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1. Introduction

ABSTRACT

Coxsackievirus B type 3 (CVB3) is one of the major pathogens associated with human heart disease.
miRNAs are a class of short, noncoding RNA that can post-transcriptionally modulate gene expression.
By comparing the CVB3 genome and miR-342-5p sequences, we found there were potential miR-
342-5p targets in the CVB3 genome. To verify the effect of miR-342-5p on CVB3 biosynthesis, HeLa cells
were infected with a Renilla luciferase (RLuc)-expressing CVB3 variant (RLuc-CVB3). We observed that
miR-342-5p could significantly inhibit the expression of RLuc in infected cells. In HeLa cells infected with
an enhanced green fluorescence protein (EGFP)-expressing CVB3 variant (EGFP-CVB3), EGFP expression
was also significantly inhibited by miR-342-5p. The inhibitory effect of miR-342-5p on EGFP expression
in EGFP-CVB3-infected cells could be reversed by transfection with anti-miR-342-5p oligonucleotide
(AMO-miR-342-5p). Moreover, RNA and protein biosynthesis in wild-type CVB3 was significantly inhib-
ited by miR-342-5p. By mutating the putative targets of miR-342-5p in the 2C-coding region, a sequence,
nt4989-nt5015, was identified as the miR-342-5p target. The conserved nt4989-nt5015 sequences of
CVB type 1-5 suggest miR-342-5p may exert its inhibitory effect in other types of coxsackievirus besides
CVB3. Western blotting indicated that miR-342-5p could indeed suppress protein expression in CVB type
1 and 5. There was a moderate abundance of miR-342-5p in the gut, heart, and brain of Balb/c mice,
suggesting that miR-342-5p may interact with CVB3 in vivo. Taken together, these results indicate that
miR-342-5p can inhibit CVB3 biosynthesis by targeting its 2C-coding region and therefore may be a
potential therapeutic agent in the treatment of CVB3 infection.

© 2011 Elsevier B.V. All rights reserved.

MicroRNAs (miRNAs) are a class of small RNAs 20-23 nucleo-
tides (nt) in length that are found in almost all eukaryotic cells.

Enterovirus-caused diseases are a major health problem
worldwide. Among the enteroviruses, coxsackievirus is involved
in a wide range of human diseases, especially in neonates and
children. Severe health consequences have been associated with
outbreaks of coxsackievirus infection (Cui et al., 2010a; Verma
et al.,, 2009; Wong et al., 2011). Moreover, group B coxsackievirus
(CVB) infection has been implicated in the development of myocar-
ditis and dilated cardiomyopathy (Bowles et al., 1986; Jin et al.,
1990; Knowlton, 2008; Martin et al., 1994; Tracy et al., 1990). In
spite of this, there is presently no specific and effective therapy
available for CVB infection.
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miRNAs play an important role in the post-transcriptional regula-
tion of gene expression (Ambros, 2004; Asli et al., 2008; Bartel,
2004). Generally, miRNAs suppress the translation of target genes
through imperfect binding to target sequences in animal-cell
mRNA or promote mRNA degradation through perfect binding to
target sequences in plant-cell mRNA (Ambros, 2004; Bartel,
2004). Due to their crucial role in post-transcriptional regulation
of gene expression, miRNAs are involved in many important bio-
logical processes including development, cell differentiation, cell
proliferation, apoptosis, and a variety of disease states (Ambros,
2004; Asli et al., 2008; Bartel, 2004; Esquela-Kerscher and Slack,
2006; Kloosterman and Plasterk, 2006). miRNAs have also been
implicated in the pathology of diseases caused by viruses such as
hepatitis viruses, human immunodeficiency virus, and herpes
viruses (Jiang et al., 2008; Lecellier et al., 2005; Pedersen et al.,
2007; Sullivan and Ganem, 2005). Thus, miRNAs play pivotal roles
in the regulation of gene expression of both viruses and host cells.
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As members of the Picornaviridae family, the CVBs are single-
stranded positive-sense RNA viruses. Their genomic RNA can work
directly as mRNA to guide protein biosynthesis in host cells
(Bedard and Semler, 2004). Therefore, it is rational to assume that
picornaviruses can be regulated by cellular miRNAs. Indeed, a sim-
ulation study has demonstrated, by artificially modification of the
3’ untranslated region (3’ UTR) of coxsackievirus A21 to incorpo-
rate miR-142 targets, that miR-142 can interrupt the life cycle of
coxsackievirus A21 in multiple steps, including degradation of
the viral genome, suppression of cap-independent mRNA transla-
tion, and interference with genome encapsidation (Kelly et al.,
2010). On the other hand, picornavirus infections can also evoke
or suppress the expression of particular cellular miRNAs (Cui
et al.,, 2010b). For example, miR-141 expression can be upregulated
upon enterovirus infection, helping both to shut off host protein
synthesis and facilitate virus propagation by targeting the cap-
dependent translation initiation factor, elF4E (Ho et al., 2011).
However, so far, there are no available data on the interactions
between cellular miRNAs and CVB replication.

In the present study, we found that miR-342-5p could
specifically suppress CVB3 biosynthesis and replication through
the targeting of the 2C-coding sequence of the CVB3 genome.
Our results suggest that miR-342-5p may be a potential
therapeutic agent for the treatment of CVB3 infection.

2. Materials and methods
2.1. miRNA target prediction

CVB3 genome miRNA targets were predicted by RNAhybrid 2.2
(bibiserv.techfak.uni-bielefeld.de/rnahybrid) and miRanda 3.2a
(www.microrna.org). The potential binding sites were selected by
choosing the complementary base sequences with minimum free
energy (mfe) (Alves et al., 2009; Rajewsky, 2006).

2.2. Cells and mice

HeLa cells were cultured in Dulbecco Modified Eagle Medium
(DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10%
(growth medium) or 5% (maintenance medium) fetal bovine serum
(FBS) (Biological Industries, Israel) and antibiotics (50 U/ml
penicillin and 50 mg/ml streptomycin) at 37 °C with 5% CO,. Path-
ogen-free, 2-week-old Balb/c mice were obtained from the Harbin
Medical University Experimental Animal Center. The mice were
maintained and sacrificed in accordance with the Regulations on
the Usage of Experimental Animals of Harbin Medical University.

2.3. Nucleotides and plasmids

The necessary miRNAs, miR-342-5p, control miRNAs, and miR-
mock, were synthesized by GenePharma (Shanghai, China) and
TaKaRa (Dalian, China). Anti-miR-342-5p oligonucleotide (AMO-
miR-342-5p), an oligo-RNA (5'-UCAAUCACAGAUAGCACCCCU-3)
with a 2’-O-methoxyethyl group (Weiler et al., 2006), was
synthesized by GenePharma. The plasmid pMKS-1, containing the
full-length cDNA of the CVB3 genome, was a gift from Professor
J. Lindsay Whitton of the Scripps Research Institute, La Jolla, Cali-
fornia (Feuer et al., 2002). pMKS-1 was used as a basis to design
and construct plasmids containing the entire cDNA sequence of
CVB3 genome and a reporter gene, enhanced green fluorescence
protein (EGFP) or Renilla luciferase (RLuc), which were designated
as pEGFP-CVB3 and pRLuc-CVB3, respectively (Tong et al., 2011).
pGL4.17, a plasmid expressing firefly luciferase (FLuc), was
obtained from Promega (Madison, WI).

Two plasmids, designated as pEGFP-VP4-3 and pEGFP-2C, were
constructed to express the CVB3 proteins VP4-VP2-VP3 (VP4-3)
and 2C, respectively. Both viral proteins were expressed as fusion
proteins with EGFP at the N-terminus. Briefly, the EGFP-coding
sequence was amplified via polymerase chain reaction (PCR) from
pEGFP-N1 (Clontech, Mountain View, CA) with the sense primer
ATATATAGCTAGCATGGTGAGCAAGGGCGAGGAGCT  (underlined:
Nhel restriction site) and the antisense primer GCTTTAAGC
TTCTTGTACAGCTCGTCCATGCCG (underlined: HindIIl restriction
site). Both pcDNA3.1 (Invitrogen) and the amplified EGFP fragment
were digested with Nhel and HindIlIl restriction endonucleases and
ligated by incubation with T4 ligase at 16 °C overnight. The con-
structed plasmid was designated as pEGFP-C1. Total RNA was ex-
tracted from Hela cells infected with CVB3 using TRIzol
(Invitrogen). Subsequently, 1 pg of total RNA was used for re-
verse-transcription with antisense primers of target sequences.
The VP4-3-coding sequence was amplified with the sense primer
ATATATATGGTACCGGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGC
GGTGGCGGATCGGGAGCTCAAGTATCAACGCAAAAGAC (underlined:
Kpnl restriction site) and the antisense primer GCGCGCICT-
AGATTACTGGAAAAAGTTTTGCTGCGAAATAAAAGGAGTGT (under-
lined: Xbal restriction site). The 2C-coding sequence was
amplified with the sense primer ATATATAAGCTTGGTGGAGGCGG
TTCAGGCGGAGGTGGCTCTGGCGGTGGCGGATCGAACAACGGATGGC
TAAAAAAGTT (underlined: HindIll restriction site) and the anti-
sense primer ATAGCGTCTAGATTACTGGAACAGTGCCTCAAGGGTAG
CCCCGACAC (underlined: Xbal restriction site). The amplified frag-
ments and pEGFP-C1 were digested with Kpnl and Xbal endonucle-
ases (for VP4-3) or Hindlll and Xbal endonucleases (for 2C). The
digested VP4-3 and 2C fragments were separately ligated into
the digested pEGFP-C1 at 16 °C overnight. The successful construc-
tion of the plasmids was confirmed by restrict digestion and
sequencing.

2.4. Viruses

Wild-type CVB3 Woodruff, CVB type 1 (CVB1), and CVB type 5
(CVB5) were cultured in HeLa cells. Two CVB3 variants, EGFP-
CVB3 and RLuc-CVB3, were recovered by transfecting HeLa cells
with pEGFP-CVB3 and pRLuc-CVB3, respectively. Briefly, HeLa cells
were seeded in 12-well culture plates at the density of
1 x 10° cells/well and cultured for 18-24 h. When 60-70% conflu-
ence was reached, the cells were transfected with 0.8 pg of pEGFP-
CVB3 and pRLuc-CVB3, respectively, and maintained in DMEM
with 5% FBS. Cytopathic effects (CPE) in the transfected cells were
observed at 24 h post-transfection. The recovered viruses were
purified and titered by plaque assay.

2.5. Viral plaque assay

Virus titer was determined by plaque assay as described previ-
ously (Yuan et al., 2004; Zhong et al., 2008). Briefly, the viral stock
was serially 10-fold diluted in maintenance medium. HeLa cells
were seeded in 6-well plates at the density of 2 x 10° cells/well
and incubated at 37 °C with 5% CO, for 18-24 h. When the cells
reached approximately 90% confluency, they were washed with
phosphate-buffered saline (PBS) and overlaid with 450 pl of viral
diluent. The cells were incubated for 1h, and the supernatant
was removed. Finally, the cells were overlaid with 2 ml of solid
medium containing DMEM, 5% FBS, and 0.8% agarose (Promega).
The culture plates were incubated in a humidified chamber for
30 min and then inverted. The cells were incubated for another
72 h at 37 °C with 5% CO, before being stained with 0.05% neutral
red (Sigma, St. Louis, MO) for 1 h. The plaques were counted, and
the amount of virus titer (pfu/ml) was calculated.


http://bibiserv.techfak.uni-bielefeld.de/rnahybrid
http://www.microrna.org

272 L. Wang et al. / Antiviral Research 93 (2012) 270-279

2.6. RNA transfection

HelLa cells were transfected with miRNAs and AMO-miR-342-5p
as described previously (Wu et al.,, 2009). Briefly, HeLa cells in
DMEM with 5% FBS and antibiotics were seeded in 6- to 96-well
plates according to the needs of the individual experiments and
cultured at 37 °C with 5% CO, for 18-24 h. The culture media were
removed and replaced by fresh media without antibiotics. Lipofect-
amine 2000 (Invitrogen) was then used to transfect the miRNAs
and AMO-miR-342-5p into the cells. For 96-well plates, 0.2 pl of
Lipofectamine 2000 and 0.16 pg of synthetic RNA was diluted with
an equal volume of Opti-MEM (Invitrogen), mixed at room temper-
ature for 15 min and then added to each well of the culture plate.
The transfected cells were cultured at 37 °C with 5% CO,, for further
study.

2.7. Quantitative reverse-transcription polymerase chain reaction (RT-
qPCR)

The total RNA was extracted from HelLa cells or mouse tissues
using TRIzol reagent (Invitrogen) as described previously (Wu
et al,, 2009). After extraction, 1 pg of total RNA was used as tem-
plate in a reverse transcription along with antisense primers and
PrimeScript RT Enzyme Mix I (TaKaRa, Otsu, Shiga, Japan). Quanti-
tative PCR was performed with 1 pl of the synthesized cDNA, SYBR
PrimeScript Ex Taq Il (TaKaRa), and the sense/antisense primers for
a final reaction volume of 20 pl in a LightCycler 2.0 (Roche, Basel,
Switzerland). The CVB3 RNA detection primers were GCACACACCC
TCAAACCAGA (sense) and ATGAAACACGGACACCCAAAG (anti-
sense). U6 snRNA was used as internal control for quantifying miR-
NA expression, while GAPDH mRNA was used as the internal
control for quantifying viral RNA. The U6 snRNA primers were
GCTTCGGCAGCACATATACTAAAAT (sense) and CGCTTCACGAATT
TGCGTGTCAT (antisense). The GAPDH mRNA primers were
GCACCGTCACGGCTGAGAAC (sense) and TGGTGAAGACGCCAGTG-
GA (antisense). The 2722 method (Livak and Schmittgen, 2001)
was used to calculate the relative levels of miRNAs and viral RNA.

2.8. Luciferase assay

Luciferase activity was measured using a Dual-Luciferase Assay
Kit (Promega). Briefly, 70% confluent HeLa cells in 96-well plates
were co-transfected with 0.2 pg of miRNA and 0.2 pg of pGL4.17
using Lipofectamine 2000. The transfected cells were infected with
0.1 multiplicity of infection (MOI) of RLuc-CVB3 at 24 h post-trans-
fection. Cell lysates were prepared from the infected cells at 6 h-
intervals from O to 40 h. The culture medium was removed, and
the cells were washed with PBS. Next, 1x Passive Lysis Buffer (Pro-
mega) was added to the plates (20 p/well). The culture plates were
placed on a rocking platform for 15 min at room temperature. After
rocking, 20 pl of cell lysate and 100 pl of LAR Il reagent were thor-
oughly mixed for 1-2 s. FLuc activity was measured with a Lumi-
nometer 20/20" (Turner BioSystems, Sunnyvale, CA). For FLUC
detection, 100 pl of Stop & Glo reagent was added to each well,
and RLuc activity was measured. FLuc expression was used as the
internal control for normalizing cell population and transfection
efficiency. The ratio of RLuc activity to FLuc activity was defined
as the relative activity of RLuc in the samples. The experiments
were conducted a minimum of three times.

2.9. Quantitation of EGFP expression

EGFP expression in EGFP-CVB3-infected cells (MOI = 0.5) was
analyzed at 24-40 h postinfection (p.i.) using fluorescence micros-
copy (Axiovert 200, Carl Zeiss, Gottingen, Germany), flow cytome-
try, and fluorescence spectrometry. For flow cytometry, the treated

cells were collected at set timepoints. The cells were washed and
resuspended in cold PBS. Aliquots of 2 x 10° cells resuspended in
0.2 ml of PBS were used for both cell counting (10,000 cells) and
the measurement of fluorescence intensity with a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA). For fluorescence spec-
trometry, the fluorescent dye Hoechst 33342 (Invitrogen) was
added to the culture medium to stain cell nucleus 12-24 h before
harvest. The proteins were extracted using Pierce RIPA Buffer
(Thermo, Rockford, IL) along with a protease inhibitor phenylmeth-
ylsulfonyl fluoride (PMSF) cocktail (Beyotime, Beijing, China). The
proteins concentrations were adjusted to the same level
(0.25 pg/ul), and 2 pl of proteins were used for fluorescence inten-
sity measurement with a NanoDrop 3300 fluorescent spectrometer
(Thermo). The EGFP fluorescence intensity (excitation at 488 nm
and emission at 509 nm) was normalized to the Hoechst 33342
fluorescence intensity (excitation at 347 nm and emission at
483 nm) to eliminate variation in the cell populations of each
sample.

2.10. Western blot

The proteins from treated Hela cells were extracted using
Pierce RIPA Buffer with PMSF cocktail, and 1-2 pg of extracted pro-
teins were applied to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The separated proteins were trans-
ferred to a polyvinylidene fluoride (PVDF) film (0.45 pm, Millipore,
Billerica, Massachusetts) and incubated with primary antibody
over night at 4 °C. After a standard washing, the film was incubated
with horseradish peroxidase (HRP)-labeled secondary antibody for
1 h at room temperature and washed again. The blots were stained
using a SuperSignal kit (Pierce, Rockford, Illinois) and imaged by a
charge-coupled camera LAS4000 (Fujifilm, Tokyo, Japan). A mono-
clonal mouse anti-enterovirus VP1 (clone 5-D8/1) antibody (Dako,
Glostrup, Denmark) was used for VP1 detection (1:1000 diluted).
B-Actin, a loading control, was detected using a polyclonal
antibody (sc-130301) (Santa Cruz Biotechnology, Santa Cruz, CA).

2.11. Site-directed mutagenesis of pEGFP-2C

To mutate the nt4293-nt4321 sequence, pEGFP-2C was ampli-
fied with primer pair A (A1: GCGCGCAAGCTTAACAACGGATGGCTA
AAAAAGTTCACT, A2: AGGAGCATATTTCCTACAGTAGTGCGCAAAG
TATTGGACATTGGA; underlined: HindIll restriction site) and primer
pair B (B1: GCACTACTGTAGGAAATATGCTCCTCTTTATGCATCAG
AGGCAAAGAGAG, B2: ATAGCGTCTAGATTACTGGAACAGTGCCTC;
underlined: Xbal restriction site), respectively. The resultant prod-
ucts were purified and mixed together. The mixture was denatured
and amplified with the primers A1 and B2. The amplified DNA was
purified, digested with Hind IIl and Xba I, and ligated into pEGFP-
C1/Hind 111 + Xba 1. This plasmid was designated as pEGFP-2C/m1
(Fig. S2). Using the same protocol with primer pair C (A1, C1: GAG-
CGTCGCACCAACACTATGTCTATGGTTGTATTCCCTAAACATCTCAG)
and primer pair D (D1: TAGACATAGTGTTGGTGCGACGCTCGAGG
CACTGTTCC, B2), pEGFP-2C/m2 with mutations in the nt4989-
nt5015 sequence was generated (Fig. S2). Using pEGFP-2C/m1 as
a template, pEGFP-2C/m1 + m2 was generated by repeating ampli-
fication, restriction digestion, and ligation for the m2 mutation
(Fig. S2). The mutations in these plasmids were verified by DNA
sequencing.

2.12. Statistical analysis

Data are presented as the mean + standard deviation (s.d.).
Statistical significance (P < 0.05) was determined with Student’s
t-test by SigmapStat 3.1 (Systat Software, Richmond, CA). All
experiments were repeated at least three times.
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3. Results
3.1. The putative miR-342-5p targets in the CVB3 genome

Upon screening the potential miRNA targets in the CVB3 gen-
ome with RNAhybrid 2.2 and miRanda 3.2a (Alves et al., 2009),
three putative miR-342-5p targets in the CVB3 genome were iden-
tified. These targets were all located in CVB3 open reading frame.
Among them, one was located in the VP2-coding region (nt1679-
nt1696), while the others resided in the 2C-coding region
(nt4293-nt4321 and nt4989-nt5015) (Fig. 1). Although the mfe
of the nt1679-nt1696 sequence was the lowest, it was not
perfectly matched to the seed sequence of miR-342-5p. Nt4293-
nt4321 and nt4989-nt5015 matched the seed sequence of miR-
342-5p better but did not have the lowest mfe. Therefore, these
possible miR-342-5p targets in the CVB3 genome need verification.

3.2. MiR-342-5p inhibits the biosynthesis of RLuc-CVB3

Hela cells were employed to study the effects of miR-342-5p on
CVBS3. First, miR-342-5p abundance in HelLa cells was analyzed to
ensure there was no endogenous miR-342-5p that may interfere
with our observations. In addition, miR-21 and miR-122 levels
were also analyzed in the experiments as controls. Our results indi-
cate there was no endogenous miR-342-5p and miR-122 expres-
sion in HeLa cells and that miR-21 was abundant (Fig. S1). The
miR-21 and miR-122 expression levels in the Hela cells were in
agreement with previous reports (Ma et al.,, 2010; Schmittgen
et al,, 2004). Moreover, no endogenous miR-342-5p expression
could be detected in CVB3-infected HeLa cells (data not shown).

To verify the predicted effect of miR-342-5p on CVB3, we
introduced miR-342-5p and other randomly selected miRNAs
(miR-mock, miR-690, miR-697, miR-412, miR-709, and miR-711)
separately into HeLa cells. The pGL4.17 plasmid, which expresses
FLuc, was also co-transfected with the miRNAs. The cells were in-
fected with RLuc-CVB3 24 h post-transfection. The RLuc and FLuc
luciferase activity levels were measured 24 h p.i., and the relative
activity of RLuc was calculated. The RLuc activity in the miR-342-
5p-treated cells was significantly lower than that in the cells trea-
ted with control miRNAs (P < 0.01, n = 6) (Fig. 2A), suggesting that
miR-342-5p could effectively suppress the biosynthesis of RLuc-
CVB3 but other tested miRNAs could not.

Replication (Regulatory) Region

273

Furthermore, continuous examination over a period of 40 h
indicated that RLuc activity decreased from 8 to 40 h p.i. in the
miR-342-5p-treated HeLa cells infected with RLuc-CVB3. Signifi-
cant inhibition in RLuc activity was found at 16, 24, and 32 h p.i.
(P<0.05, P<0.01, and P<0.01, respectively, n = 4) (Fig. 2B). These
data further support that miR-342-5p inhibited RLuc-CVB3
biosynthesis.

3.3. MiR-342-5p inhibits the biosynthesis of EGFP-CVB3

To further verify the inhibitory effect of miR-342-5p on CVB3
biosynthesis, HeLa cells were transfected with miR-342-5p or with
both miR-342-5p and its inhibitor, AMO-miR-342-5p. The cells
were infected with EGFP-CVB3 24 h post-transfection. Under fluo-
rescence microscope, EGFP expression in HeLa cells transfected
with miR-342-5p was significantly suppressed, and CPE in these
cells was also reduced compared to the CPE observed in cells trans-
fected with miR-mock (Fig. 3A). EGFP expression and CPE in the
cells transfected with miR-342-5p increased when AMO-
miR-342-5p was introduced (Fig. 3A). A flow cytometric analysis
demonstrated that the number of EGFP-positive cells among the
miR-342-5p-treated cells (33.3 + 1.8) was significantly decreased
compared to the miR-mock-treated cells (46.1+1.5, P<0.05,
n=4) (Fig. 3B). There was no significant difference between the
number of EGFP-positive cells among the cells treated with both
miR-342-5p and AMO-miR-342-5p (42.1+1.4) and among the
cells treated with miR-mock (P> 0.05, n=4) (Fig. 3B). Moreover,
the fluorescence intensities were consistent with that of EGFP-po-
sitive cell counts (Fig. 3C). These data indicate that miR-342-5p
could also suppress the biosynthesis of EGFP-CVB3.

3.4. MiR-342-5p inhibits wild-type CVB3 biosynthesis

RLuc-CVB3 and EGFP-CVB3 are artificially modified variants.
They may not be fully reflective of wild-type CVB3. Therefore,
the effects of miR-342-5p on wild-type CVB3 (Woodruff strain)
were also evaluated in this study. Viral infection and transfection
was performed according to the same protocols described
above. RT-qPCR detection indicated genomic RNA replication of
CVB3 was significantly inhibited in the cells treated with miR-
342-5p compared to miR-mock-treated cells (P<0.01, n=6)
(Fig. 4A). The inhibition could be reversed by treatment with
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cell counts (B) and green fluorescence intensity (C) were measured using a FACSCalibur at 32 h p.i. Error bars represent the s.d. (n =4).

AMO-miR-342-5p, which increased CVB3 RNA expression almost
to the levels observed in miR-mock-treated cells (P> 0.05, n=6)
(Fig. 4A). Western blotting indicated that the expression of CVB3
VP1 protein was also apparently inhibited by miR-342-5p in the
infected Hela cells, while the VP1 expression increased in CVB3-
infected cells treated with miR-342-5p and AMO-miR-342-5p
together (Fig. 4B). These results indicate that the effect of miR-
342-5p on wild-type CVB3 was consistent with the effects ob-
served using RLuc-CVB3 and EGFP-CVB3. In addition, miR-342-5p
both suppressed the protein biosynthesis of CVB3 and inhibited
the CVB3 genomic expression.

3.5. MiR-342-5p suppresses CVB3 biosynthesis by targeting the 2C-
coding region

To validate the predicted miR-342-5p CVB3 genomic targets,
the VP4-VP2-VP3-coding region (VP4-3) and the 2C-coding region
of the CVB3 genome were cloned and fused with an EGFP-coding
sequence at the 5’ ends of the viral sequences. The sequences cod-
ing the fusion proteins were inserted into the multi-cloning site of
the eukaryotic expression vector pcDNA3.1. The constructed plas-
mids, pEGFP-VP4-3 and pEGFP-2C, were used to co-transfect HeLa
cells with miR-342-5p. EGFP expression was determined by
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Fig. 4. Inhibitory effect of miR-342-5p on the biosynthesis of CVB3 wild type. Seventy percent confluent HeLa cells were transfected with miR-342-5p, AMO-miR-342-5p, and
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antibody.

counting EGFP-positive cells with a fluorescence microscope and
measuring fluorescence intensity with a NanoDrop 3300. The pEG-
FP-C1 plasmid was employed as an EGFP gene expression control.
The EGFP-positive cell count and fluorescence intensity in the cells
co-transfected with pEGFP-C1 and miR-342-5p were almost iden-
tical to that observed in the cells transfected with pEGFP-C1 and
miR-mock (P> 0.05, n = 6) (Fig. 5). Thus, miR-342-5p did not influ-
ence EGFP expression from the cassette itself.

Among the cells transfected with pEGFP-VP4-3, the proportion
of EGFP-positive cells was 14.5% lower than that observed in the
miR-mock-treated cells 32 h post-transfection (P<0.01, n=6).
However, there was no significant difference between the fluores-
cence intensity levels of the two groups (P> 0.05, n=6) (Fig. 5).
Among the cells transfected with pEGFP-2C at the same time point,
the EGFP-positive cell proportion of the miR-342-5p-treated cells
was 65.9% lower than the proportion observed with the miR-
mock-treated cells (P < 0.01, n = 6) (Fig. 5). The fluorescence inten-
sity of miR-342-5p-treated cells was 43.5% lower than that of the
miR-mock-treated cells (P < 0.01, n = 6) (Fig. 5). These results sug-
gest that the miR-342-5p target is located in the 2C-coding region
rather than VP2-coding region of CVB3.

There were two putative miR-342-5p targets in the 2C-coding
region according to our predictions. To further identify the targets
in the 2C-coding region, three mutated pEGFP-2C plasmids were
generated via over-lapping PCR (Fig. 6A and Fig. S2): (1) in
pPEGFP-2C/m1, six nucleotides between nt4293-nt4321 were
substituted, including U4294G, U4300C, (C4303U, A4306G,
G4309A, and C4318U; (2) in pEGFP-2C/m2, eight nucleotides be-
tween nt4989 and nt5015 were substituted, including C4990U,
G4993A, (C4996U, (C5002U, G5005U, U5008G, C5011G, and
U5014C; (3) in pEGFP-2C/m1 + m2, both the nt4293-nt4321 and
nt4989-nt5015 sequences were mutated using the same substitu-
tions of m1 and m2. As these mutations occurred in an open read-
ing frame, only the third nucleotides of each codon was
substituted. Therefore, the mutations significantly reduced the
match quality of the putative targets to miR-342-5p but did not
change the amino acid sequence of the translational products.

Using the same protocol as above, miR-342-5p or miR-mock
were co-transfected into HeLa cells with pEGFP-2C/m1, pEGFP-
2C/m2, pEGFP-2C/m1+m2, and pEGFP-C1, respectively. EGFP
expression in these cells was measured at 32 h post-transfection
with a fluorescence microscope and spectrometer. Both the
EGFP-positive cell counts and EGFP intensities in the pEGFP-2C-
and pEGFP-2C/m1-transfected cells with miR-342-5p were signifi-
cantly lower than the cells transfected with miR-mock (n=6)
(Fig. 6). However, miR-342-5p did not greatly suppress EGFP
expression in pEGFP-2C/m2- and pEGFP-2C/m1 + m2-transfected
cells (n =6) (Fig. 6). These results demonstrate that mutations in
the nt4293-nt4321 region did not affect the interaction between

EGFP-2C and miR-342-5p, while mutations in the nt4989-nt5015
region greatly reduced the effect of miR-342-5p on EGFP-2C
expression. Therefore, these data suggest miR-342-5p target is in
the 2C-coding region and located in the nt4989-nt5015 but not
the nt4293-nt4321 sequence.

3.6. MiR-342-5p also suppresses the biosynthesis in other CVBs

Alignment of the nt4989-nt5015 sequences of CVB type 1-5
indicates that this region, especially the region that matches with
the seed sequence of miR-342-5p, is highly conserved in CVBs
(Fig. 7A). Therefore, it is likely that miR-342-5p suppresses the bio-
synthesis of CVBs other than CVB3. To verify our speculation, VP1
protein expression of CVB1 and CVB5 in infected HeLa cells with
miR-342-5p was examined using Western blotting with a mono-
clonal anti-enteroviral VP1 antibody. Interestingly, the VP1 levels
of CVB1 and CVB5 were also inhibited by miR-342-5p in the in-
fected cells, and the inhibition was reversed with treatment using
AMO-miR-342-5p (Fig. 7B). These data indicate that the suppres-
sive effect of miR-342-5p is not CVB type 3-specific and that the
biosynthesis of other CVB types can be affected by miR-342-5p.

3.7. MiR-342-5p is differentially expressed in mouse organs

Balb/c mice are one of the most frequently used animals in CVB
infection studies. To examine the possible impact of miR-342-5p
on CVB3 infection in vivo, the miR-342-5p expression profile in
various organs of Balb/c mice was examined. Total RNA was ex-
tracted from the organs of 2-week-old Balb/c mice, and RT-qPCR
was performed to measure the abundance of miR-342-5p in these
organs (n = 6). In addition, miR-133a levels were also determined
to serve as a control for sample quality. The miR-133a expression
profile in this study was consistent with a previous report (Tang
et al, 2007). Our analysis indicated that miR-342-5p was
expressed differentially in the organs of Balb/c mice. The lowest
miR-342-5p abundance was found in liver, and the highest was ob-
served in spleen (Fig. 8). A moderate miR-342-5p abundance was
found in the gut, heart, and brain, all the main locations of CVB
infection. These findings suggest that miR-342-5p, as one of the
host factors, may be involved in the interaction between CVB3
infection and host innate antiviral defense in vivo.

4. Discussion

Given the ubiquitous impact of miRNAs on gene expression, it is
evident that miRNAs play a critical role in the interaction between
viruses and host cells (Ghosh et al., 2009; Grassmann and Jeang,
2008). On one hand, the cell may respond to viral infection by
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altering its miRNA expression profile (Lecellier et al., 2005; Song
et al., 2010). On the other hand, some viruses, such as human
immunodeficiency virus and hepatitis C virus, can take advantage
of cellular miRNAs to facilitate viral survival and replication
(Ghosh et al., 2009; Huang et al., 2007; Jopling et al., 2005). CVBs
belong to the Enterovirus genus of the Picornaviridae family and
have positive single-stranded RNA (Kawai, 1999). CVBs genomes
are essentially the same as mRNAs and can directly guide viral bio-
synthesis in host cells (Esfandiarei and McManus, 2008). Therefore,
they are very likely to be directly modulated by cellular miRNAs.

MiR-342-5p [miRBase: MIMAT0004694 (human), MIMAT000
4653 (mouse)] is a mature form of miR-342 that is coded by
chromosome 14 in humans (chr14:99645745-99645843) and
chromosome 12 in mice (chr12:109106427-109106525) (Landgraf

et al.,, 2007). In addition, miR-342 plays a role in the inhibition of
colorectal cancer cell proliferation and invasion by directly target-
ing DNA methyltransferase 1 (Wang et al., 2011). Expression of
miR-342 is downregulated in tamoxifen-resistant breast cancer
cells and may be involved in tamoxifen-mediated tumor cell apop-
tosis and cell cycle progression (Cittelly et al., 2010). However, the
full role of miR-342-5p in cellular biology and pathogenesis is un-
known. A genome-wide miRNA profiling study with peripheral
blood leukocytes demonstrated that miR-342-5p expression in
sepsis patients was downregulated compared to healthy controls,
but its biological influence has not been investigated (Vasilescu
et al., 2009).

In this study, by screening the possible interaction between the
CVB3 genome and various miRNAs, we found that there were
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potential miR-342-5p targets in the CVB3 genome. In vitro studies
verified that the biosynthesis of CVB3 could be significantly inhib-
ited by miR-342-5p, and the target of miR-342-5p was located in
the 2C-coding region of the CVB3 genome. Therefore, as a host fac-
tor, miR-342-5p may play a role in the innate defense against CVB3
infection.

By screening the genome of CVB3 for potential targets of
various miRNAs with RNAhybrid 2.2 and miRanda 3.2a, we found
three possible target sites of miR-342-5p located in the 2C- and
VP2-coding regions of the CVB3 genome. To verify these predic-
tions, two CVB3 variants that had the reporter genes RLuc and
EGFP, respectively, in their genome were used to examine the ef-
fects of miR-342-5p on CVB3 biosynthesis. RLuc expression was
significantly suppressed in the RLuc-CVB3-infected HeLa cells with
miR-342-5p, but other randomly selected miRNAs had no
significant effect on RLuc-CVB3. Similarly, EGFP expression was
significantly suppressed in EGFP-CVB3-infected HelLa cells with
miR-342-5p, and the inhibitory effect of miR-342-5p could be
reversed by AMO-miR-342-5p. These data indicate that miR-
342-5p can specifically suppress CVB3 biosynthesis.

RLuc-CVB3 and EGFP-CVB3 are genetically engineered CVB3
variants. To exclude the bias originating from the artificial modifi-
cation in viral genome, wild-type CVB3 was also examined to eval-
uate the effect of miR-342-5p. The CVB3 genomic RNA expression

level and VP1 protein level were significantly downregulated in the
infected cells transfected with miR-342-5p, and the downregula-
tion could be reversed by AMO-miR-342-5p. These results were
consistent with the results obtained using the reporter gene
CVB3 variants. Taken together, these data indicate miR-342-5p
can downregulate both the protein and RNA synthesis of CVB3.
In either case, CVB3 replication could be inhibited.

To validate the predicted targets of miR-342-5p in the CVB3
genome, we tried to construct CVB3 variants with mutations in
the putative target sites using a site-directed mutagenesis strategy.
These mutations resulted in virulence loss and even a complete
loss of infectivity (data not shown). Picornavirus genomes are very
sensitive to modifications. A substitution of a single nucleotide or
the insertion of a reporter gene can dramatically change the phe-
notype and genomic stability of CVBs (Tong et al., 2011; Zhong
et al., 2008). Therefore, we chose an alternate strategy over muta-
genesis in the full-length genome to identify the targets. Plasmids
expressing EGFP-VP4-3 and EGFP-2C were generated. By quantitat-
ing the EGFP-positive cells and green fluorescence intensity, we
found miR-342-5p did not significantly affect the expression of
EGFP (pEGFP-C1) and EGFP-VP4-3. However, miR-342-5p could
significantly suppress the expression of EGFP-2C. These data indi-
cate that the target of miR-342-5p was located in the 2C-coding
region rather than the VP2-coding region.



278 L. Wang et al. / Antiviral Research 93 (2012) 270-279

A miR-342-5p seed 3 UCG-UGGGGA 5’
cve3 ACAGGCACAGUGUCGGGGCUACCC A
cvB1 AUAGACAUAGUGUCGGGGCCACCC A
cvB2 ACAGGCACAGUGUAGGGGCGACGC A
cvB4 ACAGGCACAGUGUCGGGGCUACCC A
cves5 ACAGGCACAGUGUCGGGGCGACCC A
CVB1VP1 e S 34 kDa
p-Actin W sl 43 kDa
cvBs vP1 [ 34 kDa
B-Actin |S——— 13 kDa
miR-mock + - = -
miR-342-5p - + + .
AMO-miR-342-5p - - + +

Fig. 7. Effect of miR-342-5p on other types of CVBs. (A) Alignment of the nt4989-
nt5015 sequences of CVB type 1-5 [GenBank accession: M16560 (CVB1), AF081485
(CVB2), U57056 (CVB3), X05690 (CVB4), X67706 (CVB5)]. The mismatched nucle-
otides are marked in red. The viral sequences that match with the seed sequence of
miR-342-5p are framed in the gray box. (B) The expression of the VP1 proteins of
CVB1 and CVB5 in HelLa cells with miR-342-5p and/or AMO-miR-342-5p. The cells
were transfected with miR-342-5p, miR-mock, AMO-miR-342-5p, respectively, or
co-transfected with miR-342-5p and AMO-miR-342-5p. The transfected cells were
infected with CVB1 or CVB5 (MOI=0.01) at 24 h post-transfection. The cellular
proteins were extracted and examined at 24 h p.i. by Western blotting using an
anti-enteroviral VP1 antibody. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Liver OmiR-133a
B miR-342-5p

Kidney

Muscle

Heart

Gut

I

Tissues

Lung
Brain

Spleen

1.0 2.0 3.0 4.0 5.0

miRNA expression
(log10, normalized to liver)

o

Fig. 8. MiR-342-5p expression profile in various organs of Balb/c mouse. The organs
of 2-week-old healthy Balb/c mice (n =6) were collected under anesthetic condi-
tions. The total RNA of these tissues was extracted with TRIzol. The miR-342-5p and
miR-133a levels were measured by RT-qPCR. U6 snRNA was used to normalize the
abundance of miRNAs in each sample. The relative abundances of miRNAs in
various organs were calculated by normalizing them with that in the liver. Error
bars represent the s.d.

According to our predictions, there are two putative miR-342-
5p target sites in the 2C-coding region. To determine which was
the actual miR-342-5p target, we generated three mutated
PEGFP-2C plasmids (pEGFP-2C/m1, pEGFP-2C/m2, and pEGFP-
2C/m1 + m2). All the mutations only reduced the proportion of
matching with the miR-342-5p sequence but did not change its
amino acid coding. By monitoring EGFP expression, mutations be-
tween nt4293 and nt4321 did not affect the suppression of EGFP-
2C expression by miR-342-5p, while mutations between nt4989
and nt5015 significantly reduced the influence of miR-342-5p on

the expression of EGFP-2C. These data demonstrate that miR-
342-5p suppresses CVB3 biosynthesis through the interaction with
the nt4989-nt5015 sequence in CVB3 genome. However, it is
possible that there may be other targets of miR-342-5p in the
CVB3 genome that were not recognized by the prediction tools.
The above-described screening strategy may find new
miR-342-5p targets in the CVB3 genome.

An interesting question is whether miR-342-5p can interact
with other types of CVBs besides CVB3. The sequence alignment
of nt4989-nt5015 with CVB types 1-5 indicates that this region,
especially the region complementary to the miR-342-5p seed se-
quence, is highly conserved among these types. When we exam-
ined the VP1 expression levels of CVB1 and CVB5 with Western
blotting, we observed that miR-342-5p could effectively inhibit
the expression of VP1 proteins of CVB1 and CVB5. Therefore, it is
very likely that miR-342-5p may exert its suppressive effects to
other CVB types as well.

miRNAs function through imperfect complementary binding to
their target sequence in mRNA of animal cells (Ambros, 2004; Asli
et al., 2008; Bartel, 2004). These characteristics of miRNAs allow
each miRNA to potentially target multiple mRNAs (Lewis et al.,
2005; Lim et al, 2005). Although our data demonstrate that
miR-342-5p inhibits CVB3 replication by directly targeting the
2C-coding region of CVB3 genome, we cannot exclude the possibil-
ity that miR-342-5p may also regulate the expression of certain
cellular genes and thereafter indirectly modulate CVB3 infection.

In the present study, we found that miR-342-5p was moder-
ately expressed in the gut, heart, and brain of healthy Balb/c mice
(Fig. 8). The gut, heart, and brain are organs most involved with
CVB infection (Vargova et al., 2003). The moderate abundance of
miR-342-5p in these organs allow an opportunity for CVB3 to
encounter and be modulated by miR-342-5p when it invades these
organs. CVB3 must overcome the adverse effects of miR-342-5p on
its biosynthesis to facilitate its replication and infection. It is un-
known whether miR-342-5p expression is altered in these organs
when CVB3 infection occurs. Previous studies have shown that
virus infection often alters the host miRNA profile (Houzet et al.,
2008; Li et al., 2010; Wald et al., 2011). Therefore, further in vivo
studies may help us to understand the reciprocal impact of CVB3
infection and miR-342-5p expression.

Previous studies have indicated that the antiviral potential of
certain miRNAs might be employed as therapeutic approaches in
the treatment of viral diseases (Kurzynska-Kokorniak et al., 2009;
Nunnari and Schnell, 2011; Sakurai et al., 2011; Sall et al., 2008).
In accordance with those studies, this study suggests that miR-
342-5p may be a candidate miRNA for use in the treatment of
CVBs-related diseases such as myocarditis, cardiomyopathy, and
encephalitis. In vivo studies with synthesized miR-342-5p or
miR-342-5p-expressing vectors will be helpful in evaluating the
therapeutic value of miR-342-5p.
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