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ABSTRACT

Numerous viruses manipulate host factors for viral production. We demonstrated that human
enterovirus A71 (EVA71), a primary causative agent for hand, foot, and mouth disease (HFMD),
increased the level of the DNA damage response (DDR) marker y-H2AX. DDR is primarily mediated
by the ataxia telangiectasia mutated (ATM), ATM and Rad3-related (ATR), or DNA-dependent
protein kinase (DNA-PK) pathways. Upregulation of y-H2AX by EVA71 was dependent on the
ATR but not the ATM or DNA-PK pathway. As a nuclear factor, there is no previous evidence of
cytoplasmic distribution of y-H2AX. However, the present findings demonstrated that EVA71
encouraged the localization of y-H2AX to the cytoplasm. Of note, y-H2AX formed a complex
with structural protein VP3, non-structural protein 3D, and the viral genome. Treatment with an
inhibitor or CRISPR/Cas9 technology to decrease or silence the expression of y-H2AX decreased
viral genome replication in host cells; this effect was accompanied by decreased viral protein
expression and virions. In animal experiments, caffeine was used to inhibit DDR; the results
revealed that caffeine protected neonatal mice from death after infection with EVA71, laying
the foundation for new therapeutic applications of caffeine. More importantly, in children with
HFMD, y-H2AX was upregulated in peripheral blood lymphocytes. The consistent in vitro and
in vivo data on y-H2AX from this study suggested that caffeine or other inhibitors of DDR might
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be novel therapeutic agents for HFMD.

Introduction

Hand, foot, and mouth disease (HFMD) is a viral disease,
which is mainly prevalent among children aged < 5 years.
The cardinal symptoms of HFMD include fever and vesi-
cles on the hands, feet, and in the mouth, which last for
seven to 10 days. In some patients, severe cardiopulmon-
ary and neurologic complications or even death can occur
[1,2]. Human enterovirus A71 (EVA71) and coxsackie-
virus A16 (CA16) are primary causative agents of typical
HFMD in connection with major outbreaks in Asia [1].
The inactivated EVA71 vaccine elicits EVA71-specific
immune responses; however, vaccination does not confer
cross-protection for HEMD caused by other enteroviruses
[3]. In addition, there are no effective medicines for
HEFMD treatment because the pathogenicity of EVA71 is
not entirely elucidated.

EVA71 belongs to the family Picornaviridae and
genus Enterovirus. EVA71 has a positive-sense and

single stranded RNA genome (approx. 7,400 bp) that
is translated into one large polyprotein, and the poly-
protein is cleaved into structural proteins and non-
structural proteins by viral proteases [2]. Viral struc-
tural proteins (VP4, VP2, VP3, and VP1) are respon-
sible for forming the icosahedrally symmetric capsid
whereas viral non-structural proteins (2A, 2B, 2 C,
and 3A, 3B, 3C, 3D) are responsible for genomic repli-
cation, protein expression, maturation, and so on. For
example, in viral genomic replication, 3D protein
incorporates nucleotides into the RNA strand as an
RNA-dependent RNA polymerase [4]. In the course
of clarifying the pathogenesis of EVA71, investigators
have researched different aspects to reveal the relation-
ship between host cells and EVA71 [5-7]. Our previous
research proved that EVA71 arrests the host cell cycle
at the S phase to enhance viral production [8].
However, the precise mechanism through which

CONTACT Jinghua Yu @ Jinghuayu@jlu.edu.cn; Shucheng Hua @ hsc@jlu.edu.cn @ Department of Internal Medicine

Supplemental data for this article can be accessed here

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0001-8444-4327
https://doi.org/10.1080/21505594.2022.2028482
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21505594.2022.2028482&domain=pdf&date_stamp=2022-01-22

242 (&) J.YUETAL

EVA71 regulates the host’s cell cycle to facilitate its
viral replication remains to be characterized.

The DNA damage response (DDR) senses genomic
damage and activates cell cycle checkpoints to facilitate
DNA repair. When cells are unable to repair the
damage, apoptosis will occur. As the upstream event
of the arresting cell cycle and apoptosis, DDR is usually
investigated when the phenomena of cell cycle arrest
and/or apoptosis appears under certain conditions. The
DDR signal is primarily transduced following distinct
types of damage by phosphatidylinositol 3 kinase
(PI3K)-like kinases ataxia telangiectasia mutated
(ATM), ATM and Rad3-related kinase (ATR), or cata-
lytic subunit of the DNA-dependent protein kinase
(DNA-PK). These kinases are recruited to sites of geno-
mic damage to phosphorylate H2AX-S139 and form y-
H2AX foci in the nucleus. Notably, y-H2AX foci play
a functional role in cell cycle arrest, damage repair,
senescence, and apoptosis [9,10]. However, numerous
recent studies have suggested that the DDR has addi-
tional functions [11], especially in the viral life cycle
[12-21]. For example, hepatitis B virus [12], Rift Valley
fever virus [13], coronavirus [14], La Crosse encephali-
tis virus [15], Epstein—Barr virus [16], herpes simplex
virus 1 [17], human immunodeficiency virus [18], ade-
novirus [19], simian virus 40 (SV40) [20], and polyo-
mavirus [21], inhibit or promote the DDR pathway to
facilitate their own replication. However, past studies
have mainly focused on virus-activating DDR and/or
the effect of inhibiting DDR on viral production; con-
sequently, the interaction between viruses and y-H2AX
has not been well investigated. In this study, we exam-
ined the interaction between EVA71 and host y-H2AX.

Materials and methods
Ethical statement

Mouse experiments were completed in the First Hospital
of Jilin University (Changchun, China) and supported by
the Animal Care and Use Committee of this hospital
(2018-187). Human samples were gathered from the
First Hospital of Jilin University, which got the approval
of the Ethics Committee of this hospital (2018-187). In
the present study informed consent as written form was
provided from the parents of all children.

The source of viruses and cells

EVA71 (the Changchun077 strain) was purified and
50 x 10® of TCID50/ml was maintained as previous
described [8,22]. EVD68 (the US/KY/14-18,953 strain)
was purchased from the American Type Culture

Collection (No VR-1825D, Manassas, VA, USA). CA6
(the 46 strain, GenBank Accession No. KT779410.1)
was obtained from the Jilin Provincial Center for
Diseases Control and Prevention (Changchun, China).
CA16 (the Shzh05 strain, GenBank Accession No.
EU262658) was kindly provided by Professor Qi Jin
(the Institute of Pathogen Biology, Beijing, China).
And the amplifications of all the viruses were per-
formed in human rhabdomyosarcoma RD cells. RD
cells (No CCL-136), human cervical cancer HeLa cells
(No CCL-2™) and human fetal lung fibroblast MRC-5
cells (No CCL-171™) were from the American Type
Culture Collection. All the cell lines were cultured in
DMEM (Dulbecco’s modified Eagle’s medium;
Hyclone, Logan, UT, USA) together with 10% fetal
bovine serum (Biological Industries, Kibbutz Beit
Haemek, Israel) in an incubator with 5% carbon diox-
ide at 37°C. Cell culture plates or dishes were from
Guangzhou Jet Bio-Filtration Co., Ltd. (Guangzhou,
China).

Determination of viral titer

The viral titer was measured in RD cells using a micro-
titration assay by detecting the median tissue culture
infective dose (TCID50) as previous studies [8,23]. The
viral titer was calculated in accordance with the Reed-
Muench method [24], assumed condition with 1 x 10’
TCID50/ml would lead to 0.7 x 10> plaque forming
units/ml [8,23].

Western blotting analysis

Western blotting analysis was conducted as previous
methods [8,22]. Cells (1 x 10°) were collected and
washed once with PBS, and then lysed with 100 pl of
lysis buffer (P0013, Beyotime Biotech, Beijing, China).
The samples of lysates were then subjected to SDS-
PAGE, then proteins were transferred into vinylidene
fluorise transfer membranes (Pall Cor., Ann Arbor,
Michigan, USA) or nitrocellulose membranes (Bio-
Rad, San Diego, Califonia, USA), and then incubated
with corresponding primary antibody and horseradish
peroxidize-conjugated secondary antibody or alkaline
phosphatase-conjugated secondary antibody.

The following antibodies were used: anti-y-H2AX
(#9718, Cell Signaling Technology, MA, USA), anti-
H2AX (10,856-1-AP, Proteintech, Wuhan, China), anti-
EVA71 3D (GTX630193, GeneTex, CA, USA), anti-
EVA71 VP3 (GTX132341, GeneTex), anti-EVA71 VP2
(GTX132340, GeneTex), anti-EVA71 2 C (GTX132354,
GeneTex), anti-EVA71 3AB (GTX132344, GeneTex), anti-
EVA71 3C (GTX132357, GeneTex), anti-CA6 VP1



(GTX132346, GeneTex), anti-EV68 VP1 (GTX132313,
GeneTex), anti-GAPDH (60,004-1-Ig, Proteintech), anti-p-
actin (66,009-1-Ig, Proteintech), f-Tubulin (10,068-1-AP,
10,094-1-AP, Proteintech), anti-HA (51,064-2-AP,
Proteintech) and anti-Histone (17,168-1-AP,
Proteintech). Polyclonal anti-VP1 antibody against CA16
or EVA71 was prepared by our laboratory. AP-conjugated-
anti-Mouse (115-055-003) and AP-conjugated-anti-Rabbit
(111-055-003) secondary antibodies were from the Jackson
Laboratory (ME, USA). HRP-conjugated-Mouse (#7076)
and Rabbit (#7074) secondary antibodies were obtained
from Cell Signal Technology.

Comet assays

After lysis, the nucleoid structure of normal cells
remains under electrophoresis because these possess
supercoiled DNA loops. Cells with DNA damage can-
not retain the nucleoid structure because they lack
intact supercoiled DNA loops. DNA fragments form
a comet-like shape in agarose under electrophoresis to
form a comet-like shape [25]. Alkaline comet assays
were conducted as the manufacturer’s instruction
(Trevigen, MD, USA). RD cells were inoculated with
mock or EVA71 (multiplicity of infection [MOI] = 1)
for 24 h. Subsequently, the cells were collected and
maintained on ice in phosphate-buffered saline (PBS).
After counting cells, these cells were diluted in PBS to
1 x 10°/ml, then mixed the diluted cells with low
melting point agarose (agarose:cells, 10:1) at 37°C.
After that, 50 pl of mixture (agarose and cells) was
placed on a two-well comet slide. The slide was placed
into lysate at 4°C for 2 h in dark and then placed into
alkaline unwinding buffer at room temperature for
20 min. Next, in alkaline electrophoresis buffer electro-
phoresis at 21 V was executed for 30 min.
Subsequently, the two-well comet slide was gently
rinsed twice with water and once with ethanol
(5 min/wash). Thereafter, the two-well comet slide
was kept at 37°C to dry it, and then stained by SYBR
Gold for 30 min in the dark, and visualized through
fluorescence microscopy.

The distribution of cell cycle by flow cytometry

Propidium iodide is one fluorescent DNA binding dye,
the level of propidium iodide fluorescence is propor-
tional to the DNA content in one cell, therefore cells in
different phases of cell cycle can be analyzed by flow-
cytometry [26]. Collected cells were fixed at 4°C in 1 ml
of cold 70% ethanol overnight, then the cells were
gently rinsed once with cold PBS, then re-dispersed in
1 ml of propidium iodide buffer (50 mg/l propidium
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iodide; 20 mg/l RNase; 1x PBS) at 4°C for 2
h. Subsequently, propidium iodide-stained cells were
detected with FACS (BD, NY, USA). DNA histograms
data was supported by the version 2.0 of ModFit LT
(Verity Software House, Marine, USA) software.

DNA fragmentation determination

In the course of apoptosis, internucleosomal DNA
fragmentation forms a “DNA ladder” pattern, which
we detected using DNA agarose electrophoresis
[27]. According to previous study [28], both adher-
ent and floating RD cells (1 x 10°) were collected.
The cell pellet was lyzed in 100 pl of buffer [0.5%
Triton-100; 10 mM Tris-HCI pH 7.4; 10 mM edetic
acid pH 8.0] at 4°C for 30 min. Then, lysis buffer
was centrifuged at 4°C with 25,000 x g for 20 min.
The supernatant was collected and kept with 2 pl of
20 g/l RNase A at 37°C for 1 h, then mixed with
2 pl of 20 g/l proteinase K at 37°C for 2 h, then
added with 20 pl of NaCl (5 M) and 120 pl of
isopropanol, finally kept at - 20°C overnight. The
next day, the supernatant were centrifuged at
25,000 x g for 15 min at 4°C. The supernatant
was discarded and sedimentary DNA content was
dissolved in TE buffer (10 mM Tris-HCl pH 7.4,
1 mM EDTA pH 8.0) and separated by 2% agarose
gel electrophoresis for 50 min at 100 V.

The mRNA level detected by quantitative real-time
reverse transcription-PCR

RNA content from treated cells was extracted and
prepared with Trizol reagent (Gibco-BRL, Rockville,
MD, USA) according to previous protocols [8,22].
With oligo dT primers, total RNA was reverse-
transcribed into cDNA by the high capacity cDNA
RT kit (Thermo Fisher Scientific, Waltham, MA,
USA) as instruction of the manufacturer. And then
template cDNA and primers were mixed with SYBR
GREEN PCR Master Mix (Thermo Fisher Scientific)
for quantitative PCR.

The primer sequences were as follows: H2AX,
F-AGCTGCTGGGCGGCGTGACG and R-CTCCTG
GGAGGCCTGGGTGG; VP1, F-AGCACCCACAGG
CCAGAACACACG, and R-ATCCCGCCCTACTGAAG
AAACTA; GAPDH, F-GCAAATTCCATGGCACCGT
and R-TCGCCCCACTTGATTTTGG. The changes
relative to the levels of GAPDH were calculated
using the ACt method, high ACt value marked low
mRNA concentration.
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Treatment with DDR inhibitor

Two h after inoculation with EVA71 (MOI = 1), cells
were gently rinsed once with PBS to eliminate virions
remained in the medium and then treated with differ-
ent doses of ATR inhibitor (VE-821, A2521; ApexBio,
TX, USA), DNA-PK inhibitor (KU-57788, S$2638;
Selleck, TX, USA), or ATM inhibitor (KU-55933,
§C202963; Santa Cruz), respectively.

Transfection of siRNA

The siRNA targeting ATM (siATM; GGCACAAAA
UGUGAAAUUCATAT) [29], ATR (siATR; AGAAAGG
AUUGUAGGCUAAUGGAJTAT) [30], DNA-PK (siDN
A-PK; CCUGAAGUCUUUACAACAUAUCTAT) (Sigma
website) and negative control siRNA were prepared and
tested by Sangon Biotech Co., Ltd. (Shanghai, China). RD
cells were cultured for 12 h to reach about 50% confluence
for transfection. In accordance with the instructions pro-
vided by the manufacturer, translntro EL Transfection
Reagent (Transgen, Beijing, China) was utilized to deliver
siRNA complex into cells. At 12 h after transfection, the
cells were inoculated with EVA71 (MOI = 2) for another
24 h. Subsequently, the cells were lysed and prepared for
Western blotting.

Immunofluorescence staining

RD cells were inoculated with EVA71 (MOI = 2) for
24 h. 24 h later, RD cells were fixed for 15 min by 1 ml
of 4% paraformaldehyde. Subsequently, RD cells were
gently washed three times with PBS (5 min/wash), then
at room temperature cells were blocked in blocking
buffer (0.3% Triton X-100 and 5% normal serum in
PBS) for 60 min. After blocking, rabbit anti-y-H2AX
antibody (Cell Signal) was added at 4°C overnight.
After three rinses with PBS (5 min/wash), RD cells
were treated with fluorescein isothiocyanate-goat anti-
rabbit IgG (H + L) (Cell Signal, USA) at room tem-
perature for another 2 h. Then 5 mg/l of phalloidin-
tetramethylrhodamine B isothiocyanate (Sigma) was
used to counterstain cytoskeleton for 20 min, finally
10 mg/l Hoechst 33,258 (Sigma) was used to counter-
stain nuclear DNA for another 15 min.

Extracting the cytoplasmic and nuclear proteins

Preparing the cytoplasmic and nuclear proteins accord-
ing to the instruction (P0028, Beyotime Biotech,
Beijing, China). RD cells (about 1 x 10° cells) were
collected, and lysed in 100 pl of cytoplasmic protein
extraction buffer A, then vortex to single cell, and kept

on ice for 15 min, then added 10 ul of cytoplasmic
protein extraction buffer B, vortex for 5 sec, then kept
on ice for 1 min, then vortex for 5 sec again, then
centrifuged with 14,000 g for 5 min at 4°C. The super-
natant was collected as cytoplasmic contents, and the
pellets were added 25 pl of nuclear protein extraction
buffer. Then cytoplasmic and nuclear proteins were
detected by Western blot.

Protein immunoprecipitation

RD cells (about 2 x 10° cells/dish) were grew in two 10-
cm culture dish for 24 h, and then infected with mock
or EVA71 with 1 of MOI for additional 24 h. After
24 h, RD cells were gently rinsed once using cold PBS
buffer, and then scraped into 1 ml of cold lysis buffer
for immunoprecipitation (1% NP-40; 1 mM ethylene-
diaminetetraacetic acid [EDTA]; 0.25% sodium deoxy-
cholate; 150 mM NaCl; 50 mM Tris, pH 7.4) on ice.
Next, the lysis buffer was collected, and part of the
lysate (100 pl) was utilized as input sample, and the y-
H2AX antibody (Santa Cruz or Abcam, Cambridge,
UK) was added into the remaining cell lysate (900 pl),
later protein G agarose beads were added for immuno-
precipitation analysis. After immunoprecipitation, for
the detection of protein-protein complexes, total pro-
tein was separated and detected by Western blotting,
while for RNA-protein complexes, extracted total RNA
was assessed using real-time PCR.

For plasmid transfection, HeLa cells (about 5 x 10°
cells/dish) were grew in three 10-cm culture dishes for
24 h. 24 h later, 10 pg of VR1012-HA (control vector),
10 pug of VR1012-3D-HA, or 10 pg of VR1012-VP3-HA
were transfected into HeLa cells mixed with 30 pl of
transfection reagent Lipofectamine 2000 (Invitrogen,
CA, USA) for 36 h. Next, the cells were dispersed into
1 ml of lysate for immunoprecipitation, and part of the
lysate (100 pl) was utilized as input sample, while Anti-
HA affinity matrix (11,815,016,001, Roche, Basel,
Switzerland) was added to the remaining lysates to
immunoprecipitate the HA, 3D-HA and VP3-HA pro-
tein. These proteins were detected using Western blot-
ting with y-H2AX, VP3, 3D and GAPDH antibody.

Plasmid construction for clustered regularly
interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (CRISPR/Cas9) to
knock out H2AX and H2AX

To knock out human H2AX genes, relative gRNAs were
preliminarily designed through the Optimized CRISPR
Design Tool, and gRNAs (Forward: CACCGCC
CACTGGGAACTGGAGGC; Reverse: AAACGCCT



CCAGTTCCCAGTGGGC) were screened out and utilized
in this study. Double-strand oligo DNA (control) or H2AX
gRNA was inserted into a LentiGuide-Puro (stuffer) vector
at the BsmBI site. Next, 293 T cells were transfected with
this vector using a packaging mix for lentiviral packaging.
Then Lentivirus were collected, and inoculated HeLa cells,
at 48 h post infection, 2.5 pg/ml blasticidin (Sigma) and
1.0 pug/ml puromycin (Sigma) were added to HeLa cells in
drug screen to obtain positive cells. Then, cell cloning from
single cell was acquired and detected for H2AX protein
expression by Western blotting with H2AX antibodies.
Meanwhile, H2AX DNA sequences were detected to con-
firm the gene knockout. The H2AX-knockout cell line was
constructed by Sangon Biotech (Shanghai) Co., Ltd.

Human H2AX plasmid construction

Synthetic H2AX ¢cDNA of human was inserted into
a VR1012 control vector using restriction enzymes Sal
I and Bam HI1 (Takara, Japan).

Neonatal mouse infection model

Neonatal mice (age: 1 day) were used in the animal
experiment for viral infection. All the mice were spe-
cific-pathogen-free and purchased from the Institute of
Cancer Research (Experimental Animal Center, Jilin
University, Jilin province, China). The mice experi-
ments were executed in line with the related ethical
regulations and the Guide for the Care and Use of
Laboratory Animals of the First Hospital of Jilin
University. Neonatal mice were randomly divided into
five groups; each group was 8 mice. The mice of four
groups were intracerebrally inoculated with EVA71
(1.5 x 10° TCID50), while those of the remaining
group (negative control) were intracerebrally injected
with minimal essential medium (10 pl/mouse).
Meanwhile, the EVA71-inoculated mice were intraper-
itoneally injected with 0, 2, 5, or 10 mg/kg caffeine daily
for 9 days post infection. The survival rates were kept
a record each day for 9 days after EVA71 infection.

Statistical analyses

Data are presented as means + standard deviation. And
the differences between two groups were analyzed with
Student’s t-test, and multiple groups using the post hoc
test of one-way analysis of variance, two groups with
repeated measures with general linear model in soft-
ware of SPSS 10.0 (SPSS Inc., IL, USA). P-values <0.05
denoted statistically significant differences.
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Results

y-H2AX levels are up-regulated after infection with
EVA71 and other enteroviruses

Viruses often manipulate the DDR in host cells [12-
21,31], however it is not clear whether the DDR is
induced by EVA71, which is associated with typical
HFMD [32]. For prove it, we evaluated the level of
phosphorylated H2AX (y-H2AX), a well-established
marker for DDR, in cells infected with EVA71. At an
MOI of 1, EVA71 obviously increased the levels of y-
H2AX at 24 h post infection in human RD cells
(Figure 1a). In mock-infected cells, y-H2AX presented
stable expression from 12 to 30 h post infection.
However, this expression was increased significantly
in RD cells infected with EVA71 between 12 and 30 h
post infection (Figure 1b). Subsequently, it was con-
firmed that the level increase in y-H2AX was in parallel
with the titer increase of EVA71 in RD cells (Figure 1c).
We sought to determine whether the upregulation of y-
H2AX was exclusive to the RD cell line. For this pur-
pose, we selected MRC-5 (MOI = 2) and Hela cells
(MOI = 10) to further analyze the levels of y-H2AX
after infection with EVA71. The results showed that
EVA71 infection upregulated the expression of y-
H2AX at 24 h post infection in MRC-5 and HeLa
cells (Figure 1d). Therefore, EVA71 infection is asso-
ciated with upregulation of y-H2AX in various types of
cells.

Enteroviruses are the most common human pathogens,
and they share identical genomic organization and high
sequence homology. To determine whether the effects of
EVA71 on y-H2AX extend to related enteroviruses, we
assessed the effects of infection with CA16 (associated
with typical HEMD [32]), CA6 (associated with atypical
HEMD [33]), and EVD68 (associated with respiratory ill-
ness [34]). Levels of y-H2AX in RD cells (MOI = 1) and
HeLa cells (MOI = 10) were increased after infection with
CA16 for 24 h, as well as after infection with CA6 (RD cells,
MOI = 5) or EVD68 (RD cells, MOI = 5) for 24 h
(Figure le). Therefore, these results suggested that the
effects of enteroviruses in regulating y-H2AX are broad.
Comet electrophoresis is an important and direct method
to detect DNA damage in one cell. Under electrophoresis,
in cells with DNA damage DNA fragments relax to form
a comet-like shape [25]. To further confirm the induction
of the DDR in RD cells, comet electrophoresis was per-
formed at 24 h post EVA71 infection (MOI = 1). The
observed comet tail demonstrated that infection with
EVA71 induced the DDR (figure 1f). A common conse-
quence of DDR induction includes the activation of cell
cycle checkpoints together with repair of damaged DNA or
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Figure 1. EVA71 infection up-regulated the level of y-H2AX and induced DDR. (a) y-H2AX expression was detected by Western
blotting at 24 h post-EVA71 infection (MOl = 1) in RD cells. Tubulin is shown as loading control. (b) The expression of y-H2AX and
viral protein VP1 was detected by Western blotting at 6, 12, 24, and 30 h post-EVA71 infection (MOl = 1) in RD cells. Tubulin is
shown as loading control. (c) The expression of y-H2AX and viral protein VP1 was detected by Western blotting at 24 h post-EVA71
infection (MOl = 10, or 1, or 0.1) in RD cells. Tubulin is shown as loading control. (d) y-H2AX expression was detected by Western
blotting at 24 h post-EVA71 infection in MRC-5 cells (MOI = 2) or Hela cells (MOl = 10). Tubulin is shown as loading control. (e) y-
H2AX expression was detected by Western blotting at 24 h post-CA16 infection in RD cells (MOl = 1) and Hela cells (MOI = 10), or
post-CA6 or post-EVD68 infection (MOI = 5, respectively) in RD cells. Tubulin is shown as loading control. (f) Alkaline comet assays
were performed at 24 h post-EVA71 infection (MOl = 1). Representative cells from each sample are shown after performing three
independent experiments. (g) RD cells were mock-infected or infected with EVA71 (MOI = 1). At 24 h post infection, cells were
collected, and the cell-cycle profiles were analyzed using flow cytometry. The histograms were analyzed using the ModFit LT
software to determine the percentage of cells in each phase of the cell cycle. ***P < 0.001. **P < 0.01. (h) RD cells mock-infected or
infected with EVA71 (MOI = 1) were collected at 0, 12, 18 and 24 h post infection for analysis of DNA fragmentation through agarose
gel electrophoresis. M denotes DNA marker.

CA6, coxsackievirus A6; CA16, coxsackievirus A16; DDR, DNA damage repair; EVD68, enterovirus D68; EVA71, enterovirus A71; MOI,
multiplicity of infection; RD, rhabdomyosarcoma; M, Mock; E, EVA71

induction of apoptosis [35]. Therefore, we analyzed the cell
cycle with flow cytometry after propidium iodide staining
and apoptosis with DNA agarose electrophoresis by obser-
ving DNA ladder after EVA71 infection [8,22]. In cell cycle
analysis, it was found that infection with EVA71 in RD cells
induced cell cycle arrest in S phase (P < 0.001), companied
with reduced GO/G1 (P < 0.001) and G2/M (P < 0.01)
(Figure 1g) at 24 h post infection. In apoptotic analysis, an
obvious DNA ladder appeared in DNA agarose electro-
phoresis with infection time whereas intact DNA was pre-
sent in mock-infected RD cells (Figure 1h). Therefore,
EVA71 induced cell cycle arrest and apoptosis; these results

were consistent with those of our previous studies [8,22].
Thus, EVA71 induces the DDR and upregulates y-H2AX.

EVA71 upregulates y-H2AX via the ATR pathway

y-H2AX is formed following the phosphorylation of
serine at position 139 of H2AX [14]. Thus, we exam-
ined whether EVA71 wupregulated vy-H2AX by
increasing the levels of y-H2AX precursor. The ana-
lysis showed that upregulation of y-H2AX was not
accompanied by a change in the expression of H2AX
in RD cells (Figure 2a). Moreover, the mRNA levels
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Figure 2. ATR pathway was responsible for H2AX phosphorylation and y-H2AX formation.. (a) RD cells mock-infected or infected
with EVA71 (MOI = 1) were collected at 12, 18, and 24 h post infection to detect the expression of H2AX, y-H2AX, and VP1 proteins
through Western blotting. Tubulin is shown as loading control. (b) At 24 h post-EVA71 infection (MOI = 1), the mRNA levels of H2AX
were detected using real-time quantitative PCR. The results were standardized to the levels of GAPDH and normalized to 1 in mock-
infected cells. Data are represented as the mean + standard deviation of three independent experiments. NS: no significant
difference. (c) The flow diagram showing the method through which RD cells were transfected with control siRNA, siATR, siDNA-PK,
or siATM; 12 h later, cells were infected with EVA71 (MOI = 2) for 2 h; at 24 h post infection, the cells were collected for Western
blotting analysis. (d) The expression of y-H2AX and VP1 proteins was assessed by Western blotting after (c) treatment. Tubulin is
shown as loading control. (e) Flow diagram showing the method through which RD cells were treated with inhibitors, namely ATR
inhibitor (VE-821), DNA-PK inhibitor (KU 57788), or ATM inhibitor (KU 55933) after EVA71 infection (MOl = 1) at 2 h post infection.
(F-H) At 2 h post-EVA71 infection, ATR inhibitor (VE-821; 0, 2, 4, 8, or 16 uM) was added for an additional 22 h (f); DNA-PK inhibitor
(KU 57788; 0, 1.3, 2.5, 5, or 10 uM) was added for an additional 18 h (g); and ATM inhibitor (KU 55933; 0, 1.3, 2.5, 5, or 10 pM) was
added for an additional 18 h (h); subsequently, the cells were collected for Western blotting analysis. Tubulin is shown as loading
control. ATM, ataxia telangiectasia mutated; ATR, ATM and Rad3-related; EVA71, enterovirus 71; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; MOI, multiplicity of infection; PCR, polymerase chain reaction; RD, rhabdomyosarcoma; siATM, siRNA targeting ATM;
siATR, siRNA targeting ATR; siDNA-PK, siRNA targeting DNA-PK

of H2AX were not affected by EVA71 infection ver-
sus mock infection at 24 h post infection in RD cells
(Figure 2b). Therefore, the upregulation of y-H2AX
by EVA71 may be mediated by phosphorylation.
H2AX is often phosphorylated by the ATR, DNA-
PK, or ATM pathways to form y-H2AX [14]. To
confirm the role of ATR, DNA-PK, or ATM in the
regulation of y-H2AX expression, RD cells were

transfected with siATR, siDNA-PK, or siATM. At
12 h post transfection, the cells were infected with
EVA71 at an MOI of 2 for 2 h. At 24 h post infec-
tion, the cells were collected for Western blotting
analysis (Figure 2c and Sla). Unlike siDNA-PK and
siATM, siATR inhibited the upregulation of y-H2AX
and VP1 upon infection with EVA71 (Figure 2d
and S1b).
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To further evaluate the effect of these pathways on
y-H2AX expression, we treated RD cells with an ATR
inhibitor (VE-821), DNA-PK inhibitor (KU 57788), or
ATM inhibitor (KU 55933) at 2 h post infection with
EVA71 (MOI = 2). At 24 h post infection, the cells were
collected for Western blotting analysis (Figure 2e). At
increasing doses (0, 2, 4, 8, and 16 pM), the ATR
inhibitor inhibited the upregulation of y-H2AX
induced by infection with EVA7I; importantly, the
ATR inhibitor also inhibited the expression of viral
protein VP1 (figure 2f). However, treatment with the
DNA-PK inhibitor (0, 1.3, 2.5, 5, and 10 uM)
(Figure 2g) or the ATM inhibitor (0, 1.3, 2.5, 5, and
10 uM) (Figure 2h) did not decrease the levels of y-
H2AX in RD cells infected with EVA71; on the con-
trary, y-H2AX expression was increased in a dose-
dependent manner by each of these (Figures 2g and
2h). Furthermore, the expression of VP1 was increased
in parallel with the dose of the DNA-PK inhibitor
(Figure 2g and S2) or ATM inhibitor (Figure 2h and
S3). To further confirm the activation and role of ATR
in viral production, the ATR inhibitor schisandrin B (5
uM, NI1656; ApexBio) was also used. The results
demonstrated that schisandrin B also decreased levels
of y-H2AX and inhibited viral production (Figure S4)
to a similar extent as VE-821 (8 uM; Figure S5).
Therefore, the ATR pathway is responsible for the
phosphorylation of H2AX, and there is a positive cor-
relation with y-H2AX level and viral production.
Additionally, the ATM and DNA-PK pathways might
be inactivated and there is a negative correlation with
y-H2AX level and viral production.

y-H2AX was localized to the cytoplasm after
infection with EVA71

Previous studies have demonstrated the nuclear distri-
bution of y-H2AX [9]. Hence, in this study, we inves-
tigated the location of y-H2AX in the nucleus after
infection with EVA71. We selected pseudolaric acid
B (a diterpene acid) as a positive control because it
induces the DDR [36]; subsequently, we extracted
nuclear and cytoplasmic proteins for Western blotting
analysis. The results showed that levels of y-H2AX
protein were increased in the nucleus at 36 h after
treatment with 4 pM pseudolaric acid in RD cells
(Figure 3a). Surprisingly, however, at 24 h post infec-
tion with EVA71, the y-H2AX protein exhibited
a cytoplasmic distribution in RD cells (Figure 3b).
Given that this was the first report of the cytoplas-
mic distribution of y-H2AX, we sought to confirm our
results by performing immunofluorescence analysis. In
this analysis, we verified that at 24 h post infection,

mock-infected RD cells had intact morphology
(Figure 3cl), and at 12 h post infection, EVA71-
infected cells still had intact morphology (Figure 3c2);
at 24 h, EVA7l-infected cells became smaller
(Figure 3c3). Infection with EVA71 increased the levels
of y-H2AX protein in cells over time (Figures 3¢6 and
3¢5 vs. 3¢4). The nuclei became condensed and brighter
after EVA71 infection (Figures 3¢9 and 3c8 vs. 3c7)
whereas the cytoskeleton appeared to collapse with
infection time (Figures 3cl12 and 3cll vs. 3cl0).
Importantly, after 12-h infection, y-H2AX was still
distributed in the nuclei of EVA71-infected cells
(Figures 3c14 and 3c13), whereas at 24 h post infection,
y-H2AX was mainly distributed in the cytoplasm
(Figure 3cl5). Therefore, after EVA71 infection, y-
H2AX was first upregulated in the nuclei, after which
y-H2AX was located in the cytoplasm. Furthermore,
nuclei condensed cells were more evident with high
levels of y-H2AX (Figures 3¢6 and 3c9) and with high
rates of viral replication in RD cells (Figure S6a). These
results are the first to indicate that y-H2AX is located
in the cytoplasm after infection with EVA71.

y-H2AX co-localized with viral genome and viral
proteins VP3 and 3D after infection with EVA71

EVAZ71 is a positive single strand RNA virus. The viral
RNA genome is replicated in cytoplasmic replication
centers, and is translated into one large polyprotein,
which is cleaved into precursors and finally four struc-
tural proteins (VP1, VP2, VP3 and VP4), and eight
non-structural proteins (UP, 2A, 2B, 2 C, 3A, 3B, 3 C
and 3D) by 2A protease, 3 C protease, or maturation
[2] (Figure 4a). Given reports that human papilloma-
virus accumulates y-H2AX in viral replication centers
[37] and the fact that y-H2AX was localized in the
cytoplasm where EVA71 replication occurs, we
hypothesized that y-H2AX might interact with the
cytoplasmic viral genome. To test this hypothesis, we
collected RD cellular content for real-time PCR and
evaluated the CT value as a measure of the limit of
detection; CT values >30 indicate that the mRNA sam-
ple is negative [38,39]. In the input sample, the CT
value of VP1 in cells infected with EVA71 was approxi-
mately 19.9 + 0.05 whereas in mock-infected cells, it
was 34.5 = 0.34 (which is >30). Therefore, the specifi-
city of virus collection was confirmed. Meanwhile, in
the input sample, the CT values of GAPDH for mock-
infected and EVA71-infected cells were the same;
hence, equivalent levels of cellular content were verified
prior to  immunoprecipitation  (Figure  4b).
Furthermore, immunoprecipitates of y-H2AX protein
had a substantially lower VP1 CT value in EVA71-
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Figure 3. y-H2AX was localized to the nucleus and cytoplasm after EVA71 infection. (a) The nuclear or cytoplasmic protein of RD cells
was extracted, and the level of y-H2AX was detected by Western blotting after treatment with the positive control pseudolaric acid

B (4 uM) for 36 h. Histone and GAPDH are shown as loading cont
nuclear or cytoplasmic protein of RD cells was extracted, and the |

rols for nuclear and cytoplasmic proteins, respectively. (b) The
evel of y-H2AX was detected by Western blotting after EVA71

infection (MOl = 1) for 12 and 24 h. Histone and GAPDH are shown as loading controls for nuclear and cytoplasmic proteins,
respectively. (c) y-H2AX distribution analysis by fluorescence microscopy at 24 h post infection. Cells were stained with y-H2AX

antibodies (Cell Signal), and co-stained with FITC labeled-secondary

antibody (green). DNA was counterstained with Hoechst 33,258

(blue). Cytoskeleton was counterstained with phalloidin-tetramethylrhodamine B isothiocyanate (Red). Merged images of y-H2AX
with DNA are shown. And the corresponding white light image was kept. The arrow indicated cell with normal morphology and
irregular cytoplasmic location. Scale bar: 15 pm. EVA71, enterovirus A71; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-

3-phosphate dehydrogenase; MOI, multiplicity of infection

infected RD cells (23.73 + 0.06) than in mock-infected
cells (33.79 £ 0.58), indicating that the EVA71 genome
was bound to y-H2AX in the cells. The CT values of
GAPDH in EVA7l-infected cells and mock-infected
cells were both >30, ruling out nonspecific binding
(Figure 4b). Therefore, it was shown that y-H2AX
bound to the genome of EVA71 in cells.

Subsequently, we hypothesized that y-H2AX might
interact with viral protein(s) to participate in EVA71
production. Immunoprecipitation of y-H2AX affirmed
that the protein bound to viral structural protein VP3
and non-structural 3D protein in EVA71-infected RD
cells; however, it did not bind with VP1, VP2, 2 C, 3AB,
or 3 C protein. In addition, there was no expression of p-
actin in the immunoprecipitation samples (Figure 4c).
The absence of antibodies for VP4, 2A, 2B, and UP
made their detection impossible. The results showed

that y-H2AX protein particularly bound with VP3 and
3D proteins. To further confirm the binding of viral
protein with y-H2AX, VP3-HA or 3D-HA was correctly
overexpressed (Figure S6b) in HeLa cells, which are easily
transfected with plasmids. Immunoprecipitates of VP3-
HA or 3D-HA protein were collected with Anti-HA
Affinity Matrix (Roche), and the expression of y-H2AX
was assessed by Western blotting analysis.
Overexpression of VP3 or 3D increased the expression
of y-H2AX at 36 h post transfection (Figure 4d). Further
immunoprecipitation analysis confirmed that y-H2AX
bound with VP3 and 3D (Figure 4d), which was consis-
tent with the results shown in Figure 4c. Moreover, VP3,
3D, and y-H2AX were distributed synchronously in the
nucleus and cytoplasm of RD cells (Figure 4e). Although
it remains unclear whether this binding is direct, the
present findings indicate that y-H2AX, viral genome,



250 J. YU ET AL.

a EVA71 genome

{=p
IS
=)

IRES P1 P2 p3 - 540
sUTRe: [3a [38] 3¢ [3D lww zuTR S32 % 32
=
| 524 5 24
Polyprotein ‘—?, 16 s 16
| 3a] s8] sc[sp] e 8 S8
Major v “~~ plinor © 9 5 0
I R ([ 55 5c | 0] [3a | s8] 3¢ 0] Mock EVA71 Sock EVAT
| t
VAR es| (Ve ) ESIIEEIN [ 54 [s5 | [ 50|50 [ 3] 383 [0 20 ned “
T
= o
vea] vz [ves] FOE BN RS S g 32 g 32
vP4/ VP2 524 O 2
aCleavage by 2A ¢ Cleavage by 3C @ Cleavage by maturation % 16 § 16
€ e = HA VP3-HA 58 g8
IB: VP1| S HA S0A 0 50
IB: 3D - Mock EVATA Mock EVATA
IB: VP2 _ L IP: y-H2AX
IB: VP3 & o= y e f
20 — IB: y-H2AX‘ N H ‘ Nuclear Cyto
IB: 3AB — IB:GAPDH‘ _ —‘ ‘—- ——‘ IB:VP3| T T Cytoplasm
IB: 3C — input Input IB:3D| ==
IB: 3D -—_ IB:3D == 1B:y-H2AX —
IB: y-H2AX —_ —— IB:VP3 ’ — IB: Tubulin| — — — ——
IB: Actin | = ==
IB: y-H2AX — -‘ IB: Histone |we s
Input IP ; 5
PIP: y-H2AX IP: HA IP: HA WE ME Cells

Figure 4. y-H2AX co-localized with viral genome, viral protein VP3, and 3D. (a) The scheme of viral genome and viral protein. The
viral RNA genome encodes one large polyprotein which is cleaved into precursors and finally four structural proteins, and seven non-
structural proteins by 2A protease, 3 C protease or maturation. (b) EVA71 genomic content in RD cells was evaluated by RT-PCR
analysis of VPT mRNA before and after immunoprecipitation (IP) with y-H2AX antibody (Santa). CT values of VP1 and GAPDH in input
sample and IP sample with y-H2AX antibody are shown. Data are represented as the mean + standard deviation of three
independent experiments. (c) The levels of viral proteins (VP1, VP2, VP3, 2 C, 3AB, 3 C, and 3D) in RD cells infected with EVA71
were evaluated by Western blotting before and after immunoprecipitation (IP) with y-H2AX antibody (Cell Signal). Actin is shown as
loading control. (d) Hela cells were collected at 36 h after transfection with 10 ug of VR1012-VP3-HA (VP3-HA), VR1012-3D-HA (3D-
HA) or the corresponding control vector VR1012-HA (HA). Anti-HA affinity matrix was used for immunoprecipitation of HA-tagged
proteins, which were analyzed by Western blotting with y-H2AX, VP3 and 3D antibody. The results are representative of three
independent experiments. (e) The nuclear and cytoplasmic proteins of RD cells were extracted, and the levels of y-H2AX, VP3, and 3D
were detected using Western blotting after EVA71 infection (MOI = 1) for 24 h. Histone and tubulin are shown as loading controls for
nuclear and cytoplasmic proteins, respectively. (f) Diagram showing that y-H2AX forms a complex with the viral genome, viral
protein VP3, and 3D in cells infected with EVA71. CT, cycle threshold; EVA71, enterovirus A71; HA, hemagglutinin; MOI, multiplicity of
infection; RD, rhabdomyosarcoma; RT-PCR, reverse-transcription polymerase chain reaction; M, mock; E, EVA71

VP3 protein, and 3D protein form a complex in the
cytoplasm (Figure 4f).

Knockout of H2AX inhibited viral genome
replication and viral production

To highlight the effect of y-H2AX on viral production,
we created stable H2AX-knockout cells. This was
achieved using CRISPR/Cas9 technology to delete the
T base at position 71 in HelLa cells (Figure S6c). These
cells lost their ability to express H2AX or y-H2AX
protein (Figure S6d). Next, we investigated viral gen-
ome replication; the amount of viral genome was

equivalent in wild-type and knockout cells at 4 h after
infection with EVA71 (MOI = 10), indicating that y-
H2AX did not inhibit viral entry (Figure 5a). However,
at 24 h, the relative CT of (VP1-GAPDH) was changed
from 4.49 + 0.11 to 9.20 £ 0.10 in knockout cells versus
wild-type cells (Figure 5b). Therefore, these results con-
firm that y-H2AX is related to viral replication.

We also observed that in wild-type cells, the viral
genome was continually replicating from 5 h to 26 h;
the relative CT values (VP1-GAPDH) were
13.46 + 0.10, 5.38 + 0.03, 3.53 + 0.02, 2.79 + 0.03 at 5,
12, 20, and 26 h post infection, respectively. In knock-
out cells, the viral genome was replicated only in the



first 12 h, and the viral genome was unchanged from
12 h to 26 h after infection; the relative CT values were
13.27 £ 0.05, 6.40 £ 0.03, 6.42 £ 0.01, and 6.87 + 0.46 at
5, 12, 20, and 26 h post infection, respectively
(Figure 5c¢), indicating blockage of viral genome repli-
cation in the absence of y-H2AX.

To further support the role of y-H2AX in viral
replication, serial dilutions of viruses were used. At
36 h post infection, the relative CT values in wild-
type cells treated with decreasing MOIs (100, 10, 1,

VIRULENCE (&) 251

+

+

0.5, and 0.1) were —-6.72 0.05, -1.64 0.07,
1.5 £ 0.02, 5.55 £ 0.02, and 10.16 + 0.02, respectively,
and the relative CT values increased with decreasing
MOIs, indicating that the viral genome level was posi-
tively correlated to the MOI, and virus with either
a high or low MOI could replicate. In knockout cells,
the relative CT values were —1.73 + 0.16, 10.56 + 0.07,
16.33 £ 0.29, 15.94 + 0.39, and 15.60 = 0.73 with
decreasing MOIs, respectively (Figure 5d), indicating
that the viral genome level was not positively
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Figure 5. Knockout of H2AX decreased EVA71 genome replication and viral production. (A, B) At 4 h (a) or 24 h (b) post-EVA71
infection (MOl = 10), the mRNA levels of VP1 were detected using real-time quantitative PCR. The results were standardized to the
levels of GAPDH. Data are represented as the mean + standard deviation (SD) of three independent experiments. ***P < 0.001. NS,
no significant difference. (c) At 5, 12, 20, and 26 h post-EVA71 infection (MOI = 10), the mRNA levels of VP1 or GAPDH were detected
using real-time quantitative PCR. And the relative CT values (VP1-GAPDH) were shown. Data are represented as the mean + SD of
three independent experiments. ***P < 0.001. (d) At 36 h post-EVA71 infection (MOl = 100, 10, 1, 0.5 and 0.1), the mRNA levels of
VP1 and GAPDH were detected using real-time quantitative PCR. The relative CT values (VP1-GAPDH) are also shown. Data are
represented as the mean + SD of three independent experiments. ***P < 0.001. (e) The expression of VP1, y-H2AX, H2AX, and
tubulin in wild-type and knockout cells at 24 h post-EVA71 infection (MOl = 10). (F) The TCID50 was assessed at 24 h post-EVA71
infection (MOI = 10). Log10™“®>*™" is shown. Data are presented as the mean + SD of three independent experiments. ***P < 0.001.
(G-1) Knockout cells were transfected with VR1012 plasmid or VR1012-H2AX plasmid. At 2 h post transfection, the cells were
inoculated with EVA71 (MOI = 10) for 24 h. (g) The mRNA levels of VP1 and GAPDH were detected using real-time quantitative PCR.
The results were standardized to the levels of GAPDH and normalized to 1 in cells transfected with VR1012. Data are represented as
the mean =+ SD of three independent experiments. ***P < 0.001. (h) Western blotting analysis of VP1, y-H2AX, and H2AX expression.
Tubulin is shown as loading control. (i) The TCID50 was assessed at 24 h post infection. Data are presented as the mean + SD of
three independent experiments. ***P < 0.001. +/+, wild type; —/—, knockout H2AX; CT, cycle threshold; EVA71, enterovirus 71;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MOI, multiplicity of infection; PCR, polymerase chain reaction; TCID50, median
tissue culture infective dose
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correlated to the MOI for viruses with a low MOI (1,
0.5, and 0.1); viruses with a low MOI could not repli-
cate as well as those with a high MOI. These findings
indicated that viral replication requires y-H2AX, high-
lighting its importance in this process. Subsequently,
the expression of viral proteins was inhibited in knock-
out cells (Figure 5e). At 24 h post infection with
EVA71 (MOI = 10), the TCID50 was decreased from
3.38 + 0.53 x 10” to 1.72 + 0.43 x 10 in knockout cells
versus wild-type cells (figure 5f). Therefore, a decrease
in y-H2AX expression also inhibited viral production.

To further confirm the role of y-H2AX in viral
production, knockout cells were transfected with the
VR1012 or VRO012-H2AX plasmid and infected with
EVA71 (MOI = 10) for 24 h. The results showed that
regaining of H2AX increased viral genome replication
(P < 0.001) (Figure 5g), VP1 expression (Figure 5h),
and viral production (P < 0.001) (Figure 5i). More
importantly, the expression of H2AX was accompanied
by the formation of y-H2AX (Figure 5h). Therefore, y-
H2AX plays an important role in viral genome replica-
tion and viral production.

Caffeine decreased the levels of y-H2AX and
protected neonatal mice from damage induced by
EVA71

Caffeine is widely used in in vitro [14,40] and in vivo
[41,42] studies of the DDR because it can inhibit the
formation of y-H2AX [14,40]. To further determine the
role of y-H2AX in the production of EVA71, caffeine at
1 mM and 2 mM doses was used in subsequent analy-
sis. Of note, at these doses, caffeine did not affect cell
proliferation (data not shown). Western blotting assays
demonstrated that an increase in the dose of caffeine (1
or 2 mM) led to an obvious decrease in the levels of y-
H2AX and viral protein expression at 24 h post infec-
tion in a dose-dependent manner in RD cells
(Figure 6a). Furthermore, reverse transcription-PCR
of cellular lysates suggested that the inhibition occurs
in RD cells at viral replication (<5-fold for 1 mM caf-
feine and <10-fold for 2 mM caffeine) (Figure 6b). As
assessed by the TCID50, caffeine decreased viral pro-
duction in RD cells in a dose-dependent manner
(18.86-fold and 19,735-fold reduction caused with
1 mM and 2 mM caffeine, respectively) (Figure 6c).
Therefore, caffeine decreased the levels of y-H2AX
and reduced viral genome replication and viral produc-
tion in vitro.

More importantly, caffeine protected neonatal mice
from death induced by infection with EVA71 in a dose-
dependent manner (Figure 6d) in vivo. Owing to its
limited toxicity, caffeine has been used in clinical

practice for the treatment of headaches [43].
Moreover, caffeine can inhibit viral multiplication and
protect host cells. Based on these effects, caffeine may
be useful as an anti-HFMD drug.

y-H2AX was upregulated in children with HFMD

To confirm the clinical importance of y-H2AX, we
collected blood samples from patients with HFMD
(Figure S7) and measured the levels of y-H2AX in
peripheral blood mononuclear cells extracted using
lymphocyte separation liquid (Corning, NY, USA).
Nevertheless, children with HFMD exhibited increased
levels of y-H2AX compared with the control group
(healthy children aged <6 years) (Figure 6e), which
was consistent with our cell culture results. Therefore,
y-H2AX is clinically significant.

Discussion

EVA71, one of the primary causative pathogens of
HEFMD, is associated with recent outbreaks in Asia
[1,2]. Our previous results confirmed that infection
with EVA71 induced cell cycle arrest at the S phase
[8] and apoptosis [22], and that these are usually caused
by the DDR pathway, which is a signaling network that
senses and repairs cellular DNA lesions [35]. Thus, we
investigated whether EVA71 induced DDR, and proved
that infection with EVA71 upregulated y-H2AX and
induced DDR. Moreover, other enteroviruses such as
CALl6, CA6, and EVD68, also had the ability to activate
the DDR pathway.

As previously reported, DNA viruses and retro-
viruses such as the herpes simplex virus [17], human
papillomavirus [44], human immunodeficiency virus
[18], and polyomavirus [21] usually initiate the DDR
pathway. However, prior to the present study, only
a limited number of RNA viruses such as hepatitis
C virus [45], coronavirus [14], La Crosse encephalitis
virus [15], Rift Valley fever virus [13], Newcastle dis-
ease virus [46], and rotavirus [47] had been confirmed
to activate the DDR pathway and upregulate the
expression of y-H2AX. In viral life cycle, DNA viruses
and retroviruses must integrate their DNA by inserting
it into the host genome, which leads to a direct DNA
break. However, most RNA viruses replicate in the
cytoplasm but still induce DDR. Therefore, it is specu-
lated that the viral protein transported into the nucleus
might cause indirect or direct DNA damage; thus, viral
protein(s) of EVA71 involved in DDR pathways need
further investigation.

In eukaryotes, histones H2A, H2B, H3, and H4 form
nucleosomes with approximately 150 bp DNA. With
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Figure 6. Confirmation of the relationship between y-H2AX and EVA71 viral production in vitro and in vivo. (a) Caffeine (1 or 2 mM)
was added to cells 2 h after infection with EVA71, and cell lysates were collected 24 h later for Western blotting analysis of VP1 and
y-H2AX expression. Tubulin is shown as loading control. (b) Pre-treatment with different doses of caffeine (0, 1, and 2 mM) for 12 h.
Cells were washed once with phosphate-buffered saline (PBS) and infected with EVA71 (MOI = 1) for 2 h; subsequently, the cells
were re-treated with different doses of caffeine (0, 1, and 2 mM) for 10 h. Genomic mRNA levels were detected using real-time
quantitative PCR by targeting the VP1 sequence. The results were standardized to the levels of GAPDH and normalized to 100 in
infected cells treated with 0 mM caffeine. Data are presented as the mean * SD of three independent experiments. **P < 0.01, and
***¥P < 0.001. (c) The TCID50 was assessed at 28 h post-EVA71 infection (MOI = 1). Log10TC'DS°/mL is shown. Data are represented as
the mean * SD of three independent experiments. (d) Protective effect of caffeine against lethal challenge with EVA71 in vivo. Mice
of the four groups were intracerebrally inoculated with 1.5 x 10° TCID50 of EVA71, while those of the remaining group were
intracerebrally inoculated with DMEM (10 pl/mouse). At the same time, EVA71-inoculated mice were intraperitoneally injected with
0, 2, 5, or 10 mg/kg caffeine daily for 9 days post infection, and the survival rates were monitored daily. Kaplan—Meier plots were
used to calculate survival. Con: mock-infected and treated with 0 mg/kg caffeine; EV: EVA71-infected and treated with 0 mg/kg
caffeine; EV+Caffe: EVA71-infected and treated with 2 mg/kg, 5 mg/kg, or 10 mg/kg caffeine. (e) The expression of y-H2AX in
children with HFMD. Blood samples were collected from control and infected children, and the levels of y-H2AX in peripheral blood
mononuclear cells were determined using Western blotting. Tubulin is shown as loading control. The results are representative of
three independent experiments. Con, healthy children aged <6 years; DMEM, Dulbecco’s modified Eagle’s medium; EVA71,
enterovirus 71; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HFMD, hand, foot, and mouth disease; Infected, children
with infection; MOI, multiplicity of infection; PCR, polymerase chain reaction; SD, standard deviation; TCID50, median tissue culture
infective dose

DNA damage, the serine at position 139 of H2AX, an  pathways are activated by distinct types of damage [9],
H2A variant, is phosphorylated and H2AX becomes and ATM, ATR, and DNA-PK are the three main
p-H2AX-S139 (y-H2AX) [9,10]. In this study, infection = kinases involved in these pathways. DNA-PK and
with EVA71 upregulated the expression of y-H2AX;  ATM are primarily involved in DNA double-strand
however, this did not affect the expression of H2AX,  breaks whereas ATR primarily responds to DNA single-
indicating that EVA71 infection might promote H2AX  strand breaks [9]. It was confirmed that siATR blocked
phosphorylation at position 139. H2AX phosphorylation ~ the upregulation of y-H2AX after EVA71 infection
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whereas siATM or siDNA-PK promoted the upregula-
tion of y-H2AX after EVA71 infection. We found that
the ATR inhibitor decreased y-H2AX levels in a dose-
dependent manner whereas the ATM or DNA-PK inhi-
bitor increased y-H2AX levels in a dose-dependent man-
ner. Therefore, the ATR pathway differs from the ATM
and DNA-PK pathways with respect to EVA71 replica-
tion. EVA71 might induce DNA single-strand breaks to
activate the ATR pathway which is responsible for the
formation of y-H2AX after EVA71 infection whereas the
activation of ATM or DNA-PK might be lowered after
EVA71 infection. Furthermore, inhibition of the ATR
pathway decreased y-H2AX levels and inhibited virus
production whereas inhibition of the ATM and DNA-
PK pathways increased y-H2AX levels and promoted
virus production. Therefore, virus production is posi-
tively correlated with y-H2AX levels and ATR activation.
However, y-H2AX levels are negatively correlated with
ATM and DNA-PK activation after EVA71 infection.
Viral proteins or the viral genome might form a special
spatial structure to regulate ATM, ATR, or DNA-PK and
lead to DDR.

The expression of y-H2AX, but not that of H2AX, is
closely related to virus production. Moreover, EVA71
infection regulates y-H2AX levels but not H2AX levels;
therefore, the interaction between y-H2AX and virus
production is being investigated. To date, y-H2AX has
been perceived as a nuclear protein for the repair of
damaged DNA; however, two detection methods
(immunofluorescence staining and Western blotting
of nuclear and cytoplasmic fractions) have shown that
y-H2AX is localized to the cytoplasm after EVA71
infection. This evidence is the first in its field to sup-
port the localization of y-H2AX protein in the cyto-
plasm after viral infection.

As EVAT71 replication occurs in the cytoplasm, we
hypothesized that y-H2AX protein may be co-located
in the cytoplasm with viral proteins or the viral gen-
ome. It was demonstrated that y-H2AX protein
bound to the viral structural protein VP3, and non-
structural protein 3D, as well as to the EVA71 gen-
ome. Although we could not confirm whether the
binding was direct, y-H2AX formed complexes with
the viral genome and viral VP3 and 3D proteins in the
cytoplasm. This might explain the induction of DDR
pathways caused by EVA71 infection, the localization
of y-H2AX in the cytoplasm, and the role of y-H2AX
in virus production.

To highlight the effect of y-H2AX on virus produc-
tion, we generated H2AX-knockout cells. We observed

that although EVA71 could normally enter these knock-
out cells, its genome replication was substantially inhib-
ited. In knockout cells, the viral genome was replicated
only in the first 12 h after viral infection. By contrast, in
wild-type cells, the viral genome was continuously ampli-
fied for 26 h. Serial dilutions of a virus stock were used to
further investigate the role of y-H2AX in viral replica-
tion. At 36 h post infection, all diluted viruses could
replicate in wild-type cells treated with decreasing MOI
(100, 10, 1, 0.5, 0.1). However, in knockout cells, only
viruses with an MOI of 100 and 10 could replicate effec-
tively. These findings indicate that the absence of y-
H2AX affects viral replication; and thus, y-H2AX is
important for viral genome replication.

Further investigation also revealed that viral protein
expression and TCID50 were also decreased in H2AX-
knockout cells. More importantly, re-expression of the
H2AX protein in knockout cells through transfection
with an H2AX plasmid was accompanied by the for-
mation of y-H2AX, as well as an increase in viral
genome replication, viral protein expression, and virus
production. Therefore, y-H2AX is essential for viral
genome replication and virus production.

To assess the role of y-H2AX in EVA71, we inhib-
ited its expression using caffeine; this approach has
been extensively applied for the in vitro [14,40] and
in vivo [41,48] studies of DDR pathways. We confirmed
that caffeine inhibited viral genome replication, viral
protein expression, and viral production in vitro. More
importantly, we observed the protective effect of caf-
feine on EVA7l-infected neonatal mice in vivo.
Considering that caffeine is used clinically to treat
headache because of its low toxicity [43], caffeine may
be useful as an anti-HFMD drug.

To further support the relationship between y-H2AX
and HFMD, we collected blood samples from children with
and without HFMD. In patients with HFMD, we found
that y-H2AX was upregulated, thus supporting our in vitro
findings.

Typically, y-H2AX is used as a biomarker of the
DDR pathway as it plays an important role in repair-
ing DDR. Moreover, the results of this study con-
firmed that y-H2AX inhibition could directly inhibit
viral genome replication and virus production.
Hence, in addition to its involvement in the DDR
pathway, y-H2AX also has an important role in viral
replication, particularly because H2AX deletion does
not prevent the expression of other proteins related
to DDR, including upstream protein(s) of y-H2AX.
Therefore, these results show that EVA71 directly



and primarily uses y-H2AX for its viral replication
and production, which differs from the findings of
previous studies focusing on the effect of DDR on
virus production.

Therefore, we conclude that y-H2AX forms
a complex with the EVA71 genome and viral VP3
and 3D proteins, and regulates viral genome replication
and production of the viral progeny. These effects are
important for the prevention and treatment of HFMD
in the clinical setting.
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