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Degradation of WTAP blocks antiviral responses by
reducing the m°®A levels of IRF3 and IFNAR1T mRNA
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Abstract

N6-methyladenosine (m°A) is a chemical modification present in
multiple RNA species and is most abundant in mRNAs. Studies on
m°A reveal its comprehensive roles in almost every aspect of mRNA
metabolism, as well as in a variety of physiological processes.
Although some recent discoveries indicate that m®A can affect the
life cycles of numerous viruses as well as the cellular antiviral
immune response, the roles of m°A modification in type | inter-
feron (IFN-I) signaling are still largely unknown. Here, we reveal
that WT1-associated protein (WTAP), one of the m°A “writers”, is
degraded via the ubiquitination-proteasome pathway upon activa-
tion of IFN-1 signaling. With the degradation of WTAP, the m°A
levels of IFN-regulatory factor 3 (IRF3) and interferon alpha/beta
receptor subunit 1 (IFNAR1) mRNAs are reduced, leading to transla-
tional suppression of IRF3 and instability of IFNAR1 mRNA. Thus,
the WTAP-IRF3/IFNARL axis may serve as negative feedback path-
way to fine-tune the activation of IFN-I signaling, which highlights
the roles of m°A in the antiviral response by dictating the fate of
mRNAs associated with IFN-I signaling.
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Introduction

Type I interferons (IFN-Is) have vital roles in antiviral innate immu-
nity. After viral infection, germline-encoded pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), NOD-like receptors (NLRs), and C-type lectin
receptors (CLRs), can recognize nucleic acids derived from viruses,

leading to activation of IRF3, IRF7, and nuclear factor-xB (NF-kB) to
induce the production of IFN-I (Yan & Chen, 2012; Schlee & Hart-
mann, 2016). The secreted type I interferons (IFNo/f) then bind to
the heterodimeric receptor complex composed of two chains
(IFNAR1 and IFNAR2), which amplify and spread the antiviral
response to surrounding uninfected cells via the Janus kinase/signal
transducer and activator of transcription (Jak-STAT) signaling path-
way (Villarino et al, 2017). Activation of the Jak-STAT pathway
results in the transcription of hundreds of interferon-stimulated
genes (ISGs), most of which encode products with profound antivi-
ral effects, thus establishing an innate immune state against invad-
ing pathogens and maintaining homeostasis (Schneider et al, 2014;
Barrat et al, 2019).

Although IFN-I has critical roles in protection from pathogens,
excessive IFN responses contribute to immune pathogenesis such as
inflammatory autoimmune diseases and infectious diseases via
aberrantly activating inflammation. Thus, to ensure the most favor-
able outcome, the host has developed sophisticated mechanisms at
multiple levels to maintain appropriate IFN responses. For example,
almost all ISGs are rich in ISRE (interferon-sensitive response
element) motifs, and their transcription is initiated when the Jak-
STAT signaling is activated (Levy et al, 1988). When the transla-
tional repressors 4E-BP1 and 4E-BP2 are lacking, the threshold for
eliciting IFN-I production is lowered (Colina et al, 2008). In addition
to transcriptional and translational regulation of many ISGs, the
activation of IFN-I can be tightly regulated at the post-translational
level. For instance, the activity and stability of many key compo-
nents involved in IFN-I activation, such as the sensors RIG-I and
cGAS, can be regulated by ubiquitination and deubiquitylation
(Gack et al, 2007; Chen & Chen, 2019; Tao et al, 2020; Zhang et al,
2020). The activation of some key adaptors, such as MAVS, STING,
and TRIF, is regulated by phosphorylation at their conserved pLxIS
(p, hydrophilic residue; x, any residue; S, phosphorylation site)
motif (Liu et al, 2015).

Recently, a new epigenetic modification, N°-methyladenosine
(m°A), has aroused extensive attention. m°A is the most prominent
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mRNA modification in higher eukaryotes, governed by methyltrans-
ferase complex (“writers”), demethylases (“erasers”), and RNA-
binding proteins (“readers”) (Roignant & Soller, 2017; Frye et al,
2018). m°A is added to mRNA by a multisubunit “writer” complex
composed of the METTL3/METTL14/WTAP heterotrimer and many
additional adaptor proteins. METTL3 is the enzymatic component of
the complex, and METTL14 is an allosteric activator that also binds
to the target RNA. In this heterotrimer, WTAP is essential for m°A
deposition and helps the METTL3-METTL14 heterodimer localize to
transcription sites (Ping et al, 2014; Sledz & Jinek, 2016). m°A
modification has been linked to various stages along the posttran-
scriptional trajectory of mRNA and, in particular, to promotion of
mRNA splicing, export, decay, translation, and subcellular localiza-
tion (Wang et al, 2014, 2015; Meyer & Jaffrey, 2017). Functionally,
mPA has been shown to impact fundamental cellular processes in
diverse organisms, including meiosis, the circadian clock, DNA
damage repair, and the stress response (Xiang et al, 2017; Xu et al,
2017; Fustin et al, 2018; Zhou et al, 2018). Studies also show that
different expression levels, post-translational modifications (PTMs),
and cellular localization of “writer” proteins, depending on cell type
and/or in response to environmental stimuli, can regulate the
processing of m°A and provide unique potential to tune gene expres-
sion in different biological processes (Wang et al, 2016; Xiang et al,
2017; Du et al, 2018). In short, the role of m°A in regulating mRNA
fate and its functional importance in various cell types have been
widely studied. Recently, some studies have suggested that m°A
may also be involved in regulation of host immunity as well as viral
replication (Zheng et al, 2017; Winkler et al, 2019). However, the
specific mechanisms, especially whether and how m°A modification
tightly regulates IFN-I signaling, are still unclear.

In this study, we report that WTAP, one of the m°®A “writer”
proteins, is depleted via ubiquitination-proteasome-mediated degra-
dation upon viral infection. Degradation of WTAP leads to reduced
m°A methylation of IRF3 and IFNARI mRNAs, resulting in transla-
tional suppression of IRF3 and mRNA instability of IFNARI. Thus,
the precise control of IRF3 and IRNAR1 by m°A modification
fine-tunes the antiviral responses to protect the host from
immunopathology of over-reactive and harmful IFN-I production. In
brief, our findings highlight WTAP as a regulator involved in antivi-
ral immunity, providing a novel diagnostic marker and therapeutic
target for related immune diseases.

Results

WTAP protein is decreased in virus-infected or nucleic acid
analog-treated cells

From previous studies, m°A is added to mRNA by a multisubunit
writer complex, and the most important of which is the METTL3/
METTL14/WTAP heterotrimer. The protein abundance of these
writers can regulate m°A modification and control biological
processes. To investigate the role of m®A modification in regulation
of the IFN-I signaling pathway, we first analyzed the expression of
the key m°A writer proteins-METTL3, METTL14, and WTAP in
PBMCs (peripheral blood mononuclear cells) upon viral infection or
nucleic acid analog stimulation. The results showed that, along with
upregulation of RIG-I or MDAS, the protein level of WTAP was
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significantly decreased when PBMCs were challenged with VSV-
eGFP (vesicular stomatitis virus with enhanced GFP), intracellular
poly(I:C) LMW (low molecular weight), HSV-1 (herpes simplex
virus 1), or intracellular HSV-60 (synthetic herpes simplex virus 1
DNA analog). However, as the key enzymatic components, the
protein abundances of METTL3 and METTL14 were slightly
changed only when PBMCs were challenged with poly(I:C) or HSV-
60 (Fig 1A). Subsequently, the same treatments were performed in
BMDMs (mouse bone marrow-derived macrophages) and similar
results were obtained. The protein level of WTAP was significantly
decreased with all indicated treatments in BMDMs, while METTL14
exhibited a downward trend only with poly(I:C) (LMW) or HSV-60
stimulation (Fig 1B). Then, we further validated the above pheno-
types in human and mouse cell lines, such as A549, 1929, and MEF
(mouse embryonic fibroblast) cells. We also found that the protein
abundance of WTAP, but not of METTL3 or METTL14, was reduced
in A549 and L1929 cells infected with VSV or SeV (Sendai virus)
(Figs 1C and EV1A), or transfected with poly (I:C) (LMW) or poly
(dA:dT) (Figs 1D and EV1B). In addition, WTAP was also signifi-
cantly decreased in A549 cells (Fig EV1C) and MEFs (Fig EV1D)
infected with HSV-1. However, the protein levels of METTL3 and
METTL14 were not changed significantly upon the same treatments.
Overall, the protein abundance of WTAP gradually decreased upon
activation of IFN-I signaling after viral infection or nucleic acid
analog treatment, while no uniform or broad trend in METTL3 and
METTL14 expression was observed. These results indicate a poten-
tial relationship between m°A modification and the regulation of
IFN-I signaling, in which WTAP may be an important regulator.

WTAP is degraded through the K48-linked ubiquitination-
proteasome pathway upon activation of IFN-I signaling

It is well known that protein abundance is mainly regulated by tran-
scriptional and post-translational modifications. To explore what
affects the protein abundance of WTAP upon activation of IFN-I
signaling, we first detected the transcriptional changes of WTAP. The
results showed that the transcription of WTAP was slightly activated
by both viral infections (VSV-eGFP or HSV-1) and nucleic acid analog
treatments (poly (I:C), poly (dA:dT) or HSV-60) in PBMCs, BMDMs,
and A549 cells (Fig 2A-C). However, stimulation with IFN-o or IFN-3
in A549 cells (Fig 2D) and BMDMs (Fig EV2A) had no effect on the
mRNA abundance of WTAP. These data indicate that the degradation
of WTAP may be caused by post-translational modification instead of
transcriptional regulation upon activation of IFN-I signaling.

It has been documented that WTAP can undergo degradation
depending on the ubiquitin-proteasome pathway (Kuai et al, 2018).
To explore whether WTAP is degraded when activating IFN-I signal-
ing, the protein abundance of WTAP in the presence of the protea-
some inhibitors carfilzomib (PR-171) and bortezomib (PS-341) or
autophagy inhibitors chloroquine (CQ) and bafilomycin Al (Baf Al)
was tested. PR-171 is an irreversible proteasome inhibitor, while PS-
341 is a reversible inhibitor of the proteasome (Fricker, 2020), and
both are commonly used in clinical treatment and scientific
research. The results showed that PR-171 and PS-341 (Figs 2E and
EV2B), but not CQ and Baf Al (Figs 2F and EV2C), blocked the
VSV-eGFP- or nucleic acid analog-mediated degradation of WTAP in
A549 cells. In addition, higher levels of ubiquitinated WTAP were
observed in the presence of PR-171 than in the presence of DMSO

© 2021 The Authors
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Figure 1. WTAP protein is decreased in virus-infected or nucleic acid analog-treated cells.

A, B Immunoblot analyses of the protein abundance of the METTL3/METTL14/WTAP heterotrimer in PBMCs (A) and BMDMs (B) upon challenge with VSV-eGFP, poly(l:C),
HSV-1, or HSV-60 at the indicated time points. Data are representative of three independent biological experiments.

C, D Immunoblot analyses of the protein abundance of the METTL3/METTL14/WTAP heterotrimer in A549 cells upon challenge with VSV-eGFP or SeV (C) and poly (I:C) or
poly (dA:dT) (D) at the indicated time points. Data are representative of three independent biological experiments.

Source data are available online for this figure.

(Fig 2G), revealing that WTAP undergoes ubiquitination upon viral
infection. To determine what type of ubiquitin chain is added to
WTAP, we transfected 293T cells with Flag-tagged WTAP together
with HA-tagged K48-linked ubiquitin (K48-Ub), K63-linked ubiquitin
(K63-Ub), or wild-type ubiquitin (HA-Ub), and found that WTAP
undergoes both K48-linked and K63-linked ubiquitination. However,
only K48-linked, but not K63-linked ubiquitination of WTAP, was
markedly increased in the presence of the proteasome inhibitor PR-
171 (Figs 2H and EV2D). All these results suggest that K48-linked

ubiquitination-proteasomal degradation is the main reason for the
decrease of WTAP protein upon activation of IFN-I signaling.

WTAP positively regulates the antiviral immune responses

To determine the relationship between WTAP and the activation of
IFN-I signaling, we first knocked out WTAP using CRISPR-Cas9
systems (Ran et al, 2013) in A549, L929, and 293T cells. However,
only one WTAP~/~ 293T subclone was obtained after a series of

Figure 2. WTAP is degraded through the K48-linked ubiquitination-proteasome pathway upon the activation of IFN-I signaling.

A B Real-time PCR (QRT-PCR) analyses of WWTAP mRNA expression in PBMCs (A) or BMDMs (B) upon challenge with VSV-eGFP, poly(I:C), HSV-1, or HSV-60 at indicated
time points. n = 3 independent biological replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

C  gRT-PCR analyses of WTAP mRNA expression in A549 cells upon challenge with VSV-eGFP, poly(I:C), HSV-1, or poly (dA:dT) at the indicated time points. n = 3
independent biological replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

D  gRT-PCR analyses of WTAP mRNA expression in A549 cells stimulated with IFN-o. or IFN-f3 at the indicated time points. n = 3 independent biological replicates, and
error bars represent standard deviations. Data were compared using Student’s t-test.

E A549 cells were stimulated with poly (I:C) for 16 h and then treated with PR-171 (10 uM) or PS-341 (10 uM) for additional 4 and 8 h. The cell lysates were
analyzed by immunoblotting. Representative images from three independent biological experiments are shown (left), and the relative levels of WTAP are presented

as the mean =+ SD (right).

F A549 cells were stimulated with poly (I:C) for 16 h and then treated with CQ (50 mM) or Baf Al (0.2 mM) for additional 4 and 8 h. The cell lysates were analyzed
by immunoblotting. LC3B served as a good marker of the autophagy process. Representative images from three independent biological experiments are shown

(left), and the relative levels of WTAP are presented as the mean =+ SD (right).

G Immunoassays of extracts of A549 cells infected with VSV-GFP for 16 h and then treated with PR-171 (10 uM) or DMSO for additional 4 and 8 h, followed by
immunoprecipitation with anti-WTAP antibody and immunoblot analysis with anti-Ub antibody. Data are representative of three independent biological

experiments.

H  Coimmunoprecipitation and immunoblot analyses of extracts of 293T cells transfected with various combinations of plasmids encoding FLAG-tagged WTAP, and
HA-tagged K48-linked, K63-linked or wild-type ubiquitin and treated with DMSO or PR-171 (10 uM). Data are representative of three independent biological

experiments.

Source data are available online for this figure.
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efforts (Fig 3A). We then used this subclone to investigate the role
of WTAP in IFN-f production via dual-luciferase assays. The results
showed that the activities of IFN-B promoter-based luciferase
reporter (IFN-B-luc) and interferon-stimulated response element
(ISRE)-based luciferase reporter were upregulated upon viral infec-
tion in 293T cells. However, when endogenous WTAP was knocked
out, the increased IFN-B-luc and ISRE-luc activities mediated by
VSV-eGFP infection or poly(I:C) and poly (dA:dT) stimulation were
significantly reduced (Fig 3B). Such defects could be rescued in a
dose-dependent manner when exogenous WTAP was overexpressed
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in WTAP™/~ 293T cells infected with VSV-eGFP or treated with poly
(I:C) or poly (dA:dT) (Fig EV3A-C). Similarly, decreased mRNA
abundances of IFNBI, RANTES, DDX58, and ISG15 were observed in
WTAP™/~ 293T cells upon VSV-eGFP, poly(I:C), or poly (dA:dT)
treatments (Fig 3C). These data indicate a positive regulation medi-
ated by WTAP in the IFN-I signaling pathway.

Since no WTAP™/~ A549 subclones were obtained in this study,
we had to design WTAP-specific small interfering RNA (siRNA) and
short hairpin RNA (shRNA) to efficiently knockdown the expression
of WTAP in A549 cells to further investigate the role of WTAP in

© 2021 The Authors
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regulating antiviral immune responses (Fig 3D and EV3D and E).
Consistent with the observations in WTAP™/~ 293T cells, induced
mRNA expression of IFNB1 (Figs 3E and EV3F), RANTES, and ISG15
(Figs 3F and EV3G) after poly (I:C)-HMW, poly (I:C)-LMW, or poly
(dA:dT) treatments was decreased in WTAP knockdown A549 cells.
The average size of poly(I:C)-LMW ranges from 0.2 to 1 kb, while
that of poly(I:C)-HMW ranges from 1.5 to 8 kb. The LMW form is
mainly recognized by retinoic acid-inducible protein I (RIG-I), while
the HMW form is mainly recognized by melanoma differentiation-
associate gene 5 (MDAS) (Kato et al, 2006). Moreover, the secretion
of IFN-B (Figs 3G and EV3H) and CCL5 (Figs 3H and EV3I) was also
significantly reduced in WTAP knockdown A549 cells upon stimula-
tion. We also observed a decrease in the protein levels of ISGs (RIG-
I, MDAS, Mx1, and IFIT2) in shWTAP A549 cells that were stimu-
lated with poly I:C (LMW) or poly dA:dT (Fig 3I and J). Conversely,

EMBO reports

the overexpression of exogenous WTAP in A549 cells following treat-
ment with poly (I:C) or poly (dA:dT), not only increased the mRNA
transcription of IFNBI (Figs 3K and EV3J) and RANTES (Figs 3L and
EV3K), but also promoted the secretion of IFN-f (Figs 3M and EV3L)
and CCLS5 (Figs 3N and EV3M). The overexpression of WTAP also
increased the protein abundance of ISGs after poly (I:C) or poly (dA:
dT) stimulation (Fig EV3N) in A549 cells. Taken together, these
results strongly suggest that WTAP is important for activation and
preservation of IFN-I signaling.

WTAP regulates the antiviral responses by targeting both
IFN-1 and Jak-STAT signaling

Following detection of viral invasion, the transcription factors IRF3
and IRF7 are phosphorylated by TBK1 and then translocate into the
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Figure 3. WTAP positively regulates the antiviral immune responses.
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A WTAP knockout efficiency in 293T cells detected by immunoblotting. Data are representative of three independent biological experiments.

B Luciferase activity analyses in wild-type (WT), or WTAP~'~ 293T cells, transfected with a luciferase reporter for IFN-B (IFN-B-luc) or ISRE (ISRE-luc) followed by
treatments with intracellular poly(l:C), poly(dA:dT), or VSV-eGFP. The results are expressed relative to Renilla luciferase activity. n = 3 independent biological
replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

C gRT-PCR analyses to detect the mRNA abundances of IFNB1, RANTES, DDX58, and ISG15 in WT and WTAP~/~ 293T cells followed by treatments with intracellular
poly(l:C), poly(dA:dT), or VSV-eGFP. Data are representative of three independent biological experiments.

D Immunoblot analyses to detect the WTAP knockdown efficiency in A549 cells after transfection with Ctrl or WTAP-specific siRNAs for 48 h. Data are representative

of three independent biological experiments.

E,F  gRT-PCR analyses to detect the mRNA abundance of IFNB1 (E), RANTES, and ISG15 (F) in A549 cells transfected with Ctrl or WTAP-specific siRNA, followed by
treatment with poly(l:C)-HMW at the indicated time points. n = 3 independent biological replicates, and error bars represent standard deviations. Data were

compared using Student’s t-test.

G, H ELISA analyses to detect IFN-f (G) and CCLS5 (H) secretion in supernatants from E at 16 h. n = 3 independent biological replicates, and error bars represent

standard deviations. Data were compared using Student’s t-test.

I, Immunoblot analyses to detect the protein expression of ISGs in shCtrl and shWTAP A549 cells that were stimulated with poly(1:C)-LMW (1) or poly(dA:dT) ()) at
different time points with the indicated antibodies. Data are representative of three independent biological experiments.

K,L  gRT-PCR analyses to detect the mRNA abundances of IFNB1 (K) and RANTES (L) in A549 cells transfected with empty vector (EV) or WTAP-HA plasmid, followed by
treatment with poly(l:C)-HMW at the indicated time points. n = 3 independent biological replicates, and error bars represent standard deviations. Data were

compared using Student’s t-test.

M, N ELISA analyses to detect IFN-B (M) and CCLS (N) secretion in supernatants from K. n = 3 independent biological replicates, and error bars represent standard

deviations. Data were compared using Student’s t-test.

Source data are available online for this figure.

nucleus to activate the transcription and production of IFN-I.
Secreted IFN-I then binds to surface receptors to regulate the tran-
scription of hundreds of ISGs through Jak-STAT signaling (Villarino
et al, 2017). To determine how WTAP affects the production of IFNs
and the transcription of ISGs, we first detected whether WTAP
knockdown affects the phosphorylation of IRF3 and TBK1 upon
nucleic acid analog treatment or viral infection. The results showed
that phosphorylated and total IRF3, but not TBK1, were significantly
decreased in WTAP knockdown A549 cells upon poly (I:C) or poly
(dA:dT) stimulation (Fig 4A and B), as well as upon VSV-eGFP,
SeV, or HSV-1 infection (Fig EV4A—-C). Similarly, the dimerization
of IRF3 induced by poly (I:C) or poly (dA:dT) (Fig 4C) or VSV-eGFP
or SeV (Fig EV4D) was impaired in WTAP knockdown A549 cells.
In addition, WTAP knockdown A549 cells produced fewer ISGs than
control cells after stimulation with IFN-o or IFN-§ (Fig 4D). Consis-
tent with the decrease in ISG production, the phosphorylation of
STAT1 was decreased considerably in shWTAP AS549 cells in
response to treatment with IFN-o (Fig 4E) or IFN-B (Fig 4F). Thus,
WTAP may affect the upstream type I signaling response, as well as
the downstream Jak-STAT pathway.

WTAP maintains the protein abundance of IRF3 and IFNAR1
through m®A modification

To determine the molecular targets of WTAP, we next tested
whether the protein abundances of the identified key components
involved in IFN-I signaling were changed in WTAP knockdown
A549 cells. We found that the protein abundances of IRF3 and
IFNAR1 but not of the other tested proteins were impaired in WTAP
knockdown A549 cells (Fig 5A and B). Moreover, no significant
changes in IRF3 and IFNAR1 proteins were observed in METTL3- or
METTL14-knockdown A549 cells (Fig EV4E). These results suggest
that WTAP may specifically maintain the protein abundances of
IRF3 and IFNARI to participate in antiviral immune responses.
WTAP is one of the subunits of the methyltransferase complex
(“writer”) and is required for anchoring of methyltransferase
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complexes in nuclear speckles, which is where methylation occurs.
Recent studies have shown that the depletion of WTAP results in
significantly lower m°A levels in global or specific mRNAs (Ping
et al, 2014; Chen et al, 2019). As expected, the level of m°A methy-
lation was substantially decreased in WTAP knockdown A549 cells
compared with control cells (Figs 5C and EV4F). Thus, we next
analyzed whether WTAP regulates IRF3 and IFNAR1 expression in
an m°A-dependent manner. First, we used RMBase v2.0 to predict
the m°A sites with “DRACH” elements in IRF3 and IFNARI tran-
scripts (Xuan et al, 2018) and found that most of the m®A modifi-
cation sites with high confidence were distributed near the 5’-
untranslated regions (5’-UTRs) of IRF3 and 3’-untranslated regions
(3°-UTRs) of IRNARI transcripts. To elucidate the function of WTAP
in the m°A modification of IRF3 and IFNARI transcripts, we
designed two gene-specific primer pairs, F1/R1 and F2/R2, to detect
the change of m°A modification levels at site 1 and site 2 of these
two genes using MeRIP-qPCR assays (Fig 5D and E). The results
showed that m°®A-modified IRF3 and IFNARI transcripts were effec-
tively enriched by m®A-specific antibody. Enriched m®A modifi-
cations at site 1 but not site 2 of IRF3 and IFNARI were remarkably
decreased in WTAP knockdown A549 cells (Fig SF and G), but
increased in WTAP-overexpressing A549 cells (Figs 5H and EV4G).
In addition, although the enriched m®A modifications at site 1 and
site 2 of IFNARI transcripts were remarkably decreased in
sIMETTL3 A549 cells (Fig EV4H), only m°A modifications at site 1
of IRF3 transcripts were significantly reduced (Fig EV4I). Due to the
limitations of MeRIP-PCR assays, which cannot distinguish single
site changes in target genes, we next performed a statistical analysis
of the published m®A-seq dataset (GSES55572) to further explore the
contributions of WTAP or METTL3/METTL14 to the m°®A modifi-
cation of IRF3 and IFNARI transcripts (Data ref: Schwartz et al,
2014). The results showed that the depletion of WTAP had a larger
effect on the m®A modifications of IFNAR] and IRF3 transcripts than
the depletion of METTL3 or METTL14 (Fig EV4J and K). Among the
three identified m°®A peaks in the 3’UTR near the stop codon of
IFNARI transcripts, METTL3 and METTL14 specifically affected the
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Figure 4. WTAP regulates the antiviral responses by targeting both IFN-I and Jak-STAT signaling.

A, B Immunoblot analyses of total and phosphorylated (p-) TBK1 and IRF3 in A549 cells transfected with Ctrl or WTAP-specific siRNA, followed by stimulation with poly
(1:C) (A) or poly (dA:dT) (B) at different time points. Data are representative of three independent biological experiments.
C Immunoblot analyses of IRF3 dimerization in A549 cells transfected with Ctrl or WTAP-specific siRNA, followed by stimulation with poly (I:C) or poly (dA:dT) for 6 h.

Data are representative of three independent biological experiments.

D Immunoblot analyses to detect the protein expression of I1SGs in A549 cells transfected with Ctrl or WTAP-specific siRNA, followed by stimulation with IFN-o or
IFN-B (50 U/ml) for 4 h. Data are representative of three independent biological experiments.

E, F Immunoblot analyses of total and phosphorylated (p-) STAT1 in shCtrl and shWTAP A549 cells, followed by stimulation with IFN-o (E) or IFN-B (F)

points. Data are representative of three independent biological experiments.

Source data are available online for this figure.

site of peak 2, while WTAP was more sensitive to the sites of peaks 1
and 3 (Fig EV4J). Moreover, both m®A peaks identified in the 5’'UTR
of IRF3 transcripts were affected by WTAP depletion, while only peak
2 was affected in siMETTL3 or siMETTL14 cells (Fig EV4K). Thus,
although WTAP cannot methylate mRNAs in the absence of METTL3,
we hypothesized that WTAP is required to bring the “writer”
complexes to the target mRNAs at some mC°A sites and ultimately
affects the fate of target genes. Moreover, as Chelmicki showed (Chel-
micki et al, 2021), we also observed an increased WTAP protein
abundance in METTL3 and METTL4 knockdown cells (Fig EV4E),
indicating that the increase in WTAP protein may offset the effect of
METTL3 or METTL14 defects on IRF3 and IFNAR1.

m°A methylation can affect many aspects of gene expression,
including nuclear export, mRNA decay, alternative pre-mRNA splic-
ing, 3’ end processing, and translation (Roundtree et al, 2017). We
first evaluated the mRNA abundance of IRF3 and IFNARI in WTAP
knockdown A549 cells and found that only IFNARI was significantly
downregulated (Figs 51 and EV5A). Subsequent experiments
showed that the nuclear export of IRF3 and IFNARI (Figs 5J and
EVS5SB and C) was not affected when WTAP was knocked down in
A549 cells. Thus, we next explored whether WTAP-mediated

© 2021 The Authors

at different time

methylation is implicated in IRF3 and IFNARI mRNA decay. In fact,
when transcription was halted with actinomycin D (Act D), the decay
rate of IFNARI but not IRF3 mRNA was considerably faster in WTAP
knockdown A549 cells (Figs 5K and EVSD and E). Consistently, the
rate of IFNAR1 protein reduction was also faster in WTAP knockdown
A549 cells (Fig 5L) after treatment with Act D. Since WTAP did not
affect the decay rate of IRF3 mRNA, we investigated whether WTAP-
mediated methylation is implicated in the translation efficiency of IRF3
and IFNARI mRNAs through polysome profiling. We calculated the
proportion of mRNAs in polysome fractions measured by qRT-PCR
and found that the distribution of IRF3 but not IFNARI mRNA shifted
to the lighter fraction in WTAP knockdown cells (Figs SM and EVS5F),
and this difference was not caused by RNA loss during RNA extraction
(Fig EV5G). To determine whether the effect on IRF3 and IFNARI tran-
scripts is directly caused by WTAP, we first mutated the putative m°A-
modified adenosines to thymines in IRF3 and [FNARI mRNAs and
inserted these mutated UTRs into a reporter gene plasmid
(psiCHECK™-2) (Fig 5N and 0). Then, luciferase reporter assays were
performed, and the results showed that the luciferase activities of the
reporter constructs bearing the IFNARI-3 UTR or IRF3-5° UTR with
mutations (Mut) at m°A sites were significantly weaker than those
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Figure 5. WTAP maintains the protein abundance of IRF3 and IFNAR1 through m®A modification.

A B

C

D, E

F, G

N, O

Immunoblot analyses to detect the protein expression of critical adaptors in the IFN-I and Jak-STAT signaling pathway in A549 cells after transfection with Ctrl or
WTAP-specific siRNAs for 48 h. Data are representative of three independent biological experiments.

ELISA quantification of m®A levels in mRNA extracted from shCtrl and shWTAP A549 cells. n = 3 independent biological replicates, and error bars represent
standard deviations. Data were compared using Student’s t-test.

Schematic representation of the position of m°A motifs within the IRF3 (D) and IFNARI (E) transcripts. The sites of the m°A RNA modification element “DRACH” in
IRF3 mMRNA 5-UTRs or IFNAR1 mRNA 3'-UTRs were predicted using RMBase v2.0 (http://rna.sysu.edu.cn/rmbase/). F1/R1 represents the detection site 1 containing
three (IRF3) or four (IFNAR1) “DRACH” elements and F2/R2 represents the detection site 2 containing two (IRF3) or three (IFNARI) “DRACH” elements.

Abundance of IRF3 (F) and IFNARI (G) transcripts (detection sites 1 and 2) among mRNA immunoprecipitated with anti-m°®A antibody from shCtrl and shwWTAP
A549 cells. n = 3 independent biological replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

Abundance of IRF3 and IFNAR1 transcripts (detection site 1) among mRNAs immunoprecipitated with anti-m°A antibody from A549 cells that were transfected
with empty vector (EV) or HA-tagged WTAP plasmid for 24 h. n = 4 independent biological replicates, and error bars represent standard deviations. Data were
compared using Student’s t-test.

gRT-PCR analyses of the mRNA expression of IRF3 and IFNARL in shNC and shWTAP A549 cells. n = 3 independent biological replicates, and error bars represent
standard deviations. Data were compared using Student’s t-test.

Semi-gRT-PCR analyses of IRF3 and IFNAR1I mRNA and RNU6 and GAPDH mRNA (loading controls throughout) in the nucleus (Nu) and cytoplasm (Cyto) of A549
cells transfected with Ctrl or WTAP-specific siRNA for 48 h. Data are representative of three independent biological experiments.

gRT-PCR analyses of IFNARI mRNA expression in shCtrl and shWTAP A549 cells, followed by treatment with Act D (5 pg/ml) for the indicated times. n = 3
independent biological replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

Immunoblot analyses of IFNARL in shCtrl and shWTAP A549 cells, followed by treatment with Act D (5 pg/ml) for the indicated times. Data are representative of
three independent biological experiments.

gRT-PCR analyses of the proportion of IRF3 mRNA in polysome fractions from A549 cells transfected with Ctrl or WTAP-specific SiRNAs. n = 3 independent
biological replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

Wild-type or mutated mPA consensus sequences (A-to-T mutation) of IFNARI-3’ UTR (N) and IRF3-5' UTR (O) were fused with Renilla luciferase reporter in
psiCHECK™-2 vector.

Relative luciferase activities in 293T cells after transfection with reporter vectors bearing IFNAR1-3' UTR or IRF3-5 UTR with wild-type (WT) or mutated (Mut) m°A
sites. Renilla luciferase activity was measured and normalized to firefly luciferase activity. n = 3 independent biological replicates, and error bars represent
standard deviations. Data were compared using Student’s t-test.

Relative luciferase activities of reporter vectors bearing IFNARI-3' UTR or IRF3-5" UTR with wild-type (WT) m®A sites after cotransfection with empty vector (EV) or
HA-tagged WTAP into shWTAP A549 cells. Renilla luciferase activity was measured and normalized to firefly luciferase activity. n = 3 independent biological

EMBO reports

replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

Source data are available online for this figure.

containing wild-type (WT) UTRs (Fig 5P). Moreover, sShtWTAP A549
cells were cotransfected with reporter constructs bearing WT UTRs of
IRF3 or IFNARI with HA-tagged WTAP and enhanced luciferase activi-
ties were obtained (Fig 5Q), indicating that the detected mPA sites in
IRF3 and IFNARI transcripts are direct substrates of WTAP. However,
using the same approach, we found that METTL3 depletion did not
significantly reduce the luciferase activities of the reporter bearing the
IFNAR1-3’ UTR or IRF3-5° UTR compared with WTAP depletion. Thus,
the ability of WTAP to bring METTL3 to specific m°A sites may alter
the IRF3 and IFNARI protein output (Fig EV5H). Taken together, these
data suggest that WTAP maintains the expression of IRF3 by enhanc-
ing its translation efficiency via m°A modification at its 5’UTR. WTAP
also maintains the expression of IFNAR1 by improving its mRNA
stability via m®A modification at its 3’'UTR.

The protein abundances of IRF3 and IFNAR1 are decreased in
virus-infected or nucleic acid analog-treated cells

To further confirm that proteasomal degradation of WTAP can
directly result in a decrease in IRF3 and IFNARI1, we first detected
the protein abundances of IRF3 and IFNAR1 during viral infection
or nucleic acid analog stimulation. The results clearly showed
decreased protein abundances of IRF3 and IFNARI in A549 cells
stimulated with poly (I:C) or poly (dA:dT) (Fig 6A). Similar results
were also obtained in A549 and L929 cells with VSV-eGFP infection
(Fig 6B). Then, to show whether the decrease in IRF3 and IFNAR1
protein levels is related to translational suppression of IRF3 and
instability of IFNARI mRNA after stimulation, mRNA decay tests

© 2021 The Authors

were performed and showed that IFNARI mRNA became more
unstable after poly (I:C)-LMW stimulation (Fig 6C) or VSV-eGFP
infection (Fig 6D). Polysome profiling assays showed that the distri-
bution of IRF3, instead of [IFNARI mRNA, shifted to the lighter frac-
tion to a certain degree after poly (I:C)-LMW stimulation (Fig 6E).
Next, we transfected 293T cells with a reporter construct bearing
the wild-type IFNAR1-3’ UTR or IRF3-5’ UTR and found that the luci-
ferase activities of the reporter were much lower after poly (I:C)-
LMW stimulation or VSV-eGFP infection (Fig 6F). These results
suggest that activation of IFN-I signaling results in reduced transla-
tion efficiency of IRF3 and IFNARI mRNA stability. Moreover, we
observed that the protein abundance of IRF3 and IFNAR1 decreased
faster in sShWTAP A549 cells after VSV-eGFP infection (Fig 6G).
Therefore, we next performed experiments in the presence of the
proteasome inhibitor PR-171 and found that PR-171 can also block
the degradation of IRF3 and IFNARI after poly (I:C)-LMW stimula-
tion or VSV-eGFP infection by restoring the WTAP protein (Fig 6H
and I). Thus, all these data suggest that WTAP may maintain the
protein abundance of IRF3 and IFNARI in the resting state. Upon
viral infection, degradation of WTAP can reduce the m®A modifi-
cation levels of IRF3 and IFNARI, providing a fine-tuned mechanism
for negative feedback regulation of IFN-I signaling responses.

Discussion

m°®A is one of the most important posttranscriptional mRNA modifi-
cations and regulates RNA splicing, transport, translation, stability,
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Figure 6. The protein abundances of IRF3 and IFNAR1 are decreased in virus-infected or nucleic acid analog-treated cells.

A

Immunoblot analyses to detect IRF3 and IFNAR1 protein expression in A549 cells stimulated with poly (I:C) or poly (dA:dT) at the indicated time points. Data are
representative of three independent biological experiments.

Immunoblot analyses to detect IRF3 and IFNAR1 protein expression in A549 and L929 cells infected with VSV-eGFP at the indicated time points. Data are
representative of three independent biological experiments.

C,D gRT-PCR analyses of the mRNA abundance of IFNARI and IRF3 in A549 cells transfected with poly (I1:C)-LMW (C) or infected with VSV-eGFP (D) for 16 h, followed by

treatment with Act D (5 pg/ml) for the indicated times. n = 3 independent biological replicates, and error bars represent standard deviations. Data were compared
using Student’s t-test.

gRT-PCR analyses of the proportion of IRF3 and IFNARI mRNAs in polysome fractions from A549 cells transfected with poly (1:C)-LMW for 16 h. n = 3 independent
biological replicates, and error bars represent standard deviations. Data were compared using Student’s t-test.

Relative luciferase activities of IFNARI-3' UTR or IRF3-5' UTR with wild-type (WT) mPA sites in 293T cells that were transfected with poly (I:C)-LMW or infected with
VSV-eGFP for 24 h. Renilla luciferase activity was measured and normalized to firefly luciferase activity. n = 3 independent biological replicates, and error bars
represent standard deviations. Data were compared using Student’s t-test.

Immunoblot analyses of IRF3 and IFNAR1 in shCtrl and shWTAP A549 cells, followed by infection with VSV-eGFP at the indicated time points. Data are
representative of three independent biological experiments.

Immunoblot analysis of the protein abundance of IRF3 and IFNAR1 in A549 cells transfected with poly (I:C)-LMW or infected with VSV-GFP for 16 h and then
treated with PR-171 or DMSO for additional 4 and 8 h. Representative images from three independent biological experiments are shown (H), and the relative levels
of IFNAR1 (left) and IRF3 (right) are presented as the mean + SD ().

Source data are available online for this figure.
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and localization. m°A is involved in diverse biological
processes, including the antiviral immune responses. For example,
hnRNPA2B1 can prevent recruitment of the m°A eraser FTO to
CGAS, IFI16, and STING mRNA, thereby blocking mP°A removal from
these transcripts and enabling their efficient export to amplify
antiviral responses (Wang et al, 2019); the mRNAs of I[FNA and
IFNB are mC°A-modified and stabilized following depletion of
METTL3 or METTL14, leading to increases in IFN-I expression and
ISG induction (Winkler et al, 2019); m°A methylation shields the
antigenome and genome of HMPV (human metapneumovirus) from
recognition by RIG-I, thereby inhibiting RIG-I-dependent production
of type I IFNs in virus-infected cells (Lu et al, 2020). In this study,
we observed that WTAP, a component of the m®A “writer”, is
specifically degraded in a ubiquitination-proteasome-dependent
manner upon virus and nucleic acid analog-mediated activation of
IFN-I signaling. Along with proteasomal degradation of WTAP, the
m®A modification levels of IRF3 and IFNARI mRNAs, two critical
molecules in IFN-I signaling, were impaired. The decreased m°A
modification levels resulted in reduced translation efficiency of IRF3
and instability of IFNARI mRNA, fine-tuning the IFN-I dependent
antiviral strategy. Thus, upon viral infection, dynamic m°A modifi-
cations of specific RNAs involved in multiple antiviral levels may
affect the arms race between hosts and pathogens.

As an indispensable transcription factor and a membrane-bound
receptor in the IFN-I based antiviral response, the feedback regula-
tion of IFN-I signaling by targeting IRF3 and IFNARI at the post-
translational level has been extensively studied in recent decades.
For instance, IRF3 was found to undergo phosphorylation and
ubiquitination-dependent activation. Proteasomal or lysosomal
degradation of IRF3 (Saitoh et al, 2006; Higgs et al, 2008; Zhang
et al, 2008; Lei et al, 2013; Zhao et al, 2016) and IFNARI1 (Liu et al,
2009; Bhattacharya et al, 2011; Zheng et al, 2011) can result in
reduced production of IFN-I and limited activation of the Jak-STAT
signaling. Here, we further identified a mechanism that negatively
regulates the IFN-I based antiviral response by targeting IRF3 and
IFNAR1 at the posttranscriptional level, suggesting sophisticated
regulation of IFN-I signaling in the host to maintain tissue home-
ostasis and avoid excessive immune activation.

As methyltransferase, the METTL3/METTL14 heterodimer
prefers to recognize RRACH (R = A or G; H = A, C, or U) motifs and
transfer a methyl group to adenosine. Since its discovery as an
important component of the m°A writer, WTAP has been high-
lighted for tethering the METTL3-METTL14 heterodimers to target
RNAs and facilitate their accumulation in nuclear speckles (Zhong
et al, 2008; Ping et al, 2014). Along with providing a novel feedback
mechanism in regulation of antiviral responses, we also revealed
that some m°A modification sites in target genes are WTAP-specific.
First, we only observed that the protein abundance of IRF3 and
IFNAR1 but not that of the other tested proteins was impaired in
WTAP deficiency. Second, we found that although the m°A methy-
lation levels of IRF3 and IFNAR1 could be affected by depletion of
both WTAP and METTL3/METTL14, only some site-specific modifi-
cations brought by WTAP may alter the subsequent protein outputs.
Third, studies by Winkler and Rubio revealed that the m®A modifi-
cation of IFNBI mRNA is enhanced in METTL3- or METTLI14-
silenced cells, resulting in instability of IFNBI mRNA and promotion
of HCMV replication (Rubio et al, 2018; Winkler et al, 2019).
However, in this study, we found that the stability of IFNBI
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transcripts was not affected in WTAP knockdown AS549 cells
(Fig EV5I). Likewise, the fate of IRF3 and IFNARI transcripts was
not affected by METTL3 knockdown (Fig EV5J and K). These obser-
vations further indicate a complicated regulatory relationship
between m°A “Writer” proteins and target genes.

In addition to affecting the fate of certain host immune-related
genes, METTL3 deficiency can reduce the replication of HCMV,
while WTAP knockdown significantly restrained VSV replication
and release (Fig EV5L-0). Meanwhile, lower SeV and HSV-1 mRNA
and protein levels were observed in WTAP-silenced A549 cells
(Fig EV50-Q). These data indicate that WTAP can directly regulate
viral life cycles in addition to affecting cellular immune responses.
From this point of view, whether WTAP negatively regulates the
IFN-I signaling by targeting IRF3 and IFNARI1 or influences viral
replication by acting on viral RNA, the decrease in WTAP protein
maintains tissue homeostasis in the host upon viral infection. Thus,
painting a more complete picture of the mechanisms by which m°A
influences viral infection as well as host IFN-I responses will be
even more important to address in the future.

Unlike proteasomal degradation upon viral infection, WTAP has
been found to be overexpressed and serve as a considerable risk factor
in a variety of tumors. For example, WTAP can facilitate hepatocellu-
lar carcinoma progression via mCA-HuR (Hu-Antigen R)-dependent
epigenetic silencing of ETS1 (Chen et al, 2019). It has also been found
to promote osteosarcoma tumorigenesis by repressing HMBOX1
expression in an m°A-dependent manner (Chen et al, 2020). WTAP
can also be wupregulated transcriptionally in bacteria-induced
inflammatory responses, as well as in HCMV infection (Rubio et al,
2018; Wu et al, 2020). Thus, the protein abundance of WTAP may be
a smart and broad equalizer to regulate multiple biological processes
by facilitating the ability of the METTL3-METTL14 heterodimer to
target specific genes at specific sites, which may be a very interesting
research hotspot of m®A modification in the future.

Overall, our study first identified that degradation of WTAP
reduces the protein abundance of IRF3 and IFNAR1 through m°A
modification, which not only provides a new negative feedback
regulation mechanism to fine-tune the output of IFN-I and ISGs at
the posttranscriptional level but also broadens the multilayer regula-
tion of innate immunity, suggesting that such interplay may be
essential for novel therapeutic applications in a range of infectious
and potentially inflammatory diseases.

Materials and Methods

Cells, reagents, and viruses

293T, A549, L929 cells, and MEFs were grown as a monolayer at
37°C, under 5% CO, in DMEM (Thermo Fisher Scientific) supple-
mented with 10% FBS (Thermo Fisher Scientific) and 1% penicillin/
streptomycin. Mouse bone marrow-derived macrophages (BMDMs)
were derived from bone marrow of six-week-old female C57BL/6J
mice (Guangdong Medical Laboratory Animal Center) and cultured
for 6-8 days with 50 ng/ml macrophage colony-stimulating factor
(PeproTech). Human peripheral blood mononuclear cells (PBMCs)
were isolated from blood of anonymous donors (Zhongshan School
of Medicine, Sun Yat-sen University) by density gradient centrifuga-
tion using Lymphoprep (AXIS-SHIELD). The source and use of
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BMDMs and PBMCs was in compliance with institutional guidelines
and approved protocols of Sun Yat-sen University.

Polyinosinic-polycytidylic acid (i.e., poly(I:C)) is a synthetic
analog of double-stranded RNA (dsRNA), a molecular pattern
which can activate IFN-I response. Poly (deoxyadenylic-
deoxythymidylic) acid (i.e., Poly(dA:dT)) is a repetitive synthetic
double-stranded DNA sequence of poly(dA-dT):poly(dT-dA) and a
synthetic analog of B-DNA. Poly(I:C)-HMW, poly(I:C)-LMW, and
poly(dA:dT) were purchased from InvivoGen. Chloroquine (CQ)
and bafilomycin Al (Baf Al) were purchased from Sigma. Carfil-
zomib (PR-171) and bortezomib (PS-341) were purchased from
Selleck. Lipofectamine 3000 and Lipofectamine RNAIMAX were
purchased from Invitrogen.

Protein G Sepharose was purchased from GE Healthcare. Anti-
RIG-I, MDAS, WTAP, METTL14, MAVS, STING, Ub, STAT1, STAT2,
LC3B, phosphorylated TBK1, phosphorylated IRF3, and phosphory-
lated STAT1 antibodies were purchased from Cell Signaling Tech-
nology; anti-MxA, RSAD2, TBK1, MyD88, TRIF, and ICP-27
antibodies were purchased from Abcam; anti-WTAP, METTL3,
IRF3, IFNARI1, IFNAR2, GAPDH, ISG15, HA, and Flag antibodies
were purchased from Proteintech; anti-IRF3 and MAVS antibodies
were purchased from Santa Cruz, anti-VSV-G antibody was
purchased from Sigma; anti-SeV antibody was purchased from MBL.

VSV-eGFP, SeV, and HSV-1 were preserved in our laboratory.
These viruses were propagated and their titers were determined on
Vero cells. Virus titers were measured by means of 50% of the tissue
culture’s infectious dose (TCID50). Cells were infected at an indicated
MOI in serum-free DMEM for 1 h, washed by 1x PBS, and incubated
with fresh complete medium for the times shown in the figures.

ELISA assays and quantitative RT-PCR (qQRT-PCR)

The concentrations of IFN-f and CCLS in culture supernatants were
measured using kits from R&D Systems, according to the manufac-
turer’s instructions.

Total RNA was extracted from cells using the TRIzol reagent
(Roche) according to the manufacturer’s instructions. For RT-PCR
analyses, cDNA was generated with PrimerScript™ RT reagent Kit
with gDNA Eraser (Perfect Real Time) (TaKaRa) and was analyzed
by quantitative real-time PCR using the 2xRealStar Green Power
Mixture (GenStar). All data were normalized to GAPDH expression.
Primer sequences used were as follows:

Human GAPDH: Forward 5-TGTTGCCATCAATGACCCCTT-3’,
Reverse 5-CTCCACGACGTACTCAGCG-3’;

Mouse Gapdh: Forward 5’-TGACCTCAACTACATGGTCTACA-3’,
Reverse 5’-CTTCCCATTCTCGGCCTTG-3’;

Human IFNB: Forward 5-GCTTGGATTCCTACAAAGAAGCA-3’,
Reverse 5-ATAGATGGTCAATGCGGCGTC-3’;

Human RANTES: Forward 5’-CCAGCAGTCGTCTTTGTCAC-3’,
Reverse 5’-CTCTGGGTTGGCACACACTT-3’;

Human DDX58: Forward 5-TGTGCTCCTACAGGTTGTGGA-3’,
Reverse 5-CACTGGGATCTGATTCGCAAAA-3’;

Human ISG1S: Forward 5-CGCAGATCACCCAGAAGATCG-3’,
Reverse 5’-TTCGTCGCATTTGTCCACCA-3’;

Human WTAP: Forward 5’-ACTGGCCTAAGAGAGTCTGAAG-3’,
Reverse 5’-GTTGCTAGTCGCATTACAAGGA-3’;

Mouse Wtap: Forward 5’-GAACCTCTTCCTAAAAAGGTCCG-3’,
Reverse 5°-TTAACTCATCCCGTGCCATAAC-3’;
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Human METTL3: Forward 5-TTGTCTCCAACCTTCCGTAGT-3’,
Reverse 5’-CCAGATCAGAGAGGTGGTGTAG-3’;

Mouse Mettl3: Forward 5-CTGGGCACTTGGATTTAAGGAA-3’,
Reverse 5-TGAGAGGTGGTGTAGCAACTT-3’;

Human METTLI4: Forward 5-AGTGCCGACAGCATTGGTG-3’,
Reverse 5-GGAGCAGAGGTATCATAGGAAGC-3’;

Mouse Mettl14: Forward 5-CTGAGAGTGCGGATAGCATTG-3’,
Reverse 5’-GAGCAGATGTATCATAGGAAGCC-3’;

Human IRF3: Forward 5-AGAGGCTCGTGATGGTCAAG-3’,
Reverse 5-AGGTCCACAGTATTCTCCAGG-3’;

Human IRF3-m°A site 1: Forward 5-CCATCGGCTTTTGG
GTCTGTT-3’, Reverse 5-GGATCCGTGGCTTTGGGGTT-3’;

Human IRF3-m°A site 2: Forward 5-GATCCTGCCCTGGCTGGT-
3’, Reverse 5’-TTCCGAAATCCTCCTGCTGT-3’;

Human IFNARI: Forward 5-ATTTACACCATTTCGCAAAGCTC-
3’, Reverse 5°-TCCAAAGCCCACATAACACTATC-3’;

Human IFNARI-m°®A site 1: Forward 5-GTTCCCAAACTA
GCCAAGA-3’, Reverse 5’-CCTCAGGCTCCCAGTGTAA-3’;

Human IFNARI-m°®A site 2: Forward 5-GCCAACGTGG
TGAAACCC-3’, Reverse 5-CACATGGAAAAGAATGTAGGA-3’.

VSV-G: Forward 5-CAAGTCAAAATGCCCAAGAGTCACA-3’,
Reverse 5’-TTTCCTTGCATTGTTCTACAGATGG-3’;

SeV: Forward 5-GCTTACGGGACAGATGAGAT-3’, Reverse 5’-
ATTGTTATGAACCGACTTGC-3’;

HSV-1: Forward 5-TTTCTCCAGTGCTACCTGAAGG-3’, Reverse
5’-TCAACTCGCAGACACGACTCG-3’.

Quantification of the m®A modification

Total RNA was isolated using TRIzol (Roche) according to the
manufacturer’s instructions and treated with deoxyribonuclease I
(Sigma-Aldrich). RNA quality was analyzed using a NanoDrop. The
change of global m°A levels in mRNA was measured by EpiQuik
m®A RNA Methylation Quantification Kit (colorimetric; EpiGentek)
following the manufacturer’s protocol. Poly-A-purified RNA
(200 ng) was used for each sample analysis. Briefly, 200 ng RNAs
were coated on assay wells. Capture antibody solution and detection
antibody solution were then added to assay wells separately in a
suitable diluted concentration. The m°A levels were colorimetrically
quantified by reading the absorbance at a wavelength of 450 nm,
and then, calculations were performed based on the standard curve.

m®A RNA-IP-qRT-PCR (MeRIP-qPCR)

To examine m°A modifications in individual genes, the Magna
MeRIP m®A Kit (Millipore) was used according to the manufac-
turer’s instructions. Briefly, 200 pg of total RNA was sheared to
approximately 100 nt in length by metal-ion induced fragmentation
and purified, then incubated with m°A antibody- or mouse IgG-
conjugated Protein A/G Magnetic Beads in 500 pl 1x IP buffer
supplemented with RNase inhibitors at 4°C overnight. Methylated
RNAs were immunoprecipitated with beads, eluted by competition
with free m°A, and recovered with the Rneasy kit (QIAGEN). One-
tenth of fragmented RNA was saved as input control and further
analyzed by qPCR along with the MeRIPed RNAs using primers of
targeted gene. The related enrichment of m°A in each sample was
calculated by normalizing the value of amplification cycle (Cq) of
the m®A-IP portion to the Cq of the corresponding input proportion.
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RNA interference

LipoRNAIMAX (Invitrogen) was used for transfection of siRNAs
(30 nM) into A549 cells according to the manufacturer’s instruc-
tions. The sequences of siRNAs are as follows:

Human WTAP-siRNA-1: AAGGTTCGATTGAGTGAAACA

Human WTAP-siRNA-2: GAAGCATATGTACAAGCTT

Human METTL3-siRNA-1: CTGCAAGTATGTTCACTATGA

Human METTL3-siRNA-2: CGTCAGTATCTTGGGCAAGTT

Human METTL14-siRNA-1: GCATTGGTGCCGTGTTAAA

Human METTL14-siRNA-2: GCAGCACCTCGATCATTTA

Coimmunoprecipitation and immunoblot analysis

Cells were lysed with cell lysis buffer (Cell Signaling Technology)
supplemented with protease inhibitor “cocktail” (Roche). Protein
concentrations in the extracts were measured by BCA assay
(Pierce). Overall, 40 pg proteins were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) followed by
electrotransfer to polyvinylidene difluoride membrane (Hybond-P;
GE Healthcare Life Sciences). Membranes were probed using indi-
cated antibodies against targeted proteins, followed by the HRP-
conjugated second antibody (Cell Signaling Technology, 1:10,000).
Bands were revealed with Immobilon ECL kit (Millipore) and
recorded on X-ray films (Kodak, Xiamen, China).

Analysis of IRF3 dimerization by native-PAGE

Native-PAGE was performed based on the previously reported
protocol (Robitaille et al, 2016). The native-PAGE gel was pre-run
with 25 mM Tris and 192 mM glycine, PH 8.4 with and without 1%
deoxycholate (DOC) in cathode, and anode chamber, respectively,
for 30 min at 40 mA. Samples in native sample buffer (10-40 pg
protein, 62.5 mM Tris—HCl, PH 6.8, 15% glycerol, and 1% deoxy-
cholate) were applied to the gel and electrophoresed for 60 min at
25 mA. Detailed operating instructions can be found online at
https://www.jove.com/video/53723.

Polysome profiling

Polysome fractionation was performed based on the previously
reported protocol (Gandin et al, 2014). Briefly, cells were treated for
15 min with cycloheximide at a final concentration of 100 pg/ml
and then lysed with hypotonic buffer (5 mM Tris—HCl, pH 7.5,
2.5 mM MgCl2, 1.5 mM KCl, 100 pg/ml cyclohexane (CHX), 2 mM
DTT, 0.5% Triton X-100, 0.5% sodium deoxycholate, 1x protease
inhibitor cocktail [EDTA-free] and 2 units/uL RNase inhibitor).
Cytosolic extracts were ultracentrifuged with a 10-45% sucrose
gradient buffer (200 mM HEPES, pH 7.6, 1 M KCI, 50 mM MgCl2,
100 pg/ml cycloheximide, 1x protease inhibitor cocktail [EDTA-
free], 100 units/ml RNase inhibitor) prepared using the Gradient
Station (Biocomp). Fractions were collected with the Gradient
Station. We then merged them into polysome-bound and polysome-
unbound fractions based on the OD254 values. Total RNA for each
merged fraction was extracted using the TRIzol reagent (Roche) and
maintained at equal volumes of RNase-free water. In order to elimi-
nate the interference of RNA loss during the purification step, we
extracted the polysome fraction samples spiked with equivalent
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RNA probe to normalize the loss of total mRNA. The quality of
samples was checked with agarose gel electrophoresis and the
0D260/280 ratios.

Luciferase reporter gene assay

Wild-type and WTAP™/~ 293T cells, or shNC and shWTAP A549 cells
were plated in 48-well plates and transfected with indicated reporter
vectors expressing wild-type or mutated UTRs of IFNAR1 or IRF3
using Lipofectamine 2000. At 24 h post-transfection, cells were stimu-
lated with 1 pg/ml poly(I:C) or infected with the indicated dose of
VSV-eGFP. Cells were harvested 24 h after stimulation or infection,
and luciferase activities were measured with a dual-luciferase
reporter assay system (Promega) according to the manufacturer’s
instructions. Reporter gene activity was determined by normalization
of the Renilla luciferase activity to firefly luciferase activity.

Statistical analyses

Data are represented as mean + SD unless otherwise indicated, and
Student’s t-test was used for all statistical analyses with the
GraphPad Prism 5 software. Differences between two groups were
considered significant when P value was less than 0.05.

Data availability
No primary datasets have been generated and deposited.
Expanded View for this article is available online.
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