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Abstract After brachial plexus avulsion (BPA), microglia
induce inflammation, initiating and maintaining neuro-
pathic pain. EZH2 (enhancer of zeste homolog 2) has been
implicated in inflammation and neuropathic pain, but the
mechanisms by which it regulates neuropathic pain remain
unclear. Here, we found that EZH2 levels were markedly
upregulated during BPA-induced neuropathic pain in vivo
and in vitro, stimulating pro-inflammatory cytokines (IL-
1B, TNF-a, and IL-6) secretion in vivo. In rats with BPA-
induced neuropathic pain, mechanical and cold hypersen-
sitivities were induced by EZH2 upregulation and inhibited
by EZH2 downregulation in the anterior cingulate cortex.
Microglial autophagy was also significantly inhibited, with
EZH2 inhibition activating autophagy and reducing neu-
roinflammation in vivo. However, this effect was impaired
by inhibiting autophagy with 3-methyladenine, suggesting
that the MTOR signaling pathway is a functional target of
EZH2. These data suggest that EZH2 regulates
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neuroinflammation and neuropathic pain via a novel
MTOR-mediated autophagy signaling pathway, providing
a promising approach for managing neuropathic pain.
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Introduction

Neuropathic pain, defined as pain caused by a lesion or
disease of the somatosensory system [1], reduces the
quality of life and causes psychological diseases. Brachial
plexus avulsion (BPA) is common in patients with high-
energy trauma. Neuropathic pain is a common complica-
tion with a prevalence of 67%—71% in BPA patients [2].
The anterior cingulate cortex (ACC) is an important region
of the brain [3] that has been found, in animal studies, to
activate  ACC-spinal dorsal horn projections, directly
potentiate spinal sensory transmission, and generate neu-
ropathic pain [4]. Yang et al. [5] reported that nerve injury-
induced neuropathic pain elevates the intrinsic excitation of
pyramidal neurons in the ACC of mice, suggesting that the
ACC plays an important role in neuropathic pain.
Microglia are the main type of immune cell in the central
nervous system (CNS). Studies [6-8] have shown that
microglia are activated to release pro-inflammatory cytoki-
nes, which are critical for initiating and maintaining
neuropathic pain.

Enhancer of zeste homolog 2 (EZH2) is a crucial
catalytic subunit of polycomb repressive complex 2
(PRC2), a methyltransferase that acts on histone H3
lysine27 (H3K27) to produce trimethylated H3K27
(H3K27TM), resulting in gene silencing. It has been
suggested that EZH2 might be involved in the development
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and maintenance of neuropathic pain by positively mod-
ulating pro-inflammatory cytokines in vivo [9]. Moreover,
another study revealed that EZH2 might control inflam-
matory target genes by modulating the interferon regula-
tory factor (IRF) and signal transducer and activator of
transcription (STAT) signaling pathways, which are well-
established mechanisms that regulate inflammatory disor-
ders in vivo and in vitro [10]. Recent evidence has
suggested that microRNAs can negatively regulate neu-
roinflammation and neuropathic pain by binding to the 3'-
untranslated region sequence of EZH2 [11]. Collectively,
these studies indicate that EZH2-mediated signaling path-
ways are involved in the pathophysiology of neuropathic
pain, and may help identify promising therapeutic strate-
gies for treating neuropathic pain.

Autophagy is a crucial aspect of human health that has
been shown to affect physiology, homeostasis, develop-
ment, and lifespan [12]. It is an evolutionarily-conserved
cellular process that delivers damaged organelles and long-
lived proteins to the lysosome for degradation [13].
Evidence indicates that autophagy is involved in the
modulation of neuropathic pain. One study reported that
autophagy in GABAergic interneurons affects neuropathic
pain [14], while another indicated that autophagy regulates
neuropathic pain via the rapamycin-mediated mammalian
target of rapamycin (MTOR) signaling pathway [15].
Moreover, microRNA has also been shown to contribute to
neuropathic pain by modulating neuroinflammation via a
novel mechanism in which it targets the ATGI4 gene [6].
Based on the findings of these studies, we hypothesized
that autophagy plays an important role in the initiation and
maintenance of neuropathic pain.

Although EZH?2, autophagy, microglia, neuroinflamma-
tion, and the ACC may all be involved in neuropathic pain,
the underlying molecular mechanisms remain elusive. In
this study, we used the rat model of BPA-induced
neuropathic pain to examine EZH?2 expression, autophagy,
and neuroinflammation in the ACC and to investigate the
mechanism underlying neuropathic pain.

Materials and Methods
Animals and Neuropathic Pain Model

Adult male Sprague-Dawley rats weighing 200 + 10 g
were purchased from the Shanghai Laboratory Animal
Research Center (Shanghai, China) and 3—4 rats per cage
were maintained under specific pathogen-free conditions
(23-24 °C, 12/12-h light/dark cycle, 40%—60% relative
humidity). The rats were provided with food and water
ad libitum and acclimated for one week prior to experi-
ments. This study was approved by the Animal Ethics
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Committee of Fudan University, and all experimental
procedures were carried out in accordance with the
guidelines of the International Association for the Study
of Pain. A total of 232 rats were used in this study and
efforts were made to minimize the number of rats used.

Neuropathic pain was induced surgically in each rat
following the procedure of Wang et al. [16]. Briefly, each
rat was anesthetized with 1% sodium pentobarbital (40 mg/
kg) and placed in a supine position with the head oriented
close to the surgeon and the left forepaw abducted and
extended. Using a scalpel, a 2-cm horizontal incision was
made 2 mm above the clavicle, the superficial fascia was
separated, and the sternocleidomastoid exposed. The ster-
nocleidomastoid was then transected to expose the left
brachial plexus, the C5-T1 spinal nerve roots were avulsed
using mosquito forceps, and finally the incision was closed
using 4-0 silk suture. The same procedure was performed
on the sham-operated rats but the brachial plexus was left
Intact.

Isolation of ACC Microglia

Microglia were isolated from the ACC using the Percoll
density gradient centrifugation method described by Wille-
men et al. [17]. Briefly, each rat was deeply anesthetized as
above, then the ACC was dissected from the brain and
transferred immediately into 4 mL of ice-cold Hanks’
balanced salt solution. Next, the ACC suspension was
passed through a 70-pm cell strainer (BD Biosciences,
Alphen aan de Rijn, The Netherlands) and centrifuged at
400 x g for 7 min. The cells (4 mL) were then centrifuged
in a density gradient consisting of 75% Percoll, 3 mL 50%
Percoll, 3 mL 35% Percoll, and 2 mL PBS at 1000 x g
and 10 °C for 20 min. Cells at the 50%/75% interface were
collected, washed in ice-cold phosphate-buffered saline
(PBS), and re-suspended in PBS containing 1% bovine
serum albumin (BSA).

Pain Behavior Assessment
Measurement of Mechanical Allodynia

To assess mechanical allodynia, we measured the 50%
mechanical withdrawal threshold (50% MWT) of the left
hind paw according to the method described by Rubens
et al. [18]. Briefly, each rat was placed on a metal mesh
platform 30 cm above the floor and covered with a
transparent plastic box. The rats were acclimatized for
30 min to reduce the effect of exploratory behavior on the
measurements, which were carried out using Von Frey
filaments (Stoelting, Wood Dale, IL) with bending forces
of 04¢g,06g,10g,20g,40¢g,60¢g,80¢g,and 150¢g
using Dixon’s up-and-down method [19]. The 50% MWT
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was assessed the day before surgery (day -1) and then on
days 3, 7, and 14 post-surgery. Rats without evidence of
pain after surgery were eliminated from the study.

Measurement of Cold Allodynia

To assess cold allodynia, we used the acetone spray test
[20] with the same conditions and time points used to
measure mechanical allodynia. Briefly, 250 pL of ice-cold
acetone (0°C) was sprayed onto the center of the left hind
paw. Then the cold withdrawal score (CWS) was deter-
mined according to the following criteria: 0, the paw did
not respond to the cold acetone; 1, the paw responded
mildly (withdrawal with little or no weight on paw); 2, the
paw.

Intraperitoneal Drug Administration

GSK126, 3-methyladenine (3-MA), and rapamycin (Rapa)
from APExBIO Technology (Houston, TX, USA) were
dissolved in PBS with 5% dimethyl sulfoxide (DMSO).
GSK126 (7 mg/kg), 3-MA (10 mg/kg), and Rapa (1 mg/
kg) were intraperitoneally injected into the neuropathic
pain or sham-operated rats once per day from day 1 to days
3,7, or 14 after surgery.

Western Blot Analysis and Antibodies

To evaluate protein levels of EZH2, H3K27TM, p62, LC3
II (microtubule-associated protein 1A/1B-light chain 3),
MTOR, phosphorylated MTOR (pMTOR), P70S6K, and
phosphorylated P70S6K (pP70S6K), we carried out west-
ern blot analysis as described previously [9, 21]. Briefly,
tissues or cells were collected and lysed with NP-40 lysis
buffer (25 mmol/L Tris—HCI, 150 mmol/L NaCl, 1 mmol/

L EDTA, 1% NP-40; pH 7.6) supplemented with a protease
inhibitor cocktail, and protein concentration was quantified
using BCA reagent. Protein samples (20 pg) were sepa-
rated by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, transferred onto nitrocellulose membranes, and
incubated with primary antibodies (Table 1). Blots were
developed with horseradish peroxidase-conjugated sec-
ondary antibodies and a chemiluminescent substrate on
Kodak X-ray films (Rochester, NY, USA).

Quantitative Real-Time PCR (q-RT PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse-transcribed using an
M-MLYV Reverse Transcriptase kit (Invitrogen, Carlsbad,
CA, USA). Samples were then analyzed in triplicate by
g-RT PCR using a standard SYBR Green PCR kit (Toyobo,
Osaka, Japan) and a Rotor-Gene RG-3000A (Corbett Life
Science, Sydney, New South Wales, Australia) according
to each manufacturer’s instructions. The primers used for
g-RT PCR are listed in Table 2. Values were normalized to
those of the housekeeping gene GAPDH and relative gene
expression levels were quantified using the 272 method.

Enzyme-Linked Immunosorbent Assay (ELISA)

Protein samples were prepared for ELISA as for western
blot analysis. The interleukin (IL)-1(3, tumor necrosis
factor (TNF)-o and IL-6 levels were determined using
ELISA kits (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions.

Table 1 Information for pri-
mary antibodies

Name Cat. number Supplier Application: dilution
Rabbit anti-EZH2 #5246 Cell Signaling Technology WB: 1:1000 IF: 1:100
Mouse anti-NeuN #94403 Cell Signaling Technology IF: 1:100

Mouse anti-Iba-1 #MABN92 Millipore IF: 1:100

Mouse anti-GFAP #3670 Cell Signaling Technology IF: 1:200

Rabbit anti-H3K27TM #9733 Cell Signaling Technology WB: 1:1000

Rabbit anti-p62 #39786 Cell Signaling Technology WB: 1:1000 IF: 1:200
Rabbit anti-LC3 #3868 Cell Signaling Technology WB: 1:1000

Rabbit anti-MTOR #2983 Cell Signaling Technology WB: 1:1000

Rabbit anti-pMTOR #5536 Cell Signaling Technology WB: 1:1000

Rabbit anti-P70S6K #9202 Cell Signaling Technology WB: 1:1000

Rabbit anti-pP70S6K #9205 Cell Signaling Technology WB: 1:1000

Mouse anti-B-actin A5441 Sigma WB: 1:5000

WB western blot, IF immunofluorescence
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Table 2 Primers used for g-RT

PCR Gene Forward (5’ — 3/) Reverse (5 — 3')
GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG
EZH2 ACATCCTTTTCATGCAACACC GTATCCACATCCTCAGCGGG
p62 AGCGTCAGGAAGGTGCCATT CCTGTAGACGGGTCCACTTC

Immunofluorescence Analysis

To obtain tissue samples for immunofluorescence analysis,
each rat was anesthetized and perfused through the
ascending aorta with 200 mL heparinized PBS (0.01 mol/
L, pH 7.35) followed by 4% paraformaldehyde. The brain
was removed, fixed in 4% paraformaldehyde overnight,
and dehydrated in 20% and 30% sucrose at 4 °C. Next, the
brain was cut into 10-pm sections on a cryostat and those
containing the ACC were collected. Immunofluorescence
staining was performed according to the methods described
by Yadav and Weng [9]. Briefly, the sections were blocked
with 5% BSA containing 0.1% Triton X-100 for 1 h,
incubated with primary rabbit polyclonal antibodies over-
night at 4 °C, and then incubated with fluorescein isoth-
iocyanate-conjugated secondary antibodies for 2 h at room
temperature in the dark. The nuclei were stained and the
sections mounted with Vectashield mounting medium [22].
Then the sections were examined using a fluorescence laser
scanning confocal microscope (Leica, Wetzlar, Hessen,
Germany).

Statistical Analysis

All data are presented as the mean &+ SEM and GraphPad
Prism 5.0 (GraphPad, San Diego, CA, USA) was used for
statistical analysis. Between-group comparisons were per-
formed using two-tailed unpaired #-tests with a 95%
confidence interval set. Multiple comparisons were per-
formed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s or Dunnett’s test to assess pairwise
between-group differences. Behavioral data for each group
were analyzed by repeated-measures ANOVA followed by
Bonferroni’s post hoc test. P values of < 0.05 were
considered statistically significant.

Results
BPA Causes Mechanical and Cold Allodynia in Rats

Following BPA surgery, we performed behavioral assess-
ments to establish that mechanical and cold allodynia had
been induced in the rats before they were used for any
biochemical assays. Rats with no observable neuropathic
pain following BPA surgery were excluded from the study.
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Of the rats included in the study, the 50% MWT baseline
(measured on the day before surgery) was 7.78 + 0.26 g in
the neuropathic pain (NeuP) group and 9.22 + 1.34 g in
the sham-operated (Sham) group, with no significant
difference between them (P > 0.05). At all other time
points studied (days 3, 7, and 14 post-surgery), the 50%
MWT of the left hind paw in the NeuP group was
significantly lower than their own baseline and the Sham
group (Fig. S1A). The CWS baselines (measured the day
before surgery) were 0.22 &£ 0.11 in the NeuP group and
0.44 £ 0.11 in the Sham group (P > 0.05). At all other
time points studied (days 3, 7, and 14 post-surgery), the
CWS of the left hind paw in the NeuP group was
significantly higher than their own baseline and the Sham
group (Fig. S1B). Thus, these data showed that BPA causes
neuropathic pain in rats.

EZH2 and H3K27TM Expression is Upregulated
in Microglia In Vivo and In Vitro

Previously, Yadav and Weng [9] showed that spinal EZH2
expression is upregulated in rats with neuropathic pain
following partial sciatic nerve ligation. They identified
EZH2 as a crucial mediator of neuroinflammation and
neuropathic pain treatment. However, it remains unclear
whether EZH?2 is upregulated in the ACC of rats with BPA-
induced neuropathic pain. Here, we found that EZH2 was
promptly upregulated in the ACC on day 3 post-surgery in
the NeuP group and was sustained at higher levels than in
the Sham group for 14 days (Fig. 1A). Consistent with
these western blot findings, q-RT PCR analysis revealed
that EZH2 mRNA expression was strongly induced on days
3, 7, and 14 post-surgery in the ACC of the NeuP group
compared with the Sham group (Fig. 1B). To determine
whether EZH2 overexpression enhanced its catalytic
activity, we measured H3K27TM expression by western
blot analysis. The ACC of rats in the NeuP group displayed
higher H3K27TM expression on days 3, 7, and 14 post-
surgery than the Sham group (Fig. 1C). Taken together,
these data suggest that EZH2 activity is enhanced in the
ACC of rats with BPA-induced neuropathic pain, but it
remained unclear in which cell type EZH2 was expressed.
To determine this, we examined the localization of EZH2
within the ACC sections from the NeuP group on day 3
post-surgery, and found that EZH2 overexpression was co-
localized with Ibal (ionized Ca*'-binding adaptor
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Fig. 1 Expression of EZH2 and H3K27TM is increased in microglia
in vivo and in vitro. A—C The relative expression of EZH2 (A), EZH2
mRNA (B), and H3K27TM (C) in the ACC of the Sham and NeuP
groups on days 3, 7, and 14 post-surgery (mean £ SD; n = 8;
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group). D Right panels, representative images of co-localization of
EZH2 (red) with different cellular markers (green): GFAP for
astrocytes, Ibal for microglia, and NeuN for neurons (scale bar,

molecule 1), a microglia-specific marker (Fig. 1D). To
confirm that EZH2 was overexpressed in the ACC
microglia, we isolated primary microglia from the ACC
of Sham and NeuP rats on days 3, 7, and 14 post-surgery.
We found that the EZH?2 protein and mRNA levels and the
H3K27TM levels were significantly upregulated in primary
microglia from the ACC of the NeuP rats on each day post-
surgery compared to those in the Sham rats (Fig. 1E-G).

Neuroinflammation is Increased in the ACC of Rats
with BPA-Induced Neuropathic Pain

Microglia are the predominant type of immune cell in the
CNS and express pro-inflammatory cytokines when acti-
vated by nerve injury. Therefore, we investigated the levels
of pro-inflammatory cytokines secretion in the ACC of
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20 pum). Left panels, diagram of brain cross-section through the ACC,
and low-magnification image of EZH2 in the ACC of the right
hemisphere (scale bar, 100 um). E-G Relative expression of EZH2
(E), EZH2 mRNA (F), and H3K27TM (G) in primary microglia from
Sham and NeuP groups on days 3, 7, and 14 post-surgery (mean =+
SD; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
vs Sham group).

NeuP rats and found that the IL-10, TNF-a, and IL-6 levels
were markedly higher on days 3, 7, and 14 post-surgery
than in Sham rats (Fig. 2A-C). These findings strongly
suggest that increased neuroinflammation is positively
correlated with EZH2 upregulation in the ACC of rats with
BPA-induced neuropathic pain.

Autophagy is Suppressed in Microglia In Vivo
and In Vitro

Previously, Shi er al. [6] showed that autophagy partici-
pates in neuropathic pain modulation and pro-inflammatory
cytokines secretion. Here, we found that the expression of
the autophagy-associated proteins LC3II and p62 changed
in the ACC of NeuP rats on days 3, 7, and 14 post-surgery.
Moreover, LC3II levels were markedly lower in the ACC
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panels, representative images of co-localization of p62 (red) with
different cellular markers (green): GFAP for astrocytes, Ibal for
microglia, and NeuN for neurons (scale bar, 20 um). Left panels,

of NeuP rats on each of the days post-surgery than in Sham

rats (Fig. 3A). Conversely, p62 levels progressively accu-
mulated in the ACC of NeuP rats compared to Sham rats on
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each of the days post-surgery (Fig. 3B). Consistent with the
western blot findings, p62 mRNA expression was strongly
induced in the ACC of NeuP rats on each of the days post-
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surgery (Fig. 3C), suggesting that the progress of autop-
hagy is impaired in rats with BPA-induced neuropathic
pain.

Consequently, we evaluated whether autophagy was
impaired in the ACC microglia of NeuP rats. Fluorescence
microscopic analysis of the ACC sections revealed that p62
accumulation was co-localized with Ibal, indicating that
autophagy was mainly suppressed in the microglia
(Fig. 3D). To confirm this finding, we isolated primary
microglia from the ACC of NeuP and Sham rats on days 3,
7, and 14 after surgery. Consistent with the results from the
ACC sections, the p62 protein and mRNA levels were
significantly higher in the primary microglia from the NeuP
rats on each of the days after surgery than those from the
Sham rats (Fig. 3E, F). Taken together, these data suggest
that autophagy is suppressed in the ACC microglia of rats
with BPA-induced neuropathic pain.

EZH2 Inhibition Suppresses Neuroinflammation
and Induces Autophagy

To further elucidate the function of EZH?2 in the regulation
of autophagy and whether inhibiting EZH2 has an anal-
gesic effect, we examined autophagy activation after
treating NeuP rats with GSK126, a selective EZH?2
inhibitor. The inhibition of EZH2 by GSK126 attenuated
the mechanical and cold allodynia in the NeuP rats
compared to those without GSK126 treatment on days 3,
7, and 14 post-surgery (Fig. 4A, B). Meanwhile, GSK126
markedly inhibited the EZH2 and H3K27TM expression
levels in the ACC of the Sham group compared with
DMSO treatment on each of the days after surgery
(Fig. 4C, D). Therefore, we investigated the relationship
between EZH2, neuroinflammation, and autophagy activa-
tion. GSK126 downregulated the IL-18, TNF-o, and IL-6
secretion levels in the ACC of NeuP rats on each of the
days post-surgery compared to those treated with DMSO
(Fig. 4E-G), whereas the LC3II levels were upregulated
and p62 levels were downregulated in the ACC compared
with DMSO treatment in the Sham group on each of the
days post-surgery (Fig. 4H, 1).

Autophagy Upregulation Suppresses Neuroinflam-
mation and Neuropathic Pain

To better understand the exact role of autophagy activation
in the ACC with respect to neuropathic pain, we treated
NeuP rats with Rapa to validate the function of autophagy.
Rapa reduced the mechanical and cold allodynia in these
rats on days 3, 7, and 14 post-surgery (Fig. 5A, B) and
upregulated LC3II expression in the ACC on each day
compared to DMSO treatment (Fig. 5C). Consistent with
this, the p62 protein levels were markedly downregulated

in the ACC of NeuP rats following Rapa treatment on each
of the days post-surgery (Fig. 5D). To further explore the
relationship between autophagy and neuroinflammation,
we measured the IL-1, TNF-o and IL-6 secretion levels in
the ACC of NeuP rats, and found that Rapa repressed
neuroinflammation (Fig. SE-G). Taken together, these data
suggest that upregulation of autophagy can attenuate
neuroinflammation and neuropathic pain.

EZH2 Negatively Regulates Autophagy in Rats
with BPA-Induced Neuropathic Pain

To elucidate the relationship between EZH2 and autop-
hagy, NeuP rats were intraperitoneally injected with both
GSK126 and 3-MA once per day from day 1 to day 3 post-
surgery. We found that the alleviation of mechanical
(Fig. 6A) and cold allodynia (Fig. 6B) was reversed after
treatment with both GSK126 and 3-MA compared with
GSK126 treatment only, and there was no significant
difference in the degree of mechanical and cold allodynia
between the NeuP and 3-MA + GSK126 groups. These
findings indicate that inhibiting autophagy with 3-MA
impairs the pain relief induced by the EZH?2 inhibitor. To
determine the mechanism by which 3-MA impaired the
pain relief induced by GSK126, we measured the EZH2
and H3K27TM expression levels using western blot
analysis. EZH2 (Fig. 6C) and H3K27TM (Fig. 6D) expres-
sion was lower in the 3-MA + GSK126 group than in the
NeuP group, but there was no significant difference
between the 3-MA + GSK126 and GSK126 groups, indi-
cating that 3-MA does not influence the GSK126-induced
downregulation of EZH2 and H3K27TM. We also ana-
lyzed the expression of the autophagy-associated proteins
LC3II and p62, and found that the LC3II levels (Fig. 6E)
were downregulated in the 3-MA + GSK126 group com-
pared to the GSK126 group and the p62 protein levels
(Fig. 6F) were upregulated in the 3-MA 4 GSK126 group
compared to the GSK126 group, indicating that 3-MA
reversed the enhanced autophagy induced by GSK126. In
addition, the IL-1B (Fig. 6G), TNF-a (Fig. 6H), and IL-6
(Fig. 6]) levels were higher in the 3-MA + GSK126 group
than in the GSK126 group, but there was no significant
difference between the 3-MA + GSK126 and NeuP
groups, indicating that 3-MA also impaired the remission
of inflammation induced by GSK126. In conclusion, these
data indicate that inhibiting autophagy using 3-MA impairs
EZH2-induced pain relief and neuroinflammation remis-
sion, suggesting that autophagy is a downstream target of
EZH2, which aggravates neuroinflammation and neuro-
pathic pain in rats with BPA-induced neuropathic pain.
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Fig. 4 Inhibition of EZH2 by GSK126 suppresses neuroinflamma-
tion and induces autophagy. A, B The S0%MWT (A) and CWS (B) in
the Sham and NeuP groups after GSK126 treatment from day 3 to day
14 post-surgery (mean = SD; n = 8; n.s., no significant difference
among Sham, NeuP and GSK126 groups; *P < 0.05, **P < 0.01,
###P < (0.001 vs NeuP group; *P < 0.05, #P < 0.01 vs Sham group).
C, D Relative expression of EZH2 (C) and H3K27TM (D) in the
ACC of the Sham and NeuP groups after GSK126 treatment. E—

EZH?2 Regulates Autophagy Via an MTOR-Depen-
dent Signaling Pathway

Previously, Wei et al. [21] showed that EZH2 epigeneti-
cally regulates autophagy in colorectal carcinoma cells via
the MTOR signaling pathway, whose activation is known
to suppress autophagy while its inhibition enhances
autophagy. Therefore, we determined whether EZH2
upregulation inhibits autophagy via the MTOR pathway
in the ACC microglia of rats with BPA-induced neuro-
pathic pain. To do so, we measured pMTOR and pP70S6K
expression levels, which are main markers of MTOR
activity. The expression of both pMTOR and pP70S6K was
upregulated in NeuP rats on days 3, 7, and 14 post-surgery

@ Springer

G ELISA analysis of IL-1B (E), TNF-a (F), and IL-6 (G) expression
levels in the ACC of the Sham and NeuP groups after GSK126
treatment from day 3 to day 14 post-surgery. H, I Relative expression
of LC3II (H) and p62 protein (I) in the ACC of the Sham and NeuP
groups after GSK126 treatment from day 3 to day 14 post-surgery.
For C-I: mean £ SD; n=38; n.s., no significant difference;
*P < 0.05, #P < 0.01, ***P < 0.001 vs DMSO group.

compared with Sham rats (Fig. 7A, B). To confirm that
EZH2 acts via the MTOR pathway, we intraperitoneally
injected GSK126 into NeuP rats from day 1 to day 3 post-
surgery, and found that MTOR activity was induced and
the pMTOR and pP70S6K levels were reduced (Fig. 7C,
D). These results indicate that EZH2 regulates autophagy
via an MTOR-dependent signaling pathway.

Discussion
Neuropathic pain is unbearable and highly refractory, so

treatments to attenuate it are important for improving the
quality of life of patients following BPA. An increasing
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Fig. 5 Upregulation of autophagy suppresses neuroinflammation and
attenuates neuropathic pain. A, B The 50%MWT (A) and CWS (B) in
the sham and neuropathic pain groups after rapamycin treatment from
day 3 to day 14 post-surgery (mean £ SD; n = 8; n.s., no significant
difference among Sham, NeuP and GSKI126 groups; *P < 0.05,
#*P < 0.01 vs NeuP group; *P < 0.05, P < 0.01, P < 0.001 vs
Sham group). C, D Relative expression of LC3II (C) and p62 protein

number of studies have shown that neuropathic pain might
be caused by comprehensive alterations in neurons and
glial cells, particularly microglia [23]. Microglia constitute
the major population of glial cells in the CNS, supporting
the hypothesis that they play a leading role in regulating
neuroinflammation [24]. Signaling molecules released
following peripheral nerve injury may activate microglia
in the CNS, causing them to release pro-inflammatory
cytokines and chemokines such as IL-1f, TNF-a, IL-6, and
brain-derived neurotrophic factor, which play primary key
roles in initiating and maintaining neuropathic pain
[25, 26]. Recent studies regarding the role of microglia in
neuropathic pain have mainly focused on the dorsal horn of
the spinal cord [7]; however, the underlying mechanisms
by which microglia modulate neuropathic pain in the ACC
remain poorly understood.

Evidence has shown that epigenetic alterations may
initiate and maintain neuropathic pain [27, 28], while the
EZH2-mediated histone modification of gene expression
has been shown to correlate with human cancers, including
prostate cancer, colorectal cancer, and lymphoma [29-32].
Moreover, abnormal EZH2 has been associated with the
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p62 ————— W ) D

T e ey G = D W ) (D

il
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A
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(D) in the ACC of the Sham and NeuP groups after rapamycin
treatment compared with DMSO treatment from day 3 to day 14 post-
surgery. E-G ELISA analysis of the IL-1 (E), TNF-a (F), and IL-6
(G) expression levels in the ACC of the Sham and NeuP groups after
rapamycin treatment from day 3 to day 14 post-surgery. For C-G:
mean £ SD; n =28; n.s., no significant difference; *P < 0.05,
**P < 0.01, ¥***P < 0.001, vs DMSO group.

inflammatory response and neurodegeneration. For
instance, Zhang et al. [33] reported that EZH2 induces
pro-inflammatory gene expression by mediating toll-like
receptors, and EZH2 depletion attenuates autoimmune
inflammation in colitis and autoimmune encephalomyelitis.
In addition, EZH2 expression is upregulated in rats with
chronic sciatic nerve injury-induced neuropathic pain, and
its overexpression reverses the decreased pro-inflammatory
cytokines expression [11].

In this study, we investigated whether abnormal EZH2
expression affects the secretion of pro-inflammatory
cytokines and the pathophysiology of neuropathic pain in
rats with BPA-induced neuropathic pain. We showed that
EZH2 expression was strongly upregulated in NeuP rats,
while inhibiting EZH2 decreased the IL-1p3, TNF-a, and
IL-6 secretion. More importantly, inhibiting EZH2
decreased the mechanical and cold allodynia. Therefore,
our results suggest that EZH2 plays a role in the molecular
mechanisms of neuropathic pain.

Consequently, we also investigated the molecular
mechanisms by which EZH2 regulates neuropathic pain.
Autophagy is a key process that regulates immunity and
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Fig. 6 Inhibition of autophagy by 3-MA impairs EZH2 inhibitor-
induced pain relief and neuroinflammation remission. A, B Mechan-
ical allodynia (A) and cold allodynia (B) in sham-operated and
neuropathic pain groups after 3-MA combined with GSKI126
treatment from day 1 to day 3 post-surgery (mean £ SD; n = 8;
n.s., no significant difference vs NeuP group; *P < 0.05 vs GSK126
group; P < 0.01, ™ P <0.001 vs Sham group). C-F Relative
expression of EZH2 (C) and H3K27TM (D) (mean + SD; n = §; n.s.,
no significant difference vs GSK126 group; *P < 0.05, ***P < 0.001
vs NeuP group; ™P < 0.01 vs Sham group), LC31I (E) (mean + SD;
n = 8; ***P < 0.001 vs NeuP group; P < 0.001 vs GSK126 group;
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&&&p (0.001 vs Sham group), and p62 protein (F) (mean £ SD;
n = 8; ¥**P < 0.01 vs GSK126 group; n.s., no significant difference vs
NeuP group; *P < 0.01 vs Sham group) in the ACC of rats after
3-MA combined with GSK126 treatment from day 1 to day 3 post-
surgery. G-I ELISA analysis of IL-1B (G), TNF-a (H), and IL-6
(I) expression levels in the ACC of the Sham and NeuP groups after
3-MA combined with GSK126 treatment from day 1 to day 3 post-
surgery (mean = SD; n = 8; n.s., no significant difference vs NeuP
group; **P < 0.01, ***P < 0.001 vs GSK126 group; ##p < 0.001,
####p < 0.0001 vs Sham group).
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Fig. 7 EZH2 regulates autophagy via an MTOR-dependent signaling
pathway. A-D Relative expression of pMTOR (A) and pP70S6K
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pPMTOR (C) (mean + SD; n = 8; ***P < 0.001 vs NeuP group; n.s.,

inflammation; several studies have demonstrated a rela-
tionship between EZH2 and autophagy in the etiology of
diseases such as colorectal cancer and laryngeal squamous
cell carcinoma. However, their regulatory mechanisms
have not yet been elucidated [34, 35]. It has also been
suggested that EZH2 may affect autophagy via microRNA,
STAT, or fuse-binding protein 1-c-Myc in osteoarthritis,
breast cancer, endometrial carcinoma, cholangiocarcinoma,
and osteosarcoma, while the signaling pathway by which
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no significant difference vs Sham group; *P < 0.05 vs Sham group),
and pP70S6K (D) (mean £+ SD; n = 8; **P < 0.01 vs NeuP group;
#P < 0.05 vs Sham group; ¥4P < 0.01 vs Sham group) in the ACC of
rats after GSK126 treatment from day 1 to day 3 post-surgery.

EZH2 regulates autophagy has not yet been confirmed
[36—40]. In this study, we found that pharmacologically
inhibiting EZH2 promoted the suppression of autophagy
induced by BPA, while inhibiting autophagy activation
impaired the GSK126-induced reduction of neuroinflam-
mation and neuropathic pain. Therefore, these findings
indicate that autophagy activity acts downstream of EZH2
and is involved in neuropathic pain.
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To improve our understanding of the effect of autophagy
on neuropathic pain, we used Rapa to reveal the patho-
physiology of BPA-induced neuropathic pain. We found
that increasing autophagy with Rapa suppressed neuro-
pathic pain and the release of pro-inflammatory cytokines
while reducing MTOR phosphorylation. These data sug-
gested that autophagy negatively regulates neuroinflam-
mation via the MTOR signaling pathway, and this could be
the direct cause of neuropathic pain. Although our results
revealed that EZH2 regulated autophagy via the MTOR
pathway, we were unable to determine how EZH2
phosphorylates MTOR in nerve injury-induced neuropathic
pain. However, it has been shown that EZH2 regulates
TSC2 (tuberous sclerosis complex 2) expression by
interacting with MTA2 (metastasis-associated 1 family
member 2), and subsequently phosphorylates MTOR [21].
To our knowledge, this is the first study to identify a
specific autophagy regulatory molecule that is regulated by
EZH2. Recently, another study found that inhibiting EZH2
reduces phosphorylated AKT expression and thus represses
PMTOR production in pancreatic cancer [41], suggesting
that EZH2 regulates MTOR phosphorylation via the AKT
signaling pathway. These studies provide possible direc-
tions for future research to elucidate how EZH?2 regulates
autophagy via the MTOR pathway.

In conclusion, we found that targeting the EZH2/
autophagy signaling pathway is a promising option for
regulating neuroinflammation and managing neuropathic
pain. Thus, our findings suggest a novel approach for
treating BPA-induced neuropathic pain.
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