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NFATc2-dependent epigenetic
downregulation of the TSC2/Beclin-1 pathway
is involved in neuropathic pain induced by
oxaliplatin
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Su-Yan Lin6, and Zhen-Yu Li5

Abstract
Neuropathic pain is a common dose-limiting side effect of oxaliplatin, which hampers the effective treatment of tumors. Here, we
found that upregulation of transcription factor NFATc2 decreased the expression of Beclin-1, a critical molecule in autophagy, in the
spinal dorsal horn, and contributed to neuropathic pain following oxaliplatin treatment. Meanwhile, manipulating autophagy levels by
intrathecal injection of rapamycin (RAPA) or 3-methyladenine (3-MA) differentially altered mechanical allodynia in oxaliplatin-treated
or näıve rats. Utilizing chromatin immunoprecipitation-sequencing (ChIP-seq) assay combined with bioinformatics analysis, we found
that NFATc2 negatively regulated the transcription of tuberous sclerosis complex protein 2 (TSC2), which contributed to the
oxaliplatin-induced Beclin-1 downregulation. Further assays revealed that NFATc2 regulated histone H4 acetylation and methylation
in the TSC2 promoter site 1 in rats’ dorsal horns with oxaliplatin treatment. These results suggested that NFATc2 mediated the
epigenetic downregulation of the TSC2/Beclin-1 autophagy pathway and contributed to oxaliplatin-induced mechanical allodynia,
which provided a new therapeutic insight for chemotherapy-induced neuropathic pain.

Keywords
Neuropathic pain, oxaliplatin, spinal dorsal horn, NFATc2, epigenetic regulation

Date Received: 11 September 2022; Revised 16 January 2023; accepted: 29 January 2023

Introduction

Oxaliplatin, the third-generation platinum-based antitumor
drug, is widely used in colorectal and advanced ovarian
cancer.1 However, oxaliplatin-induced neuropathic pain often
leads to dose reduction or early discontinuation of
chemotherapy.2–4 Currently, the mechanism underlying
oxaliplatin-induced neuropathic pain remains unclear.

Autophagy is a highly regulated cellular process, in which
long-lived proteins are degraded to preserve normal tissue
homeostasis.5 In the nervous system, autophagy plays an
essential role in axon degeneration, neuron death, and the
maintenance of synaptic plasticity.6,7 In addition, studies
indicate that autophagy is involved in neuropathic pain.8 For
example, following nerve injury, the upregulation of
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autophagy markers Beclin-1 or LC3 was observed in the
spinal cord and DRG, and raising the autophagy levels
significantly alleviated hyperalgesia and allodynia.9,10

However, no study is available to report whether the in-
creased autophagy in the spinal dorsal horn could effectively
alleviate oxaliplatin-induced neuropathic pain.

The nuclear factor of activated T cells (NFAT) is a tran-
scription factor initially identified in T cells and mediates the
transcriptional activation of IL-2.11 A growing number of
studies have shown that NFAT, besides its critical role in the
immune system, is also involved in the pathogenesis of a
variety of neurological disorders, such as cerebrovascular
disease and Parkinson’s disease, etc.12,13 Five members exist
in the NFAT family, including NFATc1, NFATc2, NFATc3,
NFATc4, and NFAT5.14 Our previous study showed that
NFATc2 upregulated the expression of chemokine CXCL14
in spinal dorsal horn neurons and mediated paclitaxel-
induced neuropathic pain.15 The present study aims to
study the functional involvement of NFATc2 in autophagy in
the spinal dorsal horn in the oxaliplatin-induced neuropathic
pain model.

Materials and methods

Animals

Sprague-Dawley (SD) male rats weighing 180–220 g were
obtained from the Institute of Experimental Animals of Sun
Yat-sen University. The temperature of the animal room was
kept at 24 ± 1°C and the humidity at 50–60%, strictly fol-
lowing the biological rhythm of the animal. The principle of
reasonable and optimal quantity was adopted to minimize
animals’ pain in the experimental operation. All experimental
animals were randomly divided into various groups. All
experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at Sun Yat-Sen
University (China) and were conducted in accordance with
the guidelines of the National Institutes of Health (NIH) on
animal care and with the ethical guidelines.

Drug administration

A neuropathic pain model induced by oxaliplatin was es-
tablished according to previous experimental methods.16 The
specific operation was described as follows: Oxaliplatin
(Topscience, Shanghai) was dissolved in a 5% glucose so-
lution with the final concentration of 1 mg/kg. A stable model
was established by intraperitoneal injection of 4 mg/kg for
five consecutive days simultaneously. The animal in control
group was intraperitoneally injected with an equal volume of
glucose solution or normal saline according to the specific
experiment.

The rats’ L4–L5 vertebrae were exposed for intraspinal
injection of the AAV, and the vertebral column was mounted
in a stereotaxic frame. A slight laminotomy was performed,

and the dura was incised to expose the spinal cord. AAV was
injected into both sides of the spinal dorsal horn at four
injection sites (150 nL of AAV was injected at each site). The
micropipette was withdrawn 10 min after viral injection, and
the incision was closed with stitches. After 21 days of suc-
cessful injection, the rats were used for the subsequent
experiments.

Behavior test

The mechanical paw withdrawal test was used as the behavioral
assay to measure mechanical pain. Von Frey Hair was used for
up-down detection.17 Before the formal testing, animals in each
group were placed in the plastic apparatus for three consecutive
days with 15–20 min per day to acclimatize to the environment.
Mechanical stimulation was performed on the rats’ left and right
rear foot soles, and the direction of the stimulus was kept
vertically upward. The duration of each stimulation was 6–8 s,
and the interval between the stimuli was 5 min. A positive
reaction was recorded when the test animal showed a rapid foot
withdrawal or licking of the hind foot.

Intrathecal injection

The intrathecal injection was performed following the pre-
vious methods.18,19 First, the rats were anesthetized by in-
halation with 2% isoflurane, and the anesthetic state was
maintained at a continuous low dose of isoflurane during the
operation. The animals were in the prone position, a longi-
tudinal incision was made with a scalpel on the posterior
superior iliac spine, and the muscle layer was bluntly sep-
arated to expose the spine and locate the L5 and L6 spinous
processes. The tissues around the foramina L5 and L6 were
removed to expose the foramina. The polyethylene intra-
thecal catheters (PE-10, Becton Dickinson, USA) were in-
serted into the L5/L6 intervertebral subarachnoid space with
the tip of the catheter located near the L5 spinal segmental
level. Following intrathecal implantation of catheters, ani-
mals were allowed 5 days to recover from surgery before
subsequent drug injection. Any animals with hind limb pa-
resis or paralysis were excluded from the present study. 10 μL
of 2% lidocaine was injected to confirm the correct catheter
position, as indicated by transient bilateral hind limb paral-
ysis. The cholesterol-conjugated siRNA was commercially
obtained from Ribo Bio. NFATc2 siRNA (1 nmol/10 μL),
non-targeting control siRNA (1 nmol/10 μL), TSC2 siRNA
(1 nmol/10 μL), 3-MA (30 μg/10 μL), rapamycin (2 μg/
10 μL) or vehicle saline (10 μL) was intrathecally admin-
istrated 30 min before oxaliplatin treatment.

Immunofluorescence staining

Perfusion was performed through the ascending aorta with
4% paraformaldehyde after applying sodium pentobarbital at
a dose of 50 mg/kg (i.p.) in the rats. The lumbar segments of
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the spinal cord were removed and placed into 4% parafor-
maldehyde for 3 h and stored in 30% sucrose overnight. The
sucrose solution was replaced daily until dehydration was
completed. Cryostat sections (25 μm) were cut and processed
for immunofluorescence staining with primary antibodies for
TSC2 (1:200, CST, 4308), NFATc2 (1:200, Abcam, ab2722),
NeuN (1:400, Millipore, MAB377 or ABN78), GFAP (1:400,
CST, 3670; 1:400 Abcam, ab7260), or Iba1 (1:400, Abcam,
ab5076). After incubation with primary antibodies overnight
at 4°C, the sections were then incubated with secondary
antibodies, which were conjugated with Cy3 or Alexa 488,
for 2 h at room temperature. The stained sections were then
examined with a Nikon (Nikon, Japan) fluorescence micro-
scope equipped with a digital camera, and images were
captured.

Western blotting

Animals were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.) at various time points. The rats’ L4–L6 spinal
dorsal horn tissues were removed and homogenized in lysis
buffer (Beyotime, China) containing a cocktail of proteinase
inhibitors and phosphatase inhibitors on ice. Protein samples
were separated by gel electrophoresis (SDS-PAGE) and
transferred onto a PVDF membrane. The membrane was
placed in the blocking buffer for 1 h at room temperature and
incubated with primary antibodies against TSC2 (1:1000,
CST, 4308), NFATc2 (1:1000, Abcam, ab2722), Beclin-1 (1:
1000, CST, 3738) or GAPDH (1:1000, Abcam, ab8245; 1:
1000, CST, 2118) overnight at 4°C. Then, the blots were
incubated with horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. Enhanced chem-
iluminescence (ECL, Millipore) was used to detect the im-
mune complex. The bands were quantified with a computer-
assisted imaging analysis system (NIH ImageJ).

RNA extraction and real-time qPCR

Trizol was used to extract total RNA from dorsal horn tissues.
The reverse transcription was performed according to the
manufacturer’s protocol by Evo M-MLV RT Premix (AG,
China). Real-time qPCR was performed using the SYBR
Green Pro Tap Premix (AG, China). The reactions conditions
included incubation at 95°C for 3 min followed by 40 cycles
of thermal cycling (10 s at 95°C, 20 s at 58°C, and 10 s at
72°C). The ratio of mRNA expression was analyzed by the
2�ΔΔCT Method. The sequence of primers was lists in
Supplementary Table 1.

Chromatin Immunoprecipitation (ChIP)

ChIP assay was performed using the ChIP Assay Kit (CST,
9005). The animal’s L4 and L5 spinal cords were removed
quickly and placed in 1% formaldehyde for 10 min at room
temperature to cross-link transcription factors with

chromatin. 125 mM glycine was then added to inactivate the
formaldehyde. After adding micrococcal nuclease to digest
DNA to the length of approximately 150–900 bp, DNA
fragments were immunoprecipitated using antibodies tar-
geting NFATc2 (5 μg, Abcam, ab2722), ac-H3 (5 μg, Abcam,
ab32129), ac-H4 (5 μg, Sigma, 06-598), H4K20me3 (5 μg,
Epigentek, A-4048) or IgG overnight at 4°C. The next day,
ChIP-grade protein G magnetic beads were added and in-
cubated for 2 h at 4°C with rotation. Then the chromatin-
protein-antibody-bead complexes were eluted, and the DNA
was extracted. The precipitated DNAwas resuspended in the
nuclear-free water, and qPCR assays with primers were
performed to amplify the different regions within the TSC2
promoter. Finally, the ratio of ChIP/input in the spinal dorsal
horn was calculated.

ChIP-seq identification of NFATc2 binding sites

ChIP-seq libraries were prepared from a total of 10 ng DNA
using TruSeq Nano DNA Sample Prep Kit (Illumina) ac-
cording to the manufacturer’s instructions. The completed
libraries were quantified by 2100 Bioanalyzer (Agilent,
Waldbronn, Germany). The libraries were then sequenced by
running 2 × 150 cycles on the Illumina HiSeq 4000 following
the HiSeq 3000/4000 SBS Kit protocol (Illumina). After the
sequencing platform generated the sequencing images, the
image analysis and base calling stages were performed using
Off-Line Basecaller software V1.8. Sequence quality was
examined using the FastQC software. After passing the
Solexa CHASTITYquality filter, the clean reads were aligned
to the Rat genome (UCSC RN5) using BOWTIE software
V2.1.0.20 The MACS V1.4.2 program21 was then used for
peak calling of the ChIP enrichment regions relative to the
control dataset generated from input samples. The peaks in
samples were annotated by the nearest gene using the newest
UCSC RefSeq database. We performed an integrated analysis
of KEGG (Kyoto Encyclopedia of Genes and Genomes
Analysis) and GO (Gene Ontology Analysis) to find target
Genes related to specific pathways.

Statistical analysis

All data were expressed as the means ± SEM and analyzed
with SPSS 25.0 (SPSS, USA). The qPCR and western blot
data were analyzed using the two independent samples t-
test or one-way ANOVA followed by Dunnett’s T3 or
Tukey’s post hoc test. If tests of normality were not sat-
isfied, the nonparametric tests were substituted. The be-
havioral test data were analyzed using two-way ANOVA
with repeated measures. The criterion for statistical sig-
nificance was p < 0.05. While no power analysis was
performed, the sample size was based on previous studies
of painful behavior and pertinent molecular studies.
GraphPad Prism9 (GraphPad Software, California, USA)
Software was used for the drawing.
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Results

Upregulation of NFATc2 in the spinal dorsal horn
contributed to the mechanical allodynia following
oxaliplatin application

Intraperitoneal injection of oxaliplatin (4 mg/kg for five
consecutive days) markedly decreased the mechanical
withdrawal threshold in rats (Figure 1(a)). The results of
qPCR showed that NFATc2 mRNA was significantly upre-
gulated in the spinal dorsal horn after oxaliplatin treatment
(Figure 1(b)). Western blot further revealed that the ex-
pression of NFATc2 protein was increased considerably in
days 4 and 10 in the spinal dorsal horn (Figure 1(c)). Double
immunostaining showed that NFATc2 was expressed in
NeuN-positive cells exclusively, but not Iba-1-positive or
GFAP-positive cells (Figure 1(d)). To define the role of
NFATc2 in oxaliplatin-induced mechanical allodynia, siRNA
targeting NFATc2 was synthesized and validated. Western
blot showed that administration of NFATc2 siRNA (i.t.) for
10 consecutive days significantly decreased the oxaliplatin-
induced NFATc2 upregulation (Figure 1(e)), and the be-
havioral tests showed NFATc2 siRNA significantly attenu-
ated mechanical allodynia induced by oxaliplatin
(Figure 1(f)). These results suggested that NFATc2 mediated
the neuropathic pain induced by oxaliplatin treatment.

Autophagy was involved in the NFATc2-mediated
neuropathic pain following oxaliplatin application

To investigate the role of autophagy in the spinal dorsal horn,
we first examined the expression of autophagy primary
marker Beclin-1, which plays an essential role in the in-
duction and formation of autophagosomes.22 Western blots
showed that Beclin-1 was significantly decreased on days 4
and 10 after oxaliplatin treatment (Figure 2(a)). To verify
whether autophagy of the spinal dorsal horn participated in
the oxaliplatin-induced neuropathic pain, rapamycin (RAPA,
an activator of autophagy) or 3-methyladenine (3-MA, an
inhibitor of autophagy) was injected separately. The be-
havioral test showed that intrathecal injection of RAPA
significantly alleviated the mechanical allodynia induced by
oxaliplatin but did not affect the basic withdrawal threshold
(Figure 2(b)). Furthermore, intrathecal injection of autophagy
inhibitor 3-MA significantly reduced the mechanical with-
drawal threshold in naı̈ve rats (Figure 2(c)). These results
suggested that autophagy was involved in neuropathic pain
induced by oxaliplatin. Next, we explored the potential re-
lationship between autophagy and NFATc2 in the setting of
oxaliplatin-induced neuropathic pain. Western blots showed
that intrathecal injection of NFATc2 siRNA attenuated the
Beclin-1 reduction after oxaliplatin treatment (Figure 2(d)).
Notably, administration of 3-MA blunted the effect of
NFATc2 siRNA to mitigate Beclin-1 decline and mechanical
hypersensitivity in the rats with oxaliplatin treatment

(Figure 2(e) and (f)). The results indicated that NFATc2
potentially regulated autophagy in the spinal dorsal horn,
which mediated oxaliplatin-induced neuropathic pain.

Global mapping of NFATc2 binding genes in the spinal
dorsal horn after oxaliplatin treatment

To explore the molecular mechanism of NFATc2-mediated
autophagy, the NFATc2-bound DNA fragments were ob-
tained by ChIP-sequencing assay in dorsal horn tissue. The
distribution of NFATc2 binding sites was analyzed as in-
tergenic, upstream, promoter, exon, and intron (Figure 3(a)).
Accordingly, we observed that transcriptional start sites
(TSSs) in the vicinity of NFATc2 binding sites were more
enriched after oxaliplatin treatment relative to the vehicle
group (Figure 3(b)). Based on the peaks located in the gene
promoter regions, we explored the genes with differential
bindings between the oxaliplatin group and vehicle group.
We found that the NFATc2 occupancy was upregulated (Fold
change >2, p < 0.001) on 1168 genes after oxaliplatin
treatment (Figure 3(c)). To delineate the autophagy mecha-
nism underlying NFATc2-regulating neuropathic pain, we
screened the autophagy-related genes by the analyses of Gene
Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes
and Genomes) (Figure 3(d) and (e)). We then integrated the
results of GO and KEGG to identify the autophagy-related
genes mediated by NFATc2, after which nine genes, including
Rraga, Mtmr9, Kdm4a, Tbc1d14, Eif4g2, Rnf5, Mtor, Tsc2,
and Trim65, were consequently obtained (Figure 3(f)).

The TSC2 downregulation mediated by NFATc2
contributed to the oxaliplatin-induced
neuropathic pain

We further verified the expression of nine genes by qPCR and
found that Eif4g2, Mtor, and Tsc2 mRNAs were significantly
changed on day 10 after oxaliplatin treatment (Figure 4(a)).
Importantly, intrathecal injection of NFATc2 siRNA pre-
vented the downregulation of Tsc2 mRNA in dorsal horn
following oxaliplatin application, while it did not affect the
level of Eif4g2 and Mtor mRNA (Figure 4(a)). Western
blotting results further confirmed that injection of NFATc2
siRNA inhibited the oxaliplatin-induced TSC2 protein
downregulation (Figure 4(b)). In addition, Immunofluores-
cence staining showed that TSC2 was co-localized with
NFATc2 in neurons of the spinal dorsal horn (Figure 4(c)).

Next, we explored the role of TSC2 in oxaliplatin-induced
neuropathic pain. Intraspinal injection of AAV-hSyn-TSC2-
EGFP induced the overexpression of TSC2 in the spinal
dorsal horn and alleviated oxaliplatin-induced neuropathic
pain (Figure 4(d) and (e)). Furthermore, we knocked down
TSC2 by intrathecal injection of specific siRNA (Figure 4(f)),
which induced pain responses in naive rats (Figure 4(g)).
These results suggested that TSC2 may be the critical
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downstream target to mediate NFATc2-involved machinery
in neuropathic pain induced by oxaliplatin.

The downregulation of TSC2 contributed to
oxaliplatin-induced autophagy impairment

To define whether TSC2 impairs autophagy in the neuropathic
pain setting following oxaliplatin treatment, the expression of
Beclin-1 was first measured after knockdown or overexpression
of TSC2.Western blot showed that intrathecal injection of TSC2
siRNA decreased the Beclin-1 expression in naı̈ve rats
(Figure 5(a)). Overexpression of TSC2 by intraspinal injecting
AAV-TSC2-EGFP prevented the reduction of Beclin-1
(Figure 5(b)) and alleviated mechanical allodynia in
oxaliplatin-treated rats (Figure 5(d)), which, of note, was sub-
stantially reversed by application of 3-MA, an autophagy in-
hibitor (Figure 5(c) and (d)). In summary, the above data
indicated that TSC2 played a vital role in oxaliplatin-induced
neuropathic pain via regulating the autophagy pathway.

NFATc2 repressed TSC2 transcription by altering
histone modifications in its promoter region

To clarify the mechanism underlying NFATc2-regulating
TSC2 transcription, we first analyzed the ChIP-seq data by
Jaspar, after which we selected three sites with the highest
scores for NFATc2 binding on the TSC2 promoter
(Figure 6(a)). The results of ChIP-PCR showed that the
binding of NFATc2 with the TSC2 promoter sites 1, but not
the site 2 or site 3, was significantly enhanced on day 10
following oxaliplatin treatment (Figure 6(b)). Accumula-
tive evidence showed that specific histone modification
such as acetylation and methylation were closely related to
gene expression.23 We further examined whether ox-
aliplatin treatment could modify histone acetylation in the
TSC2 promoter site 1 region. The ChIP assay revealed that
the acetylation of H4, but not H3, significantly decreased
the TSC2 promoter site 1 region on day 10 following
oxaliplatin treatment (Figure 6(c)), and injection of

Figure 1. Upregulation of NFATc2 contributed to the mechanical allodynia induced by oxaliplatin treatment. (a) Intraperitoneal injection of
oxaliplatin significantly reduced the mechanical withdrawal thresholds in the hind paw of rats (n = 12; two-way ANOVA with repeated
measures, F = 30.326, **p < 0.01 relative to the vehicle group). (b) The expression of NFATc2 mRNA was examined in the spinal dorsal horn
of rats following oxaliplatin treatment (n = 5, one-way ANOVA, F = 70.536, **p < 0.01 relative to the vehicle group). (c) Western blots
showed the upregulation of NFATc2 protein in the spinal dorsal horn of rats following oxaliplatin treatment (n = 4, one-way ANOVA, F =
53.621, **p < 0.01 relative to the vehicle group). (d) Immunofluorescence staining results showed the localization of NFATc2 (red) in neuron
(NeuN, green), but not in the astrocytes (GFAP, green) or microglia (Iba1, green). (e) The level of NFATc2 protein in the spinal dorsal horn
was decreased after intrathecal injection of NFATc2 siRNA in oxaliplatin-treated rats compared with the oxaliplatin group (n = 4, one-way
ANOVA, F = 27.027, **p < 0.01 relative to the vehicle group; ##p < 0.01 relative to the corresponding control group). (f) Application of
NFATc2 siRNA significantly ameliorated the mechanical allodynia induced by oxaliplatin (n = 12, two-way repeated measures, F = 14.348,
**p < 0.01 relative to the vehicle group; ##p < 0.01 relative to the corresponding control group). Data are plotted as the mean ± SEM.
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NFATc2 siRNA reversed the change (Figure 6(d)). Inter-
estingly, we also found that the histone H4 methylation of
TSC2 promoter site 1 region was increased on day 10 in the
oxaliplatin group, which was prevented by intrathecal
injection of NFATc2 siRNA (Figure 6(e)). Together, these
results suggested that NFATc2 regulated histone H4
modifications in TSC2 promoter and consequently sup-
pressed TSC2 transcription in the setting of oxaliplatin-
induced neuropathic pain.

Discussion

Autophagy is essential in many physiological and patho-
logical processes by maintaining cellular homeostasis.24

Recently, studies have demonstrated that autophagy pri-
marily acts as a protective cell process that could relieve
hyperalgesia and allodynia in neuropathic pain induced by

nerve injury.10 In the present study, we first explored the role
of autophagy in the spinal cord in the chemotherapeutic
oxaliplatin-induced neuropathic pain model. We found that
oxaliplatin treatment significantly decreased the expression
of critical autophagy protein Beclin-1 in the spinal dorsal
horn. Furthermore, intrathecal injection of rapamycin (an
autophagy inducer) relieved oxaliplatin-induced mechanical
allodynia, while application of autophagy inhibitor 3-MA
induced mechanical allodynia in naive rats. Our previous
study found that MAPKa2-mediated autophagy contributed
to bortezomib-induced neuropathic pain.25 In addition,
evidence showed that autophagy might act as a tumor
suppressor by degrading potentially noxious agents in the
initial stages of tumorigenesis.26 These results indicate
autophagy, besides its emerging implication in tumor
therapy, as a potential target for preventing neuropathic pain
induced by chemotherapeutics.

Figure 2. NFATc2 participated in neuropathic pain induced by oxaliplatin via regulating autophagy. (a) After oxaliplatin injection, Beclin-1
was decreased on days 4 and 10 (n = 4, F = 19.007, **p < 0.01 relative to the vehicle group). (b) Intrathecal injection of RAPA alleviated
oxaliplatin-induced mechanical allodynia (n = 12; two-way ANOVA with repeated measures, F = 17.641, **p < 0.01 relative to the vehicle
group; ##p < 0.01 relative to the corresponding control group). (c) Intrathecal injection of 3-MA in naive rats induced a downregulation of
mechanical pain thresholds (n = 12; two-way ANOVA with repeated measures, F = 5.266, **p < 0.01 relative to the corresponding control
group). (d) Knockdown of NFATc2 by using siRNA significantly prevented the decrease in Beclin-1 induced by oxaliplatin (n = 4, F = 17.144,
**p < 0.01 relative to the vehicle group; ##p < 0.01 relative to the corresponding control group). (e) Injection of NFATc2 siRNA and 3-MA
significantly reduced the increase in Beclin-1 caused by NFATc2 downregulation (n = 4, F = 21.496, **p < 0.01 relative to the oxaliplatin
group; ##p < 0.01 relative to the corresponding control group). (f) Concomitant administration of NFATc2 siRNA and 3-MAwith oxaliplatin
injection significantly reversed the pain relief caused by NFATc2 downregulation (n = 12; two-way ANOVA with repeated measures,
F = 4.438, **p < 0.01 relative to the oxaliplatin group; #p < 0.05 relative to the corresponding control group). Data were plotted as the mean
± SEM.
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Evidence showed that transcription factor NFATc2, a
classic member of the NFAT gene family, participated in
various pathological processes in the central nervous
system. Our and peers’ studies showed that NFATc2 was

involved in paclitaxel-induced neuropathic pain.15,27 We
further revealed that spinal NFATc2 might participate in
oxaliplatin-induced neuropathic pain in the present study.
Here we found that oxaliplatin treatment upregulated the

Figure 3. Global mapping of NFATc2 binding genes in the spinal dorsal horn after oxaliplatin treatment. (a) Schematic diagram illustrated
how binding site locations were defined. (b) Line chart showedNFATc2 binding sites distribution relative to the nearest TSS in four samples.
(c) Heat plots demonstrated the difference in the enrichment of NFATc2 binding sites between the two treatment groups (n = 2 for each
group). (d, e) The histograms showed the results of GO and KEGG analysis. (f) The list of nine NFATc2-targeted genes participating in the
autophagy process.
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Figure 4. The NFATc2-mediated TSC2 downregulation was involved in oxaliplatin-induced neuropathic pain. (a) The expression of the nine
molecules was examined in different groups (n = 5; one-way ANOVA, F = 21.596 for EIG4G, F = 69.474 for MTOR, F = 30.082 for TSC2,
**p < 0.01 relative to the vehicle group; ##p < 0.01 relative to the corresponding control group). (b) Injection of NFATc2 siRNA inhibited the
TSC2 decrease induced by oxaliplatin treatment (n = 4; F = 41.265, one-way ANOVA, **p < 0.01 relative to the vehicle group; ##p < 0.01
relative to the corresponding control group). (c) Immunofluorescence staining images showed the co-localization of NFATc2 with TSC2
(Scale bar = 25 μm). (d) Intraspinal injection of AAV-TSC2-EGFP upregulated the expression of TSC2 protein (n = 4; one-way ANOVA, F =
30.486, *p < 0.05 relative to the vehicle group; ##p < 0.01 relative to the correspondence control group). (e) Overexpression of TSC2 in the
oxaliplatin-treated group alleviated mechanical allodynia (n = 12; two-way ANOVA with repeated measures, F = 23.162, **p < 0.01 relative
to the vehicle group; ##p < 0.01 relative to the corresponding control group). (f) Intrathecal injection of TSC2 siRNA in naive rats decreased
the level of TSC2 protein (n = 4; one-way ANOVA, F = 25.265, **p < 0.05 relative to the corresponding group). (g) Knockdown of TSC2 in
naive rats reduced the mechanical pain threshold (n = 12; two-way ANOVA with repeated measures, F = 23.162, **p < 0.05 relative to the
corresponding group). Data were plotted as the mean ± SEM.
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expression of NFATc2 in spinal dorsal horn neurons, and
knockdown of NFATc2 alleviated the mechanical allodynia
induced by oxaliplatin. Studies showed that oxaliplatin
application significantly increased the intracellular Ca2⁺
level28 and activated the NFAT pathway.29 The increased
Ca2⁺ level enhanced the neuronal activity and potentially
mediated the oxaliplatin-induced neuropathic pain. To
elucidate whether NFATc2 mediates the autophagy im-
pairment following oxaliplatin treatment, we conducted
genome-wide mapping of NFATc2 binding sites in the
spinal dorsal horn. We compared them between the
modeled and control rodents. A Series of molecules in-
volved in autophagy were screened by GO and KEGG
analysis. While no difference was found in the binding
between NFATc2 and Beclin-1, autophagy-related protein
TSC2 was significantly downregulated after oxaliplatin
injection. Furthermore, TSC2 was expressed in the
NFATc2-positive cells, and the knockdown of NFATc2 by
siRNA reversed the downregulation of TSC2 in the rats
treated with oxaliplatin. In addition, overexpression of
TSC2 in spinal dorsal horn neurons of rats alleviated
mechanical allodynia in oxaliplatin-treated rats, and
knockdown of TSC2 induced mechanical allodynia in
naive rats. Previous studies showed that mTOR activation
contributed to neuropathic pain and TSC2 was a classical
mTOR-negative regulator.30 Hence, TSC2 downregulation
may induce the activation of mTOR signaling, which was
involved in oxaliplatin-induced neuropathic pain, as
demonstrated in the present study. Consistently, a previous

study reported that knockdown of TSC2 elevated spinal
mTOR activity and induced pain hypersensitivity in a
morphine tolerance model.31 The present study further
found that overexpression of TSC2 in spinal dorsal horn
neurons upregulated the Beclin-1 expression in the rats
treated with oxaliplatin, and knockdown of TSC2 could
reduce the Beclin-1 expression in the naı̈ve rats. Evidence
showed that downregulation of TSC2 may regulate the
mTOR/ULK1 pathway and subsequently mediate the de-
crease of autophagy levels.32,33 Therefore, TSC2 likely
modified the mTOR/ULK1 pathway to regulate the Beclin-
1 expression in the setting of oxaliplatin-induced neuro-
pathic pain.

Transcription factor binding to the TSS of a given gene lead
to chromatin remodeling and regulate gene expression.34,35

Histone acetylation and methylation contributed to the tran-
scription factor-mediated chromatin remodeling. In the present
study, we found that oxaliplatin treatment decreased the binding
of NFATc2 on the TSC2 promoter site 1 region. In addition,
histone H4 acetylation on the TSC2 promoter site 1 region was
significantly reduced, while H4 methylation was increased
considerably following oxaliplatin treatment. Studies showed
that long-term histone hypoacetylation might trigger histone
methylation to suppress gene expression.23,36 Here we postu-
lated that the methylation of histone H4 impeded the binding of
acetyltransferase with H4, thus thwarting the acetylation of H4.
Therefore, H4 hypoacetylation and hypermethylation might
jointly suppress the expression of TSC2 in the current setting.
Collectively, these results suggested that the enhanced nuclear

Figure 5. The role of TSC2 in oxaliplatin-induced autophagy and neuropathic pain. (a) Intrathecal injection of TSC2 siRNA in naive rats
decreased the Beclin-1 expression (n = 4, one-way ANOVA, F = 22.156, **p < 0.01 relative to the corresponding control group). (b)
Overexpression of TSC2 in the oxaliplatin-treated group reversed the decline of Beclin-1 (n = 4, one-way ANOVA, F = 18.459, *p < 0.05
relative to the corresponding control group, #p < 0.05 relative to the corresponding AAV-EGFP group). (c) Intrathecal injection of 3-MA
reversed the increase in Beclin-1 induced by TSC2 overexpression following oxaliplatin treatment (n = 3; one-way ANOVA, F = 32.578,
**p < 0.01 relative to the corresponding vehicle group; #p < 0.05 relative to the corresponding AAV-TSC2 group). (d) Intrathecal injection of
3-MA in the oxaliplatin-treated group impeded the pain-relieving effect of TSC2 overexpression (n = 12; two-way repeated measures,
F = 7.272, *p < 0.05 relative to the correspondence AAV-TSC2 group). Data were plotted as the mean ± SEM.
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translocation of NFATc2, via regulating histone H4 modifica-
tion, mediated the TCS2/Beclin-1 downregulation and con-
tributed to the neuropathic pain following oxaliplatin treatment.

Conclusions

Altogether, our study showed that the application of
oxaliplatin-induced NFATc2 transcriptional activity, medi-
ated epigenetic downregulation of the TSC2/Beclin-1 path-
way, led to the autophagy impairment in spinal dorsal horn
neurons, and contributed to mechanical allodynia. This
provided a novel potential target for the treatment of
chemotherapeutic-induced neuropathic pain.
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group). (c) NFATc2 siRNA did not change the histone H3 acetylation (acH3) on the TSC2 promoter site 1 region (n = 4; two-sample t-test).
(d) NFATc2 siRNA inhibited the decrease of TSC2 promoter histone H4 acetylation (acH4) induced by oxaliplatin treatment (n = 4; one-
way ANOVA, F = 21.489, **p < 0.01 relative to the vehicle group; #p < 0.05 relative to the corresponding oxaliplatin group). (e) Levels of
TSC2 histone H4 methylation (H4K20me3) were increased following oxaliplatin treatment, which was prevented by NFATc2 siRNA (n = 4;
two-sample t-test, F = 30.139, **p < 0.01 relative to the vehicle group; ##p < 0.01 relative to the corresponding oxaliplatin group). Data
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