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Aurora B kinase has emerged as a key regulator of mitosis and deregulation of Aurora B activity is closely related to
the development and progression of human cancers. In the present study, we found that Aurora B is overexpressed
in human esophageal squamous cell carcinoma (ESCC), high levels of Aurora B protein were associated with a
worse overall survival rate in ESCC patients. Depleting of Aurora B blunted the malignant phenotypes in ESCC
cells. Importantly, we demonstrated that a natural compound, deguelin, has a profound anti-tumor effect on
ESCC via inhibiting Aurora B activity. Deguelin potently inhibited in vitro Aurora B kinase activity. The in silico

Iéﬁﬂgg;l squamous cell carcinoma docking study further indicated that deguelin was docked into the ATP-binding pocket of Aurora B. Inhibition of
Deguelin Aurora B activity attenuated growth of ESCC cells, resulted in G2/M cell cycle arrest, polyploidy cells formation,
Aurora B and apoptosis induction. Knocking down of Aurora B decreased the sensitivity of ESCC cells to deguelin. The in
Mitosis vivo results showed that deguelin blocked the phosphorylation of histone H3 and inhibited the growth of ESCC

tumor xenografts. Overall, we identified deguelin as an effective Aurora B inhibitor, which deserves further studies

in other animal models and ESCC treatment.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Human esophageal carcinoma is one of the most frequently diag-
nosed cancers, ranked as the eighth leading causes of cancer-related
mortality worldwide. Esophagus squamous cell carcinoma (ESCC) is
the most common histological type of esophageal carcinomas, especially
with a higher incidence in developing nations (Abnet et al., 2017; Rustgi
and El-Serag, 2014). Epidemiological studies have demonstrated that al-
cohol consumption and tobacco use are closely linked to increased ESCC
risk. ESCC is notoriously aggressive in nature, spreading by a variety of
pathways including direct extension, lymphatic spread and hematoge-
nous metastasis (Abnet et al., 2017; Lagergren and Lagergren, 2013;
Liang et al,, 2017). Despite advances in early detection and standard
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treatment, ESCC is often diagnosed at an advanced stage and has a
poor prognosis. The overall 5-year survival rate for late stage ESCC is
<15%, which has hardly improved during the past few decades (Liang
etal, 2017). The underlying reasons for this disappointingly low survival
rate remain to be greatly elucidated. Therefore, a better understanding of
the molecular mechanisms of ESCC pathogenesis or identifies a novel
chemical entity with activity against ESCC is expected to facilitate the de-
velopment of novel therapies that can complement current traditionally
therapeutic methods.

The Aurora kinases, a closely related subgroup of 3 serine/threonine
kinases, including Aurora A, B, and C, are believed to play a key role in
protein phosphorylation in mitosis and have been shown to contribute
to the development and progression of cancer (Nguyen and Schindler,
2017; Tang et al., 2017). Aurora B is localized to the centromeres from
the prophase to the metaphase-anaphase transition. Thereafter, it is lo-
calized to midzone spindle microtubules during the telophase and sub-
sequently to midbody during cytokinesis. Small-molecule inhibitors and
siRNA of Aurora B abrogate the mitotic-spindle checkpoint and cause
premature mitotic exit without the completion of cytokinesis, leading
to 4 N DNA-containing cells that continue to progress through the cell
cycle (Carmena et al., 2009; Krenn and Musacchio, 2015; Liu et al,,
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2009). In malignancy, alterations of Aurora kinase have been linked
with genetic instability, including mitotic errors, chromosomal aneu-
ploidy, deregulation of cell proliferation and apoptosis, which are highly
associated with tumorigenesis (Mahadevan et al., 2017; Portella et al.,
2011; Schecher et al., 2017). Aurora B is overexpressed in many tumor
types and has been linked to poor patient prognosis in cancers (Lens
et al., 2010; Otto and Sicinski, 2017). Recently, several Aurora B inhibi-
tors have been developed, including AZD1152, Bl 811283, ZM447439,
and VX-680, etc., the clinical trial data demonstrated that inhibition of
Aurora B kinase displayed a generally manageable safety profile and dis-
ease stabilization in some patients (Bavetsias and Linardopoulos, 2015;
Falchook et al.,, 2015; Tang et al., 2017; Yan et al., 2016; Ziemska and
Solecka, 2016).

In the present study, we identified a natural compound, deguelin,
which was isolated from the Legume family, Lonchocarpus, Derris, or
Tephrosia, as an effective Aurora B inhibitor for using in ESCC therapy.
We investigated the therapeutic effect of deguelin in ESCC both in vitro
and in vivo. Our results could provide an option for clinical targeting
anti-mitotic therapies of ESCC.

2. Materials and Methods
2.1. Cell Lines and Culture

Human esophageal squamous carcinoma cell line Eca109, KYSE180,
and KYSE450 were purchased from Cell Bank of Chinese Academy of Sci-
ences, Shanghai, China. Human esophageal carcinoma cell lines KYSE150
was kindly provided by Dr. Qian Tao from The Chinese University of
Hong Kong, Hong Kong, China. Human normal esophageal epithelial
cell Het-1A was purchased from American Type Culture Collection
(ATCC, Manassas, VA). The cells were cultured in RPMI 1640 medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum,
100 units/mL penicillin and 100 mg/mL streptomycin. All cell lines
were incubated at 37 °C in a humidified atmosphere containing 5% CO,.

2.2. Chemicals and Cell Treatments

Tris, NaCl, and SDS for molecular biology and buffer preparation were
obtained from Sigma-Aldrich (St. Louis, MO). Deguelin (>98%) and
Hesperadin (>95%) were purchased from Sigma-Aldrich. Cell culture
media and supplements were from Invitrogen (Grand Island, NY).
Subconfluent cells were treated with the compound at indicated concen-
trations for an indicated time. Detailed treatment procedures were de-
scribed in figure legends. The final concentration of DMSO in the
culture media was kept <0.1% which had no significant effect on the
cell growth. Vehicle controls were prepared for all treatments.

2.3. MTS Assay

ESCC cells were seeded (2.5 x 10°/well/100 mL) into 96-well plates,
and proliferation was assessed by MTS assay (Promega, Madison, WI)
according to the instructions provided.

2.4. Anchorage-Independent Cell Growth Assay

The anchorage-independent growth assay was conducted as de-
scribed previously (Liu et al., 2016). Briefly, a total of 8000 cells were
suspended between a layer of solidified basal medium Eagle/10% FBS/
0.5% bottom agar with different concentrations of compound or vehicle
and 1 mL basal medium Eagle/10% FBS/0.3% top agar with the same con-
centration of compound or vehicle in each well of six-well plates. After
maintenance at 37 °C, 5% CO, for 2 weeks, colonies were scored under a
microscope using the Image-Pro Plus software (version 6.2) program
(Media Cybernetics. Rockville, MD).

2.5. Immunofluorescence Staining

The immunofluorescence staining was conducted as described pre-
viously (Li et al,, 2013). Briefly, after treated with deguelin for 24 h, an
asynchronous population of cancer cells were washed with PBS, and
fixed in 4% paraformaldehyde and permeabilized in 0.5% Triton X-100
for 30 min. Fixed cells were incubated with a a-tubulin rabbit antibody
(#2144, Cell Signaling Technology, Danvers, MA) overnight at 4 °C
followed by incubation with green fluorescent Alexa Fluor 488 dye-la-
beled anti-mouse IgG (Invitrogen, Grand Island, NY). Nuclei were
stained with DAPI. Samples were viewed with a Nikon inverted fluores-
cence microscope (Melville, NY).

2.6. Flow Cytometry

The flow cytometry was performed as described previously (Yu et al,,
2015). Briefly, ESCC cells were seeded into 6-well plates in RPMI 1640
containing 10% FBS. After culturing for 24 h, different concentrations of
deguelin were added to each well and left on the cells for 24 h. After
treatment, attached and floating cells were harvested. For apoptosis
analysis, the cells were suspended in 1 x 10° cells/mL, and 5 L Annexin
V and Propidium lodide staining solution were added to 300 L of the cell
suspension. After incubated 10-15 min at room temperature in the dark,
stained cells were assayed and quantified using a FACSort Flow
Cytometer (BD, San Jose, CA, USA). For cell cycle analysis, cells were har-
vested and washed with PBS for two times and then fixed in 70% ethanol
overnight at 4 °C. Cells were counterstained in the dark with 50 ug/mL
propidium iodide and 0.1% ribonuclease A (RNase A) in 400 pL of PBS
at room temperature for 30 min. Stained cells were assayed and quanti-
fied using a FACSort Flow Cytometer (BD, San Jose, CA, USA).

2.7. Protein Preparation and Western Blotting

Cultured cells were harvested and whole cell lysates were prepared
according to the method previously described (Yu et al., 2017a). Protein
concentration was determined using the BCA Assay Reagent (Cat. no.
23228, Pierce, Rockford, IL). Western blotting was performed as previ-
ously described (Li et al,, 2013). The following antibodies were used for
immunodetection with appropriate dilutions: Aurora B (#3094,
1:1000), Phospho-Aurora B (Thr232) (#2914, 1:1000), Histone H3
(#4499,1:2000) and Phospho-Histone H3 (Ser10) (#3377,1:2000) anti-
bodies were purchased from Cell Signaling Technology (Beverly, MA); 3-
actin (A5316, 1:10,000) was purchased from Sigma (St. Louis, MO); Ki67
(ab16667,1:200) was purchased from Abcam (Cambridge, UK).

2.8. In Vitro Aurora Kinase Assay

The in vitro aurora kinase assay was performed as described previ-
ously (Sheng et al., 2014). Histone H3 and active Aurora kinase B were
purchased from Merck Millipore (Billerica, MA). Histone H3 (1 pg) and
active Aurora kinase (100 ng) were mixed with different doses of
deguelin or hesperadin in a 20 L reaction, which was conducted in
100 uM ATP and 1 x kinase buffer (Cell Signaling Technology) at 30 °C
for 30 min. Reactions were stopped by boiling samples in 5 x SDS loading
buffer, and proteins were analyzed by Western blot.

2.9. Lentiviral Infection

Four lentivirus plasmids targeting Aurora B (TRCNO0O00000776,
TRCN0000000777, TRCNO000000778, TRCNOO0O0000779) were pur-
chased from Thermo Scientific. pLKO.1-sh-GFP (Addgene plasmid
#30323), the lentiviral packaging plasmid psPAX2 (Addgene plasmid
#12260) and the envelope plasmid pMD2.G (Addgene plasmid
#12259) were available on Addgene (Cambridge, MA). The generation
of gene stable knocking down cell lines was performed as described pre-
viously (Yu et al., 2017b). Briefly, to generate Aurora B knocking down
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cells, pLKO.1-sh-GFP or pLKO.1-sh-Aurora B lentivirus plasmid was co-
transfected into 293 T cells with psPAX2 and pMD2.G. Viral supernatant
fractions were collected at 48 h after transfection and filtered through a
0.45 pm filter followed by infection into KYSE150 cells together with 8
pg/mL polybrene. At 16 h after infection, the medium was replaced
with fresh medium containing 2 pug/mL puromycin and cells were incu-
bated for another 6 days.

2.10. Xenograft Mouse Model

All the experimentation for animals was performed following guide-
lines approved by the Animal Ethics Committee of Central South Univer-
sity. KYSE150 cells (2 x 10°) in 100 pL 1640 medium were inoculated s.c.
into the right flank of 6-week-old female athymic nude mice. Eight days
after inoculation, mice were given an i.p. injection of deguelin at a dose of
4 mg/kg daily, whereas control mice were administered vehicle. The
body weight of each mouse was recorded and tumor volume was

determined by Vernier caliper twice a week. Volume was calculated fol-
lowing the formula of A x B? x 0.5, wherein A is the longest diameter of
tumor, B is the shortest diameter and B2 is B squared.

2.11. Molecular Modeling

To predict the binding mode of deguelin targeting Aurora B, the crys-
tal structure of the kinase domain (PDB ID: 4C2V) was obtained from the
Protein Data Bank. This structure was then prepared using the default pa-
rameters of Protein Preparation Wizard in Schrédinger Suite 2013. Hy-
drogen 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
Schrodinger Suite 2013. For deguelin, 3D structures of each stereoisomer
were generated and prepared in the module of LigPrep in Schrédinger
Suite 2013, with other parameters kept the default. Docking was
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Fig. 1. High expression of Aurora B predicts poor overall survival in ESCC patients. (a) Aurora B is highly expressed in human esophageal squamous carcinoma cells. Western blot analysis
was performed to examine Aurora B expression in several ESCC cell lines and normal Het-1A cells. (b) Overall survival rates of ESCC patients with high (n = 45) or low (n = 35) expression
levels of Aurora B were estimated with the Kaplan-Meier method by log-rank test (p <0.0001). (¢, d) Knocking down Aurora B expression in KYSE150 cells (c) and Eca109 cells (d) reduces
their tumorigenic properties. MTS assay (left) and soft agar assay (middle and right) were performed as described in “Materials and Methods” (***p < 0.001 vs. sh-GFP group). (e)
Knockdown of Aurora B reduces in vivo tumor growth of KYSE150 (left) and Eca109 (right) cells. Tumor growth curve of mice injected with KYSE150 and Eca109 was shown. Data are

represented as means + S.D. of each group (*p < 0.05 vs. vehicle-treated group).
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performed using the program of Glide in Schrodinger Suite 2013 with
default parameters under the standard precision mode. Three poses of
each stereoisomer or state of deguelin were output to observe the scores
and binding modes.

2.12. Immunohistochemistry Staining

Tumor tissues obtained from euthanized xenografted mice were em-
bedded and subjected to immunohistochemistry staining with specific
antibodies against p-Histone H3-Ser10 (1:100) or Ki67 (1:200) accord-
ing to the DAKO system protocol. Hematoxylin was used for
counterstaining. Slides were viewed and photographed under a light mi-
croscope and analyzed using Image-Pro Plus Software (version 6.2) pro-
gram (Media Cybernetics). Human ESCC tissue arrays (HEso-Squ180Sur-
03) were purchased from Shanghai Outdo Biotech Co., Itd. (Shanghai,
China). The arrays included 80 cases of squamous cell carcinoma with
clinical stages and follow-up records for 5 years. The latest follow-up in-
formation was updated in September 2014, overall survival (OS) was de-
fined as the time from completion of therapy to the date of death or
when censored at the latest date if patients were still alive. Aurora B ex-
pression was scored according to staining intensity and the percentage of
positive cells as previously described (Luo et al., 2012). The percentage of
positive cells was scored as follows: 0, no positive cells; 1, <10% positive
cells; 2, 10-50% positive cells; 3, >50% positive cells. Staining intensity
was scored as follows: 0, no staining; 1, faint staining; 2, moderate stain-
ing; 3, dark staining. Comprehensive score = staining percentage x in-
tensity. Aurora B expression: <2 low expression, >2 high expression.

2.13. Statistical Analysis

Statistical analysis was performed with SPSS 16.0 (SPSS, Inc., Chicago,
IL). Survival curve was estimated using the Kaplan-Meier method. The
log-rank test was used to identify statistically significant differences be-
tween survival curves. The association between clinicopathologic factors
and Aurora B level was evaluated using Chi-square test. The data were
expressed as means 4 SD as indicated. Significant differences were de-
termined by a Student's ¢t-test or one-way ANOVA. A probability value
of <0.05 was used as the criterion for statistical significance.

3. Results

3.1. Elevated Aurora B Expression Predicts Poor Overall Survival in Esopha-
geal Squamous Carcinoma Patients

We first checked the expression of Aurora B in esophageal squamous
carcinoma cells. The result showed that, compared with the normal
esophageal epithelial cell Het-1A, Aurora B is overexpressed in ESCC
cells (Fig. 1a). Then, the tissue arrays were used to evaluate the Aurora
B expression in ESCC patient. Of 80 tumor tissue samples, 45 (56.3%)
ESCC cancers had high Aurora B expression, whereas only 8 (10%) had
high expression in adjacent non-tumor tissues. These results suggest
that Aurora B expression is upregulated in ESCC compared to non-
tumor tissues (p < 0.001, Table 1). To further explore the relationship be-
tween Aurora B expression and patient prognosis, Kaplan-Meier analysis
was conducted. The result showed that patients with higher level of

'll’.:(l))tl:i; expression of Aurora B in ESCC tissues and adjacent normal tissues.
Tissue sample No. of patients Aurora B p-value
Low High
Tumor 80 35 45 <0.0001"
Adjacent 80 72 8

Aurora B expression had significantly shorter overall survival (OS) com-
pared with patients whose tumors expressed a lower level of Aurora B
(p < 0.0001, Fig. 1b). The association between Aurora B level and clinical
features of patients, including age, gender, initial clinical stage, tumor
stage, and lymph node status were summarized in Table 2. Aurora B
was positively correlated with Lymph nodes status (p = 0.013, Table
2), which suggested that high expression of Aurora B may play a role in
ESCC metastasis. In order to further determine the critical role of Aurora
B in the tumorigenesis of ESCC, we generated stable knockdown Aurora B
KYSE150 (Fig. S1a) and Eca109 (Fig. S1b) cells and validated several
shRNAs that effectively depleted Aurora B after transfection. Two
shRNA sequences were used for the further study (#2 and #4). Results
showed that knocking down of Aurora B inhibited proliferation of
KYSE150 (Fig. 1c left) and Eca109 cells (Fig. 1d left). Knocking down Au-
rora B expression also decreased the anchorage-independent growth of
KYSE150 (Fig. 1c, middle and right) and Eca109 (Fig. 1d, middle and
right) cells. Furthermore, we found that xenograft growth of KYSE150
(Fig. 1e left, Fig. S2a) and Eca109 cells (Fig. 1e right, Fig. S2b) in athymic
nude mice were also attenuated after Aurora B knockdown. These results
suggest that Aurora B possesses an important biological function in ESCC
and blocking Aurora B expression significantly reduces the tumorigenic
properties of ESCC cells.

3.2. Deguelin Effectively Suppresses the Proliferation of Human Esophageal
Squamous Carcinoma Cells

Deguelin (Fig. 2a, MW. 394.42) has shown potential chemopreven-
tive or chemotherapeutical activities against several types of human can-
cers. In order to investigate the anti-tumor effect of deguelin on human
esophageal squamous carcinoma, we first determined whether deguelin
exerted any cytotoxic effect on normal esophageal epithelial cells. Het-
1A cells were treated with different doses of deguelin for 24 or 48 h
and measured by MTS assay. The result showed that deguelin had no cy-
totoxicity against Het-1A cells at concentrations <25 puM (Fig. 2b). We
then examined the effects of deguelin on the anchorage-dependent
growth of KYSE180, KYSE150, and Eca109 cells. The results indicated
that deguelin strongly inhibited ESCC cells proliferation in a dose-depen-
dent manner (Fig. 2c). We further investigated the effects of deguelin on
anchorage-independent growth of these three ESCC cells via soft agar
assay. Results showed that deguelin markedly suppresses colony forma-
tion of all tested ESCC cells at different concentrations (Fig. 2d). Our re-
sults clearly demonstrate that deguelin has a potent antitumor effect
on ESCC cells.

Table 2
Relationships between the expression of Aurora B and clinical pathological characteristics
in 80 patients with ESCC.

Expression of Aurora B p - value

Characteristics All cases Low(n = 35) High(n = 45)

Gender 0.999
Male 64 28 36
Female 16 7 9

Age(years) 0.806
<60 24 11 13
>60 56 24 32

Initial clinical stage
<lla 40 19 21 0.499
>Ila 40 16 24

Tumor stages 0.088
T1 + T2 22 13 9
T3 + T4 58 22 36

Lymph nodes status 0.013"
NO (negative) 40 23 17
N1 or above (positive) 40 12 28

Chi-square test.
* p<0.0001 indicates a significant upregulation of Aurora B in tumor tissue vs. adjacent
tissue.

Chi-square test.
* p < 0.05 indicates a significant upregulation of Aurora B in patients with lymphatic
metastasis vs. no lymphatic metastasis.



104 X. Yu et al. / EBioMedicine 26 (2017) 100-111

a b 120
£ 100 b—‘f%
2 80
5 60
> 40| —*-24h
8 20 -&= 48 h
0

01 2 5 10 25
Deguelin (uM)

c
€ 12 =14 =14
E £ [
£ 10 £12 £12
o o 10 2 1.0
2 0.8 + @ I 9
P * Y 0g HE¥ T o0s
o 06 * [ * []
< S 0.6 g 06
I 04 5 &
oY 804 £ 04
202 g o2 g 02
< 0+ . : . Y < 0+ T T d < 0+ v r v
0 24 48 72 0 24 48 72 0 24 48 72
Time (h) Time (h) Time (h)
d 5,000 -
Deguelin (uM 2
9 (uM) 8 4,000 4
o
1 2 5 § 3,000 - *x
w B 2,000 -
i .' g *dk
K 1 4
5 1,000 .
[&] 04
SR ET S 0 1 2 5
o ! : — Deguelin (uM)
i @ 6,000
Deguelin (uM) T 5000
f=]
1 2 5 g 4.000
- % 3,000 kK
S £ 2,000 - ok
i i 2 1,000 - *ek
[&] 04
g s Bne 0 1 2 5
L S —] Lol 2 Deguelin (uM)
. 5,000 1
Deguelin (uM) 4
g 4,000 -
1 2 5 S 3,000 4
-] ok
. 2,000 1
. 1,000 1 i .
e o o4
ok o 1 2 5
— — . Deguelin (M)

Fig. 2. Inhibitory effects of deguelin on the growth of ESCC cells. (a) The chemical structure of deguelin. (b) Cytotoxicity of deguelin was measured in normal esophageal epithelial
cells by MTS assay. Het-1A cells were treated with various concentrations of deguelin for 24 or 48 h. Data are shown as means + S.D. from triplicate experiments. (¢) The viability of ESCC
cells was measured by MTS assay in KYSE180 (left), KYSE150 (middle) and Eca109 (right) cancer cells. All ESCC cells were treated for 24, 48 and 72 h with various concentrations of
deguelin as indicated. Data are shown as mean values + S.D. from 3 independent experiments conducted with triplicate samples. Statistical significance was determined by the
Student's t-test (*p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO-treated group). (d) A colony formation assay was performed as described in the “Materials and Methods” section. Data
shown are the colony formation ability of KYSE180 (top), KYSE150 (middle) and Eca109 (bottom) cells treated with different concentrations of deguelin compared with the DMSO
group. The average colony number was calculated from three separate experiments (*p < 0.05, **p < 0.01, ***p < 0.001 vs. DMSO-treated group).

3.3. Deguelin Induces Cell Cycle Arrest and Polyploidy in Human Esophageal 3.4. Deguelin Promotes Apoptosis in KYSE150 and Eca109 Cells
Squamous Carcinoma Cells
Treatment of KYSE150 and Eca109 cells with different concentrations
To better understand the mechanism and the activity of deguelin, we of deguelin for 24 h dramatically induced cells morphological change.
evaluated cell cycle distributions after deguelin treatment. The Flow Cy- We found that a significant proportion of cells became detachment and
tometry data displayed that treatment with deguelin for 24 h caused a round-up, the numbers of round-up cells increased proportionally to
dramatic increase in the number of KYSE150 (Fig. 3a) and Eca109 cells deguelin concentrations, which consistent with the phenotype and char-
(Fig. 3b) occupying the G2/M phase. The G2/M cell cycle arrest indicated acteristics of G2/M phase arrest cells (Fig. 4a). Disruption in G2/M cell
that failure in cytokinesis and abnormal exit from mitosis were induced cycle progression could result in polyploid cells, and ultimately, leads
by deguelin treatment, which could result in polyploid cells. We then to apoptosis. We next conducted Annexin V/PI staining to measure the
studied the morphological phenotypes of ESCC cell with deguelin treat- effect of deguelin on the induction of apoptosis in KYSE150 and Eca109
ment by immunofluorescence staining. The results showed that treat- cells. The results demonstrated that the application of 2 uM or 5 pM of
ment of KYSE150 cells with 2 uM deguelin caused the induction of deguelin for 24 h triggered a significant apoptosis (Fig. 4b). Additionally,
polyploidy cells, whereas no polyploidy cells were observed in control consistent with the results of flow cytometry, the protein levels of apo-
cells (Fig. 3c). These results suggest that the inhibition of G2/M cell ptotic markers, such as cleaved-PARP and cleaved-caspase 3, were sub-
cycle progression is induced after deguelin treatment in ESCC cells. stantially upregulated upon deguelin treatment (Fig. 4c). All of these
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cycle was then analyzed using propidium iodide staining and flow cytometry. Data represent mean =+ SD from three independent experiments (**p < 0.01, ***p < 0.001 vs. DMSO-treated
group). (c) KYSE150 cells were treated with DMSO or deguelin (2 pM) for 24 h and then were evaluated by immunofluorescence assay by staining with anti-a-tubulin (green) and DAPI

(blue). Scale bar, 20 um.

data indicate that increased apoptosis is involved in deguelin-mediated
ESCC suppression.

3.5. Deguelin is Associated with Inhibition of Aurora Kinase Signaling Path-
ways in ESCC Cells

Aurora kinase B inhibition leads to failure in cytokinesis and abnor-
mal exit from mitosis, which could result in polyploidy cells, G2/M cell-
cycle arrest, and ultimately, apoptosis or cell death. Our primary data
strongly implied that deguelin disrupted the Aurora kinase B pathway
in ESCC cells. In order to validate our hypothesis, the molecular docking
was performed to study the binding mode of deguelin targeting Aurora
B. The in silico docking study indicated that deguelin was docked into
the ATP-binding pocket of Aurora B. The docked pose suggested that
the flat scaffold of this compound fit well with the pocket by forming hy-
drophobic interactions with Phe172, Leu223, Leu154, etc. (Fig. 5a). We
then used an in vitro kinase assay with a recombinant active Aurora B
protein and various concentrations of deguelin to determine whether
deguelin could inhibit Aurora B kinase activity in vitro directly. The

findings revealed that the phosphorylation of histone H3 on Ser10, an
Aurora B substrate, was strongly inhibited by deguelin (Fig. 5b). Howev-
er, deguelin can't effectively suppress the Aurora A kinases activity in
vitro (Fig. S4). These results indicated that deguelin substantially
inhibited the kinase activity of Aurora B in a dose-dependent manner
from 1 to 5 pM. In addition, we found that autophosphorylation of Aurora
B at Thr232 was significantly decreased in the presence of deguelin in
KYSE150 and Eca109 cells (Fig. 5c). Phosphorylation of a highly con-
served serine residue (Ser10) in histone H3 is thought to be crucial for
entry into mitosis. Our results showed that deguelin suppressed histone
H3 phosphorylation on Ser10 in KYSE150 and Eca109 cells in a dose- and
time-dependent manner (Fig. 5¢, d). These results suggest that Aurora B
kinase is effective targets of deguelin ex vivo and in vitro.

3.6. Knockdown of Aurora B Decreases the Sensitivity of KYSE150 and
Eca109 Cells to Deguelin

Because deguelin was shown to specifically target Aurora B, we then
examined whether knockdown of Aurora B expression could influence
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treated group). (c) KYSE150 (left) and Eca109 (right) cells were treated with deguelin (0, 1, 2 and 5 uM) for 24 h, and then the expression of apoptotic markers was detected by

immunoblotting.

the sensitivity of ESCC cells to deguelin. The soft agar assay data showed
that sh-Aurora B transfected cells formed fewer colonies than sh-GFP
transfected KYSE150 (Fig. 6a, left) and Eca109 cells (Fig. 6a, right).
Deguelin (1 uM) inhibited anchorage-independent growth of KYSE150
(Fig. 6b, left) and Eca109 (Fig. 6b, right) cells which transfected with
sh-GFP by about 70% and 60%, respectively. However, in Aurora B
shRNA transfected cells, the inhibition ratio was <30% in KYSE150 sh-Au-
rora B cells (Fig. 6¢, left), and 45% in Eca109 sh-AuroraB cells (Fig. 6c,
right). Our results indicated that ESCC cells transfected with Aurora B
shRNAs were more resistant to deguelin treatment. These results suggest
that Aurora B kinase plays an important role in the sensitivity of KYSE150
and Eca109 cells to the anticancer effects of deguelin.

3.7. Deguelin Inhibits Xenograft Growth of KYSE150 and Eca109 Cells in
Athymic Nude Mice

To determine the chemotherapeutic effect of deguelin in vivo, we
used an athymic nude xenograft mouse model of KYSE150 and Eca109

cells. Data showed that deguelin markedly reduced tumor size (Fig. 7a,
b) and tumor weight (Fig. 7c) as expected. Moreover, no obvious loss
of body weight was observed (Fig. S3a, b). Immunohistochemical analy-
sis of tumor sections from the KYSE150 animal model showed that the
positive staining of Ki67 and phosphorylation of histone H3 Ser10 were
significantly suppressed in the deguelin-treated group compared with
the vehicle-treated group (Fig. 7d). These results indicate that deguelin
suppresses tumor growth in vivo.

4. Discussion

Abnormal activation of mitosis plays a crucial role in the process of
human tumorigenesis. In the past few decades, targeting anti-mitotic
therapies is a highly successful strategy for human anticancer treatment.
Microtubule dynamics targeted agents, including the vinca alkaloids and
taxanes, are highly active against a variety of human cancer types. How-
ever, development of drug resistance and highly toxic to normal dividing
cells remain persistent problems (Hardin et al., 2017; Kavallaris, 2010;
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Louage et al., 2017). Therefore, identification of novel nonmicrotubule
proteins therapeutic targets is still an urgent demand for anticancer
treatment. Recently, the Aurora kinases have gained prominence as es-
sential regulators of somatic cell division. Aurora B kinase is essential
for chromosome condensation, kinetochore function, cytokinesis, and
the proper function of the spindle assembly checkpoint when spindle
tension is perturbed. Aurora B was first demonstrated to be
overexpressed in colon cancer in 1998 (Bischoff et al.,, 1998). Cumulative
evidence indicated that the amplification/overexpression and/or hyper-
activation of Aurora B kinase is a frequent finding in a panel of human
malignancies, such as breast (Larsen et al., 2015; Zhang et al., 2015),
liver (Liu et al., 2017), lung (Al-Khafaji et al., 2017; Helfrich et al.,
2016), prostate (Schecher et al., 2017; Zekri et al., 2017) cancer and leu-
kemia (Floc'h et al,, 2017; Song et al., 2017). The evidence linking Aurora

B overexpression and malignancy has generated significant interest in
the development of small-molecule inhibitors against this protein.

In this report, the natural compound deguelin potently and dose-de-
pendently suppressed Aurora B kinase activity in vitro, indicating that
this compound is an effective Aurora B inhibitor. The docking study indi-
cated that deguelin was docked into the ATP-binding pocket of Aurora B
and formed hydrophobic interactions with Phe172, Leu223, Leu154, etc.
In addition, deguelin had no obvious effect on Aurora A activity at the
same concentration (Fig. S4). Previous studies have demonstrated that
the predominant response of tumor cells to Aurora B inhibitor treatment
was aborted cell division without a protracted mitotic arrest, inducing
the formation of polyploidy cell and resulting in polyploidy-specific le-
thality or senescence (Payton et al., 2010; Sadaie et al., 2015). Our results
showed that deguelin inhibited the anchorage-dependent and
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Fig. 6. Knockdown of Aurora B decreases the sensitivity of ESCC cells to deguelin. (a, b) Anchorage-independent growth of KYSE150 (left) and Eca109 (right) cells transfected with sh-GFP
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(c) The inhibitory ratio of deguelin on colony formation ability of KYSE150 (left) and Eca109 (right) cells transfected with sh-GFP or sh-Aurora B (*p < 0.05 vs. sh-GFP group).

-independent growth of human ESCC cells. Treatment with deguelin in-
duced accumulation of G2/M cells, polyploidy cell formation, and apo-
ptosis, which is consistent with Aurora B inhibition. In addition,
knockdown of Aurora B decreases the sensitivity of ESCC cells to
deguelin, which agrees with our observations that Aurora B plays an im-
portant role in the anticancer activity of deguelin. Moreover, our in vivo
study also demonstrated that deguelin significantly decreased tumor
growth and down-regulated phosphorylated Histone-H3 staining with-
out obvious cytotoxic effect.

Esophageal carcinoma is often refractory to current therapeutic ap-
proaches and has a poor prognosis. The incidence of esophageal carcino-
ma is closely linked to geographic region and racial background. During
the past few decades, the incidence of adenocarcinoma which arises in
the esophagogastric junction or distal esophagus has increased consider-
ably in western countries, whereas in China and other Asian nations,
such as Japan, over 90% of all esophageal carcinomas are squamous-cell
carcinomas (Abnet et al., 2017; Lagergren and Lagergren, 2013; Rice et
al., 2017). Although ESCC can be treated with various techniques, includ-
ing chemotherapy, radiotherapy, and endoscopy, the surgical resection
has remained the mainstay of treatment. Currently, attention has fo-
cused on the role of targeted agents in the treatment of various types

of cancer. Studies of targeted agents for ESCC have just begun. Although
the combination of EGFR targeted therapy agent cetuximab and radio-
therapy in ESCC patients obtained a clinical complete response rate of
70%, more evidence is needed to prove that adding cetuximab to preop-
erative chemoradiotherapy is feasible without increasing postoperative
mortality (Enzinger et al., 2016). Previous studies indicated that Aurora
A is highly expressed in ESCC (Tamotsu et al., 2015; Tong et al., 2004),
whereas the status of Aurora B in ESCC is not clear. In the present
study, we found that Aurora B is overexpressed in ESCC cell lines, and
the high levels of Aurora B protein were associated with worse overall
survival rate. Moreover, knockdown Aurora B in human ESCC cells re-
duced tumorigenic properties, including in vitro cell growth and in vivo
xenografted tumor formation. All of this evidence suggested that the de-
velopment of Aurora kinases targeted therapy may serve as a selective
strategy for clinical ESCC treatment. Recently, a growing number of in-
hibitors of Aurora kinases have been developed for both hematopoietic
malignancies and solid tumors, either at preclinical or clinical stages
(Ashton et al., 2016; Dar et al., 2010; Floc'h et al., 2017). Previous studies
have demonstrated that the Aurora B specific inhibitor, AZD1152, signif-
icantly suppressed human solid tumors, including prostate (Zekri et al.,
2017), lung (Helfrich et al., 2016), breast (Larsen et al., 2015) cancer
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and nasopharyngeal carcinoma (Li et al,, 2015). However, the antitumor
effect of Aurora B kinase inhibitors against ESCC is still elusive. Our study
clearly showed that deguelin-induced ESCC growth inhibition was de-
pendent on deguelin-mediated Aurora B activity suppression because
down-regulation of Aurora B significantly decreased the sensitivity of
ESCC cells to deguelin treatment. Our results are in agreement with
those recent publications that the Aurora B specific inhibitor also exerts
the potent anti-tumor effect in solid tumors.

The combination of Aurora kinase inhibitors with standard chemo-
therapeutics or radiotherapeutics are currently in progress, such as
AZD1152 plus radiotherapy in various solid cancer models. In addition,
Azzariti et al. found that AZD1152-HQPA enhanced oxaliplatin and
gemcitabine effectiveness in the colon and pancreatic cancer, respec-
tively (Azzariti et al., 2011). However, little is known about the mecha-
nism of action of Aurora kinase inhibitors in combination with radio-

and chemotherapy at the molecular level. Azzariti et al. suggested that
the potential mechanism for AZD1152-HQPA enhanced chemotherapy
effectiveness is due to the DNA fragmentation associated with apoptosis
occur in a cell population that has undergone endoreduplication to be-
come >4 N (Azzariti et al., 2011). Additionally, the M phase and G2
phase are the most sensitive stage to radiotherapy or DNA damage
agents. Therefore, chemotherapy and fractionated radiotherapy may
work better in concurrent of the Aurora B kinase inhibitors by partial
synchronization of cancer cells in the most radiosensitive G2/M phase
(Pawlik and Keyomarsi, 2004).

In summary, our in vitro and in vivo results suggest that deguelin is a
bioavailable and potent Aurora B kinase inhibitor for ESCC treatment. Im-
portantly, neoadjuvant chemotherapy or radiotherapy followed by sur-
gery has emerged as a new standard treatment for ESCC currently
(Markar et al., 2015; Matsuda et al., 2016; Pasquali et al., 2017; Sudo et
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al., 2014). Thus, a single treatment with deguelin or combination with
conventional chemotherapy/radiotherapy deserves further investigation
and development for clinic translation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2017.10.030.
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