MOLECULAR
Research Article PAIN

Molecular Pain

Volume 15: 1-13

© The Author(s) 2019

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/17448069 19842464
journals.sagepub.com/home/mpx

©SAGE

MicroRNA-7a ameliorates neuropathic
pain in a rat model of spinal nerve
ligation via the neurofilament light
polypeptide-dependent signal transducer
and activator of transcription

signaling pathway
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Abstract

Neuropathic pain is a type of chronic pain induced by either central or peripheral nerve injury. MicroRNAs have been
recently linked to many diseases, including neuropathic pain. However, the role of miR-7a in neuropathic pain still remains
elusive. Thus, we aim to investigate the effects of miR-7a on neuropathic pain based on the spinal nerve ligation rat model.
After establishment of spinal nerve ligation rat models, rats were infected with adeno-associated virus-neurofilament light
polypeptide, adeno-associated virus-miR-7a or treated with metformin. The paw withdrawal threshold and paw withdrawal
latency were assessed afterward, and the expression of miR-7a and neurofilament light polypeptide as well as their inter-
action was determined. Subsequently, miR-7a was overexpressed or silenced in dorsal root ganglion cells to investigate the
role of miR-7a in neuropathic pain. Furthermore, the regulatory effect of neurofilament light polypeptide on neuropathic
pain was detected using plasmid overexpressing neurofilament light polypeptide. Spinal nerve ligation rat model exhibited
upregulation of neurofilament light polypeptide but downregulation of miR-7a. In addition, neurofilament light polypeptide
accumulation or miR-7a inhibition decreased paw withdrawal threshold and paw withdrawal latency. Then, neurofilament
light polypeptide accumulation or miR-7a inhibition was observed to increase the phosphorylation level of signal transducer
and activator of transcription. miR-7a was found to directly target neurofilament light polypeptide and downregulate
neurofilament light polypeptide. In addition, inhibiting the signal transducer and activator of transcription signaling pathway
was also revealed to increase paw withdrawal threshold and paw withdrawal latency. Collectively, our study demonstrated
that miR-7a ameliorated neuropathic pain via blocking the signal transducer and activator of transcription signaling pathway
by repressing neurofilament light polypeptide. These findings, if taken further, can be of important clinical significance in
treating patients with neuropathic pain.
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Neuropathic pain is associated with genetic variations in
the dorsal root ganglion (DRG).! Besides, neuropathic
pain can also be triggered by dysfunction of the somato-
sensory system, which is often found in a particular area
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of the body.”> Neuropathic pain affects approximately
7% to 10% of the general population, and this number
increases due to enhanced tumor survival after chemo-
therapy, elevated diabetes mellitus occurrence rate, and
aged tendency of population worldwide.? Current treat-
ment approaches for neuropathic pain include a combi-
nation of surgical, interventional, medical, auxiliary, and
traditional therapies.* However, owing to the complexity
in the pathogenesis of neuropathic pain, current clinical
outcomes of current therapeutic options remain unsatis-
factory.” This therefore warrants other potential thera-
peutic approaches to help treat patients with
neuropathic pain.

Interestingly, microRNAs (miRs) have been found to
serve as key switches of chronic pain maintenance and
progression as well as main regulators of neuronal pro-
cesses.’ The causal roles of miRNAs and therapeutic
potential in chronic pain, such as intractable neuropath-
ic pain, have been recently reported.”® The aberrant
expression of miRNAs has been found to be induced
in the DRG; among those miR-1 and miR-206 were
found to be downregulated in the DRG in mouse
model of sciatic nerve partial ligation.” Another miR,
miR-146a-5p is dysregulated in spinal astrocytes in neu-
ropathic pain condition while its restoration has been
revealed to alleviate spinal nerve ligation (SNL)-induced
neuropathic pain in the spinal cord.'® Interestingly, miR-
7a, abundantly expressed in the hypothalamus, has been
revealed to regulate hypothalamic neurons post-tran-
scriptionally.'' Furthermore, miR-7a has been reported
to modulate neuronal excitability to reduce the mainte-
nance of neuropathic pain.'? Moreover, the expression
of miR-7a has been found to be downregulated in ipsi-
lateral lumbar 5 DRGs."? However, the changes of miR-
7a in DRG in the SNL model and molecular mechanism
how it functions in neuropathic pain currently remain
unclear. miR-7a has been predicted to target neurofila-
ment light polypeptide (NEFL) based on an analysis
from the online prediction website microRNA.org.
NEFL plays a role in the nerve conduction velocity
and axonal transport by encoding a neuronal protein
that is vital for neurofilament formation.'"* Mutations
in the NEFL gene have been associated with motor
neuron diseases in mice and Charcot-Marie-Tooth dis-
ease in human.'> The mutation of NEFL could cause a
painful predominantly sensory neuropathy.'® Signal
transducer and activator of transcription (STAT3) has
been proved to be involved in cell differentiation of the
nervous system.'” The STAT3 signaling pathway has
been identified as a critical participant in neuroinflam-
mation, and its activation has been found in the spinal
dorsal horn of both spinal cord injury and neuropathic
pain models.'® The current study has shown that miR-7a
could affect neuropathic pain development via the
STAT3 signaling pathway by regulating NEFL based

on the rat model of SNL, which offers a better under-
standing for the underlying molecular mechanisms in
neuropathic pain progression.

Materials and methods

Ethics statement

The study protocol was approved by the Experimental
Animal Ethics Committee of Xiangya Hospital, Central
South University. Animal experiments were carried out
in accordance with the principles of the International
Association for Study of pain which aims to minimize
the pain inflicted on animals during the experiment.

Animal model establishment

A total of 300 Sprague-Dawley male rats weighing
approximately 200 g to 240 g were purchased from the
Experimental Animal Center of Nantong University.
SNL models were established according to operation
procedures reported by Kim and Chung.'"” The 180
rats were then anesthetized by 3% pentobarbital
sodium and fixed on a specific shelf in a prone position.
A 5-cm incision was cut approximately 1 cm along the
left side of the back line, with the middle point of inci-
sion at ligature of the superior ilium on both sides. The
fascia was cut open to carefully detach the muscles, and
a crown opener was used to stretch surrounding muscles
to expose the sixth lumbar transverse process. The sur-
rounding muscles were bluntly separated, and the sixth
lumbar transverse process was removed. A bipolar coag-
ulation was performed to stop bleeding. Following that,
the lumbar 5 (L5) and L5 spinal nerve were carefully
detached, and 4-0 silk threads were slightly introduced
to ligate the L5 and L6 nerves together. The muscles
were put back into place, and fascia and skin were
sutured. Spinal nerve was exposed but not ligated in
120 rats in the sham group. After the operation, rats
were fed in a rearing cage with constant body tempera-
ture. Throughout the experiment, rats were fed in a spe-
cific pathogen-free experimental animal center, with
constant room temperature and humidity, 12-h cycles
of light/darkness, and free access to food and water.*

Transfection of adenovirus vectors

Adenovirus vectors were purchased from Shanghai
Genechem Co., Ltd. (Shanghai, China), and metformin
was purchased from Sigma (St. Louis, MO, USA). Rats
were anesthetized by pentobarbital sodium and fixed on
a specific shelf in a prone position. Adenovirus vectors
were diluted into 1 x 10'* vector genomes (vg)/mL with
phosphate buffer saline (PBS). Next, 5 uL adenovirus
vectors were slowly injected into the L4-L5 dorsal
spinal cord using a 27-gauge needle microsyringe.”' In
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details, after rats were anesthetized, adeno-associated
virus (AAV)-NEFL or AAV-miR-7a alone was injected
into the L4-L5 segments of the dorsal spinal cord as
described in the previously reported method.?' For the
combined treatment of both AAV-NEFL and AAV-
miR-7a, the rats injected with AAV-NEFL were left to
recover in cages. After 12 h and recovery, the rats were
anesthetized and then injected with AAV-miR-7a into
the dorsal spinal cord and left to recuperate again in
their cages. On the seventh day after injection, the L4-
L5 gap of dorsal spinal cord was injected with an equal
amount of metformin or saline (control) at a dose of
200 mg/kg> using a microsyringe for seven consecutive
days.?® During the establishment of SNL models, 26 rats
died during the process; and 15 rats in each group were
utilized for pain-related behavior assessment. Five rats
in the sham and SNL groups were used for subsequent
tissue experiments on the 3rd, 7th, and 14th day, while
15 rats from the remaining groups were used for experi-
ments on the 14th day.

Animal grouping

Rats in the sham group were untreated or treated with
either or two of the following viruses or drugs:
AAV-negative control (NC), AAV expressing NEFL
(AAV-NEFL), AAV expressing miR-7a (AAV-miR-
7a), AAV-NEFL and AAV-miR-7a, metformin, or
saline. SNL-treated rats were untreated or treated with
either or two of the following viruses or drugs: AAV-
NC, AAV-NEFL, AAV-miR-7a, AAV-NEFL and
AAV-miR-7a, AAV-NC and saline, AAV-NC and met-
formin, AAV-NEFL and saline, or AAV-NEFL
and metformin.

Pain-related behavior assessment

Pain-related behaviors such as the paw withdrawal
threshold (PWT) and paw withdrawal latency (PWL)
were assessed on 15 SNL-treated rats from each group
on the 0, 3rd, 7th, 10th, 12th, and 14th day after SNL
model establishment. PWT was assessed according to
the following procedures: von Frey filaments (Stoelting
Co., Ltd., Wood Dale, IL, USA) was used to stimulate
the rat paw to assess mechanical hypersensitivity. The
instrument was placed in a quiet room, and rats were
placed inside transparent organic glass cages (30 cm x
30 cm x 30 cm) with a metal mesh-constituted bottom
that was fixed on a shelf approximately 50 cm high.
After 15-min adaption in the cage, the test began. Von
Frey filaments, starting from 0.008 g and increasing in
size, were used to stimulate the planta pedis of rat hind
paws. After stimulation, the acupuncture intensity (g) of
rat paw withdrawal was recorded. Each filament was
used to stimulate rat paws five times with every

stimulation lasting no more than | min during the
whole process. Next, PWL was measured when rats
were placed in an organic glass boxes with a radiative
heat source. The radiative heat source was concentrated
on the surface of the planta pedis of rat hind paws.
When rats showed pain sensations on the planta pedis
and withdrew their paws, the PWL was recorded. Every
rat was assessed five times, with 10-min intervals
between each time. Heat radiation lasted for 10 s,*
and a cut-off time of 30 s was set to avoid unwanted
tissue damage.”

Immunofluorescence staining

Rats were deeply anesthetized through injection of
100 mg/kg pentobarbital sodium (P3761, Sigma, St.
Louis, MO, USA) and fixed in a prone position. An
incision was made at the middle of the back. After sep-
aration of the muscles on both sides of the spine, the
transverse and spinous processes were exposed, after
which the spinous process was excised, and then trans-
verse processes on the vertebral plate and both sides
were excised. After the spinal cord was lifted with for-
ceps, the spinal nerve can be seen at the spinal canal and
the intervertebral foramen was exposed. Spinal cord L4-
L5 DRG tissues were collected. L4-L5 DRG tissues of
rats in the sham and SNL groups were fixed with 4%
paraformaldehyde overnight and continuously dehy-
drated by 20% and 30% cane sugar. DRG tissues were
sectioned into 8-um-thick serial slices and treated with
10% donkey serum, 3% bovine serum albumin, and
0.3% Triton X-100 at room temperature for 2 h. Slices
were then incubated with primary mouse-anti NEFL
antibody (sc71678, 1: 500, Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA), a C-fiber neuron marker,
isolectin B4 (IB4; ALX-650-001-M001, Enzo Life
Sciences, Farmingdale, NY, USA), and an A-fiber
neuron marker, neurofilament 200 (NF200; ab82259,
Abcam Inc., Cambridge, MA, USA) at 4°C overnight.
On the following day, after rinsing in PBS three times,
the slices were incubated with fluorescein isothiocyanate-
labeled goat anti-mouse secondary antibody (ab6785,
Abcam Inc., Cambridge, MA, USA) for 1 h, followed
by PBS rinse six times. The slices were then photo-
graphed and analyzed under a fluorescence microscope
(Leica Biosystems, Shanghai, China).26

Rat DRG treatment

DRGs of rats were purchased from BeNa Culture
Collection (BNCC338571, Beijing, China) and cultured
according to the instructions. After the cells were cultured
in a T-25 m? culture bottle at 5% CO, and 37°C for 4 to
6 h, the culture solution was replaced with high-glucose
Dulbecco’s modified Eagle medium (Invitrogen,
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Carlsbad, CA, USA) containing 10% fetal bovine serum.
The culture medium was replaced every two to three days.
Plasmids were constructed by Invitrogen (Carlsbad, CA,
USA) based on the known sequences of miR-7a and
NEFL from the national center of biotechnology infor-
mation. After reaching the desired confluency, cells were
inoculated into six-well plates and transfected 12 h later,
according to the instructions provided by the
Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA,
USA). In brief, cells were harvested after trypsinization
and seeded in a 60-mm tissue culture dish at a density of
4%10° to 8x10° cells/em” in complete medium. An
appropriate size of the culture dish was selected according
to the experiment purpose to allow an approximately
70% to 90% of cells to adhere to the culture dish.
Next, cells were incubated at 37°C with 5% CO, for
8 to 24 h, and cells were allowed to fully adhere to the
wall before transfection. Prior to transfection, 2 mL pre-
warmed serum-free medium was added to the cells.
Lipofectamine 2000-DNA mixture was prepared with
420 uL as an example of the total reaction volume for a
60-mm tissue culture dish. Next, 2 to 8 pg plasmid DNA
was diluted with 240 pLL Hepes-buffered saline (HBS) in a
1.5 mL centrifuge tube and then mixed. In another tube,
100 uM Lipofectamine 2000 storage solution was diluted
to 10 uM with HBS, and then mixed. Afterwards, 180 uL.
diluted Lipofectamine 2000 solution (10 uM) was then
fully mixed with the HBS containing DNA at room tem-
perature for 20 to 30 min. Finally, a total of 420 pL
polyethylenimine-DNA mixture was added in a dropwise
manner to the monolayer cell culture medium and gently
shaken and then incubated at 37°C with 5% to 7% CO,.
The above transfection was performed with the following
plasmids: miR-7a-mimic (upregulating miR-7a expres-
sion), miR-7a-inhibitor (inhibiting miR-7a expression),
NEFL overexpression plasmid (oe-NEFL), and their cor-
responding NCs (miR-7a mimic NC, miR-7a inhibitor
NC, and oe-NC). The cells were harvested for further
experiments after 48 h.

Dual luciferase reporter assay

Target gene analysis of miR-7a was performed using the
biological prediction website microRNA.org. A dual
luciferase reporter assay was carried out to determine
whether NEFL was a direct target gene of miR-7a.
The synthesized wild-type (WT) NEFL 3'UTR fragment
and a mutant type (MUT) sequence in which the puta-
tive binding sites of miR-7a were mutated were separate-
ly ligated into the pMIR-reporter (Beijing, Huayueyang
Biotechnology, Beijing, China). The reporter plasmids
WT and MUT were then co-transfected with miR-7a
mimic or miR-7a NC, respectively, into HEK-293T
cells (Shanghai Beinuo Biotechnology Co., Ltd.,
Shanghai, China). The cells were lysed after 48 h.

Luciferase activity was detected using a Glomax20/20
luminometer (Promega Corp., Madison, Wisconsin,
USA) according to instructions provided by the lucifer-
ase assay kits (K801-200, BioVision Inc., Milpitas, CA,
USA). The experiment was repeated three times
independently.

Reverse transcription quantitative polymerase
chain reaction

Total RNA was extracted from the rat dorsal spinal cord
L4-L5 DRG tissues or cells using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Reverse transcription
was conducted using random primers or stem-loop meth-
ods according to the instructions of reverse transcription
kit (Takara, Tokyo, Japan). The reverse primer sequence
used in the stem-loop method was miR-7a stem loop with
a sequence: 5'-CTCAACTGGTGTCGTGGAGTCGGC
AATTCAGTTGAGACAACAAA-3 7 Quantitative
polymerase chain reaction (qQPCR) reaction was con-
ducted according to the instructions of SYBR Green
PCR Master Mix kit (Roche Diagnostics GmbH,
Mannheim, Germany) on a real-time fluorescence quan-
titative PCR instrument (ABI Company, Oyster Bay,
NY, USA) with the following reaction conditions: pre-
denaturation at 95°C for 5 min, 40 cycles of denaturation
at 95°C for 10 s, annealing at 60°C for 20 s, extension at
72°C for 20 s, and final extension at 78°C for 20 s. Primers
for miR-7a, NEFL, U6, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were designed and synthesized
by Invitrogen (Carlsbad, CA, USA) (Table 1). U6 and
GAPDH were used as references, and the gene expression
ratio of the experimental group to the control group was
expressed as 2% AACT = ACteperimental  group
Athomrol group, ACt:CT(target gene) CT(internal control)-
Ct refers to the number of amplification cycles when the
real-time fluorescence intensity of reaction reaches the set
threshold, during which the amplification reaches loga-
rithmic growth. The experiment was repeated three
times independently.

Western blot analysis

Dorsal spinal cord L4-L5 DRG tissues of 15 rats in each
group and DRG cells (at least five independent samples in
each group) were washed by PBS twice, lysed with lysis
buffer, and centrifuged at 25,764 x g at 4°C for 30 min.
The supernatant was collected, and the concentration of
total protein was determined using a bicinchoninic acid
kit. Next, 50 pg protein was first separated with 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred onto a polyvinylidene fluoride mem-
brane by a wet transfer method. After that, the membrane
was blocked with 5% skimmed milk powder at room
temperature for 1 h and incubated with the following
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Table I. The primer sequence for reverse transcription quanti-
tative polymerase chain reaction.

Gene Primer sequence (5'-3')

miR-7a F: GTGTCTCCAGTGTATCGGCG
R: TACTGGCACCACTGGAAACC

NEFL F: AGGACGAGGTGTCGGAAAG

R: TTCTCCAGTTTGTTGATTGTGTC
ué F: CTCGCTTCGGCAGCACA
R: AACGCTTCACGAATTTGCGT
F: CAAGGTCATCCATGACAACTTTG
R: GTCCACCACCCTGTTGCTGTAG

GAPDH

F: forward; R: reverse; miR-7a: microRNA-7a; NEFL: neurofilament light
polypeptide; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

mouse-anti primary antibodies: NEFL (sc71678, 1: 500),
STATS3 (5¢8019, 1: 500), p-STAT3 (sc56747, 1: 500), and
GAPDH (sc47724). The above antibodies were all pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). After three washes with Tris-buffered saline
Tween 20, the membrane was incubated with goat anti-
mouse immunoglobulin G antibody (IgG, ab6789,
1: 5000, Abcam Inc., Cambridge, MA, USA) at room
temperature for 1 h. After being washed and developed
with enhanced chemiluminescence solution (Invitrogen,
Carlsbad, CA, USA), the membrane was photographed
under a Bio-Rad image analysis system (Bio-Rad Inc.,
Hercules, CA, USA) and analyzed using Quantity One
v4.6.2 software. The relative protein levels were expressed
as the ratio of the gray value of related protein band to
that of GAPDH band. The experiment was repeated three
times independently.

Statistical analysis

All data analysis was conducted using SPSS 21.0 soft-
ware (IBM Corp., Armonk, NY, USA). The measure-
ment data were presented as the mean + standard
deviation. All data were initially examined for normal
distribution and homogeneity of variance. If the data
were consistent with normal distribution or homogeneity
of variance, comparisons between two groups were
analyzed by an un-paired ¢-test, while comparisons
among multiple groups were analyzed using one-way
analysis of variance or repeated measures analysis
of variance with Tukey’s post hoc tests for multiple
comparisons. Values of p <0.05 were considered to be
statistically significant.

Results

NEFL is upregulated in the SNL rat model

In order to detect the expression patterns of NEFL in
SNL models, the mRNA levels of NEFL in the dorsal

spinal cord L4-L5 DRG tissues of rats that received
SNL or sham-operated rats were determined by reverse
transcription (RT)-qPCR on the 3rd, 7th, and 14th day
after operation. Protein levels of NEFL were determined
by western blot analysis on the 14th day after operation.
It was found that both mRNA and protein levels of
NEFL were significantly higher in the L4-L5 dorsal
spinal cord DRG tissues of rats that received SNL com-
pared to the sham-operated rats on the 14th day after
operation (p<0.05) (Figure 1(a) and (b)).
Immunofluorescence staining indicated that the expres-
sion levels of NEFL, IB4, and NF200 were obviously
higher in the DRG tissues of rats that received SNL
on the 7th and 14th day after operation (Figure 1(c)).
The above results demonstrated that NEFL levels were
upregulated in SNL rat model.

Overexpression of NEFL triggers neuropathic pain

Neuropathic pain after model establishment was
assessed by PWT and PWL testing. SNL-treated rats
exhibited a lower PWT and PWL compared to their
sham-operated rat counterparts (p <0.05). Rats that
received SNL or sham-operated rats were infected with
AAV-NC and AAV-NEFL, respectively, to determine
the relationship between NEFL and neuropathic pain.
Compared with the rats infected with AAV-NC in the
sham-operated rats, the rats infected with AAV-NEFL
exhibited a lower score of PWT and PWL (p <0.05).
Rats that received SNL by AAV-NEFL treatment also
had lower PWT and PWL scores than those treated with
AAV-NC (Figure 2(a) and (b)). These results suggested
that neuropathic pain could be aggravated by NEFL.

Inactivation of the STAT3 signaling pathway
attenuates neuropathic pain triggered by NEFL

In order to investigate the relationship between NEFL
and the STAT3 signaling pathway in neuropathic pain,
rats that received SNL were treated with AAV-NEFL,
or metformin which could inhibit the STAT3 signaling
pathway.'® It was shown that among the rats that
received SNL, compared with rats treated with AAV-
NC and saline, rats treated with AAV-NC and metfor-
min exhibited elevated PWT and PWL and reduced
ratios of STAT3 phosphorylation to STAT3 protein in
the dorsal spinal cord L4-L5 DRG tissues (p <0.05).
This suggests that inhibition of STAT3 signaling path-
way by metformin could alleviate neuropathic pain. The
PWT and PWL scores were higher, and the ratio of the
extent of STAT3 phosphorylation to STAT3 protein was
lower in the L4-L5 dorsal spinal cord DRG tissues in
SNL rats treated with AAV-NEFL and injected with
metformin compared to those infected with AAV-
NEFL and saline (p<0.05; Figure 3(a) to (c)).
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Figure I. The SNL rats exhibit upregulation of NEFL. (a) mRNA expression of NEFL in rat dorsal spinal cord L4-L5 DRG tissues in the
sham-operated or SNL-treated rats on the 3rd, 7th, and 14th day after operation (n = 15, five rats at each time point); (b) protein level of
NEFL in rat dorsal spinal cord L4-L5 DRG tissues in the sham-operated or SNL-treated rats on the |4th day after operation; *p < 0.05
versus the sham-operated rats; (c) expression of NEFL, IB4, and NF200 in rat dorsal spinal cord L4-L5 DRG tissues in rats of the SNL
model on the 7th and 14th day after operation measured by immunofluorescence; white arrow represents double staining of NEFL with
IB4, and white arrow head represents double staining of NEFL with NF200, scale bar =25 pim; all data were measurement data, expressed
as mean =+ standard deviation, and analyzed by un-paired t-test; and the experiment was repeated three times independently.

NEFL: neurofilament light polypeptide; SNL: spinal nerve ligation; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

These results demonstrated that blocking STAT3 signal-
ing pathway by metformin could alleviate neuropathic
pain triggered by NEFL.

miR-7a directly targets NEFL and downregulates
NEFL expression

A binding site between miR-7a and NEFL was
predicted using the online biological prediction website
(Figure 4(a)), and dual luciferase reporter gene assay was
subsequently conducted to verify whether NEFL was a
target gene of miR-7a. As shown in Figure 4(b), the
luciferase activity of WT-NEFL was remarkably
decreased when co-transfected with miR-7a mimic com-
pared with mimic NC (p <0.05), while the luciferase
activity of MUT-NEFL had no significant change

when co-transfected with mimic-NC or miR-7a mimic
(p>0.05). RT-qPCR and western blot analysis were
conducted to detect the expression of NEFL after alter-
ation of miR-7a. The expression of NEFL was signifi-
cantly reduced at both mRNA and protein levels after
the transfection of miR-7a mimic, while markedly
increased after the transfection of miR-7a inhibitor
(» <0.05, Figure 4(c) and (d)). All these results suggested
that NEFL was a target gene of miR-7a, and miR-7a
inhibited NEFL expression.

miR-7a inhibits NEFL to inactivate the STAT3
signaling pathway

The effect of miR-7a on the STAT3 signaling pathway
was further explored in DRG cells that were infected
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Figure 2. Overexpression of NEFL triggers neuropathic pain. (a) The effect of NEFL accumulation on PWTon the day 0, 3, 7, 10, 12, and
14 after operation; (b) the effect of NEFL accumulation on PWL on the day 0, 3, 7, 10, 12, and 14 after operation; *p < 0.05 versus the
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comparisons (n= I5).

NEFL: neurofilament light polypeptide; SNL: spinal nerve ligation; NC: negative control; AAV: adeno-associated virus.

with miR-7a mimic, inhibitor, and plasmids overexpress-
ing NEFL. The total level and phosphorylation level of
STAT3 were determined by western blot analysis.
Results showed that the ratio of the extent of STAT3
phosphorylation to STAT3 protein was significantly
lower after the treatment with miR-7a mimic, but
increased following treatment with miR-7a inhibitor
(»<0.05). In addition, DRG cells overexpressing
NEFL produced significantly higher ratios of STAT3
phosphorylation to STAT3 protein (p <0.05). On the
other hand, we found that the level of phosphorylated
STAT3 was significantly decreased in DRG cells trans-
fected with miR-7a mimic and NEFL when compared
with those transfected with NEFL only (p <0.05,
Figure 5). Taken together, miR-7a could inactivate the
STAT3 signaling pathway by negatively regulat-
ing NEFL.

miR-7a inhibits NEFL and inactivates the STAT3
signaling pathway to alleviate neuropathic pain

Then the underlying mechanism of miR-7a, NEFL and
STAT3 signaling pathway involved in neuropathic pain
was further explored. RT-qPCR results showed that
miR-7a expression was decreased significantly in the
rats that received SNL as compared to the sham-
operated rats (p < 0.05; Figure 6(a)). The measurement
of PWT and PWL was carried out after this. As sug-
gested in Figure 6(b) and (c), SNL-treated rats infected

with AAV-miR-7a displayed increased PWT and PWL
compared to SNL-treated rats infected with AAV-NC
(p <0.05). Western blot analysis was performed to deter-
mine the protein levels of NEFL and STAT3 as well as
the extent of STAT3 phosphorylation, which indicated
that NEFL expression and the ratio of phosphorylated
to total STAT3 protein were higher in the SNL-treated
rats infected with AAV-NC than in rats in the sham-
operated rats infected with AVV-NC (p<0.05).
However, SNL-treated rats infected with AAV-miR-7a
displayed decreased NEFL expression as well as reduced
ratio of phosphorylated to total STAT3 protein com-
pared to the SNL-treated rats infected with AAV-NC
(» <0.05). Compared to the sham-operated rats infected
with AAV-NEFL and AAV-miR-7a, SNL-treated rats
infected with AAV-NEFL and AAV-miR-7a presented
with significantly higher NEFL expression and higher
ratio of phosphorylated to total STAT3 protein
(p <0.05, Figure 6(d) and (e)). Hence, miR-7a alleviated
neuropathic pain through inactivation of the STAT3 sig-
naling pathway.

Discussion

Neuropathic pain is a difficult disease to cure due to the
lack of new forms of treatments and the highly intricate
syndromes.”® Presently, miRNAs have been reported to
play a role in many human diseases including neuropath-
ic pain through regulating various genes and pathways.®
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Figure 3. Inactivation of STAT3 signaling pathway attenuates neuropathic pain induced by NEFL. (a) PWTon the day 0, 3,7, 10, 12, and 14
after operation after alteration of NEFL and the STAT3 signaling pathway; (b) PWL on the day O, 3, 7, 10, 12, and 14 after operation after
alteration of NEFL and the STAT3 signaling pathway; (c-d) extent of STAT3 phosphorylation and protein levels of STAT3 in dorsal spinal
cord L4-L5 DRG tissues on the |4th day after operation, the 7th day after infection with AAV-NEFL, and the 7th day after administrated
with metformin; *p < 0.05 versus the SNL + AAV-NC + saline group; #p < 0.05 versus the SNL -+ AAV-NEFL + saline group; all data were
measurement data and expressed as mean = standard deviation; the data in panel a and b were analyzed using repeated measures ANOVA,
followed by Tukey’s post hoc tests for multiple comparisons while the data in panel ¢ were analyzed using one-way ANOVA, followed by
Tukey’s post hoc tests for multiple comparisons (n = 15). NEFL: neurofilament light polypeptide; STAT3: signal transducer and activator of
transcription; SNL: spinal nerve ligation; NC: negative control; AAV: adeno-associated virus; GAPDH: glyceraldehyde-3-phosphate

dehydrogenase.

Thus, our study is focused on studying the role of
miR-7a in the development of neuropathic pain. Our
results demonstrated that miR-7a was able to alleviate
neuropathic pain through blocking the STAT3 signaling
pathway by downregulating NEFL.

We found that NEFL was expressed at high levels in
the dorsal spinal cord L4-L5 DRG tissues of SNL rat.
The overexpression of NEFL exaggerated neuropathic
pain, which was reflected by lower PWT and PWL
values. Sainio et al.”’ have found that NEFL acts as a

transcript and is highly expressed in neurons. Increasing
evidence has revealed that neurofilament has been found
to be expressed in neurons and that NEFL expression is
related to neurological diseases.*® In addition, neurofila-
ment proteins have been frequently found to be abnor-
mally aggregated in neurodegenerative diseases, such as
NEFL mutants-induced subtypes of the peripheral
sensory-motor neuropathies.®’ A recent study has also
reported that NEFL expression is correlated with the
development of neuroblastoma and that high levels of
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Figure 4. NEFL is a target gene of miR-7a. (a) The binding site between miR-7a and NEFL predicted by online prediction software; (b) the
binding of miR-7a to NEFL verified by dual luciferase reporter assay; *p < 0.05 versus co-transfection of NC mimic and WT-NEFL; (c) NEFL
expression at mRNA level with overexpression or silencing of miR-7a; (d) expression of NEFL at protein level with overexpression or
silencing of miR-7a; *p < 0.05 versus the NC-mimic group; #p < 0.05 versus the NC-inhibitor group; all data were measurement data and
expressed as mean = standard deviation and analyzed by un-paired t-test; the experiment was repeated three times independently.
miR-7a: microRNA-7a; NEFL: neurofilament light polypeptide; NC: negative control; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;

MUT: mutant type; WT: wild type.

NEFL could contribute to enhanced survival rates of
neuroblastomas.™

According to the online prediction software and dual
luciferase reporter assay, NEFL was found to be a target
gene of miR-7a. In line with our findings, both miR-183
and miR-25 have been previously reported to be
involved in accelerating glioma cell invasion and prolif-
eration by directly binding to NEFL.*** Besides, miR-
7a has been found to dominate dopaminergic neurons
spatial derivation in forebrain by targeting Pax6.> A
study showed that NEFL knockout enhances STAT3-
stathmin interaction, which stabilizes the microtubules
in pmn mutant motoneurons, consequently blocking

axonal maintenance.’® In this study, overexpression of
NEFL was observed to increase the phosphorylated-
total STAT3 protein ratio. STAT3 phosphorylation is
essential for its activation. Hence, higher phosphorylat-
ed levels of STAT3 by NEFL overexpression suggested
that NEFL activates the STAT3 signaling pathway. We
further determined that upregulation of miR-7a reversed
NEFL-induced increase in phosphorylated—total STAT3
protein ratio. This suggests that miR-7a inactivates the
STAT3 signaling pathway by negatively regulating
NEFL. Consistent with our findings, miR-124 has been
shown to promote immune clearance mediated by
T-cells in gliomas by blocking of the STAT3 signaling
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Figure 5. miR-7a blocks the STAT3 signaling pathway by downregulating NEFL. The total protein level of STAT3 and the extent of STAT3
phosphorylation in DRG cells after transfected with miR-7a mimic or inhibitor or NEFL detected by western blot analysis; *p < 0.05 versus
the NC-mimic group; #p < 0.05 versus the NC-inhibitor group; *p < 0.05 versus the oe-NC group; *p < 0.05 versus the oe-NEFL group; all
data were measurement data, expressed as mean = standard deviation, and analyzed by one-way ANOVA, followed by Tukey’s post hoc
tests for multiple comparisons; the experiment was repeated three times independently.

miR-7a: microRNA-7a; NEFL: neurofilament light polypeptide: STAT3: signal transducer and activator of transcription; NC: negative

control; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

pathway.?” Moreover, miR-17-5p and STAT3 play vital
roles in the treatment of sciatic nerve conditioning injury
through accelerating repair of damaged dorsal column in
the primary sensory neurons from DRGs.*®
Interestingly, our study mainly suggested the functions
of miR-7a/NEFL/STAT3 axis in affecting neuropathic
pain in dorsal spinal cord L4-L5 DRG tissues.

The most significant finding of our study was that
miR-7a can downregulate NEFL, thereby attenuating
neuropathic pain via blocking the activation of STAT3
signaling pathway. This was suggested by the increased
PWT and PWL. Both PWT and PWL are known to be
standard hallmarks and indicators of neuropathic pain,
and they correlate with thermal hyperalgesia and
mechanical allodynia.*® Neuropathic pain leads to toler-
ance of opioid receptor by means of activation of the
endogenous kappa opioid system in spinal cords of
mouse.*” Consistently, miR-7a has been suggested to
attenuate neuropathic pain by modulating neuronal
excitability which is indicative of its role as a potential
biomarker in the treatment of chronic neuropathic
pain.'? Similarly, miR-30b alleviates neuropathic pain
in SNL rat models by mediating voltage-gated sodium
channel nav1.3.*! MiR-146a-5p was previously demon-
strated to restrain the TRAFG6 signaling pathway to ame-
liorate neuropathic pain, suggesting that miR-146a-5p
may act as a therapeutic target for treating chronic neu-
ropathic pain.'® As mentioned above, the overexpression
of NEFL exaggerated neuropathic pain. However, the
upregulation of miR-7a alleviated NEFL-induced

neuropathic pain, suggesting that miR-7a attenuates
neuropathic pain through downregulation of NEFL. In
addition, spinal cord microglia with peripheral nerve
damage exhibited activated JAK-STAT3 signaling path-
ways. When the JAK-STATS3 signaling pathway is acti-
vated, an alleviation of the mechanical allodynia can be
observed in the SNL models.* It has been found that the
JAK-STAT3 signaling pathway exerts a regulatory
impact on neuropathic pain maintenance through inter-
leukin 6 in the red nucleus.** Moreover, miR-93 serves
as a suppressor in neuroinflammation and neuropathic
pain progression through blocking STAT3 in rats with
chronic constriction sciatic nerve injury.** MiR-544 has
also been found to be associated with ameliorated neu-
ropathic pain through repressing STAT3 in a rat
model.** Our study further demonstrated that inhibition
of the STAT3 signaling pathway by metformin contrib-
uted to lower PWT and PWL values, alleviating neuro-
pathic pain. Those findings supported the conclusion
that miR-7a is highly able to attenuate neuropathic
pain through repressing the activation of the STAT3
signaling pathway.

In conclusion, the current study revealed that miR-7a
repressed NEFL expression by directly targeting NEFL,
thereby inhibiting the activation of the STAT3 signaling
pathway and ultimately relieving neuropathic pain in
SNL rat models (Figure 7). Although miR-based thera-
peutics is still in their early developmental stages, our
findings on the role of miR-7a in neuropathic pain
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Figure 7. Molecular mechanism underlying how miR-7a alleviates neuropathic pain. miR-7a could specifically target NEFL and inhibit
NEFL expression to inactivate the STAT3 signaling pathway, thus ameliorating neuropathic pain.
NEFL: neurofilament light polypeptide; STAT3: signal transducer and activator of transcription.
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have provided a basis for a potential treatment target of
neuropathic pain.
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