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Abstract. Osteosarcoma (OS) is a malignant tumor origi‑
nating from primitive mesenchymal tissue that occurs mostly 
in children and adolescents. It is the most common type of 
malignant tumor originating from bone. The combination of 
chemotherapy and surgery is an important treatment strategy 
for OS; however, multidrug resistance frequently leads to 
failure of chemotherapy for OS. Autophagy is considered an 
important mechanism through which bone tumor cells escape 
apoptosis; inhibition of autophagy may significantly increase 
the sensitivity of tumor cells to chemotherapeutic drugs. The 
present review discusses the relationship between chemo‑
therapy resistance and autophagy‑related genes, the regulation 
of autophagy in OS, as well as drugs that inhibit protective 
autophagy in tumors or cause autophagic death of OS cells 
or increase their sensitivity to chemotherapy drugs, thereby 
reducing chemotherapy resistance and increasing efficacy.
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1. Introduction

Osteosarcoma (OS), a malignant tumor type that originates 
in mesenchymal tissue, is most common in children and 
adolescents. OS occurs in the metaphysis of long bones with a 
rich blood supply. It is highly malignant and characterized by 
early metastasis, rapid disease progression, a high mortality 

rate and frequent clinical treatment failure (1,2). At present, 
OS is primarily treated by a combination of neoadjuvant 
chemotherapy, surgery and postoperative chemotherapy. 
Surgical treatment alone is ineffective and associated with 
frequent recurrence and lung metastasis; the 5‑year survival 
rate of patients is only 15‑20% (3). The combination of chemo‑
therapy and surgery is an important treatment strategy for 
OS; however, multidrug resistance frequently leads to failure 
of chemotherapy for OS. The causes of drug resistance of OS 
cells are diverse and include low drug absorption, evasion 
of apoptosis, abnormal function of microRNAs (miRNAs), 
autophagy, altered membrane permeability and the DNA 
damage response. Changes in autophagy are thought to cause 
drug resistance in OS and the proliferation of malignant cells 
may result in treatment failure.

In autophagy, cells create autophagolysosomes from lyso‑
somes to degrade damaged organelles, such as mitochondria 
and macromolecules. Autophagy has an important regula‑
tory role in cell growth, development, differentiation and 
death (4‑7). According to certain researchers, autophagic death 
may be an important way to eliminate tumor cells resistant to 
apoptosis due to gene mutations (8). The primary mechanism 
of action of chemotherapy drugs is the induction of tumor 
cell apoptosis; however, chemotherapeutics may also induce 
autophagy of tumor cells. Apoptosis and autophagy are related 
but independent processes (9). Regulating the autophagy of OS 
cells to reduce their resistance to chemotherapeutic drugs is an 
important consideration in the development of novel treatment 
strategies for OS.

2. Autophagy and chemotherapy resistance

Basic concepts
Autophagy is an evolutionarily conserved process that 
involves lysosomal enzymatic degradation of damaged 
organelles and proteins to maintain cellular homeostasis. 
Under stress conditions and during cell death, high levels 
of autophagy are induced; thus, it is thought that autophagy 
may initiate cell death, although this has been controversial. 
Autophagy is complex, involving various signaling pathways 
that promote cell death (10). Cells may undergo autophagy due 
to a lack of nutrients, blood oxygen and growth factors, and 
due to cellular toxicity caused by proteins or organelles, and 
disturbances in their internal environment (10). Autophagy 
is classified into macroautophagy, microautophagy and 
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chaperone‑mediated autophagy. The different types of 
autophagy are presented in Fig. 1.

Chemotherapy, surgery and radiotherapy are the three 
major treatments for cancer. Chemotherapy involves the use of 
drugs to kill cancer cells and is currently one of the most effec‑
tive treatments. Chemotherapeutics, as systemic treatments, 
diffuse throughout the body via the blood circulation. As such, 
for tumors that have a tendency to spread throughout the body, 
as well as for advanced tumors that have undergone metastasis, 
chemotherapy is the primary treatment (11).

Role of autophagy in inhibiting tumor progression
DNA and cell organelles may be damaged by physical, chemical 
and biological carcinogens, such as radiation, aflatoxin and 
viruses, respectively, which disrupt cellular metabolism. The 
accumulation of metabolic waste and a lack of cellular energy 
activates autophagy‑related genes (ATGs), which initiate 
autophagy. Autophagy may eliminate damaged organelles, 
degrade self‑folded proteins and maintain genomic stability, 
thereby inhibiting tumor development. It has been indicated that, 
in early tumor cells, autophagy is either present at low levels or 
absent. Loss of autophagy may cause accumulation of mutations, 
leading to tumor formation and metastasis. Therefore, promoting 
autophagy may inhibit tumor formation and development (12). 
Mele et al (13) determined that curcumin may increase Beclin‑1 
and microtubule‑associated protein 1 light chain 3β (LC3B) 
protein levels and inhibit AKT‑mammalian target of rapamycin 
(mTOR) and other pathways, thereby inducing autophagy.

During tumor development, tumor cells proliferate rapidly; 
this process requires high levels of nutrients. However, rapid 
growth is not possible when there are insufficient blood 
vessels in the tumor tissue. When the energy demands of solid 
tumor cells are not met due to a lack of oxygen and nutrients, 
Liver kinase B1 is activated to phosphorylate adenosine 
monophosphate‑activated kinase (AMPK). Activated AMPK 
phosphorylates Ser863, while TSC2 is able to activate Ras 
homolog, mTORC1 binding to inhibit mTORC1 and induce 
autophagy (14). When in a hypoxic state, tumor cells obtain 
energy from anaerobic glycolysis, which generates high levels 
of reactive oxygen species that further promote autophagy (15). 
During tumor development, cells are able to resist various 
environmental stressors by inducing autophagy. Autophagy 
may degrade damaged organelles and misfolded proteins, 
provide energy for tumor cells and promote the spread of tumor 
cells. Furthermore, tumor cell death induced by autophagy 
may lead to moderate inflammation; this promotes new blood 
vessels that may dilate into the tumor tissue to provide nutrition 
supporting tumor growth. When environmental stress is severe, 
tumor cells may enter into a state of reversible dormancy due to 
autophagy and exist in the host for a long period of time (16). 
Therefore, moderate levels of autophagy are conducive to the 
survival and development of tumor cells in vivo.

Autophagy and chemotherapy tolerance
It is thought that autophagy has an important role in the 
occurrence, development and treatment of tumors. Although 
chemotherapy has a significant beneficial effect in numerous 
patients, acquired drug resistance has become a major 
reason for treatment failure. Numerous studies have indi‑
cated that a variety of chemotherapeutic drugs may induce 

autophagy (10,17). Furthermore, there is a correlation between 
autophagy and tumor chemoresistance.

Chemotherapy induces apoptosis of cancer cells; however, 
cancer cells frequently protect themselves by inducing 
autophagy, thereby avoiding apoptosis, which markedly 
reduces the efficacy of chemotherapy. Liu et al (18) used MTT 
and Hoechst 33342 staining, as well as flow cytometry, to detect 
apoptosis of A549 lung cancer cells after chemotherapy; they 
also used the autophagy inhibitor 3‑methyladenine (3‑MA) 
to study the relationship between autophagy and apoptosis in 
cancer cells. Their experiments indicated that cisplatin (DDP) 
and paclitaxel may induce autophagy and apoptosis of A549 
lung cancer cells. Studies have also indicated that salivary 
gland adenoid cystic cancer cells caused by autophagy are 
resistant to DDP, which frequently leads to chemotherapy 
failure (19). Transmission electron microscopy is able to detect 
the expression of the autophagy marker LC3 and trace amounts 
of p62 also indicate autophagy induced by DDP. Furthermore, 
downregulation of Beclin‑1 via 3‑MA or RNA interference 
may enhance DDP‑induced apoptosis. Therefore, the induc‑
tion of protective autophagy by chemotherapy enhances the 
chemotherapeutic resistance of tumor cells.

3. Regulation of autophagy in OS

mTOR
mTOR has important roles in cell growth and metabolism, as 
well as in the regulation of autophagy. mTOR is an atypical 
serine/threonine protein kinase that is able to control intra‑
cellular mRNA translation and protein synthesis. Changes 
in mTOR signaling are common in numerous tumor types, 
including OS. Kim et al (20) indicated that when the body is 
in a normal nutritional state, the PI3K/AKT/mTOR pathway is 
activated to inhibit autophagy and cells proliferate normally. 
However, when cells are underfed or stressed, mTOR is inhib‑
ited and autophagy thus activated, causing uncontrolled cell 
growth and proliferation, as well as inhibition of apoptosis, 
eventually leading to tumor progression and metastasis (21).

High mobility group protein 1 (HMGB1)
HMGB1 is associated with damage to chromatin and is also 
involved in the construction and stabilization of nucleosomes 
and DNA damage repair. Furthermore, HMGB1 is an impor‑
tant regulator of autophagy in chemoresistant OS (22,23). 
Zhang et al (24) indicated that HMGB1 competitively binds 
Beclin‑1 during autophagy and regulates autophagy by 
controlling the dissociation of the Beclin1/Bcl‑2 complex. 
HMGB1 also binds cell surface receptors, activating down‑
stream signaling pathways to stimulate cell proliferation and 
migration, as well as autophagy. In short, the high expression 
of HMGB1 observed in OS tissue is related to the occurrence 
and development of tumors. Downregulation of HMGB1 may 
hinder tumor cell metastasis (23); thus, HMGB1 has an impor‑
tant regulatory role in tumor progression.

miRNAs
miRNAs are highly conserved non‑coding RNAs (~22 oligo‑
nucleotides) that repress gene expression by binding a target 
mRNA at the 3'‑untranslated region, thus inhibiting translation 
or inducing degradation. miRNAs regulate cell differentiation 



MOLECULAR AND CLINICAL ONCOLOGY  16:  72,  2022 3

and development, the nervous system, immunity, viral infection, 
DNA repair, cell junctions, cell‑to‑cell communication, cellular 
reprogramming and metabolism (25,26). Numerous studies have 
demonstrated the important role of miRNAs in the occurrence, 
regulation and progression of human OS. Certain miRNAs act 
as tumor suppressors, while others act as oncogenes (27). In 
recent years, the correlation between miRNAs and autophagy has 
attracted much attention. While most miRNAs are downregu‑
lated in OS cell lines, Mutlu et al (28) reported that, following 
suppression of autophagy‑associated miRNAs by adriamycin 
and rapamycin, the expression of certain miRNAs, including 
miR‑3141, miR‑4296, miR‑133b and miR‑720, was markedly 
increased. Chen et al (29) and Niu et al (23) indicated that miRNAs 
have an important regulatory role in autophagy. Numerous 
miRNAs have also been reported to suppress the development 
of resistance and sensitivity to drugs by controlling and blocking 
autophagy. According to various studies (23,29,30), miR‑101 not 
only has a significant inhibitory effect on OS cell proliferation, 
but may also promote apoptosis, while reducing the expression of 
the autophagy‑related proteins Beclin1 and LC3B; these results 
suggest that miR‑101 affects the proliferation and apoptosis of OS 
cells by regulating the expression of autophagy genes. miR‑22, 
which has an important role in the regulation of autophagy, func‑
tions as both a tumor suppressor gene and proto‑oncogene. It has 
a key role in cell growth, proliferation, migration, invasion and 
aging (31). Wang et al (32) and Li et al (33) indicated that miR‑22 
regulates HMGB1‑induced autophagy and has an important 
role in the proliferation and migration of OS. Overexpression of 
miR‑22 inhibits cell proliferation and the formation of OS cell 
colonies in patients treated with anti‑tumor drugs, suggesting 
that miR‑22 has potential for reducing the development of drug 
resistance during OS chemotherapy.

p53
p53 regulates the cell cycle and apoptosis and affects the effi‑
cacy of chemotherapeutic drugs (34). As an important tumor 
suppressor gene, p53 is involved in the regulation of autophagy. 
Cytoplasmic p53 inhibits autophagy. Pitolli et al (35) 

determined that nutritional deficiencies, changes in the 
cellular environment and DNA damage activate p53 and 
AMPK pathways in the nucleus, resulting in the phosphory‑
lation of tuberous sclerosis complex, inhibition of mTOR 
activity and the induction of autophagy. p53 is also able to 
activate pro‑apoptotic proteins to dissociate the Beclin1‑Bcl‑2 
complex, thereby promoting autophagy.

Beclin‑1
The most common mechanism of autophagy induction in 
patients with OS is the activation of Beclin‑1 via upstream 
mediators (30). Beclin‑1 was the first mammalian‑related 
autophagy regulatory gene to be identified. Beclin‑1 dysfunc‑
tion may lead to immune dysfunction and tumorigenesis. 
Zhang et al (36) reported that chemotherapeutic drugs, such 
as DDP, doxorubicin and methotrexate, induce upregulation 
of Beclin‑1 expression in OS cells, while knocking down the 
Beclin‑1 gene inhibited OS cell proliferation, metastasis and 
invasion. OS cells are more sensitive to chemotherapy when 
the Beclin‑1 gene is knocked down or an autophagy inhibitor 
is used (37). Beclin‑1 has an important role in OS cell prolif‑
eration and tumor progression, and inhibition of autophagy 
may improve the efficacy of chemotherapy.

Atg‑4B
There are two major autophagy pathways in OS: The mTOR 
and class III phosphatidylinositol kinase (Ptdins3K) path‑
ways (38). mTOR stimulates Ptdins3k activity and inhibits 
the formation of the mammalian orthologs of yeast Atg1 
(ULK1/2) complex. The mTOR inhibitor rapamycin induces 
autophagy‑mediated cell death in gliomas. Ptdins3K synthe‑
sizes PI3K, which provides a binding site for ATGs during the 
formation of autophagosomes. These two pathways regulate 
the formation of LC3B liposomes by regulating the activity 
of Atg4 and Atg7. Atg4B, which activates LC3B, catalyzes the 
cleavage of the carboxyl end of LC3B (39).

Shi et al (40) indicated that the anti‑tumor effect of the 
drug NSC185058 is related to Atg4B function and inhibition 

Figure 1. Schematic illustration of the different types of autophagy. Macroautophagy is a common autophagic pathway, mitophagy is a specific type of 
autophagy, which may occur in mitochondria, and chaperone‑mediated autophagy is a selective type of autophagy with a unique mechanism. KFERQ is a 
pentapeptide motif. HSC70, heat shock cognate 71 kDa protein; LAMP, lysosomal‑associated membrane protein.
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of autophagy. A high concentration of NSC185058 reduces 
the viability of Saos‑2 cells. Knocking down Atg4B leads to 
autophagic defects in Saos‑2 OS cells. In addition, the use of 
Atg4B protein antagonists to reduce Saos‑2 OS cell viability 
was linked to inhibition of autophagy; the antagonists had no 
effect on Atg4B‑deficient OS cell lines. Thus, inhibition of 
autophagy is considered the primary mechanism underlying 
the anti‑tumor activity of the drug NSC185058 (41).

4. Drugs affecting autophagy and chemotherapy efficacy 
for OS

Certain drugs promote autophagy, while others inhibit it. 
Autophagy‑inhibiting drugs include chloroquine and 3‑MA. 
Autophagy inducers increase autophagy and killing of OS 
cells, i.e., they both promote protective autophagy and cause 
autophagic death. Autophagy inhibitors also increase tumor cell 
death, indicating that the regulation of autophagy may increase 
sensitivity to chemotherapeutic drugs, particularly in the pres‑
ence of particular gene mutations and in tumor cells resistant 
to apoptosis. Most of the available drugs enhance sensitivity to 
chemotherapeutics by inhibiting protective autophagy.

Autophagy inducers
Tripterygium wilfordii. Tripterygium wilfordii is a traditional 
Chinese medicine that exerts pharmacological effects, including 
immunosuppression. Recently, Tripterygium wilfordii 
has been reported to also exert anti‑tumor effects; it kills 
leukemia, multiple myeloma, liver cancer, melanoma and 
breast cancer cells (42‑45). Hou et al (46) indicated that 
Tripterygium wilfordii inhibits the proliferation of OS cells but 
is not toxic to normal cells. Tripterygium wilfordii has been 
demonstrated to induce apoptotic and autophagic death of OS 
cells, thus significantly inhibiting OS cell proliferation; these 
effects were partially ameliorated by autophagy inhibitors.

Arsenic trioxide. Arsenic trioxide (As2O3) was first used in 
the treatment of acute promyelocytic leukemia. It exhibits 
short‑term efficacy in the treatment of stage III OS (47). Hashmi 
and Nishihori (48) reported that AS2O3 promoted autophagic 
cell death in human OS (HOS), but as the level of autophagy 
increases, so too does the level of HOS apoptosis. AS2O3 may 
also increase the level of autophagy in multidrug‑resistant 
cells, such as MG63 cells. However, as the As2O3 concentration 
increases, the level of cell autophagy decreases following an 
initial increase, eventually reaching the basal level. A marker 
protein of early apoptosis was identified at this stage. The effects 
of As2O3 vary among OS cells with different characteristics. In 
multidrug‑resistant cells, such as MG63 cells, As2O3 induces 
protective autophagy, which partially alleviates cell death, 
while in chemotherapy‑sensitive cells, such as HOS cells, As2O3 
induces autophagic death. Zhang et al (49) indicated that As2O3 
induced protective autophagy in gastric cancer cells and the 
addition of autophagy inhibitors markedly increased apoptosis.

Rapamycin. The immunosuppressive agent rapamycin is 
primarily used to prevent immune rejection after organ 
transplantation. Recently, rapamycin was reported to exert 
significant anti‑tumor effects (50,51). mTOR, an upstream 
regulator of autophagy, phosphorylates ULK1 and ULK2, 

thereby inhibiting autophagy (52). As an mTOR inhibitor, 
rapamycin inhibits the transition of the cell cycle from G0/G1 
to S, as well as protein transcription and translation, thereby 
inhibiting tumor cell proliferation (53). Rapamycin is also an 
effective autophagy inducer. Protective autophagy inhibits the 
death of certain tumor cells (54). Saraf et al (55) indicated 
that the autophagy inhibitor chloroquine, used in combina‑
tion with rapamycin, inhibited protective autophagy in OS 
and increased rapamycin‑mediated inhibition of tumor cell 
proliferation, ultimately increasing the sensitivity of chemo‑
therapeutic drugs.

Autophagy inhibitors
Autophagy inhibitors have not yet been used on their own 
in the clinical setting due to a lack of specificity, i.e., due to 
their toxicity to normal cells. However, the efficacy of chemo‑
therapeutic drugs is commonly enhanced by adding autophagy 
inhibitors to the regimen. Kocaturk et al (56) indicated that the 
level of autophagy in MG63 cells was significantly reduced 
by the autophagy inhibitor 3‑MA; its use in combination with 
DDP significantly increased MG63 cell death. After U2OS 
cells had been pretreated with the autophagy inhibitor chlo‑
roquine, treatment with the Akt kinase inhibitor MK‑2206 
further inhibited their activity (57). Saraf et al (55) reported 
that treatment of OS cells with chloroquine and rapamycin 
inhibited protective autophagy, thereby inhibiting tumor cell 
proliferation and enhancing sensitivity to chemotherapeutic 
drugs. Further research on autophagy inhibitors is important 
as a means of increasing the sensitivity to, and thus the efficacy 
of, chemotherapeutic drugs.

Survivin inhibitors
Survivin, an inhibitor of apoptosis protein, regulates mitosis and 
apoptosis. Survivin has been detected in most types of tumor 
tissues and may increase tumor cell apoptosis and chemotherapy 
sensitivity (58); thus, survivin has been considered a target in 
OS treatment. YM155, a specific inhibitor of survivin, inhibits 
the proliferation of various tumor cell types and is considered 
safe and effective (59). Khan et al (60) indicated that YM155 
inhibits proliferation, induces autophagy and apoptosis, and 
reduces the expression of survivin mRNA in F5M2 cells. 
Waligórska‑Stachura et al (59) determined that survivin is highly 
expressed in OS cells and is related to the degree of malignancy. 
YM155 inhibited Saos‑2 and MG63 cell proliferation and inva‑
sion and promoted apoptosis. It also increased sensitivity to the 
chemotherapeutic doxorubicin. Coumar et al (61) demonstrated 
that YM155 inhibited the proliferation of liver cancer cells 
and is involved in the induction of autophagic death of stem 
cancer cells. Church and Talbot (62) indicated that YM155 
induced autophagy in the breast cancer cell line MDA‑MB‑231; 
this induction of autophagy also promoted apoptosis. 
The mechanism underlying the effect of YM155 on malignant 
tumors has emerged as an important research target. The relation‑
ship between YM155 and autophagy in OS remains to be further 
elucidated. In particular, it remains to be determined whether 
autophagy inducers are able to increase the efficacy of YM155.

Photodynamic therapy (PDT)
PDT involves intravenous or local injection of photosensitizers 
into the body. Selective aggregation of tumor cells occurs 
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when using a particular wavelength of laser irradiation; this 
causes tumor cells to produce large quantities of cytotoxic 
singlet oxygen and oxygen free radicals, which may inhibit 
tumor cell proliferation and spread (63,64). PDT damages 
organelles, which in turn induces apoptosis and autophagy. 
A certain level of autophagy may improve cell viability under 
stress. Furthermore, when apoptosis genes are mutated or 
suppressed, autophagic death becomes the primary mecha‑
nism of cell death. Aloe‑emodin, an anti‑tumor drug and 
photosensitizer, induces autophagy in MG63 cells, which 
leads to an early anti‑apoptotic effect (65). The effects of 
the autophagy induced by PDT vary by cell type and dose; 
increasing the efficacy of PDT is an important goal of future 
research.

5. Summary

Autophagy has an important role in the onset, progression 
and treatment of OS. The relationship between autophagy and 
tumor behavior is complex; autophagy exerts different regula‑
tory effects according to the stage of the tumor. At present, 
clinical treatments of OS are not ideal. High‑dose adjuvant 
chemotherapy may induce protective autophagy and lead to 
drug resistance, and is accompanied by serious side effects. 
Chemotherapy resistance may markedly affect treatment 
outcomes. Autophagy‑related factors such as mTOR, Beclin‑1, 
miRNA, HMG family proteins and ATGs are involved in 
chemoresistance in OS. Modulating the autophagy pathway to 
reduce chemoresistance and increase tumor sensitivity to thera‑
peutic drugs should improve the outcomes of OS. Although 
there are no clinical trials on osteosarcoma and autophagy, 
the combined application of autophagy inhibitors and chemo‑
therapeutic drugs is receiving increased attention in the field of 
cancer treatment. Autophagy may reverse multidrug resistance, 
thereby increasing the sensitivity of tumor cells to drugs.
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