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Abstract

Many epigenetic regulators are involved in pain-associated spinal plasticity. Coactivator-associated arginine methyltransferase 1
(CARM1), an epigenetic regulator of histone arginine methylation, is a highly interesting target in neuroplasticity. However, its
potential contribution to spinal plasticity—associated neuropathic pain development remains poorly explored. Here, we report that
nerve injury decreased the expression of spinal CARM1 and induced allodynia. Moreover, decreasing spinal CARMI1 expression
by Fbxo3-mediated CARM1 ubiquitination promoted H3R17me2 decrement at the K* channel promoter, thereby causing K*
channel epigenetic silencing and the development of neuropathic pain. Remarkably, in naive rats, decreasing spinal CARM1
using CARM1 siRNA or a CARMI1 inhibitor resulted in similar epigenetic signaling and allodynia. Furthermore, intrathecal
administration of BC-1215 (a novel Fbxo3 inhibitor) prevented CARM1 ubiquitination to block K* channel gene silencing and
ameliorate allodynia after nerve injury. Collectively, the results reveal that this newly identified spinal Fbxo3-CARM1-K*
channel gene functional axis promotes neuropathic pain. These findings provide essential insights that will aid in the develop-

ment of more efficient and specific therapies against neuropathic pain.
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Introduction

Evidence is starting to emerge in support of the involvement
of histone epigenetic mechanisms at multiple loci in the dorsal
horn and the relevance of these mechanisms in chronic pain
processing [1]. For example, our previous studies revealed
histone acetylation impacts the expression of nociceptive
genes in the dorsal horn to modify chronic pain states [2, 3].
Histone methylation, another important process of histone
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modification, is also recognized as a key regulator of long-
lasting changes in gene expression in the dorsal horn [4].
However, little is known about whether the histone methyla-
tion mechanism in the dorsal horn functions in the transcrip-
tional regulation of nociceptive genes in chronic pain.
Histone arginine methylation, which is catalyzed by protein
arginine methyltransferases (PRMTs), has emerged as an impor-
tant histone methylation modification involved in gene regula-
tion [5]. Coactivator-associated arginine methyltransferase 1
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(CARM1), a member of the PRMT family, has been shown to
mainly catalyze the asymmetric dimethylation of Argl7 and
Arg26 in histone H3 (H3R17me2 and H3R26me?2, respectively)
as well as an additional methylation site, Arg42 (H3R42), for
epigenetic transcriptional activation [6-9]. CARM1-mediated
methylation inhibits neuronal differentiation [10]; conversely,
inhibition of CARM1-mediated methylation promotes process-
es of learning/memory consolidation, including synaptogenesis
[11], neuronal differentiation [10], and synaptic plasticity [12].
Emerging studies have suggested that the epigenetic modifica-
tion of genes underlying pain-related spinal plasticity resembles
that of learning/memory formation in brain regions [4, 13].
Although CARMI1 in the dorsal root ganglion (DRG) is reported
to be associated with the development of neuropathic pain [14],
little is known about how inhibiting CARM1-mediated epige-
netic transcriptional activation contributes to the spinal plasticity
underlying neuropathic allodynia progression.

Accumulating evidence suggests that chronic pain genera-
tion results from specific dysfunction of the inhibitory system
in the spinal cord [15]. Since voltage-gated potassium (Kv)
activity generally inhibits sensory neuron excitability [16],
reductions in Kv activity seem to be a hallmark of hyperex-
citability associated with neuropathic pain [17-19].
Nociceptive plasticity and central sensitization associated with
chronic pain conditions have been observed after inhibition of
the Kv4.2-mediated current to increase neuronal excitability
in dorsal horn neurons [20]. Decreased expression of Kv4.2
channels has been observed in preclinical models of neuro-
pathic pain in the DRG neurons of animals subjected to sciatic
nerve axotomy [21] or chronic constriction injury [22]. Kv1.4
channel expression is also similarly reduced in the ipsilateral
DRG following spinal nerve ligation [23]. Other pain models,
including pancreatitis, inflammatory bowel disease, and tem-
poromandibular joint pain, have also shown decreases in
Kv1.4 expression [24-26]. The mRNA levels of Kv1.4 and
Kv4.2 were found to be significantly reduced in the DRG to
increase afferent input to the spinal dorsal horn in diabetic
neuropathy [27]. Moreover, downregulation of many genes
encoding K™ channels in the DRG, including Kcna4 (Kv1.4
gene) and Kcnd?2 (Kv4.2 gene), is crucially involved in chron-
ic pain symptoms [28]. Interestingly, histone methylation is
associated with the epigenetic silencing of K* channel genes
in neuropathic pain after nerve injury [28]. Considering that
attenuation of the histone epigenetic coactivator CARM1 can
decrease gene transcription, these data suggest that inhibition
of CARMI1 contributes to spinal plasticity underlying neuro-
pathic pain through a decrease in histone methylation-
associated transcription of K* channels. In addition, a study
has shown that the stability of the arginine methyltransferase
CARMI1 is regulated by the F-box family of proteins [29], an
Skp1-CULI1-F box superfamily of E3. The F-box protein has
been reported to be associated with synaptic plasticity in the
CATl region of the hippocampus [30]. Remarkably, our
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laboratory has linked the ubiquitination of Fbxo3 (a member
ofthe F-box family) in dorsal horn neurons to the pathology of
neuropathic pain [31-33]. Furthermore, ubiquitination-
associated epigenetic regulation in the dorsal horn is crucial
for plasticity-mediated neuropathic pain [34]. Taken together,
these findings strongly suggest that spinal Fbxo3-mediated
CARMI1 ubiquitination inhibits CARM1-dependent histone
methylation of the K* channel gene to participate in neuro-
pathic pain development.

Materials and Methods
Animal Model of Neuropathic Pain

Adult male and female Sprague-Dawley rats weighing 200—
250 g were used for this study. All animals were housed under
approved conditions with a 12-h/12-h light/dark cycle and
with food and water available ad libitum. Spinal nerve ligation
(SNL) in rats was used as a neuropathic pain model [31, 32,
35]. Briefly, rats were anesthetized with isoflurane (induction,
5%; maintenance, 2% in air). After an incision was made, the
left LS and L6 spinal nerves were carefully isolated from the
surrounding tissue and then tightly ligated with 6-0 silk su-
tures. In the sham operation group, the surgical procedures
were identical to the nerve-ligated animals, except the silk
sutures were left unligated. The surgical preparation and ex-
perimental protocols were approved by the Institutional
Review Board of Taipei Medical University, Taipei, Taiwan.

Behavioral Studies

To quantify mechanical allodynia, rats were placed in individ-
ual plastic boxes on a mesh floor and allowed to acclimate for
1 h. A series of calibrated von Frey filaments (Stoelting,
Wood Dale, IL) were then applied to the plantar surface of
the hind paws of animals to measure the paw withdrawal
threshold (up-down method) according to a modification of
a previously described method [36]. The motor function of
animals was assessed in the rota-rod apparatus (Panlab
Harvard Apparatus, Barcelona, Spain). For acclimatization,
the animals were subjected to three training trials at 3—4-h
intervals on 2 separate days. During the training sessions,
the rod was set to accelerate from 4 to 30 rpm over a 180-s
period. During test sessions, the performance times of rats
were recorded up to a cut-off time of 180 s. Three measure-
ments were obtained at intervals of 5 min and were averaged
for each test.

Western Blot Analysis

Rats were deeply anesthetized, and dorsal horn (L4-5)
samples were rapidly removed. The samples were
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homogenized in lysis buffer containing a mixture of
25 mM Tris-HCI, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS, and protease inhibitor mixture
(Roche). Samples were then put on ice for 1 h with shak-
ing. Lysates were centrifuged at 14,000 rpm for 20 min at
4 °C. The supernatant was carefully collected, and the pro-
tein concentration was measured using a BCA protein as-
say reagent kit (Pierce, Rockford, IL, USA). Equal amount
of protein was loaded and separated on SDS-PAGE (Bio-
Rad) and transferred to PVDF membranes (Millipore). The
membranes were blocked with 5% nonfat milk or BSA in
TBS with 0.1% Tween-20 for 1 h, and incubated with
primary antibodies at 4 °C for 1 h, following by
peroxidase-conjugated secondary antibodies for 1 h at room
temperature. Signals were visualized using enhanced chemi-
luminescence detection kit (ECL Plus, Millipore), and then
capture by subjected to densitometric analysis using
Science Lab 2003 software (Fuji, Tokyo, Japan). The pri-
mary antibodies were as follows: anti-CARMI1 (rabbit,
1:1000, Millipore, Billerica, Massachusetts), anti-PRMT6
(rabbit, 1:1000, Cell Signaling, Beverly, MA, USA), anti-
ub (rabbit, 1:1000, Millipore, Billerica, Massachusetts),
anti-SKP2 (rabbit, 1:1000, Cell Signaling, Beverly, MA,
USA), anti-Fbxo3 (rabbit, 1:1000, Abcam, Cambridge,
USA), anti-Kv1.4 (rabbit, 1:1000, Abcam, Cambridge,
USA), anti-Kv4.2 (rabbit, 1:1000, Abcam, Cambridge,
USA, anti-H3R17me2 (rabbit, 1:1000, Abcam, Cambridge,
USA), anti-H3 (rabbit, 1:1000, Abcam, Cambridge, USA)
and anti-GAPDH (mouse, 1:2000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The secondary an-
tibodies were as follows: goat anti-rabbit IgG (1:8000,
Jackson ImmunoResearch, West Grove, PA, USA) and
goat anti-mouse IgG (1:8000, Jackson ImmunoResearch)
antibodies.

Co-precipitation Studies

Briefly, extractions of dorsal horn samples were incubated
with a rabbit polyclonal antibody against CARM1 (rabbit,
1:1000, Genetex, Irvine, CA, USA) overnight at 4 °C. At
1:1 slurry protein agarose suspension (Millipore) was added
to the protein immunocomplex, and the mixture was incubat-
ed at 4 °C for 2-3 h. Agarose beads were washed once with
1% (v/v) Triton X-100 in the immunoprecipitation buffer
(50 mM Tris-HCI, pH 7.4, 5 mM EDTA, 0.02% (w/v) sodium
azide), twice with 1% (v/v) Triton X-100 in immunoprecipi-
tation buffer plus 300 mM NaCl, and three times with only
immunoprecipitation buffer. The bound proteins were eluted
in SDS-PAGE sample buffer at 95 °C. The proteins were then
separated on SDS-PAGE, electrophoretically transferred to
polyvinylidene difluoride membranes and detected using or
mouse anti-ubiquitin antibody (1:1000, Santa Cruz
Biotechnology, Santa Cruz, CA).

Immunofluorescence Analysis

Rats were deeply anesthetized and then transcardially per-
fused with PBS followed by 4% paraformaldehyde in PBS
(pH 7.4). The L4-5 segments of the spinal cord were removed
and postfixed for 4 h at 4 °C and then dehydrated in gradient
sucrose at 4 °C. Transverse spinal cord sections (30 um) were
cut on a cryostat and mounted on glass slides. The sections
were blocked with PBS containing 5% BSA and 0.1% Triton
X-100 for 1 h at room temperature. Subsequently, the sections
were incubated with rabbit anti-CARM]1 (1:200, Genetex,
Irvine, CA, USA), together with mouse monoclonal anti-
neuronal nuclear antigen (NeuN, a neuronal marker, 1:500,
Millipore, Billerica, Massachusetts), mouse anti-glial fibril-
lary acidic protein (GFAP, an astrocyte marker; 1:1000,
Millipore, Billerica, Massachusetts), or mouse anti-integrin
oaM (OX-42, a microglial marker; 1:500, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), overnight at 4 °C.
The sections were then incubated with mixture of Alexa
Fluor 488- or/594-conjugated secondary antibodies (1:1500,
Invitrogen, USA) for 1 h at room temperature, or DAPI
(1:1500, Invitrogen, USA) for 2 min at room temperature.
When examining the interaction between CARM1 (1:400,
Genetex, Irvine, CA, USA), H3R17me2 (rabbit, 1:1000,
Cell Signaling, Beverly, MA, USA) and Kv1.4 or Kv4.2 (rab-
bit, 1:400, Abcam, Cambridge, USA), the specific antibodies
were mixed with 10X reaction buffer (Mix-n-Stain, Biotium,
Hayward, CA, USA) at a ratio of 1:10. Then, the solution was
transferred to a vial containing dye (CF, Biotium) and incu-
bated in the dark (30 min, room temperature). Then, the sam-
ple sections were sequentially incubated (overnight, 4 °C)
with diluted solutions, and washed 5 times between each in-
cubation. The sections were subsequently rinsed in PBS, and
coverslips were applied. After excitation, the fluorescent
markers were easily detected using a camera-coupled device
(X-plorer; Diagnostic Instruments, Inc., USA) using fluores-
cence microscopy (LEICA DM2500, Germany).

Chromatin Immunoprecipitation-qPCR

Chromatin immunoprecipitation (ChIP) was performed using
a ChIP Kit (Millipore, Billerica, Massachusetts) according to a
modified protocol from the manufacturer. Dissected dorsal
horn (L4-5) samples were cut into small pieces (1-2 mm?)
using razor blades, treated with fresh 1% paraformaldehyde in
PBS buffer, and gently agitated for 10 min at room tempera-
ture to crosslink proteins to DNA. Subsequently, the tissues
were washed and re-suspended in lysis buffer, and the lysates
were sheared by sonication to generate chromatin fragments
with an average length of 200-1000 bp. One percent of the
sonicated chromatin was saved as an input control for qPCR.
The chromatin was then immunoprecipitated for 2 h at room
temperature with anti-CARMI1 (rabbit, 1:1000, Millipore,
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«Fig. 1 SNL downregulates CARM1 expression in the dorsal horn
accompanied by behavioral allodynia. (a) Diagram of the timeline of this
experiment. (b) The time course of SNL-decreased the ipsilateral paw
withdrawal threshold after operation. Sham, sham operation group.
SNL, spinal nerve ligation. IPSI, ipsilateral. CONTRA, contralateral.
#%p <0.01 versus Sham IPSL *p <0.05, #p <0.01 versus SNL IPSI
day —1. Each group has 6 rats. Two-way ANOVA, group, F3 29, =
63.74, p <0.0001; time, F4 g0y =2.986, p =0.0237; interaction, F;,
s0) =2.860, p =0.0025. (c) Representative Western blot and statistical
analyses (normalized to GAPDH) demonstrating the time course of
SNL-decreased CARM1 expression in the ipsilateral dorsal horn after
operation. IB, Immunoblotting. I, ipsilateral. C, contralateral. **p <
0.01 versus Sham IPSL. #p < 0.01 versus SNL IPSI day — 1. Each group
has 5 rats. Two-way ANOVA, group, F 3, 16 = 14.69, p <0.0001; time,
Fa, 64y =2.581, p =0.0455; interaction, F1,, ¢4y =6.141, p <0.0001. (d)
Representative Western blot and statistical analyses (normalized to
GAPDH) demonstrating SNL-decreased CARM1 expression in the ipsi-
lateral dorsal horn at day 7 after operation in male and female rats. **p <
0.01 versus male IPSI — 1 or female IPSI — 1. Each group has 4 rats.
Unpaired ¢ tests. (e) In the ipsilateral dorsal horn, SNL (SNL 7D) de-
creased CARM1 immunofluorescence (red, 2, 5), which colocalized with
NeuN (green, 7, a neuronal marker) not OX-42 (green, 8, a microglial
marker) or GFAP (green, 9, an astrocytic marker) at day 7 after operation.
Scale bar=50 pm. Thickness =30 um. **p <0.01 versus Sham IPSL
#1 <0.01 versus SNL IPSI day — 1. Each group has 6 rats. Unpaired
tests

Billerica, Massachusetts), anti-H3R17me2 (rabbit, 1:1000,
Genetex, Irvine, CA, USA) or an equivalent amount of control
IgG. The protein-DNA immunocomplexes were precipitated
overnight using protein G magnetic beads at 4 °C. After the
beads were washed, they were re-suspended in ChIP elution
buffer, incubated with proteinase K at 62 °C for 2 h, and then
incubated at 95 °C for 10 min to reverse the protein-DNA
crosslinks. ChIP signals were quantified via a SYBR Green
method quantitative PCR analysis on a QuantStudio 3 Real-
Time PCR System (Thermo Fisher Scientific) or a 7500 Real-
Time PCR System (Applied Biosystems, Carlsbad, CA). The
specific primer pairs for the Kcna4 and Kend2 promoter re-
gion are described below.

Kcna4: 5'-GAAGCAGCACCAAGCTATCC-3' and 5'-
CCCACGACTGCTTAGCTTCT-3".
Kend2: 5'- CTGGCTTTTGGGAAGGTGAC-3'" and 5'-
CATACCTGGCAAAGTACGCG-3".

Quantitative PCR

Animals were deeply anesthetized with isoflurane and the
dorsal horn (L4-5) tissues were rapidly removed and
completely submerged in a sufficient volume of RNAlater
solution (Ambion, Thermo Fisher Scientific, Waltham,
USA) overnight at 4 °C to allow thorough penetration of the
tissue and then transferred to 80 °C. Total RNA was isolated
under RNase-free conditions. Total RNA was extracted from
the dorsal horn using using RNA isolation kits (74,106;

Qiagen, Valencia, CA, USA) the TRIzol-chloroform total
RNA extraction system and treated with DNase I
(Invitrogen, Carlsbad, CA). cDNA was prepared by using
the Superscript III first-strand synthesis kit and treated by
RNase H (Invitrogen, Carlsbad, CA). Reverse transcription
was performed using complementary DNA reverse transcrip-
tion kits (205,311; Qiagen, Valenica, CA). Real-time PCR
was performed on a QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific) or 7500 Real-Time PCR system
(Applied Biosystems, Carlsbad, CA). TagMan Universal
PCR Master Mix (2X) and TagMan gene expression assay
probes for target genes were GAPDH (Rn99999916 sl,
Applied Biosystems, Carlsbad, CA), Kvl.4
(Rn02532059 _s1, IDT, Coralville, TA, USA), and Kv4.2
(Rn00581941 ml, IDT, Coralville, IA, USA). Reactions (to-
tal volume, 20 ul) were performed by incubating at 95 °C for
20 s, followed by 40 cycles of 1 s at 95 °C and 20 s at 60 °C.
Relative mRNA levels were calculated according to the 2
“**CT method [37]. All CT values were normalized to
GAPDH.

Intrathecal Catheter Implantation

The protocol for implantation of intrathecal cannulae was
as described in our previous study [32]. To surgically
implant an intrathecal catheter, we anesthetized rats with
isoflurane (induction, 5%; maintenance, 2% in air) and
implanted PE-10 catheter in the dorsal aspect of lumbar
enlargement of the spinal cord of rats. Once the catheter
was in place, the outer part of the catheter was plugged
and immobilized onto the skin on closure of the wound.
After 3 days of recovery, animal with any sign of neuro-
logical deficits were discarded and excluded from further
experiments.

Small Interfering RNA

The siRNA targeting CARMI1 (5'-
AAUAUGUGGAAUACGGGAA-3') and the universal
negative control siRNA (missense siRNA, 5'-
UGAUAUUACCCUGAAUAUG-3") were purchased from
Dharmacon (Lafayette, CO, USA). On the day of injec-
tion, siRNA was mixed with the transfection reagent iFect
(Neuromics, Edina, MN) to a final concentration (100 ng,
10 puL) according to the protocol for intrathecal injection,
were administered intrathecally for once daily for 4 con-
secutive days (daily from days 0 to 3 of naive rat).
Twenty-four hours after the last injection (day 4 after in-
jection), the dorsal horn (L4-5) samples were harvested
and used for qPCR, ChIP-gPCR, and Western blot analy-
ses. Behavioral studies were tested every day until sample
harvested (form day 0 to day 4).
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Spinal Slice Preparations and Electrophysiological
Recordings

Under anesthesia with isoflurane (5% for induction, 2% for
maintenance in oxygen), the rat lumbar spinal cord was quick-
ly removed and placed in cutting buffer bubbled with 95% O,/
5% CO,. The cutting buffer consisted of the following (in
mM): 234 sucrose, 3.6 KCI, 1.2 MgCl,, 2.5 CaCl,, 1.2
NaH,POy,, 12 glucose, and 25 NaHCOs;. Transverse spinal
cord slices (400 pm) were cut at the L5—L6 level by vibratome
(DTK1000, Dosaka). After dissection, slices were equilibrat-
ed in artificial CSF (aCSF) at room temperature for >1 h
before recording. The aCSF consisted of the following (in
mM): 117 NaCl, 4.5 KCl, 2.5 CaCl,, 1.2 MgCl,, 1.2
NaH,PO,, 25 NaHCOs;, and 11.4 dextrose bubbled with
95% 0,/5% CO,, pH 7.4. The Kv currents were recorded in
the spinal dorsal horn neurons. The lamina IT area of the dorsal
horn was identified by a translucent band in the superficial
dorsal horn on an upright fixed-stage IR-DIC microscope
(BX51WI, Olympus, Tokyo, Japan). Spinal lamina I and outer
lamina IT were selected for recordings, as previously described
[38]. Glass pipettes (resistance, 6—8 M(2) were pulled and
filled with an internal solution containing the following (in
mm): 125 K* gluconate, 5 KCI, 5 BAPTA, 0.5 CaCl2, 10
HEPES, 5 MgATP, and 0.33 GTP-Tris, pH 7.3, 280 mOsm/
L. All electrophysiological signals were acquired using an
Axon setup (Molecular Devices). The whole-cell Kv current
was recorded by using a series of depolarizing voltages from
=70 to 60 mV (400-ms pulse duration) in 10-mV increments
at 2-s intervals. Signals were sampled by pPCLAMP 9.2 via an
amplifier (Axopatch 200B) and an analog-to-digital converter
(Digidata 1322A), filtered at 2-5 kHz, digitized at 10 kHz,
and stored for off-line analysis.

Drugs and Drug Administration

The TP 064 (CARMI inhibitor; 10, 30, 300 nM, 10 uL;
Tocris Bioscience, Bristol, UK) and the vehicle solution were
intrathecal administered by single bolus injection in naive rats.
For the time course experiment, we measured the paw with-
drawal threshold at every 1 h interval until 6 h after intrathecal
injection. Four hours after the injection, the dorsal horn (L4—
5) samples were harvested and used for Western blot analyses,
ChIP-gPCR, and electrophysiological recordings. The BC-
1215 (a novel inhibitor of Fbxo3 activity; 100 nM, 10 uL,
Merck) and the vehicle solution were intrathecal administered
by single bolus injection in SNL rats. Two or 4 h after the
injection the dorsal horn (L4-5) samples were harvested and
used for qPCR. Four hours after the injection the dorsal horn
(L4-5) samples were harvested and used for Western blot
analyses, IP, ChIP-qPCR, electrophysiological recordings
and behavioral tests.
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Statistical Analysis

All the data in this study were analyzed using Sigma Plot 10.0
(Systat Software) or Prism 6.0 (GraphPad) and are expressed
as the mean + S.E.M. Statistical comparison was performed
by one-way ANOVA (using Bonferroni correction for post
hoc analysis), two-way ANOVA (using Bonferroni correction
for post hoc analysis), or unpaired Student’s ¢ test where ap-
propriate. Significance was set at p < 0.05.

Results
SNL Decreases Spinal CARM1 Expression

To examine the role of spinal CARM1 in the development of
neuropathic pain, we used SD rats with spinal nerve ligation
(SNL), an animal model mimicking neuropathic injury [35,
36]. Our SNL procedure successfully induced tactile
allodynia, as evidenced by decrements in the withdrawal
threshold of the ipsilateral hind paw of rats on days 3, 7, 14,
and 21 after operation (Fig. 1b). SNL decreased the expression
of CARML in the ipsilateral dorsal horn on days 3, 7, 14, and
21 after operation with a time course that matched the SNL-
induced allodynia (Fig. lc), indicating that spinal CARM1
protein expression was inversely correlated with SNL-
induced allodynia. Further analysis revealed that SNL de-
creased the expression of CARMI in the ipsilateral dorsal
horn at day 7 in both gender, and there was no significant
difference in CARM1 protein expression in either gender,
suggesting that there was no gender difference in this region
after SNL (Fig. 1d). To determine the cellular distribution of
CARMI in the dorsal horn, we next labeled spinal cord slices
dissected at day 7 after operation (time-point SNL rats
displayed maximal behavioral allodynia and lowest spinal
CARMI protein expression) using specific antibodies. SNL
decreased CARM1 immunofluorescence in the ipsilateral dor-
sal horn on day 7 after operation (Fig. 1e), and double-labeling
revealed that CARM1 immunofluorescence colocalized with
neuronal, but not microglial or astrocyte, markers (Fig. le).
Collectively, these results indicated that SNL provokes behav-
ioral allodynia, accompanied by decreased CARMI1 expres-
sion selectively in ipsilateral dorsal horn neurons.

Knockdown of Spinal CARM1 Expression Provokes
Tactile Allodynia

Based on the above observations, we next used siRNA
targeting the CARM1 gene to validate the role of spinal
CARMI in neuropathic pain. CARMI1 siRNA (100 ng;
10 puL; once daily for 4 days) reduced CARM1 expression
but not PRMT6 expression in the dorsal horn of naive rats at
day 4 after injection (Fig. 2b, ¢). Considering that PRMTG6 has
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polyethylenimine (PEIL a transfection reagent, 10 pL) led to decrease in
CARMLI levels in the dorsal horn of naive rats at day 4 after injection. IB,
Immunoblotting. **p < 0.01 versus Naive. *p < 0.01 versus MS siRNA.
Each group has 5 rats. One-way ANOVA, Fi5 16 =15.35,p <0.0001. (c)
Representative Western blot and statistical analysis (normalized to
GAPDH) demonstrating that intrathecal administration of CARM1
siRNA (100 ng; 10 pL; once daily for 4 days) did not decrease in
PRMTG6 levels in the dorsal horn of naive rats at day 4 after injection.
Each group has 5 rats. One-way ANOVA, F3 16, =0.2426, p = 0.8654.

similar sequences of CARMI in the PRMT type I family, we
confirmed the efficacy and specificity of our knockdown pro-
tocols. The naive and CARMI siRNA-treated groups exhib-
ited no significant differences in motor performance, as
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(d) Rota-rod test demonstrating no statistical difference in the motor per-
formance among Naive, PEI, MS siRNA, and CAMI siRNA groups
(100 ng; 10 puL; once daily for 4 days). The gray bar at the bottom
indicates the duration of the reagents’ intrathecal administration. Each
group has 6 rats. Two-way ANOVA, group, F3 1) =1.842, p =
0.1720; time, Fa, g0y = 1.222, p =0.3082; interaction, F,, o) = 0.9595,
p =0.4939. (e) Results of the von Frey test demonstrating that adminis-
tering naive rats with CARM1 siRNA (100 ng; 10 pL; once daily for
4 days) decreased the withdrawal threshold of the hind paw atdays 1, 2, 3,
and 4 after the injection. The gray bar at the bottom indicates the duration
of the reagents’ intrathecal administration. *p < 0.05, **p <0.01 versus
Naive. ™p <0.01 versus MS siRNA. Each group has 6 rats. Two-way
ANOVA, group, F 3, 29) =32.47, p <0.0001; time, F4, g0y =5.394, p =
0.0007; interaction, F12, o) =4.405, p <0.0001

measured by the rota-rod test (Fig. 2d), indicating that neither
our procedures nor CARM1 siRNA itself led to motor deficits
in rats. Intriguingly, CARM1 siRNA provoked allodynia in
naive animals (Fig. 2¢). These data provide a genetic basis to
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<« Fig. 3 SNL induces spinal Fbxo3-dependent CARM1 ubiquitination to
induce behavioral allodynia. (a) Diagram of the timeline of this experi-
ment. (b) SNL increased CARM1 ubiquitination in the ipsilateral, not
contralateral, dorsal horn at day 7 after the operation (SNL 7D). 1, ipsi-
lateral. C, contralateral. IB, immunoblotting. Sham 7D, sham operation at
day 7. SNL 7D, SNL operation at day 7. **p < 0.01 versus Sham 7D IPSL
#1 <0.01 versus SNL 7D CONTRA. Each group has 5 rats. Unpaired ¢
tests. (c) Representative Western blot and statistical analyses (normalized
to GAPDH) demonstrating SNL increased Fbxo3, not SKP2, expression
in the ipsilateral dorsal horn on day 7 after operation. **p <0.01 versus
Sham 7D. Each group has 5 rats. Unpaired ¢ tests. (d)—(f) Intrathecal BC-
1215 (100 nM, 10 pL, at 4 h after injection) into SNL rats significantly
increased the ipsilateral paw withdrawal threshold in accompanied with a
decreased ubiquitination and increased expression of CARMI protein in
the ipsilateral dorsal horn. *p < 0.05, **p <0.01, versus SNL 7D. *p <
0.01 versus SNL 7D+Veh. Each group has 6 (d), 5 (e), or 4 (f) rats. (d)
One-way ANOVA, F, 15 =21.89, p <0.0001. (¢) One-way ANOVA,
F(z, 12) =2468, p <0.0001. (f) One—way ANOVA, F(z’ 9) = 9971, p=
0.0052. (g) Intrathecal injection of CARMI siRNA (CARMI siRNA;
100 ng; 10 pL; once daily for 4 days) into naive rats did not affect the
expression levels of Fbxo3 protein in the dorsal horn at day 4 after injec-
tion. Each group has 5 rats. One-way ANOVA, F(, 1 =1.601, p =
0.2419

support the notion that downregulated CARM1 expression is
an essential factor for the spinal machinery underlying the
development of tactile allodynia.

SNL Facilitates Spinal Fbxo3-Dependent CARM1
Ubiquitination

CARMI1 downregulation by ubiquitination-dependent
CARMI1 degradation is considered a critical factor in the de-
velopment of diabetic nephropathy [39]. A study has shown
that the stability of CARMI1 is regulated by the F-box super-
family of E3 proteins, including S-phase kinase-associated
protein 2 (SKP2; also known as Fbxl1) [40]. Considering that
our laboratory has linked spinal Fbxo3 (a member of the F-
box family)-dependent ubiquitination to neuropathic pain pa-
thology [31, 32], we further speculated that spinal CARMI1
downregulation contributes to neuropathic allodynia by F-box
family-dependent CARM1 ubiquitination. SNL predictably
increased CARM1 ubiquitination in the ipsilateral, not contra-
lateral, dorsal horn on day 7 after operation (Fig. 3b).
Considering that the observed CARM1 ubiquitination chang-
es reflect only the ipsilateral side, subsequent examinations
were conducted in the ipsilateral side. SNL increased the
abundance of Fbxo3 in the ipsilateral dorsal horn on day 7
after operation (Fig. 3¢). Unpredictably, SKP2 expression in
the ipsilateral dorsal horn was not affected on day 7 after SNL
(Fig. 3c). The results of the von Frey test demonstrated that
administering BC-1215 (a novel activity inhibitor of Fbxo3;
100 nM, 10 puL) to SNL rats at 4 h after injection reversed
SNL-induced behavioral allodynia on day 7 after operation
(Fig. 3d). Interestingly, administering BC-1215 to SNL rats
at 4 h after injection reversed not only SNL-enhanced

CARMI1 ubiquitination but also SNL-decreased CARM1 ex-
pression in the ipsilateral dorsal horn on day 7 after operation
(Fig. 3e, f). In addition, we observed that administering
CARMI1 siRNA (100 ng; 10 pL; once daily for 4 days) to
naive rats did not affect the abundance of Fbxo3 in the dorsal
horn on day 4 after injection (Fig. 3g), indicating that Fbxo3 is
upstream of CARM1. Collectively, these results suggest that
SNL-decreased CARMI1 expression participates in the devel-
opment of neuropathic pain by Fbxo3-dependent CARMI1
ubiquitination in the dorsal horn.

SNL-Enhanced Spinal Fbxo3/CARM1 Signaling
Modifies Epigenetic Silencing of K* Channel Genes

CARMI is a well-known histone epigenetic modification
marker for transcriptional activation [6, 7]. Notably, histone
epigenetic process-associated impairment of K* channel
genes (Kcna4 and Kcnd?2) is observed in neuropathic pain
[28]. Moreover, regulation of K* channels is mediated by
ubiquitination in the nervous system [41]. Considering that
attenuation of the histone epigenetic coactivator CARM1 de-
creased gene transcription, we hypothesized that spinal
Fbxo3/CARMI signaling contributes to neuropathic pain hy-
persensitivity by decreasing the transcription of Kcna4 and
Kcnd2. Supporting our hypothesis, RT-PCR revealed that
SNL decreased the mRNA expression of Kcna4 and Kcnd?2
in the ipsilateral dorsal horn, which was markedly inhibited by
BC-1215 (100 nM, 10 uL) at 4 h after injection (Fig. 4b).
Further analysis revealed that administering BC-1215
(100 nM, 10 uL) to SNL rats at 2 h after injection also re-
versed SNL decreased the mRNA expression of Kcna4 not
Kend?2 in the ipsilateral dorsal horn on day 7 after operation
(Fig. 4c). Western blot analyses revealed that SNL also de-
creased the protein expression of Kv1.4 (encoded by Kcna4)
and Kv4.2 (encoded by Kcnd?) in the ipsilateral dorsal horn,
which were markedly inhibited by BC-1215 (100 nM, 10 uL)
at 4 h after injection (Fig. 4d). Moreover, ChIP-qPCR assay
revealed that SNL decreased the amounts of CARMI
antibody-recognized Kcna4 and Kcnd2 promoter fragments
in the ipsilateral dorsal horn samples; these effects were re-
versed by BC-1215 (100 nM, 10 uL) at 4 h after injection
(Fig. 4e). Finally, we performed electrophysiological experi-
ments to determine whether Fbxo3 inhibition could restore the
Kv currents reduced by SNL in dorsal horn neurons. We con-
ducted whole-cell patch-clamp Kv current recordings in acute-
ly dissociated ipsilateral dorsal horn neurons from Sham 7D
rats, SNL 7D rats, and SNL 7D rats administered intrathecal
BC-1215 (100 nM, 10 pL) at 4 h after injection. The peak
amplitudes of potassium currents in the ipsilateral spinal dor-
sal horn neurons were significantly lower in SNL 7D rats than
in Sham 7D rats (Fig. 4f). Intrathecal treatment with BC-1215
significantly restored the potassium currents of the ipsilateral
spinal dorsal horn neurons in SNL rats (Fig. 4f). Collectively,
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<« Fig. 4 SNL induces Fbxo3-dependent CARM1 ubiquitination to de-
crease K* channel expression in the dorsal horn. (a) Diagram of the
timeline of this experiment. (b) Intrathecal BC-1215 (100 nM, 10 pL, at
4 h after injection) reversed SNL-decreased expression levels of Kcna4
and Kcnd2 mRNA in the ipsilateral dorsal horn. **p < 0.01 versus Sham
7D. " <0.01 versus SNL 7D. ™p <0.01 versus SNL 7D. Each group
has 5 rats. Kcna4, one-way ANOVA, F5 16,=20.95, p <0.0001. Kcnd2,
one-way ANOVA, F3 16 =36.06, p <0.0001. (c) Intrathecal BC-1215
(100 nM, 10 pL, at 2 h after injection) reversed SNL-decreased expres-
sion levels of Kcna4, not Kend2, mRNA in the ipsilateral dorsal horn.
*p <0.05, **#p <0.01 versus SNL 7D+Veh 4 h. Each group has 5 rats.
Kcnad4, one-way ANOVA, F(5 1) =8.808, p =0.0044. Kcnd2, one-way
ANOVA, F5 12y=5.412, p =0.0211. (d) Intrathecal BC-1215 (100 nM,
10 uL, at 4 h after injection) reversed SNL-decreased expression levels of
Kv1.4 and Kv4.2 in the ipsilateral dorsal horn. **p <0.01 versus Sham
7D. *p <0.05, #p <0.01 versus SNL 7D. *p <0.01 versus SNL 7D+
Veh. Each group has 5 rats. Kv1.4, one-way ANOVA, F3 16 =16.73,
p <0.0001. Kv4.2, one-way ANOVA, F5 16, =14.87, p <0.0001. (e)
Intrathecal BC-1215 (100 nM, 10 pL, at 4 h after injection) reversed
SNL-decreased abundance of Kcna4 and Kcnd2 promoter fragments
immunoprecipitated by CARM1-specific antibodies in the ipsilateral dor-
sal horn. **p < 0.01 versus Sham 7D. *p < 0.05, *p < 0.01 versus SNL
7D. **p <0.01 versus SNL 7D+Veh. Each group has 5 rats. Kv1.4, one-
way ANOVA, F3 16,=26.59, p <0.0001. Kv4.2, one-way ANOVA, F3,
16)=42.97, p <0.0001. (f) Representative traces of K* currents recorded
from dorsal horn neurons dissected 7 days after Sham (Sham 7D), SNL
operation (SNL 7D) and SNL operation with BC-1215 (SNL 7D + BC-
1215, 100 nM, 10 pL, at 4 h after injection). **p < 0.01 versus Sham 7D.
#p <0.05, ™p < 0.01 versus SNL 7D. Each group has 78 rats. Two-way
ANOVA, group, F(z} 19) = 3919,p = 00376, time, F(15, 285) = 1981,p <

0.0001; interaction, F 30, 285y = 5.086, p <0.0001

these data indicate that Fbxo3/CARMI1 ubiquitination signal-
ing causes epigenetic silencing of the Kcna4 and Kend?2 genes
in the dorsal horn, leading to the development of neuropathic
pain.

Focal Knockdown of CARM1 Diminishes Spinal
CARM1-Activated K* Channel Genes to Induce
Allodynia

To directly determine whether diminished CARMI-
dependent activation of K* channel genes in the dorsal horn
induces tactile allodynia, we used the CARM1 siRNA ap-
proach to validate our findings. Intriguingly, administering
CARMI siRNA (100 ng; 10 uL; once daily for 4 days) to
naive rats decreased the mRNA and protein expression levels
of Kcna4 (Kvl.4) and Kcend2 (Kv4.2) in the dorsal horn on
day 4 after injection (Fig. 5b, c). Furthermore, ChIP-qPCR
demonstrated that administering CARM1 siRNA (100 ng;
10 pL; once daily for 4 days) to naive rats significantly de-
creased CARM1 antibody-recognized Kcna4 and Kend?2 pro-
moter fragments in the dorsal horn samples on day 4 after
injection (Fig. 5d). Together, these findings suggest that
CARMI has an important function in the transcription of K*
channel genes in the dorsal horn and that impeding spinal
CARMI-dependent activation of Kcna4 and Kcnd?2 transcrip-
tion can affect neuropathic pain.

SNL-Enhanced Fbxo3/CARM1 Signaling Modifies the
Epigenetic Silencing of Spinal K* Channel Genes by
Decreasing H3R17me2 at the Promoter

CARM1, which belongs to the protein arginine methyltrans-
ferase family, has been demonstrated to mainly catalyze
H3R17me2 for epigenetic transcriptional activation [6, 7].
Therefore, we next determined whether SNL-enhanced
Fbxo3/CARMI signaling affects H3R17me2 at the Kcna4
and Kcnd?2 promoters to mediate neuropathic allodynia devel-
opment. Consistent with behavioral allodynia, decreased
CARMI expression, increased Fbxo3 expression and en-
hanced CARM1 ubiquitination in the ipsilateral dorsal horn
were observed on day 7 after operation; SNL indeed de-
creased the levels of H3R17me? in the ipsilateral dorsal horn
on day 7 after operation (Fig. 6b), and this effect was blunted
by administering BC-1215 (100 nM, 10 puL, at 4 h) to SNL
rats. Intrathecal administration of CARM1 siRNA (100 ng;
10 pL; once daily for 4 days) to naive rats also decreased
the expression levels of H3R17me2 in the dorsal horn on
day 4 after injection (Fig. 6¢). Moreover, ChIP-qPCR demon-
strated that SNL decreased the amounts of H3R17me2
antibody-recognized Kcna4 and Kcnd?2 promoter fragments
in the ipsilateral dorsal horn samples; these effects were re-
versed by treating the SNL rats with BC-1215 (100 nM,
10 uL, at 4 h; Fig. 6d). In addition, intrathecal administration
of CARM1 siRNA (100 ng; 10 pL; once daily for 4 days) to
naive rats markedly decreased the amounts of H3R17me2
antibody-recognized Kcna4 and Kcnd2 promoter fragments
in the dorsal horn samples on day 4 after injection (Fig. 6e).
Furthermore, the images of spinal slices dissected on postop-
erative day 7 revealed SNL-decreased CARM1-positive,
H3R17me2-positive, Kv1.4-positive, Kv4.2-positive,
CARMI1/H3R17me2/Kv1.4 triple-labeled puncta and
CARMI1/H3R17me2/Kv4.2 triple-labeled puncta in the ipsi-
lateral dorsal horn, which were markedly reversed by BC-
1215 administration (100 nM, 10 uL, at 4 h; Fig. 7b—d).
Thus, these data indicate that the SNL-induced downregula-
tion of the transcription of Kcna4 and Kend?2 in the dorsal horn
is associated with a decrease in the enrichment of CARMI1-
dependent H3R17me2 by Fbxo3/CARMI1 signaling.

Inhibition of CARM1-Mediated Histone Methylation at
the K™ Channel Gene Promoter in the Dorsal Horn
Induces Pain Hypersensitivity

To further provide pharmacological evidence supporting the
induction of tactile allodynia by inhibition of spinal CARM1-
mediated arginine methyltransferase activity at the K* channel
gene, we next examined the effects of intrathecal injection of
TP 064, a selective CARM]1 inhibitor, into naive rats.
Compared to the vehicle solution, intrathecal administration
of TP 064 (10, 30, and 300 nM, 10 uL) to naive rats dose-
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<« Fig. 5 CARM1 knockdown impeded CARMI coupling at K* gene to
decrease dorsal horn K* channel expression. (a) Diagram of the timeline
of this experiment. (b) Intrathecal CARMI1 siRNA (CARMI1 siRNA;
100 ng; 10 pL; once daily for 4 days) into naive rats decreased the
expression levels of Kcna4 and Kcnd2 mRNA in the dorsal horn at day
4 after injection. IB, Immunoblotting. **p < 0.01 versus Naive. #p < 0.01
versus MS siRNA. Each group has 5 rats. Kcna4, one-way ANOVA, F,,
12y =21.3, p =0.0001. Kcnd2, one-way ANOVA, F, 12 =17.04,
p= 0.0003. (c) Intrathecal CARMI siRNA (CARMI1 siRNA; 100 ng;
10 pL; once daily for 4 days) into naive rats decreased the expression
levels of Kv1.4 and Kv4.2 proteins in the dorsal horn at day 4 after
injection. IB, Immunoblotting. **p <0.01 versus Sham 7D. *p <0.05,
#p <0.01 versus MS siRNA. Each group has 5 rats. Kv1.4, one-way
ANOVA, F(5, 12) =8.698, p =0.0046. Kv4.2, one-way ANOVA, F,
12y =10.28, p= 0.0025. (d) Intrathecal CARM1 siRNA (CARMI1
siRNA; 100 ng; 10 uL; once daily for 4 days) into naive rats decreased
abundances of Kcna4 and Kcnd2 promoter fragments
immunoprecipitated by CARM1-specific antibodies in the dorsal horn
at day 4 after injection. **p <0.01 versus Naive. "p <0.05, #p <0.01
versus MS siRNA. Each group has 5 rats. Kcna4, one-way ANOVA, F,,
12) =23.13, p <0.0001. Kcnd2, one-way ANOVA, F, 12 =7.398,
p=0.0081

dependently induced behavioral allodynia in the hind paw at
2-6 h after injection (Fig. 8b). Western blot analyses further
revealed that intrathecal administration of TP 064 (300 nM,
10 uL) to naive rats markedly inhibited the expression levels
of H3R17me2, Kv1.4 and Kv4.2, but not Fbxo3 or H3, in the
dorsal horn at 4 h after injection (Fig. 8c). Notably, intrathecal
administration of TP 064 (300 nM, 10 uL) to naive rats sig-
nificantly decreased CARM1 and H3R17me2 antibody-
recognized Kcna4 and Kcnd?2 promoter fragments in the dor-
sal horn samples at 4 h after injection (Fig. 8d, e), indicating
that TP 064 treatment led to the loss of CARM1 and
H3R17me2 binding at the Kcna4 and Kcnd2 promoters. In
addition, we conducted whole-cell patch-clamp Kv current
recordings with dorsal horn neurons from naive rats and
naive rats acutely treated with TP 064 (300 nM, 10 uL, at
4 h). The peak amplitudes of potassium currents in spinal
dorsal horn neurons were significantly lower in the naive rats
treated with TP 064 at 4 h after injection (Fig. 8f). These
observations indicate that TP 064 induced allodynia by
disrupting CARM1-mediated H3R17me2 at the Kcna4 and
Kcnd?2 promoters in the dorsal horn.

Discussion

Chronic pain is a public health problem that leads to patient
debilitation and a decrease in quality of life [1]. Our results
reveal that decreased CARM 1-mediated H3R17me?2 at the K*
channel promoter of dorsal horn neurons underlies the devel-
opment of neuropathic allodynia. We further characterized
that SNL-induced CARM1 downregulation by Fbxo3-
related CARM1 ubiquitination, and this signaling modified
the epigenetic silencing of K* channel genes in the dorsal

horn. Importantly, we demonstrated that interrupting Fbxo3-
mediated CARM1 ubiquitination using BC-1215 is a target
for relieving neuropathic allodynia. These results link histone
arginine methylation to F-box family-dependent
ubiquitination in the dorsal horn, which underlies neuropathic
pain, and provide novel insight into the spinal mechanism
mediating allodynia. Thus, these findings indicate a possible
medical epigenetic and ubiquitination strategy for neuropathic
relief by targeting the Fbxo3-CARMI1-H3R17me2-K* chan-
nel functional axis in the dorsal horn.

The PRMT-induced arginine methylation of synaptic
proteins has attracted interest in recent years [42].
PRMTs catalyze the methylation of arginine residues in
proteins, including those of types I, 11, and III [43], which
are present in neuronal cells [42, 44]. CARMI, also
known as PRMT4, is expressed in neurons and functions
as a posttranslational coactivator [12, 45]. Notably, tran-
scription of CARMI1 is downregulated following the in-
duction of differentiation through neurotrophic signaling
in neurons [46]. Pharmacological inhibition of CARM1
activity increased dendritic arborization and spine matu-
ration in hippocampal neurons [11]. Genetic knockdown
of CARMI expression results in precocious dendritic
maturation, with increased spine width and density at
sites along dendrites and the induction of mushroom-
type spines in hippocampal neurons [12]. These works
link CARMI1 to forms of activity-dependent plasticity in
brain regions. Considering that the current study revealed
that CARMI participates in the spinal plasticity underly-
ing the pathophysiology of behavioral allodynia, our find-
ings are supported by works investigating the epigenetic
modification of genes underlying pain-related spinal plas-
ticity, which resemble those of learning/memory forma-
tion in brain regions [4, 13, 47]. In addition, a proteome-
wide approach demonstrated that PRMTS is involved in
synaptic maturation and is potentially an epigenetic mod-
ulator of developmental neuroplasticity [48]. PRMTS has
been identified as an important molecule in regulating
neuron function and cognition in the mammalian brain
because PRMTS conditional knockout mice exhibit im-
paired hippocampal-dependent fear learning [49].
Therefore, the possible involvement of other spinal
PRMT candidates in neuropathic pain, including
PRMTS, needs to be clarified further.

Dysregulation and aberrant expression of PRMTs are
associated with various disease states [44]. Endometriosis
is associated with infertility and debilitating chronic pain,
and downregulation of CARMI1 protein expression is de-
tected in ectopic endometrium [50]. Similarly, CARMI
expression in podocytes is diminished in rats with
streptozotocin-induced diabetic neuropathy [39].
Consistent with these studies, we observed that SNL-
decreased spinal CARMI1 expression mediates the
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<« Fig. 6 SNL induces Fbxo3/CARMI signaling-mediated epigenetic si-
lencing H3R17me2 at K* channel genes promoter in dorsal horn. (a)
Diagram of the timeline of this experiment. (b) BC-1215 (100 nM,
10 uL, at 4 h after injection) reversed SNL-decreased expression levels
of H3R17me2 in the ipsilateral dorsal horn. IB, Immunoblotting.
#%p < 0.01 versus Sham 7D. *p < 0.05 versus SNL 7D. *p < 0.05 versus
SNL 7D+Veh. Each group has 5 rats. One-way ANOVA, F5 16,=11.26,
p =0.0003. (c) Intrathecal CARMI1 siRNA (CARMI siRNA; 100 ng;
10 uL; once daily for 4 days) decreased the level of H3R17me2 in the
ipsilateral dorsal horn at day 4 after injection. *p <0.05 versus Naive.
#p <0.01 versus MS siRNA. Each group has 5 rats. One-way
ANOVA, F(, 12y =8.306, p =0.0054. (d) Intrathecal BC-1215
(100 nM, 10 pL, at 4 h after injection) reversed SNL-decreased the
Kcna4 and Kend2 promoter fragments immunoprecipitated by
H3R17me2-specific antibodies in the ipsilateral dorsal horn of SNL rats.
#%p < 0.01 versus Sham 7D. *p < 0.05 versus SNL 7D. *p < 0.05 versus
SNL 7D+Veh. Each group has 5 rats. Kcna4, one-way ANOVA, F3,
16y =19.34, p <0.0001. Kcnd2, one-way ANOVA, F5 16 =25.5,p <
0.0001. (e) Intrathecal CARM1 siRNA (CARMI siRNA; 100 ng; 10 pL;
once daily for 4 days) decreased the Kcna4 and Kend2 promoter frag-
ments immunoprecipitated by H3R17me2-specific antibodies in the dor-
sal horn of naive rats at day 4 after injection. *p <0.01 versus Naive.
#p<0.05, #p <0.01 versus MS siRNA. Each group has 5 rats. Kcnad,
one-way ANOVA, F, |, =8.836, p =0.0044. Kcnd2, one-way
ANOVA, F5, 12)=7.645, p =0.0072

maintenance of behavioral allodynia. Nevertheless, a
study showed that peripheral nerve injury induced the
upregulation of the mRNA and protein expression of
CARMI; conversely, a CARMI inhibitor or knockdown
attenuated the induction and maintenance of neuropathic
pain [14]. Although the detailed mechanism is unclear,
several potential causes may underlie this discrepancy
between their results and ours. First, in contrast to the
current study, which investigated the histone arginine
methylation pattern in L4-5 spinal dorsal horn, their
study focused on L4 DRG. Because a study has shown
that pain-associated protein expression varies in different
levels of DRG after spared nerve injury-induced neuro-
pathic pain model [51]; and compelling evidence studies
has indicated the sensory impulses of the DRG, which
project onto the spinal cord, are required for neuropathic
pain [52]. These evidence indicated that protein expres-
sion varies in different levels of DRG could results dis-
tinct protein changes in the center nerve system; and
therefore underlies the discrepancy in CARMI expres-
sion. Moreover, studies have demonstrated inconsistent
changes in protein expression in response to neuropathic
insults between the DRG and spinal cord [28, 53].
Furthermore, their study used unilateral or bilateral L4
SNL whereas our study used unilateral L5-6 SNL, if
nerve injury of multiple and unique segments accounts
for the discrepancies between our study and the above
mentioned study. Finally, it worth notice that the animals
used in these study are different, i.e., the above men-
tioned study used C57BL/6 J mice, whereas our study
used SD rats. It is well recognized pain-associated

modification of molecules in the nervous system differs
among animal strains and species [54], indicating strains/
species difference might explain the discrepancies be-
tween these studies. Nevertheless, the specific mecha-
nisms underlying these discrepancies require further
investigation.

On the other hand, CARM1 is thought to be a coacti-
vator of inflammatory mediators such as NF-kB [55] and
has been implicated in the loss of spinal motor neurons in
spinal muscular atrophy [45]. It is worth noting that in-
flammation confers dual effects on nociceptive processing
[56], and inflammatory mediators have a role in pain and
analgesia [57]. Moreover, some results have reported that
CARMI1 methyltransferase activity is dispensable for the
expression of a subset of NF-kB target genes [55, 58],
indicating that CARM1 has a methyltransferase-
independent role in NF-kB regulation. Furthermore,
CARMI1 is best known as a transcriptional regulator
through its methylation of histones and transcription
factors/co-regulators but has also emerged as a factor that
influences posttranscriptional processes, including alterna-
tive pre-mRNA splicing and mRNA stability. Sanchez
et al. have reported that CARMI is abnormally upregulat-
ed in spinal muscular atrophy, leading to promoting
nonsense-mediated mRNA decay through a mechanism
that is independent of its methyltransferase activity [45].
Considering our results and the above literature, we sug-
gest that CARM1 negatively regulates synaptic gene ex-
pression by methyltransferase activity. Further investiga-
tions will be required to determine the underlying mech-
anism of CARMI in neuropathic pain that is independent
of its methyltransferase activity.

Notably, selective CARMI1 activators are available for
research use [59]. The current study revealed that de-
creases in spinal CARM1 provokes SNL-induced behav-
ioral allodynia; conversely, these effects were induced by
intrathecally administering CARM1 siRNA or TP 064 to
naive rats. Thus, we suggest that pharmaceutical en-
hancement of CARMI1 activity would reverse mechanical
allodynia after SNL. However, selective CARM1 activa-
tors have been identified in vitro [59]. Therefore, the
ability of selective CARMI1 activators to enhance the
catalytic activity of CARMI1 in SNL rats need to be
clarified further.

Evidence is starting to emerge in support of the in-
volvement of epigenetic mechanisms, such as DNA
methylation, histone modification and noncoding RNA,
at multiple loci relevant to pain processing [1]. Our pre-
vious studies have demonstrated that DNA demethyla-
tion, histone acetylation and histone monoubiquitination
control pain-related gene expression in the dorsal horn
under chronic pain conditions [2, 3, 34, 60, 61].
Histone modifications such as methylation, acetylation,
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<« Fig. 7 BC-1215 reverses SNL-decreased CARM1, H3R17me2, Kv1.4,
Kv4.2, CARMI1/H3R17me2/Kv1.4 colocalization and CARM1/
H3R17me2/Kv4.2 colocalization in dorsal horn. (a) Diagram of the time-
line of this experiment. (b) Immunofluorescence images analysis demon-
strating intrathecal BC-1215 (100 nM, 10 pL, at 4 h after injection)
reversed SNL (SNL 7D) decreased CARM 1 -positive (red), H3R17me2-
positive (green), Kvl1.4-positive (blue) and CARMI1/H3R17me2/Kv1.4
triple-labeled (white) immunofluorescence ipsilateral dorsal horn at day 7
after operation. Scale bar=50 pm. Thickness =30 pum. (c)
Immunofluorescence images analysis demonstrating intrathecal BC-
1215 (100 nM, 10 pL, at 4 h after injection) reversed SNL (SNL 7D)
decreased CARM 1 -positive (red), H3R17me2-positive (green), Kv4.2-
positive (blue) and CARM1/H3R17me2/Kv4.2 triple-labeled (white) im-
munofluorescence ipsilateral dorsal horn at day 7 after operation. Scale
bar =50 um. Thickness = 30 um. (d) Representative (b) and (c) statistical
analyses **p <0.01 versus Sham 7D. *p <0.05 #p <0.01 versus SNL
7D. Each group has 6 rats. (b) CARMI, one-way ANOVA, F,, 5) =
54.24, p <0.0001. (b) H3R17me3, one-way ANOVA, F, 15,=30.4,p<
0.0001. (b) Kv1.4, one-way ANOVA, F, 5 =28.9, p <0.0001. (b)
Merge, one-way ANOVA, F(, 15y =11.56, p =0.0009. (c) CARMI,
one-way ANOVA, F, 15, =15.52, p =0.0002. (c) H3R17me3, one-
way ANOVA, F, 15y =21.63, p <0.0001. (c) Kv4.2, one-way
ANOVA, F(5, 15 =35.1, p <0.0001. (c) Merge, one-way ANOVA, F,,
15)=8.134, p =0.0041

phosphorylation, SUMOylation, and ubiquitylation have
been uncovered thus far [62—64]. Notably, transcriptional
regulation by histone methylation is more complex than
that by histone acetylation. Histone methylation can be
correlated with either gene activation or repression de-
pending on histone residues (lysine or arginine), specific
loci, or distinctive methylation patterns (e.g., asymmetric
or symmetric) [65-68]. CARMI1 mainly catalyzes
H3R17me2, H3R26me?2, and H3R42 for epigenetic tran-
scriptional activation [6-9]. Notably, a recent study has
shown through comparison of kcat/KM values that meth-
ylation of H3R17 is preferred over that of H3R26 [69].
Thus, we explored the CARM1-mediated H3K17me2 of
the gene promoter and how it contributes to pain devel-
opment in this study. Furthermore, CARM1 catalyzes
mono- and asymmetrical dimethylation on R17 and R26
sites in histone H3 and non-histone proteins, including
CBP/p300, SRC3, and RNA polymerase II (RNAPII)
[70-73]. Our previous results have linked pain patho-
physiology to activating spinal RNAPII phosphorylation
[60, 74, 75], and the possibility that the CARMI-
mediated H3R17me2 of the K* channel promoter con-
tributes to neuropathic allodynia development through
RNAPII function in the dorsal horn warrants further
study.

The dynamics of protein ubiquitination, which mod-
ifies protein expression and function [76], critically in-
volve E3-ubiquitin ligase (E3) [77]. Emerging evidence
suggests that E3-mediated ubiquitination is involved in
various activity-dependent plasticity events, including

dendritic spine maturation, long-term potentiation
(LTP) in hippocampal neurons, and learning perfor-
mance [78, 79]. Interestingly, studies have revealed that
E3-mediated ubiquitination contributes to chronic pain
by regulating the levels of synaptic proteins, thereby
modifying synaptic efficacy and plasticity [80, 81].
Recent studies have identified SKP2, a member of the
F-box family of E3 proteins, as associated with synaptic
plasticity in the hippocampus CAl region [30]. SKP2-
dependent ubiquitination of target proteins has been
demonstrated to regulate the neuronal plasticity of pri-
mary neurons [82]. Notably, a study has shown that the
stability of the arginine methyltransferase CARMI1 is
regulated by SKP2 [40] and upregulates SKP2-
dependent ubiquitination in spinal cord neurons follow-
ing peripheral nerve injury [83]. Considering that our
previous results have linked spinal F-box family-depen-
dent ubiquitination to chronic pain pathology [31-33]
and that spinal ubiquitination-associated epigenetics par-
ticipates in neuropathic pain development [34], the
above evidence motivated us to explore the effect of
SKP2-related CARM1 ubiquitination on spinal plastici-
ty, which participates in the development and mainte-
nance of chronic pain. However, SPK2 expression in
the ipsilateral dorsal horn was surprisingly unaffected
on day 7 after SNL. Recent findings have demonstrated
that SKP2-dependent CARM1 ubiquitination is a crucial
nuclear event in autophagy induction after nutrient star-
vation [40]. Notably, one study suggested that autopha-
gy dysfunction contributes to neuropathic pain develop-
ment [84]. However, spinal autophagy is differently
modulated in distinct animal models of neuropathic pain
[85]. These reasons might underlie the discrepancy be-
tween our study and the abovementioned study.

Glia activation-associated spinal plasticity has recent-
ly been recognized as a crucial modulator of neuropath-
ic pain [86]. Chronic constriction injury was found to
induce microglial and astrocyte activation in the dorsal
horn [86]. In addition, persistent production of glial fac-
tors has been reported to maintain the sensitization of
dorsal horn neurons in spinal cord injury rats [87]. In
the current study, Fbxo3/CARMI signaling was found
to play an important role in neuropathic pain, including
CARMI-positive puncta, which were immunoreactive
predominantly in ipsilateral dorsal horn neurons, not in
microglia and astrocytes. Moreover, our previous studies
have linked spinal Fbxo3-dependent ubiquitination to
neuropathic pain pathology, which has been reported
to be present primarily in dorsal horn neurons [31,
32]. Therefore, we presumably by different neuropathic
pain model but possibly may diffident pathways in neu-
ron, microglia, or astrocytes.
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Fig. 8 TP 064 induces allodynia
by increasing spinal Fbxo3/
CARMI1/H3R17me2/ K* channel
signaling. (a) Diagram of the
timeline of this experiment. (b)
Intrathecal administration of TP
064 (10, 30, and 300 nM, 10 uL)
decreased the paw withdrawal
threshold of naive rats. *p < 0.05,
**p <0.01 versus Naive. #p <
0.05, ##p <0.01 versus Naive+
Veh. Each group has 6 rats. Two-
way ANOVA, group, Fu, 25) =
86.28, p <0.0001; time, Fi6,

150) = 20.8, p <0.0001; interac-
tion, F(24, 150) = 30]4,]) <
0.0001. (c) Intrathecal TP 064
(300 nM, 10 uL, at 4 h after in-
jection) inhibited the expression
levels of H3R17me2, Kv1.4 and
Kv4.2, but not Fbxo3 and H3 in
the dorsal horn. **p <0.01 versus
naive. *p <0.05, ¥p < 0.01 versus
Naive+Veh. Each group has 5
rats. Fbxo3, one-way ANOVA,
Fo, 12)=0.5578, p = 0.5866.
H3R17me2, one-way ANOVA,
F(z‘ 12) = 30.42, p< 0.0001. H3,
one-way ANOVA, F, 12)=
0.04733, p =0.9540. Kv1.4, one-
way ANOVA, F(Z, 12) = 9952,

p =0.0028. Kv4.2, one-way
ANOVA, F(z} 12) = 1 183,p =
0.0014. (d), (e) Intrathecal ad-
ministration of TP 064 (300 nM,
10 pL, at 4 h after injection) sig-
nificantly decreased the Kcna4
and Kcnd?2 promoter fragments
immunoprecipitated by CARM1
and H3R17me2-specific antibod-
ies in the dorsal horn. **p <0.01
versus naive. Each group has 5
rats. (d) CARMI, one-way
ANOVA, F(2, 12) = 2247, p<
0.0001. (d) H3R17me2, one-way
ANOVA, F(Z, 12) = 1452,p =
0.0006. (¢) CARM1, one-way
ANOVA, F(Z, 12) = 9195,p =
0.0038. (e) H3R17me2, one-way
ANOVA, F(Z, 12) = 1578,p =
0.0006. (f) Representative traces
of K* currents recorded from
dorsal horn neurons dissected
from naive (Naive) and naive with
TP 064 (TP 064, 300 nM, 10 uL,
at 4 h after injection) *p < 0.05,
**p < 0.01 versus Naive. Each
group has 8 rats. Two-way
ANOVA, group, F(l’ 14) = 5371,
p= 00376, time, F(15’ 210) =
64.76, p <0.0001; interaction,
F(lS, 210) = 6525,p <0.0001
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Conclusions

In this study, we demonstrate that nerve injury decreases
CARMI by Fbxo3-mediated CARM1 ubiquitination in the
dorsal horn, subsequently decreasing H3R17me2-dependent
K* channel gene transcription/expression in the dorsal horn,
which underlies tactile allodynia development. We demon-
strate that attenuation of spinal CARM 1-induced K* channel
gene transcription is required for the development of neuro-
pathic allodynia. These results may provide a novel therapeu-
tic approach for chronic neuropathic pain.
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