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ABSTRACT

Coxsackievirus B (CVB) is the major cause of human myocarditis and dilated cardiomyopathy. Toll-like receptor 3 (TLR3) is
an intracellular sensor to detect pathogen’s dsRNA. TLR3, along with TRAF6, triggers an inflammatory response through
NF-κB signaling pathway. In the cells infected with CVB type 3 (CVB3), the abundance of miR-146a was significantly in-
creased. The role of miR-146a in CVB infection is unclear. In this study, TLR3 and TRAF6 were identified as the targets
of miR-146a. The elevatedmiR-146a inhibited NF-κB translocation and subsequently down-regulated proinflammatory cy-
tokine expression in the CVB3-infected cells. Therefore, the NF-κB pathway can be doubly blocked by miR-146a through
targeting of TLR3 and TRAF6. MiR-146a may be a negative regulator on inflammatory response and an intrinsic protective
factor in CVB infection.
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INTRODUCTION

Coxsackievirus group B (CVB) belongs to the Enterovirus
genus of the Picornaviridae family (Kim et al. 2008; Ye
et al. 2013; Garmaroudi et al. 2015) and is the major cause
of human myocarditis and dilated cardiomyopathy (Tong
et al. 2011; Gui et al. 2012; Ye et al. 2013; Garmaroudi
et al. 2015). Aggravated inflammatory response of the
CVB-infected cells damages myocardial tissues and leads
to heart failure (Verma et al. 2010; Yin et al. 2014;
Garmaroudi et al. 2015). CVB also has been reported to
cause a wide range of other infections such as meningitis,
pancreatitis, and meningoencephalitis (Ye et al. 2013; Yin
et al. 2014; Sesti-Costa et al. 2017).
Toll-like receptors (TLRs) are cellular sensors that recog-

nize the danger signals such as pathogen-associated mo-
lecular pattern (PAMP) and danger-associated molecular
pattern (DAMP) (Janssens and Beyaert 2003; Taganov
et al. 2006). TLR3, TLR7, TLR8, andTLR9 locate in the endo-
somal membrane and exclusively detect intracellular dan-
ger signals (Kawai and Akira 2007; Blasius and Beutler
2010). TheCVBgenome is a single-strandedpositive sense
RNA (+ssRNA) (Wang et al. 2014; Sesti-Costa et al. 2017).

During its replication, a double-stranded RNA (dsRNA) in-
termediate is generated so as to produce progeny copies
of the +ssRNA genome (Marchant et al. 2008). Viral
dsRNA is a typical PAMP molecule and can be recognized
by TLR3 (Matsumoto et al. 2011;Oshiumi et al. 2011). TLR3
transfers the risk signal to nuclear factor-kappa B (NF-κB)
through the activations of TRIF (TIR-domain-containing
adapter-inducing interferon-β), TRAF6 (tumor necrosis fac-
tor receptor–associated factor 6), and IRAK1 (Interleukin-1
receptor–associated kinase 1) (Kawai andAkira 2007, 2011;
Fukushima et al. 2018). Activated NF-κB leads to the trans-
location of its p50 and p65 subunits from cytoplasm to the
nucleus anddrives the expression of proinflammatory cyto-
kines (Janssens and Beyaert 2003; Kawai and Akira 2007,
2011). Previous studies have shown that in CVB-related
myocarditis, NF-κB is activated to increase the expression
of proinflammatory cytokines, enzymes, and adhesionmol-
ecules (O’Neill et al. 2011; Garmaroudi et al. 2015).
Disseminating cytokines are found in abundant amounts
in viral myocarditis patients and negatively affect heart tis-
sues (Garmaroudi et al. 2015).
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MicroRNAs (miRNAs) are a cluster of short, single-
stranded noncoding RNAs, which can posttranscriptionally
regulate the gene expression by binding to the 3′ untrans-
lated region (3′UTR) of the target mRNAs (Ghose et al.
2011; Wang et al. 2012; Li et al. 2016; Min et al. 2017;
Trobaugh and Klimstra 2017). MiRNAs can also bind to
the 5′UTR and coding regions of the targets (Wu et al.
2015). It has been widely accepted that miRNAs play an
important role in innate immunity, cell development, apo-
ptosis, and signal transduction (Labbaye and Testa 2012;
Wu et al. 2015). Recent studies reveal that miRNAs are ac-
tively involved in the regulation of the TLR-signaling path-
way. TLR4 and TLR2, two receptors for recognizing
extracellular pathogens, are the targets of let-7, miR-233,
miR-26a, and miR-146a (He et al. 2014). TLR3 is the target
of miR-233 and miR-26a (Johnnidis et al. 2008; He et al.
2014; Jiang et al. 2014). Signaling proteins can also be tar-
geted by miRNAs. IRAK1/2/4 and TRAF6 are the targets of
miR-146a (Taganov et al. 2006). FADD, IKKβ/ε, TAB2, and
RIPK1 are the targets of miR-155 (Tili et al. 2007; Ceppi
et al. 2009; He et al. 2014).

In this study, we found that miR-146a levels were signifi-
cantly elevated in the CVB3-infected cells. We further
identified TLR3, along with TRAF6, as the targets of miR-
146a. Therefore, TLR3 and NF-κB signaling pathways
could be doubly blocked by miR-146a through targeting
TLR3 and TRAF6 during CVB infection.

RESULTS

MiR-146a expression is elevated in the CVB3-
infected cells

We first isolated cardiac fibroblasts from suckling Balb/c
mice and obtained themiRNA expression profile in the pri-
mary cells with CVB3 infection (MOI=5).Microarray detec-
tion (Supplemental Dataset 1 and 2) showed that most
miRNAs were down-regulated, whereas only a few
miRNAs were up-regulated compared with the noninfect-
ed control cells. MiR-146a expression remained elevated
at 24 and 48 h postinfection (p.i.) (Fig. 1A,B).
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FIGURE1. MiR-146a abundance in the CVB3-infected cells. (A,B) Primary cardiac fibroblasts isolated fromBalb/cmousewere infectedwith CVB3
(MOI=5). Total RNAwas collected at 24 and 48 h p.i. and subjected to miRNA array detection. (C–E) HeLa cells were infected with CVB3 (MOI=
1). The abundances of miR-146a, miR-21, and miR-186 at 0, 6, 12, 24, and 36 h p.i. were detected by RT-qPCR with the ΔΔCT method. The abun-
dance of miRNAs was normalized by U6 (miRNAs). Error bars represent standard deviation (SD), n=4.
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To validate the microarray observation, the abundance
of miR-146a in the CVB3-infected HeLa cells (MOI=1)
was detected by RT-qPCR. Consistently, the level of miR-
146a was significantly elevated from 6 to 24 h p.i. in the in-
fected cells (Fig. 1C). As controls, the abundance ofmiR-21
and miR-186 changed temporarily at 6 h p.i. but later re-
mained the same as in the normal control (NC) cells (Fig.
1D,E). The miR-146a level dropped in the infected HeLa
cells at 36 h p.i. because only a few cells survived after
CVB3 infection at that time point. Cardiac fibroblasts are
very tolerant of CVB3; thus, a prolonged elevated expres-
sion of miR-146a was observed.

TLR3 and TRAF6 are the targets of miR-146a

To identify the role of miR-146a in CVB infection, the tar-
gets of miR-146a were screened by TargetScan 7.1 and
RNAhybrid 2.2. As shown in Figure 2A,B, both tools pre-
dicted TLR3 and TRAF6 as its potential targets. Two target
sites in TLR3 mRNA (nt1985–nt1992 and nt2885–nt2891),
and three target sites in TRAF6 mRNA (nt473–nt480,
nt538–nt545, and nt1272–nt1279) were identified.
To validate the prediction, HeLa cells were transfected

with synthesized miR-146a mimics or anti-miR-146a oligo-
nucleotide (AMO-146a). At 24 h posttransfection, the
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FIGURE 2. TLR3 and TRAF6 are the targets of miR-146a. (A,B) There are two sites in TLR3 mRNA and three sites in TRAF6 mRNA that perfectly
match to the seed sequence of miR-146a. (C–E) HeLa cells were transfected with miR-146a mimics and infected with CVB3 (MOI=1) 24 h post-
transfection. The mRNA abundances of TLR3 and TRAF6 were quantified by RT-qPCR with the ΔΔCT method. (F–H) HeLa cells were transfected
with AMO-146a and infectedwith CVB3 (MOI=1) 24 h posttransfection. ThemRNA abundances of TLR3 and TRAF6were quantified by RT-qPCR
with the ΔΔCT method. ThemRNA abundances of TLR3 and TRAF6 were normalized by GAPDHmRNA, whereas miR-146awas normalized by U6
snRNA. Error bars represent SD, n=4. (I–K ) Two putative targets of TLR3 (1985–1992 nt and 2885–2891 nt) were inserted separately into the
3′UTR sequence of Renilla luciferase (RLuc) gene in plasmid pGL4.75. Themodified pGL4.75 was transfected with Firefly luciferase (Luc)–express-
ing plasmid pGL4.17 and 40 or 60 pmol of miR-146a simultaneously to HeLa cells. Luciferase expression in these cells was detected at 24 h post-
transfection. The level of RLuc in each well was normalized by Luc. Error bars represent SD, n=3.
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RNAs and proteins were extracted for RT-qPCR and west-
ern blotting. MiR-146a mimics effectively decreased the
mRNA abundance of TLR3 and TRAF6 (Fig. 2C,D). As a
control, TLR7 mRNA abundance was not affected by
miR-146a mimics (Supplemental Fig. S1). Consistently, in
the cells with AMO-146a, miR-146a knockdown signifi-
cantly increased the level of TLR3 mRNA (Fig. 2F) and
TRAF6 mRNA (Fig. 2G), whereas the level of TLR7 mRNA
was not affected by AMO-146a (Supplemental Fig. S1).
To further verify the targets, a luciferase reporter system
was constructed (Fig. 2I,J). As shown in Figure 2K, the se-
quence of nt2885–nt2891 of TLR3 mRNA could be effec-
tively targeted by miR-146a.

To examine the protein expression of TLR3 and TRAF6,
HeLa cells were transfected with miR-146a mimic or AMO-

146a as described above. The cells were stimulated with
lipopolysaccharide (LPS) 6 h before harvesting the cell
lysate.Western blotting demonstrated that the protein lev-
els of TLR3 and TRAF6 were also decreased by miR-146a
(Fig. 3A,B) and increased by AMO-146a (Fig. 3C,D). The
changes became more prominent in the cells with LPS
stimulation. Our evidence indicates that the expression
of TLR3 and TRAF6 can be regulated by miR-146a.

MiR-146a suppresses the TLR3-NF-κB pathway

TLR3 senses intracellular risk signals such as pathogen’s
dsRNA in the endosomes and triggers an inflammatory re-
sponse through the downstream players including TRAF6
and NF-κB. To verify the impact of miR-146a on TLR3 and
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FIGURE 3. Validation of miR-146a targeting to TLR3 and TRAF6. HeLa cells were transfected with miR-146a mimics, AMO-146a, and scramble
RNAs, respectively. A group of the transfected cells were treated with LPS at 24 h posttransfection. Total protein was extracted at 24 h posttrans-
fection or 6 h after the LPS treatment. The protein levels of TLR3 (A,C ) and TRAF6 (B,D) were detected by western blotting. GAPDHwas used as a
loading control. Error bars represent the SD, n=3.

Fei et al.

94 RNA (2020) Vol. 26, No. 1

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.071985.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.071985.119/-/DC1


TRAF6, HeLa cells were transfected with miR-146a mimics
orAMO-146a and stimulatedwith LPS. The translocation of
theNF-κBp65 subunit was detected to determinewhether
the signaling pathway is activated. In the HeLa cells trans-
fected with miR-146a mimics, the nuclear portion of p65
was significantly decreased, whereas the cytoplasmic por-
tion of p65 was increased (Fig. 4A,B). On the contrary,
the nuclear portion of p65 was increased and the cytoplas-
mic portion of p65 was decreased in the cells with AMO-
146a (Fig. 4C,D). In both situations, therewas no significant
difference found in the total amount of p65. A similar result
was also observed in the cells without LPS treatment
(Supplemental Fig. S2). A luciferase reporter assay was
used to further verify the effect of miR-146a on NF-κB.
Similarly, miR-146a could suppress NF-κB activation, and
AMO-146acould reverse the suppression in adose-depen-
dent manner (Fig. 4E,F).
The expression of proinflammatory cytokines IL-6 and

TNF-α is typically controlled by NF-κB. RT-qPCR showed
the mRNA expression of IL-6, and TNF-α was significantly
decreased in the cells with miR-146a but increased in the
cells with AMO-146a (Fig. 4G,H). Consistently, ELISA
showed that the IL-6 and TNF-α significantly decreased
in the culture medium of the cells with miR-146a, whereas
they increased when the cells were treated with AMO-
146a (Fig. 4G,H). The data consistently support that
miR-146a down-regulates NF-κB and an inflammatory re-
sponse by targeting TLR3 and TRAF6.

TLR3 and TRAF6 are down-regulated by miR-146a
in the CVB3-infected cells

To evaluate the impact of miR-146a on CVB3 infection, the
expression of TLR3 and TRAF6 in the HeLa cells with CVB3
and AMO-146a, separately or together, were detected by
western blotting. TLR3 expressed increasingly in the cells
treated with CVB3 alone. When miR-146a was knocked
down by AMO-146a, TLR3 expression was further elevated
(Fig. 5A,B), suggesting that TLR3 expression was negatively
regulated by miR-146a in the infected cells. Unlike TLR3,
TRAF6 expression was decreased in the cells with CVB3
alone, but significantly increased in the infected cells with
AMO-146a (Fig. 5A,C). It is interesting that thehighest levels
of TLR3 and TRAF6 were observed in the cells treated with
AMO-146aalone,probablybecauseof theantagonist effect
of AMO-146a against the baseline expression of miR-146a.
Enterovirus 71 (EV71), a member of the Picornaviridae

family, is a close sibling of CVB. EV71 is one of the major
causes of hand, foot, and mouth disease (HFMD) and en-
cephalitis in children (Tili et al. 2007; Ho et al. 2015;
Zheng et al. 2017). We found that the expression of TLR3
and TRAF6 to the treatment of AMO-146a shared the
same pattern in the EV71- and CVB3-infected cells (Fig.
5D–F), suggesting that miR-146a plays a similar role in
EV71 infection.

The TLR3-NF-κB pathway is inhibited by miR-146a
in the CVB3-infected cells

HeLa cells were treated with CVB3 and AMO-146a, sepa-
rately or together. The level of the NF-κB p65 subunit in
the total, cytoplasmic, and nuclear fractions of protein ex-
tractions was detected by western blotting. Total p65 did
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FIGURE 4. Effect of miR-146a on NF-κB translocation. HeLa cells
were first treated with miR-146a mimics, AMO-146a, and scramble
RNAs, respectively. The cells were treated with LPS at 18 h and har-
vested 24 h after the transfection. (A–D) Total, cytoplasmic, and nucle-
ar portions of the p65 subunit of NF-κB were analyzed by western
blotting. Total and cytoplasmic proteins were normalized using β-ac-
tin, whereas histidine H3 was used to normalize nuclear protein. (E,F )
Detection of NF-κB activation with luciferase reporter assay. pNF-κB-
Luc (Stratagene) is a plasmid in which Firefly luciferase (Luc) expres-
sion is modulated by an NF-κB response element. NF-κB activation
can bemeasured by the level of Luc expression. HeLa cells were trans-
fectedwith pNF-κB-Luc, pRL-TK, and various RNAs. The expression of
Luc and RLuc in these cells was detected with dual luciferase reagents
at 24 h posttransfection. (G,H) The mRNA and protein of IL-6 and
TNF-αwere detected with RT-qPCR and western blotting, respective-
ly. Error bars represent SD, n=3.
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not change apparently in the cells with various treatments,
but the nuclear p65 fraction increased significantly in the
CVB3-infected cells. When the cells were treated with
AMO-146a and CVB3, the nuclear p65 was further in-
creased significantly compared to that in the cells with
CVB3 alone (Fig. 6A), whereas the cytoplasmic p65was de-
creased in the cells with CVB3 infection and AMO-146a
(Fig. 6A). Approximately 30% of p65 was blocked from nu-
clear translocation by miR-146a in the CVB3-infected cells.

Consistently, RT-qPCR showed that mRNA expression
for proinflammatory cytokines, IL-6 and TNF-α, was signifi-
cantly elevated in the CVB3-infected cells. A further in-
crease in these mRNAs was observed in the cells with
CVB3 and AMO-146a (Fig. 6B,C). The data suggest that
the elevated miR-146a plays a suppressive role in the
TLR3-NF-κB pathway and, subsequently, would partially
block the innate antiviral immunity against CVB.

DISCUSSION

TLR3 is an intracellular sensor that recognizes a pathogen’s
dsRNA and transfers the risk signal to the nucleus through
TRAF6 and theNF-κB pathway (Oshiumi et al. 2011; Zhang
et al. 2013; Sanghavi and Reinhart 2014). Enteroviruses
replicate solely in the cytoplasm and need a dsRNA inter-
mediate to generate its progeny +ssRNA genome; thus,
enterovirus replication can be sensed by TLR3 (Chen
et al. 2018). In addition, the enteroviral +ssRNA genome

can also be sensed by TLR3 through its incomplete stem
structures (Tatematsu et al. 2013). TLR3 activation leads
to innate immune responses against the invaded patho-
gens, including triggering inflammation by NF-κB signal-
ing cascade and inducing type I IFN expression by
activating IRF3 and IRF7 (Pérez De Diego et al. 2014).
However, in the present study, our evidence indicates
that miR-146a could doubly block the NF-κB pathway by
targeting TLR3 and its downstream player TRAF6. Based
on our findings and accumulated data, we hypothesize
that miR-146a is a negative regulator on the inflammation
response in CVB infection. With the help of miR-146a, the
host can balance inflammatory response at an adequate
level so as to kill pathogens but not badly hurt the host it-
self. CVB may benefit frommiR-146a’s negative regulation
to evade the host innate immune response.

We repeatedly observed elevated miR-146a expression
in CVB infection. The cells and tissues we had detected in-
cluded mouse myocardial tissues, myocytes, cardiac fibro-
blasts, and HeLa cells (Fig. 1 shows data of cardiac
fibroblasts and HeLa cells). Interestingly, only a few of
miRNAs were up-regulated in the CVB-infected cells and
tissues. We have previously evaluated the role of miR-
10a and found that miR-10a∗, the star strand of miR-10a,
specifically promotes CVB replication, thus is a host factor
for the myocardial tropism of CVB (Tong et al. 2013).
However, the role of miR-146a in CVB infection remains
elusive.

A B C
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FIGURE 5. The expression of TLR3 and TRAF6 in the CVB3- and EV71-infected cells. HeLa cells were treated with AMO-146a or scramble RNA.
CVB3 and EV71 were infected at 12 h posttransfection, respectively. TLR3 and TRAF6 were detected with western blotting in the cells with CVB3
infection (A–C ) and EV71 infection (D–F ). TRAF6 and TLR3 were normalized by GAPDH. Error bars represent SD, n=3.

Fei et al.

96 RNA (2020) Vol. 26, No. 1



Upon bioinformatical analysis, two sequences in TLR3
mRNA were identified as the targets of miR-146a.
Previously, TRAF6 has been identified as a target of miR-
146a (Taganov et al. 2006; Ghose et al. 2011; He et al.
2014; Kamali et al. 2016; Lee et al. 2016). Our experiments
confirmed thatmiR-146amimics decreased the expression
of TLR3 and TRAF6, whereas AMO-146a could reverse
miR-146a’s suppression on TLR3 and TRAF6, both in non-
infected and CVB3-infected cells (Figs. 2, 3, and 5A). With
a luciferase reporter, the sequence of nt2885–nt2891 in
TLR3 mRNA was verified as the target of miR-146a (Fig.
2K). A similar effect of miR-146a was also observed in the
cells infected with EV71 (Fig. 5D). Our data confirmed
that TLR3 and TRAF6 were modulated by miR-146a.
Several innate immune signaling proteins such as

TRAF6 and IRAK1 have been identified as the targets of
miR-146a (Taganov et al. 2006; Ghose et al. 2011; He
et al. 2014; Kamali et al. 2016; Lee et al. 2016).
Therefore, miR-146a is considered as an innate immune in-
hibitor. Inflammation is a major event in the myocardial in-
fection caused by CVB. Proinflammatory cytokines IL-6
and TNF-α are up-regulated in the CVB-infected cells

(Gui et al. 2012). We observed a similar result in the
CVB3-infected cells (Fig. 6). However, treatment with
AMO-146a in the CVB3-infected cells caused a 15%–

20% increase in the mRNAs of TNF-α and IL-6 compared
with that in the cells with CVB3 alone (Fig. 6), suggesting
that miR-146a plays a suppressor role in the inflammatory
response to CVB infection.
Given the catastrophic consequence of inflammatory re-

sponse in the myocarditis caused by CVB, up-regulated
miR-146a expression may be a cellular physiological re-
sponse. Indeed, Taganov et al. (2006) revealed that miR-
146a expression is NF-κB-dependent. There are three
NF-κB-binding sites in the upstream sequence of miR-
146a genomic locus on chromosome 5. In this study, our
data demonstrate that NF-κB was activated in the cells
with CVB infection (Fig. 6). Therefore, we hypothesize
that CVB3 first activates the NF-κB pathway and then trig-
gers an inflammatory response. The activatedNF-κB trans-
locates to the nucleus and binds to the genomic locus of
miR-146a to initiate the transcription of miR-146a.
Conversely, miR-146a suppresses the NF-κB pathway by
down-regulating TLR3 and TRAF6 and alleviates the

A B

C

FIGURE 6. The TLR3-NF-κB pathway is inhibited by miR-146a in CVB3 infection. HeLa cells were treated with AMO-146a and scramble RNA,
respectively. These cells were infected with CVB3 12 h posttransfection. (A) Total, cytoplasmic, and nuclear proteins were extracted 24 h p.i.
The p65 subunit of NF-κB was detected with western blotting. The cytoplasmic fraction was normalized by β-actin, and the nuclear fraction
was normalized by histidine H3. (B,C ) The mRNA abundance of IL-6 and TNF-α were quantified by RT-qPCR. Error bars represent SD, n=3.
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inflammatory response. Through the regulatory loop, the in-
flammation can be precisely controlled to a level adequate
to eliminate the invading viruses without badly hurting the
host. A putative mechanism is summarized in Figure 7.

In this study, endotoxin LPS was used to stimulate the
cells. LPS is not a canonical ligand of TLR3. We chose
LPS rather than poly(I:C) because poly(I:C) cannot induce
miR-146a expression (data not shown). In the LPS-treated
cells, TLR3 expression was up-regulated (Fig. 3). A similar
observation has been reported (Taganov et al. 2006). A
limitation in this study is that we did not test the effect of
miR-146a on CVB infection in vivo. We found that miR-
146a could somehow affect the virus replication (Supple-
mental Fig. S3). It is hard to interpret that the outcome of
animal experiments is caused by blocking the NF-κB path-
way or by restricting virus replication.

Taken together, we identified TLR3, along with TRAF6,
as the target of miR-146a. TLR3-NF-κB pathway can be
doubly suppressed by miR-146a. On the other hand,
miR-146a decreases the proinflammatory cytokine expres-
sion and may protect the infected one from severe inflam-
mation injury.

MATERIALS AND METHODS

Cells, viruses, and nucleotides

HeLa cells were maintained in Dulbec-
co Modified Eagle Medium (DMEM)
(Hyclone) supplemented with 10% fetal
bovine serum (FBS) (Biological Industries)
at 37°C with 5% CO2. The Woodruff strain
of CVB type 3 (CVB3) and the BrCr strain of
EV71were passaged inHeLa cells. About 1
multiplicity of infection (MOI) of CVB3 or
10 MOI of EV71 was used to infect HeLa
cells for 24 h and the supernatant was
stocked at −80°C for further use. Nucleo-
tides, including miR-146a, miR-21, miR-
186, miR-mock, AMO-146a (anti-miR-
146a oligonucleotide, 5′-AACCCAUGGA
AUUCAGUUCUCA-3′), and AMO-mock
(5′-CAGUACUUUUGUGUAGUACAA-3′),
were synthesized by GenePharma.

MiRNA microarray analysis

Primary cardiac fibroblasts were isolated
from suckling Balb/c mice with the diges-
tion of trypsin and collagenase. The cells
were infectedwithCVB3 (MOI= 5) andhar-
vested for miRNA extraction at 24 and 48 h
p.i. when∼70%–80% of cells showed cyto-
pathic effects. ThemiRNAs in the CVB3-in-
fected and uninfected cardiac fibroblasts
were isolated with miRNeasy mini kit
(QIAGEN). The purified miRNAs were la-
beled with miRCURY Hy3/Hy5 Power la-
beling kit (Exiqon) and hybridized with

miRCURY LNA Array (Exiqon). The microarray was detected with
a GenePix 4000 scanner (Molecular Devices) and the miRNAs
with intensities of≥30were collected formiRNAprofiling analysis.

MiRNA target prediction and verification

RNAhybrid 2.2 (bibiserv.techfak.uni-bielefeld.de/rnahybrid) and
TargetScan 7.1 (www.targetscan.org/vert-71) were used for pre-
dicting the targets of miRNA. Complementary base sequences
with minimum free energy (mfe) were chosen to select the poten-
tial binding sites. To verify the predicted targets, the putative tar-
get sequences were inserted into the 3′UTR region of Renilla
luciferase (RLuc) gene in plasmid pGL4.75 (Promega) by overlap-
ping PCR. Themodified pGL4.75 was transfected with pGL4.17, a
Firefly luciferase (Luc)-expressing plasmid (Promega), and 40–60
pmol of miR-146a to HeLa cells. The expression of luciferases
was detected at 24 h posttransfection with Dual-Luc reporter re-
agents (Promega). The RLuc level was normalized with Luc tomin-
imize transfection variation.

RNA transfection

The transfection of miRNAs or AMO-miRNAs was carried out as
described previously (Wang et al. 2012). Briefly, HeLa cells were

FIGURE 7. The putative role of miR-146a in CVB infection. CVB3 triggers an inflammatory re-
sponse by activating NF-κB through multiple inductions (dashed lines). The activated NF-κB
translocates to the nucleus and binds to the genomic locus of miR-146a in chromosome 5
to initiate the transcription of the downstream RNA including primarymiR-146a. After amature
process, miR-146a conversely suppresses the NF-κB pathway by doubly blocking TLR3 and
TRAF6. Through the negative feedback by miR-146a, the inflammation caused by CVB can
be precisely controlled to an adequate level so that the viruses can be eliminated but the tissue
is not overinjured.
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cultured in DMEM with 10% FBS in six- to 12-well plates and
maintained at 37°C with 5% CO2. After 18–24 h, the media was
replaced with serum-free media. Lipofectamine 2000
(Invitrogen) and 1–2 µg of miRNAs or AMO-miRNAs were diluted
in serum-free media at room temperature for 20 min and then
added to the plate wells. The transfected cells were maintained
for 24–36 h at 37°C with 5% CO2 for further study.

Quantitative real-time polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from the treated HeLa cells using TRIzol
reagent (Invitrogen). About 1 µg of RNAwas subjected to reverse
transcription, and 1 µL of the amplified cDNA was mixed with
SYBR Premix Ex Taq II (TaKaRa) and sense/antisense primers to
a final volume of 25 µL. The RT-qPCR was performed with a
CFX96 amplifier (Bio-Rad) as described previously (Wu et al.
2009). The 2−ΔΔCt method (Livak and Schmittgen 2001) was used
to calculate the expression of miRNAs and mRNAs. GAPDH
mRNA was used as an internal reference. The GAPDH primers
were GCACCGTCACGGCTGAGAAC (sense) and TGGTGAAGA
CGCCAGTGGA (antisense).

Enzyme-linked immunosorbent assay (ELISA)

Cell supernatant was collected and IL-6 and TNF-α expression
were determined by using ELISA kits following themanufacturer’s
instructions (4A Biotech).

Western blot

Total protein was extracted using Pierce RIPA buffer (Thermo
Scientific) mixed with phenyl methane sulfonyl fluoride (PMSF).
Cytoplasmic and nuclear proteins were isolated by a nuclear
and cytoplasmic protein extraction kit (Beyotime) according to
the user’s manual. Extracted proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a PVDF film (Millipore). The film was incubated
with the primary antibody overnight at 4°C. After a standard
washing, the film was incubated with horseradish peroxidase
(HRP)-labeled secondary antibody for 1 h at room temperature.
The blots were imaged by CCD camera FluorChem M
(ProteinSimple). The antibodies against TRAF6, TLR3, p65,
GAPDH, and H3 were purchased from Proteintech. The antibody
against β-actin was purchased from Santa Cruz Biotechnology.

Statistical analysis

Data is presented as mean± standard deviation (SD). A Student’s
t-test was performed by Prism 7 (GraphPad Software). All the ex-
periments were repeated at least three times.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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