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N4-acetylcytidine acetylation of neurexin 2
in the spinal dorsal horn regulates hypersensitivity
in a rat model of cancer-induced bone pain
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Cancer-induced bone pain (CIBP) significantly impacts the
quality of life and survival of patients with advanced cancer.
Despite the established role of neurexins in synaptic structure
and function, their involvement in sensory processing during
injury has not been extensively studied. In this study using a
rat model of CIBP, we observed increased neurexin 2 expression
in spinal cord neurons. Knockdown of neurexin 2 in the spinal
cord reversed CIBP-related behaviors, sensitization of spinal c-
Fos neurons, and pain-related negative emotional behaviors.
Additionally, increased acetylation of neurexin 2 mRNA was
identified in the spinal dorsal horn of CIBP rats. Decreasing
the expression of N-acetyltransferase 10 (NAT10) reduced neu-
rexin 2 mRNA acetylation and neurexin 2 expression. In PC12
cells, we confirmed that neurexin 2 mRNA acetylation enhanced
its stability, and neurexin 2 expression was regulated by NAT10.
Finally, we discovered that the NAT10/ac4C-neurexin 2 axis
modulated neuronal synaptogenesis. This study demonstrated
that the NAT10/ac4C-mediated posttranscriptional modulation
of neurexin 2 expression led to the remodeling of spinal synapses
and the development of conscious hypersensitivity in CIBP rats.
Therefore, targeting the epigenetic modification of neurexin 2
mRNA ac4Cmay offer a new therapeutic approach for the treat-
ment of nociceptive hypersensitivity in CIBP.
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INTRODUCTION
Cancer-induced bone pain (CIBP) is a symptom of bone metastasis in
advanced cancer (e.g., breast, prostate, or lung cancer) patients, with a
high prevalence rate between 75% and 90%.1,2 However, current clin-
ical treatments for CIBP are limited, and the available analgesic drugs
are commonly associated with significant toxic side effects, such as
somnolence, constipation, and respiratory depression.3 Recently,
the role of epigenetics in chronic pain development has emerged as
a prominent research area.4,5 This field holds promise for unraveling
the molecular etiology of CIBP and providing a theoretical founda-
tion for developing novel and effective therapeutic interventions
for CIBP.

Previous studies have focused on common RNA modifications, such
as m6A, m5C, m1A, and m7G modifications.6,7 N4-acetylcytosine
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RNA acetylation (ac4C) is a conserved chemical modification that oc-
curs at the N4 position of acetylcytosine, catalyzed by an RNA ac4C-
modifying enzyme.8 Currently, ac4C modification represents a novel
class of RNA modifications with potential significance in the field of
epitranscriptomics, akin to m6A modification.9 In protein covalent
modifications, acetylation/deacetylation has been established as the
second most important factor in post-transcriptional regulation and
is closely associated with pain.10,11 However, there is limited research
on the modulation of chronic pain through RNA acetylation. In this
study, we focused on mRNA ac4C from an epigenetic perspective to
elucidate the molecular basis underlying neural pathway maladapta-
tion in the bone cancer microenvironment and its role in CIBP devel-
opment and maintenance.

The neurexins family comprises highly polymorphic cell surface pro-
teins that are specifically expressed in mammalian neurons.12

The extensive polymorphism and synaptic localization of neurexins
suggest their involvement in cell surface receptor function, cell recog-
nition, and adhesion.13 Potential effects of neurexins include (1)
interaction with neuroligins (neuronal cell adhesion molecules on
the postsynaptic membrane) to facilitate functional synapse forma-
tion14,15; (2) acting as presynaptic receptors with high affinity for
a-latrotoxin in the presence of Ca2+ to induce synaptic vesicle cytoso-
lization and stimulate neurotransmitter release16,17; (3) serving as
endogenous ligands that tightly bind to neurexins in the brain,
potentially regulating intracellular signaling in specific neuronal sub-
populations18; (4) non-Ca2+-dependent tight binding of Ca2+ recep-
tor-synaptotagmins to neurexins, potentially playing a vital role in
synaptic vesicle docking and targeting in nerve terminals19,20; and
(5) binding of the LNS structural domains of neurexins to dystrogly-
can for synaptogenesis or neuron-astrocyte interactions.21 Collec-
tively, the neurexin family regulates both synaptic structure and
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function. While the precise function of neurexin 2 remains unclear,
we hypothesized that neurexin 2 plays a crucial role in synaptic plas-
ticity based on currently available information.

A CIBP model was created by injecting 10 mLWalker-256 breast can-
cer cell suspension into the bone marrow cavity of the left tibia of
Sprague-Dawley rats.22–24 Our previous research identified the wide-
spread distribution of ac4C in the spinal dorsal horn (SDH) L4–L6
transcriptome of rats by ac4C-specific RNA immunoprecipitation
assay (acRIP-seq). The differential genes with ac4C mRNA
modification and mRNA expression in CIBP rats revealed a signifi-
cant correlation, suggesting that ac4C is involved in the development
of CIBP.25 Further analysis of the ACHPA (4-amino-5-cyclohexyl-
3-hydroxy pentanoic acid)-containing renin inhibitory peptide
sequencing data identified neurexin 2 as one of the highly correlated
differential genes. The study investigated the expression changes of
neurexin 2 mRNA ac4C in the spinal cord of rats with CIBP and
their correlation with pain thresholds through the use of acRIP-
qPCR, molecular biology techniques, and pain behavior tests. Addi-
tionally, small interfering RNA (siRNA), RIP-qPCR, and pain
behavior tests were employed to study the mutual regulation of
N-acetyltransferase 10 (NAT10), neurexin 2 mRNA ac4C, and neu-
rexin 2, as well as their roles in pain sensitization in rats with CIBP.
Last, electron microscopy and related molecular biology techniques
were utilized to examine the impact of the NAT10-ac4C-neurexin 2
axis on spinal cord synaptic plasticity in rats with CIBP.

The results of the study demonstrated that bone cancer increased the
acetylation of the neurexin 2 mRNA and increased its half-life
through NAT10. The upregulated expression of neurexin 2 initiated
spinal cord synaptic plasticity and contributed to the development
of nociceptive hypersensitivity in rats with CIBP. Overall, this study
investigated the mechanisms underlying CIBP, and the findings of
this study may potentially contribute to the development of novel
strategies and targets for preventing and treating CIBP.

RESULTS
Expression and cellular localization of neurexin 2 in the SDH

tissue of rats with CIBP

CIBP development is closely associated with synaptic plasticity in the
central nervous system.26 The neurexins family plays a crucial role in
synaptic assembly and functional regulation.27 Neurexin 2may have a
substantial impact on the development of CIBP.

To investigate the potential role of neurexin 2 in CIBP, a rat model of
CIBP was established. Mechanical pain abnormalities were assessed
in rats from the CIBP model group and the sham group at various
time points, including preoperative and postoperative days 3, 6, 9,
12, 15, and 18. The results demonstrated that CIBP rats exhibited
heightened sensitivity to mechanical stimuli from day 6 to day 18,
as evidenced by a significant decrease in the foot reduction threshold
(Figure 1A). Gait analysis further confirmed these findings, revealing
a lower maximum pressure intensity, mean pressure intensity, and
plantar area of the paw in CIBP rats after postoperative day 9
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(Figures 1B and 1C), thus validating the successful establishment of
the CIBP model.

Subsequently, SDH tissues were collected from rats in the sham and
CIBP groups, and the expression of neurexin 2 was analyzed using
qPCR, western blotting, and immunofluorescence techniques. The re-
sults demonstrated that neurexin 2 mRNA and protein expressions in
the SDH of CIBP rats were significantly increased on days 9 and
15 (Figures 1D–1F). Immunofluorescence analysis further revealed
upregulated neurexin 2 expression in the ipsilateral spinal cord
of CIBP rats on postoperative day 9 (Figure 1G). Co-localization as-
says with markers for neurons (NeuN), astrocytes (GFAP), and mi-
croglia (Iba1) demonstrated that neurexin 2 primarily co-localized
with the neuronal marker NeuN in the SDH tissues (Figure 1H).
Furthermore, a negative correlation was observed between pain
threshold and neurexin 2 expression in CIBP rats, indicating that
higher neurexin 2 expression was associated with lower pain thresh-
olds (Figure 1I).

These findings suggested that neurexin 2 may play a critical role in
CIBP development. Further investigations are warranted to elucidate
the specific mechanisms underlying the contribution of neurexin 2
to CIBP.

Downregulation of neurexin 2 reverses pain behavior and spinal

neuron sensitization in rats with CIBP

To investigate the involvement of neurexin 2 in the development of
bone cancer-induced nociceptive sensitization, siRNA oligonucleo-
tide sequences targeting neurexin 2 were transfected into the
SDH tissues of rats.

In the evaluation of mechanical nociceptive hypersensitivity
in rats with CIBP, rats in the CIBP, CIBP+MC-siRNA, and
CIBP+neurexin2-siRNA groups exhibited mechanical nociceptive
hypersensitivity as compared with the sham group on postoperative
day 7 (Figure 2A). Intrathecal administration of neurexin 2 siRNA
on days 6, 8, and 10 resulted in a significant increase in the mechan-
ical withdrawal threshold of rats in the CIBP+neurexin 2-siRNA
group on days 9, 11, and 13, respectively (Figure 2A), indicating
that inhibition of neurexin 2 expression reversed the mechanical
nociceptive sensitization in rats with CIBP. The results of
CatWalk gait analysis also confirmed that with intrathecal adminis-
tration of siRNA on postoperative days 6 and 8, the maximum con-
tact area, mean intensity, and maximum contact intensity were
elevated in the ipsilateral (left)/contralateral (right) hind paw per-
centage on day 9 in the CIBP rats in the neurexin 2-siRNA group
as compared with the rats in the MC-siRNA group (Figures 2B
and 2C). Detection of pain-related negative emotional behavioral
changes on postoperative day 9 revealed that CIBP rats in the
CIBP+neurexin 2-siRNA group exhibited increased time and num-
ber of explorations in the bright field of the bright-dark shuttle, as
well as increased time and number of explorations into the open
arm in the elevated cross maze. Additionally, the number of buried
beads was significantly decreased in the CIBP+neurexin 2-siRNA



Figure 1. Expression and localization of neurexin 2 in the SDH tissue of rats with CIBP

(A) Reduced mechanical pain thresholds in the hindfoot of CIBP rats on days 6–18 after surgery (n = 11). (B) Hindfoot footprint and plantar pressure intensity in both groups of

rats from the CatWalk gait test. (C) A significantly lower percentage of ipsilateral (left)/contralateral (right) hindfoot in three selected parameters in CIBP rats as compared with

sham rats (n = 8). (D) qPCR analysis of neurexin 2 mRNA expression in the sham and CIBP groups at different time points (n = 6). (E and F) Western blot analysis of neurexin 2

expression in the sham and CIBP groups at different time points (n = 6). (G) Immunofluorescence staining of neurexin 2 (green) in the SDH of the sham and CIBP groups. (H)

Neurexin 2 (green) is double fluorescently labeled with Ibal (red) for microglia, GFAP (red) for astrocytes, and NeuN (red) for neurons. (I) Correlation analysis between

pain threshold and neurexin 2 expression in CIBP rats at different time points. Results are expressed as mean ± SEM. Repeated measures with ANOVA or unpaired t test;

*p < 0.05, **p < 0.01 as compared with the sham group. LH, left hind paw; RH, right hind paw; MWT, mechanical paw-withdrawal threshold. Scale bar, 100 mm.
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group (Figures 2D–2J), indicating that intrathecal injection of neu-
rexin 2-siRNA improved the associated negative emotional behav-
iors induced by CIBP.

To assess the effect of neurexin 2 knockdown on CIBP-induced
neuronal sensitization in the spinal cord, neurexin 2-siRNA or MC-
siRNA was intrathecally injected on days 6 and 8 after CIBP
modeling. The expression of c-Fos protein (a marker of neuronal
sensitization) was detected in the spinal cord on day 9. Immunostain-
ing results revealed a significant increase in the number of c-Fos-pos-
itive cells in the ipsilateral spinal cord of rats with CIBP as compared
with the sham group, and this increase was suppressed by intrathecal
injection of neurexin 2 siRNA (Figures 2K–2L). These findings sug-
gested that the decrease in neurexin 2 expression resulted in the
remission of CIBP and may be achieved through the inhibition of spi-
nal cord neuronal sensitization.

Upregulation of neurexin 2 mRNA acetylation expression in the

SDH tissue of rats with CIBP

Recently, the study of epigenetics in the mechanism of chronic pain
occurrence has become a hotspot28 and is expected to be one of the
molecular etiologies revealing the molecular etiology of CIBP.
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N4-acetylcytosine acetylation is a conserved chemical modification
that acetylates acetylcytosine at the N4 position in response to the ac-
tion of RNA ac4C-modifying enzymes.29 However, the regulation of
chronic pain via RNA acetylation has not yet been reported. Our
group previously used acRIP-seq to assess the characteristics of tran-
scriptome expression and distribution changes of ac4C in the SDH
tissue of CIBP and control rats (Figure 3A).25 Most ac4C peaks con-
tained different CXX repetitive sequences (Figure 3B). We observed
that ac4C was widely distributed in the transcriptome, with most sites
occurring within the coding sequence (CDS) and the 30UTR
(Figures 3C and 3D). The two groups of genes with differential
ac4C modifications were reported to be involved in the regulation
of important biological functions in the rat (Figure 3E). Among the
numerous differential gene mRNA acetylation molecules, we found
that neurexin 2 mRNA acetylation expression was upregulated in
CIBP rats and the CDS region (Figure 3F). Validation by acRIP-
qPCR revealed that neurexin 2 mRNA acetylation was upregulated
in a time-dependent manner (Figure 3G). Finally, we measured the
pain thresholds in CIBP rats before taking spinal cord tissues for ac-
RIP-qPCR assay with the expression of neurexin 2mRNA acetylation,
and we found that they were negatively correlated, such that higher
expression of neurexin 2 mRNA acetylation led to a lower pain
threshold (Figure 3H).

NAT10-mediated regulation of neurexin 2 mRNA acetylation and

expression in the SDH tissue of CIBP rats

To further investigate the role of neurexin 2 mRNA acetylation in
the development of CIBP, we focused on the RNA ac4C
modifying enzyme NAT10. NAT10 and neurexin 2 were found to
be co-expressed on primary cultured neurons from the SDH of
Sprague-Dawley rats by immunofluorescence double-labeling assay
(Figure 4A). Subsequently, we performed the NAT10-RNA immuno-
precipitation-qPCR assay, and the results displayed a significant in-
crease in the percentage of NAT10 binding to neurexin 2 mRNA in
the SDH tissue of CIBP rats (Figure 4B).

To investigate the impact of NAT10 on neurexin 2 expression, we de-
signed and modified siRNA oligonucleotides targeting NAT10 and
neurexin 2 (NAT10-siRNA and neurexin 2-siRNA, respectively).
Intrathecal administration of siRNA was performed on day 6 after
modeling in Sprague-Dawley rats, with injections every other day.
SDH tissues were collected on day 9 for qPCR and western blot
analysis. The results demonstrated an upregulation of NAT10 and
neurexin 2 mRNA and protein expressions in the CIBP group as
Figure 2. Intrathecal injection of neurexin 2-siRNA alleviates Walker-256 breas

rats

(A) Mechanical pain threshold in the hindfoot of CIBP rats increased after intrathecal neu

pressure intensity increased after intrathecal neurexin 2-siRNA injection in CIBP rats by C

and dark shuttle experiments for CIBP rats in the neurexin 2-siRNA group (n = 8). (G–I) Inc

in the neurexin 2-siRNA group (n = 8). (J) The number of buried beads in the bead-burr

(K and L) Ipsilateral spinal c-Fos expression after posttreatment with neurexin 2-siRNA

expressed as mean ± SEM. Repeated measures with ANOVA or unpaired t test; #p < 0.0

with the MC-siRNA group.
compared with the sham group (Figures 4C–4E). As compared
with the CIBP+MC-siRNA group, the mRNA and protein
expressions of NAT10 and neurexin 2 were decreased in the
CIBP+NAT10-siRNA group (Figures 4C–4E), whereas only neu-
rexin 2 mRNA and protein expressions were decreased in the
CIBP+neurexin 2-siRNA group (Figures 4C–4E). Additionally, the
acRIP-qPCR assay revealed an upregulation of neurexin 2 mRNA
acetylation in the CIBP group as compared with the sham group (Fig-
ure 4F) and downregulation of neurexin 2 mRNA acetylation in the
CIBP+NAT10-siRNA group as compared with the CIBP+MC-siRNA
group (Figure 4F). These findings confirmed that NAT10-siRNA
could reverse the upregulation of neurexin 2, neurexin 2 mRNA,
and neurexin 2 mRNA acetylation in CIBP rats, thereby highlighting
the role of the RNA ac4C-modifying enzyme NAT10 in catalyzing
neurexin 2 mRNA acetylation and promoting neurexin 2 protein
expression in the SDH tissue of CIBP rats.

Ac4C prolongs neurexin 2mRNAhalf-life and regulates neurexin

2 expression

We investigated the relationship between NAT10-induced neu-
rexin 2 mRNA acetylation and neurexin 2 expression in the
same CIBP rats from the previous experiments. We found a posi-
tive correlation between neurexin 2 mRNA acetylation and neu-
rexin 2 expression, such that higher neurexin 2 mRNA acetylation
led to increased neurexin 2 expression (Figure 5A). We further ex-
perimented with PC12 cells to understand the regulation between
neurexin 2 mRNA acetylation and neurexin 2 expression. The cells
were divided into five groups: MC-siRNA group, NAT10-siRNA
group, NAT10 inhibitor Remodelin hydrobromide group, NAT10
overexpression (NAT10-OE) group, and NAT10-OE control
(NC-OE) group. The expression of NAT10 was verified by qPCR
and western blot analysis to confirm the effects of NAT10-
siRNA, Remodelin hydrobromide, and NAT10-OE on NAT10
expression in PC12 cells. NAT10 expression was decreased in the
NAT10-siRNA and Remodelin hydrobromide groups as compared
with the MC-siRNA group (Figures 5B and 5C). Conversely,
NAT10 expression was upregulated in the NAT10-OE group as
compared with the NC-OE group (Figures 5B and 5C). After
culturing and transfecting the cells, we assessed the half-life of neu-
rexin 2 mRNA in each group. We observed that neurexin 2 mRNA
had a longer half-life in cells cultured with NAT10-OE as
compared with cells cultured with NC-OE, while the half-life of
neurexin 2 mRNA was decreased after silencing NAT10 or adding
Remodelin hydrobromide (Figure 5D).
t cancer cell-induced pain behavior and spinal neuron sensitization in CIBP

rexin 2-siRNA injection in CIBP rats (n = 11). (B and C) Posterior footprint and plantar

atWalk gait assay (n = 8). (D–F) Increased duration and number of light fields in light

reased time andmovements spent in the center region of the open field for CIBP rats

owing experiment was reduced in CIBP rats in the neurexin 2-siRNA group (n = 8).

in CIBP rats on day 9 was detected by immunofluorescence (n = 3). Results are

5, ##p < 0.01 as compared with the sham group; *p < 0.05, **p < 0.01 as compared
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Figure 3. Identification and validation of neurexin 2 mRNA acetylation

(A) Schematic diagram of acRIP-seq, the SDH tissue of rats from the sham and CIBP groups (three biological replicates per group). (B) The ac4C peakmotifs expressed in the

sham and CIBP groups. (C and D) Percentage distribution of ac4C peaks in acetylated transcripts. (E) Gene ontology enrichment analysis of differentially expressed ac4C

peak motifs. (F) AcRIP-seq assay of the neurexin 2 mRNA ac4C site displayed in the CDS region. (G) acRIP-qPCR assay of neurexin 2 mRNA acetylation expression in the

sham and CIBP groups at different time points (n = 6). (H) Correlation analysis between pain threshold and neurexin 2 mRNA acetylation expression in CIBP rats at different

time points. Results are expressed as mean ± SEM. Unpaired t test, *p < 0.05, **p < 0.01 as compared with the sham group.
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Furthermore, we transfected MC-siRNA, NAT10-siRNA, Remodelin
hydrobromide, NAT10-OE, and NC-OE in primary cultured neurons
from the SDH of Sprague-Dawley rats. We then examined the
changes in neurexin 2 mRNA and protein expressions in each group
using qPCR and western blot analysis. The results revealed that neu-
rexin 2 mRNA expression was decreased in the NAT10-siRNA and
Remodelin hydrobromide groups as compared with the MC-siRNA
group. Conversely, neurexin 2 mRNA expression was significantly
increased in the NAT10-OE group as compared with the NC-OE
group. Consistent with the mRNA results, transfection with
NAT10-siRNA resulted in decreased neurexin 2 protein levels as
6 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
compared with the MC-siRNA control group, while transfection
with NAT10-OE led to increased neurexin 2 protein levels as
compared with the NC-OE control group (Figures 5E and 5F). In
conclusion, our findings revealed that NAT10-induced neurexin 2
mRNA acetylation enhanced the stability of neurexin 2 mRNA and
upregulated neurexin 2 expression.

NAT10/ac4C-neurexin 2 axis regulates neuronal synaptogenesis

Neurexins mediate synaptogenesis and have an important role in
excitatory synaptic remodeling during pain signaling.30 To investigate
the involvement of the NAT10/ac4C-neurexin 2 axis in excitatory



Figure 4. NAT10 regulates neurexin 2 mRNA acetylation and neurexin 2 expression in the SDH tissue of CIBP rats

(A) Multiple fluorescent labeling of neurexin 2 (red) with NeuN (green) and NAT10 (green) in neuronal cells (DAPI, blue) from the SDH of CIBP rats. Scale bar: 40 mm. (B) NAT10-

RNA immunoprecipitation (NAT10 RIP)-qPCR detection of neurexin 2mRNA expression in SDH tissues of rats in the sham and CIBP groups (n = 6). (C and D) Western blot of

the expressions of NAT10 and neurexin 2 in SDH tissues of CIBP rats, with GAPDH as the internal reference control (n = 6). (E) qPCR of NAT10 mRNA and neurexin 2 mRNA

expressions in SDH tissues of CIBP rats (n = 6). (F) acRIP-qPCR of neurexin 2 mRNA acetylation in SDH tissues of CIBP rats (n = 6). Results are expressed as mean ± SEM;

unpaired t test, **p < 0.01 as compared with the sham group; ##p < 0.01 as compared with the MC-siRNA group.
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synapse formation in the dorsal horn of the spinal cord of CIBP rats,
we inhibited the expressions of NAT10 and neurexin 2 using
interfering sequences and observed their effects on excitatory synapse
formation in the SDH of CIBP rats. Intrathecal administration of
siRNA was initiated on day 6 after modeling in Sprague-Dawley
rats, with injections every other day. On day 9, spinal cord tissues
were collected from the dorsal horn for qPCR, western blot, and
immunofluorescence double-labeling analysis. The expression and
distribution of the presynaptic membrane marker for excitatory syn-
apses, Syn, and the postsynaptic membrane marker, PSD-95, were
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 7
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Figure 5. Ac4C regulates the half-life of neurexin 2 mRNA and neurexin 2 expression

(A) Relationship between neurexin 2 mRNA acetylation and neurexin 2 expression. (B) qPCR verifying the effects of NAT10-siRNA, NAT10 inhibitor Remodelin hydrobromide

(RH), and NAT10-OE on NAT10mRNA expression in PC12 cells (n = 3). (C) Western blot verifying the effects of NAT10-siRNA, NAT10 inhibitor RH, and NAT10-OE on NAT10

expression in PC12 cells. GAPDH represented the internal reference control (n = 3). (D) PC12 cells in five groups were analyzed for the semi-attenuation rate of neurexin 2

mRNA by qPCR at specific time points after treatment with actinomycin D (5 mg/mL) (n = 3). (E) qPCR analyzed the effects of NAT10-siRNA, RH, and NAT10-OE on neurexin

2 mRNA expression in primary cultured SDH neurons from Sprague-Dawley rats (n = 3). (F) Western blot to analyze NAT10-siRNA, RH, and NAT10-OE on neurexin 2 mRNA

expression in primary cultured SDH neurons fromSprague-Dawley rats (n = 3). Results are expressed asmean ±SEM; unpaired t test, *p < 0.05, **p < 0.01 as compared with

the MC-siRNA group; #p < 0.05, ##p < 0.01 as compared with the NC-OE group.
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examined. Both qPCR and western blot analysis reported upregulated
expressions of Syn and PSD-95 on the cell membranes of the SDH tis-
sues of CIBP rats, but transfection with neurexin 2-siRNA or NAT10-
siRNA reversed this bone cancer-induced upregulation of Syn and
PSD-95 expressions (Figures 6A–6C).

Immunofluorescence double labeling was used to assess the changes
and distribution of Syn and PSD-95. The results displayed a signifi-
cant increase in the number of excitatory synapses in the SDH tissues
of CIBP rats as compared with the sham group. However, transfection
of neurexin 2-siRNA or NAT10-siRNA reversed the bone cancer-
induced increase in excitatory synapses in the SDH of rats
(Figures 6D–6G). Furthermore, we examined the effect of the
NAT10/ac4C-neurexin 2 axis on synapse formation in the SDH of
8 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
CIBP rats using electron microscopy. The results suggested that the
number of synapses in the SDH of rats was significantly increased
in the CIBP group as compared with the sham group. However, trans-
fection of neurexin 2-siRNA or NAT10-siRNA reversed the bone
cancer-induced increase in synapse number as compared with the
MC-siRNA group (Figures 6H–6J).

Consistent with the in vitro transfection experiments, western blot
analysis reported that transfection of NAT10, neurexin 2 interfering
sequences, and the NAT10 inhibitor Remodelin hydrobromide sup-
pressed the expressions of Syn and PSD-95 in primary cultured neu-
rons from the SDH of Sprague-Dawley rats. Conversely, the overex-
pression of NAT10 resulted in the upregulation of Syn and PSD-95
expressions (Figures S1A–S1C). Furthermore, in cells transfected



Figure 6. NAT10/ac4C-Neurexin2 axis regulates neuronal synaptogenesis in the SDH of CIBP rats

(A) qPCR analyzed the effects of NAT10-siRNA and neurexin 2 siRNA on the expression of Syn and PSD-95mRNAs in SDH tissues of CIBP rats (n = 3). (B andC)Western blot

to analyze the effects of NAT10-siRNA and neurexin 2-siRNA on the expressions of Syn and PSD-95 in SDH tissues of CIBP rats. GAPDH represented the internal reference

control (n = 3). (D) The expressions of Syn and PSD95 were observed at low magnification and localized (white circle) in the SDH of CIBP rats. (E) Fluorograms of excitatory

synapses in the ipsilateral SDH of rats in four groups. (F) Excitatory synapses in the SDH were observed with high magnification, and the points where Syn (red) and PSD95

(green) overlapped were excitatory synapses. (G) Three samples in each group, one slice for each sample, and five fields of view 0.02 mm2 were randomly taken from each

slice. The number of synapses in each field of view was counted, and the mean value was taken as the number of synapses in that sample (n = 15). (H) Synapses were

observed by transmission electron microscopy in the SDH of rats andmarked with red arrows. (I) The synapses were localized and detected under the microscope at a depth

of about 250–300 mm in the median line of the dorsal horn of the spinal cord. (J) Three samples in each group, one section per sample. Five fields of view 100 mm2 were

randomly taken from each section. The number of synapses in each field of view was counted, and the mean value was taken as the number of synapses in that sample (n =

15). Data are expressed as mean ± SEM; unpaired t test, **p < 0.01 as compared with the sham group; #p < 0.05, ##p < 0.01 as compared with the MC-siRNA group.
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with overexpressed NAT10 and then transfected with neurexin 2
interfering sequences, partial inhibition of Syn and PSD-95 expres-
sions was observed as compared with NAT10-OE (Figures S1A–
S1C). Immunofluorescence double labeling of spinal cord neurons
from primary cultured Sprague-Dawley rats was performed to assess
the co-localization of Syn with PSD-95. The number of excitatory
synapses was determined by the relative fluorescence values of Syn
and PSD-95. Transfection of NAT10, neurexin 2 interfering
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sequence, and Remodelin hydrobromide inhibited the relative fluo-
rescence values of Syn and PSD-95, while the relative fluorescence
values of Syn and PSD-95 were upregulated in cells transfected with
overexpressed NAT10 (Figures S1D–S1F). When NAT10-overex-
pressing cells were transfected with neurexin 2 interfering sequences,
the relative fluorescence values of Syn and PSD-95 were downregu-
lated as compared with NAT10-OE (Figures S1D–S1F).

These experimental findings demonstrated that the NAT10/ac4C-
neurexin 2 axis could be involved in bone cancer-induced excitatory
synapse formation in the SDH of rats, which could contribute to CIBP
development.

DISCUSSION
This study identified and validated, for the first time, the role and
mechanism of neurexin 2 in the formation of CIBP, which may be
one of the potential key target molecules for the treatment of CIBP.
In a rat model of CIBP, a significant increase in neurexin 2 expression
in SDHneurons and the epigenetic mechanism leading to the increase
were identified, revealing that NAT10 regulated neurexin 2 mRNA
acetylation modification and neurexin 2 expression. Knockdown of
spinal neurexin 2 expression by interfering RNA confirmed the reg-
ulatory role of neurexin 2 in pain behavior and spinal neuron sensi-
tization in CIBP rats. In addition, the NAT10/ac4C-neurexin 2 axis
was found to modulate excitatory glutamate receptor function and
neuronal synaptogenesis. In conclusion, the findings suggested that
NAT10 in spinal cord neurons of CIBP rats enhanced neurexin 2
mRNA acetylation modification, improved mRNA stability, and pro-
moted the expression of neurexin 2. Likewise, the upregulated neu-
rexin 2 expression led to the remodeling of spinal synapses and the
development of conscious hypersensitivity in CIBP.

CIBP is the most persistent and common clinical complication of
advanced cancer, occurring in 70% of patients with advanced breast
cancer and 40% of patients with advanced lung cancer,31 thereby
greatly affecting patients’ quality of life and survival time.32 Due to
the lack of effective treatments, most pain management specialists
believe that the primary pain treatment for CIBP is opioid therapy,
which contrarily has unavoidable serious adverse effects.32 Therefore,
there is an urgent need to develop new treatments for CIBP.

The CIBPmodel was made by injectingWalker 256 cells into the tibia
of rats. The Walker 256 cell line is a type of breast cancer cell, so fe-
male Sprague-Dawley rats were selected.Walker-256 tumor cells were
first discovered in 1928 by Dr. George Walker in the breasts of preg-
nant albino rats and are considered to be carcinosarcomas,33 which
are among the most widely used transplantable tumors in experi-
mental research. Walker-256 cells at the implantation site in rats
caused significant bone resorption and increased skeletal fragility,
which is consistent with the phenotype seen in breast cancer patients
who have developed bone metastases. To maintain the homology and
compatibility of the implanted cells with the host animal, an experi-
mental animal model of intraosseous breast cancer was established
that highly mimicked the human disease,34 and female rats were
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used in this study because breast cancer is more commonly seen in
females. Although differences in the estrus period were observed be-
tween the sexes, these differences were small and did not affect the
overall progression of CIBP status.35

The neurexin family of proteins is a highly polymorphic class of cell
adhesion molecules specifically expressed in mammalian neurons (at
the presynaptic membrane) and bind to the receptor neuroligins (at
the postsynaptic membrane), as well as other proteins.36 Recently,
neurexins and their binding proteins at the postsynaptic membrane
have received increasing attention from researchers, as variants of
both have been associated with a variety of neurological and psychi-
atric disorders.37 In the present study, we found that the expression of
neurexin 2 gradually increased with the progression of CIBP and was
positively correlated with the pain threshold in CIBP. Further exper-
iments revealed that decreasing neurexin 2 expression not only in-
hibited the decrease of pain threshold in CIBP rats but also inhibited
the sensitization of SDH neurons. This finding suggested that the dys-
regulation of neurexin 2 expression is involved in CIBP formation.

Neurexin 2 is also involved in the mechanism of nociceptive sensiti-
zation in rats with bone cancer. In the central nervous system, excit-
atory synaptic transmission of transmitters dominated by glutamate
acts on postsynaptic glutamate receptors,38 converting presynaptic
electrical signals into Ca2+ signals within the postsynaptic neuron
and initiating a series of biochemical cascade reactions that lead to
plastic changes in the synapse.39 Through the utilization of electron
microscopy and molecular biology techniques, our investigation re-
vealed that NAT10/ac4C-neurexin 2 pathway regulated synaptic
morphology and the expression of synapse-associated proteins within
SDH of CIBP rats. Consequently, the synapse is expected to undergo
structural remodeling, leading to consequential modifications in syn-
aptic transmission efficiency. Over the past decade, a substantial body
of experimental evidence has consistently demonstrated that
spinal synaptic plasticity serves as the underlying mechanism for cen-
tral sensitization of pain and the foundation for nociceptive
hypersensitivity.40

Having clarified the role and possible mechanisms of neurexin 2 in
CIBP, targeting the modulation of neurexin 2 expression may be a po-
tential treatment for bone cancer-induced hypersensitivity reactions.
In the development of numerous diseases, a growing body of research
suggests that epigenetics plays an important role. Studies have also re-
ported that epigenetic alterations are equally important in the modu-
lation of nociceptive information in tissue injury or inflammation and
that pain-induced epigenetic alterations are a reversible process.41,42

Consequently, restoration of aberrant epigenetic morphology in the
pain transmission pathway could theoretically alleviate pain and
inhibit the development of chronic pain. Numerous compounds
acting on epigenetic modification systems are effective against cancer
cells, such as the histone deacetylase inhibitor hydroxamic acid,
which was approved by the U.S. Food and Drug Administration.43

The initial success of epigenetic therapies for cancer treatment lays
the groundwork for investigating similar approaches to address
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chronic pain, which would be a novel approach distinct from tradi-
tional pain symptom treatments.

Epitranscriptomics focuses on modifying the structure and function
of RNAs through post-transcriptional modifications and has been
one of the cutting-edge research areas in biomedicine in the last
few years.6,44,45 N4-acetylcytosine acetylation is the acetylation of
cytosine at position N4 in the presence of RNA ac4C-modifying en-
zymes.8 In the field of covalent modification of proteins, studies have
suggested that acetylation/deacetylation is the secondmost important
covalent modification factor, which is closely related to pain and func-
tions as post-transcriptional regulators.10,46,47 However, not many
studies have reported the modulation of chronic pain by RNA acety-
lation. In this study, acRIP-seq assay revealed that ac4C was widely
distributed in the SDH L4–L6 transcriptome, with most sites occur-
ring within the CDS. By correlating themRNA ac4C differential genes
with themRNA expression differential genes in control and bone can-
cer rats, numerous genes were found to be significantly different from
each other, which suggested that mRNA ac4C may play an important
role in CIBP formation. Through further in-depth analysis of the data
detected by acRIP-seq, we found that the expression of neurexin 2
mRNA ac4C was also altered and that neurexin 2 mRNA acetylation
was upregulated in a time-dependent manner. Correlation analysis of
pain thresholds in CIBP rats and the expression of neurexin 2 mRNA
acetylation revealed that they were negatively correlated. We studied
the dysregulation of NAT10 and found that the half-life of neurexin 2
mRNA was prolonged in neuronal cells overexpressing NAT10 and
shortened in neuronal cells inhibiting NAT10 expression. In vitro
and cytological experiments further verified that inhibition of
NAT10 suppressed neurexin 2 expression. This finding suggested
that ac4C participates in the formation of CIBP by regulating neu-
rexin 2.

Our study has elucidated the role of neurexin 2 in the development
of CIBP through its modulation of synaptic plasticity. Additionally,
we highlighted the significance of spinal ac4C modification in the
post-transcriptional regulation of neurexin 2 in CIBP. Therefore,
targeting neurexin 2 ac4C through epigenetic interventions holds
promise as a potential therapeutic strategy for CIBP, as it does not
interfere with the normal functioning of the nervous system. Conse-
quently, our findings established the theoretical foundation for
developing innovative and efficacious therapeutic agents for manag-
ing cancer pain.

MATERIALS AND METHODS
Experimental animals

Female Sprague-Dawley rats at 6 weeks of age with an average weight
of 200 ± 20 g were procured from Zhejiang Vital River Laboratory
Animal Technology Co., Ltd. (Production License: SCXK(Zhe)
2019-0001). The rats were housed in specific pathogen-free chambers
with ad libitum access to food and water at a controlled temperature
of 21�C–23�C. The rats were allowed to acclimatize to the experi-
mental environment for 2 days before the commencement of the
study. Consistent with previous investigations,48–50 the rats were
anesthetized using 5 mg/mL sodium pentobarbital. All animal exper-
iments were conducted within the time frame of 8:00 AM to 8:00 PM.
Given that the objective of this study was to assess the chronic pain
status, analgesics were not administered during the behavioral assess-
ment to avoid any potential interference with the experimental out-
comes. The animal experiments in this study were approved by the
Institutional Animal Care and Use Committee of Jiaxing College
(Ethical Approval No. JUMC2020-018). They were performed in
accordance with the ethical standards outlined in the Declaration of
Helsinki and the Declaration of the International Society for the Study
of Animal Pain.

Establishment of the CIBP model

Under microscopic observation, Walker-256 cells (1 � 106 cells/mL)
and heat-inactivated Walker-256 cells (sham-operated group) were
prepared. Female Sprague-Dawley rats weighing 200 ± 10 g were
anesthetized using sodium pentobarbital (50 mg/kg, intraperitone-
ally). A longitudinal incision of approximately 5 mm was made on
the medial side of the upper end of the left tibia, and a No. 5 syringe
needle was used to puncture the incision at a 45� angle toward the
metaphysis, creating a hole. Subsequently, a 10 mL suspension of can-
cer cells was extracted using a microsyringe and injected into the bone
marrow cavity at a slow and constant rate. After a 30-s interval, the
syringe was withdrawn, and the bone was closed using medical
bone wax. The incision was sterilized with povidone-iodine and
sealed with biomedical adhesive. In the entire study, different cohort
animals were used for each test.

siRNA transfection

The NAT10-siRNA, neurexin 2-siRNA, andmismatch control siRNA
(MC-siRNA) were chemically synthesized by Guangzhou RiboBio
Biotechnology Co. Primary cultured SDH neurons from Sprague-
Dawley rats were co-transfected with siRNA using Lipofectamine
2000. After 48 h, the knockdown effect of siRNA was evaluated
by measuring the mRNA expression of the targeted genes using
qPCR. The NAT10-siRNA (50-CCTTACTCCTCCAAGTTGAA-30),
neurexin 2-siRNA (50-CGACGAGGGCUCCUACCAAdTdT-30),
and MC-siRNA (50-UCGCCUGAACUCUAGCUGA-30), which ex-
hibited the highest inhibitory effect, were selected for modification
with 50 Chol +20 OMe and intrathecal administration to rat L4–L6
SDH. The siRNA administration involved a dose of 3 nmol at
1-day intervals, starting on day 6 after establishing the CIBP model.

Behavioral assessments

Von Frey test

Pain behavior was assessed using calibrated Von Frey monofilaments
(BME-404, Institute of Biomedical Sciences, Chinese Academy of
Medical Sciences). Female Sprague-Dawley rats from the Jiaxing
College Laboratory Animal Center were placed in a plexiglass cham-
ber for 2 days of training before behavioral evaluation. Monofila-
ments were applied to the plantar surface of the hind paw until a
positive response (paw retraction or foot licking) was observed. The
average of five consecutive measurements represented the mechanical
withdrawal threshold.
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Gait analysis

The gait of experimental rats was analyzed using the CatWalk XT sys-
tem (AsterWee Information Technology). Rats walked on a closed
sidewalk with a glass plate, and their movements were recorded
and analyzed. A camera mounted beneath the device captured paw
prints as rats walked across the glass floor. Parameters, such as
maximum contact area, maximum contact maximum intensity, and
average intensity, were used to assess dynamic behavior associated
with CIBP. Left hind claw/right hind claw was used to eliminate con-
founding factors. Data were expressed as percentages of ipsilateral/
contralateral hindpaw.

Elevated cross maze test

The elevated cross maze consisted of two open arms and two closed
arms. Rats were placed in the middle area facing the open arms,
and their movements were recorded for 6 min. The number of entries
into the open arms and the time spent in the open arms were recorded
as indicators of negative emotional behavior.

Light and dark shuttle experiment

Light and dark boxes were divided into two chambers, with the light-
box occupying one-half of the space and the dark box occupying the
other one-half. A small door allowed rats to shuttle freely between the
chambers. Rats were placed in the dark box and allowed to explore for
6 min. The time and number of entries into the bright field were re-
corded as indicators of negative emotional behavior.

Buried strain experiment

Rats were placed in standard-sized cages with a layer of bedding and
evenly distributed glass beads. After 30 min, the number of buried
beads was observed. Burial was defined as more than two-thirds of
the glass beads being buried. The number of buried beads was re-
corded as an indicator of anxiety level.

Primary cell culture

Fresh spinal cord tissue was obtained from three-day-old Sprague-
Dawley rats, and the cells were suspended in serum-free DMEM/
F12 by centrifugation at 1,000 rpm for 5 min after grinding, digestion,
and filtration and then transferred to a medium containing 10% fetal
bovine serum. Cells were diluted to 1� 106 cells/mL and then placed
in culture at 37�C, 95% air, and 5% CO2. After 3 days, cytarabine
(10 M) was added to the medium to reduce glial cell proliferation
for purification. The cell culture medium was changed daily, and
neuronal cell growth was observed.

Western blot

To quantify the proteins, the SDH tissue was lysed using a method
described in a previous report. The protein concentration was deter-
mined using the enhanced BCA protein assay kit. Approximately
30 mg of protein samples were separated by electrophoresis on a
10% SDS-PAGE gel and transferred onto a PVDF membrane. The
membrane was then incubated with specific antibodies against the
proteins of interest, as listed in Table S1. After blocking with 10%
skim milk, the membrane was incubated with GAPDH antibody
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overnight at 4�C with continuous shaking. The membrane was then
rinsed with PBS three times. Colorimetric detection was performed
using the ECL western Blotting Detection Kit (Millipore). Finally,
the protein bands were quantified using the ImageJ software. For
the detection of synaptophysin (Syn) and PSD-95 proteins, neuronal
cell membranes were extracted using the Mem-PER Plus Kit (Invitro-
gen, item no. 89842) and subjected to western blot analysis.

Real-time fluorescence qPCR

Total RNAwas extracted from fresh rat spinal cord tissue using Trizol
reagent from Invitrogen. For the isolation of total neuronal RNA, the
Cytoplasmic and Nuclear RNA Purification Kit from Invitrogen was
used according to the manufacturer’s instructions. The PCR reaction
was performed with a 20 mL solution consisting of PCR master mix
from Fermentas (K0171), forward and reverse primers, and diluted
cDNA. The primer sequences for amplification of the target genes
are listed in Table S2. The annealing temperature was set at 53�C.
Real-time qPCR amplification was performed using the Rotor-Gene
QTAMRA 1109 Sequence Detection System from Qiagen. The reac-
tion conditions included an initial polymerase activation step at 95�C
for 2 min, followed by 40 cycles of denaturation at 95�C for 15 s, an-
nealing at 53�C for 20 s, and extension at 60�C for 30 s for amplifica-
tion and signal collection. The expression levels of the target genes
were normalized using GAPDH, and the DDCt method was employed
to assess differential expression.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde and permeabilized with
0.5% Triton X-100 in PBS for 20 min. The cells were then blocked
with serum for 2 h at room temperature. For the processing of spi-
nal cord tissue, the spinal cords were rapidly isolated and post-
fixed with 4% paraformaldehyde. Then, they were dehydrated
with a 30% sucrose solution. The spinal cord was cut into 20-mm
sections, and the sections were permeabilized with 0.3% Triton
X-100 and blocked with 5% standard fetal bovine serum for 1 h
at room temperature. Next, the sections were incubated overnight
at 4�C with the target protein 1 antibody. Subsequently, fluorescent
(Cy3)-labeled goat anti-mouse IgG secondary antibodies were
added, and the cells were blocked with serum for 2 h at room tem-
perature. Target protein 2 antibodies were added to the cells and
incubated overnight at 4�C. Finally, a fluorescent (fluorescein iso-
thiocyanate)-labeled goat anti-rabies IgG secondary antibody was
added, and the cells were incubated in a humid chamber at
20�C–37�C for 1 h. DAPI was added to the cells as a counterstain
and incubated in the dark for 5 min. The slides were mounted us-
ing an anti-fluorescent mounting agent, and images were captured
under a fluorescence microscope (CKX41SF, Olympus, Japan). The
details of the antibodies used for the target proteins are listed in
Table S3.

acRIP-qPCR and NAT10RIP-qPCR

acRIP and NAT10-RIP were performed using the RNA Immunopre-
cipitation Kit (P0101; Geneseed). Total RNA was extracted from rat
right side SDH tissues through liquid nitrogen grinding, lysis, and
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centrifugation. The following antibodies were mixed with protein
A/G beads and incubated at 4�C for 2 h: anti-N4-acetylcytidine anti-
body (1:50; Abcam, cat. no ab252215), anti-NAT10 (1:50; Protein-
tech, cat. no 13365-1-AP), rabbit IgG (1:50, 2729S; Cell Signaling
Technology), or mouse IgG (1:50, 12–371; Merck Millipore). The
beads were then incubated with lysis buffer at 4�C for 2 h. After
washing the beads with buffer, RNA was extracted. The neurexin 2
mRNA was detected using real-time qPCR with the following
primers: forward (50–30): CCTCCTGGCCAACCTGAAG; and
reverse (50–30): CTTCACTGCAGAACTTGCCG.

NAT10-OE vector construction

To construct the NAT10-OE vector, rat NAT10 sequence frag-
ments and the vector plasmid pLKO.1-puro were prepared.
PCR target bands were designed using the following primers: for-
ward (50–30): CACCGGTATGCATCGGAAGAAGG; and reverse
(50–30): CGACGCGTCTACTTCTTTCTCTTCAG. The gum recov-
ery products and vector plasmid pLKO.1-puro were double di-
gested with Age I and Mlu I. The target products were then sub-
jected to gum recovery and purification experiments. The rat
Nat10 sequence fragment was ligated to the vector and trans-
formed into E. coli HB101 sensory cells. Single colonies were
picked and inoculated into an LB liquid medium containing
100 mg/lamp and incubated overnight. Plasmid DNA was pre-
pared using SDS alkaline lysis and subjected to Bam Hl and
Hind III double digestion and sequencing. The plasmid was ex-
tracted from the bacterial precipitate and stored at �20�C. Product
quality inspection was performed after that.

RNA stability assay

PC12 cells were transfected and divided into groups. Each group was
then inoculated in 12-well plates and treated with actinomycin D
(5 mg/mL; Catalog #HY-17559; Sigma) for varying durations (0, 2,
4, 8, and 16 h). Total RNA was collected from each group separately
for subsequent quantitative real-time qPCR analysis. The mRNA
half-life was estimated using linear regression analysis.

Transmission electron microscopy of SDH synapses

After the inhalation of sevoflurane anesthesia, the head was swiftly
severed, and the L4–L6 spinal cord was immediately removed and
cut into 1 mm � 1 mm � 1 mm tissue blocks from the right side
SDH region. These tissue blocks were then fixed in a 2.5% glutaralde-
hyde solution at 4�C for 24 h. The fixed tissue was rinsed in 0.1 mol/L
phosphate buffer, further fixed in 1% osmic acid, dehydrated using a
gradient of acetone, and embedded in epoxy dendritic acid-618. Semi-
thin sections (1 mm thick) were prepared and positioned, followed by
the cutting of ultrathin sections. The sections were stained with satu-
rated uranyl acetate for observation under the electron microscope.
The synaptic structural parameters were measured using the Image-
pro plus 6.0 image analysis system.

Statistical data

All data obtained in this study were analyzed using GraphPad
Prism (version 9.0). The Shapiro-Wilk test confirmed that all
experimental values were normally distributed. Results are ex-
pressed as the mean ± SEM. Two-way repeated measures
ANOVA with Bonferroni post hoc test was performed to analyze
the pain behavior test results at different time points. Student’s t
test was used to compare experimental results between two groups,
while one-way ANOVA with the Student-Newman-Keuls post hoc
test was used to analyze differences in experimental results between
multiple groups. A significance level of p < 0.05 was considered sta-
tistically significant.
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