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Previous reports have shown that various steps in the influ-
enza A virus life cycle are impaired in cells expressing the anti-
apoptotic protein Bcl-2 (Bcl-2* cells). We demonstrated a direct
link between Bcl-2 and the reduced nuclear export of viral ribo-
nucleoprotein (VRNP) complexes in these cells. However,
despite its negative impact on viral replication, Bcl-2 did not
prevent host cells from undergoing virally triggered apoptosis.
The protein’s reduced antiapoptotic capacity was related to
phosphorylation of its threonine 56 and serine 87 residues by
virally activated p38MAPK. In infected Bcl-2* cells, activated
p38MAPK was found predominantly in the cytoplasm, colocal-
ized with Bcl-2, and both Bcl-2 phosphorylation and virally
induced apoptosis were diminished by specific inhibition of
p38MAPK activity. In contrast, in Bcl-2-negative (Bcl-27) cells,
which are fully permissive to viral infection, p38MAPK activity
was predominantly nuclear, and its inhibition decreased vRNP
traffic, phosphorylation of viral nucleoprotein, and virus titers
in cell supernatants, suggesting that this kinase also contributes
to the regulation of VRNP export and viral replication. This
could explain why in Bcl-2* cells, where p38MAPK is active in
the cytoplasm, phosphorylating Bcl-2, influenza viral replica-
tion is substantially reduced, whereas apoptosis proceeds at
rates similar to those observed in Bcl-27 cells. Our findings sug-
gest that the impact of p38MAPK on the influenza virus life
cycle and the apoptotic response of host cells to infection
depends on whether or not the cells express Bcl-2, highlighting
the possibility that the pathological effects of the virus are partly
determined by the cell type it targets.
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The influenza A virus, a widespread human pathogen, is
characterized by a segmented negative strand RNA genome
that encodes 11 viral proteins. Within the envelope, the eight
viral RNA segments, associated with the nucleoprotein (NP)?
and the polymerase complex, form helical ribonucleoprotein
capsids (VRNPg). After infection, the vRNPg are transported to
the host cell nucleus, where they undergo transcription and
replication. In the late phase of replication, newly formed RNPg
are transferred from the nucleus to the cytoplasm and packaged
into progeny virions (1-3). Such an essential step in the life
cycle of the virus is known to be regulated in part by viral and
host cell factors (4-9), including the expression of Bcl-2, which
varies widely from one cell type to another (6, 10, 11). This
transmembrane protein is well known for its ability to prevent
the apoptotic cell death provoked by a variety of stimuli (12), a
property that is markedly diminished when Bcl-2 undergoes
phosphorylation by several different cellular kinases (13-16).
Several lines of evidence indicate that host cell expression of
Bcl-2 is associated with impaired replication of the influenza A
virus (6, 17) and significant suppression of vRNP translocation
into the cytoplasm (6). We have suggested that the latter effect
might be related to interference of Bcl-2 with one or more cel-
lular phosphorylation pathways, since phosphorylative events
are known to play highly important roles in the regulation of
VvRNP traffic (5, 18, 19). One of the components of the vVRNP
complex, NP, is a phosphoprotein in both virions and infected
cells. It has a complex network of serine and threonine residues,
whose phosphorylation statuses change during the virus repli-
cation cycle (18). Interestingly, NP phosphorylation has been
reported to affect export of VRNPs from the nucleus (19-21),
and phosphorylated residues have been found within or near

3 The abbreviations used are: NP, nucleoprotein; MAPK, mitogen-activated
protein kinase; ERK, extracellular signal-regulated kinase; MEK, mitogen-
activated protein kinase/extracellular signal-regulated kinase kinase;
VRNP, viral ribonucleoprotein; MDCK, Madin-Darby canine kidney; FBS,
fetal bovine serum; PBS, phosphate-buffered saline; DAPI, 4',6-diamidino-
2-phenylindole; Ab, antibody; PARP, poly(ADP-ribose) polymerase; MOI,
multiplicity of infection; FACS, fluorescence-activated cell sorting; PI, pro-
pidium iodide; EGFP, enhanced green fluorescent protein; siRNA, small
interfering RNA.
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the protein’s nuclear localization signal domains (reviewed in
Ref. 22). Thus far, however, the specific kinases responsible for
phosphorylation of vVRNPs (or, more specifically, of NP) have
yet to be identified (5, 19).

Influenza A virus infection is known to trigger signaling
through several mitogen-activated protein kinase (MAPK)
pathways in the host cell (23, 24), including the Raf/MEK/ERK
cascade, which reportedly promotes vRNP traffic and virus pro-
duction (5). Pleschka et al. (5) have shown that suppressing the
activity of this pathway with the extracellular signal-regulated
kinase (ERK) inhibitor U0126 significantly reduces nuclear
vRNP export, and our group observed similar effects with res-
veratrol, a natural polyphenol that inhibits the activities of pro-
tein kinase C and its dependent c-Jun N-terminal kinase and
p38MAPK pathways, without affecting the ERK cascade (7).
Viral RNP phosphorylation thus appears to be mediated by sev-
eral cellular kinases. In addition to its nuclear substrates, the
serine threonine kinase p38MAPK also targets proteins located
in the cytoplasm, including Bcl-2 (13, 25), and p38MAPK-me-
diated phosphorylation is one of the events capable of decreas-
ing the antiapoptotic potential of such protein. In fact, it has
been causally linked to the programmed cell death provoked by
several stimuli in Bcl-2-expressing (Bcl-2") populations
(13-15).

Conceivably, this interaction between p38MAPK and Bcl-2
in the cytoplasm can also have potential repercussions on
p38MAPK activity within the nucleus; in a cell infected with the
influenza virus, such an effect might alter several phosphoryla-
tion-dependent steps in the viral replication process, including
the export of vVRNPs. To test this hypothesis, we investigated
the roles of Bcl-2 and p38MAPK in regulating influenza virus
replication and virally induced apoptosis. We observed that
infection of Bcl-2™ cells was associated with lower viral repli-
cation rates, nuclear retention of the viral NP, and localization
of activated p38MAPK in the cytosol, whereby it phosphoryla-
ted Bcl-2 and diminished its ability to prevent programmed cell
death. Consequently, virus-induced apoptosis in these cells
proceeded at the same rate observed in Bcl-2-negative (Bcl-27)
cells. In the absence of the antiapoptotic protein, however,
p38MAPK activity was predominantly nuclear, and it made a
clear contribution to the export of vVRNPs to the cytosol.

EXPERIMENTAL PROCEDURES
Cell Cultures

Madin-Darby canine kidney (MDCK) cells were grown in
RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS), glutamine (0.3 mg/ml), penicillin (100 units/ml), and
streptomycin (100 mg/ml). Human neuroblastoma cells (SH-
SY5Y) were maintained in Dulbecco’s modified Eagle’s medi-
um/F-12 supplemented with 15% FBS and antibiotics. Cell via-
bility was estimated by trypan blue (0.02%) exclusion. All
reagents were purchased from Invitrogen.

Reagents

Unless otherwise stated, all commercial products mentioned
hereafter were used according to the manufacturers’ instructions.
Annexin-V conjugated with Alexa Fluor-568 or Alexa Fluor-488
was purchased from Molecular Probes. Propidium iodide (Sigma)
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was diluted to 50 pg/ml in phosphate-buffered saline (PBS). 4,6~
Diamidino-2-phenylindole (DAPIL Molecular Probes) was diluted
to 1 mg/ml in PBS. Stock solutions of SB203580, SB202474, and
PD98059 (Calbiochem) dissolved in DMSO were diluted in RPMI
to final concentrations of 5, 10, and 20 um. A stock solution of
U0126 (Promega) dissolved in DMSO was diluted in RPMI to a
final concentration of 20 um. The highest DMSO concentration
present in the culture medium was 0.2%. Control cells were treated
with DMSO alone at the same concentration present in the test
substance being evaluated.

Antibodies (Abs)

Rabbit polyclonal anti-phosphorylated Bcl-2 (Ser-87) and
goat polyclonal anti-phosphorylated Bcl-2 (Thr-56) Abs were
purchased from Upstate Biotechnology, Inc.; mouse monoclonal
anti-Bcl-2, goat polyclonal anti-Bcl-2, rabbit polyclonal anti-
P38MAPK, mouse monoclonal anti-poly(ADP-ribose) polymer-
ase (PARP), and rabbit polyclonal anti-Spl Abs were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit
monoclonal anti-phosphorylated p38MAPK, rabbit polyclonal
anti-phosphorylated MAPKAPK-2 (MAPK-activated protein
kinase 2), and rabbit polyclonal anti-MAPKAPK-2 Abs were
purchased from Cell Signaling Technology. Mouse monoclonal
Abs against the viral NP were purchased from Serotec, and goat
polyclonal anti-influenza A virus Abs were purchased from
Chemicon. Mouse monoclonal anti-actin and anti-a-tubulin
Abs were purchased from Sigma.

Virus Production, Infection, and Titration

Influenza virus A/Puerto Rico/8/34 HIN1 (PRS8 virus) and
influenza A/NWS/33 HIN1 (NWS virus, ATCC-VR219™")
virus (used in selected experiments only) were grown in the
allantoic cavities of 10-day-old embryonated chicken eggs.
After 48 h at 37 °C, the allantoic fluid was harvested and centri-
fuged at 5000 rpm for 30 min to remove cellular debris, and
virus titers were determined by a standard plaque assay (26, 27).
The titer of the virus preparation was 5 X 107 plaque-forming
units/ml.

Cells were challenged 24 h after plating with influenza A
virus at a multiplicity of infection (MOI) of 0.05 or, when single-
cycle replication was required, 1.5. Mock infection was per-
formed with the same dilution of allantoic fluid from unin-
fected eggs. Infected and mock-infected cells were incubated
for 1 h at 37 °C, washed with PBS, and then incubated with
medium supplemented with 2% FBS. The plaque assay was per-
formed according to standard procedures (27, 28) on cell super-
natants collected at different times postinfection.

Detection of Apoptosis

Annexin-V Staining—Cells were detached at different time
points after infection, stained with Annexin-V-Alexa Fluor, and
subjected to fluorescence-activated cell sorting (FACS) with a
FACScan flow cytometer (BD Biosciences).

Propidium lodide Staining—Flow cytometry was performed
as previously described (29). Briefly, 24 h postinfection cells
were fixed with 70% ethanol at 4 °C for 1 h, washed, and incu-
bated with 250 ug/ml RNase A (Sigma) for 20 min at 37 °C. The
cells were then incubated with propidium iodide (PI) (50
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pg/ml) for 15 min at 37 °C in the dark. Propidium iodide fluo-
rescence of individual nuclei was measured by FACS, and apo-
ptotic nuclei were identified on a PI histogram of ethanol-
treated cells as a hypodiploid peak.

Western Blot Analysis

Cells were washed with cold PBS and centrifuged at 700 X
g for 10 min. The pellet was lysed in cold lysis buffer (10 mm
Tris, 150 mm NaCl, and 0.25% Nonidet P-40, pH 7.4) con-
taining protease and phosphatase inhibitor mixtures. After
30 min on ice, lysates were centrifuged at 10,000 X g for 30
min at 4 °C, and their total protein concentrations were
determined by the Bradford method (Bio-Rad). Nuclear and
cytoplasmic extracts were prepared with the NE-PER®
Nuclear and Cytoplasmic extraction kit (Pierce), and their
protein concentrations were determined with the BCA Pro-
tein Assay kit (Pierce). Cell lysates or nuclear and cytoplas-
mic extracts were resuspended in SDS sample buffer con-
taining 10% B-mercaptoethanol, separated with SDS-PAGE,
and blotted onto nitrocellulose membranes. The membranes
were blocked with 10% nonfat dry milk in PBS for 1 hat room
temperature. Primary Abs were used at a final concentration
of 1 pug/ml. Secondary Abs were horseradish peroxidase-
conjugated (Amersham Biosciences). Blots were developed
with an enhanced chemiluminescence system (Amersham
Biosciences). For immunoprecipitation studies on the intra-
cellular localization of NP, nuclear and cytoplasmic extracts
from equal numbers of PR8-infected MDCK cells were
diluted with radioimmune precipitation buffer (50 mm Tris,
150 mm NaCl (pH 7.5), 1% Triton-X, 0.1% SDS, 0.5% sodium
deoxycholate. To the same protein concentration, anti-NP
Abs (2 ug/ml) were added, and the samples were incubated
with protein A-Sepharose (Amersham Biosciences). The
immune complexes were washed four times with radioim-
mune precipitation buffer. The samples were separated by
SDS-PAGE, blotted onto nitrocellulose membranes, and
stained with anti-influenza virus Abs. Secondary Abs were
horseradish peroxidase-conjugated. Blots were developed as
described above.

Confocal Laser-scanning Microscopy

For nuclear staining, cell monolayers were washed twice with
PBS and fixed with a 4% PBS-buffered paraformaldehyde solu-
tion for 30 min at room temperature. After washing, nuclei
were stained with 1 ug/ml of DAPI for 15 min at room temper-
ature. Immunofluorescence was assayed in cells that had been
fixed with 4% PBS-buffered paraformaldehyde solution for 30
min at room temperature, washed with Tris-buffered saline,
and permeabilized for 5 min with 0.1% Triton X-100. After
blocking with 1% nonfat dry milk for 30 min, they were incu-
bated with primary and secondary Abs and mounted with
the Molecular Probes Antifade kit. The secondary Abs,
which were conjugated with Alexa Fluor-488 or tetrameth-
ylrhodamine, were purchased from Molecular Probes. Fluo-
rescence was visualized with a confocal laser-scanning
microscope (Leica Instruments).
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Transfection of Cell Cultures

The full-length human bc/-2 sequence was amplified by PCR
from lysates of freshly isolated human lymphocytes and cloned
as a BgllI/EcoRI fragment in an enhanced green fluorescent
protein (EGFP) pIRES2 vector (pIRES2-EGFP) (Clontech). The
following primers were used to obtain the wild-type gene con-
struct: 5'-TTAGATCTATGGCGCACGCTGGGAGAAC-3'
(forward); 5'-CGAATTCTCACTTGTGGCTCAGATAGG-3’
(reverse).

The Aloop plasmid containing the bcl-2 deletion mutant
(A40-91 amino acids) was generated with a two-step recombi-
nant PCR with the wild-type construct as a template and two
oligonucleotide pairs: 5'-CCACGGGCCCGGCGCCCACAT-
CTCCCGC-3" with 5'-GCAGAGCTGGTTTAGTGAACCG-
TCA-3" and 5'-GGGCCCGTGGTCCACCTGGCCCTCCGC-
CAA-3" with 5'-TATTCCAAGCGGCTTCGGCCAGTAA-3'.

The two PCR products were mixed in the same reaction tube
and reamplified with terminal primers. The resulting deleted
c¢DNA was purified, digested with BglII and EcoRI restriction
endonucleases, and ligated into the multiple cloning site of
pIRES2-EGFP vector. All constructs were verified by sequence
analysis.

Lipofectamine (Invitrogen) was used to transfect MDCK
cells with pIRES2-EGFP-Bcl-2 and control pIRES2-EGFP vec-
tors. The transfected cells were selected and cloned for ~2
weeks in RPMI supplemented with 10% FBS and 800 ug/ml
Geneticin (G418; Invitrogen). The G418-resistant colonies
were isolated and subjected to immunofluorescent staining or
immunoblotting analysis with anti-human Bcl-2 Abs to detect
the expression of EGFP and Bcl-2.

RNA Interference

Down-regulation of Bcl-2 protein expression was induced
with small interfering RNA (siRNA), as previously described
(30). Briefly, SH-SY5Y cells were transfected with a 21-nucleo-
tide siRNA duplex directed against a target sequence of
human Bcl-2 mRNA, 5'-ACACCAGAAUCAAGUGUUCCG-3’
(MWG Biotech, Ebersberg, Germany) or a scrambled siRNA
duplex displaying no homology with any other human mRNAs
(controls). Transfections were carried out with the Gene Pulser
Xcell electroporation system (Bio-Rad), and transfected cells
were immediately seeded into fresh medium. The efficiency of
siRNA transfections was estimated to be >80% based on the
observations of cells cotransfected with siRNAs and nonspe-
cific rhodamine-conjugated oligonucleotides. In time course
experiments, Bcl-2 protein expression was found to be maxi-
mally down-regulated (—70%) 16 h after siRNA transfection,
and full recovery was observed at 24 h. PR8 infection of trans-
fected cells was timed so that the postinfection interval nor-
mally characterized by the highest levels of NP in the cytoplasm
(6 h postinfection) coincided with peak down-regulation of
Bcl-2 expression (16 h post-transfection). The effects of Bcl-2
knockdown on NP localization in infected cells were thus meas-
ured at this time point (16 h post-transfection, 6 h postinfec-
tion). Its impact on viral production was measured by a plaque
assay of cell supernatants 4 h later (20 h post-transfection, 10 h
postinfection). This time point was chosen to allow sufficient
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time for virions produced during Bcl-2 down-regulation to
accumulate in the cell supernatants.

Down-regulation of p38MAPK protein expression was
induced with siRNA, as described above. Briefly, MDCK cells
were transfected with a 21-nucleotide siRNA duplex directed
against a target sequence of canine p38MAPK mRNA, 5'-GGU-
CUCUGGAGGAAUUCAATT-3" (MWG Biotech, Ebersberg,
Germany), or a scrambled siRNA duplex displaying no homol-
ogy with any other canine mRNAs (controls). Transfections
were carried out with the Gene Pulser Xcell Electroporation
system (Bio-Rad), and transfected cells were immediately
seeded into fresh medium. The efficiency of siRNA transfec-
tions was estimated to be >80% based on the observations of
cells cotransfected with siRNAs and nonspecific rhodamine-
conjugated oligonucleotides. In time course experiments,
p38MAPK protein expression was found to be maximally
down-regulated (—60%) 20 h after siRNA transfection, and full
recovery was observed at 30 h.

Co-immunoprecipitation Studies

PR8-infected or mock-infected MDCKBcl-2 and SH-SY5Y
cells (3 X 107) were lysed in 10 mm Hepes, 142.5 mm KCl, 5 mm
MgCl,, 1 mm EGTA, and 0.2% Nonidet P-40 (pH 7.5). The total
protein concentration was determined by the Bradford method
(Bio-Rad), and equal amounts of proteins were immunopre-
cipitated with 2 pwg/ml mouse anti-Bcl-2 or rabbit anti-phos-
phorylated p38MAPK Abs followed by incubation with protein
A-Sepharose (Amersham Biosciences). The immune com-
plexes were washed four times with wash buffer (20 mm Tris,
500 mMm NaCl, 0.25% Nonidet P-40, pH 7.2) and once with 20
mM Tris (pH 7.2). The samples were separated by SDS-PAGE,
blotted onto nitrocellulose membranes, and stained with anti-
p38MAPK or anti-Bcl-2 Abs, as appropriate. Secondary Abs
were horseradish peroxidase-conjugated. Blots were developed
as described above.

Metabolic Labeling with [**P]Orthophosphate

For in vivo metabolic labeling, 107 cells were treated for 1 h
with SB203580 (20 um) or DMSO, incubated with PR8 (1.5
MOI) in phosphate-free medium (Eurobio) in the presence of
DMSO or SB203580 (1 h at 37 °C), and washed twice with 0.9%
NaCl. After an 8-h incubation with 0.5 mCi of [*?P]orthophos-
phate (Amersham Biosciences) in phosphate-free medium sup-
plemented with 2% dialyzed FBS in the presence of DMSO or
SB203580, the cells were lysed in 50 mm Tris-HCI (pH 8.0), 150
mM NaCl, and 1% Triton X-100 containing protease and phos-
phatase inhibitor mixtures. Lysates were immunoprecipitated
with 2 pg/ml antiviral NP Abs and separated by 10% SDS-
PAGE. Gels were dried and autoradiographed on Eastman
Kodak Co. film for 1 week at —80 °C.

Statistical Analyses

Unpaired data were analyzed with Student’s ¢ test, and p val-
ues of <0.05 were considered significant. Data are presented as
means *= S.D.

The percentage of cytoplasmic NP was calculated as follows:
percentage = (number of cells with cytoplasmic NP/(number
of cells with cytoplasmic NP + number of cells with nuclear
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TABLE 1

Influenza A virus replication and nuclear export of NP in the cell lines
used in this study

Viral titers” Nuclear NP”
pfu/ml %
Bcl-2-negative cells
MDCK cells 2.4 X 10°* 6 X 10° 219*+71
Bcl-2-expressing cells
SH-SY5Y cells 3.2 X 10* £ 2 X 10* 70.4 = 8.87
MDCK-Bcl-2 cells 6.9 X 10° = 3 X 10°¢ 524 * 4.7¢

“ Measured in cell supernatant 24 h after PR8 infection and expressed as plaque-
forming units per milliliter (pfu/ml).

? The percentage of viral NP that was in the nucleus was calculated 24 h after PR8
infection as follows: percentage = (number of cells with nuclear NP/(number of
cells with nuclear NP + number of cells with cytoplasmic NP)) X 100. Cell counts
used for these calculations were based on examination of 10 different fields of each
slide from three different experiments performed in duplicate.

¢ p < 0.0001 versus MDCK cells.

4 p < 0.00005 versus MDCK cells.

€ p < 0.0005 versus MDCK cells.

NP)) X 100. Cell counts used for these calculations were based
on examination of 10 different fields of each slide.

RESULTS

Influenza A Virus Induces the Same Rate of Apoptotic Cell
Death in Bcl-2% and Bcl-2~ Cells—As previously noted, host
cell expression of the antiapoptotic protein Bcl-2 has been
shown to diminish influenza A virus replication and inhibit the
nuclear-cytoplasmic translocation of the viral NP (6, 17). In a
preliminary set of experiments, we examined both aspects of
the virus life cycle in human neuroblastoma cells (SH-SY5Y),
which constitutively express high levels of Bcl-2, and MDCK
cells, where constitutive Bcl-2 expression is undetectable (6).
The latter cells were evaluated after stable transfection with a
vector encoding the wild-type Bcl-2 protein (MDCKBcl-2 cells)
or with an empty vector (referred to hereafter simply as MDCK
cells). As shown in Table 1, much higher percentages of viral NP
remained in the nucleus in PR8-infected Bcl-2™" cells, and, as a
consequence, viral replication in these cells was significantly
inferior to that observed in Bcl-2™ cells.

To determine whether these effects are related to the anti-
apoptotic function of Bcl-2, we compared PR8-induced apo-
ptosis in the same three cell lines. FACS analysis of Annexin-V
staining showed that the kinetics of influenza A virus-induced
apoptosis were similar in Bcl-2" and Bel-27 cells (Fig. 14); 8,
18, and 24 h postinfection, there were no significant differences
between the percentages of apoptotic cells in the three cell lines.
Analysis of nuclear DAPI staining 24 h postinfection confirmed
that the rates of apoptosis in Bcl-2" and Bcl-27 cells were sim-
ilar (Fig. 1B). Immunoblots of nuclear extracts from infected
cells of all three lines revealed cleavage of PARP (Fig. 1C), a
marker of the caspase-3-like enzyme activation that underlies
active apoptosis. These experiments demonstrate that influ-
enza A virus-induced apoptosis is not prevented by the Bcl-2
protein. Our next objective was to identify the mechanism(s)
underlying this phenomenon.

Influenza A Virus-induced Apoptosis in Bcl-2" Cells Is
Related to Bcl-2 Phosphorylation by p38 MAPK—Several stud-
ies have demonstrated that the antiapoptotic potential of Bcl-2
is diminished by phosphorylation of serine and threonine resi-
dues in the loop between the protein’s BH4 and BH3 domains
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FIGURE 1. Influenza A virus infection induces similar rates of apoptosis in Bcl-2* and Bcl-2~ cells. A, MDCK, MDCKBcl-2, and SH-SY5Y cells were collected
8, 18, and 24 h postinfection (p.i.) (mock or with PR8), stained with Annexin-V-Alexa Fluor, and subjected to FACS to quantitatively assess apoptosis. The
percentages shown represent the mean = S.D. (n = 6) result of three individual experiments, each performed in duplicate. B, fluorescence microscopy of
PR8-infected and mock-infected MDCK, MDCKBcl-2, and SH-SY5Y cells fixed and stained with DAPI dye 24 h after PR8 or mock infection. The arrows indicate
apoptotic cells. Annexin-V and DAPI staining patterns were similar when cells were infected with influenza virus A/NWS/33 (data not shown). C, caspase-3-like
activity reflected by PARP cleavage in the nuclei of PR8- and mock-infected MDCK, MDCKBcl-2, and SH-SY5Y cells. Nuclei were isolated from cells collected 24 h
postinfection. Nuclear extracts (total protein content, 50 ug) were subjected to SDS-PAGE, blotted, and immunostained with anti-PARP Abs. Loading control

was actin. Results are shown for one representative experiment of three performed.

(12-15, 31), and influenza A virus is known to activate several
serine-threonine kinase pathways in the host cell, including the
p38MAPK (32, 33) and Raf/MEK/ERK cascades (5). We specu-
lated, therefore, that viral activation of the p38MAPK or ERK
pathway in Bcl-2" cells might result in phosphorylation of
Bcl-2, which would reduce the protein’s ability to protect the
host cell from virus-induced apoptosis. To test this hypothesis,
we infected MDCKBcl-2 cells with PR8 in the presence of
SB203580, a pyridyl-imidazole inhibitor of p38MAPK (34), or
U0126, which specifically inhibits MEK (35). Twenty-four
hours postinfection, cells were subjected to mobility shift anal-
ysis/Western blot analysis to assess Bcl-2 phosphorylation. As
shown in Fig. 24, PR8 infection was associated with a clear shift
to the 29-kDa form of Bcl-2, which is indicative of phosphoryl-
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ation (14—-16), and this effect was clearly attenuated (—71%) by
SB203580 but unaffected by U0126 (Fig. 2B). Our next step was
to assess the phosphorylation status of the Thr-56 and Ser-87
residues in Bcl-2 following influenza A virus infection. These
residues are known targets of p38MAPK, and their phosphoryl-
ation is associated with a decrease in the antiapoptotic capacity
of Bcl-2 (15). As shown in Fig. 2C, lysates from PR8-infected
MDCKBcl-2 cells reacted positively with antibodies directed
specifically against phosphorylated forms of Thr-56 and Ser-87,
and phosphorylation of these residues was markedly attenuated
by the presence of SB203580 (mean reductions compared with
DMSO-treated controls: 63% * 13% at Thr-56, 71% * 15% at
Ser-87). These results demonstrated that PR8 infection of
Bcl-2* cells causes phosphorylation of the antiapoptotic pro-
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FIGURE 2. Influenza A virus infection results in phosphorylation of Bcl-2 by p38MAPK. A, MDCKBcl-2 cells were treated continuously with 20 um SB203580,
20 um U0126, or DMSO (controls) 1 h before and 24 h after PR8 or mock infection. Lysates treated with phosphatase-inhibitor mixtures were subjected to 15%
SDS-PAGE with a large vertical electrophoresis system, blotted, and immunostained with anti-Bcl-2 Abs. The membrane was then stripped and restained with
anti-actin Abs as a loading control. The shift from the native 26-kDa Bcl-2 protein to the 29-kDa form (arrow) is indicative of phosphorylation. Western blots are
shown for one representative experiment of three performed. There was no evidence of cross-reactivity between the anti-influenza Abs and the shifted band
or between anti-Bcl-2 Abs and the viral proteins from our influenza A PR8 preparations (data not shown). B, densitometric analysis of three different experi-
ments shown in A. Results are expressed as ratios of phosphorylated Bcl-2 to total Bcl-2. C, PR8-infected MDCKBcl-2 cells were treated continuously with 20 um
SB203580 or DMSO (controls) 1 h before and 24 h after PR8 infection (/). Lysates were subjected to SDS-PAGE and immunoblotted with antibodies to Bcl-2 (loading

controls) or to phosphorylated forms of the protein’s Thr-56 and Ser-87 residues. Results are shown for one representative experiment of four performed.

tein, which can be attributed to the action of virus-activated
p38MAPK at Thr-56 and Ser-87.

Several lines of in vitro evidence (13-15) indicate that
p38MAPK-mediated phosphorylation of Bcl-2 is also involved
in the apoptosis provoked in various cell types by the with-
drawal of survival factors. We reasoned that the same phospho-
rylation event might also be causally linked to the apoptosis
triggered by influenza A virus infection in Bcl-2™" cells. To test
this hypothesis, we first assessed virus-induced apoptosis in
MDCKBcl-2 and MDCKBcl-2Aloop cells (i.e. MDCK cells that
had been stably transfected with a Bcl-2 deletion mutant, which
encodes a 19-kDa protein lacking the loop region where the
MAPK-phosphorylatable residues are found). As shown in Fig.
3A, the two cell lines expressed similar amounts of their respec-
tive Bcl-2 proteins. FACS assessment of PI fluorescence and
immunoblot analysis of PARP cleavage both revealed signifi-
cantly lower rates of apoptosis in the MDCKBcl-2Aloop cells
(Fig. 3, B and C), suggesting that the ability of the influenza A
virus to induce apoptosis in Bcl-2-expressing cells is at least
partly dependent on the presence of Bcl-2 residues that can be
phosphorylated by MAPK. The close link between Bcl-2 phos-
phorylation, particularly that mediated by p38MAPK, and
influenza A virus-induced apoptosis in Bcl-2" cells also
emerged from experiments with MDCKBcl-2 cells infected in
the presence of different concentrations of SB203580. As
shown in Fig. 3D, FACS analysis of these cells revealed that this
specific p38 MAPK inhibitor significantly diminished virus-in-
duced apoptosis (compared with DMSO-treated control cells),

JUNE 5, 2009+ VOLUME 284+NUMBER 23

especially when used at a concentration of 20 um. In contrast,
SB202474 (an inactive SB203580 analog) or PD98059 (which
specifically inhibits the MEK/ERK pathway) did not signifi-
cantly inhibit PR8-induced apoptosis. Collectively, these find-
ings suggest that p38MAPK-mediated phosphorylation of
Bcl-2 is likely to be an important factor in the ability of the
influenza virus to overcome the antiapoptotic properties of
Bcl-2* cells.

Influenza Virus-activated p38MAPK Is Distributed Differ-
ently in Bcl-2" and Bcl-2~ Cells—The active form of p38MAPK
is found mainly in the nucleus, but smaller amounts are also
present in the cytosol, where the kinase has several potential
substrates, including Bcl-2 (13, 25). Therefore, to provide addi-
tional evidence of p38MAPK/Bcl-2 interaction during influ-
enza virus infection, we compared the intracellular distribu-
tions of the kinase in MDCK, MDCKBcl-2, and SH-SY5Y cells
infected with a high MOI (1.5) of PR8 (to allow single-cycle
replication). In both Bcl-2* cell lines, confocal microscopy
revealed large amounts of active p38MAPK in the cytoplasm,
where it clearly colocalized with Bcl-2, whereas the activated
p38MAPK in MDCK cells was found predominantly in the
nucleus (Fig. 4A and supplemental Fig. 1). Moreover, direct
interaction between the two proteins during infection was doc-
umented in coimmunoprecipitation assays (Fig. 4B), suggesting
that binding between p38MAPK and Bcl-2 might prevent the
enzyme from migrating to the nucleus. We also found that
MAPKAPK-2, the nuclear target of p38MAPK, was phospho-
rylated in PR8-infected MDCK cells, and its phosphorylation

JOURNAL OF BIOLOGICAL CHEMISTRY 16009

TT0Z ‘6T AInC U0 ‘vOIQ3N0IE YIAYY YOILOI1dIg ¥e B10°og[ mmm woly papeojumod


http://www.jbc.org/cgi/content/full/M900146200/DC1
http://www.jbc.org/

p38MAPK and Bcl-2 Expression during Influenza Virus Infection

A Bcl-2 - | == -26 KD B
100 -
Bcl-2Aloop - e - 19 KD
0 80 |
actin - | ™ s— T‘j
g 60
C PARP °
uncleaved - | === wmes -116 KD & 40 *
cleaved - | wwse = - 85KD £ -
actin - | S &
0!
PRE * * MDCK MDCK
MDCK MDCK Bcl-2 Bcl-2Aloop

Bcl-2 Bcl-2Aloop
D

% Apoptotic cells
[+ = [+:] [=-] -O.
o o (=] o (=] o
Y —
&,
%7
<,
Y —t
C

@(’063"0 S Pl ) IO o
\2 &@;@ \%IE:\‘:&\&:&@ \:;i:;@;;@@
S Pe'ffsb@ gtﬁe’fpe'ﬁ F L&

FIGURE 3. The ability of influenza A virus to induce apoptosis in Bcl-2™ cells is related to Bcl-2 phospho-
rylation by p38MAPK. A, total protein extracts (50 wng) from MDCKBcl-2 and MDCKBcl-2Aloop cells were
subjected to SDS-PAGE, blotted, and stained with goat anti-Bcl-2 Abs capable of recognizing both the wild type
and loop-deleted Bcl-2 proteins. Actin was used as a loading control. The effect of Bcl-2 loop deletion on
virus-induced apoptosis was then evaluated with three techniques in MDCKBcl-2 and MDCKBcl-2Aloop cells
24 h after PR8 infection: B, Pl nuclear fluorescence was measured by FACS in infected MDCKBcl-2 and MDCKBcl-
2Aloop cells. Each value shown represents the mean = S.D. (n = 10) of results from five separate experiments,
each performed in duplicate. *, p < 0.05 versus MDCKBcl-2 cells. C, PARP cleavage was assessed in nuclear
extracts (equal amounts) from both cell lines. Extracts were subjected to SDS-PAGE, blotted, and immuno-
stained with anti-PARP Abs. Actin was used as loading control. D, Pl nuclear fluorescence was measured by
FACS ininfected MDCKBcl-2 cells treated continuously with different concentrations (5-10-20 um) of SB203580,
SB202474,PD98059, or DMSO (controls) 1 h before and 24 h after infection (/). The percentage of apoptotic cells
among those treated with DMSO was considered as 100%. Each value shown represents the mean = S.D. (n =
4) of results from two separate experiments, each performed in duplicate. *, p < 0.05; **, p < 0.005 versus | +

tion of the vRNP (6) and viral repli-
cation (6, 17) are impaired in Bcl-2™
cells. We confirmed these alter-
ations (Table 1) and demonstrated
that they are indeed related to the
host cell’s expression of Bcl-2. In
experiments based on the siRNA
technique described in the legend to
Fig. 5, down-regulation of Bcl-2
expression in SH-SY5Y cells mark-
edly increased the percentage of NP
present in the cytoplasm, as shown
by an immunofluorescence assay
(66.3 = 3.5% versus 21.6 * 7.2% in si
Scr cells); Western blot analysis
(densitometric analysis of NP
expression, si Bcl-2/si Scr ratios =
2.5/1 for cytosolic NP, 0.5/1 for
nuclear NP); and the viral titers
found in cell supernatants (for
details on the timing of these assays,
see “RNA Interference”).

These findings, along with the
diminished presence and activity of
p38MAPK observed in the nuclei of
Bcl-27 cells (Fig. 4, C and D), raised
the possibility that p38MAPK might
also affect the nuclear export of
vRNPs, which is known to depend
on NP phosphorylation (5, 18, 19).
To evaluate this hypothesis, we per-
formed immunofluorescence assays
to investigate the intracellular loca-
tion of NP in PR8-infected MDCK
cells (Fig. 6A4). In these Bcl-2™ cells,
NP was located in the cytoplasm 8 h

DMSO.

was inhibited by SB203580-treatment. In contrast, MAP-
KKAPK-2 phosphorylation was strongly reduced in infected
MDCKBcI-2 cells (Fig. 4C). The substrates being phosphoryla-
ted by p38MAPK in Bcl-2" and Bcl-27 cell populations
infected with the influenza virus may thus be located in differ-
ent subcellular compartments. In line with these findings, when
constitutive Bcl-2 expression in SH-SY5Y cells was down-reg-
ulated with siRNA (for more details, see “RNA Interference”),
active p38MAPK was found predominantly in the nucleus of
infected cells (Fig. 4D). The high cytoplasmic levels of the
kinase and its demonstrated interaction with Bcl-2 in the
infected cells that expressed this protein are fully consistent
with our contention that the antiapoptotic protein is phospho-
rylated by virally activated p38MAPK. Equally intriguing, how-
ever, is the relative absence of p38MAPK activity in the nucleus
of these cells, where it is known to perform a multitude of
important functions.

Interaction between Bcl-2 and p38MAPK May Also Affect
Nuclear Export of the vRNP and Viral Replication—Previous
studies have demonstrated that nuclear-cytoplasmic transloca-

16010 JOURNAL OF BIOLOGICAL CHEMISTRY

postinfection, but when the cells
were infected during SB203580-in-
duced inhibition of p38MAPK, NP remained largely confined
to the nuclei through postinfection hour 8. This nuclear reten-
tion was not seen when SB203580 was replaced with its inactive
analog SB202474. The same picture emerged when the NP was
immunoprecipitated from the cytoplasmic and nuclear com-
partments of infected cells. As shown in Fig. 64, densitometric
analysis of immunoprecipitated NP revealed that the protein
nuclear levels were higher in infected cells treated with 10 or 20
uM SB203580 than in untreated cells and in those treated with
SB202474. In line with these findings, siRNA knockdown of
p38MAPK expression in MDCK cells prevented NP transloca-
tion to the cytosol, as shown by immunofluorescence assay and
Western blot analysis (Fig. 6B).

Next, to determine whether p38MAPK is involved in the
phosphorylation of NP, we performed immunoprecipita-
tion experiments on [**P]orthophosphate-labeled cells. The
amount of phosphorylated NP precipitated from MDCKBcl-2
cells was markedly lower than that obtained from MDCK cells
(Fig. 7A), which indicates that phosphorylation of this viral pro-
tein is diminished in Bcl-2* cells. A similar decrease in NP
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FIGURE 4. Activated p38MAPK is found predominantly in the cytoplasm of influenza A virus-infected
Bcl-2-expressing cells, where it binds with Bcl-2. A, confocal microscopic images of MDCKBcl-2, SH-SY5Y,
and MDCK cells collected 8 h after infection with PR8 (MOI 1.5), fixed, and labeled with antibodies against Bcl-2
(Bcl-2) or phosphorylated p38MAPK (P-p38) (first and second columns from the left, respectively). Merged images
for each infected cell line are shown in the third column. Results are shown for one representative experiment
of three performed. Merged images for mock-infected control cells are presented in the fourth column. B, lysates
from PR8-infected or mock-infected MDCKBcl-2 and SH-SY5Y cells were immunoprecipitated (/P) with anti-
Bcl-2 (Bcl-2) or anti-phospho-p38MAPK (P-p38) Abs, run on SDS-PAGE, blotted, and immunostained with anti-
phospho-p38MAPK or anti-Bcl-2 Abs, respectively. As a control of immunoprecipitation, the same nitrocellu-
lose filters were stripped and restained with anti-Bcl-2 or anti-p38MAPK Abs. MDCKBcl-2 and SH-SY5Y
lysates from PR8-infected or mock-infected cells were immunoprecipitated with mouse IgG or rabbit IgG,
as control. C, nuclear extracts from MDCK and MDCKBcl-2 cells treated continuously with 20 um SB203580
or DMSO (controls) for 1 h before and 24 h after PR8 infection were subjected to SDS-PAGE and immuno-
blotted with antibodies against phosphorylated MAPKAPK-2 (P-MK-2). The same nitrocellulose filter was
then stripped and restained with anti-MAPKAPK-2 (MK-2) Abs. D, nuclear extracts from infected SH-SY5Y
cells, transfected with siRNA against Bcl-2 (si Bcl-2) or with scrambled siRNA (si Scr), were subjected to
SDS-PAGE and immunoblotted with antibodies against phosphorylated p38MAPK (P-p38). The same
nitrocellulose filter was then stripped and restained with anti-Sp1 Abs. Results are shown for one repre-
sentative experiment of two performed.

Our final set of experiments
focused on the implications of the
above findings in terms of influenza
virus replication. As shown in Fig.
7D (top), the viral yields of superna-
tants from PR8-infected MDCK
cells dropped by ~1 log after treat-
ment with 20 um SB203580,
whereas it was unaffected by
SB202474 treatment. The dose of 10
uM p38MAPK inhibitor caused a
less pronounced reduction of viral
replication. Such a result seems to
be not completely in line with the
picture emerging from Fig. 64, in
which the same dose of SB203580
caused an evident impairment of
NP nuclear export. Further studies
are in progress to clarify this appar-
ent discrepancy. As already
reported for 1 and 2.5 um (36, 37),
the dose of 5 um SB203580 did not
affect viral replication (data not
shown). Similar results were
observed in MDCK cells infected
with NWS virus (data not shown).
Even at the highest concentration
used, SB203580 had no effect on cell
morphology or viability, which
tends to exclude cytotoxicity as a
mechanism underlying its reduc-
tion of viral replication (data not
shown). Indeed, this reduction
appears to be directly related to
inhibition of p38MAPK activity,
since decreased viral yields were
also observed after siRNA-induced
down-regulation of the expression
of this kinase (Fig. 7D, bottom). Col-
lectively, the findings reported
above strongly suggest that interac-

phosphorylation occurred in MDCK cells treated with
SB203580 (Fig. 7A). (As shown in Fig. 7B, the p38MAPK inhib-
itor itself had no significant effect on the expression of NP or
other viral proteins.) Additional experiments (Fig. 7C) showed
that in MDCK cells, activated p38MAPK and viral NP colocal-
ize in the nucleus during the early phase of infection. Later, the
NP moves into the cytoplasm, whereas p38MAPK remains in
the nucleus (through the 8th hour postinfection). In contrast, in
MDCKBcl-2 cells, activated p38MAPK was found mainly in the
cytoplasm at all time points, and 8 h after infection, the NP was
still confined to the nucleus. These findings suggest that in
Bcl-27 cells, influenza virus-activated p38MAPK freely trans-
locates into the nucleus, where it contributes to the processes of
NP phosphorylation and nuclear vVRNP export. These events do
not seem to occur in Bcl-2" cells, where the active form of the
kinase is confined for the most part to the cytoplasm as a result
of its interaction with Bcl-2.

JUNE 5, 2009+ VOLUME 284+NUMBER 23

tion between Bcl-2 and p38MAPK during influenza virus infec-
tion has important implications not only for host cell apoptosis
but also for the nuclear export of the vRNPs and for viral
replication.

DISCUSSION

In this paper, we demonstrate that host cell expression of
Bcl-2 and its interaction with p38MAPK negatively affect rep-
lication of the influenza A virus while facilitating virally induced
apoptosis. The presence of Bcl-2 is generally recognized to pro-
tect cells against apoptotic death induced by different stimuli,
including viral infection (12, 38). The role of apoptotic cell
death in the pathogenesis of viral infection is a matter of great
debate. Interestingly, some viruses inhibit host cell apoptosis
with several mechanisms, including the expression of Bcl-2
homologs. By preventing the premature death of its host, the
virus allows itself to replicate and to establish persistent infec-
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FIGURE 5. Bcl-2 knockdown in host cells increases influenza A viral replication and vRNP export. SH-SY5Y
cells were transfected with siRNA against Bcl-2 (si Bcl-2) or with scrambled siRNA (si Scr), and 9 h later, the
transfected cells were infected with a high MOI (1.5) of PR8 (to allow single-cycle viral replication). A, 6 h
postinfection (16 h post-transfection, when down-regulation of Bcl-2 expression in si Bcl-2 cells peaked), the
cells were fixed, labeled with anti-NP Abs, and analyzed by confocal microscopy. Phase-contrast and differen-
tial interference contrast (DIC) microscopy images and images of DAPI-stained nuclei were used as controls.
Merged images are presented for both cell lines. B, cytosolic and nuclear extracts from si Bcl-2 and si Scr cells
were subjected to SDS-PAGE and immunoblotted with antibodies against influenza virus. The same nitrocel-
lulose filter was then stripped and restained with anti-a-tubulin or with anti-Sp1 Abs. Results are shown for one
representative experiment of two performed. C, supernatant samples from infected si Bcl-2 and si Scr cells were
collected 10 h after infection (20 h post-transfection) and analyzed for infectious virions by plaque assay. Data
represent the mean = S.D. (n = 4) of results from two separate experiments, each performed in duplicate. *, p <

0.05 versus si Scr cells. p.f.u., plaque-forming units.

tions. On the contrary, other viruses induce apoptosis of
infected cells by several mechanisms, including Bcl-2 destabili-
zation, and this event can be involved in viral dissemination
(39).

Here we demonstrate that influenza A virus infection pro-
duces similar rates of apoptosis in Bcl-2~ and Bcl-2™ cells, and
our findings indicate that this phenomenon is related to viral
activation of p38MAPK, which causes phosphorylation of the
antiapoptotic protein (Figs. 1 and 2). In several contexts, phos-
phorylation of Bcl-2 profoundly alters its ability to counteract
apoptosis triggered by various stimuli (13-15, 31). Whether the
antiapoptotic potential is enhanced or diminished depends on
the kinase responsible for the phosphorylation, the sites it tar-
gets, and the conformational changes that are produced. Phos-
phorylation of the Bcl-2 Thr-56 and Ser-87 residues, which are
the specific targets of p38MAPK, is consistently followed by
apoptotic death in cells subjected to serum withdrawal (15), and
these same residues are phosphorylated by p38MAPK follow-
ing influenza virus infection (Fig. 2C). The importance of this
event in the virus ability to induce programmed cell death in
Bcl-2* cells is supported by the markedly reduced rates of
virally triggered apoptosis observed in cells that expressed an
unphosphorylatable mutant form of Bcl-2 (Fig. 3, B and C) and
by the similar reductions occurring when the infected cells were
treated with a specific inhibitor of p38MAPK (Fig. 3D). These
findings delineate a new apoptotic pathway that is activated by
influenza virus in Bcl-27 cells.

Although expression of Bcl-2 does not protect host cells from
influenza virus-induced apoptosis, it correlates with a reduced
viral replication and with impaired export of VRNPs from the
nucleus to the cytoplasm (6). This essential step in the life cycle
of the virus is reportedly mediated by the cell export machinery,
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their nuclear transport (44), possi-
bly by altering their binding affinity
for M1 (reviewed in Ref. 3). Viral
RNP traffic is also reportedly mod-
ulated by several cellular proteins
and kinase signaling pathways,
including the protein kinase C and
MAPK cascades (4-9, 45). Pleschka
et al. (5), for example, reported
that the ERK inhibitor U0126
inhibits both vRNP traffic and
virus production, although it does
not appear to have a direct effect
on NP phosphorylation.

Our study provides multifaceted
evidence of the involvement of the
p38MAPK pathway in the regula-
tion of VRNP translocation from the
nucleus to the cytosol. First of all,
prior to its export to the cytoplasm,
NP colocalizes with p38MAPK in the nucleus of infected cells
that do not express Bcl-2 (Fig. 7C). Second, selective suppres-
sion of p38MAPK activity with SB203580 impairs phosphoryl-
ation of NP (Fig. 7A), nucleocytoplasmic translocation of
vRNPs (Fig. 6), and overall viral replication (Fig. 7D), without
affecting viral protein synthesis (Fig. 7B). Similar effects are
produced by siRNA-mediated down-regulation of p38MAPK
expression (Figs. 6B and 7D, bottom). Although inhibition of
p38MAPK activity alone was not sufficient to block all viral
replication, the reduction achieved with 20 um SB203580 or
p38MAPK knockdown amounted to ~1 log, similar to those
described by other groups after treatment with specific inhibi-
tors of MEK (5) or phosphatidylinositol 3-kinase/Akt (9) signal-
ing pathways. It would thus appear that the control of vVRNP
traffic depends on more than one phosphorylative event. In
fact, stronger inhibition of influenza virus replication and
nuclear retention of vRNPs have been obtained with less spe-
cific protein kinase inhibitors (4), such as the broad spectrum
inhibitor H7 (46) or the natural polyphenol resveratrol (47),
which suppresses protein kinase C activity and that of the pro-
tein kinase C-dependent c-Jun N-terminal kinase and
p38MAPK pathways and also inhibits viral protein synthesis
(7). The fact that H7 and resveratrol both inhibit p38MAPK
supports our contention that this kinase promotes viral repli-
cation; the fact that both also have other effects would account
for their more marked suppression of viral replication. In this
scenario, it is reasonable to imagine p38MAPK modulating NP
phosphorylation status, thereby altering the affinity of the
VRNP for M1 binding and hindering its nuclear export by
CRM-1. However, other cellular factors probably affect influ-
enza virus replication through mechanisms that are independ-
ent of the chain of events just hypothesized. Wurzer et al. (8)
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FIGURE 6. p38MAPK plays a role in the nucleocytoplasmic export of NP. A, top, MDCK cells were treated
continuously with different concentrations (10-20 um) of SB203580, SB202474, or DMSO (controls) 1 h before
PR8 infection (/) (1.5 MOI). At postinfection hour 8, cells were collected, fixed, labeled with anti-NP Abs (green
fluorescence), subjected to nuclear DAPI staining (blue staining), and analyzed by confocal microscopy. Merged
images of the infected cells are shown in the figure. Results are shown for one representative experiments of
two performed. Bottom, equal numbers of MDCK cells were treated as described before. At postinfection hour
8, cytosolic and nuclear extracts were immunoprecipitated (IP) with anti-NP Abs, subjected to SDS-PAGE and
immunoblotted with anti-influenza virus Abs. PIP, postimmunoprecipitation supernatants. Densitometric
analysis of NP expression is shown on the right. Results are expressed as mean ratio of nuclear NP to cytosolic
NP = S.D. from two separate experiments. B, left, MDCK cells were transfected with siRNA against p38MAPK (si
p38) or with scrambled siRNA (si Scr), and 12 h later the transfected cells were infected with PR8 (1.5 MOI). Eight
hours postinfection (21 h post-transfection, when down-regulation of p38MAPK expression in si p38 cells
peaked), cells were collected, fixed, labeled with anti-NP Abs (NP), subjected to nuclear DAPI staining (Dapi),
and analyzed by confocal microscopy. Merged images are shown for each condition in the third column. Results
are shown for one representative experiment of two performed. Right, si p38 and si Scr cells were infected with
PR8, and 8 h afterinfection (21 h post-transfection), cytosolicand nuclear extracts were subjected to SDS-PAGE
and immunoblotted with anti-influenza A virus Abs. Bottom, densitometric analysis of NP expression. Results
are expressed as mean ratio of cytosolic NP to a-tubulin = S.D.and nuclear NP to Sp1 = S.D. from two separate
experiments.
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of Bcl-2" or Bcl-2™ cells; in the lat-
ter case, p38MAPK is entirely
addressed to the nucleus, whereby it
efficiently participates in vRNP
phosphorylation. In fact, the
impaired viral replication and vRNP
nucleocytoplasmic translocation
observed in Bcl-27 cells treated
with SB203580 are identical to those
seen in untreated Bcl-27 cells (6).
Together with the enhanced vVRNP
nuclear export and viral replication
we observed in Bcl-2-silenced
SH-SY5Y cells (Fig. 5), these find-
ings suggest that Bcl-2 is a pref-
erential substrate of activated
p38MAPK, and when it is expressed
in the cytoplasm of a cell infected by
influenza virus, a substantial pro-
portion of the kinase localizes in the
cytoplasm and combines with the
antiapoptotic protein (Fig. 4B).
The resulting decrease in nuclear
kinase activity (Fig. 4C) could
explain the impaired NP phospho-
rylation and viral replication
observed in Bcl-2-positive cells.
This chain of events is compatible
with our original hypothesis that
Bcl-2 inhibition of influenza viral
replication is related to its interfer-
ence with the p38MAPK phospho-
rylation pathway. A similar phe-
nomenon has been described for
Herpes simplex virus type-1. This
virus also activates p38MAPK dur-
ing infection, but it uses specific
viral proteins to prevent the kinase
from destabilizing Bcl-2 and pro-
voking the apoptotic death of the
host (48). In other words, Herpes
simplex virus type-1 has developed
strategies for promoting its own
replication by activating p38MAPK
and for overcoming host cell

reported, for example, that inhibition of caspase-3 activity
diminishes VRNP export as well as viral replication. However,
this mechanism does not appear to be responsible for the dif-
ferences in viral replication that we observed between Bcl-2™
and Bcl-27 cells, since PARP cleavage, a marker of caspase-3-
like activation, was observed after viral infection of all of the cell
lines we examined.

The existence of a cytosolic/mitochondrial substrate in addi-
tion to multiple nuclear targets of p38MAPK delineates a dual
scope embedded in its physiology; the final amount of active
enzyme directed to the nucleus is largely determined by
whether its cytosolic target is significantly expressed or not.
This duality becomes particularly evident upon viral infection
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responses mediated by Bcl-2. In this scenario, our findings sug-
gest that Bcl-2 may represent a component of the antiviral
response of some cells, a “weapon” that sabotages viral replica-
tion by interacting with one or more of the cellular factors
needed for this process, namely p38MAPK. This line of defense
may be overcome by genetically sophisticated viruses like Her-
pes simplex virus type-1, but for other viruses (the influenza
virus in particular), it might effectively render Bcl-2-expressing
cells less permissive to the infection.

It is possible, of course, that other mechanisms are also
responsible for the reduced viral replication occurring in
Bcl-27 cells. Olsen et al. (17) have shown, for example, that
the decreased virus production in these cells is associated
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FIGURE 7. p38MAPK contributes to the phosphorylation of NP. A, PR8-infected (1.5 MOI) MDCK cells treated
continuously with 20 um SB203580 or DMSO and untreated infected MDCKBcl-2 cells were metabolically
labeled with 32PO,. Eight hours postinfection, cell lysates were immunoprecipitated (/P) with anti-NP Abs. The
precipitates were subjected to SDS-PAGE and autoradiographed (upper gel). Equal amounts of the cell lysates
immunoprecipitated with anti-NP Abs and subjected to SDS-PAGE were immunoblotted with anti-influenza A
virus Abs (lower gel). B, lysates from DMSO- and SB203580-treated, PR8-infected (1.5 MOI) MDCK cells were
subjected to SDS-PAGE, blotted, and stained with anti-influenza A virus Abs. The same nitrocellulose filters
were then stripped and restained with anti-actin Abs. C, top and middle, MDCK cells were infected with PR8 (1.5
MOI). Four and eight hours later, the cells were fixed, labeled with anti-NP Abs (NP) and anti-phospho-
p38MAPK Abs (P-p38), and analyzed by confocal microscopy. Merged images are shown in the right-hand
column. Bottom, MDCKBcl-2 cells were infected with PR8 (1.5 MOI) and processed as described for the MDCK
cells. Shown are confocal images of cells labeled 8 h postinfection with anti-NP Abs (NP) and anti-phospho-
p38MAPK Abs (P-p38). Merged images are shown in the right-hand column. D, top, MDCK cells were treated
continuously with different concentrations (10-20 um) of SB203580, SB202474, or DMSO (controls) for 1 h
before and 24 h after infection (/) with PR8 (0.05 MOI to allow multicycle replication). Supernatant samples were
collected and analyzed for infectious virions by plaque assay. Data represent the mean = S.D. (n = 6) of results
from three separate experiments, each performed in duplicate. *, p < 0.05 versus | + DMSO. Bottom, MDCK cells
were transfected with siRNA against p38MAPK (si p38) or with scrambled siRNA (si Scr), and 12 h later the
transfected cells were infected with a high MOI (1.5) of PR8. Eight hours postinfection, supernatant samples
were collected and analyzed for infectious virions by plaque assay. Data represent the mean = S.D. (n = 4) of
results from two separate experiments, each performed in duplicate. *, p < 0.05 versus si Scr cells. p.fu.,
plague-forming units.

Bcl-2 with this kinase diminishes its
own ability to prevent the cell from
undergoing virally induced apopto-
sis, but it also reduces the ability of
the virus to replicate effectively. The
immediate result is programmed
death of infected cells and the
release of a relatively low number of
infective virions. In a broader con-
text, however, virus replication and
host cell responses in Bcl-2" and
Bcl-27 cells are likely to reflect the
net effect of parallel or contrasting
signals activated by the virus, which
would be determined by levels of
Bcl-2 expression, p38MAPK activa-
tion, caspase-3 activation, and GSH
content. It is worth noting that in
complex epithelial tissues, such as
those found in the lungs, intestine,
and skin (49, 50), loss of Bcl-2
expression correlates with differen-
tiation and loss of proliferative
capacity. In particular, Bcl-2 is
absent in the normal, well differen-
tiated epithelial cells of human air-
ways (11), where influenza virus
replication is known to be highly
productive (1), but it is expressed in
metaplastic mucous cells whose
number increases during situations
of chronic inflammation (e.g. cystic
fibrosis, asthma) (51). This differen-
tial Bcl-2 expression might thus be
an important determinant of the
balance between viral replication
and p38MAPK-mediated inflam-
mation or apoptosis in the airways.
Further studies are needed to clarify
these points.

It should also be recalled that
the influenza virus can spread
from the airways through the
olfactory bulb to the brain, where
it selectively targets several struc-
tures implicated in the pathogene-
sis of neuropsychiatric distur-
bances and behavioral changes
(52). Both high and low pathoge-
nicity isolates of influenza

with modified glycosylation of the viral hemagglutinin pro-
tein, and our group itself (6) has demonstrated the negative
effect of high intracellular levels of GSH in Bcl-2" cells on
the expression and maturation of hemagglutinin and other
late viral proteins.

Our present findings indicate that host cell expression of
Bcl-2 has a dual impact on influenza virus infection that is
related to its role as a substrate of p38MAPK. The interaction of
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A/H5N1 virus have been recovered from the olfactory bulbs
following intranasal instillation in mice and ferrets (53, 54).
Neuronal cells are characterized by high expression of Bcl-2
(10) and relatively low permissiveness to influenza virus rep-
lication (6). Our current findings provide a possible explana-
tion for this reduced permissiveness. They suggest, however,
that despite limited viral replication, some degree of damage
might still be provoked in the brain by the apoptotic death of
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infected neurons, which is made possible in part by
p38MAPK-mediated phosphorylation of Bcl-2.

Finally, highly pathogenic influenza A virus strains are
known to cause hyperactivation of p38MAPK (36). It is reason-
able to speculate that, during infection with a strain of this type,
one might encounter higher rates of apoptosis in Bcl-2" cells
together with higher rates of viral replication in Bcl-2™ cells.
This might represent an additional mechanism that influences
the severity of infection.

The fact that a cellular kinase like p38MAPK is involved in
both influenza virus replication and virally induced apopto-
sis has intriguing implications for the development of novel
anti-influenza strategies aimed at limiting both the acute
respiratory effects of influenza and its potential neurological
complications.
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