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The Cytidine N-Acetyltransferase NAT10 Participates in
Peripheral Nerve Injury-Induced Neuropathic Pain by
Stabilizing SYT9 Expression in Primary Sensory Neurons
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RNA N4-acetylcytidine (ac4C) modification is increasingly recognized as an important layer of gene regulation; however, the involvement
of ac4C in pain regulation has not been studied. Here, we report that N-acetyltransferase 10 protein (NAT10; the only known ac4C
“writer”) contributes to the induction and development of neuropathic pain in an ac4C-dependent manner. Peripheral nerve injury
increases the levels of NAT10 expression and overall ac4C in injured dorsal root ganglia (DRGs). This upregulation is triggered by the
activation of upstream transcription factor 1 (USF1), a transcription factor that binds to the Nat10 promoter. Knock-down or genetic de-
letion of NAT10 in the DRG abolishes the gain of ac4C sites in Syt9 mRNA and the augmentation of SYT9 protein, resulting in a
marked antinociceptive effect in nerve-injured male mice. Conversely, mimicking NAT10 upregulation in the absence of injury evokes
the elevation of Syt9 ac4C and SYT9 protein and induces the genesis of neuropathic-pain-like behaviors. These findings demonstrate that
USF1-governed NAT10 regulates neuropathic pain by targeting Syt9 ac4C in peripheral nociceptive sensory neurons. Our findings
establish NAT10 as a critical endogenous initiator of nociceptive behavior and a promising new target for treating neuropathic pain.
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The cytidine N4-acetylcytidine (ac4C), a new epigenetic RNA modification, is crucial for the translation and stability of
mRNA, but its role for chronic pain remains unclear. Here, we demonstrate that N-acetyltransferase 10 (NAT10) acts as ac4C
N-acetyltransferase and plays an important role in the development and maintenance of neuropathic pain. NAT10 was upreg-
ulated via the activation of the transcription factor upstream transcription factor 1 (USF1) in the injured dorsal root ganglion
(DRG) after peripheral nerve injury. Since pharmacological or genetic deleting NAT10 in the DRG attenuated the nerve
injury-induced nociceptive hypersensitivities partially through suppressing Syf9 mRNA ac4C and stabilizing SYT9 protein
\level, NAT10 may serve as an effective and novel therapeutic target for neuropathic pain. j
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Neuropathic pain is a major public health-care problem: it
places a significant financial burden on society and often
leads to emotional difficulties and problems with medica-
tion addiction in patients (Pasero, 2004; van Hecke et al,,
2014). Neuropathic pain is characterized by abnormal hy-
persensitivity to noxious stimuli (hyperalgesia) and noci-
ceptive responses to non-noxious stimuli (allodynia). The
prevalence of neuropathic pain in the general population is
estimated to range from 3% to 17% (Cavalli et al., 2019).
Most of the treatments available for neuropathic pain have
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side effects and only moderate efficacy, thus limiting their
use. Identifying the precise mechanisms underlying neuro-
pathic pain is essential for the discovery of novel therapeutic
approaches for this disorder. Nerve-injury-induced aberrant tran-
scriptional and translational changes in ion channels, enzymes, and
cytokines/chemokines in the dorsal root ganglia (DRGs) contribute
to the genesis of neuropathic pain (Alsaloum and Waxman, 2022).
However, the cause of these dysfunctional changes remains unclear
(J.Y. Zhao et al., 2017).

RNA modifications are emerging as an important component
of posttranscriptional control over gene expression (Mongelli et
al., 2020; Teng et al,, 2021), and they are known to modulate
neuropathic pain (Pan et al., 2021b). Recently, N4-acetylcytidine
(ac4C) has been identified as an mRNA modification. It is highly
conserved among all domains of life and widely distributed in
human cells (Jin et al., 2020). ac4C is able to regulate mRNA sta-
bility, processing, and translation (Arango et al., 2022), and is a
key determinant of posttranscriptional regulation (Arango et
al., 2018). N-acetyltransferase 10 (NAT10) is the only known
“writer” enzyme responsible for ac4C production in mammals
(Arango et al., 2018). NAT10 overexpression deposits ac4C in
sequence motifs in mRNA; NAT10 downregulation signifi-
cantly decreases ac4C levels in HeLa cells (Arango et al., 2018)
and, in bladder cancer cells, triggers impairments in the trans-
lation efficiency of BCLIL, SOX4, and AKT1 and inhibition of
cell proliferation and migration (G. Wang et al, 2022a).
NAT10-mediated ac4C modification may serve as an effective
therapeutic target in disease. NAT10 is associated with many
diseases, including Hutchinson-Gilford progeria syndrome
(Larrieu et al., 2014), acute myeloid leukemia (Liang et al,
2020), several cancers (Tan et al., 2013; H. Zhang et al., 2014;
Tschida et al., 2017; Y. Zhang et al., 2021), anxiety, and
depression (Guo et al., 2022). Nevertheless, it remains to be
determined whether NAT10 participates in the regulation of
neuropathic pain through modulation of ac4C.

The synaptotagmin (SYT) protein family is responsible
for Ca®" sensing in synaptic vesicles and regulates exocyto-
sis by fine-tuning Ca®"-dependent neurotransmitter release
from presynaptic terminals (Geppert et al., 1994; Fernandez-
Chacon et al, 2001). The SYT family has 17 members, with
SYT1 and SYT2 already known to be involved in the develop-
ment and maintenance of pain. For example, SYT1 siRNA knock-
down or antibody blockade attenuates nerve-injury-induced
neuropathic pain (Alvarado et al., 2015; Wan et al,, 2020). SYT9
is reported to participate in neuronal differentiation (Y. Wang
et al,, 2016), cancer development (Bao et al., 2011; Yang et al,,
2021), and Alzheimer’s disease (Gautam et al., 2015), but whether
Syt9 is also associated with neuropathic pain remains to be
elucidated.

Here, we report that chronic constriction injury (CCI) of pe-
ripheral nerves, a model of neuropathic pain that mimics clinical
symptoms, led to increases in global RNA ac4C and NAT10 in
mouse DRG. In this study, we found the nerve injury-induced
increase of SYT9 protein was blocked by the knock-down of
Nat10 in mice DRG. CCI also induced an increase in SYT9 pro-
tein in the DRG, which was blocked by knock-down of NAT10.
These results suggest that NAT10 downregulation is required
for the initiation and maintenance of CCl-induced neuropathic
pain through ac4C-controlled translation of SYT9. NAT10-
mediated ac4C RNA modification is likely a critical epigenetic
player in nerve-injury-induced pain hypersensitivity, an insight
that may provide a new understanding of the mechanisms under-
lying neuropathic pain.
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Materials and Methods

Animals

Two mouse strains, BALB/C mice from Xuzhou Medical University and
Nat10™" mice purchased from Cyagen Biosciences, were used in this
study. Pups were kept with their female parent after born and weaned at
postnatal day 21, then group housed by sex with four to five mice per
cage. Mice were housed with littermates (less than five in a vivarium) in
temperature-controlled rooms on a 12/12 h light/dark cycle. Food and
water were provided ad libitum. Male mice were age-matched, and used
at 8-10weeks of age. The conditional knock-out (cKO) mice lacking
Nat10 in DRG were generated by microinjected rAAV-hSyn-Cre virus
into unilateral lumbar (L)3/4 DRGs. Nat10 conditional knock-out mice
were viable and did not exhibit visible abnormalities. All procedures
were performed according to the guidelines of the Animal Care and Use
Committee of Xuzhou Medical University.

Mouse genotyping

Nat10™" KO mice were identified by genotyping. DNA was extracted
from clipped tail of mice and extracted in 50 ul of DNA lysis buffer con-
taining proteinase K by incubation in 55°C for 4-6 h. Then, TE buffer
was added at 95°C for inactivate proteinase K. The mice genotype was
identified by using PCR primers in Table 1. The homozygotes were one
band with 204 bp, heterozygotes two bands with 204 and 133 bp, and
wild type (WT) one band with 133 bp (Extended Data Fig. 3-1i,)).

Animal models

For neuropathic pain models, sciatic nerve chronic constriction injury
(CCI), spinal nerve ligation (SNL), and spared nerve injury (SNI) model
were performed as published previously (Rigaud et al., 2008; X. Zhao et
al,, 2013; Y. Wang et al,, 2020). Briefly, mice were placed under anesthe-
sia with 1% pentobarbital sodium. For CCI model, left sciatic nerve was
exposed and loosely ligated with 4-0 silk thread at three sites with an
interval of ~1 mm proximal to trifurcation of the sciatic nerve. For SNL
neuropathic pain model, the underlying spinal nerve L4 was isolated and
ligated with 7-0 silk thread. The ligated nerve was then transected distal
to the ligature. For SNI, a small incision was made at the lateral skin of
the thigh to exposed the sciatic nerve and its three branches: the sural,
common peroneal, and tibial nerves. The tibial and common peroneal
nerves were carefully ligated and transected and the intact sural nerve
was preserved. The wound of those model was closed with 6-0 silk
sutures to the muscles and 5-0 silk sutures to the skin. Sham animals
received an identical surgery but without the ligation or transection of
the respective nerve.

DRG microinjection

DRG microinjection was conducted as described previously to deliver
the siRNA or virus (Y. Li et al., 2020; Pan et al., 2021b). In brief, uni-
lateral L3 and L4 DRGs were exposed. The viral solution (1 pl/DRG,
4 x 10'? GC/ml for rAAV; 10° TU/ml for lentivirus) or siRNA solution
(1 pl/DRG, 40 pM) was injected into unilateral exposed L3/4 DRGs with
the use of a glass micropipette connected to a Hamilton syringe at the rate
of 20 ul h™". The glass electrode was left in place for 5 min after the injec-
tion. Animals showing signs of paresis or other abnormalities were
excluded after DRG microinjection. All the siRNA were verified in vivo
and in vitro by quantitative real-time polymerase chain reaction (qRT-
PCR), the sequence of siRNA in this study are all in Table 1.

Behavioral tests

Mechanical, heat, and locomotor function tests were conducted as
described (Y. Li et al., 2020; Pan et al., 2021b). The mechanical and heat
stimuli response was performed in sequential order at 1-h intervals,
locomotor function test before all behavioral tests.

Paw-withdrawal frequency (PWF) in response to mechanical stimuli
were measured with two calibrated von Frey filaments as previous
described (0.07 and 0.4 g, Stoelting Co; Y. Li et al,, 2020; Pan et al,,
2021b). Briefly, mice were placed in a plastic cage with a metal mesh
floor and habituated 30 min before test. Two calibrated von Frey fila-
ments were used to stimulate the hind paw for approximately 1 s, and
each stimulation was repeated 10 times to both hind paws with a 5-min
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interval. A quick withdrawal of paw was regarded as a positive response.
The number of positive responses among 10 applications was recorded
as percentage withdrawal frequency [(number of paw withdrawals/10
trials) x 100 = % response frequency].

Thermal nociceptive behavior was assessed by measuring each
mouse’s paw-withdrawal latency in response to thermal stimulus with a
Model 336 Analgesia Meter (IITC Inc. Life Science Instruments) as pre-
vious method (Pan et al., 2019). In brief, mice were placed in a Plexiglas
chamber on a glass plate and habituated 30 min. A light beam was used
for stimulating the plantar center. Paw-withdrawal latency (PWL) was
recorded as the time elapsed from the start of the light beam to foot
withdrawal. Each test was repeated five times at 5-min intervals, for 20-s
maximum to avoid tissue injury.

Locomotor functions, including placing, grasping, and righting reflexes,
were examined before the above-described behavioral tests. (1) Placing
reflex: Put hindlimbs slightly lower than forelimbs, and the dorsal surfa-
ces of the hind paws were brought into contact with the edge of a table.
It was recorded if the hind paws were placed on the table surface reflex-
ively. (2) After the animal was placed on a wire grid, it was recorded if
the hind paws grasped the wire on contact. (3) Righting reflex: When the
animal was placed on its back on a flat surface, it was recorded if it im-
mediately assumed the normal upright position. Each test was repeated
five times and the score of each response was recorded.

Cell line culture and transfection

HEK293T and HT22 cell were cultured in DMEM (Gibco/ThermoFisher
Scientific) containing 10% v/v fetal bovine serum (FBS; Gibco/
ThermoFisher Scientific) at 37°C in a humidified incubator with 5%
CO,. The plasmids, siRNAs were transfected into the cells with
ExFect Transfection reagent (Vazyme) according to the manufacturer’s
instructions.

DRG neuronal isolated and culture

Primary DRG neurons were generated as previously described (Y. Li et
al,, 2020). Briefly, the DRG from three- to four-week mice was iso-
lated and collected in cold Neurobasal Medium (Gibco/ThermoFisher
Scientific) containing 10% FBS (JR Scientific), penicillin and strepto-
mycin (C0222, Beyotime). Then the DRG was treated with collagenase
Type I and trypsin-EDTA (0.25%). After trituration and centrifugation,
dissociated cells were resuspended in a mixed Neurobasal Medium.
Then the cells were plated on poly-p-lysine-coated (Sigma-Aldrich)-
treated dishes and incubated at 37°C with 5% CO, and 95% air.

RNA extraction and quantitative real-time polymerase chain reaction
(qRT-PCR)

Mice were anesthetized with isoflurane and the L3/4 DRGs removed rap-
idly on ice then stored at —80°C. Total RNA was extracted from DRG
tissue with TRIzol reagent according to the instructions (R401-01,
Vazyme). RNA concentration was measured using the NanoDrop 2000
Spectrophotometer (Thermo Scientific); 400 ng total RNA were reverse-
transcribed into ¢cDNA using reverse transcriptase M-MLV (2641A;
Takara). Then the cDNA was used for template for real-time quantita-
tive PCR with corresponding primers in Table 1. Each sample was run
in triplicate in a 10-pl reaction using SYBR Premix ExTaqlIl (RR820A;
Takara). Reactions were conducted in a Roche Light Cycler 480 system.
The expression levels of the target genes were quantified relative to
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) expression (cycle
threshold; CT) using the 2T method as described previously (Pan
etal., 2019).

ac4C dot-blot

Total ac4C dot-blot analysis was performed as described previously
(Arango et al., 2018). Briefly, 500 ng of RNA were denatured at 75°C for
5 min, immediately placed on ice for 1 min and loaded onto Hybond-
N* membranes and then crosslinked with UV254 for 10 min. Blocked
with 5% nonfat milk for 2 h at room temperature (RT), and incubated
with the antibody specific to ac4C (1:1000; A18806, ABclonal) at 4°C
overnight. After 0.05% Tween 20 PBS (PBST) washed three times, horse-
radish peroxidase-conjugated rabbit IgG antibody was incubated 2 h at
RT. The signal was visualized by using ECL (P0018S, Beyotime). Equal
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RNA loading was verified by staining the membranes with 0.2% methyl-
ene blue. The intensity of each dot was normalized to total RNA.

Plasmid constructs and virus production

Full-length of Usfl, Nat10, and Syt9 was, respectively, amplified from
mouse cDNA. The lentivirus proviral plasmids treated with BamHI and
then ligated the PCR product into the BamHI site with ClonExpress II
One Step Cloning kit (C112, Vazyme). For Lenti-shRNA, synthesized
LV-Natl0-shF and LV-Nat10-shR oligos were annealed and then ligated
to the lentivirus vector pPLVTHM which had been treated with Mlul and
Clal. Primers and oligos sequence are all in Table 1. All constructed plas-
mids were confirmed by Sanger’s sequencing. The lentivirus package
and production were performed as described previously (Pan et al,
2016). The constructed core plasmid (8 ug) and two envelope plasmids,
PSPAX2 (6g) and PMD2G (2 ng), were co-transfected into HEK293T
cells in a 10 cm dish according to manufacturer instructions of ExFect
Transfection reagent (Vazyme). The supernatant was collected at 48 h
after transfection, and concentrated by using a Centricon Plus-70 filter
unit (UFC910096, Millipore).

Tandem mass tags (TMT) proteomics analysis

TMT proteomics analysis was performed as described previously
(Friedrich et al., 2021). Briefly, sample was added SDT buffer and ho-
mogenized in 2-ml tubes. The homogenate was sonicated and then
boiled for 15 min. After centrifuged at 14,000 x g for 40 min, the super-
natant was filtered with 0.22 pm filters. The filtrate was quantified with
the BCA method. Next, 200 ug of proteins for each sample were treated
with FASP Digestion and then labeled using TMT reagent according to
the manufacturer’s instructions (90113CH, ThermoFisher Scientific).
TMT-labeled peptides were fractionated by RP chromatography
using the Agilent 1260 infinity II HPLC and then analyzed by mass
spectrometry. MS/MS raw files were processed using MASCOT engine
(Matrix Science; version 2.6) embedded into Proteome Discoverer 2.2,
and searched against the Uniprot-MusMusculus-17056-20210125 data-
base. Proteins with fold change >1.2 and p-value (Student’s ¢ test) < 0.05
were considered to be differentially expressed proteins.

CRISPR vector of specifically targeting ac4C site in Syt9 CDS

The dCasRx and NAT10 fusion vector construction in Lenti-CRISPR
was conducted as the previously described with few modifications (J. Li
et al,, 2020). Briefly, full-length of Nat10 was amplified from mouse
c¢DNA and then ligated into the BamHI treated EFla-dCasRx-2A-EGFP
vector with ClonExpress IT One Step Cloning kit (C112, Vazyme). Lenti-
virus gRNA including gRNA-27 (targeting +27 to +46 of Syt9 CDS,
first nucleotide in CDS designated as +1) and gRNA-153 (targeting
+153 to +172) and negative control gRNA were constructed through
ligating to pLH-sgRNA1 according to the previous report (Ma et al,,
2016). In brief, forward and reverse oligos (Table 1) were annealed and
ligated to single BbsI-digested pLH-sgRNA1 vectors. The lentivirus
package and titer identification were seen in the above described in
Plasmid Constructs and Virus Production part. Lentivirus-dCasRx-
NATI10 and Lenti-gRNA were co-microinjection into L3/4 DRGs and
then used in the experiment after the identification of their effect.

Western blotting

To achieve sufficient protein, two unilateral mouse DRG were pooled
together. After washed three times in precold PBS, DRG were homog-
enized in RIPA buffer (P0013B, Beyotime). After centrifugation at
4°C for 15min at 12,000 rpm, the supernatant was collected and then
used the BCA kit (P0012S, Beyotime) to measure the sample concen-
tration. Total 20-40 pg of protein were electrophoresed by Bio-Rad
protein system (Bio-Rad Laboratories). The proteins were then elec-
trophoretically transferred onto a polyvinylidene difluoride membrane
(IPVHS5R, Millipore). After the membranes were blocked with 3% nonfat
milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h, they were
incubated overnight at 4°C with the following primary antibodies
including NATI10 (1:1000, ET7111-23, HUABIO), SYT9 (1:1000,
ER61289, HUABIO), upstream transcription factor 1 (USF1; 1:1000,
BS6759, Bioworld), p-ERK 1/2 (1:1000, 28 733-1-AP, Proteintech),
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Table 1. The primer used in this experiment
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Table 1. Continued

Name Sequences
RT-qPCR
Nat10F GCGGCAGAGGTCTCTTTTTGT

Nat10R GTGACTGCTAAATCCCAGCTC

SytoF (TGCCAAGATTTCATCTACCACC

Syt9R TCCAAGACACGAAAAGAGAGACA

Usf1F (TGAAACCGAAGAGGGAACAG

Usf1R GTTGGGGTCAGGAAAAGTGG

GAPDH-F GGTGAAGGTCGGTGTGAACG

GAPDH-R (TCGCTCCTGGAAGATGGTG

Cloning

PCD-Nat10F AATTCGAATTTAAATCGGATCCATGAATCGGAAGAAGGTGGATAA

PCD-Nat10R GATCCTTGCGGCCGCGGATCCCTACTTCTTTCGCTTCAGTTTCA

Nat10-shRNAF (GCGTTTGCCCAGAATCTTGTGGGTTCAAGAGACCCACAAGATTC
TGGGCAATTTTTGGAAAT

Nat10-shRNAR CGATTTCCAAAAATTGCCCAGAATCTTGTGGGTCTCTTGAACCCAC
AAGATTCTGGGCAAA

PCD-Syt9F AATTCGAATTTAAATCGGATCCATGCCCGGGGCCAGGGACGCGCT

PCD-Syt9R GATCCTTGCGGCCGCGGATCCTCATCGTTTCTCCATCAGAGAG

PCD-Usf1F AATTCGAATTTAAATCGGATCCATGAAGGGGCAGCAGAAAACAG

PCD-Usf1R GATCCTTGCGGCCGCGGATCCTTAGTTGCTGTCATTCTTGATG

dCasR-Nat10F GTGTCCGGCAATTCCGGATCCATGAATCGGAAGAAGGTGGATAA

dCasR-Nat10R CTTTTTCTTAGGTCCGGATCCCTACTTCTTTCGCTTCAGTTTCA

gR-Sy9-27F ACCGTCACCAGGCGCTGCAGCTGC

gR-Sy9-27R AAACGCAGCTGCAGCGCCTGGTGA

gR-Sy9-153F ACCGTGTGAGCCTGCTAACCCTCG

gR-Sy9-153R AAACCGAGGGTTAGCAGGCTCACA

gR-Scrf ACCGTTCTCCGAACGTGTCACGT

gR-ScrR AAACACGTGACACGTTCGGAGAA

pGL6-Nat10F
pGL6-Nat10R1
pGL6-Nat10R2

GCCGGTACCGCTAGCCTCGAG TCAGTCCAACTACTTGATAGG
TCTACGCGTGAGCTCCTCGAGAGCACGTGGGCAAGTGCTC
TCTACGCGTGAGCTCCTCGAGGCTACCCAGGCTGACCAATC

siRNA
Scramble-S UUCUCCGAACGUGUCACGUTT
Scramble-AS ACGUGACACGUUCGGAGAATT
Nat10-566-S (CCACAAGAUUCUGGGCAATT

Nat10-566-AS
Nat10-1138-S
Nat10-1138-AS

UUGCCCAGAAUCUUGUGGGTT
GCAGUGGCAUUCGGGUAUUTT
AAUACCCGAAUGCCACUGCTT

Syt9-287-S UGGAGCACGACAGCUGCCAAGAUUUTT
Syt9-287-AS AAAUCUUGGCAGCUGUCGUGCUCCATT
Syt9-735-S CAACCUGUCGAACCCGGACUUUAAUTT
Syt9-735-AS AUUAAAGUCCGGGUUCGACAGGUUGTT
Usf1-316-S AGCAUCCAGUCAGCUGCCACUTT
Usf1-316-AS AGUGGCAGCUGACUGGAUGCUTT
Usf1-395-S ACAGGGUGAUCCAGGUGUCATT
Usf1-395-AS UGACACCUGGAUCACCCUGUTT
RIP-PCR
RIP-S9-F1 TGGAGCACGACAGCTGCC
RIP-S9-R1 GGCAGTAACCACGAGGGTTA
RIP-S9-F2 GTGGACCACTTCTTCGACT
RIP-S9-R2 CATTATCGTTGGTGACATACT
RIP-S9-F3 AGTATGTCACCAACGATAATG
RIP-S9-R3 TCACGTAGGGATCTGATGCT
RIP-S9-F4 GTTTACAATGAAGCCATAGT
RIP-59-R4 CACGGTCATAGTCCATGAC
ChIP-PCR
ChIP-1F TCAGTCCAACTACTTGATAGG
ChIP-1R TGGCTGAGCTGTCTATGCTG
ChiP-2F CAGCATAGACAGCTCAGCCA
ChIP-2R TGGCTATGATTACCTTAGTCAC
ChIP-3F ATATGGCTAGGCATCATGAAG
ChIP-3R TGAGCCACGTGAAATCGGTTT
ChIP-4F TAAACCGATTTCACGTGGCTCA
ChIP-4R CTTACTCATGCCAAGTGTACTA

(Table continues.)

Name Sequences

Single-cell PCR
Usf1-outF (TGAAACCGAAGAGGGAACAG
Usf1-outR GTGGCAGGGTAACCACTGATG
Nat10-outF TCATTGAGAATGGCGTAGCTG
Nat10-outR GTGACTGCTAAATCCCAGCTC
Syt9-outF CTGCCAAGATTTCATCTACCACC
Syt9-outR ACAGTTTCCAAGACACGAAAAGA
NeuN-outF AGACAGACAACCAGCAACTC
NeuN-outR CTGTTCCTACCACAGGGTTTAG
GAPDH-outF AGGTTCATCAGGTAAACTCAG
GAPDH-outR ACCAGTAGACTCCACGACAT
Usfl-inF AGGACCCAACTAGTGTAGC
Usf1-inR GTTGGGGTCAGGAAAAGTGG
Nat10-inF GCGGCAGAGGTCTCTTTTTGT
Nat10-inR CACAGTTGCCTTGGACAACAT
Syt9-inF TGTGAGCCTGCTAACCCTC
Syt9-inR TCCAAGACACGAAAAGAGAGACA
NeuN-inF ACGATCGTAGAGGGACG
NeuN-inR TTGGCATATGGGTTCCCAGG
GAPDH-inF ACCAGGGCTGCCATTTGCA
GAPDH-inR (TCGCTCCTGGAAGATGGTG

ERK1/2 (1:1000, 11257-1-AP, Proteintech), B-Tubulin (1:2000, 10068-
1-AP, Proteintech), and GAPDH (1:2000, ET1601-4, HUABIO). The
membranes were then washed twice in tris-buffered saline with Tween
20 at room temperature for 10 min. Next, incubated with anti-rabbit
IgG secondary antibodies (1:2000, A0208, Beyotime) 2 h at room tempera-
ture. After washed three times, visualized by ECL reagent (POO18ES,
Beyotime) and exposed using the UVITEC System (Q9 Alliance, UVITEC).
The specificity of NAT10, USF1, and SYT9 antibodies were verified
(Extended Data Figs. 2-1b, 3-1e, and 6-1b) by using Western blotting at 48
h after transfection of their individual siRNA in the cultured DRG neurons
as described previously (J.Y. Zhao et al,, 2021). All protein bands were nor-
malized to GAPDH or Tubulin.

Measurement of newly synthesized protein

Measurement of global protein synthesis was described previously (Schmidt
et al, 2009; Pan et al., 2021a). In brief, puromycin (10 mg/kg) were intra-
peritoneally injected 1 h before DRG tissues collection for Western blotting.
Thirty micrograms of total protein were separated by 10% SDS-PAGE and
transferred onto PVDF membranes. After blocked with 5% no-fat milk,
mouse anti-puromycin antibody (1:1000; MABE343, Millipore) was incu-
bated overnight at 4°C. HRP-labeled Goat Anti-mouse IgG (1:2000; A0216,
Beyotime) was then applied at room temperature for 1.5 h. Last, the mem-
branes visualized by ECL reagent (PO018FS, Beyotime) and exposed using
the UVITEC System (Q9 Alliance, UVITEC). Membranes were washed by
stripping buffer and incubated with rabbit anti-GAPDH antibodies (1:2000,
ET1601-4, HUABIO) followed by HRP-labeled Goat Anti-rabbit IgG
(1:2000; A0208, Beyotime) as the loading control. Newly synthesized protein
was quantified by detecting immune complexes signal intensities approxi-
mately ranged from 15 to 180 KD. Band intensities of the target signals nor-
malized to those of GAPDH for statistical analyses.

Immunohistochemistry

The procedure was performed as previous described (Pan et al,, 2021b).
Briefly, Animals were anesthetized with pentobarbital sodium and perfused
with 4% paraformaldehyde. The L3 and L4 DRGs were collected, postfixed,
dehydrated in 30% sucrose, and dehydrated before frozen sectioning at
15 pm. The sections were blocked with 10% goat serum and 0.4% Triton X-
100 in 0.01 M PBS at room temperature for 1 h and then incubated with the
following primary antibodies over one or two nights at 4°C. The antibodies
and regents include: NAT10 (1:200, ET7111-23, HUABIO), NAT10 (1:100,
sc-271770, Santa Cruz), CGRP (1:50, SC57053, Santa Cruz), IB4 (1:200,
L9381, Sigma), NF200 (1:200, 60331-1-lg, Proteintech), S-Tubulin III
(1:500, M0805-8, HUABIO), Glutamine Synthesis (1:500, EM1902-39,
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HUABIO), SYT9 (1:200, GTX45560, GeneTex), and USF1 (1:100, BS6759,
Bioworld). The sections were then incubated with corresponding fluores-
cent-conjugated secondary antibody (A32766, A32744, A32790, A32754,
Invitrogen) 1 h at room temperature. After 0.4% Triton X-100 buffer
washed three times, the sections finally were mounted on a mounting me-
dium with DAPI and examined using an Olympus FV1000 laser confocal
microscope.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was conducted using a ChIP Assay kit (P2078,
Beyotime). To achieve sufficient DNA, four unilateral mouse L3/4 DRGs
were pooled together. The homogenate from the DRG was crosslinked
with 1% formaldehyde at room temperature for 10 min. The reac-
tion was stopped by the addition of glycine (0.25 m). After the
DNA sonicated into fragments with a mean length of 200-1000 bp,
Protein A+G Agarose/Salmon Sperm DNA was added to reduced
nonspecific binding. Then the USF1 (1 pg, sc-390027, Santa Cruz)
primary antibody or purified mouse IgG overnight at 4°C. Input
(20% of the sample for immunoprecipitation) was used as a posi-
tive control. The DNA fragments were purified and identified
using PCR/real-time PCR with the primers listed in Table 1.

RNA immunoprecipitation assay (RIP)

The RNA immunoprecipitation (RIP) assay was conducted as the
Abcam protocol with minor modification. Briefly, the homogenates
from DRG were suspended in the RIP lysis buffer containing protease
inhibitor cocktail (VPI012, VICMED) and RNase inhibitor (RK21401,
ABclonal). Rabbit anti-ac4C antibody (1 pg, ab252215, Abcam) or nor-
mal rabbit IgG (1pg, A7016, Beyotime) were added to corresponding
sample overnight at 4°C by rotating. Then, Protein A+G Agarose
(P2055, Beyotime) were added to conjugated the antibody at 4°C for 1 h.
After the samples were washed three times with the RIP wash buffer,
RNA was eluted with TE buffer and extracted by TRIzol (R401-01,
Vazyme). The qPCR was performed after reverse transcription and the
primers listed in Table 1.

Polyribosome fractionation assay

According to the previously described with few modifications (Panda et
al,, 2017; Pan et al., 2021a). Briefly, five different sucrose gradient solu-
tions (7%, 17%, 27%, 37%, and 47% in Tris-HCl) were added into a 10.4
ml tube (Beckman, 355603) gently. Each gradient was 2 ml with a pro-
gressively decreasing sucrose concentration from the bottom of the tube.
After washing three times with ice-cold 1x PBS, DRG tissues from eight
mice were digested in freshly prepared lysis buffer. Tissues were mechani-
cally sheared using a homogenizer and centrifuged, and 400 pl of superna-
tant were added on the top of the tube. After centrifugation (36,000 rpm
for 2 h at 4°C with max break), solutions in the tube were split into 15
equal fractions. Each fraction was extracted total RNA with 1.5 ml TRIzol
(R401-01, Vazyme) for Syt9 mRNA qRT-PCR.

Luciferase assay

The 1249-bp fragment from the Nat10 gene promotor region (including
USF1-binding motif) was amplified by PCR from genomic DNA with
the primers (Table 1) to construct the Nat10 gene reporter plasmid. The
PCR products were ligated into the Xhol restriction sites of the pGL6-
Basic vector with ClonExpress II One Step Cloning kit (C112, Vazyme).
The accuracy of recombinant clones was verified by DNA sequencing.
HEK-293T cells were plated on a 24-well plate and cultured at 37°C in a
humidified incubator with 5% CO,. One day after culture in which the
cell density was ~50-60%, the cells in each well were co-transfected with
200ng of a plasmid expressing full-length Usfl, 200 ng of pGL6-Basic
vector with or without the Natl0 promoter sequence, and ExFect
Transfection reagent (Vazyme), according to the manufacturer’s instruc-
tions. Two days after transfection, cells were collected and lysed by Dual
Luciferase Reporter Gene Assay kit (RG027, Beyotime). Approximately
100 pl of supernatant was used to measure the luciferase activity using
the Dual Luciferase Reporter Assay System (Promega). The relative re-
porter activity was calculated after normalization by the coelenterazine
activity to Renilla activity.
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Experimental design and statistical analysis

Statistical analysis was performed by GraphPad 8.0 as described previ-
ously (Pan et al, 2021a, b). The size of the experimental groups was
determined based on the literature of the field and our previous experi-
ence (Pan et al,, 2019; Yi et al,, 2021). Each experiment presented in the
study was repeated in multiple animals (four to eight mice per sample,
see relevant sections). In all experiments, the relevant animals were allo-
cated to experimental groups randomly. To specifically regulate genes
expression in DRG, DRG microinjection was used here for virus or
siRNA injection, as described previously (Pan et al., 2021b; Du et al,,
2022). Double-blind tests were adopted in all behavioral experiments.
Additionally, to exclude the effect of locomotor impairment on the pain
behavior data, locomotor function was included in this study. All data
were presented as mean = SEM. Data distribution was assumed to be
normal but this was not formally tested. The data were statistically ana-
lyzed using two-tailed, unpaired Student’s ¢ test, and one-way or two-
way ANOVA. When ANOVA showed a significant difference, a pairwise
comparison between means was performed using the post hoc Tukey’s
method; p<<0.05 was considered statistically significance in all analyses.

Results

Peripheral nerve injury increases the level of ac4C and
NAT10 expression in the DRG

To investigate the role of ac4C modification in nociceptive
behavior, we first examined changes in the global level of ac4C in
the ipsilateral lumbar 3 and 4 (L3/4) DRGs after CCI in mice.
Dot-blot results show that DRG ac4C increased in a time-de-
pendent manner after CCI surgery (Fig. 1a). There were no dif-
ferences between the CCI group and the sham group for the first
3 d after surgery, but the level of ac4C was significantly higher in
the CCI group at the 7- and 14-d time points (Fig. 1a). Given the
existence of positive correlations in epigenetic markers in the
urine, blood, and CSF under disease conditions (Parsons et al.,
2014; Liu et al,, 2021; Ye et al., 2021), we also evaluated changes
in RNA ac4C in blood drawn from the periphery. As expected,
there was a global increase in ac4C in blood taken from CCI
mice (Extended Data Fig. 1-1a). These data suggest that the
blood ac4C level may reflect the changes in DRG ac4C levels
with neuropathic pain.

NATI10 is the only protein known to transfer an N4-acetyl
group to cytosine in the RNA; thus, we hypothesized that nerve
injury may alter the expression of NAT10 in the DRG. Relative
to the sham group, Natl0 mRNA was increased by 184% and
178% on days 7 and 14, respectively, in ipsilateral L3/4 DRGs af-
ter unilateral CCI surgery, but no significant increases were seen
on days 1 and 3 (Fig. 1b). Nat10 mRNA was not altered in con-
tralateral L3/4 DRGs after CCI (Extended Data Fig. 1-1b).
Similarly, the level of NAT10 protein in the ipsilateral L3/4
DRGs was significantly enhanced on days 7 and 14, but not days
0-3, after CCI injury (Fig. 1c), but not after sham surgery. To
further confirm this result, we measured NAT10 protein expres-
sion in the DRG with two other neuropathic pain models, spinal
nerve ligation (SNL) and spared nerve injury (SNI). Consistent
with the CCI results, NAT10 was increased in the ipsilateral
DRG in SNL mice by 78% on day 7 and 130% on day 14, but was
not increased on days 1 and 3 (Fig. 1d). Interestingly, NAT10
was increased only on day 7 with the SNI model (Fig. 1e). To test
whether DRG NAT10 is affected by inflammatory nociception,
we injected complete Freund’s adjuvant (CFA) into the plantar
surface of the unilateral hind paw, a preclinical animal model of
chronic inflammatory pain (Pan et al., 2017), and then measured
the expression of NAT10 from 2 h to 7 d afterward. We observed
a slight increase in NAT10 in L3/4 DRGs after CFA injection,
but the change was not statistically significant (Extended Data
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Figure 1. Neuropathic pain increases the levels of overall ac4C and NAT10 protein in injured DRG. a, Time course of changes in ipsilateral ac4C in L3/4 DRGs after chronic constriction injury

(CCl) or sham surgery of the unilateral sciatic nerve. n =6 mice/time point/group, **p << 0.01 versus the corresponding sham group; two-way ANOVA, post hoc Tukey's test. Total of 4 DRGs
from two mice were pooled to be one sample. The collected L3/4 DRGs were subjected to RNA extraction, dot-blotted and incubated with an ac4C-specific antibody. b, Quantitative analysis of
Nat10 mRNA expression in ipsilateral L3/4 DRGs by qRT-PCR at 0, 1, 3, 7, and 14d after CCl or sham surgery. n =6 mice/group, ***p << 0.001, ****p << 0.0001 versus the sham group; two-
way ANOVA, post hoc Tukey's test. c—e, Expression of NAT10 protein in ipsilateral and contralateral L3/4 DRGs at different times after CCl (c), spinal nerve ligation (SNL; d), and spared nerve
injury (SNI; e). n = 6 mice/group, *p << 0.05, **p << 0.01 versus the sham group; two-way ANOVA, post hoc Tukey's test. £1, f2, NAT10 (red) is co-expressed with 3-Tubulin Il (green, a neu-
ronal marker; f1) or glutamine synthetase (GS; green, a microsatellite glia cell marker; £2)-labeled DRG cells; n = 4 repeats. Scale bar, 30 tm. g7—g4, NAT10 (red)-positive neurons co-labeled
with neurofilament-200 (NF200, green; g1), isolectin B4 (IB4, green; g2), and calcitonin gene-related peptide (CGRP; green; g3), and the distribution of NAT10-positive somata in the normal
mouse L3/4 DRGs: small 27%, medium 52%, and large 21% (g4). n =6 repeats. Scale bar, 30 um. h, i, Number of the neurons labeled by NAT10 (red) in the ipsilateral L3/4 DRGs on days 0,

3,7, and 14 after CCl surgery (h). n =8 mice/group, *p<< 0.05 versus CCl day 0 group; one-way ANOVA, post hoc Tukey's test (). Scale bar, 30 pum. See Extended Data Figure 1-1.

Fig. 1-1¢). To summarize, we found that peripheral nerve injury
upregulates the levels of ac4C and NAT10 in the ipsilateral DRG.

Next, we examined the distribution of NAT10 in DRG cells.
Double-staining assays showed that NATI0 staining overlaps
with B-Tubulin III (a neuronal marker), but not with glutamine
synthetase (GS; a marker of adjacent satellite glial cells), indicat-
ing that NAT10 is predominantly expressed in DRG neurons
(Fig. 1f). In addition, 28.7% of NAT10-positive neurons were cal-
citonin gene-related peptide (CGRP)-labeled cells (small pepti-
dergic DRG neurons), and 50.3% were isolectin B4 (IB4)-labeled
cells (small nonpeptidergic neurons). Only 21% of NAT10-la-
beled neurons were positive for neurofilament-200 (NF200; a
marker of medium/large cells and myelinated A -fibers; Fig.
1g1-g¢3; Extended Data Fig. 1-1d). Consistent with this, an analy-
sis of the cross-sectional area of neuronal somata revealed that
~27% of NAT10-positive neurons were small (area <600 pm?),
52% were medium-sized (area=600-1000 pm?), and 21% were

large (area>1000 pm? Fig. 1g4). These distribution patterns
support the hypothesis that NAT10 participates in the transmis-
sion/modulation of nociceptive information. As expected, the
number of NAT10-positive neurons in the ipsilateral L3/4 DRGs
was increased by 42% on day 7 and 36.1% on day 14 after CCI
injury, compared with day 0 (Fig. 1h,i). Collectively, those results
suggest that neuropathic pain leads to increases in both ac4C
and NAT10 in peripheral sensory neurons.

A CCI-induced increase in DRG USF1 is responsible for
NAT10 upregulation

How is NAT10 upregulated in the DRG after CCI-induced neuro-
pathic pain? Transcription factors can control gene expression by
binding to the gene promoter, so we focused on the transcription-
factor mechanism underlying NAT10 expression. First, we per-
formed an informatics analysis of the transcription factors binding
to the Natl0 promoter using the online JASPAR program and
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Figure 2.

USF1 upregulation activates NAT10 expression in injured DRG following peripheral nerve injury. a, b, The level of Usf7 mRNA (a) and USF1 protein (b) expression in ipsilateral L3/4

DRGs on day 7 after CCl. n =8 mice/group, *p << 0.05, **p << 0.01 versus the sham group; two-tailed unpaired Student’s test. ¢, Two Usf7 binding motif regions located, respectively, in —546
to —539 and +11 to +17 of mouse Nat70 promoter (transcription start site designated as +1). d, Nat70 promoter fragment immunoprecipitated by rabbit anti-USF1 antibody in the ipsilat-
eral L3/4 DRGs on day 7 after CCl or sham surgery. Input: total purified fragments. IgG: purified rabbit IgG. M: DNA ladder marker. n = 16 mice/group. *p << 0.05 versus the sham group; two-
tailed unpaired Student’s ¢ test. e, Nat70 promoter activity in HEK-293T cells transfected as shown. Naive: no treatment. pGL6: empty vector control. Usf1: lentivirus expressing full-length Usf1.
Gfp: lentivirus expressing Gfp control. Nat10-P: pGL6 reporter with Nat70 promoter. n = 4 repeats. ***p << 0.001 versus the Nat10-P-plus-Gfp; one-way ANOVA test, post hoc Tukey's test. f, g,
Double-immunofluorescence staining of USF1 with NAT10 (f), and analysis of their co-expression (g) in DRG; n = 3 repeats. Scale bar, 30 ptm. **p << 0.01, two-tailed unpaired Student’s ¢ test.
h, Level of USFT and NAT10 protein in the ipsilateral L3/4 DRGs 7 d after CCI surgery with microinjection of Usf7-siRNA after surgery. n =6 mice/group, *p << 0.05, ***p < 0.001 versus corre-
sponding groups; one-way ANOVA, post hoc Tukey's test. i, Level of USF1 and NAT10 protein in L3/4 DRGs with microinjection of Lenti-UsfT (Usf1) or Lenti-Gfp (Gfp) on day 5 after injection.

n=6 mice/group, *p << 0.05, **p << 0.01 versus Lenti-Gfp group; one-way ANOVA test, post hoc Tukey's test. See Extended Data Figure 2-1.

identified a consensus binding motif (5'-CACGTG-3") for
upstream transcription factor 1 (USF1) in the promoter region of
Nat10. Usfl mRNA and protein were both increased in the DRG
of CCI mice (Fig. 2a,b), consistent with increases in NATI0.
There are two consensus USF1 binding motif (5'-CACGTG-3';
Zeng et al., 2018) regions (—546 to —539 and +11 to +17, tran-
scription start site designated as +1) in the Nat10 promotor (Fig.
2¢). A chromatin immunoprecipitation (ChIP) assay showed that
the binding motif could be amplified from the complex immuno-
precipitated with a USF1 antibody in nuclear fractions from the
DRGs of both sham and CCI mice, but the binding fragment
number was increased 5-fold in the ipsilateral L3/4 DRGs on day
7 post-CCI surgery, compared with sham mice (Fig. 2d). This
increase was due at least partly to a marked upregulation of USF1
in the DRG after CCI nerve injury (Fig. 2b). Next, a 1249-bp-
length Natl0 promoter fragment containing the two binding
motifs was inserted upstream of pGL6, a luciferase report vector,
and co-transfected into HEK293T cells with the full-length USF1
expression plasmid. As expected, the pGL6 reporter exhibited an

increase in luciferase activity compared with the empty pGL6 vec-
tor. Co-transfection of the USF1 expression plasmid, but not the
control GFP plasmid, further increased the luciferase activity of
the pGL6 reporter 96-fold (Fig. 2e). This in vitro assay indicates
that USF1 promotes the expression of NAT10.

Next, we examined the expression pattern of USF1 in the
DRG. Double-labeling showed that USF1 was predominantly co-
expressed with B-Tubulin III, but not with GS, indicating that
USF1 is mainly located in DRG neurons (Extended Data Fig.
2-1c,d). Moreover, 64% USF1-positve cells expressed NAT10 (Fig.
2f,9). To address whether USF1 participates in neuropathic pain, we
used siRNA to knock down USF1 in CCI mice and packaged lenti-
virus to express full-length USF1 in naive mice. Microinjection of
Usf1 siRNA, but not its control scrambled siRNA, into L3/4 DRGs
reduced both USF1 and NAT10 expression on day 4 after injection
in CCI mice (Fig. 2h). Behaviorally, consistent with previous studies
(Pan et al., 2021b), nerve injury caused increased ipsilateral paw-
withdrawal frequencies in response to mechanical stimuli
[low (0.07 g) and medium (0.4 g) force von Frey filaments;
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Extended Data Fig. 2-lef] and the decreased paw-with-
drawal latencies in response to heat stimuli (Extended Data
Fig. 2-1g), indicating mechanical allodynia and heat hyperal-
gesia. USF1 knock-down with siRNA alleviated the hyper-
sensitivity to mechanical and thermal stimuli from days 3 to
6 after injection in CCI mice; USF1 knock-down did not
affect normal responses to mechanical and heat stimuli in
sham animals (Extended Data Fig. 2-1e-g). Microinjection of
Usfl siRNA did not impair locomotor behavior in either
sham or CCI mice (Table 2). Microinjection of Lenti-Usfl
into L3/4 DRGs of naive mice not only increased expression
of USF1 and NAT10 on day 5 after injection (Fig. 2i), but
also induced neuropathic pain-like behavior, demonstrated
by enhanced hypersensitivity to mechanical and thermal
stimulus from day 4 after lentivirus injection (Extended Data
Fig. 2-1h-j). Lentivirus injection did not alter locomotor
function (Table 2). Our data strongly support the hypothesis
that nerve-injury-induced NAT10 upregulation can be attributed,
at least in part, to increased USF1 expression in injured DRGs.

Downregulation of DRG NAT10 attenuates CCI-induced
nociceptive responses
Next, we asked whether NAT10 is involved in neuropathic pain.
First, we designed two siRNAs for use in the following experi-
ment. Nat10-siRNA-566 (translation start site designated as +1)
decreased the expression of Nat10 mRNA in vitro by 45.2% but
Nat10-siRNA-1138 had no effect on Nat10 expression (Extended
Data Fig. 3-1a). Therefore, we used Nat10-siRNA-566 in the in
vivo experiment. Microinjection of Nat10-siRNA-566 after CCI
blocked the nerve-injury-induced increase in NAT10 in the ipsi-
lateral DRG (Fig. 3a). Furthermore, we observed that downregu-
lation of NAT10 via DRG microinjection of Natl0-siRNA
ameliorated the CCI-induced heat and mechanical hypersensitiv-
ity (Fig. 3b-d). Microinjection of scrambled siRNA did not have
a similar analgesic effect during the observation period (Fig.
3b-d) and Natl0-siRNA treatment changed neither the con-
tralateral thresholds in CCI mice nor the ipsilateral responses
in sham mice (Fig. 3b-d; Extended Data Fig. 3-1b-d). As
expected, Nat10-siRNA microinjection, but not the scrambled
control, impaired CCI-induced hyperactivity in neurons of
the spinal dorsal horn: Nat10-siRNA microinjection abolished
CClI-induced increases in the phosphorylation of extracellu-
lar-signal-regulated kinase 1 and 2 (p-ERK1/2; a marker of
neuronal hyperactivation) and glial fibrillary acidic protein
(GFAP; a marker of astrocytic hyperactivation) in the ipsilat-
eral L3/4 dorsal horn (Fig. 3e). Next, we converted the Nat10-
siRNA-566 sequence to lentivirus shRNA and microinjected
this into L3/4 DRGs 2 d before surgery (preinjection) or 7 d af-
ter surgery (postinjection) to endogenously express shRNA in
CCI or sham mice. Preinjection or postinjection of Nat10-
shRNA (but not control Scr-shRNA) not only inhibited the
CCI-induced increase in NAT10 in ipsilateral L3/4 DRGs (Fig.
3f), but also alleviated CCI-induced pain hypersensitivity in
the ipsilateral paws (Fig. 3g-I), while having no influence on
the contralateral side (Extended Data Fig. 3-1f-h). No loco-
motor impairments were seen in either sham or CCI mice af-
ter injection of Natl0-siRNA or -shRNA or their controls
(Table 2). As expected, shRNA-induced NAT10 knock-down
reversed the increases in p-ERK1/2 and GFAP levels in the ip-
silateral L3/4 dorsal horn of CCI mice, compared with the
scrambled control (Fig. 3m).

Given that siRNA and shRNA may have potential off-target
effects, we generated Nat10”" mice (Extended Data Fig. 3-1i), in
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Table 2. Test of locomotor function after injection of manipulation tools

Locomotor function test

Treatment groups Placing Grasping Righting
PBS (1) 5(0) 5(0) 5(0)
Sham + Scr 5(0) 5(0) 5(0)
Sham+si-Nat10 5(0) 5(0) 5(0)
Sham +si-Syt9 5(0) 5(0) 5(0)
Sham +si-Usf1 5(0) 5(0) 5(0)
CCl + Scr 5(0) 5(0) 5(0)
CCl+si-Nat10 5(0) 5(0) 5(0)
(Cl+si-Syt9 5(0) 5(0) 5(0)
CCl+si-Usf1 5(0) 5(0) 5(0)
Lenti-Nat10 5(0) 5(0) 5(0)
Lenti-Syt9 5(0) 5(0) 5(0)
Lenti-Usf1 5(0) 5(0) 5(0)
Lenti-GFP 5(0) 5(0) 5(0)
Sham+Scr 5(0) 5(0) 5(0)
Sham-+shRNA 5(0) 5(0) 5(0)
CCl+Ser 5(0) 5(0) 5(0)
(Cl+shRNA 5(0) 5(0) 5(0)
AAV-GFP+Sham 5(0) 5(0) 5(0)
AAV-GFP+(Cl 5(0) 5(0) 5(0)
AAV-Cre+Sham 5(0) 5(0) 5(0)
AAV-Cre+(Cl 5(0) 5(0) 5(0)
Lenti-GFP+ Scr 5(0) 5(0) 5(0)
Lenti-GFP+si-Syt9 5(0) 5(0) 5(0)
Lenti-GFP+si-Nat 10 5(0) 5(0) 5(0)
Lenti-Nat 10+ Scr 5(0) 5(0) 5(0)
Lenti-Nat10+si-Syt9 5(0) 5(0) 5(0)
Lenti-Usf7+Scr 5(0) 5(0) 5(0)
Lenti-Usf1+si-Nat10 5(0) 5(0) 5(0)
gRNA-Scr+dCasRx-Nat 10 5(0) 5(0) 5(0)
gRNA-27+ dCasRx-Nat10 5(0) 5(0) 5(0)
gRNA-153+ dCasRx-Nat10 5(0) 5(0) 5(0)

Data are mean (SEM). n= 8/group; no significance; one-way ANOVA (response time vs treated groups) fol-
lowed by post hoc Tukey's test.

which DRG NAT10 is specifically knocked out in the presence of
Cre recombinase. By microinjecting AAV-Cre into the DRG, we
could thus measure the effect of genetic deletion of DRG NAT10
on pain behavior. As expected, preinjection of AAV-Cre into the
DRG of Nat10"® mice threeweeks before CCI/sham surgery
blocked the CCI-induced elevation of NAT10 on day 7 after sur-
gery, compared with the AAV-Gfp group (Fig. 3n). Nat10™"
mice preinjected with AAV-Cre, but not AAV-Gfp, showed
slight pain hypersensitivity to mechanical and thermal stimuli on
day 7 after CCI surgery (Fig. 30-q). AAV-Cre and the control
Gfp treatments did not affect the locomotor responses of Nat10™?
mice after CCI surgery (Table 2). NAT10 knock-out with AAV-
Cre, but not AAV-Gfp, diminished CCI-induced upregulation of
p-ERK1/2 and GFAP in Nat10"" mice (Fig. 3r). Thus, our data
suggest that DRG NAT10 plays an essential role in the initiation
and maintenance of neuropathic pain.

Mimicking the NAT10 increase produces neuropathic-pain-
like behavior

We set out to examine whether upregulation of DRG NAT10 is
sufficient for the induction of nociceptive hypersensitivity. We
constructed a full-length Nat10 lentivirus expression vector.
Compared with the control Lenti-Gfp, microinjection of Lenti-
Nat10 in L3/4 DRGs enhanced the expression of NAT10 by 213%
on day 6 after injection (Fig. 4a). Lenti-Nat10-mediated upregula-
tion also led to a dramatic increase in the ipsilateral paw-
withdrawal frequencies to the 0.07- and 0.4-g stimuli (Fig. 4b,c)
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Figure 3. Increased DRG NAT10 is required for induction and maintenance of neuropathic pain. @, NAT10 protein expression 3 d after DRG microinjection of Nat70-siRNA (siR) or scrambled
siRNA (Scr) into the L3/4 DRGs of mice, 7d post-CCl. n=6 mice/group, **p << 0.01 versus the corresponding groups; one-way ANOVA, post hoc Tukey's test. b—d, Time course of the effect
of microinjection of Nat70-siRNA (siR) or scrambled siRNA (Scr) into unilateral L3/4 DRGs of CCI or sham mice on the paw-withdrawal frequency (PWF) to 0.07 g (b) and 0.4 g (c) von Frey
filaments and on paw-withdrawal latencies (PWL) to heat stimuli (d) on the ipsilateral side. n =8 mice/group, *p << 0.05, **p << 0.01, ***p << 0.001 versus the sham-plus-Scr group at the corre-
sponding time points. #p << 0.05 versus the CCl-plus-Scr group at the corresponding time points; two-way ANOVA, post hoc Tukey's tests. Red arrow, CCl or sham surgery. Blue arrows, Nat10-
siRNA or Scr injection. e, Level of phosphorylation of extracellular signal-regulated kinase 1 and 2 (p-ERK1/2, a marker of neuronal hyperactivation) in the ipsilateral dorsal spinal horn on day 3
after microinjection of Nat70-siRNA or scrambled siRNA into the L3/4 DRGs of mice 7 d post-CCl or sham surgery. n =6 mice/group, *p << 0.05, **p << 0.01 versus the corresponding groups;
two-way ANOVA, post hoc Tukey's test. f, DRG NAT10 expression on day 5 after microinjection of Lenti-Nat70-shRNA (shR) or its scrambled shRNA (Scr) into the L3/4 DRGs in mice 7 d post-CCl
or sham surgery. n=6 mice/group, *p << 0.05, **p << 0.01 versus the corresponding groups; one-way ANOVA test, post hoc Tukey's test. g—i, Effect of preinjection of Lenti-Nat70-shRNA
(shRNA) or its scrambled shRNA (Scr) into the unilateral L3/4 DRGs 2 d before CCl or sham surgery on mechanical allodynia (g, h) and thermal hyperalgesia (i) on the ipsilateral side. n =8
mice/group, *p << 0.05, **p << 0.01, ***p < 0.001 versus the Scr-plus-sham group at the corresponding time points; #p << 0.05, #p<< 0.01, ###p<< 0.001 versus the Scr-plus-CCl group at
the corresponding time points; two-way ANOVA, post hoc Tukey's test. Red arrow, CCl or sham surgery. Blue arrows, Nat70-shRNA or Scr. j—I, Effect of postinjection of Lenti-Nat70-shRNA or its
control into the unilateral L3/4 DRGs on day 7 after CCl or sham surgery on ipsilateral mechanical allodynia (j, k) and thermal hyperalgesia (/). n =8 mice/group, *p << 0.05, **p < 0.0,
**¥¥) <0.001 versus the sham-plus-Scr group at the corresponding time points; #p << 0.05, ##p<< 0.01, ###p<< 0.001 versus the CCl-plus-Scr group at the corresponding time points; two-
way ANOVA, post hoc Tukey's test. Red arrow, CCl or sham surgery. m, The level of p-ERK1/2 in the ipsilateral dorsal horn on day 5 after postinjection of Nat70-shRNA or the scrambled control
into L3/4 DRGs in CCl or sham mice. n = 4 mice/group, *p << 0.05 versus the corresponding groups; two-way ANOVA, post hoc Tukey's test. n, Ipsilateral DRG NAT10 level on day 21 after prein-
jection of rAAV-hSyn-Cre (Cre) or rAAV-hSyn-Gfip (Gfp) into L3/4 DRGs of Nat10” mice before CCl or sham surgery. n =8 mice/group, *p << 0.05 versus the corresponding groups; one-way
ANOVA, post hoc Tukey's test. 0-g, Mechanical (o, p) and thermal (g) pain thresholds from day 21 after preinjection of rAAV-hSyn-Cre or rAAV-hSyn-Gfp into L3/4 DRGs of Nat10” mice before
CCl or sham surgery. n =8 mice/group, **p << 0.01, ***p << 0.001 versus the Gfp-plus-sham groups; #p << 0.05, ##p<< 0.01 versus the Gfp-plus-CCl group at the corresponding time points;
two-way ANOVA, post hoc Tukey's test. r, The level of p-ERK1/2 expression in the ipsilateral dorsal horn on day 7 after CCl in Nat10”" mice preinjected with rAAV-hSyn-Cre or rAAV-hSyn-Gfp
into L3/4 DRGs. n =4 mice/group, *p << 0.05 versus the corresponding groups; two-way ANOVA, post hoc Tukey's test. See Extended Data Figure 3-1.

and a marked decrease in the ipsilateral paw-withdrawal latency
to heat (Fig. 4d) from day 4 after microinjection to the end of the
observation period. However, the Lenti-Nat10-mediated upregu-
lation did not change the mechanical and heat responses on the
contralateral side (Fig. 4e-g), and microinjection of Lenti-Gfp
had no effect on behavioral responses. Robust increases in the
levels of p-ERK1/2 and GFAP were detected in the ipsilateral

dorsal horn of the spinal cord on day 6 after Lenti-Nat10 micro-
injection, indicating hyperactivity of neurons and astrocytes
(Fig. 4h). No locomotor changes were observed in either the
Lenti-Nat10 or Lenti-Gfp mice (Table 2).

Finally, we explored whether NAT10 mediates the USF1-
induced pain responses. We found that DRG microinjection of
Nat10-siRNA not only reversed the upregulation of NATI0


https://doi.org/10.1523/JNEUROSCI.2321-22.2023.f3-1

3018 - J. Neurosci., April 26,2023 - 43(17):3009-3027

Zhang etal. e The Role of NAT10 in Neuropathic Pain

a b -+ PBS c = Gfp d + Nat10
narro [ 00,07 Ipsil 20 0:4g sl 15 Heat Ipsi
GAPDH - e _ A _
3 % N3 n 12 5
T * = i €07 natio g iy
40 a
[ ® 2 g p g \ £
K Nat10
o? ¥ Nat10 30
2 T T T T T T T T T T 4-— T T T T
S2 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
© ﬁ Days after virus injection Days after virus injection Days after virus injection
PBS Gfp Nat10
e * PBS f = Gfp g 4+ Nat10 h
80 0.07g Contr 90- 0.4g Contr 16+ Heat Contr W PBS W Gfp B Nat10
_ —_— o - s = 10 * * x
. 5 I K
g% 20 s 12 W P g8
: . : cric e e &
L 40 £ s g ® @ 8,
20 ) 5 ° 25
¥ Nat10 309 ¢ Natto y Nat10 TUbu"nE €21 . 3 -‘I- o
0 T T T T T T T T T T T T T T T 0 D 1 I 885 *fes
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 e e (s s
Days after virus injection Days after virus injection Days after virus injection P-ERK1. p:ERKZ ERK1 ERK2 [GFAR
= | B N N | H
1 USF1 j k I
NATI0| o 55 88 & | - Gfp+Scr = Gfp+si-Nat10 4 Usf+Scr * Usfl+si-Nat10
I Gfp+Scr M Usf1+Scr *x i s
[ Gfptsi-Nat10 B Usf1+si-Nat10 —_ -
8 i *k *kk k. § ## . 12
T — 1 y E 60 E
24
£ 1 30 v v
T 2 0 T T T T T T T T T T T 4-— T T T T T
[ 0 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

Days after injection

USF1 NAT10

Figure 4.

Days after injection Days after injection

Upregulating DRG NAT10 expression induces neuropathic pain. a, NAT10 levels in the ipsilateral L3/4 DRGs on day 6 after microinjection of Lenti-Nat70 (Nat10) or control Lenti-

Gfp (Gfp) into unilateral L3/4 DRGs in naive mice. n=6 mice/group. *p << 0.05, versus Gfp group; one-way ANOVA, post hoc Tukey's test. b—d, Time line of the effect of microinjection of
Lenti-Nat70 (Nat10) or control Lenti-Gfp (Gfp) into unilateral L3/4 DRGs on the paw-withdrawal frequency (PWF) to 0.07 g (b) and 0.4 g (c) von Frey filaments and on paw-withdrawal laten-
cies (PWLs) to heat stimuli (d) on the ipsilateral side at the different days after lentivirus microinjection. n = 8 mice/group. *p << 0.05, **p << 0.01 versus Gfp-treated mice at the corresponding
time points; two-way ANOVA, post hoc Tukey's test. e-g, As for b—d but for the contralateral side. n =8 mice/group. h, Detection of p-ERK1/2 and GFAP levels in the ipsilateral L3/4 dorsal spi-
nal horn on day 7 after microinjection with Lenti-Nat70 (Nat10) or control Lenti-Gfp (Gfp) into unilateral L3/4 DRGs. n = 6 mice/group. *p << 0.05 versus Gfp group; two-way ANOVA, post hoc
Tukey's test. i, USF1 and NAT10 protein levels in the ipsilateral L3/4 DRGs after microinjection of Lenti-Usf7 (Usf1) and Nat10-siRNA (si-Nat10). Gfp, Lenti-Gfp. Scr, scrambled siRNA. n = 6 mice/
group. **p << 0.01, ***p << 0.001 versus the corresponding groups; two-way ANOVA, post hoc Tukey's test. j—I, Microinjection of si-Nat10 alleviates the mechanical allodynia (f, k) and heat
hyperalgesia (/) caused by USF1 upregulation. n=8 mice/group, *p << 0.05, **p << 0.01, ***p << 0.001 versus the Lenti-Gfp-plus-Scr group at the corresponding time points. #p << 0.05,

##p<< 0.01 versus the Lenti-UsfT-plus-Scr group at the corresponding time points; two-way ANOVA, post hoc Tukey's test.

protein induced by microinjection of Lenti-Usfl (Fig. 4i), but
also alleviated the heat and mechanical hyperalgesia induced by
upregulation of USF1 (Fig. 4j-I). These observations suggest that,
in the absence of nerve injury, DRG NAT10 upregulation likely
leads to neuropathic pain-like symptoms.

NAT10 contributes to enhanced efficiency of global protein
synthesis in nerve-injured DRG

N4-acetylation of cytidine (ac4C) in mRNA by the acetyltrans-
ferase NAT10 promotes protein translation efficiency (Arango et
al,, 2018). To investigate whether ac4C is involved in the regula-
tion of protein translation in the DRG under conditions of neu-
ropathic pain, we employed dot-blot (Arango et al., 2018) and
SUNSET (surface sensing of translation; Schmidt et al., 2009)
assays to evaluate alterations in global ac4C and nascent pro-
teins level after manipulating NAT10 expression. A dot-blot
assay with an ac4C antibody showed that the CCI-induced
ac4C increase in L3/4 DRGs was hindered by NAT10 knock-
down by siRNA on day 3 after microinjection (Fig. 5a) or by
shRNA on day 4 after microinjection (Fig. 5b) in CCI mice.

Preinjection of AAV2-Syn-Cre on day 21 before surgery
abolished the increase in ac4C level in L3/4 DRGs in CCI
Nat10™ mice (Fig. 5c). Furthermore, in the SUnSET assay, in
which nascent proteins are labeled with puromycin via intraperito-
neal injection 1 h before harvesting the DRG, nerve injury caused
an increase in nascent proteins in L3/4 DRGs; this increase was sig-
nificantly reduced in CCI mice by microinjection of Nat10-siRNA
but not the scrambled control (Fig. 5e,f). NAT10 overexpression
through microinjection of Lenti-Nat10, but not Lenti-Gfp, evoked
an increase in global ac4C (Fig. 5d) and resulted in the elevation of
nascent proteins in L3/4 DRGs on day 4 after injection (Fig. 5¢h).
Collectively, these data suggest that CCI leads to increased effi-
ciency of de novo protein synthesis as a result of enhanced levels of
ac4C, which in turn are because of increased expression of NAT10.

NAT10 positively regulates SYT9 expression in injured DRG
after CCI

To explore the downstream mechanisms underlying the involve-
ment of NAT10 in nociceptive behavior, we used tandem mass
tags (TMT; Friedrich et al., 2021) to identify targets regulated by



Zhangetal. @ The Role of NAT10 in Neuropathic Pain J. Neurosci., April 26, 2023 - 43(17):3009-3027 - 3019

a b c d ;
[0 wwe- o scsc [O10N0NH
2.5 il il 2.0 *k KKk . 4
8,0 o 8 3 ¢ g :
S G 15 €3 53
215 ° S 2 H
® 1.0 s 310 T 32
Q ° 2 Q
Bos Sos 81 31 ﬁ
0 ® “ "6
Scr_siR Scr_siR .
csrh::n c;(;I 90 Scr shR Scr shR 0 Gfp Cre PBS Gfp Nat10
Sham ccCl
e f g h
Il Sham+Scr Il Sham+si-Nat10 [ CCl+Scr [ CCl+si-Nat10 Il PBS N Gfp [ Nat10
KD H W W W 200- KD Il = = 180 "
180 - - J 180 . . 160-
100 - 5, 1601 100 - - 51404
[ L )
60 - 60 — 120+
.- -“ 2 120] - 3
45 s | % 45 - & 1001 .
S S
3% 1 g 80- # Hkk 35 e g 80+ R
[$] -
25 - & R B R 25 - - 5 0
= 40 |# k% = 404 kK
15 - - - 15 = — 20-
T rr T r rr1
Change fold Change fold
Figure 5.  NAT10 promotes enhanced protein synthesis efficiency in the DRG after nerve injury. a, The level of ac4C in ipsilateral L3/4 DRGs on day 3 after microinjection of Nat10-siRNA

(siRNA) or scrambled siRNA (Scr) into unilateral L3/4 DRGs of CCl mice. n=6 mice/group, **p << 0.01 versus the corresponding groups; one-way ANOVA, post hoc Tukey's test. b, The overall
ac4C level in ipsilateral L3/4 DRGs on day 5 after microinjection of Lenti-Nat70-shRNA (shR) or scrambled shRNA (Scr) into unilateral L3/4 DRGs of CCl mice. n= 6 mice/group, **p << 0.01,
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The level of overall ac4C in ipsilateral L3/4 DRGs on day 6 after microinjection of Lenti-Nat70 (Nat10) or Lenti-Gfp (Gfp) into unilateral L3/4 DRGs in naive mice. n = 6 mice/group. **p << 0.01
versus Gfp control; one-way ANOVA, post hoc Tukey's test. e, f, SUnSET assay detection for global nascent protein levels in L3/4 DRGs on day 3 after microinjection of Nat70-siRNA (si-Nat10) or
scrambled siRNA (Scr) into unilateral L3/4 DRGs of CCl mice. n =9 mice/group, **p << 0.01, ***p << 0.001 versus the sham-plus-Scr groups; #p << 0.05, ##p << 0.01 versus CCl-plus-Scr groups;
two-way ANOVA, post hoc Tukey's test. DRGs were collected 1 h after intraperitoneal injection of puromycin and used for Western blotting to analyze global protein levels. g, h, The level of
global nascent proteins in L3/4 DRGs on day 6 after microinjection of Lenti-Nat70 (Nat10) or Lenti-Gfp (Gfp) into unilateral L3/4 DRGs in naive mice. n=9 mice/group, *p << 0.05,

**¥¥1) < 0.001 versus Gfp group; two-way ANOVA, post hoc Tukey's test.

NAT10 in injured DRG. In the unbiased protein profiles, 6580
proteins were identified in total. CCI mice in the ipsilateral L3/4
DRGs on postsurgery day 7 showed significant changes in 952 of
these 3 d after the microinjection, relative to sham mice. Of the
altered proteins, 79.62% were upregulated and 20.38% were
downregulated (Fig. 6a). Microinjection of Nat10-siRNA on day
7 post-CCI reversed 74 of the CCI-induced upregulated proteins
(Fig. 6b). These affected proteins are notably enriched for pro-
teins involved in the calcium-dependent activation of synaptic
vesicle fusion (Fig. 6¢).

Notably, in the protein mass spectrometry results, the CCI-
induced increase in SYT9 was significantly reversed by NAT10
downregulation in the L3/4 DRGs (Fig. 6b, outlined in blue).
SYT9 belongs to the synaptotagmin family, which regulates
exocytosis by fine-tuning Ca®"-dependent neurotransmitter
release from synaptic vesicles (Wolfes and Dean, 2020). Thus,
we selected SYT9 as a potential target. Western blot assays
confirmed that DRG microinjection of Nat10-siRNA inhibited
the CCI-induced elevation in the level of SYT9 protein
in the ipsilateral L3/4 DRGs on day 7 after CCI (Fig. 6d).
Interestingly, qRT-PCR results show that CCI did not change
the expression of Syt9 mRNA, and expression was not affected
by NAT10 knock-down with siRNA treatment (Fig. 6e). By

contrast, upregulation of NAT10 by microinjection of Lenti-
Natl10 (but not the Lenti-Gfp control) dramatically increased
the amount of SYT9 protein in the injected DRG on day 5 af-
ter microinjection in naive mice (Fig. 6f), but did not alter the
level of Syt9 mRNA (Fig. 6g), indicating that NAT10 may reg-
ulate SYT9 via a posttranscriptional mechanism. To verify
this, we used polysome fractionation assays (Panda et al.,
2017) to evaluate the effect of NAT10 on the translation effi-
ciency of Syt9 mRNA. qRT-PCR results show that nerve injury
enhanced ribosomal binding to Syt9 mRNA in L3/4 DRGs
(mainly in the polysomal fraction) and that Nat10-siRNA
knock-down blocked this increase, with Syt9 mRNA detected
mainly in the monosomes or light polysomes in this condition
(Fig. 6h).

Overexpressing NAT10 with Lenti-Natl0 dramatically
increased the amount of Syt9 mRNA in the polysomal frac-
tions on day 5 after microinjection in naive mice, compared
with the Lenti-Gfp group (Fig. 6i). These data indicate that
the enhanced translation efficiency of Syt9 with nociception
likely resulted from NAT10 upregulation. Moreover, double
immunofluorescent labeling revealed that almost 70% of
SYT9-positive cells co-expressed NAT10 (Fig. 6j,k). Like
NAT10, SYT9 is predominantly expressed in 8-Tubulin III-
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proteins and 194 downregulated proteins. b, Heatmap showing that upregulation of the 74 proteins in the ipsilateral L3/4 DRGs in CCl mice was reversed by NAT10 knock-down
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trol; two-way ANOVA, post hoc Tukey's test. j, Co-expression of SYT9 (red) with NAT10 (green) in individual DRG cells. Scale bar, 30 um. k, Histogram showing the percentage of
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tive cells that were negative for NAT10. See Extended Data Figure 6-1.

positive cells in the DRG but not GS-positive satellite cells,
indicating a neuronal locus (Extended Data Fig. 6-1c,d).

Gain-of-ac4C in the Syt9 mRNA gene coding domain
sequence mediates the NAT10-controlled increase in SYT9

Subcellular analysis showed that SYT9 was located predomi-
nantly in the cytoplasm of DRG neurons (Extended Data Fig.
6-1e). Finally, we cultured adult DRG neurons to carry out
the single-cell PCR experiment to analyze the co-expression
of SYT9, NAT10, and USF1 in DRG neurons. The results
showed that SYT9, NAT10, and USF1 co-existed in individ-
ual small, medium, and large DRG neurons (Extended Data
Fig. 6-1f-h). Overall, these data demonstrate that SYT9 is
functionally coupled to NAT10, likely in a posttranscription-
dependent manner.

protein in the DRG of CCI mice

We next sought to establish whether Syt9 mRNA can be ace-
tylated and whether SYT9 protein expression is regulated by
the ac4C modification. As ac4C occurs frequently in specific
repeated “CXXCXXCXX” motifs (“X” represents A, G, C, or
U) in mRNA, especially in the gene coding domain sequence
(CDS; Arango et al.,, 2018). Using the specific motifs, we
identified six regions may be containing the ac4C motif (Fig.
7a). Four pairs of primers were designed to cover all of the
predicted motif regions [PCR primer pair 1 for the a (+79 to


https://doi.org/10.1523/JNEUROSCI.2321-22.2023.f6-1
https://doi.org/10.1523/JNEUROSCI.2321-22.2023.f6-1
https://doi.org/10.1523/JNEUROSCI.2321-22.2023.f6-1
https://doi.org/10.1523/JNEUROSCI.2321-22.2023.f6-1
https://doi.org/10.1523/JNEUROSCI.2321-22.2023.f6-1

Zhangetal. @ The Role of NAT10 in Neuropathic Pain J. Neurosci., April 26, 2023 - 43(17):3009-3027 - 3021

Predicted ac4C motif sites (a-f) in Syt9 CDS

a P 5utR | “leps 1 3UTR 9
PER orf > <> < > <> = Py dCasRx
rimer F1 R1 F2 R2 F3R3 F4 R4
i Syt9 MRNA
b 6 M Sham  m ccl gRNA
5 ? ac4C +79~+90 +97-+108 23
%
: %,
£
FIR1 F2R2 F3R3 F4R4
c h dCasRx  dCasRx/NAT10
M Sham+Scr ke wkw
M = = = o= 50-mm Sham+si-Nat10 ’—‘ 250KD dCasRx/NAT10
— —~ 40- M CCIl+Scr
ac4C :_-4'-{"“ SR R, I comsiNatto 130KD
IgG 5
o° - F0KD NAT10
Input ---—j ~ 10 70KD
0
19G acac GAPDH
d g0 ™ Gfp k%
Input 19G ac4C B Nat10 5
M Gfp Nat10 Gfp Nat10 Gfp Nat1o = 60 . .
2 E P < i = pes j mees
E ’g_ 40 B Scr+dCasRx/Nat10 B Scr+dCasRx/Nat10
£, B gRNA-27+dCasRx/Nat10 , 4™ 9RNA-153+dCasRxINat10
40 *
0 ’_A =20
19G acaC F30 <15
5 20 2 2
2 210
e M = == == == 20 B8 Sham+Scr *hx  * <10 ~ 5
- t1°|-—| m Sham+si-Nat10) g
anti-Nat10| = =~ =~ . S15-m cCl+Scr o 0 —— Ig—G TacaC
196 [T :5’ B CCl+si-Nat10 IgG ac4C
E o °
Input —.-.-I °
= ATTNATIO k m PBS = gRNA-27+dCasRx/Nat10
9 B Scr+dCasRx/Nat10 mm gRNA-153+dCasRx/Nat10 *
f N B 5
o ©1=0, T ;
Input _1gG_ anti-NATI0 | natto X NAT1O. g
M  Gfp Nat10 Gfp Nat10 Gfp Nat10 sngE o3
52
e 1
0

NAT10 SYT9

19G anti-NAT10

Figure 7.  Elevated ac4C in Syt9 mRNA mediates the NAT10-triggered increase in SYT9 protein after CCl. a, The predicted ac4C motif (CKXCXXCXX. X represents A, G, C, or U) location in the
(DS of Syt9 mRNA. The forward and reverse arrows represent paired RT-PCR primers. a-f, the six ac4C motif regions in the Syt9 (DS. F and R, The designed PCR primer pairs for amplifying
the specific ac4C motifs. b, Detection of the six corresponding ac4C motifs via RNA immunoprecipitation (RIP)-PCR using the four PCR primer pairs. n = 9 mice/group, ***p << 0.001 versus the
sham group; two-way ANOVA, post hoc Tukey's test. ¢, RIP-PCR with anti-ac4C revealed the ac4C level of Syt9 (DS (a and b motif sites) on 3 d after microinjection of Nat70-siRNA (siRNA) or
scrambled siRNA (Scr) into L3/4 DRGs of CCl or Sham mice with 7 d surgery. n = 12 mice/group, ***p << 0.001 versus the corresponding groups; two-way ANOVA, post hac Tukey's test. d, acdC
level of Syt9 on 5 d after microinjection of Lenti-Nat70 or Lenti-Gfp into L3/4 DRGs of naive mice. n =12 mice/group, **p << 0.01 versus Gfp control; two-way ANOVA, post hoc Tukey's test. e,
Lanti-Nat 70 antibody revealed the binding accounts of NAT10 to Syt9 (DS after microinjection of Nat70-siRNA (siRNA) or scrambled siRNA (Scr) into L3/4 DRGs of CCl or Sham mice with 7 d sur-
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the given (DS in Syt9 mRNA. gRNA, small guide RNA. +79 to +90 and +97 to + 108 represent the locations of the a and b ac4C motif sites in the Syt9 (DS. The first nucleotide of the (DS
is designated as +1. h, Identification of dCasRx-NAT10 fusion protein expression on day 5 after microinjection of CRISPR-dCasRx-Nat10 into L3/4 DRGs. i, j, Analysis of ac4C levels in the Syt9
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+90) and b (+97 to +108) motifs, pair 2 for the ¢ (+973 to  assay revealed that the two CDS fragments containing the a/
+987) and d (+991 to +1002) motifs, pair three for the e b or e motifs (but not the fragments containing the ¢, d, or f
(+1108 to +1119) motif, and pair four for the f (+1270 to  motifs) could be amplified from the sham DRG complex
+1281) motif, with the first nucleotide of the CDS desig- immunoprecipitated with the ac4C antibody (Fig. 7b). CCI
nated as +1] (Fig. 7a). An RNA immunoprecipitation (RIP)  increased the ac4C level in the a/b motif by 300%, but did



3022 - J. Neurosci., April 26,2023 - 43(17):3009-3027

not significantly affect ac4C in the e motif; microinjection of
Nat10-siRNA returned the ac4C increase in the a/b motif
almost to the basal level on day 3 after microinjection, but
the scrambled control did not (Fig. 7c¢).

NAT10 upregulation by Lenti-Nat10 enhanced the ac4C level
in the a/b motif by 176% in the injected DRG, compared with the
Lenti-Gfp control (Fig. 7d). Given that NAT10 serves as a “writer,”
adding ac4C onto mRNA, we measured the binding level of
NAT10 to a/b motif regions under the modulation conditions
described above. Like ac4C in the a/b motif, microinjection of
Nat10-siRNA not the scrambled control reversed the increased
NAT10 binding to the a/b motif in the L3/4 DRGs of CCI mice on
day 3 postinjection (Fig. 7e). Microinjection of Lenti-Nat10, but
not Lenti-Gfp, elevated the NAT10 binding level in the DRG of
naive mice on day 6 postinjection (Fig. 7f). Thus, NAT10 likely
participates in the regulation of ac4C modification of Syt9 mRNA.

We next used the CRISPR gene-editing system (Lorsch et al.,
2019) to further confirm the specific regulatory role of ac4C in
SYT9 protein expression. NAT10 was fused with inactivated
CasRx protein (dCasRx/NAT10 fusion protein) to specifically
“write” ac4C to the a/b motif via guide RNA (gRNA; Fig. 7g).
The dCasRx/NAT10 fusion protein was detectable on day 5 after
microinjection of lentivirus CRISPR-dCasRx-Natl0 in naive
mice (Fig. 7h). Two gRNAs including gRNA-27 (+27 to +46,
first nucleotide in the CDS designated as +1) and gRNA-153
(+153 to +172) located near the a/b motif were designed as pre-
vious described (Hofacker et al., 2020). Syt9 ac4C levels in CCI
DRGs were increased by 72.2% and 132% versus the Scr group
on day 5 after co-microinjection of CRISPR-dCasRx-Nat10 and
gRNA-27 or gRNA-153, respectively (Fig. 7i,j). Furthermore, co-
microinjection of CRISPR-dCasRx-Natl0 with gRNA-27 or
gRNA-153, not the Scr gRNA, co- significantly enhanced the
level of SYT9 expression in the DRGs by 305% and 283% on day
5 post-CCI (Fig. 7k). These manipulations did not impair normal
locomotor functions (Table 2). Taken together, these data show
that nerve-injury-induced SYT9 upregulation is required for
CClI-evoked ac4C elevation via NAT10 in injured DRGs.

NAT10 regulates SYT9 under nociceptive conditions

We next asked whether NAT10 regulates neuropathic pain via
modulation of SYT9. First, we examined the effect of DRG SYT9
on neuropathic pain behavior. DRG microinjection of Syt9-
siRNA on day 7 post-CCI not only decreased SYT9 expression
(Fig. 8a), but also alleviated mechanical allodynia and heat
hyperalgesia on days 10 and 13 post-CCI on the ipsilateral
side (Fig. 8b-d). As expected, the basal paw responses on the
contralateral side (Extended Data Fig. 8-la-c) and locomotor
behavior (Table 2) were not affected in these mice. Overexpression
by microinjection of lentivirus with full-length Syt9 caused a signifi-
cantly increased expression of SYT9 in L3/4 DRGs of naive mice
(Fig. 8e). This overexpression induced nociceptive hypersensitivity
starting from day 4 after microinjection in L3/4 DRGs of naive
mice (Fig. 8f~h). Similarly, SYT9 upregulation by microinjection of
CRISPR-dCasRx-Nat10 and gRNA-27 or gRNA-153 also induced
mechanical and thermal pain hypersensitivity from days 6 to 10 af-
ter microinjection (Fig. 8i-k). No impairments in locomotor func-
tion were seen in these mice (Table 2). These findings suggest that
SYT9 regulates neuropathic pain. Finally, we confirmed the rela-
tionship between NAT10 and SYT9 and their role in neuropathic
pain. Microinjection of Syt9-siRNA not only reduced the increase
of SYT9 protein caused by overexpression of NAT10 (Fig. 81), but
also blocked the pain hypersensitivity which was induced by DRG
microinjection of Lenti-Nat10 though co-microinjection of Lenti-
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Natl10 and Syt9-siRNA (Fig. 8m-0). Collectively, our data identify
NAT10 as a key initiator in neuropathic pain that acts at least partly
by targeting SYT9 in an ac4C-dependent manner (Fig. 9).

Discussion

Recent studies have shown extensive N4-acetylcytidine (ac4C)
modifications in mammalian mRNA (Arango et al., 2018).
ac4C is emerging a novel regulatory mechanism that improves
the translation efficiency and stability of mRNA, and it has
drawn widespread attention for its vital roles in various bio-
logical processes and human diseases (Arango et al., 2018,
2022). Significant changes in ac4C content are detectable in
the serum, plasma or urine of patients with gestational diabe-
tes (Jin et al., 2020), myocardial infarction (K. Wang et al.,
2022b), interstitial cystitis (Parsons et al., 2014), acquired im-
munodeficiency syndrome (AIDS; Tsai et al., 2020), cancer
(Szymanska et al., 2010; T. Zhang et al., 2013; H. Li et al,
2019), chronic renal failure, relapsed refractory cirrhosis (Bhargava
et al, 2019), and pulmonary fibrosis (Laguna et al., 2015). In
addition, oxidative stress significantly increased the ac4C content
in yeast mRNA (Tardu et al,, 2019). Despite this, the potential
role of ac4C in pain has remained unknown. Here, we identi-
fied an increase in ac4C in injured DRGs and found that this
increase could be attributed to upregulation of NAT10 in DRG
neurons after peripheral nerve injury. Furthermore, we dem-
onstrated that the USF1-controlled NAT10 upregulation initiated
and maintained neuropathic pain through increased ac4C-
triggered SY'T9 translation efficiency in DRG neurons. NAT10
therefore appears to play a key role in nerve injury-induced
pain hypersensitivity in an ac4C-dependent manner.

Like other pain-related genes, Natl0 can be regulated at
the transcriptional level. Peripheral nerve injury caused an
increase in NAT10 expression at least in part through nerve-
injury-induced upregulation of USF1 and subsequent gain of
its binding to the Nat10 gene promoter in injured DRG (Fig.
2¢). Additionally, NAT10 and USF1 are co-expressed in all
types of DRG neurons. This is consistent with previous find-
ings showing that USF1 is ubiquitously expressed in neurons
in peripheral and central nerve tissues (Chen et al., 2003;
Park and Russo, 2008; Zhou et al., 2022). Indeed, USF1
belongs to the family of basic helix-loop-helix leucine zipper
(bHLH-LZ)-type transcription factors. USF1 can recognize
and bind the “CACGTG” motif in the gene-promoter regions
alone or in cooperation with other transcription factors like
USF2 (Costa et al., 2020). Because of the existence of the
“CACGTG?” in the Nat10 promoter, USF1 binds to the Nat10 pro-
moter and regulates Nat10 transcription (Fig. 2d.e). Interestingly,
USF1 is known to regulate Ca®*-dependent gene transcription in
the nervous system and could thus control neuronal-activity-regu-
lated genes such as Cox-2, Nur77, nAchRa7, and GAP-43 (Chen
et al,, 2003), as well as the Fmrl, Bdnf, and App genes (Kumari
and Usdin, 2001; Chen et al., 2003; Hu et al., 2017). Functionally,
mice lacking USF1 display spontaneous epilepsy (Sirito et al.,
1998), suggesting that USF1 may play a key role in nervous system
diseases. More importantly for the study of pain, we demonstrated
that blocking DRG USF1 not only reversed the CCI-induced
upregulation of NAT10 expression but also reversed the
nerve-injury-induced nociceptive hypersensitivity. In naive
mice, DRG overexpression of USF1 increased NAT10 expres-
sion and enhanced responses to nociceptive stimuli. Our
findings establish that the role of USF1 in neuropathic pain
is at least partly through targeting of DRG NAT10. Whether
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of Lenti-Syt9 into L3/4 DRGs of naive mice. n =6 mice/group, *p << 0.05 versus Gfp; one-way ANOVA, post hoc Tukey's test. f~h, Time course of the effect of microinjection of Lenti-Syt9 (Syt9)
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other transcription factors also participate in NAT10 upreg-
ulation in injured DRG is unclear. A recent study has shown
that the lysine residue at 426 (K426) in NAT10 protein is ace-
tylated, resulting in enhancement of NAT10 activity (Cai et
al., 2017). Therefore, the observed increase in DRG NAT10
in our study might also result from posttranscriptional modi-
fication or other epigenetic modifications. These possibilities
cannot be ruled out and will be addressed in future studies.
NATI0 can catalyze ac4C after recognizing the ac4C motif in
mRNA and has served as an important player in the develop-
ment of various diseases (Arango et al,, 2018; G. Wang et al,,
2022a). In the present study, our data support the conclusion
that the nerve-injury-induced increase in DRG NATIO0 is

required for the induction and maintenance of neuropathic pain.
Notably, knocking down DRG NAT10 via microinjection of
Nat10-siRNA or shRNA in wild—tglpe mice, or via microin-
jection of AAV2-Cre in Nat10™" mice, markedly blocked
the CCI-induced increase in the overall ac4C level in the
DRG, resulting in the suppression of NAT10 expression lev-
els in injured DRG and the abolishment of neuropathic
pain. However, NAT10 reduction was not observed in sham
DRG after siRNA or shRNA injection. The possible reason
is that DRG is a complex tissue, this characteristic may give
it a strong compensatory metabolic capacity to protect itself
against the injury under the physiological status. Thus, after
injection of Natl0-siRNAs into Sham DRG, the defensive
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The schematic shows that the cytidine N-Acetyltransferase NAT10 participates in peripheral nerve injury-induced neuropathic pain by stabilizing SYT9 expression in primary sensory

neurons. Peripheral nerve injury upregulates NAT10 level in the injured DRGs. This upregulation is attributed to an increase in the binding accounts of USF1 to Nat70 promoter in DRGs neurons.
Furthermore, the upregulated NAT10 elevates the level of ac4C in Syt9 (DS, triggering in the increase of SYT9 protein expression and genesis of nociceptive hypersensitivity.

proteins could almost completely or mostly degrade these
exogenous molecules, so as to, to a large degree, protect
Natl0 mRNA. In fact, in the similar experiments of other
pain research groups, they also find the consistent phenom-
ena, in which siRNAs do not or less affect the expression of
the target genes (J. Zhang et al., 2016; S. Wang et al., 2019;
Du et al., 2022). Moreover, this knock-down in the DRG of
CCI mice abolished CCI-induced hyperactivation in dorsal
horn neurons and astrocytes. Mimicking nerve-injury-induced
NAT10 upregulation with DRG microinjection of Lenti-Nat10
in naive mice caused an increase in the overall ac4C level in
the DRG and augmented the animals’ response to noxious
stimuli. This DRG NAT10 upregulation in naive mice also
induced hyperactivation of dorsal horn neurons and astro-
cytes. Previous studies have shown that ac4C contributes to
the production of nascent proteins by improving the stability
and translation efficiency of mRNA (Arango et al.,, 2018).
Here, we found that the level of nascent protein is positively
correlated with NAT10 abundance in the DRG, suggesting that
NAT10 improves translation efficiency by controlling the overall
level of ac4C in DRG. To our knowledge, this is the first evidence

that NAT10 contributes to neuropathic pain in an ac4C-depend-
ent manner.

NAT10 upregulation caused an increase in the level of SYT9
protein, but not mRNA, in the DRG following nerve injury. We
found that blocking NAT10 significantly reversed this SYT9
increase, demonstrated by an unbiased protein mass-spectrome-
try profile. SYT9 is one member of the synaptotagmin family,
which contributes to Ca®"-dependent neurotransmitter release
(Fernandez-Chacon et al., 2001). It is well documented that other
members of the synaptotagmin family, such as SYT1 and SYT?2,
are involved in the endogenous initiation of neuropathic pain
through their role in neurotransmitter release (Alvarado et al.,
2015; Wan et al., 2020) but the role of SYT9 has not been estab-
lished. Therefore, from the candidate proteins, we selected SYT9
as the putative downstream target of NAT10. We observed that
SYT9 was mainly located in neurons in the DRG, and was co-
expressed with NAT10. At the molecular level, we found six
ac4C motif sites as the described previously (Arango et al., 2018;
G. Wang et al,, 2022a). Of these, the +79 to +90 and +97 to
+108 sites were identified as regulated by NAT10 in the DRG
post-CCIL. There are currently no agonists or inhibitors of ac4C
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activity available so we used the CRISPR-dCasRx system to
confirm a direct relationship between ac4C and SYT9 protein
expression. We constructed a specific fusion protein containing
NAT10 and dCasRx, in which the NAT10 protein was placed
precisely at the ac4C motifs by guide gRNA that recognized a
given ac4C site sequence in the Syt9 CDS. Upregulating the level
of the two ac4C motifs resulted not only in an increase in SYT9,
but also in the production of neuropathic-pain-like behavior.
Overexpressing DRG SYT9 by microinjected full-length Syt9 len-
tivirus produced a consistent nociceptive phenomenon in naive
mice, and blocking the increased SYT9 in the DRG significantly
relieved the nerve-injury- or NAT10-upregulation-induced pain
hypersensitivity. It is clear that SYT9 is a critical regulator of neu-
ropathic pain; whether the involvement of SYT9 in neuropathic
pain depends on Ca®"-dependent neurotransmitter release will
be investigated in future studies. Additionally, although SYT?9 is
expressed in both male and female anterior pituitary cells, SYT9
is involved in the modulation of follicle-stimulating hormone
secretion in a female-specific manner (Roper et al., 2015). Given
that only male mice were used in the present study, whether the
mechanisms discussed above are male-specific is unknown.

Interestingly, we found the robust effects of Nat10 on me-
chanical than on thermal hypersensitivity. This difference may
be attributed to the existence of one or more other unknown
downstream genes of NAT10, which may be more sensitive to
mechanical pain, or more insensitive to thermal pain. In fact,
except for the sharing sensory signal molecules, mechanical pain
and thermal pain own their individual specific sensory signal mol-
ecules. For example, TRPV1 and TRPM3, enriched in sensory
neurons, are the noxious heat sensor and are required for the de-
velopment of heat hyperalgesia (Vriens et al., 2011; Vandewauw et
al., 2018; Tanimizu et al, 2021). Whereas, TACAN, a recently
identified ion channel, mainly contributes to sensing mechanical
pain (Beaulieu-Laroche et al., 2020).

In summary, we demonstrated that nerve injury increases the
level of NAT10 expression and the overall ac4C level in injured
DRGs. Reversing this abnormal increase relieves pain hyper-
sensitivity without affecting basal responses or locomotor
function in a Syt9-ac4C-dependent manner. This is the first
time that RNA ac4C modification has been linked to neuro-
pathic pain: this relationship may provide a new therapeutic
avenue in ongoing search for effective treatments for neuro-
pathic pain. Our results suggest that NAT10 may be a key
target for the management of neuropathic pain.
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