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Abstract
Evidence shows that miRNAs are deeply involved in nervous system diseases, but whether miRNAs contribute to the bort-
ezomib (BTZ)-induced neuropathic pain remains unclear. We aimed to investigate whether miRNAs contribute to bortezomib 
(BTZ)-induced neuropathic pain and explore the related downstream cascades. The level of miRNAs in the spinal dorsal horn 
was explored using miRNA microarray and PCR. MiR-672-5p was significantly downregulated in dorsal horn neurons in the 
rats with BTZ treatment. Intrathecal injection of miR-672-5p agomir blunted the increase of the amplitude and frequency of 
sEPSCs in dorsal horn neurons and mechanical allodynia induced by BTZ. In addition, the knockdown of miR-672-5p by 
intrathecal injection of antagomir increased the amplitude and frequency of sEPSCs in dorsal horn neurons and decreased 
the mechanical withdrawal threshold in naïve rats. Furthermore, silico analysis and the data from subsequent assays indicated 
that REEP6, a potential miR-672-5p-regulating molecule, was increased in the spinal dorsal horn of rats with BTZ-induced 
neuropathic pain. Blocking REEP6 alleviated the mechanical pain behavior induced by BTZ, whereas overexpressing REEP6 
induced pain hypersensitivity in naïve rats. Importantly, we further found that miR-672-5p was expressed in the REEP6-
positive cells, and overexpression or knockdown of miR-672-5p reversely regulated the REEP6 expression. Bioinformatics 
analysis and double-luciferase reporter assay showed the existence of interaction sites between REEP6 mRNA and miR-
672-5p. Overall, our study demonstrated that miR-672-5p directly regulated the expression of REEP6, which participated 
in the neuronal hyperexcitability in the spinal dorsal horn and neuropathic pain following BTZ treatment. This signaling 
pathway may potentially serve as a novel therapeutic avenue for chemotherapeutic-induced mechanical hypersensitivity.
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Introduction

Cancer-related chronic pain, as a common and distressing 
symptom, includes tumor-induced pain and chemotherapy/
radiotherapy-induced pain. Bortezomib (BTZ), as a selective 

proteasome inhibitor, is widely used for the treatment of 
multiple myeloma and other hematological neoplasms [1, 
2]. However, BTZ-induced neuropathy, which manifests 
as mechanical allodynia and spontaneous pain, serves as 
the common reason for treatment discontinuation or dose 
reduction [3, 4]. Although many studies have been made 
to understand the mechanism of BTZ-induced neuropathy, 
there is no well-established treatment to prevent or minimize 
this neuropathy.

miRNAs, as the evolutionarily conserved noncoding 
RNAs, participate in multiple physiological processes such 
as cell death, survival and pluripotency, et al. [5–7]. Recent 
reports have intensively linked miRNAs to nociceptive 
processing, including the development and maintenance 
of hyperalgesia and/or allodynia induced by peripheral 
inflammation or nerve injury [8, 9]. For instance, the down-
regulation of miR-194 relived neuropathic pain induced by 
sciatic nerve injury via preventing neuroinflammation [10], 
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and clinical and animal studies showed that the miR-132-3p 
was associated with chronic neuropathic pain [11]. In addi-
tion, studies suggested that miRNAs may be also involved 
in chemotherapeutic drug-induced neuropathic pain. For 
example, the blocking miR-155 in the spinal dorsal horn 
attenuated the oxaliplatin-induced mechanical allodynia 
in rats [12]. In this study, miR-672-5p was profiled via 
miRNA chip assay. A recent study showed that miR-672-5p 
was significantly downregulated in rats DRG following 
nerve injury [13]. Furthermore, miR-672-5p was reported 
to be involved in different pathophysiological process. M2 
microglial exosomes rich in miR-672-5p could suppress the 
AIM2/ASC/Caspase-1 signaling pathway, and consequently 
inhibit neuronal pyroptosis [14]. MiR-672 was significantly 
downregulated in the DRGs of the rats with entrapment neu-
ropathy [15]. However, whether miR-672-5p contributes to 
the BTZ-induced neuropathic pain is elusive.

Evidence showed that microRNAs (miRNAs) regulate 
gene expression by interacting with the 3′-UTR of target 
mRNAs [16, 17]. In this study, REEP6 was found, via online 
prediction tools, to be one of the downstream molecule of 
miR-672-5p. REEP6, as an important member of the recep-
tor expression enhancing protein (REEP) family, was ini-
tially identified in retinal ganglion cells [18]. It functions to 
enhance the expression of cell surface receptors and shape 
endoplasmic reticulum (ER) membrane [19, 20]. REEP6 
polymorphisms are functionally associated with colon can-
cer and inflammatory bowel disease [21]. Furthermore, 
REEP6 is indispensable for the development of retinal pho-
toreceptors, a class of polarized post-mitotic sensory neu-
rons [22]. However, little is known about REEP6 function 
in neuropathic pain. Moreover, it is still unknown whether 
and how miR-672-5p regulates the expression of REEP6 
following BTZ application.

Materials and Methods

Animals

Male Sprague–Dawley rats (180–230 g) were obtained from 
the Institute of Experimental Animals of Sun Yat-Sen Uni-
versity. Rats were kept in the separated cages with ad libitum 
access to food and water at room temperature with 50–60% 
humidity. All of the experimental procedures were approved 
by the Sun Yat-Sen University Animal Care and Use Com-
mittee and were performed in accordance with the guidelines 
of the National Institutes of Health on animal care and the 
ethical criterion.

Drug Administration and Behavioral Test

Bortezomib (BTZ) (Haoran Biological Technology Co, 
Shanghai, China) was intraperitoneally injected at 0.2 mg/
kg once per day for consecutive 5 days. The equivalent 
vehicle was injected into the rats in the control group. 
MiR-672-5p agomir (3 nmol/day, 10 µl, for consecutive 
5 days, Ribobio, Guangzhou, China), antagomir (3 nmol/
day, 10  µl, for consecutive 5  days, Ribobio), REEP6 
siRNA (1 nmol, 10 µl, for consecutive 5 days, Ribobio) or 
scramble (1 nmol, 10 µl, for consecutive 5 days, Ribobio) 
were intrathecally injected 30 min before application of 
BTZ.

Intrathecal injection is in accordance with the described 
method [23]. Briefly, the L5 vertebra laminectomy was 
performed after the injection of sodium pentobarbital 
(50 mg/kg, i.p.). A polyethylene-10 catheter was inserted 
into the L5/L6 intervertebral subarachnoid space, and the 
localization of catheter tip was placed between the L4–L6 
spinal segmental. The rats were recovered for 7 days after 
surgery prior to subsequent drug injection. The rats exhib-
iting hind limb paralysis or paresis were exclusive of the 
study.

For intraspinal injection of the AAV virus, the L4–L5 
vertebrae were exposed following the fixation of vertebral 
column with a stereotaxic frame. A slight laminotomy was 
performed, and the dura was incised to expose the spinal 
cord. 600 nl of AAV-REEP6-EGFP (OBIO Technology 
Company Ltd, Shanghai, China) was injected into the 
bilateral superficial spinal dorsal horn in rats at 4 injec-
tion sites (150 nl of AAV was injected at each site). The 
micropipette was withdrawn 10 min after viral injection.

The 50% mechanical withdrawal threshold were 
assessed by using von Frey hairs [24]. Briefly, each animal 
was placed in a plastic box for adaptation for 3 consecutive 
days (15 min/day) before testing. Mechanical withdrawal 
threshold was examined by using von Frey hairs of differ-
ent bending force. A nociceptive response was defined as 
a brisk paw withdrawal or flinching of the paw following 
von Frey hair application. In the absence of a withdrawal 
response to the initially selected hair, a stronger stimulus 
was presented; otherwise, the weaker stimulus was cho-
sen in next testing. Optimal threshold calculation by this 
method required 5 responses in the immediate vicinity 
of the 50% threshold. The behavioral test was conducted 
blind to the experimenters.

Spinal Cord Slice and Patch‑Clamp Recording

Male Sprague Dawley rats were deeply anesthetized 
with sodium pentobarbital (50 mg/kg, i.p.). The L4–L6 
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spinal cord was quickly removed and transferred to oxy-
genated (95%  O2 and 5%  CO2) ice-cold slice solution 
containing (in mM): 240 mM sucrose, 25 mM  NaHCO3, 
2.5 mM KCl, 1.25 mM  NaH2PO4, 0.5 mM  CaCl2, and 
3.5 mM  MgCl2, pH 7.4. 400-µm thick spinal cord slices 
were cut on a vibratome (Leica VT-1000S) and kept in 
the incubation solution (ACSF: 126 mM NaCl, 3 mM 
KCl, 1.3 mM  MgCl2, 2.5 mM  CaCl2, 26 mM  NaHCO3, 
1.25 mM  NaH2PO4, and 11 mM glucose, pH 7.3) at 33 °C 
for at least 30 min. Following the incubation, the slices 
were transferred to the recording chamber, which was 
continuously perfused with pre-heated ACSF at a rate of 
2 ml/min. Superficial dorsal horn neurons were visual-
ized using a x40 water-immersion objective on an upright 
infrared Nikon microscope (Nikon, Tokyo, Japan). An 
EPC-10 amplifier and PULSE program (HEKA Electron-
ics, Lambrecht, Germany) were used with a pipette (4–6 
MΩ) containing the internal solution as follows (in mM): 
135 mM K-gluconate, 5 mM KCl, 0.5 mM  CaCl2, 2 mM 
 MgCl2, 5 mM EGTA, 5 mM Hepes, and 5 mM Mg-aden-
osine triphosphate. sEPSCs were recorded at the holding 
potential of − 70 mV in the presence of 10 μM picro-
toxin, and the frequency and amplitude were analyzed 
using Clampfit10.4 (Axon Instruments Inc., USA). The 
analysis was performed from the fifth to sixth minutes in 
a single experiment for the determination of frequency but 
excluded ‘bursts’ with highly superimposed events in the 
determination of amplitudes. Three neurons per slice were 
sampled for electrophysiological recording [25].

RNA Extraction and Real‑Time qPCR

Trizol was used to extract total RNA from dorsal horn tis-
sues. The reverse transcription was performed according 
to the manufacturer’s protocol of PCR production kit. The 
primer sequences for all targeted mRNAs are presented in 
Supplementary Table 1. qPCR was performed using SYBR 
Green qPCR SuperMix (Invitrogen). The cycles of reaction 
were 40 times at 95 °C for 3 min, and the condition of ther-
mal cycling is 10 s at 95 °C, 20 s at 58 °C, and 10 s at 72 °C. 
The ratio of mRNA expression in the dorsal horn tissues was 
analyzed by the −  2△△CT method.

miRNA Microarray Experiments

Trizol was used to extract total RNA from dorsal horn tis-
sues. The quality of RNA was checked by agarose gel elec-
trophoresis and RNA absorbance detection. RNA labeling 
and hybridization on miRNA microarray chips were con-
ducted as described previously [26]. Briefly, the purified 
RNA was labeled with fluorescein, and hybridization was 
performed on miRNA microarray chips (miRNA micro-
array V4.0; CapitalBio). RNA samples on different time 

points from spinal dorsal horn tissue in the rats treated with 
BTZ were hybridized with miRNA microarrays separately. 
Hybridization intensity values from individual samples were 
filtered and normalized to per-chip mean values. The dif-
ferential gene expression analysis of the miRNA chip was 
performed via EdgeR package. The dispersion value (BCV) 
was 0.01. Benjamini–Hochberg analysis was performed for 
the correction for the number of statistical tests. The miRNA 
with the criteria of P < 0.05 and FC > 2 or < 0.5 was consid-
ered to be differentially changed. The differential analysis 
software used in this approach has limitation to analyze the 
microarray data without duplicate, therefore the results were 
validated with further real-time qPCR.

Western Blot

Rats were anesthetized with sodium pentobarbital (50 mg/
kg, i.p.) at different time points. L4–L6 spinal cord was 
removed and sectioned in a cryostat. Dorsal horn tissues 
were taken with a 15-gauge cannula and homogenized on 
ice in 15 mmol/l Tris buffer containing a cocktail of protein-
ase inhibitors and phosphatase inhibitors. Protein samples 
were separated by SDS-PAGE and transfected onto a PVDF 
membrane. The membrane was incubated with primary anti-
body against REEP6 (1:600, Affinity) or GAPDH (1:2000, 
CST) after blocking with the block buffer for 1 h. Then the 
horseradish peroxidase-conjugated secondary antibodies 
were used to incubate the blots, and the immune complex 
was detected using ECL (Pierce). The intensity of bands was 
explored with a computer-assisted imaging analysis system 
(Tanon biology). The blot images suggest that the antibody 
for REEP6 is not specific, which was validated via the block-
age and overexpression experiments.

FISH and Immunohistochemistry

Perfusion was performed through the ascending aorta with 
4% paraformaldehyde following the intraperitoneal injection 
of sodium pentobarbital at 50 mg/kg dose. The L4–L6 seg-
ments of spinal cord were removed and placed into the same 
paraformaldehyde for 3 h, and stored in 30% DEPC-sucrose 
overnight. For FISH analysis, cryostat sections at 25 µm 
thickness were cut, and the sections were incubated with 
the 3′ and 5′-TYE665-labeled miR-672-5p probe 5′-CAC 
ACA CAG TAC ACC AAC CTCA-3′ and REEP6 antibody 
(1:200, Affinity), NeuN (1:500, Chemicon), Iba1 (1:250, 
Chemicon) and GFAP (1:600, Chemicon). For immunohis-
tochemistry, the sections were incubated with primary anti-
body for REEP6 (1:200, Affinity), NeuN (1:500, Chemicon), 
Iba1 (1:250, Chemicon) and GFAP (1:600, Chemicon) for 
overnight at 4 ℃. Then, the sections were incubated with 
cy3-conjugated or fluorescein isothiocyanate-conjugated 
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secondary antibodies for 1 h. Nikon fluorescence microscope 
with a digital camera was used to examine and capture the 
image.

Dual‑Luciferase Reporter Assay

A luciferase reporter assay was performed to test the binding 
of miR-672-5p to its target gene REEP6. A 1489 bp seg-
ment of rat REEP6 3′-UTR containing a presumed miR-
672-5p complementary sites was amplified by PCR and con-
structed into the 3′-UTR of pMIR-Report Luciferase vector. 
293 T cells were co-transfected with a mixture of 200 ng 
pMIR-Report Luciferase vector, miR-672-5p mimic (OBIO 
Technology Company Ltd, Shanghai, China) and scram-
ble control miRNA using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instruction. To test the 
binding specificity, the seed sequence of miR-672-5p was 
mutated from CAA CCT CA to GTT GGA GT in the REEP6 
3′-UTR (Fig. 4f). After 48 h, the luciferase activity of the 
cells was measured using a dual-luciferase reporter assay kit 
(Promega). The result was normalized to the ratio between 
Firefly activity and Renilla luciferase activity.

Statistical Analysis

The data were shown as mean ± SEM, and analyzed using 
SPSS 25. The data were analyzed using the two independ-
ent samples t test or one-way ANOVA followed by Tukey’s 
post hoc test. When tests of normality were not satisfied, the 
permutation test was substituted. The criterion of statistical 
significance was 0.05. Although no power analysis was per-
formed, the sample size was determined according to peer’s 
and our previous publication in behavioral and pertinent 
molecular studies [24].

Results

BTZ Treatment Induced the Central Sensitization 
and Mechanical Allodynia

Here, we first explored the mechanical withdrawal threshold 
in the rats following BTZ application. The results showed 
that BTZ treatment (0.2 mg/kg, for 5 continuous days, i.p.) 
significantly decreased the withdrawal threshold on day 4, 
7, which maintained to the end of the experiment (day 10) 
(Fig. 1a). Accumulate evidence shows that central sensiti-
zation in spinal dorsal horn plays an important role in the 
development and maintenance of neuropathic pain [27]. To 
determine whether BTZ induces central sensitization in dor-
sal horn, we examined the change of sEPSCs in the rats’ 
superficial dorsal horn neurons following BTZ treatment. 
The results showed that the amplitude and frequency of 
sEPSC were significantly increased in the superficial dor-
sal horn neurons on day 4 and 10 following BTZ treatment 
(Fig. 1b, c). These results suggested that BTZ treatment may 
enhance the excitability of dorsal horn neurons and induce 
the neuropathic pain, while the underlying mechanism was 
still unclear.

miR‑672‑5p Contributed to the BTZ‑Induced 
Neuropathic Pain in Rats

In the present study, we explored the miRNAs expres-
sion in spinal dorsal horn through miRNA sequencing 
on day 4 and 10 after BTZ treatment. We found 93 miR-
NAs changed on day 4 and 113 miRNAs changed on day 
10 following BTZ application, respectively (P < 0.05, 
FC > 2 or < 0.5, Fig. 2a). Among these changed miRNAs, 
the expression of 51 miRNAs showed a consistent dys-
regulated on day 4 and 10 after BTZ treatment (Fig. 2a, 

Fig. 1  BTZ treatment mediated central sensitization and mechani-
cal allodynia. a Paw withdrawal threshold of rats was significantly 
reduced on day 4, 7 and 10 after BTZ treatment (**p < 0.01 versus 
corresponding vehicle group, n = 6 rats for each group). b, c The 

application of BTZ increased the amplitude and frequency of sEPSCs 
in dorsal horn neurons in rats (*p < 0.05, **p < 0.01 versus corre-
sponding vehicle group, n = 26, 21 or 16 neurons in different groups)
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Supplementary Fig. 1). Next, the top three downregulated 
miRNAs including miR-672-5P, miR-488-3p and miR-
598-5p were selected as the candidates (Fig. 2b). PCR 
analyses further showed that miR-672-5p significantly 
decreased on day 4, 7 and 10 following BTZ treatment 
(Fig. 2c), and the time course of miR-672-5p expression 
was consistent with that of mechanical allodynia. How-
ever, miR-488-3p and miR-598-5p only decreased on day 4 
and 7 after BTZ treatment (Fig. 2c). FISH staining showed 
that the expression of miR-672-5p was colocalized with 
the NeuN-positive cells, but not GFAP-positive cells or 
Iba1-positive cells in spinal dorsal horn (Fig. 2d). Next, 
we assessed the involvement of miR-672-5p in the central 
sensitization and neuropathic pain by the studies with the 
loss and gain of function. The results showed that intrathe-
cal injection of miR-672-5p agomir (3 nmol/day for con-
secutive 5 days) significantly inhibited the increase of fre-
quency and amplitude of sEPSC in dorsal horn neurons 
(Fig. 2e), and attenuated the mechanical allodynia in the 
BTZ rats, when compared with the BTZ + Scramble group 
(Fig. 2f). Furthermore, suppression of miR-672-5p by 
intrathecal injection of antagomir significantly increased 
the frequency and amplitude (Fig. 2g) of sEPSC in dorsal 
horn neurons and induced mechanical allodynia in naïve 
rats (Fig. 2h). These results suggested that miR-672-5p 

contributed to the BTZ-induced neuropathic pain through 
regulating the central sensitization of dorsal horn neurons.

REEP6 was Involved in BTZ‑Induced Neuropathic 
Pain

MiRNAs regulate gene expression at the posttranscriptional 
level through interacting with a target mRNA [28]. To find 
the downstream molecule of miR-672-5p, we predicted the 
target gene of miR-672-5p using two online databases, Tar-
getScan and miRDB. The silico analysis obtained 6 com-
mon potential targets with top 5% score from two online 
databases, and PCR results showed that only the level of 
REEP6 mRNA significantly increased on day 10 following 
BTZ treatment (Fig. 3a). Next, we examined the time course 
of REEP6 expression following BTZ treatment. We found 
that the REEP6 mRNA levels were significantly increased 
on day 4, 7 and 10 after BTZ treatment (Fig. 3b). Similarly, 
the REEP6 protein was also up-regulated on day 4, 7 and 10 
after BTZ treatment accordingly (Fig. 3c). Double immu-
nofluorescence revealed that the REEP6 was expressed in 
neurons, but not astrocyte or microglia (Fig. 3d). Further-
more, behavioral test showed that pre-intrathecal injection 
of REEP6 siRNA (1 nmol/10 µl for consecutive 5 days) 
inhibited the upregulation of REEP6 and ameliorated the 

Fig. 2  The decreased miR-672-5p was involved in the BTZ-induced 
neuropathic pain in rats. a The venn diagram showed the dysregu-
lated miRNAs on day 4 and 10 following BTZ treatment. b The top 
three miRNAs were miR-672-5P, miR-488-3p and miR-598-5p. c The 
expression of miR-672-5P, miR-488-3p and miR-598-5p on different 
time points after BTZ treatment (*p < 0.05, **p < 0.01 versus corre-
sponding vehicle group, n = 3 or 4 rats in different groups). d FISH 
showed that miR-672-5p was co-expressed in NeuN-positive cells (a 
neuronal marker), but not GAFP-positive cells (an astrocyte marker) 
or Iba1-positive cells (a microglial marker). e Intrathecal injection of 
miR-672-5p agomir inhibited the increase of amplitude and frequency 

of sEPSC in dorsal horn neurons (*p < 0.05, **p < 0.05 versus cor-
responding vehicle group, n = 22 or 27 neurons in different groups). 
f miR-672-5p agomir treatment increased the withdrawal threshold 
to mechanical stimuli in the BTZ-treated rats (*p < 0.05, **p < 0.05 
versus corresponding BTZ group, n = 8 or 6 rats in different group). g 
Intrathecal injection of miR-672-5p antagomir significantly increased 
the amplitude and frequency of sEPSC in naïve rats (**p < 0.05 ver-
sus corresponding vehicle group, n = 16 or 20 neurons in different 
groups). h Application of miR-672-5p antagomir induced mechani-
cal allodynia in naïve rats (*p < 0.05, **p < 0.05 versus corresponding 
BTZ group, n = 6 rats for each group)
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mechanical allodynia induced by BTZ (Fig. 3e, f). Moreo-
ver, intraspinal injection of AAV-REEP6-EGFP significantly 
enhanced the REEP6 expression of dorsal horn in naïve rats 
(Fig. 3g). Behavioral test showed that the overexpression 
of REEP6 by AAV-REEP6-EGFP induced the mechanical 
allodynia in naïve rats (Fig. 3h). These results indicated that 
the upregulation of REEP6 participated in the BZT-induced 
neuropathic pain.

Spinal miR‑672‑5p Negatively Regulates REEP6 
Expression in BTZ‑Induced Neuropathic Pain

Next, we verified the interaction between miR-672-5p and 
REEP6. FISH results showed that REEP6-positive cells were 
colocalized with miR-672-5p-positive cells in the dorsal 
horn (Fig. 4a). Intrathecal injection of miR-672-5p agomir 
significantly decreased the expression of REEP6 mRNA and 

protein in the spinal dorsal horn on day 10 after BTZ treat-
ment (Fig. 4b, c). Moreover, miR-672-5p antagomir treat-
ment (i.t.) significantly increased the level of REEP6 mRNA 
and protein in the dorsal horn of naïve rats (Fig. 4d, e). To 
explore the functional association between miR-672-5p and 
REEP6, we constructed a luciferase reporter vector (pMIR-
REPORT vector) in which the 3′-UTR regions of REEP6 
gene was fused to the luciferase coding sequence. We then 
transfected 293T cells with luciferase reporter vector and 
miR-672-5p mimic. The results showed that the luciferase 
activities in 293T cells were significantly suppressed by 
miR-672-5p mimic at the concentration of 100 nM (Fig. 4g). 
Moreover, we mutated the miR-672-5p binding sites (CAA 
CCT CA) in the 3′-UTR region of REEP6 and constructed 
Luc-REEP6 3′UTR mut vector (Fig. 4f). The results showed 
that mutation of predicted site in the 3′-UTR region of 
REEP6 significantly abolished the suppression of luciferase 

Fig. 3  The role of REEP6 in the neuropathic pain following BTZ 
treatment. a The expression of REEP6 mRNA was significantly 
increased among 6 common potential miR-672-5p binding mRNAs 
on day 10 following BTZ treatment (*p < 0.05 versus corresponding 
vehicle group, n = 4 rats for each group). b The expression of REEP6 
mRNA was examined on day 4, 7, and 10 after BTZ treatment in the 
spinal dorsal horn (*p < 0.05 versus corresponding vehicle group, 
n = 3 rats for each group). c The expression of REEP6 protein was 
significantly increased following BTZ application (*p < 0.05 versus 
day 0 group, n = 3 rats for each group). d The REEP6 was expressed 

on the neurons, but not astrocyte and microglia, in the spinal dorsal 
horn (n = 3). e, f Intrathecal injection of REEP6 siRNA inhibited 
the upregulation of REEP6 and attenuated the mechanical allodynia 
induced by BTZ (*p < 0.05, **p < 0.01 versus corresponding vehi-
cle group, n = 5 or 6 rats in different group). g, h Injection of AAV-
CMV-REEP6-EGFP (Intraspinal) increased the REEP6 expression 
and induced the mechanical allodynia in naïve rats (**p < 0.01 versus 
corresponding vehicle group, n = 3 rats for WB analysis, n = 7 rats for 
each group in behavioral test)
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signal induced by miR-672-5p mimic (Fig. 4g). Together, 
these results indicated that miR-672-5p may negatively regu-
late the expression of REEP6 via the binding site in REEP6 
3′-UTR.

Discussion

Accumulating evidence has shown the role of noncoding 
RNAs such as miRNA in neuropathic pain [29]. The cur-
rent study illustrated a novel molecular mechanism involving 
miR-672-5p/REEP6 pathway, which critically contributed to 
the central sensitization and mechanical allodynia in the set-
ting of BTZ-induced neuropathic pain. In addition, in vitro 
study further showed that the sequence of CAA CCT CA 
in 3′-UTR region of REEP6 might be the critical binding 
site for miR-672-5p to regulate the expression of REEP6. 
The present study significantly advanced our understanding 

on the role of miRNA in the pathogenesis of bortezomib-
induced chronic pain.

REEP6 was initially discovered in retinal ganglion cells 
[18], which served as an adaptor protein to mediate the pro-
cess of shaping tubular organelles such as the ER and Golgi 
[30]. In addition, REEP6 is expressed in other tissues and 
cells as well [31]. To our knowledge, the present study was 
the first to validate the expression of REEP6 in spinal dorsal 
horn neurons, which was significantly increased following 
the induction and maintenance of BTZ-induced neuropathic 
pain. Moreover, inhibition of REEP6 by intrathecal injec-
tion of REEP6 siRNA ameliorated the mechanical allodynia 
induced by BTZ, and overexpression of REEP6 in spinal 
dorsal horn induced the pain response to mechanical stimu-
lus in naïve rats. Accumulative research showed the role of 
inflammatory responses on the neuropathic pain induced by 
various factors [32]. For example, inhibition of CXCR1/2 
pathways can reduce the paclitaxel-induced neuropathic 

Fig. 4  Spinal miR-672-5p regulates REEP6 expression. a miR-
672-5p was colocalized with REEP6-positive cells in the dorsal 
horn. b, c The application of miRNA-672-5p agomir significantly 
decreased the level of REEP6 mRNA and protein in BTZ rats 
(*p < 0.05 versus corresponding scramble group, n = 3 or 4 rats in 
different groups). d, e The inhibition of miRNA-672-5p by using 
antagomir significantly increased the level of REEP6 mRNA and pro-
tein in the dorsal horn of naïve rats (*p < 0.05 versus corresponding 

scramble group, n = 3 rats for each group). f 6 putative miR-672-5p 
binding sites (CAA CCT CA) located in the 3′-UTR regions of REEP6 
gene. The mutated REEP6 sites in Luc-REEP6 3′UTR mut vectors 
were shown as red bases. g Luciferase activity of reporter constructs 
containing either the 3′-UTR of REEP6 or mutated REEP6 sites was 
co-transfected with REEP6 miR-672-5p mimic (**p < 0.01 versus 
corresponding control group, n = 3 replicates for each group)
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pain [33], and IL-8 level was significantly increased in rat 
model of neuropathic pain following sciatic nerve injury 
[34]. A recent study reported that overexpression of REEP6 
enhanced IL-8-stimulated cellular responses [31], and previ-
ous study showed that IL-8 application increased the syn-
aptic transmission by the presynaptic mechanism [35]. In 
addition, REEP6, as an important member of the receptor 
expression enhancing protein (REEP) family, was involved 
in the process of receptor trafficking into membrane [19, 
36]. Therefore, we speculate that REEP6 could mediate 
the trafficking of glutamate receptors into cell membranes, 
thereby facilitating glutamatergic transmission via postsyn-
aptic mechanism. The present study showed that REEP6 
can regulate the excitability of spinal neurons following the 
BTZ treatment, which was consistent with peer’s study that 
REEP6 can affect the electrical activity of retina [37]. How-
ever, the detailed mechanism underlying REEP6-mediated 
sEPSC adaptation need to be further verified. Altogether, 
it was postulated that REEP6 likely promoted the inflam-
matory response or the pain-related receptor trafficking to 
enhance the glutamatergic transmission, by which it contrib-
uted to the BTZ-induced neuropathic pain.

Recently, many studies have showed the dysregulation 
of miRNA expression in the spinal cord during the progres-
sion of neuropathic pain [26, 38]. For example, inhibition 
of miR-155 mitigates neuropathic pain induced by BTZ via 
modulating neuroinflammation in spinal dorsal horn [39]. 
Of note, miR-672-5p is associated with cancer [40], and 
BTZ is a first-line anticancer drug [41]. It prompted us to 
study the role of miR-672-5p in the BTZ-induced neuropa-
thy. Here, although miRNA profiling assay showed a down-
regulation of miR-672-5p, miR-488-3p and miR-598-5p in 
dorsal horn on day 7 and 10 after BTZ treatment, PCR and 
behavior test further revealed that only the time course of 
miR-672-5p downregulation was consistent with that of 
mechanical allodynia. In addition, FISH staining showed 
that the miR-672-5p was colocalized with neurons in spinal 
dorsal horn. Moreover, intrathecal injection of miR-672-5p 
agomir attenuated BTZ-induced central sensitivity and neu-
ropathic pain, and miR-672-5p antagomir induced the sensi-
tization and mechanical hypersensitivity in naïve rats. These 
results suggested that the downregulation of miR-672-5p 
was involved in the BTZ-neuropathic pain, which was con-
sistent with the previous finding that miR-672-5p was sig-
nificantly decreased in rats DRG following nerve injury [13]. 
Furthermore, we presented the morphological evidence for 
the distribution of miR-672-5p in REEP6-positive cells in 
the dorsal horn, and further identified the machinery for the 
direct binding of miR-672-5p in the critical sequence of the 
REEP6 mRNA. Importantly, we found that activation of 
miR-672-5p by agomir remarkably attenuated the REEP6 
increase in the BTZ-treated rats, and intrathecal injection 
of miR-672-5p antagomir enhanced the REEP6 expression 

in the dorsal horn of naïve rats. Together, the present results 
presented a miR-672-5p-involved mechanism to regulate 
REEP6 expression in dorsal horn, which contributed to the 
induction of neuropathic pain in a chemotherapeutic BTZ-
treated rodent model.
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