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Abstract 

RNA modifications play crucial roles in RNA metabolism, str uct ure, and functions. N4-acetylcytidine (ac4C) modifications ha v e been shown to 
enhance st abilit y and translation efficiency of messenger RNAs and viral RNAs. Ho w e v er, the relationship betw een ac4C and alternativ e RNA 

processing remains unexplored. Here, N-acetyltransferase 10 (NAT10) and its catalyzed ac4C modifications on minute virus of canines (MVC) 
w ere sho wn to regulate viral DNA replication and RNA processing, including both the alternativ e RNA splicing and poly aden ylation. T hrough acRIP- 
seq and RedaC:T-seq, functional ac4C-modified residue 3311 was identified and c haracterized, whic h affected MVC RNA processing rather than 
altered the viral RNA st abilit y. Ac4C modification at nt 3311 was revealed to participate in NP1-mediated viral RNA processing without influencing 
RNA affinity of NP1. Meanwhile, CPSF5 was identified to interact with NP1 and mediate viral RNA processing in an ac4C-dependent manner. 
Further in vitro assa y s sho w ed that NP1 recruited CPSF5 to MVC RNAs, and the ac4C modification promoted specific binding of CPSF5 to the 
target region, which ensured precise alternative MVC RNA processing. This study not only reveals the functions of NA T1 0 and ac4C but also 
elucidates the mechanisms by which RNA modifications orchestrate MVC proteins and host factors for efficient viral replication and alternative 
RNA processing. 
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ost-transcriptional modifications of messenger RNAs (mR-
As) significantly contribute to RNA metabolism and func-

ional regulation [ 1 , 2 ]. Several RNA modifications, such
s N6-methyladenosine (m6A) and 5-methylcytosine (m5C),
long with related host factors, regulate RNA processing
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efficiency and fidelity of mRNAs, affecting how effectively
tRNAs pair with codons during protein synthesis [ 18 ]. Dys-
regulation of ac4C modification has been reported in cer-
tain diseases [ 19 , 20 ], including cancer [ 21 , 22 ], highlight-
ing its importance in maintaining cellular homeostasis. N-
acetyltransferase 10 (NAT10) acts as an acetyltransferase,
specifically acetylating the nitrogen at position 4 of cytidine
residues, leading to the formation of ac4C [ 17 ]. It is the pri-
mary enzyme responsible for introducing the ac4C modifica-
tion in tRNA [ 23 ], rRNA [ 17 ], and mRNA [ 15 , 18 ]. However,
whether ac4C modifications participate in alternative RNA
splicing or polyadenylation remains unclear. 

The minute virus of canines (MVC) belongs to the Boca-
parvovirus genus within the Parvoviridae family and is a small,
non-enveloped, single-stranded DNA virus containing a 5402
nt linear genome flanked by terminal palindrome sequences
[ 24–26 ]. MVC generates a single pre-mRNA from a promoter
at the left end of the genome (P6) [ 24 , 27 ]. This is processed
via alternative splicing and alternative polyadenylation into
multiple nonstructural and capsid-encoding transcripts that
are used to produce four viral proteins: two non-structural
proteins, NS1 and NP1, and two structural proteins, VP1 and
VP2 [ 24 , 26 ]. NS1 features DNA-binding and endonuclease
domains at its N-terminus, ATPase, and helicase domains in
the central region, and a transactivation domain at the C-
terminus. These domains are crucial for viral replication as
they interact with various host factors [ 28 , 29 ]. NP1 regulates
alternative polyadenylation and splicing of MVC pre-mRNAs
and controls expression of structural proteins during the viral
replication [ 30 , 31 ]. But the detailed mechanisms how NP1
coordinates with other viral proteins and host factors to main-
tain such fine-tuned process remain limitedly explored. 

MVC RNA processing, including three different splicing
manners and two different polyadenylation ways, determines
proper mature mRNA levels of non-structural and capsid pro-
teins for efficient infection. Numerous studies indicate that the
whole viral RNA processing relies on the coordination be-
tween the trans -acting splicing factors / complexes, cis- acting
RNA elements, and other potential machineries. NP1 is es-
sential for efficient read-through of the internal polyadenyla-
tion site (pA) and splicing at the adjacent 3D site. The RNA-
binding ability of NP1 and the arginine / serine (SR) dipep-
tide motifs ensure the precise processing of viral RNA [ 30 ,
32 ]. A recent study revealed that NP1 interacts with CPSF6,
which facilitates the nuclear import of NP1 and participates in
NP1-mediated viral RNA processing [ 32 ]. While, the precise
mechanisms underlying the NP1-mediated initiation of viral
RNA processing remain unexplored. Nevertheless, RNA mod-
ifications have been reported to participate in the host / viruses
RNA processing [ 33–35 ]. These provide a potential regulatory
pathway that the undefined RNA modifications in the RNA
cis- elements nearby the RNA processing sites are involved in
the MVC RNA maturation process. 

ac4C modifications have been detected in various viruses,
including Zika virus, dengue virus, hepatitis C virus, po-
liovirus, human immunodeficiency virus type 1 (HIV-1), and
influenza A virus [ 36 , 37 ]. This modification boosts HIV-1
RNA translation efficiency and stability [ 38 ], enhances en-
terovirus 71 RNA translation and pathogenicity [ 39 ], and
stabilizes the long non-coding RNA of Kaposi’s sarcoma-
associated herpesvirus (KSHV), contributing to virus reacti-
vation [ 40 , 41 ]. Despite these findings, further investigations
are needed to reveal the mechanisms underlying ac4C modifi- 
cations and their roles in viral and host mRNA. In this study,
we characterized the roles of ac4C and NAT10 in MVC repli- 
cation and elucidated the mechanism by which ac4C coordi- 
nates viral proteins and host factors to regulate viral RNA 

processing. 

Materials and methods 

MVC virus and cells 

The original MVC (GA3) and WRD cells were a kind gift from 

Dr Jianming Qiu of the University of Kansas Medical Cen- 
ter. HEK293T (ATCC, CRL-11268) and WRD cells were cul- 
tured in Dulbecco’s modified Eagle’s medium (Gibco) contain- 
ing 10% fetal bovine serum at 37 

◦C with 5% CO 2 . Cells were 
treated with 50 μM remodelin (SML1112, Sigma–Aldrich, St.
Louis, MO, USA) for 4 h before MVC infection. 

MVC was propagated in WRD cells and harvested as previ- 
ously described [ 24 , 42 ]. The viral DNA was extracted using 
a TIANamp virus DNA / RNA kit (Tiangen) according to the 
manufacturer’s instructions, and the copy number was quan- 
tified via real-time qPCR using the SYBR Green Master Mix 

kit (Yeasen Biotech Co., Shanghai, China) with a forward 

primer 5 

′ -A GG A CC A TC GCT TGG A T A CA T T-3 

′ and re-
verse primer 5 

′ -TAC TGG TCC GAG GGC TTG TT-3 

′ . The 
WT (pIMVC-WT) plasmid was used to generate the standard 

curve. 

Plasmid construction 

Flag-epitope-tagged NP1, CPSF5, and NAT10 and HA- 
epitope-tagged NP1 plasmids were constructed by inserting 
the coding sequences of NP1, CPSF5, and NAT10 into pXJ40- 
Flag, p3XFlag-CMV-14, and pXJ40-HA (Sigma–Aldrich).
NAT10-mut was constructed by mutating the amino acids 
G641 to E641 [ 43 ] using the ClonExpress II One Step Cloning 
Kit (Vazyme, Biotech Co., Ltd.). The mutant infectious clones 
564–588m, 1689m, 3978m, and 3311m were constructed 

by substituting the indicated ac4C sites or negative con- 
trol site based on the MVC infectious clone WT [ 24 ]. SRm 

and 3311m-SRm were constructed by mutating the triple 
arginine / serine (SR) dipeptide motifs of the NP1 based on 

the MVC infectious clones WT and 3311m ( Supplementary 
Table S5 ). 

shRNA knockdown 

The indicated gene-specific short hairpin RNA (shRNA) se- 
quences were cloned into the pLK O .1-TRC vector (Plas- 
mid 10878; Addgene, Cambridge, MA, USA) and then co- 
transfected into HEK293T cells with psPAX2 and pMD2.G 

for lentivirus production using the Lipofectamine 2000 

reagent (Invitrogen, 11668-019). Cells were infected via 
lentivirus, along with polybrene (0.75 μg / ml), and sta- 
ble knockdown cell lines were selected using 1 μg / ml 
puromycin. The shRNAs used in the study were as follows 
( Supplementary Table S4 ): NAT10 (shNAT10-1: 5 

′ -GCT TTC 

GGG TAC TCC AAT ATC-3 

′ , shNAT10-2: 5 

′ -GCT GCT 

GCA GA T GT A CTT TGA-3 

′ ), CPSF5 (shCPSF5-1: 5 

′ -GGG 

TCA ACC AGT TCG GCA ACA-3 

′ , shCPSF5-2: 5 

′ -GCG CAT 

GAG GGA ATT TGA-3 

′ ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
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outhern blot and Northern blot analyses 

ow-molecular-weight (Hirt) DNA was isolated to detect
eplicating forms of MVC, as described previously [ 44 , 45 ].

RD cells, infected with MVC virus or transfected with in-
ectious clones, were lysed with Hirt extraction solution (10
M Tris, 10 mM Ethylene Diamine Tetraacetic Acid (EDTA),
H 7.5, 0.6% Sodium Dodecyl Sulfate (SDS)), followed by
roteinase K (0.5 mg / ml) treatment. The Hirt DNA was ex-
racted using the phenol:chloroform method and separated on
 1% agarose gel followed by transferring to a Hybond-N+
embrane and ultraviolet crosslinking. The membranes were
ybridized with a MVC genome probe (nucleotides 1–5402),
repared using the DIG High Prime DNA Labeling and De-
ection Starter Kit II (Roche) according to the manufacturer’s
nstructions. The signals were detected using a Tanon 5200
hemiDoc MP imaging system (Tanon Science & Technology,
hanghai, China). 

For Northern blotting, total RNA from MVC-infected cells
as extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
SA) and run on a 1% agarose gel containing 2.2 M formalde-
yde for 9 h at 28 V, followed by transferring to a Hybond-
+ membrane and UV cross-linking. Signals were detected us-

ng the same probe used for Southern blotting. 

estern blotting and co-immunoprecipitation 

RD cells were lysed using SDS protein sample buffer at 48
 post-transfection or infection, and then, the cell lysates were
ubjected to 12% SDS–PAGE for electrophoresis and trans-
erred to a nitrocellulose membrane. Indicated proteins were
etected using primary mouse monoclonal antibodies against
eta-actin (sc47778, Santa Cruz Biotechnology, Dallas, TX,
SA) and GAPDH (Cat. No. 60004-1-lg; Proteintech); rab-
it polyclonal antibodies against CPSF5 (A4482, ABclonal),
AT10 (13365-1-AP, Proteintech), and Flag (F1804-1 MG,

igma–Aldrich); anti-HA (66006-1-Ig, Proteintech) and anti-
istone H3 antibodies (Cat. No. GTX122148; GeneTex); and

hree rabbit polyclonal antibodies against MVC NP1, NS1,
nd VP2 that were previously generated [ 24 ]. Secondary goat
nti-mouse IgG and goat anti-rabbit IgG antibodies (AntiGene
iotech GmbH, Stuttgart, Germany) were used with a manu-
acturer’s protocol. Luminescent signals were detected using
he ChemiDoc MP imaging system (Tanon Science & Tech-
ology, Shanghai, China). 
For immunoprecipitation (IP), primary antibodies includ-

ng IgG, anti-HA, or an anti-Flag antibodies were mixed with
ell lysates in IP lysis buffer [50 mM Tris–HCl, pH 7.5, 1 mM
thylene Glycol Tetraacetic Acid (EGT A), 1 mM EDT A, 1%
riton X-100, 150 mM NaCl, 2 mM dithiothreitol (DTT),
rotease inhibitors (DI101-02, TransGen)] for overnight at
 

◦C and then incubated with protein G or protein A agarose
or 2 h at 4 

◦C. After six washes using IP wash buffer (50 mM
ris–HCl, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% Triton X-
00, 300 mM NaCl, 2 mM DTT), agarose-coupled proteins
ere denatured at 95 

◦C for 10 min and subjected to a west-
rn blotting assay. 

Nase protection assay 

Nase protection assay (RPA) was performed as previously
escribed [ 46 ]. The detailed sequence of MVC RPA probes
ere indicated in the Fig. 1 F [ 42 ]. Briefly, 20 μg of total
NAs isolated from infected or transfected cells were incu-
ated with MVC probes using RPA buffer (80% formamide,
40 mM pipes, pH 6.4, 400 mM NaCl, 1 mM EDTA) at 51 

◦C
overnight after denatured at 95 

◦C for 5 min. Then, the mix-
tures were treated with RNase A and RNase T1 for 1 h at
30 

◦C and digested with proteinase K for 30 min at 37 

◦C. The
RPA samples were separated on a 8% urea-PAGE gel, and the
signals were detected using a Cyclone Plus (PerkinElmer) and
analyzed with OptiQuant™ software. 

F ormaldeh yde-cross-linked RIP and acRIP-seq 

RIP was performed as previously described [ 47 ]. Briefly, in-
fected or transfected WRD cells were cross-linked with 1%
formaldehyde and lysed with RIP buffer (150 mM KCl, 25
mM Tris–HCl pH 7.4, 5 mM EDTA, 0.5 mM DTT, 0.5% NP-
40, 100 U / ml RNase inhibitor, 100 μM phenylmethylsulfonyl
fluoride, and 1 μg / ml proteinase inhibitors) on ice. After cen-
trifugation, the cell lysates were subjected to IP using IgG, anti-
Flag, or indicated antibodies. Isolated RNA was performed for
qRT-PCR with gene-specific primers ( Supplementary Table 
S3 ) using Hieff® qPCR SYBR® Green Master Mix. 

The acRIP-seq was performed according to a previously
published protocol [ 15 ]. Total RNA was extracted from
MVC-infected WRD cells and purified using an Oligo (dT)
kit (Thermo Scientific, Wilmington, DE, USA). The acRIP
was performed by IP using anti-ac4C antibodies and next-
generation sequencing. Details are described as GenSeq ac4C
RIP Kit according to the manufacturer’s instructions. Both the
acRIP and input samples were used for library generation us-
ing the NEBNext Ultra II Directional RNA Library Prep Kit
(New England Biolabs). The library was validated using an
Agilent 2100 Bioanalyzer and sequenced on a DNBSEQ-T7.
The data of acRIP-seq was analyzed as described previously
[ 42 ]. 

RedaC:T-seq and data analysis 

RedaC:T-seq was performed by SeqHealth Technology Co.,
Ltd (Hanwu, China) according to a previously published
protocol [ 48 ]. Briefly, Total RNA was purified from MVC-
infected WRD cells, followed by treatment with DNase I
and Poly(A)+ RNA capture using the KAPA mRNA Capture
Kit (KK8441) according to the manufacturer’s instructions.
A small amount of captured RNA was taken as the “Con”
sample, and the remaining RNA was treated with 100 mM
NaBH4 at 55 

◦C in the dark for 30 min. NaBH4-treated RNA
was precipitated using 0.3 M sodium acetate (pH 5.5), 15
mg / ml linear acrylamide (carrier), and 2.5 × ethanol. The
KC Digital Stranded mRNA Library Prep Kit from Illumina
(DR085-02) was used to construct the library. The kit elimi-
nates duplication bias in the PCR and sequencing steps using
a unique molecular identifier (UMI) of eight random bases to
label pre-amplified complementary DNA molecules. Library
products corresponding to 200–500 bp were enriched, quanti-
fied, and sequenced on an MGISEQ-T7 (MGI) with the PE150
model. 

Raw sequencing data were filtered using fastp (version
0.23.1), low-quality reads were discarded, reads contaminated
with adaptor sequences were trimmed. UMI (version 1.0),
self-developed software from Seqhealth Co., Ltd., was used
to eliminate duplicates. After duplication removal, the reads
were mapped to the reference genome of MVCs from NCBI
(FJ214110) using STAR (version 2.7.6a) with default parame-
ters. Sambamba (version 0.7.1) was used for Sam / Bam format
conversion and index building. Feature counts (version 1.5.1)

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
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data found that ac4C modifications were detected in MVC 
were used for the read distribution statistics. JACUSA soft-
ware (version 2.0.1) was used to detect SNV sites and obtain
the corresponding pile-up. The self-developed software Rigel
(version 1.0.0) was used to perform statistical tests on the de-
tected SNV sites and identify differential ac4C sites. 

Liquid chromatography tandem MS 

The liquid chromatography tandem MS (LC-MS / MS) as-
says were performed following the standard procedures [ 49 ].
Briefly, total RNA was extracted from MVC-infected WRD
cells, with following purification of the MVC RNAs by us-
ing viral probes [ 37 ]. Then, S1 nuclease, alkaline phosphatase,
and phosphordiesterase I were introduced into 1 μg viral
RNAs, followed with incubation at 37 

◦C for 3 h. Then
RNAs were fully digested into nucleosides followed with ex-
traction with chloroform. The resulting aqueous layer was
collected for further analysis via LC-MS. RNA modifica-
tions contents were detected based on the AB Sciex QTRAP
6500 LC-MS / MS platform (Wuhan Metware Biotechnol-
ogy Co., Ltd). The MVC probes used in the study were as
follows: 

MVC-probe Sequence 

MVC-probe1 CCACA TA TGGAAA TTTCAGGA TA TAAGT 

ATAAGCA GGAGTA GAAAATT 

GAGTAAGGTCGTCTAAA GA CGCGATTGG
AAGCGTCGACATCA 

MVC-probe2 T ATCTGTTCTA TAAGTTTGTTTCCGCCC 

GATTGAC ATTCTAAC ATAACA 

ACGAGATCGGCGC ACCC ATTTAC AAGGT 

CTTCA TA TGTT AA 

MVC-probe3 ATGGTTTCGTCCGAACTTGTTCGTTTTC 

TTGATGGAGTGGTAGCGTTT 

GGTGTTTCTGGAGAGTCTAAGAGCGAAA
AATCGAA GTTA GTG 

MVC-probe4 CTCTTTTGCGCCCTA TCTTGTCT ACTGT 

TTCCGGCCA CTCTTTTA GCA 

GGA GGAGTGTTTTCTTTTA GATGTGGA G 

CCAAAAT ACGTTT A 

MVC-probe5 TTTGTGTGTTTCCAA TGTA TCCAAGCGA 

TGGTCCTGGCATCCACTG 

TGA TGGCTTGTTA TA CGGA CTGTATCGC 

GTGTA CA CGAATTTTC 

RNA–protein pulldown assay 

WRD cells were transfected with the indicated Flag-CPSF5
and HA-NP1 plasmids and lysed using lysis buffer (20 mM
Tris–HCl, pH 7.5, 100 mM NaCl, 1 mM MgCl2, 0.5 mM
ED TA, 0.5 mM D TT) at 48 h post-transfection. After brief
sonication (10% amplitude pulse-on: 10 s, pulse-off: 20 s), cell
lysates were mixed with 5 

′ biotin-conjugated RNA oligonu-
cleotides and incubated for 2 h at 4 

◦C, followed by the addi-
tion of neutravidin beads and rotation overnight at 4 

◦C. The
beads were washed with lysis buffer at least three times to
remove non-specifically bound proteins, and agarose-coupled
proteins were denatured at 95 

◦C for 10 min and subjected to
western blotting. 

CPSF5 and NP1 proteins were expressed in a prokaryotic
expression system and purified using Ni-NTA column. Equal
or increasing amounts of purified proteins were incubated
with neutravidin beads for 3 h at 4 

◦C. The beads were then
washed three times with lysis buffer and boiled in 2 × SDS
loading buffer. The pull-down samples were subjected to west- 
ern blotting. 

Immunofluorescence analysis 

WRD cells were infected with MVC or transfected with 

Flag-NAT10 for 24 h. The cells were then fixed in 4% 

paraformaldehyde for 1 h, permeabilized in 0.2% Triton X- 
100 for 10 min, and blocked in 3% bovine serum albumin 

for 1 h at room temperature. After incubation with NAT10 

or Flag antibodies overnight at 4 

◦C, the samples were stained 

with secondary antibodies (Alexa Fluor 488) for 1 h and 

Hoechst 33258 for 10 min. The images were captured under 
a PerkinElmer VoX confocal microscope. 

In vitro transcription of ac4C-modified RNA 

Two complementary single-strand DNA fragments 
( Supplementary Table S2 ), based on the motif containing 
the modified DSE bearing the indicated ac4C modifications 
(ac4C at residue 3311), were synthesized. The double- 
stranded oligomer was generated by annealing above two 

fragments. Then, according to the manufacturer’s instruc- 
tions, the oligomer was set as the template for the following 
in vitro transcription using a MEGAscript T7 Kit (Am- 
bion, Austin, TX, USA), with CTP (ThermoFisher, R0451) or 
ac4CTP (MedChemExpress, HY-111815) as substrates. Thus,
the indicated RNAs with or without ac4C modifications were 
obtained and proceeded to the following assays. 

Dot blotting 

Five microgram in vitro transcribed RNA with or without 
ac4C was denatured for 5 min at 75 

◦C and loaded onto 

Hybond-N+ membranes. The membrane was crosslinked with 

ultraviolet light and then blocked in 5% milk. ac4C detec- 
tion was performed using anti-ac4C antibodies (Abcam, Cam- 
bridge, UK) according to the manufacturer’s protocol. Im- 
munoblot signals were detected using the Tanon-5200 Chemi- 
Doc MP imaging system. 

Quantification and statistical analysis 

All data were analyzed using GraphPad Prism software (ver- 
sion 8). Details of the statistical tests used in this study are pro- 
vided in the corresponding figure legends. Data are presented 

as the means ± standard errors of the means or means ± stan- 
dard deviations. Comparisons between two groups were per- 
formed using students’ unpaired t -tests, while comparisons 
of the decay curves were performed using two-way ANOVA.
P ≤ 0.05 is considered statistically significant. 

Results 

The MVC RNA contains ac4C modifications and the 

acetyltransferase NAT10 promotes virus replication 

and RNA processing 

Multiple viruses were found to be regulated by different RNA 

modifications during the viral replication [ 47 , 50 ]. To deter- 
mine whether MVC RNA contains ac4C modifications or the 
viral replication is regulated by the ac4C and its related ma- 
chinery, we firstly measured the level of ac4C modification on 

MVC RNA via ac4C-acetylated RNA immunoprecipitation 

(acRIP) followed by qRT-PCR or Northern blot assays. Our 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
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Figure 1. NA T1 0 promotes MV C replication and affects the alternative viral RNA processing. ( A ) Identification of ac4C on MV C RNA via acRIP 
(RNA-immunoprecipitation)-qRT-PCR. RNAs from MVC-infected cells were incubated with IgG or anti-ac4C antibodies, followed by IP and qRT-PCR. Data 
are the means ± SEMs ( n = 3). ***P ≤ 0.001, unpaired student’s t -tests. ( B ) The acRIP and Northern blotting. RNAs from MVC-infected WRD cells were 
incubated with IgG or anti-ac4C specific antibodies as indicated. Immunoprecipitated RNAs were resolved on 1% agarose gels containing 2.2 M 

f ormaldeh y de and transferred to Hybond-N+ membranes, f ollo w ed b y RNA signal detection with MVC-specific probes spanning from nt 1 to nt 5402. ( C ) 
Western blot analysis of NA T1 0 protein expression in MVC-infected cells at 24 h and 48 h post-infection. Actin served as an internal control. ( D ) Southern 
blot analysis of MVC DNA replication. Hirt DNA was extracted from infected cells with NA T1 0 overexpression or knockdown and subjected to Southern 
blot analysis at 48 h post-infection. The MVC full-length probe targeting the 1–5402 region was used for hybridization. EB staining of Hirt DNA served as 
an internal control. dRF, double replicative form; mRF, monomer replicative form; and ssDNA, single-stranded DNA. ( E ) Western blot analysis of MVC 

protein expression with NA T1 0 knockdown from MVC-infected cells at 48 h post-infection. ( F ) The top panel is a diagram of MVC genomic str uct ure, 
including P6 promoter, four splicing donor sites (1D, 1D 

′ , 2D, and 3D), three accept sites (1A, 2A, and 3A), the proximal polyadenylation cleavage site 
[(pA)p], and distal poly aden ylation clea v age site [(pA)d]. T he bottom panel sho ws the positions and siz es of probes used in RPA. T he siz e of e xpected 
RPA products from unspliced RNA (unspl), spliced RNA (spl), RNA utilizing (pA)p site, or (pA)d site is below each probe. ( G –J ) Analysis of the alternative 
splicing of MVC RNA via RPA. Total RNA was extracted from MVC-infected cells in which NA T1 0 was knocked down at 48 h post-infection using a 
1D-probe ( G ), 2D-probe ( H ), 3D-probe ( I ), and (pA)p-probe ( J ) targeting the respective indicated donor sites and (pA)p. Radioactive probes were loaded in 
each experiment and served as size controls. ( K –N ) MVC RNA alternative splicing was measured by mutating the acetylase activity site of NA T1 0. RP A 

analysis of MVC RNA processing with NA T1 0 wild type (NA T1 0-WT) or G641E (NA T1 0-mut) mutant o v ere xpression from MVC-infected cells at 48 h 
post-infection using a 1D-probe ( K ), 2D-probe ( L ), 3D-probe ( M ), and (pA)p-probe ( N ) targeting the respective indicated donor sites and (pA)p. 
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RNA obtained from the MVC-infected Walter Reed Canine
cell / 3873D (WRD) cells (Fig. 1 A and B). Since MVC did
not encode any acetyltransferase or other enzymes with sim-
ilar functions, the ac4C writer NAT10 was speculated to be
responsible for such modification in viral RNA. To confirm
this hypothesis, we firstly measured the expression of NAT10
after MVC infection via WB assay. The NAT10 expression
was largely increased by the viral infection (Fig. 1 C) with-
out affecting its cellular localization ( Supplementary Fig. S1 A
and B), which implied that NAT10 participated in the viral
replication. In addition, the MVC RNAs were abundantly en-
riched by the anti-Flag antibodies in MVC-infected cells with
exogenous Flag-NAT10 via the RIP-qPCR assay, compared
to the empty vector control. These suggested that NAT10
targeted MVC RNAs for binding ( Supplementary Fig. S1 C
and E). Correspondingly, the following acRIP assays showed
that overexpressed NAT10 significantly increased ac4C lev-
els of MVC RNAs pulled down by the anti-ac4C antibodies
( Supplementary Fig. S1 F). Whereas both inhibition of NAT10
by its specific inhibitor, remodelin, and knocked down by
the shRNAs targeting NAT10, greatly decreased the levels
of ac4C modified MVC RNAs ( Supplementary Fig. S1 G and
H). Thus, NAT10 potentially acted as the enzyme for the
ac4C modifications on MVC RNAs. Moreover, the trans-
fection of a dominant-negative mutant of NAT10, losing its
acetyltransferase activities but remaining the RNA binding ca-
pabilities, only led to decrease of ac4C levels on viral RNAs
( Supplementary Fig. S1 I), compared to the empty vector con-
trol [ 51 ]. Above all, NAT10 was the acetyltransferase respon-
sible for catalyzing ac4C modifications on MVC RNAs. 

Subsequently, whether NAT10 could in turn to regulate the
MVC replication was investigated. The overexpressed NAT10
was capable to enhance MVC genomic replication measured
by the Southern blot assay (Fig. 1 D and lanes 1–3). On the
contrary, inhibition or depletion of NAT10 as above resulted
in much decrease of the viral replication (Fig. 1 D, lanes 4–
6, and Supplementary Fig. S2 A). Recent study revealed that
NAT10 facilitates EV71 replication by promoting the transla-
tion efficiency and stability of viral RNAs [ 39 ]. Here, NAT10
affected RNA transcription and protein expression of MVC
(Fig. 1 E and Supplementary Fig. S2 B–E), but not MVC RNA
stability ( Supplementary Fig. S3 ). Thus, NAT10 affects MVC
replication. 

MVC RNA processing, including the three different al-
ternative RNA splicing manners along with two different
RNA polyadenylation ways (Fig. 1 F), is essential and sequen-
tially restrained for the effective viral replication [ 24 , 27 ].
To further characterize the role of NAT10 during the MVC
RNA processing, the RPA was performed to analyze the
profile of viral RNA processing using indicated probes (Fig.
1 F). The depletion (Fig. 1 G–J) or inhibition of NAT10
( Supplementary Fig. S4 ) led to decreased splicing of 1D / 1A
intron ( ∼3-fold) (Fig. 1 G and Supplementary Fig. S4 B) and
3D / 3A intron ( ∼10-fold) (Fig. 1 I and Supplementary Fig.
S4 D) but increased polyadenylation at (pA)p ( ∼20-fold) (Fig.
1 J and Supplementary Fig. S4 E) after viral infection, whereas
splicing of 2D / 2A intron was not affected (Fig. 1 H and
Supplementary Fig. S4 C). The exogenous NAT10 expression
exerted opposite effects on the alternative splicing of these dif-
ferent introns (Fig. 1 K and M) and polyadenylation at (pA)p
of MVC RNAs (Fig. 1 N), whereas splicing of 2D / 2A intron
was not affected (Fig. 1 L). In addition, transfection with a mu-
tant NAT10 lacking enzymatic activity [ 52 ] did not affect vi-
ral RNA processing (Fig. 1 K–N). Taken together, NAT10 pro- 
moted MVC replication and affected the alternative process- 
ing of viral RNAs, which were dependent on its intact enzyme 
activities. 

ac4C facilitates MVC replication, RNA splicing, and 

polyadenylation 

Since the NAT10 catalyzed ac4C modifications on MVC 

RNAs were involved in the viral replication, the exact and 

functional ac4C modified residues were further character- 
ized. First, we performed LC-MS / MS assays using the puri- 
fied MVC RNAs, and ∼0.7% ac4C modified residues among 
the MVC RNAs were detected ( Supplementary Fig. S5 A and 

B) [ 49 ]. In addition, through the acRIP-seq assay, ac4C peaks 
were identified on the region of the MVC genome spanning 
from nucleotides (nt) 553–600, 2743–3370, 3713–4232 and 

4763–4967 (Fig. 2 A). To further achieve base-resolution map- 
ping, we conducted sodium borohydride (NaBH4) reduction 

and the induction of C:T mismatches in sequencing (RedaC:T- 
seq) [ 18 ], and seven potential sites were detected (Fig. 2 B).
Considering the conserved “C-C-G” motif [ 53 ], nucleotides 
3311 and 3978 were identified in both sequencing datasets 
(Fig. 2 A and B). Other nucleotides, such as residues 564 and 

588, were only detected via RIP-seq. Nucleotide 1689 with 

CCG motif was not detected and served as a negative control.
To characterize the exact ac4C modified residues, the differ- 
ent mutants (3311m, 3978m, 564–588m, 1689m) (Fig. 2 C) 
were constructed to detect the levels of ac4C modifications of 
MVC RNA by acRIP assay. Only the nucleotide 3311 mu- 
tation reduced the ac4C modification level of MVC RNA,
which suggested residue 3311 was acetylated (Fig. 2 D). To 

explore whether ac4C modification at residue 3311 affect vi- 
ral genome replication, Southern blot was performed and re- 
vealed that the mutation of nucleotide 3311 reduced MVC 

replication levels ( ∼2-fold), whereas no effects were detected 

in other mutants (Fig. 2 E). In addition, the viral VP2 protein 

expression was inhibited by mutating residue 3311. However,
no differences in viral VP2 protein expression were observed 

among WT and mutant in cells with NAT10 knockdown (Fig.
2 F) or treatment with remodelin (Fig. 2 H). The NP1 expres- 
sion was increased (Fig. 2 F–H). These results suggested that 
residues 3311 could be the functional ac4C site to regulate 
MVC replication. 

Along with the viral protein expression affected by mutat- 
ing residues 3311, the transcription levels of VP2 were also 

decreased by substituting the nucleotide 3311, compared to 

WT (Fig. 3 A and B). MVC RNA maturation is highly depen- 
dent on the alternative viral RNA processing [ 30 ]. To confirm 

whether ac4C site influenced viral RNA processing, WT and 

other mutants were transfected into cells for RPA analysis. Al- 
ternative splicing of the 3D / 3A intron was decreased ∼5-fold 

in cells transfected with 3311m than WT (Fig. 3 C, compare 
lane 6 to lane 3; Fig. 3 D, compare lane 4 to lane 3). The en- 
hanced alternative polyadenylation at (pA)p ( ∼20-fold) was 
only detected when mutating residue 3311 (Fig. 3 E, compare 
lane 5 to lane 2; Fig. 3 F, compare lane 3 to lane 2). Further- 
more, no differences in 3D / 3A intron RNA splicing (Fig. 3 G,
compare lanes 7 and 8 to lane 6) and alternative polyadeny- 
lation at (pA)p (Fig. 3 H, compare lanes 7 and 8 to lane 6) 
were observed among shNC and NAT10 knockdown in cells 
with transfection of the mutant 3311m. Above data showed 

that NAT10-mediated regulation of alternative MVC RNA 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
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Figure 2. Residues 3311 could be the functional ac4C site to regulate MVC replication. ( A ) Mapping of ac4C sites on MVC RNA via acRIP 
(RNA-immunoprecipitation)-seq. Poly(A) + RNA, purified from total RNA extracted from MVC-infected WRD cells, was fragmented, and IP w as perf ormed 
using anti-ac4C antibodies for acRIP-seq, followed by next-generation sequencing. Difference of normalized depth was generated on the coverage of 
acRIP-seq and input MVC RNA, respectively. ( B ) ac4C sites were detected on MVC RNA via RedaC:T-seq. Poly(A)+ RNA, purified from total RNA 

extracted from MVC-infected WRD cells, was treated with NaBH4, followed by next-generation sequencing. Both 3311 and 3978 sites were detected in 
acRIP-seq and RedaC:T-seq with CCG motifs, and only site 3311 was located at the wobble site of the codon. ( C ) The diagram shows the location of 
ac4C sites and negative control with CCG motif detected in acRIP-seq or RedaC:T-seq. Nucleotides 564–588, 3311, and 3978 were detected as ac4C 

sites, but 1689 site with CCG motif was not detected and served as a negative control. All mutants are synonymous codon, except 3978 site. ( D ) 
Identification of ac4C modified MVC RNA by acRIP-qRT-PCR. RNAs from WRD cells transfected with WT and mutant infectious clones were incubated 
with anti-ac4C antibodies, f ollo w ed b y IP and qR T-PCR. Dat a are the means ± SEMs ( n = 3). ***P ≤ 0.0 01, ns: not significant, unpaired student’s t -tests. 
( E ) MVC DNA replication analysis of cells transfected with WT and mutant infectious clones at 48 h via Southern blotting . EB st aining of Hirt DNA served 
as an internal control. The probe was used as described in Fig. 1 D . ( F , H ) Western blot analysis of MVC protein expression with NA T1 0 knockdown ( F ) or 
remodelin treatment ( H ) from WRD cells transfected with WT or the other mutants at 48 h. Actin served as internal control. Relative intensity of VP2 
versus actin was quantified using the ImageJ program. Data are means ± SDs ( n = 3). ***P ≤ 0.001, ns: not significant, unpaired Student’s t -test. ( G ) 
Viral proteins expression was detected by western blotting. MVC infectious clones of WT and mutants were transfected into WRD cells and levels of 
protein were blotted after 48 h post-transfection. GAPDH served as internal control. Relative intensity of VP2 versus GAPDH was quantified using the 
ImageJ program. Data are means ± SDs ( n = 3). ***P ≤ 0.001, *P ≤ 0.05, unpaired Student’s t -test. 
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Figure 3. Functional ac4C-modified residue determines the alternative splicing and polyadenylation of MVC pre-mRNAs. ( A , B ) qRT-PCR was performed 
to determine the RNA le v els of MVC WT or mutants by NP1, NS1, and VP2 ORF primers in WRD cells at 48 h transfection of infectious clones, and 
G APDH w as used as a control. Data are means ± SEMs ( n = 3). *P ≤ 0.05, **P ≤ 0.01, ns: not significant, unpaired Student’s t -tests. ( C –F ) R egulation 
of MVC RNA alternative splicing via the functional ac4C-modified residue. RPA of total RNA extracted from cells transfected with MVC-WT and mutant 
infectious clones at 48 h was performed using 3D-probe ( C , D ) and (pA)p-probe ( E , F ). ( G , H ) The correlation between acetyltransferase NA T1 0 and 
ac4C-modified residues regulated MVC RNA alternative splicing. RPA of total RNA extracted from cells transfected with WT and mutant infectious 
clones in which NA T1 0 was knocked down at 48 h was performed using a 3D-probe and (pA)p-probe. ( I ) The model of acetylation at site 3311 regulates 
alternative 3D / 3A RNA splicing and readthrough of (pA)p. 
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rocessing relies on ac4C at residue 3311. Collectively, the
c4C-modified residue 3311 participated in MVC replication
nd in the alternative splicing and polyadenylation of viral
NAs (Fig. 3 I). 

P1-mediated 3D / 3A splicing and (pA)p 

olyadenylation rely on ac4C at residue 3311 

he viral protein NP1 [ 30 ] has been characterized as the reg-
latory protein to influence the alternative MVC RNA splic-
ng of the 3D / 3A intron and the RNA polyadenylation at
pA)p. Above data showed that ac4C at residue 3311 pre-
ented similar pattern to the viral RNA processing as NP1.
he RNA-binding ability of NP1 maintains the subsequent
P1-mediated viral RNA processing [ 30 , 32 ], which implied

hat ac4C at residue 3311 might be involved in NP1 binding to
iral RNAs. Thus, we investigate the affinity of NP1 to MVC
NA with or without ac4C modifications by formaldehyde-
rosslinked RIP-seq assay. The data showed that MVC RNAs
ere captured by the Flag-specific antibodies in Flag-NP1

ransfected cells when compared with the control, indicating
he NP1 bound with MVC RNA (Fig. 4 A), but the muta-
ion at residue 3311 did not alter the levels of NP1 bound
NAs after comparing the effects of transfection with 3311m

o WT (Fig. 4 B). Beyond the RNA binding capacities, the
riple arginine / serine (SR) dipeptide motifs are in charge of
P1 mediated RNA processing [ 30 ]. To explore the poten-

ial correlation between ac4C and NP1, the SR motifs were
utated based on WT or 3311m for following analyses (Fig.
 C). Next, we determined effect of SR motifs of NP1 on viral
eplication by Southern blot assay, our data showed that com-
ared to WT, the SRm did reduce MVC DNA replication (Fig.
 D, lanes 1–3). In addition, viral proteins expression was de-
reased by mutating SR motifs (Fig. 4 E, lanes 1 and 2). These
ata showed that levels of both viral replication and viral pro-
eins expression were decreased by mutating SR motifs in WT.

hile no synergistic effects of decreased viral replication and
P2 protein expression were observed in mutations with both
Rm and 3311m (Fig. 4 D, compare lane 5 to lanes 3 and 4;
ig. 4 E, lane 4 to lanes 2 and 3). Whereas the mutation of
R motifs in NP1 did not change the expression of NAT10
 Supplementary Fig. S6 A) and the ac4C levels of MVC RNA
 Supplementary Fig. S6 B), which suggested SR sequence muta-
ions regulate viral replication not by altering NAT10 protein
xpression. Meanwhile, the levels of MVC transcribed pre-
RNAs were not affected by changing SR motifs, after RT-
PCR assays using three different primers targeting different
oding regions (Fig. 4 F and G). 

To elucidate the underlying mechanisms that NP1 might di-
ectly or indirectly coordinate with ac4C to regulate MVC
NA processing, cells transfected with indicated mutants
ere subjected to RPA assays (Fig. 4 C). Consistently, ∼6-fold
ecrease of alternative splicing at 3D sites (Fig. 4 H, com-
are lane 4 to lane 3) and ∼9-fold increase of alternative
olyadenylation at (pA)p (Fig. 4 I, compare lane 4 to lane 3)
ere detected in cells transfected with SRm, compared to WT.
evertheless, no differences of alternative splicing at 3D sites

Fig. 4 H, compare lane 6 to lane 5) and alternative polyadeny-
ation at (pA)p (Fig. 4 I, compare lane 6 to lane 5) were de-
ected in cells transfected with 3311m by mutating SR se-
uence. Thus, these indicated that ac4C could play a role in
P1-mediated viral RNA processing. Taken together, these re-
ults revealed that the loss of ac4C at residue 3311 did not in- 
fluence the MVC RNA-binding capacity of NP1, but still par-
ticipated in the NP1-mediated alternative viral RNA process-
ing. These implied that unknown host factors were involved in
the alternative viral RNA processing regulated by NP1 along
with ac4C. 

CPSF5 is recruited by NP1 and affects 3D / 3A 

splicing and (pA)p polyadenylation 

Tandem mass spectrometry (MS) with IP in cells with ex-
ogenous NP1 expression was conducted to identify potential
host factors mediating the connection between NP1 and ac4C
at residue 3311 during the MVC RNA processing (Fig. 5 A).
Candidates obtained via MS were ranked according to their
intensity (Table 1 ). After screening and verification via co-
IP assays, the host factor CPSF5 was found to interact with
NP1 (Fig. 5 A and Supplementary Fig. S7 A). To further ex-
plore the roles of CPSF5 during the MVC replication, the vi-
ral genome replication and protein expression were examined
after knocking down CPSF5. Our data showed that knock-
ing down CPSF5 decreased MVC DNA replication by South-
ern blot assay (Fig. 5 B). In addition, viral proteins expres-
sion was decreased according to the WB assays (Fig. 5 C, lanes
1–3; Supplementary Fig. S7 B). Thus, both the MVC genome
replication and viral VP2 protein expression were inhibited by
CPSF5 depletion. No additive inhibitory effects of VP2 expres-
sion were observed after depleting CPSF5 in combination with
mutating residue 3311 (Fig. 5 C, compare lanes 5 and 6 to lane
4). Meanwhile, the levels of transcribed VP2 and NP1 mRNAs
were downregulated by CPSF5 depletion in cells transfected
with WT (Fig. 5 D). No additive inhibitory effects of VP2 tran-
scripts were observed after depleting CPSF5 in combination
with mutating residue 3311, but not NP1 RNA level (Fig. 5 E),
while NS1 mRNA was not affected ( Supplementary Fig. S8 A
and B). 

Correspondingly, we also determined the relationship be-
tween CPSF5 and MVC RNA processing in CPSF5 knock-
down cells transfected with WT or mutant 3311m using RPA
assays. The data showed that CPSF5 depletion inhibited the
alternative splicing of the 3D / 3A intron ( ∼10-fold) (Fig. 5 F,
Supplementary Fig. S8 C, compare lanes 4 and 5 to lane 3),
but facilitated the alternative polyadenylation at (pA)p ( ∼13-
fold) (Fig. 5 G, Supplementary Fig. S8 D, compare lanes 4
and 5 to lane 3) after MVC infection or transfection with
WT . However , along with mutation of residue 3311, knock-
down of CPSF5 did not affect the alternative MVC RNA
processing at 3D sites or (pA)p (Fig. 5 F and G, compare
lanes 7 and 8 to lane 6). These indicated that the CPSF5-
mediated such regulatory effects were dependent on residue
3311. In addition, the RNA levels and protein expression of
NAT10 were not influenced by the overexpression or knock-
down of CPSF5, which suggested knockdown of CPSF5 reg-
ulated viral replication and RNA processing not by altering
NAT10 protein expression ( Supplementary Fig. S9 ). Consis-
tent with previous studies, CPSF5 was capable to efficiently
bind with MVC RNAs (Fig. 5 H), and the levels of CPSF5-
bound viral RNAs were decreased by substituting residue
3311 via RIP-qPCR assays (Fig. 5 I). Overall, CPSF5 inter-
acts with NP1 to regulate MVC replication and RNA pro-
cessing. Different from that of NP1, the CPSF5-mediated al-
ternative viral RNA processing appears to depend on ac4C at
residue 3311, which affects the viral RNA-binding capacity of

CPSF5. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
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Figure 4. Ac4C at residue 3311 and NP1 are critical for the splicing at 3D site and (pA)p readthrough. ( A , B ) Ability of NP1 binding to the targeted MVC 

RNA based on f ormaldeh y de-RIP (RNA-immunoprecipitation) and qRT-PCR. Cell lysates from formaldehyde-cross-linking were subjected to IP with IgG 

or anti-NP1 antibodies ( A ). WT and mutant 3311m infectious clones were used to transfect WRD cells, and cell lysates followed by 
f ormaldeh y de-cross-linking, w ere subjected to IP with anti-NP1 antibodies ( B ). qR T-PCR w as perf ormed to quantify MVC RNA. Unpaired student’s t -tests 
w ere perf ormed, and the dat a are presented as the means ± SEMs ( n = 3). ns: not significant, ***P ≤ 0.0 01. ( C ) Diagram indicating the relative 
locations of the NP1 arginine / serine (SR) mutants and alignment of nucleotide 2600–2740 of wild-type MVC NP1 (WT, 3311m) and NP1-SRsm 

(WT-SRm, 3311m-SRm). ( D ) Southern blot analysis was performed to detect MVC DNA replication in cells transfected with MVC infectious clones WT, 
WT-SRm, 3311m, and 3311m-SRm at 48 h. ( E ) Western blot analysis of MVC protein expression in WRD cells transfected with the infectious clones, 
indicated as Fig. 4C; actin was used as a control. ( F , G ) Effect of MVC RNA level by mutating NP1 SR domain. qRT-PCR of total RNA extracted from 

WRD cells transfected with the same infectious clones as Fig. 4 C. Data are means ± SEMs ( n = 3). ns: not significant, unpaired Student’s t -tests. ( H , I ) 
Correlation between NP1 and the ac4C-modified residue affected MVC RNA processing based on RPA. RPA of total RNA extracted from cells 
transfected with the infectious clones WT, WT-SRm, 3311m, and 3311m-SRm at 48 h were performed using a 3D-probe ( H ) and (pA)p-probe ( I ). 



Ac4C facilitates MVC RNA processing 11 

Figure 5. CPSF5 recruited by NP1 targets viral RNAs to further regulate the alternative RNA processing. ( A ) NP1 interacts with CPSF5, which was 
v erified b y perf orming an IP assa y. Flag-tagged NP1 w as transiently e xpressed in WRD cells and then purified b y IP using anti-Flag antibodies and 
detected via MS (Table 1 ) or western blotting. IgG was used as a negative control. ( B ) Southern blot assay showing MVC DNA replication in CPSF5 
knockdown cells. Hirt DNA was extracted from MVC-infected cells with CPSF5 knockdown and subjected to Southern blot analysis at 48 h 
post-infection. ( C ) The expression of MVC protein was identified with CPSF5 knockdown. Western blot analysis of MVC protein expression by knocking 
down CPSF5 in WRD cells transfected with WT or mutant 3311m MVC infectious clone at 48 h; actin was used as a control. Relative intensity of VP2 
versus actin was quantified using the ImageJ program. Data are means ± SDs ( n = 3). ***P ≤ 0.001, **P ≤ 0.01, unpaired Student’s t -test. ( D , E ) MVC 

RNA le v els detected in CPSF5 knockdo wn cells. qR T-PCR w as perf ormed to determine the RNA le v els from CPSF5 knockdo wn WRD cells transfected 
with infectious clone WT ( D ) or mutant 3311m ( E ) at 48 h by CPSF5, NP1, VP2 ORF primers, and GAPDH was used as a control. Data are means ±
SEMs ( n = 3). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ns: not significant, unpaired Student’s t -tests. ( F , G ) The relationship between CPSF5 and the 
ac4C-modified residue in regulating RNA processing was detected by RPA. RPA of total RNA extracted from CPSF5-knockdown WRD cells transfected 
with WT or 3311m mutant MVC infectious clone at 48 h was performed using a 3D-probe ( F ) and (pA)p-probe ( G ). ( H , I ) Ability of CPSF5 binding to the 
targeted MVC RNA based on f ormaldeh y de-RIP-qR T-PCR. Flag-tagged CPSF5 was expressed in WRD cells, and formaldehyde-cross-linking cell lysates 
were subjected to IP with IgG or anti-Flag antibodies ( H ). WT and 3311m mutant infectious clones were used to transfect WRD cells in which CPSF5 
w as knock ed do wn, then the cells w ere subjected to IP with anti-CPSF5 antibodies. qR T-PCR w as perf ormed to quantify MVC RNA ( I ). IgG w as used as 
a negative control. Unpaired student’s t -tests were performed, and the data are presented as the means ± SEMs ( n = 3). ***P ≤ 0.001. 
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Table 1. MS data of NP1 

Accession Gene Mw(kDa) Length log2 intensity F Fold change log2 FC Type 

Q8QQV6 NP1 21 .732 186 34 .34 552 699 5251 .268 974 12 .35 845 Bait 
F1Q2G1 FAM111B 84 .605 734 30 .9 389 463 1465 .848 733 10 .51 752 Interactor 
F1Q4E3 MYO5A 209 .676 1801 25 .94 331 018 260 .5 529 739 8 .025 433 Interactor 
J9P492 U2AF1 27 .872 240 27 .16 796 552 185 .9 886 181 7 .539 071 Interactor 
E2RQP7 RPA2 29 .537 273 30 .25 878 436 95 .21 938 927 6 .573 183 Interactor 
E2R2A4 PURA 49 .338 469 25 .75 498 676 84 .2 622 018 6 .396 814 Interactor 
A0A5F4CK90 PPP1CC 34 .759 304 26 .34 119 711 81 .38 449 543 6 .346 682 Interactor 
F2Z4N6 SRSF3 19 .33 164 26 .04 117 987 79 .6 317 141 6 .315 271 Interactor 
A0A5F4CTD1 ATP5F1C 32 .938 297 25 .9 375 299 65 .40 938 819 6 .031 426 Interactor 
F1PDI8 IGF2BP2 60 .109 545 25 .48 597 324 56 .74 770 726 5 .82 649 Interactor 
E2QZR7 YTHDC2 148 .65 1325 25 .20 385 309 54 .27 898 673 5 .762 322 Interactor 
E2RQX1 CCDC6 53 .256 478 30 .39 151 242 51 .76 215 501 5 .693 826 Interactor 
E2R436 RPA1 68 .408 616 31 .18 718 732 41 .01 179 194 5 .357 967 Interactor 
E2RFC9 NCBP2 21 .333 187 25 .1 958 798 39 .65 461 258 5 .309 417 Interactor 
E2R0E1 ASB7 36 .011 318 24 .95 947 457 38 .0 998 444 5 .251 713 Interactor 
A0A5F4CPH4 RPA3 37 .958 351 29 .1 514 631 34 .02 179 494 5 .088 387 Interactor 
J9P0K9 CLDN1 22 .787 211 24 .59 701 819 32 .09 393 005 5 .004 229 Interactor 
E2R7S5 RSL1D1 54 .911 490 25 .75 753 223 31 .62 568 991 4 .983 025 Interactor 
A0A5F4DI45 ANO3 104 .324 896 25 .26 366 779 31 .12 527 393 4 .960 015 Interactor 
E2QUJ4 CPSF5 26 .24 227 23 .83 084 089 28 .29 748 414 4 .822 602 Interactor 
Q28284 CD44 38 .066 351 24 .58 623 324 27 .02 980 185 4 .756 479 Interactor 
J9NYH3 LLPH 16 .862 148 24 .97 954 312 25 .77 485 411 4 .687 892 Interactor 
A0A5F4CBE4 LUC7L3 49 .069 412 26 .43 931 565 23 .34 446 579 4 .545 009 Interactor 

MS was performed by IP. IP samples obtained from WRD cells transfected with a plasmid expressing pFlag-NP1 using anti-Flag antibodies or control IgG. 
Candidate genes were ranked according to their intensity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ac4C at residue 3311 coordinates NP1 and CPSF5 to 

regulate MVC RNA processing 

Viral protein NP1, ac4C at residue 3311, and CPSF5 were
involved in the alternative processing of MVC RNAs, but
the potential mechanisms remain unclear. To this end, RNA
pull-down assays were performed with in vitro synthesized
RNA oligomers (oMVC-WT, oMVC-3311G, and oMVC-1-5)
( Supplementary Fig. S10 A and Supplementary Table S1 ) and
cell lysates to illustrate the interactions among NP1, CPSF5,
and residue 3311 without ac4C modifications. The data
showed that NP1 protein was pulled down by the oMVC-
1, oMVC-2, and oMVC-WT RNA oligomers, suggesting NP1
preferentially targeted the cis -element region around 3D site
and downstream of the (pA)p region ( Supplementary Fig.
S10 B). In addition, NP1 and CPSF5 were also pulled down
by the oMVC-WT, suggesting the WT RNA oligomers bound
to NP1 and CPSF5 ( Supplementary Fig. S10 C). 

We next checked how the NP1, CPSF5, and ac4C at residue
3311 coordinated to regulate alternative MVC RNA process-
ing. The MVC infectious clones in combination with plas-
mids encoding NP1 or CPSF5 were transfected into cells, and
the capacity of viral RNA binding to NP1 or CPSF5 was ex-
amined by RIP-qPCR. Exogenous NP1 enhanced viral RNA
binding to CPSF5, which was abolished by mutating residue
3311 (Fig. 6 A and B). This implied that RNA binding to
CPSF5 was mediated by NP1 and that ac4C modified residue
3311 was important for such affinity of RNA to CPSF5. In
contrast, the levels of NP1 bound viral RNAs were not influ-
enced by either CPSF5 expression patterns or residue 3311
mutation (Fig. 6 C and D). These indicated that NP1 facili-
tated CPSF5 binding to ac4C modified viral RNAs, but CPSF5
did not affect the binding of NP1. To confirm this hypoth-
esis, triplets of 30 nt-long RNAs containing the ac4C motif
CCG were in vitro transcribed with normal CTP or ac4CTP
substrates (Fig. 6 E; Supplementary Fig. S11 A and B). RNA
pulldown assay was performed by using oligo RNA and cell
lysates or NP1 protein, and the data showed equal amounts of 
NP1 proteins were pulled down by oligomers with or without 
ac4C modifications (Fig. 6 F). However, the similar assay indi- 
cated acetylated oligomer exhibited stronger affinity to CPSF5 

than that of the unmodified ones in both cell lysates and cell- 
free reaction mix (Fig. 6 G), revealing that ac4C at residue 
3311 was related with the specificity and affinity of CPSF5 

to viral RNAs. 
The cell-free in vitro assays with purified proteins NP1,

CPSF5, and ac4C modified oligomers were performed to re- 
veal more details of this entire regulatory pathway. The RNA 

affinity of CPSF5 to the oligomer with ac4C modifications was 
significantly decreased compared to that in cell lysates (Fig.
6 G, compare bottom panel to top panel). The levels of RNA 

pull-down CPSF5 were increased by the acetylated and non- 
acetylated oligomers in the presence of NP1 (Fig. 6 H). Con- 
versely, exogenous CPSF5 did not increase the pull-down of 
NP1 by indicated oligomers under the same conditions (Fig.
6 I). These indicated that NP1 was capable to recruit CPSF5 

for subsequent RNA binding, and the enhanced RNA binding 
capacity of CPSF5 mediated by NP1 in vitro was consistent 
with previous data (Fig. 6 A and B). The levels of CPSF5 pulled 

down via acetylated oligomers were increased by the addition 

of NP1 proteins in a dose-dependent manner (Fig. 6 J), whereas 
the increasing amount of CPSF5 proteins did not affect NP1 

binding to acetylated oligomers (Fig. 6 K). NP1 brings CPSF5 

close to the MVC RNA, and NAT10 catalyzed ac4C modifi- 
cation at residue 3311 ensures the specific binding to CPSF5,
leading to the regulation of subsequent viral RNA alternative 
splicing and polyadenylation. 

Discussion 

In this study, new roles of NAT10 and ac4C modifications 
in positive regulation of MVC replication and direct influ- 
ence on the alternative viral RNA processing were revealed.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf229#supplementary-data
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Figure 6. CPSF5 mediated MVC RNA splicing is dependent on NP1 and ac4C modification at residue 3311. ( A , B ) The effect on CPSF5 binding to MVC 

RNA by increasing NP1 expression using formaldehyde-RIP-qRT-PCR. Vector or HA-NP1 and infectious clone WT or 3311m were co-transfected in WRD 

cells. Cell lysates cross-linked by formaldehyde were subjected to IP with IgG, anti-CPSF5 antibodies. qRT-PCR was performed to quantify the targeted 
MVC RNA. IgG was used as a negative control. Unpaired Student’s t -tests were performed, and the data are presented as means ± standard errors of 
the means ( n = 3). *** P ≤ 0.001, ns: not significant. ( C , D ) The effect on NP1 binding to MVC RNA by increasing CPSF5 expression using 
f ormaldeh y de-RIP-qR T-PCR. Vector or Flag-CPSF5 and infectious clone WT or mutant 3311m were co-transfected in WRD cells. Cell lysates were 
subjected to IP with IgG, anti-NP1 antibodies. qR T-PCR w as perf ormed to quantify the targeted MVC RNA. IgG was used as a negative control. Unpaired 
Student’s t -tests were performed, and the data are presented as means ± standard errors of the means ( n = 3). ns: not significant. ( E ) Characterization 
of the clea v age and poly aden ylation sites and downstream elements (DSEs) in (pA)p is shown at the top. The bottom panel shows a schematic 
representation of the RNA pulldown assay. The DNA template for T7 transcription consisted of three repeats of modified DSE. ( F , G ) Biotinylated RNA 

affinities of NP1 and CPSF5. HA-tagged NP1 or the vector was transiently expressed in WRD cells, and cell lysates were used to bind biotinylated RNA 

with or without the ac4C modification. In addition, purified NP1 or CPSF5 protein was mixed with RNA oligonucleotides with or without ac4C-modified 
RNA and analyzed via western blotting. ( H , I ) The binding analysis of CPSF5 or NP1 to oligo-RNA with or without the ac4C modification in the presence 
or absence of the NP1 ( H ) or CPSF5 ( I ) protein. ( J , K ) The binding analysis of NP1 and CPSF5 to ac4C-modified RNA. Equal amounts of purified CPSF5 
( J ) or NP1 ( K ) protein and increasing amounts of NP1 ( J ) or CPSF5 ( K ) protein were incubated with ac4C-modified RNA and analyzed via western 
blotting. Blots were detected using anti-CPSF5 or anti-NP1 antibodies. 
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Along with the characterization of functional ac4C-modified
residue 3311 during viral replication, the mechanism was elu-
cidated that ac4C orchestrates viral protein NP1 and host
factor CPSF5 associations to regulate alternative viral RNA
processing. 

As the enzyme to catalyze ac4C modifications on RNAs
[ 15 ], NAT10 was characterized as a new role to influence
MVC RNA processing during the viral replication. The RNA
stability and translation efficiency in host and different viruses
[ 15 ], such as EV71 [ 39 ], HIV-1 [ 38 ], and KSHV [ 40 , 41 ],
are modulated by NA T10. W e found NAT10 promoted MVC
replication and regulated the alternative viral RNA process-
ing. Beyond the functions of initiating protein acetylation,
NAT10 mediated coordination between DNA replication and
subsequent RNA processing likely existed in host cells and the
replication of DNA viruses. Effects of NAT10 on host or virus
RNAs are most likely mediated by its catalyzed ac4C modifi-
cations. Functional ac4C modified residues were mapped by
different methods owing to their low frequency on mRNAs
[ 16 , 48 , 53 , 54 ]. To exclude potential artificial ac4C modifica-
tions on MVC RNAs, the qualitative RIP-seq and quantitative
RedaC:T-seq using NaBH4 were performed, and the results
were aligned. After screening several ac4C-modified residues,
further mutagenesis approaches were deployed to verify the
exact functional residues, which located downstream of the
(pA)p motif. Subsequent in vivo and in vitro assays showed
that functional ac4C on the MVC transcribed RNA specifi-
cally altered alternative splicing of the 3D / 3A intron and alter-
native polyadenylation at (pA)p during viral RNA infection,
which was differed from the previously described ac4C medi-
ated regulation on EV71, HIV-1, and KSHV RNAs. Thus, a
new role for ac4C regulating RNA processing was defined. 

RNA modifications such as m6A and m5C regulate the al-
ternative RNA processing in host cells [ 33 , 55–57 ]. YTHDC1
[ 33 ], U2AF35 [ 3 ], and HNRNPA2B1 [ 34 ] target m6A modi-
fications for binding and directly affect the subsequent RNA
processing. Similarly, m5C on host mRNAs are recognized by
ALYREF [ 56 ] or SRSF2 [ 4 ] for further regulation of host RNA
processing. Up to date, RNA processing regulated by ac4C
modification was not revealed yet. Since m5C and m6A have
been revealed to involved in RNA processing, it is quite possi-
ble that these different RNA modifications might coordinate
to regulate such cellular events in cells. The ac4C at residue
3311 was involved with MVC RNA processing in the current
study. The indicated alternative RNA splicing of 3D / 3A in-
tron and polyadenylation at (pA)p were also mediated by the
viral protein NP1. The ac4C coordinated with NP1 to regulate
the viral RNA processing without changing its RNA affinity,
which suggested the involvement of unknown host factors.
Then, the IP tandem MS assays identified CPSF5 as a top-
ranking candidate. CPSF6 had been previously reported to in-
teract with NP1 for subsequent MVC RNA processing. As an-
other component of the tetrameric CFIm complex, CPSF5 was
revealed to potentially coordinate with NP1 to regulate sub-
sequent viral RNA processing. Thus, NP1 may interact with
CPSF5 and CPSF6 to form a complex that regulates RNA pro-
cessing. The viral protein NP1 possessed specific and strong
binding capacity to the MVC transcribed RNAs, while CPSF5
showed moderate and general affinity to the viral RNAs. Addi-
tional data showed that interactions between NP1 and CPSF5
largely promoted CPSF5 binding to viral RNAs. Whereas the

loss of ac4C modifications at residue 3311 caused the decrease 
of CPSF5-bound viral RNAs. Thus, the coordination among 
NP1, CPSF5 and ac4C at residue 3311 ensures the efficient al- 
ternative MVC RNA processing during the viral replication. 

In cells, CPSF5 binds the 5 

′ -UGUA-3 

′ elements located up- 
stream of pA signals that act as enhancers of pre-mRNA 3 

′ - 
end processing [ 58 ]. In this study, the spatial and temporal 
working model, compromising with the viral protein NP1,
host factor CPSF5 and the functional ac4C-modified residue 
within the DSE region, was systematically characterized. In 

virus life cycle, the RNA modification ac4C played an essen- 
tial role for the specificity of CPSF5 targeting the DSE region 

for binding. Along with the enhancement of CPSF5 bound 

with viral RNAs by NP1, the ac4C modification at residue 
3311 within the DSE region on MVC pre-mRNAs preferen- 
tially maintained the specificity of CPSF5 bound with this re- 
gion. Such coordination results in the precise formation of the 
entire working complex to regulate alternative RNA splicing 
at 3D sites and polyadenylation at (pA)p. In turn, the ac4C 

at residue 3311 orchestrates NP1 and CPSF5 associations for 
efficient viral RNA processing. The binding of conserved mo- 
tifs by indicated splicing factors was pivotal for host mRNA 

maturation. Collectively, the ac4C RNA modification ensured 

the specificity of the host splicing factor targeting the desig- 
nated regions during the MVC replication, which further af- 
fected fine-tuned alternative splicing and polyadenylation of 
viral RNAs. Considering that the splicing machinery in host 
cells is mostly composed of a large complex, other unknown 

associated factors need to be identified to delineate the entire 
pathway. 

New roles of host factor NAT10 and ac4C, along with the 
mechanism of RNA processing, were systematically charac- 
terized, but several unresolved points still needed to be inves- 
tigated. Despite the elucidated mechanism underlying MVC 

replication, whether a general mechanism of ac4C-mediated 

RNA processing exists in host cells should be explored. Even 

if the host RNA metabolic machinery is deployed by viruses 
after infection, the mechanism by which RNA modification 

regulates viral RNA processing might differ from that in 

host cells. DNA replication, RNA transcription, and post- 
transcriptional modifications are strictly and precisely orga- 
nized in host cells to maintain efficient and orderly RNA pro- 
duction and processing [ 59 ]. Collectively, this study provides 
new insights into the importance of RNA modifications for 
alternative RNA processing and helps to systematically under- 
stand the potential correlation among DNA replication, RNA 

transcription, and post-transcriptional modifications. 
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