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A B S T R A C T   

Humans benefit from nuclear technologies but consequently experience nuclear disasters or side effects of iat-
rogenic radiation. Hematopoietic system injury first arises upon radiation exposure. As an intricate new layer of 
genetic control, the posttranscriptional m6A modification of RNA has recently come under investigation and has 
been demonstrated to play pivotal roles in multiple physiological and pathological processes. However, how the 
m6A methylome functions in the hematopoietic system after irradiation remains ambiguous. Here, we uncovered 
the time-varying epitranscriptome-wide m6A methylome and transcriptome alterations in γ-ray-exposed mouse 
bone marrow. 4 Gy γ-irradiation rapidly (5 min and 2 h) and severely impaired the mouse hematopoietic system, 
including spleen and thymus weight, blood components, tissue inflammation and malondialdehyde (MDA) 
levels. The m6A content and expression of m6A related enzymes were altered. Gamma-irradiation triggered 
dynamic and reversible m6A modification profiles and altered mRNA expression, where both m6A fold- 
enrichment and mRNA expression most followed the (5 min_up/2 h_down) pattern. The CDS enrichment re-
gion preferentially upregulated m6A peaks at 5 min. Moreover, the main GO and KEGG pathways were closely 
related to metabolism and the classical radiation response. Finally, m6A modifications correlated with tran-
scriptional regulation of genes in multiple aspects. Blocking the expression of m6A demethylases FTO and 
ALKBH5 mitigated radiation hematopoietic toxicity. Together, our findings present the comprehensive landscape 
of mRNA m6A methylation in the mouse hematopoietic system in response to γ-irradiation, shedding light on the 
significance of m6A modifications in mammalian radiobiology. Regulation of the epitranscriptome may be 
exploited as a strategy against radiation damage.   

1. Introduction 

With the development of nuclear-related technology, ionizing radi-
ation has been widely used in industry and medical care. In addition, 
accidental irradiation exposure may cause severe consequences for 
living organisms. Iatrogenic irradiation is an effective tool for diagnosis 
and treatment. For example, radiation therapy curbs tumor growth due 
to its genotoxicity in the form of DNA damage to cancer cells; however, 
local normal tissues inevitably suffer from radiotherapeutic side effects. 
Bone marrow is one of the most sensitive organs to radiation, and he-
matopoietic system injury arises first when exposed to irradiation rays 
among the three grades of radiation-induced damage effects (hemato-
poietic system injury, gastrointestinal system injury and nervous system 

injury) (Zhang et al., 2019). Generally, DNA breakage to different de-
grees directly or via reactive oxygen species (ROS), further resulting in 
uncontrollable gene mutations, is regarded as the mechanism underly-
ing radiation toxicity in principle (Nikjoo et al., 2016). 

Posttranscriptional modifications of RNA, such as N1 (or N6)-meth-
yladenosine (m1A or m6A), 7-methylguanine (m7G) and 5-methylcyto-
sine (m5C), occur in all domains of life and have been known for 
longer than 70 years (Amort et al., 2017; Krutyholowa et al., 2019; 
Ontiveros et al., 2019). Until now, more than 160 different chemical 
modifications that map to all bases as well as the ribose moiety have 
been identified in all living organisms (Amort et al., 2017; Chen et al., 
2019). Among these modifications, m6A, deposited at the N6 position of 
adenosine by a methyltransferase complex, has been regarded as the 
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most pervasive and conservative posttranscriptional modification 
within eukaryotic messenger RNAs (mRNAs), microRNAs (miRNAs), 
circular RNAs (circRNAs) and long noncoding RNAs (lncRNAs) (Alarcon 
et al., 2015; Desrosiers et al., 1974; Patil et al., 2016; Zhang et al., 
2020b). The methyltransferase complex consists of three homologous 
components termed “writers”, “erasers” and “readers”. The well-known 
“writer” group catalyzing the formation of m6A includes 
methyltransferase-like 3 (METTL3), METTL14, Wilms tumor 1-associ-
ated protein (WTAP), KIAA1429 and RNA-binding motif protein 
15/15 B (RBM15/15 B) (He et al., 2019). Fat mass and 
obesity-associated protein (FTO) and alkB homologue 5 (ALKBH5) 
execute the “eraser” function to selectively remove the methyl group 
from target RNAs (Frye et al., 2018; He et al., 2019). Recognition of 
m6A-modified transcripts is fulfilled by “reader” proteins (such as 
YT521-B homology (YTH) domain family proteins, IGF2 mRNA binding 
protein (IGF2BP) families, eukaryotic initiation factor (eIF) 3, and het-
erogeneous nuclear ribonucleoprotein (HNRNP) protein families), 
which activate downstream signaling to propel diverse cellular and 
physiological processes (He et al., 2019; Meyer and Jaffrey, 2017; 
Muller et al., 2019; Zhao et al., 2017). As a sophisticated control mode of 
genetic information, a dynamic/reversible profile of m6A as well as 
variable expression of effector enzymes is intertwined in various bio-
logical processes and governs multiple disease occurrences (Liu and 
Gregory, 2019; Ma et al., 2018; Roundtree et al., 2017; Zhang et al., 
2017), such as solid and hematological cancers (Su et al., 2020), obesity 
(Zhao et al., 2014), diabetes mellitus (Yang et al., 2020), infertility (Hu 
et al., 2020; Song et al., 2020), neuronal disorder (Yoon et al., 2017), 
infectious diseases (Hao et al., 2019), developmental delay (Li et al., 
2018) and facial dysmorphism (Richard et al., 2019). 

Homeostasis imbalance and external environmental stimuli elicit 
variable posttranscriptional modifications. For instance, abnormal epi-
transcriptomic signatures are observed in multiple diseases, such as 
hypertension (Zhang et al., 2018), insulin resistance (De Jesus and 
Kulkarni, 2019) and stress-related psychiatric disorders (Engel et al., 
2018); ultraviolet rays (Xiang et al., 2017), photobiological alterations 
(Robinson et al., 2019), circadian clock (Zhong et al., 2018), hypo-
xia/reoxygenation (Song et al., 2019) and heat stress (Lu et al., 2019) 
fluctuate dynamic m6A RNA methylation in sophisticated manners. 
Although the relationship between m6A modification and the radiobi-
ology of cancers has been most reported (Chi et al., 2018; Guo et al., 
2020; Taketo et al., 2018; Visvanathan et al., 2018), the 
epitranscriptome-wide m6A profile present in the hematopoietic system 
after irradiation challenge has not been illustrated. 

Thus, we aimed to acquire a detailed inspection of m6A methylation 
in poly(A)-RNAs in the mouse hematopoietic system after γ-irradiation 
exposure. To this end, we performed global methylated (m6A) RNA 
immunoprecipitation with high-throughput sequencing (MeRIP-seq) for 
mouse bone marrow after 4 Gy γ-irradiation and analyzed the evolving 
patterns of the m6A methylome of mRNA at 0 min, 5 min and 2 h 
postirradiation. Additionally, the transcriptome alterations responding 
to irradiation treatment were also presented, accompanied by correla-
tion analyses of posttranscriptional m6A methylation and transcriptional 
gene expression. Finally, we preliminarily explored the effect of γ-irra-
diation on the radiosensitivity of mice after certain m6A modulating 
enzymes were blocked in vivo. Collectively, our findings provide the 
comprehensive landscape of mRNA m6A methylation as well as tran-
scriptome regulation in the mouse hematopoietic system following 
γ-irradiation, shedding light on the significance of the m6A modification 
in the mammalian response to radiation in mammals. 

2. Materials and methods 

2.1. Statistical analysis 

The data were analyzed using the appropriate statistical analysis 
methods and presented as the means ± SEMs with respect to the number 

of samples (n) in each group. Student’s t-test was used to analyze the 
statistical significance between two independent groups. For categorical 
variables, Fisher’s exact test was used. For enrichment analysis, P values 
were adjusted using the Benjamini-Hochberg algorithm as indicated in 
the figure legends, and P values < 0.05 were considered statistically 
significant. 

2.2. Data availability 

The data that support the findings of this study are available from the 
corresponding author upon reasonable request. 

3. Results 

3.1. Gamma-irradiation triggers hematopoietic system injury 
accompanied by alterations of m6A modification levels and the expression 
of m6A modulating enzymes 

The hematopoietic organs from C57BL/6 J mice, such as the spleen 
and thymus, were atrophied in a short time (5 min and 2 h) after 4 Gy 
γ-irradiation exposure (Fig. 1A and B). Multiple hematological param-
eters, including white blood cells (WBCs), lymphocytes and platelets 
(PLTs), also severely changed within 2 h (Fig. 1C–K). Additionally, 
interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α) and the lipid per-
oxidation product malondialdehyde (MDA) were increased after radia-
tion stimuli, suggesting that irradiation rapidly elevates the 
inflammatory status and oxidative stress (Fig. 1L–N). To outline the al-
terations in the hematopoietic m6A methylome following irradiation at 
an early stage, we collected bone marrow cells at 0 min, 5 min and 2 h 
from C57BL/6 J mice after 4 Gy radiation exposure to detect the dif-
ference of global m6A content. LC-MS/MS assay showed that the m6A 
modification level in irradiated bone marrow cells reduced at 2 h, while 
there was a slight elevation at 5 min (Fig. 1O). We further measured the 
expression of five pivotal m6A effector enzymes (3 “writers” METTL3, 
METTL14 and WTAP, 2 “erasers” FTO and ALKBH5) at the three time 
points. Interestingly, the mRNA of these enzymes exhibited distinct 
expression profiles. In detail, the expression of METTL3, WTAP and FTO 
down-regulated while those of METTL14 and ALKBH5 up-regulated both 
at 5 min and 2 h. Compared with 5 min, the expression levels of METTL3 
and ALKBH5 at 2 h up-regulated while WTAP down-regulated 
(Fig. 1P–T). Consistently, the protein expression levels of the enzymes 
confirmed the tendency (Fig. 1U). Combining the results of m6A content 
and expression of levels of related enzymes, irradiation may regulate the 
hematopoietic m6A methylome profile, “writers” METTL14 (WTAP) and 
“erasers” FTO (ALKBH5) at 5 min (2 h) may play major roles in the 
development of radiation toxicity of bone marrow cells after total body 
irradiation (TBI). 

3.2. The time-dependent m6A methylation spectrum of mRNA in the bone 
marrow of irradiated mice 

Given that bone marrow is most sensitive hematopoietic organ and 
hematopoietic inhibition of bone marrow is a major reason for radiation 
accidental death or adverse reactions of radiotherapy (Dainiak and 
Sorba, 1997; Zhang et al., 2013), we collected the bone marrow cells of 
mice sacrificed at 0 min, 5 min and 2 h post γ-irradiation and extracted 
the total RNA for MeRIP-seq analysis. As shown in Fig. 2A, a Venn di-
agram showed that there was a total of 544, 211 and 210 calling mRNA 
peaks of the Ctrl, 5 min and 2 h groups, respectively (analyzed according 
to the common peaks of every three replicates in each group, Data S1). 
Among them, the time-specific peaks outnumbered the common peaks 
shared by two or three time points (except the 5 min/Ctrl comparison), 
and only 51 peaks existed in all three groups. Moreover, the specific 
peaks of the 5 min or 2 h group were far fewer than those of the Ctrl 
group, whereas there was approximately the same number between the 
5 min and 2 h groups. The data suggest that 4 Gy γ-irradiation causes a 
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rapid and time-dependent m6A mRNA signature. Moreover, mapping of 
the methylated positions to the reference genome revealed that the m6A 
modifications were located in 378 (Ctrl), 223 (5 min) and 178 (2 h) 
annotated genes, respectively. The relative numbers of common or 
specific genes in the three groups were similar to the m6A features 
(Fig. 2B, Data S2). On average, genes in the Ctrl, 5 min or 2 h group 
harbored 1.439 (544/378), 0.946 (211/223) or 1.180 (210/178) m6A 
modifications, respectively, exhibiting a “down then up” trend that was 
similar to certain m6A enzyme trends. These results indicate that 4 Gy 
γ-irradiation induces a reduction in both m6A sites and m6A-modified 
transcripts in a short time. Then, we analyzed the differential expression 
profile of transcripts between each pair of time points and found that 
most of the differential transcripts were shared by two or three com-
parisons, implying that the majority of the transcripts change their 
expression pattern over time after radiation challenge (Fig. 2C, Data S3). 
Notably, most transcripts in each replicate carried only one peak, among 
which the m6A-modified transcripts increased at 5 min but decreased at 
2 h (Fig. 2D, Data S4). Five minutes after irradiation, the m6A peaks with 
a lower enrichment fold (<10) decreased whereas the peaks with a 
higher enrichment fold (>10) increased. However, all m6A peaks at 2 h 
exhibited the opposite patterns (Fig. 2E, Data S5). The relationship be-
tween the score and number of m6A modifications in each replicate was 
also shown (Fig. S1A, Data S6). 

Additionally, most of the m6A sites corresponded to the annotated 
transcripts, and the proportion of these transcripts was elevated 5 min 
after irradiation. Intriguingly, m6A peaks in the 5′UTR were less 
changeable within 2 h, however, the peaks mapped to the CDS and 
3′UTR regions experienced an increase (5 min) and then reverse (2 h) 
trend (Fig. 2F, Data S7). As shown in Fig. 2G and Fig. S1B-D, m6A 
summits in the CDS, stop codon and 3′UTR remained the dominant 
position in all sites, which was consistent with previous reports (Dom-
inissini et al., 2012; Jabs et al., 2020). In addition, m6A peaks in the Ctrl 
and 2 h groups had a higher MeRIP enrichment in the 5′UTR and stop 
codon regions, but the 5 min group harbored relatively higher enrich-
ment of m6A peaks in the CDS and stop codon regions. Specifically, m6A 
enrichment in the transcriptional start site (TSS) and 5′UTR exhibited a 
“down then up” tendency, while that in the CDS showed the opposite 
pattern (Fig. 2H). In addition, the number of common or summational 
MeRIP peaks of each three replicates both showed an “up and down” 
trend for the enrichment pattern in the CDS and 3′UTR regions, whereas 
those in intronic regions presented reverse alterations (Fig. 2I, Fig. S1E). 
Then, we conducted motif searches for all detected peaks and assessed 
the prevalence of the motifs in the three groups. Similar to the known 
RRACH (R = A or G, H = A, C or U) sequence (Dominissini et al., 2012; 
Jabs et al., 2020), most detected motifs exhibited a gradual decrease at 5 
min and 2 h after irradiation (Fig. 2J, Data S8). Specifically, there were 
also certain peaks of distinct genes displaying the “change then recover” 
or conserved m6A style, such as the peaks at the indicated sites of Tfdp1 
(“up then down”), Elk4 (“down then up”) and Rnf19a (conserved) 
(Fig. 2K-M, left panel). MeRIP-qPCR was performed to further confirm 
the phenomena (Fig. 2K-M, right panel). 

Collectively, the results indicate that (1) a temporal variable m6A 

signature of mRNA is implicated in the response of bone marrow to 4 Gy 
γ-irradiation, (2) the overall m6A spectrum at 5 min following irradia-
tion is upregulated and then downregulated at 2 h, and (3) the mRNA 
m6A landscape, including the frequency, enrichment extent and distri-
bution pattern, presents an “alter then recover” tendency in the short- 
term evolving process following irradiation. 

3.3. Differentially methylated m6A peaks between different time points 

Next, we analyzed the detailed methylated m6A peaks between each 
set of time points according to reads per million (RPM) values and 
identified 3774 (1709 up/2065 down), 3906 (2097 up/1809 down) and 
3703 (1789 up/1914 down) differential peaks in the comparison of (5 
min vs Ctrl), (2 h vs 5 min) and (2 h vs Ctrl), respectively (Fig. 3A–C, 
Data S9 and S10). Concretely, m6A peaks that were upregulated in the 5 
min group harbored more peaks in the CDS region but fewer peaks in the 
5′UTR region than those that were downregulated (Fig. 3D, Data S11). 
This characteristic was verified from the peak accumulation curve plot 
(Fig. 3E–G). The above m6A peaks in IP samples were also analyzed in 
the corresponding Input samples to investigate the correlation between 
mRNA expression and m6A peaks (Fig. S2A-C, Data S12). 

3.4. The signature of m6A peaks exhibits different evolving trends after 
γ-irradiation stimulation 

Then, we further investigated the time-dependent m6A methylation 
profile and identified 4 classes of m6A peaks with distinct evolving types 
(5 min_up/2 h_up, 5 min_down/2 h_down, 5 min_up/2 h_down and 5 
min_down/2 h_up) according to the fold enrichment. The data showed 
that there were 56, 26, 1215, and 1029 peaks in the clusters, respec-
tively (Fig. 4A–D, Data S13). As shown in the heatmaps, the numbers of 
m6A peaks in the (5 min_up/2 h_down) and (5 min_down/2 h_up) groups 
overwhelmed those in the other two continuously changing groups, 
especially in the (5 min_up/2 h_down) group (possessing 52.24% of all 
the peaks of the four groups). The best-fit curves of the m6A peaks 
further confirmed the results (Fig. 4E–H). Regarding the distribution 
features, substantial m6A peaks in the (5 min_up/2 h_down) group were 
concentrated in the CDS and 3′UTR regions, whereas those in the (5 
min_down/2 h_up) group were distributed in a relatively average dis-
tribution. No meaningful pattern could be found for m6A peaks in the 
other two groups due to the limited quantity (Fig. 4I). Moreover, the 
representative m6A sites on certain genes in each cluster (Tra2a in “5 
min_up/2 h_up”, Jak1 in “5 min_down/2 h_down”, Jun in “5 min_up/2 
h_down” and Rbm12(Cpne1) in “5 min_down/2 h_up”) were shown by 
IGV software (Fig. 4J-M, left panel), and MeRIP-qPCR assay further 
verified the variational pattern of these peaks (Fig. 4J-M, right panel). 

3.5. mRNAs with differential m6A evolving patterns are implicated in 
general, specific or opposite biological pathways 

To further explore whether m6A methylation relates to irradiation 
response and injury repair signaling, mRNAs of the four categories were 

Fig. 1. Gamma-irradiation triggers hematopoietic system injury accompanied by alterations of m6A modification levels and the expression of m6A 
modulating enzymes. (A, B) Images and weights of the spleen (A) and thymus (B) of C57BL/6 J mice at 0 min, 5 min and 2 h after exposure to 4 Gy γ-irradiation. (n 
= 18). (C–K) Blood from C57BL/6 J mice was collected from the orbital sinus at 0 min, 5 min and 2 h after exposure to 4 Gy γ-irradiation. The blood parameters were 
analyzed using a Celltac E hemocytometer (Nihon Kohden, Japan), and the levels of white blood cells (WBCs) (C), lymphocytes (D), monocytes (E), lymphocyte (%) 
(F), monocyte (%) (G), granulocyte (%) (H), mean corpuscular hemoglobin concentration (MCHC) (I), platelets (PLT) (J) and plateletcrit% (PCT%) (K) after irra-
diation are shown. (n = 18). (L, M) Levels of the proinflammatory cytokines IL-6 and TNF-α in thymus tissues at different time points were detected by ELISA. (N) The 
MDA content within spleen tissues at different time points was measured with a specific MDA detection kit. (n = 18). (O) The variation of global m6A modification 
levels at 0 min, 5 min and 2 h after γ-ray exposure was determined by LC-MS/MS analysis. (n = 3, 1 replicate consisted of a mixture of bone marrow cells from every 
four mice in one group). (P–T) The mRNA expression levels of five m6A modification related enzymes METTL3 (P), METTL14 (Q), WTAP (R), FTO (S) and ALKBH5 (T) 
in mouse bone marrow at 0 min, 5 min and 2 h after γ-ray exposure were monitored by qRT-PCR. (n = 12). (U) The protein expression levels of five m6A modification 
related enzymes METTL3 (P), METTL14 (Q), WTAP (R), FTO (S) and ALKBH5 (T) in mouse bone marrow at 0 min, 5 min and 2 h after γ-ray exposure were measured 
by Western blot. (n = 3, 1 replicate consisted of a mixture of bone marrow cells from every four mice in one group). Data are shown as the mean ± SEM of three 
independent experiments. Statistically significant differences are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001; Student’s t-test. 
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subjected to Gene Ontology (GO) enrichment and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analyses. We mainly focused on 
those with the (5 min_up/2 h_down) and (5 min_down/2 h_up) trends 
(Fig. 5A–D, Data S14), for the gene numbers in other two groups were 
less than 10 (Fig S3A-D, Data S15). For the biological process (BP) 
category, although metabolism-related terms were commonly shared by 
the (5 min_up/2 h_down) and (5 min_down/2 h_up) groups, certain 
other GO terms were oppositely enriched in the two groups; for instance, 
the terms regulation of biological process, cellular process, metabolic 
process, and macromolecule metabolic process. Several other terms 
were group-specific, such as organic substance metabolic process and 
regulation of protein metabolic regulation of protein metabolic pro-
cesses, cell death as well as apoptotic processes in the (5 min_up/2 
h_down) group; cellular nitrogen compound biosynthetic process, gene 
expression, RNA biosynthetic process and biosynthetic process in the (5 
min_down/2 h_up) group. Irradiation is a typical stress stimulus in 

organisms (Mishra and Luderer, 2019), and GO enrichment analysis also 
identified m6A methylated transcripts linked to response to stress and 
regulation of response to stress in the (5 min_up/2 h_down) group. 

For the cellular component (CC) category, the enrichment terms of 
the (5 min_up/2 h_down) cluster were mainly concentrated in the 
extracellular regions, while those of the (5 min_down/2 h_up) cluster 
were mainly concentrated in the intracellular part or intracellular 
organelle (Fig. 5A and B). With respect to molecular function (MF), 
items dominating in the (5 min_up/2 h_down) cluster were mainly 
binding and protein binding, whereas molecules functioning in binding 
to carbohydrate derivatives, chromatin and adenyl nucleotides exhibi-
ted a relatively pervasive position in the (5 min_down/2 h_up) cluster, 
hinting at distinct biological features of m6A-methylated mRNAs with 
the opposite fluctuating tendency (Fig. 5A and B). 

Regarding the KEGG pathway, the two clusters shared certain 
pathway terms, including spliceosome, ribosome, PI3K-AKT signaling 

Fig. 2. The time-dependent m6A methylation spectrum of mRNA in the bone marrow of irradiated mice. (A) Venn diagram of the common m6A peaks of every 
three replicates at 0 min, 5 min and 2 h after γ-irradiation of 4 Gy. (B) Venn diagram representing the number of genes to which the identified m6As were mapped. (C) 
Venn diagram of differentially expressed transcripts in each comparison of 5 min vs Ctrl (or 2 h vs 5 min, or 2 h vs Ctrl). (D) Counts of transcripts harboring different 
numbers of m6A peaks in each sample of mouse bone marrow from the Ctrl, 5 min and 2 h groups. (E) Number of m6A peaks with different fold enrichment in each 
group of Ctrl, 5 min and 2 h. (F) The distribution ratios of m6A sites in annotated/unannotated transcripts or across different mRNA regions of the 5′UTR, CDS and 
3′UTR at each time point are shown in a two-level pie chart. (G) Curves of best fit visually displaying the accumulation patterns of m6A peaks along the full-length 
mRNA transcripts in the Ctrl, 5 min and 2 h groups. Each transcript was divided into three parts: 5′UTR, CDS and 3′UTR. (H) The enrichment degree of m6A peaks 
dispersed in each segment (TSS, 5′UTR, CDS, stop codon and 3′UTR) of the mRNAs in each group. (I) The number and relative proportions of MeRIP peaks dispersed 
in different sections (5′UTR, CDS, intron and 3′UTR) of the mRNAs in each group. The number or proportion are for the common peaks of every three samples in each 
group. The expected number (gray colored) of each section in the condition of even alignment is also shown. Fisher’s exact test, **, P ≤ 0.005. (J) Heatmap showing 
the m6A motif enrichment determined by calculating the occurrence (“high” in red and “low” in blue) of motifs in total m6A peaks in the Ctrl, 5 min and 2 h groups. 
The consensus motif of RRACH is highlighted in red. (K–M) Representative genes bearing m6A peaks with the “up then down” (K, Tfdp1), “down then up” (L, Elk4) or 
conserved (M, Rnf19a) tendencies among the three groups are exhibited by IGV software. “IP” in red and “Input” in blue. The variation trends of the indicated peaks 
were verified by MeRIP-qPCR analyses (right panels). Statistically significant differences are indicated: **, P < 0.01; ***, P < 0.001; Student’s t-test. N.S., no sig-
nificance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Differentially methylated m6A peaks between different time points. (A–C) Heatmaps presenting the differentially (“up” in red and “down” in blue) 
methylated m6A peaks in the comparison of 5 min vs Ctrl (A), 2 h vs 5 min (B), or 2 h vs Ctrl (C). The upper panel shows the peaks that were upregulated, while the 
lower panel shows the peaks that were downregulated. Log2 fold change >1 or < -1 is regarded as the threshold of the region defined as differential methylation 
region. (D) Stacked bar plot showing the percentage of down/up-methylated m6A peaks corresponding to each segment (5′UTR, start codon, CDS, stop codon and 
3′UTR) of mRNA in the comparison of 5 min vs Ctrl (or 2 h vs 5 min, or 2 h vs Ctrl). (E–G) Curves of best fit visually displaying the accumulation features of down/ 
upregulated m6A peaks in the comparison of 5 min vs Ctrl (E), 2 h vs 5 min (F), or 2 h vs Ctrl (G), along the full-length mRNA transcript. Each transcript was divided 
into three parts: 5′UTR, CDS and 3′UTR. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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pathway, metabolic pathways and Alzheimer’s disease. In addition, 
pathways involving steroid hormone biosynthesis, retinol metabolism 
and inflammatory mediator regulation of TRP channels were particu-
larly enriched in the (5 min_up/2 h_down) group, while pathways of 
RNA transport, p53 signaling pathway and leukocyte transendothelial 
migration specifically enriched in the (5 min_down/2 h_up) group 
(Fig. 5C and D). Of note, pathways of oxidative phosphorylation, 
hypoxia-inducible factor 1 (HIF-1) and oxytocin signaling were also 
identified in KEGG analysis of the clusters (Fig. 5C and D), which was in 
accordance with the common knowledge that irradiation produces 

substantial free superoxide radicals and causes oxidation-associated 
reactions in tissues (Anastassopoulou and Theophanides, 2002; Zhang 
and Martin, 2014). 

3.6. Time-variably expressed mRNAs participate in diverse biological 
pathways 

Then, we performed transcriptomic analyses for bone marrow 
mRNAs at 0 min, 5 min and 2 h after 4 Gy γ-irradiation. As shown in 
Fig. 6A and B, the differential mRNAs were categorized into two classes, 

Fig. 4. The signature of m6A peaks exhibits different evolving trends after γ-irradiation stimulation. (A–D) Heatmaps representing the differentially (“up” in 
red and “down” in blue) methylated m6A peaks with evolving patterns of (5 min_up/2 h_up) (A), (5 min_down/2 h_down) (B), (5 min_up/2 h_down) (C) and (5 
min_down/2 h_up) (D) among the three Ctrl, 5 min and 2 h groups. The peaks of 9 samples in 3 groups were merged, followed by the RPM and fold enrichment 
computation for each sample to acquire the differential (up and down) methylational peaks in (5 min_vs_Ctrl) and (2 h_vs_5 min) comparisons, eventually, taking the 
intersection between each (5 min_vs_Ctrl)_up/down and each (2 h_vs_5 min) _up/down cluster obtained the corresponding four tendencies. (E–H) The respective 
accumulation profiles of differentially methylated m6A peaks with the regulatory patterns of (5 min_up/2 h_up) (E), (5 min_down/2 h_down) (F), (5 min_up/2 
h_down) (G) and (5 min_down/2 h_up) (H) along the transcripts. Each transcript was divided into three segments: 5′UTR, CDS and 3′UTR. (I) Stacked bar plot 
displaying the distribution characteristics of m6A peaks in different regions (5′UTR, start codon, CDS, stop codon and 3′UTR) of normalized mRNAs. (J–M) 
Representative m6A peaks with different evolving patterns on certain genes (5 min_up/2 h_up peaks on Tra2a, J), (5 min_down/2 h_down peaks on Jak1, K), (5 
min_up/2 h_down peaks on Jun, L) and (5 min_down/2 h_up peaks on Rbm12 (Cpne1), M) are exhibited by IGV software. “IP” in red and “Input” in blue. The variation 
trends of the indicated peaks were verified by MeRIP-qPCR analyses (right panels). Statistically significant differences are indicated: *, P < 0.05; **, P < 0.01; ***, P 
< 0.001; Student’s t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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including 3 subtypes for each class, based on the shift paradigm. The 
results showed that the greater the fold change was, the more enriched 
genes presented in all subtypes. For the “Up” class, the ratio of genes in 
the >5 fold change subtype experienced a “first down then up” trend 
over time, while that in the 2 < 5 fold change subtype displayed the 
inverse paradigm (Fig. 6A, Data S16). In the “Down” class, the ratio of 
genes in the fold change <1/5 (or fold change > 1/2) subtype decreased 
(or increased) over time (Fig. 6B, Data S17). Then, we depicted the 
heatmaps of differentially expressed mRNAs with the evolving patterns 
of (5 min_up/2 h_up), (5 min_down/2 h_down), (5 min_up/2 h_down) 
and (5 min_down/2 h_up) and identified 676, 329, 5742 and 4140 
mRNAs in each category, respectively (Fig. 6C–F, Data S18). The relative 
distribution of mRNA numbers among the four groups was roughly 
consistent with that of m6A peaks. GO enrichment and KEGG pathway 
analyses were also performed for mRNAs with the above tendencies. 
Consistent with m6A methylation, metabolism-related processes were 

most enriched in both groups according to the BP analyses. Neverthe-
less, other items containing localization, macromolecule modification 
and protein modification processes were uniquely owned by the (5 
min_up/2 h_down) group, and items including nitrogen compound 
metabolic process, nucleobase-containing compound and cellular aro-
matic compound metabolic process were specifically possessed by the (5 
min_down/2 h_up) group. For the CC analyses, terms such as intracel-
lular part, cytoplasm, organelle and membrane-bounded organelle were 
shared by both groups, whereas items of cell part and cell which took the 
dominant position uniquely existed in the (5 min_up/2 h_down) group 
and some nuclear components such as nucleus, nuclear part and nuclear 
lumen plus several lumen-related components were particularly affili-
ated with the (5 min_down/2 h_up) group. Furthermore, categories 
related to binding function such as ion, cation and protein binding, as 
well as catalytic activity, were identified in the MF analyses of the (5 
min_up/2 h_down) group, while no obvious MF enrichment was found in 

Fig. 5. mRNAs with differential m6A evolving patterns are implicated in general, specific or opposite biological pathways. (A) The most enriched GO terms, 
including biological process, cellular component and molecular function, for m6A methylation with the evolving pattern of (5 min_up/2 h_down). (B) The most 
enriched GO terms, including biological process, cellular component and molecular function, for m6A methylation with the evolving pattern of (5 min_down/2 h_up). 
(C) The statistics of enriched pathways for differential m6A sites with the pattern of (5 min_up/2 h_down). (D) The statistics of enriched pathways for differential m6A 
sites with the pattern of (5 min_down/2 h_up). The P value of enrichment statistical analyses was corrected by the Benjamini-Hochberg algorithm, also called q value, 
*, P < 0.05. 
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the (5 min_down/2 h_up) group (Fig. 6G and H, Data S19). 
Approximately half of the KEGG pathways were distinct between the 

(5 min_up/2 h_down) and (5 min_down/2 h_up) groups except certain 
common terms such as RNA transport, ribosome, oxidative phosphory-
lation and Alzheimer’s disease. Pathways covering glycolysis/gluco-
neogenesis, biosynthesis of amino acids, carbon metabolism and 
ubiquitin-mediated proteolysis were most preferably enriched in the 
cluster of the (5 min_up/2 h_down) group, and pathways including cell 
cycle, Huntington’s disease and pyrimidine metabolism were most 
preferably enriched in the (5 min_down/2 h_up) group. Notably, the 
pathway of platelet activation associated with irradiation-induced he-
matopoiesis was among the cluster of the (5 min_up/2 h_down) group 
(Fig. 6I and J, Data S20). In addition, GO enrichment and KEGG pathway 
analyses for the (5 min_up/2 h_up) and (5 min_down/2 h_down) groups 
were conducted, and the results are presented in Figure S4A-D, but 

substantially fewer genes were identified in the two classes. 

3.7. Correlation analyses between mRNA m6A methylation and gene 
expression 

Then, we investigated the relationship between m6A methylation 
and the gene expression of mRNAs. As shown in Fig. 7A–C, genes with 
higher expression levels contained higher proportions of m6A modifi-
cation, and the ratios of methylated mRNAs increased after irradiation 
(both at 5 min and 2 h) when the expression deciles ≥ 6, among which 
genes with deciles of 9 and 10 had “increase then fall” rates over time. 
Regarding the expression of genes with temporally specific m6A peaks, 
no distribution preference could be found between each pair of time 
points, implying that irradiation influences mRNA m6A methylation 
indispensable of time-variable gene activation, and mRNA epigenetic 

Fig. 6. Time-variably expressed mRNAs participate in diverse biological pathways. (A) The pie chart showing the fold distribution of upregulated genes in the 
comparison of 2 h vs Ctrl (or 2 h vs 5 min, or 5 min vs Ctrl). (B) The pie chart showing the fold distribution of downregulated genes in the comparison of 2 h vs Ctrl (or 
2 h vs 5 min, or 5 min vs Ctrl). (C–F) Cluster analysis for differentially (“up” in red and “down” in blue) expressed genes with the tendencies of (5 min_up/2 h_up) (C), 
(5 min_down/2 h_down) (D), (5 min_up/2 h_down) (E) and (5 min_down/2 h_up) (F) among the three groups. (G, H) The most enriched GO terms, including 
biological process, cellular component and molecular function, for genes with expression trends of (5 min_up/2 h_down) (G) and (5 min_down/2 h_up) (H). (I, J) The 
statistics of respective enriched pathways for differentially expressed genes with the trends of (5 min_up/2 h_down) (I) and (5 min_down/2 h_up) (J). The P value of 
statistical analysis for enrichment was corrected by the Benjamini-Hochberg algorithm, also called q value, *, P < 0.05. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Correlation analyses between mRNA m6A methylation and gene expression. (A–C) The relationship between relative expression levels and m6A 
methylation rates of genes at 0 min (A), 5 min (B) and 2 h (C) postirradiation. (D–F) Differentially expressed mRNAs with time-specific m6A peaks in each pairwise 
comparison of 5 min vs Ctrl (D), 2 h vs 5 min (E), or 2 h vs Ctrl (F). (G) The average expression patterns over time, according to fragments per kilobase of transcript 
per million mapped reads (FPKM), of mRNAs with m6A methylation patterns of (5 min_up/2 h_up), (5 min_down/2 h_down), (5 min_up/2 h_down) and (5 min_down/ 
2 h_up). (H) Respective numbers of genes with the mRNA methylation profiles of (5 min_up/2 h_up), (5 min_down/2 h_down), (5 min_up/2 h_down) and (5 
min_down/2 h_up). A stacked bar plot was used to show the gene numbers corresponding to each section (5′UTR, start codon, CDS, stop codon and 3′UTR) of 
transcripts. (I–K) The relative expression levels of genes containing time-specific m6A peaks were compared between every two time points (5 min/Ctrl (I), 2 h/5 min 
(J) and 2 h/Ctrl (K)), in which the relationships between the peak positions (5′- or 3’-) and expression levels are shown. 
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m6A modification is a new regulator for radiation stimulation 
(Fig. 7D–F, Data S21). Although there was no consistent correlation 
between the time-course patterns of m6A methylation and gene 
expression, mRNAs with reversible m6A methylation tendencies ((5 
min_up/2 h_down) and (5 min_down/2 h_up)) corresponded to rela-
tively higher average expression levels (Fig. 7G). Moreover, the 
reversible m6A methylation profile after γ-ray exposure predicted far 
more genes than the continuously evolving profiles, similar to Fig. 4I, 
and most genes in the (5 min_up/2 h_down) group exhibited preferable 
m6A enrichment in the CDS region (Fig. 7H, Data S22). Then, we 
analyzed whether the expression levels of m6A-containing genes corre-
lated with the peak positions by dividing each moment-specific m6A- 
bearing gene into two categories (the 5′ m6A-containing genes (peak 
start) and 3′ m6A-containing genes (peak stop)). The data showed that, 
on the one hand, in the comparisons of 5 min/Ctrl and 2 h/5 min, the 
peak start m6A peaks showed slightly higher expression levels of most 
time-specific genes, which was different from the 2 h/Ctrl comparison; 
on the other hand, both the peak start and peak stop m6A peaks in the 
Ctrl-specific cluster predicted relatively higher expression levels of 
genes than those in the 5 min-specific or 2 h-specific cluster, while there 
was less difference in the expression levels of m6A-containing genes 
between the 2 h-specific and 5 min-specific groups (Fig. 7I–K). Taken 
together, the gene expression levels are correlated with m6A-modifying 
characteristics in some aspects, including the methylation ratio, time- 
dependent evolving patterns and peak locations. 

3.8. Blocking m6A catalytic enzyme expression in vivo leads to alterations 
in mouse radiosensitivity 

To validate whether mRNA m6A methylation impacts the radiosen-
sitivity of mouse models, METTL3 and FTO were interfered with in vivo 
by injecting 5 nmol/20 g animal-applicable siRNAs (Gong et al., 2019; 
Krutzfeldt et al., 2005; Wang et al., 2020), through the mouse tail vein 
just before radiation challenge. The siRNA injection was repeated once 
after three days. Firstly, the interference efficiency was verified at day 3 
and day 7 both at the mRNA and protein levels (Fig. 8A–D, Fig. S5A-D). 
After 4 Gy γ-irradiation, mice with METTL3 or FTO silencing showed 
higher body weights at some time points (Fig. 8E). In detail, siFTO 
treatment improved radiation-impaired hemogram indexes but light-
ened the weights of hematogenic organs in irradiated mice (Fig. 8F–H, 
Fig. S5E and F). However, siMETTL3 treatment rescued the TBI-induced 
thymus weight reduction (Fig. S8F). Additionally, the TBI + siFTO group 
showed an increase in body weights compared with the TBI group under 
7.2 Gy (which was the medial lethal dose in mice) γ-irradiation 
(Fig. S5G), and there was no significant discrepancy in the survival rates 
among the three groups (Fig. S5H). The preliminary blocking explora-
tions suggest that disturbing the expression of m6A-related enzymes 
alters the sensitivities of mouse models to γ-irradiation in multiple as-
pects. The data hint that in vivo siFTO treatment may relieve the 
TBI-induced physical condition impairment, of which the efficacy may 
be better than siMETTL3 treatment. To further explore the role of RNA 
m6A modification in the recovery process after γ-irradiation, we assessed 
the effects of double interfering with the two “erasers” FTO and ALKBH5 
on the radiosensitivity of mice. The interference efficiency was also 
verified at day 3 and day 7 at the mRNA and protein levels (Fig. 8I-L, 
Fig. S5I-L). As expected, double interfering with FTO and ALKBH5 
improved the physical condition of TBI-treated mice in multiple aspects, 
as judged by the amelioration of body weight (Fig. 8M), hemogram in-
dexes (WBC (Fig. 8N), lymphocyte (Fig. 8O), lymphocyte% (Fig. 8P), 
RBC (Fig. 8Q), PLT (Fig. 8R), HGB (Fig. S5M)) and the weights of 
hematogenic organ spleen and thymus (Fig. 8S and T). Additionally, the 
percentage of hematopoietic stem cells (HSCs) and hematopoietic pro-
genitor cells (HPCs) in bone marrow cell population both elevated in 
TBI + siFTO + siALKBH5 group (Fig. 8U, Fig. S5N and O). Collectively, 
the data preliminarily suggest that disturbing the expression of m6A 
demethylases ameliorates radiation hematopoietic injury. Our 

observations demonstrate that mRNA m6A modification of bone marrow 
plays a key role in the hematopoietic recovery after radiation exposure. 

4. Discussion 

Accidental ionizing radiation following radionuclide release, such as 
in Chernobyl and Fukushima Nuclear Power Plant, drives acute or 
chronic radiation injuries to living beings (Tagami et al., 2011; Zablot-
ska et al., 2011). Iatrogenic irradiation, such as radiotherapy for cancers, 
also indirectly subjects local normal tissues or even distal organs to 
unexpected radiation infringement. Except the well-known DNA 
double-strand breaking, the deficiency of theoretical innovation for 
further mechanisms underlying radiation toxicity leads to the techno-
logical hysteresis of repairing and rescuing for irradiation injury. 
Heretofore, amifostine is the only well-proven drug used for radiation 
injury treatment, but its application is limited due to the inconvenient 
administration of injection delivery and the existence of strong side ef-
fects (Yu et al., 2020). Accordingly, prevention and curing 
radiation-induced injuries remain conundrums and require break-
throughs in both fundamental and application research. The hemato-
poietic system is the most sensitive organ to irradiation. TBI with the 
dose higher than 3.5 Gy causes severe injury and persistent myelosup-
pression (Shao et al., 2014; Zhang et al., 2019). Hematopoietic toxicity is 
the main pathological basis of acute radiation syndrome. Impairments in 
hematopoietic organs appear at the early stage after irradiation and 
have obvious time-dependent characteristics, which dictate taxonomic 
diagnosis and prognosis prediction (Micewicz et al., 2019). In agreement 
with the evidence, TBI atrophied the thymus and spleen and harmed the 
hemogram within 2 h in our study. Importantly, TBI exposure altered 
the RNA m6A content and the expression levels of m6A modification 
related enzymes within 2 h following irradiation. The results suggest 
that m6A modification responds to radiation stimuli rapidly and might 
play key roles in the development of radiation toxicity. 

With the mystery of epigenetics unveiled, researchers began to 
realize the significance of RNA epigenetic modifications in the post-
transcriptomic network. RNA epigenetic information is controlled by the 
genome sequence, environmental exposure, and stochasticity or random 
chance (Golson and Kaestner, 2017; Tammen et al., 2013). As such, 
epitranscriptomics stands at the interface of the transcriptome, devel-
opment, and environmental exposure (Feinberg, 2018). As the most 
pervasive and conserved transcriptional modification within eukaryotic 
RNAs, m6A modification and the related catalytic enzymes participate in 
versatile life activities and diseases (Hao et al., 2019; Hu et al., 2020; Li 
et al., 2018; Richard et al., 2019; Song et al., 2020; Su et al., 2020; Yang 
et al., 2020; Yoon et al., 2017; Zhao et al., 2014). The variable mod-
ificatory m6A status responds to temporal and spatial transition and 
fluctuates with homeostatic state and external environmental challenges 
(Dorn et al., 2019; Engel et al., 2018; Xiang et al., 2017). An enrichment 
near the CDS region of genes has implicated m6A in transcript process-
ing, translational regulation and other mechanisms to relate this modi-
fication to development, differentiation and oncogenesis (Liu et al., 
2019; Saletore et al., 2013; Wu et al., 2019; Zhang et al., 2020a). 
Intriguingly, there was an overt preference of the enrichment region in 
the CDS for m6A upregulation peaks at 5 min. The m6A modificatory 
profile experienced a “change then recover” tendency following irradi-
ation; as a whole, γ-irradiation was mainly upregulated, rather than 
downregulated. 

Recent studies have discovered dynamic and reversible deposition of 
m6A on mRNA and other types of nuclear RNA (Fu et al., 2014; Yu et al., 
2018). Here, we also uncovered the “change then recover” mode of m6A 
modification in poly(A)-RNA after γ-irradiation treatment from multiple 
aspects, for example, from m6A abundance, spatial distribution, fold 
enrichment in different regions and the mRNA expression of effector 
enzymes. This epigenetic modification was sensitive to irradiation 
stimulation and achieved the “change then recover” tendency in 2 h. 
Additionally, some studies reported that the differential m6A 
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methylation peaks might be the consequent of the differential mRNA 
expression levels (Lu et al., 2021; McIntyre et al., 2020). We analyzed 
differential calling peaks obtained from the IP samples for the variation 
tendency in corresponding Input samples, and the result exhibited no 
obvious similarity for the trend between IP and Input samples. That 
might partly be related to the three replicates set in each group, and the 
differential peaks were merged from the replicates. Notably, there is 
indeed correlations between m6A peaks and mRNA expression levels, 
the functional studies of m6A demonstrate that m6A modification reg-
ulates the lifetime of mRNA and thereby influences the expression levels 
(Anders et al., 2015; Wang et al., 2014; Wang et al., 2015). In the future, 
mature sophisticated algorithm and strategy are required to precisely 
elucidate the relationship between epigenetic modifications and mod-
ulation of gene expression. 

In light of our data, modulation of m6A modifications might impact 
the development of radiation toxicity. Thus, we interfered with the 
expression levels of m6A catalytic enzymes in vivo and found that 
blocking the expression of m6A catalytic enzymes in vivo led to alter-
ations of mouse radiosensitivity in multiple aspects. Silencing of the m6A 
demethylase FTO and ALKBH5 ameliorated radiation hematopoietic 
injury. Additionally, the LC-MS/MS assay revealed a reduction of global 
m6A content 2 h after irradiation. The results preliminarily suggest that 
TBI treatment suppresses the comprehensive m6A levels in bone marrow 
at the early stage, and knockdown the m6A demethylase expression to 
rescue the irradiation-induced m6A decline contributes to the recovery 
of radiation exposure. 

In future studies, key target mRNAs and m6A sites should be precisely 
identified, reliable m6A spectra varying with time should be obtained, 
and interfering approaches towards target mRNAs and m6A effector 
enzymes in vitro and in vivo should be well verified and then applied. All 
of these explorations need to be tried in further investigations. 

5. Conclusion 

In summary, we depicted the global and dynamic m6A modification 
landscape and transcriptome alterations of mouse bone marrow in 
γ-irradiation-induced hematopoietic deficiency and revealed the 
“change then recover” characteristics of the mRNA m6A methylome. 
Notably, blocking the m6A catalytic enzymes in vivo leads to alterations 
in mouse radiosensitivity. Our study provides a theoretical foundation 
for intervening in the radiation crisis at the m6A epigenetic level and 
thereby sheds light on the roles of epitranscriptomes in the mammalian 
response to radiation. 
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1. Supplementary materials and methods 1 

1.1 Animal care 2 

Six- to eight-week-old male C57BL/6J mice were purchased from Beijing Huafukang 3 

Bioscience Co., Inc. (Beijing, China). Mice were housed in the specific pathogen-free (SPF) 4 

animal facility at the Institute of Radiation Medicine (IRM), Chinese Academy of Medical 5 

Sciences (CAMS). Mice were kept under standard conditions (ambient temperature 22±2 °C, 6 

air humidity 40-70% and a 12/12-h light/dark cycle) with continuous access to food and water. 7 

Animal experiments were performed according to the institutional guidelines approved by the 8 

Animal Care and Ethics Committee of IRM-PUMC, which complied with the Guide for the 9 

Care and Use of Laboratory Animals and the National Institutes of Health Guide for the Care 10 

and Use of Laboratory Animals. 11 

1.2 Experimental groups 12 

(1)  Control (Ctrl), 5 min and 2 h groups: healthy 6- to 8-week-old male C57BL/6J mice 13 

received no γ-ray exposure or 4 Gy γ-irradiation treatment and were sacrificed at 0, 5 min and 14 

2 h after the exposure. For the initial investigation of the effect of γ-irradiation on hemopoietic 15 

system, (n=18), in other single radiation treatment groups, (n=12). (2) TBI+siCtrl/ 16 

TBI+siMETTL3/TBI+siFTO/TBI+siFTO+siALKBH5 groups: healthy 6- to 8-week-old male 17 

C57BL/6J mice were injected with approximate 200 μL of normal saline containing dissolved 18 

animal-applicable scrambled siRNA or siRNA targeting METTL3/FTO/FTO+ALKBH5, which 19 

was modified by 2'OMe+5' Chol perssad to enhance the stability (Gong et al., 2019; Krutzfeldt 20 

et al., 2005; Wang et al., 2020), through the tail vein just before 4- or 7.2-Gy γ-irradiation 21 

treatment at the dose of 5 nmol/20 g. The siRNA injection was repeated once after three days. 22 

(n=12). 23 



2 

 

1.3 Sample collection 24 

For determination of radiation effects on the hematopoietic system, mice were treated with 25 

or without 4 Gy total body irradiation (TBI). Five minutes or 2 h after irradiation, peripheral 26 

blood was extracted from the orbital sinus and collected in ethylenediaminetetraacetic acid K3 27 

tubes for detection of hemogram indexes. Then, the mice were sacrificed by cervical dislocation, 28 

and the spleens and thymuses were dissected for imaging and weight measurement. Bone 29 

marrow cells were isolated as previously reported (Zhang et al., 2016); briefly, the cells were 30 

collected by flushing both the tibias and femurs with sterile PBS. For sample preparation of 31 

MeRIP-seq, MeRIP-qPCR, LC-MS/MS and Western blot, bone marrow cells from every four 32 

mice in one group were mixed together to obtain the three replicates per group, followed by the 33 

total RNA or protein extraction. 34 

1.4 Determination of hemogram indexes 35 

Peripheral blood obtained from the orbital sinus was analyzed on a hematology analyzer 36 

(Nihon Kohden, Japan). The quantification included white blood cell (WBC), lymphocyte%, 37 

monocyte%, granulocyte%, mean corpuscular hemoglobin concentration (MCHC), red blood 38 

cell (RBC), hemoglobin (HGB), platelet (PLT) and plateletcrit% (PCT%). 39 

1.5 Quantification of IL-6 and TNF-ɑ by ELISA 40 

The thymus tissues were weighed and ground in proportional saline and centrifuged for 10 41 

min at 1000 g, 4 °C. Sample dilutions of 1:4 were used for the determination of the IL-6 and 42 

TNF-α levels using commercial ELISA kits (Mlbio, Shanghai, China) according to the 43 

manufacturer’s protocol. The optical density was read at 450 nm (Rayto, Shenzhen, China). 44 

1.6 Determination of the MDA levels 45 

Administrator
高亮

Administrator
高亮

Administrator
高亮
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The MDA content levels in the spleen were measured using a specific MDA assay kit (Cat. 46 

No. BC0025, Solarbio, China) according to the manufacturer’s instructions. After the indicated 47 

treatment, the absorbance was measured at 450 nm, 532 nm and 600 nm wavelengths by a 48 

microplate reader (DTX 880 Multimode Detector, Beckman Coulter, USA) and quantified 49 

according to the indicated equation in the protocol. The MDA content is presented as nmol/g. 50 

1.7 LC-MS/MS analysis of m6A content 51 

Total RNA of bone marrow cells was extracted using TRIzol reagent (Invitrogen, USA) 52 

following to the manufacturer’s instruction. 1 μg of total RNA was digested by 4 μl nuclease 53 

P1 (Sigma, USA) in 40 μL buffer solution (10 mM Tris-HCl pH 7.0, 100 mM NaCl, 2.5 mM 54 

ZnCl2) at 37 °C for 12 h, followed by incubating with 1 μL alkaline phosphatase (Sigma, USA) 55 

at 37 °C for 2 h. Then the sample was extracted with chloroform and the upper aqueous solution 56 

was taken. RNA solution was concentrated and redissolved with ultrapure water for LC-ESI-57 

MS/MS analysis. The nucleosides were separated by reverse phase high-performance liquid 58 

chromatography on an Agilent C18 column, coupled with mass spectrometry detection using 59 

AB SCIEX QTRAP 6500+. The m6A levels were calculated as the ratio of m6A to A based on 60 

the standard curve obtained from pure nucleoside standards running with the same batch of 61 

samples. 62 

1.8 Quantitative reverse transcription real-time PCR (qRT-PCR) for monitoring the expression 63 

of m6A regulating enzymes 64 

Total RNA was extracted from bone marrow using TRIzol reagent (Invitrogen Corporation, 65 

CA, USA). Complementary DNA was synthesized from total RNA using poly(A)-tailed total 66 

RNA and reverse transcription primers with ImPro-II Reverse Transcriptase (Promega, 67 
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Madison, WI) according to the manufacturer’s protocol. QRT-PCR monitoring of the 68 

expression levels of five m6A effector enzymes, METTL3, METTL14, WTAP, FTO and 69 

ALKBH5 was performed according to the instructions of Fast Start Universal SYBR Green 70 

Master (Rox) (Roche Diagnostics GmbH, Mannheim, Germany). Experiments were conducted 71 

in duplicate in three independent assays. Relative transcriptional fold changes were calculated 72 

as 2-ΔΔCt. GAPDH was used as an internal control for normalization. All primers are listed in 73 

Supplementary Table S1. 74 

1.9 Protein extraction and Western blot analysis 75 

Total proteins were extracted from the cells using radio immunoprecipitation assay (RIPA, 76 

Solarbio, China) buffer according to the manufacturer’s protocol. Western blot analysis protocol 77 

was described previously (Zhang et al., 2017). The rabbit polyclonal primary antibodies to 78 

examine the protein expression levels of METTL3, METTL14, WTAP, FTO and ALKBH5 were 79 

purchased from Proteintech, China. The mouse anti-GAPDH monoclonal antibody was 80 

purchased from abcam, England.  81 

1.10 RNA isolation for MeRIP-seq 82 

For each group, nine biological replicates were selected, of which every three replicates were 83 

combined into one replicate. Then, total RNA of bone marrow was extracted using TRIzol 84 

reagent (Invitrogen Corporation, CA, USA) in accordance with the manufacturer’s instructions. 85 

The Ribo-Zero rRNA Removal Kit (Illumina, Inc., CA, USA) was used to remove the ribosomal 86 

RNA content of total RNAs. Then, the RNA was chemically fragmented into fragments of 87 

approximately 100 nucleotides in length using fragmentation buffer (Illumina, Inc.). 88 

1.11 MeRIP-seq library construction and sequencing 89 
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MeRIP-Seq was performed by Cloudseq Biotech, Inc. (Shanghai, China) following a 90 

previously reported procedure with a few modifications (Luo et al., 2019; Meyer et al., 2012). 91 

In brief, RNA fragments were incubated with an anti-m6A polyclonal antibody (202003; 92 

Synaptic Systems, Göttingen, Germany) in immunoprecipitation (IP) buffer for 2 h at 4°C. Then, 93 

the mixture was immunoprecipitated through incubation with protein-A beads (Thermo Fisher 94 

Scientific, MA, USA) for 2 h at 4 °C. Next, bound RNA with m6A modifications (BERRY & 95 

ASSOCIATES, PR3732, MI, USA) was eluted from the beads in IP buffer, followed by 96 

subsequent extraction with TRIzol reagent (Thermo Fisher Scientific). Purified RNA was then 97 

collected for RNA-seq library construction with the NEBNextR Ultra™ RNA Library Prep Kit 98 

(New England Biolabs, MA, USA). Both m6A IP samples and the input samples without IP 99 

were subjected to 150-bp paired-end sequencing on an Illumina HiSeq 4000 sequencer 100 

(Illumina, Inc.). 101 

1.12 Library preparation for transcriptome sequencing 102 

A total amount of 3 µg RNA per sample was used as input material for the RNA sample 103 

preparations. Sequencing libraries were generated using the NEBNext UltraTM RNA Library 104 

Prep Kit for Illumina (NEB, USA) following the manufacturer’s recommendations, and index 105 

codes were added to attribute sequences to each sample. Briefly, mRNA was purified from total 106 

RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent 107 

cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5×). 108 

First strand cDNA was synthesized using random hexamer primers and M-MuLV Reverse 109 

Transcriptase (RNase H-treated). Second strand cDNA synthesis was subsequently performed 110 

using DNA Polymerase I and RNase H. The remaining overhangs were converted into blunt 111 
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ends via exonuclease/polymerase activities. After adenylation of the 3' ends of DNA fragments, 112 

NEBNext adaptors with hairpin loop structures were ligated to prepare for hybridization. To 113 

preferentially select cDNA fragments 250~300 bp in length, the library fragments were purified 114 

with the AMPure XP system (Beckman Coulter, Beverly, USA). Then, 3 μL USER Enzyme 115 

(NEB, USA) was used with size-selected, adaptor-ligated cDNA at 37 °C for 15 min followed 116 

by 5 min at 95 °C before PCR. Then, PCR was performed with Phusion High-Fidelity DNA 117 

polymerase, universal PCR primers and Index (X) Primer. Finally, the PCR products were 118 

purified (AMPure XP system), and library quality was assessed on an Agilent Bioanalyzer 2100 119 

system. 120 

1.13 Identification of methylation regions and detection of differential methylation regions 121 

The software macs2 callpeak was used to identify the methylation regions in each sample. 122 

For detection of differential methylation regions, special scripts were compiled and conducted 123 

as follows. Merge peaks from different comparison groups were acquired, and the number and 124 

reads per million (RPM) values of the merge peaks in each sample or group were calculated. 125 

Then the ratio of RPMIP/RPMInput was used as foldenrichment, the foldchange value was 126 

obtained according to the ratio of foldenrichment between two independent groups. Log2 127 

foldchange >1 or <-1 is regarded as the threshold of the region defined as differential 128 

methylation region. The list of differential methylation regions were presented as Data S10. 129 

1.14 Motif analysis 130 

The interactions between transcription factors or chromatin histone modifications and DNA 131 

were not random, but they showed some specific sequence preference. MEME (Bailey et al., 132 

2009; Bailey et al., 2015) and DREME (Bailey, 2011; Machanick and Bailey, 2011) were used 133 
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to detect the sequence motif, which determined the detection of long and short consensus 134 

sequences. After motif detection, Tomtom software (Gupta et al., 2007) was used to annotate 135 

the motifs based on sequence similarity. For motif presence analysis, we added all the motifs 136 

in the three groups. The cumulative occurrence of each motif at each time point was calculated 137 

and divided by the number of m6A peaks per group. Then, each row of the final table obtained 138 

was reduced and centered to perform clustering of motif presence with in-house R scripts. 139 

1.15 Peak annotation 140 

The position of the peak around the transcript start sites of genes can predict the interaction 141 

sites of proteins and genes. PeakAnnotator (Salmon-Divon et al., 2010) was used to identify 142 

the nearest TSS of every peak, and the distance distribution between peaks and the TSS is 143 

shown. In addition, the distribution of peak on different functional regions, such as the 5'UTR, 144 

CDS, and 3'UTR, was determined.  145 

GRCm38.p6 Ensembl 94 (ftp://ftp.ensembl.org/pub/release-94/fasta/mus_musculus/dna/ 146 

Mus_musculus.GRCm38.dna.primary_assembly.fa.gz) was used for gene annotation. Peak-147 

related genes were confirmed by PeakAnnotator, and then Gene Ontology (GO) enrichment 148 

analysis was performed to identify the functional enrichment results. GO enrichment analysis 149 

was implemented by the GOseq R package, in which gene length bias was corrected. GO terms 150 

with corrected P values less than 0.05 were considered significantly enriched by peak-related 151 

genes. 152 

KEGG is a database resource for understanding the high-level functions and utilities of 153 

biological systems, such as cells, organisms and ecosystems, from molecular-level information, 154 

especially large-scale molecular datasets generated by genome sequencing and other high-155 
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throughput experimental technologies (http://www.genome.jp/kegg/). We used KOBAS 156 

software to test the statistical enrichment of peak-related genes in KEGG pathways. 157 

1.16 Peak analysis 158 

The quantity statistics of peaks was according to the number of common (or summational, 159 

or merge) peaks in every three replicates of each group. Differential peak analysis was based 160 

on the fold enrichment or RPM of peaks of different experiments. A peak was determined as a 161 

differential peak when the odds ratio between two groups was greater than 2. Using the same 162 

method, genes associated with differential peaks were identified and subjected to GO and 163 

KEGG enrichment analyses. 164 

1.17 MeRIP-qPCR 165 

MeRIP assay was performed using Magna MeRIP m6A Kit (Millipore, MA) following the 166 

manufacturer’s instructions. Briefly, 200 μg of total RNA was extracted from bone marrow cells 167 

of mice. The fragmentation of RNA was conducted using RNase MiniElute Kit. Chemically 168 

fragmented RNA (~200 nucleotides) was incubated with m6A antibody (Millipore) or mouse 169 

IgG-conjugated beads in 500 μL 1×IP buffer supplemented with RNase inhibitors at 4℃170 

overnight. Methylated RNA was immunoprecipitated with beads, eluted by competition with 171 

free m6A, and recovered with RNeasy kit (Qiagen). One tenth of fragments of RNA samples 172 

were retained and labeled as input. Enrichment of m6A containing mRNA in each sample was 173 

then analyzed by RT-qPCR and calculated by normalizing to ten-fold input. The primer 174 

sequences are listed in Supplementary Table S1. 175 

1.18 Interfering with the expression of m6A effector enzymes in vivo with siRNAs 176 

Before irradiation began, the animal-applicable siRNAs targeting METTL3, FTO or 177 
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ALKBH5 were dissolved in normal saline (5 nmol in 200 μL) and immediately injected into 178 

the mouse tail vein (5 nmol/20 g). An equivalent volume of normal saline containing dissolved 179 

scrambled siRNA was injected as a control. The siRNA duplexes and their respective negative 180 

controls were synthesized and purified by RiboBio (Guangzhou, China), and the injection was 181 

repeated once after three days. For the 4 Gy irradiated group, mice were housed for 15 days 182 

and then sacrificed to collect blood, spleen and thymus; for the 7.2 Gy γ-irradiation group, mice 183 

were housed for 4 weeks to observe survival. 184 

1.19 Fluorescence-activated cell sorting (FACS)  185 

For hematopoietic progenitor cell (HPC, Lineage-Scal-c-kit+) and hematopoietic stem cell 186 

(HSC, Lineage-Scal+c-kit+) analyses (Li et al., 2009; Shao et al., 2014), bone marrow cells were 187 

isolated as previously reported (Li et al., 2009; Shao et al., 2014) (Zhang et al., 2016). Briefly, 188 

5×106 cells were incubated with Biotin-conjugated antibodies specific for Gr1, Ter119, CD11b, 189 

B220, CD4, and CD8 (mixed Lineage antibodies) for 1 hour, and then stained with PerCP 190 

streptavidin, PE sca1, APC c-kit, and FITC CD34 antibodies for 30 min. Data acquisition was 191 

performed on a BD Accuri C6 flow cytometer and analyzed by the BD Accuri C6 software (BD 192 

Bioscience, San Jose, CA, USA). 193 

 194 
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