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Avasimibe exerts anticancer effects on human glioblastoma
cells via inducing cell apoptosis and cell cycle arrest
Jin-yi Liu1,2, Wei-qi Fu1,2, Xiang-jin Zheng1,2, Wan Li1,2, Li-wen Ren1,2, Jin-hua Wang1,2, Cui Yang3 and Guan-hua Du1,2

Glioblastoma (GBM) is the most common and lethal primary brain tumor in adults, but there is no effective drug available for GBM.
Avasimibe is a potent inhibitor of acyl-coenzyme A: cholesterol acyltransferase-1 (ACAT-1), which was used to treat atherosclerosis.
Experimental evidence and bioinformatics have shown that avasimibe has anticancer activity. In this study we investigated the
anticancer effects of avasimibe on human glioblastoma cells and the underlying mechanisms. Our results showed that avasimibe
dose-dependently inhibited the proliferation of U251 and U87 human glioblastoma cells with IC50 values of 20.29 and 28.27 μM,
respectively, at 48 h. Avasimibe (7.5, 15, 30 μM) decreased the DNA synthesis, and inhibited the colony formation of the tumor cells.
Treatment of avasimibe also dose-dependently increased the apoptotic rate of tumor cells, decreased the mitochondrial membrane
potential, induced the activity of caspase-3/7, and increased the protein expression of cleaved caspase-9, cleaved PARP and Bax in
U251 and U87 cells. RNA-sequencing analyses revealed that avasimibe suppressed the expression of CDK2, cyclin E1, CDK4, cyclin D,
CDK1, cyclin B1, Aurora A, and PLK1, while induced the expression of p53, p21, p27, and GADD45A, which was validated by Western
blot analysis. These results demonstrated that avasimibe induced mitochondria-dependent apoptosis in glioblastoma cells, which
was associated with arresting the cell cycle at G0/G1 phase and G2/M phase by regulating the p53/p21 pathway, p53/GADD45A
and Aurora A/PLK1 signaling pathways. In U87 xenograft nude mice model, administration of avasimibe (15, 30 mg·kg−1·d−1, ip, for
18 days) dose-dependently inhibit the tumor growth. Taken together, our results demonstrated that avasimibe might be a
promising chemotherapy drug in the treatment of GBM.
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INTRODUCTION
Glioma is the most common primary intracranial tumor, account-
ing for ~81% of all intracranial tumors. In addition, glioblastoma is
the most common glioma (accounting for ~45% of all gliomas)
and is characterized by a short course of disease and high
mortality [1–3]. Although the incidence of glioblastoma (4.67–5.73
cases per 100,000 people) is less than that of most other systemic
tumors, the tumors grow rapidly and can invade important life-
regulating centers around the tumor. Even for patients who
receive chemotherapy and radiotherapy, the median survival time
is only from 7 to 15 months. The 5-year survival rate is only from
0.05% to 4.7% [4]. Furthermore, the tumors are not sensitive to
current treatment programs, and the prognosis for glioblastoma
is far worse than that of other systemic tumors. Currently, the
widely accepted treatment options include neurosurgery with
radiotherapy and temozolomide chemotherapy. Temozolomide is
an oral chemotherapy drug with good central nervous system
permeability. It was approved to treat glioblastoma by the FDA
in 1999. It is still the most effective chemotherapeutic drug
for glioblastoma, and it can prolong the survival time of
patients and enhance the patient’s quality of life [5–7]. Compared
with radiotherapy alone, temozolomide administration with

radiotherapy increased the patient median survival time from
12.1 months to 14.6 months, and the 2-year survival rate increased
from 10.4% to 26.1% [3, 8]. However, temozolomide still has many
deficits, such as side effects and drug resistance. Therefore, further
development of glioblastoma drugs is necessary.
Avasimibe, a potent small molecule inhibitor of acyl-CoA

cholesterol acyltransferase-1 (ACAT-1), is used to remove vascular
plaque and treat atherosclerosis [9, 10]. Avasimibe has been tested
in a number of preclinical and clinical trials to treat atherosclerosis
and has a good human safety record [11, 12]. A study has shown
that avasimibe can be used for tumor immunotherapy to promote
antitumor effects by promoting T cell signaling and killing [13].
However, the function and underlying mechanism of avasimibe in
glioblastomas are still unclear.
Here, we found that treating U251 and U87 glioblastoma

cells with avasimibe inhibited cell proliferation and colony
formation. Avasimibe also increased the apoptotic rate of these
cells, decreased the mitochondrial membrane potential, induced
the activity of caspase-3/7, and increased the protein expression
of cleaved caspase-9, cleaved PARP and Bax in the U251 and
U87 cells. Furthermore, according to RNA sequencing and
Western blot analysis results, avasimibe was found to arrest
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the cell cycle in the G0/G1 and G2/M phases by regulating
the p53/p21, p53/GADD45A, and Aurora A/PLK1 signaling
pathways. Taken together, our findings suggest that avasimibe
might be a promising chemotherapy drug in the treatment of
glioblastoma.

MATERIALS AND METHODS
Cell culture
The U251 and U87 human glioblastoma cell lines were purchased
from the Cell Bank of the Chinese Academy of Sciences (Beijing,
China). The cells were cultured in a humidified incubator with an
atmosphere containing 5% CO2 at 37 °C and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and antibiotics (0.1 μg/mL penicillin and 0.1 μg/mL
streptomycin).

Cell proliferation assay
CCK8 kit (Beyotime, China) was used to determine cell prolifera-
tion according to the manufacturer’s instructions. Briefly, the cells
were cultured in 96-well plates at a density of 3 × 103 per well at
37 °C with 0 to 240 μM avasimibe for 24 or 48 h. Then, 10 μL of
CCK8 was added and incubated for 1 h. The absorbance value of
each well was measured at 450 nm. IC50 values were calculated
using GraphPad Prism 7 software (GraphPad Software Inc., San
Diego, California, USA).

EdU-DNA synthesis assay
An EdU Apollo 567 in vitro imaging kit (RiboBio, Guangzhou,
China) was used to assess DNA synthesis according to the
manufacturer’s instructions. Briefly, the cells were cultured in 96-
well plates at a density of 1 × 104 per well at 37 °C with 0, 7.5, 15,
and 30 μM avasimibe for 48 h. Then, EdU was added at a
concentration of 50 µM and incubated for 2 h. Then, the cells were
fixed in 4% paraformaldehyde for 30 min, permeated with 0.5%
Triton X-100 for 10 min, and then stained with 10 µM Apollo 567
for 30 min. The cells were then counterstained with Hoechst
33342 for 30min and photographed with a high-content imaging
system [14].

Soft agar colony formation assay
A colony formation assay was used to determine the tumorigeni-
city of the U251 and U87 cells. Briefly, cells were seeded in 6-well
plates. 2 mL 0.7% agar in complete medium was added as the
bottom layer, and 1mL 0.35% agar in complete medium
containing 3000 cells with 7.5, 15, and 30 µM of avasimibe was
added as the top layer. After cultured at 37 °C with 5% CO2 for
3–4 weeks, the colonies were stained with 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution
(200 µL/well) and photographed [15].

Hoechst 33342 staining assay
A Hoechst 33342 staining assay was carried out to observe the
morphological characteristics of the apoptotic U251 and U87 cells.
Briefly, the cells were cultured in 96-well plates at a density of 3 ×
103 per well at 37 °C with 0, 7.5, 15, and 30 μM avasimibe for 48 h.
Then, the cells were washed with PBS, fixed with 4% paraformal-
dehyde, permeabilized with 0.1% Triton X-100, stained with 1 μg/
mL Hoechst 33342 solution for 10 min and photographed with a
high-content imaging system.

Flow cytometric analysis of the apoptosis rate with Annexin
V-EGFP/PI staining
To determine the apoptosis rate, an Annexin V-EGFP cell apoptosis
detection kit (KeyGen BioTECH, Nanjing, China) was used to
analyze apoptotic cells with flow cytometry, according to the
manufacturer’s instructions. Briefly, cells were cultured in 6-cm
dishes with 0, 7.5, 15, and 30 μM avasimibe for 48 h. After

harvested, the cells were incubated with Annexin V-EGFP and PI
for 15 min at room temperature. Flow cytometry was then
performed to analyze the apoptosis rate. The data were analyzed
by using Flow Jo software (Tristar, CA, USA).

Analysis of the mitochondrial membrane potential (MMP, Δψm)
Mitochondrial membrane potential is associated with cell
apoptosis. 5,5ʹ,6,6ʹ-tetrachloro-1,1ʹ,3,3ʹ-tetraethylbenzimidazolo-
carbocyanine iodide (JC-1) staining was used to determine
whether the mitochondrial membrane potential of the cells was
changed by avasimibe treatment. U251 and U87 cells were
cultured in 6-cm dishes with 0, 7.5, 15, and 30 μM avasimibe
for 48 h. After treatment of the drug, the medium was removed,
and the cells were incubated with JC-1 at a final concentration
of 10 μg/mL for 20 min. The fluorescence value of JC-1 monomers
was detected at 488 nm excitation and 530 nm emission
wavelengths by a multifunction fluorescence microplate reader.
The fluorescence of the JC-1 polymers was detected at 529 nm
excitation and 590 nm emission wavelengths. The ratio of the
monomer fluorescence value to the polymer fluorescence value
was calculated [16].

Analysis of caspase-3/7 activity
A caspase-3/7 live cell fluorescence real-time detection kit
(KeyGen BioTECH, Nanjing, China) was used to detect caspase-3/
7 activity. Briefly, cells were cultured in 6 cm dishes with 0, 7.5, 15,
and 30 μM avasimibe for 48 h. After harvested, the cells were
incubated with a caspase-3/7 live cell fluorescence real-time
detection kit for 1 h. Flow cytometry was performed to analyze the
activity levels of caspase-3/7. The data were analyzed by using
Flow Jo software (Tristar, CA, USA).

RNA sequencing
U87 cells were cultured in 6 cm dishes with 15 μM avasimibe for
48 h. Then, the cells were dissolved in TRIzol reagent (Life
Technologies, USA) and sent to CapitalBio Corporation (Beijing,
China) for next-generation sequencing. A Bioanalyzer 2100 was
used to qualify the RNA. NEBNext multiplex oligos were used to
establish libraries for Illumina sequencing. The libraries were then
sequenced using an Illumina HiSeq 2500 sequencing platform
(Illumina Inc., San Diego, CA, USA) [14].

Identification of differentially expressed genes
FASTQ data were aligned to the genome (GRh38) using HISAT2.
After removing duplicate reads, the remaining SAM files were
converted and sorted into BAM files using SAMtools software [17].
The differential expression was analyzed using Cufflinks software
[18]. We used the following criteria to screen differentially
expressed genes: |log2FC| ≥ 1 and P-value ≤ 0.05 [14].

Gene Ontology and pathway enrichment analyses
The DAVID website (https://david.ncifcrf.gov/home.jsp) was used
to perform gene ontology and pathway enrichment analyses. The
Gene Ontology terms were determined using a GOA data set. The
enriched biological pathways were determined with the KEGG
datasets. Cytoscape 3.6.0 was used to visualize the coexpression
modules [14].

Western blotting
Cells were cultured in 60-mm dishes with 0, 7.5, 15, and 30 μM
avasimibe for 48 h and then harvested and lysed with RIPA
(Applygen, Beijing, China) lysis buffer at 4 °C for 30min to
determine the total protein level. The BCA method (Beyotime,
Guangzhou, China) was used to measure the protein concentra-
tions. The equivalent amount of each protein was loaded and
separated on a 10% SDS-PAGE gel and then transferred to a PVDF
membrane (Millipore, Billerica, MA). The membranes were blocked
in 5% fat-free milk for 2 h and incubated overnight with primary
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antibodies at 4 °C. The primary antibodies against cleaved
caspase-9, cleaved PARP, p21, p27, CDK2, cyclin E1, CDK4, cyclin
D, and PLK1 were purchased from Cell Signaling Technology;
antibodies against Bax, p53, Aurora A, CDK1, cyclin B1, and GAPDH
were purchased from Proteintech. Then, the membrane was
incubated with goat anti-mouse or anti-rabbit HRP-conjugated
secondary antibody (CWBio, Beijing, China). Finally, the immunor-
eactive bands were visualized using an ECL Western blot kit
(CWBio, Beijing, China).

In vivo antitumor activity
Six-week-old female BALB/c-nu nude mice (Beijing Vital River
Laboratory Animal Technology Co., Ltd., Beijing, China) weighing
15–18 g were used in this study. All animal experiments were
conducted according to the guidelines issued by the NIH Guide
for the Care and Use of Laboratory Animals and were approved
by the Ethics Committee for Laboratory Animal Care and Use at
the Institute of Materia Medica, CAMS & PUMC. Briefly, U87
cells (1 × 107 cells per mouse) were subcutaneously implanted
into the right flanks of the mice [19]. After 14 days, when the
tumor volume was at least increased to 100 mm3, the mice
were randomly divided into three groups (n= 6). The mice were
then intraperitoneally treated with or without avasimibe (30 or
15 mg/kg) once per day for 18 days. The tumor volume was
measured using a Vernier caliper and calculated according
to the following modified ellipsoid formula: tumor volume
(mm3)= (length) × (width)2 × 0.5. At the end of the experiment,
all the mice were sacrificed, and the tumor tissues were
harvested, weighed and photographed.

Statistical analysis
The data are presented as the mean ± standard deviation (SD)
and represent at least three independent experiments. One-way
ANOVA was used to calculate differences between the various
study groups. A P-value < 0.05 was considered statistically
significant.

RESULTS
Avasimibe inhibited the viability and proliferation
of glioblastoma cells
To determine the inhibitory effect of avasimibe (Fig. 1a) on the
viability and proliferation of glioblastoma cells, an CCK8 assay was
performed, and changes of cell morphology were also recorded.
The results showed that avasimibe inhibited the proliferation of
glioblastoma cells and that the inhibitory effect was superior in
the U251 and U87 cells than it was in the A172 and SF268 cells
(Fig. 1b). The IC50 of avasimibe for the U251 and U87 cells was
measured by CCK8 assay. The IC50 of avasimibe for the U251 cells
at 48 h was 20.29 μM, and the IC50 of avasimibe for the U87 cells at
48 h was 28.27 μM (Fig. 1c). The morphology of the cells was
observed with a microscope after 48 h of avasimibe treatment at
concentrations of 0, 7.5, 15, and 30 μM. Fig. 1d, e shows that the
morphology of the U251 and U87 cells in the drug treatment
groups was significantly changed compared with the morphology
of the cells in the control groups and that the changes were dose-
dependent.
To confirm the inhibitory effect of avasimibe on the

proliferation of the U251 and U87 cells, EdU staining was
performed. As shown in Fig. 1f, g, after drug treatment, the DNA
synthesis in the cells was significantly inhibited in a dose-
dependent manner. Taken together, our results showed that
avasimibe could inhibit the viability and proliferation of
glioblastoma cells.
Avasimibe is an ACAT-1 inhibitor. To determine the role of

ACAT-1 in the growth of glioblastomas, the mRNA and protein
levels of ACAT-1 expression in the U87 and U251 cells were
knocked down by human ACAT-1 siRNA or avasimibe treatment,

and the proliferation of the cells was measured. Our results
showed that the expression of ACAT-1 was significantly reduced
by ACAT-1 siRNA and avasimibe treatment. In addition, the
proliferation of glioblastoma cells was also significantly inhibited
(Fig. S1). Altogether, ACAT-1 plays an important role in the
growth of glioblastoma cells.

Avasimibe inhibited the colony formation of the glioblastoma cells
To validate the effect of avasimibe on glioblastoma, colony
formation assays were performed to examine the effect of
avasimibe on the formation of colonies. The results showed that
avasimibe inhibited colony formation of U251 and U87 cells in the
soft agar (Fig. 2a, b).

Avasimibe-induced apoptosis of the glioblastoma cells
To investigate whether avasimibe induces cell apoptosis, the
cells were stained with Hoechst 33342 dye. The results showed
that the nuclei of the U251 and U87 cells were concentrated and
aggregated after treatment with avasimibe, and granular
substances appeared. As the concentration of the drug was
increased, more nuclei were lysed, resulting in vacuoles and the
formation of apoptotic bodies. These results suggested that
avasimibe induced apoptosis of the U251 and U87 cells in a
dose-dependent manner (Fig. 3a, b). To validate the effect of
avasimibe on the apoptosis of the U251 and U87 cells, Annexin
V-EGFP/PI double staining was used to determine whether
avasimibe induces cell apoptosis. The results showed that
avasimibe induced apoptosis of the U251 and U87 cells in a
dose-dependent manner (Fig. 3c, d).
To further explore the mechanism of cell apoptosis induced by

avasimibe, the changes in mitochondrial membrane potential
(MMP) and the activity of caspase-3/7 were measured. JC-1
staining was used to determine mitochondrial membrane
potential. After treatment of avasimibe for 48 h, JC-1 staining
was carried out, and the fluorescence values of the JC-1 monomer
and JC-1 polymer were measured. As shown in Fig. 4a, b, the ratio
of JC-1 monomer/JC-1 polymer was increased as the concentra-
tion of the drug increased. These results indicated that avasimibe
reduced the mitochondrial membrane potential of the U251 and
U87 cells and induced apoptosis in a dose-dependent manner.
The activity of caspase-3/7 was also determined by flow
cytometry. As shown in Fig. 4c, d, the caspase-3/7 activity
gradually increased with increasing avasimibe concentrations.
The results suggested that avasimibe increased the caspase-3/7
activity in the U251 and U87 cells and induced apoptosis in a
dose-dependent manner.
The expression of apoptosis-related proteins was determined

by Western blotting. In the U251 cells, the expression levels
of cleaved PARP, cleaved caspase-9 and Bax were increased
with the increase in the concentration of avasimibe (Fig. 4e),
which suggested that avasimibe may initiate apoptosis in the
mitochondrial pathway by upregulating Bax. In the U87 cells, the
expression levels of cleaved caspase-9 and Bax were increased
with the increase in the concentrations of avasimibe (Fig. 4f).
Taken together, these results suggest that avasimibe inhibits
cell proliferation by inducing apoptosis in a mitochondria-
dependent manner and that this induction was mediated by
activating caspase activity and upregulating Bax.

Differential gene expression and enrichment analyses of the U87
cells treated with avasimibe
To explore the potential mechanisms of avasimibe on glioblas-
toma cells, RNA sequencing was carried out in the U87 cells
treated with 15 μM avasimibe for 48 h and in control cells.
Compared with gene expression in the control cells, 442
upregulated genes and 398 downregulated genes were found
in the cells treated with avasimibe (|log2FC| ≥ 1 and P-value ≤
0.05, Fig. 5a). The results from the Gene Ontology enrichment
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Fig. 1 Avasimibe inhibited the proliferation of glioma cells. a The structure of avasimibe. b CCK8 assay showed that avasimibe inhibited
cell viability in the A172, SF268, U251, and U87 cells. c IC50 values were determined by CCK8 assay after cell treatment with avasimibe.
d, e Morphological features showed that avasimibe changed the morphology of the U251 and U87 cells. Scale bar= 100 μm. f, g EdU staining
assays showed that avasimibe inhibited DNA synthesis in the U251 and U87 cells. Scale bar= 50 μm. Error bars, s.d. (n= 3, *P < 0.05)
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analyses of these differentially expressed genes showed that the
genes enriched in biological processes (BP) category involved
the cell cycle, cell death, M phase, apoptosis, and mitotic cell
cycle (Fig. 5b). In the cell components (CC) category, the
differentially expressed genes were involved in intracellular
nonmembrane-bounded organelles, nonmembrane-bounded
organelles, the nuclear lumen, the nucleoplasm, chromosomes,
and so on (Fig. 5c). In the molecular function (MF) category, the
differentially expressed genes were involved in DNA binding,
nucleotide binding, ribonucleotide binding, ATP binding, and
transcription regulator activity (Fig. 5d). The results from the
KEGG pathway enrichment analysis showed that the genes were
enriched in pathways that involved the cell cycle, DNA
replication, pyrimidine metabolism, p53 signaling pathway,
and mismatch repair (Fig. 5e, f).

Avasimibe arrests the cells at the G0/G1 checkpoint by regulating
the p53/p21 signaling pathway
Avasimibe may arrest the cell cycle, as was implied by the
KEGG pathway enrichment analysis. The expression levels of
the proteins associated with G0/G1 cell cycle checkpoints in
the U251 and U87 cells treated with avasimibe for 48 h
were determined by Western blot analysis. Fig. 6a shows that
the expression levels of CDK2, cyclin E1, CDK4, and cyclin D were
downregulated, while the expression levels of p53, p21, and
p27 proteins were upregulated (Fig. 6a) in the cells treated with
avasimibe. Avasimibe also activated downstream proteins p21
and p27 by activating p53, thereby inhibiting the activity of
the CDK2/cyclin E1 and CDK4/cyclin D complexes, arresting the
cell cycle in the G0/G1 phase. All these results suggest that
avasimibe arrested the cell cycle in the G0/G1 phase through a
p53-dependent pathway.

Avasimibe arrests the cells at the G2/M checkpoint by regulating
the p53/GADD45A and Aurora A/PLK1 signaling pathways
To explore whether avasimibe arrests the cell cycle at the G2/M
phase, the expression levels of proteins associated with G2/M cell
cycle checkpoints were determined by Western blotting. The
results showed that the expression levels of CDK1 and cyclin B
were downregulated by treatment with avasimibe in cells
(Fig. 6b). The expression levels of p53 and GADD45A proteins
were increased (Fig. 6b). All the results suggested that avasimibe
arrested the cell cycle at the G2/M phase through a p53-
dependent pathway. GADD45A was upregulated by p53 tran-
scriptional regulation and interacted with the CDK1-cyclin B1
complex, inhibiting the activity of CDK1 kinase, thereby arresting
the cell cycle at the G2/M checkpoint. In addition, avasimibe
inhibited the expression levels of Aurora A and PLK1, which are
critical for the activity of the CDK1-cyclin B1 complex (Fig. 6b),
indicating that avasimibe can arrest the cell cycle at the G2/M
phase by regulating the Aurora A/PLK1 pathway. Overall,
avasimibe arrested the cell cycle at the G2/M checkpoint by
regulating the p53/GADD45A and Aurora A/PLK1 signaling
pathways.

Avasimibe suppressed tumorigenicity in vivo
To explore whether avasimibe has antitumor activity in vivo, a
xenograft model was established by inoculating U87 nude mice
with U87 cells and then treating the mice with 30 or 15 mg/kg of
avasimibe per mouse every day for 18 days (Fig. 7a). As shown,
the intraperitoneal administration of avasimibe significantly
reduced tumor volume and tumor weight in a dose-dependent
manner (Fig. 7b–e). During the administration of avasimibe, no
obvious weight loss or abnormal behavior was observed in the
nude mice. No mortality nor obvious metastasis was found in

a 0 7.5 15 30

U251

U87

b

Fig. 2 Avasimibe inhibited colony formation of the U251 and U87 cells. a Morphological features showed that avasimibe inhibited colony
formation of the U251 and U87 cells. b The number of colonies formed by the U251 and U87 cells. Error bars, s.d. (n= 3, *P < 0.05)
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the vital organs, including the liver, kidney, brain, and lung.
These results showed that avasimibe had an antitumor effect
in vivo in a dose-dependent manner.

DISCUSSION
Drug repurposing, also known as drug repositioning, refers to the
reuse of old drugs to treat non-indication diseases. Drug
repurposing has been a hot spot in drug development in recent
years [20]. One of the earliest examples was mustard gas, which
was firstly used as a weapon of war but was later found to possess
anticancer properties [21]. Other examples include Viagra and
Cialis, changed from use as treatments for erectile dysfunction to
treatments for heart failure [22]; thalidomide, changed from use as
a sedative to a treatment for erythema nodosum leprosum [23];
and imipramine, changed from use as a tricyclic antidepressant to
treatment for small-cell lung cancer [24].
In this study, we firstly demonstrated that avasimibe, which

was used in atherosclerosis, has an anti-glioblastoma effect

by inducing cell apoptosis and arresting the cell cycle. Avasimibe
inhibited cell proliferation, reduced DNA synthesis, increased the
apoptotic rate of cells, decreased the mitochondrial memb-
rane potential, and increased the activity of caspase-3/7 and the
protein expression of cleaved caspase-9, cleaved PARP and Bax
in the U251 and U87 cells. In addition, avasimibe was found to
inhibit the expression of CDK1, CDK2, CDK4, cyclin E1, cyclin D,
cyclin B1, Aurora A, and PLK1 while increasing the expression of
p53, p21, p27, and GADD45A. Our results suggested that
avasimibe arrested the cell cycle at the G0/G1 phase and G2/M
phase by regulating the p53/p21, p53/GADD45A, and Aurora
A/PLK1 signaling pathways.
Apoptosis is a key component of the innate tumor-suppression

mechanism that inhibits oncogenesis at multiple stages, ranging
from transformation to metastasis [25]. Apoptosis is known to be
mediated by the mitochondrial pathway or the death receptor
pathway. Bcl-2 family members, such as Bcl-2 and Bax, are crucial
mediators of apoptosis in the mitochondrial pathway [26, 27]. In
apoptosis, a subgroup of caspase-3, caspase-7, and caspase-9,
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Fig. 3 Avasimibe-induced apoptosis in the U251 and U87 cells. a, b Hoechst 33342 staining assays showed that avasimibe induced cell
apoptosis in the U251 and U87 cells. Scale bar= 100 μm. c, d Flow cytometric analysis of apoptosis with cells double stained with Annexin
V-EGFP/PI, showing that avasimibe increased the apoptosis rate of the U251 and U87 cells (n= 3)
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named executioners, are crucial for the cleavage of PARP, an
associated hallmark of apoptosis [28, 29]. A previous study showed
that avasimibe-induced apoptosis was caspase-3-dependent and
activated by caspase-8 [30]. In our study, we also demonstrated
that avasimibe induced apoptosis in a mitochondria-dependent
manner. Avasimibe can reduce the mitochondrial membrane
potential, which is an indicator of early apoptosis. In addition to
caspase-3, avasimibe increased the activity of caspase-7, caspase-
9, and PARP and induced the expression of Bax in the U251 and
U87 cells. These results suggest that avasimibe may induce cell
apoptosis via the mitochondria-dependent pathway, and that the
pro-apoptotic protein Bax regulates the pathway.
RNA-seq analysis was used to identify differentially expressed

genes in the untreated cells and the cells treated with avasimibe
for 48 h and characterize the potential biological pathways
targeted by avasimibe. The results showed that, among the top
ten enriched pathways, five pathways were associated with the
cell cycle, such as the cell cycle, DNA replication, pyrimidine
metabolism, mismatch repair, and nucleotide excision repair

pathways. Therefore, avasimibe may affect cell proliferation by
regulating the cell cycle.
The cell cycle is a set of organized and monitored events

responsible for proper DNA replication and cell division. The cell
cycle progresses from quiescence (G0 phase) to proliferation (G1,
S, G2, and M phases) and returns to quiescence [31, 32]. Three
cyclin-dependent kinases, CDKs, and their activating cyclins (B, D,
and E) play key roles in mammalian cell cycle regulation [33]. It has
been established that CDK4/cyclin D and CDK2/cyclin E promote
cell passage through the G1 and S phases, whereas CDK1/cyclin B
regulates the cell transition through late G2 phase and mitosis
[33, 34]. The activities of the CDK–cyclin complexes depend on
the balance between cyclins and cyclin-dependent kinase
inhibitors (CKIs), such as p27(kip1) and p21(cip1) [35]. The p53
tumor suppressor protein controls the expression of p21 and p27
[36–40]. The results from our study revealed that treatment with
avasimibe significantly downregulated cyclin D and cyclin E1 and
upregulated p53, p21, p27, which indicated that avasimibe can
arrest the cell cycle at the G0/G1 phase through the combined

Fig. 5 Differential expression and enrichment analysis of the U87 cells treated with avasimibe. a Volcano plot of differential expression results
(upregulated genes are in red; downregulated genes are in blue; nonregulated genes are in black (|log2FC| ≥ 1 and P value ≤ 0.05). b–d GO
enrichment analysis of differentially expressed genes. e, f KEGG pathway analysis of differentially expressed genes
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effects on the positive (cyclin D and cyclin E1) and negative (p21
and p27) regulators of CDK.
We also examined if avasimibe arrests the cell cycle during the

G2/M transition by analyzing cyclin B1 production. Cyclin B1 is a
key regulator of the cell cycle, crucial for controlling the G2/M
transition. Cyclin B1 is involved in regulating the events of mitosis.
Its synthesis, which is increased in the early G2 phase, is necessary
for the transition from G2 through M [37]. Our results showed that
avasimibe arrested the cell cycle at the G2/M phase by reducing
the expression of cyclin B1 and CDK1. GADD45A, Aurora A, and
PLK1 were found to be involved in the regulatory mechanism.
In normal cells, GADD45A is upregulated by p53 transcriptional

regulation and interacts with the CDK1-cyclin B1 complex,
inhibiting the activity of CDK1 kinase, thereby arresting the cell
cycle at the G2/M checkpoint [41–44]. Aurora A and PLK1 are also
redundant to the activation of CDK1-cyclin B1 during G2/M
checkpoint recovery [45–47]. Aurora A promotes mitotic entry by
controlling the activation of CDK1-cyclin B1 [48, 49]. It also
activates PLK1, a key regulator of the cell cycle, in G2 through
direct phosphorylation of PLK1 [50–52]. PLK1 has a peak of
expression in G2/M and acts as a regulator of the cell cycle, which
activates the CDK1-cyclin B1 complex that promotes mitosis

entrance [53]. In this study, we found that avasimibe increased the
expression of GADD45A and decreased the expression of Aurora A
and PLK1, indicating that avasimibe arrested the cell cycle at
the G2/M phase by regulating the p53/GADD45A and Aurora
A/PLK1 signaling pathways.
In a mouse xenograft glioblastoma tumor model, we checked

the in vivo antitumor effect of avasimibe treatment. After 18 days
of avasimibe treatment, the growth of subcutaneous tumors was
significantly inhibited, the tumor volume decreased, and the
tumor weight decreased, indicating that avasimibe not only
inhibited glioblastoma at the cellular level but also had a good
antitumor effect in vivo. Although the therapeutic effect of
avasimibe on tumors is not as profound as that of the first-line
drug temozolomide in glioblastoma, it can reduce the side effects
of traditional tumor drug treatment due to its high safety profile.

CONCLUSIONS
This is the first study that avasimibe inhibits the cell cycle in more
than one phase through the regulation of p53/p21, p53/
GADD45A, and Aurora A/PLK1 signaling pathways. This dual
effect highlights the potent antiproliferative effect of avasimibe
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Fig. 6 Avasimibe induced cell cycle arrest in the U251 and U87 cells. aWestern blot analysis showed that avasimibe induced cell cycle arrest in
the G0/G1 phase by regulating the p53/p21/p27 pathway. b Western blot analysis showed that avasimibe arrested the cell cycle in the G2/M
phase by regulating the p53/GADD45A and Aurora A/PLK1 pathways. c Schematic model for the mechanism of avasimibe in cell cycle arrest
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and suggests that avasimibe might stop the proliferation of
glioblastoma cells at any stage in the cell cycle. Avasimibe also
exerts antitumor effects on glioblastoma cells by inducing
mitochondria-dependent apoptosis. Moreover, avasimibe also
has antitumor effects in vivo. Therefore, avasimibe might be used
as an anti-glioblastoma drug.
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