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P2X1 receptors are adenosine triphosphate (ATP)-gated cation
channels that are functionally important for male fertility, blad-
der contraction, and platelet aggregation. The activity of P2X1
receptors is modulated by lipids and intracellular messengers
such as cAMP, which can stimulate protein kinase A (PKA). Ex-
change protein activated by cAMP (EPAC) is another cAMP effec-
tor; however, its effect on P2X1 receptors has not yet been
determined. Here, we demonstrate that P2X1 currents, recorded
from human embryonic kidney (HEK) cells transiently transfected
with P2X1 ¢DNA, were inhibited by the highly selective EPAC
activator 007-AM. In contrast, EPAC activation enhanced P2X2
current amplitude. The PKA activator 6-MB-cAMP did not affect
P2X1 currents, but inhibited P2X2 currents. The inhibitory effects
of EPAC on P2X1 were prevented by triple mutation of residues
21 to 23 on the amino terminus of P2X1 subunits to the equiva-
lent amino acids on P2X2 receptors. Double mutation of residues
21 and 22 and single mutation of residue 23 also protected P2X1
receptors from inhibition by EPAC activation. Finally, the inhibi-
tory effects of EPAC on P2X1 were also prevented by NSC23766,
an inhibitor of Rac1, a member of the Rho family of small
GTPases. These data suggest that EPAC is an important regulator
of P2X1 and P2X2 receptors.

P2X1 | EPAC | cAMP

2X1 receptors are adenosine triphosphate (ATP)-gated cat-

ion channels with a relatively high permeability to Ca®* (1).
As with all members of the P2X receptor family, they are trimeric
proteins, whereby each subunit consists of a large extracellular
domain, two transmembrane domains, and intracellular amino and
carboxyl termini (2-5). Ca** influx via P2X1 receptors in smooth
muscle cells takes the form of localized Ca®* transients that have
the capacity to modulate neighboring intracellular Ca®* release
channels, as well as plasmalemmal voltage-dependent Ca** chan-
nels (VDCCs) and Ca**-activated K* channels (6). Functionally,
P2X1 activation can induce action potentials in bladder myocytes
(7) and potentiate responses to adrenergic stimulation in pressur-
ized arteries (8). Knockdown of P2X1 channels in male mice re-
sults in a 90% reduction in fertility as a result of vas deferens
dysfunction (9), whereas up-regulation of P2X1 receptors is asso-
ciated with inflammatory bladder conditions, such as interstitial
cystitis, idiopathic detrusor instability, and overactive bladder
(OAB) syndrome (10, 11). Therefore, P2X1 receptors are regarded
as potential therapeutic targets for OAB and the development of
male contraceptives.

It has been postulated that P2X1 receptors form macromo-
lecular complexes with kinases and phosphatases (6, 12) in a
similar fashion to VDCCs, which are associated with protein
kinase C (PKC), AKAP150, calcineurin, and the Ca“-depen—
dent transcription factor NFAT (13, 14). Regulation of P2X
channels by protein kinases is complex and varied. Activation of
PKC with phorbol 12-myristate 13-acetate potentiates P2X1 and
P2X3 currents (15-19), but not P2X4 or P2X7 currents (18).
Protein kinase A (PKA) positively modulates P2X3 and P2X4
currents (20-23) but inhibits P2X2 receptors (24, 25). The effect
of PKA on P2X1 responses is less well characterized; however,
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functional experiments on vas deferens and detrusor prepara-
tions indicate that inhibition of cyclic adenosine monophosphate
(cAMP) hydrolysis by the phosphodiesterase inhibitor rolipram
reduced the amplitude of contractions induced by application of
ATP and by stimulation of purinergic nerves (26, 27). Therefore,
it appears that a rise in intracellular cAMP levels can inhibit
native P2X1 responses, but it is not clear whether these effects
were mediated by a direct effect on P2X1 receptors.

Although cAMP is typically thought to exert its effects via
activation of PKA, there is now growing appreciation that acti-
vation of alternative cCAMP effectors, such as exchange protein
directly activated by cAMP (EPAC), can mediate cAMP-
dependent effects independently of PKA (28). Wang et al. (20)
found that P2X3 currents were potentiated by the EPAC acti-
vator 007-AM (20), whereas Brown and Yule (23) reported that
P2X4 currents were unaffected by EPAC activation (23). The
effects of EPAC on P2X1 receptors has not yet been established;
however Fong et al. (29) found that ATP-evoked currents in
murine detrusor myocytes were inhibited by the EPAC activator
007-AM. Their data suggested that EPAC may exert an inhibi-
tory effect on P2X1 currents (29); however, it is not yet known
whether this resulted from direct modulation of P2X1 channels.
P2X1 receptors are also known to be modulated by cholesterol,
as cholesterol-depleting agents reduced P2X1 currents by ~90%
(30), and Allsopp et al. (31) found that these effects were pre-
vented by mutation of residues at positions 20 to 23 on the N
terminus region of P2X1 receptors to the equivalent residues on
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P2X2 receptors, suggesting that this site is important for regu-
lation of P2X1 receptors (31).

The purpose of the present study was to investigate whether
activation of EPAC reduced the amplitude of P2X1 currents
overexpressed in human embryonic kidney (HEK) cells and, if so,
to identify the residues involved with this effect.

Materials and Methods

Electrophysiology. ATP-induced currents were recorded from HEK cells,
transiently transfected with P2X1 or P2X2 receptors, using the perforated
patch configuration of the whole cell patch clamp technique as described
previously (29, 32). Electrical access between the pipette and cell interior
was achieved by inclusion of the pore-forming compound amphotericin B
(600 mg/mL) in the pipette solution. Voltage clamp commands were de-
livered via an Axopatch 1D patch clamp amplifier (Molecular Devices)
connected to a Digidata 1322A AD/DA converter (Axon Instruments) inter-
faced to a computer running pClamp software (Axon Instruments). During the
experiments, the dish containing the cells was superfused with Hanks’ solution.
In addition, the cell under study was continuously superfused by means of a
close delivery system consisting of a pipette (tip diameter 200 um) placed ~300
pm away. This could be switched, with a dead-space time of <5 s, to a solution
containing a drug. All experiments were carried out at room temperature. Cells
were held at —60 mV and ATP (10 uM) was applied for 10-s durations. P2X1
currents were reproducible at 8-min intervals and reproducible responses to
ATP were obtained under control conditions in each experiment prior to
addition of drugs.

Solutions. Solutions used were of the following composition (in millimoles):
Hanks' solution: NaCl (125.0), KCl (5.4), glucose (10.0), sucrose (2.9), NaHCOs (4.2),
KH,PO,4 (0.4), NaH,PO, (0.3), MgCl,0.6H,0 (0.5), CaCl,0.2H,0 (1.8), MgSO, (0.4),
and Hepes (10.0), pH to 7.4 using NaOH; and perforated patch pipette solution:
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Fig. 1. Effect of the EPAC activator, 007-AM on P2X1 and P2X2 currents. (A
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GsCl (133), MgCl, (1.0), ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetra-
acetic acid (0.5), Hepes (10), pH adjusted to 7.2 with CsOH.

lon Channel Cloning and Mutagenesis. Human P2X1 (NM_002558, Origene
Technologies) and P2X2 (NM_053656, Addgene) plasmid constructs of
50 ng mL~" were transiently transfected into HEK293 cells using Lipofect-
amine 2000 (Invitrogen). Site-directed mutagenesis was achieved using the
Phusion kit (Thermo Scientific) and all mutations were confirmed by Sanger
sequencing.

Drugs. ATP (Tocris); 8-pCPT-2’-O-Me-cAMP-AM (007-AM) (Biolog); N®-mono-
butyryladenosine-3’, 5'-cyclic monophosphate, sodium salt (6-MB-cAMP) (Biolog);
NSC23766 (Sigma); isobutylmethylxanthine (IBMX) (Sigma); and RP-8-CPT-cCAMPS
(RP-cAMPS) (Biolog).

Statistics. Summary data are presented as mean + SEM. Statistical analysis
was performed using GraphPad Prism 9.0 software and statistical analyses
were performed using a Student’s paired t test or one-way ANOVA (with a
Bonferonni post hoc test), as appropriate.

Results

HEK cells overexpressing either P2X1 or P2X2 were voltage
clamped at —60 mV and currents were evoked by application of
ATP for 10 s. ATP (10 pM) evoked robust P2X1 currents that
showed rapid activation and desensitization in the continued
presence of ATP (Fig. 1 A and C) and P2X2 currents that were
sustained and declined slowly after removal of ATP (Fig. 1 B and
(). P2X1 currents were reproducible when ATP was applied at
§-min intervals and this time interval was used throughout
the study.
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and B) Representative traces demonstrating that 007-AM (10 pM) reversibly

inhibited P2X1 currents (A), but enhanced P2X2 currents (B), evoked by application of ATP (10 uM). (C) Control P2X1 and P2X2 currents, on an expanded scale.
The summary bar charts in D and E plot mean P2X1 and P2X2 current amplitude, respectively, before, during, and following wash out of 007-AM. Error bars

represent SEM. *P < 0.05; ***P < 0.001.
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Fig. 2. Effect of the PKA activator, 6-MB cAMP on P2X1 and P2X2 cur-

rents. (A and B) Representative traces demonstrating that 6-MB cAMP (100
uM) did not affect the amplitude of P2X1 currents (A), but inhibited P2X2
currents (B), evoked by application of ATP (1 pM). The summary bar charts in C
and D plot mean P2X1 and P2X2 current amplitude, respectively, before,
during, and following wash out of 6-MB cAMP. Error bars represent SEM.
***p < 0.0001.

Experiments were performed to examine the effect of the
EPAC activator, 007-AM, on P2X1 and P2X2 currents. There are
two variants of EPAC, EPACI and EPAC2 (28) and the quanti-
tative PCR data shown in SI Appendix, Fig. S1 demonstrate that
EPAC2 was dominantly expressed over EPACI in HEK cells. The
representative trace and summary data in Fig. 1. 4 and D show that
007-AM (10 pM) reduced the amplitude of P2X1 currents by
~65% (n = 8, P < 0.001). Similar effects were observed on P2X1
currents evoked by 1 uM ATP (SI Appendix, Fig. S2). 007-AM also
slowed the rates of activation and inactivation of P2X1 currents
and these data are summarized in SI Appendix, Fig. S3. In contrast,
007-AM enhanced, rather than inhibited, P2X2 currents (Fig. 1B).
In seven cells, mean P2X2 current increased by 55% in the presence
of 007-AM (Fig. 1E, P < 0.05).

The effect of PKA activation on P2X1 and P2X2 currents was
examined in Fig. 2. Unlike the effects of 007-AM, the ampli-
tude of P2X1 currents was unaffected by the PKA activator
6-MB-cAMP [100 pM, Fig. 2 A and C, n = 12, not significant
(ns)]. However, P2X2 current amplitude was reduced by 69% in
the presence of 6-MB-cAMP (Fig. 2 B and D, n = 14, P <
0.0001). Consistent with an inhibitory effect of EPAC on P2X1
currents, the data in SI Appendix, Fig. S4 show that application
of the phosphodiesterase inhibitor IBMX (500 uM), in the
presence of the selective PKA inhibitor RP-cAMPS (100 pM)
to eliminate effects from elevated PKA levels, reduced the
amplitude of P2X1 currents by 41% (n = 6, P < 0.05).

Next, we sought to identify which residues on the P2X1 re-
ceptor were involved in mediating the inhibitory effects of EPAC
activation. Allsopp et al. (31) showed that mutation of residues
20 to 23 on the intracellular N terminus of P2X1 receptors
prevented the inhibitory effects of cholesterol depletion on
these channels (31). In addition, Allsopp et al. (33) showed that

Fong et al.
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residues 21 to 23 were also involved in mediating the rapid
desensitization kinetics of P2X1 channels (33). Therefore, the
effect of 007-AM was examined on P2X1 receptors, containing
mutations at positions 21 to 23, in which these residues were
substituted for those at equivalent positions on the P2X2
channel, referred to as P2X1-2NT (Fig. 34). The representative
record and summary data in Fig. 3 B and C demonstrate that
the inhibitory effects of 007-AM were absent in P2X1-2NT
receptors, highlighting the importance of these residues in
mediating the effects of EPAC activation on P2X1 channels
(n = 6, P > 0.05). Fig. 4 shows that individual mutations at
positions 21 (P2X1-M21V) or 22 (P2X1-V22I) to the P2X2
equivalents (Fig. 4 4 and B, n = 6 and 7, respectively), did not
affect the inhibitory effects of 007-AM. 007-AM reduced the
amplitude of P2X1-M21V currents by 75% (P < 0.05, n = 6,
Fig. 4 C and E) and P2X1-V22I currents were reduced by 90%
(P <0.01, n =7, Fig. 4 D and F). However, the representative
trace and summary bar chart in Fig. 5 B and C show that double
mutation of these residues (P2X1-M21V and V22I) abolished
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Fig. 3. Effect of the EPAC activator, 007-AM on P2X1 receptors with a

triple mutation at residues 21 to 23. (A) Amino acid sequence of the in-
tracellular amino terminus of P2X1 (black) and P2X2 receptors (red). P2X1-
2NT shows the sequence of P2X1 receptors in which residues at positions
21to 23 (M, V, L) were substituted for the equivalent residues on the P2X2
receptor (V, |, V). (B) Representative trace of P2X1-2NT currents before,
during, and following wash out of 007-AM. The summary data plotted in C
demonstrate that 007-AM did not significantly affect the amplitude of
P2X1-2NT currents.
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Effect of the EPAC activator, 007-AM on P2X1 receptors with single mutations at positions 21 and 22. (A and B) Amino acid sequences of the in-

tracellular amino terminus of P2X1 receptors in which the methionine at position 21 was substituted to a valine (A, P2X1-M21V) and when the valine at
position 22 was substituted to an isoleucine (B, P2X1-V22I). (C and D) Representative traces showing that 007-AM inhibited P2X1-M21V (C) and P2X1-V22I (D)
currents to a similar degree as P2X1. (E and F) Summary bar charts showing mean peak amplitude of P2X1-V22I (E) and P2X1-M21V (F) currents, respectively,
before, during, and following wash out of 6-MB cAMP. Error bars represent SEM. *P < 0.05; **P < 0.01.

the effects of 007-AM (n = 6, ns). Fig. 6 shows that a single
point mutation of leucine to valine at position 23 on the P2X1
receptor (Fig. 64) also completely prevented the inhibitory
effects of 007-AM on P2X1 currents (Fig. 6 B and C, n = 9, ns).
A summary of the effect of the point mutations described above
on the activation and desensitization rates of P2X1 currents is
provided in SI Appendix, Table S1.

Racl (Ras-related C3 botulinum toxin substrate 1) belongs to
the Rho family of small GTPases and can regulate smooth
muscle cell contraction, migration, and angiogenesis (34-36).
It has also been identified as an EPAC effector (37) and is
involved in EPAC-induced relaxation of airway smooth muscle
via a reduction in myosin light chain phosphorylation (38).
Fig. 74 shows the effect of 007-AM when applied in the
presence of the Racl inhibitor NSC23766 (10 pM). Applica-
tion of NSC23766 did not affect P2X1 current amplitude, but
prevented the inhibitory effects of 007-AM (P > 0.05, n = 6,
Fig. 7B).

HEK cells expressing P2X1 receptors tagged with green
fluorescent protein (P2X1-GFP) were imaged with a Nipkow
spinning disk confocal microscope to examine whether activa-
tion of EPAC with 007-AM affected the membrane expression
of P2X1 receptors. SI Appendix, Fig. S5A shows a representa-
tive live-confocal image of a single HEK293 cell expressing
P2X1-GFP and SI Appendix, Fig. S5B is an intensity trace,
plotting P2X1-GFP fluorescence levels before (black trace) and
after a 2-min incubation period with the EPAC activator
007-AM (red trace; 10 pM). Summary data in SI Appendix, Fig.

40f7 | PNAS
https://doi.org/10.1073/pnas.2108094118

S5C show that 007-AM had no significant effect on membrane
fluorescence (n = 9, ns).

Discussion

This study demonstrates that activation of the cAMP effector
EPAC depressed P2X1 currents, but potentiated P2X2 currents. In
contrast, activation of PKA did not affect P2X1 current amplitude,
but inhibited P2X2 currents. The inhibitory effects of EPAC on
P2X1 currents by 007-AM were prevented by double substitution of
residues 21 and 22 (methionine and valine) and by a single mutation
of residue 23 (leucine), to the equivalent amino acids (valine, iso-
leucine, and valine, respectively on the P2X2 receptor. Finally, the
inhibitory effects of EPAC activation on P2X1 currents were
prevented by the Racl inhibitor NSC23766, suggesting that
activation of the Racl signaling cascade negatively regulates
P2X1 receptors.

Activation of P2X1 receptors accounts for the atropine-
insensitive component of neurogenic contractions of the
detrusor (39). Studies in rodents indicate that this can account
for ~50% of the overall response, although in humans, this
component is much smaller (~2%) (40). However, in tissues
taken from patients with bladder disorders leading to OAB,
including carcinoma or interstitial cystitis, the purinergic
component is enhanced (41). Therefore, the regulatory path-
way identified in the present study could be relevant for the
development of therapeutics for OAB. Indeed, our findings
suggest that this observation may also account for the thera-
peutic effects of existing OAB pharmacotherapies. p3-
adrenoreceptor agonists (f3-AR), such as mirabegron, were

Fong et al.
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Fig. 5. Effect of the EPAC activator, 007-AM, on P2X1 receptors with a
double mutation at positions 21 and 22. (A) Amino acid sequences of the
intracellular amino terminus of P2X1 receptors in which the methionine and
valine at positions 21 and 22 were substituted to the P2X2 equivalents (va-
line and isoleucine, respectively). P2X1 V22I-M21V currents were not af-
fected by 007-AM, as shown by the representative trace in B. Summary data
plotted in C demonstrate that 007-AM did not significantly affect the am-
plitude of P2X1 V22I-M21V currents.

approved (in the United States) for treatment of OAB in 2012
(42) and now, according to international guidelines, represent
a first line pharmacological treatment for OAB, alongside
anticholinergics (43). However, despite their widespread use,
their mechanism of action is still not agreed upon (44). Sev-
eral studies have shown that p3-AR agonists inhibit cholin-
ergic contractions of the detrusor (45-47), but Fong et al. (29)
showed that these drugs were much more effective at inhib-
iting purinergic nerve-mediated responses (29). In addition,
Fong et al. (29) also showed that p3-AR agonists inhibited
ATP-evoked inward currents in detrusor myocytes and that
these effects were mimicked by the EPAC activator 007-AM
(29). The results of the present study now demonstrate that
P2X1 receptors are directly modulated by activation of the
EPAC signaling cascade and that this pathway could involve
activation of Racl.

P2X1 currents are inhibited by cholesterol depletion (31) and
these effects are prevented by stabilization of the cytoskeleton
(48). Mutation of residues 20 to 23 on the intracellular N ter-
minus of the P2X1 receptor protected P2X1 receptors from the
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effects of cholesterol depletion, highlighting the importance
of this site in the regulation of P2X1 gating. As these residues
were also important for mediating the effects of EPAC, it
opens up the possibility of convergence in the mechanisms
responsible for inhibition of P2X1 currents by EPAC activa-
tion, cholesterol depletion, and cytoskeleton disruption. Such
an idea is consistent with a role for Racl, which is known to
regulate the cytoskeleton in several cell types (49, 50). Racl is
also known to regulate ion channel activity. For example, Yin
et al. (51) showed that inhibition of Racl decreased TRPC1
expression in vascular smooth muscle cells (51), and Lopez-
Guerrero et al. (52) demonstrated that Racl was involved in
translocation of ORAI channels during tumor cell migration
(52). Qu et al. (53) indicated that Racl could have a direct role
in ion channel activation as the Racl inhibitor, NSC23766,
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Fig. 6. Effect of the EPAC activator, 007-AM on P2X1 receptors with a
single mutation at position 23. (A) Amino acid sequences of the intra-
cellular amino terminus of P2X1 receptors in which the leucine at posi-
tion 23 was substituted to a valine, equivalent to that on P2X2 receptors
(P2X1-L23V). (B) Representative trace showing that P2X1-L23V currents
were unaffected by application of 007-AM (10 pM). Summary data for
nine similar experiments are plotted in C and show that substitution of
this single residue prevented the inhibitory effects of 007-AM. Error bars
represent SEM.
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Fig. 7. Effect of the EPAC activator, 007-AM on P2X1 currents in the presence

of the Rac1 inhibitor (NSC23766). The representative trace in A shows that
P2X1 currents induced by application of ATP (10 pM) were unaffected by ap-
plication of NSC23766 (10 uM). However, 007-AM (NSC23766) failed to inhibit
P2X1 currents when applied in the presence of NSC23766. (B) Summary bar
chart plotting the mean amplitude of P2X1 currents under control conditions,
in the presence of NSC23766 and in the presence of NSC23766 plus 007-AM.

reduced the amplitude of small conductance Ca’*-activated
K* currents.
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The precise mechanisms underlying the reduction in P2X1
currents by activation of EPAC are unclear. Functional ex-
pression of P2X1 receptors is regulated by trafficking from the
membrane (54) and P2X1 receptors have been reported to inter-
nalize following their activation (55-57), opening up a possible
regulatory pathway for regulation by EPAC. However, Allsopp
et al. (31) showed that surface expression of P2X1 receptors was
unaffected by cholesterol-depleting agents (31). Therefore, if
EPAC acts via a similar mechanism, it seems unlikely that the
diminished amplitude of the P2X1 currents results from reduced
membrane expression of P2X1 receptors. Instead, it seems more
likely that EPAC signaling affects P2X1 current amplitude via
modulation of channel gating involving residues 21 to 23, which
have already been identified as an important regulatory site for
P2X1 channel activation (31); however, this requires further
investigation.

The results of the present study are consistent with earlier
studies (24, 25), which found that P2X2 currents were negatively
regulated by PKA, but go further, by demonstrating that they
are enhanced by EPAC. This illustrates a bimodal regulation of
P2X2 receptor activity by cAMP, via activation of EPAC and
PKA. P2X2 receptors are expressed in the inner ear and are
essential for auditory transduction (58). Several P2X2 mutations
are associated with hereditary hearing loss in humans (59-61)
and transgenic mice lacking P2X2 receptors demonstrate age-
related hearing loss (59). Positive modulators of P2X2 receptors
have been proposed as potential treatment targets for hearing
loss (62); therefore, the stimulatory effects of EPAC on P2X2
receptors described in the present study represent an attractive
pathway for development of novel treatments for hearing
disorders.

In summary, the results of the present study demonstrate a
regulatory pathway for P2X1 and P2X2 receptors, with impli-
cations for development of therapeutics that target disorders
associated with dysfunction of these receptors.
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