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Abstract The aim of this study is to investigate the effects of
inhibiting Aurora-B on osteosarcoma (OS) cell malignant
phenotype, phosphorylation of valosin-containing protein
(VCP), and the activity of NF-«B signaling in vitro. The ex-
pressions of Aurora-B and p-VCP proteins were detected by
immunohistochemistry in 24 OS tissues, and the relationship
between Aurora-B and p-VCP was investigated. The results
showed that there was a positive correlation between Aurora-
B and p-VCP proteins. The expression of Aurora-B in human
OS cell lines U2-OS and HOS cells was inhibited by specific
short hairpin RNA (shRNA) lentivirus (AURKB-shRNA len-
tivirus, Lv-shAURKB) which targeted Aurora-B. The results
showed that the phosphorylation of VCP, the activity of
NF-kB signaling pathway and the malignant phenotype of
OS cells were all suppressed by knockdown of Aurora-B. It
indicated that the inhibition of Aurora-B alters OS cells
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malignant phenotype by downregulating phosphorylation of
VCP and activating of the NF-«B signaling pathway in vitro.
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Introduction

Osteosarcoma (OS), which has a high tendency to metasta-
size, is the most common human primary malignant bone
tumor. The pulmonary metastasis is the leading cause of death
in patients with extremities OS. Numerous studies showed
that the 5-year survival rate of patients with metastatic dis-
eases was less than 20 % [1-3]. Therefore, making clear the
underlying molecular mechanisms of metastasis is necessary
for the management of OS to improve the curative effect.

Aurora-B is located on chromosome 17p13.1, a region not
typically amplified in human malignancies. Increasing evi-
dences showed that Aurora-B is an important anti-tumor target
[4, 5]. Recently, studies revealed that nuclear Aurora-B ex-
pression is strongly associated with metastasis in tumors
[6-8]. However, whether Aurora-B is involved in OS devel-
opment, progress, and the potential molecular mechanisms are
still uncertain.

Matrix metalloproteinases (MMPs) are involved in the deg-
radation of the basement membrane and epimatrix. Among
them, MMP-2 and MMP-9 markedly correlate with tumor
invasion [9]. The expressions of MMP-2 and MMP-9 are
increased in OS cells that promote OS cells migration and
invasion by degrading components of the basement mem-
brane and epimatrix [10]. Substantial studies revealed that
activation of the NF-kB gene, the upstream regulator of
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MMPs, promotes the tumor cell invasive and migratory abil-
ities [11, 12]. In addition, the phosphorylation of valosin-
containing protein (VCP) has been recognized as an important
regulatory factor of NF-kB pathway in OS [13]. Our previous
study also has showed that knockdown of VCP inhibited OS
cell migration and invasion by regulating NF-«kB signaling
pathway [14].

In this study, we found that the inhibition of Aurora-B by
short hairpin RNA (shRNA) resulted in decreased phosphor-
ylation of VCP and activity of NF-kB signaling pathway.
Meanwhile, the OS cells malignant phenotype was also im-
paired by knockdown of Aurora-B.

Materials and methods
Antibodies

Rabbit monoclonal Aurora-B, VCP, p-VCP, and IgG isotype
control antibody were purchased from Abcam, and NF-kB
(p65), MMP-2, MMP-9, and mouse monoclonal 3-Actin
were purchased from Cell Signaling Technology Inc.

Patient specimens

Twenty-four specimens from OS patients with pulmonary me-
tastasis were collected before neoadjuvant chemotherapy in
the Department of Orthopedic Surgery and the Department
of Oncology, The First Affiliated Hospital of Nanchang Uni-
versity from 2005 to 2012. The tumor samples have been
confirmed by musculoskeletal pathologists. The samples were
fixed with 10 % formalin and embedded in paraffin and were
then cut into 4-pum-thick sections. In all cases, informed con-
sent was obtained from the relative departments and persons,
and the study had the approval of the Ethics Committee of
Nanchang University.

Immunohistochemical analysis

Histological sections cut at 4 pm were stained with hematox-
ylin and eosin (H and E) staining and detected by immunobhis-
tochemical analysis that was performed with S—P procedure.
Briefly, antigen retrieval was performed by heating the
deparaffinized rehydrated sections in 10-mm citrate buffer
(pH 6.0) for 20 min, followed by blocking with 10 % goat
serum. Then sections were incubated overnight at 4 °C with
the primary antibody (rabbit anti-Aurora-B monoclonal anti-
body, Abcam) at a final dilution of 1:500. For negative con-
trols, sections were incubated with rabbit IgG isotype control
antibody (Abcam). After washing with rabbit IgG isotype
control antibody for three times, sections were incubated with
biotinylated secondary antibody for 40 min, followed by in-
cubation with HRP-conjugated streptavidin for half an hour.
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Then the sections were chemiluminescence stained and coun-
terstained using hematoxylin. Stained sections were evaluated
and scored by two pathologic doctors in a blind manner with-
out prior knowledge of the clinical pathological features of
patients. According to the staining intensity by examining at
least 500 cells in five representative areas, the expression level
of Aurora-B was judged and the intensity scores were record-
ed as follows: none, 0; weak, 1; moderate, 2; and intense, 3.
According to the percentage of tumor cells with positive ex-
pression of Aurora-B, the following percentage scores were
recorded: 0 % (score 0), less than 10 % (score 1), 11 to 50 %
(score 2), 51 to 80 % (score 3), and 81 to100% (score 4). The
final score was averaged with the scores from the two patho-
logic doctors; these scores were calculated by adding the in-
tensity score to the percentage score. The final score < 4 de-
fined as (—), = 4 defined as (+), = 5 defined as (++), and more
than 6 is divided into (+++).

Construction of AURKB-shRNA-expressing lentiviral vector

The shRNAs targeting Aurora-B messenger RNA (mRNA)
were designed online (www.invitrogen.com/rnai): Lv-
shRNA-AURKB, 5-AGAGCTGCACATTTGACGA-3';
Lv-shRNA-CON, 5-TTCTCCGAACGTGTCACGT-3', was
used as control. The lentivirus expression plasmid (pGC-Lv-
AURKB or pGC-Lv-control vector), together with pHelper 1.
0 and pHelper 2.0 plasmids that contained the imperative el-
ements for virus packaging, were coinfected into 293 T cells
with Lipofectamine 2000, according to the manufacturer’s
instructions for the generation of AURKB-shRNA lentivirus
(Lv-shAURKB) or control lentivirus (LV-shCON). Lentivirus
was harvested at 48 h post-infection, centrifuged to get rid of
cell debris, and then filtered through 0.45-pum cellulose acetate
filters followed by ultracentrifugation.

Cell culture and transfection

The human OS cell line U2-OS and HOS was purchased from
American Type Culture Collection (Manassas, VA) and rou-
tinely cultured in RPMI-1640 (HyClone) supplemented with
10 % fetal bovine serum (Sigma) in a humidified 37 °C incu-
bator containing 5 % CO,. OS cells were grown to 3040 %
confluence and infected with Lv-shAURKB or Lv-shCON at
MOI of 12.5(U2-0OS) or 25(HOS). In order to determine the
infection efficiency, cells expressing GFP protein were ob-
served using fluorescence microscopy (ECLIPSE-TS-100,
Nikon, Japan) 48 h after infection.

qRT-PCR
The total RNA was isolated from OS cells after inflected for

72 h with Trizol reagent (Invitrogen, USA). Reverse transcrip-
tion was performed with 2 mg of the total RNA using
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PrimeScript RT reagent Kit (Takara, Co, Japan). Then each
sample was analyzed by quantitative real-time PCR (qPCR)
(Bio-Rad, Hercules, CA, USA) under the conditions described
in the SYBR Premix Ex Tap II (Invitrogen, USA): 50 °C for
2 min, 95°Cfor 2 min, followed by 40 cycles of 95 °C for 15 s,
60 °C for 30 s. Primer sequences information is summarized
in Table 1. Relative expression was calculated using the
272AC method. All experiments were repeated six times over
multiple days.

Western blotting assays

The total protein from the cells was extracted using RIPA lysis
buffer containing 60 pg/ml PMSF. Protein concentrations
were determined by BCA protein assay kit (Boster, China).
The protein samples were denatured at 100 °C for 10 min and
then preserved at —20 °C for later use. The proteins were
separated by SDS-polyacrylamied gels and transblotted onto
PVDF membranes. The PVDF membranes were blocked with
5 % skim milk for 1 h at room temperature and probed with
primary antibodies (rabbit anti-Aurora-B IgG, 1:5000; rabbit
anti-VCP, anti-p-VCP, anti-NF-kB (p65), anti-MMP-9, and
anti-MMP-2 IgG, 1:1000; mouse anti-(3-actin, 1:2000) over-
night at 4 °C. After an incubation with the appropriate anti-
rabbit, or anti-mouse horseradish peroxidase-conjugated sec-
ondary antibody (1:5000; Boster, China) for 1.5 h at room
temperature, immunoreactive bands were visualized by the
chemiluminescence dissolvent (Thermo, USA) and exposure
to the X-ray film (Kodak, USA). The determination of gray-
scale value was processed by Image J. All experiments were
repeated six times over multiple days.

Cell proliferation assay

OS cells were seeded into five 96-well tissue culture plates
(Nunclon™) at a density of 5x10° cells/mL in a volume of
200-pL culture media. Each day, OS cells in 96-well plates
were detected for continuous 5 days. Each well was added
with 20 uL of MTT reagent (0.5 mg/mL) and incubated at
37 °C for 4 h. Afterwards, the supernatant was sucked out,
and the same volume of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the resulting formazan crystals

Table 1  Sequences for primer/probe sets used in gPCR

Primer Sequences 5' to 3’
Aurora-B-202bp-F AGAAGGAGAACTCCTACCCCT
Aurora-B-202bp-R CGCGTTAAGATGTCGGGTG
VCP-99bp-F TCCGAGGTGACACAGTGTTG
VCP-99bp-R TGACATCCCCTAGGCGTACA
[3-actin-295bp-F CGGGAAATCGTGCGTGAC
[3-actin-295bp-R TGGAAGGTGGACAGCGAGG

at 37 °C for 20 min. The optical density values (OD value)
were measured at 490-nm wave length using a plate reader
(BioTek Company). All experiments were repeated six times
over multiple days.

TUNEL assay

We used TUNEL assay to evaluate apoptotic activity by DNA
breakage. Each group cells were smeared on slides and fixed
with 4 % paraformaldehyde at room temperature for 30 min
then preprocessed with freshly prepared permeabilization so-
lution containing 0.1 % Triton X—100 and 0.1 % sodium cit-
rate for 15 min for optimal proteolysis. Apoptosis was detect-
ed with an apoptosis detection kit (KeyGen, China). The TdT
reaction was carried out for 1 h at 37 °C in a humidified
chamber, and sections were stained with DAPI for nuclei.
TUNEL-positive cells were counted in a random selection of
ten fields and expressed as a percentage of normal nuclei
under confocal laser microscopy. The rate of apoptosis was
calculated by the following formula: number of apoptotic cells
counted in the five views/total number of cells counted in the
five viewsx 100 %. The cells apoptotic rate was obtained by
counting five fields per area and represented as the average of
six independent experiments done over multiple days.

Cell cycle analysis

Cells were harvested and washed with cold PBS and then
fixed with 75 % ethanol at —20 °C overnight. The fixed cells
were washed with cold PBS twice, and incubated in 500 uL
DNA staining solution (including 200 pg/mL RNase A and
20 pg/mL propidium iodide staining solution) for 30 min at
37.0 °C. Finally, cells were analyzed by flow cytometry in the
presence of the dye. All experiments were repeated six times
over multiple days.

Transwell assays

Invasion of OS cells were measured by BD BioCoat™ BD
Matrigel™ Invasion Chamber (BD Bioscience, NJ, USA)
according to the manufacturer’s protocol. The medium in the
lower chamber contained 5 % fetal calf serum as a source of
chemoattractants. Cultures were rinsed with PBS and replaced
with fresh quiescent medium alone or containing 10 % FBS,
following which the cells were incubated at 37 °C for 24 h.
Cells that passed through the Matrigel-coated membrane were
stained with Diff-Quik (Sysmex, Kobe, Japan) and
photographed. Cell migration was quantified by direct micro-
scopic visualization and counting. The values for invasion
were obtained by counting three fields per membrane and
represented as the average of six independent experiments
done over multiple days.
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Wound healing assay

We assessed cell migration by determining the ability of the
cells to move into a cellular space in a two-dimensional
in vitro “wound healing assay.” In brief, cells were grown to
confluence in 6-well tissue culture plastic dishes to a density
of approximately 5 x 10° cells/well. The cells were denuded by
dragging a rubber policeman (Fisher Scientific, Hampton,
NH, USA) through the center of the plate. Cultures were
rinsed with PBS and replaced with fresh quiescent medium
alone or containing 10 % FBS, following which the cells were
incubated at 37 °C for 24 h. Photographs were taken at 0 and
24 h, and the migrated distance was measured. The cells mi-
gration rate was obtained by counting three fields per area and
represented as the average of six independent experiments
done over multiple days.

Statistical analysis

The correlation of Aurora-B with p-VCP protein in OS tissues
was evaluated using the Wilcoxon rank-sum test. All measure-
ment data were presented as X =SD and analyzed by one-way
ANOVA. A value of P<0.05 was considered as a significant
difference. All analysis was performed with SPSS version
13.0 (SPSS Inc., Chicago, IL, USA).

Results

Positive correlation between Aurora-B and p-VCP protein
expression in OS tissues with pulmonary metastasis

In order to investigate the relationship between Aurora-B
and p-VCP in OS, the Aurora-B and p-VCP proteins in
24 OS samples from patients with pulmonary metastasis
was detected by immunohistochemistry. Aurora-B and p-
VCP protein was expressed in nucleus (Fig. 1), which was
consistent with previous reports [15, 16]. The results re-
vealed that the positive expression rates of Aurora-and p-
VCP protein were 91.7 % (22/24) and 83.3 % (20/24) in
OS tissues, respectively. The relationship was significant
between Aurora-B and p-VCP protein expressions in OS
tissues (Spearman’s rho, rs=0.712).

The specific shRNA lentivirus inhibited Aurora-B expression
in OS cells

In order to investigate the effects of inhibiting Aurora-B in the
subsequent experiments, the LV-shAURKB was used to sup-
press Aurora-B expression in U2-OS and HOS cells. The re-
sults of qRT-PCR and Western blot assays show that the
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Aurora-B mRNA and protein levels were significantly lower
in cells infected with LV-shAURKB than in those infected
with Lv-shCON or without infection (Fig. 2).

Silencing Aurora-B decrease phosphorylation of VCP in OS
cells

In order to investigate the effect of inhibiting Aurora-B on
VCP expression and activity, the U2-OS and HOS cells were
transfected with LV-shAURKB or Lv-shCON for 8 h, then
replaced by new nutrient medium and cultured for 72 h. The
level of VCP mRNA was measured by qRT-PCR, and the
proteins of VCP and p-VCP were detected by Western blot.
The results showed that the expressions of VCP mRNA and
protein did not inhibited by knockdown of Aurora-B. Inter-
estingly, the p-VCP protein was significantly suppressed by
silencing Aurora-B in OS cells (Fig. 3). It indicated that
knockdown of Aurora-B decrease phosphorylation of VCP
in OS cells.

Silencing Aurora-B downregulates NF-«kB signaling activity
in OS cells

To evaluate the effects of silencing Aurora-B on NF-kB sig-
naling in OS cells, the NF-kB (p65), and MMP-2 and MMP-9
were measured using Western blot analysis in U2-OS and
HOS cells. Results revealed that NF-kB (p65) and MMP-2
and MMP-9 protein expressions in cells transfected with Lv-
shAURKB were significantly lower than the cells treated with
Lv-shCON and untreated (Fig. 3a). It suggested that silencing
Aurora-B could suppress NF-«kB signaling activity in OS
cells.

Inhibiting Aurora-B inhibits proliferation in OS cells

In order to investigate the effect of inhibiting Aurora-B on
proliferation in U2-OS and HOS cells, the growth curve was
measured by MTT assay. Results revealed the proliferation
rate in cells transfected with Lv-shAURKB was obviously
lower than cells infected with Lv-shCON and untreated
(Fig. 4). It indicated that silencing Aurora-B could inhibit
OS cells proliferation in vitro.

Silencing Aurora-B induces apoptosis and cell-cycle arrest
in OS cells

To investigate the mechanisms that knockdown of
Aurora-B inhibits the cell proliferation in OS cells, the
effect of inhibiting Aurora-B on cell apoptosis and cell
cycle were measured with TUNEL Kit and flow-
cytometric analysis, respectively. The results revealed that
the apoptotic rate in OS cells transfected with Lv-
shAURKB was significantly higher than that in cells
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Fig. 1 Representative images of a HE staining and immunohistochemical
staining of b Aurora-B or ¢ p-VCP protein in OS. a Cells in osteosarcoma
tissues with pulmonary metastasis were polygonal and short spindle, with
large pleomorphic nuclei and abundant cytoplasm (x400). b Aurora-B

transfected with Lv-shCON and without transfection. And
the cells in G2 phase were much more in cells infected
Lv-shAURKB than that treated with Lv-shCON and un-
treated. It indicated that decreasing Aurora-B induces ap-
optosis and cell-cycle arrest in G2 phase in OS cells

(Fig. 5).
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Fig. 2 The specific shRNA lentivirus suppressed the expression of
Aurora-B in OS cells. a The expression of Aurora-B protein in OS cells
was measured by Western blot. It showed that the level of Aurora-B was
significantly blocked by Lv-shAURKB. b, ¢ The expression of Aurora-B
mRNA was measured by qRT-PCR. It revealed that the Aurora-B mRNA
level was inhibited by LV-shAURKB. Columns, mean (n=6); bars, SD;
*p<0.05 vs Lv-shCON and CON groups
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Fig. 3 The effect of inhibiting Aurora-B on decreasing phosphorylation
of VCP and activating of NF-kB signaling pathway in OS cells was
investigated by Western blot and qRT-PCR. a Inhibiting Aurora-B
could decrease p-VCP, NF-kB (p65), MMP-2, and MMP-9 protein
expression, which indicated that Aurora-B could downregulate the
activity of VCP/NF-kB signaling. b, ¢ The VCP mRNA was not
inhibited by inhibiting Aurora-B. Columns, mean (n=6); bars, SD;
*p>0.05 vs Lv-shCON and CON groups
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Fig. 5 The effect of inhibiting A
Aurora-B on cell apoptosis and
cell-cycle in OS cells. a The
apoptotic rate was significantly
higher in cells transfected by Lv-
shAURKB than those transfected
by LV-shCON and un-
transfected. b The cell numbers at
G2 phase in cells infected with
Lv-shAURKB was significantly
more than those in cells infected
with LV-shCON and without
infection (*p<0.05 vs LV-shCON
and CON groups)
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Knockdown of Aurora-B inhibits OS cells migration
and invasion

To investigate the inhibitory effects of silencing Aurora-B on
OS cells’ migratory and invasive ability, transwell and wound
healing assays were performed. In transwell invasion assays,
the number of invaded cells in cells infected by LV-shAURKB
was significantly lower than those of cells infected by LV-
shCON and without infection (P<0.05) (Fig. 6a). The wound
healing assays showed that the migrated rate of OS cells in-
fected by Lv-shAURKB was significantly lower than in those
cells infected by LV-shCON and without infection (Fig. 6b).
These data indicated that inhibiting of Aurora-B could sup-
press the migratory and invasive abilities of OS cells in vitro.

Discussion

In this study, we first found that knockdown of Aurora-B
induced OS cell apoptosis and cell-cycle arrest and inhibited
OS cells’ viability and migratory and invasive abilities
in vitro. Besides, for the first time, we identified that silencing
Aurora-B suppressed phosphorylation of VCP and the activity
of NF-kB signaling pathway in OS.
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A CON

Lv-shCON Lv-shAURKB

Fig. 6 Knockdown of Aurora-B inhibits OS cell migration and invasion
in vitro. a The invaded cells were significantly lower in cells treated with
Lv-shAURKB than those cells treated with LV-shCON and untreated. b
The migration rate was significantly lower in cells infected with Lv-
shAURKB than those cells infected with LV-shCON and without
infection. It indicates the knockdown of Aurora-B could inhibit cell
migratory and invasive ability of OS cells (*p<0.05 vs LV-shCON and
CON groups)

Aurora kinases are serine/threonine kinases essential for
cell cycle control and mitosis. Aurora-B, a member of Aurora
kinases family, is located on the chromosome arms during
prophase and at the centromeres during prometaphase and
metaphase. Aurora-B subsequently localizes to the midbody
during cytokinesis. Aurora-B was over-expressed and inhibi-
tion of Aurora-B could block cell proliferation and induce cell
apoptosis, cell-cycle arrest in varieties tumor [17, 18]. Recent-
ly, numerous studies showed that the upregulated expression
was associated with increased tumor cells metastasis, and
downregulation of Aurora-B could inhibit cells invasion and
migration in various tumors [19, 20]. These findings indicated
that Aurora-B may be a promising molecular target for tumor
management. However, the mechanism of inhibiting Aurora-
B on cells malignant phenotype in OS remains to be fully

elucidated. In present study, we found that knockdown of
Aurora-B induced cell apoptosis, cell-cycle arrest at G2 phase
and suppressed cell proliferation and migratory and invasive
abilities in OS cells. Our findings suggested that knockdown
of Aurora-B could alter OS cell malignant phenotype.

VCP acts as a molecular chaperone and is implicated in a
large number of ATP-dependent cellular processes, such as
membrane fusion, ubiquitin/proteasome-mediated proteoly-
sis, endoplasmic reticulum -associated degradation, transcrip-
tion activation, stress response, cell cycle regulation, and ap-
optosis [21, 22]. Recently, studies indicated that inhibiting the
VCP-dependent degradation of polyubiquitinated IkBx could
suppress NF-kB activation [23]. Activation of NF-kB was
demonstrated to upregulate MMP-9 [24], and inhibition of
NF-kB was identified to downregulate MMP-2 [25]. During
the development of metastasis, cancer cells must degrade the
components of the extracellular matrix. MMPs, particularly
MMP-2 and MMP-9, are markedly associated with this pro-
cess due to their capacity for degrading the extracellular ma-
trix, promoting tumor invasion.

To investigate whether knockdown of Aurora-B could de-
crease the phosphorylation of VCP, we analyzed the relation-
ship of Aurora-B and p-VCP protein expressions in OS tis-
sues. The results revealed that there was a positive correlation
between Aurora-B and p-VCP protein in OS tissues, suggest-
ing that there may be an interaction between Aurora-B and
phosphorylation of VCP. Furthermore, the effects of silencing
Aurora-B on VCP expression were evaluated in OS cells. Our
data showed that both VCP mRNA and protein levels were
no significantly decreased in cells that silencing Aurora-B,
when compared with those in normal OS cells. Interestingly,
the p-VCP protein was significantly lower in Aurora-B
knocked cells than in normal cells. It suggested that silencing
Aurora-B decreased phosphorylation of VCP in OS cells. Fur-
thermore, to investigate inhibiting Aurora-B led to decreasing
of the NF-kB signaling pathway. NF-kB (p65) and MMP-2
and MMP-9 protein expression levels were detected by West-
ern blot analysis. The results showed that the proteins of
NF-«kB (p65), MMP-2, and MMP-9 were significantly de-
creased in cells infected by Lv-shAURKB compared with
those infected by LV-shCON and CON. It indicated that
inhibiting Aurora-B downregulates NF-kB signaling pathway
activity in OS cells.

In summary, the present study showed that silencing
Aurora-B suppressed OS cell malignant phenotype. In addi-
tion, our results showed that inhibiting Aurora-B induced OS
cell invasion and migration partly through decreasing phos-
phorylation of VCP and NF-«B signaling pathway. However,
substantial data showed that tumor microenvironment played
an important role in tumor development and metastasis.
Therefore, it is necessary to perform further experiments
in vivo to confirm whether silencing Aurora-B can be used
as a new molecular strategy in the management of OS.
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