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Pyroptosis is an inflammatory form of programmed cell
death that is executed by the gasdermin (GSDM)-N domain of
GSDM family proteins, which form pores in the plasma
membrane. Although pyroptosis acts as a host defense against
invasive pathogen infection, its role in the pathogenesis of
enterovirus 71 (EV71) infection is unclear. In the current study,
we found that EV71 infection induces cleavage of GSDM E
(GSDME) by using western blotting analysis, an essential step
in the switch from caspase-3-mediated apoptosis to pyroptosis.
We show that this cleavage is independent of the 3C and 2A
proteases of EV71. However, caspase-3 activation is essential
for this cleavage, as GSDME could not be cleaved in caspase-3-
KO cells upon EV71 infection. Further analyses showed that
EV71 infection induced pyroptosis in WT cells but not in
caspase-3/GSDME double-KO cells. Importantly, GSDME is
required to induce severe disease during EV71 infection, as
GSDME deficiency in mice was shown to alleviate pathological
symptoms. In conclusion, our results reveal that GSDME is
important for the pathogenesis of EV71 via mediating initia-
tion of pyroptosis.

Hand, foot, andmouth disease (HFMD) caused by enterovirus
A species infection is an infectious disease in young children,
particularly those under 5 years of age in the Asia–Pacific region,
since it was first confirmed in California in 1974 (1–6). Most
infections are self-limiting, usually with fever, mouth sores, and
vesicular rash on the hands, feet, and mouth. However, some can
cause severe neurological diseases in children, which include
aseptic meningitis, acute flaccid paralysis, encephalitis, and pul-
monary edema (7–10). Almost all these severe complications are
caused by enterovirus 71 (EV71) in young children and infants.
Similarly, EV71-infected mice less than 5 days of age are typically
symptomatic (11–13).While host immunitymay be involved, the
precise mechanism remains largely unclear.

Pyroptosis is caspase-1-mediated cell death, characterized by
cellular swelling and membrane blebbing (14, 15). During the
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process of pyroptosis, the cell membrane becomes porous and
intracellular substances are released into the supernatant, which
induce a proinflammatory response (16). Recent evidence has
shown that pyroptosis relies on gasdermin (GSDM) family
protein, encoded byGSDM-related genes that includeGSMDA,
GSDMB, GADMC, GSDMD, GEDME (DFNA5), and DFNB59
(17–19). Shi et al. (17) found that GSDMD is a substrate of
caspase-1 and caspase-4/5/11 that mediate pyroptosis and
interleukin (IL)-1β secretion. Upon inflammasome activation,
GSDMD is cleaved into GSDMD-N and GSDMD-C fragments
(20–23). Consequently, the cleaved N-terminal fragment of
GSDMD triggers pyroptosis by binding to membrane lipids and
forming pores in the cytoplasmic membrane (17–23).

GSDME, another member of the GSDM family, also pos-
sesses the functional N-terminal domain that induces pyrop-
tosis (24). However, it is not susceptible to inflammatory
caspases, such as caspase-1, caspase-4, caspase-5, or caspase-
11, in mammalian cells (24). Recently, Wang et al. (24) re-
ported that GSDME is a substrate of caspase-3. Upon cleavage,
it produces a GSDME-N fragment that switches chemother-
apeutic drug–induced apoptosis to pyroptosis (24). Similar
data have obtained in macrophages treated with etoposide or
infected with vesicular stomatitis (25). GSDME also per-
meabilizes the mitochondrion membrane, induces cytochrome
c release, and activates the apoptosome (26). However, the role
of GSDME in enterovirus-induced cell death is unknown.

Here, we report that EV71 infection induces pyroptosis
through GSDME. Specifically, EV71 infection activates
caspase-3, which cleaves GSDME at the amino acid pair of
D270–E271. Remarkably, GSDME-deficient mice exhibit
delayed onset of neurological symptoms and survive longer
than WT mice upon EV71 infection. These results revealed
that GSDME plays a critical role in the pathogenesis of EV71.

Results

EV71 induces cell pyroptosis

To better understand pyroptosis during EV71 infection, we
established an EV71 infection model to measure lactate
dehydrogenase (LDH) release and ATP production. As shown
in Figure 1A, EV71 infection resulted in a significant increase
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EV71-induced pyroptosis depends on GSDME
of LDH release in a dose-dependent manner compared with
mock-infected cells, which indicated that EV71 infection dis-
rupted cell membrane integrity. Similar results were observed
in cell viability analyses (Fig. 1B). Immunofluorescence stain-
ing revealed active EV71 replication in HeLa cells (Fig. 1C).
Cell morphological analysis showed that EV71 infection
induced cell death with characteristics of cell swelling and
large bubbles from the plasma membrane after infection
(Fig. 1D). Taken together, these data indicated that EV71
infection induced cell death, possibly by pyroptosis.

EV71 infection induces cleavage of GSDME independently of
3C and 2A proteases

To assess whether GSDME is critical for EV71-induced
pyroptosis, we examined the expression level of GSDME af-
ter EV71 infection. HeLa and SK-N-SH cells were mock
infected or infected with EV71. At various time points after
infection, cell lysates were prepared for Western blot (WB)
Figure 1. EV71 infection induces pyroptosis. A and B, HeLa cells were moc
infection, LDH release–based cell death (A) and ATP cell viability were assessed
stained with an antibody against EV71 (green). Nuclei were counterstained with
infection. HeLa cells were mock infected or infected with EV71. At the indicated
by microscopy. The scale bar represents 50 μm. All data are mean values ± S
*p < 0.05, **p < 0.01, and ***p < 0.001. DAPI, 4’,6-diamidino-2-phenylindo
infection.
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analysis. Figure 2 shows that GSDME was expressed in mock-
infected HeLa (Fig. 2A) and SK-N-SH (Fig. 2B) cells. EV71
infection induced cleavage of GSDME in these cells (Fig. 2, A
and B) in a time-dependent manner. Further analysis showed
that EV71 acted in a dose-dependent manner (Fig. 2, C and D).
Indeed, EV71 replicated in these cell lines as measured by VP0
and VP2 (Fig. 2, A–D). These phenotypes were recapitulated in
rhabdomyosarcoma (RD) and 293T cells. A similar phenotype
was observed in RD and 293T cells (Fig. 2, E and F). These
results indicated that EV71 infection induces cleavage of
GSDME in host cells, which suggests that GSMDE is a critical
factor for EV71-induced pyroptosis.

To investigate the molecular mechanisms, we constructed a
plasmid to express GSDME with Myc and FLAG tag in the
N terminus and C terminus, respectively. After plasmid
transfection, 293T cells were mock infected or infected with
increasing doses of EV71. At 24 h postinfection, cell lysates
were prepared to examine EV71-mediated cleavage of GSDME
k infected or infected with EV71 at various MOIs as indicated. At 24 h after
. C, EV71 replication in HeLa cells. After infection, HeLa cells were fixed and
DAPI (blue). The scale bar represents 100 μm. D, pyroptosis induced by EV71
time points, phase-contrast imaging was performed. Images were obtained
D. Experiments were performed as triplicates and repeated at least twice.
le; EV71, enterovirus 71; LDH, lactate dehydrogenase; MOI, multiplicity of



Figure 2. EV71 infection induces the cleavage of GSDME. A and B, HeLa (A) and SK-N-SH (B) cells were mock infected or infected with EV71 at MOIs of 2
or 0.2, respectively. At the indicated time points, cell lysates were analyzed by Western blotting with antibodies against GSDME, which recognized the
N-terminal region of GSDME, EV71, and β-actin. C and D, HeLa (C) and SK-N-SH (D) cells were infected with EV71 at various MOIs as indicated for 24 h. Cell
lysates were analyzed by Western blotting as described in (A) and (B). E and F, RD (E) and 293T (F) cells were mock infected or infected with EV71. At the
indicated time points, cell lysates were analyzed as described in (A) and (B). Data are representative of three independent experiments. EV71, enterovirus 71;
GSDME, gasdermin E; MOI, multiplicity of infection; RD, rhabdomyosarcoma.

EV71-induced pyroptosis depends on GSDME
by WB. We found two small protein bands when cells were
infected with EV71. These small bands were the N-terminal
fragment (approximately 30 kDa) and C-terminal fragment
(approximately 20 kDa), respectively. Therefore, EV71 infec-
tion induced cleavage of overexpressed GSDME in a dose-
dependent fashion in 293T cells (Fig. 3A). In addition, only
one band was detectable by each antibody, which indicated
that EV71 induced GSDME cleavage at a single site. To
explore whether GSDME is a target of EV71 3C and 2A, we
conducted a cleavage assay. As shown in Figure 3, B and D,
ectopic expression of 3C or 2A in 293T cells had no effect on
the cleavage of GSDME. However, interferon regulatory factor
7 was cleaved by EV71 3C protease (Fig. 3C), which was used
as a positive control. Similarly, eukaryotic translation initiation
factor 4G was used as a positive control for 2A cleavage
(Fig. 3D). These results suggest that EV71 infection induces
GSDME cleavage at only one site, which is independent of
EV71 2A and 3C proteases.

EV71-induced cleavage of GSDME is dependent on activation
of caspase-3

It has been reported that caspase-3 cleaves GSDME after
tumor necrosis factor alpha or etoposide stimulation (24, 25).
To examine the effect of EV71, we analyzed GSDME in virus-
infected cells. As shown in Figure 3A, EV71 infection resulted
in a cleavage pattern similar to that mediated by etoposide,
which suggested that EV71-induced cleavage of GSDME may
involve caspase-3. To test this hypothesis, we first determined
J. Biol. Chem. (2022) 298(5) 101850 3



Figure 3. EV71-mediated cleavage of GSDME is independent on 2A and 3C proteases. A, 293T cells were transfected with a plasmid that encoded
Myc-GSDME-FLAG (lanes 1–6). At 24 h after transfection, the cells were mocked infected or infected with increasing doses of EV71. At 24 h after infection,
cell lysates were analyzed by Western blotting with the indicated antibodies using the LI-COR Odyssey Dual-Color System (LI-COR). Antibodies that
recognized Myc-GSDME-FLAG (Myc, N-terminal region of GSDME, 800 nm, green; FLAG, C-terminal region of GSDME, 680 nm, red) were used. The merged
images of the two channels are shown below (yellow). EV71 was detected by using an antibody that recognized VP0 and VP2. β-actin was detected as a
loading control. Etoposide was used as a control. B, 293T cells were transfected with plasmids that encoded GSDME (lanes 2 and 4) and GFP (lanes 1 and 2)
or GFP-3C (lanes 3 and 4). At 24 h after transfection, the cells were prepared for Western blotting analyses using antibodies against Myc, GFP, and β-actin.
C, 293T cells were transfected with plasmids that encoded IRF7 (lanes 2 and 4) along with GFP (lanes 1 and 2) or GFP-3C (lanes 3 and 4). Cells were analyzed
as described in (B). D, 293T cells were transfected with a plasmid that encoded GSDME along with a control plasmid or pcDNA3.1-IRES-2A plasmid. At 24 h
after transfection, cells were lysed and analyzed by Western blotting using antibodies against Myc, V5, and eIF4G. Data are representative of three in-
dependent experiments. eIF4G, eukaryotic translation initiation factor 4G; EV71, enterovirus 71; GSDME, gasdermin E; IRF7, interferon regulatory factor 7.

EV71-induced pyroptosis depends on GSDME
whether EV71 infection induces caspase-3 activation. As
illustrated in Figure 4, EV71 infection induced processing of
caspase-3 in HeLa (Fig. 4A) and SK-N-SH (Fig. 4B) cells in a
dose-dependent manner. Furthermore, caspase-3 was acti-
vated in a time-dependent manner upon EV71 infection
(Fig. 4, C and D).

Previous studies have demonstrated that human GSDME
has a caspase-3-cleavable site, namely 267DMPD270 (24, 25).
To investigate whether EV71-mediated GSDME cleavage oc-
curs at this site, we conducted a cleavage experiment using the
D270A mutant (Fig. 5A). The 293T cells were transfected with
plasmids that expressed WT GSDME or D270A mutant
GSDME. At 24 h after transfection, the cells were mock
infected or infected with EV71 with an increased multiplicity
of infection. After 24 h, cell lysates were prepared to examine
EV71-mediated cleavage of GSDME or its derivative with the
D270A substitution by WB. As shown in Figure 5B, EV71
infection resulted in cleavage of WT GSDME but not the
D270A mutant. These results show that D270 is a critical site
for EV71-induced GSDME cleavage.

To evaluate whether caspase-3 is necessary for GSDME
cleavage, we generated a caspase-3−/− cell line by CRISPR–
CRISPR-associated protein 9 technology (Fig. 5C). As
expected, in caspase-3-KO cells, caspase-3 expression was
4 J. Biol. Chem. (2022) 298(5) 101850
absent (Fig. 5C, lower). Upon infection of the caspase-3−/− cells
with EV71, GSDME remained intact (Fig. 5D, right) compared
with WT cells (Fig. 5D, left). To limit the possibility of off-
target activities of the CRISPR construct, we established new
single-cell clones for caspase-3 KO. Then, two single-cell
clones were mock infected or infected with EV71. Upon
infection, a similar phenotype of GSDME cleavage was found
(Fig. 5E). For confirmation, we rescued caspase-3 in KO cell
lines. When expressed ectopically, caspase-3 restored GSDME
cleavage in caspase-KO cell lines (Fig. 5F). These data suggest
that caspase-3 is necessary for EV71-mediated cleavage of
GSDME.

Caspase-3 and GSDME are necessary for EV71-induced
pyroptosis

The aforementioned results show that EV71 induces cas-
pase-3-dependent GSDME cleavage and pyroptosis. Next, we
examined whether EV71-induced pyroptosis is directly related
to GSDME and caspase-3. First, we established a Gsdme−/− cell
line by CRISPR–CRISPR-associated protein 9 technology
(Fig. 6A, left), in which GSDME expression was eliminated
(Fig. 6A, right). Next, we established a double GSDME−/− and
caspase-3−/− cell line (Fig. 6B, left). These cell lines were
verified by DNA sequencing and WB analysis (Fig. 6B), which



Figure 4. EV71 induces activation of caspase-3. A and B, HeLa (A) and SK-N-SH (B) cells were infected with EV71 at various MOIs as indicated for 24 h. Cell
lysates were analyzed by Western blotting. C and D, HeLa (C) and SK-N-SH (D) cells were mock infected or infected with EV71 at MOIs of 2 or 0.2,
respectively. At the indicated time points, cell lysates were analyzed by Western blotting with antibodies against caspase-3, EV71, and β-actin. Data are
representative of three independent experiments. EV71, enterovirus 71; MOI, multiplicity of infection.

EV71-induced pyroptosis depends on GSDME
showed no expression of caspase-3 and GSDME in double-KO
cells. Furthermore, we assessed the EV71-induced cell death in
these cells. LDH release and ATP cell viability assays showed
that the LDH release was reduced in caspase-3 or GSDME-KO
cells, particularly in double-KO cells compared with WT cells
(Fig. 6, C and D). Phase-contrast images showed that EV71
induced pyroptosis in WT cells but not in double-KO cells
(Fig. 6E). In caspase-3−/− or GSDME−/−-KO cells, EV71
infection induced cell death, but cell swelling was not observed
(Fig. 6E). Thus, caspase-3 and GSDME are necessary for EV71-
induced pyroptosis. Compared with WT cells, the viral pro-
teins were almost identical in caspase 3−/− and Gsdme−/− cell
lines. However, the viral proteins were slightly decreased in
double-KO cells (Fig. 6F), which indicated that disruption of
apoptosis and pyroptosis in double-KO cells might inhibit vi-
rus release. Taken together, these data illustrate that GSDME
switched EV71-induced apoptosis to pyroptosis in GSDME-
expressing cells.

GSDME deficiency delays the onset of neurological symptoms
upon EV71 infection

The role of GSDME in the pathogenesis of EV71 was further
investigated in vivo, using the model of EV71 infection as
described previously (27). Suckling mice were infected with
EV71 virus through intraperitoneal injection. Subsequently,
growth slowed down at 4 days postinfection (DPI) in WT mice
but not in Gsdme−/− mice (Fig. 7A). Most mice had clinical
symptoms at 4 DPI (data not shown). As shown in Figure 7B,
WT mice displayed significantly higher mortality compared
with Gsdme−/− mice, which indicated that GSDME facilitates
EV71 pathogenesis in vivo. Congruently, EV71-infected
Gsdme−/− mice survived longer than EV71-infected WT
mice. Next, we assessed the production of proinflammatory
cytokines associated with HFMD. The cytokines in peripheral
blood from WT and Gsdme−/− mice infected with EV71 were
measured at 3 DPI. The results showed that expression of IL-6
and monocyte chemoattractant protein-1 was decreased in
Gsdme−/− mice (Fig. 7, D and E), but the expression level of
tumor necrosis factor alpha was unchanged (Fig. 7C). Com-
parable levels of EV71 mRNA were detected in muscles, in-
testines, and brains of Gsdme−/− and WT mice, which
suggested that GSDME did not affect viral replication (Fig. 7,
F–H). These results suggest that GSDME-dependent pyrop-
tosis is linked to inflammation, which may contribute to EV71
pathogenesis.

Discussion

EV71 is a causative agent of HFMD in children younger than
5 years of age. In addition, some patients show severe neuro-
logical diseases (2–7). Accumulating evidence suggests that
virus-induced cell death and proinflammatory cytokines are
important components of host defense against EV71 infection
J. Biol. Chem. (2022) 298(5) 101850 5



Figure 5. EV71-mediated cleavage of GSDME is dependent on activation of caspase-3. A, primary sequences of amino acids 262 to 274 in GSDME. B,
293T cells were transfected with plasmids that encoded WT GSDME or D270A mutant GSDME. At 24 h after transfection, cells were mock infected or
infected with EV71 at increasing doses for 24 h. Cell lysates were analyzed by Western blotting. C, Casp3−/− HeLa cells were generated by CRISPR–CRISPR-
associated protein 9 (Cas9)–mediated genome editing. The upper of (C) shows a related portion of the caspase-3 genomic structure. The single-guide RNA
sequence is shown in red, which resided in exon 5 of caspase-3. Sequences of the targeted region and KO are shown. The lower of (C) shows expression of
caspase-3 in WT and KO cells. D, WT and caspase-3-KO cells were infected with EV71. At the indicated times, cells were collected and lysates were analyzed
by Western blotting. Data are representative of three independent experiments. E, the WT HeLa and other clones of Casp3−/− HeLa cells were infected with
EV71. At 24 h, cells were collected and lysates were analyzed by Western blotting. F, the plasmid that expresses caspase-3 was transfected into the Casp3−/−

HeLa cells. After 24 h, cells were infected with EV71. At 24 h, the GSDME cleavage and caspase-3 expression were detected by Western blotting. EV71,
enterovirus 71; GSDME, gasdermin E.

EV71-induced pyroptosis depends on GSDME
(7, 28–33). Pyroptosis and necroptosis are two forms of
programmed cell death, which are associated with the produc-
tion of proinflammatory cytokines (22, 34–37). However, their
roles remain to be defined in EV71 infection. Bai et al. (38)
showed that EV71 infection mainly induces apoptosis with
characteristic cell shrinkage, nuclear condensation, and a
decreased mitochondrial potential. Neither GSDMD-mediated
pyroptosis nor phosphorylatedMLKL–mediated necroptosis
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was seen. However,Wang et al. and our previous studies (33, 39,
40) suggest that EV71 infection activates NLRP3 (NOD-, LRR-,
and pyrin domain–containing protein 3)–inflammasome for-
mation and induces the secretion of IL-1β and IL-18, which in-
dicates that EV71 infection induces pyroptosis, but GSDMD
cleavage by caspase-1 was not assessed in these studies. Our
results showed that the 3C protease cleaves GSDMD at the
Q193–G194 pair, which results in a truncated N-terminal

https://www.jbc.org/action/doSearch?AllField=%22phosphorylated%20mixed%20lineage%20kinase%20domain-like%20protein%22&amp;journalCode=jbc


Figure 6. GSDME and caspase-3 are necessary for EV71-mediated pyroptosis. A, generation of Gsdme−/− HeLa cells by CRISPR–CRISPR-associated
protein 9 (Cas9)–mediated genome editing. The right panel shows a related portion of the GSDME genomic structure. The single-guide RNA (sgRNA)
sequence is shown in red. One screen-positive clone of Gsdme−/− was detected by Western blotting. B, generation of caspase-3 and GSDME double-KO
(DKO) HeLa cells. DKO cells were established using as sgRNA of caspase on the basis of Gsdme−/− HeLa cells. The sgRNA sequence of caspase-3 is
shown in red. Expression of caspase-3 and GSDME was detected in the DKO cells by Western blotting. C and D, Gsdme−/−, caspase 3−/−, and DKO cells were
mock infected or infected with EV71 at an MOI of 2. At 24 h after infection, LDH release–based cell death (C) and ATP cell viability (D) were detected. E and
F, EV71-induced pyroptosis and viral replication in WT, caspase 3−/−, Gsdme−/−, and DKO cells. The four cell lines were infected with EV71 at an MOI of 2. After
24 h, phase-contrast imaging was performed. Images were obtained by microscopy. The scale bar represents 50 μm. Cell lysates were prepared for Western
blotting. All data are mean values ± SD. Experiments were performed as triplicates and repeated at least twice. *p < 0.05, **p < 0.01, and ***p < 0.001. Data
are representative of three independent experiments. EV71, enterovirus 71; GSDME, gasdermin E; MOI, multiplicity of infection.

EV71-induced pyroptosis depends on GSDME
fragment to perturb pyroptosis mediated by the 1-275 N-ter-
minal fragment of GSDMD (40). Our study suggests that
GSDME-mediated pyroptosis is critical to determine the path-
ogenesis of EV71.

We used an LDH release assay and morphological obser-
vation to evaluate cell death induced by EV71 infection in
HeLa and SK-N-SH cells. The LDH release assay and
morphological change are useful tools to detect pyroptosis
(17). EV71 infection induces release of LDH and typical
pyroptotic morphology, which indicates that EV71 infection
induces pyroptosis in HeLa and SK-N-SH cells (Fig. 1).
Recently, it has been reported that GSDME switches chemo-
therapeutic drug–induced apoptosis to pyroptosis in a cas-
pase-3-dependent manner (24, 25). However, the precise role
of GSDME in enterovirus-induced cell death remained elusive.
We found that EV71 infection induces cleavage of GSDME in
dose-dependent and time-dependent manners (Fig. 2), sug-
gesting that GSDME is important for EV71-mediated cell
death.

Upon activation of caspases, GSDMD is cleaved by caspase-
1 at the D275-G276 pair, which releases its N-terminal domain
GSDMD1-275 (17). However, EV71 3C cleaves GSDMD at the
J. Biol. Chem. (2022) 298(5) 101850 7



Figure 7. Survival rates in Gsdme−/− mice infected with EV71. A and B, 3-day-old C57BL/6 WT and Gsdme−/− mice were injected via the intraperitoneal
route. The same volumes of DMEM were used as the control. Body weight (A) and survival rate (B) were monitored. All data are mean values ± SD. *p < 0.05,
**p < 0.01. C–E, 3-day-old WT and Gsdme−/− mice were infected with EV71 by intraperitoneal injection. At 3 DPI, peripheral blood samples were harvested
and cytokine concentrations in the blood were analyzed by BDTM Cytometric Bead Array (CBA) Mouse Inflammatory Cytokines Kit (BD Biosciences). p Values
are indicated. F–H, EV71 RNA levels in muscles, intestines, and brains were monitored in WT and Gsdme−/− mice. One dot point indicates one animal. DMEM,
Dulbecco’s modified Eagle’s medium; DPI, days postinfection; EV71, enterovirus 71; Gsdme, gasdermin E.

EV71-induced pyroptosis depends on GSDME
Q193-G194 pair and produces a truncated N-terminal frag-
ment, GSDMD1-193, which does not induce pyroptosis (40).
However, cleavage of GSDME during EV71 infection is not
induced by EV71 2A or 3C proteases (Fig. 3). EV71-induced
caspase-3 activation is important for GSDME cleavage
(Figs. 4 and 5). This is consistent with chemotherapeutic drug–
induced GSDME cleavage at the D270-A271 pair (24, 25). How
caspase-3 is activated by EV71 has been reported previously
(41–45). EV71-induced caspase-3 activation may occur via
two mechanisms: (1) EV71 infection induces cell death as
intrinsic apoptosis or death receptor–dependent apoptosis
8 J. Biol. Chem. (2022) 298(5) 101850
(41–43) and (2) EV71 infection induces conformational acti-
vation of proapoptotic protein Bax that translocates to the
mitochondrial membrane and induces activation of caspase by
releasing cytochrome c from mitochondria (44, 45). Recently,
it has been reported that MCL-1 loss and BCL-xL inactivation
following translation shutdown induced by viral infection were
responsible for herpes simplex virus-1–induced caspase-3
activation and pyroptosis (46). Whether MCL-1 inhibition is
involved in EV71-induced caspase-3 activation needs further
investigation. A lack of GSDME or caspase-3 reduced the LDH
release induced by EV71, especially in double-KO cells. In



EV71-induced pyroptosis depends on GSDME
GSDME-KO cells, EV71 infection partially induced LDH
release. Although infrequent, morphological observation
showed pyroptosis, which may be due to other GSDM family
proteins cleaved by caspases in these cells. Which GSDM
family protein or whether caspase-3 was involved in
EV71-induced cell death in GSDME-KO cells requires further
study.

Last, we verified the effect of GSDME on the pathogenesis
of EV71 in vivo. There was no significant difference in weight
loss between Gsdme−/− and WT mice (Fig. 7A). Moreover,
cytokines in the sera of Gsdme−/− mice were similar to those
in WT mice (Fig. 7, C–E). This is consistent with a previous
report in which the development of Gsdme−/− mice was
normal (24). After EV7 infection, more Gsdme−/− mice had
survived compared with WT mice. This suggests that a lack of
GSDME protects mice from the pathogenesis of EV71
infection. Considering a comparable viral load in both
Gsdme−/− and WT mice, it is tempting to speculate that
reduced pyroptosis in vivo may be protective against EV71
infection. Alternatively, reduced tissue inflammation may
alleviate EV71-mediated pathology. Further study is needed
to clarify the underlying molecular mechanism. Collectively,
our results support the conclusion that EV71 induces cleav-
age of GSDME in a caspase-3-dependent manner, and
GSDME is necessary for the pathogenesis of EV71 infection
in vivo.

In summary, EV71 infection induces cleavage of GSDME,
which is activated specifically by caspase-3 activation. The
D270-E271 pair of GSDME is crucial amino acid for caspase-3
cleavage. The D270E mutant of GSDME cannot be cleaved
upon EV71 infection. Moreover, EV71 infection does not
induce cleavage of GSDME in caspase-3-KO cells. In vivo, the
GSDME-deficient mice showed a delay in the development of
neurological symptoms and survived longer than WT mice
during EV71 infection, which suggested that caspase-3
activation–mediated GSDME cleavage plays a critical role in
the pathogenesis of EV71 infection.

Experimental procedures

Cell lines and viruses

HeLa, human neuroblastoma (SK-N-SH), human RD cells,
and human embryonic kidney 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with 10% heat-inactivated fetal calf serum (Hyclone) and
penicillin/streptomycin at 37 �C in a 5% CO2 humidified at-
mosphere. EV71 infection was carried out as described pre-
viously (39–41).

Plasmids and antibodies

The GSDME (RC210515) and caspase-3 (RC223662) full-
length plasmid was purchased from OriGene. The point mu-
tation (D270A) was generated by PCR using KOD DNA
polymerase (Toyobo). The plasmid that expresses EV71 3C or
2A was obtained as before description. The plasmids that
express caspase-3 were purchased. All plasmids were verified
by sequencing. Primary antibodies used were anti-DFNA5/
GSDME (abcam; catalog no.: ab215191), anti-EV71 (Milli-
pore; catalog no.: MAB979), anti-β-actin (Sigma-Aldrich; cat-
alog no.: A5441), anti-FLAG (Sigma-Aldrich; catalog no.:
F3165), anti-Myc (Sigma-Aldrich; catalog no.: C3956), anti–
eukaryotic translation initiation factor 4G (Santa Cruz; cata-
log no.: sc-373892), anti-V5 (Sigma-Aldrich; catalog no.:
V8012), and anti-caspase-3 (Proteintech; catalog no.: 19677-1-
AP; Cell Signaling Technology; catalog no.: 9662S).

Cell cytotoxicity and viability assay

The cell death and cell viability were analyzed by using the
kit of CytoTox 96 Non-Radioactive Cytotoxicity Assay
(G1780) and CellTiter-Glo luminescent cell viability assay
(G7571) according to the manufacturer’s instructions.

LDH is an indicator of cell membrane permeability. LDH
release was detected by use of the CytoTox 96 Non-Radioactive
Cytotoxicity Assay kit. HeLa cells were seeded in 96-well plate.
Following EV71 infection, medium from the cells was trans-
ferred to a new 96-well plate, incubated with LDH working re-
agent for 30 min, and results were obtained at 490 nm by a
spectrophotometer (40). The cells and supernatants were
collected to analyze cell viability by using a CellTiter-Glo
luminescent cell viability assay according to the manufac-
turer’s instructions.

Immunofluorescence

Immunofluorescent assay was done as described previously
(42). Briefly, cells were washed with PBS buffer and fixed with
4% formalin. Then cells were permeabilized with 0.5% Triton
X-100. After cells were washed with PBS, they were blocked
and stained with primary antibodies, followed by staining with
an Alexa Fluor 488 secondary antibody. Nuclei were stained
with 4’,6-diamidino-2-phenylindole (Sigma). The cells were
imaged on an Operetta instrument (PerkinElmer).

WB analysis

WB was used to analyze protein expression. In brief, protein
samples from cultured cells were prepared by direct lysis in
radioimmunoprecipitation assay buffer as described previously
(47). After 30 min, cell lysates were centrifuged at 12,000 rpm
for 10 min at 4 �C, and supernatants were used for SDS-PAGE
and transferred to a nitrocellulose membrane. Membranes
were blocked in 5% nonfat dried milk in PBS with Tween-20 at
room temperature for 2 h and incubated with primary anti-
body (1:1000 dilution) overnight at 4 �C, followed with the
corresponding IRDye Fluor 800–labeled immunoglobulin G or
IRDye Fluor 680–labeled immunoglobulin G secondary anti-
body (LI-COR, Inc). Protein bands were visualized by using an
Odyssey infrared imaging system at a wavelength of 700 to
800 nm and analyzed with Odyssey software Image Studio (LI-
COR).

Quantitative real-time PCR analysis

Total RNA was extracted using TRLzol reagent (Invitrogen)
from cell or tissue samples and reverse transcribed with M-
MLV reverse transcriptase (Promega; catalog no.: M1750).
J. Biol. Chem. (2022) 298(5) 101850 9
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Real-time quantitative PCR was performed in 96-well plates;
the reaction system included 2 μl diluted complementary
DNA, 10 μM upstream primer, 10 μM downstream primer,
10 μl GOTaq green master mix, and nuclease-free water to
20 μl volume. The expression level of target gene was relative
to that of GAPDH.

Construction of KO cell lines and ectopic expression of
caspase-3 in the caspase-3 KO cells

The target sequence used is GGAAGCGAATCAATG-
GACTC for human caspase-3. The target sequences used are
TGAGTACATCGCCAAGGGTG or AATGGACTCTGGAA
TATCCC for human GSDME. The KO cell lines were con-
structed as described previously (48). For reconstitution of
caspase-3, caspase-3-deficient HeLa cells were seeded in
12-well plate 1 day before transfection at a concentration of
1.6 × 105 cells/well. Cells were transfected with 250 ng/well
plasmid, which expresses caspase-3 for 24 h using Lipofect-
amine 2000 (Invitrogen).

EV71 infection in mice

The animal experiments were performed according to the
protocols reviewed and approved by the Institute of Animal
Use and Care Committee of the Institute of Laboratory Animal
Science, Peking Union Medical College (BYS19002).

Gsdme−/− mice were provided by Professor Feng Shao
(National Institute of Biological Sciences) (24). WT C57BL/6
mice were purchased from Vital River Laboratory Animal
Technology Co and maintained at the Specific Pathogen Free
(SPF) Laboratory Animal facility. All animal care and experi-
mental procedures were complied with national guidelines and
approved by the Animal Ethics and Experimentation Com-
mittee of the Institute of Pathogen Biology of the Chinese
Academy of Medical Sciences.

Three-day-old sulking mice (1.69–2.14 g) were challenged
with 106 pfu EV71 (strain 695F) by intraperitoneal route (27).
Additional C57BL/6 or Gsdme−/− mice were injected with
Dulbecco’s modified Eagle’s medium as control. The weight,
symptoms, and survival rates of the infected mice were
monitored daily for 12 days.

Statistics

The two-tailed Student’s t test was used for two-group
comparisons. The p < 0.05 (*), p < 0.01(**), and
p < 0.001(***) values were considered significant. NS stands
for not significant.

Data availability

All data are contained within the article.
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