.
Mol Cell Biol 26: 2130-2145.

Wittchen ES, Worthylake RA, Kelly P, Casey PJ, Quilliam LA, Burridge
K (2005). Rapl GTPase inhibits leukocyte transmigration by pro-
moting endothelial barrier function. J Biol Chemn 280: 11675-11682.
Epub 2005 Jan 20.

Xu XJ, Reichner JS, Mastrofrancesco B, Henry WL Jr, Albina JE (2008).
Prostaglandin E2 suppresses lipopolysaccharide-stimulated IFN-
beta production. J Immunol 180: 2125-2131.

Yamashita T, Tsuda T, Hamamori Y, Takai Y (1986). Possible involve-
ment of cyclic AMP and calcium ion in prostaglandin El-induced
elevation of c-myc mRNA levels in Swiss 3T3 fibroblasts. ] Biol Chem
261: 16878-16882.

Yanagisawa M, Kaverina IN, Wang A, Fujita Y, Reynolds AB, Anasta-
siadis PZ (2004). A novel interaction between kinesin and p120
modulates p120 localization and function. ] Biol Chem 279: 9512—
9521. Epub 2003 Dec 4.

Yao H, Labudda K, Rim C, Capodieci P, Loda M, Stork PJ (1995). Cyclic
adenosine monophosphate can convert epidermal growth factor
into a differentiating factor in neuronal cells. ] Biol Chem 270:
20748-20753.

Yarwood §J, Kilgour E, Anderson NG (1998). Cyclic AMP potentiates

British Journal of Pharmacology (2009) 158 70-86



Diverse functions of EPAC
86 G Borland et af

growth hormone-dependent differentiation of 3T3-F442A preadipo-
cytes: possible involvement of the transcription factor CREB. Mol
Cell Endocrinol 138: 41-50.

Yarwood §J, Sale EM, Sale GJ, Houslay MD, Kilgour E, Anderson NG
(1999). Growth hormone-dependent differentiation of 3T3-F442A
preadipocytes requires Janus kinase/signal transducer and activator
of transcription but not mitogen-activated protein kinase or p70 S6
kinase signaling. ] Biol Chem 274: 8662-8668.

Yarwood §J, Borland G, Sands WA, Palmer TM (2008). Identification of
CCAAT/enhancer-binding proteins as exchange protein activated
by cAMP-activated transcription factors that mediate the induction
of the SOCS-3 gene. ] Biol Chem 283: 6843-6853. Epub 2008 Jan
14.

Yip KP (2006). Epac-mediated Ca(2+) mobilization and exocytosis in
inner medullary collecting duct. Am ] Physiol Renal Physiol 291:
F882-F890.

Yokoyama U, Patel HH, Lai NC, Aroonsakool N, Roth DM, Insel PA

British Journal of Pharmacology (2009) 158 70-86

(2008). The cyclic AMP effector Epac integrates pro- and anti-
fibrotic signals. Proc Natl Acad Sci USA 105: 6386-6391. Epub 2008
Apr 23.

York RD, Yao H, Dillon T, Ellig CL, Eckert SP, McCleskey EW et al.
(1998). Rap1 mediates sustained MAP kinase activation induced by
nerve growth factor. Nature 392: 622-626.

Yoshimura A, Naka T, Kubo M (2007). SOCS proteins, cytokine signal-
ling and immune regulation. Nat Rev Immunol 7: 454-465. Epub
2007 May 18.

Yoshioka K, Sugimoto N, Takuwa N, Takuwa Y (2007). Essential role for
class II phosphoinositide 3-kinase alpha-isoform in Ca2+-induced,
Rho- and Rho kinase-dependent regulation of myosin phosphatase
and contraction in isolated vascular smooth muscle cells. Mol Phar-
macol 71: 912-920. Epub 2006 Dec 19.

Yu S, Fan F, Flores SC, Mei F, Cheng X (2006). Dissecting the mecha-
nism of Epac activation via hydrogen-deuterium exchange FI-IR
and structural modeling. Biochemistry 45: 15318-15326.



