Research Paper

PAIN

miR-1306-3p directly activates P2X3 receptors in
primary sensory neurons to induce visceral pain

In rats
Yan-Yan Wu®®, Qian Wang®, Ping-An Zhang?®, Cheng Zhu®, Guang-Yin Xu®*

Abstract \
Mounting evidence indicates that microRNAs (miRNAs) play critical roles in various pathophysiological conditions and diseases, but the

physiological roles of extracellular miRNAs on the disease-related ion channels remain largely unknown. Here, we showed that miR-
1306-3p evoked action potentials and induced inward currents of the acutely isolated rat dorsal root ganglion (DRG) neurons. The miR-
1306-3p-induced effects were significantly inhibited by A317491, a potent inhibitor of the P2X3 receptor (P2X3R), or disappeared after
the knockdown of P2X3Rs in DRG neurons. We further identified R180, K315, and R52 as the miR-1306-3p interaction sites on the
extracellular domain of P2X3Rs, which were distinct from the orthosteric ATP-binding sites. Intrathecal injection of miR-1306-3p
produced visceral pain but not somatic pain in normal control rats. Conversely, intrathecal application of a miR-1306-3p antagomir and
A317491 significantly alleviated visceral pain in a rat model of chronic visceral pain. Together, our findings suggest that miR-1306-3p

might function as an endogenous ligand to activate P2X3Rs, eventually leading to chronic visceral pain.
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1. Introduction

Chronic visceral pain is one of the most common chronic pain
conditions and affects up to 25% of the population worldwide,
substantially reducing the quality of life and work productivity in
the patients.® Merging evidence suggested that peripheral
sensitization is a fundamental mechanism underlying chronic
visceral pain.?® Sensitization of peripheral afferent nerves
includes the increases in excitability of primary sensory neurons,
neural transmitter release, and synaptic transmission at the spinal
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cord level.®® The elevated activities of ion channels are a key
regulator in peripheral sensitization.>®"%® Many channels/
receptors, including the ionotropic channels and metabotropic
receptors, areimplicated in the generation and transmission of pain
signals.'*3! Among those, the purinergic P2X receptor channels
play key roles in chronic visceral pain.®*®” Seven mammalian P2X
receptor subtypes, denoted as P2X1-P2X7, mainly expressed in
the dorsal root ganglion (DRG) neurons.®2” Notably, the expres-
sion level of P2X3Rs in DRG neurons is significantly higher than that
of other receptor subtypes.”'%254% As the orthosteric ligand of
P2X3Rs, adenosine triphosphate (ATP) is a well-known extracel-
lular signal molecule and widely present in the peripheral nervous
system or the surrounding tissues.? Extracellular ATP triggers
downstream signaling by activating 2 types of P2 purinergic
receptors (P2X and P2Y) on cell membranes, leading to peripheral
sensitization.®3® However, blocking P2X receptor function by
inhibiting its ATP-binding sites did not completely relief pain
sensitization. Therefore, it is vital to explore alternative mechanisms
under pathophysiological conditions.

As a novel mechanism of regulating neuron functions and
sensation, the release of extracellular vesicles containing micro-
RNAs (miRNAs) often accompanied with the secretion of
neurotransmitters.® In addition to the role of affecting channel
protein expressions, *® a recent study showed that miR-711 binds
to the extracellular fragment of transient receptor potential A1
(TRPA1) receptors on DRG neurons, activates the TRPA1
channels, and alters a downstream signaling pathway and
eventually the peripheral neurogenesis of itching.' In chronic
pains, MiIRNAs may also play important roles, as recent studies
demonstrated a large number of extracellular miRNAs related to
expression and function of P2X3Rs.%85963 However, it is unclear
whether any miRNAs directly activate the extracellular fragment of
P2X3Rs.
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In a preliminary study, we showed that the expression of miR-
1306-3p elevated in DRG neurons using a rat model of chronic
visceral pain. Furthermore, we have demonstrated that P2X3Rs
are crucial for chronic visceral pain.®%53€° Hence, in this study,
we hypothesize that the upregulated miR-1306-3p contributed to
chronic visceral pain by directly interacting with the purinergic
P2X3Rs in DRG neurons. Using an array of techniques including
patch-clamp recordings, gene silencing, and computational
simulations, we verified that miR-1306-3p quickly evoked action
potentials and induced inward currents of rat DRG neurons.
Further experiments unveil the key interaction sites of miR-1306-
3p on the P2X3R extracellular domain. More importantly, our
study suggests that a combined application of ATP antagonist
and miRNA-antagomir can be a novel and powerful strategy for
the treatment of chronic visceral pain in patients.

2. Materials and methods
2.1. Animals and induction of chronic visceral pain

Sprague-Dawley (SD) male rats weighing 200 to 250 g were
selected for this study, which were approved by the Ethics
Committee of Soochow University and purchased by Soochow
University Laboratory Animal Center (license number: SYXK
2007-00835). To avoid the periodic effects of estrogen on pain, we
did the studies only on male rats for ensuring the uniformity and
repeatability of experiments.?®326! The room temperature was
controlled at 22 + 2°C, and the light cycle was automatically
controlled (light/dark 12-hour cycle). Chronic visceral pain was
induced by neonatal colonic inflammation (NCI) as described
previously.®® Briefly, 0.5% acetic acid was injected anally into
male rats on their 10th day of life, and the experiment was
performed at 6 weeks of age.

2.2. MicroRNA chip

MicroRNA microarray was used to detect the differential
distribution and expression of DRG-derived exosomal miRNAs
in NCI rats and normal controls. This part of the experiment was
tested by company Suzhou Yingze Biomedical Technology Co,
Ltd (Suzhou, China).

2.3. Constructs and drug application

The cDNA plasmids of rat pEX-4-rP2X3R, pEX-4-
rPQXSRK63A+K65A+F774A+F?287A, pEX_4_rP2X3RR78OAY PEX-
4-rP2X3RI?42A pEX-4-rP2X3R255A, pEX-4-rP2X3RXS154,
PEX-4-rP2X3RM%%A, PEX-4-rP2X3R1?5TA, PEX-4-
rP2X3RX259A  pEX-4-rP2X3RPPATRIBOATKSISA ' miR_1306-
3p antagomir, and a negative control (NC) of miR-1306-3p
antagomir were all purchased from GenePharma (Shanghai,
China). For the animal behavior tests, single intrathecal
injection of different concentrations of miR-1306-3p, MmiR-
1306-3p antagomir, and miR-1306-3p antagomir NC (5, 20,
and 100 uM/10 pL) was injected into the subarachnoid space
between the lumbar vertebrae (L4-L5) of rats with the age of 6
weeks. After injection, the needle was stayed for 10 seconds
to prevent the drug leak.®©

2.4. Pain behavioral tests

All behaviors were tested in a blind manner. Rats were first
habituated to the environment for at least 3 days before the
testing.

PAIN®

2.4.1. For visceral pain

Colorectal distension (CRD) was used to induce chronic visceral
pain behaviors as described previously.'® Briefly, under mild
sedation (inhalation anesthesia by isoflurane), a flexible latex
balloon (5 cm) attached to Tygon tubing was inserted 7 cm into
the rectum and descending colon through the anus and held in
place by taping the Tygon tubing to the tail. Rats were placed in
small lucite cubicles and allowed to adapt for 30 minutes. To
minimize possible insult from the repetitive distension of the
colon, the CRD threshold was measured as the minimal
distension pressure in millimeters of mercury to evoke an
abdominal visceromotor response to a steady increase in
distension pressure through a sphygmomanometer.

2.4.2. For mechanical sensitivity

Experiments were performed on rats before and after miR-1306-
3p injection (20 wM/10 pl). The hind paw withdrawal threshold
(PWT) in response to stimulation of von Frey filaments was
measured as described previously.®*®* The tactile stimulus
producing a 50% likelihood of withdrawal was determined using
the “up-down” calculating method. We determined the 50% paw
withdrawal threshold by Dixon’s up-down method.®'?

2.4.3. For thermal sensitivity

Thermal sensitivity was tested using Hargreaves radiant heat
apparatus. '®%* To avoid injury to the plantar of rats, the automatic
cutoff time was 25 seconds. The average thermal paw withdrawal
latencies (PWL) value was calculated.

2.4.4. Rotarod test

To observe the drug effect on rat motor function, the rotarod test
was used as described previously.®6-3°

2.5. Dissociation of dorsal root ganglion neurons

Isolation of DRG neurons from adult male SD rats was performed
as reported previously.**® The dissection solution contained the
following (in mM): 130 NaCl, 5 KCI, 2 KH.,PO,4, 1.5 CaCl,, 6
MgSQO,, 10 glucose, and 10 HEPES, adjusted to pH 7.2 with
NaOH and osmolarity 305 mOsm. Dorsal root ganglion cells were
plated on glass coverslips at room temperature for 1 hour before
whole-cell patch-clamp recordings.

2.6. HEK293T cell cultures and transfections

HEK293T stable cell line (ATTC Cat# CRL-3216, RRID:
CVCL_0063) was cultured in Dulbecco’s modified eagle medium
(DMEM) (Gibco, Shanghai, China), supplemented with 1%
streptomycin, penicilin, and 10% fetal bovine serum, and
maintained with 5% CO, in 37°C incubators. Transfection of
rP2X3R or rTRPV1 (1 ug cDNA) was performed with Lipofectamine
2000 Reagent (Invitrogen, Shanghai, China) and cultured for 24
hours before electrophysiological and biochemical studies.'®®

2.7. Whole-cell patch-clamp recordings

Whole-cell patch-clamp recordings were performed at room
temperature (~24°C) using a HEKA EPC-10. To test the effects
of miRNAs on excitability of rat DRG neurons, resting membrane
potential and action potential were recorded as described
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previously.?® The voltage was clamped at —60 mV. For DRG
neurons’ patch-clamp recording, the extracellular solution con-
tained the following (in millimoles): 130 NaCl, 5 KCI, 2 KHoPOy, 2.5
CaCl,, 1 MgCl,, 10 HEPES, and 10 glucose, adjusted to pH 7.2
with NaOH and osmolarity 295 to 300 mOsm. The pipette solution
contained the following (in milimoles): 140 potassium gluconate,
10 NaCl, 10 HEPES, 10 glucose, 5 BAPTA, and 1 CaCl,, adjusted
to pH 7.25 with KOH and osmolarity 295 mOsm. To test the effects
of miRNAs on HEK293-transfected cells, the recording pipette
resistance was 6 to 8 M(). The pipette solution contained the
following (in mM): 147 NaCl, 2 KCI, 10 HEPES, and 10 EGTA,
adjusted to pH 7.3 with NaOH and osmolarity 295 to 315 mOsm.
The extracellular solution contained the following (in mM): 147
NaCl, 10 HEPES, 13 p-glucose, 2 KClI, 2 CaCl,, and 1 MgCls,
adjusted to pH 7.3 with NaOH and osmolarity 295 to 315 mOsm.?°
The current density, activation time (10%-90% of the channel
opening time), and inactivation time constant were determined.
The current traces were measured at different holding potentials (—
100 mV ~ +40 mV, step 20 mV) for current-voltage curves.

2.8. Calcium imaging

Calciumimaging was conducted to test the effect of miIRNA onrat
T13-L2 DRG neurons as described previously.*”

2.9. Measurement of membrane protein

After transfection, the HEK293T cells were washed with phosphate
buffer solution (PBS) and centrifuged at a speed of 300g for 5
minutes to collect cell precipitation. P2X3R membrane protein
expression was extracted by using Mem-PER Plus Membrane
Protein Extraction Kit (Thermo Scientific, Shanghai, China) according
to the manufacturer's instruction.®® Polyvinylidene fluoride was
incubated with anti-P2X3R (Alomone Labs Cat# APR-026, RRID:
AB_2341052, Shanghai, China) and anti-Na+-K+-ATPase (Abcam
Cat#2047-1, RRID: AB_991679, Shanghai, China) overnight at 4°C.
Anti-rabbit HRP-conjugated (MultiSciences Cat# GAR007, RRID:
AB_2827833, Hangzhou, China) antibodies were incubated for 2
hours at room temperature. Immunoreactive proteins were detected
by enhanced chemiluminescence (ECL kit; GE HealthcarePharma-
cia Biotech, Shanghai, China). Band intensities were measured
using Imaged software (Bio-Rad, Hercules, CA). ND7-23 cell line
(ECACC Cat# 92090903, RRID: CVCL_4259) was used to detect
potent interfering RNA of P2X3Rs.*

2.10. Molecular modeling

The secondary and tertiary structures of miR-1306-3p were modeled
by CentroidFold®” and 3dRNA,*° respectively. The complex model of
miR-1306-3p and P2X3Rs was generated by HDOCK®* with default
parameters using the crystal structures of P2X3 (PDB 5SVJ: apo or
closed state; PDB 5SVK: open state) as inputs.

The 100 ns all-atom simulations of the complexes of P2X3 and
miRNA were performed with the Gromacs 2019.6 package and
the CHARMMB36 force field.'®*! The membrane components
(POPC[1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholing],
POPE[1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine],
POPS[1-palmitoyl-2-oleoyl-sn-glycero-3-hosphatidylserine], and
cholestanol) were built by CHARMM-GUI.*® The system was then
solvated with TIP3P waters, neutralized with 150 mM KCI,
minimized using the steepest descent method to relieve unfavor-
able contacts, and then equilibrated with 6 cycles of reducing
force constants before the production run. The simulations were
performed at 300 K (velocity-rescale thermostat) and constant
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pressure (1 bar, Parrinello-Rahman constant-pressure and
constant-temperature ensemble). A 10 A cutoff was set for
nonbonded interactions, and the particle mesh Ewald method
was used for electrostatics calculations. LINear Constraint Solver
(LINCS) were applied to H-bonds, and the time step was 2 fs. After
reaching the equilibrium, representative binding conformations
were extracted and analyzed based on root-mean-square
deviation (RMSD) calculations. The key interaction sites on
P2X3Rs were further verified by constructing plasmid vectors
with different mutations.

2.11. Data analysis

All data were expressed as mean = SEM. GraphPad_Prism_8.3
was applied to statistical analyses. Statistical significance for
parametric data was analyzed by the Student t test for
comparison between 2 groups and by analysis of variance
followed by the Tukey test for multiple comparisons. A P value of
less than 0.05 was considered statistically significant.

3. Results
3.1. MiR-1306-3p evoked chronic visceral pain

We first characterized the contents of miRNAs in the exomes
derived from T13-L2 DRG neurons using miRNA chip assays,
which varied significantly in NCl rats compared with the control rats
(CON) (Fig. 1A). Specifically, the expression of miR-1306-3p
featured 37% elevation in DRG tissue of NCl rats (Fig. 1B), and it
was not altered in the spinal cord nor the brain tissues (Fig. S1A-B,
available as supplemental digital content at http://links.lww.com/
PAIN/B768). Indeed, the intrathecal injection of miR-1306-3p
significantly produced visceral pain on control healthy rats
(Fig. 1C), whereas the intrathecal injection of miR-1306-3p
antagomir markedly reduced visceral pain of NCI rats (Fig. 1D),
but it has no effect on somatic pain (Fig. S1C-G, available as
supplemental digital content at http://links.lww.com/PAIN/B768).
We further examined the function of miR-1306-3p using whole-cell
current clamp. The miR-1306-3p (20 wM) puff directly induced
action potentials of the dissociated DRG neurons in vitro (Fig. 1E),
whereas other miRNAs did not (Fig. S1H-N, available as
supplemental digital content at http://links.lww.com/PAIN/B768).
The application of miR-1306-3p (20 wM) in vitro also increased the
calcium responses of DRG neurons (Fig. 1F). We then explored the
mechanism by which miR-1306-3p evoked action potentials.
Under the whole-cell voltage-clamp mode, the miR-1306-3p puff
rapidly induced voltage-dependent inward current, probably
mediated by nonselective cation channels (Fig. 1G). The currents
induced by miR-1306-3p in DRG neurons increased in a dose-
responsive manner and were quantified by the plot of current
density and miR-1306-3p concentrations (Fig. 1H), suggesting a
specific interaction between miR-1306-3p and DRG cellular
components (eg, P2XRs). Furthermore, the current induced by
miR-1306-3p showed a tendency to desensitize after repeated
applications (Fig. S10, available as supplemental digital content at
http://links.lww.com/PAIN/B768). Together, our data suggested
that miR-1306-3p participated in chronic visceral pain, and its
effects were mediated by the activation of DRG neurons.

3.2. MiR-1306-3p directly activates P2X3Rs

We next analyzed the mechanism by which miR-1306-3p induced
inward currents on DRG neurons and focused on the highly
expressed P2X3R. The extracellular surface of the P2X3R contains
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Figure 1. MiR-1306-3p in rat DRG neurons mediated chronic visceral pain. (A) Heat map of DRG exosome miRNA microarray of NCland CON rats (n = 3 rats for each
group). (B) Quantification of real-time PCR (qPCR) assays showing a significant upregulation of miR-1306-3p mRNA expression in T13-L2 DRG neurons of NCl rats
compared with age-matched CON rats (n = 4 rats for each group, **P < 0.01, t test). (C) The dose-response and time course of CRD thresholds in NCl rats given miR-
1306-3p antagomir or the same volume of antagomir-NC (n = 8 rats for each group, ***P < 0.001, **P < 0.01, and *P < 0.05, one-way ANOVA). (D) The
dose-response and time course of CRD thresholds in CON rats given miR-1306-3p were significantly lower than those in age-matched CON rats (n = 8 rats for each
group, P < 0.001, **P < 0.01, and *P < 0.05, vs vehicle, one-way ANOVA). (E) Traces and the bar graph statistics of miR-1306-3p induced action potentials in DRG
neurons of normalrats (n = 8 cells, ***P < 0.001, vs vehicle, one-way ANOVA). (F) Traces and bar graph statistics of miR-1306-3p induced calcium responses in DRG
neurons of normal rats compared with baseline (n = 13 cells, **P < 0.01, vs baseline group). (G) Voltage dependence of miR-1306-3p induced inward currents.
Examples of current-voltage (I-V) relationships of peak induced by miR-1306-3p. The current traces were measured at different holding potentials. The current traces
were shown as the inset of each |-V curve (n = 8 cells). (H) Dose-response curve of miR-1306-3p-evoked currents. The peak currents were plotted as a function of
miR-1306-3p concentration. The dose-response curve was fit by the Hill equation (EC50 = 12.51 wM; Hill slope = 6.649; 1 M, n = 8; 10 puM, n = 8; 20 uM, n = 18;
and 100 pM, n = 15). ANOVA, analysis of variance; CRD, colorectal distension; DRG, dorsal root ganglion; miRNA, microRNA; NC, negative control.

continuous regions enriched with positive charges (blue area,
Fig. 2A),%° which may attract the negatively charged phosphodiester
backbones of miRNAs. Incubation of A317491, an antagonist of
P2X3Rs, significantly reduced the miR-1306-3p—-induced inward
currents, action potentials, and calcium responses in DRG neurons
(Figs. 2B-D). We further designed 3 siRNAs to silence the P2X3Rs
transfected in ND7-23 cell line (DRG cell line, Fig. 2E). Intrathecal
injection of siP2X3R-3 for 1 week significantly reduced inward current
stimulated by miR-1306-3p (Fig. 2F). Hence, miR-1306-3p may
directly activate P2X3Rs. Indeed, the intrathecal injection of A317491
blocked the miR-1306-3p—induced effects and reversed the visceral
hyperalgesia caused by miR-1306-3p in CON rats (Fig. 2G). Our
results strongly suggested that the miR-1306-3p-induced current is
mediated by the activation of P2X3Rs.

3.3. MiR-1306-3p activates dorsal root ganglion neurons not
through other membrane receptor but its main sequence
nucleotide combined with P2X3Rs

In addition, we examined 2 other membrane ion channels
(TRPV1 and Na,1.7) of DRG neurons by a combination of
structural models and cellular experiments. Unlike P2X3Rs, the
electrostatic surface of transient receptor potential vanilloid 1
(TRPV1) and Na,1.7 indicated the location of charged regions
mainly at the cytoplasmic side (Figs. 3A-E). For the TRPV1
expressing HEK293T cells, miR-1306-3p did not induce any
inward current (Fig. 3C), nor did capsazepine (CPZ, 10 uM, a
TRPV1-specific inhibitor) block the miR-1306-3p-induced
currents on DRG neurons (Fig. 3B). Similarly, tetrodotoxin
(TTX, 1 M, a typical sodium channel inhibitor) did not block the
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Figure 2. MiR-1306-3p activates DRG neurons through binding to P2X3Rs. (A) P2X3R was illustrated as the electrostatic potential surfaces. (B) P2X3R antagonist
(A317491) significantly reduced the current induced by miR-1306-3p. Representative profiles of the currents induced by miR-1306-3p and the mix of miR-1306-
3p and A317491 (10 uM, top right). Bottom, bar graph showing the reduction of the current density (n = 7 cells, ***P < 0.001, t test). (C) P2X3R antagonist
A317491 significantly blocked action potentials induced by miR-1306-3p. Top, the patterns of action potential induced by miR-1306-3p (left) or the mix of miR-
1306-3p and A317491 (10 wM) (right). Bottom, bar graph statistics of action potentials (n = 5 cells, *P < 0.05, t test). (D) P2X3R antagonist A317491 significantly
blocked the calcium responses induced by miR-1306-3p. Top, the peaks of calcium response induced by miR-1306-3p (left), the mix of miR-1306-3p and
A317491 (middle), and KCI (right) (30 mM), respectively. Bottom, bar graph statistics of AF340/380 signals (n = 47 cells, ***P < 0.001, t test). (E) Top: the
expression of P2X3R in ND7-23 cell line with or without transfection of various siP2X3Rs (right). Bottom: siP2X3R-3 significantly reduced the expression levels of
P2X3Rs. (F) Representative profiles and bar graph of the currents induced by miR-1306-3p (left) and ATP (right) on DRG neurons after the P2X3R has interfered by
intrathecal injection of siP2X3R-3 for 1 week. (G) Intrathecal injection of A317491 blocked the miR-1306-3p—induced effects. Intrathecal injection of A317491 did
not alter the CRD thresholds in CON rats (n = 6 rats, **P < 0.01, *P < 0.05, one-way ANOVA). ANOVA, analysis of variance; CRD, colorectal distension; DRG,
dorsal root ganglion; KCI, potassium chloride; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ATP, adenosine triphosphate.

miR-1306-3p-induced inward currents (Figs. 3D and E). Above  3.4. MiR-1306-3p allosterically regulates P2X3R functions
all, the results further suggest that the miR-1306-3p binds
directly to P2X3Rs.

We further mutated the miR-1306-3p sequence in 7 different
sites, namely, m1-7 (Fig. 3F). The abilities of these mutant
products to induce inward currents were tested by electrophys-
iological methods in HEK293T cells transfected with the P2X3R
plasmid. Overall, the miR-1306-3p-m2 mediated significantly
decreased current when compared with that of miR-1306-3p
(Fig. 3G). Intrathecal injection of miR-1306-3p-m2 did not
produce chronic visceral pain neither (Fig. 3H), which was in
consistent with the patch-clamp results. Hence, GTT of the miR-
1306-3p sequence was the main nucleic acid bases binding to
P2X3Rs.

We then performed molecular dockings between P2X3R and miR-
1306-3p models (Fig. S2A-B, available as supplemental digital
content at http://links.ww.com/PAIN/B768). The top-ranking com-
plex models indicated that 4 amino acid residues of P2X3R (Fig. 4A)
were closely related to the miR-1306-3p binding; they are arginine
180 (R180), lysine 259 (K259), lysine 315 (K315), and arginine 52
(R52). Next, we designed accordingly 4 single point mutation
plasmids of P2X3Rs (Figs. 4B-E, red balls) and delineated their
functions at the electrophysiological level. The R180, K315, and R52
single mutations all featured significantly reduced inward currents on
miR-1306-3p binding (Fig. 4F, Fig.S2C-G, available as supplemental
digital content at http://links.ww.com/PAIN/B768). We also identified
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Figure 3. MiR-1306-3p activates DRG neurons not through other membrane receptor but its main sequence nucleotide combined with P2X3Rs.(A) TRPV1 was
illustrated as the electrostatic potential surfaces. (B) TRPV1-specific blocking agent capsazepine had no impact on the current induced by miR-1306-3p on DRG
neurons. Top: the trace of current induced by miR-1306-3p (left) and the mix of miR-1306-3p and CPZ (10 wM) (right). Bottom: bar graph (n = 6 cells, P > 0.05, t
test). (C) Top: the example of current induced by capsaicin (CAP, 10 uM, left) and miR-1306-3p (right) on HEK293T cells that transfected with the plasmid of
TRPV1. Bottom: histogram of capsaicin-induced current and miR-1306-3p—evoked current (n = 6 cells, **P < 0.01, t test). (D) Sodium channel was illustrated as
the electrostatic potential surfaces. (E) Sodium current antagonists (TTX, 1 wM) had no impact on the current induced by miR-1306-3p. Top: example of current
induced by miR-1306-3p (left) and the mix of miR-1306-3p and TTX (right). Bottom: bar graph (n = 10 cells, P > 0.05, t test). (F) The nucleotide mutations were
highlighted in red of the miR-1306-3p sequence variants. (G) Above, traces of the currents induced by miR-1306-3p and different mutants (m1-m7) in
HEK293T cells that expressed the plasmid of P2X3Rs. Below, histogram of the current densities (MmiR-1306-3p,n =12;m1,n=9;m2,n=7;m3,n=7;m4,n =
7;m5,n=6;m6,n=7;andm7,n = 8.*P < 0.05, one-way ANOVA). (H) Intrathecal injection of miR-1306-3p-m2 did not produce chronic visceral pain of healthy

control rats (n = 6 for each group). ANOVA, analysis of variance; DRG, dorsal root ganglion; CPZ, capsazepine; TTX, tetrodotoxin.

4 key amino acids’ ATP-binding site at P2X3Rs; they are lysine 63
(KB3), lysine 65 (K65), phenylalanine 174 (F174), and arginine
281 (R281). We further obtained combined mutations of the
miR-1306-3p and ATP-binding sites (rP2X3RT180A+KS15A+R52A
and rP2X3RIEATKESATFITAATR2EIA " Fig 4G, red balls and
green balls, respectively). We observed ATP-induced currentsin
rP2X3RA1BOATKIISATRE2A oy pressing HEK293T cells, whereas
the miR-1306-3p-induced currents were completely abolished
(Fig. 4H, Fig. S2H, available as supplemental digital content at
http://links.lww.com/PAIN/B768). On the other hand, miR-1306-
3p induced inward currents in rP2X3RKESATKESATFITAA+TR2BTA
expressing HEK293T cells, whereas the ATP-induced currents
were suppressed (Fig. 41, Fig. S2I, available as supplemental digital
content at http://links.lww.com/PAIN/B768). The results sug-
gested that R180, K315, and R52 played significant roles in miR-
1306-3p binding and constituted an allosteric site for the regulation
of P2X3R functions.

3.5. Molecular dynamics equilibrated conformations of the
miR-1306-3p-P2X3R complex

To characterize the impact of miR-1306-3p binding on P2X3R
structures and functions, we simulated the interactions between the

miRNA and P2X3R at the apo state or ATP-bound, open state using
all-atom molecular dynamics. At the apo state, miR-1306-3p
enlarged the pore of the P2X3R channel from 7.5 A to 11.8 A
(average values of apo or miR-1306-3p-bound conformations,
respectively), which was slightly smaller than that of the open state
(18.5 A, Figs. 5A and B). We observed stable interactions between
miR-1306-3p and P2X3R throughout the 100 ns simulations.
Indeed, the activation time of miR-1306-3p (14.75 = 2.87 ms) was
significantly longer than that of ATP (6.63 = 1.28 ms), indicating that
miR-1306-3p stabilized the pore-opening conformations (Fig. 5C).
Binding energy calculations based on simulated structures also
indicated that miR-1306-3p likely facilitated the transition of P2X3R
from apo to open states (Table S1, available as supplemental digital
content at http://links.lww.com/PAIN/B768). Furthermore, there
was no significant difference in inactivation time between miR-
1306-3p (612.62 = 250.44 ms) and ATP (641.13 = 201.81ms,
Fig. S3A, available as supplemental digital content at http://links.
ww.com/PAIN/B769). The current densities induced by ATP or by
miR-1306-3p were comparable with each other (—103.02 + 13.59
pA/pF for ATP and —114.53 = 32.22 pA/pF for miR-1306-3p,
respectively, Fig. S3B, available as supplemental digital content at
http://links.lww.com/PAIN/B769). When combined, however, ATP
(=24.33 =7.31 pA/pF) and miR-1306-3p (—18.01 = 4.49)
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crystal structure P2X3R bind to miR-1306-3p are R180, K259, K315, and R52, respectively (red balls). (F) The ATP-binding amino acid residues (K63, K65, F174,
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significantly enhanced the current density to —33.55 =+ 7.59 pA/pF
and —40.72 = 9.57 pA/pF (Figs. 5D and E). Hence, we postulated
that at open states (Fig. S3C-F, available as supplemental digital
content at http://links.lww.com/PAIN/B769), miR-1306-3p not only
altered the overall pore lumen structures (Fig. S3D-F, available as
supplemental digital content at http://links.lww.com/PAIN/B769) but
also facilitated cations traversing through electrostatic effects of RNA
phosphate backbone. We also evaluated the effects of perturbing
the miR-1306-3p and P2X3R interactions in animal models. After
intrathecal injection of mMIR-1306-3p antagomir and A317491
together, the CRD thresholds in NCl rats were significantly enhanced
(Fig. 5F), indicating that miR-1306-3p antagomir and A317491
synergistically attenuated visceral pain.

4. Discussion

Chronic visceral pain is a major threat to global public health.™® It
is often associated with a high comorbidity of stress-related
mental diseases, including anxiety and depression, which
aggravate the impact on patients and increase the difficulty of
pathogenic mechanism research. Therefore, it is of great clinical
significance to investigate the mechanisms of visceral pain."! This

study uncovers a novel mechanism that miR-1306-3p partici-
pated in chronic visceral pain. MiR-1306-3p has been previously
reported to be involved in tumor cell metastasis and fetal growth
restriction research.** The downregulation of miR-1306-3p
expression was negatively correlated with the pathological
characteristics and poor prognosis of gastric cancer.®® MiR-
1306-3p promotes the metastasis of hepatocellular carcinomain
vivo and in vitro by promoting the epithelia-mesenchymal
transition process.'” To our knowledge, there is no report of
miR-1306-3p on nervous system diseases nor chronic pain. This
study confirmed for the first time that miR-1306-3p directly
activates P2X3Rs and excites peripheral primary afferent
neurons, thus leading to peripheral sensitization and the de-
velopment of chronic visceral pain. Our findings not only shed
light on the mechanisms underlying chronic visceral pain but also
reveal a novel role of miRNA on ion channel functions.
MicroRNA is a small noncoding single-stranded RNA consist-
ing of about 22 nucleotides. They are thought to silence target
mRNA by binding to the corresponding 3’-untranslated region
(3’-UTR) or open reading frame,"?? thus implicated in various
physiological and pathological processes, including immune
defense, surveillance and homeostasis, tumor promotion, and
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colorectal distension; DRG, dorsal root ganglion.

the regulation of chronic pain.®®°%%% Recent studies have
demonstrated that there are a large number of extracellular
miRNAs, which are closely related to expression and function of
P2X3Rs.%® However, whether and how miRNA-1306-3p regu-
lates P2X3R functions remain unknown. This study demonstrates
a unigue mechanism by which miR-1306-3p participates in the
development of chronic visceral pain. Application of miR-1306-
3p into acutely dissociated DRG neurons quickly evoked action
potentials, increased intracellular calcium mobilization, and
induced inward currents. These results strongly indicate that
miR-1306-3p plays functions by activating ion channels. By
computational stimulations, analysis of inward current charac-
teristics, and surface charges of some ion channels, we
suggested that miR-1306-3p most likely activates P2X3Rs. The
P2X3R antagonist significantly attenuated the inward currents
induced by miR-1306-3p, corroborating the role of miR-1306-3p
as P2X3R activators. Although it is difficult to exclude the
possibility that some other ion channels or receptors might be

associated with the miR-1306-3p functions, we have tried to
exclude that TRPV1 or voltage-gated sodium channels in miR-
1306-3p mediated effects. Collectively, we demonstrated that
miR-1306-3p directly excited DRG neurons by activating
P2X3Rs. This conclusion is also supported by a recent study
that miR-711 binds to the extracellular fragment of TRPA1
receptors on DRG neurons, activates the TRPA1 channels, and
then causes changes in a downstream signal pathway and the
regulation of peripheral neurogenesis of itching'®; also, there are
miRNAs that may directly bind intracellular receptors and
promote pain or tumor growth. 23362

In this study, we verify the miR-1306-3p—binding sites on the
P2X3Rs. Based on the crystal structures of P2X3Rs,?°® we
analyzed the binding mode of miR-1306-3p and P2X3Rs. Four
key residues of P2X3Rs that bind to miR-1306-3p, namely, R180,
K259, K315, and R52, were identified. Whole-cell patch-clamp
recording results indicated that the current recorded from R180,
K315, and R52 mutant plasmids was decreased significantly.
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These data strongly suggest that the amino acids of R180, K315,
and R52 of P2X3Rs are crucial for miR-1306-3p to bind with.

Because the miR-1306-3p-binding sites are different from ATP,
it is therefore interesting to explore how miR-1306-3p binding
might affect the ATP effect or the vice versa. The protomer of
P2X3Rs contains 2 transmembrane helixes, connected by a large
extracellular domain containing ATP-binding sites and N-terminal
and C-terminal in different lengths.2"*%*? A recent study reported
the X-ray crystal structure of the P2X3R in the apo/resting state,
agonist binding/open state, and agonist binding/desensitization
state.?® Interestingly, our follow-up results showed that P2X3Rs
featured an extended period of the open states when miRNA is
combined with ATP (Fig. S3E-F, available as supplemental digital
content at http://links.lww.com/PAIN/B769). These data represent
a novel mechanism that miRNA might act as the “switch” of ion
channels, causing the change in the state of ion channels, the ion
flow through the cell membrane, and participating in the
pathophysiological activities under chronic pain conditions. This
conclusion was supported by an observation that a combination of
P2X3R antagonist and antagomir of miR-1306-3p had a greater
antinociceptive effect than a single use of P2X3R antagonist or
antagomir of miR-1306-3p.

A growing body of evidence shows that many miRNAs are
contained in and released from the exosomes of the source cells
and subsequently absorbed by the target cells.®® In this study, we
showed that miR-1306-3p expression was enhanced in DRG-
derived exosomes (Fig. 1B). Itis, therefore, reasonable to deduce a
conclusion that miR-1306-3p was likely released from exosomes
and participated in the chronic visceral pain by activating purinergic
P2X3Rs. However, the regulatory mechanism by which miR-1306-
3p expression was upregulated deserves a further investigation. In
addition, further screening of the interaction of miR-1306-3p with
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other receptors and ion channels and the downstream target
molecules of pain information transmission are definitely needed.

In summary, the basic knowledge of the pathogenesis of
chronic visceral pain is crucial for the clinical treatment and
prevention of the disease. This study focused on the neural
mechanism of miR-1306-3p binding to the P2X3Rs on primary
sensory afferent neurons. The core sequence of miR-1306-3p
binds to the key amino acids on P2X3Rs, which activates the
P2X3Rs, induces inward currents, increases the excitability of
DRG neurons, and eventually produces visceral pain (Fig. 6). We
also showed that the application of miR-1306-3p antagomir and
A317491 synergistically attenuated visceral pain behaviors of NCI
rats, indicating a useful strategy by the combined use of
antagonist and antagomir to block the 2 binding sites for ATP
and miR-1306-3p. This study not only unveils a novel mechanism
underlying the roles of miRNAs but also suggests a novel strategy
for the treatment of chronic visceral pain in patients with irritable
bowel syndrome.
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