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Abstract: It was identified that microRNAs were involved in the regulation of chronic neuropathic 
pain. However, the role of miR-206-3p in neuropathic pain was still unclear. In the current study, the 
role of miR-206-3p, a type of mature miR-206, in neuropathic pain was investigated. The potential 
mechanisms were also explored. We found that the expression of miR-206-3p decreased in the dorsal 
root ganglion (DRG) of chronic constriction sciatic nerve injury (CCI) rats, whereas the While histone 
deacetylase 4 (HDAC4) level increased. Further exploration showed that administration of a miR-
206-3p mimic alleviated neuropathic pain and reduced the level of HDAC4, a predicted target of 
miR-206-3p. Overexpression of HDAC4 attenuated the effects of miR-206-3p on neuropathic pain. 
Our data revealed a miR-206-3p-HDAC4 signal that played a potentially important role in CCI-induced 
neuropathic pain.
Key words: chronic constriction injury, dorsal root ganglion, histone deacetylase 4, MiR-206-3p, 
neuropathic pain

Introduction

MicroRNAs (miRNAs) refer to a group of noncoding 
RNAs whose lengths are 21–25 nt. MiRNAs play a wide 
range of roles in regulating life activities through post-
transcriptional inhibition. MiRNAs are involved in mul-
tiple biological processes including cell proliferation, 
differentiation, and metabolism [13, 19, 29] by modulat-
ing specific genes. It has been shown that miRNAs are 
abnormally expressed in many types of diseases, includ-
ing heart disease, inflammatory diseases, and especially 
cancers [20, 21, 30].

MiRNAs also play a vital role in neuronal diseases. 

MiR-592-5p levels decreased in the hippocampus of 
hypoxic-ischemic brain damage (HIBD)-induced hip-
pocampal neuronal injury. Administration of a miR-592-
5p mimic protects against HIBD-caused hippocampal 
neuronal injury by targeting PTGDR [32]. The microR-
NA-302/367 cluster facilitates astrocytes conversion to 
neurons in adult brains by improving the capability of 
reprogramming, and miR-302/367-induced neurons im-
prove behavior and repair the neural injury in an Al-
zheimer’s disease animal model [9, 10]. Intracerebro-
ventricular injection of a miR-126-3p mimic alleviates 
blood-brain barrier disruption, cerebral edema, and 
neuronal damage by inhibiting PIK3R2 and the Akt sig-
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naling pathway in the vascular endothelium of the brain 
[38]. The miR-155 level is elevated 9-fold in the hip-
pocampus after controlled cortical impact. The levels of 
microglial marker Iba1 and neuronal degeneration are 
increased in miR-155 KO mice. This suggests that miR-
155 plays a neuroprotective role in the context of trau-
matic brain injury [12].

Increasing evidence has indicated that miRNAs play 
a critical role in neuropathic pain [15]. Peripheral nerve 
injury causes miR-21 upregulation in the dorsal root 
ganglion (DRG). Intrathecal injection of a miR-21 in-
hibitor attenuates mechanical allodynia and thermal 
hyperalgesia [23]. Both miRNA-124 and miRNA-146a 
alleviate morphine-induced persistent neuropathic pain 
by targeting Toll-like receptor signaling [11]. In addition, 
miR-155 is obviously increased in the spinal cord of 
chronic constriction sciatic nerve injury (CCI) rats. The 
suppressor of cytokine signalling 1 (SOCS1) is upregu-
lated in the opposite manner. MiR-155 inhibition at-
tenuates neuropathic pain and neuronal inflammation 
through directly binding to the 3’-untranslated region of 
SOCS1 [34]. Our previous data show that miR-96 and 
miR-183-5p are downregulated in the DRG of CCI rats 
and that intrathecal administration of miR-96 and miR-
183-5p alleviates neuropathic pain through targeting of 
Nav1.3 and TREK-1, respectively [4, 28].

MiR-206 can be divided into two mature types, miR-
206-3p and miR-206-5p, in the rat. Recently, it has been 
indentified that miR-206 is decreased in the DRG of CCI 
rats. A miR-206 mimic alleviates neuropathic pain 
through the MEK/ERK signaling pathway by targeting 
brain-derived neurotrophic factor [31]. However, the 
expression profile of miR-206-3p in the DRG with the 
development of CCI-induced neuropathic pain is still 
unknown. The role of miR-206-3p in neuropathic pain 
and the potential mechanisms need to be further ex-
plored.

Materials and Methods

Animals
Male Sprague Dawley rats (2 months old) were ob-

tained from the Center of Laboratory Animal Science of 
Nanchang University. The animals were fed a standard 
laboratory diet under controlled temperature (20–25°C). 
All experimental procedures were approved by the In-
stitutional Animal Care and Use Committee of the 
Medical College of Nanchang University. DRGs ipsilat-

eral to a lesion from lumbar 4 to lumbar 5 (L4-5) were 
collected at different time points.

Intrathecal catheter implantation
After anesthesia with 10% chloral hydrate, polyeth-

ylene catheters (PE-10) were inserted through an incision 
in the cisterna magna and advanced 7.0–7.5 cm cau-
dally to the level of the lumbar enlargement. Correct 
position of the catheter was confirmed by hind limb 
paralysis after the injection of 10 µl of 2% lidocaine.

The chronic constriction injury (CCI) model
After anesthesia with sodium pentobarbital, the sci-

atic nerve was exposed. Then the sciatic nerve was 
loosely ligated with sterile 4-0 catgut thread at four 
consecutive sites. The interval distance of ligation was 
about 1 mm. The sciatic nerve was not ligated in the rats 
of the sham group.

Real-time PCR quantification
Total RNA was isolated by using a mirVanaTM miRNA 

Isolation Kit (Ambion Inc., Carlsbad, CA, USA). A miS-
cript Reverse Transcription Kit (Qiagen, Hilden, Ger-
many) and Applied Biosystems Reverse Transcription 
Kit were used to synthesize cDNAs of miRNA and 
mRNA, respectively. Real-time quantitative PCR was 
performed using an ABI7500 Real-time PCR System 
(Applied Biosystems, Foster City, CA, USA). The ex-
pression the level of miR-206-3p was normalized to U6, 
while level of Hdac4 was normalized to Gapdh. Taq-
Man® Fast Advanced Master Mix, miR-206-3p-specific 
primers, and Hdac4 probes were purchased from Applied 
Biosystems.

Western blot analysis
Total protein (30 µg) was separated using 8% SDS-

polyacrylamide gel electrophoresis. Then the protein was 
transferred onto a polyvinylidene difluoride membrane. 
After incubation with primary antibody of anti-HDAC4 
(1:500; Abcam, Cambridge, MA, USA) the membrane 
with protein was incubated with a peroxidase-conjugat-
ed secondary antibody (1:10,000; Cell Signaling Tech-
nology, Danvers, MA, USA). Immunodetection was 
performed by the Pierce-enhanced chemiluminescence 
substrate (Thermo Fisher Scientific, Waltham, MA, 
USA). The expression level of HDAC4 was normalized 
to GAPDH.
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Luciferase reporter assay
The Full length of 3’UTR of the Hdac4 was cloned 

into the pmirGLO vector (Promega, Madison, WI, USA), 
which was designated pmirGLO-HDAC4-wt. The 
HDAC4-3’UTR-mut1 (site 1 and site 2 mutant), HDAC4-
3’UTR-mut2 (site 1 and site 3 mutant), and HDAC4-
3’UTR-mut3 (site 2 and site 3 mutant) were constructed 
by point mutation of HDAC4-3’URT-wt and cloned into 
the pmirGLO vector, which generated pmirGLO-
HDAC4-mut1, pmirGLO-HDAC4-mut2, and pmirGLO-
HDAC4-mut1. HEK293T cells were co-transfected with 
the reporter vectors and a miR-206-3p mimic or miRNA 
negative control (miRNA-NC) by using lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA). The cells were 
harvested 48 h later, and luciferase activity was assessed 
using a Dual Luciferase Reporter Assay System (Pro-
mega).

Lentiviral vector package and delivery
The full-length Hdac4, miR-206-3p mimic, or miR-

NA-NC was subcloned into the GV280 lentiviral vector 
(GeneChem, Shanghai, China) to construct a lentivirus 
encoding miR-206-3p (LV-miR-206-3p mimic), lentivi-
rus HDAC4 (LV-HDAC4), and LV-miRNA-NC, respec-
tively. The LV-miR-206-3p vector was constructed by 
annealing the sense, 5’-CCGGTGGAATGTA-
A G G A A G T G T G T G G T T C A A G A G A C C A C A -
CACTTCCTTACTTCCATTTTTG-3’, and antisense, 
5’-AATTCAAAAATGGAAGTAAGGAAGTGTGTG-
GTCTCTTGAACCACACACTTCCTTACATTCCA-3’, 
oligonucleotides, which formed the double-stranded 
DNA molecule. Then it was subcloned into the AgeI/
EcoRI site of the GV280 lentiviral vector. The sequence 
of the mature miR-206-3p is as follows: 5’-UGGAAU-
GUAAGGAAGUGUGUGG-3’. Construction of the 
LV-miRNA-NC vector was similar to that of the LV-
miR-206-3p vector.

Intrathecal drug administration was accomplished us-
ing a microinjection syringe connected to the intrathecal 
catheter. LV-miR-206-3p, LV-miRNA-NC (10 µl), or 
LV-HDAC4 were delivered at day 5 (d5) after CCI.

Thermal hyperalgesia
The threshold value of thermal hyperalgesia was de-

termined using a thermal paw stimulation system (BME-
410C, Tianjin, China), and the data were expressed as 
thermal withdrawal latency (TWL). The value was de-
termined 3 times for each rat.

Mechanical hypersensitivity
To evaluate mechanical hypersensitivity, the mechan-

ical withdrawal threshold (MWT) value was measured 
by using calibrated von Frey filaments (BME-403, Tian-
jin, China). The measurement was repeated 3 times with 
30 s intervals.

Statistical analysis
Data are shown as the mean ± SD. Comparisons of 

means between two groups were carried out using a t-
test. Statistical comparisons were performed by analysis 
of variance (ANOVA) with Dunnett’s test for multiple 
comparisons. A value of P<0.05 was considered to be 
statistically significant.

Results

MiR-206-3p was decreased in the DRG of CCI rats
The expression profile of miR-206-5p was detected 

during the development of CCI-caused neuropathic pain 
by real-time PCR. MiR-206-3p expression was measured 
at days 2 (d2), 4, 6, and 8 after CCI and in the sham 
group. The data showed that miR-206-3p was signifi-
cantly decreased beginning at d2 (Fig. 1A). At d2, the 
miR-206-3p level was 0.50-fold that of the sham group 
(P<0.001). MiR-206-3p levels continued to decrease 
following d4 after CCI (P<0.001) and remained at low 
levels. At d8, the miR-206-3p level was still lower com-
pared with that of the sham group (P<0.001). At this 
point, it was 0.25-fold that of the sham group. The data 
suggested that CCI caused the decrease of miR-206-3p.

HDAC4 was increased in the DRG of CCI rats
To assess the expression pattern of HDAC4 in the 

DRG during neuropathic pain development, Hdac4 
mRNA and protein were measured. The Hdac4 mRNA 
level was detected at d2, d4, d6, and d8 and in the sham 
group. The results indicated that Hdac4 mRNA did not 
change at d2. It began to increase significantly at d4 and 
was 1.63-fold that of the sham group. Hdac4 mRNA 
remained at high levels at d8 and was 1.71-fold that of 
the sham group (Fig. 1B). The HDAC4 protein level was 
measured at d4 and d8 and in the sham group. The results 
indicated that HDAC4 protein increased both at d4 and 
d8. The protein levels were 1.71-fold and 1.92-fold those 
of the sham group at d4 and d8, respectively (Fig. 1C). 
The data suggested that CCI caused the increase of 
HDAC4.
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HDAC4 was a direct target of miR-206-3p
Sequence alignments of miR-206-3p and its predicted 

target sites in the 3’-UTR of Hdac4 are shown Fig. 2A, 
which shows that there are 3 potential regions binding 
to miR-206-3p in the 3’-UTR of Hdac4. To confirm that 
the miR-206-3p binds to Hdac4 in 3’UTR region, the 
luciferase reporter assay was performed. The results 
indicated that miR-206-3p could repress the luciferase 
activity with the 3’-UTR of Hdac4 wt. MiR-206-3p also 
repressed the luciferase activity with the 3’-UTR of 
Hdac4 mut1, mut2, and mut3 (Fig. 2B). Thus, HDAC4 
was a direct target of miR-206-3p. The target sites in-
clued site 1, site 2 and site 3. In addition, published data 
show that HDAC4 is a direct target of miR-206 [7].

MiR-206-3p alleviated the neuropathic pain
LV-miR-206-3p was intrathecally delivered at d5 be-

fore the behaviors test. TWL and MWT were measured 
to evaluate the effects of miR-206-3p on pain thresholds. 
They were measured 2 h after each treatment. One day 
after (at d6) intrathecal injection of LV-miR-206-3p, both 
TWL and MWT were dramatically increased as com-
pared with scramble-treated CCI rats. Three days after 
intrathecal injection of LV-miR-206-3p (at d8), TWL and 
MWT still remained higher. However, intrathecal injec-

tion of LV-HDAC4 efficiently blocked the role of LV-
miR-206-3p (Fig. 3). The data suggested that miR-206-
3p alleviated neuropathic pain through inhibition of 
HDAC4.

MiR-206-3p decreased the expression of HDAC4
The transfection efficiency was validated by real-time 

PCR. The data showed that the miR-206-3p mimic could 
significantly increase the expression levels of miR-206-
3p (Fig. 4A). To further confirm the direct target of miR-
206-3p, the expression of Hdac4 mRNA and protein were 
evaluated (Figs. 4B and 4C). Our data indicated that 
miR-206-3p could suppress CCI-induced HDAC4. How-
ever, HDAC4 transfection blocked the suppression role 
of miR-206-3p. These data confirmed that HDAC4 was 
a direct target of miR-206-3p. Thus, HDAC4 was in-
volved in the regulation of miR-206-3p in neuropathic 
pain.

Discussion

Neuropathic pain arises from injury of peripheral 
nerves and is caused by many neurological diseases. 
Patients with diabetes, cancer, and AIDS also experience 
with neuropathic pain. Several lines of evidence indicate 

Fig. 1.	 Expressions profiles of miR-206-3p and HDAC4 in the DRG of CCI rats. A: MiR-206-3p was downregu-
lated. The miR-206-3p level was detected at d2, d4, d6, and d8 after CCI and in the sham group (n=6). B: 
Hdac4 mRNA was upregulated. Hdac4 mRNA was detected d2, d4, d6, and d8 after CCI and in the sham 
group (n=6). C: HDAC4 protein was upregulated. HDAC4 protein was measured at d4 and d8 after CCI 
and in the sham group (n=3). The DRGs in rats of the sham group were collected at d8. Data are as shown 
as the mean ± SD. *P<0.05 vs. sham group. **P<0.01 vs. sham group. ***P<0.001 vs. sham group.
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that expression changes of mRNA and protein in the 
DRG are related to neuropathic pain [5, 33]. It is well 
known that miRNAs are involved in the regulation of 
neuropathic pain [1, 3]. In the late phase of neuropathic 
pain induced by oxaliplatin, miR-15b was robustly in-
creased in the DRG. Overexpression of miR-15b pro-
moted mechanical allodynia through inhibition of the 
expression of BACE1, which is the direct target of miR-
15b [14]. The expression of miR-30b is downregulated 
in the DRG of spared nerve injury (SNI) rats. By con-
trast, Nav1.7 is upregulated. MiR-30b overexpression 
alleviates pain through inhibition of SCN9A transcrip-
tion. However, miR-30b downregulation markedly in-
creases hypersensitivity to pain in naive rats [27]. Our 
previous data show that both miR-96 and miR-183-5p 
are downregulated in the DRG of CCI rats [4, 28]. In the 
present study, we found that miR-206-3p was decreased 
in the DRG of CCI rats. Intrathecal miR-206-3p attenu-
ated CCI-induced neuropathic pain. These data indi-
cated that miR-206-3p was involved in the regulation of 
CCI-induced neuropathic pain.

Histone acetyltransferases (HATs) mediate histone 
acetylation, which leads to nucleosomal relaxation, and 
promote transcriptional activation. Conversely, histone 
deacetylases (HDACs) cause the histone deacetylation 
and thereby reduce gene transcription.

Eighteen HDACs have been characterized in mammals 
[35]. These HDACs can be categorized into four distinct 
classes: class I, class II, class III, and class VI. HDAC4 
belongs to class II HDACs. Accumulating evidence sug-
gests that HDACs participate in the regulation of various 
types of cancers. Many HDAC inhibition drugs have 

Fig. 2.	 HDAC4 was a direct target of miR-206-3p. A Sequence 
alignment of miR-206-3p and its target sites in the 3’-UTR 
of Hdac4 (download from http://www.targetscan.org/
vert_71). There were 3 regions (site 1, site 2, and site 3) 
in the 3’-UTR of Hdac4 which were potential targets of 
miR-206-3p. B Luciferase activities were measured in the 
3’-UTR of Hdac4 WT, Mut1 (site 1 and site 2 mutant), 
Mut2 (site 1 and site 3 mutant), and Mut3 (site 2 and site 
3 mutant) groups. Data are as shown as the mean ± SD 
(n=3). *P<0.05 vs. miRNA-NC group. **P<0.01 vs. miR-
NA-NC group.

Fig. 3.	 MiR-206-3p alleviated the neuropathic pain. MWT (A) and TWL (B) were measured. LV-miRNA-NC, 
LV-miR-206-3p mimic, and LV-miR-206-3p mimic+LV-HDAC4 were intrathecally injected at d5 after CCI. 
Data are as shown as the mean ± SD (n=8). *P<0.05 vs. miR-206-3p mimic group. **P<0.01 vs. miR-206-
3p mimic group. ***P<0.001 vs. miR-206-3p mimic group.
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been undergoing clinical trials. Several drugs like abex-
inostat, belinostat, entinostat, and romidepsin are used 
as chemotherapeutics [8]. Novel HDAC inhibitors also 
have greatly advanced the therapeutic potential for a 
wide range of noncancer indications, including neuro-
degenerative disease, psychiatric disorders, and inflam-
matory disease states [22].

Recently, emerging evidence had suggested that the 
epigenetic modulations of genes were involved in chron-
ic pain. The HDAC1 protein level is increased in the 
spinal cord of SNI mice. Administration of LG325, a 
selective HDAC1 inhibitor, significantly attenuates SNI-
induced neuropathic pain [26]. Further research shows 
that LG325 attenuates SNI-induced neuropathic pain 
through regulation of JNK signaling pathway [25]. 
HDAC2 expression in the spinal dorsal horn is upregu-
lated during the development of chronic pancreatitis-
induced chronic pain. Intrathecal injection of AR-42, a 
selective HDAC2 inhibitor, obviously alleviated chron-
ic pancreatitis-induced mechanical allodynia by rescuing 
MOR activity [17].

HDAC4 is involved in several processes that may 
influence sensory neuron development, regeneration, and 
pain. HDAC4 plays a unnecessary role in regulation 
transcriptional of naïve sensory neurons. However, it is 
essential for appropriate transcriptional responses after 
injury. HDAC4 knockout decreases thermal hypersensi-

tivity in the inflammatory pain induced by complete 
Freund’s adjuvant (CFA) [6]. HDAC4 phosphorylation 
and cytoplasmic redistribution in the dorsal horn neurons 
were presented in CFA-induced hyperalgesia rats [16]. 
SGK1 activation-dependent HDAC4 phosphorylation 
and 14-3-3β promotion of cytoplasmic HDAC4 retention 
in dorsal horn neurons play crucial roles in neuropathic 
pain maintenance [18]. In addition, CFA injection up-
regulates the expressions of HDAC4, HDAC5, HDAC7, 
and HDAC9 (class II HDAC members) in the spinal 
dorsal horn, while the levels of HDAC1, HDAC2, and 
HDAC3 (class I HDAC members) show no significant 
changes. Pretreated with SAHA, TSA, or LAQ824, in-
hibitors targeting class I as well as II HDACs, alleviates 
the CFA-induced thermal hyperalgesia [2]. As a tran-
scriptional repressor, HDAC4 regulates the transcription 
of genes related to synaptic plasticity in cortical neurons 
[24]. Because of negative regulation of transcription, 
HDAC4 modulates its targets indirectly. For example, 
HDAC4 reduces the level of TRPV1, a neuropathic pain-
associated factor, through suppression of another tran-
scription factor [6]. In the present study, we found that 
chronic constriction sciatic nerve injury increased the 
expression of HDAC4 in the DRG. This implied that 
HDAC4 in the DRG participated in CCI-induced neuro-
pathic pain.

Analysis data from TargetScan showed that HDAC4 

Fig. 4.	 MiR-206-3p attenuated the expression of HDAC4. A: The miR-206-3p mimic increased the expression of 
miR-206-3p in the DRG of the CCI rat. B: MiR-206-3p attenuated the expression of Hdac4 mRNA. HDAC4 
eliminated the inhibition role of miR-206-3p. n=6. C: MiR-206-3p blocked the expression of HDAC4 
protein. HDAC4 eliminated the inhibition role of miR-206-3p. n=3. The DRGs in each group were col-
lected at d8 after detection of MWT and TWL was finished. Data are as shown as the mean ± SD. **P<0.01 
vs. miRNA NC group. ***P<0.001 vs. miRNA NC group.
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was a predicted target of miR-206-3p. In the present 
study, the results of a luciferase reporter assay confirmed 
that HDAC4 was a direct target of miR-206-3p. Many 
reports have also provided a link between HDAC4 and 
miR-206. Overexpression of miR-206 in the muscles of 
mice decreases endogenous HDAC4 levels, and miR-206 
inhibits hypertrophy of myogenic cells by targeting 
HDAC4 [36]. The dual-luciferase reporter assay inden-
tified that miR-1 and miR-206 directly target the 3’ un-
translated region (3’UTR) of paired-box transcription 
factor (Pax7) and HDAC4. Both miR-1 and miR-206 
facilitate skeletal muscle satellite cell myogenic differ-
entiation by targeting Pax7 and HDAC4 [7]. In addition, 
miR-206 promotes myogenic differentiation by directly 
targeting HDAC4 [37]. In the current study, we found 
that overexpression of miR-206-3p suppressed the 
HDAC4 level. Administration of LV-HDAC4 blocked 
the inhibition roles of miR-206-3p in chronic pain. Thus, 
miR-206-3p/HDAC4 signaling in the DRG was related 
to the CCI-induced neuropathic pain.

In conclusion, our results showed that miR-206-3p 
was decreased in DRG of CCI rats. By contrast, HDAC4 
was increased. MiR-206-3p directly inhibited the expres-
sion of HDAC4. MiR-206-3p increased the TWL and 
MWT of CCI rats. However, overexpression of HDAC4 
abrogated the effects of miR-206-3p. These data dem-
onstrated that miR-206-3p alleviated CCI-induced neu-
ropathic pain through inhibition of HDAC4.
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