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AbstrAct
Osteosarcoma is the most common primary bone tumor in children and 

adolescents. Although combined therapy including surgery and multi-agent 
chemotherapy have resulted in great improvements in the overall survival of 
patients, chemoresistance remains an obstacle for the treatment of osteosarcoma. 
Molecular targets or effective agents that are actively involved in cell death including 
apoptosis, autophagy and necroptosis have been studied. We summarized how these 
agents (novel compounds, miRNAs, or proteins) regulate apoptotic, autophagic and 
necroptotic pathways; and discussed the current knowledge on the role of these new 
agents in chemotherapy resistance in osteosarcoma.

IntroductIon

Osteosarcoma is one of the most common primary 
malignant bone diseases that severely threatened the health 
of children and adolescents [1]. It has very high propensity 
for local invasion and early systemic metastases such 
as lung metastasis [2, 3]. Furthermore, it is a malignant 
tumor in connective tissues in the human skeletal system, 
which has a high incidence only after multiple myeloma 
(MM). Osteosarcoma is derived from mesenchymal stem 
cells with osteogenic potential, and is characterized for 
its immature bone or osteoid tissue through proliferating 
tumor cells. Its incidence is predominantly higher in 
children and adolescents, with the rapid growth of bones, 
and individuals aged between 10 to 25 years old; and 
accounts for 70% of all osteosarcomas [4]. The most 
common complaint of osteosarcoma patients is short term 
pain and swelling. Usually, when patients are diagnosed 
with osteosarcoma, the symptoms have already lasted 
for several months (3-4 months, or even more than six 
months). If diagnosis is delayed, the surface of the skin 
in the tumor location becomes tight and the superficial 
venous filling will be obviously apparent due to tumor 
swelling. Pathologic fracture frequently occurs after open 
biopsy surgery [5]. Osteosarcoma can occur in any bone 

and in the metaphyseal portion of the long bone were 
major sites of the lesion is located, with predilection for 
the femur and tibia; followed by the humerus, pelvis, 
jaw, fibula and ribs. The knee joint is the most commonly 
affected site, accounting 50% of all the involved sites [6].

Osteosarcoma has a highly invasive and distant 
metastatic potential. It is prone to hematogenous 
metastasis at early onset and after surgery, which 
most commonly occurs in the lungs, followed by other 
body tissues and organs [7, 8]. Osteosarcoma has high 
malignancy and poor prognosis. According to statistics, 
approximately 85% of patients with osteosarcoma have 
metastasis [9]. Clinically, osteosarcoma is often treated 
with a combination of treatments that including surgery, 
chemotherapy and radiation therapy [10, 11]. Two-year 
survival rate reaches 15%-20%. Frequently, most patients 
with high-grade tumors receive approximately three 
months of adjuvant chemotherapy before surgery such as 
cisplatin, doxorubicin and methotrexate. Recently, with the 
application of high-dose combination chemotherapy, the 
five-year survival rate of patients without metastasis has 
increased to up to 55%-70%. However, five-year survival 
rate in metastatic patients was merely 5%-20% [12, 
13]. Although adjuvant chemotherapy has significantly 
improved the survival of osteosarcoma patients, some 
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serious problems continue to exist, including severe 
side effects, and relapse or metastatic disease [14]. 
Thus, determining how to overcome chemotherapy drug 
resistance is important in the treatment of osteosarcoma. 
Therefore, it is urgent and important to clarify the 
mechanism of its pathogenesis, and determine an effective 
method to treat osteosarcoma.

ProgrAmmed cell deAth In the 
treAtment of osteosArcomA

Chemoresistance is an obstacle in the treatment 
of osteosarcoma. Thus, determining a method on 
how to efficiently induce cell death and overcome 
chemoresistance is important in the treatment of human 
osteosarcoma. Cell death in its various forms play an 
important role during development, injury and cancer 
[15, 16]; which mainly includes programmed cell death 
and non-programmed cell death [17, 18]. Due to limited 
knowledge, programmed cell death has been frequently 
referred to cell apoptosis for a long period of time. In 
recent years, programmed cell death has been expanded 
to include autophagy and necroptosis; both of which play 
an equally important role in apoptosis in the development 
of organisms [19-21]. At present, programmed cell death 
has included cell apoptosis, autophagy and necroptosis 
(programmed necrosis) [22]. In the present study, the 
role of apoptosis, autophagy and necroptosis on the 
development and progression of human osteosarcoma has 
been summarized. Future challenges were also highlighted 
and unsolved questions related to these topics were 
proposed.

cell apoptosis and osteosarcoma

Apoptosis has been traditionally thought to be 
an active form of cell death, and apoptotic signaling 
pathways have been clearly elucidated in different kinds 
of tumor cells. A brief introduction of the apoptotic 
signaling pathway was first presented, and effective agents 
that induce the apoptosis of osteosarcoma cells in cancer 
therapy were summarized.
Apoptotic signaling pathway

Apoptosis is normally recognized as programmed 
self-destruction or suicide, which is characterized 
by stereotypical morphological changes that include 
cell shrinkage and deformation, dynamic membrane 
blebbing, chromatin condensation, vacuolization of the 
mitochondria, and detachment from neighboring cells 
[23, 24]. An apoptotic cell is gradually fragmented into 
apoptotic bodies and engulfed by macrophages without 
inducing inflammatory responses [25, 26]. To date, 14 
mammalian caspases have been reported, which are 
mainly divided into three groups: apoptotic initiator 

caspases, apoptotic effector caspases and inflammatory 
caspases [27, 28].

Furthermore, there are two major apoptosis 
signaling pathways that induce apoptotic cell death: 
extrinsic apoptosis pathways and intrinsic apoptosis 
pathways. The extrinsic apoptosis pathway is initiated 
by the binding of death ligands and death receptors. 
Death receptors belong to the tumor necrosis factor 
receptor superfamily, including TNF-R1 (DR1/CD120a/
p55/p60), Fas (Apo-1/CD95), DR3 (APO-3/LARD/
TRAMP), TRAIL-R1 (DR4/APO-2), TRAIL-2 (DR5), 
DR6, ectodysplasin A receptor (EDAR), and nerve 
growth factor (NGFR) [29-32]. Then, the death-inducing 
signaling complex (DISC) is assembled, including the 
Fas-associated death domain-containing protein (FADD) 
and the initiator caspases, procaspase-8/10 [33, 34]. In the 
complex, the interaction between FADD and caspase-8/10 
mediates the close proximity and dimerization of the 
two caspase-8 molecules, resulting in autoproteolytic 
cleavage and the activation of caspase-8/10 [35]. The 
activated caspase-8/10 cleaves and activates the effector 
caspases (caspase-3, -6 and -7), which subsequently target 
a range of cellular substrates that lead to apoptosis [36]. 
The intrinsic apoptotic pathway is induced by a variety 
of intracellular stimuli such as damages mediated by 
irradiation or chemotherapeutic agents, growth factor 
deprivation, or oxidative stress [37, 38]. In this pathway, 
the disruption of the mitochondrial membrane leads to the 
release of pro-apoptotic proteins from the mitochondrial 
intermembrane space into the cytoplasm, which relies on 
the apoptosome including procaspase-9, apoptotic protease 
activating factor 1 (Apaf-1) and cytochrome c [38-41]. 
The apoptosome leads to the aggregation and activation 
of caspase-9, and the activated caspase-9 subsequently 
cleaves and activates the downstream effector caspases 
(caspase-3, 6 and 7) to execute cell death [42]. Proteins in 
the Bcl-2 family regulate the intrinsic apoptotic pathway. 
To date, 20 members have been found in the Bcl-2 family; 
which is divided into three subfamilies, depending on the 
presence of conserved Bcl-2 homology (BH) domains[43, 
44]. One subfamily contains anti-apoptotic proteins 
including Bcl-2, Bcl-XL, Bcl-w and Mcl-1 [45, 46]. The 
other two subfamilies comprise of pro-apoptotic proteins 
such as Bak, Bax and Bok [47, 48]. Importantly, cross-
talks exist between these extrinsic and intrinsic apoptosis 
signaling pathways; and each play a positive role in 
amplifying the apoptosis cascade (Figure 1).
the apoptosis of osteosarcoma cells in cancer therapy

A successful cancer therapy requires the selective 
distruction of osteosarcoma cancer cells. It is important to 
induce cell apoptosis and sensitize resistant osteosarcoma 
cells in osteosarcoma therapies [49, 50]. Recently, new 
agents have been gradually reported by different groups 
of researchers. Despite the improved prognosis, resistance 
to chemotherapy remains an obstacle in the treatment 
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of osteosarcoma [51]. The identification of signals and 
effective agents that promote cell death may provide 
clues for developing new therapeutic strategies for 
chemoresistant osteosarcoma [52, 53]. Effective agents 
such as natural compounds, miRNA and proteins in 
treatment of osteosarcoma were summarized. 

mirnAs regulate apoptosis in osteosarcoma

Numerous factors have been reported to play 
important roles in the regulation of apoptotic pathways 
such as p53, p21, insulin-like growth factor 1(IGF-1), 
HMGA2, PTEN and AKT. Many miRNAs have been 

reported to be involved in regulating the apoptosis 
pathway by targeting or regulating key factors in the 
chemoresistance of osteosarcoma cells [14]. The ectopic 
overexpression of miR-140 increased the expression of 
both p53 and p21 proteins, and contributed in increasing 
chemosensitivity to MTX and 5-FU treatment for human 
osteosarcoma cells [54]. Moreover, miR-199a and miR-
34a induced the apoptosis of human osteosarcoma cells 
via the p53 signaling pathway [55]. MiR-26a exert tumor-
suppressor function by the direct targeting of insulin-like 
growth factor 1 (IGF-1) and inhibiting IGF-1 expression 
in osteosarcoma. The ectopic expression of miR-490-
3p decreased cell proliferation, induced apoptosis 

figure 1: schematic representation of the signalling pathways to apoptosis and the regulation of apoptosis in 
osteosarcoma therapy. The two major apoptosis signaling pathways to induce apoptotic cell death are shown: extrinsic (death receptor 
mediated) apoptosis pathways and intrinsic (mitochondrial mediated) apoptosis pathways. In extrinsic pathway, cell apoptosis is initiated 
by binding of death ligands and death receptors. Next, the death-inducing siganalling complex (DISC) is assembled and caspase-8/10 is 
activated. In intrinsic apoptosis pathway, cell apoptosis is induced by a variety of intracellular stimuli, including damages, growth factor 
deprivation or oxidative stress. The cytochrome C is released from the mitochondria resulting in the formation of the apoptosome and 
activation of caspase-9. The activated caspase-8 and 9 trigger the execution of apoptosis by activating the downstream caspase-3, 6 and 
7. It has been reported in the literature, the agents, such as natural compounds, miRNA and proteins are effective to promote or block cell 
apoptosis in treatment of osteosarcoma.
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in osteosarcoma cells, and inhibited tumorigenicity 
in a mouse xenograft model. The mechanism was 
that miR-490-3p bound directly to HMGA2 mRNA 
3’UTR and decreased HMGA2 levels [56]. MiR-133b 
was downregulated in human osteosarcoma, and the 
overexpression of miR-133b in osteosarcoma cell lines 
U2-OS and MG-63 inhibited cell proliferation, invasion 
and migration, and induced apoptosis. This may function 
as a tumor suppressor gene in osteosarcoma by decreasing 
the expression of predicted target genes BCL2L2, 
MCL-1, IGF1R and MET, as well as the expression of 
phospho-Akt and FAK [57]. In human osteosarcoma cell 
lines MG63, HOS58 and SaoS-2, miR-23a specifically 
targeted the 3’-untranslational region of PTEN and 
negatively regulated the expression of PTEN; while miR-
23a-mediated the suppression of PTEN, which led to 
the activation of the AKT/ERK pathways and enhanced 
migration and invasion in osteosarcoma cells [58]. 

the compounds that regulate cell apoptosis in 
osteosarcoma

A phenotypic high-throughput screening campaign 
was performed in a 25,000-small-molecule diversity 
library. Two compounds (doxorubicin and staurosporine) 
were found to selectively target osteosarcoma cells, which 
could induce caspase 3 and 7 activity in the U2OS cell 
line and promote cell apoptosis in osteosarcoma cell lines 
[59]. Chimaphilin, an active compound separated from 
pyrola, can inhibit proliferation and induce apoptosis 
in multidrug resistant osteosarcoma cell lines through 
insulin-like growth factor-I receptor (IGF-IR) signaling, 
as well as increase the sensitivity of doxorubicin in 
doxorubicin-resistant osteosarcoma cell lines [60]. 
Claritin, a prenylflavonoid derivative of the Chinese 
tonic herb Epimedium, could suppress proliferation 
in human osteosarcoma cells in vitro by upregulating 
caspase-3 and caspase-9 expression and increasing the 
level of cleaved caspase-3 [61]. Tanshinone IIA (Tan IIA) 
is an active ingredient extracted from the widely used 
Danshen root (Salvia miltiorrhiza Bunge), which induces 
apoptosis and inhibits the proliferation and invasion 
of osteosarcoma MG-63 cells by caspase activation 
[62]. Celastrol is an active compound extracted from 
the root bark of Tripterygium wilfordii Hook F, which 
induce apoptosis in human osteosarcoma cells via the 
mitochondrial apoptotic pathway, and result in caspase-3 
and -9 activation and PARP cleavage [63]. Additionally, 
a homogeneous polysaccharide (TRP) was isolated and 
purified from Trametes robiniophila Murrill, which could 
induce apoptosis through the intrinsic mitochondrial 
pathway in human osteosarcoma (U-2 OS) cells [64]. 
Furthermore, bufalin induced apoptosis in the U2OS 
human osteosarcoma cell line, which was accompanied 

with a significant reduction in mitochondrial membrane 
potential, the release of mitochondrial cytochrome c into 
the cytosol, the activation of caspase-3, caspase-9 and 
poly (adenosine diphosphate ribose) polymerase, as well 
as the downregulation of B-cell lymphoma 2 (Bcl-2)/Bcl-
2-associated X protein; suggesting that bufalin induced 
apoptosis by triggering the mitochondrial pathway 
[65]. Baicalein is a new drug, and baicalein-induced 
apoptosis in osteosarcoma cells was via a mitochondrial 
pathway that involved both caspase-dependent and 
-independent mechanisms. However, baicalein treatment 
notably upregulated the expression of HSP70, which 
partially prevented human osteosarcoma cells from 
undergoing apoptosis, and decreased the sensitivity of 
osteosarcoma cells to baicalein via the activation of the 
PI3K/AKT and MAPK/ERK pathways [66]. Celecoxib, a 
cyclooxygenase-2 inhibitor, induced apoptosis in human 
osteosarcoma cell line MG-63 via the downregulation of 
PI3K/Akt, and decreased the level of survival and bcl-
2 in cells treated with the combination of celecoxib and 
cisplatin or wortmannin, a specific PI3K inhibitor [67]. 
Cyclolignan picropodophyllin (PPP), an insulin-like 
growth factor-I receptor tyrosine kinase inhibitor, inhibited 
proliferation and induced apoptosis in multidrug resistant 
osteosarcoma cell lines by monitoring poly (ADP-ribose) 
polymerase and its cleavage product [68]. Epoxomicin, a 
proteasome inhibitor, sensitized resistant osteosarcoma 
cells to TRAIL-induced apoptosis in two TRAIL-resistant 
OS cell lines, Saos-2 and MG-63; and significantly 
increased caspase-3, caspase-8, caspase-9 activities and 
Bax protein levels [69]. Additionally, MG132 (proteasome 
inhibitor) enhanced TRAIL-induced apoptosis and 
inhibited the invasion of human osteosarcoma OS732 cells 
[70]. 

Protein factors regulate cell apoptosis in 
osteosarcoma

Some protein factors have been reported to regulate 
apoptosis-related proteins or caspases, and contributed to 
cell apoptosis in osteosarcoma. Overexpressed inhibitor 
of growth 4 (ING4) increased the mRNA levels of p21, 
Bax and caspase-3, and decreased the ratio of Bcl-2/Bax; 
which induced the apoptosis of osteosarcoma cells by the 
activation of the mitochondria pathway and blockage of 
the NF-κB signaling pathway [71]. Oncostatin M (OSM), 
a cytokine of the interleukin-6 family, sensitized and 
transformed osteoblasts to apoptosis by a mechanism 
that implicated the activation and nuclear translocation of 
STAT5 and p53, and an increased Bax/Bcl-2 ratio [72]. 
The Runx family of transcription factors regulates cell 
growth and differentiation. Runx2 acts as a proapoptotic 
factor in osteosarcoma cells by the direct targeting of Bax 
[73]. Moreover, loss of Runx2 sensitized osteosarcoma to 
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chemotherapy-induced apoptosis [74]. FOXO transcription 
factors, especially FOXO1, has a tumor-suppressing role 
in osteasarcoma cells, partially by suppression of the Wnt/
β-catenin pathway [75]. Actinomycin D (ActD), a well 
known transcription inhibitor, inhibited cell proliferation 
and promoted apoptosis in osteosarcoma cells by 
increasing the levels of cleaved caspase-3 with increasing 
ActD concentrations and treatment times [76]. Enhancer 
of zeste homolog 2 (EZH2) is the catalytic subunit of 
polycomb repressive complex 2. The knockdown of EZH2 
caused a decrease in anti-apoptotic Bcl-2 and an increase 
in pro-apoptotic Bax and Bak proteins, as well as an 
increase in the expression of cytochrome C in the cytosol; 
indicating that EZH2 suppressed cell apoptosis through 
the intrinsic apoptotic pathway [77]. Additionally, EZH2 
could inhibit cell apoptosis by coordinating the epigenetic 
silencing of two proapoptotic microRNAs (miRNA), miR-
205 and miR-31 [78]. 

Autophagy and treatment of osteosarcoma

The treatment of osteosarcoma usually requires 
the combination of surgical resection and systemic 
chemotherapy. However, the chemoresistance of 

osteosarcoma remains an obstacle in clinical therapy 
[79-81]. Overcoming chemoresistance is one approach 
to improve survival in osteosarcoma patients. To date, 
the role of autophagy has not been clearly elucidated 
in promoting chemosensitivity or chemoresistance in 
osteosarcoma [82]. The role of autophagy is not constant in 
osteosarcoma therapies. In some circumstances, autophagy 
can promote cell survival; and in other circumstances, it 
contributes to cell death. Moreover, autophagy could 
promote both chemosensitivity and chemoresistance in 
different circumstances during osteosarcoma therapy. 
signaling pathways to autophagy

Autophagy is a highly conservative process 
characterized by the vesicular sequestration and 
degradation of cytoplasmic components [83]. Autophagy 
is trigged and precisely regulated by nutrient deprivation, 
growth factors, hormones, intracellular energy information 
and cell stressors such as hypoxia, osmotic stress, reactive 
oxygen species (ROS) and viral infection, etc. [84]. There 
are several main steps in autophagy: induction, vesicle 
nucleation and elongation, autophagosome formation 
and autolysosome formation [85]. To date, more than 30 
autophagy- related genes (Atg) have been found to be 
involved, and several molecular complexes are essential 

table 1: the interplay between autophagy and apoptosis in osteosarcoma
Agent description Interplay between autophagy and apoptosis
The antagonistic relationship between autophagy and apoptosis

Beclin-1 An autophagy 
gene

Knockdown of Atg 6, Beclin-1 decreased cell growth, invasion, and metastasis 
[115].

Geldanamycin
(GA) Hsp90 inhibitor

GA induced autophagy by inhibiting Akt/mTOR/p70S6K signaling and 
induced apoptosis in the caspase-dependent apoptotic pathway in KTHOS 
cells. However, the combinated treatment of GA and the autophagy inhibitor 
3-methyl-adenine (3-MA) enhanced GA-induced apoptosis in KTHOS cells 
[116].

NSC185058 A ATG4B 
antagonist

NSC185058 effectively inhibited ATG4B activity in vitro and in cells while 
having no effect on MTOR and PtdIns3K activities. ATG4B antagonist had a 
negative impact on the development of Saos-2 osteosarcoma tumors in vivo 
[117].

Dendropanoxide 
(DP) A compound

DP induced autophagy through ERK1/2 activation in MG-63 human 
osteosarcoma cells, but inhibiting autophagy enhanced dendropanoxide-induced 
apoptosis [119].

Dihydroptychantol 
A(DHA)

a macrocyclic 
bisbibenzyl 
derivative

DHA-mediated apoptotic cell death was potentiated by the autophagy inhibitor 
3-methyladenine, suggesting that autophagy may play a protective role that 
impedes the eventual cell death [120]

The synergistic relationship between apoptosis and autophagy

Proflavin An acridine 
derivative

Proflavin exerted anticancer potential through the synergistic activity of 
apoptosis and autophagy [111]

Celastrol a triterpene
Inhibiting celastrol-induced autophagy diminished apoptosis and celastrol 
induced autophagy and apoptosis via the ROS/JNK signaling pathway in human 
osteosarcoma cells [112]

Acriflavine an acridine 
derivative

Acriflavine-induced cell death was attributed to both apoptosis and autophagy. 
The antiseptic agent, acriflavine, has anticancer potential through synergistic 
activity of apoptosis and autophagy [113] .

Riccardin D
A macrocyclic 
bisbibenzyl 
compound

Riccardin D induces cell death by activation of apoptosis and autophagy in 
osteosarcoma cells  [114]
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in the process of autophagy [86, 87]. These are mainly 
divided into five groups according to its function in the 
process of autophagy: Atg1 protein kinase complex, 
class III phosphatidylinositol 3 kinase (PI3K)-Beclin 1 
complex, Atg12 conjugation system , Atg8 conjugation 
system, and Atg9 [88]. 

The Atg1 protein kinase complex is essential 
for the induction of autophagy. Unc-51-like kinase 1 
(ULK1) and -2(ULK-2) are two mammalian homologs 
of Atg1. ULK1, mammalian Atg13 (mAtg13), focal 
adhesion kinase family interacting protein of 200kDa 
(FIP200), and Atg101 forms the ULK1 complex [89, 
90]. The mammalian target of the rapamycin complex 
(mTORC) binds to and inactivates ULK1/2 and Atg13. 
Upon mTOR inhibition, ULK1 and ULK2 are activated, 
and subsequently followed by phosphorylate FIP200 
and ATG13; which initiates autophagy activity [91]. The 
PI3K complex, which is essential for vesicle nucleation, 
is composed of p150, PI3 kinase class III, Beclin-1 and 
ATG14; which are regulated by several factors including 

Bcl-2, Bcl-XL and the Run domain protein Rubicon 
and Ambra 1 [91]. The conjugation of Atg12 and Atg8 
is essential for the formation of autophagosomes. In the 
Atg12 conjugation system, Atg12 is activated by Atg7 
and Atg10, and conjugated to Atg5; which promotes 
the formation of the autophagy precursor [92, 93]. 
Atg5 interacts further with autophagy-related 16-like1 
(ATG16L1) to form the ATG16L1-ATG5-ATG12 complex 
[94]. Meanwhile, in the Atg8 conjugation system, Atg8 is 
initially activated by Atg4. The activated Atg8 bonds with 
E1-like enzyme, Atg7; and is transferred to the E2-like 
enzyme, Atg3. Finally, Atg8 is conjugated to PE to form 
the Atg8-PE complex, which exists in a tight membrane-
associated form [95, 96]. The conjugation of Atg12-Atg5 
facilitates the protein lipidation of Atg8 and Atg8, and 
phosphatidylethanolamine supports membrane expansion 
as a scaffold protein in the formation of autophagosomes 
[97].

Briefly, the Atg1 protein kinase complex (the ULK 
complex) is essential for the induction of autophagy. The 

figure 2: schematic representation of signalling pathways to autophagy and the regulation of autophagy in 
osteosarcoma cells. The steps of autophagy are including induction, vesicle nucleation, vesicle elongation, autophagosome formation, 
fusion and autolysosome formation. Autophagy is trigged and precisely regulated by nutrient deprivation, growth factors, hormones, 
intracellular energy information and cell stressors, such as hypoxia, osmotic stress, reactive oxygen species (ROS) and viral infection, etc. 
The autophagy- related genes (Atg) are involved in several molecular complexes and the major 5 groups are essential in the process of 
autophagy including: Atg1 protein kinase complex, the class III phosphatidylinositol 3 kinase(PI3K)-Beclin 1 complex, Atg12 conjugation 
system , Atg8 conjugation system and Atg9. Chemoresistance of osteosarcoma is still an obstacle in clinical therapy and some effective 
agents to induce autophagy are listed in the therapy for osteosarcoma. 



Oncotarget44769www.impactjournals.com/oncotarget

class III PI3 kinase-Becline complex is essential for vesicle 
nucleation, and is crucial for recruiting the Atg12-Atg5 
conjunction to the pre-autophagosomal structure. Atg12-
Atg5 conjugation is important for vesicle elongation 
and for the proper localization of Atg8. ATG9 have been 
thought to be involved in the delivery of membrane lipids 
to form autophagosomes. Major autophagy cascades are 
depicted in Figure 2.
Autophagy and osteosarcoma therapy

Autophagy promotes chemosensitivity in osteosarcoma

Flavonoid luteolin enhanced doxorubicin-induced 
autophagy in human osteosarcoma U2OS cells through 
upregulating beclin1, which revealed a synergistic 
cytotoxicity, leading to U2OS cell death [98]. The 
3,4-dihydroxy-9,10-secoandrosta-1,3,5,7-tetraene-9,17-
dione (DSTD), a novel androstenedione derivative, 
inhibited macrophage migration inhibitory factor (MIF) 
expression in MG-63 and U2OS cells. The inhibition 
of MIF by DSTD promoted autophagy by inducing 
Bcl-2 downregulation and the translocation of the high 
mobility group box 1 protein (HMGB1); suggesting 
that in the presence of chemotherapy drugs, DSTD 
enhanced chemosensitivity by decreasing HMGB1 levels 
and overcoming drug resistance in osteosarcoma [99]. 
Moreover, two conjugation systems are also regulated in 
autophagy. The bisindolic alkaloid voacamine (VOA), 
isolated from the plant Peschiera fuchsiaefolia, is an 
autophagy inducer that can exert an apoptosis-independent 
cytotoxic effect on both wild-type and MDR tumor cells 
by promoting LC3 expression and conversion [100]. The 
2-Methoxyestradiol (2-ME) treatment was correlated with 
the formation of autophagosomes in human osteosarcoma 
cells by inducing the conversion of microtubule-associated 
protein LC3-I to LC3-II, requiring ATG7 expression [101]. 
Moreover, autophagy could play an important role in 
2-ME-mediated anti-tumor actions in osteosarcoma.
Autophagy promotes chemoresistance in osteosarcoma

Autophagy is initiated by autophagosome formation 
upon mammalian target of rapamycin inhibition 
and phosphatidylinositol 3-phosphate [PtdIns(3)P] 
generation, and the PI3K complex is essential for vesicle 
nucleation. In osteosarcoma cells, HMGB1 levels 
were upregulated and HMGB1-mediated autophagy 
contributed to chemotherapy resistance. However, 
possibly as a compensatory effect, miR-22 was also 
upregulated during chemotherapy; and overexpressed 
miR-22 targeted the 3’UTR of HMGB1 and inhibited 
HMGB1-promoted autophagy [102]. Additionally, miR-
22 inhibited osteosarcoma cell proliferation and migration 
by targeting HMGB1 and inhibiting HMGB1-mediated 
autophagy [103]. The upregulated HMGB1 increased 
the formation of the Beclin1-PtdIns3KC3 complex and 
stimulated autophagosome maturation and autophagy by 
competing with Bcl-2 to bind Beclin1. The inhibition of 

both HMGB1 and autophagy increased the drug sensitivity 
of osteosarcoma cells in vivo and in vitro. Furthermore, the 
ULK1-FIP200 complex was required for the interaction 
between HMGB1 and Beclin1, which promoted Beclin1-
PtdIns3KC3 complex formation during autophagy; 
suggesting that HMGB1-mediated autophagy contributed 
to osteosarcoma drug resistance [104]. Additionally, 
high-mobility group nucleosome-binding domain 5 
(HMGN5) was highly expressed in osteosarcoma tumors, 
especially in post-treatment tumors. The overexpression 
of HMGN5 reduced the chemosensitivity of osteosarcoma 
cells in vitro, and the mechanistic investigation revealed 
that HMGN5 increased drug resistance by upregulating 
autophagy accompanied by increasing levels of ULK1, 
Beclin1 and LC3-ii/I [105]. MiR-101 decreased the levels 
of Atg4, a regulator of two conjugation systems, which 
inhibited Dox-promoted autophagic vesicle formation 
in U-2 OS cells, and blocked autophagy by miR-101 
sensitized osteosarcoma cells to chemotherapy [106].
Interplay between autophagy and apoptosis

The precise role of autophagy in the development 
and progression of osteosarcoma, as well as the response 
to clinical therapy, remains unclear. Reports have 
suggested that autophagy can promote both cell survival 
and cell death [107]. In some cellular circumstances, 
autophagy is involved in the cell survival pathway to 
suppress apoptosis; while in other circumstances, it 
can lead to cell death itself, either in collaboration with 
apoptosis or as a back-up mechanism when the former 
is defective [108]. There is a close relationship between 
autophagy and apoptosis during cell death [109] such as 
regulators PI3K and Akt, which play an important role 
in the cross-talk between apoptosis and autophagy. It is 
possible that either cell survival or death may be regulated 
by the selective autophagic clearance of the cytoplasmic 
material [110]. Therefore, a better understanding of the 
regulation of autophagy in humans and a combinatorial 
approach that utilizes autophagy modulators would help 
provide better targets for osteosarcoma therapies (Table 1). 
Apoptosis and autophagy has a synergistic activity

Proflavin was one of the novel acridine derivatives 
that inhibited the proliferation of MG63 cells in a dose-
dependent manner, and exerted anti-cancer potential 
through the synergistic activity of apoptosis and autophagy 
[111]. Celastrol, a triterpene from traditional Chinese 
medicine, has been proven to possess potent anti-tumor 
effects on various cancers. Celastrol induced apoptosis and 
autophagy via the ROS/JNK signaling pathway in human 
osteosarcoma cells, and the suppression of autophagy 
diminished apoptosis [112]. Acriflavine suppressed the 
growth of human osteosarcoma cells through apoptosis 
and autophagy, and both contributed to cell death [113]. 
Riccardin D-induced autophagy was accompanied by the 
accumulation of LC3B-II and the formation of AVOs and 
punctate dots. Moreover, riccardin D induced cell death 
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through the activation of apoptosis and autophagy in 
osteosarcoma cells [114].
Antagonistic relationship between autophagy and 
apoptosis

Beclin-1, a well-known key regulator of 
autophagy, has been implicated in many disorders 
including cancer, aging and degenerative diseases. 
The knockdown of autophagy-related protein 6 (Atg 
6), Beclin-1, decreased cell growth, invasion and 
metastasis; suggesting that the inhibition autophagy had 
a positive effect on chemotherapy-induced cytotoxicity 
in osteosarcoma cells and increased the efficacy of 
anti-cancer agent therapy [115]. Hsp90 inhibitor, 
geldanamycin (GA) induced autophagy in KTHOS 
cells by inhibiting Akt/mTOR/p70S6K signaling. It 
also induced the caspase-dependent apoptotic pathway 
in KTHOS cells. Importantly, the combined treatment 
of GA and autophagy inhibitor 3-methyl-adenine (3-
MA) enhanced GA-induced apoptosis in KTHOS cells 
[116]. NSC185058, a novel ATG4B antagonist, is a 
small compound from the NCI library, which bond to 
the active site of ATG4B. NSC185058 could effectively 
inhibit ATG4B activity in vitro and in cells, while having 
no effect on MTOR and PtdIns3K activities; suggesting 
that NSC185058 is effective in suppressing autophagy in 
vivo and in attenuating osteosarcoma tumor growth [117]. 
Rapamycin inhibited cell proliferation and decreased 
the phosphorylation of mTOR pathway components in 
MG63 cells, while Spautin-1 suppressed the protective 
mechanism induced by rapamycin in osteosarcoma cells 
and effectively induced apoptosis [118]. Dendropanoxide 
(DP) newly isolated from leaves and stem of Dendropanax 
morbifera Leveille could induce autophagy through 
ERK1/2 activation in MG-63 human osteosarcoma cells, 
but inhibiting autophagy enhanced dendropanoxide-
induced apoptosis [119]. Dihydroptychantol A, a 
macrocyclic bisbibenzyl derivative, induced autophagy 
following apoptosis associated with the p53 pathway 
in human osteosarcoma U2OS cells. DHA-mediated 
apoptotic cell death was potentiated by the autophagy 
inhibitor 3-methyladenine, suggesting that autophagy 
may play a protective role that impedes eventual cell 
death [120]. Osteosarcoma treatments often fail due to the 
development of chemoresistance to apoptosis, and PERK 
activates osteosarcomatous autophagy via inhibiting the 
mTORC1 pathway. In order to explore the relationship of 
autophagy and apoptosis in osteosarcomatous resistance, 
the knockdown of PERK was induced by using RNAi 
in osteosarcoma, which suppressed autophagy; and this 
resulted in osteosarcomatous apoptosis [121].

necroptosis

Necrosis is traditionally thought to be a passive 
and unprogrammed cell death, which is caused by factors 

including infection, toxins, or trauma; and is characterized 
by swelling of the organelles, plasma membrane 
permeabilization, cellular collapse, mitochondria 
dysfunction, release of cellular contents, and inflammation 
in the surrounding tissues [122, 123]. However, emerging 
evidence has shown that necrosis can be induced and 
regulated in a similar manner to apoptosis. This has been 
recently identified as a form of programmed cell death 
that is different with traditional necrosis and apoptosis 
[124, 125]. Furthermore, it is a regulated cell death with 
the morphological characterization of necrosis; which 
can be pharmacologically inhibited by certain chemical 
compounds such as necrostatin-1 [126]. Recently, it has 
been found that the necroptosis signaling pathway has also 
contributed to the treatment of osteosarcoma.
signaling pathways to necroptosis

The signaling pathway of necroptosis has gradually 
been clarified recently. This is triggered by multiple 
stimulators, and interacts with death receptors (TNFR1, 
TRAIL-R or Fas), T-cell receptors (TCR), Toll-like 
receptors (TLRs), cellular metabolic and genotoxic stress, 
and a number of anti-cancer agents [127-129]. In TNF-α 
induced necroptosis, three complexes are essential and 
are key regulators that trigger this response, including 
complex I, complex IIa and complex IIb [130, 131]. 

The interaction of TNF-α and TNFR1/2 leads to the 
formation of the intracellular complex at the cytoplasmic 
membrane (complex I), which includes TNFR1-associated 
death domain protein (TRADD), TNF receptor-associated 
factor 2(TRAF2), RIP1, cellular inhibitor of apoptosis 
protin1/2 (cIAP1/2), and the linear ubiquitin chain 
assembly complex (LUBAC) [132]. Within complex I, 
RIP1 is ubiquitinated by cIAP1/2; and K63-ubiquitinated 
RIP1 serves as scaffolds, which promotes to recruit 
and activate the TAB-TAK1 and the IKKα-IKKβ-
NEMO complexes, leading to NF-κB activation, the 
upregulation of pro-survival genes, and the inhibition of 
cell death[133, 134]. In contrast, K63-ubiquitinated RIP1 
is deubiquitinated by cylindromatosis (CYLD), and the 
released RIP1 constitutes to form complex IIa including 
RIP1, TRADD, FADD (FAS-associated death domain), 
RIP3, pro-caspase-8 and FLICE inhibitory proteins (FLIP) 
[135]. In complex IIa, caspase-8 is released and activated 
by FLIP; and the activated caspase-8 cleaves RIP1 and 
RIP3, which prevents their trans-phosphorylation and 
the activation of complex IIb [136]. Thus, it successfully 
initiates the pro-apoptotic caspase activation cascade, 
which leads to cell apoptosis. However, when caspase-8 is 
deleted or inactivated by pharmacological inhibitors such 
as Z-VAD, it loses the ability to cleave RIP1 and RIP3 
[131, 137]. The complex IIb would be formed including 
caspase-8, FADD, RIP1, RIP3 and mixed lineage kinase 
domain-like (MLKL) protein[138]. Then, the activated 
RIP1 and RIP3 trans-phosphorylates each other and 
initiates necroptosis [139]. Both RIP1 and RIP3 necrosome 
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recruits and activates MLKL and phosphoglycerate mutase 
5(PGAM5). MLKL is phosphorylated and multimerized, 
is inserted into the plasma membrane, and forms channels 
that increases Na+ influx, osmotic pressure and membrane 
rupture; ending with necroptosis induced-cell death [129, 
136]. PGAM5 recruits and activates mitochondrial fission 
factor dynamin-related protein 1 (Drp1), leading to 
mitochondrial fission; which is a key factor for necrosis 
execution [137, 140] (Figure 3).
necroptosis and osteosarcoma therapy

Presently, few literatures have referred on 
necroptosis and osteosarcoma therapy. Shikonin, an 
effective constituent extracted from Chinese medicinal 
herbs, has been demonstrated to induce necroptosis in 
some cancers. The anti-tumor effects of shikonin on 
osteosarcoma were partly due to inducing RIP1 and RIP3 
dependent necroptosis; indicating that shikonin could be 

a potential anti-tumor agent on the treatment of primary 
and metastatic osteosarcoma [141]. Shikonin has dually 
functioned as a proteasome inhibitor and necroptosis 
inducer in multiple myeloma cells. Interestingly, the 
combination of a heat shock protein inhibitor with low 
dose SHK enhanced cell apoptosis, while high-dose 
SHK induced necroptosis in MM cells [142]. Moreover, 
hiporfin-mediated photodynamic therapy in the preclinical 
treatment of osteosarcoma demonstrated that cell death 
caused by hiporfin-PDT could be rescued by Nec-1, but 
not by Z-VAD-FMK [143]. Additionally, RIP3 expression 
induced death profile changes in U2OS osteosarcoma 
cells after 5-aminolevulic acid (5-ALA)-mediated 
photodynamic therapy (PDT), suggesting that autophagy 
was likely to play a protective role against PDT-induced 
cell death and allow better survival for RIP3-U2OS cells 
[144].

figure 3: schematic representation of signalling pathways to necroptosis and the regulation of necroptosis in 
osteosarcoma. The necroptosis is triggered by multiple stimulators, including death receptor (TNFR1, TRAIL-R or Fas), T-cell 
receptor (TCR), Toll-like receptors (TLRs), cellular metabolic and genotoxic stresses, and a lot of anti-cancer agents, etc. In TNF-α 
induced necroptosis, three complexes are essential including complex I(TNFR1-associated death domain protein (TRADD), TNF receptor-
associated factor 2(TRAF2), RIP1, cellular inhibitor of apoptosis protin1/2(cIAP1/2), and the linear ubiquitin chain assembly complex 
(LUBAC)), complex IIa(RIP1, TRADD, FADD(FAS-associated death domain), RIP3, pro-caspase8 and FLICE inhibitory proteins (FLIP) 
) and complex IIb(Caspase-8, FADD, RIP1, RIP3 and mixed lineage kinase domain-like (MLKL) protein ).
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conclusIon And PersPectIves

In this review, we summarized how apoptosis, 
autophagy and necroptosis affect the proliferation and 
invasion of osteosarcoma cells, as well as the potential 
target in apoptosis, autophagy and necroptosis for clinical 
therapy of drug-resistant osteosarcoma. However, many 
issues remain to be clarified.

To date, limited references have been reported 
on necroptosis in human osteosarcoma. No study has 
reported the role of necroptosis in the drug resistance of 
osteosarcoma.

Metastases in osteosarcoma patients such as 
lung metastases or pulmonary metastasis can be easily 
observed, and indicate poor prognosis. The interplay 
between apoptosis, autophagy, necroptosis, tumor 
metastases, as well as the mechanism of metastases in 
osteosarcoma, needs to be clearly explored.

Drug resistance is the biggest obstacle in the 
therapy of human osteosarcoma. The role of autophagy 
has not been clearly clarified in terms of promoting 
chemosensitivity or chemoresistance in osteosarcoma. 
Furthermore, the interplay between autophagy and 
apoptosis is complex; for example, autophagy can promote 
both cell survival and cell death. The potential targets in 
signaling pathways and effective drug candidates are 
needs to be further investigated. 

Cell apoptosis, autophagy and necroptosis all 
contributed to cell death in osteosarcoma cells. The cross-
talk between these different regulatory pathways needs to 
be clearly clarified.
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