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A B S T R A C T

Influenza A virus (IAV), responsible for seasonal epidemics and recurring pandemics, represents a global threat to
public health. Given the risk of a potential IAV pandemic, it is increasingly important to better understand virus-
host interactions and develop new anti-viral strategies. Here, we reported nonmuscle myosin IIA (MYH9)-
mediated regulation of IAV infection. MYH9 depletion caused a profound inhibition of IAV infection by reducing
viral attachment and internalization in human lung epithelial cells. Surprisingly, overexpression of MYH9 also led
to a significant reduction in viral productive infection. Interestingly, overexpression of MYH9 retained viral
attachment, internalization, or uncoating, but suppressed the viral ribonucleoprotein (vRNP) activity in a mini-
genome system. Further analyses found that excess MYH9 might interrupt the formation of vRNP by interacting
with the viral nucleoprotein (NP) and result in the reduction of the completed vRNP in the nucleus, thereby
inhibiting subsequent viral RNA transcription and replication. Together, we discovered that MYH9 can interact
with IAV NP protein and engage in the regulation of vRNP complexes, thereby involving viral replication. These
findings enlighten new mechanistic insights into the complicated interface of host-IAV interactions, ultimately
making it an attractive target for the generation of antiviral drugs.

1. Introduction

Influenza is an infectious respiratory disease in humans, caused by
influenza A, B, C, and D viruses. Influenza A virus (IAV) is a paradigm for
an emerging virus that causes pandemics when it crosses between species
and an antigenically novel virus acquires the ability to infect and transmit
among these new hosts (Krammer et al., 2018). Because of its high po-
tential to cause human disease, it is essential to understand how IAV
infects host cells and how it may be contained. IAV coopts numerous host
factors to support its life cycle. These processes include the ability to bind
and enter cells, replicate the viral RNA genome in the host cell nucleus,
evade host restriction factors and innate immune responses, and spread
between individuals (K€onig et al., 2010; Karlas et al., 2010; Hsu et al.,
2015; Long et al., 2019; Miyake et al., 2019). Conversely, host restrictive
factors may control or reduce influenza virus infection (Zhang et al.,

2016; Luo et al., 2018; Qin et al., 2020). Identifying the host proteins that
play critical roles in IAV infection, and targeting those host proteins
and/or their interactions with specific viral proteins is a promising
approach for developing optimal antiviral therapeutics.

The IAV genome consists of eight negative single-stranded RNA seg-
ments, each of which is wrapped by multiple nucleoprotein (NP) mole-
cules and associated with an RNA-dependent RNA polymerase (RdRp)
complex, including polymerase basic 2 (PB2), polymerase basic 1 (PB1)
and polymerase acidic (PA) (Taylor et al., 1977; Krug et al., 1987;
Krammer et al., 2018). The RdRp complex is further associated with NP
and viral RNA to form the viral ribonucleoprotein (vRNP) complex,
which forms a stable, capsid-like, supramacromolecular complex with
the matrix protein, M1 (Martin and Helenius, 1991a).

In the early stage of the IAV life cycle, the virions are internalized
through endocytosis into the endosomes of host cells. Initially, IAV is
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sorted in endocytic vesicles and delivered to early endosomes (EEs) that
are characterized by proteins such as early endosome antigen 1 (EEA1).
The virus then progresses to late endosomes (LEs) and lysosomes (LYs)
characterized by lysosomal-associated membrane protein 1 (LAMP1)
expression, where the pH is lower. Several host factors have been re-
ported to be responsible for these steps. For example, Su et al. reported
that an E3 ubiquitin ligase, ITCH, is a crucial component in the release of
influenza virus from late endosomes (LEs) during the early stage of viral
endocytosis. ITCH is involved in the ubiquitination of M1 protein and the
release of vRNP from endosomes to complete the viral entry process (Su
et al., 2013). Additionally, free fatty acid receptor 2 (FFAR2) and trans-
membrane protein immunoglobulin superfamily DCC subclass member 4
(IGDCC4) were identified as important co-factors for IAV and facilitating
virus internalization through directly interacting with HA (Wang et al.,
2020; Song et al., 2021). Moreover, histone deacetylase 8 (HDAC8)
enhanced endocytosis, acidification, and penetration of IAV by promot-
ing centripetal movement and perinuclear localization of LEs and lyso-
somes (LYs) (Yamauchi et al., 2011). Hemagglutinin (HA) is responsible
for mediating the binding of virus particles to sialic acid (SA) receptors
on cell surface glycoproteins or glycolipids, which is the initial step for
IAV invading host cells (Rogers and Paulson, 1983; Qi et al., 2009). The
low pH of the endosomes triggers the virus membrane to fuse with the
endosome membrane. Meanwhile, the process of “uncoating” is initiated
and the inner viral components are released into the cytoplasm (Huotari
et al., 2012; Banerjee et al., 2013, 2014; Su et al., 2013). After uncoating,
M1 disperses, and the vRNPs are imported into the nucleus through
nuclear pore complexes (Martin and Helenius, 1991b; O'neill et al., 1995;
Miyake et al., 2019). Then, the viral RNA transcription and IAV repli-
cation occur in the host cell nucleus and are carried out by vRNPs (Eisfeld
et al., 2015). Interactions between the vRNP complexes and host factors
play important roles in virus replication, pathogenicity, and host adap-
tation (Zhang et al., 2016; Luo et al., 2018; Gao et al., 2020; Qin et al.,
2020). During active IAV infection, the Ly1 antibody reactive homolog
(LYAR) molecule could interact with vRNP subunits which are attributed
to enhancing vRNP assembly, thereby facilitating viral RNA synthesis
(Yang et al., 2018). While the protein inhibitor of activated STAT1
(PIAS1) interacted with NP, PB1, and PB2 of IAV and inhibited the ac-
tivity of the vRNP by its SUMO E3 ligase activity (Wang G. et al., 2022).
In addition, the tripartite motif containing 35 (TRIM35) mediates pro-
tection against influenza infection by activating TRAF3 and degrading
viral PB2 by directly interacting with PB2 (Sun et al., 2020). While these
cellular factors have been implicated in IAV infection, the biological
details underlying the process of IAV entry and replication remain poorly
understood, and the roles of other host factors have not yet been
revealed.

The in vivo site of influenza virus infection is a polarized epithelium,
and it is well known that the virus preferentially enters from the apical
surface of polarized epithelial cells. However, IAV cannot internalize in
polarized cells in which actin filaments have been disturbed (Sun and
Whittaker, 2007). The actin-myosin network, including myosin VI motor
protein (MYO6) (Sun and Whittaker, 2007), dynein, dynactin, and
myosin IIB (MYH10) (Banerjee et al., 2014), participates in IAV endo-
cytosis and is also required for proper assembly of influenza virus par-
ticles (Kumakura et al., 2015). In particular, MYH10 predominates in
neuronal tissue and functions as a host-dependency factor for several
neurotropic viruses, such as herpes simplex virus-1 (HSV-1) (Arii et al.,
2015, Wang C. et al., 2022) and Japanese encephalitis virus (JEV)
(Rajput et al., 2022). In this study, myosin IIA (MYH9) was found to be a
key host factor for IAV infection, and either depletion or overexpression
of MYH9 causes significant suppression of IAV infection. MYH9, an
important paralog of MYH10, belongs to the myosin family, which has
also been proven as a functional receptor for HSV-1 (Arii et al., 2010),
Epstein-Barr virus (EBV) (Xiong et al., 2015), and porcine reproductive
and respiratory syndrome virus (PRRSV) (Gao et al., 2016). Previously,
we identified that MYH9 interacts directly with the SARS-CoV-2 Spike
protein and functions as a new co-receptor of ACE2 for SARS-CoV-2

internalization and infection (Chen et al., 2021). Given that MYH9 affects
broad-spectrum viral infections, it may have an impact on IAV infection.
Here, we demonstrated that genetic ablation of MYH9 significantly
inhibited H1N1PR8 and H7N9 infections in human lung epithelial cells.
Endogenous MYH9 likely plays a key role in viral attachment and
internalization in early virus endocytosis. Interestingly, overexpression
of MYH9 also significantly reduced viral infection and yield by reducing
the vRNP activity through disassociating RdRp from the vRNP complex
and reducing vRNP formations in both cytoplasm and nucleus. Together,
our data show the essential role of MYH9 in IAV infection and the
aberrant expression of MYH9 significantly inhibits viral infection, which
can potentially be targeted to prevent IAV infections.

2. Materials and methods

2.1. Cell lines and viruses

Human lung carcinoma A549 cells, human embryonic kidney (HEK)
293T cells, human lung carcinoma H1299, and Madin-Darby canine
kidney (MDCK) cells were purchased from the American Type Culture
Collection (ATCC). A549, MDCK and 293T cells were cultured in Dul-
becco's modified Eagle medium (DMEM) (Gibco) supplemented with
10% fetal bovine serum (FBS) and 1% PS (100 IU/mL of penicillin and
100 μg/mL of streptomycin). H1299 cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI-1640) (Gibco) supplemented with 10%
FBS and 1% PS. All cells were maintained at 37 �C in a fully humidified
atmosphere containing 5% CO2 and were tested by Saily Bio (Shanghai,
China) and are free of mycoplasma contamination. The influenza A/
Puerto Rico/8/1934 (PR8) virus was grown on MDCK cells. The influ-
enza A/Shanghai/4664T/2013 (H7N9) virus (GenBank accession
numbers: KC853225.1, KC853226.1, KC853227.1, KC853228.1,
KC853229.1, KC853230.1 KC853231.1, and KC853232.1) conserved at a
Biosafety Level 3 (BSL3) lab at Shanghai Public Clinical Center (He et al.,
2020; Zhang et al., 2020) and propagated in 10-day-old embryonated
chicken eggs. TCID50 or EID50 of virus stock was determined on MDCK
cells or embryonated eggs, respectively. MYH9 knockout clonal cell lines
were sorted by fluorescence-activated cell sorting (FACS).

2.2. Plasmids and molecular cloning

The pcDNA3.1þ/C-(K) DYK-myosin heavy chain 9 (MYH9)
mammalian expression plasmids were purchased from GenScript
(NM_002473.6). To generate the C-terminal 2 � Flag-tagged MYH9
lentiviral construct (pHAGE-MYH9-2 � Flag), pHAGE-CMV-2 � Flag-
IRES-GFP was digested with NotI and XhoI. pLV-GFP control vector was
cloned as the negative control (Chen et al., 2022). Then full-length MYH9
was amplified from pcDNA3.1 (þ)-MYH9-DYK. These two fragments
were homologously recombined with a ClonExpress II One Step Cloning
Kit (Vazyme Biotech, C112-02) according to the manufacturer's in-
structions to generate the final pHAGE-MYH9-2 � Flag construct. The
HEK293T cells were cultured and transfected with either lentiviral
construct pHAGE-MYH9-2 � Flag or the empty pHAGE vector by using
TurboFect Transfection Reagent (Thermo Scientific, R0531). At 48 h
post-transfection, viral supernatants from the transfectant were collected
and used to transduce wild-type (WT) A549 and WT H1299 cells. The
surviving cells were examined for MYH9 overexpression by Western
blotting. The MYH9-targeting single-guide RNAs (sgRNAs) (sg1-MYH9:
5ʹ-ACGCCACGTACGCCAGATAC-3ʹ, sg2-MYH9: 5ʹ-CACGTGCCTCAAC-
GAAGCCT-3ʹ) were designed according to the Zhang laboratory CRISPR
design tool (http://crispr.mit.edu) and individually synthesized and
cloned into the pLenti-V2 vector (Addgene, 52,961). The lentivirus was
packaged in HEK293T cells, condensed by ultra-centrifugation, and used
to infect WT A549 and WT H1299 cells. The cells were selected with
puromycin (2 μg/mL) for 14 days and sub-cloned to form single colonies.
Knockout (KO) cells were validated by western blotting assay to verify
the deletion of MYH9 expression. The open reading frames (ORFs) of
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PB2, PB1, PA, and NP derived from influenza A/Shanghai/4664T/2013
(H7N9) virus were cloned into the mammalian expression vector
pCAGGS. A reporter plasmid carrying Firefly luciferase in the negative
sense flanked by 50and 30terminal ends of the influenza NS, and a control
reporter plasmid with Renilla luciferase derived by a thymidine kinase
promoter for constitutive expression. All plasmid constructs were
confirmed by sequencing.

2.3. Viral propagation and plaque assay on MDCK cells

Confluent MDCK cells in a T-75 flask were infected with the indicated
viruses at a multiplicity of infection (MOI) of 0.001. The H1N1 viral in-
oculums were removed after 1 h of adsorption at 37 �C and washed three
times with PBS, followed by the addition of serum-free Dulbecco's
Modified Eagle Medium supplemented with 1 μg/mL trypsin treated with
L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK). Infected
cells were further incubated at 37 �C, 5% CO2 in a humidified incubator.
Supernatants were collected at indicated time points post-infection for
measuring virus titers. The virus titers were determined by plaque assay
on MDCK cells. MDCK cells were seeded in 12-well plates and used for
infection when the cells were grown to 100% confluence. The cells were
washed with phosphate-buffered saline (PBS) once and infected with a
series of dilutions of viruses for 1 h at 37 �C with 5% CO2. After the virus
inocula were removed, the cells were then washed with PBS 3 times. The
cells were overlaid with agarose medium (DMEM containing 0.6% BSA,
2 μg/mL of TPCK-trypsin, and 1% low-melting-point agarose [Sigma]).
The plates were settled at 4 �C for 5–10 min until the agarose medium
became solid, followed by culture upside-down at 37 �C, and then the
cells were cultured for 48–72 h. Visible plaques were counted and the
virus titers were determined.

2.4. Virus infection of cultured cells

The indicated cells were incubated with indicated IAV in serum-free
DMEM for 1 h at 37 �C. The multiplicity of infection (MOI) for
H1N1PR8 and H7N9 are shown as indicated. After incubation, the inoc-
ulum was removed, and pre-warmed 2% FBS-containing DMEM was
added to the cells after washing three times with PBS. Mock- and virus-
infected cells were harvested at the indicated time post-infection, and
the resulting whole-cell lysates were analyzed by immunoblotting using
indicated antibody or by RT-qPCR using indicated primers. In the case of
viral growth determination, the supernatants were titered using MDCK
cells.

2.5. Immunofluorescence staining

The indicated cells were incubated with H1N1PR8 or H7N9 (MOI
shown as indicated) in serum-free DMEM for 1 h at 37 �C. After incu-
bation, the inoculum was removed, and pre-warmed 2% FBS-containing
DMEM was added to the cells after washing three times with PBS. At the
indicated time post-infection, mock- and virus-infected cells on slides
were fixed with 4% paraformaldehyde (PFA) for 20 min at room tem-
perature and were permeabilized with 0.1% Triton-X 100 in PBS for 5
min and blocked with blocking buffer (1% BSA and 2% donkey serum
diluted in PBS) for 30 min. Immunofluorescence analyses of IAV-infected
cells were performed using a rabbit anti-Influenza A virus NP (nucleo-
protein) antibody (1:500, GTX125989, GeneTex), rabbit anti-Influenza A
virus M1 (matrix protein) antibody (1:200, GTX125928, GeneTex),
mouse anti-EEA1 (E9Q6G) antibody (1:200, 48,453, Cell Signaling
Technology) or mouse anti-LAMP1 (D4O1S) antibody (1:200, 15,665,
Cell Signaling Technology), Alexa Fluor 680 donkey anti-rabbit IgG (H þ
L) (1:1,000, ab175772, Abcam), Alexa Fluor 568-conjugated donkey
anti-mouse IgG (H þ L) (1:1000, ab175472, Abcam) or Alexa Fluor 488-
conjugated donkey anti-rabbit IgG (H þ L) (1:1000, ab150077, Abcam).
All cells were mounted with ProLong™ Gold Antifade with DAPI (Life
Technologies, P36931) and imaged with a TissueFAXS 200 flow-type

tissue cytometer (TissueGnostics GmbH, Vienna, Austria). All statistical
analyses of immunofluorescence staining present the results from at least
3000 cells per replicate, and data are shown as the mean� standard error
of the mean (SEM).

2.6. Western blot (WB) analysis

Cells were lysed using 4 � SDS loading buffer and denatured at 95 �C
for 10 min. Protein samples were resolved by SDS-PAGE, transferred to
PVDF membranes (GE Healthcare), and processed for western blotting.
Western blot detection of MYH9was performed using a rabbit anti-MYH9
antibody (1:1,000, A0173, Abclonal), with a goat anti-rabbit IgG-HRP
antibody (1:3,000, B2615, Santa Cruz Biotechnology) as the secondary
antibody. Other antibodies used in the study included: mouse anti-Flag
M2 (1:2,000, F1804, Sigma), rabbit anti-Lamin B1 (D4Q4Z) mAb
(1:3,000, 12,586, Cell Signaling Technology), mouse anti-GAPDH
(1:3,000, AC002, Abclonal), rabbit anti-Influenza A virus NP antibody
(1:2,000, GTX125989, GeneTex), rabbit anti-Influenza A virus M1 anti-
body (1:2,000, GTX125928, GeneTex), rabbit anti-Influenza A virus PA
antibody (1:2,000, GTX125932, GeneTex), rabbit anti-Influenza A virus
PB1 antibody (1:2,000, GTX125923, GeneTex), rabbit anti-Influenza A
virus PB2 antibody (1:2,000, GTX125926, GeneTex), goat anti-rabbit
IgG-HRP (1:5,000, B2615, Santa Cruz Biotechnology), and goat anti-
mouse IgG-HRP (1:5,000, 31,430, Invitrogen) antibodies. GAPDH was
used as a loading control. Protein bands were visualized by either fluo-
rescence or using a chemiluminescent ECL substrate (GE Healthcare).

2.7. Real-time quantitative PCR (qPCR) analysis

RNA was extracted using an RNEasy RNA isolation kit (Qiagen) ac-
cording to the manufacturer's instructions. The reverse transcription of
the RNA sample was carried out by GoScript reverse transcriptase
(Promega, Charbonnieres, France), using a specific primer with 1 μg of
RNA per reaction. SYBR green-based qPCR analysis of the resulting
complementary DNA was performed using the GoTaq qPCR Master Mix
(Promega, Charbonnieres, France) on an Applied Biosystems 7300 Real-
Time PCR System. The qPCR data were analyzed using SDS software
(Applied Biosystems) to determine the relative transcript abundance of
the gene of interest after normalization with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) internal control (GAPDH primers). The primer
sequences used in the study are listed in Supplementary Table S1.

2.8. Virus binding and entry assay

Cells were seeded into 12-well plates at 2 � 105 cells per well or 8-
well glass slides at 3 � 105 cells per well and cultured for 24 h. Cells
were infected with IAV (indicated MOI) and incubated on ice for 1 h. For
the virus binding assay, cells were washed with cold PBS (on ice) twice to
remove unbound virus and cell lysates were harvested, the amount of
viral RNA was determined by RT-qPCR. For virus entry assay, after in-
cubation on ice for 1 h to allow for viral binding, infected cells were
washed with cold PBS (on ice) twice to remove unbound virus, followed
by incubation with pre-warmed DMEM for 1 h at 37 �C and rinsed three
times with PBS to remove the attached but not yet internalized virions.
Total cellular RNA was extracted and quantified by RT-qPCR. Cells on
slides were fixed for immunofluorescence staining.

2.9. Virus minigenome system for polymerase activity

Cells were seeded into a 48-well plate at 3 � 104 cells per well. After
24 h, cells were co-transfected with the four protein expression plasmids
of the viral ribonucleoprotein (vRNP) complex (pCAGGS-PB2, pCAGGS-
PB1, pCAGGS-PA, and pCAGGS-NP; 0.1 μg of each), the construct
pHH21-SC09NS F-Luc (0.4 μg), and an internal control pRL-TK (0.01 μg)
using TransIT-LT1 Transfection Reagent (Mirus). At 48 h post-
transfection, cells were lysed and analyzed with a dual-luciferase
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reporter assay kit according to the instructions of the manufacturer
(Promega), and the luciferase activities were measured on a GloMax 96
microplate luminometer (Promega).

2.10. Immunoprecipitation assay

For coimmunoprecipitation experiments, we used three approaches
to analyze the association of MYH9 and viral protein. In the first
approach, Flag-MYH9-H1299 cells (4 � 106 cells per 10-cm dish) were
transiently transfected with 14 μg of pCAGGS-PB2, pCAGGS-PB1,
pCAGGS-PA or pCAGGS-NP separately using TurboFect Transfection
Reagent (Thermo Fisher Scientific). In the second approach, Flag-MYH9-
H1299 cells (4 � 106 cells per 10-cm dish) were co-transfected with the
vRNP complex (pCAGGS-PB2, pCAGGS-PB1, pCAGGS-PA, and pCAGGS-
NP; 3.5 μg of each) and pHH21-SC09NS F-Luc (14 μg). In the third
approach, Flag-MYH9-H1299 cells (4 � 106 cells per 10-cm dish) were
infected with H7N9 (MOI¼ 5). Cells were rinsed twice with cold PBS and
were then transferred to clean tubes and lysed in cell buffer for western
blotting and immunoprecipitation supplemented with a 1% protease
inhibitor cocktail (catalog number P8340, Sigma). Cell lysates were
incubated with Pierce™ Protein A/G Agarose (Sigma, 20422) for 4 h at 4
�C and were then subjected to centrifugation at 10,000�g for 10 min at 4
�C. The supernatant was transferred to a new tube and incubated with 30
μL anti-Flag M2 affinity gel (Sigma, A2220) overnight at 4 �C. The
Sepharose samples were centrifuged, and washed five times with cell
lysis buffer and eluted using 3 � Flag peptide (Sigma, F4799). Then all
samples were boiled with an SDS loading buffer for 10 min.

2.11. Nuclear and cytoplasmic protein extraction

Flag-MYH9-H1299 cells and NC-H1299 (4� 106 cells per 10-cm dish)
were infected with H7N9 (MOI ¼ 5) for 1, 2, 3, and 6 h. Nucleus and
cytoplasm were extracted using a Nuclear and Cytoplasmic Protein
Extraction Kit (Yeasen) according to the manufacturer's instructions. In
brief, cells were rinsed twice with cold PBS and were then scraped off
with a cell scraper. Cells were collected centrifugally, and the superna-
tant was aspirated as far as possible, leaving cell precipitation for later
use. 200 μL phenylmethanesulfonyl fluoride (PMSF)-containing reagent
A was added for every 20 μL cell precipitates, and the cell precipitates
were completely suspended and bathed in ice for 10 min 10 μL of cyto-
plasmic protein extraction reagent B was added and then centrifuged.
The supernatant was the extracted cytoplasmic protein. For the pre-
cipitates, the residual supernatant was completely sucked up and 50 μL
PMSF-containing reagent C was added. Then the mixture was completely
suspended and bathed in ice for 30 min. The supernatant was collected
centrifugally, namely, the nuclear protein obtained by extraction. All
samples were mixed with SDS loading buffer and boiled for western
blotting.

2.12. Statistical analyses

All the Western blotting, luciferase assay and immunofluorescence
data were obtained from at least three repeated experiments. For the
quantification of infected cells, at least 1000 fluorescent cells were
imaged and counted with a flow-type tissue cytometer. More than three
replicates were established per sample. The data were analyzed using
Prism 7.0 software (GraphPad, USA) and are presented as the means �
SEM. Statistical significance between the two groups was determined by
unpaired two-tailed Student's t-test. Multiple group comparisons were
performed using two-way analysis of variance (ANOVA), and the dif-
ferences between groups were evaluated using the post hoc Bonferroni
test. Differences were considered to be significant for P < 0.05, indicated
with an asterisk (*).

3. Results

3.1. Endogenous MYH9 promotes H1N1PR8 and H7N9 infection in human
lung epithelial cells

MYH9 and MYH10 are the major motors associated with the actin
cytoskeleton (Vicente-Manzanares et al., 2009). It has been demonstrated
that MYH10 is required for disaggregation of the aggresome and facili-
tates HDAC6-dependent endosomal IAV trafficking and uncoating by
directly interacting with HDAC6 (Hao et al., 2013; Banerjee et al., 2014).
To examine the effects of MYH9 on IAV infection, we first depletedMYH9
in H1299 and A549 cells, two human lung adenocarcinoma cell lines,
using CRISPR-Cas9. To confirm whether MYH9 was efficiently depleted,
a Western blot assay was performed on cell lysates from control or
MYH9-knockout (KO) clone cells. As expected, the expression of MYH9
was remarkably reduced by two CRISPR sgRNAs, respectively (Supple-
mentary Figs. S1A and S1B). The effect of MYH9 depletion on H1N1PR8
infection was then assessed. Deletion of MYH9 significantly suppressed
H1N1PR8 infection in both H1299 and A549 cells (Fig. 1A, B). Western
blot analysis revealed that MYH9 deletion significantly reduced the
expression of H1N1PR8 and H7N9 NP proteins from 6 to 12 h
post-infection (h.p.i.) (Fig. 1C). Similar results were obtained from an
additional lung epithelial cell line, and the data showed that IAV repli-
cation was remarkably lower in A549 MYH9-KO cells than those in
controls 6 and 12 h.p.i. (Fig. 1D). Furthermore, viral replication of
H1N1PR8 and H7N9 were significantly decreased in MYH9-KO cells
compared with wild-type (WT) cells at the indicated time points (Fig. 1E,
F), demonstrating that MYH9 is essential for the effective replication of
distinct influenza strains.

3.2. MYH9 expression is required for IAV binding and internalization

To determine at which stage of the IAV life cycle the MYH9 is
engaged, WT, MYH9-KO1, and MYH9-KO2 H1299 cells were incubated
with H1N1PR8 and H7N9 at 4 �C for 1 h for viral adsorption. RT-qPCR
analyses revealed that MYH9 knockout had significant effects on the
attachment of both H1N1PR8 and H7N9 (Fig. 2A). Meanwhile, we incu-
bated the WT, MYH9-KO1, and MYH9-KO2 H1299 cells with H1N1PR8
and H7N9 at 4 �C for 1 h, and then washed the cells three times with cold
PBS and transferred them to an incubator at 37 �C for an extra hour for
viral entry. IAV internalization in H1299MYH9-KO cells was remarkably
suppressed compared with those in controls (Fig. 2B), suggesting that
IAV is predominantly inhibited at the binding and entry steps when
MYH9 is depleted. To corroborate these findings, we visualized the
cellular distribution of NP using confocal microscopy in H1299 MYH9-
KO clone cells and control cells, at the time-point of viral attachment
and entry after H1N1PR8 and H7N9 inoculation. Surface levels of NP were
clearly visible in the plasma membrane of WT H1299 cells, but not in
MYH9-KO1 and MYH9-KO2 H1299 cells 1 h after H1N1PR8 or H7N9
inoculation on ice (Fig. 2C, D Top row). Moreover, the endocytoses of
H1N1PR8 or H7N9 after an additional 1-h incubation at 37 �C were also
obviously reduced with MYH9 depletion (Fig. 2C, D Bottom row). To
confirm that MYH9 expression is required for IAV internalization, we
performed the immunofluorescence (IF) staining assays to analyze the co-
localization between IAV and EEA1 or LAMP1 in both MYH9-KO1,
MYH9-KO2, and WT H1299 cells. Cells were infected with H1N1PR8 or
H7N9 for 1 h or 3 h and then analyzed the co-localization between NP
and EEA1 or LAMP1, respectively. We found that NP protein was co-
localized with EEA1 at 1-h post both H1N1PR8 and H7N9 infection
(Fig. 2E, F). Moreover, NP protein was co-localized with LAMP1 at 3 h
post both H1N1PR8 and H7N9 infection (Fig. 2G, H). It's worth noticing
that there was marginal co-localization between NP protein and EEA1 or
LAMP1 in MYH9-KO cells. More importantly, the endocytosis of NP was
significantly decreased in MYH9-depleted cells (Fig. 2E-H). Together,
these data show that endogenous MYH9 is required for IAV binding and
endocytosis in human lung-derived cells.
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3.3. MYH9 overexpression suppresses IAV infection

To further explore the function of MYH9 in the IAV life cycle, we
measured the effect of MYH9 overexpression on viral replication. We first
transduced H1299 and A549 cells with an MYH9-encoding retrovirus to
establish a stable MYH9-overexpressing (OE) cell line or with an empty
retrovirus as a negative control (NC) cell line. The NC-, MYH9-OE H1299
and A549 cells were then infected with H1N1PR8 and H7N9 (MOI ¼ 0.5).
Surprisingly, overexpression of MYH9 in H1299 cells resulted in a sig-
nificant reduction in both H1N1PR8 and H7N9 infection at 12 h.p.i.
(Fig. 3A), and a significantly enhanced cell viability was observed after
IAV infection in MYH9-OE cells (Supplementary Figs. S2A and 2B).
Similar reductions in H1N1PR8 and H7N9 infections were found in
MYH9-OE A549 cells at 12 h.p.i. (Fig. 3B). We further examined the
replication curves of IAV in MYH9-OE and NC cells. Consistently, viral
replication was significantly suppressed in MYH9-OE H1299 and A549
cells for both H1N1PR8 and H7N9 infections between 6 and 48 h.p.i.
(Fig. 3C, D). In addition, we examined the synthesis of viral proteins in
cells infected with H1N1PR8 and H7N9 for 6 and 12 h.p.i. In control cells,
NP expression was abundant at 6 h.p.i. And higher at 12 h.p.i. In contrast,

less NPwas detected at 6 h.p.i., with slightlymore detection at 12 h.p.i. in
MYH9-OE H1299 (Fig. 3E) and A549 cells (Fig. 3F) for H1N1PR8 and
H7N9 infections. These data are complementary with the effects of
MYH9 depletion, indicating that appropriate levels of MYH9 are critical
to the life cycle of IAV and that the underlying mechanism of this viral
suppression could be intriguing.

3.4. MYH9 overexpression retains IAV viral attachment, internalization,
and uncoating

To dissect the effects of MYH9 overexpression on the entry of IAV, we
visualized the cellular distribution of NP by confocal microscopy in both
MYH9-OE and control cells. No significant reduction was observed
in MYH9-OE cells compared with controls for viral attachment and
internalization in both H1299 and A549 cells (Fig. 4A, B), suggesting that
exogenous expression of MYH9 may inhibit IAV infection in human lung
epithelial cells after virus binding and endocytosis steps. After pene-
trating the cytosol, the uncoating of the viral capsid may be detected by
the diffuse staining of M1 in the cytoplasm (Martin and Helenius, 1991b).
To determine whether MYH9 overexpression plays a role in the

Fig. 1. MYH9 depletion reduces productive IAV infection in human lung epithelial cells. A–B Representative immunofluorescence images (A) and statistical analyses
(B) of H1N1PR8 infection in wild type (WT) and MYH9-KO H1299/A549 cells. Nucleoprotein antibody was used to detect IAV infection in host cells. MOI ¼ 0.5. Scale
bars, 100 μm. Each biological replicate (n ¼ 4) contained 3000 analyzed cells. ****, P < 0.0001. C–D Western blotting analyses of the viral NP levels. WT and MYH9-
KO H1299 (C) or A549 (D) cells were infected with H1N1PR8 and H7N9 for 6 and 12 h. MOI ¼ 0.5. The cell lysates were then subjected to Western blotting with a
rabbit anti-NP pAb for the detection of NP protein. R.S.I. (Relative Strength Index) ¼ gray value of NP protein/gray value of GAPDH protein. E–F Quantifications of
intracellular viral RNA at the indicated time-points after H1N1PR8 (E) and H7N9 (F) infection by RT-qPCR. MOI ¼ 0.5. The data were from four biological replicates (n
¼ 4). The significant differences between WT and MYH9-KO H1299 cells at each time point were determined by two-way ANOVA with the Sidak's multiple com-
parisons test. ****, P < 0.0001.

J. Chen et al. Virologica Sinica 38 (2023) 128–141

132



Fig. 2. MYH9 is essential for IAV binding and internalization. A Determination of viral RNAs attaching to the plasma membrane by RT-qPCR. Top: Schematic
illustration of viral binding assay; Bottom: Statistical analyses of plasma membrane-bound virus; WT and MYH9-KO H1299 cells were incubated with H1N1PR8 and
H7N9 for 1 h on ice. MOI ¼ 10. The cell lysates were then subjected to RT-qPCR analyses for the quantification of NP RNA copies. The data were from four biological
replicates (n ¼ 4). B Determination of viral RNAs entering the cytoplasm by RT-qPCR. Top: Schematic illustration of viral entry assay; Bottom: Statistical analyses of
the internalized virus; WT and MYH9-KO H1299 cells were incubated with H1N1PR8 and H7N9 for 1 h on ice, then cells were transferred to 37 �C for an additional 1 h.
MOI ¼ 10. The cell lysates were then subjected to RT-qPCR analysis for the quantification of NP RNA copies. The data were from four biological replicates (n ¼ 4). *, P
< 0.05; **, P < 0.01; ***, P < 0.001. Significances compared with the WT cells (two-tailed Student's t-test). C–D Immunofluorescence analyses of the binding and entry
of H7N9 viruses in WT, MYH9-KO1, and MYH9-KO2 H1299 cells. Cells were treated or untreated with H1N1 (C) or H7N9 (D) and tested for viral attachment and
internalization at 1 hpi. MOI ¼ 10. Scale bars, 20 μm. NP, red; DAPI, blue. E–F Immunofluorescence analyses of the co-localization of EEA1 and IAV NP protein in WT,
MYH9-KO1, and MYH9-KO2 H1299 cells. Cells were treated or untreated with H1N1 (E) or H7N9 (F) for 1 h. MOI ¼ 10. Scale bars, 20 μm. NP, red; EEA1, green; DAPI,
blue. The representative immunofluorescence intensity of the arrow-indicated cell in the merged image was shown on the right line chart individually. G–H
Immunofluorescence analyses of the co-localization of LAMP1 and IAV NP protein in WT, MYH9-KO1, and MYH9-KO2 H1299 cells. Cells were treated or untreated
with H1N1 (G) or H7N9 (H) for 3 h. MOI ¼ 10. Scale bars, 20 μm. NP, red; LAMP1, green; DAPI, blue. The representative immunofluorescence intensity of the arrow-
indicated cell in the merged image was shown on the right line chart individually.
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post-fusion steps of IAV infection, we tested its effect on viral uncoating.
Similar to the controls, the MYH9-OE cells also showed an endosomal
distribution of M1 staining 1 h after H7N9 inoculation, and exhibited a
dispersed M1 phenotype at 2 h.p.i. (Fig. 4C, D), suggesting that MYH9
does not affect viral uncoating. Collectively, these results indicate that
excess MYH9 retains IAV attachment, internalization, and uncoating,
supporting its effects on IAV replication from the post-entry stage.
Therefore, we hypothesize that there may be a non-canonical host-virus
interaction mechanism to contain IAV replication in MYH9-OE cells.

3.5. MYH9 overexpression inhibits IAV replication by suppressing the
activity of vRNP complex

We speculated that excess MYH9 may be involved in the constraint of
IAV replication after the viral entry. To investigate the underlying
mechanisms, we employed a dual-luciferase minigenome system in our
study (Marklund et al., 2012; Tan et al., 2014; Zhang et al., 2016). The
firefly luciferase reporter gene (pPolI-Luci-T) was a polymerase І-driven
vector inserted with the luciferase encoding sequence in a negative-sense
orientation flanked by IAV cRNA promoter ends (Neumann et al., 1994).
Polymerase II-driven plasmids for the expression of PB1, PB2, PA, and NP
were co-transfected into the cells to initiate the synthesis of firefly
luciferase transcript. Additionally, Renilla luciferase-expressing plasmid
pTK-RL was transfected to standardize the effectiveness of transfection.

We observed a significant decrease in the expression of the luciferase
reporter gene in MYH9-OE H1299 cells relative to control cells and a
profound increase in the expression of the luciferase reporter gene in
MYH9-KO H1299 cells relative to control cells (Fig. 5A), indicating that
MYH9 overexpression inhibits IAV RdRp activity. To further define the
viral transcription and replication steps that were affected by MYH9
overexpression, MYH9-OE and control H1299 and A549 cells were
infected with H1N1PR8 and H7N9 (MOI¼ 0.5). At 12 h.p.i., vRNA, cRNA,
and mRNA were measured using RT-qPCR. The levels of all three viral
RNA species were found to be significantly lower in MYH9-OE cells than
in controls (Fig. 5B, C). Under these observations, we collected the cul-
ture supernatants 24 h after infection and titrated them on MDCK cells,
and found that overexpression of MYH9 significantly decreased virus
titers after H1N1PR8 and H7N9 infection (Fig. 5D). Thus, these data
indicate that MYH9 overexpression can inhibit IAV replication and pro-
duction by suppressing vRNP-associated polymerase activity.

3.6. MYH9 interacts with the viral nucleoprotein (NP)

We further tried to define the detailed mechanism for how MYH9
exerts a suppressive effect on RdRp activity. IAV has a single-stranded,
negative-sense RNA genome comprising eight subgenomic RNA mole-
cules (Taylor et al., 1977; Krug et al., 1987; Krammer et al., 2018). They
are individually packaged into helical vRNP complexes that contains a

Fig. 3. MYH9 overexpression reduces IAV infection in human lung epithelial cells. A–B Representative immunofluorescence images and statistical analyses of IAV
infection in NC- and MYH9-OE H1299 cells (A), and in NC- and MYH9-OE A549 cells (B). MOI ¼ 0.5. Scale bars, 20 μm. Each biological replicate (n ¼ 3) contained
3000 analyzed cells. ****, P < 0.0001. Significances compared with the NC- cells (two-way ANOVA with the Sidak's multiple comparisons test). NP, red; DAPI, blue.
C–D Determinations of intracellular viral RNAs replication at the indicated time-points after IAV infection by RT-qPCR. MOI ¼ 0.5. The data were from four biological
replicates (n ¼ 4). The significances between NC- and MYH9-H1299 cells (C) and in NC- and MYH9-A549 cells (D) at each time point were determined by two-way
ANOVA with the Sidak's multiple comparisons test. ****, P < 0.0001. E–F Western blotting analyses of the viral NP levels in H1299 cells (E) and A549 cells (F), NC-
and MYH9-H1299 cells were infected with H1N1PR8 and H7N9 for 6 and 12 h.The cell lysates were then subjected to Western blotting with a rabbit anti-NP pAb for the
detection of NP protein. MOI ¼ 0.5. R.S.I. (Relative Strength Index) ¼ gray value of NP protein/gray value of GAPDH protein.
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viral polymerase complex (PB2, PB1, and PA) and multiple copies of the
nucleoprotein. IAV RNA transcription and replication take place in the
nucleus of the cells and are carried out by vRNP complexes (Eisfeld et al.,
2015). Theoretically, one effective way for the host to antagonize IAV
infection would be to target the nuclear import of vRNPs by interacting
directly with viral NP (Luo et al., 2018). Therefore, we hypothesized that
excess MYH9 may inhibit vRNP-associated polymerase activity through
its interaction with vRNP components. To test this hypothesis, we
conducted the co-immunoprecipitation (co-IP) experiments in MYH9-OE
H1299 cells after transfecting with vector control (Mock group) or
His-tagged NP, PB1, PB2, and PA individually, using Flag-GFP H1299 as a
negative control for co-IP assays (Fig. 6A). Cell lysates were immuno-
precipitated with an anti-Flag agarose beads, followed by Western blot
analysis with rabbit mAb against the Flag- or His-tag. Indeed, Flag-tagged
MYH9 was strongly co-IPed with His-tagged NP of H7N9 when they were
co-expressed, but not co-IPed with vectors controls and His-tagged PB1,
PB2, and PA. Consistently, Flag-GFP could not be co-IPed with any of the
viral proteins including NP protein (Fig. 6A), indicating that MYH9

specifically interacts with influenza NP in human lung epithelial cells.
Consistently, MYH9 only interacts with influenza NP when it was
co-transfected with PB1, PB2, and PA (a vRNP formation), but not with
PB1, PB2, or PA (Fig. 6B). Furthermore, we tested the interaction be-
tween MYH9 and NP during IAV infection in MYH9-OE H1299 cells. Cell
lysate was co-IPed with anti-Flag agarose beads at 1 h, 2 h, and 3 h p.i.,
followed by Western blot with rabbit mAb against the Flag-tag or viral
proteins. A consistent observation was made in H1299 cells, revealing
that MYH9 only interacts with influenza NP during authentic virus
infection (Fig. 6C). Moreover, we examined the interaction between
endogenous MYH9 and NP protein, and found that Flag-NP protein can
interact with endogenous MYH9, but Flag-GFP couldn't (Fig. 6D). These
results further confirm that MYH9 could interact with IAV NP protein
specifically during IAV infection. To test whether the interaction between
MYH9 and NP protein affects the formation and activity of vRNP, we
co-transfected NP, PB1, PB2, PA, and increased dose of MYH9 in H1299
cells, then examined the vRNP activity using minigenome assays. We
observed that the vRNP activity was significantly down-regulated by

Fig. 4. MYH9 overexpression retains viral attachment, internalization, and uncoating. A–B Immunofluorescence analyses of the binding and entry of H7N9 in H1299
(A) and A549 cells (B). Cells were treated with H7N9 (MOI ¼ 10) for viral attachment and internalization. Scale bars, 5 μm. NP, red; DAPI, blue. C–D Uncoating assay
of IAV, with anti-M1 staining at 1 and 2 h.p.i. (C), Scale bars, 5 μm. M1, green; DAPI, blue; Quantification shows cell classification, based on M1 dispersal phenotype,
classified as uncoated (D).
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MYH9 protein in a dose-dependent manner, which began to have a sig-
nificant effect at 0.4 μg (Fig. 6E). In addition, we also tested the
expressing levels of PB2, PB1, PA, and NP proteins. The results showed
that the protein levels of these viral proteins were not decreased in
responding to increasing MYH9 expression (Supplementary Fig. S3),
indicating that the lessened vRNP activity may not attribute to viral
protein degradation, but the reduced formation of vRNP. Together, we
found that excess MYH9 expression is likely to reduce the formation and
activity of vRNP by competitively interacting with viral NP.

3.7. MYH9 thwarts the formation of vRNP by directly interacting with NP
and co-translocating with NP to the nucleus

IAV vRNPs consist of eight unique segments of negative-sense viral
RNA (vRNA), each associated with multiple NP molecules and a single,
trimeric polymerase complex that includes the PB1, PB2, and PA proteins
(Compans et al., 1972; Baudin et al., 1994; Coloma et al., 2009).
Following the entry of IAV into cells, vRNPs are released from endosomes
and then transported into the nucleus, where they function as templates
for genome transcription and replication (Matsuoka et al., 2013; Gabriel
and Fodor, 2014; Te Velthuis and Fodor, 2016). As RdRp (PA, PB1, and
PB2) is the primary component of vRNP and is responsible for the tran-
scription and replication of IAV, to further elucidate the mechanism of
MYH9 regulation on vRNP activity, we then examined the effect of MYH9
on the nucleocytoplasmic location of PA, PB1, and PB2 in both MYH9-OE
and vector control H1299 cells infected with H7N9 (MOI ¼ 5). We found
that PA has significantly decreased inMYH9-OE H1299 cells compared to
controls in the nucleus at 1, 2, 3 and 6 h.p.i. PB1 and PB2 has significantly
decreased in MYH9-OEH1299 cells compared to controls at 3 and 6 h.p.i.
(Fig. 7A and B, Top). Consistently, cytoplasmic viral proteins level was
significantly reduced inMYH9-OE H1299 cells compared to controls at 1,
2, 3, and 6 h.p.i., including PA, PB1, and PB2 (Fig. 7A and B, Bottom). In

addition, we examined the NP level in both cytoplasm and nucleus and
found that NP had accumulated in the nucleus in both controls and
MYH9-OE H1299 cells at 1, 2, and 3 h.p.i. (Fig. 7A and B, Top), but
decreased in the cytoplasm of MYH9-OE H1299 cells compared to control
cells (Fig. 7A and B, Bottom). Whereas at 6 h.p.i., when viruses have
begun replicating, NP levels in the cytoplasm and nucleus were
remarkably suppressed in MYH9-OE H1299 cells compared to those in
controls (Fig. 7A, B). More interestingly, we observed that MYH9 protein
level in the nucleus was increased gradually with the duration of H7N9
infection (Fig. 7C). Finally, the immunofluorescence images of NP levels,
and further confirmed that MYH9 does not alter the nuclear translocation
of NP, but negatively affected IAV replication (Supplementary Fig. S4).
These results support a model where MYH9 may thwart the formation or
stability of vRNP by directly interacting with NP and co-translocating
with NP to the nucleus (Fig. 7D). Thus, excess MYH9 may inhibit IAV
replication by directly down-regulating vRNP formation and activity.

4. Discussion

IAV has posed a number of public health challenges in history. To
develop new antiviral strategies, it is essential to understand in detail the
molecular aspects of interactions between virus and host. Several
genome-wide screenings and proteomic analyses have been conducted to
identify the host factors involved in IAV infection (K€onig et al., 2010;
Karlas et al., 2010; Watanabe et al., 2010, 2014; Mata et al., 2011; Taf-
foreau et al., 2011; De Chassey et al., 2013; He et al., 2013; Hsu et al.,
2013, 2015; Tripathi et al., 2013; Edinger et al., 2015; Perreira et al.,
2015; Heaton et al., 2017; Ackerman et al., 2018; Han et al., 2018; Li
et al., 2020; Song et al., 2021). However, due to large antigen variation
and antigen drift characteristics, the complex virulence factors of IAV,
the cross-talk mechanism between IAV and host factors are complicated.
In this study, MYH9 was identified as a critical host factor for IAV

Fig. 5. MYH9 inhibits influenza vRNP complex activity and viral replication. A vRNP activity was determined in HEK293T cells transfected with plasmids expressing
PB1, PB2, PA, NP and vRNA-luciferase reporter plasmid in NC-, MYH9-expressing and MYH9-KO H1299 cells. Firefly luciferase and Renilla luciferase activities were
measured at 48 h.p.t. The firefly luciferase activity was normalized to Renilla luciferase activity. B RT-qPCR analyses of NP-specific vRNA, cRNA, and mRNA
normalized to GAPDH mRNA. The NC- and MYH9-H1299 cells were infected with H1N1PR8 and H7N9 viruses at an MOI of 0.5. Total RNAs were harvested at 12 h.p.i.
*, P < 0.05; **, P < 0.01. C RT-qPCR analyses of NP-specific vRNA, cRNA, and mRNA normalized to GAPDH mRNA. The NC- and MYH9-A549 cells were infected with
H1N1PR8 and H7N9 viruses at an MOI of 0.5. Total RNAs were harvested at 12 h.p.i. The values shown are standardized to the corresponding RNA expression level in
the control cells (100%). ****, P < 0.0001. D Virus production in NC- and MYH9-A549 cells. Supernatants were collected at 24 h.p.i. And titrated for infectious virus
by means of plaque assays on MDCK cells. ****, P < 0.0001.
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infection in human lung epithelial cells. We found that MYH9 affords an
operation on the attachment and internalization of IAV into host cells.
Genetic ablation of MYH9 can broadly restrict the binding and entry of
different IAV subtypes and thereby inhibit viral infection. Surprisingly,
excess MYH9 also caused a significant decrease in productive IAV
infection by inhibiting vRNP complex activity. Together, these data
reveal an unusual regulatory paradigm in the interaction between IAV
and host cells, and suggest that MYH9 may act as a stimulator or
repressor of IAV infection in different cellular contexts, often encoun-
tered in unique physiological processes (Feng, 2012; Wang et al., 2014).

Cell cytoskeleton components, including vimentin (Wu and Pant�e,
2016; Amraei et al., 2022; Zhang et al., 2022), dynein, dynactin, myosin
VI motor protein (MYO6) (Sun and Whittaker, 2007), and myosin IIB
(MYH10) (Banerjee et al., 2014) have been identified as critical host
factors for IAV invasion. Myosins are a large family of motor proteins that
share the common features of ATP hydrolysis (ATPase enzymatic activ-
ity), actin binding and kinetic energy transduction potential. Although
MYH10 is an important paralogue of MYH9 and has been identified as an
HDAC6 cofactor in the M1 shell disassembly during IAV infection, the
function of MYH9 in IAV infection still remains under-investigated (Zhao
et al., 2022). MYH9 has been reported as receptors for herpes simplex
virus-1 (HSV-1) (Arii et al., 2010), Epstein-Barr virus (EBV) (Xiong et al.,
2015), and porcine reproductive and respiratory syndrome virus

(PRRSV) (Gao et al., 2016). Our previous data have already shown that
MYH9 serves as a key cellular factor in SARS-CoV-2 endocytosis and
promotes ACE2-dependent virus entry (Chen et al., 2021). Here, the data
further supported that MYH9 can regulate a broad-spectrum viral
infection. Following the attachment of viruses to the cell membrane,
viruses like human immunodeficiency virus (Sasaki et al., 1995; Gaudin
et al., 2013), vesicular stomatitis virus (Simon et al., 1998; Liu et al.,
2019), and vaccinia virus (Handa et al., 2013), move along cellular
filopodia and microvilli toward the cell body, known as the “virus surf-
ing”. This process moves the virions to the entry point on the plasma
membrane, where the endocytosis regulated by the actin-myosin
network for virus entry occurs. Our data indicate that endogenous
MYH9 depletion retains viral attachment, but affects the entry phase of
the viral life cycle prior to the transcription and replication of the viral
genome. The aggresome-processing machinery is responsible for IAV
endocytosis, where HDAC6, aided by dynein and MYH10, releases and
dissembles the viral nucleocapsids from the endosome (Banerjee et al.,
2014). Our current study show that MYH9 depletion inhibited IAV
attachment and internalization, in this perspective, endogenous MYH9
could account for the early stage of viral infection. This entry process also
depends on the forces generated by microtubules and microfilaments.
Meanwhile, TNPO1 is associated with PY-NLS and promotes the removal
of M1 associated with vRNP, enabling the dissociation of vRNPs from

Fig. 6. MYH9 interacts with NP subunit of vRNP, but not with PA, PB1, and PB2. A Immunoblot and immunoprecipitation analyses of lysates from MYH9-OE H1299
cells transfected with empty vector or vector expressing NP, PB1, PB2, and PA individually for 24 h. Flag-GFP transfected H1299 cells was used as the negative
controls. Lysates were tested with anti-NP, PB1, PB2, and PA antibody or anti-Flag antibody. B Immunoblot and immunoprecipitation analyses of lysates from MYH9-
OE H1299 cells co-transfected with NP, PB1, PB2, and PA for 24 h. C Immunoblot and immunoprecipitation analyses of lysates from MYH9-OE H1299 cells infected
with H7N9 for 1 h, 2 h, and 3 h p.i. D Immunoblot and immunoprecipitation analyses of lysates from WT H1299 cells transfected with Flag-NP and Flag-GFP
individually for 24 h. E vRNP activity was determined in H1299 cells. The dose-increased MYH9 vector (0, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0 μg/well, 24-well plate)
was co-transfected with plasmids expressing PB1, PB2, PA, NP, and vRNA-luciferase reporter plasmid in WT H1299 cells. Firefly luciferase and Renilla luciferase
activities were measured at 48 h.p.t. The firefly luciferase activity was normalized to Renilla luciferase activity. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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each other (Miyake et al., 2019). The KPNA and KPNB1 bind to the
classical NLS in the NP, resulting in the nuclear import of partially or
completely debundled vRNPs (Tome-Amat et al., 2019). The detailed
underlying mechanism by which MYH9 regulates IAV viral entry

independently or synergizes with other host factors remains to be
explored in future.

Interestingly, we detected significant inhibitory effect of IAV infec-
tion in MHY9-OE cells. We were initially surprised to see such a viral

Fig. 7. MYH9 thwarts the formation of vRNP by directly interacting with NP and co-translocating with NP to the nucleus. A Immunoblot and quantification of the
levels of viral proteins (Flag-MYH9, NP, PB2, PB1, PA, Lamin B1, and GAPDH) in nuclear (nuc) (A, Top) and cytoplasmic (cyt) (A, Bottom) fractions at the indicated
time points post H7N9 infection. NC- and MYH9- H1299 cells were infected with the H7N9 virus at an MOI of 0.5. At the desired time points, the cells were separated
into cytoplasmic and nuclear fractions. Each fraction was subjected to Western blotting with the corresponding antibodies for protein detection. B Statistic analyses of
the relative expression level of viral proteins in nucleus and cytoplasm in NC- and MYH9- H1299 cells, R.S.I. (Relative Strength Index) ¼ gray value of viral protein/
gray value of housekeeping protein. ns, no significance; *, P < 0.05; **, P < 0.01; ***, P < 001; ****, P < 0.0001. C Statistic analyses of the relative expression level of
MYH9 in nucleus and cytoplam in MYH9- H1299 cells. D Schematic illustration of MYH9-mediated regulation of IAV binding, internalization and replication.
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inhibitory phenotype on human lung epithelial cells, especially when
deletion of MYH9 inhibited IAV entry and nearly completely abolished
IAV replication. Because the replication and transcription of IAV depend
on cellular machinery, interactions between the vRNP complexes and
host factors play important roles in virus replication, pathogenicity and
host adaptation (Zhang et al., 2016; Luo et al., 2018; Gao et al., 2020; Qin
et al., 2020). There are much work to be done in order to find more in-
formation needed for viral replication and transcription. Here we
discovered the mechanism by which excess MYH9 impeded IAV repli-
cation and production in human lung epithelial cells. However, over-
expression of MYH9 retains IAV viral attachment, internalization, and
uncoating. To determine whether MYH9 affects post-entry activities of
IAV, we used the dual-luciferase minigenome system in our study
(Marklund et al., 2012; Tan et al., 2014; Zhang et al., 2016). Indeed,
excess MYH9 reduces the viral ribonucleoprotein (vRNP) activity in this
minigenome system. Accordantly, MYH9-KO significantly increased the
vRNP activity. Further analysis confirmed that MYH9 specifically in-
teracts with the NP protein, rather than PA, PB1, or PB2. Because active
nuclear importation of the vRNP complex is essential for the replication
and production of IAV and host factors would be involved in this active
process (Eisfeld et al., 2015; Zhang et al., 2016; Luo et al., 2018). We also
conducted nucleocytoplasmic separation experiments to decipher the
role of MYH9 in the nuclear translocation of vRNP complexes. Our data
show that excess MYH9 is likely to reduce the formation or stability of
vRNP by competitively interacting with IAV NP proteins. The underlying
mechanism of the vRNP activity and formation suppression is likely to be
based on the reduction of vRNP formation and suppression of its nuclear
translocation. During these processes, a great deal of MYH9 proteins may
enter into the nucleus and be accompanied by influenza NP, and then
impairs subsequent viral transcription and replication.

5. Conclusions

Together, our current work suggests that an optimal level of MYH9 is
required for IAV fitness and provides new mechanistic insight into the
complicated interface of IAV-host interactions. These findings could
therefore provide a new rationale for developing new drugs against
diverse influenza stains.
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