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ABSTRACT

Né-methyladenosine (mfA) constitutes one of the
most abundant internal RNA modifications and is
critical for RNA metabolism and function. It has been
previously reported that viral RNA contains internal
méA modifications; however, only recently the func-
tion of m8A modification in viral RNAs has been eluci-
dated during infections of HIV, hepatitis C virus and
Zika virus. In the present study, we found that en-
terovirus 71 (EV71) RNA undergoes m®A modifica-
tion during viral infection, which alters the expres-
sion and localization of the methyltransferase and
demethylase of m°A, and its binding proteins. More-
over, knockdown of mA methyltransferase resulted
in decreased EV71 replication, whereas knockdown
of the demethylase had the opposite effect. Further
study showed that the m®A binding proteins also par-
ticipate in the regulation of viral replication. In par-
ticular, two m®A modification sites were identified in
the viral genome, of which mutations resulted in de-
creased virus replication, suggesting that m®A mod-
ification plays an important role in EV71 replication.
Notably, we found that METTL3 interacted with vi-
ral RNA-dependent RNA polymerase 3D and induced
enhanced sumoylation and ubiquitination of the 3D
polymerase that boosted viral replication. Taken to-
gether, our findings demonstrated that the host m¢A
modification complex interacts with viral proteins to
modulate EV71 replication.

INTRODUCTION

Chemical modifications of RNA are critical for RNA
metabolism, function, and localization. One of the

most abundant internal RNA modifications is N°-
methyladenosine (m®A), which is catalyzed by a methyl-
transferase complex consisting of METTL3, METTLI14,
WTAP and other proteins such as KIAA1429, RBM 15 and
RBMI5B (1-11). In turn, FTO and ALKBHS5 (10-13)
constitute m°A demethylases that remove the methyl
groups from RNA. YTH proteins bind to m®A sites and
play critical roles in various biological processes, such as
mRNA stability (14-16), RNA structure (17), mRNA
nuclear export (13), mRNA splicing (16) and translation
(18,19). Overall, the internal m°A modification of mRNA
is mainly distributed in translation start sites, stop codons,
and 3’ untranslated regions (3’ UTRs) (2,5,20).

The internal m®A modification of viral RNA was identi-
fied 40 years ago during infections of viruses that replicate
in nucleus, such as influenza virus, simian virus 40 (SV40),
and Rous sarcoma virus (RSV) (21-26). However, only re-
cently the function of m°A began to be unraveled during
virus infection. During infections of human immunodefi-
ciency virus (HIV), SV40, Kaposi’s sarcoma-associated her-
pesvirus (KSHV) and influenza virus, it has been shown that
these viral RNAs contain m®A modifications, which affect
viral replication and gene expression (27-34). Viruses that
whose genomes replicate in the cytoplasm, such as VSV,
vaccinia virus and reovirus, have also been reported to con-
tain m®A-modified 5" caps (35-38). Other cytoplasm repli-
cating viruses, such as hepatitis C virus (HCV), Zika virus
(ZIKV), dengue virus, yellow fever virus and West Nile
virus, have been shown to contain internal m®A modifica-
tions that are involved in virus replication (39). All together,
these reports indicate that cellular m®A methyltransferases
may be active in the cytoplasm and that viral RNA is per-
haps m°®A-methylated during infection.

As an important human pathogen, enterovirus type 71
(EV71) is a non-enveloped single-stranded RNA virus, be-
longing to the family Picornaviridae (40) that has three
genotypes (A, B and C) and several sub-genotypes (41).
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In recent years, EV71 has been the major pathogenic en-
terovirus responsible for hand-foot-and-mouth disease epi-
demics in Asia. Notably, since 2008, large-scale outbreaks
of hand-foot-and-mouth disease have been reported yearly
in mainland China, which resulted in hundreds of deaths
and were caused mainly by the cda clade of the C4 EV71
subtype (42).

In this study, we demonstrated that EV71 RNA con-
tains m®A modification and investigated its function during
EV71 C4 subtype infection. We found that the expression
and localization of m®A methyltransferases, demethylases,
and binding proteins were affected upon virus infection.
Moreover, perturbation of the expression of m®A-related
proteins or mutation of the m®A modification sites altered
viral replication, suggesting that the host m®A machinery
is involved in viral replication. Notably, we showed that the
mC®A methyltransferase METTL3 not only interacted with
viral RNA-dependent RNA polymerase (RdRp) 3D, but
also induced sumoylation and ubiquitination of the poly-
merase, which have been reported to facilitate its stability
and boost viral replication (43). Taken together, our find-
ings implied that m®A modification of EV71 RNA consti-
tutes an important process in the regulation of viral repli-
cation.

MATERIALS AND METHODS
Cell culture

Vero (American Type Culture Collection (ATCC), Man-
assas, VA, USA; CCL-81), HEK293T (ATCC, CRL-
11268) and RD (ATCC, CCL-136) cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Gaithersburg,
MD, USA) supplemented with 10% fetal bovine serum
(Gibco) with 5% CO, at 37°C.

Viruses

EV71 (strain XF; Microorganisms & Viruses Culture Col-
lection Center (MVCCC)) was obtained from the MVCCC,
Wuhan Institute of Virology (WIV), Chinese Academy of
Sciences (CAS). Viruses were amplified and titrated by 50%
tissue culture infectious dose (TCIDsp) in Vero cells using
the Reed—Muench formula (44).

mSA-Methylated RNA immunoprecipitation (MeRIP) and
Northern blotting

Total RNA was extracted from Vero cells infected with
strain EV71-XF at a multiplicity of infection (MOI) of 0.1
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
In vitro EV71 RNA was transcribed from a cDNA plas-
mid (45) linearized by HindIII using the MEGAscript® T7
Kit (Ambion, Austin, TX, USA) according to the manu-
facturer’s protocols. For MeRIP, 300 g of total RNA or
10 wg in vitro transcribed EV71 RNA were incubated with
an anti-m®A antibody (Synaptic Systems, Goettingen, Ger-
many) or a IgG antibody in 300 pl of immunoprecipita-
tion (IP) Buffer (150 mM NacCl, 0.1% NP-40, 10 mM Tris—
HCI, pH 7.4) for 2 h at 4°C. The mixture was then incu-
bated with 20 pl of anti-rabbit antibody conjugated mag-
netic beads (NEB, Ipswich, MA, USA; S1432S), which were
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then washed three times with 500 wl of IP buffer, followed
by rotating for 2 h at 4°C. Beads were washed six times
with 500 pl of IP buffer and then incubated with 300 wl
of elution buffer (5 mM Tris—-HCI, pH 7.5, 1 mM EDTA,
pH 8.0, 0.05% sodium dodecyl sulfate (SDS), and 4.2 pl
of 20 mg/ml proteinase K) for 1.5 h at 50°C. The eluted
RNA was extracted with phenol/chloroform and precipi-
tated with ethanol.

All the RNAsS collected from MeRIP were separated on
1% agarose/2.2 M formaldehyde gels in running bufter (20
mM MOPS, 5 mM sodium acetate, | mM EDTA, pH 7.0)
for 13 h at 28 V. The RNAs were transferred to Hybond-
N* membranes in 20x SSC buffer (3.0 M NaCl, 0.3 M
sodium citrate) overnight. UV-crosslinked to a membrane,
and hybridized with a DIG-labelled EV71 probe (nt 1-
7405). Probe detection was performed using the DIG Lu-
minescent Detection Kit II (Roche, Madison, WI, USA)
according to the manufacturer’s instructions. Signals were
developed on a ChemiDoc™ MP imaging system (Bio-Rad
Laboratories, Berkeley, CA, USA).

MeRIP-Seq

MeRIP-Seq of the EV71 methylome was carried out ac-
cording to a previously published protocol (46). In brief,
total cellular RNA extracted from EV71-infected Vero cells
was fragmented by ZnCl, followed by ethanol precipitation.
Fragmented RNA was incubated with an anti-m°A anti-
body (Synaptic Systems, 1:300). MeRIP was conducted as
previously described (46). The eluted RNA and input were
subjected to high-throughput sequencing using standard
protocols (Illumina, San Diego, CA, USA). The MeRIP-
Seq data were analyzed as described previously (32).

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

EV71 stock (1 Lat2 x 108 TCIDsp/ml) was concentrated by
ultracentrifugation at 26 000 rpm in a SW28Ti rotor (Beck-
man Coulter, Brea, CA, USA) for 2h at4°C. Viral RNA was
extracted using an RNeasy mini kit (QIAGEN, Venlo, The
Netherlands). UHPLC-MS/MS analysis was performed on
an Agilent 1290 UHPLC system coupled with an ESI-triple
quadrupole mass spectrometer (G6410B or G6495, Agilent
Technologies, Santa Clara, CA, USA) according to previ-
ously published instructions (47).

Formaldehyde-crosslinked RNA-immunoprecipitation (RIP)

Two 10-cm plates of 95% confluent RD cells were used
for each sample. Cells were crosslinked by adding phos-
phate buffered saline (PBS) containing 1% methanol-free
formaldehyde and incubated for 10 min at 37°C. Cross-
linking was terminated by the addition of 2.5 M glycine to
a final concentration of 0.125 M. Cells were washed three
times with ice-cold PBS and scraped off the plates, followed
by centrifugation at 800 x g for 3 min at 4°C. Cell pellets
were resuspended in 400 wl of RIP buffer (150 mM KCI,
25 mM Tris-HCl pH 7.4, 5 mM EDTA, 0.5 mM dithiothre-
itol (DTT), 0.5% NP40, 100 U/ml RNase inhibitor, 100 uM
phenylmethylsulfonyl fluoride (PMSF) and 1 pg/ml pro-
teinase Inhibitors). The lysates were centrifugated at 16 000
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x g for 10 min, and the supernatant containing the protein-
RNA complexes was subjected to IP overnight with an
anti-Flag (Sigma-Aldrich, St. Louis, MO, USA) or mouse
IgG (control) antibody. On the following day, pre-blocked
protein-G agarose beads (30 wl) were added to each sam-
ple for 1 h at 4°C. The beads were then washed three times
each with the washing buffer (300 mM KCI, 25 mM Tris—
HCIl pH 7.4, 5mM EDTA, 0.5 mM DTT, 0.5% NP40, 100
U/ml RNase inhibitor, 100 puM PMSF and 1 pg/ml pro-
teinase Inhibitors), followed by three washes with the RIP
buffer. After proteinase K digestion, the RNA samples were
extracted using TRIzol.

Primer extension analysis

A primer extension analysis using Tth DNA polymerase
and AMYV reverse transcriptase was performed as previ-
ously described (48). Briefly, DNA primers for 28S RNA
(A4190: 5-GAG CTC GCC TTA GGA CAC CTG CG-
3’) or EV71 RNA (A3055: 5-TTG TGT TCC CCG AAT
GTG GGA TAT CCG-3, A4555: 5-TGT TGC TTA
TAA CCG TCA AAA TGA TCC GGG-3') were 5 end-
labeled with *?P using T4 polynucleotide kinase (NEB, Ip-
swich, MA, USA) and [y-3’P] ATP (PerkinElmer, Waltham,
MA, USA) according to a standard method. Radiolabeled
primer (2 pl) and 10 pg of total RNA extracted from nor-
mal HEK293T cells or 20 g poly(A) RNA from EV71-
infected Vero cells were mixed in annealing solution fol-
lowed by denaturation at 95°C for 10 min. After addition
of the enzymes (2 pl; final enzyme concentration of 0.05
U/l for Tth pol and 0.3 U/pl for AMV RT), the mix-
tures were heated at 55°C (Tth) or 37°C (AMYV) for 2 min.
A dTTP solution was then added to a final concentration of
100 wM, and the mixtures were incubated at 55°C (Tth) or
37°C (AMYV) for 30 min. The final products were resolved
on a 20% denaturing polyacrylamide gel. The signal was de-
veloped on a ChemiDoc™ MP imaging system (Bio-Rad).

Western blot analysis

Cells were seeded 1 day before infection at 80% confluence
and infected with virus (MOI = 1). The cells were then har-
vested and lysed at the indicated times. The cell lysates were
centrifuged and quantified, then denatured by boiling in a
loading buffer for 10 min, and were subjected to SDS poly-
acrylamide gel electrophoresis (SDS-PAGE). Western blot
analysis was performed using a standard protocol (49).

Antibodies and reagents used

Primary antibodies used in our study are as follows:
mouse monoclonal antibody against GAPDH (60004-1-
lg, Proteintech, Rosemont, 1L, USA), rabbit polyclonal
antibody against GAPDH (10494-1-AP, Proteintech),
mouse monoclonal antibody against beta-actin (sc47778,
Santa Cruz Biotechnology, Dallas, TX, USA), rabbit
monoclonal antibody against METTL3 (15073-1-AP, Pro-
teintech), anti-METTL14 (SAB1104405, Sigma-Aldrich),
anti-WTAP (ab155655, Abcam, Cambridge, UK), anti-
ALKBHS (ab69325, Abcam), anti-FTO (ab124892,
Abcam), anti-YTHDF1 (17479-1-AP, Proteintech), anti-
YTHDF2 (24744-1-AP, Proteintech), anti-YTHDF3

(25537-1-AP, Proteintech), anti-YTHDCI (14392-1-AP,
Proteintech), anti-Histone 3 (GTX122148, GeneTex), anti-
Flag (F1804-1 MG, Sigma-Aldrich), anti-HA (66006-1-1g,
Proteintech) and a mouse polyclonal antibody against
EV71 VPI1 generated in house. The secondary antibodies
used in the study are goat anti-mouse IgG and goat anti-
rabbit IgG were supplied by AntiGene Biotech GmbH,
Stuttgart, Germany. Alexa Fluor 488, Alexa Fluor 568-
conjugated secondary antibodies, and Hoechst 33258 were
purchased from Invitrogen.

Immunofluorescence confocal microscopy

Vero cells were seeded in six-well plates 1 day before infec-
tion at ~50% confluence, then the cells were infected with
EV71 (MOI = 1) and incubated for the indicated times.
Indirect immunofluorescence assay was performed as de-
scribed previously (50). In brief, cells were washed three
times with PBS and fixed in 3.7% paraformaldehyde in PBS
for 15 min, then permeabilized in 0.5% Triton X-100 for 3
min and blocked in 3% bovine serum albumin for 1 h at
room temperature. Cells were incubated with primary anti-
bodies at a dilution as manufactures suggested overnight at
4°C, then washed three times with PBS and stained with a
respective secondary antibody for 1 h at room temperature.
Nuclei were stained with Hoechst. The slides were observed
under a PerkinElmer VoX confocal microscope.

Short hairpin (sh) RNA-mediated gene silencing

shRNAs specific to each gene used in the study are as fol-
lows: METTL3 (shMETTL3-1: 5-GCC AAG GAA CAA
TCCATT GTT-3', shMETTL3-2: 5¥-CGT CAG TAT ATT
GGG CAA GTT-3), FTO (shFTO-1: 5-TCA CCA AGG
AGA CTG CTA TTT-3, shFTO-2: 5-GAT CCA AGG
CAA AGA TTT ACT-3), YTHDF1 (shYTHDFI1-1: 5-
CCC GAA AGA GTT TGA GTG GAA-3, shYTHDF1-
2: 5-CCC TAC CTG TCC AGC TAT TAC-3), YTHDF2
(shYTHDEF2-1: 5-CCA CAG GCA AGG CCC AAT AAT-
3, shYTHDF2-2: 5-AAG GAC GTT CCC AAT AGC
CAA-3) and YTHDF3 (shYTHDF3-1: 5Y-GAT AAG
TGG AAG GGC AAA TTT-3, shYTHDF3-2: 5-TAA
GTC AAA GAA GAC GTA TTA-3'), and YTHDCI
(shYTHDCI1-1: 5-TGG ATT TGC AGG CGT GAA TTA-
3, shYTHDCI1-2: ¥-CAC CAG AGA CCA GGG TAT
TTA-3"). They were cloned into the pLKO.1-TRC vec-
tor (Addgene plasmid 10878, Cambridge, MA, USA) and
packaged into lentiviruses according to the manufacturer’s
instructions. Stable knockdown cell lines were generated
by lentiviral infection followed with puromycin selection.
Vero cells were selected under puromycin at 10 pg/ml, while
HEK?293T and RD cells were at 2 pg/ml.

Quantitative reverse-transcription PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitro-
gen). Reverse transcription was performed with 3 pg of to-
tal RNA using M-MLYV reverse transcriptase (Invitrogen).
gRT-PCR was performed using the SYBR Green Realtime
PCR Master Mix (Toyobo, Osaka, Japan) on a CFX Con-
nect Real-Time system (Bio-Rad). Relative gene expression



levels were obtained by normalizing the quantification Cy-
cle (Cq) values to those of GAPDH to yield 2-24¢4, For
Formaldehyde RIP-qPCR and MeRIP-qPCR, relative en-
richment was normalized to inputs. The primers used for
gene expression are as follows: EV71 (forward: 5'-CGA
ATG CTA GTG ATG AGA GTA T-3, reverse: 5-GAG
GAA GAT CTATCT CCC CAA CT-3') and GAPDH (for-
ward: 5-GAA GGT GAA GGT CGG AGT C-3, reverse:
5-GAA GAT GGT GAT GGG ATT TC-3').

Sumoylation and ubiquitination assays

Sumoylation and ubiquitination assays were performed as
described (43). Briefly, HEK293T cells were co-transfected
with the indicated plasmids (Figure 7) using calcium phos-
phate reagent. Cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco, Gaithersburg, MD, USA) supple-
mented with 10% fetal bovine serum (Gibco) with 5% CO,
at 37°C for 30 h and then lysed for western blotting and IP.
The lysates were centrifuged at 16 000 x g at 4°C for 10 min.
50 pl of protein G Dynabeads was incubated with 10 pg of
indicated antibody for 20 min, followed by incubation with
the cell lysate for 25 min. The complexes were washed sev-
eral times with PBST (PBS with 0.02% Tween 20) and were
subjected to western blotting.

Statistical analysis

Statistical analysis of qRT-PCR was performed using a
two-tailed unpaired #-test in GraphPad Prism Software (La
Jolla, CA, USA). Data are presented as the means + stan-
dard error of the mean (SEM) (n = 3). All experiments were
repeated at least three times.

RESULTS
EV71 RNA contains m°®A residues

To investigate whether EV71 RNA was m°A-modified,
RNAs of EV71 and Influenza A virus HIN1 were puri-
fied from large-scale infected culture. The presence of m°A
residues was quantified by UHPLC-MS/MS. Notably, m°A
in EV71 RNA accounted for 0.089% of adenosines, higher
than that in Influenza A virus HIN1 RNA (0.066%), which
had been reported to contain m°®A (23,51) and served as a
positive control (Figure 1A). To confirm our results, we iso-
lated total RNA from EV71-infected Vero cells or from in
vitro T7 transcribed EV71 genome. IP using an m® A-specific
antibody was performed, followed by northern blot analy-
sis. The results showed that in vivo EV71 RNA was pulled
down by the anti-m°®A antibody (Figure 1B, lane 3) whereas
the in vitro transcribed EV71 RNA was not (Figure 1C, lane
3), suggesting that EV71 RNA contains m°A residues.

To map the m®A modification status in the EV71 RNA
genome, MeRIP-Seq was performed (5,46). Several m°A
peaks were identified across the EV71 RNA genome (Fig-
ure 1D), which were located in the VP, 3D and 2C coding re-
gion, suggesting that EV71 RNA is marked by m°A during
infection. Collectively, our results demonstrated that EV71
RNA is modified at m®A during infection.
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EV71 infection alters the expression patterns of m®A methyl-
transferases, demethylases and binding proteins

As EV71 replicates in the cytoplasm (52) and undergoes
mPA modification, we next checked whether EV71 infection
affected the expression of the host proteins related to m®A
modification. Toward this end, EV71-infected Vero cells
were analyzed by Western blotting using antibodies against
mCA-related proteins. Virus infection was monitored by
VP1 expression. We found that whereas expression of the
methyltransferases, METTL3 and METTL14, was low un-
der normal conditions, their expression increased at 24 and
48 h post-infection (hpi). In comparison, the expression of
the demethylase ALKBHS was not changed after infection;
whereas that of FTO decreased at 48 hpi. Expression of the
m®A binding proteins YTHDF1-3 and YTHDC1 increased
at 48 hpi (Figure 2A). All these results suggested that the ex-
pression pattern of m°A proteins was altered during EV71
infection.

Previous studies have indicated that METTLS3,
METTL14 and WTAP as well as the m®A demethy-
lases FTO and ALKBHS co-localize with nuclear speckle
markers (7,12,13,53). Thus, we next determined whether
EV71 infection affected the subcellular localization of these
m®A methyltransferases, demethylases, along with YTH
domain-containing proteins by staining Vero cells with the
respective antibodies at 12 and 24 hpi. Methyltransferases,
demethylases, and YTHDCI1 were detected mostly in the
nucleus under normal conditions. YTHDF1 and YTHDF2
were located in the cytoplasm without virus infection
(Figure 2B-I). However, these proteins were all present
in both the nucleus and cytoplasm after EV71 infection
(Figure 2B-I). Accordingly, the ratio of methyltransferases,
demethylases, and YTHDCI1 in the cytoplasm versus
nucleus was increased (Supplementary Figure S1, D-I);
whereas that of YTHDF1 and YTHDF2 was decreased
(Supplementary Figure S1J and K). Notably, we found that
the localization of YTHDF3 was not affected by EV71
infection (Supplementary Figure SIA and L), which is
similar to the nuclear protein histone 3 and cytoplasmic
protein GAPDH (Supplementary Figure S1B, C, M and
N). Taken together, these results indicated that the methyl-
transferases were localized to the cytoplasm during virus
infection. The co-localization of methyltransferases and
demethylases with viral protein VP1 (Figure 2B-F) implied
that these proteins might interact with EV71 RNA in the
cytoplasm.

m°A methyltransferases and demethylases regulate m°A of
EV71 RNA and virus replication

We next investigated the possibility that EV71 RNA
mPA residues are modified by host methyltransferases and
demethylases as EV71 itself does not encode any enzymes
with internal m®A methyltransferase activity. Flag tagged
METTL3 or FTO gene was expressed in RD cells by trans-
fection (Figure 3A), and then qRT-PCR was performed
following formaldehyde-crosslinked RIP using an anti-flag
antibody to pull down METTL3- or FTO-bound RNA.
Notably, EV71 RNA was pulled down by METTL3 and
FTO (Figure 3B and C), which indicated that EV71 RNA
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could interact with METTL3 and FTO. We next knocked
down endogenous METTL3 and FTO in Vero cells us-
ing shRNA (Figure 3D and E). m°A abundance in EV71
RNA was detected using qRT-PCR after MeRIP. In partic-
ular, the abundance of m°A in EV71 RNA was decreased
by silencing METTL3 gene and increased by FTO deple-
tion (Figure 3F). To further confirm this result, the ex-
pressions of METTL3 and FTO were restored by trans-
fecting an shRNA-resistant cDNA (Supplementary Figure
S2A and B). Interestingly, the level of m°A in EV71 RNA
increased when METTL3 expression was restored and de-
creased when FTO expression was complemented (Supple-
mentary Figure S2C). Taken together, our results indicated
that m°A in EV71 RNA was regulated by METTL3 and
FTO.

Because the expression of endogenous methyltrans-
ferases or demethylases is known to affect HIV and HCV
protein expression and virus production (27-29,39), we
knocked down endogenous METTL3 (Figure 3D) or FTO
(Figure 3E) in Vero cells, followed by EV71 infection to
check whether methyltransferases or demethylases affect
EV71 replication. Viral titer was measured as TCIDs,_and
viral RNA copy numbers were quantified by qRT-PCR.
Efficient knockdown of METTLS3 resulted in significantly
decrease in virus titer (Figure 3G) and copy numbers of
EV71 RNA at both 12 and 24 hpi (Figure 3H). However,

the genomic copy numbers of EV71 RNA were signifi-
cantly increased when F70 was knocked down (Figure 31).
The expression of VP1 was significantly decreased when
METTL3 was knocked down (Supplementary Figure S3).
Complementation of the expression of METTL3 or FTO
by shRNA-resistant cDNAs increased and decreased EV71
replication (Supplementary Figure S2D-F), respectively.
Collectively, these results suggested that the m°A methyl-
transferase METTL3 and demethylase FTO have impacts
on efficient EV71 replication.

YTH proteins regulate the replication of EV71

YTH proteins bind to m®A modifications on single-
stranded RNA via a conserved domain located at the C
terminus (27,39). In particular, YTH proteins bind to HIV
and HCV viral RNA and play important roles in viral pro-
tein expression and virus release (27-29,39,54). Moreover,
the cytoplasmic distribution and co-localization with EV71
VP1 protein (Figure 2, G-I & Supplementary Figure S1A)
indicated that YTH proteins may also contribute to EV71
infection. To test this hypothesis, we separately knocked
down YTH proteins in RD cells by using sShRNA prior to
EV71 infection (Figure 4, A-D). The viral genomic copies
were quantified by qRT-PCR. Notably, knockdown of YTH
proteins resulted in a significant increase in viral genomic
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control. (B-I) Confocal microscopy images of EV71- or mock-infected Vero cells. The nucleus (blue) and virus protein (red) were labeled with Hoechst and
VP1-specific antibody, respectively. The methyltransferases, demethylases, and YTH proteins (green) were stained with antibodies as indicated. Scale bars,

S pm.

copies at both 12 and 24 hpi (Figure 4E-H). Viral replica-
tion was decreased when the expression of YTH proteins
was restored by shRNA-resistant cDNAs in knockdown
cells (Supplementary Figure S4, A-H). We also checked
virus titer when YTHDCI was knocked down. Interestingly,
knockdown of YTHDCI in RD cells led to an increased vi-
ral titer (Figure 4I). However, knockdown and overexpres-
sion of YTHDF2 and YTHDF3 in Vero cells resulted in a
decrease and an increase of viral replication, respectively
(Supplementary Figure SSA-H). All together, these results
suggested that the YTH proteins regulate EV71 infection.

m°A site mutations in the EV71 RNA influence viral replica-
tion

To test the function of specific m°A sites in the EV71
genome, we first identified potential m®A modification sites
by primer extension analysis. The Tth polymerase enzyme
discriminates m®A from A by significantly reducing the ex-
tension ability of DNA oligos, whereas AMYV reverse tran-
scriptase extends both m®A and A efficiently (28,48). To
identify the m®A residues, we designed primers to test the
mPA peaks identified by MeRIP-Seq. Tth polymerase failed
to extend m°A sites at nt 3055 and nt 4555; whereas AMV

polymerase extended these sites efficiently (Figure 5A), in-
dicating that these A residues are methylated in the EV71
genome.

To determine the role of the m°A sites on EV71 repli-
cation, C residues at nt 3056 and 4556 were mutated to
inactivate the m®A modification in the EV71 infectious
clone (Figure 5B), then Vero cells were infected by wild-type
(EV71 WT) and mutant viruses (Mutl and Mut2, respec-
tively). Notably, virus titer was significantly decreased when
mPA sites were mutated (Figure 5SC and D), suggesting that
m®A regulates viral replication, which is similar to the result
in METTLS3 depletion. The virus titer was not significantly
altered when WT or mutant virus was infected in METTL3
knockdown Vero cells (Figure SE and F), However, restored
METTL3 expression resulted in a titer of WT virus higher
than that of mutant viruses (Supplementary Figure S6B and
C). Thus, these results supported that m°A sites in the EV71
genome play a role in viral replication.

METTL3 interacts with EV71 polymerase 3D and influences
sumoylation and ubiquitination of the polymerase

To investigate how the host m®A modification machinery
affects EV71 replication, a Flag-tagged METTL3 cDNA



368 Nucleic Acids Research, 2019, Vol. 47, No. 1

A B C D
)
N 15 -IgG
& 0 @ Igc (0 Flag- FTO ~ o
Ky & = €3 Flag-METTL3 R G-I
s & & o 2 ) 1= NS
N & x> > = NN
S & & & =y ® O & Y
¥ g ¥ g @ £ S 8§ s
g % 44 5 s 5
E“Zl IB: Flag a 4
3 (3] :
[== ===]|[w= =] 1B: GAPDH a < IZI'B' METTL3
s a [b= = —1IB: p-actin
[
(E
IgG Flag
E F G
°
>
2
~ o p = 4.0x107
$ L L Z E 350
S & & - Q 3.0x107
@2 @ 9 ~ =
o S 2.5x107
|:| IB: FTO it £ 200 B shNC
o G 4.0x10° B3 shMETTL3-1
[#= == ==IIB: GAPDH Z E 300100 B3 ShMETTL3-2
= 8 2.0x10°
2 S 1.0x10°
E 0
[]
2
H |

E3 shNC
B3 shFTO-1
B shFTO-2

E3 shNC
B3 shMETTL3-1
B8 shMETTL3-2

Relative EV-71 RNA copies
(EV-71/ GAPDH)
Relative EV-71 RNA copies
(EV-71/ GAPDH)

&
N

Figure 3. Expression of methyltransferases and demethylases regulate m°A and the replication of EV71. (A) Western blotting. Flag-METTL3 and Flag-
FTO were overexpressed in RD cells. The expression of METTL3 and FTO was checked using anti-Flag antibody. Vector-transfected cells were used as
a control. (B & C) Formaldehyde-RIP-qPCR. Cell lysates from formaldehyde-crosslinking were subjected to IP with an anti-Flag antibody or IgG and
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3). **P < 0.01. (D and E) Western blotting. METTL3 and FTO were knocked down in Vero cells by shRNA. Western blotting was carried out to check the
expression of METTL3 and FTO. shNC was used as a control (F) MeRIP-qPCR. RNA was extracted from EV71-infected Vero cells in which METTL3
or FTO was knocked down, isolated by Me-RIP, and quantified by qRT-PCR. Total intracellular EV71 RNA was used as a control. Unpaired Student’s
t-test was performed and data are presented as the means + SEM (n = 3). **P < 0.01. (G) Viral titers (TCIDsp/ml) at 12 and 24 hpi. Vero cells in which
METTL3 was knocked down or not were infected by EV71, and the supernatants were collected at indicated times post infection to measure virus titers
as TCIDs. The data presented are the mean viral titers and SDs from three independent experiments. Significant differences were determined using the
Student 7 test (**P < 0.01). (H and I) qRT-PCR. Total RNA was extracted at the indicated times from EV71-infected Vero cells in which METTL3 or FTO
was knocked down or not. Quantification of EV71 RNA by qRT-PCR, with GAPDH used as a control. Unpaired Student’s z-test was performed and data
are presented as the means &= SEM (rn = 3). *P < 0.05, **P < 0.01.

We also checked the localization of METTL3 when Flag-
tagged 3D was expressed in Vero cells. Although METTL3
was distributed in the nucleus without Flag-3D expression,
it was present in both the nucleus and cytoplasm when
Flag-tagged 3D was expressed (Figure 6D and E). Such co-

was expressed in RD cells followed by EV71 infection.
The cell lysate was subjected to IP with an anti-Flag an-
tibody and analyzed by mass spectrometry (MS) (Fig-
ure 6A). In addition to the host proteins interacting with
METTL3, the EV71 RdRp 3D protein was detected. To

further confirm our results, pMETTL3 and pFLAG-3D
were co-transfected into HEK293T cells. The IP experiment
with an anti-METTL3 antibody followed by staining with
anti-Flag or vice versa showed that METTL3 indeed inter-
acted with 3D protein (Figure 6B and C) in the absence or
presence of RNase A (Supplementary Figure S7A and B).

localization of METTL3 and 3D supported the interaction
between METTL3 and 3D. In addition, 3D expression was
increased as more METTL3 was expressed by transfection
(Figure 6F), suggesting that 3D expression was affected by
the abundance of METTLS3.

The methyltransferase complex is consisted of METTL3,
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Figure 4. Replication of EV71 is regulated by YTH proteins in RD cells. (A-D) Western blotting. YTHDFI-3 and YTHDCI were knocked down in RD cells
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titers (TCIDsp/ml) at 12 and 24 hpi. RD cells in which YTHDCI was knocked down or not were infected by EV71, and the supernatants were collected at
indicated times post infection to measure virus titers as TCIDso. The data presented are the mean viral titers and SDs from three independent experiments.

Significant differences were determined using the Student’s ¢ test (**P < 0.01).

METTL14, WTAP and other component proteins. To in-
vestigate whether METTL14 and WTAP interact with 3D,
METTL14, HA-WTAP, METTL3 and Flag-3D were co-
expressed in HEK293T cells, followed by IP with indicated
antibodies (Figure 6G-I). Notably, METTL14 and WTAP
were pulled down by 3D protein or vice versa (Figure 6G-I),
indicating that METTL14 and WTAP interacted with 3D.
Though 3D interacts with the main components of methyl-
transferase, the catalytic active site (DPPW) of METTL3
was not involved in the interaction between METTL3 and
3D (Supplementary Figure S7C and D). Furthermore, we
found that the 3D mutant genomic RNA was pulled down
by an anti-m®A antibody (Supplementary Figure S8D),
suggesting that the m® A modification of viral RNA was not
dependent on the interaction between 3D and METTL3.

As sumoylation and ubiquitination levels are known to
enhance the stability of 3D and facilitate EV71 replication
(43), and METTL3 expression is also linked to EV71 repli-
cation, we next investigated whether METTL3 affected the
modification of 3D. To this end, METTL3 or ssMETTL3,
Flag-3D, HA-SUMO-1, myc-Ubc-9 or HA-Ub were ex-
pressed in HEK293T cells by transfection. We found that
overexpression of METTL3 induced enhanced sumoyla-
tion and ubiquitination of 3D (Figure 7A and C) whereas
METTL3 knockdown led to a decrease in 3D sumoyla-
tion or ubiquitination (Figure 7B and D). Futhermore, re-
stored METTL3 expression in knockdown cells resulted
in elevated 3D modification (Supplementary Figure S9A
and B). Thus, these results suggested that the expression of
METTL3 is involved in the regulation of viral 3D protein
modification, the status of which affects viral replication.
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Figure 5. Mutation of m®A sites influences the replication of EV71. (A) AMYV reverse transcriptase and Tth DNA polymerase primer extension analysis
of m°A sites in EV71. Total RNA was extracted from EV71-infected Vero cells. Primers were designed to probe for m®A modification at EV71 A3055 and
A4555. AMV and Tth primer extensions for these two sites were performed using 10 g poly(A)-enriched RNA from EV71-infected Vero cells. Extension of
28S RNA at A4190 served as a positive control. Relative gray intensity of extended bands in extension versus probe was quantified using ImageJ program.
Data are presented as the means & SD (n = 3). (B) Diagram of EV71 wild-type (WT) and m°A mutants. Sequences of WT and mutants are presented.
(C) Growth curves of EV71 WT and m®A mutant in Vero cells. The cultures of Vero cells infected with EV71 WT or m®A mutants were harvested at the
indicated times post infection to plot the growth curves. The data are shown as the means = SD (n = 3). Significant differences were determined using
Unpaired Student’s 7-test (*P < 0.05, **P < 0.01). (D-F) Viral titers (TCIDso/ml) at 12 and 24 hpi. Vero cells in which METTL3 was knocked down or not
were infected by EV71 WT, Mutl or Mut2. At the indicated times post infection, the supernatants were collected to determine virus titers as TCIDsy. The
data presented represent the mean viral titers and SDs from three independent experiments. Significant differences were determined using the Student’s ¢
test (¥*P < 0.01).

Finally, because K63-linked ubiquitination is a docking DISCUSSION
site for mediating protein-protein interactions or conforma- . . 6
. . In this study, we showed that EV71 RNA contains m°A
tional changes (55), we examined whether METTL.3 could modifications that play a critical role in viral replication.
;egulafte this ubiquitin-linked chain of 3D. HEK293T cells, Knockdown of m®A methyltransferases, demethylases, and
gle:;h;h r{c{sigTv]\;ith;TaOY;]r)e ngssfli?f(é? Of?oklle(()iwcégwgl ’ binding proteins in host cells affected viral replication. In
IP and i?nmunoblotin T%le result showed th;n K63-linke§ addition, mutation of the m®A modification sites in the in-
P N P fectious clone decreased EV71 progeny virus production
ubiquitination was increased or decreased significantly by and protein expression, which is similar to the effect of

METTLS3 overexpression or knockdown (Figure 7E and
. X . X METTL3 knockdown. Notably, we found that METTL3
F). This result was confirmed by the increase in K63-linked interacted with viral RdRp 3D protein and regulated its

ubiquitination when METTL3 restored in knockdown cells modification to modulate viral replication. Thus, our find-

(Supplementary Figure S9C). ings demonstrated that m®A modification represents an im-
portant component in the regulation of EV71 replication.
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Figure 6. METTL3 interacts with EV71 polymerase 3D. (A) Coomassie blue staining. pFlag-METTL3 was transfected into RD cells followed by EV71
infection. Cell lysates were subjected to IP with an anti-Flag antibody and then to Coomassie blue staining. (B and C) Western blotting. HEK293T cells were
transfected with pMETTL3 and pFlag-3D. Co-IP was performed with anti-Flag or IgG (B) or anti-METTL3 or IgG (C) antibodies. The immunoblots
were probed with the anti-Flag or anti-METTL3 antibodies. (D) Confocal microscopy images of Vero cells transfected by Vector or 3D. Costaining
was performed using an anti-METTL3 antibody (green) and anti-Flag antibody (red), together with Hoechst to stain the nucleus (blue). (E) Relative
fluorescence intensity of METTL3 in the cytoplasm versus the nucleus was quantified using ImageJ and graphed in box-and-whisker plots, representing
the minimum, first quartile, median, third quartile, and maximum. Unpaired Student’s z-test was performed (n > 10). **P < 0.01. (F) Western blotting.
HEK?293T cells were transfected with 1 pg of pFlag-3D and pMETTLS3 (0, 0.5, 0.75, 1, 2 and 4 g, respectively) in 30-mm dishes. The expression of
METTL3 and 3D was detected by western blotting. Relative intensity of 3D versus GAPDH was quantified using ImageJ program. The data are shown
as the means + SD (n = 3). (G-I) Western blotting. HEK293T cells were transfected with pMETTL3, pMETTL14, pHA-WTAP, and pFlag-3D. Co-IP
was performed with anti-Flag or IgG (G), or anti-HA or IgG (H), or anti-METTL14 or IgG (I) antibodies. The immunoblots were probed with indicated
antibodies.

m®A has been identified in infection of both RNA and  creased; whereas ALKBHS was not affected by EV71 in-

DNA viruses. Assessment of the internal m®A modifica- fection. These data implied that EV71 infection altered
tion status of EV71 RNA using MeRIP followed by North- host proteins expression to enhance RNA m®A modifi-
ern blotting revealed that an m®A antibody binds to EV71  cations, which may promote viral infection. The expres-

RNA. UHPLC-MS/MS analysis of viral RNA confirmed sion of ALKBHS was not affected during EV71 infection.
that EV71 RNA contains m°A with a ratio of m°A/A of ALKBHS preferentially binds to the CDS shortly after
~0.09%. Moreover, m®A peaks spanning the full length of the start codon and only targets a small subset of m®A
EV71 RNA were identified by MeRIP-Seq. Thus, these re- sites installed by METTL3 (56). Our results showed that
sults revealed that EV71 RNA was m°®A-methylated. How- the expression of FTO was linked to the replication of
ever, as EV71 does not encode any known methyltrans- EV71, indicating that the demethylation of EV71 RNA was
ferase, host methyltransferases appear to play a critical role mainly catalyzed by FTO. Methyltransferases and demethy-
in m®A methylation. lases localize in the nucleus of Vero cells while YTH pro-

We also found that the expression of mC®A-related teins are expressed in the cytoplasm (Figure 2). However,
proteins was altered by virus infection. METTL3 and =~ METTL3, METTL14, FTO and YTH proteins were redis-
METTLI14, the key components of methyltransferases, tributed in both the nucleus and cytoplasm upon EV71 in-
together with YTH proteins, were up-regulated. Among fection (Figure 2). A previous study showed that during heat
demethylases, however, the expression of FTO was de- shock, YTHDF?2 relocalizes to the nucleus in order to pre-
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Figure 7. The expression of METTL3 regulates the sumoylation and ubiquitination levels of 3D. (A &and B) Sumoylation assay. METTL3 was overex-
pressed or knocked down in HEK293T cells by transfection with pMETTL3 or shRNA, and then the cells were transfected with pFlag-3D, pHA-SUMO-
1, and pMyc-Ubc9. IP and immunoblot analysis were performed using the indicated antibodies for the sumoylation assay. (C—F) Ubiquitination assay.
HEK?293T cells were transfected by pFlag-3D and pHA-Ub or pHA-K63 after METTL3 overexpression or knockdown. IP and immunoblot analyses

were performed using the indicated antibodies.

vent FTO-mediated demethylation of the 5-UTR of stress-
induced transcripts (57). EV71 infection may induce a cel-
lular stress that is similar to the stress of heat shock, which
may be the reason that m®A-related proteins relocated un-
der EV71 infection. We also found that these m®A-related
proteins co-localized with the viral capsid protein VP1, sup-
porting that the m°A modification machinery can modify
cytoplasmic EV71 RNA during EV71 infection.

m®A modification has been linked to viral replication
and gene expression. Knockdown of methyltransferases or
demethylases decrease or increase HIV replication (27-29).
However, silencing of METTL3 or FTO has the opposite
effect on the replication of HCV (39). Due to the differ-
ent replication locations of HIV and HCV, we tested the
effect of methyltransferases or demethylases on EV71 repli-
cation in Vero cells. Our results showed that m®A methyl-
transferases and demethylases regulate EV71 replication,
which is in an agreement with the recent reports that the
mC®A machinery regulates HCV, HIV and influenza virus in-
fection (27-30,39). In particular, knockdown of METTL3

down-regulated EV71 replication, which was similar to
HIV. Moreover, mutation of the m®A modification sites in
the infectious clone of EV71 followed by rescuing and titra-
tion of the mutant viruses decreased replication of the mu-
tants viruses, compared to the wild-type virus, which was
consistent with the result in METTL3 knockdown.
Knockdown of YTHDF2 and YTHDF3 in Vero cells led
to significantly decreased viral replication at 12- and 24-
hpi(Supplementary Figure SSE and F). Considering that
the expression of YTHDF1-3 was low in Vero cells (Figure
2A), we knocked down YTH proteins in EV71-permissive
RD cells. We found that knockdown of YTHDFI-3 pro-
teins in RD cells led to increased EV71 replication, which
was similar to HCV and ZIKV (39,54). Our results showed
that YTH proteins have different roles on EV71 replication
in different cell lines. However, the mechanism by which
YTH proteins affect viral replication remains unknown. As
Vero cells do not express interferon (IFN), we are currently
studying whether the IFN signaling pathway plays a role in
the m°A-regulated viral replication. We also tested whether



the nuclear m°A binding protein YTHDCI1 affects EV71
replication. The results showed that YTHDCI positively
regulates EV71 replication in RD cells, which is similar to
YTHDF]1, 2 and 3. Our data thus showed that both the nu-
clear and cytoplasmic m°A readers regulate viral replication
in RD cells.

To address how EV71 hijacks the m®A modification
machinery to facilitate virus replication, we performed
METTL3 IP to check viral protein interactions. The re-
sults showed that METTL3 interacted with 3D. Notably,
METTI14 and 3D are the components of 3D-METTL3
complex, indicating that the methyltransferase interact with
viral protein. Moreover, in the presence of 3D expression,
METTL3 was distributed in both the nucleus and cyto-
plasm, which confirms the interaction between METTL3
and 3D and may explain the presence of METTL3 in the
cytoplasm during EV71 infection. However, the catalytic
site of METTL3 was not involved in the interaction be-
tween METTL3 and 3D protein. Importantly, METTL3
promoted sumoylation and ubiquitination of 3D to facil-
itate viral replication (43), which indicates that the m°A
modification machinery plays an important role in EV71 in-
fection.

Collectively, we present evidence supporting the impor-
tance of m®A modification for the replication of EV71. The
expression and localization of the m®A methylation ma-
chinery were affected by EV71 virus infection. The expres-
sion of proteins in the m®A methylation machinery in turn
regulated viral replication. Mutation of the m®A sites de-
creased viral replication. Nevertheless, further studies are
necessary to elucidate the detailed mechanisms, such as how
the methyltransferases, demethylases and YTH proteins al-
ter their localization and whether viral non-structural pro-
teins play a role in the methylation process. In addition, our
study suggests m®A modification may be a novel target for
antivirals of EV71.
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