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METTL5-mediated 18S rRNA m6A modification promotes corticospinal 
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A B S T R A C T

The key to improving function of an impaired limb after unilateral brain injury is promotion of corticospinal tract 
(CST) sprouting across the midline into the denervated hemicord. Previous studies have unveiled specific genes 
that regulate CST sprouting. CST sprouting may also be regulated by RNA modification. We examined METTL5, 
the methyltransferase for 18S rRNA m6A modification, as a regulator of CST sprouting in mice. Overexpression of 
METTL5 in contralesional corticospinal neurons promoted CST sprouting after unilateral traumatic brain injury. 
Mechanically, METTL5-mediated 18S rRNA m6A modification promoted the translation efficiency (TE) of various 
genes. Notably, the upregulation of TE in the gene Cfl1, which encodes cofilin, led to an increase in its expression. 
Additionally, the upregulation of TE in the gene Inpp5k led to the activation of cofilin. Active cofilin stimulates 
actin polymerization and facilitates protrusion and bundling of microtubules, thus promoting axon outgrowth. 
These findings offer valuable insights for developing novel strategies to promote CST sprouting.

1. Introduction

Unilateral brain injury caused by ischemia, trauma, or infection re
sults in asymmetric neurological deficits and asymmetry in posture and 
balance (Bakalkin et al., 2021). Spontaneous recovery from small lesions 
(<10 %–15 % of the cortex) is frequently good owing to compensation of 
the adjacent cortex (Liepert et al., 2000; Starkey et al., 2012). Large 
lesions (> 40 %) typically result in permanent neurological dysfunction 
(Biernaskie et al., 2005). Larger lesions are associated with corticospinal 
tract (CST) sprouting, a process in which axons from contralateral cor
ticospinal neurons (CSNs) generate collateral branches that sprout 
across the midline into the denervated spinal hemicord (Lindau et al., 
2014). CST sprouting establishes a connection between the contrale
sional motor cortex and denervated spinal motoneurons, making it 
instrumental in enhancing neurological recovery (Liu et al., 2021; Boato 
et al., 2023; Yang et al., 2024). However, the effect is constrained 
because of the limited potential of spontaneously sprouting CST axons 
(Murphy and Corbett, 2009; Benowitz and Carmichael, 2010). In select 

patients with upper limb impairment caused by unilateral brain injury, 
contralateral C7 nerve transfer surgery is performed in an attempt to 
regain function. Its effect is achieved by enhancing CST sprouting 
(Zheng et al., 2018; Gao et al., 2022). However, the underlying molec
ular mechanism remains elusive.

Recent studies have unveiled specific genes that regulate CST 
sprouting, such as Eef1a-(Romaus-Sanjurjo et al., 2022), Ngr1 (Fink 
et al., 2017), Inpp5k-(Kauer et al., 2022), Pten and Socs3 (Jin et al., 
2015). CST sprouting may also be regulated via RNA modifications. 
Modifications of transfer RNA (tRNA) regulate tRNA stability, thereby 
affecting the translation efficiency (TE) of numerous genes (Duechler 
et al., 2016). Dysregulation of tRNA modification may result in several 
developmental diseases (Xia et al., 2023). Modifications of messenger 
RNA (mRNA) affect gene expression by their effects on mRNA splicing, 
export, transport, and translation (Zhao et al., 2017; Pandolfi, 2004). A 
recent study even found that mRNA m6A modification has an important 
influence on axon regeneration (Wang et al., 2023).

Ribosomal RNA (rRNA) accounts for more than 80 % of all cellular 
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RNA (Noller, 1991) and contains diverse modifications. rRNA modifi
cation is crucial for stress resistance and lifespan in yeast and worms 
(Schosserer et al., 2015). Its significance in neural development has been 
recently recognized, particularly in development of the corpus callosum 
and neuron migration (Chen et al., 2019; Yuan et al., 2019). The 18S 
rRNA m6A methyltransferase METTL5 is particularly crucial for brain 
development, as mutations in its gene result in intellectual disability and 
microcephaly (Richard et al., 2019). However, whether METTL5 regu
lates CST sprouting after unilateral brain injury is not known. This study 
aims to investigate the role and underlying mechanisms of METTL5 in 
CST sprouting following unilateral traumatic brain injury (TBI).

2. Material and methods

2.1. Mice

All experiments were approved by the Ethics Committee of The First 
Affiliated Hospital, Sun Yat-sen University (approval number: [2023] 
148). Eight-week-old male wild-type (WT) C57BL/6 mice were provided 
from the Laboratory Animal Center of Sun Yat-sen University. Mice were 
randomly assigned to different groups, treated according to the National 
Research Council’s guidelines for the Care and Use of Laboratory Ani
mals, and had free access to food and water (temperature 20◦-26 ◦C, 
relative humidity 40 %–70 %, 12-h light/dark cycle).

2.2. Cortical AAV injection

Transduction of CSNs in the right primary motor cortex (M1 region) 
using adeno-associated virus (AAV) was executed using a previously 
described method (Gao et al., 2022; Kauer et al., 2022). Before injection, 
AAV9-CAG-Mettl5-flag (customized by PackGene, China) + AAV9-CAG- 
GFP (customized by PackGene) or AAV9-CAG-DIO-mCherry (custom
ized by BrainVTA, China) + AAV9-CAG-GFP were mixed, the final 
concentration of each virus was 5 × 1012 viral particles/mL. Mice were 
anesthetized using 1 %–2 % isoflurane and then secured in a stereotaxic 
apparatus (RWD Life Science, China). Through the midline incision on 
the scalp, a burr hole was made to expose the right cortex using a cranial 
drill (RWD Life Science). The coordinates of the burr hole were − 1 to 
+1 mm posterior to the bregma and 0.5 to 1.5 mm lateral. Subsequently, 
1 μL of viral solution was injected via a glass micropipette into five 
random points in the burr hole at a depth of 0.7 mm using Nanoject III 
(Drummond Scientific, USA). After each injection, the micropipette was 
kept in place for 5 to 10 min before it was slowly retracted. The scalp was 
sutured following the procedure.

2.3. Establishment of unilateral TBI

All mice were subjected to a unilateral TBI procedure two weeks after 
AAV injection. Unilateral TBI was completed as previously described 
(Wu et al., 2021). Following induction of anesthesia as described above, 
mice were positioned in a stereotaxic apparatus and a midline scalp 
incision was made to expose the skull. Subsequently, a 3-mm-diameter 
craniectomy was performed using a cranial drill to expose the left cor
tex. The coordinates of the craniectomy were − 1.0 to +2.0 mm anterior 
to the bregma and 0.5 to 3.5 mm lateral. A contusion was then induced 
using a precise impactor (RWD Life Science) equipped with a head 
hammer with a diameter of 3 mm. The impact contusion depth was set at 
1.25 mm from the dura with a preset velocity of 4.0 m/s and sustained 
for 100 ms. These injury parameters were chosen to target the motor 
cortex of the left hemisphere. Absorbable hemostatic sponges were 
employed during the procedure to control bleeding. The scalp was su
tured following the procedure.

2.4. Behavioral tests

Recovery of the impaired forelimb was evaluated using the grid 

walking and cylinder tests. All experimental mice underwent testing the 
day before TBI and days 3, 7, 14, 21, and 28 after. The data obtained on 
the day before was considered baseline. All outcome analyses were 
performed by an independent investigator who was blinded to the 
experimental groups.

The grid walking test evaluates the accuracy of paw placement on the 
rungs of an elevated grid during spontaneous exploration. Mice were 
placed on an elevated 25 × 25 cm metal grid with 2.5 × 2.5 cm squares 
and allowed to freely explore for 3 min. Their performance was recorded 
using a video camera. Missed steps were recorded either when the paw 
completely fell between rungs or when part of the paw made contact 
with a rung instead of proper grasping. The missed step rate for the 
impaired forelimb was calculated as missed steps/total steps × 100 %.

The cylinder test assesses forelimb asymmetry during spontaneous 
exploration. Mice were placed in a transparent cylinder (9 cm in 
diameter and 15 cm in height) and their spontaneous rearing was vid
eotaped for 5 min. The duration of contact of each paw with the wall 
during rearing was recorded and the percentage of contact time of each 
limb calculated. These data were used to determine an asymmetry index 
(the percentage of left paw contact time minus the percentage of right 
paw contact time).

2.5. Histology and immunohistochemistry

Mice were euthanized immediately using CO2 and subjected to 
transcardial perfusion with normal saline containing 10 U/mL heparin, 
followed by perfusion with 4 % paraformaldehyde (PFA) in phosphate- 
buffered saline (PBS). The brain and C5 and C6–7 spinal cord were then 
dissected, postfixed overnight in 4 % PFA in PBS, and dehydrated in a 30 
% sucrose solution in PBS for 3 days. Using a cryostat (CM1950, Leica, 
Germany), the brain samples were sliced into 20-μm coronal sections; 
the spinal cord samples were sliced into 20-μm transverse sections. 
Sections were washed three times with PBS and blocked with Quick
Block Blocking Buffer (Beyotime, Cat# P0260, China) for 10 min. Then, 
sections were incubated with primary antibodies targeting GFP (mouse, 
1:200, Proteintech, Cat# 66002-1-Ig, China), flag (rabbit, 1:1000, Pro
teintech, Cat# 80010-1-RR) or PKCγ (rabbit, 1:200, Cell Signaling 
Technology, Cat# 59090, USA) overnight at 4 ◦C, followed by secondary 
antibodies including Alexa Fluor 488-conjugated goat anti-mouse IgG 
(1:1000, Abcam, Cat# ab150113, UK) or Alexa Fluor 555-conjugated 
goat anti-rabbit IgG (1:1000, Abcam, Cat# ab150078) for 2 h at room 
temperature. Nuclei were stained with DAPI (Solarbio, Cat# C0065, 
China) for 15 min. Images were captured using a fluorescence micro
scope (DMi8, Leica) and evaluated as previously described (Kauer et al., 
2022). To determine the total number of CST axons labeled, five images 
of the C5 spinal cord dorsal column were taken from each mouse. A 25 
× 25 μm grid was then overlaid on the images and the number of GFP+

axons in three randomly selected boxes from the grid was counted. The 
average number of axons from these boxes was then scaled by the total 
area occupied by GFP+ axons in the dorsal column to determine the total 
number of labeled axons. To determine the number of sprouting CST 
axons, five images of the C6–7 spinal cord were taken from each mouse. 
The midline was drawn from the base of the dorsal columns through the 
ventral medial fissure and the average number of individual GFP+ CST 
axons crossing the midline was counted. An independent investigator 
who was blinded to the experimental groups conducted the analyses.

2.6. Cerebral cortical neuron cultures and plasmid transfection

Cerebral cortical neurons were cultured using a previously described 
method (Zhu et al., 2023). The cerebral cortices from embryos at 17 days 
(E17) were rapidly extracted from WT pregnant C57BL/6 mice. After the 
meninges were dissected, the cortices were cut into scrapes. These tissue 
scrapes were then digested for 20 min at 37 ◦C in a digestion medium 
containing DMEM medium with high glucose (Thermo Fisher Scientific, 
Cat# C11965500BT, USA) with papain (1 mg/mL, Solarbio, Cat# 
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G8430) and DNase I (1000 U/mL, Beyotime, Cat# D7076). After 
digestion, the mix cells were filtered through a 40-mm cell sieve and 
counted and then seeded in 10-cm culture dishes, 6-well or 24-well 
plates precoated with poly-L-lysine (Solarbio, Cat# P8130) and incu
bated with the basal medium composed of DMEM medium with high 
glucose with 10 % fetal bovine serum (Zeta Life, Cat# Z7181FBS-500, 
USA) and 1 % penicillin-streptomycin (Thermo Fisher Scientific, Cat# 
15140122).

Four hours after seeding, either overexpression plasmids (pLVX- 
CAG-Mettl5-flag) or control plasmids (pLVX-vector) were applied to the 
cortical neurons for overexpressing target genes or control. PolyShooter 
HP Transfection Regent (LeapWal, Cat# P19110, China) was used to 
transfect the plasmids into cells following the manufacturer’s in
structions. These cells were incubated with the neuronal culture medium 
composed of Neurobasal (Thermo Fisher Scientific, Cat# 21103049) 
with 2 % B27 supplement (Thermo Fisher Scientific, Cat# 17504044), 1 
% GlutaMAX (Thermo Fisher Scientific, Cat# 35050061) and 1 % 
penicillin-streptomycin for three days at 37 ◦C with 5 % CO2.

2.7. RNA extraction, reverse transcription and qRT-PCR

Total RNA from cells in 6-well plates were extracted using Trizol 
reagent (Thermo Fisher Scientific, Cat# 15596026CN). HiScript III RT 
SuperMix for qRT-PCR Kit (Vazyme, Cat# R323-01, China) was used for 
reverse transcription. The cDNA samples were diluted and used for qRT- 
PCR using the TB Green Premix Ex Taq II Kit (Takara, Cat# RR820A, 
Japan) in the LightCycler 480 real-time PCR system (Roche, 
Switzerland). β-actin was used as an internal control. The relative mRNA 
expression levels of target genes were calculated using the 2-ΔΔCt 

method. The results were from three separate experiments. The primers 
are listed in Table 1.

2.8. SELECT

The single-base elongation and ligation-based PCR amplification 
(SELECT) was performed using the Epi-SELECT m6A site identification 
kit (EP-biotek, Cat# R202106M-01, China). In brief, the designed up and 
down probes flanking the m6A at site 1832 were annealed, followed by 
extension of a single base using SELECT DNA polymerase and nicking of 
the junction using SELECT Ligase. m6A levels in the targeted region were 
measured using qRT-PCR assays. The probes and primers are listed in 
Table 1.

2.9. RNA-seq and data analysis

RNA sequencing (RNA-seq) was performed by Shanghai Bioprofile 
Co., Ltd., China. In brief, total RNA from cells in 6-well plates was 
extracted using Trizol reagent. Then, cDNA libraries were constructed 
for high-throughput sequencing. The gene-expression level was 
normalized using fragments per kilobase of exon per million mapped 
fragments (FKPM). Genes that exhibited a fold change of METTL5/ 

Control greater than 1.5 or less than 0667, coupled with a p-value of less 
than 0.05, were classified as differentially transcribed genes. Gene 
Ontology analysis was conducted using the Knowledge-Based Annota
tion System for intelligent analysis (http://bioinfo.org/kobas/).

2.10. RNC-seq and data analysis

Ribosome nascent-chain complex-bound mRNA-seq (RNC-seq) was 
performed as previously described (Wang et al., 2013). Cells in 10-cm 
culture dishes were treated with 100 μg/mL cycloheximide for 15 min 
and then collected and lysed in 1.2 mL lysis buffer containing 1 % Triton 
X-100 in ribosome buffer (RB buffer; which contains 20 mM HEPES- 
KOH [pH 7.4,], 15 mM MgCl2, 200 mM KCl, 100 μg/mL cyclohexi
mide, and 2 mM dithiothreitol) for 30 min on ice. Cell lysates were 
centrifuged at 16,200g for 10 min at 4 ◦C to remove the cell debris. Then 
10 % of the supernatant was used as input control. The remaining su
pernatant were transferred on the surface of 12 mL of RB buffer con
taining 30 % sucrose. RNC-mRNAs were pelleted after ultra- 
centrifugation at 185000g for 5 h at 4 ◦C. The input samples and RNC- 
mRNAs were extracted using Trizol reagent and subjected to RNA-seq 
by Shanghai Bioprofile Co., Ltd., China.

The gene expression level was normalized using transcripts per 
kilobase of exon model per million mapped reads (TPM). TE was 
calculated using the following formula: TE = (TPM in RNC-seq)/(TPM in 
input RNA-seq). Genes that exhibited a TE ratio of METTL5/Control 
greater than 1.5 or less than 0.667 were classified as differentially 
translated genes. Gene Ontology analysis was conducted using the 
Knowledge-Based Annotation System for intelligent analysis.

2.11. Western blot

Total protein of cells in 6-well plates was extracted using RAPA 
(Meilunbio, Cat# MA0151, China) with protease inhibitor (EpiZyme, 
Cat# GRF101, China) and phosphatase inhibitor (EpiZyme, Cat# 
GRF102). Protein samples were separated on a PAGE gel by electro
phoresis and then transferred to polyvinylidene fluoride membranes 
(Millipore, USA). Blots were blocked using Protein Free Rapid Blocking 
Buffer (EpiZyme, Cat# PS108P) and then incubated with primary anti
bodies targeting METTL5 (rabbit, 1:1000, Affinity, Cat# DF13232, 
China), cofilin (mouse, 1:1000, Proteintech, Cat# 66057-1-Ig), p-cofilin 
(rabbit, 1:1000, Affinity, Cat# AF3232), INPP5K (rabbit, 1:000, Pro
teintech, Cat# 15098-1-AP) or β-actin (mouse, 1:20000, Proteintech, 
Cat# 66009-1-Ig) overnight at 4 ◦C, followed by horseradish peroxidase- 
conjugated secondary antibodies including anti-rabbit IgG (1:5000, Cell 
Signaling Technology, Cat# 7074) or anti-mouse IgG (1:5000, Cell 
Signaling Technology, Cat# 7076) for 2 h at room temperature. The ECL 
Chemiluminescence Kit (Tanon, Cat# 180-5001, China) was used to 
visualize the protein bands. ImageJ software (National Institutes of 
Health, USA) was applied to analyze the gray intensities of protein 
bands. The results were from three separate experiments.

Table 1 
The sequences for primers and probes in qRT-PCR and SELECT.

Name Sequence (5′-3′)

Mettl5 Forward: TGAAAACAAAGCGGTTGCAGAT 
Reverse: TAGGAGTGGGGAGTGGACAG

Cfl1 Forward: AGACAAGGACTGCCGCTATG 
Reverse: TTGCTCTTGAGGGGTGCATT

β-Actin Forward: GATCTGGCACCACACCTTCT 
Reverse: GGGGTGTTGAAGGTCTCAAA

18S m6A at site 1832 up probe: TAGCCAGTACCGTAGTGCGTGGGTTCACCTACGGAAACCTTG 
down probe: phos/TACGACTTTTACTTCCTCTAGATAGTCAAGCAGAGGCTGAGTCGCTGCAT

qRT-PCR for SELECT Forward: ATGCAGCGACTCAGCCTCTG 
Reverse: TAGCCAGTACCGTAGTGCGTG

Note: SELECT: single-base elongation and ligation-based PCR amplification.
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2.12. Immunofluorescence

Following fixation with 4 % PFA in PBS, the cells in the 24-well 
plates were washed three times with PBS and blocked with Quick
Block Blocking Buffer for 10 min. Then, the cells were incubated with 
primary antibodies targeting βIII-tubulin (mouse, 1:500, Proteintech, 
Cat# 66375-1-Ig) and flag overnight at 4 ◦C, followed by secondary 
antibodies including Alexa Fluor 488-conjugated goat anti-mouse IgG 
and Alexa Fluor 555-conjugated goat anti-rabbit IgG for 2 h at room 
temperature. Nuclei were stained with DAPI for 15 min. Images were 
captured using a fluorescence microscope and evaluated as previously 
described (Kauer et al., 2022). From five images from three different 
wells from three independent culture experiments, the length of the 
longest axon (from the soma to the tip of the axon) was measured using 
ImageJ software and the axonal branches were calculated. An inde
pendent investigator who was blinded to the experimental groups con
ducted the analyses.

2.13. Plasmid construction

The full-length open reading frame of the flag-tagged mouse Mettl5 
gene (NM_029280.4) was cloned into the pLVX vector to overexpress 
METTL5.

2.14. Statistical analysis

Statistical analyses were conducted using SPSS software version 20.0 
(IBM Corp., USA). Data are presented as means with standard deviation. 
Groups were compared using the unpaired Student’s t-test. P < 0.05 was 
considered significant.

3. Results

3.1. METTL5 promotes CST sprouting in mice after unilateral TBI

To evaluate whether overexpression of METTL5 in intact CSNs could 

drive intact CST sprouting, we injected either AAV-Mettl5-flag and AAV- 
GFP or AAV-DIO-mCherry (control) and AAV-GFP into the right M1 
regions of WT mice 2 weeks before the unilateral TBI procedure 
(Fig. 1A). After injury, the mice exhibited characteristic neurological 
deficits, such as failing to fully extend the impaired forepaw and circling 
around the impaired side. These deficits persisted until the endpoint of 
the study. On day 28 after injury, the mice were sacrificed and processed 
for pathologic examination. On gross examination, the focal lesion was 
localized in the left M1 region (Fig. 1B) and immunofluorescence 
showed that almost all CSTs labeled by PKCγ in the C5 spinal cord were 
detected on the unparalyzed side (Fig. 1C). These results confirmed the 
successful establishment of a unilateral TBI mouse model.

On day 3 after injury, the mice in both groups exhibited a significant 
increase in missed step rate and asymmetry index, indicating neuro
logical deficits. Subsequently, these behavioral parameters improved 
gradually over time. Notably, mice treated with AAV-Mettl5-flag 
exhibited significantly better recovery from day 7 to day 28 (Fig. 2A and 
B). The Mettl5-flag was localized at the injection site (Fig. 2C). Immu
nofluorescence showed a consistent number of GFP+ CST axons in the 
C5 spinal cord regardless of control or treatment (Fig. 2D and E). 
However, the number of axons sprouting to the paralyzed side in the 

Fig. 1. Schematic and establishment of the mouse model of unilateral 
traumatic brain injury. (A) The schematic shows the relative locations of 
unilateral brain injury and injections of AAV-Mettl5-flag or AAV-DIO-mCherry 
(control) + AAV-GFP. The Inset shows GFP+ corticospinal tract axons in 
transverse cervical section, which was subject to analysis; right, experimental 
timeline. (B) Images of brain morphology from mice 28 days after unilateral 
injury. Scale bar: 4 mm. (C) Immunofluorescent images of PCKγ in transverse 
sections of the C5 spinal cord from mice 28 days after unilateral injury. Scale 
bar: 200 μm. AAV: adeno-associated virus; TBI: traumatic brain injury; WT: 
wild type.

Fig. 2. METTL5 promotes corticospinal tract sprouting in mice after uni
lateral traumatic brain injury. (A, B) Behavioral tests, including the grid 
walking test (A) and the cylinder test (B), to evaluate impaired forelimb func
tion in mice treated with AAV-DIO-mCherry or AAV-Mettl5-flag within the 28- 
day period after unilateral brain injury (n = 6 each). (C) Immunofluorescent 
image of flag in coronal brain section from mice 42 days after AAV-Mettl5-flag 
injection (bregma: 0.74 to − 0.10 mm; interaural: 4.54 to 3.70 mm). Scale bar: 
2 mm. (D) Immunofluorescent image of GFP+ in transverse sections of the C5 
spinal cord from mice 28 days after unilateral injury. (E) Quantification of GFP+

corticospinal tract (CST) axons between groups (n = 6 each). (F) Immunoflu
orescence images of GFP+ CST axons in the C6–7 spinal cord from wild type 
mice treated with AAV-DIO-mCherry or AAV-Mettl5-flag 28 days after unilat
eral injury. Scale bar: 500 μm (upper), 60 μm (lower). (G) Quantification of 
midline crossing GFP+ CST axons (n = 6 each). Data are presented as means 
with standard deviation and were compared using the unpaired Student’s t-test. 
***p < 0.001, **p < 0.01, *p < 0.05. CST: corticospinal tract; TBI: traumatic 
brain injury; WT: wild type; AAV: adeno-associated virus; ns: not significant.
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C6–7 spinal cord was greater in the AAV-Mettl5-flag treatment group 
than the control group (Fig. 2F and G). These data suggest that METTL5 
promotes both behavioral outcomes and CST sprouting after unilateral 
TBI.

3.2. METTL5 promotes axon outgrowth in cortical neurons

To evaluate whether METTL5 facilitates axon outgrowth in vitro, 
dissociated E17 cortical neurons were transfected with Mettl5-flag or 
blank plasmids. After a 3-day cultivation period, cortical neurons were 
harvested for qRT-PCR, western blotting, and immunofluorescence as
says. Overexpression of METTL5 in cortical neurons was validated using 
both qRT-PCR (Fig. 3A) and western blot assays (Fig. 3B and C). Cortical 
neurons transfected with Mettl5-flag grew significantly longer neurites 
with more branches compared with control neurons (Fig. 3D to F). These 
data suggest that METTL5 can promote axon outgrowth in cortical 
neurons.

3.3. METTL5 promotes expression of cofilin and its activity

METTL5 is the methyltransferase responsible for 18S rRNA m6A 
modification at site 1832. The SELECT assay results demonstrated that 
overexpression of METTL5 led to an increase in 18S rRNA m6A modi
fication at site 1832 in cortical neurons (Fig. 4A). Existing studies have 

shown that METTL5-mediated 18S rRNA m6A modification promotes TE 
of specific mRNAs (Peng et al., 2022; Dai et al., 2023; Rong et al., 2020). 
To explore the key downstream factors for axon outgrowth regulated by 
METTL5, RNA-seq and RNC-seq were performed on the WT cortical 
neurons transfected with Mettl5-flag or blank plasmids after a 3-day 
cultivation period. RNA-seq data identified 274 genes with upregu
lated transcription levels and 323 genes with downregulated transcrip
tion levels (Fig. 4B). However, Gene Ontology analysis indicated that the 
genes with upregulated transcriptional levels were not significantly 
enriched in the processes related to axon outgrowth (Fig. 4C). In 
contrast, RNC-seq data revealed a more pronounced impact on the TEs 
of genes, with 3141 genes presenting upregulated TEs and 5036 genes 
showing downregulated TEs (Fig. 4D). Of note, Gene Ontology analysis 
indicated that the genes with upregulated TEs were significantly 
enriched in the processes related to axon outgrowth (Fig. 4E). Impor
tantly, actin filament (F-actin) polymerization is the crucial process that 
facilitates axon outgrowth via remodeling of the actin cytoskeleton 
(Schneider et al., 2023). In addition, active cofilin (nonphosphorylated 
form) is the key regulator of F-actin polymerization (Namme et al., 
2021). We found that the gene Cfl1, which encodes cofilin, was signif
icantly upregulated in TE when METTL5 was overexpressed; however, 
its transcriptional level remained constant (RNA-seq: p < 0.001, fold 
change = 1.116; RNC-seq: TE ratio = 1.611), and thus we selected 
cofilin as a representative target of METTL5-mediated 18S rRNA m6A 
modification. The qRT-PCR assay result showed that METTL5 over
expression had little effect on cofilin’s mRNA level (Fig. 4F); however, a 
significant increase in its TE was confirmed by using RNC-mRNAs and 
their input samples (Fig. 4G). Further western blot assays revealed that 
METTL5 overexpression significantly increased protein levels of total 
cofilin (including both dephosphorylated and phosphorylated forms) 
and active cofilin (Fig. 4H and I). Although the protein level of inactive 
cofilin (phosphorylated form) exhibited a decreased trend, this did not 
reach statistical significance (Fig. 4H and I). A recent study has identi
fied INPP5K as an important factor in activating cofilin (Kauer et al., 
2022). In our investigation, we found that Inpp5k was significantly 
upregulated in TE upon METTL5 overexpression (TE ratio = 1.850), as 
was its protein product, INPP5K (Fig. 4J and K), which may be mecha
nisms that result in cofilin activation. Together, our data reveal that 
METTL5-mediated 18S rRNA m6A modification enhances the expression 
level and activity of cofilin, potentially through the increased TE of 
cofilin’s mRNA and cofilin activation via INPP5K. These may be the key 
downstream targets for METTL5’s role in promoting axon outgrowth in 
vitro and CST sprouting in vivo.

4. Discussion

METTL5 is the only methyltransferase for 18S rRNA m6A modifica
tion at site 1832; moreover, there is no evidence to suggest it exerts an 
effect on other coding or non-coding RNA (van Tran et al., 2019; Sepich- 
Poore et al., 2022). METTL5 exhibits in vitro activity towards full-length 
18S rRNA and its activity increases 100-fold in the presence of TRMT112 
(Oerum et al., 2021). METTL5-mediated 18S rRNA m6A facilitates 
ribosome synthesis and mRNA translation (Sepich-Poore et al., 2022), 
while depletion of METTL5 markedly inhibits global mRNA translation 
(Peng et al., 2022; Dai et al., 2023). However, the detailed mechanism 
remains poorly understood. Previous studies have reported that rRNA 
modifications are commonly located in conserved functional sites, 
indicating that rRNA modifications are instrumental in ribosome 
maturation, thus regulating mRNA translation (Sloan et al., 2017; 
Polikanov et al., 2015).

Although many previous studies of METTL5 were conducted in the 
setting of oncology (Peng et al., 2022; Dai et al., 2023; Rong et al., 2020; 
Xia et al., 2023), its roles in neural development and function have been 
gaining interest. Mutations of Mettl5 result in intellectual disability and 
microcephaly (Richard et al., 2019). Mettl5 deficiency leads to disori
entation during flying behavior in Drosophila (Leismann et al., 2020). 

Fig. 3. METTL5 promotes axon outgrowth in vitro. (A) qRT-PCR analysis of 
Mettl5’s mRNA level in E17 wild type (WT) cortical neurons transfected with 
blank or Mettl5-flag plasmids after a 3-day cultivation period (n = 3 each). (B) 
Validation of METTL5 in E17 WT cortical neurons transfected with blank or 
Mettl5 plasmids after a 3-day cultivation period using western blot assays. (C) 
Quantification of METTL5 levels related to (A) (n = 3 each). (D) Immunoflu
orescent image of the morphology of E17 WT cortical neurons transfected with 
blank or Mettl5-flag plasmids after a 3-day cultivation period. Scale bar = 40 
μm. (E) Quantification of the axonal length in (D) (n = 45 each); (F) Quanti
fication of the axonal branches in (D) (n = 45 each). Data are presented as 
means with standard deviation and were compared using the unpaired Stu
dent’s t-test. ***p < 0.001, **p < 0.01, *p < 0.05. E17: embryos at 17 days; 
WT: wild type; ns: not significant.
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Moreover, knockout of Mettl5 leads to abnormal nervous system devel
opment in mouse embryonic stem cells and intellectual disability in mice 
(Wang et al., 2022). Our study elucidates the role of METTL5 in CST 
sprouting after unilateral TBI, adding a new dimension to the under
standing of its function.

Intact CST sprouting is a key mechanism for the functional recovery 
of a paralyzed limb after brain injury. However, its underlying mecha
nisms remain elusive. Studies have suggested that several factors that 
promote axon regeneration also have a positive influence on axon 
sprouting, such as brain-derived neurotrophic factor (Ueno et al., 2012), 

inosine (Chen et al., 2002) and Nogo-A (Lindau et al., 2014). These 
findings suggest that the mechanisms underlying axon regeneration and 
sprouting exhibit a degree of similarity. Inherently, regeneration is the 
process for remodeling of the axonal cytoskeleton (consisting of neu
rofilaments, F-actin and microtubules) (Hur and Saijilafu, 2012), 
meaning that it may also have an impact on sprouting.

Cofilin, an essential protein for F-actin depolymerization, is highly 
concentrated in growth cones; it is activated via dephosphorylation and 
deactivated via phosphorylation (Schneider et al., 2023). Active cofilin 
promotes axon outgrowth (Frendo et al., 2019; Tedeschi et al., 2019; 

Fig. 4. METTL5 promotes the expression of cofilin and its activity. (A) Comparison of the levels of 18S rRNA m6A modification at site 1832 in E17 cortical 
neurons transfected with blank or Mettl5-flag plasmids after a 3-day cultivation period using SELECT assay (n = 3 each). (B) Volcano Plot of RNA-Seq data from E17 
wild type (WT) cortical neurons transfected with blank or Mettl5-flag plasmids after a 3-day cultivation period (n = 3 each). (C) Gene Ontology analysis of genes with 
upregulated transcriptional level upon METTL5 overexpression. (D) Scatterplot of RNC-seq from E17 WT cortical neurons transfected with blank or Mettl5-flag 
plasmids after a 3-day cultivation period (n = 2 each). (E) Gene Ontology analysis of genes with upregulated TE caused by METTL5 overexpression. (F and G) qRT- 
PCR analysis of Cfl1’s mRNA (F) and relative TE (G) in E17 WT cortical neurons transfected with blank or Mettl5-flag plasmids after a 3-day cultivation period (n = 3 
each). (H) Validation of cofilin and phosphorylated cofilin in E17 WT cortical neurons transfected with blank or Mettl5 plasmids after a 3-day cultivation period using 
western blot assays. (I) Quantification of total cofilin (including both dephosphorylated and phosphorylated forms), cofilin, and phosphorylated cofilin levels related 
to (H) (n = 3 each). (J) Validation of INPP5K in E17 cortical neurons transfected with blank or Mettl5 plasmids after a 3-day cultivation period using western blot 
assays. (I) Quantification of INPP5K levels related to (J) (n = 3 each). Data are presented as means with standard deviation and were compared using the unpaired 
Student’s t-test. ***p < 0.001, **p < 0.01, *p < 0.05. SELECT: single-base elongation and ligation-based PCR amplification; E17: embryos at 17 days; WT: wild type; 
TE: translation efficiency; ns: not significant.
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Sudarsanam et al., 2020). Active cofilin disassembles F-actin and the 
subsequent actin turnover allows the radial orientation of F-actin, 
facilitating protrusion and bundling of microtubules into the growth 
cone (Flynn et al., 2012). Microtubule protrusion into the growth cone 
periphery accelerates axon outgrowth (Dupraz et al., 2019). In contrast, 
absence of cofilin results in disorganization of F-actin, which leads to 
looped and disorganized trajectories (Kauer et al., 2022). In our study, 
METTL5-mediated 18S rRNA m6A modification promoted the TE of 
cofilin’s mRNA, resulting in an increase in its expression. Meanwhile, 
the upregulated TE of INPP5K caused by METTL5 overexpression ap
pears to underly activation of cofilin. Based on these data, we propose 
that cofilin is a key downstream target for METTL5’s role in promoting 
CST sprouting after unilateral TBI. However, our study faced a limitation 
in that we were unable to perform rescue experiments for further veri
fication because of a lack of Mettl5 knockout/knockin mice.

5. Conclusion

This study unveiled METTL5’s promoting effect on intact CST 
sprouting after unilateral TBI. Mechanically, METTL5-mediated 18S 
rRNA m6A modification enhanced the TE of cofilin’s mRNA, leading to 
an increase in its expression. Additionally, the upregulation of TE in 
INPP5K’s mRNA led to activation of cofilin. Active cofilin appears to 
promote axon outgrowth by stimulating actin polymerization and 
facilitating protrusion and bundling of microtubules. These findings may 
offer valuable insights for developing novel strategies to facilitate CST 
sprouting after unilateral brain injury (Fig. 5).
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Oerum, S., Meynier, V., Catala, M., Tisné, C., 2021. A comprehensive review of m6A/ 

m6Am RNA methyltransferase structures. Nucleic Acids Res. 49, 7239–7255.
Pandolfi, P.P., 2004. Aberrant mRNA translation in cancer pathogenesis: an old concept 

revisited comes finally of age. Oncogene 23, 3134–3137.
Peng, H., Chen, B., Wei, W., Guo, S., Han, H., Yang, C., et al., 2022. N(6)- 

methyladenosine (m(6)a) in 18S rRNA promotes fatty acid metabolism and 
oncogenic transformation. Nat. Metab. 4, 1041–1054.
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