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a b s t r a c t

Stress granules (SGs) are dynamic cytoplasmic granules formed in response to a variety of stresses,
including viral infection. Several viruses can modulate the formation of SG with different effects, but the
relationship between SG formation and EV71 infection is poorly understood. In this study, we report that
EV71 inhibits canonical SGs formation in infected cells and induces the formation of novel RNA granules
that were distinguished from canonical SGs in composition and morphology, which we termed ‘SG like
structures’. Our results also demonstrated that EV71 triggered formation of SG-like structures is
dependent on PKR and eIF2a phosphorylation and requires ongoing cellular mRNA synthesis. Finally, we
found that SG-like structures are antiviral RNA granules that promote cellular apoptosis and suppress
EV71 propagation. Taken together, our findings explain the formation mechanism of SG-like structures
induced by EV71 and shed light on virus-host interaction and molecular mechanism underlying EV71
pathogenesis.

© 2016 Published by Elsevier Inc.
1. Introduction

Enterovirus 71 (EV71), which belongs to the enterovirus genus
of the Picornaviridae family, is known to cause hand, foot, and
mouth disease (HFMD). In addition, acute EV71 infection can also
lead to severe neurological manifestations and occasionally cause
permanent paralysis or death. Currently, the pathogenic mecha-
nisms underlying EV71 are unclear, so there are no effective anti-
viral treatments to control diseases caused by EV71. Therefore,
further research is still needed to elucidate EV71 pathogenesis.

Formation of RNA granules is a prototypical stress response
when cells suffering fromviral invasion. Mammalian cells form two
major kinds of cytoplasmic RNA granules to transiently store
silenced messenger ribonucleoproteins (mRNPs), including stress
granules (SGs) and processing bodies (PBs). SGs form in response to
various environmental stresses and serve as a place for mRNA
storage and triage. However, PBs are usually present in unstressed
cells at modest levels and respond to stress with increased size and
quantity [1]. There are two pathways that can induce SG formation,
the most popular being phosphorylation of eIF2a by a family of
serine/threonine kinases, including PKR, PERK, HRI and GCN2, and
another being eIF2a-independent mechanisms such as cleavage of
eIF4G scaffold protein or inhibition of eIF4E helicase [2]. Generally,
canonical SGs contain translational silent mRNAs, 40S ribosomal
subunits, eukaryotic initiation factors (e.g., eIF4G, eIF4A and eIF3),
and RNA binding proteins (e.g., G3BP1, TIA1, TIAR, HuR and PABP)
[3]. Among these components, RNA binding protein HuR, TIA1, and
G3BP1 are usually considered key proteins and used as the markers
of SGs.

Many studies have suggested that different viruses can modu-
late SG formation with different effects, and the virus-SG rela-
tionship may relate to viral pathogenicity. For example, respiratory
syncytial virus and mouse hepatitis coronavirus induce stable SG
formation during the course of infection to benefit viral propaga-
tion [4,5]. West Nile virus, Dengue virus and Rotavirus inhibit SG
formation, presumably to antagonize their antiviral activity [6,7].
Poliovirus and CVB3 induce transient SG formation early during
infection, then disassemble them to facilitate viral replication [8,9].
Vesicular stomatitis virus induces functional unknown cytoplasmic
granules containing viral proteins and RNAs, but not some canon-
ical SGmarkers [10]. Taken together, it can be concluded that, as the
important constituent of host defense system, SGs play an impor-
tant role in antiviral infection. EV71was recently reported to induce
SG formation in HeLa cells with high-dose, and viral protease 2Apro
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was found to be responsible for the SG formation [11,12]. Despite
these observations, the exact mechanism underlying EV71 induced
SGs and the mutual regulative relationship between EV71 and SGs
are still unclear.

Here, we report that EV71 infection induces novel ‘SG-like
structures’ and inhibits canonical SGs formation. These SG-like
structures are compositionally and morphologically different
from canonical SG induced by arsenite or NDV. We also confirmed
that the formation of SG-like structures induced by EV71 is
dependent on PKR and eIF2a phosphorylation and requires ongoing
cellular mRNA synthesis. Finally, we found that EV71 induced SG-
like structures are antiviral RNA granules that promote cellular
apoptosis and suppress EV71 propagation.
2. Materials and methods

2.1. Cells and viruses

Rhabdomyosarcoma (RD) cells and HeLa cells were purchased
from ATCC. Cells were cultured in MEM or DMEM supplemented
with 10% FBS and penicillin/streptomycin. EV71, which is a Fuyang
strain (GenBank accession no. FJ439769.1), was propagated in RD
cells. Newcastle disease virus (NDV) was kindly provided by Dr.
Zhengfan Jiang (School of Life Sciences, Peking University, China)
and propagated in HeLa cells.
2.2. Plasmids and siRNAs

shRNA sequences used in this study are as follows:

PKR: TACCAGTTTCAATGGTCATAA.
PERK: CCTCAAGCCATCCAACATATT.
TIA-1: GCCGTTGTTTACTTAAAGATTCTC.

HuR-siRNA (sc-35619) was purchased from Santa Cruz
Biotechnology. Plasmid encoding mutant eIF2a(S52A) was cloned
into the PcDNA3.1(þ) vector.
2.3. Western blot, immunofluorescence

Western blot and immunofluorescence were carried out as
previously described [13]. The antibodies and chemicals used in
this study are listed in Supplementary Table 1.
2.4. Fluorescent in situ hybridization (FISH)

For mRNA-FISH, cells were fixed in 4% paraformaldehyde, per-
meabilized in 0.25% Triton X-100 and incubated overnight with
biotinylated oligo (dT) probe in hybridization buffer at 43 �C. The
next day, the cells were washed with 2 � SSC and incubated with
streptavidin-Alexa Fluor FITC in 2 � SSC plus 0.1% Triton X-100 for
45 min. The cells were then washed with 4 � SSC and stained with
4,6-diamidino-2-phenylindole (DAPI) to detect nuclei. Images were
captured with a laser confocal microscope (Leica) as described
above.
2.5. Flow cytometry

Apoptotic cells were examined using an Annexin V-FITC/PI
apoptosis assay kit (NEOBIOSCIENCE, FAK011) and a flow cytometer
(BD CantoII) according to the manufacturer’s instructions.
3. Results

3.1. EV71 induces granular structure formation in infected cells

Although numerous viruses have been reported to induce SG
formation, the induced SGs are different in composition and time-
effect. To investigate SG formation in EV71 infected cells, we cate-
gorized typical SG-defining markers and conducted a comprehen-
sive time-course study examining their distribution. First, FISH was
conducted to examine the distribution of poly(A)-mRNA, and the
results showed that poly(A)-mRNA began to form cytoplasm foci at
6e7 h post-infection (pi) (Fig. 1A and Fig. S1). The distribution of
the 40S ribosomal subunit was then investigated and ribosomal
protein S11 were taken as its marker. The results revealed that S11
in EV71 infected cells stayed unchanged and no S11-positive foci
emerged throughout the duration of infection (Fig. 1B and Fig. S1).
Third, evaluation of initiation factor eIF4G and eIF3 showed they
maintained an evenly distributed pattern and no cytoplasmic foci
were formed over thewhole period of infection (Fig.1C and Fig. S1).
Finally, several common RNA-binding proteins of SGs including
G3BP1, PABP, TIA-1, TIAR and HuR were detected. Surprisingly,
these RNA-binding proteins performed differently. Specifically,
TIA1, TIAR and HuR were mainly detected within the nucleus in
mock-infected cells, but EV71 infection induced their translocation
to cytoplasm and formed noticeable granular structures. This
change began at 5 h pi, peaked at 6e7 h pi, and was then attenu-
ated. However, other RNA-binding proteins (G3BP1 and PABP)
appeared to be static during the infection time, they remained
dispersed in the cytoplasm and did not produce granules (Fig. 1D
and Fig. S1). Taken together, these results suggested that EV71
infection can induce cytoplasmic foci containing some SG-defining
markers. To further investigate the relationship of different protein
aggregates in EV71 infected cells, multicolor fluorescent confocal
monitoring of different markers was conducted to determine if
these components were co-localized. We selected 7 h pi as the
time-point since the foci formation of all molecules peaked at this
time. The results showed that TIA1, TIAR, HuR and poly(A)-mRNA
co-localized well with each other (Fig. 1E). To gain insight into
whether these granular structures also contain EV71 viral compo-
nents associated with viral replication, we examined the viral
dsRNA, which are intermediates of viral RNA replication and viral
RNA polymerase 3D required for viral RNA replication by indirect
immunofluorescence. We noticed that the RNA granules contained
a portion of the viral dsRNA, but not polymerase 3D (Fig. 1F), sug-
gesting these structures may have some association with viral
replication. Finally, to distinguish this structure from PBs, PB
marker p54 was evaluated. The results showed that EV71 infection
did not increase or enlarge p54 foci, but that it also destroyed the
p54 foci originally present in mock-infected cells (Fig. 1G). These
findings indicated that EV71 may play a disruption role in PB for-
mation and ruled out the possibility that the observed RNA gran-
ules are PBs.

In summary, the above data indicate that EV71 can induce
granular structures in infected cells, and that these structures
contain a portion of typical SG markers including poly(A)-mRNA,
TIA-1, TIAR, HuR and parts of viral dsRNA.

3.2. EV71 induces formation of novel SG-like structures and inhibits
canonical SGs formation

The above results indicated that EV71 induced RNA granules are
distinguished from canonical SG in composition and that some
well-established SG markers are absent from these structures. To
exclude the possibility that there were problems within our
detection system, we used arsenite and Newcastle disease virus



Fig. 1. EV71 induces granular structure formation in infected cells. (AeD) RD cells were mock-infected or infected with EV71 (MOI ¼ 10) for 7 h, then stained for poly(A)-mRNA (A),
ribosomal protein S11 (B), eIF3 and eIF4G (C), G3BP1, PABP, TIA-1, TIAR and HuR (D). (E) RD cells were infected with EV71 for 7 h and then co-stained for mRNA, TIA-1 and HuR.
Insets show the magnified views of individual and merged channels of the boxed region. (F, G) RD cells were treated as described in (A), then co-stained for TIA-1, dsRNA or 3Dpol (F)
or stained for p54 (G). Insets show the magnified views of individual and merged channels of the boxed region.
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(NDV), which are well known to induce formation of typical SGs,
and selected HuR and G3BP1 as the markers to monitor the ca-
nonical SGs formation. Consistent with previous studies, arsenite
and NDV induced canonical SGs that contained G3BP1 and HuR that
co-localized well (Fig. 2A). Moreover, these canonical SGs were
morphologically different from EV71 induced RNA granules, being
much larger in size (Fig. 2A). These findings suggested that EV71
induced RNA granules are not canonical SGs; therefore, we termed
them ‘SG-like structures’. To further explore the relationship
Fig. 2. EV71 inhibits canonical SGs formation and induced SG-like structures. (A) RD cells
infected with NDV, and then stained for G3BP1, HuR and nuclei. Insets show the magnified
infected or infected with EV71 for 7 h. Arsenite was added at 6.5 h post-infection, and cells
cells were stained for G3BP1 and HuR. NDV were introduced into the experiment 3 h post
individual and merged channels of the boxed region.
between canonical SGs and EV71 induced SG-like structures,
arsenite and NDV were used to induce SG formation in EV71
infected RD cells and SGs formation was assessed by double
immuno-staining of G3BP1 and HuR. The results showed that the
G3BP1 and HuR positive large particles induced by arsenite and
NDV were no longer present and HuR positive microfoci were in
their place (Fig. 2B and C) in EV71 infected cells. These findings
indicate that EV71 infection inhibits canonical SGs formation and
induces its own characteristic RNA granules.
were mock-infected or infected with EV71 (MOI ¼ 10), treated with 0.5 mM arsenite,
views of individual and merged channels of the boxed region. (B) RD cells were mock-
were stained for G3BP1 and HuR. (C) NDV alone and NDV, EV71 (MOI ¼ 1) co-infected
-infection and it was continued for another 21 h. Insets show the magnified views of
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3.3. Formation of EV71 induced SG-like structures is dependent on
PKR and eIF2a phosphorylation and requires ongoing cellular mRNA
synthesis

Phosphorylation of eIF2a is the major pathway leading to for-
mation of SGs. To explore the potential mechanism by which EV71
induce and regulate the formation of SG-like structures, we first
examined the kinetics of eIF2a kinases activation and phosphory-
lation of eIF2a. Among four eIF2a kinases, we selected PKR and
PERK to evaluate since they are often associated with the stress of
viral infection. Western blot analysis showed that phosphorylation
of PKR, PERK and eIF2a displayed similar kinetics, beginning at
~6 h pi and then increasing as the infection proceeds (Fig. 3A). To
discriminate the responsible kinase for eIF2a phosphorylation, we
used corresponding shRNA to knock down the expression of PKR
and PERK in RD cells, then infected these cells with EV71 and
assessed the extent of eIF2a phosphorylation. The results showed
that EV71 induced eIF2a phosphorylation was obviously decreased
in PKR knock down cells relative to control-shRNA and PERK-shRNA
treated cells (Fig. 3B), suggesting PKR is the dominant kinase to
trigger eIF2a phosphorylation. Next, we checked the contribution of
PKR to formation of EV71 induced SG-like structures using a RD cell
line that stably expressed PKR-shRNA (PKRkd) to monitor and
quantify the SG-like structures after EV71 infection. The results
showed that PKR down regulation severely decreased the
Fig. 3. SG-like structures formation in EV71 infected cells is dependent on PKR and requires o
(MOI ¼ 10) for the indicated time, the cells were then lysed and Western blot was performed
for 48 h and then infected with EV71 for indicated time, after which Western blot was perfo
or infected with EV71 for 7 h, after which the induction of SG-like structures was quantifi
orescence images that each contained more than 20 cells. PKR knockdown efficiency was co
mock-infected or infected with EV71, after which formation of SG-like structures was qua
indicated antibodies. (E) RD cells were transfected with empty vector or vector encoding eIF
was quantified as described in (C) and cell lysates were subjected to Western blot with the i
ActD was added at 3 h post-infection. The cells were then fixed and stained for HuR and n
frequency of SG-like structures in EV71 infected cells by about 50%
per cell (Fig. 3C). The same results were also achieved using 2-AP, a
PKR inhibitor (Fig. 3D). Finally, the role of eIF2a phosphorylation in
SG-like structure formation was also determined. To accomplish
this, we transfected RD cells with empty vector or phosphorylation-
deficient mutant of eIF2a(S52A), then quantified the formation of
SG-like structures under EV71 infection in both cells. We found that
overexpression of phosphorylation-deficient eIF2a(S52A) obvi-
ously prevented the formation of SG-like structures, as indicated in
a decrease in SG-like structures of about 30% relative to control cells
(Fig. 3E). These findings suggest that EV71 induces SG-like struc-
tures formation through PKR-eIF2a phosphorylation.

Next, the contribution of each component to the process of SG-
like structures formationwas explored. We first checked the role of
mRNA with ActD, which inhibits cellular mRNA synthesis but has
no effect on EV71 RNA synthesis. The results showed that no SG-
like structures were formed in mock infected cells, even though
ActD caused obvious redistribution of HuR from the nucleus to the
cytoplasm. However, in EV71 infected cells, ActD treatment
significantly suppressed the formation of SG-like structures, sug-
gesting that their formation is dependent on ongoing cellular
mRNA synthesis (Fig. 3F). The roles of TIA-1 and HuR in this process
were also checked by knock down of TIA-1, HuR or both. The results
showed that neither of these are essential to the formation of SG-
like structures (Fig. S2).
ngoing cellular mRNA synthesis. (A) RD cells were mock-infected or infected with EV71
with the indicated antibodies. (B) RD cells were transfected with corresponding shRNA
rmed with the indicated antibodies. (C) The CONkd and PKRkd cells were mock-infected
ed by counting the number of foci in each cell within three independent immunoflu-
nfirmed by Western blot. (D) Blank cells and cells treated with 6 mM 2-AP for 7 h were
ntified as described in (C) and cell lysates were subjected to Western blot with the
2a(S52A) for 36 h, then infected with EV71 for 7 h and formation of SG-like structures
ndicated antibodies. (F) RD cells were mock-infected or infected with EV71 for 7 h and
uclei.
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3.4. SG-like structures are antiviral RNA granules that promote
cellular apoptosis and suppress EV71 propagation

SGs have recently been demonstrated shown to play a regula-
tory role in cellular apoptosis [14]. To investigate the effects of SG-
like structures on cellular apoptosis, we first took PKR as the target
to block the formation of SG-like structures. We used PKRkd cells
and a PKR inhibitor, 2-AP, to achieve this goal, both of which have
been shown to be available for attenuating SG-like structures for-
mation (Fig. 3C and D). Western blot showed that cleavage of PARP,
a marker of cellular apoptosis, was weaker in PKRkd cells and 2-AP
treated cells compared to that in control cells (Fig. 4A and B),
indicating that SG-like structures may play a beneficial role in EV71
induced cellular apoptosis. The results shown in Fig. 4B were also
verified by flow cytometry analysis with Annexin V-FITC/PI
(Fig. 4C). Given that PKR is a multifunctional protein kinase in
mammalian cells, we also evaluated downstream effectors of eIF2a
to check the impact of SG-like structures on cellular apoptosis. To
accomplish this, we transfected RD cells with empty vector or
eIF2a(S52A). The results showed that cleavage of PARP was much
weaker in eIF2a(S52A) transfected cells than that in the control
(Fig. 4D), suggesting that inhibition of SG-like structures formation
through eIF2a phosphorylation also negatively affected cellular
apoptosis. Taken together, these results indicated that SG-like
structures benefit cellular apoptosis in EV71 infected cells.

We next explored the impact of SG-like structures on EV71
propagation since both pro-and antiviral roles have been described
for SGs. As shown in Fig. 3B, the viral protein VP1 accumulated
equally in PKR knock down cells and control cells. However, the
expression level of the viral protein did not completely reflect the
viral propagation status, so viral particles released in cultural
Fig. 4. SG-like structures promote cellular apoptosis and suppress EV71 propagation. (A) The
then lysed and subjected to Western blot with the indicated antibodies. (B) Blank cells and
lysed and subjected to Western blot with the indicated antibodies. (C) RD cells treated as des
cytometry and the percentage of apoptotic cells was shown in the histogram. (D) RD cells we
with EV71, after which they were lysed and subjected to Western blot with the indicated a
collected and RD cells were reinfected for the indicated time, after which the re-infected cell
supernatants from EV71 infected blank cells or cells treated with 6 mM 2-AP for 12 h wer
pernatants from EV71 infected cells that had already been transfected with empty vector or
The CONkd and PKRkd cells were infected with EV71, after which the cultural supernatants
supernatants were further investigated. To accomplish this, RD cells
were re-infected with cultural supernatants of different sources.
Our results showed that RD cells re-infected with cultural super-
natants form SG-like structure inhibited cells, including PKR knock
down, 2-AP treatment or transfecting with eIF2a(S52A), expressed
more VP1 protein than their corresponding control cells
(Fig. 4EeG). We also titrated viral particles by TCID50 to further
confirm the results and reached the same conclusion; namely, that
the viral particles released in the cultural supernatants of PKRkd

cells had increased significantly (Fig. 4H). Overall, these results
suggest that inhibition of SG-like structures formation positively
affects EV71 propagation, indicating that EV71 induced SG-like
structures are antiviral RNA granules.

4. Discussion

Eukaryotic cells initiate many responses when cells suffer from
viral invasion, including formation of SGs [1]. It has been reported
that PV and CVB3 induce canonical SG formation during the early
stages of infection, after which viral 3Cpro cleaves the SG compo-
nent G3BP1 to disassemble these structures [8,9]. CVB3, PV and
EV71 are all members of the Enterovirus genus; however, they cause
completely different types of diseases. According to previous
studies, we selected mRNA, ribosomal protein S11, eukaryotic
translation initiation factors (eIF3 and eIF4G) and RNA binding
proteins G3BP1, PABP, TIA-1, TIAR and HuR as SG markers to
examine whether EV71 can induce SG formation in this study. We
found that EV71 infection induced formation of SG-like structures
containing mRNA, TIA-1, TIAR, HuR and partial EV71 dsRNA, which
are distinguished from canonical SG in morphology and composi-
tion, and that EV71 inhibited canonical SGs formation (Figs. 1 and
Conkd and PKRkd cells were mock-infected or infected with EV71 for the indicated time,
cells treated with 6 mM 2-AP for 12 h were mock-infected or infected with EV71, then
cribed in (B) were stained with PI and Annexin V-FITC. The cells were analyzed on flow
re transfected with empty vector or vector encoding eIF2a(S52A) for 36 h, then infected
ntibodies. (E) The culture supernatants from EV71 infected CONkd or PKRkd cells were
s were lysed and Western blot was performed with indicated antibodies. (F) The culture
e collected and the viral particle was detected as described in (E). (G) The culture su-
eIF2a(S52A) were collected and the viral particles were detected as described in (E). (H)
were collected and viral particles were titrated by TCID50.
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2). In this study, we also confirmed that G3BP1was cleaved by EV71
protease 3C (data not shown), which is consistent with the situa-
tion of PV and CVB3 infection. Since G3BP1 is a critical SG
component, we suspected that the cleaved G3BP1 may inhibit ca-
nonical SG formation in EV71 infected cells. In recent studies, Wu
et al. reported that EV71 BrCr strain can induce canonical SGs for-
mation in HeLa cells with a relatively high-dose EV71 (MOI ¼ 50),
and expression of EV71 2Apro alone was sufficient to cause SG for-
mation [11,12]. In the present study, we also found EV71 2Apro alone
can induce canonical SG formation (Fig. S3). However, this structure
had not previously been detected in EV71 infected cells. We sus-
pected that other viral components can antagonize the ability of
2Apro to induce the canonical SG. For example, 3Cpro cleaves G3BP1
and may prevent EV71 from inducing canonical SGs; however,
additional studies are needed to verify this. Additionally, the virus
used in our study is a Fuyang stain, which caused the 2008
particular severe outbreak of HFMD in Fuyang, China. Differences in
strains used among studies may also explain the conflicting find-
ings in our study and others, and it is likely that SG-like structures
formation in RD cells is EV71 strain specific.

It has previously been shown that SG formation can be induced
by phosphorylation of eIF2a and interference with translation
initiation factors (eIF4A, eIF4B, eIF4H or PABP) [2]. In our study, we
demonstrated that EV71 induced RNA structure was also depen-
dent on PKR-eIF2a phosphorylation, indicating that EV71 induced
RNA granules are similar to SGs. Based on this similarity, partially
shared components and a similar formationmechanism, we named
these novel structures ‘SG-like structures’.

In the present study, we found that SG-like structures promoted
cellular apoptosis induced by EV71. This conclusion is in conflict
with the features of classic SGs. Specifically, it has been reported
that SGs can inhibit reactive oxygen species (ROS)-dependent
apoptosis by suppressing the elevation of ROS, and this function of
SGs is executed by G3BP1 and USP10 [14]. The absence of G3BP1 in
EV71 induced SG-like structures may explain why this RNA struc-
ture does not have anti-apoptosis properties. However, additional
in-depth studies are needed to investigate the mechanisms by
which SG-like structures promote apoptosis.

In this study, we also found that EV71 induced SG-like structures
are antiviral RNA granules. When SG-like structures were inhibited,
the viral particles released into the cultural supernatants increased
significantly. However, the expression of viral protein VP1 in cells
did not exhibit obvious differences, suggesting that SG-like struc-
tures may not affect initiation of EV71 RNA replication and viral
protein synthesis, but that they affect other steps of viral propa-
gation such as viral particle assembly or release.

RNA binding proteins such as TIA-1 and G3BP1 are considered
key constituents of canonical SGs since they play crucial roles in
mediation of SG formation via their self-aggregation ability. Over-
expression of these molecules results in SG formation, while their
downregulation prevents the cells from forming SGs. To determine
the key components in EV71 induced SG-like structures, we
investigated each component of these structures. Among the
identified constituents, only ongoing cellular mRNA synthesis is
required for its formation, while TIA-1 and HuR did not influence
the formation of these structures. We speculate that other critical
molecules may exist in these structures, which would compensate
for or substitute the function of TIA-1 and HuR; thus, more detailed
studies are needed to elucidate the complicated composition of this
structure.
In summary, our study demonstrated that EV71 infection could
induce its own SG-like structures that differ from canonical SG in
morphology and composition, and that EV71 suppresses canonical
SG formation. The formation of SG-like structures is dependent on
phosphorylation of PKR and eIF2a and requires ongoing cellular
mRNA synthesis. We also found that SG-like structures promote
cellular apoptosis and inhibit EV71 viral propagation. Our findings
improve our understanding of the virus-host interaction and pro-
vide new insights into the pathogenic mechanism underlying
EV71infection.
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