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Backgound: p53 is accumulated and activated in response to influenza virus infection.

Results: p53 accumulation results from protein stabilization, which is associated with compromised Mdm2-mediated p53
ubiquitination. Viral nucleoprotein binds to p53 and impairs Mdm2-mediated p53 ubiquitination.

Conclusion: p53 stabilization results from compromised Mdm2-mediated p53 ubiquitination.

Significance: First time to demonstrate the mechanism of p53 stabilization in influenza virus-infected cells.

Influenza A virus (IAV) induces apoptosis of infected cells. In
response to IAV infection, p53, a tumor suppressor involved in
regulating apoptosis and host antiviral defense, accumulates
and becomes activated. This study was undertaken to examine
the mechanism of p53 accumulation in IAV-infected cells. Here
we show that p53 accumulation in IAV-infected cells results
from protein stabilization, which was associated with compro-
mised Mdm2-mediated ubiquitination of p53. In IAV-infected
cells, p53 was stabilized and its half-life was remarkably
extended. The ladders of polyubiquitinated p53 were not detect-
able in the presence of the proteasome inhibitor MG132 and
were less sensitive to proteasome-mediated degradation. IAV
infection did not affect the abundance of Mdm?2, a major ubiq-
uitin E3 ligase responsible for regulating p53 ubiquitination and
degradation, but weakened the interaction between p53 and
Mdm2. Viral nucleoprotein (NP) was able to increase the tran-
scriptional activity and stability of p53. Furthermore, NP was
found to associate with p53 and to impair the p53-Mdm?2 inter-
action and Mdm2-mediated p53 ubiquitination, demonstrating
its role in inhibiting Mdm2-mediated p53 ubiquitination and
degradation.

Influenza A virus (IAV)? is a member of the Orthomyxoviri-
dae family of RNA viruses and is highly infective in humans,
causing ~500,000 deaths worldwide per year (1), and many
animal species. IAV can escape host immunity via antigenic
drift and antigenic shift, leading to the emergence of new viru-
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lent strains, such as the pandemic HIN1 2009 strain (2) and the
highly pathogenic H5N1 strain (3), that represent a serious
threat to global public health. Understanding the factors that
contribute to host antiviral defenses, virus replication and dis-
ease pathogenesis is critical to the development of better ther-
apeutic strategies to combat IAV infection.

IAV is a cytolytic virus that induces apoptosis in numerous
cell types (4). Apoptosis has been considered to be a host
defense mechanism against viral infection in multi-cellular
organisms (5). Previous studies suggested that apoptosis inhib-
its the replication of IAV (6). However, several groups have
recently linked the apoptotic response in IAV-infected cells to
the efficiency of virus replication (7, 8).

Tumor suppressor p53, a major cellular defense against
tumor development, plays an important role in mediating apo-
ptosis in response to stress, including virus infection (9). Several
studies have demonstrated that p53 is accumulated and acti-
vated in IAV-infected cells and that it is essential for the induc-
tion of apoptosis in these cells (4, 10, 11). p53 is tightly regulated
and maintained at low levels in unstressed cells. However, the
levels of p53 increase dramatically in response to various types
of stress including virus infection. The activation of p53 is gen-
erally regulated at the post-translational level. Although the
precise mechanisms are not fully understood, they are generally
thought to involve posttranslational modifications such as
ubiquitination, acetylation, phosphorylation, sumoylation,
neddylation, methylation, and glycosylation (12). Among these
post-translational modifications, ubiquitination has been
established to play a major role in p53 regulation (13).

Mdm2 is a RING finger domain-containing protein that
exhibits E3 ubiquitin-protein ligase activity. It was first identi-
fied to regulate p53 stability and was later shown to be the major
factor that effectively regulates p53 ubiquitination through its
E3 ligase activity (13). In unstressed cells, Mdm2 binds to p53
and functions as an ubiquitin E3 ligase that maintains p53 at
low levels by continuous proteasomal degradation (12). In
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response to stress, a decrease in Mdm2 protein levels, and (or)
the interaction between Mdm?2 and p53, leads to p53 stabiliza-
tion and enhancement of p53 transcriptional activity (14).

Besides its well established role in protection against the
development of cancer, p53 has recently been implicated in
host antiviral defense (15-18). In response to IAV infection,
p53 is accumulated and activated, and consequently transacti-
vates its target genes responsible for regulating apoptosis and
the innate immune response (10, 11). The inhibition of p53
activity in IAV-infected cells leads to increased viral titers (4). In
addition, p53-mediated apoptosis may cause tissue damage and
increase susceptibility to infection by bacterial pathogens, play-
ing an important role in disease pathogenesis (19, 20). There-
fore, exploring the basis of p53 activation would contribute to
our understanding of its role in IAV infection and disease
pathogenesis, and may aid the development of new therapeutic
strategies. In this study, we investigated the mechanisms of p53
accumulation in IAV-infected cells.

EXPERIMENTAL PROCEDURES

Viruses and Cells—Influenza A/Swine/Jiangsu/2/2006
(H3N2 subtype), A/Swine/Guangdong/96/06 (H1N1 subtype),
and A/Swine/Gangxi/7/07 (HIN2 subtype) viruses were prop-
agated in the allantoic cavities of 9-day-old embryonated spe-
cific-pathogen-free chicken eggs or in Madin-Darby canine
kidney (MDCK) cells. MDCK, Vero, CV-1, and p53-null H1299
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen), penicillin (100 units/ml),
and streptomycin (100 mg/ml) in an atmosphere containing 5%
CO,. For viral infection, cells were washed with phosphate-
buffered saline (PBS) and infected with IAV at a multiplicity of
infection (MOI) of 5 (for Vero, CV-1 and H1299 cells) or 1 (for
MDCK cells) at 37 °C. After a 1 h adsorption period, the inocula
were removed, and the cells were incubated with DMEM con-
taining 1% FBS and 1 ug/ml TPCK trypsin at 37 °C. For mock-
infection, the procedure was performed in an identical fashion
to the viral infection using PBS as the inoculum.

Antibodies—The commercial antibodies used were an anti-
p53 monoclonal antibody (DO-1, Santa Cruz Biotechnology,
Santa Cruz, CA), an anti-p53 polyclonal antibody (FL-393,
Santa Cruz Biotechnology), an anti-Mdm2 monoclonal anti-
body (SMP14, Santa Cruz Biotechnology), an anti-Mdm?2 poly-
clonal antibody (c-18, Santa Cruz Biotechnology), an anti-GFP
monoclonal antibody (ab1218, Abcam, Cambridge, MA), an
anti-p300 polyclonal antibody (C-20, Santa Cruz Biotechnol-
ogy), an anti-B-actin monoclonal antibody (AC-15, Sigma), an
anti-Flag monoclonal antibody (M2, Sigma), an anti-His poly-
clonal antibody (sc-803, Santa Cruz Biotechnology), a horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit IgG (sc-
2004, Santa Cruz Biotechnology) and goat anti-mouse IgG
antibody (sc-2005, Santa Cruz Biotechnology). An anti-NS1
polyclonal antibody was generated in our laboratory.?

Drug Administration—To block protein synthesis of cells,
cycloheximide (CHX) (Sigma), an inhibitor of protein biosyn-
thesis, was added at 100 pg/ml to the media 16 h postinfection

3Z.Ma, unpublished data.
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for Vero cells, 8 h postinfection for MDCK cells, and incubated
for the indicated periods at 37 °C. To determine the effect of the
proteasome inhibitor MG132 on the stability of p53, MG132
(Merck & Co, Whitehouse Station, NJ) was added at 10 um to
the media 12 h postinfection, and CHX was subsequently added
at 100 pg/ml to the media 16 h postinfection, and incubated for
the indicated periods at 37 °C. To detect the ubiquitination of
p53 in IAV-infected cells, MG132 was added at 10 um to the
media 12 h postinfection and incubated for 6 h at 37 °C. To
determine the effect of the Mdm?2 inhibitor TIBC on p53 ubiq-
uitination, the cells were treated with TIBC (Sigma) alone at 10
uM, or MG132 alone at 10 uM, or a combination of both at 12 h
postinfection, and incubated for 6 h at 37 °C.

Plasmids and Transfection—p53-luciferase reporter plasmid
(p53-Luc) and Renilla luciferase pRL-TK plasmid were pur-
chased from Stratagene (San Diego, CA) and Promega (Madi-
son, WI), respectively. Plasmid engineered to express GFP-
tagged human p53 (GFP-p53) was constructed by inserting the
full-length human p53 ¢cDNA into pEGFP-C1 vector (BD Bio-
sciences Clontech, Mountain View, CA). Plasmids engineered
to express Flag-tagged human Mdm?2 (Flag-Mdm?2), viral NP
(Flag-NP), viral M1 (Flag-M1), viral M2 (Flag-M2), viral NS1
(Flag-NS1), or viral NS2 (Flag-NS2) were constructed by insert-
ing the indicated gene into p3xFLAG-CMV-7.1 vector (Sigma).
Plasmid engineered to express His-tagged ubiquitin (His-ubigq-
uitin) was constructed by inserting the ubiquitin cDNA into
pcDNA3.1/His vector (Invitrogen). Plasmid engineered to
express human p53 (pcDNA-p53) was constructed by inserting
human p53 cDNA into pcDNA3(+) vector (Invitrogen). Cells
were transfected using Lipofectamine™ 2000 (Invitrogen),
according to the manufacturer’s protocol.

Reporter Gene Assay—MDCK cells grown in 35-mm plates
were transiently co-transfected with 0.75 ug of p53-Luc
reporter plasmid and 0.075 ug of control plasmid Renilla lucif-
erase pRL-TK and incubated for 12 h. The transfectants were
then mock-infected or infected with influenza A/Swine/Ji-
angsu/2/2006 at a MOI of 1 and incubated for the indicated
periods. To analyze the effect of viral proteins on p53 transcrip-
tional activity, Vero cells were transfected with the indicated
expression plasmids in the presence of the p53-Luc reporter
plasmid and the control plasmid Renilla luciferase pRL-TK.
Transfectants were harvested 24 h post-transfection for lucif-
erase assays. The luciferase activity was measured using the
Dual Luciferase Reporter Assay System (Promega), according
to the manufacturer’s protocol. The firefly luciferase activity of
individual cell lysates was normalized to Renilla luciferase
activity.

Immunoprecipitation—H1299 cells grown in 100 mm plates
were transiently transfected with 12 ug of GFP-p53 construct
and incubated for 12 h. The transfectants were then mock-
infected or infected with influenza A/Swine/Jiangsu/2/2006 at a
MOI of 5 and incubated for 20 h. The cells were lysed in Non-
idet P-40 lysis buffer (1% Nonidet P-40, 50 mm Tris, pH 8.0, 5
mM EDTA, 150 mm NaCl, 2 mg/ml leupeptin, 2 mg/ml apro-
tinin, 1 mM phenylmethanesulfonyl fluoride) and precleared by
incubation with protein G-agarose beads (Sigma) for 1 hat4 °C.
The lysates were then incubated with anit-p53 or anti-Mdm?2
antibodies on a rotating wheel overnight at 4 °C. Protein G-aga-
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rose beads were then added, and the mixtures were further
incubated on a rotating wheel for 2 h at 4 °C. The agarose beads
were pelleted and washed three times in Nonidet P-40 lysis
buffer. Antibody-antigen complexes bound to the beads were
eluted in SDS-PAGE sample buffer by boiling, resolved by SDS-
PAGE, and analyzed by Western blot analysis with the appro-
priate antibodies. To analyze interaction between p53 and viral
nucleoprotein (NP), H1299 cells were transiently co-trans-
fected with plasmid GFP-p53 and Flag-NP and incubated for
24 h. The transfectants were lysed in the Nonidet P-40 lysis
buffer and subjected to immunoprecipitation assay.

Ubiquitination Assay and Purification of His-tagged Ubiqui-
tin Conjugates—H1299 cells grown in 100 mm plate were tran-
siently co-transfected with plasmid His-ubiquitin (8 ug),
pcDNA-p53 (4 pg) and Flag-Mdm?2 (4 pg) in the presence or
absence of plasmid Flag-NP (2 or 4 pg) and harvested 24 h
post-transfection. The transfectants were treated with 15 um
MG132 for 3 h before harvest. The purification of His-tagged
ubiquitin conjugates was performed as described previously
(21). Briefly, the cells were lysed in a lysis buffer (6 M guani-
dinium-HCl, 0.1 m Na,HPO,-NaH,PO,, 0.01 m Tris-HCI pH
8.0, 5 mm imidazole, 10 mm B-mercaptoethanol). The lysates
were mixed with Ni*>"-NTA-agarose beads (Qiagen, Hilden,
Germany) and incubated on a rotating wheel for 12 h at 4 °C.
The beads were then washed as described previously (21) and
incubated with an elution buffer (200 mm imidazole, 0.15 M
Tris-HCI, pH 6.7, 30% glycerol, 0.72 M B-mercaptoethanol, 5%
SDS) for 20 min at room temperature. The eluates were mixed
with SDS-PAGE sample buffer and analyzed by Western blot
analysis with the appropriate antibodies.

Bimolecular Fluorescence Complementation (BiFC) Assay—
To construct expression plasmids for BiFC assay, plasmid
expressing Venus fluorescent protein (VFP) was generated
based on plasmid pEYFP-N1 (BD Biosciences Clontech) as
described previously (22). Sequences encoding the N- (amino
acids 1-173) and C- (amino acids 174 —239) terminal fragments
of VFP were fused by a short linker to human p53 (p53-VN) and
Mdm?2 gene (Mdm2-VC), respectively (23). The sequences
encoding all fusion proteins were verified by DNA sequencing.
H1299 cells grown in 35-mm plates were transiently co-trans-
fected with plasmid p53-VN (0.7 pg), Mdm2-VC (0.7 ug),
Flag-NP (1 or 2 pg), and pECFP vector (0.4 ug) expressing cyan
fluorescent protein (CFP) (BD Biosciences Clontech) and incu-
bated for 13 h. The fluorescence emission was imaged using a
fluorescence microscopy, and the BiFC/CFP ratio analysis was
similarly performed as described previously (24).

Western Blot Analysis—W estern blot analysis was performed
as described previously (25).

RESULTS

Accumulation and Activation of p53 Protein in IAV-infected
cells—Three strains of IAV (influenza A/Swine/Jiangsu/2/2006
(H3N2 subtype), A/Swine/Guangdong/96/06 (HIN1 subtype)
and A/Swine/Gangxi/7/07 (HIN2 subtype)) were used in this
study. Because similar results were observed with all IAV
strains, we only show the results obtained from strain A/Swine/
Jiangsu/2/2006. Cells were infected with IAV at the indicated
MOI and intracellular p53 was monitored by Western blot
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FIGURE 1. Accumulation and activation of p53 in IAV-infected cells. CV-1
(A) and MDCK (B) cells were mock-infected (mock) or infected with influenza
A/Swine/Jiangsu/2/2006 (IAV) ata MOl of 5 and 1, respectively. The cells were
collected at various time points (hours) postinfection (hpi) and subjected to
Western blot analysis using the indicated antibodies. B-actin was used as a
protein loading control. C, MDCK cells were transiently co-transfected with a
p53-Luc reporter plasmid and a control plasmid Renilla luciferase pRL-TK, 12 h
prior to infection. The transfectants were then mock-infected or infected with
influenza A/Swine/Jiangsu/2/2006 at a MOI of 1. Cells were collected at the
indicated times and subjected to luciferase activity analysis. The firefly lucif-
erase activity of individual cell lysates was normalized to Renilla luciferase
activity. Results are presented as the means = S.E. from three independent
experiments. The black and gray bars indicate |IAV- and mock-infected cells,
respectively.

analysis. Viral nonstructural protein 1 (NSI1) was used as an
indicator of virus replication. Mock-infected cells revealed a
relatively constant amount of p53 (Fig. 1, A and B, mock panels),
whereas in the parallel cultures of IAV-infected cells, p53 levels
increased (Fig. 1, A and B, IAV panels), consistent with the
findings of previous studies (4, 10, 11).

To determine whether the increased p53 protein levels cor-
related with increased transcriptional activity, MDCK cells
were transiently co-transfected with a p53-Luc reporter plas-
mid which contained the luciferase reporter gene driven by a
basic promoter element joined to 14 repeats of the p53 binding
site, and a control plasmid, Renilla luciferase pRL-TK, prior to
IAV infection. The transfectants were then mock-infected or
infected with IAV (MOI 1). The p53 luciferase activities of the
IAV- or mock-infected cells were measured and normalized to
Renilla luciferase activity. The activation of p53 was detected
with kinetics similar to the pattern of p53 accumulation in [AV-
infected cells, but not in mock-infected cells (Fig. 1C), suggest-
ing that p53 was activated.

Proteasome-mediated Degradation of p53 Was Inhibited in
IAV-infected Cells—Previous studies demonstrated that the
increase in p53 protein in IAV-infected cells was independent
of increased transcription (4, 11) and it is known that certain
types of viral infection affect the stability of p53 protein (26, 27).
Therefore, in this study, we analyzed p53 stability in IAV-in-
fected cells. To test whether the accumulation of p53 was
dependent on the regulation of protein stability, CHX, an inhib-
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FIGURE 2. Stabilization of p53 in IAV-infected cells. A, Vero cells were mock-
infected (mock) or infected with influenza A/Swine/Jiangsu/2/2006 (IAV) at a
MOI of 5. The cells were first mock-treated (MG132— panels) or treated with 10
um of MG132 (MG132+ panels) at 12 h postinfection (hpi) and subsequently
exposed to 100 pg/ml of CHX at 16 hpi. The cells were collected at the indi-
cated times (hours) post-treatment (hpt) and subjected to Western blot anal-
ysis using the indicated antibodies. B, change in abundance of p53 after CHX
treatment in MG132-untreated cells (MG132— panels) was determined by
densitometric analysis and normalized to B-actin. The relative abundance of
p53 at each hpt was plotted. Results are presented as the means =+ S.E. from
threeindependent experiments. The black and gray bars indicate the IAV-and
mock-infected cells, respectively.

itor of protein biosynthesis in eukaryotic cells, was adminis-
trated at 100 wg/ml to IAV- and mock-infected cells to block
protein synthesis. The decay of p53 protein was monitored by
Western blot analysis (Fig. 24, MG132- panels). The half-life of
p53 was ~0.6 h in mock-infected cells, whereas in IAV-infected
cells, it was remarkably extended (Fig. 2B). In contrast, the sta-
bility of B-actin showed no significant difference between the
mock- and IAV-infected cells. These results indicated that p53
protein was stabilized in IAV-infected cells.

It is known that p53 is predominantly degraded through the
ubiquitin-proteasome pathway (28). MG132 is an inhibitor of
proteasome-mediated proteolysis (29) and has been used
extensively as a tool for ubiquitin-proteasome pathway studies.
Administration of MG132 (10 um) to mock-infected cells
resulted in an increase in the stabilization of p53 compared with
MG132-untreated cells (Fig. 24, mock panels), suggesting that
ubiquitin-proteasome-mediated degradation was responsible
for the short lifespan of p53 in mock-infected cells. In contrast,
the p53 lifespan in IAV-infected cells in the presence of MG132
was similar to that in the absence of MG132 (Fig. 24, IAV pan-
els), suggesting that MG132 had no significant effect on the p53
lifespan in IAV-infected cells. Taken together, these results
suggested that the proteasome-mediated degradation of p53
was substantially inhibited in IAV-infected cells.

Mdm2-mediated p53 Ubiquitination Was Impaired in IAV-
infected Cells—p53 is targeted for proteasome-mediated degra-
dation by ubiquitination (13). To examine whether the stabili-
zation of p53 in [AV-infected cells was a result of compromised
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FIGURE 3. Detection of p53 ubiquitination and p300 in IAV-infected cells.
Vero and CV-1 cells were mock-infected (mock) or infected with influenza
A/Swine/Jiangsu/2/2006 (IAV) ata MOl of 5. A, cells were treated with 10 um of
MG132 or mock-treated at 12 h postinfection. The cell lysates were prepared
6 h after MG132 treatment and subjected to Western blot analysis using the
indicated antibodies. To detect the ladders of polyubiquitinated p53 (Ub-
p53), films were exposed ~30 min longer than for the short-exposure p53
films. B, cells were treated with 10 um TIBC alone, 10 um MG132 alone, or a
combination of both, or mock-treated, at 12 h postinfection. The cell lysates
were prepared 6 h after treatment and subjected to Western blot analysis
using the indicated antibodies. C, CV-1 cells were collected at the indicated
time points postinfection (hpi) and subjected to Western blot analysis using
the indicated antibodies.

p53 ubiquitination, cells were first infected with IAV and were
then mock-treated or treated with MG132 (10 uMm). The cells
were harvested 6 h after MG132 treatment and subjected to
Western blot analysis (Fig. 34). The slowly migrating p53 bands
corresponding to polyubiquitinated p53 (ladders of polyubig-
uitinated p53) were detected in the mock-infected cells treated
with MG132, but not in the mock-treated cells (Fig. 34, mock
lanes). The ladders of polyubiquitinated p53 were not detecta-
ble in the absence of MG132, presumably because of the rapid
degradation of ubiquitinated p53 (30). In contrast, the ladders
of polyubiquitinated p53 were not detected in IAV-infected
cells in the presence or absence of MG132 (Fig. 34, IAV lanes).
These results suggested that the ubiquitination of p53 was
inhibited in IAV-infected cells.

Although Mdm?2 is the major ubiquitin E3 ligase responsible
for regulating p53 ubiquitination, Mdm2-independent ubigq-
uitination also occurs and results in similar regulation of p53
(13). To determine whether Mdm?2 was the major ubiquitin E3
ligase responsible for regulating p53 ubiquitination in the cells
used in this study, we administrated 5 um TIBC, a cell-perme-
able Mdmz2 inhibitor that binds strongly to Mdm2 and irrevers-
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ibly disrupts Mdm2-p53 protein complexes (27, 31), and mea-
sured its effect on p53 ubiquitination in mock- and IAV-in-
fected cells. The ladders of polyubiquitinated p53 were detected
in mock-infected cells in the presence of MG132 (Fig. 3B, mock
panels), consistent with the results illustrated in Fig. 34. How-
ever, when the mock-infected cells were treated with a combi-
nation of TIBC and MG132, only attenuated ladders of poly-
ubiquitinated p53 were detectable (Fig. 3B, mock panels). The
ladders of polyubiquitinated p53 were not detected in IAV-
infected cells even in the presence of MG132 (Fig. 3B, IAV pan-
els), confirming our findings shown in Fig. 3A. Taken together,
these results demonstrated that Mdm?2 was the major ubiquitin
E3 ligase catalyzing p53 ubiquitination in the cells tested and
that Mdm2-mediated p53 ubiquitination is inhibited in IAV-
infected cells.

Mdm?2 usually catalyzes p53 mono-ubiquitination, which is
not a substrate for proteasome degradation (32). p300 is an
ubiquitin conjugation factor E4 ligase that adds additional
ubiquitin molecules to mono-ubiquitinated p53 (33). To deter-
mine whether IAV infection reduced cellular levels of p300 and
consequently polyubiquitination of p53, we examined the
abundance of p300 in IAV-infected cells by Western blot anal-
ysis. As shown in Fig. 3C, p300 was undetectable in mock-in-
fected cells (mock panel), whereas p300 was detected at 8 h
postinfection, and gradually increased in a pattern similar to
that of p53 accumulation in IAV-infected cells (IAV panel).
These results revealed that a lack of abundance of p300 was not
a contributory factor in the compromised level of p53
ubiquitination.

Interaction between p53 and Mdm2 Was Weakened in IAV-
infected Cells—The decrease in p53 ubiquitination in IAV-in-
fected cells could result from several different mechanisms that
are responsible for the inhibition of the ubiquitin pathway.
Because Mdm?2 was the major ubiquitin E3 ligase in the cells
used in this study (Fig. 3), we speculated that Mdm2 was
involved in the down-regulation of p53 ubiquitination in IAV-
infected cells. We first examined the cellular abundance of
Mdm?2 by Western blot analysis because a decrease in Mdm?2
protein levels leads to p53 stabilization (14). In contrast to the
observed gradual increase in abundance of p53, Mdm2 abun-
dance was relatively constant. No remarkable changes in Mdm?2
protein levels were detected during IAV infection (Fig. 44),
suggesting that the compromised p53 ubiquitination was not
related to decreased abundance of Mdm?2. In addition, the
sequestration of Mdm2 to a specific cellular compartment,
which results in p53 and Mdm?2 being localized in distinct sub-
cellular compartments and the consequent impairment of
Mdm2-mediated p53 ubiquitination (14), was not observed by
immunofluorescent analysis (data not shown).

Mdm2-mediated p53 ubiquitination is dependent on the
binding of Mdm?2 to p53 (34). Disruption of the interaction
between p53 and Mdm?2 results in de-ubiquitination and stabi-
lization of p53 (14). We therefore examined whether the inter-
action between p53 and Mdm?2 was impaired during IAV infec-
tion by transiently transfecting H1299 cells with a GFP-fused
p53 construct (GFP-p53) 12 h prior to IAV infection. The trans-
fectants were then infected with IAV (MOI 5) and harvested
20 h postinfection and used in a co-immunoprecipitation assay
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FIGURE 4. Detection of the abundance of Mdm2 and the interaction
between p53 and Mdm2 in IAV-infected cells. A, CV-1 and MDCK cells were
infected with influenza A/Swine/Jiangsu/2/2006 (IAV) at a MOl of 5 and 1,
respectively. The cells were collected at the indicated time points (hours)
postinfection (hpi) and subjected to Western blot analysis using the indicated
antibodies. B, H1299 cells were transiently transfected with a GFP-fused p53
construct (GFP-p53) 12 h prior to IAV infection. The transfectants were then
mock-infected (mock) or infected with influenza A/Swine/Jiangsu/2/2006
(IAV) at a MOl of 5 and incubated for 20 h. The cell lysates were prepared and
subjected to co-immunoprecipitation using either anti-p53 antibody (FL393)
(left panels) or anti-Mdm?2 antibody (SMP14) (middle panels). The co-immuno-
precipitates were then immunoblotted with anti-GFP and anti-Mdm?2 anti-
bodies. The cell lysates (5% of the amount used for immunoprecipitation)
were included as a loading control (right panels). IP,immunoprecipitation. IB,
Western blot.

with anti-p53 or anti-Mdm2 antibody. The advantage of this
approach is that it distinguishes the exogenously expressed
GFP-p53 from the immunoglobulin G heavy chain that
migrates close to native p53. The abundance of GFP-p53 or
Mdm?2 in mock-infected cells was similar to that in IAV-in-
fected cells (Fig. 4B, input panel). The amount of Mdm2 co-
immunoprecipitated from the lysates of IAV-infected cells by
anti-p53 antibody, however, was less than that from the lysates
of mock-infected cells (Fig. 4B, anti-p53 panel). Similarly, the
amount of GFP-p53 co-immunoprecipitated from the lysates of
IAV-infected cells by anti-Mdm?2 antibody was less than that
from the lysates of mock-infected cells (Fig. 4B, anti-Mdm2
panel). These results indicated that the interaction between p53
and Mdm?2 was weakened in IAV-infected cells.

Viral Nucleoprotein Increased the Transcriptional Activity
and Stability of p53 and Impaired p53 Ubiquitination—It is
known that viral proteins of certain viruses are capable of
impairing Mdm2-mediated p53 ubiquitination and subse-
quently inducing p53 stabilization (9, 35). To identify viral pro-
tein(s) responsible for the stabilization of p53 in IAV-infected
cells, several viral proteins, such as nucleoprotein (NP), NS1,
nonstructural protein 2 (NS2), matrix protein 1 (M1), and
matrix protein 2 (M2), were transiently expressed as Flag-
tagged fusion proteins in Vero cells in the presence of p53-Luc
reporter plasmid, and their effect on p53 transcriptional activity
was determined by luciferase assay. The expression of Flag-
tagged proteins was confirmed by Western blot analysis (Fig.
5A). The expression of Flag-M1, -M2, and -NS2 had no signif-
icant effect on p53 luciferase activity, whereas the expression of
Flag-NP significantly increased p53 luciferase activity (~
fold), compared with Flag-vector (Fig. 5B). The p53 luciferase
activity was reduced significantly in the cells transfected with
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FIGURE 5. Analysis of the effect of viral NP on p53 stability. Vero cells were transiently transfected with plasmid Flag-NP, Flag-M1, Flag-NS2, Flag-NS1,
Flag-M2 or Flag-vector (Vec) in the presence of p53-Luc reporter plasmid and incubated for 24 h. A, protein expression was detected by Western blot analysis
using the indicated antibodies. B, p53 luciferase activity of lysates prepared from the transfectants was analyzed. Results are presented as the means =+ S.E.from
three independent experiments. *, p < 0.05 compared with cells transfected with the empty vector. C, Vero cells were transiently transfected with plasmid
Flag-NP or Flag-vector and incubated for 24 h. The transfectants were treated with CHX at 100 wg/ml for the indicated times (hours) post-treatment (hpt) and
subjected to Western blot analysis using the indicated antibodies. D, Vero cells were transiently transfected with plasmid Flag-NP or Flag-vector (Vec) and
incubated for 24 h. The transfectants were treated with 10 um of MG132 or mock-treated for 6 h and subjected to Western blot analysis using the indicated
antibodies. To detect the ladders of polyubiquitinated p53 (Ub-p53), films were exposed for longer. E, change in abundance of polyubiquitinated p53 (Ub-p53)
in the transfectants was determined by densitometric analysis and normalized to B-actin. The relative abundance of Ub-p53 was plotted. Results are presented
as the means = S.E. from three independent experiments. *, p < 0.05 compared with cells transfected with Flag-vector.

Flag-NS1, which was consistent with our previous observation
(36). These data suggested that viral NP increased the tran-
scriptional activity of p53.

Because NP is able to increase the transcriptional activity of
p53 (Fig. 5B), we detected the stability of p53 in Flag-NP-trans-
fected cells. The expression of Flag-NP resulted in an increase
in p53 protein levels in the transfected cells compared with
other transfectants (Fig. 54). When the transfectants were
treated with the protein biosynthesis inhibitor CHX, p53 life-
span was extended remarkably in Flag-NP-transfected cells,
compared with that in Flag-vector-transfected cells (Fig. 5C),
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suggesting that p53 was stabilized in Flag-NP-transfected
cells. We next examined whether the stabilization of p53 in
Flag-NP-transfected cells was a result of compromised p53
ubiquitination. The Flag-NP-transfected cells were treated
with MG132 (10 wMm) and the ubiquitinated p53 was detected
by Western blot analysis (Fig. 5D). Ladders of polyubiquiti-
nated p53 were detected in Flag-vector-transfected cells
treated with MG132, whereas, the intensity of these ladders
was significantly attenuated in Flag-NP-transfected cells
(Fig. 5, D and E), suggesting that p53 ubiquitination was
impaired by viral NP expression.
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FIGURE 6. Analysis of the effect of viral NP on Mdm2-mediated p53 ubiq-
uitination. H1299 cells were transiently transfected with a combination of
theindicated plasmids and incubated for 24 h. The transfectants were treated
with 15 um MG132 for 3 h before harvest. A, ubiquitinated p53 (Ub-p53) in the
transfectants was pulled down using Ni?*-NTA-agarose beads and detected
by Western blot analysis with anti-p53 antibody (DO-1) (panel a). The protein
expression in the transfectants was detected by Western blot analysis using
the indicated antibodies (input panels). B, change in abundance of Ub-p53 in
the transfectants was determined by densitometric analysis. The ratio
between ubiquitinated and non-ubiquitinated p53 (Ub-p53/p53) was plotted.
Results are presented as the means = S.E. from three independent experi-
ments. *, p < 0.05, **, p < 0.01 compared with cells transfected with
pcDNA-p53, Flag-Mdm2, and His-ubiquitin.

Mdm2-mediated p53 Ubiquitination Was Attenuated by
Viral Nucleoprotein—Given that Mdm?2 is the major ubiquitin
E3 ligase responsible for regulating p53 ubiquitination in the
cells used in our experiments (Fig. 3), we detected whether viral
NP is able to affect Mdm2-mediated p53 ubiquitination. H1299
cells were transiently transfected with a combination of plas-
mids expressing human p53 (pcDNA-p53), Flag-tagged Mdm2
(Flag-Mdm?2), or Flag-NP in the presence of plasmid expressing
His-ubiquitin. Ubiquitinated p53 in the transfectants was
pulled down using Ni*>"-NTA-agarose beads and detected by
Western blot analysis with anti-p53 antibody (DO-1). The co-
expression of pcDNA-p53 with Flag-Mdm?2 resulted in an
increase of ubiquitinated p53 (Fig. 6A, panel a) and a decrease
of non-ubiquitinated p53 (Fig. 6A, panel b) at the protein level,
compared with the expression of pcDNA-p53 alone, suggesting
that Mdm2 promotes the ubiquitination and subsequent deg-
radation of p53. However, when pcDNA-p53 was co-expressed
with Flag-Mdm?2 and Flag-NP, the levels of ubiquitinated p53
were decreased and the levels of non-ubiquitinated p53 were
increased, compared with those in the cells transfected with a
combination of pcDNA-p53 and Flag-Mdm2 (Fig. 64). The
change in abundance of ubiquitinated p53 in the transfectants
was further determined by densitometric analysis. A significant
decrease in ubiquitinated p53 protein levels was detected in the
cells transfected with a combination of pcDNA-p53, Flag-
Mdm?2, and Flag-NP, compared with the cells transfected with a
combination of pcDNA-p53 and Flag-Mdm?2 (Fig. 6B). These
data suggested that Mdm2-mediated p53 ubiquitination was
attenuated by viral NP expression.

Viral Nucleoprotein Binds to p53 and Impairs Interaction
between p53 and Mdm2—To explore the mechanism of how
viral NP impairs Mdm2-mediated p53 ubiquitination, we first
detected whether viral NP binds to p53. H1299 cells were tran-
siently co-transfected with plasmids expressing GFP-p53 and
Flag-NP, and subjected to a co-immunoprecipitation assay with
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anti-GFP or anti-Flag antibodies. Plasmid expressing Flag-M1
and GFP-vector were used as control. The protein expression in
the transfectants was confirmed by Western blot analysis (Fig.
7A, right panels). GFP-p53 immunoprecipitated Flag-NP, but
did not pulldown Flag-M1 (Fig. 7A, left panels). A reverse co-
immunoprecipitation assay was performed using anti-Flag
antibody. Flag-NP, but not Flag-M1, immunoprecipitated GFP-
p53. No GFP was immunoprecipitated by anti-Flag antibody
(Fig. 7A, left panels). We also performed a co-immunoprecipi-
tation assay to detect whether viral NP interacts with Mdm?2.
No interaction between viral NP and Mdm?2 was detected (data
not shown). These data suggested that viral NP was able to
interact with p53.

Because viral NP interacts with p53, we performed a BiFC
assay, which allows detection of protein-protein interaction in
vivo without disturbance of the cellular environment (24), to
detect whether viral NP interferes with the interaction between
p53 and Mdm?2. In this assay, the N-terminal region (amino
acids 1-173) defined as VN and the C-terminal region (amino
acids 174-239) defined as VC of VFP, which were fused by a
short linker to the C terminus of human p53 (p53-VN) and
Mdm?2 (Mdm2-VC), respectively, can complement and recon-
stitute a functional fluorophore because of the interaction
between p53 and Mdm?2. In contrast, the functional fluoro-
phore cannot be reconstituted if viral NP impairs the interac-
tion between p53 and Mdm?2 (Fig. 7B). H1299 cells were tran-
siently transfected with a combination of expression plasmids
(Fig. 7, C and D) and the fluorescence emission was imaged
using a fluorescence microscopy. No fluorescence emission was
detected in the cells transfected with a combination of p53-VN
and non-fused VC (VC-vector), Mdm2-VC and non-fused VN
(VN-vector), or VN-vector and VC-vector (Fig. 7C, panels a, b,
and c¢). However, the cells co-transfected with plasmids
expressing p53-VN and Mdm2-VC emitted fluorescence (Fig.
7C, panel d), suggesting that the interaction between p53-VN
and Mdm2-VC occurred. The co-expression of p53-VN and
Mdm2-VC, or Flag-M1 and p53-VN and Mdm2-VC resulted in
alarge number of cells with strong fluorescence (Fig. 7C, panels
d and e). In contrast, only a small number of cells emitted fluo-
rescence when Flag-NP was co-expressed with p53-VN and
Mdm2-VC (Fig. 7C, panels f and g). The BiFC efficiencies
(BiFC/CFP) were significantly reduced in the cells transfected
with Flag-NP, p53-VN, and Mdm2-VC, compared with the
cells transfected with p53-VN and Mdm2 (Fig. 7D). Taken
together, these data indicated that viral NP interacted with p53
and impaired the interaction between p53 and Mdm?2.

DISCUSSION

Activation of p53 is generally regulated at the post-transla-
tional level. Its activation comprises three basic steps: stabiliza-
tion, sequence-specific DNA binding, and transactivation of
target genes (9). In response to IAV infection, p53 is accumu-
lated and activated (4, 10, 11). In this study, we confirmed that
IAV infection results in the accumulation and activation of p53
(Fig. 1) and found that the accumulation of p53 was a result of
protein stabilization (Fig. 2). Protein decay studies in CHX-
treated cells indicated that the p53 lifespan was remarkably
extended in IAV-infected cells, compared with mock-infected
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FIGURE 7. Detection of viral NP-p53 interaction and BiFC analysis of the effect of viral NP on interaction between p53 and Mdm2. A, H1299 cells were
transiently transfected with a combination of the indicated plasmids and incubated for 16 h. The cell lysates prepared from the transfectants were subjected
to co-immunoprecipitation assay using anti-GFP and anti-Flag antibodies. The immunoprecipitates were immunoblotted with the indicated antibodies (left
panels). The cell lysates were included as a loading control (right panels). IP, immunoprecipitation. /B, Western blot. B, schematic illustration of BiFC assay of
interaction between p53 and Mdm2. VN and VC are the N- and C-terminal fragments of Venus fluorescent protein, respectively. NP, viral nucleoprotein.
C,H1299 cells were transiently transfected with a combination of the indicated plasmids and incubated for 13 h. The fluorescence emission was detected using
a fluorescence microscope. D, H1299 cells were transiently transfected with a combination of the indicated plasmids and incubated for 13 h. pECFP vector
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cells. The view that p53 accumulation results from its stabiliza-  ubiquitin-proteasome pathway was intact in the cells used in

tion in IAV-infected cells was further supported by the obser-
vation that the ladders of polyubiquitinated p53 were not
detected in IAV-infected cells, even in the presence of MG132
(Fig. 3, A and B).

Although the precise mechanisms underlying p53 stabiliza-
tion are not fully understood, they are generally thought to
involve post-translational modifications (12). Ubiquitination,
one form of post-translational modification, is well established
to play a major role in regulating p53 stabilization (13). The

MAY 25,2012+VOLUME 287+NUMBER 22

this study (Fig. 2), however, we found that the ladders of poly-
ubiquitinated p53 were not detectable in IAV-infected cells
(Fig. 3, A and B), suggesting that p53 ubiquitination was inhib-
ited during IAV infection. We therefore consider that the com-
promised ubiquitination of p53 contributes to its stabilization
in IAV-infected cells.

Mdm?2 is the major ubiquitin E3 ligase responsible for regu-
lating p53 ubiquitination (13). We therefore speculated that
Mdm?2 was involved in down-regulation of p53 ubiquitination
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and found that Mdm?2-mediated p53 ubiquitination is
decreased in IAV-infected cells (Fig. 3B). It is known that a
decrease in Mdm?2 protein levels, disruption of the interaction
between p53 and Mdm?2, or sequestration of Mdm?2 to a specific
cellular compartment, can lead to p53 stabilization and
enhancement of p53 transcriptional activity (14). However, nei-
ther a lack of abundance (Fig. 44) nor altered subcellular distri-
bution of Mdm2 (data not shown) was observed in IAV-in-
fected cells compared with mock-infected cells, suggesting that
the compromised ubiquitination of p53 did not result from
decreased Mdm?2 abundance or sequestration of Mdm?2 to a
specific cellular compartment. However, when we analyzed the
binding affinity between p53 and Mdm?2, a weakened interac-
tion between p53 and Mdm2 was observed (Fig. 4B). These
results suggested that the compromised p53 ubiquitination was
a result of the weakened interaction between p53 and Mdm?2.
To exclude the possibility that the compromised p53 ubiquiti-
nation resulted from a lack of abundance of p300, an ubiquitin
conjugation factor E4 ligase that adds additional ubiquitin mol-
ecules to mono-ubiquitinated p53 (33), we examined p300
abundance in IAV-infected cells. In contrast to the undetect-
able level of p300 in mock-infected cells, p300 was detected at
8h postinfection in IAV-infected cells with gradually increasing
levels (Fig. 3C). These results revealed that the compromised
p53 ubiquitination was not due to a lack of abundance of p300.

Itis known that viral proteins of certain viruses are capable of
impairing Mdm2-mediated p53 ubiquitination and subse-
quently inducing p53 stabilization (9, 35). We analyzed the
effect of several viral proteins of IAV on the transcriptional
activity of p53 and found that viral NP was able to increase the
transcriptional activity and stability of p53 (Fig. 5, B and C).
Furthermore, NP was found to associate with p53 (Fig. 7A) and
to impair the Mdm?2-mediated p53 ubiquitination (Fig. 6) and
the interaction between p53 and Mdm2 (Fig. 7, Cand D). These
findings demonstrated that viral NP is involved in the activation
and stabilization of p53. NP is a multifunctional protein that
interacts with a wide variety of viral and cellular macromole-
cules and plays an important role at many steps of the virus life
cycle, such as viral RNA transcription, replication, and packag-
ing (37). Although the activation of p53 during IAV infection
has been described (4, 10, 11), the viral components responsible
for p53 activation have not been identified. We first demon-
strated that the viral NP is involved in p53 activation and stabi-
lization. In addition, in contrast to viral NP that increases the
transcriptional activity of p53, viral NS1 was found to inhibit
the transcriptional activity of p53 (36, 38). It will be interesting
to know how these two proteins cooperatively regulate p53
activity during IAV infection.

In conclusion, we observed that p53 was stabilized and its
half-life was remarkably extended in IAV-infected cells. The
stabilization of p53 was a result of compromised Mdm?2-medi-
ated ubiquitination of p53, which was associated with a weak-
ened interaction between p53 and Mdm?2. Viral NP was able to
increase the transcriptional activity and stability of p53. Fur-
thermore, NP was found to associate with p53 and to impair the
interaction between p53 and Mdm2 and Mdm?2-mediated p53
ubiquitination, showing its involvement in inhibiting Mdm?2-
mediated p53 ubiquitination and degradation.
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It should be mentioned here that the precise mechanisms
underlying Mdm?2-mediated p53 stabilization are not fully
understood (13), and the mechanisms responsible for the sta-
bilization and activation of p53 in IAV-infected cells are likely
to be complex. The findings presented here gain some insight
into these mechanisms. It is possible that other cellular pro-
tein(s) or viral protein(s) are involved in the stabilization and
activation of p53.
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