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ABSTRACT

The influenza A virus genome possesses eight negative-strand RNA segments in the form of viral ribonucleoprotein particles
(VRNPs) in association with the three viral RNA polymerase subunits (PB2, PB1, and PA) and the nucleoprotein (NP). Through
interactions with multiple host factors, the RNP subunits play vital roles in replication, host adaptation, interspecies transmis-
sion, and pathogenicity. In order to gain insight into the potential roles of RNP subunits in the modulation of the host’s innate
immune response, the interactions of each RNP subunit with retinoic acid-inducible gene I protein (RIG-I) from mammalian
and avian species were investigated. Studies using coimmunoprecipitation (co-IP), bimolecular fluorescence complementation
(BiFc), and colocalization using confocal microscopy provided direct evidence for the RNA-independent binding of PB2, PB1,
and PA with RIG-I from various hosts (human, swine, mouse, and duck). In contrast, the binding of NP with RIG-I was found to
be RNA dependent. Expression of the viral NS1 protein, which interacts with RIG-I, did not interfere with the association of
RNA polymerase subunits with RIG-I. The association of each individual virus polymerase component with RIG-I failed to sig-
nificantly affect the interferon (IFN) induction elicited by RIG-I and 5’ triphosphate (5'ppp) RNA in reporter assays, quantita-
tive reverse transcription-PCR (RT-PCR), and IRF3 phosphorylation tests. Taken together, these findings indicate that viral
RNA polymerase components PB2, PB1, and PA directly target RIG-I, but the exact biological significance of these interactions
in the replication and pathogenicity of influenza A virus needs to be further clarified.

IMPORTANCE

RIG-I is an important RNA sensor to elicit the innate immune response in mammals and some bird species (such as duck) upon
influenza A virus infection. Although the 5'-triphosphate double-stranded RNA (dsRNA) panhandle structure at the end of viral
genome RNA is responsible for the binding and subsequent activation of RIG-I, this structure is supposedly wrapped by RNA
polymerase complex (PB2, PB1, and PA), which may interfere with the induction of RIG-I signaling pathway. In the present
study, PB2, PB1, and PA were found to individually interact with RIG-Is from multiple mammalian and avian species in an
RNA-independent manner, without significantly affecting the generation of IFN. The data suggest that although RIG-I binding
by RNA polymerase complex is conserved in different species, it does not appear to play crucial role in the modulation of IFN in

vitro.

Inﬂuenza A virus is a member of the Orthomyxoviridae family
and contains eight segments of negative-sense genomic RNA.
Within the virus particle, viral RNAs (VRNAs) are wrapped with
multiple copies of the nucleoprotein (NP) and are bound to a
heterotrimeric polymerase complex composed of basic poly-
merases 1 and 2 (PB1 and PB2, respectively) and the acidic poly-
merase (PA) to collectively form viral ribonucleoprotein particles
(VRNPs). Upon entry and uncoating, the vRNPs travel to the nu-
cleus through interactions with importin-like factors and compo-
nents of the nuclear pore complex. The vRNPs form the minimal
units for transcription and replication of viral RNAs. PB2 recog-
nizes and binds the methylated cap of cellular pre-mRNAs (1),
and then PA cleaves the cap and generates 5'-capped RNA frag-
ments (2), which are then used to prime viral mRNA transcription
by PB1 (3). The accumulation of NP during infection is thought to
favor the switching of viral RNA from transcription to replication
(4) and promote the nuclear export of progeny vRNPs (in associ-
ation with the viral proteins M1 and NEP and cellular factors) (5).
The protein components of vRNPs are also involved in viru-
lence, host adaptation, and interspecies transmission of influ-
enza A virus, presumably due to interactions with numerous
host factors (6).

The innate immune response, especially the interferon (IFN)-
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mediated response, makes up the first line of defense against the
invasion of pathogens. The production of type I IFN is primarily
induced by Toll-like receptors (TLRs) located in the endosome or
cellular membrane and RIG-I like receptors (RLRs) distributed
mainly in the cytoplasm. RIG-I has been identified as the major
cellular sensor for IFN induction upon influenza virus infection
(7, 8). RIG-I recognizes the 5" triphosphate (5'ppp) in viral
genomic RNAs (9, 10) or double-stranded RNA (dsRNA) inter-
mediates synthesized during virus replication (7, 11). Recently,
RIG-I was shown to preferentially associate with short sub-
genomic viral segments in infected cells (12). Binding to its ligand
induces a conformational change in RIG-I that leads to the ubiq-
uitination of CARD domains (caspase activation and recruitment
domains) by TRIM25 (tripartite motif protein 25) or ubiquitina-

Received 12 May 2014 Accepted 12 June 2014

Published ahead of print 18 June 2014

Editor: M. S. Diamond

Address correspondence to Daniel R. Perez, dperez1@umd.edu.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.01383-14

September 2014 Volume 88 Number 18


http://dx.doi.org/10.1128/JVI.01383-14
http://jvi.asm.org

tion of C-terminal regulatory domain by Riplet (RING finger pro-
tein leading to RIG-I activation) and the subsequent complex for-
mation between RIG-I and IPS-1 (beta interferon promoter
stimulator 1, also known as MAVS, VISA, or Cardif) on the sur-
face of the mitochondria (13). The ensuing signal cascade causes
the nuclear translocation of IRF3, IRF7, ATF-2/c-Jun, and NF-kB,
which activate the IFN-3 promoter and promote the expression of
IEN (14). Finally, hundreds of interferon-stimulated genes (ISGs),
such as those encoding PKR, 2',5'-OAS, MxI, and ADARI,
among others, are produced and exert their antiviral function via
multiple mechanisms (15). Of note, RIG-I has been found not
only in humans and mammals but also in a wide variety of other
animal species, such as zebrafish, amphibians, and birds (16, 17).
Interestingly, Galliformes (e.g., chickens) appear to have lost
through evolution the gene that encodes RIG-I, although it is
maintained in other avian species such as in Anseriformes (ducks
and geese) (18, 19). This difference has been suggested as a possi-
ble explanation for the increased susceptibility of chickens com-
pared to that of ducks to highly pathogenic influenza viruses (18).

To survive in host cells, influenza A viruses have evolved vari-
ous strategies to circumvent the IFN response. The NS1 protein, a
nonstructural protein generated during the early stages of virus
infection, is a well-characterized IFN inhibitor (20). NS1 can limit
IEN induction by various strategies, including (i) sequestration of
viral dsRNA away from host-encoded RNA sensors (21), (ii) for-
mation of complexes with RIG-I (9, 10, 22), (iii) suppression of
TRIM25- and/or Riplet-mediated RIG-I ubiquitination (16, 22),
and (iv) blocking of cellular pre-mRNA processing and transport
and thus decreasing synthesis of antiviral proteins involved in in-
nate immunity (23, 24). Apart from NSI, other influenza virus
proteins also possess [FN-antagonizing capabilities. PB1-F2 can
act on MAVS (25, 26) and/or interfere with the RIG-I/MAVS pro-
tein complex (27), thereby inhibiting IFN production. In addi-
tion, the PB2 protein (28, 29) from human influenza A virus alone
or in the context of the three viral polymerase subunits has been
shown to interact with MAVS and impair host antiviral responses
mediated by IFN (30).

In the present study, evidence was obtained for the direct in-
teractions of viral RNA polymerase components from an avian
influenza A virus (HIN2 subtype) with RIG-I from various host
species (human, duck, mouse, and swine). NP was also shown to
interact with RIG-I, although this interaction is indirect and me-
diated by RNA. Association of virus RNP subunits with RIG-I did
not remarkably contribute to the inhibition of the IFN signaling
pathway. Collectively, these findings highlight the interactions of
viral polymerase components with RIG-I, although the biological
significance of these interactions awaits clarification.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) cells, chicken
embryonic fibroblasts (DF1), duck embryonic fibroblasts (CCL-141), a
mouse macrophage cell line (RAW264.7), a swine epithelial cell line
(PK15), a human embryonic kidney cell line (293T), a human lung carci-
noma cellline (A549), and African green monkey kidney (Vero) cells were
cultured in OPTI-MEM supplemented with antibiotics and 10% fetal calf
serum at 37°C in 5% CO,. Influenza A virus strain A/Guinea Fowl/Hong
Kong/WF10/99 (HON2) (WF10) has been previously described (31). The
virus was propagated in 9-day-old embryonated eggs. Virus titer was de-
termined by 50% tissue culture infective dose (TCIDs,) in MDCK cells
using the method of Reed and Muench (32).
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Plasmids. To construct plasmids used for biomolecular fluorescence
complementation (BiFc) analysis, the sequences encoding the N terminus
of enhanced yellow fluorescent protein (EYFP; containing residues 1 to
155 and a Q70M point mutation to enhance stability of fluorescence sig-
nal; NYFP), the C terminus of EYFP (comprising residues 156 to 239;
CYFP), or the N terminus of Cerulean (a variant of EYFP) corresponding
to residues 1 to 173 (NCe) were fused to PB2, PBI, PA, or NP at the
C-terminal end via a linker (three repeats of the peptide sequence GGG
GS). The chimeric genes were then cloned into the pDP2002 or pcDNA3
vector to yield plasmids pDPPB2-NYFP, pDPPB1-NYFP, pDPPA-NYFP,
pDPNP-NCe, pDPPB2-CYFP, pDPPA-CYFP, pc-PB2-NYFP, pc-PB1-
NYFP, pc-PA-NYEFP, and pc-NP-NYFP. Plasmid pcDNA3-NYFP was
constructed via the insertion of NYFP-encoding sequence into pcDNA3.
Based on this plasmid, a derivative construct was produced, pc-
WENSI1(AS)-NYFP, which expresses NS1 protein (without a splicing site)
flanked by a linker-NYFP segment at the C terminus. The full-length of
RIG-I open reading frame (ORF) from different species (duck, mouse,
swine, or human) was amplified from WF10 virus-infected or polyl-C-
stimulated cells (CCL-141, RAW264.7, PK15, or A549) using overlapping
PCR. Different RIG-I genes were then ligated with pCMV-Flag-MAT-
Tag-1 vector (abbreviated pflag vector; Sigma, St. Louis, MO) or pCMV-
3Tag-2b vector (abbreviated pmyc-2b; Agilent Technologies, La Jolla,
CA) to produce plasmids pflag-DRIG, pflag-MRIG, pflag-SRIG, pflag-
HRIG, and pmyc-HRIG. The RIG-I genes were cloned into the pcDNA3
vector, and the linker-CYFP sequence was subsequently inserted into
these constructs to produce plasmids pc-DRIG-CYFP, pc-MRIG-CYFP,
pc-SRIG-CYFP, and pc-HRIG-CYFP, respectively. Using this strategy,
recombinant plasmids pc-DRIG-NYFP, pc-MRIG-NYFP, pc-SRIG-
NYFP, and pc-HRIG-NYEP were also generated; all these plasmids con-
tain a linker and an N-terminal EYFP sequence with a Q70M point mu-
tation.

To construct plasmids used for coimmunoprecipitation (co-IP), con-
focal microscopy, and IRF3 phosphorylation assays, the PB2, PB1, PA, or
NP gene from WF10 virus was amplified by reverse transcription-PCR
(RT-PCR) and inserted in-frame into pCMV-3Tag-2a vector (termed
pmyc-2a vector; Agilent Technologies). The corresponding plasmids en-
code myc-tagged recombinant proteins and were labeled pmyc-PB2,
pmyc-PB1, pmyc-PA, and pmyc-NP, respectively. In addition, the PB2,
PB1, PA, and NP genes were also fused with pcDNA3 vector, generating
plasmids pcDNA3-PB2, pcDNA3-PB1, pcDNA3-PA, and pcDNA3-NP,
respectively. Reporter plasmid pGluc-IFNB, which carries the Gaussia
luciferase gene under the control of human IFN-3 promoter, was created
by cloning the human IFN-3 promoter (nucleotide [nt] —125 ~ +19)
into pGluc-basic vector (New England BioLabs, Ipswich, MA). Another
reporter plasmid, pISRE-Luc, was obtained from Agilent Technologies.
Two negative-control plasmids, pflag-GFP and pmyc-GFP, were obtained
by fusing the gene encoding enhanced green fluorescent protein (EGFP)
with the corresponding epitopes in pflag or pmyc-2a vectors via cloning
into the BamHI site.

To produce reverse genetics plasmid pDPNS2 (lacking the NS1 gene),
the pDPNS-WF10 plasmid was used as a template and inverse PCR was
performed first to remove the intron of the NS1 gene. Subsequently, the
PCR product was digested by BsmBI and self-ligated. Plasmid pCAGGS-
WENSI(AS), encoding NS1 protein from WF10 virus, was generated by
the fusion of the NS1 ORF with the pCAGGS vector. The splicing site in
the NS1 ORF had been deleted via point mutations. Plasmid pCAGGS-
GST, which served as a negative control, was constructed by the insertion
of the glutathione S-transferase (GST) ORF into the pCAGGS vector via
EcoRI and BglIT sites. pflag-IRF3, a recombinant plasmid used for IRF3
phosphorylation analysis, was generated via the insertion of the full-
length ORF of human IRF3 into pflag vector at the KpnlI site. All plas-
mid constructs were verified by Sanger sequencing using appropriate
primers and a 3500XL genetic analyzer from Applied Biosystems
(Foster City, CA).
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Co-IP. Confluent 293T cells seeded in 10-cm dishes were transfected
with different combinations of plasmids. After 48 h of cotransfection by
the indicated plasmids (or after 32 h of transfection followed by 14 h of
infection with the WF10 virus), cells were lysed in cold 0.5% NP-40 lysis
buffer at 4°C for 30 min and then centrifuged at 14,000 X g for 10 min.
Supernatants were collected and divided into two parts; one part was
supplied with RNase A (Invitrogen, Carlsbad, CA) at a final concentration
0f 100 g/ml, while the other part was kept untreated. After 1 h of rotation
of the samples at 4°C and 10 min of centrifugation at 14,000 X g, super-
natants were harvested and precleared with Dynabeads-protein G (Invit-
rogen) at 4°C for 4 h. Meanwhile, 5 pl of mouse anti-myc antibody (Cell
Signaling Technology, Danvers, MA) or mouse anti-Flag antibody
(Sigma, St. Louis, MO) was mixed with Dynabeads-protein G at room
temperature for 1 h and at 4°C for 3 h to allow the binding of antibody to
the beads. Supernatants were subsequently incubated overnight with an-
tibody-coated beads at 4°C with gentle rotation. After washing 4 times
with radioimmunoprecipitation assay (RIPA) lysis buffer for 5 min each
time, the precipitated proteins were eluted from beads with hot Laemmli
sample buffer at 100°C for 7 min and resolved by 4 to 20% or 7.5%
SDS-PAGE. Rabbit anti-Flag antibody (Sigma; 1:500), mouse anti-myc
antibody (Cell Signaling Technology; 1:1,000), goat anti-PB2 antibody
(Santa Cruz, CA; 1:200), goat anti-PB1 antibody (Santa Cruz; 1:150),
rabbit anti-PA antibody (GeneTex, San Antonio, TX; 1:2,000), and rabbit
anti-NP antibody (Novas Biologicals, Littleton, CO; 1:2,000) as well as
peroxidase-conjugated secondary antibody (Southern Biotech, Birming-
ham, AL; 1:4,000) were used to probe the eluted proteins. Ten percent of
cell lysates was kept as input samples and subjected to Western blotting
using the antibodies mentioned above.

SDS-PAGE and Western blotting. Cells were harvested and lysed with
2X Laemmli sample buffer at 100°C for 7 min. After brief sonication, the
lysates were separated on a 4 to 20% gradient polyacrylamide gel or 7.5%
polyacrylamide gel (Bio-Rad, Hercules, CA) and transferred to a nitrocel-
lulose membrane, followed by blocking in Tris-buffered saline (TBS) solu-
tion containing 0.1% Tween 20 and 5% nonfat milk for 2 h. The membrane
was incubated overnight at 4°C with the desired antibodies. After being
washed three times with TBS containing 0.1% Tween 20, the membrane was
exposed to peroxidase-conjugated secondary antibody (Southern Biotech;
1:4,000 dilution) for 2 h at room temperature. Immunoreactive proteins were
visualized using West Pico enhanced chemiluminescence reagent (Pierce,
Rockford, IL) and autoradiography.

BiFc analysis. Tissue culture cells grown on 12-well plates were trans-
fected with the selected pairs of bimolecular fluorescence complementa-
tion (BiFc) constructs (1 pg of each plasmid) using Transfectin (Bio-Rad,
Hercules, CA) (for MDCK cells) or Transit-LT1 (Mirus, Madison, WI)
(for 293T and DF1 cells) by following the procedures provided by the
manufacturers. At 24 h posttransfection (hpt), cells were further subjected
to 14 h of incubation at 30°C. Then the cells were fixed with 4% parafor-
maldehyde for 10 min and permeabilized with 0.2% Triton X-100 for 7
min, followed by 10 min of nuclear staining with 4',6-diamidino-2-phe-
nylindole (DAPL Thermo Scientific, Rockford, IL; 1:500). The digitized
images were captured using a Zeiss SM510 confocal microscope (Carl
Zeiss Microscopy, Thornwood, NY). Image] software was used to quan-
titate the frequency and intensities of BiFc signals if necessary.

Immunofluorescence analysis. RNP subunit-expressing plasmids
were introduced into 293T cells grown on coverslips along with different
RIG-I plasmids by Transit-LT1 reagent. Twenty-four hours later, cells
were subjected to 10 min of fixation with 4% paraformaldehyde and 7 min
of permeabilization with 0.2% Triton X-100. After blocking for 40 min in
phosphate-buffered saline (PBS) containing 3% bovine serum albumin
(BSA), cells were stained with rabbit anti-Flag antibody (Sigma; 1:300)
and mouse anti-myc antibody (Cell Signaling Technology; 1:700) diluted
in 3% BSA-PBS for 2 h. Then the cells were washed 3 times with PBS and
incubated with Alexa Fluor 568-conjugated donkey anti-rabbit antibody
(Invitrogen, Carlsbad, CA; 1:300) and Alexa Fluor 488-conjugated don-
key anti-mouse antibody (Invitrogen; 1:300) for 1 h. Nuclei were stained
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with DAPI (Thermo Scientific; 1:500) for 10 min, and the samples were
visualized using a Zeiss SM510 confocal microscope. Digital images were
processed with ZEN software.

Generation of NS1-deleted influenza virus. TheNS1-deleted WF10
virus was rescued in Vero cells. In brief, Vero cells (95% confluent) were
transfected with plasmid pDPNS2 along with reverse genetics plasmids
encoding seven other segments of WF10 virus using Transfectin reagent.
At 24 hpt, the medium was replaced by serum-free medium containing 1
pg/ml of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-tryp-
sin. TPCK-trypsin was supplied every day at a final concentration of 1
pg/ml until cytopathic effect was observed. The virus was propagated in
7-day-old eggs and titrated by TCID, in MDCK cells. To verify whether
the virus lacked NS1, Sanger sequencing and Western blot analyses were
performed.

Localization of endogenous RIG-I during transfection or infection.
A549 cells were transfected with appropriate plasmids (pmyc-PB2, pmyc-
NP, or pmyc empty vector) for 24 h or infected with viruses (wild-type or
NS1-deleted WF10 virus) for 14 h ata multiplicity of infection (MOI) of 5.
Immunofluorescence assays (IFAs) were then performed as described
above using rabbit anti-RIG-I antibody (Santa Cruz; 1:30) and mouse
anti-myc antibody (Cell Signaling Technology; 1:250) or mouse anti-NP
antibody (Santa Cruz; 1:250), followed by staining with Alexa Fluor 488-
conjugated donkey anti-rabbit antibody (Invitrogen; 1:250) and Alexa
Fluor 568-conjugated donkey anti-mouse antibody (Invitrogen; 1:300).
To investigate the location dynamics of endogenous RIG-I in the whole
infection process, A549 cells were infected with wild-type or NS1-deleted
WEFI0 virus at an MOI of 5. At 1, 2, 4, 6, 8, 10, 12, and 14 hours postin-
fection (hpi), cells were fixed with 4% paraformaldehyde and permeabil-
ized with 0.2% Triton X-100. RIG-I was probed with rabbit anti-RIG-I
antibody (Santa Cruz; 1:30) and Alexa Fluor 488-conjugated donkey anti-
rabbit antibody (Invitrogen; 1:250).

Nuclear and cytosolic fractionation assay. Nuclear and cytosolic pro-
teins were extracted from virus-infected A549 cells at various time points
postinfection using the NE-PER nuclear and cytoplasmic extraction kit
(Pierce) according to the manufacturer’s instructions. Briefly, the cells in
12-well plates were suspended with 100 pl of CER I and incubated for 10
min on ice. Then, the cells were mixed with 5.5 pl of CER II and centri-
fuged for 5 min at 13,000 X g after 1 min of incubation on ice. Superna-
tants (cytoplasmic fraction) were collected immediately and stored at
—20°C. The pellets were resuspended with 25 l of NER and maintained
on ice for 40 min while being vortexed for 15 s at 10-min intervals. Nuclear
proteins were harvested after 10 min of centrifugation at 13,000 X g to
discard the insoluble components. Nuclear and cytosolic fractions were
subsequently subjected to SDS-PAGE and Western blot analysis using
rabbit anti-RIG-I antibody (Santa Cruz; 1:1500), rabbit antitubulin anti-
body (Sigmaj; 1:1,000), rabbit anti-PCNA antibody (Cell Signaling Tech-
nology; 1:1,000), or rabbit anti-NP antibody (Novas Biologicals; 1:2,000).

IFN-B and interferon-stimulated response element (ISRE) pro-
moter stimulation assays. 293T cells in 24-well plates were transfected
with various amounts of pGluc-IFN-, pPCMV/SEAP-, pflag-HRIG-, and
pcDNA3-based expression plasmids for PB2, PB1, PA, and NP, respec-
tively. Plasmid pCAGGS-WFNS1(AS) was used as a positive control.
Empty pcDNA3 vector was added to ensure that the total amount of
plasmid was the same for each well. Cells were incubated for 24 h, followed
by transfection of 5'ppp RNA (Invivogen, San Diego, CA; 0.5 ug/well)
using Lipofectamine 2000 (Invitrogen). At 24 h after stimulation with
5'ppp RNA, supernatants were harvested and analyzed for both luciferase
(Gluc) and secreted alkaline phosphatase (SEAP) activities using the Bio-
Lux Gaussia luciferase assay kit (New England BioLabs, Ipswich, MA) and
the Phospha-Light secreted alkaline phosphatase reporter gene kit (Ap-
plied Biosystems) according to the manufacturers’ directions. All experi-
ments were repeated independently three times, and the relative IFN-f3
promoter activities were expressed as the average values of Gluc normal-
ized to SEAP.

For ISRE activity analysis, pISRE-Luc plasmids were introduced into
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293T cells in combination with pflag-HRIG (or empty pflag vector) and
plasmid pcDNA3-PB2, pcDNA3-PB1, pcDNA3-PA, pcDNA3-NP, or
pCAGGS-WENSI(AS) or empty pcDNA3 vector. 5" ppp RNA was admin-
istered at a concentration of 0.5 wg/well via transfection. At 24 hpt, the
supernatants were collected for SEAP detection as described above. At the
same time, the cells were lysed for determination of firefly luciferase ac-
tivity using the Bright-Glo luciferase assay kit from Promega. Experiments
were performed in triplicate, and the relative ISRE activity was expressed
as the ratio of Luc to SEAP.

Quantitative RT-PCR (qRT-PCR). 293T cells in 12-well plates were
transfected with the desired plasmids using Transit-LT1. Twenty-four
hours later, the cells were further transfected with 1 pg of 5'ppp RNA
(Invivogen) using Lipofectamine 2000. In another group, RNA extracted
from WF10 virus-infected or mock-infected Vero cells was used as a stim-
ulator (1 pg/well). Total RNA was isolated from cells using the RNeasy
minikit (Qiagen, Valencia, CA) after 11 h of stimulation and treated with
DNase I to prevent the contamination of DNA. The cDNA was synthe-
sized using oligo(dT) primer and the SuperScript III First-Strand Synthe-
sis kit (Invitrogen). PCR was performed in a volume of 20 pl for 40 cycles
(95°C for 10s, 58°C for 20 s, and 72°C for 25 s) using the LightCycler 480
SYBR green I master mix kit (Roche, Indianapolis, IN). The primer sets we
used were forward primer 5'-GATTCATCTAGCACTGGCTGG-3" plus
reverse primer 5'-CTTCAGGTAATGCAGAATCC-3' for IFN-{ and for-
ward primer 5'-CCAAGGCCAACCGCGAGAAGATGAC-3’ plus reverse
primer 5'-AGGGTACATGGTGGTGCCGCCAGAC-3’ for B-actin. The
fluorescence signals were monitored by the LightCycler 480 real-time
PCR system (Roche), and the specificity of PCR products was confirmed
by melting-curve analysis. The mRNA expression levels of IFN-f3 relative
to B-actin were determined by the threshold cycle (272T) method.

Phosphorylation of IRF3. After 24 h of transfection of appropriate
plasmids encoding RIG-I, IRF3, and myc-tagged viral proteins, 293T cells
were stimulated with 5"ppp RNA (via transfection) for 12 h and lysed with
Laemmli buffer supplied with phosphatase inhibitor. Cellular lysates were
separated in an SDS-PAGE gel, following by immunoblotting using anti-
bodies targeting phospho-IRF3 (Ser396) (Cell Signaling Technology;
1:1,000), total IRF3 (Cell Signaling Technology; 1:1,000), RIG-I (Santa
Cruz; 1:2,000), myc (Cell Signaling Technology; 1:1,000), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; Santa Cruz; 1:3,000). The
protein band intensities of phosphorylated IRF3 and total IRF3 were
quantitated with Image] software.

Statistical analyses. Experimental data were expressed as means *+
standard deviations (SD) and analyzed by GraphPad Prism 5 software (La
Jolla, CA). One-way analysis of variance (ANOVA) was used, followed by
the Dunnett ¢ test. A P value of <0.05 was considered statistically signifi-
cant.

RESULTS

Association between RNP subunits and RIG-I. To explore the
possible interactions among RNP subunits and RIG-I, co-IP tests
were performed. The Flag-tagged human RIG-I (Flag-HRIG) and
myc-tagged PB2, PB1, PA, or NP were coexpressed in 293T cells.
The myc-GFP expression plasmid was used as a negative control.
RNase A treatment was used to evaluate the effect of RNA on the
binding of RNP subunits with RIG-I. As shown in Fig. 1A, RNase
A treatment completely degraded RNA extracted from cells. Re-
gardless of RNase A treatment, Flag-HRIG could be pulled down
by the myc antibody from cells coexpressing either myc-PB2,
myc-PB1, or myc-PA but not from cells coexpressing myc-GFP
(Fig. 1B), suggesting direct and RNA-independent interactions
between RNA polymerase subunits and human RIG-I. In contrast,
Flag-HRIG interaction with myc-NP was RNA dependent, since
RNase A treatment entirely abolished the binding of myc-NP with
Flag-HRIG (Fig. 1C). Of note, the interactions of RNP subunits
with RIG-I were not limited to the human homolog, as similar
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interactions were observed with constructs encoding duck,
mouse, and swine RIG-I (Fig. 1D to G), despite sharing 52.6%,
77.0%, and 78.1% amino acid homology with the human coun-
terpart, respectively. These findings indicate that the binding of
RNP subunits with RIG-I from different species may be an inher-
ent property of RIG-I and reflects the evolutionary conservation
of this intracellular RNA sensor.

BiFcis a simple and reliable technique to study protein-protein
interactions. Two split fluorescent segments (e.g., N terminus of
EYFP or C terminus of EYFP) are fused to two candidate proteins.
If the candidate proteins interact with each other, the split fluo-
rescent segments will form a complex and emit a fluorescent signal
(33). In this study, the N-terminal 155 residues of the Q70M EYFP
variant (NYFP), the N-terminal 173 residues of another variant,
Cerulean EYFP (NCe), or the C-terminal 84 residues of EYFP
(CYFP) were used to produce chimeric constructs with target pro-
teins (PB2, PB1, PA, and NP) from the WF10 (31) virus or with
RIG-I. Since previous studies showed that N-terminal fusion of
GFP to either PB1 or PA severely altered the function of these
proteins, while C-terminal fusion had no adverse effects (34, 35),
all split fluorescent segments were placed on the C terminus of
target proteins (Fig. 2A). Additionally, a short linker sequence
with three repeats of GGGGS was inserted between the target pro-
teins and the split fluorescent segments to ensure flexibility and
accessibility of each protein product within the construct. The
putative interactions between different target proteins facilitate
the formation of NYFP/CYFP or NCe/CYFP complexes, which
can produce stable fluorescence.

To test the associations between RNP subunits of influenza A
virus and RIG-I, different combinations of BiFc plasmids were
transfected into 293T cells. Obvious fluorescence was observed
when HRIG-CYFP (human RIG-I fused to CYFP) and either PB2-
NYFP, PB1-NYFP, PA-NYFP, or NP-NCe was coexpressed in the
same cells (Fig. 2B). Compared with the fluorescent signals caused
by HRIG-CYFP/PA-NYFP and HRIG-CYFP/NP-NCe, the signal
intensities that resulted from HRIG-CYFP/PB2-NYFP and HRIG-
CYFP/PBI-NYEFP are relatively weaker (Fig. 2B), which can be
attributed to the lower abundance of PB2-NYFP and PB1-NYFP
relative to that of PA-NYFP and NP-NCe (Fig. 2F). Interestingly,
fluorescence produced by HRIG-CYFP/PB2-NYFP as well as
HRIG-CYFP/NP-NCe was predominantly nuclear, whereas fluo-
rescence generated by HRIG-CYFP/PBI-NYEP as well as HRIG-
CYFP/PA-NYFP had mostly a cytoplasmic distribution (Fig. 2B).
Expression of RIG-I and individual vRNP protein components in
single-plasmid transfection studies (data not shown) showed that
(1) RIG-I located nearly exclusively in the cytoplasm, (ii) PB1 and
PA were present in the cytoplasm at high concentrations and in
the nucleus at low concentrations, and (iii) PB2 and NP predom-
inantly distributed in the nucleus. Consistent with these results,
RIG-I has already been shown to be a cytoplasmic protein (36),
and individually expressed PB1 or PA was shown previously to
display more cytoplasmic distribution than nuclear localization
(35, 37). Thus, it is conceivable that the associations between
RIG-I and PB1 or PA most probably occur in the cytoplasm. In
contrast, since PB2 and NP contain strong nuclear targeting se-
quences (38, 39), they may bind RIG-I and sequester the latter in
the nuclear compartment (Fig. 2B).

Since initial BiFc assays were performed using clones from the
reverse genetics vector pDP2002, which is able to produce viral
RNA simultaneously, it was important to exclude the potential
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FIG 1 Interactions of viral RNP subunits with various RIG-Is in the presence or absence of RNA. (A) Degradation of cellular RNA by RNase A. (A)
Cellular lysates from 293T cells were treated with RNase A (100 pg/ml) for 1 h at 4°C and subjected to agarose electrophoresis. MW, 1-kb DNA ladder.
(B) RNA-independent interactions of PB2, PB1, and PA with human RIG-I (HRIG). 293T cells were transfected for 48 h with Flag-HRIG plasmid along
with myc-tagged expression plasmids for PB2, PB1, PA, or GFP. After lysis with NP-40 buffer, the cellular lysates were left untreated [(—)] or treated for
1 h with RNase A [(+)]. Ten percent of cellular lysates was kept as input samples. The remaining cellular lysates were coimmunoprecipitated (co-IP) with
mouse anti-myc antibody. Precipitated proteins were subjected to Western blot (WB) analysis using rabbit anti-Flag antibody or mouse anti-myc
antibody. (C) RNase A treatment abolished the interaction between NP and human RIG-I. 293T cells were transfected with the indicated plasmids and
lysed with NP-40 buffer, followed by RNase A digestion as indicated. Co-IP and WB were then conducted as described above. (D to G) Effect of RNase A
treatment on the binding of each RNP component with RIG-I from duck, mouse, and swine. 293T cells were transfected for 48 h with plasmids expressing
Flag-RIG-I from either duck (D), mouse (M), or swine (S) along with myc-tagged expression plasmids for PB2, PB1, PA, NP, or GFP. Co-IP and WB were
then conducted as described above.
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FIG 2 Association of VRNP components with different RIG-Is in BiFc analysis. (A) Schematic diagram of BiFc plasmids used in this study. The split fluorescence
protein-encoding sequences were fused with the full-length ORFs of PB2, PB1, PA, NP, and NSI from A/Guinea Fowl/Hong Kong/WF10/99 (HIN2) (WF10)
virus via a linker (L, amino acids linker with three repeats of GGGGS) and cloned into plasmid pDP2002 (pDP based) or eukaryotic expression plasmid pcDNA3
(pcDNA based) to yield different BiFc plasmids. 5'UTR and 3'UTR, 5’ and 3" untranslated regions of WF10 virus; psi, packaging signal; Split FP, NYFP, CYFP,
or NCe constructs; NYFP, N terminus (residues 1 to 155) of EYFP with a Q70M point mutation; CYFP, C terminus (residues 156 to 239) of EYFP; NCe, N
terminus (residues 1 to 173) of Cerulean (a variant of EYFP); NS1(AS), NS1-encoding sequence from WF10 virus with point mutations to delete the splicing site
in NS1. (B) BiFc analysis of the association between RNP subunits from WF10 virus (pDP based; NYFP or NCe chimeras) and human RIG-I (HRIG-CYFP). The
indicated plasmids were cotransfected into 2937 cells. After 24 h of incubation at 37°C and 14 h of incubation at 30°C, the cells were fixed, stained with DAP]I,
and visualized with a Zeiss SM510 confocal microscrope. (C to E) Association of individual RNP components (as NYFP or NCe chimeras) with RIG-I from duck
(DRIG-CYFP), mouse (MRIG-CYFP), or swine (SRIG-CYFP). (F) Expression levels of different BiFc plasmids. 293T cells were transfected with indicated
plasmids (based on the pDP2002 vector). At 36 h posttransfection, the cells were lysed and subjected to Western blot analysis using GFP or GAPDH antibody.
Arrows indicate the expression of specific chimeric viral protein bands.
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participation of vVRNA in the association of each vVRNP compo-
nent with RIG-I. Thus, four additional BiFc plasmids expressing
RNP proteins but not VRNA were constructed based on the vector
pcDNA3 (Fig. 2A). In the context of this new set of plasmids, BiFc
signals were observed which were indistinguishable from those
described above, suggesting direct associations of viral compo-
nents with RIG-I in the absence of viral RNA. Similar interactions
of RNP subunits with RIG-I were also observed for the duck,
mouse, and swine homologs (Fig. 2C to E).

A major concern about BiFc analysis is the nonspecific signals
resulting from random collision and self-assembly of the split flu-
orescent segments, especially at high expression levels (40-42). To
exclude the possible false-positive results in BiFc analysis, an ap-
propriate negative control is needed. Following the suggestion of
Kodama and Hu (43) and approaches used by others (44, 45), we
performed a competition assay to establish whether the fluores-
cence observed reflects a specific interaction. To this end, a Flag-
tagged HRIG plasmid (or an irrelevant GST-expressing plasmid)
was introduced into the cells in relatively larger amounts together
with two chimeric protein plasmids carrying split fluorescent seg-
ments (HRIG-CYFP and PB2-NYFP, HRIG-CYFP and PBI-
NYFP, HRIG-CYFP and PA-NYFP, or HRIG-CYFP and NP-
NCe). As expected, the existence of a competitor (Flag-HRIG)
remarkably inhibited the fluorescent signals compared with the
unrelated protein GST (Fig. 3A). The average intensities of BiFc
signals in the Flag-HRIG group after quantitation are only about
20% of that in the control (GST) group (Fig. 3B), implying that
the interactions among RNP subunits and human RIG-I are spe-
cific.

NS1 does not negatively affect interaction between RNP sub-
units and RIG-I. Previous studies showed that the NS1 protein
counteracts innate immune responses via multiple mechanisms
(20) and that the direct interaction between NS1 and human
RIG-I enhances virus replication (46—48). In this study, the asso-
ciation between NS1 and human RIG-I was also confirmed by
BiFc tests (Fig. 3C), including competition analysis (Fig. 3A).
Moreover, NSI can efficiently interact with RIG-I from duck,
mouse, and swine (Fig. 3C). Thus, it is possible that NS1 may
compete with RNP subunits to bind RIG-I or inhibit the associa-
tions between RNP subunits and RIG-1I. To address this issue,
different RNP subunit- and RIG-I-expressing plasmids were
cotransfected into 293T cells along with NS1-encoding plasmid
[PCAGGS-WENS1(AS)] or an empty vector (pCAGGS). Interest-
ingly, the expression of WF10-NS1(AS) did not interfere with the
binding of RNP subunits to RIG-Iand in fact appeared to promote

Viral RNA Polymerase Interacts with RIG-I

BiFc signals (Fig. 3D). This effect was particularly noticeable in
cells coexpressing the chimeric RIG-I and chimeric PB2, PB1, or
PA constructs, whereas no obvious effects were seen with the chi-
meric NP (Fig. 3D). Quantitative analysis indicated than overex-
pression of NS1 led to ~4- to 5-fold increases in average BiFc
signal intensity in cells cotransfected with PB2/HRIG, PB1/HRIG,
and PA/HRIG plasmids but not in cells cotransfected with NP/
HRIG plasmids (data not shown). Several lines of evidence indi-
cate that NS1 can selectively increase viral mRNA synthesis, re-
sulting in preferential viral protein synthesis (49-51). To test
whether increased BiFc signals were the result of NS1 stimulation
of RNP subunit synthesis, Western blot analysis was performed
from cells transfected with plasmids encoding the RNP subunits
in the presence or absence of the WF10-NS1(AS) expression plas-
mid. Interestingly, WF10-NS1(AS) coexpression did not result in
a significant increase in the expression of PB2-NYFP, PB1-NYFP,
PA-NYFP, or NP-NCe (Fig. 3E). In a separate study, however, the
NS1 from the 2009 pandemic HIN1 virus did promote expression
of RNP subunits (data not shown). Therefore, we cannot com-
pletely exclude a role for NS1 in the modulation of BiFc signals.
Nevertheless, the data clearly show that NS1 coexpression does
not negatively affect the interaction of RIG-I with the RNP sub-
units. The underlying mechanisms for the increase in fluorescence
intensities between the RNA polymerase subunits with RIG-I in
the presence of WF10 NS1 remain to be determined.

Analysis of association of RNP subunits with RIG-I by con-
focal microscopy. To further validate the association of RNP sub-
units with RIG-I, confocal microscopy was employed, revealing
the colocalization of different RNP subunits and RIG-I in 293T
cells (Fig. 4A). Coexpression PB1 or PA with RIG-I generated
overlapped fluorescence signals in the cytoplasm, while coexpres-
sion of either PB2 or NP resulted in RIG-I relocalization to the
nuclear compartment (Fig. 4A).

Interactions between RNP subunits and RIG-I during virus
infection. Next the relationship among RNP subunits and RIG-I
during virus infection was investigated. 293T cells were trans-
fected with RIG-I or GFP expression constructs, followed by in-
fection with wild-type WF10 virus. PB2, PB1, PA, and NP could be
easily detected in WF10 virus-infected cells but not in mock-in-
fected cells (Fig. 4B). In addition, RIG-I and GFP were expressed
and successfully captured by protein G beads coupled with the
appropriate antibodies, and RIG-I pulldown, but not GFP pull-
down, resulted in cocapture of PB2, PB1, PA, and NP (Fig. 4B).
These data provided further evidence for the binding of each RNP
subunit with RIG-I during influenza A virus infection.

FIG 3 BiFc competition analysis and effect of NS1 on BiFc signals. (A) BiFc competition analysis. 293T cells growing in 24-well plates were transfected with 0.75
g of RNP plasmid (pDPPB2-NYFP, pDPPB1-NYFP, pDPPA-NYFP, or pDPNP-Nce) or NSI plasmid [pc-NS1(AS)-NYFP], 0.25 pg of pc-HRIG-CYFP
plasmid, and 0.5 pg of pflag-HRIG or pCAGGS-GST plasmid. The cells were incubated for 24 h at 37°C and for 14 h at 30°C prior to staining with rabbit anti-Flag
antibody (1:300) or goat anti-GST antibody (1:250) and Alexa Fluor 594-conjugated goat anti-rabbit antibody (1:300) or Alexa Fluor 594-conjugated donkey
anti-goat antibody (1:300). The fluorescent signals were captured by a Zeiss SM510 confocal microscope after counterstaining with DAPI. (B) Total BiFc signals
from three random fields (about 500 to 600 cells) were collected and determined by Image] software and normalized by the cell numbers. The average signal
intensity in each control group (GST group) was set as 1, and the percentages of experimental groups (Flag-HRIG groups) relative to the control group are shown.
(C) Interaction between NS1 from WF10 virus and RIG-I from various hosts. 293T cells were transfected with WFENS1(AS)-NYFP-expressing plasmid together
with plasmids encoding CYFP-tagged RIG-I from human, duck, mouse, or swine. After 24 h of incubation at 37°C and 14 h of incubation at 30°C, cells were
stained with DAPI and visualized under a confocal microscope. (D) BiFc signals in the absence [(—)] or presence [(+)] of NSI protein. pDP-based PB2-, PBI-,
PA-, and NP-expressing plasmids were cotransfected with pcDNA-based RIG-I-expressing plasmids into 293T cells in combination with an empty pCAGGS
vector or pPCAGGS-WFNS1(AS) plasmid. BiFc signals were viewed at 38 hpt (24 h at 37°C and 14 h at 30°C). (E) Effect of NS1 protein on the expression of viral
RNP subunits. Plasmid pDPPB2-NYFP, pDPPB1-NYFP, pDPPA-NYFP, or pDPNP-NCe was cotransfected into 293T cells in parallel with pCAGGS vector or
pCAGGS-WENS1(AS) plasmid. Western blots were performed at 36 h posttransfection using antibodies against PB2, PB1, PA, NP, NS1, or GAPDH as indicated
in Materials and Methods.
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FIG 4 (A) Colocalization of influenza A virus RNP subunits with RIG-I from various hosts. Different combinations of plasmids were cotransfected into 293T
cells. At 24 hpt, cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and incubated with rabbit anti-Flag antibody and mouse
anti-myc antibody, followed by immunostaining with Alexa Fluor 568-labeled donkey anti-rabbit antibody and Alexa Fluor 488-conjugated donkey anti-mouse
antibody. Nuclei were counterstained with DAPI. Confocal microscopy was used to examine the localization of Flag-tagged RIG-I (red) and myc-tagged proteins
(PB2, PBI, PA, or NP) (green). Merged fields show colocalization of Flag and myc chimeric proteins (yellow). (B) Interaction between RNP subunits and RIG-I
during WF10 virus infection. 293T cells were transfected with either pmyc-HRIG or pmyc-GFP (where indicated, pflag-HRIG and pflag-GFP were used instead).
At 32 hpt, cells were infected with WF10 virus (MOI = 2) for 14 h and lysed with NP-40 buffer. Anti-myc (or anti-Flag) antibody was subsequently used to
precipitate immune complexes containing myc-HRIG (or Flag-HRIG). Western blotting was conducted using antibodies recognizing PB2, PB1, PA, or NP (top

WB images).

Exogenous expression of either PB2 or NP or virus infection
induces partial nuclear accumulation of endogenous RIG-I.
Some cytoplasmic proteins, such as HSP90 (35), HSP70 (52, 53),
or p23 (54), were reported previously to relocalize to the nucleus
via their interactions with viral RNA polymerase. The nuclear im-
port of exogenously expressed RIG-1 by PB2 or NP was also found
in the BiFc and confocal analysis. To elucidate whether this is also
the case for endogenous RIG-I (endo-RIG-I), the subcellular lo-
cation of endo-RIG-I was examined in A549 cells transiently
transfected with myc-tagged PB2 or NP. Contrary to the almost
exclusively cytoplasmic distribution of RIG-I in empty vector-
transfected cells, the nuclear translocation of endo-RIG-I was
clearly observed in cells expressing myc-PB2 or myc-NP. Approx-
imately 12% to 18% of cells showed nuclear localization of RIG-I,
whereas 9% or 7% of cells displayed both nuclear and cytoplasmic
localization of RIG-I (Fig. 5A and C). Noticeably, fluorescence
labeling of myc-PB2 or myc-NP exhibited overlapped signals
with endo-RIG-I, suggesting their interactions in A549 cells
(Fig. 5A). The subcellular distribution pattern of endo-RIG-I
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was also examined in the context of WF10 virus-infected cells.
The location of PB2, PBI1, and PA during virus infection was
not analyzed because the antibodies were unsuitable for immu-
nofluorescence assay (IFA). An NSI1-deleted WF10 virus was
also constructed to determine whether RIG-I relocalization is
at least partially modulated by the RNP subunits. The NSI
deletion was confirmed by sequencing and failure to express
NS1 in Western blot analysis (Fig. 5D). Enhanced RIG-I ex-
pression was observed in A549 cells infected with either wild-
type or NS1-deleted WF10 virus (Fig. 5B and F), which corre-
sponds with previous reports regarding upregulated RIG-I
expression by influenza virus (46, 55, 56). In addition, com-
pared with mock-infected cells, both viruses elicited the nu-
clear import of endo-RIG-I (Fig. 5B, lower half, and Fig. 5C,
bottom right graph), suggesting that virus components (per-
haps RNPs) other than NS1 are in part responsible for its trans-
location. Colocalization of NP and RIG-I within nuclei in the
enlarged images (Fig. 5B, upper half) further strengthens the
case for an association between RNPs and endo-RIG-I.
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FIG 5 (A) Relocalization of endo-RIG-1in A549 cells during transfection with PB2- or NP-expressing plasmids. The myc-tagged PB2 or NP constructs or pmyc
vector was delivered into A549 cells. At 24 hpt, RIG-I was detected with rabbit anti-RIG-I antibody and Alexa Fluor 488-conjugated donkey anti-rabbit antibody,
while myc-PB2 or myc-NP was probed with mouse anti-myc antibody and Alexa Fluor 568-conjugated donkey anti-mouse antibody. (B) Subcellular localization
of RIG-I and NP in virus-infected cells. After 14 h of infection of A549 cells with wild-type or NS1-deleted WF10 virus (MOI = 5), the cells were fixed and stained
with rabbit anti-RIG-I and mouse anti-NP antibodies. The power of magnification is X600, with enlarged fields shown in the top three rows. (C) Quantitation
analysis of the percentage of cell populations based on the intracellular distribution pattern of RIG-I versus myc-PB2 or myc-NP (top left graph) or NP (bottom
right graph) in virus-infected cells. (D) Confirmation of NS1-deleted virus by Western blotting. MDCK cells were infected with wild-type (MOI = 0.1) or
NS1-deleted (MOI = 2) WF10 virus. At 16 hpi, Western blotting was conducted using NS1 or PB2 antibody. (E and F) Intracellular distribution of endo-RIG-I
at different times postinfection. A549 cells were infected (MOI = 5) with wild-type or NS1-deleted WF10 virus. At the indicated time points, cells were fixed and
subjected to IFA analysis using RIG-I antibody, while the cytoplasmic (C) or nuclear (N) fractions were isolated and subjected to WB analysis using antibodies
against RIG-I, tubulin, PCNA, and viral NP. Tubulin and PCNA serve as cytoplasmic and nuclear protein markers, respectively.

September 2014 Volume 88 Number 18 jviasm.org 10441


http://jvi.asm.org

Li et al.

Partial relocalization of RIG-I into the nucleus at late stages
of infection. In order to investigate the translocation kinetics of
endo-RIG-1 in the infection process, A549 cells were infected with
wild-type or NSI1-deleted WF10 virus (MOI = 5). At different
times postinfection (1, 2, 4, 6, 8, 10, 12, and 14 hpi), the localiza-
tion of endo-RIG-I was examined (Fig. 5E). In agreement with
previous studies (46, 55, 56), the levels of endo-RIG-I increased
significantly in cells infected with either virus (Fig. 5F). In addi-
tion, endo-RIG-I was almost solely found in the cytoplasmic frac-
tions in control cells and virus-infected cells prior to 8 hpi (Fig. 5E
and F). Then it started to move partially toward the nucleus. At
later time points (e.g., 12 or 14 hpi), a proportion of endo-RIG-I
was found in the nucleus (Fig. 5E and F) or an area surrounding
the nucleus (Fig. 5E), indicating that the nuclear import of endo-
RIG-I is induced by the virus and that it is a late event and can
occur in the presence or absence of NSI. Interestingly, a minor
proportion of endo-RIG-I was located on the plasma membrane
ruffle and formed a “hedgehog-like” shape at late infection phase
(e.g., WF10 virus-infected cells at 14 hpi in Fig. 5E), presumably
caused by the surface bleb of apoptotic cells during virus infection
(57-59).

Effects of RNP subunits on the activation of IFN-f3 or ISRE
activity by RIG-I. Interaction of NS1 with RIG-I, TRIM25q, or
Riplet antagonizes IFN production and negatively modulates the
host’s antiviral defense (16, 22, 47). Furthermore, PB1-F2 inter-
feres with IFN induction via MAVS (26, 27). The association
between RNP subunits and RIG-I may also play a previously un-
defined role in interferon signaling. Therefore, IFN-3 promoter-
driven luciferase reporter gene assays were performed to deter-
mine whether RNP subunits of influenza virus affect the
generation of IFN triggered by RIG-I. 293T cells were transfected
with a plasmid expressing Flag-tagged human RIG-I (Flag-HRIG)
along with various amounts of PB2-, PB1-, PA- NP-, and NS1-
expressing plasmids for 24 h and then stimulated with 5'ppp RNA
(a strict RIG-I-specific ligand containing 19-mer double-stranded
RNA with a 5" triphosphate) to induce IFN synthesis. Combined
treatment of 293T cells with RIG-I and 5'ppp RNA resulted in a
marked increase in IFN-f3 promoter induction (49.7-fold) com-
pared with that in the mock-treated cells (Fig. 6A). In the positive-
control group, NS1 from WF10 virus exhibited dramatic inhibi-
tion of the IFN-B promoter (74% reduction) even at a low
transfection dose (0.24 pg). However, PB2, PB1, or PA alone only
slightly decreased IFN- promoter activity, by about 36 to ~40%
at a high transfection dose (1.2 pg). NP did not show statistically
significant repression. Only mild (and even negligible) inhibition
was observed if the mixtures of two components (PB2 and PB1) or
the RNA polymerase complex (PB2, PB1, and PA) or the vVRNP
complex (polymerase complex plus NP) were coexpressed with
RIG-I and later stimulated by 5'ppp RNA (Fig. 6A). Results from
another reporter assay using interferon-stimulated response ele-
ment (ISRE) were even less prominent, with only suppression by
NSI at a high transfection dose having statistical significance.
These results suggest a yet-to-be-defined biological role (if any)
for the interaction of RNP subunits with RIG-1.

Examination of IFN induction using quantitative RT-PCR
and IRF3 phosphorylation assay. To further clarify the role of
RNP subunits in IFN activation and IFN signaling transduction,
the impact of each individual RNP subunit on mRNA levels of
human IFN-3 was analyzed. To stimulate IEN, different inducers
were employed after 24 h of transfection of 293T cells with Flag-
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HRIG plasmid or empty Flag vector. Either the specific RIG-I
bindingligand (5'ppp RNA) or RNA from WF10 virus-infected or
uninfected Vero cells was used as an IFN inducer (Fig. 6C and D),
essentially as described previously (60, 61). As expected, IFN-3
mRNA levels were substantially elevated by the coadministration
of RIG-I and either 5" ppp RNA or viral RNA (VR) but not with
control cellular RNA (CR). Moreover, IFN-B mRNA decreased to
7.9% (Fig. 6C, 5'ppp RNA) or 32.0% (Fig. 6D, VR) compared to
the levels for controls in cells expressing NS1. In contrast, PB2,
PBI, and PA did not repress IFN-f activation (Fig. 6C and D).
Interestingly, NP upregulated IFN-B mRNA levels, the signifi-
cance of which remains to be determined.

IRF3 is known to be an important adaptor of the RIG-I signal-
ing pathway. The phosphorylation of IRF3 and the subsequent
nuclear import of IRF3 play vital roles in IFN activation (62).
Taking this into consideration, it was examined whether individ-
ually expressed RNP subunits have an effect on levels of IRF3
phosphorylation (via the monitoring of phosphorylated Ser396
[p-IRF3] and total IRF3 [IRF3]). Quantitative analysis for the in-
tensities of protein bands in Western blots showed that the ratio of
p-IRF3 to IRF3 remained unchanged upon the overexpression of
each RNP subunit compared to the vector-alone control (Fig. 7).
In contrast and as expected, the p-IRF3/IRF3 ratio was markedly
decreased by expression of NS1 compared to that with the nega-
tive control (Fig. 7).

DISCUSSION

Interactions between viral proteins and host factors govern the
adaptation and pathogenicity of viruses in different hosts. In this
regard, the influenza virus RNP complex plays a vital role (6, 63,
64). Influenza virus polymerase complex subunits PB2, PB1, PA,
and NP can interact, alone or in combination, with a multitude of
host factors involved in various intracellular events such as cellu-
lar transcription, nuclear-cytoplasmic transport, protein subcel-
lular trafficking, and the host immune response (6, 64, 65). How-
ever, the exact mechanisms that modulate VRNP-host factor
interactions and the outcome of infection remain largely elusive.

In this study, the associations of influenza A virus RNP sub-
units with RIG-I were analyzed using different approaches. Co-1P
tests showed the RNA-independent interactions of each viral RNA
polymerase subunit (PB2, PB1, and PA) with RIG-I and RNA-
dependent interaction of NP with RIG-I (Fig. 1). In BiFc analysis,
expression of either PB2, PB1, PA, or NP chimeric constructs har-
boring a split fluorescence protein sequence interacted with chi-
meric RIG-I protein fused to a complementary split fluorescence
protein, resulting in bright fluorescence signals in 293T cells (Fig.
2). Interestingly, the BiFc signals emitted by PB1-RIG-I or PA-
RIG-I interactions were predominantly distributed in the cyto-
plasm, whereas the signals produced by PB2-RIG-I or NP-RIG-I
interactions occurred mainly in the nuclei. Similar results were
obtained in confocal analysis (Fig. 4A). These findings are com-
patible with the previous reports on the major subcellular local-
ization of individual RNP subunits in cells (35, 37-39). Finally,
co-IP results from infection experiments (Fig. 4B) provided fur-
ther evidence for RIG-I binding to each of the RNP components.

The NS1 proteins from various influenza virus strains have
been shown to differentially interact with TRIM25« (an impor-
tant regulator of RIG-I) from different species (16). Human
TRIM25 was shown to bind NS1 proteins from human, swine, or
avian viruses, whereas mouse TRIM25 did not (16), suggesting
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FIG 6 Effects of viral RNP components on the IFN induction by RIG-I in reporter and qRT-PCR assays. (A) Dose-dependent and combined effects of RNP
components on IFN-f promoter activation by RIG-I and 5'ppp RNA. Expression plasmids for PB2, PB1, PA, NP, or NS1 were transfected into 293T cells in
24-well plates, either alone (0.24 pg or 1.2 ig) or in combination (0.24 pg for each plasmid), together with Flag-HRIG plasmid (0.2 pg), pGluc-IEN construct
(0.05 pg), and pCMV/SEAP plasmid (0.05 pg). Empty pcDNA3 vector was added when necessary to keep the total DNA amount constant in each group. 5'ppp
RNA (0.5 pg/well) was delivered into cells by Lipofectamine 2000 at 24 hpt. Gaussia luciferase (Gluc) and secreted alkaline phosphatase (SEAP) activities in
supernatants were measured at 24 h of stimulation of 5'ppp RNA. The relative IFN-f promoter activity was expressed as the ratio of Gluc to SEAP. Data are
presented as means = standard deviations of samples from three independent experiments. Values from each group were compared to those of the control group
transfected with empty vector but stimulated by 5'ppp RNA. (B) ISRE activation by RIG-I and 5'ppp RNA in the presence or absence of viral RNP components.
Reporter assays were performed as described above, except that the plasmid pGluc-IFN was replaced by pISRE-Luc. (C and D) Examination of IFN-8 mRNA
abundance in the presence or absence of viral proteins. 293T cells in a 24-well plate were transfected with 1.3 g of expression plasmids for PB2, PB1, PA, NP, or
NS1 or empty vector (V) as well as 0.2 pug of pflag-HRIG plasmid for 24 h. The cells were further transfected with either 1 pg of 5'ppp RNA or 1 pug of RNA from
influenza virus-infected Vero cells (VR) or uninfected Vero cells (CR) for 11 h. RNAs were extracted and qRT-PCR was performed using SYBR green I and
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levels of IFN- were measured as a ratio of IFN-f to B-actin using the 2~ 24" method. The P values, when significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001)
by one-way ANOVA, are shown above the bars.

species-specific differences of the TRIM25 interaction with NS1 (52, 53), or P23 (54) led to the relocalization of the latter into the

that might influence the pathogenesis of influenza in different
hosts. Unlike the TRIM25-NS1 interaction, RIG-I interactions
with RNP subunits were not species specific, despite significant
amino acid differences between RIG-I from birds (duck) and
mammals (human, swine, and mouse), suggesting a conserved
property of RIG-1.

Previous studies found that the associations between viral RNA
polymerase and cytoplasmic proteins such as HSP90 (35), HSP70
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nucleus. In the present study, a small proportion of endogenous
RIG-T also translocated into the nuclei of cells overexpressing PB2
or NP or cells infected with wild-type or NS1-deleted WF10 virus
(Fig. 5). In addition, the nuclear translocation of RIG-I is a late
event during virus infection and independent of the expression of
NS1 (Fig. 5). It is tempting to speculate that interactions of RNP
subunits with RIG-I are involved in this process.

To facilitate virus replication, RNP subunits of influenza A
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FIG 7 Effects of viral proteins on phosphorylation of IRF3. Myc-tagged con-
structs encoding PB2, PB1, PA, NP, or NS1 from WF10 virus (2 pg) or pmyc
empty vector (2 pg) were transfected into 293T cells (12-well plate) along with
0.3 pg of pflag-HRIG plasmid and 0.7 pg of pflag-IRF3 plasmid. Twenty-four
hours later, cells were further transfected with 5'ppp RNA for 12 h. The cells
were subsequently lysed and subjected to Western blot analysis using antibod-
ies specific for phospho-IRF3 (Ser396), IRF3, RIG-I, myc tag, and GAPDH.
The band intensities of p-IRF3 (phosphorylated IRF3) and IRF3 (total IRF3)
were calculated by Image] software, and the ratios of p-IRF3 to IRF3 are shown
at the bottom.

virus may manipulate IFN signaling transduction via their associ-
ations with RIG-I. This effect would complement the activities of
some other influenza virus proteins that have already been re-
ported to affect the RIG-I signaling pathway at different steps (66).
In addition, NS1 can directly target and inhibit RIG-I (9, 10, 22),
TRIM25a (22), or Riplet (16); PBI-F2 acts on MAVS, hence
blocking IFN production (25-27). More recently, overexpression
of PB2 (25, 28, 30), PB1 (25, 30), or PA (25, 30) from human virus
strains (PR8 or WSN) was found to repress IFN-f3 promoter-
driven reporter activity via interactions with MAVS. In addition, a
high-throughput screening for the interacting partners of influ-
enza virus in human cells illustrated physical associations among
RNP subunits and a variety of regulators of interferon response
(67). In this regard, the results presented here are in partial agree-
ment with the above-mentioned studies, as PB2, PB1, or PA from
WF10 virus (an avian virus) individually reduced the activation of
IFN-B promoter in reporter assays (Fig. 6A and B). However, the
RNA polymerase-mediated IFN-inhibiting effect is mild and had
no effect on IFN-B mRNA levels (Fig. 6C and D) or IRF3 phos-
phorylation (Fig. 7). Altogether, the RNA polymerase subunits
from the WF10 virus do not have a significant impact on IFN
activation elicited by RIG-Iin human cells in vitro. It remains to be
determined if these interactions have any significant role in vivo.
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Interestingly, NP neither suppressed the activation of the
IEN-B promoter or ISRE (Fig. 6A and B) nor decreased the phos-
phorylation of IRF3 (Fig. 7). On the contrary, qRT-PCR assays
suggest that NP upregulated IFN mRNA levels (Fig. 6C and D).
Previous studies have shown that influenza virus vVRNA wraps
around the NP, being exposed to the surface and, thus, accessible
to RIG-I (68, 69).

It was presumed that interactions of RNP subunits with RIG-I
could have special significance for the early phase of influenza A
virus infection, when NS1 has yet to be synthesized. In addition,
the incoming viral RNA is encapsidated with NP and the 5'ppp
dsRNA panhandle structure is bound by the viral polymerase.
Little is known about how the host cell senses the invading viral
genome and triggers innate immune responses and how viruses
counteract the immune recognition during this time. Using Rift
Valley fever virus (RVFV) and La Crosse virus (LACV), two mem-
bers of Bunyaviridae family that possess 5'ppp dsRNA panhandle
structures in their negative-stranded genome RNA similar to that
in influenza A virus, Weber et al. showed that the interaction
between RIG-I and viral nucleocapsids (including both viral nu-
cleoprotein and the 5'ppp dsRNA structure) is necessary for the
initiation of innate immunity (70). In our study, although RNA
polymerase components PB2, PB1, and PA were shown to directly
associate with RIG-I, no significant effects on IFN production
were observed. It is conceivable to speculate, then, that the viral
RNA polymerase would not prevent access of RIG-I to the viral
5'ppp dsRNA structure and the subsequent activation of IFN.
Furthermore, it should be noted that the WF10 virus used in this
study belongs to the HIN2 subtype of viruses, responsible for
donating their internal genes to the highly pathogenic H5N1 virus
(71), the novel H7N9 virus (72), and the newly identified H10N8
virus that crossed to humans (73). However, in view that WF10 is
still a typical avian influenza virus, the possibility that RNA poly-
merase complexes from avian influenza viruses do not efficiently
exert [FN-antagonizing ability in human cells cannot be com-
pletely excluded.

Another possible scenario in the outcome of the interactions
between RIG-I and RNP components is the direct suppression of
viral RNA polymerase activity by RIG-I. RIG-I (also known as
DDX58) belongs to the DExD/H helicase family. Some members
of this family have been shown to associate with viral RNP com-
ponents and affect the polymerase activity. For instance, the asso-
ciations of DDX3 (74), DDX5 (74, 75), and DDX17 (75, 76) with
viral polymerase or NP have been identified, and DDX5 (76) and
DDX17 (76) were found to facilitate viral RNA synthesis. In addi-
tion, DDX39B (UAP56) (77, 78) and its paralog DDX39 (URH39)
(78) interact with NP, and DDX39B helps virus replication via
promoting the formation of the NP-RNA complex or preventing
the formation of dsRNA and the subsequent activation of innate
immune response (78). Conversely, DDX21 restricts influenza vi-
rus by binding PB1 and decreasing the assembly of viral polymer-
ase (79). Our unpublished data from reporter assays also showed
that overexpression of RIG-I markedly suppressed virus polymer-
ase activity in 293T cells, but the suppression could be attributed
to IEN or other inflammatory cytokines elicited by RIG-I activa-
tion. Previous studies indicated that a single mutation in residue
183 (S1831) (80) or residue 55 (T551) (81, 82) of RIG-I completely
eliminated its ability to transduce signal and trigger the innate
immune response. If these two RIG-I mutants still maintain the
capacity to interact with VRNP components, they can serve as
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useful tools to investigate the direct effect of RIG-I on viral poly-
merase activity in RIG-I knockout mouse embryo fibroblasts. A
detailed analysis of the relationship of RIG-I mutants with vRNP
and their effects on virus replication will be undertaken in the
future.

In conclusion, this study highlights the direct association of
influenza virus RNP subunits with RIG-I from various species.
These interactions, however, seemed to be unrelated to the mod-
ulation of the IFN signaling pathway. The significance of RNP
subunits in modulating immune responses and virulence of influ-
enza A virus in vivo deserves further attention.
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