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Abstract

Background Seasonal flu is an infectious disease of the respiratory tract caused by influenza viruses. The development of
anti-influenza drugs has significantly reduced the threat from the influenza virus; however, frequent mutations of this negative
RNA virus result in antiviral-resistant strains, and constantly intimidate the human race. Thus, identifying novel therapeutic
targets for the prevention and treatment of influenza virus infections is critical.

Objective We aimed to determine whether the kinesin superfamily protein 11 (KIF11) inhibitors, monastrol and K858,
inhibit viral cytopathogenesis and influenza A virus (IAV) replication.

Result When MDCK or HEK293 cells were treated with monastrol and K858 that did not induce significant cytotoxicity,
IAV-induced cytopathic effect was attenuated significantly. Furthermore, these inhibitors effectively suppressed the produc-
tion of viral RNA, proteins, and infectious viral particles.

Conclusion Inhibition of KIF11 activity effectively attenuates virus-mediated cytopathic effect and suppresses viral replica-
tion. Hence, KIF11 is a potential therapeutic target against the influenza virus.

Keywords KIF11 - Influenza A virus - Viral cytopathogenesis - Anti-viral drug

Introduction fever, chills, fatigue, and coughs, and pneumonia in some
severe cases particularly in the elderly (Atkin-Smith et al.

The influenza virus is one of the most common causes of ~ 2018). As a lytic virus, the influenza virus destroys host

acute respiratory infections that result in a significant health
burden. Influenza virus infections induce significant cell
death within the upper and lower respiratory tract and lung
parenchyma, which causes respiratory symptoms such as
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cells through both intrinsic and extrinsic apoptotic pathways
to produce progeny viruses (Galluzzi et al. 2018). Multiple
resistant strains have emerged against the currently available
anti-influenza virus drugs such as oseltamivir and amanta-
dine (Cheng et al. 2010; Dharan et al. 2009; Heo et al. 2018;
Marjuki et al. 2015a, b), raising concerns of a pandemic.
Thus, identifying novel host factors associated with influ-
enza virus replication and cytotoxicity is important.
Kinesins are ATP-dependent motor proteins that trans-
port intracellular molecules along microtubules. To date,
45 kinesin family protein (KIF) genes, grouped into 14
families (kinesin-1-kinesin-14), have been identified in
humans and mice (Miki et al. 2001). Given the critical role
of the intracellular transport system in viral assembly and
release (Bedi and Ono 2019; Cudmore et al. 1997; Radtke
et al. 2006; Smith and Helenius 2004; Sodeik 2000; Wolf-
stein et al. 2004), several studies have been conducted on
the role of KIFs in the viral life cycle. Studies have shown
direct involvement of KIF13A and KIF18A in influenza A
virus replication and cytopathogenesis (Cho et al. 2020;
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Ramos-Nascimento et al. 2017). Furthermore, KIF3A, KIF4,
and KIF5 have been shown to play important roles in viral
life cycle regulation, including in the HIV, herpes simplex,
and Lassa viruses.

KIF11 (also known as kinesin-5 or Eg5) is a kinesin
superfamily protein known to regulate mitotic spindle for-
mation (Valentine et al. 2006; Waitzman and Rice 2014) and
microtubule extension (Chen and Hancock 2015). Because
several KIFs are associated with the viral life cycle, we
investigated the role of KIF11 in influenza A virus (IAV)
replication and cytopathogenesis to determine whether
KIF11 could be a therapeutic target against IAV.

Materials and methods
Cells and virus

Madin—Darby Canine kidney (MDCK) cells were cultured
in a minimum essential medium (MEM, GenDEPOT, TX),
and human embryonic kidney 293 (HEK) were cultured in
a Dulbecco-modified Eagle medium (DMEM, GenDEPOT,
TX). Cell culture media were supplemented with 10% fetal
bovine serum (FBS, GenDEPOT, TX) and 1% penicillin/
streptomycin (Wellgene, Gyeongsan, Korea). Influenza A/
California/2007 (HI1N1) viruses were provided by Dr. Sang-
Myeong Lee (Chungbuk National University, Korea). [AV
amplification and titration were conducted with MDCK
cells. For the infection, MDCK or HEK 293 cells were incu-
bated with IAV for 1 h in a medium containing 0.3% bovine
serum albumin (BSA) and TPCK-trypsin (2 pg/mL).

KIF11 inhibitors and antibodies

Monastrol and K858 were purchased from Sigma-Aldrich
(Saint Louis, MO). Antibodies used to detect influenza virus
matrix protein (M1) and nucleoprotein (NP) were purchased
from Abcam (Cambridge, UK), and the anti-influenza virus
NS1 antibody was purchased from Santa Cruz Biotechnol-
ogy (Dallas, TX).

Analysis of cytopathic effect
The MDCK and HEK 293 cells were seeded at 1 x 10° cells
per well in 24-well plates. After 24 h, cells were infected

with TAV in the presence or absence of monastrol and
K858 at concentrations of 10 and 20 uM, respectively, and
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incubated for 24 h. Subsequently, the medium was removed,
cells were washed thrice with PBS, and fixed with 4% for-
maldehyde (SAMCHUN, Seoul, Korea) for 10 min. The
cells were then stained with 1% crystal violet (Sigma-
Aldrich, Saint Louis, MO) dye solution to visualize IAV-
induced cytopathic effect (CPE) cytopathy.

Trypan blue exclusion assay

To determine cell viability, 100 pL cell suspension was
mixed with an equal volume of trypan blue dye solution
(0.4%). After incubation for 1 min, cells were analyzed
under a light microscope. Trypan blue-unstained cells were
considered viable, and the stained cells were considered
dead.

Flow cytometric analysis

To evaluate apoptosis, the annexin V apoptosis detection
kit (BioLegend, San Diego, CA) was used according to the
manufacturer’s instructions. We also performed 7-amino
actinomycin D (7-AAD) staining to detect early apoptotic
cells. To analyze intracellular influenza viral protein expres-
sion, cells were permeabilized using the Foxp3/transcrip-
tion factor staining kit (Tonbo Biosciences, San Diego, CA),
followed by incubation with anti-influenza viral M1 or NP
antibodies (Abcam, Cambridge, UK) for 2 h. Cells were
then incubated with Alexa Fluor 488-conjugated second-
ary antibodies for 1 h (Thermo Scientific, Waltham, MA).
Data were collected using an Attune NxT acoustic focusing
cytometer (Thermo Scientific, Waltham, MA) and analyzed
using FlowJo software (BD Bioscience, NJ, USA).

Western blot analysis

Western blot analysis was performed as described previ-
ously (Cho et al. 2020). Briefly, cell lysates (10 ug protein)
were loaded onto SDS-PAGE gels and then transferred onto
nitrocellulose membranes. After incubation with primary
and secondary antibodies, target protein expression was
detected using the SuperSignal West Pico Plus chemilumi-
nescent substrate (Thermo Scientific, Waltham, MA).

Plaque assay

For IAV titration, MDCK cells were incubated with a cell
supernatant containing IAV for 1 h. Cells were then overlaid
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with 1% agarose diluted in MEM containing 0.3% BSA.
After 3 days, the cells were fixed with 3.5% formaldehyde
and stained with 1% crystal violet (Sigma-Aldrich, MO,
USA) dye solution for plaque visualization.

Real-time quantitative PCR

After total RNA extraction using the RNAiso Plus reagent
(Takara, Shiga, Japan), cDNA was synthesized using the
RevertraAce qPCR RT kit (Toyobo, Osaka, Japan). Real-
time quantitative PCR for viral RNAs (M1, NP) was per-
formed using the CFX Connect real-time system (Bio-Rad,
Hercules, CA) with the following primers: GAPDH forward,
5" TGGACCTGACCTGCCGTCTA-3', reverse 3'-CCCTGT
TGCTGTAGCCAAATTC-3"; M1 forward, 5'-AAGACC
AATCCTGTCACCTCTG-3', reverse 5-CAAAACGTCTAC
GCTGCAGTCC-3"; NP forward 5'-CCAGATCAGTGTGCA
GCCTA-3', reverse, 5'-CTTCTGGCTTTGCACTTTCC-3'.
The threshold cycle number for each sample was determined
in quintuplicates and normalized with GAPDH.

Immunocytochemistry

HEK 293 cells with or without IAV infection were plated
on a chamber slide (Millipore, Burlington, MA). After incu-
bation with the indicated condition, cells were fixed with
4% formaldehyde and then permeabilized with 0.5% Triton
X-100. The cells were incubated with anti-influenza virus
NP antibodies (1 ug/mL; Abcam, Cambridge, UK) and then
stained with Alexa Fluor 488-conjugated secondary antibod-
ies (Thermo Scientific, Waltham, MA). Cells were mounted
on the slides with the Fluoroshield mounting medium con-
taining DAPI (Thermofisher, MA, USA). Images were col-
lected using an LSM710 confocal microscope (Carl Zeiss,
Oberkochen, Germany) and analyzed using LSM Image
Browser (Carl Zeiss, Oberkochen, Germany).

Statistical analysis

All experiments were performed at least thrice with consist-
ent results. Error bars represented the standard error of mean
(SEM), and P values were analyzed using the Student’s ¢ test
with the Prism 5 software (GraphPad software, La Jolla,
CA).

Results
Optimal concentration of KIF11 inhibitors

To inhibit KIF11 activity, the highly specific small-mol-
ecule inhibitors monastrol and K858 were used. We first
determined the optimal concentration of each inhibitor that
did not cause significant cytotoxicity. First, the MDCK and
HEK293 cells were treated with varying concentrations of
monastrol and K858. At 24 h after treatment, cell viability
was evaluated using the trypan blue exclusion assay. Treat-
ment with 100 or 200 uM of monastrol significantly reduced
MDCK (Fig. 1a) and HEK293 (Fig. 1b) cell viability. Simi-
larly, 100 or 200 uM of K858 significantly reduced the via-
bility of MDCK (Fig. 1c) and HEK 293 (Fig. 1d) cells. In
addition, we assessed the morphological changes in MDCK
and HEK 293 cells after treatment with the inhibitors. Treat-
ment with 50, 100, or 200 uM of monastrol (Fig. le, f) or
K858 (Fig. 1g, h) induced notable morphologic changes and
detachment of both HEK293 (Fig. 1f, g) and MDCK cells
(Fig. le, g) in a dose-dependent manner; lower doses (10
or 20 uM) of the inhibitors did not induce notable changes.
Because dead cells lose the ability to remain attached to
the plate surface and undergo morphologic changes such as
cell shrinking, these results indicate that high concentrations
(> 50 uM) of monastrol and K858 exhibit cytotoxicity.

Monastrol and K858 induce apoptosis-mediated cell
death at high concentrations

Although we observed cell death and changes in cell mor-
phology (Fig. 1), these results do not demonstrate whether
high concentrations of KIF11 inhibitors induce apoptotic
cell death. Therefore, we attempted to assess whether KIF11
inhibitor-induced cytotoxicity is apoptosis mediated. Cells
were treated with varying concentrations of monastrol or
K858 for 24 h and probed with annexin V and 7-AAD stain-
ing to quantify apoptosis (Fig. 2a, b). High concentrations
(100 and 200 uM) of both monastrol and K858 dramatically
increased early apoptotic (annexin V*/7-AAD™) and late
apoptotic (annexin V*/7-AAD™) populations. These results
indicate that higher concentrations of monastrol and K858
induced apoptosis-mediated cytotoxicity. Therefore, we used
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Fig. 1 High concentrations of monastrol and K858 exhibit cytotox- ##% P <(0.001. MDCK (e, g) or HEK293 cells (f, h) were cultured for
icity. MDCK (a, ¢) or HEK293 cells (b, d) were cultured for 24 h 24 h with or without monastrol (10, 20, 50, 100, or 200 uM) (e, f) and
with or without monastrol (10, 20, 50, 100, or 200 uM) (a, b) and K858 (10, 20, 50, 100, or 200 uM) (g, h) and then stained with 1%
K858 (10, 20, 50, 100, or 200 uM) (¢, d). Cell viability was measured crystal violet solution

using a trypan blue exclusion assay. N.S. not significant; **P <0.01;
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Fig.2 Monastrol or K858 effect apoptosis-mediated cell death.
MDCK cells untreated or treated with monastrol (10, 20, 50, 100, or
200 uM) (a) or K858 (10, 20, 50, 100, or 200 uM) (b) were com-

lower concentrations of these inhibitors (10 and 20 uM) for
subsequent experiments to avoid significant cell death.

KIF11 inhibition prevents IAV-induced cytopathic
effect

TAV is a lytic virus and hence TAV infection causes CPE in
infected cells. Therefore, we examined whether KIF11 inhi-
bition also affects IAV infection-triggered cytotoxicity. As
expected, HIN1 influenza virus infection caused significant
CPE in both MDCK and HEK 293 cells when measured
using crystal violet staining (Fig. 3a, c, e, g) and trypan blue

pared. At 24 h after treatment, cells were stained with PE-conjugated
annexin V and 7-AAD and assayed using flow cytometry. Percentages
of annexin V +, 7-AAD =+ populations are shown

exclusion assay (Fig. 3b, d, f, h). Of interest, [AV-induced
CPE in MDCK (Fig. 3a, b, e, f) and HEK 293 cells (Fig. 3c,
d, g, h) was significantly attenuated by treatment with 10 or
20 uM of monastrol and K858. Thus, these results indicate
that KIF11 inhibition protects host cells from IAV infection-
induced CPE.

KIF11 inhibition attenuates IAV replication
Because KIFs such as KIF13 and KIF18A are associated

with viral replication (Cho et al. 2020; Ramos-Nascimento
et al. 2017), we hypothesized that the inhibition of KIF11
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< Fig.3 Monastrol or K858 treatment protects host cells from [AV-
induced cytopathy. MDCK (a, b) or HEK293 cells (¢, d) with (0.1
MOI) or without TAV infection with or without monastrol treatment
(10 or 20 uM) for 24 h were compared. MDCK (e, f) or HEK293
cells (g, h) with (0.1 MOI) or without IAV infection with or without
K858 treatment (10 or 20 uM) for 24 h were compared. Cell mor-
phology changes were analyzed following staining with 1% crys-
tal violet solution (a, c, e, g) and cell viability was assessed using a
trypan blue exclusion assay (b, d, f, h)

will suppress IAV replication. We first compared the amount
of viral RNA in [AV-infected cells in the presence or absence
of KIF11 inhibitors. Real-time quantitative PCR was used to
measure M1 and NP expression levels. A significant dose-
dependent decrease in M1 and NP expression levels was
observed when cells were treated with monastrol (Fig. 4a,
b) and K858 (Fig. 4c, d). Similarly, the Western blot analysis
revealed a significant decrease in M1 and NS1 expression
levels with monastrol (Fig. 4e, f) and K858 (Fig. 4g, h) treat-
ment in both MDCK (Fig. 4e, g) and HEK 293 cells (Fig. 4f,
h). Finally, we determined whether the production of infec-
tious viral particles was decreased by KIF11 inhibition. A
significant decrease in the production of viral particles was
seen with monastrol (Fig. 4i) and K858 (Fig. 4j) treatment.
Opverall, these results confirm that KIF11 inhibition hinders
TAV replication in host cells.

KIF11 inhibition decreases the proportion
of IAV-infected cells

We further examined whether monastrol and K858 treat-
ments affected the proportion of IAV-infected cells.
MDCK cells were infected with IAV and treated with
monastrol (Fig. 5a, b) and K858 (Fig. 5c, d). Flow cyto-
metric analysis of viral M1 or NP expression was per-
formed. The proportion of MDCK cells expressing viral
M1 (Fig. 5a, c) or NP (Fig. 5b, d) significantly decreased
with KIF11 inhibitor in a dose-dependent manner. Con-
sistent with this result, the number of viral NP-containing
cells declined significantly with monastrol (Fig. 6a) and
K858 (Fig. 6b) treatments, as assessed using immuno-
fluorescence. Therefore, KIF11 inhibition diminishes the
number of IAV-infected cells.

Discussion

Our results demonstrated the critical protective roles of
KIF11 in host cells against IAV infection. KIF11 inhibition
with monastrol and K858 resulted in a significant reduc-
tion in viral replication and production of infectious viral
particles, protecting the host cells from IAV-induced CPE.
Several possible mechanisms explain our observations. First,
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«Fig. 4 Monastrol and K858 inhibit IAV replication. HEK293 cells were infected with IAV at 0.1 MOI with or without monastrol (a, b) or K858
(c, d) treatment for 12 h. The expression levels of viral M1 (a, ¢) and NP (b, d) were determined using real-time quantitative PCR. MDCK (e, g)
and HEK?293 (f, h) cells were infected with IAV at 0.1 MOI with or without monastrol (e, f) or K858 treatment (g, h) for 18 h were compared.
The expression of viral M1, NS1, and B-actin was analyzed using Western blotting. MDCK cells with or without IAV infection at 0.01 MOI and
untreated with or without 20 uM monastrol (i) or 10 uM K858 (j) treatment for 24 h were compared. The viral titer was analyzed using a plaque

assay. *P<0.05; ***P <0.001

kinesins could affect the movement of viral components.
Because kinesins are motor proteins transporting intracellu-
lar vesicles and molecules, KIF11 inhibition could attenuate
the trafficking of viral components essential to viral repli-
cation. Second, KIF11 inhibition possibly interferes with
the activation of host signaling pathways required for viral
replication. Kinesin motors contribute to the trafficking of
scaffolds for signaling pathways (Schnapp 2003); KIF11
inhibition likely hinders the activation of signaling pathways
associated with viral replication. Third, KIF11 may play a
role in the nuclear export of viral ribonucleoprotein (VRNP)
complexes. A previous study reported that KIF18A is a regu-
latory factor for the nuclear export of vRNP complexes (Cho
et al. 2020). Thus, it is possible that KIF11 inhibition inter-
feres with the nuclear export of vRNP complexes, resulting
in attenuated IAV replication.

Frequent mutations in the RNA genome of influenza
viruses has limited the development of anti-viral thera-
peutics. For instance, the currently available anti-influenza
virus drugs such as oseltamivir only have limited efficacy
owing to the emergence of drug-resistant variants. Target-
ing host factors that are critical to viral replication could be
an alternative strategy to avoid antiviral resistance. Target-
ing multiple such host factors in addition to viral factors
would likely enhance the efficacy of antiviral therapeutics to
a broad spectrum of viral strains. Our study shows that the
host factor KIF11 could be a novel and attractive therapeutic
target against IAV infection.
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«Fig.5 Monastrol and K858 treatment decrease the proportion of IAV-infected cells. MDCK cells with or without infection with IAV at an MOI
of 1 (M1) or 0.1 (NP) with or without monastrol (a, b) or K858 (c, d) treatment were compared. At 12 or 24 h after infection (hpi), cells were
harvested and assayed for viral M1 (a, ¢, 12 hpi) or NP (b, d, 24 hpi) expression using a flow cytometer. Percentages of viral protein-expressing
cells + standard errors of the mean are shown. **P <0.01; ***P <0.001
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Fig.6 KIF11 inhibition reduces the number of viral protein-express- confocal laser scanning microscope. Nuclei were stained with DAPI

ing cells. HEK293 cells with or without IAV infection at 3 MOI (gray). The percentages of NP+ cells+standard errors of mean are
with or without monastrol (a) or K858 (b) treatment for 12 h were shown. ***P <(0.001
compared. Viral NP-expressing cells (white) were quantified using a
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