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Abstract Coxsackievirus B3 (CVB3) is the primary
causal agent of viral myocarditis. During infection, it
hijacks host genes to favour its own replication. However,
the underlying mechanism is still unclear. Although the
viral receptor is an important factor for viral infectivity,
other factors such as microRNAs (miRNA) may also play
an essential role in its replication after host cell entry.
miRNAs are post-transcriptional gene regulators involved
in various fundamental biological processes as well as in
diseases. To identify miRNAs involved in CVB3 patho-
genesis, we performed microarray analysis of miRNAs
using CVB3-infected murine hearts and identified miR-203
as one of the most upregulated candidates. We found that
miR-203 upregulation is through the activation of protein
kinase C/transcription factor AP-1 pathway. We further
identified zinc finger protein-148 (ZFP-148), a transcrip-
tion factor, as a novel target of miR-203. Ectopic
expression of miR-203 downregulated ZFP-148 translation,
increased cell viability and subsequently enhanced CVB3
replication. Silencing of ZFP-148 by siRNA showed sim-
ilar effects on CVB3 replication. Finally, analyses of the
signalling cascade downstream of ZFP-148 revealed that
miR-203-induced suppression of ZFP-148 differentially
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regulated the expression of prosurvival and proapoptotic
genes of the Bcl-2 family proteins as well as the cell cycle
regulators. This altered gene expression promoted cell
survival and growth, which provided a favourable envi-
ronment for CVB3 replication, contributing to the further
damage of the infected cells. Taken together, this study
identified a novel target of miR-203 and revealed, for the
first time, the molecular link between miR-203/ZFP-148
and the pathogenesis of CVB3.
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Abbreviations

CVB3 Coxsackievirus B3

DCM Dilated cardiomyopathy

DMEM Dulbecco’s modified Eagle’s medium
miRNA  microRNA

MOI Multiplicity of infection

PKC Protein kinase C

pi Post-infection

pfu Plaque-forming unit

UTR Untranslated region

ZFP Zinc finger protein

Introduction

Coxsackievirus B3 (CVB3), a positive single-stranded
RNA virus in the family Picornaviridae, can infect
multiple organs of humans and cause different diseases,
such as myocarditis, pancreatitis, meningitis, etc. How-
ever, the most common disease is myocarditis, particularly
in infants, children and pregnant women [1]. Viral myo-
carditis often enters its late phase, dilated cardiomyopathy
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(DCM), leading to heart failure [2]. CVB3 infects these
organs largely depending on the expression of viral
receptor. However, the expression levels of this receptor do
not always correlate well with the viral infectivity in
certain organs including the heart [3, 4], suggesting that
other factors such as microRNA (miRNA) may also play
important roles in viral infection and replication.
MiRNAs are short RNA molecules approximately 22
nucleotides (nts) in length. They are gene regulators at the
post-transcriptional level through suppression of translation
and regulation of RNA stability [5]. The 5’ end sequence of
the miRNA (particularly bases 2-8) is called the seed
region and is mainly responsible for hybridization with its
complimentary sequence (seed match sequence) in the 3’
untranslated region (3’UTR) of the target mRNA. This
complementary binding usually results in the silencing of
the target genes [5]. Mutations within the seed match
region often inhibit the miRNA activity [6]. Previous
studies reported that a single miRNA may regulate a large
number of genes, but the extent of regulation of protein
levels usually does not exceed two to three folds [7].
Human genome has been so far found to encode more
than 1,000 miRNAs [8] which regulate fundamental bio-
logical processes, such as cell proliferation, stress response,
differentiation, and apoptosis [9]. They are also known to
play important roles in pathogenesis of a variety of dis-
eases, such as cardiovascular diseases, cancers, and
infectious diseases [10, 11]. For viral infections, miRNAs
have been found to regulate the host and virus interaction
network. These include the following: (1) cellular miRNAs
suppress or promote viral gene expression [12]; (2) cellular
miRNAs suppress other cellular gene expression that
regulates viral replication [13]; and (3) virus-encoded
miRNAs regulate viral or possibly cellular genes [14, 15].
To date, a number of studies on the role of miRNAs in
cardiovascular diseases have been published [16]; how-
ever, the function of coxsackievirus-induced alternations of
miRNA expression in myocarditis has not yet been repor-
ted. The viral miRNAs known so far are all encoded by big
nuclear DNA viruses. RNA viruses, such as CVB3 and
other picornaviruses that replicate themselves in cyto-
plasm, likely do not encode miRNAs [6]. Thus, we focused
our investigation on the identification of cellular miRNAs
regulating CVB3 replication. In this study, we performed
microarray analyses of miRNA expression profiles in
CVB3-nfected A/J mouse hearts. We found that a number
of the miRNA expressions were altered and that miR-203
was one of the most upregulated candidates. We further
found that CVB3-induced upregulation of miR-203 is
through the activation of protein kinase C (PKC)/tran-
scription factor AP-1 pathway. Further, we used HeLa cells
and HL-1 cardiomyocytes to carry out functional charac-
terization of miR-203, because these cell lines have a very
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low level of endogenous miR-203 expression and are
suitable for ectopic expression by transfection. In addition,
these cell lines are CVB3 receptor-positive cells and a
well-established model system for study of viral replication
and pathogenesis. By luciferase reporter assay, we found
that zinc finger protein 148 (ZFP-148), a transcription
factor (also known as ZBP-89, BFCOL1, and BERF1) [17],
is a novel target of miR-203. Silencing of ZFP-148 by
miR-203 differentially regulated expression of its down-
stream pro-survival and pro-apoptotic genes. This led to the
enhanced cell growth, which created favourable conditions
for CVB3 replication and thus damaged the target cells. To
our best knowledge, this is the first report to link the miR-
203-induced suppression of ZFP-148 to the underlying
mechanism of CVB3 pathogenesis.

Materials and methods

An expanded Materials and methods section is available in
the Online Resource.

Virus, cell culture, animals and infection

CVB3 was kindly provided by Charles J. Gauntt (Univer-
sity of Texas, Austin, USA). The virus was propagated in
HeLa cells (ATCC) and titred routinely by plaque assay.
The HL-1 cell line, a murine cardiac cell line established
from an AT-1 mouse atrial cardiomyocyte tumor lineage,
was a generous gift from Dr. William C. Claycomb
(Louisiana State University Medical Center, USA). Animal
experimental protocol was approved by the Animal Care
Committee of Faculty of Medicine, University of British
Columbia. Four-week-old A/J male mice (Jackson Labo-
ratory) were infected intraperitoneally with 5 x 10*
plaque-forming unit (pfu) of CVB3 or sham-infected with
phosphate buffer saline (PBS).

H&E staining and echocardiography

The hearts were collected at day 4 post infection (pi). The
evaluation of myocarditis based on H&E staining and heart
functional measurement by echocardiography were con-
ducted by the methods described previously [18].

RNA extraction

Total RNAs were extracted from mouse hearts, HL-1 cells
or HeLa cells using the RNeasy® Mini Kit (Qiagen).
Briefly, 30 mg of the basal portion of ventricular tissues
were homogenized in a RLT buffer. Culture cells
(1 x 10° were lysed also in the RLT buffer. Total cellular
RNAs or viral RNAs were isolated from the supernatants of
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these samples following the manufacturer’s instructions.
Measurement of RNA concentration was done using a
NanoDrop ND-1000 Spectrophotometer (Thermo Scien-
tific, MA, USA).

MicroRNA microarray

Total RNA was extracted as described above from
CVB3- or sham-infected mouse hearts at day 4 pi and
submitted to the LC Sciences (Houston, TX, USA) for
microarray analyses of miRNA expression profiles as
described earlier [19]. (See Online Resource 1).

Cell culture transfection

HeLa cells and HL-1 cells were cultured in the DMEM and
Claycomb medium (JRH Biosciences), respectively. Cells
were transfected with either pre-miR-203, pre-miR-CL
(control) (Applied Biosystems), miRNA inhibitor or
siRNA (Invitrogen) using Oligofectamine™ as described
previously [20]. Cells were then infected with CVB3
(see online Data Supplement).

Quantitative real-time RT-PCR

Q-RT-PCRs were performed by using the TaqMan®
MicroRNA Assays (Applied BioSystems) according to the
instructions of the kit and as previously described [21]. The
internal controls used to normalize the data were SnoR-202
for measuring miRNA-203 levels in heart tissues and HL-1
cells and U6 RNA for determining miRNA-203 maturation
in HeLa cells transfected with pre-miRNA-203 for 48 h.
For quantification of CVB3 RNA in miR-203-expressing
cells infected with CVB3, oligonucleotide primers target-
ing CVB3 2A gene were synthesized (see online Table 1).
The primers for determining miRNA-203 expression levels
were purchased from Applied BioSystems (see Online
Resource).

Live-cell confocal imaging

Live-cell confocal imaging was performed according to a
published method [22] with some modifications. Briefly,
HeLa cells were plated in 35-mm glass-bottom culture
dishes (MatTek Culture Ware, Ashland, MA, USA) for
24 h and then transfected with either the pre-miR-203 or
pre-miR-CL using Oligofectamine (Life Technology). The
microscope incubator was maintained at 37 °C, and the
CO, concentration was adjusted to 5 %. Observation of
cell morphology was performed at 24 and 48 h post-
transfection under a Leica confocal microscope (TCS SP2)
using differential interference contrast.

Cell viability assay

HeLa cells growing in 24-well plates at approximately
50 % confluence were transfected with either pre-miR-203
or pre-miR-CL as described above. At 24 and 48 h post-
transfection, cell viability was measured by using a 3-(4,
5-dimethylthiazol-2-yl)  -5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium salt (MTS) assay kit (Pro-
mega) as described previously [20].

MiRNA target prediction

The mi-203 target genes were predicted by using the
TargetScan program (release 4.1) (http://www.targetscan.
org/) [8]. We also used the MicroRNA.org (http://www.
microrna.org), a comprehensive resource of miRNA tar-
get predictions (released August 2010) to confirm the
results.

Western blot analysis

Western blotting was carried out according to the standard
protocol described previously [20]. The primary antibodies
used in this study are as follows: mouse monoclonal anti-
bodies against CVB3 capsid protein VP-1 (DAKO), beta-
actin (Sigma), GAPDH, p21**!, p27%P! Rb, cyclin D1 and
cyclin E (Santa Cruz); rabbit polyclonal antibodies against
ZFP-148 (Aviva Systems Biology), Bcl-X (BD Pharmin-
gen™), as well as phosphorylated protein kinase c
(p-PKC), p-cJun and JunB (Cell Signalling). Secondary
antibodies used were either goat anti-mouse or goat anti-
rabbit IgG (Santa Cruz) depending on the first antibody
used. PKC inhibitors GF109203X was from Calbiochem,
Germany (see Online Resource).

Viral plaque assay

The virus titre was determined by plaque assay according
to the standard protocol described previously [20]. The
plaques were counted, and the virus titre was calculated as
the pfu/mL.

Construction of luciferase reporter plasmids and its
mutants

The partial 3’'UTR of ZFP-148 was amplified by RT-PCR
from HeLa cell total RNAs as described previously [23]
and cloned into the pmirGLO Dual-Luciferase miRNA
Target Expression Vector (Promega) to produce the wild-
type (Wt) reporter. Two mutant reporters were generated
by site-directed mutagenesis within the miR-203 seed
match region. The primers for site-directed mutagenesis are
listed in online Table 1 (see Online Resource).
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Luciferase reporter analysis

HeLa cells were co-transfected with the ZFP-148-3'UTR
reporter construct or its mutant and pre-miR-203 using
lipofectamine™ 2000 (Invitrogen). Forty-eight hours post-
transfection, firefly and Renilla luciferase activities were
detected on an ELISA reader (TECAN) using the Dual-
Glo® Luciferase Assay System (Promega) following the
method described previously [23].

Statistical analysis

Statistical significance was evaluated using the Student’s
t test for paired comparisons. All values are expressed as
mean £+ SD. A P value of less than 0.05 was considered
statistically significant.

Results

CVB3 infection upregulated miR-203 in HL-1
cardiomyocytes and mouse heart

To determine whether CVB3 infection can alter the host
miRNA expression profiles, A/J mice were infected with
CVB3 or sham-infected with PBS. These animals at day 4
pi showed cardiac dysfunction, which was confirmed by
echocardiography (supplement Fig. Sla). Histopathologi-
cally, the heart showed massive mononuclear infiltration
(supplement Fig. S1b). Total RNAs were then isolated
from the hearts and the miRNA expression profiles were
analyzed by using the microarray service (LC Science).
This analysis demonstrated significant alterations in miR-
NA expression profiles in CVB3-infected mouse hearts as
compared to the sham-infected group. We selected candi-
date miRNAs from the profiles according to the following
criteria: signal intensity > 500, P < 0.05 and fold chan-
ge > 1.5. The results revealed that, at day 4 pi, 22 miRNAs
were downregulated and 4 were upregulated (data not
shown). Among these miRNA candidates, miR-203 (whose
function in the heart or in CVB3 infection has not been
reported) showed a 1.6-fold upregulation in CVB3-infected
mouse hearts (P = 0.020) as compared to the control
(Fig. 1a). The upregulation of miR-203 in these heart tis-
sues as well as in CVB3-infected HL-1 cardiomyocytes
was further confirmed by real time PCR (Fig. 1b, c¢). MiR-
203 was then selected for further study.

Upregulation of miR-203 is through the activation
of PKC/AP-1 cascade

To explore the signalling pathway leading to the upreg-
ulation of miR-203 in CVB3-infected heart, we first
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Fig. 1 CVB3 infection upregulates miR-203 in HL-1 cardiomyocytes
and mouse heart. a Partial heat map of the mouse miR-203 expression
profile. AI-A3 are the three control mice sham-infected with PBS and
B1-B3 are mice infected with CVB3. The heat map was generated
with the log2 value of each CVB3/sham pair of microarray signal at
day 4 pi. Red upregulation, green downregulation, black no changes.
MiR-203 had a 1.6-fold upregulation as compared to the control
group, P < 0.05. b Q-RT-PCR measurement of miR-203 expression.
RNAs were extracted from the hearts at day 4 pi. Endogenous small
RNA (SnoR-202) control was used to normalize the data, P = 0.014.
¢ miR-203 expression levels in HL-1 cells at 8 and 16 h pi (10 MOI
for 8 and 16 h) were determined by Q-RT-PCR

examined the activation of PKC and its downstream tran-
scription factor AP-1 family proteins c-Jun and JunB, since
this cascade activation is essential for miR-203 upregula-
tion in human keratinocytes during differentiation [24].
Our western blot analyses using cell lysates from CVB3-
infected murine heart tissues, HelLa cells and HL-1
cardiomyocytes demonstrated that CVB3 infection induced
upregulation of p-PKC and further upregulated JunB and
downregulated p-cJun as compared to the sham-infected
controls (Fig. 2a). This data was further solidified by the
experiments in which addition of PKC inhibitor
GF109203X significantly suppressed expression of both
AP-1 (JunB, p-cJun) and CVB3 protein VP-1 in a dose-
dependent manner (Fig. 2b). As JunB and cJun are positive
and negative regulators of miR-203 expression, respec-
tively, in human kerantinocytes [24], our data suggest that
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miR-203 upregulation in CVB3-infected mouse heart
depends on activation of PKC/AP-1 cascade. To support
this notion, we further measured the miRNA-203 expres-
sion by Q-RT-PCR and showed that inhibition of PKC with
a specific inhibitor reduced AP-1-regulated expression of
miR-203 in HeLa cell (Fig. 2c¢) and HL-1 cardiomyocytes
(Fig. 2d). To further confirm the involvement of JunB in
the upregulation of miR-203 during CVB3 infection, we
used specific siRNA to knockdown JunB and found that
this siRNA markedly reduced JunB and CVB3 VP-1
expression (Fig. 3a, b, d). Interestingly, p-cJun was found
to be upregulaed (Fig. 3a, c). We also checked the effect of
JunB-siRNA on miR-203 expression levels and found a

marked reduction (at least threefold) (Fig. 3e). These data
confirmed that CVB3 infection induces miR-203 expres-
sion through the PKC/AP-1 cascade.

ZFP-148 is a novel target gene of miR-203

To investigate the signal pathways contributed to the miR-
203 effect on CVB3 replication, we sought to identify its
target genes. Bioinformatic analyses using TargetScan
(http://www.targetscan.org/) program showed that ZFP-148 is
one of the top predicted targets, which also include p63,
suppressor of cytokine signalling-3 (SOCS3) and V-abl
Abelson murine leukemia viral oncogene homolog-1 (ABL-1).
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As p63, SOCS3 and ABL-1 have already been reported to be
targets of miRNA-203 [25], we selected ZFP-148 for further
study. Sequence analysis revealed that ZFP-148 has three
target sites within its 3'UTR, located at nts 1,263-1,269,
4,180-4,186, and 4,533-4,539 (named site-1, -2, and -3,
respectively) (Fig. 4a). Site-1 is closed to the 5" end region of
the 3'UTR while the site-2 and site-3 are close to each other
and located near the 3’ end region. Sequence alignment
shows that these three sites are highly conserved among
human, mice, chimpanzee and monkey. Figure 4b shows the
hybridization of the miR-203 to site-3, one representative
target of the three, in the ZFP-148 3'UTR. To confirm the
targeting of ZFP-148 by miR-203 experimentally, we
detected ZFP-148 expression by western blot analysis after
transfection of HeLa cells with pre-miR-203. Figure 4c
shows marked downregulation of ZFP-148 expression in the
miR-203-transfected cells as compared to the control.
Meanwhile, we confirmed significant downregulation of
ZFP-148 in mouse heart at day 4 pi (Fig. 4d), correlating to
the upregulation of miR-203 showing in Fig. 1b.
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To validate ZFP-148 as a true target of miR-203, a
luciferase reporter plasmid, carrying a 3’'UTR fragment
of ZFP-148 (nts 7,061-7,504) containing the down-
stream two sites (site-2 and site-3) of miR-203 (Fig. 4a),
was constructed. Two mutant constructs, ZFP-148-
3'UTR-Mut-1 and ZFP-148-3'UTR-Mut-2, were also
generated by site-directed mutagenesis of the miR-203
seed match sequence (Fig. 4e). The luciferase reporter
constructs were co-transfected with pre-miR-203 or pre-
miR-CL into HeLa cells. The luciferase assay data
revealed that HeLa cells co-transfected with Wt
ZFP-148-3'UTR (containing two binding sites) and
miR-203 (Wt + miR-203) showed an up to 70 %
reduction of the relative luciferase activity as compared
to the control cells co-transfected with ZFP-148-3'UTR
and pre-miR-CL (Wt + miR-CL) (Fig. 4f). In contrast,
when one site or both sites together were mutated, miR-
203 showed no significant targeting effect on reporter
gene expression, indicating that ZFP-148 is a novel and
specific target gene of miR-203.
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Fig. 4 ZFP-148 is a novel target of miR-203. a Physical map of three
binding sites of miR-203 within the 3'UTR of ZFP-148 and the
sequence alignment of these binding sites within mouse, human,
chimpanzee, and Rhesus monkey. The numbers above the sequences
indicate the nucleotide positions of these sites. The seed match
sequences are highlighted and boxed. b Partial base pairing of
miR-203 with binding site-3 in the 3'UTR of ZFP-148. ¢ miR-203
expression suppressed ZFP-148 translation. Total proteins were
prepared from HeLa cells transfected with either pre-miR-203 or
control (pre-miR-CL) and then infected with CVB3 or sham-infected
with PBS. ZFP-148 expression was detected using a specific antibody.
GAPDH expression was a loading control. d ZFP-148 expression was
inhibited in CVB3-infected mouse heart at day 4 pi. ZFP-148 was

miR-203 promotes CVB3 replication in HeLa cells

To study the positive effect of miR-203 upregulation on
CVB3 replication, we transfected HeLa cells with either

*

detected by western blot analysis. e Diagram of luciferase reporter
plasmids. A fragment of the 3'UTR of ZFP-148 carrying miR-203
binding site-2 and -3 was inserted downstream of the Renilla
luciferase gene. The ZFP-148-3'UTR mutant-1 (Mut-1) construct was
designed to have several point mutations, which are underlined, in
both binding sites; while the Mut-2 was constructed by point
mutations at only binding site-3. f Luciferase reporter assay. HeLa
cells were transfected with different combinations of the ZFP-148-
3'UTR (Wr) or mutant (Mut) plasmid or vector only (pmir-GLo) and
miR-203 as indicated. Luciferase reporter assay was conducted and
the relative luciferase activity was calculated after normalizing the
data against that of HeLa cells cotransfected with Wt + miR-CL,
which was set as 1.0. Data are mean + SD. *P < 0.05

pre-miR-203 or pre-miR-CL for 48 h and then infected
with CVB3 at a multiplicity of infection (MOI) of 10 or
sham-infected with PBS for 6 h. Q-RT-PCR showed that
pre-miR-203-transfected cells had an approximately 15-log,
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endogenous control to normalize the results. b Q-RT-PCR to measure
CVB3 RNA expression. HeLa cells were transfected as described
above and then infected with CVB3. RNAs extracted from the cell
culture supernatants were used to measure the CVB3 RNA using
primers targeting viral 2A gene. The data of the control was set as 1.0.
¢ Western blot to detect CVB3 VP-1 expression. HeLa cells were
transfected and then infected with CVB3 as described above. The
protein lysates were collected for western blot analysis. f-actin served

increase in miR-203 expression as compared to the control
cells (Fig. 5a). The enhanced CVB3 replication efficiency
was evaluated by Q-RT-PCR to detect viral RNA tran-
scription (Fig. 5b) and western blot to detect CVB3 VP-1
protein production (Fig. 5¢), respectively. This miR-203-
promoted CVB3 replication was further confirmed by viral
plaque assay, showing a significant increase in viral
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as a loading control. d Viral plaque assay. HeLa cell culture
supernatants described in (b) were employed to determine CVB3
particle formation by plaque assay on HeLa cell monolayers.
e, f Q-RT-PCR to detect miRNA-203 expression levels after
treatment of HeLa cells (e) and HL-1 cells (f) with miR-203
inhibitors for 48 h and then infection with 10 MOI of CVB3 for 5 and
8 h, respectively. U6 and snoR-203 as endogenous controls used to
normalize our data for HeLa cells and HL-1 cells respectively.
g, h Western blot to detect VP-1 in HeLa (g) and HL-1(h) cells
transfected with miR-203 inhibitors or control inhibitors and then
infected with CVB3

particle release in miR-203-expressing cells as compared to
the control (Fig. 5d). Meanwhile, inhibition of the endog-
enous levels of miR-203 in both HeLa and HL-1 cells using
specific inhibitors resulted in a marked reduction of
miR-203 expression (Fig. Se, f), respectively, and also
caused significant downregulation of CVB3-VP-1 expres-
sion in both cell lines (Fig. 5g, h).
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Fig. 6 Silencing of ZFP-148 with specific siRNA promotes CVB3
replication. a HeLa cells were transfected with ZFP-148-specific
siRNA or scrambled siRNA and then infected with CVB3 for 6 h or
sham-infected with PBS. ZFP-148 and CVB3 VP-1 expression was
detected by western blot analysis. b Viral particle releases. Cell

Silencing of ZFP-148 with specific siRNAs benefits
CVBS3 replication

To further verify the effect of ZFP-148 downregulation on
CVB3 replication, we transfected HeLa cells with specific
siRNAs to silence the ZFP-148 expression and then
infected the cells with CVB3 for 6 h. The suppression of
the ZFP-148 expression and the effect on CVB3 replication
were detected by western blot analysis and viral plaque
assay, respectively. Figure 6a demonstrated that ZFP-148
expression was dramatically suppressed and CVB3 VP-1
production was significantly increased in cells transfected
with ZFP-148 siRNAs as compared to the control trans-
fected with scrambled siRNAs. These data were further
confirmed by plaque assay, showing that silencing of the
ZFP-148 resulted in a significant increase of CVB3 prog-
eny release (Fig. 6b).

Ectopic expression of miR-203 promotes cell survival

In further elucidating the mechanism by which miR-203
promotes CVB3 replication, we speculated that miR-203
expression might promote host cell growth and thus pro-
vide favourable conditions for CVB3 replication. To test
this hypothesis, we first examined the morphological
changes in miR-203-expressing HelLa cells by live cell
confocal imaging. Figure 7a shows that miR-203 expres-
sion (panels B and D) promoted cell proliferation at both
24 and 48 h post-transfection as compared to the control
cells transfected with pre-miR-CL (panels A and C). This
miR-203-promoted cell growth was further verified by cell
viability assay at 24 and 48 h post-transfection. Figure 7b
demonstrates that cells transfected with pre-miR-203 had a
20 % increase in cell survival as compared to the control

VP-1

GG S, GAPDH

v
& &
& o

A
43‘2

culture supernatants collected from HeLa cell culture described in
(a) above were used for plaque assay to detect CVB3 particle release.
Values shown here are means of =£SD of three independent
experiments, *P < 0.05

samples at both 24 and 48 h post-transfection. This is likely
because miR-203 (but not the miR-CL) expression can
counteract the unfavourable effects created by transfection
reagents and resume the normal environment for cell
growth. Further analysis by western blot revealed the
upregulation of the survival markers (Bcl-2 and Bcl-xL) as
well as the downregulation of the apoptotic marker
(Bcl-xS) in pre-miR-203-transfected HeLa cells (Figs. 7c;
S2a, c, e) and HL-1 cardiomyocytes (Figs. 7d; S2b, d, f)
that were either sham- or CVB3-infected for 6 h. In addi-
tion, we also detected the activation of caspase-3 and
demonstrated that miR-203 expression suppressed the
cleavage of pro-caspase-3 in HeLa cells (Figs. 7e, S3a, b)
and HL-1 cells (Fig. 7f, S3c, d). Here, it is worth men-
tioning that the image of cleavage product of caspase-3 is
weak. This is probably due to ubiquitin-proteasome-
mediated protein degradation caused by viral infection or
other cellular stresses [26].

Suppression of ZFP-148 by miR-203 leads
to the differential expression of cell cycle regulators

The data presented in Figs. 5, 6 and 7 above suggest that
miR-203 enhances CVB3 replication, likely through pro-
moting host cell viability. Thus, we next investigated the
signalling pathways leading to the enhanced cell survival/
growth in the conditions of suppression of ZFP-148
expression by miR-203. We detected the expression levels
of the downstream genes of ZFP-148 involved in cell
cycle regulation, which include cyclin-dependent kinase
inhibitors (p21Wafl and, p27Kip1), tumor suppressors [reti-
noblastoma (Rb) and p53] and cell cycle progression genes
(cyclin E and cyclin D1) [27, 28], in pre-miR-203-trans-
fected HeLa cells infected with CVB3 or sham-infected
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Fig. 7 MiR-203 expression enhances HeLa cell growth. a Morpho-
logical changes. HeLa cells were transfected as described above and
cell morphology was analyzed by live cell confocal imaging at 24 and
48 h post-transfection. Note that HeLa cells transfected with pre-miR-
203 (B and D) have more cells than that of the control cells (A and
C) at both time points. b MTS cell viability assay. HeLa cells were
transfected as described above and MTS assay was conducted at 24
and 48 h post-transfection. The absorbance of non-treated (non-T)

with PBS. Figures 8a and S4 demonstrate that these cell
cycle arrest genes and tumor suppressor genes were
markedly downregulated, while the cell cycle progression
genes (cyclin E and cyclin D1) were significantly upregu-
lated in the miR-203 expressing cells as compared to the
control. These data were further confirmed by experiments
using HL-1 cardiomyocytes (Figs. 8b; S5). It is worth
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cells was defined as 100 % survival (control). Values shown here are
means of =£SD of three independent experiments, *P < 0.05.
¢, d Western blot analyses of Bcl-2 family proteins in pre-miR-203
or pre-miR-CL transfected HeLa cells (¢) and HL-1 cardiomyocytes
(d), respectively, at 6 h pi. e, f Western blot analyses of pro-caspase-3
cleavage in pre-miR-203 or pre-miR-CL-transfected HeLa cells and
HL-1 cells, respectively, at 6 h pi

noting that, in CVB3-infected samples, the changes of
expression levels of certain responsive genes such as p21,
p53 and Rb were not dramatic as compared to that in sham-
infected cells. This is probably due to the shut-down of host
gene expression by CVB3 infection and thus masked the
effect of miRNA-203. The effect of ZFP-148 suppression
by miR-203 on downstream gene expression was further
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Fig. 8 MiR-203 expression induces differential expression of down-
stream responsive genes of ZFP-148. HeLa cells (a) and HL-1 cell
(b) were transfected with either the pre-miR-203 or control miRNA

verified in HeLa cells by silencing ZFP-148 with siRNA,
which showed the downregulation of p53, p21™*! and
p27%iP! (Fig. S6). Finally, we also demonstrated the
downregulation of p53, p21V*" and p275'P! as well as the
upregulation of DCM gene makers GATA4 and Mef2a in
CVB3-infected mouse hearts used for microarray analysis
of miRNA expression profiles (Fig. S7).

Discussion

CVB3 is a cardiotropic virus and can reach a high viral
load and cause massive damage to the heart in a very short
duration after infection. This infection is initiated by entry
of host cells through viral receptor, which then hijacks the
host gene expression machinery to benefit its own repli-
cation [29]. However, the underlying mechanism has not
been precisely defined. miRNAs are a group of newly
identified regulators of gene expression at the post-tran-
scriptional level and are involved in many human
disorders, including cardiovascular diseases [11]. To
identify the miRNA candidates regulating CVB3 infectiv-
ity and replication, we performed miRNA microarray
analyses and identified a number of differentially expressed
miRNAs in CVB3-infected heart of A/J mice, an estab-
lished viral myocarditis mouse model. One of the
significantly upregulated candidate miRNAs was miR-203
and its expression level was increased at least 1.6-fold as
compared to the sham-infected control mice, implying its
role in gene regulation during CVB3 infection. This

and then infected with CVB3 as described above. Western blot
analyses were conducted to detect the expression of cell cycle
regulators or tumour suppressors using indicated antibodies

upregulation was further validated by Q-RT-PCR. To
explore the signalling pathway leading to miR-203 upreg-
ulation, we focused on the analyses of the PKC/AP-1
cascade, as AP-1, a transcription factor consisting of
homodimers or heterodimers of the Jun and Fos families of
nuclear proteins [30], is known to be involved in cell dif-
ferentiation, proliferation and apoptosis [31]. Although it
has been reported that miR-203 upregulation is modulated
through PKC/AP-1 activation during keratinocyte differ-
entiation [24], there is no report on the transcriptional
regulation of miR-203 in a virus-infected cardiomyocyte
model system. Our data demonstrated that CVB3 infection
of mouse heart or HL-1 cardiomyocytes activated PKC and
further upregulated JunB, a positive regulator of miR-203,
and meanwhile downregulated c-Jun, a negative regulator
of miR-203 [24]. These data were further solidified by
using siRNAs targeting JunB, which suppressed JunB,
upregulated p-cJun, and subsequently downregulated
miR-203 expression. These data suggest that miR-203
upregulation in CVB3-infected heart is through the acti-
vation of the PKC/AP-1 cascade.

miR-203 has been previously described as one of the
skin-abundant miRNAs which promotes differentiation by
repressing ‘stemness’ [32]. It was also found to be over-
expressed in pancreatic adenocarcinoma and rheumatoid
arthritis [33]. To elucidate the biological function of
miR-203 upregulation during CVB3 infection, we identi-
fied the target genes of miR-203. We conducted
bioinformatic prediction and found a number of target
candidates for miR-203, which included ZFP-148 and
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Fig. 9 A putative model of
miR-203 action leading to
enhanced CVB3 replication.
CVB3 infection induces
upregulation of miR-203 via the
PKC-AP-1 signalling cascade,
which in turn suppresses its
target gene ZFP-148 expression.
The suppression of ZFP-148
translation results in
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several known targets, such as p63, SOCS3, ABL-1, etc.
[24, 32]. We chose ZFP-148 as a candidate for further
study not only because it is an unknown new target of miR-
203 but also for the following reasons: (1) ZFP-148 is a
transcription factor that regulates the expression of many
cell cycle regulatory genes, such as p21“AF! and p27™!,
as well as the genes for apoptosis induction pathways [19,
34]; (2) ZFPs act as antiviral agents for many viruses and
inhibit viral replication through different mechanisms
inducing inhibition of the viral RNA synthesis and induc-
tion of host cell apoptosis [35, 36]; (3) ZFP-148 was
reported to be involved in the pathogenesis of many dis-
eases, such as colon cancer development, neuroectodermal

@ Springer

tumours, and myocardial infarction [37, 38,] and (4) bio-
informatics prediction showed that ZFP-148 has three
miR-203 target sites (with high scores) and two of these
sites are close to each other and located near the 3’ end
region of the 3’'UTR (nts 4,180-4,186 and 4,533-4,539,
respectively) [39]. This structural organization supports
current knowledge that one given miRNA usually has more
than one binding site within the 3’'UTR of the target gene
and presents in a cluster manner [40]. This selection of
ZFP-148, as the target gene of miR-203 was finally con-
firmed to be correct by the following findings: (1) ectopic
expression of miR-203 suppressed ZFP-148 translation and
this suppression was verified by western blot analysis using
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mouse heart tissue with CVB3-induced upregulation of
miR-203 expression; and (2) luciferase assay by co-trans-
fection of different combinations of reporter plasmids (Wt
or mutant) and miR-203 demonstrated that only the co-
transfection with Wt reporter and pre-miR-203 could dra-
matically reduce the luciferase activity. It is worth
mentioning that, in the luciferase reporter assays to verify
the binding sites, we only selected site-2 and site-3 for the
following reasons: (1) the effective sites preferentially
reside near both end regions of the 3'UTR, and (2) closely
spaced sites often act synergistically [41]. Our data support
the previous finding [41] and indicate that ZFP-148 is a
true target gene of miR-203.

To study the effect of suppression of ZFP-148 by miR-
203 on cellular signal networks associating with CVB3
replication, we first demonstrated that ectopic expression of
miR-203 promoted cell growth and enhanced CVB3 rep-
lication, which is supported by the increased cell viability
and decreased activation of caspase-3. Similar results were
obtained by transfection of cells with siRNAs targeting
ZFP-148, showing that, upon suppression of ZFP-148,
CVBS3 replication was enhanced. These data provide evi-
dence to support the fact that miR-203 benefits CVB3
replication by targeting ZFP-148, which is involved in the
regulation of cell growth [28, 42, 43]. To further elucidate
the mechanism by which miR-203 promotes CVB3 repli-
cation by targeting ZFP-148, we next performed
experiments to characterize the expression of downstream
responsive genes of ZFP-148 in the signal transduction
pathway leading to cell survival and growth. ZFP-148 is
known as a potent repressor of the Bcl-xL, one of the pro-
survival proteins in the BcL-2 family [44]. We found that
Bcl-xL was upregulated while Bcl-xS (a proapoptotic
marker in the BcL-2 family) was downregulated in pre-
miR-203-transfected HeLa and HL-1 cells. ZFP-148 is also
a transcription factor that governs a number of cell cycle
regulatory genes, such as p21V*! and p27%P!, through
binding to the GC-rich region of its promoter [45]. The
p21V4 is a cyclin-dependent kinase inhibitor (CDKI)
which arrests cell cycle progression at the Gl phase in
response to various stress factors [46]. Previous studies
have also reported that p21™V*!" was involved in the inhi-
bition of cardiac hypertrophy and DCM occurrence through
inhibiting ROCK kinases [47]. Our data demonstrated the
downregulation of p21V*" in the pre-miR-203-transfected
cells as compared to the control group. This downregula-
tion of p21™*"! may contribute to the CVB3-induced DCM,
a heart disease characterized by heart enlargement, cham-
ber dilation and increased ventricular wall thickness. This
speculation was further supported by the downregulation of
p21V 1 as well as the upregulation of DCM markers,
Mef2a and GATA4, in CVB3-infected mouse hearts at day
4 pi; however, the remodelling of the heart is not obvious at

this early time point (data not shown). p27%"!, another
CDKI involved in the regulation of the cell cycle [48], was
also downregulated in pre-miR-203-transfected cells. This
downregulation is believed to further contribute to the cell
growth. We further demonstrated the upregulation of cell
cycle progression genes (cyclin D-1 and cyclin E) and the
downregulation of the tumour suppressor p53 and Rb in
miRNA-203-expressing HeLa cells and HL-1 cells. Based
on all these data, we proposed a signal transduction model
wherein CVB3-induced upregulation of miR-203 expres-
sion inhibits ZFP-148 translation, which results in
differential regulation of downstream pro-survival and pro-
apoptotic genes, leading to enhanced cell growth and cre-
ating an optimum survival environment to support CVB3
infection and replication (Fig. 9). This signal pathway
produces a positive feedback loop at the early stage of
CVB3 infection to continue the promotion of CVB3 rep-
lication. However, at late stage of infection, when viruses
reach a high titre, they will induce cell apoptosis and
damage the cardiomyocytes, which is likely the underlying
mechanism of viral pathogenesis.

In summary, our data demonstrated that CVB3 infection
caused upregulation of miR-203 expression in mouse
hearts at early stage (day 4 pi) of infection. MiR-203
expression downregulated ZFP-148 mRNA translation by
specifically targeting its 3'UTR, which resulted in differ-
ential expression of its downstream target genes, such as
cell cycle regulators, tumour suppressors and Bcl-2 family
proteins, which in turn promote cell survival to foster
CVBS3 replication. To our knowledge, this is the first report
on ZFP-148 as a novel target of miR-203 as well as the
connection between the miR-203 targeting of ZFP-148 and
the pathogenesis of CVB3-induced myocarditis. Therefore,
our finding may provide a potential strategy in developing
anti-CVB3 interventions.
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