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Abstract Coxsackievirus B3 (CVB3) is the primary

pathogen of viral myocarditis. Upon infection, CVB3

exploits the host cellular machineries, such as chaperone

proteins, to benefit its own infection cycles. Inducible heat

shock 70-kDa proteins (Hsp70s) are chaperone proteins

induced by various cellular stress conditions. The internal

ribosomal entry site (IRES) within Hsp70 mRNA allows

Hsp70 to be translated cap-independently during CVB3

infection when global cap-dependent translation is com-

promised. The Hsp70 protein family contains two major

members, Hsp70-1 and Hsp70-2. This study showed that

Hsp70-1, but not Hsp70-2, was upregulated during CVB3

infection both in vitro and in vivo. Then a novel mecha-

nism of Hsp70-1 induction was revealed in which

CaMKIIc is activated by CVB3 replication and leads to

phosphorylation of heat shock factor 1 (HSF1) specifically

at Serine 230, which enhances Hsp70-1 transcription.

Meanwhile, phosphorylation of Ser230 induces transloca-

tion of HSF1 from the cytoplasm to nucleus, thus blocking

the ERK1/2-mediated phosphorylation of HSF1 at Ser307,

a negative regulatory process of Hsp70 transcription, fur-

ther contributing to Hsp70-1 upregulation. Finally, we

demonstrated that Hsp70-1 upregulation, in turn, stabilizes

CVB3 genome via the AU-rich element (ARE) harbored in

the 30 untranslated region of CVB3 genomic RNA.
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Introduction

Coxsackievirus B3 (CVB3), a member of Enteroviral

genus in the family of Picornaviridae, is one of the primary

causative pathogens of viral myocarditis, which often leads

to dilated cardiomyopathy (DCM) at the end stage [1–3].

CVB3 genome is a positive, single-strand RNA molecule

encoding a single long open reading frame flanked by the 50

and 30 untranslated regions (UTRs), which can be trans-

lated directly using eukaryotic translational machinery.

The 50 end of the genome does not contain a 7-methyl-

guanylate cap structure but instead is linked to a viral

protein VPg. The 50UTR harbors an internal ribosome entry

site (IRES) for viral cap-independent, IRES-driven trans-

lational initiation [4, 5]. During infection, CVB3 inhibits

the cap-dependent translation of the host cell to release

translational machinery for its own translation [6, 7]. The

30UTR harbors an AU-rich element (ARE) attached with a

poly-A tail [8]. This structure is believed to play an

important role in facilitating viral transcription and

translation.

Inducible heat shock 70-kDa protein (Hsp70) is a key

component of cellular chaperone system involved in

response to various cellular stresses [9]. The Hsp70 protein

family contains two major members, Hsp70-1 and Hsp70-

2, which are encoded by gene HSPA1A and HSPA1B,

respectively. The proteins of Hsp70-1 and Hsp70-2 differ

on two amino acids and both of them are induced in heat

shock, but only Hsp70-2 is stimulated in response to

hypertonicity since only HSPA1B contains a tonicity-re-

sponsive enhancer (TonE) [10]. Hsp70 has been reported to
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be induced in viral infection [11] and acts as a regulatory

factor, either negative or positive, in viral life cycle [12–

15]. Similar to CVB3 genomic RNA, Hsp70 mRNA also

contains an IRES element, which makes it possible for

Hsp70 to be translated during CVB3 infection when the

cap-dependent translation is compromised. Heat shock

factor 1 (HSF1) is the major transcriptional factor of

Hsp70-1 reported in various stress conditions [16, 17]. The

transcriptional activity of HSF1 is modulated at multiple

phosphorylation sites. Two serine (Ser) sites, Ser230 and

Ser307, are phosphorylated and involved in the modulation

of the activity of HSF1 primarily [18]. The phosphorylation

at Ser230 is catalyzed by active calcium/calmodulin-de-

pendent protein kinase II (CaMKII) [18], while activation

of CaMKII is initialized by elevated intracellular cal-

cium/calmodulin (Ca2?/CaM) and then sustained by

threonine (Thr) phosphorylation [19–21]. During CVB3

infection, free cytosolic calcium is elevated [22, 23], which

may result in persistent CaMKII activation. Unlike Ser230,

phosphorylation at Ser307 represses transcriptional activity

of HSF1 [24]. Ser307 phosphorylation is catalyzed by

extracellular signal-regulated kinase (ERK) [25] and ERK

has been reported to be activated during CVB3 infection

[26, 27]. However, to our knowledge, the mechanism by

which the Hsp70-1 upregulation during CVB3 infection

and its effect on CVB3 replication have not been studied

yet. As for Hsp70-2, its transcription is stimulated by

nuclear factor of activated T-cells (NFAT5) via the inter-

action between NFAT5 and TonE [10].

Hsp70 has been reported to stabilize messenger RNAs

(mRNAs) containing adenosine-uridine-rich elements

(AREs) by preventing mRNA degradation. One explanation

for Hsp70-mediated stabilization of ARE-containing

mRNAs focuses on the interactions between Hsp70 and

ARE/poly(U)-binding/degradation factor 1 (AUF1). It was

reported that degradation of ARE-containing mRNAs is

induced by the binding of AUF1 on the ARE site [28]. AUF1

has four isoforms (p37, p40, p42 and p45) due to alternative

splicing, among which p37AUF1 and p40AUF1 are most

strongly associated withARE-mRNAdecay [29]. Hsp70 can

sequester AUF1 in nucleus to avoid the AUF1 and mRNA

interaction in the cytoplasm [30]. Another explanation is that

Hsp70-1, but not Hsp70-2, binds to ARE directly and sta-

bilize the mRNA, which is supported by the highly selective

binding of Hsp70-1 and ARE [31]. The genomic RNA of

CVB3 contains anARE site within the 30UTR and it has been

reported that AUF1 can bind to CVB3 genomic RNA (24);

however, it is still unclear whether Hsp70 can modulate the

stability of CVB3 genomic RNA during infection.

In this study, we demonstrated that Hsp70-1, but not

Hsp70-2, was upregulated during CVB3 infection. We

further revealed a novel mechanism by which CVB3

infection activates CaMKIIc and selectively

phosphorylates HSF1 at Ser230, leading to enhanced

Hsp70-1 transcription. Meanwhile, phosphorylation of

Ser230 induces translocation of HSF1 from the cytosol to

nucleus, thus blocking the ERK1/2-mediated phosphory-

lation of HSF1 at Ser307, a negative regulatory process on

Hsp70-1 transcription, further contributing to upregulation

of Hsp70-1. Finally, we demonstrated that Hsp70-1

upregulation, in turn, facilitates CVB3 replication by sta-

bilizing viral genomic RNA via AUF1 and the ARE of

CVB3 genome. These data indicate that Hsp70-related

cellular chaperone system may be hijacked by CVB3 to

favor the viral replication.

Methods

Animals, cell culture and viral infection

HeLa cells (ATCC) were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10 % fetal

bovine serum (FBS) (Sigma). The HL-1 cell line, a mouse

cardiac muscle cell line established from a cardiomyocyte

tumor lineage, was a gift from Dr. William C. Claycomb

(Louisiana State University Health Science Center). HL-1

cells were maintained in Claycomb medium (Sigma) sup-

plemented with 10 % fetal bovine serum (FBS) (JRH

Biosciences), 0.1 mM norepinephrine (Sigma) and

2 mM L-glutamine (Invitrogen). SV40 immortalized

human cardiomyocytes were purchased from Applied

Biological Materials (Richmond, BC, Canada) and cultured

in Prigrow I medium with 10 % FBS. Primary rat neonatal

cardiomyocytes were isolated from rat pups using com-

mercial Neonatal Cardiomyocyte Isolation Kit (Cellutron)

according to the protocol provided. Briefly, hearts were

dissected from 1-day-old Sprague–Dawley rats and trans-

ferred into a sterile beaker. Each heart was digested and

stirred in the beaker at 37 �C for 12 min. The supernatant

was then transferred to a new sterile tube and spun at

12009g for 1 min. The cell pellets were then resuspended

in D3 buffer and the cells were seeded onto an uncoated

plate, which was incubated at 37 �C for 1 h in a CO2

incubator to allow the attaching of cardiac fibroblasts. The

unattached cardiomyocytes were transferred onto precoated

plates with NS medium supplemented with 10 % FBS.

After overnight culturing, the NS medium was replaced

with a serum-free NW (without serum) medium. The car-

diomyocyte cultures were ready for experiments 48 h after

the initial plating. All these cells were sustained in a

humidified incubator supplemented with 5 % CO2 at

37 �C. For heat shock, HeLa cells were incubated at

42 �C for different durations.

CVB3 (CG) strain was obtained from Dr. Charles

Gauntt (University of Texas Health Science Center) and
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propagated in HeLa cells. Viral stock was prepared from

the cells by three freeze–thaw cycles followed by cen-

trifugation to remove cell debris and stored at -80 �C. The
titer of virus stock was determined by plaque assay as

described below. Cell cultures were infected with CVB3

for 1 h (HeLa) or 1.5 h (HL-1, SV40 and primary rat

neonatal cardiomyocytes) in serum-free medium, washed

with phosphate-buffered saline (PBS), and then replenished

with fresh medium containing FBS. The total proteins of

CVB3-infected cells were extracted by lysing the cells with

RIPA buffer (Santa Cruz) at different time points post-

infection (pi). Male A/J mice (4 weeks old) were purchased

from Jackson Laboratory. Mice were infected by

intraperitoneal inoculation with 5 9 103 plaque-forming

unit (pfu) of CVB3 or sham-infected with PBS. Heart tis-

sues were collected at day 7 pi for immunostaining.

Viral plaque assay

Samples were freeze-thawed and then centrifuged

(40009g) to isolate viruses. HeLa cells were seeded onto

6-well plates (8 9 105 cells/well) and incubated at 37 �C
for 20 h to a confluence of approximately 90 % and then

washed with PBS and overlaid with 800 ll of virus-con-
taining samples serially diluted in cell culture medium.

After a viral adsorption period of 60 min at 37 �C, the
supernatant was removed and the cells overlaid with 2 ml

of sterilized soft Bacto-agar-minimal essential medium,

cultured at 37 �C for 72 h, fixed with Carnoy’s fixative for

30 min, and stained with 1 % crystal violet. The plaques

were counted and viral pfu per ml calculated.

UV irradiation of CVB3

One mL of CVB3 stock in a 2-mL tube was kept on ice.

UV irradiation was conducted in a UV Stratalinker 1800

(Stratagene) for 30 min with the virus tube kept 5-cm from

the UV bulb. The viruses were tested for successful irra-

diation by infection of HeLa cells and then Western blot

detection of the absence of CVB3 VP1 protein.

RNA extraction and quantitative real-time PCR

Total cellular RNAs were extracted using RNeasy mini kit

(Qiagen) according to the manufacturer’s instructions.

cDNAs were then synthesized by reverse transcription

using SuperScript III First-Strand Synthesis System (In-

vitrogen) and detected by quantitative real-time PCR

(qPCR) using QuantiTect SYBR Green PCR kit (Qiagen).

The mRNA level of glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH) was detected as the endogenous

control. All qPCR experiments were performed in tripli-

cates with the no-template as a negative control. The

primers for the q-RT-PCR are shown in Table 1.

Table 1 Primers used in the study

Experiment Primer Sequence

Q-RT-PCR Human Hsp70-1 forward TGCATTTCCTAGTATTTCTGTTTG

Human Hsp70-1 reverse AGAAATAGTCGTAAGATGGCAG

Human Hsp70-2 forward TGTTTGTCTTTGAGGTGGAC

Human Hsp70-2 reverse AAGAATTCTAATGAACATATCGGTTG

Mouse Hsp70 forward GCCTGATCGGCCGCAAGTT

Mouse Hsp70 reverse GGAAGGGCCAGTGCTTCAT

Renilla luciferase forward GCAGAAGTTGGTCGTGAGG

Renilla luciferase reverse TCATCCGTTTCCTTTGTTCTG

Human GAPDH forward AATCCCATCACCATCTTCCA

Human GAPDH reverse TGGACTCCACGACGTACTCA

Mouse GAPDH forward GGCAAATTCAACGGCACAGT

Mouse GAPDH reverse AGATGGTGATGGGCTTCCC

CVB3 2A forward GCTTTGCAGACATCCGTGATC

CVB3 2A reverse CAAGCTGTGTTCCACATAGTCCTTCA

Molecular cloning CVB3 30UTR forward/EcoRI GCCTTAAGAAGTGGTTGGACTCCTTTTAG

CVB3 30UTR reverse/EcoRI GCCTTAAGTTTTTTTTTTCCGCACCGAATGCGGAG

Mutant CVB3 30UTR forward/EcoRI GCCTTAAGAAGTGGTTGGACTCCT

TTTAGATTAGAGACAATTTGAAATACGGG

AGATTGGCTTAACCCTAC
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Western blot analysis

Cells were washed with cold PBS before the addition of an

appropriate volume of RIPA lysis buffer (Santa Cruz).

After incubation for 20 min on ice, the cell lysates were

centrifuged at 13,0009g for 15 min at 4 �C, and protein-

containing supernatant was collected. The isolated proteins

were separated by 10 % SDS-PAGE and transferred onto

nitrocellulose membranes. Membranes were blocked with

5 % skim milk in TBST and incubated with one of the

following primary antibodies overnight: monoclonal mouse

anti-VP1 (Novocastra); monoclonal mouse anti-Hsp70

(Enzo Life Sciences); monoclonal mouse anti-b-Actin,
monoclonal mouse anti-Hsp70/Hsc70, monoclonal mouse

anti-HSF1, polyclonal rabbit anti-Histone H1, polyclonal

rabbit anti-phosphorylated-HSF1 (Ser230), polyclonal

rabbit anti-phosphorylated-HSF1 (Ser307), polyclonal

rabbit anti-ERK1/2 and polyclonal rabbit anti-NFAT5

(Santa Cruz); monoclonal rabbit anti-phosphorylated-

ERK1/2 (Thr202/Tyr204), monoclonal rabbit anti-CaMKII

(pan) and polyclonal rabbit anti-pCaMKII-Thr286 (Cell

Signaling). After several washes with TBST, each blot was

further incubated with an appropriate secondary antibody

(goat anti-mouse or donkey anti-rabbit) conjugated to

horseradish peroxidase (Amersham). Detection was carried

out by enhanced chemiluminescence (Amersham) as per

the manufacturer’s instructions. b-actin was detected as a

loading control. Signal intensities were quantified by using

the ImageJ (NIH) program and normalized to the control

samples (set as 1.00).

Immunohistochemistry (IHC)

The collected mouse hearts were fixed in 10 % buffered

formalin and embedded in paraffin. The IHC analysis was

performed using the MACH 4TM Universal AP Polymer

Kit (Biocare Medical) as per the manufacturer’s instruc-

tions. Brief, a set of 4-lm-thick serial sections of the

ventricular wall from each sample were dewaxed in two

changes of CitriSolution (Biocare Medical) and hydrated

by sequential incubation with 100, 90, 70 % isopropanol

and distilled water. The sections were then immersed in

Tris–EDTA (pH 6.0) and autoclaved at 120 �C for 20 min

to retrieve the antigen. Non-specific antibody binding was

blocked with 1 % bovine serum albumin (BSA) (Sigma) in

Tris-buffered saline (TBS, pH 7.6) for 15 min at room

temperature. After blocking, the sections were incubated

overnight at 4 �C with the Hsp70 antibody (Cell Signaling,

1:500 dilution) mentioned above. After the first incubation,

the sections were washed with TBS, incubated with MACH

4TM Probe for 10 min and then with MACH 4TM MR AP-

Polymer for another 10 min at room temperature. Finally,

the sections were again rinsed in TBS. The slides were

developed with Vulcan Fast Red Chromogen 2 (Biocare

Medical). After development, the slides were rinsed,

counterstained with Mayer Haematoxylin for 5 s and dip-

ped in saturated lithium carbonate for 5 s. The images were

captured using a Nikon Eclipse E600 microscope.

Transfection of DNA plasmids and siRNAs

All the siRNAs were purchased from Santa Cruz

Biotechnology and transfected into cells using Oligofec-

tamineTM (Life Technologies) according to the

manufacturer’s instructions. Briefly, 2 9 105 HeLa cells

were grown at 37 �C overnight to 30–40 % confluence in

6-well plates, washed with PBS and overlaid for 6 h with

transfection complex containing siRNAs and Oligofec-

tamine. The transfection medium was then replaced with

DMEM containing 10 % FBS and the incubation was

continued for 48 h. The plasmids pEGFP-Hsp70-1 and

pEGFP-Hsp70-1 (K71E) were a gift from Dr. Lois Greene

(Addgene plasmid # 15216) [32]. The plasimds pFLAG-

AUF1s was a gift from Dr. Robert J. Schneider [33]. These

plasmids were transfected using the same procedures as

those described for siRNAs except LipofectamineTM 2000

(Life Technologies) was used as transfection reagent and

the initial cell confluence was 80–90 %. The following

analyses were performed at 24 h or 36 h post-transfection

(pt).

Immunofluorescence and confocal microscopy

Cells cultured on glass cover slips (Thermo Fisher) were

washed with PBS and fixed and permeabilized with

methanol/acetone (1:1) for 20 min at -20 �C. Cells were

then washed with TBS twice and blocked with 2.5 % BSA

in TBS for 1 h at room temperature followed by incubation

with monoclonal mouse anti-HSF1 antibody (Santa Cruz)

diluted in blocking buffer overnight at 4 �C. Cells were

then washed with TBS five times at room temperature.

Slides were stained with goat anti-rabbit IgG (H ? L)

labeled with ALEXA Fluor 488 and then incubated for 1 h

at room temperature. After final wash with TBS, the slides

were stained with DAPI (DAKO) and mounted onto

microscope glass slides (Thermo Fisher) with nail oil.

Images were captured using a Leica AOBS SP2 confocal

microscope (Leica, Allendale, NJ) and analyzed by using

the Volocity software as described previously [34].

Reporter construction, dual-luciferase assay

and mRNA turnover assay

The corresponding DNA fragments of wild-type (WT) or

mutant CVB3 30UTR were amplified by PCR using specific

primers (Table 1) targeting the cDNA template of the

1070 Y. Qiu et al.

123



CVB3-genome. The synthesized DNA fragments were

inserted into the EcoRI restriction site of the Dual-Lu-

ciferase Expression Vector C49, a kind gift from Dr.

Joanna Floros’s laboratory. C49 plasmid contains two

tandem open reading frames encoding firefly luciferase and

Renilla luciferase, respectively, with an EcoR I restriction

site in between. We constructed our reporter plasmids by

inserting the WT or mutant CVB3 30UTR to the down-

stream region of Renilla luciferase coding sequence and the

SV40 promoter to the upstream region of Renilla luciferase

coding sequence, generating C49-WT-CVB3-30UTR and

C49-WT-CVB3-30UTR, respectively. The reporter plas-

mids were co-transfected with Hsp70-1 siRNAss into HeLa

cells. At 48 h pt, the cell lysates were used for luciferase

assay to determine the relative luciferase activity (Renilla/

Firefly) by using the Dual-Luciferase� Reporter Assay

System (Promega) as per the manufacturer’s instructions.

Meanwhile, another batch of cells were subjected to the

same transfection and then treated by actinomycin D at a

dose of 2.5 lg/mL (Santa Cruz) for different durations or

by 0.1 % DMSO as a control, in order to do mRNA turn-

over assay. Then the total cellular RNAs were extracted,

reversely transcribed and subjected to qPCR to detect the

mRNA levels of Renilla luciferase as described above.

Each treatment was verified by three biological repeats.

Statistical analysis

The Student’s t test was employed to analyze the data. The

results are expressed as means ± standard deviations (SD)

of three independent experiments. A p value less than 0.05

was considered statistically significant.

Results

Protein level of Hsp70 is increased during CVB3

infection in vitro and in vivo

To examine the association between viral infection phases

and Hsp70 expression, we detected mRNA and protein

levels of Hsp70 in HeLa cells at different time points pi of

CVB3 at a multiplicity of infection (MOI) of 10. Hsp70

protein was evaluated by Western blot analysis using an

Hsp70/Hsc70-specific antibody (Fig. 1a, the upper panel).

The quantification of Hsp70 was conducted by densito-

metric analysis and normalized to b-actin. We observed a

100 % increase of Hsp70 protein at 6 h pi. However,

Hsc70, a constitutively expressed cognate of Hsp70,

showed less than 50 % changes during CVB3 infection

(Fig. 1a, the lower panel). To further verify the change of

Hsp70 expression in cardiomyocytes, we detected the

Hsp70 protein levels in HL-1 mouse cardiomyocytes,

SV40 immortalized human cardiomyocytes and primary

neonatal rat cardiomyocytes after infection with CVB3 at

20, 50 and 50 MOI, respectively. Similarly, we found an

approximately 100 % increase of Hsp70 in HL-1 cells at

8 h pi and neonatal rat cardiomyocytes at 48 h pi (Fig. 1b,

c), and a more than 3-time increase in human cardiomy-

ocytes (Fig. 1d). The time points of significant

upregulation of Hsp70 varied due to different sensitivities

of cell types to viral infection, which can be indicated by

the expression levels of viral capsid protein VP1 (Fig. 1a–

d). To test whether CVB3 infection can induce upregula-

tion of Hsp70 in vivo, we performed CVB3 infection in A/J

mice (a well-established viral myocarditis model) and IHC

analysis using the ventricular wall tissue to detect Hsp70

protein expression (Fig. 1e). In the IHC images, the blue

dots indicate cellular nuclei and the red signal represents

Hsp70 protein. At 7 days pi, there appeared immune

infiltration featured by accumulation of immunocyte nuclei

in the heart issue (Fig. 1e, blue arrow), indicating that the

heart was infected successfully. At the same point, we

observed more red signals in cardiomyocytes compared

with sham-infected tissue (Fig. 1e, red arrow), indicating a

higher expression level of Hsp70 in CVB3-infected heart.

CVB3 upregulates the expression of Hsp70-1

but not Hsp70-2

Our results showed that the protein level of Hsp70 was

increased during CVB3 infection. However, Hsp70 family

contains two major members, Hsp70-1 and Hsp70-2. We

attempted to further confirm which isoform contributes to

the increase. Hsp70-1 and Hsp70-2 differ from each other

only on two amino acids; hence it is hard to distinguish

them with antibodies. To detect these two isoforms

specifically, we designed two sets of qPCR primers tar-

geting them, respectively, based on the sequence difference

in their 30UTRs. Then we detected the mRNA levels of

Hsp70-1 and Hsp70-2 in HeLa cells infected by CVB3.

The qPCR results showed an approximately 100 %

increase of Hsp70-1 mRNA while there is no significant

change of Hsp70-2 mRNA (Fig. 2a), indicating a tran-

scriptional enhancement of Hsp70-1 but not Hsp70-2

during CVB3 infection. To confirm that the primers we

used were specific for the Hsp70 mRNAs, we extracted the

RNAs from cells heat-shocked at 42 �C for 0.5 h and 1 h

and then used the same primers to detect the mRNA of

Hsp70-1 and Hsp70-2. The qPCR results showed that

Hsp70-1 had a eightfold induction after 1 h of heat shock

while Hsp70-2 was upregulated threefold (Fig. 2b), indi-

cating that the primers we used are specific for heat-shock-

induced proteins.

Since the transcription of Hsp70-1 and Hsp70-2 are

stimulated by HSF1 and NFAT5, respectively [10, 35], we
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attempted to evaluate the transcriptional alteration of

Hsp70-1 and Hsp70-2 by detecting the protein levels of

HSF1 and NFAT5 in sham- and CVB3-infected HeLa

cells. Unexpectedly, HSF1 showed modest increase at 4 h

pi and slightly decreased thereafter. As for NFAT5, it

underwent a robust decrease at those time points compared

with sham-infected cells (Fig. 2c), corresponding to no

induction of Hsp70-2 transcription. Besides, the HSF1

bands showed a slow mobility on the gel, probably due to

the post-translational modification of the protein, which

may still affect the activity of HSF1 regardless of no

change in total protein level. To confirm it, we detected the

roles of HSF1 and NFAT5 in Hsp70 transcription by

siRNA-mediated knocking-down of the genes. We

observed a decrease of Hsp70 expression during CVB3

infection when HSF1 was knocked-down (Fig. 2d). Con-

versely, in the case of NFAT5 knocking-down, the

expression level of Hsp70 seemed not changed (or slightly

Fig. 1 CVB3 infection induces upregulation of Hsp70 both in vitro

and in vivo. HeLa cells (a), HL-1 cardiomyocytes (b), neonatal rat
cardiomyocytes (c) and SV40 human cardiomyocytes (d) were

infected by CVB3 at 10 MOI, 20 MOI, 50 MOI and 50 MOI,

respectively. Cell lysates were collected for Western blot to detect the

protein levels of Hsp70. Hsc70, a constitutively expressed cognate of

Hsp70, was detected by a monoclonal mouse anti-Hsp70/Hsc70

antibody simultaneously (a). b-actin was detected as a loading control

and cells treated with PBS (Sham) were used as a negative control.

Band intensities were quantified using the ImageJ program, normal-

ized against b-actin and shown as mean ± SD (n = 3) (see lower

panels of a, b, c and d; **p\ 0.01). e 4-week old A/J mice were

infected with 105 pfu of CVB3 or sham-infected with saline. At

4 days pi, mice were killed and the ventricular wall tissue was fixed

and subjected to immunohistochemical staining using an anti-Hsp70

antibody. The blue arrow indicates immune cell nuclei in the

myocardium. The red arrow indicates a typical cardiomyocyte with

Hsp70 protein upregulation (red)
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increased) compared to cells transfected with scrambled

siRNAs, further confirming that the Hsp70-2 is not indu-

cible in CVB3 infection. The slight increase of Hsp70

protein is probably attributed to the enhancement of viral

replication, which is evidenced by the increased VP1

production at 5 h pi (Fig. 2e). These results indicate that

CVB3 infection enhances the transcription of Hsp70-1 but

not Hsp70-2.

Phosphorylation of HSF1 at Ser230 is responsible

for Hsp70-1 upregulation

Noting that the expression level of HSF1 was barely

changed and there was a little shift of HSF1 band at 5 and

6 h pi (Fig. 2a), we speculated that HSF1 was phospho-

rylated and led to the enhancement of the transcriptional

activity of HSF1. Ser230 is a potential phosphorylation site

Fig. 2 CVB3 infection stimulates the transcription of Hsp70-1 but not

Hsp70-2. a HeLa cells were infected by CVB3 at 10 MOI for different

time points and cellular total RNA was extracted. mRNA levels of

Hsp70-1 and Hsp70-2 were detected by q-RT-PCR using primers

targeting Hsp70-1 and Hsp70-2 specifically, and were normalized

against those of GAPDH and shown as mean ± SD (n = 6). b HeLa

cells were heat-shocked at 42 �C for 0.5 and 1 h and cellular total

RNA was extracted. mRNA levels of Hsp70-1 and Hsp70-2 were

detected by qPCR. c HeLa cells were infected with CVB3 as described
above. Cell lysates were extracted for Western blot analysis using

indicated antibodies and the results were quantified as described

(lower panel). d, eHeLa cells were transfected with specific siRNAs to
knock down HSF1 (d) or NFAT5 (e) and subjected to CVB3 infection

at 10 MOI. Then the cell lysates were extracted for Western blot

analysis of indicated proteins. The quantification of Hsp70 is shown in

the right panel (c) or the lower panels (d, e)
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in this case since such phosphorylation enhances the tran-

scriptional activity of HSF1 [18]. To verify this hypothesis,

we determined Ser230 phosphorylation during CVB3

infection by Western blot using an antibody against phos-

phorylated HSF1 at Ser230 (p-HSF1 Ser230). Coinciding

with Hsp70 upregulation, HSF1 showed a significant

increase of phosphorylation at 4 and 5 h pi (Fig. 3a).

To further substantiate the role of suchphosphorylation,we

treated HeLa cells with 10 lM of KN62 (1-[N,O-bis-(5-Iso-

quinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine,

Fig. 3 Phosphorylation of HSF1 at Ser230 upregulates Hsp70-1

during CVB3 infection. a HeLa cells were infected with CVB3 and

expression levels of phosphorylated HSF1 at Ser230 and Hsp70 were

detected at different time points pi by Western blot analysis. b-actin
was used as a loading control. Quantification of band intensities was

conducted as described in Fig. 1. b, c HeLa cells were treated with

KN62, a CaMKII inhibitor and KRIBB11, an HSF1 inhibitor, 1 h

before infection. Then the cells were infected with CVB3. At different

time points pi, the cellular proteins and total RNA were extracted for

Western blot analysis of HSF1 phosphorylation at Ser 230 (b) and
q-RT-PCR detection of Hsp70-1 mRNA (c), respectively
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Santa Cruz), a chemical that inhibits the phosphorylation of

HSF1 at Ser230 [36], and then detect the phosphorylation of

HSF1 at Ser230 as well as the mRNA level of Hsp70-1. Upon

KN62 treatment, we observed that both phosphorylation of

HSF1 at Ser230 and increase of Hsp70-1 mRNA were

diminished during CVB3 infection (Fig. 3b, c). In order to

exclude the possibility that phosphorylated HSF-1 enhances

transcription ofHsp70-1 via othermediators, we treatedHeLa

cells with 2 lMofKRIBB11 (N(2)-(1H-indazole-5-yl)-N(6)-

methyl-3-nitropyridine-2,6-diamine), a specific inhibitor for

the transcriptional activity of HSF1 but not the phosphoryla-

tion of HSF1 at Ser230 [37]. According to the results, though

the treatment of HeLa cells with KRIBB11 did not inhibit the

phosphorylation of HSF1 at Ser230 (Fig. 3b), it diminished

the increase of Hsp70-1 mRNA induced by CVB3 (Fig. 3c).

Together, our results demonstrate that HSF1 is phosphory-

lated at Ser230 and such phosphorylation is responsible for

transcriptional enhancement of Hsp70-1 during CVB3

infection.

CVB3-induced phosphorylation of HSF1 at Ser230

is via phosphorylation of CaMKIIc

Previous studies showed that phosphorylation of HSF1 at

Ser230 is catalyzed by CaMKII [18]. The family of

CaMKIIs contains four isoforms [38], among which iso-

forms c and d are the predominant isoforms in the heart

[39], thus we focused our studies on these two isoforms.

CaMKIIdB is a sub-isoform of CaMKIId accumulated in

the nucleus in response to stresses and contributing to

phosphorylation of HSF1 [40]. However, to our surprise,

Western blot analysis showed a decrease of CaMKIIdB in

HeLa cells during CVB3 infection (Fig. 4a). Then we

changed our focus onto CaMKIIc. Activation of CaMKIIc
is initialized by binding to Ca2?/CaM and retained by

autophosphorylation at Thr286 due to persistent high level

of Ca2?/CaM [19]. Therefore, we hypothesized that CVB3

infection activated CaMKIIc via Thr286 phosphorylation.

We detected the phosphorylated CaMKII by Western blot

using a specific antibody and found that CaMKII was

indeed phosphorylated at 3 h pi, a time point ahead of

phosphorylation of HSF1 at Ser230 (Fig. 4b). Furthermore,

we knocked-down CaMKIIc in CVB3-infected HeLa cells

using specific siRNAs and found that phosphorylation of

HSF1 at Ser230 was diminished (Fig. 4c). These results

indicate that CaMKIIc activation is required for HSF1

phosphorylation at Ser230 during CVB3 infection.

Upon determining the role of CaMKIIc, we next studied
the upstream signal molecules. Since cytosolic calcium is a

prerequisite for CaMKII phosphorylation, we cultured

HeLa cells in calcium-free medium and detected the

change of downstream signals during CVB3 infection. As

expected, less phosphorylation of CaMKII at Thr286 and

HSF1 at Ser230 was observed compared with cells cultured

in normal calcium-containing medium (Fig. 4d). Here we

used phosphorylation of eukaryotic elongation factor 2 (p-

eEF2) as a control for Ca2?-free condition since eEF2

phosphorylation requires the presence of calcium. It has

been reported that active CVB3 replication induces

increase of cytosolic calcium [41], thus we speculated that

viral replication is required for activation of CaMKII and

its downstream signals. Hence, we used UV-irradiated

CVB3, which is capable of receptor binding and internal-

ization but not able to replicate, to infect HeLa cells.

Indeed, modest phosphorylation of CaMKII at Thr286 and

HSF1 at Ser230 was observed upon infection of UV-irra-

diated CVB3 (Fig. 4e). In all, these results reveal a

signaling cascade in which CVB3 replication raises

cytosolic calcium, activates CaMKII, and phosphorylates

HSF1 at Ser230 and finally upregulates Hsp70-1.

Phosphorylation of HSF1 at Ser307 is blocked

during CVB3 infection

Unlike Ser230, phosphorylation of HSF1 at Ser307 inhibits

the transcriptional activity of HSF1 [24]. Phosphorylation

of HSF1 at Ser307 is catalyzed by active ERK1/2. How-

ever, ERK1/2 is substantially activated by phosphorylation

at 5 h post-CVB3 infection [27], the exact same time point

when Hsp70-1 is upregulated, thus we cannot neglect the

potential adverse effect of Ser307 phosphorylation of HSF1

on Hsp70-1 induction during CVB3 infection. To deter-

mine the possible contributions of Ser307 phosphorylation

to the HSF-1 activity during CVB3 infection, we detected

it as well as its upstream signal, phosphorylated ERK1/2,

by Western blot using specific antibodies. Surprisingly,

though dramatic phosphorylation of ERK1/2 was observed

at 5 h pi, coinciding with previous study, phosphorylated

HSF1 at Ser307 could be barely detected (Fig. 5a), indi-

cating that ERK1/2-mediated phosphorylation of HSF1 at

Ser307 was blocked. However, when we detected the

phosphorylation of HSF1 at Ser307 at very early time

points of CVB3 infection (0.5–2 h pi, the time for CVB3

binding and internalization) during which ERK1/2 was also

transiently phosphorylated, we observed phosphorylation

of HSF1 at Ser307 (Fig. 5a). We suspected that blocking of

Ser307 phosphorylation at 4 h pi was resulted from

translocation of HSF1 into the nucleus and isolation from

ERK1/2 after phosphorylation at Ser230 [40]. This specu-

lation was verified by Western blot analysis using protein

extracts isolated from nucleus and cytoplasm separately.

We found that HSF1 increased dramatically at 4 h pi in the
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Fig. 4 CaMKII is activated by phosphorylation during CVB3

infection to phosphorylate HSF1 at Ser230. a HeLa cells were

infected with CVB3 and expression levels of CaMKIIdB were

detected by Western blot using nuclear extracts. Histone H1 was

detected as the loading control. b HeLa cells were infected with

CVB3 and phosphorylation of CaMKII at Thr286 was detected at

different time points pi. c HeLa cells were transfected with siRNAs

targeting CaMKIIc and then infected with CVB3 at 10 MOI. Cell

lysates were used for Western blot analysis of HSF1 phosphorylation

at Ser230 and other indicated proteins. d HeLa cells were cultured in

medium with or without calcium, a key factor of CaMKII phospho-

rylation (activation). Then the cells were infected with CVB3 or

sham-infected with PBS for 5 h. Phosphorylation of CaMKII and

HSF1 was detected by Western blot analysis using the cell lysates.

Phosphorylation of eEF2 was detected as a control indicating

calcium-free environment. e HeLa cells were infected with alive or

UV-irradiated CVB3 at 10 MOI and phosphorylation of CaMKII and

HSF1 was detected in the cell lysate
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Fig. 5 Phosphorylation of

HSF1 at Ser307 was blocked by

nuclear translocation of HSF1.

a HeLa cells were infected with

CVB3 at 10 MOI.

Phosphorylation of both HSF1

at Ser307 and its upstream

signal ERK1/2 was detected by

Western blot using indicated

antibodies. b HeLa cells were

infected with CVB3 or sham-

infected with PBS. Nuclear and

cytosolic proteins were isolated

for detection of HSF1 and

ERK1/2, respectively. Histone

H1 protein was used as a purity

control for nuclear fraction. b-
actin was the loading control.

c HeLa cells were infected with

CVB3 at 10 MOI. At different

time points pi, the cells were

fixed for the immunostaining of

HSF1. Nuclei were

counterstained with DAPI. The

cellular localization of HSF1

was visualized by confocal

microscopy
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nucleus, coinciding with the time of HSF1 phosphorylation

at Ser230, whereas ERK1/2 was mainly located in the

cytoplasm (Fig. 5b). This finding was solidified by

immunostaining and confocal imaging, showing the accu-

mulation of HSF1 in the nucleus at 4 h pi (Fig. 5c), the

time point when Ser230 was phosphorylated. These data

indicate that phosphorylation of Ser230 isolates HSF1 from

ERK1/2 and avoids the negative regulation of Hsp70.

Hsp70 favors CVB3 replication

To investigate the effect of Hsp70-1 on CVB3 infection, we

first silenced Hsp70-1 expression by transfection of HeLa

cells for 48 h with siRNAs targeting Hsp70-1 or scrambled

control siRNAs and then infected with CVB3 for 2–6 h. Total

cellular RNAs were extracted at different time points pi and

then the levels of CVB3 genome were detected by q-RT-PCR

using the primers targeting the coding regionof one of 2A, one

of the viral genes. We observed a dramatic decrease of 2A

RNA in Hsp70-1 siRNAs-transfected cells compared to the

control (Fig. 6a). This negative effect ofHsp70-1 silencing on

CVB3 replication was further solidified by Western blot

analysis ofCVB3VP1protein using cell.As shown inFig. 6b,

transfection of siRNA targeting Hsp70-1 resulted in a

decrease in VP1 production.

To further confirm the positive effects of Hsp70-1 on

CVB3 replication, we next overexpressed Hsp70-1 in HeLa

cells using the plasmid pEGFP-Hsp70-1. Meanwhile, we

transfected the cells with the empty vector pEGFP and

pEGFP-Hsp70-1(K71E), a loss-of-function mutant of

Hsp70-1, as negative controls. After transfection for 20 h

and then infected with CVB3, viral RNA and VP1 levels

were detected as described above. As shown in Fig. 6c, d

particularly at 4 h pi, compared with controls, overex-

pression of WT Hsp70-1 enhanced viral replication at

levels of transcription and translation, while overexpres-

sion of pEGFP-Hsp70-1(K71E) barely changed the levels

of viral RNA and protein (Fig. 6c, e).

Fig. 6 Hsp70-1 upregulation

benefits CVB3 replication.

HeLa cells were transfected

with specific siRNAs to knock

down endogenous Hsp70-1 and

then infected with CVB3 at 10

MOI. Viral replication was

evaluated by q-RT-PCR

detection of 2A RNA (a) and
Western blot analysis of VP1

(b). Cells transfected with

scrambled siRNAs served as the

negative control. Meanwhile,

HeLa cells were transfected

with plasmid pEGFP-Hsp70-1

to overexpress Hsp70-1 and

then infected with CVB3 at 10

MOI. Viral replication was

measured by q-RT-PCR

detection of 2A RNA (c) and
Western blot analysis of VP1

(d). Cells transfected with the

empty vector pEGFP and

pEGFP-Hsp70-1 (K71E) mutant

plasmid served as negative

controls (e). In both q-RT-PCR

results, the RNA levels of

CVB3 2A were normalized

against the mRNA levels of

GAPDH and shown as

mean ± SD (n = 6, p\ 0.01)
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Hsp70-1 stabilizes CVB3 genomic RNA via the ARE

site of CVB3 30UTR

Hsp70-1 is known to play a role in stabilizing mRNAs

containing an ARE site in its 30UTR [30]. As shown in

Fig. 7a, CVB3 genomic RNA also contains an ARE

sequence within its 30UTR. Thus, we focused our attention

to investigate whether Hsp70-1 enhances CVB3 replication

via stabilizing viral genome. To this end, we constructed

the dual-luciferase reporter plasmids, C49-WT-CVB3-

30UTR and C49-Mut-CVB3-30UTR, by inserting WT and

mutant 30UTR of CVB3 RNA at the downstream of Renilla

luciferase coding region, so that these two reporters contain

a WT and a mutant ARE site, respectively (Fig. 7b). We

co-transfected the reporter plasmids and Hsp70-1 siRNAs

or scrambled siRNAs into HeLa cells. The knockdown

efficiency of Hsp70-1 was confirmed by qPCR detecting

Hsp70-1 mRNA, which showed that the mRNA levels of

Hsp70-1 decreased more than 50 % in Hsp70-siRNA-

transfected cells compared to scrambled-siRNA-trans-

fected controls (Fig. 7c). Then we measured the activity of

Renilla luciferase by luciferase assay, and the data were

normalized to the activity of firefly luciferase. The results

showed that knocking-down of Hsp70-1 decreased the

expression of the luciferase with the wild-type ARE site,

whereas the luciferase gene with the mutant ARE site was

not sensitive to Hsp70-1 knocking-down (Fig. 7d). To

further confirm that Hsp70-1 is critical for the stability of

mRNAs modulated by CVB3 30UTR, we treated the

reporter cells with 2.5 lg/mL of actinomycin D for 2 and

4 h to inhibit new transcription, and detected the mRNA

levels of Renilla luciferase by qPCR using specific primers

(Table 1). All the qPCR results were normalized by setting

the mRNA level of groups treated with scrambled siRNAs

but no actinomycin D as 100 %. As shown in Fig. 7e, the

mRNA of Renilla luciferase modulated by WT CVB3

30UTR has a decrease of 60 % at 2 h and 85 % at 4 h after

actinomycin D treatment, compared with 40 % decrease at

2 h and 60 % decrease at 4 h of the reporter modulated by

mutant CVB3 30UTR, indicating a more rapid decay of the

mRNA with the WT ARE site when the new transcription

is blocked. Moreover, when Hsp70-1 was knocked-down, a

lower level of Renilla luciferase mRNA was detected in

cells transfected with C49-WT-CVB3-30UTR, but no sig-

nificant changes were observed in cells transfected with

C49-Mut-CVB3-30UTR, supporting the previous finding

that the mRNA with the WT ARE site is more sensitive to

Hsp70-1 change and decay faster when Hsp70-1 level is

low. These results indicate that Hsp70-1 stabilizes CVB3

genomic RNA and this function requires an ARE sequence.

It has been reported that Hsp70-1 stabilizes ARE-

mRNA via sequestering AUF1 in the nucleus [30], and

AUF1 isoforms p37AUF1 and p40AUF1 are involved in this

process [42]. Thus, we further tested whether these two

AUF1 isoforms play a role in stabilizing CVB3 genomic

RNA during infection. To this end, we expressed either

p37AUF1 or p40AUF1 by plasmid transfection in CVB3-in-

fected HeLa cells and then measured viral genomic RNA

during infection. The q-RT-PCR results showed that CVB3

genomic RNA was significantly decreased upon expression

of these AUF1 isoforms although p40AUF1 caused less

decrease than p37AUF1 (Fig. 7f). However, when Hsp70-1

was co-transfected with AUF1, the decrease of viral gen-

ome was diminished (Fig. 7f). These results demonstrate

that p37AUF1 or p40AUF1 reduces the abundance of CVB3

genomic RNA while Hsp70-1 reverses such effect, indi-

cating that Hsp70-1 stabilizes CVB3 genomic RNA via

p37AUF1 and p40AUF1.

Discussion

Hsp70 is one of the best-characterized chaperon proteins in

the Hsp70 family. Its expression is regulated by various

cellular stress conditions including viral infection. Accu-

mulating evidence indicates that the mutual regulation of

viruses and Hsp70 is critical for viral replication and the

pathogenesis of virus-induced diseases. On one hand, viral

infections, such as foot-and-mouth disease virus (FMDV)

[43] and rotavirus [44], induce upregulation of Hsp70. On

the other hand, Hsp70 expression plays different roles in

viral replication, for example, the positive regulation in

rabies virus [44], Japanese encephalitis virus [45] and

porcine circovirus [46] and the negative regulation in

vesicular stomatitis virus [47], human immunodeficiency

virus-1 [48] and rotavirus [44]. However, such study has

not been conducted in coxsackievirus infection and par-

ticularly has never distinguished the roles of Hsp70-1 and

Hsp70-2 in viral replication.

In this study, we aim to understand the mutual regula-

tion between Hsp70 and CVB3. Our results showed that

Hsp70-1, not Hsp70-2, is upregulated during CVB3

infection in cells of different origins, though the induction

level is much lower than that in heat shock, which is

probably due to the expression inhibition of some tran-

scriptional and translational factors during CVB3 infection.

In searching for the underlying mechanism, we focused our

attention on HSF1, the transcriptional factor of Hsp70-1.

By siRNA-mediated knocking-down of HSF1, we found

that HSF1 is responsible for CVB3-induced upregulation of

Hsp70-1. However, no significant upregulation except a

molecular-weight shift of HSF1 band was observed in the

virus-infected samples, indicating that the transcriptional

activity of HSF1 may be enhanced by certain post-trans-

lational modifications. Thus, we tried to determine HSF1

phosphorylation and found that HSF1 was indeed
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Fig. 7 Hsp70-1 stabilizes CVB3 genomic RNA via the ARE site in

the 30UTR of CVB3 genome. a An AU-rich element is located in the

30UTR of CVB3 genome. b Schematic structures of C49 luciferase

reporter plasmid. WT and mutated CVB3 30UTRs were amplified by

PCR using specific primers and inserted into the downstream of

Renilla luciferase coding region on the reporter plasmid, generating

C49-WT-CVB3-30UTR and C49-Mut-CVB3-30UTR. c HeLa cells

were co-transfected with different combinations of plasmids and

siRNA: C49-WT-CVB3-30UTR and scrambled siRNAs (WT Scr),

C49-WT-CVB3-30UTR and Hsp70-1 siRNAs (WT siHsp70), C49-

Mut-CVB3-30UTR and scrambled siRNAs (Mut Scr) or C49-Mut-

CVB3-30UTR and Hsp70-1 siRNAs (Mut siHsp70). The knockdown

efficiency of Hsp70-1 by siRNA was determined by qPCR detection

of Hsp70-1 mRNA. The results were normalized by GAPDH mRNA

and the relative mRNA levels of Hsp70-1 in Scr siRNA-treated cells

were set as 1.0. d Luciferase assay. HeLa cells were co-transfected

with the C49 plasmids containing WT or mutated CVB3 30UTR and

Hsp70-1 siRNAs (siHsp70) or scrambled siRNAs (Scr). At 48 h pt,

cell lysates were collected and subjected to luciferase assay. Relative

luciferase activities (Renilla/firefly) are shown as mean ± SD

(n = 9). e HeLa cells were transfected with the same plasmids and

siRNAs as those in (c) and (d). The transfected cells were treated with
2.5 lg/mL of actinomycin D for 2 h (Act. 2 h) or 4 h (Act. 4 h). The

same cells treated with 0.1 % DMSO (Act. 0 h) served as a control.

The rate of mRNA decay was determined by qPCR detection of the

Hsp70-1 mRNA. The results were normalized by GAPDH mRNA and

the relative mRNA levels of Hsp70-1 in Scr siRNA-treated cells

without actinomycin D treatment were set as 100 %. f HeLa cells

were co-transfected with different plasmid combinations: vectors

(pFLAG ? pEGFP), p37 (pFLAG-p37AUF1 ? pEGFP), p40

(pFLAG-p40AUF1 ? pEGFP), p37 ? Hsp70 (pFLAG-p37AUF1 ? -

pEGFP-Hsp70-1), and p40 ? Hsp70 (pFLAG-p40AUF1 ? pEGFP-

Hsp70-1). At 36 h pt, the cells were infected with CVB3 at 10 MOI

for 6 h and then viral genomic RNA was measured by q-RT-PCR

detection of CVB3 2A RNA. The RNA levels of 2A were normalized

against the mRNA levels of GAPDH and shown as mean ± SD

(n = 6, p\ 0.01)
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phosphorylated at Ser230. This result is consistent with

previous report that phosphorylation of Ser230 activates

transcriptional activity of HSF1 [18]. CaMKII is the

upstream kinase of HSF1 [18], which is activated via

phosphorylation at Thr286 in an elevated Ca2?/CaM con-

dition and responsible for phosphorylation of HSF1. Thus

we drew our attention on CaMKII. We found that CaMKII

was phosphorylated at Thr286 during CVB3 infection.

Correspondingly, our results showed that KN62, a specific

inhibitor of CaMKII-calcium/calmodulin binding [36],

inhibited phosphorylation of HSF1 at Ser230 and thus

Hsp70-1 production during CVB3 infection. The family of

CaMKIIs contains four isoforms, a, b, c and d [38]. Since a
and b isoforms are almost exclusively expressed in the

brain and the c and d are the predominant isoforms in the

heart [39], we focused our identification on c and d iso-

forms. By siRNA-targeted gene silencing, we finally

identified CaMKIIc as the responsible isoform for HSF1

phosphorylation at Ser230 during CVB3 infection. These

data suggest that CVB3-induced Hsp70-1 upregulation is

via selective phosphorylation of HSF1 at Ser230, which is

catalyzed by CaMKIIc.
There are several other phosphorylation sites on HSF-1,

among which we focused on the ERK1/2-regulated phos-

phorylation of HSF1 at Ser307 as this phosphorylation can

inhibit the transcriptional activity of HSF1 [24]. However,

this event was blocked during later time points of CVB3

infection, contributing to the enhancement of HSF1 activity

and Hsp70-1 upregulation. Our previous study showed that

ERK1/2 is activated at two separate phases although the

later phase is dominant during CVB3 infection [27]. Here,

we showed that ERK1/2 activation at the first phase was

capable of inducing phosphorylation of HSF1 at Ser307 but

the second phase of ERK1/2 activation was not. This is

likely due to nuclear translocation of HSF1, which isolates

HSF1 from ERK1/2, at late time points of CVB3 infection.

Having determined the upregulation of Hsp70-1 during

CVB3 infection, we next invested the effects of Hsp70-1

upregulation on CVB3 infection. By both the siRNA-me-

diated gene silencing and plasmid-mediated overexpression

of Hsp70-1, we confirmed that Hsp70-1 expression benefits

CVB3 replication at the levels of transcription and trans-

lation. These data suggest that Hsp70-1 upregulation

generates a positive feedback loop on CVB3 replication.

This signaling pathway is summarized in Fig. 8. Then the

question was how Hsp70-1 favors CVB3 replication. One

of our hypotheses was that Hsp70-1 protects viral genomic

RNA from exonuclease-driven degradation, considering

Hsp70-1 is closely related to mRNA turnover [49]. Many

cellular mRNAs contain an ARE sequence in their 30UTR.
Association of ARE-binding protein (AUPBs) with these

mRNAs promotes rapid mRNA degradation. AUF1, one of

the best-characterized AUBPs, binds to many ARE-

mRNAs and assembles other factors necessary to recruit

the mRNA degradation machineries. These factors include

eIF4G, PABP, Hsp70-1 and many unknown proteins [50].

During normal physiological conditions, AUF1 interacts

simultaneously with eIF4G and ARE, while PABP binds

both eIF4G and poly(A) tail. However, during the active

normal translation of ARE-containing mRNAs, the ribo-

some might relocate AUF1, which could bind PABP, thus

causing exposure of the poly-A tail to deadenylases to

initiate decay. During cellular stress or infection, the

association of Hsp70-1 with AUF1 may disrupt or block

the AUF-PABP interaction, leaving PABP free to remain

bound to poly-A tail, thus masking it from ribonuclease

[51]. This mechanism for stabilizing the viral mRNA has

been reported in DNA virus infection [52]. By sequence

screening, we found that the genomic RNA of CVB3

harbors an ARE site within its 30UTR. To verify whether

this ARE site plays a role in Hsp70-1-mediated stabiliza-

tion of CVB3 genomic RNA, we performed luciferase

assay and mRNA turnover assay using reporter plasmids

containing CVB3 30UTR with a WT or mutant ARE site. In

the luciferase activity assay, we found that only the

reporter regulated by the WT CVB3 ARE site is sensitive

to Hsp70-1 level, supported by the result that the reporter

signal was significantly reduced when Hsp70-1 was

knocked-down but no significant change was observed in

Fig. 8 A putative model of the mutually beneficial regulation of

CVB3 and Hsp70. CVB3 infection elevates the level of cytosolic

calcium and activates CaMKII via inducing autophosphorylation of

CaMKII at Thr286. The active CaMKII further phosphorylates HSF1

at Ser230 to enhance the transcription of Hsp70-1. On the other hand,

HSF1 activation causes the nuclear translocation of HSF1 and thus

blocks the ERK1/2-catalyzed phosphorylation of HSF1 at Ser307, a

negative regulatory process of Hsp70-1 transcription, thus further

contributing to Hsp70-1 upregulation. Finally, the upregulated Hsp70

in turn positively feedbacks on CVB3 replication
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the mutant control. In the mRNA turnover assay, the decay

of the luciferase mRNA was detected directly and the

results showed that the mRNA containing CVB3 30UTR
with WT ARE had a more rapid decay rate and its level

was positively correlated with Hsp70-1 level, supporting

that Hsp70-1 stabilizes the RNA with CVB3 30UTR via the

ARE site. We further determined whether AUF1 is

involved in the process via ectopic expression of different

AUF1 isoforms. We found that overexpression of p37AUF1

and p40AUF1 decreased the abundance of CVB3 genomic

RNA; however, such decrease was suppressed by the

overexpression of Hsp70-1, indicating that the stability of

CVB3 genomic RNA is negatively regulated, at least in

part, by AUF1-mediated RNA decay, whereas Hsp70-1

plays a role in counteracting this process.

CVB3 infection is the primary cause of viral

myocarditis, an inflammatory heart disease. Lesions of the

heart caused by CVB3 infection are not only due to viral

replication in cardiomyocytes, but also resulted from virus-

induced exaggerated immune responses. Hsp70-1 has been

reported to be secreted upon induction and act as an

immune stimulator leading to immune infiltration [47, 53,

54]. Thereby, we believe that CVB3-induced upregulation

of Hsp70-1 not only favors viral replication, but also

enhances immune infiltration during the development of

myocarditis, both of which lead to exacerbation of the

disease. Thus, Hsp70-1 chaperone is a rationale pharma-

ceutical target for viral myocarditis.
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