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ABSTRACT Several viruses have been proven to inhibit the formation of RNA processing
bodies (P-bodies); however, knowledge regarding whether enterovirus blocks P-body for-
mation remains unclear, and the detailed molecular mechanisms and functions of picorna-
virus regulation of P-bodies are limited. Here, we show the crucial role of 2A protease in
inhibiting P-bodies to promote viral replication during enterovirus 71 infection. Moreover,
we found that the activity of 2A protease is essential to inhibit P-body formation, which
was proven by the result that infection with EV71-2AC110S, a 2A protease activity-inacti-
vated recombinant virus, failed to block the formation of P-bodies. Furthermore, we show
that DDX6, a scaffolding protein of P-bodies, interacted with viral RNA to facilitate viral
replication rather than viral translation, by using a Renilla luciferase mRNA reporter system
and nascent RNA capture assay. Altogether, our data first demonstrate that the 2A prote-
ase of enterovirus inhibits P-body formation to facilitate viral RNA synthesis by recruiting
the P-body components to viral RNA.

IMPORTANCE Processing bodies (P-bodies) are constitutively present in eukaryotic cells
and play an important role in the mRNA cycle, including regulation of gene expression
and mRNA degradation. The P-body is the structure that viruses manipulate to facilitate
their survival. Here, we show that the 2A protease alone was efficient to block P-body
formation during enterovirus 71 infection, and its activity is essential. When the assem-
bly of P-bodies was blocked by 2A protease, DDX6 and 4E-T, which were required for
P-body formation, bound to viral RNA to facilitate viral RNA synthesis. We propose a
model revealing that EV71 manipulates P-body formation to generate an environment
that is conducive to viral replication by facilitating viral RNA synthesis: 2A protease
blocked P-body assembly to make it possible for virus to take advantage of P-body
components.
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Processing bodies (P-bodies), one type of cytoplasmic ribonucleoprotein (RNP) gran-
ules, are present in eukaryotic cells under normal growth conditions. During P-body

formation, the translation of messenger RNAs (mRNAs) within P-bodies is inhibited by the
repression machinery, but the translation initiation factors and ribosomes are excluded
from P-bodies (2, 3). Generally, a P-body is thought to be a highly dynamic and reversible
structure without cytomembrane and to assemble by liquid-liquid phase separation
(LLPS). The size and number of P-bodies increase in response to a variety of stresses, such
as glucose deprivation, osmotic stress, and UV light (3). Hundreds of proteins contained in
the P-body form a huge, complicated network, and the components have been identified
as being critical for the formation of P-bodies, including the decapping enzyme complex
DCP1/DCP2, the deadenylase complex Ccr4/Pop2/Not, and the mRNA translational repres-
sion complex (4E-T, Rap55, and DDX6) (4–6). More recently, microRNA (miRNA)-induced
silencing complex (RISC) and nonsense-mediated mRNA decay (NMD) have been identi-
fied as being components of P-bodies (1, 7). Hubstenberger and colleagues proved that
up to two-thirds of P-body proteins that play different roles during P-body formation bind
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RNA (7). Some of these RNA binding proteins decide the fate of their bound mRNA within
P-bodies to undergo degradation or return to the cytoplasmic translation pool, showing
the essential role of protein-RNA interactions during P-body formation. The interactions in
the P-body network can be divided into the specific interactions between protein and pro-
tein, protein and RNA, and RNA and RNA, which are mediated by intrinsically disordered
regions (IDRs) , well-folded domain, and the transient interaction such as π-π and cation-π
(8). Although the details of P-body formation are limited, many previous studies have
shown that the silencing of specific RNPs such as PAT1, GW182, and LSM14 and the
destruction of some specific interactions between proteins (for example, the breaking up
of the complex between DDX6 and 4E-T) lead to the failure of P-body assembly (9).
Furthermore, thousands of mRNAs are assembled into P-bodies, and mRNA self-assembly
is considered to be necessary for P-body assembly (10).

Based on these multiple components of the P-body, the P-body has been considered
to be the site of trapped mRNA degradation, which starts when the poly(A) tail of mRNA
is shortened by the deadenylase complex, and then the 59 cap structure is removed by
the decapping complex: afterward comes exonucleolytic degradation by the 59-to-39
exoribonuclease XRN1 (4, 11–14). Moreover, several recent studies show that mRNA
located in the P-body can also be stored to reenter translation (2, 15). In addition, Parker
et al. have proposed a hypothesis about the mRNA cycle in eukaryotic cells, which indi-
cates the important role of P-bodies in mitigating the abnormal surge of RNA in the cyto-
plasm and maintaining cytoplasmic homeostasis (2, 14, 17–19).

Enterovirus 71 (EV71) belongs to the genus Enterovirus in the family Picornaviridae
and is a main pathogen of hand-foot-and-mouth disease (HFMD), a disease that is usu-
ally mild but may be associated with a severe form of brainstem encephalitis, along
with pulmonary edema and high case fatality rates (20, 21). In addition, EV71 is a non-
enveloped virus with a capsid with icosahedral symmetry containing a nonsegmented,
single-stranded, positive-sense genomic RNA that is about 7,500 nucleotides long with
a single open reading frame (ORF) flanked by untranslated regions (UTRs) at the 59 and
39 termini. The genomic RNA is not only the template for translation, but it is the tem-
plate for the synthesis of RNA; however, the exact temporal mechanisms of translation
and transcription remain unclear. Translation of the RNA genome is driven by the inter-
nal ribosome entry site (IRES) located in the 59 UTR but is not dependent on the eu-
karyotic cap structure, and the polyprotein is processed by 2A protease and 3C prote-
ase to form 11 viral proteins. Genome replication depends on negative strands
synthesized by the RNA-dependent RNA polymerase 3D (22, 23).

As the P-body is involved in gene expression and mRNA degradation and plays an
important role in the mRNA cycle, it is possible for viruses to manipulate the formation
of P-bodies to interfere with cellular gene expression to generate an environment that
is conducive to viral replication. Previous reports have shown that the formation of
P-bodies was blocked during positive-sense, single-stranded RNA virus infection by dis-
rupting or co-opting P-body components (24–26). Although it has been reported that
3C protease cleaves DCP1A, which leads to P-body foci being invisible during poliovi-
rus (PV) infection (24), there is doubt about whether 3C protease plays a decisive role
in inhibiting P-bodies during picornavirus infection. On one hand, a previous article
showed the decrease of DCP1A has no effect on P-body formation (27). On the other
hand, Harendra et al. found that the expression levels of the proteins contained in the
P-body remained unchanged when West Nile virus (WNV), another positive-sense, sin-
gle-stranded RNA virus belonging to the family of Flaviviridae, infects the host cells
(25). In addition, the specific mechanism of picornavirus regulation of P-body assembly
remains unknown.

In this study, we demonstrate that the 2A protease but not 3C protease is essential
for EV71 inhibition of P-body formation. Besides, the infection of the 2A protease activ-
ity-inactivated recombinant virus EV71-2AC110S fails to block the formation of P-bodies,
indicating the importance of the 2A protease activity. Furthermore, we provide experimental
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evidence of viral RNA (vRNA) taking advantage of P-body components to facilitate genome
RNA synthesis during enterovirus infection.

RESULTS
EV71 infection inhibits the formation of P-bodies. To investigate whether EV71

infection inhibited P-body formation, HeLa and RD (rhabdomyosarcoma) cells were continu-
ously infected with EV71 for up to 6h, and the distributions of P-body marker proteins DDX6
and 4E-T at different time points postinfection (p.i.) were analyzed (Fig. 1A). Antibody against
EV71 was used to visualize EV71-infected cells. In mock-infected or EV71-infected cells for 2 h
p.i. (hpi), when EV71 infection was undetectable by immunofluorescence (IF), the distributions
of DDX6 and 4E-T had no significant changes, and they were colocalized and coassembled
into foci that represent the P-bodies (Fig. 1A). As infection progressed, when 85% of cells were
infected at 4 hpi and 95% at 6 hpi, DDX6 and 4E-T foci were undetected in EV71-infected cells,
indicating the P-bodies failed to assembly in EV71-infected cells. To measure the change in for-
mation of P-bodies, the percentage of cells containing P-bodies was analyzed, and the result

FIG 1 EV71 infection inhibits the formation of P-bodies. (A to C) HeLa and RD cells were mock infected or infected with EV71 (MOI of 10) under normal
growth conditions for consecutive periods (0, 2, 4, and 6 h, with mock-infected cells converged at 2 h). (A) Cells were analyzed by IF after being
immunostained for DDX6 (green), EV71 (red), and 4E-T (magenta). (B) Quantitative analysis of the percentage of cells containing P-bodies in panel A. (C)
Quantitative analysis of the average number of P-bodies per cell and the average diameter of P-bodies in panel A. (D and E) HeLa and RD cells were mock
infected or infected with EV71 (MOI of 10) under normal growth conditions for consecutive periods (0, 2, 4, and 6 h, with mock-infected cells converged at
2 h). (D) Cells were analyzed by IF after being immunostained for EV71 (red), 4E-T (magenta), and EDC4 (green) or DCP1A (green). (E) Quantitative analysis
of the percentage of cells containing P-bodies in panel D. “1” indicates EV71-infected cells. Error bars represent the means 6 SDs of values from three
independent experiments (n= 3). A total of 100 cells and 50 P-bodies were counted each time. By Student’s test: $$$, P , 0.001; ns, not significant. Scale
bars, 10mm.
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showed that it had dropped to;35% in HeLa cells and;40% in RD cells at 4 hpi, and;10%
in HeLa cells and;18% in RD cells at 6 hpi (Fig. 1B), and this ratio remained stable until 8 hpi
(data not shown). To further quantitatively analyze the change in P-body formation, P-body
size and the number of P-bodies per cell were analyzed, and the results showed the average
number and size of P-bodies decreased as EV71 infection progressed (Fig. 1C). In addition, we
also examined the distribution of DCP1A and EDC4, the other two typical P-body marker pro-
teins, during EV71 infection in HeLa and RD cells and found that P-bodies failed to assembly
in EV71-infected cells (Fig. 1D). The number of cells containing P-bodies decreased to about
40% at 4 hpi and to about 17% at 6 hpi (Fig. 1E). Taken together, the results indicated that the
formation of P-bodies was blocked during EV71 infection and the blocking was not cell spe-
cific because similar results were observed in HeLa cells and RD cells.

To further confirm the above results, HeLa and RD cells were treated with sodium arsen-
ite (AS [200mM]), which was an external stress inducing 100% of cells containing P-bodies
when cells were mock infected; similar results were observed, which suggested that EV71
infection blocked the formation of AS-induced P-bodies (Fig. 2). Altogether, these data indi-
cate that the infection with EV71 inhibits P-body formation.

FIG 2 EV71 infection inhibits AS-induced P-bodies. (A to C) HeLa and RD cells were mock infected or infected with EV71 (MOI of 10) for consecutive
periods (0, 2, 4, and 6 h, with mock-infected cells converged at 2 h) and treated with AS (200mM) for 1 h prior to fixation. (A) Cells were analyzed by IF
after being immunostained for DDX6 (green), EV71 (red), and 4E-T (magenta). (B) Quantitative analysis of the percentage of cells containing P-bodies in panel A. (C)
Quantitative analysis of the average number of P-bodies per cell and the average diameter of P-bodies in panel A. (D and E) HeLa and RD cells were mock infected
or infected with EV71 (MOI of 10) for consecutive periods (0, 2, 4, and 6 h, with mock-infected cells converged at 2 h) and treated with AS (200mM) for 1 h prior to
fixation. (D) Cells were analyzed by IF after being immunostained for EV71 (red), 4E-T (magenta), and EDC4 (green) or DCP1A (green). (E) Quantitative analysis of the
percentage of cells containing P-bodies in panel D. “1” indicates EV71-infected cells. Error bars represent the means 6 SDs of values from three independent
experiments (n=3). A total of 100 cells and 50 P-bodies were counted each time. By Student’s test: $$$, P , 0.001; ns, not significant. Scale bars, 10mm.
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2A protease alone is efficient at inhibiting the formation of P-bodies. The single
ORF of the EV71 genome can be translated into four structural proteins and seven nonstruc-
tural proteins; therefore, to explore which protein plays the key role in inhibiting the forma-
tion of P-bodies during EV71 infection, HeLa cells were transfected with plasmids expressing
Myc-tagged viral proteins in the presence of AS (data not shown). We found that P-bodies
marked by EDC4 and 4E-T disappeared in cells expressing 2A protease, whereas few
foci vanished in cells expressing 3C protease. Moreover, we expressed Myc-tagged
2A and 3C in AS-treated HeLa and RD cells and counted the percentages of cells containing
P-bodies marked by DDX6 and 4E-T (Fig. 3A and B). As the data show, P-bodies disappeared
in almost all HeLa cells expressing 2A protease, in 92% of RD cells expressing 2A protease,
and in only about 20% of cells expressing 3C protease, implying that both 2A prote-
ase and 3C protease can block the formation of P-bodies, but 2A protease plays a more
important role.

FIG 3 2A protease alone is sufficient to inhibit the P-body formation during EV71 infection. (A and B) HeLa cells or RD cells grown in 24-well plates were
transfected with empty vector, 2A-Myc, or 3C-Myc for 23 h and then treated with AS for another 1 h to ensure every cell contained P-bodies. (A) Cells were
analyzed by IF after being immunostained for DDX6 (green), Myc tag (red), and 4E-T (magenta). P-bodies were marked by DDX6 and 4E-T. “1” indicates cells
expressing 2A-Myc or 3C-Myc without P-bodies. White arrowheads indicate 3C-expressing cells still containing P-bodies. (B) Quantitative analysis of the
percentage of cells containing P-bodies in panel A. (C) HeLa cells or RD cells were infected with EV71 in the presence or absence of GuHCl and then
immunostained for eIF4G (magenta), 4E-T (green), and DDX6 (red). eIF4G was detected to indicate the activity of 2A protease. Yellow arrowheads indicate
EV71-infected cells, and 2A protease activity was almost unaffected by additional GuHCl treatment. (D and E) HeLa cells were transfected with empty vector,
Myc-2A of EV71, Myc-NSP3-Myc of SARS-Cov-2, and NSP5-Myc of SARS-Cov-2 for 23 h and then treated with additional AS (200mM) for another 1 h. (D) Cells
were stained with antibodies against Myc tag (red), DDX6 (green), and 4E-T (magenta). P-bodies were marked by DDX6 and 4E-T. “1” indicates cells
expressing 2A-Myc, Myc-NSP3-Myc, or NSP5-Myc. (E) Quantitative analysis of the percentage of cells containing P-bodies in panel D. (F) HeLa cells were
transfected with vector and Myc-2A for 24 h, and the cell viability was analyzed using the Cell Counting kit-8 (ZOMANBIO). Error bars represent the means 6
SDs of values from three independent experiments (n=3). A total of 100 cells were counted each time. $, P , 0.05; $$$, P , 0.001. Scale bars, 10mm.
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To further verify whether 2A protease alone is sufficient to inhibit the formation of P-
bodies, we treated HeLa cells with guanidine hydrochloride (GuHCl) during EV71 infec-
tion. GuHCl specifically inhibits picornavirus RNA synthesis but has no effect on the
translation of viral RNA at a concentration that does not adversely affect host cells (28,
29). Therefore, an extremely low level of viral proteins was expressed in infected cells in
the presence of GuHCl. More importantly, our previous article showed that low-level
expression of 2A protease sufficiently resulted in the cleavage of eIF4GI in GuHcl-treated
cells, whereas the function of 3C protease was suppressed by GuHcl (30). Therefore, we
treated EV71-infected HeLa and RD cells with AS for 1 h and found that the P-bodies dis-
appeared in infected cells in the presence of GuHcl (Fig. 3C), suggesting that 2A prote-
ase, but not 3C protease, was essential for inhibiting P-body formation in EV71-infected
cells. Subsequently, to confirm it is specifically 2A protease that inhibits P-bodies during
EV71 infection, HeLa cells were transfected with empty vector, 2A protease of EV71, and
the NSP3 and NSP5 proteases of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which belongs to the Coronaviridae family of the single-stranded, plus-stranded
RNA viruses. The result showed that NSP3 and NSP5 of SARS-CoV-2 have no effect on P-
body formation (Fig. 3D and E). In addition, to exclude the possibility that the expression
of 2A protease made the cells sick overall rather than necessarily targeting the P-bodies,
HeLa cells were transfected with empty vector and 2A-Myc for 24 h. Then, HeLa cell via-
bility was analyzed by using Cell Counting Kit-8 (ZOMANBIO). The results showed that
2A protease has no significant effect on cell viability compared with cells transfected
with empty vector (Fig. 3F). Taken together, these data demonstrate that 2A protease
alone is efficient to block the formation of P-bodies.

The activity of 2A protease is critical for blocking P-body formation during
EV71 infection. 2A protease and 3C protease are required for the replication of EV71
in host cells, and they not only are essential for the translated polypeptide chain’s mat-
uration into different viral proteins, but they also interact with host factors to create an
environment conducive to viral survival (23, 31). Based on the result that 2A protease is
essential for inhibiting the information of P-bodies, we hypothesized that the activity
of 2A protease plays a critical role in blocking P-body formation. To test this hypothe-
sis, we expressed a protease-inactivated mutant of 2A, 2AC110S, in HeLa and RD cells
treated with AS and found that AS-induced P-bodies (marked by DDX6 and 4E-T)
appeared in 100% of empty vector-transfected and 2AC110S-expressing cells, whereas
2A-expressing cells failed to form P-bodies, suggesting that 2AC110S failed to inhibit the
formation of P-bodies and that the activity of 2A protease is critical to block P-body for-
mation (Fig. 4A and B).

To further confirm that the activity of 2A protease is critical to the EV71-induced block-
ing of P-bodies, we examined the formation of P-bodies marked by DDX6 and 4E-T via IF in
mock-infected cells or in cells infected with EV71-2AC110S, the 2A protease activity-inacti-
vated recombinant virus mentioned in our previous article (30). As expected, when AS-
treated HeLa and RD cells were infected with EV71-2AC110S, the distribution of DDX6 and
4E-T had no difference compared to the mock-infected cells (Fig. 4C), indicating that EV71-
2AC110S infection failed to block the formation of P-bodies. We also examined the distribu-
tion of EDC4 and DCP1A, other markers of P-bodies in EV71-2AC110S-infected HeLa and
RD cells with AS treatment, and found the results were consistent with the above findings
(Fig. 4D). Taken together, these data highlight the necessity of the 2A protease activity in
blocking the formation of P-bodies in EV71-infected cells.

EV71 replication is impaired by blocking P-body formation. Despite the details
of P-body formation remaining unclear, hundreds of proteins are known to be located in
P-bodies, and based on their important roles in P-body assembly, some of them are consid-
ered to be scaffold proteins. DDX6, which can interact with half of the P-body proteins, is one
of the scaffold proteins (7). By analogy, knockdown (KD) of the gene expression of these scaf-
fold proteins leads to the failure of P-body assembly, and then we can detect EV71 replication
under the condition of blocking P-body formation. As the data show, P-bodies (marked by
DDX6, 4E-T, and DCP1A) failed to assemble in KD cells (Fig. 5A to C), and based on this, stable
KD cell lines were constructed to determine the influence on EV71 replication when P-body
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formation was inhibited. Subsequently, KD cells were infected with EV71 for consecutive peri-
ods (24, 30, and 36 h), the expression of VP1 and DDX6 proteins was examined via Western
blotting (WB), and the relative amount of viral RNA was detected via reverse transcription-
quantitative PCR (RT-qRCR). As the infection processed, the levels of VP1 and viral RNA were
both significantly reduced compared to those in the negative-control cells, although the over-
all trends of VP1 and viral RNA were to gradually increase in KD-DDX6 cells (Fig. 5D and E).
Furthermore, we knocked down the expression of 4E-T and EDC4. Similar results were
observed in the KD-4E-T and KD-EDC4 cell lines (Fig. 5F to I), which suggests that EV71 replica-
tion was impaired when P-body formation was blocked.

To further confirm this result, rescue assays were performed by expressing the synon-
ymous mutants of DDX6 and 4E-T, each with a Myc tag in the knockdown cell lines. We
found that not only the abundance of VP1 but also the amount of viral RNA increased
compared to those in the KD cell lines (Fig. 6). Collectively, these data show that EV71
replication is impaired when the formation of P-bodies is inhibited, suggesting that the
reason why EV71 infection blocks P-body formation is likely to be that it hijacks or rear-
ranges the components of the P-body to facilitate replication.

FIG 4 The activity of 2A protease is critical to block P-body formation during EV71 infection. (A and B) HeLa cells or RD cells grown in 24-well plates were
transfected with empty vector, 2A-Myc, or 2AC110S-Myc for 23 h and then treated with AS for another 1 h. (A) Cells were analyzed by IF after being
immunostained for DDX6 (green), Myc tag (red), and 4E-T (magenta). P-bodies were marked by DDX6 and 4E-T. “1” indicates cells expressing 2A-Myc or
2AC110S-Myc. (B) Quantitative analysis of the percentage of cells containing P-bodies in panel A. Error bars represent the means 6 SDs of values from three
independent experiments (n= 3). A total of 100 cells were counted each time. $$$, P , 0.001; ns, not significant. Scale bars, 10mm. (C and D) HeLa or RD
cells were mock infected or EV71-2AC110S infected for 23 h with AS treatment for another 1 h and then stained with antibodies as indicated. DDX6, EDC4,
DCP1A, and 4E-T are all markers of P-bodies. The infected cells were revealed with the EV71 antibody. Scale bars, 10mm.
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EV71 infection inhibits P-body formation to facilitate viral RNA synthesis. Given
that mRNA translation repression, miRNA-mediated silence, and mRNA decay are involved in
P-body assembly, we further wondered whether the translation and stability of viral RNA
during EV71 replication were affected when P-body formation was inhibited. To verify the
impact on IRES-mediated virus translation, stable KD cell lines were transfected with the RNA
of the Renilla luciferase mRNA reporter UTREV71-Rluc, in which the Renilla luciferase sequence
is flanked by the viral 59 and 39 UTRs, as shown in Fig. 6A, and the T7 promoter was used for
in vitro transcription (30). We observed that there was no effect on the luciferase activity in
KD-DDX6 cells, KD-4E-T cells, and KD-EDC4 cells (Fig. 7A), indicating the blocking of P-body
formation did not affect IRES-mediated translation of viral RNA.

Subsequently, to determine whether the stability of viral RNA was affected, the stable
KD-DDX6, KD-4E-T, and KD-EDC4 cells were infected with EV71 at a low multiplicity of infec-
tion (MOI of 0.1) for 24 h to accumulate viral RNA and then treated with favipiravir (a potent

FIG 5 EV71 replication is impaired by blocking P-body formation. (A to C) The formation of P-bodies was blocked by knocking down the components of P-
bodies. HeLa cells were cultured on 6-well plates overnight, transfected with shRNAs, and treated with additional AS for 1 h before being harvested. (A and B)
Cells were fixed and stained with antibodies against DDX6 (red), 4E-T (magenta), and DCP1A (green). (C) Cells were fixed and stained with antibodies against
EDC4 (green), DDX6 (red), and 4E-T(magenta). “2” indicates cells in which the target gene was unable to express due to knockdown. Scale bars, 10mm. (D
and E) EV71 replication was impaired in KD-DDX6 cells, wherein P-bodies failed to assemble. Stable KD cells were infected with EV71 (MOI of 0.1) and
harvested at various time points postinfection as indicated. (D) Cell lysates were analyzed via Western blotting using anti-VP1, anti-DDX6, and anti-b-actin
antibodies. The relative abundances of VP1 were quantified from three independent experiments. (E) Total RNA was isolated for qPCR analysis to measure the
amount of EV71 RNA that normalized to b-actin mRNA. (F and G) EV71 replication was impaired in KD-4E-T cells, where P-bodies failed to assemble. Stable
KD cells were treated as described above. Cells were analyzed via Western blotting (F) and qPCR analysis (G). (H and I) EV71 replication was impaired in KD-
EDC4 cells, where P-bodies failed to assemble. Stable KD cells were treated as described above. Cells were analyzed via Western blotting (H) and qPCR
analysis (I). Error bars represent the means 6 SDs of values from three independent experiments (n=3). $, P , 0.05; $$, P , 0.01; $$$, P , 0.001.
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inhibitor of the 3D RNA-dependent RNA polymerase) (32) to inhibit viral RNA synthesis.
Then, cells were harvested at intervals, and the remaining viral RNA was quantified by RT-
qPCR (Fig. 7B). As the data show, there was no difference between KD cell lines and nega-
tive-control cells, suggesting the P-body does not affect viral RNA stability.

According to the data shown in Fig. 5 and discussed above, the decrease in viral
protein levels is probably caused by the decrease in viral RNA. To further assess the
effect of the P-body on viral RNA synthesis, the stably knocked-down cells were
infected with EV71 (MOI of 0.1) and incubated with 5-ethynyl uridine (5-EU) for another
16 h at 9 hpi (1 h of viral adsorption is counted) to label nascent RNA, including newly
synthesized viral RNA and cellular RNA, as described previously (33). Then, 5-EU-labeled
RNAs were linked with azide-labeled biotin via click chemistry reaction before being
harvested to homogenize the cell lysates, which made it possible to isolate nascent
RNAs with streptavidin-conjugated magnetic beads. Nascent viral RNA, normalized to
the total amount of EV71 RNA used to capture nascent RNA transcripts on streptavi-
din-conjugated magnetic beads, was significantly reduced to ;40% in KD-DDX6 cells,
;48% in KD-4E-T cells, and ;43% in KD-EDC4 cells compared with negative-control
cells (Fig. 7C). Taken together, these data suggest that EV71 regulates P-body forma-
tion to facilitate viral RNA synthesis, but has no effect on translation of viral RNA or viral
RNA stability.

2A protease promotes the interaction of DDX6/4E-T complex and viral RNA
during EV71 infection. To explore how 2A protease during EV71 infection inhibits the
formation of P-bodies, first, HeLa cells were infected with EV71 (MOI of 10) for up to 6 h,
and then the protein levels of DDX6, 4E-T, and EDC4, which are necessary for P-body as-
sembly, were examined via WB. As the data show, there were no significant differences
between mock-infected and EV71-infected cells (Fig. 8A). Second, previous studies have
shown that the interaction between DDX6 and 4E-T is required for P-body assembly (9,
34); therefore, to determine whether EV71 infection or 2A protease transfection breaks
this interaction, coimmunoprecipitation (co-IP) experiments were carried out to detect

FIG 6 EV71 replication is affected by P-body formation. Six-well plates were seeded with stable cells expressing
the synonymous mutants of DDX6 and 4E-T, each with a Myc tag, or the KD cells for 24 h, and then cells were
infected by EV71 (MOI of 0.1) and harvested at various time points postinfection as indicated. (A) Cell lysates
were analyzed via Western blotting using anti-VP1, anti-DDX6, and anti-b-actin antibodies. (B) Total RNA was
isolated for qPCR analysis to measure the amount of EV71 RNA that normalized to b-actin mRNA. (C) Cell
lysates were analyzed via Western blotting using anti-VP1, anti-4E-T, and anti-b-actin antibodies. (D) Total RNA
was isolated for qPCR analysis to measure the amount of EV71 RNA that normalized to b-actin mRNA. Error
bars represent the means 6 SDs of values from three independent experiments (n= 3). $, P , 0.05; $$, P ,
0.01; $$$, P , 0.001.
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the influence of 2A protease and 2AC110S on the interaction of DDX6 and 4E-T. We found
that 2A and 2AC110S neither affect the interaction of DDX6 and 4E-T nor interact with DDX6 or
4E-T (data not shown). Furthermore, HeLa cells were transfected with empty vector or Myc-
DDX6 for 24 h and infected with EV71 and EV71-2AC110S for another 24 h, and then cells were
harvested for subsequent IP experiments. eIF4G was detected to indicate the activity of 2A
protease during virus infection. IP bands were not detected in cells transfected with empty
vector, and the interaction of DDX6 and 4E-T was still detectable during EV71-infected and
EV71-2AC110S-infected cells compared to the mock-infected cells transfected with Myc-DDX6
(Fig. 8B), indicating that the way EV71 infection blocks P-body formation is not to destroy the
DDX6/4E-T complex. However, we surprisingly observed that VP1 was immunoprecipitated
with DDX6 in EV71-infected cells but not in those infected with EV71-2AC110S, indicating that
2A protease plays an essential role in the interaction of DDX6 and VP1.

DDX6 is a member of DEAD box protein family, containing the conserved motifs IV and
V, RNA-binding motifs (35), and previous studies of positive-stranded RNA viruses showed

FIG 7 The blocking of P-body formation affects viral RNA synthesis. (A) The blocking of P-body formation had
no effect on viral translation. Shown is a graphic illustration of UTREV71-Rluc-derived Renilla luciferase reporter
expression and reporter assays. Stable KD cells derived from 293T cells were cultured on 12-well plates
overnight and transfected with UTREV71-Rlu reporter RNA (0.4mg/well) for 12 h. Relative luciferase activity was
measured according to the manufacturer’s instructions. Error bars represent the means 6 SDs of values from
three independent experiments (n= 3). ns, not significant. (B) The blocking of P-body formation had no effect
on viral RNA stability. Stable KD cells derived from HeLa cells were infected with EV71 (MOI of 0.1) and then
treated with favipiravir at 24 hpi, which was regarded as 0 h. Cells were harvested at the indicated time points
after favipiravir treatment, and total RNA was isolated for qPCR analysis. The EV71 RNA remaining was
measured and normalized to b-actin mRNA. Error bars represent the means 6 SDs of values from three
independent experiments (n= 3). (C) The blocking of P-body formation led to a decrease of nascent viral RNA.
Stable KD cells derived from HeLa cells were cultured in 10-cm dishes overnight and infected by EV71 (MOI of
0.1) and then treated with 0.25mM 5-EU at 9 hpi for another 16 h. Cells were harvested to isolate total RNA
and 5-EU-labeled nascent RNA for qPCR analysis. The nascent EV71 RNA was measured and normalized to total
EV71 RNA in KD cells. Error bars represent the means 6 SDs of values from three independent experiments
(n= 3). $$, P , 0.01; $$$, P , 0.001.
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that DDX6 interacted with the RNA of dengue virus (DENV) and hepatitis C virus (HCV)
(36, 37). Therefore, the interaction of DDX6 and VP1 should be mediated by viral RNA. To
confirm this, we first treated EV71-infected cells with or without RNase A before the co-IP
assay. We found that VP1 was not detected in the presence of RNase A, while it was
detected in cells without RNase A treatment, and the result was further confirmed by 3C,
suggesting DDX6 was binding to the viral RNA during EV71 infection (Fig. 8C). Then, we
constructed cells stably expressing green fluorescent protein (GFP)-tagged DDX6 and eval-
uated the localization of DDX6 by RNA fluorescence in situ hybridization (FISH) assays in
mock-infected or EV71-infected cells. The fluorescence signal of EV71 viral RNA (vRNA) was
not detected in mock-infected cells, which indicated that the pore of vRNA was specific,
and GFP-DDX6 was colocalized to vRNA in EV71-infected cells, which indicated the coloca-
tion was specific (Fig. 8D). In addition, to demonstrate the important role of 2A protease
during EV71 infection, HeLa cells were transfected with empty vector or Myc-DDX6 for 24 h
and then infected with EV71 or EV71-2AC110S. Subsequently, an RNA immunoprecipitation

FIG 8 2A protease-regulated viral RNA recruiting DDX6-4E-T during EV71 infection. (A) HeLa cells were infected with EV71 (MOI of 10) for up to 6 h. Cell
lysates were analyzed via Western blotting. VP1 indicated EV71 replication. b-Actin was the sample loading control. (B) HeLa cells were transfected with
empty vector or Myc-DDX6 for 24 h and then mock infected or infected with EV71 (MOI of 0.1) or EV71-2AC110S (MOI of 0.6) for another 24 h. Cell lysates
were subjected to IP and analyzed via Western blotting. VP1 indicated EV71 replication, and b-actin was the sample loading control. An arrow indicates
eIF4G products cleaved by 2A, and $ indicates eIF4G products cleaved by caspases (45, 46). (C) HeLa cells were transfected with Myc-DDX6 for 24 h and
then infected with EV71 (MOI of 0.1) for another 24 h. Cell lysates were treated with or without RNase A before being subjected to IP and analyzed via
Western blotting. VP1 and 3C indicated EV71 replication, and b-actin was the sample loading control. (D) HeLa cells expressing GFP-DDX6 were mock
infected or infected with EV71 (MOI of 0.1) for 24 h. EV71 RNA (vRNA) was detected via RNA-FISH. The fluorescence intensity profiles of DDX6 (green) and
vRNA (red) were measured along the line drawn on a 2�Zoom panel by Leica Application Suite Advanced Fluorescence Lite. Scale bars, 10mm. (E) HeLa cells
were transfected with empty vector or Myc-DDX6 for 24 h and then infected with EV71 or EV71-2AC110S. Subsequently, the RNA-IP assay was performed for
analysis. IP and cell lysates were analyzed via Western blotting. An arrow indicates eIF4G products cleaved by 2A, and “$” indicates eIF4G products cleaved
by caspases. The relative amount of EV71 was analyzed via RT-qPCR. Error bars represent means 6 SDs of values from three experiments (n= 3). $, P , 0.05.
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assay was performed to detect whether there was a difference between cells infected with
EV71 and those infected with EV71-2AC110S (Fig. 8E). IP and cell lysates were analyzed via WB,
and IP bands were not detected in cells transfected with empty vector. The relative amount
of EV71 was analyzed via RT-qPCR, and we found that relative amount of viral RNA bound
by DDX6 was much less in EV71-2AC110S-infected cells than in EV71-infected cells. Taken to-
gether, these data not only suggest that 2A protease regulates the binding of DDX6 and vi-
ral RNA, but also highlight the essential role of 2A protease in blocking P-body formation
during EV71 infection.

DISCUSSION

In summary, our data demonstrate that EV71 infection inhibits the formation of P-bodies
to promote viral RNA synthesis (Fig. 1, 2, 7C, and 8C and D). Most strikingly, we show the
essential role of 2A and its protease activity in blocking P-body formation, making it possible
for viral RNA to take advantage of the P-body components by interacting with them (Fig. 3,
4, and 8B and E). These findings highlight the importance of 2A protease while EV71 manip-
ulates the assembly of P-bodies for its replication. Furthermore, our data promote a deeper
understanding of the mechanism by which picornaviruses modulate P-body formation and
provide a novel mode whereby RNA viruses regulate host cellular structure to benefit their
replication.

According to our findings, we propose the following model for the regulation of the
P-body during EV71 infection, which is modulated by 2A protease to generate an opti-
mal intracellular environment for viral RNA synthesis (Fig. 9). Upon entering the host cell,
EV71 releases genomic RNA, which is immediately used as the template to be translated
to express the 2A protease protein. Then, the formation of the P-body is blocked by 2A
protease, and correspondingly, the P-body disassembles and the components are released.
Therefore, the DDX6/4E-T complex can be recruited to viral RNA to facilitate viral RNA syn-
thesis but not viral translation or viral RNA stability.

FIG 9 Models of the regulation of P-bodies during EV71 infection. Once entering the host cell, EV71 releases
genomic RNA, which is immediately used as a template to be translated into 2A protease. Then, the formation
of P-bodies is blocked by 2A protease, and correspondingly, the P-body is disassembled and the components
are released. As a result, DDX6/4E-T can be recruited to viral RNA rather than intracellular mRNA to facilitate
viral RNA synthesis.
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Similar to previous studies on other positive-stranded RNA viruses (25, 38, 39), here
we found that EV71 infection blocks the formation of P-bodies and has no effect on
the protein level of the components (Fig. 1, 2, and 8A). Furthermore, we also found
that 2A protease alone is essential and specific to inhibition of P-body formation, and
3C protease is dispensable (Fig. 3). On one hand, we treated EV71-infected cells with
additional GuHCl to inhibit 3C protease and found that the formation of P-bodies still
was blocked by the low level of 2A protease expression (Fig. 3C). On the other hand,
we found the EV71-2AC110S, a recombinant EV71 strain with 2A protease activity inacti-
vated but with 3C protease activity, failed to suppress P-body formation (Fig. 4C and
D), not only confirming the essential role of 2A protease activity during EV71 infection
but also reflecting the true situation of the EV71-infected cell.

In principle, the virus manipulates P-body assembly during infection to generate a
beneficial intracellular environment for the viral biological cycle. As expected, we found
that the levels of viral protein and viral RNA were both decreased when P-body forma-
tion was blocked, indicating EV71 replication was impaired (Fig. 5D to I). Consistent with
our finding, previous studies have shown that P-body components such as DDX6, Lsm1–
7, Xrn1, and Ago2 are required during HCV replication (37–40). Given that P-bodies are
constitutively present in cells and known to be involved in many aspects of the mRNA
cycle in the cytoplasm, including mRNA translation repression and decay, we excluded
the possibility that viral RNA translation and stability are affected when P-body formation
is blocked (Fig. 7A and B). Similarly, a previous study showed that DDX6 was not required
by internal ribosome entry site-directed translation (37). All of these data suggest the
decrease in viral protein levels is probably caused by the decrease in viral RNA (Fig. 5D
to I). Subsequently, we confirmed the hypothesis by using the nascent viral RNA synthe-
sis capture assay under the condition of P-body assembly being blocked (Fig. 7C).

GW182, DDX3, and DDX6 have been proven to be recruited to the replication site by
interacting with viral NS3 protein during WNV infection (25). DDX3 has been shown to
be needed for the export and translation of unspliced HIV RNA from the nucleus (41).
Lsm1–7, Xrn1, and Ago2 are required for HCV replication (37, 39, 40), and a recent study
demonstrated Kaposi’s sarcoma-associated herpesvirus (KSHV) inhibited P-bodies by the
interaction of viral ORF57 protein and GW182/Ago2 (27). Based on our findings and pre-
vious studies of P-bodies mentioned above, on one hand, in addition to the DDX6/4E-T
complex, viruses can also make use of many P-body components to benefit viral replication.
On the other hand, although viruses take advantage of P-body formation, it seems likely
that different viruses co-opt different components of the P-body to promote viral replication
at different stages of the viral life cycle, reflecting the complexity and adaptability of viruses.
To our knowledge, we are the first to demonstrate that EV71 inhibits P-body formation
to facilitate viral RNA synthesis, providing further understanding of enterovirus regulation of
P-body formation to generate a beneficial environment for viral replication.

We found that EV71 infection has no effect on the interaction of DDX6 and 4E-T
(Fig. 8B), although their relationship is required for P-body formation (9). Furthermore,
we found that DDX6 was recruited to viral RNA (Fig. 8C and D), and correspondingly, 4E-
T can be indirectly recruited to viral RNA as well. Consistent with our finding, DDX6 has
been identified to interact with pseudoknots in the RNA 39 UTR of DENV and HCV, other
positive-stranded RNA viruses (36, 37). Although the molecular mechanism of how
DDX6/4E-T promotes EV71 replication should be further explored, we should also pay
enough attention to this. On one hand, both DDX6 and 4E-T are the scaffold proteins
during P-body assembly: DDX6 can interact with half of the P-body proteins and is
involved in mRNA translational repression, mRNA decay, and miRNA-mediated silencing.
On the other hand, similarly, a previous study showed that the Lsm1-7-Pat1 complex
promotes cellular mRNA decay by binding its 3' end; however, it promotes the transla-
tion and replication of genomic RNA of Brome mosaic virus (BMV), a plant positive-
stranded RNA virus, by binding cis-acting regulatory sequences (42).

We further found that 2A protease plays a crucial role in the process of viral RNA
interacting with DDX6 (Fig. 8B and E). As a member of the DEAD box family of helicases,
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DDX6 is conserved from unicellular eukaryotes to vertebrates and contains the highly
conserved RNA-binding motifs IV and V. Therefore, there is no significant difference
between DDX6 binding to mRNA and its binding to viral RNA, and consistently, previous
studies have shown that DDX6 interacts with RNA of HCV, DENV, BMV, and the Ty3 retro-
transposon in yeast (36, 37, 43), indicating the diversity and conservatism of DDX6 bind-
ing to RNA. Correspondingly, viral RNA and intracellular mRNA competitively bind to
DDX6 during EV71 infection. However, as a result of the blocking of P-body formation by
2A protease, DDX6 tends to bind to viral RNA rather than mRNA, and this is why we still
detected a small amount of EV71 RNA binding to DDX6 in EV7-2AC110S-infected cells
(Fig. 8E). Further studies are needed to clarify the specific mechanisms of 2A-induced
suppression of P-body formation, although 2A protease of PV has been proven to inhibit
the nuclear export of cellular mRNAs (44), which itself is necessary for P-body assembly,
and its self-assembly can also promote P-body formation (10).

In conclusion, this is the first report to reveal the essential role of 2A protease dur-
ing EV71-induced blocking of P-body formation to promote viral RNA synthesis, which
also provides a deeper understanding of the importance of picornavirus 2A protease.
Furthermore, our research in these areas provides fascinating insights into the regula-
tion of cytoplasmic RNP granules by picornavirus and may also offer new therapeutic
strategies for diseases induced by picornavirus.

MATERIALS ANDMETHODS
Plasmids and shRNA oligonucleotides. The coding regions of DDX6 and 4E-T were obtained from

HeLa cells by RNA extraction and subsequently reverse transcription PCR (RT-PCR), and then each was
cloned into a pCAGGS vector with an N-terminal Myc tag and into a pHAGE(puro) vector (replacing the
fluorescent tag in pHAGE-CMV-MCS-IRES-ZsGreen [EvNO00061605] with puromycin) with an N-terminal
Myc tag. All of the plasmids expressing EV71 proteins and pBS-T7-EV71-2AC110S plasmid have been
described previously (30). Short hairpin RNA (shRNA) oligonucleotides corresponding to the target
sequences were cloned into pLKO.1, and the target sequences were as follows: shNC, GCGCGATAGCG
CTAATAATTT; shDDX6, GAGACCTATCTCCATCGTATT; sh4E-T, GGATCACCGTCTTAGCGATAA; and shEDC4,
GCTTTGGTATCCAGGTTGTGA.

Cell culture. HEK293T (human embryonic kidney 293 cells, obtained from the China Center for Type
Culture Collection), HeLa cells (human cervical cancer epithelial cells, obtained from the China Center for
Type Culture Collection), and human RD cells (rhabdomyosarcoma cells, obtained from the China Center
for Type Culture Collection) were cultured in Dulbecco’s modified eagle’s medium (DMEM; Gibco) sup-
plemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin–streptomycin (Gibco) at 37°C
with 5% CO2. Other stable overexpression cells (Myc-DDX6-HeLa/293T, 293T-T7, and GFP-DDX6-HeLa) and sta-
ble knockdown (KD) cells (shRNA-HeLa) or negative-control cells (shNC-HeLa) were cultured in DMEM with
10% FBS, 1% penicillin–streptomycin (Gibco), and 1mg/ml puromycin (Sigma-Aldrich) at 37°C with 5% CO2.

Transfection and infection. For transfection, plasmids were transfected by using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions, and cells were harvested at 24 h post-
transfection (hpt) or underwent further treatment as indicated. For infection, HeLa or RD cells were
infected with DMEM containing viruses at various multiplicities of infection (MOI), as indicated in the figure
legends. After 1 h of incubation, the medium was replaced with fresh DMEM with 4% FBS, and this time point
was considered 0 h postinfection (hpi). Cells were then harvested for further analysis as indicated.

Stable knockdown and overexpression cell lines. HEK293T cells were cotransfected with psPAX2 ,
pMD2.G, and shRNA with PLKO vector or target protein expression plasmids for 48 h to generate lentivi-
ral particles. Then, supernatants were filtered with a 0.45-mm-pore filter and collected to infect HeLa
cells. Fresh culture medium was added after 24 h postinfection, and then we conducted the next round
for another 24 h. To ensure the infection’s efficiency, HeLa cells were infected with lentivirus again, then
were continuously cultured in complete growth medium with the addition of puromycin, and then were
harvested to detect the deletion or overexpression of target proteins. The stable knockdown or overex-
pression cell lines were used for subsequent experiments.

Antibodies and reagents. Rabbit polyclonal anti-DCP1A was purchased from Abcam (catalogue no.
ab183709) and ABclonal (catalogue no. A7376). Rabbit polyclonal anti-DDX6 was purchased from
ABclonal (catalogue no. A16270), Bethyl (catalogue no. A300-460A-M), and Santa Cruz (catalogue no. sc-
376433). Rabbit polyclonal anti-EDC4 (catalogue no. ab72408) and goat polyclonal anti-4E-T (catalogue
no. ab6034) were purchased from Abcam. Mouse monoclonal anti-c-Myc (catalogue no. sc-40) and rab-
bit polyclonal anti-c-Myc (catalogue no. sc-789) were purchased from Santa Cruz Biotechnology. Rabbit
polyclonal anti-b-actin monoclonal was purchased from ABclonal (catalogue no. AC026). Mouse mono-
clonal anti-VP1 was purchased from Abmax (clone 22A14). Rabbit polyclonal anti-3C polyclonal was pur-
chased from ABclonal (catalogue no. A10003). Mouse monoclonal anti-EV71 (catalogue no. MAB979)
was purchased from Millipore. Alexa Fluor 647-conjugated donkey anti-goat immunoglobulin (IgG) H1L
(catalogue no. A21447), Alexa Fluor 488-conjugated donkey anti-rabbit IgG H1L (catalogue no. A21206),
and Alexa Fluor 594-conjugated donkey anti-mouse IgG H1L (catalogue no. A21203) were purchased
from Life Technologies. Rabbit monoclonal anti-eIF4G (catalogue no. 2469S) was purchased from Cell
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Signaling Technology. AS was purchased from Sigma-Aldrich and was used at concentrations of
200 mM. Recombinant RNase inhibitor (RRI) was purchased from Takara. Biotin-azide and 5-ethyluridine
(5-EU) were purchased from Ribobio. Favipiravir was purchased from Med Chem Express (MCE).

Western blotting and RNA immunoprecipitation. For Western blotting, cells were harvested and
lysed in lysis buffer (150nM NaCl, 50nM Tris-HCl [pH 7.4], 1% Triton X-100, 1mM EDTA [pH 8.0], and 0.1%
SDS with a protease inhibitor cocktail) for 30min at 4°C and centrifuged at 4°C for 20min at 12,000 � g.
Then, the supernatants were boiled in 1� loading buffer (0.08 M Tris-HCl [pH 6.8], 2.0% SDS,10% glycerol,
0.1 M dithiothreitol, and 0.2% bromophenol blue) at 100°C for 10min, followed by separation by 8 to 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto a
nitrocellulose membrane (GE Healthcare). The membrane was incubated with the primary antibodies after
blocking with 5% nonfat milk, followed by horseradish peroxidase-conjugated secondary antibodies
(Thermo Fisher Scientific). The proteins were detected on a Fujifilm LAS-4000 imaging system.

For RNA immunoprecipitation, briefly, cells were harvested and lysed in RNase-free NP-40 buffer
(50 nM Tris-HCl [pH 7.4], 50mM NaCl, 50mM NaF, and 0.5% NP-40 with a protease inhibitor cocktail) on
ice for 30min and then centrifuged at 4°C for 20min at 12,000 � g. The supernatants were collected
and divided: 8% of the supernatant was subjected to WB to detect the expression of plasmids, 12% was
resuspended in 1ml TRIzol (Ambion, Invitrogen) to extract the total cellular RNA, and the rest was sub-
jected to IP for 6 h at 4°C. Anti-Myc agarose beads (MBL) were centrifuged at 4°C for 2min at 5,000 rpm
and washed 3 times with NP-40 buffer. The beads were finally resuspended in 1ml NP-40 buffer and di-
vided into two parts. One portion was subjected to WB to detect IP bands, and all of the other beads
were resuspended in 1ml TRIzol to extract the coimmunoprecipitated RNA. The amount of RNA was
quantified by RT-qPCR.

Immunofluorescence assay. HeLa or RD cells were cultured on coverslips in 24-well plates overnight
before being transfected or infected as indicated and then fixed with 4% (wt/vol) paraformaldehyde–phos-
phate-buffered saline (PBS). Subsequently, cells were washed with PBS for 5min at room temperature, and
this step were repeated twice. Then, cells were permeated with 0.2% (wt/vol) Triton X-100–PBS solution
for 20min at room temperature and washed three times as before. Next, cells were blocked with 3%
(wt/vol) bovine serum albumin (BSA) in PBS at room temperature for at least 30min and incubated with
primary antibodies for 2 h at room temperature. After washing, cells were incubated with secondary anti-
bodies for 2 h at room temperature, followed by staining with 1mg/ml 49,6-diamidino-2-phenylindole
(DAPI) in PBS for 5min to label nuclei. At last, cells were mounted with Prolong Diamond antifade mount-
ant (Life Technology) and observed by using a Leica confocal microscope.

Nascent RNA synthesis assay. The nascent RNA synthesis assay was performed as described earlier
(33). HeLa cells were cultured in 10-cm dishes overnight and were infected by EV71. At 9 hpi, cells were
pulsed with 0.25mM 5-ethynyl uridine (5-EU) for another 16 h to incorporate 5-EU into newly synthesized
RNA. Cells were washed three times with ice-cold PBS after discarding the culture medium and irradiated
with 0.15 J/cm2 UV light at 254nm. Then, cells were fixed with 90% ethanol for 30 min at 4°C, followed by
permeabilization with 0.5% Triton X-100 in PBS for 30 min at 4°C. Next, to conjugate the biotin azide to
the 5-EU-labeled RNA in a copper-catalyzed click reaction, the click reaction solution containing biotin was
added to cells. Then, cells were harvested, homogenized, and centrifuged at 12,000 � g for 10 min at 4°C.
The supernatant was divided into two parts to quantify EV71 RNA. One portion was subjected to extract
total RNA to quantify the total amount of EV71 RNA. The other was subjected to IP with prepared strepta-
vidin-conjugated magnetic beads to extract biotin-conjugated, 5-EU-labeled EV71 RNA. Nascent EV71 RNA
was normalized to the total amount of EV71 RNA used to capture nascent RNA transcripts on streptavidin-
conjugated magnetic beads, and is expressed as nascent RNA/total EV71 RNA.

RNA stability assay. Stable KD cells were cultured in 12-well plates overnight, infected with EV71
(MOI of 0.1) for 24 h, and then treated with 600mM favipiravir. Cells were harvested at different times as
indicated, and EV71 RNA was extracted and quantified by RT-qPCR and normalized to the amount of
b-actin mRNA. The following primers were used: EV71 59 UTR forward (59-GAAACTTAGAAGCAGCAAAC-
39), EV71 59 UTR reverse (59-TCATCGACCTGATCTACACT-39), human b-actin forward (59-TGAGACCTTCA
ACACCCCAG-39), and human b-actin reverse (59-TGTCACGCACGATTTCCCGC-39).

RNA-FISH assay. The RNA-FISH assay was performed according to the manufacturer’s instructions
for the ViewRNA ISH cell assay kit (Affymetrix). Briefly, HeLa cells were cultured on coverslips in 24-well
plates overnight, followed by EV71 infection for 24 h, and fixed in 4% paraformaldehyde solution for
30min at room temperature, followed by permeabilization with detergent solution for 5min at room tempera-
ture. To expose viral RNA and to be identified by the specific probe, cells were incubated with protease solu-
tion at a suitable dilution (1:1,000 to 1:4,000) in PBS for 10min at room temperature. Then, cells were incubated
with the probe set for 3 h at 40°C, followed by individual incubation with the solution containing preamplifier,
amplifier, and label probe at 40°C for 30min. After being stained with DAPI, cells were mounted with Prolong
Diamond antifade mountant (Life Technology) and observed by using a Leica confocal microscope. The probes
for EV71 positive-stranded RNA (vRNA) were purchased from Affymetrix.

Luciferase assay. The Renilla luciferase reporter mRNA was transcribed with the TranscriptAid T7
high-yield transcription kit (Thermo Fisher Scientific) and purified with the RNeasy minikit (Qiagen). Cells
were cultured in 24-well plates overnight and transfected with the transcribed RNA for 12 h. Cells were
harvested, and the Renilla luciferase activity was examined with a Renilla luciferase assay kit (Promega)
according to the manufacturer’s instructions.

Statistical analysis. Statistical significance ($, P , 0.05; $$, P , 0.01; $$$, P , 0.001; ns, not sig-
nificant [P . 0.05]) was determined with an unpaired Student's t test by using GraphPad Prism 6.01. All
results shown in the article are expressed as means 6 standard deviation (SD) of results from three inde-
pendent experiments (n=3).
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