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Abstract

Voltage-gated sodium channels, which are involved in pain pathways, have emerged as major targets for therapeutic inter-
vention in pain disorders. Navl.7, the tetrodotoxin-sensitive voltage-gated sodium channel isoform encoded by SCN9A and
predominantly expressed in pain-sensing neurons in the dorsal root ganglion, plays a crucial role in nociception. MicroRNAs
are highly conserved, small non-coding RNAs. Through binding to the 3’ untranslated region of their target mRNAs,
microRNAs induce the cleavage and/or inhibition of protein translation. Based on bioinformatics analysis using TargetScan
software, we determined that miR-30b directly targets SCN9A. To investigate the roles of Navl.7 and miR-30b in neuropathic
pain, we examined changes in the expression of Navl.7 in the dorsal root ganglion by miR-30b over-expression or knock-
down in rats with spared nerve injury. Our results demonstrated that the expression of miR-30b and Navl.7 was down-
regulated and up-regulated, respectively, in the dorsal root ganglion of spared nerve injury rats. MiR-30b over-expression in
spared nerve injury rats inhibited SCN9A transcription, resulting in pain relief. In addition, miR-30b knockdown significantly
increased hypersensitivity to pain in naive rats. We also observed that miR-30b decreased Navl.7 expression in PCI12 cells.
Taken together, our results suggest that miR-30b plays an important role in neuropathic pain by regulating Nav|.7 expression.
Therefore, miR-30b may be a promising target for the treatment of chronic neuropathic pain.
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Intr ion . :
troductio SCNYA can generate a congenital absence of uninten-

Central or peripheral nervous system damage or dys-
function can cause neuropathic pain, which is character-
ized by spontaneous pain, hyperalgesia, and allodynia.
Because signal transduction and the regulation of pain
depend on the activity of ion channels in the afferent
fiber and because sodium ion channels in excitable cells
are the foundation of the resting and action potential,
sodium ion channels are considered a potential target of
neuropathic pain therapy.' Nine sodium channel sub-
units have been identified (Navl.1-Navl1.9). In particu-
lar, Navl.7 has received intense scrutiny for its
contributions to human genetic pain diseases.’

The tetrodotoxin-sensitive voltage-gated sodium chan-
nel Nav1.7, with o subunit that is encoded by SCN94, is
mainly expressed in the dorsal root ganglia (DRG) and
sympathetic ganglia.* Loss-of-function mutations in

tional pain,”® and gain-of-function mutations are linked
to the pain associated with primary erythromelalgia®'°
and paroxysmal extreme pain disorder.'"'? Therefore,
SCNYA is likely to be a crucial target for pain research.
Mature microRNAs (miRNAs) are non-coding
RNAs with a length of 19-25 nucleotides that regulate
post-transcriptional gene expression. When a miRNA
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and target mRINA bind completely, the target mRNA is
immediately degraded; however, if the two species do not
fully bind, the miRNA inhibits the translation of the
target mRNA."* Many studies have confirmed that cer-
tain microRNAs are causally involved in the develop-
ment of neuropathic pain by regulating voltage-gated
sodium channel protein expression and neuronal excit-
ability. Sakai et al.'"* found that miR-7a is down-regu-
lated in the neurons of injured DRG in neuropathic pain
and that the over-expression of miR-7a suppresses the
increase in expression of the B2-subunit and normalizes
the persistent hyperexcitability of nociceptive neurons.
Chen et al.'” confirmed that miR-96 participates in the
regulation of neuropathic pain by inhibiting Navl.3
expression in the DRG of CCI rats. Zhao et al.'® also
found that microRNAs regulate the expression of the
nociceptor gene in mouse Navl.8 sensory neurons.
However, the mechanism by which the microRNA
associates with Nav1.7 has not been reported in neuro-
pathic pain.

We discovered that miR-30b is closely related to
SCNYA using TargetScan bioinformatics software ana-
lysis. We examined the change in Navl.7 expression in
PCI12 cells after over-expressing or knocking down miR-
30b. Using the spared nerve injury (SNI) animal model
for neuropathic pain, we demonstrated that miR-30b
was down-regulated followed by an up-regulation of
Navl.7 o subunits. Furthermore, we demonstrated a
novel role for miRNA in the maintenance of pain sensi-
tization, showing that intrathecal applications of miR-
30b could repress the up-regulated expression of Navl.7
o subunits and consequently relieve pain, thereby iden-
tifying miR-30b as a potential therapeutic target.

Materials and methods

SCN9A 3’ untranslated region constructs
and luciferase assay

The 3’ untranslated region (3’UTR) of SCN9A contain-
ing the miR-30b binding site was amplified with the for-
ward primer 5-GATATCTCGAGAGAAACAAAGT
ACTAGGGACAAAAAGATT-3 and the reverse
primer 5-GTATCGCGGCCGCAAAAATGG-3" from
rat genomic DNA samples. The polymerase chain reac-
tion (PCR) products were separated in an agarose gel
and extracted, purified, and cloned using the TA cloning
Kit (Promega, Madison, WI, USA). The SCN94 3'UTR
was linked to the vector psiCHECK-2 (Promega) con-
taining Renilla and firefly luciferase using the restriction
enzymes Xhol and Notl. The resulting construct was
verified by sequencing.

HEK?293 cells were seeded at 1 x 10° cells per well in
24-well plates. The cells were transfected using
Lipofectamine 2000 according to the manufacturer’s

suggestions 24 h after plating. In each well, 0.5pg of
psiCHECK-3'UTR vector or Mut-3UTR vector was
cotransfected  with  100pmol miR-30b  agomir
(GenePharma, Shanghai, China), while 100 pmol nega-
tive control was used in each experiment. Three repli-
cates of each sample were evaluated, and each
experiment was repeated at least three times. The cells
were harvested with passive lysis buffer at 100 ul per well
48 h after transfection. The activity of Renilla luciferase
in the cell lysate was measured using the Dual Luciferase
assay system (Promega) in a Berthold Centro LB960
luminometer (Berthold Technologies, Germany) and
normalized to the activity of firefly luciferase. The
miRNA sequences are as follows:

miR-30b agomir: -UGUAAACAUCCUACACUCAG
CuU-3

3-CUGAGUGUAGGAUGUUUACAUU-¥

miR-30b antagomir: 5-AGCUGAGUGUAGGAUGU
UUACA-3

scramble-miRNA: Y- ACAUUUGUUCCUACACUCA
GCU-%

3-UGUAAACAAGGAUGUUUACAUU-5

mi-RNA negative control: 5-UUCUCCGAACGUGUC
ACGUTT-¥

3-ACGUGACACGUUCGGAGAATT-Y

PCI12 cell culture and transient transfections

PC12 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum, 100 kU/L peni-
cillin, and 100 pg/L streptomycin (Gibco-BRL) at 37°C
with 5% CO,. Cells grown in culture flasks to 70%—-80%
confluence were collected and replated in 24-well plates
at approximately 5 x 10* cells/cm?.

Prior to transfection, the cells were pretreated with
glutamate (20nM for 14h, Sigma, Santa Clara, CA,
USA). The transfections with miR-30b agomir/antago-
mir (GenePharma), scramble-miRNA, or negative
control were performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). For each sample, the
treatments (100 pmol miR-30b agomir, 100 pmol antag-
omir, 100 pmol scramble-miRNA, 100pmol negative
control) and Lipofectamine reagent (2pul) were diluted
in 50pul of DMEM lacking serum and antibiotics at
room temperature. After Smin, the diluted treatment
sample was mixed with Lipofectamine. After 25min,
the mixture was added to 400pul of DMEM lacking
serum and antibiotics. The final mixture was applied to
the cells on per well. After 6 h, the medium was replaced
with DMEM containing 10% fetal bovine serum,
100kU/L penicillin, and 100 pg/L streptomycin, and
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the cells were harvested at 48—72h after transfection for
mRNA and protein analysis.

Animal preparation and induction
of peripheral neuropathic pain

Adult male Sprague-Dawley male rats weighing 280—
350g were purchased from the Animal Center of
Henan Province. The rats were housed under artificial
light from 7:00 a.m. to 7:00 p.m. in individual cages
with free access to water and food. The room tempera-
ture was maintained at 24°C. The care and use of ani-
mals followed the recommendations and guidelines of
the National Institutes of Health and was approved by
Zhengzhou University Animal Care and Use Committee.

The rats were anesthetized with 2% isoflurane deliv-
ered via a nose cone, and an incision was made in the
skin on the lateral surface of the thigh directly through
the biceps femoris muscle, exposing the sciatic nerve and
its three terminal branches: the sural, common peroneal,
and tibial nerves. The common peroneal and tibial
nerves were tightly ligated with 4.0 silk and sectioned
distal to the ligation, removing 2+4mm of the distal
nerve stump. Great care was taken to avoid any contact
or stretching of the sural nerve. The muscle and skin
were sutured. Sham controls underwent exposure of
the sciatic nerve and its branches without the generation
of any lesion.

Mechanical stimulus threshold test

The mechanical stimulus threshold was measured with
von Frey hairs (North Coast Medical Inc., CA, USA).
The animals were placed in wire mesh bottom cages and
allowed to acclimatize for 30 min before examination.
The plantar surface of the animal’s hind paw was stimu-
lated with von Frey filament. Following application of
calibrated von Frey filaments (0.4-15g) with sufficient
force to cause buckling of the filament, the 50% with-
drawal threshold was determined according to the up-
down method of Chaplan et al.'” in an ascending order
of force until a paw withdrawal response were elicited.
Each von Frey hair was applied to the paw for 8s or
until a response occurred. Each rat was alternately tested
three times with a 5-min intertrial interval.

Intrathecal injections

Under 2% isoflurane anesthesia, the rats were implanted
with an intrathecal catheter in the lumbar enlargement
(close to the L4-5 segments) for intrathecal drug admin-
istration according to the method of Wei-Ping Wu.'® In
brief, a longitudinal skin incision was created above ver-
tebrae LS5 and L6. The vertebra was accessed through a
hole in the muscle made by a 23-gauge needle. The

polyethylene catheter (primary erythromelalgia-10,
Smiths Medical, England) was pushed into the L5-6 pro-
cess above the vertebral column and the midline of the
vertebra. The catheter was then pushed through the
intervertebral space and dura. A sudden movement of
tail or the hindlimb indicated dura penetration. The
catheter was then pushed gently upward to reach L4 at
the lumbar enlargement and fixed into the superficial
muscle by suturing a bead made on the catheter at the
neck area. The catheter was tunneled under the skin and
pulled out at the neck where another skin incision was
made and the second bead was fixed into the muscle. The
outer end of the catheter was sealed by melting. The both
incisions were carefully sutured. After a seven-day recov-
ery, the catheter placement was verified by observing
transient hind paw paralysis induced by an intrathecal
injection of lidocaine (2%, 5Spul). Those rats exhibiting
postoperative neurological deficits (e.g., paralysis) or
poor grooming were excluded from the experiments.
After peripheral nerve injury, the rats were intrathecally
administered the miR30b agomir (20 uM, 10pul) or
scramble miRNA (10 ul as a control) once a day from
day 10 (after nerve injury) to day 13. The miR30b antag-
omir (20 uM, 10pul) was administered intrathecally in
naive rats four times once daily from seven days after
intrathecal catheter implantation. All drugs were injected
intrathecally in a 10 ul volume followed by a 10 pul saline
flush.

Immunofluoresence

The rats were deeply anesthetized with 2% isoflurane
and perfused intracardially with 4% paraformaldehyde
in PBS precooled to 4°C. L4-6 DRGs were quickly
removed and fixed in 4% paraformaldehyde overnight
at 4°C. After dehydration, L4-6 DRGs were sliced into
3.5 um thick sections. Endogenous peroxidase was inhib-
ited with 3% H»O, for 15min. The slices were incubated
with 10% normal goat serum to block the non-specific
binding of immunoglobulins and then incubated with
primary antibodies diluted in blocking solution at 4°C
overnight (mouse anti-Navl.7 (Abcam, lot number
GR51762-1, catalog number ab62758, 1:200), mouse
anti-NF200 (Boster, BM0100, 1:100), and rat anti-calci-
tonin gene-related peptide (CGRP) (Sigma, C8198,
1:100)). Then, sections were washed four times with
PBS (0.01M), and incubated with secondary antibodies
(Cy3 conjugated donkey anti-mouse antibody (Jackson
laboratories 1:400), Alexa 488 conjugated donkey anti-
rat antibody (Jackson laboratories 1:400)), diluted in
blocking solution at room temperature for 1-2h,
washed again four times with PBS. FIT4 conjugated
IB4 (Sigma, L2895) was diluted at 1/200 and incubated
together with secondary antibodies. Images were taken
with a laser-scanning confocal microscope (Olympus
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Fluoview FV1000, Japan) and processed with Image J
and photoshop CS3 software.

To verify the specificity of Navl.7 antibody used in
the present study, the antibody were preincubated with
Navl.7 protein at the concentration that were fivefold
higher than that of the antibody in 4°C for 1h, and
then the preincubated antibody were used in DRG sec-
tions to detect Navl.7 by immunohistochemistry.
As shown in Figure 3, the signal of Navl.7 detected
by the pre-incubated antibody (E-a) was signifi-
cantly lower than that detected by non-preincubated
antibody (E-b).

In situ hybridization with subsequent
immunofluorescence

Rats were deeply anaesthetized with 2% isoflurane and
perfused transcardially with PBS (pH 7.4) followed by
fresh 4% paraformaldehyde in PBS. DRGs were removed
and post-fixed in paraformaldehyde overnight, and then
cryoprotected in 20% sucrose in PBS overnight at 4°C.
Cryostat sections were cut at a thickness of 16um.
A biotin-anti-digoxigenin-labeled  specific detection
probe for miR-30b was purchased from Boster
(MK10158). Hybridization was performed according to
the manufacturer’s instructions. After treatment with
pepsin and prehybridization, the sections were hybridized
with miR-30b probes (5—AGCTGAGTGTAGGA
TGTTTACA—3') at 42°C overnight. Slides were rinsed
twice with 2 x SSC at 37°C for 5min for each wash, and
subsequently washed with 0.5 x SSC and 0.2 x SSC at
37°C for 15min. Slides were then incubated with blocking
solution at 37°C for 30 min, and then with a mouse anti-
digoxigenin antibody at 37°C for 60 min. In situ hybrid-
ization sections were rinsed in PBS, incubated with
SABC-FITC/Cy3 at 37°C for 30 min. Slides were rinsed
three times with PBS for 5 min each wash and then incu-
bated with the following primary antibodies overnight at
4°C: mouse anti-Navl.7 (Abcam, 1:200), mouse anti-
NF200 (Boster, 1:100), rat anti-CGRP (Sigma, 1:100),
or 1B4 conjugated with FITC (Sigma, 1:200) dissolved
in PBS-Tween 0.1% at 4°C overnight. Then, sections
were washed four times with PBS (0.01M), and incubated
with secondary antibodies (Cy3 conjugated donkey anti-
mouse antibody (Jackson Laboratories 1:400), Alexa 488
conjugated donkey anti-rat antibody (Jackson labora-
tories 1:400)), diluted in blocking solution at room tem-
perature for 1-2h, washed again four times with PBS.
Sections were visualized with confocal microscope
(Olympus Fluoview FV1000, Japan).

RNA isolation and quantitative real-time PCR

Total RNA was extracted from the ipsilateral L4-5
DRGs of the SNI/sham rats or PCI12 cells using

TRIzol according to the manufacturer’s protocol
(Invitrogen). Complementary DNA synthesis was per-
formed by reverse transcription using the RevertAid
First-strand ¢cDNA Synthesis Kit (Thermo Scientific,
USA). Quantitative real-time PCR (qRT-PCR) was per-
formed using the 7500 fast real-time PCR detection
system (Applied Biosystems, USA). The Thermo
Scientific Maxima SYBR Green qPCR Master Mix kit
(Thermo Scientific) was used to detect SCN9A mRNA
with the following PCR amplification cycles: initial
denaturation, 95°C for 30s followed by 40 cycles with
denaturation at 95°C for 5s and annealing extension
at 60°C for 34s. The Hairpin-it™™ miRNAs qPCR
Quantification Kit (GenePharma) was used for miR-
30b with the following PCR amplification cycles: initial
denaturation at 95°C for 3min followed by 40 cycles
with denaturation at 95°C for 12s and annealing exten-
sion at 62°C for 50s. A dissociation curve was generated
at the end of the 40th cycle to verify that a single product
was amplified. f-actin and U6 were used as internal ref-
erences for SCN9A mRNA and miR-30b, respectively.
The relative level of expression was calculated using
the comparative (272<") method.'" All samples were
evaluated in triplicate. The primer sequences were as
follows:

U6snRNA-F:
TT-3

U6snRNA-R: 5-GGAACGCTTCACGAATTTG-3
miR-30b-F: 5-CACCAGCCATGTAAACATCCTAC-¥
miR-30b-R: 5-TATGCTTGTTCTCGTCTCTGTGTC3
SCN9A-F: 5-TGGCGTCGTGTCGCTTGT-3
SCN9A4-R: 5-TGGCCCTTTGCCTGAGAT-3’
GAPDH-F: 5-TCG GTG TGA ACG GAT TTG GC-¥
GAPDH-R: 5-CCT TCA GGT GAG CCC CAG C-3'.

S-ATTGGAACGATACAGAGAAGA

Western blot analysis

The ipsilateral L4-6 DRGs were dissected from each
animal. Protein was extracted using tissue protein extrac-
tion reagent (Weiao Biotech, Shanghai, China) and sepa-
rated in 10% sodium dodecyl sulfate polyacrylamide
gels, electrophoretically transferred onto polyvinylidene
fluoride membranes, incubated with blocking buffer (Tris
Buffered Saline with Tween [TBST] containing 5% fat-
free dry milk) for 2 h and probed with rabbit anti-Nav1.7
(1:600, Abcam, England, lot number GR51762-1) over
two nights at 4°C. The membrane sheet was then incu-
bated with a goat anti-rabbit antibody (1:1000) for 2 h at
37°C, and the staining was visualized using ECL detec-
tion reagents followed by exposure with FluorChem
ProteinSimple (Alphalmager ProteinSimple, San Jose,
USA). The immunoreactive density was analyzed using
AlphaView software.
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Statistical analyses

The data are presented as the mean & SEM. GraphPad
Prism v5.0 was used for statistical analyses. Normality
of data was assessed by the Shapiro-Wilk and
Kolmogorov—Smirnov tests, with P <0.05 accepted as
a non-normal distribution. Equality of variance was
assessed by F test. Unpaired Student’s t-test was used
for normally distributed datasets. Comparisons of a
non-normally distributed group with any other group
were made using the Mann—Whitney U test.
Comparisons of more than two groups, all of which
were normally distributed, were made using one-way
analysis of variance with Tukey post-hoc tests for pair-
wise comparisons. The data from behavior test were stat-
istically analyzed with two-way analysis of variance.
P <0.05 was considered significant.

Results
SCN9A mRNA is the target of miR-30b

The voltage-gated sodium channel Navl.7 o subunit is
encoded by SCN9A. Using TargetScan algorithms, we
found that SCN94 mRNA is a target of several
miRNAs, including miR-30b, miR-96, and miR-182.
Here, we focused on the relationship between miR-30b

and SCN9A4. The mature sequences retrieved from miR-
base showed that the miR-30b target sequences in the
SCN94 3'UTR were conserved between rats and
humans (Figure 1(a)). The TargetScan algorithms
showed that the seed sequence of miR-30b (positions
1-8) exactly matched the SCN94 3UTR from 3069 to
3076 bp (rat) or from 20 to 27 bp (human) (Figure 1(a)).

To investigate whether the SCN94 3'UTR was in fact
targeted by miR-30b to negatively regulate Navl.7
expression, we generated reporter plasmids by fusing
the SCN94 mRNA 3'UTR (containing the miR-30b
target sites) to the 3’ terminus of a Renilla luciferase
coding sequence (abbreviated as 3’UTR). In HEK?293
cells, coexpression of the 3'UTR with the miR-30b
agomir, which is double-stranded miR-30b, inhibited
luciferase expression (Figure 1(b)). Moreover, the miR-
30b antagomir, the inhibitor of miR3b, did not influence
luciferase expression (Figure 1(b)). These results sug-
gested that miR-30b effectively inhibited translation of
the Navl.7 o subunits. To demonstrate that this inhib-
ition was sequence specific, we fused the mutant SCN9A4
mRNA 3'UTR to the reporter plasmid (mut-3’'UTR) and
coexpressed them with the miR-30b agomir in HEK293
cells. As expected, miR-30b had no effect on luciferase
expression (Figure 1(b)). To illustrate the specificity of
miR-30b targeting, we assessed the binding of the
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Figure I. miR-30b directly targets the SCN9A 3'UTR. (a) Sequence alignment of miR-30b and the human and rat SCN9A 3'UTR. The
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scramble miR-30b sequence (scramble miRNA), which
was unable to inhibit luciferase expression (Figure 1(b)).

Identification of SCN9A as a target of miR-30b
in PCI2 cells by miR-30b antagomir transfection

To determine whether endogenous miR-30b could regulate
the translation of SCN9A4, we over-expressed and knocked
down endogenous miR-30b by infecting PC12 cells with
miR-30b agomir and antagomir, respectively. We mea-
sured the expression of SCN94 mRNA and miR-30b by
qRT-PCR. Compared with the control, miR-30b agomir
transfection induced a significant up-regulation of miR-30b
expression (Figure 2(a)) and down-regulation of SCN94
(Figure 2(b)). Conversely, miR-30b expression decreased
after miR-30b antagomir transfection (Figure 2(a)).
Concomitantly, miR-30b knockdown increased SCN9A
mRNA expression (Figure 2(b)). Accordingly, in PCI2
cells, Navl.7 expression changed together with the
change in miR-30b (Figure 2(c)). As shown in Figure
2(c), compared with control non-transfected conditions,
over-expression of miR-30b induced a significant decrease
in Navl.7 expression (Figure 2(c) and (d)). In contrast,
knockdown of miR-30b with the miR-30b antagomir
caused increase in Navl.7 expression (Figure 2(c) and
(d)), supporting a role for endogenous miR-30b in limiting
Navl.7 expression in PC12 cells. These results indicate that

the inhibition of Navl.7 translation by miR-30b may rely
on mRNA decay. Thus, we demonstrated that the ability
of miR-30b to silence Navl.7 expression occurs via binding
to the SCN94 3'UTR and repressing mRNA transcription
at the molecular level.

Increases in Navl.7 expression inversely correlate
with the down-regulation of miR-30b in the DRG
of SNI rats

We chose the SNI animal model for neuropathic pain.
SNI produced a significant reduction of the paw with-
drawal threshold (PWT) to mechanical stimulation of
the ipsilateral hind paw (Figure 3(a)) but had no effect
on the contralateral side (Figure 3(b)). At baseline, the
PWT was approximately 15 g, while the post-SNI PWT
gradually decreased to a minimum of 3.0 0.6 g on day
14 after SNI (P <0.001).

To evaluate the expression and localization of Navl.7
in the DRG of SNI rats, we performed immunofluores-
cence microscopy using antibodies against Navl.7 (red
fluorescence). Navl.7 immunoreactivity was predomin-
antly detected in the cytoplasm of neurons in rat DRGs
(Figure 3(e)). Compared with the sham group, nerve
injury induced a significant up-regulation of Navl.7
expression in rat DRGs (Figure 3(e) and (f)), which
was consistent with the data obtained in the behavior
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test. A time course analysis by Western blotting showed
that Navl.7 protein was significantly increased at three
days after the operation and reached a maximum level at
day 14 (Figure 3(g)). Then, we used qRT-PCR to evalu-
ate the expression of SCN94 mRNA and miR30b.
SCN94 mRNA expression increased and miR-30b
expression gradually decreased, both showing a max-
imum on day 14 after SNI (Figure 3(d) and (c)).
Therefore, the increase in SCN94 mRNA and protein
expression inversely correlated with miR-30b expression
in the DRGs of SNI rats. This phenomenon appeared to
be due to transcriptional regulation because SCN9A4
mRNA expression changed after the operation.

Navl.7 and miR-30b colocalize in normal
rat DRG neurons

To define the cellular localization of miR-30b and Nav1.7
in the DRG, we performed in situ hybridization using
antisense probe for miR-30b and coimmunostainings. In
situ hybridization combined with immunostaining showed
that miR-30b was colocalized with either CGRP, a
marker for peptidergic neurons (Figure 4(a) to (c)), iso-
lectin B4 (IB4), a marker for a fraction of small, non-
myelinated nociceptive neurons (Figure 4(d) to (f)), or
neurofilament-200 (NF200), a marker for large, myelin-
ated non-nociceptive neurons (Figure 4(g) to (i)). In line
with a previous study using Navl1.7 antibody,”® > Nav1.7
is widely expressed in DRG all size neurons, but it pre-
dominantly expressed in the small neurons (Figure 5(a) to
(1)). Figure 5(j) to (1) shows that miR-30b-labeled neurons
in the DRG also express Navl.7 protein. Therefore,
Navl.7 and miR-30b are both preferentially expressed in
nociceptive neurons, indicating that they might contribute
to nociceptive processing in the PNS. On the other hand,
Navl.7 protein is localized in the same cells in which
miR30b is expressed (Figure 5() to (1)), thus indicating
their possible interaction.

Navl.7 is responsible for miR-30b-mediated
analgesia of neuropathic pain

To assess the direct contribution of miR-30b to neuro-
pathic pain, we performed daily intrathecal injections of
the miR-30b agomir in SNI rats for four days and mea-
sured the sensitivity to mechanical stimulation. At day 10
after SNI, when neuropathic pain was stably established,
the miR-30b agomir was administered once daily for
four days. Beginning at day 2 after drug administration,
mechanical allodynia induced by SNI was attenuated by
the intrathecal administration of the miR-30b agomir
but not the scrambled miRNA (Figure 6(a)). Because
over-expression of miR-30b in SNI rats relieves pain,
the inhibition of miR-30b in normal rats may induce
pain. To investigate this possibility, we performed four

daily intrathecal injections of miR-30b antagomir in
naive animals and measured their sensitivity to mechan-
ical stimulation. Compared with control animals that
received saline, miR-30b antagomir-injected rats demon-
strated a moderate but significant hypersensitivity to
pain (P <0.05; Figure 6(c)), which suggested that
endogenous miR-30b may function as a basal antinoci-
ceptive control.

To examine the potential causal role of miR-30b
down-regulation in the up-regulation of Navl.7, SNI
rats received four daily intrathecal applications of miR-
30b agomir or scramble miR-30b sequence as a control.
As determined by qRT-PCR, miR-30b expression was
markedly increased above basal levels in response to
intrathecal applications of the miR-30b agomir
(Figure 6(d)). As expected, the miR-30b injections
induced SCN94 mRNA expression decrease (Figure
6(e)). The immunofluorescence staining results showed
that miR-30b over-expression led to a significant reduc-
tion in Navl.7 expression (Figure 6(g)-iii, (h)). In con-
trast, the scramble miR-30b sequence (Figure 6(g)-i,ii,
(h)) had no effect on Navl.7 expression. In accordance
with the immunofluorescence data, Navl.7 protein
expression, as determined by Western blot analysis,
was suppressed in the DRG following miR-30b over-
expression (Figure 6(f)). Thus, the down-regulation of
miR-30b results in an up-regulation of Navl.7 mRNA
and protein expression that, at least in part, causes tactile
allodynia, although miR-30b regulates the expression of
multiple genes.?® ¢

Discussion

The voltage-gated sodium channel Navl.7 plays a vital
role in initiating action potentials in response to the
depolarization of sensory neurons by noxious stimuli.>?’
Navl.7 participates in many different pain states. The
expression of Navl.7 increases in nociceptive neurons
during the development of inflammatory hyperalgesia,
while the knockdown or ablation of Navl.7 expression
relieves inflammatory pain and hyperalgesia.”®* % In
rodent models of painful diabetic neuropathy, an
increase in Nav1.7 expression in DRG neurons correlates
with pain-related behaviors.**? Similarly, Navl.7 is
also involved in nerve injury-induced neuropathic
pain.>** The results showed that Navl.7 mRNA
expression is up-regulated in DRGs after peripheral
inflammation induced by carrageenan or complete
Freund’s adjuvant®®3¢37 and is decreased in certain
animal models of neuropathic pain.**** However, in
the present study, we assessed the time course of
Navl.7 expression in rat DRGs after SNI and found
that the mRNA level of SCN9A4 increased in L4-5
DRGs after SNI (Figure 3(d)). This result seemed to
contrast with the significant down-regulation of



8 Molecular Pain

20+

151 151 @M

101
* k%

51 - sham-Contral
- SNI-Contral

51 £ sham-lpsi
& SNl-Ipsi

o

Ad 3d 7d 14d 2id
days after operation

Ad 3d 7d 14d 21d
days after operation

() (d)

50% paw withdrawal threshold(g)
50% paw withdrawal threshold(g)
>

=

é 2 8, *kk
212 4 I
1 L
X 0.9 5 * k%
a F3 << -

*%* = *
g 0.6 T, T k% 5 1 —_
= w
E g
o 0.3 E 2
8 9ol . . . sl 11 . .
o sham 3d 7d 14d - sham 3d 7d 14d

days after operation

days after operation

'

(e)

SNI 21d

@ @ sham 3d 7d 14d
&
2 160+ *%k%* Nav1.7 pe——_. T ' T
8 * *% (226 kDa)
'E — 120 B-actin
gg (43 kDa) = wwe wo— a—— -
3< 80
w2 o
g‘?:' ~ E 3604
404 : 2 *kk
& s *EK etk o
c =82 240 = =
S 0 © 5
= sham 3 14d 21 £ 1204
- 0
days after operation 2 ‘g‘_ 0 r-l
@ sham 3d 7d 14d

days after operation

Figure 3. Increased expression of Navl.7 and decreased expression of miR-30b in the ipsilateral L4—6 DRG of SNI rats. (a, b) The paw
withdrawal response to mechanical stimuli was evaluated in the sham and SNI (n = 6). The data are the mean &+ SEM. ***P < 0.001
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of the sham and SNI ipsilateral sides at 3, 7, and |4 days after the operation (n =4). *P < 0.05, **P < 0.0] compared with the sham. (d)
Expression level of SCN9A mRNA in the DRG (n=4). *P < 0.05, **P < 0.01, **P < 0.00] compared with the sham. (e) Representative
immunofluorescence images of Navl.7 expression in the DRG of the sham (b) and SNl ipsilateral sides at 3 (c), 7 (d), 14 (e) and 21 days (f)
after the operation. (a) Section of DRG for negative control experiment, in which anti-Navl.7antibodies was pre-incubated with Nav|.7
protein. Scale bar: 50 um. (f) Quantification of Nav|.7 labelling intensity in (e) normalized to the sham values. n = 3. *P < 0.05, **P < 0.01,
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Figure 4. Subpopulation distribution of miR-30b-containing neurons in DRG of naive rats. In situ hybridization of miR-30b and
immunofluorescence staining of CGRP (a—c), IB4 (d—f), and NF200 (g—i) show that miR-30b was colocalized with nociceptive neuronal and

non-nociceptive neurons marker. n =3, Scale bars: 20 um.

SCN9A in the SNL experiment and suggested that dif-
ferent types of lesion may have differing effects depend-
ing on the isoform. Furthermore, this up-regulation of
SCNYA also contrasted with the previous study on the
mice SNI model,*® further supporting differences
between mice and rats. In accordance with the qRT-
PCR data, Navl.7 protein expression was up-regulated
beginning at day 3 after SNI (Figure 3(e) to (g)). These
data confirmed the involvement of Navl.7 in nerve
injury-induced neuropathic pain. On the other hand,
these data may indicate that epigenetic modifications
are involved in this phenomenon.

Recent studies have shown that gene expression is
controlled by epigenetic modifications,****  which
include DNA methylation, covalent histone modifica-
tions (e.g., acetylation and methylation), and non-
coding RNAs (e.g., miRNAs and long non-coding
RNAs). Accumulating evidence indicates that peripheral
noxious stimulation changes epigenetic modifications
and that these changes may be related to the induction
of pain hypersensitivity under chronic pain condi-
tions.** 7 Because Navl.7 expression changes at the

mRNA and protein levels, understanding the regulation
of Navl.7 by epigenetic modifications is important
for unraveling the molecular mechanism underlying
the neuropathic pain modulation. This information
may help us to identify new therapeutic methods to
relieve pain.

MicroRNAs exist extensively in vivo and participate
in many physiological and pathological processes in
which they alter and modulate the expression of pro-
teins.'* Here, using TargetScan algorithms, we found
that SCN94 mRNA is a target of several miRNAs,
including miR-30b, miR-96, and miR-182. Aldrich
et al.*® found that miR-96, miR-182, and miR-183 are
highly enriched in the DRG of adult rats and reduced in
ipsilateral DRG neurons in the LS SNL model of chronic
neuropathic pain. However, what about miR-30b? Does
it target the SCN94 gene, and is it involved pain? In the
present study, our preliminary experiments found that
miR-30b expression was decreased in the L4-5 DRG
of rats with SNI (Figure 3(c)). Then, we constructed a
dual luciferase reporter vector with the 3'UTR of
SCNY9A containing the miR-30b binding site inserted
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Figure 5. Subpopulation distribution of Nav|.7 protein-containing neurons and double labeling of miR-30b with Nav|.7 protein in DRG
of naive rats. Neurons were double labeled with Nav|.7 and CGRP (a—c), IB4 (d—f), or NF200 (g—i). Representative examples showing that
most miR-30b labeled neurons in the DRG express Navl.7 protein (j—I). n =3 rats. Scale bar: 20 um.

and found that miR-30b targeted SCN9A 3'UTR and
inhibited the expression of luciferase after the cotransfec-
tion of miR-30b and dual luciferase reporter vector
(Figure 1(b)). In contrast, there was no effect on lucifer-
ase expression after the cotransfection of miR-30b and a
mutated dual luciferase reporter vector (Figure 1(b)).

It is known that miRNAs silence genes either by initi-
ating the cleavage of their respective target mRNA after
complete binding to their target sequences or by inhibit-
ing gene translation after partial binding to their target
sequences. We found that both Navl.7 protein and
mRNA changed in both rat groups after SNI
(Figure 6) and in PC12 cells (Figure 2) treated with the
miR-30b agomir. Our data indicate that miR-30b can
inhibit Nav1.7 expression by preventing SCN9A tran-
scription in DRGs. However, the precise mechanism of

how miR-30b controls Navl.7 expression needs further
studies in the future.

In addition, over-expression of miR-30b not only effi-
ciently inhibited the up-regulation of Navl.7 caused by
SNI but also relieved mechanical allodynia (Figure 6(a)).
Conversely, naive animals demonstrated a moderate but
significant hypersensitivity to mechanical stimulation fol-
lowing intrathecal administration of the miR-30b antag-
omir (Figure 6(c)), suggesting the occurrence of basal
antinociceptive control by endogenous miR-30b.
Therefore, miR-30b is involved in pain perception and
has become novel target for analgesic therapies that
function by regulating the expression of SCN9A4, which
is the relevant pain-related gene. Since a single miRNA
can act on multiple target genes and one gene can be
simultaneously regulated by multiple miRNA molecules,
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Figure 6. Navl.7 down-regulation by miR-30b over-expression relieves neuropathic pain. (a, b) The paw withdrawal response to
mechanical stimuli was evaluated on the ipsilateral side (a) and contralateral side (b). The scramble miRNA or miR-30b agomir was
delivered intrathecally once daily for four days, as indicated by red lines. The data represent the mean + S.E.M, n = 6. *P < 0.05, **P < 0.01,
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miR-30b could take part in pain by other target genes. In
fact, we discovered that miR-30b is not only related to
SCN9A but also related to other genes such as SCN3A4
and SCNS8A which are associated with pain using
TargetScan bioinformatics software analysis. We are
investigating the relationship between them in pain.
Yeomans et al.* found Nav1.7 participates in inflamma-
tory pain. Whether miR-30b take part in inflammatory
pain by regulating Nav1.7 is unknown and it needs more
experiments to prove.

In conclusion, we demonstrated that the expression of
Navl.7 and miR-30b was changed in rat DRGs after
SNI. Furthermore, the down-regulation of miR-30b
expression in naive animals induced a hypersensitivity
to mechanical stimulation. In contrast, miR-30b
repressed the up-regulation of Navl.7 both in vivo and
in vitro and subsequently relieved the pain sensitization
in SNI rats. Our study is the first to report that miR-30b
is involved in the regulation of neuropathic pain by inter-
acting with Navl.7. Thus, the results of our study
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identify miR-30b as a novel potential therapeutic target
in neuropathic pain.
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