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Although previous studies have shown that an enriched environment (EE) promotes
neurogenesis and alters DNA and histone modifications, it remains largely unknown
whether an EE affects epitranscriptome in the context of neuronal development. Here,
we showed that EE exposure enhanced the pool of adult neural stem/progenitor cells
(aNSPCs) and promoted neuronal differentiation of aNSPCs. EE exposure also improved
cognitive capabilities and altered the expression of genes relating to neuronal
development, neurogenesis, and memory. N°-Methyladenosine (m°®A)
immunoprecipitation combined with deep sequencing (MeRIP-seq) data analysis
revealed that EE exposure increased the global level of m°A and led to differential m°A
mRNA modification. Differential m°A modification-associated genes are involved in
neuronal development, neurogenesis, and so on. Notably, EE exposure decreased the
protein level of m®A eraser Fto, but did not affect the protein level of mPA writers METTL3
and METTL14. Taken together, our results suggest that enriched environment exposure
induces differential m®A mRNA modification and adds a novel layer to the interaction
between the environment and epigenetics in the context of postnatal neuronal
development.

Keywords: N6-methyladenosine RNA methylation, enriched environment, fat mass and obesity-associated gene,
neuronal development, neural stem/progenitor cell, neurogenesis, cognition

INTRODUCTION

During the postnatal neuronal development, mammalian neurogenesis driven by neural stem/
progenitor cells (aNSPCs) is modulated by diverse factors including environment, genetics, and
epigenetics (Li and Jin, 2010; Ma et al., 2010; Sun et al., 2014; Avgustinova and Benitah, 2016; Hsiech
and Zhao, 2016; Yao et al, 2016; Atlasi and Stunnenberg, 2017). As the most abundant RNA
modification in mRNAs of eukaryotic cells, N°-methyladenosine (m®A) modification is deposited by
methyltransferase-like 3 (METTL3)-methyltransferase-like 14 (METTL14) complex and can be
erased by fat-mass and obesity-associated protein (Fto) and a-ketoglutarate-dependent dioxygenase
alkB homolog 5 (Alkbh5) in mRNAs of eukaryotic cells. Previous studies have shown that m®A
modification involves a variety of biological processes including cell fate determination, proliferation
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and differentiation of stem cells, circadian, homeostasis, DNA
damage response, and adipogenesis (Fustin et al., 2013; Batista
et al., 2014; Wang et al,, 2014; Zhao et al., 2014; Li et al., 2017a;
Zhang et al., 2017).

m®A displays dynamic features during the embryonic and
postnatal neuronal development, and neurodegeneration in
mammals (Meyer et al.,, 2012; Shafik et al., 2021; Zhao et al,
2021). The modulation of Mettl14 or Mettl3 decreases the level of
m°A and consequently regulates embryonic and adult
neurogenesis, cerebellar development, and stress response
(Wang et al., 2018a; Wang et al., 2018b; Engel et al.,, 2018; Li
et al., 2018; Ma et al., 2018; Shi et al., 2018; Chen et al., 2019; Cao
et al.,, 2020; Gao et al.,, 2020; Livneh et al.,, 2020). In addition,
constitutive and specific modulation of Fto in differential lineages
of cells affects neuronal activity, depression, fear, and spatial
memory of mice (Hess et al., 2013; Sevgi et al., 2015; Nainar et al.,
2016; Widagdo et al., 2016; Li et al., 2017b; Cao et al., 2020; Gao
et al, 2020; Liu et al, 2021). In line with its effects on
transcriptome, ~ differential mechanisms for m°A  playing
function have been revealed, such as interacting with histone
methyltransferase EZH2, increasing adenosine, and regulating
BDNF signaling pathway (Li et al., 2017b; Chen et al., 2019; Gao
et al., 2020).

The environment is critical for postnatal neuronal
development, and epigenetics, such as DNA and histone
modifications, mediate gene-environment interaction. An
enriched environment (EE), in which animals are usually
housed in a transparent larger cage equipped with toys,
tunnels, and running wheels, which involves sensorimotor and
social stimulation, shows remarkable influences on neuronal
plasticity, neurogenesis, and hippocampus-dependent learning
and memory (Kempermann, 2019; Zocher et al., 2020; Gronska-
Peski et al., 2021; Zocher et al., 2021; Lupori et al., 2022). EE
exposure counteracts age-related DNA methylation (Zocher
et al., 2021), DNA hydroxymethylation (Irier et al., 2014), and
regulates gene expression including fibroblast growth factor
receptor (FGFR) (Rampon et al, 2000; Kempermann, 2019;
Gronska-Peski et al, 2021). However, it remains largely
unknown regarding the effects of EE exposure on m°A mRNA
modification in the context of neuronal development.

In the present study, we found that enriched environment
treatment enhanced the pool and promoted neuronal
differentiation of adult neural stem/progenitor cells (aNSPCs).
Behavioral tests showed that EE exposure also enhanced the
cognitive capabilities of mice. RNA-seq data analysis showed
that EE exposure altered the expression of genes relating to
neuronal development, neurogenesis, and memory. MeRIP-seq
data analysis revealed that EE exposure increased the global level
of m®A modification. Differential m°A modification-associated
genes are involved in neuronal development, neurogenesis, and
so on. Notably, EE exposure decreased Fto protein level but did
not affect METTL3 and METTL14 protein levels. Taken together,
our results revealed that an enriched environment induces
differential m°A mRNA modification and regulates the
proliferation and differentiation of aNSPCs and cognition of
mice during postnatal neuronal development.

m6A Modification in Neurogenesis

RESULTS

Enriched Environment Promotes Mouse

Hippocampal Neurogenesis and Cognition
To examine the effects of enriched environment exposure on
postnatal hippocampal neurogenesis, wild-type (WT, C57BL6)
mouse pups (postnatal day 21) were weaned and housed in
standard (SH, 4-5 animals per cage) and enriched
environment (EE, 8-9 animals per cage), respectively
(Supplementary Figure S1A). Five weeks later, neurogenesis
assay, MeRIP-seq/RNA-seq, and behavioral tests were
performed (Supplementary Figure S1B).

To analyze the effects of EE exposure on the proliferation of
adult neural stem/progenitor cells (aNSPCs), animals were
injected with BrdU and sacrificed 1-day post the final BrdU
administration (Supplementary Figure S1C).
Immunofluorescence staining and quantification results
showed that EE exposure significantly increased the number of
BrdU positive (BrdU") cells (proliferation assay) compared to
that of the SH group (Figures 1A,B). In addition, the number of
neural progenitor cells marker Doublecortin (DCX) positive
(DCX™) cells also was significantly increased (Figures 1A,C).
To analyze the effects of EE exposure on the differentiation of
aNSPCs, animals were sacrificed at the time-point of 1-week post
the final BrdU administration (Supplementary Figure S1C).
Immunofluorescence staining and quantification results
showed that EE exposure led to a remarkable increase in the
percentage of BrdU'DCX"/BrdU" (Figures 1D,E). Furthermore,
we observed that the number of BrdU™ cells and the percentage of
newborn mature neurons (BrdU"NeuN*/BrdU*) both
significantly increased in the brain of EE-exposed mice
compared to those of SH mice 1 month post the final BrdU
administration (Figures 1F-H). Taken together, these results
suggest that EE exposure enhances the pool of aNSPCs and
promotes adult neurogenesis.

Enriched Environment Exposure Enhances
the Cognitive Function of Mice

We next performed behavioral tests to examine whether EE
exposure affected the cognition of mice. For the pattern
separation test, SH and EE-exposed mice were first tested in
an object-context discrimination task (Figure 2A). We observed
that SH and EE-treated mice showed similar proportions of time
exploring the objects during a sample phase (Figure 2B). During
the test phase, SH and EE-exposed mice spent more time
exploring the incongruent object (Figure 2C). However, EE-
treated mice showed less time exploring the congruent object
and more time exploring the incongruent object compared to SH
mice during the test phase (Figure 2D).

Furthermore, we performed a morris water maze (MWM)
test and observed that EE-exposed mice displayed a shorter
latency during the training period (Figures 2E,F). The probe
trial test showed that EE-treated mice showed shorter latency,
increased time in the target quadrant, and numbers of crossing
the platform (Figures 2G-I), though SH and EE-treated mice
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FIGURE 1 | Enriched environment exposure promotes postnatal hippocampal neurogenesis. (A) Representative images of BrdU and DCX immunostaining with the
brain sections of SH and EE mice, respectively. Adult mice were administrated with BrdU six times with an interval of 4 h and sacrificed 4 h post the final BrdU
administration. BrdU, 5-bromo-2’-dexoyuridine. Scale bar, 50 pm. (B,C) Quantification results showed that EE exposure significantly increased the numbers of BrdU*
(B) and DCX* (C) cells compared to SH mice, respectively. EE/SH, n = 3 mice. Values represent mean + SEM; *p < 0.05; *p < 0.01; **p < 0.001; unpaired
Students t-test. DCX, doublecortin. (D) Representative images of BrdU-DCX immunostaining with the brain sections of SH and EE mice, respectively. Mice were
administrated with BrdU six times, two times per day for three consecutive days with an interval of 12 h, and sacrificed 1-week post the final BrdU administration. Scale
bar, 50 um. (E) Quantification results showed that EE exposure significantly increased the percentage of BrdU*DCX™" cells compared to SH mice. SH, n = 4 mice; EE, n =
3 mice. Values represent mean + SEM; *p < 0.05; **p < 0.01; **p < 0.001; unpaired Students t-test. (F) Representative images of BrdU-NeuN immunostaining with the
brain sections of SH and EE mice, respectively. Mice were sacrificed 4-week post the final BrdU administration. Scale bar, 50 um. NeuN, neuronal nuclei. (G,H)
Quantification results showed that EE exposure significantly increased the number of BrdU* cells (G) and the percentage of BrdU*NeuN™ cells compared to SH mice,
respectively. SH, n = 4 mice EE, n = 3 mice. Values represent mean + SEM; *p < 0.05; **p < 0.01; **p < 0.001; unpaired Students t-test.
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exhibited similar swimming paths length and speed (Figures
2J,K). In addition, the eight-arm maze test showed that EE-
exposed mice showed reduced working and reference memory
error ratios compared to those of SH mice (Figures 2L,M).
Collectively, these results suggest that EE exposure enhances the
cognitive function of mice during postnatal neuronal
development.

Enriched Environment Treatment Alters the

Neuronal Transcriptome

To uncover the molecular mechanism underlying EE exposure
regulation of postnatal neurogenesis, we performed RNA-seq
with RNA extracted from the hippocampi tissue of SH and EE
mice, respectively. Gene set enrichment analysis (GSEA) of
RNA-seq data showed that all expressed genes were enriched
in gene transcription and long-term memory (Supplementary
Figures S2A,B). The expression of 584 genes significantly
alternated, 246 up- and 338 down-regulated, in the EE group
compared to the SH group (Figure 3A and Supplementary
Table S1). Gene ontology (GO) analysis revealed that up-
regulated genes significantly enriched in terms relating to
neuronal development, learning, cognition, and axon
development, et al. (Figure 3B). Cell component and
molecular function enrichment analysis indicated that up-
and down-regulated genes involved in synapse
development and neuronal activity (Figures 3C,D). Notably,
compared to SH mice, up-regulated genes induced by EE
exposure were significantly enriched in terms including
axonogenesis, learning  or  memory, postsynaptic
specialization, and ion channel activity (Figure 3E).

We further performed an integrated analysis of the
differentially expressed genes (DEGs) revealed by our RNA-
seq with the genes in the MANGO database, which annotated
263 genes promoting the hippocampal neurogenesis (Overall
et al, 2012). 23 genes revealed by our RNA-seq were
identified in this database, and 7 of 23 genes showed the
altered expression (Figure 3F and Supplementary Table S2).
Six genes including Egrl, DId, Odcl, Ptgs2, Bdnf, Per2 were
remarkably up-regulated, and one gene, Ndel, was significantly
down-regulated in the EE group compared with the SH group
(Figure 3F). In addition, protein interaction analysis showed that
up-regulated genes coding proteins were enriched in terms of
neuronal system development, learning and memory, synapse
organization, and neurogenesis (Figure 3G). Together, these
results suggest that EE exposure promotes the expression of
genes associated with neurogenesis.

were

Enriched Environment Exposure Leads to

the Alteration of m°A Modification

The dynamic m°A methylation has been shown to be involved
in the regulation of neuronal development, neurogenesis, and
cognition (Meyer et al., 2012; Shafik et al., 2021; Cao et al., 2020;
Li et al,, 2018; Chen et al., 2019; Shi et al., 2018; Wang et al.,
2018a; Hess et al., 2013; Nainar et al., 2016; Yoon et al., 2017;
Livneh et al., 2020; Yu et al., 2017). To determine whether m°A

m6A Modification in Neurogenesis

modification is involved in the regulation of EE exposure in
neurogenesis and neuronal development, we performed RNA
m°A MeRIP-seq with SH and EE-treated mouse brain samples.
The analysis of MeRIP-seq data of SH and EE groups revealed
m®A motifs, which included canonical and novel m°A motifs
(Figure 4A) (Batista et al, 2014; Chen et al, 2019). EE-
treatment substantially increased m°A enrichment in
amplitude compared to the SH group (Figure 4B). MeRIP-
seq data analysis also showed that the enriched distribution of
m°A peaks was close to stopping codons in both SH and EE
groups (Figure 4C and Supplementary Figures S3A,B),
whereas EE exposure increased the distribution of m°®A
methylation on coding sequence (CDS) compared to SH
group (Figure 4C and Supplementary Figures S3A,B).
Totals of 58,062 and 71,370 m°®A peaks were identified in the
SH group and EE group, respectively (Figure 4D and
Supplementary Table S3). Among the identified peaks,
37,511 m°A peaks were overlapped between SH and EE
groups; 18,366 m®A peaks were specific in the SH group and
30,511 m°A peaks were specific in the EE group, respectively
(Figure 4D and Supplementary Table S3). The
hypermethylated m°A peaks are predominantly localized at
3" untranslated region (3'UTR) and coding sequence (CDS),
whereas the hypomethylated peaks are predominantly localized
at 3'UTR (Supplementary Figure S3C). As to the 37,511
overlapped m°A  peaks, 2021 overlap_hyper- and
123 overlap_hypo-methylated m°A peaks were identified in
the EE group compared to the SH group, respectively
(Figure 4E and Supplementary Table S3).

We examined the differential m®A peaks identified in our
study with the m°A sites included in the m®A atlas database,
which collected 442,162 reliable m°A sites (Tang et al., 2021).
Among 32,532 hyper_m°A peaks, 4309 peaks were mapped to
8856 mPA sites, which were correlated to 3541 genes, and 28,223
peaks were unmapped. Among the total of 18,489 hypo_m°A
peaks, 1592 peaks were mapped to 3024 m°A sites, which were
correlated to 1541 genes, and 16,897 peaks were unmapped
(Supplementary Figures S3D,E). GO analysis showed that
genes correlating to hyper_m°®A peaks-mapped sites enriched
terms for neuronal development, and genes correlating to
hypo_m°A peaks-mapped sites enriched terms for cell cycle
(Supplementary Figures S3F,G). We also analyzed the
conservation of m°A peaks identified in our study by
mapping to the ConsRM database (Song et al., 2021). SH
and EE total m°A peaks were mapped to 11,058 and 11,464
ConsRM m°A sites, respectively (Supplementary Figures
S3H,I). In addition, hyper_m°A peaks were mapped to 1859
ConsRM m°A sites, which were correlated to 1042 genes and
hypo_m°A peaks were mapped to 595 ConsRM m°A sites,
which  were correlated to 389 genes, respectively
(Supplementary Figure S3]). GO analysis showed that genes
correlating with hyper_m°A peaks mapped m°A sites enriched
terms for neuronal development, and genes correlating to
hypo_m°A peaks-mapped sites enriched terms for cell cycle
(Supplementary Figures S3K,L). These results suggest that EE
exposure induces differential m®A modification in the brain,
which could involve regulating neuronal function.
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FIGURE 2 | Enriched environment exposure enhances the learning and memory of mice. (A) Schematic illustration of pattern separation memory test. In the sample
phase, mice were sequentially exposed to two similar but distinct contexts one and two containing pairs of identical objects. In the test phase, mice were placed in either
context one or two containing one congruent object and one incongruent object. (B) Pattern separation memory test showed that SH and EE mice did now show a
difference in the proportion of object exploration time during the sample phase. EE mice, n = 14; SH mice, n = 12. Values represent mean + SEM; ns, not significant;

*p < 0.05; *p < 0.01; **p < 0.001; unpaired Students t-test. (C,D) Pattern separation memory test showed that SH and EE mice spent a greater proportion of time
exploring the incongruent object (C), but EE mice exhibit a higher proportion of time for an incongruent object (D) compared to SH mice during the test phase. EE mice,
n=14; SH mice, n = 12. Values represent mean + SEM; *p < 0.05; **p < 0.01; **p < 0.001; **p < 0.0001; unpaired Students t-test. (E) Representative images of the
swimming path of SH and EE mice during the testing period in the Morris Water Maze test. (F) EE mice displayed shorter escape latency compared to SH mice during the
training period in the Morris Water Maze test. SH, n = 7 mice; EE, n = 8 mice. Values represent mean + SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001; unpaired
Students t-test. (G-K) Probe trial test results showed that EE mice displayed a shorter time to reach the platform (G), longer time in the target quadrant field (H), and more
numbers of platform crossings (I), while SH and EE mice exhibited similar swimming speed (J) and length (K). SH, n = 7 mice; EE, n = 8 mice. Values represent mean +
SEM; *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; unpaired Students t-test. (L,M) Eight-arm maze test results showed that EE mice displayed lower error ratios of

reference (L) and working (M) memory. SH, n = 7 mice; EE, n = 8 mice. Values represent mean + SEM; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; unpaired
Students t-test.
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Differentially Expressed Transcripts With
Differential m®A Modification Involves in
Neuronal Development

To examine the effects of EE exposure-induced the altered m®A
modification on gene expression, we next performed the
integrated analysis with MeRIP-seq data and RNA-seq data.
As to the 37,511 common m°A peaks identified in both SH
and EE groups, 123 overlap_hypo- and 2021 overlap_hyper-
methylated m°A peaks were related to 119 and 1748 genes,
respectively (Figure 5A and Supplementary Table $S4). GO
analysis revealed that both overlap_hyper and overlap_hypo
m°A  peaks-related genes were significantly enriched in
biological processes relating to neuronal development and
function, such as learning or memory, synaptic organization
and plasticity, mRNA processing, etc (Figures 5B,C).

Next, we correlated specific m®A peaks with gene expression in
SH and EE groups, respectively. We observed that the identified
specific m°®A peaks corresponded to 390 and 1535 genes in the SH
group and EE group, respectively (Figure 5D and
Supplementary Table S5). GO analysis showed that EE-
specific m°A  peaks-associated genes were enriched for
regulation of cell growth, axon development, gliogenesis, efc,
whereas SH-specific m°A peaks-associated genes were enriched
for terms including negative regulation of cell activation and
negative regulation of immune system process (Figures 5E,F).
We observed that overlapped hypo-m°®A modification-associated
genes showed higher expression compared to that of hyper-m°A
modification-associated genes (Figures 5G,H). Consistently,
specific m°A modification was correlated with the decreased
gene expression in both SH and EE groups (Figures 5L]J).

We next combined the gene lists with differential peaks,
including  specific peaks and overlapped_hyper and
overlapped_hypo peaks, and harvested 3610 genes; 180 of
these 3610 genes (4.99%) were overlapped with differential
expressed genes (DEGs) (584) revealed by RNA-seq (30.82%)
(Figure 5K and Supplementary Table S6). Forty-five genes with
hyper m°A modification were up-regulated (hyper_up), and 126
genes with hyper m®A modification were down-regulated
(hyper_down) (Figure 5L and Supplementary Table S6). Six
genes with hypo m°A modification displayed increased
expression, and three with hyper m®A modification displayed
decreased expression (Figure 5L and Supplementary Table S6).
Furthermore, GO analysis revealed that both hyper_up and
hyper_down genes enriched for the terms including neuronal
projection, neuron development, cell differentiation, and so on
(Figure 5M). Together, these results suggest that differential m°A
modification is involved in regulating the expression of genes
related to neuronal development and neurogenesis.

Fto Involves in EE Exposure-induced

Differential m°A Modification

Next, we performed an m°A dot blot and compared the levels of total
m°A levels between SH and EE-treated mice. m®A dot blot assay and
data analysis showed that the global level of m°A increased in the
hippocampal tissues of EE exposed mice compared to that of SH

m6A Modification in Neurogenesis

mice (Figures 6A,B). In addition, MeRIP data analysis also revealed
an increase in m®A modification in EE exposed mice compared to
SH mice (Figure 6C).

Next, we examined the expression of several key genes related to
mP®A modification including Fto, Mettl3, and Mettl14. Although the
expression of Fto, Mettl3, Mettl14, Wtap, Rbm15, and Rbm15b did
not show significant differences at the mRNA level (Figures 6D,E,
and Supplementary Figure S4A), Fto and Mettl3 displayed
differential m°®A modification (Figure 6F). Western blot assay
and data analysis showed that the protein level of Fto
significantly decreased in EE exposed mice compared to that of
SH mice (Figures 6G,H), but we did not observe a significant change
in the levels of METTL3 and METTL14 (Figures 6G,L]J). These
results together suggest that the Fto mediated the differential m°A
mRNA modification induced by EE exposure.

DISCUSSION

In the present study, we investigated the effects of the enriched
environment (EE) on neurogenesis and its related mechanisms
during postnatal neuronal development. We found that EE
exposure enhanced neurogenesis and cognition of mice. RNA
sequencing revealed that EE exposure altered the transcriptome,
which was related to neurogenesis, neuronal development, and so
on. EE exposure altered the global level of mRNA m°A and
several novel m°A motifs were uncovered besides canonical
motifs. In addition, EE exposure induced differential m®A
mRNA modification. Only 21.8% of differential peaks were
mapped to the m°A atlas database, which included some
“known m°A sites” (Tang et al., 2021), and around half of the
differential peaks (49.5% in the SH group and 51.3% in EE group)
were mapped to ConsRM database (Song et al., 2021). Genes
correlated by these sites are involved in axon development and
the cell cycle. These results suggest that epitranscriptome respond
to environmental stimuli novel m°A sites could involve in the
altered transcriptome during the postnatal neuronal
development. Genetic manipulation of m®A writers, erasers,
and readers affected m°A methylation level and altered gene
expression, which in turn regulated neuronal development and
neurogenesis, and involves in neurological disease (Hess et al.,
2013; Batista et al., 2014; Wang et al., 2014; Sevgi et al., 2015;
Nainar et al., 2016; Widagdo et al., 2016; Bartosovic et al., 2017; Li
etal., 2017b; Yu et al., 2017; Wang et al., 2018a; Engel et al., 2018;
Chen et al., 2019; Du et al., 2019; Cao et al., 2020; Gao et al., 2020;
Livneh et al., 2020; Shafik et al., 2021). m®A methylation plays the
regulatory role of gene expression at transcriptive and
translational levels (Fu et al, 2014; Aguilo et al, 2015; Chen
etal, 2016; Yang et al., 2018; Chen et al., 2019). Our present study
also showed that more than one-third of differentially (including
up- and down-regulated) expressed genes displayed differential
m°A methylation induced by EE exposure. An enriched
environment promotes neurogenesis and improves the
learning of adult and aged animals (Kempermann et al., 1997;
Nilsson et al., 1999; van Praag et al., 2005; Kempermann, 2019;
Gronska-Peski et al.,, 2021). In addition, environmental stimuli
induce structural changes in the brain, promote the development
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of behavioral variability, and generate persistent individualized
behavior in mice (Freund et al., 2013; Kempermann, 2019; Zocher
et al,, 2020). One of the underlying mechanisms is the interaction
between environmental stimuli and epigenetics.

Enriched environment exposure displays effects on DNA
methylation (5-methylcytosine, 5mC), 5-hydroxymethylation (5-
hydroxymethylcytosine, 5hmC), and histone modifications
(Fischer et al., 2007; Irier et al, 2014; Zocher et al, 2021). Our
present results showed that an enriched environment not only affects
the global level of mRNA m°A but also induces the differential m°A
mRNA modification. Previous studies had shown that both m°A
writers and erasers play an important function in the neuronal system
(Hess et al., 2013; Sevgi et al., 2015; Nainar et al., 2016; Widagdo et al,,
2016; Li et al.,, 2017b; Wang et al., 2018a; Shi et al., 2018; Weng et al.,
2018; Chen et al., 2019; Cao et al,, 2020; Gao et al.,, 2020), however,
our present data showed that EE exposure display significant effects
on the expression of m®A eraser FTO, but not the key m°A writers
METTL3 and METTLI14. Although the underlying mechanism is
unclear, we speculate that EE exposure induced more activity in
animals, which could affect the metabolic state of animals, and
consequently alter the expression of FTO. In summary, our results
suggest an effect of an enriched environment on mRNA m°A
modification and add a novel layer for the interaction between
environment and epigenetics in the context of neuronal development.

MATERIALS AND METHODS

Animals and Enriched Environment

Male C57BL/6 mouse pups were weaned at the age of 3-week,
randomly grouped, and housed in the standard cage (SH) and
enriched environment (EE), respectively (Supplementary
Figure S1A). As to the EE housing, the cage was equipped
with plastic toys, tunnels, and hideouts, which were replaced
and rearranged every week. Five weeks later (at the age of
postnatal 8-week), behavioral tests and multiple assays were
performed to analyze the effects of EE exposure.

Mice were housed in the laboratory animal center of Zhejiang
University under 12-h light/12-h dark conditions with free access
to food and water. All animal experiments were carried out
following the protocols approved by the Zhejiang University
Animal Care and Use Committee.

BrdU Administration and Preparation of

Brain Sections

Animals were injected intraperitoneally (ip.) with BrdU
(50 mg/kg) at the age of 8-week, six times in 24 h with an
interval of 4h (proliferation assay), and two times per day
with an interval of 12h for three consecutive days
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FIGURE 5 | overlapped genes between differential mPA peaks (including overlap_hyper, overlap_hypo, and SH/EE specific peaks) associated genes and differentially
expressed genes (DEGs). p values were calculated by a hypergeometric test. (L) Circos plot showing the distribution of hyper-up, hyper-down, hypo-up, and hypo-down
associated genes in EE group compared to SH group. hyper, including EE specific and overlap_hyper mPA peaks in EE group; hypo, including SH specific and
overlap_hypo m®A peaks in EE group. (M) GO Circle visualization of 10 of the most relevant functional categories related to neurodevelopment and learning (five hyper-up
regulated and five hyper-down regulated) in the EE group versus SH. The outer circle shows the log2 fold change (FC) of the genes in each category, the height of the
inner bar plot indicates the significance level of the GO term (—-log10(FDR)), and the color represents the Z score.

(differentiation assay) (Supplementary Figures S1B,C). Animals
were sacrificed at 1 day, 1 or 4 weeks (s) post the final BrdU
injection, respectively (Supplementary Figures S1B,C). At the
scheduled time point, mice were transcardially perfused with ice-
cold phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde and complete dehydration with 30% sucrose
at 4°C. Coronal sections were cut with a cryostat (Leica, CM 1950)
and collected into the cryoprotectant solution. Sections were
stored in cryoprotectant solution at -20°C until further
processing.

Immunofluorescence Staining and Cell

Quantification

For immunostaining, every one in six serial coronal sections
containing the hippocampal region were picked up and six to
eight sections of each animal were adopted for the assay. After being
washed with PBS following the treatment with a blocking solution
containing 3% normal goat serum and 0.1% Triton X-100 in PBS
for 1 h at room temperature, sections were incubated with primary
antibodies overnight at 4°C. For BrdU immunostaining, samples
were pretreated with 1 M HCI at 37°C for 30 min before blocking,
On the second day, sections were incubated with fluorescent
secondary antibodies for 1h at room temperature. After
washing, samples were mounted onto glass slides and images
were captured using a Nikon inverted microscope. The numbers
of BrdU", BrdU'DCX" and BrdU*NeuN" cells were quantified.
The representative images were captured with an Olympus
FLUOVIEW FV3000 confocal microscope. The following
primary antibodies were used: anti-BrdU (Catalog# ab6326;
Abcam), anti-DCX (Catalog# 4604; Cell Signaling Technology),
and anti-NeuN (Catalog# MAB377; Millipore). The used secondary
antibody included AlexaFluor568 goat anti-rat (Cat# A11077;
Thermo Fisher Scientific), AlexaFluor488 goat anti-mouse
(Catalog# A11001; Thermo Fisher Scientific), and AlexaFluor568
goat anti-rabbit (Cat#A11036; Thermo Fisher Scientific).

Western Blot

Tissue samples were homogenized in RIPA lysis buffer (Catalog#
ab156034; Abcam) containing 1X protease inhibitor cocktail
(Catalog# 04693124001; Sigma). Protein of 20 pg was subjected
to SDS-PAGE separation, and the membrane was incubated with
primary antibodies overnight at 4°C. The used primary antibodies
included anti-METTL3 (Catalog# 21207-1-AP; Proteintech),
anti-METTL14 (Catalog# HPA038002; ATLAS), anti-FTO
(Catalog# PA1-46310; Thermo Fisher Scientific) and anti-
GAPDH (Catalog# AM4300; Thermo Fisher Scientific). On the
second day, HRP conjugated secondary antibodies were applied
for 1h at room temperature. The signal was detected by Tanon

5200 detection system (Shanghai, China). The intensity of
immunoblot bands was normalized to Gapdh and analyzed
with Image] software.

RNA Isolation and m®A Dot-Blot Assay

Total RNA was extracted with TRIzol reagent (Catalog#
1559 ‘6018; Thermo Fisher Scientific) following the
manufacturer’s protocol. For the m®A dot-blot assay, total RNA
samples were denatured at 65°C and then spotted onto Hybond N+
membranes (Catalog# NP1096; GE Healthcare). Membranes were
blocked with 5% milk for 1 h at room temperature followed by the
incubation with an anti-m°A antibody (Catalog# 202003; Synaptic
Systems) overnight at 4°C. On the second day, HRP-conjugated
secondary antibody was applied for 30 min at room temperature.
The signal was detected Tanon 5200 detection system and analyzed
with Image] software.

RNA-Seq and Data Analysis

Total RNA concentration was determined spectrophotometrically
using NanoDrop (NanoDrop Technologies). RNA integrity value
(RIN) was determined with the RNA Nano 6000 Assay Kit of the
Bioanalyzer 2100 system (Agilent Technologies Inc.). Sequencing
libraries were generated and index codes@were added to attribute
sequences to each sample using NEBNext UltraTM RNA Library
Prep Kit for lllumina (NEB).

For RNA-seq data analysis, raw reads of fastq format were
processed and clean reads were generated by removing reads
containing adapter and ploy-N from raw data. Reads were
mapped to the mouse genome (mml0) with Hisat2 by the
default parameters (Kim et al, 2015). The read numbers
mapped to each gene were counted with FeatureCounts 1.5.0-
p3. Fragments per kilobase of exon per million mapped reads
(FPKM) of each gene were calculated based on the length of the
gene and reads mapped to this gene. Differentially expressed
genes (DEGs) between samples were analyzed with edgeR.
p-Value of 0.01 and absolute fold change of 1 were set as the
threshold for differential significance of expression.

MeRIP-Seq Data Analysis
MeRIP-seq data analysis was performed as described previously
(Chen et al., 2019). Briefly, adaptor sequences and bases with low
quality were removed from raw reads with Trimmomatic software
(Bolger et al,, 2014). The clean reads were then aligned to the
mouse genome (mm10) using Hisat2 with default parameters (Kim
etal,, 2019). Only unique mapped reads with mapping quality >30
were adopted for the subsequent analysis.

For MeRIP-seq peak calling, MACS2 (version 2.2.7) was run
with the default options except for “-p 0.05 -nomodel, -keepdup
all” to turn off fragment size estimation and to keep all uniquely

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2022 | Volume 10 | Article 903179


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Qu et al.

m6A Modification in Neurogenesis

A 100 200 ng 100 200 ng 100 200 ng
SH-1 ® . SH2 © . SH-3 ® .
EE-1 ® . EE2 @ e EE-3 @ L
B 100 ng 200 ng log2(enrichment+1)
150 150 * 00 10 20 3.0
?’ 3 L | 1 1 | 1 1
E’ 100 E 100 % 1M 11 1
< <
o 50 “ 50
£ € w
- |
0 0
SH EE SH EE
E
D - o SH w= EE
409 — SH g 159 s ns ns
30 == EE - — T3
E = 1.0
20 ns ‘z
& ns — € 0.5
K T | RN
0 T l. T 3 0.0 T T T
Fto Mettl3 Mettl14 14 Fto Mettl3 Metti14
F
[0-2000] [0-100] [0-1000]
SH ~dd SH aAd SH H|I||| 1 h
EE —‘ EE B EE “hll dal
Fto — e /013 cENKEEEE WEEE—  Mett!14 +HHH—HH
¢ SH EE
H | J
FLO o c— o c— — — 5 _
815 3 3
Gapdh ® 2.5 210
p D IS CEID GNP GE m— S . % ’ °
s k]
Mettl3 == s o - —— - 9_’1'0 1.0 E
< £ S 0.5
Gapdh e cas e css s c— 5@0'5 gos g
: o
Mettl14 o o e cme e - 8 ,% s
00 £ 0.0 3 0.0
Gapdh i SH EE g SH EE = SH EE
FIGURE 6 | Fto involves in EE exposure-induced differential m®A modification. (A,B) mPA dot blot and quantification results showed that EE exposure induced a
decrease of global m®A level compared to that of SH mice. n = 3 independent experiments. Values represent mean + SEM; *p < 0.05; *p < 0.01; ***p < 0.001; unpaired
Students t test. (C) Box plot of (logs(enrichment +1)) in SH (blue box) and EE (red box) groups. p value was calculated using two-sided Wilcoxon and Mann-Whitney test.
(D) FPKM values of mPA writers Metti3, Mett/14, and Fto. Values represent mean + SEM:; ns, not significant; *p < 0.05; **p < 0.01; **p < 0.001; unpaired Students
t test. (E) qRT-PCR results showing the expression of m°A writers Mett/3, Mett/14, and Fto. n = 3 independent experiments. Values represent mean + SEM; ns, not
significant; *p < 0.05; **p < 0.01; **p < 0.001; unpaired Students t test. (F) IGV screenshots showing the altered m®A modification on Fto, Mettl3 and Mettl14
hypermethylation in EE compared to SH in the 3' UTR of Fto. (G—J) Representative Western blot images (G) and quantification results (H-J) showed that EE exposure led
to a decrease of FTO protein, whereas the levels of METTL3 and METTL14 were not changed. n = 3 independent experiments. Values represent mean + SEM; ns, not
significant; *p < 0.05; **p < 0.01; **p < 0.001; unpaired Students t test.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

June 2022 | Volume 10 | Article 903179


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Qu et al.

mapping reads with the corresponding input sample serving as
control, respectively (Zhang et al., 2008). To identify specific or
overlapped m°A peaks, peaks were intersected using the BedTools
package which overlapped peaks were set up “-f 0.5” (Quinlan
and Hall, 2010). DiffBind packages were used to identify
differential enrichment overlapped peaks (Kolodziej-Wojnar
et al,, 2020). The differential peaks were determined with log2
(fold change) >1 or log2 (fold change) < —1 and p value <0.05.
Motifs enriched with m®A peaks within all mRNAs were
identified using HOMER software (v4.10) (Heinz et al., 2010).
The motif length was restricted to five to six nucleotides.

Functional Enrichment Analysis

Gene Ontology (GO) enrichment analysis was performed with
clusterProfiler R package and DAVID database (Dennis et al.,
2003). GO terms with corrected p-value less than 0.05 were
considered significant for the enrichment of differentially
expressed genes.

Behavioral Tests

The pattern separation test was performed as described
previously (Tracy et al, 2016). The test consists of a sample
phase and a test phase. During the sample phase, animals were
placed in an open chamber with two identical objects (context A)
and allowed to freely explore for 5 min. After a 30-min interval,
mice were placed in another open chamber (context B) with two
identical objects that were different from those in context A. After
4 h, one of the objects in both open chambers was exchanged. The
time mice explored incongruent object that was from another
context in the sample phase was compared with the time mice
explored the congruent object.

The Morris water maze (MWM) test was carried out as
described previously (Li et al.,, 2017a). During the training stage,
adult (9-week-old) male mice were placed in the water maze from
four different starting locations (NE, NW, SE, and SW),
respectively. Each animal would execute four trials per day for
four consecutive days. On the fifth day, the platform was removed
and the time of swimming in each quadrant was measured over
60 s for a probe trial. All trials were videotaped and the data were
analyzed with MazeScan software (Actimetrics, China).

For the eight-arm radial maze test, adult male mice were
fasting for 24 h before training to adjust their bodyweight to
80-85% of free-eating animals (Chen et al., 2021). On the first
day, four mice in groups were kept in the full-baited maze in
which baits (chocolate particles) were scattered in the center and
the end of the arms, and animals could explore each arm of the
maze freely for 10 min. On the second and third days, a maze with
a bar of chocolate was placed only at the end of each arm, and an
individual mouse was placed on the center platform for 10 s and
allowed to move freely for 10 min or until all chocolate pellets
were consumed. For the next days, only four of eight arms were
baited, and food rewards were placed at the end of the same four
arms during this session. Mice were allowed to move freely until
all chocolate pellets were consumed, otherwise, the trial was
terminated at the time point of 10 min. Working memory
error was counted when animals traveled to an arm that was
already visited, and reference memory error was counted when

m6A Modification in Neurogenesis

animals traveled to a non-baited arm with all four paws. The maze
was cleaned with 70% ethanol after each animal completed the
test. The test was videotaped and the data were analyzed with
MazeScan software (Med Associates Inc).

Statistical Analysis

Data were presented as mean + SEM. Statistical analysis between-
group differences was performed with a two-tail unpaired
Student’s t-test using Graph Prism software (version 9.0,
GraphPad). p < 0.05 was considered statistically significant.
For multiple group comparisons, a two-way ANOVA followed
by Tukey’s post hoc test was used. Statistical significance was
defined as a p-value <0.05. Replicate information is indicated in
the figure legends.
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