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The NF-kB signaling pathway has previously been shown to be required for efficient influenza A virus
replication, although the molecular mechanism is not well understood. In this study, we identified a specific
step of the influenza virus life cycle that is influenced by NF-kB signaling by using two known NF-kB inhibitors
and a variety of influenza virus-specific assays. The results of time course experiments suggest that the NF-«B
inhibitors Bay11-7082 and ammonium pyrrolidinedithiocarbamate inhibited an early postentry step of viral
infection, but they did not appear to affect the nucleocytoplasmic trafficking of the viral ribonucleoprotein
complex. Instead, we found that the levels of influenza virus genomic RNA (vVRNA), but not the corresponding
cRNA or mRNA, were specifically reduced by the inhibitors in virus-infected cells, indicating that NF-«B
signaling is intimately involved in the VRNA synthesis. Furthermore, we showed that the NF-kB inhibitors
specifically diminished influenza virus RNA transcription from the cRNA promoter but not from the vRNA
promoter in a reporter assay, a result which is consistent with data obtained from virus-infected cells. The
overexpression of the p65 NF-kB molecule could not only eliminate the inhibition but also activate influenza
virus RNA transcription from the cRNA promoter. Finally, using p65-specific small interfering RNA, we have
shown that p65 knockdown reduced the levels of influenza virus replication and vRNA synthesis. In summary,
we have provided evidence showing, for the first time, that the NF-kB host signaling pathway can differentially
regulate influenza virus RNA synthesis, which may also offer some new perspectives into understanding the

host regulation of RNA synthesis by other RNA viruses.

Influenza A virus causes acute respiratory infections in hu-
mans, with severity ranging from morbidity to mortality. An-
nual flu epidemics generally cause ~36,000 deaths in the
United States alone. The death toll can be much higher during
occasional pandemics. For example, the 1918 Spanish flu has
been estimated to have claimed up to 100 million lives world-
wide.

Influenza A virus is an enveloped RNA virus whose genome
consists of eight negative single-strand RNA segments, each
encoding one or two viral proteins in negative sense. Upon
binding to the host receptors, influenza A virus enters cells via
receptor-mediated endocytosis and fuses with the endosomal
membrane to release the uncoated virus ribonucleoprotein
(VRNP) complex, which then translocates into the nucleus for
viral RNA transcription and replication. Influenza virus RNA
synthesis consists of three steps: (i) the transcription of virus
genomic RNA (VRNA) into mRNA, (ii) the replication of
VRNA into cRNA, and (iii) the replication of cRNA into
VRNA. The newly synthesized VRNA is encapsidated with the
nucleoprotein (NP) and also associated with viral polymerase
components to form vRNPs, which are then exported out of
the nucleus and incorporated into budding virion particles at
the plasma membrane (reviewed in reference 22).

Multiple host signaling pathways have been implicated in
influenza virus replication. Pleschka and colleagues have re-
ported that the inhibition of Raf/MEK/extracellular signal-
regulated kinase signaling by the MEK inhibitor U0126 or by
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dominant negative mutant forms of extracellular signal-regu-
lated kinase or Raf results in the inhibition of influenza virus
production (31). They have further shown that this inhibition is
due to the impaired function of the nuclear export protein
NEP/NS2, which leads to the nuclear retention of vRNPs (31).
The phosphatidylinositol 3-kinase pathway has been shown
previously to be activated by the viral NS1 protein upon influ-
enza A virus infection and to play important roles in the in-
fluenza A virus life cycle (6, 7, 13). Using a caspase 3 inhibitor
and RNA interference reagents, Wurzer and colleagues (41)
have demonstrated a crucial role for caspase 3 activation in
influenza virus propagation, particularly in the nuclear export
of the vRNPs.

A major host signaling pathway implicated in influenza virus
replication is the NF-kB pathway. Infection with influenza A
viruses has been shown to activate the NF-«B pathway (11, 35).
This activation may be caused by the overexpression of viral
proteins such as hemagglutinin (HA), NP, and M1 during virus
infection (8, 29). Using stable cell lines expressing inhibitors (a
dominant negative mutant form of IkB kinase 2 [IKK2] and a
nondegradable phosphorylation site mutant form of IkBa) and
an activator (an active mutant form of IKK2) of NF-«B sig-
naling, Wurzer and colleagues (40) found that NF-«B activity
promotes efficient influenza virus production, an observation
made with different cell lines and different virus subtypes. This
effect, according to the authors, is due to NF-kB-dependent
viral induction of the proapoptotic factors tumor necrosis fac-
tor-related apoptosis-inducing ligand and FasL, which can en-
hance virus propagation in autocrine and paracrine fashions.
However, this study did not address which step(s) of influenza
virus replication involves the NF-kB pathway and how tumor
necrosis factor-related apoptosis-inducing ligand and FasL en-
hance influenza virus replication at the molecular level. In a



VoL. 82, 2008

separate study, Nimmerjahn et al. (28) have shown that an
active NF-«kB signaling pathway is a general prerequisite for a
productive influenza virus infection. They noticed that Ep-
stein-Barr virus-negative Burkitt’s lymphoma cell lines, which
have low levels of NF-«kB activity, are resistant to influenza
virus infection but become susceptible upon the activation of
NF-«B signaling. They also reported that the inhibition of
NF-kB by the chemical inhibitor Bay11-7082 or Bay11-7085
severely impairs influenza virus infection in a variety of cell
lines. Again, this study did not identity the major step(s) of the
influenza virus life cycle that is affected by an NF-«B inhibitor,
except to note that receptor expression and virus attachment to
cells are not affected.

The NF-«B signaling pathway plays indispensable roles in
mediating inflammation, immune responses to pathogen infec-
tion, proliferation, apoptosis, and other cellular activities (re-
viewed in references 1 and 16). The mammalian Rel/NF-«B
family of transcription factors consists of five members, p65
(RelA), RelB, c-Rel, p50/p105 (NF-kB1), and p52/p100 (NF-
kB2). In the canonical pathway, the IKK complex is activated
and mediates the phosphorylation and degradation of IkB
molecules and the release of p50/RelA and p50/c-Rel dimers
(reviewed in reference 20). In the noncanonical, or alternative,
pathway, NF-«kB-inducing kinase is activated (43) and in asso-
ciation with IkBa binds to the C terminus of p100, leading to
p100 processing into pS2 and the preferential release of p52/
RelB dimers (4, 42). In both pathways, the freed NF-«B dimers
then translocate to the nucleus, where they bind to specific kB
sequences in the promoter or enhancer regions of multiple
target genes to induce the expression of these genes, including
those encoding proinflammatory cytokines, adhesion mole-
cules, interferon (IFN), and proapoptotic molecules.

Despite compelling evidence suggesting that an active
NF-«B pathway is required for influenza virus replication, its
exact roles in influenza virus replication and the molecular
mechanism involved remain unclear. In this study, we em-
ployed multiple methods to identify the specific step(s) of the
influenza virus life cycle that is affected by NF-kB chemical
inhibitors. We have further shown that NF-kB inhibitors spe-
cifically decrease (i) the level of VRNA in virus-infected cells
and (ii) the level of RNA transcription from the cRNA pro-
moter in a reporter assay. In addition, we have provided evi-
dence to suggest that the NF-«kB molecule p65 appears to be
responsible for the differential regulation of VRNA synthesis.

MATERIALS AND METHODS

Cells and viruses. 293T cells (human kidney epithelial cells) and A549 cells
(human lung epithelial cells) were grown in Dulbecco’s modified Eagle’s medium
(with a low level of glucose) supplemented with 10% heat-inactivated fetal
bovine serum. Madin-Darby canine kidney (MDCK) cells were maintained in
Eagle’s minimal essential medium supplemented with 5% fetal bovine serum.
After infection with influenza A virus, MDCK cells were grown in L-15 medium
containing 15 mM HEPES, pH 7.5, nonessential amino acids, 0.75 g of NaHCO;
per liter, and 0.125% (wt/vol) bovine serum albumin. Influenza A viruses WSN/
HIN1 and PR8/HIN1 were grown in MDCK cells, and virus titers were deter-
mined by plaque assays of MDCK cells. The WSN-LUC virus was generated
essentially as described before for the WSN-GFP virus (26). In brief, 293T cells
were transfected with the eight plasmids that are required to recover infectious
influenza A virus WSN (19), along with a plasmid carrying viral RNA in which
most of the influenza virus PB2 coding sequence was replaced with a firefly
luciferase (LUC) gene (pHH21-PB2LUC). Viruses in the supernatant of the
transfected cells were harvested at 48 h posttransfection.

NF-kB SIGNALING IN INFLUENZA VIRUS RNA SYNTHESIS 9881

Plasmids and reagents. The 17-plasmid and the 8-plasmid influenza A virus
reverse genetic systems were obtained from Y. Kawaoka (University of Wiscon-
sin) and G. Hobom (Justus Liebig University, Germany), respectively. The plas-
mids expressing NF-kB molecules p50, p65, and c-Rel were obtained from W.
Greene (University of California, San Francisco). The generation of the LUC-
encoding reporter constructs VNA-LUC and cNA-LUC was described previously
(34); each construct contained the LUC gene flanked by the 5" and 3’ untrans-
lated regions (UTRs) of the genomic (VNA-LUC) or antigenomic (cNA-LUC)
NA segment. The pHH21-PB2LUC plasmid was constructed by replacing the
green fluorescent protein gene with the LUC gene in the PB2 0-G-100 construct
that was described previously (26). Bay11-7082, ammonium pyrrolidinedithio-
carbamate (PDTC), and ribavirin were purchased from Sigma. U0126 was pur-
chased from Promega. The control and p65-specific small interfering RNA
(siRNA) reagents were purchased from Dharmacon. Anti-p65 mouse antibody
and the NF-kB-specific oligonucleotides used in the gel shift assay were pur-
chased from Santa Cruz.

NF-kB gel shift assay. A549 cells were infected with influenza A virus WSN at
a multiplicity of infection (MOI) of 5. At different time points postinfection,
nuclear extracts were prepared using a nuclear extract kit (Active Motif, Carls-
bad, CA) and total proteins were quantified by the Bradford assay with a kit from
Bio-Rad. The NF-«kB-specific oligonucleotides (Santa Cruz) were end labeled
with [y->?P]ATP by using T4 polynucleotide kinase and purified through a G-25
microspin column (GE Healthcare). The gel shift assay was performed as de-
scribed previously (25). In brief, radiolabeled NF-«kB oligonucleotides were in-
cubated for 30 min at room temperature with 6-pg aliquots of nuclear extracts
obtained at different time points post-viral infection (see Fig. 1). The mixtures
were separated on a 4% nondenaturing polyacrylamide gel, which was dried and
exposed to a piece of film.

VRNP nucleocytoplasmic trafficking. To monitor the nucleocytoplasmic traf-
ficking of VRNP in infected cells, we seeded A549 cells onto coverslips and
infected them with WSN virus at an MOI of 5 for 1 h at 37°C. After the infected
cells were washed with phosphate-buffered saline (PBS) three times, the culture
medium was replaced with medium containing chemicals or controls. At different
time points postinfection, cells were fixed in 4% paraformaldehyde for 15 min
and blocked by 1% bovine serum albumin for 30 min at room temperature. After
being washed with PBS, cells were stained with mouse anti-influenza A virus NP
antibody (Serotec) for 30 min in the presence of 0.2% saponin. Cells were
washed three times with PBS and incubated with a secondary fluorescein iso-
thiocyanate-conjugated anti-mouse antibody (Santa Cruz) in the presence of
0.2% saponin for 30 min. After being washed again with PBS, the cells were
mounted with medium containing 4,6-diamidino-2-phenylindole (DAPI; Vector
Laboratories) and observed by fluorescence microscopy.

Quantitative real-time RT-PCR. As described previously (26), total RNA was
extracted from cells by using RNAbee reagent according to the instructions of
the manufacturer (TEL-TEST, Inc.). The total RNA was cleared of possible
plasmid DNA contamination by incubation for 30 min at 37°C with DNase I,
which was inactivated by incubation at 85°C for 15 min. Reverse transcription
(RT) was conducted using strand- and sense-specific oligonucleotides for VRNA
(5" AGCGAAAGCAGG 3’ and 5" AGCAAAAGCAGG 3'), cRNA (5" AGTA
GAAACAAGG 3'), and mRNA [oligo(dT)]. A glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH)-specific primer (5' GAAGATGGTGATGGGATTTC
3") was also included in the RT reaction mixture for VRNA or cRNA analysis.
The quantitative real-time PCR was carried out with a 20-ul reaction mixture
containing primers specific for each of the eight RNA segments (oligonucleotide
sequences will be provided upon request) or for GAPDH RNA (5" GAAGGT
GAAGGTCGGAGTC 3" and 5" GAAGATGGTGATGGGATTTC 3') by using
Sybr green DNA dye (Invitrogen) in the reaction mixture. The PCR conditions
were 50°C for 2 min, 95°C for 2 min, and 45 cycles of 95°C for 15 s, 55°C for 30 s,
and 72°C for 30 s. The viral RNA levels, expressed as threshold cycle (Cy) values,
were normalized by the GAPDH RNA level.

Reporter-based influenza virus RNA transcription assay. Influenza virus RNA
replication and transcription were analyzed by a LUC assay using the five-
plasmid system. 293T cells were transfected with 0.1 pg of the LUC reporter
construct (VNA-LUC or cNA-LUC) and 0.25 ng of each of the protein expres-
sion vectors encoding PB2, PB1, PA, and NP. A B-galactosidase (B-gal) expres-
sion plasmid was included as an internal control to normalize transfection effi-
ciency. Chemical or control treatments were applied at 8 h posttransfection. At
24 h posttransfection, cells were harvested for the LUC assay, and the LUC
activity was normalized by B-gal activity.

siRNA transfection. A549 cells in six-well plates were transfected with 50 nM
p65-specific and control siRNAs by using the Lipofectamine 2000 reagent (In-
vitrogen) twice on two consecutive days. On the fourth day, cells were infected
with influenza A virus (WSN). Viral RNA synthesis and virus titers were deter-
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FIG. 1. Influenza A virus infection strongly activates NF-«kB signal-
ing in human lung epithelial cells early in the infection and throughout
the infection. A549 cells were infected with influenza A virus (WSN) at
an MOI of 5. At different time points postinfection, nuclear extracts
were prepared and subjected to gel shift assays with NF-kB-specific
probes. ¢, oligonucleotide only; m, mock infection; 15’, 15 min.

mined as described above. The expression level of p65 was evaluated by Western
blot analysis with an anti-p65 antibody.

RESULTS

Influenza A virus infection activates NF-kB signaling. Ga-
roufalis et al. have shown previously that infection with influ-
enza A viruses activates the NF-kB pathway in macrophages,
even at 1 h postinfection (hpi) (11). To determine whether and
when the NF-«kB pathway is activated in the A549 human lung
epithelial cell line by influenza A virus infection, we prepared
nuclear extracts from WSN-infected A549 cells at different
time points postinfection and performed a gel shift assay using
NF-kB-specific DNA oligonucleotides as probes. As shown in
Fig. 1, a basal level of an active p65/p50 complex was present
in the mock-infected A549 cells (Fig. 1, lane 2), forming a
specifically shifted band, as seen in the sample at 15 min post-
viral infection (Fig. 1, lane 3). This level increased significantly
at 30 min after infection and remained high during the course
of infection (Fig. 1, lanes 4 to 9). These data clearly show that
influenza A virus infection strongly activates NF-«kB signaling
in human lung epithelial cells as early as 30 min postinfection
and throughout the infection, which correlates well with pub-
lished data on macrophages infected with influenza A virus
(11).

NF-kB inhibitors decrease influenza virus production and
viral gene expression. We used two well-known chemical in-
hibitors of NF-«kB signaling, PDTC and Bay11-7082, through-
out this study. PDTC inhibits the IkB-ubiquitin ligase activity
to prevent the degradation of IkB (15). Bay11-7082 inhibits
IKK activity to prevent the phosphorylation and subsequent

J. VIROL.

degradation of IkB (30). Both chemicals therefore block
NF-kB activation by stabilizing IkB in order to sequester
NF-kB molecules in the cytoplasm of cells. We have examined
the potential cytotoxicities of Bay11-7082 and PDTC at differ-
ent concentrations by the established MTT assay (data not
shown). No cytotoxicity of Bay11-7082 at 10 wM and PDTC at
100 pM was observed. Therefore, we decided to use 10 uM
Bay11-7082 and 50 to 100 uM PDTC throughout this work.
A549 human lung epithelial cells were infected with influenza
A virus WSN/33 at an MOI of 5 for 1 h, after which Bay11-
7082, PDTC, or a vehicle control consisting of PBS or dimethyl
sulfoxide (DMSO) was added. Virus titers in the supernatants
at 9 hpi were determined by plaque assays of MDCK cells. As
shown in Fig. 2A, Bay11-7082 and PDTC effectively inhibited
virus production by ~75% compared to that in samples treated
with vehicle controls. Similar results were obtained using the
epithelial MDCK cells or a different influenza A virus strain,
PRS8 (data not shown). Our results corroborate the findings in
previously published works (28, 40) in showing that blocking
NF-kB activation decreases influenza virus replication, consis-
tent with the idea that active NF-«B signaling is required for
efficient influenza virus replication.

Because previous studies did not provide a detailed mecha-
nism for how NF-«kB inhibitors affect influenza virus replica-
tion, we wished to determine whether these inhibitors can
directly block influenza virus gene expression. To conveniently
and quantitatively monitor viral gene expression, we employed
a recombinant influenza virus (WSN-LUC) that expresses the
LUC reporter gene during virus infection. This virus was gen-
erated by transfecting 293T cells with a plasmid that contains a
LUC-encoding influenza virus RNA segment that retains suf-
ficient cis-acting elements for viral RNA transcription/replica-
tion and packaging (26), together with the eight plasmids of the
influenza virus reverse genetics system (19) (Fig. 2B). Since
both full-length vRNA and its LUC-encoding counterpart seg-
ment were present in the cells, the released recombinant vi-
ruses were a mixture of wild-type influenza A virus virions and
viral particles that packaged LUC reporter vVRNA. Upon the
infection of fresh target cells, the wild-type influenza A viruses
served as helper viruses for the efficient replication and expres-
sion of the LUC reporter VRNA. We used these recombinant
WSN-LUC virus mixtures to track viral infection by monitor-
ing the LUC expression levels. MDCK cells were infected with
these recombinant WSN-LUC viruses and treated with the
vehicle control DMSO, ribavirin, or NF-«kB inhibitors (PDTC
and Bay11-7082), and LUC activities were measured at 8 hpi.
Ribavirin, a known inhibitor of influenza virus RNA synthesis
(36), considerably inhibited LUC gene expression in a dose-
dependent manner (Fig. 2C). NF-kB inhibitors PDTC and
Bay11-7082 also significantly decreased LUC gene expression
in the WSN-LUCH-infected cells (Fig. 2C). These data suggest
that blocking NF-kB activation can effectively inhibit virus-
specific gene expression in influenza virus-infected cells.

NF-kB inhibitors block early stages of the influenza virus
life cycle. The results shown in Fig. 2C also indicate that
NF-«kB inhibitors appear to block an early step of influenza
virus infection, prior to viral protein expression. To further
determine which step(s) of the influenza virus life cycle is
affected by NF-«B inhibitors, a vehicle control (PBS or
DMSO) or a chemical inhibitor (PDTC or Bay11-7082) was
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FIG. 2. NF-«B inhibitors decrease influenza A virus production and virus gene expression in virus-infected cells. (A) NF-«B inhibitors decrease
influenza A virus production. A549 cells were infected with influenza A virus WSN at an MOI of 5 for 1 h, after which medium containing either
a vehicle control (PBS or DMSO) or an NF-«kB inhibitor (10 uM Bay11 or 50 pM PDTC) was added to the infected cells. The virus titers in the
supernatants at 9 hpi were determined by plaque assays in three independent experiments. (B) Schematic illustration of the generation of the
WSN-LUC virus. As detailed in Materials and Methods, 293T cells were transfected with eight plasmids required to generate infectious influenza
A virus WSN, together with a plasmid carrying a LUC-encoding viral reporter PB2-LUC RNA segment. Viruses were harvested from the
supernatants at 48 h posttransfection. (C) Ribavirin and NF-kB inhibitors inhibit LUC expression in the WSN-LUC-infected cells. WSN-LUC
viruses were used to infect fresh MDCK cells at an MOI of 1 for 1 h. DMSO, different concentrations of ribavirin, or an NF-«B inhibitor (10 uM
Bayl11 or 50 uM PDTC) was applied at 1 hpi, and a LUC assay was conducted at 8 hpi. * represents statistical significance (P < 0.05).

added to influenza virus-infected A549 cells at different times
post-viral infection and the infectious viruses released into the
supernatants at 9 hpi were quantified. As shown in Fig. 3,
inhibitors applied at a preinfection time point (1 h before
infection) were as effective at inhibiting infectious virus pro-
duction as those applied at 1, 2, or 3 hpi, indicating that the
steps of virus entry and uncoating, which are largely completed
by 1 hpi, are not affected by the NF-«B inhibitors. This result
is also consistent with the findings of an earlier study by Nim-
merjahn et al. showing that receptor expression and virus at-
tachment to cells are not affected by NF-«B inhibition (28). On
the other hand, when applied at or after 5 hpi, NF-kB inhibi-
tors did not affect virus production, suggesting that they were
ineffective at late stages of the viral life cycle. Taken together,
these data suggest that NF-«kB inhibitors block an early
stage(s) of the influenza virus life cycle preceding the viral gene
expression that occurs between approximately 3 and 5 hpi.
NF-kB inhibitors do not affect VRNP nucleocytoplasmic
trafficking. After uncoating, the vVRNP complex, which is com-
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FIG. 3. Time course analysis of the effects of NF-«B inhibitors on virus
production. A549 cells were infected with influenza A virus WSN at an MOI
of 5. Chemical treatment (10 pM Bayll or 50 uM PDTC) or a vehicle
control (PBS or DMSO) was applied at different times postinfection. The

virus titers in the supernatants at 9 hpi were determined by plaque assays. —1
h, 1 h before infection; 1, 2, 3, 5, and 7 h, different times postinfection.
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FIG. 4. NF-kB inhibitors do not affect the nucleocytoplasmic trafficking of VRNPs. A549 cells were infected with influenza A virus WSN at an
MOI of 5 in the presence of either a vehicle control (PBS or DMSO) or a chemical compound (10 uM U0126, 10 uM Bay11, or 50 uM PDTC).
At different times postinfection, cells were stained with anti-NP antibody and observed via microscopy.

posed of viral RNA, NP protein, and the three viral polymer-
ase components (PA, PB1, and PB2), needs to be imported
into the nuclei of the infected cells for virus RNA replication
and transcription and then exported out of the nuclei for pack-
aging into newly formed virions at the cellular plasma mem-
branes. To study the effects of NF-«B inhibitors on the nucleo-
cytoplasmic trafficking of vRNPs, we infected A549 cells with
wild-type influenza A virus WSN for 1 h and then treated cells
with DMSO, Bay11-7082, PDTC, or the MEK inhibitor U0126.
Influenza virus NP protein was detected by indirect immuno-
fluorescence at different time points postinfection in order to
study the intracellular localization of vRNP in an infected cell.
As shown in Fig. 4, in vehicle control DMSO-treated samples,
the VRNP complexes were localized mostly in the cytoplasm at
1.5 hpi but were present in the nucleus at 3 hpi. By 4 hpi,
vRNPs were localized predominantly in the nucleus, and by 6
hpi, most of the presumably newly generated vVRNPs were
exported out of the nucleus. As a control, we used the MEK
inhibitor U0126, which has been shown by Pleschka et al. to
cause VRNP nuclear retention in influenza virus-infected cells
(31). Consistent with this report, we showed that U0126 pre-
vented the export of VRNPs, even at the late stage of infection
(at 9 hpi), whereas their nuclear import was not affected (Fig.
4, compare images from the control and the U0126-treated
samples at 2, 3, and 4 hpi). In contrast, neither PDTC nor
Bay11-7082 showed any effect on the vRNP trafficking (Fig. 4).
These data strongly suggest that NF-«kB inhibitors do not affect
the nuclear import and export of vVRNPs in influenza virus-
infected cells.

NF-kB inhibitors specifically decrease the vRNA level dur-
ing influenza virus infection. We then asked whether NF-«B
inhibitors affect viral RNA synthesis. To address this question,
we infected A549 cells with the wild-type WSN virus at an MOI
of 5 for 1 h, by which time viral entry and uncoating are
believed to have occurred. An NF-kB inhibitor (PDTC) or
vehicle control (PBS) was then added to the infected cultures.
At 5 hpi, when viral RNA synthesis has already been com-
pleted, total RNA from the infected cells was prepared and the
levels of individual segments of influenza virus-specific VRNA,

cRNA, and mRNA were determined by quantitative real-time
RT-PCR. The RNA amounts are expressed as C;. values, so
that a lower value indicates a larger RNA quantity. Table 1
shows the levels of each of the eight viral segments of VRNA,
cRNA, and mRNA in PDTC- or PBS-treated virus-infected
cells. It also shows the respective differences in the C;- values
and the results of the statistical analysis (P values) for each of
the RNA species. The levels of each segment of the vRNA in

TABLE 1. Levels of all eight segments of VRNA, cRNA, and
mRNA in virus-infected cells treated with either PBS or PDTC

RNA RNA Level” after treatment with: Cr
. . P value
species  segment PBS PDTC difference
vRNA PB2 1452 £ 0.36  16.58 = 0.17 2.06 <0.005
PBI1 13.83 = 0.08 15.7 £ 0.12 1.87 <0.001
PA 14.67 = 0.33  16.41 = 0.09 1.74 <0.01
HA 12.64 = 0.23 14.14 = 0.3 1.50 <0.005
NP 15.13 £ 0.31  16.83 £ 0.02 1.70 <0.01
NA 16.02 = 0.2 18.01 = 0.19 1.99 <0.001
M 159 = 0.11 17.7 = 0.04 1.80 <0.001
NS 17.04 = 0.21 18.18 = 0.14 1.14 <0.005
cRNA PB2 19.27 = 0.1 20.02 = 0.27 0.75 <0.05
PB1 15.6 =022 16.18 = 0.22 0.58 <0.05
PA 17.65 = 0.29 18.56 = 0.26 0.91 <0.05
HA 15.63 = 0.44 16.36 = 0.83 0.73 >0.05
NP 15.49 = 0.37 15.58 = 0.15 0.09 >0.05
NA 19.92 = 0.26 20.6 = 0.59 0.68 >0.05
M 20.47 £ 0.44 20.74 £ 0.11 0.27 >0.05
NS 20.49 =041 20.84 = 0.37 0.35 >0.05
mRNA PB2 14.05 = 0.16 143 =03 0.25 >0.05
PBI1 14.07 = 0.52  14.69 = 0.12 0.62 >0.05
PA 16.07 £ 042 1622 £0.14 0.15 >0.05
HA 16.21 = 0.13  16.88 = 0.24 0.67 <0.05
NP 15.66 = 0.32  16.22 = 0.32 0.56 >0.05
NA 13.44 = 0.08 13.68 = 0.45 0.24 >0.05
M 13.09 £ 042 13.72 £0.21 0.63 >0.05
NS 11.67 = 0.4 12.06 = 0.16 0.39 >0.05

“The RNA levels were normalized to GAPDH RNA levels and are shown as
mean C; values * standard deviations.
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PDTC-treated samples were significantly lower than those in
PBS-treated ones (the highest P values were <0.01); the dif-
ferences in the C, values were 1.5 to 2 for most of the segments
and 1.1 for the NS segment. In contrast, the differences in the
Cvalues for cRNA and mRNA were 0.1 to 0.75 in most cases,
except for the PA segment of cRNA (0.9). Moreover, most of
the C, differences in cRNA and mRNA levels were not statis-
tically significant. Only the C,- differences in PB2 cRNA, PB1
cRNA, PA cRNA, and HA mRNA were significant at a 5%
level of confidence (P < 0.05). Collectively, our data suggest
that NF-kB inhibitors specifically decrease the level of VRNA,
but not necessarily those of cRNA and mRNA, in virus-in-
fected cells.

NF-kB inhibitors differentially decrease influenza virus
RNA transcription from the cRNA promoter. vVRNA is synthe-
sized from the cRNA promoter, whereas both cRNA and
mRNA are transcribed from the vVRNA promoter. We won-
dered whether the reduced level of vVRNA in virus-infected
cells (Table 1) was due to the inhibition of RNA transcription
by NF-kB inhibitors. We therefore analyzed the effects of
NF-kB inhibitors on RNA transcription from the different
promoters by using a LUC-based RNA transcription assay.
Two reporter constructs, each carrying the LUC reporter gene
in negative sense and either the NA cRNA UTR (cRNA-
LUC) or the NA vRNA UTR (VRNA-LUC) (34), were used.
293T cells were transfected with each reporter construct, along
with four protein expression plasmids (i.e., the PB2, PB1, PA,
and NP expression plasmids) required for influenza virus RNA
synthesis. At 8 h posttransfection, a chemical (PDTC or riba-
virin) or a vehicle control (PBS) was applied, and the LUC
assay was conducted 16 h later. The LUC activity of each
chemically treated sample was compared to that of PBS-
treated samples transfected with either the cRNA-LUC or the
VvRNA-LUC construct. As shown in Fig. 5, PDTC decreased
LUC expression from the cRNA promoter (cCRNA-LUC) to
~20% of that in the PBS-treated samples, whereas it seemed
to have a much less inhibitory effect on the VRNA promoter
(VRNA-LUC), which still retained ~65% of the reporter ac-
tivity. Furthermore, the statistical analysis revealed that the
inhibitory effect on the cRNA promoter was significant (P <
0.05) but that the P value for the inhibition of the VRNA
promoter was around the borderline of 0.05. In contrast, riba-
virin, a known inhibitor of influenza virus RNA synthesis (36),
significantly decreased LUC expression from the VRNA and
cRNA promoters to similar extents (to ~10% of that in PBS-
treated samples). These results were not restricted to NA seg-
ment-based reporter constructs, as we have obtained similar
results with different reporter constructs that contained the
UTRs from different RNA segments (data not shown). Exclud-
ing the possibility that these inhibitors may affect plasmid
transfection and general RNA/protein expression efficiency in
the reporter assay, we have observed a differential reduction of
RNA transcription from the cRNA promoter by NF-«B inhib-
itors, which correlates well with the viral RNA levels in virus-
infected cells (Table 1).

Potential function of p65 in influenza virus RNA synthesis.
Our results obtained from studying the chemical inhibition of
the NF-kB signaling pathway as described above indicated that
active NF-«B signaling might participate in regulating VRNA
synthesis from the cRNA promoter. We sought to directly
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FIG. 5. NF-«kB inhibitors differentially decrease influenza virus
RNA transcription from the cRNA promoter compared to that from
the VRNA promoter. As described in Materials and Methods, 293T
cells were transfected with the five plasmids to recreate the LUC-based
influenza virus RNA transcription assay, along with a reporter con-
struct based on either the cRNA (cRNA-LUC) or the vVRNA (VRNA-
LUC) promoter. Treatment with a control (PBS) or chemical (50 pM
PDTC or 10 ng of ribavirin/pl) was applied at 8 h posttransfection.
LUC activity was determined at 24 h posttransfection, normalized by
the B-gal level, and compared to the activity in the cells subjected to
the control PBS treatment (set as 100%). * represents statistical sig-
nificance (P < 0.05).

examine the effect of individual NF-kB molecules on VRNA
synthesis. First, we asked whether the transient expression of
each of the NF-kB molecules could abolish the inhibitory effect
of the NF-«kB inhibitors on vVRNA synthesis. To address this
issue, we transfected 293T cells with the reporter plasmid
cRNA-LUC and the four influenza virus protein expression
plasmids encoding PB2, PB1, PA, and NP, along with either an
empty vector control or an individual plasmid expressing p50,
p65, or c-Rel (kindly provided by Warner Greene at the Uni-
versity of California, San Francisco). PBS or PDTC was added
at 8 h posttransfection. The LUC assay was conducted at 24 h
posttransfection. Similar to the results shown in Fig. 5, PDTC
decreased LUC expression from the influenza virus cRNA
promoter in the sample with the empty vector control (Fig.
6A). This PDTC-induced inhibitory effect could be abolished
by the transient expression of p65 but not of the p50 or c-Rel
factor (Fig. 6A), indicating that p65 plays an important role in
regulating vVRNA synthesis from the cRNA promoter. We next
determined whether the overexpression of p65 alone could
increase VRNA synthesis from the cRNA promoter in the
absence of any chemical treatment. To examine this issue, we
transfected 293T cells with a set of plasmids similar to that
described above in order to recreate the LUC-based vRNA
transcription from the cRNA promoter in the presence of
either an empty vector or increasing amounts of a p50, p65, or
c-Rel expression plasmid. As shown in Fig. 6B, while p50 had
no effect on LUC expression, p65 significantly increased the
reporter gene expression from the influenza virus cRNA pro-
moter in a dose-dependent manner (Fig. 6B). Interestingly,
c-Rel appeared to exhibit a dose-dependent inhibitory effect
on VRNA transcription from the cRNA promoter (Fig. 6B).
Since most of the studies described above utilized chemical
inhibitors of NF-kB signaling, their specificity in determining
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FIG. 6. Effect of individual NF-kB molecules on influenza virus RNA transcription. (A) The overexpression of p65 abolishes the inhibition of
influenza virus RNA transcription from the cRNA promoter by the NF-«B inhibitors. 293T cells were transfected with five plasmids to recreate
influenza virus RNA transcription from the cRNA-LUC reporter, together with increasing amounts of either an empty vector or a vector expressing
p50, p65, or c-Rel. Control treatment (PBS, indicated by —) or chemical treatment (50 pM PDTC, indicated by +) was applied at 8 h
posttranfection. LUC activity was measured at 24 h posttransfection and normalized by the B-gal level. (B) The overexpression of p65 increases
influenza virus RNA transcription from the cRNA promoter. 293T cells were transfected with the five plasmids to recreate influenza virus RNA
transcription from the cRNA promoter, together with increasing amounts (indicated by triangles) of either an empty vector or a vector expressing
P50, p65, or c-Rel. LUC activity was measured at 24 h posttransfection and normalized by the B-gal enzymatic activity. (C) A549 cells were
transfected with p65 or control siRNA as described in Materials and Methods. Cell lysates were analyzed by Western blotting with antibodies
against p65 and B-actin. (D) A549 cells were transfected with p65 or control siRNA and then infected with influenza A virus (WSN). The virus
titer was determined at 9 hpi. (E) A549 cells were transfected with p65 or control siRNA and then infected with influenza A virus. Viral RNA was
prepared at 5 hpi and quantified by real-time RT-PCR as described in Materials and Methods. The differences in C;-values [AC(t)] between control
and p65 siRNA-treated samples and the results of the statistical analysis of significance (P values) are shown. * represents statistical significance
(P < 0.05).

the role of NF-«B signaling and, more specifically, of the p65
molecule in influenza A virus infection can be a subject for
debate. Instead, we chose the approach of knocking down the
level of p65 expression by transfection with siRNA and used
the transfected cells to analyze the effect of a reduced p65 level
on influenza A virus replication and virus RNA synthesis. As
shown in Fig. 6C, p65-specific siRNA effectively reduced the
endogenous level of p65 in A549 cells by ~80 to 90% com-
pared to the level in cells transfected with control siRNA.
Influenza A virus replication in the presence of p65 siRNA
decreased by 50% compared to that in cells transfected with
control siRNA (Fig. 6D). We have also quantified the levels of

most segments of VRNA and cRNA (except for the PB1 and
PA segments). With the exception of the NP segment, the
levels of most VRNA segments were significantly reduced by
p65 knockdown (Fig. 6E), although the differences in C values
were smaller than those for chemical inhibitor-treated samples
(Table 1). In contrast, none of the cRNA levels were signifi-
cantly affected (Fig. 6E). In general, the inhibitory effect of
siRNA-mediated p65 knockdown was smaller than those of
chemical inhibitors. This result may be due to the incomplete
knockdown of active p65 molecules by the siRNA and/or the
potential contributions of other unknown cellular factors.
Nonetheless, siRNA-mediated p65 knockdown significantly re-
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duced influenza A virus replication and the synthesis of most
vRNA segments, indicating that NF-«kB signaling, specifically
that of the NF-kB molecule p65, may play an important role in
regulating influenza virus RNA synthesis.

DISCUSSION

The NF-«B signaling pathway plays a dual role in influenza
virus infection. On one hand, the NF-«kB pathway is important
in inducing host innate immune responses against viral infec-
tion by activating IFN expression (17). Virus infection gener-
ally can trigger multiple signaling cascades through the Toll-
like-receptor (TLR)-dependent (TLR3, TLR7, and TLRY)
and TLR-independent (RIG-I and Mda-5) pathways that lead
to the downstream activation of the NF-kB pathway, ATF2-
cJun, or the IFN regulatory factors (IRF-3 and IRF-7), which
coordinate to induce the transcription of the IFN-@ factor (27).
Because of the critical role of the NF-«kB pathway in mediating
antiviral responses, many viruses evolve to target specific as-
pects of this pathway and the innate immune responses (re-
viewed in reference 18). For example, vaccinia virus produces
the TIR domain-containing proteins A46R and A52R in order
to suppress TLR- or interleukin-1 receptor-induced NF-«B
activation (2, 37). On the other hand, some viruses are known
to incorporate the NF-kB pathway into their own life cycles
and pathogenesis (reviewed in reference 18). Perhaps the most
well known example is that of the human immunodeficiency
virus type 1 long terminal repeat containing multiple NF-xB
binding sites, through which the activated host NF-«kB signal-
ing can promote long terminal repeat-driven viral transcrip-
tion. Both Kaposi’s sarcoma-associated herpesvirus (or human
herpesvirus 8) and Epstein-Barr virus, two members of the
gammaherpesvirus family, activate the NF-kB signaling during
latent infections, which are associated with virus-induced
transformation and tumorigenesis (reviewed in reference 3).
Human T-cell leukemia virus type 1 Tax is a well-studied on-
coprotein that targets multiple components of the NF-«B sig-
naling pathway in order to enhance its oncogenic activity (re-
viewed in reference 38). NF-kB signaling has been shown to be
strongly activated during influenza virus infection (this work
and references 11 and 35). We and other groups have demon-
strated that active NF-«kB signaling is required for efficient
influenza virus replication (this work and references 28 and
40). To combat innate immune responses induced by activated
NF-«B signaling during virus infection, influenza virus encodes
a multifunctional NS1 protein that serves as an antagonist
against cellular IFN responses (10). Thus, influenza virus is
able to counteract the antiviral functions of the NF-kB path-
way while at the same time utilizing the active NF-«kB signaling
for its own replication purpose.

Our work suggests that NF-«B signaling contributes to effi-
cient influenza virus replication via the preferential regulation
of the synthesis of VRNA but not of the complementary posi-
tive-strand cRNA or of the mRNA (Table 1). This is, to the
best of our knowledge, the first evidence of a novel function
played by a host signaling pathway in regulating viral replica-
tion. Influenza virus RNA synthesis consists of three steps: (i)
the transcription of VRNA into mRNA, (ii) the replication of
VRNA into cRNA, and (iii) the replication of cRNA into
VRNA (reviewed in reference 22). The transcription of influ-
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enza virus mRNA differs from the replication of VRNA or
cRNA in both its initiation and termination steps. Influenza
virus mRNA transcription is initiated by short capped RNAs
that are stolen from host pre-mRNAs (12, 23, 24) and is ter-
minated by a poly(A) signal located near the 5’ end of the
vRNA template (22, 33). Both the VRNA and cRNA of influ-
enza virus are full-length transcripts which are synthesized by
primer-independent de novo initiation and NP-mediated anti-
termination mechanisms. The mechanisms by which the syn-
thesis of the three different viral RNA species is regulated in
virus-infected cells are not well understood. It has been hy-
pothesized previously that the form of the polymerase required
for replication (i.e., replicase) is different from that required
for transcription (i.e., transcriptase) (21). Some evidence to
support such a hypothesis exists. For example, the replicase
seems to require the NP protein, which is consistent with the
facts that vVRNA and cRNA are encapsidated along with
the NP proteins and that virus mRNAs are not (14, 21, 32). On
the other hand, the transcriptase was previously proposed to
require PB2 but not PA protein. However, recent mutagenesis
studies of the PA protein have demonstrated that PA is also
involved in transcription (9, 34). Therefore, definitive experi-
mental evidence for the differences between a replicase and a
transcriptase is still lacking. In addition, both VRNA and
cRNA should be generated by a replicase, yet their syntheses
also differ. A recent study by Deng et al. has shown that VRNA
synthesis is initiated internally and that the developing vVRNA
is then realigned to the terminus of the cRNA promoter but
that cRNA synthesis is initiated at the terminus of the vRNA
promoter (5). However, the mechanism to regulate the synthe-
sis of VRNA versus that of cRNA is less well characterized. In
the present study, we have shown for the first time that NF-«kB
signaling, an essential host signaling pathway, preferentially
enhances the synthesis of VRNA but not cRNA or mRNA of
influenza virus. The differential regulation of influenza virus
RNA synthesis by NF-«B signaling may play a significant role
in controlling the levels of the three viral RNA species in
infected cells in order to optimize viral RNA and protein
syntheses for the purpose of enhancing virus production.
How might NF-kB signaling specifically regulate vVRNA syn-
thesis? VRNA is synthesized from the cRNA promoter, while
both cRNA and mRNA are synthesized from the vRNA pro-
moter. We have shown that NF-«B inhibitors strongly affect
RNA transcription from the cRNA promoter, in contrast to
that from the VRNA promoter (Fig. 5), indicating that NF-«xB
signaling may specifically target the cRNA promoter. The
cRNA promoter differs from the VRNA promoter in several
ways (Fig. 7): in the cRNA promoter, (i) the position 3'-
position 8’ base pair of the 5’ hairpin loop is C-G, (ii) the
nucleotide at position 5" in the 5’ tetraloop sequence is an
adenine, (iii) there is no hinge in the 5’ hairpin loop, (iv) there
is a hinge U at the 3’ hairpin loop, (v) the position 2-position
9 base pair of the 3’ hairpin loop is A-U, and (vi) the nucleo-
tide at position 5 in the 3’ tetraloop sequence is a cytosine.
These distinct features of the cRNA promoter relative to the
vRNA promoter have been shown to be essential to induce
endonuclease activity (24), to serve as the nuclear export sig-
nals for the selective packaging of the vVRNA rather than the
cRNA into virion particles (39), and to mediate the internal
PPPAPG initiation of cRNA synthesis (5). It is likely that the
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distinct sequence and/or structural features of the cRNA pro-
moter may also determine its differential regulation by the
NF-«B signaling. This hypothesis still needs to be examined
experimentally, however.

What components of the NF-kB signaling pathway are in-
volved in regulating influenza virus RNA synthesis? We have
shown that p65 alone could block the inhibition of the influ-
enza virus cCRNA promoter by NF-«B inhibitors (Fig. 6A) and
that the overexpression of p65 alone increased influenza virus
cRNA promoter activity (Fig. 6B). Consistently, p65 reduction
by the corresponding specific siRNA molecule reduced influ-
enza virus replication and the levels of most VRNA segments in
the infected cells (Fig. 6D and E). Taken together, these data
strongly implicate p65 in regulating VRNA synthesis from the
cRNA promoter. It is noteworthy that c-Rel was also found to
inhibit the influenza virus cRNA promoter in a dose-depen-
dent manner (Fig. 6B). Further studies are needed in order to
characterize the molecular mechanisms by which p65 and c-
Rel contribute to vRNA synthesis.

In summary, we have provided for the first time a molecular
mechanism to account for the effect of the important NF-«xB
signaling pathway on influenza virus RNA synthesis. Specifi-
cally, the p65 molecule of this signaling event may directly
participate in regulating efficient VRNA synthesis from the
cRNA promoter. Information gained from these studies may
offer new cellular targets, some that cannot be altered as easily
as the viral genomic sequence, for the development of novel
antiviral agents against influenza virus.
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