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Abstract

The pleiotropic second messenger adenosine 3′,5′-cyclic monophosphate (cAMP) regulates a myr-

iad of biological processes under both physiological and pathophysiological conditions. Exchange

protein directly activated by cAMP 1 (EPAC1) mediates the intracellular functions of cAMP by acting

as a guanine nucleotide exchange factor for the Ras-like Rap small GTPases. Recent studies suggest

that EPAC1 plays important roles in immunomodulation, cancer cell migration/metastasis, and me-

tabolism. These results, coupled with the successful development of EPAC-specific small molecule

inhibitors, identify EPAC1 as a promising therapeutic target for cancer treatments.
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Introduction

The prototypic second messenger adenosine 3′,5′-cyclic monopho-
sphate (cAMP) controls a complex network of signaling pathways to
ensure optimal cellular performance in response to environmental
cues. In mammals, cAMP-mediated signaling cascades employ mul-
tiple large families of signaling molecules and enzymes that include
G-protein coupled receptors, guanine nucleotide-binding proteins
(G-proteins), adenylyl cyclases, and phosphodiesterases (PDEs), as
well as scaffold proteins such as A-kinase anchoring proteins
(AKAPs) [1]. The cellular functions of cAMP are mediated by two
families of ubiquitously expressed cAMP effector proteins, namely
protein kinase A (PKA), also known as cAMP-dependent protein ki-
nase, and exchange protein directly activated by cAMP (EPAC), also
known as cAMP-regulated guanine nucleotide exchange factor
(cAMP-GEF), along with tissue-restricted cyclic nucleotide-gated
(CNG) ion channels and hyperpolarization-activated cyclic nucleo-
tide–modulated (HCN) channels [2].

While EPAC proteins are similar in sequencewith PKA at their regu-
latory regions, i.e. the cAMP binding domains (CBDs), they possess dis-
tinct biochemical properties by acting as guanine nucleotide exchange

factors for the Ras-like Rap small GTPases (RasGEF), Rap1 and Rap2
[3,4]. Unlike PKA whose regulatory and catalytic subunits are products
of two separated genes, EPAC proteins are single chain multi-domain
polypeptides that contain both the regulatory and catalytic elements.
At the molecular level, the two mammalian EPAC isoforms, EPAC1
and EPAC2, share extensive sequence and domain homology. The
N-terminal regulatory region of EPAC proteins contains a Dishevelled,
Egl-10, Pleckstrin homology domain, and either one or two CBDs
in EPAC1 or EPAC2, respectively. The C-terminal catalytic region com-
prises a RAS exchange motif, a RAS-association domain, and a CDC25
homology domain, also known as the RasGEF domain. Structural ana-
lyses reveal that EPAC proteins adopt an autoinhibitory conformation in
which the regulatory half folds on top of the catalytic half, sterically
blocking access to the catalytic site [5]. Binding of cAMP reorients the
regulatory and catalytic lobes through a localized ‘hinge’ motion, frees
the RasGEF domain from the autoinhibitory regulatory lobe, and allows
the binding of downstream effectors, Rap1 or Rap2 [6–8].

The discovery of EPAC family cAMP sensors in 1998 significantly
expanded the signaling pathways directly controlled by cAMP to in-
clude small GTPases. Rap1 GTPase, the main downstream EPAC
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effector, plays an important role in regulating cell adhesion and cell
junction, as well as cell proliferation, depending upon the cell type
and stimuli. Rap1 was initially identified as a gene (k-rev) capable
of reversing the KRAS oncogene-mediated malignant transformation
in fibroblasts. Sequence analysis further reveals that Rap1 and Ras
share more than 50% sequence identity and high structural similarity
[9]. One major difference between Rap1 and Ras signaling is the cel-
lular loci where these GTPases function. While Ras is activated mostly
at the plasmamembrane, Rap1 activation occurs mainly inside the cell
body and spreads toward the cell surface. Unlike its cousin Ras which
is the most mutated human oncogene, the role of Rap1 in tumorigen-
esis has not been clearly defined and remains controversial. Rap1 was
initially implicated in promoting tumorigenesis, as over-expression of
Rap1 in Swiss 3T3 cells led to cellular transformation and tumor for-
mation in nude mice [10]. Furthermore, constitutive activation of
Rap1 by targeted degradation of E6TP1, a Rap1 negative regulator,
by the human papillomavirus (HPV) E6 oncoprotein via E6AP ubiqui-
tin ligase, correlates with the transformation of epithelial cells by HPV
in vitro [11]. Perhaps, the most substantial evidence connecting Rap1
activation and malignancy is based on mouse genetic studies in which
a Rap1 GTPase-activating protein (GAP), SPA-1, is deleted. SPA-1-
deficient mice exhibit constitutive activation of Rap1 in the hemato-
poietic progenitors of bone marrow and develop a spectrum of mye-
loid disorders that resemble human chronic myelogenous leukemia
(CML) [12]. Taken together, these studies suggest that Rap1 activa-
tion is associated with tumorigenesis. On the other hand, it is import-
ant to point out that Rap1 activation has also been shown to suppress
malignancy and tumor invasiveness [13,14], therefore, the role of
Rap1 in tumorigenesis appears to be context-dependent.

Alterations in the expression and/or activity of cAMP signaling
components are common events in various cancers [15–19] and con-
tribute to the prognosis of cancer treatment [20–23]. While the role of
PKA in tumorigenesis has been confirmed through the revelation that
mutations in PRKAR1A and PRKACA genes cause Carney complex
[24–26] and Cushing’s disease [27–29], respectively, the involvement
of EPAC in cancer is emerging. While EPAC1 is ubiquitously ex-
pressed, EPAC2 has limited tissue expression profiles and is mainly
found in neurons, pancreatic beta cells, and adrenal gland [3]. Due
to their distinct tissue and cellular distributions, physiological func-
tions of EPAC1 and EPAC2 are mostly non-redundant. To date,
EPAC2 has not been implicated in cancer. This review focuses on re-
cent findings of EPAC1’s role in cancer and the potential of EPAC1 as
a target for cancer therapeutics.

EPAC1 in Cancer Cell Proliferation and Apoptosis

cAMP signaling has been found to have either positive or negative
effects on cancer cell growth and survival. In particular, it has been
known that cAMP signaling is important for leukemia cell survival.
However, the molecular mechanism of cAMP-induced cell killing in
various leukemia cells is not clear. Tawari et al. [30] showed that
B-cell chronic lymphocytic leukemia (B-CLL) cells undergo apoptosis
following treatment with PDE4 inhibitors. Interestingly, whereas roli-
pram/forskolin and 8-Bromo-cAMP induce apoptosis in B-CLL cells,
treatment with an EPAC-specific cAMP analog decreases basal apop-
tosis in B-CLL cells, suggesting an opposing relationship between PKA
and EPAC in mediating cAMP’s effect on B-CLL survival [30]. Simi-
larly, cAMP synergizes strongly with glucocorticoids (GC) to induce
apoptosis in normal or malignant lymphoid cells. Between the two
major cAMP sensors, PKA and EPAC, PKA is shown to be responsible

for the observed synergism with GC, whereas EPAC exerts a weak an-
tagonistic effect against GC-induced apoptosis [31]. It has been fur-
ther revealed that the PKA regulatory subunit isoform RIIβ is
over-expressed in the human acute lymphoblastic leukemia (ALL)
GC-sensitive clone cells, whereas other intracellular cAMP receptors,
including EPAC, are expressed at similar levels in bothGC-sensitive and
GC-resistant clones. High RIIβ expression level is correlated with ele-
vated PKA cellular activity and heightened cAMP sensitivity [32]. On
the other hand, in the immature B lymphoma cell line WEHI-231, liga-
tion of B cell antigen receptor (BCR) promotes growth arrest and apop-
tosis in an EPAC-dependent manner. In fact, activation of endogenous
EPAC by an EPAC-selective cAMP analog, 8-(4-chlorophenylthio)-
2′-O-methyladenosine-3′,5′-cyclic monophosphate (007), enhances
BCR-induced growth arrest and apoptosis [33].

On the basis of limited published studies, the effects of EPAC1
on cell proliferation and survival in solid tumors are also cell
type-dependent and context-dependent. It is reported that in A172
and U87MG human glioblastoma cells, PKA and EPAC1 path-
ways synergistically promote cAMP-induced cell death and cell cycle
arrest [34], while in clear renal cell carcinoma (cRCC) A498 cells,
growth-inhibitory response to vasoactive intestinal peptide (VIP)
is shown to be mediated by EPAC/PI3K pathway [35]. In contrast,
EPAC1 promotes cell proliferation and survival by up-regulating
Ras/MAPK and PI3K/AKT/mTOR signaling in prostate cancer cells
[36,37].

EPAC1 in Cancer Cell Migration and Metastasis

cAMP plays a complex and context-dependent role in regulating cell
migration [38,39]. Traditionally the focus has been mainly on PKA-
mediated migratory effects. Since the discovery of EPAC, several stud-
ies have shown that EPAC1 mediates cAMP’s role in migration in a
variety of cell types. For example, EPAC1 promotes adhesion and mi-
gration of white blood cells [40], cells of epithelial origin [41], and vas-
cular smooth muscle cells [42]. When it comes to cancer, the past
decade produced numerous studies elucidating a critical role for
EPAC1 in the invasion and metastasis of several cancers, particularly
those of epithelial origin [43–50] (Table 1).

In melanoma, there is an agreement that EPAC1 enhances invasion
and metastasis [44,47–49,53,54]. In prostate cancer, while some re-
sults suggest that EPAC1 promotes metastasis and proliferation
[56–58], one study contradicts these results by showing that activation
of EPAC1 by 007, an EPAC-selective agonist, inhibits migration and
proliferation of human prostate carcinoma cells [46]. Subsequently, it
has been shown that the inhibitory effect observed for EPAC1 in the
aforementioned contradictory study was actually the result of PKA

Table 1. Reported role of EPAC1 in regulating cell migration in

various cancers

Cancer type Migration regulation Reference

Cervical cancer Promoting [51]
Fibrosarcoma Promoting [52]
Melanoma Promoting [44,47–49,53,54]
Ovarian cancer Promoting; suppressing [43]; [45]
Pancreatic cancer Promoting [39,50,55]
Prostate cancer Promoting; suppressinga [56–58]; [46]

aSubsequent study suggests that the apparent suppressive effect observed for
EPAC1 may be attributed to PKA activation, as the EPAC-selective agonist used
was shown to activate PKA [59].
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activation. The inhibitory effects of 007 were not affected by EPAC1
and EPAC2 silencing using siRNA, but could be rescued by PKA inhi-
bitors H89 and PKI [59]. This is not completely surprising because
while 007 exerts about 100-fold selectivity towards EPAC1 over
PKA, it still has the ability to activate PKA directly. In addition, as a
cyclic nucleotide analog, 007 is known to inhibit PDEs, and conse-
quently cause elevation of cAMP/cGMP and indirect activation of
intracellular cyclic nucleotide sensors [60]. In ovarian cancer,
EPAC1 seems to have pro-migratory effects in some cell lines
(Ovcar3) [43], and anti-migratory effects in others (ES-2) [45]. How-
ever, the latter study also utilized 007 to activate EPAC1. So again, it is
possible that the anti-migratory effects are in fact mediated by PKA ra-
ther than EPAC1. In fibrosarcoma cells, it has been shown that lyso-
phosphatidic acid (LPA) receptor 4, LPA(4), signaling promotes
invadopodia formation downstream of autotaxin (ATX), a secreted ly-
sophospholipase involved in the production of LPA andwhose level of
expression within tumors correlates strongly with their aggressiveness
and invasiveness. It was further demonstrated that ATX/LPA-induced
invadopodia formation is mediated through the activation of EPAC by
cAMP and subsequent Rac1 activation [52]. In pancreatic cancer, it
has been recently shown that at some point during their malignant
transformation, pancreatic ductal adenocarcinoma (PDA) cells up-
regulate their expression of EPAC1 [61], a finding that spurred our
group to investigate the functional implication of this over-expression.
Our data, in agreement with the findings of Burdyga et al. [39], show
that EPAC1 enhances PDA invasion and metastasis in vitro and in
vivo [39,50,55]. The role of EPAC1 in cervical cancer has not been
investigated extensively, but a recent report showed that the activation
of this protein enhances migration of HeLa human cervical cancer
cells [51].

A common theme that emerges from some of the aforementioned
studies is that PKA and EPAC1 potentially work in opposition to each
other in mediating cAMP’s effect on cancer migration. Similarly to
their contradictory actions in prostate and possibly ovarian cancer mi-
gration, these two signaling molecules also work antagonistically in
controlling migration of cervical cancer cells [51] and PDA cell inva-
sion, as PKA inhibits the ruffling and formation of focal adhesions in
PDA cells, while EPAC potentiates these processes [39]. This notion is
in agreement with previous studies showing that EPAC and PKAwork
antagonistically in certain cellular context [62–65].

Our theory that EPAC1 and PKA have pro- and anti-migratory
roles on cancer migration, respectively, helps explain the complex
role of cAMP in cancer invasion and metastasis. Hence, therapeutic
strategies designed to reduce cancer metastasis must take a nuanced
approach focusing on the downstream targets of cAMP and aim to in-
hibit EPAC1 and activate PKA for potential synergism. Approaches
that aim at the receptor level or target PDEs to increase or decrease
cAMP might be more likely to have unintended consequences and
their overall impact on cancer migration will be difficult to predict.

The cellular and molecular mechanisms of EPAC1-mediated cell
migration have been investigated extensively in melanoma. It appears
that EPAC-induced cell migration is associated with the translocation
of syndecan-2, a cell-surface heparan sulfate (HS) proteoglycan, to
lipid rafts, as well as the production of HS, a major component of
extracellular matrix. While syndecan-2 translocation is regulated by
tubulin polymerization downstream of EPAC1/PI3K pathway, HS
production is the result of an increased expression of N-deacetylase/
N-sulfotransferase-1 (NDST-1) [53]. It was further revealed that the
expression of EPAC1 is positively correlated with those of HS and
NDST-1. Most importantly, in human melanoma tissue microarrays,
levels of EPAC1 expression are up-regulated in metastatic melanoma,

compared with primary melanoma, suggesting a role for EPAC1 in
melanoma metastasis [48].

In addition toHS-related mechanism, EPAC1-mediated melanoma
cell migration is also Ca2+-dependent. In various melanoma cell lines,
but not in melanocytes, EPAC activation by 007 leads to a PLC/IP3
receptor-dependent increase in intracellular Ca2+, which promotes
actin assembly and induces cell migration [47]. Subsequent analysis
further suggests a cross-talk between EPAC1 and G-protein βγ subu-
nits (Gβγ) in Ca2+ signaling and cell migration in melanoma: activation
of Gβγ induces Ca

2+ entry from the extracellular space and inhibits the
EPAC-induced Ca2+ release from the endoplasmic reticulum, resulting
in suppression of cell migration [54].

While a diverse array of signaling pathwaysmay be involved, studies
that have investigated the role of EPAC1 in cancer migration suggest
that this cAMP sensor facilitates cancer migration ultimately through
integrin-dependent pathways in various cancers [43,44,47,55,56].
Although several integrins have been implicated, integrin β1 plays a
particularly important role in the process. Not only does EPAC1
enhance the trafficking of integrin β1, but it also promotes its activa-
tion [55]. These findings carry significant therapeutic implications,
since this integrin mediates the malignant phenotype and facilitates
the loss of epithelial integrity and oncogenic transformation in
several epithelial cancers [66–68]. In fact, constitutive activation of
integrin β1 is correlated with higher grade carcinomas [67]. There
are currently no available small molecules that target integrin β1,
but monoclonal antibodies and synthetic peptides against this integ-
rin have shown significant clinical efficacy [69]. Hence, EPAC-specific
inhibitors might provide a new approach to target integrin β1 in can-
cer treatment.

EPAC1 in T-cell Function: Implications for

Anti-cancer Immunotherapy

Since the 1970s researchers have sought to exploit features of the
body’s spontaneous immune response to cancer to develop effective
immunotherapies. Not only can immunotherapy eradicate existing
tumor cells, but it also has the potential to provide the immune surveil-
lance necessary to prevent cancer recurrence. A wide array of treat-
ment modalities have undergone clinical trials, including the
administration of cytokines that enhance the activity of tumor-specific
immune cells, adoptive transfer of engineered autologous T-cells, and
administration of monoclonal antibodies against cancer-specific anti-
gens or whole-cell or synthetic peptide vaccines [70]. The recent major
breakthroughs, particularly in the area of checkpoint anti-cancer im-
munotherapy, validate that it is an effective strategy to fight cancer via
modulating the activity of host T-cells, in which EPAC1 has been im-
plicated to play an important role [71,72]

One of the main hurdles facing the development of cancer im-
munotherapy is the fact that cross-talk between tumor infiltrating im-
mune cells, tumor cells, and stromal cells leads to the reprogramming
of the anti-tumor immune response and development of an immuno-
suppressive milieu that is suitable for tumor growth [73,74]. Indeed,
the ability to escape immune surveillance is now considered as a hall-
mark of cancer [74]. Regulatory-T cells (Treg), a subset of T-cells with
general suppressor function [75,76], are a major driver of the im-
munosuppressive tumor microenvironment and play an essential
role in the development of cancer from an early stage [77,78]. Not
only do these cells suppress the host’s immune response to cancer
cells, but they also reduce the efficacy of cell- and vaccine-based cancer
immunotherapies [79]. For instance, several studies have shown that
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after the administration of tumor vaccines, the number of vaccine-
specific Treg cells increases significantly; diminishing the effectiveness
of the treatment [80–82]. Therefore, treatments that down-regulate
Treg activity have great potential as cancer immunotherapies, especially
when administered in combination with cancer vaccines. In fact, Ipili-
mumab, a monoclonal antibody recently approved by the FDA for
cancer immunotherapy, is an anti-CTLA-4 antibody that eliminates
Treg cells and has shown excellent efficacy in melanoma patients [83].

Recently, we showed that EPAC1 plays an essential role in modu-
lating the activity of Treg cells using in vitro and in vivo EPAC1 KO
models [71]. We examined Treg-mediated suppression utilizing genet-
ic and pharmacologic approaches and our data showed that the sup-
pressive capacity of Treg cells was reduced in the absence of EPAC1.
Furthermore, the lack of EPAC1 in effector T-cells (Teff ) rendered
them resistance to suppression by Treg, and inhibition/suppression
of EPAC1 in both cell populations had an additive effect on comprom-
ising Treg-mediated suppression. Our findings highlight a critical role
for EPAC1 in mediating cAMP-regulated Treg suppression, in agree-
ment with a recent report showing that significant inhibition of the
PKA pathway has no impact on Treg suppression [75].

Our findings have significant potential clinical implications as they
validate EPAC1 as a potential target for fine tuning Treg cell activity.
Strategies that rely on depletion of Treg cells, even transiently, usually
lead to serious systemic side effects and signs of severe autoimmune
disease [84]. Not surprisingly, Ipilimumab, the anti-CTLA-4 antibody
alluded to earlier, has potentially fetal autoimmune side effects and is
only used in advanced non-resectable cases of melanoma [83]. On the
other hand, neither genetic deletion nor long-term pharmacologic in-
hibition of EPAC1 had observable side effects in mice as we have
shown previously [85]. Hence, pharmacologic modulators of this pro-
tein might have excellent therapeutic potential in modulating cancer
immunity. It is important to note that our original study was not dir-
ectly related to cancer, but the data suggest that EPAC signaling could
influence inflammation and tumor microenvironment and should be
further investigated in the context of cancer.

EPAC1 in Cancer Metabolism

Reprogramming of metabolic pathways, chief among them increasing
glucose transport and metabolism, is a critical step in cancer progres-
sion. It has been more than half a century since the Warburg studies
showed that cancer cells rely heavily on glycolysis and the conversion
of pyruvate to lactate even in aerobic conditions [86,87]. TheWarburg
effect has since been observed in numerous neoplasms and it is now
considered as one of the hallmarks of cancer [88]. Initially, this meta-
bolic change was deemed a result of defective mitochondrial function
that prevented completion of oxidative phosphorylation. However,
over the past decade it has become apparent that changes in cancerme-
tabolism are a direct result of oncogenic signaling pathways, which
produce metabolites that play a role in the malignant transformation
of tumor cells [89]. Up-regulation of aerobic glycolysis is thought to
confer survivability to cancer cells in hypoxic conditions and provide
anabolic metabolites necessary for cancer proliferation and NADPH
to scavenge reactive oxygen species (ROS) [88,89]. A recent study re-
vealed an unexpected role of the EPAC1/RAP1 signaling pathway in
promoting oncogenesis via up-regulating aerobic glycolysis [68].

Onodera et al. [68] provided convincing evidence that increased
glucose metabolism is not a passive consequence of multiple oncogen-
ic signals involved in carcinogenesis, but it is actually a driver of the
process and represents an oncogenic event in itself. Furthermore, the

cellular transformation resulting from increased glucose uptake is
mediated through the EPAC1/RAP1 pathway. Onodera et al. [68]
used a 3D culture model, which had been validated in vivo, to show
that inhibiting glucose metabolism pharmacologically, or decreasing
glucose uptake by genetic knockdown, caused malignant breast epi-
thelial cells (T4-2) to revert to their non-malignant phenotype. On
the other hand, increasing glucose concentration in the culture me-
dium activated oncogenic pathways and enhanced the malignant
phenotype of T4-2 cells in a dose-dependent manner.

At the molecular level, glucose metabolism did not initiate
oncogenesis through the canonical pathways AMPK, mTOR, and
HIF-1α/2α, which are considered the main regulatory pathways of nu-
trient signaling [88]. Genetic or pharmacologic inhibition of these
pathways did not significantly affect the phenotype of T4-2 cells. In-
stead, it was found that in response to glucose metabolism, a soluble
form of adenylyl cyclase generates cAMP and activates EPAC1, which
in turn activates RAP1 and triggers a signaling cascade that controls
the malignant phenotype of T4-2 cells through integrin β1 [68]. Add-
ition of increasing concentrations of glucose, after expressing a dom-
inant-negative form of RAP1 in T4-2 cells, reestablished cell polarity
and resulted in the loss of the malignant phenotype. On the other
hand, addition of an EPAC-selective cAMP analog, 007, activated
RAP1 and increased integrin β1 expression and caused loss of tissue
polarity.

The results presented by Onodera et al. [68] signal a potential
paradigm shift in how glucose metabolism in cancer is viewed, and
show that aerobic glycolysis likely triggers an upstream oncogenic
signaling pathway, rather than acting as a downstream event of
other oncogenes during tumorigenesis. These findings still need to
be further validated in in vivomodels and expanded to different can-
cer cell types, but nonetheless, they point to yet another potential
way of exploiting the EPAC pathway as a therapeutic target that dir-
ectly influences the malignant transformation of cancer cells.

EPAC1 Inhibitors: the Next Big Thing in

Anti-cancer Therapy?

The cAMP signaling pathway plays a role in mediating nearly all bio-
logical functions. The pervasiveness of this signaling network lends it-
self to therapeutic exploitation and the design of drugs that can target
multiple cell functions in different systems within the body. In fact,
drugs targeting proteins involved in the regulation of cAMP span a
wide range of diseases, from simple headaches to schizophrenia and
congestive heart failure [90]. However, the ubiquitous nature of
cAMP signaling also means greater potential for detrimental systemic
drug side effects, which might diminish the therapeutic index for a
given treatment. Hence, targeting specific proteins downstream of
cAMP might provide more successful treatment strategies than do
those that alter cAMP levels in general. The studies summarized in
this review identify EPAC1 as such a target for treatment of cancers.

While further investigation is needed, especially in vivo, to better
understand EPAC1’s role in cancer migration and oncogenic trans-
formation, we have enough evidence suggesting that small molecule
inhibitors of EPAC1 might provide an efficient approach to combat
cancer at multiple levels (Fig. 1). On the one hand, inhibition of
EPAC1 in cancer cells has the potential to reducemetastasis and negate
some of the oncogenic effects of deregulated glucose uptake, and
on the other hand, its inhibition in the host’s immune cells can reduce
Treg-mediated suppression and augment anti-tumor immune re-
sponses. Such a multi-mechanistic approach can help negate the
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possible resistance commonly seen against therapies that work on one
target/pathway and obviate the need for using multiple drugs simul-
taneously, which can lead to multiple side effects and contribute to
the high costs of cancer treatment [91]. Nevertheless, EPAC1 inhibi-
tors have the potential to act synergistically with other anti-cancer
drugs, particularly those aiming at the integrin β1 signaling as ex-
plained previously.

In conclusion, EPAC1 presents a novel target for the development
of cancer therapies and recently-developed small molecule inhibitors
of this protein warrant investigation as potential new class of anti-
neoplastic agents [50,92–95].
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