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a b s t r a c t

NS1 protein of influenza A virus is involved in regulating the apoptosis of infected cells. We found that
exogenously expressed NS1 was able to associate with the tumor suppressor p53 that plays an essential
role in regulating apoptosis of influenza A virus-infected cells. Exogenous expression of NS1 resulted in
inhibition of p53-mediated transcriptional activity and apoptosis. The p53 inhibitory domain of NS1 was
located between amino acids 144 and 188. This domain is necessary for NS1 to inhibit p53 activity, but it
requires additional region(s) to cooperatively exert this inhibitory function.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Influenza A virus (IAV) is a cytolytic virus that is highly infective
in humans, causing approximately 500,000 deaths worldwide per
year [1], and many animal species. The genome of IAV consists of
eight single-stranded, negative-sense viral RNA segments, which
encode 11 known proteins. Segment 8 encodes two non-structural
proteins, NS1 and nuclear export protein (NEP) [2]. NS1 is a non-
essential virulence factor that has multiple accessory functions
including suppression of host immune and apoptotic responses
[3]. NS1 is involved in regulating the apoptosis of infected cells,
but its role in apoptosis is contradictory, as NS1 has been described
to have both pro- and anti-apoptotic functions [4–7]. An intriguing
hypothesis is that NS1 contributes temporally to both ‘early’ sup-
pression of apoptosis and ‘late’ induction of cell death [3].

Tumor suppressor p53, a major cellular defense against tumor
development, plays an important role in mediating apoptosis in re-
sponse to stress, including virus infection [8]. Infection of IAV in-
duces the activation of p53, and the activated p53 plays an
essential role in regulating apoptosis of the infected cells [9]. In a
previous study, we found that p53 was activated in a biphasic pat-
tern with a first transient elevation at the beginning phase, a nadir
at the early phase, and a second elevation at the middle-late phase
of IAV infection. The nadir of p53 activity correlated with the onset
ll rights reserved.

Research Institute, Chinese
, Shanghai 200241, PR China.
of NS1 expression [10]. We therefore speculated that the expres-
sion of NS1 affects p53 activity. The findings from this study show
that NS1 interacts with p53 and inhibits p53-mediated transcrip-
tional activity and apoptosis.

2. Materials and methods

2.1. Plasmid construction

The cDNA encoding viral NS1, NEP and M1 of a strain of influ-
enza A/Swine/Jiangsu/2/2006 (H3N2 subtype) was amplified by
RT-PCR and cloned into p3xFLAG-CMV-7.1 vector, resulting in gen-
eration of Flag-tagged protein expression plasmids Flag-NS1-wt,
Flag-NEP and Flag-M1, respectively. Plasmids engineered to ex-
press GFP- or Flag-tagged human p53 (GFP-p53 or Flag-p53) were
constructed by inserting the full-length human p53 cDNA into
pEGFP-C1 or p3xFLAG-CMV-7.1 vector, respectively. A series of
plasmids expressing Flag-tagged deletion mutants of NS1 were
generated by modified PCR-based site-directed mutagenesis [11]
using Flag-NS1-wt as the template.

2.2. Antibodies

The commercial antibodies employed in this study were an
anti-Flag monoclonal antibody (M2, Sigma, St. Louis, MO, USA),
an anti-p53 polyclonal antibody (FL-393, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), an anti-GFP polyclonal antibody
(ab6556, Abcam, Cambridge, MA, USA), an anti-b-actin monoclonal
antibody (AC-15, Sigma), a horseradish peroxidase-conjugated
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Fig. 1. Inhibitory effect of NS1 on p53-mediated transcriptional activity. (A) Vero
cells were transiently transfected with plasmid Flag-NS1-wt, Flag-M1, Flag-NEP or
Flag-vector (Vec) in the presence of p53-Luc and incubated for 24 h. Protein
expression was detected by Western blot analysis using the indicated antibodies.
(B) The luciferase activity of lysates prepared from (A) was analyzed. (C) Vero cells
were transiently transfected with increasing amounts of Flag-NS1-wt in the
presence of p53-Luc. The expression of Flag-NS1-wt was detected by Western blot
analysis. (D) The luciferase activity of lysates prepared from (C) was analyzed. (E)
Saos-2 cells were transiently co-transfected with a combination of the indicated
plasmids in the presence of p53-Luc and incubated for 24 h. The luciferase activity
of lysates prepared from the transfectants was analyzed. Results are presented as
the mean ± standard error from three independent experiments. *p < 0.001 com-
pared to cells transfected with the empty vector.
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goat anti-rabbit IgG (sc-2004, Santa Cruz Biotechnology) and a goat
anti-mouse IgG antibody (sc-2005, Santa Cruz Biotechnology). An
anti-NS1 polyclonal antibody was generated in our laboratory
(unpublished data).

2.3. Cells, transfection and luciferase assay

Vero, Saos-2 and H1299 cells were maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum. Cells were transfected
using Lipofectamine™ 2000 (Invitrogen), according to the man-
ufacturer’s protocol. For the luciferase assay, cells were tran-
siently co-transfected with the indicated plasmids, p53-Luc
reporter plasmid (Stratagene, San Diego, CA, USA) and control
plasmid Renilla luciferase pRL-TK (Promega, Madison, WI,
USA). The firefly luciferase activity was measured using the Dual
Luciferase Reporter Assay System (Promega), according to the
manufacturer’s protocol, and normalized to Renilla luciferase
activity.

2.4. Apoptosis detection

H1299 cells were transiently transfected with the indicated
plasmids and incubated for 14 h. The transfectants were double-
stained with FITC-annexin V and propidium iodide using the
FITC-Annexin V Apoptosis Detection Kit I (BD Biosciences, San Jose,
California, USA), and were subjected to FACS analysis. For the TUN-
EL assay, H1299 cells grown on coverslips were transiently co-
transfected with the indicated plasmids and incubated for 16 h.
The apoptotic cells were stained using the In Situ Cell Death Detec-
tion Kit, TMR red (Roche, Mannheim, Germany), and examined un-
der a fluorescence microscope.

2.5. Immunoprecipitation and Western blot analysis

Immunoprecipitation and Western blot analysis was performed
as described previously [12].

3. Results

3.1. NS1 inhibited the transcriptional activity of p53

Vero cells were transfected with plasmid Flag-NS1-wt, Flag-M1,
Flag-NEP or Flag-vector in the presence of a p53-Luc reporter plas-
mid (p53-Luc) that contains 14 tandem repeats of the p53 consen-
sus binding sites. The expression of Flag-tagged proteins was
confirmed by Western blot analysis (Fig. 1A). The expression of
either Flag-M1 or Flag-NEP had no effect on the luciferase activity,
whereas the expression of Flag-NS1-wt significantly reduced the
luciferase activity (approximately threefold), compared with the
Flag-vector (Fig. 1B). No remarkable change of p53 in protein level
was observed in all transfectants (Fig. 1A). Next, Vero cells were
transfected with increasing amounts of Flag-NS1-wt in the
presence of p53-Luc (Fig. 1C). The luciferase activity of the trans-
fectants was significantly reduced by the increasing amount of
Flag-NS1-wt expression in a dose-dependent manner (Fig. 1D).
To further confirm these results, p53 null Saos-2 cells were co-
transfected with Flag-p53 and Flag-NS1-wt in the presence of
p53-Luc (Fig. 1E). Expression of Flag-p53 alone resulted in a signif-
icant enhancement of the luciferase activity compared with the
Flag-vector, whereas the enhanced luciferase activity was signifi-
cantly reduced by co-expression of Flag-NS1-wt. Co-expression of
Flag-NEP had no inhibitory effect on the enhancement of luciferase
activity. These results suggested that NS1 inhibited the transcrip-
tional activity of p53.
3.2. Mapping of the p53 inhibitory region of NS1

To map the domain of NS1 required for inhibiting p53 transcrip-
tional activity, we generated a series of plasmids expressing
Flag-tagged deletion mutants of NS1 (Fig. 2A). Vero cells were
transfected with these plasmids in the presence of p53-Luc. As
shown in Fig. 2B, expression of Flag-NS1-wt significantly reduced
the luciferase activity, consistent with the results illustrated in
Fig. 1. Expression of the deletion mutants lacking the region be-
tween amino acids 11 and 228 (Flag-NS1-D11/228), 81 and 228
(Flag-NS1-D81/228) or 121 and 228 (Flag-NS1-D121/228) had no
inhibitory effects on the luciferase activity, while the deletion
mutant lacking the region between amino acids 189 and 228
(Flag-NS1-D189/228) or 11 and 144 (Flag-NS1-D11/144) had mod-
erate inhibitory effects on the luciferase activity. These results sug-
gested that the p53 inhibitory domain of NS1 was probably located



Fig. 2. Mapping of the p53 inhibitory region of NS1. (A) Schematic representation of Flag-tagged wild-type NS1 and deletion mutants. The numbers indicate amino acid
positions. (B) Vero cells were transiently transfected with the indicated plasmids in the presence of p53-Luc and incubated for 24 h. The luciferase activity of lysates prepared
from the transfectants was analyzed. Results are presented as the mean ± standard error from three independent experiments. *p < 0.001 compared to cells transfected with
the empty vector.
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in the region between amino acids 144 and 188. We then gener-
ated a deletion mutant lacking the region between amino acids
144 and 188 (Flag-NS1-D144/188), and a deletion mutant remain-
ing the regions between amino acids 1–10 and 144–188 (Flag-NS1-
144/188) (Fig. 2A), and analyzed the effects of these deletion
mutants on p53 transcriptional activity. As expected, Flag-NS1-
D144/188 lost the ability to inhibit the luciferase activity (Figs.
1E and 2B), suggesting that the region between amino acids 144
and 188 was the inhibitory domain required for inhibition of the
transcriptional activity of p53. However, surprisingly, we also
found that Flag-NS1-144/188 had no inhibitory effect on the lucif-
erase activity (Figs. 1E and 2B). These results suggested that the
inhibitory domain alone was unable to inhibit the transcriptional
activity of p53, which probably requires additional region(s) to
cooperatively exert the inhibitory function.

3.3. NS1 inhibited p53-mediated apoptosis

Flag-NS1-wt or Flag-NS1-D144/188 was co-transfected with
Flag-p53 into p53 null H1299 cells to examine the effect of NS1
on p53-mediated apoptosis. Expression of Flag-p53 alone resulted
in an increase of approximately 10-fold in the number of FITC-an-
nexin V positive cells (apoptotic cells) (Fig. 3A), suggesting that
p53 was able to induce apoptosis of the H1299 cells used in this
study. However, the number of FITC-annexin V positive cells
dropped significantly when Flag-p53 was co-expressed with Flag-
NS1-wt. As expected, expression of Flag-NS1-D144/188 had no
effect on p53-induced apoptosis (Fig. 3A). These findings were fur-
ther confirmed by the results of a TUNEL assay. The expression of
Flag-NS1-wt remarkably reduced the number of TUNEL-positive
cells (apoptotic cells), as indicated by red fluorescence (Fig. 3B,
p53+NS1-wt panel), compared with cells transfected with Flag-
53 alone (p53+vec panel). Expression of Flag-NS1-D144/188 had
no effect on p53-induced apoptosis (p53+NS1-D144/188 panel).
Taken together, these results suggested that NS1 inhibited p53-
mediated apoptosis.

3.4. NS1 associated with p53

The function of NS1 relies on its ability to participate in a mul-
titude of protein–protein interactions [3]. We therefore speculated
that NS1 associates with p53. H1299 cells were co-transfected with
GFP-p53 and Flag-NS1-wt, and subjected to an immunoprecipita-
tion assay. The advantage of this approach is that it distinguishes
exogenously expressed GFP-p53 from the immunoglobulin G hea-
vy chain that migrates very closely to native p53. As expected,
Flag-NS1-wt immunoprecipitated GFP-p53 (Fig. 4), suggesting that
NS1 was able to associate with p53 in vivo. In addition, although



Fig. 3. Inhibitory effect of NS1 on p53-mediated apoptosis. (A) Flag-p53 was co-transfected into H1299 cells with Flag-NS1-wt or Flag-NS1-D144/188 at a 1:10 molar ratio.
Apoptosis was assessed by FACS analysis after double staining with FITC-annexin V and propidium iodide. The proportion of FITC-annexin V positive cells (apoptotic cells) of
Flag-p53 transfectants was normalized to that of Flag-vector transfectants. Results are presented as the mean ± standard error from three independent experiments.
*p < 0.001 compared to cells transfected with a combination of Flag-p53 and Flag-vector. (B) H1299 cells were transfected with Flag-vector (Vec), or a combination of Flag-
p53 and Flag-vector (p53+Vec), Flag-p53 and Flag-NS1-wt (p53+NS1-wt), or Flag-p53 and Flag-NS1-D144/188 (p53+NS1-D144/188) at a 1:10 molar ratio. The apoptotic cells
(red) were stained with a TUNEL assay kit, and merged with DNA images stained with 4-6-diamidino-2-phenylindole (blue). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Detection of the interaction between NS1 and p53. H1299 cells were
transfected with a combination of the indicated plasmids and incubated for 16 h.
The cell lysates prepared from the transfectants were subjected to immunoprecip-
itation using anti-Flag antibodies. The immunoprecipitates were immunoblotted
with the indicated antibodies. The cell lysates were included as a loading control.
IP, immunoprecipitation. WB, Western blot.
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Flag-NS1-D144/188 lost the ability to inhibit p53-mediated tran-
scriptional activity and apoptosis, it was able to immunoprecipi-
tate GFP-53 (Fig. 4). The double band of p53 may be due to the
antibody recognizing epitopes on two p53 isoforms [13]. These re-
sults indicated that NS1 associates with p53 and that the p53
inhibitory domain and the p53 interaction domain are probably lo-
cated in different regions of the NS1 protein.

4. Discussion

Apoptosis is a host defense mechanism against viral infection,
therefore, both the host cell and the invading virus compete to con-
trol apoptosis [14]. p53 plays an essential role in regulating apopto-
sis of IAV-infected cells [9]. We therefore speculated that p53 is one
of cellular molecules targeted by IAV to control the apoptosis of in-
fected cells. In this study, we found that NS1 was able to associate
with p53 (Fig. 4) and inhibit p53-mediated transcriptional activity
(Figs. 1 and 2) and apoptosis (Fig. 3), suggesting that p53 is a target
molecule for IAV to control the apoptosis of infected cells.

The p53 inhibitory domain of NS1 was located between amino
acids 144 and 188. Deletion of this domain (Flag-NS1-D144/188)
resulted in the inability of NS1 to inhibit p53-mediated transcrip-
tional activity and apoptosis (Figs. 1–3). However, the p53 inhibi-
tory domain alone (Flag-NS1-144/188) had no such inhibitory
effects, suggesting that the p53 inhibitory domain requires addi-
tional region(s), presumably a binding domain(s), to cooperatively
exert its inhibitory function. This view was further supported by
the observation that the deletion mutant Flag-NS1-D144/188,
which was unable to inhibit p53-mediated transcriptional activity
and apoptosis, was able to associate with p53 (Fig. 4).

The role of apoptosis in the replication of IAV is contradictory
[15–17]. An intriguing hypothesis is that appropriately timed
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apoptosis controlled by IAV is important for efficient viral replica-
tion [17]. Although we found that NS1 associated with p53 and
inhibited p53-mediated transcriptional activity and apoptosis,
the transcriptional activity of p53 in IAV-infected cells is only tran-
siently decreased at the early phase of viral infection, which is
timely correlated with the onset of NS1 expression, and then in-
creased again regardless of the expression of NS1 [10]. These
observations indicate the complexity of regulation of p53 activity
during IAV infection. Indeed, we have observed that the nucleopro-
tein of IAV, which is expressed later than NS1, competes with NS1
to enhance p53 activity (our unpublished data).

In addition to regulating the apoptosis of infected cells, NS1 also
plays an important role in counteracting the interferon (IFN)-med-
iated antiviral response [3]. The biological significance of p53 tar-
geting by NS1 is probably not limited to the inhibition of
apoptosis, but may also contribute towards impairing host innate
antiviral responses because the activated p53 in IAV-infected cells
is able to transactivate IFN regulatory factor 9, a central component
of the IFN-stimulated gene factor 3 complex [10], and is necessary
for activation of the IFN-stimulated response element [9].

Acknowledgments

We thank the Key Open Laboratory of Animal Parasitology,
Ministry of Agriculture of China, for the provision of laboratory
equipment. This research was sponsored by the National Natural
Science Foundation of China (No. 30970141), the Natural Science
Foundation of Shanghai (No. 10ZR1437100), and the Ministry of
Agriculture of China (No. 2009ZX08010-022B).

References

[1] D.J. Smith, A.S. Lapedes, J.C. de Jong, T.M. Bestebroer, G.F. Rimmelzwaan, A.D.
Osterhaus, R.A. Fouchier, Mapping the antigenic and genetic evolution of
influenza virus, Science 305 (2004) 371–376.
[2] P. Palese, M.L. Shaw, Orthomyxoviridae: the viruses and their replication, in:
D.M. Knipe, P.M. Howley (Eds.), Fields Virology, fifth ed., Lippincott Williams
& Wilkins, Philadelphia, 2007, pp. 1647–1689.

[3] B.G. Hale, R.E. Randall, J. Ortín, D. Jackson, The multifunctional NS1 protein of
influenza A viruses, J. Gen. Virol. 89 (2008) 2359–2376.

[4] O.P. Zhirnov, T.E. Konakova, T. Wolff, H.D. Klenk, NS1 protein of influenza A
virus down-regulates apoptosis, J. Virol. 76 (2002) 1617–1625.

[5] W.Y. Lam, J.W. Tang, A.C. Yeung, L.C. Chiu, J.J. Sung, P.K. Chan, Avian influenza
virus A/HK/483/97(H5N1) NS1 protein induces apoptosis in human airway
epithelial cells, J. Virol. 82 (2008) 2741–2751.

[6] S. Schultz-Cherry, N. Dybdahl-Sissoko, G. Neumann, Y. Kawaoka, V.S. Hinshaw,
Influenza virus ns1 protein induces apoptosis in cultured cells, J. Virol. 75
(2001) 7875–7881.

[7] J. Stasakova, B. Ferko, C. Kittel, S. Sereinig, J. Romanova, H. Katinger, A. Egorov,
Influenza A mutant viruses with altered NS1 protein function provoke caspase-
1 activation in primary human macrophages, resulting in fast apoptosis and
release of high levels of interleukins 1beta and 18, J. Gen. Virol. 86 (2005) 185–
195.

[8] S. Collot-Teixeira, J. Bass, F. Denis, S. Ranger-Rogez, Human tumor suppressor
p53 and DNA viruses, Rev. Med. Virol. 14 (2004) 301–319.

[9] E. Turpin, K. Luke, J. Jones, T. Tumpey, K. Konan, S. Schultz-Cherry, Influenza
virus infection increases p53 activity: role of p53 in cell death and viral
replication, J. Virol. 79 (2005) 8802–8811.

[10] Y. Shen, X.D. Wang, L. Guo, Y.F. Qiu, X.D. Li, H. Yu, H. Xiang, G.Z. Tong, Z.Y. Ma,
Influenza A virus induces p53 accumulation in a biphasic pattern, Biochem.
Biophys. Res. Commun. 382 (2009) 331–335.

[11] X.D. Li, Y.F. Qiu, Y. Shen, C. Ding, P.H. Liu, J.P. Zhou, Z.Y. Ma, Splicing together
different regions of a gene by modified polymerase chain reaction-based site-
directed mutagenesis, Anal. Biochem. 373 (2008) 398–400.

[12] Y.F. Qiu, Y. Shen, X.D. Li, Q.W. Liu, Z.Y. Ma, Polyclonal antibody to porcine p53
protein: a new tool for studying the p53 pathway in a porcine model, Biochem.
Biophys. Res. Commun. 377 (2008) 151–155.

[13] K.H. Scheidtmann, G. Landsberg, UV irradiation leads to transient changes in
phosphorylation and stability of tumour suppressor p53, Int. J. Oncol. 9 (1996)
1277–1285.

[14] L. Galluzzi, C. Brenner, E. Morselli, Z. Touat, G. Kroemer, Viral control of
mitochondrial apoptosis, PLoS Pathog. 4 (2008) e1000018.

[15] M. Kurokawa, A.H. Koyama, S. Yasuoka, A. Adachi, Influenza virus overcomes
apoptosis by rapid multiplication, Int. J. Mol. Med. 3 (1999) 527–530.

[16] W.J. Wurzer, O. Planz, C. Ehrhardt, M. Giner, T. Silberzahn, S. Pleschka, S.
Ludwig, Caspase 3 activation is essential for efficient influenza virus
propagation, EMBO J. 22 (2003) 2717–2728.

[17] J.E. McLean, E. Datan, D. Matassov, Z.F. Zakeri, Lack of Bax prevents influenza A
virus-induced apoptosis and causes diminished viral replication, J. Virol. 83
(2009) 8233–8246.


	The non-structural (NS1) protein of influenza A virus associates with p53 and inhibits p53-mediated transcriptional activity and apoptosis
	Introduction
	Materials and methods
	Plasmid construction
	Antibodies
	Cells, transfection and luciferase assay
	Apoptosis detection
	Immunoprecipitation and Western blot analysis

	Results
	NS1 inhibited the transcriptional activity of p53
	Mapping of the p53 inhibitory region of NS1
	NS1 inhibited p53-mediated apoptosis
	NS1 associated with p53

	Discussion
	Acknowledgments
	References


