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1  | INTRODUC TION

Osteosarcoma (OS) is the most common malignant tumor that orig-
inates in bone tissue, and it is prone to local invasion and early 
metastasis in children and young adults.1 Conventional surgical 
treatment can cause physical disability, resulting in poor progno-
sis. Recently, neoadjuvant chemotherapies have become the most 
common drugs for treating OS, but the poor response to chemo-
therapy is still a critical factor in OS patients.2 Despite advances in 
chemotherapy and aggressive surgical resection, clinical outcomes 
for OS patients have not substantially improved, and the 5-year 
overall survival rate has remained stable at approximately 60% in 

patients with local disease and <40% for patients with metastatic 
disease.3 These facts highlight the urgent need to develop more 
effective therapies for OS.

Many researchers have focused on traditional Chinese medicines 
because of their varied bioactivities and broad application prospects 
in human diseases.4 Norcantharidin (NCTD) is a synthetic demeth-
ylated analog of cantharidin isolated from blister beetles.5 Previous 
studies have demonstrated that NCTD suppresses the growth of 
numerous cancer cell lines, including oral cancer,6 hepatoma7 and 
prostate cancer,8 via apoptosis, autophagy and cell cycle arrest. 
Demethylcantharidin tablets are now used in the clinical treatment 
of hepatoma, esophageal and gastric carcinoma, and leukemia.9
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Osteosarcoma (OS) is the most common malignant bone tumor and frequently af-
fects adolescents. Norcantharidin (NCTD), a demethylated derivative of cantharidin, 
has been reported to exhibit anticancer activity against various types of tumors but 
not human OS. The aim of the present study was to evaluate the effects of NCTD on 
OS cell lines (MG63 and HOS) and to explore the underlying mechanisms. In the pre-
sent study, the proliferation of OS cells decreased significantly, while the apoptosis 
was accelerated significantly after exposure to NCTD. Meanwhile, our results also 
indicated that NCTD could suppress the migration and invasion, decrease the colony-
forming ability and induce S phase cell cycle arrest of OS cells in a dose-dependent 
manner. Moreover, our results revealed that the anticancer effects induced by NCTD 
on OS cells involved autophagy, mitophagy, endoplasmic reticulum stress and c-Met 
pathway. Furthermore, the results of animal experiments showed that NCTD inhib-
ited tumor growth in a xenograft model of human OS. These results provide impor-
tant new insight into the possible molecular mechanisms of NCTD and highlight its 
potential use as an antitumor drug for human OS.

K E Y W O R D S

apoptosis, autophagy, c-Met, norcantharidin, osteosarcoma

www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0003-1284-9995
https://orcid.org/0000-0003-4643-5950
mailto:sangwenhua123@126.com


     |  583MEI et al.

Considering the strong antitumour effects and widespread use 
of NCTD, it is essential to determine whether NCTD has an effect 
on human OS. Therefore, the aim of our study was to evaluate the 
effects of NCTD on OS cell lines (MG63 and HOS) in vitro and in 
vivo, and to explore the underlying mechanisms.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

The human OS cell lines were purchased from the ATCC. The cells 
were cultured in DMEM supplemented with 10% FBS and 1% 
streptomycin-penicillin in a humidified atmosphere at 37°C and 5% 
CO2. The medium was changed every 2 days until the cells were 
used in the following procedures.

2.2 | Cell proliferation assay

MG63 and HOS cells were seeded into 96-well plates at a density 
of 8 × 103 cells/well and treated with NCTD at concentrations of 0, 
1.5625, 3.125, 6.25, 12.5, 25, 50, 100, 200 and 400 μmol/L. After 
incubation for 24, 48 and 72 hours, the morphology of the cultured 
cells was observed with an inverted phase contrast microscope. 
Then, 10 μL of CCK-8 was added to each well, and the cells were 
incubated for another 1 hour. The cells were subsequently placed in 
a microplate reader to detect the absorbance at 450 nm. Cell viabil-
ity was calculated using the following formula according to optical 
density (OD): cell viability = (experimental group OD − zeroing OD)/
(control group OD − zeroing OD).

2.3 | Apoptosis

Cell apoptosis was evaluated using Annexin V fluorescein isothio-
cyanate and propidium iodide (Annexin V-FITC/PI) apoptosis detec-
tion kits (BD Biosciences, Franklin Lakes, NJ, USA). Briefly, 1 × 106 
cells were seeded in 100-mm plates for 24 hours and then treated 
with various concentrations of NCTD (0, 50, 100 or 200 μmol/L) for 
24 hours. Then, the cells were collected and washed twice with PBS 
and stained with Annexin V-FITC and PI according to the manufac-
turers’ protocols. The samples were again read on a flow cytometer. 
Both early and late apoptotic cells were recorded as apoptotic cells, 
and the results were expressed as the percentage of total cells.

2.4 | Caspase-3 activity assay

The activity levels of caspase-3 were detected using a caspase-3 
assay kit according to the manufacturer's instructions. Briefly, after 
cells were treated with various concentrations of NCTD (0, 50, 
100, or 200 μmol/L), they were collected, lysed and centrifuged at  
16 000 g for 20 minutes at 4°C. The supernatant containing pro-
tein was collected, and the protein concentrations were measured 
using BCA methods. Then, 50 μg of protein was incubated with 
buffer containing Ac-DEVD-pNA (2 mmol/L) at 37°C overnight, and 

the absorbance of yellow pNA (the cleavage product) was measured 
using a microplate reader at a wavelength of 405 nm. In addition, 
caspase-3 activity was calculated as a fold of the OD of the different 
NCTD concentrations relative to the OD of the control group.

2.5 | Cell cycle analysis

Cells were seeded in 100-mm dishes at a density of 1 × 106 cells/
dish and treated with various concentrations of NCTD (0, 50, 100 
or 200 μmol/L) for 24 hours. The cells were collected and fixed in 
70% ethanol at −20°C overnight. Then, the cells were incubated with 
10 mg/mL RNase and 50 μg/mL PI for 30 minutes. The cell cycle dis-
tribution was assessed using flow cytometry and data analysis was 
performed using FlowJo software (TreeStar, Ashland, OR, USA).

2.6 | Scratch wound healing assay

MG63 and HOS cells were seeded into 6-well plates and cultured in 
a humidified atmosphere at 37°C and 5% CO2. When the cells had 
grown to a confluence of approximately 80%, the dish was scraped 
in a straight line with a p200 pipet tip, and the cells were treated 
with NCTD at concentrations of 0, 50, 100 and 200 μmol/L for 
12 and 24 hours. The wound area was observed under an optical 
microscope.

2.7 | Transwell assay

Transwell assays with Matrigel were performed to evaluate cell migra-
tion and invasion as described previously. Briefly, MG63 and HOS cells 
were seeded on the upper surface of a transwell chamber at a density 
of 1 × 106 cells/well, treated with NCTD at concentrations of 0, 50, 100 
and 200 μmol/L, and incubated at 37°C for 24 hours. Then, the cells in 
the upper parts of the chamber were removed, while the invaded cells 
were fixed, stained and counted under a high-power microscope.

2.8 | Colony formation assay

Cells were seeded into 6-well plates at a density of 500 cells/well. 
After 24 hours, the cells were treated with various concentrations of 
NCTD (0, 50, 100 or 200 μmol/L) and incubated for another 14 days 
until colonies had formed. The cells were washed twice with PBS, 
fixed with 4% paraformaldehyde for 20 minutes, and stained with 
0.1% crystal violet for 30 minutes. The colony number in each well 
was counted under a microscope.

2.9 | Western blot analysis

Cells were seeded in 6-well plates and cultured in complete me-
dium until they reached confluence. Then, the cells were lysed in 
RIPA buffer containing protease inhibitor at 4°C for 20 minutes. 
The lysates were cleared by centrifugation at 12 000 g at 4°C for 10  
minutes. The protein concentration of the cell lysate was meas-
ured using a BCA protein assay kit (Beyotime, Shanghai, China). 
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A total of 30 μg of total protein was resolved by SDS-PAGE (Bio-
Rad, Hercules, CA, USA) and transferred to a PVDF membrane 
(Millipore, Billerica, MA, USA). The membrane was blocked with 5% 
dry nonfat milk in TBS plus 0.1% Tween (TBS-T) for 2 hours at room 
temperature. The membranes were incubated overnight at 4°C with 
the primary antibody. Next, the membranes were incubated with 
the secondary HRP-conjugated antibody (Abcam, Cambridge, MA, 
USA) for 1 hour at room temperature. Finally, the proteins on the 
membranes were observed with an Odyssey Scanning System (Li-
COR., Lincoln, NE, USA).

2.10 | Xenograft tumor model

Four-week-old male BALB/C nude mice were purchased from 
Shanghai SLAC Laboratory Animal (Shanghai, China). All animal stud-
ies were carried out in accordance with the official recommenda-
tions of the Chinese Animal Community. The mice were housed with 
free access to a commercial diet and water under specific pathogen-
free conditions. After the mice were acclimated for 1 week prior to 
study initiation, 100 μL of HOS cells at a density of 2 × 106 cells/
mL were injected into the right flank. Tumor volume (TV) was 

F IGURE  1 NCTD inhibits cell viability in human OS cells. A, The chemical structure of NCTD. B, MG63 cells were treated with different 
concentrations of NCTD for 24 and 48 h. C, HOS cells were treated with different concentrations of NCTD for 24, 48 and 72 h, and cell 
viability was measured using a CCK-8 assay. D, Morphological changes in MG63 and HOS cells that were treated with NCTD for 24 h and 
photographed using an inverted phase contrast microscope. All data are represented as the mean ± SD (n = 3) for each group. *P < 0.05, 
**P < 0.01. NCTD, norcantharidin; OS, osteosarcoma
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measured daily and calculated according to the following formula: 
TV (mm3) = 0.5 × ab2 (where a is the longest diameter and b is the 
shortest diameter of the tumor).10 When the average TV in all ani-
mals reached approximately 100 mm3, the nude mice were randomly 
assigned to 2 groups (with 6 nude mice/group). The NCTD groups re-
ceived an intraperitoneal injection of 25 mg/kg NCTD every 2 days, 
while the control group was administered saline. TV was measured 
every 4 days to observe dynamic changes in tumor growth. After 
28 days, all nude mice were killed, and the tumors were removed 
and weighed.

2.11 | Immunohistochemical analyses

Immunohistochemical analysis was performed to evaluate the pro-
liferation index (Ki67 and PCNA) of the xenograft tumors. Briefly, 
tumor tissues were embedded in paraffin. Four-micron-thick sec-
tions were deparaffinized, rehydrated with PBS and incubated with 
3% H2O2 for 10 minutes. Then, the antigen was retrieved in 0.1% 
trypsin for 10 minutes at room temperature. The sections were 
blocked with 5% BSA for 30 minutes at room temperature and in-
cubated with primary antibody overnight at 4°C. Next, a second an-
tibody conjugated to diaminobenzidine (DAB) was applied at room 
temperature for 10 minutes and then washed with PBS. DAB was 
applied for 5 minutes and counterstained with Mayer's hematoxylin. 
Images were obtained by a high-power microscope.

2.12 | Statistical analysis

Statistical analyses were performed using SPSS 21.0 statistical soft-
ware (IBM Corp., Armonk, NY, USA) and the data are presented 
as the mean ± SD. Statistical significance was calculated using 
Dunnett's test or Student's t test for unpaired data, and P < 0.05 was 
considered statistically significant.

3  | RESULTS

3.1 | Norcantharidin reduces the viability of human 
osteosarcoma cells

The chemical structure of NCTD is shown in Figure 1A. We ini-
tially investigated the effect of NCTD on the viability of 2 types 
of human OS cells (MG63 and HOS) using the CCK-8 assay. NCTD 
reduced the viability of MG63 and HOS cells in a time-dependent 
and concentration-dependent manner (Figure 1B,C). The viability 
of MG63 cells remained stable in the 25 μmol/L NCTD treatment 
groups and was equivalent to that of the control group. However, 
viability was markedly decreased in the 50-μmol/L group (P < 0.01). 
Similar trends were observed in HOS cells. The IC50 values for the 
MG63 cells were 128.60 ± 5.71 μmol/L and 54.44 ± 4.32 μmol/L 
after 24 and 48 hours of treatment, respectively. The IC50 values for 
the HOS cells were 181.90 ± 3.41 μmol/L, 71.69 ± 5.62 μmol/L and 
64.01 ± 4.82 μmol/L after 24, 48 and 72 hours of treatment, respec-
tively. As shown in Figure 1D, MG63 and HOS cells were seeded at 

the same density in 6-well plates and treated with NCTD at con-
centrations of 0, 50, 100 and 200 μmol/L for 24 hours. Images ob-
tained using an inverted phase contrast microscope showed a slight 
decrease in cultured cell numbers in the 50 μmol/L NCTD group 
compared to that in the control group and significantly reduced cell 
numbers at the 100 and 200 μmol/L NCTD concentrations. These 
data suggest that NCTD inhibits the growth of human OS cells.

3.2 | Norcantharidin arrests human osteosarcoma 
cells at the S phase and affects the expression of cell 
cycle proteins

To delineate the mechanisms by which NCTD inhibits cell viabil-
ity, we examined the cell cycle distribution using flow cytometry 
(Figure 2A). The results showed that cell cycle progression was 
significantly inhibited at the S phase, as presented in Figure 2B. To 
obtain additional information, cell cycle regulatory protein expres-
sion was investigated by western blotting (Figure 2C). The results 
showed that NCTD treatment led to a significant dose-dependent 
decrease in the levels of cyclin D1, but p27 expression was elevated 
(Figure 2D). These data further demonstrated that NCTD inhibits 
the growth of human OS cells at the S phase.

3.3 | Norcantharidin induces apoptosis and alters  
the expression of apoptosis-associated proteins in 
human osteosarcoma cells

To investigate the mechanism by which NCTD inhibits cell viability, 
we analyzed the effects of NCTD on cell apoptosis using flow cy-
tometry (Figure 3A). The results indicate that the number of Annexin 
V-FITC-positive and PI-positive cells increased as the NCTD concen-
tration increased (Figure 3B). As caspases are proteolytic enzymes 
that are essential for apoptosis, the increased caspase activity  
results in cell apoptosis, with caspase-3 activation as the ultimate 
executioner of apoptotic pathways. As shown in Figure 3C, treat-
ment with different concentrations of NCTD for 24 hours resulted in 
obviously increased caspase-3 activity in the OS cell lines.

To investigate the role of the Bcl-2 family in NCTD-induced apop-
tosis, we evaluated protein expression levels by western blotting. As 
shown in Figure 3D,E, treatment with NCTD for 24 hours markedly 
downregulated the expression levels of the anti-apoptotic protein 
Bcl-2 and increased the expression levels of the pro-apoptotic pro-
tein Bax. We also examined the effect of NCTD on the expression 
of 2 critical apoptosis-related proteins (caspase-3 and caspase-9) 
in MG63 and HOS cells. NCTD activated caspase-3 and caspase-9 
in a dose-dependent manner. These in vitro results confirmed that 
NCTD induces apoptosis in human OS cells.

3.4 | Norcantharidin decreases the colony 
formation ability of osteosarcoma cells

Furthermore, we determined the tumorigenicity of OS cells using 
the colony formation assay. After a 24-hour treatment with various 
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concentrations of NCTD, MG63 and HOS cells were cultured for an-
other 14 days, and the number of colonies was counted. As shown 
in Figure 4A,B, NCTD decreased the number of colonies in a dose-
dependent manner in the human OS cells.

3.5 | Norcantharidin suppresses the migration  
and invasion of osteosarcoma cells and reduces 
MMP2 and MMP9 protein expression

Representative photographs of cells migrating into scratch wounds 
are shown in Figure 5A. NCTD significantly inhibited cell migration 
in a dose‐dependent manner (Figure 5B), and the transwell assay 
showed that NCTD reduced the relative invasion rates of MG63 
and HOS cells in a dose‐dependent manner (Figure 5C,D). We next 
evaluated the expression levels of MMP2 and MMP9, which are 
known to play important roles in the migration and invasion of OS 
cells. As determined by western blotting, NCTD significantly inhib-
ited the expression of MMP2 and MMP9 in MG63 and HOS cells 
(Figure 5E,F). These results suggested that NCTD significantly inhib-
its the migration and invasion of human OS cells.

3.6 | Norcantharidin suppresses the c-Met pathway 
in human osteosarcoma cells

Previous studies have reported that NCTD is a synthetic anticancer 
compound that inhibits c-Met in human colon cancers.11 Increasing 
evidence has demonstrated that overactive c-Met signaling is a 
key driver of tumor progression.12 We next explored the effects 
of NCTD on the c-Met signaling pathway by examining the expres-
sion of c-Met and phosphorylated c-Met (p-c-Met) by western blot-
ting. The results showed that both c-Met and p-c-Met levels were 
markedly decreased in OS cells treated with NCTD (Figure 6A). The 
downstream signaling targets of c-Met, including stat3, Akt and ERK, 
were also evaluated. As shown in Figure 6B,C, NCTD significantly 
inhibited the expression of stat3, Akt and ERK in OS cells in a dose-
dependent manner. These data revealed that NCTD suppresses the 
c-Met pathway in human OS cells.

3.7 | Norcantharidin induces autophagy and 
mitophagy and alters the expression of autophagy-
related proteins

Given that NCTD inhibited the expression of Akt, it is important to 
consider whether NCTD inhibits the Akt/mTOR signaling pathways 
and induces autophagy in human OS cells. Autophagy is a complex 
process that can be triggered or repressed by multiple signaling 
pathways. Among these pathways, mTOR is represented as a key 

negative regulator of autophagy.13 As shown in Figure 7A, exposure 
to NCTD strikingly attenuated the phosphorylation of mTOR in both 
MG63 and HOS cells, and no change in total mTOR was observed. 
To confirm NCTD-induced autophagy of OS cells, the expression 
levels of LC3-I, LC3-II and p62 were measured by western blotting 
after treating OS cells with NCTD. As shown in Figure 7B, treatment 
of OS cells with NCTD accelerates the differentiation of LC3-I into 
LC3-II and downregulates p62 expression.

The effect of mitophagy has been widely studied and is consid-
ered to be an early manifestation of cell autophagy. Mitochondrial 
damage compromises mitochondrial functions, thereby inducing 
mitophagy.14 We investigated whether mitophagy occurs after 
NCTD treatment to further explore the mechanism underlying 
NCTD-induced autophagy in OS cells. Many studies have shown 
that PINK1 and Parkin interact to regulate mitochondrial function, 
and the PINK1/Parkin pathway is associated with mitophagy.15 
The activation of PINK1 is an initiating event that induces mito-
phagy.16 As shown in Figure 7B,C, after treatment with different 
concentrations of NCTD, both PINK1 and Parkin protein expres-
sion levels increased in MG63 and HOS cells. These results suggest 
that NCTD induced autophagy and mitophagy in human OS cells.

3.8 | Norcantharidin induces endoplasmic reticulum 
stress in osteosarcoma cells

Several studies have reported the induction of endoplasmic reticu-
lum (ER) stress during apoptosis in various tumor cells.17 Therefore, 
we investigated ER stress-associated proteins. Our results indicate 
that NCTD significantly increased the expression of GRP78, ATF-4, 
p-eIF2α and CHOP in a concentration-dependent manner in MG63 
and HOS cells (Figure 8A,B). These results suggest that NCTD trig-
gers ER stress in human OS cells.

3.9 | Norcantharidin inhibits tumor growth in a 
xenograft model of human osteosarcoma

Finally, we investigated the effect of NCTD on tumor growth in 
vivo using HOS xenograft nude BALB/C mice. After 28 days, the 
NCTD-treated group exhibited a lower TV than the control group 
(Figure 9A). In addition, NCTD did not significantly alter the total 
body weight (Figure 9B) but decreased the tumor weight compared 
to that of the control group (Figure 9C,D). Furthermore, the prolif-
eration indices (as indicated by Ki67 and PCNA expression) were 
lower in tumor specimens from the NCTD-treated group than in 
tumor specimens from the control group (Figure 9E,F). These find-
ings indicated that NCTD efficiently suppresses human OS tumor 
growth in vivo.

F IGURE  2 NCTD induces cell cycle arrest in human OS cells. A, MG63 and HOS cells were exposed to various concentrations of 
NCTD for 24 h, followed by analysis of the cell cycle by flow cytometry. B, Quantification of the percentage of cells in G0/G1, S and G2/M 
phase for each OS cell line. C, Western blot analysis of cell cycle-associated protein extracts obtained from OS cells treated with different 
concentrations of NCTD for 24 h. D, Quantitative analyses of western blots. The data are presented as the mean ± SD (n = 3). *P < 0.05, 
**P < 0.01 vs the control group. NCTD, norcantharidin; OS, osteosarcoma
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4  | DISCUSSION

Poor response to chemotherapy is a major challenge in OS treat-
ment.2 NCTD has been reported clinically as a safe and effective 

antitumor drug for treating many types of tumors in the clinic, but 
little is known about its effect on human OS.9 In this work, 2 human 
OS cell lines, MG63 and HOS, were used to elucidate the mechanism 
that underlies the antitumor activity of NCTD. In our study, NCTD 

F IGURE  3 NCTD promotes apoptosis in OS cell lines. A, Two OS cell lines were treated with various concentrations of NCTD for 24 h 
and then stained with Annexin V-FITC and PI prior to analysis via flow cytometry. B, Quantitative analyses of the percentage of apoptotic 
cells. C, The effects of NCTD on caspase-3 activity in MG63 and HOS cells were determined using a caspase-3 activity assay kit, and the 
results are expressed as fold changes relative to the 0 μmol/L group. D, MG63 and HOS cells were treated with 0, 50, 100 or 200 μmol/L 
NCTD for 24 h. The effects of NCTD on Bax, Bcl-2, procaspase-3 and procaspase-9 were evaluated by western blotting. GAPDH was used 
as an internal control. E, Quantitative analyses of the western blots. The data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs 
the control group. NCTD, norcantharidin; OS, osteosarcoma
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significantly suppressed the growth of OS, arrested human OS cells 
at the S phase and induced apoptosis. NCTD also suppressed the 
migration and invasion of OS cells. The western blot assay further 
indicated that NCTD suppresses human OS growth due to its ef-
fects on autophagy, mitophagy, ER stress and the c-Met signaling 
pathway. Our results indicate that NCTD suppresses the growth of 
human OS cells in vitro and in vivo.

The c-Met receptor was discovered for the first time in an OS-
derived cell line by Cooper and colleagues in 1984.18 c-Met is a 
transmembrane tyrosine kinase receptor that is overexpressed in 
several types of tumors and promotes cell survival, transformation, 
proliferation and motility.19 Several studies have shown the crucial 
role of the c-Met pathway in OS initiation and progression.20,21 The 
overexpression of the Met oncogene initiates the transformation of 
human primary osteoblasts and sustains tumor progression towards 
OS.12 The activation of c-Met results in the activation of a series of 
downstream signaling pathways, such as PI3K/Akt, MAPK/ERK and 
stat3.19 Our data showed that NCTD markedly decreased both c-Met 
and p-c-Met levels in OS cells. The downstream signaling targets of 
c-Met, including Akt, ERK and stat3, were also inhibited. The stat3 
pathway was postulated to be important in OS formation because 
the selective inactivation of phospho-stat3 blocks tumorigenesis in 
OS.22 In addition, Akt and ERK represent 2 of the most important 
intracellular pathways that drive tumor cell survival, transformation 
and proliferation.23 It has been demonstrated that cancer cells are 
able to survive metabolic and therapeutic stresses through autoph-
agy.24 Furthermore, Akt signaling is able to strongly influence the 

activation of autophagy.13 This emerging role led us to evaluate the 
possible induction of autophagy in response to NCTD treatment.

Apoptosis, type I programmed cell death, has been widely stud-
ied in relation to the treatment of malignant tumors. Consistent with 
these studies, our flow cytometry results showed that NCTD can 
effectively induce apoptosis in human OS cells in a dose-dependent 
manner (Figure 3). Mitochondria are important mediators of the 
intrinsic apoptosis pathway. At the onset of apoptosis, changes in 
the outer mitochondrial membrane occur; in particular, changes 
in Bcl-2 family proteins alter the mitochondrial membrane poten-
tial. This family includes anti-apoptotic proteins, such as Bcl-2, and 
pro-apoptotic proteins, such as Bax.25 In our study, NCTD treat-
ment led to the loss of MMPs, and this change was accompanied 
by an increase in the pro-apoptotic protein Bax and a decrease in 
the anti-apoptotic protein Bcl-2, which led to the cleavage of active 
caspase-3 and caspase-9. This process causes morphological and bi-
ological apoptotic changes and eventually inhibits proliferation and 
accelerates apoptosis in human OS cells.

Autophagy, type II programmed cell death, is an independent 
cell death process that is different from apoptosis.26 The transfor-
mation of non-lipidated LC3 (LC3-I) into its lipidated form (LC3-II) 
with concomitant degradation of p62 represents the process of 
autophagy.27 Excessive autophagy is likely to accelerate apoptosis, 
promoting cell death.28 Previous studies have demonstrated that 
the Akt/mTOR signaling pathway is critical for cell autophagy and 
that the suppression of this pathway could inhibit the progression 
of various malignant tumors.13 The present investigation showed 

F IGURE  4 NCTD decreases the colony 
formation ability of OS cells. A, The colony 
formation assay was performed in MG63 
and HOS cells. B, The numbers of colonies 
were counted under a microscope. The 
data are presented as the mean ± SD 
(n = 3). *P < 0.05, **P < 0.01 vs the control 
group (0 μmol/L). NCTD, norcantharidin; 
OS, osteosarcoma
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that NCTD treatment reduced mTOR phosphorylation and caused 
changes in the expression of LC3 and p62, 2 essential autophagic 
markers; these findings are consistent with the induction of 

autophagy, indicating that NCTD mediates autophagy and apopto-
sis in human OS cells via the inhibition of the Akt/mTOR signaling 
pathway.

F IGURE  5 NCTD inhibits the migration and invasion of OS cells. A, MG63 and HOS cells were treated with NCTD at concentrations of 
0, 50, 100 or 200 μmol/L for 12 and 24 h. Images were obtained under a fluorescence microscope. B, Quantitative analysis of the scratch 
wound assay. C, Images of the invasion of MG63 and HOS cells treated with different concentrations of NCTD for 24 h. D, Counts of 
invaded cells from the transwell assay. E, Protein expression of MMP2 and MMP9 in MG63 and HOS cells after treatment with different 
concentrations of NCTD, as assessed by western blot analyses. F, Quantitative analyses of western blots. The data are presented as the 
mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs the control group. NCTD, norcantharidin; OS, osteosarcoma

F IGURE  6 NCTD downregulates the 
c-Met signaling pathway. A, Western 
blot analysis of c-Met and p-c-Met in 
OS cells treated with NCTD for 24 h. B, 
Western blot analysis of the signaling 
pathway downstream of c-Met, including 
stat3, Akt and ERK, in OS cells treated 
with NCTD (0, 50, 100 or 200 μmol/L). 
C, Quantitative analyses of the western 
blots. The data are presented as the 
mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs 
the control group. NCTD, norcantharidin; 
OS, osteosarcoma
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F IGURE  7 NCTD induces autophagy and mitophagy in human OS cells. A, Expression of p-mTOR and mTOR in MG63 and HOS cells 
treated with various concentrations of NCTD for 24 h. B, MG63 and HOS cells were treated with NCTD for 24 h, and the expression of 
LC3, p62, PINK1 and Parkin was determined by western blotting. C, Quantitative analyses of western blots. The data are presented as the 
mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs the control group. NCTD, norcantharidin; OS, osteosarcoma
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The ER stress response exists in diverse biological sys-
tems and plays roles in the regulation of cell proliferation in 
many tumor cells.29 There is also evidence that the induction 
of ER stress proteins plays a role in apoptosis in various can-
cer cells.17 GRP78 functions as a molecular chaperone and 
is a major regulator of ER stress, as it maintains the integrity 
of the ER and controls the activation of unfolded protein re-
sponse (UPR) signaling molecules.30 The UPR involves 3 pro-
teins (i.e. inositol-requiring enzyme-1, activating transcription 
factor 6 and protein kinase R-like ER kinase [PERK]), that re-
spond to the accumulation of unfolded proteins as part of a sur-
vival response.31 When the ER stress response occurs, PERK 
dissociates from GRP78, activates itself by oligomerization 

and phosphorylation, and directly phosphorylates the trans-
lation initiation factor eIF2α , leading to a general attenuation 
of protein synthesis. In addition, the activation of PERK leads 
to increased expression of ATF4 and its targeted transcription 
factor, CHOP, during ER stress.32 In our study, the possible re-
lationship between NCTD-induced ER stress and apoptosis is 
that NCTD induces the activation of GRP78 during the early 
stages of apoptosis and later activates the transcription factor 
ATF4 and binds to the CHOP promoter. There is a subsequent 
increase in mitochondrial membrane permeability due to the 
dephosphorylation of Akt, and ATF-4/CHOP appears to medi-
ate the transduction of apoptotic signals from the ER to the mi-
tochondria. These results indicate that NCTD induced ER stress 

F IGURE  8 NCTD induces ER stress in human OS cells. A, MG63 and HOS cells were incubated with NCTD (0, 50, 100 or 200 μmol/L) for 
24 h, and the protein expression levels of GRP78, ATF-4, p-eIF2α and CHOP were assessed by western blotting. B, Quantitative analyses of 
the western blots. The data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs the control group. ER, endoplasmic reticulum; 
NCTD, norcantharidin; OS, osteosarcoma
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and led to accelerated apoptosis mediated by GRP78-phospho-
eIF2α-ATF4-CHOP in human OS cells.

In conclusion, our results demonstrate that NCTD can arrest 
the cell cycle and induce apoptosis in human OS cells, and these 
effects are mediated by the induction of autophagy, the triggering 
of ER stress and the inactivation of the c-Met/Akt/mTOR pathway. 
These findings provide important new insights into the possible 
molecular mechanisms of NCTD and highlight its potential use as 
an antitumor drug for human OS. Currently, this drug is orally ad-
ministered in the form of demethlcanthardin tablets, which may 
limit its application for local treatment, and a sarcoma-targeting 
peptide-guided intracellular drug delivery system requires further 
investigation.33
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F IGURE  9 NCTD suppresses the growth of human OS xenograft tumors in vivo. A, The volumes of the xenograft tumors were measured 
and compared every 4 d. B, The weight of each nude mouse was measured and compared every week. C,D, Four weeks after treatment 
initiation, the xenograft tumors were retrieved from the mice, and the tumor weight was measured and compared. E,F, Xenograft tumors 
were stained with Ki67 and PCNA antibodies using IHC analysis (original magnification, 400×). The data are presented as the mean ± SD 
(n = 3). *P < 0.05, **P < 0.01 vs the control group. IHC, immunohistochemical; NCTD, norcantharidin; OS, osteosarcoma
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