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Cantharidin (CTD) is one of the major active ingredients of blister beetles and has significant antitumor activi-
ty in many cancer cell lines. The aim of our study was to evaluate the effect of CTD on the apoptosis of human
osteosarcoma cells MG-63 and MNNG/HOS, and to explore the possible molecular mechanism.
Osteosarcoma cells MG-63 and MNNG/HOS were treated with varying concentrations of CTD. The proliferation
inhibition of cells was detected by MTS. Flow cytometry and Hoechst 33258 staining were used to determine
cell cycle arrest and apoptosis, and apoptosis-related protein levels were analyzed by Western blotting.

Our current findings suggest that CTD could inhibit the proliferation of these 2 osteosarcoma cells. The cells
treated with CTD showed an obvious apoptotic morphology, and CTD promoted cells apoptosis in a dose-de-
pendent manner. In addition, cantharidin-induced apoptosis was accompanied by increased expression of Bax
and PARP and decreased expression of Bcl-2, p-Akt, and p-Cdc2.

CTD accelerates the apoptosis of MG-63 and MNNG/HOS cells in a concentration-dependent manner through
the mitochondria-dependent pathway, suggesting that use of CTD is a novel approach for the treatment of
osteosarcoma.
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Background

Osteosarcoma is a malignant tumor originating from mesen-
chymal tissue and is the most common primary malignancy
in children and adolescents. It accounts for about 20% of pri-
mary bone malignancies and 0.5% of malignant tumors [1-3].
With use of neoadjuvant chemotherapy, the survival rate of
local limb osteosarcoma patients has been significantly im-
proved; the 5-year survival rate has risen to more than 60%,
but osteosarcoma is less sensitive to radiotherapy, chemo-
therapy and other treatment programs, and has poor prog-
nosis [4-7]. Therefore, it is difficult to develop more effective
means to prevent and treat osteosarcoma.

In the last few years, traditional Chinese medicine has been
increasingly used in the treatment of osteosarcoma in order to
overcome chemoresistance and promote apoptosis of osteosar-
coma cells [8,9]. Apoptosis is active cell death regulated by a
series of genes, and inducing apoptosis is a critical goal of de-
veloping new antitumor therapies at this stage. At present, the
known apoptotic regulatory pathways include the death recep-
tor pathway, the endoplasmic reticulum stress pathway, and
the mitochondrial pathway [10]. Apoptosis through the death
receptor-mediated pathway is mainly caused by Fas/FasL, cas-
pase-8, and caspase-10 activation. The endoplasmic reticulum
stress pathway appears to participate in Ca?* and caspase-12
activation and other phenomena. Significant features of mito-
chondrial pathway activation include the decreased mitochon-
drial transmembrane potential, with large amounts of cyto-
chrome c released from mitochondria into the cytoplasm [11],
and the release of cytochrome C causes apoptosis of down-
stream apoptotic molecules such as caspase 9 and A series of
cascade reactions [12]. Moreover, Bcl-2 family members and
genes play a key role in regulating the mitochondrial path-
way. Members of the Bcl-2 family are divided into anti-apop-
totic and pro-apoptotic factors. Anti-apoptotic factors include
Bcl-2 and Bcl-x and pro-apoptotic factors include Bax.Bad.Bak
and Bid [13]. Cantharidin (CTD) is a monoterpene compound
extracted from blister beetles; previous studies have shown
it has a variety of biological activities [14,15]. Its molecular
formula is C, H ,0, and it has a weight of 196.2. Cantharidin
can inhibit protein synthesis in tumor cells, then affects the
synthesis of RNA and DNA and the process of cell cycle, pro-
motes apoptosis of tumor cells, and inhibits proliferation of
tumor cells. It has been confirmed that it can exhibit potent
anti-cancer activity in many types of human cancer cells, in-
cluding bladder cancer [16], pancreas cancer [17], gastric can-
cer [18], and breast cancer [19].

In this study, we treated human osteosarcoma MG-63 and
MNNG/HOS cells with cantharidin, then assessed the effect of
CTD on their proliferation, apoptosis, and cell cycle, and also
explored their possible molecular mechanisms. The results
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Figure 1. The chemical structure of cantharidin. The molecular
formula of cantharidin is C,(H,,0, and its molecular
weight is 196.2.

showed that cantharidin was effective in inhibiting prolifera-
tion, inducting of apoptosis, and blocking cell cycle in osteo-
sarcoma cells.

Material and Methods

Reagents and antibodies

CTD was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and it has a purity of more than 99% tested by high-perfor-
mance liquid chromatography (HPLC). Its molecular formula is
C,,H,,0, and the relative molecular mass is 196.2 (Figure 1) [20].
CTD was used as a stock solution in dimethyl sulfoxide (DMSO)
with a concentration of 100 mg/ml and was stored at —20°C.
The CTD stock solution was freshly diluted to a desired con-
centration before each experiment. The main antibodies for
GAPDH, Akt, poly ADP ribose polymerase (PARP), Bax, and Bcl-
2 were obtained from Abcam, Inc. (Cambridge, UK). The anti-
bodies specific for phosphor-Akt (Thr308), p-Cdc2 were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit and
goat anti- mouse secondary antibodies were purchased from
Pierce. Hoechst 33258 was from Sigma-Aldrich and MTS was
purchased from Promega (Madison, WI, USA).

Cell lines and cultures

The human osteosarcoma cell lines MNNG/HOS (CRL-1547TM,
ATCC) and MG-63 (CRL-1427TM, ATCC) were from the Cell Bank
of the Shanghai Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China), where they
were analyzed and identified. These procedures included cross-
species checks, DNA identification, and quarantine. Cell lines
used in this study were cultured for less than 6 months. MG-63
and MNNG/HOS were incubated in Eagle’s Minimum Essential
Medium, supplemented with 10% fetal calf serum (FCS) and
1% penicillin/streptomycin mixture and both were maintained
in a humidified atmosphere of 5% CO,and 95% air at 37°C.
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Cell proliferation analysis by MTS assay

MTS assay was used to determine the proliferation of human
osteosarcoma cells treated with CTD in 96-well plates; 4-8x103
cells/well were seeded in 100 ul medium and allowed to ad-
here overnight [21]. Cells were treated with different con-
centrations of CTD (0-5 mg/ml) for different periods of time
(0-72 h). Two hours before the end of the incubation, MTS
(20 plin 100 pl Eagle’s Minimum Essential Medium) was add-
ed to each well and the cells were incubated at 37°C for 2 h.
Cell viability was calculated by measuring the absorbance at
490 nm using a MR7000 microplate reader (Dynatech) and IC,
values were calculated using the probit model.

Hoechst staining

Hoechst staining [22] was used to detect apoptosis of human
osteosarcoma cells treated with CTD. The cells were treated
with CTD and then cultured for 24 h. Hoechst 33258 (5-10 pg/
ml) was added to stain in the dark for 10 min, washed with
PBS, and then resuspended, and the morphological changes of
apoptosis were observed by inverted fluorescence microscopy.
Hoechst 33258 penetrated the cell membrane and stained the
nuclear DNA blue. During the apoptosis stage, Hoechst 33258
enhanced the combination with apoptotic cells, and apoptotic
cells were identified by staining with strong blue fluorescence.

Annexin V-phycoerythrin (PE)/7-amino-actinomycin D (7-
AAD) double-staining

The apoptosis of human osteosarcoma cells MG-63 and
MNNG/HOS treated with CTD was quantified by Annexin
V-PE/7-AAD double-staining. Cells treated with CTD (0-4
mg/ml) and (0-6 mg/ml), respectively, were seeded at a con-
centration of 2x10° cells/well in 6-well plates and cultured
for 24 h. Afterwards, the cells were stained using the annexin
V-PE/7-AAD double-fluorescence apoptosis detection kit (BD
Biosciences, San Diego, CA, USA) as described in the manufac-
turer’s instruction. Samples were tested using a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA) to obtain
data within 30 min after staining.

Cell cycle analysis by flow cytometry

Human osteosarcoma cells MNNG/HOS and MG-63 were seed-
ed in 6-well plates at a concentration of 10x10° cells/well
and various concentration gradients of CTD (0-4mg/ml) and
(0-6 mg/ml) were then added to grow for 24 h. After that, cells
of each well were collected, washed with PBS, and centrifuged.
Cells were then fixed with 70% pre-cooled ethanol overnight
and stained with 40 ug/ml propidium iodide (PI) for 30 min
in the dark. Cell DNA content was detected by a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA).
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Western blot analysis

MNNG/HOS and MG-63 cells were each treated with different
concentrations of CTD (0-4 mg/ml) and (0—6 mg/ml) at the ex-
ponential growth phase for 24 h. Then, the total protein was
extracted using a total protein extraction kit (Boster Biological
Technology, USA). The protein level was quantified with a bicin-
choninic acid protein assay kit from Boster according to the
manufacturer’s protocol. The protein extract was separated
using a 10-15% SDS—polyacrylamide gel electrophoresis and
then transferred to the polyvinylidene fluoride (PVDF) mem-
branes, then membranes were blocked in 5% skimmed milk
dissolved in TBST for 1 h. The membranes were incubated at
4°C overnight with a primary antibody containing GAPDH, Akt,
Bcl-2, Bax, PARP, and phosphor-Akt (Thr308), p-Cdc2, and then
incubated with horseradish peroxidase-conjugated goat anti-
rabbit and goat anti-mouse secondary antibody at room tem-
perature for 1 h. The protein expression was determined using
enhanced chemiluminescence reagents (Millipore, Waltham,
MA, USA). GAPDH was used as an internal control.

Statistical analysis

All experiments were done in biological triplicate. Results are
shown as the mean + standard deviation. The t test was used
to assess the statistically significant differences between the
experimental and control groups. IC, values and 95% confi-
dence intervals were calculated from the MTS assay data by
probability regression. All statistical analyses were performed
using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA,
USA) software. P<0.05 was considered statistically significant.

Results

CTD inhibits the proliferation of human osteosarcoma cells
in a time- and concentration-dependent manner

In order to study the proliferation of osteosarcoma cells, we
studied the growth inhibition of human osteosarcoma cell
lines MG-63 and MNNG/HOS by MTS assays. Osteosarcoma
cells were treated with different concentrations of CTD for
48 h. The results showed that the inhibitory effect of canthar-
idin on MG-63 and MNNG/HOS cells occurred in a time- and
concentration-dependent manner (Figure 2). The IC,, values
of CTD on MNCG/HOS cells were 2.783 pg/ml, and 3.4 pg/ml
on MG-63 cells.

CTD induces the apoptosis and G2/M phase arrest of
human osteosarcoma cells

To study the mechanism of CTD-induced apoptosis of human
osteosarcoma cells, MG-63 and MNNG/HOS cells were treated
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Figure 2. Cantharidin (CTD) inhibits proliferation of human osteosarcoma cells in a concentration-and time-dependent manner.
(A) MNNG/HOS and (B) MG-63 cells were treated with different concentrations of CTD for different time periods. The cells
were examined using the MTS assay and the absorbance was obtained at 490 nm using a microplate reader. The inhibition
rate is expressed as the percentage of cell inhibition compared with the control group. The data are expressed as the mean

+SD from samples in triplicate.

with CTD and apoptotic cells were examined by Hoechst 33258
staining and flow cytometry, as detailed in previous stud-
ies [23]. The results in Figure 3A demonstrate that the nuclei
of MG-63 and MNNG/HOS cells in the control group showed
weak fluorescence, which was the expression of normal cells.
In the experimental group, the nuclei of the cells were bright
blue, nuclei showed condensation or fragmentation, chroma-
tin showed condensation and marginalization, and apoptot-
ic bodies were visible; these are characteristic morphological
changes of apoptosis. Moreover, we found that in the osteo-
sarcoma cell lines, the number of late apoptotic cells increased
at higher CTD levels. Maximum cell death occurred within 48
h of drug exposure (data not shown). Thus, the CTD was cho-
sen to be exposed for 24 h as the appropriate time point for
the following experiments. In addition, quantitative results of
cell apoptosis and cell cycle distribution by using flow cytom-
etry assay indicated that cells treated with high- concentra-
tions of CTD showed higher apoptosis rates compared to cells
treated with low concentrations (Figure 3B, 3C), and these ef-
fects were concentration-dependent. As shown in Figure 4,
MG-63 and MNNG/HOS cells were exposed to different doses
of CTD and incubated for 24 h; in G2/M phase, CTD increased
the percentage of cells in a dose-dependent manner, main-
ly due to G2/M phase arrest. All results revealed that the cell
proliferation of cantharidin-treated cells was inhibited by the
induction of apoptotic cell death mechanisms.

CTD induced apoptosis of human osteosarcoma cells by
activating the mitochondrial pathway

In order to investigate how the expression of mitochondri-
al apoptosis-related proteins affected the mechanism of
CTD-induced apoptosis, we performed Western blot analysis.

This work is licensed under Creative Common Attribution-
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Figure 5 shows the results in cells treated with different con-
centrations of CTD for 24 h. With increased concentration, the
expression of the pro-apoptotic protein Bax was significant-
ly increased, and the expression level of the anti-apoptotic
protein Bcl-2 was decreased. CTD increased the protein lev-
el of PARP (Figure 5), but the cell cycle protein p-Cdc2 caused
G2/M arrest and phosphor-Akt (Thr308) were decreased, lead-
ing to apoptosis. Thus, these results suggest that CTD-induced
apoptosis of human osteosarcoma cells is mediated by mito-
chondrial pathways.

Discussion

Extraction of active ingredients from natural plants and from
animals for the treatment of malignant tumors has made con-
siderable progress, such as the discovery that gedunin has the
potential to exert antiproliferative effect on human embryonal
carcinoma (NTERA-2) [24] and that Mangifera zeylanica bark
has potential anti-cancer activity in breast and ovarian can-
cer [25]. In addition, paclitaxel has been used for clinical treat-
ment of breast cancer, ovarian cancer, and other tumors, orido-
nin has been used for the treatment of lung cancer, esophageal
cancer, and liver cancer, and retinoic acid has shown efficacy
in treatment of leukemia [26-28]. There have been numerous
studies showing that CTD induces cell cycle arrest and apop-
tosis in a variety of human cancers, including pancreatic can-
cer [29], bladder cancer [16], colorectal cancer [30], and hepa-
tocellular carcinoma [31].

In this study, we demonstrated the antitumor activity of CTD
in MG-63 and MNNG/HOS cells. These 2 cell lines were treated
with various concentrations of CTD, and the results showed that
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Figure 3. Cantharidin induces apoptosis in human osteosarcoma cells. (A) MNNG/HOS and MG-63 cells were separately treated with
0,0.5,1,2,3,and 4 yg/mland 0, 1, 2, 3, 4, and 6 pg/ml of cantharidin for 24 h, then cells were collected to detect apoptosis
by Hoechst staining under fluorescence microscope (original magnification, 100x, bar=200 um). (B) Annexin V-Phycoerythrin
(PE)/7-Amino-Actinomycin D (7-AAD) double-staining of osteosarcoma cells treated with graded concentrations of
Cantharidin. Data were calculated from separate experiments. (C) The results are expressed as a percentage of apoptosis.
Significantly different from the control group at *** p<0.01; **** p<0.001.
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Figure 4. Cantharidin induces cell cycle arrest in human osteosarcoma cells. (A) MNNG/HOS and MG-63 cells were separately treated
with 0, 0.5, 1, 2, 3, and 4 pg/ml and 0, 1, 2, 3, 4, and 6 pug/ml of cantharidin for 24 h, and flow cytometry was used to analyze
cell cycle distribution. (B) The results are expressed as a percentage of cell cycle distribution. Significantly different from the

control group at * p<0.05.

CTD promoted the apoptosis of MNNG/HOS and MG-63 cells in
a concentration- and time-dependent manner. The apoptotic
process was achieved by activating the mitochondrial pathway.

The development of malignant tumors is closely related to the
imbalance between cell proliferation and apoptosis regulation.
Apoptosis plays a negative role in tumor development and can
inhibit tumor growth [32]. MTS assay showed that the surviv-
al rate of MG-63 and MNNG/HOS cells decreased with the in-
crease of drug concentration after 48 h, suggesting that CTD
can promote the apoptosis of osteosarcoma cells, and the con-
centration was positively correlated. We demonstrated that CTD
could induce apoptosis of osteosarcoma MG-63 and MNNG/
HOS cells by flow cytometry and Hoechst33258 staining and
had a significant dose-effect relationship. It also suggests that
CTD may be useful in the treatment of osteosarcoma.

In addition, the expression of apoptosis-related proteins in
the mitochondrial pathway after treatment with CTD in hu-
man osteosarcoma cells was detected by Western blotting. The

anti-apoptotic molecule Bcl-2 and the pro-apoptotic molecule
Bax determine the state of cell survival or apoptosis, which is
an important regulator of apoptosis in the endogenous mito-
chondrial pathway. The results showed that the protein level
of PARP decreased, the expression of Bcl-2 decreased, and the
expression of Bax increased, which reduced the Bcl-2/Bax ratio,
leading to the decrease of mitochondrial membrane potential
and the release of Cyto-C from the mitochondria into the cyto-
plasm. Furthermore, in mitochondrial release of Cyto-C to the
cytoplasm, caspase enzyme family members are cut and acti-
vated, as are PARP, DNA2PK, and other dead substrates, mak-
ing the apoptosis signal cascade amplify and thus promoting
the occurrence of apoptosis [33,34].

Western blotting also showed that the protein level of p-Cdc2
decreased, and MG-63 and MNNG/HOS cells treated with CTD
showed G2/M arrest in the cell cycle distribution. In human
cells, the cell cycle-dependent protein kinase CDK1 is a key
protein that regulates G2/M phase. CDK1 activation is a nec-
essary condition for G2 phase to enter M phase [35]. The 14t
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Figure 5. Cantharidin affects the protein expression of G2/M arrest and apoptosis in MNNG/HOS and MG-63 cells. The cells were
separately treated with 0, 0.5, 1, 2, 3, and 4 pg/ml and 0, 1, 2, 3, 4, and 6 pg/ml of cantharidin for 24 h, and Western blot
analysis was used to determine protein levels of p-Cdc2, Akt, Bcl-2, Bax, PARP, and p-Akt (Thr308), respectively.

threonine and the 15% tyrosine residues on the phosphorylat-
ed CDK1 cause CDK1 hyperphosphorylation [36]. The results of
our study show that the effect of the G2/M phase arrest was
also accompanied by upregulation of phosphorylated CDK1
(Tyr-15) expression, indicating that the effect of CTD in arrest-
ing the G2/M phase in human osteosarcoma MNNG/HOS and
MG-63 cells is related to the decreased activity due to hyper-
phosphorylated CDK1.

Moreover, our study has shown that CTD can still induce apop-
tosis through other molecular pathways as follows. 1) By ac-
tivation of NF-xB signaling pathway. IKK (1B kinase) is an
upstream kinase of the NF-xB signaling pathway. PP2A can
dephosphorylate IKK and cantharidin as a PP2A inhibitor can
promote IKK phosphorylation and activate NF-xB pathway.
Activation of the NF-xB pathway in some cases can induce
apoptosis [37]. 2) By promoting the expression of ROS, and

then downregulating Bcl-2 expression, increasing pro-apop-
totic Bax expression, and activating the mitochondrial apop-
tosis pathway [38,39]. 3) By activation of the MAPK and ERK
signal transduction pathway [40,41].

Conclusions

In summary, although the role of CTD in tumor cells is not clear-
ly understood, these data indicate that CTD effectively inhibits
the growth of human osteosarcoma cells by activating the mi-
tochondrial pathway. Further research on these mechanisms
using in vivo and in vitro osteosarcoma models is needed.
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