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Abstract
Osteosarcoma (OS) is the most common type of bone sarcoma. Despite the availability of multimodal treatment 
with surgery and chemotherapy, the clinical results remain unsatisfactory. The main reason for the poor outcomes 
in patients with OS is the development of resistance to methotrexate, cisplatin, doxorubicin, and ifosfamide. 
Molecular and cellular mechanisms associated with resistance to chemotherapy include DNA repair and cell-cycle 
alterations, enhanced drug efflux, increased detoxification, resistance to apoptosis, autophagy, tumor extracellular 
matrix, and angiogenesis. This versatility of cells to generate chemoresistance has motivated the use of anti-
angiogenic therapy based on tyrosine kinase inhibitors. This approach has shown that other therapies, along with 
standard chemotherapy, can improve responses to therapy in patients with OS. Moreover, microRNAs may act as 
predictors of drug resistance in OS. This review provides insight into the molecular and cellular mechanisms 
involved in the development of resistance during the treatment of OS and discusses promising novel therapies 
(e.g., afatinib and palbociclib) for overcoming resistance to chemotherapy in OS.
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INTRODUCTION
Osteosarcoma (OS) is the most common type of bone sarcoma; these tumors form a heterogeneous group 
of malignant neoplasms characterized by the production of osteoid matrix[1,2]. OS is disseminated by the 
hematologic route, and the lungs are the main site of metastasis[2-4]. It is considered that up to 70% of 
patients with OS have at least one micrometastatic disease at this site at the time of diagnosis[5]. The addition 
of chemotherapy to the treatment of patients with localized disease OS improves their prognosis, increasing 
their survival rate by up to 70%[1,4,6]. However, metastatic patients continue to have a poor prognosis at 20%-
30%[7].

The current standard treatment modalities for OS are neoadjuvant chemotherapy, surgery and adjuvant 
chemotherapy. Chemotherapy is based on different combinations of doxorubicin (DOX), cisplatin, and 
methotrexate (MTX). The administration of the latter depends on the age of the patient and may be 
combined with ifosfamide (IFO), etoposide, etc.[8,9]. The current chemotherapy scheme was first introduced 
in the late 1970s and remains virtually unchanged despite numerous efforts to improve treatment 
outcomes[10]. One of the current clinical challenges is drug resistance, which may be inherent or acquired[11]. 
Additionally, patients with poor response and refractory disease (i.e., recurrent or progressive) have a bleak 
prognosis due to the limited number of effective options in second- or third-line chemotherapy[12-14].

This situation has generated several lines of research to identify the pathophysiological mechanisms by 
which OS cells develop drug resistance and, thus, devise new strategies based on the utilization of 
biomarkers or targeted therapies[11,15,16]. The high degree of heterogeneity observed in OS renders therapy 
even more problematic; for instance, the discovery of reliable biomarkers, recognition of the mechanism of 
recurrence, and identification of cell types that cause OS pose challenges to investigators[17]. Cancer cells can 
utilize various mechanisms to circumvent or counteract the cytotoxic stimuli induced by anticancer therapy: 
(1) impairment of drug transport and enhancement of drug efflux; (2) increase in deoxyribonucleic acid 
(DNA) repair; (3) alterations in cell cycle and apoptosis; (4) activation of signal transduction pathways; (5) 
the tumor microenvironment (TME) and angiogenesis; (6) autophagy; (7) micro-RNA; and (8) 
maintenance of a stem cell-like phenotype[18]. The purpose of the present narrative review is to summarize 
the advances achieved thus far in this setting and present some perspectives for the treatment of OS in the 
future using novel drug combinations.

IMPAIRED INTRACELLULAR ACCUMULATION
OS cells decrease drug accumulation to overcome the cytotoxic effects of chemotherapeutic agents. 
Insufficient drug transport can be related to reduced folate carriers on the cell membrane, increasing drug 
efflux, or inducing alterations in target enzymes[18].

Insufficient drug transport
Impaired drug transport is a well-described mechanism of resistance to chemotherapy in OS. In particular, 
this is achieved through a decrease in transporters present on the membrane of tumor cells. MTX is an anti-
folate that uses the reduced folate carrier (RFC) to enter OS cells. Following entry, MTX is polyglutamylated 
to be retained in the cells. Subsequently, MTX inhibits dihydrofolate reductase (DHFR) - the enzyme that 
converts the dihydrofolate to tetrahydrofolate - which is a one-carbon donor for the de novo synthesis of 
purine and thymidine. DHFR is essential for the de novo synthesis of DNA, and the interaction between 
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MTX and DHFR prevents DNA synthesis[18]. Treatment-resistant OS cells have reduced expression of 
RFC[19]. The decreased expression of RFC in the tumor is associated with the development of resistance to 
MTX and poor histological responses to preoperative chemotherapy[20]. Drugs, such as trimetrexate, do not 
require RFC for transport. In a phase 2 clinical trial including patients with relapsed OS, toxicity was 
acceptable, myelosuppression was the major side effect, objective response was 8% (n = 39; complete 
response = 1, partial response = 2, mixed response = 1, and stable disease = 8)[21-23]. The combination of 
trimetrexate with high-dose MTX is currently being tested in a phase 1 trial to evaluate the efficacy, safety 
profile, and most appropriate dose of trimetrexate (clinical trial identifier: NCT00119301)[24] [Figure 1].

Enhancement of drug efflux
Drug resistance in OS has been linked to an increase in drug efflux, particularly for DOX. This acquired 
resistance mechanism is termed multidrug resistance (MDR) and is associated with the overexpression of 
members of the ATP-binding cassette (ABC) family of efflux transporters. Principally, this process involves 
the multidrug resistance protein 1 (MDR1) gene, which encodes P-glycoprotein (P-gp), also termed MDR1 
or ATP-binding cassette subfamily B member 1 (ABCB1). These transporters are active pumps for drugs, 
such as DOX[18,25]. OS cells exhibit high expression levels of ABC transporters, such as MDR1, and are 
resistant to DOX. An association between MDR1 overexpression and reduced DOX accumulation has been 
reported. In patients with OS, the overexpression of ABC transporters is associated with poor response to 
chemotherapeutic agents (e.g., DOX) and worse clinical outcomes[20,26]. In preclinical models, the knockout 
of ABCB1 restored sensitivity to DOX. Drugs, such as trabectedin, may inhibit the transcriptional activation 
of MDR1; trabectedin modulates gene expression in a promoter manner, affecting the MDR1 gene 
promoter, thereby emerging as a potential alternative therapeutic strategy for the restoration of sensitivity to 
DOX[27].

Alterations in target enzymes
Secondary to alterations in enzymes, increased levels of target enzymes or degreased drug affinity can result 
in resistance to chemotherapeutic agents. MTX-resistant OS cell lines overexpress DHFR, and high 
expression of DHFR is also observed in OS metastasis[28,29]. DNA topoisomerases II (TOP2) are nuclear 
enzymes involved in the regulation of DNA topology; TOP2 forms a homodimer that functions by cleaving 
double-stranded DNA, coiling a second DNA duplex through the gap, and re-binding the strands. TOP2 is 
essential for cell replication and viability and is recognized as a target of doxorubicin[30]. In human cells, two 
isoforms are described, α and β; in several tumors, low expression of TOP2B is described in DOX resistance, 
particularly OS DOX-resistant cells had reduced expression of TOP2B compared with DOX-sensitive 
cells[31]. Amplification or deletion in TOP2 genes has been described in OS patients. TOP2B was deleted in 
40.5% of cases and is related to worse event-free survival. TOP2A is amplificated in 21% and deleted in 25% 
of OS tumors. Both gene alterations (amplification and deletion) in TOP2A have been correlated with a 
good response to neoadjuvant chemotherapy and also related to DOX resistance[32]. Exploring these 
enzymes in clinical trials could give us possible utility as biomarkers to predict chemotherapy response.

Several mutations in tumor suppressor genes and other pathways are involved in OS failure to 
chemotherapy. The most frequent gene altered in this pathology is tumor suppression gene P53, and 
mutations in other cancer drivers such as RB1, ATRX2, DLG23, RUNX2, WRN, RECQL4, CDKN2A/B, BLM, 
PTEN, and PI3K/AKT/mTOR pathway members are described in OS tumors. Some of these genes are 
involved in cell cycle control and DNA damage repair[33].

OS AND ALTERATIONS IN DNA REPAIR
It is established that chemotherapeutic agents cause DNA damage that leads to cell death. However, tumor 
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Figure 1. Reduced intracellular drug accumulation. (A) Decreased expression of the reduced folate transporter (RFC) or decreasing 
transporter function promotes methotrexate resistance. (B) Overexpression of dihydrofolate reductase (DHFR) responsible for the 
reduction of dihydrofolate (DHF) to tetrahydrofolate (THF) or alterations in the binding affinity of DHFR for methotrexate (MTX) are 
related with MTX resistance. (C) Decreased expression or mutation of topoisomerase II (Topo II) is associated with doxorubicin (DOX) 
resistance. (D) High levels of excision repair cross-complement protein 1 (ERCC1) proteins are related to cisplatin resistance. (E) 
Increased expression of multidrug resistance gene encoding the ATP-binding cassette (ABC) family leads to increased drug efflux and 
decreased intracellular drug accumulation increasing resistance to DOX and MTX.

cells can occasionally resist treatment by enhancing their DNA repair pathway. Cisplatin is one of the most 
studied drugs for which resistance due to an enhanced DNA repair in OS has been reported[18,34,35]. 
Nucleotide excision repair (NER) is an important DNA damage removal pathway. It is implicated in cancer 
progression and response to platinum-based chemotherapy. Additionally, NER is one of the most studied 
pathways in the development of drug resistance in OS. NER proteins can repair chemical drug-induced 
DNA damage. Members of the NER pathway that have been studied thus far include DNA excision repair 
proteins and excision repair cross-complement proteins (ERCC); these endonucleases are involved in the 
excision of the lesion, followed by DNA replication and repair process. Defects in NER accumulate DNA 
damage favoring cancer phenotype. Single nucleotide polymorphism (SNPs) of ERCC1 and ERCC2 genes 
may decrease the expression of ERCC1 and ERCC2 genes and are associated with chemotherapy response 
for OS, particularly reduced resistance to cisplatin-based chemotherapy[36,37]. In addition, silencing of the 
ERCC1, ERCC2, ERCC3, and ERCC4 genes increases sensitivity in resistant OS cell cultures (U2OS/cisplatin 
300 and U2OS/cisplatin 1)[35]. Base excision repair (BER) is also involved in OS. BER is primarily active in 
DNA damage caused by small chemical alterations or base loss due to hydrolysis of glycosyl DNA bonds. 
DNA damage is removed by glycosylases, a complex formed by APEX1 endonuclease, poly(ADP-ribose) 
polymerase (PARP), and DNA ligase, and XRCC1 recognized the bases sites. Different members of BER are 
involved in OS; apurinic/apyrimidinic endonuclease (APE-1) has been associated with shorter survival in 
patients with OS[18,37].
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DNA double-strand breaks (DSBs) represent a challenge to genomic integrity. DSBs are detected by a 
cascade of proteins, involving the process of homologous recombination (HR) or nonhomologous end-join 
(NHEJ). DSBs activate pathways such as ATM and ATR that result in the phosphorylation of multiple 
targets, including histone H2AX and checkpoint mediator proteins (CHK) 1 and 2, to finally activate P53. 
ATR/CHK1 signaling is linked with the activation of BRCA2, recruiting BRCA1 and RAD51, which form 
filaments on the single-stranded DNA to repair the site of the DNA damage. BRCA1 and -2 mutations lead 
to impairment to repair DSBs mediated by HR. Deficiency of inhibition of PARP1 in normal cells results in 
an impairment of the BER response, causing lesions that should be repaired by BER activating HR pathway; 
however, OS presents mutations in different “BRCA” genes such PALB2, CHEK2, PTEN, and ATM, 
resulting in chromosomal instability analogous to BRCA1/2 mutations[33], which make it difficult to repair 
DNA lesions. Exposing BRCA1/2-deficient cells to PARP inhibition results in lethal DNA damage 
accumulation; consequently, PARP inhibition results in the targeted tumor cell death in BRCA-deficient 
cancer. Preclinical data suggest the effect of PARP inhibitors in OS MNNG/HOS cells carrying disruptive 
gain in the PTEN gene and deletion of ATM gene; the combination of talazoparib, a phase 3 PARP 
inhibitor, with topoisomerase I inhibitor SN-38 considerably decreases the viability of MNNG/HOS cells, 
and olaparib was tested in HOS and MG-63 cells with good results. In addition to these preclinical data, it 
seems that the inhibition of PARP1/2 in BRCA1/2 tumor suppressor mutated cells is involved in drug 
resistance in OS. The use of olaparib (a PARP1 inhibitor) sensitizes OS cell lines to treatment with DOX[38]. 
These types of in vitro studies led to PARP inhibitors being tested in the clinical setting. The ongoing 
NCT03233204 study investigates the combination of olaparib plus DOX in patients with refractory OS[39]. 
The TOMAS trial tested olaparib and trabectedin in sarcomas. This trial included seven patients with bone 
cancer; unfortunately, none of the patients showed an objective or clinical response[40], probably due to the 
small number of patients included in the trial. Furthermore, other combinations, such as olaparib plus 
ceralasertib (AZD6738), an orally available morpholino-pyrimidine-based inhibitor of ataxia telangiectasia 
and rad 3-related (ATR) kinase, were tested in this trial (clinical trial identifier: NCT04417062)[41]. Recently, 
the RB pathway has been described as PARP inhibitor (PARPi) sensitive; RB1-defective OS revealed 
hypersensitivity to the PARPi olaparib, and RB1-defective OS cells may yield BRCAness/HR defects by 
inducing RAD51 recruitment. Olaparib increases H2AX histone marker and CHK1 phosphorylation[42]. RB 
is highly mutated in OS patients. The MATCH trial is a precision medicine cancer treatment clinical trial 
where patients are assigned to receive treatment based on their genetic changes. This trial involves children, 
adolescents, and young adults with advanced cancers, including rare cancers such as osteosarcoma. 
Olaparib will be tested in patients with defects in DNA damage repair genes and BRCA1/2 mutations. We 
await the evolution in patients with RB1-mutated disease if they are included[39,43]. The potential benefits of 
anti-PARP treatment will have to wait for the publication of the results of this trial to evaluate future areas 
of opportunity with this inhibitor.

CELL CYCLE AND APOPTOSIS DISTURBANCES
DNA damage is one of the principal action mechanisms of chemotherapy, leading to cell death through 
apoptosis. For their survival, tumor cells arrest their cell cycle to repair DNA damage, thereby evading 
apoptosis[44]. Disturbances in the cell cycle and apoptosis are involved in the development of resistance to 
chemotherapy in OS cells. For example, following the overexpression of murine double minute 2 (MDM2) 
(a downstream mediator of p53) in tumor cells, p53-mediated apoptosis is inhibited, and cells develop 
resistance to DNA-damaging agents[18,45]. The amplification of MDM2 is present in 20% of OS cells[46].

Cyclin-dependent kinase 4
Cyclin-dependent kinase 4 (CDK4) is an enzyme encoded by the CDK4 gene. The activity of this kinase is 
restricted to the G1-S phase, and it is responsible for the phosphorylation of the retinoblastoma (RB) 
protein. The amplification of CDK4 is found in 20% of OS cells[46]. In a study of 50 pediatric and adolescent 
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patients diagnosed with high-grade OS, the copy number analysis detected a recurrent gain of chromosome 
12q14.1. This observation was more frequent in the poor responder cohort than in the good responder 
cohort, where the CDK4 gene was associated with copy number gains[47]. CDK4 is highly expressed in 
human OS tissues and cell lines compared with normal human osteoblasts. Elevated CDK4 expression is 
associated with metastasis and poor prognosis in patients with OS[48]. Overexpression of CDK4 is also 
related to resistance to cisplatin; treatment of U2OS cells overexpressing CDK4 with CDK4/6 inhibitor 
palbociclib facilitates apoptosis and decreases cell viability in a dose-dependent manner[47]. The combination 
of sorafenib (a multikinase inhibitor) and palbociclib in a cisplatin-resistant, patient-derived, orthotopic, 
xenograft mouse model of OS resulted in tumor regression and enhanced tumor necrosis[49]. Patients with 
co-amplification of MDM2 and CDK4 were treated with the MDM2 inhibitor ALRN-6924 and palbociclib; 
the study included ten liposarcomas, one OS, and one glioblastoma. The study concluded that the 
combination of ALRN-6924 and palbociclib was feasible and well tolerated[50]. Palbociclib is currently tested 
in pediatric tumors, including osteosarcoma, with activated alterations in cell cycle genes in the pediatric 
MATCH treatment trial (NCT03526250)[51]. Abemaciclib is an inhibitor of CDK4/6; Wang et al. evaluated 
the efficacy of abemaciclib in OS cells and an animal model[52]. Abemaciclib inhibited growth and 
anchorage-independent colony formation of OS cells and inhibited tumor formation and growth in a dose-
dependent manner in the animal model. Abemaciclib combined with DOX results in much greater efficacy 
than DOX alone in inhibiting tumor growth; it acts by suppressing the CD4/6-Cyclin D-Rb pathway. A 
clinical trial with OS and abemaciclib is ongoing (NCT04040205)[52,53].

Myeloid cell leukemia-1 protein and its potential role in OS
Cell death signaling is orchestrated by members of the B cell lymphoma 2 (BCL2) family that contains 
antiapoptotic proteins (e.g., BCL2 and BCLXL) and proapoptotic proteins [e.g., BCL2 associated X (BAX)]. 
Inhibition of BCL1/BCLXL enhanced the chemosensitivity of OS to DOX and cisplatin. Myeloid cell 
leukemia-1 (MCL-1) is a pro-survival member of the BCL2 family, contributing to the avoidance of cell 
death by acting as a regulator of apoptosis in some human malignancies[54]. In OS, MCL-1 expression is 
upregulated after chemotherapy, and high MCL-1 expression is associated with poor overall survival, 
increased recurrence rate, decreased sensitivity to MTX, and promotion of tumor proliferation[55]. In OS 
cells, MCL-1 is a direct target of miR-375; overexpression of miR-375 enhances the effects of cisplatin-
induced DNA damage mediated by MCL-1[54]. Regorafenib is an oral type II multikinase inhibitor that 
inhibits the vascular endothelial growth factor receptor 1-3 (VEGFR1-3), platelet-derived growth factor 
receptors, fibroblast growth factor receptors (FGFR), tyrosine kinase receptor with immunoglobulin-like 
and EGFR-like domains 2 (TIE-2), and pathways involved in angiogenic and metastasis process. Sorafenib 
has been approved as a second-line treatment in OS, as discussed below[56]. MCL-1 is an essential survival 
factor for endothelial cells (EC) required for blood vessel production during angiogenesis. Deletion of MCL-
1 in EC cells resulted in a dose-dependent increase in EC apoptosis in the angiogenic vasculature and 
reduced vessel density. Inhibition of vascular endothelial growth factor A (VEGF-A) may cause EC 
apoptosis[57]. The role of MCL-1 in regorafenib resistance has been evaluated in colorectal cancer. 
Regorafenib-resistant cells are deficient in MCL-1 degradation, MCL-1 is associated with PUMA and 
inhibits apoptosis, and MCL-1 inhibitor overcomes acquired resistance to regorafenib by liberating PUMA 
from MCL-1, restoring apoptosis. Thus, inhibition of MCL-1 also seems to overcome the resistance to 
regorafenib[58].

MCL-1 appears to be a new therapeutic target in OS. Inhibitors of MCL-1 can be used in different settings, 
e.g., to restore sensitivity to chemotherapy or anti-angiogenic resistance or in combination with other 
agents to increase therapeutic efficacy. A phase 1 study of a MCL-1 inhibitor in solid tumors, including 
sarcomas, is currently ongoing[59].

SIGNAL TRANSDUCTION PATHWAYS
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Human epidermal growth factor receptor family and OS
Since the 1990s, the expression of human epidermal growth factor receptor 2 (HER2) has been reported in 
OS primary tumors and metastases[60]. HER2 is overexpressed in approximately 32%-45% of OS samples. 
Some studies have associated HER2 with worse event-free survival and metastasis-free survival; they have 
also correlated the overexpression of HER2 with poor response to chemotherapy[60]. Based on this evidence, 
strategies directed against HER2 to increase the survival of patients with OS HER-positive tumors have 
emerged. The use of trastuzumab in combination with cytotoxic chemotherapy was investigated in a phase 
2 trial of 96 patients newly diagnosed with metastatic OS; of those, 41 had tumors expressing HER2. There 
was no difference in event-free survival or overall survival between the HER2-positive and HER-negative 
groups; trastuzumab has not been tested in other randomized trials[61]. The location of HER2 in OS probably 
contributes to the failure of treatment with monoclonal antibodies; however, there is a need to develop 
other intracellular inhibitors for the blockage of this pathway. Overexpression of HER2 has been involved in 
mechanisms of resistance to cisplatin mediated by phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) 
activation. The basal activity of PI3K/AKT1 upregulates cyclin-dependent kinase inhibitor 1A (CDKN1A; 
also termed p21), promoting cell cycle arrest and leading to time for DNA repair; additionally, HER2 
overexpression mediates the nuclear exclusion of p21 and activation of PI3K/AKT, favoring cell 
proliferation. Both aforementioned mechanisms have been described in resistance to cisplatin[34,62]. In 
addition, overexpression of HER2 has been associated with resistance to cisplatin in clinical settings[62]. The 
inhibition of this pathway could be explored in second-line therapy to overcome this resistance in patients 
with OS. Now, a new drug is being tested in an ongoing phase 2 trial (identifier: NCT04616560) for the 
treatment of HER2-positive patients with recurrent OS. Trastuzumab-deruxtecan is a conjugated antibody-
drug composed of a humanized monoclonal antibody specifically targeting HER2 and a potent 
topoisomerase I inhibitor as the cytotoxic drug. Trastuzumab attaches to HER2-positive cancer cells. HER-2 
receptor works as a target for trastuzumab to deliver deruxtecan into OS cells[63] [Figure 2].

Other members of the HER family have been investigated in OS. A moderate-to-high expression of 
epidermal growth factor receptor (EGFR) is present in 50%-90% of OS samples, and the expression of EGFR 
is associated with a higher rate of metastasis, risk of recurrence, and resistance to chemotherapy[64,65]. 
Treatments with EGFR inhibitors, such as gefitinib, inhibited OS cell growth and sensitized EGFR-
expressing cells to chemotherapy, DOX, and MTX[65]. The combination of gefitinib with DOX and MTX 
also showed a synergistic impact on cell proliferation and apoptosis[66]. Furthermore, the monoclonal 
antibody cetuximab decreased OS cell motility via PI3K/AKT/mitogen-activated protein kinase 
(PI3K/AKT/MAPK) signaling[67]. Canertinib (CI-1033), EGFR, and HER2 inhibitor induced apoptosis and 
decreased EGFR and HER2 phosphorylation in OS cells[68]. ZD6474, a dual tyrosine kinase inhibitor (TKI) 
of EGFR and vascular endothelial growth factor receptor (VEGFR), inhibited OS cell growth, induced cell 
cycle arrest, and promoted apoptosis and tumor growth in nude mice[69]. HER4 expression is associated with 
low probabilities of survival and metastasis-free survival. Knockdown of HER4 decreased cell viability upon 
treatment with MTX and DOX and increased apoptosis of OS cells based on cleaved PARP, suggesting that 
downregulation of HER4 increases the sensitivity of OS cells to chemotherapeutic drugs; HER4 also 
interacts with NDGR1 (N-myc downstream regulated gene), which contributes to cell growth and survival 
in OS cells[70]. Afatinib is a TKI that selectively blocks the signaling of homodimers and heterodimers 
formed by EGFR, HER2, HER3, and HER4 in OS cell lines[71]. It has been observed that afatinib inhibits the 
proliferation, migration, and invasion of non-metastatic and metastatic OS cell lines. Moreover, it decreases 
the phosphorylation of HER2/EGFR receptors and downstream molecules AKT and extracellular signal-
regulated kinase 1/2 (ERK1/2)[72]. Using sarcospheres from highly metastatic human OS cell lines, Collier et 
al. revealed that afatinib also has therapeutic potential with this technology[73]. Recently, a meta-analysis of 
the gene expression signature of primary OS samples using the Gene Expression Omnibus microarrays 
series was performed to establish the OS gene signature. The Characteristic Direction Signature Search 
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Figure 2. Role of Family HER Pathway in osteosarcoma chemotherapy resistance. (A) Cisplatin resistance is associated with HER2 
overexpression, PI3K/AKT activation and promotion p21 nuclear exclusion, favoring cell cycle arrest and proliferation. (B) Anti-EGFR 
therapy such as cetuximab and gefitinib sensitized osteosarcoma cells to DOX and MTX. (C) Afatinib a pan-HER Family inhibitor have 
an inhibition effect in osteosarcoma cell proliferation, migration an invasion. (D) Trastuzumab deruxtecan is an antibody-drug 
conjugated composed by anti-HER2 humanized monoclonal antibody and a topoisomerase I inhibitor as cytotoxic drug, that is now 
been tasted in clinical trials. AKT: Protein kinase B; DOX: doxorubicin; EGFR: epidermal growth factor receptor; ERK: extracellular signal-
regulated kinase; HER: human epidermal growth factor; MTX: methotrexate; PI3K/AKT: phosphoinositide 3-kinase.

Engine was used to identify the most appropriate molecules for reversing this gene expression signature in 
OS and propose new potential drugs. The authors found 266 genes (98 upregulated and 168 downregulated) 
in OS, and afatinib appeared as one of the top molecules for reversing this signature[74]. Afatinib is currently 
being tested in a phase 2 trial in pediatric tumors, including rhabdomyosarcomas and those with HER 
deregulation recurrent/refractory disease after receiving at least one prior standard treatment regimen 
(identifier: NCT02372006)[75]. This trial will let us see the activity of afatinib in sarcomas and patients with 
dysregulated HER pathway; its potential role in OS has to be evaluated directly in future clinical trials.

PI3K, mechanistic target of rapamycin, AKT, and microtubule affinity-regulating kinase 2 pathways 
in OS
The PI3K/AKT signaling pathway is involved in cell survival and the RAS, RAF, and ERK/MAPK pathways, 
which mediate tumor proliferation and growth and are downstream of cell-surface receptors in OS[76]. One 
of the targets of this pathway is MARK2. MARK2 is a serine/threonine kinase implicated in microtubule-
associated protein phosphorylation and cell cycle regulation. This protein is associated with neurological 
disorders, cell polarization, intracellular transport, and migration. Overexpression of MARK2 is associated 
with poor prognosis in patients with OS. Some mechanisms by which MARK2 may increase the resistance 
to cisplatin in OS have been proposed. For example, MARK2 may mediate resistance to cisplatin in OS by 
inhibiting apoptosis through the expression of BCL2. Another mechanism is the regulation of P-gp 
expression mediated by MARK2. The expression of P-gp and MARK2 in the MG-63 and MNNG/HOS OS 
cell lines is upregulated compared with that observed in osteoblasts. Silencing of MARK2 in OS cells also 
decreased P-gp expression, suggesting a relationship between these two proteins. In the case of cisplatin-
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resistant cells, following blockage of MARK2, P-gp expression is reduced and sensitivity to this 
chemotherapeutic agent is improved. This regulation may be mediated by the activation of the 
PI3K/AKT/nuclear factor-κB (PI3K/AKT/NF-κB) pathway[77]. MARK2 appears to regulate the DNA damage 
repair dependent on NHEJ mediated by DNA-dependent protein kinase (DNA-PK) and the catalytic 
subunit of the DNA-dependent protein kinase (DNA-PKcs). High levels of DNA-PKcs were correlated with 
poor prognosis as well as an increased risk of recurrence and metastasis in patients with OS. Furthermore, 
the expression of this catalytic subunit was increased in MG63 cells treated with cisplatin and etoposide[78]; 
the expression of DNA-PKcs in cisplatin-resistant MG-63 OS cells appears to be regulated by MARK2 via 
the PI3K/AKT/mTOR pathway. In this pathway, the protein most strongly associated with DNA damage 
repair is AKT; it has been reported that DNA damage activates AKT. In addition, it appears that AKT 
phosphorylation on S473 is dependent on DNA-PK; AKT1 forms a complex with DNA-PKcs, resulting in 
the activation and auto-phosphorylation of the S2056 of DNA-PKcs[79]. Another important protein is 
mTOR, a key regulator of the PI3K/AKT pathway; overactivation of mTOR is associated with resistance to 
cisplatin. The PI3K/AKT/mTOR and RAS/RAF/MEK/ERK pathways interact at different levels. RAS 
activates PI3K by interacting with its catalytic subunit, and ERK2 phosphorylates TSC complex subunit 2 
(TSC2), suppressing its function and promoting the activation of mechanistic target of rapamycin complex 
1 (mTORC1). Downstream of RAS/ERK is the 90 kDa ribosomal protein S6 (RPS6); this kinase 
phosphorylates TSC2 at Ser1798 and inactivates its tumor suppression function, allowing mTORC1 
signaling[79]. With regard to MAPK, a special activation was demonstrated in high-grade OS specimens, 
showing inhibition of ERK1/2 phosphorylation and increased expression of proapoptotic proteins (e.g., 
BAX) that induce apoptosis in OS cells; the inhibition of ERK1/2 also increased the sensitivity of OS cells to 
DOX[80]. A phase 2 trial of sorafenib in combination with everolimus (an inhibitor of mTOR) in OS was 
designed to overcome the resistance to sorafenib. Sorafenib inhibits the activity of the mTORC1 complex 
but activates the mTORC2 complex and promotes tumor progression. Preclinical studies have shown that 
everolimus effectively overcomes this resistance mechanism. The study was designed to include high-grade 
patients with OS who had progressed after receiving a MTX/DOX/cisplatin /IFOS chemotherapy regimen 
that included MTX, DOX, cisplatin, and/or IFO. Interestingly, the group of patients who expressed 
phosphorylated-ERK1/2 (p-ERK1/2) and p-RPS6 presented a greater response to the combination of 
sorafenib and everolimus than the negative expression group (clinical trial identifier: NCT01804374)[81]. 
These findings suggest that, after chemotherapy, the PI3K/AKT pathway appears to be active in a subgroup 
of patients. Therefore, establishing the activation of the PI3K pathway prior to treatment may assist 
physicians in selecting patients who would benefit from treatment with an mTOR inhibitor alone or in 
combination with other agents. Further clinical trials based on molecular profiles are warranted to explore 
the combination of a mTOR inhibitor with a multikinase inhibitor with a different profile that may include 
the RAS/MEK/ERK pathway as targets.

TME AND ANGIOGENESIS
OS therapy has only been partially effective, possibly due to the existence of compensatory pathways, the 
inherently heterogeneous nature of sarcomas, and the complex interaction with the TME. Multiple 
intermingled cell types, such as osteoblasts, osteoclasts, fibroblasts, immune cells, macrophages, vascular 
cells, mesenchymal stem cells (MSC), and hematologic progenitor cells, coexist in stroma bone[82]. The 
heterogeneity observed in different tumor cell subpopulations is modulated by different mechanisms, 
including the extracellular matrix (ECM) and its interactions with intracellular and extracellular elements, 
metabolites, oxygen tension, pH, etc. For instance, an alteration of the RB pathway is sufficient to induce 
anchorage-independent growth of these tumors; additionally, clonal evolution is dependent on the 
environment (hypoxia and immune infiltrate) and can result in resistance or tolerance, while 
microenvironment communications (e.g., angiogenesis, immune stimulation, and initiation of signal 
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transduction) complicate this tumoral scenario[83,84]. Crenn et al. evaluated the histological response to 
chemotherapy (i.e., IFO, cisplatin, and DOX) in murine MOS-J cell models, mimicking various 
microenvironments by injecting tumor cells into subcutaneous, intramuscular paratibial, and intra-osseous 
sites[85]. A higher response to DOX was observed in the intra-osseous model compared with the 
intramuscular model in terms of tumor growth and necrosis, suggesting that a more vascularized intra-
osseous ambient favors drug action[25,85]. This conclusion was based on the premise that bisphosphonates 
inhibit osteoclast bone resorption, reduce therapy-induced bone loss, and improve anticancer activity by 
inhibiting angiogenesis, invasion, tumor cell adhesion, and enhancing immunity. Additionally, in 
preclinical murine models, zoledronate exerted antitumor effects on OS cells, reduced tumor growth, 
reduced lung metastasis, and improved survival. Based on this evidence, a phase 3 trial (OS2006) evaluated 
the addition of zoledronate to conventional chemotherapy; unfortunately, this therapeutic strategy failed to 
improve the pathological preoperative response to chemotherapy and clinical outcomes. The authors 
explained this negative result as the effect of zoledronate on immunological parameters such as NK-cell 
expansion, macrophage depletion, or polarization may affect the bone microenvironment; the absence of 
benefit with zoledronate combined with chemotherapy may be related to a potential upregulation of RANK 
expression that promotes osteosarcoma pathogenesis by osteosarcoma cells[86,25,87].

Other members of TME are immune cells, which include cells of the innate and non-innate immune 
response. Osteosarcoma has several alterations in DNA repair that translates into mutation implicated in 
their carcinogenesis that may produce mutational antigens attractive to immune cells; however, similar to 
other sarcomas, tumor mutation burden (TMB) in OS is low. Nevertheless, the microenvironment tumor-
associated inflammatory infiltrate is a strong prognostic indicator of response to therapy and overall 
survival. Osteosarcoma had consistently low expression of PD-L1 in studies and can be classified as a “cold 
tumor”; however, immune cells (e.g., CD8+ cytotoxic T-lymphocytes) are associated with a favorable 
prognosis in OS studies.

Based on this, the phase 2 PEMBROSARC trial evaluated the anti-programmed cell death 1 (anti-PD-1) 
pembrolizumab in combination with alternating cyclophosphamide in 17 patients with OS; only 13.3% of 
patients had stable disease at 6 months[88]; the median progression-free survival was 1.4 months and median 
overall survival was 5.6 months. This study showed interesting results; for example, none of the three 
patients with tumor shrinkage had an expression of PD-L1 on sarcoma or immune cells and only 12% of the 
cases were PD-L1 positive in this study[88]. One explanation could be the implication of other mechanisms 
implicated in immune response in OS, such as other members of TME and the tumor survival 
mechanism[89]. In the PEMBROSARC trial, the authors observed an increase in the kynurenine to 
tryptophan ratio in the third cycle of pembrolizumab compared to the first cycle. The kynurenine pathway 
requires tryptophan and IDO. The authors of this trial mentioned the inhibition of IDO in combination 
with pembrolizumab as a strategy to be explored in these tumors[90]. Tumor-derived exosomes can inhibit T 
cell and NK cell activity through different pathways, and T cell apoptosis favors immune surveillance escape 
and activation of bone marrow-derived suppressor cells (MDSC). Around 36% of patients with breast 
cancer have exosomes containing indolamine deoxygenase (IDO), which regulates antitumor immunity by 
depletion of tryptophan levels, promoting inflammatory microenvironment and angiogenesis[91,92]. As 
mentioned above, it can be related to immune checkpoint inhibitor response. Release of exosomes with 
soluble major histocompatibility complex I chain-related proteins (SMIC) and NKG2D (natural killer cells 
receptor) soluble receptors are implicated in the downregulation of NK cells and cytotoxic T 
lymphocytes[91,93]. Another possible pathway implicated in OS immune response is transforming growth 
factor-beta (TGF-β), which plays an important role in excluding T cells from the tumor microenvironment 
and, unfortunately, is present in high levels in OS patients, especially in the metastatic OS setting; thus, the 
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inhibition of this pathway may improve the antitumor effects of immunotherapy[91,94,95]. Combination 
therapy has emerged as a future strategy to enhance chemotherapy and immunotherapy; for example, in OS 
cells, DOX increases apoptosis in CD8+ T cells. However, this effect was reversed by the anti-PD-L1 
antibody and the combination of the anti-PD-1 antibody and cisplatin inhibits tumor growth[70].

This finding indicates that exploration of other pathways in the TME for the treatment of OS is warranted. 
Tumor-associated macrophages play a pivotal role in the regulation of local immunity, angiogenesis, and 
tumor cell migration; they are divided into two principal macrophage populations (M1 and M2). In OS, M1 
and M2 infiltrations are associated with better and worse outcomes, respectively. It has been observed that 
patients with infiltration of CD68+ cells in OS tissues typically exhibit a poor response to neoadjuvant 
chemotherapy; however, after treatment with chemotherapy, macrophages secrete interleukin-1β (IL-1β) 
and reduce the sensitivity of OS to cisplatin[96]. Macrophages promote angiogenesis and contribute to the 
development of resistance to chemotherapy; the deletion of vascular endothelial growth factor A (VEGFA) 
in macrophages leads to normalized vascular growth, reduces hypoxia, and increases sensitivity to 
cisplatin[97,98]. Apatinib, a selective tyrosine kinase inhibitor to VEGFR2, inhibits epithelial-mesenchymal 
transition (EMT) and PD-L1 expression by targeting STAT3 in vitro and in vivo[99]. Future strategies, such as 
the combination of immunotherapy, chemotherapy, and anti-angiogenesis therapy or more complex 
alternatives such as vaccines or modified immune cells, are being tested in osteosarcoma to overcome 
immune surveillance escape and chemotherapy resistance[91].

The ECM constitutes a three-dimensional acellular network of macromolecules that provide structural and 
biochemical support to cells, including malignant cells[100]. Moreover, the ECM is implicated in cell 
communication, migration, adhesion, proliferation, and differentiation. Components of the ECM (e.g., 
collagen, fibronectin, laminin, and proteoglycan) are implicated in OS cell growth, proliferation adhesion, 
invasion, metastasis, resistance to chemotherapy, and angiogenesis. A high expression of collagens, collagen 
triple helix repeat containing 1 (CTHRC1), and collagen type I alpha 1 chain (COL1A1) has been associated 
with shorter survival. Overexpression of collagen type III alpha 1 chain (COL3A1) may decrease apoptosis 
and promote resistance to MTX in OS cell lines[101]. Tumstatin is a 28 kDa protein fragment of COL4A3 (a 
non-collagenous domain of the alpha 3 chain in collagen IV) with an anti-angiogenic capacity that inhibits 
cell proliferation and induces apoptosis in OS cells[102-104]. Endostatin is a 20 kDa terminal-C fragment of 
collagen XVIII that inhibits angiogenesis by directly binding to both VEGFR1 and VGFR2. Endostatin is 
also associated with different surface integrins; it competes with the fibronectin pro-angiogenic ligand for 
binding to integrin a5β1 to disrupt cell migration, activates SRC and caveolin 1 (CAV1), disassembles focal 
adhesion fibers and actin stress fiber, and inhibits cell migration[101,105]. Both tumstatin and endostatin inhibit 
the phosphorylation of focal adhesion kinase (FAK) downstream of FAK; subsequently, tumstatin FAK 
inhibits the PI3K/AKT/mTOR/4EBP1 pathway downstream, resulting in the inhibition of endothelial 
protein synthesis. Endostatin inhibits the activation of the ERK1/p38 MAPK pathway that inhibits the 
migration of endothelial cells[75,106]. In preclinical models, the combination of recombinant human-
endostatin (rh-endostatin) with DOX produced an important synergistic antitumor activity[107]. Rh-
endostatin has been investigated in combination with conventional chemotherapy (i.e., MTX, DOX, and 
cisplatin) in patients recently diagnosed with OS; this strategy improved the clinical outcomes of 
chemotherapy, prolonging the 2- and 5-year event-free survival of 81% and 75% of patients, respectively, in 
the rh-endostatin group vs. 67% and 57% of patients, respectively, in the chemotherapy alone group; the 
relative risk in the rh-endostatin group was 0.49 (95%CI: 0.36-0.078, P = 0.010). Rh-endostatin reduced the 
2- and 5-year distant metastasis-free survival in 82% and 79% of patients, respectively, in the combination 
group compared with 71% and 61% of patients, respectively, in the chemotherapy alone group; the relative 
risk of distant metastasis in the rh-endostatin group was 0.48 (95%CI: 0.30-0.76, P = 0.014)[108,109]. 
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Interestingly, patients in the control group exhibited increased VEGF expression and microvascular density 
(MVD) after exposure to chemotherapy alone; however, patients in the rh-endostatin group showed 
reduced VEGF expression and MVD. Similar results have been observed in the neoadjuvant setting with 
DOX, cisplatin, MTX, and IFO, where rh-endostatin reduced VEGF expression and MVD, and improved 
distant metastasis-free survival and overall survival; these findings suggest again a protective effect in 
preventing lung metastasis[110]. This supports the rationale that early intervention with anti-angiogenic 
therapy in combination with conventional chemotherapy may reduce the risk of angiogenesis-dependent 
metastasis. Endostatin also improved clinical outcomes in patients with stage IV OS; in combination with 
chemotherapy, endostatin increased the progression-free survival (8.6 vs. 4.4 months) and the clinical 
benefit response (47.8% vs. 16.7%)[111].

Angiogenesis plays an important role in the development and progression of OS; tumor micro-vessel 
density and VEGF expression have been associated with the prognosis of OS[112,113]. Chemokines promote 
angiogenesis in OS cells mainly through the following two pathways[113]. Firstly, C-C motif chemokine 
ligand 3 (CCL3) enhances VGEFA expression, facilitates progenitor cell migration, and promotes tube 
formation by downregulating the expression of microRNA (miRNA) 374b via JUN N-terminal kinase/ERK 
(JNK/ERK) and p38[114]. Secondly, CCL5 increases VEGF expression and promotes its pathway by the 
protein kinase C/cellular-SRC/hypoxia-inducible factor 1 alpha (PKCδ/c-SRC/HIF-1α) signaling 
pathway[115]. Higher expression of VEGFA is present in OS cells resistant to anoikis via the SRC, JNK, and 
ERK pathways. The use of a SRC inhibitor reduced the expression of VEGFA and angiogenesis via the 
inhibition of JNK and ERK activity. The overexpression of p-SRC and VEGFA is also correlated with 
metastatic potential in human tissues[116]. Relaxin is a peptide family belonging to the insulin superfamily 
that promotes the tumor growth, invasion, and angiogenesis of Sao-2 cells via AKT/VEGF. Relaxin H2 
(RLN2) confers migratory and invasive capabilities, as well as resistance to cisplatin by modeling the 
AKT/NF-κB in U2OS and MG63 cells[117]. In patients with OS, genes of the VEGF pathway are amplified; 
the most frequent copy-number aberration is the amplification at 6p12-21 that involves VEGFA (27%), and 
a subset of tumors had amplifications in 4q11-12, including platelet-derived growth factor receptor A 
(PDGFRA) and kinase insert domain receptor (KDR) (18%). These findings suggest angiogenesis as a target 
in OS[46]. The activation of this pathway in OS affects survival outcomes. Notably, the receptors of the 
VEGFR pathway, VEGFR2 and VEGFR3, are associated with worse survival in patients with OS, while the 
ligand VEGFB is associated with poor histologic response to chemotherapy[118]. High expression of VEGFR3 
and PDGFRB is associated with high-grade OS tumors[112,118]. Recently, a meta-analysis showed that high 
levels of VEGF are also associated with advanced tumor stage and metastasis, with negative consequences in 
terms of survival; high VEGF expression is implicated in worse disease-free survival (odds ratio = 0.25, 
95%CI: 0.11-0.58, P = 0.001) and overall survival (odds ratio = 0.22, 95%CI: 0.13-0.35, P ≤ 0.001)[119]. These 
new pathways described in OS lead to the evaluation of different multikinase drugs in preclinical and 
clinical studies. Monotherapy with multikinase drugs has been explored in patients with OS who previously 
received chemotherapy. Table 1 presents the principal targeted therapies involved in signaling pathways in 
osteosarcoma, principally the angiogenic pathway, studied in phase 2 and observational trials as second-line 
therapy for OS.

FAK and SRC inhibitors to overcome resistance to chemotherapy
The signaling of integrins includes SRC AKT-ERK and FAK (a non-receptor cytoplasmic protein tyrosine 
kinase)[128]. The inhibition of SRC in murine models inhibited tumor growth and decreased the metastatic 
potential of OS cells. Moreover, this inhibition overcame the resistance to DOX and induced apoptosis in 
chondrosarcoma cells[129,130]. This approach has been evaluated in OS in the clinical setting; monotherapy 
with saracatinib (AZD530) was well tolerated in patients with OS, showing a median progression-free 
survival of 19.4 months vs. 8.6 months in the placebo group (P = 0.47). The investigators concluded that the 
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Table 1. Principal targeted therapies involved in the signaling pathways in osteosarcoma

Agent Signaling 
pathway

Pediatric 
dose

Adult 
dose RR% 4-month PFS 

(%) (95%CI)
6-month PFS 
(%) (95%CI)

Median PFS 
(months) 
(95%CI)

Reference

Phase 2 studies

Apatiniba RET, VEGFR1,2 500 
mg/dayb

750 
mg/dayb

43 57 (39-71) 37 (21-52) 4.5 (3.5-6.3) [120]

Cabozantinib KIT, MET, RET, 
VEGFR1,2,3

40 mg/m2

/day
60 mg/day 12 71 (55-83) 52 (36-66) 6.7 (5.4-7.9) [121]

Lenvatinib RET, VEGFR1,2,3 14 mg/m2

/day
14 mg/m2

/day
7 33 3.4 (NR) [122]

Regorafenib KIT, RET, 
PDGFRB, 
VEGFR1,2,3

160 
mg/dayc

160 
mg/dayc

8 44.4 45 3.6 (2-7.6) [123,124]

Sorafenib KIT, RET, 
VEGFR1,2,3, 
PDGFRA,B

400 mg 
b.i.d.

400 mg 
b.i.d.

29 46 (28-63) 9 4 (2-5) [125]

Combinations

Sorafenib/Everolimus PI3K/AKT, 
mTORC1,2

S: 400-
600 
mg/day 
E: 2.5-5 
mg/day

45 [81]

Observational studies

Pazopanib VEGFR, PDGFR, 
KIT, FGFR

400-800 
mg/day

68 5.5d (2.7-7.7) [126]

Adapted from Just et al.[127]. AKT: Protein kinase B; b.i.d.: twice daily; BSA: body surface area; CI: confidence interval; E: everolimus; FGFR: 
fibroblast growth factor receptor; KIT: stem cell factor receptor; mTORC: mammalian target of rapamycin complex; NR: not reported; PDGFR: 
platelet-derived growth factor receptor; PFS: progression-free survival; PI3K: phosphoinositide 3-kinase; RET: rearranged during transfection; RR: 
response rate = complete + partial responses; S: sorafenib; VEGFR: vascular endothelial growth factor receptor. aApatinib is not approved by the 
US Food and Drug Administration. bDose for patients with BSA < 1.5: 500 mg/day; dose for patients with BSA > 1.5: 750 mg/day. cDrug is 
administered daily for 21 days in 28-day cycles. dStudy reported a 10-week PFS.

results of SRC inhibition alone are insufficient to suppress metastatic progression[131]. Dasatinib combined 
with ceritinib, an off-target inhibitor of insulin-like growth factor 1 receptor (IGF1R), was tested in one 
patient; the treatment was well tolerated and showed limited toxicity. Additionally, patient tissue analysis 
revealed high necrosis and extensive infiltration of macrophages, suggesting that this combination is a 
promising strategy[132]. FAK is downstream of SRC, and tyrosine 397 is the major site of 
autophosphorylation in the FAK catalytic domain. FAK is related to several tumor processes, such as 
vascular and microenvironment regulation, proliferation, motility, invasion, and survival[133]. Integrin-β1 
(ITGβ1) activates FAK and ERK in MG63 OS cells, and plays an important role in the proliferation and 
differentiation process of osteoblasts[134]. High expression levels of FAK are associated with advanced disease 
and recurrence in patients with OS, rendering it a potential biomarker[135,136]. The levels of total FAK and p-
FAK-Y397 have been evaluated in OS tissues. Overexpression of FAK was detected in OS, and 
overexpression of thep-FAK-Y387 was correlated with poor histologic response to chemotherapy (i.e., 
MTX, DOX, cisplatin, etoposide, cyclophosphamide, IFO, and carboplatin)[135]. In xenograft models, the 
decrease in FAK expression using FAK inhibitors impaired OS cell proliferation and colony formation and 
reduced tumor growth[136]. Platinum-resistant tumorspheres can acquire a dependence on FAK for growth, 
and the combination of a FAK inhibitor with platinum overcomes resistance to cisplatin[137]. Ongoing 
clinical trials evaluate the safety and efficacy of FAK inhibitors in different solid tumors[138-145]. Figure 3 
shows the signal pathways involved in OS.
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Figure 3. Angiogenesis and osteosarcoma microenvironment. (A) Mesenchymal stem cells (MSCs) produce IL-6 and STAT3 pathway 
activation promoting cisplatin and DOX resistance. (B) Macrophages promotes angiogenesis by VEGFA production in osteosarcoma. 
(C) VEGFA ligand binds to VEGFR activating angiogenesis pathway, throw PI3K/AKT/mTOR or Ras. Some anti-angiogenesis tyrosine 
kinase inhibitors alone or in combination with mTOR inhibitors are approved in second line in osteosarcoma. (D) Integrin pathway 
actives SRC and FAK promoting angiogenesis and apoptosis inhibition. (E) Chemokine (C-C motif) ligand 3 (CCL3) binding to G-protein 
coupled C-C chemokine receptor 5(CCR5) promoting VEGFA expression by downregulation of miR-374b, activation of JNK/ERK/p38 
and hypoxia-inducible factor (HIF) in human osteosarcoma cells. (F) The canonical Wnt/β- catenin pathway contributes to 
chemotherapy resistance and osteosarcoma progression. WNT actives the Frizzled (FZD) and low-density lipoprotein receptor 5/6 
(LRP5/6) binding disheveled (DVL) and Axin protein complex release of β-catenin and lead the translocation of β-catenin to the 
nucleus to activates genes active in chemoresistance. (G) Endostatin inhibit the activity of integrin, VEGFR and WNT pathways. AKT: 
Protein kinase B; CCD1: CyclinD1; DOX: doxorubicin; DNA-PK: DNA-dependent protein kinase, ERK: extracellular signal-regulated 
kinase; FAK: focal adhesion kinase;  gp130: glycoprotein 130; mTOR: mammalian target of rapamycin; PI3K: phosphoinositide 3-kinase; 
IL-: interleukine-6; IL-6R: IL-6 receptor; JAK: Janus Kinase; JNK: JUN N-terminal kinase; MARK2: microtubule affinity-regulating kinase 
2; MYC: myc proto-oncogene; NF-κB: nuclear factor-κB; SRC: SRC protein kinase; STAT3: signal transducer and activator of 
transcription 3; VEGF: vascular epidermal growth factor; VEGFR: vascular epidermal growth factor receptor.

TME hypoxic condition: the roles of acidosis, lactate, and adenosine in OS and therapy resistance
Angiogenesis implies newly formed microvessels with altered morphology compared with normal vessels. 
These abnormalities work as a biophysical barrier to the delivery of oxygen, nutriments, and antitumor 
therapies to a solid tumor. Oxygen delivery difficulties favor metabolic changes in TME characterized by 
hypoxic conditions, extracellular acidosis, substantial elevated adenosine and lactate concentrations, and 
nutrient deprivation[146]. TME hypoxic condition contributes to genetic instability, intratumorally 
heterogeneity, malignant progression, tumor stem cell maintenance, angiogenesis, development of 
treatment resistance, and metabolic reprogramming dependent on HIF-1α phenotype. These stress 
conditions that activate HIF-1α may serve as major drivers for recruitment, activation, polarization, and 
expansion of immune-suppressive stromal cells and affect the antitumor activity of the innate and adaptive 
immune system, as well as cancer immunotherapy. Hypoxia-/HIF-driven factors include generation and 
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accumulation in the extracellular space of adenosine, extracellular acidosis, and favor overexpression of 
VEGF and activation of VEGFR related to immune suppression and anti-angiogenic therapy response[146,147]. 
Metabolic reprograming induced by hypoxia/ HIF-1α is characterized by glycolytic enzyme lactate 
dehydrogenase A (LDH-A) and accelerated glycolysis (Warburg effect) that contribute to lactate 
accumulation, affecting tumor T cell infiltration and cytokine productions, inhibits the NK and CD8+T cells 
cytotoxic activity and favors MDSCs infiltration. Tumor extracellular acidosis depends on: (A) the Warburg 
effect or upregulation/acceleration of glycolysis characterized by an intensive conversion of glucose to lactic 
acid and insufficient adenosine triphosphate (ATP) production to favor very fast energy supply; (B) increase 
in glutaminolysis; (C) ketogenesis; (D) increased ATP-hydrolysis, i.e., hydration of CO2-derived from 
oxidative metabolism and pentose phosphate pathway; and (F) bicarbonate depletion in TME[146]. Acidosis 
(extracellular pH  6.8) has immune-suppressive actions such as inhibition of the proliferative and cytotoxic 
activity of NK and CD8+ T cells, secretion of IFN-, and reducing the expression of T cell receptors[148,149]. 
Acid tumor microenvironment may be related to resistance in osteosarcoma. Extracellular pH in P-gp-
negative cell lines reduced sensibility to DOX, and the combination of DOX with the proton pump inhibitor 
omeprazole enhanced its cytotoxicity capacity and reduced tumor volume in OS animal models; similarly, 
the pH gradient rendered in OS cells increased response to cisplatin and MTX[150,151]. Hypoxic stress induces 
cancer cells’ ATP to release through pannexin 1 PANX-1 channels and exocytosis of adenosine and 
promotes the accumulation of adenosine in the extracellular space of hypoxic tumors. Adenosine attenuates 
the activity of T cells, NK cells, and dendritic cells and enhances the suppressive capacity of T regulatory 
cells (Tregs) and MDSCs. Hypoxia increases the accumulation of extracellular adenosine mainly produced 
by enzymatic ATP catabolism; adenosine induces the expression of adenosine receptors in tumor cells, 
promoting growth, survival, and metastasis[152]. Non-regulated release of adenosine occurs from dying and 
damaged cells, whereas the active release involves exocytotic granules, plasma membrane-derived 
macrovesicles, specific ATP-binding cassette (ABC) transporters and membrane channels (connexin 
hemichannels and PANX1), calcium homeostasis modulator 1 (CALHM1), volume-regulated anion 
channels (VRACs), and maxi-anion channels (MACs). The extracellular ATP (eATP) activity is via P2 
purinergic receptors, P2X7R[153]. TME extracellular ATP is degraded by different ectonucleotidases, 
principally CD39 and CD73: the ectonucleoside triphosphate diphosphohydrolase CD39 hydrolyzes ATP to 
ADP and AMP, while the ecto-5’-nucleotidase (CD73) hydrolyzes AMP to adenosine. CD39 is expressed in 
dendritic cells, tumor-infiltrating Th17 lymphocytes, and M2 macrophages. CD73 is expressed in 
lymphocytes T and B, stromal cells, and dendritic cells[152,153]; it is expressed in Treg and in higher levels on 
anergic CD4+ T cells, preserving self-tolerance in healthy individuals. CD73 has a role as an immune-
inhibitory checkpoint molecule, contributing to tumor infiltration of regulatory immune cells such as Treg, 
MDSCs, or DCs, favoring an immunosuppressive microenvironment[154]. CD73 is overexpressed in many 
tumors and promotes cell migration, invasion, and chemotherapy resistance[155]. In human osteosarcoma 
cell lines, miR-16 indirectly downregulates CD73 expression and inhibits the expression of transcription 
factors SMAD3 and SMAD4, both implicated in CD73 expression[154,156]. In hypoxic TME, hypoxia induces 
CD73 expression via HIF-1α regulating EMT and promotes lung metastasis in triple-negative breast 
cancer[157]. Different combination strategies of CD73 pharmacological inhibition with A2BR antagonist, 
chemotherapy and radiotherapy, anti-PD1/PD-L1 therapy, and anti-cytotoxic T-lymphocyte antigen 4 
(CTLA-4) improve cancer therapies[152]; Durvalumab (monoclonal antibody anti-PD-L1) and oleclumab 
(anti-CD73 monoclonal antibody) are being tested in NCT04668300 trial; this study includes osteosarcoma 
patients. The CD73 activity is mediated by P1 purinergic receptors (P1Rs), G-protein-coupled receptors 
divided into 4 subtypes: A1R, A2AR, A2BR, and A3R[158]. A1 receptor is involved in proinflammatory and 
anti-inflammatory processes, especially in the neurological system. A2AR protects host tissue from 
destruction secondary to an over-reaction of the immune response. A2AR activation inhibits DC4+ and 
CD8+ T-cell function and selectively inhibits proinflammatory cytokine expression, promoting the 
upregulation of PD-1. CTLA-4 promotes T-cell tolerance and prevents the development of IL-17, 
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promoting the development of Foxp3+ and LAG3+ regulatory T-cells. Adenosine acting via A2AR inhibits 
dendritic cell function. Since chemotherapy and radiation increase eATP, a concomitant administration of 
A2AR antagonists during chemotherapy or radiation might lead to the expansion of tumor T cells and 
prevent Treg cell induction. These drugs are being explored in a clinical trial with anti-PD1-PD-L1 
therapy[159]. A2BR is related to pathophysiological conditions associated with adenosine releases, such as 
ischemia and tumor hypoxia. A2BR regulates several functions including vascular tone, cytokine release, 
and angiogenesis. The A2B receptor promotes mesenchymal stem cell differentiation to osteoblasts and 
bone formation in vivo[160]. ATP release channels are also involved in osteosarcoma. Connexin 43 (Cx43), an 
implicated gap junction-mediated intercellular communication, is involved in proliferation suppression of 
human osteosarcoma U2OS cells by inhibition of the cell cycle transition, attributed to significant 
accumulation of hypophosphorylated RB protein that secondarily decreases kinase activities of CDK2 and 
-4. Cx43 seems to inhibit U2OS cells by increasing the levels of p27 protein via post-transcriptional 
regulatory mechanisms[161]. Cx43 is regulated by small ubiquitin-like modifiers (SUMOs); SUMO-
conjugating enzyme UBc9 protein is overexpressed in osteosarcoma. Silencing UBc9 by siRNA inhibits 
osteosarcoma cell proliferation[162]. ALMB-0168, a humanized monoclonal antibody that specifically binds to 
the extracellular domain of Cx43 and activates the Cx43 hemichannels in osteocytes, enhances the 
activation of Cx43 hemichannels in both cultured osteocytes and mice osteocytes and promotes ATP 
release. ALMB-0168 reduces bone cancer growth in murine models WT Cx43; this drug also increases levels 
of cytotoxic lymphocytes (CD3/CD8+) and helpers (CD3/CD4+), increases the survival rate, and reduces 
tumor metastasis[163]. Another adenosine receptor, P2X7, is highly expressed in osteosarcoma tissues. The 
OSc receptor promotes the growth and metastasis of human HOS/MNNG cells via PI2K7AKTGSK3β/β and 
mTOR/HIF/VEGF signaling. Nevertheless, eATP increases plasma membrane permeability for cytotoxic 
molecules such as doxorubicin by opening P2X7R pores[164]. P2X7RA and -B are present in osteosarcoma 
tissue, and P2X7RB positive tumors show increased cell density depending on TME[165]. Shock wave-
induced ATP release forms osteosarcoma U2OS cells and promotes cellular uptake and cytotoxicity of 
methotrexate by altering cell membrane permeability in a P2X7 receptor-dependent manner[166]. Adenosine, 
its receptors, eATP, and its transport channels are implicated in diverse pathways of osteosarcoma 
carcinogenesis, which makes their use attractive for managing this disease and reversing resistance 
mechanisms.

Nanoparticles
The tumor microenvironment is pivotal to drug delivery in solid tumors; the different components of TME 
act as barriers, limit drug accumulation, and induce drug resistance. Nanoparticles are a novel tool against 
cancer; they accumulate passively within solid tumors via pores and fenestration of tumoral blood vessels, 
reaching the tumoral zone. Then, they are able to penetrate deeper into the solid tumor, where they could 
have high therapeutic efficacy, facing elevated interstitial fluid pressure and denser extracellular matrices. 
Several strategies have emerged to overcome these difficulties: surface penetrating peptides combined with 
magnetic field guidance, proteolytic enzymes prior to nanocarrier treatment, polymeric nanocapsules to 
preserve their activity for longer times, gold NPs, liposomes micelles, and micelleplexes have been tested in 
osteosarcoma[167,168]. Villegas et al. designed an enzyme nanocapsule attached to the surface of mesoporous 
silica nanoparticles as a nanocarrier model and observed higher penetrance of the nanoparticles within 3D 
collagen matrices of HOS OSc[169]. Other proposed nanoparticles include biogenic calcium carbonate with 
better biocompatibility, slow biodegradability, pH-sensitivity, and osteoconductivity. Specific carriers or 
ligands with drugs include bisphosphonates (BP), N-(2-hydroxypropyl) methacrylamide (HPMA), and 
tetracycline (TC), as they have potential bone targeting and are ideal for treating metastatic cancer due to 
their high affinity towards hydroxyapatite (HA)[168]. Preclinical studies using in vitro and in vivo 
osteosarcoma models show efficacy using thermo-sensitive hydrogel conjugated with methotrexate and 
alendronate, a microparticle delivery system loaded with cerium dioxide (CeO2) nanoparticles and 
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doxorubicin. The developed pH-sensitive microparticles were combined with doxorubicin, liposomes of 
doxorubicin, lipopolymer encapsulating CRISP/Cas9 plasmids encoding VEGFA gRNA and Cas9, and 
more complex nanoparticles used in gene therapy, such as micelleplexes loaded with miR-145[168]. In the 
context of eATP described above, different strategies using this technology are used to prevent fast eATP 
degradation including highly biocompatible and biodegradable albumin nanoparticles loaded with ATP 
release[170], a pH-sensitive nanoplatform made up of chitosan (Cs) and mesoporous HA to deliver ATP to 
tumor cells[171].

MIRNA-MODULATED DRUG RESISTANCE IN OS
The miRNAs are small non-coding RNAs (length: 18-25 nucleotides) that repress translation and cleave 
mRNA by base pairing with the 3′-untranslated region of target genes. They have the potential to regulate 
several critical biological processes, including the differentiation, progression, apoptosis, and proliferation of 
tumor cells. It has been estimated that there are up to 1000 miRNAs in the human genome. More than 30% 
of the human genome is regulated by miRNAs that simultaneously target multiple genes; recent differences 
in miRNA expression profiles detected between cancer cells and their normal counterparts revealed that 
miRNAs are involved in the pathogenesis of cancer[172]. In recent years, in-depth miRNA research has 
validated the involvement of miRNAs in OS drug resistance, tumor initiation, and progression These 
oncogenic or tumor suppressor miRNAs play a role in sensitivity to chemotherapy through several 
mechanisms, including DNA damage response, apoptosis evasion, autophagy induction, tumor stem cell 
activation, and alteration of signaling pathways. Maire et al. performed miRNA expression profiling for 723 
human miRNAs in seven OS tumors; they identified 38 miRNAs differentially expressed by ≥ 10-fold (28 
and 10 were downregulated and upregulated, respectively)[172]. These miRNAs are involved in intracellular 
signaling pathways associated with drug resistance, proliferation, and metastasis in OS, including the Notch, 
RAS/p21, MAPK, Wnt, and Jun/FOS pathways[172]. It was recently shown that the upregulated miR-124 
enhances the cellular response to various DNA-damaging drugs by binding to the 3′-untranslated region of 
the ATM interactor (ATMIN) and PARP1 mRNAs in U2OS cells[173,174].

Different miRNAs have been identified as direct targets of p53, which are closely associated with drug 
resistance and progression in OS. Among them, members of the highly conserved miR-34 family (miR-34a, 
-34b, and -34c) are important components of the p53 tumor suppressor pathway. It has been observed that 
the expression of these miRNAs is induced by p53 in response to DNA damage or oncogenic stress[175]. He et 
al. reported that the miR-34 family induced G1 arrest and apoptosis in OS cells through its targets CDK6, 
E2F transcription factor 3 (E2F3), cyclin E2 (CCNE2), and BCL2 in a p53-dependent manner[176]. 
Additionally, it has been observed that the loss of miR-31 is associated with defects in the p53 pathway, and 
the overexpression of miR-31 significantly inhibits the proliferation of OS cell lines[177].

In OS cells, miR-513a-5p suppressed the expression of APE-1, rendering tumor cells radiosensitive[178]. The 
use of APE-1-targeted small interfering RNA (siRNA) (i.e., pSilenceAPE-1) sensitized OS cells and tumors 
xenografts to the anti-angiogenic endostatin, while miR-765 downregulated APE-1 and sensitized OS cells 
to cisplatin. Therefore, targeting APE1 with miRNA or siRNA may be a treatment option for overcoming 
drug resistance in OS[179].

miR-138 is the most recently discovered miRNA involved in resistance to cisplatin, which shows lower 
expression in OS tissue than in normal tissue. This decrease may be related to its tumor suppressor capacity. 
When the levels of miR-138 are restored, there is a marked inhibition of cell proliferation and invasion, as 
well as increased sensitivity to cisplatin. It has been observed that this change in sensitivity can be partially 
abolished by overexpression of the enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) 
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gene, which can block the activity of caspase 3 (CASP3), a critical enzyme for apoptosis. Therefore, EZH2 is 
the specific target gene for miR-138, and this miRNA acts as a tumor suppressor in OS by enhancing the 
sensitivity to cisplatin[180]. Recent studies revealed that miR-367 executes several functions in tumors and 
acts as an onco-miRNA in OS. Overexpression of miR-367 is associated with strong resistance to treatment 
with DOX. This effect is mediated by the decreased expression of the Kruppel-like factor 4 (KLF4), BAX, 
and cleaved CASP3 genes, which are related to the apoptotic process and are targets of miR-367. In fact, 
following the downregulation of miR-367 expression, treatment of OS cells with DOX results in 
apoptosis[181].

Based on this evidence, Wei et al. investigated the role of autophagy in OS cells. They observed that 
treatment with DOX and cisplatin increased the levels of miR-140-5p in OS cells, which stimulates 
autophagy[182]. Therefore, upregulation of miR-140-5p inhibits cell survival and resistance to DOX and 
cisplatin, thereby inducing autophagy[182]. The other miRNA involved in the process of chemoresistance is 
miR-184, which was investigated in OS cell lines by Lin et al.[183]. They observed that treatment with DOX 
induces the time-dependent expression of miR-184 in OS cell lines. It was also observed that miR-184 
reduces the number of apoptotic cells after treatment by targeting and inhibiting the BCL2-like 1 (BCL2L1) 
gene, which is involved in the apoptotic process. Therefore, the upregulation of miR-184 and suppression of 
BCL2L1 (which inhibits apoptosis) increased the resistance of OS cells to DOX. This study also indicated 
that downregulation of the expression of miR-184 increased DOX-induced apoptosis[183].

Various studies have aimed to elucidate the molecular mechanisms which confer resistance to treatments, 
identify miRNAs that could be biomarkers of resistance to DOX and cisplatin, and recognize potential 
targets for future therapies based on increased sensitivity to chemotherapy. The results indicate that 
miRNAs are involved in the sensitivity of OS cells to several therapeutic agents [Table 2].

Non-coding miRNA in OS resistance: circRNA and lncRNA
Within the classification of non-coding RNAs are circular RNAs (circRNA) and long non-coding RNAs 
(lncRNA). circRNAs are characterized by a class of non-coding RNAs with a closed covalently loop without 
5’-3’ polarity, with a ring structure that gives them resistance and stability to degradation by 
exonucleases[202]. circRNAs are determined for transcription[203]. They can be classified according to their site 
of origin and splicing as intron (cell nucleus)[204], exon (cytoplasm)[203], or exon-intron combination[205]. 
Currently, it has been revealed that circRNA can regulate gene expression at the transcriptional and post-
transcriptional level by harvesting RNA-binding proteins, acting as miRNA sponges and nuclear 
transcriptional regulators[206,207,208]. In OS, circRNA has been implicated in different processes such as 
proliferation, invasion, apoptosis, and chemoresistance. Zhang et al. reported that circ_1569 is upregulated 
in osteosarcoma[209]. Overexpression of circ_001569 in OS correlated with distant metastasis, advanced 
tumor stage, and poor prognosis. In U2OS and MG63 cells, circ_001569 expression was elevated and 
increased cell proliferation. The deletion of circ_001569 decreased the proliferative capacity of OS cells. In 
addition, the up-regulation of circ_ 001569 promoted resistance to cisplatin, DOX, and MTX, allowing 
increased cell proliferation and colony formation mediated by Wnt-β-catenin pathway activation. 
circ_001569 deletion in OS cells decreased the expression of p-GSK3β and β-catenin. The inhibition of 
Wnt/β-catenin with XAV939 inhibitor decreased resistance to cisplatin, DOX, and MTX; on the contrary, 
LiCl (Wnt/β-catenin agonist) increased resistance to chemotherapy[209].

Previous studies have identified that overexpression of circPVT1 increases the expression of the ABCB1 
gene, related to classical multidrug resistance in OS cells[210]. circPVT1 is derived from a long non-coding 
RNA region located on chromosome 8q24 within the oncogene PVT1, a cancer susceptibility locus[211]. Kun-
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Table 2. miRNAs regulating mechanisms of drug resistance, autophagy, cancer stem cells, and signaling pathways

miRNA Alteration Target gene Mechanism Effect on 
resistance Drug Reference

miR-124 
 

Downregulation ATMIN 
PARP1

CPT, VP�16, and 
DOX

[173] 
 

miR-15b Downregulation WEE1

DNA damage response Increase

DOX [184]

miR�101 Downregulation ATG4,5 Increase DOX [185]

miR�22 Downregulation HMGB1 Increase DOX and cisplatin [186,187]

miR�30a Downregulation BECN1 Increase DOX [188]

miR�
199a�5p

Downregulation BECN1

Blockage of 
autophagy

Increase Cisplatin [189]

miR�155 Upregulation ATG5 Increase DOX and cisplatin [190]

miR�140�
5p

Upregulation IP3K2

Induction of autophagy

Increase DOX and cisplatin [182]

miR�143 Downregulation ATG2B 
BCL2 
LC3-II

Activation of autophagy and stem 
cells 

Increase DOX [191]

miR�let�
7d 

Downregulation or 
Upregulation 

HMGA2 
Lin28B 
Nanog 
Oct3,4 
Sox2

Induction of EMT and plastic 
transition of CSC

Increase DOX, cisplatin, VP-
16, paclitaxel

[192]

miR�29b�
1

Downregulation CD133 
N-Myc 
Nanog 
Oct3,4 
Sox2

Reduction of CSC Increase DOX, cisplatin, and 
VP�16

[193]

miR�34c Downregulation NOTCH1 LEF1 Inhibition of metastasis Increase DOX, cisplatin, and 
MTX

[194]

miR�34b Downregulation PAK1  
MDR1

Induction of cell apoptosis Increase DOX, GEM, and 
MTX

[195]

miR�497 Downregulation VEGFA Inhibition of proliferation Increase Cisplatin [196]

miR�221 Upregulation PTEN Promotion of proliferation and 
inhibition of apoptosis

Increase Cisplatin [197]

miR�
146b�5p

Upregulation ZNRF3 Induction of migration and 
metastasis

Increase DOX, cisplatin, and 
MTX

[198]

miR-488 Upregulation BIM  
 

Promotion of proliferation, reduction 
of apoptosis

Increase DOX [199]

miR-765 Downregulation APE-1 Inhibition of DNA damage response Decrease Cisplatin [179]

miR-21 Upregulation Spry1, Spry2  
PTEN 

Inhibition of migration/proliferation Decrease Cisplatin [200] 
[201]

miR-138 Downregulation EZH2 Inhibition of migration/proliferation Decrease Cisplatin [180]

miR-140-
5p

Downregulation IP3K2 Induction of cell apoptosis Decrease DOX and cisplatin [182]

miR-184 Upregulation BCL2L1 Inhibition of cell apoptosis Decrease DOX [183]

miR-367 Upregulation BAX, cleaved 
CASP3, KLF4

Promotion of metastasis and EMT Decrease DOX [181]

APE-1: Apurinic endonuclease; ATG2B: autophagy-related 2B protein; ATMIN: ataxia telangiectasia mutated interactor; BAX: BCL2 associated X; 
BCL2: B-cell lymphoma 2 protein; BCL2L1: BCL2-like 1; BECN1: beclin 1; BIM: B-cell lymphoma-like protein 11; CASP3: caspase 3; CPT: 
camptothecin; CD133: prominin-1; CSC: cancer stem cells; DOX: doxorubicin; EMT: epithelial-to-mesenchymal transition; EZH2: enhancer of zeste 
2 polycomb repressive complex 2 subunit; GEM: gemcitabine; HMGA2: high mobility group AT-hook 2; HMGB1: high�mobility group box 1; IP3K2: 
inositol 1,4,5�trisphosphate kinase 2; KLF4: Kruppel-like factor 4; LC3-II: light chain 3 type II protein; LEF1: lymphoid enhancer�binding factor 1; 
LIN28B: lin-28 homolog B; MDR1: multidrug resistance 1; MTX: methotrexate; Nanog: Nanog homeobox; N-myc: mycn proto-oncogene; NOTCH1: 
Notch receptor 1; Oct 3 and 4: octamer-binding transcription factor 3 and 4; PAK1: p21�activated protein kinase 1; PARP1: poly(ADP�ribose) 
polymerase 1; PTEN: phosphatase and tensin homolog; RAB10: Ras-related protein 10; Sox2: SRY-box transcription factor 2; Spry1 and -2: sprouty; 
VEGFA: vascular endothelial growth factor A; VP�16: etoposide; ZNRF3: zinc and ring finger 3.

Peng et al. demonstrated that circPVT1 overexpression in OS patients correlated with the presence of 
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metastasis and shorter survival[210]. The expression of circPVT1 is related to DOX and cisplatin resistance. 
The downregulation of circPVT1 in OS cells decreased resistance to DOX and cisplatin in OS; it appears 
that circPVTQ deletion decreases resistance to DOX and cisplatin through downregulation of ABCB1 gene 
expression[210].

lncRNAs, distinguished by having more than 200 nucleotides, do not encode proteins or their coding is 
limited[212]. lncRNAs act as competitive endogenous RNA (ceRNA) regulators of miRNA expression and are 
driven to downstream genes[213]. In addition, similar to circRNAs, their functions depend on their 
location[214]. lncRNAs are involved in chromatin restoration, epigenetic organization, RNA splicing and 
phase splicing[215]. lncRNA function is involved in transcriptional and post-transcriptional signaling at the 
cytoplasmic level[216,217]. Thus, emerging evidence shows that lncRNAs are involved in OS chemoresistance. 
The lncRNA HOXA transcription at the distal tip (HOTTIP) located at the 5’ end of the HOXA cluster 
potentiates the trimethylation of lysine 4 of histone H3 for the activation of multiple 5’Hoxa genes through 
the WDR5/MLL complex, which will trigger tumor progression[218,219,220]. Recently, in osteosarcoma, 
upregulated HOTTIP expression correlates with advanced clinical stage, distant metastasis, and unfavorable 
prognosis[221]. Li et al. demonstrated that upregulated HOTTIP in OS increased the expression of cyclin D1, 
CDK4, and β-catenin involved in cell cycle progression[222]. Increased HOTTIP expression in MG63 cells 
promoted S-phase cell cycle and increased cisplatin resistance, which can be reversed by XAV939 (Wnt/β-
catenin inhibitor). Other lncRNAs have been implicated in OS proliferation, migration, and risk of 
metastasis and inhibition of apoptosis, a mechanism implicated in chemotherapy resistance, suggesting an 
important role of lncRNAs in OS tumorigenesis and chemotherapy resistance[222]. A list of the most relevant 
circRNAs in drug resistance is presented in Table 3 and IncRNAs in Table 4.

AUTOPHAGY
Autophagy is the process through which cells protect and recycle cellular components (e.g., organelles and 
damaged proteins) that are degraded by autophagosomes. This process allows cells to survive under stress 
conditions[18]. Autophagy is one of the most important strategies for malignant tumors to promote survival 
and induce resistance to chemotherapy[236]. Some miRNAs regulate cytotoxic activity; therefore, these 
miRNAs can improve the sensitivity of OS drug-resistant cell lines to chemotherapy. Li et al. developed a 
model of OS resistant MG-63 cells[189]. Following treatment with cisplatin, the expression of miRNA-199a-
5p was decreased, the regulatory target gene Beclin 1 (BECN1) negative, and the expression and proportion 
of LC3-II to LC3-I were increased. These findings indicate the activation of autophagy. Forced 
overexpression of miRNA-199a-5p in OS cells resulted in the opposite result, inhibiting autophagy, 
enhancing the cytotoxicity of cisplatin, and reversing the resistance to cisplatin[189]. Chang et al. found that 
miRNA-101 can block autophagy in OS and improve the chemosensitivity of cells to DOX in vitro[185]. The 
results also reveal that autophagy could be induced with a certain dose of DOX in U2OS cells, while the 
expression of acidic vesicular organelles and another autophagy-related protein, A2g4, was decreased after 
transfection with miRNA-101, thereby blocking autophagy[185]; this blockage increased the sensitivity of OS 
cells to DOX. In autophagy, miRNA-199a-3p can promote multidrug resistance by inhibiting the expression 
of the target gene adenylate kinase 4 (AK4). In this process, the reduction of miRNA-199a-3p can 
upregulate the activated NF-κB pathway[237]. Regarding autophagy, Wei et al. found that miRNA-140-5p was 
upregulated in OS cells treated with cisplatin and DOX[182]. This effect inhibited the inositol 1,4,5‐
trisphosphate kinase 2 (IP3K2) gene and increased autophagy, leading to the development of drug resistance 
in OS[182]. The use of chloroquine for reversing the autophagy mechanism is currently being explored in 
various types of tumors. In OS, chloroquine blocks the autophagic process in cisplatin-resistant OS cells; 
combination with rapamycin enhances the antitumor effect of this agent[238,239]. Autophagy has been shown 
to be involved in the maintenance of OS cancer stem cell (CSC) characteristics[240]. Stemness in CSCs is 
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Table 3. List of circular RNAs involved in drug resistance in osteosarcoma

circRNA Alteration Target gene Mechanism Effect on 
resistance Drug Reference

circ_001569  
 

Upregulation Wnt/β catenin  Promotes Proliferation Increase Cisplatin, DOX 
and MTX 

[209]

circPVT1  Upregulation ABCB1 Promotes proliferation Increase DOX and 
cisplatin

[210] 

miR-137/TRIAP1 Reduce apoptosis [223]

circ_0004674 Upregulation circ 0004674/miR-490-
3p/ABCC2  

Promotion of proliferation, migration, 
cell cycle progression, and reduction of 
apoptosis

Increase DOX [224] 

circ 0004674/miR-
1254/EGFR 

[225] 

circ_0004674/miR-142-
5p/MCL-1 
miR-342-3p/FBN1 Wnt/β
-catenina

 
 

[226] 

circ_0081001 Upregulation miR-494-3p/ TGM2 Promotion of proliferation, metastasis, 
and reduction of apoptosis 

Increase MTX [227] 

circ_0000073 
 

Upregulation miR-145-5p/NRAS 
miR-151-3p/NRAS  

Promotion of proliferation, migration 
(invasion), metastasis, and reduction of 
apoptosis

Increase MTX [228]

circPRDM2  Upregulation miR-760/EZH2 Promotion of proliferation, migration 
(invasion), and reduction of apoptosis

Increase DOX [229]

circ-CHI3L1.2  Upregulation miR-340-5p/LPAATβ  Inhibit EMT, migration (invasion) and 
reduction of apoptosis

Increase Cisplatin [230]

ABCB1: ATP-binding cassette subfamily B member 1; ABCC2: ATP binding cassette subfamily C member 2; DOX: doxorubicin; EGFR: epidermal 
growth factor receptor; EMT: epithelial-to-mesenchymal transition; EZH2: enhancer of zeste 2 polycomb repressive complex 2 subunit; FBN1: 
fibrillin-1; TGM2: transglutaminase-2; LPAATβ: lysophosphatidic acid acyltransferase β; MCL-1: myeloid cell leukemia-1; MTX: methotrexate; 
NRAS: NRAS proto-oncogene GTPase; TRIAP1: TP53 regulated inhibitor of apoptosis 1.

Table 4. List of long non-coding RNAs involved in drug resistance in osteosarcoma

lncRNA Alteration Target gene Mechanism Effect on 
resistance Drug Reference

HOTTIP  upregulated Wnt/β- catenin  Promotion of proliferation and cell 
cycle progression

Increase Cisplatin [222]

ENST00000563280 
(FOXC2-AS1)

upregulated ABCB1 HIF1A 
FOXC2

Induction of migration and 
metastasis

Increase DOX [37,231,232
] 

LUCAT1 upregulated miR-200c/ABCB1 Promotion of proliferation and 
migration (invasion) 

Increase MTX [37,233]

NR-036444  
(FENDRR)

Downregulation ABCB1 
HIF-1α FOXC2 
 

Induction of migration and 
metastasis

Increase DOX [37,231]  
 

ABCB1/ABCC1 Promotion of apoptosis [234]

LINC00161 Downregulation miR-645/IFIT2 Promotion of apoptosis Decrease Cisplatin [235]

ABCB1: ATP-binding cassette subfamily B member 1; ABCC1: ATP binding cassette subfamily C member 1; DOX: doxorubicin; MTX: methotrexate; 
FENDRR: FOXF1 adjacent non-coding developmental regulatory RNA; FOXC2-AS1: Forkhead box C2 antisense RNA 1; HIF-1α: hypoxia-inducible 
factor 1 alpha; IFIT2: interferon-induced protein with tetratricopeptide repeats 2; LINC00161: long intergenic non-protein coding RNA 161; 
LUCAT1: lung cancer-related transcript 1.

favored by autophagy in some types of tumors, e.g., breast cancer, pancreatic ductal adenocarcinoma, colon 
cancer, etc. Osteosarcoma CD271+ cells have stem cell characteristics that seem dependent on autophagic 
activity, with an increased expression of essential autophagy genes such as Beclin1, LC3B, Atg5, and Atg7 
compared to CD271 OS cells. Autophagy confers to CD271+ OS cells several advantages including 
resistance to hypoxic conditions, chemotherapy resistance to cisplatin and epirubicin, and tumorigenicity 
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compared to CD271- OS cells. Autophagy-deficient CD271+ OS cells had no remarkable difference with 
autophagy-deficient CD271-OS, suggesting an important contribution of autophagy to the stemness of 
CD271+ OS cells under stress conditions. Interestingly, the inhibition of the autophagy in CD271+ OS cells 
reversed chemotherapy resistance, resulting in a potential pathway to be explored in OS chemotherapy 
resistance[241].

CANCER STEM CELLS
Cancer stem cells are a subset of cells within the microenvironment that self-renew and aberrantly mature 
into OS cells. These cells are characterized by a highly active DNA repair mechanism or enhanced 
protection against reactive oxygen species (ROS), increased expression of markers such as CD117 and 
CD133, and upregulation of MDR1 protein transport genes (e.g., ABCG2) related to resistance to 
chemotherapy with DOX or drug efflux pumps[18,242], which correspond to a combination of intrinsic and 
extrinsic factors contributing to CSC-mediated resistance to chemotherapy in OS. CSCs have an effective 
autophagy system and a complex EMT regulator capacity that lead to adaptation to TME stress conditions 
such as nutritional, metabolic, and oxygen privation[243]. Other potential biomarkers have been reported in 
CSCs. Honoki et al. found an association of high expression of ALDH-1 (aldehyde dehydrogenase 1) with 
resistance to chemotherapy, as well as its metastatic potential[244]. Schiavone et al. mentioned at least 20 
biomarkers expressed by stem cells in OS, some of them related to chemoresistance, such as Oct4, Nanog, 
Sox2, CD24, CD44, Stro-1, CD133, KLF4, CBX3, and ABCA5[245]. Despite recognizing the role of stem cells 
in this tumor, an important limitation to making them a potential therapeutic target for treatment or 
research is that the tumor stem cell population in OS that corresponds to a population of < 1%[246]. Other 
cells with pluripotent stem cell characteristics are MSCs, which are cells highly associated with 
carcinogenesis, disease progression, metastasis, and drug resistance. Funes et al. evidenced MSC 
transformation in OS related to genetic alterations, such as p53 (TP53) and RB gene deficiency[247]. For 
example, Rb pathway deficiency is sufficient to induce tumor growth and progression in hypoxic conditions 
and favor immune system infiltrations; both conditions may contribute to chemotherapy resistance. 
Mutations of p53 and Rb occur in one clone of OS cells and drive to chromosomal instability and further 
pro-tumoral events inherited to next-generation clones, resistant to chemotherapy[33,248]. Additionally, 
aneuploidization and genomic loss of p16/CDKN2A are common causes of the transition from MSC to OS 
cells, and loss of p16/CDKN2A protein is a predictor of poor response to chemotherapy and worse overall 
survival in OS patients[84,249,250]. Tu et al. observed that activation of the signal transducer and activator of 
transcription 3 (STAT3) by IL-6 regulated MSCs and induced resistance to DOX and cisplatin[251]. 
Furthermore, the expression of p-STAT3 contributed to high resistance to chemotherapy in clinical samples 
of OS cells[251]. Stem cells are involved in OS tumorigenesis and treatment response and are an important 
research topic in this tumor.

CONCLUSIONS
Although the application of chemotherapeutic agents contributes greatly to the effective treatment of OS, 
the emergence of acquired multidrug resistance remains a serious challenge. This is particularly important 
when using drugs that have shown greater efficacy in these tumors (e.g., cisplatin, DOX, and MTX). Several 
universal mechanisms underlying acquired resistance have been discovered, including drug transport, drug 
metabolism, aberrant drug targets, DNA damage response, apoptosis evasion, autophagy, epithelial-to-
mesenchymal transition, etc. These mechanisms offer new directions for future management strategies that 
could improve oncological outcomes in patients with OS. Anti-angiogenic TKIs show that targeted therapy 
can improve the prognosis of this type of cancer. Novel pan-HER pathway TKIs, such as afatinib, may be 
effective in treating OS. New therapies that target tumor ECM pathways and the cell cycle may be helpful in 
overcoming resistance to chemotherapy and targeted therapy in OS.



Page 784Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

DECLARATIONS
Authors’ contributions
Conceptualization, visualization, and research: Garcia-Ortega DY, Cabrera-Nieto SA, Caro-Sánchez HS,
Cruz-Ramos M
Supervision: Garcia-Ortega DY, Cabrera-Nieto SA, Caro-Sánchez HS, Cruz-Ramos M
Writing, review and editing: Cruz-Ramos M
Read and approved the final manuscript: Garcia-Ortega DY, Cabrera-Nieto SA, Caro-Sánchez HS, Cruz-
Ramos M

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.

REFERENCES
Klein MJ, Siegal GP. Osteosarcoma: anatomic and histologic variants. Am J Clin Pathol 2006;125:555-81.  DOI  PubMed1.     
Ottaviani G, Jaffe N. The etiology of osteosarcoma. In: Jaffe N, Bruland OS, Bielack S, editors. Pediatric and adolescent 
osteosarcoma. Boston: Springer US; 2010. pp. 15-32.  DOI

2.     

Ferrari S, Bertoni F, Mercuri M, et al. Predictive factors of disease-free survival for non-metastatic osteosarcoma of the extremity: an 
analysis of 300 patients treated at the Rizzoli Institute. Ann Oncol 2001;12:1145-50.  DOI  PubMed

3.     

Bielack SS, Kempf-Bielack B, Delling G, et al. Prognostic factors in high-grade osteosarcoma of the extremities or trunk: an analysis 
of 1,702 patients treated on neoadjuvant cooperative osteosarcoma study group protocols. J Clin Oncol 2002;20:776-90.  DOI  
PubMed

4.     

Weiss A, Khoury JD, Hoffer FA, et al. Telangiectatic osteosarcoma: the St. Jude Children’s Research Hospital’s experience. Cancer 
2007;109:1627-37.  DOI  PubMed

5.     

Bacci G, Longhi A, Cesari M, Versari M, Bertoni F. Influence of local recurrence on survival in patients with extremity osteosarcoma 
treated with neoadjuvant chemotherapy: the experience of a single institution with 44 patients. Cancer 2006;106:2701-6.  DOI  
PubMed

6.     

Meazza C, Scanagatta P. Metastatic osteosarcoma: a challenging multidisciplinary treatment. Expert Rev Anticancer Ther 
2016;16:543-56.  DOI  PubMed

7.     

Casali PG, Bielack S, Abecassis N, et al. ESMO Guidelines Committee, PaedCan and ERN EURACAN. Bone sarcomas: ESMO-
PaedCan-EURACAN clinical practice guidelines for diagnosis, treatment and follow-up. Ann Oncol 2018;29:iv79-95.  DOI

8.     

Biermann JS, Chow W, Reed DR, et al. NCCN guidelines insights: bone cancer, version 2.2017. J Natl Compr Canc Netw 
2017;15:155-67.  DOI  PubMed

9.     

Rosen G, Murphy ML, Huvos AG, Gutierrez M, Marcove RC. Chemotherapy,en bloc resection, and prosthetic bone replacement in 
the treatment of osteogenic sarcoma. Cancer 1976;37:1-11.  DOI  PubMed

10.     

Gill J, Gorlick R. Advancing therapy for osteosarcoma. Nat Rev Clin Oncol 2021;18:609-24.  DOI  PubMed11.     
Thebault E, Piperno-Neumann S, Tran D, et al. Successive osteosarcoma relapses after the first line O2006/Sarcome-09 trial: what 
can we learn for further phase-II trials? Cancers (Basel) 2021;13:1683.  DOI  PubMed  PMC

12.     

Smeland S, Bielack SS, Whelan J, et al. Survival and prognosis with osteosarcoma: outcomes in more than 2000 patients in the 13.     

https://dx.doi.org/10.1309/UC6K-QHLD-9LV2-KENN
http://www.ncbi.nlm.nih.gov/pubmed/16627266
https://dx.doi.org/10.1007/978-1-4419-0284-9_2
https://dx.doi.org/10.1023/a:1011636912674
http://www.ncbi.nlm.nih.gov/pubmed/11583198
https://dx.doi.org/10.1200/JCO.2002.20.3.776
http://www.ncbi.nlm.nih.gov/pubmed/11821461
https://dx.doi.org/10.1002/cncr.22574
http://www.ncbi.nlm.nih.gov/pubmed/17351949
https://dx.doi.org/10.1002/cncr.21937
http://www.ncbi.nlm.nih.gov/pubmed/16691623
https://dx.doi.org/10.1586/14737140.2016.1168697
http://www.ncbi.nlm.nih.gov/pubmed/26999418
https://dx.doi.org/10.1093/annonc/mdy310
https://dx.doi.org/10.6004/jnccn.2017.0017
http://www.ncbi.nlm.nih.gov/pubmed/28188186
https://dx.doi.org/10.1002/1097-0142(197601)37:1<1::aid-cncr2820370102>3.0.co;2-3
http://www.ncbi.nlm.nih.gov/pubmed/1082364
https://dx.doi.org/10.1038/s41571-021-00519-8
http://www.ncbi.nlm.nih.gov/pubmed/34131316
https://dx.doi.org/10.3390/cancers13071683
http://www.ncbi.nlm.nih.gov/pubmed/33918346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8038261


Page 785 Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

EURAMOS-1 (European and American Osteosarcoma Study) cohort. Eur J Cancer 2019;109:36-50.  DOI  PubMed  PMC
Bielack SS, Smeland S, Whelan JS, et al; EURAMOS-1 investigators. Methotrexate, doxorubicin, and cisplatin (MAP) plus 
maintenance pegylated interferon Alfa-2b versus MAP alone in patients with resectable high-grade osteosarcoma and good histologic 
response to preoperative MAP: first results of the EURAMOS-1 good response randomized controlled trial. J Clin Oncol 
2015;33:2279-87.  DOI

14.     

Tsagozis P, Gonzalez-molina J, Georgoudaki A, et al. Sarcoma tumor microenvironment. In: Birbrair A, editor. Tumor 
microenvironments in organs. Cham: Springer International Publishing; 2020. pp. 319-48.  DOI

15.     

Yan GN, Lv YF, Guo QN. Advances in osteosarcoma stem cell research and opportunities for novel therapeutic targets. Cancer Lett 
2016;370:268-74.  DOI  PubMed

16.     

Botter SM, Neri D, Fuchs B. Recent advances in osteosarcoma. Curr Opin Pharmacol 2014;16:15-23.  DOI  PubMed17.     
Marchandet L, Lallier M, Charrier C, Baud’huin M, Ory B, Lamoureux F. Mechanisms of resistance to conventional therapies for 
osteosarcoma. Cancers (Basel) 2021;13:683.  DOI  PubMed  PMC

18.     

Flintoff WF, Sadlish H, Gorlick R, Yang R, Williams FM. Functional analysis of altered reduced folate carrier sequence changes 
identified in osteosarcomas. Biochim Biophys Acta 2004;1690:110-7.  DOI  PubMed

19.     

Ifergan I, Meller I, Issakov J, Assaraf YG. Reduced folate carrier protein expression in osteosarcoma: implications for the prediction 
of tumor chemosensitivity. Cancer 2003;98:1958-66.  DOI  PubMed

20.     

Trippett T, Meyers P, Gorlick R, Steinherz P, Wollner N, Bertino J. High dose trimetrexate with leucovorin protection in recurrent 
childhood malignancies: a phase II trial. Proc Am Soc Clin Oncol 1999;18:231a.

21.     

Delepine N, Delepine G, Bacci G, Rosen G, Desbois J. Influence of methotrexate dose intensity on outcome of patients with high 
grade osteogenic osteosarcoma. Analysis of the literature. Cancer 1996;78:2127-35.  PubMed

22.     

Gorlick R, Anderson P, Andrulis I, et al. Biology of childhood osteogenic sarcoma and potential targets for therapeutic development: 
meeting summary. Clin Cancer Res 2003;9:5442-53.  PubMed

23.     

Methotrexate, Trimetrexate Glucuronate, and Leucovorin in Treating Patients With Refractory or Recurrent Osteosarcoma. Available 
from: https://www.clinicaltrials.gov/ct2/show/NCT00119301 [Last accessed on 23 Jun 2022].

24.     

Prudowsky ZD, Yustein JT. Recent insights into therapy resistance in osteosarcoma. Cancers (Basel) 2020;13:83.  DOI  PubMed  
PMC

25.     

Gomes CM, van Paassen H, Romeo S, et al. Multidrug resistance mediated by ABC transporters in osteosarcoma cell lines: mRNA 
analysis and functional radiotracer studies. Nucl Med Biol 2006;33:831-40.  DOI  PubMed

26.     

D’Incalci M, Badri N, Galmarini CM, Allavena P. Trabectedin, a drug acting on both cancer cells and the tumour microenvironment. 
Br J Cancer 2014;111:646-50.  DOI  PubMed  PMC

27.     

Chou AJ, Gorlick R. Chemotherapy resistance in osteosarcoma: current challenges and future directions. Expert Rev Anticancer Ther 
2006;6:1075-85.  DOI  PubMed

28.     

Lee YH, Yang HW, Yang LC, et al. DHFR and MDR1 upregulation is associated with chemoresistance in osteosarcoma stem-like 
cells. Oncol Lett 2017;14:171-9.  DOI  PubMed  PMC

29.     

Nitiss JL. Targeting DNA topoisomerase II in cancer chemotherapy. Nat Rev Cancer 2009;9:338-50.  DOI  PubMed  PMC30.     
Rajkumar T, Yamuna M. Multiple pathways are involved in drug resistance to doxorubicin in an osteosarcoma cell line. Anticancer 
Drugs 2008;19:257-65.  DOI  PubMed

31.     

Nguyen A, Lasthaus C, Guerin E, et al. Role of topoisomerases in pediatric high grade osteosarcomas: TOP2A gene is one of the 
unique molecular biomarkers of chemoresponse. Cancers (Basel) 2013;5:662-75.  DOI  PubMed  PMC

32.     

Kovac M, Blattmann C, Ribi S, et al. Exome sequencing of osteosarcoma reveals mutation signatures reminiscent of BRCA 
deficiency. Nat Commun 2015;6:8940.  DOI

33.     

Siddik ZH. Cisplatin: mode of cytotoxic action and molecular basis of resistance. Oncogene 2003;22:7265-79.  DOI  PubMed34.     
Fanelli M, Tavanti E, Patrizio MP, et al. Cisplatin resistance in osteosarcoma: in vitro validation of candidate DNA repair-related 
therapeutic targets and drugs for tailored treatments. Front Oncol 2020;10:331.  DOI  PubMed  PMC

35.     

Zhang H, Ge J, Hong H, Bi L, Sun Z. Genetic polymorphisms in ERCC1 and ERCC2 genes are associated with response to 
chemotherapy in osteosarcoma patients among Chinese population: a meta-analysis. World J Surg Oncol 2017;15:75.  DOI  PubMed  
PMC

36.     

Hattinger CM, Patrizio MP, Fantoni L, Casotti C, Riganti C, Serra M. Drug resistance in osteosarcoma: emerging biomarkers, 
therapeutic targets and treatment strategies. Cancers (Basel) 2021;13:2878.  DOI  PubMed  PMC

37.     

Park HJ, Bae JS, Kim KM, et al. The PARP inhibitor olaparib potentiates the effect of the DNA damaging agent doxorubicin in 
osteosarcoma. J Exp Clin Cancer Res 2018;37:107.  DOI  PubMed  PMC

38.     

Olaparib in treating patients with relapsed or refractory advanced solid tumors, non-hodgkin lymphoma, or histiocytic disorders with 
d e f e c t s  i n  D N A  d a m a g e  r e p a i r  g e n e s  ( A  p e d i a t r i c  M A T C H  t r e a t m e n t  t r i a l ) .  A v a i l a b l e  f r o m :  
https://clinicaltrials.gov/ct2/show/NCT03233204 [Last accessed on 23 Jun 2022].

39.     

Grignani G, D’ambrosio L, Pignochino Y, et al. Trabectedin and olaparib in patients with advanced and non-resectable bone and soft-
tissue sarcomas (TOMAS): an open-label, phase 1b study from the Italian Sarcoma Group. Lancet Oncol 2018;19:1360-71.  DOI  
PubMed

40.     

Olaparib With Ceralasertib in Recurrent Osteosarcoma. Available from: https://www.clinicaltrials.gov/ct2/show/NCT04417062 [Last 
accessed on 23 Jun 2022].

41.     

https://dx.doi.org/10.1016/j.ejca.2018.11.027
http://www.ncbi.nlm.nih.gov/pubmed/30685685
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6506906
https://dx.doi.org/10.1200/JCO.2014.60.0734
https://dx.doi.org/10.1007/978-3-030-59038-3_20
https://dx.doi.org/10.1016/j.canlet.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26571463
https://dx.doi.org/10.1016/j.coph.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24632219
https://dx.doi.org/10.3390/cancers13040683
http://www.ncbi.nlm.nih.gov/pubmed/33567616
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7915189
https://dx.doi.org/10.1016/j.bbadis.2004.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15469899
https://dx.doi.org/10.1002/cncr.11741
http://www.ncbi.nlm.nih.gov/pubmed/14584080
http://www.ncbi.nlm.nih.gov/pubmed/8918406
http://www.ncbi.nlm.nih.gov/pubmed/14654523
https://www.clinicaltrials.gov/ct2/show/NCT00119301
https://dx.doi.org/10.3390/cancers13010083
http://www.ncbi.nlm.nih.gov/pubmed/33396725
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7795058
https://dx.doi.org/10.1016/j.nucmedbio.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/17045162
https://dx.doi.org/10.1038/bjc.2014.149
http://www.ncbi.nlm.nih.gov/pubmed/24755886
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4134488
https://dx.doi.org/10.1586/14737140.6.7.1075
http://www.ncbi.nlm.nih.gov/pubmed/16831079
https://dx.doi.org/10.3892/ol.2017.6132
http://www.ncbi.nlm.nih.gov/pubmed/28693150
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5494897
https://dx.doi.org/10.1038/nrc2607
http://www.ncbi.nlm.nih.gov/pubmed/19377506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2748742
https://dx.doi.org/10.1097/cad.0b013e3282f435b6
http://www.ncbi.nlm.nih.gov/pubmed/18510171
https://dx.doi.org/10.3390/cancers5020662
http://www.ncbi.nlm.nih.gov/pubmed/24216996
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3730327
https://dx.doi.org/10.1038/ncomms9940
https://dx.doi.org/10.1038/sj.onc.1206933
http://www.ncbi.nlm.nih.gov/pubmed/14576837
https://dx.doi.org/10.3389/fonc.2020.00331
http://www.ncbi.nlm.nih.gov/pubmed/32211337
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7077033
https://dx.doi.org/10.1186/s12957-017-1142-3
http://www.ncbi.nlm.nih.gov/pubmed/28388903
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5383995
https://dx.doi.org/10.3390/cancers13122878
http://www.ncbi.nlm.nih.gov/pubmed/34207685
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8228414
https://dx.doi.org/10.1186/s13046-018-0772-9
http://www.ncbi.nlm.nih.gov/pubmed/29784019
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5963190
https://clinicaltrials.gov/ct2/show/NCT03233204
https://dx.doi.org/10.1016/S1470-2045(18)30438-8
http://www.ncbi.nlm.nih.gov/pubmed/30217671
https://www.clinicaltrials.gov/ct2/show/NCT04417062


Page 786Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

Zoumpoulidou G, Alvarez-Mendoza C, Mancusi C, et al. Therapeutic vulnerability to PARP1,2 inhibition in RB1-mutant 
osteosarcoma. Nat Commun 2021;12:7064.  DOI  PubMed  PMC

42.     

National cancer institute: NCI-MATCH trial (molecular analysis for therapy choice). Available from: https://www.cancer.gov/about-
cancer/treatment/clinical-trials/nci-supported/nci-match#types-of-cancers-studied [Last accessed on 23 Jun 2022].

43.     

Fellenberg J, Dechant MJ, Ewerbeck V, Mau H. Identification of drug-regulated genes in osteosarcoma cells. Int J Cancer 
2003;105:636-43.  DOI  PubMed

44.     

Sato N, Mizumoto K, Maehara N, et al. Enhancement of drug-induced apoptosis by antisense oligodeoxynucleotides targeted against 
Mdm2 and p21WAF1/CIP1. Anticancer Res 2000;20:837-42.  PubMed

45.     

Suehara Y, Alex D, Bowman A, et al. Clinical genomic sequencing of pediatric and adult osteosarcoma reveals distinct molecular 
subsets with potentially targetable alterations. Clin Cancer Res 2019;25:6346-56.  DOI  PubMed  PMC

46.     

Iwata S, Tatsumi Y, Yonemoto T, et al. CDK4 overexpression is a predictive biomarker for resistance to conventional chemotherapy 
in patients with osteosarcoma. Oncol Rep 2021;46:135.  DOI  PubMed

47.     

Zhou Y, Shen JK, Yu Z, Hornicek FJ, Kan Q, Duan Z. Expression and therapeutic implications of cyclin-dependent kinase 4 (CDK4) 
in osteosarcoma. Biochim Biophys Acta Mol Basis Dis 2018;1864:1573-82.  DOI  PubMed

48.     

Higuchi T, Sugisawa N, Miyake K, et al. Sorafenib and palbociclib combination regresses a cisplatinum-resistant osteosarcoma in a 
PDOX mouse model. Anticancer Res 2019;39:4079-84.  DOI  PubMed

49.     

Meric-bernstam F, Somaiah N, Dubois S, et al. A phase IIa clinical trial combining ALRN-6924 and palbociclib for the treatment of 
patients with tumours harboring wild-type p53 and MDM2 amplification or MDM2/CDK4 co-amplification. Annals of Oncology 
2019;30:v179-80.  DOI

50.     

Palbociclib in treating patients with relapsed or refractory Rb positive advanced solid tumors, non-hodgkin lymphoma, or histiocytic 
disorders with activating alterations in cell cycle genes (a pediatric MATCH treatment trial). Available from: 
https://clinicaltrials.gov/ct2/show/NCT03526250 [Last accessed on 23 Jun 2022].

51.     

Wang D, Bao H. Abemaciclib is synergistic with doxorubicin in osteosarcoma pre-clinical models via inhibition of CDK4/6-Cyclin 
D-Rb pathway. Cancer Chemother Pharmacol 2022;89:31-40.  DOI  PubMed

52.     

ClinicalTrials.gov. Abemaciclib for bone and soft tissue sarcoma with cyclin-dependent kinase (CDK) pathway alteration - full text 
view - clinicaltrials.gov. Available from: https://clinicaltrials.gov/ct2/show/NCT04040205 [Last accessed on 23 Jun 2022].

53.     

Liu AS, Yu HY, Yang YL, et al. A Chemotherapy-driven increase in mcl-1 mediates the effect of miR-375 on cisplatin resistance in 
osteosarcoma cells. Onco Targets Ther 2019;12:11667-77.  DOI  PubMed  PMC

54.     

Xu W, Li Z, Zhu X, Xu R, Xu Y. miR-29 family inhibits resistance to methotrexate and promotes cell apoptosis by targeting 
COL3A1 and MCL1 in osteosarcoma. Med Sci Monit 2018;24:8812-21.  DOI  PubMed  PMC

55.     

De Summa S, Danza K, Pilato B, et al. A promising role of TGF-β pathway in response to regorafenib in metastatic colorectal cancer: 
a case report. Medicina (Kaunas) 2021;57:1241.  DOI  PubMed  PMC

56.     

Watson EC, Whitehead L, Adams RH, Dewson G, Coultas L. Endothelial cell survival during angiogenesis requires the pro-survival 
protein MCL1. Cell Death Differ 2016;23:1371-9.  DOI  PubMed  PMC

57.     

Song X, Shen L, Tong J, et al. Mcl-1 inhibition overcomes intrinsic and acquired regorafenib resistance in colorectal cancer. 
Theranostics 2020;10:8098-110.  DOI  PubMed  PMC

58.     

A study of PRT1419 in patients with advanced solid tumors. Available from:https://clinicaltrials.gov/ct2/show/NCT04837677 [Last 
accessed on 23 Jun 2022].

59.     

Gill J, Hingorani P, Roth M, Gorlick R. HER2-targeted therapy in osteosarcoma. In: Kleinerman ES, Gorlick R, editors. Current 
advances in osteosarcoma. Cham: Springer International Publishing; 2020.pp.55-66.  DOI  PubMed

60.     

Ebb D, Meyers P, Grier H, et al. Phase II trial of trastuzumab in combination with cytotoxic chemotherapy for treatment of metastatic 
osteosarcoma with human epidermal growth factor receptor 2 overexpression: a report from the children’s oncology group. J Clin 
Oncol 2012;30:2545-51.  DOI  PubMed  PMC

61.     

Galluzzi L, Senovilla L, Vitale I, et al. Molecular mechanisms of cisplatin resistance. Oncogene 2012;31:1869-83.  DOI  PubMed62.     
Modi S, Saura C, Yamashita T, et al. DESTINY-Breast01 Investigators. Trastuzumab deruxtecan in previously treated HER2-positive 
breast cancer. N Engl J Med 2020;382:610-21.  DOI  PubMed  PMC

63.     

Wen YH, Koeppen H, Garcia R, et al. Epidermal growth factor receptor in osteosarcoma: expression and mutational analysis. Hum 
Pathol 2007;38:1184-91.  DOI  PubMed

64.     

Lee JA, Ko Y, Kim DH, et al. Epidermal growth factor receptor: is it a feasible target for the treatment of osteosarcoma? Cancer Res 
Treat 2012;44:202-9.  DOI  PubMed  PMC

65.     

Sevelda F, Mayr L, Kubista B, et al. EGFR is not a major driver for osteosarcoma cell growth in vitro but contributes to starvation 
and chemotherapy resistance. J Exp Clin Cancer Res 2015;34:134.  DOI  PubMed  PMC

66.     

Gvozdenovic A, Boro A, Born W, Muff R, Fuchs B. A bispecific antibody targeting IGF-IR and EGFR has tumor and metastasis 
suppressive activity in an orthotopic xenograft osteosarcoma mouse model. Am J Cancer Res 2017;7:1435-1449.  PubMed  PMC

67.     

Hughes DP, Thomas DG, Giordano TJ, McDonagh KT, Baker LH. Essential erbB family phosphorylation in osteosarcoma as a target 
for CI-1033 inhibition. Pediatr Blood Cancer 2006;46:614-23.  DOI  PubMed

68.     

Liu J, Wu J, Zhou L, et al. ZD6474, a new treatment strategy for human osteosarcoma, and its potential synergistic effect with 
celecoxib. Oncotarget 2015;6:21341-52.  DOI  PubMed  PMC

69.     

Wang H, Sun W, Sun M, et al. HER4 promotes cell survival and chemoresistance in osteosarcoma via interaction with NDRG1. 70.     

https://dx.doi.org/10.1038/s41467-021-27291-8
http://www.ncbi.nlm.nih.gov/pubmed/34862364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8642453
https://www.cancer.gov/about-cancer/treatment/clinical-trials/nci-supported/nci-match#types-of-cancers-studied
https://www.cancer.gov/about-cancer/treatment/clinical-trials/nci-supported/nci-match#types-of-cancers-studied
https://dx.doi.org/10.1002/ijc.11135
http://www.ncbi.nlm.nih.gov/pubmed/12740912
http://www.ncbi.nlm.nih.gov/pubmed/10810363
https://dx.doi.org/10.1158/1078-0432.CCR-18-4032
http://www.ncbi.nlm.nih.gov/pubmed/31175097
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6825534
https://dx.doi.org/10.3892/or.2021.8086
http://www.ncbi.nlm.nih.gov/pubmed/34036394
https://dx.doi.org/10.1016/j.bbadis.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29452249
https://dx.doi.org/10.21873/anticanres.13565
http://www.ncbi.nlm.nih.gov/pubmed/31366491
https://dx.doi.org/10.1093/annonc/mdz244.037
https://clinicaltrials.gov/ct2/show/NCT03526250
https://dx.doi.org/10.1007/s00280-021-04363-6
http://www.ncbi.nlm.nih.gov/pubmed/34655298
https://clinicaltrials.gov/ct2/show/NCT04040205
https://dx.doi.org/10.2147/OTT.S231125
http://www.ncbi.nlm.nih.gov/pubmed/32021245
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6942534
https://dx.doi.org/10.12659/MSM.911972
http://www.ncbi.nlm.nih.gov/pubmed/30518744
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6292150
https://dx.doi.org/10.3390/medicina57111241
http://www.ncbi.nlm.nih.gov/pubmed/34833459
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8619854
https://dx.doi.org/10.1038/cdd.2016.20
http://www.ncbi.nlm.nih.gov/pubmed/26943318
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4947668
https://dx.doi.org/10.7150/thno.45363
http://www.ncbi.nlm.nih.gov/pubmed/32724460
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7381732
https://clinicaltrials.gov/ct2/show/NCT04837677
https://dx.doi.org/10.1007/978-3-030-43032-0_5
http://www.ncbi.nlm.nih.gov/pubmed/32483730
https://dx.doi.org/10.1200/JCO.2011.37.4546
http://www.ncbi.nlm.nih.gov/pubmed/22665540
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3397787
https://dx.doi.org/10.1038/onc.2011.384
http://www.ncbi.nlm.nih.gov/pubmed/21892204
https://dx.doi.org/10.1056/NEJMoa1914510
http://www.ncbi.nlm.nih.gov/pubmed/31825192
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7458671
https://dx.doi.org/10.1016/j.humpath.2007.01.002
http://www.ncbi.nlm.nih.gov/pubmed/17509661
https://dx.doi.org/10.4143/crt.2012.44.3.202
http://www.ncbi.nlm.nih.gov/pubmed/23091447
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3467424
https://dx.doi.org/10.1186/s13046-015-0251-5
http://www.ncbi.nlm.nih.gov/pubmed/26526352
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4630894
http://www.ncbi.nlm.nih.gov/pubmed/28744395
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5523026
https://dx.doi.org/10.1002/pbc.20454
http://www.ncbi.nlm.nih.gov/pubmed/16007579
https://dx.doi.org/10.18632/oncotarget.4179
http://www.ncbi.nlm.nih.gov/pubmed/26050198
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4673269


Page 787 Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

Biochim Biophys Acta Mol Basis Dis 2018;1864:1839-49.  DOI  PubMed
Solca F, Dahl G, Zoephel A, et al. Target binding properties and cellular activity of afatinib (BIBW 2992), an irreversible ErbB 
family blocker. J Pharmacol Exp Ther 2012;343:342-50.  DOI  PubMed

71.     

Cruz-Ramos M, Zamudio-Cuevas Y, Medina-Luna D, et al. Afatinib is active in osteosarcoma in osteosarcoma cell lines. J Cancer 
Res Clin Oncol 2020;146:1693-700.  DOI

72.     

Collier C, Buschbach J, Gandhi D, Getty P, Greenfield E. Opportunities for drug repurposing in osteosarcoma: a screen of FDA-
a p p r o v e d  o n c o l o g y  d r u g s  i n  a  m i c r o m e t a s t a t i c  m o d e l  o f  d i s e a s e  . p .  N o . 0 3 8 4 .  A v a i l a b l e  f r o m :  
http://www.ors.org/Transactions/62/0384.pdf [Last accessed on 23 Jun 2022].

73.     

Andrade RC, Boroni M, Amazonas MK, Vargas FR. New drug candidates for osteosarcoma: drug repurposing based on gene 
expression signature. Comput Biol Med 2021;134:104470.  DOI  PubMed

74.     

Trial of afatinib in pediatric tumours. Available from: https://clinicaltrials.gov/ct2/show/NCT02372006 [Last accessed on 23 Jun 
2021].

75.     

Martini M, De Santis MC, Braccini L, Gulluni F, Hirsch E. PI3K/AKT signaling pathway and cancer: an updated review. Ann Med 
2014;46:372-83.  DOI  PubMed

76.     

Wei X, Xu L, Jeddo SF, Li K, Li X, Li J. MARK2 enhances cisplatin resistance via PI3K/AKT/NF-κB signaling pathway in 
osteosarcoma cells. Am J Transl Res 2020;12:1807-1823.  PubMed  PMC

77.     

Xu L, Sun Z, Wei X, et al. The inhibition of MARK2 suppresses cisplatin resistance of osteosarcoma stem cells by regulating DNA 
damage and repair. J Bone Oncol 2020;23:100290.  DOI  PubMed  PMC

78.     

Castel P, Toska E, Zumsteg ZS, et al. Rationale-based therapeutic combinations with PI3K inhibitors in cancer treatment. Mol Cell 
Oncol 2014;1:e963447.  DOI  PubMed  PMC

79.     

Chandhanayingyong C, Kim Y, Staples JR, Hahn C, Lee FY. MAPK/ERK signaling in osteosarcomas, ewing sarcomas and 
chondrosarcomas: therapeutic implications and future directions. Sarcoma 2012;2012:404810.  DOI  PubMed  PMC

80.     

Grignani G, Palmerini E, Ferraresi V, et al. Sorafenib and everolimus for patients with unresectable high-grade osteosarcoma 
progressing after standard treatment: a non-randomised phase 2 clinical trial. Lancet Oncol 2015;16:98-107.  DOI  PubMed

81.     

Heymann MF, Lézot F, Heymann D. The contribution of immune infiltrates and the local microenvironment in the pathogenesis of 
osteosarcoma. Cell Immunol 2019;343:103711.  DOI  PubMed

82.     

Chalopin A, Tellez-Gabriel M, Brown HK, et al. Isolation of circulating tumor cells in a preclinical model of osteosarcoma: effect of 
chemotherapy. J Bone Oncol 2018;12:83-90.  DOI  PubMed  PMC

83.     

Yang C, Tian Y, Zhao F, et al. Bone microenvironment and osteosarcoma metastasis. Int J Mol Sci 2020;21:6985.  DOI  PubMed  
PMC

84.     

Crenn V, Biteau K, Amiaud J, et al. Bone microenvironment has an influence on the histological response of osteosarcoma to 
chemotherapy: retrospective analysis and preclinical modeling. Am J Cancer Res 2017;7:2333-2349.  PubMed  PMC

85.     

Combined chemotherapy with or without zoledronic acid for patients with osteosarcoma - full text view - clinicaltrials.gov. Available 
from: https://clinicaltrials.gov/ct2/show/NCT00470223 [Last accessed on 23 Jun 2022].

86.     

Piperno-neumann S, Le Deley M, Rédini F, et al. Zoledronate in combination with chemotherapy and surgery to treat osteosarcoma 
(OS2006): a randomised, multicentre, open-label, phase 3 trial. Lancet Oncol 2016;17:1070-80.  DOI  PubMed

87.     

Toulmonde M, Grellety T, Blay J-Y, Cesne AL, Penel N, Piperno-Neumann S. PEMBROSARC combination of MK3475 and 
metronomic cyclophosphamide (mCP) in patients (pts) with advanced sarcomas a multicentre phase II trial with 3 new combination 
strategies. Available from: https://ascopubs.org/doi/abs/10.1200/JCO.2018.36.15_suppl.TPS11587 [Last accessed on 23 Jun 2022].

88.     

Zhu MMT, Shenasa E, Nielsen TO. Sarcomas: immune biomarker expression and checkpoint inhibitor trials. Cancer Treat Rev 
2020;91:102115.  DOI  PubMed

89.     

Toulmonde M, Penel N, Adam J, et al. Use of PD-1 targeting, macrophage infiltration, and IDO pathway activation in sarcomas: a 
phase 2 clinical trial. JAMA Oncol 2018;4:93-7.  DOI  PubMed  PMC

90.     

Chen C, Xie L, Ren T, Huang Y, Xu J, Guo W. Immunotherapy for osteosarcoma: fundamental mechanism, rationale, and recent 
breakthroughs. Cancer Lett 2021;500:1-10.  DOI  PubMed

91.     

Isla Larrain MT, Rabassa ME, Lacunza E, et al. IDO is highly expressed in breast cancer and breast cancer-derived circulating 
microvesicles and associated to aggressive types of tumors by in silico analysis. Tumour Biol 2014;35:6511-9.  DOI  PubMed

92.     

Wang J, Zhang H, Sun X, et al. Exosomal PD-L1 and N-cadherin predict pulmonary metastasis progression for osteosarcoma 
patients. J Nanobiotechnology 2020;18:151.  DOI  PubMed  PMC

93.     

Lamora A, Talbot J, Mullard M, Brounais-Le Royer B, Redini F, Verrecchia F. TGF-β signaling in bone remodeling and 
osteosarcoma progression. J Clin Med 2016;5:96.  DOI  PubMed  PMC

94.     

Kawano M, Itonaga I, Iwasaki T, Tsuchiya H, Tsumura H. Anti-TGF-β antibody combined with dendritic cells produce antitumor 
effects in osteosarcoma. Clin Orthop Relat Res 2012;470:2288-94.  DOI  PubMed  PMC

95.     

Liang X, Guo W, Ren T, et al. Macrophages reduce the sensitivity of osteosarcoma to neoadjuvant chemotherapy drugs by secreting 
Interleukin-1 beta. Cancer Lett 2020;480:4-14.  DOI  PubMed

96.     

Luo Z-W, Liu P-P, Wang Z-X, Chen C-Y, Xie H. Macrophages in osteosarcoma immune microenvironment: implications for 
immunotherapy. Front Oncol 2020;10:2729.  DOI  PubMed  PMC

97.     

Stockmann C, Doedens A, Weidemann A, et al. Deletion of vascular endothelial growth factor in myeloid cells accelerates 
tumorigenesis. Nature 2008;456:814-8.  DOI  PubMed  PMC

98.     

https://dx.doi.org/10.1016/j.bbadis.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29524631
https://dx.doi.org/10.1124/jpet.112.197756
http://www.ncbi.nlm.nih.gov/pubmed/22888144
https://dx.doi.org/10.1007/s00432-020-03220-y
http://www.ors.org/Transactions/62/0384
https://dx.doi.org/10.1016/j.compbiomed.2021.104470
http://www.ncbi.nlm.nih.gov/pubmed/34004576
https://clinicaltrials.gov/ct2/show/NCT02372006
https://dx.doi.org/10.3109/07853890.2014.912836
http://www.ncbi.nlm.nih.gov/pubmed/24897931
http://www.ncbi.nlm.nih.gov/pubmed/32509178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7270034
https://dx.doi.org/10.1016/j.jbo.2020.100290
http://www.ncbi.nlm.nih.gov/pubmed/32368441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7184251
https://dx.doi.org/10.4161/23723548.2014.963447
http://www.ncbi.nlm.nih.gov/pubmed/27308344
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4904898
https://dx.doi.org/10.1155/2012/404810
http://www.ncbi.nlm.nih.gov/pubmed/22577336
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3345255
https://dx.doi.org/10.1016/S1470-2045(14)71136-2
http://www.ncbi.nlm.nih.gov/pubmed/25498219
https://dx.doi.org/10.1016/j.cellimm.2017.10.011
http://www.ncbi.nlm.nih.gov/pubmed/29117898
https://dx.doi.org/10.1016/j.jbo.2018.07.002
http://www.ncbi.nlm.nih.gov/pubmed/30123735
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6092555
https://dx.doi.org/10.3390/ijms21196985
http://www.ncbi.nlm.nih.gov/pubmed/32977425
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582690
http://www.ncbi.nlm.nih.gov/pubmed/29218254
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5714759
https://clinicaltrials.gov/ct2/show/NCT00470223
https://dx.doi.org/10.1016/S1470-2045(16)30096-1
http://www.ncbi.nlm.nih.gov/pubmed/27324280
https://ascopubs.org/doi/abs/10.1200/JCO.2018.36.15_suppl.TPS11587
https://dx.doi.org/10.1016/j.ctrv.2020.102115
http://www.ncbi.nlm.nih.gov/pubmed/33130422
https://dx.doi.org/10.1001/jamaoncol.2017.1617
http://www.ncbi.nlm.nih.gov/pubmed/28662235
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5833654
https://dx.doi.org/10.1016/j.canlet.2020.12.024
http://www.ncbi.nlm.nih.gov/pubmed/33359211
https://dx.doi.org/10.1007/s13277-014-1859-3
http://www.ncbi.nlm.nih.gov/pubmed/24687552
https://dx.doi.org/10.1186/s12951-020-00710-6
http://www.ncbi.nlm.nih.gov/pubmed/33092576
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7579953
https://dx.doi.org/10.3390/jcm5110096
http://www.ncbi.nlm.nih.gov/pubmed/27827889
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5126793
https://dx.doi.org/10.1007/s11999-012-2299-2
http://www.ncbi.nlm.nih.gov/pubmed/22415727
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3392369
https://dx.doi.org/10.1016/j.canlet.2020.03.019
http://www.ncbi.nlm.nih.gov/pubmed/32220541
https://dx.doi.org/10.3389/fonc.2020.586580
http://www.ncbi.nlm.nih.gov/pubmed/33363016
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7758531
https://dx.doi.org/10.1038/nature07445
http://www.ncbi.nlm.nih.gov/pubmed/18997773
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3103772


Page 788Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

Zheng B, Ren T, Huang Y, Guo W. Apatinib inhibits migration and invasion as well as PD-L1 expression in osteosarcoma by 
targeting STAT3. Biochem Biophys Res Commun 2018;495:1695-701.  DOI  PubMed

99.     

Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. J Cell Sci 2010;123:4195-200.  DOI  PubMed  PMC100.     
Cui J, Dean D, Hornicek FJ, Chen Z, Duan Z. The role of extracelluar matrix in osteosarcoma progression and metastasis. J Exp Clin 
Cancer Res 2020;39:178.  DOI  PubMed  PMC

101.     

Hamano Y, Kalluri R. Tumstatin, the NC1 domain of alpha3 chain of type IV collagen, is an endogenous inhibitor of pathological 
angiogenesis and suppresses tumor growth. Biochem Biophys Res Commun 2005;333:292-8.  DOI  PubMed

102.     

Eikesdal HP, Sugimoto H, Birrane G, et al. Identification of amino acids essential for the antiangiogenic activity of tumstatin and its 
use in combination antitumor activity. Proc Natl Acad Sci USA 2008;105:15040-5.  DOI  PubMed  PMC

103.     

Wei C, Xun AY, Wei XX, et al. Bifidobacteria expressing tumstatin protein for antitumor therapy in tumor-bearing mice. Technol 
Cancer Res Treat 2016;15:498-508.  DOI  PubMed

104.     

Walia A, Yang JF, Huang YH, Rosenblatt MI, Chang JH, Azar DT. Endostatin’s emerging roles in angiogenesis, lymphangiogenesis, 
disease, and clinical applications. Biochim Biophys Acta 2015;1850:2422-38.  DOI  PubMed  PMC

105.     

Sudhakar A, Sugimoto H, Yang C, Lively J, Zeisberg M, Kalluri R. Human tumstatin and human endostatin exhibit distinct 
antiangiogenic activities mediated by alpha v beta 3 and alpha 5 beta 1 integrins. Proc Natl Acad Sci USA 2003;100:4766-71.  DOI  
PubMed  PMC

106.     

Xu H, Niu X, Zhang Q, et al. Synergistic antitumor efficacy by combining adriamycin with recombinant human endostatin in an 
osteosarcoma model. Oncol Lett 2011;2:773-8.  DOI  PubMed  PMC

107.     

Xu M, Xu CX, Bi WZ, et al. Effects of endostar combined multidrug chemotherapy in osteosarcoma. Bone 2013;57:111-5.  DOI  
PubMed

108.     

Xu H, Huang Z, Li Y, Zhang Q, Hao L, Niu X. Perioperative rh-endostatin with chemotherapy improves the survival of conventional 
osteosarcoma patients: a prospective non-randomized controlled study. Cancer Biol Med 2019;16:166-72.  DOI  PubMed  PMC

109.     

Li K, Shi M, Qin S. Current status and study progress of recombinant human endostatin in cancer treatment. Oncol Ther 2018;6:21-
43.  DOI  PubMed  PMC

110.     

Xing P, Zhang J, Yan Z, et al. Recombined humanized endostatin (Endostar) combined with chemotherapy for advanced bone and 
soft tissue sarcomas in stage IV. Oncotarget 2017;8:36716-27.  DOI  PubMed  PMC

111.     

Xie L, Ji T, Guo W. Anti-angiogenesis target therapy for advanced osteosarcoma (Review). Oncol Rep 2017;38:625-36.  DOI  
PubMed  PMC

112.     

Li YS, Liu Q, Tian J, He HB, Luo W. Angiogenesis process in osteosarcoma: an updated perspective of pathophysiology and 
therapeutics. Am J Med Sci 2019;357:280-8.  DOI  PubMed

113.     

Liao YY, Tsai HC, Chou PY, et al. CCL3 promotes angiogenesis by dysregulation of miR-374b/ VEGF-A axis in human 
osteosarcoma cells. Oncotarget 2016;7:4310-25.  DOI  PubMed  PMC

114.     

Wang SW, Liu SC, Sun HL, et al. CCL5/CCR5 axis induces vascular endothelial growth factor-mediated tumor angiogenesis in 
human osteosarcoma microenvironment. Carcinogenesis 2015;36:104-14.  DOI  PubMed

115.     

Thanapprapasr K, Nartthanarung A, Thanapprapasr D, Jinawath A, Ahmad A. pFAK-Y397 overexpression as both a prognostic and a 
predictive biomarker for patients with metastatic osteosarcoma. PLoS ONE 2017;12:e0182989.  DOI

116.     

Ma J, Niu M, Yang W, Zang L, Xi Y. Role of relaxin-2 in human primary osteosarcoma. Cancer Cell Int 2013;13:59.  DOI  PubMed  
PMC

117.     

Kampmann E, Altendorf-Hofmann A, Gibis S, et al. VEGFR2 predicts decreased patients survival in soft tissue sarcomas. Pathol Res 
Pract 2015;211:726-30.  DOI  PubMed

118.     

Chen D, Zhang YJ, Zhu KW, Wang WC. A systematic review of vascular endothelial growth factor expression as a biomarker of 
prognosis in patients with osteosarcoma. Tumour Biol 2013;34:1895-9.  DOI  PubMed

119.     

Xie L, Xu J, Sun X, et al. Apatinib for advanced osteosarcoma after failure of standard multimodal therapy: an open label phase II 
clinical trial. Oncologist 2019;24:e542-50.  DOI  PubMed  PMC

120.     

Italiano A, Mir O, Mathoulin-Pelissier S, et al. Cabozantinib in patients with advanced Ewing sarcoma or osteosarcoma (CABONE): 
a multicentre, single-arm, phase 2 trial - the lancet oncology. Lancet Oncol 2020;21:446-455.  DOI  PubMed  PMC

121.     

Gaspar N, Casanova M, Sirvent FJB, et al. Single-agent expansion cohort of lenvatinib (LEN) and combination dose-finding cohort 
of LEN + etoposide (ETP) + ifosfamide (IFM) in patients (pts) aged 2 to ≤ 25 years with relapsed/refractory osteosarcoma (OS). JCO 
2018;36:11527.  DOI

122.     

Davis LE, Bolejack V, Ryan CW, et al. Randomized double-blind phase II study of regorafenib in patients with metastatic 
osteosarcoma. J Clin Oncol 2019;37:1424-31.  DOI  PubMed  PMC

123.     

Duffaud F, Mir O, Boudou-rouquette P, et al. Efficacy and safety of regorafenib in adult patients with metastatic osteosarcoma: a 
non-comparative, randomised, double-blind, placebo-controlled, phase 2 study. Lancet Oncol 2019;20:120-33.  DOI  PubMed

124.     

Grignani G, Palmerini E, Dileo P, et al. A phase II trial of sorafenib in relapsed and unresectable high-grade osteosarcoma after 
failure of standard multimodal therapy: an Italian Sarcoma Group study. Ann Oncol 2012;23:508-16.  DOI  PubMed

125.     

Aggerholm-Pedersen N, Rossen P, Rose H, Safwat A. Pazopanib in the treatment of bone sarcomas: clinical experience. Transl Oncol 
2020;13:295-9.  DOI  PubMed  PMC

126.     

Just MA, Van Mater D, Wagner LM. Receptor tyrosine kinase inhibitors for the treatment of osteosarcoma and Ewing sarcoma. 
Pediatr Blood Cancer 2021;68:e29084.  DOI  PubMed  PMC

127.     

https://dx.doi.org/10.1016/j.bbrc.2017.12.032
http://www.ncbi.nlm.nih.gov/pubmed/29225166
https://dx.doi.org/10.1242/jcs.023820
http://www.ncbi.nlm.nih.gov/pubmed/21123617
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995612
https://dx.doi.org/10.1186/s13046-020-01685-w
http://www.ncbi.nlm.nih.gov/pubmed/32887645
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7650219
https://dx.doi.org/10.1016/j.bbrc.2005.05.130
http://www.ncbi.nlm.nih.gov/pubmed/15979458
https://dx.doi.org/10.1073/pnas.0807055105
http://www.ncbi.nlm.nih.gov/pubmed/18818312
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2567489
https://dx.doi.org/10.1177/1533034615581977
http://www.ncbi.nlm.nih.gov/pubmed/25969440
https://dx.doi.org/10.1016/j.bbagen.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26367079
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4624607
https://dx.doi.org/10.1073/pnas.0730882100
http://www.ncbi.nlm.nih.gov/pubmed/12682293
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC153630
https://dx.doi.org/10.3892/ol.2011.334
http://www.ncbi.nlm.nih.gov/pubmed/22866125
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3408098
https://dx.doi.org/10.1016/j.bone.2013.07.035
http://www.ncbi.nlm.nih.gov/pubmed/23912049
https://dx.doi.org/10.20892/j.issn.2095-3941.2018.0315
http://www.ncbi.nlm.nih.gov/pubmed/31119057
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6528451
https://dx.doi.org/10.1007/s40487-017-0055-1
http://www.ncbi.nlm.nih.gov/pubmed/32700135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7360016
https://dx.doi.org/10.18632/oncotarget.13545
http://www.ncbi.nlm.nih.gov/pubmed/27888623
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5482691
https://dx.doi.org/10.3892/or.2017.5735
http://www.ncbi.nlm.nih.gov/pubmed/28656259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5562076
https://dx.doi.org/10.1016/j.amjms.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30711189
https://dx.doi.org/10.18632/oncotarget.6708
http://www.ncbi.nlm.nih.gov/pubmed/26713602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4826207
https://dx.doi.org/10.1093/carcin/bgu218
http://www.ncbi.nlm.nih.gov/pubmed/25330803
https://dx.doi.org/10.1371/journal.pone.0182989
https://dx.doi.org/10.1186/1475-2867-13-59
http://www.ncbi.nlm.nih.gov/pubmed/23758748
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3698148
https://dx.doi.org/10.1016/j.prp.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/26298629
https://dx.doi.org/10.1007/s13277-013-0733-z
http://www.ncbi.nlm.nih.gov/pubmed/23589053
https://dx.doi.org/10.1634/theoncologist.2018-0542
http://www.ncbi.nlm.nih.gov/pubmed/30559126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6656465
https://dx.doi.org/10.1016/S1470-2045(19)30825-3
http://www.ncbi.nlm.nih.gov/pubmed/32078813
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8763616
https://dx.doi.org/10.1200/jco.2018.36.15_suppl.11527
https://dx.doi.org/10.1200/JCO.18.02374
http://www.ncbi.nlm.nih.gov/pubmed/31013172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7799443
https://dx.doi.org/10.1016/S1470-2045(18)30742-3
http://www.ncbi.nlm.nih.gov/pubmed/30477937
https://dx.doi.org/10.1093/annonc/mdr151
http://www.ncbi.nlm.nih.gov/pubmed/21527590
https://dx.doi.org/10.1016/j.tranon.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/31875575
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6931211
https://dx.doi.org/10.1002/pbc.29084
http://www.ncbi.nlm.nih.gov/pubmed/33894051
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8238849


Page 789 Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

Giancotti FG, Ruoslahti E. Integrin signaling. Science 1999;285:1028-32.  DOI  PubMed128.     
Chen Q, Zhou Z, Shan L, Zeng H, Hua Y, Cai Z. The importance of Src signaling in sarcoma. Oncol Lett 2015;10:17-22.  DOI  
PubMed  PMC

129.     

van Oosterwijk JG, van Ruler MA, Briaire-de Bruijn IH, et al. Src kinases in chondrosarcoma chemoresistance and migration: 
dasatinib sensitises to doxorubicin in TP53 mutant cells. Br J Cancer 2013;109:1214-22.  DOI  PubMed  PMC

130.     

Baird K, Glod J, Steinberg SM, et al. Results of a randomized, double-blinded, placebo-controlled, phase 2.5 study of saracatinib 
(AZD0530), in patients with recurrent osteosarcoma localized to the lung. Sarcoma 2020;2020:7935475.  DOI

131.     

Beck O, Paret C, Russo A, et al. Safety and activity of the combination of ceritinib and dasatinib in osteosarcoma. Cancers (Basel) 
2020;12:793.  DOI  PubMed  PMC

132.     

Sulzmaier FJ, Jean C, Schlaepfer DD. FAK in cancer: mechanistic findings and clinical applications. Nat Rev Cancer 2014;14:598-
610.  DOI  PubMed  PMC

133.     

Yang M, Xiao L-W, Liao E-Y, Wang Q-J, Wang B-B, Lei J-X. The role of integrin-β/FAK in cyclic mechanical stimulation in MG-
63 cells. Int J Clin Exp Pathol 2014;7:7451-9.  PubMed  PMC

134.     

Gu HJ, Zhou B. Focal adhesion kinase promotes progression and predicts poor clinical outcomes in patients with osteosarcoma. 
Oncol Lett 2018;15:6225-32.  DOI  PubMed  PMC

135.     

Hu C, Chen X, Wen J, et al. Antitumor effect of focal adhesion kinase inhibitor PF562271 against human osteosarcoma in vitro and 
in vivo. Cancer Sci 2017;108:1347-56.  DOI  PubMed  PMC

136.     

Diaz Osterman CJ, Ozmadenci D, Kleinschmidt EG, et al. FAK activity sustains intrinsic and acquired ovarian cancer resistance to 
platinum chemotherapy. Elife 2019;8:e47327.  DOI  PubMed  PMC

137.     

Stereotactic body radiotherapy and focal adhesion kinase inhibitor in advanced pancreas adenocarcinoma. Available from: 
https://www.clinicaltrials.gov/ct2/show/NCT04331041 [Last accessed on 23 Jun 2022].

138.     

Vismodegib, FAK inhibitor GSK2256098, capivasertib, and abemaciclib in treating patients with progressive meningiomas. 
Available from: https://clinicaltrials.gov/ct2/show/NCT02523014 [Last accessed on 23 Jun 2022].

139.     

Phase II  study of VS-6063 in patients with KRAS mutant non-small  cell  lung cancer.  Available from: 
https://clinicaltrials.gov/ct2/show/NCT01951690 [Last accessed on 23 Jun 2022].

140.     

Window of opportunity study of VS-6063 (defactinib) in surgical resectable malignant pleural mesothelioma participants. Available 
from: https://clinicaltrials.gov/ct2/show/NCT02004028 [Last accessed on 23 Jun 2022].

141.     

Study of pembrolizumab with or without defactinib following chemotherapy as a neoadjuvant and adjuvant treatment for resectable 
pancreatic ductal adenocarcinoma. Available from: https://www.clinicaltrials.gov/ct2/show/NCT03727880 [Last accessed on 23 Jun 
2022].

142.     

A study of VS-6766 v. VS-6766 + defactinib in recurrent low-grade serous ovarian cancer with and without a KRAS mutation. 
Available from: https://www.clinicaltrials.gov/ct2/show/NCT04625270 [Last accessed on 23 Jun 2022].

143.     

A study of VS-6766 v. VS-6766 + defactinib in recurrent G12V or other KRAS-mutant non-small cell lung cancer. Available from: 
https://www.clinicaltrials.gov/ct2/show/NCT04620330 [Last accessed on 23 Jun 2022].

144.     

Study of FAK (defactinib) and PD-1 (pembrolizumab) inhibition in advanced solid malignancies (FAK-PD1). Available from: 
https://clinicaltrials.gov/ct2/show/NCT02758587 [Last accessed on 23 Jun 2022].

145.     

Vaupel P, Multhoff G. Accomplices of the hypoxic tumor microenvironment compromising antitumor immunity: adenosine, lactate, 
acidosis, vascular endothelial growth factor, potassium ions, and phosphatidylserine. Front Immunol 2017;8:1887.  DOI  PubMed  
PMC

146.     

Vaupel P, Multhoff G. Hypoxia-/HIF-1α-driven factors of the tumor microenvironment impeding antitumor immune responses and 
promoting malignant progression. In: Thews O, Lamanna JC, Harrison DK, editors. Oxygen Transport to Tissue XL. Cham: Springer 
International Publishing; 2018. pp. 171-5.  DOI  PubMed

147.     

Pötzl J, Roser D, Bankel L, et al. Reversal of tumor acidosis by systemic buffering reactivates NK cells to express IFN-γ and induces 
NK cell-dependent lymphoma control without other immunotherapies. Int J Cancer 2017;140:2125-33.  DOI  PubMed

148.     

Calcinotto A, Filipazzi P, Grioni M, et al. Modulation of microenvironment acidity reverses anergy in human and murine tumor-
infiltrating T lymphocytes. Cancer Res 2012;72:2746-56.  DOI  PubMed

149.     

Lilienthal I, Herold N. Targeting molecular mechanisms underlying treatment efficacy and resistance in osteosarcoma: a review of 
current and future strategies. Int J Mol Sci 2020;21:6885.  DOI  PubMed  PMC

150.     

Avnet S, Lemma S, Cortini M, et al. Altered pH gradient at the plasma membrane of osteosarcoma cells is a key mechanism of drug 
resistance. Oncotarget 2016;7:63408-23.  DOI  PubMed  PMC

151.     

Vigano S, Alatzoglou D, Irving M, et al. Targeting adenosine in cancer immunotherapy to enhance T-cell function. Front Immunol 
2019;10:925.  DOI  PubMed  PMC

152.     

Vultaggio-Poma V, Sarti AC, Di Virgilio F. Extracellular ATP: A feasible target for cancer therapy. Cells 2020;9:2496.  DOI  
PubMed  PMC

153.     

Kordaß T, Osen W, Eichmüller SB. Controlling the immune suppressor: transcription factors and micrornas regulating CD73/NT5E. 
Front Immunol 2018;9:813.  DOI  PubMed  PMC

154.     

Loi S, Pommey S, Haibe-Kains B, et al. CD73 promotes anthracycline resistance and poor prognosis in triple negative breast cancer. 
Proc Natl Acad Sci USA 2013;110:11091-6.  DOI  PubMed  PMC

155.     

Jones KB, Salah Z, Del Mare S, et al. miRNA signatures associate with pathogenesis and progression of osteosarcoma. Cancer Res 156.     

https://dx.doi.org/10.1126/science.285.5430.1028
http://www.ncbi.nlm.nih.gov/pubmed/10446041
https://dx.doi.org/10.3892/ol.2015.3184
http://www.ncbi.nlm.nih.gov/pubmed/26170970
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4486874
https://dx.doi.org/10.1038/bjc.2013.451
http://www.ncbi.nlm.nih.gov/pubmed/23922104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3778302
https://dx.doi.org/10.1155/2020/7935475
https://dx.doi.org/10.3390/cancers12040793
http://www.ncbi.nlm.nih.gov/pubmed/32224911
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7225940
https://dx.doi.org/10.1038/nrc3792
http://www.ncbi.nlm.nih.gov/pubmed/25098269
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4365862
http://www.ncbi.nlm.nih.gov/pubmed/25550780
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4270589
https://dx.doi.org/10.3892/ol.2018.8152
http://www.ncbi.nlm.nih.gov/pubmed/29849782
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5962868
https://dx.doi.org/10.1111/cas.13256
http://www.ncbi.nlm.nih.gov/pubmed/28406574
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5497929
https://dx.doi.org/10.7554/eLife.47327
http://www.ncbi.nlm.nih.gov/pubmed/31478830
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6721800
https://www.clinicaltrials.gov/ct2/show/NCT04331041
https://clinicaltrials.gov/ct2/show/NCT02523014
https://clinicaltrials.gov/ct2/show/NCT01951690
https://clinicaltrials.gov/ct2/show/NCT02004028
https://www.clinicaltrials.gov/ct2/show/NCT03727880
https://www.clinicaltrials.gov/ct2/show/NCT04625270
https://www.clinicaltrials.gov/ct2/show/NCT04620330
https://clinicaltrials.gov/ct2/show/NCT02758587
https://dx.doi.org/10.3389/fimmu.2017.01887
http://www.ncbi.nlm.nih.gov/pubmed/29312351
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5742577
https://dx.doi.org/10.1007/978-3-319-91287-5_27
http://www.ncbi.nlm.nih.gov/pubmed/30178341
https://dx.doi.org/10.1002/ijc.30646
http://www.ncbi.nlm.nih.gov/pubmed/28195314
https://dx.doi.org/10.1158/0008-5472.CAN-11-1272
http://www.ncbi.nlm.nih.gov/pubmed/22593198
https://dx.doi.org/10.3390/ijms21186885
http://www.ncbi.nlm.nih.gov/pubmed/32961800
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7555161
https://dx.doi.org/10.18632/oncotarget.11503
http://www.ncbi.nlm.nih.gov/pubmed/27566564
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5325373
https://dx.doi.org/10.3389/fimmu.2019.00925
http://www.ncbi.nlm.nih.gov/pubmed/31244820
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6562565
https://dx.doi.org/10.3390/cells9112496
http://www.ncbi.nlm.nih.gov/pubmed/33212982
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7698494
https://dx.doi.org/10.3389/fimmu.2018.00813
http://www.ncbi.nlm.nih.gov/pubmed/29720980
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5915482
https://dx.doi.org/10.1073/pnas.1222251110
http://www.ncbi.nlm.nih.gov/pubmed/23776241
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3704029


Page 790Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

2012;72:1865-77.  DOI  PubMed  PMC
Petruk N, Tuominen S, Åkerfelt M, et al. CD73 facilitates EMT progression and promotes lung metastases in triple-negative breast 
cancer. Sci Rep 2021;11:6035.  DOI  PubMed  PMC

157.     

Borea PA, Gessi S, Merighi S, Vincenzi F, Varani K. Pharmacology of adenosine receptors: the state of the art. Physiol Rev 
2018;98:1591-625.  DOI  PubMed

158.     

Fishman P, Bar-yehuda S, Synowitz M, et al. Adenosine receptors and cancer. In: Wilson CN, Mustafa SJ, editors. Adenosine 
Receptors in Health and Disease. Berlin: Springer Berlin Heidelberg; 2009. pp. 399-441.  DOI

159.     

Carroll SH, Wigner NA, Kulkarni N, Johnston-Cox H, Gerstenfeld LC, Ravid K. A2B adenosine receptor promotes mesenchymal 
stem cell differentiation to osteoblasts and bone formation in vivo. J Biol Chem 2012;287:15718-27.  DOI  PubMed  PMC

160.     

Zhang YW, Morita I, Ikeda M, Ma KW, Murota S. Connexin43 suppresses proliferation of osteosarcoma U2OS cells through post-
transcriptional regulation of p27. Oncogene 2001;20:4138-49.  DOI  PubMed

161.     

Zhang D, Yu K, Yang Z, et al. Silencing Ubc9 expression suppresses osteosarcoma tumorigenesis and enhances chemosensitivity to 
HSV-TK/GCV by regulating connexin 43 SUMOylation. Int J Oncol 2018;53:1323-31.  DOI  PubMed

162.     

Jiang J, Riquelme M, An Z, et al. New antibody therapeutics targeting connexin hemichannels in treatment of osteosarcoma and 
breast cancer bone metastasis. Eur J Cancer 2020;138:S54.  DOI

163.     

Munerati M, Cortesi R, Ferrari D, Di Virgilio F, Nastruzzi C. Macrophages loaded with doxorubicin by ATP-mediated 
permeabilization: potential carriers for antitumor therapy. Biochim Biophys Acta Mol Cell Res 1994;1224:269-76.  DOI  PubMed

164.     

Giuliani AL, Colognesi D, Ricco T, et al. Trophic activity of human P2X7 receptor isoforms A and B in osteosarcoma. PLoS One 
2014;9:e107224.  DOI  PubMed  PMC

165.     

Qi B, Yu T, Wang C, et al. Shock wave-induced ATP release from osteosarcoma U2OS cells promotes cellular uptake and 
cytotoxicity of methotrexate. J Exp Clin Cancer Res 2016;35:161.  DOI  PubMed  PMC

166.     

Wang Y, Chen L. Quantum dots, lighting up the research and development of nanomedicine. Nanomedicine 2011;7:385-402.  DOI  
PubMed

167.     

Desai SA, Manjappa A, Khulbe P. Drug delivery nanocarriers and recent advances ventured to improve therapeutic efficacy against 
osteosarcoma: an overview. J Egypt Natl Canc Inst 2021;33:4.  DOI  PubMed

168.     

Villegas MR, Baeza A, Noureddine A, et al. Multifunctional protocells for enhanced penetration in 3D extracellular tumoral matrices. 
Chem Mater 2018;30:112-20.  DOI

169.     

Díaz-Saldívar P, Huidobro-Toro JP. ATP-loaded biomimetic nanoparticles as controlled release system for extracellular drugs in 
cancer applications. Int J Nanomedicine 2019;14:2433-47.  DOI  PubMed  PMC

170.     

Feiz MS, Meshkini A. Targeted delivery of adenosine 5’-triphosphate using chitosan-coated mesoporous hydroxyapatite: a 
theranostic pH-sensitive nanoplatform with enhanced anti-cancer effect. Int J Biol Macromol 2019;129:1090-102.  DOI  PubMed

171.     

Maire G, Martin JW, Yoshimoto M, Chilton-MacNeill S, Zielenska M, Squire JA. Analysis of miRNA-gene expression-genomic 
profiles reveals complex mechanisms of microRNA deregulation in osteosarcoma. Cancer Genet 2011;204:138-46.  DOI  PubMed

172.     

Chen SM, Chou WC, Hu LY, et al. The effect of microRNA-124 overexpression on anti-tumor drug sensitivity. PLoS One 
2015;10:e0128472.  DOI  PubMed  PMC

173.     

FdAd, Hande MP, Tong W-M, Lansdorp PM, Wang Z-Q, Jackson SP. Functions of poly(ADP-ribose) polymerase in controlling 
telomere length and chromosomal stability. Nat Genet 1999;23:76-80.  DOI

174.     

Kobayashi E, Hornicek FJ,  Duan Z. MicroRNA involvement in osteosarcoma. Sarcoma. Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3329862/ [Last accessed on 23 Jun 2022].

175.     

He C, Xiong J, Xu X, et al. Functional elucidation of MiR-34 in osteosarcoma cells and primary tumor samples. Biochem Biophys 
Res Commun 2009;388:35-40.  DOI  PubMed

176.     

Creighton CJ, Fountain MD, Yu Z, et al. Molecular profiling uncovers a p53-associated role for microRNA-31 in inhibiting the 
proliferation of serous ovarian carcinomas and other cancers. Cancer Res 2010;70:1906-15.  DOI  PubMed  PMC

177.     

Dai N, Qing Y, Cun Y, et al. miR-513a-5p regulates radiosensitivity of osteosarcoma by targeting human apurinic/apyrimidinic 
endonuclease. Oncotarget 2018;9:25414-26.  DOI  PubMed  PMC

178.     

Liang W, Li C, Li M, Wang D, Zhong Z. MicroRNA-765 sensitizes osteosarcoma cells to cisplatin via downregulating APE1 
expression. Onco Targets Ther 2019;12:7203-14.  DOI  PubMed  PMC

179.     

Zhu Z, Tang J, Wang J, Duan G, Zhou L, Zhou X. MiR-138 acts as a tumor suppressor by targeting EZH2 and enhances cisplatin-
induced apoptosis in osteosarcoma cells. PLoS One 2016;11:e0150026.  DOI  PubMed  PMC

180.     

Wang GC, He QY, Tong DK, et al. MiR-367 negatively regulates apoptosis induced by adriamycin in osteosarcoma cells by targeting 
KLF4. J Bone Oncol 2016;5:51-6.  DOI  PubMed  PMC

181.     

Wei R, Cao G, Deng Z, Su J, Cai L. miR-140-5p attenuates chemotherapeutic drug-induced cell death by regulating autophagy 
through inositol 1,4,5-trisphosphate kinase 2 (IP3k2) in human osteosarcoma cells. Biosci Rep 2016;36:e00392.  DOI  PubMed  PMC

182.     

Lin BC, Huang D, Yu CQ, et al. MicroRNA-184 modulates doxorubicin resistance in osteosarcoma cells by targeting BCL2L1. Med 
Sci Monit 2016;22:1761-5.  DOI  PubMed  PMC

183.     

Duan Z, Gao Y, Shen J, et al. miR-15b modulates multidrug resistance in human osteosarcoma in vitro and in vivo. Mol Oncol 
2017;11:151-66.  DOI  PubMed  PMC

184.     

Chang Z, Huo L, Li K, Wu Y, Hu Z. Blocked autophagy by miR-101 enhances osteosarcoma cell chemosensitivity in vitro. 
ScientificWorldJournal 2014;2014:794756.  DOI  PubMed  PMC

185.     

https://dx.doi.org/10.1158/0008-5472.CAN-11-2663
http://www.ncbi.nlm.nih.gov/pubmed/22350417
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3328547
https://dx.doi.org/10.1038/s41598-021-85379-z
http://www.ncbi.nlm.nih.gov/pubmed/33727591
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7966763
https://dx.doi.org/10.1152/physrev.00049.2017
http://www.ncbi.nlm.nih.gov/pubmed/29848236
https://dx.doi.org/10.1007/978-3-540-89615-9_14
https://dx.doi.org/10.1074/jbc.M112.344994
http://www.ncbi.nlm.nih.gov/pubmed/22403399
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3346096
https://dx.doi.org/10.1038/sj.onc.1204563
http://www.ncbi.nlm.nih.gov/pubmed/11464280
https://dx.doi.org/10.3892/ijo.2018.4448
http://www.ncbi.nlm.nih.gov/pubmed/29956745
https://dx.doi.org/10.1016/s0959-8049(20)31221-1
https://dx.doi.org/10.1016/0167-4889(94)90200-3
http://www.ncbi.nlm.nih.gov/pubmed/7981242
https://dx.doi.org/10.1371/journal.pone.0107224
http://www.ncbi.nlm.nih.gov/pubmed/25226385
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4165768
https://dx.doi.org/10.1186/s13046-016-0437-5
http://www.ncbi.nlm.nih.gov/pubmed/27716441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5048460
https://dx.doi.org/10.1016/j.nano.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21215327
https://dx.doi.org/10.1186/s43046-021-00059-3
http://www.ncbi.nlm.nih.gov/pubmed/33555490
https://dx.doi.org/10.1021/acs.chemmater.7b03128.s001
https://dx.doi.org/10.2147/IJN.S192925
http://www.ncbi.nlm.nih.gov/pubmed/31040666
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6454990
https://dx.doi.org/10.1016/j.ijbiomac.2018.08.158
http://www.ncbi.nlm.nih.gov/pubmed/30170062
https://dx.doi.org/10.1016/j.cancergen.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21504713
https://dx.doi.org/10.1371/journal.pone.0128472
http://www.ncbi.nlm.nih.gov/pubmed/26115122
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4482746
https://dx.doi.org/10.1038/12680
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3329862/
https://dx.doi.org/10.1016/j.bbrc.2009.07.101
http://www.ncbi.nlm.nih.gov/pubmed/19632201
https://dx.doi.org/10.1158/0008-5472.CAN-09-3875
http://www.ncbi.nlm.nih.gov/pubmed/20179198
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2831102
https://dx.doi.org/10.18632/oncotarget.11003
http://www.ncbi.nlm.nih.gov/pubmed/29875998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5986632
https://dx.doi.org/10.2147/OTT.S194800
http://www.ncbi.nlm.nih.gov/pubmed/31564904
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6731985
https://dx.doi.org/10.1371/journal.pone.0150026
http://www.ncbi.nlm.nih.gov/pubmed/27019355
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4809565
https://dx.doi.org/10.1016/j.jbo.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/27335771
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908187
https://dx.doi.org/10.1042/BSR20160238
http://www.ncbi.nlm.nih.gov/pubmed/27582507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5064456
https://dx.doi.org/10.12659/msm.896451
http://www.ncbi.nlm.nih.gov/pubmed/27222034
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4917317
https://dx.doi.org/10.1002/1878-0261.12015
http://www.ncbi.nlm.nih.gov/pubmed/28145098
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5300234
https://dx.doi.org/10.1155/2014/794756
http://www.ncbi.nlm.nih.gov/pubmed/25013866
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4072053


Page 791 Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

Guo S, Bai R, Liu W, et al. miR-22 inhibits osteosarcoma cell proliferation and migration by targeting HMGB1 and inhibiting 
HMGB1-mediated autophagy. Tumour Biol 2014;35:7025-34.  DOI  PubMed

186.     

Li X, Wang S, Chen Y, Liu G, Yang X. miR-22 targets the 3’ UTR of HMGB1 and inhibits the HMGB1-associated autophagy in 
osteosarcoma cells during chemotherapy. Tumour Biol 2014;35:6021-8.  DOI  PubMed

187.     

Xu R, Liu S, Chen H, Lao L. MicroRNA-30a downregulation contributes to chemoresistance of osteosarcoma cells through activating 
Beclin-1-mediated autophagy. Oncol Rep 2016;35:1757-63.  DOI  PubMed

188.     

Li Y, Jiang W, Hu Y, et al. MicroRNA-199a-5p inhibits cisplatin-induced drug resistance via inhibition of autophagy in osteosarcoma 
cells. Oncol Lett 2016;12:4203-8.  DOI  PubMed  PMC

189.     

Chen L, Jiang K, Jiang H, Wei P. miR-155 mediates drug resistance in osteosarcoma cells via inducing autophagy. Exp Ther Med 
2014;8:527-32.  DOI  PubMed  PMC

190.     

Zhou J, Wu S, Chen Y, et al. microRNA-143 is associated with the survival of ALDH1+CD133+ osteosarcoma cells and the 
chemoresistance of osteosarcoma. Exp Biol Med (Maywood) 2015;240:867-75.  DOI  PubMed  PMC

191.     

Di Fiore R, Drago-Ferrante R, Pentimalli F, et al. Let-7d miRNA shows both antioncogenic and oncogenic functions in 
osteosarcoma-derived 3AB-OS cancer stem cells. J Cell Physiol 2016;231:1832-41.  DOI  PubMed

192.     

Di Fiore R, Drago-Ferrante R, Pentimalli F, et al. MicroRNA-29b-1 impairs in vitro cell proliferation, selfrenewal and 
chemoresistance of human osteosarcoma 3AB-OS cancer stem cells. Int J Oncol 2014;45:2013-23.  DOI  PubMed  PMC

193.     

Xu M, Jin H, Xu CX, Bi WZ, Wang Y. MiR-34c inhibits osteosarcoma metastasis and chemoresistance. Med Oncol 2014;31:972.  
DOI  PubMed

194.     

Zhou Y, Zhao RH, Tseng KF, et al. Sirolimus induces apoptosis and reverses multidrug resistance in human osteosarcoma cells in 
vitro via increasing microRNA-34b expression. Acta Pharmacol Sin 2016;37:519-29.  DOI  PubMed  PMC

195.     

Shao XJ, Miao MH, Xue J, Xue J, Ji XQ, Zhu H. The down-regulation of MicroRNA-497 contributes to cell growth and cisplatin 
resistance through PI3K/Akt pathway in osteosarcoma. Cell Physiol Biochem 2015;36:2051-62.  DOI  PubMed

196.     

Zhao G, Cai C, Yang T, et al. MicroRNA-221 induces cell survival and cisplatin resistance through PI3K/Akt pathway in human 
osteosarcoma. PLoS One 2013;8:e53906.  DOI  PubMed  PMC

197.     

Xu E, Zhao J, Ma J, et al. miR-146b-5p promotes invasion and metastasis contributing to chemoresistance in osteosarcoma by 
targeting zinc and ring finger 3. Oncol Rep 2016;35:275-83.  DOI  PubMed

198.     

Zhou C, Tan W, Lv H, Gao F, Sun J. Hypoxia-inducible microRNA-488 regulates apoptosis by targeting Bim in osteosarcoma. Cell 
Oncol (Dordr) 2016;39:463-71.  DOI  PubMed

199.     

Vanas V, Haigl B, Stockhammer V, Sutterlüty-Fall H. MicroRNA-21 increases proliferation and cisplatin sensitivity of 
osteosarcoma-derived cells. PLoS One 2016;11:e0161023.  DOI  PubMed  PMC

200.     

Lv C, Hao Y, Tu G. MicroRNA-21 promotes proliferation, invasion and suppresses apoptosis in human osteosarcoma line MG63 
through PTEN/Akt pathway. Tumour Biol 2016;37:9333-42.  DOI  PubMed

201.     

Liu J, Liu T, Wang X, He A. Circles reshaping the RNA world: from waste to treasure. Mol Cancer 2017;16:58.  DOI  PubMed  
PMC

202.     

Jeck WR, Sorrentino JA, Wang K, et al. Circular RNAs are abundant, conserved, and associated with ALU repeats. RNA 
2013;19:141-57.  DOI  PubMed  PMC

203.     

Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB, Kjems J. The biogenesis, biology and characterization of 
circular RNAs. Nat Rev Genet 2019;20:675-91.  DOI  PubMed

204.     

Li Z, Huang C, Bao C, et al. Exon-intron circular RNAs regulate transcription in the nucleus. Nat Struct Mol Biol 2015;22:256-64.  
DOI  PubMed

205.     

Barrett SP, Salzman J. Circular RNAs: analysis, expression and potential functions. Development 2016;143:1838-47.  DOI  PubMed  
PMC

206.     

Salzman J. Circular RNA expression: its potential regulation and function. Trends Genet 2016;32:309-16.  DOI  PubMed  PMC207.     
Chen I, Chen CY, Chuang TJ. Biogenesis, identification, and function of exonic circular RNAs. Wiley Interdiscip Rev RNA 
2015;6:563-79.  DOI  PubMed  PMC

208.     

Zhang H, Yan J, Lang X, Zhuang Y. Expression of circ_001569 is upregulated in osteosarcoma and promotes cell proliferation and 
cisplatin resistance by activating the Wnt/β-catenin signaling pathway. Oncol Lett 2018;16:5856-62.  DOI  PubMed  PMC

209.     

Kun-Peng Z, Xiao-Long M, Chun-Lin Z. Overexpressed circPVT1, a potential new circular RNA biomarker, contributes to 
doxorubicin and cisplatin resistance of osteosarcoma cells by regulating ABCB1. Int J Biol Sci 2018;14:321-30.  DOI  PubMed  PMC

210.     

Chen J, Li Y, Zheng Q, et al. Circular RNA profile identifies circPVT1 as a proliferative factor and prognostic marker in gastric 
cancer. Cancer Lett 2017;388:208-19.  DOI  PubMed

211.     

Zhang C, Ren X, Liu Z, Tu C. Upregulated expression of LncRNA nicotinamide nucleotide transhydrogenase antisense RNA 1 is 
correlated with unfavorable clinical outcomes in cancers. BMC Cancer 2020;20:1-13.  DOI  PubMed  PMC

212.     

Chen S, Shen X. Long noncoding RNAs: functions and mechanisms in colon cancer. Mol Cancer 2020;19:1-13.  DOI  PubMed  PMC213.     
Yao RW, Wang Y, Chen LL. Cellular functions of long noncoding RNAs. Nat Cell Biol 2019;21:542-51.  DOI  PubMed214.     
Guh C-Y, Hsieh Y-H, Chu H-P. Functions and properties of nuclear lncRNAs-from systematically mapping the interactomes of 
lncRNAs. J Biomed Sci 2020;27:1-14.  DOI  PubMed  PMC

215.     

Yang G, Shen T, Yi X, et al. Crosstalk between long non-coding RNAs and Wnt/β-catenin signalling in cancer. J Cell Mol Med 
2018;22:2062-70.  DOI  PubMed  PMC

216.     

https://dx.doi.org/10.1007/s13277-014-1965-2
http://www.ncbi.nlm.nih.gov/pubmed/24752578
https://dx.doi.org/10.1007/s13277-014-1797-0
http://www.ncbi.nlm.nih.gov/pubmed/24609901
https://dx.doi.org/10.3892/or.2015.4497
http://www.ncbi.nlm.nih.gov/pubmed/26708607
https://dx.doi.org/10.3892/ol.2016.5172
http://www.ncbi.nlm.nih.gov/pubmed/27895792
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5104258
https://dx.doi.org/10.3892/etm.2014.1752
http://www.ncbi.nlm.nih.gov/pubmed/25009614
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4079430
https://dx.doi.org/10.1177/1535370214563893
http://www.ncbi.nlm.nih.gov/pubmed/25576341
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4935406
https://dx.doi.org/10.1002/jcp.25291
http://www.ncbi.nlm.nih.gov/pubmed/26679758
https://dx.doi.org/10.3892/ijo.2014.2618
http://www.ncbi.nlm.nih.gov/pubmed/25174983
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4432724
https://dx.doi.org/10.1007/s12032-014-0972-x
http://www.ncbi.nlm.nih.gov/pubmed/24802328
https://dx.doi.org/10.1038/aps.2015.153
http://www.ncbi.nlm.nih.gov/pubmed/26924291
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4820798
https://dx.doi.org/10.1159/000430172
http://www.ncbi.nlm.nih.gov/pubmed/26202364
https://dx.doi.org/10.1371/journal.pone.0053906
http://www.ncbi.nlm.nih.gov/pubmed/23372675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3553141
https://dx.doi.org/10.3892/or.2015.4393
http://www.ncbi.nlm.nih.gov/pubmed/26549292
https://dx.doi.org/10.1007/s13402-016-0288-2
http://www.ncbi.nlm.nih.gov/pubmed/27376839
https://dx.doi.org/10.1371/journal.pone.0161023
http://www.ncbi.nlm.nih.gov/pubmed/27513462
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4981312
https://dx.doi.org/10.1007/s13277-016-4807-6
http://www.ncbi.nlm.nih.gov/pubmed/26779632
https://dx.doi.org/10.1186/s12943-017-0630-y
http://www.ncbi.nlm.nih.gov/pubmed/28279183
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5345220
https://dx.doi.org/10.1261/rna.035667.112
http://www.ncbi.nlm.nih.gov/pubmed/23249747
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3543092
https://dx.doi.org/10.1038/s41576-019-0158-7
http://www.ncbi.nlm.nih.gov/pubmed/31395983
https://dx.doi.org/10.1038/nsmb.2959
http://www.ncbi.nlm.nih.gov/pubmed/25664725
https://dx.doi.org/10.1242/dev.128074
http://www.ncbi.nlm.nih.gov/pubmed/27246710
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4920157
https://dx.doi.org/10.1016/j.tig.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27050930
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4948998
https://dx.doi.org/10.1002/wrna.1294
http://www.ncbi.nlm.nih.gov/pubmed/26230526
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5042038
https://dx.doi.org/10.3892/ol.2018.9410
http://www.ncbi.nlm.nih.gov/pubmed/30344736
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6176349
https://dx.doi.org/10.7150/ijbs.24360
http://www.ncbi.nlm.nih.gov/pubmed/29559849
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5859477
https://dx.doi.org/10.1016/j.canlet.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/27986464
https://dx.doi.org/10.1186/s12885-020-07348-5
http://www.ncbi.nlm.nih.gov/pubmed/32928135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7489002
https://dx.doi.org/10.1186/s12943-020-01287-2
http://www.ncbi.nlm.nih.gov/pubmed/33246471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7697375
https://dx.doi.org/10.1038/s41556-019-0311-8
http://www.ncbi.nlm.nih.gov/pubmed/31048766
https://dx.doi.org/10.1186/s12929-020-00640-3
http://www.ncbi.nlm.nih.gov/pubmed/32183863
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7079490
https://dx.doi.org/10.1111/jcmm.13522
http://www.ncbi.nlm.nih.gov/pubmed/29392884
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5867104


Page 792Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

Aillaud M, Schulte LN. Emerging roles of long noncoding RNAs in the cytoplasmic milieu. Noncoding RNA 2020;6:44.  DOI  
PubMed  PMC

217.     

Ong CT, Corces VG. Enhancer function: new insights into the regulation of tissue-specific gene expression. Nat Rev Genet 
2011;12:283-93.  DOI  PubMed  PMC

218.     

Xie H, Zhu D, Xu C, et al. Long none coding RNA HOTTIP/HOXA13 act as synergistic role by decreasing cell migration and 
proliferation in Hirschsprung disease. Biochem Biophys Res Commun 2015;463:569-74.  DOI  PubMed

219.     

Quagliata L, Matter MS, Piscuoglio S, et al. Long noncoding RNA HOTTIP/HOXA13 expression is associated with disease 
progression and predicts outcome in hepatocellular carcinoma patients. Hepatology 2014;59:911-23.  DOI  PubMed  PMC

220.     

Zhang H, Zhao L, Wang YX, Xi M, Liu SL, Luo LL. Long non-coding RNA HOTTIP is correlated with progression and prognosis in 
tongue squamous cell carcinoma. Tumour Biol 2015;36:8805-9.  DOI  PubMed

221.     

Li Z, Zhao L, Wang Q. Overexpression of long non-coding RNA HOTTIP increases chemoresistance of osteosarcoma cell by 
activating the Wnt/β-catenin pathway. Am J Transl Res 2016;8:2385-93.  PubMed  PMC

222.     

Li D, Huang Y, Wang G. Circular RNA circPVT1 contributes to doxorubicin (DXR) resistance of osteosarcoma cells by regulating 
TRIAP1 via miR-137. Biomed Res Int 2021;2021:7463867.  DOI  PubMed  PMC

223.     

Kun-Peng Z, Xiao-Long M, Lei Z, Chun-Lin Z, Jian-Ping H, Tai-Cheng Z. Screening circular RNA related to chemotherapeutic 
resistance in osteosarcoma by RNA sequencing. Epigenomics 2018;10:1327-46.  DOI  PubMed

224.     

Ma XL, Zhan TC, Hu JP, Zhang CL, Zhu KP. Doxorubicin-induced novel circRNA_0004674 facilitates osteosarcoma progression 
and chemoresistance by upregulating MCL1 through miR-142-5p. Cell Death Discov 2021;7:309.  DOI  PubMed  PMC

225.     

Bai Y, Li Y, Bai J, Zhang Y. Hsa_circ_0004674 promotes osteosarcoma doxorubicin resistance by regulating the miR-342-3p/FBN1 
axis. J Orthop Surg Res 2021;16:510.  DOI  PubMed  PMC

226.     

Wei W, Ji L, Duan W, Zhu J. Circular RNA circ_0081001 knockdown enhances methotrexate sensitivity in osteosarcoma cells by 
regulating miR-494-3p/TGM2 axis. J Orthop Surg Res 2021;16:50.  DOI  PubMed  PMC

227.     

Li X, Liu Y, Zhang X, et al. Circular RNA hsa_circ_0000073 contributes to osteosarcoma cell proliferation, migration, invasion and 
methotrexate resistance by sponging miR-145-5p and miR-151-3p and upregulating NRAS. Aging (Albany NY) 2020;12:14157-73.  
DOI  PubMed  PMC

228.     

Yuan J, Liu Y, Zhang Q, Ren Z, Li G, Tian R. CircPRDM2 contributes to doxorubicin resistance of osteosarcoma by elevating EZH2 
via sponging miR-760. Cancer Manag Res 2021;13:4433-45.  DOI  PubMed  PMC

229.     

Zhang Z, Zhou Q, Luo F, et al. Circular RNA circ-CHI3L1.2 modulates cisplatin resistance of osteosarcoma cells via the miR-340-
5p/LPAATβ axis. Hum Cell 2021;34:1558-68.  DOI  PubMed

230.     

Zhu K, Zhang C, Shen G, Zhu Z. Long noncoding RNA expression profiles of the doxorubicin-resistant human osteosarcoma cell line 
MG63/DXR and its parental cell line MG63 as ascertained by microarray analysis. Int J Clin Exp Pathol 2015;8:8754-73.  PubMed  
PMC

231.     

Zhang CL, Zhu KP, Ma XL. Antisense lncRNA FOXC2-AS1 promotes doxorubicin resistance in osteosarcoma by increasing the 
expression of FOXC2. Cancer Lett 2017;396:66-75.  DOI  PubMed

232.     

Han Z, Shi L. Long non-coding RNA LUCAT1 modulates methotrexate resistance in osteosarcoma via miR-200c/ABCB1 axis. 
Biochem Biophys Res Commun 2018;495:947-53.  DOI  PubMed

233.     

Kun-Peng Z, Xiao-Long M, Chun-Lin Z. LncRNA FENDRR sensitizes doxorubicin-resistance of osteosarcoma cells through down-
regulating ABCB1 and ABCC1. Oncotarget 2017;8:71881-93.  DOI  PubMed  PMC

234.     

Wang Y, Zhang L, Zheng X, et al. Long non-coding RNA LINC00161 sensitises osteosarcoma cells to cisplatin-induced apoptosis by 
regulating the miR-645-IFIT2 axis. Cancer Lett 2016;382:137-46.  DOI  PubMed

235.     

Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing: crosstalk between autophagy and apoptosis. Nat Rev Mol 
Cell Biol 2007;8:741-52.  DOI  PubMed

236.     

Lei W, Yan C, Ya J, Yong D, Yujun B, Kai L. MiR-199a-3p affects the multi-chemoresistance of osteosarcoma through targeting 
AK4. BMC Cancer 2018;18:631.  DOI  PubMed  PMC

237.     

Shen C, Wang W, Tao L, Liu B, Yang Z, Tao H. Chloroquine blocks the autophagic process in cisplatin-resistant osteosarcoma cells 
by regulating the expression of p62/SQSTM1. Int J Mol Med 2013;32:448-56.  DOI  PubMed

238.     

Liu WD, Sun W, Hua YQ, Wang SG, Cai ZD. Effect of rapamycin and chloroquine on osteosarcoma. Zhonghua Yi Xue Za Zhi 
2017;97:1510-4.  DOI  PubMed

239.     

Cufí S, Vazquez-Martin A, Oliveras-Ferraros C, Martin-Castillo B, Vellon L, Menendez JA. Autophagy positively regulates the 
CD44(+) CD24(-/low) breast cancer stem-like phenotype. Cell Cycle 2011;10:3871-85.  DOI  PubMed

240.     

Zhang D, Zhao Q, Sun H, et al. Defective autophagy leads to the suppression of stem-like features of CD271+ osteosarcoma cells. J 
Biomed Sci 2016;23:82.  DOI  PubMed  PMC

241.     

Batlle E, Clevers H. Cancer stem cells revisited. Nat Med 2017;23:1124-34.  DOI  PubMed242.     
Najafi M, Mortezaee K, Majidpoor J. Cancer stem cell (CSC) resistance drivers. Life Sci 2019;234:116781.  DOI  PubMed243.     
Honoki K, Fujii H, Kubo A, et al. Possible involvement of stem-like populations with elevated ALDH1 in sarcomas for 
chemotherapeutic drug resistance. Oncol Rep 2010;24:501-5.  DOI  PubMed

244.     

Schiavone K, Garnier D, Heymann M, Heymann D. The heterogeneity of osteosarcoma: the role played by cancer stem cells. In: 
Birbrair A, editor. Stem cells heterogeneity in cancer. Cham: Springer International Publishing; 2019. pp. 187-200.  DOI  PubMed

245.     

Yokoi E, Mabuchi S, Shimura K, et al. Lurbinectedin (PM01183), a selective inhibitor of active transcription, effectively eliminates 246.     

https://dx.doi.org/10.3390/ncrna6040044
http://www.ncbi.nlm.nih.gov/pubmed/33182489
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7711603
https://dx.doi.org/10.1038/nrg2957
http://www.ncbi.nlm.nih.gov/pubmed/21358745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3175006
https://dx.doi.org/10.1016/j.bbrc.2015.05.096
http://www.ncbi.nlm.nih.gov/pubmed/26043692
https://dx.doi.org/10.1002/hep.26740
http://www.ncbi.nlm.nih.gov/pubmed/24114970
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3943759
https://dx.doi.org/10.1007/s13277-015-3645-2
http://www.ncbi.nlm.nih.gov/pubmed/26058875
http://www.ncbi.nlm.nih.gov/pubmed/27347346
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4891451
https://dx.doi.org/10.1155/2021/7463867
http://www.ncbi.nlm.nih.gov/pubmed/33981772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8088374
https://dx.doi.org/10.2217/epi-2018-0023
http://www.ncbi.nlm.nih.gov/pubmed/30191736
https://dx.doi.org/10.1038/s41420-021-00694-8
http://www.ncbi.nlm.nih.gov/pubmed/34689155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8542045
https://dx.doi.org/10.1186/s13018-021-02631-y
http://www.ncbi.nlm.nih.gov/pubmed/34407841
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8371803
https://dx.doi.org/10.1186/s13018-020-02169-5
http://www.ncbi.nlm.nih.gov/pubmed/33435987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7805151
https://dx.doi.org/10.18632/aging.103423
http://www.ncbi.nlm.nih.gov/pubmed/32706759
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7425447
https://dx.doi.org/10.2147/CMAR.S295147
http://www.ncbi.nlm.nih.gov/pubmed/34103997
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8180268
https://dx.doi.org/10.1007/s13577-021-00564-6
http://www.ncbi.nlm.nih.gov/pubmed/34164774
http://www.ncbi.nlm.nih.gov/pubmed/26464619
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4583851
https://dx.doi.org/10.1016/j.canlet.2017.03.018
http://www.ncbi.nlm.nih.gov/pubmed/28323030
https://dx.doi.org/10.1016/j.bbrc.2017.11.121
http://www.ncbi.nlm.nih.gov/pubmed/29170124
https://dx.doi.org/10.18632/oncotarget.17985
http://www.ncbi.nlm.nih.gov/pubmed/29069754
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5641097
https://dx.doi.org/10.1016/j.canlet.2016.08.024
http://www.ncbi.nlm.nih.gov/pubmed/27609068
https://dx.doi.org/10.1038/nrm2239
http://www.ncbi.nlm.nih.gov/pubmed/17717517
https://dx.doi.org/10.1186/s12885-018-4460-0
http://www.ncbi.nlm.nih.gov/pubmed/29866054
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5987492
https://dx.doi.org/10.3892/ijmm.2013.1399
http://www.ncbi.nlm.nih.gov/pubmed/23722646
https://dx.doi.org/10.3760/cma.j.issn.0376-2491.2017.19.017
http://www.ncbi.nlm.nih.gov/pubmed/28535645
https://dx.doi.org/10.4161/cc.10.22.17976
http://www.ncbi.nlm.nih.gov/pubmed/22127234
https://dx.doi.org/10.1186/s12929-016-0297-5
http://www.ncbi.nlm.nih.gov/pubmed/27863492
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5116184
https://dx.doi.org/10.1038/nm.4409
http://www.ncbi.nlm.nih.gov/pubmed/28985214
https://dx.doi.org/10.1016/j.lfs.2019.116781
http://www.ncbi.nlm.nih.gov/pubmed/31430455
https://dx.doi.org/10.3892/or_00000885
http://www.ncbi.nlm.nih.gov/pubmed/20596639
https://dx.doi.org/10.1007/978-3-030-14366-4_11
http://www.ncbi.nlm.nih.gov/pubmed/31134502


Page 793 Garcia-Ortega et al. Cancer Drug Resist 2022;5:762-93 https://dx.doi.org/10.20517/cdr.2022.18

both cancer cells and cancer stem cells in preclinical models of uterine cervical cancer. Invest New Drugs 2019;37:818-27.  DOI  
PubMed
Funes JM, Quintero M, Henderson S, et al. Transformation of human mesenchymal stem cells increases their dependency on 
oxidative phosphorylation for energy production. Proc Natl Acad Sci USA 2007;104:6223-8.  DOI  PubMed  PMC

247.     

Chen KS, Kwon WS, Kim J, et al. A novel TP53-KPNA3 translocation defines a de novo treatment-resistant clone in osteosarcoma. 
Cold Spring Harb Mol Case Stud 2016;2:a000992.  DOI  PubMed  PMC

248.     

Rubio R, Abarrategi A, Garcia-Castro J, et al. Bone environment is essential for osteosarcoma development from transformed 
mesenchymal stem cells. Stem Cells 2014;32:1136-48.  DOI  PubMed

249.     

Mohseny AB, Szuhai K, Romeo S, et al. Osteosarcoma originates from mesenchymal stem cells in consequence of aneuploidization 
and genomic loss of Cdkn2. J Pathol 2009;219:294-305.  DOI  PubMed

250.     

Tu B, Zhu J, Liu S, et al. Mesenchymal stem cells promote osteosarcoma cell survival and drug resistance through activation of 
STAT3. Oncotarget 2016;7:48296-308.  DOI  PubMed  PMC

251.     

https://dx.doi.org/10.1007/s10637-018-0686-6
http://www.ncbi.nlm.nih.gov/pubmed/30374654
https://dx.doi.org/10.1073/pnas.0700690104
http://www.ncbi.nlm.nih.gov/pubmed/17384149
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1851087
https://dx.doi.org/10.1101/mcs.a000992
http://www.ncbi.nlm.nih.gov/pubmed/27626065
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5002927
https://dx.doi.org/10.1002/stem.1647
http://www.ncbi.nlm.nih.gov/pubmed/24446210
https://dx.doi.org/10.1002/path.2603
http://www.ncbi.nlm.nih.gov/pubmed/19718709
https://dx.doi.org/10.18632/oncotarget.10219
http://www.ncbi.nlm.nih.gov/pubmed/27340780
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5217018



