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ABSTRACT

Viruses take advantage of host posttranslational modifications for their own benefit. It was recently reported that influenza A
virus proteins interact extensively with the host sumoylation system. Thereby, several viral proteins, including NS1 and M1, are
sumoylated to facilitate viral replication. However, to what extent sumoylation is exploited by influenza A virus is not fully un-
derstood. In this study, we found that influenza A virus nucleoprotein (NP) is a bona fide target of sumoylation in both NP-
transfected cells and virus-infected cells. We further found that NP is sumoylated at the two most N-terminal residues, lysines 4
and 7, and that sumoylation at lysine 7 of NP is highly conserved across different influenza A virus subtypes and strains, includ-
ing the recently emerged human H7N9 virus. While NP stability and polymerase activity are little affected by sumoylation, the
NP sumoylation-defective WSN-NPK4,7R virus exhibited early cytoplasmic localization of NP. The growth of the WSN-NPK4,7R

virus was highly attenuated compared to that of the wild-type WSN virus, and the lysine residue at position 7 is indispensable for
the virus’s survival, as illustrated by the rapid emergence of revertant viruses. Thus, sumoylation of influenza A virus NP is es-
sential for intracellular trafficking of NP and for virus growth, illustrating sumoylation as a crucial strategy extensively exploited
by influenza A virus for survival in its host.

IMPORTANCE

Host posttranslational modifications are heavily targeted by viruses for their own benefit. We and others previously reported
that influenza A virus interacts extensively with the host sumoylation system. However, the functional outcomes of viral sumoy-
lation are not fully understood. Here we found that influenza A virus nucleoprotein (NP), an essential component for virus repli-
cation, is a new target of SUMO. This is the first study to find that NP from different influenza A viruses, including recently
emerged H7N9, is sumoylated at conserved lysine 7. Our data further illustrated that sumoylation of influenza A virus NP is es-
sential for intracellular trafficking of NP and virus growth, indicating that influenza A virus relies deeply on sumoylation to sur-
vive in host cells. Strategies to downregulate viral sumoylation could thus be a potential antiviral treatment.

Influenza A viruses are among the most common pathogens and
pose a continuous threat to animal and human health. Although

aquatic birds are the primary reservoir of these viruses, they can
cross species barriers to infect other animals, such as poultry, pigs,
and humans. The latest pandemic, in 2009, was caused by the
swine origin H1N1 virus and resulted in �18,449 deaths by Au-
gust 2010 (1). The recent outbreak of a novel reassortant avian
H7N9 virus in China has also raised considerable concern both
domestically and globally (2, 3). Therefore, continued efforts to
elucidate the mechanisms and factors underlying the pathogenesis
of these viruses are critical.

On the basis of the antigenic properties of the viral surface
glycoproteins hemagglutinin (HA) and neuraminidase (NA), in-
fluenza A viruses can be classified into 18 HA subtypes and 11 NA
subtypes (4, 5). Within a certain subtype, virus isolates are further
clustered into different clades according to their genetic diversity.
Given this variability, the identification of general strategies ex-
ploited by all influenza A viruses in their infection cycle will facil-
itate the development of universal antiviral drugs.

Several recent studies have indicated that influenza A virus
interacts extensively with host posttranslational modification sys-

tems, including those responsible for phosphorylation, ubiquiti-
nation, and sumoylation. For instance, a mass spectrometry study
of the phosphoproteome of influenza A and B viruses revealed
that almost all viral proteins, namely, PB2, PB1, PA, HA, NA, NP,
M1, M2, NS1, and NEP, are phosphorylated (6). In addition, NP
undergoes ubiquitination and deubiquitination, which may play
an important role in regulating viral transcription and replication
(7). Another recently identified posttranslational modifier,
SUMO (small ubiquitin-related modifier), is covalently conju-
gated to a target protein via a three-step enzymatic cascade similar
to the ubiquitination process and has also been suggested to play a
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role in viral replication. We previously reported that the NS1 pro-
tein of different influenza A virus strains is sumoylated under
physiological conditions in infected cells, resulting in accelerated
virus growth (8). Others have reported that the M1 protein is
sumoylated to facilitate viral ribonucleoprotein (vRNP) export
and assembly of virus particles (9). A recent systematic screening
of influenza A virus proteins with the PR8 strain suggested that, in
addition to NS1 and M1, PB1 and NP might be SUMO targets in
vitro and in transfected cells (10). However, so far, no clear evi-
dence has been provided that PB1 and NP are sumoylated in virus-
infected cells. Moreover, the actual modification sites of PB1 and
NP, as well as the role of PB1 and NP sumoylation in virus infec-
tion, remain unknown. Because many viruses take advantage of
sumoylation (11, 12) and because influenza A virus intensively
hijacks the sumoylation system to assist viral replication (10), a
thorough investigation of the sumoylation of influenza A virus
proteins, particularly the components of the polymerase, is war-
ranted.

There are four SUMO isoforms in humans, SUMO1, SUMO2,
SUMO3, and SUMO4 (13, 14). The conjugation of these SUMO
molecules to a target protein occurs in a three-step cascade. After
proteolytic processing mediated by sentrin-specific proteases
(SENPs), the resulting mature form of SUMO with two glycine
residues exposed at the carboxy terminus is first activated by the
E1 heterodimer of Aos-Uba2. Subsequently, the SUMO molecule
is transferred to the E2-conjugating enzyme Ubc9, the only E2
sumoylation enzyme discovered to date. Finally, the carboxyl
group of the glycine residues at the SUMO carboxy terminus
forms an isopeptide linkage with the amino group of a lysine res-
idue on the substrate molecule, a step usually facilitated by E3
ligases in vivo. As a reversible posttranslational modification, the
SUMO moiety is dynamically removed by SENPs and recovered
for a new sumoylation cycle (13). Although SUMO and ubiquitin
belong to the same family of ubiquitin-like modifiers, the func-
tional outcome of sumoylation and ubiquitination can be com-
pletely different (15). The outcome of sumoylation is largely de-
pendent on the function of its target protein, and many aspects of
the target protein can be affected by sumoylation, including sta-
bility, structure, interaction partners, cellular localization, and en-
zymatic activity (16).

The genome of influenza A virus consists of eight segments of
RNA, each of which is tightly associated with one copy of the
polymerase complex (consisting of the PB1, PB2, and PA pro-
teins) and multiple copies of NP to form vRNPs (17). The vRNP
complex, of which NP is the major structural component, is re-
sponsible for the replication and transcription of the viral genome.
To initiate the replication and transcription of the viral genome,
vRNPs must be transported into the nucleus of the host cell by the
cellular importin-�/� nuclear import pathway (18). Considering
that most of the components of the sumoylation machinery are
also localized in the nucleus, we investigated whether the proteins
comprising the vRNP could be bona fide SUMO targets.

Here, we report that influenza A virus NP is a sumoylation
substrate and the N-terminal lysines of NP at positions 4 and 7 are
the SUMO acceptor sites. Lysine 7 in NP is highly conserved across
subtypes and strains, indicating that sumoylation of NP is a com-
mon strategy of influenza A viruses. We also rescued the WSN-
NPK4,7R virus, which carries an NP that cannot be sumoylated, and
found that the mutant virus was highly attenuated and had aber-
rant nucleus and cytoplasm trafficking dynamics. These data, in

all, emphasize the crucial role of NP sumoylation in influenza A
virus infection.

MATERIALS AND METHODS
Cells and transfection. Human embryonic kidney 293T cells, Madin-
Darby canine kidney (MDCK) cells, human non-small-cell lung carci-
noma cells (NCI-H1299), and human lung adenocarcinoma epithelial
A549 cells were purchased from the American Type Culture Collection
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum (FBS; Gibco) at 37°C in a CO2 incubator. All
transfections were performed with Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s procedure.

Plasmids. A/WSN/33 (H1N1) virus (WSN) cDNA in pHW2000 and
the luciferase reporter plasmid pPolI-NP-luc were provided by Hans-
Dieter Klenk (Marburg University, Marburg, Germany). The A/PR/8/34
(H1N1) NP-encoding gene in pHW2000 was kindly provided by Robert
G. Webster (St. Jude Children’s Research Hospital, University of Tennes-
see, Memphis, TN). The NP-encoding genes from 2009 pH1N1 A/Sich-
uan/1/2009 (H1N1) (Sichuan), A/Donghu/312/2006 (H3N2), A/chicken/
Henan/12/2004 (H5N1), and A/chicken/Jiangsu/7/2002 (H9N2) were
cloned from the viral genomes. The NP-encoding gene from A/Anhui/1/
2013 (H7N9) was commercially synthesized by using a sequence from the
Epiflu database (isolate ID, EPI_ISL_138739; submitting lab, WHO Chi-
nese National Influenza Center; submitter, Lei Yang; all data submitters
may be contacted directly via the Global Initiative on Sharing All Influ-
enza Data [GISAID] website, www.gisaid.org). The NP-encoding genes
from the above strains were further cloned into the pCAGGS vector,
which was kindly provided by Jun-ichi Miyazaki (Osaka University, Ja-
pan) and encodes an HA tag at the 3= end. WSN NP was further cloned
into pCAGGS without any tag (pCAGGS-NP) or with a FLAG tag at the 3=
end (FLAG-tagged NP).

Lysine (K)-to-arginine (R) mutations were introduced into the NP-
encoding genes with the QuikChange site-directed mutagenesis kit (Strat-
agene) by using primers designed in accordance with the manufacturer’s
protocol. A plasmid expressing an NP in which all of the lysines were
mutated to arginines (KO) was also generated with the QuikChange site-
directed mutagenesis kit (Stratagene). In addition, the N-terminal 16
amino acids (aa) of NP were eliminated (construct named NPdel16)
with primers corresponding to the NP-encoding gene from the begin-
ning of residue 17. All NP mutation genes were cloned into pCAGGS
with a 3= HA tag.

GFP was cloned into the pCAGGS vector. The N-terminal sequence of
WSN NP encoding residues 1 to 13 was fused to the green fluorescent
protein (GFP) coding sequence to express a GFP fusion protein with aa 1
to 13 of the NP (NP[1-13aa]-GFP). Similarly, the K4R and K7R mutations
were introduced into NP[1-13aa]-GFP to generate the sumoylation-de-
fective mutant NPK4,7R[1-13aa]-GFP.

Human SUMO1, SUMO2, and SUMO3 were subcloned into pcDNA3
harboring Cerulean (a variant of enhanced cyan fluorescent protein with
a higher quantum yield and an improved fluorescence lifetime [19]) to
obtain Cer-SUMO1, Cer-SUMO2, and Cer-SUMO3, as described previ-
ously (8). Cer-SUMO1AA was obtained with the QuikChange site-di-
rected mutagenesis kit (Stratagene) and primers containing GG-to-AA
mutations at the C terminus of SUMO1. SUMO1 (or SUMO1AA) was
further subcloned into pCAGGS directly to obtain SUMO1 (or
SUMO1AA) with a 5= FLAG-encoding sequence to obtain FLAG-SUMO1
(or FLAG-SUMO1AA). The expression plasmids pcDNA3-SENP1
(SENP1), pcDNA3-SENP1mut (SENP1mut), and pcDNA3-Ubc9 were de-
scribed previously (8). HA-tagged human PIAS family plasmids were
kindly provided by Jinke Cheng (Shanghai Jiao-Tong University), and
HA-tagged, E3 ligase-deficient PIASxamut (W383A) (20) was generated
with the QuikChange site-directed mutagenesis kit (Stratagene). All plas-
mids were confirmed by commercial sequencing.

Viruses. The wild-type WSN virus (WSN-WT) was rescued by plas-
mid-based reverse genetics with eight plasmids, followed by two rounds of
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plaque purification and propagation in MDCK cells. The NP sumoyla-
tion-deficient virus WSN-NPK4,7R was rescued by transfecting 293T cells
with the WSN NP-encoding gene harboring the K4R and K7R mutations
and another seven WT WSN viral genes in the pHW2000 plasmid. Be-
cause plaque purification and propagation in MDCK cells resulted in
reverse mutations, the WSN-NPK4,7R virus was collected directly from
293T cell supernatants without further plaque purification. Viral RNAs
were extracted from the clarified 293T supernatant with an RNeasy RNA
extraction kit (Qiagen, Chatsworth, CA). This was followed by reverse
transcription-PCR with Moloney murine leukemia virus reverse trans-
criptase (Invitrogen) and Uni12 primers to obtain viral cDNAs (21). Se-
quencing of NP cDNA confirmed a uniform population of WSN-NPK4,7R

viruses.
Plaque assays. Plaque assays were performed by immunostaining as

previously described (22). Monolayers of MDCK cells were infected with
A/WSN/33 (WSN-WT) virus or its sumoylation-defective mutant WSN-
NPK4,7R. At 48 h postinfection, virus-infected MDCK cells were fixed with
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 20
min and permeabilized with 0.1% Triton X-100 for 30 min. The cells were
then incubated with horseradish peroxidase (HRP)-conjugated anti-NP
polyclonal antibodies (Antibodies Center, Shanghai Institutes for Biolog-
ical Sciences, Chinese Academy of Sciences) for 60 min. True Blue sub-
strate (KPL) was then added to visualize the plaques.

Immunoprecipitation and Western blotting. To precipitate HA-
tagged NP, cells were washed with cold PBS and then lysed in radioimmu-
noprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl [pH 7.4],150
mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA) supple-
mented with a complete protease inhibitor (Roche) and 10 mM N-ethyl-
maleimide (Sigma) at 4°C for 20 min. The lysate was centrifuged at max-
imum speed in an Eppendorf microcentrifuge to remove cellular debris,
and the supernatant was subjected to immunoprecipitation with anti-
HA–agarose (Sigma) at 4°C for 4 h. The beads were then washed five times
with RIPA buffer and eluted with SDS loading buffer, and the resulting
eluates were separated by SDS-PAGE. The proteins were transferred to
nitrocellulose membranes (Bio-Rad), and the NPs were detected with
anti-HA polyclonal antibodies (Sigma) and HRP-conjugated goat anti-
rabbit IgG secondary antibodies (Southern Biotech). SUMO1 was de-
tected with an anti-SUMO1 monoclonal antibody (Zymed) and an HRP-
conjugated goat anti-mouse IgG secondary antibody (R&D).

To block protein synthesis, 293T cells were treated with 100 �g/ml
cycloheximide (CHX; Sigma) at 24 or 36 h posttransfection. Cells were
lysed at 0, 2, 4, 6, or 8 h after CHX treatment. The amount of NP or
phosducin (phd) was analyzed by Western blotting with an anti-HA an-
tibody.

Anti-FLAG–agarose (Sigma) was used for immunoprecipitation of
FLAG-tagged SUMO1, and anti-FLAG polyclonal antibodies (Sigma)
were used to detect FLAG-tagged SUMO1 by Western blotting. Cer-
SUMO1 was detected with an anti-SUMO1 monoclonal antibody
(Zymed) and a goat anti-mouse IgG HRP-conjugated secondary antibody
(R&D).

GFP was detected with anti-GFP polyclonal antibodies (Antibodies
Center, Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences) and a goat anti-rabbit IgG HRP-conjugated secondary antibody
(Southern Biotech). Ubc9 was detected with anti-Ubc9 polyclonal anti-
bodies (Santa Cruz).

Luciferase reporter assay. To determine the polymerase activities of
the replication complexes containing the sumoylation-defective mutant
NPs, 293T cells were cotransfected with plasmids expressing the WSN
polymerase subunits PB1, PB2, PA, and pPolI-NP-luc, the Renilla lu-
ciferase-expressing plasmid pRL-SV40 (Promega), and either WT NP or
NPK4,7R. The cells were lysed at 24 h posttransfection, and the luciferase
activity was measured with the dual-luciferase assay system (Promega)
according to the manufacturer’s protocol.

Immunocytochemistry and confocal microscopy. To achieve equal
infectivity for examining NP localization, the WSN-WT and WSN-

NPK4,7R viruses were both titrated on A549 cells and then used to infect
A549 cells at a multiplicity of infection (MOI) of 0.1 for the time indicated
during a single infection cycle. Infected A549 cells cultured on glass slides
were fixed with 4% PFA and permeabilized with 0.1% Triton X-100 in
PBS. The cells were then immunolabeled with NP monoclonal antibodies
(kindly provided by Ningshao Xia, Xiamen University, China) for 2 h,
washed five times with PBS, and incubated with goat anti-mouse–Alexa
488 (Molecular Probes) for 1 h. DAPI (4,6=-diamidino-2-phenylindole;
Sigma) was used for nuclear staining. All images were acquired with a
Leica TCS SP2 confocal microscope (Leica Microsystems).

To block the nuclear export of NP in infected cells, the cells were
treated with 10 nM leptomycin B (LMB) beginning at 3 h postinfection
and continuing for the duration of the experiment.

Multiple growth curves. To determine the growth curves of the
WSN-WT and WSN-NPK4,7R viruses on A549 cells, the viruses were first
titrated on MDCK cells and then used to infect A549 cells at an MOI of
0.001. After 1 h of virus adsorption, the cells were culture in infection
medium (DMEM with 2% FBS) and the cell supernatant was separately
collected at 24, 36, 48, 72, and 96 h postinfection. The virus amounts in the
supernatant were determined by a plaque assay with MDCK cells.

Statistical analyses. The data were analyzed with Student’s t test and
are presented as means � standard errors. A P value of �0.05 was con-
sidered significant.

RESULTS
Influenza A virus NP is mainly sumoylated by SUMO1. Here we
investigated whether vRNP component proteins (PB1, PB2, PA,
and NP) are targets of SUMO and examined the conjugation of
SUMO isoforms SUMO1 and SUMO2/3 to these proteins. Ini-
tially, Ubc9-overexpressing 293T cells were cotransfected with
HA-tagged vRNPs together with either Cer-SUMO1 or Cer-
SUMO1AA (a SUMO1 variant that is conjugation deficient) as
previously described (8). The cells were lysed at 36 h posttransfec-
tion, and the lysates were immunoprecipitated with anti-HA–aga-
rose. The precipitated proteins were further analyzed by SDS-
PAGE and Western blotting with anti-HA polyclonal antibodies
or anti-SUMO1 antibody. Of the four vRNPs, we detected a clear
additional band for NP at �95 kDa, which reflected the modifi-
cation of NP (�55 kDa) by Cer-SUMO1 (�40 kDa). In contrast,
this �95-kDa band was absent from cells transfected with Cer-
SUMO1AA, suggesting that the NP is sumoylated (Fig. 1A). Be-
cause only a faint modification band was detected for PB2 and no
sumoylated bands were visible for the PB1 and PA proteins under
the same experimental conditions (Fig. 1B), we focused on the
sumoylation of NP in the subsequent analyses. To determine
whether SENP1, which is mainly responsible for the removal of
SUMO1 from modified proteins, is involved in the regulation of
NP sumoylation, we coexpressed NP, Cer-SUMO1, and Ubc9
with SENP1 or with functionally defective SENP1 (SENP1mut) in
293T cells. As shown in Fig. 1C, the band of sumoylated NP at �95
kDa was strongly reduced in the SENP1-expressing cells, whereas
it was hardly affected in the SENP1mut-expressing cells. When
Cer-SUMO2 and Cer-SUMO3 were overexpressed with Ubc9 and
NP, only weak levels of sumoylated NP were observed compared
to SUMO1-modified NP (Fig. 1D). Taken together, these results
indicate that NP is predominantly modified with SUMO1 and that
this modification is removed by SENP1.

The lysines at positions 4 and 7 of the N terminus of NP are
sumoylated. To identify the sumoylation sites of NP, all 19 lysines
of the NP were individually replaced with arginines. We also in-
cluded double mutations to prevent complementary sumoylation
caused by nearby lysine residues. These HA-tagged K-to-R mutant
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forms of NP were coexpressed with Ubc9 and Cer-SUMO1 and
then immunoprecipitated with anti-HA–agarose and subjected to
Western blot analysis with anti-HA antibodies. As expected, NP
was modified to form an �95-kDa sumoylated band, whereas an
NP lacking all 19 lysines (KO) was not sumoylated by SUMO1,
indicating that the lysine residues of NP are SUMO acceptor sites
(Fig. 2A). Of the 19 single K-to-R mutations and the 3 double
mutations, only the double mutation of lysines at positions 4 and
7 to arginines (NPK4,7R) completely abolished the sumoylation of
NP; in contrast, the individual K4R or K7R mutation did not affect
the sumoylation of NP (Fig. 2A). These data suggest that K4 and
K7 may compensate for each other in NP sumoylation. To con-
firm that K4 and K7 are indeed SUMO acceptor sites, we fused the
N terminus of NP encompassing the K4 and K7 motif with a

second sumoylation-defective protein to determine whether the
presence of the NP N terminus would enable sumoylation of the
second protein. Thus, the sequence encoding residues 1 to 13 of
NP was cloned into the 5= end of the GFP gene to express a GFP
protein fused to the N-terminal 13 aa of NP (NP[1-13aa]-GFP).
The data in Fig. 2B show that the GFP protein was not sumoylated
when coexpressed with SUMO1 (untagged) and Ubc9, whereas
NP[1-13aa]-GFP was clearly sumoylated, with an �40-kDa su-
moylation band. In contrast, sumoylation did not occur in cells
expressing NPK4,7R[1-13aa]-GFP, in which arginines were present
at positions 4 and 7. These results further confirmed that the N-
terminal sequence of NP contains SUMO acceptor sites and that
K4 and K7 are targeted by the SUMO molecules.

Previous studies have shown that NP of human influenza A

FIG 1 Sumoylation of NP in vivo. (A) 293T cells were transfected with plasmids expressing WSN NP and Ubc9 together with plasmids expressing either
Cer-SUMO1 or Cer-SUMO1AA, as indicated. The cells were lysed at 36 h posttransfection, and NP was immunoprecipitated (IP) with anti-HA–agarose. The NPs
were immunoblotted (IB) with anti-HA polyclonal antibodies. Cer-SUMO1 was detected in separate blots with an anti-SUMO1 monoclonal antibody. (B) 293T
cells were transfected with plasmids expressing an HA-tagged WSN polymerase protein (PB1, PA, or PB2) and Ubc9 together with plasmids expressing either
Cer-SUMO1 or Cer-SUMO1AA. The cells were lysed at 36 h posttransfection, and each polymerase protein was immunoprecipitated with anti-HA–agarose and
further analyzed by SDS-PAGE and immunoblotting with anti-HA polyclonal antibodies. (C) 293T cells were transfected with WSN NP and Ubc9 together with
Cer-SUMO1, SENP1, or SENP1mut, as indicated. NP was immunoprecipitated with anti-HA–agarose, and the precipitated proteins were further analyzed by
SDS-PAGE and immunoblotting with anti-HA polyclonal antibodies. (D) WSN NP and Ubc9 were cotransfected with GFP (as a control), Cer-SUMO1,
Cer-SUMO1AA, Cer-SUMO2, and Cer-SUMO3, as indicated; NP was immunoprecipitated with anti-HA–agarose, and the precipitated proteins were further
analyzed by SDS-PAGE and immunoblotting with anti-HA polyclonal antibodies. Input of the whole-cell lysates was detected by immunoblotting with anti-GFP
polyclonal antibodies to show the expression of GFP, Cer-SUMO1, Cer-SUMO2, or Cer-SUMO3; with anti-Ubc9 antibody to show the expression of Ubc9; and
with anti-actin antibodies to show the loading controls. The values to the left of the blots are molecular sizes in kilodaltons.
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virus is cleaved by a caspase-dependent mechanism at the late
stage of infection associated with the development of apoptosis
and that the cleavage occurs at D16 (23); thus, the sumoylation
sites of NP are lost after caspase cleavage. We generated NPdel16,

which harbors a deletion of the N-terminal 16 aa to mimic
caspase-cleaved NP. In agreement with our findings described
above, this truncated form of NP was not modified by Cer-
SUMO1 (Fig. 2C). This result confirms that the N-terminal K4

FIG 2 K4 and K7 are SUMO acceptor sites for different influenza A virus subtypes and strains. (A) Expression plasmids encoding WSN-WT NP or NP with
K-to-R mutations at the indicated positions and Ubc9 were transfected together with Cer-SUMO1 or Cer-SUMO1AA. The cells were lysed, and NP was
immunoprecipitated (IP) with anti-HA–agarose and then detected by Western immunoblotting (IB) with anti-HA polyclonal antibodies. (B) The expression
plasmid pCAGGS-GFP, NP[1-13aa]-GFP, or NPK4,7R[1-13aa]-GFP was cotransfected with SUMO1 or SUMO1AA; Ubc9 was also cotransfected with each
pCAGGS plasmid. The cells were lysed and directly subjected to Western blotting with anti-GFP or anti-SUMO1 antibodies. (C) Expression plasmids encoding
WSN-WT NP or the NPdel16 mutant form and Ubc9 were transfected together with Cer-SUMO1 or Cer-SUMO1AA. The cells were lysed, and NP was
immunoprecipitated with anti-HA–agarose and then detected by Western immunoblotting with anti-HA polyclonal antibodies. (D) Schematic representation
of the N-terminal amino acid sequences of NPs from different influenza A virus strains. The lysine residues (framed) indicate the SUMO1 modification sites for
each NP. (E) 293T cells were cotransfected with plasmids encoding Ubc9 and HA-tagged NPs or the NPK7R mutant form from different influenza A virus subtypes
and strains together with Cer-SUMO1 or Cer-SUMO1AA. The cells were lysed, and NP was immunoprecipitated with anti-HA–agarose. The precipitated proteins
were further analyzed by SDS-PAGE and Western blotting with anti-HA polyclonal antibodies. The values to the left of the blots are molecular sizes in kilodaltons.
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and K7 residues are authentic sumoylation sites of NP and also
indicates that sumoylation of NP likely plays a role at early stages
of the virus replication cycle, before the onset of an apoptotic
response by the host cell.

SUMO1 modification of NP is conserved among influenza A
virus subtypes and strains. Because the genetics of influenza A
viruses are highly variable, we next assessed the sumoylation of NP
in several avian and human isolates. HA-tagged NPs from the
A/Sichuan/1/2009 (H1N1, Sichuan), A/PR/8/34 (H1N1, PR8),
A/Donghu/312/2006 (H3N2), A/Chicken/Henan/12/2004 (H5N1),
A/Chicken/Jiangsu/7/2002 (H9N2), and recently emerged A/An-
hui/1/2013 (H7N9) strains were coexpressed with Cer-SUMO1 or
Cer-SUMO1AA in 293T cells. The cells were then lysed, and the
NPs were immunoprecipitated and detected by Western blotting
with anti-HA antibodies. Sequence analysis revealed that K7 in NP
is highly conserved across all of the strains (Fig. 2D). Indeed, all of
the NPs tested were sumoylated, suggesting that sumoylation is a
common modification of influenza A virus NPs (Fig. 2E). The
data in Fig. 2E also confirm that the sumoylation levels of all of the
strains tested were greatly reduced when K7 was mutated to R7,
indicating that K7 is the major SUMO acceptor site, although K4
could compensate for K7 in the WSN strain.

NP is sumoylated at N-terminal lysines in infected cells. Be-
cause it is unclear whether NP is sumoylated in infected cells, we
performed a sumoylation analysis of WSN-infected cells with
WSN-WT and a recombinant virus containing NP with mutated
sumoylation sites (WSN-NPK4,7R) generated by reverse genetics.
However, we observed that the WSN-NPK4,7R virus underwent a
reverse mutation at position 7 during multiplication in MDCK
cells, resulting in a mixture of viruses producing NPs with either
K4R or K4,7R. We therefore directly collected virus from the 293T
supernatants with the desired NPK4,7R mutation. To analyze NP
sumoylation in infected cells, 293T cells overexpressing Ubc9 and
FLAG-SUMO1 or FLAG-SUMO1AA were infected with either the
WSN-WT or the WSN-NPK4,7R virus at an MOI of 1. The cells
were harvested 16 h later and subjected to immunoprecipitation
with anti-FLAG–agarose, followed by Western blot analysis with
anti-NP antibodies. As expected, a band at �70 kDa correspond-
ing to sumoylated NP was detectable in WSN-WT-infected cells
overexpressing SUMO1 but not in cells overexpressing SUMO1AA

or those infected with the WSN-NPK4,7R virus (Fig. 3, left panel).
Correspondingly, overexpression of SENP1 but not SENP1mut

abolished the sumoylation of NP in WSN-WT-infected cells (Fig.
3, right panel). These data confirm that NP is sumoylated at K4
and K7 during infection.

NP stability and polymerase activity are not influenced by
sumoylation. After identifying the sumoylation sites of the NP, we
investigated the functional significance of NP sumoylation. We
first examined whether the stability of NP is affected by sumoyla-
tion. For this, cells were transfected with an expression plasmid
encoding either HA-tagged NP or HA-tagged sumoylation-defec-
tive NPK4,7R. As controls, HA-tagged phd and HA-tagged phdK33R

were transfected into the cells in parallel. At 24 h posttransfection,
protein synthesis was blocked with CHX and the steady-state lev-
els of NP or phd protein expressed after CHX treatment were
monitored. Samples were collected at 0, 4, and 8 h after CHX
treatment and subjected to immunoprecipitation with anti-HA
antibodies. As previously reported, sumoylation-competent phd
remained stable over time while the sumoylation-deficient
phdK33R protein underwent degradation (Fig. 4A, top) (24). In

contrast, both NP and NPK4,7R protein levels remained stable un-
der CHX treatment (Fig. 4A, bottom). To further prove that su-
moylation of NP does not alter protein stability, HA-tagged NP or
HA-tagged NPK4,7R was cotransfected with Ubc9 and Cer-
SUMO1 to visualize the sumoylated form of NP. The data in Fig.
4B showed that both native NP and sumoylated NP were present
in the NP-expressing cells, whereas only unmodified NP was
detected in the NPK4,7R-expressing cells. Again, within 8 h of
CHX treatment, the levels of both NP and NPK4,7R stayed sta-
ble, suggesting that sumoylation does not affect the stability of
NP (Fig. 4B).

Because NP is a major component of vRNP and contributes to
RNA-dependent RNA polymerase (RdRp) activity, we next tested
whether the RdRp activity of influenza A virus is affected by NP
sumoylation. We performed a minireplicon assay with two differ-
ent cell lines, 293T and NCI-H1299. Different amounts of genes
for polymerases (PB1, PB2, and PA) and NP (or NPK4,7R) were
transfected into 293T cells (Fig. 5A) or NCI-H1299 cells (Fig. 5B)
together with pPolI-NP-luc (a luciferase reporter gene mimicking
vRNA) and pRL-SV40 (transfection control) to evaluate RdRp
activity. No significant difference in RdRp activity between NP
and sumoylation-defective NPK4,7R was observed. To further con-
firm that sumoylation has little effect on RdRp activity, we
cotransfected SUMO1 and Ubc9 to upregulate the overall sumoy-
lation level or cotransfected SENP1 to downregulate the overall
SUMO1 modification level (with SENP1mut as a control). No sta-
tistically significant change in RdRp activity was observed under
either condition (Fig. 5C and D). On the basis of these results, we
conclude that the sumoylation of NP does not necessarily contrib-
ute to viral RdRp activity.

Sumoylation regulates the intracellular trafficking of NP. NP
is a shuttle protein whose localization is tightly regulated. In in-

FIG 3 NP is sumoylated in infected cells. 293T cells were cotransfected with
FLAG-tagged SUMO1 or SUMO1AA and Ubc9 together with SENP1 or
SENP1mut as indicated. At 24 h posttransfection, the cells were infected with
the WSN-WT or WSN-NPK4,7R virus at an MOI of 1. The cells were lysed 16 h
later, and SUMO1 was immunoprecipitated (IP) with anti-FLAG–agarose.
The precipitated proteins were further analyzed by SDS-PAGE and immuno-
blotting (IB) with anti-NP monoclonal antibody. Immunoblot assays with
anti-FLAG, anti-NP, or anti-actin polyclonal antibodies and whole-cell lysates
are shown as SUMO1 expression, infectivity, and loading controls (Input),
respectively. The values to the left of the blots are molecular sizes in kilodal-
tons.
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fected cells, NP from incoming vRNPs is actively transported into
the nucleus and localized in the nucleus at early stages postinfec-
tion; conversely, NP is exported to the cytoplasm at late stages
postinfection (25). Because sumoylation regulates the nuclear lo-
calization of several substrates (26, 27), we investigated whether
sumoylation influences the nuclear localization of NP during a
single infection cycle. A549 cells were infected with the WSN-WT
or WSN-NPK4,7R virus, and the localization of NP was analyzed by
immunostaining with anti-NP antibodies. Figure 6A shows that
NP from both the WSN-WT and WSN-NPK4,7R viruses was local-
ized mostly in the nucleus at 4 h postinfection, indicating that
both NPs could be imported into the nucleus. However, at 6 h
postinfection, when cytoplasmic NP localization was already ob-
served in WSN-NPK4,7R-infected cells, NP was still retained in the
nuclei of WSN-WT-infected cells. At 8 and 10 h postinfection, NP
from both viruses had accumulated largely in the cytoplasm.
Quantification of the subcellular distribution of NP by automatic
image analysis demonstrates a more pronounced localization of
NP in the nuclei of WSN-WT-infected cells than in those of WSN-
NPK4,7R-infected cells later than 4 h postinfection (Fig. 6B).
Simultaneously, a stronger increase in cytoplasmic NP in
WSN-NPK4,7R-infected cells was observed (Fig. 6C), indicating
an abnormal nucleus-cytoplasm transition of sumoylation-de-
ficient NP.

To distinguish whether nuclear import or export of NP was

affected by sumoylation, we further treated the infected cells at 3 h
postinfection with LMB, a drug known to block the chromosome
region maintenance 1 protein-dependent vRNP export pathway
(28). After LMB treatment, NP was found exclusively in the nuclei
of cells infected with either the WSN-WT or the WSN-NPK4,7R

virus (Fig. 6D). Quantitative analysis of NP localization in Fig. 6E
and F also supported the idea that NP from both viruses was fully
retained in the nucleus after LMB treatment. This result indicates
that sumoylation regulates the intracellular trafficking of NP with-
out directly affecting the nuclear import of NP.

Viral replication is highly suppressed in the sumoylation-
defective WSN-NPK4,7R virus. We then examined whether the
sufficient nuclear localization of sumoylation-competent NP ob-
served contributes to viral growth by analyzing the growth prop-
erties of the WSN-WT and WSN-NPK4,7R viruses. We first com-
pared the plaque morphologies of these two viruses in A549 cells
and found that the WSN-WT virus formed large plaques, whereas
the WSN-NPK4,7R virus formed only pinpoint-size plaques, indi-
cating that the growth of WSN-NPK4,7R was heavily impaired (Fig.
7A). The growth curves shown in Fig. 7B further demonstrate that
the growth of the WSN-NPK4,7R virus was severely attenuated,
with no progeny virus detectable until 24 h postinfection. Al-
though the growth of the WSN-NPK4,7R virus recovered partially
at later time points, the viral titer was 5 to 20 times lower than that
of the WSN-WT virus. Consistent with our previous observations,
the arginine at position 7 was mutated back to lysine in the WSN-
NPK4,7R virus starting at 72 h postinfection and the percentage of
reverse mutants of the progeny virus population gradually in-
creased with time (Fig. 7C). These data indicate that replication of
the sumoylation-defective WSN-NPK4,7R virus is highly sup-
pressed and that sumoylation at K7 is essential for viral survival, as
a virus harboring the K7R mutation consistently generated the
reverse mutation during the growth cycle.

To further confirm the role of NP sumoylation in viral growth,
we sought to identify the specific E3 ligase for NP. We therefore
evaluated whether members of the PIAS family, the best-charac-
terized E3 ligases, could function as an E3 ligase for NP. Several
human PIAS isoforms, PIAS1, PIASxa, PIASxb, PIAS3, and
PIAS4, were tested for the ability to facilitate NP sumoylation. As
shown in Fig. 7D, the sumoylated form of NP was barely detect-
able without Ubc9 overexpression (lane 1). Among all of the PIAS
homologs, overexpression of PIASxa had the strongest effect on
NP sumoylation, suggesting that PIASxa is the predominant E3
ligase for NP (Fig. 7D). Moreover, we could detect an interaction
between NP and PIASxa in transfected cells (Fig. 7E), supporting
the accessibility of NP to PIASxa. In contrast, when E3 ligase-
deficient PIASxamut (W383A) was cotransfected, the enhance-
ment of NP sumoylation was totally abolished in PIASxamut-ex-
pressing cells, indicating that E3 ligase activity is required to
facilitate the sumoylation of NP (Fig. 7F). When PIASxa was over-
expressed in WSN-WT-infected cells, viral production was signif-
icantly elevated at 48 h postinfection, with a viral titer 6.5-fold
higher than that in vector-transfected cells (Fig. 7G). When we
repeated this experiment with overexpression of PIASxamut, the
increase in the virus titer mediated by PIASxa was significantly
reduced in PIASxamut-overexpressing cells (Fig. 7H). Notably,
PIASxa promoted the growth of only sumoylation-competent
WSN-WT virus. No obvious effect of either PIASxa or PIASxamut

on the titer of the WSN-NPK4,7R virus was observed (Fig. 7H).
These data illustrate that PIASxa is a potential E3 ligase for NP and

FIG 4 The stability of NP is not affected by sumoylation. (A) 293T cells were
transfected with phd or phdK33R and NP or NPK4,7R. At 24 h posttransfection,
the cells were treated with 100 �g/ml CHX for the times indicated. The phd or
NP was immunoblotted (IB) with anti-HA polyclonal antibodies. Immuno-
blot assay of whole-cell lysates with anti-actin antibodies are shown as loading
controls (Input). (B) 293T cells were transfected with Ubc9 and Cer-SUMO1
together with NP or the NPK4,7R mutant form. At 36 h after transfection, the
cells were treated with 100 �g/ml CHX for the times indicated. The NPs were
immunoprecipitated (IP) with anti-HA–agarose, and the precipitated proteins
were further analyzed by SDS-PAGE and immunoblotting with anti-HA poly-
clonal antibodies to detect NP. Western blot assays of whole-cell lysates with
anti-actin antibodies are shown as loading controls (Input). The values to the
left of the blots are molecular sizes in kilodaltons.
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that PIASxa-induced NP sumoylation enhancement facilitates vi-
ral growth.

DISCUSSION

Sumoylation is an important reversible and highly dynamic post-
translational modification that is involved in many cellular pro-
cesses, including the control of gene transcription, cell signaling,
and even embryonic development (13). Like many other viruses,
influenza A viruses have developed distinct strategies to interfere
with the host sumoylation process (11). However, the full picture
of the interaction between influenza A virus and the host cell su-
moylation system is not clear. We and others have demonstrated
that several viral proteins are sumoylated in transfected and in-
fected cells; we previously demonstrated that NS1 is sumoylated at
C-terminal residues in infected cells and that sumoylation stabi-
lizes NS1 for efficient viral replication (8). Another group con-
firmed our finding that the C-terminal lysine is the major sumoy-
lation site and that sumoylation ensures NS1 function (29).
Sumoylation of M1 has also been reported and found to be in-
volved in virus assembly (9). Evidence of the sumoylation of other
viral proteins has been obtained in transfection studies, but these
interactions have not been confirmed in infected cells, and the

biological significance of the sumoylation for these proteins re-
mains largely unknown. In this study, we clearly demonstrated
that NP is a target of SUMO in transfected and infected cells and
that sumoylation of NP is essential for efficient virus production.

We demonstrated that the SUMO acceptor site on NP is lo-
cated at N-terminal residues K4 and K7. The genetic analysis of the
N-terminal amino acid sequence of NP indicated that K7 is highly
conserved among viral strains of different subtypes, whereas K4 is
found only in some strains, such as A/WSN/1933 (H1N1), A/Wis-
consin/67/2005 (H3N2), and A/Brisbane/97/2007 (H1N1). We
also showed that the single mutation of either K4 or K7 to arginine
cannot abolish the sumoylation of NP in the WSN strain, suggest-
ing that both of these sites serve as SUMO acceptors. In fact, the
presence of an adjacent lysine residue as a complementary SUMO
target site is commonly observed and only the double mutation of
these proximal lysines abolishes sumoylation (8). However, K7 is
the major acceptor site in viruses possessing a single N-terminal
lysine, as exemplified by the A/Sichuan/1/2009 (H1N1), A/PR/
8/34 (H1N1), A/Donghu/312/2006 (H3N2), A/chicken/henan/
12/2004 (H5N1), A/chicken/Jiangsu/7/2002 (H9N2), and A/An-
hui/1/2013 (H7N9) viruses. The presence of K4 might ensure NP
sumoylation when K7 is occupied by other interaction partners,

FIG 5 Polymerase activity is not affected by NP sumoylation. 293T (A) or NCI-H1299 (B) cells cultured in 24-well plates were transfected with PolI-NP-Luc (100
ng/well) and pRLSV40 (10 ng/well) together with different amounts (100, 50, and 30 ng/well, as indicated) of four polymerase complex genes from the WSN-WT
virus (NP) or WSN-NPK4,7R virus (NPK4,7R). A luciferase assay was performed at 24 h posttransfection. All of the data were normalized to the activity of the
100-ng NP-transfected sample at 24 h. 293T (C) or NCI-H1299 (D) cells in the wells of 12-well plates were transfected with polI-NP-Luc (200 ng/well), pRLSV40
(20 ng/well), and the genes for polymerases (PB1, PB2, and PA) (3P) and NP of the WSN-WT virus (200 ng/well) together with either SUMO1 and Ubc9 or
SENP1 (or SENP1mut). A luciferase assay was performed at 24 h posttransfection. All data were normalized to the activity of the 200-ng NP-transfected sample
at 24 h. The data are from three independent experiments and are presented as means � standard errors. A P value of �0.05 was considered significant; NS, not
significant. Immunoblot assays with anti-NP and anti-actin antibodies using whole-cell lysates are shown as the NP expression and loading controls, respectively.
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but this hypothesis has not been confirmed experimentally. Inter-
estingly, a reverse mutation to reconstitute K7 consistently oc-
curred when we attempted to rescue the recombinant virus har-
boring the NPK7R mutation in the different strains. These results
and the conservation of K7 among influenza A viruses suggest that
K7 is the major SUMO acceptor site and that sumoylation at this
site is critical for viral survival.

When we screened all of the PIAS family members to identify
the possible E3 ligases for NP, we found that PIASxa most effec-
tively enhanced the sumoylation of NP. It is reasonable that NP
sumoylation is preferentially mediated by a specific E3 ligase and
that this may play a specific role in the process of viral replication.
However, the interaction between substrates and endogenous E3
ligases is mostly transient and hard to detect. We therefore evalu-

FIG 6 Sumoylation alters the nuclear transport dynamics of NP. (A) A549 cells were infected with the WSN-WT or WSN-NPK4,7R virus at an MOI of 0.1; the cells
were collected and fixed at the times indicated and stained with an anti-NP monoclonal antibody and a goat anti-mouse–Alexa 488 secondary antibody. The
nuclei were stained with DAPI. At the very bottom are amplified images taken at 6 h postinfection. The subcellular distribution of NP was quantified by automatic
image analysis with the CellProfiler software (35). For each time point, 5 to 10 confocal images were analyzed. The means and 95% confidence intervals of nuclear
(B) or cytoplasmic (C) NP fluorescence intensity over the total NP fluorescent intensity from 30 to 100 infected cells are shown. Statistical significance was
determined by unpaired Student t tests (*, P � 0.05; ***, P � 0.001). (D) A549 cells were infected with the WSN-WT or WSN-NPK4,7R virus at an MOI of 0.1.
At 3 h after infection, the cells were treated with 10 nM LMB and fixed at the times indicated. Staining, imaging, and quantification of nuclear (E) or cytoplasmic
(F) NP were performed as described above.
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FIG 7 Sumoylation of NP enhances viral growth. (A) Plaque phenotypes of the WSN-WT and WSN-NPK4,7R viruses in A549 cells. (B) Growth curves of the
WSN-WT and WSN-NPK4,7R viruses. A549 cells were infected with either the WSN-WT or the WSN-NPK4,7R virus at an MOI of 0.001, and viral production at
the postinfection times indicated was determined by a plaque assay with MDCK cells. The means and standard deviations of three independent experiments are
shown. (C) Sequencing results of the NP-encoding gene from the WSN-NPK4,7R virus obtained from the cell supernatants in panel B at the times indicated. The
arrows indicate the reverse mutation of arginine at position 7 of NP. (D) PIASxa facilitates NP sumoylation. HA-tagged pcDNA3-PIASxa, PIASxb, PIAS1, PIAS3,
or PIAS4 was cotransfected with PCAGGS-NP, SUMO1, or SUMO1AA in the absence of Ubc9. The cells were lysed at 36 h after transfection and directly subjected
to Western immunoblotting (IB) with anti-NP monoclonal antibodies. The values to the left are molecular sizes in kilodaltons. (E) HA-tagged pcDNA3-PIASxa
and FLAG-tagged NP was either individually transfected or cotransfected into 293T cells. The cells were lysed at 36 h after transfection, and NP was immuno-
precipitated (IP) with anti-FLAG–agarose. The expression of HA-PIASxa, NP, and actin is shown (Input). (F) HA-tagged pcDNA3-PIASxa or E3 ligase-deficient
HA-PIASxamut was cotransfected with PCAGGS-NP, SUMO1, or SUMO1AA in the absence of Ubc9. The cells were lysed at 36 h after transfection and directly
subjected to Western immunoblotting with anti-NP monoclonal antibodies. Input of the whole-cell lysates were detected by immunoblot assays with anti-HA
polyclonal antibodies to show the expression of PIASxa and with anti-actin antibodies to show the loading controls. (G) PIASxa promotes viral growth. 293T cells
were individually transfected with pcDNA3 (vector) or PIASxa. At 24 h posttransfection, the cells were infected with the WSN-WT virus at an MOI of 0.001 and
the viral titers in the culture supernatant at the postinfection times indicated were determined by plaque assay with MDCK cells. The means and standard
deviations of three independent experiments are shown. A P value of �0.05 was considered significant (*, P � 0.05). (H) 293T cells were individually transfected
with pcDNA3 (vector), PIASxa, or PIASxamut. At 24 h posttransfection, the cells were infected with the WSN-WT or WSN-NPK4,7R virus at an MOI of 0.001 and
the viral titers in the culture supernatant at 48 h postinfection were determined by plaque assay with MDCK cells. The fold increase in WSN-WT or WSN-NPK4,7R

virus was determined by determining the viral titer of cells transfected with PIASxa or PIASxamut divided by that of cells transfected with the vector. The means
and standard deviations of three independent experiments are shown. A P value of �0.05 was considered significant (NS, not significant; *, P � 0.05).
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ated the interaction between NP and PIASxa in transfected cells.
Here, we found a strong interaction between NP and PIASxa.
Using an E3 ligase-negative mutant form of PIASxa, we showed
that PIASxa activity greatly contributed to viral replication. One
has to keep in mind that changes in the activity of E3 ligases may
also alter the sumoylation of other host proteins (30, 31), which
may in turn influence the infection cycle. However, we could show
that the virus titer enhancement mediated by PIASxa was pro-
nounced only for the WSN virus with sumoylation-competent NP
and not for the WSN-NPK4,7R virus, indicating that facilitation of
NP sumoylation is a predominant event for PIASxa during infec-
tion.

The functional outcome of SUMO modification is highly di-
verse and depends largely on the individual target protein (13).
The crystal structure of purified vRNP demonstrates that NP ho-
mo-oligomerizes to form a nonameric ring with a high affinity for
RNA (32). NP also directly interacts with the PB1 and PB2 pro-
teins for viral RNA replication (33). In addition to forming the
vRNP scaffold, NP is also involved in many virus-host interactions
(17). To investigate the role of sumoylation in NP functions, we
examined whether the sumoylation of NP affects viral RdRp ac-
tivity with a minireplicon system. However, there was no signifi-
cant difference in RdRp activity between the NP and NPK4,7R

minireplicons. Up- or downregulation of NP sumoylation by
overexpression of Ubc9 or SENP1, respectively, also had no effect
on luciferase expression, further confirming that the sumoylation
of NP had no or only a limited effect on viral RdRp activity. We
then determined whether sumoylation affects NP stability, as has
been demonstrated for NS1. However, in contrast to NS1, sumoy-
lation-defective NP and WT NP were equally stable. When we
compared the cellular localization of the WSN-WT and WSN-
NPK4,7R viruses in infected cells, we found more cytoplasmic lo-
calization and less nuclear localization of NPK4,7R than WT NP,
indicating that sumoylation regulates the intracellular trafficking
of NP in infected cells. However, the nuclear import of NP was
little affected by sumoylation, as NP from both sumoylation-com-
petent and -defective viruses localized in the nucleus after LMB
treatment. SUMO may, for instance, create new interfaces for NP
to interact with nuclear proteins which will act as nuclear scaffolds
to retain NP in the nucleus. It is also possible that the nuclear
export of NP was slowed down because of the increased molecular
weight of NP after sumoylation, so that sumoylation-defective NP
is exported into the cytoplasm more quickly and earlier than WT
NP. Further studies are required to understand the details of the
mechanisms involved.

The dynamic localization of influenza A virus NP is very im-
portant for viral replication. NP is detected in the nucleus at early
times postinfection but is distributed in the cytoplasm at late
stages postinfection (25). Sufficient nuclear retention of NP at the
early stage postinfection will guarantee adequate vRNP assembly
to form mature vRNPs. Interestingly, we observed that the su-
moylation of NP was lost when the sumoylation motif-containing
N terminus of NP was cleaved by caspase. As this process occurs in
the late stage of the infection cycle, when cell apoptosis takes place
(34), it appears that NP sumoylation is important within the virus
replication cycle and that caspase-dependent cleavage may serve
as an antiviral strategy to counteract NP sumoylation.

In summary, we identified the influenza A virus NP as a bona
fide target of sumoylation, which regulates the intracellular traf-
ficking of NP and efficient virus production. Our data strengthen

the concept that influenza A virus relies deeply on sumoylation to
survive in host cells. Strategies to downregulate viral sumoylation
could thus be a potential antiviral treatment.
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