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Abstract. Autophagy is a process of selective degradation 
of cellular components. Autophagy is an adaptive process in 
the majority of tumor cells; it provides sufficient nutrients 
by degrading cellular components to enhance the survival 
of tumors. Osteosarcoma is the most common type of 
primary malignant bone tumor in children and adolescents. 
Identification of an improved therapeutic strategy for the treat-
ment of osteosarcoma is urgently required. Osteosarcoma has 
been primarily treated by chemotherapy and the phenomena 
of resistance to the therapy has become increasingly common. 
Doxorubicin (Dox) is a classic chemotherapeutic drug for 
the treatment of osteosarcoma, and certain studies have 
suggested that Dox induces autophagy. On the basis of the 
protective effect of autophagy for tumors, the present study 
investigated whether U2OS and Saos‑2 osteosarcoma cells 
activate autophagy to reduce Dox‑induced apoptosis. Dox was 
observed to inhibit the growth of U2OS and Saos‑2 osteosar-
coma cells in a concentration‑dependent manner. The results 
of the western blot analysis demonstrated that Dox induced 
increased expression levels of the apoptosis‑related proteins 
cleaved caspase‑3 and cytochrome c and loss of mitochon-
drial membrane potential (MMP) in the U2OS and Saos‑2 
osteosarcoma cells. Furthermore, the results of the western 
blot analysis also revealed that Dox increased the expression 
levels of the autophagy‑related protein microtubule‑associated 
protein 1 light chain 3 and reduced those of p62 in the U2OS 
and Saos‑2 osteosarcoma cells. In order to determine the 
effect of autophagy on the apoptosis induced by Dox in the 
U2OS and Saos‑2 osteosarcoma cells, autophagy‑related 
protein (Atg)7 small interfering (si) RNA or the autophagy 
inhibitor 3‑methyladenine (3‑MA) alone or combined with 
Dox was used in U2OS and Saos‑2 osteosarcoma cells. The 
results identified that Atg7 siRNA and the autophagy inhibitor 

3‑MA significantly elevated the levels of growth inhibition by 
Dox and markedly increased the expression levels of the apop-
tosis‑related proteins cleaved caspase‑3 and cytochrome c, and 
reduced the levels of MMP in the U2OS and Saos‑2 osteo-
sarcoma cells, which were treated with Dox. These results 
indicated that autophagy was the protective mechanism used 
by U2OS and Saos‑2 osteosarcoma against Dox‑induced apop-
tosis. The inhibition of autophagy notably increases the levels 
of apoptosis induced by Dox. This suggested that Dox used in 
combination with autophagy inhibitors may effectively treat 
osteosarcoma.

Introduction

Osteosarcoma is the most common type of primary malignant 
bone tumor in children and adolescents. According to a study 
in 2005, >400  novel cases of pediatric osteosarcoma are 
diagnosed each year in the USA (1). Osteosarcoma is mainly 
treated with chemotherapy or surgical excision, but as the 
prognosis of unresectable or recurrent cases is poor, novel 
therapies for the treatment of this type of tumor are currently 
being developed (2). Numerous agents have been used to treat 
osteosarcoma over the last 30 years and overall survival has 
exceeded 50%. These agents include high-dose methotrexate, 
doxorubicin, cisplatin, ifosfamide and etoposide, which has 
now been sufficient cumulative experience for patients with 
osteosarcoma (3).

Autophagy is a process of selective degradation of cellular 
components. There are three major types of autophagy 
described, which include macroautophagy, microautophagy and 
chaperone‑mediated autophagy (4). At present, the most impor-
tant type of autophagy is macroautophagy. Macroautophagy, 
which is referred to as autophagy in the present study, is a 
nonspecific degradation system that mediates the clearance 
of long‑lived cytoplasmic proteins, including aggregate‑prone 
proteins, certain pathogens and organelles (5‑8). In mamma-
lian cells, autophagosome formation begins with a nucleation 
step, then they expand and fuse to form complete double 
membrane vesicles termed autophagosomes. Autophagosomes 
fuse with lysosomes and the contents of the autophagosomes 
are degraded (9). In this process, two important ubiquitin‑like 
conjugation processes are involved. The first is conjugation of 
autophagy‑related protein (Atg)12 to Atg5 and the second is 
conjugation of microtubule‑associated protein 1 light chain 3 
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(LC3; also known as MAP‑LC3 or Atg8) to phosphatidyl-
ethanolamine (PE), and the two processes are essential for 
autophagosome formation (10). Notably, autophagy contributes 
to the maintenance cellular homeostasis and acts as a house-
keeping survival mechanism in different harmful conditions, 
including starvation and endoplasmic reticulum stress (11). A 
study suggested that autophagy may be important in regulat-
ingof cancer development and progression, and in determining 
the response of tumor cells to anticancer therapy. However, the 
role of autophagy in these processes is complicated and depends 
on the circumstances (12). Autophagy and apoptosis regulate 
cell fate and are critical in development, normal physiology 
and in numerous diseases. Although there are more marked 
differences between these two processes, they can be regulated 
by the samegene, such as Bcl- (13). A study suggested that 
there is crosstalk between autophagy and apoptosis in certain 
situations, for example the autophagy induced by starvation 
may be inhibited by caspase‑mediated cleavage of beclin1 and 
the fragment of the cleaved beclin1 translocates to the mito-
chondria and induces apoptosis (14). Additionally, autophagic 
degradation of active caspase‑8 inhibits apoptosis (15). Thus, 
the regulation of apoptosis and autophagy by each other is 
complicated and the mechanism is unclear.

Dox is a chemotherapeutic agent that activates p53 to 
induce apoptosis (16). Dox was widely used for treatment of 
malignancies and exerts a range of effects on the structural and 
functional properties of tumor cells, ultimately leading to cell 
death. Although the direct effects of Dox in the damage of DNA 
have been well studied, the sequence of biochemical events that 
mediate cell death in response to Dox remains unclear (17).

The present study focused on the role of autophagy in the 
Dox‑induced apoptosis of osteosarcoma cells. The study also 
investigated whether a combination of autophagy inhibitors 
and Dox enhanced apoptosis of osteosarcoma cells.

Materials and methods

Reagents. Atg7 small interfering (si)RNA plasmid was 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
CA, USA; sc‑29918). Dox and 3‑methyladenine (3‑MA) were 
purchased from Sigma‑Aldrich (St. Louis, MO, USA). Fetal 
bovine serum (FBS) and Dulbecco's modified Eagle's medium 
(DMEM) were purchased from Gibco‑BRL (Carlsbad, CA, 
USA). The antibodies anti-nucleoporin p62 antibody (sc-25523; 
secondary antibody rabbit) anti- cytochrome  c antibody 
(sc-13156; secondary antibody mouse), anti-MAP LC3β anti-
body (sc-376404; secondary antibody mouse), anti‑caspase-3 
antibody (sc-65496; secondary antibody mouse), cleaved 
caspase-3 p11 antibody (sc-22171-R; secondary antibody 
rabbit) and ATG7 antibody (sc-33211; secondary antibody 
rabbit) were all purchased from Santa Cruz Biotechnology, Inc.

Cell proliferation assays. U2OS and Saos‑2 human cells 
(ATCC, Rockville, MD, USA) were grown in DMEM with 10% 
FBS and cultured at 37˚C in 5% CO2. The cell viability was 
determined by a MTT [12 µl, 5 mg/ml in phosphate‑buffered 
saline (PBS)] assay. The U2OS and Saos‑2 human cells were 
cultured at a density of 1‑1.5x104 cells/well in 96‑well plates. 
Each group was replicated in six separate wells. DMSO was 
used for the untreated/control cells. Following treatment (0, 

100, 250 or 500 nM) Dox, the MTT reagent (Sigma‑Aldrich) 
was added to each well for 4 h. Subsequently, the contents 
of each well was dissolved in 150 µl dimethylsulfoxide. The 
absorbance was recorded at a wavelength of 490 nm using  an 
ELISA reader (BD Biosciences, Franklin Lake, NJ, USA).

Transfection. Prior to the transfection, the cells were grown to 
40% confluence in each dish. According to the manufacturer's 
instructions, the U2OS and Saos‑2 cells were transfected with 
40 nmol/l control siRNA or Atg7 siRNA using Lipofectamine 
RNAiMAX reagent (Invitrogen Life Technologies, Carlsbad, 
CA, USA). After 36 h, the cells were harvested for western 
blotting.

Western blot analysis. For each assay, the U2OS and Saos‑2 
cells were washed with cold PBS twice and then 120 µl radioim-
munoprecipitation assay buffer [50 mM Tris‑HCl, pH 6.8; 0.1% 
SDS, 150 mM NaCl, 1 mM EDTA, 0.1 mM Na3VO4, 1 mM 
sodium fluoride (NaF), 1% Triton X‑100, 1% NP‑40, 1 mM 
dithiothreitol, 1 mM PMSF, 1 µg/ml aprotinin, 1 µg/ml leupeptin 
and 1 µg/ml pepstatin A] was added to each dish following treat-
ment. The lysates were harvested into 1.5‑ml tubes and agitated 
in a cold room (4˚C) for 20 min. Subsequently, the cell lysates 
were centrifuged at 13,000 x g for 15 min, and then the superna-
tants were harvested. The protein concentrations were detected 
by a bicinchoninic acid assay (Sigma Aldrich). A total of 60 µg 
protein was used for the western blotting. The lysates were sepa-
rated by 10% (w/v) SDS‑polyacrylamide gel electrophoresis. 
Subsequently, the proteins were transferred onto polyvinylidene 
difluoride membranes and they were blocked with 5% (w/v) 
skimmed milk in buffer [10 mM Tris‑HCl (pH 7.6), 100 mM 
NaCl and 0.1% (v/v) Tween‑20] for 30 min at room tempera-
ture (25˚C). The membranes were incubated in the primary 
antibodies overnight in a cold room. The following day, the 
membranes were washed three times with Tris‑buffered saline 
and Tween‑20. Subsequently, the membranes were incubated 
with the secondary antibodies for 1 h at room temperature. The 
semi‑quantitation of the proteins was analyzed with a Tanon Gel 
Imager system (Tanon, Shanghai, China).

Mitochondrial membrane potential (MMP) analysis. JC‑1 
staining to detect the MMP of each group was conducted by 
flow cytometry, according to the manufacturer's instructions 
(Molecular Probes, Invitrogen Life Technologies, Carlsbad, 
CA, USA). Following treatment, the U2OS and Saos‑2 cells 
were trypsinized, washed with PBS, and resuspended in PBS 
at a concentration of 1x106 cells/ml. The U2OS and Saos‑2 
cells were then stained with 2.5 µl JC‑1 (1 mg/ml) and incu-
bated in the dark at 37˚C for 1.5 h. The JC‑1 positive cells were 
subsequently detected by a FACSCalibur flow cytometer (BD 
Biosciences).

Statistical analysis. Data are representative of three indepen-
dent experiments and were analyzed by t‑test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Dox inhibits the growth of U2OS and Saos‑2 osteosarcoma 
cells in a dose‑dependent manner. Dox is widely used for 
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the treatment of numerous types of tumor (17‑21). Initially, 
the study aimed to identify whether Dox inhibits the growth 
of the U2OS and Saos‑2 osteosarcoma cell lines. The MTT 
results demonstrated that Dox reduced the cell viability of the 
two U2OS and Saos‑2 cell types in dose‑dependent manner 
compared with that of the untreated cells (Fig. 1).

Dox induces apoptosis in U2OS and Saos‑2 cells. As 
mentioned previously, Dox inhibited the cell growth of the 
two osteosarcoma cell lines. Subsequently, the levels of 
apoptosis‑associated proteins in the U2OS and Saos‑2 cells 
treated with Dox were detected to investigate whether growth 
inhibition was associated with apoptosis. The levels of the 
mitochondrial apoptosis‑associated proteins caspase‑3 and 
cytochrome c were detected.

As shown in Fig. 2A and B, Dox increased the expression 
levels of cleaved caspase‑3 and cytochrome c in the U2OS 

cells compared with those in the untreated cells. A second 
osteosarcoma cell line, Saos‑2, was used to confirm the afore-
mentioned results. Similar results were observed in the Saos‑2 
cells (Fig. 2D and E). Furthermore, the MMP was measured 
in the two cell lines by flow cytometry. As shown in Fig. 2C 
and F, Dox induced a significant loss in the MMP of the two 
cells lines.

These results indicated that Dox induces apoptosis in osteo-
sarcoma cells through the mitochondrial apoptotic pathway.

Dox induces autophagy in U2OS and Saos‑2 cells. In addition 
to apoptosis, it has been reported that Dox induces autophagy 
in tumor cells (22). Thus, the levels of autophagy‑associated 
proteins in the U2OS and Saos‑2 cells treated with Dox were 
subsequently detected. LC3 (the mammalian equivalent of 
yeast Atg8) and p62 are the two major markers of autophagy. 
When autophagy occurs, the quantity of LC3‑II increases 

Figure 1. Doxorubicin inhibits the growth of U2OS and Saos‑2 cells. (A) U2OS cells and (B) Saos‑2 cells were treated with 0, 100, 250 and 500 nM doxorubicin 
for 24 h. Cell viability was detected by an MTT assay. *P<0.05 versus the control group. Data are presented as the mean ± standard deviation, n=6. 

Figure 2. Doxorubicin induces apoptosis in U2OS and Saos‑2 cells. (A) Western blot analysis for the expression levels of caspase‑3, cleaved caspase‑3 and 
cytochrome c in U2OS cells treated with 0, 100, 250 and 500 nM doxorubicin for 24 h. (B) Quantitation of cleaved caspase‑3 and cytochrome c protein expression 
levels in U2OS cells treated with 0, 100, 250 and 500 nM doxorubicin for 24 h. (C) U2OS cells treated with 0, 100, 250 and 500 nM doxorubicin for 24 h. Following 
treatment, the cells were stained with JC‑1. (D) Western blot analysis for the expression levels of caspase‑3, cleaved caspase‑3 and cytochrome c in Saos‑2 cells 
treated with 0, 100, 250 and 500 nM doxorubicin for 24 h. (E) Quantitation of cleaved caspase‑3 and cytochrome c protein expression levels in Saos‑2 cells treated 
with 0, 100, 250 and 500 nM doxorubicin for 24 h. (F) Saos‑2 cells treated with 0, 100, 250 and 500 nM doxorubicin for 24 h. Following treatment, the cells were 
stained with JC‑1. *P<0.05 versus the control group. Data are presented as the mean ± standard deviation, n=3. MMP, mitochondrial membrane potential.
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and the expression levels of p62 decrease. Western blotting 
demonstrated that the levels of these two proteins in U2OS 
and Saos‑2 cells treated with Dox were altered compared with 
those in the untreated cells. As shown in Fig. 3, Dox elevated 
the expression levels of LC3‑II and reduced the expression 
levels of p62 in U2OS and Saos‑2 cells.

These results indicated that Dox induces autophagy in 
U2OS and Saos‑2 cells.

Inhibition of autophagy by Atg7 siRNA or an autophagy 
inhibitor enhances the apoptosis induced by Dox in U2OS 
and Saos‑2 cells. Numerous studies have shown that 

Figure 3. Doxorubicin induces autophagy in U2OS and Saos‑2 cells. (A) Western bloting for the expression levels of LC3 and p62 in U2OS cells treated with 
0, 100, 250 and 500 nM doxorubicin for 24 h. (B) Quantitation of LC3‑II and p62 protein expression levels in U2OS cells treated with 0, 100, 250 and 500 nM 
doxorubicin for 24 h. (C) Western blot analysis for the expression levels of LC3 and p62 in Saos‑2 cells treated with 0, 100, 250 and 500 nM doxorubicin for 
24 h. (D) Quantitation of LC3‑II and p62 protein expression levels in Saos‑2 cells treated with 0, 100, 250 and 500 nM doxorubicin for 24 h. *P<0.05 versus the 
control group. Data are presented as the mean ± standard deviation, n=3. LC3, microtubule‑associated protein 1 light chain 3.

Figure 4. Inhibition of autophagy by Atg7 siRNA enhances apoptosis induced by doxorubicin in U2OS cells. (A) Western blot analysis for the expression levels 
of Atg7 in U2OS cells treated by control siRNA or Atg7 siRNA for 24 h. (B) U2OS cells treated by control siRNA or Atg7 siRNA with or without doxorubicin 
for 24 h. Cell viability was detected by an MTT assay. Data are presented as the mean ± standard deviation, n=6. (C) U2OS cells treated by control siRNA or 
Atg7 siRNA with or without doxorubicin (250 nM, 24 h). Following treatment, the cells were stained with JC‑1. (D) Western blot analysis for the expression 
levels of caspase‑3, cleaved caspase‑3 and cytochrome c in U2OS cells treated by control siRNA or Atg7 siRNA with or without doxorubicin (250 nM, 24 h). 
(E) Quantitation of cleaved caspase‑3 and cytochrome c protein expression levels. *P<0.05 versus the control group; #P<0.05 versus the doxorubicin group. Data 
are presented as the mean ± standard deviation, n=3. Atg, autophagy‑related protein; siRNA, small interfering RNA.
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autophagy is important in the apoptosis induced by antitumor 
agents, but the role varies with different agents and types of 
tumor (12,23). Atg7 siRNA and an autophagy inhibitor were 
used to investigate the role of autophagy in Dox‑induced apop-
tosis. As shown the Fig. 4A, siAtg7 reduced the expression 
levels of Atg7 in the U2OS cells compared with those in the 
control cells. The MTT results demonstrated that Atg7 siRNA 
intensifies the growth inhibition induced by Dox in the U2OS 
cells (Fig. 4B). Furthermore, the Atg7 siRNA aggravated the 
loss of MMP in the U2OS cells (Fig. 4C). Subsequently, the 
levels of the apoptosis‑associated proteins, cleaved capase‑3 
and cytochrome c, were detected. The Atg7 siRNA further 
increased the expression levels of the apoptosis‑associated 
proteins, cleaved capase‑3 and cytochrome c, induced by Dox 
in the U2OS cells (Fig. 4D and E).

Subsequently, the autophagy inhibitor 3‑MA was used to 
confirm the role of autophagy in Dox-induced apoptosis. The 
combination of 3‑MA and Dox also intensified the growth 
inhibition of the U2OS cells induced by Dox (Fig. 5A). As 
shown in Fig. 5B, C and D, the combination of 3‑MA and Dox 
further increased the expression levels of the apoptosis‑asso-
ciated proteins cleaved capase‑3 and cytochrome c and loss of 
MMP induced by Dox in the U2OS cells.

Saos‑2 cells were used to confirm these results and similar 
results were observed (Figs. 6 and 7).

These results in the U2OS and Saos‑2 cells indicated that 
autophagy is important in Dox-induced apoptosis and the 
inhibition of autophagy further increases the cytotoxicity of 
Dox in osteosarcoma cells.

Discussion

Osteosarcoma is common type of primary bone tumor. Due 
to the high metastatic potential and the common acquisition 
of chemotherapeutic resistance in osteosarcoma, the clinical 
outcome is poor  (18). Chemotherapy for osteosarcoma is 
administered in neoadjuvant and adjuvant settings. Clinical 
treatment commonly uses chemotherapy for the treatment of 
osteosarcoma, in order to avoid amputation. Dox is a common 
conventional chemotherapeutic drug used for the treatment of 
osteosarcoma (19). Studies have indicated that Dox inhibits the 
cell growth of human leukemia cells (17) and breast cancer cell 
lines (20). In order to investigate the effect of Dox on osteo-
sarcoma, the present study investigated the effect of Dox on 
the cell viability of two human osteosarcoma cell lines, U2OS 
and Saos‑2, by MTT assay. The results demonstrated that Dox 
inhibited the cell proliferation of the U2OS and Saos‑2 cells in 
a dose‑dependent manner.

A previous study reported that Dox induced apoptosis by 
increasing the expression levels of cleaved caspase‑3 (18). 
Cleaved caspase‑3 is an activated form of caspase‑3, and it 
leads to cell death. Therefore, in order to detect whether Dox 
induces the apoptosis of the two osteosarcoma cell lines, 
the expression levels of cleaved caspase‑3 and cytochrome c 
were detected by western blot analysis of the U2OS and 
Saos‑2 cells. The results showed that Dox increased the 
expression levels of cleaved caspase‑3 and cytochrome c 
in a dose‑dependent manner in the U2OS and Saos‑2 cells. 
Additionally, the MMP loss was measured in the two cell 

Figure 5. Inhibition of autophagy by the autophagy inhibitor 3‑MA enhances apoptosis induced by doxorubicin in U2OS cells. (A) Cell viability was deter-
mined by an MTT assay. U2OS cells were treated by doxorubicin (250 nM), 3‑MA (10 mM) or doxorubicin and 3‑MA for 24 h. Data are presented as the 
mean ± standard deviation, n=6. (B) U2OS cells were treated by doxorubicin (250 nM), 3‑MA (10 mM) or doxorubicin and 3‑MA for 24 h. Following the 
treatment, the cells were stained with JC‑1. (C) Western blot analysis for the expression levels of caspase‑3, cleaved caspase‑3 and cytochrome c in the cells 
treated with doxorubicin (250 nM), 3‑MA (10 mM) or doxorubicin and 3‑MA for 24 h. (D) Quantitation of cleaved caspase‑3 and cytochrome c protein 
expression levels. *P<0.05 versus the control group; #P<0.05 versus the doxorubicin group. Data are presented as the mean ± standard deviation, n=3. DMSO, 
dimethylsulfoxide; 3‑MA, 3‑methyladenine; MMP, mitochondrial membrane potential.
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lines using flow cytometry. Dox evidently induced the loss of 
the MMP in the two cells lines.

Although the present study demonstrated that Dox induces 
apoptosis of U2OS and Saos‑2 cells, the effect of the treatment 

requires enhancement. Therefore, the other functions of Dox 
were investigated. Fong et al (22) identified that Dox induced 
increased expression levels of LC3 in the A2780 epithelial 
ovarian cancer cell line. LC3, a homologue of Apg8p that 

Figure 7. Inhibition of autophagy by the autophagy inhibitor 3‑MA enhances apoptosis induced by doxorubicin in Saos‑2 cells. (A) Cell viability was deter-
mined by an MTT assay. Saos‑2 cells were treated with doxorubicin (250 nM), 3‑MA (10 mM) or doxorubicin and 3‑MA for 24 h. Data are presented as the 
mean ± standard deviation, n=6. (B) Saos‑2 cells were treated with doxorubicin (250 nM), 3‑MA (10 mM) or doxorubicin and 3‑MA for 24 h. Following the 
treatment, the cells were stained with JC‑1. (C) Western blot analysis for the expression levels of caspase‑3, cleaved caspase‑3 and cytochrome c treated with 
doxorubicin (250 nM), 3‑MA (10 mM) or doxorubicin and 3‑MA for 24 h. (D) Quantitation of cleaved caspase‑3 and cytochrome c protein expression levels. 
*P<0.05 versus the control group; #P<0.05 versus the doxorubicin group. Data are presented as the mean ± standard deviation, n=3. DMSO, dimethylsulfoxide; 
3‑MA, 3‑methyladenine; MMP, mitochondrial membrane potential.

  A   B

  C   D

Figure 6. Inhibition of autophagy by Atg7 siRNA enhances apoptosis induced by doxorubicin in Saos‑2 cells. (A) Western blot analysis for the expression levels 
of Atg7 in Saos‑2 cells treated with control siRNA or Atg7 siRNA for 24 h. (B) Saos‑2 cells treated by control siRNA or Atg7 siRNA with or without doxorubicin 
for 24 h. Cell viability was detected by an MTT assay. Data are presented as the mean ± standard deviation, n=6. (C) Saos‑2 cells treated by control siRNA or 
Atg7 siRNA with or without doxorubicin (250 nM, 24 h). Following treatment, the cells were stained with JC‑1. (D) Western blot analysis for the expression 
levels of caspase‑3, cleaved caspase‑3 and cytochrome c in Saos‑2 cells treated by control siRNA or Atg7 siRNA with or without doxorubicin (250 nM, 24 h). 
(E) Quantitation of cleaved caspase‑3 and cytochrome c protein expression levels. *P<0.05 versus the control group; #P<0.05 versus the doxorubicin group. Data 
are presented as the mean ± standard deviation, n=3. Atg, autophagy‑related protein; MMP, mitochondrial membrane potential; siRNA, small interfering RNA.
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is essential for autophagy in yeast, is a classical marker of 
autophagy. In particular, LC3‑II is the first mammalian 
protein identified that specifically associates with autophag-
some membranes (24). In order to determine whether Dox has 
an effect on autophagy in U2OS and Saos‑2 cells, the expres-
sion levels of LC3 were detected by western blotting and it 
was demonstrated that Dox induced the increased expression 
levels of LC3 in the U2OS and Saos‑2 cells. In addition, Dox 
reduced the levels of another autophagy marker, p62. All the 
results showed that Dox induced autophagy in the U2OS and 
Saos‑2 cells.

A growing number of studies have reported crosstalk 
between apoptosis and autophagy  (25). The correlation 
between them is complicated. A number of studies have 
provided evidence that autophagy serves as a survival pathway 
in tumor cells treated with anticancer drugs and proposed 
a rationale for the use of autophagy inhibitors in combina-
tion with therapies designed to induce apoptosis in human 
cancers (26,27). Therefore, autophagy inhibition represents a 
major therapeutic target for chemosensitization (28). Although 
the present study demonstrated that Dox induced apoptosis and 
autophagy in U2OS and Saos‑2 cells, the correlation between 
apoptosis and autophagy induced by Dox is unknown. In order 
to elucidate the correlation, Dox was used in combination with 
the autophagy inhibitor 3‑MA and Atg7 siRNA to detect the 
cell proliferation and the expression levels of apoptosis‑asso-
ciated proteins induced by Dox in the U2OS and Saos‑2 cells. 
As expected, the results showed that the autophagy inhibitor 
3‑MA and Atg7 siRNA significantly enhanced the cell prolif-
eration inhibition and notably increased the expression levels 
of the apoptosis proteins cleaved caspase‑3 and cytochrome c 
induced by Dox in the U2OS and Saos‑2 cells. These results 
demonstrated that autophagy is preventative against the apop-
tosis induced by Dox in U2OS and Saos‑2 cells.

The present study provides significant data indicating that 
inhibition of autophagy may enhance the tumor cell prolifera-
tion inhibition and apoptosis of U2OS and Saos‑2 cells induced 
by Dox. Thus, activation of autophagy may be involved in the 
resistance to apoptosis of U2OS and Saos‑2 cells. Autophagy 
may enable tumor cells adapt to metabolic stress and promote 
cell survival during apoptosis. In conclusion, the present study 
showed that inhibition of autophagy may be a novel strategy 
to increase the efficacy of anticancer drugs in the treatment of 
U2OS and Saos‑2 cells.
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