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Transcription factor ETS proto-oncogene |
contributes to neuropathic pain by regulating
histone deacetylase | in primary afferent
neurons

Hong-Li Zheng"?*1, Shi-Yu Sun®', Tong Jin®!, Ming Zhang?, Ying Zeng?, Qiaogiao Liu?,
Kehui Yang?, Runa Wei?, Zhigiang Pan®, and Fugqing Lin'"?

Abstract

Nerve injury can induce aberrant changes in ion channels, enzymes, and cytokines/chemokines in the dorsal root ganglia
(DRGs); these changes are due to or at least partly governed by transcription factors that contribute to the genesis of
neuropathic pain. However, the involvement of transcription factors in neuropathic pain is poorly understood. In this study, we
report that transcription factor (TF) ETS proto-oncogene | (ETSI) is required for the initiation and development of neuropathic
pain. Sciatic nerve chronic constrictive injury (CCl, a clinical neuropathic pain model) increases ETSI| expression in the injured
male mouse DRG. Blocking this upregulation alleviated CCl-induced mechanical allodynia and thermal hyperalgesia, with no
apparent effect on locomotor function. Mimicking this upregulation results in the genesis of nociception hypersensitivity;
mechanistically, nerve injury-induced ETS| upregulation promotes the expression of histone deacetylase | (HDACI, a key
initiator of pain) via enhancing its binding activity to the HDACI| promotor, leading to the elevation of spinal central sen-
sitization, as evidenced by increased expression of p-ERK1/2 and GFAP in the dorsal spinal horn. It appears that the ETSI/
HDACI axis in DRG may have a critical role in the development and maintenance of neuropathic pain, and ETSI is a potential
therapeutic target in neuropathic pain.
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Introduction

Neuropathic pain, which is caused by disease or injury of the
nervous system, is characterized by spontaneous and irritant-
induced pain sensation. Neuropathic pain affects up 7-8% of
people in worldwide and has become a public health problem,

e .. . . TH-LZ, $-YS, and T) contributed equally to this work.
with its incidence increasing at a rate of 0.82% every year.' * ey

Moreover, there is a lack of effective clinical drugs for
treatment of neuropathic pain owing to side effects.” Thus,
exploration of the mechanisms underlying neuropathic pain
could contribute to the development of new treatment ap-
proaches for this disorder. Peripheral nerve injury induces
dysfunctional regulation of expression of intracellular ki-
nases, channels, receptors, and TFs in the dorsal root ganglia
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(DRGs), contributing to the production of neuropathic
pain.”® However, the causes of these aberrant changes re-
main elusive.

ETSI is a member of the ETS TF family.” As ETS1
contains an evolutionarily conserved ETS domain, it attri-
butes to DNA recognition and binding, in addition to its
function in protein—protein interactions.'®'" An increasing
body of evidence has established strong links between ETS1
and cell proliferation and growth. ETS1 has also been
implicated in diseases of various systems, including the
central nervous system (for instance, malignant gliomas
ischemic stroke and depression),'>'* and it is widely ex-
pressed in many tissues, including lymphatic and hemato-
poietic tissues, and in the vascular system.®*'*'*> ETS1 has
been documented to be associated with natural killer cell
development, glial cell formation, and angiogenesis.'*'¢
Notably, ETS1 has a critical role in the central nervous
system.'>'>'® Feng et al. (2016) reveals for the first time
that ETS1 may be associated with nervous system inflam-
mation and shows that it promotes neuronal apoptosis in
neuroinflammation by upregulating nuclear factor kB ac-
tivation.'” Later, Yu et al. finds that the expression of ETS1
in hippocampal neurons is significantly increased in a ce-
rebral ischemia model, where it promotes kB activation and
then leads to neuronal apoptosis in neuroinflammation, by
contrast, inhibiting the expression of ETS1 and significantly
reducing neuronal apoptosis.'> In addition, a large study by
Luo et al. shows that overexpression of ETS1 in the ventral
hippocampal brain region of rats increases GalR2 expres-
sion and counteracts the depression-like behavior."* How-
ever, whether ETS1 participates in pain processes has
remained unknown.

Acetylation modification of histones plays an important
part in the regulation of chronic pain. HDACI has been
demonstrated to have functions in various types of pain,
including chronic neuropathic pain, inflammation pain and
cancer-original pain.'’° For example, chronic nerve injury
or spared nerve injury (SNI) is found to significantly increase
HDACIT expression in the spinal cord, whereas administra-
tion of selective HDACI inhibitor LG325 can relieve pain in
mice.'”” In the SNL mouse model, the HDACI1 promotor
region recruits Spl to promote SOX10 expression, inducing
neuropathic pain-like behavior.?! Another study shows that
HDACI has an important effect on pain, with evidence
demonstrates that intrathecal administration of T10 and
SAHA, inhibitors of HDACI, relieves bone cancer pain in
rats by inhibiting the activation of glial cells in the spinal
dorsal horn and DRG."? Thus, it is important to further ex-
plore the functions of HDACI in the regulation of neuro-
pathic pain.

In the present study, we found that chronic constriction
injury (CCI) of peripheral nerves — a model of neuropathic
pain that mimics clinical symptoms — caused increases in
ETS1 and HDACI expression in mouse DRGs. There was a
predictive binding motif sequence in the HDACI1 promotor.

Therefore, we hypothesize that ETS1 regulates neuropathic
pain via targeting HDAC1. This ETS1/HDACI axis provides
novel insight into the mechanisms underlying neuropathic
pain.

Materials and methods

Animals

Adult KM male mice (provided by the Experimental Animal
Center of Xuzhou Medical University) weighing 25-30 g was
used for the experiments. All mice were fed in a central house
under a standard 12 h light/dark cycle, with water and food
pellets available ad libitum. The room was maintained at a
humidity of 20-30% and temperature of 20 + 4°C. The
experimental manipulations were started after the mice had
been allowed to acclimatize for about 1 week.

CCl model

Sciatic nerve CCI in mice was conducted as described pre-
viously.?* Briefly, animals were placed on the operation table
under anesthesia with 3% isoflurane, the mouse’s left leg was
disinfected with iodophor after hair removal, the skin was cut
open with scissors, and the unilateral middle and upper sciatic
trunk was exposed and loosely ligated with 4-0 silk thread at
three sites at intervals of about 1 mm. Then, the surgical
incision was sutured and disinfected. Sham surgery animals
received the same operation but without the ligation or
transection of the sciatic nerve. After they awoke, they were
returned to the mouse room.

Behavioral testing

Behavioral testing including mechanical paw withdrawal fre-
quency (PWF) and thermal paw withdrawal latency (PWL) was
performed as described previously.** Briefly, all animal be-
havioral testing was performed in a quiet environment and
required 1-2 h of early adaptation to the environment; thus,
behavioral testing was performed between 09:00 and 14:00.
For PWF, the mouse was placed in an organic glass hood
with a metal mesh at the bottom. After the mouse had been
allowed to adapt to the environment quietly, 0.07 gand 0.4 g
von Frey filament (Stoelting Co Wood Dale, IL) stimuli were
used to simulate touch-induced pain and hyperalgesia, re-
spectively. Through the metal mesh at the bottom, the central
plantar region of the hind limb of the mice was vertically
stimulated with stable pressure each time to bend the filament
in an “S” pattern, which was maintained for 1.5 s. The oc-
currence of paw withdrawal and paw licking in the mice was
marked as a positive reaction. The time interval between two
adjacent rounds of stimulation was no less than 5 min. After
repeated testing 10 times, the numbers of positive responses
of mice were recorded, and the frequency percentage of
mouse paw withdrawal under the stimulation of the same
mass of filaments was calculated as the mechanical PWL.
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For PWL, thermal hyperalgesia was measured using an
IITC Plantar Analgesia Meter (Model 336, Series 8; IITC Life
Science, USA). The mouse was placed on a mm-thick glass
plate housed a single compartment with a transparent plex-
iglass box and allowed to adapt for more than 30 min.
Measurements were obtained after the mice had become
quiet. The center of the sole of the foot of the mouse was
irradiated with a thermal radiation stimulator. The time until
the mouse lifted its foot or moved and licked the sole of the
foot was recorded. To avoid thermal damage caused by non-
lifting of feet, the instrument system was set to automatically
end irradiation after 20 s. We performed 3—5 consecutive
measurements at intervals of no less than 10 min. Taking the
mean of the recorded results gave the PWL value for each
mouse.

DRG microinjection

DRG microinjection was carried out as described
previously.”>** Briefly, each mouse was anesthetized and
placed on an operating table, the dorsal hair was shaved and
the area disinfected with iodophor, a small incision was made
in the paravertebral region of the backs of mice with surgical
scissors to expose the transverse process, and the corre-
sponding articular was removed with forceps to expose the
DRG. A glass micropipette, which had been drawn in ad-
vance, was connected to the needle of a 10 uL. microsyringe to
microinject virus or short interfering RNA (siRNA). We
adjusted the manipulator under the microscope, a glaze
needle was inserted into the DRG, and corresponding fluids
were injected and then removed after about 10 min. The
muscle and skin were sutured after anti-infection treatment.
The sequence of the siRNA was as follows: ETS1 siRNA
sense 5-GCAGAUGUCCCGCUGUUAATT-3/, antisense:
5"-UUAACAGCGGGACAUCUGCTT-3".

Western blotting

The DRG tissue was removed as described previously,*®
minced with scissors, homogenized by contact ultrasound
in RIPA lysis buffer (P0013B, Beyotime) with 130 puL of
1 mM PMSF (ST506, Beyotime) and 1 mM protease inhibitor
(p8340, Sigma Aldrich), and then centrifuged at 12,000 g for
20 min. The supernatant was collected, and protein con-
centrations were determined using a BCA Protein Assay
Kit (P0010, Beyotime). Proteins were denatured with
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer at 100°C for 8 min and sep-
arated on a glycine-SDS-PAGE gel. The proteins were
electrophoretically transferred onto a polyvinylidene
fluoride membrane (IPVH00010, Millipore). After
blocking for 2 h by 5% bovine serum albumin in Tris-
buffered saline (TBS) containing 0.1% Tween-20 (P9416,
Sigma Aldrich), the membrane was incubated with rabbit
anti-ETS1 antibody (1:1000; A13302, ABclonal), rabbit

anti-HDACI antibody (1:1000; 10,197-1-AP, Proteintech),
rabbit anti-HDAC2 antibody (1:1000; 12,922-3-AP, Pro-
teintech), rabbit anti-HDAC3 antibody (1:1000; 10,255-1-
AP, Proteintech), rabbit anti-p-ERK antibody (1:1000;
28,733-1-AP, Proteintech), mouse anti-ERK antibody (1:
1000; 11,257-1-AP, Proteintech), mouse anti-GFAP anti-
body (1:1000; 60,190-1-Ig, Proteintech), tubulin antibody
(1:2000; 10,094-1-AP, Proteintech), or rabbit anti-GAPDH
antibody (1:5000; ET1601-4, HuaBio) at 4°C overnight.
The membranes were washed three times in 0.1% TBS-
Tween 20 and then incubated with HRP-labeled goat anti-
rabbit 1gG (1:2000; A0208, Beyotime) or HRP-labeled
goat anti-mouse IgG (1:2000; A0216, Beyotime) for 2 h
at room temperature and washed three times. The immune
complexes were detected with an ECL chemiluminescent
assay kit (P0018S, Beyotime). The optical density of each
band was then measured with a computer-assisted imaging
analysis system (ImageJ) and normalized with tubulin or
GAPDH.

Cell line culture and transfection

HEK293T (ATCC, Manassas, VA) were cultured in Dul-
becco’s modified Eagle medium (DMEM; D0821, Sigma
Aldrich) containing 10% fetal bovine serum (FBS; F8318,
Sigma Aldrich) at 37°C in a humidified cell incubator with
5% CO, and 95% O,. The plasmids were transfected into
the HEK293 T cells using ExFect Transfection Reagent
(T101-01/02, Vazyme) according to the manufacturer’s
instructions.

Luciferase reporter assay

To construct HDACI1 gene reporter plasmids, the 799-base-
pair (bp) fragment from the HDACI1 gene promotor region
(including the ETS1-binding motif) was amplified by poly-
merase chain reaction (PCR) from genomic DNA with the
following primer pairs: forward: 5'-GCCGGTACCGCTA-
GCCTCGAGTAGGTGAGATGGTTGCTGCCA-3’; reverse:
5'-TCTACGCGTGAGCTCCTCGAGGAGTCTGCGCCAT-
CTTGCTC-3'. The PCR products were ligated into the
pGL6-Basic vector (containing the firefly luciferase reporter
gene, Promega, Madison, WI) using the Xhol (R-146, NEB)
restriction sites. DNA sequencing was carried out to verify the
sequence of the reconstruction vector. HEK293T cells were
cultured as described above. One day after plating on a
24-well plate, the cells were transfected with 200 ng of pGL6-
Basic vectors as a control using ExFect Transfection Reagent
(T101-01/02, Vazyme) according to the manufacturer’s in-
structions. The wells were divided into groups as needed.
After transfection for 48 h, the cells were collected in passive
lysis buffer. Approximately 100 pL. of supernatant was used
to measure the luciferase activity with a Dual-Luciferase
Reporter Assay System (E1910, Promega). Independent
transfection experiments were repeated three times. The
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relative reporter activity was calculated after normalization of
the ratio of firefly to Renilla luciferase activity.

Lentivirus production

Lentivirus production was carried out as described previ-
ously.”” Briefly, the constructed core plasmid (8 pg) and two
envelope plasmids, the PSPAX2 (6 pg) vector and PMD2G
(4 ng) vector, were co-transfected into 293T cells in a 10 cm
dish containing DMEM without FBS. After transfection for
6 h, complete medium containing 10% FBS was used ac-
cording to the manufacturer’s instructions provided with the
ExFect Transfection Reagent (T101-01/02, Vazyme). The
supernatant was collected at 48—72 h after transfection and
concentrated using a Centricon Plus-70 filter unit
(UFC910096, Millipore, MA, USA). Lentivirus with titer
10® TU/ml was used in the experiments.

Quantitative PCR (qPCR)

qPCR was performed as previously described.?” Briefly, total
RNA extraction was performed according to the instructions
provided with TRIzol reagent (9190, Takara), and the quality
and quantity of total RNA were evaluated with a Nanodrop
ND-2000 (Thermo Scientific, USA). RNA (400 ng) was
reverse transcribed into single-stranded cDNA using 4 X
gDNA wiper MIX and 5% HiScript II Select Qrt SuperMIX 11
(R233-01, Vazyme). Reverse transcription of RNA was
performed at 42°C for 2 min, 50°C for 5 min, and 85°C for
5 's. The cDNA template (1.5 uL) was amplified by real-time
qPCR with the primers listed in Table 1 The signal for each
sample was determined in triplicate using SYBR Green

Table 1. All primers and siRNA used.

Master Mix (Q111-02, Vazyme). Reactions were carried out
in an ABI system. Data were normalized to Gapdh (cycle
threshold [CT]) using the 2-(AACT) method. Any value
among triplicates that showed a marked difference (>1.00)
compared with the average of the other two was discarded. A
total of 1.5 L. cDNA was used for real-time quantification, in
which 1.2 pL forward and reverse primers (5 puM) each,
7.5 uL TB Green Premix, and 0.3 pL Rox Reference Dye 11
were used to configure a 15 pL system. Each sample was
repeated in duplicate, mixed in eight tubes, and measured
with an ABI quantitative PCR instrument (Thermo Scientific,
USA). The reaction conditions were as follows. After pre-
denaturation at 95°C for 1 min, 40 cycles of 95°C for 10 s,
58°C for 20 s, and 72°C for 30 s were performed. The primer
sequences were as follows: ETS1 forward 5-ACAGAC-
TACTTTCGGATCAAGCA-3/, reverse 5- ACGCTCTCA-
AAAGAGTCCTGG-3’; Gapdh forward 5'-GGTGAAGG
TCGGTGTGAACG-3', reverse 5-CTCGCTCCTGGAA-
GATGG TG-3'.

Double-labeling immunofluorescence

Immunofluorescence was performed as described in pre-
vious reports.”® Briefly, L3-L4 DRGs were rapidly de-
tached from mice perfused with 4% paraformaldehyde
(BL539 A, Biosharp) and post-fixed with 4% parafor-
maldehyde for 2 h, followed by dehydration in 5%, 15%,
30% sucrose gradients, respectively, and sectioned at a
thickness of 12 mm on a cryostat. After blocking at room
temperature for 1 h and washing with PBST (containing
0.04% Triton), the slices were incubated with anti-rabbit
ETSI1 antibody (1:1000; A13302, ABclonal), mouse anti-

Names Sequences Names Sequences

RT-gPCR ChIP-PCR
ETSI F 5'-ACAGACTACTTTCGGATCAAGCA-3’ ChlIP-Hdacl FI 5-GTAACACTGAATAAGCTCTTCA-3
ETSI R 5'-ACGCTCTCAAAAGAGTCCTGG-3' ChIP-Hdacl RIl  5-AGGACTCAGGAGGCAGAGTC-3’
Gapdh F 5-GGTGAAGGTCGGTGTGAACG-3' ChIP-Hdacl RI2  5-TGGGCGTGGTTGCTATGTCT-3’
Gapdh R 5-CTCGCTCCTGGAAGATGGTG-3' ChlIP-Hdacl F2 5-CTCTGATCTTTGCACACGC-3’

siRNA ChIP-Hdacl R2I  5-GCCGTACCATCGAGTCCC-3’
Etsl-siRNA-441S 5'-GCAGAUGUCCCGCUGUUAATT-3’ ChIP-Hdacl R22  5-GGGCAGCTTAGAGAAGCCA-3’
Ets|-siRNA-441AS  5-UUAACAGCGGGACAUCUGCTT-3’ ChlIP-Hdacl F 5'-AGACATGCTTTCACTACGGA-3’
HDACI -siRNA-S 5'-CCGGUCAUGUCCAAAGUAA-3' ChIP-Hdacl R 5-AGAGTCAGGAAGATCTCTGT-3’
HDACI-siRNA-AS  5'-UUACUUUGGACAUGACCGG-3 ChIP-Hdac| F3 5-TGCAGAGTTTACGGAGCCGA-3’

luciferase assay ChlIP-Hdacl R3 5'-TCACTCTAACCAATCGGCAT-3’

pGL6-Hdacl FI
TGAGATGGTTGCTGCCA-3'
pGL6- Hdacl F2
CACTGAATAAGCTCTTCA-3'
TCTACGCGTGAGCTCCTCGAG GAG
TCTGCGCCATCTTGCTC-3’

pGL6- Hdacl R

5-GCCGGTACCGCTAGCCTCGAGTAGG

5'-GCCGGTACCGCTAGCCTCGAGGTAA

RT: Reverse-transcription. F: Forward. R: Reverse.
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glutamine synthetase (GS; 1:800; EM1902-39, Hua Bio),
mouse anti-B-tubulin (1:800; M0805-8, Hua Bio), mouse
anti-CGRP (1:50; SC57053, Santa Cruz), mouse anti-
P2X3 (1:100; SC390572, Santa Cruz), or mouse anti-
NF200 (1:100; 60,331-1-Ig, Proteintech) at 4°C over-
night. After washing with PBST, slices were finally in-
cubated with fluorescent-conjugated secondary antibodies
Alexa Fluor™ 488 goat anti-rabbit IgG (A21206, Mo-
lecular Probes) and Alexa Fluor™ 594 goat anti-mouse IgG
(A10036, Molecular Probes). The sections were mounted
on a mounting medium with DAPI (0100-20, Southern
Biotech) and scanned using a high-resolution digital
confocal microscope (Olympus FV1000, Japan).

Chromatin immunoprecipitation assays

The ChIP assays were performed according to the instruc-
tions of the Beyotime CHIP Assay kit (P2078, Beyotime).
Briefly, DRG minced with scissors was cross-linked with 1%
formaldehyde at room temperature for 8 min. The process of
cross-linking was terminated by adding glycine (0.25 M);
then, after centrifugation at 12,000 g for 6 min, the pellet was
collected and lysed in SDS lysis buffer containing protease
inhibitor PMSF. The lysis was performed by sonication at
medium intensity until the DNA was broken into fragments
with a length of 200—1000 bp. Each sample was divided into
two parts, with 50 uL used as an input (appositive control)
and the remainder (1.8 mL) pre-treated with 60 pL protein
A + G agarose beads rotation for 1 h at 4°C. After centri-
fugation, the supernatant was divided into two tubes; sub-
sequently, 2 pg anti-rabbit ETS1 was added to one tube,
followed by incubation with rotation overnight at 4°C. To the
other tube, 2 ng Normal Rabbit IgG (A7058, Beyotime) was
added as a negative control, 70 pL protein A + G agarose
beads was added to the mixture, followed by incubation with
rotation for 2 h at 4°C, and the chromatin was pulled down
using beads. After purification, the DNA fragments were
amplified using teal-time PCR with the primers listed in
Table 1.

Locomotor function

Locomotor function, including placing, grasping, and
righting reflexes, was assessed as previously described.”
Briefly, for the placing reflex, we placed the hindlimb of
the mouse slightly below the forelimb with back of the hind
paw in contact with the edge of the table and recorded
whether the hind paws were placed on the table surface re-
flexively. For the righting reflex, we placed the mouse supine
on a flat surface and observed whether it immediately re-
turned to its normal upright position. For the grasping reflex,
the mouse was placed on a wire mesh perpendicular to the
ground to observe whether it could grasp the wire mesh with
its hind paws. Scores for placing, grasping, and righting

reflexes were determined according to the counts for each
normal reflex in five trials.

Statistical analyses

All data were statistically analyzed using GraphPad Prism 8.0
software. All measurement data are expressed as mean +
SEM. Comparisons between two groups were performed by
Student’s #-test, comparisons among three or more groups
were performed by one-way or two-way analysis of variance
(ANOVA), and pairwise comparisons between groups were
performed by g-test. The data collected from mouse be-
havioral tests at different time points were analyzed by re-
peated measurements using two-way ANOVA. Differences
were considered statistically significant at p < 0.05.

Results

Peripheral nerve injury upregulates ETS| in
DRG neurons

To determine whether DRG ETS1 was associated with
neuropathic pain, we first examined the expression of ETS1
in DRG of mice subjected to unilateral sciatic nerve CCI (a
clinical neuropathic pain model). As previously described, mice
with CCI surgery showed significant pain hypersensitivity in
response to mechanical and thermal stimulus starting from day 3
after surgery; however, sham surgery did not change the basal
pain threshold (Figures 1(a) to (c)). CCl-induced nerve injury did
not change the level of Ets/ mRNA in the unilateral injured
DRGs from day 3-14 after surgery (Figure 1(d)), but ETS1
protein expression was markedly upregulated, by 90.6% on day 7
and 64.8% on day 14, in the unilateral injured DRGs after CCI
surgery (Figure 1(e)). A similar increase was observed in the
ipsilateral DRGs of SNI mice, another neuropathic pain model, on
day 7 and day 14 after surgery (Figure 1(f)). To examine whether
peripheral chronic inflammation pain also changed ETS1 ex-
pression in the DRGs, we injected complete Freund’s adjuvant
(CFAY* unilaterally into the plantar side of the hind paw. Un-
expectedly, no ETS1 change was seen in the DRGs from 2 h to
14 days post-CFA injection (Figure 1(g)). Immunofluorescence
staining further confirmed the increase in ETS1 in DRGs on day 7
after CCI, compared with the sham group (Figure 1(h)). Thus, it is
likely that Ets/ is associated with chronic neuropathic pain but not
chronic inflammation pain.

Next, to examine the cellular localization of ETS1 in DRGs,
we performed ETS1 double-labeling staining with different
DRG cellular marker proteins. Approximately 100% of ETS1-
positive cells were labeled by B-tubulin III (a neuron marker)
(Figure 2(a)), but almost no ETSI1-positive cells by GS (a
microsatellite glia cell marker) (Figure 2(b)). Notably, ETS1 was
found in both cytoplasm and nuclei of neurons (Figures 2(a) and
(b)). To further examine the subcellular distribution of ETS1 in
DRG neurons, we analyzed its expression in DRG neurons of
different sizes. ETS1 was expressed in all three types of neurons
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Figure 1. Peripheral nerve injury-induced increased expression of ETS| protein in mouse L3/4 injured DRGs. (a—c) CClI of unilateral sciatic
nerve caused hypersensitivity to heat (a) and mechanical (b, c) stimuli. *p < 0.01, **p < 0.001 versus sham; n = 8. Data were analyzed by
two-way repeated-measures ANOVA followed by post hoc Tukey test. (d) Expression of Ets| mRNA in the ipsilateral L3/4 DRGs on days 0,
3,7, and 14 after CCl-induced chronic neuropathic pain. No significance versus day 0; n = 6. Data were analyzed by one-way ANOVA followed
by post hoc Tukey test. (€) ETS| protein expression in the ipsilateral L3/L4 DRGs on days 0, 3, 7, and 14 after CCl or sham surgery; n = 6
mice per time point. *p < 0.05, **p < 0.0| versus day 0. Data were analyzed by one-way ANOVA followed by post hoc Tukey test. (f) ETSI
protein expression in the ipsilateral L3/L4 DRGs on days 0, 3, 7, and 14 after spared nerve injury (SNI) or sham surgery; n = 6 mice per time
point. *p < 0.01 versus day 0. Data were analyzed by one-way ANOVA followed by post hoc Tukey test. (g) ETS| expression in the
ipsilateral L3/L4 DRGsat0d, 2 h, | d, 3 d, 7 d, and 14 d after Freund’s adjuvant (CFA)-induced inflammation pain or sham surgery; n = 6 mice
per time point. No significance versus day 0. Data were analyzed by one-way ANOVA followed by post hoc Tukey test. (h) Co-staining of ETS|
(red) and B-tubulin Ill (a neuronal marker, green) immunofluorescence in the ipsilateral L3/4 DRGs on day 7 after CCl or sham surgery; n =

5. Scale bar, 30 pm. *p < 0.05 versus the corresponding sham group. Data were analyzed by Student’s t-test. PWF: Paw withdrawal frequency;
PWL: Paw withdrawal latency.
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with different abundance. A cross-sectional area analysis
showed that 24.5% of ETS1-positive neurons were co-labeled
with NF200 (large cell type neurons; Figure 2(f)), 29.7% with
P2X3 (small- and medium-sized cell type neurons; Figure 2(e)),
and 44.1% with CGRP (small cell type peptidergic neurons;
Figure 2(d)). Owing to the close linkage of medium- and small-
sized neurons with pain sensation, the above results suggest that
ETS1 may be involved in the pain process.

Blockade of ETS| upregulation alleviates CCl-induced
nociception hypersensitivity

Next, we investigated whether ETS1 regulates neuropathic
pain. To this end, we designed an siRNA (targeting —441
of Ets] mRNA, transcription start site as +1) as described
previously®' to knock down ETS1 expression. Compared
with the scrambled siRNA, microinjection of siRNA-Ets1
reversed the CCl-induced increase in ETS1 in the ipsi-
lateral L3/4 DRGs on day 3 after siRNA injection in CCI
mice with 7 days after surgery. As expected, siRNA-Etsl
microinjection, but not scrambled siRNA, attenuated
nerve-injury-induced thermal pain and mechanical pain
from day 2 after injection; this antinociception lasted at
least 5 days on the ipsilateral side (Figures 3(b)—(d)), but no
such behavioral changes were observed on the contralateral
side (Figures 3(e)—(g)). These treatments did not cause
injury to locomotor function (Figure 3(h)). Collectively,
these data suggest that ETS1 may be a critical anti-
nociception regulator.

Mimicking ETS| upregulation causes neuropathic
pain-like behavior

We further examined whether upregulating DRG ETS1 could
initiate the genesis of nociceptive hypersensitivity. A
full-length Ets] lentivirus expression vector was constructed.
Microinjection of Lenti-Ets/ but not Lenti-Gfp into unilateral
L3/4 DRGs of naive adult mice enhanced the expression of
ETS1 by 50.3% on day 6 after injection (Figure 4(a)). Be-
haviorally, ETS1 overexpression through microinjection of
Lenti-Ets/ not only increased the frequency of hind paw
withdrawal in response to light and heavy mechanical
stimulus (Figures 4(c) and (d)) but also shortened hind paw
lifting time after thermal stimulus on days 4, 6, and 8 after
injection (Figure 4(b)). However, contralateral side did not
observe these responses (Figures 4(e)—(g)). In addition, no
locomotor impairments after these treatments were observed
in naive mice (Figure 4(h)). Taken together, these data
suggest that DRG ETS1 upregulation is sufficient for the
induction of nociceptive hypersensitivity.

ETSI contributes to neuropathic pain via
targeting HDACI

How does ETSI regulate neuropathic pain? As histone
deacetylase HDACI is a key initiator in neuropathic pain,
we investigated whether ETS/ regulated nociception be-
havior by targeting HDACI1. Using an online JASPAR
program, one ETS1 binding motif (5-AGATCTTCCT-
GACTC-3', —272 to —257, transcription start site
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followed by post hoc Tukey test.

designated as +1) was observed in the Hdacl promotor
(Figure 5(a)). The ChIP results showed that Hdacl pro-
motor fragments containing the binding motifs could be
amplified from complexes immunoprecipitated with ETS1
antibody in sham L3/4 DRGs (Figure 5(b)), indicating that
ETS1 specifically binds to the Hdacl promotor. The
binding activity was significantly increased on day 7 post
CCl-induced nerve injury (Figure 5(b)). ETS1 knockdown

through microinjection of Ets/-siRNA markedly blocked
the CCl-induced enhanced binding accounts of ETS1 on
the Hdacl promotor on day 2 after siRNA in CCI mice with
7 days after surgery (Figure 5(c)). Whereas ETS1 over-
expression by microinjecting Lenti-ETS1 increased
binding accounts (Figure 5(d)). The augment in binding
activity may have been due to HDACI1 upregulation in
ipsilateral L3/L4 DRGs following CCI.
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Figure 4. Overexpression of ETS| in DRG evoked neuropathic pain-like symptoms in naive mice. (a) Overexpression of ETS| with Lenti-
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Next, we determined whether ETS1 acts directly on the
translation of HDACT1; to this end, we carried out in vitro and
in vivo verification experiments. First, a 799-bp-length
Hdacl promotor fragment containing the binding motifs
was cloned upstream of pGL6, a luciferase reporter vector,
and co-transfected into HEK293T cells with the full-length
ETS1 expression plasmid. As expected, co-transfection of the
ETSI1 expression plasmid, but not the control Gfp plasmid,
increased the luciferase activity of the reporter 2.11-fold

(Figure 5(e)). These in vitro data indicate that ETS]1 initiates
the expression of HDACI1. As expected, knockdown of ETS1
with siRNA reversed the upregulation of HDACI1 protein
expression caused by nerve injury in the injured DRGs on day
3 after ETS1 siRNA injection in CCI mice, whereas the
scrambled siRNA did not produce these effects (Figure 5(f)).
On the contrary, upregulation of ETS1 by lentivirus injection
increased the HDACI protein expression in L3/4 DRGs on
day 5 after injection (Figure 5(g)). Given that approximately
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73% of ETSl-labelled DRG neurons were positive for
HDACI (Figure 5(h)), it is very likely that ETS1 directly
regulates HDAC1 expression in DRGs.

Finally, we examined behaviorally whether DRG Ets/
upregulated nociception hypersensitivity via the mediation of
Hdacl. As expected, pain hypersensitivity to mechanical and
heat stimulus developed in the group microinjected with
Lenti-Ets1 alone, whereas hyperalgesia disappeared in the
groups injected with the Lenti-ETS1 together with Hdacl
siRNA (Figures 5(i)—(k)). No locomotor changes were ob-
served in these treated mice (Figure 5(1)). The above results
indicate that ETS1 may be involved in the neuropathic pain
development and maintenance in the injured DRG at least
partly via targeting HDACI.

ETS| participates in central sensitization in the dorsal
spinal horn

We next sought to establish whether spinal sensitization was
caused by DRG ETS1 under neuropathic pain conditions. We
found that CCI nerve injury caused significant increases in
phosphorylated extracellular signal-regulated kinase 1/2 (p-
ERK1/2, a marker of neuronal hyperactivation) and glial
fibrillary acidic protein (GFAP, a marker of astrocyte hy-
peractivation) levels on the injured side of the spinal dorsal
horn; these increases were reversed by microinjection of Ets/
siRNA but not its scrambled siRNA in the ipsilateral L3/4
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DRGs on day 2 after microinjection (Figure 6(b)). However,
in contrast to the results for p-ERK1/2 and GFAP, the level of
total ERK1/2 did not change in the dorsal horn after these
treatments (Figure 6(b)). Conversely, DRG microinjection of
Lenti-Ets/ but not Lenti-Gfp induced increases in p-ERK1/2
and GFAP levels in the ipsilateral side dorsal horn on day 5
after injection (Figure 6(a)), indicating hyperactivity of
neurons and astrocytes. As anticipated, no change in total
ERK1/2 level was observed in the dorsal horn after micro-
injection (Figure 6(a)). This evidence strongly suggests that
ETS1 participates in neuropathic pain via spinal sensitization.

Discussion

DRGs contain the cell bodies of primary sensory neurons
such as nociceptive neurons. Peripheral nerve injury causes
maladaptive molecular changes in DRG cell bodies and
axons; these changes result in hypersensitivity and hyper-
excitability of central nervous system neurons (central sen-
sitization) and are crucial for the development and
maintenance of neuropathic pain.** Therefore, understanding
the molecular mechanisms in DRGs underlying nerve injury
is essential for the treatment of neuropathic pain. Here, we
show for the first time that peripheral nerve injury induced an
increase in expression of TF ETS1 in DRG neurons.
Blockade of ETS1 attenuates neuropathic pain through re-
versing the nerve-injury-induced increase in expression of
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Figure 6. ETSI participates in central sensitization in the spinal cord. (a) Expression levels of spinal cord proteins p-ERK /2, ERK1/2, and
GFAP in the ipsilateral L3/4 DRG 8 days after viral microinjection in mice; n = 6 mice per group. *p < 0.05, ¥p < 0.01, ***p < 0.001 versus
the corresponding Lenti-Gfp group. Data were analyzed by one-way ANOVA followed by post hoc Tukey test. (b) Expression levels of spinal
cord p-ERK /2, ERK /2, and GFAP in the ipsilateral L3/4 DRGs 7days after CCl surgery in mice with microinjection of Ets/ siRNA (siRNA) and
scrambled siRNA (Scr); n = 6 mice per group. *p < 0.05, **p < 0.001 versus sham group plus scrambled siRNA. Data were analyzed by

two-way ANOVA followed by post hoc Tukey test.
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HDACI (a key initiator of neuropathic pain). It appears that
ETS1 may serve as a management target in neuropathic pain.

TFs recognize specific DNA sequences to control gene
transcription. DRG TFs have emerged as essential participants
in the development and maintenance of chronic pain. Pou4f3
regulates neuropathic pain by promoting DRG-specific
DS-IncRNA (long non-coding RNA) transcription in DRG;
reversing the decrease in Pou3f4 alleviates CCl-induced pain
hypersensitivity.! Nerve-injury-specific IncRNAs cooperate
with TF ELF1 to increase CCL2 expression, leading to the
production of neuropathic pain symptoms.** Although a strong
association of TFs with neuropathic pain has been established,
it remains challenging to determine which and how TFs control
gene expression.”> In this work, we demonstrate the in-
volvement of DRG E26 avian leukemia oncogene 1, 5" domain
(ETS1), a TF, in CCl-induced neuropathic pain.

ETS1 consists of a conserved ETS DNA-binding region
that recognizes the core consensus DNA sequence GGAA/T.
ETS1 can act either as a transcriptional activator or a re-
pressor of many genes and participates in stem cell devel-
opment, cellular senescence and death, and tumorigenesis.**
Accumulating evidence shows that ETS1 is associated with a
variety of diseases such as Jacobson syndrome and systemic
lupus erythematosus.>~° Yet, it is unknown whether ETS1
regulates pain. In the present study, peripheral nerve injury
robustly increased levels of ETS1 protein expression in
DRGs injured by both CCI and SNI surgery, but CFA in-
flammatory pain did not change the expression level of DRG
ETS1, indicating that DRG ETS1 may be a specific regulator
of nerve-injury-induced neuropathic pain. In addition, nerve
injury did affect the expression of ETS] mRNA in DRGs.
Therefore, we speculate that the self-regulation of ETS1 is
likely to involve a post-transcriptional mechanism; this needs
to be further explored in future. Moreover, ETS1 was pre-
dominantly expressed in small- and medium-diameter neu-
rons, which are closely associated with sensory neurons in the
spinal dorsal horn. Furthermore, microinjection of Ets1 siRNA
caused the degradation of Ets] mRNA and the suppression of
ETSI protein, as a result, the blockade of the increased ETS1 in
the injured DRGs attenuated CCl-induced mechanical allo-
dynia and heat hyperalgesia and mimicking the upregulation of
DRG ETS1 induced neuropathic-pain-like behavior. However,
the motor function of mice was not affected by the relevant
manipulations. Importantly, we observed corresponding al-
terations in the hyperexcitement of spinal neurons and as-
trocytes in response to ETS1 changes in DRGs. Thus, our data
support the hypothesis that DRG ETS1 contributes to the
development and maintenance of neuropathic pain.

Histone deacetylase HDACI1 is a regulator of histone
acylation modification and plays an important part in
nervous-system-related disorders including retinoblastoma,
Rett syndrome, and myeloma®’ " via governing the struc-
tural modification of chromosomes and gene expression.*
HDACIT can be widely expressed in nervous tissues including
spinal cord,'® DRG,'? hippocampus, and cortex.*' A growing

number of studies show that HDACI is associated with the
processing of different types of pain, including inflammation
pain,?® cancer pain,'® and nerve-injury-sourced neuropathic
pain;** thus, it seems to be a critical initiator of pain.'®**
Suppression of HDACI activity in the dorsal horn or DRGs
can alleviate partial nerve ligation'® or cancer-related neu-
ropathic pain behavior.'® Although HDAC1 has been shown
to be involved in pain,* how it is regulated has remained
elusive. Here, we found a conserved binding site of ETSI,
spanning 799 bp from the —272 to —257 bp region in the
HDACI promotor region, and further in vitro and in vivo
molecular data showed that ETS1 bound to the motif site of
HDACI promotor and regulated the expression of HDACI.
Behaviorally, ETS1-upregulation-induced nociception be-
havior was blocked by HDAC1 knockdown with siRNA.
Briefly, upregulation of ETS1 leads to the increase of HADC1
expression, while previous studies have shown that the in-
creased HDAC]I leads to the genesis of neuropathic pain,*’
and then the knockdown of HDACI expression with Hdac1-
siRNA alleviated pain sensitivity. Our evidence establishes
Etsl as a controller in HDACI transcription under the
conditions of neuropathic pain. A previous study showed that
TF Spl1 also participates in the regulation of neuropathic pain
via targeting the HDAC1/c-JUN complex.* Therefore,
whether there are other TFs that could independently or in
combination participate in the regulation of DRG HDACI in
neuropathic pain should be investigated in the future.

Despite we demonstrated that ETS1 regulates neuropathic
pain via targeting HDACI, there are several limitations under
the experiential conditions. Firstly, exception for the HDACI,
what other downstream targets ETS1 have are still identified
in future. Secondly, here we used siRNA to knockdown ETS1
expression, given that siRNA may frequently cause the off-
target effect, the other strategies such as genetic mice with
conditionally knocking out Estl gene in DRG needs to be
carried out to further confirm the current results. Finally,
DRGs microinjection may cause cell damage and affect pain
behavior in mice, and although it has been verified in previous
articles that injected DRGs can still maintain structural in-
tegrity and cell number unchanged,”>*° in future work, a
method without DRG microinjection is required to be de-
veloped to deliver manipulation tools.

In summary, our results demonstrate for the first time that
ETS1 contributes to neuropathic pain via controlling HDAC1
in DRG. Blockage of upregulated ETS1 in DRGs relieves
nerve-injury-induced neuropathic pain. Our study provides a
novel mechanism underlying neuropathic pain. ETS1 may
become a promising target for the treatment of neuropathic
pain in a periphery-dependent manner.
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