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Abstract. Osteosarcoma is the most common primary malig-
nant bone tumor in children and adolescents and its long-term 
survival rate has stagnated in the past decades. Previous studies 
have shown that tumors in the G2/M phase are more sensitive 
to radiotherapy. The proto-oncogene c-myc is a transformed 
member of the myc family and c‑myc‑interacting zinc finger 
protein‑1 (Miz‑1) is a poly‑Cys2His2 zinc finger (ZF) activator 
of cell cycle regulator genes, such as the cyclin-dependent 
kinase inhibitor p21. C-myc can repress the expression of p21 
by binding to Miz-1 and abolishing the interaction between 
Miz-1 and its co-activators, which induces G2/M phase arrest. 
Therefore, the present study investigated the radiosensitizing 
effects of the c-myc gene and the sensitizing apoptosis pathway, 
aiming to identify a more effective combination radiotherapy 
treatment for osteosarcoma. The present study demonstrated 
that the c-myc gene was overexpressed in osteosarcoma cells 
compared to osteoblasts. Following inhibition of c‑myc gene 
expression in osteosarcoma cells, tumor proliferation was 
significantly hindered after inducing G2/M phase arrest via 
regulating G2/M phase-associated proteins. Additionally, it 
was revealed that inhibiting c-myc gene expression combined 
with radiotherapy could significantly increase the apoptosis 
rate of osteosarcoma cells via the mitochondrial signaling 
pathway. In summary, the present study verified the radio-
sensitizing effects of c-myc gene knockdown-induced G2/M 
phase arrest, which was achieved by intrinsic stimuli through 
the mitochondrial signaling pathway.

Introduction

A total of 3 out of 1,000,000 people are diagnosed with osteo-
sarcoma, which is the most common primary malignant bone 
tumor in children and adolescents (1). Osteosarcoma typically 
occurs in the metaphysis of long bones such as the femur, tibia 
and humerus (2). Although cytotoxic neoadjuvant chemotherapy 
drugs including cisplatin, doxorubicin, methotrexate and ifos-
famide combined with surgery and postoperative chemotherapy 
are feasible treatments for osteosarcoma, the survival rate has 
not increased significantly in the past decades (3,4).

The focus of osteosarcoma treatment has been shifted 
from survival through limb-amputation to improvement of the 
quality of life through limb-salvage surgery (5). Radiotherapy 
can induce cell apoptosis by breaking DNA double strands 
to reduce the local recurrence rate (6). However, it is only 
used as an adjuvant treatment in patients who have received 
limb-salvage surgery as osteosarcoma is not sensitive to radio-
therapy (7). Several studies have shown that radiotherapy can 
be used as an alternative surgical treatment for some staged 
patients (8,9). After adjuvant chemotherapy, radiotherapy is 
effective in 56% of patients with limb tumors (10).

The proto-oncogene c-myc is a transformed member of the 
myc family. Approximately 20% of human cancers may be 
associated with c-myc overexpression (11). As a transcription 
activator, it regulates cell growth, differentiation, programmed 
cell death and apoptosis (12). C‑myc‑interacting zinc finger 
protein‑1 (Miz‑1) is a poly‑Cys2His2 zinc finger (ZF) activator 
of cell cycle regulator genes, such as the cyclin-dependent 
kinase inhibitor p21 (13). Some studies have found that c-myc 
combined with zinc finger transcription factor Miz-1 can 
upregulate the expression of p21 by abolishing the interaction 
between Miz-1 and its co-activators, which activates G2/M 
phase transition, such as the cyclinB1/Cdc2 complex (14,15). 
Hence, inhibiting c-myc gene expression can restrain tumor 
cell growth in the G2/M phase (16,17). Additionally, some 
studies have shown that tumors in the G2/M phase are more 
sensitive to radiotherapy (18,19). Therefore, radiotherapy 
combined with downregulation of the c-myc gene could be a 
therapeutic strategy for human osteosarcoma. To the best of 
our knowledge, no research has been conducted to investigate 

Radiosensitizing effects of c‑myc gene 
knockdown‑induced G2/M phase arrest by intrinsic 

stimuli via the mitochondrial signaling pathway
YUNPENG FAN1,  XIAOFENG JIA2,  TAO XIE3,  LIULONG ZHU1  and  FAN HE3

1The Affiliated Hangzhou Hospital of Nanjing Medical University, Hangzhou, Zhejiang 310006; 2College of Life Science, 
China Jiliang University, Hangzhou, Zhejiang 310018; 3Affiliated Hangzhou First People's Hospital, 

Zhejiang University School of Medicine, Hangzhou, Zhejiang 310006, P.R. China

Received June 1, 2020;  Accepted September 18, 2020

DOI: 10.3892/or.2020.7806

Correspondence to: Dr Fan He, The Affiliated Hangzhou 
First People's Hospital, Zhejiang University School of Medicine, 
261 Huansha Road, Shangcheng, Hangzhou, Zhejiang 310006, 
P.R. China
E-mail: qq975137299@icloud.com

Key words: radiosensitizing, c-myc, G2/M phase arrest, 
osteosarcoma, mitochondrial



FAN et al:  RADIOSENSITIZING EFFECTS OF c-myc GENE KNOCKDOWN-INDUCED G2/M PHASE ARREST2670

the radiosensitizing effect of the c-myc gene on osteosarcoma. 
Therefore, the present study investigated the radiosensitizing 
effect of the c-myc gene and the sensitizing apoptosis pathway, 
in order to provide a more effective combination radiotherapy 
treatment for osteosarcoma.

Materials and methods

Comprehensive analysis. Genetic data (GSE126209) of the 
corresponding samples were downloaded from The Cancer 
Genome Atlas (TCGA) (https://www.cancer.gov/about- 
nci/organization/ccg/research/structural-genomics/tcga) data 
portal. The differential expression data of genes were normal-
ized and analyzed by edgeR, a Bioconductor package based 
on R 3.53 (https://www.r-project.org/). Kaplan-Meier survival 
analyses were utilized to assess the overall survival of 
patients with sarcoma who were classified into high‑expres-
sion and low-expression groups based on the myc gene from 
the University of Alabama web portal (http://ualcan.path.
uab.edu/) (20). Available TCGA survival data was used for 
Kaplan-Meier survival analysis the overall survival plots 
were generated. Functional protein association network of 
the myc gene was constructed using the STRING database 
(https://string-db.org/).

Reagents and antibodies. DMEM, Minimum Essential 
Medium (MEM), Roswell Park Memorial Institute 
(RPMI)‑1640 Medium, FBS, penicillin, streptomycin, PBS 
and 0.25% trypsin were purchased from Gibco (Thermo Fisher 
Scientific, Inc.). Antibodies against caspase‑3 (cat. no. 9662), 
cleaved caspase-3 (cat. no. 9661), poly (ADP-ribose) poly-
merase (PARP) (cat. no. 9532), cleaved PARP (cat. no. 5625), 
Bax (cat. no. 5023), Bid (cat. no. 2002), Bcl-2 (cat. no. 4223), 
Cdc2 (cat. no. 28439), cyclin B1 (cat. no. 12231), cyclin D1 
(cat. no. 55506), p21 (cat. no. 2947) and GAPDH (cat. no. 5174) 
(all, 1:1,000) were purchased from Cell Signaling Technology, 
Inc. Primary antibody dilution buffer (cat. no. FD0040) was 
purchased from Fdbio Science.

Cell culture. hHOF1.19, MG63, HOS and U2OS cells from the 
Shanghai Cell Bank of the Chinese Academy of Sciences were 
tested for mycoplasma contamination. Cells were routinely 
cultured in a cell incubator (37˚C; 5% CO2; Thermo Fisher 
Scientific, Inc.) in high‑glucose DMEM supplemented with 
100 µl/ml penicillin‑streptomycin and 10% FBS.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
RT-qPCR was performed to determine the expression of c-myc 
in hHOF1.19, MG63, HOS and U2OS cells. TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract 
total RNA from the cells according to the manufacturer's 
instructions. PrimeScript™ RT Reagent kit (Takara Bio, Inc.) 
was used to reverse transcribe RNA to cDNA. The reaction 
conditions used for RT were as follows: Incubation at 37˚C 
for 15 sec, followed by 85˚C for 30 sec. C‑myc levels were 
quantified using SYBR Premix Ex Taq (Takara Biotechnology 
Co., Ltd.) on an ABI 7500 Fast Sequence Detection System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
following thermocycling conditions were used for the qPCR: 
Initial denaturation at 95˚C for 1 min, followed by 40 cycles of 

95˚C for 5 sec and 60˚C for 34 sec. GAPDH was used as the 
internal reference gene and the relative expression levels of 
c‑myc in hFOB, MG63, U2OS and HOS osteosarcoma cells 
were analyzed using the 2-ΔΔCq method (21) The following 
primer pairs were used for the qPCR: c‑myc forward, 5'‑GTC 
AAG AGG CGA ACA CAC AAC‑3' and reverse, 3'‑TTG GAC 
GGA CAG GAT GTA TGC‑5' and GAPDH forward, 5'‑TGT 
TCG TCA TGG GTG TGA AC‑3' and reverse, 5'‑ATG GCA TGG 
ACT GTG GTC AT‑3'.

Cell transfection. MG63 cells were seeded into six-well plates 
at a density of 2x105 cells/well. After reaching 70‑90% conflu-
ence, complete medium was replaced with MEM without FBS 
or penicillin-streptomycin. Subsequently, small interfering 
RNA (siRNA) targeting c-myc was transfected in MG63 
cells using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) at a concentration of 50 nM. After 6 h, the 
medium was replaced with complete medium to continue 
cultivation. To identify the transfection efficiency of siRNA, 
transfected MG-63 cells were observed by fluorescence 
imaging and transfection efficiency was compared with 
non-transfected MG-63 cells. The siRNA inhibitor sequence 
was as follows: Forward, 5'‑GGA AGA AAU CGA UGU UGU 
UTT‑3' and reverse, 3'‑AAC AAC AUC GAU UUC UUC CTT‑5'. 
The si-negative control inhibitor sequence was as follows: 
Forward, 5'‑UUC UCC GAA CGU GUC ACG UTT‑3' and 
reverse, 3'‑ACG UGA CAC GUU CGG AGA ATT‑5'.

Cell viability assay. A Cell Counting Kit‑8 (CCK‑8; 
MedChemExpress) assay was used to determine cell viability 
according to the manufacturer's instructions. Firstly, cells 
transfected with si-c-myc and si-negative control (NC) were 
seeded into 96-well plates at a density of 5x103 cells/well. 
A total of 100 ml CCK-8 solution mixed with incomplete 
MEM (1:10) was added into each well and cell viability was 
measured at 24, 48, 72 and 96 h on a MR7000 microplate 
reader (Dynatech) at 450 nm absorbance 30 min later.

Cell cycle analysis. Cells transfected with siRNA 
after 0, 24, 48, 72 and 96 h were digested and washed twice 
with PBS and then fixed with 75% ethanol at ‑20˚C overnight. 
Propidium iodide (PI; BD Biosciences) was added to cells and 
incubated for 15 min. Cells cycle analysis was performed with 
a FACSCalibur flow cytometer (BD Biosciences) and data 
were analyzed with CellQuest software 3.1 (BD Biosciences).

Apoptosis analysis. The FITC Annexin V apoptosis Detection 
Kit I (BD Pharmingen; BD Biosciences) was used for apop-
tosis analysis. First, the cells were digested, washed with 
PBS and resuspended in 1X Binding Buffer. Subsequently, 
cells were transferred in 100 µl resuspended mixture solution 
(1x105 cells) into a 5 ml culture tube. A total of 5 µl V‑FITC 
and 5 µl PI were added into the tube and incubated at room 
temperature for 15 min. Finally, 400 µl 1X Binding Buffer was 
added to each tube. Cell apoptosis analysis was performed with 
a FACSCalibur flow cytometer (BD Biosciences), and data 
were analyzed with CellQuest software 3.1 (BD Biosciences).

Clone formation assay. Cells in the logarithmic growth phase 
were seeded in a six-well plate with 200-800 cells/well and 
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incubated at 37˚C for 2 weeks until visible colonies appeared 
in the wells. Following washing with PBS twice, a mixture of 
0.1% crystal violet and 4% polymethanol was added to fix and 
stain for 30 min at 37˚C. The dye was washed away slowly 
with running water. Clones with >50 cells were counted under 
an optical microscope (magnification, x200).

Radiotherapy. MG63 cells transfected with si-NC and si-c-myc 
were seeded in a six-well plate with 200-800 cells/well and 
cultured in a 37˚C and 5% CO2 incubator for 24 h. An X-ray 
instrument (Precision X-Ray, Inc.) was used to irradiate the 
cells at dose rates of 2, 4, 6 and 8 Gy. Subsequently, MG63 
cells were cultured in the incubator for 10 days.

Fluorescence assays. Cell apoptosis was detected by fluores-
cence microscopy using DAPI reagent (Beyotime Institute of 
Biotechnology) for nuclear staining. In brief, cells fixed with 
4% polymethanol were stained with DAPI and incubated 
in the dark for 15 min at 37˚C. After washing twice with 
PBS, cells were observed under a fluorescence microscope 
(magnification, x200) (Olympus Corporation) to identify 
nuclear fragmentation and chromatin condensation.

Western blot analysis. MG63 cells in six-well plates treated 
with si-NC, si-c-myc or radiotherapy were digested and lysed 
in RIPA lysis buffer containing protease inhibitor cocktail 
(Sigma‑Aldrich; Merck KGaA). Protein concentration was 
measured using a BCA protein assay kit (Pierce; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
instructions on a MR7000 microplate reader (Dynatech) at a 
wavelength of 570 nm 30 min later. Equal amounts of protein 
(40 µg) were separated via SDS-PAGE (12% polyacrylamide 
gels). Electrophoresis and membrane transfer were performed 
at 100 V for 1.5 h and 300 mA for 1 h, respectively. Separated 
proteins were transferred to a PVDF membrane, blocked 
with 5% non-fat milk in TBS-0.1% Tween 20 (TBS-T) 
at 37˚C for 1 h and then incubated in primary target anti-
bodies (Cell Signaling Technology, Inc.) overnight at 4˚C. 
Following three washes with TBS‑T, membranes were incu-
bated with HRP anti‑rabbit (cat. no. FD0128) or anti‑mouse 
IgG (cat. no. FD0142) antibodies (Fdbio Science) diluted in 
5% non-fat milk (1:5,000 working dilution) for 1 h at room 
temperature. Protein bands were visualized using the Westar 
Supernova kit (Cyanagen) and a molecular imager (Bio-Rad 
Laboratories, Inc.). Densitometric analysis was performed 
using ImageJ 1.8.0 (National Institutes of Health).

Statistical analysis. The data were expressed as mean ± SD 
and analyzed by SPSS 17.0 (SPSS Inc.). The t-test was used 
to calculate the difference between two groups. One-way 
ANOVA to compare differences among three or more groups 
followed by Tukey's post hoc test. Tests were two‑tailed and 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Comprehensive analysis of the myc gene. Comprehensive 
analysis using a heat map with bidirectional hierarchical 
clustering of genes and RT-qPCR was conducted. It was found 

that myc was overexpressed in tumor samples compared with 
normal samples (Fig. 1A and B). Kaplan‑Meier curve analysis 
of myc for overall survival showed that myc was negatively 
associated with patient overall survival (Fig. 1C). STRING 
database analysis showed that G2/M cell cycle target proteins 
such as cdc2, p21 and cyclin B1 may be associated with the 
myc gene (Fig. 1D).

Relative c‑myc gene expression in osteosarcoma and siRNA 
knockdown efficiency. To investigate the relative c-myc 
expression in osteosarcoma, RT-qPCR was performed in 
osteosarcoma cells HOS, MG63, U-2 and c-myc expression was 
compared against normal cartilage cells hHOF1.19 (Fig. 2A). 
C‑myc was significantly overexpressed in MG‑63 cells but not 
in U-2 and HOS cells. The present data demonstrated that the 
levels of c-myc were higher in MG-63 and U-2 tumor cells 
compared with hFOB1.19 cells, particularly in MG‑63 cells. 
Thus, MG-63 cells were used for subsequent experiments. 
Subsequently, siRNA was transfected to downregulate c-myc 
expression in MG-63 osteosarcoma cells. The transfection 
efficiency of siRNA was observed using fluorescence imaging. 
As shown in Fig. 2B, >80% of MG‑63 cells expressed green 
fluorescence protein 48 h after transfection. The knockdown 
efficiency of si‑c‑myc was verified by RT‑qPCR and western 
blotting. As shown in Fig. 2C and D, the expression levels of 
the c‑myc gene was significantly decreased in MG‑63 cells 
transfected with si-c-myc compared with the si-NC group.

c‑myc knockdown inhibits the proliferation of osteosarcoma 
cells and induced caspase‑dependent apoptosis via intrinsic 
pathways. To investigate the effects of c-myc on proliferation, 
MG63 cells were transfected with siRNA. Colony formation 
and cell viability assays were performed. The cell viability 
and colony formation assays showed that knockdown of 
the c‑myc gene significantly inhibited the proliferation of 
osteosarcoma cells (Fig. 3A and B). To determine whether 
inhibition of cell growth could be attributed to apoptosis, 
DAPI staining and flow cytometry assay were performed. 
Fig. 3C and D showed that c‑myc knockdown increased 
early and late apoptotic cell proportion, chromatin conden-
sation and DNA fragmentation. Next, western blotting was 
performed to identify the pathways involved. As shown in 
Fig. 3E, knockdown of c‑myc markedly increased the expres-
sion of Bax, cleaved PARP and cleaved caspase-3 proteins 
and decreased the expression of c-myc, caspase-9, Bid, Bcl-2, 
caspase-3 and PARP proteins.

c‑myc knockdown induces G2/M phase arrest by regulating 
cell cycle‑regulated proteins. To determine whether knock-
down of the c-myc gene inhibited cell proliferation by inducing 
cell cycle arrest, the present study examined the cell cycle 
distribution at 0, 24, 48, 72 and 96 h after si-c-myc transfec-
tion in MG‑63 cells. As shown in Fig. 4A, c‑myc knockdown 
increased G2/M phase cell proportion and decreased G0/G1 
and S phases in MG-63 cells. The arrest rate reached the 
highest levels at 48 h. The cell cycle-regulated proteins cyclin 
B1 and p21 was upregulated and Cdc2 and cyclin D1 were 
downregulated (Fig. 4B). The data suggested that knockdown 
of the c-myc gene induced G2/M phase arrest by regulating 
G2/M cell cycle target markers.
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Figure 2. Relative c‑myc gene expression in osteosarcoma and knockdown efficiency of siRNA. (A) Relative c‑myc gene expression was determined in 
three osteosarcoma cell lines (MG63, HOS and U‑2) and one osteoblastic cell line (hFOB 1.19) by RT‑qPCR. **P<0.01 vs. hFOB1.19 cells. (B) Efficiency of 
siRNA transfection into MG63 cells was determined by fluorescence microscopy (magnification, x400). Knockdown efficiency of si‑c‑myc was confirmed by 
(C) RT-qPCR and (D) western blotting. *P<0.05, ***P<0.001. Data are presented as the mean ± standard deviation. RT-qPCR, reverse transcription-quantitative 
PCR; NC, negative control; GFP, green fluorescence protein; siRNA, small interfering RNA; si‑c‑myc, siRNA targeting c‑myc.

Figure 1. Comprehensive analysis of the myc gene. (A) Heat map with bidirectional hierarchical clustering of genes in osteosarcoma. The top 100 upregulated 
and 100 downregulated genes are shown in the heat map. (B) Validation of Myc expression by reverse transcription‑quantitative PCR in osteosarcoma. The 
relative expression of Myc between tumor tissues and adjacent noncancerous tissues is shown. Data are presented as the mean ± standard deviation. n=30. 
(C) Kaplan‑Meier curve analysis of myc expression for overall survival in patients with sarcoma. (D) Multiple protein assay of myc. SARC, sarcoma; CASP2, 
caspase 3; PARP1, poly (ADP‑ribose) polymerase 1; CKS1B, cyclin‑dependent kinases regulatory subunit 1; CCNA2, cyclin A2; CCNB1, G2/mitotic‑specific 
cyclin‑B1; CDC20, cell division cycle protein 20 homolog; CCNB2, G2/mitotic‑specific cyclin‑B2; CDKN1A, cyclin‑dependent kinase inhibitor 1.
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Assessing the radiosensitivity of MG‑63 cells. MG63 cells 
were irradiated at 0, 2, 4, 6 ND 8 Gy to determine the 
radiosensitivity. As shown in Fig. 4C, the colony‑forming 
efficiency was 46.3, 22.2, 2.8, 0.6 and 0.0%, respectively. Cell 
survival rates were significantly reduced in a dose‑dependent 
manner.

Radiosensitizing effects of c‑myc knockdown is determined 
by inducing G2/M phase arrest. Radiosensitivity was inves-
tigated by reducing c-myc gene expression via inducing 
G2/M phase arrest. Fig. 5A shows that apoptotic chromatin 
condensation and DNA fragmentation were significantly 
increased in the si-c-myc + 2 Gy group compared with other 

Figure 3. Knockdown of c‑myc inhibits the proliferation of osteosarcoma cells and induces caspase‑dependent apoptosis via intrinsic pathways. (A) Cell 
viability. (B) Number of colonies was evaluated in cells transfected with either si‑c‑myc or si‑NC. The apoptosis rate was determined by (C) flow cytometry 
and (D) DAPI staining (magnification, x400) and apoptotic cells are marked by red arrows. (E) Caspase‑dependent apoptosis through intrinsic pathways was 
determined by western blotting. *P<0.05 and **P<0.01 vs. si‑NC. si, small interfering RNA; OD, optical density; PI, propidium iodide; NC, negative control; 
FITC, fluorescein isothiocyanate; Casp, caspase.
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groups. The mean numbers of colonies formed were 92, 79, 52 
and 3, respectively, in si-NC, si-c-myc, 2 Gy and si-c-myc + 
2 Gy groups with a seeding density of 200 cells/well. The 
colony-forming efficiency was significantly reduced in 
the 2 Gy group with c‑myc knockdown group (Fig. 5B). 
The knockdown efficiency of si-c-myc was verified by 
RT‑qPCR (Fig. 5C) and the expression levels the of c‑myc 
gene was significantly decreased in si‑c‑myc and si‑c‑myc 
+ 2 Gy groups. Western blot analysis showed that the cell 
cycle-regulated proteins cyclin B1 and p21 were upregulated 

and Cdc2 and cyclin D1 was downregulated in both si-c-myc 
and si-c-myc + 2 Gy groups. The apoptosis-related proteins 
caspase-9, c-myc, cdc2, cyclin D1, Bid, Bcl-2, caspase-3 and 
PARP were decreased while p21, cyclin B1, Bax, cleaved 
PARP and cleaved caspase-3 were increased in the si-c-myc + 
2 Gy group (Fig. 5D). These results suggested that down-
regulating c-myc expression induced the radiosensitizing 
effects involved in G2/M phase arrest, which increased the 
apoptosis of osteosarcoma cells by intrinsic stimuli via the 
mitochondrial signaling pathway (Fig. 6).

Figure 4. Knockdown of c‑myc induces G2/M phase arrest by regulating cell cycle‑regulated proteins and the radiosensitivity of MG‑63 cells is assessed. 
(A) Cell cycle distribution was determined by PI staining and flow cytometry analysis. (B) Western blotting showing that G2/M phase arrest was activated 
through cell cycle-regulated proteins. (C) MG63 cells were irradiated at 0, 2, 4, 6 and 8 Gy and colony formation assays were performed to assess the 
radiosensitivity. **P<0.01 and ***P<0.001 vs. NC. NC, negative control; si, small interfering RNA.
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Discussion

Osteosarcoma is insensitive to radiotherapy (22,23). Some 
studies have shown that tumor cells in the G2/M phase have 

good sensitivity of radiotherapy (24-26). Inhibiting c-myc 
expression can effectively suppress the proliferation of tumor 
cells and induce G2/M phase arrest (27,28) as well as apoptosis 
of sarcoma cells (18,29). The present study aimed to assess 

Figure 5. Radiosensitizing effects of c‑myc gene knockdown by inducing G2/M phase arrest. (A) The apoptosis rate was determined by DAPI staining 
(magnification, x200) and apoptotic cells are marked by red arrows. (B) Radiosensitizing effects of c‑myc gene knockdown was determined by colony forma-
tion assays. (C) Knockdown efficiency of si‑c‑myc was confirmed by reverse transcription‑quantitative PCR. (D) Apoptosis of osteosarcoma cells by intrinsic 
stimuli via the mitochondrial signaling pathway was determined by western blotting. Casp, caspase.; si, small interfering RNA; NC, negative control. *P<0.05, 
**P<0.01, ***P<0.001.
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the radiosensitizing effects of c-myc knockdown-induced 
G2/M phase arrest. The present study showed that down-
regulating c-myc significantly inhibited the proliferation 
of osteosarcoma cells and induced G2/M phase arrest. The 
combination of radiotherapy and c-myc inhibition resulted 
in a significantly higher apoptosis rate of osteosarcoma cells 
compared with using either therapy alone.

Previous analysis showed that the myc gene was over-
expressed in osteosarcoma and negatively associated with 
patients' overall survival (20,30). The present study demon-
strated that the c-myc gene was overexpressed in MG63 
osteosarcoma cells compared to osteoblasts. Tumor prolifera-
tion was significantly inhibited after inhibiting the expression 
of the c-myc gene in osteosarcoma cells. The G2/M phase 
has become a key cell cycle target marker for the inhibition 
of tumor proliferation (31,32). During the initiation of the 
M phase, Cdc25 binds to proliferating cell nuclear antigen 
(PCNA) to catalyze the dephosphorylation of Cdc2 Y14/Y15, 
which activates the cyclin B1/Cdc2 complex and subsequently 
cell mitosis. Therefore, the cyclin B1/Cdc2 complex plays a 
key role in inducing cell G2/M phase transition (33). C-myc 
and zinc finger transcription factor Miz‑1 can inhibit cell cycle 
transcription factors, such as p21 (34). P21, the inhibitor of 
cdc2, can form a quaternary complex with Cdc2, cyclinB1 and 
PCNA, then competitively inhibits cdc25 binding to PCNA and 
blocks cdc25 from catalyzing the cdc2 dephosphorylation (35). 
The present study identified that c‑myc gene downregulation 
could induce p21 protein upregulation with the increase of 
G2/M phase-associated protein cyclin B1 and the decrease of 
cdc2 protein, which leads to G2/M phase arrest and inhibition 
of osteosarcoma cell proliferation.

To further determine whether cell cycle arrest was 
time-dependent, cell cycle distribution tests were performed 
at five time points (0, 24, 48, 72 and 96 h). The present study 
found that the cycle arrest was time-dependent: It peaked 
at 48 h and the arrest capacity of the G2/M phase gradually 

decreased. Studies have also shown that c-myc is most effec-
tive in blocking tumor growth in 48 h (26). Radiotherapy 
performed at 0, 2, 4, 6 and 8 Gy doses showed that the cell 
growth inhibition rate was ~50% at 2 Gy, similar to the result 
of a previous report (36).

Radiotherapy induces cell apoptosis by damaging DNA 
double strands and inhibiting cell cycle checkpoint activa-
tion (37). A previous study found that radiation sensitivity 
is highly correlated with cells G2/M phase (38). The present 
study hypothesized that inducing G2/M phase arrest with 
drugs will increase the sensitivity of the cells to radiotherapy. 
Therefore, radiotherapy was performed on c-myc knockdown 
cells and verified the radiosensitizing effects of c‑myc gene 
knockdown-induced G2/M phase arrest and the activation of 
mitochondrial-mediated apoptosis pathway in this process.

In summary, the present study revealed that inhibiting 
c-myc gene expression combined with radiotherapy could 
significantly increase the apoptosis rate of osteosarcoma cells. 
The present study verified the radiosensitizing effects of c‑myc 
gene knockdown-induced G2/M phase arrest, which was 
achieved by intrinsic stimuli via the mitochondrial signaling 
pathway. The results of the present study may provide an 
effective and novel therapeutic strategy for radiotherapy of 
osteosarcoma.
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