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ABSTRACT The host restriction factor APOBEC3G (A3G) inhibits an extensive variety
of viruses, including retroviruses, DNA viruses, and RNA viruses. Our study shows that
A3G inhibits enterovirus 71 (EV71) and coxsackievirus A16 (CA16) via competitively
binding the 59 untranslated region (UTR) with the host protein poly(C)-binding protein
1 (PCBP1), which is required for the replication of multiple EVs. However, whether A3G
inhibits other EVs in addition to EV71 and CA16 has not been investigated. Here, we
demonstrate that A3G could inhibit the replication of EVD68, which requires PCBP1 for
its replication, but not CA6, which does not require PCBP1 for replication. Further inves-
tigation revealed that the nucleic-acid-binding activity of A3G is required for EVD68
restriction, similar to the mechanism presented for EV71 restriction. Mechanistically,
A3G competitively binds to the cloverleaf (1 to 123 nucleotides [nt]) and the stem-loop
IV (234 to 446 nt) domains of the EVD68 59 UTR with PCBP1, thereby inhibiting the 59
UTR activity of EVD68; by contrast, A3G does not interact with CA6 59 UTR, resulting in
no effect on CA6 replication. Moreover, the nonstructural protein 2C, encoded by
EVD68, overcomes A3G suppression by inducing A3G degradation via the autophagy-
lysosome pathway. Our findings revealed that A3G might have broad-spectrum antiviral
activity against multiple EVs through this general mechanism, and they might provide
important information for the development of an anti-EV strategy.

IMPORTANCE As the two major pathogens causing hand, foot, and mouth disease
(HFMD), enterovirus 71 (EV71) and coxsackievirus A16 (CA16) attract a lot of atten-
tion for the study of their pathogenesis, their involvement with cellular proteins, and
so on. However, other EVs such as CA6 and EVD68 constantly occur sporadically or
have spread worldwide in recent years. Therefore, more information related to these
EVs is needed in order to develop a broad-spectrum anti-EV inhibitor. In this study,
we first reveal that the protein poly(C)-binding protein 1 (PCBP1), involved in PV-
and EV71 virus replication, is also required for the replication of EVD68, but not for
the replication of CA6. Next, we found that the host-restriction factor A3G specifically
inhibits the replication of EVD68, but not the replication of CA6, by competitively
binding to the 59 UTR of EVD68 along with PCBP1. Our findings broaden knowledge
related to EV replication and the interplay between EVs and host factors.
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The Enterovirus genus of the Picornaviridae family contains 13 species, of which 7
infect humans and 6 are animal pathogens. The human pathogens are composed

of enteroviruses A to D and rhinoviruses A to C. Enteroviruses A to D contain more
than 100 subtypes, including EV71, enterovirus D68 (EVD68), coxsackieviruses A and B,
and poliovirus (PV) (1). EV71 and CA16 are the two major pathogens responsible for
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hand, foot, and mouth disease (HFMD) in children under 5 years old, which has
become a severe public health problem. However, other EVs, such as CA6 and CA10,
constantly occur sporadically in some provinces of China (2–5). EVD68 was initially iso-
lated in 1962 from children with respiratory infections (California, USA). In recent years,
an unprecedented epidemic of respiratory disease, temporally associated with acute
flaccid myelitis (AFM), was thought to have been caused by EVD68, which is different
from historical reports on EVD68 (6–8). In China, EVD68 is thought to have spread
widely in recent years based on neutralizing antibody (NAb) detection (9).

EVs are single-stranded positive RNA molecules of 7,000 to 8,000 nucleotides, with a
single open reading frame (ORF) encoding a polyprotein that is flanked by untranslated
regions (UTR) at the 59 and 39 ends. An EV 59 UTR contains an RNA structure formed by
the cloverleaf and the internal ribosome entry site (IRES), which is important for viral
RNA synthesis and translation. The poly(rC)-binding protein 2 (PCBP2) was originally
identified as a host factor that binds the IRES on the PV genome (10). Subsequent studies
revealed that PCBP2 and its paralog PCBP1 bind the cloverleaf-like (stem-loop I) domain
of the PV genome for viral replication, and the IRES region of the PV genome for viral
translation, respectively, with different affinities (11–13). Moreover, these PCBPs are also
involved in the translation of other EVs, such as CVB3 (14, 15). In summary, PCBP2 and
PCBP1 are host factors for the initiation of both EV translation and RNA synthesis, either
by binding to the stem-loop IV of the IRES or by binding to the cloverleaf in concert with
viral 3CD, respectively (16–19). Other host proteins, such as hnRNP A1, hnRNP K, far-
upstream element-binding protein (FBP), and others have been found to interact with
the 59 UTR of EVs, enhancing viral translation and viral replication (20–24).

Several intrinsic host factors, such as APOBEC3G (A3G), SAMHD1, and Mx2, were dis-
covered one after another and identified as inhibitors of HIV infection (25). A3G has
been extensively investigated and found to possess broad-spectrum antiviral activity
against retroviruses, DNA viruses, single-stranded RNA viruses, and endogenous retro-
elements (26–30). Our recent study showed that A3G also suppresses EV71 replication
(31). Classical inhibition by A3G is mediated by its cytidine-deaminase activity, which
deaminates viral cDNA cytidines to uridines, thereby affecting viral reverse transcription
or integration (32–34). In addition, the nucleic-acid-binding activity of A3G also contrib-
utes its viral restriction (35, 36). We have previously shown that A3G is independent of
its cytidine-deaminase activity, and dependent on its nucleic-acid-binding activity, to in-
hibit EV71 (31). Viruses have developed sophisticated strategies to escape restriction,
such as using its encoded proteins or its host’s proteins to replicate efficiently (25, 31,
37–40). The ubiquitin-proteasome pathway is extensively employed by HIV proteins
such as Vif and Vpx to antagonize the restriction of APOBEC3 family members and
SAMHD1 (39–43), while the autophagy-lysosome pathway is utilized by viral proteins
such as HIV-1 Vpu and EV71 2C to degrade the host restrictive factors BST-2 and A3G
(31, 44, 45). Although A3G is an inhibitor of EV71, whether it inhibits other EVs such
EVD68 or CA6 has not been investigated.

In this study, we demonstrate that not all EVs require PCBP1 to facilitate viral trans-
lation. A3G could potently inhibit the replication of EVD68, which needs PCBP1 for rep-
lication, but it has no effect on CA6, which does not need PCBP1 for replication.
Mechanistically, the nucleic-acid-binding characteristic of A3G is essential for inhibiting
EVD68; together with PCBP1, it competitively binds to the EVD68 59 UTR, which is im-
portant for viral RNA synthetic and translational activities. Similar to EV71, EVD68 uti-
lizes 2C protein to induce A3G degradation through an autophagy-lysosome pathway,
thereby blocking A3G restriction. Our study provides an attractive target for the devel-
opment of a novel anti-EV D68 inhibitor.

RESULTS
PCBP1 is required for EVD68 replication but not for CA6 replication. Previous

studies have reported that picornavirus utilizes some host factors to finish an infectious
cycle. For instance, the cellular proteins PCBP1 and PCBP2 are required for the
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replication of PV, EV71, CA16, and CVB3 (11, 12, 15, 31, 46–48), interacting with the 59
UTR to enhance viral RNA synthesis or viral translation. To investigate whether PCBP1
is required for the replication of other EVs, we tested the replication of EVD68 and CA6
in PCBP1-silencing HEK293T cells and in negative-control cells; these were infected by
EVD68 and CA6 at a multiplicity of infection (MOI) of 0.1 and 0.05, respectively. VP1
protein expression levels (Fig. 1A and D), mRNA levels (Fig. 1B and E), and viral titers in
supernatants (Fig. 1C and F) were detected by immunoblotting (IB), real-time quantita-
tive PCR (RT-qPCR) and the cytopathic effect (CPE) method, respectively. The results
showed that EVD68, but not CA6, had reduced replication in PCBP1-silencing cells.
Similar results were obtained in another cell line, RD (Fig. 1G to L), which was sensitive
to EV infection.

PCBP1 specifically binds with EVD68 59 UTR but not with CA6 59 UTR. To exam-
ine whether PCBP1 interacts with either the EVD68 59 UTR or the CA6 59 UTR, cells
were transfected with PCBP1 plus either EVD68-59-UTR- or CA6-59-UTR expression vec-
tors as indicated in Fig. 2A, and then immunoprecipitation (IP) and RT-qPCR assays
were employed. The results showed that PCBP1 strongly interacts with EVD68 59 UTR
but not with CA6 59 UTR (Fig. 2B); the expression of PCBP1 was confirmed by IB analysis
(Fig. 2A). We also examined the binding ability of PCBP1 with viral genome by using
EVD68- or CA6 virus infection. HEK293T cells were transfected with PCBP1 for 24 h,
then infected with either EVD68 or CA6 virus at a MOI of 0.1. As expected, PCBP1 spe-
cifically interacted with the EVD68 59 UTR but not with the CA6 59 UTR (Fig. 2C to F).
An electrophoretic mobility shift assay (EMSA) showed similar results (Fig. 2G). The
homologue of PCBP1, PCBP2, was initially identified as a host factor that binds with the
PV genome, although PCBP1 itself was not (10). Thus, we examined the binding capaci-
ties of PCBP2 with the EVD68 59 UTR and with the CA6 59 UTR (Fig. 2H and I). IP and
RT-qPCR assays showed that the CA6 59 UTR, but not the EVD68 59 UTR, specifically
interacts with PCBP2, indicating that the 59 UTR of different EVs have different affinities
with PCBPs. These results suggested that various PCBPs are selectively required for the
replication of different EVs.

A3G restricts EVD68 replication, but not CA6 replication, through interfering
with 59 UTR activity. Having proven that A3G inhibits the replication of EV71 and
CA16 depending on PCBP1 (31), we next tested whether A3G inhibits the replication of
EVD68 and CA6. We transfected either the negative-control expression vector VR1012,
or A3G, into HEK293T cells for 24 h, after which the cells were infected with either
EVD68 or CA6 at a MOI of 0.1. We found that overexpressing A3G in HEK293T cells re-
stricted EVD68 replication, but not CA6 replication, as measured by VP1-IB-viral-mRNA
analyses in intracellular and viral titers in the supernatant at 24 h, 48 h, and 72 h post-
infection (Fig. 3A to F).

The picornavirus 59 UTR contains an IRES, which is required for translation initiation.
Next, we tested whether A3G inhibits 59 UTR activity in EV68 and CA6. We constructed
and employed bicistronic plasmids with a fluorescent reporter downstream on both
the EVD68 59 UTR and the CA6 59 UTR (Fig. 3G). The raw data for Renilla luciferase and
firefly luciferase are shown in Fig. 3H and I, and the relative activity of the 59 UTR from
EV71, EVD68, and CA6 are shown in Fig. 3J. The luciferase assay showed that A3G
decreased the luciferase activity of the EV71 and EVD68 59 UTR, but not the activity of
the CA6 59 UTR.

A3G restricts 59 UTR activity by competitively binding to the EVD68 59 UTR
with PCBP1. Since both PCBP1 and A3G interact with the 59 UTR of EVD68, we further
investigated and compared their respective abilities to bind to the 59 UTR. IP and RT-
qPCR assays showed that A3G has a stronger ability to bind to the EVD68 59 UTR com-
pared with that of PCBP1 (Fig. 4B), while the number of proteins immunoprecipitated
by HA beads was almost equal (Fig. 4A). We speculated that A3G may competitively
bind to the 59 UTR of EVD68, impairing the interaction between the EVD68 59 UTR and
PCBP1. To verify this hypothesis, we cotransfected an EVD68-59-UTR expression vector
with either pcDNA3.1 or with increasing doses of A3G-myc-tagged and PCBP1-HA-
tagged expression vectors into HEK293T cells as indicated in Fig. 4C. As expected, A3G-
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FIG 1 PCBP1 is required for EVD68 replication but not for CA6 replication. PCBP1-silencing cell line or pLKO.1 negative-control cell line were
constructed in HEK293T cells using sh-PCBP1 or a pLKO.1 vector, then infected with EVD68 (A to C) and CA6 (D to F) at a MOIs of 0.1 and 0.05,

(Continued on next page)
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myc and PCBP1-HA were expressed efficiently and could be immunoprecipitated from
cell lysates (Fig. 4C), The 59-UTR-RNA levels for EVD68 in the cell lysates from all sam-
ples were similar (data not shown). However, the interaction of PCBP1 with the 59 UTR
of EVD68 was profoundly reduced with increasing A3G protein levels (Fig. 4D), whereas
the increasing doses of A3G bound increasing amounts of EVD68 59 UTR (Fig. 4E). As
expected, the 59 UTR did not coprecipitate with the sample in the absence of either
A3G-myc or PCBP1-HA, indicating that the interaction between the 59 UTR and the pro-
tein was specific (Fig. 4D and E). To further confirm the competitive binding capacity of
A3G with PCBP1 in the context of viral infection, HEK293T cells were transfected with
PCBP1-HA and increasing doses of A3G-myc for 24 h, and then infected with EVD68 at
a MOI of 0.5. We also observed that an increase in A3G reduced the binding of PCBP1
with EVD68 59 UTR (Fig. 4F to H). To confirm the relevance of A3G- and PCBP1 expres-
sion levels and their effect on viral replication, we designed an experiment to examine
whether PCBP1 overexpression can rescue the inhibition of EVD68 by A3G. The results
showed that even in the presence of A3G, increased doses of PCBP1 gradually restored
the replication of EVD68 that was inhibited by A3G, whereas CA6 replication was not
affected by either A3G- or PCBP1 expression (Fig. 4I and J). These results suggested
that A3G restricted EVD68, but not CA6, by competitively interacting with the EVD68
59 UTR, interfering with the interaction between PCBP1 and the EVD68 59 UTR and
then suppressing 59-UTR activity.

The nucleic-acid-binding activity, but not the cytidine-deaminase activity, of
A3G is essential for EVD68 restriction. It is well known that A3G has two characteris-
tics: the cytidine-deaminase activity mediated by the carboxy-terminal domain, and
the nucleic-acid-binding property mediated by the amino-terminal domain, which is
responsible for incorporating A3G into viral particles (35, 49–53). Previous studies have
reported that the 123-to-127 region contributes to the A3G virion package by binding
with nucleic acid (54, 55), while C291 is one of three key residues in the cytidine deami-
nase active site of A3G (56). To investigate whether either the cytidine-deaminase ac-
tivity or the nucleic-acid-binding property is required for binding to the EVD68 59 UTR,
we tested a series of A3G mutants to examine their effect on EVD68 replication. A3G
C291S with a mutation at the C terminus showed similar inhibitory effects on EVD68
replication compared to wild-type (WT) A3G (Fig. 5A, lanes 2 and 3). A3G C291S also
inhibited virus production, as indicated by the supernatant IB analysis (Fig. 5A, lower
panel, lanes 2 and 3); and viral RNA synthesis, as shown by using RT-qPCR to detect vi-
ral (Fig. 5B). These results showed that A3G inhibits EVD68 replication without requir-
ing cytidine deaminase. However, we found that A3G mutants Y124A, Y125A, and
W127A, located at the amino terminus of A3G, which is responsible for the nucleic-
acid-binding activity of A3G, could not inhibit EVD68 replication compared to WT A3G
(Fig. 5A and B). Immunoprecipitation and RNA EMSA further confirmed that these three
mutants lost the ability to bind the EVD68 59 UTR (Fig. 5C to F). These data demon-
strated that the nucleic-acid-binding property of A3G is closely associated with its inhi-
bition of EVD68.

A3G competes with PCBP1 to bind the cloverleaf and stem-loop IV regions of
the EVD68 59 UTR. To investigate the competitive binding site of A3G on the 59 UTR
of EVD68, we aligned the sequences of 59 UTRs of diverse EVs, including EV71, CA16,
CVB3, CA6, EVD68, and PV, and analyzed the homology between them. We found
that the EVD68 59 UTR had high homology with the PV 59 UTR (Fig. 6A). Based on the
secondary structure predicted with Mfold, we simulated the secondary structure of
the EVD68 59 UTR (Fig. 6B) and constructed a series of truncated mutants. We first

FIG 1 Legend (Continued)
respectively. The cells and culture supernatants were harvested at the indicated time points. Immunoblotting (IB) analysis of EVD68 (A) or CA6 (D)
VP1 in cells was performed, with tubulin as a loading control. The VP1 protein in the supernatants was detected after ultracentrifugation. EVD68 (B)
or CA6 (E) viral RNA levels in cell lysates was detected by RT-qPCR and normalized to GAPDH. Then, the EVD68-RNA levels in 293T cells at 24 h
postinfection and the CA6-RNA levels in 293T cells at 48 h postinfection were set as 100%. Viral titers of EVD68 (C) or CA6 (F) in the supernatants
were measured by the cytopathic effect (CPE) method. Similar experiments were performed in another cell line, RD (G to L). Mean values are
presented from three independent repeats (6SD, *, P , 0.05, **, P , 0.01, ***, P , 0.001, ns stands for no significance, paired t test).
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FIG 2 PCBP1 specifically interacts with the EVD68 59 UTR but not with the CA6 59 UTR. (A and B) Interaction between PCBP1 with transfected 59 UTR
expression vector. PCBP1 or the control vector was cotransfected with either EVD68 59 UTR or CA6 59 UTR, respectively; cells were then harvested, and cell
lysates were immunoprecipitated with anti-HA agarose beads. Elutions were analyzed by IB (A) and RT-qPCR (B), respectively. The eluted EVD68 59 UTR by
PCBP1 was set as 100%. (C to F) Interaction between PCBP1 and viral 59 UTR in the context of a viral infection. HEK293T cells were transfected with PCBP1-
HA for 24 h, then infected with EVD68 (C and D) and CA6 (E and F) at a MOI of 0.1. Cells were harvested and treated as in panels A and B. (G) Interaction
between PCBP1 and viral 59 UTR by EMSA. RNA of the EVD68 59 UTR and the CA6 59 UTR was transcribed by a MEGAscript T7 kit. PCBP1 was purified from
HEK293T transfected with PCBP1-HA using HA-beads. An EMSA of PCBP1 and either EVD68 59 UTR or CA6 59 UTR was then performed using a LightShift
Chemiluminescent EMSA kit. (H and I) Interaction between PCBP2 and either the EVD68 59 UTR or the CA6 59 UTR in the context of a viral infection.
HEK293T cells were transfected with PCBP2-HA for 24 h and then infected with either EVD68 or CA6, respectively. Cells were harvested and treated as in
panels A and B. (D, F, I) Mean values are shown as repeats (6SD, n = 3 *, P , 0.05, **, P , 0.01, ***, P , 0.001, ns stands for no significance, paired t test)
in the presence of PCBPs relative those obtained in the presence of the control vector (100%).
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FIG 3 A3G suppresses EVD68 replication but not CA6 replication. HEK293T cells transfected with either A3G-myc or the control vector were
infected with EVD68 (A to C) and CA6 (D to F) at a MOI of 0.1. Cells and culture supernatants were harvested at the indicated time points. IB

(Continued on next page)
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examined the binding abilities of A3G and PCBP1 with EVD68-59-UTR-truncated
mutants using IP and RT-qPCR, respectively (Fig. 6C and D). The results showed that
PCBP1 interacts with the cloverleaf and the stem-loop IV regions of the EVD68 59 UTR,
which is consistent with previous reports (12, 46, 57), while A3G showed stronger bind-
ing ability with any region of the 59 UTR compared to PCBP1 (Fig. 6D) (12, 46, 57). We
next examined whether A3G competitively binds to the cloverleaf (1 to 123) and stem-
loop IV (234 to 447) regions of the EVD68 59 UTR with PCBP1 (Fig. 7A). We observed
that PCBP1 showed reduced binding capacity with the cloverleaf and stem-loop IV
regions of the EVD68 59 UTR in the presence of A3G (Fig. 7C), while A3G showed higher
binding capacity with the 59 UTR (Fig. 7D). As expected, the amounts of proteins immu-
noprecipitated by HA and myc beads were almost equal (Fig. 7B). We also aligned the
sequences of the cloverleaf and stem-loop IV regions of PV, EV71, EVD68, and CA6 (Fig.
7E). For the cloverleaf and stem-loop IV regions, EVD68 showed higher homology with
PV (;82% and 80%) and medium homology with EV71 (;73% and 65%), while CA6
showed lower homology with PV (68% and 72%) and relatively high homology with
EV71 (;77% and 88%). These results suggest that not only is sequence homology de-
terminant for 59-UTR- and host-protein-binding, but that spatial confirmation might
also contribute binding ability.

2C protein of EVD68 triggers A3G degradation through the autophagy-lysosome
pathway. Although host restrictive factors such as A3G, SAMHD1, and BST-2 exhibit
potential antiviral activity, viruses evolve diverse strategies to evade this restriction (25,
42). We had shown that EV71 antagonizes A3G inhibition using its 2C protein, via the
autophagy-lysosome pathway (31). We next examined whether EVD68 2C could antag-
onize A3G restriction by inducing A3G degradation. By aligning the 2C sequences of
EV71 and EVD68, we found that the sequence homology of the two proteins is 62.8%
(data not shown). However, EVD68 2C also caused reduced A3G expression, while the
autophagy-lysosome inhibitor Baf-A1 could rescue A3G expression in the presence of
2C (Fig. 8A).

According to the sequence alignment of EV71 2C and EVD68 2C, a series of trun-
cated EVD68 2C mutants were constructed based on computation-generated structural
modeling of 2C (Fig. 8B). To identify the functional domain in EVD68 2C that is required
for A3G degradation, we performed IB assays which showed that amino acids 1 to 118
at the N terminus of EVD68 2C were sufficient for A3G degradation, while amino acids
119 to 331 of EVD68 2C were not required for A3G degradation (Fig. 8C, lanes 3 and 4).
Further investigation showed that the truncated EVD68 2C mutant amino acids 54 to
331 lost the ability to degrade A3G, while amino acids 1 to 53 induced A3G degrada-
tion, indicating that amino acids 1 to 53 of EVD68 are sufficient for A3G degradation
(Fig. 7D, lane 3). Finally, we determined that amino acids 25 to 41 of EVD68 2C are criti-
cal for A3G degradation (Fig. 8E, lane 3). During autophagy, cytosolic LC3 I is converted
to its lipidated form, LC3 II; thus, we investigated the ratio of LC2 II to LC3 I.
Accordingly, the functional domains of EVD68 2C responsible for A3G degradation are
also required for 2C-induced autophagy: amino acids 1 to 118, 1 to 53, and 25 to 41
could increase the ratio of LC3 II to LC3 I in a manner similar to that of WT 2C, but amino
acids 118 to 331 and 53 to 331 could not (Fig. 8C to E). In summary, we determined that
the N terminal of EVD68 2C, especially amino acids 25 to 41, is essential for A3G degra-
dation. These results indicate that the 2C protein of EVD68 triggers A3G degradation
through the autophagy-lysosome pathway, similarly to the 2C protein of EV71.

FIG 3 Legend (Continued)
analysis of EVD68 (A) or CA6 (D) VP1 in cells was performed, with tubulin as a loading control. The VP1 protein in the supernatants was detected
after ultracentrifugation. EVD68 (B) or CA6 (E) viral RNA levels in cell lysates were detected by RT-qPCR and normalized to GAPDH; EVD68-RNA
levels in 293T cells at 24h postinfection, and CA6-RNA levels in 293T cells at 48h postinfection, were set as 100%. Viral titers of EVD68 (C) or CA6
(F) in the supernatants were measured by CPE method. (G) Bicistronic plasmid construction. (H and I) A3G-myc or the control vector was
cotransfected with either EV71-59 UTR-luc, EVD68-59 UTR-luc, or CA6-59 UTR-luc, into HEK293T cells. Cells were harvested at 48h posttransfection
and tested using a Dual-Luciferase Reporter Assay System. Raw data for Renilla are shown in panel H, and the relative luciferase activity was
normalized to Renilla (I). The activity of luciferase in cells cotransfected with EV71-59 UTR and pCDNA3.1(–) was set as 100%. Mean data are
shown as previously (6SD, n = 3, **, P , 0.01, ***, P , 0.001, ns stands for no significance, paired t test).
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FIG 4 A3G competes with PCBP1 to bind to the EVD68 59 UTR. (A and B) The binding capacity of A3G or PCBP1 with the EVD68 59 UTR.
HEK293T cells were transfected with either the control vector, A3G-HA, or PCBP1-HA, plus the EVD68 59 UTR expression vector. At 48 h

(Continued on next page)
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DISCUSSION

PCBP1 consists of three K-homology (KH) domains and belongs to the KH superfam-
ily, the members of which are characterized by their poly(C)-binding specificity. The KH
superfamily contains five proteins: hnRNP K, and PCBP1 through PCBP4. PCBP1 and
PCBP2 have been well studied and are also referred to as aCP-1 and aCP-2, or hnRNP-
E1 and hnRNP-E2 (58, 59). Accumulating evidence has shown that PCBPs are involved
in multiple biological processes, including mRNA stabilization, translational silencing,
translational enhancement, transcriptional controls, and apoptotic pathways (11, 57,
59–62). The involvement of PCBPs in viral infection was initially identified in PV by stim-
ulating the translation of IRES-dependent mRNAs (11, 12, 47). PCBPs were then shown
to be required for CVB3 replication, binding to the extended cloverleaf RNA and do-
main IV RNA of the IRES in the CVB3 59 UTR (15, 48). Subsequently, a series of IRES-spe-
cific trans-acting factors (ITAFs) required for IRES-dependent translation were identified
and characterized. For instance, hnRNP A1, which interacts with conserved RNA struc-
tural elements, is required for EV71 translation and replication (24, 63). In addition to
their function in stimulating translation, PCBP1 and PCBP2 are utilized by porcine
reproductive and respiratory syndrome virus (PRRSV) to interact with its encoded non-
structural protein 1, resulting in the colocalization of PCBP1 and PCBP2 with viral repli-
cation-transcription complexes and the regulation of PRRSV RNA synthesis (64). Li et al.
identified PCBP1 as a novel mediator of antiviral innate immunity and demonstrated
that PCBP1 enhances the replication of classical swine fever virus (CSFV) by interacting
with the Npro protein (65). Due to a wide outbreak of EV71 and CA16 in the Asia-Pacific
region, most researchers focus on the pathogenesis of these viruses, with only a few
studies illustrating the involvement of cellular proteins in the viral replication of other
EVs such as EVD68 and CA6. Our recent study showed that A3G competitively binds
with the 59 UTRs of EV71 and CA16 together with PCBP1, inhibiting EV71 and CA16;
this indicates that PCBP1 is required for EV71 and CA16 replication. Here, we further
demonstrated that PCBP1 is required for the replication of EVD68 but not the replica-
tion of CA6 (Fig. 1).

As a broad-spectrum antiviral factor, A3G has two important characteristics for its
antiviral activity. Our previous research (31) and current studies have demonstrated
that A3G inhibits the replication of EVD68, EV71, and CA16 using its nucleic-acid-bind-
ing activity but not its classical cytidine-deaminase activity (Fig. 3 and 5). Thus, A3G
might present antiviral activity for other RNA viruses, if A3G can specifically interact
with some viral RNAs that are required for viral translation or for viral RNA replication.
Since A3G is a promising target against HIV, small molecular compounds targeting it
have been developed, either by specifically stabilizing A3G or by the interrupting its
interaction with HIV-1 Vif (66, 67). Our findings provide important information on the
common mechanism or agent which might be utilized to antagonize diverse viruses.

Approximately 490 nucleotides (nt) of IRES elements exist in the 59 UTRs of different
groups of viruses, including picornaviral mRNAs and cellular mRNAs (68–70). Most
picornaviral IRESs have been divided into four types, with PV, coxsackievirus, rhinovi-
rus, and other enteroviruses belonging to type I. Based on PV, viruses with a type I IRES
contain five major stem-loop regions. The 59-terminal cloverleaf is mainly responsible

FIG 4 Legend (Continued)
posttransfection, cells were harvested and immunoprecipitated with anti-HA agarose beads. (A) Cell lysates and immunoprecipitated
products were analyzed by IB. (B) The 59-UTR-RNA levels in the immunoprecipitated products were detected by RT-qPCR. (C to E) A3G
competitively binds EVD68 59 UTR with PCBP1 by using the 59 UTR expression vector. HEK293T cells were transfected with increasing
doses of A3G-myc and 1 mg of PCBP1-HA plus the 59 UTR of EVD68. At 48 h posttransfection, half of the cells were harvested and
immunoprecipitated with anti-HA agarose beads, and the other cells were precipitated with anti-myc agarose beads. The cell lysates
and immunoprecipitated products were analyzed by IB (C). RNA levels in elution from anti-HA agarose beads (D) and anti-myc agarose
beads (E) were extracted by TRIzol reagent and tested by RT-qPCR. (F to H) Competitive binding assays for A3G were performed using
EVD68 virus infection. HEK293T cells transfected with the increasing doses of A3G-myc and 1 mg of PCBP1-HA were infected with
EVD68 at a MOI of 0.5, then treated as in panels C to E. (I to J) Overexpression of PCBP1 rescued the replication of EVD68 but not CA6
in the presence of A3G. HEK293T cells transfected with A3G and increasing doses of PCBP1 were infected with either EVD68 or CA6. At
48 h postinfection, the cells and the supernatants were harvested for IB. Means with SD from at least three independent experiments
are shown. (*, P , 0.05, **, P , 0.01, ***, P , 0.001, paired t test).
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FIG 5 The nucleic-acid-binding activity of A3G is essential for suppressing EVD68 replication. HEK293T cells were transfected with A3G, and its mutants or
the control vector were infected with EVD68, at a of MOI 0.1, respectively (A and B). Cells and culture supernatants were harvested 48 h after transfection.
(A) Immunoblotting (IB) analysis of EVD68VP1 in cells was performed, with tubulin as a loading control. The VP1 protein in the supernatants was tested
after ultracentrifugation. (B) RNA levels of EVD68 in cell lysates were detected by RT-qPCR and normalized to GAPDH, and the EVD68-RNA level in 293T
cells transfected with the control vector was set as 100%. HEK293T cells cotransfected with EVD68 59 UTR and A3G-myc, its mutants, or the control vector,
respectively, were harvested at 48 h after transfection, and IP and RT-qPCR assays were performed (C to E). (C) A3G expression in cell lysates was tested
by IB. (D) RNA levels of EVD68 59 UTR were tested in inputs by RT-qPCR. (E) RNA levels of EVD68 59 UTR were tested in elution by RT-qPCR. Mean values
from three independent repeats are shown (6SD, **, P , 0.01, ***, P , 0.001, paired t test). (F) RNA of EVD68 59 UTR was transcribed by a MEGAscript T7
kit. A3G-HA and its mutants were purified from HEK293T transfected with either A3G-HA or its mutants, respectively, using HA-beads. Finally, an EMSA for
EVD68 59 UTR and either A3G-HA or its mutants was performed using a LightShift Chemiluminescent EMSA kit.
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for RNA stability or replication, and might also influence translation (71, 72). Domains
IV (stem-loop IV) and V are essential for viral translation (73, 74). Previous research and
our own studies have found that the cloverleaf and stem-loop IV regions of most EV 59
UTRs, such as those of PV, EV71, and EVD68, are essential for PCBP1 binding, while A3G
has strong binding capacity with the cloverleaf and the stem-loop II regions of EV71
and stronger binding ability with any regions of the EVD68 59 UTR. Due to the strong
binding capacity of A3G with the 59 UTR, A3G competitively binds to the 59 UTR along
with PCBP1, thereby inhibiting EV replication (Fig. 6 and 7).

To replicate successfully, viruses develop various strategies to antagonize host
restriction factors, such as ubiquitin proteasomal degradation. The 2C protein encoded

FIG 6 The binding ability of A3G or PCBP1 with various regions of the EVD68 59 UTR. (A) The phylogenetic tree of multiple EV 59 UTRs was built using
MEGA 7. Information on 59 UTR sequences was described in a previous study (77) and human PV1 Mahoney (GenBank: V01149.1) was adopted for this
analysis. (B) The secondary structure of the 59 UTR was predicted by MFold. (C to D) Interaction of A3G and PCBP1 with various truncated mutants of
EVD68 59 UTR. HEK293T cotransfected with EVD68 59 UTR truncated mutants, plus PCBP1-HA or A3G-HA as indicated, was harvested at 48 h
posttransfection, and IP was performed using anti-HA agarose and RT-qPCR. Results are presented as means with SD from at least three independent
experiments (6SD, **, P , 0.01, ***, P , 0.001).
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FIG 7 A3G competes with PCBP1 to bind to the cloverleaf and the stem-loop IV of EVD68 59 UTR. (A to D) HEK293T cells cotransfected with EVD68-59-UTR-
truncated mutants, PCBP1-HA, and A3G-myc, as shown in the figure, were harvested at 48 h posttransfection, and IP and RT-qPCR assays were performed .
PCBP1-HA and A3G-myc were tested by IB (A); 59 UTR in inputs (B), and elution from anti-HA agarose beads (C) or anti-myc agarose beads (D) was
extracted by TRIzol reagent and tested by RT-qPCR. Results are presented as means with SD from at least three independent experiments (6SD, **, P ,
0.01, ***, P , 0.001). (E) Alignment of the cloverleaf and the stem-loop IV regions of various EVs.
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by EVs can induce autophagy (31, 75). We found that the 2C protein of multiple EVs
can induce A3G degradation via the autophagy-lysosomal pathway. The complicated
interplay between viruses and host also provides an attractive target for the develop-
ment of an anti-EV inhibitor.

MATERIALS ANDMETHODS
Plasmid construction. RNAs of EVD68, CA6, and HEK293T cells were extracted with

TRIzol (Invitrogen, Carlsbad, CA, USA) and reverse-transcripted with oligonucleotide
(dT) primers and M-MLV reverse transcriptase (Invitrogen) according to the manufac-
turer’s instructions. The resulting cDNA was used for amplification of the EVD68 59
UTR, EVD68 2C, PCBP1, and PCBP2; then, an amplified fragment of 59 UTR was inserted
into the NsiI/SalI sites of pIRIGF (Addgene, catalog no. 101139) or the SalI/BamHI sites
of the VR1012 vector to generate the plasmid constructs 59 UTR-luciferase-pIRIGF and
59 UTR-VR1012. Various truncated 59 UTRs were constructed by amplification and
inserted into VR1012. The fragment of EVD68-2C followed by an HA tag was inserted
into the SalI/BamHI sites of the VR1012 vector. Various truncated 59 UTR were con-
structed by amplification and inserted into VR1012 by replacing EVD68-2C WT or by
standard site-directed mutagenesis. Fragment of PCBP1 followed by an HA tag were
inserted into the SalI/BamHI sites of the VR1012 vector. A3G-myc-pCDNA3.1(–), A3G-
HA-pCDNA3.1(–), and mutants of A3G-HA were described in a previous study (31).

FIG 8 Amino acids 25 to 41 in 2C of EVD68 are required for triggering A3G degradation through the autophagy lysosomal pathway. (A) HEK293T cells
cotransfected with A3G-myc and EVD68-2C-HA, or the control vector, were treated with DMSO or 100 nM Baf-A1 at 12 h prior to harvest. A3G-myc and
EVD68-2C-HA were tested by IB, with tubulin as a loading control. (B) Schematic diagram of EVD68 2C truncations. (C to E) HEK293T cells cotransfected
with A3G-myc and EVD68-2C-HA, truncations of EVD68-2C-HA, or the control vector were harvested at 48 h after transfection. A3G-myc, EVD68-2C-HA and
truncations of EVD68-2C-HA (1 to 118 and 119 to 331 in panel C; 1 to 53 and 54 to 331 in panel D; D25 to 41 in panel E) were tested in cell lysates, with
tubulin as a loading control.
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Cell culture and viruses. HEK293T (ATCC, catalog no. CRL-11268) and HeLa (ATCC,
catalog no. CCL-2) cells were cultured as monolayers in Dulbecco’s modified Eagle’s me-
dium and minimum essential medium (HyClone, Logan, UT, USA) supplemented with 10%
heat-inactivated (56°C, 30 min) fetal bovine serum (Gibco/Brl, Grand Island, NY, USA) and
maintained at 37°C with 5% CO2 in a humidified atmosphere. EV71 CC063 was deposited
in the China General Microbiological Culture Collection Center (CGMCC No.7753), which
was isolated from HFMD patients in 2010 (76). CA6 (GenBank accession number: KT779410
.1) and EVD68 (GenBank accession number: KM851231.1) were described in a previous
study (77). PCBP1-specific shRNAs with the following target sites were cloned in the lentir-
etroviral vector pLKO.1-puro (Addgene, Cambridge, MA, USA): 59-CCGGAAGGGAGAG
TCATGACCATTCCTCGAGGAATGGTCATGACTCTCCCTTTTTTTG-39 and 59-AATTCAAAAAAAG
GGAGAGTCATGACCATTCCTCGAGGAATGGTCATGACTCTCCCTT-39. pLKO.1 was used as a
negative control.

Transfection and infection. HEK293T cells were transfected with Lipofectamine
2000 (Invitrogen) according to the manufacturer's instructions. The DNA transfection
efficiency for the HEK293T cells was about 80%. For viral infections, cells were grown
to 80% confluence in a 6-well plate, washed twice with phosphate-buffered saline
(PBS), and incubated with virus at 37°C for 1 h. During adsorption, the plate was gently
agitated at 15-min intervals. Following adsorption, the virus-containing medium was
replaced with fresh medium containing 2% FCS, followed by incubation at 37°C in 5%
CO2 for indicated time points.

Western blotting and antibodies. In brief, transfected or infected HEK293T cells
were harvested and boiled in 1� loading buffer (0.08 M Tris [pH 6.8] with 2.0% SDS, 10%
glycerol, 0.1 M dithiothreitol, and 0.2% bromophenol blue) followed by separation on a
12% polyacrylamide gel. Proteins were transferred onto a polyvinylidene difluoride mem-
brane for Western blotting analysis. The membranes were incubated with primary antibod-
ies, followed by a corresponding horseradish peroxidase (HRP)-conjugated secondary anti-
body (Jackson ImmunoResearch, Suffolk, United Kingdom) diluted 1:10,000, respectively.
Proteins incubated with HRP-conjugated secondary antibody were visualized using an
ultrasensitive ECL Chemiluminescence Detection kit (Proteintech, Rosemont, IL, USA, cata-
log no. B500024) and then imaged and scanned by laser imaging system (Azure
Biosystem). For membranes in Fig. 4A and I, a column defect is due to long-term use of
CCD camera pixels which needed to be periodically corrected.

The following antibodies were used in this study: anti-EVD68-VP1 polyclonal antibody
(pAb, GeneTex, Irvine, CA, USA, catalog no. GTX132313), anti-CA6-VP1 pAb (GeneTex, catalog
no. GTX78102), anti-PCBP1 monoclonal antibody (MAb; Sangon Biotech, Shanghai, China,
catalog no. D198382), anti-LC3 pAb (Proteintech, catalog no. 14600-1-AP), anti-hemaggluti-
nin (anti-HA) MAb (Covance, Princeton, NJ, USA, catalog no. MMS-101R-10000), anti-HA pAb
(Invitrogen, catalog no. 71-5500), anti-myc MAb (Millipore, Billerica, MA, USA, catalog no. 05-
724), and anti-tubulin MAb (Abcam, Cambridge, MA, USA, catalog no. ab11323).

RNA extraction and RT-qPCR. For RT-qPCR, viral RNA was extracted from HEK293T
cells, RD cells transfected with APOBEC3-expression vector, or cells infected with virus
by TRIzol reagent (Invitrogen), diethyl pyrocarbonate-treated water, and RNase inhibi-
tor (New England BioLabs, Ipswich, MA, USA). The cDNA was generated with a High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA) and
oligonucleotide d(T)18 primers according to the supplier’s instructions. To avoid con-
tamination, DNase was used to digest DNA (Promega, M6101). RT-qPCR was carried
out on an Mx3005P instrument (Agilent Technologies, Stratagene, La Jolla, CA, USA)
with the RealMaster Mix (Sybr Green Kit, Takara Bio, Inc., Shiga, Japan) and primers
designed by conserved sequences of human A3G (hA3G). The RT-qPCR assay was car-
ried out in a 20-mL volume consisting of 9 mL of 2.5� RealMaster Mix/20� Sybr Green
solution containing HotMaster Taq DNA polymerase, 1 mL of 5mmol/liter of each oligo-
nucleotide primer, and 2 mg of cDNA template. Amplification of the target fragment
was carried out as follows: initial activation of HotMaster Taq DNA polymerase at 95°C
for 2 min was followed by 45 cycles of 95°C for 15 s, 57°C for 15 s, and 68°C for 20 s. All
primers used in this study are listed in Table 1.
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Luciferase assays. HEK293T cells in 12-well plates were cotransfected with 0.5 mg
of bicistronic pIRIGF-59-UTR expression vector and 0.2 mg of either A3G-myc expression
vector or pCDNA3.1(-) for 48 h before harvesting. Luciferase activity in the cells was
detected with Fluoroskan Ascent FL (Thermo Fisher) with Dual-Luciferase Reporter
Assay System (Promega).

Co-immunoprecipitation. Co-immunoprecipitation (co-IP) experiments were per-
formed as previously reported (40, 55). For A3G, PCBP1, or PCBP2 with 59 UTR IP,
HEK293T cells were transfected either with 59-UTR-VR1012 and hA3G-myc or with
PCBP1-HA. The cells were then harvested and washed twice with cold PBS, followed by
disruption with lysis buffer (PBS containing 1% Triton X-100 and complete protease in-
hibitor cocktail [Roche]) at 4°C for 1 h. Cell lysates were clarified by centrifugation at
10,000 � g for 30 min at 4°C. Anti-HA agarose beads (Roche, Basel, Switzerland, catalog
no. 190-119) or anti-myc agarose beads (Sigma, St. Louis, MO, USA, catalog no. A7470)
were mixed with the pre-cleared cell lysates and incubated at 4°C for 4 h on an end-
over-end rocker. The reaction mixtures were then washed eight times with cold wash
buffer (20 mM Tris-HCl [pH 7.5] 100 mM NaCl, 0.1 mM EDTA, 0.05% Tween 20) and subse-
quently analyzed either by immunoblotting or by extracting RNA for RT-qPCR analysis.

Electrophoretic mobility shift assay. RNA of 59 UTRs from EVD68 and CA6 was
transcribed with a MEGAscriptTM T7 kit (Ambion, Austin, TX, USA), and RNAs purified
with a MEGA clear kit (Ambion) were annealed with the DNA probe (59-CTTTGTA
AGTAGGTATAAAGTC-39 for EVD68 and 59-TTTCTATTATTCAGGATTAAAATG-39 for CA6)-la-
beled biotin by a Biotin 39 End DNA Labeling kit (Thermo Fisher). For EMSA, A3G and its

TABLE 1 Primers used in this study

Primer Sequence (59 to 39)
SalI-HA-PCBP1-F GCGTCGACATGTACCCTTACGACGTCCCAGATTACGCGATGGATGCCGGTGTGACTG
PCBP1-BglII-R GAAGATCTCTAGCTGCACCCCATGCC
SalI-HA-PCBP2-F GCGTCGACATGTACCCTTACGACGTCCCAGATTACGCGATGGACACCGGTGTGATTG
PCBP2-BamHI-R CGCGGATCCTCAGCTGCTCCCCATGCCAC
GAPDH-RT-F 5TGCACCACCAACTGCTTAGC
GAPDH-RT-R GGCATGGACTGTGGTCATGAG
EVD68 VP1-RT-F CAGTCACAGCCACACTAGC
EVD68 VP1-RT-R CAATCTAAACCCCTGAGAGC
CA6 VP1-RT-F AATGAGGCGAGTGTGGAAC
CA6 VP1-RT-R AGGTTGGACACAAAAGTGAACT
EVD68 59 UTR-RT-F GAGACGCTAAACATGAACAAG
EVD68 59 UTR-RT-R CATTACGACAAGCAACTCACT
CA6 59 UTR-RT-F TGTCTCCCCGGATTGAGTAT
CA6 59 UTR-RT-R TGGGGAATGCAGTGACTCAT
CA6 59 UTR-Xhol-F CCCTCGAGTTAAAACAGCCTGTGGGTTG
CA6 59 UTR-BamHI-R CTGGATCCTTTCTATTATTCAG
EVD68 59 UTR-1-XholI-F CCCTCGAGTTAAAACAGGCTCTGGGGTTG
EVD68 59 UTR-123-BamHI-R CGGGATCCGATTTGAAAGCTTCTAAGTTACA
EVD68 59 UTR-124-XholI-F CCCTCGAGTCAAAGCTCAATAGGTGGAG
EVD68 59 UTR-186-BamHI-R CGGGATCCCACCGGGGAAACAGGAGTGCTTGC
EVD68 59 UTR-163-XholI-F CCCTCGAGGCAAGCACTCCTGTTTCCC
EVD68 59 UTR-233-BamHI-R CGGGATCCTAACGGATAGGTTGTTTTCAAC
EVD68 59 UTR-234-XholI-F CCCTCGAGGTTATCCGCTATAGTACTTCG
EVD68 59 UTR-446-BamHI-R CGGGATCCGAGGACTCTATAGTAGCTCAA
EVD68 59 UTR-447-XholI-F CCCTCGAGTCCTCCGGCCCCTGAATG
EVD68 59 UTR-710-BamHI-R GGATCCCTTTGTAAGTAGGTAT
EVD68 2C-1-SalI-F GCGTCGACATGGGTGAATCGTGGCTTAAG
EVD68 2C-53-BamHI-R CGGGATCCTTATAACTGTTTGAGCCTTTGCAC
EVD68 2C-54-SalI-R GCGTCGACATGCCGGTGATAGAAAACCAAG
EVD68 2C-331-BamHI-R CGGGATCCTTACTGAAACAGAGCTTCCAGC
EVD68 2C425-41-F ATTGGTTGTCACAAAAGGAGAAATATGAATTTGTG
EVD68 2C425-41-R CCTTTTGTGACAACCAATCTAAACCTCTG
EVD68 59UTR-123-Biotin GATTTGAAAGCTTCTAAGTTACA
EVD68 59UTR-Biotin CTTTGTAAGTAGGTATAAAGTC
CA6 59UTR-Biotin TTTCTATTATTCAGGATTAAAATG
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mutants with HA tags were purified by co-IP with anti-HA agarose beads from 5 � 106

HEK293T cells transfected with either A3G or a mutant expression plasmid for 48 h, and
then incubated with 4 mg of biotinylated RNA for detecting the interaction between the
59 UTRs and either A3G or its mutants with a LightShift Chemiluminescent EMSA kit
(Thermo Fisher), according to the manufacturer's instructions. In brief, proteins with or
without DNAs were separated by a 4 to 6% native polyacrylamide gel, then transferred
onto nylon membranes by wet transfer (Bio-Rad, Hercules, CA) at 100 V for 30 min.
When the transfer was complete, we proceeded to cross-link at 120 mJ/cm2 using a
commercial UV-light cross-linking instrument equipped with 254-nm bulbs. The mem-
brane was blocked and washed, and then biotin-labeled DNAs were detected by
Chemiluminescence.
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