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ARTICLE INFO ABSTRACT

Keywords: Enterovirus 71 (EV71), a single-stranded positive-sense RNA virus, is the causative agent of hand, foot, and
APOBEC3G mouth disease (HFMD), for which no effective antiviral therapy is currently available. Apolipoprotein B mes-
Enterovirus 71 senger RNA-editing enzyme catalytic polypeptide-like 3G (APOBEC3G or A3G) is a cytidine deaminase that
IMB-Z

inhibits the replication of several viruses, such as human immunodeficiency virus-1, hepatitis B virus and he-
patitis C virus. In our efforts toward understanding the antiviral spectrum and mechanism of A3G, we found that
ectopic expression of A3G inhibited EV71 replication, whereas knockdown of endogenous A3G expression
promoted EV71 replication. Moreover, inhibition of EV71 replication by IMB-Z, a N-phenylbenzamide deriva-
tive, is associated with increased levels of intracellular A3G, but reducing the level of A3G by RNA interference
diminished the antiviral activity of IMB-Z. Mechanistically, we obtained evidence suggesting that the cytidine
deaminase activity is not required for A3G inhibition of EV71 replication. Instead, we demonstrated that A3G
can interact with viral 3D RNA-dependent RNA polymerase (RdRp) and viral RNA and be packaged into progeny
virions to reduce its infectivity. Taken together, our results indicate that A3G is a cellular restriction factor of
EV71 and mediator of the antiviral activity of IMB-Z. Pharmacological induction and/or stabilization of A3G is a
potential therapeutic approach to treat diseases caused by EV71 infection, such as HFMD.

1. Introduction

Enterovirus 71 (EV71) is a single-stranded, positive-sense RNA virus
belonging to the enterovirus genus of the Picornaviridae family.
Although EV71 infection usually results in mild clinical symptoms and
is self-limited, severe EV71 infection is often associated with neurolo-
gical diseases, including aseptic meningitis, brain stem encephalitis,
and acute flaccid paralysis (Wang et al., 2012a, 2017; Wu et al., 2013).
EV71 infection also causes hand, foot, and mouth disease (HFMD) in
children, mostly under 5 years of age. Since the first reported case of
EV71 infection in California in 1969, EV71 outbreaks have been peri-
odically reported worldwide, especially in the Asia-Pacific region

(Cardosa et al., 2003; Chen et al., 2017; Huang et al., 2008; Wang et al.,
2013). Hundreds of cases involving lethal complications have been
reported in each outbreak. In China, EV71 caused a severe HFMD
outbreak in 2008 and has now become a serious threat to children's
health (Chen et al., 2017; He et al., 2017). Millions of children are
infected with EV71 each year, and the morbidity and severity of HFMD
have increased annually. However, no specific antiviral drug is cur-
rently available for treatment of EV71 infections.

APOBEC3G (apolipoprotein B messenger RNA [mRNA]-editing en-
zyme catalytic polypeptide-like 3G [A3G]), a member of the APOBEC
superfamily, is an interferon-inducible cellular protein and plays an
important role in defending viral infections. A3G is a cytidine
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deaminase containing a conserved His-X-Glu and Cys-X-X-Cys Zn>*
coordination motif and has been demonstrated to restrict the infection
of several viruses, including human immunodeficiency virus-1 (HIV-1),
T-cell leukemia virus type 1 (HTLV-1), hepatitis B virus (HBV) and
hepatitis C virus (HCV) (Bishop et al., 2008; Chiu and Greene, 2008;
Kock and Blum, 2008; Olson et al., 2018; Peng et al., 2011; Smith et al.,
2012; Sasada et al., 2005; Zhu et al., 2015). Mechanistically, A3G in-
hibits retroviral replication by either cytidine deamination of viral
DNA, which results in G-to-A hypermutation of viral genomes (Goila-
Gaur and Strebel, 2008; Okada and Iwatani, 2016), or disruption of
reverse transcription or genome encapsidation in a deaminase activity-
independent manner (Fehrholz et al., 2012; Nguyen and Hu, 2008).
However, A3G inhibition of HCV replication via interaction with viral
NS3 protein in a deaminase activity independent manner (Zhu et al.,
2015). Li et al. recently reported that A3G binds to the 5’'UTR of EV71
to inhibit viral protein translation and genome replication. Intriguingly,
EV71 antagonizes the restriction of A3G through its non-structural
protein 2C that induces the autophagy-lysosome degradation of A3G
(Li et al., 2018). Moreover, compound IMB-26 was reported to directly
bind to and stabilize A3G (Cen et al., 2010). In our previous study, a
series of N-phenylbenzamide derivatives of IMB-26 had been synthe-
sized, and their anti-EV71 activities were assayed in vitro (Ji et al.,
2013). Among the compounds tested, compound 5b (N-(4-chlor-
ophenyl)-4-methoxy- 3-propionamidobenzamide, C,7H;;N>03Cl, MW
332.78, Fig. 1A, renamed to IMB-Z) presented an improved antiviral
activity against EV71 (Ji et al., 2013). In this study, we investigated the
possibility that IMB-Z inhibition of EV71 replication is due to its ele-
vation of cellular A3G.

2. Materials and methods
2.1. Cells and virus

African green monkey kidney (Vero) cells and human cervical
cancer (H1-HeLa) cells were purchased from the American Type Culture
Collection and cultured in Modified Eagle's Medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% inactivated fetal bovine
serum (FBS; Gibco, Grand Island, USA) and 1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA). Human embryonic kidney (293T)
cells, human neuroblastoma (SK-N-SH) cells and human colon cancer
(HCT-8) cells were purchased from the Cell Culture Center of Peking
Union Medical College or Chinese Academy of Sciences and cultured in
Dulbecco's Modified Eagle Medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% FBS and antibiotics (100 U/ml penicillin and
100 mg/ml streptomycin, Invitrogen) at 37 °C in a 5% CO, incubator.

EV71 strain H (VR-1432) and strain BrCr (VR-1775) were purchased
from the American Type Culture Collection and propagated in Vero
cells.

2.2. Compounds

IMB-Z was synthesized in the Medicinal Chemistry Laboratory of the
Institute of Medicinal Biotechnology, Chinese Academy of Medical
Sciences, with purity over 98.0%. The compound structure was con-
firmed with "H-NMR and MS spectra. 40 mM stock solutions of IMB-Z
were prepared in dimethyl sulfoxide. IMB-Z was diluted to final
working solutions as indicated in experiments.

2.3. Plasmids

EV71-VP1, VP2, VP3, VP4, 2B, 2C, 3A, 3C were constructed into
pcDNA3.1 + vector with a HA tag at the carboxyl terminus by standard
subcloning technology. pGFP-3B and pGFP-3D were kindly provided by
Zhaohua Zhong, Department of Microbiology, Harbin Medical
University. A3G was constructed into p3XFLAG-CMV vector or pCI-neo
(pDMyc) vector by standard subcloning technology. The plasmids Flag-
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A3G (H257R), Flag-A3G (E259Q), and Flag-A3G (H257R & E259Q)
were created by site-specific mutagenesis with Fast MultiSite
Mutagenesis System (TransGen Biotech, Beijing, China) by following
the manufacturer's direction.

2.4. Cytotoxicity assay

The cytotoxic effect of IMB-Z was assayed by Cell Counting Kit
(CCK) (TransGen Biotech) (Wang et al., 2017).

2.5. Effects of exogenous A3G expression on EV71 replication

HCT-8 cells (4.0 x 10° cells per well of 6-well plate) were trans-
fected for 24h with plasmid Flag-A3G or p3xFLAG in Transln™ EL
Transfection Reagent (TransGen Biotech). The culture media were re-
moved, and cells were infected with EV71 (H, MOI = 0.1) for 1h.
Twenty-four hours later, the cells were harvested and total cellular
proteins were extracted for Western blot assays.

2.6. RNA interference of A3G expression on EV7linfection

HCT-8 cells were seeded into a six-well plate at 4.0 x 10° cells per
well in complete growth medium. After 16 h of incubation, small in-
terfering RNA (siRNA) (5’-CCAGGAAAUGGCUAAAUUCATAT-3’ and 3'-
dTdTGGUCCUUUACCGAUUUAAG-5") (RiboBio, Guangzhou, China),
that targets the sequence of A3G mRNA, were transfected into the cells
by using Lipofectamine RNAIMAX (Invitrogen), with a nonrelevant
control siRNA (RiboBio) as a control. The cells were infected with EV71
(H, MOI = 0.01) for 1 h at 48 h after siRNA transfection and harvested
at 24 h post infection. Total cellular proteins were extracted for Western
blot assays.

2.7. Effects of A3G expression on antiviral activity of IMB-Z against EV71

HCT-8cells were seeded into six-well plates at a density of
4.0 x 10° cells/well. After 16 h of incubation, the cells were transfected
with 1 pg of Flag-A3G or 25nM of A3G RNAi and infected with EV71
(H, MOI = 0.1) at 24 h post transfection for 1 h. The infected cells were
mock-treated or treated with IMB-Z (10 uM) immediately after viral
inoculation for 24 h. The cells were harvested and total cellular proteins
were extracted for Western blot assays.

2.8. Purification of EV71 virions

HCT-8 cells were seeded into 75cm? culture flasks. After 16 h of
incubation, the cells were infected with EV71 (H, MOI = 0.1) for 1h
and then treated with IMB-Z or solvent control. After treatment for
48 h, 35ml of culture medium from EV71-infected cells was collected
and cell debries were removed by centrifugation at 3200g for 15 min
and 10,000 g for 20 min at 4 °C. The supernatant was filtered through a
0.22 ym membrane and further concentrated with Amicon Ultra-15
Centrifugal Filter Units (Millipore, Billerica, MA, USA). The con-
centrated virus preparations were placed onto a 20%-60% linear su-
crose gradient and centrifuged at 125,000 g for 16 h at 4 °C. The upper
layer of 20%-60% linear sucrose was completely removed and EV71
pellets at the bottom were collected and the EV71 and A3G proteins in
the EV71 viral particles were detected by Western blot assays and im-
munoprecipitation.

2.9. Effects of IMB-Z on viral RNA hypermutation

The HCT-8 cells were seeded into 75 cm? culture flasks. After 16 h of
incubation, the cells were infected with EV71 (BrCr, MOI = 0.1) for 1 h
and then treated with IMB-Z or solvent control for 48 h. EV71 virions
were purified as described above. HCT-8 cells were then infected with
the purified EV71 virions and intracellular RNA were extracted at 6 h
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Fig. 1. IMB-Z inhibited EV71 replication in multiple cell types. (A) The chemical structure of IMB-Z. (B) Cytotoxicity of IMB-Z to multiple cell lines were
determined by CCK assay. (C) Effects of IMB-Z on EV71-induced CPE in Vero cells were determined by crystal violet staining. (D and E) Cells (9 x 10° cells/well)
were plated into 6-well culture plates and infected with EV71 (H, MOI = 0.1) for 1 h. The infected cells were then treated with the indicated concentrations of IMB-Z
for 24 h. Intracellular viral VP1 protein (D) and RNA (E) were determined by Western blot and qRT-PCR assays, respectively. **P < 0.01, *P < 0.05 and * for
nonspecific band. (F) EV71 infected HCT-8 cells were revealed by immunofluorescent detection of VP1 protein using a fluorescence microscopy (x 100).

post infection with the RNeasy Mini Kit (Qiagen, Germantown, MD,
USA). EV71 RNA (2C) was amplified with the sense primer 5-CGCGG
ATCCAGTGCCTCATGGCTAAAG-3’ and antisense primer 5-CCGGAAT
TCTTATTGAAAGAGTGCTTCTATAGTATT-3’. The PCR products were
purified with EasyPure™ Quick Gel Extraction Kit (TransGen Biotech)
and inserted into the pEASY™.-T1 Cloning vector (TransGen Biotech).
The conjunct vector was transfected into the Trans 1-T1 Phage Resistant
Chemically Competent Cell (TransGen Biotech) and cultured in Luria
broth solid culture media (Invitrogen) with 100 ug/ml ampicillin.
Individual colonies were picked up and amplified. The plasmids were
extracted with the QIAprep Spin Miniprep Kit (Qiagen) and sequenced
by Invitrogen Trading (Shanghai) Co., Ltd (Invitrogen, Shanghai,
China).

2.10. Immunoprecipitation

293T cells were seeded into 75 cm? culture flasks. After 16 h of in-
cubation, cells were transfected with plasmids encoding HA-VP1, HA-
VP2, HA-VP3, HA-VP4, HA-2B, HA-2C, HA-3A, GFP-3B, HA-3C, or GFP-
3D with Myc-A3G, Flag-A3G, Flag-A3G (H257R), Flag-A3G (E259Q), or
Flag-A3G (H257R & E259Q). Cells were harvested at 48 h post trans-
fection. Co-immunoprecipitation experiment was performed. Briefly,
cells were collected and lysed using M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
containing halt protease inhibitor single-use cocktail (Thermo) for
30min on ice. Soluble lysates were incubated with HA-Tag
(Proteintech, Wuhan, China), GFP-Tag (Proteintech) and Myc-Tag
(Proteintech) at 4 °C overnight, followed by incubation of protein A/G
agarose beads (Roche, Basel, Switzerland) at 4 °C for 3h. Complexes
were separated from the beads and then boiled for 10 min. The pre-
cipitated proteins were subjected to SDS-PAGE and blotted with specific
antibodies.

2.11. Real-time qRT-PCR

Total RNA was isolated from cells using the RNeasy Mini Kit and
analyzed with the SuperScript III Platinum SYBR Green One-Step qRT-
PCR Kit (Invitrogen). The RNAs of VP1, and actin were amplified by
qRT-PCR with specific primers (Table 1) (Wang et al., 2017).

2.12. Western blot assay

Total cellular proteins were extracted using M-PER Mammalian
Protein Extraction Reagent (Thermo) containing halt protease inhibitor
single-use cocktail (Thermo). The extracted total protein or viral lysates
were denatured by adding 5x sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (Thermo), followed by
boiling for 5min at 100 °C. Approximately 15 pg proteins was applied
for SDS-PAGE (Wang et al., 2017). The primary antibodies used in this
study included antibodies against B-actin (Cell Signaling Technology,

Table 1
Quantitative real-time PCR primer sequences.

Primers Nucleotide sequences (5'—3")
EV71 VP1 forward GATATCCCACATTCGGTGA
EV71 VP1 reverse TAGGACACGCTCCATACTCAAG
B-actin forward CACCATGTACCCTGGCATC
B-actin reverse ACGGAGTACTTGCGCTCAG
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Beverly, MA, USA), EV71 VP1 (Abnova, Taipei, China), EV71-3AB
(GeneTex, California, USA), EV71-2B (GeneTex), EV71-2C (GeneTex),
EV71-3D (GeneTex), HA-Tag (Cell Signaling Technology), GFP-Tag
(Cell Signaling Technology), Myc-Tag (Cell Signaling Technology) and
A3G (Abcam, Cambridge, MA, USA). The goat anti-rabbit and anti-
mouse HRP-labeled antibodies were obtained from Cell Signaling
Technology.

2.13. Immunofluorescence assay

Vero cells grown on glass coverslips (Thermo) were infected with
EV71 (H, MOI = 0.1) for 1 h. The infected cells were treated with the
indicated concentrations of IMB-Z for 24 h and then fixed by 4% par-
aformaldehyde. The cells were permeabilized in 0.5% Triton X-100 at
room temperature for 15 min and blocked in PBS containing 1% BSA for
1 hat room temperature. The cells were then incubated with an anti-
EV71 VP1 antibody (Abnova) at a dilution of 1:500 for 2hat room
temperature. After washing three times with PBS, the samples were
reacted with goat anti-mouse LgG and PE conjugate (TransGen Biotech)
for 1 hat room temperature. After washing with PBS, the nucleus was
detected with DAPI (Beyotime, Shanghai, China) and images were
taken using a fluorescence microscope (Olympus, IX71, Japan).

2.14. Formaldehyde-crosslinked RNA-immunoprecipitation (RIP)

Three 10-cm plates of 95% confluent 293T cells were used for each
sample. Cells were transfected with Myc-A3G and infected with EV71
(BrCr, MOI = 0.1) at 24 h post transfection for 1 h. The infected cells
were left untreated or treated with 20 uM of IMB-Z for 24 h. Then, cells
were crosslinked by adding phosphate buffered saline (PBS) containing
1% methanol-free formaldehyde and incubated for 10 minat 37 °C.
Crosslinking 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. RNA was extracted from an equal
number of cells from each sample using the RNeasy Mini Kit (Qiagen).
The remaining cells are centrifuged at 1000 x g for 3minat 4 °C. Cell
pellets were resuspended in 1 ml M-PER Mammalian Protein Extraction
Reagent (Thermo) containing halt protease inhibitor single-use cocktail
(Thermo) and 100U/ml R Nase inhibitor (TransGen Biotech). The ly-
sates were centrifugated at 12,000 X g for 10 min, and the supernatant
containing the protein-RNA complexes was subjected to IP overnight
with an anti-Myc (Proteintech). On the following day, pre-blocked
protein A/G agarose beads (Roche) were added to each sample for 3 h at
4°C. The beads were then washed three times each with ice-cold PBS
(100 U/ml RNase inhibitor). After proteinase K digestion, the RNA
samples were extracted using the RNeasy Mini Kit (Qiagen) (Hao et al.,
2018). The RNA of VP1 were amplified by qRT-PCR with specific pri-
mers the sense primer 5- GATACCCTACATTTGGAGA -3’ and antisense
primer 5- TCGGGCATGCCCCATACTCGAG -3’. EV71 RNA (2C) was
amplified by PCR with the sense primer 5-CGCGGATCCAGTGCCTCA
TGGCTAAAG-3’ and antisense primer 5-CCGGAATTCTTATTGAAAGA
GTGCTTCTATAGTATT-3.

2.15. Statistics

Data are expressed as the mean = standard error of the mean. Two
groups were compared by student's-test, more groups were compared
by one-way ANOVA using MTLAB software (8.6, MathWorks, 2015;
Natick, MA, USA) with p < 0.01 and p < 0.05 indicating statistical
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significance.

3. Results

3.1. IMB-Z inhibits EV71 replication

In previous studies, we found that IMB-Z can prevent EV71-induced
cytopathic effect (CPE) (Ji et al., 2013). To further determine the anti-
EV71 activity of IMB-Z in vitro, we first determined the cytotoxicity of
IMB-Z by CCK assay. The result showed that the maximum nontoxic
concentration (TCy) of IMB-Z was > 200 uM (Fig. 1B). At nontoxic
concentrations, IMB-Z inhibited the CPE induced by EV71 infection in
Vero cells, as revealed by crystal violet staining (Fig. 1C). As shown in
Fig. 1D and E, IMB-Z treatment decreased the levels of viral VP1 protein
and RNA in a dose-dependent manner in multiple different cell lines.
Moreover, immunofluorescence assay also revealed that the number of
VP1 positive cells was dose-dependently reduced in IMB-Z treated
cultures (Fig. 1F). Those results convincingly demonstrated that IMB-Z
inhibited EV71 replication in multiple cell types.

3.2. IMB-Z and EV71 infection regulate the level of intracellular A3G

It was reported previously that compound IMB-26 inhibited HIV-1
replication by specifically stabilizing A3G (Cen et al., 2010). As a de-
rivative of IMB-26, we speculated that the antiviral effect of IMB-Z
against EV71 may be due to modulating the steady-state level of A3G.
Indeed, IMB-Z treatment increased the level of A3G protein in different
cells in a time (Fig. 2A) and concentration (Fig. 2B) dependent manner.
Interestingly, during the course of EV71 infection, the level of A3G in
EV71 infected cultures increased at the early phase of infection (8 and
12h), but declined in the later phase of infection (24 and 36h)
(Fig. 2C). However, IMB-Z treatment of EV-71 infected cells attenuated
the late phase reduction of A3G and potently suppressed EV71 VP1
expression (Fig. 2D). Because A3G is an interferon-stimulated gene
product, the increased expression of A3G in the early phase of infection
could be a result of virus-induced interferon response, and the de-
creased expression of A3G at the late phase of infection might be due to
A3G degradation induced by viral protein 2C (Li et al., 2018).

3.3. A3G is a host restriction factor of EV71

To investigate the role of A3G in EV71 infection, we examined the
effects of modulating the intracellular levels of A3G on EV71 replica-
tion. We first demonstrated that ectopic expression of A3G in HCT-
8 cells significantly reduced the levels of viral VP1 protein (Fig. 3A),
whereas reducing A3G expression by siRNA interference in HCT-8 cells
increased the level of VP1 protein (Fig. 3B). Interestingly, we also
showed that combination of A3G ectopic expression and IMB-Z treat-
ment more efficiently reduced the level of VP1 protein (Fig. 3C, com-
paring lanes 3 and 4 to lane 5) and RNA (Fig. 3D), but reducing the
endogenous A3G by siRNA interference in HCT-8 cells attenuated IMB-
Z-induced reduction of VP1 protein (Fig. 3E, comparing lane 3 to lane
5) and RNA (Fig. 3F). Moreover, in agreement with our previous report
that IMB-26 stabilized A3G, IMB-Z treatment elevated the levels of A3G
protein in HCT-8 cells transfected with plasmid expressing Flag-A3G
(Fig. 3C, comparing lane 4 to lane 5) or siRNA targeting A3G mRNA
(Fig. 3E, comparing lane 4 to lane 5). In summary, these results in-
dicated that A3G is a host restriction factor of EV71 and IMB-Z in-
hibition of EV71 is through modulation of intracellular level of A3G.

3.4. Cytidine deaminase activity was not required for A3G to inhibit
EV71replication

Concerning the antiviral mechanism of A3G, it is plausible to con-
sider the potential role of deaminase activity in restriction of EV71
replication. To investigate this possibility, we first examined whether
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increasing the level of A3G in EV71 infected cells by IMB-Z treatment
induces cytidine deamination of viral RNA. Accordingly, HCT-8 cells
were infected with EV71 and treated with IMB-Z or solvent control for
48 h. EV71 virions were purified from culture media and used to infect
naive HCT-8 cells. At 6 h post infection, cells were harvested and total
cellular RNA was extracted. The deaminase activity of A3G is highly
sequence specific and the third position of a triplet cytosine (CCC)
hotspot is converted into CCU. Because the coding region of 2C protein
is relative conserved and has nine tripletcytosine, this region was am-
plified by RT-PCR and sequenced to determine the frequency of hy-
permutation. Compared to viral RNA derived from mock-treated cells,
viral RNA derived from IMB-Z treated cells demonstrated a similar rate
of G/A mutation (Table 2). This result implies that inhibition of EV71
replication by IMB-Z does not induce cytidine deamination-induced G-
to-A hypermutation of viral RNA.

Moreover, it has been reported that two amino acid residues, H257
and E259, in C-terminal CD2 domain of A3G are critical for deaminase
catalytic activity (Iwatani et al., 2006; Li et al., 2011; Navarro et al.,
2005; Newman et al., 2005) (Fig. 4A). To rigorously determine the role
of deaminase activity in inhibiting EV71 replication, 293T cells were
transfected with control vector plasmid or plasmid expressing wild-type
or deaminase-deficient A3G. The cells were then infected by EV71 and
viral protein VP1 were examined by Western blot assay at 24 h post
infection. As shown in Fig. 4B, ectopic expression of wild-type A3G or
each of the three deaminase-deficient A3G demonstrated a similar ac-
tivity of reducing viral VP1 protein expression.

3.5. EV71 3D protein interacts with A3G

It was reported previously that A3G inhibits viral replication by
directly interacting with viral proteins, such as HCV non-structural
protein NS3 (Zhu et al., 2015). To investigate whether A3G interacts
with any of EV71 proteins, 293T cells were co-transfected with a
plasmid expression Myc-tagged A3G and a vector plasmid or plasmid
expressing HA-tagged VP1, VP2, VP3, VP4, 2B, 2C, 3A, 3C or GFP-
tagged 3B, 3D protein. As shown in Fig. 5A, immunoprecipitation with
antibody against Myc epitope tag and probing the precipitated viral
proteins with antibodies against HA tag or GFP indicated that A3G
protein does not interact with HA-tagged VP1, VP2, VP3, VP4, 2C, 3A,
3C protein or GFP-tagged 3B protein, but interacts with GFP-3D protein
and HA-tagged 2B protein. To confirm the specificity of the interaction,
we further demonstrated that Myc-A3G protein could also be pulled
down by GFP-tagged 3D protein, but not HA-tagged 2B protein
(Fig. 5B).

To investigate whether 3D interacts with A3G in the context of EV71
infection, 293T cells transfected with a plasmid expressing Myc-A3G
were infected by EV71 and harvested at 24h post infection.
Immunoprecipitation from the cell lysates with anti-Myc antibody and
probed with antibody against viral 3AB, 2B, 2C or 3D protein. As shown
in Fig. 5C, the results showed that 3D, but not 3AB, 2B and 2C protein,
was enriched in the precipitated immunocomplex (Fig. 5C). In addition,
we used the antibody against A3G protein to do immunoprecipitation
by EV71 infecting HCT-8 cells and used 3D antibody to do western blot
to check the endogenous interaction between A3G and 3D. As shown in
Fig. 5D, there is an endogenous interaction between A3G and 3D.
Moreover, A3G with H257Q and/or E259Q substitution did not affect
its interaction with 3D protein (Fig. 5E). These results convincingly
demonstrated that A3G specifically interact with viral protein 3D in
infected cells in a deaminase activity-independent manner.

3.6. IMB-Z treatment increases A3G encapsidation into progeny virions and
reduces its infectivity

In addition to interact with viral proteins involving in genome re-
plication, A3G has also been reported to be packaged into HBV or HCV
viral particles (Nguyen and Hu, 2008; Zhu et al., 2015). To investigate
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proteins were quantified by software “Gel-Pro analyzer”. *P < 0.05, **P <

Table 2
Effect of IMB-Z on viral RNA hypermutations.

0.01.

Samples  Total Bases Total Mutations Mutate Rate G to A Mutations
(%o0)
11 Virus control  40426(986 x41%) 57 1.41
13 IMB-Z 40426(986 x41") 50 1.24
treated

@ Total number of EV71 clones tested in the study.

if A3G could be packaged into EV71 progeny virions, HCT-8 cells in-
fected with EV71 (H, MOI = 0.1) were cultured for two days in the
presence or absence of IMB-Z. EV71 viral particles in the culture
medium were concentrated by ultracentrifugation. The amounts of viral
structure protein VP1 and genomic RNA in the virion preparations from
mock-treated and IMB-Z-treated culture medium were determined.
Equal amounts of virions, as normalized by VP1 protein, were resolved
by SDS-PAGE and viral and cellular proteins were detected by Western
blot assays. Compared with those from untreated cells, the A3G protein
was significantly increased in the EV71 particles produced from the
IMB-Z-treated HCT-8 cells (Fig. 6A, upper panel). To further confirm
the encapsidation of A3G, equal amounts of virion preparations from
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mock-treated and IMB-Z-treated culture medium were subjected for
immunoprecipitation with antibody against VP1. The
munoprecipitated VP1 and A3G proteins were detected by Western blot
assay. The results (Fig. 6A, lower panel) showed that the virions pro-
duced from IMB-Z-treated cells encapsidate significantly more A3G
molecules. Moreover, we were not able to detect exogenously expressed
A3G in the virus particles (data not shown), which was consistent with
the results of li et al. (Li et al., 2018).

Host proteins can be packaged into virions through interaction with
viral structural proteins or genomic RNA. Although our study found
that there is an interaction between A3G and 3D protein, since 3D
protein is a non-structural protein, we speculated that the interaction
between A3G and EV71 RNA might be responsible for A3G packaging
into viral particles. Indeed, as shown in Fig. 6B and C, A3G did bind to
EV71 RNA in infected cells as demonstrated by a formaldehyde-cross-
linked RNA-immunoprecipitation (RIP) assay.

To investigate the effect of encapsidated A3G on virion infectivity,
we compared the replication of progeny virions derived from mock
treated or IMB-Z treated cultures. In this experiment, EV71-infected
HCT-8 cells were cultured for two days in the presence or absence of
IMB-Z. The resultant EV71 viral particles in the culture fluid were
harvested by ultracentrifugation. Viral RNA in the viral particle

im-
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Fig. 4. Cytidine deaminase activity of A3G is not
required for its inhibition of EV71 replication.
(A) Amino acid residues critical for deaminase ac-
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transfected with 2 pg of plasmid expressing wild type
or different mutant A3G. The cells were infected with
EV71 (H, MOI = 0.1) at 24h post transfection and
harvested at 24 h post infection. The indicated viral
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preparations were quantified by qRT-PCR. Vero cells were infected with
equal genome-equivalent of EV71, and 50% tissue culture infective
doses (TCIDso) was detected by using the CPE method. As shown in
Fig. 6D, the progeny of EV71 prepared from IMB-Z treated HCT-8
cultures showed a significantly reduced TCIDs(. This finding implies
that IMB-Z increases the amount of A3G packaged into EV71 particles,
which reduces the infectivity of progeny viruses.

4. Discussion

APOBEC3 family of antiviral proteins restricts viral infections via
cytidine deaminase-dependent and independent mechanisms. A3G is
the first APOBEC3 member identified as a host restriction factor of HIV-
1 (Sheehy et al., 2002). Since then, A3G has been demonstrated to in-
hibit the replication of other retroviruses (HTLV-1), pararetrovirus
(HBV) and RNA virus (HCV) (Albin and Harris, 2010; Kitamura et al.,
2013; Komohara et al., 2006; Sasada et al., 2005). Herein, we obtained
evidence showing that A3G inhibits the replication of a picornavirus,
EV71.

The molecular mechanism underlying A3G restriction of HIV-1 in-
fection had been extensively investigated. A3G protein is packaged into
HIV-1 virions via interacting with Gag protein (Chelico et al., 2009).
Upon infection of susceptible cells, A3G deaminates cytosines in the
single-stranded complementary DNA reverse-transcribed from viral
geniomic RNA and thus, introducing G-to-A mutations into positive-
strand DNA (Goila-Gaur and Strebel, 2008). The G-to-A hypermutation
is lethal or severely compromises viral protein expression and genome
replication. In addition, A3G was also reported to interact with HIV-1
integrase, nucleocapsid or reverse transcriptase to inhibit viral DNA
synthesis and proviral DNA formation (Luo et al., 2007; Wang et al.,
2012b). Similarly, A3G inhibits the replication of HBV, a para-
retrovirus, by inducing G-to-A hypermutation (Kitamura et al., 2013;
Noguchi et al., 2005; Suspene et al., 2005) as well as inhibition of re-
verse transcriptional DNA synthesis in nucleocapsids. It was demon-
strated that packaging of A3G into HBV nucleocapsids is dependent on
the viral DNA polymerase and RNA packaging signal epsilon element of
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pregenomic (pg) RNA (Nguyen and Hu, 2008). However, A3G inhibits
HCV replication by binding to viral NS3 protein at its C-terminus, which
is responsible for NS3's helicase and NTPase activity (Zhu et al., 2015).
Although A3G usually inhibits viral replication through cytidine dea-
mination-induced G/A hypermutation of viral genomes, we obtained
two independent lines of genetic evidence suggesting that deaminase
activity is not required for A3G restriction of EV71 (Table 2 and Fig. 4).
As a host restriction factor to many retroviruses and a few RNA viruses,
viruses usually evolve distinct mechanisms to evade A3G restriction.
For instance, HIV-1 Vif protein binds A3G and targets it for proteolytic
degradation, whereas foamy virus Bet protein binds and prevents A3G
to be packaged into virions (Conticello et al., 2003; Jaguva Vasudevan
et al., 2013).

In this study, we found that EV71 infection could reduce the ex-
pression of A3G in the later phase of infection (Fig. 2B), which is
consistent with the report by Li and colleagues that non-structural
protein 2C antagonized A3G through induction of an autophagy-lyso-
some degradation (Li et al., 2018). However, we found that A3G spe-
cifically interacted with EV71 3D protein, but not 2C, in virally infected
cells (Fig. 5). The reason for the discrepancy is currently not known. In
addition, we were not able to detect exogenously expressed A3G in the
virus particles, which was consistent with the results of li et al. (Li et al.,
2018). However, we obtained evidence indicating that endogenously
expressed cellular A3G can be packaged into progeny EV71 virions. It
may be due to the difference between exogenous expression of A3G and
endogenous A3G. Furthermore, treatment of the EV71 infected cells
with IMB-Z compound resulted in secretion of virions with increased
level of encapsidated A3G, which might thus be responsible for the
reduced infectivity (Fig. 6). Using an RNA-immunoprecipitation assay,
we showed that A3G could bind to viral RNA in infected cells (Fig. 6B).
Li et al. also found that A3G could bind to the loop I and II of EV71
5’UTR in vitro. Therefore, it is possibly that packaging of A3G into viral
particles might be mediated by its interaction with viral RNA, parti-
cularly its 5'UTR. Although the reason for the discrepancy between ours
and Li's results, both studies clearly indicate that A3G restricts EV71
replication in a deaminase activity-independent manner. Our study
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Fig. 5. EV71 3D protein specifically interacts with A3G in virally infected cells. (A) 293T cells were co-transfected with a plasmid expressing Myc-A3G and a
plasmid expressing HA-VP1, HA-VP2, HA-VP3, HA-VP4, HA-2B, HA-2C, HA-3A, GFP-3B, HA-3C, GFP-3D with Myc-A3G. (B) 293T cells were co-transfected with a
plasmid expressing Myc-A3G and a plasmid expressing HA-2B, GFP-3D. (C) 293T cells were transfected with a control vector plasmid or plasmid expressing Myc-A3G,
the cells were infected with EV71 at 24 h post transfection and harvested at 24 h post infection. Immunoprecipitation from cell lysates were performed and probed
with the indicated antibodies. (D) HCT-8 cells were infected with EV71 and harvested at 24 h post infection. Inmunoprecipitation from cell lysates were performed
and probed with the indicated antibodies. (E) 293T cells were co-transfected with a plasmid expressing GFP-3D and a plasmid expressing wild-type and indicated
mutant Flag-A3G and harvested at 24 h post transfection. Immunoprecipitation from cell lysates was performed and probed with the indicated antibodies.
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Fig. 6. IMB-Z treatment increases A3G encapsidation into progeny virions and reduces its infectivity. (A) Virion encapsidation of host A3G protein (intraviral
A3G) was increased in EV71 particles released from the IMB-Z treated EV71-infected HCT-8 cells. The loading of Western blot assay (upper panel) and import of IP
assay (lower panel) were adjusted to equal amount of viral protein VP1. (B, C) Formaldehyde-RIP-qPCR.assay. 293T cells overexpressing Myc-A3G were infected with
EV71 and then treated with or without IMB-Z. Cell lysates from formaldehyde treated cells were subjected to IP with an anti-Myc and quantified by gRT-PCR (B) and
PCR (C). (D) The TCIDs, of the progeny viruses generated in HCT-8 cells with or without IMB-Z treatment was determined by CPE assay in Vero cells. The viral titers
were measured at the indicated times post infection. **P < 0.01.

further demonstrated that IMB-Z inhibits EV71 replication by elevating that IMB-Z modulation of A3G metabolism or function is a broad-
the intracellular level of A3G and promoting the packaging of A3G into spectrum antiviral therapeutic approach warranted further investiga-
virion particles, which reduces the infectivity of progeny virions. tion.

EV71 infection can lead to a variety of mild or serious illnesses and
death (Wang et al., 2012a, 2017; Wu et al., 2013). Although several

direct-acting antiviral agents were developed in the last three decades, Ethics approval and consent to participate
none of them has been approved, due to limited efficacy or toxicity in
clinical trials (Bauer et al., 2017). In addition, the short-term viremia in Not applicable.

patients may be also responsible for the failure of antiviral therapy
(Cheng et al., 2014). The host-targeting antiviral approach may be

useful to combat EV71 infection. Particularly, the short treatment Consent for publication
duration may avoid potential toxicity associated with such therapy
(Bauer et al., 2017). Although the mechanisms underlying those in- Not applicable.

teresting findings remain to be further investigated, it is rather clear
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