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A B S T R A C T   

Neuropathological damage has been considered to be the main cause of death from EV-A71 infection, but the 
underlying mechanism has not been elucidated. Pyroptosis, a new form of inflammatory programmed cell death, 
has been verified to be involved in the pathogenesis of various viruses. circRNAs are a novel type of endogenous 
noncoding RNA gaining research interest in recent years, especially their special roles in the process of virus 
infection. Thus, in this study, we combined EV-A71, pyroptosis and circRNA to find a breakthrough in the 
pathogenesis of EV-A71 infection. Firstly, whether EV-A71 infection leaded to pyroptosis formation was exam-
ined by a series detection of cell death, cell viability, LDH release, caspase 1 activity, the expression levels of 
pyroptosis-related molecules and the concentrations of IL-1β and IL-18. Secondly, high-throughput sequencing of 
circRNAs was carried out to excavate the circRNA-miRNA-mRNA regulatory axis which might be associated with 
pyroptosis formation. Finally, the gain- and loss-of-functional experiments were further conducted to identify 
their functions. Our results showed that EV-A71 infection caused pyroptosis formation in SH-SY5Y cells. The 
circRNA sequencing analyzed the differentially expressed circRNAs and their possible functions. It was found 
that the hsa_circ_0045431/hsa_miR_584/NLRP3 regulatory axis might be involved in pyroptosis formation 
during EV-A71 infection. Then, hsa_circ_0045431 sponged hsa_miR_584 and hsa_miR_584 directly targeted 
NLRP3 were validated by IF, dual-luciferase, qRT-PCR and WB assays. Functional experiments were performed to 
further uncover that the up-regulation of hsa_circ_0045431 and NLRP3 promoted the inflammatory pyroptosis 
and viral replication, while the up-regulation of hsa_miR_584 suppressed the inflammatory pyroptosis and viral 
replication, and vice versa. Collectively, our study demystified that EV-A71 infection induced pyroptosis for-
mation by activating hsa_circ_0045431/hsa_miR_584/NLRP3 regulatory axis, which could further effect viral 
replication. These findings provided novel insights into the pathogenesis of EV-A71 infection, and meanwhile 
revealed that the hsa_circ_0045431/ hsa_miR_584/NLRP3 regulatory axis can serve as a potential biological 
therapeutic target for EV-A71 infection.   

1. Introduction 

Hand, foot, and mouth disease (HFMD), a common viral illness 
usually affecting young children mostly younger than five years of age, 
is occurring more and more frequently throughout the western Pacific in 
areas such as Japan, Malaysia, Singapore, Thailand, and China (Saguil 

et al., 2019). It has been reported that HFMD is mainly caused by 
enterovirus 71 (EV-A71) and coxsackievirus A16 (CV-A16), or other 
subtypes CV-A6 or CV-A10 (Esposito and Principi, 2018). The common 
clinical manifestations are fever, rash, vomiting, headache, thereby most 
HFMD cases are mild, generally self-limiting, and have a good prognosis, 
but there were still severe cases with serious central nervous system 
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(CNS) complications, pulmonary edema and fatality, which was found to 
be mainly caused by EV-A71 infection (Chang et al., 2018). As a major 
cause of severe and fatal cases, EV-A71 infection has attracted more and 
more researchers’ attention and is also growing to be a public health 
concern (Nayak et al., 2022). EV-A71, belonging to the Picorvaviridae, is 
a non-enveloped, positive, single-stranded RNA virus and four structural 
capsid proteins, including VP1, VP2 and VP3 on the external surface of 
the virion and VP4 within the interior of the viral particle (Solomon 
et al., 2010). To date, three inactivated monovalent EV-A71 vaccines 
were successfully licensed in 2016 in China, which showed high efficacy 
against EV-A71-associated HFMD, however, they all were no 
cross-protection against HFMD caused by other serotypes in children 
(Mao et al., 2016). Meanwhile, these inactivated monovalent EV-A71 
vaccines didn’t provide antiviral treatment for children who have 
already infected with EV-A71 (Yi et al., 2017). Thus, the exploration on 
EV-A71 is still rather important and necessary. Currently, the detailed 
pathogenesis of EV-A71-induced severe HFMD has not yet been clearly 
established, but a large number of studies have been demonstrated that 
aberrant expression of inflammatory cytokines, chemokines, and the 
balance of pro-inflammatory and anti-inflammatory cytokines 
contribute to the development of EV-A71 related severe HFMD (Zhang 
et al., 2020). Based on this point, our present study focused on the host 
inflammatory responses to EV-A71 infection to excavate the underlying 
mechanism for EV-A71-induced severe HFMD. 

Pyroptosis is a new form of programmed cell death that relies on the 
activation of caspase-1 and is accompanied by the release of a large 
number of proinflammatory cytokines (Yu et al., 2021). Moreover, 
pyroptosis is closely linked with infectious disease occurrence, devel-
opment, and immune regulation and plays an extremely important role 
in antagonizing and eliminating pathogenic infections and endogenous 
dangerous signals (Du et al., 2021). Currently, it was found that a large 
number of viruses could induce pyroptosis to varying degrees, which can 
be an effective defense against pathogen infection, on the other hand, 
excessive pyroptosis also can damage the host’s health or aggravate 
disease progression (Man et al., 2017; Wang et al., 2022b). For example, 
efficient replication of the influenza A virus H7N9 virus in mouse lungs 
activates gasdermin E-mediated pyroptosis in alveolar epithelial cells, 
and that the released cytosolic contents then trigger a cytokine storm, 
which is closely linked to a poor prognosis and death (Wan et al., 2022). 
Human immunodeficiency virus (HIV) causes pyroptosis in CD4+T cells, 
leading to the release of inflammatory factors, which may involve the 
death of surrounding cells, giving rise to the death of additional CD4+T 
cells (Doitsh et al., 2014). Moreover, pyroptosis was also found to be 
involved in enteroviruses’ infection (Wang et al., 2022b). For instance, 
AIM2 inflammasome-mediated pyroptosis in EV-A71-infected neuronal 
cells restricts viral replication (Yogarajah et al., 2017). Pyroptosis 
induced by EV-A71 and CV-B3 infection affects viral replication and host 
response (Wang et al., 2018b). Echovirus 11 infection induces pyrop-
totic cell death by facilitating NLRP3 inflammasome activation (Wang 
et al., 2022a). However, the detailed mechanism of pyroptosis during 
the process of EV-A71 infection is still unknown. This study aims to 
deeply excavate the potential mechanism of pyroptosis in regulating 
inflammatory response and viral replication caused by EV-A71. 

2. Materials and methods 

2.1. Cell culture, virus infection and transfection 

The human neuroblastoma cell line SH-SY5Y were purchased from 
the American Type Culture Collection (ATCC, USA) and received incu-
bation treatment in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 
USA) supplemented with 10% fetal bovine serum (FBS; HyClone, USA), 
penicillin (10,000 units/ml), and streptomycin (10,000 μg/ml) (Invi-
trogen, USA) in a humidified atmosphere containing 5% CO2 at 37 ◦C. 
When the cells melted to about 80%, trypsin was added for digestion and 
passage. Logarithmic growth phase cells were taken for experiment. 

For virus infection, cells were infected with EV-A71 strain (sub-ge-
notype C4, GenBank: EU812515.1), which were isolated from an 
epidemic in Fuyang, China in 2008 at a multiplicity of infection (MOI) of 
0.1. The cells were harvested at 0, 6, 12, 24, 48 and 72 h post infection 
(hpi). Cells infected with EV-A71 for 0 hpi were used as control. 

For cell transfection, the overexpression and knockdown vectors of 
hsa-circ-0,045,431, miR-584 and NLRP3 and the corresponding nega-
tive control were generated from Genepharma (Shanghai, China). The 
above vectors were delivered into the SH-SY5Y cells by using Lipofect-
amine 3000 (Thermo Fisher, USA) following the manufactures’ in-
structions for 48 h. 

2.2. Immunofluorescence (IF) assay 

The pre-cooled PBS was used to rinse the cells in 24-well plates (2 ×
104 cells/well) for 3 times and 4% paraformaldehyde was employed to 
fix the cells deposited in plates of 24-well. After that, cells were sub-
jected to permeabilization with PBS containing 0.1% Triton X-100 for 
10 min at 37 ◦C. Then, 3% BSA was added for blockading the nonspecific 
binding. Next, the cells were incubated with the anti-VP1 (1:1000 
dilution; Millipore, USA), anti-cleaved-Caspase1 (1:100 dilution; Affin-
ity, USA) and anti-NLRP3 antibody (1:100 dilution; Affinity, USA) 
overnight at 4 ◦C, followed by incubation with fluorescein isothiocya-
nate (FITC)-conjugated donkey anti-mouse IgG and Daylight 594-conju-
gated donkey anti-rabbit IgG secondary antibodies (1:300 dilution; CST, 
USA) for 1 h. Finally, PBS was adopted to rinse the cells for 3 times and 
diamidino-2-phenylindole (DAPI; 1:1000 dilution; Beyotime, China) 
was taken to stain them at 37 ◦C for 5 min. With the help of a confocal 
fluorescence microscope (Leica, Germany), the images were obtained. 

2.3. Quantitative reverse transcriptase polymerase chain reaction (qRT- 
PCR) 

Cells were lysed in Trizol reagent (Tiangen, China) for the isolation 
of total RNA. However, for extraction of circRNA, the total RNA was 
needed to further treated with RNase R (epicenter, USA) for 10 min at 37 
◦C. Then, 500 ng of total RNA was reverse transcribed in a final volume 
of 10 µL with the Prime Script RT Master Mix (Takara, Japan). Finally, 
the relative expressions of circRNA, miRNA or genes were detected by 
using the SYBRR Green Master Mix (Takara, Japan) with a Step One Plus 
Real-Time PCR system (Applied Biosystems, USA). The specific primers 
of these examined genes were listed in Table S1. The glyceraldehyde-3- 
phosphatedehydrogenase (GAPDH) and U6 were regarded as internal 
controls and the 2− ΔΔCt method was used to quantify the relative gene 
expression level. 

2.4. Viral titer determination 

The supernatants collected when SH-SY5Y cells showed maximal 
cytopathic effect from viral infection were used to viral titer examina-
tion with standard median cell culture infective doses (CCID50) assay. 
Vero cells were grown in 96-well cell culture plates to produce a 
confluent monolayer, and then washed with PBS, infected with 10-fold 
serially diluted supernatants, and incubated at 37 ◦C with 5% CO2 for 
3~5 days. After incubation, the cells were fixed with 4% formaldehyde 
and stained with 1% crystal violet. Eventually, CCID50/1 ml values were 
calculated by the Reed-Muench method. 

2.5. Flow cytometry assay for cell death 

The Annexin V-FITC/Propidium iodide (PI) double staining kit 
(YEASEN, China) was employed to examine cell death in keeping with 
the protocol provided by the manufacturer. Briefly, the cells of different 
treated groups were harvested and resuspended into 500 μL binding 
buffer. Then, cells were incubated with Annexin V at 4 ◦C for 30 min in 
the dark and further stained with PI at room temperature for 5 min. Cells 
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were finally determined via flow cytometer (Agilent, China). 

2.6. Cell proliferation assay 

Cell Counting Kit-8 (CCK-8; Dojindo, Japan) was used to assess the 
cell proliferation. In general, 10 μl of CCK-8 solution was added to each 
plate and cells were incubated for 2 h. The cell viability was revealed by 
the optical density level which was detected through a microplate reader 
(Tecan, Switzerland) at 450 nm the absorbance which was measured at 
450 nm. Proliferation rates were determined at 0, 6, 12, 24, 48 and 72 h 
after the abovementioned treatment. 

2.7. Measurement of lactate dehydrogenase (LDH) release 

LDH activity was measured using the LDH Cytotoxicity Assay Kit 
(Beyotime, China) according to the instructions provided by the 
manufacturer. The results are presented by percentage of maximum LDH 
release. 

2.8. Detection of caspase1 activity 

For the colorimetric method, caspase1 activity was determined using 
a Caspase1 Activity Assay Kit (Beyotime, China) following the recom-
mended protocols. This assay is based on spectrophotometric detection 
of the chromophore ρ-nitroanilide (ρNA) after cleavage from the labeled 
substrate acetyl-Tyr-Val-Ala-Asp ρ-nitroanilide (Ac-YVAD-ρNA) by 
activated caspase-1. In brief, 50 μg protein was mixed with 20 nmol Ac- 
YVAD-ρNA in a 96-well microtiter plate and incubated for 2 h at 37 ◦C. 
The production of ρNA was monitored at 405 nm using a microplate 
reader. 

2.9. Western blotting 

The total proteins were collected from cells using radio- 
immunoprecipitation assay (RIPA) Lysis Buffer (Beyotime, China) with 
a cocktail of proteinase inhibitors (Roche Applied Science, Switzerland), 
and the protein concentration was detected with a BCA protein assay Kit 
(BioRad, USA), followed by denaturation at 98 ◦C for 10 min. After the 
separation by 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), the proteins were transferred onto polyvinylidene 
difluoride (PVDF) membranes (Millipore, USA) which were further 
blocked in 5% nonfat milk. Next, the membranes were immunoblotted 
with primary antibodies overnight at 4 ◦C and then hatched with the 
corresponding secondary antibodies for 1 h at room temperature after 
treated with ECL chemiluminescence kit (Beyotime, China). The anti-
bodies included: anti-NLRP3 (1:1000 dilution; Affinity, USA), anti-ASC 
(1:2000 dilution; Affinity, USA), anti-Caspase 1 (1:1500 dilution; Af-
finity, USA), anti-Gasdermin D (1:1000 dilution; Affinity, USA), anti-IL- 
1β (1:800 dilution; Affinity, USA), anti-IL-18 (1:800 dilution; Affinity, 
USA), anti-VP1 (1:1000 dilution; China), anti-GAPDH (1:5000 dilution; 
CST, USA) and horseradish peroxidase (HRP)-conjugated goat anti- 
rabbit or -mouse secondary antibodies (1:2000 dilution; CST, USA). 
GAPDH functioned as a loading control. The gray value of blot was 
analyzed via Quantity One (BioRad, USA). 

2.10. Evaluation of IL-1β and IL-8 protein levels by enzyme-linked 
immunosorbent assay (ELISA) 

The concentrations of IL-1β and IL-8 in culture supernatants were 
used for ELISA detection quantified with commercial ELISA kits (Neo-
bioscience, China) following the manufacturer’s instructions. Sample 
absorbance values were read at 405 nm with a wavelength correction of 
650 nm using a microplate reader (Tecan, China), and data analyzed 
using ESACalc software. 

2.11. Flow cytometry for inflammatory cytokines examination 

Twelve inflammatory cytokines, including TNF-α, IL-12, IL-4, IL-17, 
IL-8, IFN-γ, IL-10, IL-1β, IL-6, IL-2, IFN-α and IL-5, were examined by a 
Bio-Plex cytokine assay (RAISECARE, China) according to the instruc-
tion of a Bio-Plex cytokine assay (RAISECARE, China). Flow cytometric 
analysis was performed on a LEGENDplex v8.0 software. 

2.12. High-throughput sequencing and data analysis 

Total RNA was extracted from cells using Trizol reagent (TIANGEN, 
China) following the manufacturer’s instructions. For enriching circR-
NAs, RNase R (epicenter, USA) was routinely applied to remove linear 
RNAs, while a Ribo-Zero™ Magnetic Kit (epicenter Technologies, USA) 
was used to remove ribosomal RNA (rRNA). Then, sequencing libraries 
were generated using an NEBNext Ultra RNA Library Prep Kit for Illu-
mina (NEB, USA) as described in the previous study (Hu et al., 2021a, 
2021b). Thereafter, based on the circRNA data obtained from 
sequencing, we screened the differentially expressed circRNAs, evalu-
ated the genomic origin of circRNAs, identified the common differen-
tially expressed circRNAs and found the up-regulated circRNAs among 
the common differentially expressed circRNAs. Meanwhile, it was also 
performed some bioinformatics analysis, including hierarchical clus-
tering, functional classification and significant pathways of the differ-
entially expressed circRNA parent genes, and construction of a 
circRNA‑miRNA‑mRNA coexpression network as illustrated in Fig. S1. 
Finally, according to the above analysis, we focused on the 
circRNA-miRNA-NLRP3 regulatory axis for following investigation. 

2.13. Dual fluorescein reporter gene analysis 

The wild-type (WT) sequence of hsa-circ-0,045,431 or NLRP3 un-
translated region (UTR) containing miR-584 complementary sequence 
was inserted into pGL3-Basic vector (Promega, USA) to generate hsa- 
circ-0,045,431-WT and NLRP3-WT. The mutant-type (MUT) luciferase 
reporter vectors hsa-circ-0,045,431-MUT and NLRP3-MUT were formed 
based on the sequence containing mutant seeded site of miR-584. For 
luciferase reporter assay, 293T cells were co-transfected with miR-584 
mimics or control and respective reporter plasmid using Lipofectamine 
2000 (Invitrogen, USA). After incubation for 24 h, the luciferase activity 
was determined using the Dual Luciferase reporter 1000 Assay System 
(Promega, USA) and normalized to the Renilla luciferase activity. 

2.14. Data analysis 

The data from three independent experiments were presented as 
mean ± standard error of the mean (SEM). The software GraphPad 
Prism 7 was performed for statistical analysis. The significant difference 
was calculated by Student’s t-test or one-way analysis of variance 
(ANOVA) with Tukey’s post-hoc test. When the P value was less than 
0.05, the difference was considered statistically significant. 

3. Results 

3.1. EV-A71 infection triggers cell death 

The results of VP1 staining (Fig. S2A), virus copies (Fig. S2B) and 
virus titers (Fig. S2C) directly implied that EV-A71 was able to rapidly 
proliferate in SH-SY5Y cells with the extension of infection time. Cell 
death mechanisms are crucial for maintaining an optimal environment 
for proper cell function (D’Arcy, 2019). However, during viral infection, 
dysregulation of these systems can occur and contribute to disease 
pathogenetic mechanisms (Bertheloot et al., 2021). It was well-known 
that cell death contains many different styles, such as apoptosis, nec-
roptosis, pyroptosis, autophagy, PANoptosis and so on (Bertheloot et al., 
2021; D’Arcy, 2019). Our results found that with the time, the 
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percentage of Q3–1 (denoting late apoptotic cells or other dead cells), 
Q3–2 (denoting mid-apoptotic cells) and Q3–4 (denoting early apoptotic 
cells) were gradually increased (Fig. 1A), meanwhile the cell viability 
was declined over the time (Fig. 1B), which indicated that besides 
apoptosis, there were other cell death modes existed in EV-A71 infec-
tion. Moreover, the elevating LDH release directly pointed out that the 
types of cell death induced by EV-A71 infection were cell death modes of 
cell membrane destruction or increased permeability (Fig. 1C), which 
hinted that necroptosis and pyroptosis might be induced by EV-A71 
infection. However, Caspase-1 activation plays a vital role in the acti-
vation of pyroptosis through cleavage of gasdermin D. Then, the cas-
pase1 activity test further demonstrated that EV-A71 infection might be 
resulted in pyroptosis (Fig. 1D). Thus, these data confirmed that EV-A71 
infection triggered cell death which probably included apoptosis and 
pyroptosis at the least. 

3.2. EV-A71 infection induces pyroptosis formation 

Pyroptosis is a form of lytic programmed cell death initiated by 
inflammasomes (such as NLRP3), which could detect both DNA and RNA 
viruses (Coll et al., 2022). This recruits the adaptor ASC complex and 
drives activation of caspase-1, which further cleaves gasdermin D and 
process pro-IL-1β and pro-IL18, and finally leads to mature IL-1β and 
IL-18 release via N-terminal of gasdermin D formed transmembrane 
pores (Huang et al., 2021). In this study, to assess whether EV-A71 
infection induces pyroptosis formation, these molecules on the canoni-
cal pathway of pyroptosis were detected with a series of experiments. 
Firstly, the expressions of NLRP3, ASC, pro-Caspase1, cleaved Caspase 1, 
Gasdermin D, IL-1β and IL-18 mRNA and protein levels were examined 
by qRT-PCR and WB assays. The results found that EV-A71 infection 
significantly elevated the NLRP3, ASC, pro-Caspase1, cleaved Caspase1, 
Gasdermin D, IL-1β and IL-18 expressions over the time (Fig. 2A and 2B). 
Next, caspase dependence was a hallmark of different cell death styles, 
and Caspase-1 activated by Nod-like receptors (NLRs) forming the 
inflammasome is the beginning of pyroptosis; thereby Caspase1 was 
further tested. The IF picture was directly seen that the EV-A71-VP1 and 
cleaved Caspase1 were co-located in cytoplasm (Fig. 2C), which 

indicated that EV-A71 activated the formation of pyroptosis. Moreover, 
the final effector molecules IL-1β and IL-18 on the canonical pathway of 
pyroptosis were obviously secreted after EV-A71 infection in a 
time-dependent manner (Fig. 2D). Therefore, these data revealed that 
EV-A71 infection might induce pyroptosis formation. 

3.3. EV-A71 infection activates inflammatory response 

Pyroptosis is the process of inflammatory cell death (Yu et al., 2021). 
The primary function of pyroptosis is to induce strong inflammatory 
responses that defend the host against microbe infection; Excessive 
pyroptosis, however, leads to severe inflammatory damage (Kesa-
vardhana et al., 2020). In the current study, we next examined whether 
EV-A71 infection caused strong inflammatory responses. It was seen that 
EV-A71 infection alters the expression of many inflammatory cytokines, 
especially IL-8, IL-1β and IL-6 (Fig. 3), and the expressions of IL-8, IL-1β 
and IL-6 also continued to increase with the extension of infection time 
(Table S2). Hence, this finding uncovered that EV-A71 infection might 
activate inflammatory response probably due to the pyroptosis forma-
tion induced by EV-A71. 

3.4. circRNA may involve in pyroptosis progression induced by EV-A71 
infection 

Based on the above findings, we further hypothesized which up-
stream regulatory pathways contribute to pyroptosis formation induced 
by EV-A71 infection. Currently, accumulating evidences support the 
importance of ncRNA biology in the hallmarks of pyroptosis (Gao et al., 
2022). Thus, we comprehensively analyzed the circRNA expression 
profile of EV-A71 infected SH-SY5Y cells, aiming to find out the key 
circRNA-miRNA-mRNA regulatory axis involved in pyroptosis pathway. 
As seen in Fig. 4, the differentially expressed circRNAs were distributed 
across the chromosomes, except the Y chromosome, and more than 90% 
of these circRNAs were transcribed from the exons of protein coding 
regions. Moreover, the hierarchical clustering analysis of these circRNAs 
revealed that differences in expression pattern of circRNAs from EV-A71 
infected-cells at different time points (Fig. 5B). In order to find out the 

Fig. 1. EV-A71 infection triggers cell death of SH-SY5Y cells. (A) The percentage of cells undergoing cell death was calculated through Annexin V-FITC/PI double 
staining. (B) The cell viability was conducted with Cell Counting Kit-8. (C) Levels of LDH released into the cell culture medium from membrane pores were examined 
using an LDH Cytotoxicity Assay Kit. (D) Caspase1 activity was assessed with a Caspase1 Activity Assay Kit. . 
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key circRNAs, the up-regulated circRNAs during EV-A71 infection at 
both 24 hpi and 48 hpi draw our attention (Fig. 5A and 5C). Then, to 
further understand the potential functional implications of the circR-
NAs, the linear transcripts of the corresponding origination genes for 
circRNAs were annotated and further evaluated by GO and KEGG 
pathway analysis. The results showed that inflammatory 
response-related GO and KEGG were widely enriched, such as 
Interleukin-21 secretion, Positive regulation of NLRP3 inflammasome 
complex assembly, Interleukin-6 production, NOD-like receptor 
signaling pathway, Inflammatory mediator regulation of TRP channels, 
NF-kappa B signaling pathway, and Cytokine-cytokine receptor inter-
action (Fig. 6A and 6B). Meanwhile, the miRNA-related regulation was 
also highly enriched, such as Regulation of gene silencing by miRNA, 

miRNA catabolic process, miRNA metabolic process, miRNA loading 
onto RISC involved in gene silencing by miRNA, and Positive regulation 
of gene silencing by miRNA (Fig. 6A and 6B). Actually, growing evi-
dence has reported that circRNAs could influence the gene expression 
targeted by miRNAs via sponging miRNAs (Kristensen et al., 2019). 
Thus, in this work, we found the circRNA-miRNA-NLRP regulatory axis 
which might be closely associated with pyroptosis (Fig. 6C and 
Table S3). And it was well-known that different pathogenic microor-
ganisms may trigger different pyroptosis pathways (Tummers and 
Green, 2022). RNA viruses could activate NLPR3-mediated pyroptosis 
pathway (Fig. 6D), so EV-A71, as a single-stranded, positive-sense RNA 
virus, was hypothesized to activate the NLPR3-mediated pyroptosis 
pathway. Moreover, there has a literature recently been reported that 

Fig. 2. EV-A71 infection induces NLRP3-dependent pyroptosis in SH-SY5Y cells. (A) NLRP3, ASC, Casepase1, Gasdermin D, IL-1β and IL-18 mRNA levels were 
analyzed by qRT-PCR. (B) The abundance of NLRP3, ASC, pro-Caspase1, cleaved Caspase 1, Gasdermin D, IL-1β and IL-18 was determined by WB analysis. (C) At 48 
and 72 h post infection, infected SH-SY5Y cells were subjected to indirect immunofluorescence assays with anti-VP1 (red) and anti-Caspase-1 (green) antibodies. (D) 
Secretion of IL-1β and IL-18 upon infection with EV-A71 was measured with a commercial ELISA kit. . 
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EV-A71 induced NLRP3 inflammasome in SH-SY5Y cells through 
miR-146a/CXCR4 axis (Guo et al., 2023), which further reinforced our 
suspicions. 

3.5. hsa_circ_0045431, hsa_miR_584, NLRP3 are selected to be key 
factors participated in pyroptosis during EV-A71 infection 

After we focused on NLRP3, we turned around and looked for its 
upstream miRNAs and circRNAs. It was seen that there were 10 circR-
NAs and 12 miRNAs implicated in regulation of NLRP3 (Fig. S3A). In 
order to clarify the accuracy of circRNA sequencing data and the actual 
expression of miRNA and NLRP3 regulated by these circRNAs, qRT-PCR 
was used to detect their expressions. It was found that the expressions of 
these circRNAs were basically consistent with circRNA sequencing data, 
except for has_circ_0128662 and has_circ_0084464 (Fig. S3B). However, 
the examined results of miRNAs showed that the expression level of 
hsa_miR_584 was significantly declined (Fig. S3C). Meanwhile, the 
NLPR3 expression was also evaluated gradually with time (Fig. S3D). 
Therefore, hsa_circ_0045431/hsa_miR_584/NLRP3 regulatory axis was 
chosen for following studies. 

3.6. hsa_circ_0045431 promotes NLRP3 expressions through sponging 
miRNA-584 

An increasing number of studies have reported that circRNAs act as 
miRNA sponges to regulate gene expression post-transcriptionally 
(Zhou et al., 2020); therefore, we investigated whether hsa_-
circ_0045431 has the ability to bind to hsa_miR_584 and then elevates 
NLRP3 expression. To identify the relationship of hsa_circ_0045431 and 
hsa_miR_584, the FISH assay and dual-luciferase report analysis were 
conducted in SH-SY5Y cells. FISH assay revealed that hsa_circ_0045431 
and hsa_miR_584 were colocalized in the cytoplasm (Fig. S4A). Mean-
while, NLRP3 was also found to be expressed in cytoplasm (Fig. S4B). 
Then, a putative binding site in hsa_circ_0045431 for hsa_miR_584 were 
identified analyzing with https://circinteractome.nia.nih.gov/. And 
luciferase reporter assay revealed that the luciferase activity was 
evidently reduced by overexpression of hsa_miR_584 in 
hsa_circ_0045431-WT group, while it was not changed in 
hsa_circ_0045431-MUT group (Fig. S4C). Thus, based on these data, we 
hypothesized that hsa_miR_584 could be a target of hsa_circ_0045431. 

In order to further study the regulatory mechanisms of hsa_miR_584, 
we performed target prediction by TargetScan (http://www.targetscan. 
org/vert_72/) and found the binding site of hsa_miR_584 in the 3′-UTR 
region of NLRP3 gene. Luciferase analysis indicated that over-expression 

Fig. 3. EV-A71 infection activates the release of inflammatory cytokines. Flow cytometry results for 12 cytokines during EV-A71 infection. .  
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hsa_miR_584 in SH-SY5Y cells could effectively inhibit luciferase activ-
ity. However, no difference in luciferase activity could be seen in SH- 
SY5Y cells when we mutated the hsa_miR_584 binding site of NLRP3 
(Fig. S4D). These data indicated that hsa_miR_584 could directly target 
NLRP3 and down-regulated NLRP3 expression. Therefore, the above 
results implied that hsa_circ_0045431 positively regulates NLRP3 
expression by sponging hsa_miR_584. 

3.7. hsa_circ_0045431/hsa_miR_584/NLRP3 regulatory axis accelerates 
pyroptosis formation and inflammatory storm caused by EV-A71 infection 

To explore the potential influences of hsa_circ_0045431, hsa_-
miR_584 and NLRP3 on pyroptosis formation, the hsa_circ_0045431 
overexpression and knockdown systems, hsa_miR_584 overexpression 
and knockdown systems, as well as NLRP3 overexpression and knock-
down systems in SH-SY5Y cells were successfully established (Fig. S5). 
Firstly, we measured the cell viability through CCK8 assay. The data 
displayed that compared with EV-A71 infection, hsa_circ_0045431 
overexpression, hsa_miR_584 inhibition and NLRP3 overexpression 
prior to EV-A71 infection evidently suppressed cell viability in SH-SY5Y 
cells, while hsa_circ_0045431 knockdown, hsa_miR_584 overexpression 
and NLRP3 silence prior to EV-A71 infection distinctly promoted cell 
viability in SH-SY5Y cells (Fig. 7A). Then, LDH release assay was used to 
detect the cytotoxicity. Compared to EV-A71 infection, hsa_-
circ_0045431 overexpression, hsa_miR_584 inhibition and NLRP3 
overexpression in EV-A71-infected SH-SY5Y cells increased the LDH 
release, but hsa_circ_0045431 knockdown, hsa_miR_584 overexpression 
and NLRP3 silence in EV-A71-infected SH-SY5Y cells decreased the LDH 
release (Fig. 7B). Additionally, the caspase1 activity analysis disclosed 
that over-expression of hsa_circ_0045431 and NLRP3 or interference of 

hsa_miR_584 prior to EV-A71 infection led to higher caspase1 activity 
than EV-A71 infection. Nevertheless, the caspase1 activity was signifi-
cantly lower in hsa_circ_0045431-downregulated, hsa_miR_584-upre-
gulated and NLRP3-downregulated SH-SY5Y cells with EV-A71 infection 
than that in EV-A71-treated SH-SY5Y cells (Fig. 7C). Finally, we focused 
our analysis on the protein expression levels of NLRP3, ASC, pro- 
Caspase1, cleaved Caspase-1, Gasdermin D, IL-1β and IL-18. As ex-
pected, it was showed that forced hsa_circ_0045431 expression 
enhanced the expressions of the all above proteins, which was reversed 
by upregulating hsa_miR_584 and knocking down NLRP3 in EV-A71- 
infected SH-SY5Y cells. Meanwhile reduced hsa_circ_0045431 expres-
sion alleviated the increase of the above proteins expressions, which was 
also reversed by knocking down hsa_miR_584 and upregulating NLRP3 
in EV-A71-infected SH-SY5Y cells (Fig. 8A). Moreover, the changed 
trends of IL-1β and IL-18 concentration resulted from ELISA examination 
were consistent with the WB results (Fig. 8B). Taken together, these 
results suggested that hsa_circ_0045431/hsa_miR_584/NLRP3 regula-
tory axis might accelerate pyroptosis formation in SH-SY5Y cells in 
respond to EV-A71 infection. 

To further confirm the biological effects of hsa_circ_0045431/hsa_-
miR_584/NLRP3 regulatory axis on the induction of inflammatory re-
sponses during EV-A71 infection, flow cytometry was carried out to 
determine the expressions of inflammatory cytokines. Among these cy-
tokines, the alterations of IL-8, IL-1β and IL-6 presented remarkably. The 
expressions of IL-8, IL-1β and IL-6 in EV-A71 group were basically higher 
than those in has-cic-0,045,431-Knockdown+EV-A71, miR-584-Over-
+EV-A71 and NLRP3-Knockdown+EV-A71 groups, while basically 
lower than those in has-cic-0,045,431-Over+EV-A71, miR-584-Knock-
down+EV-A71 and NLRP3-Over+EV-A71 groups (Fig. 9 and Table S4). 
Collectively, these findings indicated that the inhibition of the 

Fig. 4. Identification of differentially expressed circRNAs. (A) The number and genomic origin of differentially expressed circRNAs at 24 hpi with EV-A71 infection. 
(B) The number and genomic origin of differentially expressed circRNAs at 48 hpi with EV-A71 infection. 
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Fig. 5. Specifical expression profiles of circRNAs induced by EV-A71 infection in SH-SY5Y cells. (A) Venn diagram displaying the common and differential circRNAs 
during EV-A71 infection at 24 hpi and 48 hpi. (B) Hierarchical cluster analysis of differentially expressed circRNAs between control and EV-A71-infected groups. (C) 
Trend analysis of 211 overlapping differentially expressed circRNAs. 
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hsa_circ_0045431/hsa_miR_584/NLRP3 axis might weaken the inflam-
matory response resulted from EV-A71 infection, while overexpression 
of the hsa_circ_0045431/hsa_miR_584/NLRP3 axis might facilitate the 
inflammatory response caused by EV-A71 infection. 

3.8. hsa_circ_0045431/hsa_miR_584/NLRP3 regulatory axis enhances 
viral replication 

To address whether the hsa_circ_0045431/hsa_miR_584/NLRP3 
regulatory axis could influence viral replication, the viral loads, virus 
titer and VP1 protein expression were further determined. It was 
observed that the up-regulation of hsa_circ_0045431 and NLRP3 or 
down-regulation of hsa_miR_584 increased the viral loads, virus titer 
and VP1 protein expression, but all these effects were reversed by the 
hsa_circ_0045431 and NLRP3 inhibition or hsa_miR_584 overexpression 
(Fig. 10). As a result, these data hinted that hsa_circ_0045431/hsa_-
miR_584/NLRP3 regulatory axis might play a driving role in EV-A71 
infection. 

4. Discussion 

Recently, accumulating evidence has been demonstrated that in-
flammatory storm induced by EV-A71 infection is the main reason for 
accelerating the deterioration of EV-A71 infection, so researchers de-
votes more attention to the role of the inflammatory component to look 
for a consensus opinion about the pathogenesis of EV-A71 infection 
(Wang et al., 2012; Weng et al., 2010). However, pyroptosis happens to 
be a proinflammatory form of programmed cell death (Yu et al., 2021). It 
has been found that pyroptosis is important for host defense against 
invading viruses, and meanwhile involved in the pathogenic process of 

many viruses (Wang et al., 2022b). For example, Zika virus (ZIKV) 
induced adverse fetal outcomes via causing placental cell pyroptosis 
(Zhao et al., 2022). The pyroptosis caused by dengue virus (DENV) se-
rotypes 1 and 2 and nonstructural protein 1 (NS1) could facilitate DENV 
replication in dermal fibroblasts (Wei et al., 2023). Influenza A virus 
H7N9 virus infection triggered lethal cytokine storm by activating gas-
dermin E-mediated pyroptosis of lung alveolar epithelial cells (Wan 
et al., 2022). In this study, we also found that EV-A71 infection could 
lead to the pyroptotic cell death of SH-SY5Y cells by activating NLRP3 
inflammasome. Actually, growing evidence has been clearly pointed out 
that pyroptosis exerted an important role in EV-A71 infection (Wang 
et al., 2022b). For instance, EV-A71 infection induced gastric epithelial 
cells damage by triggering pyroptosis (Zhang et al., 2022). AIM2 
inflammasome-mediated pyroptosis in EV-A71-infected neuronal cells 
restricts viral replication. Caspase-1, a critical molecule associated with 
pyroptosis, was activated in HeLa cells infected with EV-A71, which 
eventually resulted in a strong inflammatory response and meanwhile 
promoted viral replication (Yogarajah et al., 2017). Moreover, pyrop-
tosis was also found to be involved in the molecular basis of viral 
pathogenesis of other enteroviruses, such as coxsackievirus B3 (Wang 
et al., 2018b), echovirus 11 (Wang et al., 2022a), etc. Thus, it is not 
surprising that EV-A71 infection induces pyroptosis in SH-SY5Y cells. 
And meanwhile we also found that EV-A71 infection activated an in-
flammatory response in SH-SY5Y cells, which was speculated that this 
may be caused by the formation of pyroptosis. However, it has not been 
clarified how the pyroptosis formation is regulated by EV-A71 infection. 
Numerous studies have shown that circRNAs could regulate the pyrop-
tosis process by affecting the corresponding target genes (Gao et al., 
2022). For example, hsa_circ_0001836 was discovered to up-regulate in 
glioma cells and its knockdown increased the expression of NLRP1 

Fig. 6. Functional analysis of the persistently up-regulated circRNAs. (A) GO enrichment analysis for the parent genes of the persistently up-regulated circRNAs. (B) 
KEGG enrichment analysis for the parent genes of the persistently up-regulated circRNAs. (C) Construction of circRNA-medicated networks associated with NLRPs. 
(D) Bioinformatic analysis was performed to predict the interaction between pathogens and pyroptosis-related inflammatory pathway. . 

Fig. 7. has_circ_0045431/has-miR-584/NLRP3 regulatory axis involves in EV-A71-induced pyroptotic cell death. (A) The cell viability of SH-SY5Y cells was assessed 
by CCK8 kit. (B) The cell damage of SH-SY5Y cells was evaluated by LDH cytotoxicity assay kit. (C) The Caspase 1 activity of SH-SY5Y cells was examined by Caspase- 
1 activity assay kit. . 
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through DNA demethylation, thereby triggering cell pyroptosis, sug-
gesting that hsa_circ_0001836 might be a potential therapeutic target for 
the treatment of glioma (Liu et al., 2021). CircHIPK3 promotes neuro-
inflammation through regulation of the miR-124–3p/STAT3/NLRP3 
signaling pathway in Parkinson’s disease (Zhang et al., 2023). 
circ-Katnal1 enhances inflammatory pyroptosis in sepsis induced liver 
injury through the miR-31–5p/GSDMD axis (Kang et al., 2022). There-
fore, in this study, we focused our research on the regulation mechanism 
of pyroptosis on circRNAs. The analyzed results of circRNA sequencing 
presented that the linear transcripts of the corresponding origination 
genes for 33 up-regulated differentially expressed circRNAs were mainly 
enriched in inflammatory response-related GO or KEGG pathway, such 
as Interleukin-21 secretion, Positive regulation of NLRP3 inflammasome 
complex assembly, Interleukin-6 production, NOD-like receptor 
signaling pathway, Inflammatory mediator regulation of TRP channels, 
NF-kappa B signaling pathway, and Cytokine-cytokine receptor inter-
action. These results provided a good indication that circRNAs might be 
involved in the regulation of inflammatory responses during EV-A71 
infection. However, pyroptosis is described to be a newly kind of 
pro-inflammatory programmed cell death (Kesavardhana et al., 2020). 
Hence, we linked circRNAs, inflammation and pyroptosis. Moreover, the 
execution of pyroptosis firstly depends on the formation of large cyto-
solic protein complexes termed inflammasomes, such as NLRP, AIM, etc. 
(Tsuchiya, 2020). Later, based on our results, we primarily paid our 
attention on NLRP-mediated pyroptosis pathway and the network of 
circRNA-miRNA-NLRP was constructed. It was seen that EV-A71 infec-
tion induced a complex circRNA regulatory network associated with 
NLRP. However, it has been reported that different NLRP family mem-
bers can recognize different pathogens (Ohto, 2022). Our analyzed 

inflammasome-related pathway clearly indicated that RNA virus could 
be recognized by NLRP3, such as Newcastle disease virus (Gao et al., 
2020), Zika virus (Wang et al., 2018a), HIV (He et al., 2020), et al. So we 
mainly focused on the circRNA regulatory network associated with 
NLRP3-dependent pyroptosis because EV-A71 is a human RNA virus. 
After screening and verification, we finally decided to explore the po-
tential molecular mechanisms of hsa_circ_0045431/hsa_-
miR_584/NLRP3 regulatory axis in EV-A71 infection. 

According to the above results, it was distinctly pointed out that EV- 
A71 could trigger significant changes of hsa_circ_0045431/hsa_-
miR_584/NLRP3 regulatory axis. Moreover, the luciferase reporter assay 
and bioinformatics tools also identified that hsa_circ_0045431 could act 
as a sponge of hsa_miR_584 and NLRP3 was the hsa_miR_584 direct 
target. Next, the overexpressed and knockdown vectors of hsa_-
circ_0045431, hsa_miR_584 and NLRP3 were purchased to conduct the 
gain- and loss-of functional experiments for their functions’ examina-
tion. It was obviously showed that the up-regulation of hsa_-
circ_0045431/hsa_miR_584/NLRP3 regulatory axis facilitated 
pyroptosis formation and the production of inflammatory factors IL-1β 
and IL-18. Meanwhile, the inflammatory-related cytokines were exam-
ined to further observe the degree of inflammatory response. The results 
displayed that hsa_circ_0045431 and NLRP3 overexpression remarkably 
promoted the levels of inflammatory-related cytokines, but hsa_miR_584 
overexpression markedly suppressed the increasing inflammatory- 
related cytokines. In recent years, neuroinflammation has always been 
identified as a major factor associated with the pathogenesis of HMFD, 
especially caused by EV-A71 infection (Heckenberg et al., 2022; Shah 
et al., 2020). Thus, these results suggested that hsa_circ_0045431 might 
enhance inflammatory pyroptosis during EV-A71 infection through 

Fig. 8. has_circ_0045431/has-miR-584/NLRP3 regulatory axis promotes EV-A71-induced pyroptosis formation. (A) SH-SY5Y cells with different treatments were 
subjected to WB analysis for NLRP3, ASC, pro-Caspase1, cleaved Caspase 1, Gasdermin D, IL-1β and IL-18 expression. (B) The cell culture supernatant was subjected 
to the examination of ELISA for IL-1β and IL-18 concentration. 
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sponging hsa_miR_584 and regulating NLRP3 expression. In addition, 
we further detected the role of hsa_circ_0045431/hsa_miR_584/NLRP3 
regulatory axis in viral replication. In fact, during the EV-A71 infection 
of the central nervous system, excessive inflammatory response and 
neuronal cell death are considered as the key for the pathological 

damages, which mainly attributed to the virus’s own replication and 
uncontrolled neuroinflammation (Shah et al., 2020; Wang et al., 2008). 
Our result was further uncovered that after overexpression hsa_-
circ_0045431 and NLRP3, the virus load, virus titer and VP1 expression 
were increased, but after inhibiting hsa_miR_584, these indicates were 

Fig. 9. has_circ_0045431/has-miR-584/NLRP3 regulatory axis enhances inflammatory response during EV-A71 infection. Flow cytometry analysis of TNF-α, IL-12, 
IL-4, IL-17, IL-8, IFN-γ, IL-10, IL-1β, IL-6, IL-2, IFN-α and IL-5 in SH-SY5Y cells with different plasmids transfection. . 

Fig. 10. The effect of has_circ_0045431/has-miR-584/NLRP3 regulatory axis on EV-A71 replication. (A) The viral genome copies of EV-A71 were determined by 
Taqman based qRT-PCR. (B) The virus titers of EV-A71 were evaluated with a plaque assay. (C) Cell lysates were prepared for WB to measure VP1 protein in treated 
SH-SY5Y cells. 
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also decreased, implying that hsa_circ_0045431/hsa_miR_584/NLRP3 
regulatory axis might contribute to the viral replication. It is important 
to note here that we found evidence that infection by EV-A71 can occur 
through activation of the AIM2-mediated pyroptosis pathway, which 
restricts viral replication (Yogarajah et al., 2017). We also carefully 
analyzed the differences between our study and theirs, and found that 
their study adopted the SK-N-SH cells for EV-A71 infection with 
MOI=10 and they put their attention on AIM2, but our study used 
SH-SY5Y cell for EV-A71 infection with MOI=0.1 and we put our 
attention on NLRP3. Therefore, as long as the experimental conditions 
are different, it is not surprising that the experimental results are 
different. Furthermore, pyroptosis itself is a double-edged sword in the 
process of viral infection. Early in infection, the formation of pyroptosis 
prevents the damage caused by viral infection, but as pyroptosis con-
tinues to form, it can cause pathological damage to the host (Man et al., 
2017; Wang et al., 2022b). 

Taken together, our results demonstrated that EV-A71 infection 
could result in pyroptosis formation in SH-SY5Y cells. Subsequently, 
circRNA sequencing analysis revealed that the hsa_circ_0045431/hsa_-
miR_584/NLRP3 regulatory axis might be a key factor involved in 
pyroptosis formation during EV-A71 infection. And our following ex-
periments further demonstrated that hsa_circ_0045431 indeed acceler-
ated pyroptosis formation via modulating hsa_miR_584/NLRP3 signals 
in EV-A71-infected SH-SY5Y cells. Meanwhile, the activation of the 
hsa_circ_0045431/hsa_miR_584/NLRP3 regulatory axis could further 
promote viral replication in EV-A71-infected SH-SY5Y cells. Thus, these 
findings might not only make a more detailed understanding of EV-A71- 
induced inflammatory response mechanism, but also offer a new clue for 
clinical diagnosis targets of EV-A71 infection, as well as lay a foundation 
for the development of novel therapies to halt EV-A71. 
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