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Recent studies reported that cAMP-binding protein Epac1-deficient mice were protected against various forms of
cardiac stress, suggesting that pharmacological inhibition of Epac1 could be beneficial for the treatment of cardiac
diseases. To test this assumption, we characterized an Epac1-selective inhibitory compound and investigated its po-
tential cardioprotective properties.

We used the Epac1-BRET (bioluminescence resonance energy transfer) for searching for non-cyclic nucleotide
Epac1 modulators. A thieno[2,3-b]pyridine derivative, designated as AM-001 was identified as a non-competitive in-
hibitor of Epac1. AM-001 has no antagonist effect on Epac2 or protein kinase A activity. This small molecule pre-
vents the activation of the Epac1 downstream effector Rap1 in cultured cells, in response to the Epac1 preferential
agonist, 8-CPT-AM. In addition, we found that AM-001 inhibited Epac1-dependent deleterious effects such as cardi-
omyocyte hypertrophy and death. Importantly, AM-001-mediated inhibition of Epac1 reduces infarct size after
mouse myocardial ischaemia/reperfusion injury. Finally, AM-001 attenuates cardiac hypertrophy, inflammation and
fibrosis, and improves cardiac function during chronic B-adrenergic receptor activation with isoprenaline (ISO) in
mice. At the molecular level, ISO increased Epac1-G protein-coupled receptor kinase 5 (GRKS) interaction and in-
duced GRK5 nuclear import and histone deacetylase type 5 (HDACS) nuclear export to promote the activity of
the prohypertrophic transcription factor, myocyte enhancer factor 2 (MEF2). Inversely, AM-001 prevented the non-
canonical action of GRK5 on HDACS cytoplasmic shuttle to down-regulate MEF2 transcriptional activity.

Our study represents a ‘proof-of-concept’ for the therapeutic effectiveness of inhibiting Epac? activity in cardiac dis-
ease using small-molecule pharmacotherapy.

Epac inhibitor e G protein-coupled receptor kinase e Cardiac disease e Fibrosis e Heart failure

1. Introduction

The biological actions of cyclic AMP (cAMP) are mediated by the protein
kinase A (PKA), the cAMP-gated ion channels, and the more recently dis-
covered exchange proteins directly activated by cAMP 1 and 2 (Epac1
and Epac2), which function as guanine-nucleotide exchange factors
(GEFs) for the small G proteins, Rap1 and Rap2." Epac proteins contain a

cAMP-binding domain and a catalytic region which interacts with Rap1
and facilitates the exchange of GTP for GDP. In heart, cAMP represents
the strongest mechanism for increasing cardiac function in response to
acute sympathetic stimulation of B-adrenergic receptor (B-AR).* In this
setting, norepinephrine released from intracardiac nerve terminals acti-
vates B-ARs, which increase intracellular cAMP level to enhance PKA ac-
tivity in cardiomyocytes. PKA regulates key excitation—contraction
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coupling proteins to increase cardiac contraction and relaxation.
Whereas acute stimulation of B-AR has beneficial effects on heart func-
tion, chronic activation of this pathway triggers pathological cardiac
remodelling, which may ultimately lead to heart failure (HF).3

Based on the initial finding that Epac1 was up-regulated in various ani-
mal models of HF and in human failing hearts, recent studies aimed at de-
termining the role of this cAMP-GEF in cardiac remodelling and HF.
Consistent with its pro-hypertrophic action in neonatal and adult cardio-
m)foc>lte's,4'5 genetic ablation of Epacl prevented cardiac hypertrophy
and fibrosis induced by sustained B-AR activation and improved cardiac
function.® Furthermore, Epacl deletion provides cardioprotection
against other forms of stress such as pressure overload-induced cardiac
dysfunction and ischaemia—reperfusion (I/R) injury suggesting that phar-
macological inhibition of Epac1 may slowdown the development of
HF.”® However, some discrepancies have been reported in the literature
as chronic B-AR activation-induced cardiac hypertrophy was attenuated
in Epac1-deleted mice in one study,® whereas in other studies genetic in-
hibition of Epac1 failed to attenuate myocardial growth in response to
sustained B-AR activation or pressure overload.”? Therefore, to circum-
vent these discrepancies possibly due to the genetic background of the
mice and to investigate Epac role in the development of cardiac dis-
eases in other relevant animal models, it is necessary to develop selective
pharmacological inhibitors of Epac1.

Among the rare selective Epac inhibitors, a tetrahydroquinoline ana-
logue named CE3F4 was identified as a selective pharmacological inhibi-
tor of Epact in vitro,"®"" but its low biodisponibility prevents its in vivo
application. Another non-cyclic nucleotide small molecule designed as
ESI-09 has been shown to have favourable pharmacological/toxicological
profile when administrated in vivo to mice but this compound does not
discriminate between Epac isoforms. '

In this article, we identified and characterized a novel selective phar-
macological inhibitor of Epac1 that we named AM-001. This small mole-
cule is a thieno[2,3-b]pyridine derivative (3-amino-N-(4-fluorophenyl)-
4-phenyl-6-(thiophen-2-yl)thieno[2,3-b]pyridine-2-carboxamide) which
selectivity inhibits Epac1 catalytic activity. AM-001 displays cardioprotec-
tive properties against myocardial I/R injury and the detrimental effects
of chronic B-AR activation.

2. Methods

2.1 Cell culture and transfection

All procedures were performed in accordance with the Guide for the
care and use of laboratory animals and the veterinary committee has
been informed of the cardiac myocyte isolation protocol used. Neonatal
rats of 1-2 days old were euthanized by decapitation. Mice were eutha-
nized by intraperitoneal injection of pentobarbital (300 mg/kg) and hepa-
rin (150 units). Primary culture of adult murine and rat neonatal
cardiomyocytes (NRVM) was performed as previously described.*®
Human Embryonic Kidney cells lines (HEK293) were maintained in mini-
mal essential medium with FBS (10%) and penicillin-streptomycin (1%).
All media, sera, and antibiotics used in cell culture were purchased from
Invitrogen. Transfection was performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

2.2 Animals

All animal procedures were performed in accordance with Institutional
Guidelines on Animal Experimentation and with a French Ministry of
Agriculture license. Moreover, this investigation conformed to the

Guide for the Care and Use of Laboratory Animals published by the
Directive 2010/63/EU of the European Parliament. Mice were housed in
a pathogen-free facility, and all animal experiments were approved by
the Animal Care and Use Committees of the University of Toulouse.

2.3 Myocardial I/R in vivo, assessment of
area at risk and infarct size

The procedure of myocardial I/R and the assessment of area at risk and
infarct size are already described in Ref® Mice (C57BL/6 or C57BL/6-
SV129 background for Epac1 knock-out and control littermates) were
anaesthetized with intraperitoneal ketamine (60mg/kg) and xylazine
(6 mg/kg), intubated and ventilated mechanically. Anaesthesia was main-
tained throughout the chirurgical procedure with 1.5% isoflurane. Mice
were treated with a bolus of AM-001 (10 mg/kg) or sterile saline solution
5 min before the reperfusion by intravenous injection 24 h after reperfu-
sion, the area at risk and the infarct area were respectively determined
by Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC) staining.
The dose of AM-001 was chosen on the basis of dose-ranging experi-
ments in animals submitted to myocardial I/R. This dose was the optimal
one that produced cardioprotection without immediate toxic effect and
without precipitation of the compound.

2.4 Chronic ISO infusion

Osmotic mini-pumps (Alzet) were implanted subcutaneously in mice
anaesthetized with isoflurane (1%). Pumps were filled with isoprenaline
(ISO) or sterile saline and were set to deliver ISO at 60 mg/kg per day
for 14 days. AM-001 treatment (10 mg/kg/d, i.p.) was diluted in 10%
DMSO/20% Kolliphor/70% sterile saline). Mice were subsequently eu-
thanized with barbiturate overdose (pentobarbital, 150 mg/kg, i.p.).

2.5 Echocardiograhy

Echocardiography was carried out on lightly anaesthetized (1 % isoflur-
ane in air) mice placed on a heating pad. The left ventricular dimensions
were obtained during TimeMovement mode acquisition from the para-
sternal short-axis view at the midventricular level using a Vevo2100
echograph and a 40MHz transducer (M550, Visualsonics FUJIFILM).
Images were analysed off line with Vevolab software (Visualsonics
FUJIFILM). The operator was blind to the treatment group of the mice.

2.6 Determination of fibrosis

Hearts were transversely sectioned at 10 um thickness, fixed with 4%
paraformaladehyde and stained with Sirius Red. Slides were scanned
with NanoZoomer (Hamamatsu v1.2) and fibrosis was measured as pos-
itively stained area with Sirius Red and expressed as percent of total
area, using ImageJ software (RSB).

2.7 Haematoxylin and eosin staining

Hearts were fixed in 4% paraformaldehyde and embedded in OCT com-
pound (Tissue Tek, EMS). Longitudinal sections were performed at
10 um in thickness and stained with haematoxylin and eosin for histologi-
cal examination.

2.8 Hepatotoxicity analysis

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
were measured in serum to determine the cytotoxicity, using specific
kits purchased from ScienCell Research Laboratories following the man-
ufacturer’s instructions.



2.9 Bioluminescence resonance energy
transfer (BRET) assay

BRET experiments were performed as previously described.®

2.10 Lactate dehydrogenase release and
MTT assay

Lactate dehydrogenase (LDH) release in the cell culture medium and
MTT assay were measured as previously described."

2.11 Thermal shift assay

Thermal shift assay (TSA) was performed essentially as described previ-
ously,16 using a ViiA7 Thermofisher system. In brief, assays were assessed
with a final protein concentration of 0.2g/L in 96 well real time PCR
plates. A 30 uM Sp-007 was added to Epac1. Sypro Orange was used at
10 x concentration assuming the stock solution supplied by the manu-
facturer being 5000x. AM-001 was added at 1-60 M concentrations.
Fluorescence traces were recorded with Ao, = 560-590 nm and ., =
610 - 650 nm over a temperature range from 11°C to 80°C.

2.12 Data analysis

Data are expressed as mean + SEM. Differences in quantitative variables
were examined by one-way or two-way analysis of variance followed by
post hoc test with Bonferroni correction using Graphpad Prism.
Statistical significance was set to P < 0.05. Best fit values of ECsg and ICsq
values and their 95% confidence intervals were computed by global non-
linear regression according to a three-parameters dose—response model
and compared on the basis of the extra sum-of square F test, using
Graphpad Prism.

3. Results

3.1 AM-001 inhibits CAMYEL, an Epac1-
based BRET sensor for cAMP

The CAMYEL BRET sensor is composed of Epacl inserted between
Renilla luciferase and citrine and has been successfully used to identify
Epac inhibitors."®"” Upon binding of cAMP, Epac1 undergoes conforma-
tional changes that result in a decrease of energy transfer due to lucifer-
ase moving away from citrine.'® Here, we screened a small in-house
collection of 15 unrelated chemical compounds using CAMYEL
(Supplementary material online, Figure S1A). Compounds #3 and #6
showed significant Epac1 inhibitory properties (Supplementary material
online, Figure STA). However, subsequent studies on compound 6 were
discontinued due to poor dose-response relationship (Supplementary
material online, Figure S1B). In contrast, compound #3, a thieno[2,3-
b]pyridine derivative, named AM-001 (Figure 1A), appeared as a novel in-
hibitor of the cAMP-induced CAMYEL conformational change. AM-001
(20 puM) inhibited the BRET variations induced by 100 pM cAMP (~=50%
decrease) in the same order of magnitude of (R)-CE4F4 (20 uM), an
Epac1 inhibitor'®"" that was used as a standard in our experiments
(Figure 1B). AM-001 decreased BRET maximal response in a concentra-
tion dependent-manner, but not the effective concentration of cAMP
that gave half-maximal response (ECso = 30.7 uM, 95% IC = 282 to
33.5puM) (Figure 1C). This is a major kinetic characteristic of a non-
competitive inhibitor, which does not prevent substrate or activator
from binding to the enzyme.18 Consistently, increasing concentrations of
cAMP did not modify the half-maximal inhibitory concentration (ICsg) of
AM-001 (53.7 pM, 95% IC =50.9 to 56.6 uM) (Figure 1D).

3.2 AM-001 inhibits Epac1 but not Epac2
catalytic activity in vitro

Next, we investigated the effects of AM-001 on Epac?1 and Epac2 cata-
lytic activities using the Epac GEF activity assay.10 The method is based
on the Epac-stimulated dissociation of fluorescent b-GDP from recombi-
nant Rap1 in the presence of an excess of non-fluorescent GDP. The ini-
tial velocity of the decay in fluorescence reflects exchange activity. First,
we analysed if AM-001 physico-chemical properties were compatible
with the Epac GEF assay. We found a linear correlation between AM-
001 absorbance and concentration indicating that AM-001 was soluble
up to 60 UM in the exchange reaction buffer (Supplementary material
online, Figure S2A). In addition, UV spectra of AM-001 at different con-
centrations showed that this compound did not absorb in the fluores-
cence excitation/emission window of bGDP (Supplementary material
online, Figure S2B). Importantly, the emission fluorescence intensity of
bGDP was not affected when AM-001 was used at concentrations up to
60 UM (Supplementary material online, Figure S2C). Altogether, these
data showed that AM-001 physico-chemical properties were compatible
with the Epac GEF assay.

Measurement of initial velocities of exchange at various concentra-
tions of Sp-8-CPT, a strong PDE-resistant Epac agonist'” gave ECs val-
ues of 7.5+ 1.1uM and 5.6 + 1.1 uM for Epac?1 and Epac2, respectively
(Supplementary material online, Figures S3A—C). In addition, cAMP ECsq
values were 13.1£ 1.1 uMand 2.8 £ 1.1 uM for Epac1 and Epac2, respec-
tively (Supplementary material online, Figures S3A-C). Consequently, the
apparent affinity of Epac1 was 1.7 times higher for Sp-8-CPT than for
¢AMP and the Vmax of Sp-8-CPT -activated Epac1 was 2.5-fold higher
than the Vmax of cAMP activated Epac? (Supplementary material online,
Figure S3D). In contrast, the apparent affinity of Epac2 was 2 times higher
for cAMP than for Sp-8-CPT and the Vmax of cAMP-activated Epac2
was 1.3-fold larger than the Vmax of Sp-8-CPT-activated Epac2
(Supplementary material online, Figure S3D). Therefore, a saturating con-
centration of Sp-8-CPT (30 uM) was chosen for the subsequent inhibi-
tory experiments. Both Epac isoforms induced a rapid decrease in
fluorescence in the presence of 30 uM Sp-8-CPT (Figure 2A and C). As
previously repor‘ced,10 the exchange activity of Epac? induced by the ag-
onist (30 uM Sp-8-CPT) was reduced by (R)-CE3F4 (20 uM) (Figure 2A
and B). AM-001 prevented Epac1 GEF activity (Figure 2A, B, and E),
whereas it had no inhibitory effect on Epac2 GEF activity (Figure 2C-E).
In the presence of a saturating concentration of Sp-8-CPT, the AM-001
IC50 value was 48.5 + 1.0 uM for Epac? but could not be quantified for
Epac2 (ICso > 1000 uM) indicating that AM-001 was ineffective in sup-
pressing Epac2 GEF activity (Figure 2D). Similar results (AM-001
IC50=47.8+1.1uM for Epacl vs. IC50>> 1000 uM for Epac2) were
obtained using concentrations of Sp-8-CPT corresponding to the EC50
for each Epac isoform (Supplementary material online, Figure S4). The
fact that the IC50 of inhibition of Epac1 by AM-001 was independent of
the agonist concentration confirmed the non-competitive behaviour of
AM-001 (Supplementary material online, Figure S5). Increasing Sp-8-CPT
concentration from 1 to 100 uM did not change the AM-001 ICsq for
Epac1 (Supplementary material online, Figure S5A). In addition, AM-001
decreased the maximal Epacl GEF activity in a concentration
dependent-manner, but not the EC50 of Sp-8-CPT (Supplementary ma-
terial online, Figure S5B). These results confirmed that AM-001 acted as
an Epac1 non-competitive inhibitor, as already suggested by the BRET
sensor experiments (Figure 1Cand D).

AM-001 did not influence type | and type Il PKA holoenzyme activa-
tion in the presence and absence of 10 uM cAMP, further strengthening
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Figure 1 AM-001 inhibits cAMP-induced Epac1-BRET sensor activation. (A) Structure of the Epac? antagonist AM-001. (B) BRET assay. AM-001, (R)-
CE3F4 (20 uM), or vehicle were added to the cell extract before addition of cAMP (100 uM), and BRET ratios (mean + SEM from three wells) were mea-
sured and plotted as percent variations in BRET ratios relative to no-inhibitor control value. (C and D) BRET ratios were measured in triplicate in the pres-
ence of increasing concentrations of AM-001 or cAMP. Data were plotted as a function of the cAMP (C) or AM-001 (D) concentration. The curves obtained
under each condition were analysed using Graphpad Prism, yielding the maximal BRET ratio responses. Values are mean = SEM (triplicate; some error bars

are masked by the symbols). ****P < 0.0001 vs. vehicle.

the specificity of this compound for Epac? (Figure 3). Finally, using a ther-
mal shift assay that allows monitoring of protein denaturation,?® we ob-
served that addition of AM-001 did not modify the melting temperature
Tm (defined as the midpoints of thermo-unfolding) of Epac1, in the pres-
ence of increasing concentrations of AM-001, whether the agonist Sp-8-
CPT was present or not (Supplementary material online, Figure $6),
thereby excluding any non-specific protein denaturing action of AM-001.

3.3 Specificity of AM-001 derivatives on
Epac1 activation

Several commercially available analogues or derivatives of AM-001
(Supplementary material online, Figure S7A) were then studied for their
inhibitory action on Epac? activation, using CAMYEL (Supplementary
material online, Figure S7B). Swapping the fluorine atom from the N-phe-
nyl group to the 4-phenyl group (AM-005), as well as the absence of any
fluorine atom on these phenyl groups (AM-004), had no significant effect
on the inhibitory potency of the compounds (Supplementary material
online, Figure S7B). The inhibitory activity of compounds lacking the 4-
phenyl group (AM-009) or the N-phenyl group (AM-006) was strongly
decreased but not abolished (Supplementary material online, Figure S7B).
However, substitution of the N-phenyl group by a N-isopropyl group
(AM-003) abolished the inhibitory effect (Supplementary material online,
Figure S7B). The low activity of AM-007, AM-008 and AM-010 points to

the importance of the presence of the 6-thienyl group for inhibitory ac-
tivity (Supplementary material online, Figure S7B). Finally no significant in-
hibitory activity was observed with AM-002 (Supplementary material
online, Figure S7B), a compound in which the 2-carboxamide bond can-
not freely rotate, and in which the primary amino group of AM-001 is in-
volved in an additional thieno[3,2-d]pyrimidine scaffold. This preliminary
structure-activity study showed that the phenyl groups and the 6-thienyl
group were essential for AM-001 to exert its inhibitory activity.
Therefore, our data indicated that there was chemical specificity within
this family of compounds in their ability to reduce the cAMP-induced
Epac1 conformational change.

3.4 AM-001 inhibits Epac1 signalling in
cultured cells

AM-001 displayed no apparent cytotoxicity in various types of cultured
cells (Supplementary material online, Figure S8). To confirm that AM-001
was an efficient Epac? specific antagonist in cultured cells, we further
tested its ability to block the activation of the Epac downstream effector,
Rap1 in HEK293 cells (Figure 4). This cell line is commonly used for the
evaluation of Epac pharmacological modulators on the cellular signalling
of ectopically expressed Epac1 and Epac2 isoforms.'®2"*2 The highly
membrane-permeant Epac agonist 8-CPT-AM induced a robust activa-
tion of Rap1 in cells overexpressing Epac? (Figure 4A). Consistent with
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the data obtained in vitro with Epac1 BRET sensor (Supplementary mate-
rial online, Figure S7) and Epac1 exchange reaction (Supplementary mate-
rial online, Figure $9), AM-001, but not the inactive analogues AM-002
and AM-003, prevented Epacl-induced Rap1 activation (Figure 4A-C).
Next, we investigated the effect of 8-CPT-AM on the two Epac? splice
variants, Epac2A and Epac2B (Figure 4D—E). Since 8-CPT-AM is a prefer-
ential activator of Epac1 over Epac2,'®® we increased its concentration
up to 20 uM to fully stimulate Epac2A (Supplementary material online,
Figure ST0A). In addition, we used a selective Epac2 agonist, S-220 to fully
activate Epac2B (Supplementary material online, Figure S10B). In contrast
to ESI-05, a previously characterized specific Epac2 inhibitor,”" AM-001
failed to inhibit Epac2A-induced Rap1 activation (Figure 4D). Moreover,
AM-001 was ineffective to impede the increase in the amount of Rap1-
GTP induced by S-220 in Epac2B-transfected cells (Figure 4E).
Altogether, these data showed that AM-001 is efficient and specific in
preventing Epac1-induced Rap1 activation in cultured cells.

3.5 AM-001 protects against I/R injury
We next examined whether AM-001 could affect the activity of Epac? in
physiologically relevant systems. Under hypoxia-reoxygenation
(HX+4R), WT cardiomyocytes exhibited an increase in membrane per-
meability assayed by LDH release (Figure 5A). AM-001 inhibited HX+-R-
induced WT cardiomyocyte death phenocopying Epac? deletion (Figure
5A). Of note, AM-001 did not influence cell survival in Epac1 deleted
(Epac1™'™) cardiomyocytes placed in NX or HX+R conditions confirm-
ing the specificity of the compound towards Epac? (Figure 5A). Finally,
AM-001 inhibited the effect of the Epac1 agonist, 8-CPT-AM on cardio-
myocyte death and hypertrophy (Figure 5B, Supplementary material on-
line, Figure S11), highlighting the ability of AM-001 to counteract Epac1
detrimental effect.

We then investigated the therapeutic efficacy of an acute administra-
tion of AM-001 in a mouse model of acute myocardial I/R injury. A single
bolus of AM-001 (8 mg/kg) or vehicle was injected intravenously 5min
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before the reperfusion (Figure 5C). The ratio of infarct size to area-at-risk
was significantly reduced in AM-001-treated animals (36 £ 3%) when
compared with that in vehicle treated mice (50 £ 3%) (Figure 5D). Similar
results were observed in Epac17/7 mice subjected to I/R indicating that
Epac1 pharmacological inhibition protected the heart against I/R injury in
a similar order of magnitude as did Epac1 genetic ablation (Figure 5E).
We did not observe any additional effect of AM-001 on the infarct size in
Epac1™ mice compared with vehicle-treated Epac!™'~ mice (Figure
5E). Interestingly, although (R)-CE3F4 had a lower IC50 than AM-001 in
the BRET sensor assay, and had been shown to efficiently and selectively
inhibit Epac1-dependent biological action in vitro in various cellular mod-
els,"%** this inhibitor (8 mg/kg body) failed to reduce infarct size, suggest-
ing that (R)-CE3F4 might have a poor biodisponibility in vivo compared
with AM-001 (Figure 5F). Altogether, these results demonstrate that
acute injection of AM-001 is efficient to prevent myocardial reperfusion

injury.

3.6 AM-001 reduces pathological cardiac

remodelling during chronic 3-AR activation
We next sought to determine whether AM-001 could reduce pathologi-
cal cardiac remodelling during chronic B-AR activation. To this end, WT
C57BL/6 mice were treated with either the non-selective B-AR agonist,
isoproterenol (ISO), or vehicle for 14 days in the presence of AM-001
(from day 3 to day 14) or its vehicle (Figure 6A). Liver and renal tissue

samples from AM-001 treated mice did not display any apparent histo-
logical alterations as revealed with the haematoxylin and eosin (H&E)
staining (Figure 6B). In addition, plasma levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) that are indicative of hepa-
totoxicity, were equivalent in each group (Figure 6B). Yet, cardiac func-
tion, the ratio of left ventricular weight (LVW) to tibia length (LVW/TL)
and heart rate were similar at baseline in vehicle and AM-001 treated
mice (Supplementary material online, Table S1, Figure 6C, Supplementary
material online, Figure $12). Therefore, chronic injection of AM-001 had
no toxic effects in animals and did not alter basal cardiac function under
the experimental conditions used.

Chronic infusion of ISO resulted in a significant increase in LVW/TL
ratios compared with control vehicle (Figure 6C). Conversely, injection
of AM-001 3 days after the beginning of the adrenergic stress decreased
this parameter (Figure 6C). In addition, fibrosis and infiltration of inflam-
matory cells were decreased in AM-001-treated mice (Figures 6D and E).
AM-001 failed to block TGF-B1 induced-expression of a-smooth muscle
actin (0-SMA, marker of myofibroblasts) in neonatal rat cardiac fibro-
blasts suggesting that Epac1 inhibition did not influence fibroblast-to-
myofibroblast conversion (Supplementary material online, Figure S13A).
However, the proliferative ability of cardiac fibroblasts was significantly
decreased with AM-001 (Supplementary material online, Figure S13B)
and this could account for the decreased fibrosis observed in mice
treated with AM-001. Of particular importance, after 14 days of ISO infu-
sion the effect of AM-001 was associated with an improved cardiac
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Figure 4 AM-001 prevents Epaci-induced Rap1 activation in cultured cells. Amounts of Rap1-GTP (n=5 in each group, mean + SEM) were determined
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function, as demonstrated by the higher fractional shortening (FS) in
AM-001 treated mice than in vehicle treated mice (Supplementary mate-
rial online, Table S1, Figure 6F). Consistently, this better contractility ob-
served in the presence of AM-001 during ISO treatment correlated with
a decrease in left ventricular end-systolic internal diameter (LVIDs) and
left ventricular end-diastolic internal diameter (LVIDd) (Supplementary
material online, Table S1, Figure 6F).

3.7 AM-001 prevents the non-canonical
action of G-protein receptor kinase 5

Since GRK2 and G-protein receptor kinase 5 (GRKS5) are important
GPCR regulation molecules and are also capable of regulating cardiac hy-
pertrophic responses, we investigated whether the prohypertrophic
cAMP-GEF, Epac1 could influence GRKs signalling following chronic acti-
vation of B-AR. ISO treatment increased GRK2 and GRK5 expression
(Figure 7A, Supplementary material online, Figure S74). Interestingly, the
up-regulation of GRKS, but not GRK2 was significantly reduced in AM-
001 treated animals suggesting that Epac1 specifically targets GRKS5

(Figure 7A, Supplementary material online, Figure $14). Mechanistically,
GRK2 and GRKS5 constitutively interacted with Epac? in non-stimulated
condition in primary cardiomyocytes (Figure 7B). ISO increased Epac1-
GRK5 complex formation while it decreased Epac1-GRK2 interaction
(Figure 7B). In addition, AM-001 prevented ISO-induced Epac1/GRK5
complex formation, but not Epac1/GRK2 interaction indicating a specific
role of Epac1 in GRKS signalling (Figure 7B).

Previous studies have shown that GRKS5 can act as a class || HDAC ki-
nase to phosphorylate histone deacetylase-5 (HDACS), thereby reliev-
ing the activity of the prohypertrophic transcription factor, myocyte
enhancer factor 2 (MEF2).%> We found that ISO regulated the nuclear
import and export of GRK5 and HDACS, respectively (Figures 7C and D)
Accordingly, knock down of GRK5 with specific siRNA (Si-GRKS) pre-
vented ISO-induced HDACS cytoplasmic accumulation (Supplementary
material online, Figure S15A and B), MEF2 transcriptional activity (Figures
7F) and ANF hypertrophic marker (Supplementary material online,
Figure $15C). Of particular importance, we demonstrated that GRKS5 was
a downstream effector of Epac1 since Si-GRK5 blocked the stimulating
effect of 8-CPT-AM (Epac? agonist) on MEF2 and ANF (Supplementary
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P < 0.01, ***P < 0.001, vs. indicated values.

material online, Figure S15D). Inhibiting Epac1 with AM-001 mimicked
the effect of Si-GRKS on MEF2 and ANF transcriptional activation (Figure
7F, Supplementary material online, Figure S15C). Altogether these data
indicate that Epacl activation induces GRKS5 nuclear import
and HDACS nuclear export to promote cardiomyocyte hypertrophy

(Figure 7G).

4. Discussion

The lack of Epac1 specific antagonists with in vivo applications has greatly
limited our ability to discern the biological functions of this family of pro-
teins and understand their role in numerous diseases. A thieno[2,3-
b]pyridine derivative, named AM-001, with potential Epac inhibitory
properties was identified in our in-house chemical collection. Several

other thieno[2,3-b]pyridine derivatives were previously reported for
their potential in anticancer therapy,® but AM-001 is a novel thieno[2,3-
b]pyridine analogue that specifically inhibits Epacl-induced Rap1
activation.

AM-001 decreased the BRET maximal response as well as the Vmax
of Epac1-catalysed Rap1-GDP exchange, without affecting the EC50 for
Epac1 agonists, so that an excess of agonist did not relieve the inhibition
promoted by AM-001. Therefore, AM-001 did not appear to exert its
antagonism by directly competing with cAMP or cAMP analogues for
binding to Epac1. These data suggest that AM-001 is a noncompetitive
antagonist relative to Epac1 agonists, with inhibition working both at low
as well as at high agonist concentrations. This noncompetitive mode of
inhibition may represent a pharmacological advantage over competitive
inhibitors, which are mostly active at low agonist concentrations.
Noncompetitive inhibition may be of particular therapeutical relevance
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in pathophysiological conditions with an increase in level of catechol-
amines resulting in overstimulation of the cAMP-adenylyl cyclase system
in cardiomyocytes as observed in chronic heart failure.

Interaction of Epac1 with Rap1 is not necessary for AM-001 to ex-
press its antagonistic effect. Indeed, the CAMYEL biosensor construct
detects Epacl intramolecular conformational changes triggered by
cAMP in the absence of Rap. The use of this method shows that AM-001
acts primarily by blocking the Epac1 conformational changes induced by
agonists, which is likely the cause of its inhibitory effects in our subse-
quent experiments.

AM-001 does not only exert its GEF inhibitory action in cell-free
assays in vitro, since it also blocked efficiently intracellular Epac1-
mediated Rap1 activation in cultured HEK293 cells ectopically

expressing Epac isoforms. In contrast to its effect on Epac1, AM-001 is
devoid of antagonist action on Epac2 in the cell-free GEF assay.
Similarly, AM-001 failed as well to inhibit Epac2A- and Epac2B-
induced Rap1 activation in cultured cells. Its absence of effect on PKA
further demonstrates its specificity towards Epac1 among the intracel-
lular cAMP effectors.

Among the thieno[2,3-b]pyridine derivatives studied, none had an im-
proved activity towards Epac1 compared with AM-001. The preliminary
structure-activity study showed that compounds having a N-fluoro-
phenyl group, a 4-phenyl group, and a 6-thienyl group seem to be the
most efficient molecules to block Epac? activation. The influence of the
3-amino group remains to be fully investigated. As it is, this study demon-
strates chemical ligand specificity among AM-001 analogues. MTT
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Figure 7 AM-001 prevents the non-canonical action of GRK5 on cardiomyocyte hypertrophy. (A) Representative immunoblots of Epac1, GRK2, and
GRK5 in mouse myocardial samples. (B—E) NRVMs were preincubated or not with AM-001 (20 tM, 30 min) and were then treated or not with ISO (10 uM,
10 min). (B) Representative immunoblots of 3 independent immunoprecipitation (IP) experiments against Epac. IgG and GAPDH were used as control for
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transcriptional activity. AM-001 prevents GRKS nuclear translocation and its prohypertrophic effect. Statistical significance was determined by two-way
ANOVA followed by Bonferroni post-test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. indicated values. ns, not significant.

analysis in vitro and H&E staining analysis, as well as AST and ALT levels
in vivo indicated that AM-001, at the doses used in our study, was not
toxic to cells and animals.

Early coronary reperfusion has been established as the best therapeu-
tic strategy to limit infarct size and improve prognosis. However, the
process of reperfusion can itself induce cardiomyocyte death, known as
myocardial I/R injury, for which there is still no effective therapy.?” Our
finding on the cardioprotective effect of AM-001 (administered just be-
fore the reperfusion) in a preclinical model of myocardial I/R injury, high-
lights the therapeutic potential of acute Epacl inhibition in cardiac
ischaemia. Importantly, AM-001 recapitulates the beneficial effect of

Epac1 genetic ablation in I/R, since similar decrease in infarct size was ob-
served in AM-001 treated mice and Epac!~'~ mice. Furthermore, AM-
001 had no additional effect on the infarct size in Epac1™'"~
pared with vehicle treated Epac1™'~ mice. These data further empha-
sizes the specific effect of AM-001 on Epac1. The mechanisms by which

mice com-

Epac1 inhibition affords cardioprotection involves a decrease in ROS
production, apoptosis and mitochondrial Ca*" overload.® However,
since Epac1 has been recently shown to influence platelet aggregation,”®
one cannot exclude that a potential decrease of platelet aggregation with
AM-001 could reduce no reflow phenomenon which would end up with

decreased myocardial infarct size.



Our data also showed that AM-001 was beneficial in chronic treat-
ment in a mouse model of cardiac remodelling induced by sustained acti-
vation of B-ARs. Indeed, when injected 2 days after the onset of the
stress, AM-001 attenuated the increase in cardiac mass and fibrosis in-
duced by sustained B-AR activation. This is consistent with previous ge-
netic studies showing that Epac? null mice were protected against 3-AR-
induced cardiac remodelling.é"7 A very interesting finding from our study
was that AM-001-treated mice displayed an improved cardiac contractile
function in response to chronic activation by B-AR. Importantly, cardiac
functional improvement observed with AM-001 was similar to our previ-
ous data obtained with Epac1 ~/~ mice.® In addition, our data are consis-
tent with the preserved inotropic reserve (tested by dobutamine
induced increase in contractility) observed in Epac? deleted mice sub-
jected to thoracic aortic constriction.” Because several studies have
demonstrated that acute activation of endogenous Epac modulates Ca*t
handling such as an increase in sarcoplasmic reticulum Ca®" leak in qui-
escent myocytes,””**
001 represents a new means of normalizing Ca®" cycling in the setting of

one could speculate that Epac? inhibition via AM-

chronic B-AR-induced cardiac remodelling.

Recent data indicate that GRKS is a key regulator of pathological car-
diac hypertrophy with this role being independent of any GRK activity on
receptors.”>?? Specifically, GRK5 triggers the nuclear export of HDACS
and the de-repression of the prohypertrophic transcription factor MEF2
to promote pathological cardiac remodelling.zs'29 Our results showing
that AM-001 prevents the nuclear translocation of GRKS5 to induce the
nuclear accumulation of HDACS indicates that Epac’ exerts epigenetic
regulation to facilitate the development of cardiac hypertrophy (Figures
7G). Of particular interest, B1-AR has been shown to induce the recruit-
ment of B-arrestin—Epac1 complex at the plasma membrane, whereby it
activates a pro-hypertrophic signalling involving CaMKIl and HDAC4 nu-
clear export® It is proposed that GRK (probably GRK2)-mediated B1-
AR phosphorylation results in B-arrestin recruitment, which induces sta-
ble interaction with CaMKIl and Epac1 at the plasma membrane.' Thus,
GRKs seem to play different roles in Epac1 prohypertrophic signalling.

In summary, our study has identified a novel thieno[2,3-b]pyridine ana-
logue as a specific pharmacological inhibitor of Epac1 that functions both
in vitro and in vivo. Our data indicate that this compound may not only be
a valuable pharmacological tool to explore physiological and pathological
processes related to signalling pathways that are regulated by Epac1, but
also has a great potential to be developed as a novel molecular therapeu-
tic for relevant human diseases. Finally, our data strongly support the
concept that Epac? can serve as a target for the development of new
therapies for the treatment of cardiac diseases.
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