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ABSTRACT

Chemical modifications are important for RNA func-
tion and metabolism. N4-acetylcytidine (ac4C) is crit-
ical for the translation and stability of mRNA. Al-
though ac4C is found in RNA viruses, the detailed
mechanisms through which ac4C affects viral repli-
cation are unclear. Here, we reported that the 5′
untranslated region of the enterovirus 71 (EV71)
genome was ac4C modified by the host acetyltrans-
ferase NAT10. Inhibition of NAT10 and mutation of
the ac4C sites within the internal ribosomal entry
site (IRES) suppressed EV71 replication. ac4C en-
hanced viral RNA translation via selective recruit-
ment of PCBP2 to the IRES and boosted RNA stabil-
ity. Additionally, ac4C increased the binding of RNA-
dependent RNA polymerase (3D) to viral RNA. No-
tably, ac4C-deficient mutant EV71 showed reduced
pathogenicity in vivo. Our findings highlighted the
essential role of ac4C in EV71 infection and provided
insights into potential antiviral treatments.

INTRODUCTION

Chemical modifications are critical for RNA metabolism
and function, including RNA splicing (1), localization (2),
transport (3), translation (4) and stability (5). Methylation
modifications, particularly N6-methyladenosine (m6A) and
5-methylcytosine (m5C), have been reported to play im-
portant roles in regulating the functions of cellular and vi-
ral RNAs (6–8). However, few studies have examined N4-

acetylcytidine (ac4C), the first and only acetylation event
occurring on eukaryotic mRNAs (9,10).

Discovered in the 1960s (11), ac4C is conserved in all do-
mains of life (12,13) and catalyzed by N-acetyltransferase
10 (NAT10) or a homologous enzyme in other species
(14,15). In humans and yeast, ac4C is critical for the trans-
lation and stability of tRNA and for the biogenesis of
rRNA (16–19). Recent studies using antibody-based RNA
immunoprecipitation (RIP) followed by deep-sequencing
(RIP-seq) have suggested that ac4C exists in mRNA and
promotes the stability and translation efficiency of mRNA
(20). In mRNA from NAT10/THUMPD1-overexpressing
cells and in all known tRNA and rRNA substrates, ac4C
deposition strictly requires the 5′-CCG-3′ motif (21–23).
Moreover, NAT10 is highly conserved and associated with
many diseases, including Hutchinson-Gilford progeria syn-
drome (24), gastric cancer (25), ovarian cancer (26), acute
myeloid leukemia (27), colorectal cancer (28), and liver can-
cer (29), highlighting the pathological roles of ac4C in dis-
eases.

Using mass spectrometry or RIP-seq with anti-ac4C an-
tibodies, the ac4C modification has been detected in several
RNA viruses, including Zika virus, Dengue virus, hepatitis
C virus, poliovirus, human immunodeficiency virus type 1
(HIV-1) (30), and influenza A virus (IAV) (31). The forma-
tion of ac4C in HIV-1 RNA is catalyzed by NAT10, and
this modification promotes viral replication by enhancing
viral RNA stability (32). However, whether viruses replicat-
ing exclusively in the cytoplasm harbor ac4C and the effects
of ac4C on viral cytoplasmic replication have not yet been
elucidated.

As one of the major causative agents of hand-foot-
and-mouth disease (33), enterovirus 71 (EV71) is a non-
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enveloped virus with a positive single-stranded RNA
genome belonging to the Enterovirus genus within the Pi-
cornaviridae family (34). Its genome is approximately 7.4
kb long and includes a structured 5′ untranslated region
(UTR), coding region, and 3′ UTR with a poly-A tail (35).
Similar to other enteroviruses, EV71 does not have a 5′ end
cap but contains an internal ribosome entry site (IRES),
which harbors several stem-loops and can mediate the ini-
tiation of viral cap-independent protein synthesis by re-
cruiting a number of IRES trans-acting factors (ITAFs).
The polyprotein is translated from the EV71 genome and
cleaved into 11 viral proteins. Among these proteins, 3D,
the RNA-dependent RNA polymerase (RdRp) of EV71,
can directly use genomic RNA as a template to synthe-
size negative-strand RNAs, followed by synthesis of a large
number of positive-strand RNAs using the negative-strand
RNAs.

In the current study, we characterized ac4C in the EV71
genome and examined the role of the host acetyltransferase
NAT10 in EV71 infection and virus replication. The func-
tions of ac4C in viral replication, protein expression, RNA
stability, RNA binding, and viral pathogenesis were char-
acterized. Our study revealed that the ac4C modification
played important roles in EV71 infection.

MATERIALS AND METHODS

Cell culture

Vero (American Type Culture Collection [ATCC], Manas-
sas, VA, USA; cat. no. CCL-81), RD (ATCC; cat. no. CCL-
136), and HEK293T (ATCC; cat. no. CRL-11268) cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Gaithersburg, MD, USA) supplemented
with 10% fetal bovine serum (Gibco). All cells were cul-
tured with 5% CO2 at 37◦C. For experiments with NAT10
inhibitors, treatment of cells with remodelin (dissolved to
100 mM with DMSO) at the necessary concentration was
initiated 24 h prior to EV71 infection. Control cells were
treated with the same volume of DMSO.

Viruses

EV71 (strain XF) was obtained from the Microorganisms
& Viruses Culture Collection Center, Wuhan Institute of
Virology (WIV), Chinese Academy of Sciences (CAS) and
amplified in Vero cells. EV71 wild-type (WT) and ac4C mu-
tants were rescued from infectious DNA constructs in our
laboratory. All viruses were titrated using 50% tissue culture
infectious dose (TCID50) assays with the Reed–Muench for-
mula (36).

Mice

Six-day-old AG6 mice (37) were randomly assigned to dif-
ferent groups for virus infection. All animal experiments
were carried out in strict accordance with institutional
guidelines and were approved by the Institutional Ani-
mal Care and Use Committee of WIV, CAS (approval no.
WIVA32202102).

Plasmid constructs

NAT10 eukaryotic expression plasmid (pNAT10) was con-
structed by inserting the coding sequence (CDS) of NAT10
from Chlorocebus aethiops into the vector pcDNA3.0 (In-
vitrogen, Carlsbad, CA, USA; Figure 1F).

ac4C mutation EV71 infectious DNA constructs were
generated by mutating nt 331 (pMut-331), 350 (pMut-350),
both (pMut-331–350) or 383 from C to T, with the base
pairing restored by G-A mutation at position 356, 343 or
390 (Figure 2D and Supplementary Figure S2F) in the in-
fectious DNA construct (38). These nucleotides were also
mutated from C to G to generate pMut-331-G, pMut-350-
G, and pMut331-350-G (Supplementary Figure S2I).

EV71 5′ UTR-enhanced green fluorescent protein
(eGFP) reporter plasmids were generated by inserting
the EV71 WT or ac4C mutant 5′ UTR between the cy-
tomegalovirus (CMV) promoter and eGFP in pEGFP-N1
(Clontech; Figure 3E).

In vitro translation plasmids were generated by replac-
ing nt 1713–7322 with Flag sequence (5′-GATTACAAG
GACGACGATGACAAG-3′) on EV71 WT (38) or ac4C
mutant (pMut-331–350) infectious DNA constructs (Fig-
ure 3G).

EV71 WT- and ac4C mutant-3Dmut were constructed by
deleting the first base of the 3D coding region in the corre-
sponding infectious DNA construct (Figure 4A).

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

UPLC-MS/MS was performed by Wuhan Metware
Biotechnology Co., Ltd. Briefly, EV71 supernatants were
concentrated by ultracentrifugation in a SW28Ti rotor
(Beckman Coulter) at 26 000 rpm for 2 h at 4◦C. EV71
RNA was extracted using an RNeasy mini kit (Qiagen,
Valencia, CA, USA) and digested into nucleosides using
S1 nuclease (Takara, Shiga, Japan), alkaline phosphatase
(Takara), and phosphodiesterase I (Sigma-Aldrich, St.
Louis, MO, USA). The nucleosides were extracted with
chloroform and analyzed using a UPLC-ESI-MS/MS sys-
tem (UPLC: ExionLC AD; MS: Applied Biosystems 6500
Triple Quadrupole). RNA modifications were detected
using MetWare (http://www.metware.cn/) based on the AB
Sciex QTRAP 6500 LC–MS/MS platform.

In vitro transcription of and transfection with EV71 RNA

EV71 genome RNA was in vitro transcribed from a HindIII
(ThermoFisher)-linearized infectious DNA construct (38)
with CTP (ThermoFisher) or ac4CTP (MedChemExpress)
as substrates using a MEGAscript T7 Kit (Ambion, Austin,
TX, USA) according to the manufacturer’s instructions.
The RNAs were transfected into Vero or RD cells with
DMRIE-C Reagent (ThermoFisher) according to standard
protocols.

Dot blot

Anti-ac4C dot blot assays were performed as previously de-
scribed (20). Briefly, 5 �g RNA was denatured for 5 min

http://www.metware.cn/
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Figure 1. EV71 contained the ac4C modification and altered the expression pattern of NAT10. (A) UPLC-MS/MS of the EV71 RNA genome. EV71 RNA
was extracted from viral supernatants concentrated by ultracentrifugation. The percentage of ac4C among C residues is presented on the y-axis. (B) Anti-
ac4C dot blot of EV71 RNA from (A). Methylene blue staining was used as a loading control. The in vitro T7-transcribed EV71 genome and total RNA
from EV71-infected Vero cells served as negative and positive controls, respectively. (C) acRIP-qRT-PCR. RNAs from EV71-infected cells, EV71 virions
(A), and transcribed by T7 polymerase were incubated with IgG or anti-ac4C antibodies, followed by IP and qRT-PCR. Data are means ± SEMs (n = 3).
**P ≤ 0.01, ns: not significant, unpaired Student’s t-tests. (D) Mapping of ac4C sites on EV71 RNA by acRIP-Seq. Poly(A)+ RNA, purified from total
RNA extracted from EV71-infected Vero cells, was fragmented, and IP was performed using anti-ac4C antibodies, followed by next-generation sequencing.
Normalized coverage on acRIP-Seq and input EV71 RNA are presented in red and blue, respectively. The RNA secondary structure was predicted using
Mfold software. The red line in stem–loop IV represents the peak area of ac4C. (E) Binding of NAT10 to EV71 RNA. EV71-infected Vero cells were
crosslinked using formaldehyde, and IP was performed using anti-NAT10 antibodies. The results were quantified by qPCR. IgG was used as a negative
control. Data are means ± SEMs (n = 3). **P ≤ 0.01, unpaired Student’s t-tests. (F, G) Western blotting of extracts from EV71-infected Vero cells treated
with pNAT10 (F) or shRNA (G). The expression of NAT10 was assessed using anti-NAT10 antibodies, and GAPDH served as a loading control. (H–J)
Modulation of EV71 RNA acetylation by NAT10. Total RNA was extracted from EV71-infected Vero cells with NAT10 overexpression (H), knockdown
(I), or inhibition (J); isolated using acRIP; and quantified using qRT-PCR. Data are means ± SEMs (n = 3). **P ≤ 0.01, unpaired Student’s t-tests. (K)
Confocal microscopy images of NAT10 in EV71- or mock-infected cells. The nucleus (blue), EV71 protein (red), and NAT10 (green) were labeled with
Hoechst 33258, anti-VP1 antibodies, and anti-NAT10 antibodies, respectively. Scale bars, 5 �m. (L) Western blot analysis of extracts of EV71-infected
(MOI = 1) Vero cells (12 and 24 hpi). GAPDH was used as a loading control. (M) RNA expression levels of NAT10. Total RNA was extracted at 12 hpi
from EV71- (MOI = 0.2, 0.5, or 1) or mock-infected Vero cells and quantified using qRT-PCR. GAPDH was used as a control. Data are means ± SEMs
(n = 3). *P ≤ 0.05, **P ≤ 0.01, unpaired Student’s t-tests.
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Figure 2. ac4C modifications promoted EV71 replication. (A, C) Viral titers (TCID50/ml). The supernatants of EV71-infected Vero cells with NAT10
knockdown (A) or inhibition by remodelin (C) were collected at the indicated time points postinfection, and EV71 titers were measured as the TCID50.
Data are means ± SDs (n = 3). *P ≤ 0.05, **P ≤ 0.01, unpaired Student’s t-tests. (B) qRT-PCR was performed to measure EV71 RNA levels in Vero
cells in which NAT10 was knocked down at the indicated times postinfection. GAPDH was used as a control. Data are means ± SEMs (n = 3). *P ≤
0.05, **P ≤ 0.01, unpaired Student’s t-tests. (D) Schematic showing the location of ac4C sites in EV71 WT and mutants. The RNA secondary structure
was predicted using Mfold software. Yellow solid circles indicate ac4C modification. (E) ac4C levels in EV71 WT and mutants were determined using
acRIP-qRT-PCR. EV71 virion RNA was extracted from the supernatants of EV71-infected Vero cells and incubated with anti-ac4C antibodies, followed
by IP and qRT-PCR. Data are means ± SEMs (n = 3). **P ≤ 0.01, unpaired Student’s t-tests. (F) Growth curves of EV71 WT and ac4C mutants. The
supernatants of EV71 WT- or ac4C mutant-infected Vero cells were harvested at the indicated times postinfection, and growth curves were plotted. Data
are means ± SDs (n = 3). **P ≤ 0.01, two-way ANOVA. (G) qRT-PCR was performed to determine the RNA levels of EV71 WT or ac4C mutants in Vero
cells at 24 hpi, and GAPDH was used as a control. Data are means ± SEMs (n = 3). **P ≤ 0.01, unpaired Student’s t-tests. (H, I) Viral titers (TCID50/ml).
The supernatants of EV71 WT- or ac4C mutant-infected Vero cells, treated with shNAT10 (H) or remodelin (I), were collected at 24 hpi, and EV71 titers
were measured as the TCID50. Data are means ± SDs (n = 3). ns: not significant, unpaired Student’s t-tests. (J, K) qRT-PCR was performed to determine
the positive-strand (J) or negative-strand (K) RNA levels of EV71 in Vero cells treated with shNC or shNAT10 at 24 hpi, with GAPDH used as a control.
Data are means ± SEMs (n = 3). *P ≤ 0.05, ns: not significant, unpaired Student’s t-tests.
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Figure 3. ac4C enhanced the translation efficiency of EV71 RNA. (A, B) Western blot analysis of extracts of NAT10-knockdown RD cells infected with
EV71 at 12 and 24 hpi (A) or Vero cells infected with EV71 WT and ac4C mutants at 24 hpi (B). GAPDH was used as a loading control. (C, D) Vero cells
with or without NAT10 knockdown were infected with EV71 and used to analyze input and ribosome-loaded RNA levels for EV71 (C) and GAPDH (D)
at 24 hpi. Data are means ± SEMs (n = 3). **P ≤ 0.01, ns: not significant, unpaired Student’s t-tests. (E) Schematic representation of the eGFP reporter
vector with insertion of the 5′ UTR of EV71 WT or ac4C mutants. (F) Representative western blots of extracts from RD cells transfected with eGFP
reporter vectors (E) at the indicated times post-transfection. �-Actin was used as a loading control. (G) Schematic representation of the in vitro translation
template. Yellow solid circles indicate ac4C modification. (H) In vitro translation assays were performed using ac4C(±) RNA template. Gray intensity was
quantified using ImageJ. Data are means ± SDs (n = 3). (I–K) Binding of PCBP2, HNRNPK, and FBP2 to RNA from EV71 WT or ac4C mutants. EV71
WT- or ac4C mutant-infected Vero cells were crosslinked with formaldehyde and subjected to IP using anti-PCBP2 (I), anti-HNRNPK (J), or anti-FBP2
(K) antibodies. Expression was quantified using qRT-PCR. Data are means ± SEMs (n = 3). *P ≤ 0.05, **P ≤ 0.01, ns: not significant, unpaired Student’s
t-tests. (L) shNC- or shPCBP2-treated Vero cells were infected with EV71 and used to analyze input RNA and ribosome-loaded RNA levels of EV71 at
24 hpi. Data are means ± SEMs (n = 3). **P ≤ 0.01, unpaired Student’s t-tests.
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Figure 4. ac4C enhanced the stability of EV71 RNA. (A) Schematic showing that EV71 3D mutant genomes with different ac4C modification levels were
produced by T7 in vitro transcription. Yellow solid circles indicate the ac4C modification. (B–D) EV71 ac4C mutants decreased the stability of EV71 RNA.
T7 transcribed WT- and ac4C mutant-3Dmut viral genomes were transfected into Vero cells. qRT-PCR was performed to determine the RNA levels of
WT or ac4C mutant 3D-mut viral genomes in Vero cells treated with DMSO (C), remodelin (D), or nothing (B) at the indicated times post-transfection
(0 h represents 4 h after transfection). GAPDH was used as a control. Decay graphs were generated by applying the linear regression analysis. Data are
means ± SEMs (n = 3). *P ≤ 0.05, **P ≤ 0.01, ns: not significant, two-way ANOVA. (E, F) qRT-PCR was performed to measure the RNA levels of WT-
3Dmut (E) or ac4C mutant-3Dmut (F) viral genomes with (ac4C[+]) or without ac4C modification in Vero cells at the indicated times post-transfection (0
h represents 4 h after transfection). GAPDH was used as a control. Data are means ± SEMs (n = 3). **P ≤ 0.01, two-way ANOVA. (G, H) EV71 RNA
translation efficiency affected RNA stability. qRT-PCR was performed to determine the RNA levels of WT or ac4C mutant 3D-mut viral genomes in Vero
cells treated with DMSO (G), cycloheximide (G) or shRNAs (H) at the indicated times post-transfection (0 h represents 4 h after transfection). GAPDH
was used as a control. Decay graphs were generated by applying the linear regression analysis. Data are means ± SEMs (n = 3). *P ≤ 0.05, **P ≤ 0.01,
ns: not significant, two-way ANOVA.
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at 75◦C, placed on ice for 1 min, loaded onto Hybond-N+

membranes, and subjected to ultraviolet crosslinking. ac4C
detection was carried out with anti-ac4C antibodies (Ab-
cam, Cambridge, UK) using standard protocols. Signals
were detected using a ChemiDoc MP imaging system (Bio-
Rad Laboratories, Berkeley, CA, USA).

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

RNA was extracted from cells using TRIzol reagent (In-
vitrogen), and qRT-PCR was performed using a HiScript
II One Step qRT-PCR SYBR Green Kit (Vazyme) and
Hard-Shell PCR Plates (96-well; Bio-Rad Laboratories)
on a CFX Connect Real-Time system (Bio-Rad Labora-
tories). The thermocycling parameters were as follows:
55◦C for 5 min, 95◦C for 30 s, and 40 cycles of 95◦C for
10 s and 60◦C for 45 s. For detection of EV71 positive-
or negative-strand RNA, reverse transcription was first
performed using HiScript 1st Strand cDNA Synthesis Kit
(Vazyme) with the EV71 VP1 forward qPCR primer (for
negative-strand RNA detection) or reverse primer (for
positive-strand RNA detection) and qRT-PCR was then
carried out using Hieff qPCR SYBR Green Master Mix
(Yeasen). The thermocycling parameters were as followed:
95◦C for 5 min, followed by 40 cycles of 95◦C for 10 s, 55◦C
for 20 s, and 72◦C for 20 s. Gene expression was quantified
using the 2−��Cq method with Bio-Rad CFX Manager 3.0.
The primers used in qRT-PCR were as follows: EV71 VP1
(forward: 5′-CGAATGCTAGTGATGAGAGTAT-3′,
reverse: 5′-GAGGAAGATCTATCTCCCCAACT-3′),
EV71 5′ UTR (forward: 5′-ACAATTAAAGAGTTG
TTACCATATAGCTATTGGATTGGCC-3′, reverse:
5′-CATGTTTTGCTGTGTTGAGGGTCAAGAT-3′),
NAT10 (forward: 5′-GGGTATGGTGGCCCACTTA
AT-3′, reverse: 5′-CCAACAAGCCTCCGTACCAT-3′),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
for humans and monkeys (forward: 5′-GAAGGTGAA
GGTCGGAGTC-3′, reverse: 5′-GAAGATGGTGA
TGGGATTTC-3′), and GAPDH for mice (forward:
5′-CATCACTGCCACCCAGAAGACTG-3′, reverse:
5′-ATGCCAGTGAGCTTCCCGTTCAG-3′). The EV71
genome was detected using the EV71 VP1 primer, and the
WT- or Mut-VP4/2-Flag RNA in the in vitro translation
system was detected using the EV71 5′ UTR primer.

Acetylated RIP (acRIP) and acRIP-qRT-PCR

RNA was extracted from EV71-infected Vero cells and con-
centrated viral supernatants using TRIzol reagent (Invitro-
gen) or transcribed by T7 polymerase. For acRIP, 300 �g
total RNA, 10 �g supernatant RNA, or 10 �g in vitro-
transcribed EV71 RNA was incubated with anti-ac4C anti-
bodies (Abcam) or IgG antibodies (Proteintech, Rosemont,
IL, USA) in 500 �l IP buffer (150 mM NaCl, 0.1% NP-40,
10 mM Tris–HCl, pH 7.4) for 4 h at 4◦C. The mixtures were
incubated with 30 �l anti-rabbit antibodies conjugated with
magnetic beads (NEB, Ipswich, MA, USA; cat. no. S1432S)
for 2 h at 4◦C and washed six times with 1 ml IP buffer. RNA
was extracted using TRIzol reagent and quantified by qRT-
PCR.

acRIP-Seq

acRIP-Seq was performed by Cloudseq Biotech Inc.
(Shanghai, China) according to a previously published pro-
tocol (20). Briefly, rRNA from Poly(A)+ RNA, purified
from total RNA from EV71-infected Vero cells using a
GenElute mRNA Miniprep Kit (Sigma-Aldrich), was re-
moved using a Ribo-zero kit (Illumina, San Diego, CA,
USA). acRIP was performed with a GenSeq ac4C RIP Kit
according to the manufacturer’s instructions. Both acRIP
and input samples were used for library generation with a
NEBNext Ultra II Directional RNA Library Prep Kit (New
England Biolabs). The library was validated using an Agi-
lent 2100 bioanalyzer and sequenced on a HiSeq 4000 in-
strument (Illumina). Analysis of acRIP-Seq data was con-
sistent with MeRIP-seq, as described previously (39).

Western blot analysis

Cells infected with EV71 or transfected with plasmids
were harvested and lysed at the indicated times. The cell
lysates were separated by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis and transferred to nitrocellulose
membranes. Protein detection was performed with anti-
NAT10 antibodies (cat. no. 13365–1-AP; Proteintech), anti-
GAPDH antibodies (cat. no. 60004-1-lg; Proteintech), anti-
VP1 antibodies (40), anti-GFP antibodies (cat. no. 66002-
1-Ig; Proteintech), anti-Histone H3 antibodies (cat. no.
GTX122148; GeneTex), and anti-�-actin antibodies (cat.
no. sc47778; Santa Cruz Biotechnology, Dallas, TX, USA)
using standard protocols (41).

Short hairpin RNA (shRNA)-mediated gene silencing

The shRNAs specific to each gene were as follows: hu-
man NAT10 (shNAT10-1: 5′-CGGCCATCTCTCGCATC
TATT-3′, shNAT10-2: 5′-GCAATTGTACACAGTGACT
AT-3′), green monkey NAT10 (shNAT10-1: 5′-CGGCC
ATCTCCCGCATCTATT-3′, shNAT10-2: 5′-GCAATTG
TACGCAATGACCAT-3′), and green monkey monkey
poly(C) binding protein 2 (PCBP2; shPCBP2-1: 5′-GCATT
CCGCAATCCATCATTG-3′, shPCBP2-2: 5′-TCCTGAG
AGAATTATCACTTT-3′). The shRNAs were cloned into
pLKO.1-TRC (Addgene) using EcoRI (ThermoFisher) and
AgeI (ThermoFisher) and packaged into lentiviruses using
psPAX2 and pMD2.G. Stable knockdown cell lines were
screened by puromycin after lentiviral infection (Vero cells:
10 �g/ml, RD cells: 2 �g/ml).

Formaldehyde-crosslinked RIP and qRT-PCR

RIP-qRT-PCR was performed as described previously (40).
Briefly, cells were transfected with pNAT10, pFlag-3D (42),
or nothing and infected with EV71 or transfected with the
EV71 genome. Cells were then crosslinked using phosphate-
buffered saline (PBS) containing 1% formaldehyde and in-
cubated for 10 min at 37◦C. The crosslinking was termi-
nated by 0.125 M glycine, and the cells were harvested and
incubated with antibodies against NAT10 (Proteintech),
Flag (Sigma-Aldrich), PCBP2 (GeneTex), far upstream ele-
ment binding protein 2 (FBP2; Santa Cruz Biotechnology),
heterogeneous nuclear ribonucleoprotein K (HNRNPK;
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Proteintech), or IgG in 500 �l RIP buffer (150 mM KCl,
25 mM Tris–HCl, pH 7.4, 5 mM ethylenediaminetetraacetic
acid [EDTA], 0.5 mM dithiothreitol [DTT], 0.5% NP40, 100
U/ml RNase inhibitor, 100 �M phenylmethylsulfonyl fluo-
ride, and 1 �g/ml proteinase inhibitor) overnight at 4◦C.
The following day, the mixtures were incubated with 30 �l
preblocked protein-G or -A agarose beads for 2 h at 4◦C and
washed six times with 1 mL RIP buffer. RNA was then ex-
tracted using TRIzol reagent and quantified by qRT-PCR.

Immunofluorescence confocal microscopy

Immunofluorescence assays were performed as described
previously (43). Briefly, Vero cells were seeded to ∼50% con-
fluence and infected with EV71. At the indicated times, cells
were fixed in 4% paraformaldehyde (PFA) for 15 min, per-
meabilized in 0.5% Triton X-100 for 3 min, and blocked in
3% bovine serum albumin (BSA) for 1 h at room temper-
ature. Cells were then incubated with primary antibodies
overnight at 4◦C, washed three times with PBS, and stained
with corresponding secondary antibodies for 1 h at room
temperature. Nuclei were stained with Hoechst 33258 (In-
vitrogen), and images were captured using a confocal mi-
croscope (Nikon).

Quantification of ribosome-loaded EV71 RNA

Ribosome-loaded EV71 RNA was quantified as previously
described (44). Briefly, NAT10-knockdown or remodelin-
treated Vero cells were infected with EV71 for 12 h and then
treated with 100 �g/ml cycloheximide at 37◦C for 10 min.
The cells were washed three times using PBS and lysed in
ribosome lysis buffer (10 mM Tris–HCl, pH 7.4, 100 mM
KCl, 5 mM MgCl2, 1% Triton X-100, 2 mM DTT, 100
�g/ml cycloheximide, 100 U/ml RNase inhibitor, and 1
�g/ml proteinase inhibitor). The lysates were sheared using
a 26-gauge needle and clarified by centrifugation at 2000
× g for 10 min at 4◦C. One-tenth of the supernatant was
used as the input sample. The remaining supernatant was
loaded onto a 10–45% sucrose gradient and centrifuged at
30 000 × g for 3 h at 4◦C. RNA was extracted from the
input or ribosomal pellet using TRIzol and quantified by
qRT-PCR.

In vitro PCBP2 binding assay

The EV71 genome was transcribed using a T7 Kit (Ambion)
with CTP or ac4CTP added or extracted from the super-
natant of EV71 WT- or Mut-331–350-infected Vero cells.
EV71 RNA levels were quantified using qRT-PCR, and 5
�g GST-PCBP2 (Proteintech) was mixed with Glutathione
High Capacity Magnetic Agarose Beads (Millipore) for 1 h
at 4◦C in binding buffer (20 mM Tris pH 7.5, 120 mM KCl,
1 mM DTT, 2.5 mM MgCl2), followed by three washes with
binding buffer. Subsequently, GST-PCBP2-beads and 0.05
nmol EV71 genome were mixed in binding buffer and incu-
bated at 37◦C for 5 min, followed by six washes with binding
buffer. The RNAs were then extracted with TRIzol reagent
and quantified using qRT-PCR.

In vitro translation assay

The RNA templates were in vitro transcribed from a
HindIII (ThermoFisher)-linearized EV71 cDNA plasmids
or from gel-purified PCR product of full-length GAPDH
mRNA sequence with CTP (ThermoFisher) or ac4CTP
(MedChemExpress) as substrates using a MEGAscript T7
Kit (Ambion). The in vitro translation assay was performed
using a Retic Lysate IVT Kit (ThermoFisher) according
to the manufacturer’s instructions. The translation reaction
was carried out for 1.5 h, and western blot was performed.

In vitro 3D binding assay

The EV71 genome was transcribed using a T7 Kit (Am-
bion) with CTP or ac4CTP added or extracted from the
supernatant of EV71 WT-infected Vero cells. EV71 RNA
levels were quantified using qRT-PCR. RNA primers (0.5
nmol) and the EV71 genome (0.05 nmol) were mixed in
RNA annealing buffer (50 mM NaCl, 5 mM Tris–HCl [pH
7.5], 5 mM MgCl2) in a total volume of 100 �l, denatured at
75◦C for 10 min, slowly annealed, and then cooled to room
temperature. The annealed solution and His-3D (45) were
mixed in binding buffer (50 mM HEPES [pH 7.0], 75 mM
KCl, 5 mM MgCl2, 4 mM TCEP) and heated at 37◦C for 1.5
h. The mixture was then incubated with anti-His tag anti-
bodies (Proteintech) overnight at 4◦C, then incubated with
protein-G agarose beads for 1 h and washed six times with
binding buffer. RNA was extracted with TRIzol and quan-
tified using qRT-PCR.

Infection of mice

AG6 mice were inoculated via the intraperitoneal (i.p.)
route (50 �l in DMEM; 105 PFU of EV71-WT or ac4C
mutant virus/mouse). Mouse morbidity was monitored
by daily weighing. For histology, immunohistochemistry
(IHC), and viral RNA quantification, mice were sacrificed
at 2 or 3 days postinfection. All tested organs, including
the heart, liver, spleen, lungs, kidneys, brain, intestines and
thigh muscles, were harvested.

Histopathological analysis and IHC

Histopathological analysis and IHC were performed by
Wuhan Servicebio Technology Co., Ltd. For histopatho-
logical analysis, tissues harvested from EV71- or DMEM-
challenged mice were immediately fixed in 4% PFA, em-
bedded in paraffin, sectioned, and stained with hema-
toxylin and eosin. For IHC, the sections were blocked with
PBS containing 3% BSA for 30 min at room tempera-
ture and then incubated with anti-VP1 antibodies (1:500)
overnight at 4◦C. After three washes with PBS, the sec-
tions were incubated with secondary antibodies (labeled
with horseradish peroxidase) at room temperature for 50
min, and diaminobenzidine chromogenic agent was used
for IHC according to standard protocols. Samples were
counterstained with hematoxylin stain solution for approx-
imately 3 min. The images were collected using Pannoramic
DESK, P-MIDI and P250 (3D HISTECH).
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Quantification and statistical analysis

All data were analyzed using GraphPad Prism software
(version 8). The details of the statistical tests used in this
study are specified within the corresponding figure legends.
Data are presented as the means ± standard error of the
means (SEMs) or means ± standard deviations (SDs). Re-
sults with P values of 0.05 or less were considered signifi-
cant.

RESULTS

The 5′ UTR of EV71 RNA contained ac4C modifications and
the expression pattern of host acetyltransferase NAT10 was
altered during infection

To investigate whether EV71 RNA contained ac4C modifi-
cations, virion RNA was purified from the infected culture
at a large-scale and quantified by UPLC-MS/MS. Notably,
ac4C residues in EV71 RNA accounted for 0.201% of to-
tal cytidines (Figure 1A). ac4C modifications were detected
in virion RNAs and total RNAs from EV71-infected Vero
cells, but not in in vitro-transcribed EV71 genomic RNAs,
as evidenced by dot blot with an anti-ac4C antibody (Fig-
ure 1B). acRIP with anti-ac4C antibodies followed by qRT-
PCR analysis using EV71 primers showed that EV71 RNAs
from both virus-infected cells and virions were pulled down,
whereas the viral genome transcribed in vitro was not (Fig-
ure 1C). These results indicated that EV71 RNA contained
ac4C modifications. To map the ac4C modification status
in the EV71 genome, acRIP-seq was performed. A distinct
ac4C peak was identified in the region of the EV71 genome
spanning from nucleotides (nt) 311 to 406 (Figure 1D),
which was located in stem-loop IV (nt 242–445) within the
IRES of the 5′ UTR (46). Collectively, our results demon-
strated that EV71 RNA contained ac4C residues.

EV71 does not encode any protein with acetyltrans-
ferase activity. To investigate whether the ac4C modification
on EV71 RNA was catalyzed by the cellular acetyltrans-
ferase NAT10, EV71-infected Vero cells were crosslinked
by formaldehyde, and IP with anti-NAT10 antibodies was
performed. GTF3C4, a protein with histone acetyltrans-
ferase activity and that is essential for the generation of
various small RNAs by RNA polymerase III (47), was
used as a control. qRT-PCR showed that EV71 RNA was
pulled down by NAT10 (Figure 1E) but not by GTF3C4
(Supplementary Figure S1A), indicating an interaction of
NAT10 with EV71 RNA. We subsequently examined the
abundance of ac4C in EV71 RNA using acRIP-qRT-PCR
in cells overexpressing NAT10 following transfection with
pNAT10 (Figure 1F) or NAT10 knockdown using shRNA
(Figure 1G). The intensity of ac4C on viral RNA was in-
creased when NAT10 was overexpressed (Figure 1H) and
decreased when NAT10 was knocked down (Figure 1I). In
addition, inhibition of NAT10 function in Vero cells by re-
modelin (Supplementary Figure S1B), a drug that blocks
NAT10 function at nontoxic concentrations in cell cultures
and in mice (24,32,48), decreased ac4C levels in EV71 RNA
(Figure 1J). Taken together, these results showed that de-
position of ac4C on EV71 RNA was mediated by the host
acetyltransferase NAT10.

We next investigated whether EV71 infection altered the
subcellular localization of NAT10 because EV71 under-
goes replication in the cytoplasm (49), whereas NAT10 is
mainly distributed in the nucleus (20,50). Immunofluores-
cence showed that NAT10 was localized in both the nucleus
and cytoplasm in the presence of EV71 (Figure 1K) and that
the ratio of NAT10 in the cytoplasm to that in the nucleus
was increased (Supplementary Figure S1C). Western blot-
ting also revealed that more NAT10 was distributed in the
cytoplasmic fraction after virus infection (Supplementary
Figure S1D), indicating that EV71 altered the subcellular
localization of NAT10. A stronger signal for NAT10 was
detected during virus infection in immunofluorescence ex-
periments (Figure 1K), implying that EV71 infection may
enhance NAT10 expression. These findings were further
confirmed by western blotting, in which NAT10 expression
increased at 12 and 24 h postinfection (hpi; Figure 1L), ac-
companied by increased cellular ac4C modification (Sup-
plementary Figure S1E). Notably, the RNA level of NAT10
increased (Figure 1M) as the multiplicity of infection (MOI)
increased (Supplementary Figure S1F).

ac4C modifications in the 5′ UTR promoted EV71 replication

To investigate whether ac4C affected EV71 replication,
NAT10 in Vero cells was knocked down (Figure 1G) us-
ing shRNA or inhibited by remodelin, followed by EV71
infection. Interestingly, both virus titers (Figure 2A) and
EV71 RNA copy numbers (Figure 2B) were significantly de-
creased at 12 and 24 hpi when NAT10 was silenced (Figure
2A and B). Moreover, EV71 titers (Figure 2C) and RNA
levels (Supplementary Figure S2A) were decreased as the
remodelin concentration increased (Figure 2C and Supple-
mentary Figure S2A). Consistent with these findings, re-
modelin attenuated the viral-induced cytopathy effect (Sup-
plementary Figure S2B). Taken together, these results sug-
gested that NAT10 promoted virus replication.

NAT10-type acetyltransferases act at the consensus mo-
tif 5′-CCG-3′, promoting acetylation of the central cytidine
(14,21–23). We then assessed whether the two 5′-CCG-3′
motifs in the ac4C peak (Figures 1D and 2D) on the EV71
5′ UTR were ac4C modified. C-T mutations were generated
in the full-length EV71 cDNA clone at positions 331 (Mut-
331), 350 (Mut-350), or both (Mut-331–350) with the stem-
loop structure restored by G-A mutations at positions 356,
343 or both (Figure 2D). nt383 in stem-loop IV was mu-
tated as a control (Mut-383, Supplementary Figure S2F).
WT and mutant viruses were rescued, and the RNAs were
subjected to acRIP-qRT-PCR. The results showed that the
ac4C abundance in EV71 RNA for both ac4C mutant viri-
ons and mutant virus-infected cells was significantly de-
creased compared with that of WT EV71 (Figure 2E and
Supplementary Figure S2C). These results indicated that
these C residues were acetylated in the EV71 genome.

We next explored whether the ac4C modifications af-
fected virus replication. To this end, Vero cells were infected
by WT and ac4C mutant viruses. Consistent with the re-
sults in NAT10 knockdown/inhibition experiments (Figure
2A–C, Supplementary Figure S2A and B), both progeny
virus titers (Figure 2F and Supplementary Figure S2D) and
genomic RNA copies (Figure 2G) were significantly de-
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creased when ac4C sites were mutated, whereas mutation
at nt383 did not affect the viral titer and RNA copies (Sup-
plementary Figure S2G and S2H). However, no difference
in progeny virus titers was observed among WT and mutant
viruses in cells with shRNA-mediated NAT10 knockdown
(Figure 2H and Supplementary Figure S2E) or in the pres-
ence of remodelin (Figure 2I). Furthermore, C-G mutations
at positions 331, 350, or both (Supplementary Figure S2I)
also resulted in reduced ac4C levels (Supplementary Figure
S2J) and replication (Supplementary Figure S2K) of EV71.
These results supported that ac4C played an important role
in EV71 replication.

Owing to the presence of positive- and negative-strand
RNA during EV71 replication, we then examined the effects
of NAT10 on different viral RNAs. Knockdown of NAT10
reduced the level of viral positive-strand RNA more signifi-
cantly than that of negative-strand RNA (Figure 2J and K).
Similar results were detected when cells were treated with re-
modelin (Supplementary Figure S2L and S2M), indicating
that NAT10 mainly affected the viral positive-strand RNA.

ac4C modification facilitated RNA translation by enhancing
the binding of PCBP2 to the IRES

The acetylation sites in EV71 RNA are located in stem-
loop IV (nt 242–445) within the IRES, which is crucial for
viral protein synthesis (46); therefore, ac4C modification
may affect the translation efficiency of EV71 RNA. VP1
protein expression was significantly reduced when NAT10
was knocked down (Figure 3A) or in ac4C mutant viruses
(Figure 3B). The results indicated that the ac4C modifica-
tion was linked to the expression of VP1. To further deter-
mine whether the ac4C modifications affected translation
efficiency, we measured the loading efficiency of ribosomes
on viral RNAs in the presence or absence of NAT10 with
sucrose density gradient centrifugation followed by qRT-
PCR. Notably, shRNA-mediated knockdown of NAT10 or
remodelin-dependent inhibition of NAT10 significantly re-
duced ribosome loading onto EV71 RNA (Figure 3C and
Supplementary Figure S3A), whereas ribosome binding to
GAPDH mRNA (Figure 3D and Supplementary Figure
S3B), which lacks ac4C sites (20), was not affected. More-
over, mutation at nt383 did not affect ribosome loading
onto EV71 RNA or the expression of VP1 (Supplementary
Figure S3C and S3D). These results indicated that ac4C en-
hanced the translation of EV71 RNA.

To further confirm whether ac4C was linked to RNA
translation, we constructed a reporter plasmid by insertion
of the 5′ UTR of EV71 WT or ac4C mutants upstream of
the eGFP expression cassette (Figure 3E) and transfected
these plasmids into RD cells. We found that eGFP expres-
sion was reduced in the 5′ UTR of ac4C mutants compared
with that of the WT virus (Figure 3F, Supplementary Figure
S3F, and S3G). These results suggested that ac4C enhanced
the translation efficiency of EV71 RNA. To further confirm
these results, RNA templates containing WT or ac4C mu-
tant 5′ UTR, VP4/2, Flag and 3′ UTR were prepared by
in vitro transcription with CTP or ac4CTP (Figure 3G) fol-
lowed by in vitro translation. The GAPDH mRNA was in
vitro transcribed and served as a control. More VP4/2-Flag
expression was detected in the presence of ac4CTP in both

WT and mutant 5′ UTR RNA templates (Figure 3H). Sim-
ilarly, the presence of ac4C enhanced GAPDH expression
(Supplementary Figure S3E). These data implied that ac4C
promoted the translation of EV71 RNA in vitro. Further-
more, the presence of ac4C enhanced translation in the WT
more obviously than in the mutant (Figure 3H), indicating
that site-specific ac4C modification had an important func-
tion in translation.

We next studied the detailed mechanisms through which
ac4C affected protein translation. PCBP2 and HNRNPK
are ITAFs that can bind to stem-loop IV. PCBP2 pro-
motes the translation of viral RNA (51,52), whereas HN-
RNPK is not essential for viral protein translation (46). To
check whether ac4C modifications facilitated the binding of
ITAFs to the IRES, PCBP2- and HNRNPK-bound RNAs
were pulled down from ac4C mutant virus- or WT virus-
infected cells using specific antibodies. Notably, PCBP2
pulled down more WT EV71 RNA than mutant virus RNA
(Figure 3I), supporting that ac4C promoted the binding of
PCBP2 to the EV71 IRES. However, the binding of HN-
RNPK was not affected by ac4C mutation (Figure 3J).
In addition, ac4C modification did not affect the binding
of EV71 RNA to FBP2 (Figure 3K), another ITAF for
EV71 that cannot bind to stem-loop IV and negatively reg-
ulates viral translation (53). To further confirm the func-
tion of ac4C in the interaction between PCBP2 and the
IRES, GST-PCBP2 and EV71 genomes were incubated in
vitro. RIP and qRT-PCR showed that the EV71 genome
transcribed by T7 polymerase with ac4CTP as a substrate
had stronger binding ability to GST-PCBP2 compared with
that of transcribed with CTP (Supplementary Figure S3H).
The binding of GST-PCBP2 to WT viral particle RNA was
stronger than that to ac4C mutant viral RNA (Supplemen-
tary Figure S3H), suggesting that ac4C enhanced the bind-
ing of PCBP2 to the EV71 IRES in vitro. Knockdown of
PCBP2 (Supplementary Figure S3I) reduced the transla-
tion efficiency of EV71 RNA (Figure 3L and Supplemen-
tary Figure S3J). These results demonstrated that ac4C fa-
cilitated viral translation by selectively enhancing the bind-
ing of PCBP2 to the IRES.

The ac4C modification boosted the stability of EV71 RNA

The translation and decay of mRNA are intricately linked.
Decreased mRNA translation reduces the stability of
mRNA, which reciprocally decreases translation (20,54).
Therefore, we next explored whether ac4C modification was
linked to EV71 RNA stability. To this end, we constructed
replication-deficient plasmids of EV71 WT and ac4C mu-
tants with a 3D frameshift mutation (Figure 4A). All plas-
mids were in vitro transcribed, and the 3Dmut EV71 RNAs
were transfected into Vero cells. qRT-PCR analysis was per-
formed at different time points. The results showed that
the RNA decay of ac4C mutants was accelerated com-
pared with that of WT virus (Figure 4B and C). However,
there were no significant differences in the RNA degrada-
tion rates between WT and mutant viruses when the func-
tion of NAT10 was inhibited using remodelin (Figure 4D).
The above results indicated that ac4C modification affected
the RNA decay efficiency. To further confirm these re-
sults, WT-3Dmut and Mut-331–350-3Dmut plasmids were



Nucleic Acids Research, 2022, Vol. 50, No. 16 9349

in vitro transcribed with CTP or ac4CTP as the substrate,
and RNA decay was measured. Notably, the RNA stabil-
ity of both WT-mut3D and Mut-331–350-mut3D was in-
creased in the presence of the ac4C modification (Figure 4E
and F). These data demonstrated that ac4C enhanced the
stability of EV71 RNA.

We next explored the effects of viral RNA translation on
RNA stability. When cycloheximide was used to treat cells
to inhibit translation, the degradation of WT-3Dmut RNA
was accelerated, whereas the degradation rate of ac4C mu-
tant RNA did not change significantly (Figure 4G). The
ac4C mutant viral RNAs degraded faster than WT RNA
in the presence or absence of cycloheximide (Figure 4G).
Notably, knockdown PCBP2 resulted in accelerated degra-
dation of viral RNA (Figure 4H). Furthermore, we detected
the levels of RNAs in the in vitro translation system (Fig-
ure 3G and H) and found that ac4C enhanced the stability
of RNA in in vitro (Supplementary Figure S4A and S4B).
These results suggested that the effects of ac4C on the sta-
bility of EV71 RNA were linked to the translation efficiency
of viral RNA.

ac4C promoted the binding of EV71 RNA to 3D in vivo and
in vitro

3D is a key protein that directly binds to and synthesizes vi-
ral RNA during the replication of EV71. As acetylation pro-
moted the binding of PCBP2 to EV71 RNA, we next evalu-
ated whether ac4C affected the binding of 3D to viral RNA.
Vero cells were transfected with the Flag-3D plasmid, sub-
jected to EV71 infection, and cultured with 25 or 50 �M re-
modelin. RIP was performed with anti-Flag antibodies, and
RNA binding to 3D was analyzed by qRT-PCR. We found
that 3D-bound EV71 RNA was reduced by remodelin treat-
ment (Figure 5A), implying that ac4C modification affected
the binding of viral RNA to 3D. The same phenomenon was
observed in both Vero and RD cells transfected with T7-
transcribed EV71 RNA without ac4C (Figure 5B, Supple-
mentary Figure S5A, and S5B) or infected with ac4C mu-
tant viruses (Figure 5C and Supplementary Figure S5C).
However, 3D-bound RNA was not significantly changed
when ac4C mutant viruses were cultured with remodelin
(Figure 5D). These data demonstrated that ac4C modifica-
tion promoted the binding of EV71 RNA to 3D.

EV71 RNA synthesis normally starts with a tyrosine
residue on the VPg (3B) protein, but is able to initiate on
RNA primer-template pairs using purified 3D in vitro (55).
To explore whether the ac4C modification affected 3D bind-
ing to the viral genome in vitro, RNAs were prepared by
either extraction from EV71 virions or by T7 in vitro tran-
scription with EV71 infectious DNA constructs with CTP
or ac4CTP as the substrate (ac4C[-]-EV71-T7, ac4C[+]-
EV71-T7, Figure 5E). RNA primers specific for C331 and
C350 ac4C sites were designed for 3D in vitro binding tests
(Figure 5E and Supplementary Figure S5D). 3D can bind
to the double-stranded region formed by the primer anneal-
ing to the EV71 genome (Figure 5E). Interestingly, EV71
virion RNA (Figure 5F and H) and ac4C(+)-EV71-T7 (Fig-
ure 5G and I) showed stronger binding to 3D compared
with ac4C(-)-EV71-T7. Compared with ac4C(-) transcripts,
virion RNA and ac4C-modified in vitro transcripts showed

different binding efficiency to 3D when paired with the
primers at nt 331 (Figure 5J, K, and Supplementary Fig-
ure S5E), which was distinct from that of primers at nt 350
(Supplementary Figure S5F). These results not only sug-
gested that ac4C enhanced 3D binding in vitro but also im-
plied that the location of the acetylation site was important
for the binding capacity.

EV71 ac4C mutant virus displayed reduced pathogenicity in
mice

Methylation modification of IAV has been shown to be
linked with disease (56). Therefore, we examined whether
acetylation affected the pathogenicity of the virus. AG6 in-
terferon receptor-deficient mice were infected with EV71
WT or Mut-331–350. Mice infected with ac4C mutant virus
showed longer survival times (Figure 6A) and slower weight
loss (Figure 6B) than those infected with WT virus. More
severe limb paralysis was observed in mice infected with
WT virus (Figure 6C). Furthermore, qRT-PCR analysis
showed that the viral RNA level was significantly reduced
in all tested organs, including the muscles, intestines, brain,
heart, liver, spleen, lungs, and kidneys, of mice infected with
Mut-331–350 virus (Figure 6D–F and Supplementary Fig-
ure S6A–E). Reduced pathogenicity was observed in the
limb muscles, brain, and intestines of Mut-331–350-infected
mice (Figure 6G and H), resulting in decreased muscle fiber
necrosis (Figure 6G) and neuronal injury (Figure 6H), as
demonstrated by hematoxylin and eosin staining. Hyper-
plasia, cytolysis of intestinal villi epithelial, and vacuoliza-
tion of villi apical cells were decreased in intestinal cells
(Figure 6H). In addition, less VP1 was detected in the mus-
cles, intestines, and brain of Mut-331–350-infected mice by
IHC when using anti-VP1 antibodies (Figure 6I). Collec-
tively, these results demonstrated that the EV71 ac4C mu-
tation reduced pathological damage in mice.

DISCUSSION

Methylation modifications, such as m6A, m5C, and Nm,
have been extensively studied in retroviruses, simian virus
40, Kaposi’s sarcoma-associated herpesvirus, influenza
virus, flavivirus, EV71, and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (39,40,56–66) and have
been shown to play important roles in viral infection. How-
ever, little is known about the function of acetylation. In
the current study, we uncovered a critical role for ac4C and
its cellular machinery in regulating the replication of cy-
toplasmic virus EV71. ac4C in the 5′ UTR of the EV71
genome regulated RNA translation, stability, and binding
ability to 3D. In addition, ac4C mutant viruses displayed
slower growth and reduced pathogenicity in vivo.

The distribution of ac4C in EV71 was different from that
in mRNA (20) or in HIV-1. ac4C was enriched in both
the 5′ UTR and the translation start sites within the CDS
in mRNA. In HIV-1, ac4C mainly existed in the CDS re-
gion and the 3′ UTR, not in the 5′ UTR (32). Similar to
rRNA and tRNA (21–23), ac4C in EV71 was located in
the stem-loop structure. Mutation the single ac4C site (nt
331 or nt 350) or both of these sites (Mut-331-G, Mut-350-
G, and Mut-331–350-G) altered the secondary structure of
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Figure 5. ac4C promoted the binding of EV71 RNA to 3D. (A, D) Binding of 3D to EV71 RNA following NAT10 inhibition using remodelin. Vero
cells overexpressing Flag-3D were treated with DMSO or remodelin and infected with EV71 (A) or EV71 WT and ac4C mutants (D). Crosslinking with
formaldehyde and IP using anti-Flag antibodies were performed, followed by quantification using qPCR. Data are means ± SEMs (n = 3). *P ≤ 0.05,
**P ≤ 0.01, ns: not significant, unpaired Student’s t-test. (B, C) Binding of 3D to EV71 RNA with different ac4C modification levels. Vero cells with
Flag-3D overexpression were transfected with EV71 genomes with (ac4CTP/CTP = 1) or without (CTP) ac4C (B) or infected with EV71 WT and ac4C
mutants (C). The same treatment as used in (A) and (D). Data are means ± SEMs (n = 3). *P ≤ 0.05, **P ≤ 0.01, unpaired Student’s t-test. (E) Schematic
of in vitro RNA binding assays near position 331. Yellow solid circles indicate the ac4C modification. (F–K) Binding of 3D and 331 or 350 primer-EV71
RNA pairs in vitro. EV71 RNAs extracted from T7 transcripts (ac4C[±]) or virions were annealed with 331- or 350–1/2/3 primers. His-3D was added,
and samples were subjected to IP with anti-His antibodies, followed by quantification using qRT-PCR. Data are means ± SEMs (n = 3). *P ≤ 0.05, **P ≤
0.01, ns: not significant, unpaired Student’s t-tests. Data represent the comparison of 3D binding levels between ac4C(-) EV71-T7 and virion RNA (F &
H) or ac4C(+) EV71-T7 (G & I). Alternatively, data show the binding levels of different 331 primers annealed with virion RNA (J) and ac4C(+) EV71-T7
(K).
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Figure 6. ac4C mutant virus exhibited reduced pathogenicity in mice. (A) Survival of mice challenged with EV71 WT or ac4C mutant (i.p., 105 PFU).
Control mice received DMEM. Seven mice were used per group. *P ≤ 0.05, **P ≤ 0.01, Log-rank (Mantel-Cox) tests. (B) Daily weights of mice from
(A). **P ≤ 0.01, two-way ANOVA. (C) Symptoms of mice challenged with EV71 WT or ac4C mutant on day 3 postinfection (i.p., 105 PFU). Symptoms
included reduced motility and hind limb paralysis. (D–F) Viral RNA in the limb muscles (D), intestines (E), and brain (F) of AG6 mice infected with EV71,
as quantified by qRT-PCR. Data are means ± SEMs (n = 6). *P ≤ 0.05, **P ≤ 0.01, ns: not significant, unpaired Student’s t-tests. (G, H) Hematoxylin
and eosin staining of the limb muscles (48 and 72 hpi) (G), brain, and intestines (72 hpi) (H). Scale bars, 100 �m. (I) Detection of EV71 particles in the
limb muscles, intestines, and brain (72 hpi) using immunohistochemistry. Scale bars, 100 �m.
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the stem-loop, leading to stronger effects on reduced virus
replication than observed in ac4C mutants that did not de-
stroy the secondary structure (Mut-331, Mut-350, and Mut-
331–350). These results implied that both the ac4C modifi-
cations and secondary structure played important roles in
virus replication.

EV71 acetylation was catalyzed by host NAT10, which
in turn promoted viral infection. NAT10-mediated acety-
lation of tRNA requires the help of the adaptor protein
THUMPD1, which harbors an RNA binding motif (18,23).
Whether THUMPD1 is involved in the formation of EV71
acetylation need to be further studied. Similar to METTL3
(40), the expression and localization of NAT10 were altered
after EV71 infection, implying that viral infection may af-
fect the host modification machinery to facilitate its repli-
cation. Indeed, alteration of the NAT10 expression pattern
is also related to gene damage, carcinogenesis, and tem-
perature stimulation (23,67,68), indicating that NAT10 and
ac4C mediate cellular responses to various stresses.

Knockdown or inhibition of NAT10 and mutation of the
ac4C site resulted in a moderate decrease in the titer of the
progeny virus, suggesting that ac4C promoted virus repli-
cation. ac4C modification is one of the key factors to reg-
ulate virus replication. In the absence of ac4C, other com-
pensatory pathways may also be activated to facilitate virus
replication.

ac4C in mRNA promotes translation and stability (20),
whereas its presence in HIV-1 RNA promotes viral RNA
stability but does not affect viral translation (32). Our re-
sults demonstrated that ac4C in the EV71 5′ UTR pro-
moted both the translation efficiency and the stability of
viral RNA. The mechanisms through which ac4C modu-
lated EV71 translation were different from those of mRNA.
In the mRNA 5′ UTR, ac4C enhances upstream initiation
and inhibits canonical start codons (69). However, ac4C in
the 5′ UTR of EV71 enhanced viral protein translation ef-
ficiency by promoting the binding of the EV71 IRES to
PCBP2 but did not affect binding of the IRES to FBP2
or HNRNPK. Cycloheximide treatment followed by qRT-
PCR showed that WT virus RNA degraded faster, whereas
the stability of mutant viral RNA was not affected, indicat-
ing that the reduced RNA stability may be a consequence of
the decreased translation. Notably, Mut-331–350-3Dmut-
ac4C(+) RNA is more stable than Mut-331–350-3Dmut, in-
dicating that in addition to sites 331 and 350, the occurrence
of ac4C at other sites also boosted RNA stability.

Chemical modification is closely linked to the function of
virus RdRp. RdRp plays key roles in virus replication, and
methyltransferases interact with RdRp to regulate its func-
tion via various mechanisms (40,66). METTL3 interacts
with 3D and regulates the expression and function of 3D by
ubiquitination and sumolyation (40). Moreover, the RdRp
of SARS-CoV-2 interacts with METTL3 and regulates the
modification of METTL3 via an unknown mechanism (66).
NAT10 did not interact with 3D (data not shown). ac4C
promoted the binding of 3D to EV71 RNA both in vivo
and in vitro. When ac4C was paired with the last base at
the 3′ end of the 331-primer in vitro, the affinity of 3D to vi-
ral RNA was obviously enhanced. Notably, ac4C promoted
viral translation when 3D was mutated by frameshift (Sup-
plementary Figure S7), indicating that RNA synthesis and

protein translation regulated by ac4C may be two indepen-
dent processes.

IAV HA m6A mutants have been reported to show re-
duced pathogenicity. The survival time of m6A mutant
virus-infected mice was longer and weight loss was slower
than in WT-infected mice (56). We also observed longer sur-
vival times and slower weight loss in ac4C mutant EV71-
infected mice. Furthermore, the ac4C mutation attenuated
EV71 replication in vivo and alleviated organ injury. These
results indicated that ac4C modulated the pathogenicity of
EV71. ac4C mutants decreased the replication of EV71,
which could be the reason for the reduced multi-organ
pathogenicity in mice. Considering the effects of m6A muta-
tions on IAV, these results highlighted that chemical modifi-
cation may be critical for viral pathogenicity. Further stud-
ies are required to evaluate the effects of the ac4C mutant
virus on normal mice because AG6 mice are immunodefi-
cient (37).

In conclusion, our results showed that ac4C played crit-
ical roles in viral infection and demonstrated that EV71
interacted with the host ac4C modification system to
modulate replication. ac4C enhanced EV71 replication by
boosting RNA translation, RNA stability and RNA bind-
ing to 3D. Moreover, the ac4C mutant showed reduced
pathogenicity in mice. However, additional work is required
to elucidate the molecular mechanisms through which ac4C
regulates viral RNA function, e.g. identification of the fac-
tors involved in regulating viral RNA stability and evalua-
tion of the effects of ac4C on conformational changes in 3D.
Our data revealed the essential functions of ac4C in RNA
virus replication in the cytoplasm and provided a promising
target for the prevention and treatment of EV71 infection.

DATA AVAILABILITY

The complete CDS sequence of EV71 (strain XF) used
in this work has been deposited with National Center
for Biotechnology Information under accession number
JQ804832.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Prof. Qinxue Hu for critical reading the
manuscript. We thank Rui Li, Xuping Jing, Xiang Fang
and Yao Zhong for laboratory assistance and helpful dis-
cussions. We kindly thank Lei Zhang and Ding Gao of
the Core Facility and Technical Support in the Wuhan In-
stitute of Virology (WIV), Chinese Academy of Sciences
(CAS) for their help in ultracentrifugation and confocal mi-
croscopy. We also thank XueFang An, Yuzhou Xiao, Li Li,
Fan Zhang and He Zhao from the Center for Animal Ex-
periment of WIV, CAS for their help in animal experiments.

FUNDING

National Natural Science Foundation of China [31970168
and 32000114]; China Postdoctoral Science Foundation

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac675#supplementary-data


Nucleic Acids Research, 2022, Vol. 50, No. 16 9353

[2020M672778]; Key R&D Program of Hubei Province
[2021BCD004]; Hubei Science and Technology Major
Project [2021ACB004]. Funding for open access charge:
National Natural Science Foundation of China [31970168
and 32000114].
Conflict of interest statement. None declared.

REFERENCES
1. Molinie,B., Wang,J., Lim,K.S., Hillebrand,R., Lu,Z.X., Van

Wittenberghe,N., Howard,B.D., Daneshvar,K., Mullen,A.C.,
Dedon,P. et al. (2016) m(6)A-LAIC-seq reveals the census and
complexity of the m(6)A epitranscriptome. Nat. Methods, 13,
692–698.

2. Fustin,J.M., Doi,M., Yamaguchi,Y., Hida,H., Nishimura,S.,
Yoshida,M., Isagawa,T., Morioka,M.S., Kakeya,H., Manabe,I. et al.
(2013) RNA-methylation-dependent RNA processing controls the
speed of the circadian clock. Cell, 155, 793–806.

3. Zheng,G., Dahl,J.A., Niu,Y., Fedorcsak,P., Huang,C.M., Li,C.J.,
Vagbo,C.B., Shi,Y., Wang,W.L., Song,S.H. et al. (2013) ALKBH5 is a
mammalian RNA demethylase that impacts RNA metabolism and
mouse fertility. Mol. Cell, 49, 18–29.

4. Meyer,K.D., Patil,D.P., Zhou,J., Zinoviev,A., Skabkin,M.A.,
Elemento,O., Pestova,T.V., Qian,S.B. and Jaffrey,S.R. (2015) 5’ UTR
m(6)A promotes cap-independent translation.Cell, 163, 999–1010.

5. Wang,X., Lu,Z., Gomez,A., Hon,G.C., Yue,Y., Han,D., Fu,Y.,
Parisien,M., Dai,Q., Jia,G. et al. (2014)
N6-methyladenosine-dependent regulation of messenger RNA
stability. Nature, 505, 117–120.

6. Tsai,K. and Cullen,B.R. (2020) Epigenetic and epitranscriptomic
regulation of viral replication. Nat. Rev. Microbiol., 18, 559–570.

7. Nachtergaele,S. and He,C. (2018) Chemical modifications in the life
of an mRNA transcript. Annu. Rev. Genet., 52, 349–372.

8. Zhao,B.S., Roundtree,I.A. and He,C. (2017) Post-transcriptional
gene regulation by mRNA modifications. Naturereviews. Mol. Cell
Biol., 18, 31–42.

9. Ito,S., Horikawa,S., Suzuki,T., Kawauchi,H., Tanaka,Y., Suzuki,T.
and Suzuki,T. (2014) Human NAT10 is an ATP-dependent RNA
acetyltransferase responsible for N4-acetylcytidine formation in 18 S
ribosomal RNA (rRNA). J. Biol. Chem., 289, 35724–35730.

10. Courtney,D.G. (2021) Post-Transcriptional regulation of viral RNA
through epitranscriptional modification. Cells, 10, 1129.

11. Zachau,H.G., Dutting,D. and Feldmann,H. (1966) Nucleotide
sequences of two serine-specific transfer ribonucleic acids. Angew.
Chem., 5, 422.

12. Oashi,Z., Murao,K., Yahagi,T., Von Minden,D.L., McCloskey,J.A.
and Nishimura,S. (1972) Characterization of C + located in the first
position of the anticodon of Escherichia coli tRNA met as N 4
-acetylcytidine. Biochim. Biophys. Acta., 262, 209–213.

13. Bruenger,E., Kowalak,J.A., Kuchino,Y., McCloskey,J.A.,
Mizushima,H., Stetter,K.O. and Crain,P.F. (1993) 5S rRNA
modification in the hyperthermophilic archaea sulfolobus solfataricus
and pyrodictium occultum. FASEB J., 7, 196–200.

14. Thomas,J.M., Bryson,K.M. and Meier,J.L. (2019) Nucleotide
resolution sequencing of N4-acetylcytidine in RNA. Methods
Enzymol., 621, 31–51.

15. Yang,C., Wu,T., Zhang,J., Liu,J., Zhao,K., Sun,W., Zhou,X.,
Kong,X. and Shi,J. (2021) Prognostic and immunological role of
mRNA ac4C regulator NAT10 in pan-cancer: new territory for
cancer research?Front. Oncol., 11, 630417.

16. Ito,S., Akamatsu,Y., Noma,A., Kimura,S., Miyauchi,K., Ikeuchi,Y.,
Suzuki,T. and Suzuki,T. (2014) A single acetylation of 18 S rRNA is
essential for biogenesis of the small ribosomal subunit in
saccharomyces cerevisiae. J. Biol. Chem., 289, 26201–26212.

17. Johansson,M.J. and Bystrom,A.S. (2004) The saccharomyces
cerevisiae TAN1 gene is required for N4-acetylcytidine formation in
tRNA. RNA, 10, 712–719.

18. Sharma,S., Langhendries,J.L., Watzinger,P., Kotter,P., Entian,K.D.
and Lafontaine,D.L. (2015) Yeast kre33 and human NAT10 are
conserved 18S rRNA cytosine acetyltransferases that modify tRNAs
assisted by the adaptor Tan1/THUMPD1. Nucleic Acids Res., 43,
2242–2258.

19. Stern,L. and Schulman,L.H. (1978) The role of the minor base
N4-acetylcytidine in the function of the Escherichia coli noninitiator
methionine transfer RNA. J. Biol. Chem., 253, 6132–6139.

20. Arango,D., Sturgill,D., Alhusaini,N., Dillman,A.A., Sweet,T.J.,
Hanson,G., Hosogane,M., Sinclair,W.R., Nanan,K.K.,
Mandler,M.D. et al. (2018) Acetylation of cytidine in mRNA
promotes translation efficiency. Cell, 175, 1872–1886.

21. Thalalla Gamage,S., Sas-Chen,A., Schwartz,S. and Meier,J.L. (2021)
Quantitative nucleotide resolution profiling of RNA cytidine
acetylation by ac4C-seq. Nat. Protoc., 16, 2286–2307.

22. Wiener,D. and Schwartz,S. (2020) The epitranscriptome beyond
m(6)A. Nat. Rev. Genet., 22, 119–131.

23. Sas-Chen,A., Thomas,J.M., Matzov,D., Taoka,M., Nance,K.D.,
Nir,R., Bryson,K.M., Shachar,R., Liman,G.L.S., Burkhart,B.W.
et al. (2020) Dynamic RNA acetylation revealed by quantitative
cross-evolutionary mapping. Nature, 583, 638–643.

24. Larrieu,D., Britton,S., Demir,M., Rodriguez,R. and Jackson,S.P.
(2014) Chemical inhibition of NAT10 corrects defects of
laminopathic cells. Science, 344, 527–532.

25. Zhang,Y., Jing,Y., Wang,Y., Tang,J., Zhu,X., Jin,W.L., Wang,Y.,
Yuan,W., Li,X. and Li,X. (2021) NAT10 promotes gastric cancer
metastasis via N4-acetylated COL5A1. Signal Transduct Target Ther.,
6, 173.

26. Tan,T.Z., Miow,Q.H., Huang,R.Y., Wong,M.K., Ye,J., Lau,J.A.,
Wu,M.C., Bin Abdul Hadi,L.H., Soong,R., Choolani,M. et al. (2013)
Functional genomics identifies five distinct molecular subtypes with
clinical relevance and pathways for growth control in epithelial
ovarian cancer. EMBO Mol. Med., 5, 1051–1066.

27. Liang,P., Hu,R., Liu,Z., Miao,M., Jiang,H. and Li,C. (2020) NAT10
upregulation indicates a poor prognosis in acute myeloid leukemia.
Curr. Probl. Cancer, 44, 100491.

28. Zhang,H., Hou,W., Wang,H.L., Liu,H.J., Jia,X.Y., Zheng,X.Z.,
Zou,Y.X., Li,X., Hou,L., McNutt,M.A. et al. (2014)
GSK-3beta-regulated N-acetyltransferase 10 is involved in colorectal
cancer invasion. Clin. Cancer Res., 20, 4717–4729.

29. Tschida,B.R., Temiz,N.A., Kuka,T.P., Lee,L.A., Riordan,J.D.,
Tierrablanca,C.A., Hullsiek,R., Wagner,S., Hudson,W.A.,
Linden,M.A. et al. (2017) Sleeping beauty insertional mutagenesis in
mice identifies drivers of steatosis-associated hepatic tumors. Cancer
Res., 77, 6576–6588.

30. McIntyre,W., Netzband,R., Bonenfant,G., Biegel,J.M., Miller,C.,
Fuchs,G., Henderson,E., Arra,M., Canki,M., Fabris,D. et al. (2018)
Positive-sense RNA viruses reveal the complexity and dynamics of
the cellular and viral epitranscriptomes during infection. Nucleic
Acids Res., 46, 5776–5791.

31. Furuse,Y. (2021) RNA modifications in genomic RNA of influenza a
virus and the relationship between RNA modifications and viral
infection. Int. J. Mol. Sci., 22, 9127.

32. Tsai,K., Jaguva Vasudevan,A.A., Martinez Campos,C., Emery,A.,
Swanstrom,R. and Cullen,B.R. (2020) Acetylation of cytidine
residues boosts HIV-1 gene expression by increasing viral RNA
stability. Cell Host Microbe, 28, 306–312.

33. Kobayashi,K. and Koike,S. (2020) Cellular receptors for enterovirus
A71. J. Biomed. Sci., 27, 23.

34. Brown,B.A. and Pallansch,M.A. (1995) Complete nucleotide
sequence of enterovirus 71 is distinct from poliovirus. Virus Res., 39,
195–205.

35. Ang,P.Y., Chong,C.W.H. and Alonso,S. (2021) Viral determinants
that drive enterovirus-a71 fitness and virulence. Emerg. Microbes.
Infect., 10, 713–724.

36. Pizzi,M. (1950) Sampling variation of the fifty percent end-point,
determined by the reed-muench (Behrens) method. Hum. Biol., 22,
151–190.

37. Wang,T., Li,P., Zhang,Y., Liu,Y., Tan,Z., Sun,J., Ke,X., Miao,Y.,
Luo,D., Hu,Q. et al. (2020) In vivo imaging of zika virus reveals
dynamics of viral invasion in immune-sheltered tissues and vertical
propagation during pregnancy. Theranostics, 10, 6430–6447.

38. Shang,B., Deng,C., Ye,H., Xu,W., Yuan,Z., Shi,P.Y. and Zhang,B.
(2013) Development and characterization of a stable eGFP
enterovirus 71 for antiviral screening. Antiviral Res., 97, 198–205.

39. Tan,B., Liu,H., Zhang,S., da Silva,S.R., Zhang,L., Meng,J., Cui,X.,
Yuan,H., Sorel,O., Zhang,S.W. et al. (2018) Viral and cellular
n(6)-methyladenosine and N(6),2′-O-dimethyladenosine
epitranscriptomes in the KSHV life cycle. Nat. Microbiol., 3, 108–120.



9354 Nucleic Acids Research, 2022, Vol. 50, No. 16

40. Hao,H., Hao,S., Chen,H., Chen,Z., Zhang,Y., Wang,J., Wang,H.,
Zhang,B., Qiu,J., Deng,F. et al. (2019) N6-methyladenosine
modification and METTL3 modulate enterovirus 71 replication.
Nucleic Acids Res., 47, 362–374.

41. Hao,S., Zhang,J., Chen,Z., Xu,H., Wang,H. and Guan,W. (2017)
Alternative polyadenylation of human bocavirus at its 3’ end is
regulated by multiple elements and affects capsid expression. J. Virol.,
91, e02026-16.

42. Liu,Y., Zheng,Z., Shu,B., Meng,J., Zhang,Y., Zheng,C., Ke,X.,
Gong,P., Hu,Q. and Wang,H. (2016) SUMO modification stabilizes
enterovirus 71 polymerase 3D to facilitate viral replication. J. Virol.,
90, 10472–10485.

43. Chen,H., Pei,R., Zhu,W., Zeng,R., Wang,Y., Wang,Y., Lu,M. and
Chen,X. (2014) An alternative splicing isoform of MITA antagonizes
MITA-mediated induction of type I IFNs. J. Immunol., 192,
1162–1170.

44. Courtney,D.G., Tsai,K., Bogerd,H.P., Kennedy,E.M., Law,B.A.,
Emery,A., Swanstrom,R., Holley,C.L. and Cullen,B.R. (2019)
Epitranscriptomic addition of m(5)C to HIV-1 transcripts regulates
viral gene expression. Cell Host Microbe, 26, 217–227.

45. Wang,M., Li,R., Shu,B., Jing,X., Ye,H.Q. and Gong,P. (2020)
Stringent control of the RNA-dependent RNA polymerase
translocation revealed by multiple intermediate structures. Nat.
Commun., 11, 2605.

46. Lin,J.Y., Li,M.L., Huang,P.N., Chien,K.Y., Horng,J.T. and Shih,S.R.
(2008) Heterogeneous nuclear ribonuclear protein K interacts with
the enterovirus 71 5’ untranslated region and participates in virus
replication. J. Gen. Virol., 89, 2540–2549.

47. Hsieh,Y.J., Kundu,T.K., Wang,Z., Kovelman,R. and Roeder,R.G.
(1999) The TFIIIC90 subunit of TFIIIC interacts with multiple
components of the RNA polymerase III machinery and contains a
histone-specific acetyltransferase activity. Mol. Cell. Biol., 19,
7697–7704.

48. Balmus,G., Larrieu,D., Barros,A.C., Collins,C., Abrudan,M.,
Demir,M., Geisler,N.J., Lelliott,C.J., White,J.K., Karp,N.A. et al.
(2018) Targeting of NAT10 enhances healthspan in a mouse model of
human accelerated aging syndrome. Nat. Commun., 9, 1700.

49. Solomon,T., Lewthwaite,P., Perera,D., Cardosa,M.J., McMinn,P. and
Ooi,M.H. (2010) Virology, epidemiology, pathogenesis, and control
of enterovirus 71. Lancet Infect. Dis., 10, 778–790.

50. Sleiman,S. and Dragon,F. (2019) Recent advances on the structure
and function of RNA acetyltransferase kre33/nat10. Cells, 8, 1035.

51. Beckham,S.A., Matak,M.Y., Belousoff,M.J., Venugopal,H., Shah,N.,
Vankadari,N., Elmlund,H., Nguyen,J.H.C., Semler,B.L.,
Wilce,M.C.J. et al. (2020) Structure of the PCBP2/stem-loop IV
complex underlying translation initiation mediated by the poliovirus
type I IRES. Nucleic Acids Res., 48, 8006–8021.

52. Sweeney,T.R., Abaeva,I.S., Pestova,T.V. and Hellen,C.U. (2014) The
mechanism of translation initiation on type 1 picornavirus IRESs.
EMBO J., 33, 76–92.

53. Lin,J.Y., Li,M.L. and Shih,S.R. (2009) Far upstream element binding
protein 2 interacts with enterovirus 71 internal ribosomal entry site
and negatively regulates viral translation. Nucleic Acids Res., 37,
47–59.

54. Hanson,G. and Coller,J. (2018) Codon optimality, bias and usage in
translation and mRNA decay. Nat. Rev. Mol. Cell Biol., 19, 20–30.

55. Peersen,O.B. (2017) Picornaviral polymerase structure, function, and
fidelity modulation. Virus Res., 234, 4–20.

56. Courtney,D.G., Kennedy,E.M., Dumm,R.E., Bogerd,H.P., Tsai,K.,
Heaton,N.S. and Cullen,B.R. (2017) Epitranscriptomic enhancement
of influenza a virus gene expression and replication. Cell Host &
Microbe, 22, 377–386.

57. Kennedy,E.M., Bogerd,H.P., Kornepati,A.V., Kang,D., Ghoshal,D.,
Marshall,J.B., Poling,B.C., Tsai,K., Gokhale,N.S., Horner,S.M. et al.
(2016) Posttranscriptional m(6)A editing of HIV-1 mRNAs enhances
viral gene expression. Cell Host Microbe, 19, 675–685.

58. Lichinchi,G., Gao,S., Saletore,Y., Gonzalez,G.M., Bansal,V.,
Wang,Y., Mason,C.E. and Rana,T.M. (2016) Dynamics of the human
and viral m(6)A RNA methylomes during HIV-1 infection of T cells.
Nat. Microbiol., 1, 16011.

59. Tirumuru,N., Zhao,B.S., Lu,W., Lu,Z., He,C. and Wu,L. (2016)
N(6)-methyladenosine of HIV-1 RNA regulates viral infection and
HIV-1 gag protein expression. Elife, 5, e15528.

60. Tsai,K., Courtney,D.G. and Cullen,B.R. (2018) Addition of m6A to
SV40 late mRNAs enhances viral structural gene expression and
replication. PLoS Pathog, 14, e1006919.

61. Hesser,C.R., Karijolich,J., Dominissini,D., He,C. and
Glaunsinger,B.A. (2018) N6-methyladenosine modification and the
YTHDF2 reader protein play cell type specific roles in lytic viral gene
expression during Kaposi’s sarcoma-associated herpesvirus infection.
PLoS Pathog, 14, e1006995.

62. Ye,F., Chen,E.R. and Nilsen,T.W. (2017) Kaposi’s sarcoma-associated
herpesvirus utilizes and manipulates RNA N(6)-adenosine
methylation to promote lytic replication. J. Virol., 91, e00466-17.

63. Gokhale,N.S., McIntyre,A.B., McFadden,M.J., Roder,A.E.,
Kennedy,E.M., Gandara,J.A., Hopcraft,S.E., Quicke,K.M.,
Vazquez,C., Willer,J. et al. (2016) N6-Methyladenosine in flaviviridae
viral RNA genomes regulates infection. Cell Host Microbe, 20,
654–665.

64. Yao,M., Dong,Y., Wang,Y., Liu,H., Ma,H., Zhang,H., Zhang,L.,
Cheng,L., Lv,X., Xu,Z. et al. (2020) N(6)-methyladenosine
modifications enhance enterovirus 71 ORF translation through
METTL3 cytoplasmic distribution. Biochem. Biophys. Res. Commun.,
527, 297–304.

65. Liu,J., Xu,Y.P., Li,K., Ye,Q., Zhou,H.Y., Sun,H., Li,X., Yu,L.,
Deng,Y.Q., Li,R.T. et al. (2021) The m(6)A methylome of
SARS-CoV-2 in host cells. Cell Res.31, 404–414.

66. Zhang,X., Hao,H., Ma,L., Zhang,Y., Hu,X., Chen,Z., Liu,D.,
Yuan,J., Hu,Z. and Guan,W. (2021) Methyltransferase-like 3
modulates severe acute respiratory syndrome coronavirus-2 RNA
N6-Methyladenosine modification and replication. Mbio, 12,
e0106721.

67. Liu,H., Ling,Y., Gong,Y., Sun,Y., Hou,L. and Zhang,B. (2007) DNA
damage induces N-acetyltransferase NAT10 gene expression through
transcriptional activation. Mol. Cell Biochem., 300, 249–258.

68. Zhang,X., Liu,J., Yan,S., Huang,K., Bai,Y. and Zheng,S. (2015) High
expression of N-acetyltransferase 10: a novel independent prognostic
marker of worse outcome in patients with hepatocellular carcinoma.
Int. J. Clin. Exp. Pathol., 8, 14765–14771.

69. Arango,D., Sturgill,D., Yang,R., Kanai,T., Bauer,P., Roy,J., Wang,Z.,
Hosogane,M., Schiffers,S. and Oberdoerffer,S. (2022) Direct
epitranscriptomic regulation of mammalian translation initiation
through N4-acetylcytidine. Mol. Cell,
https://doi.org/10.1016/j.molcel.2022.05.016.

https://doi.org/10.1016/j.molcel.2022.05.016

