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Epac2-Rap1 Signaling Regulates Reactive Oxygen Species
Production and Susceptibility to Cardiac Arrhythmias

Zhaokang Yang,"* Hannah M. Kirton"* Moza Al-Owais?”* Jérome Thireau® Sylvain Richard?
Chris Peers? and Derek S. Steele’

Abstract

Aims: In the heart, ff;-adrenergic signaling involves cyclic adenosine monophosphate (cAMP) acting via both
protein kinase-A (PKA) and exchange protein directly activated by cAMP (Epac): a guanine nucleotide ex-
change factor for the small GTPase Rapl. Inhibition of Epac-Rap1 signaling has been proposed as a therapeutic
strategy for both cancer and cardiovascular disease. However, previous work suggests that impaired Rapl
signaling may have detrimental effects on cardiac function. The aim of the present study was to investigate the
influence of Epac2-Rapl signaling on the heart using both in vivo and in vitro approaches.

Results: Inhibition of Epac2 signaling induced early afterdepolarization arrhythmias in ventricular myocytes.
The underlying mechanism involved an increase in mitochondrial reactive oxygen species (ROS) and activation
of the late sodium current (INaj,). Arrhythmias were blocked by inhibition of INaj,. or the mitochondria-
targeted antioxidant, mitoTEMPO. In vivo, inhibition of Epac2 caused ventricular tachycardia, torsades de
pointes, and sudden death. The in vitro and in vivo effects of Epac2 inhibition were mimicked by inhibition of
geranylgeranyltransferase-1, which blocks interaction of Rapl with downstream targets.

Innovation: Our findings show for the first time that Rapl acts as a negative regulator of mitochondrial ROS
production in the heart and that impaired Epac2-Rapl signaling causes arrhythmias due to ROS-dependent
activation of INay,.. This has implications for the use of chemotherapeutics that target Epac2-Rap1 signaling.
However, selective inhibition of INa,. provides a promising strategy to prevent arrhythmias caused by im-
paired Epac2-Rapl signaling.

Conclusion: Epac2-Rapl signaling attenuates mitochondrial ROS production and reduces myocardial ar-
rhythmia susceptibility.

Keywords: Epac, Rapl, cardiac, arrhythmias, ROS, Ca**

Introduction

S YMPATHETIC CONTROL OF the myocardium makes a major
contribution to the increase in cardiac output that occurs
during exercise or stress. The inotropic and lusitropic effects
of f;-adrenergic (f/;-AD) stimulation involve cyclic adeno-

sine monophosphate (cAMP) acting via protein kinase-A
(PKA) to increase phosphorylation of multiple intracellu-
lar targets, including the L-type calcium channel, phospho-
lamban, troponin-I, myosin-binding protein-C, and the type-2
ryanodine receptor (RyR2) (5). In addition, cAMP acts via
exchange protein directly activated by cAMP (Epac): a
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Innovation

Our findings show for the first time that activated Rapl
acts as a negative regulator of mitochondrial reactive
oxygen species (ROS) production in the heart and that
impaired Epac2-Rap1 signaling causes arrhythmias due to
ROS-dependent activation of INay,.. This has important
implications for the use of chemotherapeutic agents that
target Epac2-Rapl signaling or pathological conditions
where Rap1 signaling is impaired. However, we also show
that inhibition of INay,, provides a promising strategy to
prevent arrhythmias caused by impaired Epac2-Rapl
signaling. Coadministration of an INaj,. inhibitor may
allow therapeutic agents that target Epac2-Rap1 signaling
to be tolerated without disturbances to cardiac rhythm.

guanine nucleotide exchange factor for the small GTPase
Rap1, which increases the level of active Rap1GTP (25).

Prenylation (geranylgeranylation or farnesylation) of acti-
vated small GTPases is then necessary to permit interactions
with target membranes (7). In the case of Rapl, prenylation
involves geranylgeranylation via geranylgeranyltransferase-1
(GGT-1).

In ventricular myocytes, the Epacl isoform is present in the
perinuclear region (33) and its activation induces nuclear Ca**
signaling via a pathway involving phospholipase-C epsilon
(PLCY), Ca2+/calm0dulin—dependent kinase II (CaMKII), and
activation of inositol trisphosphate receptors, leading to a
hypertrophic response mediated by HDAC5 and MEF2 (23—
25, 34). Epac2 exhibits a subsarcolemmal/t-tubule distribu-
tion and its activation contributes to a proarrhythmic increase
in diastolic Ca** spark frequency that occurs during §;-AD
stimulation (33). The underlying signaling pathway involves
PLC¢, inositol trisphosphate receptor activation, and
CaMKII-dependent phosphorylation of RyR2 (34).

Epac2-mediated arrhythmias are benign in the normal
heart, but may become of significance in heart failure where
sustained f3;-AD activation occurs (33). Under physiological
conditions, the overall effect of simultaneous PKA and
Epac2 activation may be Rapl-dependent facilitation of
Ca®*-induced Ca>" release (27).

Inhibitors of Epac and GGT-1 are currently being inves-
tigated as therapeutics for both cancer and cardiovascular
disease (32). Inhibition of either Epac or GGT-1 would be
expected to reduce signaling via Rapl. However, limited
evidence from previous studies suggests that impaired Rap1
signaling may adversely affect cardiac function, for example,
GGT-1 inhibitors caused sudden death in mice; an effect that
correlated with reduced Rapl geranylgeranylation (21). In a
clinical study, prolongation of the QT interval, arrhythmias,
and syncope were reported in patients following adminis-
tration of a combined GGT-1 and farnesyl transferase in-
hibitor (47). These findings are consistent with the phenotype
of RaplA knockout mice, which exhibit increased arrhyth-
mia susceptibility (6).

Studies on other cell types have implicated Epac-Rapl
signaling in the control of reactive oxygen species (ROS)
production, for example, Epac-Rapl signaling suppressed
ROS production in T lymphocytes and retinal pigment epi-
thelium (37, 38, 54). In kidney epithelial cells, Epac-Rapl

signaling inhibited superoxide production by mitochondria
(46). As ROS are known to be involved in both physiological
(30) and pathological (39) responses to f/;-AD stimulation
and in susceptibility to arrhythmias (16), a regulatory influ-
ence of Epac-Rapl signaling on ROS is likely to also be
important in the myocardium, yet this is a largely unanswered
question.

The aim of the present study was to investigate the role
of Epac2-Rap1 signaling in the heart. Basal Rap1A activation
was reduced by selective inhibition of Epac2 (35, 50) in adult
rat ventricular myocytes (ARVMs). This was accompanied by
early afterdepolarization arrhythmias (EADs), which occurred
due to an increase in mitochondrial ROS production, activa-
tion of the late Na current (INay,.), and action potential (AP)
prolongation. Both in vitro and in vivo, the proarrthythmic ef-
fects of Epac2 inhibition were recapitulated by inhibition of
GGT-1 and therefore Rapl signaling (12, 48). The EADs in-
duced by Epac2 or GGT-1 inhibition were prevented by ra-
nolazine, an inhibitor of INa,..

These findings show that Epac2-Rapl is a negative
regulator of mitochondrial ROS production in the heart,
explain arrhythmias in patients receiving chemotherapeutics,
which inhibit GGT-1, and offer a potential treatment with
ranolazine.

Results

Inhibition of Epac2 induces EAD-like Ca®*
oscillations in ARVMs

ARVMs were loaded with fluo-4 and field stimulated at
0.1Hz during confocal Ca®* imaging in line-scan mode
(Fig. 1A, upper). As shown in the associated line profiles,
introduction of the selective Epac2 inhibitor, ESI-05 (35, 50),
to the bathing solution was initially followed by slight pro-
longation of the early descending phase of the [Ca®*]; transient
(Fig. 1A, middle and lower). After 1-2 min, this prolongation
developed into a distinct plateau phase comprising [Ca’'];
oscillations; a characteristic of EAD arrhythmias. Resting
[Ca®*]; increased in the presence of ESI-05 and spontaneous
SR Ca®" waves were often apparent between triggered
events. Following introduction of ESI-05, EAD-like changes
in the Ca®" transient occurred in 66% of cells (n=15;
Fig. 1B), but were absent from the control group (n=30).

In the presence of 20nM isoproterenol (ISO), the per-
centage of cells affected by ESI-05 increased to 77.4%
(n=31). After preincubation with the CaMKII inhibitor,
KN93, the percentage of cells affected by ESI-05 was
markedly reduced to 21% (p <0.05, n=19), while the inac-
tive control compound (KN92) had no significant effect
(n=30, p>0.05; Fig. 1B). Although not studied in detail,
another Epac?2 inhibitor (HIC0350) had effects on the elec-
trically stimulated [Ca2+]i transient that were comparable
with those of ESI-05 (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/ars).

As shown in Figure 1C, the changes in resting and trig-
gered Ca®" release were accompanied by an increase in Ca”™
spark frequency of 64.3%+14.8% (n=26, p<0.01). For
detailed information on Ca®* spark properties, see Supple-
mentary Figure S2. The increase in Ca”* spark frequency
induced by ESI-05 was blocked by the CaMKII inhibitor,
KN93, but not the inactive control compound, KN92 (Sup-
plementary Fig. S3A).
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FIG. 1. Inhibition of Epac2 induces EAD-like [Ca2™*] oscillations. (A) Typical confocal line-scan recording from a
field-stimulated ARVM loaded with fluo-4 (upper), the associated line profile (middle), and selected Ca”" transients on an
expended timescale, both individually and normalized/superimposed (lower). Introduction of ESI-05 (25 uM) was followed
by 2prolongation of the descending phase of the Ca®" transient, which subsequently developed a distinct plateau phase with
Ca”" oscillations. s.p.: spontaneous SR Ca** release; black arrow: early prolongation of descending phase; red arrows: plateau/
Ca®" oscillations. “** indicates corresponding Ca®* transient. (B) Cumulative data showing the percentage of cells exhibiting
EAD-like Ca>" oscillations following addition of ESI-05 (25 uM), ESI-05 + isoproterenol (ISO, 20nM), ESI-05 + KN93
(10 uM), and ESI-05 + KN92 (10 uM). No cells exhibited EADs in the absence of ESI-05 (n=30). (zC) Original (left) and
cumulative data (right) showing the effects of ESI-05 (25 uM) on the frequency of spontaneous Ca*" sparks in ARVMs.
**p<0.01, n.s., not significant. ARVM, adult rat ventricular myocyte; EAD, early afterdepolarization arrhythmias; ISO,
isoproterenol. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

ESI-05 decreases Rap1GTP and its effects on [Ca®"];
are mimicked by Rap1 inhibition

The effects of ESI-05 might reflect inhibition of Epac2
signaling and a consequent decrease in the active form of
Rapl (Rap1GTP). To investigate this possibility, a pull-down
assay was used to measure RaplGTP in ARVMs.

As shown in Figure 2A, active Rap1 GTP was consistently
detected in ARVMs under control conditions. This basal le-
vel of RapIGTP was reduced ~ 50% following inhibition of
Epac2 with ESI-05 (p<0.01, n=4). Conversely, RaplGTP
was significantly increased by the Epac activator, 8-CPT
(p<0.05, n=5), or by interventions that increase [cAMP];,
including f;-adrenoceptor (f;-ADR) activation with ISO
alone (p<0.01, n=5), or in combination with the phospho-
diesterase inhibitor, rolipram (p <0.005, n="7). These findings
suggest that in common with PKA (31), Epac2 activation is

significant under basal conditions in ARVMs. Basal Rap1 acti-
vation has also been reported in neonatal cardiac myocytes (45).

If the effects of ESI-05 are due to a decrease in Rap1 GTP, then
inhibition of Rapl1 signaling should also be proarrhythmic. As
illustrated in Figure 2B, previous work has shown that binding of
active Rapl with downstream targets requires its geranylger-
anylation via GGT-1 and that selective inhibition of GGT-1
blocks Rapl-mediated effects (12, 48).

In the present study, introduction of the GGT-1 inhibitor,
GGTI-298, recapitulated the effects of ESI-05, that is, GGTI-298
induced prolongation of the early descending phase of the [Ca*'];
transient, which then developed into a distinct plateau, with [Ca*'];
oscillations (Fig. 2C). As in Figure 1, the increase in Ca*" spark
frequency was arelatively early event, while the sustained increase
in resting [Ca®"] (signifying Ca®" overload) typically occurred
after the emergence of the sustained Ca** transients. Similar
results were obtained in 8 of 10 cells exposed to GGTI-298.
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FIG. 2. Epac2 inhibition decreases basal Rapl1GTP and the effects of ESI-05 are mimicked by Rap1GTP inhibition. (A)
Original (leff) and cumulative data (right) showing that Rap1GTP was detectable under basal conditions (see the Materials and
Methods section) in ARVMS and could be reduced by Epac2 inhibition with ESI-05 or increased by the Epac activator 8-CPT
(25 uM), ISO (1 uM), or a lower level of ISO (10 nM) in combination with the phosphodiesterase inhibitor, rolipram (20 uM). ISO
was added together with the f, antagonist CI 118,551 (1 uM). n=4-12, *p<0.05, **p<0.01, ***p<0.005. (B) Schematic
showing that Epac activation leads to increased levels of active RaplGTP and that geranylgeranylation of RaplGTP by GGT-1
facilitates membrane association and interactions with effector proteins. Inhibition of GGT-1 with GGTI-298 blocks the
downstream effects of RaplGTP. (C) Typical confocal line-scan recordings from a field-stimulated ARVM loaded with fluo-4
(upper), the associated line profile (middle), and selected Ca>* transients presented on an expended timescale, both individually
and_normalized/superimposed (lower). Inhibition of GGT-1 with GGTI-298 (0.1 uM) mimicked the effects of ESI-05 on

[Ca®"); transients. s.p.: spontaneous SR Ca®" release; black arrow: early prolongation of descending phase; red arrows:

plateau/Ca®" oscillations. “** indicates corresponding Ca**

transient. Similar effects occurred in 8 of 10 cells from three hearts.

To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

Although not studied in detail, another GGT-1 inhibitor
(GGTI-2147) had effects on the electrically stimulated
[Ca2+]i transient that were comparable with those of GGTI-
298 (Supplementary Fig. S1). As with ESI-05, spontaneous
SR Ca”" waves often occurred between triggered Ca®" re-
lease events and resting [Ca®");, and Ca®" spark frequency
increased during exposure to GGTI-298 (Supplementary
Fig. S2). The increase in Ca®* spark frequency induced by
GGTI-298 was also blocked by the CaMKII inhibitor, KN93,
but not the inactive control compound, KN92 (Supplemen-
tary Fig. S3B).

Inhibition of Epac2 or GGT-1 increases
mitochondrial ROS production

Experiments were carried out to investigate the mechanism
underlying the changes in Ca** regulation induced by ESI-05 or

GGTI-298. In other cell types, Rap1 signaling can modify ROS
production via either NADPH oxidase (NOX) or mitochondria
(37, 38, 46, 54). In the present study, preincubation with the
NOX inhibitor, diphenyleneiodonium (DPI), failed to prevent
the EAD-like Ca®" oscillations induced by ESI-05 or GGTI-
298 (Fig. 3A, C). However, the reducing agent, dithiothreitol
(DTT), the SOD mimetic, MnTMPyP, or the mitochondria-
targeted ROS scavenger, mitoTEMPO, typically blocked the
Ca”" transient changes induced by both drugs.

Cumulative data summarizing the efficacy of various inter-
ventions to prevent the effects of ESI-05 or GGTI-298 are shown
in Figure 3B and D. For both ESI-05 and GGTI-298, DPI had no
significant effect, while DTT, MnTMPyP, and mitoTEMPO
markedly reduced the percentage of cells that responded to the
drugs. MitoTEMPO was consistently more effective than
MnTMPyP, which might be explained if the primary action of
ESI-05 and GGTI-298 is to increase mitochondrial superoxide
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FIG. 3. Increased mitochondrial ROS production underlies effects of ESI-05 and GGTI-298. (A) Representative line-
scan images (leff) and associated line profiles (right) obtained from field-stimulated ARVMs before (upper) and after
(lower) introduction of ESI-05 (25 uM) following preincubation with the NOX inhibitor, DPI (20 uM), the reducing agent,
dithiothreitol DTT (2 mM), the SOD mimetic, MnTMPyP (100 uM), or the mitochondria targeted antioxidant, mitoTEMPO
30 gM) (B) Cumulative data showing the effects of all inhibitors tested on the percentage of cells exhibiting EAD-like
[Ca™*] oscillations, additionally including the mitochondrial inhibitor, rotenone (100nM), and the nitric oxide synthase
inhibitor, L-NAME (500 uM). n=15-30. (C, D) Show the same protocol and presentation of data for ARVMs exposed to
GGT-298 (0.1 uM). n=10-27. (E) Original xy confocal images showing mitoSOX fluorescence recorded at time zero and
then after 12 min, under control conditions (n=15) (upper) or in the presence of ESI-05 (25 uM, middle, n=17) or GGTI-
298 (0.1 uM, lower, n=13). Yellow broken lines indicate cell outline. (F) Cumulative data showing the time-dependent
change in mitoTEMPO fluorescence under control conditions or in the presence of ESI-05 or GGTI-298. *p<0.05,
*p<0.01, #¥** p<0.005, n.s., not significant, n=13-17. DPI, diphenyleneiodonium; DTT, dithiothreitol; NOX, NADPH
oxidase. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars



production. Consistent with this, the mitochondrial complex 1
inhibitor, rotenone, also markedly inhibited the effects of ESI-
05 and GGTI-298 (Fig. 3B, D). However, preincubation of
cells with the nitric oxide synthase inhibitor, L-NAME, failed
to prevent the effects of ESI-05 or GGTI-298 on [Ca2+]i,
suggesting that increased NO or generation of peroxynitrite is
unlikely to be involved.

Further experiments were carried out to detect changes in
mitochondrial superoxide production using mitoSOX.
Figure 3E (leff) shows original data obtained under control
conditions and in the presence of ESI-05 or GGTI-298. With
both drugs, mitoSOX fluorescence increased over a period of
12-min exposure, while there was no apparent change in the
control response over the same time period. The cumulative
data (Fig. 3F) show that with ESI-05 (n=17) or GGTI-298
(n=13), mitoSOX fluorescence was significantly greater than
control at both 6- and 12-min time points (p<0.05, n=13-
17). Under control conditions, in the absence of the drugs,
mitoSOX fluorescence did not increase significantly over the
same time period (p>0.05, n=15). Increases in cellular ROS
with both ESI-05 and GGTI-298 were also detected using
CM-H,DCFDA fluorescence (Supplementary Fig. S4).

Adenoviral expression of roGFP (24-h culture) was used to
detect possible changes in the glutathione redox potential within
myocytes. As shown in Supplementary Figure SSA, mito-roGFP
produced a blocky fluorescence pattern, which is consistent
with mitochondrial localization (15). Exposures less than
15 min had no significant effect on mito-roGFP fluorescence
(not shown). However, as shown in Supplementary Figure 5B
and C, 30-min exposure to GGTI-298 resulted in a small but
significant decrease in the mito-roGFP2 signal (488-nm ex-
citation), which is consistent with a rise in ROS production.

One technical consideration was that during prolonged (20—
30 min) drug exposures, cells often became spontaneously ac-
tive, presumably due to Ca®" overload (e.g., Fig. 1A), which
could change the confocal plane, leading to a relatively large
variability in the measured response. Consequently, we un-
dertook further experiments to measure the GSH/GSSG ratio in
aliquots of cells using a luminescence-based system (GSH/
GSSG-Glo) to quantify cellular GSH/GSSG ratios in ventric-
ular cardiac cells. As shown in Supplementary Figure S5C,
both drugs caused a significant reduction in the GSH/GSSG
ratio measured using this method.

Adenoviral expression of the mitochondrial Ca** sensor
mitycam (15) again exhibited an expression pattern consis-
tent with mitochondrial localization. Exposure to either ESI-
05 or GGTI for 20 min resulted in a slight decrease in the
mean fluorescence level (consistent with an increase in
[Ca®*], although this was not statistically significant, Sup-
plementary Figure S6A).

In experiments on HEK-293 cells, it was found that partial
(~50%) siRNA knockdown of Rapl increased basal ROS
production. Thereafter, against this background of reduced
Rapl signaling, subsequent inhibition of Epac2 caused a
proportionately greater increase in CM-H,DCFDA fluores-
cence (Supplementary Fig. S7).

Electrophysiological consequences
of Epac-Rap1 signaling inhibition

Experiments were carried out to investigate the effects of
ESI-05 and GGTI-298 on AP duration and INa. In whole-cell

patch-clamp experiments, oscillatory EADs were induced by
ESI-05 during repetitive pacing when the drug was present
both in the patch pipette and in the bathing solution (Fig. 4A).
Similar results were obtained with GGTI-298 in the bathing
solution and the membrane-impermeant product of the pro-
drug (GGTI-297) in the patch pipette (not shown). EADs were
typically absent when the drugs were omitted from the patch
pipette, which likely reflects cell dialysis, such that the cyto-
solic concentration is lower than that of the external solution.
In experiments to identify effects on AP duration, ESI-05
and GGTI-298 were only added to bathing solution, which
allowed effects to be determined before and then after addition
of the drugs in each cell. As shown in Figure 4B and C, both
ESI-05 and GGTI-298 consistently increased AP duration. One
possible explanation for prolongation of the AP is increased
activation of INay,., which has been reported to occur with
other interventions that increase mitochondrial ROS (62).
Consistent with this possibility, preincubation of cells with the
INay, inhibitor, ranolazine (20 uM), prevented lengthening of
the AP with either ESI-05 or GGTI-298 (Fig. 4D, E). Fur-
thermore, as in experiments involving [Ca*']; measurement
alone (Fig. 3), preincubation with mitoTEMPO also prevented
the effects of both drugs on AP duration (Fig. 4D, E).
Voltage-clamp experiments were conducted to investigate
modulation of INa by ESI-05 and GGTI-298 (Fig. 5). Both
agents had a modest inhibitory effect on the peak INa (e.g.,
Fig. 5A left). It should be noted that with series resistance
compensation of 60-80%, peak Na current amplitude values
are likely to incur a modest systematic error, but this does not
affect our overall conclusion. Much more striking was the
increase in INay,. (Fig. 5A middle and right). Consistent with
the idea that increased INay, accounts for the proarrhythmic
actions of these drugs, augmentation of INaj,, (but not the
inhibition of peak INa) was inhibited by ranolazine and mi-
toTEMPO (Fig. SA middle and right); mean data for these
effects are shown in Figure 5B (ESI-05) and 5C (GGTI-298).
Further experiments were done to investigate the possibility
that ESI-05 or GGTI-298 may influence EAD susceptibility by
affecting the L-type Ca®" current (ICa). However, as shown in
the original data (Fig. 6A) and summarized in Figure 6B,
neither ESI-05 nor GGTI-298 had a significant effect on the
time course or amplitude of ICa in ventricular myocytes.

In vivo effects of ESI-05 and GGTI-298

To investigate the effects of ESI-05 and GGTI-298 in vivo,
drugs were introduced following administration of ISO
(1 mg/kg ip) to induce submaximal 5;-AD stimulation, which
would be expected to increase the proarrhythmic effect of
both drugs (Fig. 1B). ISO induced a significant increase in
heart rate in all groups (p<0.001 vs. baseline) (Fig. 7A).
However, the heart rate was not different between the 3
groups under baseline conditions, after ISO, or after either
ESI-05 or GGTI-298. During vehicle NaCl, ESI-05, and
GGTI-298 (all with DMSO, 1/1000: v/v), heart rate increased
further and to a similar extent (p <0.01, Fig. 7A). No differ-
ence was observed between the ESI-05 and GGTI-298 groups
for heart rate.

Interestingly, ESI-05 or GGTI-298 induced a large in-
crease in the occurrence of ventricular extrasystoles when
compared with vehicle (p<0.01, Fig. 7B). These arrhyth-
mias occurred preferentially in the repolarization phase of the
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FIG. 4. Effects of ESI-05 or GGTI-298 on AP duration. (A) Whole-cell patch-clamp recording of APs obtained from an
ARVM stimulated repetitively (arrows) at 1 Hz. During exposure to ESI-05, the descending phase of the AP developed a
sustained plateau with oscillations in E,,, characteristic of EADs. Breaks (-//-) indicate 2 and 4 min after initiation of
recording. (B) Original (leff) and cumulative data (right) showing AP prolongation in the presence of ESI-05 (n=9). (C)
Original (leff) and cumulative data (right) showing AP prolongation in the presence of GGTI-298 (n=13). (D) Original
(left) and cumulative data (right) showing that preincubation of cells with either mitoTEMPO (30 uM, n=06) or ranolazine
(20 uM, n=5) prevented the increase in AP duration with ESI-05. (E) Original (left) and cumulative data (right) showing
that preincubation of cells with either mitoTEMPO (30 uM, n=35) or ranolazine (20 uM, n=5) prevented the increase in AP
duration with GGTI-298. n.s., no significant difference. ***p <0.001. AP, action potential. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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electrocardiogram (ECG) (into end-T wave). A typical ex-
ample of such arrhythmias after ESI-05 injection is shown in
Figure 7C.

No difference was noted between ESI-05 and GGTI-298
groups for the occurrence of ventricular extrasystoles. In
addition, both ESI-05 and GGTI-298 triggered sustained
ventricular tachycardia in four of seven animals and in three
of five animals, respectively, whereas no animals exhibited
triggered ventricular tachycardia in the vehicle-treated group
(p<0.05 for ESI-05 and GGTI-298 vs. vehicle, Fisher’s ex-
act test). Among these animals, one and two rats exhibited
torsades de pointes in the ESI-05 and GGTI-298 groups, re-
spectively, which degenerated into sudden cardiac death
(Fig. 7D). Ultimately, four of seven rats died within 24 h
following ESI-05 injection, of which two were the result of
documented ventricular tachycardia and cardiac arrest within
the first 180 min after injection, and two of five died after
injection of GGTI-298, with documented torsades de pointes.

Discussion

Sympathetic adrenergic drive to the heart is fundamental to
the control of cardiac output during stress or exercise. While the

role of cAMP acting via PKA has been characterized in detail,
the identification of Epac-mediated effects has been hampered
by a lack of selective inhibitors. However, several Epac in-
hibitors have recently been identified (50) and independent
analysis confirmed ESI-05 as a selective inhibitor of Epac2,
capable of blocking its action as a guanine nucleotide exchange
factor for Rap1 (35). In this study, ESI-05 was used to induce
acute inhibition of Epac2, thereby revealing the influence of
this pathway on cardiac cell function. As summarized in Fig-
ure 8, the findings suggest that Epac2-Rapl signaling exerts a
tonic inhibitory influence on mitochondrial ROS production,
without which myocytes exhibit increased in vivo and in vitro
susceptibility to arrhythmias and abnormal Ca** cycling.

The effects of Epac2 inhibition are caused
by mitochondrial ROS

The EADs induced by Epac2 inhibition occur via a mech-
anism that involves an increase in cellular ROS, CaMKII ac-
tivation, an increase in INay,, and AP prolongation (Figs. 1b,
3e, 4b, and 5a). This has similarities to angiotensin-II-induced
EAD arrhythmias, which have also been linked to an increase
in superoxide production and CaMKII activation (62). In this
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FIG. 6. Inhibition of Epac-Rapl1 signaling does not af-

fect ICa. (A) L-type Ca®" currents were evoked in isolated
rat ventricular myocytes before and during exposure of ESI-
05 (upper) or GGTI-298 (lower). Cells were exposed to
either drug for 3.3 min. Currents were evoked by step de-
polarizations from —30 to +10mV (75 ms, 0.1 Hz). (B) Bar
graph showing cumulative data (mean+SE) with the am-
plitude expressed as a percentage of the control current
amplitude. Neither ESI-05 (p>0.05, n=5) nor GGTI-298
(p>0.05, n=5) resulted in a significant change in peak ICa.
Data were obtained from three hearts.

study, the underlying mechanism is known to involve oxidative
activation of CaMKII, which leads to phosphorylation of RyR2
(e.g., at 2814) and Navl.5 (e.g., at S571), thereby increasing
the RyR2-mediated SR Ca”" leak and INay, (40).

The close proximity of subsarcolemmal and myofibrillar
mitochondria to the superficial surface membrane and the t-
tubules means that the organelles are ideally placed to influence
the function of RyR2 within the junctional SR and sarcolemmal
ion channels (41). However, the angiotensin II-mediated in-
crease in ROS is inhibited by DPI and absent in cells lacking
functional NOX2 (53), suggesting a primary action via NOX,
which then stimulates mitochondrial ROS production, that is,
ROS-induced ROS release (9, 53). In the present study, the lack
of effect of DPI suggests that NOX is not the primary source of
ROS when Epac? is inhibited (Fig. 3). Instead, the increase in
mitoSOX fluorescence following Epac2 inhibition, the ability
of mitoTEMPO to antagonize ESI-05-induced arrhythmias,
and the inhibitory effect of rotenone implicate superoxide
originating from the mitochondria.

These findings are consistent with recent work on other cell
types, which suggest that Epac-Rapl signaling can regulate
mitochondrial ROS (37, 38, 46, 54, 57), for example, hyper-
glycemia inhibits Rapl expression and activity, leading to
renal tubular cell injury in patients with diabetic neuropathy
and STZ-induced diabetic animal models, via a mechanism
that involves overproduction of mitochondrial ROS (57).

It has been reported previously that Rapl and other small
GTP-binding proteins can interact with mitochondria (17, 49,
52) and, in some cases, modify the structure or function of the
organelle (1). Alternatively, RaplGTP might act indirectly
via associated pathways such as PI3K (37) or PLCE/PKC
(26). The identification of a link between Epac-Rapl sig-
naling and ROS production is also relevant to emerging ev-
idence that cAMP can act via PKA to influence mitochondrial
function (8, 10, 42, 52).

The effects of Epac-2 inhibition are mimicked
by inhibition of GGT-1

Rapl prenylation occurs exclusively via geranylger-
anylation (7) and previous work has shown that GGTI-298
and related drugs selectively inhibit GGT-1 and the effects of
Rap1GTP on downstream targets, without affecting protein
farnesylation (12, 48).

In the present study, for all parameters measured at the cellular
level, GGTI-298 produced effects that were strikingly similar to
those of Epac2 inhibition, including an increase in mitochondrial
ROS production, an increase in INa;,e, AP prolongation, and
EADs (Figs. 3, 4, and 5). In vivo, the proarrthythmic effects of
ESI-05 and GGTI-298 were also remarkably similar (Fig. 7).
The similar effects of Epac2 and GGT-1 inhibition are consistent
with inhibitory actions at different points on the Epac-Rapl
signaling pathway (Figs. 2B and 8).

Physiological and pathological significance
of Epac2 ROS regulation

During f3;-AD stimulation, PKA-mediated effects on mito-
chondria promote superoxide production and the resultant
modulation of ion channel function contributes to the increase in
SR Ca?* release and contractile force under physiological con-
ditions (3). However, excessive ROS generation is detrimental
to cell function and, beyond a critical point, ROS release is
irreversible and self-sustaining (63). The present study suggests
that in the heart, when [cAMP] and PKA activation increases
during f;-AD stimulation, concomitant activation of Epac2
provides negative feedback, which attenuates mitochondrial
ROS generation. When this mechanism is acutely interrupted by
Epac2 or GGT1 inhibition, the consequence is increased ROS
production (Fig. 3) and EAD arrhythmias (Figs. 1-4), the inci-
dence of which is increased by f;-ADR stimulation (Fig. 1B).

Previous work has shown that heart failure is associated
with reduced expression of enzymes that initiate degradation
of cAMP, including phosphodiesterase (13, 19, 20, 29),
predisposing to an increase in PKA-mediated phosphoryla-
tion of some target proteins (e.g., RyR2), despite down-
regulation of §-ADR (11, 19, 36, 59). Depending on the
model, Epac2 mRNA expression is unchanged or may de-
crease in heart failure (24, 51), while PKA expression and
activity remain constant or increase (14, 18, 55).

Based on the present findings, the development of an im-
balance between PKA and Epac branches of the cAMP
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FIG. 7. In vivo effects of ESI-05 and GGTI-298. (A) Mean heart rate calculated in vehicle (n=7), ESI-05 (n="7), and
GGTI-298 groups (n=15) in baseline conditions, after isoproterenol injection (1 mg/kg ip., in sterile NaCl 0.9% vehicle), and
after vehicle (DMSO/NaCl solution ip., 1/1000: v/v), ESI-05 (1 mg/kg ip., in DMSO/NaCl solution, 1/1000: v/v), or GGTI-

298 (1 mg/kg ip.,

in DMSO/NaCl solution, 1/1000: v/v). (B) Ventricular extrasystoles were counted over 180 min from

ECGs after vehicle (DMSO/NaCl solution ip., 1/1000: v/v), ESI-05 (1 mg/kg ip., in DMSO/NaCl solution, 1/1000: v/v), or
GGTI-298 (1 mg/kg ip., in DMSO/NaCl solution, 1/1000: v/v). (C) Typical example of ventricular extrasystoles recorded
after ESI-05 injection. (D) Typical example of torsades de pointes initiated by a ventricular extrasystole and terminated in
sudden cardiac death recorded after ESI-05 injection. NS, no significant difference. **p <0.01 versus vehicle, Student’s -

test. n=5-12, *p<0.05, **p<0.01.

signaling pathway would be expected to cause increased
mitochondrial ROS production and predisposition to EAD
arrhythmias, both of which are features of heart failure (58).
However, the effects of acute pharmacological inhibition of
Epac-Rap1 signaling may have more pronounced effects than
slower changes in protein expression, where compensatory
adaptations may occur. In addition, the effects of an acute
increase in ROS production in an otherwise normal heart may
differ from the tonic effect of chronically elevated ROS in
disease states (e.g., diabetes or heart failure) where major
functional and structural adaptations develop over a pro-
longed period.

Transgenic knockout models of Epacl/2 or Rapl A might
provide information regarding the long-term effects of re-
duced signaling via Epac2-Rapl. A recent patent described
long-QT and increased arrhythmia susceptibility at rest and

in response to ISO in a RaplA knockout mouse (6). The
phenotype is qualitatively consistent with the results of the
present study, including the finding that arrhythmias were
linked to abnormal Nav1.5 function.

In contrast, two independent Epac2 knockout models did not
exhibit increased susceptibility to arrthythmias at rest or during
p-adrenergic stimulation (28, 33). This might be explained by
adaptive changes in other pathways, which maintain an ade-
quate level of Rap1GTP, or possibly a compensatory increase in
antioxidant capacity. However, some caution is appropriate in
interpreting the findings from existing Epac1/2 mouse studies
because the phenotypes of the two models differ so markedly; in
one model, Epac2 was solely responsible for the RyR2-
mediated increase in Ca®* spark frequency during f3;-adrenergic
stimulation and Epacl was localized to the nucleus (33). In the
other, Epacl had major effects on both phospholamban/SERCA
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and RyR2, which could only occur if Epacl was widely ex- effects, including QT prolongation, arrhythmias, and syncope
pressed throughout the cells (28). (47), which ultimately led to discontinuation of the drug.
These authors suggested that the discrepancy might reflect The present study demonstrates that both GGT-1 inhibition
the differing genetic backgrounds used in the two models. and Epac2 inhibition can have lethal cardiotoxic effects in vivo
However, if this is the case, broader interpretation of the data  (Fig. 7). Importantly, however, it is also shown that coad-
and extrapolation to other species may be inappropriate. ministration of the INay,. inhibitor, ranolazine, can block the
Another factor when considering the long-term effects of proarrhythmic effects of Epac2 or GGT-1 inhibitors (Figs. 3—
impaired signaling via Epac2-Rapl is that possible adapta- 5). This might enable the cardiotoxic effects to be prevented,
tions in knockout models may not occur if changes in ex- while allowing the drugs to be used at higher and more ef-
pression arise in response to disease, which simultaneously fective concentrations in the treatment of cancer, cardiovas-
induces other forms of cellular dysfunction. cular disease, or other pathological conditions where Rapl
signaling has a key role.

Epac and GGT-1 inhibitors as therapeutic agents

The nonspecific Epac inhibitor, ESI-09, has recently been Specificity of Epac2 and GGT-1 inhibitors

shown to suppress pancreatic cancer cell migration and inva- While ESI-05 has been extensively validated as a selective
sion and such drugs are being investigated for clinical use (2). Epac2 inhibitor (35), it is possible that the drug has other off-
In addition, there is a long-standing interest in the use of target effects, which explain its proarrhythmic activity. However,
combined farnesyltransferase (FT) and GGT-1 inhibitors or this seems unlikely because the Epac2 inhibitor, HIC0350, had
selective GGT-1 inhibitors for the treatment of cancer (4). the same effects of ESI-05, and the structurally dissimilar GGT-1
Interestingly, preclinical animal studies on a range of inhibitors, GGTI-298 and GGTI-2147, which act at a different
combined inhibitors and selective GGT-1 inhibitors de- pointon the Epac-Rapl signaling pathway, have identical effects
scribed a toxic effect in mice and dogs, leading to sudden to Epac2 inhibition. Direct drug modulation of sarcolemmal
death (21). Although the cause of death was not established, ion channels seems unlikely because AP prolongation, acti-
the toxic effects correlated with GGT-1 inhibition and the vation of INay,., and induction of EADs were abolished by
level of geranylated Rap1GTP, but not protein farnesylation.  the mitochondria-targeted antioxidant, mitoTEMPO.
The authors concluded that the potential clinical benefit of Inhibition of hERG/IKr is a common cause of drug-
this class of drugs may be limited by a narrow therapeutic induced arrhythmias. However, hERG is weakly expressed in
index. Consistent with this, clinical trials on the combined rat ventricle. Moreover, as ranolazine itself has a modest
FT/GGT-1 inhibitor L-778123 were hampered by cardiotoxic  inhibitory effect on hERG, its ability to block the EADs



induced by ESI-05 or GGTI-298 is not consistent with an
arrhythmic mechanism involving hERG. It should be noted,
however, ROS-dependent effects on hERG may be present in
species (including humans) that do express the channel.

An increase in the L-type Ca>* current can also predispose
to EADs and previous studies have reported that ROS have
direct and indirect effects on the channel, resulting in variable
effects on ICa (43). However, ESI-05 or GGTI-298 had no
significant effect on L-type Ca®* current (Fig. 6A, B). The
effects of ESI-05 or GGTI-298 are also unlikely to be caused
by an indirect effect leading to a rise in [CAMP] because ISO
did not induce EADs under the same conditions (not shown).

In summary, the present study identifies Epac2-Rapl sig-
naling as a novel feedback mechanism in the heart, which
controls mitochondrial ROS production during simultaneous
PKA activation. Any change (pathological or pharmacolog-
ical) that reduces cAMP signaling via Epac-Rapl relative
to PKA will increase ROS and the probability of life-
threatening EAD arrhythmias. This mechanism may narrow
the therapeutic index of drugs that target either Epac2 or
GGT-1. However, the proarrhythmic effects can be amelio-
rated by inhibition of INay,., which blocks the EADs, while
maintaining the other intracellular effects of Epac2 or Rapl
inhibition.

Materials and Methods
Preparation of cells and solutions

Wistar rats (150-200 g) were sacrificed in accordance with the
UK Home Office Guidance on the Operation of Animals (Sci-
entific Procedures) Act of 1986. ARVMs were isolated by col-
lagenase digestion as described previously (61). ARVMs were
perfused with solutions containing (mM) 113 NaCl; 5.4 KCl,
1MgCly; 1.0 CaCly; 0.37 Na,HPOy; 5.5 glucose; and 5 HEPES,
20-22°C, pH 7.1. Changes in intracellular calcium ([Ca®*];) were
detected by loading myocytes with fluo-4 AM (5 uM) for 15 min
at room temperature (20-22°C). A further 30 min was allowed
for washout of fluo-4 AM and de-esterification.

Unless otherwise stated, all chemicals were obtained from
Sigma Aldrich. The selective Epac2 inhibitors, ESI-05 (35,
50) and HJIC0350 (14), were obtained from Biolog and Bio-
techne/Tocris, respectively. The GGT-1 inhibitor, GGTI-298
(22), is the ester prodrug form of the parent compound GGTI-
297 and both were obtained from Bio-techne/Tocris. In some
experiments, GGTI-297 was introduced via a patch pipette
during whole-cell patch-clamp recording, while GGTI-298
was added via the bathing solution. The GGT-1 inhibitor,
GGTI-2147, was obtained from Calbiochem. Active Rapl
pull-down and detection kits were obtained from Thermo-
Fisher Scientific.

Confocal imaging

The experimental chamber was placed on the stage of a
Nikon Diaphot Eclipse TE2000 inverted microscope and
ARVMs viewed using a 60X water immersion lens (Plan
Apo, NA 1.2). Cells were imaged in line-scan mode using a
Bio-Rad, Microradiance 2000 confocal laser scanning unit.
Fluo-4 was excited at 488 nm and emitted fluorescence
measured at >515. For ROS measurements, ARVMs were
loaded with MitoSOX (5 um; Calbiochem) or CM-H-
>DCFDA for 30 min at room temperature. By virtue of its

localization, the mitoSOX signal is assumed to predomi-
nantly indicate superoxide.

There are known technical challenges and limitations as-
sociated with the measurement of ROS using dyes, such as
mitoSOX or CM-H2DCFDA, in relation to specificity, pho-
toactivation, and bleaching (56). To minimize some of these
potential issues, the 20mW laser excitation was markedly
attenuated by 97-99%, the experiments were as brief as
possible (10-20 min), only 3-5 xy frames were collected in
each run, and suitable time controls were done for each pro-
tocol. Furthermore, we have only drawn qualitative conclu-
sions about changes in ROS production.

Expression of mito-roGFP2 or mitycam in ventricular myo-
cytes involved exposing the cells to the virus (MOI 300—400) for
48 h under cell culture conditions as previously described (60).
Cells were then imaged using confocal microscopy at 488 nm
excitation and a bandpass emission of 515-530 nm.

During imaging experiments, cells were field stimulated via
platinum wire electrodes (0.2 mm diameter; Goodfellow metals)
positioned in parallel within a low-volume cell bath (61) using a
Grass S48 stimulator. Square wave pulses of 6 ms duration were
delivered at 1.5 times the threshold voltage for an electrically
evoked contraction. Cells were only used if they responded
consistently to each electrical stimulation and showed no signs
of spontaneous activity under control conditions.

Image analysis was done using Image] and the Spark-
master plug-in, which allows automatic detection of Ca**
sparks. Ca”* imaging data are presented as the mean = SEM
and statistical significance was assessed using a f-test, chi-
squared test, or ANOVA as appropriate. Differences between
means were considered significant at p <0.05.

Measurement of cellular GSH/GSSg ratio
in cardiac cells

Experiments were done to measure the GSH/GSSG ratio in
aliquots of cells using a luminescence-based system to detect
and quantify GSH/GSSG ratios in ventricular cardiac cells
(GSH/GSSG-Glo; Promega). This involves GSH-dependent
conversion of the GSH probe, Luciferin-NT, to luciferin by a
glutathione S-transferase enzyme coupled to the firefly lucif-
erase reaction. Emitted light was measured from white-walled
96-well plates using a Promega Glomax system. App protocols
were carried out according to the manufacturer’s instructions.

Experiments on HEK-293 cells

During transfection, HEK-293 cells were placed in
MEM (ThermoFisher Scientific) with siRNA for RaplA
(50ng/ml; GE Healthcare Life Sciences/Dharmacon) and
Rap1B (50 ng/ml; GE Healthcare Life Sciences/Dharmacon)
or a scrambled sequence (50 ng/ml; AM4611, ThermoFisher
Scientific), which acted as the control. After 7 h, the medium
was replaced with MEM supplemented with fetal bovine
serum (10%), pyruvate (1%), NEAA (1%), and Pen/Strep
antibiotic (1%). Cells were cultured for 48 h before use. Li-
pofectamine was used as the transfection reagent.

Electrophysiology

Whole-cell patch-clamp recordings were obtained in the
voltage or current clamp mode using patch pipettes (resis-
tance range 2-5MQ). Stimulus protocols, recordings, and



analysis were all performed with the use of an Axopatch
200B amplifier/Digidata 1322A interface controlled by
pCLAMP 9.0 software (Molecular Devices). All experiments
were carried out at 22°C+ 1°C.

Na™ current recordings were made in voltage-clamp mode
with myocytes held at a potential of ~80 mV. For L-type Ca**
current measurement, cells were voltage-clamped at —80 mV
and a 50-ms prepulse to —30mV was applied immediately
before each test pulse to inactivate Na' and T-type Ca**
channels, as previously described (44).

L-type currents were then activated by successive depo-
larizations to +10 mV (75-ms duration, 0.1 Hz). Patch elec-
trodes contained (mM) CsCl 115, HEPES 10, EGTA 10,
tetraethylammonium chloride 20, MgATP 5, Tris-GTP 0.1,
and CaCl, 1; pH 7.05. The perfusate contained (mM) NaCl
140, CsCl1 5.4, CaCl, 2.5, MgCl, 0.5, HEPES 5.5, and glucose
11; pH 7.4. Na" currents were evoked by a 200 ms step to —
30mYV and current signals sampled at 50 kHz after low-pass
filtering at 20 kHz. Series resistance compensation (typically
60-80%) was applied and INay,, was measured between 150
and 200 ms after initiation of the depolarizing step. If a sig-
nificant increase (>20%) in series resistance occurred, the
experiment was terminated.

APs were recorded in current clamp mode and were
evoked by 10ms depolarizing current pulses applied every
10s. For these recordings, patch electrodes contained (mM)
KCl1 130, NaCl 10, EGTA 5, HEPES 5, MgATP 5, CaCl, 1,
and MgCl, 1; pH 7.2. The perfusate contained (mM) NaCl
120, KCl1 5, CaCl, 2, MgCl, 1, HEPES 10, and glucose 10; pH
7.4. AP duration (APD) was measured from the beginning of
depolarization to the time when 25% (APDg5s), 50%
(APDgs), and 90% (APDgo) of repolarization was com-
pleted. Results are presented as mean* SEM, and statistical
analysis was performed using unpaired Student’s t-tests
where p <0.05 was considered statistically significant.

In vivo arrhythmic susceptibility to ESI-05 or GGTI-298

Male Wistar rats (7 weeks old, 250 g) were equipped with
telemetric transmitters (CAF40; Data Sciences International)
implanted under general anesthesia (Aerane, 2.5% in O,). All
investigations conformed to the Position of the American
Heart Association on Research Animal Use and European
directives (2010/63/UE) and were approved by the institu-
tional Animal Research Committee.

After allowing 10 days for full recovery and acclimatiza-
tion, animals were randomly assigned to three groups. Seven
rats were injected with ISO hydrochloride to induce sub-
maximal activation of the adrenergic signaling pathway
(Calbiochem, 1 mg/kg ip., in sterile NaCl 0.9%, Baxter), and
then injected with DMSO/NaCl solution (1/1000: v/v) as
control for vehicle 5min later. Seven rats received ESI-05
(BioLog, 1 mg/kg ip., in DMSO/NaCl solution, 1/1000: v/v)
5min after injection of ISO hydrochloride (1 mg/kg ip., in
NaCl vehicle). Five rats were injected with GGTI 298 (Tocris,
1 mg/kg in DMSO/NaCl solution, 1/1000: v/v) Smin after
injection of ISO hydrochloride (1 mg/kg ip., in NaCl vehicle).

All injections were performed at the same time slot. ECGs
were recorded continuously throughout the experiments during
baseline conditions, after ISO injection, and after either vehicle,
ESI-05 or GGTI-298, administration, using a signal transmit-
ter—receiver (RPC-1; Data Sciences International) connected to

a data acquisition system (Ponemah Physiology Platform Pro,
DSI) at a sampling rate of 2kHz. ECGs were analyzed with
ECG analysis module of Ponemah v5.2 software.

Heart rate was measured under baseline conditions and after
injections. The ventricular ectopic beats were identified and
counted by hand during the first 180 min of vehicle, ESI-05, or
GGTI-298 injection. The occurrence of sustained ventricular
tachycardia and sudden cardiac death was noted during the same
period. Statistical analysis was performed using Fisher’s exact
test, where p <0.05 was considered statistically significant.
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Abbreviations Used
f1-AD = f-adrenergic
f1-ADR = f3;-adrenoceptor
[Ca2+]i = intracellular calcium
AP = action potential
ARVMs = adult rat ventricular myocytes
CaMKII = Ca**/calmodulin-dependent kinase I
cAMP = cyclic adenosine monophosphate
DPI = diphenyleneiodonium
DTT = dithiothreitol
EADs =early afterdepolarization arrhythmias

ECG = electrocardiogram
Epac = exchange protein directly activated
by cAMP
GGT-1 = geranylgeranyltransferase-1
HF = heart failure
INa,,. = late Na current
ISO = isoproterenol
MOI = multiplicity of infection
PKA = protein kinase A
PLC¢ = phospholipase-C epsilon
ROS = reactive oxygen species
RyR2 = type-2 ryanodine receptor
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