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ABSTRACT
Swine H1N1/2009 influenza is a highly infectious respiratory disease in pigs, which poses a great threat to pig production
and human health. In this study, we investigated the global expression profiling of swine-encoded genes in response to
swine H1N1/2009 influenza A virus (SIV-H1N1/2009) in newborn pig trachea (NPTr) cells. In total, 166 genes were found
to be differentially expressed (DE) according to the gene microarray. After analyzing the DE genes which might affect the
SIV-H1N1/2009 replication, we focused on polo-like kinase 3 (PLK3). PLK3 is a member of the PLK family, which is a highly
conserved serine/threonine kinase in eukaryotes and well known for its role in the regulation of cell cycle and cell
division. We validated that the expression of PLK3 was upregulated after SIV-H1N1/2009 infection. Additionally, PLK3
was found to interact with viral nucleoprotein (NP), significantly increased NP phosphorylation and oligomerization,
and promoted viral ribonucleoprotein assembly and replication. Furthermore, we identified serine 482 (S482) as the
phosphorylated residue on NP by PLK3. The phosphorylation of S482 regulated NP oligomerization, viral polymerase
activity and growth. Our findings provide further insights for understanding the replication of influenza A virus.
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Introduction

Swine influenza (SI) is an acute and highly contagious
respiratory disease of pigs caused by the influenza A
virus (IAV) that regularly causes outbreaks of
influenza in pigs. SI is often characterized by rapid
onset of high fever, lethargy, loss of appetite, laboured
abdominal breathing, and coughing, but causes few
deaths in pigs [1]. However, swine influenza virus
(SIV) infection can readily predispose to secondary
bacterial and viral infections, resulting in prolonged
respiratory disease and increased mortality. More
seriously, SIV poses health challenges to humans on
a global scale. Pigs express both human- and avian-
type influenza virus receptors on tracheal epithelial
cells and can be naturally and experimentally infected
with avian influenza viruses and human influenza
viruses, supporting the concept of their role as mixing
vessel in the generation of novel viruses to which
humans are immunologically naïve and highly suscep-
tible [2]. The most recent influenza pandemic emerged
from swine in 2009 when a novel reassorted virus,

swine origin influenza A (H1N1) virus (S-OIV, now
known as pH1N1 2009), spread to more than 200
countries and caused more than 18,000 human deaths
worldwide by August 2010 (https://www.who.int/csr/
don/2010 08 06/en/).

Influenza viruses exploit cell machinery to com-
plete the viral life cycle in the host. Identifying the
host molecules that participate in virus replication
could provide valuable new targets for antiviral
therapy. Genome-wide screens have been used to pro-
vide a global view of all the host factors involved in
replication of a particular pathogen. For influenza
virus, five high-throughput RNA interference or
expression profiling screens have been performed in
human cells or Drosophila cells, which have defined
the cellular network involved in the human influenza
virus replication cycle and identified thousands of
host factors that may serve as potential antiviral
drug targets [3–7]. However, genome-wide inter-
actions between swine influenza virus and swine
cells have not been extensively studied.
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In this study, we identified PLK3 as a positive regu-
lator for IAV replication. Our studies found that PLK3
significantly promoted virus replication by interacting
with and phosphorylating NP protein. Furthermore,
we demonstrated that PLK3 phosphorylated NP at
S482, which played an important role in polymerase
activity and viral ribonucleoprotein assembly. Impor-
tantly, we found that phosphorylation of NP S482
was important for influenza virus replication both in
vitro and in vivo. Thus, we propose that PLK3 is a posi-
tive regulator that promotes virus replication by phos-
phorylating NP, all these findings suggest that PLK3
is crucial for influenza A virus replication.

Material and methods

Ethics statements

This study was conducted in strict accordance with the
recommendations provided in the Guide for the Care
and Use of Laboratory Animals of the Ministry of
Science and Technology of the People’s Republic of
China. Animal experiments were approved by the
Hubei Administrative Committee for Laboratory Ani-
mals (202304250002).

Cells, viruses and reagents

NPTr cells, Porcine kidney cells (PK-15), and Human
embryonic kidney HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
(HyClone, Logan, UT, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (PAN-Bio-
tech, Germany), and maintained at 37°C in a
humidified 5% CO2 incubator (Sanyo, Osaka, Japan).
All cells were confirmed to be free of mycoplasma
for the entire study. NPTr cells were established fol-
lowing serial culture of primary cells derived from tra-
chea tissues, and various influenza virus subtypes
isolated from human, swine and avian species could
replicate efficiently with cytopathic effect in NPTr
cells [8]. PK-15 and HEK293T were purchased from
ATCC (American Type Culture Collection, Manassas,
VA, USA). A/swine/Nanchang/F9/2010 (H1N1)
(GenBank accession number JF275925-JF275932), a
pandemic (H1N1) 2009 influenza virus, was isolated
in swine herds by our lab [9]. The virus could replicate
efficiently in NPTr cells with 0.25 μg/mL of L-tosyla-
mide-2-phenylethyl chloromethyl ketone (TPCK)-
treated trypsin (Sigma, St. Louis, MO, USA).

siRNA and plasmids construction

The siRNA duplexes against PLK3 (siPLK3) were
designed according to previously validated duplexes
for human PLK3 [6]. siPLK3 and the negative control
duplexes (NC, a nontarget siRNA) were synthesized

by GenePharma (Shanghai, China). To construct the
PLK3-HA and PLK3-Flag expression plasmids, the cod-
ing regions of PLK3 were PCR-amplified from cDNA
derived from NPTr cells and cloned into pCAGGS-
HA or p3XFLAG-CMV-13 vectors. The cDNA clones
of SIV-H1N1/2009 PB1, PB2, PA and NP were separ-
ately inserted into pCAGGS-HA vector to generate
viral RNA expressing plasmids PB1-HA, PB2-HA, PA-
HA and NP-HA. All mutated plasmids of NP (NP
S467A, NP S67E, NP S482A and NP S482E) were
derived fromNP-HA plasmid. Themutation introduced
in each construct was confirmed by sequencing.

Transfection and infection

NPTr cells were grown to 80% confluence and sub-
sequently transfected with plasmids and/or siRNA
using Lipofectamine 6000 or Lipofectamine 8000
(Invitrogen) according to the manufacturer’s protocol.
Transfected or untransfected NPTr cells were firstly
washed with phosphate-buffered saline (PBS), then
infected with SIV-H1N1/2009 at a multiplicity of
infection (MOI) of 0.01. After one hour, the cells
were re-suspended in DMEM with 0.25 μg/mL of
TPCK-treated trypsin, and collected at the indicated
time points postinfection. All experiments referring
to SIV-H1N1/2009 infection were performed in a bio-
logical safety cabinet.

Microarray analysis

To identify the genes expression profile after SIV-
H1N1/2009 infection in cells at 36 h, gene microarray
was meanwhile performed by Shanghai Biotechnology
Corporation (Shanghai, China). Two pools of total
RNA were extracted from the infected and uninfected
cells at 36 h using TRIzol Reagent (Invitrogen, USA)
according to the manufacturer’s protocol. After qual-
ity control, the total RNA were amplified, labelled
and purified by using GeneChip 3’IVT Express Kit
(Affymetrix, Santa Clara, CA, US) to obtain the biotin
labelled cRNA which was then hybridized to Porcine
Gene 1.0 ST Array (Affymetrix, Santa Clara, CA,
US) containing a total of 24,192 probe sets which pre-
sented 20,201 genes and 220 controls. The hybridiz-
ation, washing and staining were performed using
Affymetrix GeneChip Hybridization, Wash and Stain
Kit in the Affymetrix Hybridization Oven 645 and
Affymetrix Fluidics Station 450. The slides were
scanned by the Affymetrix GeneChip Scanner 3000,
and the scanned images were quantified by the
Affymetrix Command Console Software 3.1. The raw
data were then loaded to the GeneSpring 11.0 (Agilent
technologies, Santa Clara, CA, US) and normalized by
the Affymetrix Microarray Analysis Suite (MAS) 5.0
algorithm. Expression profiles were analyzed using R
programming language of the SBC Analysis System
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2.9 software package (Shanghai Biotechnology Cor-
poration, Shanghai, China), and p < 0.05 was con-
sidered statistically significant. The fold change
(FC)≥ 2 was identified to be differentially expressed
in infected cells compared with that in uninfected
cells. The differentially expressed (DE) genes were
grouped into functional categories based on the
Gene Ontology database (GO: http://www.
geneontology.org/), and the KEGG pathway analysis
was performed with the online SBC analysis system.
The gene microarray data had been deposited in
NCBI’s Gene Expression Omnibus (GEO) database
and were accessible through GEO Series accession
number GSE96952.

RNA extraction, reverse transcription (RT) and
quantitative real-time PCR (qRT-PCR)

RNA extraction was performed using TRIzol Reagent
(Invitrogen, USA) following the manufacturer’s pro-
tocol. DNase I (Ambion, Austin, TX, USA) digestion
was carried out after RNA isolation. Both RNA con-
centration and purity (A260/280) were evaluated by
a NanoDrop spectrophotometer (NanoDrop Technol-
ogies, Wilmington, DE, USA). Equal amounts of RNA
were reverse transcribed to cDNA using AMV reverse
transcriptase (Takara, Kyoto, Japan) in accordance
with the manufacturer’s instructions. The RT primers
for genes were universal primers oligo (dT)18. Other-
wise, RNA samples were stored at −80°C until further
use. Microarray results were validated by qRT-PCR
using FastStart Universal SYBR Green Master
(Roche, Mannheim, Germany) on an ABI ViiA7
instrument (Applied Biosystems, Foster City, CA,
USA). The 20 μL reactions mixture included 1 μL
cDNA products, 0.5 μL forward primers and reverse
primers, 10 μL SYBR green mix, and 8 μL DNase/
RNase-free deionized water. All primers were
designed using Primer Premier 5.0 software based
on the sequences of corresponding mRNAs in Gene-
Bank (Table S1). PCR reactions were performed in tri-
plicate to guarantee the reproducibility of
amplification of each sample. The relative expression
levels were measured in terms of threshold cycle
value and normalized to GAPDH expression using
2−△△CT method [10].

Western blotting and coimmunoprecipitation
assays

After transfection and/or infection, cells were col-
lected and lysed with Mammalian Protein Extraction
Reagent (Cwbio, Beijing, China). Then the concen-
tration of total proteins was determined using Brad-
ford Protein Assay Kit (Beyotime, Shanghai, China).
Equal quantity of protein was separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) and transferred to the
nitrocellulose membrane (GE Life Science, Piscat-
away, NJ, USA). Followed by being blocked in 1%
bovine serum albumin (BSA), the membranes were
then incubated with relevant antibodies. The anti-
bodies against PLK3 and GAPDH were purchased
from Abclonal Technology (Wuhan, China). Rabbit
polyclonal antibody against SIV-H1N1/2009 NP was
purchased from GeneTex, Inc (San Antonio, TX,
USA). Horseradish peroxidase-conjugated anti-
mouse/rabbit secondary antibodies (Abclonal,
Wuhan, China) were used to visualize the proteins,
and the protein blots were detected using enhanced
chemiluminescence reagent (Advansta, Menlo Park,
CA, USA). For coimmunoprecipitation assays, col-
lected cells were washed with PBS and lysed with
lysis buffer (Beyotime, Shanghai, China) containing
CompleteTM protease inhibitor cocktail (B14001, Bio-
tool, USA) at 24 h post transfection. Then each lysate
was incubated with the relevant antibodies at 4°C
overnight with gentle shaking. Protein A/G agarose
beads (Bimake, Houston, TX, USA) were added, and
the samples were incubated for another 3 h. The agar-
ose beads were subsequently collected by centrifu-
gation and washed three times with lysis buffer. The
bound proteins were eluted by boiling with SDS-
PAGE loading buffer for 5 min and then subjected
to western blotting.

Minireplicon assay

Polymerase activity was measured by a minireplicon
assay. vRNP recombinant system expression plasmids
(pCDNA3.1-PB1, pCDNA3.1-PB2, pCDNA3.1-PA),
tagged plasmid (NP-HA or its mutants NP S482A-
HA, NP S482E-HA), pPolI-luc and Renilla fluor-
escence expression plasmids were transfected into
HEK293T cells. The luciferase activity was then deter-
mined according to the manufacturer’s protocol using
the Dual-Luciferase Reporter Assay System (Promega,
USA) at 24 h posttransfection. Renilla luciferase was
used as a standardized internal control. All data
were shown as relative firefly luciferase activity nor-
malized to Renilla luciferase activity.

Virus rescue and growth curves

The recombinant virus including wild-type (WT) NP
and NP mutants (NP S482A and NP S482E) from
SIV-H1N1/2009 or Hunan-H1N1/2015 were gener-
ated using an 8-plasimid (PB1, PB2, PA, HA, NA,
M, NS from PR8, and NP S482A and NP S482E)
reverse genetic system [11]. Briefly, HEK293T cells
grown to 70–80% confluence were transfected with
the 8 indicated plasmids of the virus rescue system
and incubated overnight at 37°C. Then, MDCK cells
were added and transferred to a small flask with
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HEK293T cells. Six hours later, the medium was
replaced with serum-free medium containing 2.5 μg/
mL TPCK-treated trypsin. The cells were further cul-
tured for 3–4 days at 37°C in 5% CO2, and the super-
natant containing the recombinant viruses was
harvested and centrifuged at 3000 rpm for 10 min to
remove cell debris. Amplification of viruses was per-
formed in embryonated chicken eggs, and the identi-
ties of the viruses were confirmed by sequencing the
NP gene. To determine the growth kinetics of the res-
cued viruses, confluent monolayers of PK-15 were
infected at a MOI of 0.01 and incubated at 37°C. At
12, 24, and 36 h postinfection, 150 μL of the cellular
supernatant was harvested and stored at −80°C until
further analysis. TCID50 assays were performed in
PK-15 cells to determine virus titres of SIV-H1N1/
2009 and the recombinant viruses.

Cell viability assay

In order to ensure the effect of PLK3 silencing on cell
proliferation, the cell viability of NPTr cells trans-
fected with siPLK3 or NC were monitored by Cell
Counting Kit-8 (CCK-8, Dojindo Molecular Technol-
ogies, Kumamoto, Japan) analysis according to the
manufacturer’s instructions. In brief, NPTr cells in
96-well plates were transfected with siPLK3 or NC,
and the cell viability was measured at 24, 36, and 48
h posttransfection. CCK-8 reagent was added to each
well of a plate, and the absorbance at 450 nm was
detected by a microplate reader after 1 h of incubation.

Pathogenicity study in mice

The virus titres of NP WT, NP S482A and NP S482E
were determined by calculating log10TCID50/mL
using the Reed and Muench method, then uniformly
infected mice with 104 TCID50/mL. Groups of ten 5-
week-old female BALB/c mice were lightly anaesthe-
tized with CO2 and inoculated intranasally with NP
WT, NP S482A, NP S482E and PBS in a volume of
200 μL. Mice were monitored daily for weight loss
and mortality for 14 days. Mice that lost≥30% of initial
weight were humanely euthanized. To determine virus
replication, groups of six BALB/c mice were intrana-
sally inoculated with the indicated doses of NP WT,
NP S482A and NP S482E diluted in PBS and were
euthanized on 3 and 5 days postinfection.

Statistical analysis

All assays were performed in three biological replicates
and the results shown were representative of at least
three independent experiments. Data were shown as
means ± standard deviation. Statistical analysis was
performed by Student’s t-test using the GraphPad
Prism 7 software (GraphPad Software Inc., San Diego,

CA, USA). A p value below 0.05 was considered statisti-
cally significant and the asterisks in all figures are
defined, * p < 0.05, ** p < 0.01, *** p < 0.001.

Results

Screening host genes involved in SIV-H1N1/
2009 infection

In order to screen the host genes involved in SIV-
HIN1/2009 infection, the genome-wide expression
profile was investigated by carrying out a gene microar-
ray. Based on threshold of fold change ≥2 and P-value
<0.05, a total of 554 transcripts were identified to be
differentially expressed in infected cells compared
with that in uninfected cells after quantile normaliza-
tion and statistical analysis. However, only 166 out of
554 DE transcripts could be functionally annotated,
and among these functional host genes, 89 were upre-
gulated and 77 were downregulated (Table S2). Gene
ontology (GO) and pathway enrichment analysis were
conducted to explore functions of these 166 DE genes
in response to SIV-H1N1/2009 infection. In order to
confirm the above analysis of overall changes in host
genes expression after SIV-H1N1/2009 infection, we
selected 10 DE genes randomly to confirm their
expression levels by a qRT-PCR method. As shown in
Figure S1, VNN2, CSF2, JUN, FOS, MYBL2, E2F1,
PLK3 and DUSP5 in infected cells expressed higher
than that in uninfected cells, whereas ADAMTS1 and
PRSS35 were downregulated compared with the unin-
fected control (Figure S1A), which were consistent
with the gene microarray analysis.

To identify which of these DE genes may play an
important role in influenza virus replication, we com-
pared the 166 DE genes selected by the gene microar-
ray with those identified genes in previous screens [3–
7,12], and a total of 24 DE genes were found to be
potential genes involved in SIV-H1N1/2009 replica-
tion (Table S3). Of note, PLK3 and JUN, among
these 24 DE genes, were found in two genome-wide
RNAi screens [6,7]. Additionally, PLK3 had been vali-
dated to promote influenza virus replication [13], but
the exact mechanism was still unknown. Therefore, we
selected PLK3 for further analysis.

PLK3 is upregulated after SIV-H1N1/2009
infection and promotes virus replication

According to the gene microarray, PLK3 was found to
be upregulated (FC = 3.985, p = 0.029) (Table S2). To
further explore the expression patterns of PLK3
upon influenza virus infection, NPTr cells were
infected or uninfected with SIV-H1N1/2009, and the
mRNA levels of PLK3 were subsequently measured
by qRT-PCR at 0, 12, 24, 36, and 48 h postinfection.
Meanwhile, the protein levels of PLK3 were also
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evaluated by western blotting. These results showed
that the mRNA and protein levels of PLK3 were sig-
nificantly upregulated from 24 to 48 h postinfection
compared with that in uninfected cells (Figure 1A),
implying that PLK3 might play a role in influenza
virus.

It was reported that knockdown of PLK3 could
reduce the replication of human influenza virus in
A549 cells by two genome-wide RNAi screens [6,7],
which was validated by Pohl et al. [13]. To confirm
the effect of PLK3 on SIV replication in porcine
cells, we overexpressed pCAGGS-HA-PLK3 expres-
sing plasmid and silenced PLK3 with PLK3-specific
siRNA in NPTr cells, followed by SIV-H1N1/2009
infection. The intracellular mRNA and protein levels
of viral nucleoprotein (NP) were respectively deter-
mined by qRT-PCR and western blotting at 36 h post-
infection. In PLK3-overexpression cells, viral NP
mRNA and protein levels were dramatically elevated
(Figure 1B), whereas knockdown of PLK3 had the
contrary effect on viral NP levels (Figure 1C). In
addition, the supernatants were harvested and sub-
jected to TCID50 analysis to evaluate the titres of
SIV-H1N1/2009 at different time points (24, 36, and
48 h) postinfection. The results revealed that viral
growth was remarkably reduced in the PLK3-silenced
cells (Figure 1D). To exclude that the inhibition of
viral growth might be due to reduced cell viability,
we assessed the impact of PLK3 silencing on cell viabi-
lity in the absence of virus infection. The data showed
that the cell viability of PLK3-silenced NPTr cells were
comparable with that of mock-treated cells at 24, 36,
and 48 h posttransfection (Figure S2A). In addition,
we used a PLK3 inhibitor GW843682X [14], which
was a special inhibitor of PLK3 kinase activity, to ver-
ify the proliferation of SIV-H1N1/2009 when treated
with the inhibitor. In order to select an appropriate
concentration, we used 0.1, 1, and 10 µM
GW843682X and DMSO as a control to treat PK-15
cells, after treatment of 48 h, CCK-8 reagent was
used to detect cell viability. The results showed that
0.1, 1, and 10 µM GW843682X had no obvious
effects on cell viability (Figure S2B). Therefore, we
chose the concentration of 10 µM for subsequent
experiments. PK-15 cells were pretreated with
DMSO (0.1%) or GW843682X (10 µM) for 2 h, then
infected with SIV-H1N1/2009 (0.01 MOI), the super-
natants at 12, 24, 36, and 48 h postinfection were col-
lected for TCID50 determination to evaluate the titres
of SIV-H1N1/2009. The results showed that after trea-
ted with GW843682X, the virus titres were signifi-
cantly reduced (Figure 1E). Taken together, these
results demonstrate a positive regulatory role of
PLK3 in SIV-H1N1/2009 replication.

Besides, we would like to investigate the impact of
PLK3 on the replication of influenza viruses from var-
ious sources. Initially, we conducted a comparison of

the homology between swine PLK3 and human
PLK3 sequences. According to the analysis performed
on the Uniprot website, the amino acid sequence hom-
ology between swine PLK3 and human PLK3 was
determined to be 92.26%. This high level of homology
suggests that PLK3 potentially plays a significant role
in the replication process of influenza viruses from
diverse origins. Next, we investigated the effects of
PLK3 on influenza virus replication in different
hosts, including avian influenza (SH13/H9N2) and
human influenza (Hunan/H1N1) viruses. We used
CRISPR-Cas9 gene editing technology to knock out
PLK3 of the PK-15 cells, as shown in Figure 1F, the
monoclonal cell line PLK3-KO-2 with better knockout
effect was selected for the follow-up experiments
(Figure 1F). We infected the two different influenza
viruses respectively with PK-15-WT or PK-15-PLK3-
KO cell lines, then collected the supernatants and per-
formed TCID50 analysis to evaluate titres at different
time points (12, 24, 36, and 48 h) after infection.
The results showed that both viral growth of avian
influenza (SH13/H9N2) and human influenza
(Hunan/H1N1) were significantly reduced in PLK3-
KO cell lines compared to WT cell lines (Figure 1G,
H), suggesting that PLK3 plays an important regulat-
ory role in the replication of influenza viruses in differ-
ent hosts.

PLK3 interacts with PB1, PB2 and NP proteins,
and promotes NP phosphorylation level

As known, influenza viral ribonucleoprotein plays an
important role in virus replication. In order to explore
whether PLK3 positively regulating SIV-H1N1/2009
replication is related with viral ribonucleoprotein, we
first determined whether PLK3 could interact with
the components of ribonucleoprotein. HEK293T
cells were cotransfected with PLK3-Flag and PB1-
HA, PB2-HA, PA-HA, or NP-HA, respectively, fol-
lowed by performing co-immunoprecipitation (Co-
IP) assays using anti-Flag monoclonal antibody. Wes-
tern blot analysis revealed that PB1, PB2, and NP were
coprecipitated by PLK3, whereas PA was not copre-
cipitated by PLK3 (Figure 2A–D), demonstrating
that PLK3 interacted with PB1, PB2, and NP. In
addition, we also performed the interaction between
endogenous PLK3 and viral proteins in the context
of viral infections. Consistent with previous results,
endogenous PLK3 can interact with PB1, PB2 and
NP in the context of viral infections (Figure 2E),
while it has no obvious interaction with other viral
proteins such as PA, NA, HA, M2, and NS1 (data
not shown).

Considering that PLK3 is a serine/threonine kinase
and phosphorylation of viral proteins regulates the life
cycle of influenza virus, we then wondered whether
PLK3 had an impact on the phosphorylation of viral
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Figure 1. PLK3 promoted SIV-H1N1/2009 replication. (A) PLK3 was upregulated after SIV-H1N1/2009 infection. NPTr cells were
uninfected or infected with SIV-H1N1/2009 at a MOI of 0.01 and harvested at 0, 12, 24, 36, and 48 h postinfection, respectively.
The mRNA levels of PLK3 were determined by qRT-PCR and normalized to GAPDH. All results were standardized to 1 in uninfected
cells for each time point. The protein levels of PLK3 were determined by western blotting and normalized to β-actin. (B) Effects of
PLK3 overexpression on NP. NPTr cells were transfected with pCAGGS-HA-PLK3 for 24 h, then infected with SIV-H1N1/2009 at a
MOI of 0.01 for 36 h. The mRNA levels and protein levels of viral NP were respectively measured by qRT-PCR and western blotting,
and normalized to GAPDH. (C) Effects of siPLK3 on NP. NPTr cells were transfected with siPLK3 for 24 h, then infected with SIV-
H1N1/2009 at a MOI of 0.01 for 36 h. The mRNA levels and protein levels of viral NP were respectively measured by qRT-PCR and
western blotting, and normalized to GAPDH. (D) The growth curves of SIV-H1N1/2009 in NPTr cells after siPLK3 treated. NPTr cells
were transfected with siPLK3 or negative control (NC), then infected with SIV-H1N1/2009 at a MOI of 0.01. Cell supernatants were
collected at 24, 36, and 48 h post-infection. The virus titres were assessed by TCID50 assays on PK-15 cells. The protein levels of
PLK3 at different time points were measured by western blotting. (E) The growth curves of SIV-H1N1/2009 in PK-15 cells after PLK3
inhibitor (GW843682X) treated. PK-15 cells were treated with GW843682X (10 µM) or DMSO (0.1%) for 2 h, then infected with SIV-
H1N1/2009 at a MOI of 0.01. Cell supernatants were collected at 12, 24, 36, and 48 h postinfection. The virus titres were assessed
by TCID50 assays on MDCK cells. Data were shown as means ± standard deviations (n = 3). Statistical significance was analyzed by
Student’s t-test, * p < 0.05, ** p < 0.01, ns represented no significance. (F) PK-15- PLK3-KO- cell lines were obtained by using the
CRISPR/Cas9 system. The PLK3-knockout effects were measured by western blotting. (G) The growth curves of SH13/H9N2 in PK-15
cells. PK-15 WT cell line and PLK3-KO cell line were infected with SH13/H9N2 virus at a MOI of 0.01. Cell supernatants were col-
lected at 12, 24, 36, and 48 h post-infection. The virus titres were assessed by TCID50 assays on PK-15 cells. (H) The growth curves of
Hunan/H1N1 in PK-15 cells. PK-15 WT cell line and PLK3-KO cell line were infected with Hunan/H1N1 virus at a MOI of 0.01. Cell
supernatants were collected at 12, 24, 36, and 48 h post-infection. The virus titres were assessed by TCID50 assays on PK-15 cells.
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ribonucleoprotein subunits. Firstly, PLK3-Flag were
cotransfected with PB1-HA, PB2-HA, PA-HA, or
NP-HA in HEK293T cells, respectively. Then, all cell
lysates were immunoprecipitated with anti-HA agar-
ose, and the phosphorylation of PB1, PB2, PA, and
NP were detected by immunoblotting with the anti-
serine/threonine pan-phosphorylated antibodies. As
the results shown, PLK3 had no significant effect on

the phosphorylation levels of PB1 and PA, had only
a little effect on the phosphorylation levels of PB2,
but significantly increased the serine/threonine phos-
phorylation levels of NP (Figure 2F–I). In conclusion,
PLK3 interacts with NP and stimulates NP phos-
phorylation. Hence, we hypothesize that PLK3 might
execute its proviral role through the regulation of
influenza viral NP functions.

Figure 2. PLK3 interacted with NP and promoted NP phosphorylation. (A, B, C, and D) Interactions between PLK3 and viral RNP
components. The expression plasmid of PLK3-Flag was respectively cotransfected with PB1-HA (A), PB2-HA (B), PA-HA (C), or
NP-HA (D) in HEK293T cells. The cell lysates were collected at 24 h post-transfection. Co-IP assays were performed using an
anti-Flag antibody to precipitate viral RNP components which interacted with PLK3, followed by western blotting to detect
PLK3 using an anti-Flag antibody and PB1, PB2, PA, and NP using an anti-HA antibody. GAPDH served as a loading control
in all of these experiments. (E) Interactions between endogenous PLK3 and viral RNP components in the context of viral infec-
tions. NPTr cells were infected with SIV-H1N1/2009 at a MOI of 0.01. The cell lysates were collected at 24 h post-infection. Co-IP
assays were performed using anti-IgG and anti-PLK3 antibodies to precipitate viral RNP components which interacted with
PLK3, followed by western blotting to detect PLK3 using an anti-PLK3 antibody and PB1, PB2, PA, and NP using endogenous
antibodies. GAPDH served as a loading control in all of these experiments. (F, G, H, and I) Effects of PLK3 on the phosphoryl-
ation of viral RNP components. The expression plasmid of PLK3-Flag was respectively cotransfected with PB1-HA (F), PB2-HA
(G), PA-HA (H), or NP-HA (I) in HEK293T cells. The cell lysates were collected at 24 h posttransfection, then, PB1-HA, PB2-HA,
PA-HA, and NP-HA were immunoprecipitated with an anti-HA antibody, and the associated phosphorylated serine/threonine of
PB1, PB2, PA, and NP were detected using anti-p-serine/threonine antibodies. GAPDH served as a loading control in all of these
experiments.
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PLK3 facilitates NP oligomerization and viral
ribonucleoprotein assembly

To further explore the phosphorylation between
PLK3-targeted NP, we assessed the impact of PLK3
on NP phosphorylation levels while using the inhibi-
tor GW843682X [14]. The data showed that the level
of NP phosphorylation was significantly reduced
with the inhibitor GW843682X treatment compared
with the control group (Figure 3A). The results indi-
cate that PLK3 can regulate the phosphorylation
level of NP.

It was reported that NP phosphorylation regulated
its oligomerization, this led us to question whether
PLK3 influences NP oligomerization [15]. To validate
this idea, Co-IP of NP-HA and NP-Flag with or with-
out PLK3 was performed. HA-tagged beads were used
to coprecipitate NP-Flag which was associated with
NP-HA. The results showed that more NP-Flag was
detected in a dose-dependent manner in the presence
of PLK3 compared with that in the absence of PLK3
(Figure 3B), suggesting that PLK3 enhanced NP
oligomerization.

NP assembles with viral RNA and three subunits of
the polymerase into a vRNP complex, and NP
polymerization is crucial for maintaining the structure
of the vRNP complex [16]. Therefore, we hypothesized
that PLK3 might affect the assembly of vRNP. A vRNP
reconstitution system in which NP was substituted
with an expression plasmid NP-HA was used to imi-
tate the functional vRNA complex, then a Co-IP
assay was carried out using HA-tagged beads to pre-
cipitate PA and the amount of precipitated PA rep-
resented the efficiency of vRNP assembly (the role of
the Pol I plasmid is to provide vRNAs, which together
with the viral polymerase to forms vRNP). As
expected, the amount of PA precipitated by NP-HA
was clearly increased with an increasing dose of
PLK3 (Figure 3C), indicating that PLK3 can facilitate
vRNP assembly. Furthermore, we verified the effect
of PLK3 on viral polymerase activity, a minireplicon
assay was carried out to determine the effect of
PLK3 on the viral polymerase activity. The data
showed that PLK3 promoted viral polymerase activity
in a dose-dependent manner (Figure 3D). Taken
together, these findings suggest that PLK3 is capable
of enhancing the vRNP assembly and the polymerase
activity of SIV.

PLK3 phosphorylated NP protein at serine 482

It has been confirmed in the previous section of this
study that PLK3 can phosphorylate NP. To further
investigate this, we predicted the potential phos-
phorylation sites on NP. We used the NetPhos 3.1 ser-
ver (http://www.cbs.dtu.dk/services/NetPhos/), which
employs ensembles of neural networks to perform

this prediction. Higher scores indicate a greater poten-
tial for residues to be phosphorylated, with scores
above 0.5 being considered as the threshold. As a
result, a total of 64 potential serine/threonine phos-
phorylated sites in SIV-H1N1/2009 viral NP were pre-
dicted (data not shown), of which 18 sites with a score
of >0.5 were considered to get phosphorylated with
high potential (Table S4). In addition, the consensus
sequence for PLK3 phosphorylation was reported as
E(D/E)xS/Tx(D/E) [17]. Among the 18 residue sites,
only serine 467 and serine 482 were correspondent
with the consensus sequence, indicating that PLK3
might phosphorylate NP at serine 467 or/and serine
482 (Figure 4A).

Then, we performed sequence alignments of avian,
human, and swine influenza A viruses using MegA-
lign. We found that the residue serine 467 was con-
served in at least 97% of the analyzed avian, human,
and swine isolates. Similarly, the residue serine 482
was also conserved in at least 97% of the analyzed
avian and human isolates, and in 89% of the swine iso-
lates (Figure 4B,C). The results demonstrated that
residues serine 467 and 482 were both highly con-
served among different species of influenza A viruses.
To further verify whether residues S467 and S482 were
actual phosphorylation sites of PLK3 on NP, an ala-
nine (A) substitution at S467 or S482 was introduced
to mimic the dephosphorylated residue. We observed
that the impact of PLK3 on NP serine phosphorylation
was less significant when the S467 residues were
dephosphorylated (S467A) compared to wild-type
NP. However, PLK3 significantly suppressed NP ser-
ine phosphorylation levels when the S482 residue
was dephosphorylated (S482A) (Figure 4D). To quan-
tify these findings, we measured the grayscale values of
each experiment. The results indicated that NP S482
was the phosphorylation site targeted by PLK3, while
NP S467 was not (Figure 4D). Based on these results,
we selected site S482 for further investigation.

Effect of NP S482 phosphorylation on SIV-
H1N1/2009 replication

Existing studies suggests that phosphorylation sites
(S165, S407 and S486) on opposite sides of the NP:
NP interface played important roles in the regulation
of NP oligomerization [18], and NP S482 is close to
the key region. Therefore, we assessed the effect of
S482 phosphorylation on NP oligomerization. We
constructed different mutants at the NP S482 site,
S482A and S482E, to simulate dephosphorylation
and sustained phosphorylation states, respectively.
The HA-tagged and Flag-tagged NP expression plas-
mids or its mutants were cotransfected, then Co-IP
assays were performed using HA-tagged beads. As
expected, the amount of NP S482A-Flag coprecipi-
tated by NP S482A-HA was slightly less than that of
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Figure 3. PLK3 promoted NP oligomerization, vRNP assembly and viral polymerase activity. (A) PLK3 inhibitor (GW843682X)
blocked NP phosphorylation. The expression plasmid of NP-HA was co-transfected with PLK3-Flag in HEK293T cells with or without
GW843682X treatment for 2 h posttransfection. Co-IP assays were performed using an anti-HA antibody. The phosphorylated ser-
ine/threonine of NP were detected by western blotting with an anti-p-serine/threonine antibodies, and the total NP was detected
with an anti-HA antibody. (B) The effect of PLK3 on NP oligomerization. Expression plasmids of PLK3-Flag (0, 0.5, and 1 µg), NP-
Flag and NP-HA were cotransfected in HEK293T cells which were then lysed at 24 h posttransfection. Co-IP was performed using
an anti-HA antibody followed by western blotting. The band intensities were quantified by ImageJ, and the relative precipitated
NP-Flag/NP-HA ratios were shown below. (C) The effect of PLK3 on vRNP assembly. HEK293T cells were transfected with the vRNP
reconstitution plasmids (pCDNA-PA, pCDNA-PB1, pCDNA-PB2, pCAGGS-HA-NP), and pPol I plasmid together with PLK3-Flag (0, 0.5,
and 1 µg). Cells were then lysed at 24 h post-transfection. Co-IP was performed using an anti-HA antibody followed by western
blotting. The band intensities were quantified by ImageJ, and the relative precipitated PA/NP-HA ratios were shown below.
GAPDH was used as a loading control in all of these experiments. (D) The effect of PLK3 on viral polymerase activity. HEK293T
cells were transfected with plasmids (pCDNA-PA, pCDNA-PB1, pCDNA-PB2, pCAGGS-HA-NP), pPolI-firefly and Renilla luciferase
expression plasmids along with Flag-PLK3 (0.05, 0.1 and 0.2 µg or vector). The luciferase activity was measured at 24 h after
the transfection. The proteins expression of NP and PLK3 were detected by western blotting. GAPDH was used as a control.
Data were shown as means ± standard deviations (n = 3). Statistical significance was analyzed by Student’s t-test, * p < 0.05, **
p < 0.01, ns represented no significance.

Emerging Microbes & Infections 9



NP-Flag coprecipitated by NP-HA, while the amount
of NP S482E-Flag coprecipitated by NP S482E-HA
was significantly more than that of NP-Flag coprecipi-
tated by NP-HA (Figure 5A). To further determine
whether S482 phosphorylation modulated NP aggre-
gation, we employed the semi-denaturing detergent
agarose gel electrophoresis (SDD-AGE) analysis. The
results showed that NP S482E could promote NP

aggregation while NP S482A significantly attenuated
NP aggregation (Figure 5B). Together, these results
demonstrate that phosphorylation of NP at S482
stimulates NP oligomerization.

Similarly, as phosphorylation of NP at S482 can
facilitate NP oligomerization, we proposed that the
NP S482 phosphorylation could potentially enhance
vRNP assembly. Then a Co-IP experiment was

Figure 4. Identification of phosphorylation sites of PLK3 in NP. (A) The consensus sequence of PLK3 phosphorylation. The NP S467
and S482 sites were correspondent with the consensus sequence. (B and C) Residues S467 and S482 are highly conserved among
different species of H1N1 influenza A viruses. The sequence alignments of avian, human, and swine H1N1 influenza A viruses were
performed and analyzed by MegAlign. (D) Effects of PLK3 on S467 and S482 phosphorylation of NP. The expression plasmid of
PLK3-Flag was co-transfected with NP-HA or NP mutants (NP S467A and NP S482A) in HEK293T cells. Co-IP assays were performed
using an anti-HA antibody. The phosphorylated serine of NP was detected by western blotting with anti-p-Ser antibody, and the
total NP was detected with an anti-HA antibody. GAPDH served as a loading control (left). The band intensities were quantified by
ImageJ, and the grayscale values of each experiment was statistically analyzed by Graphpad (right, n = 3).
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Figure 5. Effects of NP S482 phosphorylation on SIV-H1N1/2009 replication. (A) The effect of NP S482 phosphorylation on NP
oligomerization. HEK293T cells were co-transfected with HA-tagged and Flag-tagged expression plasmids of NP or its mutants
(NP S482A and NP S482E), then cell lysates were collected at 24 h post-transfection. Co-IP assay was performed using an anti-
HA antibody followed by western blotting. The band intensities were quantified by ImageJ, and the relative precipitated NP-
Flag (NP-Flag/NP-HA) were shown below. (B) SDD-AGE analysis of NP oligomerization. HEK293T cells were transfected with indi-
cated plasmids for 24 h, cell lysates were analyzed by SDD-AGE and SDS-PAGE assays. (C) The effect of NP S482 on vRNP assembly.
HEK293T cells were co-transfected with the vRNP reconstitution plasmids (pCDNA-PA, pCDNA-PB1, pCDNA-PB2) and tagged plas-
mid (NP-HA or its mutants NP S482E-HA, NP S482A-HA) and p-Pol I plasmid that to provide vRNAs. Cells were then lysed at 24 h
posttransfection. Co-IP was performed using an anti-HA antibody followed by western blotting. The band intensities were quan-
tified by ImageJ, and the relative precipitated PA/NP-HA or PA/NP S482 A/E-HA ratios were shown below. GAPDH was used as a
loading control in all of these experiments. (D) The effect of NP S482 phosphorylation on viral polymerase activity. HEK293T cells
were cotransfected with the vRNP expression plasmids (pCDNA-PA, pCDNA-PB1, pCDNA-PB2), tagged plasmid (NP-HA or its
mutants NP S482A-HA, NP S482E-HA), pPolI-firefly and Renilla luciferase expression plasmids. The luciferase activity was measured
at 24 h after the transfection. The luciferase activities of vRNPs containing NP mutants were compared with that generated by the
vRNP containing WT NP. (E and F) The effects of NP S482 phosphorylation on virus growth. The recombinant viruses including
wild-type (WT) NP and NP mutants (NP S482A and NP S482E) from SIV-H1N1/2009 or Hunan-H1N1/2015 were generated, then
infected PK-15 cells at a MOI of 0.01. Cell supernatants were collected at 12, 24, 36, and 48 h postinfection. Virus titres were deter-
mined by TCID50 on PK-15 cells. Statistical significance was analyzed by Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, ns
represented no significance.
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performed in HEK293T cells to verify the effect of NP
S482 on vRNP assembly. As expected, the amount of
PA precipitated by NP S482E was significantly
increased compared with the amount PA precipitated
by wild type NP (Figure 5C), indicating that phos-
phorylation of NP at S482 can promote vRNP assem-
bly. Then, we verified the effect of NP S482
phosphorylation on viral polymerase activity, a mini-
replicon assay was carried out to determine the
effect of NP or its mutants on the viral polymerase
activity. The data showed that NP S482A led to a sig-
nificant reduction of polymerase activity, while NP
S482E resulted in remarkable rise of polymerase
activity (Figure 5D). These results collectively indicate
that phosphorylation of NP at S482 can promote the
polymerase activity of SIV.

To investigate the impact of NP S482 phosphoryl-
ation on viral growth, the recombinant viruses includ-
ing WT NP and NP mutants (NP S482A and NP
S482E) from SIV-H1N1/2009 or Hunan-H1N1/2015
were generated using an 8-plasimid reverse genetic
system. Then, PK-15 cells were infected with WT
NP or mutant NP viruses at a MOI of 0.01 to deter-
mine the replicative properties of viruses. At 12, 24,
36 and 48 h postinfection, the cellular supernatant
was harvested and subjected to TCID50 assays in PK-
15 cells for virus titration. These data showed that
the growth of mutant virus with NP S482A was signifi-
cantly attenuated, whereas the growth of mutant virus
with NP S482E was clearly accelerated at different time
points (Figure 5E,F). To further confirm that the NP
S482 is the phosphorylation site targeted by PLK3,
we verified the proliferation ability of the 3 recombi-
nant viruses on PK-15 cells after PLK3 knockout.
The PLK3-KO cell line was infected with WT NP or
mutant NP viruses (0.01 MOI) and the cell super-
natant was collected at 12, 24, and 36 h post-infection
for TCID50 analysis. The results showed that the NP
S482E mutant virus exhibited a replication capacity
similar to that of the WT NP virus at different time
points. However, the NP S482A virus showed a signifi-
cant increase in replication capacity (Figure S3A),
indicating that NP S482 is an important phosphoryl-
ation site targeted by PLK3. In general, these data pro-
vides evidence that NP S482 phosphorylation may
play an important role in influenza virus replication.

NP S482 phosphorylation on SIV-H1N1/2009
alters virus pathogenicity in mice

Given that NP S482 phosphorylation affects the viral
replication in PK-15 cells, next we determined the
pathogenicity of the mutated viruses in BALB/c
mice. Results showed that mice infected with NP
S482E virus led to a rapid loss of weight and 100%
mortality, while those infected with the same dose
of the NP WT virus only caused 50% mortality

(Figure 6A,B). In addition, the body weight of mice
infected with NP S482A virus was almost the same
as that of PBS group, and did not induce lethal infec-
tion (Figure 6A,B).

Virus titres in the lungs of mice infected with NP
S482E were about 10-fold higher at 3 and 5 days post-
infection (dpi) than detected in NP WT infected mice
(Figure 6C). Furthermore, no virus titre was detected
in the lungs of mice infected with NP S482A virus at
3 and 5 dpi. The lungs of mice infected with NP WT
and NP S482E had moderate to severe bronchiolar
necrosis, pulmonary oedema, and inflammatory cell
infiltrates, while the lung of mice infected with NP
S482A showed almost no lesions at 3 and 5 dpi (Figure
6D). In addition, the stronger NP antigen signals were
detected in the lungs of mice infected with NP S482E
virus when compared with those infected with NPWT
virus at 3 and 5 dpi, while the NP antigen signals
almost not detected in the lungs of mice infected
with NP S482A (Figure 6E). These results suggest
that mutations in NP phosphorylation sites are critical
for the pathogenicity of influenza virus infection in
mammals.

Discussion

Host factors play a vital role in the life cycle of
influenza viruses and many studies have screened
and identified host factors involved in the replication
and transcription of influenza virus genomes [19–
21]. Karlas’s Group and Konig’s Group also showed
that PLK3 is involved in the replication of influenza
virus [6,7]. In this study, we also identified an
influenza virus-related host factor PLK3 through
gene expression profiling. Our study found that
PLK3 could promote influenza A virus replication by
regulating NP phosphorylation, and we identified a
new functional phosphorylation site serine 482
(S482) on NP targeted by PLK3. The results indicated
that phosphorylation of NP S482 could enhance viral
polymerase activity and vRNP assembly, which plays
a crucial role in virus replication (Figure 7). In
addition, in this study, we used a PLK3 inhibitor
GW843682X, which can inhibit the phosphorylation
level of NP and the proliferation of influenza A
virus. Thus, our data reveal that PLK3 serves as a posi-
tive regulator for influenza A virus to link phosphoryl-
ation and virus replication, which provide new ideas
for the treatment of influenza virus and the develop-
ment of antiviral drugs.

Polo-like kinases (PLKs) belong to serine and
threonine kinases which are important for cell cycle
regulation and they are characterized by the presence
of a common 28 amino acid sequence called a polo-
box domain [22]. In mammalian cells, the PLKs are
composed of five members: PLK1, PLK2 [5], PLK3
[6,7], PLK4 [6], and the last identified member PLK5
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Figure 6. NP S482 phosphorylation on SIV-H1N1/2009 alters virus pathogenicity in mice. (A and B) Weight loss and mortality
of mice infected with each indicated virus. Body weights of the NP-WT and mutant groups were compared and statistically
analyzed. Error bars represent means ± SEM (n = 10). Statistical analysis was used by two-tailed analysis of variance with
Bonferroni post test. (C) Virus titres in the lungs of infected mice (n = 3) at 3 and 5 days post-infection. Error bars represent
means ± SD. Statistical analysis was performed by using one-tailed method (ND, Not detected; ***, p < 0.001). (D)
Pathological lesions in the lungs of mice infected with the indicated virus at 3 and 5 days postinfection with haematoxylin
and eosin (H&E) staining. Scale bars, 100 μm. (E) Immunofluorescent staining of lung sections of mice infected with the
indicated PBS or virus at 3 and 5 dpi. The viral NP antigen was stained red and the nucleus was stained blue. Scale
bars, 100 μm.
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[23]. Among these members, PLK1 has been the most
thoroughly investigated [24–29]. PLK1 played a vital
role in the regulation of the cell cycle and the occur-
rence and development of tumours [25,27]. However,
the other members of PLK family are less studied and
their functional roles are still poorly understood. PLK2
localized to the centrosome and might participate in
centrosome biology and S-phase checkpoints [30].
PLK4 was a vital regulator required for centriole
duplication [31,32]. PLK5 executed a specific role in
neurone differentiation and glioblastoma suppression
[23]. Besides the multiple well-studied roles in cellular
function, PLKs had been also involved in virus infec-
tion. For example, PLK1 is a proviral factor in the
replication of HBV and HCV, and HBV X protein
can regulate PLK1 expression [24,26,29]. Moreover,
PLK1 can down-regulate the expression of parai-
nfluenza virus 5 [28]. In addition, some other viruses
such as chikungunya virus [33], mumps virus [34],
and human Cytomegalovirus [35] are also related to
the PLKs family. Of note, studies have shown that
PLK1, PLK2, PLK3, and PLK4 became novel targets
for anti-influenza drugs, and found that knockdown
of PLK1, PLK3, and PLK4 can inhibit the replication
of influenza virus [13]. Most studies on PLK3 focused
on cell cycle regulation [36–39], but the interaction
between PLK3 and influenza virus was still unknown.
Our study discovered that PLK3 interacts with the
influenza virus nucleoprotein NP and stimulates NP
phosphorylation, which in turn promotes NP oligo-
merization and vRNP assembly. In summary, the
host kinase PLK3 can promote influenza growth by

modulating the phosphorylation of NP. Similarly,
the study reported that the host factor CDC25B also
had a similar function, affecting the growth of
influenza virus by regulating the phosphorylation of
NP [40,41], besides, S191 and S198 of the same family
member CDC25C can be phosphorylated by PLK3
causing nuclear translocation [42]. Currently, there
are not many reports on host factors that regulate
viral replication by affecting NP phosphorylation,
but host factors such as Moloney leukaemia virus 10
(MOV10) and Cellular nuclear transport factor 2
(NTF2), all targeted NP to regulate influenza virus
replication [43,44]. Host factors such as PLSCR1,
HMGB1, and BinCARD1 can regulate influenza
virus replication by interacting with NP. PLSCR1
could interact with influenza A virus NP to impair
its nuclear import and inhibit virus replication [45].
HMGB1 interacted with NP to enhance viral polymer-
ase activity, thus promoting influenza virus replication
[46]. BinCARD1 interacted with NP to promote NP
binding to importin α7, and IAV leverages BinCARD1
as an important host factor that promotes viral repli-
cation [47]. In addition, recent studies have shown
that PKCδ, a member of the human protein kinase
C (PKC) family, can interact with the polymerase sub-
unit PB2 after activation, and it also can regulate the
oligomerization of NP and vRNP assembly through
phosphorylation to further affect influenza virus
growth [48]. Our study found PLK3 can promote
NP phosphorylation thereby facilitating influenza
growth. All these findings reinforce the positive role
of PLK3 during influenza virus replication. However,

Figure 7. Summary. PLK3 as a novel positive regulator of influenza A virus and can promote virus replication. Further mechanism
revealed that PLK3 can interact with NP and promote NP phosphorylation, thereby promoting NP oligomerization and vRNP
assembly. More importantly, we identified a PLK3-targeted NP-specific phosphorylation site S482, the phosphorylation of S482
is vital of importance for influenza virus replication both in vitro and in vivo.
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the process by which PLK3 activates NP phosphoryl-
ation post-virus infection remains unclear, and
needs further investigation.

The nuclear protein NP of influenza virus is a mul-
tifunctional protein that plays an important role in
viral transcription and replication [49,50]. It has
been shown that nucleoprotein NP can interact with
influenza virus polymerases PB1 and PB2, thereby reg-
ulating virus growth [51,52]. NP is the main structural
protein of influenza virus which determines vRNP
structure [53]. In addition, NP is important for
vRNP assembly which is an essential process in the
life cycle of influenza virus. Research has shown that
the host protein LYAR can promote the replication
of influenza virus by facilitating the assembly of
vRNP [54]. Similarly, our research showed that
PLK3 could interact with influenza virus RNPs com-
ponents including PB1, PB2 and NP but not interacted
with PA. Furthermore, PLK3 also can promote vRNP
assembly by elevating NP phosphorylation and oligo-
merization. However, the reasons why PLK3 interacts
with other RNP components but not PA deserve
further investigation, additionally, the method by
which PLK3 regulates NP oligomerization by influen-
cing NP phosphorylation is also unknown, and the
underlying mechanism requires further exploration.

Phosphorylation of proteins, a significant form of
post-translational protein modification, also plays a
crucial role in influenza virus infection. Research has
demonstrated that phosphorylation can influence NP
oligomerization and govern the nuclear-cytoplasmic
shuttling of NP [18]. Moreover, phosphorylation of
viral proteins can affect the life cycle of the virus,
and current research indicated that phosphorylation
sites were almost identified in all viral proteins of
influenza virus [55], it has been reported that there
were many phosphorylation sites on NP and some of
them had important effects on virus replication. Phos-
phorylation at NP S165, S407, and S486 affected the
oligomerization of NP [15]. Phosphorylation of NP
S9, Y10, Y296, and Y78 can regulate the nuclear shut-
tle of NP [56,57]. In this study, we determined a func-
tional phosphorylation site S482 on NP targeted by
PLK3. These results showed that the phosphorylation
of S482 can affect the viral polymerase activity and
vRNP assembly, ultimately regulated the replication
of influenza virus both in vitro and in vivo. In addition
to the NP S482 site, we also identified a PLK3-targeted
NP S467 site, and found that PLK3 had little effect on
the phosphorylation levels of S467A. Therefore, we
selected site S482 for follow-up studies. Additionally,
our findings also revealed that PLK3 impacts the
threonine phosphorylation of NP, suggesting the
potential existence of other undiscovered consensus
sequences of PLK3. The threonine phosphorylation
sites may also have significant roles in the replication
process of influenza viruses. These aspects are all

worth further investigation. Interestingly, we found
that the impacts of NP phosphorylation sites on
influenza virus were not completely consistent. Studies
have reported that NP S9E, Y10E, Y296E, and T188E
significantly reduced the activity of viral polymerase,
while the effects of NP S9A, Y10F, Y296F, and
T188A on viral polymerase activity were not obvious
[56,58]. However, our results showed that NP S482E
enhanced viral polymerase activity and vRNP assem-
bly, whereas NP S482A exerted a negative effect on
influenza virus. So we supposed that the effect of phos-
phorylation sites on the virus was not absolute, but the
specific mechanism influencing viral growth remains
unclear. Moreover, we have confirmed that PLK3
can interact with NP and enhance NP phosphoryl-
ation. Regardless, it remains uncertain whether the
effect of PLK3 on NP phosphorylation is direct or
indirect, making it a subject worthy of further
research.

Interestingly, our study found that PLK3 plays a
regulatory role in the replication of influenza viruses
in different hosts. In PLK3-KO cell lines, the prolifer-
ation of both avian influenza (SH13/H9N2) and
human influenza (Hunan/H1N1) viruses were inhib-
ited. So, does PLK3 affect the phosphorylation of NP
proteins from other sources of influenza viruses?
This is worthy of our further study and exploration.
Given that we found that NP of influenza virus is gen-
erally very conserved at 482, and we detected the effect
of PLK3 on NP phosphorylation through the co-trans-
fection of PLK3 and NP protein, independent of virus
infection, so we hypothesized that PLK3 might also
influence the phosphorylation of NP protein in other
host influenza viruses. However, we have no relevant
evidence so far, which will be the focus of our fol-
low-up studies.

In summary, our studies found the host kinase
PLK3 plays a crucial role in the life cycle of influenza
A virus, which can promote replication of influenza A
virus by regulating NP phosphorylation. In addition,
we identified the serine phosphorylation site S482 on
NP targeted by PLK3, and found that the phosphoryl-
ation of S482 regulated polymerase activity and assem-
bly of vRNP, which in turn affected the replication of
influenza virus both in vitro and in vivo. This work
broadens our understanding for the host-IAV inter-
action and provides new ideas for the development
of anti-viral drugs, PLK3 may also become the next
target for the treatment of influenza virus.
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