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A B S T R A C T

Enterovirus 71 (EV71) causes hand-foot-and-mouth disease and severe neural complications in infants and
young children. Viral pathogenesis is associated with virus-induced cell death and inflammatory cytokine pro-
duction, which is usually correlated with the type of programmed cell death. EV71-infected cells were analyzed
through microscopy, cell staining, and immunoblotting to determine the characteristics of EV71-induced cell
death. Results demonstrated that EV71 infection induced cell shrinkage, nuclear condensation, decreased mi-
tochondrial potential, and membrane phosphatidylserine translocation. Caspase-9 activation, poly (ADP-ribose)
polymerase cleavage, and lactate dehydrogenase release were also observed during virus-induced cell death. The
activated gasdermin D (GSDMD) and the phosphorylated mixed lineage kinase domain-like protein (p-MLKL)
were not detected. These observations indicated that EV71-induced cell death was mainly executed by apoptosis
through the intrinsic pathway rather than by GSDMD-mediated pyroptosis and p-MLKL-mediated necroptosis.
Genome scanning analysis identified that EV71 2A, 2B, and 3C might be the determinant genes of virus-induced
cell death. Further experiments showed that EV71 2A- and 3C-induced cell death exhibited dependence on their
protease activities but involved different mechanisms. EV71 2A-induced cell death was correlated with the shut-
off of host cap-dependent translation, whereas EV71 3C-induced cell death might not be ascribed to this me-
chanism. These findings would enhance our understanding of EV71 infection and viral pathogenesis, and help
identify antiviral targets.

1. Introduction

Enterovirus 71 (EV71) has been described as the major etiology of
hand-foot-and-mouth disease (HFMD) in infants and young children.
EV71 infections also cause nervous system complications and even lead
to death (McMinn, 2012; Solomon et al., 2010; Xing et al., 2014). As a
member of the family of Picornavirus, EV71 is a single- and positive-
strand RNA virus with a genome size of approximately 7.4 kb. The viral
genome encodes a long polyprotein that is cleaved to three proteins (P1,
P2, and P3); they are finally hydrolyzed into four structural proteins
(VP1-VP4) and seven nonstructural proteins (2A, 2B, 2C, 3A, 3B, 3C,
and 3D), which are mainly processed by the viral protease, namely,
EV71 2A and 3C (Solomon et al., 2010; Yuan et al., 2018). The two viral
proteins are cysteine proteases that contribute to viral protein ma-
turation and host factor regulation. Such regulations are correlated with
viral replication, host cytokine and proinflammatory factor production,

and cell death (Pathinayake et al., 2015; Yuan et al., 2018). However,
the viral pathogenesis of EV71 infection is largely unknown.

Previous studies suggested that EV71-induced severe illness is as-
sociated with pro-inflammatory cytokine production and programmed
cell death (PCD) (Bek and McMinn, 2012; Lee, 2016; Ong and Wong,
2015; Ooi et al., 2010; Weng et al., 2010). PCD plays an important role
in host defense against pathogenic infections, proinflammatory re-
sponses, viral replication, and viral evasion of host immune responses
(Chan et al., 2015; Kaiser et al., 2013; Lupfer et al., 2015; Nagata and
Tanaka, 2017). Some viral infections can trigger programmed cell death
through different pathways, including apoptosis, pyroptosis, and ne-
croptosis. Apoptosis is considered a nonlytic and usually an im-
munologically silent form of cell death, whereas pyroptosis and ne-
croptosis are programmed lytic cell death with inflammatory responses
(Chan et al., 2015; Kaiser et al., 2013; Lupfer et al., 2015; Nagata and
Tanaka, 2017).
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Cell apoptosis can be triggered by intrinsic and extrinsic pathways.
Intrinsic pathways are mainly mediated by the mitochondria, whereas
extrinsic pathways are initiated by the recognition of tumor necrosis
factor receptor or FAS-ligand receptors (Nagata and Tanaka, 2017;
Orzalli and Kagan, 2017). Mitochondria play a major role in apoptosis.
Upon activation by apoptotic signals, the mitochondrial membrane can
be disrupted to release apoptosis-associated substances, including cy-
tochrome c, resulting in the activation of many cysteine aspartate-
specific proteases (caspase). Caspases are key regulatory and effecter
proteins during apoptosis. In the intrinsic pathway, pro-caspase-9 is
cleaved and activated, thereby activating caspase-3. In the extrinsic
pathway, caspase-8 is activated by a cascade of responses to extra-
cellular death signals, further activating caspase-3 (Nagata and Tanaka,
2017). The activated caspase-3 results in the proteolysis of many target
proteins, including poly ADP-ribose polymerase (PARP), which is a
DNA-repairing enzyme. These events further trigger an apoptotic pro-
cess with various characteristics, including cellular shrinkage, nuclear
condensation, and membrane blebbing (Chan et al., 2015; Nagata and
Tanaka, 2017). However, pyroptosis is mainly mediated by in-
flammatory caspases (caspase-1, caspase-4, caspase-5, and caspase-11),
which cleave gasdermin D (GSDMD) within a linker between its N- and
C-terminal domains. The released gasdermin-N domain binds to phos-
phoinositides in the plasma membrane and oligomerizes to generate
membrane pores, which allow the release of IL-1β and IL-18 (Ding
et al., 2016; Kovacs and Miao, 2017; Place and Kanneganti, 2017; Shi
et al., 2015, 2017). As an alternative cell death pathway, necroptosis is
mainly mediated by receptor-interacting protein kinases and the mixed
lineage kinase domain-like protein (MLKL). Phosphorylated MLKL is an
effecter protein that oligomerizes to form membrane pores and causes
lytic cell death (Cai et al., 2014; Kaczmarek et al., 2013; Murphy et al.,
2013; Pasparakis and Vandenabeele, 2015). Pyroptosis and necroptosis
are characterized by the rupture of the cell membrane and the release of
danger-associated molecular patterns, including cellular enzymes and
high-inflammatory cytokines (Cai et al., 2014; Kaczmarek et al., 2013;
Murphy et al., 2013; Pasparakis and Vandenabeele, 2015).

EV71 infection induces cell apoptosis. Several viral proteins, in-
cluding EV71 2A, 2B, and 3C, play a role in apoptotic processes (Cong
et al., 2016; Han and Cong, 2017; Kuo et al., 2002; Li et al., 2017,
2002). EV71 infection increases IL-1β and IL-18 production and acti-
vates AIM 2- and NLRP3-inflammasomes, which are correlated with
EV71 2A, 3C, and 3D (Wang et al., 2015, 2017b; Wang et al., 2018;
Yogarajah et al., 2017). These results suggested that EV71 infection
possibly induces cell pyroptosis. However, Lei et al (Lei et al., 2017)
reported that EV71 3C cleaves GSDMD at Q193-G194, resulting in a
dysfunctional N-terminal and inhibiting virus-induced pyroptosis in
vitro. EV71-induced cell death is dependent on viral genome replication
and protein synthesis (Shih et al., 2008). Determinant genes in EV71
genome involved in virus-induced cell death should be systematically
studied, and the characteristics of virus-induced cell death should be
further clarified. In the present study, the characteristic of EV71-in-
duced cell death was determined through microscopy, cell staining, and
immunoblotting of some key host factors during cell apoptosis, pyr-
optosis, and necroptosis. Our findings showed that EV71-induced cell
death was mainly ascribed to apoptosis through the intrinsic pathway.
Genome scanning analysis indicated that virus-induced apoptosis was
mainly mediated by EV71 2A, 2B, and 3C. Further experiments revealed
that EV71 2A- and 3C-induced cell apoptosis depended on protease
activities via different mechanisms.

2. Materials and methods

2.1. Virus strain, cell lines, and reagents

EV71 strain (GenBank accession No. HQ891927, 064-Shanghai) was
isolated from a patient with HFMD as previously described (Yan et al.,
2012). Rhabdomyosarcoma (RD), HeLa, HEK293FT, and SH-SY5Y

(brain tissue with neuroblastoma) cell lines were obtained from ATCC
and cultured in DMEM (Gibco) supplemented with 10% fetal bovine
serum (FBS). Secondary antibodies and mouse monoclonal antibodies
against human caspase-3 (#9665), caspase-9 (#9502), PARP (#9542),
MLKL (#14993), p-MLKL (#91689), STAT3α (#8768), and β-actin
(#3700) were obtained from Cell Signaling Technology Inc. Mouse
monoclonal antibody against EV71 VP1 (MAB1225-M05) and human
GASDMD (ab210070) were purchased from Abnova. A tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1) mitochondrial mem-
brane potential assay kit was procured from Abcam. A lactate dehy-
drogenase (LDH) assay kit was bought from Promega. Staurosporine
and z-VAD-fmk (z-VAD) were obtained from Med Chem Express. An
IRES-guided RFP expression plasmid (pMSCV-IRES-mCherry FP) was a
gift from Prof. Dario Vignali (Addgene plasmid # 52114).

2.2. Cell morphology and microscopy

RD and SH-SY5Y cells were seeded and infected with EV71
(MOI=10 PFU/cell) for observation under microscopy to identify the
morphological characteristics of EV71-infected cells. RD cells were also
infected at an MOI of 1.0 and fixed with methanol at 6 h post-infection
(hpi). The fixed cells were sequentially stained not only with mono-
clonal antibodies against VP1 and STAT3α but also with DAPI to ob-
serve the nuclear alteration. STAT3α was stained with the rabbit
monoclonal antibody against human STAT3α, and the antibody against
rabbit IgG was conjugated with Alexa Fluor™488 fluorescence dye.
EV71 VP1 was stained with the mouse monoclonal antibody against
EV71 VP1, and the goat anti-mouse IgG-Dye-light 594 was conjugated.
Images were captured using a confocal laser scanning microscope
(LeicaTCS SP5, GRE). RD cells were also stained with JC-1 to check the
mitochondrial potential alteration after the cells were infected with the
virus at the indicated time points. Images were captured with an EVOS
F1 fluorescence microscope (Advanced Microscopy Group, USA).

2.3. Immunoblotting

The cells were harvested and lysed on ice by RIPA buffer supple-
mented with protease and phosphatase inhibitors, including PMSF,
leupeptin, and aprotinin. Western blot was performed by utilizing the
primary antibodies at indicated dilutions in accordance with the man-
ufacturer’s instructions. Anti-mouse IgG-HRP was diluted at 1:5000,
and signals were visualized through chemiluminesence by using an ECL
kit (Amersham Bioscience). The antibody against β-actin that func-
tioned as loading and internal control was mixed with the antibodies
against the target proteins to avoid the significant deviation of ex-
perimental manipulations. The same downstream manipulations were
performed when the corresponding target protein was detected.

2.4. Cell staining and fluorescence-activated cell sorting (FACS)
quantitative assay

RD or SH-SY5Y cells were infected with EV71 at an MOI of 1.0 and
further incubated for another 16 h. Then, the cells were trypsinized and
stained with propidium iodide (PI) and annexin V-FITC by using an
annexin V-FITC/PI apoptosis detection kit (Shanghai YEASEN Biotech.
Inc.) in accordance with the manufacturer’s instructions. The stained
cells were observed under a florescence microscope. For the FACS
quantitative assay, the cells were pretreated with 20 μM z-VAD for 1 h
or mock treated and then infected with EV71 at an MOI of 1.0. At the
indicated time points, the cells were trypsinized and stained with PI and
annexin V-FITC. FITC green fluorescence was quantified by FL1 channel
(488 nm), and PI red fluorescence was detected by FL2 (535 nm).

2.5. LDH release assay

RD or SH-SY5Y cells were seeded in a 96-well plate and treated with

J. Bai, et al. Virus Research 265 (2019) 104–114

105

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=HQ891927


z-VAD at 20 μM for 1 h or mock treated and then infected with EV71 at
an MOI of 1.0. At the indicated post-infection time points, the culture
supernatant was collected for LDH assay. LDH release was detected
with the LDH assay kit in accordance with the manual (Promega). LDH
released from HeLa cells was analyzed similar to RD and SH-SY5Y cells,
but the cells were infected with EV71 at MOI of 10.

2.6. Construction of plasmids for EV71 gene expression

Each cDNA of EV71 genes was cloned into the high-expression
lentivirus vector pCDH-puro (System Bioscience, CD510B-1). Lentivirus
particles were produced, and stable RD cells integrated with the lenti-
virus vectors were selected with puromycin in accordance with the
manufacture’s introductions. Control stable RD cell lines integrated
with the control lentivirus vector pCDH-puro were simultaneously
produced. Triple FLAG tags were fused followed by 2A and 3C genes in
pCDH-2A or -3C plasmids. Both mutants with deleted proteases were
also constructed. EV71 2A gene were mutated at C110A (code from
TGC to GCC), and EV71 3A gene were mutated at H40D (code from
GAC to GAT) (Cui et al., 2011; Mu et al., 2013).

2.7. Quantitative RT-PCR assay

The EV71 gene expression in cells was determined through quan-
titative RT-PCR (Q-PCR). In brief, 1.0 μg of denatured RNA was reverse
transcribed with a random primer in a total volume of 10 μL. After
incubation at 42 °C for 45min, M-MLV reverse transcriptase was in-
activated. EV71 gene was amplified with specific primers (Table S1) by
running the following program: 95 °C for 4min, followed by 40 cycles
of 95 °C for 5 s, and 60 °C for 10 s. Fluorescence signals were acquired
with a PCR machine (Applied Biosystems 9700, USA), and Ct was cal-
culated with the supplied software. The β-actin gene was simulta-
neously detected as a reference control. The ΔCt (average Ct – average
Ct of the control) was calculated for fold alteration analysis. In this
analysis, the fold change in each EV71 gene after transfection was
calculated as 2PP−ΔΔCtPP. Each sample was quantified at least thrice
and expressed as mean ± SD.

2.8. MTT assay for cellular viability detection

Cellular viability after EV71 gene transfection was determined by
the MTT assay. In this procedure, 293FT or RD cells were seeded at
2× 10PP4 cells/well in 96-well plates for 16 h and then transfected
with 200 ng/well plasmid of EV71 gene with Lipofectamine 2000
(Invitrogen) in a 96-well plate. The cells were further incubated for
72 h, and MTT and DMSO were added sequentially as previously de-
scribed (Bian et al., 2015). The OD570nm value was measured, and cell
survival viability after transfection was expressed as ODEV71gene-tranfected/
ODcell control× 100%.

2.9. Statistical analysis

Statistical analyses were performed in SPSS 16.0. Student’s t-test
was applied to the two groups of datasets. Statistical significance was
considered at P<0.05.

3. Results

3.1. Cell morphology and characteristics of EV71-induced cell death

EV71 infection induces remarkable cytopathic effects and finally
leads to cell death. RD and neural SH-SY5Y cells were infected with
EV71 to identify the characteristics of virus-induced cell death, and the
morphological characteristics of the cells were observed at 16 hpi under
light microscopy. The results showed that most infected cell became
small and round and shrank (black arrows in Fig. 1A). However, several

cells became swollen, round, and prone to rupture (indicated with red
arrows in Fig. 1A). After the virus-infected RD cells were stained with
antibodies against EV71 VP1 (red in Fig. 1B) and a constitutively-ex-
pressed protein STAT3α (green in Fig. 1B to outline the whole cell
morphology), EV71-infected cells showed dramatically nuclear con-
densation and abnormality. The mitochondrial integrity of infected
cells was also observed by staining with JC-1, a dye to detect the mi-
tochondrial membrane potential, whose alteration is considered as an
early marker of cell apoptosis(Huang et al., 2007). The results showed
that EV71 infection led to JC-1 yielding green fluorescence, suggesting
that EV71 infection decreased the cellular mitochondrial potential,
thereby disrupting mitochondrial integrity (Fig. 1C). The infected cells
were also stained with annexin V-FITC and PI at 16 hpi. Annexin V had
a high affinity to cellular membrane phosphatidylserine (PS) (Eray
et al., 2001), and once PS flipped from the inner face of the plasma
membrane to the cell surface, PS could be stained with annexin V-FITC
and implicated as an early marker of cell apoptosis (green in Fig. 1D).
However, PI could stain nuclear DNA in the necrotic cells (red in
Fig. 1D). The results of annexin V-FITC/PI double staining indicated
that EV71 infection induced PS translocation and cell necrosis (Fig. 1D).
These results also indicated that EV71-induced cell death exhibited
markedly apoptotic characteristics and possibly involved other pro-
grammed cell death pathways, considering that the different cell mor-
phological features were observed after the viral infection.

3.2. EV71 infection induced the caspase activation and PARP cleavage

EV71-induced cell death presented comprehensive characteristics,
which indicated that several pathways were possibly contributed to the
virus-induced cell death. Some caspases and their target proteins, such
as caspase-3, caspase-8, caspase-9, and PARP, in RD and SH-SH5Y cells
were determined after they were infected with EV71. The results
showed that procapase-9 and procaspase-3 activation were detected at
the late infection phase in the two cell lines (Fig. 2A and 2B). As a target
of caspases, PARP is involved in the DNA repair, genomic stability, and
programmed cell death. PARP cleavage is also considered an important
molecular event of cell apoptosis (Oliver et al., 1998). In EV71-infected
cells, the cleavage of a 116 kDa PARP was detected in SH-SY5Y and RD
cells (Fig. 2C). However, procaspase-8 activation was undetectable in
the two cell lines after the viral infection (data not shown). Caspase-9 is
an initial caspase that mediates the mitochondrial apoptotic pathway
(intrinsic apoptotic pathway), whereas caspase-8 is the initial caspase
in the external apoptotic pathway (Nagata and Tanaka, 2017). These
results suggested that EV71-induced cell death was mainly mediated by
the intrinsic apoptotic pathway. To further identify whether pyroptosis
and necroptosis were involved in viral infection, we detected the ex-
pression of GSDMD and MLKL. EV71 infection had not obviously al-
tered GSDMD and MLKL levels. Their activated forms, namely, N-
terminal GSDMD fragment and phosphorylated MLKL, were also not
detected in RD, SH-SY5Y, and HeLa cells (Fig. S1). Therefore, EV71
infection might not induce GSDMD-mediated pyroptosis and p-MLKL-
mediated necroptosis in vitro.

3.3. Caspase inhibitor inhibited EV71-induced cell death

RD and SH-SY5Y cells were pretreated with z-VAD (a pan-caspase
inhibitor) and infected with EV71 to further understand the dynamics
and characteristics of EV71-induced cell death. Then, the cells were
stained with Annex V–FITC/PI and quantified via the FACS assay at the
indicated time points. The virus-infected cells showed Annex V–FITC-
and PI-positive staining (Fig. 1D), suggesting that the infected cells
underwent apparent apoptosis and finally died. With the viral infection,
the number of living cells (double negative cells in Figs. S2 and 3A) in
both groups of pretreated with z-VAD and without treatment was de-
creased. However, the decrease was slowed down when the cells were
pretreated with z-VAD (Figs. S2, 3A, and 3B). This observation implied
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that EV71-induced cell death was a caspase activity-dependent process.
LDH is a cellular enzyme that can be released into culture media from
damaged cells and considered a biomarker for the integrity of cellular
membrane and cytolysis. Similarly, we observed that LDH release was
evidently induced at the late phase of EV71 infection in SH-SY5Y, RD,
and HeLa cells. LDH release was also significantly inhibited by the
pretreatment with z-VAD (Fig. 3C and 3D). This result indicated that
the cell death induced by EV71 infection was dependent on caspase
activity. To confirm this conclusion, we detected caspase-9 activation
and PARP cleavage in SH-SY5Y and HeLa cells after they were infected

with the virus. The results showed that the EV71-infected cells induced
procaspase-9 activation and increased PARP cleavage, which was in-
hibited by z-VAD pretreatment (Fig. 4A and 4B). Combining the data
collected from virus-infected cells pretreated with z-VAD and our other
findings, we concluded that EV71 infection induced cell apoptosis and
necrosis, which were correlated with caspase activation, and could be
inhibited by caspase inhibitor.

Fig. 1. Morphological characteristics of cells infected with
EV71. (A) Morphological characteristics of RD and SH-SY5Y
cells with EV71 infection (MOI=10 at 16 hpi). (B) Confocal
microscopy showing the abnormal nucleus in RD cells infected
with EV71. The cells were infected with EV71 at an MOI of 1.0
for 6 h or mock treated, respectively subjected to immuno-
fluorescence staining with monoclonal antibodies against
human STAT3α (green) and EV71 VP1 (red), and stained with
DAPI (blue). (C) JC-1 staining of RD cells infected with EV71
at indicated time points (MOI= 10). The cells treated with
1.0 μM staurosporine for 3 h were set as positive control. (D)
Cell staining with PI and annexin V-FITC. RD and SH-SY5Y
cells were infected with EV71 at an MOI of 1.0 for 16 h. The
cells were then trypsinized for staining.
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Fig. 2. EV71 infection induces caspase activation and
PARP cleavage. (A) Caspase-9 activation induced by EV71
infection in RD and SH-SY5Y cells. The cells were infected
with EV71 at an MOI of 1.0 and then collected for im-
munoblotting at the indicated time points. (B) Caspase-3
cleavage induced by EV71 infection in cells. The cells were
infected and treated as Panel A. (C) The cleavage of PARP,
which is a molecular target of caspases, was induced by EV71
infection in the cells. RD and SH-SY5Y cells were infected with
EV71 and treated as Panel A. The cells treated with staur-
osporine at 1.0 μM for 3 h were considered as positve control.
“+” and “-” symbols indicate the positive control and the
mock-treated control, respectively.

Fig. 3. EV71-induced cell apoptosis and LDH release were
inhibited by a caspase inhibitor. Plot of the survival cells
after EV71 infection with SH-SY5Y (A) and RD cells (B) by
FACS assay. The cells were pretreatment with 20 μM z-VAD
for 1 h or mock treated, and infected by EV71 at an MOI of
1.0. The infected cells were trypsinized for staining with an-
nexin V-FITC and PI at the indicated time points. FACS ex-
periments were repeated, and data were presented as
mean± SD. (C) Relative LDH release from SH-SY5Y cells, and
(D) from RD and HeLa cells after EV71 infection. The cells
were pretreated with 20 μM z-VAD for 1 h or mock treated.
SH-SY5Y and RD cells were then infected with EV71 at an MOI
of 1.0, but HeLa cells were infected at an MOI of 10. The
culture media were collected from the cells at the indicated
time points for LDH assay. ∗P<0.05, ∗∗P<0.01, and
∗∗∗P<0.001.
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3.4. Genome scanning to identify the genetic determinants in EV71-induced
cell death

EV71 infection induces the cell apoptosis and necrosis, but the viral
gene mainly involved in this process is unknown. In this study, genome
scanning analysis was performed to identify the genetic determinant in
the viral genome. Sixteen of functional gene fragments that covered the
full-length genome of EV71, were included in this genome scanning and
cloned into an overexpressing lentiviral plasmid named pCDH-puro
(Fig. 5A). These constructions were confirmed by PCR and DNA se-
quencing (Fig. 5B). Then, lentiviral plasmids were applied to produce
the lentiviral particles and further infect RD cells. Stable RD cells in-
tegrated with lentiviruses were selected with puromycin. The EV71
gene expression levels in stable RD cells were quantified by standard Q-
PCR (Fig. 5C) except 2A. The cells integrated with pCDH-2A-puro were
unavailable because the cells were dead after puromycin selection was
performed. Consequently, the EV71 2A expression in RD cells was de-
tected from the cells transfected with pCDH-2A-puro at 72 h post-
transfection (close boxed in Fig. 5C). The Q-PCR results showed that all
of the cloned genes were expressed in the cells. Then, these construc-
tions were transfected into 293FT and RD cells. The cell viability after
transfection was detected with the MTT assay, and the results demon-
strated that transfection with EV71 2A or 3C gene in 293FT cells sig-
nificantly induced cell death. Transfection with EV71 2A or 2B gene in
RD cells had similar effects. Moreover, 3D and 3CD manifested weak
effects that induced cell death (Fig. 5D).

3.5. EV71 2A- and 3C-induced cell death dependent on their protease
activity

Genome scanning analysis revealed that EV71 2A and 3C have im-
portant roles in virus-induced cell death. EV71 2A and 3C participate in
viral protein processing, serve as key regulators of host protein trans-
lation, and escape from immune responses through their protease ac-
tivity (Yuan et al., 2018). The wild-type and mutated 2A and 3C

(2AC110A and 3CH40D), whose protease activity centers were destroyed,
were re-cloned and tagged with triple FLAGs to detect whether EV71
2A- and 3C-induced cell death were dependent on their protease ac-
tivity (Figs. 6A and 6B). EV71 2A and 3C expressions and their mutants
were detected after transfecting these constructions into 293FT cells at
72 h post-transfection (Fig. 6C). Procaspase-9 activation and PARP
cleavage were also analyzed by immunoblotting after the cells were
transfected with EV71 2A and the mutant 2AC110A at the indicated time
points. The results showed that the activated caspase-9 and the cleaved
PARP remarkably increased from 48 h to 96 h after being transfected
with 2A, but not with the mutant 2AC110A (Fig. 6D). These results in-
dicated that the 2A-induced caspase-9 activation and PARP cleavage
were dependent on the 2A protease activity. To further confirm this
observation, we transfected EV71 2A, 3C, and their mutants to SH-SY5Y
cells and determined caspase-9 activation and PARP cleavage at 72 and
96 h post-transfection. The results indicated that 2A and 3C induced
caspase-9 activation and PARP cleavage, but the induction was de-
pendent on protease activity (Fig. 6E). Furthermore, the survival via-
bility of the cells tranfected with EV71 2A, 3C, and their mutant con-
structions were compared in 293FT and SH-SY5Y cells. The results
showed that transfection with 2A and 3C significantly decreased the
cell viability at 72 h post-transfection, but transfection with their pro-
tease mutants showed no apparent effects on the cell survival viability
(Fig. 6F). These results indicated that 2A and 3C play essential roles in
EV71-induced cell death in a protease activity-dependent manner.

3.6. EV71 2A and 3C induced cell death via different mechanisms

Considering that EV71 2A- and 3C-induced cell death depended on
their protease activity, we further determined whether both viral pro-
teases had a similar mechanism of cell death. Previous reports showed
that EV71 2A and 3C result in the proteolysis of many host proteins and
shutoff of host protein translation to benefit viral replication (Kuo et al.,
2002; Yuan et al., 2018). If EV71 2A- and 3C-induced cell death was
executed in the same way by shutting off cellular protein translation,

Fig. 4. PARP cleavage and caspase-9 activation induced
by EV71 infection were inhibited by a caspase inhibitor.
(A) Caspase-9 activation, PARP cleavage, and viral protein
VP1 were detected after SH-SY5Y cells were infected with
EV71. The cells were pretreatment with 20 μM z-VAD for 1 h
or mock treated, and then infected by EV71 at an MOI of 1.0.
The infected cells were collected for immunoblotting at the
indicated time points. (B) Caspase-9 activation, PARP clea-
vage, and VP1 expression in HeLa cells were detected after
they were infected with EV71. The cells were infected at an
MOI of 10 and pretreated with z-VAD as Panel A. Cells treated
with staurosporine were considered as the positve control of
immunoblotting and indicated by “+”.
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host cap-dependent protein expression would be reduced by EV71 2A
and 3C. To test this hypothesis, we co-transfected a housekeeping
elongation factor 1α promoter-guided GFP-expressing plasmid and the
plasmids overexpressing EV71 2A, 3C, 2AC110A, or 3CH40D into SH-SY5Y
cells. We then detected the effects of EV71 2A and 3C on the GFP ex-
pression. The results showed that the co-transfection with EV71 2A
obviously inhibited the GFP expression, whereas the co-transfection
with EV71 2AC110A, 3C, or 3CH40D did not have evident effects on the
GFP expression (Fig. 7A). The results also suggested that EV71 2A-in-
duced cell death was correlated with the shutoff of cellular cap-de-
pendent protein translation in a protease activity-dependent manner,
whereas EV71 3C was not the case. Further experiments involving the
co-transfection of an IRES-guided red fluorescence cherry FP showed
that the IRES-guided RFP expression was not evidently altered by EV71
2A, 3C, or their mutants (Fig. 7B). It indicated that viral 2A and 3C did
not affect the viral IRES-guided protein translation. Consequently, EV71
2A-induced cell death was obviously different from that of EV71 3C,
although the two viral proteases, which induced cell death, were

dependent on their protease activities (Fig. 6).

4. Discussion

EV71 infection causes HFMD and severe neural complications in
young children. The molecular pathogenesis of EV71 infection is cor-
related with virus-induced cell death and proinflammatory cytokines
(Ooi et al., 2010; Solomon et al., 2010). Programmed cell death, in-
cluding apoptosis, pyroptosis, and necroptosis, plays a significant role
in inflammation and cytokine production. Apoptosis is considered
nonlytic and immune silent, whereas pyroptosis and necroptosis are cell
lytic and inflammatory through which cells usually show blebbing and
disintegration of their membrane (Nagata and Tanaka, 2017; Orzalli
and Kagan, 2017). Besides of neural and epithelial cells, RD and HeLa
cells are widely-accepted cell models for the investigation of en-
teroviruses, including EV71, poliovirus, and Coxsackie viruses
(Adeyemi et al., 2018; Fung et al., 2015; Wang et al., 2017a; Yang et al.,
2018). More cell lines were utilized in our experiments to clarify

Fig. 5. Genome scanning to identify the genetic determi-
nants in the EV71-induced cell death. (A) Flowchart of
genome scanning to identify the viral determinants in the
virus-induced cell death. (B) PCR to identify the clones of
EV71 genes. Each EV71 gene was recombined into an over-
expressing lentivirus plasmid. (C) Quantitative RT-PCR assay
of EV71 mRNAs in stable RD cells. The cells were integrated
with different EV71 genes in the recombinant lentivirus vec-
tors. The recombinant lentivirus plasmids from Panel B were
utilized to the package of the lentivirus particle, which were
added to RD cells. The stable cell lines were then selected with
puromycin. The cells stably integrated with the 2A gene were
unavailable after puromycin selection was performed. The 2A
close box indicated the data from the cells after transfection
for 72 h with the 2A plasmid at 3.0 ug/well in a six-well plate.
(D). Relative cell survival viability after the cells were trans-
fected with different EV71 genes. These plasmids over-
expessing the EV71 genes were tranfected (200 ng/well in a
96-well plate) to 293FT or RD cells, and the cells were further
incubated for 72 h. Cell survival viability was detected with
the MTT assay. Each plasmid transfection was performed in
quintuple in a 96-well plate, and the experiment was executed
thrice. Data were shown mean±SD. ∗P<0.05, ∗∗P<0.01,
and ∗∗∗P<0.001.
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whether the characteristics of EV71-induced cell death is in a similar or
in a tissue-specific manner. We observed that EV71 infection mainly
induced cell round and shrinkage, but few cells were swollen and
ruptured in the two cell lines (Fig. 1A). This finding suggested that the
cell death induced by EV71 infection possibly occurred via different
pathways. However, most cells infected with EV71 displayed shrinkage
(Fig. 1A), nuclear condensation (Fig. 1B), decreased mitochondria po-
tential (Fig. 1C), and disrupted cell membrane and necrosis (Fig. 1D).
These findings indicated that most cells underwent apoptosis after they
were infected with the virus. Similar results were observed in EV71-
infected SF268, SK-N-MC, Vero, Jurkat, and HT-29 cells (Chang et al.,

2004; Chen et al., 2006, 2007; Kuo et al., 2002; Li et al., 2002; Lui et al.,
2013; Shih et al., 2008).

Some key host factors was subjected to immunoblotting to further
identify the molecular events during the virus-induced cell death. The
results showed that procaspase-9 and procaspase-3 released their acti-
vation forms, and PARP were cleaved after the cells were infected with
the virus (Fig. 2). However, activated caspase-8 (data not shown), N-
terminal GSDMD, and p-MLKL were not detected in RD, SH-SY5Y, and
HeLa cells (Fig. S1). These results implied that the cell death induced by
EV71 infection mainly underwent cell apoptosis through the intrinsic
pathway rather than GSDMD-mediated pyroptosis and p-MLKL-

Fig. 6. EV71 2A- and 3C-induced cell death dependent on
their protease activity. (A) EV71 2A or 3C gene tagged with
a cDNA sequence encoding triple FLAGs was cloned into an
overexpressing plasmid pCDH-puro. (B) DNA sequencing to
identify the construction of EV71 2A, 3C, and their mutants
2AC110A and 3CH40D with deleted protease activities. (C) EV71
2A, 3C, and their mutants expressed in cells after transfection.
These plasmids were transfected into 293FT cells for 72 h (3.0
μg/well for each plasmids in a six-well plate), and the cells
were collected for immunoblotting. (D). Cleavage of procas-
pase-9 and PARP in the cells after transfected with EV71 2A
plasmids. Plasmid expressing EV71 2A was transfected to
293FT cells at 3.0 μg/well in a six-well plate, and the cells
were collected at the indicated time points for immunoblot-
ting. (E). EV71 2A and 3C induced the cleavage of procaspase-
9 and PRAP dependent on their protease activity. SH-SY5Y
cells were transfected with EV71 2A, 3C, or their protease-
deleted mutants at 3.0 μg/well in a six-well plate, and the cells
were further incubated for 72 h and 96 h. (F). Cell survival
viability was dependent on their protease activity after the
cells were transfected with EV71 2A and 3C. These plasmids
were transfected (200 ng/well in a 96-well plate) to 293FT or
SH-SY5Y cells, and the cells were further incubated for 72 h.
Cell survival viability was detected via the MTT assay. Each
plasmid transfection was performed in quintuple in the 96-
well plate, and the experiment was conducted in triplicate.
Data were presented as mean± SD. ∗∗P<0.01 and
∗∗∗P<0.001.

J. Bai, et al. Virus Research 265 (2019) 104–114

111



mediated necroptosis. After EV71 infection occurred, many PI-staining
positive cells and LDH high-release were observed at the late stage of
infection (Figs. 1D, 3C, and 3D). Cell death might also be the secondary
necrosis of apoptosis instead of GSDMD-mediated pyroptosis or p-
MLKL-mediated necroptosis (Fig. S1). Lei et al. (Lei et al., 2017) also
described EV71-inhibited cell pyroptosis and observed that EV71 3C
cleaves GSDMD at the Q193-G194 pair, resulting in a truncated N-
terminal fragment and disrupted function for inducing cell pyroptosis in
vitro. Whereas Wang et al. (Wang et al., 2015, 2017b), and Yogarajah
et al. (Yogarajah et al., 2017) showed that EV71 infection increases
AIM-2 expression, activates caspase-1, promotes NLRP3-inflammasome
formation, and enhances IL-1β and IL-18 secretion. These observations
suggested that EV71 infection can cause cell pyroptosis. These contra-
dictory conclusions might be attributed to various sources of results,
including different cell lines in vitro, or different tissues in vivo, or dif-
ferent infection stages in host. EV71 infection in different cell lines
shows a tissue-specific kinetics of viral replication, and the dynamic
process is also dependent on the MOIs (Ho et al., 2011; Lin et al., 2009;
Lu et al., 2011). However, MOIs do not alter the mechanism of viral
infection, including the viral entry, uncoating, replication, and release.
Consequently, their different conclusions might not be ascribed to the
different MOIs their used. But it is unknown whether the viral strains
with different virulence were related to the type of cell death, since
different virus strains were utilized by them.

The kinetics of the cells infected with EV71 showed that pretreat-
ment with a pan-caspase inhibitor decreased the number of dead cell,
and the amount of released LDH (Fig. 3). The inhibition of virus-in-
duced death by the drug was correlated with the inhibition of procas-
pase-9 activation, and the cleavage of PARP (Fig. 4), suggesting that
EV71-induced cell death is a caspase-dependent process and that
apoptosis is the main reason for the virus-induced cell death. However,
some cell deaths were still observed even with z-VAD treatment. The

phenomena was possibly attributed to the limit of drug concentration
not enough to block all caspases under the experiment condition that
should not significantly alter the cell viability. Further, it could not
exclude that some other unknown caspase-independent pathways might
also be activated by the viral infection to induce the infected-cell death.
Though the cell death induced by EV71 is mainly by the apoptosis,
which is immune-silent, however, there a strong inflammatory response
was generally observed in the severe patients (Lin et al., 2003; Wang
et al., 2003, 2012). The fact could be ascribed to that there are many
triggers in host contributed to the inflammatory response. Besides the
virus-induced lytic cell death, the immune response to virus infection
also induces many inflammatory cytokines production (Chen et al.,
2012; Shih et al., 2011). Further, some signaling pathways, including
JNK/MEK, NF-κB, MAPKs, and COX2, could be activated by the virus
infection and resulted in strong inflammatory responses (Luo et al.,
2017; Peng et al., 2014; Tung et al., 2010).

Though there is a limit by genome scanning to determine the viral
genes involved in EV71-induced cell death because the viral genes are
always co-expressed in the infected cells and probably form some
complexes, whose activities are different from that of the protein or the
genomic region expressed alone, the genome scanning would still
provide some useful information. Consequently, the genome scanning
analysis was performed to identify the genes involved in the virus-in-
duced cell death. The results showed that EV71 2A, 2B, and 3C could be
the main contributors of the virus-induced cell death (Fig. 5). EV71 2B
is an ion channel protein that induces cell apoptosis by directly mod-
ulating the redistribution and activation of the proapoptotic protein
BAX (Cong et al., 2016; Han and Cong, 2017). Although the molecular
mechanism of EV71 2A- and 3C-induced cell death is largely unknown,
the cleavage of the host translation initiation factor 4-gamma 1
(eIF4G1) by 2A (Kuo et al., 2002) and PinX1 (a telomere-binding pro-
tein that inhibits the intrinsic telomerase) by 3C (Li et al., 2017)

Fig. 7. EV71 2A- and 3C-induced cell death in different mechanisms. (A) EF1α promoter-guided GFP expression evidently inhibited by the co-tranfection with
the plasmid expressing EV71 2A but not by 2AC110A, 3C, or 3CH40D. EF1α promoter guided-GFP plasmid (500 ng/well) was co-transfected with the given viral protein-
expressing constructions (3.0 μg/well for each construction in a six-well plate) in SH-SY5Y cells and incubated for another 72 h. The transfected cells were observed
under a microscopy (×200). (B) IRES-guided RFP expression was not obviously affected by the co-transfection with EV71 2A, 3C, or their mutants. Transfection was
performed as in (A). Each transfection experiment was carried out in triplicate, and the representative results were provided.
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partially contributes to virus-induced apoptosis. The proteolysis of host
proteins by the two viral proteases likely plays an important role in
virus-induced cell death. Our experiments confirmed that EV71 2A- and
3C-induced cell death were dependent on their protease activity be-
cause the deletion of their protease activity resulted in the loss of their
abilities to induce cell death (Fig. 6).

The degradation of eIF4G1 and eIF4E by enteroviruses can shut off
host cap-dependent protein translation, whereas viral IRES-dependent
translation is unaffected (Ho et al., 2011; Kuo et al., 2002). To test
whether EV71 2A- and 3C-induced cell death in a similar way, that is,
by shutting off of cellular protein translation with their protease ac-
tivity, we performed the co-transfection with an EF1α promotor-guided
GFP-expressing plasmid with EV71 2A, 3C or their protease activity-
deleted mutants. These results indicated that the co-transfection with
EV71 2A evidently inhibited the GFP expression but not the co-trans-
fection with 2AC110A, 3C, and 3CH40D (Fig. 7). Considering that EF1α
promotor-guided GFP expression is a cap-dependent translation, we
deduced that 2A-induced cell death was different from that of 3C-in-
duced cell death, though the two viral proteases were dependent on
protease activity. EV71 2A-induced cell death was correlated with the
shutoff of host cap-dependent protein translation. However, 3C-induced
cell death might be ascribed to the cleavage of other host proteins,
which might not to be the key components of translational machinery.
The findings also partially explained that the stable cells integrated
with 2A-lentivirus could not be available after a drug selection was
performed, and 2A in EV71 genome elicited the strongest effects on cell
viability after transfection (Figs. 5C, 5D, and 6 F). Further investigation
should be performed to identify the specific molecular mechanisms by
which the two viral proteases induce cell death.

5. Conclusion

In this study, we identified that EV71-induced cell death mainly
involved apoptosis through the intrinsic pathway. Cell death after EV71
infection was possibly triggered by viral 2A, 2B, or 3C. Cell death in-
duced by 2A and 3C was dependent on their protease activity. EV71 2A-
induced cell death possibly occurred through the shutoff of host protein
translation, but 3C-induced cell death might not be the case.
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