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The microRNA miR-485 targets host and influenza
virus transcripts to regulate antiviral immunity and
restrict viral replication
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MicroRNAs (miRNAs) are small noncoding RNAs that are responsible for dynamic changes in gene ex-
pression, and some regulate innate antiviral responses. Retinoic acid–inducible gene I (RIG-I) is a cyto-
solic sensorof viral RNA;RIG-I activation inducesanantiviral immune response.We found thatmiR-485 of
thehostwasproduced in response to viral infectionand targetedRIG-ImRNAfor degradation,which led to
suppression of the antiviral response and enhanced viral replication. Thus, inhibition of the expression of
mir-485 markedly reduced the replication of Newcastle disease virus (NDV) and the H5N1 strain of influ-
enza virus inmammalian cells. Unexpectedly, miR-485 also bound to the H5N1 gene PB1 (which encodes
an RNA polymerase required for viral replication) in a sequence-specific manner, thereby inhibiting replica-
tion of the H5N1 virus. Furthermore, miR-485 exhibited bispecificity, targetingRIG-I in cells with a low abun-
dance of H5N1 virus and targeting PB1 in cells with increased amounts of the H5N1 virus. These findings
highlight the dual role of miR-485 in preventing spurious activation of antiviral signaling and restricting
influenza virus infection.

INTRODUCTION

The mammalian innate immune system consists of an array of pattern rec-

ognition receptors (PRRs) that sense conserved signature microbial mol-

ecules known as pathogen-associated molecular patterns (PAMPs) (1).

Retinoic acid–inducible gene I (RIG-I)–like receptors (RLRs) sense viral

RNA in the cytosol. The RLRs RIG-I (which is encoded by DDX58, here-

after referred to as RIG-I) and melanoma differentiation–associated gene

5 (MDA5) are recruited to IPS-1 [interferon-b (IFN-b) promoter stimulator

1; also known as Cardif, MAVS, or VISA], which is localized to the outer

mitochondrial membrane, to initiate a signaling cascade through the acti-

vation of the transcription factors IFN regulatory factor 3 (IRF3), IRF7,

and nuclear factor kB (NF-kB). This cascade leads to the induction of an

array of genes whose products exert pleiotropic effects on viral replication

(2–5). This complex mechanism of antiviral signaling is balanced by reg-

ulating the activation of RIG-I or the key intermediates of the pathway.

Posttranslational mechanisms, such as ubiquitylation or phosphorylation,

which provide the activation signal for RIG-I, have been well characterized;

these mechanisms are targeted by viruses to delay or evade the immune

response (6–8). There is an increasing amount of evidence that microRNAs

(miRNAs) play a role in fine-tuning the antiviral immune response by

targeting signaling components of the RLR pathway (9–11); however,

the posttranscriptional regulation of RLR sensors, especially RIG-I, re-

mains elusive.

miRNAs are small noncoding RNAs that contribute to the regulation of

key cellular processes by binding to the 3′ untranslated regions (3′UTRs) of

their target genes, which inhibits their transcription and protein synthesis

(12–14). miRNA profiling studies have identified miRNAs whose expres-

sion is induced after cells are infected byRNAviruses and that modulate the

antiviral response by targeting immune signaling pathways (15–17). Addi-

tionally, miRNAs targeting the genomes of RNA viruses have also been

identified (18, 19). Nevertheless, to our knowledge, there are no reports

of the same miRNA targeting both the RLR sensor and the viral genome.

Such a dual role for host miRNAs in regulating host antiviral proteins to

maintain homeostasis (that is, preventing unwanted activation of the

antiviral response) and in targeting viral RNAs to inhibit viral replication

could lead to the identification of unique miRNA–host mRNA and miRNA–

viral RNA relationships.

Here, we identified and characterized miR-485 as an miRNAwhose ex-

pression was induced by infection with RNA viruses, including Newcastle

disease virus (NDV) and the influenza virus, or by transfection of cells,

including human peripheral blood mononuclear cells (PBMCs), with

polyinosinic-polycytidylic acid [poly(I:C)], a synthetic mimetic of viral

double-stranded RNA (dsRNA). miR-485 directly targeted the 3′UTR of

the gene encoding RIG-I. Ectopic expression of miR-485 in human and

mouse cells impaired the RIG-I–dependent antiviral response, resulting in

an increased viral load. We found that miR-485 formed a stable complex

with the human Argonaute 2 (Ago2) protein and was recruited to the RIG-I

transcript upon viral infection.

The influenza A virus (IAV) contains a segmented genome that is

sensed by endosome-localized Toll-like receptor 3 (TLR3), TLR7, and

TLR8, as well as by the cytosolic sensor RIG-I, to induce appropriate

innate immune responses (20–22). The IAV genome encodes the struc-

tural proteins hemagglutinin (HA) and neuraminidase (NA). The ge-

nome can undergo genetic reassortment, giving rise to new subtypes

and enabling the virus to infect a wide range of hosts. In contrast,

the viral ribonucleoprotein (RNP), which consists of the polymerase

proteins PB1, PB2, and PA, is more conserved across different strains

(23). Additionally, we showed that miR-485 also bound to a conserved

region in the PB1 gene of IAV, thereby suppressing viral replication.
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Both of these mechanisms were dependent on the magnitude of infection.

At low doses of IAV, miR-485 targeted the RIG-I transcript; however,

when an increased amount of IAV was present, miR-485 switched to tar-

geting PB1, and the cells became resistant to IAV infection. We propose a

model for the bispecificity of miR-485 toward both RIG-I and PB1 and

provide a basic understanding of the involvement of host miRNA in the

maintenance of homeostasis and the restriction of IAV infections.

RESULTS

mir-485 expression is induced by viral infection and
intracellular delivery of poly(I:C)
To identify the miRNAs involved in regulating antiviral signaling pathways,

we performed microarray-based miRNA profiling in human embryonic kid-

ney (HEK) 293T cells infected with live NDV (LaSota strain) at a

multiplicity of infection (MOI) of 1 for 6 hours. We selected miRNAs that

were increased in abundance more than 1.1-fold (table S1). This low thresh-

old was chosen because minor changes in miRNA abundance can result in

substantial phenotypic variations (14). Using the KEGG (Kyoto Encyclope-

dia of Genes and Genomes) pathway analysis database, we identified three

major antiviral pathways that were targeted by the miRNAs that were

increased in abundance (Fig. 1A). Next, we designed a screening pipeline

and applied this to the selected miRNAs (Fig. 1B). Those miRNAs that

were decreased in abundance in response to NDV infection were also

subjected to the screening pipeline to further eliminate any false negatives.

Four miRNAs (miR-146a, miR-205, miR-485, and miR-125a) were pre-

dicted to have the highest scores for targeting RIG-I, but not the other

RNA sensors, such as MDA5, TLR3, TLR7, TLR8, or TLR9, on the basis

of the scoring parameters of the in silico tools (Fig. 1C).

For standardization of viral infection, human small airway epithelial

cells (SAECs) (fig. S1, A to C), A549 cells (fig. S1, D to F), HEK

293T cells (fig. S1, G to K), and human PBMCs (fig. S1L) were infected

with H5N1 or NDV. Similarly, both HEK 293T cells (fig. S2, A and B)

and MCF7 cells (fig. S2, C and D) were transfected with poly(I:C). We

further analyzed the expression of the four selected miRNAs in different

cell lines and primary cells (such as human PBMCs) after infection with

NDVor H5N1 or transfection with poly(I:C). NDV induced the expression

of mir-485, but not mir-125a, mir-205, or mir-146a in HEK 293T cells

and PBMCs (Fig. 1, D and E). Similar results were observed in SAECs

and A549 cells infected with H5N1 (Fig. 1, F and G). THP1, MCF7, HEK

293T, and HeLa cells transfected with poly(I:C) also exhibited a specific

increase in the expression of mir-485 (Fig. 1, H to K).

RIG-I–mediated signaling induces the production of type I IFNs,

proinflammatory cytokines, and a wide range of secondary antiviral effec-

tors. Therefore, we tested whether the induction of miR-485 expression

was dependent on the type I IFNs that were secreted in response to viral

infection. However, when HEK 293T cells were treated with IFN-b, the

abundance of miR-485 was unchanged (Fig. 1L, left), whereas the IFN-

inducible gene RIG-I showed increased expression (Fig. 1L, right). One of

the key aspects of the miRNA-mediated regulation of target genes de-

pends on the relative proportion of the host cell miRNA pool that a given

miRNA represents. To investigate the change in the abundance of miR-

485, we infected HEK 293T cells with NDV and calculated the miR-485

copy number. We found that there was a steady increase in miR-485 abun-

dance, copy number, and relative proportion of the host cell miRNA pool

upon NDV infection (fig. S3, A to C).

To gain insights into the increased expression of miR-485, we scanned

the upstream region of the mir-485 gene for putative transcription factor–

binding sites with the TRANSFAC, F-Match, and Alibaba 2.0 programs.

These programs predicted an upstream region of 1.8 kb that contained

binding motifs for a number of mammalian transcription factors; hence,

this region was cloned into the pGL3 basic luciferase reporter vector (Fig.

1M). We found that there was a dose-dependent increase in miR-485

promoter activity in HEK 293T cells in response to NDV infection

(Fig. 1N). However, both IFN-b and tumor necrosis factor–a (TNF-a)

failed to induce miR-485 promoter activity, although both cytokines in-

duced the IFN-stimulated response element (ISRE) and NF-kB promoters

(Fig. 1, N and O). These results suggest that miR-485 expression is spe-

cifically induced in response to viral infection in a manner that is not di-

rectly dependent on type I IFNs or proinflammatory cytokines.

miR-485 directly targets the 3′UTR of RIG-I
The basal amount of the RIG-I protein senses viral nucleic acids in the

cytosol and induces the production of type I IFNs. In turn, these IFNs

increase the expression of a group of genes termed the IFN-stimulatory

genes (ISGs), including the gene encoding RIG-I. Thus, the expression

of RIG-I increases by a positive feedback system that can be inhibited

by miR-485. Through bioinformatics tools such as TargetScan and

miRanda, we identified two target sites of miR-485 in the 3′UTR of

RIG-I (at positions 213 and 1784) (Fig. 2A), and these target sites are

conserved in various organisms (fig. S4A). Furthermore, we scanned

the 3′UTR of RIG-I for RNA binding protein sites with the iCLIP

database and found a binding site for the Ago2 protein, which is the

key component of the miRNA-mediated gene silencing complex (fig.

S4B). The full-length 3′UTR of RIG-I was subcloned upstream of the lu-

ciferase reporter gene in the pMIR-Report vector. Binding of miR-485 to

the RIG-I 3′UTR would thus reduce the expression of the luciferase gene.

To overexpress miR-485, the sequence encoding miR-485 was subcloned

into the plasmid pMIR-Report after removal of the luciferase construct,

and is hereafter referred to as p485. Through luciferase reporter assays,

we found a statistically significant, dose-dependent suppression of lucifer-

ase activity by p485 (Fig. 2B, left). Similar results were obtained with the

miR-485 mimic (Fig. 2B, right); however, a mimic of an unrelated miRNA,

miR-1, which is expressed in muscles, did not cause any reduction in

luciferase activity. In contrast, introducing a mutation that disrupted the

miR-485 seed sequence completely abrogated its ability to inhibit lucif-

erase activity (Fig. 2C). Furthermore, the ectopic expression of miR-485

followed by infection with H5N1 or NDV markedly reduced the abun-

dance of RIG-I mRNA in HEK 293T and HeLa cells (Fig. 2, D and E).

Moreover, the amount of RIG-I mRNA was not reduced when cells ex-

pressing anti–miR-485 were infected with NDV (fig. S4C); however, anti–

miR-125a, anti–miR-205, and anti–miR-146a had no substantial effect on

the expression of RIG-I in NDV-infected HEK 293T cells (fig. S4D). Sim-

ilar results were obtained from experiments in which HEK 293T and

MCF7 cells were transfected with poly(I:C) in the presence of miR-485

(fig. S4E).

Next, we tested the role of miR-485 on primary human and mouse

cells. We found that the abundance of RIG-I mRNA was markedly re-

duced in human PBMCs and granulocyte macrophage colony-stimulating

factor (GM-CSF)–treated mouse bone marrow–derived dendritic cells

(BMDCs) that were transfected with the miR-485 mimic and then were

infected with NDV (Fig. 2F). Similar reductions in RIG-I mRNA abun-

dance were observed in human PBMCs, mouse BMDCs, and human

SAECs that were infected with H5N1 virus after having been transfected

with the miR-485 mimic (Fig. 2G and fig. S4F). This reduction in RIG-I

mRNA abundance was abrogated in the presence of anti–miR-485 in hu-

man PBMCs infected with H5N1 virus (fig. S4G). In addition, miR-485

modestly reduced the abundance of MDA5 mRNA in HEK 293T cells that

were infected with H5N1 or NDV viruses or transfected with poly(I:C)
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(fig. S5). Furthermore, we generated HEK 293T cells that stably ex-

pressed miR-485, hereafter referred to as H485 cells, and tested their ex-

pression of mir-485 (Fig. 2H, left). H485 cells exhibited reductions in the

abundances of both RIG-I mRNA and RIG-I protein in response to trans-

fection with poly(I:C) compared to those in similarly treated HEK 293T

cells (Fig. 2H, right and top). Moreover, the miR-485 mimic reduced the

abundance of RIG-ImRNA in HEK 293T cells subsequently infected with

NDV, whereas anti–miR-485 had the opposite effect (Fig. 2I).

Finally, to determine whether miR-485 regulated RIG-I transcription-

ally or posttranscriptionally, we performed an RNA immunoprecipitation

Fig. 1. Viral infection and

transfection with poly(I:C) en-

hances the expression of

miR-485. (A) KEGG pathway

enrichment analysis of the

miRNAs that were increased

>1.1-fold in abundance in

HEK 293T cells upon NDV in-

fection. (B) Screeningpipeline

used for identifyingmiRNAtar-

get genes based on the indi-

cated algorithms. (C) List of

the candidate miRNAs with

their abundance selected af-

ter screening with the indi-

cated algorithms. (D to K)

Quantification [as determined

by quantitative reverse tran-

scriptionpolymerasechain re-

action (qRT-PCR) analysis] of

the fold changes in the abun-

dances of miR-125a, miR-

146a, miR-205, and miR-485

at the indicated times after

NDV infection of HEK 293T

cells (D) and human PBMCs

(E); H5N1 infection (at an

MOI of 1.0) of human SAECs

(G) and A549 cells (H); and

transfection of THP1 cells

(H), MCF7 cells (I), HEK

293T cells (J), and HeLa cells

(K) with poly(I:C) (10 mg/ml).

The horizontal line represents

basal abundance. (L) Quanti-

fication of the abundances of

miR-485 (left) and RIG-I

mRNA (right) in HEK 293T

cells pretreated with recombi-

nant human IFN-b (rhuIFN-b;

500 U/ml) for the indicated

times. (M) Scheme for the in

silico identification of the mir-

485 promoter. (N and O)

HEK 293T cells were trans-

fected with the miR-485-

promoter construct and then

were stimulated with rhuIFN-b

or TNF-a for 12 hours or were

infectedwithNDVat anMOIof

1 or 10 for 6 hours. Cells were

then lysedandsubjected to luciferaseactivity assays.Ctrl, untreated.Dataaremeans±SEMof

triplicate samples froma single experiment and are representative of two (D toG), three (N and

O), or five (H to L) independent experiments.
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experiment and quantified the RIG-I transcripts associated with Ago2, a

major protein involved in the RNA-induced silencing complex (RISC). To

this end, Flag-tagged Ago2 (Flag-Ago2) was overexpressed in HEK 293T

cells, which were then infected with NDV at an MOI of 1 for 12 hours.

The amount of RIG-I transcripts that coimmunoprecipitated with endoge-

nous miR-485 were then quantified. We found that the abundance of RIG-I

mRNAwas greater in cells overexpressing Flag-Ago2 than in control cells,

which suggests that Ago2 facilitates the binding of miR-485 directly to

RIG-I (Fig. 2J, left, and fig. S4H). Similar results were obtained by co-

transfecting HEK 293T cells with the miR-485 mimic and plasmid encod-

ing Flag-Ago2 and then infecting the cells with NDV at an MOI of 1 for

12 hours (Fig. 2J, right). To understand the mechanism by which miR-485

mediated the suppression of RIG-I expression, we transfected HEK 293T

cells with the miR-485 mimic or the miR-1 mimic, infected the cells with

Fig. 2. miR-485 directly targets the con-

served 3′UTR of RIG-I. (A) Seed comple-

mentarity of miR-485 with the target site in

the 3′UTR of RIG-I. ORF, open reading

frame. (B)HEK293Tcellswere transfected

at the indicated timeswith50ngof pRL-TK,

100 ng of full-length wild-type (WT) 3′UTR,

together with 250 or 500 ng of the plasmid

encodingmiR-485 (p485; left) or with 25 nM

miR-485 mimic (m-485; right) as well as

with the appropriate controls. The cells

were then lysed and subjected to lucifer-

ase assays as described earlier. (C) Left:

Depiction of the mutations made in the

seed sequence of miR-485 to generate

mut-p485. Right: HEK 293T cells were

transfectedwith the indicatedcombinations

of WT RIG-I UTR, p485, and mut-p485.

Twenty-four hours later, the cellswere lysed

andsubjected to luciferase assays. (D toG)

Quantification of the relative abundance of

RIG-I mRNA in HEK 293T cells (D and E,

left), HeLa cells (E, right), human PBMCs

(F), and mouse BMDCs (F) that were trans-

fectedwith2mgofp485 (DandE)or 100nM

miR-485 mimic (F and G) before being

infected for the indicated times with H5N1

virus (D andG) or NDV (E and F) at anMOI

of 1. (H) Left: Quantification of the relative

abundance of miR-485 in parental HEK

293T cells and in HEK 293T cells stably

expressing miR-485 (H485 cells). HEK

293T (H293T) and H485 cells were trans-

fectedwith poly(I:C) (5 mg/ml) before being

subjected to Western blotting analysis of

the relative abundance of RIG-I protein (top)

and qRT-PCR analysis of the abundance

ofRIG-I (right). (I)Quantificationof theabun-

danceofRIG-ImRNA inHEK293Tcells that

were transfected with the miR-485 mimic or

with anti–miR-485 (am-485) before being

infected for the indicated times with NDV

at an MOI of 1. (J) HEK 293T cells were left

untransfected or were transfected with

the plasmid encoding Flag-Ago2 in the

absence (left) or presence (right) of the

miR-485 or the miR-1 (m-1) mimic before

being subjected to NDV infection at an MOI of 1 for 24 hours. Cell lysates were then subjected to RNA immunoprecipitation with an anti-Flag antibody,

and then the relative abundances of RIG-I mRNA in the immunoprecipitates were determined by qRT-PCR analysis. (K) Quantification of the relative

amounts of RIG-I mRNA in HEK 293T cells that were infected for 24 hours with NDV at an MOI of 1 and then were left untreated or were treated with

actinomycin D (10 mg/ml) for the indicated times. Data are means ± SEM of triplicate samples from a single experiment and are representative of three (B to I

and K) or two (J) independent experiments. ***P < 0.001 and **P < 0.01 by one-way analysis of variance (ANOVA). ns, not significant.
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NDV for 24 hours, and then treated the cells with actinomycin D, an in-

hibitor of transcription. We observed that the turnover of RIG-I mRNA

was enhanced in the presence of miR-485, which suggests that miR-

485 suppressed RIG-I expression by degrading its mRNA (Fig. 2K).

Together, these results suggest that miR-485 suppressed the expression

of RIG-I after viral infection by directly binding to its 3′UTR and that

suppression was mediated through posttranscriptional silencing by degra-

dation of RIG-I mRNA through the formation of the RISC.

miR-485 suppresses the
RIG-I–dependent expression of
type I and type III IFNs
To further verify the effect of miR-485 on

signaling downstream of RIG-I, we

examined the expression of genes encod-

ing the type I and type III IFNs in the pres-

ence of miR-485. The overexpression of

miR-485 inhibited the NDV-induced tran-

scriptional activity of the IFNa4, IFNb,

ISRE, and IL29 promoters (Fig. 3A and

fig. S6A). Through a similar experimental

approach, we found that infection with

H5N1 and NDV reduced the amounts of

the IFNa, IFNb, IP10, and IL29 mRNAs

in the presence of miR-485 in HEK

293T cells, human SAECs, human

PBMCs, mouse BMDCs, and HeLa cells

(Fig. 3, B to F, and fig. S6, B to D). Fur-

thermore, H485 cells exhibited a marked

reduction in IFNb and IP10 mRNA abun-

dances after transfection with poly(I:C)

(fig. S6E). In addition, miR-485 inhibited

the secretion of IP-10 protein by HEK

293T cells infected with increasing

amounts of NDV (Fig. 3G). Similar results

were obtained in the presence of the miR-

485 mimic, whereas anti–miR-485

enhanced the expression of IFNb, IP10,

and IL29 in HEK 293T cells (Fig. 3H);

however, anti–miR-125a, anti–miR-146a,

and anti–miR-205 had no effect on IFNb

mRNA abundance in HEK 293T cells after

NDV infection (fig. S6F). Together, these

results suggest the miR-485 causes a

marked decrease in the RIG-I–dependent

expression of the genes encoding type I

and type III IFNs.

miR-485 dampens the
RIG-I–dependent
inflammatory response
After viral infection, RLR signaling acti-

vates the transcription factor NF-kB, which

in turn stimulates the production of inflam-

matory cytokines. To further study the reg-

ulation of the inflammatory response by

miR-485, we overexpressed miR-485 in

HEK 293T cells and quantified the tran-

scriptional activity of the NF-kB response

element. We found that miR-485 substan-

tially reduced the NDV-induced activity of the NF-kB response element

(Fig. 4A). We also observed a marked reduction in IL6 mRNA abundance

in miR-485–overexpressing human SAECs and HEK 293T cells that were

infected with the H5N1 virus (Fig. 4, B and C). In addition, the NDV-

induced expression of IL6 was substantially reduced in HEK 293T or

HeLa cells overexpressing miR-485 (Fig. 4D). Furthermore, the amount of

IL-6 protein that was secreted by HEK 293T cells in response to infection

with different amounts of NDV was reduced in the presence of miR-485

Fig. 3. miR-485 inhibits the virus-inducedexpressionof type I and type III IFNs. (A)HEK293Tcells transfected

with or withoutmiR-485 andwith the indicated luciferase reporters for ISRE, IFN-b, and IL-29were infected for

24 hours with NDV at an MOI of 1 before being analyzed by luciferase assays as described earlier. (B to H)

Quantification of the abundances of IFNb (B, C, E, F, and H), IP10 (C, H, E, and F), IFNa (D), and IL29 (C, D,

and H) mRNAs in human SAECs (B), HEK 293T cells (C, G, and H), human PBMCs (D), mouse BMDCs (E),

andHeLa cells (F) that were transfectedwith p485 (C andF), themiR-485mimic (B, D, E, andH), or anti–miR-

485 (H) and thenwere infected for the indicated timeswithH5N1 (BandC) orNDV (D to F andH) at anMOI of

1. (G)HEK293Tcellswere left untransfectedorwere transfectedwith p485before being infectedwithNDVat

anMOI of 0.1 or 1. Twenty-four hours after infection, the amounts of IP-10 protein secreted into the cell culture

medium were determined by enzyme-linked immunosorbent assay (ELISA). Data in all panels are means ±

SEMof triplicate samples fromasingle experiment and are representative of three independent experiments.

***P < 0.001 and **P < 0.01 by one-way ANOVA.
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(Fig. 4E). Similar results were observed in experiments in which human

PBMCs and mouse BMDCs were transfected with the miR-485 mimic

and then infected with NDV (Fig. 4, F and G). Furthermore, miR-485

suppressed the expression of IL6 in NDV-infected HEK 293T cells,

whereas anti–miR-485 modestly enhanced the expression of IL6 under simi-

lar conditions (Fig. 4H). Together, these results suggest that miR-485 sup-

presses the inflammatory response downstream of RIG-I.

miR-485 overexpression enhances NDV replication and
differentially regulates H5N1 replication
To investigate the physiological role of miR-485 in RNAvirus replication,

we tested whether the suppression of the antiviral response increased viral

replication. To this end, we infected HEK 293T cells with NDVat an MOI

of 1 in the presence of p485 and then quantified viral load. Viral RNA

quantified by measuring the expression of the gene encoding polymerase

L of NDV (hereafter referred as NDV RNA) was substantially increased in

abundance in infected cells in the presence of miR-485 (Fig. 5A). Simi-

larly, the miR-485 mimic increased the amount of viral RNA in infected

cells, whereas anti–miR-485 markedly decreased the amount of viral RNA

compared to that in untransfected control

cells or in cells transfected with the control

m-1 miRNA (Fig. 5B). However, anti–

miR-125a, anti–miR-205, and anti–miR-

146a did not cause a substantial change

in viral RNA abundance in infected cells

(fig. S7A). In addition, we observed an in-

crease in the intracellular virus load in cells

transfected with the miR-485 mimic com-

pared to that in cells transfected with the

control m-1 miRNA (Fig. 5, C and D).

However, the abundance of RIG-I protein

was decreased in cells expressing miR-485

(Fig. 5E and fig. S7B). Similar results

were obtained from experiments in which

human PBMCs and mouse BMDCs were

infected with NDV in the presence of the

miR-485 mimic (Fig. 5, F and G).

We unexpectedly observed a marked

decrease in the viral load, as determined

by quantification of the abundance of

H5N1 nucleoprotein (NP) RNA in miR-

485–overexpressing human PBMCs that

were infected with H5N1 at a higher

MOI of 5.0 (Fig. 5H). Ectopic expression

of miR-485 in A549 cells resulted in a sim-

ilar reduction in the replication of the

H5N1 virus at a higher MOI of 5.0

(Fig. 5I). In addition, the expression of

anti–miR-485 resulted in enhanced

H5N1 replication in human PBMCs

(fig. S7C). To further investigate this phe-

nomenon, we overexpressed p485 in

HEK 293T cells and then infected the cells

with H5N1 virus at an MOI of 1 or 5 for

12 or 24 hours and then quantified the vi-

ral load. When the cells were infected with

virus at a lower MOI, the viral load was

markedly increased 12 hours after infec-

tion (Fig. 5J, left); however, the viral load

was substantially reduced at 24 hours after

infection in the presence of miR-485 (Fig. 5J, right). Cells infected with

virus at an MOI of 5 showed a marked reduction in viral load at 12 and

24 hours after infection in the presence of miR-485 (Fig. 5K). In addition, a

similar phenomenon was observed in experiments in which the live intra-

cellular viral population was estimated by flow cytometric analysis with an

anti-NP antibody (Fig. 5L). Together, these results suggest that the differen-

tial regulation of NDV and H5N1 by miR-485 is dependent on viral load.

miR-485 bispecifically targets the PB1 gene of H5N1 and
host gene RIG-I
Our previous observation prompted us to investigate the molecular mech-

anism behind the differential regulation of H5N1 infection by miR-485.

We examined whether the single-stranded RNA genome of H5N1 con-

tained any target sites for miR-485. Using the RegRNA and ViTa data-

bases, we scanned for miR-485 target sites in all eight segments of the

H5N1 genome. One predominant target site was found to be present in

the segment encoding for the RNA-directed RNA polymerase catalytic

subunit PB1. The secondary structure of this interaction predicted by

the RNA Hybrid software was stable and showed a high mean free energy

Fig. 4. miR-485 inhibits virus-induced inflammatory responses. (A) HEK 293T cells transfected with the NF-kB

reporter with or without miR-485 were then infected with NDV at an MOI of 1. Thirty hours later, the cells

were lysed and subjected to luciferase assays. (B to D) Quantification of the relative abundances of IL6

mRNA in human SAECs (B), HEK 293T cells (C and D), and HeLa cells (D) transfected with the miR-485

mimic (B) or p485 (C and D) and then infected for the indicated times with H5N1 virus (B and C) or NDV

(D) at an MOI of 1. (E) HEK 293T cells were left untransfected or were transfected with p485 before being

infected for the indicated times with NDV at an MOI of 0.1 or 1. The amounts of IL-6 secreted into the cell

culture medium were then determined by ELISA. (F to H) Quantification of the relative abundances of IL6

mRNA in human PBMCs (F), mouse BMDCs (G), and HEK 293T cells (H) that were left untransfected or

were transfected with the miR-485 mimic or anti–miR-485, as indicated, before being infected for the in-

dicated times with NDV at an MOI of 1. Data are means ± SEM of triplicate samples from a single exper-

iment and are representative of three (A to E and H) or two (F and G) independent experiments. ***P <

0.001 and **P < 0.01 by one-way ANOVA.
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(−24 kcal mol−1) (Fig. 6A). Note that the target site of miR-485 in H5N1

is conserved across various HA subtypes isolated from geographically dis-

tinct regions at different time periods (Fig. 6B). To test whether miR-485

targeted PB1, we subcloned H5N1 PB1 into a luciferase reporter plasmid.

Through luciferase reporter assays, we found that the luciferase activity in

cells expressing the PB1 reporter was decreased in the presence of miR-

485, whereas a reporter based on a mutant PB1 lacking the miR-485 target

site did not exhibit inhibition of luciferase activity (Fig. 6C).

To further elucidate the mechanism underlying the differential regula-

tion of RNAviruses by miR-485, we infected HEK 293T cells with H5N1

virus at an MOI of 1 or 5 and then used RNA immunoprecipitation to

analyze the amounts of PB1 or RIG-I transcripts that were bound to

miR-485 (Fig. 6D). The amount of PB1 mRNA bound to endogenous

miR-485 was substantially increased in cells infected at a higher MOI

(Fig. 6E, left). Similarly, we found that there was an increase in the amount

of PB1 mRNA in infected cells expressing the miR-485 mimic (Fig. 6E,

right). Our earlier data suggested that miR-485 bound directly to the 3′UTR

of the RIG-I transcript. Therefore, we investigated the bispecificity of

miR-485 toward both RIG-I and H5N1 PB1. We found that endogenous

miR-485 targeted RIG-I mRNAs in HEK 293T cells infected at a lower

Fig. 5. miR-485 overexpression en-

hances NDV replication and differentially

regulates H5N1 replication. (A and B)

HEK 293T cells transfected with p485

(A) or with the miR-485 mimic, anti–miR-

485, or m-1 miRNA (B) were infected for

the indicated timeswithNDVat anMOIof

1 before being subjected to qRT-PCR

analysis to determine the relative

amounts of NDV RNA. (C) HEK 293T

cells transfected with the miR-1 or miR-

485 mimics were then infected for 24

hours with NDV at anMOI of 1 before be-

ing subjected to confocal microscopic

analysis of NDV particles with anti-NDV antiserum (a-

NDV, green). Nuclei were visualized with 4′,6-diamidino-

2-phenylindole (DAPI; blue). Images are representative

of three independent experiments. (D and E) HEK 293T

cells were left untransfected or were transfected with

m-1 miRNA or the miR-485 mimic and then were infected

with NDV at an MOI of 1 for 24 hours before being sub-

jected toWesternblottinganalysiswith antibodiesspecific

for NDV (D) or RIG-I (E). GAPDH (glyceraldehyde-3-

phosphate dehydrogenase) was used as a loading con-

trol.Western blots are representative of three independent

experiments. (F to I) Quantification of the abundances of

NDV RNA (F and G) andNP RNA (H) in human PBMCs (F

and H), mouse BMDCs (G), and A549 cells (I) that were

left untransfected or were transfected with the miR-485

mimic (F to H) or with p485 (I) before being infected with

NDV (FandG)orH5N1 (Hand I). (JandK) HEK293Tcells

transfected with p485 or empty vector were infected for

the indicated times with H5N1 virus at an MOI of 1 (I) or

5 (J) before being subjected to qRT-PCR analysis of the

relative amounts of NP RNA. (L) HEK 293T cells trans-

fected with p485 or empty vector (EV) were then infected

for the indicated timeswithH5N1virusat andMOIof1 (left)

or 5 (right) before being subjected to flow cytometric anal-

ysis with an anti-NP antibody to determine the relative per-

centages of cells that were infected. Data are means ±

SEM of triplicate samples from a single experiment and

are representative of three (A to I) or two (J to L) indepen-

dent experiments. ***P<0.001 and **P<0.01 by one-way

ANOVA.
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MOI; however, in cells infected at a higher MOI, the abundance of RIG-I

mRNAwas reduced (Fig. 6F, left). Similar results were observed in HEK

293T cells overexpressing miR-485 (Fig. 6F, right). To further identify the

mechanism underlying the dose-dependent bispecificity of miR-485, we

generated stable HEK 293T cell lines in which RIG-I expression was

knocked down with two specific commercially available short hairpin

RNA (shRNA) constructs. The expression of RIG-I was markedly re-

duced in these cell lines compared to that in control shRNA–treated cells

(Fig. 6G, top). The control shRNA cells and the RIG-I knockdown cells

were infected with H5N1 virus at an MOI of 0.5 or 2.5 for 36 hours in

the absence or presence of miR-485. We did not observe any substantial

reduction in viral load in the presence of miR-485 in control shRNA cells

infected with a low MOI of virus (Fig. 6G, bottom). In contrast, RIG-I

knockdown cells infected at a low MOI showed a substantial reduction in

viral load in the presence of miR-485. When infected at higher MOIs, both

the control cells and the RIG-I knockdown cells showed a substantial reduc-

tion in H5N1 replication in the presence of miR-485 (Fig. 6G, bottom).

Finally, to demonstrate the bispecificity of miR-485 for the 3′UTRs of

RIG-I and PB1, we used the reverse genetics system of PR8/H1N1. The

reverse genetics system consists of eight constructs containing the cloned

complementary DNAs (cDNAs) representing the eight segments of IAV.

These constructs generate progeny virions after transfection of HEK 293T

cells. To determine the targeting of PB1 by miR-485, we mutated the miR-

485–binding site in the PB1 construct by site-directed mutagenesis and

generated the wild-type PR8 and mutant PR8/H1N1 (PR8D485) viruses.

We transfected HEK 293T cells with the miR-485 mimic and then

Fig. 6. miR-485 bispecifically targets H5N1

PB1 and the 3′UTR of RIG-I. (A) Prediction

of the miR-485–binding site in the PB1 gene

of H5N1 and the thermodynamics of the in-

teractions between miR-485 and PB1. (B)

Multiple sequence alignment of the region

surrounding the target site of PB1 across

the different strains of IAV generated with

ClustalW. (C) HEK 293T cells were trans-

fected with 50 ng of pRL-TK and 100 ng

of either WT-PB1 or mut-PB1 together with

500ngofp485and theappropriatecontrols.

Thirty hours after transfection, the cells were

lysed and subjected to luciferase assays.

(D) Schematic for the RNA immuno-

precipitation assay. (E and F) HEK 293T

cells were left untransfected or were trans-

fected with plasmid encoding Flag-Ago2

(F-Agos) in the absence (left) or presence

(right) of the miR-485 mimic and then were

infected with H5N1 virus at an MOI of 1 (left)

or 5 (right). Twenty-four hours after infection,

the cells were subjected to RNA immuno-

precipitation with anti-Flag antibody and

qRT-PCR analysis to determine the relative

amounts of PB1mRNA (E) andRIG-ImRNA

(F) that were precipitated. (G) HEK 293T

cells stably expressing control shRNA,

shRIG-I:A, or shRIG-I:B were left untrans-

fected or were transfected with the miR-

485mimic before being infected for 36 hours

with H5N1 at an MOI of 0.5 or 2.5. Cells

were then analyzed by qRT-PCR to deter-

mine the relative amounts of RIG-I mRNA.

Top: PCR gel showing expression of RIG-I

mRNA. (H and I) HEK 293T cells were

mock-treated or were transfected with the

miR-1 or miR-485 mimics before being in-

fected for the indicated times with WT-PR8

virus (H) or PR8D485 mutant virus at an

MOI of 1 (left) or 5 (right). The percentages

of cells that were infected by virus were

determined by considering the abundance

of NP RNA in the mock-treated cells as

100%. Data are means ± SEM of triplicate samples from a single experiment and are representative of three (C) or two (E to I) independent experiments.

***P < 0.001 and **P < 0.01 by one-way ANOVA.
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infected the cells with the wild-type and mutant viruses at MOIs of 1.0 or

5.0 for 12 or 24 hours and quantified the abundance of NP RNA to deter-

mine viral load. The viral load in mock-treated cells infected at both MOIs

was considered as 100% infection. In the case of the wild-type virus, we

observed a similar dose-dependent effect of miR-485 on viral load as that

exhibited by the H5N1 virus (Fig. 6H). However, replication of the mu-

tant virus lacking the miR-485–binding site was not suppressed in the

presence of miR-485 in cells infected at either a lower or a higher MOI

(Fig. 6I). Together, these results suggest that miR-485 binds directly to

H5N1 PB1 through a conserved site. The target of miR-485 changes from

RIG-I to PB1, depending on the magnitude of the viral infection. This tar-

get switching helps to tune the activation of the innate antiviral responses

up to low influenza virus infection.

DISCUSSION

RLR signaling plays a pivotal role in sensing RNAviruses and eliciting a

potent antiviral immune response. Various mechanisms regulating RLR

signaling that lead to an optimum innate antiviral response have been char-

acterized (24–26). Here, we propose a model for the posttranscriptional

regulation of RIG-I. First, we demonstrated that miR-485 directly bound

to the 3′UTR of RIG-I mRNA and subsequently reduced the abundances

of RIG-I mRNA and protein. Second, this interaction substantially reduced

the antiviral response, thereby promoting viral replication. Third, we dem-

onstrated that miR-485 targeted the catalytic site in the polymerase PB1 of

IAV. Finally, we showed that RIG-I and PB1 switched as being targets of

miR-485 in a dose- and viral load–dependent manner during H5N1 infec-

tion. These findings not only describe the roles of miRNAs in the regula-

tion of RIG-I but also suggest a previously uncharacterized mechanism for

the miRNA-mediated restriction of influenza virus replication.

RIG-I, a cytosolic PRR, senses dsRNA from viruses such as influenza

virus, Sendai virus (SeV), and vesicular stomatitis virus (VSV) to induce

antiviral signaling. Given the critical function of RIG-I in antiviral innate

immunity, it also plays an important role in fine-tuning antiviral responses

by undergoing posttranslational modifications that regulate the antiviral

cascade (25–27). There is growing evi-

dence for the miRNA-mediated suppression

by viruses of innate antiviral signaling to

evade the immune response (28, 29). Both

SeV and VSV induce the expression of

mir-4661 in various cell types to directly

target IFNa mRNA, thereby inhibiting

host antiviral innate immune responses

(30). Similarly, different subtypes of influ-

enza viruses, including A/Udorn/72 and

A/WSN/33, specifically induce the expres-

sion of various miRNAs, such as miR-7,

miR-132, miR-146a, miR-187, miR-200c,

and miR-1275, in airway epithelial cells to

reduce the abundances of antiviral signal-

ing proteins, such as IRAK1 (interleukin-

1 receptor–associated kinase 1) and MAPK3

(mitogen-activated protein kinase 3) (15, 16).

Our microarray profiling and in silico screen-

ing identified the induction of mir-485

expression by the RNA viruses NDV and

H5N1 in a number of primary cells and

various cell lines, including human SAECs

and human PBMCs. Previously, miR-485

was reported to play a pivotal role in syn-

aptic plasticity and neurite growth, and it is essential for hippocampal

development (31, 32). In addition, miR-485 results in hypertriglycemia

by inhibiting the expression of APOA (apolipoprotein A) (33). Here, we

showed that miR-485 directly targeted RIG-I and suppressed innate

antiviral responses, leading to enhanced NDV replication.

Influenza virus infection is sensed by TLR3, TLR7, TLR8, RIG-I, and

several members of the NLR (NOD-like receptor) family to stimulate ap-

propriate innate and adaptive immune responses (20, 34). Among these

sensors, RIG-I plays a pivotal role in the generation of type I IFN–

dependent antiviral responses against influenza viruses (35–37). The seg-

mented genome of IAV bestows on it a distinct ability to undergo genomic

recombination to produce different subtypes with altered host specificity

and infectivity (38). Changes occurring mainly in the genes encoding HA,

NA, and the polymerase subunit (PB1) enable the virus to pose a pandemic

threat. PB1 serves as a key component of the viral RNP and has RNA-

dependent RNA polymerase activity (39). Such variations in the sequences

encoding PB1 have been implicated in increased pathogenicity and altered

host transmission (40–42). Here, we found that miR-485 specifically tar-

geted the PB1 gene of H5N1 by direct binding and by reducing its expres-

sion, thereby suppressing viral replication. Note that miR-485 targets the

catalytic site in the PB1 gene of H5N1, which is conserved in the other

HA subtypes, further illustrating the potential role of miR-485 in

inhibiting a wide spectrum of IAVs. Furthermore, the PB1 gene of IAV

contains an alternate ORF that encodes the PB1-F2 protein, which induces

cell death and inhibits antiviral signaling by targeting IPS-1 (43). There-

fore, the direct binding of miR-485 to PB1 may lead to the inhibition of

PB1-F2 production, which would further reduce the immune suppression

mediated by IAV.

Our results suggest that miR-485 bispecifically targets both RIG-I and

PB1 of H5N1 to maintain homeostasis and suppress IAV replication (Fig.

7, A and B). We demonstrated the dose-dependent targeting of RIG-I and

PB1 by miR-485 through various experiments, such as RNA immuno-

precipitation, knockdown of RIG-I, and the generation of a strain of

IAV that was devoid of the miR-485 seed sequence. In cells infected with

viruses at lower MOIs, miR-485 targeted RIG-I to dampen the antiviral

Fig. 7. Bispecific targeting of the 3′UTR of RIG-I and PB1 by miR-485. (A) Model showing the targeting

of RIG-I by miR-485 and the subsequent effects on antiviral responses and the replication of NDV and

H5N1 when present at low viral titers. (B) Model showing the targeting of H5N1 PB1 by miR-485 and the

subsequent effects on antiviral responses and H5N1 replication at high viral titers.

R E S E A R C H A R T I C L E

www.SCIENCESIGNALING.org 8 December 2015 Vol 8 Issue 406 ra126 9

 o
n
 D

ecem
b
er 1

4
, 2

0
1
5

h
ttp

://stk
e.scien

cem
ag

.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

http://stke.sciencemag.org/


response. This alleviation of RIG-I is an important aspect of the fine-

tuning of innate antiviral responses implemented by miRNAs. If the infec-

tion intensifies because of an increased viral burden, miR-485 switches to

targeting the H5N1 PB1 to inhibit viral replication. Currently, miRNA-

based antiviral strategies have been developed for hepatitis C virus infec-

tions (44–46); however, such strategies have not been successfully

applied against IAV infections. Stable analogs of miR-485 could be used

to treat various types of IAV infections in humans and animals because

miR-485 targets the conserved catalytic site in the polymerase PB1 gene.

In summary, we identified miR-485 as a posttranscriptional regulator of

RIG-I and H5N1 PB1 expression in a bispecific manner, thereby pro-

viding an additional layer of complexity to the regulation of antiviral

signaling and the restriction of viral replication through the use of noncod-

ing RNA.

MATERIALS AND METHODS

Profiling of miRNAs
Total RNAwas harvested from cells with TRIzol (Invitrogen) according to

the manufacturer’s protocol. A total of 5 mg of RNA from different

samples was subjected to miRNA array analysis with the Affymetrix

GeneChip miRNA 4.0 Array. The abundances of miRNAs were detected

in viral infected cells and normalized compared to those in uninfected

control cells. P values were calculated by one-way ANOVAwith a P value

cutoff of 0.05.

In silico analysis for miRNA target gene prediction
Our in silico analysis was based on target site conservation, secondary

structure stability, and the thermodynamics of the miRNA-mRNA inter-

action. To screen the miRNAs obtained from the profiling data, we used

TargetScan, DIANA MicroT, and miRanda to identify in the UCSC ge-

nome browser those conserved sites in the 3′UTRs of candidate genes

encoding cytosolic antiviral sensors. We selected miRNAs that were pre-

dicted by the maximum number of programs in common. To determine

thermodynamic interactions and secondary structure stability, we ana-

lyzed the genes with the PITA and RNA hybrid databases. All of the

analysis was performed by taking into account the best optimum scores

of each program.

Plasmids and miRNA mimics and inhibitors
The miR-485 mimic (Invitrogen) or a nonspecific miRNA control (miR-1)

was used according to the manufacturer’s instructions (Applied Biosystems).

The miR-485 inhibitor (anti–miR-485) (Invitrogen) was used to inhibit

mir-485 expression in transfected cells. The cDNA encoding the 3′-UTR

of RIG-I was retrieved from the UCSC gene sorter and was subcloned into

the pMIR-REPORT luciferase vector flanked by Hind III sites. Constructs

encoding miR-485 were generated by PCR amplification of sequences from

genomic DNA. These amplified sequences were then subcloned into the

pMIR-REPORT luciferase vector between the Bam HI and Hind III sites

after the removal of the luciferase-encoding sequence. A total of 1.8 kb of

sequence upstream of the mir-485 gene was retrieved from the UCSC ge-

nome browser. This sequence was amplified by PCR from genomic DNA

and was subcloned into the pGL3 basic vector between the Bam HI and

Hind III sites. About 800 base pairs of the H5N1-PB1 gene sequence

containing the miR-485 target site was amplified by PCR from H5N1

RNA and subcloned into the pMIR-REPORT luciferase vector between

the Spe I and Hind III sites. Mutations in the miR-485 construct, in the

PB1 of H5N1 cloned in the reporter plasmid used in the luciferase reporter

experiments, and in the PB1 of PR8/H1N1 used to generate the PR8D485

viruses were generated by PCR-based site-directed mutagenesis. The

sequence of PB1 of H5N1 (A/duck/India/02CA10/2011) used in the lucif-

erase experiments was changed from 5′-CAGCCTC-3′ to 5′-GTCGGAG-3′.

The sequence of the mir-485 construct used in the luciferase experiment

was changed from 5′-GAGGCT-3′ to 5′-CTCCGA-3′, and the sequence

of PB1 of PR8/H1N1 used to generate PR8D485 was changed from 5′-

CTGCATC-3′ to 5′-GTCGGAC-3′.

Cells, viruses, and reagents
HEK 293T, A549, and MCF7 cells were cultured in Dulbecco’s modified

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

(FBS) and 1% penicillin-streptomycin. THP1 cells were pretreated with

PMA (phorbol 12-myristate 13-acetate) (10 ng/ml), cultured in RPM1

supplemented with 10% FBS, and maintained at 37°C and 5% CO2. Hu-

man PBMCs were isolated from whole blood as previously described (47).

Mouse BMDCs were prepared as previously described (48). Human

SAECs were purchased and maintained in the prescribed growth medium

(Lonza). The HPAI A/duck/India/02CA10/2011 (H5N1) and NDV LaSota

viral stocks were inoculated into specific pathogen–free 10-day-old em-

bryonated eggs. A single virus stock was used for all experiments. All

experiments were performed in biosafety level 3 laboratories (BSL3) at

the National Institute of High Security Animal Diseases (NIHSAD).

The cells were infected in serum-free DMEM with the HPAI and NDV

viruses at the MOIs indicated in the figure legends. After 60 min, the cells

were washed with phosphate-buffered saline (PBS) and then were re-

suspended in DMEM, 10% FBS. Transfection of cells with DNA was

performed with Lipofectamine 2000 (Invitrogen) according to the man-

ufacturer’s protocol. Poly(I:C) (Invivogen) was mixed with Lipofectamine

2000 before being used to transfect cells. DMEM, FBS, Opti-MEM,

penicillin-streptomycin, RPMI, and Lipofectamine 2000 were purchased

from Invitrogen. Murine GM-CSF was purchased from GenScript.

Generation of HEK 293T cells expressing miR-485 or
RIG-I–specific shRNA
To generate HEK 293T cells stably expressing miR-485, we transfected

the cells with 30 mg of the p485 construct with the Gene Pulser Xcell

electroporation system (Bio-Rad Laboratories) according to the manufac-

turer’s instructions. The cells were cultured in DMEM, 10% FBS con-

taining puromycin (0.5 mg/ml). The efficiency of expression of miR-485

in stable cells was determined by quantifying the abundance of miR-485

by qRT-PCR analysis. For shRNA-mediated stable knockdown of RIG-I,

shRNA clones specifically targeting human RIG-I and scrambled shRNA

were obtained from Mission shRNA (Sigma-Aldrich). HEK 293T cells

were stably transfected with 30 mg of the shRNA clones and were cultured

by selection in DMEM, 10% FBS containing puromycin (0.7 mg/ml).

The efficiency with which the shRNA clones decreased the abundance

of RIG-I mRNA was determined by semiquantitative PCR.

Generation of the A/PR8/H1N1 virus
The wild-type and mutant A/PR8/H1N1 viruses were generated from

eight plasmids as described previously (49, 50). Briefly, the eight plasmids

were transfected in a coculture of HEK 293T cells and Madin-Darby ca-

nine kidney (MDCK) cells cultured in DMEM supplemented with 10%

FBS. After 48 hours, the medium was collected and overlaid on MDCK

cells for further amplification of the viral titers.

Electroporation or transfection of cells with miRNA mimics
For electroporation of human PBMCs and mouse BMDCs, 1 × 106 cells

were suspended in Opti-MEM (Invitrogen) containing 200 mM mirVana

miRNA mimics (Ambion). The cells were pulsed twice with 1000 V for
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0.5 ms with a pulse interval of 5 s with the Gene Pulser Xcell electropora-

tion system. The cells were then transferred to RPMI (for human PBMCs)

or DMEM (for mouse BMDCs) supplemented with 10% FBS (51).

SAECs were transfected with Lipofectamine 2000 according to the man-

ufacturer’s instructions.

Dual luciferase assays
HEK 293T cells (5 × 104) were seeded into a 24-well plate and transiently

transfected with 50 ng of the transfection control pRL-TK plasmid and

100 ng of the luciferase reporter plasmid together with 500 ng of the var-

ious expression plasmids or an empty plasmid as a control. The cells were

lysed at 24 to 36 hours after transfection, and the luciferase activity in total

cell lysates was measured with Glomax (Promega).

Enzyme-linked immunosorbent assay
HEK 293T cells were transiently transfected with p485 and then were

infected with H5N1 or NDV viruses. The culture media were harvested

36 to 40 hours after infection and were analyzed by specific ELISA kits

(Becton Dickinson) according to the manufacturer’s instructions to deter-

mine the amounts of IP-10 and IL-6 that were secreted by the cells.

Quantitative real-time reverse transcription PCR
Total RNAwas extracted with the Purelink RNA Mini Kit (Ambion) and

used to synthesize cDNAwith the iScript cDNA Synthesis Kit (Bio-Rad)

according to the manufacturer’s protocol. Gene expression was measured

by quantitative real-time PCR using gene-specific primers and SYBR

Green (Roche). For quantification of the abundances of mir-146a, mir-

205, mir-125a, and mir-485, real-time PCR analysis was performed with

the TaqMan Universal PCR Master Mix (Applied Biosystems) and the

individual TaqMan miRNA assays. The Taqman U6 assay was used as

a reference control.

Flow cytometric analysis
Cells were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.1%

Triton X-100, and then incubated with anti-NP antibody and Alexa Fluor

488–conjugated donkey anti-mouse secondary antibody. The cells were

analyzed with a FACSAria III flow cytometer (Becton Dickinson), and

the data were analyzed with FlowJo software.

Confocal microscopy
Cells were fixed with 4% PFA for 20 min at 4°C; permeabilized with

0.05% Triton X-100 in PBS for 10 min at room temperature; blocked with

bovine serum albumin (5 mg/ml) in PBS, 0.04% Tween 20 for 30 min;

and incubated for 1 hour with the relevant primary antibodies diluted in

blocking buffer. The cells were then washed three times with PBS and

incubated for 1 hour with the appropriate secondary antibodies at room

temperature. Nuclei were stained with DAPI, and the cells were then ana-

lyzed with an LSM 780 confocal laser microscope (Carl Zeiss). The

images were analyzed using ImageJ processing software.

RNA immunoprecipitations
RNA immunoprecipitations were performed as described previously

(52, 53). The pIRESneo-Flag/HA Ago2 plasmid was a gift from T. Tuschl

(Addgene plasmid #10822). Briefly, HEK 293T cells were lysed in

0.5% NP-40, 150 mM KCl, 25 mM tris-glycine (pH 7.5) and incubated

with M2 Flag affinity beads overnight. The lysate was then washed with

300 mM NaCl, 50 mM tris-glycine (pH 7.5), 5 mM MgCl2, and 0.05%

NP-40. The extraction of RNA from the immunoprecipitated RNPs

was performed with the Trizol reagent according to the manufacturer’s

protocol.

Western blotting analysis
After cells were infected with NDV, lysates were collected and subjected

to Western blotting analysis as described previously (54). Anti–RIG-I

antibody was obtained from Sigma-Aldrich, and horseradish peroxidase–

conjugated anti-rabbit antibody was obtained from GE Healthcare. Anti-NP

antibody specific for influenza virus was obtained from CSIRO Aus-

tralia, and antiserum against NDV was generated from chicken at the

NIHSAD.

Statistical analysis
All experiments were performed together with the appropriate controls,

which are indicated as untreated cells (Ctrl) or as being transfected with

the transfection reagent alone (Mock). Experiments were performed with

duplicate or triplicate samples per experiment and were performed at least

three times independently. GraphPad Prism 5.0 (GraphPad Software) was

used for statistical analysis. Differences between two groups were com-

pared by an unpaired, two-tailed Student’s t test, whereas differences be-

tween three groups or more were compared by ANOVA with the

Newman-Keuls test. Differences were considered to be statistically signif-

icant when P < 0.05. Statistical significance in the figures is indicated as

follows: ***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/8/406/ra126/DC1

Fig. S1. Kinetics of viral infections of human cells.

Fig. S2. Kinetics of the effects of transfection of various human cells with poly(I:C).

Fig. S3. miR-485 is increased in abundance in HEK 293T cells after viral infection.

Fig. S4. miR-485 suppresses the expression of RIG-I.

Fig. S5. Analysis of the miR-485–mediated regulation of MDA5 expression.

Fig. S6. miR-485 suppresses the virus-induced expression of IFN-encoding genes and

promotes NDV replication.

Fig. S7. An miR-485 inhibitor differentially regulates the replication of H5N1 and NDV.

Table S1. miRNA expression profile in HEK 293T cells infected with NDV.
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