~ International Journal of
Molecular Sciences

Article

Transportin-3 Facilitates Uncoating of Influenza A Virus

Jiahui Zou 1210, Luyao Yu L2t Yinxing Zhu 1.2 Shuaike Yang 12 Jiachang Zhao 12 Yaxin Zhao 12,
Meijun Jiang "2, Shengsong Xie 37, Hailong Liu 3, Changzhi Zhao 3 and Hongbo Zhou 1-%*

check for
updates

Citation: Zou, J.; Yu, L.; Zhu, Y; Yang,
S.; Zhao, ].; Zhao, Y.; Jiang, M.; Xie, S.;
Liu, H,; Zhao, C.; et al. Transportin-3
Facilitates Uncoating of Influenza A
Virus. Int. J. Mol. Sci. 2022, 23, 4128.
https:/ /doi.org/10.3390/
ijms23084128

Academic Editors: Joan Puig-Barbera,
Maria Lourdes Guerrero,

Anna Sominina, Svetlana

V. Trushakova and F.

Xavier Lopez-Labrador

Received: 5 March 2022
Accepted: 2 April 2022
Published: 8 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Agricultural Microbiology, College of Veterinary Medicine,

Huazhong Agricultural University, Wuhan 430070, China; zoujiahui@webmail.hzau.edu.cn (J.Z.);
luyaoyu0408@163.com (L.Y.); yingzizhu@163.com (Y.Z.); yangshuaike0910@163.com (S.Y.);
jiachangzhao1223@163.com (J.Z.); YaxinZhao@webmail.hzau.edu.cn (Y.Z.); jiangmeijun1996@163.com (M.].)
Key Laboratory of Preventive Veterinary Medicine in Hubei Province, The Cooperative Innovation Center for
Sustainable Pig Production, Wuhan 430070, China

Key Laboratory of Agricultural Animal Genetics, Breeding and Reproduction of Ministry of Education & Key
Lab of Swine Genetics and Breeding of Ministry of Agriculture and Rural Affairs,

Huazhong Agricultural University, Wuhan 430070, China; ssxie@mail.hzau.edu.cn (S.X.);
hailongliu@webmail.hzau.edu.cn (H.L.); czzhao@webmail. hzau.edu.cn (C.Z.)

*  Correspondence: hbzhou@mail hzau.edu.cn

t These authors contributed equally to this work.

Abstract: Influenza A viruses (IAVs) are a major global health threat and in the future, may cause
the next pandemic. Although studies have partly uncovered the molecular mechanism of IAV-host
interaction, it requires further research. In this study, we explored the roles of transportin-3 (TNPO3)
in TAV infection. We found that TNPO3-deficient cells inhibited infection with four different IAV
strains, whereas restoration of TNPO3 expression in knockout (KO) cells restored IAV infection.
TNPO3 overexpression in wild-type (WT) cells promoted IAV infection, suggesting that TNPO3
is involved in the IAV replication. Furthermore, we found that TNPO3 depletion restrained the
uncoating in the IAV life cycle, thereby inhibiting the process of viral ribonucleoprotein (VRNP)
entry into the nucleus. However, KO of TNPO3 did not affect the virus attachment, endocytosis, or
endosomal acidification processes. Subsequently, we found that TNPO3 can colocalize and interact
with viral proteins M1 and M2. Taken together, the depletion of TNPO3 inhibits IAV uncoating,
thereby inhibiting IAV replication. Our study provides new insights and potential therapeutic targets
for unraveling the mechanism of IAV replication and treating influenza disease.

Keywords: TNPO3; CRISPR/Cas9; influenza virus; uncoating

1. Introduction

Influenza A virus (IAV) is a negative-stranded and segmented RNA virus belonging to
the Orthomyxoviridae family [1]. IAV infects humans and animals in the upper respiratory
and causes seasonal epidemics and occasional pandemics, posing an enormous threat to
the global economy and public health [2-4]. As IAV has the ability to rapidly evolve to
generate new reassortment viruses, conventional antiviral therapies including vaccines,
neuraminidase inhibitors, and M2 channel blockers have limited antiviral efficiency [5,6].
The development of new antiviral therapeutics against IAV is urgently needed.

IAV relies on a host’s machinery to replicate and accomplish its life cycle [7]. The
IAV-host interactions have been partially revealed [8-13], but they still require further
research. The virus’ evolution of resistance to host-targeted therapeutics is deemed to be
slow, thus the development of host-directed therapeutics against IAV is imperative. The
early life cycle of IAV can be divided into six steps: adsorption, endocytosis, acidification,
endosomal transport, uncoating, and the import of viral ribonucleoprotein (vRNP) into
the nucleus [14,15]. IAV hemagglutinin (HA) combines with the sialic acid receptor on
the surface of the host cell, then virus particles are internalized by clathrin-mediated

Int. J. Mol. Sci. 2022, 23, 4128. https://doi.org/10.3390/ijms23084128

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23084128
https://doi.org/10.3390/ijms23084128
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5021-2867
https://orcid.org/0000-0002-8301-877X
https://orcid.org/0000-0002-3954-3972
https://doi.org/10.3390/ijms23084128
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23084128?type=check_update&version=2

Int. J. Mol. Sci. 2022, 23,4128

20f16

endocytosis, micropinocytosis, clathrin- and caveolin-independent endocytosis, or caveolin-
mediated endocytosis [16-18]. Subsequently, the early endosome is formed and moved
toward the nucleus along cytoskeleton proteins. When the virus particles are exposed to the
low pH of 5.0, HA undergoes a conformational change [19], inducing the fusion of the viral
particle membrane and the late endosomal membrane [13,20,21]. The capsid is released
into the cytoplasm, and matrix protein M1 and vRNPs are separated from each other.
Subsequently, vVRNPs are imported into the nucleus for transcription and replication [22,23].
Any interference or interruption in these steps will interrupt the IAV replication. Host
factors screened to be required for IAV replication can act as host-targets utilized to develop
therapeutics against IAV.

TNPO3, a member of the importin 3 superfamily, participates in regulating nucleo-
cytoplasmic translocation of importins, exportins, and their specific binding cargos [24].
The process is regulated by the small GTPase Ran, which is predominantly in a GDP-
and GTP-bound form [25]. TNPO3 specifically mediates the nuclear import of splicing
factor serine/arginine (SR) proteins, such as RBM4, SFRS1, SFRS2, and CPSF6 [26-29].
Cyto-plasm cargos bound with importins competitively bind to RanGTP, inducing release
into the nucleus [30]. Recently, several studies have shown that TNPO3 is implicated in the
replication of several viruses. TNPO3 regulates human immunodeficiency virus-1 (HIV-1)
replication through interacting with HIV-1 integrase and capsid proteins [31-33]. Knockout
of TNPO3 also restrained the import of prototype foamy virus (PFV) integrase and induced
unintegrated DNA in PFV-infected cells [34,35]. However, the roles of TNPO3 in IAV repli-
cation have not been reported. Transportin-1 (TNPO1), a homologous protein of TNPO3
that binds to a PY-NLS sequence motif close to the amino terminus of the matrix protein
M1, promotes the removal of M1 and induces disassembly of vRNP bundles [23]. We con-
structed the TNPO3 knockout newborn pig trachea epithelial (NPTr) cells by CRISPR/Cas9
technology [36]. TNPO3 was validated to be involved in IAV uncoating and the subsequent
vRNP importin steps, but was not necessary for IAV attachment, endocytosis, and endoso-
mal acidification. For analysis of the crucial roles that viral M1 and M2 proteins perform in
IAV uncoating [22,37] and the PY-NLS-like motifs, which were found to be located in viral
M1 and M2 [23,38], we also verified the interaction and colocalization between TNPO3
and the viral M1 and M2 proteins. This interaction may be the reason behind TNPO3’s
regulation of IAV uncoating.

Taken together, we validated the critical role of TNPO3 in IAV infection. Stepwise
dissection of the viral entry process verified that TNPO3 knockout restrained the IAV
uncoating and the subsequent vRNP’s importin steps, which may take place through the
interactions between TNPO3 and the viral M1 and M2 proteins. This study provides new
insight into the IAV replication mechanism and a potential host-directed therapeutics target.

2. Results
2.1. TNPO3 Is Involved in the IAV Replication

To study the function of TNPO3 in IAV infection, we generated TNPO3 knockout
(TNPO3-KO) NPTr cells with CRISPR/Cas9 technology. The knockout effect of TNPO3
was determined by Western blot, and the results revealed that the TNPO3 protein was
knocked out (Figure 1A). Sanger sequencing confirmed the presence of 7 bp deletions in
TNPO3-KO cells (Figure S1). Meanwhile, knockout of TNPO3 had no significant effect on
the cell viability when compared to the wild type (WT) cells (Figure 1B).
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Figure 1. TNPO3 is involved in the replication of IAV. (A) Western blot detection of the TNPO3
in knockout (KO) and wild-type (WT) cells. (B) Cell viability was determined using CCK-8 de-
(C-F) Assessing the effects of TNPO3 knockout on IAV replication with the TCIDs
assay. WT and TNPO3-KO cells were infected with HuB/HI1N1, F26/HIN1, PR8/HIN1, and
SH13/H9N2 at MOI of 0.01, respectively. (G) Assessment of the effect of overexpression of TNPO3
on HuB/HI1NT1 virus (MOI = 0.01) replication by the TCIDsg assay. (H) TNPO3 knockout cells were
complemented with wild-type TNPO3, and then challenged with HuB/H1N1 virus (MOI = 0.01).
FLAG-TNPO3—overexpression vector of 3 x FLAG-CMV-TNPO3. FLAG—control vector of FLAG.
Virus titers were determined by TCID5( assay on MDCK-NBL-2 cells (mean =+ SD of three indepen-
dent experiments; *, p < 0.05; **, p < 0.01; ***, p < 0.001; two-tailed Student’s t-test).

tection.
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Next, we explored the role of TNPO3 in the replication of IAV. TNPO3-KO cells and
WT cells were infected with A/swine/Hubei/221/2016 (HuB/HINT1), and virus titers
of indicated timepoints were determined. The results revealed that knockout of TNPO3
significantly inhibited the proliferation of swine influenza virus HuB/HINT1 (Figure 1C).
To determine whether TNPO3 was crucial for replication in multiple influenza virus strains,
the TNPO3-KO cells and WT cells were also infected with A/swine/Henan/F26/2017
(F26/H1NT1), A /Puerto Rico/8-5V14/1934 (PR8/H1N1), and A/chicken/Shanghai/SC197/
2013 (SH13/H9N2). The virus titers at different timepoints were also determined, sug-
gesting that knockout of TNPO3 prominently restrained all of the aforementioned viruses’
replication (Figure 1D-F). To eliminate the interference of other factors, the complement
of exogenous TNPO3 cDNA in WT cells (Figure 1G) or TNPO3 KO cells (Figure 1H) sig-
nificantly increased the proliferation of HuB/HINT1 at different timepoints post infection,
indicating the participation of TNPO3 in the replication of IAV. We also examined whether
TNPO3 is crucial for other viruses replication, such as the Japanese encephalitis virus (JEV)
and vesicular stomatitis virus (VSV). We infected the WT and TNPO3-KO cells with JEV
or VSV, and the results indicated that knockout of TNPO3 did not affect the replication of
JEV and VSV (Figure S2). Together, all results demonstrated that TNPO3 was involved in
IAV replication.

2.2. TNPO3 Is Not Required for the IAV Attachment and the Expression of Sialic Acid Receptors

Although TNPO3 is involved in IAV replication, the function mechanism of TNPO3
in AV life cycle is still unclear. We investigated the specific stages of TNPO3 knockout
affecting the IAV replication. First, we tested whether the adsorption of virus particles on
the host cells surface was affected by TNPO3 knockout. TNPO3-KO cells and WT cells were
infected with HuB strain at MOI = 10, HA proteins were stained and analyzed by confocal
microscopy and flow cytometry, and the results demonstrated that there was no difference
in IAV attachment ability between TNPO3-KO cells and the WT cells (Figure 2A-C). Then,
we explored whether the synthesis of the receptors was affected by TNPO3 knockout.
Maackia amurensis lectin (MAL II) and Sambucus nigra lectin (SNL) can detect «-2,3 sialic
acid receptor and «-2,6 sialic acid receptor on the surface of host cells, respectively [39,40].
TNPO3-KO cells and WT cells were incubated with biotin-labeled lectin and stained with
Cy5-conjugated streptavidin. Confocal microscopy analyses and flow cytometry revealed
that there were no differences in the synthesis of the «-2,3 sialic acid (Figure 2D-F) and
«-2,6 sialic acid receptors (Figure 2G-I) between the WT cells and the TNPO3-KO cells.
These data revealed that TNPO3 was not crucial for the attachment of the IAV and the
expression of sialic acid receptors.

2.3. TNPO3 Is Not Required for the Endocytosis and Acidification

As knockout of TNPO3 did not affect the attachment of influenza virus and the
synthesis of sialic acid receptors, we continued to explore whether knockout of TNPO3
affected the subsequent endocytosis and acidification processes. For the endocytosis assay,
pH 2.0 PBS was used to wash away the attached but not internalized virus particles.
Internalized viral M1 protein was detected and demonstrated that the virus particles
were almost undetectable at 0 min and became detectable at 30 min and 45 min post
infection. However, the internalized virus particles of both the WT cells and the TNPO3-
KO cells were almost the same (Figure 3A), indicating that endocytosis was not affected by
TNPO3 knockout.
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Figure 2. Knockout of TNPO3 does not affect viral attachment and the expression of sialic acid recep-
tors. (A—C) The efficacy of TNPO3 KO in blocking viral attachment was assessed by an attachment
assay. WT and TNPO3-KO cells were infected with HuB strain virus and incubated on ice for 1 h,
followed by incubation with anti-influenza virus HA protein antibody. Then, the HA proteins were
analyzed by (A) confocal microscopy and (B) analyzing the average fluorescence intensity of two
independent experiments as shown in (A) and (C) flow cytometry. (D-F) Detection of «-2,3 sialic
acid expression in WT and TNPO3-KO cells. WT cells and TNPO3-KO cells were incubated with
«-2,3-linked sialic acid (MAL II) and then incubated with 10 pg/mL Cyb5 Streptavidin and analyzed
by (D) confocal microscopy and (E) analyzing the average fluorescence intensity of two independent
experiments as shown in (D) or (F) flow cytometry. WT and TNPO3-KO were stained with only
Cyb5-streptavidin, but not treated with lectin. Scale bar = 10 pm. (G-I) Detection of x-2,6 sialic
acid expression in WT and TNPO3-KO cells. WT cells and TNPO3-KO cells were incubated with
«-2,6-linked sialic acid (SNL) and then incubated with 10 ug/mL Cy5 Streptavidin and analyzed by
(G) confocal microscopy and (H) analyzing the average fluorescence intensity of two independent
experiments as shown in (G) or (I) flow cytometry. WT and TNPO3-KO were stained with only
Cyb5-streptavidin, but not treated with lectin. Scale bar = 10 pm.
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Figure 3. Knockout of TNPO3 does not interfere with endocytosis and acidification of IAV. (A) The
effect of knockout of TNPO3 on viral endocytosis was assessed by Western blot analysis of viral M1
protein expression in infected WT and TNPO3-KO cells. (B,C) The effect of KO of TNPO3 on viral
acidification was assessed by (B) flow cytometry, (C) confocal microscopy analysis, and (D) analyzing
the average fluorescence intensity of two independent experiments as shown in (C). Baf-A1 was used
as a specific inhibitor of vacuolar-type H(+)- ATPase to inhibit acidification and protein degradation
in lysosomes of cultured cells. WT cells and TNPO3 KO cells were incubated either with or without
Baf-Al and then stained with Lyso-Tracker Red. Lyso-Tracker Red is a lysosome red fluorescent probe
that can penetrate the cell membrane and can be used for lysosome-specific fluorescent staining of
living cells. Scale bar = 10 um. ***, p < 0.001; Baf-A1, Bafilomycin Al; WT, wild-type; KO, knockout.

Next, we continued to explore the impact of TNPO3 knockout on the acidification
process. Lyso-Tracker Red was utilized to detect the lysosome acidification of WT and
TNPO3-KO cells. Bafilomycin A1l (Baf-Al), a known inhibitor of endosomal acidification
and viral fusion, was used as a positive control [41,42]. Flow cytometry was conducted
using Lyso-Tracker Red. The results indicated that the acidification process of the positive
control group was completely inhibited. However, the WT cells and TNPO3-KO cells
without Baf-Al were nearly the same, revealing that the acidification step was not affected
by TNPO3 depletion (Figure 3B). Additionally, Confocal microscopy was performed to
observe the amount of lysosome acidification by Lyso-Tracker Red, which demonstrated
that there was no difference between the WT cells and the TNPO3-KO cells (Figure 3C,D).
Taking all of these results together, it was determined that TNPO3 is not required for
endocytosis and acidification in the IAV replication life cycle.
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2.4. TNPO3 Plays a Crucial Role in the Uncoating Step of Influenza Virus Entry

Next, we investigated the effect of TNPO3 knockout on the IAV uncoating step. M2-
mediated viral acidification leads to a dissociation of vRNPs from M1, resulting in the
release of M1 into the cytoplasm [43,44]. After infection with HuB strain virus at MOI = 10,
M1 was stained and analyzed with confocal microscopy. WT and TNPO3-KO cells shared
a similar scattered and punctate M1 distribution at 1.5 hpi (Figure 4A,B). Subsequently,
M1 proteins in WT cells were released and distributed throughout the cytoplasm, whereas
the M1 proteins in TNPO3-KO cells still displayed a scattered and punctate distribution at
2.5 hpi (Figure 4C,D), demonstrating that the deletion of TNPO3 delayed and impaired the
TAV uncoating process.
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Figure 4. Knockout of TNPO3 inhibits uncoating during IAV entry. WT cells and TNPO3-KO cells
were infected with HuB/HIN1 (MOI = 10) and fixed at (A,B) 1.5 h and (C,D) 2.5 h post infection.
(A,C) Confocal microscopy analysis of viral-encoded M1 in WT and TNPO3-KO cells after IAV
infection. Scale bar = 20 um. (B,D) analyzing the relative (B) M1 positive or (D) M1 uncoating
positive cells of two independent experiments as shown in (A) and (C). **, p < 0.01; hpi, hour post
infection; WT, wild-type; KO, knockout.

2.5. Knockout of TNPO3 Inhibits the Nuclear Import of IAV

As the uncoating step of IAV infection was restrained by TNPO3 knockout, we ex-
plored whether the subsequent nuclear import of vRNPs into the nucleus was affected.
TNPO3-KO cells and WT cells were infected with HuB strain and the viral NP proteins
in nuclear and cytoplasmic fractionations were separated at 3 hpi. The results indicated
that NP proteins in WT cells were distributed mostly in the nucleus, whereas much of the
NP proteins were still distributed in the cytoplasm in the TNPO3-KO cells (Figure 5A),
suggesting that the import of vRNPs into the nucleus was restrained. Meanwhile, confocal
microscopy was also performed to visualize the distribution of the viral NP proteins at
3 hpi. NP in WT cells were observed to be primarily located in the nuclei; however, much
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fewer viral NP proteins were in the nucleus in the TNPO3-KO cells (Figure 5B,C). These
data revealed that the inhibition of uncoating induced by TNPO3 depletion subsequently
impaired the downstream import of viral vVRNPs into the nucleus.
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Figure 5. Knockout of TNPO3 inhibits IAV nuclear import. (A) Western blot analysis of the distribu-
tion of viral NP proteins in the cytoplasmic and nuclear fractions. WT cells and TNPO3-KO cells were
infected with HuB/H1NT1. Cells were harvested in 3 hpi and subjected to nuclear and cytoplasmic
fractionation. Anti-NP antibody was used to determine the IAV content of the nuclear (Nuc) and
cytoplasmic (Cyt) fractions as well as the whole-cell lysates (WCL). Lamin A /C was used as a nuclear
protein marker and GAPDH was used as a cytosolic protein marker. (B) Confocal microscopy of
viral-encoded NP in WT and TNPO3-KO cells after virus infection. WT and TNPO3-KO cells were
infected with HuB/H1N1 and fixed at 3 hpi for observation. Scale bar = 20 um. hpi, hour post
infection; WT, wild type; KO, knockout; Nuc, nuclear; Cyt, cytoplasmic. (C) Analyzing the relative
levels of nucleus NP positive cells in two independent experiments, as shown in B (mean + SD of
two independent experiments; **, p < 0.01; two-tailed Student’s {-test).

2.6. TNPO3 Interacts and Colocalizes with Influenza Virus M1 and M2 Proteins

We further explored the mechanism by which TNPO3 affects the uncoating of IAV. In
the uncoating process of IAV, viral matrix protein M1 and M2 are mainly involved. We
suspected that the TNPO3 may interact with M1 and M2 to change the structure of the virus
particle protein, thus promoting the uncoating process. HEK293T cells were co-transfected
with FLAG-TNPO3 and HA-M1 or HA-M2, and co-IP experiments were performed to ex-
plore the interaction between TNPO3 and M1 or M2 (Figure 6A-D). Anti-FLAG (Figure 6A)
or anti-HA (Figure 6B) antibodies were utilized to precipitate interacted proteins, and
the interaction between TNPO3 and M1 was validated. Meanwhile, interaction between
TNPO3 and M2 was also validated by co-IP using anti-FLAG (Figure 6C) and anti-HA
(Figure 6D) antibody. Moreover, confocal microscopy analyses were also conducted and
validated the colocalization between TNPO3 and M1 or M2 (Figure 6E). Together, TNPO3
may interact with M1 and M2 to affect the uncoating of IAV.
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Figure 6. TNPO3 interacts and colocalizes with M1 and M2 proteins. (A,B) Interaction of TNPO3
with viral protein M1 detected by co-IP assay. HEK293T cells were transfected with 3 x FLAG-
CMV-TNPO3 (FLAG-TNPO3) and pCAGGS-HA-M1 (HA-M1). Co-IP assays were performed with
(A) anti-FLAG or (B) anti-HA antibodies followed by Western blot analysis. (C,D) Interaction of
TNPO3 with viral protein M2 detected by co-IP assay. HEK293T cells were transfected with 3 x
FLAG-CMV-TNPO3 (FLAG-TNPO3) and pCAGGS-HA-M2 (HA-M2). Co-IP assays were performed
with (C) anti-FLAG or (D) anti-HA antibody followed by Western blot analysis. (E) Co-localization of
TNPO3 with viral proteins M1 and M2 in HEK293T cells. HEK293T cells were transfected with 3 x
FLAG-CMV-TNPO3 (FLAG-TNPO3) and pCAGGS-HA-M1 (HA-M1) or pCAGGS-HA-M2 (HA-M2),
and cells were fixed at 24 hpi for observation by Confocal microscopy. “Enlarge” indicates that the
picture is enlarged, scale bar = 5 um.
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3. Discussion

Emerging of new reassortment viruses and drug resistance to conventional vaccination
and antiviral therapies raises concerns about future pandemics. Since in viruses the evolu-
tion of resistance to host-targeted therapeutics is deemed to be slow, we aimed to identify
potential host factors that can act as anti-viral targets. Based on the previous genome scale
screens for host factors required for IAV replication, we screened and chose TNPO3 for
further research.

Uncoating is a complicated step accomplished and regulated by cellular factors to alter
the virion core structure, thus resulting in the release of the viral vVRNPs into the cytosol.
Because of technological and methodological limitations, it is hard to observe the uncoating
process and identify the host factors involved in this step. Yet, several crucial host factors
have been identified to play an essential role in the uncoating process. Histone deacetylase
6 (HDAC®6), G protein-coupled receptor kinase 2 (GRK2), epidermal growth factor receptor
pathway substrate 8 (EPS8), and transportin-1 (TNPO1) have been validated as being
involved in the influenza virus uncoating process [23,45-47]. Here, we identified that a new
host factor, TNPO3, played a crucial role in virus uncoating through interacting with viral
M1 and M2 proteins, providing new insight into the influenza virus uncoating process.

TNPO3 plays a vital role in maintaining homeostasis. The abnormal expression of
TNPO3 circular RNAs (circ-RNAs) can result in ovarian cancer and gastric cancer; therefore,
circ-TNPO3 has the potential to serve as a therapeutic target for cancers [48,49]. As for
the antiviral targets, the import of CPSF6 by TNPO3 into the nucleus is crucial for HIV-1
replication. However, the interaction between TNPO3 and CPSF2 can be destroyed by
the drug PF-3450074, inducing a significant decrease in HIV-1 virus titer [50]. Meanwhile,
type I interferon (IFN)-inducible miR-128 directly targets the TNPO3 mRNA, significantly
downregulating TNPO3 mRNA and the subsequent protein expression levels, thus reduc-
ing HIV-1 replication and delays the spread of infection [31]. All of this taken together,
TNPO3 can serve as a potential target for antiviral therapeutics.

In our study, we confirmed the interaction and colocalization between TNPO3 and
viral M1 and M2 proteins (Figure 6). As TNPO3 homologous proteins, namely TNPOI1,
participate in virus uncoating by binding to a PY-NLS sequence motif close to the viral
M1 protein [23,51]. TNPO3 may possess a similar function to TNPOL1 that binds to the
specific PY-NLS-like domain of viral M1 and M2 (Figure S3) [23,52], thus changing the
conformation of M1 and M2. However, the PY-NLS-like motif could not be found in the JEV
and VSV viral proteins; this may be the reason why TNPO3 is not crucial for the replication
of JEV and VSV. In addition, there are also possibilities that both TNPO1 and TNPO3 bind
to the viral M1 protein, consequently forming a protein complex. Therefore, the binding
of TNPOL1 to the PY-NSL sequence may, with the help of TNPO3, TNPO1 and TNPO3,
participate in the IAV uncoating process.

TNPO3 was previously found to mediate the nuclear import of splicing factor ser-
ine/arginine (SR) proteins and the serine/arginine protein CPSF6 [26-29]. Here, we de-
scribed a new function of TNPO3 that assists IAV uncoating, enhancing the understanding
of TNPO3. As it has nuclear importin function, TNPO3 may also function in the nuclear
import of IAV vRNPs [53]. TNPO3 knockout not only affected the virus uncoating but also
restrained the import of NP into the nucleus (Figure 4 and 5). Since we cannot eliminate
the influence of TNPO3 knockout on restricting the virus uncoating step at present, we
cannot yet further study the role of TNPO3 in vRNPs imported into the nucleus, which
would provide clues for further studies related to this work.

Apart from the restriction mentioned above, there were also limitations in that IAV
replication in some TNPO3-KO cells showed identical efficiency to that in WT cells. Knock-
out of TNPO3 may result in complex changes within the cells, including the possibility that
other transportins compensated for the functions of TNPO3, as the homologous protein
TNPOL revealed similar function to TNPO3. It may be required to examine the expressions
and functions of TNPO1 and TNPO?2 after TNPO3 knockout. The TNPO3-KO monoclonal
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cells may also contain a small number of WT cells that had not be knocked out completely,
resulting in a similar effect found in both the TNPO3-KO and the WT cells.

In summary, we focused on the host gene TNPO3 and explored the role of TNPO3 in
IAV infection. Stepwise dissection of the viral life cycle processes revealed that TNPO3
was crucial for IAV replication and involved in the process of IAV uncoating and the
subsequent importation of vRNPs into the nucleus. TNPO3 was also verified to interact
and colocalize with viral M1 and M2 proteins, which may be the reason why TNPO3 affects
IAV uncoating. These data establish TNPO3 as a cofactor necessary for IAV uncoating and
provide a potential target for host-directed therapeutics against IAV.

4. Materials and Methods
4.1. Cell and Virus

Madin-Darby canine kidney NBL-2 (MDCK-NBL-2) cells, human embryonic kidney
293T cells (HEK293T) cells, and newborn pig tracheal epithelial cells stably expressing Cas9
protein (NPTr-Cas9) were preserved in our laboratory. The IAVs used in the experiments
were A /swine/Hubei/221/2016(HuB/H1IN1), A/swine/Henan/F26/2017(F26/H1N1),
A /Puerto Rico/8-5V14/1934(PR8/HIN1), and A/chicken/Shanghai/SC197/2013 (SH13/
HON2). These IAVs and VSV were preserved in our laboratory. JEV P3 was kindly offered
by Professor Song (Wuhan, China).

4.2. Antibodies and Reagents

The following antibodies and reagents were used in this study: anti-GAPDH mouse
monoclonal antibody (Cat NO. 60004-1-Ig, Proteintech, Wuhan, China); anti-FLAG mouse
monoclonal antibody (Cat NO. F1804, Sigma, Saint Louis, MO, USA); anti-HA mouse
monoclonal antibody (Cat NO. M180-3, MBL, Beijing, China); anti-Lamin A/C rabbit
polyclonal antibody (Cat NO. ET7110-12, HUABIO, Hangzhou, China); anti-TNPO3 rabbit
monoclonal antibody (Cat NO. ET7108-80, HUABIO, Hangzhou, China); anti-IAV NP and
M1 rabbit polyclonal antibodies (Cat NO. GTX125989 and GTX125928, GeneTex, Irvine,
CA, USA); fluorescein labeled affinity purified antibody to mouse IgG (H+L) (Cat NO.
5230-0427, KPL, Milford, MA, USA) and Cy3-labeled antibody to Rabbit IgG (H+L) (Cat
NO. 5230-0359, KPL, Milford, MA, USA); Horseradish peroxidase-conjugated anti-mouse
and anti-rabbit antibodies (BF03001 and BF03008, Beijing Biodragon Inmmunotechnolo-
gies, Beijing, China); DAPI (4', 6-diamidino-2-phenylindole) (Cat NO. C1002, Beyotime,
Shanghai, China); biotinylated Sambucus nigra (SNL) and Maackia amurensis Lectin II
(MAL II) lectins (Cat NO. B-1305-2 and B-1265-1, Vector Lab, Burlingame, CA, USA); Cy5-
streptavidin (Cat NO. SA-1500-1, Vector Lab, Burlingame, CA, USA); anti-Flag Magnetic
beads (Cat NO. HY-K0207, MCE, Shanghai, China); and anti-HA Magnetic beads (Cat NO.
B26202, Bimake, Shanghai, China).

4.3. Plasmids

The sus scrofa transportin-3 (TNPO3) gene was cloned into the p3 x FLAG-CMV-14
vector at Cla I and Bam HI sites. The HuB-M1 and HuB-M2 genes were cloned into pCAGGS-
HA vector at Eco RI and Xho I sites. The PCR primers were designed by Primer 5. SgRNAs
were designed according to the website http://crispr.mit.edu. The primer sequences and
sgRNAs are listed in Table 1. All plasmid constructs were confirmed by sequencing.

4.4. Generation of the TNPO3 NPTr-Cas9 Knockout Cells

TNPO3 NPTr-Cas9 knockout cells were generated by using the CRISPR/Cas9 sys-
tem. Briefly, the designed single guide RNA (sgRNA) targeting the swine TNPO3 gene
was cloned into the lenti-guide-puro vector. pMD2. G and psPAX2, producing the
VSV-G glycoprotein and envelope proteins of the lentivirus, respectively [54,55], com-
bined with lenti-guide-puro-sgRNA-TNPO3 (pMD2. G:psPAX2: lenti-guide-puro-sgRNA-
TNPO3 = 15:6:20) were co-transfected into HEK293T cells to produce the recombined
lentivirus. NPTr-Cas9 cells were infected with lentivirus, and puromycin (2.5 ng/mL) was
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added to select the positive clones. The monoclonal cells were obtained with the limited
dilution method. Finally, the knockout of TNPO3 was confirmed by Western blot at the
protein level.

Table 1. Primers used in this study.

Primer Name Sequence (5’ to 3')
TNPO3-sgRNA-F CACCGTACCACGACCCAGATCCCAG
TNPO3-sgRNA-R AAACCTGGGATCTGGGTCGTGGTAC

HA-M1-F CGGAATTCATGAGTCTTCTAACCGAGGT
HA-M1-R CCGCTCGAGCTTGAATCGCTGTATCTGCACT
HA-M2-F CGGAATTCATGAGTCTTCTAACCGAGGT
HA-M2-R CCGCTCGAGCTCCAGCTCTATGTTGACAAAAT
FLAG-TNPO3-F CCATCGATAATGAAAATGAAGATTCAGACCT
FLAG-TNPO3-R CGCGGATCCTCGAAACAATCTGGTGAAGTCT
TNPO3-Genome-F AACTTCCACGGGGAACCCCT
TNPO3-Genome-R AAGCGGCGTAGATGAAGCTT

4.5. Virus Infection and Virus Titration

NPTr-Cas9 cells were infected with IAV (MOI = 0.01) for 1 hiin a 37 °C, 5% CO, cell
incubator, and washed three times with PBS (Cat NO. SH30256.01, HyClone, Shanghai,
China). The medium was then changed to DMEM (Cat NO. SH302403.01, HyClone,
Shanghai, China) with 0.25 pg/mL TPCK. The cell supernatants were collected at different
time points. Viral supernatants were serially diluted with DMEM and added to each well
with eight replicates of each dilution. The 50% tissue culture infective dose (TCIDsj) was
calculated at 72 hpi using the Reed-Muench method [56].

4.6. Sanger Sequencing

The sgRNA sequence targeting TNPO3 was found in the pig genome, and PCR primers
around the sgRNA sequence were designed and used to amplify the gene fragments
containing the TNPO3-targeting sgRNA. Then, the gene fragments underwent Sanger
sequencing to determine the genome sequence around the sgRNA of TNPO3. The primer
sequences are listed in the Table 1.

4.7. Cell Viability Assay

Cell viabilities were assessed using a cell counting kit-8 (CCK-8) (Cat NO. GK10001,
GLPBIO, Montclair, CA, USA). Assays were performed according to the manufacturer’s
instructions. Briefly, the WT cells and the TNPO3-KO cells were incubated in 96-well plates
and the cell viabilities were measured at 12 h, 24 h, and 36 h. A total of 10 pL of CCK-8
reagents were added to each well of the plates, and the cells were incubated at 37 °C for
1 h, then the absorbance at 450 nm was measured by a microplate reader.

4.8. Indirect Immunofluorescence Assay

The WT or TNPO3-KO cells were transfected with indicated plasmids or infected
with HuB/H1N1. Then, cells were fixed with 4% paraformaldehyde (PFA) for 10 min,
permeabilized using 0.2% (vol/vol) Triton X-100 for 10 min and blocked with 1% (wt/vol)
bovine serum albumin (BSA) for 1 h. Subsequently, the cells were incubated with primary
antibodies for 2 h, washed with PBS three times, and incubated with an appropriate
fluorescent secondary antibody for 1 h. The nuclei were stained with DAPI for 10 min at
room temperature. These samples were observed with a confocal microscope (LSM 880;
Zeiss, Oberkochen, Germany).

4.9. Lectin and HA Binding Assay

The WT and TNPO3-KO cells were fixed with 4% PFA for 10 min, washed with PBS
twice, and incubated with 20 pg/mL biotinylated lectin for 1 h on ice, followed by staining
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with 1 ng/mL Cy5-streptavidin. The samples were observed with a confocal microscope
(LSM 880; Zeiss, Oberkochen, Germany) or analyzed by a flow cytometer (Cytoflex LX;
Elementar, South Manchester, UK). As for the HA binding assay, the WT cells and the
TNPO3-KO cells were infected with TAV for 1 h on ice, which allowed attachment but
prevented internalization. Then, cells were fixed, permeabilized using 0.2% (v/v) Triton
X-100 for 15 min, and blocked with 1% (wt/vol) bovine serum albumin (BSA) for 30 min.
After that, cells were treated with primary antibodies for 2 h, followed by treatment with
an appropriate fluorescent secondary antibody for 1 h. The nuclei were stained with
DAPI for 10 min at room temperature. These samples were observed with a confocal
microscope. [39,40]

4.10. Endocytosis Assay

WT cells and TNPO3-KO cells were infected with the HuB/HI1N1 virus at 4 °C for
1 h, then incubated in a 37 °C cell incubator. Cells were washed with PBS (pH = 2) to
remove the attached (but not the internalized) IAV at 0 min, 30 min, and 45 min. Next, the
cells were collected and lysed by mammalian protein extraction reagent (Cat NO.CW0002,
CWBIO, Taizhou, China). The collected proteins were subjected to a Western blot.

4.11. Acidification Assay

Bafilomycin Al (Baf-A1l) (Cat NO. GC17597, GLPBIO, Montclair, CA, USA) was a
reagent that has been reported to inhibit the acidification process and was used as a
positive control [41,42]. Lyso-Tracker Red (Cat NO. C1046, Beyotime, Shanghai, China) is
an acid lysosomal dye for living cells, which can be used to indicate the pH value of acidic
organelles. The cells were treated with Bafilomycin Al (100 nM) or DMSO at 37 °C in an
incubator for 2 h and then washed with PBS three times. Cells were treated with preheated
Lyso-Tracker Red (100 nM) at 37 °C in an incubator under dark conditions for 1 h.

4.12. Uncoating Assay

WT cells and TNPO3-KO cells were infected with HuB/HI1N1 at 4 °C for 1 h. After
that, the cells were incubated for 1.5 h and 2.5 h at 37 °C, then fixed with 4% PFA and
permeabilized with 0.25% Triton X-100. Next, cells were incubated with anti-M1 polyclonal
antibody for 2 h, followed by incubating with an appropriate fluorescent secondary anti-
body for 1 h. The nuclei were stained with DAPI for 10 min at room temperature. Images
were obtained with a confocal microscope.

4.13. Nuclear Import Assay

WT cells and TNPO3-KO cells were infected with HuB/H1N1 at 4 °C for 1 h, and
cells were incubated at 37 °C. Cells were fixed with 4% PFA at 3 hpi. Next, cells were
permeabilized with 0.25% Triton X-100, incubated with anti-NP polyclonal antibody for
2 h, and incubated with an appropriate fluorescent secondary antibody for 1 h. The nuclei
were stained with DAPI for 10 min at room temperature. Images were obtained with a
confocal microscope.

4.14. Co-IP and Western Blot Assay

HEK293T cells were transfected with the plasmids using Lipo6000 (Cat NO. 0526,
Beyotime, Shanghai, China) according to the manufacturer’s instructions. After 24 h or 36 h,
the cells were lysed with immunoprecipitation (IP) lysis buffer (Cat NO. P0013, Beyotime,
Shanghai, China) on ice for 30 min. Subsequently, the partially lysed cells were used
to conduct an immunoprecipitation assay using anti-HA magnetic beads or anti-FLAG
magnetic beads. The mixture was incubated at 4 °C overnight. The immunoprecipitated
proteins and remaining cell lysates were subjected to a Western blot. Images were obtained
using an ECL detection system (Tanon-5200, Tanon, Shanghai, China).
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4.15. Nuclear and Cytoplasmic Fractionation

Cells were harvested with cold PBS and resuspended in hypotonic lysis buffer (10 mM
HEPES-NaOH (pH 7.9), 10 mM KCl, 1.5 mM MgCl,, and 0.5 mM beta-mercaptoethanol)
supplemented with protease inhibitors (Cat NO. HY-K0010, MCE, Shanghai, China), vor-
texed, and then incubated on ice for 15 min followed by treatment with 10% NP-40 for
another 5 min. Samples were centrifuged at 16,000 g for 10 min to obtain the cytoplasmic
proteins and the pellets were used for nuclear protein extraction. The pellets, washed with
cold PBS twice, were treated with mammalian protein extraction reagent (Cat NO. CW0002,
CWBIO, Taizhou, China) on ice for 20 min. The samples were centrifuged at 16,000 g for
10 min to obtain the nuclear proteins. The proteins were used for a Western blot.

4.16. Statistical Analysis

Data were expressed as means + standard deviation (SD) of three independent experi-
ments. Statistical analysis was performed by determining p values using a paired two-tailed
Student’s t-test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001, **** p < 0.0001).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23084128 /s1.

Author Contributions: H.Z. designed the study; ].Z. (Jiahui Zou), L.Y., ].Z. (Jiachang Zhao), S.Y., Y.Z.
(Yinxing Zhu) and M.]. conducted the experiments; J.Z. (Jiahui Zou), L.Y., Y.Z. (Yaxin Zhao), S.X.,
H.L., C.Z. and H.Z. analyzed the data; J.Z. (Jiahui Zou) and L.Y. wrote the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program
(2021YFD1800200), the National Natural Science Foundation of China (32025036), and the Natural
Science Foundation of Hubei Province (2021CFA016).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: We thank Rui Luo (Wuhan, China) for kindly offering the plasmids of psPAX2
and pMD2.G. We also thank Yunfeng Song (Wuhan, China) for kindly offering the JEV P3.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Long, J.S.; Mistry, B.; Haslam, S.M.; Barclay, W.S. Host and viral determinants of influenza A virus species specificity. Nat. Rev.
Microbiol. 2019, 17, 67-81. [CrossRef] [PubMed]

2. Petrova, V.N.; Russell, C.A. The evolution of seasonal influenza viruses. Nat. Rev. Microbiol. 2018, 16, 60. [CrossRef] [PubMed]

3. Rogers, G.N.; Paulson, ].C. Receptor determinants of human and animal influenza-virus isolates-differences in receptor specificity
of the hemagglutinin-H-3 based on species of origin. Virology 1983, 127, 361-373. [CrossRef]

4. Simonsen, L.; Spreeuwenberg, P.; Lustig, R.; Taylor, R.J.; Fleming, D.M.; Kroneman, M.; Van Kerkhove, M.D.; Mounts, A.W.;
Paget, W.J.; G. LaMOR Collaborating Teams. Global mortality estimates for the 2009 Influenza Pandemic from the GLaMOR
project: A modeling study. PLoS Med. 2013, 10, e1001558. [CrossRef]

5. Bright, R.A ; Shay, D.K; Shu, B.; Cox, N.J.; Klimov, A.I. Adamantane resistance among influenza A viruses isolated early during
the 2005-2006 influenza season in the United States. JAMA-]. Am. Med. Assoc. 2006, 295, 891-894. [CrossRef]

6. Nicoll, A.; Ciancio, B.; Kramarz, P. Influenza Project, Team. Observed oseltamivir resistance in seasonal influenza viruses in
Europe interpretation and potential implications. Euro Surveill. 2008, 13, pii=8025. [CrossRef]

7. Warfield, K.L.; Schaaf, K.R.; DeWald, L.E.; Spurgers, K.B.; Wang, W.; Stavale, E.; Mendenhall, M.; Shilts, M.H.; Stockwell, T.B.;
Barnard, D.L.; et al. Lack of selective resistance of influenza A virus in presence of host-targeted antiviral, UV-4B. Sci Rep. 2019,
9, 7484. [CrossRef]

8.  Hao, L,; Sakurai, A.; Watanabe, T.; Sorensen, E.; Nidom, C.A.; Newton, M.A.; Ahlquist, P.; Kawaoka, Y. Drosophila RNAi screen
identifies host genes important for influenza virus replication. Nature 2008, 454, 890-893. [CrossRef]

9. Karlas, A.; Machuy, N.; Shin, Y.; Pleissner, K.P.; Artarini, A.; Heuer, D.; Becker, D.; Khalil, H.; Ogilvie, L.A.; Hess, S.; et al.

Genome-wide RNAI screen identifies human host factors crucial for influenza virus replication. Nature 2010, 463, U132-U818.
[CrossRef]


https://www.mdpi.com/article/10.3390/ijms23084128/s1
https://www.mdpi.com/article/10.3390/ijms23084128/s1
http://doi.org/10.1038/s41579-018-0115-z
http://www.ncbi.nlm.nih.gov/pubmed/30487536
http://doi.org/10.1038/nrmicro.2017.146
http://www.ncbi.nlm.nih.gov/pubmed/29109554
http://doi.org/10.1016/0042-6822(83)90150-2
http://doi.org/10.1371/journal.pmed.1001558
http://doi.org/10.1001/jama.295.8.joc60020
http://doi.org/10.2807/ese.13.05.08025-en
http://doi.org/10.1038/s41598-019-43030-y
http://doi.org/10.1038/nature07151
http://doi.org/10.1038/nature08760

Int. ]. Mol. Sci. 2022, 23, 4128 150f 16

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Konig, R.; Stertz, S.; Zhou, Y.; Inoue, A.; Hoffmann, H.H.; Bhattacharyya, S.; Alamares, J.G.; Tscherne, D.M.; Ortigoza, M.B.;
Liang, Y.H.; et al. Human host factors required for influenza virus replication. Nature 2010, 463, 813-817. [CrossRef]

Li, B.; Clohisey, S.M.; Chia, B.S.; Wang, B.; Cui, A.; Eisenhaure, T.; Schweitzer, L.D.; Hoover, P; Parkinson, N.J.; Nachshon, A ; et al.
Genome-wide CRISPR screen identifies host dependency factors for influenza A virus infection. Nat. Commun. 2020, 11, 164.
[CrossRef] [PubMed]

Song, Y.M.; Huang, HX,; Hu, Y.Z.; Zhang, ] W.; Li, E; Yin, X,; Shi, ].Z.; Li, Y.B.; Li, C.J.; Zhao, D.M,; et al. A genome-wide
CRISPR/Cas9 gene knockout screen identifies immunoglobulin superfamily DCC subclass member 4 as a key host factor that
promotes influenza virus endocytosis. PLoS Pathog. 2021, 17, €1010141. [CrossRef] [PubMed]

Su, W.C,; Chen, Y.C.; Tseng, C.H.; Hsu, PW,; Tung, K.F,; Jeng, K.S.; Lai, M.M. Pooled RNAI screen identifies ubiquitin ligase Itch
as crucial for influenza A virus release from the endosome during virus entry. Proc. Natl. Acad. Sci. USA 2013, 110, 17516-17521.
[CrossRef] [PubMed]

Banerjee, I.; Yamauchi, Y.; Helenius, A.; Horvath, P. High-content analysis of sequential events during the early phase of influenza
A virus infection. PLoS ONE 2013, 8, e68450. [CrossRef] [PubMed]

Dou, D.; Revol, R.; Ostbye, H.; Wang, H.; Daniels, R. Influenza A virus cell entry, replication, virion assembly and movement.
Front. Immunol. 2018, 9, 1581. [CrossRef]

Luo, M. Influenza virus entry. Adv. Exp. Med. Biol. 2012, 726, 201-221.

Matlin, K.S.; Reggio, H.; Helenius, A.; Simons, K. Infectious entry pathway of influenza virus in a canine kidney cell line. J. Cell
Biol. 1981, 91 Pt 1, 601-613. [CrossRef]

Wang, G.; Jiang, L.; Wang, J.; Zhang, J.; Kong, F;; Li, Q.; Yan, Y.; Huang, S.; Zhao, Y.; Liang, L.; et al. The G protein-coupled
receptor FFAR2 promotes internalization during influenza A virus entry. J. Virol. 2020, 94, €01707-19. [CrossRef]

Skehel, J.J.; Bayley, PM.; Brown, E.B.; Martin, S.R.; Waterfield, M.D.; White, ].M.; Wilson, I.A.; Wiley, D.C. Changes in the
conformation of influenza-virus hemagglutinin at the Ph optimum of virus-mediated membrane-fusion. Proc. Natl. Acad. Sci.
USA-Biol. Sci. 1982, 79, 968-972. [CrossRef]

Edinger, T.O.; Pohl, M.O.; Yanguez, E.; Stertz, S. Cathepsin W is required for escape of influenza A virus from late endosomes.
mBio 2015, 6, €00297. [CrossRef]

Rafalski, M.; Ortiz, A.; Rockwell, A.; van Ginkel, L.C.; Lear, ].D.; DeGrado, W.E,; Wilschut, J. Membrane fusion activity of
the influenza virus hemagglutinin: Interaction of HA2 N-terminal peptides with phospholipid vesicles. Biochemistry 1991,
30, 10211-10220. [CrossRef]

Bui, M.; Whittaker, G.; Helenius, A. Effect of M1 protein and low pH on nuclear transport of influenza virus ribonucleoproteins.
J. Virol. 1996, 70, 8391-8401. [CrossRef] [PubMed]

Miyake, Y.; Keusch, ].J.; Decamps, L.; Ho-Xuan, H.; Iketani, S.; Gut, H.; Kutay, U.; Helenius, A.; Yamauchi, Y. Influenza virus uses
transportin 1 for vRNP debundling during cell entry. Nat. Microbiol. 2019, 4, 578-586. [CrossRef] [PubMed]

Alber, F; Dokudovskaya, S.; Veenhoff, L.M.; Zhang, W.; Kipper, ].; Devos, D.; Suprapto, A.; Karni-Schmidt, O.; Williams, R.;
Chait, B.T.; et al. The molecular architecture of the nuclear pore complex. Nature 2007, 450, 695-701. [CrossRef] [PubMed]
Christ, F,; Thys, W.; De Rijck, J.; Gijsbers, R.; Albanese, A.; Arosio, D.; Emiliani, S.; Rain, J.C.; Benarous, R.; Cereseto, A.; et al.
Transportin-SR2 imports HIV into the nucleus. Curr. Biol. 2008, 18, 1192-1202. [CrossRef]

Jang, S.; Cook, N.J.; Pye, VE.; Bedwell, G.J.; Dudek, A.M.; Singh, PK.; Cherepanov, P.; Engelman, A.N. Differential role for
phosphorylation in alternative polyadenylation function versus nuclear import of SR-like protein CPSF6. Nucleic Acids Res. 2019,
47,4663-4683. [CrossRef]

Kataoka, N.; Bachorik, J.L.; Dreyfuss, G. Transportin-SR, a nuclear import receptor for SR proteins. J. Cell Biol. 1999, 145, 1145-1152.
[CrossRef]

Maertens, G.N.; Cook, N.J.; Wang, W.; Hare, S.; Gupta, S.S.; Oztop, I; Lee, K.; Pye, V.E.; Cosnefroy, O.; Snijders, A.P; et al.
Structural basis for nuclear import of splicing factors by human Transportin 3. Proc. Natl. Acad. Sci. USA 2014, 111, 2728-2733.
[CrossRef]

Pollard, V.W.; Michael, W.M.; Nakielny, S.; Siomi, M.C.; Wang, F,; Dreyfuss, G. A novel receptor-mediated nuclear protein import
pathway. Cell 1996, 86, 985-994. [CrossRef]

Strom, A.C.; Weis, K. Importin-beta-like nuclear transport receptors. Genome Biol. 2001, 2, 3008. [CrossRef]

Bochnakian, A.; Zhen, A.; Zisoulis, D.G.; Idica, A.; KewalRamani, V.N.; Neel, N.; Daugaard, I.; Hamdorf, M.; Kitchen, S.;
Lee, K.; et al. Interferon-inducible MicroRNA miR-128 modulates HIV-1 replication by targeting TNPO3 mRNA. J. Virol. 2019,
93, e00364-19. [CrossRef] [PubMed]

De Iaco, A.; Luban, J. Inhibition of HIV-1 infection by TNPO3 depletion is determined by capsid and detectable after viral cDNA
enters the nucleus. Retrovirology 2011, 8, 98. [CrossRef]

Zhou, L.; Sokolskaja, E.; Jolly, C.; James, W.; Cowley, S.A.; Fassati, A. Transportin 3 promotes a nuclear maturation step required
for efficient HIV-1 integration. PLoS Pathog. 2011, 7, €1002194. [CrossRef] [PubMed]

Ali, MK; Kim, J.; Hamid, EB.; Shin, C.G. Knockdown of the host cellular protein transportin 3 attenuates prototype foamy virus
infection. Biosci. Biotechnol. Biochem. 2015, 79, 943-951. [CrossRef]

Hamid, EB.; Kim, J.; Shin, C.G. Characterization of prototype foamy virus infectivity in transportin 3 knockdown human 293t cell
line. J. Microbiol. Biotechnol. 2017, 27, 380-387. [CrossRef] [PubMed]


http://doi.org/10.1038/nature08699
http://doi.org/10.1038/s41467-019-13965-x
http://www.ncbi.nlm.nih.gov/pubmed/31919360
http://doi.org/10.1371/journal.ppat.1010141
http://www.ncbi.nlm.nih.gov/pubmed/34871331
http://doi.org/10.1073/pnas.1312374110
http://www.ncbi.nlm.nih.gov/pubmed/24101521
http://doi.org/10.1371/journal.pone.0068450
http://www.ncbi.nlm.nih.gov/pubmed/23874633
http://doi.org/10.3389/fimmu.2018.01581
http://doi.org/10.1083/jcb.91.3.601
http://doi.org/10.1128/JVI.01707-19
http://doi.org/10.1073/pnas.79.4.968
http://doi.org/10.1128/mBio.00297-15
http://doi.org/10.1021/bi00106a020
http://doi.org/10.1128/jvi.70.12.8391-8401.1996
http://www.ncbi.nlm.nih.gov/pubmed/8970960
http://doi.org/10.1038/s41564-018-0332-2
http://www.ncbi.nlm.nih.gov/pubmed/30692667
http://doi.org/10.1038/nature06405
http://www.ncbi.nlm.nih.gov/pubmed/18046406
http://doi.org/10.1016/j.cub.2008.07.079
http://doi.org/10.1093/nar/gkz206
http://doi.org/10.1083/jcb.145.6.1145
http://doi.org/10.1073/pnas.1320755111
http://doi.org/10.1016/S0092-8674(00)80173-7
http://doi.org/10.1186/gb-2001-2-6-reviews3008
http://doi.org/10.1128/JVI.00364-19
http://www.ncbi.nlm.nih.gov/pubmed/31341054
http://doi.org/10.1186/1742-4690-8-98
http://doi.org/10.1371/journal.ppat.1002194
http://www.ncbi.nlm.nih.gov/pubmed/21901095
http://doi.org/10.1080/09168451.2015.1008973
http://doi.org/10.4014/jmb.1606.06011
http://www.ncbi.nlm.nih.gov/pubmed/27840397

Int. J. Mol. Sci. 2022, 23,4128 16 of 16

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhao, Y.X.; Zou, ].H.; Gao, Q.X,; Xie, S.S.; Cao, ].Y.; Zhou, H.B. CMAS and ST3GAL4 Play an important role in the adsorption of
influenza virus by affecting the synthesis of sialic acid receptors. Int. . Mol. Sci. 2021, 22, 6081. [CrossRef] [PubMed]

Qin, C.; Li, W,; Li, Q.; Yin, W,; Zhang, X.W.; Zhang, Z.P,; Zhang, X.E.; Cui, Z.Q. Real-time dissection of dynamic uncoating of
individual influenza viruses. Proc. Natl. Acad. Sci. USA 2019, 116, 2577-2582. [CrossRef] [PubMed]

Lee, B.J.; Cansizoglu, A.E.; Suel, K.E,; Louis, T.H.; Zhang, Z.; Chook, Y.M. Rules for nuclear localization sequence recognition by
karyopherin beta 2. Cell 2006, 126, 543-558. [CrossRef]

Han, J.; Perez, ].T.; Chen, C.; Li, Y.; Benitez, A.; Kandasamy, M.; Lee, Y.; Andrade, J.; tenOever, B.; Manicassamy, B. Genome-wide
CRISPR/Cas9 screen identifies host factors essential for influenza virus replication. Cell Rep. 2018, 23, 596-607. [CrossRef]
Heaton, B.E.; Kennedy, E.M.; Dumm, R.E.; Harding, A.T.; Sacco, M.T.; Sachs, D.; Heaton, N.S. A CRISPR activation screen
identifies a pan-avian influenza virus inhibitory host factor. Cell Rep. 2017, 20, 1503-1512. [CrossRef]

Furuchi, T.; Aikawa, K.; Arai, H.; Inoue, K. Bafilomycin Al, a specific inhibitor of vacuolar-type H(+)-ATPase, blocks lysosomal
cholesterol trafficking in macrophages. . Biol. Chem. 1993, 268, 27345-27348. [CrossRef]

Yoshimori, T.; Yamamoto, A.; Moriyama, Y.; Futai, M.; Tashiro, Y. Bafilomycin A1, a specific inhibitor of vacuolar-type H(+)-
ATPase, inhibits acidification and protein degradation in lysosomes of cultured cells. J. Biol. Chem. 1991, 266, 17707-17712.
[CrossRef]

Hay, A.]J.; Wolstenholme, A.].; Skehel, J.J.; Smith, M.H. The molecular basis of the specific anti-influenza action of amantadine.
EMBO J. 1985, 4, 3021-3024. [CrossRef] [PubMed]

Wang, C.; Takeuchi, K; Pinto, L.H.; Lamb, R.A. Ion channel activity of influenza A virus M2 protein: Characterization of the
amantadine block. J. Virol. 1993, 67, 5585-5594. [CrossRef] [PubMed]

Banerjee, I.; Miyake, Y.; Nobs, S.P; Schneider, C.; Horvath, P; Kopf, M.; Matthias, P.; Helenius, A.; Yamauchi, Y. Influenza A virus
uses the aggresome processing machinery for host cell entry. Science 2014, 346, 473-477. [CrossRef] [PubMed]

Larson, G.P; Tran, V;; Yu, S.; Cai, Y.; Higgins, C.A.; Smith, D.M.; Baker, S.F,; Radoshitzky, S.R.; Kuhn, ].H.; Mehle, A. EPS8
facilitates uncoating of influenza A virus. Cell Rep. 2019, 29, 2175-2183.e4. [CrossRef]

Yanguez, E.; Hunziker, A.; Dobay, M.P,; Yildiz, S.; Schading, S.; Elshina, E.; Karakus, U.; Gehrig, P.; Grossmann, J.; Dijkman, R.
Phosphoproteomic-based kinase profiling early in influenza virus infection identifies GRK2 as antiviral drug target. Nat. Commun.
2018, 9, 3679. [CrossRef]

Xia, B.; Zhao, Z.T.; Wu, Y.Y.; Wang, Y.; Zhao, Y.; Wang, J. Circular RNA circTNPO3 regulates paclitaxel resistance of ovarian cancer
cells by miR-1299/NEK2 signaling pathway. Mol. Therapy-Nucleic Acids 2020, 21, 780-791. [CrossRef]

Yu, T,; Ran, L.Y.; Zhao, HW.; Yin, P; Li, W,; Lin, J.; Mao, H.; Cai, D.P.; Ma, Q.; Pan, X.J.; et al. Circular RNA circ-TNPO3 suppresses
metastasis of GC by acting as a protein decoy for IGF2BP3 to regulate the expression of MYC and SNAIL. Mol. Therapy-Nucleic
Acids 2021, 26, 649-664. [CrossRef]

Price, A].; Fletcher, A.].; Schaller, T.; Elliott, T.; Lee, K.; KewalRamani, V.N.; Chin, JJW.; Towers, G.]J.; James, L.C. CPSF6 defines a
conserved capsid interface that modulates HIV-1 Replication. PLoS Pathog. 2012, 8, 2896. [CrossRef]

Fernandez, J.; Machado, A.K.; Lyonnais, S.; Chamontin, C.; Gartner, K.; Leger, T.; Henriquet, C.; Garcia, C.; Portilho, D.M.;
Pugniere, M.; et al. Transportin-1 binds to the HIV-1 capsid via a nuclear localization signal and triggers uncoating. Nat. Microbiol.
2019, 4, 1840-1850. [CrossRef] [PubMed]

Soniat, M.; Chook, Y.M. Karyopherin-beta 2 Recognition of a PY-NLS Variant that Lacks the Proline-Tyrosine Motif. Structure
2016, 24, 1802-1809. [CrossRef] [PubMed]

Logue, E.C.; Taylor, K.T.; Goff, PH.; Landau, N.R. The cargo-binding domain of transportin 3 is required for lentivirus nuclear
import. J. Virol. 2011, 85, 12950-12961. [CrossRef] [PubMed]

Kalidasan, V.; Ng, W.H.; Ishola, O.A.; Ravichantar, N.; Tan, J.J.; Das, K.T.1. A guide in lentiviral vector production for hard-to-
transfect cells, using cardiac-derived c-kit expressing cells as a model system. Sci. Rep. 2021, 11, 19265. [CrossRef]

Miyanohara, A. Preparation of vesicular stomatitis virus-G (VSV-G) conjugate and its use in gene transfer. Cold Spring Harb.
Protoc. 2012, 2012, 453-456. [CrossRef]

Reed, L.J.; Muench, H. A simple method of estimating fifty per cent endpoint. Am. J. Hyg. 1938, 27, 493-497.


http://doi.org/10.3390/ijms22116081
http://www.ncbi.nlm.nih.gov/pubmed/34200006
http://doi.org/10.1073/pnas.1812632116
http://www.ncbi.nlm.nih.gov/pubmed/30626642
http://doi.org/10.1016/j.cell.2006.05.049
http://doi.org/10.1016/j.celrep.2018.03.045
http://doi.org/10.1016/j.celrep.2017.07.060
http://doi.org/10.1016/S0021-9258(19)74255-0
http://doi.org/10.1016/S0021-9258(19)47429-2
http://doi.org/10.1002/j.1460-2075.1985.tb04038.x
http://www.ncbi.nlm.nih.gov/pubmed/4065098
http://doi.org/10.1128/jvi.67.9.5585-5594.1993
http://www.ncbi.nlm.nih.gov/pubmed/7688826
http://doi.org/10.1126/science.1257037
http://www.ncbi.nlm.nih.gov/pubmed/25342804
http://doi.org/10.1016/j.celrep.2019.10.064
http://doi.org/10.1038/s41467-018-06119-y
http://doi.org/10.1016/j.omtn.2020.06.002
http://doi.org/10.1016/j.omtn.2021.08.029
http://doi.org/10.1371/journal.ppat.1002896
http://doi.org/10.1038/s41564-019-0575-6
http://www.ncbi.nlm.nih.gov/pubmed/31611641
http://doi.org/10.1016/j.str.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27618664
http://doi.org/10.1128/JVI.05384-11
http://www.ncbi.nlm.nih.gov/pubmed/21976643
http://doi.org/10.1038/s41598-021-98657-7
http://doi.org/10.1101/pdb.prot068528

	Introduction 
	Results 
	TNPO3 Is Involved in the IAV Replication 
	TNPO3 Is Not Required for the IAV Attachment and the Expression of Sialic Acid Receptors 
	TNPO3 Is Not Required for the Endocytosis and Acidification 
	TNPO3 Plays a Crucial Role in the Uncoating Step of Influenza Virus Entry 
	Knockout of TNPO3 Inhibits the Nuclear Import of IAV 
	TNPO3 Interacts and Colocalizes with Influenza Virus M1 and M2 Proteins 

	Discussion 
	Materials and Methods 
	Cell and Virus 
	Antibodies and Reagents 
	Plasmids 
	Generation of the TNPO3 NPTr-Cas9 Knockout Cells 
	Virus Infection and Virus Titration 
	Sanger Sequencing 
	Cell Viability Assay 
	Indirect Immunofluorescence Assay 
	Lectin and HA Binding Assay 
	Endocytosis Assay 
	Acidification Assay 
	Uncoating Assay 
	Nuclear Import Assay 
	Co-IP and Western Blot Assay 
	Nuclear and Cytoplasmic Fractionation 
	Statistical Analysis 

	References

