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Abstract

Aurora B is aberrantly expressed in various tumors and shown to be a promising target for cancer
therapy. Butein, a chalcone isolated from Rhus cerniciflua, has demonstrated antitumor activities in
different cancers. In this study, we aimed to validate whether Aurora B kinase was the direct target
of butein to exhibit its potency in hepatocellular carcinoma (HCC). Comparing with the normal cell
line and tissue, Aurora B was overexpressed in all tested HCC cells and the majority of tumor tissue.
Knocking down of Aurora B with shRNA substantially inhibited HCC cell proliferation, colony
formation and delayed tumor growth in nude mice. Except computer docking, a series of kinase
assays revealed butein directly interacted with Aurora B and inhibited its kinase activity. Along with
the decrease of Aurora B and histone H3 phosphorylation, HCC cells were induced G2/M cell cycle
arrest and subjected to cell apoptosis. Butein-mediated antitumor activities were substantially
impaired in Aurora B knockdown cells, suggesting Aurora B was an important target of butein in
HCC. Oral administration of butein substantially restrained HCC xenograft growth and the
expressions of Ki6é7 and phosphor-histone H3 were significantly decreased in butein-treated tissue.
To the best of our knowledge, our studies revealed that Aurora B was the direct target of butein in
HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a great
public health problem in worldwide, especially in
China. In 2015, it was estimated that 466,100 people
were diagnosed with HCC and about 422,100 died
from this disease, the incidence and mortality rate
ranked the fourth and the third respectively [1].
Owing to most HCC patients were found in the
advanced stage, curative treatments such as surgery

or local ablation are not feasible and the systemic
therapies are considered. Sorafenib is recommended
as the first line therapy for advanced HCC patients
and has demonstrated to promote the overall
survival, however, the efficacy is limited and the
median survival is still less than 1lyear (10.7
month)[2]. Moreover, the recurrence rate is as high as
74% for patients with intermediate and advanced
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HCC after resection [3]. The reasons of the slow
progress are the high heterogeneity of HCC and the
shortage of knowledge of critical drivers in HCC
progression [4].

The Aurora kinase family is involved in the
regulation of multiple steps during cell cycle
progression and is indispensable for mitotic and
meiotic chromosome assembly and segregation [5]. In
mammalian cells, three different kinases are
identified, which are named Aurora A, B, C
respectively. In mitosis, Aurora A mainly mediates
premetaphase events, such as centrosome maturation
and separation, bipolar spindle assembly and mitotic
entry, while Aurora B is engaged in directing
metaphase  and  post-metaphase, including
chromosome alignment, accurate segregation and
cytokinesis [6]. Aurora C is less characterized and
considered to have redundant functions and
substrates as Aurora B [7]. Owing to its importance,
the aberrations of Aurora kinase family, such as
overexpression or increased gene copy number, have
contributed to uncontrolled cell proliferation and
defects in chromosome segregation. Overexpression
of Aurora B was was detected in various cancers
including acute myeloid leukemia (AML) [8],
colorectal cancer [9], non-small cell lung cancer
(NSCLC) [10] and closely related to poor prognosis.
Overexpression of Aurora A plays a crucial role in
HCC tumorigenesis [11-13], however, the function of
Aurora B in HCC is still elusive. Aurora B
overexpression was found to be associated with
Aurora A overexpression and p53 mutation.
However, despite its interaction with Aurora A and
p53, Aurora B overexpression was validated to be
correlated with worse clinicopathologic
characteristics and was an independent poor
prognostic factor [14]. Moreover, Tanaka S et al
identified that overexpression of Aurora B kinase was
the only independent factor to predict the aggressive
recurrence [15]. All these findings made Aurora B as
as an attractive target for HCC therapy.

Due to the diversity of chemical structure, the
natural products, especially those exists in our daily
diet or traditional Chinese medicine, are important
resources for novel drug discovery. In our
preliminary experiments, through the screening in a
series of natural products, we identified that butein
had a direct binding affinity to Aurora B. Butein is a
chalcone derived from Rhus vericiflua, which is of
great medicinal value and is used as traditional
medicine for the treatment of various diseases, such as
hepatic disorders, gastritis and atherosclerosis in
Eastern Asia for a long time [16-18]. Butein has been
proved to possess a wide range of biological functions
including antioxidant, anti-inflammatory,

antidiabetic, hypotensive and neuroprotective effects
[19-21]. Beyond that, increasing evidences also
demonstrated that butein exerted antitumor activities
against various cancers [22-25].

In this study, we aimed to clarify the activities of
butein on Aurora B as well as the biological effects
caused by Aurora B inhibition. We demonstrated that
butein directly interacted with Aurora B in HCC cells
and substantially inhibited its activity in selective way
(Not targeting Aurora A and Aurora C). With Aurora
B inhibition, HCC cells were induced G2/M arrest
and subjected to cell apoptosis.

Material and Methods

Cell lines and reagents. HepG2 and Hep3B cells
were purchased from the American Type Culture
Collection (Manassas, VA, USA). LO2, Huh7,
Bel-7402, and HCC-LM3 cells were obtained from Cell
Bank of Chinese Academy of Sciences (shanghai,
China). All cells were cultured at 37°C in a 5% CO;
incubator according to the supplier’s protocol. The
antibodies including p-Aurora B (#2914), Aurora B
(#3094), Aurora A (#14475), p-Histone H3 (#53348,
#9701 for IHC staining), Histone H3 (#4499), PARP
(#9532), and cleaved-caspase 3 (#9664) antibodies
were purchased from Cell Signaling
Technology(Beverly, MA, USA). p-actin (A5316)
antibody was product of Sigma-Aldrich(St. Louis,
MO, USA). The Aurora C (ab198705) and Ki67
(ab16667) antibodies were obtained from Abcam
(Cambridge, UK). Lentivirus plasmids of Aurora B
(TRCN 0000000777, 0000000779) were purchased from
Thermo Scientific (Huntsville, AL, USA). The
lentiviral packaging plasmid psPAX2 and the
envelope plasmid pMD2.G were products of
Addgene (Cambridge, MA). Lipofectamine™ 2000
was obtained from Invitrogen (Carlsbad CA, USA).

MTS assay. The cells were seeded
(3%103/well /100 mL) into 96-well plates, after treated
with different concentrations of butein for different
time point, cell proliferation was assessed by MTS
assay (Promega, Madison, WI) according to the
instructions provided.

Anchorage-independent cell growth assay

Cells (8x10° per well) were seeded into 6-well
plates with 0.3% Basal Medium Eagle agar containing
10% FBS and cultured. The cultures were maintained
at 37°C in a 5% CO2 incubator for 2 or 3 weeks and
colonies were counted under a microscope as
previously described [26].

Virus infection. For generation of Aurora B
knocking down cells, pLKO.1-sh-GFP or
pLKO.1-sh-Aurora B lentivirus plasmid was
co-transfected into 293T cells with psPAX2 and
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pMD2.G. Viral supernatant fractions were collected at
72 hours after transfection and filtered through a 0.45
pm filter followed by infection into HCC cells
together with 8pg/mL polybrene. The medium was
replaced with fresh medium containing 2pg/mL
puromycin the next day, and cells were incubated in
puromycin containing medium for another 6 days.

Natural products screening. To identify Aurora
B inhibitors from natural products, we selected the
compounds from the Natural Product Library (Cat.
No. L1400-01/02) of Selleckchem Company.
Meanwhile, we also minimized the numbers of
compounds by searching on Pubmed with the key
words of “Compound name + Cancer”, the
compounds with publications less than 100 were
selected for study. The list of the tested compounds
was shown in Figure S2. Firstly, the tested
compounds were conjugated to Sepharose 4B beads
(GE  Healthcare  Biosciences) by  following
manufacturer’s instructions. Then the
compound-Sepharose 4B beads were incubated with
HepG2 cell lysates (400pg) at 4°C overnight. The
beads were washed with binding buffer and subjected
to western blotting, and then probed with anti-Aurora
B antibody.

Molecular modeling. To predict the binding
mode of butein targeting Aurora B, the crystal
structure of the kinase domain (PDB ID: 4C2V) was
obtained from the Protein Data Bank. This structure
was then prepared using the default parameters of
Protein Preparation Wizard in Schrodinger Suite 2013.
Hydrogen atoms were added consistent with a pH of
7, and all water molecules were removed. Finally, an
ATP-binding site-based receptor grid was generated
at the centroid of the ligand, barasertib, from the
crystal structure, with default settings in Receptor
Grid Generation in Schrédinger Suite 2013. The 3D
structures of butein was generated and prepared in
the module of LigPrep in Schrodinger Suite 2013, with
other parameters kept default. Docking was
performed using the program of Glide in Schrodinger
Suite 2013 with default parameters under the
standard precision mode. Three poses of each
prepared structure of butein were output to analyze
the scores and binding modes.

In vitro ATP competitive binding and ex vivo
pull-down assays. The in vitro ATP competitive
binding and ex vivo pull-down assays were
performed as described previously [27]. The
butein-conjugated Sepharose 4B beads were prepared
according to the manufacturer’'s protocol (GE
Healthcare Biosciences). Hep3B or HepG2 cell lysates
(400 pg) was incubated with butein-Sepharose 4B
beads or Sepharose 4B beads only overnight at 4°C.
The beads were washed with binding buffer for 3

times and boiled with 5xSDS loading buffer for
western blotting analysis. For ATP competition
assays, the active Aurora B kinase was incubated with
different doses of ATP at 4°C overnight. Then the
butein-conjugated Sepharose 4B or Sepharose 4B
beads only were added into the reaction and followed
by incubation at 4°C for another 4 h. The binding
activity was analyzed by Western blotting.

In vitro Aurora B kinase assay. The active
Aurora A/B kinases were purchased from Millipore
(Cat. 14-835, 14-511). The in vitro kinase assay was
performed as described previously [28]. 1 ng of
Histone H3 and 100 ng of active Aurora B/A/C
kinase were incubated with various concentrations of
butein or barasertib (Aurora B inhibitor)/hesperadin
(Aurora A/B inhibitor)/danusertib (pan Aurora
A/B/C inhibitor) in a 20 pL reaction [29]. The mixture
was conducted at 30°C for 30 min in a 100 uM ATP
and 1x kinase buffer (Cell Signaling Technology).
Reactions were stopped by boiling samples in 5xSDS
loading buffer, and proteins were analyzed by
Western blot. The results were analyzed and
quantified with Image-Pro Plus software (version 6.2)
program (Media Cybernetics).

Western blotting. Proteins were separated by
SDS-PAGE and transferred onto polyvinylidene
difluoride membranes (Millipore), the membranes
were blocked with 5% non-fat milk and incubated
with primary antibodies overnight at 4°C, after
washing with PBST, the membranes were hybridized
with horseradish peroxidase (HRP)-conjugated
secondary antibody and then the protein bands on the
membrane were visualized with ECL
chemiluminescence reagents (Pierce Chemical Co.,
Rockford, lllinois, USA).

Cell cycle and apoptosis assay. Flow cytometry
analysis was performed as described previously [30].
After the treatment of butein for 24h, HCC cells were
harvested. For cell cycle analysis, HCC cells were
fixed with cold 70% ethanol solution at 4°C for 24h,
cells were stained with 50 pg/ml Propidium lodide
and 100 pg ribonuclease A and then analyzed with
flow cytometry. For apoptosis assay, the cells
harvested were centrifugated at 800 g for 5 min and
suspended with binding buffer, Annexin V-FITC and
Propidium lodide were added as manufacturer s
instruction and incubated for 15 mins avoiding light,
and the stained cells were subjected to FACS analysis.
All results were analyzed with the Flow]o software
(Version 7.6).

Immunofluorescence staining. Hep3B Cells
were fixed in 4% paraformaldehyde and
permeabilized in 0.5% Triton X-100 for 30 minutes.
Fixed cells were blocked with 5% BSA in PBS and
incubated with a p-Histone H3 rabbit antibody
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(ab5176, Abcam) overnight at 4°C followed by
incubation with green fluorescent Alexa Fluor 488
dye-labeled anti-rabbit IgG (ab150077, Abcam,).
Nuclei were stained with DAPI. Samples were viewed
with a fluorescence microscopy system.

In vivo experiment. The in vivo animal study
was performed following guidelines approved by the
Animal Ethics Committee of Central South
University. HCC cell suspension were inoculated s.c.
into the right flank of athymic nude mice. After the
xenografts were formed, the mice were randomly
grouped. The control and the treatment group were
orally administrated with the vehicle (5% dimethyl
sulfoxide, 5% polyethylene glycol in PBS) or 10mg/kg
butein respectively once per day. The weight of mice
and the tumor volume were recorded twice per week.

Immunohistochemistry. Inmunohistochemistry
was performed as described previously [31]. The HCC
tissue microarray (LivH150CS03) was product of
Shanghai Outdo Biotech Co., Itd. including 75 cases of
hepatocellular carcinoma and matched adjacent
normal tissue. Briefly, tumor tissue was dewaxed in
xylene and hydrated in ethanol respectively. The
endogenous peroxidase was blocked with 3% HxO»
solution. The antigen was retrieved in boiling citric
acid solution (pH=6.0) and the non-specific binding
sites were blocked with serum from the host of the
secondary antibody. The tissues were incubated with
anti-Aurora B (1:100), anti-phospho-histone H3 (1:50),
anti-Ki-67 (1:500) primary antibodies at 4°C overnight.
After washing, the tissues were hybridized with
biotinylated secondary antibody (1:100) and then
incubated with HRP conjugated streptavidin. After
developing with with 3,3-diaminobenzidine solution,
the tissues were counterstained with hematoxylin,
dehydrated and mounted. The results were analyzed
with Image-Pro Plus software (version 6.2) program
(Media Cybernetics).

Statistical Analysis. Data was expressed as
means * SD and statistical analysis was determined
by a Student t test or one-way ANOVA with SPSS16.0
(SPSS, Inc, Chicago, IL). p< 0.05 indicated significant
difference.

Results

Aurora B was overexpressed in HCC cell lines
and tumor tissue

To confirm Aurora B expression in HCC, firstly
we examined the difference between normal liver cell
and HCC cells by western blotting. Compared with
the normal liver cell LO2, Aurora B in all tested HCC
cell lines was significantly elevated and had the
highest expression in Hep3B, HepG2, and HCC-LM3
(Figure 1A). We  further examined the

phosphorylation of Aurora B and downstream target
protein H3. Our data showed that Aurora B and
Histone H3 were highly phosphorylated in HCC cell
lines, which suggested that the Aurora B signaling
pathway was hyperactivated in HCC cells (Figure
1A). Additionally, the expression of Aurora B in the
tissue of HCC patients was also detected by
immunohistochemistry. As the results shown in
Figure 1B, in paired adjacent normal tissue, Aurora B
expression was relatively low, while overexpression
of Aurora B was found in the majority of HCC tissues
(90.6%, 68/75, p<0.001). All these results suggested
that the abnormalities of Aurora B signaling pathway
was involved in HCC development and progression.

Aurora B knockdown inhibited HCC cell
proliferation and tumor growth

To validate the importance of Aurora B, we used
shRNA to knockdown Aurora B expression in HCC
cells. The protein level of Aurora B was significantly
reduced in lentivirus infected stable cell lines (Figure
2A). With the knockdown of Aurora B, the
proliferative abilities of HepG2 and Hep3B cells were
significantly decreased (35.1% and 53.8% at 72 hours
respectively, Figure 2B). In addition to the cell
proliferation inhibition, the colony formation in the
sh-Aurora B groups was also substantially suppressed
compared with the control group (Figure 2C). To
further investigate the function of Aurora B, we tested
the tumor growth rate of sh-Aurora B HCC cells in
nude mice. The results showed that silencing Aurora
B expression in HepG2 and Hep3B significantly
restrained the xenograft tumor growth (Figure 2D-F,
Figure S1). All these results demonstrated that Aurora
B had a critical role to sustain HCC cell growth both in
vitro and in vivo.

Butein inhibited Aurora B kinase activity in
vitro and ex vivo

To discover natural compounds (listed in Figure
S2A) which can specifically inhibit HCC cells via
targeting Aurora B signaling pathway, we firstly
examined the binding activities between Aurora B
and the candidate compounds using the ex vivo
pull-down assay. The results showed that several
candidate compounds including sinomenine, limonin,
butein and bergenin can directly pull-down Aurora B
protein in HepG2 cell lysates (Figure S2B). However,
among these four compounds, cell proliferation
experiments demonstrated that only butein
significantly inhibited HepG2 cell proliferation at the
concentration of 10 pM (Figure S2C). Based on these
screening data, we speculated that Aurora B might be
a target of butein to exert its potency in HCC cells.
Through molecular modeling, we found that butein
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Figure 1. Aurora B was overexpressed in HCC cell lines and tumor tissue. A, Aurora B signaling related proteins in normal liver cell and HCC cell lines were examined as
indicated. B, Aurora B expression in HCC tissues and paired adjacent normal tissue (n=75) was detected by immunohistochemistry. left: the representative images of IHC staining;

right: the statistical results. The asterisk (***, p<0.001) indicated a significant difference.

may bind with human Aurora B kinase. The docked
pose suggested that flat scaffold of butein fit well with
the pocket by forming hydrophobic interactions with
Phel72, Leu223, Leul54, etc. Three of the oxygen
atoms in butein formed hydrogen bonds with Alal73,
Lys122, and GIn145, respectively (Figure 3A). After
incubation with HepG2 and Hep3B cell lysates, the
Aurora B kinase in the cell lysates was demonstrated
to be interacted with butein-Sepharose 4B beads
(Figure 3B), however, the Aurora A/C kinase didn't
bind with butein-Sepharose 4B significantly (Figure
S3). All of these data illustrated that there is a direct
interaction between butein and Aurora B. Histone H3
is one of the most important downstream targets of
Aurora B. To examine the inhibitory effect of butein
on Aurora B kinase activity, in vitro aurora kinase
assays were conducted and the results demonstrated
that butein dose dependently inhibited Aurora B
activity, histone H3 phosphorylation was completely
blocked by 60pM butein (Figure 3C). In contrast with
the Aurora B activity inhibition, butein had no
significant inhibitory effects on Aurora A/C kinase
(Figure S4). Furthermore, with the increase of ATP

concentration, the binding between butein and
Aurora B was decreased, indicating there is a
competition (Figure 3D). To better verify the
specificity of butein against Aurora B, kinase profiling
was performed to evaluate the activities of butein in
25 different kinases. As the results shown, in all tested
kinases, buten had demonstrated the strongest
inhibition against Aurora B. After treated with butein,
the activity of Aurora B was decreased by nearly 70%
(Table S1).

Butein inhibited HCC cell proliferation and
colony formation in vitro

The effects of butein on cell proliferation were
further assessed by the MTS assay. As the results
shown, butein had no significant cytotoxicity on
normal liver cell LO2 at the concentrations <60 pM
(Figure 4A), whereas the proliferation of HepG2 (left),
Huh-7 (middle), and Hep3B (right) cells were
substantially inhibited in a dose-dependent manner
after the treatment of butein (Figure 4B). The growth
inhibition rate of 60 pM butein on HCC cells was
about 77.9%, 67.8%, and 77.2% respectively in HepG2,
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Huh-7 and Hep3B cells after 96 hour treatment.
Moreover, in anchorage-independent assay, the
colony formation of HCC cells in soft agar was
inhibited by butein dose-dependently (Figure 4C).

A &

The number of clones decreased 90.6%, 93.4%, and
92.7% respectively in HepG2, Huh-7 and Hep3B cells
by 60 pM butein.
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Figure 2. Aurora B knockdown substantially inhibited HCC cell proliferation and tumor growth. A, HepG2 (left) or Hep3B (right) cells were transfected with Aurora B shRNA
and Aurora B expression was determined by western blotting. B, The proliferative ability of HepG2 (left) or Hep3B (right) were examined by MTS assay after Aurora B was
knockdown with shRNA. C, Anchorage independent assays were performed to assess the clone formation ability of HepG2 (upper) or Hep3B (below) cells transfected with
Aurora B shRNA. Representative photographs were shown (left), and the graphs (right) were the results of three independent experiments. D, HepG2 (left) or Hep3B (right) cells
transfected with Aurora B shRNA were injected into nude mice and the tumor growth rate was examined, the asterisks (¥, p<0.05, Student’s t test) indicated a significant

difference.
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Figure 3. butein inhibited the Aurora B kinase in vitro and ex vivo. A, Butein was docked into the ATP binding pocket of Aurora B and the interactions between butein and Aurora
B was identified. B, HepG2 (left) and Hep3B (right) cell lysates (400 ug) was incubated with butein-Sepharose 4B beads (Sepharose 4B beads only as control) overnight at 4°C, and
the beads were subjected to western blotting. C, Inactive Histone H3.3 protein was incubated with different concentrations of butein, active Aurora B kinase and 100 uM ATP
reaction buffer at 30°C for 30 min, then the phosphorylation was examined by western blotting, barasertib was used as positive control. D, active Aurora B was incubated with
different concentrations of ATP overnight, then with butein-Sepharose 4B beads for 4h, Auroro B expression on the beads was detected by western blotting.

Butein induced G2/M arrest and apoptosis in
HCC cells

To further confirm the effect of butein on Aurora
B in HCC cells, we examined the phosphorylation of
Aurora B and histone H3 after butein treatment. As
the results shown, the phosphorylation of both
Aurora B and histone H3 in HepG2 and Hep3B cells
were inhibited by butein in a dose- and
time-dependent manner (Figure 5A-B). However, the
down-regulation of p-Aurora B and p-Histone H3
were not observed in LO2 cells (Figure S5A). With the

suppression of Aurora B activity, butein treatment for
24 h caused G2/M phase arrest in HepG2 and Hep3B
cells and the proportion of cells occupying the G2/M
phase increased significantly (31% in HepG2 and 23%
in Hep3B at 60 pM respectively, Figure 5C-D).
Moreover, as the results shown in Figure 5E-F,
exposure of HCC cells to butein gave rise to apoptosis
induction as measured by Annexin V/propidium
iodide (PI) double staining. In contrast with the effects
on HCC cells, no apoptosis induction (Figure 5G) or
cell cycle arrest (Figure S5B) was detected in the
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Figure 4. butein inhibited HCC cell proliferation and anchorage independent growth in vitro. A and B, LO2 cells (A) or HCC cells (B) were treated with indicated concentrations
of butein for different times, and cell viability was accessed by MTS assay. C, butein significantly suppressed the clone formation of HepG2 (upper), Huh-7 (middle) and Hep3B
(below). The asterisks (*, p<0.05, **, p<0.01, ***p<0.001,) indicated a significant difference versus the control.

normal liver cell LO2. Importantly, butein didn’t
promote the protein level of cleaved-caspase 3/-PARP
(Figure S5A). The results of western blotting also
demonstrated that the expression of cleaved caspase 3
and PARP were dramatically increased after butein
treatment, further confirming that HepG2 and Hep3B
cells were induced apoptosis (Figure 5H).

Aurora B knockdown impaired the sensitivity
of HCC cell to butein

To validate the importance of Aurora B, we also
examined the activity of butein in Aurora B

knockdown Hep3B cells. As shown in the results
(Figure 6A-C), the clone formation of HCC cells
transfected with Aurora B shRNA was decreased
compared with the mock group (GFP shRNA). 30 pM
butein inhibited the anchorage-independent growth
of Hep3B cells transfected with GFP shRNA by about
57.2%, while the inhibition was decreased to about
14.3% in Hep3B cells transfected with Aurora B
shRNA. These results demonstrated that with the
silence of Aurora B, the sensitivities of HCC cells to
butein was significantly decreased, meanwhile, also
suggested the inhibition of Aurora B played a critical
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role for butein to exert its activity. The  histone H3. Treatment of Hep3B cells with 60 pM
immunofluorescence staining was conducted to  almost completely suppressed histone H3
further determine the inhibitory effect of butein on  phosphorylation (Figure 6D). These results further
Aurora B kinase activity. We found that butein = demonstrated that butein decreased Aurora B
dose-dependently inhibited the phosphorylation of  signaling.

HepG2 Hep3B B HepG2 Hep3B
Butein (uM) 0 15 30 60 0 15 30 60 Butein(h) 0 6 1224 0 6 12 24
P-Aurora B = ee—— S —— p-Aurora B gaa |
AuroraB————-———-— AUMOra B e c e e o o o o
p-Histone H3 e s s e - p-Histone H3 w— —
Histone H3 wseseses TSSO aE— Histone H3 = e ws e asases e
B-actin g —— B-aCHN ——— —— ———
' i = 607
C i s 501 ek
o 5 % 404
(g_ i _g_ 304 *k
2 Y Ny = 201
Butein (0 uM) Butein (15 uM) Butein (30 uM) 0 15 30 60
Butein (uM)
D —~ 601 =
oy € 50 i
q § 0
£ 5 301
S 207
£ s . & 104
Butein (0 uM) Butein (15 uM) Butein (30 uM) Butein (60 uM) 04
0 15 30 60
Butein (uM)
E Butein (0 uM) Butein (15 uM) Butein (30 pM) Butein (60 uM) 60 -
£ 50] :
8 2 ‘ i0] 2
a ; 8
2(1 il g 201
< 101
0.
0 15 30 60
Butein (uM)
F Butein (0 uM) Butein (15 uM) Butein (30 uM) Butein (60 uM) 30
£25 *
o 220 *
% z 215
o 5 ! (=N
I - 3 o 10
_’ & f ] ,] 25
0
0 15 30 60
Butein (uM)
G Butein (0 uM) Butein (15 M)~ Butein (30 uM) Butein (60 uM) 30 1
g 4 - T 254
(] 201
3 ! i, 8 151
j = £ ¥ ¥ 2 40
| || - - - gro] e
0 15 30 60
Butein (uM)
H HepG2 Hep3B
Butein (uM) O 15 30 60 0 15 30 60
cleaved-PARP &= == mem "= T —
cleaved-casapse3 B e —

[-actin - — - —

Figure 5. butein induced G2/M arrest and apoptosis in HCC cells. A-B, butein inhibited Aurora B kinase activity in a dose (A) or time (B) dependent manner in HCC cells. HepG2
and Hep3B cells were treated with different concentrations of butein for 24 h (A) or with 30uM butein for indicated times (B), cell lysates were harvested and subjected to
western blotting. C-D, HepG2(C) or Hep3B (D) cells were treated with butein for 24h and subjected to cell cycle analysis by flow cytometry. left; the representative FACS results,
right; statistical analysis of three independent experiments. The asterisks (*¥, p<0.01; *** p<0.001) indicated a significant difference versus the control. E-H, HepG2 (E), Hep3B
(F) or LO2 (G) cells were incubated with butein for 24h, the cells were collected and cell apoptosis were analyzed by Annexin V-PI double staining. left; the representative FACS
results, right; statistical analysis of three independent experiments. The asterisks (*, p<0.05) indicated a significant difference versus the control. H, cleaved caspase-3, and PARP
was analyzed by western blotting in butein-treated HepG2 (left) or Hep3B (right) cells.
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Figure 6. Aurora B knockdown in Hep3B cells reduced the sensitivity to butein. A-B, the anchorage-independent growth of Hep3B cells transfected with Aurora B shRNA, with
or not with butein treatment. C, The inhibitory ratio of butein on colony formation ability of Hep3B cells transfected with sh-GFP or sh-Aurora B. D, representative images of
Hep3B cells treated with butein at the indicated concentrations for 24 h. Cells were fixed and stained with p-histone H3 antibody (green) and DAPI (blue). The asterisks **p<0.01,

*##p<0.001) indicated a significant difference.

Buein suppressed HepG2 and Hep3B
xenograft growth

The antitumor activities of butein against HCC
cells were further validated in HepG2 and Hep3B
xenograft models. As the results shown in Figure
7A-D and Figure S6, after butein treatment, the
growth of HepG2 and Hep3B xenografts in nude mice
was significantly inhibited. In HepG2 model, the
average of tumor volume in butein-treated group was
374459 mm3, whereas the vehicle group reached about
556+78 mm? (33.8% inhibition). In Hep3B model, the
tumor growth inhibition rate was 41.6% (683101
mm? versus 399+68 mm3, p<0.05). The tumor weight

of butein treated group was also substantially
decreased (0.582+0.061g versus 0.366+0.044g in
HepG2, 0.688+0.129g versus 0.426+0.062g in Hep3B,
p<0.05). The body weight of tumor bearing mice had
no significant change during the treatment, indicating
that butein was well tolerant (Figure S6).
Furthermore, the effects of butein on
phosphor-histone H3 and Ki67 a biomarker of
proliferative  potential were investigated by
immunohistochemistry. As shown in Figure 7E-F, the
expressions of both were dramatically decreased after
butein treatment. These results demonstrated that
butein inhibited HCC xenografts growth by inhibiting
Aurora B activity.
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Figure 7. Butein inhibited the HCC xenografts growth in vivo by targeting Aurora B. A-D, butein suppressed HepG2 and Hep3B xenograft growth in nude mices. The mice with
HepG2 or Hep3B xenograft (n=5) were treated with butein, the tumor growth curve of HepG2 (A) or Hep3B (B) xenograft was examined. After the experiments, the xenografts
of HepG2 (C) or Hep3B (D) model were isolated and weighed. The asterisks (¥, p<0.05,%*p<0.01, ***p<0.001) indicated a significant difference versus the vehicle. E-F, butein
decreased the expression of Kié7 and phosphor-Histone H3 in tumor tissue. HepG2 (E) or Hep3B (F) tumor tissue treated with butein was stained with Ki67 or

phosphor-Histone H3 antibody. Upper, the representative images of IHC staining. Below, the expression of indicated marker were quantified and the statistical results expressed
as MeanzSD, the asterisks (*, p<0.05, **, p<0.01, ***p<0.001) indicated a significant difference.

Discussion

Due to the complexity of the pathogenesis of
HCC, the progress of its clinical treatment is still
limited. With the advance of basic research, the
dysregulation of signaling pathways including the
EGFR [32], FGFR [33], HGF/c-Met [34], mTOR
pathway [35] are proved to be involved in the
development of HCC. So far, different inhibitors
targeting above pathways have been tested in clinical

trials. However, except sorafenib, which is an
inhibitor of multiple angiogenic tyrosine kinases, was
approved as first line therapy, the other signaling
pathway inhibitors have shown limited clinical
efficacy, so there is a great demand for additional or
alternative strategies. Abnormal proliferation is an
important characteristic of cancer cells, the success of
CDK4/ 6 inhibitors, such as palbociclib, ribociclib, and
abemaciclib which mainly blocks the transition of G1
to S phase, proved that it would be of great value to
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modulate cell cycle regulation [36-38]. Beyond that,
the clinical benefits of antimitotic inhibitors like
taxanes also validated that it's an effective
intervention strategy to block mitosis in cancer cells.
As a critical kinase responsible for the transition from
G2 to M phase, Aurora B is essential for the
chromosome biorientation, function of the spindle
assembly checkpoint and cytokinesis [39]. Aberrant
Aurora B expression was detected in various tumors
and closely related to the chemotherapy sensitivity
and poor prognosis [10, 40-43]. In our study, Aurora B
overexpression was observed in all tested cell lines
and the majority of HCC tumor tissue, meanwhile, the
results of ShARNA experiments demonstrated that both
in vitro proliferation and in vivo tumor growth were
significantly impaired after Aurora B was knockdown
in overexpressed HCC cells. All these data suggested
that Aurora B was of great importance in HCC
development and it would be an effective approach
by interfering with its function.

In HCC cells, the inhibition of EGFR activity [44],
suppression of protein kinase C(PKC) and
cAMP-dependent protein kinase [45], blockade of
JNK pathway [46], inhibition of signal transducer and
activator of transcription 3 (STAT3) [47] were
reported to be the underlying molecular mechanisms
for butein to exert its antitumor activities. Apoptosis
induction is an important biological effect after butein
treatment and different molecular mechanisms
including PI3K/Akt/mTOR pathway inhibition [22],
suppression of STAT3 activation [47], reactive oxygen
species generation [48], inhibition of cyclooxygenase-2
expression [49] were reported to be engaged in the
apoptosis induction by butein. Consistent with the
concentrations used in other studies [23, 24, 50], in our
study, at the concentration rang of 10-60pM, butein
dose-dependently inhibited HCC cell proliferation,
colony formation and induced G2/M cell cycle arrest
and apoptosis. Differently, for the first time, we
clarified that Aurora B was a potential target of butein
in HCC. The molecular docking results showed that
butein interacted with the kinase domain of Aurora B
and formed hydrophobic interactions (Figure 3A). In
vitro biochemical assays revealed that butein directly
bond to the Aurora B in HCC cells and suppressed its
kinase activity (Figure 3B-D). The decreased
phosphorylation of histone H3 in HCC cells and
tumor tissue after butein treatment further confirmed
that butein inhibited Aurora B kinase (Figure 5A-B,
7E-F). In contrast with the potency in HCC cells, the
effect of butein on proliferation and apoptosis of LO2
cell had no statistically significant difference (Figure
4A and 5G), which implied that Aurora B expression
was closely related to butein’s efficacy. Moreover, the
activities of butein in Aurora B knockdown cells were

substantially attenuated (Figure 6), which further
suggested that Aurora B was an important target of
butein in HCC cells. Beyond that, at 60pM, no
inhibition was observed in the in vitro Aurora A/C
kinase assay (Figure S3), suggesting that Aurora A/C
was not the direct target of butein in HCC.

Since the importance of Aurora B in cancer
progression, it has become an attractive target for
antitumor drug development [24]. So far, many
inhibitors of Aurora B including pan Aurora kinase
inhibitors and selective inhibitors have entered into
clinical trials and demonstrated promising efficacy
[51]. Such as barasertib (AZD1152), the best studied
selective Aurora B inhibitor, have shown superior
efficacy in AML. In contrast with the standard
therapy (arabinoside), after barasertib treatment,
about 35.4% of patients received complete remission
(CR), while in the arabinoside group, the ratio was
only 11.5%. However, barasertib had dose-limiting
toxicity to neutropenia patients [52, 53]. Therefore,
discovery of Aurora B kinase inhibitor with fewer side
effects are in need. In present study, none of mice
treated with butein had shown significant signs of
adverse effect, suggesting butein was well tolerated.
Given butein is used as food additive and traditional
herb for a long time, the lack of systemic toxicities and
the potential to reduce toxic doses make butein a good
candidate hit targeting Aurora B kinase.

In summary, we revealed a novel mechanism by
which butein induced cell cycle arrest and apoptosis
in HCC cells. For the first time, Aurora B was
validated to be the direct target of butein. By
suppressing Aurora B, butein had substantial
antitumor activities against HCC in vitro and in vivo.
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