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via PI3K/Akt/mTOR- and p38 MAPK-mediated  
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Abstract: Glioblastoma (GBM) is the most common brain tumor with poor response to current therapeutics. Alisertib 
(ALS), a second-generation selective Aurora kinase A (AURKA) inhibitor, has shown potent anticancer effects on 
solid tumors in animal studies. This study aimed to investigate the killing effect of ALS on GBM cell line DAOY and 
the possible underlying mechanisms using both bioinformatic and cell-based approaches. Our molecular docking 
showed that ALS preferentially bound AURKA over AURKB via hydrogen bond formation, charge interaction, and π-π 
stacking. ALS also bound key regulating proteins of cell cycle, apoptosis and autophagy, such as cyclin-dependent 
kinase 1 (CDK1/CDC2), CDK2, cyclin B1, p27 Kip1, p53, cytochrome C, cleaved caspase 3, Bax, Bcl-2, Bcl-xl, 
phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt), mammalian target of rapamycin (mTOR), 5’-adenosine 
monophosphate-activated protein kinase (AMPK), p38 mitogen-activated protein kinase (MAPK), beclin 1, phos-
phatase and tensin homolog (PTEN), and microtubule-associated protein light chain 3 (LC3). ALS exhibited potent 
growth-inhibitory, pro-apoptotic, and pro-autophagic effects on DAOY cells in a concentration-dependent manner. 
Notably, ALS remarkably induced G2/M arrest mainlyvia regulating the expression of CDK1/CDC2, CDK2, cyclin B1, 
p27 Kip1, and p53 in DAOY cells. ALS significantly induced the expression of mitochondria-mediated pro-apoptotic 
proteins such as Baxbut inhibited the expression of anti-apoptotic proteins such as Bcl-2 and Bcl-xl, with a signifi-
cant increase in the release of cytochrome C and the activation of caspases 3 and 9. ALS also induced PI3K/Akt/
mTOR and p38 MAPK signaling pathways while activating the AMPK signaling pathway. Taken together, these find-
ings indicate that ALS exerts a potent inhibitory effect on cell proliferation and induces mitochondria-dependent 
apoptosis and autophagy with the involvement of PI3K/Akt/mTOR- and p38 MAPK-mediated signaling pathways in 
DAOY cells. ALS is a promising anticancer agent for GBM treatment. 
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Introduction 

Glioblastoma (GBM) arising from astrocytes is 
the most common and aggressive brain tumor, 
with a worldwide occurrence rate of 3.4 out of 
100,000 people in 2012, age-adjusted using 
the world standard population and accounting 

for 70% of all brain tumors [1]. This represented 
an estimated 139,608 males and 116,605 
females diagnosed worldwide with a primary 
malignant brain tumor in 2012, an overall total 
of 256,213 individuals. Diffuse intrinsic pon-
tine GBM is 15% of all childhood brain tumors 
and is the primary cause of brain tumor-related 
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deaths in children. In 2013, the estimated inci-
dence of primary brain cancers in the United 
States (US) was 23,130, with 14,080 Americans 
dying from GBM [2]. An estimated 26,070 new 
cases of primary malignant brain tumors are 
expected to be diagnosed and an estimated 
16,947 deaths will be attributed to primary 
malignant brain tumors in the US in 2017 [3]. 
Multifocal GBM has been defined as GBM being 
found synchronously in multiple foci and there 
is a presumed microscopic connection. It has a 
poor survival rate when compared with other 
brain tumors [4, 5]. The multiple lesions made 
the treatment very complicated since one oper-
ation was not enough. Current treatment of 
GBM utilizes a multidisciplinary coordinated 
approach usually involving neurosurgery, radia-
tion therapy and chemotherapy [6]. To date, 
there have only been five drugs and one device 
approved by the Food and Drug Administration 
to treat brain tumors. These include everolim-
us, bevacizumab, carmustine, lomustine, temo-
zolomide, and carmustine implant. The average 
survival rate for all primary pediatric (0-19 
years of age) malignant brain tumors is 73.6%. 
Although in recent years the diagnosis and 
treatment have made great progress, the prog-
nosis of patients with high-grade gliomas is still 
poor, with a median survival of 13-15 months 
post-diagnosis [7]. Low-grade gliomas are slow-
er growing than their high-grade counterparts, 
with a median survival of 4.7 to 9.8 years [8]. 
Additionally, GBM has innate abilities to prolif-
erate extensively, recurrence often occurs 
approximately 32-36 weeks after initial treat-
ment. Overall survival for GBM patients remains 
poor with only 15-20% of patients surviving lon-
ger than three years [9]. For adults with more 
aggressive GBM when treated with concurrent 
temozolamide and radiation therapy, the medi-
an survival is about 14.6 months and two-year 
survival is 30% [5, 9]. As such, there is an 
urgent need for the discovery of potent and 
safe therapeutics for GBM.

Accumulating evidence has demonstrated that 
abnormalities in mitosis can provide a source 
of the genomic instability that is often associ-
ated with tumorigenesis, thus targeting cell 
cycle, mitosis, and its key regulators is a prom-
ising strategy to treat cancer [10-12]. Aurora 
kinases are a family of serine/threonine kinas-
es and consist of three members, Aurora kinase 
A/B/C (AURKA/B/C) that play a key role in mito-
sis, with specific functions in cell signaling and 

mitotic division [13-15]. Among these, AURKA 
and AURKB play central roles in mitosis, where-
as AURKC has a unique role in meiosis. AURKA 
is expressed in late S phase, peaking at G2/M 
phase, and declining at G1 phase, which plays 
an important role in centrosome maturation 
and separation, bipolar spindle assembly, and 
mitotic entry [16]. AURKA phosphorylates a 
variety of proteins, including targeting protein 
for Xklp2, transforming acidic coiled-coil con-
taining protein 3, Bora, breast cancer 1, 
M-phase inducer phosphatase 2 (CDC25B), 
Par-3 family cell polarity regulator, DLG associ-
ated protein 5, histone deacetylase 6, the 
mitotic kinesin Eg5, kinesin family member 2A, 
and p53, etc. Protein phosphatase type 1 binds 
AURKA and inhibits its activity by dephosphory-
lating Thr288 during mitosis, while phosphory-
lation at Ser342 decreases the kinase activity. 
AURKB localizes to kinetochores in mitosis and 
to the midbody during cytokinesis, where it 
phosphorylates several proteins, including 
inner centromere protein, histone H3, G-protein 
subunit-α6, kinesin family member 2C, Sun 
RNA methyltransferase family member 2, and 
RacGTPase-activating protein 1. The three 
members of the Aurora kinases of varying pep-
tide lengths share similar catalytic domains 
located in the C-terminus, but their N-terminal 
extensions are of variable length and display 
little or no similarity. They have a conserved 
adenosine triphosphate binding pocket but dif-
ferent amino acid sequences at the N-terminal 
domain. AURKA localized to chromosome 
20q13.2, the most characterized member of 
Aurora kinase family, plays a critical role in 
chromosome maturation and separation as 
well as bipolar spindle assembly during G2/M 
phase of mitosis [17]. High-level expression of 
AURKA is associated with centrosome amplifi-
cation, mitotic abnormalities, chromosomal 
instability, and malignant transformation in 
cancer development, progression, and metas-
tasis [15, 18]. AURKA is a potent oncogene 
resulting in genetic instability and dedifferenti-
ated morphology. Aberrant expression and 
activity of AURKA often occur in various malig-
nancies, including the bladder, breast, colon, 
liver, ovaries, pancreas, stomach, esophagus, 
and melanoma tumors [18]. One study has 
demonstrated that in WHO grade II diffuse 
astrocytomas, grade III anaplastic astrocyto-
mas and grade IV glioblastomas, AURKA pro-
tein is upregulated with increased tumor grade 
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[19]. Aurora kinases therefore represent prom-
ising targets for anticancer therapeutics and a 
number of Aurora kinase inhibitors have been 
developed with some of which currently under-
going clinical evaluation.

Alisertib (ALS, previously known as MLN8237, 
see Figure 1) is an investigational, orally avail-
able, and selective small-molecule AURKA 
inhibitor [20]. ALS has the ability to selectively 
inhibit AURKA and thereby induces cell-cycle 
arrest, aneuploidy, polyploidy, mitotic catastro-
phe, and cell death. In preclinical studies, ALS 
exhibited potent AURKA inhibition and high 
antitumor activity in a wide range of tumor cells 
[20]. The studies by our laboratory have shown 
that ALS induces cancer cell apoptosis and 
autophagy and inhibits epithelial to mesenchy-
mal transition via activation of mitochondrial 
pathway, up-regulation of p53 and inhibition of 

4-(4-methylthiophen-2-yl)phthalazin-1-amine), 
danusertib, and tozasertib (VX-680 & MK-0457) 
(for their chemical structures, see Figure 1). 
ALS was also docked into selected key regula-
tors of cell cycle, apoptosis and autophagy. To 
validate the docking findings, we also examined 
the effects of ALS on cell cycle distribution, 
apoptosis, and autophagy on DAOY cells and 
the potential mechanisms.

Materials and methods

Chemicals and reagents

ALS (also known as MLN8237) was purchased 
from Selleckchem Inc. (Houston, TX, USA). The 
autophagy inhibitors SB202190(4-[4-fluoroph- 
enyl]-2-[4-hydroxyphenyl]-5-[4-pyridyl]-1H-imid-
azole) and wortmannin (WM) were purchased 
from Invivogen Inc. (San Diego, CA, USA). 
Dulbecco’s phosphate-buffered saline (PBS), 

Figure 1. Chemical structures of ALS, MLN8054, tozasertib (VX-680), AMG-
900, danusertib, barasertib, and CYC116.

phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (Akt)/
mammalian target of rapamy-
cin (mTOR) signaling pathway 
in breast, pancreatic, ovarian, 
and gastric cancer and leuke-
mia [21-27]. However, there is 
a lack of evidence for the anti-
cancer effect of ALS in GBM 
therapy. In this study, we 
explored the anticancer effect 
of ALS in GBM via running 
molecular docking and cell-
based assays. The docking 
was performed to check how 
ALS bound AURKA and AURKB 
and to compare the differenc-
es in the binding mode with 
other Aurora kinase inhibitors, 
including the selective inhibi-
tor of AURKB barasertib (AZD- 
1152-HQPA), the selective 
AURKA inhibitor MLN8054, 
the potent inhibitor of AURKA 
and AURKB and vascular en- 
dothelial growth factor recep-
tor 2 CYC116 (4-methyl-5-[2-
(4-morpholin-4-ylanilino)pyri- 
midin-4-yl]-1,3-thiazol-2-ami- 
ne), and the potent and highly 
selective pan-AURKA, AURKB 
and AURKC inhibitors AMG-
900 (N-(4-((3-(2-aminopyrimid- 
in-4-yl)pyridin-2-yl)oxy)phenyl)- 
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fetal bovine serum (FBS), thiazolyl blue tetrazo-
lium bromide (MTT), dimethyl sulfoxide (DMSO), 
7-amino-actinomycin D (7-AAD), propidium 
iodide (PI), and RNase A were purchased from 
Sigma-Aldrich Inc. (St Louis, MO, USA). 
Dulbecco’s Modified Eagle’s Medium (DMEM) 
was purchased from Corning Cellgro Inc. 
(Herndon, VA, USA). The AnnexinV: phycoery-
thrinv (PE) apoptosis detection kit was pur-
chased from BD Bio-sciences Inc. (San Jose, 
CA, USA). A Cyto-ID® autophagy detection kit 
was obtained from Enzo Life Sciences Inc. 
(Farmingdale, NY, USA). The polyvinylidene 
difluoride membrane was sourced from 
Millipore Inc. (Bedford, MA, USA). The pierce 
bicinchoninic acid (BCA) protein assay kit, skim 
milk, and Western blotting substrate were all 
obtained from Thermo Scientific Inc. (Hudson, 
NH, USA).

Primary antibodies against human AURKA, 
phosphorylated (p)-AURKA at Thr288, cyclin-
dependent kinase 1 (CDK1/CDC2), CDK2, 
cyclin B1, p27 Kip1, p53, phosphorylated (p)-
p53 at Lys379, cytochrome C, cleaved caspase 
3, cleaved caspase 9, Bcl-2-like protein4/Bcl-2-
associated X protein (Bax), B-cell lymphoma 2 
(Bcl-2), B-cell lymphoma-extra-large (Bcl-xl), the 
p53 upregulated modulator of apoptosis 
(PUMA), phosphatidylinositide 3-kinase (PI3K), 
phosphorylated (p)-PI3K at Tyr458, protein 
kinase A (Akt), phosphorylated (p)-Akt at 
Ser473, mammalian target of rapamycin 
(mTOR), phosphorylated (p)-mTOR at Ser2448, 
the AMP-activated protein kinase (AMPK), 
phosphorylated (p)-AMPK at Thr172, p38 
MAPK, phosphorylated (p)-38 MAPK at Thr180/
Tyr182, beclin 1, phosphatase and tensin 
homolog (PTEN), microtubule-associated pro-
tein light chain 3 (LC3)-I and LC3-II were all pur-
chased from Cell Signaling Technology Inc. 
(Beverly, MA, USA). The antibody against human 
β-actin was obtained from Santa Cruz 
Biotechnology Inc. (Santa Cruz, CA, USA). 

Molecular docking

In order to determine the molecular interac-
tions between the target protein and Aurora 
kinase inhibitors, we employed the Discovery 
Studio® program 3.1 designed by Accelrys Inc. 
(San Diego, CA, USA). The 3D crystal protein 
structures of AURKA and AURKB were obtained 
from the Research Collaborator for Structural 
Bioinformatics Protein Data Bank (PDB; http://

www.rcsb.org/pdb/). ALS, barasertib, CYC116, 
AMG-900, danusertib, and VX-680 were 
docked into the active sites of AURKA (PDB ID: 
4UTD) and AURKB (PDB ID: 4AF3) as previously 
described by us [28-36]. The 2D structures of 
the ligands were retrieved from the PubChem 
database (Figure 1). The CDOCKER interaction 
energy (CIE) was calculated. A lowCIE may 
reflect a high-affinity binding.

There were five key regulators of cell cycle for 
the molecular docking experiments, including 
human CDK1/CDC2 (PDB ID: 4YC6), CDK2 
(PDB ID: 3L2O), cyclin B1 (PDB ID: 2JGZ), cyclin 
dependent kinase inhibitor 1B/p27 Kip1 (PDB 
ID: 2AST), and p53 (PDB ID: 5A7B); seven key 
regulators of apoptosis for the molecular dock-
ing experiments, including human cytochrome 
C (PDB ID: 4Y6I), cleaved caspase 3 (PDB ID: 
4PRY), cleaved caspase 9 (PDB ID: 4RHW), Bax 
(PDB ID: 4ZII), Bcl-2 (PDB ID: 3BL2), Bcl-xl (PDB 
ID: 3MXO), and PUMA (PDB ID: 4BPI); eight key 
regulators of autophagy for the molecular dock-
ing experiments, including human PI3K (PDB 
ID: 4WAF), Akt (PDB ID: 4GV1), mTOR (PDB ID: 
4DRH), AMPK (PDB ID: 4YEF), p38 MAPK (PDB 
ID: 3D83), beclin 1 (PDB ID: 3Q8T), PTEN (PDB 
ID: 5BZZ), and LC3 (PDB ID: 4ZDV).

The proteins and ligands were prepared prior to 
docking. The preparation of proteins were 
cleaned, modified, and prepared for defining 
and editing the binding site. During preparation 
for ALS, MLN8054, tozasertib (VX-680), AMG-
900, danusertib, barasertib, and CYC116, 
duplicate structures were deleted; and ioniza-
tion change, tautomer or isomer generation, 
Lipinski filter and 3D generator were all set 
“true”. A harmonic potential with the force con-
stant of 300 kcal/mol was applied outside the 
grid boundary. Following the preparation of pro-
teins, ligands and grid setting, ALS, MLN8054, 
tozasertib (VX-680), AMG-900, danusertib, 
barasertib, and CYC116 were docked into bind-
ing sites of AURKA and AURKB and ALS were 
docked into binding sites of the key regulators 
involved in cell cycle, apoptosis, and autopha-
gy. Electrostatic energy and van der Waals forc-
es were considered during the docking process. 
For each defined van der Waals force or electro-
static probe, the interactions with all protein 
atoms were stored at predetermined grid 
points. For ligand atoms located between grid 
points, a trilinear interpolation was used to 
approximate the energies.
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Cell line and cell culture

The DAOY cell line (ATCC® HTB186™) was 
obtained from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in 
DMEM medium supplemented with 10% heat-
inactivated FBS and 1% penicillin/streptomy-
cin. The cells were maintained in a 5% CO2/95% 
air humidified incubator at 37°C. ALS was dis-
solved in DMSO at a stock concentration of 50 
mM and stored at -20°C. It was freshly diluted 
to the desired concentration with culture medi-
um. The final concentration of DMSO was at 
0.05% (v/v). The control cells received the vehi-
cle only.

Cell viability assay

The MTT assay was performed to examine the 
effect of ALS on cell viability. Briefly, DAOY cells 
were seeded into a 96-well culture plate at a 
density of 8 × 103 cells/well. After 24 h incuba-
tion, the cells were treated with ALS at concen-
trations ranging from 0.01-50 μM for 24 or 48 
h. Following the drug treatment, 10 μL of MTT 
stock solution (5 mg/mL) was added to each 
well and incubated for 2-4 h. Then, the medium 
was carefully removed and 100 μL DMSO was 
added into each well. The plate was placed on 
a rocker to mix the solution thoroughly for 30 
seconds and incubated at 37°C for 10 min. The 
absorbance was measured using a Synergy™ 
H4 Hybrid micro plate reader (BioTek Inc., 
Winooski, VT, USA) at wavelengths of 560 nm 
(MTT formazan) and 670 nm (background). The 
concentration required for IC50 value was deter-
mined using the relative viability over ALS con-
centration curve and nonlinear regression anal-
ysis using GraphPad Prism 5.0 software (San 
Diego, CA, USA). The experiment was performed 
at least three times.

Flow cytometry

The effect of ALS on cell cycle distribution of 
DAOY cells was examined using flow cytometry. 
Briefly, DAOY cells were treated with ALS at 0.1, 
1, and 5 μM for 24 h. In separate experiments, 
DAOY cells were treated with 1 μM ALS for 4, 8, 
12, 24, 48, and 72 h. After treated with ALS, 
cells were trypsinized and fixed in 70% ethanol 
at -20°C overnight. Following the fixation, cells 
were collected and resuspended in 1 mL of 
PBS containing 1 mg/mL ribonuclease A and 
50 µg/mL PI. Thereafter, cells were incubated 

in the dark for 30 min at room temperature. A 
total number of 1 × 104 cells were subject to 
cell cycle analysis using a flow cytometer (BD 
LSR II Analyzer, Becton Dickinson Immunocy- 
tometry Systems, San Jose, CA, USA).

Quantification of cellular apoptosis

The effect of ALS on the apoptosis of DAOY 
cells was quantified using the annexin V: PE 
apoptosis detection kit according to the manu-
facturer’s instructions. Annexin V is a 35-36 
kDa Ca2+-dependent phospholipid binding pro-
tein that has a high affinity for negatively 
charged phospholipid phosphatidylserine and 
binds to cells that are actively undergoing apop-
tosis with exposed phospholipid phosphatidyl-
serine. DAOY cells were plated in six-well cell 
culture plates at a density of 1 × 105 cells per 
well. After incubation overnight, the cells were 
incubated with ALS at 0.1, 1, and 5 μM for 24 h. 
Then cells were trypsinized and washed twice 
with 4°C PBS. A quota of cell suspension (100 
μL) was transferred into a 5 mL clean test tube 
and incubated with 5 μL PE annexin V and 5 μL 
7-AAD (a vital nucleic acid dye) in the dark for 
15 min at room temperature. A quota of 1 × 
binding buffer (250 μL) was then added to each 
test tube and the number of apoptotic cells was 
counted using a flow cytometer within 1 h. 

Determination of cellular autophagy

To determine the effect of ALS on autophagy in 
DAOY cells, the intracellular autophagy level 
was examined using flow cytometry as previous 
described [37, 38]. Briefly, the cells were treat-
ed with fresh medium alone, control vehicle 
alone (0.05% DMSO, v/v), or ALS at 0.1, 1, and 
5 μM. After 24 h of incubation, the cells were 
trypsinized and collected with 1 × assay buffer 
containing 5% FBS. To investigate the mecha-
nisms for ALS-induced autophagy, cells were 
pre-treated with 10 μM SB202190 or 10 mM 
WM for 1 h in DAOY cells, then co-treated with 
1 μM ALS for a further 24 h. Groups of cells 
treated with each of these compounds alone 
were also included. All inhibitors were dissolved 
in DMSO at a final concentration of 0.05% (v/v). 
Cells were resuspended in 250 µL of phenol 
red free culture medium (Thermo Fisher 
Scientific Inc.; No 1294895) containing 5% FBS 
and 250 µL of the diluted Cyto-ID® green stain 
solution (Enzo Life Sciences Inc.; No: ENZ-
51031-K200) was added to each sample and 
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mixed well. Cells were incubated for 30 min at 
37°C in the dark. Following the incubation, cells 
were collected by centrifugation at 250 × g for 
3 min, washed with 1 × assay buffer, resus-
pended in 500 µL fresh 1 × assay buffer con-
taining 5% FBS and subject to flow cytometric 
analysis. 

Confocal fluorescence microscopy for autoph-
agy detection

To further detect the autophagy-inducing effect 
of ALS on DAOY cells, the confocal microscopic 
examination was performed. The assay pro-
vides a rapid and quantitative approach to 

Figure 2. Molecular docking of ALS, MLN8054, tozasertib (VX-680), AMG-900, danusertib, barasertib, and CYC116 
into the active sites of human AURKA (PDB ID: 4UTD) and AURKB (PDB ID: 4AF3). ALS (A), MLN8054 (B), tozasertib 
(VX-680) (C), AMG-900 (D), and danusertib (E) were readily docked into the active sites of AURKA. ALS (F), MLN8054 
(G), tozasertib (VX-680) (H), barasertib (I), and CYC116 (J) were readily docked into the active sites of AURKB.



Alisertib kills human glioblastoma cells

851	 Am J Transl Res 2017;9(3):845-873

monitor autophagy in live cells without the need 
for cell transfection and allows the measure-
ment and differentiation between autophagic 
flux and autophagolysosome accumulation 
[39]. DAOY cells were seeded into 8-well cham-
ber slides. The cells were treated with ALS at 
0.1, 1, and 5 μM for 24 h. In separate experi-
ments, to investigate the mechanisms for ALS-
induced autophagy, cells were pretreated with 
10 μM SB202190 or 10 μM WM, then co-treat-
ed with 1 μM ALS for a further 24 h. When cells 
reached ~70% confluence, they were washed 
with 1 × assay buffer provided in the Cyto-ID® 
autophagy detection kit. The kit was used  
to measure cellular autophagic vacuoles. 
Following the incubation with 100 μL micros-
copy dual detection reagent for 30 min at 37°C 
in the dark, the cells were washed with 200 μL 
fresh 1 × assay buffer containing 5% FBS to 
remove unbound detection reagent. The slides 
were covered with glass cover slips and sealed 
with polish oil. Samples were examined using a 
Leica TCS SP2 laser scanning confocal micro-

scope (Leica Microsystems, Wetzlar, Germany) 
using a standard fluorescein isothiocyanate fil-
ter set for imaging the autophagic signal at 
wavelengths of 405/488 nm.

Western blot analysis

The expression level of various cellular proteins 
involved in cell cycle, apoptosis, and autophagy 
was determined using Western blot assays. 
DAOY cells was washed with pre-cold PBS after 
24 h treatment with ALS at 0.1, 1, and 5 μM, 
lysed on ice with radioimmunoprecipitation 
assay (RIPA) buffer containing the phosphatase 
inhibitor and protease inhibitor cocktail and 
centrifuged at 3000 × g for 15 min at 4°C. The 
supernatant was collected and the protein con-
centrations were measured using a Pierce™ 
BCA protein assay kit. An equal amount of pro-
tein sample (30 µg) was resolved by sodium 
dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) sample loading buffer and 
electrophoresed on 7% or 12% SDS-PAGE mini-

Table 1. Molecular interactions between ALS, MLN8054, tozasertib (VX-680), AMG-900, danusertib, 
barasertib, and CYC116 with human AURKA and AURKB

Ligand CIE (kcal/
mol)

H-bond 
number

Residues 
involved in H-

bond formation

Charge 
interaction

Residues in-
volved in charge 

interaction

π-π 
stacking

Residues 
involved in 

π-π stacking

Conformation 
number

AURKA (PDB ID: 4UTD) 

Alisertib -64.625 1 N-Trp277 3 O-Lys162 
O-Asp274

1 Glu260 50

MLN8054 -37.9176 1 O-Lys162 3 O-Lys162 
O-Glu181
O-Asp274

1 Lys143 51

Tozasertib (VX-680) -56.9129 6 O-Lys162
H-Glu181
H-Asp256
N-Asn261
H-Asp274

0 - 4 Phe144
Lys162
Lys258
Trp277

367

AMG-900 -45.4247 3 N-Lys258
O-Lys258

0 - 2 Leu139
Lys162

90

Danusertib -51.3649 3 N-Lys162
O-Lys258 (2)

0 - 1 Trp277 93

Barasertib Failed to dock

CYC116 Failed to dock

AURKB (PDB ID: 4AF3)

Alisertib -25.2975 1 H-Pro226 1 O-Arg230 0 - 16

MLN8054 -38.4163 1 H-Ser275 1 O-Lys202 0 - 50

Tozasertib (VX-680) -43.7821 0 - 1 N-Glu274 0 - 183

Barasertib 49.5692 1 H-Glu265 1 N-Lys202 0 - 6

CYC116 -50.3493 1 H-Glu265 1 N-Glu265 0 - 360

AMG-900 Failed to dock

Danusertib Failed to dock
Five key regulators of cell cycle for the molecular docking experiments, including human CDK1/CDC2 (PDB ID: 4YC6), CDK2 (PDB ID: 3L2O), cyclin B1 (PDB ID: 2JGZ), p27 
Kip1 (PDB ID: 2AST), and p53 (PDB ID: 5A7B). Abbreviation: -, none; AURKA, Aurora kinase A; AURKB, Aurora kinase B; CIE, CDOCKER Interaction Energy; PDB, Protein 
Data Bank.
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gel after thermal denaturation at 95°C for 5 
min. The proteins were transferred onto polyvi-
nylidene difluoride membrane at 400 mA for 2 
h at 4°C. The membranes were probed with 
indicated primary antibody overnight at 4°C 
and then blotted with appropriate horseradish 
peroxidase-conjugated secondary anti-mouse 
or anti-rabbit antibody. Visualization was per-
formed using a ChemiDoc™ XRS system (Bio-
Rad, Hercules, CA, USA) with an enhanced che-
miluminescence kit (Thermal Scientific) and the 
blots were analyzed using Image Lab 3.0 (Bio-
Rad). The protein level was normalized to the 
matching densitometric value of the internal 
control β-actin.

Statistical analysis

Data are presented as the mean ± standard 
deviation (SD). Comparisons of multiple groups 
were evaluated by one-way analysis of variance 
(ANOVA) followed by Tukey’s multiple compari-
son procedure. Values of P < 0.05 were consid-
ered statistically different. Assays were per-
formed at least three times independently.

Results

Molecular interactions

To explore how ALS interacts with AURKA and 
AURKB and to compare the differences in 
molecular interactions between ALS and other 
Aurora kinase inhibitors, we first carried out 
docking experiments using the Discovery 
Studio program 3.1. Each compound-enzyme 
complex with the highest CIE was selected and 
the 2D and 3D pictures of these complexes 
collected. 

After docking ALS into the active sites of AURKA 
(PDB: 4UTD, residues 122-403) and AURKB 
(PDB: 4AF3, residues 55-344), there were 50 
and 16 conformations generated for ALS-
AURKA and ALS-AURKB interactions, respec-
tively. There was a remarkable difference in 
CIEs between ALS-AURKA (-64.6 kcal/mol) and 
ALS-AURKB (-25.3 kcal/mol) binding. The dock-
ing data are shown in Figure 2 and Table 1. ALS 
bound AURKA through formation of hydrogen 
bond at Trp277, charge interaction at Lys162 
and Asp274, and π-π stacking at Glu260 (Figure 
2A and Table 1). ALS also bound AURKB via 
hydrogen bond at Pro226 and charge interac-
tion at Arg230 (Figure 2F and Table 1).

Following prediction and validation of the 
molecular targets, we examined the possible 
interactions between MLN8054, tozasertib 
(VX-680), AMG-900, danusertib, barasertib, 
and CYC116 into the active sites of AURKA and 
AURKB (Figure 2 and Table 1). There were 51 
and 50 conformations generated for MLN8054-
AURKA and MLN8054-AURKB binding, respec-
tively. MLN8054 bound AURKA by hydrogen 
bond formation at Lys162, charge interaction 
at Lys162, Glu181, and Asp274, and π-π stack-
ing with Lys143 (Figure 2B). MLN8054 also 
formed a hydrogen bond with Ser275 and 
charge interaction with Lys202 at the active 
site of AURKB (Figure 2G). The CIE was -37.9 
and -38.4 kcal/mol for MLN8054-AURKA and 
MLN8054-AURKB binding, respectively. Toza- 
sertib (VX-680) bound AURKA via charge inter-
action at Lys162, Asn261, Glu181, Asp274, 
and Asp256, and π-π stacking at Phe144, 
Lys162, Lys258, and Trp277 with a CIE of -56.9 
kcal/mol and bound AURKB through charge 
interaction at Glu274 with a CIE of -43.8 kcal/
mol (Figure 2C and 2H). There were 367 and 
183 conformations for tozasertib-AURKA and 
tozasertib-AURKB binding, respectively.

AMG-900 bound AURKA with 90 conformations 
involving hydrogen bond formation at Lys258, 
and π-π stacking at Leu139 and Lys162 with a 
CIE of 45.4 kcal/mol (Figure 2D). Danusertib 
had 93 conformations at the active site of 
AURKA involving hydrogen bond formation at 
Lys162 and Lys258 and π-π stacking at Trp277 
with a CIE of 51.4 kcal/mol (Figure 2E). There 
were 6 conformations for barasertib-AURKB 
binding. Barasertib bound AURKB via hydrogen 
bond formation at Glu265 and charge interac-
tion at Lys202 (Figure 2I). The CIE of barasert-
ib-AURKB binding was 49.6 kcal/mol. CYC116 
bound AURKB through hydrogen bond forma-
tion and charge interaction at Glu265 (Figure 
2J). The CIE of CYC116-AURKB was -50.3 kcal/
mol. There were 360 conformations produced 
for CYC116-AURKB binding. In addition, the 
docking results showed that there was no posi-
tion generated for barasertib and CYC116 with 
AURKA, while AMG-900 and danusertib did not 
bind to AURKB.

Molecular interactions of ALS with key cell 
cycle regulators

To explore the mechanism for the ALS inducing 
effect on cell cycle distribution in DAOY cells, 
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we examined the possible binding modes of 
ALS with human CDK1/CDC2 (PDB ID: 4YC6, 
residues 1-297), CDK2 (PDB ID: 3L2O, residues 
55-387), cyclin B1 (PDB ID: 2JGZ, residues 
167-426), p27 Kip1 (PDB ID: 2AST, residues 
89-424), and p53 (PDB ID: 5A7B, residues 
94-312). ALS was easily docked into the active 
sites of human CDK1/CDC2, CDK2, cyclin B1, 
p27 Kip1, and p53 (Figure 3). As shown in Table 
2, the CIE ranged from -43.3 to -178.6 kcal/mol 
between ALS and human CDK1/CDC2, CDK2, 
cyclin B1, p27 Kip1, and p53. ALS bound CDK1/
CDC2 via formation of a hydrogen bond with 
Gln5, three hydrogen bonds with Lys26 and two 
charge interactions with Lys26 at the active 
site (Figure 3A). ALS bound CDK2 via formation 
of three hydrogen bonds at Lys116, Ser321, 
and Val381, two charge interactions at Lys116 
and Arg323, and one π-π interaction at Lys116 
(Figure 3). ALS bound cyclin B1 via a hydrogen 
bond with Glu12 and two hydrogen bonds with 
Lys129 (Figure 3C). ALS bound p27 Kip1 
(Figure 3D). In addition, ALS bound p53 via for-
mation of two π-π interactions at Lys101 and 
Cys220 and five hydrogen bonds at Lys101, 
Cys220, and Glu221 (Figure 3E).

Molecular interactions of ALS with key apop-
totic pathway regulators

Next, we evaluated the molecular interactions 
between ALS and several key regulating pro-
teins of apoptosis including cytochrome C (PDB 

ID: 4Y6I, residues 5-112), cleaved caspase 3 
(PDB ID: 4PRY, residues 1-277), cleaved cas-
pase 9 (PDB ID: 4RHW, residues 1-100), Bax 
(PDB ID: 4ZII, residues 1-170), Bcl-2 (PDB ID: 
3BL2, residues 5-135), Bcl-xl (PDB ID: 3MXO, 
residues 90-289), and PUMA (PDB ID: 4BPI, 
residues 132-152) using a computational 
approach. ALS was easily docked into the active 
sites of all these proteins (Figure 4). As shown 
in Table 3, the CIE ranged from -29.9 to 139.0 
kcal/mol. ALS bound cytochrome C via forma-
tion of five hydrogen bonds at Gln87, Thr17, 
Ser48, Lys67, and Ser48, charge interaction at 
Lys67, and three π-π interactions at His84, 
Tyr50, and Trp106 (Figure 4A). ALS bound 
cleaved caspase 3 via formation of π-π interac-
tion at Tyr274, hydrogen bond at Met39, and 
charge interaction at Tyr274 (Figure 4B). ALS 
bound cleaved caspase 9 via formation of four 
π-π interactions at Arg44, Arg52, Arg45, and 
Arg45, two hydrogen bonds at Arg56 and 
Arg44, and three charge interactions at Arg56, 
Arg44, and Asp53 (Figure 4C). ALS interacted 
with Bax via formation of hydrogen bond with 
Glu44 and charge interaction with Asp33 at the 
active site (Figure 4D). ALS bound Bcl-2 via for-
mation of hydrogen bond at Lys19 (Figure 4E). 
In addition, ALS bound Bcl-xl via two hydrogen 
bonds at Arg118 and Glu177, one charge inter-
action at Arg235, and two π-π interactions at 
Arg118 and Arg152 (Figure 4F). ALS bound 
PUMA via formation of four hydrogen bonds at 

Table 2. Molecular interactions between ALS with human CDK1/CDC2, CDK2, cyclin B1, p27 Kip1, and 
p53

Protein (CIE) 
kcal/mol)

H-bond 
number

Residues 
involved in H-

bond formation

Charge 
interaction

Residues in-
volved in charge 

interaction

π-π 
stacking

Residues 
involved in π-π 

stacking

Conformation
number

CDK1/CDC2 (4YC6) -43.322 4 N-Gln5
O-Lys26 (3)

2 O-Lys26 (2) 0 - 50

CDK2 (3L2O) -55.0356 3 O-Lys116
O-Ser321
H-Val381

2 O-Lys116
O-Arg323

1 Lys116 50

Cyclin B1 (2JGZ) -63.3496 3 H-Glu12
O-Lys129 (2)

0 - 0 - 50

p27 Kip1 (2AST) -52.5836 - - - - - 50

p53 (5A7B) -178.584 5 F-Lys101
O-Cys220 (3)

O-Glu221

0 - 2 Lys101
Cys220

1

ALS was docked into the active sites of CDK1/CDC2 (PDB ID: 4YC6), CDK2 (PDB ID: 3L2O), cyclin B1 (PDB ID: 2JGZ), p27 Kip1 (PDB ID: 2AST), and p53 (PDB ID: 5A7B). Ab-
breviation: -, none; CIE, CDOCKER Interaction Energy.

Figure 3. Molecular interactions between ALS and human CDK1/CDC2, CDK2, cyclin B1, p27 Kip1, and p53. A. 
CDK1/CDC2 (PDB ID: 4YC6); B. CDK2 (PDB ID: 3L2O); C. cyclin B1 (PDB ID: 2JGZ); D. p27 Kip1 (PDB ID: 2AST); and 
E. p53 (PDB ID: 5A7B).
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LYS87, Arg91, Lys87, and Arg91, two charge 
interactions at Arg91, and four π-π interactions 
at Arg91, Lys87, Lys87 and Lys87 (Figure 4G).

Molecular interactions of ALS with key autoph-
agic pathway regulators

Following the computational prediction of the 
molecular targets of ALS, we further explored 
the possible binding modes of ALS with key 
regulating proteins involved in autophagy. ALS 
was easily docked into the active sites of 
human PI3K (PDB ID: 4WAF, residues 2-1068), 
Akt (PDB ID: 4GV1, residues 144-480), mTOR 

(PDB ID: 4DRH, residues 2025-2114), AMPK 
(PDB ID: 4YEF, residues 76-156), p38 MAPK 
(PDB ID: 3D83, residues 1-360), beclin 1 (PDB 
ID: 3Q8T, residues 174-264), PTEN (PDB ID: 
5BZZ, residues 14-351), and LC3 (PDB ID: 
4ZDV, residues 2-120) (Figure 5). As shown in 
Table 4, the CIE ranged from -65.0 to -26.5 
kcal/mol. ALS bound PI3K via formation of four 
hydrogen bonds with Arg348, Arg373, Lys942, 
and Gln1014, three charge interactions with 
Arg348, Arg349, and Arg373, and three π-π 
interactions at Arg348, Lys942, and Lys943 
(Figure 5A). ALS bound Akt via two charge inter-

Figure 4. Molecular interactions between 
ALS and human cytochrome C, cleaved 
caspase 3, cleaved caspase 9, Bax, Bcl-2, 
Bcl-xl, and PUMA. A. Cytochrome C (PDB 
ID: 4Y6I); B. cleaved caspase 3 (PDB ID: 
4PRY); C. Cleaved caspase 9 (PDB ID: 
4RHW); D. BAX (PDB ID: 4ZII); E. Bcl-2 
(PDB ID: 3BL2); F. Bcl-xl (PDB ID: 3MXO); 
G. PUMA (PDB ID: 4BPI).
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actions at Lys179 and Asp292 and two π-π 
interactions at Lys276 and His354 (Figure 5B). 
ALS bound mTOR via formation of five hydrogen 
bonds at Arg2042, Lys2066, and Glu2067, one 
charge interaction at Lys2066, and one π-π 
interaction at Arg2060 (Figure 5C). ALS was 
docked into AMPK via formation of two hydro-
gen bonds at Lys102, one charge interaction 
with Lys102, and one π-π interaction at Ala114 
(Figure 5D). ALS bound p38 MAPK via forma-
tion of one hydrogen bond at Lys152, one 
charge interaction at Lys152, and two π-π 
stacking interactions at Arg67 and Arg149 
(Figure 5E). ALS bound beclin 1 via formation of 
four hydrogen bonds at Gly172, Ser173, and 
Asp174, and one charge interaction at Gly172 
(Figure 5F). ALS bound PTEN via formation of 
charge interaction at Asp252 (Figure 5G). In 
addition, ALS bound LC3 via formation of one 
hydrogen bond at Lys42 and two charge inter-
actions at Arg10 and Lys49 (Figure 5H).

ALS inhibits the proliferation of in DAOY cells

To examine the effect of ALS on the viability of 
DAOY cells, we first tested the cell viability using 
the MTT assay. Incubation of cells with ALS at 
concentrations ranging from 0.01 to 50 μM for 
24 and 48 h significantly decreased the cell 
viability. The concentration-dependent inhibito-
ry effects of ALS on the growth of DAOY cells 
are shown in Figure 6A. In comparison to the 
control cells (100%), the viability was 97.5%, 
93.0%, 85.2%, 78.8%, 61.4%, 57.6%, and 4.2% 
when DAOY cells were treated with ALS at 0.01, 
0.1, 0.5, 1, 5, 10, and 50 μM, respectively, for 

24 h. The viability was 94.8%, 90.8%, 57.6%, 
19.0%, 8.8%, 1.7%, and 1.1% when DAOY cells 
were treated with ALS at 0.01, 0.1, 0.5, 1, 5, 
10, and 50 μM, respectively, for 48 h. The 50% 
inhibition of growth (IC50) values were 8.3 μM 
for DAOY cells after 24 h and 4.8 μM for DAOY 
cells after 48 h incubation with ALS. 

ALS downregulates the phosphorylation of 
AURKA in DAOY cells

ALS is a selective inhibitor of AURKA that plays 
a critical role cell mitosis. We examined the 
effect of ALS on the p-AURKA and AURKA in 
DAOY cells (Figure 6B). As shown in Figure 6C, 
in comparison to the control, there was a 7.7%, 
27.8%, and 33.8% reduction in the level of 
p-AURKA at Thr288 when DAOY cells were 
treated with ALS at 0.1, 1, and 5 μM for 24 h, 
respectively (P < 0.05 or 0.001). Similarly, the 
ratio of p-AURKA/AURKA was decreased 
42.4%, 51.7%, and 40.5% (P < 0.001). However, 
there was a 61.5.0%, 54.7%, and 14.0% 
increase in the level of AURKA when treated 
with ALS at 0.1, 1, and 5 μM for 24 h (P < 0.05 
or 0.001). It is unknown why ALS up-regulated 
AURKA.

ALS induces G2/M arrest via regulation of the 
expression of CDK1/CDC2, CDK2, cyclin B1, 
p27 Kip1, and p53 in DAOY cells

We next examined the effect of ALS on cell 
cycle distribution in DAOY cells using a flow 
cytometer. Treatment with ALS led to a marked 
G2/M arrest in concentration- and time-depen-

Table 3. Molecular interactions between ALS with human cytochrome C, cleaved caspase 3, cleaved 
caspase 9, Bax, Bcl-2, Bcl-xl, and PUMA

Protein CIE (kcal/
mol)

H-bond 
number

Residues 
involved in H-

bond formation

Charge 
interaction

Residues in-
volved in charge 

interaction

π-π 
stacking

Residues 
involved in 

π-π stacking

Conformation
number

Cytochrome C (4Y6I) -38.8443 5 O-Thr17
O-Ser48 (2)

O-Lys67
N-Gln87

1 O-Lys67 3 Tyr50
His84
Trp106

49

Cleaved caspase 3 (4PRY) 139.022 1 H-Met39 1 O-Lys82 1 Tyr274 2

Cleaved caspase 9 (4RHW) -54.0237 2 H-Agr44
O-Arg56

3 O-Arg44
O-Asp53
O-Arg56

4 Arg44
Arg45 (2)

Arg52

50

Bax (4ZII) -33.2721 1 H-Glu44 1 O-Asp33 0 - 51

Bcl-2 (3BL2) -45.5841 1 O-Lys19 0 - 0 - 50

Bcl-xl (3MXO) --48.6738 2 O-Arg118
H-Glu177

1 O-Arg235 2 Arg118
Arg152

32

PUMA (4BPI) -29.8631 4 O-Lys87
O-Arg91 (2)

2 O-Arg91 (2) 4 Lys87 (3)
Arg91

15

Seven key regulators of apoptosis for the molecular docking experiments, including human cytochrome C (PDB ID: 4Y6I), cleaved caspase 3 (PDB ID: 4PRY), cleaved caspase 9 
(PDB ID: 4RHW), Bax (PDB ID: 4ZII), Bcl-2 (PDB ID: 3BL2), Bcl-xl (PDB ID: 3MXO), and PUMA (PDB ID: 4BPI). Abbreviation: -, none; CIE, CDOCKER Interaction Energy.
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dent manners in DAOY cells (Figure 6D and 6F). 
The percentage of G2/M, G1, and S phase was 
13.1%, 51.4%, and 35.5% at the basal level 
and 11.6%, 51.6%, and 36.9% at the non-treat-
ed control cells, respectively. There was no sig-
nificant difference observed in the number of 

cells between the non-treated control cells and 
the 0.05% DMSO treated cells. When DAOY 
cells were incubated with ALS at 0.1, 1, and 5 
μM for 24 h, compared with the control cells, 
the percentage of cells in G2/M phase was 
45.8%, 72.4%, and 68.4%, respectively; the 

Figure 5. Molecular interactions between ALS and human PI3K, Akt, mTOR, AMPK, p38 MAPK, Beclin 1, PTEN, and 
LC3. A. PI3K (PDB ID: 4WAF); B. Akt (PDB ID: 4GV1); C. mTOR (PDB ID: 4DRH); D. AMPK (PDB ID: 4YEF); E. p38 MAPK 
(PDB ID: 3D83); F. Beclin 1 (PDB ID: 3Q8T); G. PTEN (PDB ID: 5BZZ); H. LC3 (PDB ID: 4ZDV).
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percentage of cells in G1 phase was 21.0%, 
8.7%, and 8.4%, respectively; and the percent-
age of cells in S phase was 33.3%, 18.9%, and 
23.1%, respectively (Figure 6E).

We conducted further experiments to evaluate 
the effect of ALS at 1 μM on cell cycle distribu-
tion in DAOY cells over a 72 h period. The per-
centage of cells at G2/M phase was increased 
from 21.9% at the basal level to 25.9%, 48.0%, 
61.1%, 72.4%, 88.0%, and 87.9% after 4, 8, 12, 
24, 48, and 72 h, respectively. On the contrary, 
the percentage of DAOY cells in G1 phase was 
significantly decreased from 49.3% at the basal 
level to 25.9%, 20.7%, 11.1%, 8.7%, 5.2%, and 
3.7% after 4, 8, 12, 24, 48, and 72 h, respec-
tively; and the percentage of DAOY cells in S 
phase from 28.9% at the basal level to 44.5%, 
31.3%, 27.8%, 18.9%, 6.8%, and 8.4% after 4, 
8, 12, 24, 48, and 72 h, respectively (Figure 
6G).

We used the Western blotting assay to examine 
the expression levels of key regulators respon-
sible for the G2 checkpoint including CDK1/
CDC2, CDK2, cyclin B1, p27 Kip1, and p53 
(Figures 7A and 8A). As shown in Figure 7A, 
when DAOY cells treated with ALS at 0.1, 1, and 
5 μM for 24 h, the expression level of CDK1/
CDC2 and CDK2 were decreased 10.5%, 
28.8%, 25.0% and 4.6%, 24.5%, 25.8%, 

respectively, in comparison with control cells. 
The expression level of cyclin B1 was concen-
tration dependently decreased 7.7% and 9.5% 
when DAOY cells were treated with ALS at 0.1 
and 1 μM and there was an ~50% decrease 
when DAOY cells were treated with 5 μM ALS, 
compared with control cells (Figure 7A). When 
DAOY cells were treated with ALS at 0.1 and 5 
μM for 24 h, the expression of p27 Kip1 was 
significant increased 1.2- and 1.7-fold, respec-
tively, in comparison with control cells. Mo- 
reover, the expression level of p53 was signifi-
cantly increased in DAOY cells after ALS treat-
ment (Figure 7A). In comparison to the control 
cells, there was a 1.2-, 1.3-, and 2.3-fold 
increase when treated with ALS at 0.1, 1, and 5 
μM for 24 h, respectively.

ALS induces apoptosis via activation of the 
mitochondria-dependent pathway in DAOY 
cells

To further examine the cancer cell killing effect 
of ALS in DAOY cells, cellular apoptosis was 
quantified by flow cytometric analysis. The 
number of apoptotic cells was first quantified 
and the results are shown in Figure 9A. The 
number of apoptotic cells at the basal level was 
2.87% in DAOY cells when treated with the con-
trol vehicle only (0.05% DMSO, v/v). When DAOY 
cells were treated with ALS 0.1, 1, and 5 μM for 

Table 4. Molecular interactions between ALS with human PI3K, Akt, mTOR, AMPK, p38 MAPK, beclin 1, 
PTEN, and LC3

Protein CIE (kcal/
mol)

H-bond 
number

Residues 
involved in H-

bond formation

Charge 
interaction

Residues in-
volved in charge 

interaction

π-π 
stacking

Residues 
involved in 

π-π stacking

Conformation
number

PI3K (4WAF) -61.6782 5 N-Arg348 (2)
O-Arg373
O-Lys942

H-Gln1014

3 O-Arg348
O-Asp349
O-Arg373

3 Arg348
Lys942
Lys943

50

Akt (4GV1) -33.1251 2 - 2 O-Lys179
O-Asp292

2 Lys276
His354

1

mTOR (4DRH) -55.8744 5 O-Arg2042
O-Lys2066 (3)

H-Glu2067

1 O-Lys2066 1 Arg2060 50

AMPK (4YEF) -65.0290 2 O-Lys102 (2) 1 O-Lys102 1 Ala114 50
p38 MAPK (3D83) -57.4358 1 O-Lys152 1 O-Lys152 2 Arg67

Arg149
50

Beclin 1 (3Q8T) -26.4804 4 O-Gly172 (2)
O-Ser173
O-Asp174

1 O-Gly172 0 - 50

PTEN (5BZZ) -51.7995 0 - 1 O-Asp252 0 - 1
LC3 (4ZDV) -52.3843 1 O-Lys42 2 O-Arg10

O-Lys49
0 - 15

Eight key regulators of autophagy for the molecular docking experiments, including human PI3K (PDB ID: 4WAF), Akt (PDB ID: 4GV1), mTOR (PDB ID: 4DRH), AMPK (PDB ID: 
4YEF), p38 MAPK (PDB ID: 3D83), beclin 1 (PDB ID: 3Q8T), PTEN (PDB ID: 5BZZ), and LC3 (PDB ID: 4ZDV). Abbreviation: -, none; CIE, CDOCKER Interaction Energy.
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Figure 6. Effects of ALS on the proliferation, expression of p-AURKA and AURKA, and cell cycle in DAOY cells. Cells 
were treated with ALS at concentrations of 0.1, 1, and 5 µM for 24 h or 1 µ Mover 72 h, then the protein samples 
were subject to Western blotting assay and cells were subject to flow cytometry analysis. A. Cell viability was deter-
mined by the MTT assay. B. Representative blots for p-AURKA and AURKA in DAOY cells. C. Bar graphs showing the 
relative expression level of p-AURKA, AURKA, and p-AURKA/AURKA in DAOY cells. D. Representative fluorescence 
histograms showing the effect on cell cycle distribution of DAOY cells treated with ALS at 0.1, 1, and 5 µM for 24 h. 
E. Bar graphs showing the percentage of DAOY cells in G1, S, and G2/M phases when treated with ALS at 0.1, 1, and 
5 µM for 24 h. F. Representative fluorescence histograms showing the effect on cell cycle distribution of DAOY cells 
when treated with 1 µM ALS at 4, 8, 12, 24, 48, and 72 h. G. Bar graphs showing the percentage of DAOY cells in 
G1, S, and G2/M phases when treated with 1 µM ALS over 72 h. *P < 0.05 and ***P < 0.001.
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24 h, the total percentage of apoptotic cells 
(early and late apoptosis) were 4.7%, 7.4%, and 
11.1%, respectively, with a 1.6-, 2.6-, and 3.9-
fold increase, respectively, compared with con-
trol cells (P < 0.05 or 0.001, Figure 9B).

Next, the effects of ALS on the mitochondria-
related apoptotic pathway were examined in 
DAOY cells (Figures 7B and 8B). We first exam-
ined the expression level of cytochrome C, 
cleaved caspase 3, and cleaved caspase 9 in 
DAOY cells when treated with ALS. Compared 
with control cells, treatment of cells with ALS at 
0.1 and 1 μM for 24 h significantly increased 
the level of cytosolic cytochrome C 1.3- and 
1.4-fold, respectively (P < 0.001; Figures 7B 
and 8B). Compared with control cells, the level 
of cleaved caspase 3 and cleaved caspase 9 
was increased. Treatment of DAOY cells with 1 
μM ALS significantly increased the level of 
cleaved caspase 3 1.2-fold (P < 0.01) and treat-
ment of cells with ALS at 1 and 5 mM increased 
the expression level of cleaved caspase 9 1.4- 

and 1.6-fold, respectively (P < 0.001; Figures 
7B and 8B).

In addition, we investigated the expression of 
pro-apoptotic protein Bax and anti-apoptotic 
proteins Bcl-2 and Bcl-xl in DAOY cells. When 
DAOY cells were treated with ALS at 0.1, 1, and 
5 μM for 24 h, there was a 1.5-, 1.4-, and 1.1-
fold increase in the expression level of Bax, 
respectively, compared with control cells (P < 
0.05 or 0.001; Figures 7B and 8B). In contrast, 
the expression level of Bcl-2 was decreased 
23.6% and 31.8%, respectively, after 1 and 5 
μM ALS treatment (P < 0.001). The expression 
level of Bcl-xl was reduced 8.5% and 11.6%, 
respectively, in DAOY cells when treated with 
ALS at 1 and 5 μM (P < 0.05 or 0.01). In addi-
tion, treatment of DAOY cells with ALS at 0.1, 1, 
and 5 μM for 24 h significantly increased the 
expression level of PUMA 1.2-, 1.2-, and 1.1-
fold, respectively (P < 0.05, 0.01, or 0.001; 
Figures 7B and 8B).

Figure 7. DAOY cells were incubated with ALS at 0.1, 1, and 5 µM for 24 h and then subject to Western blot assay. A. 
Representative blots of CDK1/CDC2, CDK2, cyclin B1, p27 Kip1, and p53 in DAOY cells. B. Representative blots of 
cytochrome C, cleaved caspase 3, cleaved caspase 9, Bax, Bcl-2, Bcl-xl, and PUMA in DAOY cells. C. Representative 
blots of PI3K, Akt, mTOR, AMPK, p38 MAPK, beclin 1, PTEN, and LC3 in DAOY cells.
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ALS induces autophagy via inhibition of the 
PI3K/Akt/mTOR signaling pathway in DAOY 
cells

After observing binding of ALS with key autoph-
agy regulators, we next examined the effect of 
ALS on autophagy of DAOY cells using flow cyto-
metric analysis, confocal microscopy, and 
Western blotting analysis. The percent of 
autophagic cells at the basal level was 5.6% for 
DAOY cells. Incubation of DAOY cells with ALS 
for 24 h increased the percentage of autopha-
gic cells in a concentration-dependent manner. 
When DAOY cells were treated with 0.1 μM ALS 
for 24 h, the percentage of autophagic cells 
was only slightly increased compared with con-
trol cells. However, there was a 6.5- and 8.0-
fold increase in the percentage of autophagic 
cells when treated with ALS at 1 and 5 μM for 
24 h, respectively, compared with control cells 
(P < 0.001; Figure 9C and 9D). We further test-
ed the autophagy-inducing effect of ALS on 
DAOY cells using confocal microscopic exami-
nation (Figure 9E). In comparison with control 
cells, ALS increased autophagy in a concentra-
tion-dependent manner in DAOY cells. There 
was a 1.8- and 2.0-fold increase in autophagic 
death of DAOY cells when treated with ALS at 1 
and 5 μM for 24 h (P < 0.001), respectively, but 
a lower concentration of ALS (0.1 μM) did not 
significantly affect autophagy of DAOY cells 
(Figure 9F).

Next, we examined the effects of ALS on the 
level of p-PI3K at Tyr458, PI3K, p-Akt at Ser473, 
Akt, p-mTOR at Ser2448, mTOR, p-AMPK at 
Thr172, AMPK, p38 MAPK at Thr180/Tyr182, 
p38 MAPK, beclin1, PTEN, and LC3-I/LC3-II 
using Western blotting analysis (Figures 7C and 
8C). Exposure of DAOY cells to ALS led to a 
decrease in the level of p-PI3K at Tyr458 and 
PI3K, compared with control cells. In DAOY 
cells, the p-PI3K/PI3K ratio was decreased 
34.5% when DAOY cells were treated with 5 μM 
ALS (P < 0.001). Compared with control cells, 
the level of p-Akt at Ser473 was decreased in a 
concentration-dependent manner, whilst there 
was no significant alteration in the level of Akt 
(Figures 7C and 8C). The p-Akt/Akt ratio was 
decreased 32.4%, 52.5%, and 48.5% in DAOY 

cells upon the exposure to ALS at 0.1, 1, and 5 
μM for 24 h, respectively (P < 0.001). Treatment 
of DAOY cells with ALS at 0.1, 1, and 5 μM for 
24 h significantly reduced mTOR phosphoryla-
tion at Ser2448 and the level of mTOR. The 
p-mTOR/mTOR ratio was significantly decreased 
by 62.6%, 74.0%, and 79.2%, respectively, 
compared with control cells (P < 0.001). In com-
parison with control cells, there was a concen-
tration-dependent increase in the AMPK phos-
phorylation level at Thr172 in DAOY cells treat-
ed with ALS (Figures 7C and 8C). However, the 
p-AMPK/AMPK ratio was only significant 
increased by 1.1-fold when DAOY cells were 
treated with ALS at 1 μM (P < 0.01).

Furthermore, the involvement of p38 MAPK sig-
naling pathway in ALS-induced autophagy was 
tested using Western blotting assay. As shown 
in Figure 10, exposure of DAOY cells to ALS at 
0.1, 1, and 5 μM ALS for 24 h, ALS markedly 
induced the phosphorylation of p38 MAPK at 
Thr180/Tyr182. However, incubation of cells 
with ALS did not significantly affect the expres-
sion of total p38 MAPK. The ratio of p-p38 
MAPK over p38 MAPK was concentration-
dependently decreased when DAOY cells were 
treated with ALS at 0.1, 1, and 5 μM (P < 0.001). 
We also examined the effect of ALS on the 
expression level of Beclin 1 and LC3-I/LC3-II. 
There was a 2.0-fold increase in the level of 
beclin 1 in DAOY cells when treated with ALS at 
5 μM for 24 h (P < 0.001). However, treatment 
of DAOY cells with ALS at 0.1 and 1 μM for 24 h 
increased beclin 1 1.1- and 1.3-fold, respec-
tively; but none of these increases was statisti-
cally significant. After treatment of cells with 
ALS, our Western blotting analysis revealed two 
clear bands: LC3-I with an apparent mobility of 
about 18 kDa and LC3-II with an apparent 
mobility of 16 kDa in DAOY cells. In DAOY cells, 
there was a concentration-dependent increase 
in level of LC3-II and no significant alteration in 
the level of LC3-I. Compared with control cells, 
the ratio of LC3-II over LC3-I was remarkably 
increased 1.2- and 1.3-fold in DAOY cells when 
treated with ALS at 0.1 and 1 μM for 24 h, 
respectively (P < 0.001). In addition, the expres-
sion level of PTEN was significantly increased. 
There was a 1.2-, 1.3-, and 1.5-fold increase in 

Figure 8. ALS modulates the expression level of key regulators involved in cell cycle, apoptosis, and autophagy in 
DAOY cells. A. Bar graphs showing the expression level of CDK1/CDC2, CDK2, cyclin B1, p27 Kip1, and p53 in DAOY 
cells. B. Bar graphs showing the expression level of cytochrome C, cleaved caspase 3, cleaved caspase 9, Bax, Bcl-
2, Bcl-xl, and PUMA in DAOY cells. C. Bar graphs showing the expression level of PI3K, Akt, mTOR, AMPK, p38 MAPK, 
beclin 1, PTEN, and LC3 in DAOY cells. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 9. ALS induces apoptotic and autophagic cell death in DAOY cells determined by flow cytometry and confocal microscopy. DAOY cells were incubated with ALS 
at 0.1, 1, and 5 µM for 24 h and then subject to flow cytometry analysis and evaluated using a lysosome-specific fluorescence dye and the images were analyzed. 
A. Flow cytometry plots showing specific cell populations (live, early apoptosis, and late apoptosis) in DAOY cells. B. Bar graphs showing the percentage of apoptotic 
DAOY cells. C. Flow cytometric plots showing autophagy of cells treated with ALS at 0.1, 1, and 5 µM for 24 h. D. Bar graphs showing percentage of autophagic cells 
in DAOY cells. E. Representative images show autophagy of DAOY cells (stained in green). The level of autophagy was Magnification, × 60; scale bar, 5 µM. F. Bar 
graphs showing the autophagy of cells in DAOY cells. *P < 0.05 and ***P < 0.001.
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the level of PTEN when DAOY cells were treated 
with ALS at 0.1, 1, and 5 μM for 24 h, respec-
tively (P < 0.01 or 0.001).

SB202190 and wortmannin (WM) enhance 
ALS-induced autophagy in DAOY cells

Since we observed that ALS induced significant 
autophagy in DAOY cells involving PI3K/Akt/
mTOR pathway, the flow cytometry and confo-
cal fluorescence microscopy were used to eval-
uate the effect of inhibitors of autophagy on 
basal and ALS-induced autophagy in DAOY 
cells. SB202190, is a selective p38 MAPK 
inhibitor that can induce autophagic vacuole 
formation through cross-inhibition of the PI3K/
mTOR pathway. WM is a well-known PI3K inhibi-
tor. We applied 10 μM SB202190 and 10 μM 
WM to examine the effect of ALS on the cellular 
autophagy level. Compared with control cells, 
treatment of cells with 10 μM SB 202190 
increased 8.3-fold in autophagy (P < 0.01) and 
10 μM WM only slightly increased (P > 0.05). 
However, the results showed that the autopha-
gy level was increased 4.7- and 3.9-fold in cells 
co-treated with SB202190 and ALS or WM and 
ALS, respectively, compared with ALS alone 
(Figure 10A and 10B). In addition, we deter-
mined the autophagy-inducing effects of ALS in 
DAOY cells using confocal microscopic exami-
nation. In DAOY cells, co-incubation of SB20- 
2190 or WM at 10 μM significantly enhanced 
ALS-induced autophagy, compared to the con-
trol cells receiving ALS alone. In DAOY cells, 
SB202190 and WM at 10 μM significantly 
increased ALS-induced autophagy 3.6- and 
2.4-flod (P < 0.001), respectively, compared to 
the control cells receiving ALS alone (Figure 
10C and 10D).

Discussion 

GBM is the most aggressive brain cancer with 
poor prognosis, and treatment of advanced 
GBM remains a major challenge in current clini-
cal practice. There is a strong and urgent need 
to seek new effective chemotherapeutic drugs 
for GBM. The Aurora kinases are potentially 
good therapeutic targets for the therapy of 
GBM and other cancers. AURKA is often overex-
pressed in cancer cells, promoting cancer cell 
proliferation and survival, cell migration and 
invasion, and metastasis and inducing resis-
tance to chemotherapeutic agents [40]. This 
gene may play a role in tumor development and 
progression. Presently, over a dozen of Aurora 

kinase inhibitors are in various phases of clini-
cal development. The majority of the inhibitors 
(tozasertib/VX-680/, danusertib/PHA-739358, 
CYC116, SNS-314, AMG-900, AT-9283, SCH-
1473759, ABT-348, PF-03814735, R-763/
AS-703569, KW-2449 and TAK-901) are pan-
selective (isoform non-selective) and few are 
AURKA (alisertib, MLN8237, VX-689/MK5108 
and ENMD 2076) and AURKB (AZD1152 and 
GSK1070916) sub-type selective. In present 
study, we have demonstrated the cancer cell 
killing effect of ALS on DAOY cells and the 
underlying mechanisms.

Molecular docking has become a valuable tool 
of investigating the binding sites, interactome 
and protein targets of drugs [41]. We first per-
formed docking to examine how ALS, MLN8054, 
tozasertib (VX-680), AMG-900, danusertib, 
barasertib, and CYC116 bound differently to 
AURKA and AURKB. These compounds are all 
known inhibitors of Aurora kinases with distinct 
binding affinity, mode, and preference. Our 
docking studies showed that ALS could bind to 
both AURKA and AURKB but with different bind-
ing energy. ALS formed hydrogen bond forma-
tion, charge interactions, and π-π stacking 
interactions with AURKA with a lower binding 
energy compared with binding to AURKB. This 
implied that ALS had a binding preference 
toward AURKA. Indeed, ALS has a selectivity of 
more than 200-fold for AURKA over AURKB in a 
cell-free assay [42]. Similarly, MLN8054, a 
selective AURKA inhibitor [43], bound AURKA 
preferentially over AURKB. Barasertib is a high-
ly selective AURKB inhibitor with IC50 of 0.37 
nM in a cell-free assay, ~3700 fold more selec-
tive for AURKB over AURKA [44]. CYC116 
potently bound AURKB, but failed to dock into 
AURKA. CYC116 is a potent inhibitor of AURKA 
and AURKB with Ki of 8.0 and 9.2 nM, respec-
tively, and is less potent to vascular endothelial 
growth factor receptor 2 with a Ki of 44 nM. 
CYC116 kills cancer cells via inhibition of Aurora 
kinase autophosphorylation, reduction of his-
tone H3 phosphorylation, polyploidy, followed by 
cell death, resulting from a failure in cytokine-
sis [45]. Our docking has also demonstrated 
the potent binding of barasertib to AURKB but 
failed to dock into AURKA. In contrast, both 
AMG-900 and danusertib bound AURKA but 
failed to dock into AURKB. Danusertib is a pan-
inhibitor for Aurora A/B/C with IC50 of 13, 79, 
and 61 nM, respectively, in cell-free assays. 
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Figure 10. ALS induces autophagy via PI3K- and p38 MAPK-mediated signaling pathways in DAOY cells. A. Flow cytometric plots showing autophagy of cells treated 
with ALS in presence and absence of inhibitors. B. Bar graphs showing percentage of autophagic cells treated with ALS in presence and absence of inhibitors. C. 
Representative images show autophagy of DAOY cells (stained in green). The level of autophagy was evaluated using a lysosome-specific fluorescence dye and the 
images were analyzed. Magnification, × 60; scale bar, 5 µM. D. Bar graphs showing the autophagy of cells treated with ALS ± the inhibiting compound. *P < 0.05, 
**P < 0.01, and ***P < 0.001.
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AMG 900 is a potent and highly selective pan-
Aurora kinases inhibitor for Aurora A/B/C with 
IC50 of 5, 4, and 1 nM, respectively [46]. The 
pan-inhibitor of Aurora kinases, tozasertib (VX-
680), bound both AURKA and AURKB with dif-
ferent CIE values. Tozasertib (VX-680) is a pan-
Aurora inhibitor, mostly against AURKA with Ki 
of 0.6 nM in a cell-free assay, less potent 
towards AURKB and AURKC [47].

It is important to realize the role of critical resi-
dues in the active sites of Aurora kinases that 
bind to Aurora kinase inhibitors and such knowl-
edge can assist in the design of more potent 
sub-type selective Aurora kinase inhibitors 
[48]. Aurora kinases share a common sequence 
and structure consisting of a highly conserved 
C-terminal cataytic domain and a short 
N-terminal domain that varies in size [49]. The 
catalytic domain of AURKA has the typical 
bilobal kinase fold, comprised of an N-terminal 
β-strand domain (residues 127-215) and a 
C-terminal α-helical domain (residues 216-
385). These domains are linked together by a 
hinge region (residues 210-216) that plays an 
important role in forming the catalytic active 
site and residues 273-292 are located at the 
N-terminal end of the activation loop of AURKA 
which adopt a unique conformation [50]. 
Residues Lys162 and Asp274 are essential for 
AURKA activity but do not form hydrogen bond 
to each other as seen in crystal structures of 
several other protein kinases [50]. Residue 
Trp277 in the activation loop is stabilized in the 
flexible glycine rich loop [51]. In our docking 
study, we have observed that Lys162, Asp274, 
and Trp277 all bound ALS and tozasertib (VX-
680). Not all Lys162, Asp274, and Trp277 
bound MLN8054, AMG-900, and danusertib.

Cell cycle consists of four distinct sequential 
phases, namely, G0/G1, S, G2 and M, which is 
closely regulated by a complex series of signal-
ing pathways, checkpoint control, kinases and 
other proteins. In cancer, as a result of genetic 
mutations, this regulatory process malfunc-
tions, resulting in uncontrolled cell proliferation 
and growth, invasion, and metastasis [52]. In 
present study, treatment of DAOY cells with ALS 
resulted in a significant decrease in the ratio of 
p-AURKA/AURKA, suggesting that the inhibition 
of phosphorylation of AURKA contributes, at 
least in part, to the inhibitory effect of ALS on 
cell proliferation and the inducing effect on cell-

cycle arrest in G2/M phase. AURKA can enable 
cancer cells to become chemo- and radio-resis-
tant through dysregulation of cell cycle progres-
sion and the DNA damage response. We found 
that ALS arrested DAOY cells in G2/M phase in 
concentration- and time-dependent manners. 
We further explored the effect of ALS on key 
regulators of cell cycle checkpoints, including 
CDK1/CDC2, CDK2, cyclin B1, p27 Kip1, and 
p53. AURKA acts as a key regulatory compo-
nent of the p53 pathway, and particularly the 
checkpoint-response pathways critical for 
oncogenic transformation of cells, by phos-
phorylating and stabilizing p53. The molecular 
docking study showed that ALS could be easily 
docked into the active sites of CDK1/CDC2, 
CDK2, cyclin B1, p27 Kip1, and p53 via hydro-
gen bond formation, charge interaction, and/or 
π-π interaction. Particularly, ALS can be docked 
to p53 with the lowest CIE and more hydrogen 
bond formations. p53 is a target of AURKA and 
ALS may kill cancer cells via direct binding with 
p53.

The CDK1/CDC2-cyclin B1 complex is pivotal in 
regulating the G2/M phase transition and mito-
sis. During a normal cell cycle, the progression 
of cells in G2 phase to M phase is triggered by 
the activation of the cyclin B1-dependent 
CDK1/CDC2 kinase, which is regulated by a 
series of phosphorylation and dephosphoryla-
tion events and protein-protein interactions 
involving a network of signaling pathways [53]. 
In general, a cell with suppressed CDK1/CDC2-
cyclin B1 activity would tend to be arrested in 
the G2/M phase, whereas a cell with elevated 
CDK1/CDC2-cyclin B1 activity would be favored 
to enter mitosis [54]. Activation of CDK1 
appears to be an upstream event of AURKA 
activation. Furthermore, p27 Kip1 and p53 are 
another two important factors that contribute 
to the regulation of cell cycle. p27 Kip1 is a 
member of the Cip/Kip family of cyclin-depen-
dent kinase inhibitors regulated by p53 and 
enforces the G1 restriction point via its inhibi-
tory binding to CDK2/cyclin E complex, thereby 
inducing cell-cycle arrest at the G2/M phase 
[55]. p53 is a transcription factors that plays a 
major role in the cellular response to DNA dam-
age and other genomic aberrations [56]. 
Activation of p53 can lead to either cell cycle 
arrest and DNA repair or apoptosis. Aurora 
kinase inhibitors such as ALS activate p53 sig-
naling, contributing to the anti-proliferative and 
anticancer effects [57]. We have observed the 
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expression level of CDK1/CDC2, CDK2, and 
cyclin B1 was remarkably decreased in DAOY 
cells when treated with ALS, however, the 
expression level of p27 Kip1 and p53 was 
markedly increased, which provides an expla-
nation for the inducing effect of ALS on G2/M 
phase arrest in DAOY cells.

Programmed cell death, referring to apoptosis, 
autophagy, and programmed necrosis, is pro-
posed to be death of a cell in any pathological 
format when mediated by an intracellular pro-
gram. These three forms of programmed cell 
death may jointly decide the fate of malignant 
neoplastic cells; apoptosis and programmed 
necrosis invariably contribute to cell death, 
whereas autophagy can have either pro-surviv-
al or pro-death roles [58]. Apoptosis, or type I 
programmed cell death, is a fundamental bio-
logical phenomenon, with an essential role in 
removing unwanted or abnormal cells in multi-
cellular organisms. It contributes to distinct bio-
chemical and genetic pathways that play a criti-
cal role in the development and homeostasis in 
normal tissues. Apoptosis is not only a special 
type of cell death, but also has great biological 
significance and involves complex molecular 
mechanisms [59]. Studies have indicated that 
AURKA plays a crucial role in growth by inhibit-
ing cell apoptosis and propelling cell cycle [40]. 
The pro-apoptotic effect of ALS has been 
reported in various cancer cell lines, including 
lymphoma, breast cancer, colorectal, lung, mel-
anoma, gastric, and leukemia [20]. In our study, 
we found that ALS induced apoptotic cell death 
of DAOY cells in a concentration-dependent 
manner. Apoptosis is executed by members of 
the caspase family of cysteine proteases, which 
can be activated by two main pathways, namely 
the extrinsic death receptor pathway and the 
intrinsic mitochondria/cytochrome C mediated 
pathway [59]. The two pathways are linked and 
both triggered by the activation of caspases 3, 
6, and 7. Caspases are a class of cysteine pro-
teases that contain abundant cysteine at the 
active site and specifically catalyze hydrolysis 
of the aspartate portion in the substrate [60].

In the mitochondria/cytochrome C pathway, the 
release of cytochrome C from the mitochondri-
al inter-membrane space occurs during the 
early stages of apoptotic cell death [61]. Various 
stimuli converge on mitochondria and activate 
one or more members of the BH3-only protein 
family, which are tightly regulated by Bcl-2 fam-

ily members. The Bcl-2 family is another group 
of proteins involved in apoptosis, members of 
which have anti-apoptotic effects as well as 
pro-apoptotic effects [62]. Tumor cells can 
acquire resistance to apoptosis by the overex-
pression of anti-apoptotic proteins such as 
Bcl-2 or by the downregulation or mutation of 
pro-apoptotic proteins such as Bax. The pro-
motes the assembly of Bax oligomers within 
mitochondrial outer membranes, leading to 
cytochrome C release to cytosol, which in turn 
induces the apoptotic protease-activating fac-
tor-1 to generate apoptosome and activates 
caspas-9, eventually triggering caspase 3 acti-
vation and apoptosis. Furthermore, Bcl-2 can 
be inhibited by posttranslational modification 
and/or increased expression of PUMA, which is 
an essential regulator of p53-mediated cell 
apoptosis [63]. In present study, the molecular 
docking study showed that ALS was readily 
docked into the active sites of cytochrome C, 
cleaved caspase 3, cleaved caspase 9, Bax, 
Bcl-2, Bcl-xl, and PUMA via hydrogen bond for-
mation, charge interaction, and/or π-π interac-
tion. ALS bound cleaved caspase 3 with the 
lowest CIE. These results suggest that caspase 
3 is a key protease involved in apoptosis, acting 
as an executor and terminator of apoptosis. In 
our Western blotting assay, we observed a sig-
nificantly increased cytosolic level of cyto-
chrome C after ALS treatment, subsequently 
activating cleaved caspase 9. Activated cas-
pase 9 in turn activates cleaved caspase 3 and 
activated caspase 3 ultimately induces apopto-
sis with a marked increase in Bax but a 
decrease in Bcl-2 and Bcl-cl levels. As a conse-
quence, the rise in the ratio of proapoptotic pro-
tein/antiapoptotic protein shifts the balance to 
apoptotic status. Moreover, we noted a concen-
tration-dependent increase in the expression 
of PUMA in DAOY cells. These results indicate 
that ALS effectively induces mitochondria-
dependent apoptosis in DAOY cells.

Autophagy, also known as a type II programed 
cell death, is a complicated process executed 
through multiple steps from intracellular mem-
brane/vesicle reorganization to form double-
membraned autophagosomes, which eventual-
ly degrade the contents via acidic lysosomal 
hydrolases [64]. Targeting autophagy for can-
cer treatment is promising but controversial, 
due to its multifaceted roles in the regulation of 
cell survival and cell death. Under certain cir-
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cumstances, autophagy has been known to 
promote cellular survival during nutrient deple-
tion and is essential for maintaining cellular 
hemostasis by degrading damaged organelles 
and proteins [65]. However, increasing evi-
dence shows that autophagy is a promising and 
emerging target for GBM treatment via regula-
tion of autophagy-related key functional pro-
teins and signaling pathways [66-68]. As shown 
by our flow cytometric analysis and confocal 
microscopic examination, ALS clearly induced 
autophagy in DAOY cells. We also observed that 
the autophagy-inducing effect of ALS outwei- 
ghed its apoptosis-inducing effect. Moreover, 
we explored the binding modes of ALS to sev-
eral key autophagy-regulating proteins using 
Discovery Studio® program 3.1. The results 
demonstrated that ALS was easily docked into 
the active sites of PI3K, Akt, mTOR, AMPK, p38 
MAPK, beclin 1, PTEN, and LC3 via hydrogen 
bond formation, charge interaction, and/or π-π 
interaction. These findings suggest that ALS 
may induce autophagy in DAOY cells via inhibi-
tion of AURKA and direct interactions with 
autophagy-regulating macromolecules.

Of note, treatment of DAOY cells with ALS 
resulted in differential effects on the phosphor-
ylation and expression levels of PI3K/Akt/
mTOR axis, AMPK, and p38 MAPK. These find-
ings demonstrated that ALS inhibited the 
p-PI3K at Tyr458 and p-p38 MAPK at Thr180/
Tyr182 but enhanced the p-AMPK at Thr172. 
ALS treatment caused significant alterations in 
the expression and phosphorylation levels of 
key functional proteins regulating autophagy 
signaling pathway. The PI3K/Akt/mTOR signal-
ing pathway is a central pathway involved in 
autophagy through the regulation of cell growth, 
motility, protein synthesis, cell metabolism, cell 
survival, and cell death in response to various 
stimuli [63, 69]. This critical pathway acts as a 
convergence point for a multitude of upstream 
signals and in turn stimulates the activity of 
numerous downstream effectors. Recently, the 
PI3K/AKT/mTOR signaling pathway has come 
to be regarded as the key regulator of a series 
of cell processes, as it can be deregulated by 
various genetic and epigenetic mechanisms in 
a wide range of cancer cells [58]. PI3K catalyz-
es the formation of phosphatidylinositol-3,4,5-
triphosphate via phosphorylation of phosphati-
dylinositol, phosphatidylinositol-4-phosphate 
and phosphatidylinositol-4,5 bisphosphate 

[70]. In this study, ALS significantly inhibited the 
phosphorylation of PI3K at Tyr458 and the ratio 
of p-PI3K/PI3K in DAOY cells.

Akt is involved in the regulation of various sig-
naling downstream pathways, including metab-
olism, cell proliferation, survival, growth, and 
angiogenesis. It has been reported that AURKA 
promotes cancer cell survival through the acti-
vation of Akt [51, 71]. Thus, inhibition of AURKA 
may result in cancer cell death via inactivation 
of Akt. Our findings showed that the p-Akt/Akt 
ratio was significantly decreased by ALS in a 
concentration-dependent manner in DAOY 
cells. ALS treatment inhibited the p-AURKA, 
which may contribute, at least in part, to the 
inactivation of Akt in DAOY cells. mTOR plays a 
key role in cell growth, autophagic cell death 
and homeostasis. mTOR is phosphorylated at 
Ser2448 via the PI3K/Akt signaling pathway 
and is auto phosphorylated at Ser2481 [72]. 
Our results suggest that accumulation of ALS 
led to a significant decrease in p-Akt level and 
that low levels of p-Akt produced by the ALS 
correlated with low levels of p-mTOR. These 
results are consistent with the role of PI3K/
Akt/mTOR axis in the regulation of autophagy. 
These findings indicate that ALS has a signifi-
cant autophagy-inducing effect on DAOY cells 
via inhibition of the PI3K/Akt/mTOR pathway.

AMPK and p38 MAPK are upstream signaling 
molecules in the Akt/mTOR pathway and play 
important role in regulation of cell proliferation 
and death [73]. AMPK is a heterotrimeric com-
plex composed of a catalytic α subunit, regula-
tory β and γ subunits and an important regula-
tor of cell death under various conditions, 
through activation of c-Jun N-terminal kinase 
and p53 and inhibition of mTOR [74]. It is highly 
conserved from yeast to plants and animals 
and plays a key role in the regulation of energy 
homeostasis, cell survival and cell death. 
Incubation of DAOY cells with ALS for 24 h 
showed a promoting effect on the phosphoryla-
tion of AMPK at Thr172. There was no signifi-
cant change in the expression of total AMPK 
compared with control cells, but the ratio of 
p-AMPK/AMPK was increased at 1 µM ALS in 
DAOY cells compared with control cells, which 
may contribute to the inhibition of mTOR. p38 
MAPK regulates cellular responses to cytokines 
and thus controls cell differentiation, cell death, 
cell migration, and invasion [75]. It is respon-
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sive to stress stimuli, such as inflammatory 
cytokines, growth factors, lipopolysaccharide, 
ultraviolet irradiation, heat shock and osmotic 
shock [74]. Activated p38 MAPK can p-MAPK-
activated protein kinase 2, several transcrip-
tion factors including activating transcription 
factor, Mycassociated factor X and myocyte 
enhancer factor-2 and induce the expression of 
a number of target genes [76]. However, the 
molecular mechanisms that link p38 MAPK to 
autophagy are not yet fully understood. Our 
findings show that ALS significantly inactivates 
p-p38 MAPK signaling, which is responsive to a 
variety of stress stimuli and regulates autopha-
gy. It can enhance the ALS-induced autophagy 
in DAOY cells.

Beclin 1, PTEN and LC3 are three specific mark-
ers of cellular autophagy and they are all 
involved in autophagic process, especially in its 
early stage. Beclin 1 promotes autophagy and 
inhibits proliferation of cancer cells and the 
suppression of beclin 1 expression impairs 
autophagy, which as a platform for recruitment 
of other Atgs that is critical for autophagosome 
formation [77]. In this study, treatment of DAOY 
with ALS significantly increased the expression 
of beclin 1. PTEN inhibits Akt/mTOR and MAPK 
signaling, leading to cell death and growth reg-
ulation [78]. We found that ALS induced remark-
able increased the expression of PTEN in a 
concentration-dependent manner. LC3, associ-
ated with the formation of the autophagic vacu-
ole, is currently considered as a specific molec-
ular marker for autophagosomes in mammals. 
LC3 proteins can be divided into two forms: 
LC3-I and LC3-II. LI48 LC3-I is consequently 
proteolytically cleaved and lipidated by Atg3 
and Atg7 to form LC3-II, which localizes to the 
autophagosome membrane. LC3-II migrated 
more rapidly than LC3-I on SDS-PAGE, leading 
to the appearance of two bands after immu-
noblotting, LC3-I with an apparent mobility of 
about 18 kDa and LC3-II with an apparent 
mobility of 16 kDa. There was a striking 
increase in the level of LC3-II/ LC3-I in DAOY 
cells treated with ALS using Western blotting 
assay.

We further explored the autophagy-inducing 
effect of ALS in DAOY cells using chemical 
inhibitors of autophagy. We employed SB- 
202190, a p38 MAPK inhibitor and WM, which 

is an irreversible and selective phosphatidylino-
sitol PI3K inhibitor to examine the levels of ALS-
induced autophagy. The results showed that 
modulation of p38 MAPK by SB202190 and 
PI3K by WM altered ALS-induced autophagy in 
DAOY cells. SB202190 or WM completely 
blocked ALS-induced PI3K or p38 MAPK activa-
tion and both remarkably increased autophagic 
cell death in DAOY cells. These suggest that 
p38 MAPK is involved in the regulation of PI3K 
activation and autophagy process induced by 
ALS. AMPK and p38 MAPK play an important 
role in ALS-induced autophagy of DAOY cells. 
Taken together, ALS-induced inhibition of PI3K/
Akt/mTOR and p38 MAPK pathways and activa-
tion of AMPK contribute to the autophagy-
inducing effect of ALS, which may contribute to 
its anticancer activity. Moreover, we also pro-
vided evidence about the existence of cross-
talk between the p38 MAPK and Akt/mTOR sig-
naling pathways in DAOY cells treated with ALS.

Interestingly, we found that although ALS 
increased AURKA phosphorylation, it induced 
the expression of ALS via unknown mechanism. 
This effect might negate the cancer cell killing 
effect of ALS. In May 2015, Takeda Pharmaceu- 
tical Company Limited discontinued the Phase 
III trial of alisertib for patients with relapsed or 
refractory peripheral T-cell lymphoma due to 
lack of satisfactory efficacy. The reasons for 
the lack of efficacy of ALS may be complicated, 
probably related to compensated role of 
AURKB, improper regimen, off-target effects, 
etc. Combined use of ALS with cytotoxic agent 
may be a strategy to enhance its efficacy.

Conclusions

ALS preferentially bound AURKA over AURKB 
via hydrogen bond formation, charge interac-
tions, and π-π stacking interactions. ALS 
potently inhibited the proliferation, induced cell 
cycle arrest in G2/M phase, activated the mito-
chondria-dependent apoptotic pathway, and 
promoted autophagy in DAOY cells. Our present 
study suggests that ALS is a promising new 
potential agent for the treatment of GBM and 
AURKA may represents a useful target for GBM 
treatment. However, due to the complexity of 
cancer as a systemic disease, the fate of tumor 
cells is not determined by one signaling path-
way. In the future, further studies are needed to 



Alisertib kills human glioblastoma cells

870	 Am J Transl Res 2017;9(3):845-873

determine the precise mechanism and to reveal 
other potential targets of ALS in the treatment 
of GBM. A recent study has shown that ALS has 
antitumor activity in bevacizumab resistant, 
patient derived orthotopic models of glioblas-
toma in nude mice [79]. Another study has 
demonstrated that the simultaneous inhibition 
of phosphoinositide-dependent kinase 1 and 
AURKA by ALS induces the differentiation and 
apoptosis of GBM stem cells [80]. In order to 
verify the efficacy and safety, more studies of 
ALS efficacy with and without other co-thera-
pies in animal models of GBM are warranted 
before it enters Phase I study in GBM.
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