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Background: Osteosarcoma is the most common primary malignant bone neoplasm and is
associated with abysmal prognosis. There are limitations of current treatment methods.
Therefore, developing new agents to treat osteosarcoma is exceptionally urgent.

Aim: This study aimed to evaluate the anticancer effects of evodiamine (EVO) on osteo-
sarcoma cells and, meanwhile, to investigate the underlying mechanisms involved.
Materials and Methods: The effect of EVO on the proliferation of osteosarcoma was
detected by MTT assay, crystal violet assay and colony formation assay. The effects of EVO
on the migration and invasion of osteosarcoma were detected by wound-healing assay and
transwell assay. The effect of EVO on apoptosis of osteosarcoma was measured by Hoechst
33258 staining and cell cycle assay. The protein expression levels were detected by Western
blotting assay. The activity of Wnt/B-Catenin signaling pathway was detected by luciferase
reporter assay and Western blotting assay.

Results: According to MTT, crystal violet and colony formation assay results, EVO signifi-
cantly inhibited the cell proliferation in a dose-dependent manner. Hoechst 33258 staining
assay revealed that EVO induced cell apoptosis in a concentration-dependent manner.
Moreover, EVO inhibited the migration and invasion of the osteosarcoma cells. Mechanistic
studies revealed that EVO suppresses metastatic through suppressing epithelial-mesenchymal
transition (EMT) as indicated by elevating the expression of epithelial marker E-cadherin and
reducing the expression of mesenchymal markers N-cadherin and vimentin, as well as EMT
transcription factors Snail and MMPs. Subsequently, EVO induced cell cycle arrest at the G2/
M phase that correlated with reduced levels of cyclin D1 protein, while the apoptotic effects of
EVO were associated with the upregulation of Bax and Bad and a decrease in Bcl-2 protein
levels. Furthermore, EVO exerted the anticancer effects by suppressing Wnt/B-catenin signal
pathway in osteosarcoma cells.

Conclusion: In summary, EVO exhibited potent anticancer effects against human osteosar-
coma cells and promoted apoptosis through suppressing Wnt/B-catenin signaling pathway.
These results indicated that EVO may be regarded as a new approach for osteosarcoma
treatment.
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Introduction

Osteosarcoma is the most common primary malignant bone neoplasm, which pre-
dominantly occurs among children and young adults.! According to the recent data
from the National Cancer Institute Surveillance, Epidemiology, and End Results
(SEER) program, the incidence rate of osteosarcoma in the United States between
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0 and 19 years of age from 2012 to 2016 has been 5.6%.” It
is associated with a high tendency of local invasion and
early pulmonary metastasis, which leads to the poor prog-
nosis of osteosarcoma.” Moreover, the five-year overall
survival rate of metastatic osteosarcoma patients is less
than 20%.* Due to the application of surgery, adjuvant
chemotherapy and radiotherapy for osteosarcoma manage-
ment, the long-term survival rate for localized osteosar-
coma has risen to 60-70%.>° However, the development
of therapeutic resistance and presentation of various
severe toxic side effects restrict the administration of
chemotherapy.” Accordingly, the exploration of novel and
efficient anticancer agents for osteosarcoma is urgently
required.

In the past decades, many naturally derived compounds
have attracted considerable attention for their anticancer
effects.” Evodiamine (EVO) is a famous alkaloid with
a quinazolinocarboline skeleton, which was isolated from
Evodia ruraecarpa.'® The biological activities of EVO
have been widely investigated, including anti-obesity, anti-
inflammatory, anti-atherosclerotic, neuroprotective, and
anticancer effects.'® Among them, the anticancer activity
of EVO with the multitargeting molecule is attractive.
Previous studies evaluated the anticancer effects of EVO
in a variety of cancer cell lines."' The anticancer effects of
EVO in cancer cells were related to the induction of
apoptosis, as well as inhibition of proliferation, migration,
cell cycle progression, and angiogenesis by affecting
multitargets.'> EVO inhibited the proliferation of non-
small cell lung cancer A549 cells through decreasing the
activity of AKT/nuclear factor-«B (NF-kB) and Sonic
hedgehog/GLI family zinc finger 1 (SHH/GLI1) signaling
pathways.'> It was reported that EVO downregulated cell
viability and inhibited cell cycle progression in human
hepatocellular carcinoma (HCC) HepG2 cells by decreas-
ing the p-Akt level and increasing the levels of apoptotic
protein Bax, cleaved-caspase-3 and cleaved-PARP (poly
ADP-ribose polymerase).'* EVO was reported to down-
regulate migration and upregulate apoptosis by inactivat-
ing phosphorylation of extracellular signal-regulated
kinase (p-ERK) and activating p38 mitogen-activated pro-
tein kinase (MAPK) in human breast cancer MDA-MB
-231 cells."> EVO induced the apoptosis of human color-
ectal carcinoma cells COLO-205 via the upregulation of
p53 and Bax/Bcl-2 ratio, as well as decreasing mitochon-
drial transmembrane potential.'® Through inhibition of
expressions of B-catenin and VEGFa, EVO was shown to
exert anticancer effects on HCCs (HepG2, SMMC-7721,

H22) by downregulating angiogenesis.'” Similarly, recent
studies reported that EVO inhibited the proliferation of
human osteosarcoma 143B cells through inactivation of
the PTEN/P13k/Akt pathway.'® Evidences indicated that
EVO also induced growth inhibition and inactivated the
migration and invasion of osteosarcoma U20S cells by
inactivating Raf/MEK/ERK signaling pathway.'® In the
present study, we examined the anticancer activity and
the related mechanism of EVO in human osteosarcoma
cells 143B and MG63. Our results not only confirmed the
previous findings but also revealed that EVO could exert
anticancer effects through suppressing Wnt/B-catenin sig-
naling pathway in cancer cells.

Materials and Methods

Cell Culture and Treatment

The osteosarcoma cell lines 143B and MG63 were provided
by Dr Tongchuan He (University of Chicago, USA), which
originate from the America Type Culture Collection (ATCC,
USA). Cells were cultured in high glucose Dulbecco Modified
Eagle Medium (DMEM; Hyclone™, ThermoFisher
Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Hyclone™, ThermoFisher
Scientific, Waltham, MA, USA) and 100 U/mL of penicillin-
streptomycin (Gibco, Invitrogen, Carlsbad, CA, USA), which
maintained in a humidified atmosphere of 5% CO, incubator
at 37°C. Osteosarcoma cells propagating in the dishes were
washed with Phosphate-Buffered Saline (PBS; Gibco,
Invitrogen, Carlsbad, CA, USA) and treated with 0.25% tryp-
sin-EDTA (ThermoFisher Scientific, Waltham, MA, USA) to
subculture. Cells in the exponential phase were collected for
subsequent experiments.

The compound EVO was purchased from the Chengdu
Herbpurify CO., LTD (Chengdu, Sichuan, China), with
purity over 98%. Stock solutions of EVO were prepared
in dimethyl sulfoxide (DMSO; Sigma, St Louis, MO, USA)
at the concentration of 80mM, which would be diluted with
fresh medium immediately before application. Cells were
treated with different concentrations of EVO for 24h, 48h
and 72h as desired, and an equal volume of DMSO (final
concentration <0.1%) was added to the experimental con-
trol (DM group) with only culture medium adding as nega-
tive control (NC group).

MTT Assay

Cell viability and growth were assessed using an MTT
assay. MTT powder was purchased from Sigma Chemical
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Co. (St Louis, MO, USA). Briefly, the cultured 143B or
MG63 osteosarcoma cells were transplanted into 96-well at
the appropriate seeding density of 5x10° cells/well and
treated with predesigned concentration of EVO (0.5, 1, 2,
4,6, 8,16 and 32 uM for 143B cells; 0.25, 0.5, 1, 2, 4, 6, 8
and 16 pM for MG63 cells) or DMSO. The cells only
cultured with the medium were set as a negative control
group. After cultured for 24, 48 and 72 hours at 37°C, cells
were incubated with 20uL MTT (5 mg/mL) for an addi-
tional 4h at 37°C, then the medium was replaced with
100uL 100% dimethylsulfoxide (DMSO) in each well, fol-
lowing which the plates were then agitated on a plate shaker
for 10 min before measurement. The absorbance was mea-
sured at a wavelength of 490 nm on a microplate reader.

Crystal Violet Assay

The osteosarcoma cells were seeded in the 24-well plate with
a density of 2.5x10* cells/well and treated with predesigned
concentrations of EVO (1, 2, 4 and 8 uM for 143B cells; 0.5,
1, 2 and 4 uM for MG63 cells) or DMSO. The cells only
cultured with the medium were set as a negative control
group. After incubation for 24, 48 and 72 hours, the cells
were washed carefully with PBS, fixed with 4% paraformal-
dehyde solution for 30 min. Then, the cells were stained with
0.5% crystal violet dye solution (Beyotime, Shanghai, China)
under dark conditions for 10 min, after that the cells were
carefully washed with distilled water to remove the redun-
dant crystal violet solution and dried at room temperature.
The images were obtained using an image scanner (Epson
Perfection V200 Photo, China). For quantification analysis,
a 200pL 20% acetic acid solution was added to the well to
dissolve the crystal violent, the plate was shaken for 20 min.
The absorbance was estimated at 590nm on a microplate
reader.

Colony Formation Assay

The osteosarcoma cell lines 143B and MG63 (500 cells/well)
were seeded into 6-well plates and treated with a predesigned
concentration of EVO (0.5, 1, 2 and 4 uM for 143B cells;
0.25, 0.5, 1 and 2 pM for MG63 cells) or DMSO. This is to
determine the long-term effect of EVO exposure. The cells
that were only cultured with the medium was set as
a negative control group. After incubated at 37°C for
7 days, the cells were washed by PBS, fixed with 4% paraf-
ormaldehyde solution and stained with crystal violet for
counting. Finally, the colonies were scored and photo-
graphed. The colony of more than 50 cells was counted by
Image] software (National Institutes of Health, USA).

Wound-Healing Assay

Osteosarcoma cells were seeded into 6-well plates. After
the cells reached 80-90% confluence, wounds were created
with a sterile 10 pL pipette tip. After washing with PBS,
cells were treated EVO (1, 2, 4 and 8 pM for 143B cells; 0.5,
1, 2 and 4 uM for MG63 cells) or DMSO in serum-free
DMEM and incubated at 37 °C for 24 hours. Images of
wounds at Oh, 12h and 18h for 143B cells while 0, 12 and
24 hours for MG63 cells after scratching were obtained
using an inverted microscope (ECLIPSE Ti, Nikon, Japan)
at x200 magnification. The wound areas at different time
points were measured with the ImageJ software (National
Institutes of Health, USA).

Transwell Assay

For the invasion assay, the top transwell chambers (24-well
insert; 8-um pore size, Millipore, USA) were coated with
Matrigel matrix (BD Biosciences, USA) according to the
manufacturer’s instructions. For the migration assay, trans-
well chambers without Matrigel were used. In both assays,
cells (6x10°/mL) were seeded onto the upper chamber in
500uL of serum-free medium containing EVO (1, 2, 4 and
8 uM for 143B cells; 0.5, 1, 2 and 4 pM for MG63 cells) or
DSMO, and 500uL medium supplemented with 10% FBS
was used as a chemo-attractant in the lower chamber. After
incubation for 48h at 37°C, the cells that did not migrate or
invade through the pores were removed by a cotton swab.
Filters were fixed with 4% paraformaldehyde solution for
20 min and stained with 0.1% crystal violet for 10min. The
migrated or invaded cells were then visualized and counted
from 5 randomly selected fields (x200 magnification).

Hoechst 33258 Staining Assay

A Hoechst Staining Kit was purchased from Solarbio
Science & Technology Co., Ltd (Beijing, China). The
cells were seeded in a 24-well plate with density of
2.5x10* cells/well. After treated with predesigned concen-
trations of EVO (1, 2, 4 and 8 uM for 143B cells; 0.5, 1, 2
and 4 uM for MG63 cells) or DMSO for 48h, the cells
were fixed in 4% paraformaldehyde solution for 10 min,
washed with PBS, stained with 200pL Hoechst 33258 per
well for 30 min under dark condition and then washed
twice with PBS. Finally, the stained cells were visualized
at a magnification of 200x and counted from 5 randomly
selected fields using a fluorescence microscope (ECLIPSE
Ti, Nikon, Japan).
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Cell Cycle Assay

Osteosarcoma cells were cultured in 6cm dishes and trea-
ted with EVO (2, 4 and 8 uM for 143B cells) or DMSO for
48h. Then, the cells were collected, fixed with 75% etha-
nol at 4°C overnight, and stained with PI (Beyotime,
Shanghai, China) for 15 min at room temperature in the
dark. The stained cells were immediately analyzed by flow
cytometer (CytoFLEX, Beckman Coulter, Fullerton, CA,
USA) and data were analyzed by FlowJo 7.6 software.

Luciferase Assay

The p-BGluc TCF/LEF (TOP-luc) was generously donated
by Dr Tongchuan He (University of Chicago, USA). The
cells proliferated to 70% confluence after 24 hours of
culture. The 143B cells were transfected with the reporter
construct using the Lipofectamine 2000 reagent (Thermo
Fisher Scientific, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Then, cells were grown in fresh
medium and treated with various concentrations of EVO
(0.5, 1, 2,4, 8 and 16 uM for 143B cells) or DMSO only
for 24 hours. The amounts of luciferase were measured
with the Luciferase Reporter Assay System Kit (New
England Biolabs, USA) according to the manufacturer’s
protocol. The relative transcriptional activity was con-
verted into fold induction above the vehicle control value.

Western Blot Assay

Total protein was extracted from cells treated with EVO or
DMSO by using the mammalian protein extraction reagent
RIPA (Beyotime, China). The protein concentration was
measured using BCA (bicinchoninic acid) protein assays
(Beyotime, China). Protein samples were boiled with 6x
SDS loading buffer for 5 min, separated on a 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and then transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, USA). Membranes were
blocked in 5% bovine serum albumin (BSA; Solarbio,
Beijing, China) for 2h and then incubated with diluted spe-
cific primary antibodies overnight at 4°C. B-Actin was pur-
chased from Zoonbio Technology (Beijing, China), while
PCNA, B-catenin, c-Myc, cyclin D1, GSK-3f, Bcl-2, Bad,
Bax, Caspase-3, cleaved Caspase-3, PARP, cleaved-PARP,
MMP-2, MMP-7, MMP-9, vimentin, E-cadherin, N-cadherin
and Snail were purchased from Cell Signaling Technology
(Danvers, CO, USA). Primary antibodies were detected
using horseradish peroxidase-conjugated secondary antibo-
dies. The bands were visualized using an enhanced

chemiluminescent kit (Millipore, USA) according to the
manufacturer’s protocol. The protein bands were pictured
and analyzed by using the ChemiDoc MP Imaging System
and Image Lab Software (Bio-Rad, California, USA).

Statistical Analysis

All data represent at least three independent experiments and
are presented as the mean + SD. Differences among groups
were analyzed by Single-factor variance analysis with the
least significant difference test using SPSS 24.0 software
(SPSS Inc., Chicago, IL, USA). A value of P<0.05 was
considered to indicate a statistically significant difference.

Results
EVO Inhibits the Growth of 143B and
MGé63 Cells

To examine the antiproliferation effects of EVO on osteo-
sarcoma, cell viability was measured at 24, 48 and 72 hours,
respectively, after 143B and MG63 cells treated with EVO at
the indicated concentration of EVO and the experimental
control group was treated with DMSO while the nothing
adding was set as negative control (NC) group by MTT
assay. As shown in Figure 1A and B, the proliferation rate
was significantly lower in EVO-treated groups than the NC
group and DMSO group. Additionally, the proliferation rate
was decreased in a time- and dose-dependent manner. Based
on these data, we chose 1, 2, 4 and 8 uM for 143B cells and
0.5, 1, 2 and 4 pM for MG63 cells as the working concen-
trations for the subsequent experiment. Also, we further
confirmed with the antiproliferation effects of EVO by
using crystal violet assays. As shown in Figure 1C-F, the
results were similar to the MTT assays. Both proliferation
assays indicated that EVO could effectively suppress the
growth of osteosarcoma cell lines. Furthermore, we con-
ducted the colony formation assays to verify whether EVO
could inhibit the carcinogenic property of osteosarcoma
cells. Figure 1G-J exhibited that EVO could inhibit tumor-
igenesis in a dose-dependent manner, which was consistent
with the antiproliferation finding. As shown in Figure 1K
and L, EVO also significantly suppressed the expression of
proliferating cell nuclear antigen (PCNA), a marker for the
assessment of osteosarcoma growth.

EVO Induced Cell Cycle Arrest at
the G2/M Phase

Cell cycle arrest and apoptosis induction are two major causes
of cell proliferative inhibition. In order to examine the effect of
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Figure | EVO inhibits the growth of 143B and MG63 cells. Human osteosarcoma cell lines, (A) 143B and (B) MG63 cells were treated with EVO with various dosages and the cell
viabilities were examined by MTT assay. The data are presented as the mean + SD (n=3, each group). *p<0.01, **p<0.00| vs NC group; *p<0.05, #p<0.01, *#5<0.001 vs DMSO
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EVO on the cell cycle progression of osteosarcoma cells, cells
were treated with or without EVO, and percentages of cells at
the different cell cycle phases were measured using a flow
cytometric analysis via PI staining. As shown in Figure 2A
and B, EVO significantly (p<0.001) increases the percentage
of cells at the G2/M phase and decreased the GO/G1 and
S phase of the cell cycle in a concentration-dependent manner.
This result indicated that EVO treatment effectively mediated
G2/M cell cycle arrest in 143B cells.

A NC
g ] G1: 42.24% &
] G2:6.27% o
g S :51.49% "]

EVO Induces the Apoptosis of 143B and
MG63 Cells by Activating the
Mitochondrial Apoptotic Pathway

The above results indicated that inhibition of the cell cycle
progression might be an upstream event leading to apop-
tosis. We next investigated whether EVO induced apopto-
sis in 143B and MG63 osteosarcoma cells. We evaluated
apoptosis via Hoechst 33258 staining assay and Western
blot analysis for detecting apoptotic marker caspase-3 and
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Figure 2 EVO induced cell cycle arrest at the G2/M phase. (A) The representative FACS plots displayed differences in cell cycle phases of 143B cells treated with different
concentrations of EVO or DMSO. (B) Bar graphs show that EVO led to cell cycle arrest at the G2/M phase in 143B cells. The data are presented as the mean + SD (n=3,
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PARP protein level. The images acquired by fluorescence
microscopy revealed that with the increase of EVO dose,
a growing number of cells exhibited the apoptotic mor-
phological characteristics, such as nuclear condensation
and apoptotic bodies (Figure 3A-D). Also, the protein
expression of caspase-3, cleaved caspase-3, PARP, cleaved
PARP increased at 24 hours in a concentration-dependent
manner. Altogether, these results suggest that EVO can
induce apoptosis in osteosarcoma cells. Furthermore, we
detected the expression levels of the Bcl-2 family proteins,
which play a crucial role in regulating the mitochondria-
dependent pathway of apoptosis. As shown in Figure 3E
and F, Bcl-2 was downregulated, while Bax and Bad
expression were upregulated in a dose-dependent manner
following EVO treatment. Therefore, the results indicated
that EVO induced apoptosis through the mitochondrial
pathway.

EVO Suppresses the Migration and
Invasion of 143B and MGé63 Cells

Subsequently, the effect of EVO on the metastatic ability
of osteosarcoma cells was investigated by wound-healing
and transwell assays. The results of wound-healing assay
showed that the scratches in EVO-treated cells were
remarkably larger than that of in control cells both at 12
and 24 hours (Figure 4A-D). Meanwhile, transwell migra-
tion assay indicated that EVO significantly suppressed the
migration rates of osteosarcoma cells in comparison to
their corresponding control cells (Figure 4E-H). In addi-
tion, matrigel invasion assay proved that EVO suppressed
the invasiveness of osteosarcoma cells compared with
their corresponding control cells (Figure 4I-L). These
observations strongly confirm that EVO significantly
inhibited the migration and invasion of 143B and MG63
cells in a concentration-dependent manner. It is well
accepted that epithelial-mesenchymal transition (EMT) is
essential to tumor invasiveness and migration. Therefore,
we investigated the expression of EMT-related markers
through Western blotting. The results revealed that EVO
caused a marked increase in E-cadherin, but significantly
downregulated N-cadherin and Vimentin, as well as EMT
transcription factors Snail (Figure 4M and N), which indi-
cated that EVO suppresses the process of EMT in osteo-
sarcoma cells. Matrix metalloproteinases (MMPs) are
important proteolytic enzymes able to degrade the extra-
cellular matrix and basement membrane and serve critical
roles in the invasion process. As determined by Western

blot assay, EVO treatment significantly decreased the
expression of MMP-2, MMP-7 and MMP-9 proteins
(Figure 4M and N). Accordingly, the above data reveal
that EVO represses the invasion and migration abilities of
osteosarcoma cells via the suppression of EMT and the
downregulation of MMPs expression.

EVO Inhibits the Wnt/B-Catenin Signaling
Pathway

To further investigate the underlying mechanism of antic-
ancer effects of EVO on osteosarcoma cells, we next
examined the Wnt/B-catenin signaling pathway, which is
important for the action of chemotherapeutic drugs.
Firstly, we found the protein level of Wnt pathway effector
B-catenin was downregulated in EVO-treated cells com-
pared to the control group cells (Figure SA and B). Thus,
we hypothesized that EVO might involve in cancer cell
growth and metastasis via the Wnt/B-catenin signaling
pathway. The stability of f-catenin in cells is tightly regu-
lated by the Axin/APC/GSK3f complex. Phosphorylation
of B-catenin by GSK-3p results in its degradation, which
leads to the inactivation of Wnt/B-catenin signaling. Thus,
we explored whether EVO can affect the expression of
GSK-3pB, the negative regulator of Wnt/B-catenin signal-
ing. We found that its protein expression level was mark-
edly increased in response to EVO (Figure 5A and B).
Subsequently, we used the TOP-Luc luciferase reporter
gene system, which contains TCF/LEF-responsive ele-
ments to analyze the TCF/LEF transcription factor activity
of Wnt signaling (Figure 5C). The result indicated that
EVO suppressed TCF/LEF transcription factor activity in
osteosarcoma cells. Moreover, we found that the Wnt
target proteins cyclin D1 and c-Myc were also downregu-
lated in EVO-treated osteosarcoma cells (Figure 5A
and B). These data indicated that the suppression of Wnt/
[B-catenin signaling pathway was mainly involved in EVO-
induced anticancer effects in osteosarcoma cells.

Discussion

In recent years, natural Chinese compounds, especially plant-
derived compounds, have received extensive attention as
sources of new drugs for anticancer therapy.?® EVO,
a quinolone alkaloid, is traditionally used for headache or
stomach ache in China.?! However, its effects on bone
tumors and its potential mechanisms are unclear. In the pre-
sent study, we demonstrated that EVO inhibited cell prolif-
eration, migration and invasion, induced cycle arrest and cell
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apoptosis of osteosarcoma cells in a dose-dependent manner.
Mechanistic studies revealed that cell cycle arrest at the G2/
M phase may be correlated with reduced levels of cyclin D1
protein, while the apoptotic effects of EVO were associated
with the upregulation of Bax and Bad and a decrease in Bcl-2
protein levels. Moreover, EVO suppresses metastatic
through suppressing EMT as indicated by elevating the
expression of epithelial marker E-cadherin and reducing the
expression of mesenchymal markers N-cadherin and

vimentin, as well as EMT transcription factors Snail and
MMPs. Furthermore, EVO exerted the anticancer effects by
suppressing Wnt/B-catenin signal pathway in osteosarcoma
cells.

Proliferating cell nuclear antigen (PCNA) is a crucial
factor in DNA synthesis and repair, initially characterized
as the auxiliary protein of DNA polymerases & ande*
PCNA is involved in a wide range of cellular processes
including DNA replication, nucleotide-excision repair, mis-
match repair, the cell cycle and apoptosis.>> PCNA expres-
sion provides a reliable marker of proliferative activity
a wide range of human neoplasia, which also well known
is overexpressed in osteosarcoma tissues.>* In this study, we
found that PCNA was remarkably downregulated by EVO
in a dose-dependent manner, which further confirmed that
EVO exerted an antiproliferation role in osteosarcoma cells.

Cell cycle is one of the crucial mechanisms underlying
the regulation of tumor growth. Cell growth is defined by
several genetically defined checkpoints to ensure its coor-
dinated progression through the different stages of the cell
cycle and to monitor DNA integrity. The cell cycle is driven
by the alternative expression or degradation of different
cyclins, which exert their function by binding to different
CDKs.?® Cyclin DI is activated by binding to CDK4/6
during the cell cycle progression.”®?” Cell-cycle arrest in
response to stress is integral to the maintenance of genomic
integrity and several anticancer compounds carry out their
effects by arresting cell cycle.”® Alterations in the machin-
ery that controls the G2/M transition are frequently
observed in many types of human cancers.”® The analysis
of the cell cycle with different concentrations of EVO in
143B cells revealed a higher number of cells at the G2/M
phase, whereas the number of cells in the GO/G1 and
S phase decreased compared with the untreated cells.
These results indicate that EVO inhibits cell proliferation
via G2/M phase arrest in a dose-dependent manner. The
accumulation of G2/M phase cells resulting from EVO
treatment led us to determine the expression level of cell
cycle regulators. We also found that EVO suppressed the
expression of cyclin D1. These data indicated that EVO
induced G2/M arrest may be correlated with reducing levels
of cyclin D1 protein, which resulted in a growth blockade
on osteosarcoma cells.

Natural products typically exhibit their anticancer activ-
ities by not only cell-cycle arrest but also triggering apop-
tosis. Cells undergo apoptosis through the extrinsic pathway
(death receptor pathway) or intrinsic pathway (the mito-
chondrial pathway).** Mitochondria play a crucial role in
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apoptotic regulation and the mitochondrial dysfunction that
occurs during apoptosis.®’ Caspases are a family of proteo-
lytic enzymes that function to mediate apoptosis via pro-
grammed cell death. Of these, caspase-3 is an intracellular
protease that is critical in apoptosis and works early in the
apoptotic process.”” It is reported that caspase-3 activation
resulted in the cleavage of PARP, leading to overactivated,
the catalytic receptor process will consume a large amount
of ATP and NAD+ in the cell, and eventually energy deple-
tion leads to cell death.**-** The Bcl-2 family of proteins
promotes cell death by modulating the mitochondrial
release of pro-apoptotic factors and acts as a critical life-
death decision point within the common pathway of
apoptosis.®> This protein family includes antiapoptotic
(eg, Bcl-2) and pro-apoptotic (eg, Bax and Bad) factors.
With decreased Bcl-2 and increased Bax and Bad, mito-
chondrion is stimulated to release cytochrome c, which in
turn activates caspase-3, ultimately leading to apoptosis.*®
In this study, we revealed that after incubation with EVO,
a dose-dependent increase of caspase-3, cleaved-caspase3,

PARP and cleaved PARP was detected. Moreover, we
observed downregulation of pro-apoptotic marker, Bax
and Bad, and upregulation of antiapoptotic Bcl-2 proteins
in EVO-treated osteosarcoma cells. Therefore, our results
suggest that mitochondrial apoptosis induction and G2/M
phase cell cycle arrest both contributed to the anticancer
activity of EVO.

Besides, we also explored the antimetastatic effect of
EVO on osteosarcoma cells. The wound-healing assay and
transwell assay revealed that EVO suppressed the invasion
and migration ability of osteosarcoma cells. Osteosarcoma
cells possess highly invasive properties by undergoing
EMT, a unique phenotypic switch. EMT plays a critical
role in carcinoma metastasis, which is characterized by
inhibition of epithelial molecule E-cadherin and gaining of
mesenchymal markers, such as N-cadherin, vimentin and
fibronectin.*”** MMPs are critical proteolytic enzymes
with the capacity to degrade the extracellular matrix and
basement membrane and play a critical role in the invasion
process.’ MMPs are key modulators of various biological
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Figure 6 An illustration of how EVO exerts anticancer activity in osteosarcoma cells through the suppressing Wnt/B-catenin signaling pathway.
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processes, including the EMT process, cancer, angiogen-
esis, skeletal formation, inflammation and cell migration.40
E-cadherin, a transmembrane glycoprotein, can regulate
cell-cell adhesion. It is a significant epithelial marker and
its expression is reduced in cells that have undergone
EMT.*' N-cadherin is a calcium-dependent adhesion mole-
cule and in the presence of Ca,”" which resists hydrolysis by
protease and promotes tumor cell metastasis.*? Evidence
has established the expression and activation of Snail tran-
scriptional factor during EMT in E-cadherin suppression
and cancer progression.**** Vimentin is a type III inter-
mediate filament protein with a molecular weight of 57 kDa
and is expressed in non-epithelial cells, particularly in
mesenchymal cells.*> Our study found that EVO could
significantly downregulate the Snail and epithelial marker
(E-cadherin), meanwhile upregulated of mesenchymal mar-
kers (N-cadherin, vimentin, MMP-2, MMP-7 and MMP-9)
in osteosarcoma cells. Therefore, for the first time, our study
demonstrated that the suppressive effect of EVO on osteo-
sarcoma cell invasion and migration may be related to EMT.

Deregulation of Wnt signaling has been implicated in the
development and pathogenesis of a wide range of cancers,
including osteosarcoma.*®*” In the canonical Wnt/B-catenin
signaling, Wnt ligands bind to the dual receptor complex
comprised frizzled and low-density lipoprotein receptor-
related protein 5/6 (LRP5/6).***° This leads to inactivation
of the B-catenin destruction complex, Axin/APC/GSK-38,
thus relieving the critical mediator -catenin from its consti-
tutive proteasomal degradation.®® B-Catenin subsequently
accumulates in the cytoplasm and translocates into the
nucleus, where it associates with TCF/LEF family transcrip-
tion factors to alter the expression of downstream target
genes.”! In the present study, we explored the effect of
EVO on GSK-3B, a negative regulator of Wnt/B-catenin
signaling, and found that the total GSK-3p protein level
was significantly elevated in response to the treatment with
EVO. Moreover, our data indicate that downregulation of -
catenin protein in OS cells may result from the degradation
initialized by GSK-3, at least. Furthermore, we found that
EVO reduced the fluorescent expression of TCF/LEF fluor-
escent reporter plasmids, which suggests that EVO may
regulate osteosarcoma cells by suppressing the Wnt/B-
Catenin signaling pathway. c-Myc, MMPs and cyclin D1,
the downstream targets of Wnt, were downregulated. The
c-Myc is a multifunctional oncogene involved in cell growth,
proliferation, tumorigenesis, and so is frequently upregulated
in various types of cancer cells. One of the key biological

functions of c-Myc is to promote cell-cycle progression in
several cancers.”> Also, Bcl-2 is an apoptotic target sup-
pressed by both c-Myc and E2F-1.> A new function of
Wnt/Snail-mediated
found.>* In the presence of Wnt signaling, GSK-3p is unable

tumor progression was recently
to phosphorylate two of its known targets, -catenin and
Snail, and therefore stabilizes these two molecules in the
nucleus.** Therefore, by blocking the activity of GSK-3p,
Wnt can stabilize the level of Snail and B-catenin to induce
EMT and cancer metastasis.

In summary, we have demonstrated that EVO exhibited
potent antiproliferation and antimetastatic effects against
human osteosarcoma cells through suppressing Wnt/p-
catenin signaling pathway (Figure 6). Based on these findings,
EVO is a therapeutic agent worthy of further development as
a clinical trial candidate for treating osteosarcoma.
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