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Background The RNA m6A modification has been implicated in multiple neurological diseases as well as mac-
rophage activation. However, whether it requlates microglial activation during hypoxic-ischemic brain damage (HIBD)
in neonates remains unknown. Here, we aim to examine whether the m6A modification is involved in modulating
microglial activation during HIBD. We employed an oxygen and glucose deprivation microglial model for in vitro
studies and a neonatal mouse model of HIBD. The brain tissue was subjected to RNA-seq to screen for significant
changes in the mRNA m6A regulator. Thereafter, we performed validation and bioinformatics analysis of the major

Results RNA-seq analysis revealed that, among 141 m6A regulators, 31 exhibited significant differential expres-

sion (FC (abs) > 2) in HIBD mice. We then subjected the major m6A regulators Mettl3, Mettl 14, Fto, Alkbh5, YthdfT,

and Ythdf2 to further validation, and the results showed that all were significantly downregulated in vitro and in vivo.
GO analysis reveals that regulators are mainly involved in the regulation of cellular and metabolic processes. The KEGG
results indicate the involvement of the signal transduction pathway.

Conclusions Our findings demonstrate that m6A modification of MRNA plays a crucial role in the regulation
of microglial activation in HIBD, with m6A-associated regulators acting as key modulators of microglial activation.

Keywords Hypoxia—ischemia brain damage, Microglia activation, RNA-sequencing, m6A modification, RNA m6A

Background

Hypoxic—ischemic brain damage (HIBD) is the main
cause of neonatal death and neurological disability,
mainly due to asphyxia caused by hypoxia—ischemia (HI)
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during the perinatal period [1]. The incidence of HIBD is
around 0.15% in developed countries and up to 2.6% in
developing countries [2]. Depending on the severity of HI
and the state of brain development, approximately 30% of
newborns who survive HIBD will experience permanent
neurological sequelae, such as epileptic cerebral palsy,
which seriously affects the quality of life, imposing a great
burden on the family and society [2]. The pathogenesis of
HIBD is complex and has not been fully elucidated, with
a lack of effective clinical treatment. Further investiga-
tion into the pathogenesis of this disease is necessary to
identify therapeutic targets and devise novel treatment
strategies.

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence 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
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40246-023-00527-y&domain=pdf

Su et al. Human Genomics (2023) 17:78

Currently, HIBD pathogenesis is considered to involve
multiple cell types, including neurons, astrocytes, and
microglia, with phenomena such as energy depletion,
excitatory amino acid toxicity, calcium overload, mito-
chondrial damage, and a delayed inflammatory response
all implicated [3]. Microglial activation is greatly involved
in HIBD occurrence as well as progression and is defined
by the response to environmental stimuli such as HI [4].
When activated, microglia usually polarize to an M1 or
M2 phenotype, which is functionally distinct [5]. M1,
also known as classically activated macrophages, primar-
ily expresses surface antigens such as CD16 and CD86
[6]. M1 microglia release pro-inflammatory factors, such
as tumor necrosis factor-a(TNF-a), interleukin-1p (IL-
1P), IL-6, interferon-y (IFN-y), and others, promoting the
generation of reactive oxygen species and nitric oxide,
which are toxic to neurons and other glial cells [7]. In
contrast, M2 alternatively-activated macrophages express
surface antigens such as arginase-1 (Arg-1) and CD206,
engulf cell fragments or dead neurons, and release anti-
inflammatory factors (IL-4, IL-10, and TNF-f) to sup-
press inflammation and promote neuronal survival [8,
9] (Additional file 1: Fig. S1). Taken together, microglial
activation plays a central role in HIBD pathogenesis.
However, how microglia are activated in the brains of
newborns following HI has not been fully elucidated.

In recent years, the m6-methyladenosine (m6A) modi-
fication of mRNA, a key epigenetic regulatory mecha-
nism, has been shown to influence cellular function
by regulating gene expression [10]. It is the most abun-
dant post-transcriptional modification of mRNA and is
dynamically regulated by a series of enzymes that can be
divided into three categories: writers, erasers, and read-
ers [11, 12]. Writers mainly consist of methyltransferase
complexes (Mettl3/Mettl14, etc.) that add methyl groups
(—CH,;) to the sixth nitrogen atom of adenine in the pre-
mRNA molecule, whereas erasers mainly consist of dem-
ethylase enzymes (Fto/Alkbh5, etc.) that strip the —~CH,
from pre-mRNA [13, 14]. The pre-mRNA is subsequently
spliced to form mature mRNA [15]. Finally, the mature
mRNA is exported from the nucleus and recognized by
readers (Ythdfl/Ythdf2, etc.) that further regulate its
translation and degradation [16] (Additional file 2: Fig.
S2).

An increasing number of studies have shown that m6A
RNA modifications are closely related to the occurrence
and development of neurological diseases [13, 17]. For
example, a significant decrease in neuronal Fto expres-
sion was associated with the occurrence and progression
of cerebral ischemia—reperfusion injury in rat models
[18]. In addition, the reduced activity of Alkbh5 in astro-
cytes significantly upregulated m6A RNA levels, leading
to astrocyte dysfunction and depression in mice [19].
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Both in vitro and in vivo studies have indicated that con-
ditional deletion of Mettl14 in oligodendrocytes results
in the abnormal splicing of various transcripts, result-
ing in aberrant oligodendrocyte maturation and myeli-
nation [20]. Recent research on macrophages, which
are functionally similar to microglia, showed that dele-
tion of Mettl3 led to the inhibition of macrophage acti-
vation [21]. Collectively, these studies suggest that the
m6A RNA modification in HIBD may also be involved in
microglial activation.

To explore this notion, we employed an oxygen and
glucose deprivation (OGD) model of primary microglia
as well as a HIBD model in newborn C57BL/6 mice. First,
we screened the major regulators of the m6A modifica-
tions that are significantly altered in HIBD, and validated
these in the above models. Regulators were then sub-
jected to Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses

(Fig. 1).

Results

The mRNA m6A regulator was significantly altered

in activated microglia of neonatal HIBD mice

We used the hypoxia—ischemia method to establish
HIBD in P9 mice. At P10, we performed H&E staining
on mouse brain tissue to validate the HIBD model by
evaluating the pathological features. We found mice in
the HIBD group shown much more nerve fibers that have
been loosely arranged, as well as greater inflammatory
cell infiltration, cell edema, and death (Fig. 2A), indicat-
ing that the HIBD model was successfully established.

Brain tissues

[ RNA-seq ]

Total mRNA

[ mRNA m6A regulators ]

FC(abs)>2

!
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GO and KEGG
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Fig. 1 lllustration of the design and procession of the study
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Fig. 2 Validation of microglia activation in the HIBD model. A H&E was used to evaluate pathological features. Arrows indicate inflammatory cell
infiltration. Scale bar: 50 pm. B Immunofluorescence staining was used to detect microglia activation in the IBD group and Sham group. DAPI (blue)
nuclear staining. Iba1 (green) staining of activated microglia. Scale bar: 100 um. **P <0.01

Next, we performed Ibal immunofluorescence staining
to examine microglia activation following HIBD. The
mean immunofluorescence value of DAPI/Ibal was sig-
nificantly higher in the HIBD group than in the Sham
group (Fig. 2B). Collectively, these results indicate that
we have successfully mimicked the microglial activation
of the HIBD model.

At P10, cortical and hippocampus brain tissue was col-
lected and the total RNA was then extracted for RNA
sequencing. After RNA-seq analysis, we found a total of
141 mRNAs that were differentially expressed (FC (abs)>2,
P<0.05) in HIBD compared to the Sham group (Fig. 3A).

Next, we screened the m6A regulators for the mRNAs (FC
(abs)>2, P<0.05) by using the RMBase v2.0 database. We
found that 31 m6A regulators were significantly altered,
with FC (abs) >2 and P<0.05 (Fig. 3B). Collectively, these
findings suggest that the mRNA m6A modification maybe
involved in microglial activation for HIBD pathogenesis.

Mettl3, Mettl14, Fto, Alkbh5, Ythdf1, and Ythdf2

are significantly downregulated in the HIBD model

of microglia activation

We then selected the major m6A regulators from the
31 significantly altered mRNAs, specifically Mettl3,
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Fig. 3 Venn diagram. A Screening for differentially expressed

mRNA between Sham vs HIBD. B Screening of significantly

altered m6A regulators during HIBD (FC (abs) > 2, P<0.05). In total,
141 differentially expressed transcripts were screened in Sham

versus HIBD, and 31 significantly altered mRNA m6A regulators

were identified after HIBD (FC (abs) > 2, P<0.05). FC (abs), absolute
fold-change. Blue: total MRNA in the Sham group. Yellow: total mMRNA
in the HIBD group. Purple: total RNA m6A regulators. Green: mRNA
with FC (abs)>2, P<0.05

Mettl14, Fto, Alkbh5, Ythdfl, and Ythdf2 (Table 1) for
further validation, with Mettl3 and Ythdfl downregu-
lated and Mettl14, Fto, Alkbh5, and Ythdf2 upregulated
in sequencing results. We detected their expression
in HIBD mouse tissue using double immunofluores-
cence staining with Ibal. The results showed that Ibal
(green, a marker for activated microglia) was signifi-
cantly upregulated after HIBD when compared with the
Sham group, indicating that microglia were activated in
HIBD (Fig. 6). However, inconsistent with the sequenc-
ing results, we found that the expression of Mettl3,
Mettl14, Fto, Alkbh5, Ythdfl, and Ythdf2 (red) in HIBD
was all significantly downregulated (Fig. 4). Collec-
tively, these findings suggest that the downregulation
of these m6A regulators may play a crucial role in the
regulation of microglial activation during HIBD.
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Table 1 Sequencing and bioinformatics analysis results for the
expression of the major m6A regulators after HIBD (FC (abs)> 2,
P<0.05)

m6A regulators P-value FC (abs)* Up/Down
Mettl3 0.0086 20 Down
Mettl14 0.0089 476 Up

Fto 0.0004 478 Up
Alkbh5 0.0009 12.9 Up

Ythdf1 0.0008 4.09 Down
Ythdf2 0.0006 213 Up

" The absolute fold-change

Mettl3, Mettl14, Fto, Alkbh5, Ythdf1, and Ythdf2 are
significantly downregulated in OGD induced microglia
activation

Immunofluorescence staining was not able to fully quan-
tify m6A and mRNA m6A regulatory expression. There-
fore, in order to further quantify the expression of these
mRNA m6A regulators in response to microglia activa-
tion after HI insult, and their relation to the whole m6A
level, we cultured primary microglia followed by OGD
treatment for 2 h to mimic the HI insult in vitro. Subse-
quently, we detected the entire m6A level by RNA m6A
quantification kit and the expression of these m6A regu-
lators by RT-PCR and Western blot. RNA m6A modifi-
cation results showed the m6A level was significantly
downregulated in the OGD group compared to the con-
trol group (Fig. 5A). Next, RT-PCR and western blot
results showed that Mettl3, Mettl14, Fto, Alkbh5, Ythdfl,
and Ythdf2 were significantly downregulated at both the
mRNA (Table 2, Fig. 5B) and protein levels (Fig. 5C). Col-
lectively, these findings suggest that the m6A levels may
be associated with the downregulation of these m6A reg-
ulators, which play a crucial role in regulating microglial
activation after HI insult in vivo and in vitro.

GO and KEGG pathway analysis

Next, a systematic analysis of possible genetic targets for
these m6A regulators was performed using the psRNA-
Target software, followed by GO enrichment analysis to
analyze their functionality and KEGG was used to ana-
lyze the associated related pathways. GO results indicate
that the target genes of these mRNA m6A regulators
are primarily involved in the cellular and metabolic bio-
logical processes. Besides, we found that they primarily
acted as the component of the cell and cell part, which
functioned by exerting the ability of binding and catalytic
activity (Fig. 6). Further, KEGG analysis indicated that
they were mainly involved in the regulation of the signal
transduction pathway (Fig. 7A, B).
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Fig. 4 Immunofluorescence staining to validate the expression of the major m6A regulators in HIBD. The expression of Mettl3, Mettl14, Fto,
Alkbh5, Ythdf1, and Ythdf2 (red fluorescence) in activated microglia (Iba1, green fluorescence) in the HIBD mouse model was detected via double

immunofluorescence staining. Scale bar: 100 pm. *P < 0.05, **P < 0.01

Discussion

In the present study, sequencing and bioinformatics
analysis results found that 31 mRNA m6A regulators
were differentially expressed (FC (abs)>2) in microglia
in neonatal mice with HIBD, including the major regu-
lators Mettl3, Mettl14, Fto, Alkbh5, Ythdfl, and Ythdf2,
for which Mettl3 and Ythdfl were downregulated, and

the other four major regulators were upregulated. In
addition, we want to elucidate the relationship between
these six m6A regulators and microglia activation after
HI insult, whereas in vivo HIBD models are not able to
fully and accurately quantify the expression of m6A and
mRNA m6A regulators specifically in microglia. There-
fore, in order to further quantify the expression of these
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Table2 RT-PCR to detect the expression of major m6A
regulators

m6A regulators RT-PCR
FC (abs) Up/Down P-value

Mettl3 491 Down 0.02
Mettl14 1.64 Down 0.04
Fto 1.59 Down 0.04
Alkbh5 236 Down 0.03
Ythdf1 3.01 Down 0.01
Ythdf2 143 Down 0.03

mRNA m6A regulators in response to microglia activa-
tion after HI insult, and their relation to the overall m6A
level, we decided to add data from in vitro microglia
models that could mimic the HI insult. First, we detached

" ! 4 |
Fig.5 The major m6A regulators was significantly downregulated during microglial activation induced by OGD. A The expression of m6A level
was detected in the OGD and Control group. *P=0.0125. B The expression of Mettl3, Mettl14, Fto, Alkbh5, Ythdf1, and Ythdf2 was detected

in microglia after OGD treatment by RT-PCR. C The expression of Mettl3, Mett|14, Fto, Alkbh5, Ythdf1, and Ythdf2 after OGD was detected

in microglia after OGD treatment via western blot. *P <0.05, **P < 0.01, ***P < 0.001

= OGD

Target protein/GAPDH(OD)

cortical and hippocampal tissue from P9 mice and iso-
lated the primary microglia. We then treated the primary
microglia with OGD for 2 h to construct an OGD model
of the microglia that can mimic HI insult in vivo. Sub-
sequently, we quantified the m6A levels using an RNA
m6A quantification kit and quantified the expression of
these major m6A regulators at both RNA and protein
levels. However, in vitro and in vivo models, we find that
all of the regulators are significantly downregulated. This
inconsistent result between sequencing and validation
may be due to the fact that the tissue used for sequenc-
ing may be associated with other cells than microglia,
whereas the detection for validation in vivo and in vitro is
conditionally localized to microglia. In general, we need
to validate the sequencing data to confirm their accurate
expression in vivo and in vitro. Therefore, we hypoth-
esize that these m6A regulators are downregulated in
microglia activation in HIBD and OGD. In addition, we
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Fig. 6 GO analysis to show the biological process, cellular component, and molecular function of these major m6A regulators. GO results showed
that these major m6A regulators mainly are the component of cell and cell part, are involved in the biological processes of cellular or metabolism,
and function by regulating the signal transduction pathway. GO, Gene Ontology

performed a systematic analysis of possible targets for
these six m6A regulators by using the psRNATarget soft-
ware and then subjected them to GO and KEGG enrich-
ment analyses. GO results highlight the involvement of
Mettl3, Mettl14, Fto, Alkbh5, Ythdfl, and Ythdf2 in the
cellular and metabolic processes through binding and
catalytic capabilities. The KEGG pathway indicates that
they function primarily in regulating the signal transduc-
tion pathways of metabolic processes. Collectively, our
findings suggest a new mechanism of m6A modification
in the regulation of microglial activation during HIBD,
which may be mediated primarily via Mettl3, Mettl14,
Fto, Alkbh5, Ythdfl, and Ythdf2. However, as we have not
validated the specific function and pathways of these reg-
ulators to modulate microglial activation after HI in vitro
and in vivo, future work should focus on elucidating the
specific mechanisms and signaling pathways of these
mo6A regulators.

Several pathways have been reported to be involved
in the regulation of microglial activation. For example,
Wang et al. Reported that vanillin treatment could atten-
uate the expression of the proinflammatory cytokines
IL-1P in LPS-stimulated microglia by inhibiting TLR4/
NF-«B signaling, which suggested that the TLR4/NF-«xB
signaling pathway is involved in microglial activation
[22]. In addition, one study on seizure-induced brain

injury in rats revealed that everolimus exerts protective
effects by reducing neuronal apoptosis and microglial
activation through inhibition of the PI3K/Akt/mTOR and
NEF-kB/IL-6 signaling pathways, implicating both path-
ways in microglial activation [23]. Microglia are rapidly
activated during intracerebral hemorrhage and have the
capacity to resist hemin toxicity [23]. One study reported
that microglia activation via LPS pre-treatment markedly
reduced their vulnerability to hemin toxicity in vitro and
in vivo [24]. This is because LPS upregulates the expres-
sion of inducible NO synthase and heme oxygenase, the
rate-limiting enzymes of heme degradation, in microglia
[24]. Mechanistically, this effect was mediated via inhibi-
tion of the JNK and p38 MAPK pathways, which in turn
suggested their involvement in microglial activation [24].
Furthermore, adenosine 5’-monophosphate-activated
protein kinase (AMPK) is associated with cellular inflam-
mation [25, 26]. Treatment of LPS-activated BV2 inflam-
mation with ENERGI-F704 decreased the production
of IL-6, TNF-a, and NO by regulating AMPK signaling
[25]. In addition, Notch, STAT, CREB, PPAR-y, and other
pathways have also been reported to regulate microglial
activation either directly or indirectly [7].

The m6A modification of RNA has also been described
to modulate microglial activation via the aforementioned
listed pathways. In LPS-induced microglial inflammation,
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Fig. 7 KEGG analysis to show the possible signaling pathway of these major m6A regulators. A Top ten KEGG pathway enrichment for the targets
of these m6A regulators, which showed that their targets might be mainly micro RNAs in cancer B Annotation of the KEGG pathway, which showed
that their targets mainly enriched in signal transduction pathway, indicating these m6A regulators might be functioned by regulating the signal

transduction pathway. KEGG, Kyoto Encyclopedia of Genes and G

enomes
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Mettl3 expression was upregulated, in parallel to inflam-
matory cytokines (IL-1p, IL-6, IL-18, and TNF-a) and
inflammatory proteins (TRAF6 and NF-«B) [27]. Fur-
ther, Mettl3 levels were positively correlated with those
of TRAF6, and the two proteins could directly interact
[27]. Overexpression of Mettl3 promoted activation of
the TRAF6-NF-kB pathway in an m6A-dependent man-
ner, and inhibition of NF-kB attenuated Mettl3-mediated
microglial activation [27]. This study indicated that the
m6A methyltransferase Mettl3 promotes LPS-induced
microglial activation through TRAF6/NF-xB signal-
ing [27]. In contrast, we find that Mettl3 is significantly
down-regulated in hypoxia-induced microglial activa-
tion. These different results may be due to the different
models used for Mettl3 detection, as well as different tar-
gets and mechanisms for the function of Mettl3. Another
work in LPS-activated microglia revealed distinct m6A
methylation patterns and identified insulin-like growth
factor 2 mRNA binding protein 1 (Igf2bpl) as the most
significantly up-regulated m6A factor as well as cerulo-
plasmin (Cp) and guanylate-binding protein 11 (Gbp11)
as its key target mRNAs [28]. Gbp1l and Cp are proin-
flammatory proteins that could significantly upregu-
late the expression of TNF«, IL-1B, and CD68 proteins
in LPS-stimulated microglia [28]. Cp is an enzyme with
critical functions in iron homeostasis and inflammation
[29]. It has been reported that Cp can stimulate MAPK
and NF-kB signaling and, in turn, activate BV2 micro-
glial cells [30, 31]. In addition, conditional deficiency of
m6A methyltransferase Mettl14 in the substantia nigra
reduced tyrosine hydroxylase expression and enhanced
microglia activation, which was strongly related to m6A
mRNAs nuclear receptor-related protein 1 (Nurrl), pitui-
tary homeobox 3, and en-grailed1 [32]. Nurrl belongs to
the orphan nuclear receptor 4 superfamily expressed by
microglia [33]. Activation of Nurrl inhibits the phago-
cytic function of BV-2 cells via the ERK1/2 signaling
pathway [34].

Conclusion

Taken together, both of the previous existing knowledge
and our current study suggest that mRNA m6A may
regulate microglial activation via the aforementioned
pathways or molecular effectors following HI. While
our findings from GO and KEGG analyses highlight the
involvement of mRNA m6A modifications in the regula-
tion of microglial activation during HIBD, mediated by
Mettl3, Mettl14, Fto, Alkbh5, Ythdfl and Ythdf2, through
their influence on cellular metabolic processes by exert-
ing binding or catalytic activity. However, the exact
mechanism remains to be determined in future studies.
Furthermore, as we found significant expression altera-
tions in these major m6A regulators during microglia
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activation, we hypothesize their promising potential as
diagnostic or prognostic biomarkers, as well as therapeu-
tic targets for microglia activation-induced disorders.

Materials and methods

Animals and models

All animal experiments were approved by the Sichuan
University Committee on Animal Research and complied
with the ARRIVE guidelines (approval no. WCSUH21-
2018-034). Post-natal day 9 (P9) C57BL/6 mice (aver-
age weight, 5.3+0.63 g) were purchased from Sichuan
Dashuo Animal Science and Technology Co., Ltd.
(Chengdu, China).

All the mice were fed with breast milk and maintained
under a 12 h light/12 h dark cycle. The neonatal mice
model of HIBD was established as previously described
(Rice et al., 1981). The process of HIBD modeling is as
follows: All of the neonatal mice at P9 (male and female)
were randomly divided into HIBD and Sham groups
(n=6). And then anesthetized with isoflurane (induction
concentration: 4%, maintenance concentration: 2%). For
mice in the HIBD group, an incision of approximately
1 cm was made in the neck skin. The right carotid artery
was exposed and ligated with a 6—0 suture after separa-
tion from the glands and muscle tissue. After surgery,
mice were returned to the incubator at a constant tem-
perature (37.0 °C) for 30 min for recovery. Subsequently,
the mice were placed in a hypoxia cabin with the condi-
tion of 8% O, and 92% N, at 37 °C and with a gas flow
rate of 3 L/min for 1.5 h in order to induce HIBD. For the
Sham group, mice were only subjected to neck incision
for dissociation of the right carotid artery, without liga-
tion or hypoxia. Finally, all mice were returned to their
cages and sacrificed at P10.

Hematoxylin & eosin (H&E) staining

At P10, Mice were killed and the whole brain was
removed to 4% paraformaldehyde for a fix. After two
days of fixing, the brain tissue was embedded in paraf-
fin and sectioned into 4-pm-thick slices. Subsequently,
the slices were deparaffinized in xylene and rehydrated
through graded alcohol solutions (100%, 5 min X 2; 95%,
5 min X 1; 85%, 2 min X 1; 70%, 2 min X 1). Next, the slices
were washed with distilled water two times and each time
for 5 min. Finally, the slices were performed with hema-
toxylin staining for 5 min, discarded the hematoxylin
and rinsed with running water for 5 s, differentiated in
1% hydrochloric alcohol for 20-30 s and then rinsed with
running water for 5 s, gradient alcohol dehydration and
sealed with a cover glass. The HE results were observed
under a light microscope (Olympus, Tokyo, Japan) to
analyze the pathological characteristics (morphology,
inflammatory cell infiltration, cell edema, and death) of
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the cortex and hippocampus. Six animals were analyzed
in each group.

RNA-seq

At P10, the mice in each group (n=6) were anesthetized
with isoflurane, and their brains were removed. We then
detached the cortex and hippocampus, from which we
then extracted total RNA (#AM1561 from Ambion®) for
RNA-seq (Beijing Novo Gene Technology Co., LTD). The
procedure for RNA sequencing was as follows: Total RNA
was quantified using the Nanodrop ND-2000 (Thermo
Scientific), and RNA integrity was assessed using Agilent
Bioanalyzer 2100 (Agilent Technologies). The criterion
for the quality of RNA can be assessed by the RNA integ-
rity number (RIN) and the ratio of 285/18S. RIN>7 and
28S/18S > 0.7 indicate that the RNA is feasible for RNA-
Array. Total RNA was dephosphorylated, denatured, and
then labeled with Cyanine-3-CTP. After purification, the
labeled RNAs were hybridized onto the Agilent mice
RNA microarray. In-depth data analysis was provided by
Beijing Novo Gene Technology Co., LTD.

Screening differentially expressed m6A regulators

First, for the RNA data analysis, feature extraction
software (version 10.7.1.1, Agilent Technologies) and
gene spring (version 13.1, Agilent Technologies) were
employed to complete the basic analysis, and the raw data
were normalized with the quantile algorithm. Differen-
tially expressed mRNAs were identified via the absolute
fold-change (FC (abs)) and t-test, where FC (abs)>1.5
and P<0.05 indicated a significant change. Next, we
screened for all m6A regulators in RMBase v2.0 (http://
rna.sysu.edu.cn/rmbase/), a database for studying m6A
RNA modifications. Among the differentially expressed
transcripts, we obtained 31 significantly altered mRNA
mo6A regulators, with FC (abs) >2.0 and P<0.05. Among
these, Mettl3, Mettl14, Fto, Alkbh5, Ythdfl, and Ythdf2
have been reported as major regulators of the m6A modi-
fication [13]. Thus, we subjected these to further analysis.

OGD model of primary microglia

Primary microglia from the brains of P9 mice (n=6) were
cultured as follows: (1) Culture plate coating: add 10 pg/
ml polylysine to six-well plates, incubate at 37 “C for 4 h,
suction out excess lysine, wash 3 times with sterilized
pure water, and dry in a biosafety cabinet for later use.
(2) Brain extraction: P9 mice, male or female, were sacri-
ficed after hypothermia anesthesia, soaked in a 75% alco-
hol beaker for disinfection, and decapitated. The scalp
and skull were cut in layers under sterile conditions, and
the whole brain was removed and placed in precooled
PBS Petri dishes. (3) Isolation: The cerebral cortex and
hippocampus were isolated and the vascular membrane
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was removed. The obtained tissue was placed into a pre-
cooled DMEM high glucose (4 ml) culture dish, cut into
1 mm? pieces by ophthalmic scissors, and prepared for
digestion. (4) Digestion: 1 ml papain (working concentra-
tion 2 mg/ml) was added, 50 ul DNase (1 U/ul in aliquots,
30 U/ml) was covered and digested in a 5% CO, incuba-
tor at 37 °C for 30 min, during which time the plates were
shaken gently 3 times. (5) Filtration: tilt the culture dish,
keep the culture dish for 2—-3 min, precipitate the tissue
block, suck out the upper digester, retain the digested tis-
sue block, add the growth medium (containing FBS) to
terminate the digestion, gently blew it and then stood.
After the bulk tissue was precipitated, the supernatant
was sucked and filtered with a 200-mesh screen (70um),
and the cell filtrate was collected. (6) Inoculation: growth
medium (50 ml: 45 ml DMEM high glucose+5 ml
FBS +500 ul double antibody) suspend cells, gently blow
to the single cell suspension. According to the counting
results, 1.5 to 2x 107 cells were adjusted to be seeded
into T75 culture flasks. (7). Liquid exchange: 2-3 days
after inoculation, the culture flask was placed on a shaker
when the mixed cells were fully grown. The temperature
was set at 37 °C and the rotation speed was 180 rpm for
30-40 min. Subsequently, the culture medium was col-
lected into a centrifuge tube and centrifuged at 1000 rpm
for 10-15 min, and then the precipitated cells were
microglia.

To this end, primary microglia were removed from
the medium (DMEM + FBS + penicillin—streptomycin),
washed three times with PBS, and added to the pretreated
sugar-free and serum-free DMEM medium to simulate
the cell ischemia state. And then maintained at 37 °C in
hypoxic cabins with conditions (94% N,, 5% CO,, and
1% O,) for 2 h to establish the OGD group in vitro. The
corresponding control group was cultured with DMEM
medium (DMEM + FBS + penicillin—streptomycin) at the
conditions of 37 ‘C, 95% O,, and 5% CO,. After OGD,
microglia were collected, and then extracted the total
RNA and protein by RNA extraction kit (#AM1561 from
Ambion®) and protein extraction kit (cat. no. BB-31227-
1; Chengdu bei Bo; http://beibokit.com/), respectively.

Detection of m6A RNA expression in cultured microglia
The EpiQuik m6A RNA methylation quantitative detec-
tion kit (ab185912, colorimetric, article no. P-9005-48)
was used to detect the expression of RNA m6A after
OGD. Experimental procedures were performed accord-
ing to the manufacturer’s instructions.

RT-PCR

Total RNA was extracted from microglia (#AM1561 from
Ambion®) and then subjected to reverse transcription,
followed by PCR. mRNA expression was calculated using
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the 2-AACt method and normalized to that of GAPDH.
Primer sequence information for Mettl3, Mettl14, Fto,
Alkbh5, Ythdfl, and Ythdf2 is provided in Additional
file 3. Supplementary Tables: Table S1.

Immunofluorescence staining

To validate the expression of major regulators of Mettl3,
Mettl14, Fto, Alkbh5, Ythdfl, and Ythdf2 in microglia
in vivo, we performed double immunofluorescence stain-
ing with Ibal. The brain tissues of mice were frozen, sec-
tioned, blocked with goat serum for 1 h, and incubated
with primary antibody at 4 °C overnight. The next day,
sections were washed with PBS, where a fluorescently-
labeled secondary antibody was added and incubated in a
wet box at room temperature for 2 h. After washing with
PBS, DAPI was added to sections and incubated in the
dark for 5 min. Finally, the sections were again washed
with PBS, and an anti-fluorescence quenching agent was
added. Fluorescence images were obtained using a con-
focal laser-scanning microscope (Olympus, Japan) and
FV-ASW-3.1 software (Olympus). Antibody information
is provided in Additional file 3. Supplementary Tables:
Table S2.

Western blot

Total protein was extracted from microglia (cat. no.
BB-31227-1; Chengdu bei Bo; http://beibokit.com/),
and protein concentration was determined using the
BCA protein assay kit (Pierce) with bovine serum albu-
min as the standard. SDS—polyacrylamide gel (10%) was
used to separate target proteins (Mettl3, Mettl14, Fto,
Alkbh5, Ythdfl, and Ythdf2) and the internal reference
protein GAPDH. Finally, immunoreactive signal bands
were quantified using Image] software. The optical densi-
ties (OD) ratio of the target protein to the internal refer-
ence protein was used to generate a statistical graph. All
experiments were repeated at least three times to ensure
the reproducibility of the results. Antibody information is
provided in Additional file 3. Supplementary Tables: S2.

GO and KEGG enrichment analyses

Further systematic analysis of possible gene targets for
the differentially expressed m6A regulators was con-
ducted using psRNATarget software and then subjected
to GO enrichment analysis to analyze their functions
(http://www.geneontology.org), which includes the bio-
logical process, cellular component, and molecular
function categories. KEGG was used to analyze related
pathways. GO and KEGG enrichment analyses were car-
ried out using the Metascape database (https://metas
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cape.org/gp/index.html#/main/stepl). P<0.05 indicated
significantly enriched terms.

Statistical analysis

Statistical analysis was performed using SPSS 23.0.
Data of relative OD of immunoblots are presented as
the mean + standard deviation (SD). After determining
the normality and variance homogeneity of the data, we
performed between-group comparisons using Student’s
t-test. Statistical significance was assigned as *P<0.05,
**P<0.01, ***P<0.001.

Abbreviations

HIBD Hypoxic-ischemic brain damage
OGD Oxygen and glucose deprivation
HI Hypoxia—ischemia

TNF-a Tumor necrosis factor-a

IL-1B8 Interleukin-10

IL-6 Interleukin-6

IFN-y Interferon-y

Arg-1 Arginase-1

m6A Mé-methyladenosine

Mettl3/Mettl14 Methyltransferase 13/14

—-CH,4 Methyl groups

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

P9 Post-natal day 9

FC (abs) The absolute fold-change

oD Optical densities

SD Mean +standard deviation

AMPK Adenosine 5’-monophosphate-activated protein
kinase

Igf2bp1 Like growth factor 2 mRNA binding protein 1

Cp Ceruloplasmin

Gbp11 Guanylate-binding protein 11

Nurr1 Nuclear receptor-related protein 1

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540246-023-00527-y.

Additional file 1. Figure S1. lllustration of microglia activation in HIBD.

Additional file 2. Figure S2. Schematic diagram of mRNA m6A modifica-
tion mechanism.

Additional file 3: Supplementary Tables for the information of the primer
sequence and antibodies in this study.

Acknowledgements
Not applicable.

Author contributions

XS mainly contributed to the original draft preparation. LH and SY assisted to
analyze the original data. SL and JY performed the validation experiments.
FZ, SW, and QL supervised the experiment results. YQ and DM funding for
language polish and publication fees. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Key R&D Program of China
(2021YFC2701704, 2017YFA0104200); the National Natural Science Foundation
of China (81971433, 81971428); The grants from the Science and Technology
Bureau of Sichuan Province (2021YJ0017, 2020YFS0041); the Fundamental


http://beibokit.com/
http://www.geneontology.org
https://metascape.org/gp/index.html#/main/step1
https://metascape.org/gp/index.html#/main/step1
https://doi.org/10.1186/s40246-023-00527-y
https://doi.org/10.1186/s40246-023-00527-y

Su et al. Human Genomics (2023) 17:78

Research Funds for the Central University (SCU2022D006); National Key Project
of Neonatal Children (1311200003303).

Availability of data and materials
The dataset(s) supporting the conclusions of this article is(are) included within
the article (and its additional file(s)).

Declarations

Ethics approval and consent to participate

This study was approved by the Research Animal Care Committee of Sichuan
University, China. All animal experiments were approved by the Sichuan
University Committee on Animal Research and complied with the ARRIVE
guidelines (Approval No. WCSUH21-2018-034).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 August 2022 Accepted: 15 August 2023
Published online: 25 August 2023

References

1. Ogawa Y, Tanaka E, Sato Y, Tsuji M. Brain damage caused by neonatal
hypoxia-ischemia and the effects of hypothermia in severe combined
immunodeficient (SCID) mice. Exp Neurol. 2021;337: 113577.

2. Fenn-Moltu S, Fitzgibbon SP, Ciarrusta J, Eyre M, Cordero-Grande L, Chew
A, et al. Development of neonatal brain functional centrality and altera-
tions associated with preterm birth. Cereb Cortex. 2022;33:5585-96.

3. Chen X, Malaeb SN, Pan J, Wang L, Scafidi J. Editorial: perinatal hypoxic-
ischemic brain injury: mechanisms, pathogenesis, and potential thera-
peutic strategies. Front Cell Neurosci. 2022;16:1086692.

4. Bregere C, Schwendele B, Radanovic B, Guzman R. Microglia and stem-
cell mediated neuroprotection after neonatal hypoxia—ischemia. Stem
Cell Rev Rep. 2022;18(2):474-522.

5. Duffy SS, Hayes JP, Fiore NT, Moalem-Taylor G. The cannabinoid
system and microglia in health and disease. Neuropharmacology.
2021;1(190):108555.

6. YuSS, LiZY,XuXZ Yao F, LuoY, Liu YC, et al. M1-type microglia can induce
astrocytes to deposit chondroitin sulfate proteoglycan after spinal cord
injury (vol 17, pg 1072, 2022). Neural Regen Res. 2022;17(7):1430.

7. YuLT,SuXJ,LiSP, Zhao FY, Mu DZ, Qu Y. Microglia and their promising

role in ischemic brain injuries: an update. Front Cell Neurosci. 2020;14:211.

8. Kobashi S, Terashima T, Katagi M, Nakae Y, Okano J, Suzuki, et al.
Transplantation of M2-deviated microglia promotes recovery of motor
function after spinal cord injury in mice. Mol Ther. 2020;28(1):254-65.

9. JinJ,Guo J, Cai HB, Zhao CC, Wang H, Liu ZY, et al. M2-like microglia
polarization attenuates neuropathic pain associated with Alzheimer’s
disease. J Alzheimers Dis. 2020;76(4):1255-65.

10. Kaeffer B, Taipaleenmaki H, de Souza SL. Editorial: RNA-mediated pro-
cesses in epigenetics; an integrative view in the maintenance of homeo-
stasis. Front Genet. 2021. https://doi.org/10.3389/fgene.2020.629918.

11. Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA modifications in gene
expression regulation. Cell. 2017;169(7):1187-200.

12. Zaccara S, Ries RJ, Jaffrey SR. Reading, writing and erasing mRNA meth-
ylation. Nat Rev Mol Cell Bio. 2019;20(10):608-24.

13. You SY, Su XJ,Ying JJ, Li SP Qu Y, Mu DZ. Research progress on the role
of RNA m6A modification in Glial cells in the regulation of neurological
diseases. Biomolecules. 2022;12(8):1158.

14. Zhang W, Qian'Y, Jia GF. The detection and functions of RNA modi-
fication m(6)A based on m(6)A writers and erasers. J Biol Chem.
2021,297(2):100973.

15. Song YY, Xu QR, Wei Z, Zhen D, Su JL, Chen KQ, et al. Predict epitranscrip-
tome targets and regulatory functions of N-6-Methyladenosine (m(6)A)
writers and erasers. Evol Bioinform. 2019;5(15):1176934319871290.

Page 12 of 12

16. Zhen D, Wu YX, Zhang YX, Chen KQ, Song BW, Xu HQ, et al. m(6)A reader:
epitranscriptome target prediction and functional characterization of
N-6-methyladenosine (m(6)A) readers. Front Cell Dev Biol. 2020;8:741.

17. Yen YP, Chen JA. The m(6)A epitranscriptome on neural development and
degeneration. J Biomed Sci. 2021;28(1):1-11.

18. YiDZ, Wang QH, Zhao YH, Song Y, You H, Wang J, et al. Alteration of
N-6-methyladenosine mRNA methylation in a rat model of cerebral
ischemia-reperfusion injury. Front Neurosci. 2021;16(15):605654.

19. Huang RR, Zhang Y, Bai Y, Han B, Ju MZ, Chen BL, et al. N-6-methyladen-
osine modification of fatty acid amide hydrolase messenger RNA in
circular RNA STAG1-regulated astrocyte dysfunction and depressive-like
behaviors. Biol Psychiatry. 2020;88(5):392-404.

20. XuH, DzhashiashviliY, Shah A, Kunjamma RB, Weng YL, Elbaz B, et al. m(6)
A mRNA methylation is essential for oligodendrocyte maturation and
CNS myelination. Neuron. 2020;105(2):293.

21. Tong JY, Wang XF, Liu YB, Ren XX, Wang AM, Chen ZG, et al. Pooled CRISPR
screening identifies m(6)A as a positive regulator of macrophage activa-
tion. Sci Adv. 2021;7(18):eabd4742.

22. Wang P, Li C, Liao G, Huang Y, Lv X, Liu X, et al. Vanillin attenuates proin-
flammatory factors in a tMCAO Mouse model via inhibition of TLR4/NF-kB
signaling pathway. Neuroscience. 2022;21(491):65-74.

23. Huang XY, Hu QP, Shi HY, Zheng YY, Hu RR, Guo Q. Everolimus inhibits
PI3K/Akt/mTOR and NF-kB/IL-6 signaling and protects seizure-induced
brain injury in rats. J Chem Neuroanat. 2021;114:101960.

24. CaiY,Cho GS, Ju C,Wang SL, Ryu JH, Shin CY, et al. Activated microglia are
less vulnerable to hemin toxicity due to nitric oxide-dependent inhibition
of JNK'and p38 MAPK activation. J Immunol. 2011;187(3):1314-21.

25. Chen CC, Lin JT, Cheng YF, Kuo CY, Huang CF, Kao SH, et al. Amelioration
of LPS-induced inflammation response in microglia by AMPK activation.
BioMed Res Int. 2014,2014:692061.

26. ZhouR,Ying J, Qiu X, Yu L, YueY, Liu Q, et al. A new cell death program
regulated by toll-like receptor 9 through p38 mitogen-activated protein
kinase signaling pathway in a neonatal rat model with sepsis-associated
encephalopathy. Chin Med J. 2022;135(12):1474-85.

27. Wen LB, Sun W, Xia DY, Wang YM, Li JP, Yang S. The m6A methyltransferase
METTL3 promotes LPS-induced microglia inflammation through TRAF6/
NF-kappa B pathway. NeuroReport. 2022;33(6):243-51.

28. Ding L, Wu HR,Wang Y, LiY, Liang ZP, Xia XH, et al. m6A reader Igf2bp1
regulates the inflammatory responses of microglia by stabilizing Gbp11
and Cp mRNAs. Front Immunol. 2022;13:872252.

29. WuY, Shen L, Wang R, Tang J, Ding SQ, Wang SN, et al. Increased
ceruloplasmin expression caused by infiltrated leukocytes, activated
microglia, and astrocytes in injured female rat spinal cords. J Neurosci
Res. 2018;96(7):1265-76.

30. Persichini T, Maio N, di Patti MCB, Rizzo G, Toscano S, Colasanti M, et al.
Interleukin-1 beta induces ceruloplasmin and ferroportin-1 gene expres-
sion via Map Kinases and C/EBP beta, AP-1, and NF-kappa B activation
(vol 484, pg 133, 2010). Neurosci Lett. 2011;493(1-2):59.

31. Lee KH, Yun SJ,Nam KN, Gho YS, Lee EH. Activation of microglial cells by
ceruloplasmin. Brain Res. 2007,26(1171):1-8.

32. Teng, Liu ZH, Chen XM, Liu YZ, Geng F, Le WD, et al. Conditional
deficiency of m6A methyltransferase Mettl14 in substantia nigra alters
dopaminergic neuron function. J Cell Mol Med. 2021;25(17):8567-72.

33, Lallier SW, Graf AE, Waidyarante GR, Rogers LK. Nurr1 expression is modi-
fied by inflammation in microglia. NeuroReport. 2016;27(15):1120-7.

34. Han QW, Shao QH, Wang XT, Ma KL, Chen NH, Yuan YH. CB2 receptor acti-
vation inhibits the phagocytic function of microglia through activating
ERK/AKT-Nurr1 signal pathways. Acta Pharmacol Sin. 2022;43(9):2253-66.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3389/fgene.2020.629918

	The RNA m6A modification might participate in microglial activation during hypoxic–ischemic brain damage in neonatal mice
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	The mRNA m6A regulator was significantly altered in activated microglia of neonatal HIBD mice
	Mettl3, Mettl14, Fto, Alkbh5, Ythdf1, and Ythdf2 are significantly downregulated in the HIBD model of microglia activation
	Mettl3, Mettl14, Fto, Alkbh5, Ythdf1, and Ythdf2 are significantly downregulated in OGD induced microglia activation
	GO and KEGG pathway analysis

	Discussion
	Conclusion
	Materials and methods
	Animals and models
	Hematoxylin & eosin (H&E) staining
	RNA-seq
	Screening differentially expressed m6A regulators
	OGD model of primary microglia
	Detection of m6A RNA expression in cultured microglia
	RT-PCR
	Immunofluorescence staining
	Western blot
	GO and KEGG enrichment analyses
	Statistical analysis

	Anchor 26
	Acknowledgements
	References


