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Abstract N6-methyladenosine (m6A) is an abundant mRNA modification and affects many 
biological processes. However, how m6A levels are regulated during physiological or patholog-
ical processes such as virus infections, and the in vivo function of m6A in the intestinal immune 
defense against virus infections are largely unknown. Here, we uncover a novel antiviral function 
of m6A modification during rotavirus (RV) infection in small bowel intestinal epithelial cells (IECs). 
We found that rotavirus infection induced global m6A modifications on mRNA transcripts by 
down-regulating the m6a eraser ALKBH5. Mice lacking the m6A writer enzymes METTL3 in IECs 
(Mettl3ΔIEC) were resistant to RV infection and showed increased expression of interferons (IFNs) 
and IFN-stimulated genes (ISGs). Using RNA-sequencing and m6A RNA immuno-precipitation 
(RIP)-sequencing, we identified IRF7, a master regulator of IFN responses, as one of the primary 
m6A targets during virus infection. In the absence of METTL3, IECs showed increased Irf7 mRNA 
stability and enhanced type I and III IFN expression. Deficiency in IRF7 attenuated the elevated 
expression of IFNs and ISGs and restored susceptibility to RV infection in Mettl3ΔIEC mice. 
Moreover, the global m6A modification on mRNA transcripts declined with age in mice, with a 
significant drop from 2 weeks to 3 weeks post birth, which likely has broad implications for the 
development of intestinal immune system against enteric viruses early in life. Collectively, we 
demonstrated a novel host m6A-IRF7-IFN antiviral signaling cascade that restricts rotavirus infec-
tion in vivo.
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This study clearly shows that m6A modification on mRNA regulates immune responses in the intes-
tine during rotavirus infection. The authors further show the mechanisms how m6A modification is 
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regulated in the intestine. Thus, this study provides important insights into the regulation of anti-viral 
immunity in the intestine.

Introduction
N6-methyladenosine (m6A) is the most abundant internal mRNA modification and modulates diverse 
cellular functions through m6A-related writers, erasers, and readers (Roundtree et  al., 2017; Xu 
et al., 2021; Chelmicki et al., 2021). The m6A modification directly recruits m6A-specific proteins 
of the YT521-B homology (YTH) domain family (Roundtree et  al., 2017). These proteins mediate 
the m6A-dependent regulation of pre-mRNA processing, microRNA processing, translation initiation, 
and mRNA decay (Roundtree et al., 2017). In recent works, m6A modifications has been identified 
in the genomes of RNA viruses and the transcripts of DNA viruses with either a pro-viral or anti-viral 
role (Tsai et al., 2018; Li et al., 2017; Hesser et al., 2018; Imam et al., 2018; Ye et al., 2017). 
Furthermore, m6A RNA modification-mediated down-regulation of the α-ketoglutarate dehydroge-
nase (KGDH)-itaconate pathway inhibits viral replication independent of the innate immune response 
(Liu, 2019). According to Gao et al., 2020, m6A modification preserves the self-recognition of endog-
enous transcripts. Deletion of the m6A writer Mettl3 decreases the m6A modifications in endogenous 
retrovirus (ERV) transcripts. The accumulation of ERVs activates pattern recognition receptors (e.g. 
RIG-I) pathways, resulting in a detrimental interferon response in livers of fetal mice (Gao et al., 2020).

The m6A modification of the enterovirus 71 (EV71) RNA genome is important for viral propagation, 
and EV71 infection increases the expression of m6A writers in vitro (Hao et al., 2019). m6A methyl-
transferase METTL3 knockdown reduces whereas m6A demethylase FTO knockdown increases EV71 
replication (Hao et al., 2019). In addition, human cytomegalovirus can upregulate the expression of 
m6A-related proteins (Rubio et al., 2018; Winkler et al., 2019). Despite the knowledges about m6A 
regulation and function during viral infection revealed by these in vitro studies, the regulation of m6A 
modifications and the specific role of m6A in the antiviral response in vivo, especially in the gastroin-
testinal tract, remains unclear.

Rotavirus (RV), a member of the family Reoviridae, is a nonenveloped icosahedral-structured virus 
with 11 segments of double-stranded RNA. Children under the age of five are at high risk of rotavirus 
infection, which causes severe diarrhea, dehydration, and death (Crawford et al., 2017). Rotaviruses 
encode multiple viral proteins to inhibit innate immune responses by degrading interferon regula-
tory factors (IRFs) and mitochondrial antiviral-signaling protein (MAVS), thus facilitating efficient virus 
infection and replication (Ding et al., 2018; Barro and Patton, 2007). The timely induction of an IFN 
response is key to the host successful control of invading viruses, including RV (Honda et al., 2005; 
Lin et al., 2016; Pott et al., 2011). Here, we found rotavirus infection induced global m6A modifica-
tions on mRNA transcripts by down-regulating the m6A eraser ALKBH5. Mice lacking the m6A writer 
enzymes METTL3 in IECs (Mettl3ΔIEC) were resistant to RV infection. We identified IRF7, a master 
regulator of IFN responses (Honda et al., 2005), as one of the primary m6A targets during virus infec-
tion. In the absence of METTL3, IECs showed increased Irf7 mRNA stability and enhanced type I and III 
IFN expression. Deficiency in IRF7 attenuated the elevated expression of IFNs and ISGs and restored 
susceptibility to RV infection in Mettl3ΔIEC mice. Collectively, we identified a novel regulation and 
function of m6A modifications in an enteric viral infection model in vivo.

Results
The regulation and function of mRNA m6A modifications during RV 
infection
RV infections primarily take place in children under the age of five in humans and in neonatal mice 
younger than 2 weeks old (Crawford et  al., 2017; Du et  al., 2017). Intriguingly, total RNA m6A 
modifications in the mouse ileal tissues, revealed by a m6A dot blot and mass spectrum (MS) anal-
ysis, significantly declined from 2 weeks to 3 weeks post birth (Figure 1a, b and c), which caused by 
increased Alkbh5 expression (Figure  1d, Figure  1—figure supplement 1a and Figure  1—figure 
supplement 1b) and development of microbiota might be involved (Figure 1—figure supplement 2). 
Indeed, overexpression of Alkbh5 in mouse IEC cell line caused decreased m6A level (Figure 1—figure 
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Figure 1. Rotavirus infection increases global m6A modifications, and METTL3 deficiency in IECs results in increased resistance to rotavirus 
infection. (a) m6A dot blot analysis of total RNA in ileum tissues from mice with different ages. Methylene blue (MB) staining was the loading control. 
(b) Quantitative analysis of (a) (mean ± SEM), statistical significance was determined by Student’s t-test (**p < 0.005, ***p < 0.001, NS., not significant). 
The quantitative m6A signals were normalized to quantitative MB staining signals. (c) mass spectrum (MS) analysis of m6A level in ileum tissue from 

Figure 1 continued on next page
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supplement 1c), supporting the role of Alkbh5 in regulating global m6A levels in intestine. These data 
indicating a potential link between the resistance to RV infection and the decline of m6A modification 
during early life development.

Besides, the global m6A RNA modification levels increased in the ileum tissue of suckling mice post 
RV murine strain EW infection (Figure 1e and f and Figure 1—figure supplement 3). As a control, 
the m6A modification can barely detected in IECs deficiency with m6A writer METTL3 (Mettl3fl/flVil1Cre, 
Mettl3ΔIEC) (Figure 1e and f). Thus, we hypothesize that RV may induce an enriched cellular m6A 
modification environment and a weakened innate immune response to facilitate virus replication. To 
investigate the in vivo role of m6A in the anti-RV immunity, we infected Mettl3ΔIEC mice and wild-
type (WT) littermates with RV EW strain. The viral RNA load in Mettl3ΔIEC mice ileum tissue was 
significantly lower than that in the WT mice (Figure 1g and Figure 1—figure supplement 4). Fecal 
virus shedding was also significantly lower in Mettl3ΔIEC mice (Figure 1h). Genetic knockdown of 
METTL3 in HT-29 cells, a human colonic epithelial cell line, by CRISPR-mediated gene silencing, also 
led to reduced RV replication (Figure 1i), further highlighting the resistance phenotype to RV infection 
by METTL3 deficiency.

METTL3 deficiency in IECs results in decreased m6A deposition on Irf7, 
and increased interferon responses
To dissect the underlying mechanism, we performed RNA-sequencing using the IECs from METTL3-
deficient mice and littermate controls at steady state. Most of the differentially expressed genes in 
METTL3-deficient IECs vs WT IECs were enriched in the pathways of ‘defense response to virus’, 
‘response to interferon-beta’, and ‘positive regulation of innate immune response’ by gene ontology 
analysis (Figure 2a). Heatmap also showed that a panel of interferon stimulate genes (ISGs) are upreg-
ulated in METTL3-deficient IECs compared to WT IECs (Figure 2b). To map potential m6A modifica-
tion sites on mRNAs of these differential expressed genes in IECs, we conducted m6A RIP-sequencing 
based on a previously reported protocol (Li et al., 2017). Metagene plots showed the m6A peak is 
enriched near the stop codon and 3’-UTR region, which is consistent with previously studies (Xuan 
et al., 2018; Dominissini et al., 2012; Figure 2—figure supplement 1b). We found that m6A modi-
fied one of the master regulators of IFNs, Irf7 (Figure 2c), which played a key role in the network 
of these differential expressed genes in METTL3-deficient IECs compared to WT IECs, analyzed by 
STRING (Figure 2d). Of note, Irf7 was the only IRFs that highly expressed in METTL3-deficient IECs, 
and Irf7 was the prominently highest expressed Irf in IECs (Figure 2e), indicating Irf7 might be one 
of the key genes that are modulated by m6A modifications. We also validated our results by m6A 
RIP-qPCR to examine m6A modification sites in Irf7 mRNA based on our RIP-sequencing data in 
METTL3 knock-down MODE-K cells and predicted results from the database (http://rna.sysy.edu.cn) 
(Figure 2—figure supplement 1a, Figure 2—figure supplement 1c and Figure 2—figure supple-
ment 1d). It should be noted that our m6A-RIP-seq were performed at steady state. We did not 

mice with different ages. (mean ± SEM), Statistical significance was determined by Student’s t-test (*p < 0.05, NS., not significant). (d) qPCR analysis 
of indicated genes in ileum tissues from mice with different ages (mean ± SEM). Statistical significance was determined by Student’s t-tests between 
groups (*p < 0.05, ***p < 0.001, NS., not significant). (e) WT and Mettl3ΔIEC mice were infected by rotavirus EW strain at 8 days post birth. m6A dot 
blot analysis of total RNA in ileum IEC at 2 dpi. Methylene blue (MB) staining was the loading control. (f) Quantitative analysis of (e) (mean ± SEM). 
Statistical significance was determined by Student’s t-test (*p < 0.05, ***p < 0.001, NS., not significant). The quantitative m6A signals were normalized to 
quantitative MB staining signals. (g–h) Mettl3ΔIEC mice and littermate controls were infected by rotavirus EW strain at 8 days post birth. qPCR analysis 
of RV viral loads in ileum tissue (g) or fecal samples (h) from Mettl3ΔIEC mice and littermate controls at 4 days post infection (dpi) (littermate WT n 
= 4, Mettl3ΔIEC n = 4, mean ± SEM). Statistical significance was determined by Student’s t-tests between genotypes (*p < 0.05). (i) qPCR analysis of 
indicated genes in Rhesus rotavirus (RRV)-infected HT-29 cells transduced with Mettl3 sgRNA or control sgRNA, at indicated hours post infection (hpi) 
(mean ± SEM), statistical significance was determined by Student’s t-test (*p < 0.05, ***p < 0.001, NS., not significant). Experiments in (a, d-f, and i) are 
repeated twice, (g and h) are repeated four times.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. ALKBH5 regulates total RNA m6A modification level in intestine.

Figure supplement 2. Dot blot analysis of total RNA m6A modification level in the ileum of germ-free mice.

Figure supplement 3. Mass spectrum (MS) analysis of total RNA m6A modification level in RV infected ileum.

Figure supplement 4. Schematic design of RV infection model.

Figure 1 continued

https://doi.org/10.7554/eLife.73628
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Figure 2. METTL3 deficiency in IECs results in decreased m6A deposition on Irf7, and increased interferon responses. (a) Gene ontology (GO) analysis 
of differentially expressed genes in IECs from Mettl3ΔIEC mice vs IECs from littermate WT mice. (b) Heat map of a subset of upregulated ISGs in IECs 
from Mettl3ΔIEC mice vs IECs from littermate WT mice, as revealed by RNA-seq (normalized data). (c) m6A-RIP-seq analysis of Irf7 and Gapdh mRNA 
in the ileum of WT mice. (d) Gene regulation network of a subset of up-regulated genes including IRF7. (e) Heat map of Interferon regulatory factors 

Figure 2 continued on next page
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identified previous reported Ifns (Rubio et al., 2018; Winkler et al., 2019), possibly due to the low 
expression level of Ifns in IECs at steady state.

IRF7 is a known master regulator of Type I interferon and Type III interferon-dependent immune 
responses in respond to virus infection (Barro and Patton, 2007; Honda et al., 2005; Ciancanelli et al., 
2016). We reasoned that loss of m6A modification on Irf7 mRNA is responsible for the increased IFN 
response and subsequent resistance to RV infection. Thus, we first validated the regulation of Irf7 mRNA 
levels by m6A in mice and in cells. We found an increase of Irf7 mRNA in ileum tissue of Mettl3ΔIEC 
mice compared to that in WT littermate control mice (Figure 2f). Consistently, the expression of IRF7 
mRNA was also higher in METTL3 knockdown HT-29 and METTL3 knockout rhesus monkey MA104 
cells, suggesting that the regulation of IRF7/Irf7 expression by m6A is likely conserved across species 
(Figure 2—figure supplement 2, Figure 2—figure supplement 3). Furthermore, genetic knockdown of 
METTL3 in human or mice IEC cell lines also led to increased IRF7/Irf7 expression and IFN/Ifn responses 
(Figure 2—figure supplement 1f, Figure 2—figure supplement 2). As m6A is known to regulate the 
mRNA decay, we next sought to determine whether the stability of IRF7 mRNA is regulated by m6A. We 
used actinomycin D to block the de novo RNA synthesis in HT-29 cells to assess the RNA degradation by 
METTL3 knockdown. The IRF7 mRNA degraded significantly slower in METTL3-knockdown HT-29 cells 
than the control cell line (Figure 2g, Figure 2—figure supplement 2b).

To directly evaluate the role of m6A in modulating the stability of Irf7 mRNA, luciferase reporter assays 
were conducted. In comparison with wild-type Irf7-3’UTR (Irf7-WT) constructs, the ectopically expressed 
constructs harboring m6A mutant Irf7-3’UTR (Irf7-MUT) showed significantly increased luciferase activity 
(Figure 2h, Figure 2—figure supplement 1e). Further, mutation of m6A modification sites can directly 
increase the expression of Irf7 and enhance the antiviral function of Irf7 in MEF cells (Figure 2—figure 
supplement 4a and Figure 2—figure supplement 4b). These results suggest that the upregulation 
of Irf7 mRNA level in Mettl3ΔIEC mice is caused by the loss of m6A modification mediated mRNA 
decay. To evaluate the potential influence of m6A on Irf7 transcriptional targets, we also measured the 
expressions of IFNs and ISGs in rotavirus infected ileum tissue from Mettl3ΔIEC mice and littermate WT 
mice. We found the transcriptional targets of Irf7, were all upregulated in Mettl3ΔIEC mice (Figure 2i). 
Furthermore, we found that the mRNAs of Irf7 and its transcriptional targets ISGs increased in the ileum 
of the mice from 1 to 4 weeks, with a dramatic upregulation from 2 to 3 weeks (Figure 2—figure supple-
ment 5), which was concomitant with the decrease of global m6A modifications (Figure 1a and b and 
Figure 1—figure supplement 1a). These results demonstrated that METTL3 deficiency in IECs results 
in decreased m6A deposition on Irf7, and increased interferon response.

IRF7 deficiency attenuated the increased interferon response and 
resistance to RV infection in Mettl3ΔIEC mice
To determine whether Irf7 plays a key role in the resistance phenotype to RV infection in METTL3-
deficient mice in IECs, we crossed Irf7−/− mice to Mettl3ΔIEC mice. Following RV oral gavage, the 

(Irfs) in IECs from Mettl3ΔIEC mice vs IECs from littermate WT mice, as revealed by RNA-seq (RPKM). (f) Mettl3ΔIEC mice and littermate controls were 
infected by EW at 8 days post birth. qPCR analysis of the Irf7 expression in ileum and jejunum from Mettl3ΔIEC mice and littermate control at 2 dpi 
(littermate WT n = 4, Mettl3ΔIEC mice n = 3, mean ± SEM). Statistical significance was determined by Student’s t-test (*p < 0.05, **p < 0.005). (g) q-
PCR analysis of Irf7 mRNA in METTL3 knockdown HT-29 cells or control cells in indicated time points post actinomycin D treatment (n = 3, mean ± 
SEM). Statistical significance was determined by Student’s t-test (*p < 0.05, ***p < 0.001, NS., not significant). (h) Relative luciferase activity of sgEV and 
sgMettl3 HEK293T cells transfected with pmirGLO-Irf7-3’UTR (Irf7-WT) or pmirGLO-Irf7-3’UTR containing mutated m6A modification sites (Irf7-MUT). 
The firefly luciferase activity was normalized to Renilla luciferase activity (n = 3, mean ± SEM). Statistical significance was determined by Student’s t-tests 
between groups (*p < 0.05, NS., not significant). (i) Mettl3ΔIEC mice and littermate control and were infected by EW at 8 days post birth. qPCR analysis 
of selected IFNs and ISGs in ileum tissue at two dpi (littermate WT, n = 4, Mettl3ΔIEC mice, n = 3, mean ± SEM). Statistical significance was determined 
by Student’s t-tests between genotypes (*p < 0.05, **p < 0.005). Experiments in (f, h and i) are repeated three times, (g) are repeated twice.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Characterization of m6A modifications on Irf7 mRNA.

Figure supplement 2. METTL3 knockdown in HT-29 cells results in increased IFN response.

Figure supplement 3. METTL3 deficiency in MA104 cells results in increased resistance to Rhesus rotavirus infection.

Figure supplement 4. m6A modification on Irf7 mRNA regulates its expression.

Figure supplement 5. Expression of Irf7 and ISGs in ileum from mice during early life development.

Figure 2 continued

https://doi.org/10.7554/eLife.73628
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expression of IFNs and ISGs in ileum from Irf7−/−Mettl3ΔIEC mice were significantly lower than those 
from Mettl3ΔIEC mice at 2dpi (Figure 3a–c), and unlike the increased expression of IFNs and ISGs 
in Mettl3ΔIEC mice vs littermate WT controls, by deficiency of IRF7, the expression of IFNs and ISGs 
in ileum from Irf7−/−Mettl3ΔIEC mice were not significantly different from those from Irf7−/− mice 
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Figure 3. IRF7 deficiency attenuated the increased interferon response and resistance to rotavirus infection in Mettl3ΔIEC mice. (a–c) WT control mice, 
Mettl3ΔIEC mice, Irf7-/- mice and Mettl3ΔIEC Irf7-/- mice are all littermates. They were infected by RV EW at 8 days post birth. qPCR analysis of selected 
IFNs (a), ISGs (b), or Irf7 (c) expression in ileum from indicated groups of mice at two dpi (littermate WT n = 7, Mettl3ΔIEC n = 5, Irf7-/- n = 3, Mettl3ΔIEC 
Irf7-/- n = 6, mean ± SEM). Statistical significance was determined by Student’s t-tests between genotypes (*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 
0.0001, NS., not significant). (d) qPCR analysis of fecal rotaviral shedding in indicated groups of mice at four dpi (littermate WT n = 5, Mettl3ΔIEC n = 5, 
Irf7-/- n = 3, Mettl3ΔIEC Irf7-/- n = 4, mean ± SEM). Statistical significance was determined by Student’s t-tests between genotypes (*p < 0.05, **p < 0.005, 
NS., not significant). (e–f) qPCR analysis of RV proteins expression (e) or Mettl3 and Irf7 (f) in ileum from indicated groups of mice at four dpi (littermate 
WT n = 7, Mettl3ΔIEC n = 5, Irf7-/- n = 3, Mettl3ΔIEC Irf7-/- n = 6, mean ± SEM). Statistical significance was determined by Student’s t-tests between 
genotypes and (*p < 0.05, **p < 0.005, ***p < 0.001, NS., not significant). Experiments in (a–f) are repeated twice.

https://doi.org/10.7554/eLife.73628
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(Figure 3a–c), suggesting that Irf7 mediates the increased expression of IFNs and ISGs in Mettl3ΔIEC 
mice.

Moreover, the Irf7−/−Mettl3ΔIEC mice showed significantly higher viral loads in ileum tissue and 
higher fecal shedding of RV Mettl3ΔIEC (Figure 3d–f). Similarly, unlike the much lower fecal viral shed-
ding in Mettl3ΔIEC mice vs littermate WT controls, by deficiency of IRF7, the fecal viral shedding in 
Irf7−/−Mettl3ΔIEC mice were not significantly different from those in Irf7−/− mice (Figure 3d), suggesting 
that Irf7 mediates the resistant phenotype of rotavirus infection measured by fecal viral shedding in 
Mettl3ΔIEC mice. Notably, the viral proteins expression difference in ileum from Irf7−/−Mettl3ΔIEC 
mice vs that from Irf7−/− mice (9.7-fold lower for NSP2 and 9.3-fold lower for VP7), was much lower 
than the viral proteins expression difference in ileum from Mettl3ΔIEC mice vs that from littermate 
mice (267.1-fold lower for NSP2 and 283.4-fold lower for VP7) (Figure 3e), suggesting that besides 
the contribution of Irf7 to the resistant phenotype of rotavirus infection in IECs from Mettl3ΔIEC 
mice, other pathways (e.g. m6A modifications in RV RNA) may also play roles. Therefore, IRF7 is an 
important mediator of the increased IFNs and ISGs expression in Mettl3ΔIEC mice and genetic dele-
tion of IRF7 restored the resistant phenotype of Mettl3ΔIEC mice to RV infection.

Rotavirus suppresses ALKBH5 expression through NSP1 to evade 
immune defense
We next sought to determine how RV regulates the m6A modifications in IECs. We first measured 
whether RV infection regulates the m6A-related writer and eraser proteins in the intestine. The protein 
levels of the methyltransferases METTL3 and METTL14 and demethylase FTO were not affected by 
RV infection in ileum tissue (Figure 4a and b). In contrast, the protein level of demethylase ALKBH5 
was significantly down-regulated by RV infection in the ileum (Figure 4a and b). To determine whether 
ALKBH5 play a role in anti-RV infection since it’s suppressed during RV infection, we generated the 
IEC-specific deletion of ALKBH5 in mice (Alkbh5fl/fl Vil1Cre, Alkbh5ΔIEC). The depletion of ALKBH5 
in IECs did not affected the anti-RV immune response (Figure 4c), the viral shedding in the feces 
(Figure 4d), or the viral protein expression in the ileum (Figure 4e), likely due to the suppressed 
ALKBH5 expression in ileum tissue of WT mice infected by RV.

We next asked whether there is redundancy between m6A eraser ALKBH5 and FTO. We first 
checked the expression of Alkbh5/ALKBH5 and Fto/FTO in our RNA-seq data in mouse IECs, and 
also a previous reported RNA-seq data in human intestinal enteroid (Saxena et al., 2017). We found 
the Alkbh5/ALKBH5 expression is much higher than Fto/FTO in intestine (Figure 4—figure supple-
ment 1a). We did qPCR analysis in mouse epithelial cell line MODE-K and showed the similar results 
(Figure  4—figure supplement 1a). Furthermore, we knock down METTL3, ALKBH5 and FTO in 
MODE-K cell. Through dot blot assay, we found ALKBH5 but not FTO is the dominant m6A eraser 
in IECs (Figure  4—figure supplement 1). Furthermore, overexpressing of recombinant ALKBH5 
increased the IFN/ISGs response and inhibit RRV infection in mouse IEC MODE-K cells (Figure 4—
figure supplement 2), suggesting re-expression of ALKBH5 might overcome the immune evasion of 
RV.

Non-structural protein 1 (NSP1) is a well-established RV-encoded innate immune antagonist that 
are showed to degrade IRF3 and β-Trcp (Barro and Patton, 2005; Ding et al., 2016). To test the 
potential role of NSP1 in AlKBH5 inhibition, we used the recently developed reverse genetics system 
and rescued recombinant WT RV SA11 strain and a mutant virus that does not express NSP1 (NSP1-
null) (Kanai et al., 2017). We infected HEK293 cells with WT and NSP1-null RVs, only WT RV reduced 
ALKBH5 protein levels (Figure 4f), suggesting that the down-regulation of ALKBH5 expression by RV 
is NSP1-dependent. These results suggest that RV might evades the antiviral immune response via 
downregulation of ALKBH5 expression by NSP1.

Discussion
Previous studies reported that m6A modifications on mRNA in mice embryonic fibroblasts or normal 
human dermal fibroblasts negatively regulate the IFN response by accelerating the mRNA degrada-
tion of type I IFNs (Rubio et al., 2018; Winkler et al., 2019). However, these studies were mainly 
conducted in vitro, leaving the relationship between m6A and IFN pathway in vivo an unexplored 
territory. Since type I and type III IFNs play a critical role in the antiviral immune response in the GI 

https://doi.org/10.7554/eLife.73628
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Figure 4. Rotavirus suppresses ALKBH5 expression through NSP1 to evade immune defense. (a) WT mice were infected by RV EW at 8 days post birth. 
Immunoblotting with antibodies target ALKBH5, FTO, METTL14 and METTL3 in ileum tissue from mice infected with RV EW at two dpi or treated with 
PBS. (b) Quantitative analysis of (a) (mean ± SEM), Statistical significance was determined by Student’s t-test (*p < 0.05). (c–e) Alkbh5ΔIEC mice and 
littermate controls were infected by RV EW at 8 days post birth. qPCR analysis of indicated genes expression in ileum (c), viral shedding in feces (d), and 
viral proteins expression in ileum (e), from Alkbh5ΔIEC mice or littermate controls at 4 days post infection (littermate WT n = 6, Alkbh5ΔIEC n = 5, 
mean ± SEM). Statistical significance was determined by Student’s t-tests between genotypes (*p < 0.05, NS., not significant). (f) Immunoblotting with 
antibodies target ALKBH5, NSP1, VP6 and GAPDH in HEK293 cells infected by SA11-4F and SA11-NSP1null (MOI = 1) for 24 hr. (g) Graphical abstract 

Figure 4 continued on next page
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tract (Pott et al., 2011), we used an RV infection model, in which IECs are specifically infected, as 
well as conditional knockout mice with IECs-specific depletion of m6A writer METTL3 or m6A eraser 
ALKBH5, to study the role of m6A modification in regulating IFN response towards rotavirus in IECs. 
Using RNA-seq and m6A-seq techniques, we identified IRF7, a key transcription factor upstream of 
IFNs and ISGs, as one of the m6A modified targets during RV infection, and is essential to mediate 
the elevated anti-rotavirus immune response by METTL3 deficiency. These results identify Irf7 as an 
important m6A target, and characterize, for the first time, the regulation of IFN response during RV 
infection in intestine, enabling a better understanding of how m6A modifications on mRNA regulate 
antiviral innate immune responses.

In addition to directly regulating target genes that involved in innate immune pathways, m6A 
modification is also known to affect viral gene expression, replication, and generation of progeny 
virions (Roundtree et al., 2017; Brocard et al., 2017). Some viral RNA genomes are modified by 
m6A, such as simian virus 40 (Tsai et  al., 2018; Lavi and Shatkin, 1975), influenza A virus (Krug 
et al., 1976), adenovirus (Sommer et al., 1976), avian sarcoma virus (Dimock and Stoltzfus, 1977), 
Rous Sarcoma virus (Kane and Beemon, 1985), hepatitis C virus (Gokhale et  al., 2016) and Zika 
virus (Lichinchi et  al., 2016). Through our m6A-RIP-qPCR, Rotavirus RNA was also found to have 
m6A modification (Figure 4—figure supplement 3). Of note, genetic deletion of METTL3 in monkey 
kidney MA104 cell line, which has limited IFN responses (Sánchez-Tacuba et al., 2020), also led to 
reduced RV replication (Figure 2—figure supplement 3). Further, IRF7 deficiency didn’t fully restore 
the suppressed rotaviral infection in Mettl3ΔIEC mice (Figure 3e). These results suggest that besides 
the contribution of Irf7 to the resistant phenotype of rotavirus infection in IECs from Mettl3ΔIEC mice, 
other pathways (e.g. m6A modifications in RV RNA) may also play roles. The detailed mechanisms 
warrant further investigations in the future.

Intriguingly, m6A modifications were shown to maintain the genomic stability of mice embryonic 
stem cells by promoting the degradation of endogenous retrovirus (ERV) mRNA, or by regulating 
ERV heterochromatin and inhibiting its transcription (Xu et al., 2021; Chelmicki et al., 2021). The 
absence of m6A results in the formation of abnormal endogenous dsRNA, which causes an aber-
rant immune response and necrosis in the hematopoietic system (Gao et  al., 2020). In the intes-
tine, through immunostaining with J2 antibody, we detected the increase of dsRNA levels in IECs of 
Mettl3ΔIEC mice compare to the littermate WT mice (Figure 4—figure supplement 4). In consis-
tency, the aforementioned RNA-seq data showed that the expression of a set of ISGs including Irf7 
was significantly upregulated in Mettl3 KO IECs. Our data suggest a dual activation model in steady 
state that in the absence of METTL3, the increase of dsRNA will induce the IFN responses, and the 
increased stability of Irf7 mRNA, which serves as a key transcription factor of IFN and ISG expression, 
will amplify this process. Furthermore, m6A modification of viral RNA genomes affect the activation of 
innate sensor-mediated signaling (Chen et al., 2021; Kim et al., 2020). Decreased m6A modification 
on RV genomes may activate innate sensors directly and induce higher IFN response, which will also 
be amplified by increase of Irf7 mRNA stability.

Although m6A is involved in many important biological processes, the regulation of m6A modi-
fications remain poorly understood. Here, we found RV infection down-regulates the level of m6A 
eraser ALKBH5 to induce m6A modifications, in an NSP1 dependent manner. The precise mechanism 
remains to be examined. As a result, ALKBH5 deficiency in IECs results in normal susceptibility to RV 
infection. In addition, the global m6A modification on mRNA transcripts declines by ages in the intes-
tine, with a significant drop from 2 to 3 weeks post birth, which implicate the drop of RV infectivity in 

illustrating the functions and molecular mechanisms of m6A modifications on Irf7 in anti-RV infection. Experiments in (a–e) are repeated three time, 
(f) are repeated twice.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. A non-redundant role of Alkbh5 in regulating m6A modification in IECs.

Figure supplement 2. ALKBH5 over-expression in MODE-K cells results in enhanced IFN response and increased resistance to Rhesus rotavirus 
infection.

Figure supplement 3. m6A-RIP-qPCR analysis of the predicted m6A sites on Rotavirus RNA.

Figure supplement 4. METTL3 deficiency leads to aberrant dsRNA formation in isolated IECs.

Figure 4 continued
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adult mice vs neonatal mice. The dual regulation of m6A levels during RV infection and development 
provide new insights into the choice of either RV or the host on regulation of m6A modification to 
achieve either immune evasion or immune surveillance, respectively.

In conclusion, our work shed light into a novel role of m6A modifications in RV infection in vivo, and 
reported a tissue specific regulation of m6A during RV infection or development (Figure 4g). Future 
studies on tissue-specific regulation of m6A modification by viral infections in other tissues and organs 
(e.g. lung, liver) will be of interest.

Materials and methods
Mice
METTL3 conditional knockout mice were generated by inserting two loxp sites into the intron after 
the first exon and the intron before the last exon of Mettl3 using CRISPR/cas9-based genome-editing 
system as previously described (Li et  al., 2017). ALKBH5 conditional knockout mice were gener-
ated by inserting two loxp sites into the introns flanking the first exon of Alkbh5 using CRISPR/cas9-
based genome-editing system as previously described (Zhou, 2021). Genotyping of Mettl3fl/fl mice, 
Alkbh5fl/fl mice, Vil1Cre mice (The Jackson Laboratory, Stock No: 021504), and Irf7-/- mice (RIKEN BRC, 
RBRC01420) were confirmed by PCR using primers as list below:

Mettl3fl/fl mice
Mettl3-L1+: ​CCCAACAGAGAAACGGTGAG
Mettl3-L2-: ​GGGTTCAACTGTCCAGCATC

Vil1Cre mice
Vil1Cre-182/150 F: ​GCCTTCTCCTCTAGGCTCGT
Vil1Cre-182-R: ​TATAGGGCAGAGCTGGAGGA
Vil1Cre-150-R: ​AGGCAAATTTTGGTGTACGG

Irf7-/- mice
RBRC01420-Irf7-WT-F: ​GTGG​TACC​CAGT​CCTG​CCCT​CTTT​ATAATCT
RBRC01420-Irf7-Mut-F: ​TCGT​GCTT​TACG​GTAT​CGCC​GCTC​CCGATTC
RBRC01420-Irf7-R: ​AGTA​GATC​CAAG​CTCC​CGGC​TAAG​TTCGTAC

Alkbh5fl/fl mice
Alkbh5-L1+: ​GCACAGTGGAGCACATCATG
Alkbh5-L2-: ​CAGAGGGCAAGCAACCACAC

The sex-, age-, and background-matched littermates of the knockout or conditional knockout mice 
were used as the controls in the present study. All mice were on the C57BL/6 background. Mice were 
maintained in SPF conditions under a strict 12 hr light cycle (lights on at 08:00 and off at 20:00). All 
animal studies were performed according to approved protocols by the Ethics Committee at the 
University of Science and Technology of China (USTCACUC202101016).

Cell culture
The MA104 cell line was obtained from the Cell Resource Center, Peking Union Medical College 
(which is the headquarter of National Infrastructure of Cell Line Resource). HEK293T (ATCC CRL-
3216), HT-29 (ATCC HTB-38D) were obtained from the American Type Culture Collection (ATCC). 
MODE-K cell were obtained from Shanghai HonSun Biological Technology Co., Ltd.

The identity of these cell lines were authenticated with STR profiling (FBI, CODIS). All these cells 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone) supplemented with 10% 
fetal bovine serum (FBS) (Clark); All cells were cultured at 37 °C in 5% CO2. All cells were tested for 
eliminating the possibility of mycoplasma contamination.

https://doi.org/10.7554/eLife.73628
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Poly(I:C) transfection
Poly(I:C) (OKA, A55994) was transfected at a concentration of 2 μg/ml using Lipofectamine 3,000 
(Invitrogen) according to the manufacturer’s protocol. Cells were analyzed at indicated hours.

Plasmids and SgRNAs
pSIN-mAlkbh5-3xflag and pLVX-mAlkbh5-puro was constructed by cloning mouse Alkbh5 CDS 
into pSIN-3xflag and pLVX-puro plasmid.
pLVX-mIrf7-wt-puro was constructed by cloning mouse Irf7 CDS and 3’UTR into pLVX-puro.
pLVX-mIrf7-Mut-puro was constructed by cloning mutated mouse Irf7 CDS and 3’UTR into 
pLVX-puro. (The potential m6A modification sites (1400 A, 2213 A, 2693 A, 2927 A, 3446 A, 
3475  A, 3491  A, 3590  A and 3620  A of mice Irf7(NC_000073)) were predicted on SRAMP 
website. The A to G mutation in these sites did not change the amino acids).

All gene silencing was done using a CRISPR–cas9 system, with lentiCRISPR v2 plasmid (Addgene 
no. 52961). The following sgRNAs were cloned downstream of the U6 promoter:

Human, rhesus and mouse METTL3/Mettl3: ​GGACACGTGGAGCTCTATCC;
Mouse Alkbh5: ​CCTCGTAGTCGCTGCGCTCG;
Mouse Fto: ​GAAGCGCGTCCAGACCGCGG;

Lentiviruses were generated by co-transfection of lentiCRISPR v2 constructs and packaging plas-
mids (psPAX2, Addgene no. 12,260 and pMD2.G, Addgene no. 12259), using PEI DNA transfection 
reagent (Shanghai maokang biotechnology), into HEK293T cells, according to the manufacturer’s 
instructions. At 48 hr post transfection, supernatants were collected and filtered through a 0.22 μm 
polyvinylidene fluoride filter (Millex). To induce gene silencing, cells were transduced with lentivirus 
expressing sgRNA and were puromycin selected (2  μg/ml) for 4–5  days. The depletion of target 
proteins was confirmed by immunoblot analysis.

Virus infections
Rhesus and simian RV strains, including RRV (Rhesus), SA11-4F (simian), SA11-NSP1null (simian) were 
propagated in MA104 cells as previously described (Ding et al., 2016). Viruses were activated by 
trypsin (5 μg/ml) at 37 °C for 30 min prior to infection. Cells were washed with PBS three times and 
incubated with RV at different MOIs at 37 °C for 1 hr. After removal of RV inoculum, cells were washed 
with PBS, cultured in serum-free medium (SFM) and harvested for qPCR and western blot analysis at 
indicated time points.

EW stock virus was prepared by infecting 5-day-old C57BL/6  J mice, and harvesting crude 
centrifugation-clarified intestinal homogenate as previously described (Ding et al., 2018).

For all rotavirus infection except indicated elsewhere, 8-day-old wild-type mice, or genetically defi-
cient mice were orally inoculated by gavage with RV EW virus as previously described (Ding et al., 
2018). Mice were sacrificed, stool and small intestinal tissue were collected at indicated time points 
post infection. Viral loads in intestinal tissues and feces were detected by RT–qPCR.

Quantitative analysis of m6A level
The m6A analysis by LC-MS/MS was performed by Metware Biotechnology Co., Ltd (Wuhan, China). 
In brief, 1 µg purified RNA was digested into single nucleosides with 1 U nuclease P1 (Takara) and 1 U 
rSAP (Takara) and incubated at 37 °C. The digested RNA was injected into a LC-MS/MS which includes 
the ultra-performance liquid chromatography with a C18 column. The positive ion multiple reaction-
monitoring (MRM) mode was adopted to detect m6A abundance. m6A levels were calculated from 
the standard curve which was generated from pure nucleoside standards.

RT-qPCR
For cells and tissues, total RNA was extracted with TRNzol Universal reagent (Tiangen) in accordance 
with the manufacturer’s instructions. Real-time PCR was performed using SYBR Premix Ex Taq II (Tli 
RNaseH Plus) (Takara) and complementary DNA was synthesized with a PrimeScript RT reagent Kit 
with gDNA Eraser (Takara). The target genes were normalized to the housekeeping gene (Gapdh, 
HPRT) shown as 2−ΔCt. The used primers are as follows:

https://doi.org/10.7554/eLife.73628
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Primers detect mouse genes
Mettl3-F: ​ATTGAGAGACTGTCCCCTGG
Mettl3-R: ​AGCTTTGTAAGGAAGTGCGT
Mettl14-F: ​AGACGCCTTCATCTCTTTGG
Mettl14-R: AGCCTCTCGATTT CCTCTGT
Fto-F: CTGAGGAAGGAGTGGCATG
Fto-R: ​TCTCCACCTAAGACTTGTGC
Alkbh5-F: ​ACAAGATTAGATGCACCGCG
Alkbh5-R: ​TGTCCATTTCCAGGATCCGG
Wtap-F: ​GTTATGGCACGGGATGAGTT
Wtap-R: ​ATCTCCTGCTCTTTGGTTGC
Gapdh-F: ​TGAG​GCCG​GTGC​TGAG​TATGTCG
Gapdh-R: ​CCAC​AGTC​TTCT​GGGT​GGCAGTG
Hprt-F: ​ACCT​CTCG​AAGT​GTTG​GATACAGG
Hprt-R: ​CTTG​CGCT​CATC​TTAG​GCTTTG
Irf7-F: ​ATGC​ACAG​ATCT​TCAA​GGCC​TGGGC
Irf7-R: ​GTGC​TGTG​GAGT​GCAC​AGCG​GAAGT
Isg15-F: ​GGTG​TCCG​TGAC​TAAC​TCCAT
Isg15-R: ​TGGA​AAGG​GTAA​GACC​GTCCT
Oas1a-F: ​GCCT​GATC​CCAG​AATC​TATGC
Oas1a-R: ​GAGC​AACT​CTAG​GGCG​TACTG
Ifnb-F: ​TCCG​AGCA​GAGA​TCTT​CAGGAA
Ifnb-R: ​TGCA​ACCA​CCAC​TCAT​TCTGAG
Ifnl3-F: ​AGCTGCAGGCCTTCAAAAAG
Ifnl3-R: ​TGGGAGTGAATGTGGCTCAG
Ifit1-F: ​GAAC​CCAT​TGGG​GATG​CACAACCT
Ifit1-R: ​CTTG​TCCA​GGTA​GATC​TGGG​CTTCT

Primers detect human genes
GAPDH-F: ​ATGACATCAAGAAGGTGGTG
GAPDH-R: ​CATACCAGGAAATGAGCTTG
IRF7-F: ​CGAGACGAAACTTCCCGTCC
IRF7-R: ​GCTGATCTCTCCAAGGAGCC
IFNL3-F: ​TAAG​AGGG​CCAA​AGAT​GCCTT
IFNL3-R: CTGGTCCAAGACATCCCCC
CXCL10-F: ​TGGCATTCAAGGAGTACCTC
CXCL10-R: ​TTGT​AGCA​ATGA​TCTC​AACACG
IFIT1-F: ​CAAC​CATG​AGTA​CAAA​TGGTG
IFIT1-R: ​CTCACATTTGCTTGGTTGTC

Primers detect rhesus genes
Rhesus-GAPDH-F: ​ATGACATCAAGAAGGTGGTG
Rhesus-GAPDH-R: ​CATACCAGGAAATGAGCTTG
Rhesus-IFIT1-F: ​CAAC​CATG​AGTA​CAAA​TGGTG
Rhesus-IFIT1-R: ​CTCACACTTGCTTGGTTGTC
Rhesus-IRF7-F: ​GTTCGGAGAGTGGCTCCTTG
Rhesus-IRF7-R: ​TCACCTCCTCTGCTGCTAGG
Rhesus-IFNL1-F: ​ACTCATACGGGACCTGACAT
Rhesus-IFNL1-R: GGATTCGGGGTGGGTTGAC
Rhesus-IFNb-F: ​GAGG​AAAT​TAAG​CAGC​CGCAG
Rhesus-IFNb-R: ​ATTA​GCAA​GGAA​GTTC​TCCACA

Primers detect virus genes
Rotavirus EW-NSP2-F: ​GAGA​ATGT​TCAA​GACG​TACTCCA
Rotavirus EW-NSP2-R: ​CTGT​CATG​GTGG​TTTC​AATTTC
Rotavirus EW-VP4-F: ​TGGCAAAGTCAATGGCAACG

https://doi.org/10.7554/eLife.73628
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Rotavirus EW-VP4-R: ​CCGAGACACTGAGGAAGCTG
Rotavirus EW-VP7-F: ​TCAACCGGAGACATTTCTGA
Rotavirus EW-VP7-R: ​TTGCGATAACGTGTCTTTCC
RRV VP7-F: ​ACGG​CAAC​ATTT​GAAG​AAGTC
RRV VP7-R: ​TGCA​AGTA​GCAG​TTGT​AACATC
RRV NSP2-F: ​GAGA​ATCA​TCAG​GACG​TGCTT
RRV NSP2-R: CGGTGGCAGTTGTTTCAAT
RRV NSP5-F: ​CTGC​TTCA​AACG​ACCC​ACTCAC
RRV NSP5-R: TGAATCCATAGACACGCC

m6A Dot blot assay
Total RNA was isolated from mice ileum using TRNzol Universal Reagent (Tiangen, Lot#U8825) 
according to the manufacturer’s instructions. RNA samples were quantified using UV spectrophotom-
etry and denatured at 95 °C for 3 min. The m6A-dot-blot was performed according to a published work 
(Shen et al., 2016). In brief, the primary rabbit anti-m6A antibody (1:5000, Synaptic System, #202003) 
or the primary rabbit anti-m6A antibody (1:1000, Sigma-Aldrich, ABE572-I-100UG) was applied to the 
Amersham Hybond-N+ membrane (GE Healthcare, USA) containing RNA samples. Dot blots were 
visualized by the imaging system after incubation with secondary antibody HRP-conjugated Goat 
anti-rabbit IgG (Beyotime, A0208).

Western blot
Briefly, cells and tissue were lysed with RIPA buffer (Beyotime Biotechnology) supplemented with 
PMSF (Beyotime Biotechnology) and protease inhibitor cocktail (Roche). METTL3 (abcam, ab195352, 
1:2000), METTL14 (sigma, HPA038002, 1:2000), ALKBH5 (sigma, HPA007196, 1:2000), FTO (abcam, 
ab92821), NSP1 and VP6 (gift from Harry B. Greenberg lab), GAPDH (proteintech), TUBULIN (protein-
tech), beta-ACTIN (proteintech), Phospho-IRF-7 (Ser437/438) (D6M2I) (CST), Phospho-TBK1/NAK 
(Ser172) (D52C2) (CST), TBK1/NAK (D1B4) (CST), and IRF-7 (D8V1J) (CST) antibodies were used in 
accordance with the manufacturer’s instructions. After incubation with the primary antibody over-
night, the blotted PVDF membranes (Immobilon, IPVH00010) were incubated with goat anti-rabbit 
IgG-HRP (Beyotime, A0208) or goat anti-mouse IgG-HRP (Beyotime, A0216) and exposed with BIO-
RAD ChemiDocTM Imaging System for a proper exposure period.

RNA degradation assay
The stability of targeted mRNA was assessed as previously described (Li et al., 2017). In brief, METTL3 
knock down HT-29 and control cell were plated on 24-well plate. Actinomycin-D (MCE, HY17559) was 
added to a final concentration of 5 μM, and cells were harvested by indicated time points after acti-
nomycin-D treatment. The RNA samples are processed and qPCR was used to measure the mRNA 
transcripts, all data were normalized to that of t = 0 time point.

Dual-luciferase assay
pmirGLO (Firefly luciferase, hRluc) vector of the Dual-luciferase Reporter assay system (Promega, 
E1910) was used to determine the function of m6A modification within the 3’UTR of Irf7 tran-
scripts. The potential m6A modification sites (3446 A, 3475 A, 3491 A, 3590 A, and 3620 A of mice 
Irf7(NC_000073)) were predicted on SRAMP website. The mutants harbor the A to G mutations at 
these sites. The assay was performed according to the manufacture’s instruction of Promega Dual-
Luciferase Reporter Assay System(E1910): Briefly, 300 ng of pmirGLO vector containing Irf7-3’UTR or 
m6A-mutant Irf7-3’UTR were transfected into HEK293T cells in triplicate wells. The relative luciferase 
activity was accessed 36 hr post-transfection.

Isolation of IECs in the Intestine
Small intestines were excised and flushed thoroughly three times with PBS. They were turned inside 
out and cut into ~1 cm sections then transferred into RPMI with 2 mM EDTA, and shaken for 15 min 
at 37 °C. Supernatants were collected through a 100-mm cell strainer to get single-cell suspensions. 
Cells were collected as the IEC fraction which contains both epithelial cells (~90%) and lymphocytes 
(IEL, ~ 10%). Single-cell suspension was used for further analysis.

https://doi.org/10.7554/eLife.73628
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RNA-Seq
IECs from Mettl3ΔIEC mice as well as the wild-type littermate control mice were isolated as described 
in previous section. Total RNAs were extracted with TRNzol universal RNA Reagen kits. Berrygen-
omics (Beijing, China) processed the total RNA and constructed the mRNA libraries, and subject 
them to standard illumine sequencing on Novaseq 6,000 system, and obtained >40 million Pair-end 
150 reads for each sample. Raw RNA-sequencing reads were aligned to the mouse genome (mm10, 
GRCm38) with STAR (v2.5.3a). Gene expression levels and differential analysis was performed with 
edgeR(v3.29.2). Genes were considered significantly differentially expressed if showing  ≥1.5  fold 
change and FDR < 0.05. Gene set analysis was performed and enriched pathways were obtained 
through online bioinformatics tools (metascape) and GSEA (v4.0.3). Pathway plot were gene-rated 
with R package ‘ggplot2’ (Li et al., 2017).

m6A RNA-IP-qPCR and m6A RNA-IP-Seq
m6A RNA-IP-Seq was carried out according to a previously published protocol (Li et al., 2017). In 
brief, total cellular RNA extracted from WT C57 mice IEC was fragmented by ZnCl2 followed by 
ethanol precipitation. Fragmented RNA was incubated with an anti-m6A antibody (Sigma Aldrich 
ABE572-I) or IgG IP Grade Rabbit polyclonal antibody (abcam, lot: 934197). The eluted RNA and 
input were subjected to high-throughput sequencing using standard protocols (Illumina, San Diego, 
CA, USA) or processed as described in ‘RT-qPCR’ section, except that the data were normalized to the 
input samples. The m6A RIP-Seq data were analyzed as described previously (Li et al., 2017).

RIP-Ptpn4-F: ​CCTC​CCAT​CCCG​GTCT​CCACC
RIP-Ptpn4-R: ​GGCTGCCCATCTTCAGGGGT
RIP-Rps14-F: ​ACCTGGAGCCCAGTCAGCCC
RIP-Rps14-R: ​CACAGACGGCGACCACGACG
RIP-Tlr3-F: ​TGCTCAGGAGGGTGGCCCTT
RIP-Tlr3-R: ​CGGGGTTTGCGCGTTTCCAG
m6A-Irf7-F1: ​GACAGCAGCAGTCTCGGCTT
m6A-Irf7-R1: ​ACCCAGGTCCATGAGGAAGT
m6A-Irf7-F2: ​GGCAAGACTTGTCAGCAGGG
m6A-Irf7-R2: ​TAGA​CAAG​CACA​AGCC​GAGAC

m6A sites on RV-EW RNA were predicted on http: //www.​cuilab.​cn/​sramp website, and m6A-RIP-
qPCR primer were designed on NCBI primer blast according to the predicted m6A sites.

m6A-RIP-qPCR primer
RIP-EW-VP1-F: ​ACGA​AATG​CTTG​TTGC​TATGAGT
RIP-EW-VP1-R: ​AACCTGTCCGTCAACCATTC
RIP-EW-VP2-F: ​GGCC​AGAA​CAGG​CTAA​ACAAC
RIP-EW-VP2-R: ​CGCA​GTTC​TCTT​TCGC​CATTT
RIP-EW-VP3-F: ​CGAT​GACA​GCAC​AAAA​GTCGG
RIP-EW-VP3-R: CGTGTCTCTTGCGAAGTC
RIP-EW-VP4-F: ​TCAGCAGACGGTTGAGACTG
RIP-EW-VP4-R: ​GGCT​GAGA​TGTC​ATCG​AAGTT
RIP-EW-NSP1-F: ​CCTC​ACAT​CTCT​GCTA​CATGAACT
RIP-EW-NSP1-R: ​TGCT​GGTT​GGAC​ATGG​AATGA
RIP-EW-VP6-F: ​CTGC​ACTT​TTCC​CAAA​TGCTCA
RIP-EW-VP6-R: ​GAGT​CAAT​TCTA​AGTG​TCAGTCCG
RIP-EW-NSP3-F: CTTGACGTGGAGCAGCAAC
RIP-EW-NSP3-R: ​AATG​TTTC​AATG​TCGT​CCAACG
RIP-EW-NSP2-F: ​TCCA​CCAC​TCTA​AAGA​ACTACTGC
RIP-EW-NSP2-R: ​TCCGCTGTCATGGTGGTTTC
RIP-EW-VP7-F: ​TCGGAACTTGCAGACTTGAT
RIP-EW-VP7-R: ​GCTTCGTCTGTTTGCTGGTA
RIP-EW-NSP4-F: ​TGCA​CTGA​CTGT​TCTA​TTTACGA
RIP-EW-NSP4-R: ​GGGAAGTTCGCATTGCTAGT
RIP-EW-NSP5/6-F: ​GGACACCGCAAGGTCAAAAA
RIP-EW-NSP5/6-R: ​TCGT​CTGA​GTCT​GATT​CTGCTT

https://doi.org/10.7554/eLife.73628
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J2 immunofluorescent staining
IECs from Mettl3ΔIEC mice as well as from the wild-type littermate control mice were isolated as 
described in previous section. Isolated IEC were centrifuged onto glass slides and fixed with 4% Para-
formaldehyde for 30 min at room temperature. Subsequently, permeabilized and blocked with PBS 
containing 0.1% Triton-X-100% and 5% bovine serum albumin for 1 hr at room temperature. Double-
stranded RNA (dsRNA) was labeled by a mouse monoclonal antibody J2 (Scisons) for 2 hr at room 
temperature, followed by incubation with anti-mouse IgG Alexa Fluor 594-conjugated antibody (Invi-
trogen) for 1 hr, and cells nuclei were visualized with 4,6-diamidino-2-phenylindole (DAPI, Invitrogen). 
All fluorescence images were analyzed via confocal imaging using Zeiss LSM880.

Statistical analysis
Statistical analysis was performed with the GraphPad Prism 8.0 (GraphPad, Inc, USA). Experiments 
were independently repeated for indicated times listed in the figure legend. Representative data was 
exhibited as the means ± SEM. Quantitative data was compared using Student’s t test. In addition, 
correlational analysis of gene expression was conducted with linear regression. p-values for every 
result were labeled on figures, and p < 0.05 was reckoned as statistically significant (*p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001, NS., not significant).
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