
ARTICLE OPEN

METTL14 promotes apoptosis of spinal cord neurons by
inducing EEF1A2 m6A methylation in spinal cord injury
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Spinal cord injury (SCI) is a devastating traumatic condition. METTL14-mediated m6A modification is associated with SCI. This study was
intended to investigate the functional mechanism of RNA methyltransferase METTL14 in spinal cord neuron apoptosis during SCI. The SCI
rat model was established, followed by evaluation of pathological conditions, apoptosis, and viability of spinal cord neurons. The neuronal
function of primary cultured spinal motoneurons of rats was assessed after hypoxia/reoxygenation treatment. Expressions of EEF1A2, Akt/
mTOR pathway-related proteins, inflammatory cytokines, and apoptosis-related proteins were detected. EEF1A2 was weakly expressed and
Akt/mTOR pathway was inhibited in SCI rat models. Hypoxia/Reoxygenation decreased the viability of spinal cord neurons, promoted LDH
release and neuronal apoptosis. EEF1A2 overexpression promoted the viability of spinal cord neurons, inhibited neuronal apoptosis, and
decreased inflammatory cytokine levels. Silencing METTL14 inhibited m6A modification of EEF1A2 and increased EEF1A2 expression while
METTL14 overexpression showed reverse results. EEF1A2 overexpression promoted viability and inhibited apoptosis of spinal cord neurons
and inflammation by activating the Akt/mTOR pathway. In conclusion, silencing METTL14 repressed apoptosis of spinal cord neurons and
attenuated SCI by inhibiting m6A modification of EEF1A2 and activating the Akt/mTOR pathway.
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INTRODUCTION
Spinal cord injury (SCI) is a kind of severe damage to the central
nervous system that causes heavy physical and psychological
burdens on patients worldwide [1]. The annual incidence of SCI
rises to 40-80 per million people [2]. SCI can be classified into
traumatic SCI and non-traumatic SCI [3]. Traumatic SCI is
attributed to a direct and immediate mechanical insult (including
motor vehicle collisions, falls, violence, and sports-related
injuries) to the spinal cord, while non-traumatic SCI arises from
insufficient blood flow, spinal tumors, and osteoarthritis [4–6].
The pathophysiology of SCI comprises ischemia, oxidative stress,
inflammation, apoptosis, and locomotor dysfunctions [7]. Impor-
tantly, SCI is accepted as an incurable disease [8]. Therefore, it is
imperative to understand the pathophysiology of SCI to develop
therapeutic approaches.
N6-methyl-adenosine (m6A) methyltransferases are multi-

component methyltransferase complexes [9]. The participation
of m6A modification has been found in physiological and
pathological conditions such as obesity, immuno-regulation, and
carcinogenesis [10]. METTL14 (methyltransferase-like 14), a writer
for m6A methylation, is an essential component to facilitate RNA
binding [11]. METTL14 can suppress the differentiation of
hematopoietic stem/progenitor and promote leukemogenesis
through mRNA m6A modification [12]. METTL14 also promotes
endothelial inflammation and atherosclerosis via inducing
FOXO1 m6A modifications [13]. Moreover, METTL14 exerts
important effects on maintaining striatal function and learning

in mice [14]. However, the effects of METTL14 on SCI have been
scarcely reported.
Eukaryotic protein elongation factor 1 alpha 2 (EEF1A2) is the

second most abundant protein and an essential part composing
translation machinery [15]. The loss of EEF1A2 could lead to
motoneuron degeneration [16]. Purified METTL21B can methylate
purified EFF1A2 in vitro [17]. Therefore, we speculated that
METTL14 could mediate m6A methylation of EEF1A2. The Akt/
mTOR pathway is associated with the regenerative ability of
peripheral nerves [18]. METTL13 knockdown reduces phosphor-
ylation levels of AKT and mTOR [19]. EEF1A2 protects against
apoptotic cell death by activating the PI3K/Akt pathway [20].
However, it remains unknown whether METTL14 could mediate
m6A methylation of EEF1A2 and regulate the Akt/mTOR pathway
in SCI. This study explored the functional mechanisms of METTL14
in neuron apoptosis following SCI by inducing m6A methylation of
EEF1A2 and modulating the Akt/mTOR pathway.

RESULTS
EEF1A2 was poorly expressed and Akt/mTOR pathway was
inhibited in SCI
The SCI rat model was established and identified by BBB
locomotor rating scale and IPT. BBB locomotor scores and IPT
scores of rats in the SCI group were decreased compared to those
in the sham group (Fig. 1H, I). Rat spinal cord tissues were
extracted on the 30th day after surgery and SCI was evaluated by

Received: 13 July 2021 Revised: 12 November 2021 Accepted: 14 December 2021

1Department of spinal minimally invasive surgery, Shanxi Provincial People’s Hospital, No.29 Shuangtasi Street, Taiyuan City, Shanxi Province 030012, China. 2Department of
endocrinology, Shanxi coal central hospital, No.101 Xuefu street, Xiaodian District, Taiyuan City, Shanxi Province, China. 3These authors contributed equally: Gang Gao,
Yufen Duan. ✉email: GangGao1223@163.com

www.nature.com/cddiscovery

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-021-00808-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-021-00808-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-021-00808-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41420-021-00808-2&domain=pdf
http://orcid.org/0000-0002-7177-9256
http://orcid.org/0000-0002-7177-9256
http://orcid.org/0000-0002-7177-9256
http://orcid.org/0000-0002-7177-9256
http://orcid.org/0000-0002-7177-9256
https://doi.org/10.1038/s41420-021-00808-2
mailto:GangGao1223@163.com
www.nature.com/cddiscovery


Fig. 1 EEF1A2 was poorly expressed and Akt/mTOR pathway was inhibited in SCI. A differential expression gene map of SCI chip
GSE45006, the abscissa represents –log (p value), the ordinate represents log2FC, red dots indicate highly-expressed genes and green dots
indicate lowly-expressed genes; (B) Venn map of the intersection of differentially low-expression genes and GeneCards database; (C) gene co-
expression network by Coexpedia; (D) bar graph of the correlation of gene-disease, the abscissa represents correlation score; (E) expression
heatmap of candidate genes, the color scale represents gene expression from low (blue) to high (red); (F) enriched terms visualized in barplot,
each row represents an enriched function, and the length of the bar represents the enrich ratio, which is calculated as “input gene number”/
“background gene number”. The color of the bar is the same as the color in the circular network in above, which represents different clusters.
For each cluster, if there are more than five terms, top 5 with the highest enrich ratio will be displayed; (G) significant low expression of EEF1A2
in chip GSE45006; (H) locomotor ability of rats detected by BBB locomotor rating scale; (I) neuronal function detected by inclined plane test; (J)
pathological conditions of spinal cord assessed by HE staining; (K) apoptosis of spinal cord tissues detected by TUNEL staining; (L) expressions
of EEF1A2 and Akt/mTOR pathway-related proteins detected by Western blot. Data were expressed as mean ± SD. Pairwise comparisons were
analyzed using independent t test, N= 5. * vs sham group, p < 0.05.
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HE staining, which exhibited destroyed central gray matter and
peripheral white matter and decreased motoneurons in anterior
horn in SCI rats (Fig. 1J). TUNEL staining manifested facilitated
apoptosis of spinal cord tissues in SCI rats relative to that in sham-
operated rats (Fig. 1K). The above results demonstrated the
successful establishment of the SCI rat model.
A total of 957 highly-expressed genes and 1120 lowly-expressed

genes were identified through differential expression analysis on
GSE45006 (Fig. 1A). Totally 220 candidate genes were identified
through the intersections of weak DEGs and SCI-related genes
among the top 3000 SCI-related genes on the GeneCards database
(Fig. 1B). To screen these genes, the gene co-expression network
was constructed through Coexpedia (Fig. 1C), among which 73
genes had co-expression relationship scores greater than 30.
Correlation of the 73 candidate genes with SCI was analyzed using
Phenolyzer (Fig. 1D) and among them, 20 genes including MAPT,
CAMK2B, and EEF1A2 had higher correlation scores, the expression
heatmaps of which in GSE45006 were drawn (Fig. 1E). KEGG
enrichment was analyzed using KOBAS (Fig. 1F). Genes are mainly
involved in the pathways including cAMP, ErbB, Rap1, and PI3K-Akt,
and EEF1A2 was reported to activate the Akt/mTOR pathway [21].
Our result showed that EEF1A2 was poorly expressed in SCI (Fig.
1G). Expressions of EEF1A2, p-Akt/Akt, and p-mTOR/mTOR were
decreased in SCI rats (Fig. 1L). Briefly, EEF1A2 was weakly expressed
and Akt/mTOR pathway was repressed in SCI rats.

EEF1A2 overexpression inhibited SCI progression in rats
EEF1A2 was then overexpressed in SCI rats to further investigate
its role in SCI. EEF1A2 was increased in the SCI+ oe-EEF1A2 group
compared with that in the SCI+ oe-NC group (Fig. 2A). Compared
with the SCI+ oe-NC group, the SCI+ oe-EEF1A2 group showed
increased BBB locomotor score and IPT scores (Fig. 2B, C),

improved pathological conditions, increased amount of moto-
neurons in anterior horn (Fig. 2D), decreased apoptosis of spinal
cord tissues (Fig. 2E), and decreased levels of TNF-α, IL-1β, and IL-6
(Fig. 2F). Altogether, EEF1A2 overexpression inhibited SCI progres-
sion in rats.

EEF1A2 overexpression stimulated viability and limited
apoptosis of H/R-treated spinal cord neurons
To investigate the effect of EEF1A2 on SCI, primary rat spinal
motoneurons were treated with H/R. Compared to the control
group, the OGD group exhibited decreased neuronal viability
(Fig. 3A), increased LDH release (Fig. 3B), enhanced neuronal
apoptosis (Fig. 3C, D), and augmented Bax expression and
amounts of cleaved caspase 3 along with decreased Bcl-2
expression (Fig. 3E). Overall, H/R treatment inhibited viability
and promoted apoptosis of spinal cord neurons.
To clarify the effect of EEF1A2 on H/R-treated rat spinal cord

neurons, EEF1A2 expression was detected by Western blot.
EEF1A2 expression was decreased in the OGD group relative to
that in the control group and increased in the OGD+ oe-EEF1A2
group relative to that in the OGD+ oe-NC group (Fig. 3F).
Enhanced cell viability and Bcl-2 expression and decreased LDH
release, neuronal apoptosis, Bax expression, and amounts of
cleaved caspase 3 were found in the OGD+ oe-EEF1A2 group
compared to those in the OGD+ oe-NC group (Fig. 3A-E).
Collectively, EEF1A2 overexpression promoted viability and
suppressed apoptosis of spinal cord neurons.

METTL14 downregulated EEF1A2 in SCI by mediating m6A
methylation of EEF1A2
m6A2Target database predicted that METTL14 might work on
EEF1A2 and regulate its downstream methylation (Table 1).

Fig. 2 EEF1A2 overexpression inhibited SCI progression in rats. A expression of EEF1A2 in spinal cord tissues detected by Western blot; (B)
locomotor ability detected by BBB locomotor rating scale; (C) neuronal function detected by inclined plane test; (D) pathological conditions of
spinal cord assessed by HE staining; (E) apoptosis of spinal cord tissues detected by TUNEL staining; (F) expressions of TNF-α, IL-1β and IL-6
detected by ELISA. Data were expressed as mean ± SD and analyzed using independent t test, N= 5. * vs SCI+ oe-NC group, p < 0.05.
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Fig. 3 EEF1A2 overexpression promoted viability and inhibited apoptosis of H/R-treated spinal cord neurons. A neuronal viability
detected by CCK-8; (B) cell toxicity detected by LDH release assay; (C) neuronal apoptosis detected by flow cytometry; (D) neuronal apoptosis
detected by TUNEL staining; (E) expressions of Bax, cleaved caspase3, and bcl-2 detected by Western blot; (F) expression of EEF1A2 detected
by Western blot. Data were expressed as mean ± SD and analyzed using independent t test. The experiment was repeated three times.
* vs control group, p < 0.05; # vs OGD+ oe-NC group, p < 0.05.

Table 1. Binding result of searching EEF1A2 on m6A2Target database.

Class WER name Target gene Interaction Method Downstream effect

Writer METTL14 EEF1A2 Protein–Protein mass spectrometry methylation

Writer VIRMA EEF1A2 Protein–Protein mass spectrometry methylation

Reader YTHDF1 EEF1A2 Protein–RNA CLIP-seq No evidence

Reader IGF2BP3 EEF1A2 Protein–RNA RIP-seq No evidence

Reader YTHDC2 EEF1A2 Protein–Protein mass spectrometry No evidence

METTL14 Methyltransferase-like 14, VIRMA Vir-like m6A methytransferase associated, YTHDF1 YTH N6-methyladenosine RNA binding protein 1, IGF2BP3 Insulin-
like growth factor 2 messenger RNA binding protein 3, YTHDC2 YTH domain containing 2, EEF1A2 Eukaryotic protein elongation factor 1 alpha 2.
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METTL14 and m6A were elevated in spinal cord tissues in SCI, and
impaired motor function was restored and neuronal apoptosis was
decreased after silencing METTL14 [22]. SRAMP database pre-
dicted that EEF1A2 might be modified by m6A methylation
(Fig. 4A). m6A level was increased in SCI rats and the OGD group
(Fig. 4B). METTL14 level was increased in spinal cord tissues of rats
in the SCI group (Fig. 4C, D) and neurons in the OGD group
(Fig. 4E). METTL14 was subsequently silenced or overexpressed.
METTL14 expression and m6A level were reduced in the sh-
METTL14 group relative to those in the sh-NC group and elevated
in the oe-METTL14 group relative to those in the oe-NC group
(Fig. 4F, G). Briefly, METTL14 may modify m6A methylation of
EEF1A2. EEF1A2 level was increased in the sh-METTL14 group
relative to that in the sh-NC group and decreased in the oe-
METTL14 group relative to that in the oe-NC group (Fig. 4H, I).
m6A modification level of EEF1A2 was decreased in the sh-
METTL14 group relative to that in the sh-NC group and increased
in the oe-METTL14 group relative to that in the oe-NC group
(Fig. 4J). Shortly, METTL14 downregulated EEF1A2 in SCI by
mediating m6A modification of EEF1A2.

METTL14 modulated H/R-treated spinal cord neurons by
mediating EEF1A2
To investigate the effect of METTL14-mediated EEF1A2 m6A
methylation, EEF1A2 was silenced after silencing METTL14. METTL14
was decreased and EEF1A2 was increased in the OGD+ sh-METTL14
group and decreased in the OGD+ sh-METTL14+ sh-EEF1A2 group
(Fig. 5A). m6A level was decreased in the OGD+ sh-METTL14 group,
without significant differences between the OGD+ sh-METTL14
group and OGD+ sh-METTL14+ sh-EEF1A2 group (Fig. 5B).
Enhanced cell viability and Bcl-2 expression and decreased LDH
release, neuronal apoptosis, Bax expression, and amounts of cleaved
caspase 3 were found in the OGD+ sh-METTL14 group compared to
those in the OGD+ sh-NC group; opposite results were shown in
the OGD+ sh-METTL14+ sh-EEF1A2 group relative to the OGD+
sh-METTL14 group (Fig. 5C-G). Jointly, METTL14 promoted neuron
apoptosis in the spinal cord via mediating m6A methylation of
EEF1A2.

METTL14 modulated SCI by mediating EEF1A2
To study the effect of METTL14-mediated EEF1A2 m6A methylation
on SCI, EEF1A2 was silenced after silencing METTL14 in SCI rats.
METTL14 was decreased, while EEF1A2 was increased in the SCI+
sh-METTL14 group and decreased in the SCH+ sh-METTL14+ sh-
EEF1A2 group (Fig. 6A). Relative to the SCI+ sh-NC group, the SCI+
sh-METTL14 group showed decreased m6A level, while no
significant difference between the SCI+ sh-METTL14+ sh-EEF1A2
group and SCI+ sh-METTL14 group was observed (Fig. 6B).
Compared with the SCI+ sh-NC group, the SCI+ sh-METTL14
group displayed increased BBB locomotor scores and IPT scores,
improved pathological conditions, increased amounts of motoneur-
ons in the anterior horn, decreased apoptosis and expressions of
TNF-α, IL-1β, and IL-6, whereas further sh-EEF1A2 treatment averted
the above-mentioned results (Fig. 6C–G). Collectively, METTL14
inhibited neuronal apoptosis in the spinal cord through the
mediation of EEF1A2 m6A methylation in SCI.

EEF1A2 promoted viability and limited apoptosis of spinal
cord neurons by activating Akt/mTOR pathway
To study whether EEF1A2 affects spinal cord neuron function via
the Akt/mTOR pathway, neurons were treated with 40 μm Akt
inhibitor (Perifosine) after overexpressing EEF1A2 [23]. Relative to
the OGD+ oe-EEF1A2+ H2O group, the OGD+ oe-EEF1A2+
Perifosine group showed no significant difference of EEF1A2 and
decreased expressions of p-Akt and p-mTOR (Fig. 7A), decreased
neuronal viability (Fig. 7B), increased LDH release (Fig. 7C);
enhanced neuronal apoptosis (Fig. 7D, E), augmented expressions
of Bax and amounts of cleaved caspase 3, and diminished Bcl-2

expression (Fig. 7F). Briefly, EEF1A2 overexpression promoted
viability and restrained apoptosis of spinal cord neurons by
activating the Akt/mTOR pathway.

EEF1A2 affected SCI by activating the Akt/mTOR pathway
SCI rats were treated with 50 mg/kg (i.p.) Akt inhibitor
(Perifosine) after overexpressing EEF1A2 [24]. Relative to SCI+
oe-EEF1A2+ H2O group, the SCI+ oe-EEF1A2+ Perifosine group
showed no significant difference of EEF1A2 and decreased
expressions of p-Akt and p-mTOR (Fig. 8A), decreased BBB
locomotor score and IPT scores (Fig. 8B, C), exacerbated
pathological conditions and decreased amounts of motoneurons
in anterior horn (Fig. 8D), enhanced apoptosis (Fig. 8E), and
increased levels of TNF-α, IL-1β, and IL-6 (Fig. 8F). Altogether,
EEF1A2 overexpression inhibited SCI progression by activating
the Akt/mTOR pathway in rats.

DISCUSSION
SCI is associated with a reduction of life expectancy and significant
societal costs [25, 26]. SCI is characterized by primary injuries and
secondary injuries, whereas secondary injuries including neuronal
apoptosis are reversible and can be treated [27]. METTL14
regulates cell cycle progression of human cortical neural
progenitor cells [28]. The current study elicited that silencing
METTL14 reduced spinal cord neuron apoptosis and mitigated SCI
by inhibiting m6A methylation of EEF1A2 and activating the Akt/
mTOR pathway.
The SCI rat model was initially established. Next, 20 genes with

high correlation scores with SCI were identified, among which
EEF1A2 can activate the Akt/mTOR pathway [21]. Our results
showed decreased expressions of EEF1A2, p-Akt/Akt, and p-mTOR/
mTOR in SCI rats. In line with our findings, a prior study
documented that EEF1A2 knockdown was found in mice featured
by vacuolar degeneration of anterior horn neurons of spinal cord
[29]. The activity of the PI3K/Akt/mTOR pathway is decreased in SCI
rats [30]. Our results showed weakly expressed EEF1A2 and
repressed Akt/mTOR pathway in SCI rats. Subsequently, EEF1A2
was overexpressed to study the effect of EEF1A2 on SCI. Our result
showed that EEF1A2 expression was increased in SCI rats after
EEF1A2 overexpression. Motor function is radically impaired in SCI
[31]. Also, our results exhibited increased BBB locomotor scores
and IPT scores in SCI rats after EEEF1A2 overexpression. The
pathological conditions of spinal cord tissues were improved and
anterior horn motoneurons were increased, and apoptosis in SCI
rats was inhibited after EEF1A2 overexpression. Moreover, recent
evidence has insinuated the levels of inflammatory cytokines are
elevated in spinal cord tissues after SCI [32]. In accordance, levels of
TNF-α, IL-1β, and IL-6 were decreased in SCI rats after EEF1A2
overexpression. EEF1A2 overexpression promotes cell proliferation
and inhibited apoptosis in acute myeloid leukemia [33]. Consis-
tently, our results demonstrated that EEF1A2 overexpression
inhibited SCI progression in rats. To explore the effect of EEF1A2
on SCI in vitro, primary spinal cord neurons were cultured and
treated with H/R. H/R treatment inhibited neuronal viability and
promoted apoptosis. Furthermore, EEF1A2 was overexpressed to
clarify the effect of EEF1A2 on H/R-treated spinal motoneurons.
Our results showed that EEF1A2 was downregulated in OGD-
treated neurons but upregulated upon EEF1A2 overexpression. It is
noteworthy that silencing EEF1A2 decreases viability and increases
apoptosis in Parkinson’s disease [34]. Alternatively, our results
showed that neuronal viability was increased while LDH release
and neuronal apoptosis were decreased in OGD-treated neurons
after EEF1A2 overexpression. EEF1A2 is associated with suppressed
apoptosis [35]. Specifically, EEF1A2 overexpression promoted
viability and inhibited apoptosis of spinal cord neurons.
METTL14 was predicted to act on EEF1A2 and regulate its

downstream methylation. Recent evidence has supported that
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Fig. 4 Mettl14 downregulated EEF1A2 in SCI by mediating m6A methylation of EEF1A2. A possible m6A methylation sites of EEF1A2; (B)
m6A level in spinal cord tissues and H/R neurons detected by Dot blot assay; (C) expression of Mettl14 in rat spinal cord tissues detected by
Western blot (N= 5); (D) expression of Mettl14 in spinal cord tissues detected by immunofluorescent staining (N= 5); (E) expression of Mettl14
in H/R neurons detected by Western blot; (F): expression of Mettl14 detected by Western blot; (G) total m6A level detected by Dot blot assay;
(H) mRNA expression of EEF1A2 detected by RT-qPCR; (I) EEF1A2 protein expression detected by Western blot; (J) m6A modification level of
EEF1A2 detected by Me-RIP assay. Data were expressed as mean ± SD and analyzed using independent t test. The experiment was repeated
three times. * vs sham group, control group, sh-NC group, p < 0.05; # vs oe-NC group, p < 0.05.
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METTL14 is essential in regulating striatal function and learning
[14]. The SRAMP database predicted that EEF1A2 might be
modified by m6A methylation. Previous studies have noted that
m6A RNA methylation profiling was altered in SCI [36]. METTL14 is
upregulated in human and rat calcified arteries [37]. Our result
showed increased m6A and METTL14 levels in spinal tissues of SCI

rats and OGD-treated neurons. METTL14 deletion reduces the
m6A methylation modification in atherosclerosis [38]. Similarly,
the overall m6A level was decreased after silencing METTL14 and
increased after overexpressing METTL14. Hence, we hypothesized
that METTL14 modified m6A methylation of EEF1A2. EEF1A2 was
increased after silencing METTL14 and decreased after METTL14

Fig. 5 Mettl14 modulated the function of H/R-treated spinal cord neurons by mediating EEF1A2. A expressions of Mettl14 and EEF1A2 in
neurons detected by Western blot; (B) total m6A level detected by Dot blot assay; (C) neuronal viability detected by CCK-8; (D) cell
toxicity assessed by LDH release assay; (E) neuronal apoptosis detected by flow cytometry; (F) neuronal apoptosis detected by TUNEL
staining; (G) expressions of Bax, cleaved caspase3 and bcl-2 detected by Western blot. Data were expressed as mean ± SD and analyzed
using independent t test. The experiment was repeated three times. * vs OGD+ sh-NC group, p < 0.05; # vs OGD+ sh-Mettl14 group,
p < 0.05.
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overexpression; m6A modification level of EEF1A2 was decreased
after silencing METTL14 and increased after METTL14 overexpres-
sion. METTL14 suppressed YAP1 by increasing the methylated
level of YAP1 in renal ischemic reperfusion injury [39]. Altogether,
METTL14 downregulated the EEF1A2 expression by mediating the
m6A modification of EEF1A2.

Then, EEF1A2 and METTL14 were silenced to explore the effect
of METTL14-mediated EEF1A2 m6A methylation. EEF1A2 was
downregulated in OGD-treated neurons and SCI rats after
silencing METTL14 and EEF1A2. The total m6A level showed no
significant difference after silencing METTL14 and EEF1A2.
METTL14 overexpression reduces cell viability in human nucleus

Fig. 6 Mettl14 modulated SCI by mediating EEF1A2 expression. A expressions of Mettl14, EEF1A2 proteins in spinal cord tissues detected by
Western blot; (B) total m6A level detected by Dot blot assay; (C) locomotor ability detected by BBB locomotor rating scale; (D) neuronal
function detected by inclined plane test; (E) pathological conditions of spinal cord assessed by HE staining; (F) apoptosis of spinal cord tissues
detected by TUNEL staining; (G) expressions of TNF-α, IL-1β and IL-6 detected by ELISA. Data were expressed as mean ± SD and analyzed using
independent t test, N= 5. * vs SCI+ sh-NC group, p < 0.05; # vs SCI+ sh-Mettl14 + sh-EEF1A2 group, p < 0.05.
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pulposus cells [40]. In vitro experiments demonstrated that
neuronal viability was inhibited, and LDH release and apoptosis
were promoted after silencing METTL14 and EEF1A2. In vivo
experiments showed decreased BBB locomotor scores and IPT
scores of SCI rats, exacerbated pathological conditions, decreased
motoneurons in the anterior horn, and increased apoptosis and

inflammation after silencing METTL14 and EEF1A2. METTL14
overexpression promotes apoptosis and enhances m6A level in
cisplatin-treated HK-2 cells [41]. EEF1A2 deficiency induces
apoptosis in MPP+-treated SH-SY5Y cells by activating caspase3
[34]. Overall, METTL14 promoted spinal cord neuron apoptosis in
SCI via mediating EEF1A2 m6A methylation.

Fig. 7 EEF1A2 promoted viability and inhibited apoptosis of spinal cord neurons by activating Akt/mTOR pathway. A expressions of
EEF1A2 and Akt/mTOR pathway-related proteins detected by Western blot; (B) neuronal viability detected by CCK-8; (C) cell toxicity assessed
by LDH release assay; (D) neuronal apoptosis detected by flow cytometry; (E) neuronal apoptosis detected by TUNEL staining; (F) expressions
of Bax, cleaved caspase3 and bcl-2 detected by Western blot. Data were expressed as mean ± SD and analyzed using independent t test. The
experiment was repeated three times. * vs OGD+ oe-EEF1A2+ H2O group, p < 0.05.
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The PI3K/Akt/mTOR pathway participates in spinal cord neuron
apoptosis in SCI [42]. EFF1A2 is associated with the PI3K/Akt/mTOR
pathway [20]. To investigate whether EEF1A2 affects the spinal cord
neurons via the Akt/mTOR pathway, neurons were treated with an
Akt inhibitor after overexpressing EEF1A2. Our results showed that
expressions of p-Akt and p-mTOR were decreased while
EEF1A2 showed no significant difference in OGD-treated neurons
after EEF1A2 overexpression and Perifosine treatment. The Akt
activator SC79 protects cell viability in rotenone-injured SH-SY5Y
cells [43]. Neuronal viability was decreased while LDH release and
apoptosis were increased in OGD-treated neurons after EEF1A2
overexpression and Perifosine treatment. The Akt/mTOR pathway is
essential in the protection against cadmium-induced neuronal
apoptosis [44]. The PI3K/Akt/mTOR pathway elevates Bcl-2 expres-
sion but reduces expressions of Bax and amounts of cleaved caspase
3 in ischemia-reperfusion injury [45]. Expressions of Bax and cleaved
caspase 3 were increased while Bcl-2 expression was decreased in

OGD-treated neurons after EEF1A2 overexpression and Perifosine
treatment. EFF1A is pivotal in 6-OHDA-induced neurodegeneration
via the PI3K/Akt/mTOR pathway [46]. Fangji decoction represses
hippocampal neuron apoptosis by regulating the Akt/mTOR path-
way in febrile seizures [47]. These data further confirmed that
EEF1A2 overexpression promoted viability and suppressed spinal
cord neuron apoptosis by activating the Akt/mTOR pathway.
Furthermore, SCI rats were treated with Perifosine after EEF1A2
overexpression to explore the effect of EEF1A2 through the Akt/
mTOR pathway on SCI. Melatonin promotes locomotor recovery of
motoneuron in the anterior horn in SCI through the PI3K/Akt/mTOR
pathway [48]. In vivo experiment showed decreased BBB locomotor
scores and IPT scores and motoneurons in anterior horn and
increased apoptosis and levels of TNF-α, IL-1β, and IL-6 in SCI rats
with EEF1A2 overexpression and Perifosine. The decrease in PI3K/
Akt/mTOR pathway is associated with increases in pro-inflammatory
cytokines in the rat cortex and hippocampus [49]. EEF1A2 is

Fig. 8 EEF1A2 affected SCI by activating the Akt/mTOR pathway. A expressions of EEF1A2 and Akt/mTOR pathway-related proteins in spinal
cord tissues detected by Western blot; (B) locomotor ability detected by BBB locomotor rating scale; (C) neuronal function detected by
inclined plane test; (D) pathological conditions of spinal cord assessed by HE staining; (E) apoptosis of spinal cord tissues detected by TUNEL
staining; (F) expressions of TNF-α, IL-1β and IL-6 detected by ELISA. Data were expressed as mean ± SD and analyzed using independent t test,
N= 5. * vs SCI+ oe-EEF1A2+ H2O group, p < 0.05.
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correlated with the pathological process of SCI [50]. The Akt/mTOR/
p70S6K pathway activation facilitates the recovery of motor function
in SCI [51]. Collectively, EEF1A2 overexpression impeded SCI
progression by activating the Akt/mTOR pathway.
In conclusion, silencing METTL14 suppressed spinal cord neuron

apoptosis in SCI via mediating EEF1A2 m6A methylation and the
Akt/mTOR pathway, and thus providing novel insights into the
management of SCI. Despite the findings, this study has some
limitations. The downstream targets of METTL14 and other possible
pathways were not investigated in this study. We will perform in-
depth analysis in the future to enrich and support this study.

MATERIAL AND METHODS
Bioinformatics analysis
SCI-related chip GSE45006 was searched on the GEO database (https://
www.ncbi.nlm.nih.gov/geo/), including 4 sham samples and 20 SCI
samples. The annotation file was downloaded from the platform GPL1355
[Rat230_2] Affymetrix Rat Genome 230 2.0 Array. Differential gene
expression analysis was conducted using the R-language limma package
(http://www.bioconductor.org/packages/release/bioc/html/limma.html)
with |log2FC| >1 and p value <0.05 as criteria to screen the differentially
expressed genes (DEGs). Differential gene expression heatmap was
graphed using the R-language pheatmap package (https://cran.r-project.
org/web/packages/pheatmap/index.html). SCI-related genes were
searched on the GeneCards database (https://www.genecards.org/). The
overlapping weak DEGs with SCI-related genes were searched using
jvenn (http://jvenn.toulouse.inra.fr/app/example.html). The co-expression
relationships among genes were analyzed using Coexpedia (http://www.
coexpedia.org/). Genes with co-expression relationship score greater
than 30 were further analyzed. The correlation between genes and SCI
was analyzed using Phenolyzer (http://phenolyzer.wglab.org/). The top
20 genes ranked by correlation scores were investigated further. KEGG
enrichment analysis of genes was conducted using KOBAS (http://kobas.
cbi.pku.edu.cn/kobas3). The methyltransferase of the key factors was
predicted on the m6A2Target database (http://m6a2target.canceromics.
org/#/search). m6A methylation was predicted on the SRAMP database
(http://www.cuilab.cn/sramp).

Animal model
SCI rat model was established using a total of 40 specific-pathogen-free
Sprague-Dawley rats (male, aged 8 weeks, weighing 200 ± 20 g; Hunan SJA
Laboratory Animal Co., Ltd., Changsha, China).
SCI rat model was treated in conformity with reference [52].

Specifically, rats were anesthetized with an intraperitoneal injection of
4% pentobarbital sodium (35 mg/kg) after weight measurement. To
expose the posterior vertebral arch from T8 to T12, an incision was
subsequently made on the skin along the dorsomedial line to the
aponeurosis and muscle plane. Laminectomy (3 mm) was performed
from the caudal end of the T10 vertebra to the caudal end of the T11
vertebra under a dissection stereomicroscope. Infinite Horizons
impactor (Infinite Horizons, L.L.C., Lexington, KY, USA) was utilized to
induce contusion SCI at the force of 60 kdyn/cm [2, 22]. The incision was
sutured, followed by intramuscular injection of 20000 units of penicillin
once a day for three days. Incisions of rats in the sham group (N= 10)
were sutured after skin incision without modeling surgery and related
treatment. SCI rat model was established and SCI rats were assigned to
the following groups (N= 10 per group): SCI group (SCI treatment), SCI
+ sh-NC group (injected with silencing negative control lentivirus after
SCI treatment), SCI+ sh-METTL14+ sh-EEF1A2 group (injected with
silencing EEF1A2 and silencing METTL14 lentivirus after SCI treatment),
SCI+ oe-NC group (injected with overexpressed EEF1A2 NC lentivirus
after SCI treatment), SCI+ oe-EEF1A2 group (injected with over-
expressed EEF1A2 lentivirus after SCI treatment), SCI+ oe-EEF1A2+
H2O group [injected with overexpressed EEF1A2 lentivirus and treated
with 50 mg/kg (i.p.) H2O after SCI treatment] and SCI+ oe-EEF1A2+
Perifosine group [injected with overexpressed EEF1A2 lentivirus and
treated with 50 mg/kg (i.p.) Perifosine after SCI treatment [24]].
Lentivirus treatment was conducted three days following laminectomy
(on day 0, 1, and 2). sh-NC, sh-METTL14, sh-EEF1A2, oe-NC, and oe-
EEF1A2 lentivirus (50 μL/day, 100 nmoL/mL; RiboBio, Guangzhou,
China) were intrathecally injected through lumbar puncture for 15 min
per day [53].

Basso, Beattie, and Bresnahan (BBB) locomotor rating scale
The locomotor function of SCI rats was evaluated using BBB locomotor
rating scale with scores ranging from 0 to 21. A score of 0 represented no
visible movement of the hindlimb (complete paralysis) while a score of 21
represented complete mobility. Rats were placed in the open field for
5 min each day on the 0th, 5th, 10th, 15th, 20th, 25th, and 30th days post-
surgery. The four-min evaluation on each rat was made and scores of
hindlimb movement were recorded by three experienced researchers. The
average score was the final score [54].

Inclined plane test (IPT)
In IPT, rats were placed on the smooth inclined plane. The angle of the
inclined plane started from a horizontal position (0°) and increased by
5–10° each time. The maximum angle at which rats remained on the plane
for 10 s was recorded [55].

Hematoxylin and eosin (HE) staining
Rats were euthanized by intraperitoneally injecting excessive pentobarbital
sodium on the 30th day post-surgery. Spinal cord tissues (2 cm in length)
centering at the injured spinal cord were extracted and embedded after
opening the spine. The paraffin-embedded tissues were sliced, dewaxed,
hydrated, stained with hematoxylin (PT001; Bogoo Biotechnology,
Shanghai, China) for 10min, and rinsed with running water for 30–60 s,
followed by differentiation with 1% hydrochloric ethanol for 30 s and
rinsing with running water for 5 min. The slices were then stained with
eosin (0001-H; Beijing Xinhua Lvyuan Technology Co., Ltd., Beijing, China)
for 1 min, dehydrated with gradient ethanol (at the concentration of 70%,
80%, 90%, 95%, and 100%) for 1 min in each concentration, cleared with
carbonate xylene for 1 min and xylene I and II (GD-RY1215-12; Shanghai
Guduo Biological Technology Co., Ltd., Shanghai, China) twice (1 min each
time), and sealed with neutral gum in the airing chamber. Morphological
changes in spinal cord tissues were photographed and observed under a
Zeiss fluorescence microscope (PrimoStariLED; Bioresearch, Beijing, China).

TUNEL staining
TUNEL staining was adopted to evaluate the apoptosis of spinal cord
tissues. Briefly, paraffin-embedded slices in different groups were
dewaxed, hydrated and cells were permeated and added with TUNEL
staining reaction mixture (Roche, Shanghai, China). A fluorescence
microscope (#Eclipse Ti-U; Nikon, Tokyo, Japan) was utilized to count
and photograph the apoptotic cells.

Western blot
Tissues were collected with the trypsin digestion method and lysed with
enhanced radio immunoprecipitation assay lysis buffer (Boster, Wuhan,
China) containing protease inhibitor. Protein concentration was deter-
mined using the BCA protein quantitative kits (Boster). Subsequently, the
protein samples were separated with 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) membranes. The membranes were blocked
with 5% bovine serum albumin (BSA) at room temperature for 2 h to
reduce non-specific binding. The membranes were added with diluted
primary antibodies EEF1A2 (ab227824, 1:1000; Abcam, Cambridge, MA,
USA), METTL14 (ab252562, 1:1000; Abcam), p-Akt (ab8933, 1:500; Abcam),
Akt (ab8805, 1:500; Abcam), p-mTOR (ab109268, 1:1000; Abcam), mTOR
(ab134903, 1:500; Abcam), cleaved caspase 3 (ab32042, 1:1000; Abcam),
Bax (ab32503, 1:1000; Abcam), Bcl-2 (ab32124, 1:1000; Abcam), and
GAPDH (ab9485, 1:2500; Abcam) and incubated at 4 °C overnight. After
washing the membranes, HRP-conjugated goat anti-rabbit secondary
antibody (ab6721, 1:2000; Abcam) was added and incubated for 1 h. ECL
working solution (EMD Millipore, Billerica, MA, USA) was added and
incubated with membranes for 1 min. After removing excess ECL working
solution, the membranes were sealed with plastic films and placed in a
dark box for X-ray film exposure for 5–10min before developing and
fixing. The gray value of each band in the images was quantified with
Image J analysis software (NIH, Bethesda, MD, USA) with GAPDH as an
internal control.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)
The total RNA was extracted using TRIzol reagent (15596026; Invitrogen,
Carlsbad, CA, USA). RNA was reverse-transcribed into cDNA following the
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instructions of PrimeScript RT reagent kit (RR047A; Takara, Tokyo, Japan).
RT-qPCR was performed on the synthesized cDNA with Fast SYBR Green
PCR kit (ABI, Foster City, CA, USA) and ABI PRISM 7300 RT-PCR system (ABI)
with three repetitions per well. Relative expressions of each gene were
analyzed adopting the 2−ΔΔCt method with GADPH as an internal control.
Primer sequences are illustrated in Table 2.

Immunofluorescence staining
The climbing slides were fixed with 4% paraformaldehyde for 15 min,
rinsed with phosphate buffer saline (PBS) 3 times, and dried with
absorbent paper. The slides were dripped with normal goat serum and
blocked for 30 min. The blocking solution was dried with absorbent paper
and each slide was dripped with primary antibody METTL14 (ab252562,
1:200; Abcam) and incubated at 4 °C overnight without washing
beforehand. The slides were rinsed thrice with PBS (3 min each time)
and dripped with Alexa Fluor 488-labeled goat anti-rabbit IgG (ab150077;
Abcam) and Alexa Fluor 647-labeled goat anti-rabbit IgG (150083;
Abcam) and incubated for 1 h at 37 °C avoiding light exposure. After 3
times of PBS washes in the dark, the slides were stained with 5 μg/mL
4’,6-diamidino-2-phenylindole (DAPI) for 5 min, washed 3 times with PBS
(5 min each time), sealed at 4 °C avoiding light, and observed under laser
confocal microscope (Carl Zeiss, Jena, Germany) using NIS-Elements
Viewer software.

Culture and transfection of primary spinal cord neurons
On E13 day (E0= the 1st day after mating) of mating, the pregnant
animal was euthanized using CO2. Embryos were isolated from the uterus
and immediately placed in the cold buffer. The spinal cord of the embryo
was dissected and incubated at 37 °C, detached with 0.15% trypsin for
25 min, rinsed at room temperature, and centrifuged for 4 min at 200 × g.
The spinal cord tissues were resuspended in a solution containing Dnase
and trypsin inhibitor. The collected supernatant was centrifuged for 4 min
at 200 × g for 15 min to obtain cells. Cell purity was assessed by
immunofluorescence staining with neuronal marker NeuN. Specifically,
90% positive staining for NeuN in primary spinal cord neurons indicated
that the purity of neurons was above 90% and the neurons were available
for following experimentation. Cells were cultured with neuralbasal
growth medium (2% NS21, 1% HEPES, and 1% l-glutamine) with 95%
humidity and 5% CO2 at 37 °C. Lentivirus plasmid and virus packaging kit
were purchased from GeneCopoeia (Rockville, MD, USA). After 48 h of co-
transfection into HEK293T cells with lentivirus transfection kit, viral titer
was assessed using p24 ELISA kit (Cell Biolabs, San Diego, CA, USA). Then,
neurons were infected with prepared lentivirus particles and cultured for
24 h, and treated with oxygen-glucose deprivation (OGD) based on
reference [56]. Briefly, after three gentle rinses with PBS, neurons were
placed in the medium added with sugar-free Dulbecco’s modified Eagle’s
medium (DMEM) pre-heated to 37 °C and cultured in an anaerobic
incubator for 2 h with 95% N2 and 5% CO2 at 37 °C and then the normal
culture was resumed. Neurons were divided into nine groups: control
group (normal culture), OGD group [treated with hypoxia/reoxygenation
(H/R)], OGD+ oe-NC group (treated with H/R and transfected with
overexpressed NC), OGD+ oe-METTL14 group (treated with H/R and
transfected with METTL14 overexpression), OGD+ sh-NC group (treated
with H/R and transfected with corresponding silencing NC), OGD+ sh-
METTL14 group (treated with H/R and transfected with the lentivirus of
silencing METTL14), OGD+ sh-METTL14+ sh-EEF1A2 group (treated with
H/R and transfected with lentivirus of silencing METTL14 and silencing
EEF1A2), OGD+ oe-EEF1A2+ H2O group (treated with H/R and H2O and
transfected with lentivirus of overexpressed EEF1A2), and OGD+ oe-
EEF1A2+ Perifosine group [treated with H/R, transfected with lentivirus

of overexpressed EEF1A2 and treated with 40 μM Akt inhibitor
(Perifosine) [23]].

Cell Counting Kit-8 (CCK-8)
Cell viability was detected using CCK-8 kits (CK04; Dojindo Molecular
Technologies, Kumamoto, Japan). Neurons at the logarithmic growth
phase were seeded in 96-well plates (1 × 104 cells/well) and pre-cultured
for 24 h and transfected accordingly. Following the 48-h transfection,
neurons were added with 10 μL CCK-8 reagent and incubated at 37 °C for
3 h. Absorbance at 450 nm was detected with a microplate reader.

Lactate dehydrogenase (LDH) release assay
Following 24 h of transfection, LDH release was detected using LDH
Cytotoxicity Assay kits (Beyotime, Shanghai, China) in strict conformity with
the instructions of the kit. Absorbance peak at an optical density of 490 nm
was detected.

Flow cytometry
Following 48 h of transfection, cells were detached by 0.25% trypsin (EDTA-
free) (YB15050057; Shanghai Yubo Biotechnology Co., Ltd., Shanghai,
China), collected into flow tubes and centrifuged to discard the
supernatant. After three washes with cold PBS, cells were centrifuged
and the supernatant was removed. Cell apoptosis was detected in line with
the instructions of Annexin-V-FITC Apoptosis Detection kit (K201-100;
BioVision, San Francisco, CA, USA). Subsequently, 100 μL staining solution
(1 × 106 cells) was used to resuspend cells and mixed thoroughly. The
525 nm and 620 nm band-pass filters were excited at 488 nm to detect
FITC and PI fluorescence, followed by apoptosis detection [57].

TUNEL assay
Cells at the logarithmic phase were collected and seeded in the cover
slides in six-well plates at 1 × 106 cells/mL after 48 h of transfection. TUNEL
apoptosis was detected using In Situ Cell Death Detection kit
[11684795910; Roche, Basel, Switzerland (green fluorescence)]. Cell
suspension solution was applied to the cover slides and fixed for 1 h with
4% paraformaldehyde. The cells were then treated with 0.1% Triton X-100
(Beyotime) for 3 min at 4 °C, incubated with 50 μL TUNEL solution at 37 °C
for 1 h without light exposure, and washed with PBS three times.
Fluorescence intensity was observed under a fluorescence microscope
after sealing cells with an anti-fluorescence quenching solution. Finally, 5
high power fields (400×) were randomly selected to count the number of
TUNEL-positive cells [58].

Methylated RNA immunoprecipitation (Me-RIP)
The total RNA was extracted using the TRIzol method. The purified mRNA
was isolated using PolyATtract® mRNA Isolation Systems (A-Z5300; A & D
Technology Corporation, Beijing, China). Anti-m6A antibody (ab151230,
1:500, Abcam) or anti-IgG antibody (ab109489, 1:100; Abcam) was added
into IP buffer (20mM Tris pH 7.5, 140 mM NaC1, 1% NP-40, 2 mM EDTA)
and co-incubated with protein A/G magnetic beads for 1 h for binding. IP
buffer containing Rnase inhibitor and protease inhibitor was added with
purified mRNA and magnetic beads-antibody complex and incubated
overnight at 4 °C. The RNA was eluted with elution buffer and purified by
phenol-chloroform extraction. EEF1A2 was analyzed by RT-qPCR.

Dot blot assay
The total RNA was extracted using the TRIzol method. The purified mRNA
was isolated using PolyATtract® mRNA Isolation Systems (A-Z5300; A & D
Technology Corporation). The isolated mRNA was denatured under
ultraviolet (UV) irradiation for 7 min and dotted on Amersham Hybond-N
membranes. The membranes were optimized for nucleic acid transfer
(GE Healthcare, Boston, MA, USA). After regimen UV cross-linking, the
RNA was rinsed with 1 × phosphate-buffered saline Tween-20 (PBST) for
5 min, blocked with 5% skim milk powder, and incubated with anti-m6A
antibody overnight at 4 °C. Finally, the membranes were visualized using
the Chemilum HRP Substrate (Immobilon Western, Millipore, Bedford,
MA, USA).

Statistical analysis
All the data were processed using SPSS 21.0 statistical software (IBM Corp.,
Armonk, NY, USA). Measurement data were presented as mean ± standard

Table 2. Primer sequences.

Name of primers Sequences

EEF1A2 (PMID: 33859743) F 5- GGCCACCTCATCTACAAATG -3

R 5- TCGAACTTCCAGAGGGAGAT -3

GAPDH F 5- GTGGACCTGACCTGCCGTCT -3

R 5- GGAGGAGTGGGTGTCGCTGT -3

EEF1A2 Eukaryotic protein elongation factor 1 alpha 2, GAPDH Glyceraldehyde-
3-phosphate dehydrogenase, F Forward, R Reverse.
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deviation. Normality and homogeneity of variance were verified, which
were in consistency with normal distribution and homogeneity of variance.
Pairwise comparisons were analyzed using unpaired t test while
comparisons among multiple groups were analyzed using one-way
analysis of variance (ANOVA) or repeated measure ANOVA, followed by
Turkey’s post-test. A value of p < 0.05 was regarded statistically significant.

DATA AVAILABILITY
All the data generated or analyzed during this study are included in this published
article.

REFERENCES
1. Fan B, Wei Z, Yao X, Shi G, Cheng X, Zhou X, et al. MicroenvIronment imbalance of

spinal cord injury. Cell Transpl. 2018;27:853–866.
2. Cofano F, Boido M, Monticelli M, Zenga F, Ducati A, Vercelli A, et al. Mesenchymal

stem cells for spinal cord injury: current options, limitations, and future of cell
therapy. Int J Mol Sci. 2019;20:2698.

3. Gazdic M, Volarevic V, Harrell CR, Fellabaum C, Jovicic N, Arsenijevic N, et al. Stem
cells therapy for spinal cord injury. Int J Mol Sci. 2018;19:1039.

4. David G, Mohammadi S, Martin AR, Cohen-Adad J, Weiskopf N, Thompson A, et al.
Traumatic and nontraumatic spinal cord injury: pathological insights from neu-
roimaging. Nat Rev Neurol. 2019;15:718–731.

5. Sweis R, Biller J. Systemic complications of spinal cord injury. Curr Neurol Neu-
rosci Rep. 2017;17:8.

6. Wang F, Liu J, Wang X, Chen J, Kong Q, Ye B, et al. The emerging role of lncRNAs
in spinal cord injury. Biomed Res Int. 2019;2019:3467121.

7. Anjum A, Yazid MD, Fauzi Daud M, Idris J, Ng AMH, Selvi Naicker A, et al. Spinal
cord injury: pathophysiology, multimolecular interactions, and underlying
recovery mechanisms. Int J Mol Sci. 2020;21:7533.

8. Kim YH, Ha KY, Kim SI. Spinal cord injury and related clinical trials. Clin Orthop
Surg. 2017;9:1–9.

9. Wang Q, Geng W, Guo H, Wang Z, Xu K, Chen C, et al. Emerging role of RNA
methyltransferase METTL3 in gastrointestinal cancer. J Hematol Oncol. 2020;13:57.

10. Zhang C, Fu J, Zhou Y. A review in research progress concerning m6A methy-
lation and immunoregulation. Front Immunol. 2019;10:922.

11. Shi H, Wei J, He C. Where, when, and how: context-dependent functions of RNA
methylation writers, readers, and erasers. Mol Cell. 2019;74:640–650.

12. Weng H, Huang H, Wu H, Qin X, Zhao BS, Dong L, et al. METTL14 inhibits
hematopoietic stem/progenitor differentiation and promotes leukemogenesis via
mrna m(6)a modification. Cell Stem Cell. 2018;22:191–205. e199

13. Jian D, Wang Y, Jian L, Tang H, Rao L, Chen K. et al. METTL14 aggravates
endothelial inflammation and atherosclerosis by increasing FOXO1 N6-
methyladeosine modifications. Theranostics. 2020;10:8939–8956.

14. Koranda JL, Dore L, Shi H, Patel MJ, Vaasjo LO, Rao MN. et al. Mettl14 is essential
for epitranscriptomic regulation of striatal function and learning. Neuron .
2018;99:283–292. e285.

15. Abbas W, Kumar A, Herbein G. The eEF1A proteins: at the crossroads of onco-
genesis, apoptosis, and viral infections. Front Oncol. 2015;5:75.

16. Abbott CM, Newbery HJ, Squires CE, Brownstein D, Griffiths LA, Soares DC.
eEF1A2 and neuronal degeneration. Biochem Soc Trans. 2009;37:1293–1297.

17. Hamey JJ, Wienert B, Quinlan KGR, Wilkins MR. METTL21B is a novel human lysine
methyltransferase of translation elongation factor 1A: discovery by CRISPR/Cas9
knockout. Mol Cell Proteom. 2017;16:2229–2242.

18. Zhu H, Wang Y, Yang X, Wan G, Qiu Y, Ye X, et al. Catalpol improves axonal
outgrowth and reinnervation of injured sciatic nerve by activating Akt/mTOR
pathway and regulating BDNF and PTEN expression. Am J Transl Res.
2019;11:1311–1326.

19. Parial R, Li H, Li J, Archacki S, Yang Z, Wang IZ, et al. Role of epigenetic m(6) A
RNA methylation in vascular development: mettl3 regulates vascular develop-
ment through PHLPP2/mTOR-AKT signaling. FASEB J. 2021;35:e21465.

20. Khwanraj K, Madlah S, Grataitong K, Dharmasaroja P. Comparative mRNA
expression of eEF1A isoforms and a PI3K/Akt/mTOR pathway in a cellular model
of Parkinson’s Disease. Parkinsons Dis. 2016;2016:8716016.

21. Yang J, Tang J, Li J, Cen Y, Chen J, Dai G. Effect of activation of the Akt/mTOR
signaling pathway by EEF1A2 on the biological behavior of osteosarcoma. Ann.
Transl. Med. 2021;9:158.

22. Wang H, Yuan J, Dang X, Shi Z, Ban W, Ma D. Mettl14-mediated m6A modification
modulates neuron apoptosis during the repair of spinal cord injury by regulating
the transformation from pri-mir-375 to miR-375. Cell Biosci. 2021;11:52.

23. Zhao F, Tao W, Shang Z, Zhang W, Ruan J, Zhang C, et al. Facilitating granule cell
survival and maturation in dentate gyrus with baicalin for antidepressant ther-
apeutics. Front Pharm. 2020;11:556845.

24. Zhong W, Chebolu S, Darmani NA. Central and peripheral emetic loci contribute
to vomiting evoked by the Akt inhibitor MK-2206 in the least shrew model of
emesis. Eur. J. Pharm. 2021;900:174065.

25. Eckert MJ, Martin MJ. Trauma: spinal cord injury. Surg Clin North Am.
2017;97:1031–45.

26. Witiw CD, Fehlings MG. Acute spinal cord injury. J Spinal Disord Tech.
2015;28:202–10.

27. Orr MB, Gensel JC. Spinal cord injury scarring and inflammation: therapies tar-
geting glial and inflammatory responses. Neurotherapeutics. 2018;15:541–53.

28. Yoon KJ, Ringeling FR, Vissers C, Jacob F, Pokrass M, Jimenez-Cyrus D, et al.
Temporal control of mammalian cortical neurogenesis by m(6)A methylation. Cell
2017;171:877–889. e817

29. Nakajima J, Okamoto N, Tohyama J, Kato M, Arai H, Funahashi O, et al. De novo
EEF1A2 mutations in patients with characteristic facial features, intellectual dis-
ability, autistic behaviors and epilepsy. Clin Genet. 2015;87:356–61.

30. Jin M, Ren J, Luo M, You Z, Fang Y, Han Y, et al. Long non-coding RNA JPX correlates
with poor prognosis and tumor progression in non-small-cell lung cancer by
interacting with miR-145-5p and CCND2. Carcinogenesis. 2020;41:634–45.

31. Rejc E, Angeli CA. Spinal cord epidural stimulation for lower limb motor function
recovery in individuals with motor complete spinal cord injury. Phys Med Rehabil
Clin N Am. 2019;30:337–54.

32. Chen S, Ye J, Chen X, Shi J, Wu W, Lin W, et al. Valproic acid attenuates traumatic
spinal cord injury-induced inflammation via STAT1 and NF-kappaB pathway
dependent of HDAC3. J Neuroinflammation. 2018;15:150.

33. Xiao S, Wang Y, Ma Y, Liu J, Tang C, Deng A, et al. Dimethylation of eEF1A at lysine
55 plays a key role in the regulation of eEF1A2 on malignant cell functions of acute
myeloid leukemia. Technol. Cancer Res Treat. 2020;19:1533033820914295.

34. Prommahom A, Dharmasaroja P. Effects of eEF1A2 knockdown on autophagy in
an MPP(+)-induced cellular model of Parkinson’s disease. Neurosci Res.
2021;164:55–69.

35. Wirakiat W, Prommahom A, Dharmasaroja P. Inhibition of the antioxidant enzyme
PRDX1 activity promotes MPP(+)-induced death in differentiated SH-SY5Y cells
and may impair its colocalization with eEF1A2. Life Sci. 2020;258:118227.

36. Xing L, Cai Y, Yang T, Yu W, Gao M, Chai R, et al. Epitranscriptomic m6A regulation
following spinal cord injury. J Neurosci Res. 2021;99:843–57.

37. Chen J, Ning Y, Zhang H, Song N, Gu Y, Shi Y, et al. METTL14-dependent m6A
regulates vascular calcification induced by indoxyl sulfate. Life Sci.
2019;239:117034.

38. Zhang BY, Han L, Tang YF, Zhang GX, Fan XL, Zhang JJ, et al. METTL14 regulates
M6A methylation-modified primary miR-19a to promote cardiovascular endo-
thelial cell proliferation and invasion. Eur Rev Med Pharm Sci. 2020;24:7015–23.

39. Xu Y, Yuan XD, Wu JJ, Chen RY, Xia L, Zhang M, et al. The N6-methyladenosine
mRNA methylase METTL14 promotes renal ischemic reperfusion injury via sup-
pressing YAP1. J Cell Biochem. 2020;121:524–33.

40. Zhu H, Sun B, Zhu L, Zou G, Shen Q. N6-methyladenosine induced miR-34a-5p
promotes TNF-alpha-induced nucleus pulposus cell senescence by targeting
SIRT1. Front Cell Dev Biol. 2021;9:642437.

41. Zhou P, Wu M, Ye C, Xu Q, Wang L. Meclofenamic acid promotes cisplatin-
induced acute kidney injury by inhibiting fat mass and obesity-associated pro-
tein-mediated m(6)A abrogation in RNA. J Biol Chem. 2019;294:16908–17.

42. Wang Z, Zhou L, Zheng X, Chen G, Pan R, Li J, et al. Autophagy protects against
PI3K/Akt/mTOR-mediated apoptosis of spinal cord neurons after mechanical
injury. Neurosci Lett. 2017;656:158–64.

43. Zhang Y, Guo H, Guo X, Ge D, Shi Y, Lu X, et al. Involvement of Akt/mTOR in the
neurotoxicity of rotenone-induced Parkinson’s disease models. Int J Environ Res
Public Health. 2019;16:3811.

44. Zhang R, Zhu Y, Dong X, Liu B, Zhang N, Wang X, et al. Celastrol attenuates
cadmium-induced neuronal apoptosis via inhibiting Ca(2+) -CaMKII-dependent
Akt/mTOR Pathway. J Cell Physiol. 2017;232:2145–57.

45. Hou Y, Wang K, Wan W, Cheng Y, Pu X, Ye X. Resveratrol provides neuropro-
tection by regulating the JAK2/STAT3/PI3K/AKT/mTOR pathway after stroke in
rats. Genes Dis. 2018;5:245–55.

46. Chalorak P, Dharmasaroja P, Meemon K. Downregulation of eEF1A/EFT3-4
enhances dopaminergic neurodegeneration after 6-OHDA exposure in C. elegans
model. Front Neurosci. 2020;14:303.

47. Xu XK, Wang SY, Chen Y, Zhan L, Shao ZY, Lin L, et al. Fangjing decoction relieves
febrile seizures-induced hippocampal neuron apoptosis in rats via regulating the
Akt/mTOR pathway. Biosci Rep. 2018;38:BSR20181206.

48. Li Y, Guo Y, Fan Y, Tian H, Li K, Mei X. Melatonin enhances autophagy and reduces
apoptosis to promote locomotor recovery in spinal cord injury via the PI3K/AKT/
mTOR signaling pathway. Neurochem Res. 2019;44:2007–19.

49. Wang N, Wang M. Dexmedetomidine suppresses sevoflurane anesthesia-induced
neuroinflammation through activation of the PI3K/Akt/mTOR pathway. BMC
Anesthesiol. 2019;19:134.

G. Gao et al.

13

Cell Death Discovery            (2022) 8:15 



50. Zhou H, Kang Y, Shi Z, Lu L, Li X, Chu T. et al. Identification of differentially
expressed proteins in rats with spinal cord injury during the transitional phase
using an iTRAQ-based quantitative analysis. Gene. 2018;677:66–76.

51. Ge C, Liu D, Sun Y The promotive effect of activation of the Akt/mTOR/p70S6K
signaling pathway in oligodendrocytes on nerve myelin regeneration in rats with
spinal cord injury. Br J Neurosurg. 2020;1–9.

52. Xu S, Wang J, Jiang J, Song J, Zhu W, Zhang F, et al. TLR4 promotes microglial
pyroptosis via lncRNA-F630028O10Rik by activating PI3K/AKT pathway after
spinal cord injury. Cell Death Dis. 2020;11:693.

53. Shu B, He SQ, Guan Y. Spinal cord stimulation enhances microglial activation in
the spinal cord of nerve-injured rats. Neurosci Bull. 2020;36:1441–53.

54. Xiong LL, Qin YX, Xiao QX, Jin Y, Al-Hawwas M, Ma Z, et al. MicroRNA339 targeting
PDXK improves motor dysfunction and promotes neurite growth in the remote
cortex subjected to spinal cord transection. Front Cell Dev Biol. 2020;8:577.

55. Cheng X, Xu J, Yu Z, Xu J, Long H. LncRNA xist contributes to endogenous neuro-
logical repair after chronic compressive spinal cord injury by promoting angiogen-
esis through the miR-32-5p/Notch-1 axis. Front Cell Dev Biol. 2020;8:744.

56. Li X, Zheng L, Xia Q, Liu L, Mao M, Zhou H, et al. A novel cell-penetrating peptide
protects against neuron apoptosis after cerebral ischemia by inhibiting the
nuclear translocation of annexin A1. Cell Death Differ. 2019;26:260–75.

57. Diaz D, Prieto A, Reyes E, Barcenilla H, Monserrat J, Alvarez-Mon M. Flow cyto-
metry enumeration of apoptotic cancer cells by apoptotic rate. Methods Mol.
Biol. 2015;1219:11–20.

58. Xu B, Qin W, Xu Y, Yang W, Chen Y, Huang J, et al. Dietary Quercetin Supple-
mentation Attenuates Diarrhea and Intestinal Damage by Regulating Gut
Microbiota in Weanling Piglets. Oxid Med Cell Longev. 2021;38:BSR20181206.

59. Zhao M, Gao J, Cui C, Zhang Y, Jiang X, Cui J. Inhibition of PTEN ameliorates
secondary hippocampal injury and cognitive deficits after intracerebral hemor-
rhage: involvement of AKT/FoxO3a/ATG-mediated autophagy. Oxid Med Cell
Longev. 2021;2021:5472605.

ACKNOWLEDGEMENTS
This work was supported by Clinical study of percutaneous transforaminal spinal
endoscopic system in the treatment of lumbar nerve root canal stenosis.
(NO.2018029).

AUTHOR CONTRIBUTIONS
Conceptualization, GG and YFD; methodology, FC;validation, FC and TZ; formal
analysis, XHH; investigation, XHH; resources, GG; data curation, YFD; writing—
original draft preparation, CY; writing—review and editing, GG; visualization,FC;

supervision, CY; project administration, GG; funding acquisition,GG All authors have
read and agreed to the published version of the manuscript.

ETHICS
Animal experiments were performed according to the standards of the Animal
Experiment Committee of Shanxi Provincial People’s Hospital and got the approval of
the Ethics Committee of Shanxi Provincial People’s Hospital. All animal experiments
were carried out based on the guidelines for the Care and Use of Laboratory Animals
issued by the National Institutes of Health (NIH) [59]. Significant efforts have been
made to minimize both the animal number and pains.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Gang Gao.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

G. Gao et al.

14

Cell Death Discovery            (2022) 8:15 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	METTL14 promotes apoptosis of spinal cord neurons by inducing EEF1A2 m6A methylation in spinal cord injury
	Introduction
	Results
	EEF1A2 was poorly expressed and Akt/mTOR pathway was inhibited in SCI
	EEF1A2 overexpression inhibited SCI progression in rats
	EEF1A2 overexpression stimulated viability and limited apoptosis of H/R-treated spinal cord neurons
	METTL14 downregulated EEF1A2 in SCI by mediating m6A methylation of EEF1A2
	METTL14 modulated H/R-treated spinal cord neurons by mediating EEF1A2
	METTL14 modulated SCI by mediating EEF1A2
	EEF1A2 promoted viability and limited apoptosis of spinal cord neurons by activating Akt/mTOR pathway
	EEF1A2 affected SCI by activating the Akt/mTOR pathway

	Discussion
	Material and methods
	Bioinformatics analysis
	Animal model
	Basso, Beattie, and Bresnahan (BBB) locomotor rating scale
	Inclined plane test (IPT)
	Hematoxylin and eosin (HE) staining
	TUNEL staining
	Western blot
	Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
	Immunofluorescence staining
	Culture and transfection of primary spinal cord neurons
	Cell Counting Kit-8 (CCK-8)
	Lactate dehydrogenase (LDH) release assay
	Flow cytometry
	TUNEL assay
	Methylated RNA immunoprecipitation (Me-RIP)
	Dot blot assay
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Ethics
	Competing interests
	ADDITIONAL INFORMATION




