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Abstract: The competing endogenous RNA (ceRNA) axis has been shown to play a critical role in the pathogen-
esis of various viral infections. Generally, the ceRNA network involves long non-coding RNAs (IncRNAs) that act as
sponges for miRNA to regulate mMRNA expression. However, no information is available regarding the involvement of
ceRNA networks in Enterovirus type 71 (EV71) infections. In the present study, data obtained from Gene Expression
Omnibus (GEO) database was analyzed using various bioinformatics tools. EV71 infection in rhabdomyosarcoma
(RD) cells was associated with differential expression of six IncRNAs, 28 miRNAs, and 349 mRNAs. Gene function
enrichment analysis suggested induction of cytoplasmic vesicle process upon EV71 infection. The ceRNA networks
were constructed, in which 20 hub genes were predicted by protein-protein interaction. To confirm the MALAT1/
miR-194-5p/DUSP1 ceRNA regulatory axis in EV71 infection, real-time quantitative polymerase chain reaction (qRT-
PCR) and luciferase reporter assay were performed. The results of the study also revealed the involvement of the
MALAT1/miR-194-5p axis in apoptosis induced by EV71 infection, while no association with autophagy was ob-
served. Thus, the present study provided novel insights into the pathogenic mechanism of EV71 infection.
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Introduction

Hand, foot and mouth disease (HFMD) is a
common acute infectious disease, usually
affecting infants and children under 5 years of
age. It is mainly caused by Enterovirus type 71
(EV71). Since 1980s, it has been associated
with periodic HFMD outbreaks in the Asia-
Pacific region, Europe, and America [1].
Especially, China ranks first worldwide in the
mortality and case number of HFMD [2]. Among
HFMD patients, severe cases mainly caused by
EV71 infection [3] suffered life-threatening
complications like aseptic meningitis, encepha-
lomyelitis, acute flaccid paralysis and even
death [4]. Currently, three inactivated monova-
lent EV71 vaccines are approved for clinical
use only in China but not in other countries or
areas [5]. Other monovalent or multivalent
EV71 vaccines are still under development. In
addition to this, lack of complete understand-
ing regarding the pathogenicity of this virus

makes the treatment of HFMD more challeng-
ing. Therefore, this highlights the importance of
identification of key regulatory molecules
involved in the pathogenicity of EV71.

In recent years, non-coding RNAs (ncRNA),
including long non-coding RNA (IncRNA) and
microRNAs (miRNA) have been found to be
associated with pathogenic processes in sev-
eral viral infections [6]. Generally, INcRNAs are
ncRNAs with length >200 nucleotides that reg-
ulate several cellular processes during viral
infection [7]. The mIiRNA molecules, about
18-25 nucleotides in length, usually regulate
gene expression via binding to the 3’-untrans-
lated region (3’-UTR) [8]. In the past few years,
several studies have provided strong evidence
for the role of IncRNA as sponges of miRNA. The
IncRNAs bind to miRNAs and reduce the silenc-
ing effect of MiRNAs on target genes, constitut-
ing a competing endogenous RNA (ceRNA) regu-
latory axis [6]. In viral infectious diseases,
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Table 1. Associated data from Pubmed and Gene Expression Omnibus (GEO)

RNA Cell line GSE PMID Platform
IncRNA RD / 23220233 Arraystar Human IncRNA Array v2.0 slide
RD / 30314355 llluminaHiseq X Ten platform
miRNA RD GSE75455 26581983 Agilent-019118 Human miRNA Microarray 2.0 G4470B
mRNA RD GSE15323 / Affymetrix Human Genome U133 Plus 2.0 Array
RD GSE103308 29696588 llluminaHiSeq 2000

ceRNA regulatory axis usually affects virus pro-
liferation, cellular apoptosis, and other cellular
activities [6]. In a previous study by Liao et al.
[9], the IRAK3-3-miR891b-GADD453 ceRNA
axis was found to have a significant effect on
cellular apoptosis in EV71 infected cells. Thus,
the results of this study suggested that ceRNA
axes perform regulatory roles in the pathogen-
esis of EV71 infection.

The RNA sequencing and bioinformatics analy-
ses are preferred methods for the prediction of
the ceRNA network. In previous studies, differ-
ential expression of INCRNA [10-12] and miRNA
[13] was reported in EV71 infected cells by
using transcriptome sequencing. In addition to
this, several INcCRNA-miRNA-mRNA regulatory
networks and associated biomarkers have
been identified in several viral infectious dis-
eases [14]. However, no information is avail-
able regarding the involvement of any IncRNA-
MiRNA-mRNA associated ceRNA network in
EV71 infection.

In this study, on the basis of IncRNA sequenc-
ing results reported in previous studies [10,
11], differential expression of IncRNA was
screened in EV71 infected rhabdomyosarcoma
(RD) cells. RNA sequencing data of miRNA and
MRNA were obtained from the Gene Expres-
sion Omnibus (GEO) database. Further, bioin-
formatics tools were used to screen differential
expression of mMiRNA and mRNA in EV71 infect-
ed RD cells. Following this, the enrichment
functional analyses of differentially expressed
genes (DEGs) and ceRNA network construction
were performed. In the end, real-time quantita-
tive polymerase chain reaction (QRT-PCR), lucif-
erase reporter assay, and apoptosis analysis
were carried out to validate the potential ceRNA
regulatory axis and its associated functions in
EV71 infection. These ceRNA networks might
provide better insights into the underlying
pathogenic mechanism involved in EV71 infec-
tion, and thus assist in the identification of bio-
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markers for diagnosis and potential drug tar-
gets for disease treatment.

Materials and methods
Data collection

The differently expressed IncRNAs in EV71
infected RD cells were obtained from reports
PMID23220233 [11] and PMID30314355
[10]. All the miRNA-seq data (GSE75455) and
MRNA RNA-seq data (GSE15323 and GSE-
103308) derived from EV71 infected RD cell
line were downloaded from Gene Expression
Omnibus (GEO) (https://www.ncbi.nim.nih.gov/
geo/) of National Center of Biotechnology
Information (NCBI). Detailed information of
platforms was listed in Table 1.

Identification of differentially expressed In-
cRNA, miRNA and mRNA

Inthe present study, the differentially expressed
INcRNAs in previous reports [10,11] were
screened. GEO2R, an interactive web tool
based on limma package of R language in the
GEO series, was used to screen the differential
expression of miRNAs in this study. The limma
package of R language was used to screen
the differential expression of mRNAs. The
|logFC|>1 and P<0.05 were set as the cut-off
criteria.

Gene function analysis

Gene Ontology (GO) is one of the bioinforma-
tics tools used to analyze gene annotation,
including biological processes (BPs), molecular
functions (MFs) and cellular components (CCs)
annotations. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) was used to determine
the pathways enrichment of differentially ex-
pressed genes in cells. Gene Set Enrichment
Analysis (GSEA) is an analysis method of com-
prehensive gene function prediction for whole
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genome expression profile, which was used to
determine the enriched signal pathways of the
differentially expressed genes. The GO, KEGG
and GSEA analysis were implemented through
cluster Profiler package of R language.

Protein-protein interaction (PPI) network and
hub genes prediction

The protein-protein interaction (PPI) network
was predicted using the Search Tool for the
Retrieval of Interacting Genes (STRING) online
software (version: 11.0, https://string-db.org).
The mRNA genes were put into STRING data-
base, and gene pairs with combined scores
>0.4 were selected as the candidates. Cyto-
scape software (version 3.7.2) was used to inte-
grate and visualize the main part of PPl net-
work. Next, top 20 genes of above gene pairs
with the strongest correlations were analyzed
by CytoHubba.

LncRNA-miRNA-mRNA interaction network

In the IncRNA-miRNA-mRNA interaction net-
work prediction, the INncRNA-miRNA with oppo-
site expression and miRNA-mRNA with oppo-
site expression were used for interaction pre-
diction. DIANA-LncBase (https://diana.e-ce.
uth.gr/Incbasev3) and TargetScan (http://www.
targetscan.org/vert_71/) were used for inter-
action prediction between IncRNA and miRNA
or miRNA and mRNA, respectively. Finally,
the IncRNA-miRNA-mRNA networks were con-
structed by Cytoscape software (version 3.7.2).

Cell culture and virus infection

Human rhabdomyosarcoma (RD) cell line in our
laboratory was previously purchursed from
American Type Culture Collection (ATCC) and
identified using short tandem repeats (STR)
analysis by Biowing Biotechnology (Shanghai,
China). The cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplement-
ed with 10% heat-inactivated fetal bovine
serum (FBS) at 37°C in 5% CO,. The EV71
virus strain (strain 87-2008 Xi'an Shaanxi,
GenBank Accession No. HM003207.1) obtain-
ed from the Xi'an Centre for Disease Control
and Prevention, was kindly donated by Dr. Wei
Ye and Dr. Min Yao. It also has been applied in
several studies [15, 16]. RD cells were seeded
into 24-well plates at a density of 1x10° cells/
well. After 24 h, cells were washed and attached
with EV71 virus for 1 h at a multiple of infection
(MQOI) of 1 in DMEM. As a negative control,
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mock treatment with EV71-free DMEM was
applied to RD cells. Then, the supernatant was
replaced by 2% FBS DMEM.

Cell RNA extraction and quantitative real-time
PCR

At 12 h post EV71 infection, total RNAs of RD
cells were extracted using Trizol reagent (Code
No. 9108, Takara, Japan). Then IncRNA and
MRNA were reversely transcribed using Pri-
merScript RT Reagent Kit (Code No. RRO47A,
Takara, Japan). Briefly, the gDNA Eraser was
used to remove genomic DNA of 1 ug RNA.
Then mRNA and IncRNA were reversely tran-
scribed into ¢DNA by using PrimeScriptRT
Enzyme and RT Primer Mix containing Random
6 mers and Oligo dT Primer. For miRNA, the
reverse transcription was performed using
Mir-X MiRNA First-Strand Synthesis Kit (Code
No. RR716, Takara, Japan). In short, the miRNA
was added with poly (A) tail and reversely tran-
scribed of the first strand by using miRNA
PrimeScript RT Enzyme.

Next, quantitative real-time polymerase chain
reaction (qRT-PCR) was executed using Fast-
Start SYBR Green Master (Roche, Switzerland)
to determine the relative expression levels of
IncRNA, miRNA and mRNA. The PCR reaction
steps were as follows: 95°C for 2 min follow-
ed by 40 cycles of 95°C for 20 s, 60°C for
20 s and 72°C for 20 s. The following for-
mulae were used to calculate the relative
expression of genes according to Ct values:
AACt = (Ct (target gene of test)-Ct (reference
gene of test)) - (Ct (target gene of control)-Ct
(reference gene of control)); the relative ex-
pression level =2 ~ (-AACt). The reference
genes for mRNA and miRNA were GAPDH and
U6, respectively. U6 primers were provided by
Mir-X miRNA First-Strand Synthesis Kit men-
tioned above. The primers for NEAT1, SNH-
G12, MALATZ1, LINCO2723, miR-194-5p, miR-
450-5p, miR-20b-5p, DUSP1, TCF7L2 and
GAPDH were listed in Table 2 and synthesized
by Sangon Biotech (Shanghai, China).

Plasmids construction and transfection

For NEAT1, SNHG12 and MALAT1 overexpres-
sion plasmids construction, IncRNA NEAT1,
SNHG12 and MALAT1 fragments were ampli-
fied from cDNA of RD cells and then cloned into
plasmid pcDNA3.1 by using molecular cloning
technique.
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Table 2. Primers used for gRT-PCR

Gene Sequence (5’ to 3')
NEAT1 Forward ~ GACCTCTCACCTACCCACCT
Reverse ~ TCCCAGCGTTTAGCACAACA
SNHG12 Forward  GAAAAAGCACACCAGCTATTGG
Reverse =~ CGGGATCTCTGTAGACTAAGTCAGT
MALAT1 Forward =~ CTAAGGTCAAGAGAAGTGTCAG
Reverse ~ AAGACCTCGACACCATCGTTAC
miR-194-5p Forward  TGTAACAGCAACTCCATGTGGA
miR-450-5p  Forward  TTTTGCAATATGTTCCTGAATA
miR-20b-5p  Forward = CAAAGTGCTCATAGTGCAGG
DUSP1 Forward =~ TCCCCTGAGTACTAGCGTCC
Reverse ~ TGGGACAATTGGCTGAGACG
TCF7L2 Forward ~ GGCAAGATGGAGGGCTCTTT
Reverse ~ CGCAGAGTAATGTGTGCTGC
GAPDH Forward ~ GGAGCGAGATCCCTCCAAAAT
Reverse ~ GGCTGTTGTCATACTTCTCATGG

fection or miR-194-5p mimics transfec-
tion, respectively. At 12 h post EV71 infec-
tion, 36 h post plasmids transfection or
miRNA mimics transfection, cells were col-
lected for apoptosis detection using an
apoptosis detection kit (Cat No. KGA108,
Keygen, China). Briefly, cells were digested
with trypsin followed by PBS washing.
Then, cells were resuspended in binding
buffer and added with Annexin and PI. The
apoptosis detection was performed on a
FACSCalibur™ system (BD Biosciences,
San Jose, CA, USA).

Western blot

The RD cells were treated with EV71 infec-
tion for 12 h, pcDNA-MALAT1 transfection
for 36 h or miR-194-5p mimics transfec-

RD cells were seeded in 24-well plates as
described above. When cells reached 50%
confluency, the transfections of plasmids and
miRNA mimics were performed by using
Lipofectamine 2000 reagent (Cat No. 11668-
027, Invitrogen, CA) according to the manufac-
ture’s protocol. At 48 h after transfection, the
total RNAs of cells were extracted. The miR-
194-5p and DUSP1 relative expression levels
were measured using qRT-PCR as described
above. At 36 h after transfection, the cells were
collected for apoptosis detection.

Luciferase reporter assay

The luciferase reporter plasmids for wild-type
MALAT1 (pGL3-MALAT1), mutant MALAT1
(pGL3-MALATImut), wild-type DUSP1 3-UTR
(pGL3-DUSP1) and mutant DUSP1 3’-UTR
(pGL3-DUSP1mut), as well as miR-194-5p
mimics, were synthesized by Sangon Biotech
(Shanghai, China). For luciferase reporter
assay, HEK293 cells were seeded into 24-well
and transiently cotransfected with pGL3 plas-
mids, pRL-TK-Renilla, miR-194-5p mimics and
miR mimics NC. After 48 h, the luciferase activi-
ties in cells were detected by using Dual lucifer-
ase reporter assay kit (Cat No. E1910, Promega,
USA).

Cell apoptosis assay

RD cells in 24-well plates were treated with
EV71 infection, overexpression plasmids trans-

7443

tion for 36 h. Then, the proteins were col-

lected for Western blot analysis. Briefly, 10
ug proteins were uploaded onto sodium dodec-
yl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to polyvinyli-
dene fluoride (PVDF) membrane. After blocked
by 5% milk in TBST, membranes were incubat-
ed with specific primary antibodies, such as
rabbit polyclonal antibody against LC3B (~18
kDa for LC3-1 and ~16 for LC3-Il, Cat No.
NB100-2220, Novus, USA), rabbit polyclonal
antibody against p62 (~62 kDa, Cat No. NBP1-
48320, Novus, USA) and mouse monoclonal
antibody against B-actin (~42 kDa, Cat No.
ab6276, Abcam, UK). The goat anti-mouse or
goat anti-rabbit antibodies conjugated with
horseradish peroxidase (Cat No. ZB-2305 and
ZB-2301, Zhongshanjingiao, China) were used
as secondary antibodies. The blots were detect-
ed with chemiluminescent substrates (ECL,
Millipore, USA) and quantified using Image)J
software (version 1.52a).

Statistical analysis

The significant difference analysis of INCRNA,
miRNA, mRNA expression, apoptosis alteration,
and Western blot quantification were per-
formed wusing GraphPad Prism 7.0. The
Student’s t-test was used for comparison
between two groups, and the analysis of vari-
ance (ANOVA) was used for comparison among
multiple groups. A P<0.05 was regarded as sig-
nificantly difference. The asterisk (") indicates
significant difference between two groups
("P<0.05, ""P<0.01, ""P<0.001).
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Pubmed GEO datasets

Gene function analysis of

| DEGs
l ! | .
IncRNA DEGs miRNA DEGs mRNA DEGs In order to analyze the possi-
| DIANA | | TargetSoan | ble biological functions for
the differentially expressed
IncRNA-miRNA prediction miRNA-mRNA prediction mMRNAs and their associated
| Cytoscape | pathways, Gene ontology (GO)
and KEGG analyses were per-
IncRNA-miRNA-mRNA prediction formed using clusterProfiler
package. GO analysis showed
' ' | | enrichment of DEGs into three

GO analysis KEGG analysis GSEA analysis PPl analysis

Figure 1. Flowchart for construction of ceRNA network and analysis of gene

functions in EV71 infected RD cells.

Results

Identification of differentially expressed In-
CRNA, miRNA and mRNA in EV71 infected RD
cells

The present study screened the differential
expression of INcRNA, miRNA, and mRNA in RD
cells infected with EV71, with the aim to identi-
fy the ceRNA regulatory axis involved in EV71
infection. The steps followed in the analysis
are summarized as a flowchart in Figure 1.
Initially, the IncRNA, miRNA, and mRNA expres-
sion profiles for RD cells infected with EV71
were obtained from PubMed (PMID23220233
and PMID30314355 for IncRNA) and GEO
datasets (GSE75455 for miRNA and GSE-
15323/GSE103308 for mRNA). The detailed
information was shown in Table 1. As shown in
Figure 2A and Table 3, five IncRNAs were
found to be upregulated, while one IncRNA was
downregulated in the dataset obtained from
PubMed. For GSE datasets, the GEO2R tool
and limma package of R language were used
for the screening. In the case of miRNAs, 10
and 18 miRNAs were found to be upregulated
and downregulated, respectively (Figure 2B;
Table 4). Further analysis revealed 46 upregu-
lated mMRNAs and 303 downregulated mRNAs
(Figure 2C; Table 5). Heatmaps representing
these differentially expressed miRNA and
mRNA are shown in Figure 2D, 2E. Thus, the
information obtained regarding the differential-
ly expressed INCRNA, miRNA, and mRNA might
provide potential leads for unraveling the
pathogenic mechanism involved in EV71
infection.
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main domains, namely biologi-
cal processes (BPs), cellular
components (CCs), and molec-
ular functions (MFs). Among
the BPs, the most significant
enrichment was reported for blood circulation
and circulatory system (Figure 3A). In the case
of CCs, the most significant enrichment was
obtained for cytoplasmic vesicle lumen (Figure
3B). For MFs, ATPase activity coupled to trans-
membrane movement of substance was found
to be most significantly enriched (Figure 3C).
Further, KEGG pathway analysis for EV71
infected RD cells showed enrichment of DEGs
in the cGMP-PKG signaling pathway (Figure
3D). All these results suggested that EV71
infection was accompanied by certain trans-
membrane movements in the vesicle lumen,
like apoptosis and autophagy.

Gene set enrichment analysis (GSEA) for DEGs
associated with EV71 infection

In order to explore the biological functions of
the DEGs associated with EV71 infection in RD
cells, GSEA was performed using clusterProfil-
er. As shown in Figure 4A, 4B, most of the
upregulated genes were found to be associated
with hypoxia and TNF-a signaling pathway via
NF-kB. All these results indicated that activa-
tion of these pathways posts EV71 infection in
RD cells.

PPI network analysis of DEGs in ceRNA net-
works

STRING software was used to predict the pro-
tein-protein interaction (PPI) among mRNA mol-
ecules in the ceRNA network. The results for
PPI network analysis are shown in Figure 5A.
Following this, the top 20 hub genes related to
EV71 infection, namely STAT3, FOS, JUN, EGR1,

Am J Transl Res 2021;13(7):7440-7457
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Figure 2. Venn diagrams and heat maps of differentially expressed IncRNA, miRNA and mRNA in data obtained from NCBI. A. Venn diagram presenting differentially
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gram presenting differentially expressed mRNA from GSE15323 and GSE103308. D. Heatmap plot presenting differentially expressed miRNA from GSE75455. E.
Heatmap plot presenting differentially expressed mRNA from GSE15323 and GSE103308.
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Table 3. Differentially expressed IncRNAs in PMID23220233

and PMID30314355

genes, dual specificity protein
phosphatase 1 (DUSP1) and

Upregulation

Downregulation

transcription factor 7-like 2

NEAT1, SNHG12, MALAT1, ACO08443.5, AC003092.1

LINCO2723

(TCF7L2). As shown in Figure 7C,

CYR61, DUSP1, CTGF,CDC42, PTPN11, GSK3B,
NFKBIZ, REL, AKT3, MAFF, GNAQ, AKAP13,
ACTR2, ARHGAP35, ADAM10, and TCF7L2,
were analyzed using CytoHubba plugin of
Cytoscape (Figure 5B). These genes might play
a pivotal role in the pathogenesis of EV71
infection.

Prediction of IncRNA-miRNA-mRNA network

A competing endogenous RNA (ceRNA) network
was constructed to gain detailed insights into
the key regulatory functions of these RNAs.
DIANA software was used to predict interac-
tions between IncRNA and miRNA. Further, the
interaction between miRNA and target mRNA
was predicted using TargetScan. As shown in
Figure 6A, the upregulated IncRNA, downregu-
lated miRNA, and upregulated mRNA constitut-
ed an upregulated ceRNA network. In addition
to this, a downregulated ceRNA network was
also observed, comprising downregulated
IncRNA, upregulated miRNA and downregulat-
ed mRNA (Figure 6B).

Verification of IncRNA, miRNA and mRNA ex-
pression

The expressions of predicted IncRNA, miRNA,
and mRNA in EV71 infected RD cells were
confirmed using qRT-PCR. In EV71 infected RD
cells, the relative expressions of IncRNA nucle-
ar-enriched abundant transcript 1 (NEAT1),
small nucleolar RNA host gene 12 (SNHG12),
and metastasis-associated lung adenocarcino-
ma transcript 1 (MALAT1) were found to be sig-
nificantly higher as compared to those in the
control cells. In comparison to these, no signifi-
cant changes were observed in the expression
of LINCO2723 (Figure 7A). For miRNA expres-
sion, miR-194-5p, miR-450b-5p, and miR-129-
5p were found to be significantly downregulat-
ed, while the expression of miR-20b-5p, miR-
28-3p, and miR-363-3p remained unaltered
(Figure 7B). Since the expression level of miR-
194-5p reduced by nearly ten folds during
EV71 infection, it was interesting for us to
determine the expression of its potential target
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the expression of DUSP1, one of
20 hub genes, was significantly
upregulated after EV71 infection (Figure 7C). All
these results indicated possible activation of
an IncRNA/miR-194-5p/DUSP1 regulatory pa-
thway in EV71 infection.

Validation of IncRNA/miR-194-5p/DUSP1
ceRNA axis

The potential activation of IncRNA/miR-194-
5p/DUSP1 ceRNA axis was verified by overex-
pression of INncRNA NEAT, SNHG12, and MAL-
AT1 in RD cells. The overexpression of MALAT1
was accompanied by an increased expression
of DUSP1 (Figure 8A); however, both NEA-
T1 and SNHG12 did not show any effect on
DUSP1 expression (Figure 8B). Besides this,
the overexpression of miR-194-5p resulted in
a reduction in DUSP1 expression, indicating
that DUSP1 might be one of the targets of miR-
194-5p (Figure 8C). Further, the RNA interac-
tion in MALAT1/miR-194-5p/DUSP1 axis was
validated using luciferase reporter assay,
based on the binding sites (Figure 8D). As
shown in Figure 8E, miR-194-5p mimics signifi-
cantly reduced the luciferase activity of wild-
type MALAT1; however, no effect was observed
in the case of mutant MALATL1. In addition to
this, miR-194-5p mimics significantly reduced
the luciferase activity of DUSP1 having wild-
type 3’-UTR, but no effects were reported for
DUSP1 with mutant 3-UTR (Figure 8E). Thus,
all these results suggested the existence of a
MALAT1/miR-194-5p/DUSP1 regulatory axis
for EV71 infection in RD cells.

MALAT1/miR-194-5p mediated apoptosis, but
not autophagy, in EV71 infected RD cells

The results for GO analysis showed enrichment
of DEGs in cytoplasmic vesicle lumen compo-
nent and transmembrane movement function
(Figure 3B, 3C), suggesting that EV71 infection
might be associated with cellular apoptosis
and autophagy. As shown in Figure 9A, EV71
infection was associated with a higher number
of apoptotic RD cells, especially in early apop-
tosis, as compared to the control cells without
any infection. Since EV71 infection resulted in

Am J Transl Res 2021;13(7):7440-7457
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Table 4. Differentially expressed miRNAs in GSE75455

Upregulation

Downregulation

miR-624, miR-20b-5p, miR-191, miR-452, miR-28-3p, miR-363-3p, MiR-632, miR-194-5p, miR-571, miR-520f,

miR-513b, miR-195, let-7g, miR-493,
miR-369-3p, miR-637

miR-129, miR-550, miR-650, miR-30c, miR-639, miR-223, miR-616-
5p, miR-302b, miR-450b-5p, miR-873, miR-563, miR-199b-5p

Table 5. Differentially expressed mRNAs in GSE103308 and GSE15323

Upregulation Downregulation

ADAMTS1, ADM, AKAP13,
ARRDC3, BRF2, CDC42,
CHD2, CITED2, CTGF,
CXCL2, CXCL3, CYR61,

ABI2, ACADSB, ACTR2, ADAM10, ADAM12, ADRBK2, AGPAT5, AGPS, AKT3,
ANKFY1, ANKRD50, APPBP2, APPL1, ARFGEF1, ARHGAP35, ARHGAPS, ATAD2B,
ATL3, ATP2B1, ATP6V1C1, ATR, AVL9, BAG2, BBX, BCL2, BCL2L11, BIRCG6,
BLOC1S6, BMPR2, BNIP2, BRCA2, BRCC3, CALD1, CASK, CBX3, CCDC6, CDC14B,

DUSP1, EGR1, EIF4B, FAF2, CDK1, CDK19, CEP68, CEPT1, CERS6, CHML, CHRM3, CLCN5, CLOCK, CNOT6,

FOS, GMEB1, HES1, JUN,
MAFF, MDM4, MGEA5,

COL11A1, COL12A1, CRK, DBT, DCAF10, DCTN5, DENND5B, DICER1, DMXL1,
DNAJC10, DNAJC13, DNM30S, DOCK1, DOCK9, DPP8, DYNC1LI2, DYNLL2,

MTPAP, MYLIP, NFKB2, NFK- DZIP3, EIF3F, EIF3M, ELK4, EML1, EML4, EPHA7, ERCC6L2, ESYT2, FAM102B,

BlZ, NIPBL, NSF, PAPOLG,
PIM1, QTRTD1, REL, RIT1,
SARS, SGPL1, SLC2A3,

SLC44A2, STAT3, TCF7L2,

FAM161A, FAM178A, FAM208A, FAM20B, FAM63B, FAR1, FAT3, FBX034, FBX05,
FBXW2, FGD4, FKBP14, FKBP7, FOXN3, GALNT7, GAS1, GJC1, GLCE, GLS, GNAQ,
GNB4, GPAM, GPATCH2L, GPR155, GSK3B, GSPT1, GTF3C4, GUCY1A2, GXYLT1,

H2AFY, HDGFRP3, HEXIM1, HOOK3, HS2ST1, HS6ST2, HSDL1, HSPOOB1, IFRD1,

TOP1, TXNIP, UGCG, XBP1, IL17RD, IMPAD1, IREB2, IVNS1ABP, JPX, KANSL1L, KCNJ6, KCTD12, KCTD3,

ZNF350, ZNF367, ZNF441, KDM1B, KDSR, KIAAO368, KIAA1244, KIAA1715, KIDINS220, KRCC1, LAMB1,

ZNF844 LAMP2, LARP4, LEPROT, LIFR, LMAN1, LMBR1, LMO4, LRIG2, LRP8, LRRC58,
MAML2, MAN1A2, MAPK9, MARS2, MED13, METTL15, MFSDS8, MIB1, MKLN1,
MMP16, MOB1B, MPHOSPH9, MRPL42, MSRB3, MTX3, MYO5A, MYO5B, MYOF,
NAA50, NEDD1, NLN, NT5DC1, NUDT4, NUFIP2, NUS1, NXPE3, ONECUT2, PA-
FAH1B1, PALLD, PANK3, PAPOLA, PARP14, PARVA, PBRM1, PCDH9, PCNX, PDZDS,
PGRMC2, PHF20L1, PHLDA1, PHLDB2, PIGW, PIK3C2A, PLA2G12A, PMS1, POL-
R1B, PPARGC1B, PPFIAL, PPP1R3D, PPP6R3, PRKAAL, PRKDC, PRKRA, PRPF4B,
PSEN1, PSMA5, PSME4, PTP4A1, PTPN11, PTPRD, QKI, QSER1, RAB22A, RAN-
BP2, RASA1, RBFOX1, RBL1, REEP5, RGMB, RNF217, ROCK2, RPRD1A, RPS24,
RPSE6KA3, RRP15, SACS, SCARB2, SCNOA, SEMAGA, SENP6, SESN3, SFXN1,
SH3GLB1, SIKE1, SLC30A7, SLC44A1, SLC4A7, SLC5A3, SLC7A2, SLITRKS5,
SMAD5, SMC6, SMCHD1, SMEK2, SMURF2, SNTB2, SNX1, SNX5, SOCS6, SOGA1,
SOX11, SPATAG, SPTSSA, SSR1, ST8SIA4, STRBP, STRN, SUPT16H, SUV420H1,
SVIL, SYNPO2, THNSL1, TMOSF3, TMED5, TMEM181, TMEM245, TMEM30A,
TMEMS5, TMTC1, TOR1AIP2, TPD52, TRERF1, TRIM13, TRIP11, TTC37, TTLL7,
TUG1, TULP4, TXLNG, UBE2K, UBE2V2, UBE4B, UBR3, UBXN4, USP13, USP14,
USP24, USP34, USP46, USPOX, UTP23, VCAN, VKORC1L1, VPS13B, WDFY2,
WDR3, WDR89, WHSC1L1, YES1, ZBTB37, ZBTB44, ZKSCAN1, ZMYM4, ZNF22,
ZNF260, ZNF431, ZNF518B, ZNF566, ZNF594, ZNF623, ZNF704, ZNF770,

ZNF830, ZXDC

increased expression of MALAT1, the study
also examined effect of MALAT1 and miR-194-
5p on cellular apoptosis. The overexpression of
MALAT1 promoted both early and late apopto-
sis (Figure 9B). In comparison to this, the accu-
mulation of miR-194-5p inhibited both of early
and late apoptosis (Figure 9C). Thus, it can be
concluded that EV71 infection promoted cell
apoptosis probably via MALAT1/miR-194-5p
axis.
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In order to explore whether MALAT1/miR-194-
5p mediates EV71-induced autophagy, we us-
ed Western blot to detect the key marker pro-
teins of autophagy, such as LC3 and p62. The
results showed that EV71 infection induced the
accumulation of LC3-Il protein and reduction of
p62 protein (Figure 9D), indicating that autoph-
agy was activated. However, the overexpres-
sion of MALAT1 and miR-194-5p did not alter
the protein levels of LC3-Il and p62 (Figure 9E,
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(B) cellular components (CCs), and (C) molecular functions (MFs) analyses for DEGs. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses for DEGs.
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9F). Therefore, we conclude that the MALAT1/
miR-194-5p axis did not mediate autophagy
induced by EV71 infection.

Discussion

The present study explored the differential
expression of genes in RD cells infected with
EV71, the main causative agent of HFMD. GO,
KEGG, and GSEA analyses revealed enrichment
of the DEGs in cytoplasmic vesicle lumen,
ATPase activity coupled to transmembrane
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movement of material, and TNF-a signaling
pathway. Among 20 hub genes identified using
PPI network analysis, DUSP1, STAT3, FOS, and
EGR1 were the main transcription factors
involved in gene regulation, apoptosis, autoph-
agy, and immune response induced by EV71
infection [17-19]. Therefore, all these observa-
tions indicated activation of antiviral activities
and vesicle-related biological activities such as
apoptosis and autophagy upon EV71 infection,
which might further play an important role in
the occurrence and pathogenesis of HFMD.
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Figure 6. Prediction of INcCRNA-miRNA-mRNA network of EV71 infection in RD cells. A. The ceRNA network of upregulated IncRNA. B. The ceRNA network of down-
regulated IncRNA. The yellow, green and purple nodes represented INcRNA, miRNA, and mRNA, respectively.

A B C
S 8- - [ Mock 5 2-
3 3 Mock S 204 B EV7i B * [ Mock
> * * - EV71 [ >
3 ] k] Il EVT1
= €7 < 154 S
S« g S _ 2
0w = * ‘@ % * g g
] x 4 $ & 1.0- o
o c = S £
x = &E >
w i * w1
o 21 o 0.5+ o
sl Nal NaTnaiIFEl :
8 =
e o ' . el A . r ' . , e
NEAT1 SNHG12 MALAT1 LINC02723 gnb“ 9 0 ,5;59 9‘59 DUSP1 TCFT7L2
o 209 .
‘“\9_-'\ “\\“ )fﬁ R ‘“\%7&’3 “\\9.35 ““?r\'!'

7452 Am J Transl| Res 2021;13(7):7440-7457



ceRNA network in EV71 infection

Figure 7. The gRT-PCR analysis to confirm expressions of predicted INcRNA, miRNA, and mRNA in EV71 infected RD
cells. A. The IncRNA relative expression levels in EV71 infected RD cells. B. The miRNA relative expression levels in
EV71 infected RD cells. C. The relative expression levels of potential target genes of miR-194-5p in EV71 infected

RD cells.
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DUSP1. The N.S. indicates no significance.

Thus, the identification of key factors involved
in the regulation of apoptosis, autophagy, and
other associated activities is very important to
unravel the pathogenesis of EV71 infection.

Previous studies have shown that the IncRNA-
miRNA-mRNA network plays a key role in the
pathogenesis of viral infectious diseases [6].
Transcriptomics studies have previously re-
vealed differential expression of a large num-
ber of INcRNA during EV71 infection [10-12].
Liao et al. [9] reported that increased expres-
sion of Inc-IRAK3-3 acted as a sponge for miR-
891b, which further regulated GADD45b
expression and affected cell apoptosis during
EV71 infection. These evidences suggested
that IncRNA-miRNA-mRNA regulatory axis medi-
ated apoptosis or autophagy might play critical
regulatory roles in the pathogenesis of EV71
infection.
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In the present study, ceRNA regulatory net-
works were constructed for EV71 infected RD
cells. The results of the analysis showed that 4
IncRNAs might act as sponges for 13 miRNAs
and thus regulate the expression of 77 target
genes. These results were confirmed by the
overexpression of IncRNA NEAT, SNHG12, and
MALATZ in RD cells. Through experimental veri-
fication, we proved a ceRNA axis MALAT1/miR-
194-5p/DUSP1 involved in EV71 infected RD
cells. Several previous studies have reported
the role of the MALAT1/miR-194-5p regulatory
axis in various other diseases. For example,
Bhattacharyya et al. [20] reported that flavivi-
rus infection was associated with the up-
regulation of MALAT1 in infected cells, which
eventually resulted in cell apoptosis. In a sepa-
rate study for LPS-induced acute lung injury,
Nan et al. [21] reported that MALAT1 promoted
apoptosis in pulmonary alveolar epithelial cells

Am J Transl Res 2021;13(7):7440-7457
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by targeting miR-194-5p. In comparison to
this, MALAT1 acted as a sponge for miR-194-5p
and inhibited cellular apoptosis in the case of
hypopharyngeal squamous cell carcinoma [22]
and clear cell kidney cancer cells [23]. Thus,
the MALAT1/miR-194-5p regulatory axis plays
a pivotal but complex regulatory role in cellular
apoptosis. In the present study, MALAT1/miR-
194-5p axis was shown to induce apoptosis,
which might mediate the pathogenesis of EV71
infection.

Several studies reported that apoptosis agg-
ravates the development of HFMD [24]. Zhu
et al. [25] showed that the deletion of Bcl2/
adenovirus E1B protein-interacting protein 3
(BNIP3) improved HFMD in mice. This ameliora-
tion of EV71-induced HFMD was shown to be
mediated via a reduction in cellular apoptosis.
In a recent study, You et al. [26] revealed a dis-
tinct mechanism for EV71 mediated induction
of neuronal apoptosis and autophagy. These
EV71 mediated effects involved binding of the
non-structured protein 3D of EV71 to peroxi-
somal protein acyl-CoA oxidase 1 (ACOX1),
which was followed by downregulation of
ACOX1. This might be associated with neuro-
logical complications observed in the case of
HFMD. In RD cells, inhibition of apoptosis
resulted in a reduction in the release of EV71
particles [27]. Thus, it is reasonable to specu-
late that apoptosis might promote the develop-
ment of HFMD due to the prolonged course of
the disease.

The autophagy was a cellular degradation
mechanism induced by EV71 infection [28],
which could restrict EV71 infection or promote
EV71 replication [29-31]. In this study, EV71
induced LC3-1l accumulation and p62 degrada-
tion, indicating the activation of autophagy.
Although MALAT1/miR-194-5p regulatory axis
was activated by EV71 infection, it had no
effects on LC3-Il and p62 protein levels, indi-
cating that the autophagy induced by EV71
infection was mediated by other mechanism
but not MALAT1/miR-194-5p regulatory axis.

This research has some limitations, but it also
has certain application prospects. First, in
order to ensure the reliability of prediction, we
only selected the data from RD cell line rather
than other cell lines, which inevitably limited
the application of ceRNA networks in HFMD.
Second, since miRNAs in seral exosomes have
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great potential for diagnostic value [32], the
IncRNAs and miRNAs predicted in the present
study may be considered as biomarkers for
HFMD diagnosis. However, it needs seral sam-
ples from HFMD patients for further explo-
ration.

In summary, the transcriptome sequencing
data obtained from GEO database were ana-
lyzed using various bioinformatics tools. GO,
KEGG and GSEA analyses for EV71 infected
RD cells revealed enrichment of DEGs mainly in
cytoplasmic vesicle lumen, transmembrane
transport process and TNF-signaling. The
ceRNA regulatory networks were constructed
on the basis of IncRNA, miRNA, and mRNA.
Further, a potential ceRNA regulatory axis
involving MALAT1/miR-194-5p/DUSP1 was
Identified, and MALAT1/miR-194-5p axis might
mediate EV71 induced apoptosis. The results
of the study might provide potential leads to
unravel the pathogenic mechanism involved in
EV71 infection, and further aid in the develop-
ment of biomarkers and targeting drugs for the
diagnosis and treatment of HFMD.
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