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Upon viral infection, pattern recognition receptors sense viral nucleic acids, leading to the production of type I interferons
(IFNs), which initiate antiviral activities. Type I IFNs bind to their cognate receptor, IFNAR, resulting in the activation of signal-
transducing activators of transcription 1 (STAT1). Thus, it has long been thought that double-stranded RNA (dsRNA)-induced
STAT1 phosphorylation is mediated by the transactivation of type I IFN signaling. Foreign RNA, such as viral RNA, in cells is
sensed by the cytoplasmic sensors retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA-
5). In this study, we explored the molecular mechanism responsible for STAT1 phosphorylation in response to the sensing of
dsRNA by cytosolic RNA sensors. Polyinosinic-poly(C) [poly(I:C)], a synthetic dsRNA that is sensed by both RIG-I and MDA-5,
induces STAT1 phosphorylation. We found that the poly(I:C)-induced initial phosphorylation of STAT1 is dependent on the
RIG-I pathway and that MDA-5 is not involved in STAT1 phosphorylation. Furthermore, pretreatment of the cells with neutral-
izing antibody targeting the IFN receptor suppressed the initial STAT1 phosphorylation in response to poly(I:C), suggesting that
this initial phosphorylation event is predominantly type I IFN dependent. In contrast, neither the known RIG-I pathway nor
type I IFN is involved in the late phosphorylation of STAT1. In addition, poly(I:C) stimulated STAT1 phosphorylation in type I
IFN receptor-deficient U5A cells with delayed kinetics. Collectively, our study provides evidence of a comprehensive regulatory
mechanism in which dsRNA induces STAT1 phosphorylation, indicating the importance of STAT1 in maintaining very tight
regulation of the innate immune system.

Pattern recognition receptors (PRRs) are receptors expressed
by cells of the innate immune system and act as sensors to

detect rapidly invading pathogens. PRRs recognize conserved
pathogen-associated molecular patterns (PAMPs) and distinguish
foreign organisms, such as bacteria, viruses, fungi, and parasites,
from host cells. Subsets of PRRs trigger the activation of intracel-
lular signaling pathways, leading to the activation of a series of
innate antimicrobial immune responses (7, 19, 24). The repertoire
of signal-transducing PRRs includes membrane-bound Toll-like
receptors (TLRs) (23) and cytosolic receptors, such as RNA heli-
case retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs)
(51) and Nod-like receptors (NLRs) (13).

In most types of cells, the RLR family members serve as
cytoplasmic sensors for viral nucleic acids, whereas TLRs are
the predominant receptors for viral nucleic acids in plasmacy-
toid dendritic cells, suggesting that PRRs trigger antiviral re-
sponses in a cell type-specific manner (16). The RLR family is
composed of three members, RIG-I, melanoma differentia-
tion-associated gene-5 (MDA-5), and laboratory of genetics
and physiology 2 (LPG2). RIG-I and MDA-5 can be divided
into three basic domains, the N-terminal tandem caspase acti-
vation and recruitment domain (CARD), the central helicase
domain, and the C-terminal regulatory domain (33). RIG-I
and MDA-5 both recognize viral RNA, which results in the
exposure of the CARD. Downstream antiviral signaling is me-
diated by their downstream adaptor molecules. The signaling
downstream of RIG-I and MDA5 is initiated by mitochondrial
antiviral signaling protein (MAVS; also known as IPS-1, VISA,
or Cardif) (20, 36, 45, 50) and triggers the activation of the

transcription factors interferon-regulatory factor 3 (IRF3),
IRF7, and NF-�B and the subsequent production of type I in-
terferons (IFNs) (30).

Type I IFNs bind to a specific receptor, which is composed of
two chains, designated the �-chain (IFNAR1) and the �-chain
(IFNAR2). When an IFN interacts with its cognate receptor, a
signal is rapidly transmitted within the cell. The primary signal
transduction cascade promoted by type I IFNs is mediated by the
Janus family of protein tyrosine kinase 1 (JAK1) signal transducers
and activators of transcription (STAT) pathway (43). Receptor
engagement subsequently leads to the activation of the IFN-stim-
ulated regulatory factor 3 (ISGF3) transcription complex. ISGF3
is composed of STAT1 and STAT2, both of which are activated by
JAK1, and IRF9 (also known as ISGF3� or p48) (21). The activa-
tion of this transcriptional activator complex leads to the in-
creased expression of IFN-induced genes, including (2=-5=) oligo-
adenylate synthetases, Mx proteins, and protein kinase R (PKR),
inducing an antiviral state (43). In addition to the induction of
ISGF3 complex formation, activated JAK1 also induces STAT1
homodimerization, allowing the dimer to bind to DNA elements
called GASs (IFN-�-activated sites) (40). IFN-� also induces the
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expression of a variety of antiviral factors through the induction of
STAT1 homodimerization (42). It is crucial to understand how
STAT1, a key molecule in antiviral signaling, is regulated during
innate immune responses. It is now evident that type I IFNs are
produced during viral infection. In addition, type I IFN is known
to activate STAT1. Therefore, the activation of STAT1 during viral
infection was previously thought to be mediated simply by the
transactivation of the type I IFN receptor. Bhattacharyya and co-
workers have recently reported that polyinosinic-poly(C) [poly(I:
C)], a synthetic double-stranded RNA, induces biphasic STAT1
phosphorylation in macrophages: no inhibitory effect of gluco-
corticoid (GC) on STAT1 phosphorylation was observed in the
early phase, but significant inhibition of STAT1 phosphorylation
by GC was observed in the later phase (2). In their study, they
observed TLR3 signaling in response to poly(I:C) and found that,
for TLR3 signaling, the suppression of STAT1 phosphorylation is
due to both the induction of suppressor of cytokine signaling 1
(SOCS1) and the inhibition of type I IFN secretion. As described
above, TLR3 predominantly responds to double-stranded RNA
(dsRNA) in macrophages (1) and dendritic cells (16), whereas
nonprofessional immune cells such as fibroblasts use RLRs in the
recognition of dsRNA to produce type I IFN (16). Furthermore,
extracellularly treated poly(I:C) is recognized by TLR3, whereas
poly(I:C) introduced into cells is sensed by RLRs (2, 12, 51). These
findings provided us with an idea about the involvement of intra-
cellular RNA sensors, RLRs, in dsRNA-induced STAT1 activation.
The overexpression of RIG-I has been shown to induce STAT1
phosphorylation, indicating that RIG-I is indeed associated with
STAT1 signaling (14). However, no study demonstrating which
RLRs mediate signaling associated with STAT1 phosphorylation
in response to dsRNA has been published. In this study, we deter-
mined whether double-stranded RNA (dsRNA)-induced STAT1
activation is absolutely dependent on type I IFN. We observed that
dsRNA-induced STAT1 phosphorylation is roughly divided into
two phases: a predominantly type I IFN-dependent initial phos-
phorylation phase and a late phosphorylation phase that is inde-
pendent of both RIG-MAVS and type I IFN. These results suggest
that the regulation of STAT1 in the context of antiviral innate
immunity is complex.

MATERIALS AND METHODS
Cell culture. A549 cells were obtained from the American Type Culture
Collection. Human IFNAR-deficient U5A cells and their parental 2fTGH
cells were kindly provided by G. Stark (Cleveland Clinic Foundation Re-
search Institute). These cells were grown in a 5% CO2 atmosphere at 37°C
in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St.
Louis, MO) supplemented with 10% fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA). 293-flp cells (Invitrogen) were maintained in DMEM–
10% FBS containing 100 �g/ml zeocin (Invitrogen).

Transfection. Transient transfections of A549 cells were performed by
plating cells at a density of 1.0 � 105 cells per 12-well culture plate 16 to 20
h prior to transfection. The cells were transfected with expression plas-
mids using Lipofectamine LTX (Invitrogen) or with poly(I:C) (Sigma-
Aldrich) using Lipofectamine 2000 (Invitrogen) by following the manu-
facturer’s instructions. The cells were incubated for the indicated times
depending on the experiment and then further analyzed. RNA interfer-
ence (RNAi) was performed by transfecting A549 cells with nonsilencing
control small interfering RNA (siRNA) (Qiagen, Hilden, Germany) or
siRNAs against RIG-I (SI03019646; Qiagen), MDA5 (SI03649037; Qia-
gen), and MAVS (SI04293471; Qiagen) using Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s protocol.

Plasmids. MicroRNAs (miRNAs) targeting the 3= untranslated region
(UTR) of MAVS mRNA were designed with the BLOCK-iT RNAi De-
signer (Invitrogen). The oligonucleotide sequences were the following:
miR-MAVS 2569 sense, 5=-TGCTGAAGACCAGAAGTCTGACATCTGT
TTTGGCCACTGACTGACAGATGTCACTTCTGGTCTT-3=, and miR-
MAVS 2569 antisense, 5=-CCTGAAGACCAGAAGTGACATCTGTCAGT
CAGTGGCCAAAACAGATGTCAGACTTCTGGTCTTC-3=. The oligo-
nucleotides used to create miRNA specific for �-galactosidase (LacZ),
which served as a control, were supplied by Invitrogen. Each oligonucle-
otide pair was annealed and inserted into the pcDNA6.2-GW/EmGFP
vector (Invitrogen). Following transfection of 293 cells with the plasmids,
the miRNA levels were evaluated by observing the expression of emerald
green fluorescent protein (EmGFP) using fluorescence microscopy; the
knockdown efficiency for MAVS was confirmed by immunoblotting for
MAVS. The EmGFP portion of the pcDNA6.2-GW/EmGFP-mir vectors
was then removed by DraI digestion to increase the knockdown efficiency
against MAVS. Subsequently, a BamHI-XhoI fragment from each plasmid
containing specific miRNA sequences was transferred into the pcDNA5/
FRT vector between BamHI and XhoI sites to generate the MAVS knock-
down cells described below. The p3xFLAG-RIG-I-full-length (FLC),
p3xFLAG-RIG-I-CARD, and p3xFLAG-RIG-I-�CARD vectors were
constructed as previously reported (31).

Generation of stably MAVS-silenced cells. The Flp-in system (Invit-
rogen) was used to generate stably MAVS-silenced cells according to the
manufacturer’s instructions. Site-specific DNA recombination was per-
formed by the cotransfection of 293-flp cells with pcDNA5/FRT-mir
MAVS or pcDNA5/FRT-mir LacZ and pOG44, which expresses Flp re-
combinase. MAVS-silenced cells were selected in hygromycin B-contain-
ing DMEM–10% FBS, and the knockdown efficiency was analyzed by
immunoblotting for MAVS.

Quantitative RT-PCR. Total RNA was extracted from the cells using
an Illustra RNA isolation kit (GE Healthcare, Piscataway, NJ). One mi-
crogram of total RNA served as the template for first-strand cDNA syn-
thesis in a reaction using an oligo(dT) primer and Moloney-murine leu-
kemia virus (MMLV) reverse transcriptase (Invitrogen) under the
conditions indicated by the manufacturer. A CFX96 PCR detection sys-
tem (Bio-Rad, Hercules, CA) was used for the quantitative assessment of
IFN-� and 18S rRNA. The sequences of the primers were the following:
IFN-�-F (5=-CCTGTGGCAATTGAATGGGAGGC-3=), IFN-�-R (5=-CC
TGTGGCAATTGAATGGGAGGC-3=), MX1-F (5=-GCCAGGACCAGG
TATACAG-3=), MX1-R (5=-GCCTGCGTCAGCCGTGC-3=), G1P3-F
(5=-GATTGCTTCTCTTCTCTCCTCCAAG-3=), G1P3-R (5=-TCGAGA
TACTTGTGGGTGGCGTAG-3=), OAS-F (5=-GAGCTCCTGACGGTCT
ATGC-3=), OAS-R (5=-CAAATTCACCGCATGTTCAC-3=), 18S rRNA-F
(5=-ACTCAACACGGGAAACCTCA-3=), and 18S rRNA-R (5=-AACCAG
ACAAATCGCTCCAC-3=).

The amplification reactions were performed with SsoFast Evergreen
DNA polymerase (Bio-Rad) according to the manufacturer’s specifica-
tions. The amplification conditions were the following: 30 s at 95°C fol-
lowed by 40 cycles of 5 s at 95°C and 10 s at 72°C. After the amplification
was completed, melting curve analysis was performed by heating the re-
action products slowly at 0.1°C per s to 95°C with continuous monitoring
of the fluorescence. Melting curves were constructed and the data were
quantitatively analyzed using a CFX manager.

ELISA for IFN-�. A549 cells were transfected with poly(I:C), and then
the IFN-� concentration in the medium was measured. Following incu-
bation for up to 8 h, the conditioned medium was collected, the cell debris
was pelleted by centrifugation at 12,000 rpm for 5 min at 4°C, and the
supernatant was collected. The concentration of IFN-� in the conditioned
medium was determined using a human IFN-� enzyme-linked immu-
nosorbent assay (ELISA) kit (Kamakura Techno-Science, Japan).

Immunoblot analyses. After a series of treatments, the cells were
washed twice with phosphate-buffered saline (PBS) and lysed in hypo-
tonic lysis buffer (10 mM Tris [pH 7.4], 100 mM NaCl, 1.5 mM MgCl2,
0.5% NP-40). The lysate was cleared by centrifugation at 6,500 rpm for 15
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min at 4°C. We subjected 5 to 10 �g of protein extracts to electrophoresis
on 8 or 10% SDS-PAGE gels and then transferred the proteins to polyvi-
nylidene difluoride (PVDF) membranes (Millipore, Billerica, MA) that
were blocked for 60 min at room temperature in 1� TBST buffer (50 mM
Tris-HCl [pH 7.4], 250 mM NaCl, 0.1% Tween 20) containing 1% nonfat
dry milk. The membranes were incubated overnight at 4°C with the
primary antibody indicated in each case. The primary antibodies were
anti-STAT1 and anti-phospho-STAT1 (Tyr 701) antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA), an anti-MDA-5 antibody (Immuno-
Biological Laboratories, Japan), anti-RIG-I and anti-MAVS antibodies
(Enzo Life Sciences, Miami, FL), an anti-DYKDDDDK tag antibody
(Wako, Japan), and an anti-�-actin antibody (Sigma-Aldrich). After 5
washes with 1� TBST, the membranes were further incubated for 1 h at
room temperature with the corresponding secondary antibody. Bovine
anti-rabbit (Santa Cruz Biotechnology) or Zymax mouse IgG antibody
(Invitrogen) coupled to horseradish peroxidase (HRP) at a 1:10,000 dilu-
tion in 1� TBST containing 5% nonfat dry milk was used. Thereafter, the
membranes were washed 5 times with 1� TBST, followed by visualization
of the immunoreactive bands using the Luminata Crescendo Western
HRP substrate (Millipore). Quantification of the immunoreactivity was
performed by densitometric analysis using NIH ImageJ software.

Immunofluorescence analyses. Immunofluorescence staining was
performed as reported previously (32). Briefly, A549 or U5A cells were
grown on glass coverslips and then fixed with 4% formaldehyde for 20
min, permeabilized with 0.1% Triton X-100 for 10 min, and blocked with
3% bovine serum albumin for 1 h. The cells were then incubated for 1 h
with mouse monoclonal anti-IFN-� (R&D systems Minneapolis, MN)
(1:100) or rabbit polyclonal anti-STAT1 antibody (Santa Cruz Biotech-
nology) (1:200), respectively. After a washing step, the cells were incu-
bated with Alexa 488-conjugated anti-mouse IgG or Alexa 555-conju-
gated anti-rabbit IgG (Invitrogen). The cells were mounted in Prolong
gold antifade reagent (Invitrogen), and IFN-� and STAT1 were visualized
by confocal laser scanning microscopy (C1si; Nikon, Japan).

RESULTS
Time-dependent STAT1 phosphorylation in response to
poly(I:C) transfection in A549 cells. A549 cells have been shown
to express type I IFN in response to infection by Sendai virus and

influenza A virus, both of which are RNA viruses and are sensed by
RIG-I (29). These viral infections can induce the production of
IFN-� and IFN-� in A549 cells. However, the kinetics of the ex-
pression of the different type I IFNs are different: the initial ex-
pression of IFN-� is observed 3 h after infection, and that of IFN-�
is observed approximately 6 h after infection (29). The phosphor-
ylation of STAT1 is also observed in response to viral infection for
3 h in A549 cells (26). Given that the virus-induced phosphoryla-
tion of STAT1 occurs in a type I IFN-dependent manner, STAT1
phosphorylation and type I IFN induction should proceed in par-
allel following viral infection. Therefore, we initially confirmed
the kinetics of both responses after the introduction of a synthetic
dsRNA, poly(I:C), into A549 cells. We examined the expression
level of IFN-� as a model type I IFN because IFN-� does not
appear to be involved in dsRNA-induced STAT1 phosphoryla-
tion, as it exhibits delayed kinetics compared to those of STAT1
phosphorylation (29). IFN-� mRNA was not detected in resting
A549 cells. When poly(I:C) was introduced into the cells, the level
of IFN-� mRNA increased rapidly starting 2 h after the introduc-
tion of poly(I:C) (Fig. 1A). A similar pattern was observed for the
level of IFN-� protein; the protein could be detected beginning 4
h after transfection with poly(I:C) (Fig. 1B). A time course of
poly(I:C)-induced STAT1 phosphorylation showed detectable
phosphate incorporation after 3 h, reaching a maximal level at 4 to
6 h (Fig. 1C). Recombinant human IFN-� rapidly activated
STAT1 within 5 min after treatment. Robust STAT1 phosphory-
lation was observed after 30 min of exposure to IFN-�, and then
the level of phosphorylation gradually decreased (Fig. 1D).

Influence of the IFN receptor (IFNAR) on poly(I:C)-induced
STAT1 phosphorylation. To evaluate the effect of transactivation
by the type I IFN receptor on poly(I:C)-induced STAT1 phos-
phorylation, we added an anti-IFNAR neutralizing antibody to
the culture medium to block type I IFN signaling, including the
JAK1-STAT1 pathway. When the cells were preincubated with the
neutralizing antibody, poly(I:C)-induced STAT1 phosphoryla-

FIG 1 Kinetics of IFN-� production and STAT1 phosphorylation in response to poly(I:C) transfection. (A) A549 cells were transfected with poly(I:C) (200 ng),
and the levels of IFN-� mRNA were determined by quantitative real-time PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a normalization
control for IFN-�. The data for IFN-� represent the averages from three determinations. The means (� standard deviations [SD]) from three experiments are
shown. (B) A549 cells were transfected with poly(I:C) (200 ng) for up to 8 h, and then the levels of IFN-� protein in the conditioned medium were determined
by ELISA. The means (� SD) from three experiments are shown. (C) A549 cells were transfected with poly(I:C) (200 ng) for 0 to 8 h. (D) A549 cells were treated
with IFN-� (100 U/ml) for 0 to 8 h. The levels of phosphorylated STAT1 (pSTAT1) and STAT1 were analyzed by immunoblotting as described in Materials and
Methods.
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tion was partially inhibited at 3 h (Fig. 2A). However, the inhibi-
tory effect of this neutralizing antibody on poly(I:C)-induced
phosphorylated STAT1 gradually decreased, and no effect was ob-
served 6 h after its introduction. We note that the anti-IFNAR
antibody still had neutralizing activity after 8 h of incubation in
the culture medium; in cells preincubated with the neutralizing
antibody for 8 h, STAT1 phosphorylation in response to a 15-min
incubation with IFN-�2b was almost completely inhibited, even
though IFN-�2b has a higher affinity for IFNAR than IFN-� does
(Fig. 2A). We next asked whether the initial phosphorylation in
response to poly(I:C) is indeed mediated by the production of
IFN-�, because we were unable to detect IFN-� protein in condi-
tioned medium from A549 cells transfected with poly(I:C) after 3
h by ELISA (Fig. 1B). We hypothesized that a small but sufficient
amount of IFN-� must be produced to activate STAT1 after
poly(I:C) transfection. To investigate this possibility, we per-
formed immunofluorescence staining for IFN-� (Fig. 2B). In the
resting state, little IFN-� immunoreactivity was observed. In con-

trast, polarized IFN-� was observed on certain areas of the cell
surface 3 h after transfection with poly(I:C).

Involvement of the RLR pathway in poly(I:C)-induced
STAT1 phosphorylation. Both RIG-I and MDA5 are intracellular
receptors for dsRNA, and the recognition of dsRNA by these pro-
teins is dependent on the length of the individual dsRNA (17).
RLR-dependent antiviral signals are transduced by the adapter
molecule MAVS (33). Therefore, we determined if the phosphor-
ylation of STAT1 in response to poly(I:C) is mediated by the RLR/
MAVS pathway using the RNAi technique. No suppressive effect
of MDA-5 knockdown on poly(I:C)-induced STAT1 phosphory-
lation was observed (Fig. 3). The silencing of either RIG-I or
MAVS significantly suppressed the initial phosphorylation of
STAT1. In contrast, no inhibitory effect of RIG-I or MAVS silenc-
ing on STAT1 phosphorylation was observed when the cells were
transfected with poly(I:C) for 8 h.

RIG-I-CARD is required for STAT1 phosphorylation. We
next determined if the RIG-I-dependent pathway is indeed in-
volved in STAT1 phosphorylation. To demonstrate the direct in-
volvement of RIG-I in initial STAT1 phosphorylation, we exam-
ined the relationship between overexpressed RIG-I proteins and
STAT1 phosphorylation after the transfection, as shown in Fig.
4A. When the cells were transfected with an expression vector for
the full-length form or the CARD domain of RIG-I, these proteins
were produced 8 h after the transfections. At 8 h after transfection,
the overexpression of RIG-I-CARD induced STAT1 phosphory-
lation, whereas the overexpression of the full-length RIG-I did not
(Fig. 4A). We transfected the cells with vectors expressing RIG-I-
full length, RIG-I-CARD, or RIG-I�CARD, and after 8 h we con-
firmed that only RIG-I-CARD was able to activate STAT1
(Fig. 4B).

RIG-I/MAVS-dependent and RIG-I/MAVS-independent
signaling in STAT1 phosphorylation. To examine the involve-
ment of MAVS in RIG-I-mediated STAT1 phosphorylation, we
attempted to cotransfect A549 cells with the RIG-I-CARD vector
and siRNA against MAVS. However, we were unable to perform
the experiments as desired, because the transient knockdown of
MAVS unexpectedly suppressed RIG-CARD expression (data not
shown). It is noteworthy that the other 3 siRNA that were de-
signed to target MAVS showed similar effects, suggesting that the
inhibition of RIG-I-CARD expression was not a nonspecific effect
of the MAVS siRNA; in addition, no such effect was observed with
control siRNA or siRNA targeting a gene unrelated to MAVS. To
continue to investigate the involvement of MAVS, we generated
stably MAVS-silenced cells using the 293-flp system, and we con-

FIG 2 Influence of a neutralizing IFN receptor antibody on STAT1 phosphor-
ylation in response to poly(I:C). (A) Following pretreatment with the anti-
IFNAR neutralizing antibody (2.5 �g/well) for 1 h, A549 cells were transfected
with poly(I:C) (200 ng) for up to 8 h. As a control, A549 cells were preincu-
bated with the neutralizing antibody for 8 h, followed by treatment with IFN-
�2b (200 ng/ml) for 15 min. Immunoblot analyses were performed using
antibodies directed against pSTAT1, STAT1, and actin. The results are repre-
sentative of two experiments conducted under similar conditions. (B) A549
cells were transfected with poly(I:C) for 3 h and then fixed with 4% parafor-
maldehyde and incubated with an anti-IFN-� antibody. IFN-� protein was
detected with a secondary antibody conjugated to Alexa 488. White arrows
indicate marginal IFN-�. The scale bar represents 100 �m.

FIG 3 Involvement of RIG-I, MDA-5, and MAVS in STAT1 phosphorylation in response to poly(I:C). A549 cells were transfected with control siRNA or
gene-specific siRNAs against RIG-I, MDA-5, or MAVS for 48 h. After the incubation, the cells were transfected with poly(I:C) for up to 8 h. The levels of pSTAT1,
STAT1, RIG-I, MDA-5, MAVS, and actin were analyzed by immunoblotting.
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firmed RIG-I-CARD was not inhibited in the MAVS knockdown
cells. 293 cells, the parental cells of flp-in 293 cells, have been
reported to show a level of type I IFN expression similar to that in
A549 cells (15). When RIG-I-CARD was transfected into the con-
trol cells for 10 h, STAT1 was phosphorylated as expected. In the
stably MAVS-silenced cells, phosphorylation was significantly in-
hibited. In contrast, 24 h after the transfection, RIG-I-CARD-
mediated STAT1 phosphorylation was not inhibited in the
MAVS-silenced cells (Fig. 5A). No significant production of
IFN-� protein was observed in the conditioned medium from
cells transfected with RIG-I-CARD after 10 h. Twenty-four hours
after transfection with RIG-I-CARD, the level of IFN-� was ele-
vated and that of IFN-� was significantly decreased in the condi-
tioned medium from MAVS-silenced cells.

When the type I IFN receptor was neutralized with a specific
antibody, the initial phosphorylation of STAT1 induced by RIG-
I-CARD was suppressed in control 293 cells (Fig. 6). In this exper-
iment, a small amount of the phosphorylated form of STAT1 was
detected in RIG-I-CARD-expressing MAVS-silenced 293 cells.
This phosphorylation was almost completely inhibited in MAVS-
silenced cells by blocking IFNAR. No significant effect caused by
either an anti-IFNAR antibody or MAVS knockdown was ob-
served on late STAT1 phosphorylation induced by RIG-I-CARD
(Fig. 6).

IFNAR-deficient cells can induce STAT1 phosphorylation in
response to poly(I:C). To exclude the possibility that the IFNAR
neutralizing antibody failed to block type I IFN signaling in
response to poly(I:C), we utilized well-characterized IFNAR-defi-
cient U5A cells (27). We initially characterized type II IFN, IFN-
�-stimulated STAT1 phosphorylation, showing that the JAK-
STAT1 signaling pathway is intact in U5A cells as well as in A549
cells (Fig. 7A). In contrast, IFN-�2b failed to induce STAT1 phos-
phorylation in U5A cells, whereas it was able to activate STAT1

phosphorylation in A549 cells and parental cells of U5A, 2fTHG
cells (Fig. 7A). These observations, combined with previous re-
ports, indicated that in U5A cells, type I IFN fails to activate
STAT1 phosphorylation due to IFNAR deficiency. We found that
the introduction of poly(I:C) was able to induce STAT1 phos-
phorylation in U5A cells but with delayed kinetics relative to those
in A549 cells (Fig. 7B). The overexpression of RIG-CARD in U5A
cells for 24 h induced STAT1 phosphorylation (Fig. 8); however,
the level of induction was much less than that in A549 and 293-flp
cells.

Type I IFN-independent STAT1 phosphorylation is unre-
lated to ISG induction. STAT1-deficient mice have no innate re-
sponses to either viral or bacterial infection, because the first line
of defense against potential pathogens requires the IFN response
(35). Secreted IFN activates STAT1, and subsequently STAT1 ac-
cumulates in the nuclei, leading to the induction of IFN-stimu-
lated genes (ISGs) (6). Therefore, we asked if IFN-independent
STAT1 activation is associated with antiviral signaling. IFN-�
caused rapid accumulation of STAT1 in the nuclei of IFNAR-
deficient cells (Fig. 9A). In contrast, no such nuclear accumulation
was observed when IFNAR-deficient cells were transfected with
poly(I:C) (Fig. 9A). This result allowed us to speculate on the
different roles of IFN-independent STAT1 activation in response
to poly(I:C). We then asked whether poly(I:C) can induce ISGs in
IFN-deficient cells. We determined the expression levels of myxo-

FIG 4 Time course of STAT1 phosphorylation following the transfection of
A549 cells with vectors expressing RIG-I constructs. (A) A549 cells were trans-
fected with FLC-RIG-I, RIG-I-CARD, or an empty control vector for up to 8 h.
(B) A549 cells were transfected with RIG-I-FLC, RIG-I-CARD, RIG-I-
�CARD, or an empty control vector for 8 h. Following the transfection, ex-
tracted samples were subjected to SDS-PAGE, and then the levels of pSTAT1,
STAT1, exogenous RIG-I (FLAG tag), and actin were analyzed by immuno-
blotting.

FIG 5 Effect of MAVS on RIG-I-CARD-induced STAT1 phosphorylation.
Either stably MAVS-silenced 293-flp cells (MAVS) or a negative control, lacZ-
silenced cells (Lac), were transfected with RIG-I-CARD (CARD) or an empty
vector (mock) for the indicated periods. Following the transfections, cell ly-
sates (A) or conditioned media (B) were collected. (A) The levels of the phos-
phorylated form of STAT1 (pSTAT1) and total STAT1 were analyzed by im-
munoblotting. (B) The levels of IFN-� protein were measured by ELISA. The
means (� SD) from three experiments are shown. *, P 	 0.01 by Student’s t
test.
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virus resistance protein A (MxA) (37), interferon-inducible gene
6-16 (G1P3) (4), and oligoadenylate synthetase (OAS) (10), all of
which are known ISGs, following transfection of the cells with
poly(I:C). The transfection of both 2fTGH cells, the parental cells
of U5A, and U5A cells with poly(I:C) induced the expression of
IFN-� with similar expression patterns (Fig. 9B). Following trans-
fection with poly(I:C), the mRNA levels of OAS, G1P3, and MxA
were increased in 2fTGH cells in a time-dependent manner (Fig.
9C to E). However, no such mRNA enhancement was observed
when poly(I:C) was introduced into IFNAR-deficient U5A cells
(Fig. 9C to E). We confirmed that the expression of these ISGs was
absolutely IFN dependent (Fig. 9F and G). Because ISGs are cru-
cial molecules in antiviral actions (44), these data suggest that
IFN-independent STAT1 activation is probably unrelated to in-

nate antiviral immunity, because ISGs are essential to antiviral
activities (25).

DISCUSSION

Type I and type II IFNs activate STAT1 via specific receptors. In
addition to the IFNs, IL-6 can cause STAT1 to be recruited to its
signaling receptor, gp130 (41). The STAT1 protein is involved in a
wide variety of intracellular responses, including cell differentia-
tion and cell death, in addition to innate immunity (3, 49). A
unique type II IFN, IFN-�, attenuates cytokine-mediated cell
growth by cross talk with antiapoptotic NF-�B signaling (46),
most likely due to STAT1 acetylation, which allows the binding of
STAT1 to NF-�B (22). Thus, the regulation and function of
STAT1 are complicated and remain to be elucidated. Solid evi-

FIG 6 Effect of an anti-IFNAR neutralizing antibody on RIG-I-CARD-induced STAT1 phosphorylation. Either stably MAVS-silenced 293-flp cells (M) or
lacZ-silenced cells (L) were transfected with FLAG-RIG-I-CARD or an empty vector (mock) for the indicated periods of time in the presence or absence of an
anti-IFNAR neutralizing antibody (2.5 �g/well). As a control, we pretreated 293 cells with an anti-IFNAR antibody for 24 h and then incubated the cells with
IFN-�2b for 15 min. Immunoblot analyses were performed using antibodies directed against pSTAT1, STAT1, MAVS, and FLAG (CARD).

FIG 7 dsRNA can induce STAT1 phosphorylation in IFNAR-deficient cells. (A) Characterization of U5A cells. A549, 2fTGH, and U5A cells were treated with
IFN-�2b (�2b; 200 pg/ml) or IFN-� (�; 5 ng/ml) for 30 min or left untreated (un). The graphs present densitometric band analysis normalized to total STAT1.
(B) U5A cells were transfected with poly(I:C) (200 ng) for 0 to 8 h. Phosphorylated STAT1 (pSTAT1) and STAT1 were analyzed by immunoblotting. The graphs
present densitometric band analysis normalized to total STAT1.
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dence has demonstrated the importance of STAT1 in antiviral
innate immunity. The receptor for type I IFN activates JAK, lead-
ing to the phosphorylation of STAT1. In STAT1-impaired cells,
little expression of IFN-inducible genes is detected in response to
type I IFN; furthermore, the impairment of the STAT1-dependent
response to type I IFN results in greater susceptibility to viral
infection (8). These facts indicate that STAT1 is a cardinal mole-
cule in innate immune responses to viral infection.

In 2000, Matikainen et al. reported that influenza A virus and
Sendai virus activate STAT1 in macrophages (28). In that study,
the phosphorylation of STAT1 was observed starting 3 h after viral
infection, and the authors concluded that the phosphorylation
was induced by the virus-induced type I IFN. Virus-induced
STAT1 phosphorylation is transient compared to that induced by
IFNs, indicating that viral proteins somehow interfere with
STAT1 directly or with the production of type I IFN (28). Cur-
rently, little is known about the mechanism of STAT1 regulation
in viral infection, especially following the sensing of viral RNA by
RLRs. To exclude any effect of a viral protein on STAT1 activation
and to observe the pure RLR-STAT1 axis, we used a synthetic
dsRNA, poly(I:C). We found that poly(I:C) induces STAT1 phos-
phorylation in both a type I IFN-dependent manner and a type I
IFN-independent manner depending on the period of time after
the introduction of poly(I:C) into the cells. There is an early phase
(	3 h) of STAT1 phosphorylation and a corresponding late phase
(
8 h). In the initial phosphorylation phase, a neutralizing anti-
body targeting IFNAR markedly inhibited STAT1 phosphoryla-
tion. Competitive binding studies have demonstrated that IFN-�
and IFN-�2b bind with similar affinities to the type I IFN receptor
on human cells (39). As a positive control for STAT1 phosphory-

lation, we used 200 pg/ml of IFN-�2b, a concentration that is
approximately equivalent to 130 IU/ml, because we found that the
maximal amount of poly(I:C)-induced IFN-� production was ap-
proximately 120 IU/ml within 8 h (Fig. 1B). The blockade of the
type I IFN receptor resulted in the complete suppression of IFN-
�2b-mediated STAT1 phosphorylation, suggesting that the neu-
tralizing antibody targeting IFNAR had sufficient activity to sup-
press type I IFN signaling. The silencing of either RIG-I or MAVS
almost completely inhibited the phosphorylation of STAT1. These
results suggest that dsRNA induces the initial STAT1 phosphory-
lation through a RIG-I-MAVS-dependent pathway; however, we
could not exclude a type I IFN-independent pathway at this point,
because the blockade of IFNAR incompletely suppressed the ini-
tial STAT1 phosphorylation. We observed that MDA-5, another
sensor for poly(I:C) (18), is not involved in STAT1 phosphoryla-
tion, suggesting that among RLRs, RIG-I is the only molecule
required for RLR/MAVS-mediated STAT1 phosphorylation. Nei-
ther immunofluorescence staining nor coimmunoprecipitation
experiments showed a direct association between RIG-I or MAVS
and STAT1 after transfection of cells with poly(I:C) (J. Dempoya
and T. Matsumiya, unpublished observations), indicating that
somehow RIG-I, which sensed the dsRNA, activates an interme-
diate signaling molecule that leads to the initial STAT1 phosphor-
ylation in addition to the production of type I IFN.

IFNAR-deficient U5A cells can produce type I IFN in response
to dsRNA or Sendai virus (34). In our experimental model, the
transfection of cells with poly(I:C) also markedly increased the
level of IFN-� expression in U5A cells. However, in the IFNAR-
deficient cells, the level of STAT1 phosphorylation showed a dif-
ferent pattern than in A549 cells; contrary to our expectation,
STAT1 was phosphorylated only from 8 h onward after the intro-
duction of poly(I:C) into U5A cells. We also found that type I IFN
signaling is associated with STAT1 accumulation and the induc-
tion of ISGs (Fig. 9). Taken together, these results suggest that only
the initial STAT1 phosphorylation through type I IFN signaling is
related to antiviral activity.

RIG-I has been shown to affect STAT1 phosphorylation, re-
sulting in the inhibition of leukemia cell proliferation (14). Tetra-
cycline-induced full-length RIG-I has been shown to be able to
phosphorylate STAT1 at both Tyr701 and Ser727 in a U937-RIG-I
tet-on system (14). These findings were useful for us to under-
stand the relationship between RIG-I and STAT1 activation; how-
ever, the following two questions remained regarding our exper-
imental model: how is dsRNA involved in this relationship, and
what is the time dependence after the activation of RIG-I? As
mentioned previously, following viral sensing, activated RIG-I ex-
poses its N-terminal CARD (5). Indeed, only the CARD portion of
RIG-I can activate antiviral signaling through the adaptor mole-
cule MAVS (20, 51); moreover, the overexpression of full-length
RIG-I alone does not affect antiviral signaling (51). Consistent
with these reports, we observed that only RIG-I-CARD could in-
duce STAT1 phosphorylation in A549 cells (Fig. 4), showing that
the overexpression of RIG-I-CARD reflects the antiviral state
more closely than the overexpression of full-length RIG-I. We
next considered the kinetics of the expression of RIG-I-CARD
after transfection, because we predicted that the induction of
STAT1 phosphorylation should be followed by the expression of
RIG-I-CARD as long as RIG-I-CARD reflects activated RIG-I. As
expected, STAT1 phosphorylation was rapidly observed in RIG-I-
CARD-transfected cells as soon as the protein level of RIG-I-

FIG 8 Effect of RIG-CARD on STAT1 phosphorylation in U5A cells. (A) The
cells were transfected with either an empty control vector (mock) or a vector
encoding the CARD of RIG-I for 24 h. The levels of pSTAT1, STAT1, and
FLAG-RIG-CARD were analyzed by immunoblotting. The results are repre-
sentative of three experiments conducted under similar conditions. (B) Den-
sitometric analysis of pSTAT1 relative to total STAT1 based on the three inde-
pendent experiments of panel A revealed a 173% increase in pSTAT1 in
response to RIG-CARD in U5A cells. *, P 	 0.001.
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CARD could be detected by immunoblotting, suggesting that
RIG-I-CARD-mediated signaling is required for the initial STAT1
phosphorylation. Our findings also show that MAVS is essential in
the CARD-mediated initial STAT1 phosphorylation. No detect-
able level of IFN-� was observed 8 to 10 h after RIG-I-CARD
transfection in A549 cells (data not shown). The blockade of
IFNAR suppressed the initial STAT1 phosphorylation in response
to RIG-I-CARD. An amount of type I IFN undetectable by ELISA
may participate in the initial phosphorylation of STAT1 by RIG-
CARD, as we confirmed using immunofluorescence microscopy,
the results of which are shown in Fig. 2B. However, some phos-
phorylated STAT1 remained even after blocking IFNAR. Taken
together, our results indicate that the initial phase of STAT1 phos-
phorylation is regulated by the RIG-I-MAVS-dependent pathway.
Type I IFN predominantly contributes to the initial STAT1 phos-
phorylation; however, another pathway may participate in this
phosphorylation.

We also investigated the involvement of the type I IFN and

RIG-MAVS pathways in late STAT1 phosphorylation in response
to poly(I:C) introduction. Perry et al. reported that poly(I:C)-
induced STAT1 phosphorylation could be detected in TANK-
binding kinase-1 (TBK1)-deficient macrophages, albeit with de-
layed kinetics (38). In their study, poly(I:C) was added to the
culture medium, where it is thought to be recognized by TLR3
(47). Consistent with the initial observation regarding the TLR3-
mediated pathway, poly(I:C) induced late STAT1 phosphoryla-
tion in a type I IFN-independent fashion. One possibility explain-
ing late STAT1 phosphorylation is that there is a positive feedback
loop of STAT1 activation. It has been reported that overexpressed
STAT1 can be phosphorylated in the absence of any stimulus (48);
furthermore, both type I and type II IFNs are known to increase
the level of STAT1 (11). Consequently, induced STAT1 might be
autophosphorylated, a process through which it becomes inde-
pendent of the type I IFN-independent pathway.

The silencing of MAVS did not affect the late STAT1 phos-
phorylation induced by the overexpression of RIG-I-CARD for 24

FIG 9 Influence of the IFN receptor on ISG induction. (A) U5A cells were transfected with poly(I:C) (200 ng) for 8 h or treated with IFN-� (5 ng/ml) for 30 min,
followed by fixation with 4% paraformaldehyde. STAT1 (green) and DAPI (blue; nuclei) stains are shown. Both U5A cells and their parental 2fTGH cells were
transfected with poly(I:C) (200 ng) (B to E) or treated with IFN-�2b (100 pg/ml) (F to H) for up to 8 h. The expression levels of IFN-� (B), OAS (C and F), G1P3
(D and G), and MxA (E and H) were quantified by real-time RT-PCR. The means (� SD) from three experiments are shown. *, P 	 0.001.
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h, but it did produce IFN-�. Furthermore, RIG-CARD was able to
induce STAT1 phosphorylation in IFNAR-deficient cells; there-
fore, another possibility is that the late STAT1 phosphorylation in
response to dsRNA requires a CARD-containing RNA-binding
molecule that is as yet unknown along with its adaptor in addition
to RLRs and MAVS (Fig. 10).

Our findings underscore the importance of the RIG-I- and
MAVS-dependent pathway for initial STAT1 phosphorylation
following the recognition of dsRNA. Because the rapid induction
of the innate antiviral response is critical for controlling viral rep-
lication (9), it is essential to understand how the signal from the
cytosolic viral sensor RIG-I results in the expression of antiviral
genes. We conclude that, in addition to transactivating type I IFN,
the RIG-I-MAVS pathway might be able to directly activate
STAT1 or at least trigger initial STAT1 phosphorylation. Although
further studies are needed to elucidate the precise regulatory
mechanisms governing the phosphorylation of STAT1 in re-
sponse to dsRNA, we believe a signaling switch from an IFN-
dependent pathway to an IFN-independent pathway in STAT1
activation is an important step in the innate immune response.
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