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Abstract

Background: Spinal cord injury (SCI) is a devastating disorder in which ferroptosis drives secondary neuronal degeneration. However,
whether m6A epitranscriptomic regulation modulates neuronal ferroptosis via specific downstream pathways remains unclear. Methods:
A rat model of SCI and erastin-induced neuronal ferroptosis in vitro were employed. Methyltransferase-like 14 (METTL14) expression
and global N6-methyladenosine (m6A) levels were assessed, along with ferroptosis-related markers, including glutathione peroxidase
4 (GPX4), acyl-CoA synthetase long-chain family member 4 (4CSL4), iron accumulation, lipid peroxidation, and mitochondrial ultra-
structure. Loss- and gain-of-function approaches were used to evaluate the functional role of METTL 14 and ubiquitin-specific protease
7 (USP7). Methylated RNA immunoprecipitation (MeRIP), RNA stability assays, and molecular analyses were conducted to determine
mo6A modification of USP7 mRNA and its regulatory consequences. Behavioral assessments were performed to evaluate locomotor
recovery after SCI. Results: We observed a significant increase in METTL14 and m6A levels post-SCI, concomitant with key ferroptotic
alterations (reduced GPX4, elevated ACSL4, iron accumulation, lipid peroxidation). METTL14 knockdown alleviated these pathological
features and improved motor function. In neuronal cells, METTL 14 inhibition reversed erastin-induced ferroptosis hallmarks and restored
USP7/stearoyl-CoA desaturase (SCD) expression. Mechanistic studies revealed that METTL 14 mediated m6A-dependent degradation
of USP7 mRNA, thereby suppressing the USP7-SCD pathway—a conclusion substantiated by the rescue effect of USP7 overexpression
on METTL14-induced ferroptosis. Conclusions: This study reveals that METTL 14 promotes neuronal ferroptosis after SCI by degrad-
ing USP7 mRNA via m6A modification, thereby suppressing the USP7-SCD axis. This is the first systematic demonstration that the
METTL14-USP7-SCD axis drives neuronal ferroptosis in a SCI model and highlights this pathway as a promising therapeutic target for
SCI.
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Introduction global prevalence of SCI has continued to rise, and cur-
rently affects more than one million individuals living with

Spinal cord injury (SCI) is a devastating disorder of  paralysis worldwide, thereby places substantial socioeco-

the central nervous system, resulting in permanent motor
and sensory deficits, profound physical and psychologi-
cal sequelae, and lifelong disability [1]. Major traumatic
causes include traffic collisions, sports-related accidents,
and ballistic injuries [2]. Over the past three decades, the
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nomic burdens on patients, families, and healthcare systems

[3].

Despite decades of research, SCI remains a debilitat-
ing condition with limited curative options. The primary in-
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jury phase (mechanical damage) is irreversible, but the sec-
ondary injury cascade—characterized by ischemia, excito-
toxicity, inflammation, oxidative stress, and cell death—
offers a window for therapeutic intervention. However,
current clinical management primarily focuses on surgical
decompression, hemodynamic stabilization, and rehabili-
tation, none of which directly target the molecular drivers
of secondary neurodegeneration. Stem cell-based therapies
have emerged as a promising regenerative approach for SCI
[4]. Various cell types, including neural stem/progenitor
cells (NSCs/NPCs), mesenchymal stem cells (MSCs), and
induced pluripotent stem cells (iPSCs), have been shown to
promote tissue repair through multiple mechanisms. How-
ever, despite encouraging preclinical results, clinical trans-
lation of stem cell therapy faces substantial hurdles, includ-
ing tumorigenic risk, immunological rejection, poor cell
survival and integration after transplantation, ethical con-
cerns, and lack of standardized protocols for cell sourc-
ing, delivery timing, and dosing. Consequently, there is
an urgent need to identify novel molecular mechanisms that
drive secondary injury, particularly those that are druggable
and can be selectively manipulated to preserve neuronal
function [5].

Pathologically, SCI evolves through sequential phases
of ischemia, oxidative stress, and inflammatory activa-
tion, ultimately culminating in widespread cellular dys-
function and death. In particular, regulated cell death
pathways—such as apoptosis, necroptosis, autophagy, and
ferroptosis—orchestrate secondary neurodegeneration and
functional decline [6]. Ferroptosis, an iron-dependent form
of cell death characterized by uncontrolled lipid peroxida-
tion, exhibits distinct molecular features that differentiate
it from other death modalities [7]. Accumulating evidence
supports ferroptosis as a critical contributor to neuronal loss
in traumatic central nervous system injuries, including SCI
[8—10], highlighting its potential as a therapeutic target.

Epitranscriptionally, RNA modifications serve as
adaptive sensors of environmental stress. Among these,
N6-methyladenosine (m6A) is the most prevalent internal
modification in eukaryotic mRNA, playing a pivotal role
in regulating transcript stability and influencing cellular
pathophysiology [11,12]. Dysregulation of m6A methyla-
tion drives pathogenesis and contributes to the development
of various diseases, from metabolic disorders to cancers
such as cervical carcinoma [13], pancreatitis [ 14], and kid-
ney disorders [15]. Methyltransferase-like 14 (METTL14),
a core component of the m6A methyltransferase complex,
contributes to tumor progression and metabolic dysregula-
tion [16,17]. Nevertheless, its role in ferroptosis following
SCI remains poorly understood.

Ubiquitination dynamics are reversibly modulated by
deubiquitinating enzymes (DUBs), and dysregulation of
DUB activity is linked to cancer, neurodegeneration, and
inflammatory conditions [18-20]. Ubiquitin-specific pro-
tease 7 (USP7, also known as HAUSP), a cysteine protease
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within the USP subfamily of DUBs, cleaves polyubiquitin
chains to maintain ubiquitin homeostasis. Previous work
has shown that METTL3 modulates spinal cord neuronal
apoptosis via m6A-dependent regulation of Bcl-2 prompt-
ing our hypothesis that METTL14 may likewise regulate
USP7 through m6A methylation [21]. Notably, USP7 has
been reported to modulate ferroptosis in gastric cancer by
deubiquitinating stearoyl-CoA desaturase (SCD) [22], a key
enzyme that influences membrane lipid peroxidation and
ferroptotic sensitivity. Furthermore, SCD has been impli-
cated in neuronal regeneration processes [23]. However, it
remains unclear whether METTL [4-mediated m6A methy-
lation regulates USP7 expression and thereby controls SCD
levels to promote ferroptosis in SCI. Therefore, this study
aims to elucidate the functional contribution of METTL14
to neuronal ferroptosis after SCI, with a focus on its role in
mediating m6A-dependent regulation of USP7.

Materials and Methods
Animal Models

Male Sprague-Dawley rats (8 weeks old, 200 + 20 g)
were obtained from Beijing HFK BIOSCIENCE Co., Ltd.
(China) and acclimatized in a controlled environment (22—
24 °C, 45-55% humidity, 12-h light/dark cycle). Standard
food and sterilized water were provided ad libitum. All pro-
cedures involving animals were conducted in accordance
with protocols approved by the Animal Ethics Committee
of Fujian Medical University. (No. IACUC FIMU 2025-
0183) and were performed according to the National Insti-
tute of Health Guide for the Care and Use of Laboratory
Animals. One week after animal adaptation and 30 min be-
fore operation, a subcutaneous injection of buprenorphine
(0.05 mg/kg) was administered to the rats, along with in-
halation of 5% isoflurane and an intraperitoneal injection
of ketamine (75 mg/kg) and thiazide (10 mg/kg). The tenth
thoracic vertebra (T10) was exposed. To establish the spinal
cord percussion model, the fully exposed spinal cord was
subjected to a controlled impact. A striker rod (10 g) was
positioned vertically above the tissue at a height of 10 cm
and released to fall freely. This process was controlled by
a MEYUE Spinal Cord Injury Instrument Model M5113
(MEYUE, Changsha, Hunan, China). Immediately follow-
ing impact, hemorrhage and swelling were observed at the
strike site on the spinal cord. Whereas, in sham-operated
controls, the surgical procedure was limited to exposure of
the spinal cord. The wound was then closed in layers using
5-0 sutures. Additionally, to prevent postoperative infec-
tion, penicillin (8 U/kg/day) was administered via intraperi-
toneal injection for three consecutive days. To ensure pro-
cedural consistency, all SCI surgeries were performed by a
single, designated surgical team. Following successful es-
tablishment of the SCI model, rats were randomly assigned
into these groups (n =9 per group): (1) the NC group, sham-
operated controls; (2) the SCI group + 7 days, which re-
ceived injury for 7 days; (3) the SCI group + 28 days, which
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received injury for 28 days; (4) the SCI + sh-NC group, in-
jected with a NC Adeno-Associated Virus (AAV) carrying a
non-targeting shRNA prior to injury for 28 days; (5) the SCI
+ sh-METTL 14 group, which underwent METTL 14 knock-
down via AAV before SCI induction. Adeno-associated
virus treatment was conducted for once before operation.
sh-NC, sh-METTLI14, (10 uL, 1.2 x 10'2 vg/mL; HANBio
Tech, Shanghai, China) were intrathecally injected through
lumbar puncture. This study was reported in accordance
with the ARRIVE guidelines.

Basso, Beattie, Bresnahan (BBB) Evaluation of
Locomotion

Hindlimb motor function was assessed in a blinded
manner by three independent observers. Evaluations oc-
curred on post-injury days 1, 3, 7, 14, 21, and 28, employ-
ing a 21-point scale where 0 represented complete paralysis
and 21 represented normal locomotion. The final score for
each animal was derived from the average of the three ob-
servers’ ratings.

Inclined Plane Test (IPT)

In IPT, rats were positioned on a smooth, adjustable
inclined plane. Starting at 0°, the plane’s angle was grad-
ually elevated in 5-10° steps. The endpoint was recorded
as the steepest angle a rat could sustain without falling for
a duration of 10 seconds.

Histological Experiment

All rats were euthanized via intraperitoneal injection
of a lethal dose of pentobarbital on the 7th, 28th day after
operation. A 2-cm segment of spinal cord tissue, centered
on the injury epicenter, was dissected and fixed in paraffin.
Following embedding, the tissue block was transversely
sectioned at equal intervals. Additionally, 5-pm-thick sec-
tions from regions equidistant to the lesion site were pre-
pared and subjected to hematoxylin and eosin (HE) staining
for histological analysis (Servicebio Tech, Wuhan, China).
To evaluate neuronal survival, transverse sections adjacent
to the injured site were processed for Nissl staining (Ser-
vicebio Tech, Wuhan, China), which included a pretreat-
ment step with 0.1% glacial acetic acid. For iron deposition
analysis, sections were subjected to Prussian blue staining.
Specifically, a working solution was freshly prepared by
mixing equal volumes of 2% potassium ferrocyanide and
2% hydrochloric acid. Sections were immersed in this so-
lution for 30 minutes, followed by two washes with distilled
water. And then sections were stained with DAB solution
for about 5-10 minutes. Hematoxylin dye staining for 1
min, tap water washing. The sections were observed un-
der a microscope and photographed for DAB-Perls stain-
ing, and iron-positive cells were counted (Servicebio Tech,
Wuhan, China).
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Western Blot

Total protein was extracted from PCI12 cells and
spinal cord tissues by homogenization in RIPA lysis buffer
(P0039, Beyotime, Nanjing, China) supplemented with
both protease and phosphatase inhibitor cocktails (HY-
K0010, MedChemExpress, Shanghai, China). Protein
concentration was subsequently determined using a BCA
assay kit (Biosharp, Hefei, China). Subsequently, the
protein samples were separated with 10% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Beyotime, Nanjing, China) and transferred onto
polyvinylidene fluoride (PVDF) membranes (3010040001,
Merck, Darmstadt, Germany). After blocking with 5%
nonfat milk, the membranes were added with diluted pri-
mary antibodies METTLI14 (48699, 1:1000; CST, Mas-
sachusetts, USA), USP7 (ab108931, 1:1000; Abcam,
Boston, USA), glutathione peroxidase 4 (GPX4; ab125066,
1:1000; Abcam, Boston, USA), acyl-CoA synthetase long-
chain family member 4 (4CSL4; ab155282, 1:2000; Ab-
cam, Boston, USA), SCD (ab236868, 1:1000; Abcam,
Boston, USA), and Glyceraldehyde- 3-phosphate dehy-
drogenase (GAPDH; 10494-1-AP, 1:1000; Proteintech,
Wuhan, China) and incubated at 4 °C overnight. After
washing the membranes, HRP-linked anti-rabbit secondary
antibody (7074, 1:2000; CST, Massachusetts, USA) was
added and incubated for 1 h. Protein bands were visual-
ized and captured using a ChemiDoc MP+ Imaging System
(ChemiDoc, Bio-Rad). Band intensities were subsequently
quantified with ImageJ software version 1.53c (U.S Na-
tional Institutes of Health, Bethesda, MD, USA). All exper-
iments were independently replicated a minimum of three
times.

Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA was isolated from samples using TRI-
zol reagent (15596026, Invitrogen, California, USA). Fol-
lowing cDNA synthesis with the HiScript II Q RT Su-
pertMix kit (R223, Vazyme, Nanjing, China), quantita-
tive PCR (Lightcycler 96, Roche, Switzerland) was per-
formed using ChamQ Universal SYBR qPCR Master
Mix (Q312, Vazyme, Nanjing, China) and gene-specific
primers. Gene expression levels were calculated using the
2~ AACT method, with GAPDH serving as the endogenous
control. The sequences of all primers used are listed below:

USP7 forward primer, 5'-
ACCAGGGTGAGCATTTCAGAG-3" and USP7 reverse
primer, 5- AGGATGAGACATGTTACCAGGTTG-3";

METTLI14 forward primer, 5'-
GCTCTGGGGAAGGATTGGAC-3" and METTLI4
reverse primer, 5'- CATCTGTGCTTCGCTTCACG';

GPX4 forward primer, 5'-
GGCAGGAGCCAGGAAGTAAT-3' and GPX4 reverse
primer, 5'- TGGGCATCGTCCCCATTTAC-3;

SCD forward primer, 5'-
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GTTCGTCAGCACCTTCTTGAGAT-3" and SCD re-
verse primer, 5'- CACTGGCAGAGTAGTCGTAGG-3';

GAPDH forward primer, 5'-
ACGGCAAGTTCAACGGCACAG-
3 and GAPDH reverse primer, 5'-

GAAGACGCCAGTAGACTCCACGAC-3'.

Global m6A Measurement

Global m6A levels in total RNA were assessed using
an m6A-specific quantification kit (P-9005-96, Epigentek,
New York, USA). In brief, 200 ng of RNA per well was sub-
jected to the capture and detection steps as outlined in the
kit manual. Quantification was performed by interpolating
values from a parallel standard curve.

Immunohistochemical Staining

To minimize background, tissue sections were first
treated with an auto-fluorescent quencher. They were then
blocked by applying normal goat serum for 30 minutes
at room temperature. After removing the blocking solu-
tion by blotting, slides were incubated with primary anti-
bodies against METTL14 (1:6000, GB114688; Servicebio
Tech, Wuhan, China), NeuN (1:5000, GB11538; Service-
bio Tech, Wuhan, China), and GPX4 (1:5000, GB120010;
Servicebio Tech, Wuhan, China) at 4 °C overnight. The
following day, slides were rinsed three times with PBS
(phosphate-buffered saline, 3 min per wash) and subse-
quently probed in the dark with fluorescent secondary an-
tibodies (488/647/555-conjugated goat anti-mouse/rabbit
IgG, 1:500, Servicebio GB23303/GB23301; Servicebio
Tech, Wuhan, China) at 37 °C for 1 hour. Following another
three PBS washes in the dark, nuclei were counterstained
with DAPI (1:500, G1012; Servicebio Tech, Wuhan, China)
for 5 minutes. After a final PBS wash, slides were mounted
and images were acquired using a Nikon fluorescence mi-
croscope (NIKON Eclipse Ci; Nikon, Tokyo, Japan).

Cell Culture and Treatment

Highly differentiated PC12 cells (rat pheochromo-
cytoma cell line; Procell, Wuhan, China) were cul-
tured in RPMI 1640 medium (C11875500BT, Gibco, New
York, USA) supplemented with 10% fetal bovine serum
(ST30-3302, PAN, Aidenbach, Germany) and 1% peni-
cillin/streptomycin (C0222, Beyotime, Nanjing, China) at
37 °C in a humidified 5% CO5 incubator, with medium
replenished every two days. To model ferroptosis in
vitro, cells at 60—80% confluence were treated with erastin
(E424821, Aladdin, Shanghai, China), while ferrostatin-1
(F408509, Aladdin, Shanghai, China) was used as an in-
hibitor in control groups. Subsequent analyses were per-
formed following the indicated treatments.

Cell Viability Assays

To assess cytotoxicity, PC12 cell viability was
determined via a Cell Counting Kit-8 (CCK-8) assay
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(AR1160-500, Boster, Wuhan, China). Briefly, cells were
seeded into 96-well plates at 6 x 10 cells/well in 100 pL
medium and allowed to adhere overnight. They were then
exposed to a concentration gradient of erastin or vehicle
(DMSO) for 24 h. Subsequently, the medium in each well
was replenished with 100 pL of fresh medium containing
10% (v/v) CCK-8 reagent. Following a 2-hour incubation
at 37 °C, the absorbance at 450 nm was measured using
a microplate reader (51119080, Thermo, Massachusetts,
USA). Viability was calculated as a percentage relative to
the control group.

Cellular Iron, Malondialdehyde (MDA), glutathione
(GSH) Measurement

Several oxidative stress-related biomarkers were as-
sessed with colorimetric kits: iron content was measured
with an Iron Assay Kit (S1066M, Beyotime, Nanjing,
China); lipid peroxidation was evaluated by detecting MDA
levels using an MDA assay kit (S0131M, Beyotime, Nan-
jing, China); and GSH levels were determined with a GSH
assay kit (S0053, Beyotime, Nanjing, China). All proce-
dures followed the kit manuals.

Transmission Electron Microscope

Mitochondrial ultrastructure was examined by trans-
mission electron microscopy (TEM). PC12 cells, after re-
ceiving the indicated treatments, were processed for TEM
as follows: primary fixation in 2.5% glutaraldehyde for 2 h,
followed by post-fixation in 1% osmium tetroxide for an-
other 2 h, both at room temperature. Samples were then de-
hydrated through a graded ethanol series (30%, 50%, 70%,
80%, 95%, and 100%; 20 min per step) and embedded in
EMBed 812 resin. Ultrathin sections were prepared, stained
successively with uranyl acetate and lead citrate, and im-
aged using a Hitachi H-7800 (Tokyo, Japan) transmission
electron microscope.

Cell Transfection

When PC12 cells reached 50% confluency in the
6-well plates, cells were transfected with 2 pg shRNA
of METTLI14 (sh-METTLI14) or its shRNA NC (sh-NC),
shRNA of USP7 (LV-USP7) or its NC (LV-NC) at 37 °C
for 48 h and then screened with 4 pg/ml of puromycin
(C8156, Adamas, Shanghai, China) for >5 days. While
transfected with 4 ug overexpression plasmid of METTL14
(0e-METTLI14) or its NC (oe-NC), 50 nM siRNA of
USP7 or its inhibitor NC (Si-NC) at 37 °C for 12 h us-
ing Lipofectamine®3000 (Invitrogen, California, USA).
PC12 cells were collected for RT-qPCR and western blot
to detect transfection efficiency of METTLI14 and USP?7.
The shRNA targeting METTL14 (sh-METTL14), lentiviral
vector overexpressing USP7 (LV-USP7), and their corre-
sponding negative controls were obtained from Shanghai
GeneChem Co., Ltd. (Shanghai, China). The siRNA tar-
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geting USP7 and its negative control were purchased from
HanBio Technology Co., Ltd. (Shanghai, China).

Bioinformatics Analysis

Bioinformatics analyses were performed to investi-
gate METTLI14’s role. The m6A modification profile and
secondary structure of USP7 mRNA were predicted via the
SRAMP database. To identify METTLI4 binding targets,
we interrogated the RMBase v2.0 database, which also re-
vealed the predominant m6A consensus motifs. Finally,
the specific binding region between METTL14 and USP7
mRNA was predicted using the catRAPID omics v2.0 tool.

m6A-RNA Immunoprecipitation Assay

The interaction between METTL14 and target RNAs,
as well as their m6A modification status, were analyzed
by RNA immunoprecipitation using BersinBio™ kits (RIP:
Bes5101; MeRIP: Bes5203-2, Guangzhou, China). The
protocol involved incubating cell lysates with magnetic
beads pre-bound with the relevant antibody. Immunopre-
cipitated RNA was subsequently isolated, and the expres-
sion levels of specific genes were quantified via RT-qPCR
to assess enrichment.

RNA Stability Detection

After treatment with 5 pg/ml Actinomycin D (50-76-
0, Aladdin, Shanghai, China), the cells were incubated for
0, 2, 4, 6 and 8 hours, after which they were harvested for
RNA extraction using TRIzol reagent as described previ-
ously. Subsequently, the rate of mRNA degradation was
determined based on methods outlined in the published lit-
erature.

Dihydroethidium (DHE) Staining

DHE fluorescence staining was performed to evaluate
intracellular reactive oxygen species (ROS) production ac-
cording to the manufacturer’s protocol. After a PBS wash,
sections were incubated with 5 yM DHE (S0064S, Bey-
otime, Nanjing, China) under light-protected conditions at
37 °C for 30 min. Fluorescent signals were examined and
captured prior to imaging with a Zeiss fluorescence micro-
scope (Zeiss, Heidenheim, Germany).

Flow Cytometry

Cells were collected into flow tubes and centrifuged to
discard the supernatant. Mitochondrial membrane potential
was detected with instructions of JC-1 (C2005, Beyotime,
Nanjing, China). Flow cytometric analysis was performed
with BD FACSCanto (BD, New York, USA) flow cytome-
ters. Data were analyzed with FlowJo v10.6.2 software.

Co-Immunoprecipitation (Co-IP) and Ubiquitination
Assay

Co-IP extracts were prepared using IP lysis buffer
(P0013, Beyotime, Nanjing, China) supplemented with
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protease inhibitor cocktails (P1005, Beyotime, Nanjing,
China). These protein solutions were then incubated with
at 4 °C with 3—5 pL primary antibody for 6 h. After wash-
ing three times using lysis buffer, protein A/G magnetic
beads (HY-K0202, MCE, New York, USA) were added
to the protein-antibody mixture, and the protein-antibody-
magnetic bead mixture was shaken moderately at 4 °C for
6h. After washing with lysis, the bound proteins were
eluted with 1x protein loading buffer at 95 °C for 10 min
and analyzed by Western blot and ubiquitination assay.

Statistical Analysis

All behavioral, histological, and molecular analyses
were conducted by investigators blinded to the experimen-
tal groups. Statistical analyses were conducted using SPSS
22.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism
8.0 (GraphPad, San Diego, CA, USA) Continuous data are
expressed as means =+ standard deviation (SD). For compar-
isons between two groups, Student’s t-test was used. Com-
parisons among multiple groups were performed by one-
way or two-way analysis of variance (ANOVA), as appro-
priate, with Tukey’s post hoc test for subsequent pairwise
comparisons. Correlations were analyzed using Pearson’s
coefficient. All tests were two-tailed, and a p-value < 0.05
was considered statistically significant.

Results

METTL14-Mediated m6A Modification Was Involved in
SCI

As the most abundant RNA methylation modification,
mo6A regulates gene expression through multifaceted con-
trol of mRNA processing. To investigate its role in SCI,
we established a rat SCI model and serially assessed mo-
tor function using BBB scores and inclined plane testing
at postoperative days 1, 3, 7, 14, 21, and 28. Rats devel-
oped immediate hindlimb paralysis following injury, and
a slight but significant increase in BBB scores was de-
tected from day 3 post-injury (Fig. 1A,B). Histopathologi-
cal evaluation of spinal cord tissues at day 28 revealed ex-
tensive destruction of both gray and white matter, accom-
panied by significant loss of anterior horn motor neurons
(Fig. 1C). Global m6A levels, as measured by Epiquik
mo6A quantification assay, were significantly elevated in
spinal cord tissues of SCI rats across multiple time points
(Fig. 1D). Given that METTLI4—a core component of
the m6A methyltransferase complex—has been reported to
promote ferroptosis in cervical cancer via m6A methyla-
tion [13,24]. We hypothesized that it may also participate in
SCI pathogenesis. Consistent with this, triple-method vali-
dation (RT-qPCR, Western blot, and immunofluorescence)
confirmed substantial upregulation of METTL14 in day-28
SCI tissues, with immunofluorescence intensity markedly
increased compared to sham controls (Fig. 1E-I). Ele-
vated METTL 14 fluorescence intensity was associated with
a reduced number of NeuN-positive neurons in the injured
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Fig. 1. METTL14 and m6A were significantly upregulated after SCI. (A,B) On post-operative days 1, 3, 7, 14, 21, and 28, the
locomotor function of all rats was serially evaluated using the Basso, Beattie, Bresnahan (BBB) open-field locomotor scale in combination
with the inclined plane test. (C) HE staining analysis of day-28 spinal cord tissues. (D) m6A levels in SCI rat spinal cords. (E-I)
Quantitation of RT-qPCR, Western blot, immunofluorescence of METTL14 in SCI tissues. (H,J) Immunofluorescence staining for NeuN
on the 28th day after SCI. The data in the figures represent the means &+ SD. Pairwise comparisons were analyzed using independent
t-test. Significant differences between groups are indicated as ****p < 0.0001, ***p < 0.001, **p < 0.01. The figures were drawn

using Adobe Illustrator 2022.

spinal cord (Fig. 1H-J). Together, these results indicate
concomitant upregulation of METTL 14 and m6A methyla-
tion following SCI, suggesting their potential involvement
in the underlying molecular pathology.

Neurons Suffer From Ferroptosis in Rat After SCI

Consistent with established findings [25,26], we con-
firmed pathological activation of ferroptosis in our SCI rat
model. Western blot analysis revealed aberrant expression
of key ferroptosis markers: significant downregulation of
GPX4 accompanied by concurrent upregulation of ACSL4
in SCI tissues compared to sham controls (Fig. 2A,B). Bio-
chemical assays demonstrated substantially elevated iron
accumulation and MDA levels in SCI versus sham groups
(Fig. 2C,D). Histological assessment using DAB-Perls
staining showed abundant iron-positive cells in SCI lesions,
in sharp contrast to the minimal iron deposition observed
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in sham tissues (Fig. 2E). Furthermore, immunofluores-
cence analysis confirmed markedly reduced GPX4 expres-
sion in spinal cord neurons of SCI rats (Fig. 2F,G). Collec-
tively, these multi-methodological approaches provide con-
vergent evidence confirming ferroptosis activation during
SCI pathogenesis, supported by histological, biochemical,
and molecular evidence.

ShRNA-METTL14 Inhibited SCI Progression and
Promoted the Recovery of Motor Function After SCI in Rat

To elucidate the functional impact of METTLI14 in
SCI, we performed intrathecal injection of an AAV vec-
tor encoding shRNA targeting METTLI4. The success-
ful knockdown of METTL14 expression was confirmed at
both protein and mRNA levels by Western blot and RT-
gPCR analyses, respectively (Fig. 3A—C). Behavioral as-
sessments revealed substantial functional recovery in sh-
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The figures were drawn using Adobe Illustrator 2022.

METTLI14 rats, with significantly improved BBB scores
and inclined plane performance at day 28 post-SCI (Fig.
3D,E). Footprint analysis further demonstrated enhanced
gait recovery and motor coordination in sh-METTLI14 rats
versus sh-NC controls (Fig. 3G). Global m6A levels in
spinal cord tissues were significantly reduced following
METTLI14 knockdown (Fig. 3F). Histological examina-
tion showed attenuated gray and white matter destruction,
with greater anterior horn neuron survival in sh-METTL14
rats compared to sh-NC controls (Fig. 3H). These find-
ings demonstrate that METTL 4 knockdown mitigates SCI
pathology and promotes functional recovery through mo6A-
dependent mechanisms.

ShRNA-METTL14 Inhibited Ferroptosis of Spinal Neurons
in SCI Rats

To delineate the role of METTL14 in neuronal ferrop-
tosis following SCI, we conducted multiplex immunoflu-
orescence staining for METTLI4, GPX4, and the neu-
ronal marker NeuN in spinal cord tissues at day 28 post-
injury (Fig. 4A). METTLI14 knockdown significantly re-
duced METTL 14-positive cells while increasing the num-
ber of neurons (Fig. 4B,D). Concomitantly, GPX4 flu-
orescence intensity increased in sARNA-METTLI14+SCI
versus sh-NC+SCI (Fig. 4C). DAB-Perls staining re-
vealed the number of iron-positive cells in the shARNA-
METTL14+SCI group decreased significantly (Fig. 4E).
In addition, biochemical assays confirmed decreased iron
content and MDA levels in shRNA-METTL14+SCI spinal
cords (Fig. 4G,H). Nissl staining revealed significantly en-
hanced neuronal survival in the ventral horns of shRNA-
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METTL14+SCI rats (Fig. 4F). These results collectively
demonstrate that METTL 14 knockdown effectively attenu-
ates ferroptotic damage and promotes neuronal survival in
the injured spinal cord.

METTLI14 Knockdown Inhibited Erastin-Induced
Ferroptosis in Cell Model

To further elucidate the molecular mechanism by
which METTLI14 regulates ferroptosis in SCI, we estab-
lished an in vitro ferroptosis model using erastin-treated
PC12 neuronal cells. Dose-response analysis via CCK-8
assays determined an IC5¢ of 11.02 uM for erastin (24 h
exposure; Fig. 5A), leading to the selection of 10 uM for
subsequent experiments. METTLI4 expression was effec-
tively knocked down using specific sShRNAs, as confirmed
by both Western blot and RT-qPCR analyses (Fig. SB-D).
Silencing METTL14 significantly rescued erastin-induced
viability loss in PC12 cells, as evidenced by CCK-8 assays
(Fig. SE). Erastin treatment significantly elevated m6A
levels, iron content, and MDA production while depleting
GSH (Fig. 5F-I). METTL14 knockdown or ferrostatin-1
(Fer-1) treatment partially reversed these erastin-induced
alterations, restoring m6A, MDA, and iron to near-basal
levels while rescuing GSH depletion. Western blot analysis
demonstrated that METTL14 silencing prevented erastin-
induced GPX4 suppression (Fig. 5J,K). Mitochondrial
morphological analysis revealed that METTLI4 down-
regulation significantly attenuated erastin-induced mito-
chondrial shrinkage and membrane density increase (Fig.
SL). Collectively, these findings indicate that METTL14
knockdown attenuates ferroptosis in erastin-treated neu-
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ronal cells through m6A-dependent mechanisms, suggest-
ing METTL 14 as a potential therapeutic target for mitigating
ferroptotic damage in SCI.

USP7 Was Identified to be Target for METTL14 in
Ferroptosis

As a key cysteine peptidase within the USP subfam-
ily of DUBs, ubiquitin-specific protease 7 (USP7) governs
ubiquitination dynamics, playing a pivotal role in the patho-
genesis of SCI [27]. Analysis of spinal cord tissues from
SCI rats revealed significant upregulation of USP7 at both
mRNA and protein levels compared to sham controls (Fig.
6A,B). Given METTL14’s established function as an m6A
methyltransferase regulating mRNA stability [24]. We
computationally predicted m6A modification sites within
the USP?7 transcript using the SRAMP database. Bioinfor-
matic analysis identified three high-confidence m6A mo-
tifs in the 3’UTR region, coinciding with areas of high
mRNA structural flexibility (Fig. 6C,D). Based on these
findings, we hypothesized that METTL 14 regulates USP7
expression via m6A-dependent mechanisms. Experimen-
tal validation through RNA immunoprecipitation (RIP)
and MeRIP-qPCR assays confirmed that METTL 14 knock-
down significantly reduced both m6A modification lev-

www.ecmjournal.org

353

els and METTL14 binding enrichment on USP7 mRNA
(Fig. 6E,F). To further assess the functional consequences
of this interaction, we evaluated USP7 mRNA stability
and found that METTL 14 inhibition substantially prolonged
USP7 mRNA half-life (Fig. 6G). Consequently, METTL14
inhibition elevated USP7 expression at both transcriptional
and translational levels compared to sh-NC groups (Fig.
6H-J). In summary, our results demonstrate that METTL 14
directly interacts with USP7 mRNA and catalyzes its m6A
modification, thereby establishing METTL14 as the writer
enzyme responsible for post-transcriptional regulation of
USP?7 in the context of SCI.

USP7 Regulates SCD Expression Through
Deubiquitination in Ferroptosis

SCD, a key enzyme in monounsaturated fatty acid
biosynthesis, critically regulates lipid peroxidation and fer-
roptosis susceptibility [28]. Genetic or pharmacological
inhibition of SCD enhances lipid peroxidation and sensi-
tizes cells to ferroptosis, whereas SCD overexpression con-
fers cellular protection [29,30]. These findings align with
previous reports that USP7 inhibition induces ferroptosis
in gastric cancer by targeting SCD [22]. To validate the
regulatory role of USP7 on SCD in neuronal ferroptosis,
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we first overexpressed USP7 in PC12 cells using lentivi-
ral delivery, which was confirmed by Western blot and RT-
gqPCR (Fig. 7A,B). In erastin-treated neuronal cells, we
found that USP7 overexpression significantly restored the
expression of GPX4 (Fig. 7C). Co-immunoprecipitation

[ p—
CELLR maczziaLy

assays demonstrated a direct physical interaction between
USP7 and SCD (Fig. 7D,E). Importantly, USP7 over-
expression significantly reduced the ubiquitination level
of SCD in erastin-treated PC12 cells (Fig. 7F). Erastin
challenge markedly downregulated SCD protein expression
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(Fig. 7G-I). Conversely, siRNA-mediated knockdown of
USP7 (Fig. 7J-L) led to a corresponding decrease in SCD
protein levels (Fig. 7M,N). In summary, these results estab-
lish that USP7 deubiquitinates and stabilizes SCD, thereby
modulating ferroptosis execution in neuronal cells.
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Overexpression of USP7 Effectively Counteracted the
Influence of oe-METTL14 on the Ferroptosis of SCI Cells

These results confirm that METTL 14 exacerbates SCI
by mediating m6A-dependent suppression of USP7 expres-
sion, which in turn inhibits SCD and promotes ferropto-
sis. To functionally validate this regulatory axis, PC12
cells were co-transfected with METTL 14-overexpressing
(0e-METTL14) and USP7-overexpressing (LV-USP7) con-
structs, followed by erastin treatment to induce ferropto-
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Fig. 6. USP7 was identified to be target for METTL14 in ferroptosis. (A,B) Expression of USP7 by Western blot and RT-qPCR in
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figures represent the means 4= SD and analyzed using independent 7-test. Significant differences between groups are indicated as ****p

< 0.0001. The figures were drawn using Adobe Illustrator 2022.

sis (Fig. 8A—C). Western blot analysis revealed that co-
expression of oe-METTL14 and LV-USP7 significantly re-
stored protein levels of both GPX4 and USP7 compared
to the oe-METTLI4-only group (Fig. 8D-F). Further-
more, cells overexpressing METTL 14 alone exhibited a pro-
nounced increase in mitochondrial ROS and a decrease in

S
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mitochondrial membrane potential, whereas simultaneous
overexpression of USP7 partially reversed these alterations
(Fig. 8G-J). Taken together, these data demonstrate that
USP7 overexpression can attenuate the pro-ferroptotic ef-
fects driven by METTL 14 upregulation in a cellular model
of SCL
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Illustrator 2022.

Discussion

SCI represents a devastating neurological disorder
with profound socioeconomic consequences worldwide
[3]. Our study establishes ferroptosis characterized by
iron-dependent lipid peroxidation as a pivotal pathological
mechanism in SCI. We demonstrated that METTL14 level
and m6A content in SCI tissue were significantly increased,
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and the ferroptosis was activated. METTLI14 knockdown
attenuates neuronal ferroptosis and mitigates SCI pathol-
ogy by reducing m6A methylation of USP7. These find-
ings highlight the METTL14/USP7 pathway as a promising
therapeutic target for inhibiting ferroptosis after SCI.

As the most prevalent RNA methylation modification
in eukaryotes, m6A regulates diverse biological processes
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Fig. 8. Overexpression of USP7 effectively counteracted the influence of oe-METTL14 on the ferroptosis of SCI cells. (A-C)
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Significant differences between groups are indicated as ****p < 0.0001, ***p < 0.001. The figures were drawn using Adobe Illustrator
2022.

including stem cell maintenance and neuronal development  learning and memory [31,32]. In line with previous re-
[12]. Tts dysregulation has been implicated in various neu- ports of elevated m6A levels in spinal cord neuronal apop-
rological disorders and higher cognitive functions such as tosis [21], we observed increased m6A methylation and
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METTLI14 expression in SCI tissues, accompanied by ro-
bust ferroptosis activation. Neurons exhibit particular sus-
ceptibility to ferroptosis due to their unique lipid composi-
tion and high oxidative metabolism [33]. Given the concur-
rent upregulation of METTL14 and m6A in SCI, we inves-
tigated whether METTL 14 modulates neuronal ferroptosis
through m6A-dependent mechanisms.

METTLI14 silencing in SCI rats improved locomo-
tor function (BBB scores) and inclined plane performance,
ameliorated tissue pathology, and increased survival of an-
terior horn motor neurons. Consistently, METTL 4 knock-
down reduced ferroptosis biomarkers including iron ac-
cumulation, MDA content, and GPX4 depletion. While
METTL 14 deletion has been shown to reduce m6A methy-
lation and impair motor coordination, and while it ame-
liorates ferroptosis in acute pancreatitis [14], it promotes
doxorubicin-induced cardiomyocyte ferroptosis via the
KCNQIOTI-miR-7-5p-TFRC axis [34]. Our results thus
establish METTL 14 as a context-dependent regulator of fer-
roptosis in SCI.

Given the protective effects of METTLI4 deletion, we
further explored its mechanism of action. USP7, a deu-
biquitinating enzyme involved in genomic stability main-
tenance through cell cycle regulation and DNA repair [35].
The stability of many proteins is dynamically governed by
ubiquitination and deubiquitination cycles. Notably, the
deubiquitinase USP7 has been identified as a critical reg-
ulator of ferroptosis across multiple pathological contexts.
Specifically, in a study of cardiac ischemia/reperfusion
(I/R) injury, Tang et al. [36] reported that elevated levels of
USP7 were associated with increased expression of p53 and
TfR1, concomitant with enhanced ferroptosis. In addition,
Guan et al. [22] confirmed its regulation of SCD stability
by deubiquitination to promote ferroptosis in gastric can-
cer. But, its role in SCI remained unclear. In our study,
bioinformatics revealed the m6A methylation modification
sites of USP7 mRNA, and there are interactions between
USP7 mRNA and METTL14. We used MeRIP to con-
firm the presence of m6A modification on USP7 mRNA,
inhibition of METTLI4 resulted in a significant decrease
in m6A modification of USP7, suggesting that METTL14
regulates the m6A modification of USP7. To assess the
impact of METTL14 on USP7 mRNA stability, our ex-
periments found that METTL 14 inhibition significantly in-
creased USP7 mRNA stability. To sum up, METTLI4 in-
hibition reduced USP7 m6A methylation and enhanced its
mRNA stability, thereby increasing USP7 expression.

Evidences verified that SCD plays a pivotal role in fer-
roptosis is an iron-dependent nonapoptotic cell death mech-
anism triggered by increased accumulation of oxidized
polyunsaturated fatty acids (PUFAs) and their subsequent
incorporation into the phospholipid cell membrane [37].
SCD, an endoplasmic reticulum (ER) enzyme, catalyzes the
A9-desaturation of saturated fatty acids (SFAs) to gener-
ate monounsaturated fatty acids (MUFAs), which are less
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susceptible to peroxidation. Consequently, SCD upregula-
tion enhances cellular resistance to ferroptosis by increasing
MUFA production. Conversely, SCD inhibition depletes
this protective pool of MUFAs, sensitizing cells to ferropto-
sis and its inducers [38,39]. These researches indicate that
SCD plays a crucial role in regulating lipid peroxidation and
ferroptosis. In our study, after silencing METTL 14 expres-
sion, USP7 and SCD level increased significantly. Co-IP
experiments demonstrated that USP7 could bind and deu-
biquitinates SCD. USP7 overexpression reduced the ubig-
uitination level of SCD and improved expression of SCD.
These results suggesting that USP7 decreases SCD ubig-
uitination, likely through removal of K48-linked chains,
though further linkage-specific assays are required. In ad-
dition, upregulated USP?7 reduced iron accumulation, MDA
levels, and mitochondrial damage while increasing GSH
and GPX4 expression in erastin-treated cells. These results
align with SCD’s known role in inhibiting lipid peroxida-
tion and its involvement in neuronal survival and regen-
eration [40]. To sum up, our findings support a model in
which METTL14 depletion reduces m6A methylation, sta-
bilizes USP7 mRNA, enhances USP7-mediated SCD deu-
biquitination, and ultimately suppresses ferroptosis. To our
knowledge, this is the first systematic demonstration to de-
lineate the METTL14/m6A/USP7 regulatory axis in neu-
ronal ferroptosis following SCI. As the METTL14-USP7—
SCD axis is further explored in the treatment of SCI, it pro-
vides a theoretical basis for the application of drugs, such
as METTL14 inhibitors or USP7 activators.

This study has several limitations. First, we did not
systematically validate other potential downstream targets
of METTLI4 or explore alternative regulatory pathways.
Second, more comprehensive in vivo evidence: such as
cell-type-specific knockout models, is needed to fully es-
tablish the relationship between SCD and ferroptosis in
SCI. Although our in vitro rescue experiment supports
the METTL14-USP7-SCD axis, an in vivo genetic rescue
would be required to fully establish the causal chain in the
intact spinal cord environment. Moreover, enzymatic ac-
tivity of USP7 and ubiquitin linkage type between USP7
and SCD are worthwhile to conduct deeper research. Al-
though our MeRIP-qPCR and bioinformatic analyses sug-
gest that METTL14 mediates m6A modification of USP7
mRNA, direct validation would require site-directed muta-
genesis of the predicted adenosine residues within the pu-
tative m6A motifs. Mutation of these sites would be ex-
pected to abolish METTLI4-induced USP7 mRNA degra-
dation. This represents an important direction for future in-
vestigations to pinpoint the exact m6A sites responsible for
the observed regulation. Future studies will address these
aspects to further elucidate the mechanistic network under-
lying ferroptosis regulation in neural injury.
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Conclusions

In summary, this study demonstrates that METTL14
is significantly upregulated following SCI and that its
suppression effectively inhibits ferroptosis in spinal neu-
rons. Mechanistically, METTLI4 knockdown enhances
USP7 expression by reducing m6A-mediated mRNA de-
cay, thereby attenuating ferroptotic cell death and mitigat-
ing SCI progression. Our findings reveal a previously un-
recognized METTL14-USP7 regulatory axis, highlighting
its potential as a therapeutic target for SCI. Further investi-
gation is warranted to fully elucidate the underlying mech-
anisms and evaluate the translational feasibility of targeting
this pathway.
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