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Abstract
This study aims to explore the functions and mechanisms of long noncoding RNA small nucleolar RNA host gene 5 (SNHG5) 
in chronic constriction injury (CCI)-induced neuropathic pain (NP). An NP rat model was established using the CCI method 
and the NP severity was evaluated by paw withdrawal threshold (PWT) and paw withdrawal latency (PWL). The expres-
sion of SNHG5, CDK9, and SCN9A was quantified in rat dorsal root ganglion, in addition to the detections of apoptosis, 
pathological changes, neuron number, and the co-localization of Nav1.7 and cleaved caspase-3 with NeuN. In ND7/23 cells, 
the apoptosis and lactate dehydrogenase concentration were assessed, as well as the relationship between SNHG5, CDK9, 
and SCN9A. In the dorsal root ganglion of CCI-treated rats, SNHG5 and SCN9A were upregulated and downregulation of 
SNHG5 suppressed SCN9A expression, increased the PWT and PWL, blocked neuroinflammation and neuronal apoptosis, 
and alleviated NP. Mechanistically, SNHG5 recruited CDK9 to enhance SCN9A-encoded Nav1.7 expression and promoted 
peripheral neuronal apoptosis and injury. In addition, SCN9A overexpression nullified the alleviative effects of SNHG5 
deficiency on NP and neuron loss in CCI rats. In conclusion, SNHG5 promotes SCN9A-encoded Nav1.7 expression by 
recruiting CDK9, thereby facilitating neuron loss and NP after spinal nerve injury, which may offer a promising target for 
the management of NP.
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Introduction

Neuropathic pain (NP) is a complex and severe pain disor-
der arising from a lesion or disease influencing the soma-
tosensory system [1]. Antidepressant drugs and Ca2+ chan-
nel α2δ ligands are commonly used for NP treatment, yet 
caution should be used when administering these drugs to 
older people due to their adverse effects such as sedation and 
altered mental status [2, 3]. Owing to the adverse effects and 

poor efficacy of conventional therapies in clinical practice, 
deepening the knowledge of the mechanisms behind NP is 
necessary for identifying more effective pharmacological 
treatment options [4].

The mechanisms of NP are multifaceted and engage with 
structural and functional changes in nociceptive pathways 
from the injured site of peripheral nerves to the dorsal root 
ganglion (DRG) and spinal cord [5]. Peripheral sensitiza-
tion appears when primary afferent nociceptive neurons are 
increasingly sensitive to external mechanical or thermal 
stimuli at the lesion site, which is controlled by proinflam-
matory cytokines and other agents [6]. Spontaneous activi-
ties of primary afferents, mediated by inflammatory media-
tors, result in central sensitization, which is essential for 
the development and maintenance of NP [7]. Voltage-gated 
sodium channels (VGSCs or Navs), including Nav1.1–1.9, 
are strongly expressed in peripheral sensory neurons [8]. 
Nav1.7, encoded by SCN9A gene, is abundant in the pri-
mary afferent nociceptive and sympathetic neurons and is 
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responsible for the production of action potentials and the 
transduction of pain signals [9]. Inhibition of Nav1.7 in mice 
was found to relieve spinal nerve injury-induced NP and 
formalin-induced inflammatory pain [10]. These findings 
indicate that Nav1.7 is of enormous importance for the trans-
mission of neuroinflammation-mediated pain signals, and 
exploration of Nav1.7-related mechanisms may hold great 
promise for developing novel therapeutic strategies for NP.

A number of long noncoding RNAs (lncRNAs) have 
been identified in DRGs, spinal cord, and other pain-related 
regions of animals and humans, and these lncRNAs affect 
NP development and maintenance by mediating pain-related 
genes and elevating neuronal excitability in primary sen-
sory neurons of DRG [11]. The lncRNA small nucleolar 
RNA host gene 5 (SNHG5) was upregulated in mouse 
DRGs in response to experimental NP [12] and knockdown 
of SNHG5 blunted NP development and suppressed activa-
tion of astrocytes and microglia in mouse spinal cord [13]. 
The lncRNA X inactivate-specific transcript boosted inflam-
matory pain through upregulation of Nav1.7 by sequester-
ing microRNA (miR)-146a [14]. These reports suggest that 
lncRNA SNHG5 may contribute to NP development by 
mediating Nav1.7. In addition, cyclin-dependent kinase-9 
(CDK9) is an elongation factor that phosphorylates RNA 
polymerase II (RNAPII) to advance transcription elonga-
tion of genes [15]. CDK9 expression was elevated by nerve 
injury to increase RNAPII phosphorylation in the promoter 
of metabotropic glutamate receptor subtype 5 (mGluR5), an 
excitatory G protein-coupled receptor that regulates neuro-
transmitter signals, thereby promoting mGluR5 transcription 
in the dorsal horn for NP development [16]. Bioinformatics 
prediction in the present study showed an intriguing inter-
action between SNHG5, CDK9, and SCN9A. Therefore, 
we hypothesized that SNHG5 may recruit CDK9 to the 
promoter of SCN9A and regulate the expression of Nav1.7 
channel protein in NP, which may contribute to the under-
standing of Nav1.7-related mechanisms in NP and provide 
promising therapeutic targets for the disease.

Materials and methods

NP rat model

Thirty-six male adult Sprague–Dawley rats (200 ~ 230 g) 
were reared at 25 °C with sufficient food and water and a 
12-h light/dark cycle for 1 week of acclimatization, after 
which 12 rats were randomly grouped into sham and chronic 
constriction injury (CCI) groups with six rats in each group. 
As previous methods described [17], an NP rat model was 
induced with CCI under sodium pentobarbital anesthesia 
(40 mg/kg, 4390–16-3, Merck) via intraperitoneal injec-
tion. The sciatic nerve was exposed in a sterile environment, 

disassociated from surrounding tissues, and ligated with 4–0 
thread at 1 mm intervals. The sciatic nerve of sham-operated 
animals was exposed and disassociated but not ligated. Four-
teen days after the operation, the animals were sacrificed and 
their L5 DRGs were collected and stored at − 80 °C.

Short hairpin RNA (shRNA) lentiviruses knocking down 
SNHG5 (sh-SNHG5) vectors were designed and synthesized 
according to the target sequence of SNHG5 (Table 1). sh-
SNHG5, SCN9A overexpression lentiviruses (LV-SCN9A), 
and their negative controls (NCs) (sh-NC and LV-NC) were 
purchased from Systems Biosciences (Mountain View, 
USA) and used for animal experiments. The other 24 rats 
were arranged into sh-SNHG5 (intrathecal injection with sh-
SNHG5 before CCI modeling), sh-NC (intrathecal injection 
with sh-NC before CCI modeling), sh-SNHG5 + LV-SCN9A 
(intrathecal injection with sh-SNHG5 and LV-SCN9A 
before CCI modeling), and sh-SNHG5 + LV-NC (intrathecal 
injection with sh-SNHG5 and LV-NC before CCI modeling) 
groups (n = 6 rats per group). Hamilton syringes equipped 
with 30-gauge needles were placed into the subarachnoid 
space of the lumbar spine L4–L6, and the hind limbs of the 
rats were anesthetized with 2% lidocaine. Following exper-
iments were carried out 24 h after catheter implantation. 
Three days before the modeling, corresponding lentiviruses 
were intrathecally injected into the rats through the catheters 
to reduce SNHG5 expression or elevate SCN9A level. The 
intrathecal injection was performed once a day for consecu-
tive three days (10 µL/day, lentivirus titer of 2 × 108 pfu/mL). 
After the intrathecal injection, the rats were subjected to 
CCI modeling as above. The rats were euthanatized on day 
14 after the CCI procedure and their DRGs were preserved 
for the following experiments. The animal experimentation 
was approved by the ethics committee of First Affiliated 
Hospital of Fujian Medical University (No. IACUC FJMU 
2023–0038). All animal experiments in this work were con-
ducted in accordance with the guidelines for the care and 
use of laboratory animals formulated by the Chinese Insti-
tutional Animal Protection and Use Committee.

Behavioral testing

Behavioral studies measuring pain thresholds to mechani-
cal and thermal stimuli were performed without any use of 
analgesic drugs before the CCI (day 0) and on days 1, 3, 5, 
7, and 14 after the CCI procedure according to the procedure 

Table 1   Target sequences of shRNAs

Names of shRNAs Target sequences

SNHG5-1 GCC​TCG​ACC​CTG​TAT​TGA​AAC​
SNHG5-2 GCT​TAG​TTA​AGC​TTA​GTT​TCC​
SNHG5-3 GGA​TTC​GGC​TTC​TGA​GAT​TAA​
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developed by Li et al. [18]. The animals were examined for 
their development of NP behaviors, which was used to iden-
tify the NP rat model. Behavioral experiments were per-
formed from 9:00 am to 4:00 pm on sham-operated and CCI 
rats by a researcher blind to the experimentation, in what is 
known as a double-blind method.

Paw withdrawal mechanic threshold (PWT) was meas-
ured using von Frey tests. The rats were placed in a glass box 
with metal mesh floor and stimulated with von Frey hair for 
5 ~ 6 s with an interval of 5 min.

Paw withdrawal thermal latency (PWL) was tested using 
radiant heat stimulation (Plantar Analgesia Meter; IITC Life 
Science, USA). When paw withdrawal occurred, the timer 
was stopped and the time was automatically recorded. The 
cutoff time was 20 s.

Hematoxylin and eosin staining

Rat DRG paraffin sections were dewaxed and rehydrated 
with xylene and alcohol gradient before 2 min of hematoxy-
lin staining (C0105S, Beyotime) and 2 s of hydrochloric 
acid alcohol differentiation. After washing, the sections were 
stained with eosin (Beyotime) for 2 min, dried, and photo-
graphed from five random fields. Three sections were col-
lected from each sample to analyze the pathological changes 
in the DRGs.

Nissl staining

DRG tissues were fixed in 4% paraformaldehyde (PFA) 
(P0099, Beyotime), dehydrated, and embedded before prepa-
ration of 4-μm-thick sections, dewaxing, and hydration. 
Methylene Blue stain (M8030-10, Solarbio) was dropped 
onto the sections for 10 min of waiting period and Nissl dif-
ferentiation was performed for 1–3 min until Nissl bodies 
were clearly observed by microscopy. Ammonium molyb-
date solution was added to the sections for 3–5 min and 
the sections were rinsed with distilled water, dehydrated in 
absolute alcohol, and sealed in neutral balsam. The images 
of neurons were captured under an optical microscope and 
processed with the software provided by Media Cybernetics 
(Rockville, MD, USA).

Immunofluorescence

First, immunofluorescence was used to analyze NeuN level 
in rat DRGs. DRGs were fixed in 4% PFA, and 4-μm-thick 
DRG sections were sealed with 5% conventional goat serum 
(SL038, Solarbio) and 0.3% Triton X-100 (P1080, Solarbio) 
[in phosphate buffered solution (0.01 M PBS, PH = 7.4)], 
incubated with a NeuN antibody (ab104224, Abcam, Cam-
bridge, MA, USA) at 4 °C overnight and a secondary anti-
body at room temperature for 2 h, and imaged under an 

Olympus BX53 microscope (Japan). Three sections of five 
samplers were randomly selected from each sample.

Immunohistochemistry

DRGs were fixed for 48 h in 4% PFA and prepared into 
4-μm-thick paraffin sections. Following baking for 20 min 
and dewaxing in xylene, the sections were washed once in 
distilled water and thrice in PBS, added with 3% H2O2 for 
10 min of waiting period at room temperature, and washed 
thrice with PBS before antigen repair. Afterwards, the sec-
tions were sealed with goat serum for 20 min at room tem-
perature, incubated with anti-CDK9 (ab239364, Abcam) 
and biotin-labeled goat anti-rabbit IgG (A0216, 1:200, 
Beyotime) at room temperature for 2 h. After washing and 
color development with DAB, the sections were stained with 
hematoxylin for 3 min, dehydrated, permeabilized, sealed, 
and imaged.

TUNEL

Apoptosis in DRGs was tested using a TUNEL kit 
(11,684,795,910, Roche, Basel, Switzerland). After 
dewaxing, alcohol hydration, and washing in PBS, 
DRG Sects.  (4 μm) were maintained with proteinase K 
(39,450–01-6, Merck) for 20 min, rinsed with PBS, and 
sealed for 10 min before incubation with 500 μl TUNEL 
reaction solution (50 μl TdT + 450 μl fluorescein-conjugated 
dUTP solutions) at 37 °C for 1 h in a dark and wet box. The 
sections were imaged with a fluorescence microscope for 
counting of apoptotic cells. The nuclei of apoptotic cells 
showed red and that of stained cells showed blue. Image J 
software was used to count cells (cell apoptosis index = red 
cells/total cells × 100%).

Enzyme linked immunosorbent assay (ELISA)

The levels of tumor necrosis factor (TNF)-α (ab208348, 
Abcam), interleukin (IL)-1β (ab100768, Abcam), IL-6 
(ab100712, Abcam), and IL-10 (ab255729, Abcam) in rat 
DRGs were measured using ELISA kits. A microplate reader 
was used to evaluate the optical density at 450 nm to calcu-
late their concentrations.

Cell culture and transfection

ND7/23 cells, a rat DRG neuroblastoma cell line 
(#92,090,903, Sigma-Aldrich, St. Louis, MO, USA) 
(R-ND7/23), were cultured in high-glucose-DMEM growth 
medium (12,430,054, ThermoFisher Scientific, San Jose, 
CA, USA) supplemented with 10% fetal bovine serum 
(10,091,148, ThermoFisher Scientific), 50 U/mL penicil-
lin, and 50 µg/mL streptomycin (15,070,063, ThermoFisher 
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Scientific) at 37 °C with 5% CO2/95% air. Small interfering 
RNA (siRNA) sequences silencing SNHG5, CDK9, and 
SCN9A (si-SNHG5, si-CDK9, and si-SCN9A, respectively), 
SNHG5 and CDK9 overexpression plasmids (oe-SNHG5 
and oe-CDK9, respectively), and their NCs were provided by 
GenePharma (Shanghai, China) and delivered into ND7/23 
cells using Lipofectamine 2000 (11,668,027, Invitrogen, 
Carlsbad, CA, USA). The final concentrations of the si-
RNAs and plasmids were 100 nM and 2 µg, respectively. 
The sequences of siRNAs are shown in Table 2.

RNA extraction

Nucleo-cytoplasmic separation was completed based on 
the instructions of a nucleo-cytoplasmic separation kit 
(AM1921, Thermo Fisher, San Jose, CA, USA). Reverse 
transcription fluorescence–quantitative polymerase chain 
reaction (RT–qPCR) was used to determine the lncRNA 
SNHG5 RNA expression in the nucleus and cytoplasm, with 
GAPDH and U6 serving as positive controls.

Flow cytometry analysis

Neuronal apoptosis at early and late stages was evaluated by 
flow cytometry analysis. ND7/23 cells (2 × 106) were added 
to 1 mL PBS and centrifuged at 1500 rpm for 3 min. After 
washing twice, the cells were resuspended in 300 µL pre-
cold 1 × Binding Buffer and incubated at room temperature 
in the dark with 3 µL Annexin V-FITC and 5 µL PI (AP101-
100-kit, MULTI SCIENCES, Hangzhou, Zhejiang, China) 
for 10 min. Afterwards, the cells were mixed with 200 µL 
pre-cold 1 × Binding Buffer and evaluated by a flow cytom-
eter (NovoCyte 2060R, ACEA Biosciences Inc., Hangzhou, 
China).

Lactate dehydrogenase (LDH) test

LDH content in ND7/23 cell supernatant was tested with an 
LDH cytotoxicity assay kit (C0016, Beyotime). A micro-
plate reader was used to detect the optical density of LDH 
at 490 nm.

RNA pull‑down assay

RNA–protein interaction sequencing (RPIseq) (http://​pridb.​
gdcb.​iasta​te.​edu/​RPISeq/​about.​php) is a family of machine 
learning classifiers for predicting RNA–protein interactions 
using only sequence information. The interaction between 
the lncRNA SNHG5 and CDK9 was predicted by RPIseq 
and an RNA pull-down assay was completed according to 
the instructions of a Pierce™ Magnetic RNA–Protein Pull-
Down kit (Thermo Fisher Scientific, MA, USA). Bioti-
nylated lncRNA SNHG5 or NC was incubated with ND7/23 
cell lysate at 25 °C for 2 h and the lncRNA SNHG5/CDK9 
complexes were captured by streptavidin-conjugated immu-
nomagnetic beads at 25 °C for 1 h. The complexes were 
eluted by incubation with proteinase K at 25 °C for 2 h and 
the protein levels in the complexes were evaluated by west-
ern blotting.

RNA immunoprecipitation (RIP)

RIP assay was completed based on the instructions of the 
Magna RIP Kit (17–701, EMD Millipore, Billerica, MA, 
USA). ND7/23 cells at a density of 2 × 106 cells/mL were 
fixed in 4% PFA and lysed with RIPA buffer. The cell lysate 
was incubated with anti-CDK9 (ab239364, Abcam) or anti-
IgG (#5946, CST, Danvers, MA, USA) at 4 °C, after which 
the lysate was added with proteinase K-contained beads 
and RNA was extracted with Trizol. RNA purification was 
performed with a RNeasy Mini Kit (QIAGEN), and RNA 
expression was quantified by RT–qPCR.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using an EZ-ChIP™ Kit (17–371, 
Millipore). Following 36 h of cell culture, ND7/23 cells were 
fixed with 4% PFA, neutralized with glycine, and collected 
for centrifugation. The cell pellet was suspended in PMSF-
contained cell lysis buffer and centrifuged, with the superna-
tant discarded. DNA fragmentation was performed in an ice 
bath using ultrasonication. The cell supernatant was divided 
into two parts: 10% supernatant was used as the control and 
the other 90% was incubated with magnetic bead-conju-
gated anti-CDK9 or anti-IgG. After immunoprecipitation, 

Table 2   siRNA sequence Name of siRNAs SS Sequence AS Sequence

si-CDK9-1 GGC​CGG​UGU​UCU​UAG​GUU​AGG​ UAA​CCU​AAG​AAC​ACC​GGC​CAG​
si-CDK9-2 GCA​UCU​AUC​UGG​UGU​UCG​ACU​ UCG​AAC​ACC​AGA​UAG​AUG​CUG​
si-CDK9-3 GCA​GUA​CGA​CUC​AGU​GGA​AUG​ UUC​CAC​UGA​GUC​GUA​CUG​CUU​
si-SCN9A-1 GCA​GAU​UCA​UCA​AAU​GUU​AAU​ UAA​CAU​UUG​AUG​AAU​CUG​CUA​
si-SCN9A-2 GGA​GUA​UGC​UGA​CAA​GAU​AUU​ UAU​CUU​GUC​AGC​AUA​CUC​CAG​
si-SCN9A-3 GGA​UGU​UUG​UUG​UAG​AUU​AUC​ UAA​UCU​ACA​ACA​AAC​AUC​CAC​

http://pridb.gdcb.iastate.edu/RPISeq/about.php
http://pridb.gdcb.iastate.edu/RPISeq/about.php
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the DNA bound to CDK9 protein was eluted and purified 
with a DNA purification kit (Beyotime) before qPCR analy-
sis. In short, the principle of ChIP assay was as follows: in 
the living cells, after the DNA–protein complex was fixed 
by PFA, DNA fragmentation was conducted in an ice bath 
using ultrasonication. Next, these fragments were enriched 
and precipitated by specific antigen–antibody binding reac-
tions. The DNA bound to CDK9 protein was eluted and puri-
fied. Finally, qPCR assay was used to detect the sequence 
information of target DNA.

Dual‑luciferase reporter assay

The binding sites between CDK9 and SCN9A were screened 
in the hTFtarget database (http://​bioin​fo.​life.​hust.​edu.​cn/​
hTFta​rget#!/) [19], and wild (SCN9A-WT: CAA​AGA​GAA​
ACA​GGAA) and mutated (SCN9A-MUT: AAA​AAA​AAA​
AAA​AAAA) sequences were designed, generated, and 
inserted into luciferase reporter vectors (pGL3-Basic, Pro-
mega, Madison, WI, USA). The vectors were transfected 
into ND7/23 cells with oe-CDK9, si-SNHG5 + oe-CDK9, 
oe-SNHG5 + si-CDK9, or oe-NC, with the dose of 30 nM. 
The activities of Firefly luciferase and Renilla luciferase 
were evaluated by a luciferase detector (Promega) to quan-
titatively reflect the regulation of CDK9 on target genes. 
The interaction sites between CDK9 and target gene 3 'UTR 
were further determined by site-specific mutation method. 
Relative luciferase activity was defined as the ratio of Firefly 
luciferase activity to Renilla luciferase activity (the inter-
nal control: Renilla luciferase activity). Three independent 
experiments were set.

RT–qPCR

Total RNA was isolated from rat DRGs or ND7/23 cells by 
Trizol (15,596,018, Thermo Fisher Scientific) and converted 
into cDNA by a Reverse Transcription System (A3500, Pro-
mega). Gene expression was measured on a LightCycler 480 
instrument (Roche) under the conditions provided by the 
SYBR Green PCR kit (DRR820A, TaKaRa, Otsu, Japan) 
(predenaturation at 95 °C for 5 min, 40 cycles of denatura-
tion at 95 °C for 10 s, annealing at 60 °C for 10 s, and exten-
sion at 72 °C for 20 s). Relative RNA expression of target 
genes was quantified by the 2−∆∆Ct method (see Table 3 for 
primer sequences).

Western blotting

L5 DRGs and ND7/23 cells were treated with RIPA buffer 
(P0013B, Beyotime) (containing 1% PMSF) and centrifuged 
at a low speed. Afterwards, protein concentration was deter-
mined with the BCA method (P0010, Beyotime). Premixed 
supernatant was added with a fivefold volume of protein 

buffer (P0015L, Beyotime), boiled at 100 °C for denatura-
tion, and preserved at − 20 °C. Denatured protein was unfro-
zen on ice, and 20 μL of protein underwent sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis and transferred 
onto a PVDF membrane (IPVH00010, Merck) using the 
semi-wet method before 1 h of sealing in 5% nonfat milk 
at room temperature. After washing, incubation with a pri-
mary antibody against CDK9 (ab239364, Abcam), Nav1.7 
(ab65167, Abcam), Bax (ab32503, Abcam), Bcl-2(ab32124, 
Abcam), cleaved-caspase-3 (#9654, CST), and β-actin 
(ab8227, Abcam) was performed at 4 °C overnight, followed 
by TBST washing and incubation with a TBST-diluted sec-
ondary antibody at room temperature for 1 h. After color 
development with ECL, the results were identified and ana-
lyzed in a gel scanning analyzer.

Statistical analysis

Data analysis was performed by GraphPad Prism 8.0 version 
and the results are mean ± standard deviation. Statistically 
significant differences between two groups were identified 
by t test. When multiple groups of data were compared, 
one-way or two-way analysis of variance was used instead, 
followed by Tukey’s multiple comparisons test. Statistical 
significance was set at p < 0.05.

Results

LncRNA SNHG5 expressed strongly in CCI‑induced 
NP rats

The severity of NP in CCI-induced rats was evaluated by 
PWT and PWL. Rats in the CCI group showed decreased 
PWT (p < 0.001) and PWL (p < 0.01) beginning 3 days after 
the surgery (Fig. 1A), suggesting that NP was successfully 
induced in CCI-treated rats.

The expression of NeuN, a marker for neurons, was visu-
alized by immunofluorescence. Compared with the sham 

Table 3   Primer sequences for SNHG5, CDK9, SCN9A, and β-actin

F forward; R reverse

Name of primer Sequences

LncRNA SNHG5-F CGC​TTG​GTT​AAA​ACC​TGA​CACT​
LncRNA SNHG5-R CGC​TTG​GTT​AAA​ACC​TGA​CACT​
CDK9-F TGC​TGC​TGA​ATG​GCC​TCT​AC
CDK9-R CCC​CAT​CTC​GGG​TAA​TGA​GC
SCN9A-F TCG​TGT​CGC​TTG​TTG​ATG​GA
SCN9A-R ACT​CAT​AGG​GGT​CCA​TGG​CT
β-Actin-F TGA​GCT​GCG​TTT​TAC​ACC​CT
β-Actin-R TTT​GGG​GGA​TGT​TTG​CTC​CA

http://bioinfo.life.hust.edu.cn/hTFtarget#
http://bioinfo.life.hust.edu.cn/hTFtarget#
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Fig. 1   CCI-induced NP rats had higher SNHG5 expression. A PWT 
(g) and PWL (g) were determined at days 0, 1, 3, 7, and 14 after oper-
ation. B Immunofluorescence was used to visualize the expression of 
NeuN in rat DRGs. C H&E staining was used to show the histologi-
cal structures of rat DRGs (the nucleus appears blue and the cyto-
plasm appears red under the light microscope) and Nissl staining to 
observe the number of neurons in the DRGs (the neuron appears lav-
ender blue and the nucleus appears purple blue under the light micro-
scope). D SNHG5 expression in rat DRGs was evaluated by RT–

qPCR. E ELISA assayed the expression of TNF-α, IL-1β, IL-6, and 
IL-10 in rat DRGs. F TUNEL tested the apoptotic rate in rat DRGs. 
N = 6. Data were shown as mean ± standard deviation. Statistically 
significant differences between two groups were identified by t test. 
When multiple groups of data were compared, one-way or two-way 
analysis of variance was used instead, followed by Tukey’s multiple 
comparisons test. *P < 0.05 vs. sham group. CCI, chronic constriction 
injury; DRG dorsal root ganglion; PWL paw withdrawal mechanic 
threshold; PWL paw withdrawal thermal latency
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group, the CCI group showed lower expression of NeuN 
in rat DRGs (Fig. 1B). H&E staining results indicated that 
sham-operated rats had normal histological structures in 
their DRGs with the cells regularly arranged; CCI-induced 
rats had irregular cell arrangement and larger intracellular 
space, in addition to neuron shrinkage and loss shown by 
Nissl staining, compared with sham-operated rats (Fig. 1C).

Next, the expression of the lncRNA SNHG5 was deter-
mined by RT–qPCR in rat DRGs. SNHG5 was upregulated 
by 1.82-fold in CCI rats (Fig. 1D; p < 0.01). Moreover, 
ELISA results indicated increased levels of TNF-α (2.46-
fold), IL-1β (2.14-fold), and IL-6 (3.41-fold), as well 
as decreased IL-10 (0.44-fold), in the DRGs of CCI rats 
(Fig. 1E). Shown by TUNEL staining, the apoptotic rate 
in DRGs was enhanced in the CCI group compared to that 
in the sham group (Fig. 1F; 24.36 ± 2.52 vs. 3.72 ± 0.62, 

p < 0.001). These results suggested that the lncRNA SNHG5 
might be associated with CCI-induced NP and neuron loss.

Downregulating the lncRNA SNHG5 attenuated 
CCI‑induced neuron loss and NP in rats

To validate the role of SNHG5 in NP, we first evaluated 
the efficacy of sh-SNHG5 lentiviruses. RT–qPCR results 
showed that sh-SNHG5-1 knocked down SNHG5 expression 
most significantly and, therefore, was used in subsequent 
experiments (Fig. 2A). CCI-induced rats were injected with 
sh-SNHG5 and the expression of SNHG5 in rat DRGs was 
determined by RT–qPCR. Compared with the sh-NC group, 
the sh-SNHG5 group showed significantly reduced SNHG5 
expression (Fig. 2B; 0.52-fold, p < 0.01).

Fig. 2   Knockdown of SNHG5 blocked CCI-induced NP and neu-
ron loss in rats. A Efficacy of sh-SNHG5 lentiviruses was tested by 
RT–qPCR. B Expression of SNHG5 in DRGs of rats injected with sh-
SNHG5 was assayed. C PWT (g) and PWL (g) of rats injected with 
sh-SNHG5 were determined at days 0, 1, 3, 7, and 14 after operation. 
D Immunofluorescence was used to visualize the expression of NeuN 
in rat DRGs. E H&E staining was used to show the histological struc-
tures of rat DRGs and Nissl staining to observe the number of neu-
rons in the DRGs. F ELISA assayed the expression of TNF-α, IL-1β, 

IL-6, and IL-10 in rat DRGs. G TUNEL tested the apoptotic rate in 
rat DRGs. N = 6. Data were shown as mean ± standard deviation. Sta-
tistically significant differences between two groups were identified 
by t test. When multiple groups of data were compared, one-way or 
two-way analysis of variance was used instead, followed by Tukey’s 
multiple comparisons test. *P < 0.05 vs. sh-NC group. CCI chronic 
constriction injury; DRG dorsal root ganglion; PWL paw withdrawal 
mechanic threshold; PWL paw withdrawal thermal latency
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Knockdown of SNHG5 enhanced the PWT (p < 0.01) and 
PWL (p < 0.01) of CCI-treated rats (Fig. 2C) and boosted 
the expression of NeuN in the DRGs of CCI-induced rats 
(Fig. 2D). H&E and Nissl staining results showed allevi-
ated tissue injury and neuron loss in CCI-induced rats in 
response to SNHG5 knockdown (Fig. 2E). Moreover, the 
sh-SNHG5 group showed lower levels of pro-inflammatory 
factors TNF-α (0.45-fold), IL-1β (0.43-fold), and IL-6 (0.41-
fold), and higher IL-10 expression (1.96-fold) in rat DRGs 
(Fig. 2F). Compared to the sh-NC group, the sh-SNHG5 
group also showed a decrease in the apoptotic rate of DRGs 

(Fig. 2G; 22.85 ± 4.65 vs. 9.05 ± 2.06, p < 0.001). Overall, 
knockdown of SNHG5 blocked CCI-induced NP and neuron 
loss in rats.

LncRNA SNHG5 interacted with CDK9 in ND7/23 cells

The focus of this study was shifted to the regulatory mecha-
nisms of SNHG5 in NP. First, the results of nucleo-cyto-
plasmic separation showed that SNHG5 mainly localized in 
the nuclei of ND7/23 cells (Fig. 3A), which suggested that 
this lncRNA may play a role in transcriptional regulation. 

Fig. 3   Interaction between SNHG5 and CDK9 in ND7/23 cells. A 
Localization of SNHG5 was identified by nucleo-cytoplasm sepa-
ration. B, C Expression of SCN9A in rat DRGs was depicted by 
RT–qPCR and western blotting. D, E Binding of SNHG5 to CDK9 
was verified by RNA pull-down (D) and RIP (E) assays. F, G RT–
qPCR and western blotting were used to quantify the expression of 
CDK9 and SCN9A in ND7/23 cells transfected with oe-SNHG5 or 
si-SNHG5. H, I Expression of CDK9 in rat DRGs was tested by RT–

qPCR (H) and immunohistochemistry (I). N = 6 in animal experi-
ments. Cellular experiments were repeated in triplicate. Data were 
shown as mean ± standard deviation. Statistically significant differ-
ences between two groups were identified by t test and those among 
multiple groups were verified by one-way analysis of variance with 
Tukey’s multiple comparisons test. *P < 0.05 vs. sham, oe-NC, si-NC, 
bio-NC, or IgG group; #P < 0.05 vs. sh-NC group. CCI chronic con-
striction injury; DRG dorsal root ganglion
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According to a previous report, SCN9A-encoded Nav1.7 
channel protein is of great importance for nociception and 
chronic hyperalgesia and involved in pain behaviors, such as 
inflammatory pain and NP [20]. Shown by RT–qPCR and 
western blotting, SCN9A mRNA expression (1.76-fold) and 
Nav1.7 protein level (1.62-fold) were upregulated in the CCI 
group than in the sham group, and SCN9A mRNA expres-
sion (0.69-fold) and Nav1.7 protein level (0.66-fold) in the 
sh-SNHG5 group were downregulated compared with those 
in the sh-NC group (Fig. 3B, C). These data indicated that 
SNHG5 may regulate the transcription of SCN9A.

RPIseq analysis showed a high possibility of SNHG5 
interacting with CDK9 (prediction using random forest 
classifier: 0.55; prediction using support vector machine 
classifier: 0.91). Moreover, the results of RNA pull-down 
assay demonstrated that CDK9 expression was elevated in 
the bio-SNHG5 group than in the bio-NC group (Fig. 3D). 
RIP results revealed that SNHG5 expression was extensively 
enriched by the anti-CDK9 antibody rather than anti-IgG 
antibody (Fig. 3E).

Next, the regulation of SCN9A expression by SNHG5 
in ND7/23 cells was identified. RT–qPCR and western blot 
results manifested that SCN9A expression was upregulated 
(mRNA: 1.72-fold and protein: 1.63-fold) in response to oe-
SNHG5 transfection and downregulated (mRNA: 0.45-fold 
and protein: 0.56-fold) after transfection with si-SNHG5, 
while the alterations in SNHG5 expression had no effects 
on CDK9 expression (Fig. 3F, G).

In addition, RT–qPCR and immunohistochemistry results 
indicated that CDK9 mRNA and protein expression was 
enhanced by 1.62-fold in the DRGs of rats treated with CCI, 
but downregulating SNHG5 expression did not influence 
CDK9 expression (Fig. 3H, I). Overall, SNHG5 interacted 
with CDK9.

LncRNA SHNG5 promoted Nav1.7 expression 
by recruiting CDK9 to the SCN9A promoter

The hTFtarget database suggested that CDK9 was a tran-
scription factor of SCN9A (Fig. 4A). To verify the binding 
of CDK9 to SCN9A promoter, ND7/23 cells were transfected 
with oe-CDK9 or si-CDK9. Shown by RT–qPCR and western 
blotting, upregulation of CDK9 boosted SCN9A expression 
(mRNA: 1.86-fold and protein: 1.55-fold) and knockdown 
of CDK9 reduced SCN9A levels (mRNA: 0.41-fold and pro-
tein: 0.48-fold) in the ND7/23 cells (Fig. 4B, C). Dual lucif-
erase reporter assay demonstrated that overexpressing CDK9 
increased the luciferase intensity of SCN9A–WT and did not 
change that of SCN9A–MUT (Fig. 4D). ChIP–PCR analysis 
of CDK9 binding to the SCN9A promoter in ND7/23 cells 
showed that the anti-CDK9 antibody increased the enrichment 
of SCN9A promoter sequence in the complexes compared to 

the anti-IgG antibody (Fig. 4E). These findings disclosed that 
CDK9 positively controlled the transcription of SCN9A gene.

For the sake of validating the recruitment of CDK9 in the 
SCN9A promoter by SNHG5, ChIP and luciferase reporter 
assays were carried out. The binding of CDK9 to the SCN9A 
promoter was enhanced by SNHG5 overexpression, which 
was nullified by CDK9 knockdown; the binding between 
CDK9 and the SCN9A promoter was inhibited by SNHG5 
knockdown, while overexpression of CDK9 blocked the nega-
tive effect of SNHG5 knockdown on the binding (Fig. 4F). 
Moreover, for the SCN9A–WT reporter vector, the change 
in luciferase activity induced by SNHG5 overexpression or 
knockdown was partially nullified by CDK9 knockdown or 
overexpression; for the SCN9A–MUT reporter vector, the 
alterations in CDK9 and SNHG5 expression did not influence 
the luciferase activity (Fig. 4G). Taken together, CDK9 tran-
scriptionally activated SCN9A, and SNHG5 recruited CDK9 
to the SCN9A promoter and thus facilitated SCN9A-encoded 
Nav1.7 channel protein expression in peripheral neurons.

LncRNA SNHG5 facilitated peripheral neuron injury 
through the CDK9/SCN9A axis

ND7/23 cells were transfected with oe-SNHG5 or oe-
SNHG5 + si-CDK9/si-SCN9A to assess the influence of 
the SNHG5/CDK9/SCN9A axis on peripheral neurons. 
Compared with the oe-NC group, the oe-SNHG5 group had 
higher expression of SNHG5 (2.56-fold) and higher levels of 
SCN9A mRNA (1.88-fold) and Nav1.7 protein (1.74-fold); 
compared with the oe-SNHG5 group, the oe-SNHG5 + si-
CDK9 group showed decreased levels of CDK9 (mRNA: 
0.47-fold and protein: 0.56-fold) and SCN9A (mRNA: 0.65-
fold and protein: 0.67-fold), and the oe-SNHG5 + si-SCN9A 
group had lower SCN9A expression (mRNA: 0.51-fold and 
protein: 0.57-fold) (Fig. 5A and B). Flow cytometry results 
showed elevated apoptotic rates in response to SNHG5 
upregulation (Fig. 5C; 4.25 ± 0.82 vs. 14.31 ± 2.44), which 
was recapitulated by the immunoblots of Bax, cleaved cas-
pase-3, and Bcl-2. Upregulation of SNHG5 increased the 
protein levels of Bax (1.92-fold) and cleaved caspase-3 
(1.85-fold) and decreased Bcl-2 protein level (0.42-fold) 
(Fig. 5D). In addition, LDH content in ND7/23 cells over-
expressing SNHG5 was increased by 2.16-fold (Fig. 5E). 
However, downregulating CDK9 or SCN9A offset, in part, 
the promoting effects of SNHG5 overexpression on the 
apoptosis and injury in peripheral neurons (Fig. 5C and E).

LncRNA SNHG5 enhanced neuron loss and NP 
in CCI‑induced rats by activating SCN9A 
through recruitment of CDK9

The effects of the SNHG5/CDK9/SCN9A axis in NP were 
further validated in vivo by injection of sh-SNHG5 and 



460	 C. Wang et al.

Fig. 4   SNHG5 recruited CDK9 to the SCN9A promoter and thereby 
promoted Nav1.7 expression. A hTFtarget database predicted the 
binding site between CDK9 and SCN9A. B, C Expression of CDK9 
and SCN9A was evaluated using RT–qPCR and western blotting after 
transfection with oe-CDK9 or si-CDK9. D, E Binding of CDK9 to 
the SCN9A promoter was determined with dual luciferase reporter 
(D) and ChIP (E) assays. F, G. ChIP (F) and dual-luciferase reporter 
(G) assays were used to probe whether SNHG5 recruits CDK9 to the 

SCN9A promoter after transfection with oe-SNHG5 + si-CDK9 or 
si-SNHG5 + oe-CDK9. Each experiment was independently repeated 
three times. Data were shown as mean ± standard deviation. Statisti-
cally significant differences between two groups were identified by t 
test and those among multiple groups were verified by one-way anal-
ysis of variance with Tukey’s multiple comparisons test. *P < 0.05 vs. 
sham, oe-NC, si-NC, or IgG group; #P < 0.05 vs. oe-SNHG5 or si-
SNHG5 group
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LV-SCN9A into CCI rats. The results of RT–qPCR and 
western blotting found that SCN9A mRNA expression 
(2.05-fold, p < 0.01) and Nav1.7 protein level (1.53-fold, 
p < 0.05) were boosted, while the expression of SNHG5 
and CDK9 was unchanged in the sh-SNHG5 + LV-SNC9A 
group compared with those in the sh-SNHG5 + LV-NC 
group (Fig. 6A and B). Upregulation of SCN9A aggra-
vated mechanical (p < 0.001) and thermal (p < 0.01) hyper-
algesia blocked by SNHG5 knockdown (Fig. 6C). H&E 
and Nissl staining results suggested that, in the absence 
of SNHG5, SCN9A overexpression promoted tissue injury 
in rat DRGs and reduced the number of neurons in the 

DRGs (Fig. 6D). In addition, immunofluorescence results 
revealed the reduction in neuron number (Fig. 6E). ELISA 
showed that compared to the sh-SNHG5 + LV-NC group, 
the sh-SNHG5 + LV-SCN9A group had higher levels of 
TNF-α (2.16-fold), IL-1β (2.19-fold), and IL-6 (2.72-fold) 
and a lower level of IL-10 (0.49-fold) (Fig. 6F). TUNEL 
results demonstrated a promoting effect of SCN9A over-
expression on neuronal apoptosis in the presence of 
SNHG5 knockdown (Fig. 6G; 18.65 ± 3.88 vs. 9.13 ± 2.52, 
p < 0.001). Overall, SNHG5 may recruit CDK9 to activate 
SCN9A transcription and promote Nav1.7 protein expres-
sion, thus affecting CCI-induced neuron loss and NP.

Fig. 5   SNHG5 regulated the CDK9/SCN9A axis to promote periph-
eral neuronal injury. A, B Expression of SNHG5, CDK9, and SCN9A 
was determined by RT–qPCR and/or western blotting. C Apoptotic 
rate of ND7/23 cells was evaluated by flow cytometry analysis (the 
X-axis represents Annexin-V-FITC, and the Y-axis represents PI). D 
Western blotting was used to show Bax, cleaved caspase-3, Bcl-2 pro-

tein levels. E LDH test was performed to evaluate neuron injury. Data 
were shown as mean ± standard deviation. Statistically significant dif-
ferences among multiple groups were verified by one-way analysis of 
variance with Tukey’s multiple comparisons test. *P < 0.05 vs. oe-NC 
group; #P < 0.05 vs. oe-SNHG5 group. LDH lactate dehydrogenase
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Discussion

Previous NP research has identified numerous lncRNAs 
in pain-related regions and their expression levels were 
altered in affected pain pathways by peripheral inflamma-
tion and nerve injury [1, 21, 22]. In this study, we found 
increased SNHG5 level and the inhibitory effects of SNHG5 
deficiency on CCI-induced neuron loss, hyperalgesia, and 
peripheral neuron injury. Mechanistic investigations showed 
that the lncRNA SNHG5 recruited CDK9 to the promoter 
of SCN9A and promoted the expression of Nav1.7 channel 
protein, thereby facilitating neuron injury and NP develop-
ment in CCI-induced rats.

Previous inflammation research reveals an interesting 
association between SNHG5 and inflammation. Particu-
larly, SNHG5 was found to play a pro- or anti-inflammatory 
role in various disease settings, such as chronic obstructive 
pulmonary disease, epilepsy, and ulcerative colitis [23–25]. 
SNHG5 has been shown to augment activation of astrocytes 
and microglia in spinal cord injury by directly interacting 
with Krüppel-like factor 4, an inflammation-associated 

transcription factor [26]. In periodontal inflammation, 
SNHG5 attenuated TNF-α-induced inflammation by inhib-
iting the translocation of the nuclear factor-kappa B (NF-κB) 
p65 subunit and inactivating the NF-κB signaling pathway 
[27]. Our experiments found SNHG5 was strongly expressed 
in rat DRGs after CCI induction. Apart from relieving 
inflammation, our data demonstrated that knockdown of 
SNHG5 alleviated neuron loss as well as mechanical and 
thermal hyperalgesia induced by CCI in rat DRGs. Previous 
mechanistic studies highlighted the functions of SNHG5 in 
NP through competitive endogenous RNA regulatory net-
works. For example, SNHG5 reduced CCI-induced NP and 
inflammation by upregulating the expression of calcium/
calmodulin-dependent protein kinase II α via miR-142-5p 
[12, 13]. SNHG5 also stimulated the activation of astrocytes 
and microglia and promoted NP by targeting miR-154-5p 
which downregulated the expression of C–X–C motif 
chemokine 13 [12, 13]. In this work, nucleo-cytoplasm 
separation results revealed that SNHG5 was mainly local-
ized in the nuclei of peripheral neurons and function experi-
ments demonstrated a direct interaction between SNHG5 

Fig. 6   SNHG5 promoted SCN9A transcription by CDK9 to enhance 
neuron loss and NP in CCI rats. A, B Expression of SNHG5, CDK9, 
and SCN9A was determined by RT–qPCR and/or western blotting. 
C PWT (g) and PWL (g) of rats injected with sh-SNHG5 and LV-
SCN9A were determined at days 0, 1, 3, 7, and 14 after operation. 
D H&E staining was used to show the histological structures of rat 
DRGs and Nissl staining to observe the number of neurons in the 
DRGs. E Immunofluorescence was used to visualize the expression 
of NeuN in rat DRGs. F. ELISA assayed the expression of TNF-α, 

IL-1β, IL-6, and IL-10 in rat DRGs. G TUNEL tested the apoptotic 
rate in rat DRGs. N = 6. Data were shown as mean ± standard devia-
tion. Statistically significant differences between two groups were 
identified by t test. When multiple groups of data were compared, 
one-way or two-way analysis of variance was used instead, followed 
by Tukey’s multiple comparisons test. *P < 0.05 vs. sh-SNHG5 + LV–
NC group. CCI chronic constriction injury; DRG dorsal root gan-
glion; PWL paw withdrawal mechanic threshold; PWL paw with-
drawal thermal latency
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and CDK9. Rescue experiments indicated that inhibition 
of CDK9 attenuated SNHG5 overexpression-promoted 
peripheral neuronal apoptosis and cytotoxicity. Evidently, 
the immune and inflammatory modulatory roles of CDK9 
have been confirmed in different diseases and cancers [28]. 
For instance, inhibition of CDK9 in nucleus pulposus cells 
suppressed pro-inflammatory cytokine-induced catabo-
lism, which is considered a promising therapeutic target 
for managing intervertebral disk degeneration [29]. CDK9 
phosphorylation was induced under hyperglycemic condi-
tions and led to activation of the MAPK signaling pathway, 
which enhanced the transcription of inflammatory cytokines, 
including TNF-α, IL-1β, and IL-6 [30].

Although there are limited reports on the specific mecha-
nisms of CDK9 in NP, other CDKs have been delineated to 
affect the commencement and maintenance of NP directly 
by cell cycle regulation or by transcription, epigenetic reg-
ulation, and metabolism. As a classical cell cycle-related 
kinase, CDK4 was upregulated after spinal cord injury, and 
cell cycle arrest by administration of CR8, a selective CDK 
inhibitor, rescued motor deficits, mechanical hyperalgesia, 
and neuroinflammation in mice [31]. Otherwise, CDK5 was 
summarized to regulate its targets (cytoplasmic proteins, 
integral membrane proteins, and protein complexes such 
as ion channels and membrane receptors) and thus enhance 
pain hypersensitivity in NP, either by facilitating the trans-
mission of proteins to the plasma membrane, by enhancing 
their transcription and expression, by increasing the inter-
action between its target proteins and others and thereby 
promoting their function, or by promoting morphine nocic-
eptive tolerance [32]. CDK9-dependent RNAPII phospho-
rylation in the mGluR5 promoter enhanced mGluR5 tran-
scription and contributed to NP development [16]. Outside 
of such mechanism, we found CDK9 positively regulated 
SCN9A gene transcription and that SNHG5 enhanced the 
recruitment of CDK9 in the promoter of SCN9A to facilitate 
SCN9A-encoded Nav1.7 protein expression, thus regulat-
ing experimental NP-induced neuron loss and inflammation. 
Considering the multiple mechanisms of CDKs in NP, the 
regulatory mechanisms of CDK9 in NP are worthy of further 
exploration.

In conclusion, this study provided a potential explanation 
of NP maintenance, that is, the lncRNA SNHG5 interacted 
with CDK9 to promote Nav1.7 expression, and contributed 
to the understanding of the mechanisms of Nav1.7 transmit-
ting pain signals in NP. However, experiments on animals 
cannot completely mimic the commencement and develop-
ment of NP in humans, future investigations can be made 
in the clinical setting to confirm our conclusion. In addi-
tion, the commonly used cell counting method was used in 
this study as previously described [33], and more scientific 
cell counting methods can be used in future experiments 
to improve the accuracy of our experimental results, like 

stereologically unbiased method. Considering the associa-
tion of the SNHG5/CDK9/SCN9A axis with inflammation, 
future studies can pay more attention to the relationship 
between this axis and proinflammatory pathways, such as the 
NF-κB signaling pathway, for deepening the understanding 
of the functions of SNHG5 in NP. Overall, this study may 
offer promising targets for the management of NP.
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