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SUMMARY
mRNAm6Amodification is heavily involved inmodulation of immune responses. However, its function in anti-
viral immunity is controversial, and how immune responses regulate m6A modification remains elusive. We
here find TBK1, a key kinase of antiviral pathways, phosphorylates the core m6A methyltransferase METTL3
at serine 67. The phosphorylated METTL3 interacts with the translational complex, which is required for
enhancing protein translation, thus facilitating antiviral responses. TBK1 also promotes METTL3 activation
and m6A modification to stabilize IRF3 mRNA. Type I interferon (IFN) induction is severely impaired in
METTL3-deficient cells. Mettl3fl/fl-lyz2-Cre mice are more susceptible to influenza A virus (IAV)-induced
lethality than control mice. Consistently, Ythdf1�/� mice show higher mortality than wild-type mice due to
decreased IRF3 expression and subsequently attenuated IFN production. Together, we demonstrate that
innate signals activate METTL3 via TBK1, and METTL3-mediated m6A modification secures antiviral immu-
nity by promoting mRNA stability and protein translation.
INTRODUCTION

Cellular RNAs generally carry a large number of chemical marks,

among which, N6-methyladenosine (m6A) is the most abundant

mRNA modification in higher eukaryotes (Roundtree et al.,

2017). It is co-transcriptionally installed on nascent transcripts

and dynamically regulated by specific proteins, namely ‘‘writers’’

and ‘‘erasers’’ (Huang et al., 2019; Shi et al., 2019). In the m6A

methyltransferase complex (MTC), methyltransferase-like 3

(METTL3) functions as the catalytic subunit, while METTL14

serves as a scaffold for RNA binding (Liu et al., 2014; Wang

et al., 2016a, 2016b). Additional regulatory components, including

WTAP (Ping et al., 2014; Schwartz et al., 2014), VIRMA (Yue et al.,

2018), ZC3H13 (Knuckles et al., 2018; Wen et al., 2018), and

RBM15/15B (Patil et al., 2016), which cooperate to facilitate
C
This is an open access article under the CC BY-N
RNA m6A methylation, have been discovered in recent years.

Transcriptome-wide mapping approaches have identified the

consensus motif DRACH (where D = G/A/U, R = G/A, H = U/A/

C, and A is converted to m6A) in mRNA for m6A methylation.

Despite the prevalence of DRACH sequence in the transcriptome,

only a small portion of these sites are methylated in vivo, typically

enriched near the stop codons and 30 untranslated regions (UTRs)

(Dominissini et al., 2012; Linder et al., 2015;Meyer et al., 2012). Af-

ter deposition, m6A can be dynamically removed by two currently

known demethylases, FTO and ALKBH5 (Jia et al., 2011; Zheng

et al., 2013). Moreover, another group of proteins, the YTH-

domain family, serve as ‘‘readers’’ of the m6A marks. YTHDF1

and YTHDF2 facilitate the translation and degradation of target

mRNAs, respectively (Wang et al., 2014, 2015), while YTHDF3

synergizes with these two proteins (Shi et al., 2017).
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Increasing evidence suggests that m6A regulates many physio-

logical and pathological processes, including stem cell differenti-

ation (Gao et al., 2020; Lee et al., 2019), DNAdamage repair (Xiang

et al., 2017; Zhang et al., 2020), circadian clock (Fustin et al.,

2013), metabolism (Zhong et al., 2018), and tumorigenesis (Bar-

bieri et al., 2017; Choe et al., 2018). The role of m6A and its ma-

chinery in virus-host interactions has been under debate for years.

It has been reported thatm6A could enhance type I interferon (IFN)

responses through promoting the nuclear export of several impor-

tant antiviral transcripts or augmenting the translation of a subset

of interferon stimulated genes (ISGs) (McFadden et al., 2021;

Wang et al., 2019; Zheng et al., 2017). In contrast, other groups

claim that m6A modification machinery controls IFNb production

and negatively regulates antiviral responses, as the mRNA of

IFNB is m6A modified and destabilized during infection (Rubio

et al., 2018; Winkler et al., 2019). As such, further systematic in-

vestigations are warranted to clarify how m6A is involved in anti-

viral innate immunity.Of note,most previous studies have focused

on the effects of m6A on antiviral immunity; little is known about

the mechanism by which viral infection regulates m6A modifica-

tion. Several studies have indicated that virus reprograms the

host m6A epitranscriptome (Hesser et al., 2018; Lichinchi et al.,

2016a, 2016b; Tan et al., 2018), and amore recent study suggests

that innate immune activation and ER stressmay contribute to the

virally induced m6A changes of specific cellular transcripts (Go-

khale et al., 2020). Despite this, far more evidence is needed to

define the exact influence of viral infection on m6A modification.

METTL3 is well known as the catalytic core of the MTC com-

plex, but the underlying mechanism of its activation is not fully

characterized. Post-translational modification (PTM) has been

shown to modulate a variety of functions of proteins. METTL3 is

documented to be SUMOylated at multiple lysine residues, which

inhibit the m6A methyltransferase activity and contribute to the

progression of hepatocellular carcinoma (Du et al., 2018; Xu

et al., 2020). Besides, METTL3 is also activated and stabilized

by kinase-mediated phosphorylation to promote DNA damage

repair, stem cell differentiation and tumorigenesis (Sun et al.,

2020; Zhang et al., 2020). In fact, m6A writers, erasers, and

readers have been described to be induced during HCMV infec-

tion (Rubio et al., 2018; Winkler et al., 2019), and several viral

proteins are reported to recruit and interact with METTL3 to

m6A-modify viral RNAs (Hao et al., 2019; Kim and Siddiqui,

2021). However, howMETTL3 is regulated in host defense against

virus remains unsolved.
Figure 1. TBK1 interacts with and phosphorylates METTL3

(A) TBK1 was identified as a METTL3-interacting protein by mass spectrometry.

(B) CoIP assay showing the protein interaction between endogenous METTL3 an

(C) Luciferase activity of IFNb in HEK293T cells transfected with indicated plasm

(D) qRT-PCR analysis of IFNB1 mRNA in HEK293T cells transfected with indicat

(E–G) Luciferase activity of IFNb in HEK293T cells transfected with indicated pla

(H) Phosphorylation site of METTL3 by TBK1 was identified via mass spectrome

(I) In vitro kinase activity of TBK1 was measured by ADP-Glo kinase assay. NC,

(J) Phosphorylation status of endogenous METTL3 was analyzed using a phosph

(K) Phosphorylation levels of both exogenous and endogenous METTL3 were an

(L) MST assay to measure the in vitro binding affinity between the indicated prot

(M) Luciferase activity of IFNb (upper) and qRT-PCR analysis of IFNB1mRNA (lowe

h. Data are themean ±SEM (n = 3) from three independent experiments, *p < 0.05

and L) or three (A, B, J, and K) independent experiments with similar results.
Here, we demonstrate that METTL3-mediated m6A modifica-

tion amplifies the type I IFN responses during viral infection,

and this antiviral function of METTL3 ismotivated by TANK-bind-

ing kinase 1 (TBK1). TBK1 interacts with and phosphorylates

METTL3 at serine 67 (S67) to enhance its association with trans-

lational related proteins and promote translation. Besides, TBK1

also facilitates the process in which METTL3-mediated m6A

modification stabilizes the mRNA of interferon regulatory factor

3 (IRF3). Newly synthesized IRF3 is further phosphorylated and

activated by TBK1, leading to induction of type I IFNs. Together,

our findings provide an insight into how m6A machinery, espe-

cially METTL3, is activated upon viral infection and highlight

the central role of m6A in boosting the type I IFN responses

through TBK1/METTL3 axis.

RESULTS

TBK1 interacts with and phosphorylates METTL3
AsMETTL3 takes a pivotal part in RNAm6Amodification and has

been under ongoing debate in virus-host interactions, we first

performed immunoprecipitation followed by mass spectrometry

to identify METTL3-interacting proteins. Strikingly, TBK1 was in

the list of METTL3-interacting proteins (Figure 1A), which is

known as the key kinase provoking antiviral immune responses

by phosphorylating IRF3 to initiate type I IFNs production (Fitz-

gerald et al., 2003; McWhirter et al., 2004; Sharma et al.,

2003). This interaction was further confirmed by co-immunopre-

cipitation (coIP) assay (Figures 1B and S1A). Overexpression of

METTL3 significantly enhanced the induction of IFNb by TBK1

(Figures 1C and 1D). We then generated a series of truncations

to identify the functional domain of METTL3 (Figures 1E, S1B,

and S1C). We found that the NLS and m6A catalytic domain of

METTL3 were required for enhancing TBK1-mediated induction

of IFNb (Figure 1E). It is believed that the 395 aspartic acid is crit-

ical for the catalytic activity of METTL3 (Wang et al., 2016a,

2016b). We thus replaced this aspartic acid with alanine and

examined its function. The reporter assay showed that overex-

pression of the mutant METTL3 failed to enhance the induction

of IFNb by TBK1 (Figure S1D), supporting that m6A was required

for antiviral innate immunity. Following coIP assay with truncated

proteins identified that the second coiled-coil domain (CCD2) of

TBK1 and 351–408 amino acids of METTL3 mediated the inter-

action of these two proteins (Figures S1E and S1F). Consistently,

the METTL3 mutant lacking amino acids (351–408) was not able
Vec, vector.

d TBK1. WCL, whole cell lysate.

ids for 24 h.

ed plasmids for 24 h (relative to HPRT).

smids for 24 h.

try.

negative control.

oserine antibody. BX795, TBK1 inhibitor.

alyzed in HEK293T cells after VSV infection.

eins and TBK1. Fnorm, normalized fluorescence.

r, relative toHPRT) in HEK293T cells transfected with indicated plasmids for 24

and **p < 0.01 (Student’s t test: C–G, I, andM). Data are representative of two (H
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to synergize with TBK1 (Figure 1E), while the CCD2was essential

for TBK1 to induce IFNb, as well as the enhancement byMETTL3

(Figure 1F). Therefore, TBK1-METTL3 interaction was necessary

for enhancing antiviral immune responses.

TBK1 is best known for its serine/threonine kinase activity in

innate immune responses (Fitzgerald et al., 2003; Sharma et al.,

2003). We did find that overexpression of the kinase-dead

(D135A) TBK1 can neither induce IFNb nor synergizewithMETTL3

(Figure 1G). To determine if TBK1 activates METTL3 via its kinase

activity, we performedmass spectrometry to detect themodifica-

tion of METTL3. As expected, METTL3 was phosphorylated at

S67 when co-expressed with TBK1 (Figure 1H). To address

whether TBK1 directly phosphorylated METTL3, we purified

TBK1 and METTL3 from Escherichia coli to perform ADP-Glo ki-

nase assay and mass spectrometry. We observed phosphoryla-

tion of METTL3 at S67 through mass spectrometry (Figure S1G)

and significantly enhanced kinase activity via kinase assay (Fig-

ure 1I), suggesting TBK1 phosphorylated METTL3 at S67. To

strengthen this point, a phosphoserine antibodywas used tomea-

sure the phosphorylation status of endogenous METTL3. Vesicu-

lar stomatitis virus (VSV) infection increased the phosphorylation

of METTL3, while this effect was abrogated by TBK1 inhibitor

treatment (Figure 1J). In addition, S67A mutant METTL3 showed

a much lower phosphorylation level than wild-type (WT) METTL3

(Figure 1K), further demonstrating the phosphorylation ofMETTL3

at S67 after virus infection. To confirm the direct binding affinity

between TBK1 and METTL3, microscale thermophoresis (MST)

assay was conducted, with IRF3 and STING, two well-character-

ized TBK1 substrates, as controls. To our surprise, METTL3

showed higher affinity with TBK1 than both IRF3 and STING (Fig-

ure 1L). To determine if this phosphorylation was required for anti-

viral immunity, we co-transfected WT or S67A mutant METTL3

with TBK1. The induction of IFNb and CXCL10 bymutantMETTL3

was significantly decreased compared with WT METTL3 (Figures

1M and S1H). To exclude the non-specific effect of point muta-

genesis, we replaced the proximal serine with alanine to generate

S57A mutant METTL3. This mutant was still able to facilitate the

IFNb induction by TBK1 (Figure 1M). Taken together, TBK1 phos-

phorylated METTL3 at S67 to enhance antiviral innate immunity.

METTL3 facilitates type I IFN responses during virus
infection
To clarify the mechanism by which METTL3 regulates antiviral

immunity, we generated Mettl3 knockdown immortalized bone

marrow-derived macrophage (iBMDM) using the CRISPR-Cas9

system (Figure S2A) since the cell viability was significantly

decreased in METTL3 complete knockout (KO) clonal cell lines,
Figure 2. METTL3 facilitates type I IFN responses during virus infectio

(A and B) GO and KEGG analysis of RNA-seq results in WT and Mettl3 knockdo

(C) Fold change of inflammatory cytokines and interferon-related genes.

(D and E) qRT-PCR analysis in WT and Mettl3 knockdown iBMDMs infected with

(F and G) Type I IFN bioassay in WT and Mettl3 knockdown iBMDMs infected w

(H) Plaque assay to measure the viral load in WT and Mettl3 knockdown iBMDM

(I) WT and Mettl3 knockdown iMEFs reconstituted with vector or METTL3 expre

measured by qRT-PCR analysis (relative to Actb).

(J) iMEFs were pretreated with DMSO or cycloleucine (50 mM) for 6 h and infected

to Actb). sgCtrl, control sgRNA; sgMettl3,Mettl3 sgRNA. Data are the mean ± SE

0.001 (Student’s t test: D–J). Data are the mean ± SEM of two biological replicat
which were not suitable for further study. Then we performed

whole-genome RNA sequencing (RNA-seq). Interestingly,

Gene Ontology (GO) analysis showed the genes involved in im-

mune responses, defense responses, innate immune responses,

and acute inflammatory responses were significantly downregu-

lated in METTL3-deficient cells (Figure 2A). Consistently, Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway analysis

showed that genes in Toll-like receptor (TLR) signaling pathway

were downregulated in resting cells due to lacking of METTL3

(Figure 2A). However, the upregulated genes were not classified

into innate immune responses (Figure S2B). These results indi-

cated that METTL3 was critical for the constitutive expression

of innate immune genes in steady condition.

Wenext infectedWTandMETTL3-deficient iBMDMswithVSV,

followed by RNA-seq. GO and KEGG pathway analysis showed

that METTL3 was also required for the expression of antiviral

genes during virus infection (Figure 2B). We then focused on

the expression of type I IFNs, inflammatory cytokines, and ISGs

after VSV infection. Surprisingly, the expression of type I IFNs

and ISGs, except for Ifit3b, was significantly decreased, while in-

flammatory cytokines were increased in METTL3-deficient

iBMDMs (Figure 2C). qRT-PCR analysis further confirmed these

results by examining the induction of Ifnb,Cxcl10, and Isg15 dur-

ing VSV and herpes simplex virus type 1 (HSV-1) infection (Fig-

ures 2D and 2E). Meanwhile, type I IFN bioassay and plaque

assay also showed thatMETTL3was necessary for type I IFNs in-

duction and viral inhibition (Figures 2F–2H and S2C). We then

investigated the antiviral function of METTL3 in other types of

cells. In line with the above results, METTL3-deficient immortal-

ized murine embryonic fibroblasts (iMEFs) failed to potentiate

IFNb production during virus infection, which was rescued by

reconstitution of METTL3 (Figure 2I). Similarly, METTL3-deficient

HEK293Tcellswere not able to control viral replication compared

with WT cells due to impaired induction of type I IFNs (Figures

S2D and S2E). In contrast, overexpression of METTL3 enhanced

the induction of type I IFNs by VSV, HSV-1, and mitochondrial

signaling antiviral protein (MAVS) (Figures S2F–S2H). Using the

m6A methylation inhibitor cycloleucine, we observed marked

decreased induction of Ifnb by HSV-1 infection in iMEFs (Figures

2J and S2I), further demonstrating that m6A modification is

required for virus-induced IFN production. Collectively, METTL3

facilitated type I IFN responsesuponviral infection, probably in an

m6A modification-dependent way.

METTL3 is required for antiviral immunity in vivo

To evaluate the physiological importance of m6A modification in

antiviral immunity, we generated METTL3-deficient mice and
n

wn iBMDMs mock infected (A) or infected with VSV (B) for 12 h.

viruses for 12 h (relative to Actb).

ith viruses for 12 h.

s infected with HSV-1 for 12 h.

ssion plasmids were infected with indicated viruses for 12 h. Ifnb1 mRNA was

with HSV-1 for 12 h. Ifnb1mRNAwas measured by qRT-PCR analysis (relative

M (n = 3) from three independent experiments, *p < 0.05, **p < 0.01, and ***p <

es (C).
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infected themwith virus. As theMettl3 homozygous KOmice are

embryonic lethal, we challenged the heterozygous-deficient

mice (Figures S3A and S3B) with VSV. Similar to previous studies

showing that intranasal infection of VSV causes encephalitis in

mice (Chesler and Reiss, 2002; Detje et al., 2015), intravenously

infected mice also developed severe neurological symptoms,

including limb weakness, tremor, ataxia, and paresis. Mettl3+/�

mice showed more severe symptoms than WT littermates. To

quantify the neurological deficit observed in infected mice, we

conducted footprint analysis. Compared with WT mice,

Mettl3+/� mice developed substantial alterations in step length

and step regularity (Figure 3A). Consistently, VSV infection

caused more body weight loss in Mettl3+/� mice (Figure 3A).

We then sacrificed the infected mice to measure viral load and

inflammatory cytokines in the brain. In line with the footprint re-

sults, much more virus and Il6, Il1b, and Ccl2 were detected in

Mettl3+/� mice (Figure 3B). In contrast, the induction of Ifnb

was severely impaired inMettl3+/� mice, indicating that METTL3

was essential for IFNb induction by VSV. To this end, we exam-

ined the viremia and cytokine induction in the blood of infected

mice. The induction of Ifnb, Isg15, and Cxcl10 were significantly

attenuated in the blood from Mettl3+/� mice (Figure S3C).

Consequently, the viral load was much higher in Mettl3+/� mice

than inWTmice. Similarly, the expression of proinflammatory cy-

tokines was elevated in the blood fromMettl3+/� mice, although

not as significant as the brain results.

Moreover, we monitored the survival of infected mice and

observed more deaths ofMettl3+/� mice than of WT mice. How-

ever, the difference in mortality was not as significant as the viral

load or the cytokine induction (Figure S3D). To confirm this

observation, we infected the mice with HSV-1, a double-

stranded DNA virus that also causes encephalitis after infection.

Results showed that METTL3 was required for inducing of Ifnb

and limiting viral infection (Figures 3C and S3E). However, there

was no statistical significance in the survival between WT and

Mettl3+/� mice after HSV-1 infection (Figure S3F). We reasoned

that METTL3 was critical for host defense against viruses by

facilitating type I IFN induction. However, it might also play an

opposite role in the pathogenesis of encephalitis. To confirm

the function of METTL3 in antiviral immunity, we generated

Mettl3 myeloid-specific KO mice and intranasally infected

them with influenza A virus (IAV, PR8), which causes severe

inflammation in lung. Interestingly, METTL3-deficient mice

developed more severe pneumonia. Hematoxylin-eosin (H&E)

stain showed that the infiltration of inflammatory cells was
Figure 3. METTL3 is critical for antiviral immunity in vivo
(A) WT andMettl3+/�mice were inoculated intravenously with VSV. Footprint anal

body weights of mice were recorded (n = 8 mice per group).

(B and C) WT andMettl3+/�mice (n = 6 mice per group) were inoculated intraveno

dpi (relative to Actb).

(D) H&E staining images of the lungs from Mettl3fl/fl and Mettl3fl/fl-Lyz2-cre mice

(E) qRT-PCR analysis in the lungs of mice (n = 6mice per group) inoculated intrana

(F) Survival curve of Mettl3fl/fl and Mettl3fl/fl-Lyz2-cre mice (n = 8 mice per group

(G) BMDMs from WT, Mettl3+/�, Mettl3fl/fl, and Mettl3fl/fl-Lyz2-cre mice were infe

(relative to Actb).

(H) BMDMs fromWT andMettl3+/�mice were treated with lipopolysaccharide (LP

(relative to Actb). Data are the mean ± SEM from three independent experiments,

*p = 0.011 (long-rank test): (F). Data are representative of three independent exp
increased in the lungs from METTL3-deficient mice compared

with WT mice (Figure 3D). Consistently, the induction of Ifnb

was greatly impaired, and viral load was higher in the lung of

METTL3-deficient mice (Figure 3E). Unlike the above encephali-

tis results, METTL3-deficient mice were significantly more sus-

ceptible to IAV-induced lethality than control mice (Figure 3F),

which supported the essential role of METTL3 in host defense

against viruses.

To further evaluate the antiviral function of METTL3, we iso-

lated bone marrow-derived macrophages (BMDMs) from

METTL3 heterozygous and myeloid cell conditional deficient

mice. The BMDMs were infected with VSV and HSV-1. Plaque

assay showed that viral load was increased in METTL3-deficient

cells caused by impaired Ifnb induction (Figures 3G and S3G).

Besides, we also treated these macrophages with TLR3, TLR4,

and TLR7/8 ligands to clarify the potential signaling pathways.

qRT-PCR analysis showed that METTL3 was also required for

Ifnb induction in TLR pathways, suggesting that METTL3 might

play a global role in different innate immune signaling pathways

(Figure 3H). Together, the in vitro and in vivo data showed that

METTL3 was critical for type I IFN production and antiviral

immunity.

TBK1 is required for enhanced m6A modification during
viral infection
To confirm the importance of S67 phosphorylation for METTL3

to enhance antiviral immunity, we reconstituted WT and S67A

mutant METTL3 into METTL3-deficient iMEFs and infected

them with virus. qRT-PCR analysis showed that WT METTL3

but not the S67A mutant was able to rescue the Ifnb induction

in METTL3-deficient cells (Figure 4A). Previous studies showed

that RNA m6A modification was elevated during virus infection

(Liu et al., 2019b). Consistent with this, m6A quantification assay

showed that virus induced RNA m6A modification in different

types of cells (Figure 4B), and such effect was almost abolished

in METTL3-deficient cells (Figure 4C). To determine whether

TBK1 was involved in regulation of m6A modification, we exam-

ined the m6A levels in WT and TBK1-deficient iMEFs. Interest-

ingly, the induction of m6A by virus was also significantly

decreased in TBK1-deficient cells, indicating that TBK1 facili-

tated METTL3’s catalytic activity (Figure 4D). To address this,

we performed in vitro RNA methylation assay. We observed

that METTL3 and METTL14 were able to mediate RNA m6A

modification, which was further enhanced by TBK1 (Figure 4E).

We thus wondered if the S67 phosphorylation was essential for
ysis (n = 3 mice per group) was conducted at 5 days post infection (dpi) and the

usly with VSV (B) or HSV-1 (C). Brains were retrieved for qRT-PCR analysis at 5

inoculated intranasally with IAV at 5 dpi.

sally with IAV at 3 dpi (relative to Actb). Scale bars, 625 mm (left), 100 mm (right).

) inoculated intranasally with IAV.

cted with indicated viruses. Ifnb1 mRNA was measured by qRT-PCR analysis

S), poly (I:C) and R848 for 6 h. Ifnb1mRNAwasmeasured by qRT-PCR analysis

*p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test: A–C and E; G–H, n = 3).

eriments with similar results (D).

Cell Reports 38, 110373, February 15, 2022 7



(legend on next page)

8 Cell Reports 38, 110373, February 15, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
the catalytic activity of METTL3. Unexpectedly, the S67Amutant

METTL3 was still able to mediate RNA m6A methylation with the

activity comparable with WT METTL3 (Figure 4F), indicating that

S67 phosphorylation was dispensable for m6A modification.

Consistently, the D135A TBK1 was still able to enhance RNA

m6A modification mediated by the METTL3/14 complex

(Figure 4G). Together, TBK1 was required for enhancing m6A

modification during viral infection, but its kinase activity and

S67 phosphorylation on METTL3 were not crucial for m6A

modification.

METTL3 andm6Amodification promotes the expression
of IRF3
Since TBK1 was required for m6A modification (Figures 4D and

4E), we next performed methylated RNA immunoprecipitation

sequencing (MeRIP-seq) and analyzed the m6A modification of

the known innate immune transcripts to identify effectors func-

tioning downstream of the TBK1/METTL3 axis. The overall RNA

m6A modification level was comparable between WT and

TBK1-deficient iMEFs (Figure S5A). It has been shown that m6A

modification facilitates the exportation of Mavs, Cgas, Sting,

and Ifi16mRNAs from nucleus, which is required for correspond-

ing protein translation and signal transduction of RIG-I like recep-

tor (RLR)pathwayaswell asdsDNAsensingpathway (Wanget al.,

2019; Zheng et al., 2017). These findings are consistent with our

results that METTL3-deficient mice and cells were not able to

eliminate VSV and HSV-1 infection compared with WT animals

and cells. Besides, we also found that METTL3 was required for

activation of TLR pathways (Figure 3H). This suggested that

METTL3might play a global role in innate immunesignaling, prob-

ably by targetingcommonsignalingmolecules sharedbydifferent

pathways. We then examined the m6A modification of the known

innate immunemolecules, amongwhich themRNAs of Traf4, Irf3,

and Isg20 showed high m6A modification (Figure 5A). TRAF4 is

known to regulate the activation of nuclear factor-kB (NF-kB) in

response to signaling downstream TLR. ISG20 is an interferon-

induced antiviral exoribonuclease that acts on single-stranded

RNA of invading viruses. Among them, only IRF3 is the key tran-

scription factor that plays pivotal roles in different antiviral innate

immune signaling pathways. Reported m6A-modified mRNAs,

including Sting and Mavs, were also detected in our MeRIP-seq

data. Their m6A modifications were decreased due to lacking of

TBK1 (Figure S5B). Similarly, less m6A modification of Irf3

mRNA was detected in TBK1-deficient cells (Figure 5B). Further-

more, Irf3mRNAmodification was induced during virus infection

(Figure 5C), and its induction was nearly abolished due to TBK1

deficiency (Figure 5B).

We then investigated whether METTL3-mediated m6A modifi-

cation regulated the expression of IRF3. We confirmed that m6A
Figure 4. TBK1 is required for enhanced m6A modification during viral

(A)Mettl3 knockdown iMEFswere reconstitutedwithWT or S67AmutantMETTL3

measured by qRT-PCR analysis (relative to Actb).

(B–D) RNA m6A quantification assay in the indicated cells infected with VSV for 1

(E) In vitro RNA methylation assay followed by RNA m6A quantification assay.

(F) RNA m6A quantification assay in Mettl3 knockdown iMEFs reconstituted with

(G) In vitro RNA methylation assay followed by m6A quantification assay. Data are

0.01, and ***p < 0.001, (Student’s t test: A–G).
modifications of Irf3 mRNA were blocked due to METTL3 defi-

ciency (Figure 5D).Western blot analysis showed that the protein

level of IRF3 was significantly reduced in METTL3-deficient cells

and tissues (Figures 5E–5G). Meanwhile, the expressions of IRF3

as well as METTL3 were elevated during virus infection (Fig-

ure 5H). Overexpression of WT but not the catalytic-dead

(D395A) mutant METTL3 could enhance the expression of

endogenous IRF3 (Figure S5C), indicating that METTL3-medi-

ated m6A modification was required to maintain and promote

IRF3 protein expression during virus infection. Given that m6A

modification was need to facilitate mRNA nucleus exportation,

we then examined the localization of Irf3 mRNA in WT and

METTL3-deficient iMEFs. However, METTL3 deficiency did not

affect cellular localization of Irf3 mRNA but retained the mRNAs

of Mavs, Cgas, and Sting in the nucleus upon virus infection as

reported (Figure S5D). We next performed RNA decay assay to

investigate the stability of Irf3 mRNA. Results showed that the

stability of endogenous Irf3 mRNA was significantly decreased

due to lacking of METTL3, and this was rescued by reconstitu-

tion of WT and S67A mutant METTL3, but not the catalytic inac-

tive METTL3 (Figure 5I), suggesting that METTL3-mediated m6A

modification was required for protecting Irf3 mRNA from degra-

dation. However, the total RNA levels were comparable in

METTL3-deficient cells and tissues without Actinomycin D

(ActD) treatment (Figures S5E–S5G).

It is believed that more than 70% of m6A residues are present

in the last exons (Ke et al., 2015). Actually, we did predict an m6A

site within the consensus motif GAC at the last exon of human

IRF3 mRNA, according to the reported m6A-CLIP/IP data

(GEO: GSM1828593). We then replaced this adenine with cyto-

sine to generate an m6A site mutant form of IRF3. The protein

level of exogenous IRF3 was significantly decreased after muta-

tion but can be rescued by back mutation (Figure 5J). To provide

evidence at an endogenous level, we generated a knockin

mutant of the IRF3 gene with a point mutation at the m6A site

(NC_000019.10: g.6143A>C) in HEK293T cells (Figure S5H).

However, the according amino acid was changed from aspartic

acid to alanine (D406A) after mutagenesis (Figure S5H). To

examine whether this amino acid substitution would lead to

IRF3 protein degradation, we adopted another point mutation

to replace a nucleotide adjacent to the methylated adenine,

which resulted in the substitution of aspartic acid to asparagine

(NC_000019.10: g.6142G>A, D406N) (Figure S5H). Compared

with WT cells, D406A mutant IRF3 showed decreased protein

level accompanied by reduced m6A modification upon VSV

infection, while D406N mutant showed no difference (Figure 5K),

indicating that it is the absence of m6A methylation but not the

amino acid substitution that contribute to the decreased protein

level of IRF3. RNA decay assay further confirmed the instability
infection

followed by Sendai virus (SeV) infection for 12 h. Ifnb1 andCxcl10mRNAswere

2 h.

the indicated plasmids followed by VSV infection for 12 h.

the mean ± SEM (n = 3) from three independent experiments, *p < 0.05, **p <
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of m6A site mutant IRF3 mRNA (Figure 5L). In addition, protea-

some and autophagy inhibition assay further excluded the pos-

sibility of protein degradation (Figure S5I). Taken together,

TBK1/METTL3 axis facilitated antiviral immunity by methylating

IRF3 mRNA to maintain its RNA level and promote protein

expression during virus infection.

TBK1 promotes translation throughMETTL3 during viral
infection
We above found that phosphorylation of METTL3 at S67 was

dispensable for its m6A catalytic activity and IRF3mRNA stability

(Figures 4F and 5I) but required for type I IFNs production (Fig-

ures 1M, 4A and S1H). To clarify the exact function of S67 phos-

phorylation on METTL3 by TBK1, we performed immunoprecip-

itation followed by mass spectrometry to detect the interacting

proteins (Figure 6A). Clusters of Orthologous Groups (COG)

function classification showed that METTL3-interacting proteins

were involved in protein translation (Figure 6B). Interestingly,

TBK1 enhanced the interactions between WT METTL3 and a

cluster of proteins, which were nearly completely abolished

when the METTL3 S67 was replaced with alanine. GO analysis

demonstrated that these proteins were involved in regulation of

translation (Figure 6C). To confirm this, we analyzed the protein

interactions and found that TBK1 promoted the complex assem-

bling of translation related proteins withWT but not S67Amutant

METTL3 (Figures 6D and S6A). It is known that METTL3 is able to

facilitate protein translation by interacting with translational com-

plex (Choe et al., 2018). Therefore, TBK1might enhance this pro-

cess by phosphorylating METTL3 at S67. As TBK1 is activated

during virus infection, we then examined whether viral infection

was able to enhance METTL3 recruitment to translation com-

plex. Results showed that endogenous METTL3 interacted

with the proteins involved in translation in WT but not Tbk1�/�

iMEFs after VSV infection (Figures 6E and S6B). EEF1AKNMT

is one of the proteins interacting with METTL3 after viral infection

(Figure S6C), which is reported to methylate elongation factor 1-

alpha (eEF1A) and is therefore involved in regulation of mRNA

translation (Jakobsson et al., 2018; Liu et al., 2019a). TBK1

also promoted the interaction between METTL3 and eEF1A-

related proteins (Figure S6D). CoIP assay further confirmed the

interaction between METTL3 and EEF1AKNMT (Figure S6E). In

addition, METTL3 interacted with YTHDF1 and YTHDF2 after

VSV infection, both of which have been reported to regulate pro-
Figure 5. METTL3 and m6A modification promote IRF3 expression
(A) Screening for m6A methylated innate immune transcripts by MeRIP-seq in iM

(B) m6A-IP-qPCR analysis of Irf3 mRNA in WT and Tbk1�/� iMEFs with VSV infe

(C) iMEFs were harvested at the indicated time after VSV infection followed by m

(D) m6A-IP-qPCR analysis of Irf3 mRNA in WT and Mettl3 knockdown iMEFs (lef

(E–G) Immunoblotting showing the protein levels of METTL3 and IRF3 in METTL

(H) Immunoblotting showing the protein levels of METTL3 and IRF3 at the indicat

infection (lower; relative to Actb).

(I) RNA decay assay in WT and Mettl3 knockdown iMEFs reconstituted with the

(J) Immunoblotting showing the protein level of exogenous IRF3 in HEK293T cel

(K) Immunoblotting showing the protein level of endogenous IRF3 (left) andm6A-IP

cells infected with VSV for 12 h.

(L) RNA decay assay inWT and IRF3mutant HEK293T cells infected with VSV for 1

experiments, *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test: B–D, I, and L;

replicates; E–H, lower, n = 3 biological replicates). Data are representative of thr
tein translation (Figure S6F) (Meyer et al., 2015a; Wang et al.,

2015). To strengthen the point that TBK1 promoted METTL3-

related translation, we performed surface sensing of translation

(SUnSET) assay. We found that protein synthesis wasmarginally

decreased in METTL3-deficient BMDMs, and this difference

became more obvious after VSV infection (Figures 6F and

S6G). Besides, overexpression of WT but not S67A mutant

METTL3 markedly enhanced the protein translation, while

TBK1 inhibitor pretreatment impaired the promotion effect of

METTL3 on translation (Figure 6G), indicating that TBK1-medi-

ated S67 phosphorylation was required for METTL3-related

translation. Previous studies have proposed a closed-mRNA-

loop model in which METTL3 interacts with translation initiation

machinery to facilitate mRNA translation (Choe et al., 2018; Lin

et al., 2016). We then performed a tethering assay using a lucif-

erase reporter mRNA containing two MS2-binding sites located

in the 30 UTR. Intriguingly, we found that directly tetheringWT but

not S67A mutant METTL3 to the 30 UTR was able to enhance

reporter mRNA translation (Figure 6H), indicating that S67 phos-

phorylation of METTL3 is required for its role in promoting trans-

lation. Consistently, TBK1 and virus infection further enhanced

mRNA translation in the presence of METTL3 (Figures 6I and

6J). Together, TBK1 promoted protein translation by phosphor-

ylating METTL3 at S67 during viral infection.

YTHDF1 is required for antiviral immunity and IRF3
expression
YTHDF1 is one of the m6A readers and promotes protein trans-

lation (Wang et al., 2015). To further strengthen the point that

m6A is critical for antiviral immunity, we generated Ythdf1�/�

mice (Figure S7A) and challenged them with HSV-1. In line with

the METTL3 in vivo data, Ythdf1�/� mice showed impaired

type I IFN and ISG production, and were more susceptible to

HSV-1 induced lethality than control mice (Figures 7A and 7B).

qRT-PCR analysis showed that YTHDF1 was essential for Ifnb,

Cxcl10, and Isg15 induction in BMDMs and PMs from mice (Fig-

ures 7C and S7B). Mechanistically, IRF3 protein level was

reduced in Ythdf1�/� BMDMs compared with WT cells with no

difference in transcription levels (Figures 7D and S7C). Besides,

YTHDF1 was also required for IRF3 expression in cerebrum, cer-

ebellum, colon, thymus, and liver, but not in intestine, spleen,

and lung (Figures 7E and S7D). This inconsistency might be

caused by different methylation levels of IRF3 in different tissues.
EF cells.

ction for 12 h.
6A-IP-qPCR analysis.

t) or BMDMs (right) infected with VSV for 12 h.

3-deficient cells and tissues.

ed time after VSV infection (upper). qPCR analysis ofMettl3mRNA during VSV

indicated plasmids (relative to Actb).

ls transfected with WT and mutant IRF3 plasmids for 24 h.

-qPCR analysis of IRF3mRNA (right) in WT and IRF3 knockin mutant HEK293T

2 h (relative toHPRT). Data are the mean ± SEM (n = 3) from three independent

K, right). Data are presented asmean ±SEM (Student’s t test: A, n = 2 biological

ee independent experiments with similar results (E–H, upper; J; K, left).
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RNA-seq analysis showed that the basal expression of most

ISGs and inflammatory cytokines were decreased in Ythdf1�/�

BMDMs (Figures 7F and S7E). Moreover, GO analysis showed

that YTHDF1 was essential for the expression of genes involved

in defense responses to virus and innate immune responses, and

KEGG pathway analysis demonstrated that YTHDF1 was critical

for TLR, RLR, and cytosolic DNA-sensing pathways (Figure 7G).

Consistent with the point that YTHDF1 was required for the

expression of IRF3 in BMDMs, type I IFN induction was severely

impaired in Ythdf1�/� cells after VSV infection (Figure 7H). Inter-

estingly, the induction of interleukins and chemokines was also

significantly suppressed in Ythdf1�/� cells (Figure S7F). This

indicated that an IRF3-independent way might exist to regulate

antiviral immune responses.

DISCUSSION

The innate immune system recognizes the invading pathogens,

including viruses, by employing a group of pattern recognition

receptors (PRRs). After recognizing the pathogen-associated

molecular patterns (PAMPs) of viruses, PRRs trigger innate im-

mune signaling and initiate the transcription of antiviral immune

genes, including type I IFNs, which are the primary antiviral effec-

tors. At the very early stage of viral infection, transcription factor

IRF3 directs the robust induction of IFNb. IFNb is able to induce

another interferon regulatory factor, IRF7, which collaborates

with IRF3 to further induce IFNb and initiate the transcription of

other type I IFNs, mainly IFNa. TBK1 is the key kinase that phos-

phorylates and activates IRF3 and IRF7, which are essential for

induction of type I IFNs during viral infection. We previously

found that TBK1 phosphorylated STAT6 and ELF4 during virus

infection, which was critical for induction of chemokines and

IFNs respectively (Chen et al., 2011; You et al., 2013). We here

identified thatMETTL3was phosphorylated by TBK1 at S67 (Fig-

ures 1H–1K and S1G). TBK1 interacted with METTL3 directly,

and the affinity was even higher than that between TBK1 and

IRF3, or TBK1 and STING (Figure 1L). It is believed that 135 as-

partic acid (D135) is a catalytic residue of TBK1 (Goncalves et al.,

2011; Larabi et al., 2013), which is critical for its kinase activity

and IFNb induction (Goncalves et al., 2011) (Figures 1G and

S4A). However, we here found that the D135-related kinase ac-

tivity was dispensable for m6A enhancement. Further study is

needed to figure out how TBK1 regulates m6A catalytic activity

of METTL3.

It is known that METTL3 undergoes multiple types of modifi-

cation, including phosphorylation at serine 43, 45, 48, 348, and

350. However, phosphorylation of these residues seems not
Figure 6. METTL3 promotes protein translation after virus infection

(A) Mass spectrometry analysis in HEK293T cells transfected with the indicated

(B) Analysis of METTL3-interacting proteins in HEK293T cells after transfection o

(C) Heatmap depicting the METTL3-interacting proteins.

(D) GO analysis of endogenous METTL3-interacting proteins in HEK293T cells a

(E) GO analysis of endogenous METTL3-interacting proteins induced by VSV inf

(F) SUnSET analysis of protein synthesis in BMDMs from Mettl3fl/fl and Mettl3fl/fl

(G) HEK293T cells were transfected with indicated plasmids for 24 h and infect

translation status was analyzed by the SUnSET method.

(H–J) Tethering reporter assay to measure the translation efficiency of reporter mR

0.05 and **p < 0.01 (Student’s t test: H–J). Data are representative of two (A–E) o
essential for its methyltransferase activity or function (Schöller

et al., 2018). Previous study has revealed that the N terminus

(1–200) of METTL3 is sufficient to promote translation, thus un-

coupling the methyltransferase activity of METTL3 from its role

in promoting translation, which provides an insight into the

selectivity of METTL3 in regulating m6A and translation (Lin

et al., 2016). While two more recent studies reported that m6A

promotes the translation of certain ISGs and IRF3 mRNAs,

thus augmenting the antiviral effects of the type I IFN response

(Ge et al., 2021; McFadden et al., 2021). We here found that

TBK1 phosphorylated METTL3 at S67, which did not affect its

m6A activity but enhanced antiviral immunity by promoting pro-

tein translation (Figure 6). TBK1 overexpression promoted the

interaction of WT METTL3, but not the S67A mutant, to the pro-

teins enriched in translational initiation and ribosomal small sub-

unit assembly in HEK293T cells (Figures 6C, 6D, and S6A).

Moreover, VSV infection induced the interaction between

endogenous METTL3 and proteins enriched in translational initi-

ation and formation of translation preinitiation complex in iMEF

cells (Figures 6E and S6B), including the m6A reader proteins

YTHDF1 and YTHDF2 (Figure S6F), which have been docu-

mented to be involved in translational regulation (McFadden

et al., 2021; Meyer et al., 2015a; Wang et al., 2015). Additionally,

a recent study claimed that mRNA circularization by METTL3-

eIF3h enhanced protein translation and promoted oncogenesis

(Choe et al., 2018). We here found that METTL3 interacted with

eIF3C after VSV infection (Figure S6C). It is believed that eIF3C

and eIF3H together with other eIF3 subunits comprise the func-

tional core of mammalian eIF3 (Masutani et al., 2007), which is

the eukaryotic translation initiation factor. We thus speculate

that METTL3 and eIF3C probably employed a similar mecha-

nism to form small mRNA loops and enhance related protein

translation.

Type I IFNs are the primary antiviral effectors that mediate viral

elimination by inducing numerous ISGs. We here found that

METTL3 was required for type I IFN and ISG induction by VSV

and HSV-1 infection in vitro and in vivo (Figures 2 and 3). The viral

load was significantly higher in Mettl3+/� mice than in WT mice.

However, the survival analysis did not show a significant differ-

ence between these two groups after virus infection (Figures

S3D and S3F). The above data showed that mice developed se-

vere encephalitis during VSV and HSV-1 infection (Figures 3A–

3C). To address the inconsistency between type I IFN responses

and survival results, we purified mRNA from the brains of the in-

fected mice and performed whole-genomic RNA-seq analysis.

Pathway analysis showed that apoptosis-related genes were

downregulated in the brains from Mettl3+/� mice (Figures S7G
plasmids.

f TBK1.

fter transfection of TBK1.

ection in WT and Tbk1�/� iMEFs.

-lyz2-cre+ mice.

ed with VSV for 2 h with or without TBK1 inhibitor (BX795) pretreatment. The

NA. Data are the mean ± SEM (n = 3) from three independent experiments, *p <

r three independent experiments (F and G) with similar results.
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and S7H), while the inflammatory genes were upregulated

compared with WT mice (Figure 3B). Theoretically, more inflam-

mation causes more cell apoptosis. We reasoned that METTL3

might regulate brain cell apoptosis in an inflammation-indepen-

dent way during viral infection. Therefore, the effect of inflamma-

tion was likely compromised by apoptosis, which may account

for the reduced differences of mortality. In fact, we also infected

mice nasally with IAV and the impaired type I IFN responses

caused more death of METTL3-deficient mice (Figures 3D–3F).

m6Amodification regulates gene expression at different levels,

including chromatin remodeling (Li et al., 2020; Xie et al., 2019),

transcription initiation (Liu et al., 2020), RNA splicing (Xiao et al.,

2016; Zhou et al., 2019), RNA stability (Wang et al., 2014), mRNA

transportation (Wang et al., 2019; Zheng et al., 2017), translation

initiation (Coots et al., 2017; Meyer et al., 2015b; Wang et al.,

2015; Zhou et al., 2018), and elongation (Choi et al., 2016; Mao

et al., 2019). The regulation of immune genes could provoke,

maintain, and rebuild the immune responses, including the

host defense against invading viruses. It has been extensively

investigated how m6A modification modulates immune re-

sponses. We here revealed how innate immune signals regulate

m6A modification machinery: type I IFN regulatory kinase TBK1

activates m6A writer core component METTL3 and promotes

innate immune responses in an m6A-dependent and -indepen-

dent way.

Limitations of the study
While we demonstrated that TBK1 regulates the function of

METTL3 both in m6A modification and translation, there are still

several limitations in this study. First, exactly how TBK1 en-

hances the m6A activity of METTL3 remains unsolved, since it

is independent of its kinase activity. Given the interaction domain

with TBK1 is located in the MTD of METTL3, crystal structure

analysis might help to address this issue. Second, although we

have confirmed the function of S67 in METTL3-related transla-

tion, it remains unclear how phosphorylation at S67 guides

METTL3 to the translational complex. It is quite possible that

S67-phosphorylated METTL3 prefers to interact with transla-

tional complex in the cytosol rather than exert its methyltransfer-

ase activity in the nucleus, since the interaction between S67A

mutant METTL3 and WTAP was stronger than WT METTL3

(data not shown). So, here, phosphorylation at S67 or not might

provide a choice forMETTL3 to regulate translation orm6Amodi-

fication. This is consistent with the previous finding that the N

terminus of METTL3 is sufficient to promote translation indepen-

dent of its catalytic activity (Lin et al., 2016). Future study will
Figure 7. YTHDF1 is required for antiviral immunity and IRF3 expressio

(A) WT and Ythdf1�/� mice (n = 4 mice per group) were inoculated intravenously

analysis at 3 dpi (relative to Actb).

(B) Survival curve of WT and Ythdf1�/� mice (n = 6 mice per group) infected with

(C) BMDMs and PMs from WT and Ythdf1�/� mice were infected with VSV or HS

(relative to Actb).

(D and E) Immunoblotting showing the protein levels of YTHDF1 and IRF3 in BM

(F) Down or up expression of inflammatory cytokines and interferon-related gene

(G) GO and KEGG analysis of differentially expressed genes between WT and Yt

(H) Analysis of type I IFNs induction in WT and Ythdf1�/� BMDMs after VSV infec

and **p < 0.01 (Student’s t test: A; C, n = 3); *p = 0.0431 (long-rank test: B). Data are

Data are the mean ± SEM of two biological replicates (Student’s t test: F and H)
focus on the detailed mechanisms in controlling these two func-

tions of METTL3. Third, which proteins are involved in METTL3-

mediated translation regulation upon virus infection remains to

be solved. In fact, two recent studies provide support for our

conclusion, as m6A promotes the translation of certain ISGs

and IRF3 to augment type I interferon response (Ge et al.,

2021; McFadden et al., 2021).
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Original western blot images Mendeley https://doi.org/10.17632/jtfk95mfkz.1

Experimental models: Cell lines

Human: HEK293T ATCC Cat#ATCC-CRL-3216

Human: 2fTGH You et al., 2013 N/A
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Plasmid: Pcmv7.1 3xFLAG-TBK1-D135A This paper N/A

(Continued on next page)

e2 Cell Reports 38, 110373, February 15, 2022

Article
ll

OPEN ACCESS

https://doi.org/10.17632/jtfk95mfkz.1


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: Pcmv7.1 3xHA-TBK1 This paper N/A
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Plasmid: Pcmv7.1 3xFLAG-METTL3-S57A This paper N/A
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Plasmid: Pcmv7.1 3xFLAG-METTL3-D377A This paper N/A
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This paper N/A
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This paper N/A
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This paper N/A

Plasmid: Pcmv7.1 3xFLAG-METTL3-D351-408 This paper N/A
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Plasmid: Pcmv7.1 3xFLAG-YTHDF1 This paper N/A

Plasmid: Pcmv7.1 3xFLAG-MAVS This paper N/A

Plasmid: Pcmv7.1 3xFLAG-METTL3-MS2 This paper N/A

Plasmid: Pcmv7.1 3xFLAG-METTL3-S67A-

MS2

This paper N/A

pCMV-VSV-G AddGene Cat#8454

psPAX2 AddGene Cat#12260

Murine Ifnb1-Promoter-Luci. This paper N/A

Human IFNB1-Promoter-Luci. This paper N/A

Human TK-Promoter-MS2 binding site-Luci. This paper N/A

pMK243-IRF3 (WT) This paper N/A

pMK243-IRF3 (NC_000019.10: g.6143A > C) This paper N/A

pMK243-IRF3 (NC_000019.10: g.6142G > A) This paper N/A

Software and algorithms

ImageJ Software https://imagej.nih.gov/ij/

GraphPad Prism 8.3.0 Software https://www.graphpad.com/

scientific-software/prism/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulflled by the lead contact, Fuping You

(fupingyou@hsc.pku.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
RNA-seq and MeRIP-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession

numbers are listed in the Key resources table. The mass spectrometry proteomics data have been deposited to the ProteomeX-

change Consortium via the iProX partner repository (Ma et al., 2019). Dataset identifiers are listed in the Key resources table. Original

western blot images have been deposited at Mendeley and are publicly available as of the date of publication. The DOI is listed in the

Key resources table. This paper does not report original code. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells
HEK293T, HeLa, iMEF and Vero cells were purchased from American Type Culture Collection (ATCC). iMEF cells are SV40 immor-

talizedmouse embryonic fibroblasts (iMEFs), which were generated fromWTmice. 2fTGH-ISRE (human fibrosarcoma cells express-

ing an ISRE driven luciferase reporter) and L929-ISRE (mouse fibrosarcoma cells expressing an ISRE driven luciferase reporter) were

generated by stabilizing ISRE-luciferase plasmid in 2fTGH and L929 cells. DC2.4 (Dendritic Cells 2.4) cell was a gift from Dr. Feng

Qian (Fudan University, Shanghai, China). iBMDM (immortalized bone marrow-derived macrophages) cell was a gift from Dr.

Shao Feng (NIBS, Beijing, China). Isolation of BMDMs (bone marrow-derived macrophages) and PMs (peritoneal macrophages)

were performed as described before (Ishikawa and Barber, 2008).

Cells were cultured in Dulbecco’sModified Eagle’sMedium (DMEM) supplementedwith 10%Fetal Bovine Serum (FBS) and 100U/

mL Penicillin-Streptomycin. Cells were negative for mycoplasma.

CRISPR-Cas9 system
Mettl3 knockdown iMEF, iBMDM and HEK293T cells were constructed by CRISPR-Cas9 system. Specific guide RNA was ligated

into the BsmB1 restriction site of the inducible lentiviral vector (lentiGuide-Puro). Lentivirus particles were produced by co-transfect-

ing HEK293T cells with guide RNA plasmids (2 ug), packaging plasmids pCMV-VSV-G (800 ng, AddGene 8454) and psPAX2 (800 ng,

AddGene 12260). Themediumwas changed to fresh DMEMcontaining 10%FBS at 12 hours post transfection and viral supernatants

were collected at 48 hours. Then, a total of 13106 iMEF, iBMDM or HEK293T cells were infected with 2 mL viral supernatant supple-

mented with 8 ug/mL polybrene and incubated for 48 hours. Possible knockdown cells were screened by puromycin (2–10 mg/mL)

and confirmed by sequencing and immunoblot analysis. Cells were negative for mycoplasma.

For CRISPR-Cas9-mediated genome engineering, two guide RNA flanking the target sequence were produced individually, and

equal volumes of each were transduced into HEK293T cells. The specific guide RNA sequences were listed in Table S1.

HEK293T cells were transfected by standard calcium phosphate precipitation method. HeLa cells were transfected by lipofect-

amine 2000 (Invitrogen) according to procedures recommended.

Viruses and antibodies
VSV (Indiana strain) was a gift from J. Rose (Yale University), HSV-1 (17 strain) from Zhengfan Jiang (Peking university), IAV (PR8

strain) from Feng Qian (Fudan University) and SeV (Cantell strain; VR-907) was purchased from American Type Culture Collection

(ATCC). VSV and HSV-1 were propagated in Vero cells, and the supernatants were kept as a stock solution. The titer of viruses

wasmeasured by plaque assay in Vero cells. IAV and SeVwere propagated in 10-day-old specific-pathogen-free embryonic chicken

eggs. The allantoic fluid was collected and titrated to determine the TCID50 in A549 cells. Multiplicity of infection (MOI) of the cell

culture experiments: 0.1 for VSV, 0.5 for HSV-1, and 0.1 for SeV in all of the figures.

The antibodies were diluted 1,000 times for immunoblots, 200 times in immunofluorescence.

Mice and in vivo virus infection
All animals care and use adhered to the Guide for the Care and Use of Laboratory Animals of the Chinese Association for Laboratory

Animal Science. All procedures of animal handling were approved by the Animal Care Committee of Peking University Health Science

Center (permit number LA 2016240).

Mettl3+/�mice, Lyz2-Cre mice and Ythdf1�/� mice on a C57BL/6J background were fromModel Animal Research Center of Nanj-

ing University. Mettl3fl/fl mice were bred with Lyz2-Cre mice to generate Mettl3fl/fl-Lyz2-Cre+ mice. WT C57BL/6J mice were pur-

chased from Department of Laboratory Animal Science of Peking University Health Science Center, Beijing. Mice were kept and

bred in pathogen-free conditions.

Age- and sex-matched C57BL/6J littermates were generated and used in all the in vivo experiments. Both male and female mice

were used in this study. Eight-week-old mice were infected with HSV-1 at 53106 or VSV at 13108 plaque-forming units (PFU) per

mouse by intravenously injection. Eight-week-old mice were intranasally infected with IAV at a dosage of 105 TCID50. For cytokine

studies, mice were sacrificed at 5 days post infection (dpi) and brains were harvested, or blood was collected at 3 dpi.

METHOD DETAILS

Constructs
Expression constructs generated for this study were prepared by standard molecular biology technique and coding sequences were

entirely verified. All the truncation deletions and mutants were constructed by standard molecular biology technique. Each of trun-

cations, deletions, and mutants was confirmed by sequencing.

Immunofiuorescence microscopy
HeLa cells on coverslips were washed once with pre-warmed phosphate buffered saline (PBS) and fixed in 4% (wt/vol) paraformal-

dehyde at room temperature for 15 minutes. After three washes in PBS, cells were permeabilized with 0.5% (vol/vol) Triton X-100 for
e4 Cell Reports 38, 110373, February 15, 2022
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5 minutes. After three washes in PBS, cells were blocked in PBS containing 5% (wt/vol) bovine serum albumin (BSA) for 30 minutes,

and incubated with indicated antibodies in PBS containing 3% (wt/vol) BSA for 1 hour at 37�C. After three washes, cells were incu-

batedwith Alexa Fluor 488-conjugated secondary antibodies or Alexa Fluor 555-conjugated secondary antibodies for 1 hour at 37�C,
and then with DAPI (40,6-Diamidino-2-phenylindole, Roche) for 15 minutes. The coverslips were washed extensively and mounted

onto slides. Imaging of the cells was carried out using N-STORM5.0 (Nikon) microscope under a 3100 oil objective.

Type I IFN bioassay
Type I IFNs in human cell culture medium was quantified using an L929-ISRE or 2fTGH-ISRE cell line stably expressing an ISRE-Luci

reporter (You et al., 2013). In brief, 200 mL of culture medium was incubated with confluent L929-ISRE or 2fGTH-ISRE-Luci cells (24-

well plate) for 6 hours. Cells were lysed in passive lysis buffer and subjected to luciferase quantification (Promega). A serial dilution of

human IFNb was included as standards.

Luciferase reporter assay
HEK293T cells seeded on 24-well plate were transiently transfected with 50 ng of the luciferase reporter plasmid together with a total

of equal amount of various expression plasmids or empty control plasmids. As an internal control, 10 ng pRL-TK was transfected

simultaneously. Then, 24 hours later, without or with virus infection for 12 hours, reporter gene activity was analyzed using the

Dual-Luciferase Reporter 1000 Assay System (Promega, E1960) and measured with a TD-20/20 Luminometer (Turner Designs) ac-

cording to the manufacturers’ instructions.

Plaque assay
Viral titer from the cell culture medium was determined by plaque-forming assay as previously described (You et al., 2013). Briefly,

virus-containing medium was harvested and serially diluted to infect confluent Vero cells cultured in 24-well plates. After 1-hour in-

cubation, supernatants were removed, and cells were washed with prewarmed PBS twice. Culture medium containing 2% (wt/vol)

methylcellulose was overlaid for 24 hours to VSV and 48 hours to HSV-1. Then the overlay was removed and cells were fixed with

0.5% (vol/vol) glutaraldehyde for 30minutes and stained with 1% (wt/vol) crystal violet dissolved in 70% ethanol for 30minutes. After

washing twice with ddH2O, plaques were counted, and average counts were multiplied by the dilution factor to determine the viral

titer as plaque-forming units per milliliter (PFU/mL).

Co-immunoprecipitation assay
HEK293T cells seeded on 10-cm2 dishes (13107 cells/dish) were transfected with a total of 10 ug of empty plasmid or various expres-

sion plasmids. At 24 hours after transfection, with or without indicated virus infection, cells were lysed in lysis buffer (0.5% Triton X-

100, 20 mMHEPES (PH 7.4), 150 mMNaCl, 12.5 mM b-glycerolphosphate, 1.5 mMMgCl2, 2 mM EGTA, 10 mMNaF, 1 mMNa3VO4,

2 mM DTT) containing protease inhibitors. Lysates were centrifuged and incubated with control IgG or specific antibodies (anti-

METTL3, anti-HA or anti-Flag Abs) at 4�C overnight. The next day, prewashed protein A/G beads (Pierce) were added and incubated

at 4�C for 4 hours. The beads were washed with cold PBS 4 times and eluted with DTT-containing SDS sample buffer by boiling for

10 minutes for western blotting.

Mass spectrometry
To identify proteins that may interact with METTL3, samples pulled down by METTL3 were send for mass spectrometry. To identify

phosphorylation sites of METTL3, METTL3 precipitated from HEK293T cells co-transfected with Flag-METTL3 and HA-TBK1 was

analyzed by Coomassie Blue staining. The protein band corresponding toMETTL3 was excised and subjected tomass spectrometry

analysis.

Quantitative real-time PCR
Total RNA from cells and homogenized tissues were isolated using the RNA simple Total RNA kit (TIANGEN, DP424). Total RNA from

bloodwas isolated using the RNA prep Pure Hi-Blood kit (TIANGEN, DP420). 1 ug RNAwas reversely transcribed using a HiScript II Q

RT SuperMix for qPCR Kit (Vazyme Biotech, R223-01). Levels of the indicated genes were analyzed by regular RT- PCR or analyzed

by qRT-PCR amplified using ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Q331-02) and performed on the Applied

Biosystems 7500 Real-Time PCR Systems (Thermo Fisher Scientific, USA). Data shownwere the relative abundance of the indicated

mRNA normalized to GAPDH, HPRT or Actb. The primers were listed in Table S1.

Protein purification
The DNA of human METTL3 (WT and S67A) and METTL14 were cloned into pFastBac dual vector. Human TBK1, IRF3, STING was

subcloned into pFastBac1 vector. Both METTL14 and TBK1 were expressed with N-terminal His8-tag. Bacmids were generated in

DH10Bac cells following the instructions for the Bac-to-Bac baculovirus expression system (Invitrogen). The cells were infected for

60 h and lysed in lysis buffer (25mMTris-HCl pH 8.0, 150mMNaCl and 1mMPMSF). The lysates were loaded onto Ni-NTA resin. The

His-tagged proteins were eluted in 25 mM Tris-HCl pH 8.0, 250 mM imidazole and 2 mM DTT after washing three times with lysis

buffer plus 15mM imidazole. The eluted proteins were further purified using a Source Q10/100 column and Superdex 200 increase
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column. The buffer used for size-exclusion chromatography contained 25 mM Tris-HCl pH 8.0, 150 mM NaCl and 5 mM DTT. The

peak fractions were collected and stored at �80�C for in vitro assay.

Microscale thermophoresis
Microscale Thermophoresis (MST) was performed according to the previous work as described (Mueller et al., 2017; Seidel et al.,

2013). Indicated FLAG fusion proteins were purified using FLAG antibody and protein A/G beads, and eluted with 3xFLAG peptide.

Purified proteins were labeled with a RED-NHS protein labeling kit (NanoTemper, Germany) according to standard protocol. The

protein was then incubated at a constant concentration (10–50 nM) with two-fold serial dilutions of indicated protein in MST-opti-

mized buffer. Equal volumes of binding reactions were mixed by pipetting and incubated for 15 minutes at room temperature.

Mixtures were enclosed in standard-treated glass capillaries and loaded into the instrument (Monolith NT.115, NanoTemper, Ger-

many). Measurement protocol times were as follows: fluorescence before 5 seconds, MST on 30 seconds, fluorescence after 5

seconds, and delay 25 seconds. For all the measurements, 200–1,000 counts were obtained for the fluorescence intensity. The

measurement was performed at 20% and 40% MST power. Fnorm = F1/F0 (Fnorm: normalized fluorescence; F1: fluorescence

after thermodiffusion; F0: initial fluorescence or fluorescence after T-jump). Kd values were determined with the NanoTemper anal-

ysis tool.

In vitro RNA methylation assay
The in vitroRNAmethylation assaywas carried out in triplicate with a 15 uL reactionmixture containing: 200 nMRNAoligonucleotides

(‘‘GGACU’’ 50-UACACUCGAUCUGGACUAAAGCUGCUC-30), 20 mM Tris (pH 7.5), 0.01% Triton X-, 1 mM DTT, 50 uM ZnCl2, 0.2 U/

uL RNasin, 1% glycerol, 460 nM [3H]-SAM and indicated purified proteins. The reaction was incubated at room temperature. After 1

hour, the alteration of global m6A levels inmRNAweremeasured by the EpiQuikm6A RNAMethylation Quantification kit (colorimetric)

(Epigentek, P-9005) according to the manufacturer’s instructions.

For quantification of m6A levels, 200 ng total RNA extracted from cells with different treatment was used to measure the cellular

m6A levels using the EpiQuik m6A RNA Methylation Quantification kit (colorimetric) (Epigentek, P-9005).

In vitro kinase assay
An ADP-Glo kinase assay kit (Promega, V6930) was used to estimate the TBK1 kinase activity according to the manufacturer’s in-

structions. Briefly, 25 mL kinase reaction containing purified proteins, ATP and 1 3 kinase buffer was performed in 96-well plate for

60 min at 30�C. Then 25 mL ADP-Glo Reagent was added to stop the kinase reaction and deplete the unconsumed ATP. After 40 min

incubation, 50 mL of Kinase Detection Reagent was added and further incubated for 40 min to convert ADP to ATP and introduce

luciferase/luciferin to detect ATP. TD-20/20 Luminometer (Turner Designs) was used to measure the luminescence.

Whole genome RNA sequencing
Total RNA of cells with specific treatment were purified using RNeasy Mini Kit (Qiagen NO. 74104). The transcriptome library for

sequencing was generated using VAHTSTM mRNA-seq v2 Library Prep Kit for Illumina� (Vazyme Biotech Co.,Ltd, Nanjing, China)

following themanufacturer’s recommendations. After clustering, the libraries were sequenced on Illumina Hiseq X Ten platform using

(2 3 150 bp) paired-end module. The raw images were transformed into raw reads by base calling using CASAVA (http://www.

illumina.com/support/documentation.ilmn). Then, raw reads in a fastq format were first processed using in-house perl scripts. Clean

reads were obtained by removing reads with adapters, reads in which unknown bases weremore than 5% and low-quality reads (the

percentage of low-quality bases was over 50% in a read, we defined the low-quality base to be the base whose sequencing quality

was no more than 10). At the same time, Q20, Q30, GC content of the clean data were calculated (Vazyme Biotech Co.,Ltd, Nanjing,

China). The original data of the RNA-seq and MeRIP-seq was uploaded to the GEO DataSets.

mRNA purification and MeRIP–seq
Total RNA fromWT and Tbk1�/� iMEFs were extracted with TRNzol (TIANGEN, DP424). Intact mRNAs were highly purified from total

RNAs using Dynabeads mRNA purification kit (Invitrogen, 61006) and concentrated by ethanol precipitation. For m6A immunopre-

cipitation, in brief, anti-m6A antibody (12 mg antibody for 6 mg mRNA; Abcam, ab151230) was incubated with 50 mL Protein A beads

(Sigma, P9424) in IPP buffer (150 mM NaCl, 0.1% NP-40, 10 mM Tris-HCl, pH 7.4) for 1 hour at room temperature. Then the frag-

mented mRNA (6 mg) was incubated with the prepared antibody-beads mixture for 4 hours at 4�C. After washing, bound RNAs

were extracted by TRNzol. The purified RNA fragments from m6A MeRIP were used for library construction and sequencing.

For m6A-IP-qPCR, the mRNAs pulled down by anti-N6-methyladenosine antibody were then reversely transcribed and amplified

by qPCR followed aforementioned procedures.

Tethering reporter assay
Tethering assay was performed according to published procedure with modifications (Lin et al., 2016). Briefly, HeLa cells were trans-

fected with the firefly luciferase reporter FLuc-MS2bs with two MS2 binding sites in the 30-UTR, and the plasmid expressing MS2

protein or MS2-fusion proteins. 48 hours after transfection, the luciferase activities were measured using the Dual-Luciferase Re-

porter 1000 Assay System (Promega). Firefly luciferase (FLuc) activity was measured and normalized to the Renilla luciferase
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(RLuc) activity. Relative FLuc activity was normalized to the relative FLuc-MS2bs mRNA. The normalized FLuc activity (translation

efficiency) in the presence of MS2 each set was set to 1.

CRISPR-Cas9 mediated knock-in mutation
CRISPR-Cas9 system was used to generate the endogenous mutation of IRF3 gene in HEK293T cells. Briefly, cells were transfected

with a sgRNA targeting to the end of the IRF3 gene along with a homology directed repair template that includes IRF3 left arm-

AcGFP-IRF3 right arm. Left and right homologous sequences were PCR products from HEK293T genome. Silent mutations were

introduced into the donor plasmid to avoid potential degradation. Cells were screened by puromycin, and single cells were isolated

by dilution followed by an expansion period to establish a new clonal cell line. Mutants were confirmed by DNA sequencing.

RNA decay assay
Cells were exposed to Actinomycin D (0.5 mg/mL for iMEF and 1 mg/mL for HEK293T) and harvested at the indicated time points. Total

RNAs were isolated and qRT-PCR was performed to quantify the mRNA levels of IRF3. Data were normalized to GAPDH and pre-

sented as percentage mRNA remaining compared with time zero.

SUnSET assay
Cells were incubated with puromycin (10 mg/mL) for 30 min and then washed with ice-cold PBS and lysed using RIPA lysis buffer.

Equal quantity of cell lysates was submitted to western blot using anti-puromycin antibody to detect protein synthesis. Signals

were normalized with probing GAPDH (loading control).

Footprint analysis
Footprint analysis was conducted as previously described (Wang et al., 2010). Hind feet were coatedwith nontoxic ink andmicewere

allowed to walk through a tunnel (50 cm long, 9 cm wide, 6 cm high) with white paper lining the floor. The footprint pattern generated

was scored for two parameters. Step length is the average distance of forwardmovement between alternate steps and defined as the

distance of travel through the tunnel divided by the number of steps. And alternation coefficient, describing the uniformity of step

alternation, is calculated as the mean of the absolute value of 0.5 minus the ratio of right-left distance to right-right step distance

for every left-right step pair (high alternation score indicates lack of uniformity). These parameters have been used successfully in

mouse models of cerebellar ataxia (Simon et al., 2004).

Hematoxylin-eosin (H&E) staining
The lungs were quickly placed in cold saline solution and rinsed after they were collected. Then, lungs were fixed in 4% paraformal-

dehyde, dehydrated, and embedded in paraffin prior to sectioning at 5 mm, and sections were stained with hematoxylin and eosin.

Genotyping of gene-specific deficient mice
Genomic DNA extracted frommouse toe biopsies was subjected to standard genotyping PCR. The genotyping primers forMettl3+/�,
Mettl3fl/fl-Lyz2-Cre and Ythdf1�/� mice were listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all the bar graphs, data were expressed asmeans ±SEM.GraphPad Prism 8.3.0 software (graphic software) was used for survival

curves, charts, and statistical analyses. Differences in means were considered statistically significant at p < 0.05. Significance levels

are: *p < 0.05; **p < 0.01; ***p < 0.001.
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