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A B S T R A C T

Increasing evidences suggest that the methyltransferase NSUN2 catalyzes 5-methylcytosine (m5C) modifications
on viral RNAs, which are essential for the replication of various viruses. Despite the function of m5C deposition is
well characterized, other potential roles of NSUN2 in regulating viral replication remain largely unknown. In this
study, the m5C modified residues catalyzed by NSUN2 on enterovirus 71 (EV71) RNAs were mapped. NSUN2,
along with m5C modifications, played multiple roles during the EV71 life cycle. Functional m5C modified nu-
cleotides increased the translational efficiency and stability of EV71 RNAs. Additionally, NSUN2 was found to
target the viral protein VP1 for binding and promote its stability by inhibiting the ubiquitination. Furthermore,
both viral replication and pathogenicity in mice were largely attenuated when functional m5C residues were
mutated. Taken together, this study characterizes distinct pathways mediated by NSUN2 in regulating EV71
replication, and highlights the importance of its catalyzed m5C modifications on EV71 RNAs for the viral
replication and pathogenicity.
1. Introduction

RNA modifications are characterized by the deposition of chemical
moieties (Song et al., 2021; Wiener and Schwartz, 2021; Deng et al.,
2022), which have been demonstrated to play crucial roles in gene
expression (Wu et al., 2013). Three types of enzymes, namely “writers” to
deposit the chemical moiety on RNAs, “erasers” to remove such chemical
modifications, and “readers” to interpret the indicated RNAmodifications,
determine the biogenesis and function of RNA modifications (Shi et al.,
2019; Wang et al., 2020). To date, more than 170 different RNA modifi-
cations have been discovered, and have been reported to be involved in
various cellular events (Dawson and Kouzarides, 2012; Roundtree et al.,
2017). Approximately ten distinct modifications have been characterized
in mRNAs, including N6-methyladenosine (m6A), 5-methylcytosine
(m5C), pseudouridine (Ψ), N7-methylguanosine (m7G), 2´-O-Methyl-
ation (Nm), and N4-acetylcytidine (ac4C) (Meyer, 2019). It has been well
documented that viral replication strictly relies on the host cell machinery
(Majumder and Morales, 2021; Srinivas et al., 2021). Similar to host
RNAs, viral RNA molecules are also highly modified during viral
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replication (Zhao et al., 2020; Li et al., 2021). The modification of viral
RNAs of human immunodeficiency virus 1 (HIV-1) (Kennedy et al., 2016;
Lichinchi et al., 2016; Courtney et al., 2019b; Tsai et al., 2020) andmurine
leukemia virus (MLV) (Courtney et al., 2019a; Eckwahl et al., 2020) is
associated with markedly higher levels of m6A, m5C, Nm, and ac4C res-
idues than those on cellular mRNAs. These findings suggest that these
modifications contribute to one ormore steps in the viral replication cycle.

m5C modification is defined as methylation at the 5th position of the
cytosine pyrimidine ring at a specific site (Lv et al., 2021). NOP2/SUN
(NSUN) family proteins, as well as the DNA methyltransferase (DNMT)
homologue DNMT2, were identified as the predominant “writers” that
catalyze m5C modifications on RNAs (Reid et al., 1999). Whereas the
“erasers” remain elusive, both ALYREF and YBX1 are characterized as the
“readers” of m5Cmodifications (Chen et al., 2019; Yang et al., 2019). The
mRNA export adaptor ALYREF exclusively recognizes m5C and promotes
the nuclear export and translation of m5C-modified RNA (Yang et al.,
2017), and YBX1 is characterized as an m5C-binding protein that regu-
lates m5C-modified maternal mRNA stability (Yang et al., 2019; Song
et al., 2021).
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The non-enveloped virus enterovirus 71 (EV71) causes global out-
breaks of hand, foot, and mouth disease, mostly in children (Chen et al.,
2015). The EV71 genome is a single-stranded, positive-stranded RNA
consisting of a 50-untranslated region (50 UTR), an open reading frame, a
30 UTR, and a poly-A tail with a variable length at the 30 end (Xiao et al.,
2019). Cellular RNA-binding proteins bind to the 50 UTR of EV71 RNA to
produce viral polyproteins. The internal ribosome entry site (IRES) motif
is located in the 50 UTR of EV71 and is essential for the initiation of
translation (Lin et al., 2008; Sweeney et al., 2014). The entire EV71
coding region consists of three segments as follows: P1, encoding four
structural proteins, VP1, VP2, VP3, and VP4; P2 and P3 encoding another
seven non-structural proteins, 2A, 2B, 2C, 3A, 3B, 3C, and 3D respectively
(Cardosa et al., 2003; Pathinayake et al., 2015). Recent studies showed
that m6A and ac4C modifications on EV71 RNAs, along with their indi-
cated “writers” METTL3 and NAT10, promote viral replication (Hao
et al., 2019, 2022). Moreover, host epitranscriptomic landscapes are
altered by viral infections, and these global changes have been shown to
affect viral replication. However, whether EV71 RNAs harbor m5C
modifications and how NSUN2 and m5C modifications affect viral
replication remain unknown.

Recent reports have revealed that NSUN2 is the methyltransferase
that catalyzes the m5C modifications of HIV-1 (Courtney et al., 2019b),
MLV (Eckwahl et al., 2020) and HBV (Feng et al., 2023; Ding et al.,
2024). Similar to that of host mRNAs, the m5C modifications of these
viral transcripts are pivotal for viral replication. The loss of m5C modi-
fications via the depletion of NSUN2 specifically reduces the translation
efficiency of HIV-1 and HBV transcripts and cellular mRNAs, which are
normally m5C-modified. Meanwhile, the dominant negative mutant
NSUN2/C321A, which will not be able to catalyze the m5C modification
properly (Hussain et al., 2013), has been proven to reverse such WT
NSUN2-mediated effects on these viruses. Further, the NSUN2 deficiency
leads to disorders in the alternative splicing of viral RNAs (Courtney
et al., 2019b). Nevertheless, how m5C modifications regulate viral
replication and whether NSUN2 is capable of directly regulating viral
replication are still largely unknown.

In this study, we verified that EV71 RNA contains m5C modification
by UPLC-MS/MS, dot blot and MeRIP-qPCR, etc. The distribution of m5C
modified residues on EV71 RNAs were mapped and identified by
nanopore-based direct RNA sequencing. Importantly, the functional m5C
sites were involved in viral replication, protein translation and patho-
genicity in mice. Beyond the enzymatic activities of NSUN2, the in-
teractions between NSUN2 and viral protein VP1 were revealed by co-IP
assays, which led to inhibit the K48-linked ubiquitination of VP1 and
promote its stability. Overall, we characterized distinct pathways medi-
ated by NSUN2 to regulate enterovirus 71 replication, which not just
broad the understanding of crosstalk between RNA modification and
viral replication, but also provides potential targets for the drug devel-
opment against EV71 infection.

2. Materials and methods

2.1. Plasmids, antibodies and reagents

Plasmids: The pcDNA3.0-NSUN2 was constructed by inserting the
coding sequence (CDS) of NSUN2 into pcDNA3.0 vector (Invitrogen,
Carlsbad, CA, USA). pFlag-NSUN2, pFlag-DNMT2, pFlag-ALYREF and
pFlag-VP1 from EV71 XF strain, were constructed into pXJ40-Flag vector
(Sigma-Aldrich, St. Louis, MO, USA). The m5C modified residues
mutated EV71 infectious clones were constructed by substituting C to G
(nt 2637 and nt 7009) or to A (nt 1460), and EV71 infectious clone (Mut-
584) was constructed by both substituting C to G at nt 584 and G to C at
nt 621, based on the WT EV71 infectious clone (provided by Prof. Bo
Zhang's laboratory). Two chimeric reporter plasmids were constructed by
inserting the EV71WT or m5Cmutant (Mut-584) 50UTR into the location
between the cytomegalovirus (CMV) promoter and the CDS fragment of
enhanced green fluorescent protein (eGFP) in pEGFP-N1 (Clontech,
575
Mountain view, CA, USA) or firefly luciferase in pGL3-basic-vector.
Plasmids of EV71 WT- and m5C mutant-3D mut were constructed by
deleting the first nucleotide of the 3D coding region based on above in-
fectious EV71 clones.

Antibodies (Abs) used for Western blot (WB) and immunofluores-
cence confocal microscopy in this study: anti-GAPDH (60004-1-lg, Pro-
teintech, Rosemont, IL, USA), anti-beta-Actin (sc-47778, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-NSUN2 (66580-1-Ig, Proteintech),
anti-DNMT2 (NB200-587, NOVUS, Centennial, CO, USA), anti-ALYREF
(H00010189, NOVUS), anti-YBX1 (20339-1-AP, Proteintech), anti-Flag
(F1804 MG, Sigma-Aldrich), anti-HA (66006-1-Ig, Proteintech), anti-
VP1 (GTX633390, GeneTex, Irvine, CA, USA), anti-m5C (ab10805,
Abcam), mouse (B900620, Proteintech) and rabbit control IgG (30000-0-
AP, Proteintech), ECL mouse or rabbit IgG HRP-linked whole Ab (Anti-
Gene Biotech GmbH, Stuttgart, Germany) and Alexa Fluor 488/568 goat
anti-mouse/rabbit IgG Abs (Invitrogen).

Reagents: Cycloheximide (CHX) was purchased from Sigma-Aldrich,
and Hoechst 33258 were purchased from Invitrogen. In vitro transcrip-
tion experiment was completed by using MEGAscript™ T7 transcription
kit (AM1333, Thermo Fisher, Gaithersburg, MD, USA).

2.2. Cell culture, cell manipulation, virus preparation

Vero (CCL-81, American Type Culture Collection (ATCC), Manassas,
VA, USA), HEK293T (CRL-11268, ATCC), and RD (CCL-136, ATCC) cells
were cultured in Dulbecco's modified Eagle's medium (DMEM)
(C11995500BT, Thermo Fisher) supplemented with 10% fetal bovine
serum (FBS) (Gibco) at 37 �C and 5% CO2. Plasmid transfection was
performed using Lipofectamine 2000 (Life Technology) according to the
manufacturer's instructions.

EV71 (strain XF) was obtained from the Microorganisms & Viruses
Culture Collection Center (MVCCC), Wuhan Institute of Virology (WIV),
Chinese Academy of Sciences (CAS). Viruses were amplified in Vero cells,
and the indicated 50% tissue culture infectious doses (TCID50) were
titrated in Vero cells. EV71 infection was conducted with MOI 0.1 for
Vero and RD cells. To produce WT or mutant EV71 viruses based on the
indicated infectious clone, In vitro EV71 RNAs were transcribed from
linearized plasmids of WT or mutant EV71 infectious clone using
MEGAscript® T7 Kit (Ambion, Austin, TX, USA) according to the man-
ufacturer's instructions. The transcribed RNAs were transfected into Vero
cells using DMRIE-C, viruses were purified from the supernatant three or
four days after transfection.

2.3. Ultra-high-performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS)

UPLC-MS/MS was performed by Wuhan Metware Biotechnology Co.,
Ltd according to its suggested protocol. Briefly, after removing the cell
debris, EV71 virions were collected by pelleting through 10% sucrose
cushion via ultracentrifugation using a SW28Ti rotor (Beckman Coulter)
at 115,900 rcf for 2 h at 4 �C. EV71 RNA was extracted using an RNeasy
mini kit (Qiagen, Valencia, CA, USA), and digested into nucleosides by S1
nuclease (Takara, Shiga, Japan), alkaline phosphatase (Takara), and
phosphodiesterase I (Sigma-Aldrich, St. Louis, MO, USA). The nucleo-
sides were purified with phenol/chloroform and analyzed by the UPLC-
ESI-MS/MS system (UPLC: ExionLC AD; MS: Applied Biosystems 6500
Triple Quadrupole). RNA modifications were analyzed using MetWare
(http://www.metware.cn/) based on the AB Sciex QTRAP 6500 LC-MS/
MS platform.

2.4. Dot-blot and western blot (WB)

Anti-m5C dot blot assays were performed as previously described
(Arango et al., 2018). Briefly, RNA was extracted using TRIzol (Life
technology), and 5 μg RNA was denatured for 5 min at 75 �C, chilled on
ice for 1 min, loaded on Hybond-Nþ membranes, then subjected to the

http://www.metware.cn/
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ultraviolet crosslinking. Levels of m5Cmodifications were detected using
anti-m5C Abs (Abcam, Cambridge, UK) and analyzed by the ChemiDoc
MP imaging system (Bio-Rad Laboratories, Berkeley, CA, USA).

Cells were collected at the indicated times. And cell lysates were
subjected to WB as described previously (Hao et al., 2017). The expres-
sion levels of target proteins were measured by indicated Abs.

2.5. RNA extraction, reverse transcription and qPCR (qRT-PCR)

After RNA extraction as described above, genomic DNA was digested
with Turbo DNA kit (Life Technology). Reverse transcription was con-
ducted with 1 μg RNA using a cDNA synthesis Kit (R111-02, Vazyme).
Then, the qPCR was conducted using the Hieff qPCR SYBR Green Master
Mix (11202ES03, Yeasen) on the CFX Connect Real-Time system (Bio-
Rad). The thermocycling parameters were set as follows: 95 �C for 5 min,
40 cycles of 95 �C for 10 s and 55 �C for 20 s, then 72 �C for 20 s. Gene
expression was quantified using the 2�ΔΔCq method with Bio-Rad CFX
Manager 3.0. For mRNA levels, relative gene expression of target genes
was normalized with the gene expression of GAPDH. For Formaldehyde
RIP-qPCR and MeRIP-qPCR, relative enrichment was normalized with
inputs. The primers used in qRT-PCR assays can be found in Supple-
mentary Table S1.

2.6. Formaldehyde-crosslinked RNA-immunoprecipitation (RIP) and m5C-
Methylated RNA immunoprecipitation (MeRIP)

Formaldehyde-crosslinked RNA-immunoprecipitation (RIP) in RD
cells was conducted as described previously (Hao et al., 2017). Briefly,
cells were fixed by 1% formaldehyde (methanol-free) and quenched by
0.125 mol/L glycine. The fixed cells were lysed in RIP buffer, the su-
pernatant was collected after centrifugated at 18,800 �g for 10 min,
which was subjected to overnight incubation with indicated Abs or
control IgG by rotation at 4 �C. The pre-blocked protein-G agarose beads
were added to each sample for 1 h incubation by rotation at 4 �C. Then,
beads were washed three times with the washing buffer and the RIP
buffer. After proteinase K digestion, indicated RNA samples were pre-
pared after extraction by TRIzol.

M5C-methylated RNA immunoprecipitation (MeRIP) in RD cells was
conducted briefly as previously described about m6A-MeRIP (Hao et al.,
2019). Briefly, the extracted RNAs were incubated with anti-m5C Ab
(Abcam) or control IgG Abs for 4 h by rotation at 4 �C. The anti-rabbit Abs
conjugated magnetic beads (NEB, Ipswich, MA, USA; S1432S) were
added to each sample for 2 h incubation by rotating for at 4 �C. Then,
Beads were extensively washed six times with IP buffer and eluted by
elution buffer for 1.5 h at 50 �C. The eluted RNAs were purified using
phenol/chloroform and ethanol.

Above obtained RNA samples were subjected to RT-qPCR by indi-
cated primers.

2.7. mRNA purification, nanopore sequencing, data processing and
analysis

Total RNA was extracted using TRIzol reagent (Invitrogen). EV71
mRNAs along with host cell mRNAs were isolated by GenElute mRNA
Miniprep Kit (Sigma-Aldrich) according to the manufacturer's in-
structions. The direct RNA sequencing was performed using Oxford
Nanopore Technologies kit (the Oxford Nanopore DRS protocol,
SQKRNA002) with the RCS control RNA, as previously described (Kim
et al., 2020). The library for above poly A purified RNAs were prepared as
the manufacturers' instructions (the Oxford Nanopore DRS protocol,
SQKRNA002) suggested, and loaded on the FLO-MIN106D flow cell,
followed by a 72 h sequencing run on aMinION device (Oxford Nanopore
Technologies). The BENAGEN Company examined the Nanopore direct
sequencing data using the EV71 XF strain's sequence as the viral refer-
ence genome. Multi-fast5 reads were base called using guppy (v3.1.5).
Base called multi-fast5 reads were then converted to single read fast5s
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using command multi_to_single_fast5 by the Oxford Nanopore Technol-
ogies API, ont_fast5_api (v3.0.2). Single-fast5 data were then mapped to
reference genome of EV71 using tombo (v1.5.1). The specific modifica-
tions were detected by tombo detect_modifications command and
all-context alternate model identify 5-methylcytosine in any sequence
context was used by running “–alternate-bases 5 mC”. Then we use
“text_output” command to get the methylation score and coverage rate at
each position.

2.8. Immunofluorescence assay (IFA)

RD or Vero cells were seeded in confocal dishes 1 day before EV71
infection (MOI ¼ 0.1) or transfection. After maintaining for indicated
time, cells were washed three times with PBS and fixed in 4% para-
formaldehyde for 10 min at 25 �C. After permeabilization with 0.1%
Triton X-100 for 5 min, 3% bovine serum albumin was used for blocking
for another 30 min. Then, cells were stained with indicated Abs for 2 h at
25 �C, after washing three times with PBS, cells were incubated with 1
μg/mL Alexa Fluor 488 (green) goat anti-rabbit IgG and/or Alexa Fluor
568 (red) goat anti-mouse IgG for another 1 h at 25 �C. The Hoechst was
used to probe the cell nucleus. The distribution of target proteins was
analyzed using a Perkin Elmer Ultraview Spinning Disk Confocal Mi-
croscope with a 60� objective lens. Indicated images from the same cell
were merged using the same imaging software according to the manu-
facturers’ instructions.

2.9. Co-immunoprecipitation (Co-IP) and ubiquitination assay

RD cells were collected at 48 h post-transfection, then washed with
chilled PBS and lysed with chilled lysis buffer (50 mmol/L Tris-Cl, pH
7.5, 1 mmol/L EGTA, 1 mmol/L EDTA, 1% Triton X-100, 150 mmol/L
NaCl, 2 mmol/L DTT) supplemented with protease Inhibitors. After
incubating on ice for 30 min, the lysates were centrifuged at 18,800 �g
for 10 min, and the supernatant was collected. Supernatant (80 μL) was
set as input, and the rest was proceeded to the following IP processes as
previously described (Huang et al., 2022). The co-IP samples and input
were denatured at 95 �C for 10 min and subjected to WB.

Ubiquitination assay was performed as previously described (Liu
et al., 2016). HEK293T cells were collected at 48 h post-transfection, then
washed with chilled PBS and lysed with above chilled lysis buffer sup-
plemented with protease Inhibitors. The lysates were prepared as above
mentioned. 80 μL of supernatant was set as input, and the rest was pro-
ceeded to the following IP experiments, same as above. The IP samples
and input were denatured at 95 �C for 10 min, then subjected to WB.

2.10. Lentiviral based stable knockdown

The scramble shRNA or target genes specified shRNA were cloned
into the lentiviral vector pLKO.1. After co-transfected with psPAX2 and
pMD2.G into HEK293T cells, supernatants were collected and filtered
through 0.45 μm filter-disks (Merck Millipore). RD cells were selected at
a concentration of 2 μg/mL puromycin after transduced with above
filtered lentiviruses for 48 h shRNAs used as follows: NSUN2 (shNSUN2-
1: 50-TGAGAAGATGAAGGTTATTAA-30, shNSUN2-2: 50-GAGC-
GATGCCTTAGGATATTA-3’).

2.11. Ribosome loading assay

EV71 virus infected RD cells were firstly maintained with DMEM
containing 100 μg/mL cycloheximide for 10 min. After washing twice
with PBS, cells were lysed in ribosome lysis buffer (10 mmol/L Tris-HCl,
pH 7.4, 5 mmol/L MgCl2, 100 mmol/L KCl, 1% Triton X-100, Protease
inhibitor, 2 mmol/L DTT, 100 mg/mL cycloheximide and RNase in-
hibitors). After centrifugated at 1300 �g for 10 min, 10% of the super-
natant were used as input, and the rest were loaded on top of 10%–50%
gradient sucrose. After centrifugation at 164,000 �g for 2 h at 4 �C, the
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top lysis layer was removed, and RNA was extracted from ribosomal
pellet layer using TRIzol. The viral RNA copy numbers were measured by
RT-qPCR.

2.12. Mice, immunochemistry (IHC) and histopathological analysis

The 6 days old AG6 mice were randomly and equally divided into
groups for EV71 infection. The handling of all mice was strictly in
accordance with institutional guidelines and were approved by the
Institutional Animal Care and Use Committee of WIV, CAS (Approval No.
WIVA32202102).

Wuhan Servicebio Technology Co., Ltd. Performed IHC and histo-
pathological analysis. Tissues taken from EV71 or DMEM challenged
mice were promptly preserved in 4% PFA, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin for histological ex-
amination. For IHC, after blocking with PBS containing 3% BSA for 30
min at RT, the sections were incubated with anti-VP1 Abs (1:500)
overnight at 4 �C. After washing three times with PBS, the sections were
incubated with secondary Abs (horseradish peroxidase labeled) for 50
min at RT, and IHC was performed using diaminobenzidine chromogenic
agent following the suggested protocols. Hematoxylin staining solution
was used to counterstain the samples for 3 min. Images were obtained by
Pannoramic DESK, P-MIDI, and analyzed by P250 (3D HISTECH).

2.13. Statistical analysis

Statistical analysis of qRT-PCR was performed using a two-tailed
unpaired t-test in GraphPad Prism Software (La Jolla, CA, USA)
(version 8). Data are presented as the means� standard error of the mean
(SEM) (n ¼ 3). Results with P values of 0.05 or less were considered
significant. The data presented in this study are representative of at least
3 independent experiments.

3. Results

3.1. EV71 RNAs harbor m5C modifications

Epitranscriptomic modifications, such as m6A and ac4C, on EV71
RNAs are essential for the replication of EV71 (Hao et al., 2019, 2022). To
further explore the potential RNA modifications on EV71 RNAs,
large-scale-cultured EV71 viruses were collected, and the purified viral
RNAs were subsequently quantified via ultra-performance liquid
chromatography-tandemmass spectrometry (UPLC-MS/MS). As presented
in Fig. 1A, m5C residues among EV71 RNAs accounted for 0.0455% of the
total cytidine. Subsequent dot blots with specific antibodies (Abs) against
m5C were performed using T7 polymerase-transcribed full length EV71
RNAs in vitro or poly A purified viral RNAs extracted from EV71
virus-containing supernatants. The results indicated that purified EV71
RNAs containedm5Cmodifications, compared to in vitro transcribed RNAs
(Fig. 1B). Additionally, methylated RNA immunoprecipitation (MeRIP)
followed qRT-PCR analysis using RNAs extracted from EV71 infected RD
cells showed that the EV71 RNAs were largely enriched by anti-m5C Abs,
compared to the control IgG (Fig. 1C). To further map the exact
m5C-modified ribonucleotides on EV71 RNAs, nanopore-based direct RNA
sequencing was performed. Biometric analysis showed that the
m5C-modified residues were mainly distributed at the 50 end and coding
sequence (CDS) region of the EV71 genome, and the common m5C sites
rated with high score were identified in both EV71 infected Vero and RD
cells (Fig. 1D and Supplementary Table S2). Thus, EV71 RNAs were found
to possess m5C modifications during the viral replication.

The expression pattern of methyltransferases was reported to be
affected by viral infection (Bohnsack et al., 2019). Levels of the meth-
yltransferase NSUN2 proteins were increased in EV71-infected RD cells
at 12 h post-infection (hpi) and 24 hpi, while other m5C related proteins
DNMT2, ALYREF and YBX1 were not affected (Fig. 1E). Meanwhile, in
EV71 infected RD cells, NSUN2 was found to translocate to the
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cytoplasm, and cytoplasmic NSUN2 co-localized with EV71 encoded VP1
proteins (Fig. 1F), compared to largely unaffected DNMT2 (Fig. 1G).
Also, partial co-localization between ALYREF and VP1 was observed
(Fig. 1H), and YBX1 shared moderate amount of co-localization with VP1
(Fig. 1I). Overall, EV71 RNAs harbored m5C modifications and EV71
infection altered the expression and localization of the m5C-associated
host proteins.

3.2. NSUN2 along with m5C modifications promote EV71 replication

To reveal the roles of NSUN2 and m5C modifications during EV71
replication, levels of viral replication were measured in RD cells with
depletion or over-expression of NSUN2. Exogenous NSUN2 increased
levels of EV71 RNAs and the production of progeny viruses (Fig. 2A–C).
In contrast, exogenous DNMT2 did not affect EV71 replication (Supple-
mentary Fig. S1A and S1B). Levels of m5C-modified EV71 RNAs were
increased in RD cells with overexpressed NSUN2 according to RNA IP
using anti-m5C Abs (Fig. 2D), and NSUN2 was found to associate with
EV71 RNAs via formaldehyde cross-linked RNA IP with anti-NSUN2 Abs
(Fig. 2E). Furthermore, NSUN2 depletion decreased EV71 RNA levels and
progeny virus production (Fig. 2F–H). Levels of m5C modifications on
EV71 RNAs were also decreased in NSUN2-knockdown (shNSUN2-1/2)
RD cells with the indicated shRNAs (Fig. 2I and J). Both ALYREF and
YBX1 as reader proteins recognize m5C modified residues, which is
involved in the nuclear export and stability of m5C-containing transcripts
(Yang et al., 2017; Feng et al., 2021). However, overexpression of these
two reader proteins did not affect EV71 replication (Supplementary
Fig. S1C–S1F).

The dominant negative (DN) NSUN2 (NSUN2-C321A) has been re-
ported to be loss of the catalytic activities (Hussain et al., 2013). The
introduction of DN NSUN2 results in competition with endogenous
NSUN2 to bind the indicated targets without catalyzing subsequent m5C
modifications. As presented in Fig. 2K and L, over-expressed
NSUN2-C321A led to decreased m5C-modified EV71 RNA levels in RD
cells. Thus, NSUN2 catalyzed the m5C modification of EV71 RNAs and
promoted the viral replication.

Functional RNA modifications have been shown to facilitate viral
replication (Hao et al., 2019; Hao et al., 2022). To determine whether all
four m5C modified sites contribute to EV71 replication, mutant EV71
viruses bearing the substitutions of indicated cytosine (nt 584, 1460,
2637 and 7009) were generated. To maintain the intact secondary
structure of the IRES motif, the guanine at nt 621 was substituted with
cytosine in Mut-584 plasmid. The mutation nt 1460 did not lead to amino
acids change, while the substitutions at nt 2637 and 7009 did (Fig. 2M
and Supplementary Fig. S2A). All four mutant EV71 viruses exhibited
reduced replication efficiency compared to that of the WT viruses
(Fig. 2N and O, Supplementary Fig. S2B). In addition, the production of
progeny mutant EV71 viruses (Mut-584 and Mut-1460) was reduced in
RD cells with scramble shRNA (shNC) (Fig. 2P, left 3 bars), whereas such
affects were diminished by NSUN2 depletion (Fig. 2P, right 6 bars).
Taken together, above results revealed that NSUN2 and m5C modifica-
tions were essential for EV71 replication.

3.3. m5C modifications enhance translation efficiency and stability of
EV71 RNA

m5C modifications catalyzed by NSUN2 affect the trafficking, trans-
lational efficiency, and stability of viral RNAs (Schumann et al., 2020).
Consistently, mutant EV71 viruses (Mut-584 and Mut-1460) exhibited
lower expression of VP1 proteins compared to that of WT EV71 viruses
(Fig. 3A). Exogenous NSUN2 promoted the expression of EV71-encoded
VP1 protein (Fig. 3B). To determine whether the m5C modifications
would affect translation efficiency, the amount of ribosome-loaded EV71
RNAs was measured in RD cells in the presence or absence of NSUN2. The
results revealed that the ribosome-loading capacities of EV71 RNAs were
enhanced by NSUN2 over-expression (Fig. 3C). In contrast, knockdown



Fig. 1. Enterovirus 71 (EV71) RNA harbors 5-methylcytosine (m5C) modifications and m5C-related proteins are altered by EV71 infection. A–D EV71 RNAs were
found to harbor m5C modifications. A The ratio of m5C modifications among all cytidines in the EV71 RNA extracted from viral particles was analyzed via ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) and presented as a bar graph. B m5C dot blot was conducted between in vitro
transcribed EV71 RNA and poly A purified viral supernatant RNA using anti-m5C antibodies (Abs) and methylene blue staining. C Methylated RNA immunopre-
cipitation (MeRIP) was conducted using purified mRNA from EV71-infected Vero cells with control IgG or anti-m5C Abs, and levels of EV71 RNA were measured by
RT-qPCR. An unpaired Student's t-test was performed, and data are presented as the means � SEMs (n ¼ 3). ***P � 0.001. D Direct RNA sequencing was conducted
using the poly A-purified RNAs from EV71-infected Vero cells and RD cells. The top bar graphs present the ‘depth’ and indicated ‘score’ of the sequencing output, and
the bottom diagram presents EV71 genome. Red lines in middle bar graph present common m5C modified sites in both cells, while blue lines present different ones.
The sites presented in the graph all score more than 0.9. E EV71 infection altered the expression of m5C-related proteins. Levels of NSUN2, DNMT2, ALYREF, YBX1,
VP1 and Actin were measured using indicated Abs at 12 h and 24 h in RD cells infected with EV71 or not. F–I EV71 infection affected the distribution of m5C-related
proteins. The localization of NSUN2 (F), DNMT2 (G), ALYREF (H), and YBX1 (I) proteins probed using indicated Abs are presented as red, VP1 protein probed using
anti-VP1 Abs is presented as green, and nucleus stained using Hoechst is presented as blue in RD cells at 0, 12 and 24 h after EV71 infection. The exact distribution of
indicated proteins is presented as the ‘merge’ image. Scale bar, 10 μm.
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Fig. 2. NSUN2 and m5C modifications promote EV71 replication. A–E Exogenous NSUN2 increased the replication and levels of m5C modifications on EV71 RNAs. A
Levels of exogenous NSUN2 and Actin were measured in RD cells. Levels of EV71 RNAs were quantified (B) and numbers of progeny EV71 particles were titrated (C) in
EV71 infected RD cells with/without exogenous NSUN2 and presented as bar graphs. Levels of m5C-modified (D) or NSUN2-specifically bound (E) EV71 RNAs were
quantified in RD cells from (B and C) and presented as bar graphs. F–J Depletion of NSUN2 decreased the replication and levels of m5C modifications on EV71. F
Levels of NSUN2 and Actin were examined in RD cells with scramble shRNA (shNC) or two different NSUN2-specific shRNAs (sh-NSUN2-1 and sh-NSUN2-2). Levels of
EV71 RNAs were quantified (G) and numbers of progeny EV71 particles were titrated (H) in RD cells from (F) and presented as bar graphs. Levels (I) and the exact
ratios (J) of m5C-modified EV71 RNAs were measured in RD cells from (F) and presented as bar graphs. K, L The dominant negative NSUN2/C321A decreased levels
of m5C-modified EV71 RNAs. K Levels of NSUN2/C321A and Actin were measured in RD cells. L Levels of m5C-modified EV71 RNAs were quantified in EV71 infected
RD cells with/without exogenous NSUN2/C321A and presented as a bar graph. M–P Mutant EV71 strains lacking the indicated m5C-modified residues exhibited
markedly reduced viral replication. M Mut-584 (top diagrams) and Mut-1460 EV71 (bottom panels) strains were presented. EV71 RNA levels at 12 h (N), numbers of
progeny viruses (O) in RD cells infected with WT or two mutant EV71 strains were measured at multiple time points (0, 6, 12, 18 and 24 h) and presented as bar graphs
or line chart. P Numbers of progeny EV71 particles in WT or two mutant EV71 viruses-infected RD cells with shNC, shNSUN2-1, or shNSUN2-2 were measured at 24 h
and presented as a bar graph. Unpaired Student's t-tests were performed for all bar graphs, and data are presented as the means � SEMs (n ¼ 3). *P � 0.05, **P � 0.01.
ns: not significant. For (O), data are means � SEMs (n ¼ 3). **P � 0.01, ***P � 0.001. Two-way ANOVA.
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Fig. 3. m5C modifications in the IRES motif enhances translation efficiency and facilitate EV71 RNA stability.
AMutant EV71 strains exhibited lower viral protein expression. Levels of VP1 and Actin were measured at 12 h in RD cells infected with WT or two mutant EV71 (Mut-
584 and Mut-1460) strains using the indicated antibodies (Abs). B, C Exogenous NSUN2 promoted viral protein expression by enhancing ribosome loading capacity. B
Levels of NSUN2, VP1 and Actin were measured in EV71-infected RD cells with over-expressed NSUN2 or not using the indicated Abs. C Levels of ribosome-bound
GAPDH or EV71 RNAs were relatively quantified in RD cells from (B) and presented as a bar graph. D, E The depletion of NSUN2 decreased viral protein expression by
inhibiting ribosome-loading capacity. D Levels of NSUN2, VP1 and Actin were measured in EV71-infected RD cells with shNC, shNSUN2-1 or shNSUN2-2 using the
indicated antibodies. E Levels of ribosome-bound GAPDH or EV71 RNAs were relatively quantified in RD cells from (D) and presented as a bar graph. F–J m5C
modifications in the IRES motif of the 50 UTR promoted ribosome loading. F The diagram of indicated reporter systems with the WT or mutant (584 and 621) 50 UTR
between the CMV promoter and the coding sequences (CDS) of reporter genes. G Levels of eGFP RNA were quantified in RD cells transfected with indicated chimeric
eGFP plasmids and presented as a bar graph. H Levels of eGFP and Actin were measured in RD cells from (G) using the indicated Abs. I Levels of firefly luciferase (fLuc)
RNA were quantified in RD cells co-transfected with indicated chimeric luciferase plasmids and a Renilla luciferase (rLuc) plasmid, and presented as a bar graph. J
Levels of fLuc activities were quantified relative to rLuc activities in RD cells from (I) and presented as a bar graph. Unpaired Student's t-tests were performed for all bar
graphs, and data are presented as the means � SEMs (n ¼ 3). ***P � 0.001. ns: not significant. K–OMutant EV71 strains lacking m5C-modified resides exhibited lower
viral RNA stability. In vitro T7-transcribed WT-3D mut, Mut-584-3D mut or Mut-1460-3D mut RNAs were transfected into RD cells in the presence of CHX (L) or not
(K), or with depletion of NSUN2 (N and O) or not (M). Level of EV71 RNAs at the indicated time points post-transfection (3 h post-transfection was set as ‘0 h’) were
measured, and the indicated decay graphs were generated by applying the linear regression analysis. Data are means � SEMs (n ¼ 3). **P � 0.01, ***P � 0.001, ns: not
significant, two-way ANOVA.
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of NSUN2 led to the decrease of both VP1 protein levels (Fig. 3D) and the
ribosome-loading capacities on EV71 RNAs (Fig. 3E). These data indi-
cated that NSUN2 promoted the translational efficiency of EV71 tran-
scripts by catalyzing m5C modifications on its RNAs.

The m5C modification at nt 584 Is located in stem-loop VI (nt
566–636) within the IRES motif of the 50 UTR, which is essential for the
translation of viral proteins (Lin et al., 2008; Sweeney et al., 2014). To
determine whether m5C at nt 584 affected the translation efficiency of
EV71 RNAs, the reporter plasmids were constructed by inserting the
above WT or m5C mutant 50-UTR between the promoter and reporter
protein eGFP or a luciferase expression cassette (Fig. 3F). Notably, the
expression of the reporter genes (GFP and luciferase) was reduced in m5C
mutants compared to that of wild types (Fig. 3H and J), while the RNA
levels were not affected (Fig. 3G and I). Thus, the m5C modification of nt
584 enhanced the translation efficiency of EV71 RNAs.

RNA modifications were reported to affect RNA translation and sta-
bility (Chen et al., 2021; Gao and Fang, 2021). To determine whether
EV71 m5C modifications affected viral RNA stability,
replication-deficient infectious clones with WT and m5C mutations were
constructed, in which 3D polymerase was code-shift mutated. In vitro
transcribed full-length EV71 RNAs was transfected into RD cells for sta-
bility experiments. The RNA degradation was stronger in the
m5C-mutant EV71 cells than that of WT (Fig. 3K). CHX blocks global
translation in cells. Similarly, the stability of WT and m5C-mutant strains
did not differ when cells were treated with CHX (Fig. 3L). However, no
differences of the RNA degradation rates were observed between the WT
and m5C mutants in NSUN2 knockdown cells (Fig. 3M–O). These results
suggested that the m5C modification of EV71 RNAs enhanced trans-
lational efficiency, and further promoted RNA stability.
3.4. NSUN2 targets EV71 VP1 protein for binding and promotes its
stability

To investigate the mechanism how NSUN2 facilitated the EV71
replication, NSUN2-associated proteins in EV71 virus-infected RD cells
were pulled down with specific Abs and analyzed via mass spectrometry.
The structural protein VP1 was ranked among the top candidates (Sup-
plementary Fig. S3A) and was detected within the NSUN2-precipitated
mixture (Fig. 4A). The interactions between NSUN2 and VP1 was
confirmed by co-IP experiments in NSUN2- and VP1-over-expressing RD
cells with or without RNase A treatment (Fig. 4B and Supplementary
Fig. S3B–S3D). Meanwhile, NSUN2 was found to translocate to the
cytoplasm in the presence of exogenous VP1 expression and co-localize
with VP1 in RD cells (Fig. 4C). To reveal the potential effects on VP1
proteins mediated by NSUN2, VP1 was co-expressed with increasing
amounts of NSUN2 in RD cells. The expression of VP1 protein was
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increased in a dose-dependent manner (Fig. 4D). In contrast, levels of
NSUN2 were unaffected by the increasing expression of VP1 (Supple-
mentary Fig. S3E).

To further characterize the mechanisms underlying the increased
expression of VP1 induced by NSUN2, a pulse-chase experiment was
conducted by using cycloheximide (CHX). VP1 exhibited a very short
half-life (~2 h) in RD cells and the abundance was quickly diminished
after treatment with CHX (Fig. 4E). The similar phenomenon was
observed in virus-infected RD cells (Fig. 4F). Additionally, the degrada-
tion of VP1 was found to be mediated by ubiquitination, which was
enhanced after treating with proteasomal inhibitor MG132 (Fig. 4G). To
explore the exact mechanisms howNSUN2 promoted the stability of VP1,
the N-terminus and C-terminus truncated VP1 were constructed to
identify the exact ubiquitinated region. As presented in Fig. 3H, the
ubiquitinated residues mainly located within the N-terminus of VP1,
compared to the full length (FL) and N-terminus truncated VP1.
Furthermore, co-IP experiments conducted between NSUN2 and FL or
the two truncated VP1 proteins revealed that the N-terminus of VP1 was
targeted by NSUN2 for binding (Fig. 4I and Supplementary Fig. S3F). And
the ubiquitination levels of VP1 were reduced in the presence of exoge-
nous NSUN2 (Fig. 4J). K48-linked polyubiquitination is the most com-
mon consequence of proteasome-mediated degradation (Lopata et al.,
2020). In addition, the effects of NSUN2 affecting the K48-linked ubiq-
uitination of VP1 were measured, which showed that NSUN2 inhibited
K48-linked ubiquitination levels of VP1 (Supplementary Fig. S3G). These
results indicated that NSUN2 targeted the N-terminus of VP1 for binding
and promoted its stability by inhibiting K48-linked polyubiquitination.
3.5. m5C modifications influence the pathogenicity of EV71 in mice

RNA modifications, such as m6A in influenza and ac4C on EV71
RNAs, have been linked to viral pathogenicity (Courtney et al., 2017; Hao
et al., 2022). To investigate whether m5C modifications on EV71 RNAs
affected viral pathogenicity, AG6 interferon receptor-deficient mice were
infected with WT, Mut-584, or Mut-1460 EV71 viruses. The survival
time, viral loads in different organs, and pathological changes in multiple
organs were measured separately. Mice infected with mutant EV71 vi-
ruses (Mut-584 or Mut-1460) had longer survival times (Fig. 5A and
Supplementary Fig. S4A) than those infected with the WT virus. Addi-
tionally, the viral loads, quantified by qRT-PCR assays using different
organs obtained from mice infected with mutant EV71 viruses for 48 hpi
or 72 hpi, showed a consistent decrease (Fig. 5B–F and Supplementary
Fig. S4B–S4F), compared to that of WT EV71 infected mice. It is well
documented that pathogenicity is mostly correlated with viral replica-
tion. Hematoxylin and eosin staining was performed to determine the
histological abnormalities in the intestines, brains, and hindlimbs of



Fig. 4. NSUN2 interacts with EV71 VP1 protein and promotes its stability by inhibiting polyubiquitination. A–C NSUN2 targets VP1 for binding. A IP samples obtained
from EV71-infected RD cells with over-expressed NSUN2 using anti-NSUN2 antibodies (Abs) or control IgG, as well as the indicated input, were subjected to SDS-PAGE
and then Coomassie blue staining. B Co-IP using anti-NSUN2 Abs and input samples obtained from RD cells with over-expressed NSUN2 and VP1 were examined using
the indicated Abs. C The localization of exogenous NSUN2 and VP1 proteins was probed using the indicated Abs and presented as red and green colors, respectively,
and the nuclei were stained with Hoechst and presented as blue. The exact distribution of NSUN2 and VP1 is presented as the ‘merge’ image. Scale bar, 10 μm. D
NSUN2 promoted the expression of VP1 in a dose-dependent manner. Levels of NSUN2, VP1 and Actin were measured in RD cells transfected with constant amount of
VP1 plasmid and increasing amount of NSUN2 plasmid. Empty vectors were supplemented for equal amounts of transfected plasmids. E–G VP1 is degraded in the
ubiquitination mediated proteasomal pathway. Levels of over-expressed (E) or EV71-encoded (F) VP1 proteins and Actin were measured in RD cells after treating with
cycloheximide (CHX) for the indicated time (0, 2, 4, 6 h). G IP samples were obtained from HEK293T cells with over-expressed VP1 and ubiquitin in the presence of
MG132 or not using anti-Flag Abs. Levels of VP1 ubiquitination were measured using anti-HA Abs. The input samples were measured using the indicated Abs. H–J
NSUN2 targets N-terminus of VP1 for binding and inhibits its ubiquitination. H IP samples were obtained from HEK293T cells with over-expressed VP1 or two
truncated VP1 [VP1(1–149) and VP1(150–297)] and ubiquitin using anti-Flag Abs. Levels of VP1 ubiquitination were measured using anti-HA Abs, and the input
samples were measured using the indicated Abs. I Co-IP samples were obtained from HEK293T cells with over-expressed NSUN2 and VP1 or the two truncated
mutants. Proteins were detected using the indicated Abs. J IP samples were obtained from HEK293T cells with over-expressed VP1 and ubiquitin in the presence of
exogenous NSUN2 or not using anti-Flag Abs, levels of VP1 ubiquitination were measured using anti-HA Abs. The input samples were measured using the indicated
Abs (bottom 3 panels).
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Fig. 5. A mutant enterovirus 71 (EV71) strain (Mut-584) lacking 5-methylcytosine (m5C)-modified residues exhibits significantly attenuated pathogenicity in mice. A
Mice were separately challenged with the same numbers (105 PFU) of WT (yellow) or m5C-mutant (Mut-584) (green) EV71 strains, and DMEM was set as control
(vehicle) (red). Each group consisted of seven mice, and the indicated survival time was measured and presented as a line chart. A log-rank (Mantel-Cox) test was
performed (***P � 0.001). B–F After euthanizing AG6 mice challenged with WT or Mut-584 EV71 strains for 48 h or 72 h, levels of viral RNAs in intestinal (B), brain
(C), muscle (D), heart (E), spleen (F), and samples were quantified and presented as bar graphs. Unpaired Student's t-tests were performed for all bar graphs, and data
are presented as the means � SEMs (n ¼ 3). *P � 0.05, **P � 0.01. ns: not significant. G, H After challenging mice with DMEM (vehicle) or WT or Mut-584 EV71
viruses for 72 h, hematoxylin and eosin staining (G) or immunohistochemistry to detect (H) EV71 particles using anti-VP1 Abs was performed on the intestine (top
panel), brain (middle panel), and limb muscle (bottom panel) samples. The scale bar is 20 μm.
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mice. As presented in Fig. 5G and Supplementary Fig. S4G, compared to
those phenotypes in animals infected with WT EV71, intestinal lesions
produced fewer vacuoles, the degree of brain neuron loss was reduced,
and the rhabdomyocytes were less dissolved in mice infected with
mutant EV71 viruses at 72 hpi. Furthermore, lower VP1 expression was
detected in the organs of mutant EV71 virus-infected mice (Fig. 5H and
Supplementary Fig. S4H). The above results revealed that m5C modifi-
cations were pivotal for EV71-induced pathogenicity in mice.
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4. Discussion

NSUN2 and its catalyzed m5C modifications have been shown to
regulate the replication of different viruses (Motorin and Helm, 2011;
Imam et al., 2020). However, other potential roles of NSUN2 along with
m5C modifications are poorly elucidated. In this study, NSUN2 was not
just characterized as a methyltransferase that catalyzed m5C modifica-
tions on EV71 RNAs, but also was revealed to affect multiple steps during
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EV71 replication. NSUN2 was found to interact with VP1 and promote
the protein stability by inhibiting its ubiquitination. Thus, NSUN2 and its
catalyzed functional m5C-modified residues on EV71 RNAs are vital for
viral replication in cells and pathogenicity in mice.

Here, the functional NSUN2 catalyzed m5C-modified residues of
EV71 RNAs were confirmed by mutating these identified sites in infec-
tious clones. As cytidine 584 is located in the IRES motif of the 50 UTR,
symmetric substitutions of cytidine 584 and its paired guanosine 621
abolished m5C modifications on cytidine 584 but maintained the intact
stem structure of the IRES motif of the 50 UTR. The other three m5C-
modified residues were found to be located within the CDS region of
the EV71 genome. Whereas only the substitution for cytidine 1460 was
synonymous, the other three cytidine substitutions led to changes in the
amino acids. Due to the potential effects caused by changes in amino
acids, only cytidines 584 and 1460 were investigated to decipher the
exact roles of m5C modifications in EV71 replication. Indeed, the sub-
stitutions of these two cytidines resulted in a decrease in viral replication,
which was caused by the inhibition of translation efficiency and RNA
stability. Thus, similar as previous studies, NSUN2 and its catalyzed m5C
modifications were also revealed to positively regulate EV71 replication.

Numerous studies revealed that “writer” proteins not only catalyze
the modifications of viral RNAs but also participate in the regulation of
viral replication by targeting viral proteins. The methyltransferase
METTL3, which catalyzes m6A modifications of EV71 RNAs, was
demonstrated to target the EV71 RdRp 3D protein to affect its ubiq-
uitination and further promote EV71 replication (Hao et al., 2019).
Fig. 6. The schema diagram illustrates the molecular mechanisms how NSUN2 and
translocated to cytoplasm, and catalyzed m5C modifications of viral RNA. The m5C m
increasing its ribosome-loading capacity, which in turn promoted the stability of viral
while NSUN2 was capable to target VP1 for binding and reverse its degradation. Thu
replication.
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The RdRp of SARS-CoV-2 was reported to inhibit the sumoylation and
ubiquitination levels of METTL3, which resulted in the enhanced m6A
modification of viral RNA (Zhang et al., 2021). NSUN2 was found to
interact with the viral structural protein VP1 in an RNA-independent
manner. The degradation of exogenous or EV71-encoded VP1 pro-
tein was revealed in our study, and expression of NSUN2 was able to
inhibit such degradation. To be noticed, EV71 encoded VP1 proteins
did possess longer half-life in the pulse chase assays, compared to the
overexpressed VP1 proteins. Such differences were caused by the
capsid complex formed by VP1 and other structural proteins, which
potentially blocked the degradation. In addition, NSUN2 stabilized the
VP1 protein by inhibiting its K48-linked ubiquitination. Along with
other studies showing that the “writer” proteins target viral proteins to
regulate viral replication, it will not be surprising if more RNA
modification-related proteins are characterized with novel functions
beyond the enzymatic activities during the viral replication in future
studies.

Previous studies have revealed that m6A modification of the influ-
enza virus and ac4Cmodification of the EV71 virus have been reported to
affect the viral pathogenicity in mice (Courtney et al., 2017; Hao et al.,
2022). Mice infected with the mutant EV71 strain, with a substitution at
the ac4C modification site, have prolonged survival times, and this virus
exhibits lower pathogenicity (Hao et al., 2022). We found that mice
infected with mutant EV71 viruses lacking m5C-modified residues sur-
vived longer. Meanwhile, these mutant EV71 virus-infected mice
exhibited decreased EV71 replication and reduced pathogenic effects in
m5C modifications regulate EV71 replication. After EV71 infection, NSUN2 was
odified EV71 mRNA showed enhanced translation of viral encoded proteins by
RNA. VP1 protein was found to be K48-linked poly-ubiquitinated and degraded,
s, NSUN2 and its catalyzed m5C modification on EV71 RNAs promote the viral
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multiple organs in vivo. These results reveal that m5Cmodifications affect
viral pathogenicity by regulating EV71 replication, which will provide a
novel therapeutic target in the clinic.

5. Conclusions

Taken together, functional m5C sites on EV71 RNAs were identified
within the IRES motif and CDS region, which promoted the translational
efficiency and stability of viral RNAs. In addition, a new role of NSUN2
was characterized that it targeted viral protein VP1 for binding, leading
to enhance the stability of VP1 by inhibiting its K48-linked poly-ubiq-
uitination (Fig. 6). Furthermore, the m5C modifications on EV71 RNAs
were demonstrated to play pivotal roles in the EV71 pathogenicity in
mice. Besides, the importance of m5C modifications in other viruses
needs to be studied, which will help to elucidate how epitranscriptomic
modifications participate in the regulation of viral replication and host-
cell metabolism. Thus, our study provided new insights for epitran-
scriptomic researches during viral replication, and revealed potential
therapeutic values to prevent and treat EV71 infection in clinic, by tar-
geting the viral RNA modifications.
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