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Abstract. Osteosarcoma is the most common form of primary 
malignant bone tumor. Patients who are insensitive to chemo-
therapy treatment often have a poor prognosis. According 
to our previous study, recombinant adenovirus (Myc-AS) in 
combination with caffeine enhances the induction of apop-
tosis and the chemotherapeutic effects of cisplatin (CDDP) 
in MG-63 osteosarcoma cells. The present study aimed to 
investigate the combinational effects of the small interfering 
RNAs (siRNAs) c-myc and Bmi-1 on the growth and chemo-
sensitivity of MG-63 osteosarcoma cells. The results indicated 
that the cell growth inhibition rates of MG-63 cells gradually 
increased with increasing concentrations of CDDP (P<0.05). 
This observation was consistent in the single and combined 
siRNA groups. At a concentration of 5.0 µg/ml CDDP, the 
growth inhibition rates were 53.3±5.2, 42.7±6.3 and 40.9±4.7% 
in the combined, c-myc and Bmi-1 siRNA groups, respec-
tively. The cell growth inhibition rate in the combined siRNA 
group was higher than that observed in the two single siRNA 
groups (P<0.05). The cell apoptotic rate was 37.3±4.9% in the 
combined siRNA group, which was significantly higher than 
that observed in the c-myc (24.8±5.6%) and Bmi-1 siRNA 
groups (22.7±6.1%; P<0.05). These results suggest that the 
chemosensitivity of MG-63 cells to CDDP may be markedly 
enhanced in the siRNA combination group. A decrease in cell 
proliferation and increased cell apoptosis were also observed 
in the siRNA combination group. The present study may 
provide novel insights to further elucidate the pathogenesis 
and drug resistance mechanisms involved in osteosarcoma. It 
may also improve our understanding of the underlying mecha-
nisms involved in chemotherapeutic sensitivity, and thus aid 

the development of future therapeutic strategies for the treat-
ment of osteosarcoma. 

Introduction

Osteosarcoma is the most common form of primary malig-
nant bone tumor and exhibits a high degree of malignancy. 
Osteosarcoma is most common in young individuals aged 
between 10 and 25 years. Single amputation treatment has 
been associated with a number of limitations, including a high 
disability rate and a low 5-year survival rate. Recently, the 
clinical application of neoadjuvant chemotherapy and surgical 
staging systems has been successfully used in the majority 
of patients with stage ⅡB osteosarcoma while performing 
limb salvage surgery; as a result of this, the 5-year survival 
rate has increased to 60-70% (1,2). However, patients who are 
insensitive to chemotherapy continue to have a poor prognosis. 
Based on the results of advanced studies on tumor molecular 
biology and gene function, we hypothesized that differences in 
tumor‑associated gene expression are the main cause of differ-
ences in the sensitivity to identical chemotherapeutic drugs 
observed between patients (3).

According to a recent study, 70% of human tumor cells 
exhibit c-myc overexpression, which stimulates cell prolifera-
tion, migration and invasion (4). Hattinger et al (5) confirmed 
that varying degrees of c-myc amplification were observed in 
doxorubicin and the human osteosarcoma cell lines U2OS and 
SAOS-2, which demonstrated methotrexate (MTX) resistance. 
Bmi-1 is one of the core members of the Polycomb‑group 
(PcG) gene family. It is involved in the regulation of tran-
scriptional repression associated with the cell cycle and cell 
proliferation. A reduction in Bmi-1 gene expression in glioma 
cells and multiple myeloma is capable of inhibiting the 
proliferation of tumor cells (6,7). Bmi-1 is highly expressed in 
Ewing's sarcoma cells. By knocking down the expression of 
Bmi-1, the expression of multiple downstream genes associ-
ated with the cell cycle may be regulated (8). Several studies 
have shown that c-myc and Bmi-1 are involved in the regula-
tion of cell growth and the apoptotic signaling pathway. Thus, 
the expression of these genes determines the sensitivity of 
tumors to chemotherapy (9,10). A previous study investigated 
genes associated with the drug resistance of osteosarcoma 
in different patients. It was observed that reducing c-myc 
expression in osteosarcoma cells significantly reduced cell 
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resistance to MTX (11). Knocking down Bmi-1 gene expres-
sion in SAOS-2 osteosarcoma cells caused inhibition of the 
PI3K/AKT signaling pathway, leading to the enhancement 
of tumor sensitivity to chemotherapy (12). In our previous 
study, we reported that reduced c-myc expression in MG-63 
osteosarcoma cells was capable of increasing the chemosensi-
tivity of these cells to cisplatin (CDDP) in order to induce cell 
apoptosis (13). Therefore, coupling of the c-myc and Bmi-1 
genes may provide suitable therapeutic targets for enhancing 
osteosarcoma sensitivity to chemotherapy. However, it is 
necessary to further investigate this hypothesis, since it has 
not been explored by previous studies.

In the present study, MG-63 cells were transfected with the 
small interfering RNAs (siRNAs) c-myc and Bmi-1 separately 
or in combination, and the chemosensitivity to CDDP and cell 
proliferation and apoptotic rates were detected. The aim of this 
study was to investigate the combinational effects of c-myc 
and Bmi-1 siRNAs on osteosarcoma cell growth and chemo-
sensitivity. These data may provide novel insights to improve 
our understanding of the underlying mechanisms involved in 
chemotherapeutic sensitivity, and aid in the development of 
future therapeutic strategies for the treatment of osteosarcoma.

Materials and methods

Cell culture. The human osteosarcoma MG-63 cell line was 
purchased from Shanghai Institute of Cell Biology (Shanghai, 
China). The cells were maintained in DMEM (Gibco-BRL, 
Carlsbad, CA, USA) supplemented with 10% FBS (Hyclone, 
Thermo Fisher Scientific Inc., Logan, UT, USA). The cell 
culture was stored at 37˚C in a 5% CO2 incubator. The study 
was approved by the ethics committee of Second Affiliated 
Hospital College of Medicine, Zhejiang University, Hangzhou, 
China. 

Transfection of c-myc and Bmi-1 siRNAs. c-myc and Bmi-1 
siRNAs were purchased from Abcam Inc. (Cambridge, 
MA, USA). Two types of siRNA were diluted in serum-free 
DMEM, individually and in combination. Lipofectamine 2000 
(Gibco-BRL) was diluted in RPMI-1640 medium, following 
incubation at room temperature for 5 min. To facilitate the 
formation of a siRNA/liposome complex, the two reactant 
solutions were mixed thoroughly and incubated at room 
temperature for 20 min. The dose of the siRNA/liposome 
complex medium was 250 µl, while the strength of siRNA was 
100 pmol and that of the liposome was 5 µl. According to the 
experimental conditions, there were four groups: i) The c-myc 
siRNA group; ii) the Bmi-1 siRNA group; iii) the c-myc/Bmi-1 
siRNA combination group and iv) the empty liposome group. 
A blank control group only contained DMEM. Synchronous 
transfection was conducted until the MG-63 cells had grown 
to an appropriate density. Three duplicate wells were prepared 
for each group.

RT-PCR analysis. MG-63 cells from each group were collected 
at 0, 24, 48 and 72 h following transfection. Total RNA was 
extracted using the TRIzol kit (Takara Bio, Inc., Shiga, Japan) 
according to the manufacturer's instructions. The concentra-
tion and purity of total RNA were detected using an UV 
spectrophotometer, followed by two-step RT-PCR. The ampli-

fication products of β-actin were used as an internal control. RT 
reaction conditions were as follows: 42˚C for 60 min followed 
by 75˚C for 10 min. PCR reaction conditions were as follows: 
denaturation at 94˚C for 5 min; cycles were started at 94˚C for 
40 sec and continued at 58˚C for 35 sec and 72˚C for 50 sec; a 
total of 34 cycles were performed and the final extension cycle 
was at 72˚C for 10 min. Electrophoresis of PCR products was 
conducted on 2% agarose gel. Images were captured using the 
Imagemaster VDS gel imaging system (Amersham Pharmacia 
Biotech, UK).

Western blot analysis. MG-63 cells from each group were 
collected 72 h after transfection. Cells were lysed with cell 
lysis buffer and the total protein concentration was detected 
using the BCA protein quantification kit (BCA Protein Assay 
Kit, Thermo Fisher Scientific Inc., USA). Protein (20 µg) was 
separated by electrophoresis on 10% polyacrylamide gel. 
Electrophoretic transfer was conducted for 2 h at a constant 
voltage of 120 V. Thereafter, the protein medium was kept at 
room temperature for 1 h and blocked overnight at 4˚C. c-myc 
primary antibody at a 1:600 dilution, Bmi-1 primary antibody 
at a 1:800 dilution and β-actin primary antibody at a 1:1000 
dilution (Invitrogen Life Technologies, Carlsbad, CA, USA) 
were added sequentially to the medium prior to overnight 
incubation at 4˚C. The primary antibodies were then hybrid-
ized with secondary antibodies at room temperature for 1 h 
following washing of the membrane with TBST buffer. The 
membrane was developed using the ECL system (Amersham 
Pharmacia Biotech). Protein expression levels were analyzed 
using a gel image analysis system. Using the expression levels 
of β-actin as a reference, we compared the relative expression 
levels of c-myc and Bmi-1 proteins in all groups.

Cell growth assay. MG-63 cells were transfected with c-myc 
and Bmi-1 siRNAs either individually or in combination. 
Following 48  h of transfection, the MG-63 cells of each 
group were mixed with 1.0, 2.0 and 5.0 µg/ml CDDP for 2 h. 
Absorptiometry values (An) for each group were detected at 
a wavelength of 490 nm. Cell growth curves were created 
and the growth inhibition rate of cells was calculated using 
the measured An values. The cell growth inhibition rate was 
calculated using the following formula: Cell growth inhibition 
rate = [(Ac-Ae)/Ac] x 100% (Ac, absorptiometry value of the 
control group; Ae, absorptiometry value of the experimental 
group).

Flow cytometric analysis. To detect cell apoptosis, 
f luorescent staining was performed using the Annexin 
V-FITC/propidium iodide (PI) double‑labeling method. Cells 
were treated with c-myc and Bmi-1 siRNAs for 24 h, either 
separately or in combination. Thereafter, 5 µg/ml CDDP was 
added to the cell culture and incubated for 48 h. Cells were 
collected and centrifuged at 300 x g for 5 min. Following 
removal of the supernatant, cells were resuspended in PBS. 
Then, 5 µl Annexin V-FITC and 5 µl PI dye (Sigma, St. Louis, 
MO, USA) were added to the medium. Oscillation, mixing 
and cold staining of this medium were then performed 
at 4˚C for 10  min. Next, 25  µl DNA-Prep LPR (Coulter 
Electronics Health, USA) was added to the aforementioned 
double-labeled staining samples for a 10 min incubation 
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in the dark, which were then centrifuged at 1,000 x g for 
5 min. The supernatant was removed, 500 µl DNA-Prep stain 
(Coulter Electronics Health) was added and the staining was 
conducted for 15 min at room temperature away from light. 
Cell apoptosis and the cell cycle distribution of each group 
were detected by flow cytometry.

Statistical analysis. Quantitative data were expressed as the 
mean ± SD. Comparisons among the groups were conducted 
using single-factor analysis of variance. Comparisons between 
two groups were examined using Student's t-test. P<0.05 was 
considered to indicate a statistically significant difference. 
All data were analyzed using SPSS 12.0 software (SPSS Inc., 
USA).

Results

siRNA downregulates c-myc and Bmi-1 gene expression. 
When MG-63 cells were transfected with c-myc and Bmi-1 
siRNAs (either individually or in combination), c-myc and 
Bmi-1 mRNA expression levels gradually decreased within 

72 h, as demonstrated by the RT-PCR assay. Compared with 
c-myc and Bmi-1 mRNA expression levels in the single siRNA 
groups, levels were significantly decreased in the combination 
siRNA group (P<0.05; Figs. 1 and 2). c-myc protein expres-
sion levels decreased in the c-myc siRNA and combination 
groups 72 h after transfection; the decrease in expression 
levels was more evident in the combination group (P<0.05). 
By contrast, no distinct decrease in c-myc protein expression 
levels was detected in the Bmi-1 siRNA and control groups 
(Fig. 3). Compared with the control group, Bmi-1 protein 
expression levels decreased in all siRNA groups (P<0.05). 
The most marked decrease in Bmi-1 protein expression levels 
was observed in the combination siRNA group. Bmi-1 protein 
expression levels were decreased to a greater extent in the 
Bmi-1 siRNA group compared with the c-myc siRNA group; 
a significant difference was observed between the two groups 
(P<0.05; Fig. 4).

Cell growth inhibitory effects. Compared with the empty lipo-
some and blank control groups, the cell growth inhibition rates 
of MG-63 cells gradually increased with increasing concentra-
tions of CDDP. This observation was consistent for the single 
and combined siRNA groups. The growth inhibition rate in the 
combination siRNA group was significantly higher than that 
of the single siRNA groups (P<0.05). However, no significant 
differences were detected between the c-myc and Bmi-1 siRNA 
groups (P>0.05). At a concentration of 5.0 µg/ml CDDP, the 
growth inhibition rates were 53.3±5.2, 42.7±6.3 and 40.9±4.7% 
for the combined, c-myc and Bmi-1 siRNA groups, respectively 
(Fig. 5). The cell growth inhibitory effects observed in the 

Figure 2. Bmi-1 mRNA expression levels. Lane 1, marker; lane 2, blank con-
trol group; lane 3, empty liposome group; lane 4, combined siRNA group; 
lane 5, c-myc siRNA group; lane 6, Bmi-1 siRNA group. siRNA, small 
interfering RNA.

Figure 1. c-myc mRNA expression levels. Lane 1, marker; lane 2, blank con-
trol group; lane 3, empty liposome group; lane 4, combined siRNA group; 
lane 5, Bmi-1 siRNA group; lane 6, c-myc siRNA group. siRNA, small 
interfering RNA.

Figure 3. C-myc protein expression levels. Lane 1, c-myc siRNA group; 
lane 2, Bmi-1 siRNA group; lane 3, combined siRNA group; lane 4, empty 
liposome group; lane 5, blank control group. siRNA, small interfering RNA.

Figure 4. Bmi-1 protein expression levels. Lane 1, c-myc siRNA group; 
lane 2, Bmi-1 siRNA group; lane 3, combined siRNA group; lane 4, blank 
control group; lane 5, empty liposome group. siRNA, small interfering RNA.

Figure 5. Cell growth curves indicating the cell inhibition rate at different 
concentrations of cisplatin in each group.
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combined siRNA group were greater than those observed in 
the two single siRNA groups (P<0.05), indicating a significant 
increase in the chemosensitivity of MG-63 cells to CDDP. 

Flow cytometric analysis of MG-63 cell apoptosis. The apop-
totic rate and cell cycle distribution of cells were detected by 
flow cytometry. The apoptotic rates were 37.3±4.9, 24.8±5.6 
and 22.7±6.1% in the combined, c-myc and Bmi-1 siRNA 
groups, respectively. The apoptotic rates of cells in these 
groups were markedly higher than that of the control group 
(P<0.05). In addition, compared with the two single siRNA 
groups, MG-63 cell apoptosis increased considerably in the 
combined siRNA group (P<0.05; Fig.  6). However, there 
were no significant differences in the cellular apoptotic rates 
between the two single siRNA groups (P>0.05).

Discussion

Tumor chemosensitivity is correlated with three important 
parameters; the tumor cell proliferation ratio, the cell cycle 
and doubling time of cell proliferation. In addition, several 

factors affect the sensitivity of tumor cells to chemotherapeutic 
agents, including disorders in drug uptake and transport, drug 
activation barriers, enhancement of DNA damage and repair 
capacity and obstacles in the apoptotic pathway (14). The 
effects of ATP-binding cassette (ABC) transporter proteins 
on tumor chemosensitivity were studied extensively in recent 
studies. ABC transporter proteins release energy through the 
hydrolysis of ATP; this energy is used to transport chemothera-
peutic drugs from the inside to the outside of tumor cells. This 
significantly reduces the intracellular chemotherapeutic drug 
concentration, resulting in the resistance of tumor cells (15). 
However, there is currently no consensus on whether the over-
expression of ABC transporter proteins in osteosarcoma may 
be used as an indicator to predict the effects of chemotherapy 
and its long-term efficacy. Previous studies have also reported 
that chemotherapy sensitivity or resistance is caused by the 
interaction of various factors (5,12,15). Therefore, identifying 
phenotypic indicators that determine cell chemosensitivity 
may provide novel insights into the underlying mechanisms 
of chemosensitivity. c-myc, an upstream signal, is capable of 
regulating the expression of ABC transporter proteins that 
affect the active transport of chemotherapeutic drugs from 
the inside to the outside of tumor cells. In addition, it may 
also stimulate downstream signaling pathways by regulating 
the transcriptional expression of downstream genes, thereby 
decreasing the sensitivity of tumor cells to chemotherapy (16). 
According to previous studies, recombinant adenovirus 
(Myc-AS) combined with caffeine is capable of enhancing 
the induction of apoptosis and the chemotherapeutic effects 
of CDDP on MG-63 osteosarcoma cells (13). Qin et al (17) 
also revealed that a decrease in the gene expression of Bmi-1 
in nasopharyngeal carcinoma enhanced 5-fluorouracil-
mediated apoptosis. In the present study, we demonstrated 
that the effects of c-myc and Bmi-1 siRNAs in combination 
significantly improve the chemosensitivity of MG-63 cells 
to CDDP compared with the single siRNA groups (P<0.05). 
The cell growth inhibition rates for the combined, c-myc and 
Bmi-1 siRNA groups were 53.3±5.2, 42.7±6.3 and 40.9±4.7%, 
respectively. The cell growth inhibitory effects observed in 
the combined siRNA group were greater than those in the 
two single siRNA groups (P<0.05). This indicates that the 
chemosensitivity of MG-63 cells to CDDP may be signifi-
cantly increased. 

A number of studies have reported that c-myc is important 
in regulating cell proliferation, differentiation and apoptosis. 
As an early response gene, c-myc is important in regulating the 
transcription of a series of target genes in a number of signal 
transduction pathways (18,19). Previous studies have reported 
that high expression levels of c-myc are able to induce osteo-
sarcoma in mouse models. This suggests that the inhibition 
of c-myc expression may induce the differentiation of osteo-
sarcoma cells into mature bone cells and significantly inhibit 
tumor growth (20). The Bmi-1 gene is located at 10p11.23; it 
contains a RING finger (RF) motif in the RF domain at the 
N-terminal end. The Bmi-1 gene is important in cell prolif-
eration and tumor formation in co-ordination with c-myc. In 
normal cells, Bmi-1 uses different promoters to regulate the 
gene expression levels of p16Ink4a and p19Arf, which play 
important regulatory roles through the tumor suppressor 
protein pRb and the transcription factor p53-related cell cycle 

Figure 6. MG-63 cell apoptosis and cell cycle analysis. (A) c-myc siRNA 
group; (B) Bmi-1 siRNA group; (C) combined siRNA group. siRNA, small 
interfering RNA.

  A

  B

  C
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pathways, respectively (21). When the expression of Bmi-1 
is inhibited, p16Ink4a expression levels increase, leading to 
pRB dephosphorylation. Dephosphorylated pRB inhibits 
E2F-mediated gene transcription as a result of combining 
with E2F, thereby causing cell cycle arrest, which promotes 
apoptosis. Overexpression of Bmi-1 is able to inhibit the tran-
scription of p19Arf, thereby increasing p53 degradation. This 
ultimately prevents p53-mediated apoptosis (22). P53 gene 
mutation and deletion is often observed in osteosarcoma cells. 
Bmi-1 is capable of regulating tumor cell proliferation and 
apoptosis through several signaling pathways. In the present 
study, we demonstrated that c-myc and Bmi-1 mRNA expres-
sion levels decreased significantly in the combination siRNA 
group compared with the single siRNA groups (P<0.05). 
Compared with the control group, Bmi-1 protein expression 
levels decreased in all siRNA groups (P<0.05), with the most 
marked decrease being observed in the combination siRNA 
group. Furthermore, expression levels in the Bmi-1 siRNA 
group decreased to a greater extent compared with the c-myc 
siRNA group (P<0.05). The data demonstrated that Bmi-1 is 
downregulated by c-myc via an unknown mechanism. Cellular 
apoptotic rates for the combined, c-myc and Bmi-1 siRNA 
groups were 37.3±4.9, 24.8±5.6 and 22.7±6.1%, respectively. 
Notably, the cellular apoptotic rates of these three groups were 
significantly higher than that of the control group (P<0.05). In 
addition, compared with the two single siRNA groups, MG-63 
cell apoptosis significantly increased in the combined siRNA 
group (P<0.05). However, there were no significant differ-
ences in cellular apoptotic rates between the two single siRNA 
groups (P>0.05).

In the present study, we compared the effects of single 
and combined c-myc and Bmi-1 siRNAs on MG-63 cells. 
We demonstrated that the chemosensitivity of MG-63 cells 
to CDDP was markedly enhanced in the siRNA combina-
tion group. A declined proliferative capacity of MG-63 cells 
and increased apoptosis were also observed in the siRNA 
combination group. This study may provide novel insights 
to further elucidate the pathogenesis and drug resistance 
mechanisms involved in osteosarcoma. It may also improve 
our understanding of the underlying mechanisms involved in 
chemotherapeutic sensitivity and aid in the development of 
future therapeutic strategies for the treatment of osteosarcoma. 
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