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Abstract

Enterovirus 71 (EV71) is one of the main causative agents of foot, hand and mouth disease. Its infection usually causes
severe central nervous system diseases and complications in infected infants and young children. In the present study, we
demonstrated that EV71 infection caused the rearrangement of vimentin in human astrocytoma cells. The rearranged
vimentin, together with various EV71 components, formed aggresomes-like structures in the perinuclear region. Electron
microscopy and viral RNA labeling indicated that the aggresomes were virus replication sites since most of the EV71
particles and the newly synthesized viral RNA were concentrated here. Further analysis revealed that the vimentin in the
virus factories was serine-82 phosphorylated. More importantly, EV71 VP1 protein is responsible for the activation of
calmodulin-dependent protein kinase II (CaMK-II) which phosphorylated the N-terminal domain of vimentin on serine 82.
Phosphorylation of vimentin and the formation of aggresomes were required for the replication of EV71 since the latter was
decreased markedly after phosphorylation was blocked by KN93, a CaMK-II inhibitor. Thus, as one of the consequences of
CaMK-II activation, vimentin phosphorylation and rearrangement may support virus replication by playing a structural role
for the formation of the replication factories. Collectively, this study identified the replication centers of EV71 in human
astrocyte cells. This may help us understand the replication mechanism and pathogenesis of EV71 in human.
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Introduction

Enterovirus 71 (EV71) is a single-stranded RNA icosahedral

virus 30 nm in diameter belonging to the genus Enterovirus within

the Picornaviridae family. In young children, its infection usually

causes hand, foot and mouth disease (HFMD) which is charac-

terized by several days of fever and vomiting, ulcerative lesions in

the oral mucosa and vesicles on the backs of the hands and feet [1].

EV71 infections are usually accompanied by severe neurological

complications such as aseptic meningitis, acute flaccid paralysis,

encephalitis and other rarer manifestations [2], [3]. These

neurological complications can sometimes be fatal and neurogenic

pulmonary edema is thought to be the main disease process in fatal

cases. It has also been postulated that overwhelming virus

replication, combining with the induction of toxic inflammatory

cytokines and cellular immunity resulting from tissue damage, are

possibly the process of pathogenesis [4], [5]. Although the initial

viral illness often is self-limited, EV71 infection may result in long

term neurologic and psychiatric effects on the central nervous

system (CNS) in children. Enterovirus 71 infection involving the

CNS and cardiopulmonary failure may be associated with

neurologic sequelae, delayed neurodevelopment and reduced

cognitive functioning [6]. However, available treatments for

EV71 infection and HFMD are limited as there is currently no

effective chemoprophylaxis or vaccination for HFMD or EV71

infection.

Members of the Picornaviridae have similar particle morphol-

ogy and genome organization, but several studies have revealed

important differences in the replication of picornaviruses from

different genera [7]. Picornavirus infections usually result in the

formation of membranous structures in infected cells, many of

which involve complex membrane rearrangements. Poliovirus

(PV), enterovirus 11 (EV11) and encephalomyocarditis virus

(EMCV) infections induce heterogeneously sized vesicles arranged

as tightly packed clusters, while the vesicles in human parecho-

virus-1 (HpeV-1) infected cells are homogeneously sized, less

numerous and do not associate to form tight clusters. Thus, the

membrane vesicles induced by picornaviruses from different

genera are different. Many studies suggest that the vesicular

structures in infected cells are the virus factories. For example,

Coxsackievirus B3 (CV-B3) infection induces autophagosome-like

structures to serve as membrane scaffolds which support virus

replication [8]. PV infection induces vesicles in a rosette-like

arrangement around the replication complex. To date, the

mechanism by which these vesicles are generated is still unknown.
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EV71 infection has been shown to induce the formation of

autophagosome-like structures which is beneficial for virus

replication [9]. However, little is known about the membrane

rearrangement or the development of a specialized area for virus

replication in EV71 infected cells.

Vimentin is a type III intermediate filament that play important

roles during virus infections, including the recruitment of viral

proteins or genomes, prevention of the movement of viral

components into the cytoplasm, concentration of structural

proteins at sites of assembly and providing a scaffold for virus

assembly [10], [11]. As many virus infections are accompanied by

a rearrangement and even a loss of cellular filaments, especially

vimentin and actin, we have investigated potential changes in

vimentin intermediate filaments and actin filaments during EV71

infection. The rearrangement of vimentin usually involves the

phosphorylation of serine residues at the N terminal domain [12–

14]. Such phosphorylation is believed to reduce interactions of the

N terminal domains between the vimentin filaments and facilitates

the disassembly or redistribution of filaments. In the present study,

we investigated the involvement of vimentin in EV71 replication

and the effects of virus infection on vimentin structure. We showed

that EV71 infection activated CaMK-II, resulting in the

phosphorylation of vimentin at serine 82. The serine 82

phosphorylated vimentin was rearranged, leading to the formation

of virus replication centers.

Materials and Methods

Reagents and antibodies
N-decyl-b-D-maltopyranoside (DDM) was obtained from Affy-

metrix, CA, USA. 2-(4- Amidinophenyl)-6–indolecarba-midine

dihydrochloride (DAPI) staining solution, Mito-tracker, KN93,

Nocodazol and the protease-inhibitor cocktail were all obtained

from Sigma Aldrich, MO, USA. Anti-EV71 monoclonal antibody

was obtained from Millipore, MA, USA. Mouse Anti-BrUTP was

obtained from R&D Systems, MN, USA. FuGENE transfection

reagent was obtained from Roche, IN, USA. Rabbit anti-vimentin

polyclonal antibody, mouse anti-b actin monoclonal antibody,

mouse anti-b tubulin monoclonal antibody, mouse anti-a tubulin

monoclonal antibody, rhodamine (TRITC)-conjugated anti-rabbit

IgG antibody, FITC conjugated anti-rabbit IgG antibody, FITC

conjugated anti-mouse IgG, HRP conjugated anti-mouse IgG and

Figure 1. Analysis of EV71 infection and replication in U251 and VK-U251 cells. (A) Cytopathic effects of EV71 infection in human
astrocytoma U251 cells. U251 cells were infected with EV71 at an MOI of 2 PFU cell21. Cell morphology was observed at various times postinfection as
indicated by light microscopy (top four panels). Virus infection was detected by immunofluorescence staining for virus VP1 protein (bottom four
panels) using indirect immunofluorescence microscopy. Bar: 500 mm. (B) Detection of EV71 VP1, vimentin and actin (internal control) in EV71 infected
U251 and VK-U251 cells by Western blot analysis. Each cell line was infected with EV71 (EV71+) using uninfected cells as controls (EV712). They were
harvested at 24 h postinfection and processed for western blot analysis using antibodies specific to EV71 VP1 (EV71), vimentin or actin as described in
Materials and Methods. (C) Measurement of virus titers in the supernatants of EV71 infected U251 (U251 + EV71) and EV71 infected VK-U251 (VK-U251
+ EV71) cells, using uninfected U251 cells as controls (U251 – EV71). Virus titration was performed at 0, 12 and 24 h postinfection. The data show the
mean virus titers 6 SD from three independent experiments. Asterisks indicate significant differences at p,0.05 compared to control. (D)
Immunofluorescence microscopy analysis of the intracellular distribution of EV71 proteins in U251 and VK-U251 cells at 24 h postinfection. Cells were
infected with EV71 and stained with antibody to EV71. Positive reaction appears as green florescence. White arrow head shows the nuclei. Bar:
100 mm.
doi:10.1371/journal.pone.0073900.g001
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Figure 2. Detection and analysis of vimentin rearrangement caused by EV71 infection in human astrocytoma cells. (A) Western blot
analysis of cell vimentin in the soluble (top panels) and insoluble (bottom panels) fractions of EV71 infected cells. Infected U251 cells (EV71+) were
lysed at 24 h postinfection, as described in Material and Methods. Beta-actin was used as an internal control. Uninfected controls (EV712) were
similarly analysed at 0 and 24 h post infection. The figure shows the increase in production of soluble vimentin and concomitant reduction of
insoluble vimentin in EV71 infected cells. (B) Analysis of the interactions between EV71 virus particles and cell vimentin, actin and tubulin by pull
down assay (top panels) and co-immunoprecipitation (bottom panels) assays performed as described in Materials and Methods. The figure shows a
western blot of the immunoprecipitated proteins. The lanes in the top panels are: lane input = cell lysate, lane control = agarose beads incubated
with purified EV71 particles, lane anti-EV71 = anti-EV71 monoclonal antibody-conjugated agarose beads incubated with purified EV71 particles, lane
IgG = mouse IgG-conjugated agarose beads incubated with purified EV71 particles. The lanes in the bottom panels are: lane input = cell lysate, lane

Enterovirus 71 VP1 Activates CaMK-II

PLOS ONE | www.plosone.org 3 September 2013 | Volume 8 | Issue 9 | e73900



HRP conjugated anti-rabbit IgG were all obtained from Santa

Cruz Biotechnology, CA, USA. Mouse anti-phospho vimentin (ser

55) was obtained from Abcam, MA, USA. BSA was obtained from

BD, MA, USA. Rabbit anti-phospho vimentin (ser 82) monoclonal

antibody, rabbit anti-phospho vimentin (ser 77) monoclonal

antibody, rabbit anti-phospho vimentin (ser 38) monoclonal

antibody, rabbit anti-CaMK-II monoclonal antibody and rabbit

anti-CaMK-II (ser 286) monoclonal antibody were all obtained

from Epitomics, CA, USA. Rabbit anti-PKA, anti-PKC and anti-

CDK1 polyclonal antibodies were all purchased from Bioss, MA,

USA.

Cell cultures and virus strains
The prototype Enterovirus 71 (EV71) BrCr strain was a gift

from Prof Qi Jin (Institute of Pathogen Biology, Chinese Academy

of Medical Sciences, Beijing, PR China) [15]. The human

astrocytoma cell line U251 and RD human rhabdomyosarcoma

cells were propagated and maintained in Double Modified Eagle’s

Medium (DMEM) supplemented with antibiotics (penicillin and

streptomycin) and 10% fetal bovine serum (Invitrogen, CA, USA)

at 37uC in the presence of 5% CO2 [16], [17].

Preparation of vimentin knockdown cell lines
In order to investigate potential roles for vimentin in EV71

infection, a vimentin knockdown cell line (VK-U251) was

constructed using a retrovirus vector that stably expressed the

siRNA specific to vimentin. To build VK-U251, a shRNA

targeting the human vimentin gene (shVim) as reported previously

[18] and a control shRNA (shControl) were designed. In order to

facilitate the formation and processing of the shRNA, a loop

sequence (TTCAAAGAGA) was designed in the middle area of all

shRNAs. The sequences of the two shRNAs were: shVim, 59-GAT

CCG CTA TGT GAC CAC ATC CAC TTC AAG AGA GTG

GAT GTG GTC ACA TAG CTT TTT TG-39; and shControl,

59-GAT CCC CAC CAT GCA CGT ATG TCA TTC AAG

AGA TGA CAT ACG TGC ATG GTG GTT TTT TG-39. The

corresponding complementary oligonucleotides were also synthe-

sized to produce DNA duplexes of each of the shRNAs. The

shRNA oligonucleotides were annealed and ligated to the BamH I

and EcoR I sites behind the human U6 promoter of pSIREN-

RetroQ vector and the constructs confirmed by DNA sequencing.

Phoenix cells were plated and transfected with the resultant

pSIREN-RetroQ-siVim or pSIREN-RetroQ-siControl plasmid

with a helper plasmid by using FuGENE transfection reagent. At

48 h post transfection, cell supernatants containing the recombi-

nant retroviruses were harvested and used to infect U251 cells.

The infected cells were screen by using puromycin at a

concentration of 5 mg ml21. Vimentin expression in VK-U251

and control cells was analyzed by western blot analysis.

Virus propagation, purification and titer determination
Semi-confluent monolayers of RD cells were infected with

approximately 2 PFU of EV71 per cell. After adsorption for

30 min at 37uC, the cells were washed twice with PBS buffer and

overlaid with MEM containing 10% calf serum. The infected

culture fluids were harvested daily from day 2 to day 6, and

replaced with fresh MEM containing 10% calf serum after each

harvest. Virus purification was done as described previously [19].

Briefly, after a low speed centrifugation, the culture fluids were

passed through a 0.22 mm filter (Millipore, MA, USA). Viruses in

the fluids were precipitated with 7% polyethylene glycol supple-

mented with 0.15 M NaCl and then purified by centrifugation

through a 10 to 50% (w/w) linear sucrose gradient in a Beckman

SW28 rotor for 12 h at 25000 g at 4uC. The virus pelleted from

the gradient fractions was resuspended in TN buffer (0.1 M NaCl,

50 mM Tris, pH 7.4).

To determine virus titers, RD cells were plated into 96 well

dishes, incubated overnight, and then infected with the serially

diluted virus preparations. After adsorption for 30 min, the virus

suspensions were replaced with MEM containing 2% fetal bovine

serum. The cultures were incubated at 37uC for 5 days and plates

that displayed cytopathic effects were counted. Virus titers were

determined by the Reed-Muench method.

Cell protein extraction and western blot
Cultured cells were collected and washed three times with PBS.

After a short centrifugation at 800 g, the cell pellets were

resuspended in cell lysis buffer (0.3% DDM in PBS) containing

a protease inhibitor cocktail and incubated in ice for 30 min. After

centrifugation at 12000 g for 15 min at 4uC, the soluble

(supernatant) and insoluble (pellet) fractions were collected.

Protein concentration of each sample was measured using the

Bradford method (Bio-Rad Laboratories, CA, USA). Proteins

(50 mg) were heat-denatured in sample-loading buffer (50 mM

Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol

blue and 10% glycerol), separated by SDS-polyacrylamide gel

electrophoresis (12% polyacrylamide, 0.1% SDS) and electro-

blotted to a polyvinylidene fluoride membrane. The membrane

was blocked with 5% skim milk in TBST buffer (50 mM Tris-HCl,

100 mM NaCl and 0.1% Tween-20, pH 7.4) and incubated for

90 min at 37uC with the selected primary antibodies. The signals

were visualized by a subsequent chemiluminescence reaction with

the corresponding horseradish peroxidase conjugated IgG (1:3000)

in the ECL system (Invitrogen, CA, USA). Total vimentin in cells

control = proteins from cell lysate incubated with IgG-conjugated agarose beads, lane anti-Vim = proteins from cell lysate incubated with vimentin
monoclonal antibody-conjugated agarose beads. The results showed the specific binding of EV71 to vimentin and not to actin or tubulin. (C) Analysis
of the interaction between vimentin and EV71 proteins. U251 cells were transfected with plasmids expressing each of the EV71 components as
indicated on each lane. They were then lysed and immuno-precipitated with an antibody to the Flag tag and the immuno-precipitants were then
analysed by western blot with antibodies specific to vimentin and Flag tag. The figure shows EV71 VP1 mediated the interaction between EV71 and
vimentin. (D) Immunofluorescence analysis of the distribution of vimentin and EV71 in viral infected cells. U251 cells were infected with EV71 (+EV71)
and fixed at the indicated time postinfection. Cells were then stained with antibodies to vimentin (Vim, green fluorescence) and EV71 (EV71, red
florescence) and subjected to confocal microscopy analysis. An overlay of the vimentin and EV71 florescence is also shown (Overlay). Cell morphology
(CM) was assessed by light microscopy. The figures showed cell vimentin (green) rearranged and reclustered to form aggresomes-like structures in
the perinuclear region with EV71 proteins (red) with increasing time of EV71 infection. Bar: 20 mm; -EV71: mock infected controls. (E) Confocal
immunofluorescence analysis of the distribution of actin and EV71 in viral infected cells. U251 cells were infected (+EV71) as described above. The
actins in cells were depolymerized by treatment with actin polymerization inhibitor (Cytochalasin D; 1 mM) for 1h and repolymerized by the removal
of cytochalasin D. The figures show no obviously changes in the integrity and distribution of cell actin (green)in viral infected cells (red) compared
with mock infected cells. Bar: 20 mm. (F) Confocal immunofluorescence analysis of the distribution of vimentin and EV71 in viral infected VK-
U251cells. The VK-U251 cells were infected with EV71 for 24 hours and then treated with antibodies to vimentin (Vim, green fluorescence) and EV71
(EV71, red florescence) as described in figure D. The figures show no aggresomes-like structures in the perinuclear region in infected VK-U251 cells.
Bar: 20 mm.
doi:10.1371/journal.pone.0073900.g002
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was analyzed by boiling cells with sample-loading buffer and

subjected to immunoblot with antibody to vimentin.

Immunofluorescence confocal microscopy
Cells were grown on cover slips and infected with EV71 or

uninfected. Cell microtubules were depolymerized by incubating

the cells in 3 mM Nocodazol for 2 h at 37uC and repolymerized by

removal of the Nocodazol by washing the cells several times with

DMEM. For CaMK-II inhibition, the cells were incubated with

40 mM KN93 for 16 h at 37uC. Cell mitochondria were stained

using mito-tracker red (50 nM) according to the manufacturer’s

instructions. The cells were then fixed in paraformaldehyde in

phosphate buffer (pH 7.4) for 30 min, and then permeabilized

with 0.02% triton X-100 for 5 min. The cover slips were then

rinsed with PBS and incubated with 5% BSA in PBS for 1h at

room temperature to block any residual aldehyde groups. After 2

washes with PBS, the cells were incubated for 1 h with the selected

antibodies. After washing thrice with PBS, the cells were incubated

for 45 min with a FITC conjugated goat anti-rabbit or a TRITC

conjugated goat anti-mouse IgG antibody. After washing thrice

with PBS, cell nuclei were stained with DAPI. The cells were then

examined under an inverted fluorescence or a confocal laser

scanning microscope using an excitation wavelength of 568 nm or

wavelengths of 490 nm and 355 nm.

Transmission electron microscopy
Electron microscopy was performed as described previously

[20]. Briefly, cell samples were washed three times with PBS,

trypsinized and collected by centrifuging. The cell pellets were

fixed with 4% paraformaldehyde overnight at 4uC, post-fixed with

1% OsO4 in cacodylate buffer for 1 h at room temperature and

dehydrated stepwise with ethanol. The dehydrated pellets were

rinsed with propylene oxide for 30 min at room temperature and

then embedded in Spurr resin for sectioning. Images of thin

sections were observed under a transmission electron microscope

(JEM1230, Tokyo, Japan).

Figure 3. Analysis of vimentin phosphorylation involved in vimentin rearrangement during EV71 infection. (A) Confocal microscopy
analysis of vimentin phosphorylation in U251 cells infected with EV71 showing only ser 82-p vimentin colocalized with aggresomes. At 24 h
postinfection cells were stained with antibodies specific to either Ser-55-, Ser-33-, Ser-38-, Ser-82-, Ser-6-, Ser-50- or ser 71- phosphorylated vimentin
(left column showing red florescence). EV71 was detected by immuno-staining using antibody against the EV71 VP1 (middle column showing green
fluorescence). Bar: 20 mm. (B) Western blot analysis of EV71 infected U251 cells showing detection of increasing amounts of ser 82-p vimentin with
time postinfection. Infected cells were harvested at the indicated hours postinfection, lysed and processed for immuno-blotting with antibodies
specific to ser 82-p vimentin, vimentin, EV71 and Beta-actin (internal control). (C) Analysis of the interaction between EV71 and ser 82-p vimentin by
immunoprecipitation showing the specific co-immunoprecipitation of EV71 and ser 82-p vimentin. Immunoprecipitation was performed as described
in Materials and Methods followed by western blot of the precipitated proteins with antibodies to EV71 VP1 and ser 82-p vimentin. The lanes in the
figure are: lane input = cell lysate, lane control = agarose beads with no treatment, lane vimentin p82 ab = agarose beads conjugated with ser 82-p
vimentin antibody, lane IgG = . agarose beads conjugated with mouse IgG. (D) Analysis of the interaction between EV71 VP1 and ser 82-p vimentin
showing co-precipitation of EV71 VP1 and ser 82-p vimentin. U251 cells were transfected with plasmids expressing EV71 VP1, 2A, 3C, 3D. They were
then lysed and immuno-precipitated with an antibody to the Flag tag and the immuno-precipitants were then immunoblotted with antibodies
specific to ser 82-p vimentin and Flag tag.
doi:10.1371/journal.pone.0073900.g003
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Figure 4. Analysis of the role of vimentin aggresomes in EV71 replication. (A) Detection of EV71 genome, vimentin and ser 82-p vimentin
distribution in virus infected cells showing the co-localization of EV71 genome with EV71 VP1 in perinuclear region. U251 cells were infected with
EV71 for 24 h. Cells were fixed, permeabilized, and quenched as described for immunofluorescence. Cells were then hybridized with a FITC-
conjugated DNA probe complemented with EV71 VP1 gene (EV71 gen) as described in Material and Methods. Cells were then stained with antibodies
to EV71 VP1 (EV71), vimentin (Vim) or ser 82-p vimentin (Vim p82) and subjected to immunofluorescence analysis. CM: Cell morphology. Bar: 20 mm.
(B) A study of the distribution of newly synthesized viral RNA, vimentin and ser 82-p vimentin. Newly synthesized RNA in EV71 infected cells (+EV71)
was labeled with BrUTP as described in Material and Methods. The incorporated BrU was stained by using a mouse anti-BrdU antibody (BrU; green).
After washing with PBS, cells were stained with antibodies to EV71, ser 82-p vimentin (Vim p82) or vimentin (Vim). Newly synthesized RNA (red) and
vimentin (green) in uninfected control (2EV71) was also showed. Bar: 20 mm. (C) Analysis of the aggresomes in EV71 infected cells by transmission
EM. Cells were infected with EV71 and prepared for EM as described in Materials and Methods. Panel a: TEM showing a high electron density region
near the perinuclear (white box) in EV71 infected cell. Bar: 20 mm. Panel b: A magnified view of the boxed section in panel a. Bar: 500 nm. Panel c: A
magnified view of the boxed section in panel b, showing irregular aggresomes-like structures and mitochondria aggregated. Bar: 300 nm. Panel d: A
magnified view of the white boxed section in panel c, showing the intact viral-like particles and the incomplete viral-like particles were found
localized on the surface or aggregated very close to the aggresomes and near to the mitochondria. m = mitochondria. Bar: 150 nm. Panel e: A
magnified image of the black boxed section in panel c. The image shows viral-like particles (long black arrow) combined with filament structures
(black arrow head). Note the accumulation of virus-like particles (white arrow) in the replication site. Bar: 200 nm. Panel f: An enlargement of the black
box area in image e. Note that virus-like particles interact with filament-like structures (white arrow) and arranged very regularly (black arrow). Bar:
100 nm. Panel g: Another magnified view of the viral replication site showing filament-like structures and viral-like particles. Bar: 100 nm. Panels h
and i shows an enlargement of the white box in panel e and white box in panel g, respectively. Black arrow in panel h shows a virus-like particle
attached to filament-like structure. Short white arrow head in panel i shows filament-like structures. Long white arrow shows a viral –like particle. Bar:
30 nm.
doi:10.1371/journal.pone.0073900.g004
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Figure 5. Analysis of CaMK-II activation and its roles in EV71 infection. (A) Western blot analysis of EV71 infected U251 cells showing the
activation of CaMK-II during EV71 infection. Cell infected with EV71 (+) or mock infected (2) and incubated for 24 h (24 h) or unincubated (0h),
respectively, were lysed and immunoblotted with antibodies against either PKA, CDC 2, Rho-kinase (Rho), CaMK-II, phosphorylated CaMK-II (CaMK-II
p286), EV71 or Beta-actin internal control as shown on the left. The results showed that only an increase in the expression of CaMK-II p286 was
detected after infection with EV71. (B) Western blot detection of CaMK-II p286, CaMK-II, EV71 VP1 and ser 82-p vimentin protein levels in cells treated
with KN93. Infected (+ EV71) and uninfected U251 cells (2 EV71) were incubated in the presence (+ KN93) or absence of KN93 (2 KN93) and
processed for western blot with antibodies against CaMK-II, phosphorylated CaMK-II (CaMK-II pThr 286), ser 82-p vimentin (Vimentin p82), EV71 and
Beta-actin (internal control) as described in Materials and Methods. Total vimentin in cells was also analyzed. The antibodies used is labelled on the
left. The figure shows the levels of CaMK-II Thr 286 phosphorylation, vimentin Ser-82 phosphorylation and EV71 proteins were decreased in the
presence of KN93. (C) Immunofluorescence analysis of the distribution of vimentin (Vim), ser 82-p vimentin (Vim p82) and EV71 protein (EV71) in EV71
infected cells in the presence (+KN93) or absence of KN93 (2 KN93) as described in Materials and Methods. The figure shows the fluorescence
observed after treatment with the respective antibodies. The figure shows the aggresomes found in KN93 untreated cells disappeared after KN93
treatment. Bar: 20 mm. (D) FISH analysis of the effects of KN93 on vimentin aggresomes formation. U251 cells were infected with EV71 and treated (+
KN93) or untreated with KN93 (2KN93), and hybridized with DNA probe, followed by staining with antibodies to vimentin (Vim), ser 82-p vimentin
(Vim p82) and EV71 (EV71), and subjected to confocal microscopy analysis as described in Materials and Methods. The figure shows the red
fluorescence representative of the EV71 genome (EV71 gen) observed after DNA hybridization and the green fluorescence observed after blotting
with the respective antibodyand an overlay of the two. CM: Cell morphology. Bar: 20 mm. (E) Analysis of the effect of KN93 on the distribution of
newly synthesized viral RNA, vimentin and ser 82-p vimentin in viral infected cells. Cells were infected with EV71 and treated (+KN93) or untreated
(2KN93) with KN93 as described above. The incorporated BrU to RNA was detected using a mouse anti-BrdU antibody (BrU) and is observed as
fluorescence on the middle column. After washing, cells were stained with antibodies to EV71, vimentin (Vim), and serine 82-p vimentin (Vim p82)
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Pull-down assay and co-immunoprecipitation
Pull-down assay was performed as described before [21]. For

co-immunoprecipitation experiments, vimentin or EV71 compart-

ments were immobilized on anti-vimentin or anti-Flag monoclonal

antibody-conjugated agarose beads. After washing three times

with PBS and once with lysis buffer, beads were incubated with

U251 cell lysate overnight at 4uC with gentle rocking. After

washing with lysis buffer, the incubated beads were boiled and

proteins in the supernatant were collected and subjected to

western blotting analysis.

Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was performed as

described previously [22]. In short, cells were fixed, permeabilized

and quenched as described for immunofluorescence, using RNAse

free solutions. The FITC or rhodamine-conjugated DNA probes

complementary to the EV71 RNA genome were synthesized (59–

CCC AGT TGG CAT ACC CGT TCG GAT TGG TGG TGC

CCT TTA GAG GAA GAT-39 and 59-GAT TTC GGC GGC

TTG AAG TGC TGG TAC TTT TCC AGT GTC TAA GCG

ATG AC-39) and dissolved in water, and diluted 1:10 in

hybridization buffer (50% formamide, 10 mM Tris-HCl

(pH 7.4), 600 mM NaCl, 10% dextran sulfate, 10 mM dithio-

threitol, 0.05% bovine serum albumin, 0.1% sodium dodecyl

sulfate (SDS), 200 mg salmon sperm DNA, and 100 mg yeast

tRNA per ml) and hybridized to the cells at 40uC for 8 h. After

four washes in 0.1% SSC (1% SSC is 150 mM NaCl and 15 mM

sodium citrate) for 10 min each, cells were incubated with selected

antibodies and subjected to immunofluorescence.

RNA labeling and localization
Newly synthesized RNA was detected by bromouridine (BrU)

incorporation. Twelve hours before virus infection, about 56103

U251 cells were plated per well in a 24-well plate. The following

day, cells were infected with EV71 and then transfected with

Bromo–UTP (BrUTP) using FuGENE transfection reagent

according to the manufacturer’s instructions. Briefly, for each

well, 0.6 ml of FuGENE was added to 20 ml of OptiMEM

(Invitrogen, CA, USA). After incubating for 10 min at room

temperature, 1 ml of 10 mM BrUTP was added. After vortexing

and the positive signals are observed as fluorescence on the left column.An overlay of the two are shown in the right column. CM: Cell morphology.
Bar: 20 mm.
doi:10.1371/journal.pone.0073900.g005

Figure 6. Analysis of EV71 virus proteins involved in CaMK-II activation. (A) Western blot analysis of the CaMK-II p286 protein levels in U251
cells expressing various EV71 virus proteins. Cells transfected with each of the recombinant plasmids expressing EV71 2C, VP1, VP2, VP3, 2A, 3C, 3D
(as shown on top of the figure) were lysed at 24 h post transfection, and immunoblotted with antibodies to vimentin, CaMK-II, CaMK-II p286,
vimentin p82 or Flag tag (EV71 proteins). Total vimentin in cells was also analyzed. Beta-actin was immunoblotted as an internal control. The figure
shows a dramatic change in the level of CaMK-II p286 in U251 cells expressing VP1. (B) Immunofluorescence analysis of the distribution of vimentin in
cells expressing various EV71 proteins at 24 h post transfection. U251 cells were transfected with the recombinant plasmids as described above and
stained with antibodies against vimentin (green fluorescence) and Flag (red fluorescence, EV71 proteins). The figure shows the vimentin was
disassembled in VP1 expressing cells but no changes in the integrity and distribution of vimentin in celles expressing 2C, VP2, VP3, 2A, 3C, 3D
proteins and VP1 expressing cells treated with KN93. Bar: 20 mm. (C) Immunofluorescence analysis of the distribution of vimentin p82 (green
fluorescence) in VP1 (red fluorescence) expressing cells treated (+KN93) or un-treated (2KN93) with KN93.
doi:10.1371/journal.pone.0073900.g006
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for one second to mix the contents, the transfection complex was

incubated for 20 min at room temperature. The mixture was then

added to the cells immediately. After swirling, the transfected cells

were incubated indicated time at 37uC in 5% CO2. Cells were

then fixed and subjected to immunofluorescence analysis using a

mouse anti-BrdU antibody.

Plasmid construction and protein expression
To create expression vectors expressing either EV71 VP1, VP2,

VP3, 2C, 3D, 2A or 3C, EV71 genomic RNA was extracted from

the supernatant of virus infected RD cells using a virus genome

extraction kit. Single-stranded cDNA was then synthesized from

the purified virus RNA by reverse transcription (RT) (Promega).

Each of the VP1, VP2, VP3, 2C, 3D, 2A and 3C genes was

amplified from the cDNA by PCR over 34 cycles of denaturation

at 98uC for 10 sec, primer annealing at 55uC for 30 sec and

extension at 72uC for 1.5 min, using VP1 sense primer CGC

GGA TCC GAC AGA GTG GCA GAT GTG ATT G and anti-

sense primer 59- CCG GAA TTC TTA GAG CGT AGT GAT

TGC CGT TC; VP2 sense primer 59-CCC AAG CTT TCT

CCC TCT GCT GAA GCA TGT GGC-39 and anti-sense primer

59-CCC AAG CTT TTA CTG CGT AAC TGC CTG CCT

GAG AC-39; VP3 sense primer 59-CCC AAG CTT GGT TTC

CCC ACT GAA TTG AA-39 and anti-sense primer 59-ACG

CGT CGA CTT ATT GAA TAG TGG CCG TTT G C-39; 2C

sense primer 59-CGC GGA TCC AGT GCC TCA TGG CTA

AAG-39 and anti-sense primer 59-CCG GAA TTC TTA TTG

AAA GAG TGC TTC TAT AGT ATT-39; 3D sense primer 59-

CGC GGA TCC CCC AGC TTA GAC TTC GCC TTG TCT -

39 and anti-sense primer 59-CCG GAA TTC TTA TTG CTC

GCT GGC AAA ATA ACTCCT -39; 2A sense primer 59-CGC

GGA TCC AAA TTC GGT CAG CAG TCT GGG GC -39 and

anti-sense primer 59-CCG GAA TTC TTA CTG CTC CAT

CGC TTC CTC ATC TAG -39; 3C sense primer 59-CGC GGA

TCC CCC AGC TTA GAC TTC GCC TTG TCT -39 and anti-

sense primer 59-CCG GAA TTC TTA TTG CTC GCT GGC

AAA ATA ACT CCT -39. Each of the PCR products was

separated by electrophoresis on 1.0% agarose gels, gel purified and

then cloned into the same restriction sites of the pCMV-Flag after

being digested with Hind III and Sal I, or BamH I and EcoR I,

respectively. To create expression vector expressing GFP-250

(GFP fused at its COOH terminus to a 250–amino acid fragment

of the cytosolic protein p115) [23], the 250–amino acid fragment

of the p115 was amplified from the cDNA of U251 cells by PCR,

using sense primer 59- CGG GAT CCA ATT TCC TCC GCG

GGG TAA TGG -39 and anti-sense primer 59- CGG AAT TCC

TAG ATA TGA TCT AGA TCC TTG CC. The PCR products

was then cloned into the same restriction sites of the pcDNA 3.0-

EGFP after being digested with BamH I and EcoR I. The

recombinant plasmids were sequenced and then transfected

separately into U251 cells using FuGENE transfection reagent

according to the manufacturer’s instructions. The expression of

each protein was confirmed by western blot analysis.

Results

Involvement of vimentin in EV71 replication
We first examined whether EV71 could infect human astrocy-

toma cells. After infecting with EV71 at the indicated MOI of

infection, U251 human astrocytoma cell morphology and virus

replication were observed by using indirect immunofluorescence at

Figure 7. Analysis of the roles of microtubules in the formation of virus replication centers in the perinuclear region. U251 cells were
infected or uninfected with EV71 for 22 h and incubated at 37uC in the presence or absence of 3 mM Nocodazol for another 2 h. In one treatment, the
Nocodazol added was removed (+N removed) by washing with DMEM and then cultured for another 1 h. Cells in all treatments were then fixed for
immunofluorescence studies using antibody raised against EV71 or BrUTP to detect the virus replication centers or rhodamine-conjugated DNA
probe complemented with EV71 VP1 gene to detect the EV71 genome. (EV71 gen). Microtubules were labeled with antibody specific for alpha-
tubulin (tubulin). In the figure, the panels from top to bottom are: EV71 infected cells (+EV71), uninfected control (2EV71), infected cells treated with
Nocodasol (+EV71 + Noc), and infected cells with the Nocodasol removed (+EV71 + Noc released). CM: Cell morphology. Bar: 20 mm.
doi:10.1371/journal.pone.0073900.g007
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increasing times postinfection. The results showed that EV71

could directly infect U251 human astrocytoma cells and numerous

detached, round and floating cells displayed the signs of

cytopathocity could be detected 48 hours postinfection (Fig. 1A).

Vimentin expression in the vimentin knockdown cell line (VK-

U251) was compared to that of the normal U251 cells by Western

blot analysis before infection with EV71. The results showed that

there was little vimentin expression in the VK-U251 cells

(Fig. 1B). Afer infection with EV71, virus replication decreased

dramatically in the VK-U251 cells compared to U251 cells, as

indicated by both a lower level of virus proteins in these cells

(Fig. 1B) and a decrease in virus titers in the cell supernatants

(Fig. 1C). In addition, the intracellular distribution of EV71 VP1

protein in VK-U251 cells was different from that in U251 cells.

Most EV71 VP1 protein in infected U251 cells were localized near

or around the nuclei, whereas in VK-U251 cells, they were

dispersed throughout the cells and not concentrated in any specific

region (Fig. 1D). Thus, the above results suggested that vimentin

is important for EV71 replication in human astrocytoma cells and

influenced the distribution of EV71 in these cells.

Effect of EV71 infection on vimentin structure
Cells were infected with EV71 and the intracellular proteins

were analysed by western blot using antibodies specific for actin

and vimentin filaments. The results showed that at 24 h

postinfection, the vimentin in the detergent soluble fractions had

increased dramatically in EV71 infected cells when compared to

uninfected cells (Fig. 2A, top panel). As expected, the vimentin

in the insoluble fractions decreased correspondingly (Fig. 2A,
bottom panel). In contrast, there were no obvious changes in

actin levels in both the soluble and insoluble fractions after EV71

infection (Fig. 2A). Analysis of virus protein in these fractions

showed that most of the VP1 protein was contained in the soluble

fractions. There was also a small amount of VP1 in the insoluble

fractions (Fig. 2A, bottom panel). Pull down assay and co-

immunoprecipitation were performed to analyze the interactions

of EV71 particles with microtubes, vimentin and actin. The result

showed that EV71 particles could directly interact with vimentin,

but not with actin or microtubes (Fig. 2B). Co-immunoprecip-

itation was performed to further determine which EV71 protein

component contributed to the interaction. The result showed that

vimentin specific bands could only be detected in the EV71 VP1

Figure 8. A model for the formation of EV71 replication centers in U251 cells. 1. EV71 virions enter the cell by receptor-mediated
endocytosis. 2. The virus is uncoated and the viral genome is released to the cytoplasm. 3. Genomic RNA is first translated to produce the viral
polyprotein. 3. The polyprotein is then processed to produce the various precursors and processed proteins that are needed for EV71 replication. 4.
The synthesized virus VP1 protein mediates the phosphorylation of CaMK-II at Thr286 and resulting in CaMK-II activation. 5. The activated CaMK-II
phosphorylates vimentin filaments at Ser82 and causes vimentin filaments to disassemble. 6. The VP1 combines with the disassembled vimentin and
are transported to the perinuclear region and initiate replication center formation. The replication centers provide a scaffold for viral genome
synthesis. Newly synthesized RNA enters either the translation-replication cycle or the virus particle assembly step. Mitochondria are recruited to near
the replication centers to provide energy that is needed for viral genome synthesis. During infection, other virus structural proteins are carried by
hypothetical virus carrier proteins along microtubules to the replication centers to facilitate further assembly.
doi:10.1371/journal.pone.0073900.g008
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and 3C precipitants (Fig. 2C), suggesting that mainly EV71 VP1

and 3C mediated the interaction between the virus and vimentin.

To further investigate the interactions between EV71 and

vimentin, confocal immunofluorescence microscopy was per-

formed to examine the co-localization of EV71 virus protein and

vimentin. The results showed that the distribution of vimentin was

clearly changed in EV71 infected cells. At 12 h postinfection, at

which time little EV71 particles could be detected (Fig. 2D), some

of the vimentin began to disassemble, as shown by a decrease in

the amount of vimentin filaments in these infected cells (Fig. 2D).

At 24 h postinfection, most of the vimentin filaments were

disassembled and rearranged to form aggresome structures near

the perinuclear region (Fig. 2D). In contrast, the vimentin was

arranged in a filamentous network reaching the cell surface in

the corresponding uninfected cells (Fig. 2D). Further studies

showed that almost all the EV71 VP1 co-localized well with the

vimentin aggresomes and arranged into a ring-like structure near

the perinuclear region (Fig. 2D). At 48 h postinfection, almost all

the disassembled vimentin filaments was rearranged and co-

localized with EV71 VP1 near the perinuclear region (Fig. 2D).

Overexpression of misfolded proteins caused formation of

aggresomes and usually accompanied with the rearrangement

of the vimentin intermediate filament [23]. We investigated

the redistribution of vimentin by expressing a protein chimera

GFP-250 in U251 cells. Result showed that GFP-250 protein

produced an intense perinuclear fluorescence signal in U251 cells.

The vimentin was collapsed into ring around the aggregated

GFP-250 in the perinuclear region of the cell occupied by the

aggresome (Fig. S1). We also examined whether the actin

skeleton is involved in aggresomes or aggresomes clustering. The

actin in cells were depolymerized by treatment with actin

polymerization inhibitor (Cytochalasin D; 1 mM) for 1 h and

repolymerized by the removal of cytochalasin D. The distribution

of actin and EV71 VP1 was then analyzed by confocal

immunofluorescence microscopy. The results showed that there

was no co-localization of aggresomes and actin. The addition of

Cytochalasin D completely abrogated the actin cytoskeleton. The

aggresomes in EV71 infected cells remained aggregated near the

perinuclear region in the presence of cytochalasin D, indicating

that the actin skeleton is not involved in aggresomes or

aggresomes clustering (Fig. 2E). EV71 replication could also be

detected in VK-U251 cells, but no aggresomes were observed

(Fig. 2F), further indicating that the formation of aggresomes

required vimentin.

Vimentin rearrangement and vimentin phosphorylation
in EV71 infected cells

Phosphorylation of the vimentin involved in aggresomes

formation was investigated. U251 cells, fixed at 24 h postinfection,

were examined by immunofluorescence microscopy using anti-

bodies specific for phosphorylated vimentin filaments and EV71

antibodies. The results showed that serine 82 of vimentin was

phosphorylated, and not ser-55, Ser-33, Ser-38, Ser-72, Ser-6 or

Ser-50. Further, the phosphorylated vimentin was found to co-

localize well with EV71 and formed aggresome structures in the

perinuclear region (Fig. 3A). The phosphorylation of vimentin at

ser 82 in infected cells was also examined by western blot. As

shown in figure 3B, the levels of ser 82 phosphorylated vimentin

(ser 82-p vimentin) increased concomintantly with the time of

infection. To further determine if the ser 82-p vimentin could

interact with EV71 proteins and forms the aggresomes, interaction

between EV71 and ser 82-p vimentin was assessed by co-

immunoprecipitation assays as described in Materials and

Methods. The results showed that EV71 particles bound directly

to ser 82-p vimentin (Fig. 3C). The interactions between ser 82-p

vimentin and EV71 VP1, 2A, 3C, 3D were also analyzed by co-

immunoprecipitation assays. Results showed that ser 82-p

vimentin directly interact with EV71 VP1, but not 2A, 3C, 3D.

This indicated that EV71 particles may bound to ser 82-p

vimentin through VP1 (Fig. 3D).

Association of the vimentin aggresomes with the site of
EV71 replication

Fluorescence in situ hybridization (FISH) was performed to

determine if the aggresomes also contained EV71 genome. The

distribution of EV71 genomes in U251 cells infected with EV71

were analysed at 24 h postinfection using two FITC-conjugated

probes that specifically recognized the EV71 VP1 gene (Fig. 4A).

The cells were then treated with antibodies specific to either

vimentin, ser 82-p vimentin or EV71 (Fig. 4A) and subjected to

confocal microscopy analysis. The results showed that most of the

EV71 genomes detected co-localized with the vimentin aggre-

somes and EV71 proteins, although some of them spread into the

cytoplasm.

Since most of the EV71 proteins and genome were found

associated with the aggresomes, these aggresomes may represent

EV71 RNA replication centers. To obtain evidence for or against

this, the incorporation of BrUTP into newly synthesized viral

RNA in EV71 infected cells was studied using an anti-BrdU

antibody. The virus structural proteins were also detected with

EV71 antibody. As shown in Fig. 4B, at 2 h post transfection with

BrU, the incorporation of BrU can be detected as fluorescence

dots in the perinuclear region which co-localized well with the

EV71 proteins (Fig. 4B). In addition, the newly incorporated BrU

also co-localized with aggresomes and ser 82-p vimentin in the

perinuclear region (Fig. 4B). All these results strongly suggested

that the aggresomes containing both virus proteins and virus-

specific RNA.

To further support the above conclusion, transmission electron

microscopy (TEM) was performed at 24 h postinfection to

analysis the distribution of virus particles in infected cells. As

showed in Fig. 4C, panel a, EV71 infection induced many large

membranous vesicles seen dispersed throughout the cytoplasm.

On the contrary, EV71-like particles, of 30 nm in diameter, were

restricted to the perinuclear region where a mass of irregular

aggresomes-like structures and mitochondria aggregated

(Fig. 4C, panel b). These aggresomes were found close

together, heterogeneous in size and some were clustered in

rosettes (Fig. 4C, panel c). Many mitochondria aggregated

adjacent to these aggresomes. When these aggresomes were

examined under medium resolutions, we found that many of the

EV71-like particles or incomplete particles were found localized

on the surface or aggregated very close to the aggresomes and, at

the same time, very near to the mitochondria (Fig. 4C, panel c
and d). This result is in accord with our finding that EV71

infection led to the recruitment of mitochondria to the virus

replication centers. At high resolutions, some virus-like particles

were seen adhering to the outer surface of the aggresomes which

appeared at as higher electro-density structures (Fig. 4C, panel
f, h and i). In addition, we also observed a direct interaction

between the virus particles and cell filaments in the virus

aggregated regions. Most importantly, these aggresomes, in

contrast to the membranous vesicles mentioned above, did not

possess any membranes but did have some skeleton-like features

as indicated by the presence of filament-like structures (Fig. 4C,
panel i).
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Activation of calcium calmodulin kinase II during EV71
infection

Since the phosphorylation of vimentin is regulated by many cell

cycle control kinases such as Cdk1, PKC, Rho-kinase and CaMK-

II [24–26] and that activated forms of CaM kinase II are

responsible for phosphorylating vimentin at ser 82, EV71 infection

might induce CaMK-II auto-phosphorylation at threonine 286,

leading to an increase in the activity of CaMK-II. To confirm this,

U251 cells infected with EV71 were collected at 24 h postinfection

and subjected to western blot. The levels of activated forms of

CaMK-II were detected by using antibody that specifically

recognized threonine 286 of CaMK-II. The results showed that

threonine 286-phosphorylated CaMK-II increased markedly in

EV71 infected cells, while the total CaMK-II remained the same

in both EV71 infected and uninfected cells. We also examined

Cdk1, PKC and Rho-kinase levels in EV71 infected cells and the

results showed that there was no obvious change in PKC and Rho-

kinase levels compared to uninfected cells. However, the level of

Cdk1 was decreased significantly (Fig. 5A).

To investigate the roles of ser 82-p vimentin in the EV71

replication sites, we examine the effect of inhibition of vimentin

serine 82 phosphorylation on virus replication, by treating EV71

cells with KN93, a selective CaMK-II inhibitor which prevents the

auto phosphorylation and activation of CaMK-II [27]. Western blot

of KN93 treated cells (Fig. 5B) showed that the amounts of ser 82-p

vimentin and activated forms of CaMK-II decreased dramatically

after KN93 treatment, accompanied by a corresponding decrease in

EV71 virus protein expression levels. To confirm that the presence

of KN93 led to the inhibition of EV71 replication, virus titers in cells

and supernatant was determined. The results showed that the

number of infectious virus in KN93 treated cells and supernatant

decreased significantly when compared to corresponding samples

with no KN93 treatment (Fig. S2).

Further analysis of the infected cells by immunofluorescence

analysis showed that the aggresomes normally found in KN93

untreated cells (Fig. 5C) disappeared in the presence of KN93

(Fig. 5C), and most vimentin kept their original filamentous

shape, similar to uninfected cells (Fig. 5C). Furthermore, Fig. 5C
showed that in the presence of KN93, there was no immunoflu-

orescence signal detected for ser 82-p vimentin indicating that

KN93 prevented the phosphorylation of vimentin by CaMK-II.

Analysis of virus distribution by immunofluorescence analysis

showed that the small amount of EV71 virus produced in KN93

treated cells was detected throughout the cytoplasm instead of

being assembled in the perinuclear region (Fig. 5C). The

distribution of virus genome detected by FISH also showed that

the EV71 genome or virus particles were dispersed throughout

cytoplasm (Fig. 5D). RNA labeling also showed that accompa-

nying with the disappearance of virus factories, the newly

synthesized viral RNA was also dispersed in the cytoplasm

(Fig. 5E). These results indicated that the phosphorylation of

vimentin ser 82 was necessary for the formation of the virus

replication centers.

To further determine which of the EV71 virus proteins were

involved in CaMK-II activation, resulting in vimentin phosphor-

ylation and disassembly, plasmids that expressed either EV71 VP1,

VP2, VP3, 2C, 3D, 2A or 3C proteins were transfected separately

into U251 cells which were then analyzed using an antibody that

specifically recognized threonine 286 of CaM kinase II. The results

showed that only the cells expressing VP1 activated CaMK-II as

indicated by a dramatic up-regulation of threonine 286 phosphor-

ylation of CaM kinase II (Fig. 6A). All the other EV71 proteins-

expressing cells showed no change. As expected, the level of ser 82-p

vimentin in the VP1 expressing cells, and not others, was

significantly up-regulated. Analysis of these cells also showed that

EV71 2C, 2A, 3C, 3D, VP3, VP2 expression did not affect the

distribution and integrity of the vimentin (Fig. 6B). In contrast, in

those cells that expressed VP1, the vimentin was disassembled.

However, the expressed VP1, accompanied by the disassociation of

vimentin, were rearranged to the perinuclear region but did not

form aggresomes. In contrast, the vimentin maintained its

filamentous structure in VP1 expressing cells when treated with

KN93 (Fig. 6B). Further evidence showed that the disassembled

vimentin in VP1 expressing cells is ser 82 phosphorylated (Fig. 6C).

When the phosphorylation of vimentin was blocked by KN93, the

VP1 was detected throughout the cytoplasm instead of being

assembled in the perinuclear region (Fig. 6C).

These results indicated that the activation of CaMK-II and the

vimentin rearrangement during EV71 infection was mostly

attributed to VP1 protein expression, while the formation of

aggresomes, the putative virus replication centers, needed the

participation of other viral components.

Involvement of microtubules in the formation of EV71
replication centers

The rearrangement of vimentin usually involves microtubules

[28]. In addition, the perinuclear location of aggresomes implied a

role for microtubules and the microtubule organizing center. The

distribution of microtubules in cells infected with EV71 was thus

studied. U251 cells were stained with antibodies recognizing EV71

and alpha-tubulin at 24 h postinfection. The results showed that,

unlike the vimentin filaments, the tubulin maintained its filamen-

tous network reaching the cell surface in infected cells (Fig. 7).

The ability of the virus to maintain aggresomes in the absence of

intact microtubules was tested by adding a microtubule destabi-

lizing drug (Nocodazol) to cells 24 h after infection and then

analysed 2 h later. The results showed that after treatment, the

microtubules were depolymerized and lost their integrity (Fig. 7).

It was also found that the aggresomes representing the putative

virus replication centers although maintained their integrity, were

no longer restricted within the the perinuclear region, but instead

dispersed throughout the cytoplasm (Fig. 7). However, after

removal of the Nocodazol, the aggresomes re-aggregated in the

perinuclear region, accompanied by the reorganization of

microtubules (Fig. 7). The above results suggested that microtu-

bules were not directly involved in EV71 aggresome formation.

Discussion

The various stages of virus replication and the corresponding

processes are closely connected and are interdependent. There-

fore, the various components of the virus replication machinery is

connected by membranes and other structures to facilitate the

synthesis and transport of virus proteins and genomes for assembly

and release out of the cells. Despite their inter-connection, each of

the components of the virus replication machinery, genome

replication, protein synthesis, virus assembly and maturation and

transport are compartmentised in specialised structures that

known as virus replication centers. These replication centers

usually are where the virus components concentrate, thereby

increasing the efficiency of the virus replication processes [29]. To

date, a variety of unrelated viruses have been reported to induce

replication centers in specific areas of the cells, usually at the

perinuclear region.

Aggresomes, cytoplasmic inclusions linked to the pathogenesis

of many diseases into which aggregated misfolded proteins are

sequestered, are thought to immobilize protein aggregates and

render them susceptible to proteolysis by proteasomes and/or
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autophagy [30]. Aggresomes-like structures are also formed in cells

infected with various kinds of RNA viruses, where they appear as

accumulations of electron dense amorphous materials containing

viruses and virus assembly intermediates [7]. In this study, we

found that most of the EV71 particles or VP1 proteins and EV71

RNA co-localized approximately with aggresomes-like structures

in the perinuclear area. However, the aggresomes induced by

EV71 infection seems distinct from that in cells expressing GFP-

250. The GFP-250 usually aggregated into a large, single aggre-

some in perinuclear area. While the aggresomes in EV71 infected

cells were numerous and heterogeneous in size. In addition,

vimentin filaments in infected cells were rearranged and co-

localized with aggresomes. While in GFP-250 expressing cells,

vimentin collapse into a ring-like structure around the aggresome.

Many studies indicated that the aggresome was participated in virus

replication [31–33]. Support for this comes from the observation

that virus replication was inhibited when the formation of

aggresomes were blocked. In our study, when the vimentin

rearrangement in EV71 infected cells was blocked, there was a

decreasing of EV71 viral production accompanied with the dis-

appearance of aggresomes. Thus, the aggresomes induced by EV71

infection may not be the misfolded viral proteins but the condensed

viral components that help virus replication. The aggresomes may

provided a scaffold for virus assembly. On the other hand, the

aggresomes may increased the local concentration of viral com-

ponents and thus may increased the productivity of virus assembly.

The formation of virus factories involves a number of complex

interactions and signaling events between viral and cellular factors.

Mitochondria, cytoplasmic membranes and cytoskeletal compo-

nents frequently participate in the formation of virus factories,

supplying basic needs for carrying key steps in the virus replication

cycle [10], [34]. The association of RNA synthesis with

intracellular membranes is a typical feature in the replication of

some enveloped positive-stranded RNA viruses. For example,

togavirus factories are organized around endosomes and lyso-

somes, while arterivirus factories contain large amounts of double

membrane vesicles derived from the endoplasmic reticulum (ER).

EV71 infection were shown to induce the formation of auto-

phagysomes which might support virus replication but it had now

been shown that they were not the virus replication centers. This is

in accord with our results which showed that there were no

double-membraned autophagosome-like structures in the virus

replication areas. Some virus species belonging to the same genus

as EV71 had been shown to use membrane structures as

replication sites. For example, PV, EV11 and EMCV infections

induced heterogeneously-sized vesicles arranged as tightly packed

clusters which may represent the virus replication centers.

However, the immature or intact EV71 virus-like particles

apparently interacted only with filament-like structures and not

membrane structures in human astrocyte cells. These filamentous

structures could provide a scaffold for attachment of components

required for virus replication.

Among the cell skeletons, vimentin and microtubes have been

shown to be involved in the replication centers of many virus [35],

[36]. For example, vimentin cages have long been known to form

around the virus assembly sites of ASFV, Frog virus 3 (FV3) and

the pox viruses [31], [37], [38]. Vimentin is the major

intermediate filament protein of astrocyte cells and is believed to

be responsible for maintaining cell shape, integrity of the

cytoplasm and stabilizing cytoskeletal interactions [39–41]. It also

plays a significant role in supporting and anchoring the nucleus,

ER and mitochondria. Its expression was detected in cell of

mesenchymal origin and is also present in cells adapted to tissue

culture and many transformed cell lines [39]. EV71 infection in

astrocyte cells caused a significant rearrangement of vimentin. The

rearranged vimentin co-localized well with the EV71 replication

centers. This indicated that vimentin was also involved in the

formation of EV71 replication centers. Rearrangement of vimentin

can be promoted by cellular kinases that phosphorylate the N-

terminal domains important for filament assembly. Cdk1 phos-

phorylates vimentin at Ser 55 from prometaphase to metaphase.

Rho-kinase phosphorylates vimentin at Ser 71 specifically at the

cleavage furrow from anaphase to the end of mitosis. PKC

phosphorylates vimentin Ser 55 and 33. CaMK-II is a multi-

subunit enzyme consisting of catalytic, auto regulatory, and

subunit assembly domains. Upon activation by calcium and

calmodulin, CaMK-II auto phosphorylates threonine 286,

leading to full activation of the enzyme. EV71 infection may

activate the kinase that specifically phosphorylates vimentin

which led to the disassembly of the vimentin filaments and the

generation of vimentin aggresomes. Our results showed that

EV71 infection activated CaMK-II but not the other protein

kinases that are also responsible for vimentin phosphorylation.

The rearranged vimentin was serine 82 phosphorylated by

CaMK-II and was necessary for the formation of EV71

replication centers since blocking serine 82 phosphorylation by

KN93 stopped the generation of aggresomes which represented

the virus replication centers. Newly synthesized virus RNA also

dispersed into the cytoplasm and not concentrated in the

aggresomes after KN93 treatment. ASFV infection also resulted

in the activation of CaMK-II and phosphorylation of the N-

terminal domain of vimentin. The phosphorylated vimentin

concentrated into an ‘‘aster’’ within virus assembly sites located

close to the microtubule organizing center [36]. In these virus,

vimentin rearranged and formed a scaffold for recruiting virus

proteins or genomes necessary for virus replication. In addition,

the vimentin might prevent the escape of viral components into

the cytoplasm and instead, concentrated structural proteins at

the sites of virus assembly [37]. Many studies revealed that

vimentin is the organizer for a number of critical proteins

involved in attachment, migration and cell signaling [40], [42].

The highly dynamic and complex phosphorylation of vimentin

could be the likely regulatory mechanism for these functions.

Whatever function vimentin has, its rearrangement by EV71

infection definitely influenced its normal cellular functions.

Astrocyte cells are the most abundant cell type in the human

brain [43]. They perform many important functions, including

biochemical support of endothelial cells that form the blood brain

barrier, provision of nutrients to the nervous tissue, maintenance

of extracellular ion balance and providing a role in the repair and

scarring process of the brain and spinal cord following traumatic

injuries [44]. Many studies showed that astrocytes propagate

intercellular Ca2+ waves over long distances in response to

stimulation and, similar to neurons, release transmitters in a

Ca2+ dependent manner [45], [46]. CaMK-II is a serine/

threonine-specific protein kinase that is regulated by the Ca2+/

calmodulin complex, and is believed to be involved in many

signaling cascades as well as being an important mediator of

learning and memory [47], [48]. Mis-regulation of CaMK-II was

linked to Alzheimer’s disease and Angelman’s syndrome. In this

study, we found that EV71 infection activated CaMK-II.

However, how CaMK -II was activated is still unknown. Perhaps

EV71 infection led to an increase in Ca2+ concentration in cells,

resulting in CaMK-II activation or, EV71 proteins mimicked

Ca2+/calmodulin complex and activated CaMK-II.

Several studies showed that cell apoptosis caused by virus

infection, combining with tissue damage to induce toxic inflam-

matory cytokines and cellular immunity, as being the possible
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cause of pathogenesis in the CNS. Based on this study, we could

hypothesize that some EV71 associated syndromes may be

attributed to the vimentin rearrangement and mis-regulation of

CaMK-II during infection. For example, the rearrangement of

vimentin could affect the normal positioning of the organelles in

the cytosol and weaken cell-cell attachment, and thus destroying

the transmission of neural signals. In addition, irregular distribu-

tion of vimentin in astrocyte cells could affect their biochemical

support of endothelial cells, thus destroying the blood brain

barrier, and leading to encephalitis. Further, the mis-regulation of

CaMK-II could affect the ion balance of CNS and thus impacting

nerve action. However, further research is required to ascertain

whether CNS syndrome during EV71 infection is related to

vimentin rearrangement and CaMK-II activation.

In conclusion, this study delivers important findings on the roles

of vimentin filaments in EV71 replication. Based on this study, we

propose a model (Fig. 8) showing that EV71 infection led to the

activation of CaMK-II by VP1, resulting in the phosphorylation of

serine 82 of the vimentin filaments. Presumably, this phosphor-

ylation reduced the interaction between the N-terminal domains of

the vimentin filaments and facilitated their disassembly. The

disassembled vimentin then combined with EV71 viral compo-

nents and microtubules to form the virus replication centers in the

perinuclear regions. At the same time, the virus replication process

recruited mitochondria which facilitated virus replication. Thus,

the present study provides insight into the EV71 replication

process in human astrocyte cells, and helps us to understand the

pathogenesis of CNS syndromes caused by EV71 infection.

Supporting Information

Figure S1 A comparison of vimentin distribution in cells
expressing GFP-250 (top panels, green fluorescence) and

cells infected with EV71 (bottom panels). U251 cells were

transfected with pcDNA-GFP-250. 24 hours post transfection,

cells were fixed and stained with antibodies to vimentin (Vim, red

fluorescence) and subjected to confocal microscopy analysis.

Some U251 cells were infected with EV71 for 24 hours. Cells

were then fixed and stained with antibodies to vimentin (Vim,

red fluorescence) and EV71 (EV71, green fluorescence). Bar:

20 mm.

(DOC)

Figure S2 Measurement of virus titers in the superna-
tants of cells treated (+KN93) or untreated (2KN93) with
KN93. Uninfected U251 cells as controls (U251 – EV71). Virus

titration was performed at 0, 12 and 24 h postinfection. The data

show the mean virus titers 6 SD from three independent

experiments. Asterisks indicate significant differences at p,0.05

compared to control.

(DOC)
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46. Piet R, Vargová L, Syková E, Poulain DA, Oliet SH (2004) Physiological

contribution of the astrocytic environment of neurons to intersynaptic crosstalk.

Proc Natl Acad Sci U S A 101: 2151–2155.

47. Giese KP, Fedorov NB, Filipkowski RK, Silva AJ (1998) Autophosphorylation at

Thr286 of the alpha calcium-calmodulin kinase II in LTP and learning. Science

279: 870–873.

48. Irvine EE, von Hertzen LS, Plattner F, Giese KP (2006) alphaCaMK-II auto-

phosphorylation: a fast track to memory. Trends Neurosci 29: 459–465.

Enterovirus 71 VP1 Activates CaMK-II

PLOS ONE | www.plosone.org 15 September 2013 | Volume 8 | Issue 9 | e73900


