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Abstract

Background Enterovirus 71 (EV71) is the main pathogen of hand-foot-mouth disease (HFMD) and sometimes causes several
neurological complications. However, the underlying mechanism of the host response to the virus infection remains unclear.
Objective To reveal the cell-specific transcriptional response of cultured RD cells following infection with EV71, and better
understand the molecular mechanisms of virus-host interactions.

Methods The RD cells were infected with or without EV71 for 24 h, and then transcriptome sequencing and qRT-PCR were
performed to analyze the transcriptome difference of functional genes.

Results More than 15000 genes were identified in transcriptome sequencing. In comparison with uninfected RD cells, 329
DEGs were identified in cells infected with EV71. GO and KEGG pathway enrichment analysis showed that most of the
DEGs were related to DNA binding, transcriptional regulation, immune response and inflammatory response, apoptosis
inducing factors and enriched in JAK-STAT and MAPK signaling pathways. TXNIP (thioredoxin-interacting protein) gene
was further demonstrated to play an important role participating in cellular apoptosis induced by EV71, and the apoptosis
and death mediated by TXNIP during EV71 infection was triggered by viral 2A protease (2Apro), not 3C protease (3Cpro).
Conclusion Our study demonstrated that RD cells have a significant response to EV71 infection, including immune response
and apoptosis. 2Apro might be a key inducer relative to the cellular apoptosis and death mediated by TXNIP during EV71
infection. These data would contribute to preferably understand the process at the molecular level and provide theoretical
foundation for diagnosis and treatment of EV71-related diseases.

Keywords Enterovirus 71 (EV71) - RNA-Seq analysis - Apoptosis - TXNIP (thioredoxin-interacting protein) - 2A protease
(2AP)

Introduction

Enterovirus 71 (EV71) is a single positive-stranded RNA
virus that belongs to the Enterovirus genus of the Picorna-
viridae family, which was first identified in 1969 in Cali-
fornia (Schmidt et al. 1974). EV71 is the major causative
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27,000 were suffered with severe neurological complica-
tions, resulting in 905 fatalities (Zeng et al. 2012). Fatal
cases were also reported in other countries in 2012 (Yang
et al. 2009; Chen et al. 2014). EV71 infection has become a
major public health threat across Asia Pacific.

However, there is no approved antiviral drug for EV71-
induced disease because of high genomic mutation rates and
lack of understanding of EV71 pathogenesis. Therefore, fur-
ther investigation on the pathogenesis of EV71 infection has
kindled considerable research interests in the field of medi-
cal virology. The susceptibility to establish infection directly
correlates to the interaction between the hosts and patho-
gens. During infection, viruses modify host gene expression
profiles to enhance their survival. Such activities include
altering the cellular microenvironment to allow successful
virus replication and evasion of the host immune system
(Scaria et al. 2006; Ghosh et al. 2009; Roberts and Jopling
2010). Elucidating the underlying mechanisms that use to
establish infections will provide a better understanding of
the pathogenesis mechanism of the EV71 and thus aid in
the development of potential antiviral therapeutics against
EV71. Comparative analysis of genome-wide expression
profiles are increasingly being applied to study virus-host
interactions. The transcriptomic analysis of rhabdomyosar-
coma (RD) cells infected with EV71 for 8 h or 20 h have
proved a few genes, such as APOB and CLU (Leong and
Chow 2006). Several EV71 proteins with unique functions
have also been identified (Falk et al. 1990; Tesar and Mar-
quardt 1990). However, a comprehensive understanding of
the interaction between EV71 and the host RD cells is yet
to be discovered.

EV71 infection is often accompanied by the apoptosis of
host cells. Apoptosis, also called programmed cell death,
is an important cell regulation mechanism in response to
viral infections. Apoptosis possesses a complicated mech-
anism that involves a network of cross-talks and multiple
specifically controlled pathways. EV71 infection can induce
apoptosis in various cell types through different mechanisms
(Chang et al. 2004). Understanding the molecular basis of
the host response to microbial infection particularly antia-
poptotic responses, is essential for identifying targets to pre-
vent EV71-induced diseases and tissue damages resulting
from the inflammatory responses (Desagher and Martinou
2000).

TXNIP (thioredoxin-interacting protein), initially discov-
ered as a vitamin D3-induced gene and an inhibitor of TRX
(thioredxin), mediates inhibition of cell proliferation and
proapoptotic function through activation of apoptosis signal
regulating kinase 1 (ASK1) (Chen et al. 2011). It could be a
tumor suppressor gene (TSG) which is commonly silenced
by genetic or epigenetic mechanisms in various cancers like
hepatocellular carcinoma (HCC) (Kwon et al. 2010), breast
cancer (Butler et al. 2002), bladder cancer (Nishizawa et al.
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2011) and leukemia (Zhou et al. 2011). TXNIP was also
demonstrated up-expressed in mRNAs and proteins during
hepatitis B/C virus infection, which promoted host cell apop-
tosis (Blackham et al. 2010; He et al. 2017). However, its
function in EV71-mediated apoptosis is still elusive.

In this study, RNA-Seq technology was used to assess
the cell-specific transcriptional responses of cultured RD
cells following infection with EV71. TXNIP gene, a critical
molecule involving in cell apoptosis process, was screened
and further studied from the RNA-seq analysis. Our study
demonstrated that 2AP™ might be a key inducer relative to
the cellular apoptosis and death mediated by TXNIP during
EV71 infection. These data would contribute to preferably
understand the process at the molecular level and provide
theoretical foundation for diagnosis and treatment of human
EV71-related diseases.

Materials and methods
Manipulation of cells and viruses

RD cells were maintained in DMEM that contained 10%
fetal bovine serum (FBS) (Gibco) at 37 °C with 5% CO, in
a humidified incubator. Cells were split into a ratio of 1:4
in fresh medium every two days. After the RD cells had
grown to 80% confluence, EV71 strain (GenBank accession
n0.KF501389.1) was inoculated into the cells at 37 °C for
1.5 h, and then the cells were further incubated in DMEM
with 2% FBS at 37 °C, 5% CO,.

Plasmids constructions

To generate pEGFP-2A, pEGFP-2Amut (with Cys110
replaced by Ser), pEGFP-3C and pcDNA-TXNIP plas-
mids, the backbone plasmid pEGFP-C1 was digested with
HindlIIl and BamHI, and pcDNA3.1(+) was digested with
HindlIIl and EcoRI. The cDNA fragments of EV71 genes
were amplified from the total RNA extracts from RD cells
infected with EV71 for 24 h, then were inserted into the
appointed vectors. Primers : 2A forward, 5" AAGCTTATG
GGGAAATTCGGTCAGCAGTC 3/, reverse, 5" GGATCC
TTACTGCTCCATCGCTTCCTCA 3’; 2Amut (the same
terminal primers with 2A) forward, 5' TTCAGAACCTGG
TGATTCTGG 3, reverse, 5" CCATCTAAGAATACCGCC
AGA 3'; 3C forward, 5" AAGCTTTTATTGCTCGCTGGC
AAAATAAC3', reverse, 5" GGATCCATGGGGCCCAGC
TTAGACTTCG 3'; TXNIP forward, 5' GCCACCAAGCTT
ATGGTGATGTTCAAGAAGATCAAGT 3/, reverse, 5’CCG
AATTCTCACTGCACATTGTTGTTGAGG 3'. All plasmids
were expanded in DHSa and purified with Endo-free Plas-
mid Mini Kit II (OMIGA).
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Cell transfection

RD cells were cultured in 12-well plate over night until
the intensity reached ~80% confluency. 2 pg plasmids and
2 uL lipofectamin 2000 Reagent (Invitrogen) were mixed
with 100 pL of opti-MEM maintaining for 20 min and then
dropwise added to each cultural wells containing 200 uL
of opti-MEM. Following cultivation for 5 h, supernatants
were replaced with fresh medium with 2% FBS to keep cell
growing regularly.

Cell viability detection

Cell viability was measured by the MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazoliumbromide] colorimet-
ric method. Briefly, RD cells were plated in 96-well cell
culture plate and cultured until cells reached ~80% conflu-
ency, then treated with 100TCID50 EV71 or transfected
with 0.3 pg plasmids (pEGFP-2A, pEGFP-3C, pEGFP and
pEGFP-2Amut). Culture medium was removed and cells
were washed with PBS. 5 mg/mL MTT reagent was added
for 4 h. 50 pL. DMSO was added to each well to solubilize
the formazan. Subsequently, the absorbance at 490 nm was
recorded using an automatic plate reader (Biotek, E1x800).
The survival rate was determined using the following for-
mula: cell viability (%) = (OD 4, of treated cells—OD 4, of
blank)/(OD,q, of control cells—OD 4, of blank). Data were
analyzed by GraphPad Prism 5.0 software.

Total RNA preparation

Total cellular RNA was extracted from uninfected, infected
or transfected RD cells for RNA-Seq or qRT-PCR. Upon
the completion of incubation, the culture supernatant was
removed and cells were washed three times in sterile PBS.
Total RNA was prepared from uninfected, infected or trans-
fected RD cells with RNAiso Plus (Takara Bio Inc) in the
dish (1 mL RNAiso per 10 cm?). Finally the RNA was sus-
pended in nuclease-free water, and quantified by UV spec-
trophotometer at 260 nm. The integrity of the extracted
RNA was confirmed by electrophoresis on a 1% denaturing
agarose gel.

RNA-Seq analysis

RNA-Seq analysis was performed by BGI Tech company
(Shenzhen, China) (Chen et al. 2015). Briefly, after the
total RNA extraction and DNase I treatment, the mRNA
was isolated using magnetic oligo (dT) beads and chopped
into short fragments. Then cDNA were synthesized using
the mRNA fragments as templates. The suitable fragments
purified by agarose gel electrophoresis were selected for the
PCR amplification as templates. During the QC (Quality

control) steps, Agilent 2100 Bioanaylzer and ABI StepO-
nePlus Real-Time PCR System were used in quantification
and qualification of the sample library. Finally, the library
was sequenced using [llumina HiSeq 2000.

Primary sequencing data that produced by Illumina
HiSeq 2000, were called as raw reads. To decrease data
noise, all the raw data were filtered by removing the reads
with adapts, unknown bases and low quality to get “clean
reads” for downstream bioinformatics analysis. Clean reads
were mapped to reference sequences using SOAPaligner/
SOAP2. The gene expression levels were evaluated by a
software package RSEM (RNASeq by Expectation Maxi-
mization), and p values were calculated according to the
poisson distribution. The threshold p <0.05 and the fold
change (Iog2™t°> 1) were set to judge the significance of
gene expression difference. To further process analysis,
DAVID online tool (http://david.abcc.ncifcrf.gov) were
used further to perform Gene Ontology (GO) enrichment
analysis and KEGG pathway enrichment analysis (Huang
et al. 2007, 2009).

Annexin-V-FITC/PI staining and flow cytometry

RD cells cultured in 12-well plate were transfected with
control plasmids like pEGFP-C1, pEGFP-2Amut and
pcDNA3.1(+) or over-expressing plasmids like pEGFP-3C,
pEGFP-2A and pcDNA-TXNIP with lipofectamin 2000.
Following incubation for 24 h or 48 h, cells were washed
twice with cold 1 XPBS (pH 7.4), and then cell apoptosis
assay was performed using Annexin V-FITC/PI apoptosis
detection kit [MultiSciences (LiankeBio)] following the
manufacture’s protocol. Cell apotosis level was measured
by flow cytometry (BD Accui C6, BD Biosciences, USA)
and analyzed by FlowJo software (USA).

gRT-PCR assay

After seeded in 24-well plate overnight, RD cells were
infected with EV71 or transfected with control plasmids
like pEGFP-C1, pEGFP-2Amut and pcDNA3.1(+) or
over-expressing plasmids like pPEGFP-3C, pEGFP-2A and
pcDNA-TXNIP. Total intracellular RNA was extracted using
a RNAiso Plus (Takara Bio Inc) Reagent. The RNA samples
were detected using a real-time reverse-transcriptase poly-
merase chain reaction (RT-PCR) instrument (LightCycler
96, Roche) in accordance with the manufacturer’s instruc-
tions. A quantitative RT-PCR assay was performed using
a PrimeScript RT reagent kit and SYBR Premix Ex Taq
[I(TaKaRa) following the manufacturer’s protocol. All the
primers (Table 1) were designed using software primer 5.0.
B-actin gene was used as the reference gene.
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Table 1 The list of primers for

Genes Primers (For.) Primers (Rev.)

gRT-PCR
TXNIP F: TGGTGATCATGAGACCTGGA R: AGGGGTATTGACATCCACCA
ZNF177 F: CTAGCCCATGCAAAGTAGG R: GCAGCACAGGATTAGTGCAA
FUT1 F: TGGAAAAGCTGGGGTAGTTG R: TGGATCCCTGGAAAGTTCTG
CCDC180 F: CTGGGAGAGCAGTGAGAACC R: GCCTGGCTCTGATACTCCAG
GOLGAL F: GCATTCCAGCAGGAGCTAAC R: TTATTGCGGAGCTTGAATCC
RGPDI F: CGTCCTGTTCAACACACCAA R: CCTGTGGTCTGAGGGTGTCT
MEF2B F: GACCGTGTGCTGCTGAAGTA R: AGCCTCCGAAACTTCTCTCC
SERFI1A F: ATGGCCCGTGGAAATCAAC R: TCTGAGAGGCAGTCAAGCTATC
RICTOR F: ACTGCTTGCCAACCCTAATG R: TGGTGTGTTGCAATTGCTTT
SPATAO F: CAGACGACCTCCTCCTGAAG R: CACCTCACCCAGGATCTCAC
CBWD6 F: TAGAAACGGTTGCCTCTGCT R: TCACTCCCTAATTCGGCATC
NBPF11 F: TGTTTAGACCCAGGCAAAGG R: CTCGGAGAGTCCACCAGAAG
HIST1H4K F: TACTGCGCGACAATATCCAG R: CAACCACCGAAACCGTAGAG
KLRK1 F: TTTTCAACACGATGGCAAAA R: TCGGTCAAGGGAATTTGAAC
RN7SL2 F: CCAGGAGTTCTGGGCTGTAG R: ATCAGCACGGGAGTTTTGAC
B-actin F: ACCGCGAGAAGATGACCCAG R: CCATCTCGTTCTCGAAGTCCA
VP1 F: GCAGCCCAAAAGAACTTCAC R: ATTTCAGCAGCTTGGAGTGC

Western blotting Results

Western blotting analyses were performed to examine intra-
cellular protein levels of RD cells uninfected, infected with
EV71 or transfected with plasmids. 20 pg of total protein
was separated on SDS—PAGE gels and then transferred to
PVDF membranes. The membranes were blocked with 5%
(w/v) nonfat milk in TBS tween buffer (TBST, 0.1%, v/v)
for 1 h and then incubated with primary antibodies either
TXNIP (dilution 1:2000) or B-actin (dilution 1:1000) at
4 °C overnight or at room temperature (RT) for 2-3 h. All
the primary antibodies were purchased from Abcam (UK).
After three washes in TBST, the membranes were incubated
with secondary HRP-antibodies at RT for 1 h and washed
again. Chemiluminescence detection was performed by ECL
(Pierce, Rockford, USA).

Immunofluorescence microscopy

This method was conducted as described previously. (Yao
et al. 2018) The EV71 VP1 monoclonal antibody and the
Alexa-Fluor-488-labeled secondary antibody were pur-
chased from ABcom company.

Statistical analysis

Data are presented as mean + SD of three independent exper-
iments performed in triplicate. A t-test was used to compare
groups, and p < 0.05 was considered statistically significant,
unless otherwise specified. In Gene Ontology and DAVID
analysis, the statistical data were generated by the software
itself.
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Growth kinetics of EV71-infected RD cells

In order to determine the cellular growth kinetics and the
cellular morphology post infection (p.i.) with EV71, four
gradient viral titers (10TCID50, 100TCID50, 1000TCIDS50,
10000TCID50) and four gradient time points (12 h, 24 h,
32 h and 48 h p.i.) were set to make a microscopic exami-
nation. Increasing the viral titer could improve the base of
EV71 replication, resulting in ruduction of survival time
(Fig. 1a). 100TCID50 of EV71 was used in the following
infection test. Compared to mock-infected control, no mor-
phological difference was observed at 12 h, and 24 h p.i.
However, at 32 h p.i., visible cytopathic effect (CPE) was
observed and EV71 infection induced a significant CPE
including rounding up, aggregation, and death, at 48 h p.i.
(Fig. 1b), which was consistent with the analysis of cell
viability (Fig. 1c). Besides, the viral RNA and protein lev-
els were gradually increased in RD cells over time during
persistent infection with EV71 (Fig. 1d, e). Although high
levels of viral RNAs and proteins were detected in cells at
24 h p.i., no visible CPE was observed.

Transcriptome sequencing and diferentially
expressed genes (DEGs) analysis

To better elucidate the response of RD cells against EV71
infection at molecular level, RNA-Seq technology was
used to determine the gene expression spectrum of RD
cells infected or uninfected with EV71 for 24 h. After
incubation, the samples were harvested and subjected
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Fig. 1 The growth kinetics of EV71-infected RD cells. a The cell sur-
vival time related to different viral titers was determined by micro-
scope observation. The cell survival time is defined as the time from
virus inoculation to more than 75% of deaths. RD cells infected with
100 TCID50 of EV71 were incubated for the indicated times p.i. b
The cellular morphology was observed and captured by microscope
(magnification, X20). ¢ The cell viability was determined using MTT
assay. ¥**p<0.01, ***p<0.001, compared with cell control. d Total

(e) anti-VP1
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Merge
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RNA was extracted from cells and EV71 RNA levels were meas-
ured. The data of 4 h was compared with that of other time points.
Values represent the means +SDs of three independent experiments.
*p <0.05, compared with the RNA level at 4 h p.i. e Immunofluores-
cence microscopy of uninfected and EV71-infected RD cells at 8, 24
and 32 h p.i. Infected cells were detected by anti-VP1 (a structural
protein of EV71) monoclonal antibody, while the cell nuclei were dis-
played by DAPI staining
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to library construction and sequencing. In this analysis,
more than 29 million reads for each sample were gener-
ated from constructed RNA-seq library using the Illumina
HiSeq 2000 platform, in which the perfect match for each
sample occupied about 50 percent (Table 2).

The total number of genes detected in each subject
exceeded 15,000, and the majority of which were co-
expressed (Fig. 2a). Among them, 329 differentially
expressed genes (DEGs) were identified (p <0.05, fold
change (log2™i°) > 1 or greater) between RD cells infected
with EV71 and uninfected cells by clustering analysis

(Fig. 2b), 199 genes were up-regulated and 130 genes were
down-regulated (Table S1).

Gene ontology (GO) and pathway enrichment
analysis of differentially expressed genes(DEGs)

To determine the major biological themes in this data set,
the Gene Ontology (GO) enrichment analysis and KEGG
pathway enrichment analysis were performed using DAVID
Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/).
GO molecular functional enrichment results showed that
the DEGs were mainly related to metal ion binding, DNA

Table 2 Statistics of RNA-seq

. Map to gene
data and mapped reads obtained

Uninfected sample

EV71-infected sample

by an RNA-Seq analysis of RD Reads number Percent (%) Reads number Percent (%)

cells infected or uninfected with

EV71 Total reads 30116036 100.00 29743214 100.00
Total mapped reads 21556212 71.58 18911124 63.58
Perfect match 14012109 46.53 12875813 43.29
mismatch 7544103 25.05 6035311 20.29
Unique match 16212202 53.83 15150180 50.94
Multi-position match 5344010 17.74 3760944 12.64
Total unmapped reads 8559822 28.42 10832088 36.42

Fig.2 Overview of the gene expression in RD cells infected or unin-
fected with EV71. a The Venn diagram shows the total number of
overlapping genes for both samples (RD cells infected or uninfected
with EV71). The red cycle represents the genes from uninfected
sample, and the blue cycle represents the genes from EV71-infected
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binding and transcription regulation (Fig. 3 and Table S1).
There were 22 up-regulated genes enriched in metal ion
binding and 18 up-regulated genes enriched in DNA bind-
ing, (Table S2). 7 down-regulated genes were enriched in
protein heterodimerization activity (Table S3). We also
annotated the DEGs into biological process, and the results
illustrated that the up-regulated genes were aggregated in
protein glycosylation, ion transport, nervous system develop-
ment and positive regulation of cell proliferation (Table S2),
while the down-regulated genes were mainly involved in
negative regulation of cell proliferation, arachidonic acid
metabolic process, platelet activation and angiogenesis
(Table S3). Furthermore, GO cellular component analysis
found some hub genes enriched in inflammatory response,
lipopolysaccharide, integral component of plasma mem-
brane, etc. (Fig. 3).

To explore the interaction between EV71 and RD cells,
some typical DEGs were filtered according to its signifi-
cance and GO enrichment score. Generally, viruses changed
the host RNA network through disturbing its genetic smooth,
which may therefore play a fundamental role in the regu-
lation of viral replication, infection establishment, and
viral pathogenesis (Li et al. 2014). 12 up-regulated genes
and 6 down-regulated genes in Zinc finger protein family
were identified, which involved in DNA binding and tran-
scriptional regulation. It was reported that the 3C protease
of EV71 could counteract the activity of host zinc-finger
antiviral protein (ZAP) (Xie et al. 2018), which was also

verified in our present study. Cytochrome P450 family mem-
ber CYP1B1 (fold change (Iog2™i°) = —2.21, p=0.040),
CYP2U1 (fold change (log2™i% =—2.15, p=0.040),
CYP2D6 (fold change (log2™i%)=—3.22, p=0.007) and
CYP1AL1 [fold change (Iog2™i°) = 1.05, p=0.048] expressed
at lower levels, which might be related to electron transfer in
the inner membrane of mitochondria or in the endoplasmic
reticulum (Berka et al. 2011). Previous studies had veri-
fied that coxsackievirus B3 (CVB3), also belongs to the
Enterovirus genus, suppressed the expression of CYP-gene
(Lundgren et al. 2007). Here, we confirmed that EV71 infec-
tion affected CYP-gene expression differently. As the core
components of nucleosome, histone cluster family members
HIST1H4K (fold change (log2™i®) = —13.05, p=0.004),
HIST2H2AB (fold change (Iog2"i°) = — 11.64, p=0.046)
and HIST1H2AE (fold change (log2"i°) = —3.30, p=0.007)
expressed lower markedly, while HIST1H4J emerged
wide difference (fold change (log2™i°)=13.17, p=0.001)
(Table S1). It meant that histone cluster family members
might be regulated greatly during EV71 infection. Moreover,
it was reported that TXNIP (Thioredoxin-interacting pro-
tein) gene increasingly expression elevated the production of
reactive oxygen species (ROS), and oxidative stress, result-
ing in cellular apoptosis (Zhou and Chng 2013). TXNIP
gene was detected up-regulated expression (fold change
(log2ri®) = 1.52, p=5.02E—27) in this study.

KEGG pathway enrichment analysis showed that DEGs
were mainly enriched for terms related to malaria, ovarian

Fig.3 GO enrichment analysis . -
of differential expressed genes steroid hydroxylase aCt!VI.ty ]
. . ’ monooxygenase activity -
GO enrichment analysis was oxygen binding =
provided by DAVID Bioinfor- aromatase activity - %
matics Resources 6.8 (https oxidoreductase activity f Q
://david.ncifcrf.gov/). The drug binding 1 )
differential expressed genes heme binding ] 1 =
were determined with p< 0.05 transcription regulation I IR 1 g_
and fold change (10g2fﬂ“°) >1 DNA binding e —————————————S———————— . — 1 g
or greater. Molecular function, metal ion binding < ]
biological process and cellular endothelial cell-cell adhesion-
components were enriched with 4] protein farnesylation a==s g
p<0.05 and gene number >2 E response to interleukin-12 ===y g—’
or more Q2  positive regulation of growth ===y Q
o actin filament 8
o axoneme assembly - o
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response to wounding- 3
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steroidogenesis and leishmaniasis, most of which encoded
transforming growth factors, transcription factors, janus
kinase, cytochrome, cell adhesion molecules and apopto-
sis inducing factors (Table 3). Here, we found these genes
were differentially regulated during EV71 infection. Taken
together, these results suggested that RD cells have a signifi-
cant response to EV71 infection, including immune response
and apoptosis.

gRT-PCR analysis confirmed modified transcription
of genes of interest during EV71 infection

In order to validate the results from RNA-Seq analysis,
according to molecular functional classification, fourteen
DEGs, including eight up-regulated genes and five down-
regulated genes, were selected for further validation by
gRT-PCR. These genes were of significant fold changes and
mainly involved in immune response and apoptosis. House-
keeping gene f-actin was used as a reference. The relative
fold change was calculated based on an endogenous control
for normalization and repeated three times independently.
As shown in Table 4, relative to uninfected cells, most gene
expression revealed consistent trends with transcriptome
sequencing, including TXNIP, ZNF177, FUT1, CCDC180,
GOLGAL, RGPDI1, SERFI1A, HISTIH4K, CBWD6,

NBPF1 and RN7SL2, while SPATAO showed weak down-
regulation. To explore the interaction between RD cells and
EV71, TXNIP gene with significant differential expression
was selected for further study.

TXNIP up-regulation induced cellular apoptosis
during EV71 infection

It is known that thioredoxin binding protein (TXNIP) has mul-
tiple functions and plays an important role in redox homeosta-
sis, which increases the production of reactive oxygen species
(ROS), and oxidative stress, resulting in cellular apoptosis
(Zhou and Chng 2013; Yoshihara et al. 2014). Both RNA-
Seq and qRT-PCR analysis demonstrated that TXNIP mRNA
expression increased in RD cells infected with EV71. Western
blot technique was also used to detect its protein expression
levels at different time points. The results showed that the up-
regulated TXNIP gene expression induced by EV71 infection
revealed time independence within 36 h (Fig. 4a). To verify
whether TXNIP over-expression can lead to RD cells apop-
tosis or death, pcDNA3.1 (also simply called pcDNA in this
study) and pcDNA-TXNIP plasmids were transfected into RD
cells. Annexin-V-FITC/PI stain and flow cytometry were used
to detect cell apoptosis. TXNIP mRNA levels increased dra-
matically following pcDNA-TXNIP transfection compared to

Table 3 List of DEGs enriched

Pathway map

KEGG pathway

p value

Differential expressed genes enriched

in KEGG pathway
hsa05144 Malaria 0.0141 TGFB2 THBS4 KLRK1 ITGB2
hsa04913 Ovarian steroidogenesis ~ 0.0141 JMID7-PLA2G4B PLA2G4B CYP1A1 CYP1B1
hsa05140 Leishmaniasis 0.0374 TGFB2 ITGB2 FOS JAK2
T?ble 4 Yalidation of Genes Fold change (log2"°) Up and down  Gene discription
differentially expressed genes
by qRT-PCR Transcrip- gqRT-PCR
tome sequnc-
ing
TXNIP 1.34 1.52 Up Thioredoxin interacting protein
ZNF177 10.14 1.47 Up ZNF559-ZNF177 readthrough
FUT1 8.27 1.33 Up Fucosyltransferase 1 (galactoside 2-alpha-
L-fucosyltransferase, H blood group)
CCDC180 9.17 0.52 Up Coiled-coil domain containing 180
GOLGAL 9.51 0.50 Up Golgin A8 family, member T
RGPD1 8.17 0.45 Up RANBP2-like and GRIP domain containing 1
MEF2B —10.37 0.32 Up Myocyte enhancer factor 2B
SERFI1A 12.40 0.21 Up Small EDRK-rich factor 1A (telomeric)
SPATAO 1.05 —-0.09 Down Spermatogenesis associated 32
HISTIH4K —13.05 -0.62 Down Histone cluster 1, H4k
CBWD6 —-11.77 —0.48 Down COBW domain containing 6
NBPF1 —2.08 —0.44 Down Neuroblastoma breakpoint family, member 1
RN7SL2 -1.97 -1.82 Down RNA, 7SL, cytoplasmic 2
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that of the control cells for both 24 h and 48 h (Fig. 4b). Fur-
thermore, western blotting assay also displayed that TXNIP
protein levels were prominent in the pcDNA-TXNIP trans-
fected cells (Fig. 4c), suggesting the stability of over-expressed
TXNIP on both mRNA and protein levels. Moreover, early
apoptosis of RD cells were detected post transfection with
pcDNA-TXNIP, but control plasmid pcDNA did not induce
any apoptosis (Fig. 4d). So it could be concluded that EV71
infection up-regulated TXNIP expression, thereby inducing
cellular apoptosis.

EV71 2AP™ up-regulates TXNIP expression
and induces cellular apoptosis and death

EV71 2A protease (2AP™) and 3C protease (3CP™) play
important roles in interaction between virus and host cells.
Protease 2A, which cleaves elF4GI, results in a decrease in
cap-dependent translation disturbing the expression of host
genes regularly (Thompson and Sarnow 2003). Kuo et al.,
found that 2AP™ from EV71 exhibits an apoptosis-inducing
effect as those from other EV and Human rhinovirus (HRV)
(Kuo et al. 2002). EV71 3C protease cleavage inactivates
CstF-64 and impairs the host cell polyadenylation in vitro,
as well as in virus-infected cells (Weng et al. 2009). In this
study, to investigate whether the cellular apoptosis and death
induced by EV71 infection is triggered by EV71 functional
protein 2AP™ or 3CP™, pEGFP-2A and pEGFP-3C plasmids
were transfected into RD cells to detect the cellular apop-
tosis and death state. As shown in Fig. 5a, 2AP™ and 3CP™
expressed in RD cells accompanied by the green fluorescent
protein (GFP). Subsequently, obvious CPE was observed
and inhibitory effects on the proliferation of RD cells were
detected by a MTT assay following pEGFP-2A transfection
for 24 h and 48 h, while pEGFP-3C transfection did not
exert any significant inhibitory effects on the cell viability
(Fig. 5b).

Furthermore, TXNIP mRNA was evaluated by qRT-PCR,
and TXNIP protein was determined by western blotting
analysis when pEGFP-2A plasmid was transfected into RD
cells for 24 h and 48 h. As shown in Fig. 5c, d, the expres-
sion of TXNIP was tremendously induced at mRNA and
protein levels in the pcDNA-2A transfected cells, while no
obvious change was observed in the cells transfected with
pcDNA-3C. Hence, 2AP™ might be a key inducer relative to
the cellular apoptosis and death mediated by TXNIP during
EV71 infection.

Discussion

There is currently no effective treatment for EV71 infec-
tion due to the lack of understanding of viral replication
and infection. Thus, it is extremely critical to understand the

underlying mechanism of EV71 replication during its infec-
tion in order to prevent and control human EV71-related dis-
eases. In order to uncover the pathological features of EV71
infection and host cellular responses, RNA-seq technology
was performed to analysis the DEGs in RD cells. Because
of visible CPE and high infectious titer in the later stage of
EV71 infection (following 48 h infection with EV71 in this
study), samples infected with EV71 for 24 h, were sequenced
using Illumina HiSeq 2000 and validated by real-time RT-
PCR. Antiviral transcriptional responses and regulations of
cell death are crucial events of the host response to virus
infection, thus these two aspects are focused on in this study.

Human whole genome microarray has been employed
to monitor changes in genomic profiles between EV71
infected and uninfected cells. Leong et al., conducted host
gene expression analysis in EV71-infected RD cells using
microarray analysis (Leong and Chow 2006), which showed
altered transcripts including those encoding components of
cytoskeleton, protein translation and modification, cellular
transport proteins, protein degradation mediators, cell death
mediators, mitochondrial-related and metabolism proteins,
cellular receptors and signal transducers. Human glioblas-
toma SF268 cells and SH-SYS5Y cells were also used to
study changes in mRNA expression during EV71 infection
(Shih et al. 2004; Xu et al. 2013). These studies indicated
that the host response varied significantly depending on
the types of both host cells and viral strains. In this study,
we utilized transcriptional sequencing to profile the kinet-
ics and patterns of host gene expression in EV71 (EV71/
wuhan/3018/2010)-infected RD cells. Generally, research-
ers pay more attention to the studies of international stand-
ard strains such as MS/7423/87 and BrCr strains of EV71,
and ignore the studies of regional EV71 strain. However,
genetic diversity including mutations and recombinants
as well as the heterogeneity of antigenic properties among
EV71 strains in different regional outbreaks are obvious.
It is likely that there is a discrepancy between the major
subgenogroups circulating in the Asia-Pacific region and
those in Europe (Mizuta et al. 2014). It is necessary to ana-
lyze the host response to different EV71 strains in differ-
ent regions, to develop reasonable strategies against severe
EV71 infections. Hubei province of China has been an
area with high incidence of EV71-related HFMD. In April
2011, an unpredicted HFMD outbreak in Xiangyang city
of Hubei province resulted in a high aggregation of HFMD
cases including fatal cases and many severe cases (Huang
et al. 2018). Wuhan, capital city of Hubei province, with
10 million population, has also been threatend by seri-
ous EV71-related HFMD epidemic and has over 10,000
HFMD cases reported each year. Totally, 80,219 patients
of 0-5 years experienced HFMD in 2010-2015 in Wuhan
(Chen et al. 2017). EV71 strain (EV71/wuhan/3018/2010)
in this study was isolated in Wuhan in 2010. The nucleotide
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«Fig.4 TXNIP up-regulation induced cellular apoptosis during EV71
infection. a Western blot analysis of TXNIP expression at 0, 8, 16, 24
and 36 h p.i. Total protein extracts (20 ug/lane) were tested against
the relevant specific antibodies. The fB-actin housekeeping protein
was used as a standard for equal loading of protein. b The indicated
mRNAs levels of TXNIP were determined from cells transfected with
(or without) pcDNA-TXNIP or control pcDNA by qRT-PCR. ¢ West-
ern blotting analysis of TXNIP protein expression following pcDNA-
TXNIP or pcDNA control transfection. d RD cells were stained with
annexin-V-FITC/PI after transfection with (or without) pcDNA or
pcDNA-TXNIP for 24 h or 48 h, and cell apoptosis was determined
by flow cytometry. All experiments were performed three times inde-
pendently and the representative results were shown

sequences homology between EV71/wuhan/3018/2010
(KF501389.1) and EV71-Hubei-09-China (GU434 678.1),
BrCr-TR (AB204852.1), BrCr-ts (AB204853.1) and BrCr-
CA-70 strains were achieved 99% (Yang et al. 2013), which
indicates that our study may contribute to a better under-
standing of the pathogenesis mechanism of EV71 strains and
help to develop an appropriate therapeutic strategy in local
area and provide a reference for the study of these related
EV71 strains.

In our transcriptome data, 320 DEGs were filtrated to per-
form GO and KEGG pathway enrichment. The total DEGs
were enriched in cellular component, biological process
and molecular function (Fig. 3 and Table S1). Biological
process results showed some genes were related to inflam-
matory response (12 genes), regulation of cell proliferation
(19 genes), response to lipopolysaccharide (7 genes) and
visual perception (6 genes). The inflammatory response
genes included CXCL3, FOS, AGER, TNFRSF14, NFK-
BIZ, TMED7-TICAM2, LY75 and PLA2G4B up-regula-
tion (Table S2). These responses revealed the host antiviral
action against viral replication in the early stage. Meanwhile,
another classical genes involved in regulation of cell pro-
liferation were enriched, 8 up-regulated (Table S2) and 6
down-regulated (Table S3) genes were related to positive
and negative regulation of cell proliferation. These responses
in cellular proliferation during EV71 infection had been
proved previously (Leong and Chow 2006).

GO functional classification analysis showed main DEGs
classes including zinc finger protein family, zytochrome
P450 family, and histone cluster family etc. 12 up-regulated
genes and 6 down-regulated genes in zinc finger protein
family were identified, which involved in DNA binding
and transcriptional regulation. There were many reports on
the close relationship between members of the zinc finger
protein family and viral infections (Lukic et al. 2014; Shao
et al. 2018). The zinc-finger protein (Z) serves as a main
component required for virus budding from the membrane
of the infected cells through self-oligomerization and it has
also been shown to be essential for mediating viral tran-
scriptional repression activity, thus limiting viral replication
(Lukic et al. 2014; Shao et al. 2018). Moreover, ZNF136, a

cellular host factor, was identified to have interaction with
truncated nonstructural protein 2 of hepatitis C virus (Liu
and Chen 2014). However, more evidences need to be col-
lected to clarify how the zinc finger family members work
in host cells to struggle against EV71 infection. P450 (CYP)
enzymes play a critical role in the metabolism of drugs and
other xenobiotics. Antiretroviral drug (ARV) metabolism
is linked largely to hepatic cytochrome P450 (CYP) activ-
ity (McMillan et al. 2018). Some drugs have been designed
targeting to CYPs on HCV and HIV treatment in recent
years (Ande et al. 2013; Midde and Kumar 2015; Sabo et al.
2015). In this study, the differential expressions of some
CYPs were observed associated with EV71 infection, which
might be of great significance for the design and develop-
ment of antivirals against EV71 infection. Interestingly,
the histone family members HISTIH2AE, HIST1H2AB,
HIST1H4K and HIST1H4J showed significant changes on
transcriptional level(Table S1). The foot-and-mouth dis-
ease virus (FMDV) 3CP™ including EV71 3CP™ catalyze
the histone H3 transition and cleave at N-terminal (Falk et al.
1990; Tesar and Marquardt 1990). However, the relationship
between EV71 and the other histone family members are not
clear. Histone deacetylases (HDACsS) that play a key role
in the homeostasis of the acetylation level and inhibition
of HDAC activity, were originally identified as a powerful
anti-cancer therapeutic strategy and were recently found to
be implicated in the regulation of the inflammatory response.
Inhibition of HDAC activity elevates CVB3 viral replication
(Zhou et al. 2015). So the variational expression of the his-
tone cluster family members in RD cells infected with EV71
may contribute to EV71 replication. The down regulated
gene with the maximum of fold change (log2i°) (- 12.2,
p=7.39E-35) was INS-IGF2 (Table S1). INS-IGF2 gene
includes two alternatively spliced read-through transcript
variants which align to the INS gene in the 5' region and
to the IGF2 gene in the 3’ region. However, RNA sequenc-
ing fusion transcripts like INS were always mapped to INS-
IGF2, so the signal of INS-IGF2 belonged to both INS-IGF2
and INS. EV71 may activate PI3K/AKT signaling pathway
to trigger the anti-apoptotic effects at the early phase during
infection (Autret et al. 2008), and INS-IGF2 serves as an ini-
tial activator in the PI3K/AKTpathway. In this analysis, the
down-regulation of INS-IGF2 gene might inactivate PI3K/
AKT pathway to induce apoptosis of cells.

KEGG pathway enrichment provided an explicable
pathway called leishmaniasis, in which TGFB2, ITGB2,
FOS and JAK2 were enriched (p=0.0374). TGFB signal-
ing was significantly up-regulated in the advanced fibrosis
stage of chronic hepatitis C (Chida et al. 2017), a signifi-
cant positive correlation was observed between the expres-
sion of TGFB2 and decapentaplegic homolog 2 (Smad2),
Smad2 and Foxo3a, and Foxo3a and Socs3 in the liver of
chronic hepatitis C patients (Shirasaki et al. 2014). TGFB
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Fig.5 EV71 2AP®, not 3CP®
up-regulated TXNIP expression (a)
inducing cellular apoptosis and

death. a The expression of 2AP®

and 3CP™ accompanied by green

fluorescent protein (GFP) were

observed through fluorescent

microscope when pEGFP-

2A plasmid controlled with

pEGFP-2Amut and pEGFP-3C

plasmid controlled with pEGFP

were transfected into RD cells

for 24 h, respectively. b Cell

viability was detected by MTT

assay following transfection

with plasmids presented in

a for 24 h or 48 h. ¢ TXNIP (b)
mRNA levels were measured by 120+
qRT-PCR following transfection
of RD cells with plasmids pre-
sented in a for 24 hor48 h. d
TXNIP protein was determined
by western blotting analysis.

20 pg samples, extracted from
RD cells following transfection
with plasmids presented in a for 20+ E:
24 h, were spotted in each lane. 0 E
All experiments were performed

three times independently and

the representative results or the

mean values, +SD were shown
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was also reported to involve in a novel inflammatory path-
way mediated by macrophages leading to human retinal
pericyte apoptosis (Betts-Obregon et al. 2016). However,
there is no data on TGFB2 involving in EV71 infection.
Activation of p42/p44 MAPK, p38 MAPK, INK, PI3K/
AKT and NF-kappaB related to FOS and JAK2 mediates
EV71-induced response, which may be associated with
the secretions of inflammatory cytokines and host cellu-
lar apoptosis (Shirasaki et al. 2014; Tung et al. 2010).
NKG2D, also called KLRK1, is an activating receptor on
T cells, which has been implicated in immunosuppressive
effect and HBV infection (Dong et al. 2015). ITGB2 limits
TLR signaling by inhibiting NF-xB pathway activation
and promoting p38 MAPK activation, thereby fine-tuning
TLR-induced inflammatory responses, even apoptosis
(Choi et al. 2015). Moreover, JINK1/2 and p38 MAPK
signaling pathways and phosphorylation of their down-
stream transcription factors c-Fos are beneficial to EV71
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infection and positively regulate secretions of inflamma-
tory cytokines (Zhang et al. 2014). EV71 infection also
represses the JAK-STAT signaling pathway and interferon-
stimulated gene expression (Peng et al. 2014).

TXNIP, a significantly up-regulated gene during EV71
infection, was put forward involving in cellular apoptosis
and death for the first time. It was reported that Trx/Txnip,
a redox-sensitive signaling complex, is a regulator of cel-
lular redox status and a key component in the link between
redox regulation and the pathogenesis of diseases (Blackham
et al. 2010; Yoshihara et al. 2014). In this study, we illus-
trated TXNIP over-expression could lead to cellular apop-
tosis, and we also discovered EV71 infection up-regulated
TXNIP expression and promoted cellular apoptosis. This
study showed 2AP™ induced cellular apoptosis and death
accompanied with TXNIP over-expression, while over-
expression of 3CP™ was not obviously related to cellular
apoptosis, which revealed the activation of TXNIP pathway
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initialed by 2AP™ during EV71 infection could be a supple-
mentary apoptosis inducer.

Taken together, our study provided important insights
into dynamic transcriptome profile in finding EV71-host
cell interactions and potential impact on understanding other
enterovirus-host cell interactions. Further investigation on
the activation of TXNIP dependent apoptosis pathway trig-
gered by 2AP™ will contribute to understand the characteris-
tics of EV71 pathogenesis, and may provide potential targets
for clinical diagnosis and treatment of EV71-related HFMD.
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