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ABSTRACT
5-Methylcytosine (m5C) is a widespread post-transcriptional RNA modification and is reported to be involved in manifold
cellular responses and biological processes through regulating RNA metabolism. However, its regulatory role in antiviral
innate immunity has not yet been elucidated. Here, we report that NSUN2, a typical m5C methyltransferase, negatively
regulates type I interferon responses during various viral infections, including SARS-CoV-2. NSUN2 specifically mediates
m5C methylation of IRF3 mRNA and accelerates its degradation, resulting in low levels of IRF3 and downstream IFN-β
production. Knockout or knockdown of NSUN2 enhanced type I interferon and downstream ISGs during various viral
infection in vitro. And in vivo, the antiviral innate response is more dramatically enhanced in Nsun2+/− mice than in
Nsun2+/+ mice. The highly m5C methylated cytosines in IRF3 mRNA were identified, and their mutation enhanced
cellular IRF3 mRNA levels. Moreover, infection with Sendai virus (SeV), vesicular stomatitis virus (VSV), herpes simplex
virus 1 (HSV-1), or Zika virus (ZIKV) resulted in a reduction of endogenous NSUN2 levels. Especially, SARS-CoV-2
infection (WT strain and BA.1 omicron variant) also decreased endogenous levels of NSUN2 in COVID-19 patients and
K18-hACE2 KI mice, further increasing type I interferon and downstream ISGs. Together, our findings reveal that
NSUN2 serves as a negative regulator of interferon response by accelerating the fast turnover of IRF3 mRNA, while
endogenous NSUN2 levels decrease during SARS-CoV-2 and various viral infections to boost antiviral responses for
effective elimination of viruses.
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Introduction

RNA modification is an important post-transcrip-
tional modification process. To date, more than 100
types of chemical modifications to various types of
RNAs have been recorded [1]. Among these RNA
modifications, N6-methyladenosine (m6A) and 5-
methylcytosine (m5C) are ubiquitous, and have led
to an increasing appreciation that RNA methylation
can functionally regulate gene expression and cellular
activity [2–4]. The methyltransferase (writer),
demethylase (eraser), and effector (reader) play coor-
dinating roles in RNA metabolism, such as splicing,
degradation, and translation [5–9]. Recently, it was
found that m6A methylation could negatively regulate
interferon response by inducing IFNB1 mRNA
degradation [10,11]. It was reported that m6A

RNA-modification-mediated downregulation of the
OGDH-itaconate pathway reprogrammes cellular
metabolism to inhibit viral replication [12]. Another
study demonstrated that ALKBH5, an m6A demethy-
lase, could be recruited by DDX46 and then erase the
m6A modification inMAVS, TRAF3, and TRAF6 tran-
scripts, thereby enforcing their retention in the
nucleus and leading to their decreased translation,
resulting in inhibited type I interferon production
[13]. Moreover, it is reported that the MAVS mRNA
undergoes m6A modification through METTL14,
which leads to a fast turnover of MAVS mRNA [14].
Additionally, nuclear hnRNPA2B1 facilitates m6A
modification and nucleocytoplasmic trafficking of
CGAS, IFI16, and STINGmRNAs, resulting in amplifi-
cation of the innate immune response to DNA viruses
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[15]. At present, m5C is not well studied compared to
m6A. The primary writers for m5C methylation of
mRNA in animals have been proposed to be NSUN2
and TRDMT1 (DNMT2) [16,17]. NSUN2 is reported
to regulate the expression of numerous genes by
methylating their mRNAs and thereby affecting their
degradation or translation [18–21]. Another report
emphasized the transcriptome-wide role of NSUN2
as a major methyltransferase of the m5C epitranscrip-
tomic mark and presented compelling evidence for the
functional interdependence of mRNA m5C methyl-
ation and mRNA translation [22]. Furthermore, it
was reported that ALYREF and YBX1 served as poten-
tial m5C readers that could recognize m5C-modified
mRNA and mediate mRNA export from the nucleus
or affect the stability of their target mRNAs [23–27].
Nevertheless, the demethylases responsible for remov-
ing m5C methylation on mRNA have not been clearly
identified. Moreover, whether the m5C modification
participates in the regulation of antiviral innate immu-
nity, similarly to m6A modification, and especially in
regulating the production of type I interferon
responses, remains to be defined.

Elicitation of type I interferons (IFNs) by viruses or
other pathogens plays an extremely critical role in
innate immunity. The induction of type I interferons
is primarily controlled at the level of gene transcrip-
tion, wherein the interferon regulatory factor (IRF)
family of transcription factors plays a central role
[28–31]. Interferon regulatory factor 3 (IRF3) acts as
a master transcription factor responsible for the
induction of type I interferons and is essential for
the establishment of antiviral innate immunity
[32,33]. After viral infection, IRF3 is phosphorylated
by the kinases TBK1 and IKKε on its C-terminal and
undergoes a conformational change and homodimer-
ization, which leads to its translocation to the nucleus
and subsequent association with the interferon-stimu-
lated response elements of target genes [34,35].
Because of its pivotal role in the induction of type I
interferons, the transcription factor IRF3 requires
sophisticated regulation in order to effectively main-
tain immune homeostasis after viral infection. It has
been reported that a great deal of regulators of IRF3
participate in maintaining the appropriate amounts
of type I interferons stimulated by viral infection
[36–39]. The reported regulators of IRF3 mostly
induce changes in the phosphorylation levels or quan-
tity of IRF3 protein, which then affects type I inter-
feron responses and downstream ISGs. Most reports
mainly focus on the regulation of IRF3 at the protein
level. However, there are few reports about the regu-
lation of IRF3 at the mRNA level, especially involving
epitranscriptomic modification.

Herein, we revealed that NSUN2, a typical RNA
m5C methyltransferase, serves as a negative regulator
of type I interferon responses during various viral

infections, including SARS-CoV-2, especially. By
combining RNA-seq, LACE-seq, bisulfite RNA
sequencing and m5C-MeRIP-seq, we found that
NSUN2 could specifically mediate m5C methylation
of IRF3 mRNA and accelerate its degradation, and
that knockout or knockdown of NSUN2 could elevate
both mRNA and protein levels of IRF3 and thus
amplify type I interferon responses and downstream
ISGs expression after viral infection. The highly
m5C-methylated cytosines in IRF3mRNA were ident-
ified and the mutation of these cytosines could
enhance the IRF3 levels and IFN-β production. Var-
ious viral infections resulted in a reduction in
endogenous levels of NSUN2. Especially, SARS-
CoV-2 infection (wild-type strain) also decreased
endogenous levels of NSUN2 in COVID-19 patients.
In K18-hACE2 KI mice, SARS-CoV-2 infection,
including wild-type strain and BA.1 omicron variant,
reduced endogenous mRNA levels of Nsun2 in lung
tissues but increased mRNA levels of Irf3, Ifnb1 and
downstream ISGs, Isg15 and Cxcl10, to resist SARS-
CoV-2 infection. These results indicated that
NSUN2 serves as a negative regulator of interferon
response, while endogenous NSUN2 levels decrease
during various viral infections to boost antiviral
responses for the effective elimination of viruses. We
outline a paradigm of innate immune responses to
viral infection in which genes are ingeniously regu-
lated by epitranscriptomic modification.

Materials and methods

Viruses, cells, and reagents

The SARS-CoV-2 WT strain (IVCAS 6.7512) was pro-
vided by the National Virus Resource, Wuhan Insti-
tute of Virology, Chinese Academy of Sciences. The
SARS-CoV-2 BA.1 omicron variant (BA1-HB00004)
was from Hubei Provincial Center for Disease Control
and Prevention. Sendai virus (SeV), herpes simplex
virus 1 (HSV-1), and vesicular stomatitis virus carry-
ing a GFP reporter gene (VSV-GFP) were kindly pro-
vided by Dr. Hong-Bing Shu. Zika virus (ZIKV) was
kindly provided by Dr. Bo Zhang. Vesicular stomatitis
virus (VSV) was kindly provided by Dr. Ming-Zhou
Chen. A549 IFNAR1−/− cell was kindly provided by
Dr. Ying Zhu [40]. Human colorectal adenocarcinoma
(Caco-2), HEK293T, HeLa, Vero and A549 cells were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) and THP-1 was maintained in RPMI 1640,
with 10% fetal bovine serum, 100 U/mL penicillin
and 100 µg/mL streptomycin, at 37°C in 5% CO2 incu-
bator. Plasmids were transfected using Lipofectamine
3000 (Invitrogen) or Neofect (Neofect, TF201201) fol-
lowing the manufacturer’s instructions, and siRNAs
(RiboBio, Guangzhou) were transfected using RNAi-
MAX (Invitrogen) following the manufacturer’s
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instructions. Ruxolitinib and actinomycin D were
from MCE (MedChemExpress).

Mice

Nsun2+/− C57BL/6J mice and K18-hACE2 knock-in
(KI) mice were obtained from Gempharmatech Co.,
Ltd (Nanjing, China) and housed and bred in specific
pathogen-free conditions. All animal experiments
were conducted in accordance with the Regulations
of Hubei Province Laboratory Animal Management
and approved by Wuhan University Animal Exper-
iment Ethics Committee.

SARS-CoV-2 infection K18-hACE2 KI mice
models

For the establishment of SARS-CoV-2 infection
mouse model, 8-week-old K18-hACE2 KI mice were
lightly anesthetized with isoflurane and intranasally
with 250 plaque-forming units (PFU) of SARS-CoV-
2 WT strain or 8000 PFU of SARS-CoV-2 BA.1 omi-
cron variant in 50 μL DMEM. Mice were monitored
and weighted daily. Two days post infection, mice
were euthanized and lung tissues was taken.

Preparation of bone marrow-derived dendritic
cells (BMDCs) and bone marrow-derived
macrophages (BMDMs)

Bone marrow cells were isolated from C57BL/6J
mouse tibia and femur and then cultured for 7–9
days in 10% FBS DMEM containing mouse GM-CSF
(50 ng/mL, Peprotech) for BMDCs or M-CSF
(50 ng/mL, Peprotech) for BMDMs.

Preparation of bronchoalveolar lavage fluid
(BALF) and RNA-seq library construction and
sequencing

The methods were described previously [41]. NSUN2
expression analysis in COVID-19 patients compared
with healthy individuals was obtained from the analy-
sis of previous results (https://github.com/zhouyulab/
ncov/).

Plasmids and RNA interference

NSUN2 was cloned into both the pCAGGS and
pGEX6P-1 vector. The sequences of siRNAs were si-
h-NSUN2#1: GAGATCCTCTTCTATGATC; si-h-
NSUN2#2: GGAGAACAAGCTGTTCGAG; si-h-
TRDMT1: GCGATATGCTCTTCT GTTA; si-h-
METTL3: CTGCAAGTATGTTCACTATGA; si-h-
METTL14: AAGGATGAGTTAATAGCTAAA; si-h-
ALKBH5: GTCGGGACTGCATAATTAA; si-m-
Nsun2#1: GGAAGAATGGACAACCTT; si-m-

Nsun2#2: GCTGGAAAGTCAGATGATA. The
knockdown efficiency was checked 36–48 h after
transfection using immunoblot analysis or qPCR.

Antibodies and immunoblot analysis

The antibodies used were as follows: rabbit anti-
NSUN2 (Proteintech, 20854-1-AP), rabbit anti-Phos-
pho-IRF-3-Ser396 (CST, 83611S), rabbit anti-IRF3
(Proteintech, 11312-1-AP), rabbit anti-phospho-
TBK1/NAK-Ser172 (CST, 14590S), rabbit anti-
TBK1/NAK (CST, 38066S), mouse anti-HA (Sigma,
H6908), rabbit anti-HA (Sigma, H3663), mouse anti-
Flag (Proteintech, 66008-3-Ig), rabbit anti-Flag
(Sigma, SAB4301135), mouse anti-m5C antibody
(Abcam, ab10805), mouse anti-GAPDH (Proteintech,
60004-1-Ig), mouse anti-β-actin (Proteintech, 66009-
1-Ig). Cells were washed once with PBS and lysed in
RIPA lysis buffer (50 mM Tris, pH 7.6, 1% NP-40,
150 mM NaCl, 0.1% SDS). 5× SDS loading buffer
was added to the protein sample and boiled for
10 min. Samples were resolved on SDS-PAGE and
transferred onto nitrocellulose membrane (GE
Healthcare), followed by blocking with TBS contain-
ing 0.1% Tween-20 (TBST) and 5% non-fat powdered
milk or bovine serum albumin (BSA) and probing
with different antibodies.

Co-immunoprecipitation and RNA-binding
protein immunoprecipitation (RIP-qPCR)

HEK293T cells were seeded onto 6 cm dishes and
transfected as illustrated above. Thirty-six hours
after transfection, cells were lysed in RIPA buffer
(50 mM Tris, pH 7.6, 1% NP-40, 150 mM NaCl,
0.1% SDS) containing protease inhibitors and phos-
phatase inhibitors, if necessary. The cell lysates were
incubated overnight at 4°C with HA-tag rabbit mAb
beads (Sepharose Bead Conjugate, 3956S, CST) or
Flag-tag rabbit mAb beads (Sepharose Bead Conju-
gate, 70569S, CST). The beads were washed five
times with cold PBS and then mixed with SDS loading
buffer and boiled for 10 min prior to SDS-PAGE and
immunoblot analysis. For RNA-binding protein
immunoprecipitation, HEK293T cells were trans-
fected and lysed with lysis buffer (20 mM Tris-HCl,
pH 7.6, 150 mM NaCl, 1% Triton-X100, 1 mM
EDTA, 0.1% SDS, and 2 mM DTT, RNase free) and
incubated overnight at 4 °C with HA-tag rabbit mAb
beads. Beads were washed for five times with lysis
buffer and divided in half for RNA extraction and
qPCR analysis or for immunoblot analysis.

RNA isolation and qPCR

Total RNA was isolated using TRIzol reagent (Invitro-
gen) following the manufacturer’s instructions. The
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isolated RNA was reverse transcribed to cDNA using
PrimeScript RT Reagent Kit (Takara, RR037A). Real-
time quantitative PCR was carried out through ABI
7500 Real Time PCR System by SYBR Green Master
Mix (YEASEN, 11199ES03). GAPDH was used in nor-
malization via the ΔΔCt method. Primer sequences
are shown in Supplementary Table S1.

Protein expression and purification

Escherichia coli BL21 cells were transformed with
pGEX-6p-1-GST-NSUN2 and cultured in 10 mL
Luria broth medium at 37°C for 6 h. The culture was
then transferred to 1000 mL Luria broth medium
and grown at 37°C to an absorbance of 0.6–0.8 as
measured at 600 nm. IPTG was added to the culture
to achieve a final concentration of 0.2 mM and
induced at 16°C for 16–20 h. Cell cultures were har-
vested by centrifugation and then lysed by lysozyme
and ultrasonication. GST-tagged NSUN2 proteins
were purified by affinity chromatography using
reduced glutathione resin (GenScript, L00206) follow-
ing the manufacturer’s instructions. Finally, the
recombinant proteins were eluted through incubation
for 30 min at 4°C with 100 μL of 50 mM Tris (pH 8.0),
2 mM DTT and 10 mM reduced glutathione and 8%
glycerine was added for snap-freezing in liquid nitro-
gen and storage at −80°C until use. The purity and
quantity of the recombinant proteins were assessed
by SDS-PAGE followed by staining with Coomassie
blue and immunoblot analysis.

In vitro transcription assays

The cDNA of HeLa cells was used as a template for
PCR amplification of each segment of IRF3, which
were then used as templates for in vitro transcription
following the manufacturer’s instructions (Invitrogen,
00612295). All 5’ primers of the segments contained
the T7 promoter sequence (TAATACGACTCACTA-
TAGGG). The transcription reaction was performed
at 30°C for 16 h. The transcribed RNA was precipi-
tated and identified by agarose gel electrophoresis.

In vitro methylation assays

Reaction mixtures (50 µL) containing 0.2 nM recom-
binant GST-tagged NSUN2, 0.01 nM in vitro tran-
scribed fragments of mRNA, 1 µCi of S-adenosyl
[methyl-3H] methionine (0.5 μCi/μl, PerkinElmer) in
reaction buffer (500 mM Tris–HCl (pH 7.5), 5 mM
EDTA, 10 mM dithiothreitol, 20 mM MgCl2) and 40
units of RNase inhibitor were incubated for 60 min
at 37°C, as described [21]. The 3H-labeled products
were isolated using DEAE-Sephadex A-50 columns
and quantitated by liquid scintillation counting (Per-
kinElmer). Non-isotopic methylated RNA fragments

were prepared using cold SAM (Biolabs, 0991410)
and in vitro transcribed RNA fragments under similar
conditions.

In vitro translation assays

For in vitro translation assays, a cell-free translation
system (Promega) with rabbit reticulocyte lysate
(RRL) was used. Luc-IRF3 fragments were amplified
by PCR by using primer pairs. The Luc-IRF3 frag-
ments then were in vitro transcribed and further
methylated by NSUN2 in vitro with or without
SAM. The methylated and non-methylated transcripts
(0.01 nM) were then purified and used for in vitro
translation assays following the instructions. The
translation efficiency was determined by measuring
the activity of firefly luciferase with substrate.

Quantification of ribosome loading on to IRF3
transcripts

Ribosome-loaded RNA was isolated essentially as pre-
viously described [42,43]. Briefly, wild type and
NSUN2 knockout HEK293T cells were seeded on 6-
well plate and incubated for 48 h. Cells were incubated
with media containing 100 µg/mL of cycloheximide
for 10 min at 37°C, then washed in ice-cold PBS con-
taining 100 µg/ mL cycloheximide. Ribosome lysis
buffer (10 mM Tris–HCl pH 7.4, 5 mM MgCl2,
100 mM KCl, 1% Triton X, Protease inhibitor, 2 mM
DTT, 100 mg/mL cycloheximide and RNase inhibitor)
was used to lyse cells. Lysate was sheared by passage
through a 26-gauge needle, slowly. One-tenth of the
lysate was then used for RNA isolation for the
“input” sample. The rest of the lysates were centri-
fuged at 2,000 × g for 5 min to pellet nuclei and large
debris, then centrifuged at 13200 rpm for 5 min to
remove smaller debris. After centrifuging, the super-
natants were brought up to 4 mL in lysis buffer, and
overlaid on a 30% sucrose cushion, then centrifuged
at 164,000 g for 2 h at 4°C. RNAs were then extracted
from the ribosomal pellet using TRIzol. RNA isolated
from the input and ribosome loaded fractions then
underwent reverse transcription followed by qPCR
to quantify IRF3 and GAPDH mRNA levels.

Analysis of m5C/C ratio using LC-MS/MS

The LC-MS/MS analysis process was referred to the
previous report [44]. The digestion mixture contains
1 μg total RNA, 1 U nuclease P1, 10 mM NaCl and
2 mM ZnCl2 in a final volume of 30 μL. The mixture
was incubated at 37°C for 3 h. Then 1 U shrimp alka-
line phosphatase and 2.5 μL ammonium bicarbonate
(1 M) were added into the mixture for another 2 h
and diluted to 100 μL. 3 μL of the mixture was injec-
tion into the LC-MS/MS for m5C analysis. The
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nucleosides were separated by a C18 column and
detected by triple-quadrupole MS (Shimadzu MS-
8050 mass spectrometer, Tokyo, Japan). The amount
of m5C in the samples were calculated by the stand
curves.

RNA-seq

Total RNAs were extracted from indicated cells using
TRIzol Reagent. DNA digestion was carried out after
RNA extraction by DNaseI. RNA quality was deter-
mined by examining A260/A280 with Nanodrop.
RNA Integrity was confirmed by 1.5% agarose gel elec-
trophoresis. Qualified RNAs were finally quantified by
Qubit 3.0 with QubitTM RNA Broad Range Assay kit
(Life Technologies, Q10210). 2 µg total RNAs were
used for stranded RNA sequencing library preparation
using KCTM Stranded mRNA Library Prep Kit
(Wuhan Seqhealth Co., Ltd. China, DR08402) for Illu-
mina following the manufacturer’s instruction. PCR
products corresponding to 200–500 bps were
enriched, quantified and finally sequenced on Novaseq
6000 sequencer (Illumina) with PE150 model. The
RNA-seq data has been deposited in the GSA database
under the accession number: HRA002086 and
CRA006300.

LACE-seq (Linear amplification of
complementary DNA ends and sequencing)

LACE-seq service was provided by Wuhan Seqhealth
Co., Ltd (Wuhan, China). Cells were crosslinked by
UV-irradiation at 400 mJ/cm2. The crosslinked
samples were resuspended in 2 mL lysis buffer
20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1% SDS,
400 mM NaCl, 1 mM DTT, 0.5% Triton X-100 (Invi-
trogen), Protease Inhibitor (Roche), 200 U/mL RNasin
Plus (Promega) and 20 U/mL DNase I (NEB). RNAs
in the supernatant were then fragmented with 0.1 U/
µL MNase (Thermo Scientific, EN0181) for 10 min
at 37°C. To perform the immunoprecipitation, the
mixture was added 10 μg NSUN2-antibody (protein-
tech: 20854-1-AP) or HA-antibody (CST: 3724) and
control IgG-antibody (CST: 2729) and rotating slowly
at 4°C for 4 h after preclearing with 10 µL protein A/G
magnetic beads (Thermo Scientific, 26162). The RNAs
in the immunoprecipitate were then dephosphory-
lated for 10 min at 37°C by FastAP alkaline phospha-
tase (Thermo Scientific, EF0651). A linker DNA
(AGATCGGAAGAGCACACGTCT) was added to
the 3’end of RNAs by T4 RNA ligase 2, truncated
(NEB, M0242), followed by reverse transcription.
The first-strand cDNAs were recovered by phenol–
chloroform extraction, followed by ethanol precipi-
tation. The purified cDNAs were applied to sequen-
cing library preparation using KC-Digital Stranded
RNA Library Prep Kit for Illumina (Wuhan Seqhealth

Co., Ltd. China, DR08502), omitting the ligation and
reverse transcription steps. In brief, the Illumina P5
adapter was ligated to the cDNAs, followed by PCR
amplification and purification. The PCR products
between 130 and 300 bp were enriched, quantified
and finally sequenced on Novaseq 6000 sequencer
(Illumina) with PE150 model.

Raw reads were filtered by fastp (version 0.23.1).
Clean Reads were further treated to eliminate dupli-
cation bias introduced in library preparation and
sequencing. De-duplicated consensus sequences
mapped to rRNAs were removed with SortMeRNA
(version 4.3.3). The filtered reads were used for
protein binding site analysis which were mapped to
Human reference genome hg38 using STAR (version
2.7.6a) with default parameters. The RSeQC (version
2.6) was used for reads distribution analysis. The
macs2 (version 2.2.7.1) software was used for peak
calling. Peaks were annotated using bedtools (version
2.30.0). The R (version 3.6.1) was used for peak distri-
bution visualization. The differentially binding peaks
were identified by QNB (version 1.1.11). Sequence
motifs enriched in peak regions were identified using
Homer (version 4.10).

The LACE-seq data has been deposited in the GSA
database under the accession number: HRA002556.

MeRIP-seq

The m5C-MeRIP-seq was provided by Cloudseq Bio-
tech Inc. (Shanghai, China). Briefly, m5C RNA immu-
noprecipitation was performed with the GenSeq m5C
RNA IP Kit (GenSeq, China) by following the manu-
facturer’s instructions. Both the input samples without
immunoprecipitation and the m5C IP samples were
used for RNA-seq library geneMouseion with NEB-
Next Ultra II Directional RNA Library Prep Kit
(NEB, USA). The library quality was evaluated with
BioAnalyzer 2100 system (Agilent Technologies,
USA). Library sequencing was performed on an illu-
mina Novaseq 6000 instrument with 150 bp paired-
end reads. The m5C-MeRIP-seq data has been depos-
ited in the GSA database under the accession number:
HRA002087.

Reporter gene assays

Cells were seeded into 24-well plates (2 × 105 cells per
well) and transfected with 100 ng of luciferase reporter
plasmid together with a total of 0.5 μg of expression
plasmid or empty control plasmid. Twenty nanograms
of pRL-TK Renilla luciferase reporter plasmid was also
transfected to normalize the transfection efficiency.
For the knockdown system, siRNAs were first trans-
fected and 36 h later, luciferase reporter plasmid and
pRL-TK Renilla luciferase reporter were subsequently
transfected. Luciferase activity in total cell lysates was
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measured using a dual-luciferase reporter assay system
(Promega).

VSV plaque assay

Vero cells were seeded into 24-well plates to about
80%–90% density before infection. The supernatants
containing VSV then were serially diluted for infection
of Vero cells. Two hours later, supernatants were
removed, and PBS was used to wash the infected
Vero cells. The DMEM containing 2% methylcellulose
and 10% FBS was overlaid onto the cells. Two days
later, cells were fixed and stained with formaldehyde
(4%) and crystal violetin (0.2%) for 6 h followed by
washing with water. Finally, plaques were counted,
and the results were averaged and multiplied by the
dilution factor for calculation of viral titers as PFU/
mL and statistical analyses were performed.

Endogenous IRF3 mRNA pull down

The four IRF3 CHIRP probes were as follows:
CTTTATCATTCTTTGGGTAACA, AACTCGTAGA
TTTTATGTGGGT, AGATGGTCTGCTGGAAGA
CTTG, and AGGAACCAGTTTATTGGTTGAG. All
the probes were 3’biotin-TEG-modified (Sangon Bio-
tech). Ten × 10 cm dishes of cells were used for total
RNA extraction for each group. The total RNA was dis-
solved in 600 µL hybrid buffer (350 mM NaCl, 0.5%
SDS, 25 mMTris–HCl, 1 mM EDTA, 7.5% formamide,
pH 7.5), and 5 µL IRF3 probes (100 μM) were added
and incubated at 65°C for 5 min followed by 37°C
while rotating for 2 h. Then, 100 µL Dynabeads
M-280 streptavidin (ThermoFisher, 11205D) was
added followed by rotating at 37°C for 1 h. Six hundred
microliters of wash buffer (2× SSC buffer, 0.5% SDS,
RNase inhibitor) was used to wash the beads 5 times
for 5 min at 4°C. RNase-free water (20 μL) was added
for elution followed by incubation at 75°C for 5 min.
After centrifuging at 1000 g for 3 min, the pulled
down RNA was got in the eluate supernatant.

M5C dot blot analysis

Equal amounts mRNA was denatured at 65°C for
10 min followed by immediate chilling on ice.
mRNA was mixed with RNA loading buffer and
then carefully spotted onto a Hybond-N +membrane
(GE Healthcare), followed by UV crosslinking. The
membranes were washed with TBST 2 times and
blocked with 5% BSA in TBST for 2 h. The anti-m5C
antibody (Abcam, ab10805) was diluted 1:500 and
incubated with the membranes at 4 °C overnight.
Membranes were washed 3 times with TBST for
10 min and then incubated with goat anti-mouse
IgG-HRP for 1 h at room temperature. Membranes
were washed 3 times with TBST for 5 min followed

by chemiluminescence. Equal RNA loading was ver-
ified by methylene blue (MB) staining.

m5C-Methylated RNA immunoprecipitation
qPCR (m5C-RIP-qPCR)

200 μg of total RNA was incubated with anti-m5C
antibody in 800 µL of IPP buffer (150 mM NaCl,
0.1% NP-40, 10 mM Tris–HCl, pH 7.4) for 2 h at 4°
C. The mixture was then incubated with 30 µL pro-
teinA/G beads overnight. The beads were then washed
5 times with IPP buffer, followed by RNA extraction
and qPCR analysis.

Bisulfite RNA sequencing

The adaptor sequences used were Adaptor-F:
AGGTCTGGCTGAAGTTGA; Adaptor-R: ATACCT
CCGTGACCATTT. The sequencing primers were
Adaptor-F-mut: AGGTTTGGTTGAAGTTGA; Adap-
tor-R-mut: ATACCTCCATAACCATTT. Bisulfite
RNA sequencing was performed to identify the m5C
methylation site within an RNA fragment as previously
described [45,46]. Briefly, 10 μg in vitro methylated
RNA fragment (methylated by NSUN2 using cold
SAM or unmethylated) was dissolved in 10 µL of RNa-
se-free water and denatured at 65°C for 10 min fol-
lowed by immediate chilling on ice. Samples were
then mixed with 42.5 µL of 5 M sodium bisulfite mix
(Epitect) and 17.5 µL DNA protection buffer (Epitect)
and incubated at 70°C for 5 min then 60°C for 1 h,
and this process was repeated for 4 cycles, followed by
desalting using Micro Bio-spin 6 Chromatography Col-
umns (Biorad, 732-6200). Then, the RNA adducts were
desulfonated by adding 1 volume of Tris–HCl (pH 9.0)
at 37°C for 1 h. Next, 0.3 M sodium acetate (pH 5.2),
20 μg glycogen (Beyotime, D0812) and 3 volumes of
100% ethanol were added for precipitation. The RNA
was precipitated at −80°C for at least 5 h and then cen-
trifuged. The bisulfite-converted RNA was reverse-tran-
scribed using Adaptor-R-mut primer and random
primer and subjected to PCR with Es Taq DNA poly-
merase (CW0688S) using Adaptor-mut primer pairs.
The PCR products were inserted into the pGEM-T
Easy Vector System (Promega, A1360) following the
manufacturer’s instructions. The plasmids purified
from single clones were sequenced by T7 promoter.
The sequencing results were checked by alignment
with the corresponding original IRF3 mRNA sequence,
and the retained cytosines (C) were considered to be
methylated by NSUN2. The unmethylated cytosines
(C) were converted to uracils (U) on RNA segments.

Lentiviral package and infection

A lentiviral system was utilized to obtain NSUN2
knockout cells or stable cell lines in Irf3−/−Irf7−/−

6 H. Wang et al.



MEFs. For this, lentiviral backbone (2 µg), psPAX2 (1
μg), and pMD2.G (1 μg) were transiently transfected
into HEK293T cells which were plated on 6-well
plates. Forty-eight hours later, supernatants were col-
lected and filtered using a 0.45 μm filter to infect target
cells with polybrene (8 µg/mL). Cells were infected
twice to get a higher transduction efficiency. Then,
puromycin was used to screen positive cells.

Construction of knockout cell line by CRISPR/
Cas9

The gRNAs were NSUN2-gRNA-1: F-CACCGACG
CGGAGGATGGCGCCGA and R-AAACTCGGCG
CCATCCTCCGCGTC; NSUN2-gRNA-2: F-CACCA
CCGTG GCGTTTCAGCGGTT and R-AAACAA
CCGCTGAAACGCCACGGT. The gRNAs were con-
structed in lentiCRISPR-v2 plasmid (Addgene). The
lentiviral package and infection were the same as
above, followed by seeding into 96-well plates (1 cell
per well). After two weeks’ cultivation, single clones
were selected following enlarged cultivation with
puromycin selection. Single clones were identified by
immunoblot analysis, and genomic DNA was
extracted followed by PCR and sequencing.

Results

NSUN2 negatively regulates type I interferon
responses

To explore the function of RNA methyltransferase or
demethylases involved in type I interferon responses,
we knocked down different RNA methyltransferases
or demethylases in HEK293T cells using small inter-
fering RNAs (siRNAs) and detected the endogenous
levels of IFNB1 mRNA. We found that compared
with other methyltransferases or demethylases, knock-
down of NSUN2 could more dramatically enhance
endogenous IFNB1 mRNA levels (Figure 1a). To
confirm the impact of NSUN2 on type I interferon
responses, we examined the effect of exogenous
NSUN2 expression and found that it could inhibit
the activation of IFN-β promoter activity induced by
Sendai virus (SeV) in a dose-dependent manner
(Figure 1b). Exogenous NSUN2 expression could
also inhibit the activation of IFN-β promoter activity
induced by different stimulants (Figure 1c). In
NSUN2 knockdown HEK293T cells, the SeV-induced
increase in endogenous IFNB1 mRNA levels was dra-
matically enhanced as was the mRNA levels of down-
stream ISG15 and CXCL10 (Figure 1d). SeV-induced
type I interferon responses were also significantly
enhanced in NSUN2 knockout HEK293T cells (Figure
1e and Supplementary Fig. S1a) and A549 cells (Sup-
plementary Fig. S2a and Fig. S1b). Moreover, knock-
down of NSUN2 also promoted SeV-induced type I

interferon responses in HeLa, THP-1, bone marrow-
derived dendritic cells (BMDCs) and bone marrow-
derived macrophages (BMDMs) (Figure 1f,g). Of
note, knockdown of NSUN2 consistently promoted
type I interferon responses in SARS-CoV-2 infected
Caco-2 cells, which revealed that NSUN2 also plays
an important regulatory role in the infection of
SARS-CoV-2 (Figure 1h).

We next investigated whether NSUN2 is involved
in antiviral responses during vesicular stomatitis
virus (VSV) infection. Knockout of NSUN2 in
HEK293T significantly inhibited the replication of
VSV carrying a green fluorescent protein (GFP) repor-
ter (VSV-GFP) (Figure 1i). The same results were also
obtained in NSUN2-knockout A549 cell lines com-
pared with wild-type A549 cells (Supplementary Fig.
S2b-e). These results indicate that knockout of
NSUN2 results in cells being less vulnerable to VSV-
GFP infection compared to wild-type cells. To further
confirm that the inhibition of VSV replication in the
NSUN2-deficient cells was indeed due to more potent
type I interferon responses, we tested whether inhi-
bition of interferon pathway affected VSV propa-
gation. For this, we used ruxolitinib, a potent and
selective JAK 1/2 inhibitor that blocks signalling
downstream of type I interferon receptors. As shown
in Figure 1(j), the inhibition of VSV propagation in
NSUN2-knockout cells could be rescued by ruxoliti-
nib treatment. Furthermore, knockdown of NSUN2
inhibited the propagation of SeV, VSV and herpes
simplex virus 1 (HSV-1) in A549 wild-type cells but
not in A549 IFNAR1−/− cells (Figure 1k). We also gen-
erated NSUN2 knockout cell lines in Vero E6 cells
which are deficient in interferon secretion. As shown
in Figure 1(l) and Supplementary Fig. S1c, knockout
of NSUN2 did not affect the VSV propagation in
Vero E6 cells. These results confirmed that the
enhanced antiviral effects due to NSUN2 loss mainly
depended on the increased expression of type I inter-
feron. To summarize, these results strongly suggest
that NSUN2 is a negative regulator of type I interferon
responses and that NSUN2 deficiency prominently
enhances antiviral innate responses and, thus, inhibits
virus propagation.

To further investigate the biological role of NSUN2
during viral infection, we observed that the Nsun2
mRNA indeed decreased with the progression of
time following infection of BMDCs by SeV, HSV-1,
VSV, or Zika virus (ZIKV), which reveals the potential
function of NSUN2 during viral infections (Figure
1m). Of note, we found that SARS-CoV-2 infection
could also significantly reduce NSUN2 mRNA levels
in Caco-2 cells (Figure 1n). We further carried out
transcriptome sequencing of the RNAs isolated from
the bronchoalveolar lavage fluid (BALF) of two
COVID-19 patients [41]. NSUN2 mRNA was consist-
ently reduced in COVID-19 patients compared with
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Figure 1. NSUN2 negatively regulates antiviral innate type I interferon responses. (a) qPCR analysis of IFNB1 mRNA in HEK293T
cells transfected with siControl or siRNAs targeting different RNA methyltransferases or demethylases for 36 h, with or without
infection by SeV for another 8 h. (b) Dual-luciferase assay analysing IFN-β promoter activity (IFN-β-Luc) in HEK293T cells in
24-well plates transfected for 24 h with 100 ng IFN-β-Luc plasmid and 20 ng Renilla luciferase plasmid (RL-TK) along with vector
or increasing amounts (0, 0.1, 0.2, and 0.5 μg) of plasmid encoding NSUN2, with or without infection by SeV, for another 10 h. (c)
Dual-luciferase analysis of IFN-β-Luc in HEK293T cells in 24-well plates transfected for 24 h with vector (Vec) or NSUN2, with or
without infection by SeV or VSV for another 10 h, or transfected with poly (I:C) (1 µg/mL) for another 10 h. (d) qPCR analysis of
IFNB1, ISG15, CXCL10 and NSUN2 mRNA in HEK293T cells transfected with siControl or siRNAs targeting NSUN2, with or
without infection by SeV for 8 h. Immunoblot analysis shows knockdown efficiency of siRNAs targeting NSUN2. (e) qPCR
analysis of IFNB1, ISG15 and CXCL10 mRNA in wild-type HEK293T cells or NSUN2−/− HEK293T cells, with or without infection
by SeV for 8 h.
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healthy individuals (Figure 1o). Taken together, the
results indicate that NSUN2 may serve as a negative
regulator of type I interferon responses, and that
expression of NSUN2 is dramatically reduced to
enhance antiviral type I interferon responses during
infection with different viruses, including SARS-
CoV-2.

NSUN2 inhibits type I interferon responses by
regulating IRF3 expression levels

To investigate the mechanism of NSUN2 in the regu-
lation of type I interferon responses, exogenous
NSUN2 expression markedly suppressed the PRDIII-
I-luc activity induced by upstream activators, includ-
ing RIG-I, MDA5, MAVS, TBK1, and the constitu-
tively active phosphorylation mimetic IRF3-5D
(Figure 2a), while knockdown of NSUN2 had the
opposite effect (Figure 2b). Since IRF3 is the final fac-
tor in the process of initiation of type I interferon
responses, we speculated that NSUN2 may exert its
function at IRF3 node. As shown in Figure 2(c),
immunoblot analysis revealed that exogenous
NSUN2 expression could inhibit the expression of
endogenous IRF3 and that the levels of endogenous
IRF3 were enhanced in NSUN2-knockout cells com-
pared with those in wild-type HEK293T (Figure 2d)
and A549 (Figure 2e) cells. By contrast, endogenous
TBK1 protein levels did not show significant change.
Moreover, knockout of NSUN2 promoted levels of
IRF3 Ser396 phosphorylation but not TBK1 Ser172
phosphorylation (Figure 2e,f). These results demon-
strate that NSUN2 deletion could enhance the overall
levels of IRF3 protein as well as its phosphorylation.
Moreover, qPCR analysis of IFNB1 mRNA in
Nsun2+/+ and Nsun2−/− cells with co-transfection of
NSUN2 or IRF3-FL (full length, which contains CDS
and UTR) under SeV stimulation suggested that
IRF3 was the predominant downstream target result-
ing in the regulation of interferon responses by

NSUN2 (Figure 2g). Therefore, we further used
Irf3−/−Irf7−/− MEFs with co-transfection of NSUN2
and IRF3-FL with VSV or HSV-1 infection, and
found that the promotion of viruses’ propagation by
NSUN2 depended on the presence of IRF3 (Figure
2h). To summarize, these results reveal that NSUN2
could specifically inhibit the expression of IRF3 and
therefore negatively regulate type I interferon
responses following virus infection.

NSUN2 catalyzes m5C methylation of IRF3
mRNA

Since NSUN2 has been reported to regulate a number
of genes by methylating their mRNAs and affecting
RNA fate or function [18–21], we speculated that it
might physically interact with IRF3 mRNA. Firstly,
co-immunoprecipitation followed by immunoblot
analysis showed that there was no interaction between
NSUN2 and IRF3 protein in HEK293T (Figure 3a).
We further overexpressed and immunoprecipitated
NSUN2 protein in SeV-stimulated HEK293T cells
and subjected it to RNA extraction and qPCR. The
results revealed that NSUN2 indeed binds with
endogenous IRF3 mRNA, while endogenous TBK1
mRNA did not interact with NSUN2 (Figure 3b).
However, the other m5C methyltransferase TRDMT1
(DNMT2) did not bind with endogenous IRF3 or
TBK1 mRNA (Supplementary Fig. S3). Furthermore,
knockdown or knockout of NSUN2 boosted endogen-
ous IRF3 mRNA levels while endogenous TBK1
mRNA levels were not affected (Figure 3c,d, Sup-
plementary Fig. S4). We then detected the half-life of
endogenous IRF3 mRNA in wild-type and NSUN2−/
− HEK293T cells following treatment of actinomycin
D (ActD) which inhibits mRNA transcription in
mammalian cells. The results showed that knockout
of NSUN2 significantly increased the half-life of
IRF3 mRNA from 6.48 h in wild-type cells to 12.39 h
in NSUN2 knockout cells (Figure 3e), while the

(f) qPCR analysis of IFNB1 mRNA in HeLa or THP-1 cells transfected with siControl or siRNAs targeting NSUN2, with or
without infection by SeV for 8 h. (g) qPCR analysis of Ifnb1 mRNA in bone-marrow-derived macrophages (BMDMs) or
bone-marrow-derived dendritic cells (BMDCs) transfected with siControl or siRNAs targeting Nsun2, with or without infec-
tion by SeV for 8 h. (h) qPCR analysis of IFNB1 mRNA in Caco-2 cells transfected with siControl or siRNAs targeting
NSUN2, with or without infection by SARS-CoV-2 for 12 h (MOI = 0.05). (i) qPCR analysis of VSV-G RNA and VSV plaque
assay in wild-type HEK293T cells or NSUN2−/− HEK293T cells with infection by VSV-GFP for 24 h (MOI = 0.005). (j) qPCR
analysis of VSV-G RNA in wild-type HEK293T cells or NSUN2−/− HEK293T cells with infection by VSV-GFP for 24 h (MOI
= 0.005), with or without ruxolitinib treatment. (k) qPCR analysis of SeV-P, VSV-G or HSV-1-UL-30 RNA levels in wild-type
A549 cells or IFNAR1-/- A549 cells transfected with siControl or siRNAs targeting NSUN2, with or without infection by SeV,
VSV or HSV-1 for 12 h. (l) qPCR analysis ofVSV-G RNA in wild-type Vero E6 cells orNSUN2−/−Vero E6 cells with infection
by VSV for 12 or 24 h (MOI = 0.005). (m) qPCR analysis of Nsun2 mRNA in BMDCs from 8-week-old wild-type C57BL/6
mice with infection by SeV, HSV-1, VSV, or ZIKV for 0, 24, 48, and 72 h. (n) qPCR analysis of NSUN2mRNA in Caco-2 cells
with infection by SARS-CoV-2 for 0, 4, 12, and 24 h (MOI = 0.1). (o) RNA-seq signals for NSUN2 in bronchoalveolar lavage
fluid (BALF) of COVID-19 patients (Patient1, Patient2) and healthy controls (Ctrl1, Ctrl2, Ctrl3). Total RNA was extracted
and analysed by RNA-seq to identify differentially expressed genes implicated in COVID-19 disease pathogenesis. The scale
on the y-axis indicates the read density per million of total normalized reads. Data are representative of three independent
experiments and were analysed by two-tailed unpaired t test (or by two-factor ANOVA test for 1i). Graphs show the mean ±
SD (n = 3) derived from three independent experiments. NS, not significant for P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. NSUN2 inhibits the expression level of IRF3. (a) Dual-luciferase assay analysing a luciferase reporter plasmid for the IRF3-
responsive promoter containing positive regulatory domains III and I of the IFN-β promoter (PRDIII-I-Luc) in HEK293T cells in 24-
well plates transfected for 36 h with the RIG-N, MDA5-N, MAVS, TBK1, and IRF3-5D expression plasmids, as indicated, with co-
transfection with empty vector or NSUN2. (b) Dual-luciferase analysis of PRDIII-I-Luc in HEK293T cells in 24-well plates transfected
for 36 h with the indicated RIG-N, MDA5-N, MAVS, TBK1, and IRF3-5D expression plasmids with co-transfection with siControl or
siNSUN2-1. (c) Immunoblot analysis in HEK293T cells transfected with vector or NSUN2 for 36 h, with or without infection by SeV
for another 12 h. (d) Immunoblot analysis in wild-type HEK293T cells or NSUN2−/− HEK293T cells with or without infection by SeV
for 12 h. (e) Immunoblot analysis in wild-type A549 cells or NSUN2−/− A549 cells with infection by SeV for 0, 4, 8, and 12 h. (f)
Immunoblot analysis in wild-type HEK293T cells or NSUN2−/− HEK293T cells, with infection by SeV for 0, 4, 8, and 12 h. (g)
qPCR analysis of IFNB1 mRNA in wild-type HEK293T cells or NSUN2−/− HEK293T cells transfected with vector or NSUN2, with
co-transfection with vector or IRF3-FL, as indicated, with infection by SeV for 12 h. (h) qPCR analysis of VSV-G or HSV-1-UL-30
RNA in Irf3−/−Irf7−/− MEFs transfected with vector or NSUN2, with co-transfection with vector or IRF3-FL, as indicated, with infec-
tion by VSV or HSV-1 for 12 h. Data are representative of three independent experiments and were analysed by two-tailed
unpaired t test (or by two-factor ANOVA test for 2 h and 2i). Graphs show the mean ± SD (n = 3) derived from three independent
experiments. NS, not significant for P > 0.05, *P < 0.05, **P < 0.01, ***P-< 0.001.
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Figure 3. NSUN2 interacts with IRF3 mRNA and induces its degradation. (a) Coimmunoprecipitation (IP) and immunoblot (IB)
analysis of HEK293T cells transfected with plasmids encoding HA-NSUN2 and Flag-IRF3. (b) Immunoprecipitation by HA-Tag-con-
jugated beads and immunoblot analysis of HEK293T cells transfected with plasmids encoding HA-NSUN2, with SeV infection for
8 h, followed by RNA extraction and qPCR analysis of combined IRF3 mRNA. (c) qPCR analysis of IRF3 mRNA and TBK1 mRNA in
HEK293T cells transfected with siControl or siRNAs targeting NSUN2, with or without infection by SeV for 8 h. (d) qPCR analysis of
IRF3 mRNA and TBK1 mRNA in wild-type HEK293T cells or NSUN2−/− HEK293T cells, with or without infection by SeV for 8 h. (e)
Stability analysis of IRF3 mRNA and TBK1 mRNA in wild-type HEK293T cells or NSUN2−/− HEK293T cells with treatment of actino-
mycin D (ActD) for 0, 6, 12, and 18 h. (f) The piled reads of IRF3 mRNA from NSUN2-LACE-seq from SeV-infected cells: NSUN2−/−

HEK293T (lower) and NSUN2−/− HEK293T with reconstitution of exogenous HA-NSUN2 (upper). Y-axis represents the normalized
signals along the gene. Data are representative of three independent experiments and were analysed by two-tailed unpaired t
test. Graphs show the mean ± SD (n = 3) derived from three independent experiments (or two independent experiments for
3f). NS, not significant for P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. NSUN2 catalyzes the formation of m5C methylation of IRF3 mRNA both exogenously and endogenously. (a) Schematic
diagram of the IRF3 mRNA segments used for in vitro methylation assays and bisulfite RNA sequencing. (b) In vitro m5C methyl-
ation assays using recombinant GST-NSUN2 and the in vitro transcripts. (c) In vitro m5C methylation assays using recombinant
GST-NSUN2 and the in vitro transcribed segments of IRF3 mRNA depicted in Figure 4(a). (d) m5C dot blot analysis of endogenous
IRF3 mRNA (200 ng) pulled down by IRF3 CHIRP probes in wild-type HEK293T cells or NSUN2−/− HEK293T cells with or without
exogenous NSUN2 overexpression. Equal IRF3 mRNAs were also loaded and verified by methylene blue (MB) staining. (e) The
m5C-RIP-qPCR analysis of the m5C methylated IRF3 mRNA immunoprecipitated by m5C antibody from wild-type HEK293T cells
or NSUN2−/− HEK293T cells, with or without exogenous NSUN2 expression. TBK1 was used as a negative control. (f-g) RNA-seq
of HEK293T cells or HEK293T cells with NSUN2 overexpression, with infection by SeV. The heatmap (f) shows the expression levels
of ISGs and several signalling molecules. The genes that we focus on are labelled with asterisks. The column diagram (g) shows the
SeV replication levels. (h) In vitro m5C methylation assays using recombinant GST-NSUN2 and different mutant proteins.
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half-life of TBK1 mRNA had no significant difference,
from 4.48 h in wild-type cells to 5.08 h in NSUN2
knockout cells. Consistent results were also found in
A549 cells, as shown in Supplementary Fig. S5. Of
note, we adopted LACE-seq (Linear amplification of
complementary DNA ends and sequencing, a new
method for unbiasedly mapping the binding sites of
multiple RBPs [47]) to identify transcriptome-wide
NSUN2-bound RNAs. We used HA-tag antibody to
precipitate HA-NSUN2 protein from NSUN2-/-

HEK293T with reconstitution of exogenous HA-
NSUN2 (Figure 3f). The result demonstrated that
NSUN2 protein binds with endogenous IRF3 mRNA
and the binding site is mainly located in 5’UTR region.
We also used NSUN2 antibody to precipitate
endogenous NSUN2 protein from NSUN2-/- cells fol-
lowed by LACE-seq. The binding peak located in
5’UTR region disappeared in this group, which served
a negative control. The data illustrated high consist-
ency in NSUN2-/- HEK293T with reconstitution of
exogenous HA-NSUN2 group but not in NSUN2-/-

HEK293T group, as demonstrated by the correlation
and clustering analysis (Supplementary Fig S6).
Together, these results indicated that NSUN2
decreased IRF3 protein levels mainly by binding to
IRF3 mRNA and accelerating its degradation.

Since NSUN2 is a typical RNA methyltransferase
catalyzing the formation of m5C in coding and non-
coding RNAs, we speculated that NSUN2 might cata-
lyze the formation of m5C in IRF3 mRNA and then
induce its degradation. Therefore, we prepared RNA
segments of RIG-I, MAVS, TBK1, and IRF3, the four
key signalling molecules that determine the innate
immune response to viral infection, by in vitro tran-
scription. Micro-125b, which can be methylated by
NSUN2, served as a positive control [48]. The RNAs
were used for in vitromethylation assays using recom-
binant GST-NSUN2 and 3H-labeled S-adenosyl meth-
ionine (SAM). The transcribed IRF3 mRNA could be
highly methylated by NSUN2 compared with tran-
scripts of RIG-I, MAVS, and TBK1 (Figure 4a,b).
The data suggest that NSUN2 could efficiently mediate
the methylation of IRF3 mRNA in vitro compared
with RIG-I, MAVS and TBK1 mRNA. To determine
which region might be methylated, we divided IRF3
mRNA into seven parts, including 5’UTR (1–235
nt), CDS1 (236–485 nt), CDS2 (486–735 nt), CDS3

(736–985 nt), CDS4 (986–1235 nt), CDS5 (1236–
1519 nt), and 3’UTR (1520–1595 nt) (Figure 4a). As
is demonstrated in Figure 4(c), IRF3 5’UTR, 3’UTR,
CDS2, and CDS3 were highly methylated by NSUN2
compared with other segments. To further verify
whether endogenous IRF3 mRNA could be methyl-
ated by NSUN2 in vivo, we pulled down endogenous
IRF3 mRNA using specific IRF3 CHIRP probes
which were 3’biotin-TEG-modified. Equal amounts
of endogenous IRF3 mRNA were loaded on the mem-
brane, and the levels of m5C were assayed. As is
shown in Figure 4(d), the m5C methylation level of
IRF3 mRNA in NSUN2 knockout cells was markedly
lower than that of wild-type cells. Reconstitution of
exogenous NSUN2 into NSUN2 knockout cells
restored the m5C methylation levels of endogenous
IRF3 mRNA. Consistent with this, the results of
m5C-RIP-qPCR showed that the levels of endogen-
ous m5C methylated IRF3 mRNA in NSUN2 knock-
out cells was significantly lower than in wild-type
cells, and exogenous NSUN2 expression could dra-
matically enhance the levels of endogenous m5C-
methylated IRF3 mRNA (Figure 4e). We further per-
formed RNA-seq to systematically analyse the
expression levels of mRNAs in HEK293T cells or
HEK293T cells with NSUN2 overexpression. From
these results, IRF3, IFNB1 and its downstream
ISGs were consistently down-regulated in NSUN2
overexpression cells (Figure 4f), while the corre-
sponding SeV replication was enhanced (Figure
4g). However, the upstream signalling factors, such
as RIG-I (DDX58), TBK1 or MAVS, didn’t show
consistent or significant regulation by NSUN2.
Together with Figure 4(d,e), these results revealed
that NSUN2-mediated m5C methylation of IRF3
mRNA regulated IRF3 mRNA levels and IRF3-
mediated IFNB1 and downstream ISGs levels. The
above results demonstrate that NSUN2 could med-
iate m5C methylation of IRF3 mRNA both in vitro
and in vivo, and that the four highly methylated
regions in IRF3 mRNA are the major targets of
NSUN2. This methylation might result in the degra-
dation of IRF3 mRNA and, thereby, decreased levels
of IRF3 protein.

To further confirm whether m5C methyltransferase
activity of NSUN2 is the determining factor that
results in the inhibition of interferon responses, we

(i-j) Analysis of m5C/C ratio using LC-MS/MS of total RNAs (i) or mRNAs (j) extracted from the NSUN2−/− HEK293T cells
with reconstitution of wild type NSUN2 or different mutants as indicated. The mRNAs of each group were extracted by two
successive rounds of poly (A) purification using oligo d(T)25 magnetic beads from total RNAs. (k-l) Dual-luciferase assay
analysing IFN-β promoter activity in HEK293T cells (k) or NSUN2−/− HEK293T cells (l) in 24-well plates transfected for
24 h with 100 ng IFN-β firefly luciferase reporter (IFN-β-Luc) and 20 ng Renilla luciferase (RL-TK), along with 300 ng vector
or plasmid encoding NSUN2 or different mutants, with or without infection by SeV, for another 10 h. (m) qPCR analysis of
IFNB1mRNA in NSUN2−/− HEK293T cells transfected for 24 h with NSUN2 or different mutants, with or without infection
by SeV, for another 12 h. Data are representative of three independent experiments and were analysed by two-tailed unpaired
t test. Graphs show the mean ± SD (n = 3) derived from three independent experiments (or two independent experiments for
4b, 4c, 4f, 4 g and 4 h). NS, not significant for P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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generated different NSUN2 methyltransferase
mutants, including C271A and C321A, which are
reported to be the key sites whereby their mutation
may inhibit NSUN2 m5C methyltransferase activity
[23], as well as several predicted inactivating
mutations. The in vitro methylation results show
that the NSUN2 mutants, including C184A, D215A,
R220A, and D268A, had partially decreased methyl-
ation activity, while C321A and I302A mutations
almost completely abolished catalytic activity. How-
ever, C271A resulted in mildly increased catalytic
activity of NSUN2 (Figure 4h). We further detected
the m5C methylation levels of total RNAs (Figure 4i)
or mRNAs (Figure 4j) in NSUN2−/− HEK293T cells
transfected with NSUN2 or its mutants using LC-
MS/MS. In accordance with the above results,
I302A/C321A double mutation resulted in almost
complete loss of m5C methyltransferase activity. Of
note, we investigated the relationship between the
methylation activities and the stimulation of IFN-β
pathway in an SeV-triggered IFN-β-Luc reporter sys-
tem. As shown in Figure 4(k), some of inhibition ability
in SeV-induced-IFN-β luciferase assay was lost follow-
ing overexpression of either I302A or C321A compared
with wild-type NSUN2, while C271A could enhance
the inhibition ability compared with wild-type
NSUN2. Moreover, we found that the double mutant
I302A/C321A had totally lost its inhibition ability in
terms of both function (Figure 4l) and effects on
IFNB1 mRNA levels (Figure 4m) in NSUN2−/−

HEK293T cells. Moreover, ALYREF has been charac-
terized as an m5C reader in the nucleus, facilitating
the export of m5C-modified mRNAs [23]. The nega-
tively regulation of type I interferon responses by
NSUN2 may also occur in collaboration with ALYREF,
which has also been independently observed to nega-
tively regulate type I interferon responses, as depicted
in Supplementary Fig. S7. We subsequently checked
whether the translation efficiency of IRF3 mRNA was
regulated by NSUN2-mediated m5C methylation. We
used the in vitro translation assay to check the trans-
lation efficiency of IRF3 mRNA methylated or
unmethylated by recombinant NSUN2 protein, and
found that methylation on IRF3 mRNA gently inhib-
ited its translation efficiency (Supplementary Fig.
S8a). However, in ribosome loading assay, there was
no obvious change of ribosome loading on to IRF3
mRNA in both wild-type and NSUN2−/− cells (Sup-
plementary Fig. S8b).

Moreover, RNA-seq of A549 wild-type cells or A549
NSUN2 knockout cells. The GO enrichment biological
process analysis showed that knockout of NSUN2 con-
tributed to the dramatic elevation of immune responses,
which further demonstrates the critical role of NSUN2
in antiviral innate immunity responses (Figure 5a).
IRF3, IFNB1 and its downstream ISGs were consistently
up-regulated in A549 NSUN2 knockout cells while the

corresponding SeV replication was inhibited (Figure 5b,
c). However, the upstream signalling factors, such as
RIG-I (DDX58), TBK1 orMAVS, didn’t show consistent
regulation by NSUN2. Meanwhile, the levels of
endogenous m5C methylated IRF3 mRNA in A549
NSUN2 knockout cells was significantly lower than in
A549 wild-type cells (Figure 5d). However, there was
no significant signal of m5C modified mRNAs of RIG-
I (DDX58), TBK1 or MAVS. To summarize, NSUN2
could catalyze the formation of m5C modification of
IRF3 mRNA and accelerate its fast turnover and regu-
late IRF3-mediated type I interferon responses. Of
note, this regulation by NSUN2 is dependent on its
m5C methyltransferase activity.

The methylated cytosines of IRF3 mRNA were
identified to regulate RNA levels

Furthermore, we performed m5C-MeRIP-seq to tran-
scriptome-widely analyse the endogenous m5C sites in
cellular RNAs in uninfected or SARS-CoV-2-infected
Caco-2 cells (Figure 6a). Of note, the m5C signals of
IRF3 mRNA were both detected in uninfected and
SARS-CoV-2-infected Caco-2 cells and the m5C sig-
nals located in the 5’UTR of IRF3 mRNA were
especially noteworthy. We also add the systematic
analysis of two groups by the correlation and cluster-
ing analysis (Supplementary Fig S9), which indicated
the repeatability and stability of m5C-MeRIP-seq
data. Further, we aimed to identify the exact methyl-
ation cytosines in IRF3mRNA. Using bisulfite sequen-
cing assays (Figure 6b), we identified a methylated
cytosine in IRF3 mRNA as major site of methylation
that were highly methylated by recombinant NSUN2
protein in vitro: C169 in 5’UTR (Figure 6c). In
addition to this, we also identified another three highly
methylated cytosines: C1569 in 3’UTR, C556 in CDS2
(486–735), and C815 in CDS3 (736–985), which is
consistent with the four high methylation regions
observed earlier in IRF3 mRNA (Figure 4c and Sup-
plementary Fig S10a-b).

To further investigate the biological function of
m5C methylation of IRF3 mRNA by NSUN2, we con-
structed pGL3-derived reporters bearing either IRF3-
5’UTR, IRF3-CDS, or IRF3-3’UTR. We tested the
activity of these reporters in NSUN2-knockout
HEK293T cells compared with those in wild-type
HEK293T. As shown in Figure 6(d), knockout of
NSUN2 could increase the luciferase activity of repor-
ter pGL3-IRF3-5’UTR, pGL3-IRF3-CDS, and pGL3-
IRF3-3’UTR. The increase in the luciferase activity
of 5’UTR is especially noteworthy compared with
CDS and 3’UTR. We then tested whether these four
identified highly methylated cytosines are indeed
methylated and involved in the regulation of
IRF3 mRNA by NSUN2 protein. It was observed
that mutations C169 (C to G) in the 5’UTR, C1569

14 H. Wang et al.



Figure 5. Knockout of NSUN2 decreased m5C methylation on IRF3 mRNA but increased IRF3 and IFNB1 and downstream ISGs
mRNA levels. (a) RNA-seq analysis from SeV-infected A549 wild-type cells or A549 NSUN2 knockout cells. GO-term functional
enrichment by biological process of up-regulated genes. Data show the top 10 biological processes. (b) The heatmap shows
the expression levels of ISGs and several signalling molecules. The genes that we focus on are labelled with asterisks. (c) The col-
umn diagram shows the SeV replication levels. (d) The m5C-RIP-qPCR analysis of the m5C methylated mRNA levels immunopre-
cipitated by m5C antibody from A549 wild-type cells or A549 NSUN2 knockout cells. Data are representative of three independent
experiments and were analysed by two-tailed unpaired t test. Graphs show the mean ± SD (n = 3) derived from three independent
experiments. NS, not significant for P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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(C to G) in the 3’UTR, C556 (C to T, synonymous
mutation) in CDS2 (486–735) and C815 (C to A,
synonymous mutation) in CDS3 (736–985) reduced
the methylation level by half in biochemical assays
with recombinant NSUN2 (Figure 6e and Supplemen-
tary Fig S10c). We then constructed expression plas-
mids containing either wild type IRF3 full length
(IRF3-FL, 1–1595nt) or various site-mutated IRF3-
FLs. We observed that mutations of the four cytosines
could consistently enhance the expression levels of

IRF3 mRNA in Irf3−/−Irf7−/− MEFs compared to
wild type IRF3 full length (IRF3-FL-WT) (Figure 6f
and Supplementary Fig S10d). Correspondingly, the
IRF3-mediated Ifnb1 mRNA levels were also remark-
ably elevated upon SeV infection (Figure 6g and Sup-
plementary Fig S10e). In contrast, we also tested
another two cytosines located in CDS1 (C303) or
CDS4 (C1135) (Figure 6a) which were not identified
by bisulfite sequencing and found that these two cyto-
sines had no effect on the function (Figure 6f and g).

Figure 6. IRF3m5C methylation site mutation results in enhanced IRF3 expression and antiviral response. (a) Visualization of m5C-
MeRIP-seq results shows regions of enrichment for m5C immunoprecipitation (upper) over input (lower) from uninfected or SARS-
CoV-2-infected Caco-2 cells. The positive m5C site identified by in vitro bisulfite RNA sequencing (Figure 6c) are marked in red solid
triangle and the control sites are marked in black hollow triangle which are not identified by in vitro bisulfite RNA sequencing and
identified as no biological function (Figure 6e–g). (b) Schematic depiction of in vitro bisulfite RNA sequencing to distinguish m5C
(cytosine methylated by NSUN2) from C (cytosine not methylated). (c) Identification of m5C modification on cytosines of 5’UTR of
IRF3mRNA by bisulfite RNA sequencing. Data are expressed as the ratio of m5C to (C + m5C) from three independent replicates. (d)
Wild-type HEK293T cells or NSUN2−/− HEK293T cells were transfected with pGL.3.0-CMV-Luc or pGL3.0-CMV-IRF3-CDS-Luc or
pGL3.0-CMV-IRF3-5’UTR-Luc or pGL3.0-CMV-IRF3-3’UTR-Luc, together with Renilla luciferase (RL-TK). Forty-eight hours later,
firefly luciferase activity against Renilla luciferase activity was analysed. (e) In vitro m5C methylation assays of the IRF3 segments
or the cytosines mutated segments using recombinant GST-NSUN2. (f-g) qPCR analysis of IRF3mRNA or Ifnb1mRNA in Irf3−/−Irf7−/
− MEFs transfected with plasmid encoding NSUN2 along with wild-type IRF3 full length (IRF3-FL-WT) or various cytosine-mutated
IRF3-FLs for 48 h, as indicated, with stimulation by SeV for 8 h. Data are representative of three independent experiments and
were analysed by two-tailed unpaired t test. Graphs show the mean ± SD (n = 3) derived from three independent experiments
(or two independent experiments for 6e). NS, not significant for P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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We then utilized the lentiviral system to generate
stable IRF3 cell lines in Irf3−/−Irf7−/− MEFs. The
IRF3 mRNA levels in the IRF3-FL-Mut (IRF3-FL-
5’&3’UTR-CDS2&3-Cm) stable cell line was 15-fold
higher than that in the IRF3-FL-WT stable cell line.
Moreover, exogenous NSUN2 expression significantly
reduced IRF3 mRNA levels in the IRF3-FL-WT stable
cell line, while IRF3 mRNA levels in the IRF3-FL-Mut
stable cell line were mildly decreased, indicating that
methylation of these four cytosines in IRF3 mRNA
might predominantly influence its stability (Sup-
plementary Fig S10f). To confirm this, we measured
the stability of these transcripts and found that the
IRF3-FL-Mut transcript was remarkably higher than
the IRF3-FL-WT transcript, indicating that methyl-
ation of these four cytosines by NSUN2 is indeed
critical for regulating IRF3 mRNA stability (Sup-
plementary Fig S10g). Taken together, our results
demonstrate that the loss of m5C modification could
lead to increased stability of IRF3 mRNA and
enhanced IFN-β production, thus facilitating a stron-
ger antiviral response, and that the highly methylated
cytosines in IRF3 mRNA play a critical role in
NSUN2-mediated regulation of antiviral responses.

Pivotal role of NSUN2 in the induction of type I
interferon and antiviral response in vivo

To determine the role of NSUN2 in antiviral response
in vivo, we created targeted deletions of NSUN2 in
mice by removing 10 bp in exon 3 of Nsun2 genome
by CRISPR/Cas9, which resulted in a frameshift
mutation (Supplementary. Fig S11). However, we
found that Nsun2−/− mice died in utero. We found
that Nsun2+/− progeny could reach adulthood, so we
chose Nsun2+/− mice as “NSUN2-knockdown mice.”
As expected, the Nsun2 expression in Nsun2+/− mice
did reduce by half than their wild-type littermates
(Figure 7a,b). The endogenous mRNA levels and
protein levels of IRF3 were both enhanced in
BMDCs from Nsun2+/− mice than in those from
their wild-type littermates following infection with
SeV (Figure 7a,b). Furthermore, as shown in Figure
7(c), the production of Ifnb1 mRNA was more dra-
matically enhanced in BMDCs from Nsun2+/− mice
than wild-type mice with SeV, HSV-1 or VSV. The
IFN-β mediated downstream Isg15 and Cxcl10 were
also significantly enhanced in BMDCs from Nsun2+/
− mice (Figure 7d). Accordingly, the propagation
levels of SeV, HSV-1 or VSV were markedly inhibited
in BMDCs from Nsun2+/− mice (Figure 7e). RNA-seq
of BMDCs from Nsun2+/− mice or Nsun2+/+ mice
showed that Irf3, Ifnb1 and downstream ISGs were
consistently elevated in BMDCs from Nsun2+/− mice
(Figure 7f). However, the upstream signalling factors,
such as Rig-i (Ddx58), Tbk1 orMavs even decreased in
BMDCs from Nsun2+/− mice, which requires further

investigation. Meanwhile, the levels of endogenous
m5C methylated Irf3 mRNA in BMDCs from
Nsun2+/− mice was lower than in BMDCs from
Nsun2+/+ mice (Figure 7g). However, there was no
significant signal of m5C modified mRNAs of Rig-i,
Tbk1 or Mavs. The stability of endogenous IRF3
mRNA in BMDCs from Nsun2+/− mice was higher
(Figure 7h). We then investigated innate antiviral
responses in wild-type mice and Nsun2+/− mice. We
found a higher IFN-β production and a lower viral
burden of VSV in various organs of Nsun2+/− mice
than in wild-type mice at the mRNA levels (Figure
7i). Furthermore, we observed significantly higher
IFN-β and IFN-α production in the serum of
Nsun2+/− mice after intraperitoneal injection of VSV
by ELISA (Figure 7j). We also compared the survival
rates after intraperitoneal injection of VSV. The
results indicate that wild-type mice were more vulner-
able to VSV-triggered mortality than were Nsun2+/−

mice (Figure 7k).
We further investigated the innate immunity

responses and NSUN2 expression levels in SARS-
CoV-2 infected K18-hACE2 knock-in (KI) mice
models. We found that infection of SARS-CoV-2
WT strain (Figure 8a) or BA.1 omicron variant
(Figure 8b) activated the innate immunity response
in K18-hACE2 KI mice models. Endogenous Nsun2
mRNA levels significantly decreased in SARS-CoV-2
WT strain or BA.1 omicron variant infected groups
compared to uninfected groups (Figure 8a and b).
These results were consistent with SARS-CoV-2
infected Caco-2 cells models and COVID-19 patients
and together revealed that NSUN2 plays an important
regulatory role in the infection of SARS-CoV-2
(Figure 1n and o). Meanwhile, endogenous mRNA
levels of Irf3, Ifnb1 and downstream ISGs including
Isg15 and Cxcl10 notably increased in SARS-CoV-2
WT strain or BA.1 omicron variant infected groups.

Together, our findings reveal that NSUN2 serves as
a negative regulator of interferon response by acceler-
ating the fast turnover of IRF3 mRNA. NSUN2 is con-
stitutively expressed in resting cells and that IRF3
expression is maintained at a relatively low level.
During various viral infections, including SARS-
CoV-2, the endogenous expression level of NSUN2
is dramatically reduced, via unknown mechanism, to
enhance IRF3 levels and downstream antiviral type I
interferon responses.

Discussion

Antiviral innate immunity involves sophisticated sig-
nalling pathways for sensing pathogens and initiating
innate immune responses against infection, which
requires ingenious regulation at different levels
including transcriptional, translational, and post-
translational. It is known that IRF3, which plays a
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Figure 7. Pivotal role for NSUN2 in the induction of type I interferon and antiviral response in vivo. (a) Immunoblot analysis in
BMDCs from Nsun2+/+ mice or Nsun2+/− mice with infection by SeV for 0, 4, and 8 h. (b) qPCR analysis of Nsun2 or Irf3 mRNA
in BMDCs from Nsun2+/+ mice or Nsun2+/− mice. (c) qPCR analysis of Ifnb1 mRNA in BMDCs from Nsun2+/+ mice or Nsun2+/−

mice, with or without infection by SeV for 8 and 12 h, HSV-1 for 3 and 6 h, or VSV for 6 and 12 h. (d) qPCR analysis of Isg15
and Cxcl10 in BMDCs from Nsun2+/+ mice or Nsun2+/− mice, with or without infection by SeV, HSV-1, or VSV. (e) qPCR analysis
of SeV-P, VSV-G or HSV-1-UL-30 RNA in BMDCs from Nsun2+/+ mice or Nsun2+/− mice, with infection by SeV, VSV or HSV-1 for
12 h. (f) RNA-seq analysis from SeV-infected BMDCs from Nsun2+/+ mice or Nsun2+/− mice. The heatmap shows the expression
levels of ISGs and several signalling molecules. The genes that we focus on are labelled with asterisks. (g) The m5C-RIP-qPCR analy-
sis of the m5C methylated mRNA levels immunoprecipitated by m5C antibody from BMDCs from Nsun2+/+ mice or Nsun2+/− mice.
(h) Stability analysis of Irf3mRNA in BMDCs from Nsun2+/+mice or Nsun2+/− mice, with treatment of actinomycin D (ActD) for 0, 4,
and 8 h. (i) qPCR analysis of Ifnb1 mRNA and the corresponding VSV-G RNA in different organs from Nsun2+/+ mice (n = 5) or
Nsun2+/− mice (n = 5), injected intraperitoneally for 16 h with VSV (4 × 107 PFU per mouse).
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vital role in the initiation of type I interferon responses
after infection, is regulated by multiple modifications,
such as phosphorylation, ubiquitination, and acety-
lation, which function in maintaining immune
homeostasis [39,49,50]. Recently, the m6A machinery
has been reported to be involved in immune responses
via epitranscriptomic modification. For example, it
has been reported that the m6A machinery could inhi-
bit the innate immune response to infection by
directly dictating the fast turnover of IFNB1 mRNAs
and consequently facilitating viral propagation [10].
Another study demonstrated that ALKBH5 could
erase the m6A modification of MAVS, TRAF3, and
TRAF6mRNAs, enforce their retention in the nucleus
and result in their decreased translation and inhibited
type I interferon production [13]. Moreover,
deficiency of METTL14 increases MAVS mRNA stab-
ility, and downstream phosphorylation of TBK1/IRF3
and interferon response to RNA viruses [14]. The
effects of m6A modification on interferon responses
may vary because of the different systems and different
readers and precise downstream regulation. However,
there are few reports of m5C modification regulating
antiviral innate immunity.

Here, firstly, we revealed a novel mechanism by
which the m5C machinery functions in innate
immune responses via the methylation of IRF3
mRNA to negatively regulate type I interferon
responses [51], indicating that the m5C and m6A
machineries may have different specificities with
respect to regulating multiple signalling molecules
involved in antiviral innate immune responses.
Recently on October 2022, Zhang et al. also reported
that depletion of NSUN2 enhanced type I interferon
response and inhibited virus replication, which is
dependent on RIG-I but not MDA5 [52]. But the
mechanism they reported is different from what we
found, which implies the important function of m5C
modification in innate immune regulation during var-
ious viral infections. In this study, we demonstrated
that NSUN2 could specifically methylate IRF3
mRNA via four major cytosine sites. The mutation
of these four major cytosines enhanced the stability
and expression of IRF3mRNA (Figure 6) and, thereby,
interferon responses. Moreover, in our system, the
m6A machinery was also found to be involved in reg-
ulating interferon responses (Figure 1a), but the over-
all effect was not significant compared with the m5C
machinery, which may be because the m6A machinery

regulates other signalling molecules with different
effects, as mentioned above. However, we do not pre-
clude the possibility that other mechanisms beyond an
elevation in IRF3 mRNA stability may contribute to
the stronger type I interferon responses following
knockout of NSUN2. We may speculate that the
mRNAs of some other signalling molecules may also
be m5C-modified and regulated by NSUN2, such as
is the case with m6A modification. Future work is
required to demonstrate how m5C methylation and
its downstream recognition and regulation collabora-
tively and precisely function in antiviral innate
immunity.

Moreover, we found that the regulation of type I
interferon responses by NSUN2 was dependent on
its m5C methyltransferase activity. According to our
results (Figure 5i–n), the NSUN2 I302A/C321A
mutant had almost completely lost its m5C methyl-
transferase activity and ability to regulate type I inter-
feron responses, which is in contrast with the reports
of C271A/C321A mutation of NSUN2 [23,53]. In
our study, the C271A mutation maintained m5C
methyltransferase activity in biochemical assays and
could still negatively regulate interferon responses.
The discrepancy in the key sites of NSUN2 methyl-
transferase activity may be due to the different systems
and the different roles NSUN2 plays in multiple phys-
iological processes. Further work is required to
uncover the structure of NSUN2 protein and the key
sites that determine its m5C methyltransferase activity
and regulation activity in multiple physiological
processes.

NSUN2 and TRDMT1 (DNMT2) are two m5C
methyltransferases reported in animals, but the iden-
tity of the m5C demethylase remains unknown
[16,17]. In our study, TRDMT1 did not show signifi-
cant regulation of interferon responses or bind with
IRF3 unlike NSUN2 (Figure 1a, Supplementary. Fig
S3). ALYREF has earlier been characterized as an
m5C reader in the nucleus involved in facilitating the
export of m5C-modified mRNAs [23]. In our results,
exogenous NSUN2 expression could dramatically
inhibit IFN-β production, and exogenous ALYREF
expression could also (Figure 1a-c, Supplementary.
Fig S7), which is interesting, and may also indirectly
imply that m5C modification is involved in regulating
type I interferon responses. Because ALYREF recog-
nizes the m5C modified RNAs and regulates their
nuclear exportation, the mechanism of IFN-β

(j) ELISA of IFN-β and IFN-α in serum from 8-week-old Nsun2+/+ mice (n = 5) and Nsun2+/− mice (n = 5) injected intraper-
itoneally for 16 h with VSV (4 × 107 PFU per mouse). Each symbol represents an individual mouse; small horizontal lines
indicate the mean. (k) Survival (Kaplan–Meier curve) of Nsun2+/+ mice (n = 7) or Nsun2+/− mice (n = 7) infected intraper-
itoneally with a high dose of VSV (1 × 108 PFU per mouse) and monitored for survival for 15 days. Data are representative of
three independent experiments and were analysed by two-tailed unpaired t test. Graphs show the mean ± SD (n = 3) derived
from three independent experiments (or two independent experiments for 7f). NS, not significant for P > 0.05, *P < 0.05,
**P < 0.01, ***P < 0.001.
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inhibition by exogenous ALYREF expression needs
further investigation. YBX1 was identified as another
m5C reader that could maintain the stability of its tar-
get mRNA by recruiting ELAVL1 [24]. In our study,
NSUN2 could directly methylate IRF3 mRNA and
accelerates its degradation, which seems to contradict
the function of the NSUN2–YBX1–ELAVL1 axis.
These two seemingly opposing mechanisms may
uncover the different roles that m5C modification
play in various biological processes. Different m5C
readers might have different functions and play
different roles. For example, YTH family members
have been reported to serve as m6A readers that
recognize m6A-modified RNA and further regulate
mRNA splicing, translation, or degradation [54–
57]. We have also used in vitro translation and ribo-
some loading assay to check the translation
efficiency of m5C methylated IRF3 mRNA. However,
only slight inhibition of m5C methylated IRF3
mRNA was observed in translation assay (Sup-
plementary Fig. S8a). Therefore, our results
suggested that the major function of m5C methyl-
ation on IRF3 mRNA is to accelerate its degradation
(Figures 3 and 6), although we could not exclude the
possibility of the influence on translation efficiency,
which requires further investigation. The specific
degradation mechanism induced by m5C and m6A
modification has not yet been clarified clearly and
requires more investigation. Further work is
required to delineate these different mechanisms
and the different roles that m5C readers play. The
m5C demethylase, which may maintain balance in
the m5C modification level in various biological
processes, must also be clearly clarified.

In terms of several m5C methylation modification
sequencing methods, including bisulfite sequencing
and m5C-MeRIP-seq, each method has limitations.
We also performed RNA-Bis-seq at transcriptome
level, but it is a pity that m5C sites on IRF3 mRNA
was not detected. We speculated that it might be
related to the expression abundance of IRF3 mRNA,
and bisulfite treatment caused great damage to RNA.
We then compared RNA-Bis-seq sequencing data of
several reports [23,24,58], and found that m5Cmethyl-
ation modification sites in the results varied a lot. But
we found that there was a study in which RNA-Bis-seq
data showed m5C methylation modification sites on
Irf3 mRNA in many mouse tissues [23]. Together
with our sequencing data of m5C modified Cs in
human mRNA and biological roles of NSUN2-
mediated regulation of IRF3, these results demon-
strates that both human IRF3 mRNA and mouse Irf3
mRNA are m5C modified and involved in IRF3-
mediated IFN responses. In our study, we combined
m5C-MeRIP-seq, LACE-seq and in vitro bisulfite
sequencing to identify the m5C methylated modifi-
cation sites on IRF3 mRNA. We also used in vitro
methylation system and in vivo functional exper-
iments to verify physiological functions of these
sites. The highly m5C methylated modification sites
identified on IRF3 mRNA were demonstrated to
have physiological functions. We do not exclude the
existence of other m5C methylation modification
sites on IRF3 mRNA, which requires more ingenious
detection systems for further verification.

Furthermore, we found that NSUN2 expression is
decreased after infections with different viruses,
including SeV (negative-strand RNA virus), HSV-1

Figure 8. SARS-CoV-2 infection decreases Nsun2 expression levels and activates innate immunity responses in K18-hACE2 KI mice.
(a) qPCR analysis of Nsun2, Irf3, Ifnb1, Isg15 and Cxcl10mRNA in lungs from SARS-CoV-2 WT strain infected K18-hACE2 KI mice (n =
5) or uninfected K18-hACE2 KI mice (n = 5), injected intranasally for 48 h with SARS-CoV-2 WT strain (250 PFU per mouse). (b) qPCR
analysis of Nsun2, Irf3, Ifnb1, Isg15 and Cxcl10mRNA in lungs from SARS-CoV-2 BA.1 omicron variant infected K18-hACE2 KI mice (n
= 5) or uninfected K18-hACE2 KI mice (n = 5), injected intranasally for 48 h with SARS-CoV-2 WT strain (8000 PFU per mouse). NS,
not significant for P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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(DNA virus), VSV (negative-strand RNA virus), ZIKV
(positive-strand RNA virus), and especially SARS-
CoV-2 (positive-strand RNA virus, beta-coronavirus),
via unknown mechanism, which require further inves-
tigation for their elucidation. Notably, transcriptome
sequencing of the RNAs isolated from the bronchoal-
veolar lavage fluid (BALF) of two COVID-19 patients
revealed that NSUN2 expression was dramatically
decreased after infection of SARS-CoV-2 compared
with healthy individuals (Figure 1n,o). Consistently,
endogenous Nsun2 mRNA levels significantly
decreased in SARS-CoV-2WT strain or BA.1 omicron
variant infected K18-hACE2 KI mice models com-
pared to uninfected groups (Figure 8a and b). These
results revealed that NSUN2 also plays an important
regulatory role in the infection of SARS-CoV-2 WT
strain or BA.1 omicron variant. We can therefore pro-
pose a model whereby NSUN2 is constitutively
expressed in resting cells and that IRF3 mRNA is
modified by m5C and maintained at a relatively low
level. During viral infection, endogenous NSUN2
expression levels decrease, so the m5C modification
level of IRF3 mRNA decreased but the stability
increased. Then IRF3 expression level would therefore
be elevated to allow a stronger interferon response and
the effective elimination of viruses. The evolution of
such a significant host antiviral strategy to regulate
the interferon responses suggests the important phys-
iological significance of NSUN2-mediated m5C
modification.
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