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In mammals, viral infections are detected by innate immune
receptors, including Toll-like receptor and retinoic acid induc-
ible gene I (RIG-I)-like receptor (RLR), which activate the type I
interferon (IFN) system. IFN essentially activates genes encod-
ing antiviral proteins that inhibit various steps of viral replica-
tion as well as facilitate the subsequent activation of acquired
immune responses. In this study, we investigated the expression
of non-coding RNA upon viral infection or RLR activation.
Using a microarray, we identified several microRNAs (miRNA)
specifically induced to express by RLR signaling. As suggested
by Bioinformatics (miRBase Target Data base), one of the RLR-
induciblemiRNAs,miR-23b, actually knockeddown the expres-
sion of very low density lipoprotein receptor (VLDLR) and
LDLR-relatedprotein 5 (LRP5). TransfectionofmiR-23b specif-
ically inhibited infection of rhinovirus 1B (RV1B), which utilizes
the low density lipoprotein receptor (LDLR) family for viral
entry. Conversely, introduction of anti-miRNA-23b enhanced
the viral yield. Knockdown experiments using small interfering
RNA (siRNA) revealed that VLDLR, but not LRP5, is critical for
an efficient infection by RV1B. Furthermore, experiments with
the transfection of infectious viral RNA revealed that miR-23b
did not affect post-entry viral replication. Our results strongly
suggest that RIG-I signaling results in the inhibitions of infec-
tions of RV1B through the miR-23b-mediated down-regulation
of its receptor VLDLR.

Among the viral components that trigger the antiviral
responses of a host, nucleic acids have been considered critical.
In invertebrates and plants, the RNA interference (RNAi) sys-

tem, which destroys non-self RNA in a sequence-dependent
manner, is the major antiviral mechanism (1–3). In mammals,
certain RNA structures rather than primary sequences are
sensed as non-self to initiate a series of antiviral programs
including the activation of type I IFN genes. There are at least
two receptor systems functioning as sensors to detect viral RNA
signatures: the endosomal Toll-like receptor (TLR)2 3 and
TLR7/8,which interactwith extracellular viral RNA (4), and the
cytosolic RIG-I, melanoma differentiation associated gene 5
and laboratory of genetics and physiology 2, collectively termed
the RLR (5, 6), which sense intracellular viral RNA with a dou-
ble-stranded and/or 5�-triphosphate structure (7). Signaling
generated by the innate immune receptors is transduced
through networks with various adaptor molecules and results
in the activation of IFN genes (8–10). IFN is secreted, thus
expanding the antiviral signal to other cells through physical
interaction with cell surface receptors thereby activating the
IFN-stimulated genes (ISGs) (11). Several ISGs execute antivi-
ral activity by inhibiting viral transcription, translation, viral
assembly, and release of viral particles from the cells. Another
feature of the IFN system is that it is tightly regulated by positive
and negative feedback loops (12).
Although the RNAi system is operative inmammals, the IFN

system appears to dominate the antiviral immune response.
Recently, non-coding RNA known as miRNA has received
much attention for its post-transcriptional regulation of gene
expression (13, 14). Over 500 miRNA-encoding genes, which
are exclusively transcribed by RNA polymerase II, have been
identified in mammals. These primary miRNAs are proces-
sed by the enzyme Drosha into hairpin loop-containing pre-
miRNAs, which are then subjected to export from the nucleus
to cytoplasm via exportin 5 (15). Further enzymatic processing
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miRNA duplex that is loaded into the RNA-induced silencing
complex, which is then guided by the miRNA to complemen-
tary messenger RNAs. Notably, the sequence complementary
in the 6–8-base pair “seed region” at the 5� end of the miRNA
seems to determine the specificity of miRNA-target mRNA
interaction (16, 17).
Accumulated information has revealed that some miRNAs

are involved in immune regulation. Expression profiling
showed that stimulation of monocytes with lipopolysaccharide
(LPS) induced the expression of miR-146. miR-146 targets
tumor necrosis factor receptor-associated factor 6 (Traf6) and
interleukin-1 receptor-associated kinase 1(Irak1), encoding
components of the TLR signaling pathway, suggesting a nega-
tive feedback loop (18). Furthermore, liver-specific miR-122
contributes to the liver tropism of the hepatitis C virus by accel-
erating the binding of ribosomes to the viral RNA and hence
aiding translation (19–21). These reports highlight the impor-
tance of understanding the function of miRNAs.
In this report, we examined miRNA expression upon RIG-I

signaling and identified 37 miRNAs. Among them, miR-23b
exhibited antiviral activity to rhinovirus (RV) 1B. RV, amember
of the family Picornaviridae, causes an extensive range of
human respiratory disorders including the common cold, viral
bronchiolitis, and exacerbations of asthma and chronic
obstructive pulmonary disease (22–26). Recently, primary
human bronchial epithelial cells from asthmatics were found to
be defective in IFN-� and IFN-� mRNA and protein, (27, 28),
providing a likely explanation for the increased vulnerability to
virus-induced asthma exacerbations. Furthermore, it was
revealed that TLR3, RIG-I, and melanoma differentiation asso-
ciated gene 5were important for RV-inducing innate responses
(29–31). Our analyses revealed that miR-23b blocks infections
of RV1B through down-regulation of its receptor, VLDLR. This
is a novel antiviral mechanism activated by RIG-I signaling.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa cells were maintained in Dulbecco’s
modified Eagle’s medium with fetal bovine serum and penicil-
lin-streptomycin (100 units/ml and 100 �g/ml, respectively).
L929 cells weremaintained inminimumessentialmediumwith
fetal bovine serum and penicillin-streptomycin (50 units/ml
and 100 �g/ml, respectively).
miRNA Microarray—Total RNA was isolated using TRIzol

(Invitrogen) and miRNA was purified with a PureLink miRNA
Isolation Kit (Invitrogen). The purified miRNA was labeled
using Label IT miRNA Labeling Kits (Mirus). Hybridization
was performed, using a three-dimensional gene miRNA Oligo
Chip (TORAY).
Viral Infection—Cells were treated with the culture medium

(“mock-treated”) or infected with SeV, NDV, VSV, EMCV,
RV16, or RV1B in serum-free and antibiotic-free medium.
After adsorption for 1 h at 37 °C, the medium was changed and
infection was continued for 24 h in the presence of serum-
containing DMEM.
Treatmentwith Interferon-� (IFN-�)—HeLa cells weremain-

tained in 12-well plates in the presence of serum-containing
DMEM. Recombinant human IFN-� (1000 units/ml) was
added to each well.

Plaque Assay—L929 cells were seeded in 24-well plates
(2.5� 105 cells/well) inminimal essential mediumwith 5% FBS
for 24 h at 37 °C. After cell propagation, the growth medium
was removed and serial dilutions of viral supernatants in
serum-free and antibiotic-free minimal essential medium were
added to the wells. The inoculated cells were further incubated
to allow adsorption of the virus for 1 h at 37 °C. Subsequently, a
mixture of agar overlay was added and the plates were incu-
bated at 37 °C for 24 h. The plaques were visualized by staining
with a 0.02% neutral red solution. The viral titer is expressed as
plaque forming units.
Transfection of miR-23b and Anti-miR-23b—Double-

strandedRNAoligonucleotides representingmature sequences
that mimic endogenous miR-23b and anti-miR-23b (Ambion)
were transfected into HeLa cells with RNAi MAX (Invitrogen)
according to the manufacturer’s instructions. Silencer negative
control #2 small interfering RNA (Ambion) at the same con-
centration as miR-23b and anti-miR-23b was used in each
experiment.
Real-time PCR—Total RNAwas isolated using TRIzol (Invit-

rogen). Real-time PCR for miR-23b, -24, and -27b was per-
formed using the TaqMan MicroRNA Reverse Transcription
Kit (Applied Biosystems) according to the manufacturer’s pro-
tocol. Normalization was performed by using RNU48 primers
and probes. Real-time PCRwas performed usingTaqManGene
Expression Assay probes for IFN-� and IL-6. The 18S rRNA
gene was used as an internal control to normalize differences in
each sample. The expression levels for each gene were assessed
relative to the expression of 18S rRNA. Real-time PCR for RV
RNA was performed using the following primers and probe:
RV forward, 5-GTGAAGAGCCSCRTGTGCT-3, RV reverse,
5-GCTSCAGGGTTAAGGTTAGCC-3, RV probe, 5-TGAGTC-
CTCCGGCCCCTGAATG-3.
Amido Black Staining—Cells werewashed in PBS three times

and fixed withmethanol. 0.5%Amido Black solution was added
and incubated 20 min at RT. After 20 min, the Amido Black
solution was removed and eluted by 0.1 M NaOH. 630 nm
absorption was measured.
TCID50—TheRV1B titerwasmeasured by the Reed-Muench

method (43).
Small Interfering RNA (siRNA) Knockdown of VLDLR and

LRP5—siRNA for VLDLR (Digital Biology) and siRNA for
LRP5 (IDT) were transfected into HeLa cells with RNAi MAX
(Invitrogen) according to themanufacturer’s instructions.Neg-
ative control siRNA (Digital Biology) at the same concentration
as siVLDLR and siLRP5 was used in each experiment.
Immunoblotting—Cells were lysed with Nonidet P-40 lysis

buffer (50mMTris (pH 8), 150mMNaCl, and 1%Nonidet P-40).
The lysate was resolved by SDS-PAGE (30 �g of protein/lane).
Proteins were transferred to a nitrocellulose membrane. The
membrane was blocked in 5%milk for 30 min at room temper-
ature and probed with mouse anti-SeV Nucleocapsid protein,
mouse anti-NDV Nucleocapsid protein, mouse anti-VLDLR
(Santa Cruz sc-18824), or rabbit anti-LRP5 (Cell Signaling
D23F7). Ab binding was detected with alkaline phosphatase-
conjugated anti-mouse or anti-rabbit IgG.
RV Genomic RNA Isolation and Transfection—RV-contain-

ing medium was centrifuged at 10,000 � g for 24 h. The pellet

Inhibition of Rhinovirus Infection by miRNA

JULY 22, 2011 • VOLUME 286 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 26211



was suspended in TRIzol (Invitrogen). The RV genomic RNA
(0.5 �g) and miR-23b were transfected into HeLa cells with
Lipofectamine 2000 (Invitrogen).
Statistical Analysis—Statistical analysis were conductedwith

an unpaired t test, with values of p � 0.05 considered statisti-
cally significant. Each point in a graph represents the mean �
S.E. for at least three independent experiments.

RESULTS

Induction of miRNA Expression by RIG-I Signaling—To
directly examine the impact of the activation of RIG-I on the
gene expression profile, we developed an artificial RIG-I activa-
tion system (details will be reported elsewhere).3 Briefly, the
N-terminal signaling domain of RIG-I, caspase recruitment
domain (CARD), was introduced into the ARGENTTM Regu-
lated Homodimerization Kit (ARIAD). The resultant FKBP/
RIG-I CARD fusion protein (FK/RIG) allowed CARD to oligo-
merize by the chemical compound, AP20187 (AP), and to
introduce CARD-mediated signaling into the cells (Fig. 1A). As
shown in Fig. 1B, the endogenous mRNA levels of IFN-� and
IL-6 in HeLa cells stably expressing FK/RIG (HeLa FK/RIG)
were significantly increased by the enforced oligomerization of
RIG-I CARD (Fig. 1B). Furthermore,microarray analyses of the
transcripts of these cells revealed transient expression of IFN
genes and ISGswith a concomitant induction of IFN regulatory
factor (IRF-3) dimerization and NF-�B DNA-binding activity
(data not shown). Thus we concluded that the FK/RIG system
could mimic the virus-induced activation of RIG-I signaling.
To analyze the miRNA expression profile in HeLaFK/RIG

cells, RNA fractions were prepared at 3, 6, 9, and 12 h after the
addition of AP and subjected to analysis with a miRNA

3 K. Onomoto, M. Yoneyama, and T. Fujita, unpublished data.

FIGURE 1. Artificial oligomerization of the CARD of RIG-I results in signaling to activate the IFN-� and IL-6 genes. A, schematic representation of the
FK/RIG fusion protein and its oligomerization by a cross-linking reagent, AP20187. B, HeLa cells stably expressing FK/RIG were treated with AP for the period
indicated and cells were harvested to examine endogenous IFN-� and IL-6 mRNA levels by real-time PCR.

TABLE 1
miRNA induced by RIG-I-mediated signaling
HeLa cells stably expressing FK/RIG were treated with AP for the periods indicated
and miRNA expression was determined by miRNA microarray (TORAY). The rel-
ative expression (fold-increase compared to the baseline miRNA level at 0 h) of
representative miRNA whose expression was up-regulated more than 2-fold is
shown. The opposite strand of miRNA is denoted with an asterisk (*).

AP20187 treatment (FK/RIG-HeLa cells)
0 h 3 h 6 h 9 h 12 h

miR-423–3p 1.00 2.31 2.77 4.34 4.59
miR-301b 1.00 2.31 UDa UD UD
miR-923 1.00 3.63 1.34 1.50 0.84
miR-181a* 1.00 UD 7.16 UD UD
miR-23b 1.00 1.47 2.32 1.03 1.27
miR-125b 1.00 1.94 2.73 1.16 1.38
miR-505* 1.00 UD 2.41 UD UD
miR-940 1.00 UD 2.11 UD UD
miR-1226 1.00 0.90 2.05 UD UD
miR-1229 1.00 UD 2.80 UD UD
miR-1281 1.00 UD 2.21 UD UD
miR-149 1.00 UD 0.99 3.36 UD
miR-188–5p 1.00 1.85 1.36 3.70 UD
miR-320 1.00 1.22 1.31 2.62 1.71
miR-200c 1.00 1.20 1.03 2.63 UD
miR-362–5p 1.00 1.09 0.94 5.65 UD
miR-425* 1.00 UD UD 8.81 UD
miR-769–3p 1.00 1.00 1.01 2.65 UD
miR-801 1.00 1.09 0.92 9.18 1.27
miR-29b-1* 1.00 1.43 1.27 2.00 UD
miR-92b* 1.00 0.70 0.88 2.29 UD
miR-1225–3p 1.00 UD UD 7.16 UD
miR-1228 1.00 UD 1.24 5.77 UD
miR-1249 1.00 UD UD 5.89 UD
miR-1280 1.00 0.63 1.19 8.00 1.74
miR-664 1.00 1.55 UD 23.75 UD
miR-664* 1.00 1.55 UD 22.62 UD
miR-19b 1.00 1.26 1.40 1.14 2.05
miR-7i 1.00 1.42 1.50 1.68 2.92
miR-484 1.00 0.84 1.38 1.67 2.04
miR-500* 1.00 1.58 1.76 1.73 3.18
miR-421 1.00 1.61 1.90 0.96 2.11
miR-671–5p 1.00 UD UD UD 5.38
miR-768–5p 1.00 0.61 0.57 UD 2.94
miR-939 1.00 0.79 0.71 UD 2.75
miR-320b 1.00 1.39 1.44 1.92 2.20
miR-1304 1.00 1.69 1.9 UD 31.12

a UD, undetermined.
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microarray (TORAY) that covers 900 miRNAs. The expression
level of several miRNAs was up- or down-regulated after the
addition of AP (supplemental Fig. S1), the miRNAs exhibiting
elevated levels of expression are listed in Table 1. For up-regu-
latedmiRNA, the induction kinetics appear to be different. This
is commonly observed for different ISGs, presumably the
induction is regulated by transcription and post-transcriptional
mechanisms. Certainly this issue requires further investigation.
Among these RIG-I-inducible miRNA, we focused onmiR-23b
because (i) it has been reported that miR-23b is regulated by
NF-�B (32) and (ii) a data base search revealed thatmiR-23bhas
several target sites on mRNA encoding VLDLR (see below). To
confirm the results obtained with the miRNA microarray, we

monitored expression of miR-23b by real-time PCR. AP treat-
ment resulted in a 1.7-fold increase in miR-23b at 6 h in
HeLaFK/RIG with similar kinetics as in the microarray assay
(Fig. 2A). The Sendai virus (SeV) and two strains of rhinovirus
(RV16 and RV1B) also induced miR-23b accumulation (Fig. 2,
B–D) with similar kinetics to the endogenous IFN-� mRNA
expression (supplemental Fig. S2,A–C). miR-23b is reported to
be derived from the polycistronic miRNA cluster that consists
of miR-23b-27b-24 in the human gene, C9orf3 (supplemental
Fig. S3A) (32). As expected, the expression of miR-24 and miR-
27bwas also induced by RV16 andRV1B infection (supplemen-
tal Fig. S3, B andC), suggesting that thesemiRNA are regulated
by a commonmechanism.On the other hand, treatment of cells

FIGURE 2. Induction of miR-23b by RIG-I signaling, SeV and RV infection, or IFN-� treatment. HeLa cells stably expressing FK/RIG were treated with AP (A).
B–E, HeLa cells were infected with SeV (B), infected with RV16 (C), RV1B (D), or treated with IFN-� (1000 units/ml) (E). The miRNA fraction was extracted at the
time points indicated and the amount of miR-23b was determined by real-time PCR.
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with IFN-� also induced miR-23b expression with a peak at
24 h, suggesting that in addition to RIG-I-mediated signaling,
IFN receptor-mediated signaling induces miR-23b expression
albeit with slow kinetics (Fig. 2E). These results suggest that,
although the expression of miR-23b is up-regulated by both
RIG-I- and IFN-mediated signaling, the former is mainly
responsible for transient induction after oligomerization of
RIG-I CARD.
Selective Effect of miR-23b on Rhinovirus 1B Replication—To

examine whether miR-23b has an antiviral effect, HeLa cells
were transiently transfected with synthetic miR-23b (Ambion),
which is a chemically modified double-stranded RNA and
mimics endogenous miR-23b, or control miRNA (NCmiRNA)
for 48 h and infected with SeV, Newcastle disease virus (NDV),
vesicular stomatitis virus (VSV), encephalomyocarditis virus
(EMCV), and two strains of rhinovirus (RV16 and RV1B) for
24 h. RV16 and RV1B are representative of major and minor
group RVs, respectively, and utilize distinct cellular receptors
for viral entry (33–35). First, to exclude the possibility that

miRNA induces production of antiviral humoral factors such
as IFNs, we examined antiviral activity in the culture super-
natant of HeLa cells transfected with either control miRNA
or miR23b. The supernatant did not affect viral RNA yields
from RV-infected HeLa cells, indicating that miR23b does
not induce production of antiviral cytokines (Fig. 3A). Next,
we tried to examine the effect of miR-23b on viral growth.
For SeV and NDV infections, nucleocapsid proteins (NPs),
which are known to interact with viral genome in infected
cells, were detected by Western blotting with specific anti-
bodies (Fig. 3, B and C). Transfection with miR-23b did not
influence the accumulation of NPs in SeV- or NDV-infected
cells, suggesting no effect on growth of these viruses. In the
case of VSV and EMCV, we determined viral titer from the
infected cells by plaque assays (Fig. 3, D and E). Transfection
with miR-23b did not influence yields of VSV or EMCV. For
RV16 and RV1B, the accumulation of viral RNA was exam-
ined by real-time PCR. The introduction of miR-23b moder-
ately reduced the amount of RV16 RNA, however, a dramatic

FIGURE 3. The effect of miR-23b transfection on viral growth. A, HeLa cells were transfected with negative control miRNA (NC miRNA) or miR-23b for 48 h,
the culture supernatant (sup) was collected, and HeLa cells were treated with supernatant for 24 h and then infected with RV for 24 h. Levels of RV genomic RNA
were determined by real-time PCR. B-G, HeLa cells transfected with NC miRNA or miR-23b for 48 h were infected with SeV (B), NDV (C), VSV (D), EMCV (E), RV16
(F), or RV1B (G) for an additional 24 h. The viral NP level was determined by Western blotting (B, SeV; C, NDV). Infectivity in the culture supernatant was
determined by plaque assay (D, VSV; E, EMCV). Levels of RV genomic RNA were determined by real-time PCR (F, RV16; G, RV1B) using specific primer sets. H,
Amido Black staining of miRNA-transfected and RV-infected cells. IFN-� mRNA levels of the RNA samples in F and G are shown in I and J, respectively.
**, p � 0.005.
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reduction of RV1B viral RNA was observed (Fig. 3, F and G).
Furthermore, RV1B titer was severely reduced by miR-23b
treatment (supplemental Fig. S4A). Consistent with this, the
cell survival rate was significantly restored by miR-23b
transfection after RV1B infection but not RV16 infection
(Fig. 3H). Again, to verify whether the effect of miR-23b on
viral RNA yield of RV1B is indirectly mediated by the
secreted IFNs, endogenous IFN-� mRNA levels in miR-23b-
transfected and RV-infected cells were determined (Fig. 3, I
and J). In cells infected with RV16 or RV1B, IFN-� mRNA
levels were closely correlated to the viral yields (compare Fig.
3, F and G to I and J, respectively), suggesting that the
decrease of RV1B RNA caused by miR-23b is unlikely due to
enhanced production of IFN-�. Taken together, these results
suggest that miR-23b has an antiviral effect specific to RV1B.
Down-regulation of miR-23b Expression Resulted in

Increased RNA Yields of RV1B—To further investigate the
mechanismof the antiviral effect ofmiR-23b onRV1B, we tran-
siently expressed anti-miR-23b in HeLa cells. This anti-miR-
23b (Ambion) is a chemically modified single-stranded RNA
and specifically bind miR-23b, inhibiting the function of miR-
23b. The transfection led to a 60%decrease of endogenousmiR-
23b production, compared with NC-miRNA transfection (Fig.
4A). Under these conditions, the RV16 RNA level was not
changed by anti-miR-23b (Fig. 4B). On the other hand, the
RV1B RNA level was significantly increased by anti-miR-23b
(Fig. 4C). Consistent with this, RV1B titer was clearly increased
by anti-miR-23b transfection (supplemental Fig. S4B). These
results further confirm that the inhibition of RV1B RNA is
mediated by miR-23b.

LRP5 and VLDLR Are Targets of miR-23b—Abioinformatic-
based (microRNA.org) search of databases revealed 1 and 6
target sites onmRNA encoding LDLR-related protein 5 (LRP5)
and VLDLR, respectively (Fig. 5, A and B). Because it has been
reported that minor group RVs, including RV1B, use LDLR
family proteins (LDLR, VLDLR, and LRPs) as cellular receptors
and major group RVs utilize ICAM-1, we speculate that miR-
23b specifically affects expression of RV1B receptors. To con-
firm this, miR-23b was introduced into HeLa cells and its effect
on expression of LRP5 andVLDLRwas determined byWestern
blotting (Fig. 5). The levels of LRP5 and VLDLR were signifi-
cantly reduced by transfection of miR-23b, suggesting that
miR-23b targets mRNA for these proteins. Furthermore,
induction of endogenousmiR-23b expression through the acti-
vation of FK/RIG by AP treatment in HeLaFK/RIG cells
resulted in decreased levels of LRP5 and VLDLR (Fig. 5C).
However, anti-miR-23b blocked this reduction. These results
strongly suggest that endogenous miR-23b participate in the
down-regulation of LRP5 and VLDLR expression via RIG-I-
mediated signaling.
Knockdown of VLDLRReduced RV1BRNAYields—To clarify

which of the miR-23b-targeted LDLR family proteins are criti-
cal for RV1B infections, we individually knocked down LRP5
and VLDLR using specific siRNA (Fig. 6A) and the RV viral
RNA yield was compared (Fig. 6, B and C). As expected, the
viral RNA of RV16, which utilizes ICAM-1 as a receptor (36),
was not affected by either siRNA treatment. However,
knockdown of VLDLR dramatically reduced RV1B RNA
yields. Knockdown of LRP5 enhanced RV1B RNA yields,
however, this effect was not observed in cells with the double

FIGURE 4. Anti-miR-23b enhanced RNA yields of RV1B. HeLa cells were transfected with NC miRNA or anti-miR-23b for 48 h and infected with RV for 24 h. A,
the expression of miR-23b after anti-miR-23b transfection was determined by real-time PCR. B and C, the yield of genomic RNA of RV16 (B) and RV1B (C) was
determined by real-time PCR. *, p � 0.05.
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knockdown of VLDLR and LRP5. The protein level of
VLDLR is slightly increased in cells transfected with LRP5
siRNA by an unknown mechanism (Fig. 6A). The higher
RV1B replication in cells transfected with LRP5 siRNA (Fig.
6C) could be explained by the increased expression of its
receptor, VLDLR. These results suggest that VLDLR but not
LRP5 is critical for viral growth of RV1B.
miR-23bDidNotInfluenceIntracellularReplicationofRV1B—The

above results suggest that miR-23b blocks entry of RV1B by
inhibiting expression of the receptor VLDLR. Because there are

several reports that viral genomic RNA is directly targeted by
host miRNA (37, 38), we investigated whether RV1B replica-
tion initiated by transfection of infectious viral genomic RNA is
affected by miR-23b. HeLa cells were co-transfected with viral
RNA andmiRNA (Fig. 7), and the cells were harvested to exam-
ine the level of miR-23b and viral RNA at 3 and 9 h post-infec-
tion. High levels of miR-23b were detected in miR-23b-trans-
fected but notNCmiRNA-transfected cells, suggesting that the
miR-23bwas efficiently incorporated, and remained in the cells
at 9 h after transfection (Fig. 7A). In the cells transfected with

FIGURE 5. miR-23b targets LRP5 and VLDLR. A and B, the results of the search for target sequences of miR-23b (miRBase Target Data base). Candidate
sequences in LRP5 (A) and VLDLR (B) mRNA are shown. HeLa cells were transfected with NC miRNA, miR-23b, or anti-miR-23b for 48 h and LRP5 (A) and VLDLR
(B) were detected by Western blotting. C, HeLa FK/RIG cells were transfected with either NC miRNA or anti-miR-23b for 24 h and AP20187 was treated for 48 h.
LRP5 and VLDLR were detected by Western blotting.
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RV16 or RV1B genomic RNAs, although increasing amounts of
viral RNAs were detected, no inhibitory effect of miR-23b was
observed (Fig. 7, B and C). These results suggest that miR-23b

inhibits infection of RV1B by down-regulating the expression
of its major receptor, VLDLR, rather than impairment of the
viral replication.

FIGURE 6. Knockdown of VLDLR blocks accumulation of viral RNA in RV1B-infected cells. HeLa cells were transfected with control siRNA or siRNA targeting
VLDLR or LRP5 as indicated. A–C, at 48 h after the transfection, cells were mock infected or infected with RV16 or RV1B for an additional 24 h. VLDLR and LRP5
were detected by Western blotting in mock-infected cells (A). RNA levels of RV16 (B) or RV1B (C) were determined by real-time PCR.

FIGURE 7. miR-23b did not influence intracellular replication of RV1B. A–C, HeLa cells were co-transfected with RV genomic RNA and NC miRNA or miR-23b
for 3 and 9 h. Levels of miR-23b (A), RV16 RNA (B), and RV1B RNA (C) were determined by real-time PCR.
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DISCUSSION

It has been well established that IFN treatment activates a
Janus kinase-signal transducer activator of transcription
(STAT) pathway resulting in activation of a variety of ISGs (39–
41). Some ISGs encode proteins, collectively known as antiviral
proteins, which directly inhibit viral replication. In this report,
we demonstrated an alternative mechanism of inducing an
antiviral state, that is, reducing the level of a protein essential
for viral infection via activating a gene encoding miRNA. Thus
innate immune responses restrict viral replication either by
adding antiviral proteins or by removing proteins necessary for
viral infection.
In addition to the regulation of host genes,miRNAs targeting

viral RNA genomes have been reported. Pedersen and col-
leagues (38) reported that treatment of hepatic cells with IFN-�
resulted in the production of at least eight miRNAs (miR-1,
miR-30, miR-128, miR-196, miR-296, miR-351, miR-431, and
miR-448) that perfectly complement hepatitis C virus mRNAs.
These findings suggest that the mammalian immune system
utilizes miRNA to combat viral infections via multiple
mechanisms.
We examined 900 miRNAs using a microarray and found

that 37 and 28 miRNAs were up- and down-regulated, respec-
tively (Table 1). The results show a marked regulation of
miRNA expression upon viral infection (3–4%). In this report,
we focused on miR-23b, because its possible target genes
encode cell-surface proteins that are known to be viral recep-
tors. Overexpression of miR-23b and anti-miR-23b resulted in
repressed and enhanced production of RV1B, respectively.
AlthoughmiR-23b targets both LRP5 andVLDLR, our analyses
revealed the down-regulation of VLDLR to be responsible for
the inhibition of RV1B.
Among the minor group rhinovirus there are 12 types of RV

(RV1A, RV1B, RV2, RV44, RV47, RV49, RV23, RV25, RV29,
RV30, RV31, and RV62). Considering that these minor group
RVs commonly utilize VLDLR for their entry, miR-23b should
exhibit an antiviral effect on these 12 types RVs. Importantly,
the minor group RVs are shown to cause disease more often
than themajor group RV (42), suggesting that down-regulation
of VLDLR by miR-23b is of significance for host defense to the
minor group of RVs. Because the binding of viruses to the host
cell is the initial step for viral entry, transient down-regulation
of cell surface molecules could be an effective strategy to avoid
viral transmission.
Artificial activation of RIG-I or infection by SeV and RV

resulted in the accumulation of miR-23b with a peak at 6 and
9 h, respectively (Fig. 2). IFN-� treatment also induced the
accumulation ofmiR-23b albeit with slower kinetics and a peak
around 24 h. These results suggest that the expression of miR-
23b is regulated by similar mechanisms to that of some ISGs,
which are stimulated by both IRF-3/IRF-7 and IFN-stimulated
gene factor 3 (ISGF3), the trimeric complex of STAT1, STAT2,
and IRF-9. As reported previously, NF-�B may participate in
the production of miR-23b inducted by viral infection or RIG-I
stimulation (32). Because type I IFN is produced and secreted in
the initial stages of viral infection, IFN induces the accumula-

tion of miR-23b in uninfected cells, thereby protecting them
from initial infection.
In summary, our study presents evidence that RIG-I-medi-

ated signaling up-regulates the expression of 37 miRNAs, one
of which, miR-23b, strongly inhibits minor group rhinoviruses
through down-regulation of VLDLR, which functions as a
receptor for entry into the cell. This finding provides a novel
perspective for RIG-I-mediated antiviral effects.
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