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USP1/UAF1-Stabilized METTL3 Promotes Reactive
Astrogliosis and Improves Functional Recovery after Spinal
Cord Injury through m®A Modification of YAP1 mRNA
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RNA N°-methyladenosine (m®A) modification is involved in diverse biological processes. However, its role in spinal cord
injury (SCI) is poorly understood. The m°A level increases in injured spinal cord, and METTL3, which is the core subunit of
methyltransferase complex, is upregulated in reactive astrocytes and further stabilized by the USP1/UAF1 complex after SCI.
The USP1/UAF1 complex specifically binds to and subsequently removes K48-linked ubiquitination of the METTL3 protein to
maintain its stability after SCI. Moreover, conditional knockout of astrocytic METTL3 in both sexes of mice significantly sup-
pressed reactive astrogliosis after SCI, thus resulting in widespread infiltration of inflammatory cells, aggravated neuronal
loss, hampered axonal regeneration, and impaired functional recovery. Mechanistically, the YAPI transcript was identified as
a potential target of METTL3 in astrocytes. METTL3 could selectively methylate the 3'-UTR region of the YAPI transcript,
which subsequently maintains its stability in an IGF2BP2-dependent manner. In vivo, YAP1 overexpression by adeno-associated
virus injection remarkably contributed to reactive astrogliosis and partly reversed the detrimental effects of METTL3 knockout
on functional recovery after SCI. Furthermore, we found that the methyltransferase activity of METTL3 plays an essen-
tial role in reactive astrogliosis and motor repair, whereas METTL3 mutant without methyltransferase function failed to
promote functional recovery after SCI. Our study reveals the previously unreported role of METTL3-mediated m®A mod-
ification in SCI and might provide a potential therapy for SCI.

Key words: METTL3; reactive astrogliosis; spinal cord injury; USP1/UAF1; YAP1

Significance Statement

Spinal cord injury is a devastating trauma of the CNS involving motor and sensory impairments. However, epigenetic modifi-
cation in spinal cord injury is still unclear. Here, we propose an m®A regulation effect of astrocytic METTL3 following spinal
cord injury, and we further characterize its underlying mechanism, which might provide promising strategies for spinal cord
injury treatment.

Introduction
Spinal cord injury (SCI) is a devastating trauma of the CNS
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rate of SCI is 10.5 cases per 100,000 people (Kumar et al., 2018),
which poses a great burden on individuals and the health care
system. Despite extensive studies on therapies for SCI, the transfer
from basic to clinical research is still limited (James et al., 2018).
Pathophysiologically, primary injury of the spinal cord is mainly
caused by physical force, followed by a progressive secondary injury
that is characterized by blood-spinal cord barrier disruption, tissue
edema, and neuronal apoptosis (Tran et al., 2018). Therefore, there
is an urgent need for a better understanding of the cellular
response after SCI and its underlying molecular mechanisms.
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Astrocytes, the most numerous glial cells in the CNS, play
essential roles in various neurologic diseases, including acute
trauma and degeneration disorders (Li et al, 2020). In injured
spinal cords, astrocytes adjacent to the lesion undergo a specific
cellular change known as reactive astrogliosis, which is character-
ized by proliferation and hypertrophy, as well as a morphologic
increase in protrusion length (Vivinetto et al., 2020). The reactive
astrogliosis process in CNS injury has similarities with wound
healing in other non-neural tissues, including cytoskeletal remod-
eling, cell junction degradation, and mesenchymal characteristic
acquirement, as well as extensive changes in gene expression.
Previous studies demonstrated that in addition to repairing the
blood-spinal cord barrier and attenuating oxidative stress, reac-
tive astrocytes adjacent to lesions organized to form a dense
boundary that walled off the epicenter and protected surrounding
tissues (Pekny and Pekna, 2014; Vivinetto et al., 2020). Another
study indicated that astrocyte activation and astrocyte scar forma-
tion could contribute to axon regeneration after SCI (Anderson
et al,, 2016). Although extensive studies have unveiled the mech-
anism of reactive astrogliosis, the epigenetic modification within
reactive astrocytes and its role in SCI are still unclear.

As the most abundant internal mRNA modification, N°-
methyladenosine (m°A) has garnered more and more attention
in recent years (Zaccara et al., 2019). This post-transcriptional
modification is reversibly modulated near stop codons and in the
3'-UTR region of transcripts by a specific set of enzymes known
as m°A writer, eraser, and reader. Generally, the formation of
m°A is catalyzed by a core methyltransferase complex (METTL3,
METTL14, and WTAP) and can be reversed by demethylases
FTO (fat mass and obesity-associated) and ALKBH5 (Yang et al.,
2018a). In addition to WTAP, other binding partners including
RBMI5 and its paralogue RBM15B exert similar functions in
methyltransferase processes through binding and recruiting
METTL3 and METTLI14 to specific sites in mRNA (Patil et al,,
2016). The mRNA methylated in selective consensus motif
RRACH (where R = G/A, H = A/C/U) is recognized and regulated
by different reader proteins. It has been reported extensively that
m®A modification participates in the regulation of pre-mRNA
splicing in the nucleus and mRNA export, initiation, translation,
and decay processes in the cytoplasm depending on the functions
of the reader protein (Lin et al., 2019; Shen et al., 2020). For
instance, YTHDF1 preferentially promotes mRNA translation by
interacting with translation initiation factors; YTHDF2/3 and
YTHDCI are mainly responsible for facilitating mRNA degrada-
tion, whereas the IGF2BP family maintains stability of target
transcripts (Shi et al., 2019). This phenomenon might be deter-
mined by different recognition sites or competitive binding for
shared targets. Most previous studies have documented that m®A
modification is involved in various biological and pathologic events,
including stem cell self-renewal, sex determination, early embryonic
development, and cancer progression (Lence et al., 2016; Zhao et al,
2017; Y. Wang et al,, 2018). In terms of the CNS, the great majority
of previous studies have focused on the roles of m®A modification in
neural development and axonal generation in nontraumatic diseases
(Yoon et al, 2017; CX. Wang et al,, 2018; Yu et al., 2018), whereas
its functions after SCI have not been recognized.

In the present study, we noted an increased level of m°A in
injured spinal cords and demonstrated that the METTL3 protein
was upregulated after SCI and further stabilized by the USP1/
UAF1 complex, thus subsequently promoting reactive astrogliosis,
blocking infiltration of inflammatory cells, and improving func-
tional recovery through modulating methylation and stability of
YAPI transcript in an IGF2BP2-dependent manner. In sum, our
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study proposes the epigenetic regulation of astrocytic METTL3
following SCI and uncovers its underlying mechanism, which
might offer promising strategies for SCI treatment.

Materials and Methods

Animals

The Mett13" and GFAP-Cre mice with C57BL/6 background were gen-
erated at Cyagen Biosciences. The astrocyte-conditional knock-out mice
were produced by crossing Mett13"? and GFAP-Cre mice, and genotype
identification was performed postnatally. All mice were housed under a
12 h light/dark cycle with appropriate humidity and temperature and
provided with food and water ad libitum. All procedures were conducted
under the approval of the Animal Committee of the First Affiliated
Hospital of Nanjing Medical University.

SCI model and treatment

The contusive SCI model was performed in mice of both sexes as
described in our previous study (Ge et al., 2021). Briefly, mice were anes-
thetized by isoflurane inhalation, and T8-level laminectomy was subse-
quently performed to expose the spinal cord. Dorsal injury of the cord
was made by dropping a rod (5 g) from a height of 6.5 cm using a spinal
cord impactor (68097, RWD). After hemostasis, the muscles and skin
were sutured hierarchically. The bladder was auxiliary evacuated twice
daily until the urinating function was restored. The mice in the sham
group were subjected to T8-level laminectomy alone.

Adeno-associated virus infection

To specifically express exogenous METTL3 or YAP1 in astrocytes in
vivo, pAAV9-GfaABC,D-3 x Flag-WPRE carrying mouse METTL3 cDNA
sequence [adeno-associated virus (AAV)-METTL3-WT], or METTL3
cDNA sequence with methyltransferase domain-mutated (AAV-METTL3-
MUT), and pAAV9-GfaABC,D-3 xFlag-WPRE carrying mouse YAPI
cDNA sequence (AAV-YAPI1) were constructed (Obio Technology).
The pAAV9-GfaABC;D-MCS-WPRE (Obio Technology) served as a
negative control. An injection was performed (5 x 10° vg, 1 pl) imme-
diately after SCI using a syringe pump connected to a 10 pl Hamilton
syringe at a rate of 200 nl/min into the cranial and caudal spinal cord
of lesion sites at a depth of 1 mm. The syringe was kept in place for an
additional 5 min after injection to allow viral diffusion.

Behavioral analysis
The motor and sensory functions of mice were assessed at 1, 3, 7, 14,
and 28 d postinjury.

Basso Mouse Scale behavioral analysis. The Basso Mouse Scale
(BMS) score was evaluated by two investigators blinded to the groups at
1, 3, 7, 14, and 28d postinjury according to the hindlimb locomotor
function. Each mouse was individually placed in an open field, and the
BMS score was evaluated from 0 to 9 based on hindlimb joint move-
ments, trunk position and stability, stepping coordination, paw place-
ment, toe clearance, and tail position.

Footprint analysis. Footprint analysis was used to assess the athletic
ability of forelimbs and hindlimbs of mice. After the forelimbs and hin-
dlimbs were brushed with blue and red nontoxic ink, respectively, mice
were required to walk on a straight paper-lined runway, as described
previously (Ge et al., 2021). The stride length and width were then meas-
ured and analyzed only when the mice ran at a constant speed.

Rotarod test. A rotarod test was performed to access the balance and
motor coordination after SCI. Mice were placed on an accelerating
rotarod (Shanghai XinRuan Information Technology) from 0 to 40 rpm.
Each mouse was allowed to practice for one trial before the two test tri-
als. The interval between each trial is 20 min. Time taken to fall and tol-
erable speed of the rotarod were averaged from two individual test trials
for a final score per mouse.

Ladder walking test. For the ladder walking test, pretrained mice
were placed on a horizontal ladder with regularly or irregularly placed 3
mm diameter rungs (Beijing Cinontech Co., Ltd.) at 7, 14, 21 and 28d
after SCI, and a home cage was placed at the end of the ladder. The side
and bottom views of mice walking were recorded for further foot faults
(drag, slips, or foot falls) calculation and hindlimb coordination analysis.
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von Frey filament test. The von Frey filament test was used to evalu-
ate the tactile sensitivity of hindlimbs after SCI. Each mouse was tested
at baseline before SCI and at 28d postinjury. Mice were placed on a
metal mesh to allow access to the plantar surface of paws. The hindpaw
was stimulated with a set of calibrated von Frey filaments (Yuyan
Instruments). Each hindpaw received five consecutive treatments, and
hindpaw withdrawal or licking was regarded as a positive response. Three
positive responses of five repetitive stimuli were defined as the von Frey
threshold.

Electromyography test. The motor-evoked potentials (MEPs) were
examined 28 d after SCI by electromyography tests as previously described
(Jiang et al., 2020). Mice were anesthetized, and the stimulation, recording,
reference, and grounding electrodes were placed at the rostral ends of the
spinal cord, flexor of biceps femoris, distal tendon of hindlimb muscle, and
under the skin, respectively. A single stimulation (0.5mA, 0.5ms, 1Hz)
was used to induce MEPs, then peak-to-trough amplitude and latency
(from the onset of stimulus to the first response of each wave) were quanti-
fied to determine the hindlimb nerve conduction function.

Immunofluorescence staining

Mice were killed and perfused with ice-cold PBS followed by 4% parafor-
maldehyde. Spinal cord samples were fixed overnight at 4°C and gradi-
ent dehydrated in 15% and 30% sucrose solutions, then embedded in
optimal cutting temperature compound and dissected into 14-pm-thick
sections. For spinal cord tissue immunofluorescence staining, frozen sec-
tions were washed with PBS and blocked with 5% BSA plus 0.3% Triton
X-100 at room temperature for 1 h. Following incubation with diluted
primary antibodies overnight at 4°C, conjugated secondary antibodies
(Alexa Fluor 488 and Alexa Fluor 594, 1:200; Jackson ImmunoResearch)
were subsequently added, and DAPI was used to visualize the nucleus.
The images were photographed under a SLIDEVIEW VS§200 digital slide
scanner (Olympus). To evaluate the lesion area, a single channel image
of the spinal cord was first opened by Image] software. After threshold
modification, the lesion area was selected using a freehand section tool,
and the selected area was then imported into ROI Manager. The scale
was set using a wand tool, and the lesion area was subsequently meas-
ured in ROI Manager. Additionally, the number of CD68" cells and
NeuN" cells was evaluated using particle analysis module after images
threshold modification and cell separation. To assess axonal regenera-
tion, the neurofilament-positive (NF™) area at various distances from
the lesion center was quantified as a percentage of the total area of axons
present 1000 pm proximal. The primary antibodies included rabbit anti-
METTL3 (1:500; catalog #ab195352, Abcam), mouse anti-NeuN (1:500;
catalog #ab104224, Abcam), mouse anti-GFAP (1:500; catalog #GB12090,
Servicebio), rabbit anti-CD68 (1:500; catalog #28058-1-AP, Proteintech),
rabbit anti-Ki67 (1:500; catalog #GB111499, Servicebio), rabbit anti-
chondroitin sulfate proteoglycan 4 (CSPG4; 1:500; catalog #55027-1-AP,
Proteintech), rabbit anti-NF (1:500; catalog #GB12144, Servicebio), and
rabbit anti-Flag (1:500; catalog #80010-1-RR, Proteintech).

For cultured cell staining, the cells were fixed in 4% paraformalde-
hyde for 15 min and permeabilized with 0.3% Triton X-100 at room tem-
perature for 15 min. Subsequently, they were washed with PBS, blocked
with 5% BSA, and incubated with primary antibodies overnight at 4°C
and the previously mentioned secondary antibodies at room tempera-
ture for 1 h. Cells were visualized by DAPI staining. The images were
acquired under a fluorescent microscope (Thunder DMi8, Leica) or a
two-photon microscope (LSM 880 NLO, Zeiss), and analyzed with Image]
software. The primary antibodies included rabbit anti-METTL3 (1:500;
catalog #ab195352, Abcam), mouse anti-Myc (1:1000; catalog #2276S, Cell
Signaling Technology), mouse anti-GFAP (1:500; catalog #GB12090,
Servicebio), mouse anti-NeuN (1:500; catalog #ab104224, Abcam).

Nissl staining

Spinal cord tissue sections were prepared as previously described. For
Nissl staining, the sections were fixed with 4% paraformaldehyde for
10min and then incubated with cresyl violet (Beyotime) for 3 min at
room temperature. Subsequently, sections were washed twice with ddH,O
followed by 95% ethanol. The sections were then dehydrated in 100%
ethanol, cleared in xylene, and covered by neutral resins. The images were
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acquired under a microscope (Olympus), and the number of neurons was
counted in Image] software with particles analysis module after threshold
modification and cells separation, as we mentioned above.

Data analysis of gene expression omnibus databases

The spinal cord sequence profiles (GSE5296 and GSE42828) were down-
loaded from the Gene Expression Omnibus database. Following normal-
ization, log, transformation, and probe annotation in R studio software,
the set of m®A-related and deubiquitination-related genes and prolifera-
tive YAPI target genes were included in a heat map plot. Pearson’s cor-
relation analyses of YAP1 and m®A-related genes were preformed based
on their log,-transformed expressions.

Cell lines and primary astrocyte culture
Primary astrocytes were cultured as described previously (W. Liu et al.,
2021). In brief, the mouse brain was removed and cut into 0.5-1 mm>
pieces and then incubated in 0.125% trypsin (Invitrogen) with gentle
shaking at 37°C for 20 min. Following centrifugation, the tissue pellets
were resuspended in DMEM and filtrated through a 100 pm nylon mesh.
The single-cell suspension was cultured in poly-L-lysine precoated-T75
flasks with DMEM medium containing 10% FBS and 1% penicillin-
streptomycin. Other glial cells were eliminated by shaking at 180 rpm
for 30 min and 240 rpm for another 6 h when astrocytes reached a con-
fluent state.

The HEK 293T cell line was obtained from the Cell Bank of the
Chinese Academy of Science (Shanghai) and cultured in DMEM con-
taining 10% FBS and 1% penicillin-streptomycin at 37°C with 5% CO,.

In vitro astrocyte scratch injury assay

Astrocytes were seeded in six-well plates and allowed to reach conflu-
ence. To simulate in vitro behavior of astrocytes in response to spinal
cord injury in vivo, one (for immunofluorescence staining) or several
(for RNA and protein extraction) scratches were made by a sterile 200 pl
pipette tip as previously reported (Li et al., 2014; Pappalardo et al., 2014).
The cells were then washed three times with PBS to remove debris and
cultured with DMEM medium for 48 h. The astrocytes were visualized
by immunofluorescence staining of GFAP as previously described, and
mitotic cells were marked by the EdU assay (Beyotime) according to the
protocol from the manufacturer. Individual images (six to seven per
scratch wound) were obtained and analyzed with ImageJ software as
previously described (Li et al., 2014). Migration of astrocytes into the
cell-free area created by scratching was quantified by measuring the area
immediately after injury and 48 h after injury, and astrocytic prolifera-
tion was quantified as the proportion of EQU™ astrocytes relative to all
astrocytes in the entire field. The astrocytic protrusion was evaluated by
measuring the lengths of migrating-cell processes (visualized with GFAP
staining) surrounding the scratch wound after setting scale.

The shRNA and plasmid construction

The shRNA-control, sSsIRNA-METTL3, shIGF2BP2, shUSP1, and shUAF1
were constructed by Genebay Biotech. The control plasmid, Flag-tagged
METTL3 expression plasmid, Flag-tagged METTL3 domain plasmid,
HA-tagged ubiquitin (including WT, K48 mutant, and K63 mutant)
expression plasmid, IGF2BP2 expression plasmid, Myc-tagged USP1
(either WT or C90S mutant) expression plasmid, and Myc-tagged UAF1
expression plasmid were all constructed by Genebay Biotech. Primary
astrocytes and HEK 293T cells were transfected using Lipofectamine
3000 reagent (Thermo Fisher Scientific) according to instructions from
the manufacturer.

RNA sequencing and analysis

All gene expression changes in normal astrocytes and scratch-injured
astrocytes were determined using RNA sequence analysis, which was
performed by Genminix Information. Briefly, total RNA was isolated
and quality RNA samples were converted into cDNA libraries. The puri-
fied products were amplified with 12-15 cycles of PCR to create the final
cDNA library. Libraries were then sequenced on the Illumina HiSeq X
Ten following protocols from the manufacturer. Data analysis was per-
formed with R studio software as previously described.
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Dot blot and m®A quantification

Total RNA was isolated by TRIzol reagent following the protocol from
the manufacturer, and polyadenylated mRNA was prepared using a
GenElute mRNA Miniprep Kit (Sigma-Aldrich). Purified mRNA was
then loaded onto a nylon membrane and UV cross-linked to the mem-
brane. Following blocking with 5% BSA for 1 h, the membranes were
incubated with anti-m°A primary antibodies (ABclonal) at 4°C over-
night and HRP-conjugated secondary antibodies for 2 h at room tem-
perature. The membranes were visualized by an ECL detection system
(Millipore). Methylene blue (catalog #319112, Sigma-Aldrich) staining
was used as the loading control. The global m°A level was evaluated by
using an m°A RNA Methylation Assay Kit (catalog #ab185912, Abcam),
polyadenylated mRNA was prepared as described above, and 200 ng
mRNA was used per well following instructions from the manufacturer.
In brief, following sample preparation and mRNA binding, the diluted
capture antibody (primary m°®A antibody for m°A RNA capture) and
detection antibody (secondary antibody for capture antibody binding)
solutions were added to test wells. The m°®A levels were then quantified
calorimetrically, based on absorbance at 450 nm.

Liquid chromatography with tandem mass spectrometry quantification
of m°A in mRNA

RNA m°A evaluation by liquid chromatography with tandem mass spec-
trometry (LC-MS/MS) was performed as described previously (Xu et al.,
2021). In brief, 200 ng mRNA was first incubated with nuclease P1
(Sigma-Aldrich) in 20 pl reaction buffer plus 25 mm NaCl and 2.5 mm
ZnCl, at 37°C for 2 h. Then the buffer was added with 2.2ul 1 M
NH,HCOj; and alkaline phosphatase (Sigma-Aldrich) and incubated at
37°C for another 2 h. Samples were then subjected to centrifugation at
13,000 rpm for 10min, and 10 pl of the solution was injected into the
LC-MS/MS device. Nucleosides were quantified by retention time and
ion mass transitions of 268-136 (A) and 282-150 (m°A). The ratio of
m°A to A was calculated by standard curves.

Methylated RNA immunoprecipitation qPCR and methylated RNA
immunoprecipitation sequencing

Methylated RNA immunoprecipitation (MeRIP) sequencing (MeRIP-
seq) was performed and analyzed by Nanjing Jiangbei New Area
Biopharmaceutical Public Service Platform. Briefly, total RNA was pre-
pared and fragmented into 100—200nt. The RNA was then purified
using a Zymo RNA Clean and Concentrator-5 kit. Following incuba-
tion with m°A-antibody-bound protein A/G magnetic beads at 4°C
overnight, fragmented RNA was extracted from dynabeads and eluted
using a low salt reaction buffer and high salt reaction buffer. Both the
input sample and m°A-IP sample were used for library construction by
the NEBNext Ultra II Directional RNA Library Prep Kit (New England
BioLabs) and the quality was examined by BiOptic Qsep100 Analyzer.
Library sequencing was finally performed on an Illumina NovaSeq
6000 instrument with 150 bp paired-end reads. Data analyses including
gene ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment were performed with R studio software, and mC®A enriched
regions were visualized by Integrative Genomics Viewer software. For
MeRIP qPCR, RT-qPCR was performed following m®A-IP to evaluate the
methylation level of a target mRNA. In brief, extracted RNA was treated
with DNase (Thermo Fisher Scientific) to avoid DNA contaminations and
then fragmented into 100—200 nt. The fragmented RNA was subsequently
incubated with m°®A antibody for immunoprecipitation according to the
protocol of the Magna MeRIP m°A Kit (Millipore) followed by RT-qPCR.

RT-gPCR

Total RNA was extracted from the spinal cord or astrocytes using
TRIzol reagent. The RNA was reverse transcribed into cDNA using a
PrimeScript RT Reagent Kit, and RT-qPCR was subsequently per-
formed by TB Green® Premix Ex Taq™ kit. Relative expression levels
of target genes were normalized to GAPDH and quantified using the
272ACT method. The primer sequences used are as follows: METTL3
primer, forward 5'-CGTAGTGATAGTCCCGTGCC-3' and reverse
5'-TGGCGTAGAGATGGCAAGAC-3'; YAPI primer, forward 5'-CCC
TCGTTTTGCCATGAACC-3" and reverse 5'-GCTGTATTTGCTGCT
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GCTGG-3'; IGF2BP2 primer, forward 5'-ATTTCGGCCCATTCC
CACAT-3" and reverse 5'-GGCCTTCTGCTGGAGCAAT-3'; USP1
primer, forward 5'-GGGAATCCCAGCCATTGGAA-3" and reverse
5'-GGGTTGCTTAGTGGATGGCT-3'; UAFI primer, forward 5'-GGC
GGAGGAAAGTGCAGGT-3' and reverse 5'-TGTACGGATCTTGCT
TGTGCT-3'; GAPDH primer, forward 5'-GGAGAGTGTTTCCTC
GTCCC-3" and reverse 5'-ATGAAGGGGTCGTTGATGGC-3'.

RNA degradation assay

To examine the half-life of target mRNA, actinomycin D (5 ug/ml; cata-
log SBR00013, Sigma-Aldrich) was added for different time periods to
inhibit transcription. Total RNA was then extracted and RT-qPCR was
conducted as described above.

Dual-luciferase assay

The dual-luciferase reporter assay system (Promega) was used to deter-
mine the m°A modification within the 3'-UTR region of YAPI tran-
scripts following instructions from the manufacturer. In brief, WT or
m°A-mutated (adenosine replaced by cytosine) YAPI-3'-UTR vectors
fused with firefly luciferase and Renilla luciferase (Genebay Biotech)
were cotransfected with shMETTL3 or corresponding control shRNA
into primary astrocytes using Lipofectamine 3000 reagent. Cells were lysed
48 h after transfection, and firefly luciferase activity was examined to eval-
uate effects of m°A modification on YAPI expression. Renilla luciferase
was used to normalize the transfection efficiency of reporter plasmid.

Western blot analysis

The protein of cells or a total length of 4 mm spinal cord tissues centered
on the lesion site was isolated using RIPA lysis buffer (KeyGEN
BioTECH), and nucleoprotein was extracted by a nuclear protein extrac-
tion kit (Beyotime) following instructions from the manufacturer.
Following denaturation at 100°C for 10min and separation in SDS-
PAGE gels, proteins were transferred to PVDF membranes. The mem-
branes were then blocked with 5% BSA at room temperature for 2 h and
incubated with primary antibodies at 4°C overnight, and HRP-conju-
gated secondary antibodies (1:5000; Jackson ImmunoResearch) at room
temperature for 2 h. Finally, protein bands were detected using ECL rea-
gent (Beyotime) and quantified by Image] software. The primary anti-
bodies included rabbit anti-METTL3 (1:1000; catalog #1073-1-AP,
Proteintech), rabbit anti-Ub (1:1000; catalog #10201-1-AP, Proteintech),
rabbit anti-USP1 (1:1000; catalog #A6785, ABclonal Technology), rabbit
anti-UAF1 (1:1000; catalog #16503-1-AP, Proteintech), rabbit anti-Flag
(1:1000; catalog #80010-1-RR, Proteintech), mouse anti-Myc (1:1000;
catalog #2276S, Cell Signaling Technology), rabbit anti-HA (1:1000; catalog
#51064-2-AP, Proteintech), mouse anti-GFAP (1:1000; catalog #GB12090,
Servicebio), rabbit anti-YAP1 (1:1000; catalog #13584-1-AP, Proteintech),
rabbit anti-Histone H3 (1:1000; catalog #GB11102, Servicebio), rabbit anti-
IGF2BP2 (1:1000; catalog #11601-1-AP, Proteintech), and mouse anti-
GAPDH (1:1000; catalog #60004-1-Ig, Proteintech).

Immunoprecipitation

Protein of cells or tissues was extracted as described above and pre-
cleared using appropriate control IgG together with 20 pl protein A/G
plus-agarose (Santa Cruz Biotechnology) and incubated at 4°C for
30min. Following centrifugation, the lysate was immunoprecipitated
with indicated primary antibodies at 4°C for 1 h, and 20 pl protein A/G
plus-agarose was added for incubation overnight. Immunocomplexes
were collected and washed five times with lysis buffer. The bound pro-
tein was then subjected to SDS-PAGE for immunoblotting.

For silver staining and IP-MS, cellular extracts of primary astrocytes
expressing vector of Flag-METTL3 were prepared and subsequently sub-
jected to BeyoMag anti-Flag magnetic beads (Beyotime) and eluted by
3X Flag peptides (Beyotime) to remove IgG heavy and light chains. The
eluates were then separated with SDS-PAGE for mass spectrometry
(Thermo Fisher Scientific) and silver staining (Beyotime) following
instructions from the manufacturer.

Molecular docking
Molecular docking assay was performed to investigate the interaction
mode between USP1/UAF1 complex and METTL3 using Discovery Studio
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Figure 1. RNA m°A methylation and astrocytic METTL3 level are upregulated after SCI. A, B, Representative images and quantification of m°A dot blot in 4 mm sham and injured spinal cord. MB,
Methylene blue staining (as a loading control); ***p << 0.001. €, Global m°A level was detected by colorimetric m°A quantification assay; ***p << 0.001. D, LC-MS/MS quantification of m°A/A ratio in
sham and SCI groups; ***p << 0.001. E, Heat map of a set of m*A-related genes in GSE5296. F, Heat map of a set of m®A-related genes in GSE42828. G, Expression of writers and erasers in GSE5296
and GSE42828; *p << 0.05, **p << 0.01, ***p << 0.001. H, Relative METTL3 mRNA level of spinal cord at indicated time after SCI was evaluated by RT-qPCR; ***p << 0.001. 1, J, Relative METTL3 pro-
tein level of spinal cord at indicated time after SCI was evaluated and quantified; *p = 0.0188, ***p << 0.001. K, Immunofluorescence costaining of METTL3 with NeuN or GFAP in mice spinal cord
uninjured or 7 d postinjury (arrows indicate METTL3 * /GFAP™ cells). Scale bar, 100 jm. L, Heat map of a set of m°A-related genes in scratch-injured astrocytes compared with the corresponding con-
trol. M, Expression of writers and erasers in scratch-injured astrocytes; *p << 0.05, **p << 0.01, ***p << 0.001. N, Relative METTL3 mRNA level of primary astrocytes at the indicated time after scratch
injury was evaluated by RT-gPR; *p = 0.0104, ***p << 0.001. 0, P, Relative METTL3 protein level and quantification of primary astrocytes at indicated time after scratch injury was evaluated; **p =
0.0063, ***p << 0.001. @, Temporal expression of spinal cord METTL3 mRNA and protein level at the indicated time following SCI. R, Ubiquitination levels of endogenous METTL3 protein in spinal cord
with or without injury. S, Ubiquitination levels of endogenous METTL3 protein in primary astrocytes with or without scratch injury. One-way ANOVA followed by post hoc Bonferroni correction
(G, H,J, N, P); Student's two-tailed unpaired ¢ test (B, C, D, M). Data of RNA sequence comparing scratch-injured and uninjured astrocytes are shown in Extended Data Figure 1-1.

software (BIOVIA). The three-dimensional structures of USP1/UAF1 and
METTL3 were downloaded from the Research Collaboratory for Structural
Bioinformatics Protein Data Bank database. In brief, after removing crystal-
lographic water molecules, the Prepare Protein module was used to remove
the polyconformation of the target protein and supplement the incomplete
amino acid residues. The Prepare Ligands module was then used to obtain
an effective three-dimensional conformation. Following binding site defini-
tion, molecular docking was performed with the LibDock module.

Statistical analysis
All data are shown as mean * SD, and statistical analysis was performed
in GraphPad Prism (version 8.0) software. Student’s f test was used for

comparisons between two groups, and one-way or two-way ANOVA
followed by the post hoc Bonferroni correction was used for multivariate
analysis. A p value < 0.05 was considered to be significant.

Results

RNA m°A methylation and astrocytic METTL3 level are
upregulated after SCI

The RNA m®A methylation level of the spinal cord was detected
7d after SCI. The m°A dot blot (Fig. 14,B), colorimetric m®A
quantification assay (Fig. 1C), and LC-MS/MS analysis (Fig.
1D) demonstrated the global hypermethylation of m®A in
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polyadenylated RNA after SCI. To elucidate this phenomenon,
two comprehensive databases of temporal changes in gene expres-
sion after SCI (GSE5296 and GSE42828) were analyzed, and a set
of m®A-related genes, including writers, erasers, and readers, was
compiled. The GSE5296 database demonstrated that writers were
significantly upregulated after SCI, including RBM15 (0.4 h after
SCI), METTL3 (days 1 and 3 postinjury), and WTAP (days 1, 3, 7,
and 28 postinjury). In GSE42828, both RBM15 and METTL3 were
remarkably enhanced 1d after SCI, whereas the eraser FTO was
decreased in both databases (Fig. 1E-G).

Given that METTL3 is a core subunit of methyltransferase
complex mainly responsible for deposition of m°A into target
mRNA, and other writers only play an auxiliary role (Meyer and
Jaffrey, 2014; Zeng et al., 2020), we then focused on the function
of METTL3 in spinal cord injury. METTL3 mRNA level was up-
regulated after SCI and peaked 1d after injury, as demonstrated
by the two databases (Fig. 1G) and verified by RT-qPCR (Fig.
1H). The protein level of METTL3 was enhanced as well after
SCI with a peak at day 7 postinjury (Fig. 11,]). To further investi-
gate the cellular location of METTL3, immunofluorescence
staining of mice spinal cords was performed. The result showed
that METTL3 was mainly located in neurons with minor expres-
sion in inactive astrocytes, which was consistent with previous
studies (Chen et al., 2019; Zhang et al., 2020). However, reactive
astrocytes adjacent to the epicenter showed an augmented
expression of METTL3 compared with inactivated astrocytes
(Fig. 1K). To validate whether astrocytic METTL3 was upreg-
ulated after SCI, an in vitro astrocyte scratch injury assay was
then conducted to simulate reactive astrogliosis in vivo followed
by RNA sequencing (RNA-seq) analysis (Extended Data Fig. 1-1).
Following the scratch, levels of m°A writers in astrocytes were
strikingly augmented, whereas erasers were attenuated (Fig. 1L,M).
Experimentally, a noticeable increase in the level of astrocytic
METTL3 was observed after scratch injury (Fig. IN-P).

Of interest, when comparing the temporal expression of
METTL3 mRNA and protein after SCI, we noted that even if the
mRNA level returned to baseline after 7 d, its protein expression
still maintained a high level until 28 d after SCI (Fig. 1Q).
Obviously, an increase of mRNA level alone could not explain
this phenomenon, so something else might regulate METTL3
protein expression, especially in the mid and late stages of SCL
One possibility is that there exists a post-translational modifica-
tion regulating METTL3 protein expression. Given that ubiquiti-
nation of METTL3 was previously reported (Sun et al., 2020), we
speculated that deubiquitination modification might contribute
to the high level of METTLS3 protein after SCI. Indeed, the ubig-
uitin level of endogenous METTL3 at 7d after SCI was attenu-
ated (Fig. 1R), and a parallel result was observed in primary
astrocytes subjected to scratch injury in vitro (Fig. 1S), suggesting
that deubiquitination modification was responsible for the high
level of METTL3 after SCI. Together, m°A methylation and
astrocytic METTL3 level are upregulated after SCI, and there
exists a deubiquitination modification that modulates METTL3
protein expression.

USP1/UAF1 complex interacts with METTL3

To further investigate METTL3-interacting deubiquitinases,
mass spectrometry was conducted on a coimmunoprecipitated
Flag-METTL3 complex from primary astrocytes (Fig. 24), and
USP1 along with its stoichiometric partner UAF1 were identified
as potential substrates precipitated by METTL3 (Fig. 2B). In par-
allel, we found that USPI expression was significantly enhanced
after SCI (Fig. 2C,D,F,G), as well as in scratch-injured astrocytes
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(Fig. 2E,H), which might account for prolonged upregulation of
METTL3. However, there was no increase in level of UAFI after
SCI both in vivo and in vitro (Fig. 2I-K). Results of RT-qPCR
and Western blot analysis further verified above results in vitro
and in vivo (Fig. 2L-Q). Moreover, a coimmunoprecipitation
(Co-IP) assay validated that both endogenous USP1 and UAF1
could be coprecipitated by endogenous METTL3 (Fig. 2R), and
in vitro scratch injury induced more USP1 and UAF1 coprecipi-
tated by METTL3 (Fig. 2S). A reverse Co-IP assay further con-
firmed the interaction between endogenous USP1/UAFI complex
and METTL3 (Fig. 27). To investigate the combination of exoge-
nous METTL3 and USP1/UAF1 complex, we expressed Flag-
METTL3 and Myc-USP1 or Myc-UAF1 in HEK 293T cells. As
expected, Flag-tagged METTL3 could also coprecipitate with
Myc-tagged USP1 or UAF1 (Fig. 2U,V). Costaining of METTL3
with Myc-tagged USP1 or UAFI in primary astrocytes directly
revealed the colocation of METTL3 with USP1/UAF1 complex in
the nucleus (Fig. 2W). Computer molecular docking further indi-
cated an interaction between METTL3 and the USP1/UAF1 com-
plex (Fig. 2X).

Full-length METTL3 contains 580 amino acids and is com-
posed of a zinc finger domain and a methyltransferase domain
(also known as the MTase domain). Traditionally, the MTase do-
main was recognized to be responsible for RNA methylation
modification following recognition and capture of target mRNA
by its zinc finger domain (gledi and Jinek, 2016; Huang et
al.,, 2019). To identify the METTL3 domain responsible for
binding to the USP1/UAFI complex, we next constructed a se-
ries of Flag-tagged METTL3 truncated mutants based on its
structure (Fig. 2Y) and transfected them into HEK 293T cells.
Co-IP results demonstrated that the full-length METTL3 and
M3 truncated mutant coprecipitated with Myc-tagged USP1
and UAFI, whereas M1 and M2 truncated mutants lost the
ability to bind to USP1 and UAF1 (Fig. 2Z), which indicated
that the methyltransferase domain of METTL3 plays an essen-
tial role in protein binding as well. Collectively, these data indi-
cate that the USP1/UAFI complex interacts with METTL3 via
specifically binding to its MTase domain.

The USP1/UAFI1 complex deubiquitinates and stabilizes
METTL3
Because METTL3 interacts with the USP1/UAF1 complex, we
then characterized the regulation of METTL3 by USP1 and UAF1.
As shown in Figure 3A, the METTL3 level was enhanced by over-
expression of USP1 or UAF1, which was more obvious when both
USP1 and UAF1 were overexpressed. However, addition of
ML323 (USP1/UAF1 complex specific inhibitor; catalog #HY-17543,
MedChem Express) could significantly abolish this effect via
attenuating USP1/UAF1 expression. Moreover, knockdown of
USP1 or UAFI attenuated METTL3 expression, and the com-
bined ablation of the USP1/UAF1 complex showed a stronger
METTLS3 suppressive effect (Fig. 3B). Of note, addition of protea-
some inhibitor MG132 (catalog #HY-13259, MedChem Express)
could reverse the decline of astrocytic METTL3 following deple-
tion of USP1 or UAF1 (Fig. 3C,D). Additionally, after inhibiting
the astrocyte protein translation with 10 pg/ml cycloheximide
(CHX; catalog #HY-12320, MedChem Express), we found that
the silencing of USP1 and UAF1 significantly shortened the
half-life of the METTL3 protein, and USP1/UAF1 double knock-
down achieved a stronger suppression of METTL3 level (Fig. 3E).
It is well known that deubiquitination is a post-translational
modification that selectively hydrolyzes linear ubiquitin chains
from target proteins to inhibit its ubiquitin-proteasomal
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Figure 2.  USP1/UAF1 complex interacts with METTL3. 4, Silver-stained gel of astrocytic proteins coimmunoprecipitated using anti-Flag magnetic beads and eluted by Flag peptides. B, Mass
spectrometry identified specific peptides of USP1 (top) and UAF1 (bottom) in immunoprecipitated METTL3 complexes. (—E, Heat maps of a set of deubiquitinating enzymes in GSE5296 ((),
GSE42828 (D), and scratch injured astrocytes (E). F-H, Relative USPT expression in GSE5296 (F), GSE42828 (G), and RNA sequence of scratch injured astrocytes (H); **p = 0.0011, ***p <
0.001. I-K, Relative UAFT expression in GSE5296 (I), GSE42828 (J), and RNA sequence of scratch-injured astrocytes (K); *p = 0.0127, **p << 0.01. L, Relative mRNA expression of USPT and
UAFT at the indicated times after SCI was examined by RT-qPCR; ***p < 0.001. M, N, Relative protein expression of USP1 and UAFT at the indicated times after SCI were examined and quan-
tified; ***p << 0.001. 0, Relative mRNA expression of astrocytic USPT and UAFT at the indicated times after scratch injury was examined by RT-gPCR; ***p << 0.001. P, Q, Relative protein
expression of astrocytic USP1 and UAF1 at the indicated times after scratch injury was examined and quantified; **p = 0.0025, ***p << 0.001. R, Protein extracts from primary astrocytes were
subjected to immunoprecipitation with anti-METTL3 or anti-lgG and then immunoblotted with indicated antibodies. S, At 48 h after scratch injury, equal amounts of astrocytic protein lysates
were immunoprecipitated using anti-METTL3 and examined by immunoblotting with indicated antibodies. T, Protein lysate of primary astrocytes was immunoprecipitated with anti-USP1
or anti-UAF1 and then evaluated by immunoblotting with anti-METTL3. U, V, Extracts from HEK 293T cells transfected with Flag-METTL3 and Myc-USP1 (U) or Myc-UAF1 (V) were immunopreci-
pitated with anti-Flag, followed by immunoblotting with anti-Myc and anti-Flag. W, Primary astrocytes transfected with Myc-USP1 or Myc-UAFT were immunofluorescence stained using anti-
METTL3 and anti-Myc. Scale bar, 10 um. Correlation was analyzed using Image) software. X, Molecular dock of METTL3 and USP1/UAF1 complex. ¥, Schematic diagram of Flag-tagged
full-length METTL3 and corresponding truncated mutants. Z, HEK 293T cells were transfected with Myc-USP1 (left) or Myc-UAF1 (right) along with Flag-tagged METTL3 or its mutants. Cell
lysates were immunoprecipitated with anti-Myc, followed by immunoblotting with indicated antibodies. One-way ANOVA followed by post hoc Bonferroni correction (F, G, I, J, L, N, 0, Q);
Student's two-tailed unpaired t test (H, K).

degradation (B. Liu et al., 2021). Based on the above results,
we further investigated whether USP1/UAF1 complex could
remove ubiquitination chain of METTLS3 through an in vivo ubiq-
uitination assay. As expected, ectopic expression of both USP1
and UAF1 considerably suppressed ubiquitination of endoge-
nous METTL3 in primary astrocytes (Fig. 3F,G), whereas cata-
Iytically inactive mutant (C90S) of USPI lost the ability to
deubiquitinate METTL3 (Fig. 3F). On the other hand, deple-
tion of USP1 and UAF1 reversely enhanced ubiquitination
level of endogenous METTL3 (Fig. 3H). To further confirm
the deubiquitination effect of USP1/UAF1 complex on
METTL3, Flag-tagged METTL3, Myc-tagged USP1 (either WT
or C90S mutant), Myc-tagged UAF1, and HA-tagged Ub were
expressed in HEK 293T cells. Similar to the above results, overex-
pression of WT USP1 and UAFI removed ubiquitination of

METTL3 (Fig. 31)), whereas the C90S mutant abolished this
effect (Fig. 3I). Furthermore, depletion of USP1 and UAFI sig-
nificantly augmented ubiquitination of METTL3 in HEK 293T
cells, and double knockdown led to increased ubiquitination
(Fig. 3K). It is well known that there are two major polyubiquiti-
nation chains named the K48-linkage and K63-linkage. K48-
linkage is a canonical signal for proteasomal degradation,
whereas K63-linked polyubiquitin is responsible for nonpro-
teasomal pathways, including intracellular signaling, DNA
repair, and the endocytosis process (Grice and Nathan, 2016).
To identify which polyubiquitination of METTL3 was influ-
enced by the USP1/UAF1 complex, we expressed HA-K48-Ub
or HA-K63-Ub in HEK 293T cells and repeated the in vivo
ubiquitination assay. Both USP1 and UAF1 considerably
inhibited METTL3 polyubiquitination with K48-linkage, but not
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with K63-linkage (Fig. 3L,M), and expression of K48R ubiquitin ~ Knockdown of astrocytic METTL3 inhibits astrogliosis and
partly abolished this effect (Fig. 3N,0). Together, these data indi-  wound healing in vitro

cated that the USP1/UAF1 complex targets METTL3 and inhibits =~ Based on the upregulation of astrocytic METTL3 after SCI, we
its degradation by selectively removing K48-linked ubiquitination ~ intended to knock down METTL3 in vitro to investigate its func-
of the METTLS3 protein. tions in scratch-injured astrocytes. As expected, the m°A level of
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Figure 4.

Knockdown of astrocytic METTL3 inhibits astrogliosis and wound healing in vitro. A-C, The RNA methylation levels of primary astrocytes after METTL3 knockdown were evaluated

using a m°A dot blot (4), colorimetric m6A quantification assay (B), and LC-MS/MS analysis (€); ***p << 0.001. D, GFAP protein expression of primary astrocytes transfected with shRNA-control
(shNC) or shRNA-METTL3 (shMETTL3) after scratch injury. E, Representative immunofluorescence images of GFAP and EdU in primary astrocytes transfected with shNC or ShMETTL3 after scratch
injury. F~H, Quantification of wound healing ability (F), EdU™ ratio (G), and protrusion length (H) of astrocytes transfected with shNC or SAMETTL3; **p = 0.0027, ***p << 0.001.

Student’s two-tailed unpaired t test (B, C, F~H). Scale bar, 100 um.

primary astrocytes declined following METTL3 knockdown
(Fig. 4A-C). Furthermore, METTL3 silencing considerably sup-
pressed the GFAP upregulation (Fig. 4D) and wound healing
ability of injured astrocytes (Fig. 4E,F), and inhibited astrocytic
proliferation as revealed by an EAU assay (Fig. 4E,G). Moreover,
protrusion of astrocytes was significantly shortened following
METTL3 knockdown (Fig. 4E,H). These results indicate that
METTL3 might play an essential role in reactive astrogliosis.

Conditional METTL3 deletion in astrocytes hinders functional
recovery and suppresses reactive astrogliosis after SCI

To assess the biological functions of astrocytic METTL3 in vivo
after SCI, we generated mice with conditional knockout of
METTL3 in astrocyte (Mettl3°"°) by crossing mice with loxP
sites flanking exon 2 and three of METTL3 (Mettl3"%; Fig. 54)
with GFAP-Cre mice. Following genotype identification, knock-
out efficiencies in cerebellum, cortex, hippocampus, spinal cord,
as well as cultured primary astrocytes were detected by Western
blotting (Fig. 5B-E). Immunofluorescence staining of GFAP
demonstrated that there were no remarkable changes in astrocyte
size after METTLS3 deletion (Fig. 5F,G). Furthermore, both Nissl
staining and NeuN immunofluorescence staining of spinal cord
longitudinal sections showed no pronounced differences in the
number and distribution of neurons between Mettl3"? and
Mettl3*° mice (Fig. 5H-K). Additionally, body weight gain of
Mettl3"" and Mett13“*° mice was comparable at different devel-
opmental stages (Fig. 5L). In terms of functional behaviors, we
noted that both Mettl3"" and Mett13°*° mice reached nine points
in the BMS score (Fig. 5M), and astrocytic METTL3 knockout did

not influence the gait of mice, as evaluated by stride length and
width (Fig. 5N,0). In sum, these results indicated that METTL3
deletion in astrocytes has no effects on spinal cord development
and motor functions of mice without SCI.

Next, to evaluate the role of astrocytic METTLS3 after SCI, a
series of functional behavioral analyses were conducted on
Mettl3"" and Mett13°¥° mice at an indicated time after injury
(Fig. 6A). First of all, m®A dot blot (Fig. 6B), colorimetric m®A
quantification assay (Fig. 6C), and LC-MS/MS analysis (Fig. 6D)
validated that METTL3 deletion reduced the global mRNA m°A
methylation level of mouse spinal cord, and METTL3 knockout
significantly suppressed the upregulation of GFAP expression af-
ter SCI, which remained unchanged before injury (Fig. 6E). Of
note, there was a remarkable decrease of tactile sensitivity in
Mettl3°“° mice at 28 d postinjury compared with Mettl3"" mice
(Fig. 6F), and in motor function, astrocytic METTL3 deletion con-
siderably suppressed locomotor recovery after SCI, as evaluated by
the BMS score (Fig. 6G), footprint analysis (Fig. 6H), rotarod test
(Fig. 6I), and ladder walking test (Fig. 6]). Furthermore, it appeared
that the hindlimb nerve conduction function of Mettl3“*° mice was
significantly deteriorated with lower amplitude and longer latencies
of MEPs compared with Mett13¥ mice (Fig. 6K).

On day 14 postinjury, costaining of GFAP and CD68 demon-
strated that conditional METTL3 deletion resulted in impaired
reactive astrogliosis with a larger lesion area and more wide-
spread infiltration of CD68" macrophages/microglia after SCI
compared with Mett13"™ mice (Fig. 6L). Additionally, the Ki67-
labeled mitotic astrocytes in Mett13“X° mice were found in lower
amounts than in Mettl3"" mice after SCI (Fig. 6M). CSPG4, a
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Figure 5.

Conditional METTL3 deletion in astrocytes has no effects on spinal cord development and motor functions without SCI. A, Schematic strategy of METTL3"™ mice construction. B—E,

Effidency of METTL3 deletion in cerebellum, cortex, hippocampus, spinal cord, as well as cultured astrocytes were detected by Western blots; ***p << 0.001. F, G, Representative immunofluo-
rescence images of GFAP and METTL3 in cultured astrocytes (F) and quantification of astrocytic sizes (G). Scale bar, 50 um. H-K, Niss| staining and immunofluorescence staining of neurons
comparing spinal cords from Metti3"™ mice with Mett3C mice and quantification of neuron number. Scale bar, 100 m. L, Body weight of Metti3"™ mice and Metti3*C mice at different de-
velopment stages. M, BMS score of Mettl3"" and Mett3* mice without SCI. N, 0, Representative images of gait from Mettl3"" and Metti3*® mice () and quantification of stride length
and width (0). Student’s two-tailed unpaired t test (C, E, G, I, K, M, 0). Two-way ANOVA followed by post hoc Bonferroni correction (L).

recognized potent inhibitor of axonal growth with increased
expression in both fibrotic and glial scar derived from pericytes,
activated macrophages, and oligodendrocyte progenitors after
SCI (Jones et al., 2002; Hesp et al., 2018), was highly expressed
and widely spread by METTL3 knockout (Fig. 6N). We consid-
ered that METTL3 CKO might attenuate reactive astrogliosis
in vivo, which in turn leads to spread of inflammatory cells and
brings further damage to nearby tissues. To verify our specula-
tion, staining of a neuron marker was performed to further assess
survival of neurons in specific zones (Z1-Z4), located at different
distances from the lesion border as previously described
(Wanner et al., 2013). Indeed, a considerable decrease of neurons
in the Z1-Z2 zones of Mettl3*"° mice was observed, whereas
the Z3-Z4 zones and uninjured regions showed no difference in

Mettl3"™ mice (Fig. 60). The NF is regarded as an essential ele-
ment in neural network and axonal transport. We noted that
METTL3 CKO significantly inhibited NF" axon regeneration
after SCI (Fig. 6P). Overall, these results suggest that METTL3
deletion remarkably inhibits reactive astrogliosis and induces
widespread neuroinflammation and scar formation, thus impair-
ing viable neurons and axonal regeneration, and eventually dete-
riorating motor and sensory function recovery following SCI.

YAPI is a potential target of METTL3 in astrocytes

To explore potential targets and underlying mechanism of
METTL3 in reactive astrogliosis, MeRIP-seq combined with
RNA-seq (Extended Data Fig. 7-1) were performed using primary
astrocytes with or without METTL3 knockdown. A total of 2328
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Figure 6.  Conditional METTL3 deletion in astrocytes hinders functional recovery and suppresses reactive astrogliosis after SCl. A, Schematic diagram of functional analysis after SCI. B-D, RNA
mA methylation levels of Mett3"" and Mettl3* mice were evaluated by dot blot (B), colorimetric m°A quantification assay (€), and LC-MS/MS assay (D); **p = 0.0063, ***p < 0.001.
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genes were identified with |log,FC| > 1 and p < 0.05 by RNA-  nuclear transport of nonphosphorylated YAP1 (Zanconato et
seq, and 371 differentially m°A modified genes were identified by ~ al., 2019). In agreement with previous studies (Xie et al.,
MeRIP-seq. Only 27 genes were significantly changed in both ~ 2020), YAP1 was upregulated and activated following SCI
RNA level and m°A level (Fig. 7A), and most of m°A modification ~ (Fig. 7F,G) and in vitro astrocytic scratch injury (Fig. 7H,I).
was located in the coding sequence and 3’-UTR regions of mRNA ~ The expression of previously described proliferative YAP1
(Fig. 7B). As expected, the most common m®A motif, GGAC, was  target genes was mostly upregulated at days 1 and 3 after SCI
strikingly enriched in control astrocytes, but not in METTL3-  (Klatt Shaw et al., 2021; Fig. 7J,K). Intriguingly, METTL3
knockdown astrocytes (Fig. 7C). Enriched gene ontology analysis  depletion considerably downregulated YAPI m°A level as
further demonstrated a major enrichment in the mRNA splicing ~ well as its mRNA expression (Fig. 7L). Moreover, abundant
process and mitotic cell cycle (Fig. 7D), and KEGG analysis also ~ m°A sites were mostly located in the 3’-UTR region of YAPI
revealed an enriched cell cycle pathway (Fig. 7E), which means ~ mRNA, and METTL3 ablation remarkably decreased its m®A
METTL3 not only participates in several mRNA processes but  peaks (Fig. 7M). Notably, the binding of YAPI transcript
also regulates astrocyte cell cycle. Hippo signaling pathwayis ~ and m®A or METTL3 protein was validated by RIP assay
widely known to participate in cell cycle regulation through  (Fig. 7N,0), and METTL3 knockdown significantly reduced
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YAPT is a potential target of METTL3 in astrocytes. A, Venn plot of different genes in MeRIP-seq and RNA-seq comparing primary astrocytes with or without METTL3 depletion. B,

MEA peak distribution in indicated regions of primary astrocytes with or without METTL3 depletion. €, M®A motif of astrocytes with or without METTL3 silencing. D, Gene ontology analysis of
differentially m°A modified genes following METTL3 knockdown. E, KEGG analysis of differentially expressed genes after METTL3 depletion. F, G, Expression and quantification of YAP1 in
Metti3"" and Metti3™° mice with or without injury; *p = 0.047, **p = 0.0083, ***p = 0.0010. H, I, Expression and quantification of astrocytic total and nucleic YAP1 at indicated times after
scratch injury; *p = 0.0145, ***p < 0.001. J, K, Heat maps of a set of proliferative YAP1 target genes in GSES296 (J) and GSE42828 (K). L, Volcano plot of genes with a significant change in
both m®A level and gene expression level after METTL3 silencing. M, The abundance of m°A sites in YAPT mRNA of primary astrocytes with or without METTL3 ablation. N, MeRIP-PCR analysis
of primary astrocytes precipitated with anti-m°A and then evaluated by real-time PCR of YAPT; ***p << 0.001. 0, RIP-PCR analysis of primary astrocytes precipitated with anti-METTL3 and
then evaluated by real-time PCR of YAPT; ***p << 0.001. P, MeRIP-gPCR analysis of control and METTL3 knockdown astrocytes precipitated with anti-m°A, and subsequently probed with
YAPT; **¥p < 0.001. One-way ANOVA followed by post hoc Bonferroni correction (G, I, N, 0); two-way ANOVA followed by post hoc Bonferroni correction (P). Data of MeRIP sequence compar-

ing astrocytes with or without METTL3 depletion are shown in Extended Data Figure 7-1.

m°A-precipitated YAPI mRNA level (Fig. 7P). Collectively,
these data indicate that YAPI transcript might be a target of
METTLS3 in reactive astrogliosis.

METTLS3 regulates the stability of YAPI mRNA in an
IGF2BP2-dependent manner

Next, we performed a series of experiments to further evaluate
the effects of METTL3 on YAPI expression. METTL3 ablation
markedly attenuated astrocytic YAPI mRNA expression (Fig.
8A), as well as protein level and nuclear localization (Fig. 8B). In
vivo, METTL3 CKO attenuated total YAPI protein level in both
sham and injured spinal cord (Fig. 7F,G). Of note, the half-life of
YAPI mRNA after transcription inhibition was shortened in
METTL3-knockdown astrocytes (Fig. 8C). Conversely, METTL3
overexpression significantly enhanced YAP1 expression, whereas
addition of 3-deazaadenosine (DAA; a global methylation inhibi-
tor; catalog #HY-W013332, MedChem Express) reversed this
effect (Fig. 8D,E). A luciferase reporter system fused with the 3'-
UTR region of the YAPI transcript was constructed and trans-
fected into primary astrocytes to further confirm how METTL3

regulation affects YAPI (Fig. 8F). Luciferase activity of the WT
YAPI-3'-UTR-fused reporter was abated on METTL3 depletion,
whereas knockdown of METTL3 showed no effects on the mu-
tant with all GGAC sequence in 3'-UTR region mutated (Fig.
8G). Because the YAPI protein is highly susceptible to ubiquitin
modification and subjected to proteasome degradation (Liu et al.,
2020; Zhou et al., 2020), we then investigated whether METTL3
could regulate the YAP1 ubiquitination process. Following protein
translation blocking with 10 pg/ml CHX, METTL3 silencing did
not influence the degradation rate of YAP1 protein (Fig. 8H).
Moreover, ubiquitination of YAP1 remained unchanged after
METTL3 knockdown in astrocytes (Fig. 81), and METTL3 knock-
out also showed no effects on YAP1 ubiquitination in vivo
(Fig. 8J). These results indicate that METTL3 could regulate
YAPI expression by maintaining its mRNA stability.

Indeed, m°A modified mRNAs are subsequently recognized
and bound by readers, which mediate the stability, transport,
and translation process of mRNA. To determine the participa-
tion of readers in the regulation of YAPI transcript stability, we
then calculated the correlation coefficient between YAPI and all
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Figure 8.  METTL3 regulates the stability of YAPT mRNA in an IGF2BP2-dependent manner. A, Relative mRNA expression of astrocytic YAPT and METTL3 following METTL3 knockdown; ***p
< 0.001. B, Expression and quantification of total YAP1 and nucleic YAP1 after METTL3 silencing; ***p << 0.001. €, Half-life of astrocytic YAPT mRNA with or without METTL3 depletion was
evaluated by RT-gPCR; ***p << 0.001. D, Relative mRNA level of YAP1 after METTL3 overexpression with or without 1 L methylation inhibitor treatment for 24 h; ***p << 0.001. E,
Expression and quantification of total YAP1 and nucleic YAPT after METTL3 overexpression with or without 1 i methylation inhibitor treatment for 24 h; ***p << 0.001. F, Schematic diagram
of luciferase reporter plasmid. G, Effects of METTL3 knockdown on luciferase activity of astrocytes transfected with WT or YAPT m°A sites mutated luciferase reporter plasmid; ***p << 0.001.
H, Half-life of astrocytic YAPT protein with or without METTL3 depletion was evaluated and quantified by Western blotting; p = 0.2615. /, Ubiquitination levels of YAPT protein in control and
METTL3-silenced astrocytes were detected by Co-IP analysis. J, Ubiquitination levels of YAP1 protein in Metti3"" and Metti3*® mice with or without SCI were examined by Co-IP. K-M,
Correlation analysis between YAPT and m°A-related genes based on GSE5296 and GSE42828. N, 0, Relative mRNA expressions of /GF2BP2 in GSE5296 (N) and GSE42828 (0); *p =
0.047, **p = 0.0013, ***p < 0.001. P, Expression of IGF2BP2 protein at the indicated times after SCI was detected by Western blot. Q, Relative mRNA expression of /GF2BP2 in RNA
sequence of scratch-injured astrocytes; **p = 0.0035. R, Expression of astrocytic IGF2BP2 protein at the indicated times after scratch injury. S, Relative mRNA expression of astrocytic
YAPT and IGF2BP2 following IGF2BP2 knockdown; ***p << 0.001. T, Expression and quantification of total YAP1 and nucleic YAP1 after IGF2BP2 silencing; ***p < 0.001. U, Half-life

of astrocytic YAPT mRNA with or without IGF2BP2 depletion was evaluated by RT-gPCR.

p = 0.0045. V, Relative mRNA level of YAPT after IGF2BP2 overexpression with or without

1 um methylation inhibitor treatment for 24 h; **p << 0.01, ***p = 0.0008. W, Expression and quantification of total YAP1 and nucleic YAP1 after IGF2BP2 overexpression with or

without T pm methylation inhibitor treatment for 24 h; *p << 0.05, ***p < 0.001. X,

Half-life of astrocytic YAP1 protein with or without METTL3 depletion was evaluated after

10 pg/ml CHX treatment and quantified by Western blotting. p = 0.4245. ¥, Ubiquitination levels of YAP1 protein in control and IGF2BP2-silenced astrocytes were detected by Co-IP

assay. One-way ANOVA followed by post hoc Bonferroni correction (4, B, D, E, G, N, 0, S,

T, V, W); Two-way ANOVA followed by post hoc Bonferroni correction (C, H, U, X); Nonlinear

regression of one phase decay (C, H, U, X); Student’s two-tailed unpaired t test (Q); Pearson correlation analysis (K-M).

m®A-related genes based on two aforementioned databases (Fig.
8K). Consistent with the above results, METTL3 was positively
correlated with YAPI (Fig. 8L). Of note, IGF2BP2 is the only
reader positively associated with YAPI in the IGF2BP family that
generally maintains mRNA stability (Fig. 8M). As a type of con-
served m°A binding protein with four K homology domains and
two RNA recognition motif domains, IGF2BP2 could enhance

target transcript stability by recruiting cofactors including HuR
and matrin 3 (Huang et al., 2018). Determined by RT-qPCR and
Western blot analysis, expression of IGF2BP2 was upregulated
after SCI (Figs. 8N-P, 1E,F) and by in vitro astrocytic scratch
injury (Figs. 8Q,R, 1L). Similar to METTL3, silencing of
IGF2BP2 significantly inhibited YAPI expression and nuclear
transport (Fig. 8S,T), and the half-life of YAPI transcript was
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METTL3 promotes functional recovery and reactive astrogliosis via upregulating YAP1 expression after SCI. 4, Specific expression of AAV-YAP1 was verified by immunofluorescence

staining GFAP and Flag. B, Protein levels of GFAP, YAP1, and METTL3 in indicated groups were examined and quantified via Western blotting; *p << 0.05. €, BMS score of Mett3"™ and

Metti3°

mice injected with or without AAV-YAP1 at the indicated time after SCI; *p << 0.05. D, Rotarod test of mice in indicated groups at day 28 postinjury; *p << 0.05, **p = 0.0083,

***p < 0.001. E, Representative images and quantification of MEPs amplitude and latencies of mice in indicated groups at day 28 postinjury; *p << 0.05, **p = 0.0015, ***p << 0.001.
F, Sensory behaviors of mice in indicated groups at day 28 postinjury were assessed by von Frey assay; *p = 0.0492, ***p << 0.001. G, At day 14 postinjury, double staining of GFAP and (D68
in spinal cords of Metti3"" and Mett3%° mice injected with or without AAV-YAP1 and quantification of lesion area and (D68 macrophages/microglia; *p = 0.0164, **p << 0.01, ***p <
0.001. H, Immunostaining of GFAP and CSPG4 in spinal cords of the indicated groups. /, Double staining of GFAP and Ki67 in spinal cords of the indicated groups at day 14 postinjury.
J, Immunostaining of NeuN in spinal cords of indicated groups at day 14 postinjury and quantification of viable neurons in Z1-Z4 zones adjacent to lesion boundary; **p << 0.01, ***p <
0.001. K, Double staining of GFAP and NF in spinal cords of indicated groups at day 28 postinjury and quantification of NF*™ axons at various distances from lesion center; ***p << 0.001. One-
way ANOVA followed by post hoc Bonferroni correction (B, D—G). Two-way ANOVA followed by post hoc Bonferroni correction (C, J, K). Scale bar, 200 pum.

shortened in IGF2BP2-knockdown astrocytes upon the tran-
scription block (Fig. 8U). On the contrary, YAPI mRNA and
protein levels as well as nuclear transport were augmented
on IGF2BP2 overexpression, which could be abolished by
DAA addition (Fig. 8V,W). Notably, IGF2BP2 had no influ-
ence on YAPI protein degradation and ubiquitination in
primary astrocytes (Fig. 8X,Y), indicating that IGF2BP2-
mediated YAP1 expression depends on its m®A modification
function. Together, METTL3 could methylate the YAPI transcript

in an IGF2BP2-dependent manner, thus suppressing its
degradation.

METTL3 promotes functional recovery and reactive
astrogliosis via upregulating YAP1 expression after SCI

To characterize whether METTL3 deletion-associated functional
recovery inhibition following SCI is caused by regulation of
YAPI, we subsequently generated YAP1-overexpressed mice by
injection of astrocyte-specific AAV serotype 9 (AAV9) carrying
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Figure 10.  METTL3-mediated reactive astrogliosis and functional recovery after SCI are dependent on its m°A methyltransferase function. A, Protein levels of GFAP, YAP1, and Flag in indicated
groups were examined and quantified by Westem blotting; **p << 0.01. B, BMS score of Metti3™® mice injected with AAV-METTL3-WT or AAV-METTL3-MUT at the indicated time after SCI;
**%p < 0.001. C, Rotarod test of mice in indicated groups at day 28 postinjury; *p << 0.05, **p = 0.0087. D, Representative images and quantification of MEP amplitude and latencies of mice in
indicated groups at day 28 postinjury; *p = 0.0201, **p << 0.01, ***p = 0.0003. E, Sensory behaviors of mice in indicated groups at day 28 postinjury were assessed by von Frey assay; **p =
0.002, ***p << 0.001. F, At day 14 postinjury, double staining of GFAP and D68 in spinal cords of Mettl3*° mice subjected to AAV-METTL3-WT or AAV-METTL3-MUT injection and quantification of
lesion area and (D68 macrophages/microglia; **p << 0.01, ***p << 0.001. G, Immunostaining of GFAP and CSPG4 in spinal cords of the indicated groups. H, Double staining of GFAP and Ki67 in
spinal cords of the indicated groups at day 14 postinjury. /, Immunostaining of NeuN in spinal cords of indicated groups at day 14 postinjury and quantification of viable neurons in Z1-Z4 zones ad-
jacent to lesion boundary; *p << 0.05, **p << 0.001. J, Double staining of GFAP and NF in spinal cords of indicated groups at day 28 postinjury and quantification of NF " axons at various distances
from lesion center; ***p << 0.001. One-way ANOVA followed by post hoc Bonferroni correction (A, C~F). Two-way ANOVA followed by post hoc Bonferroni correction (B, I, J). Scale bar, 200 pum.

the mouse YAPI sequence (AAV-YAPI) into the cranial and  astrocytes adjacent to the epicenter. GFAP expression was also
caudal spinal cord of the lesion site immediately after injury.  increased in both Mettl3"" and Mettl3°*° mice subjected to
Immunofluorescence staining (Fig. 9A) and Western blot analy- ~ AAV-YAPI injection after SCI (Fig. 9B). Additionally, astrocytic
sis (Fig. 9B) identified successful transfection of AAV-YAP1 in ~ YAP1 overexpression after SCI could promote METTL3
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depletion-induced hindlimb functional recovery impairment
(Fig. 9C). The motor coordination ability of Mettl3"" and
Mett13%° mice injected with AAV-YAPI was greatly improved,
when compared with the corresponding control, as indicated by
longer rotarod duration and higher speed endurance (Fig. 9D).
Moreover, YAP1 ectopic expression significantly shortened laten-
cies and enhanced the amplitude of mice MEPs, partly reversing
METTL3 knock-out-induced deterioration of hindlimb nerve
conduction function after SCI (Fig. 9E). In addition to motor
function, AAV-YAPI injection parallels increased mice tactile
sensitivity at day 28 postinjury and remarkably abolished
effects of METTL3 depletion on sensory function recovery
(Fig. 9F). Of note, YAP1 overexpression could promote reac-
tive astrogliosis in Mettl3°X° mice after SCI, with decreased
lesion areas and limited infiltration of inflammatory cells in
both Mettl3"™ and Mett13°%° mice subjected to AAV-YAP1
injection, when compared with corresponding controls (Fig.
9G). Additionally, larger scar areas induced by METTL3 depletion
were confined by YAP1 overexpression (Fig. 9H), and astrocyte
proliferation after SCI was remarkably enhanced by AAV-YAPI
injection (Fig. 9I). In line with these results, METTL3 conditional
knockout significantly decreased the number of viable neurons
(Fig. 9]) and suppressed axonal sprouting (Fig. 9K) after SCI,
whereas these effects were considerably reversed in mice with ec-
topic expression of YAP1 (Fig. 9J,K). Collectively, these results
indicated that METTL3 promoted functional recovery and reactive
astrogliosis via upregulating YAP1 expression after SCI.

METTL3-mediated reactive astrogliosis and functional recovery

after SCI are dependent on its m°A methyltransferase function
AAV-mediated gene therapy for SCI has become a promising
approach by taking advantage of the disrupted blood-spinal
cord barrier and long-term expression of target genes in specific
cell types with high biosafety. To lay a crucial foundation for
METTL3-targeted SCI clinical therapy and investigate whether
METTL3 induced reactive astrogliosis and functional recovery
after SCI depend on its m°A methyltransferase function; mouse
METTL3 sequence with or without the methyltransferase do-
main mutated was fused in AAV9 and subsequently injected into
Mett13“X° mice. As shown in Figure 104, injection of AAV9 car-
rying WT METTL3 (AAV-METTL3-WT) augmented expression
of GFAP protein in Mett13°“° mice, and the YAP1 protein level
was enhanced as well by METTL3 re-expression, whereas AAV9
with mutated METTL3 (AAV-METTL3-MUT) failed to show
these effects. As expected, CKO mice with ectopic expression of
METTL3 performed much better in the BMS score with more
frequent plantar stepping compared with mice with mutated
METTL3 expression (Fig. 10B), and METTL3 re-expression sig-
nificantly prolonged the time that mice remained on the rotarod,
whereas mutated METTL3 expression without methyltransferase
function showed no improvement in motor coordination ability
(Fig. 10C). Moreover, hindlimb nerve conduction of CKO mice
with AAV-METTL3-WT injection showed shorter latencies and
larger-scale amplitude compared with AAV-METTL3-MUT injec-
tion (Fig. 10D). In terms of sensory function, there was a significant
decrease in the tingling threshold of CKO mice re-expressing
METTLS3, whereas no change was observed in mice with mutated
METTLS3 expression (Fig. 10E). Notably, spinal cord double stain-
ing of GFAP and CD68 at day 14 postinjury demonstrated that
reactive astrogliosis was evidently enhanced, and the infiltration
of inflammatory cells was suppressed in METTL3 deletion mice
subjected to AAV-METTL3-WT injection but not in mice
administered with mutated METTL3 (Fig. 10F). Additionally,
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the CSPG4 expression was significantly suppressed in Mettl3“<°
mice with METTL3 re-expression, whereas METTL3 mutant
injection showed no improvement (Fig. 10G). Costaining of
GFAP and Ki67 demonstrated consistent results that METTL3
depletion-mediated reactive astrogliosis suppression could be
rescued by re-expressing METTL3 in vivo but not by expressing
its mutant (Fig. 10H). Consequently, the number of viable neu-
rons in the Z1-Z3 zones was increased in the METTL3-WT
group, whereas the methyltransferase domain mutant failed to
safeguard adjacent neurons (Fig. 10I). Again, axonal regenera-
tion of Mett13“*° mice could only be restored by METTL3-WT
but not METTL3-MUT constructs (Fig. 10]). Collectively, these
results demonstrated that METTL3-mediated reactive astroglio-
sis and functional recovery after SCI depends on its m®A methyl-
transferase function, and METTL3 specifically delivered into
astrocytes by AAV injection might become an effective ther-
apy for future treatment of SCI.

Discussion

Epigenetic modification in SCI has been rarely studied, and the
role of m®A decoration in SCI has not been recognized. Recently,
an altered m®A methylation profile was initially reported in a
zebrafish SCI model, and METTL3 was upregulated in both
astrocytes and neural stem cells (Xing et al., 2021). Another study
indicated METTL14 could modulate neuron apoptosis during
the repair of SCI (Wang et al., 2021). Because the major location
of METTLS3 is in neurons, and there is a lower expression in
astrocytes during nontraumatic circumstances, most studies have
investigated the roles of METTL3 in neural development and axo-
nal generation (Yoon et al,, 2017; C.X. Wang et al., 2018; Yu et al.,
2018). However, the specific mechanism of METTL3 upregulation
and its function in SCI have never been expounded on.

Most previous studies have considered biological functions of
METTL3 in downstream target regulation, whereas few have
revealed the upstream modification of METTL3. A recent study
demonstrated that histone lactylation increased METTL3 expres-
sion in tumor-infiltrating myeloid cells and lactylation on zinc
finger domain of METTL3 enhanced its ability to capture target
RNA (Xiong et al., 2022). Moreover, SUMOylation of METTL3
was confirmed to be upregulated in hepatocellular carcinoma
and was positively correlated with high metastatic potential (Xu
et al,, 2020). Several phosphorylation sites were identified on the
endogenous METTL3 protein. However, they may have no effects
on METTL3 subcellular localization or binding and methylation
activity (Scholler et al., 2018). Furthermore, a previous CRISPR-
based screen consequently identified that USP5 could enhance
METTLS3 level via a deubiquitination effect, and its corresponding
inhibitors significantly decreased METTL3 expression (Sun et al.,
2020). Indeed, deubiquitination modification of the METTL3 pro-
tein was also reported in the viral replication process. We have
demonstrated that an increasing level of m°A and astrocytic
METTL3 expression after SCI was mediated by the USP1/UAFI1
complex, which subsequently stabilized the METTL3 protein
through removing K48-linked polyubiquitination. Previous stud-
ies have already established a deep understanding of deubiquiti-
nation modification in SCI. For instance, the concentration of
UCHL-1 peaks within 8 h after CNS injury, and its expression is
positively correlated with the severity of SCI (Khetani et al., 2019).
Augmented expression of astrocytic USP18 after SCI significantly
improves functional recovery by attenuating SOX9 ubiquitination
(W. Liu et al., 2021). Although USP1 expression is augmented af-
ter SCI, its biological functions and role of its stoichiometric
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partner UAFI in SCI have not been investigated. Notably, the deu-
biquitinase activity of USP1 could be enhanced by UAF1 in our
study, and the USP1/UAF1 complex was previously reported to
participate in stabilization of the NLRP3 and TBKI proteins by
hydrolyzing polyubiquitination with the K48-linkage (Yu et al,
2017; Song et al., 2020).

The crystal structure of the methyltransferase complex sug-
gests that METTL14 only contributes to RNA binding and stabi-
lization of the complex, whereas METTL3 is the main catalytic
subunit, and WTAP plays a crucial role in recruiting METTL3
and METTL14 to nuclear speckles (Ping et al., 2014; Wang et al.,
2016). Most previous studies have revealed that METTL3 regu-
lates target transcript stability and translational efficiency. C.X.
Wang et al. (2018) reported that METTL3 conditional knockout
manifested cerebellar hypoplasia via enhancing stability of apo-
ptosis-associated genes. (Zhang et al. 2018) demonstrated that
METTL3 depletion markedly prolonged the process of long-term
memory consolidation by impeding translation of target genes.
However, functions of METTL3 in astrocytes after SCI have never
been reported. Based on the combination of MeRIP-seq and
RNA-seq, we have noted that METTL3 could regulate the methyl-
ation level and stability of astrocytic YAPI mRNA, whereas there
is no influence on protein degradation. As a core kinase in the
Hippo signaling pathway, YAP1 is involved in regulating cell pro-
liferation to determine organ growth and regeneration (Misra and
Irvine, 2018). Inhibition of the Hippo signaling pathway results in
nuclear transport of nonphosphorylated YAP1 protein with TAZ,
which subsequently controls downstream gene transcription to
regulate cell fate. Klatt Shaw et al. (2021) discovered that localized
YAP1 activation as well participates in reprogramming of glial
progenitors to promote spinal cord repair. The decline of astro-
cytic LATS1 could considerably inhibit YAP1 phosphorylation
and promote astrogliosis after SCI (Wang and Chen, 2018). In
brains of mice with intracerebral hemorrhage, YAP1 nuclear
translocation was observed in hemoglobin-activated astrocytes,
which facilitated the astroglial-mesenchymal transition process
(Yang et al., 2018b). However, epigenetic modification of YAP1 af-
ter SCI is still unclear. The in vivo and in vitro experiments in
our study further indicated YAPI as a potential target of
METTL3, and as expected, when mutating the methyltransfer-
ase domain of METTLS3, its regulation of YAP1 protein
expression was abolished, which further verified the interac-
tion of METTL3 and YAPI mRNA. Indeed, m®A modification
of the YAPI transcript plays a crucial role in maintaining its
stability, thus contributing to reactive astrogliosis and func-
tional recovery after SCI.

Notably, the role of reactive astrocytes in SCI has been widely
debated for a long time. Traditionally, glial scar formation and
secretion of a large amount of extracellular matrix including
CSPGs, fibronectin, and collagen by reactive astrocytes were
regarded as a permanent barrier to regenerating axons not
only mechanically but also chemically (Ahuja et al., 2017).
Previous studies reported that suppressing glial scar formation
could promote axonal regeneration and functional recovery
after SCI (Pakulska et al., 2017). Degrading inhibitory CSPG
molecules by enzyme chondroitinase can improve axonal
sprouting after CNS injury (Rosenzweig et al., 2019). As a
major component of inhibitory CSPG species expressed at sites
of SCI, CSPG4 is highly upregulated within 24 h of injury, peaks
at 1 week, and remains elevated for 2 months (Jones et al., 2002).
Unlike other CSPGs, CSPG4 is typically expressed on cell mem-
branes rather than as an extracellular matrix, leading to fibrotic
and glial scar formation (Hackett and Lee, 2016; Hesp et al,
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Figure 11. A schematic diagram showing the beneficial effects of METTL3 in reactive
astrogliosis after SCI and the underlying mechanism. METTL3 protein is upregulated after SCI
and stabilized by the USP1/UAF1 complex, thus subsequently promoting reactive astrogliosis,
limiting inflammatory cell infiltration, and improving function recovery through mediating
methylation and stability of YAPT mRNA in an IGF2BP2-dependent manner.

2018). However, more recently, benefits of reactive astrocytes in
neural repair have been clarified as they demarcate the lesion
area, secrete neurotrophic factors, and facilitate blood-spinal
cord barrier reconstruction (Vivinetto et al., 2020). Conditional
ablation or genetic modification of reactive astrocytes after SCI
did not significantly reduce the total level of CSPGs or induce
axonal regeneration but consequently led to widespread infiltra-
tion of inflammatory cells, progressive neuron loss, and failure of
functional recovery, suggesting astrocyte scar formation aids
rather than inhibits axonal regeneration (Okada et al., 2006; Gu
et al,, 2019). Some studies have even demonstrated that the glial
scar functioned as a bridge to guide axonal regeneration
(Anderson et al., 2016; Klatt Shaw et al.,, 2021). Our previous
study also revealed that promoting reactive astrogliosis signifi-
cantly sealed off injured tissues and limited inflammation to fur-
ther safeguard surviving neurons (W. Liu et al., 2021). Moreover,
astrocytes are regarded as a potential reservoir for neurogenesis,
and reprogramming of astrocytes is only observed after injury
(Zamboni et al., 2020). Another study also reported that reactive
glia in an injured microenvironment could acquire stem cell
properties in response to sonic hedgehog signaling (Sirko et al.,
2013). Notably, with the increasing popularity of RNA methyla-
tion research, its role in astrocytes has been gradually described.
Studies have shown that an epigenetic mechanism is involved in
neural and glial differentiation of progenitor cells via a precise
gene expression program. Furthermore, METTL3-mediated m®A
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modification reduces astrocyte differentiation from neural stem
cells with a natural preference toward neural fate (Chen et al,
2019), and knockdown of METTL3 leads to a decreased number
of astrocytes in the developing cerebullum (Ma et al., 2018).
Indeed, it appeared that METTL3 plays an oncogenic role in
glioblastoma, and silencing METTL3 or ectopic expression of
METTL3 mutants significantly inhibits growth and self-renewal
of glioma stem cells. In our perspective, reactive astrogliosis
mediated by the METTL3/YAPI axis contributes to behavioral
improvement after SCL

Although still limited, targeting of METTL3 for potential clin-
ical application has been reported recently. A structure-based
screening by Selberg et al. (2019) identified four molecular
ligands that bind to and serve as the activators of the methyl-
transferase complex, whereas its clinical application has not been
reported. Recent research indicated that controlling activity of
methyltransferase with small-molecule drugs holds promise for
therapeutic modification of cell differentiation pathways (Meyer
and Jaffrey, 2017). Zhou et al. (2022) reported that exenatide (a
commonly used hypoglycemic agent in clinical practice) could
inhibit pancreatic 3 -cell apoptosis by inducing METTL3 expres-
sion. Moreover, the association between METTL3 activity and
cell survival after ultraviolet-light-induced DNA damage pro-
vides a potential therapy for ultraviolet light exposure (Xiang et
al., 2017). Nowadays, rAAV targeted gene therapies have been
gradually conducted in clinics, and most therapies are focused
on the liver, muscle, and CNS, considering natural tropism and
clinical needs (Wang et al., 2019). By taking advantage of its high
biosafety and stable genetic information, and delivery into spe-
cific cell types remotely or directly, the rAAV vector has already
been tested in several clinical trials of neurodegenerative disor-
ders (Stepankova et al., 2021). However, rAAV administration in
SCI treatment is still in the preclinical stage because of the uncer-
tain effects of gene transfer in human patients. In our study,
rAAV carrying the METTL3 sequence significantly improved
functional recovery after SCI via promoting reactive astrogliosis-
induced neuroinflammation amelioration and axonal regenera-
tion, which might provide a novel insight for METTL3-targeted
rAAV therapy for patients with SCI in the foreseeable future.

To conclude, our work revealed that the METTL3 protein is
upregulated after SCI and stabilized by the USP1/UAF1 complex,
thus subsequently promoting reactive astrogliosis, limiting inflam-
matory cells infiltration, and improving functional recovery
through modulating methylation and stability of the YAPI
transcript in an IGF2BP2-dependent manner (Fig. 11).
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