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Abstract: Pancreatic cancer is the most
to current therapeutics. Alisertib (ALS

transition (EMT) and to d
cancer PANC-1 and BxP
inhibitory, pro-autophagic,

Its showed that ALS exerted potent cell growth
ssing effects in PANC-1 and BxPC-3 cells. ALS

N-cadherin. In addition, ALS suppressed the expression of sirtuin 1 (Sirtl) and pre-B cell
-enhancing factor/visfatin in both cell lines with a rise in the level of acetylated p53.
findings show that ALS induces cell cycle arrest and promotes autophagic cell death
but inhibits EMT in pancreatic cancer cells with the involvement of PI3K/Akt/mTOR, p38
MAPK, Erk1/2, and Sirt1-mediated signaling pathways. Taken together, ALS may represent
a promising anticancer drug for pancreatic cancer treatment. More studies are warranted to
investigate other molecular targets and mechanisms and verify the efficacy and safety of ALS
in the treatment of pancreatic cancer.

Keywords: alisertib, pancreatic cancer, cell cycle, autophagy, EMT, Sirt1

Introduction

Pancreatic cancer is the most aggressive cancer worldwide with a 5-year survival rate
of less than 6%.!? Pancreatic cancer is the 12th most common cancer, and there were
338,000 cases diagnosed with pancreatic cancer in 2012."? In US, pancreatic cancer
accounts for approximately 3% of all cancers and approximately 7% of cancer-related
deaths.!? In 2013, there were 45,220 cases diagnosed with pancreatic cancer, and
there will be 46,420 new cases of pancreatic cancer in 2014.% In People’s Republic
of China, pancreatic cancer is the sixth leading cause of cancer-related death with a
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lower 5-year survival rate of 1%—3%."3* Currently, the main
therapies for pancreatic cancer treatment include surgery,
chemotherapy, radiotherapy, immunotherapy, and vaccine
therapy.! However, the therapeutic outcome of pancreatic
cancer is disappointing in clinic. It is mainly due to the
resistance to cytotoxic chemotherapeutic agents and/or
radiotherapy. Thus, there is an urgent need for new anticancer
agents that can kill pancreatic cancer cells with improved
clinical therapeutic outcomes.

Recently, accumulating evidence demonstrates that target-
ing programmed cell death is a promising strategy to treat pan-
creatic cancer, mainly including apoptosis and autophagy,*”
although the therapeutic and clinical implications are not fully
understood. In particular, autophagy, the mammalian target of
rapamycin (mTOR)-mediated cell death, has an inconclusive
role in the regulation of cancer cell survival and cell death
with the involvement of a number of Atg proteins and other
regulating molecules, such as 5-AMP-dependent kinase
(AMPK), p38 mitogen-activated protein kinase (p38 MAPK),
and sirtuin 1 (Sirt1).>° On the other hand, emerging evidence
suggests that the epithelial-to-mesenchymal transition (EMT)
process has been implicated in the initiation, development,
progression, metastasis, and drug resistance of pancreatic

cancer with a dramatic loss in the epithelial features but g
in the mesenchymal characteristics.''> Consequently, EM
facilitates metastatic dissemination of pancreatic

to chemotherapeutics.
Aurora kinases, a family
consist of three memb

OH

Alisertib (ALS)

A/B/C (AURKA/B/C). Aurora kinases have a pivotal role
in the regulation of mitosis, and the expression and activ-
ity of Aurora kinases are tightly regulated.'> Abnormalities
in the expression and/or activity of Aurora kinases can
cause genetic instability, aneuploidy, turmorigenesis, and
cell death.'> AURKA is a key cell cycle regulator critical
for mitotic events.'® Aberrant expression and activity of
AURKA often occur in various malignancies, including
the bladder, breast, colon, liver, ovaries, pancreas, stom-
ach, and esophagus cancer.'” Thus, targeting AURKA has

been proposed to be a very promising oy for cancer

th of patient-derived xenografts was
194 phosphorylation levels in pancre-
ocarcinoma cell lines or patient-derived
d tumors did not correlate with the response to
S. Notably, Ki67 (the cell proliferation-related antigen)
as identified as a possible early biomarker for predicting
e response to ALS in patient-derived xenografts.?' These
findings indicate that ALS is an effective anticancer drug
for a subgroup of patients with pancreatic ductal adenocar-
cinoma via signaling pathways independent of RalA Ser194
phosphorylation. However, this study did not investigate
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Figure | The chemical structure of ALS and the effect of ALS on the viability of PANC-1 and BxPC-3 cells.

Notes: PANC-1 and BxPC-3 cells were treated with ALS at concentrations ranging from 0.1 tM to 50 uM for 24 hours. (A) The chemical structure of ALS and (B) the
viability of PANC-| and BxPC-3 cells determined by MTT assay.

Abbreviations: ALS, alisertib; IC,, the half maximal inhibitory concentration; MTT, thiazolyl blue tetrazolium bromide.
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how ALS kills pancreatic cancer cells via inhibition of
AURKA and why RalA Ser194 phosphorylation is not
required for the ALS’s killing effect. There are only few
data on the anticancer effect and underlying mechanisms
of ALS in the treatment of pancreatic cancer. In this regard,
we hypothesized that ALS inhibited the growth of pancre-
atic cancer cells via phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (Akt)/mTOR and Sirt1-mediated signaling
pathways. To test this hypothesis, we investigated the anti-
cancer effects and possible mechanisms of ALS in human
pancreatic cancer PANC-1 and BxPC-3 cells with a focus
on the effects of ALS on cell cycle, autophagy, EMT, and
redox homeostasis.

Materials and methods

Chemicals and reagents
ALS (also known as MLN8237) was purchased from Sell-
eckchem Inc (Houston, TX, USA). Dulbecco’s Modified
Eagle’s Medium (DMEM) and RPMI-1640 medium were
obtained from Corning Cellgro Inc (Herndon, VA, USA).
Dimethyl sulfoxide (DMSO), Dulbecco’s phosphate-
buffered saline (PBS), heat-inactivated fetal bovine serum
(FBS), propidium iodide (PI), RNase A, and thiazolyl blue
tetrazolium bromide (MTT) were purchased from 8
Aldrich Inc (St Louis, MO, USA). Phenol red-free c@

medium was obtained from Invitrogen Inc

(CDK) 1/CDC2,
Cipl, p27 K4

Thr202/204, %@ at Ser392, Ac-p53 at Thr288, phosphatase
and tensin homol®% (PTEN), beclin 1, microtubule-associated
protein 1A/1B-light chain 3 (LC3)-I, LC3-II, and nuclear fac-
tor (erythroid-derived 2)-like 2 (Nrf2), and Aurora (#3875)
and EMT (#9782) antibody sampler kits were all purchased
from Cell Signaling Technology Inc (Beverly, MA, USA).
The antibodies against human -actin and pre-B cell colony-
enhancing factor (PBEF/visfatin), also called nicotinamide
phosphoribosyltransferase, were obtained from Santa Cruz
Biotechnology Inc (Santa Cruz, CA, USA).

Cell lines and cell culture

Two human pancreatic cancer cell lines PANC-1 and BxPC-3
were obtained from the American Type Culture Collection
(Manassas, VA, USA) and cultured in DMEM (PANC-1
cells) and RPMI-1640 (BxPC-3 cells) medium supple-
mented with 10% heat-inactivated FBS and 1% penicillin/
streptomycin. The cells were maintained in a 5% CO,/95%
air-humidified incubator at 37°C. ALS was dissolved in
DMSO with a stock concentration of 100 mM and the stock
solution was stored at —20°C. ALS was freshly diluted to the

predetermined concentrations withg & medium. The final

concentration of DMSO was at 489 e control cells

received the vehicle only.

Cell viability
The effect of A

fter cells were seeded for 24 hours at a
ium, the PANC-1 and BxPC-3 cells

ed for 4 hours. Then the medium was carefully
Msiaicd and 100 UL of DMSO was added into each well.
The cell viability was determined by reduction of MTT after
10-minute incubation at 37°C. The absorbance was measured
using a Synergy H4 Hybrid microplate reader (BioTek Inc,
Winooski, VT, USA) at a wavelength of 450 nm. The IC
values were determined using the relative viability over ALS
concentration curve.

Cell cycle distribution analysis

The effect of ALS on the cell cycle distribution of PANC-1
and BxPC-3 cells was determined using flow cytometry as
described previously.? Briefly, PANC-1 and BxPC-3 cells
were seeded into 60 mm Petri dishes. After cells were seeded
for 24 hours, the cells reached ~75% confluence and were
then treated with ALS at concentrations of 0.1 uM, 1 uM,
and 5 uM for 24 hours. In separate experiments, PANC-1
and BxPC-3 cells were treated with 5 uM ALS for 4 hours,
8 hours, 12 hours, 24 hours, 48 hours, and 72 hours. Fol-
lowing the treatment, cells were detached and fixed with
70% ethanol at —20°C overnight. Subsequently, the cells
were collected by centrifugation at 250X g for 5 minutes.
Then, the cells were washed with PBS and incubated with
25 pug/mL RNase A and 50 pg/mL PI for 30 minutes in the
dark. A total number of 1x10* cells were subject to cell cycle
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analysis using a flow cytometer (Becton Dickinson Immu-
nocytometry Systems, San Jose, CA, USA).

Quantification of cellular autophagy

To examine the effect of ALS on autophagy in PANC-1 and
BxPC-3 cells, cellular autophagy was first detected using flow
cytometry as described previously.? Briefly, PANC-1 and
BxPC-3 cells were seeded into 60 mm Petri dishes. After cells
were seeded for 24 hours, the cells reached ~75% confluence
and were then treated with fresh medium alone and ALS at
0.1 uM, 1 uM, and 5 uM for 24 hours. Following the ALS
treatment, cells were detached and resuspended in 250 puL
of phenol red-free culture medium containing 5% FBS.
Following that, 250 uL of the diluted Cyto-ID® Green stain
solution was added to each sample. Cells were incubated for
30 minutes at 37°C in the dark and then collected by centrifu-
gation at 250x g. The cell pellet was washed with 1x assay
buffer given in Cyto-ID® Autophagy detection kit and resus-
pended in 500 pL fresh 1x assay buffer. Cells were analyzed
using the green (FL1) channel of a flow cytometer.

Confocal fluorescence microscopy

examination

The cellular autophagy level was further detected by exa
ining using confocal fluorescence microscopy. Briefl
PANC-1 and BxPC-3 cells were seeded into gg

were examined using
focal microscop 1

To examine the effeC?of ALS on the expression of various
cellular proteins, the Western blotting assays were performed
as described previously.? The PANC-1 and BxPC-3 cells
were incubated with ALS at 0.1 uM, 1 uM, and 5 uM for
24 hours. After ALS treatment, cells were washed with
precold PBS and lysed with the RIPA buffer containing
the protease inhibitor and phosphatase inhibitor cocktails.
Protein concentrations were measured by Pierce BCA

protein assay kit. Equal amount of protein sample (20 ug)

was electrophoresed on 7% or 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis mini-gel after thermal
denaturation for 5 minutes at 95°C. Following that, proteins
were transferred onto methonal-activated PVDF membrane
at 100 V for 2 hours at 4°C. Subsequently, membranes were
blocked with 5% skim milk and probed with indicated pri-
mary antibody overnight at 4°C and then blotted with respec-
tive secondary antibody. Visualization was performed using
Bio-Rad system. The blots were analyzed using ImageLab 3.0
(Bio-Rad) and protein level was normalized to the matching
densitometric value of B-actin.

Statistical analysis
Data are expressed as the me

s using MTT assay. Incubation of both cell
ALS at concentrations ranging from 0.1 uM to
UM for 24 hours significantly decreased the cell viability
igure 1B). In comparison to the control cells, the percent-
e of the viability was 86.7%, 74.7%, 59.6%, 46.4%, and
25.4% when PANC-1 cells were treated with ALS at 0.1 uM,
1 uM, 5 uM, 10 uM, and 50 uM for 24 hours, respectively
(Figure 1B). For BxPC-3 cells, the percentage of the viabil-
ity of BXPC-3 cells was 83.5%, 71.4%, 42.1%, 6.9%, and
3.2% compared to control, when cells were treated with ALS
at 0.1 uM, 1 uM, 5 uM, 10 uM, and 50 uM for 24 hours,
respectively (Figure 1B). The IC, values were 7.1 uM and
6.8 UM for PANC-1 and BxPC-3 cells after 24-hour incuba-
tion with ALS, respectively (Figure 1B). The results show
that ALS exerts a potent inhibitory effect on cell proliferation
in PANC-1 and BxPC-3 cells.

ALS inhibits the phosphorylation of
AURKA

ALS has been demonstrated as a potent AURKA inhibitor;
herein, we first tested the effect of ALS on the phosphoryla-
tion of AURKA and its downstream target p53 in PANC-1
and BxPC-3 cells. As shown in Figure 2, treatment of
PANC-1 and BxPC-3 cells with ALS significantly inhibited
the phosphorylation of AURKA at Thr288 and p53 at Ser392
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in a concentration-dependent manner. There was a 13.3%,
29.7%, and 63.3% reduction in the level of p-AURKA
at Thr288, and 9.9%, 18.0%, and 20.0% decrease in the
expression level of p-53 at Ser392 in PANC-1 cells when
treated with ALS at 0.1 uM, 1 uM, and 5 uM for 24 hours,
respectively (Figure 2A and B). Similarly, there was a 31.6%,
41.3%, and 50.9% decline in the level of p-AURKA, and
12.3%, 19.8%, and 24.2% reduction in the level of p-p53 in
BxPC-3 cells when treated with ALS at 0.1 uM, 1 uM, and
5 UM for 24 hours, respectively (Figure 2A and B). Further-
more, in comparison to the control, incubation of PANC-1
cells with ALS at 0.1 uM, 1 uM, and 5 uM resulted in a
33.7%, 70.6%, and 90.2% reduction in the ratio of p-AURKA
over AURKA, and 13.1%, 20.6%, and 26.5% decrease in
the ratio of p-p53 over p53, respectively (Figure 2A and B).
Similarly, there was a 31.6%, 41.3%, and 50.9% decline
in the ratio of p-AURKA over AURKA, and 5.5%, 22.9%,
and 33.0% decline in the ratio of p-p53 over p53 in BxPC-3
cells when treated with ALS at 0.1 uM, 1 uM, and 5 uM,
respectively (Figure 2A and B).

ALS regulates cell cycle distribution of
PANC-I and BxPC-3 cells

We next examined the effect of ALS on cell cycle distrilf
tion in PANC-1 and BxPC-3 cells using flow cytomet
ALS significantly induced G,/M phase arrest ig

yn G,/M phd¥e was raised
0, and 85.0% when

respectively 4o \
we also ex9 v of ALS on cell cycle distribu-
tion over 72 I ” In comparison to the control cells, the
percentage of PAS@C-1 cells in G,/M phase was increased
from 28.1% at basal ¥vel to 36.7%, 49.9%, 51.8%, 68.7%,
67.7%, and 59.1% after 4-hour, 8-hour, 12-hour, 24-hour,
48-hour, and 72-hour treatment with 5 uM ALS, respectively
(Figure 3C and D). Similarly, the percentage of BxPC-3
cells in G /M phase was increased from 31.1% at basal level
to 45.6%, 59.0%, 65.9%, 82.0%, 88.6%, and 85.4% after
4-hour, 8-hour, 12-hour, 24-hour, 48-hour, and 72-hour
treatment with 5 UM ALS compared to the control cells,
respectively (Figure 3C and D). The results show that ALS

treatment remarkably induces PANC-1 and BxPC-3 cells
arrest in G/M phase, which may be attributable, at least in
part, to the inhibition of the AURKA activation.

ALS modulates key cell cycle regulators
in PANC-1 and BxPC-3 cells

Since we have observed the inducing effect of ALS on
cell cycle arrest in PANC-1 and BxPC-3 cells, we further
examined the effect of ALS on the expression of cell cycle
regulators, including CDK1/CDC2, CDK2, cyclin Bl,
cyclin D1, p21 Wafl/Cipl, p27 Kip s

at 0.1 uM, 1 uM, and 5 uM for 24 hours,
(Figure 4A and B). Similarly, there was a 18.3%,
6%, and 51.1% reduction in the expression level of CDC2,
L2.4%, 29.6%, and 60.9% decrease in the expression level
cyclin B1, and 12.0%, 21.3%, and 31.7% decline in the
expression level of CDK2 in BxPC-3 cells when treated with
ALS at 0.1 uM, 1 uM, and 5 uM for 24 hours, respectively
(Figure 4A and B). For cyclin D1, there was a 16.3%, 22.7%,
and 30.8% reduction in PANC-1 cells, but there was a 1.25-
fold, 1.32-fold, and 1.41-fold increase in BXPC-3 cells with
the treatment of 0.1 uM, 1 UM, and 5 uM ALS, respectively
(Figure 4A and B).

Furthermore, p21 Wafl/Cipl, p27 Kipl, and p53 play
an important role in the regulation of cell cycle. The tumor
suppressor protein p21 Wafl/Cipl acts as an inhibitor of
cell cycle progression, and it serves to inhibit kinase activ-
ity and block progression through G /S in association with
CDK2 complexes. Phosphorylated p53 upregulates p21
Wafl/Cipl transcription via a p53-responsive element, and
activation of p53 leads to either cell cycle arrest and DNA
repair or apoptosis. The expression of p21 Wafl/Cipl, p27
Kipl, and p53 was significantly increased in both cell lines
with the treatment of ALS at concentration of 0.1 uM, 1 uM,
and 5 uM for 24 hours. In comparison to the control cells,
incubation of PANC-1 cells with ALS at 0.1 uM, 1 uM, and
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Figure 3 ALS induces cell cycle arrest in G,/M phase in PANC-| and BxPC-3 cells.

Notes: Cells were treated with ALS at concentrations of 0.1 uM, | uM, and 5 @M for 24 hours or 5 UM over 72 hours. Then, cells were subject to flow cytometry analysis.
(A) Histographs of cell cycle distribution of PANC-1 and BxPC-3 cells treated with ALS at 0.1 uM, | uM, and 5 uM for 24 hours. (B) Bar graphs showing the percentage of
PANC-I and BxPC-3 cells in G, S, and G,/M phase when treated with ALS at 0.1 uM, | UM, and 5 uM for 24 hours. (C) Histographs of cell cycle distribution of PANC-1
and BxPC-3 cells treated with 5 UM ALS over 72 hours. (D) Bar graphs showing the percentage of PANC-I and BxPC-3 cells in G, S, and G,/M phase when treated with
5 uM ALS over 72 hours.

Abbreviation: ALS, alisertib.
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Figure 4 ALS downregulates the expression of CDKI/CDC2, CDK2, cyclin BI, and cyclin DI but upreregulates the expression of p21 Wafl/Cipl, p27 Kipl, and p53 in

PANC-| and BxPC-3 cells.

Notes: Cells were treated with ALS at 0.1 uM, | uM, and 5 uM for 24 hours and then the protein samples were subject to Western blotting assay. (A) Representative
blots for the expression of CDKI/CDC2, CDK2, cyclin BI, cyclin DI, p21 Wafl/Cipl, p27 Kipl, and p53 in PANC-1 and BxPC-3 cells. (B) Bar graphs showing the relative
expression levels of CDKI1/CDC2, CDK2, cyclin Bl, cyclin DI, p21 Wafl/Cipl, p27 Kipl, and p53 in PANC-| and BxPC-3 cells. Data represent the mean * SD of three
independent experiments. *P<<0.05, **P<0.01, and ***P<<0.00| by one-way ANOVA.
Abbreviations: ALS, alisertib; CDK, cyclin-dependent kinase; SD, standard deviation; ANOVA, analysis of variance.
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5 UM led to a 1.6-fold, 1.8-fold, and 2.4-fold increase in the
expression of p21 Wafl/Cipl, 1.1-fold, 1.6-fold, and 1.8-fold
rise in the expression of p27 Kipl, and 1.2-fold, 1.3-fold,
and 1.7-fold elevation in the expression of p53, respectively
(Figure 4A and B). There was a similar regulatory effect
of ALS on the expression levels of p21 Wafl/Cipl, p27
Kipl, and p53 in BxPC-3 cells. Treating cells with ALS at
0.1 uM, 1 uM, and 5 uM increased the expression level of
p21 Wafl/Cipl by 1.3-fold, 1.5-fold, and 1.9-fold, elevated
the expression level of p27 Kip1l by 1.2-fold, 1.3-fold, and
1.4-fold, and increased the expression level of p53 by 5.6-
fold, 6.6-fold, and 7.1-fold compared to the control cells,
respectively (Figure 4A and B). These results indicate that
ALS significantly downregulates the expression of CDC2,
cyclin B1, and CDK2 but upregulates p21 Wafl/Cipl, p27
Kipl, and p53 in both PANC-1 and BxPC-3 cells, which
contributes, at least in part, to the observed cell cycle arrest
phenomenon in both cell lines.

ALS induces autophagy in PANC-1 and
BxPC-3 cells

Autophagy is one of the predominant programmed cell
death routes, and its role in cancer cell survival and death is
controversial.!*?® Recently, it has been reported that ind
tion of autophagy is an emerging strategy for the treatme
of pancreatic cancer.’?’ As such, we examined tj

1.5% for PANC-1 and BxPC-3
ing cells with ALS significantl
concentration-dependent
was a 2.0-fold, 3.1-fold autophagy
and B). In BxPC-3
and 5 uM ALS for

BxPC-3 cells wit UM ALS for 24 hours did not signifi-
cantly induce autopha®y. We further examined the autophagy-
inducing effect of ALS in PANC-1 and BxPC-3 cells using
confocal microscopy. As shown in Figure 5C and D, ALS
treatment results in a significant increase in autophagy in
PANC-1 and BxPC-3 cells, compared to the control. There
was a 1.1-fold and 1.1-fold increase in the autophagic death
of PANC-1 cells when treated with ALS at 1 uM and 5 uM
for 24 hours, respectively. In BxPC-3 cells, there was a 1.2-
fold, 1.2-fold, and 1.4-fold increase in autophagy when treated
with 0.1 uM, 1 uM, and 5 uM ALS for 24 hours (Figure 5C

and D). Taken together, these results demonstrate that ALS
induces autophagy in both PANC-1 and BxPC-3 cells.

ALS suppresses PI3K/Akt/mTOR axis in
PANC-1 and BxPC-3 cells

Since we have observed the autophagy-inducing effect of
ALS in PANC-1 and BxPC-3 cells, we further investigated
the possible mechanisms for the autophagy-inducing effect
of ALS. First, we examined the phosphorylation of PI3K,
an upstream signaling molecule of Akt/mTOR pathway with

an important role in the regulation of g gliferation and

here was a 18.9%, 37.3%, and 57.8%
fp-PI3K over PI3K, 52.6%, 73.4%, and
1n the ratio of p-Akt over Akt, and 18.1%,
47.7% reduction in the ratio of p-mTOR over
OR in PANC-1 cells when treated with ALS at 0.1 uM,
UM, and 5 uM, respectively (Figures 6 and 7). Similarly,
ere was a 44.1%, 50.3%, and 58.8% decrease in the ratio
of p-PI3K over PI3K, 39.1%, 43.0%, and 53.7% decline in
the ratio of p-Akt over Akt, and 29.6%, 44.2%, and 53.2%
reduction in the ratio of p-mTOR over mTOR in BxPC-3 cells
treated with ALS at 0.1 uM, 1 uM, and 5 uM, respectively
(Figures 6 and 8).

Furthermore, there was a concentration-dependent
increase in the phosphorylation level of Erkl and Erk2,
after the cells were incubated with ALS. In comparison to
the control cells, incubation of PANC-1 cells with ALS at
0.1 uM, 1 uM, and 5 uM led to a 1.5-fold, 1.9-fold, and 2.2-
fold increase in the ratio of p-Erk1 over Erkl and 1.5-fold,
1.7-fold, and 2.0-fold increase in the ratio of p-Erk2 over
Erk2, respectively (Figures 6 and 7). There was a similar
regulatory effect of ALS on the phosphorylation of Erkl
and Erk2 in BxPC-3 cells. Treatment of cells with ALS at
0.1 uM, 1 uM, and 5 uM increased the ratio of p-Erk1 over
Erk1 1.4-fold, 2.0-fold, and 2.5-fold and elevated the ratio of
p-Erk2 over Erk2 1.9-fold, 3.4-fold, and 4.6-fold compared
to the control cells, respectively (Figures 6 and 8).

In addition, the effect of ALS on the expression levels of
PTEN, beclin 1, LC3-I, and LC3-II was examined in PANC-1
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Figure 5 ALS induces autophagic cell death in PANC-1 and BxPC-3 cells.
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Notes: Cells were treated with ALS at concentrations of 0.1 uM, | uM, and 5 uM for 24 hours and cell samples were subject to flow cytometry analysis and confocal
microscopic examination. (A) Flow cytometric plots of PANC-| and BxPC-3 cells. (B) Bar graphs showing percentage of autophagic cells in PANC-| and BxPC-3 cells
quantified by flow cytometry. (C) Confocal microscopic images showing the autophagy in PANC-1 and BxPC-3 cells. (D) Bar graphs showing the percentage of autophagic
PANC-1 and BxPC-3 cells examined by confocal microscopy. Magnification, x60; scale bar, 5 uM. Data represent the mean = SD of three independent experiments. ¥P<<0.05,

**P<0.01, and ***P<<0.00| by one-way ANOVA.

Abbreviations: ALS, alisertib; SD, standard deviation; ANOVA, analysis of variance.
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cells, treating P

2-told, 1.4-fold, and 1.6-fold
on of beclin 1, respectively. The ratio of
LC3-II over LC3 as elevated 1.2-fold, 1.7-fold, and 3.1-
fold when PANC-1 C®lls were treated with ALS at 0.1 uM,
1 uM, and 5 uM, respectively (Figures 6-8). There was a

rise in the exp¥

similar regulatory effect of ALS on the expression levels
of PTEN, beclin 1, LC3-I, and LC3-II in BXPC-3 cells. In
comparison to the control cells, incubation of BxPC-3 cells
with ALS at 0.1 uM, 1 uM, and 5 uM increased 1.1-fold,
1.2-fold, and 1.4-fold the expression level of PTEN and
elevated 1.1-fold, 1.2-fold, and 1.6-fold the expression level
of beclin 1, respectively (Figures 6—8). The ratio of LC3-II

kt, mTOR, Erkl/2, PTEN, beclin |, and LC3-I/Il in PANC-1 and BxPC-3 cells.
d Erkl/2 and total expression of PI3K, AMPK, p38 MAPK, Akt, mTOR, Erkl/2,

, 5’-AMP-déPendent kinase; MAPK, mitogen-activated protein kinase; Akt, protein kinase B; mTOR,
e; PTEN, phosphatase and tensin homolog; LC3, light chain 3.

over LC3-I was increased 2.0-fold when BxPC-3 cells were
treated with 5 UM ALS. Taken together, the regulatory effect
of ALS on PI3K/Akt/mTOR signaling pathway contributes
to its pancreatic cancer cells-killing effect.

ALS activates AMPK but inhibits p38 MAPK
signaling pathways in PANC-I and

BxPC-3 cells

AMPK and p38 MAPK have important roles in the regula-
tion of cell survival and cell death and interact with Akt/
mTOR signaling pathway.**3! We speculated that ALS can
regulate the AMPK and p38 MAPK signaling pathways in
PANC-1 and BxPC-3 cells, which may contribute to the
cancer cell-killing effect of ALS. As shown in Figures 68,
treatment of both cell lines with ALS resulted in differen-
tial effects on the phosphorylation and expression levels of
AMPK and p38 MAPK. In comparison to the control cells,
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Figure 7 ALS alters the relative expression and phosphorylation levels of PI3K, AMPK, p38 MAPK, Akt, mTOR, Erk1/2, PTEN, beclin I, and LC3-I/ll in PANC-1 cells.
Notes: Bar graphs showing the ratio of p/t-PI3K, p/t-AMPK, p/t-p38 MAPK, p/t-Akt, p/t-mTOR, p/t-Erk1/2, PTEN, beclin |, and LC3-Il/l in PANC-| cells. Data represent the
mean + SD of three independent experiments. *P<<0.05, **P<<0.01, and ***P<<0.00| by one-way ANOVA.

Abbreviations: ALS, alisertib; PI3K, phosphatidylinositol 3-kinase; AMPK, 5’-AMP-dependent kinase; MAPK, mitogen-activated protein kinase; Akt, protein kinase B; mTOR,
mammalian target of rapamycin; Erk, extracellular signal-regulated kinase; PTEN, phosphatase and tensin homolog; LC3, light chain 3; SD, standard deviation; ANOVA,

analysis of variance.
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there was a 1.3-fold, 1.4-fold, and 2.6-fold increase in the
ratio of p-AMPK over AMPK but 25.8%, 62.3%, and 77.8%
decline in the ratio of p-p38 MAPK over p38 MAPK, when
PANC-1 cells were treated with ALS at 0.1 uM, 1 uM, and
5 UM, respectively (Figures 6-8). In BxPC-3 cells, there was
a 1.7-fold, 2.1-fold, and 2.9-fold rise in the ratio of p-AMPK
over AMPK but 28.4%, 49.5%, and 65.1% reduction in the
ratio of p-p38 MAPK over p38 MAPK, when cells were
incubated with ALS at 0.1 uM, 1 uM, and 5 UM, respectively
(Figures 6-8). The results show that ALS can inhibit p38
MAPK signaling but activate AMPK signaling pathways in
PANC-1 and BxPC-3 cells.

ALS inhibits EMT phenotype in PANC-I
and BxPC-3 cells

EMT is a critical process playing an important role in cancer
invasion and metastasis, with a reduction in the expression
of cell adhesion molecules.!-'23? Therefore, the effect of
ALS on the expression of key EMT markers and regula-
tors was examined in PANC-1 and BxPC-3 cells. ALS
treatment results in differential effects on the expression
level of EMT-related proteins (Figures 9—11). Incubation
of PANC-1 cells with ALS at 0.1 uM, 1 uM, and 5 uM
increased by 1.2-fold, 1.4-fold, and 1.5-fold the exp
level of E-cadherin but decreased by 11.0%, 18.39
24.2% the expression level of N-cadheri

but the expressid level of N-cadherin was reduced 5.3%,
32.7%, and 58.4%, when cells were treated with ALS at
0.1 uM, 1 uM, and 5 uM, respectively. There was a 24.4%,
32.5%, and 37.8% reduction in the expression level of slug,
24.1%, 26.3%, and 35.9% decrease in the expression level
of snail, and 28.2%, 58.8%, and 73.7% decline in the expres-
sion level of TCF-8 in BxPC-3 cells when treated with
ALS at 0.1 uM, 1 uM, and 5 uM for 24 hours, respectively
(Figures 9—11). In addition, incubation of BxPC-3 cells

with ALS at 0.1 uM, 1 uM, and 5 uM increased 1.2-fold,
1.3-fold, 1.4-fold and 1.2-fold, 2.1-fold, and 3.0-fold
the expression level of B-catenin and vimentin compared
to the control, respectively. Treating BxPC-3 cells with

5 uM ALS increased 1.8-fold the expression level of clau-
din 1. Taken together, the results show that ALS inhibits
the expression of key functional proteins regulating EMT,
contributing to the anticancer effect of ALS in PANC-1
and BxPC-3 cells.

hat ALS may regulate expression of PBEF
cetylation of p53 (Ac-p53) in PANC-1 and
s. Thus, we examined the effect of ALS on the
ion level of PBEF, Sirtl, and Ac-p53 in both cell lines.
There was a significant decrease in the expression level of
PBEF and Sirtl in PANC-1 and BxPC-3 cells when treated
with ALS (Figure 12A and B). There was a 13.1%, 23.1%,
and 31.1% reduction in the expression level of PBEF, and
8.4%, 16.3%, and 27.8% decline in the expression of Sirtl
in PANC-1 cells when treated with ALS at 0.1 uM, 1 uM,
and 5 UM, respectively (Figure 12A and B). Similarly, there
was a 15.2%, 24.9%, and 25.7% decrease in the expres-
sion of PBEF, and 12.8%, 24.6%, and 36.0% decline in the
expression of Sirt] in BxPC-3 cells when treated with ALS at
0.1 uM, 1 uM, and 5 uM, respectively (Figure 12A and B).
In contrast, there was a significant increase in the level of
Ac-p53 in PANC-1 and BxPC-3 cells when treated with ALS
(Figure 12A and B). Treatment of PANC-1 cells with ALS
at 0.1 uM, 1 uM, and 5 uM resulted in 1.8-fold, 2.0-fold,
and 1.7-fold increase in the level of Ac-p53, and 1.4-fold,
1.4-fold, and 1.6-fold rise in the ratio of Ac-p53 over p53
compared to the control cells, respectively. In BxPC-3 cells,
incubation of cells with ALS at 0.1 uM, 1 uM, and 5 uM led
to a 1.2-fold, 1.2-fold, and 1.3-fold increase in the level of
Ac-p53, and 1.2-fold, 1.3-fold, and 1.4-fold elevation in the
ratio of Ac-p53 over p53 compared to the control, respec-
tively (Figure 12A and B).
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ALS suppresses the expression of Nrf2
in PANC-1 and BxPC-3 cells

g anticancer effect of ALS in
PANC-1 and B
its regulatory effe

-3 cells may be ascribed, at least in part, to
0 Nrf2-mediated signaling pathway.

Discussion

The pancreatic cancer is the most aggressive cancer with
a very poor prognosis in patients with this disease, and the
treatment of pancreatic cancer remains a major challenge.
Therefore, there is an urgent need for new therapeutic strate-
gies for pancreatic cancer treatment. Recently, AURKA has
become a promising therapeutic target for cancer treatment,>
which plays an important role in centrosome maturation

lar spindle assembly, and mitotic entry.
e expression and activities of AURKA
1cated in the initiation, development, and
of various cancers, including the breast, colon,
ancreatic, ovarian, and gastric cancers.*

With accumulating evidence showing the role of the
rora kinases in the pathogenesis of cancer, AURKA
becomes a more important therapeutic target in the treatment
of cancer. It has been reported that there is a correlation of
the expression and gene amplification of AURKA with tumor
proliferation rates and prognostic markers.*! Furthermore,
increasing studies show that AURKA can induce chemo-
therapeutic resistance and regulate several key signaling
pathways related to cell cycle, autophagy, and EMT in
cancer cells,'®*42 suggesting its pivotal role in cancer cell
signaling.®* Currently, there are a number of AURKA inhibi-
tors that have been developed and are being tested in different
Phase I and Phase II trials for cancer treatment.'® In the pres-
ent study, we have investigated the effect of ALS, a potent
and selective inhibitor of AURKA, on pancreatic cancer cells.
Our findings show that ALS exhibits potent inhibitory effects
on pancreatic cancer cell growth and cell cycle progression.
ALS also exerts a potent pancreatic cancer cell-killing effect
via autophagic cell death with the involvement of PI3K/Akt/
mTOR, p38 MAPK, AMPK, and Sirtl-mediated signaling
pathways. Moreover, ALS shows a substantial suppressing
effect on EMT in pancreatic cancer cells.
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Figure 10 ALS regulates the expression of the key EMT markers in PANC-1 cells.

Notes: Cells were treated with ALS at concentrations of 0.1 uM, | uM, and 5 UM for 24 hours and then protein samples were subject to Western blotting assay. Bar graphs
showing the relative expression level of E-cadherin, N-cadherin, snail, slug, TCF-8/ZEBI, vimentin, B-catenin, ZO-1, and claudin | in PANC-1 cells. Data represent the mean *
SD of three independent experiments. *P<<0.05 and **P<<0.01 by one-way ANOVA.

Abbreviations: ALS, alisertib; EMT, epithelial-to-mesenchymal transition; SD, standard deviation; ANOVA, analysis of variance.
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Figure |1 ALS modulates the expression level of key EMT markers in BxPC-3 cells.

Notes: Cells were treated with ALS at concentrations of 0.1 uM, | uM, and 5 uM for 24 hours and then protein samples were subject to Western blotting assay. Bar graphs
showing the relative expression level of E-cadherin, N-cadherin, snail, slug, TCF-8/ZEBI, vimentin, B-catenin, ZO-1, and claudin | in BxPC-3 cells. Data represent the mean +
SD of three independent experiments. *P<0.05, **P<0.01, and ***P<<0.00| by one-way ANOVA.

Abbreviations: ALS, alisertib; EMT, epithelial-to-mesenchymal transition; SD, standard deviation; ANOVA, analysis of variance.
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AURKA exerts an important role in the regulation of
chromosome assembly and segregation during mitosis.* It
regulates the G -to-M transition and inactivation of AURKA
results in G,/M arrest.** In the present study, our findings
clearly showed that ALS treatment remarkably decreased the
ratio of p-AURKA over AURKA in PANC-1 and BxPC-3
cells, suggesting that ALS may induce cell cycle arrest in
G,/M phase. Indeed, we have observed the inducing effect
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BONC-| and BxPC-3 cells. Data represent the mean + SD of three independent experiments. *P<<0.05 and **P<<0.01 by one-way

ib; Sirtl, sirtuin |; PBEF, pre-B cell colony-enhancing factor; SD, standard deviation; ANOVA, analysis of variance.

on cell cycle arrest in G,/M phase in PANC-1 and BxPC-3
cells treated with ALS. Notably, it has been reported that the
regulatory effect of Aurora kinases on cell cycle distribution
is associated with p53.4%47 Activation of AURKA instigates
Mdm2-mediated destabilization and inhibition of p53,* and
AURKB phosphorylates and induces degradation of p53.¥
In our study, the phosphorylation level of p53 was signifi-
cantly decreased, but the total expression level of p53 was
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Figure 13 ALS downregulates the expression level of Nrf2 in PANC-| and BxPC-3 cell

Notes: Cells were treated with ALS at concentrations of 0.1 uM, | uM, and 5 pl
(A) Representative blots of Nrf2 in PANC- | and BxPC-3 cells. (B) Bar graphs showing

mean £ SD of three independent experiments. *P<<0.05, **P<<0.01, and ***P<<0.001 by
Abbreviations: ALS, alisertib; Nrf2, nuclear factor (erythroid-derived 2)-like 2; SD, stan

ratio of p-p53 over p53.
Furthermore, our findings s

cyclin complex®.* Taken together, inducing effect of
ALS on cell cycle arrest can prevent cell proliferation by
modulation of a number of cell cycle regulators in PANC-1
and BxPC-3 cells, which can eventually lead to pancreatic
tumor regression.*-!

Recently, the role of autophagy in pancreatic cancer
cell death is controversial.?® Increasing evidence shows that
targeting autophagy is a promising strategy for pancreatic

cancer treatment via regulation of autophagy-related key

en protein samples were subject to Western blotting assay.
level of Nrf2 in PANC-| and BxPC-3 cells. Data represent the

functional proteins and signaling pathways.>?*5? Autophagy
is a complicated process executed through multiple steps
from intracellular membrane/vesicle reorganization to form
double-membraned autophagosomes that fuse with lysosome
to form autophagolysosomes, which eventually degrade the
contents via acidic lysosomal hydrolases.*!*> Increasing
evidence demonstrates that the PI3K/Akt/mTOR signaling
pathway is a central signaling pathway regulating cellular
autophagy and that targeting this signaling pathway has been
proposed to be a promising strategy for cancer treatment.>*°
In the present study, our findings show that ALS exhibits a
significant inhibitory effect on PI3K/Akt/mTOR signaling
pathway in both PANC-1 and BxPC-3 cells, contributing
to promoting effect of ALS on autophagy in both PANC-1
and BxPC-3 cells. It suggests that ALS may be a promising
agent, which can be used to induce autophagic cell death for
pancreatic cancer treatment. Notably, AMPK and p38 MAPK
are two upstream signaling molecules, which can regulate
cellular autophagy via the activation of p53, inhibition of
mTOR, and other related signaling pathways.’ In our study,
ALS treatment significantly activates AMPK, contributing to
the inhibition of mTOR. It can exacerbate the ALS-induced
autophagy in PANC-1 and BxPC-3 cells. On the other hand,
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our findings show that ALS significantly inactivates p38
MAPK signaling, which is responsive to a variety of stress
stimuli and regulates autophagy.>** Our previous study also
showed that activation of AMPK and inactivation of p38
MAPK signaling contribute to the autophagic cell death
in PANC-1 and BxPC-3 cells.”” Collectively, AMPK and
p38 MAPK contribute to the mTOR-mediated autophagy in
PANC-1 and BxPC-3 cells.

Increasing number of studies have shown that modu-
lation of EMT may represent an emerging therapeutic
strategy for the treatment of pancreatic cancer,'>* due to
the role in initiation, development, progression, invasion,
migration, and metastasis and drug resistance in pancreatic
cancer.'>145%5 Thus, the key functional molecules that regu-
late EMT may serve as a therapeutic target. Cadherins are
a superfamily of transmembrane glycoproteins regulating
calcium-dependent cell-cell adhesion, including N-, P-,
R-, B-, and E-cadherins.!"'? E-cadherin acts as a suppressor
of invasion and migration of many epithelial cancers,'"'%*
and E-cadherin-mediated calcium-dependent cell—cell
adhesion is negatively regulated by snail/slug. Inhibition
of snail/slug expression can suppress the EMT progression
in pancreatic cancer.® Our findings show that ALS treat-

ell viability and instigates drug resis-
tance in pancreai’@mancer,®*? indicating that inhibition on
the activity of Sirt]l 4§
may be a novel strategy for pancreatic cancer treatment via

d Sirtl-mediated signaling pathway

reverse of the chemoresistance and promotion of cancer
cell death in pancreatic cancer. Sirtl, an NAD"-dependent
DNA repair enzyme originally discovered in yeast (Sir2),
plays an important role in the regulation of autophagy and
EMT via deacetylation of a number of functional proteins,
such as p53, claudin 1, TCF-8, and FoxQOs.3%%% PBEF/
visfatin, a rate-limiting enzyme in the NAD" biosynthesis

salvage pathway, is responsible for the catalysis of nicotin-
amide with 5-phosphoribosyl-1-pyrophosphate, producing
nicotinamide mononucleotide.®® PBEF/visfatin is important
in NAD" biosynthesis which is essential for Sirtl-mediated
signaling pathway.* In the present study, ALS decreased
the expression levels of PBEF/visfatin and Sirtl in PANC-1
and BxPC-3 cells. Notably, there was a significant rise in
the level of Ac-p53 and the ratio of Ac-p53 over p-p53 in
both cells treated with ALS (Figure 12). Taken together, the
results show that ALS-induced autophagy and EMT inhibi-
tion in pancreatic cancer cells may be 3iasi

ed, partially, to

its cancer cell-killing effect in human pancreatic cancer
PANC-1 and BxPC-3 cells. The mechanisms of action of
S were mainly ascribed to cell cycle arrest, autophagy
induction, and EMT inhibition, and their related signaling
pathways. ALS induced the inhibition of PI3K/Akt/mTOR,
p38 MAPK, and Erk1/2 signaling pathways, but activation
of AMPK signaling pathway contributes to the autophagy-
inducing and EMT-suppressing effects of ALS in PANC-1
and BxPC-3 cells. Collectively, ALS may represent a
promising anticancer drug that can be used for pancreatic
cancer treatment. More studies are warranted to reveal other
potential targets and potential mechanisms of ALS in the
treatment of pancreatic cancer.
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Figure SI ALS alters the relative expression and phosphorylation levels of PI3K, AMPK, p38 MAPK, Akt, mTOR, Erk1/2, LC3-I, and LC3-Il in PANC-I| cells.

Notes: Bar graphs showing the level of (A) p-PI3K, (B) PI3K, (C) p-AMPK, (D) t-AMPK, (E) p-p38 MAPK, (F) t-p38 MAPK, (G) p-Akt, (H) t-Akt, (I) p-mTOR, (J) t-mTOR,
(K) p-Erkl, (L) t-Erkl, (M) p-Erk2, (N) t-Erk2, (O) LC3-l, and (P) LC3-Il in PANC-I cells. Data represent the mean * SD of three independent experiments. *P<<0.05,
**P<0.01, and ***P<0.00| by one-way ANOVA.

Abbreviations: ALS, alisertib; PI3K, phosphatidylinositol 3-kinase; AMPK, 5’-AMP-dependent kinase; MAPK, mitogen-activated protein kinase; Akt, protein kinase B; mTOR,
mammalian target of rapamycin; Erk, extracellular signal-regulated kinase; LC3, light chain 3; SD, standard deviation; ANOVA, analysis of variance.
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Figure S2 ALS alters the relative expression and phosphorylation levels of PI3K, AMPK, p38 MAPK, Akt, mTOR, Erk|/2, LC3-I, and LC3-Il in BXPC-3 cells.

Notes: Bar graphs showing the level of (A) p-PI3K, (B) PI3K, (C) p-AMPK, (D) t-AMPK, (E) p-p38 MAPK, (F) t-p38 MAPK, (G) p-Akt, (H) t-Akt, (I) p-mTOR, (J) t-mTOR,
(K) p-Erkl, (L) t-Erkl, (M) p-Erk2, (N) t-Erk2, (O) LC3-l, and (P) LC3-Il in BxPC-3 cells. Data represent the mean + SD of three independent experiments. *P<<0.05 and

**P<0.01 by one-way ANOVA.

Abbreviations: ALS, alisertib; PI3K, phosphatidylinositol 3-kinase; AMPK, 5’-AMP-dependent kinase; MAPK, mitogen-activated protein kinase; Akt, protein kinase B; mTOR,

mammalian target of rapamycin; Erk, extracellular signal-regulated kinase; LC3, light chain 3; SD, standard deviation; ANOVA, analysis of variance.
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