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Osteosarcoma (OS) is a primary malignant tumor of bone characterized by the
formation of bone tissue or immature bone by tumor cells. Because of its multi-
drug resistance, even with the improvement of chemotherapy and the use of
targeted drugs, the survival rate of osteosarcoma (OS) is still less than 60%, and it
is easy to metastasize, which is a difficulty for many clinicians and researchers. In
recent years, with the continuous research on exosomes, it has been found that
exosomes play a role in the diagnosis, treatment and chemotherapy resistance of
osteosarcoma due to their unique properties. Exosomes can reduce the
intracellular accumulation of chemotherapeutic drugs by mediating drug
efflux, thus inducing chemotherapeutic resistance in OS cells. Exosomal goods
(including miRNA and functional proteins) carried by exosomes also show great
potential in affecting the drug resistance of OS. In addition, miRNA carried by
exosomes and exosomes exist widely in tumor cells and can reflect the
characteristics of parent cells, so it can also be used as a biomarker of OS. At
the same time, the development of nanomedicine has given a new hope for the
treatment of OS. Exosomes are regarded as good natural nano-carriers by
researchers because of their excellent targeted transport capacity and low
toxicity, which will play an important role in the field of OS therapy in the
future. This paper reviews the internal relationship between exosomes and OS
chemotherapy resistance, discusses the broad prospects of exosomes in the field
of diagnosis and treatment of OS, and puts forward some suggestions for the
study of the mechanism of OS chemotherapy resistance.
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Introduction

Osteosarcoma (OS) is the most common primary malignant bone tumor originating
from mesenchymal cell (1, 2). Most OS cases are characterized by bimodal distribution of
age. Most cases occur in adolescents aged 10-14 years, followed by people over 60 years old
(3). It is the most common in the metaphysis of long bone, and the three most common
sites are distal femur, proximal tibia and proximal humerus (4). It is well known that
radiotherapy is rarely used in the treatment of OS because of the radiation resistance of OS.
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At present, OS patients are treated with a multidisciplinary
approach established by Rosen. et al. in the 1970s (5), that is,
chemotherapy (neoadjuvant and adjuvant, lasting 6 to 8 months)
combined with surgical treatment, the 5-year survival rate of
patients can reach 70% (6-8). However, due to the resistance of
OS cells to chemotherapeutic drugs and the lack of biomarkers to
predict treatment response. In the past 40 years, limited progress
has been made in improving the survival outcome of patients with
OS (9). Therefore, it is necessary to further understand the potential
mechanism of drug resistance, to find reliable biomarkers that can
predict treatment response and to explore new treatments for the
treatment of OS and to improve the survival rate of patients (10).
Extracellular vesicles (EVs) are small lipid-binding vesicles
released by cells carrying heterogeneous items (including proteins,
RNA, miRNA, other non-coding RNA, DNA, lipids and metabolites).
This kind of goods can be transferred to other cells and can affect
their physiological functions, thus playing an important role in cell-
to-cell communication. EVs are divided into small EV (50-100 nm),
medium EV (100-1000 nm) and large EV (1000-1500 nm) according
to its size, and exosomes (endosomal origin), micro vesicle (plasma
membrane budding) and apoptotic body according to its origin/
biogenesis (11) (Figure 1). The exosomes belong to the small EV
group and the single membrane vesicles which have the same
topological structure as the cells (12). The production of exosomes
is a complex process, which involves the double invagination of cell
membrane and the formation of intracellular multivesicular bodies
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(MVBs) containing intracavitary vesicles (ILVs) (11) (Figure 1).
Different intracellular regulatory processes produce different
exosomes and give them specific substances, resulting in different
biological function (13). The exosomes transfer these substances to
the recipient cells to complete intercellular communication. Studies
have shown that almost all mammalian cells can secrete and absorb
exosomes (14, 15), even tumor cells produce more exosomes than
normal cells, and tumor-derived exosomes have a stronger ability to
change the microenvironment (16). Based on the available evidence it
is not difficult to find that exosomes, especially originate from cancer
cells, play an important role in mediating drug resistance, and it also
shows its broad prospect in tumor treatment and diagnosis (17).

Garimella. et al. first reported the function of OS cell-derived
exosomes, proposing that exosomes drive osteoclast bone
resorption by disrupting the dynamic balance of bone
reconstruction in the OS bone microenvironment (BME) (18).
Existing studies suggest that exosomes derive from OS cells play a
crucial role in tumorigenesis, appreciation, metastasis, anti-
apoptosis, immune evasion and chemoresistance (19). This article
reviews the latest progress of exosomes derived from OS and OS
drug resistance, and puts forward suggestions for future studies of
exosomes and OS drug resistance on the basis of the mechanism of
exosomes affecting other tumor drug resistance. It also discusses the
potential role of exosomes as tumor biomarkers in predicting
treatment response and its application in anti-tumor drug
resistance therapy.

Extracellular Vesicles
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Classification of extracellular vesicles and exosomes biogenesis and structure. EV is divided into small EV (50-100 nm), medium EV (100-1000 nm) and
large EV (1000-1500 nm) according to its size, and according to its origin can divide into exosomes (endosomal compartment), microvesicles (cell's
plasma membrane) and apoptotic bodies (cells which undergo apoptosis). Exosomes originated from the endogenous pathway, through the formation
of ESEs, LSEs, and finally formed MVBs, which contains ILVs. When MVBS fuses with the cell membrane, the exosome is released. By Figdraw.
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Exosome and chemoresistance in
osteosarcoma

According to the former study, preoperative and postoperative
chemotherapy regimens based on different combinations of
doxorubicin, methotrexate, and cisplatin with the possible
addition of ifosfamide, etoposide and, more recently, liposomal
muramyl tripeptide phosphatidylethanolamine constitute the
common treatment for primary conventional high-grade
osteosarcoma (HGOS) (20-24). However, osteosarcoma (OS) can
avoid chemotherapeutic drug-induced cell death through a variety
of mechanisms, including: reduction of intracellular drug
accumulation, drug inactivation, improvement of DNA repair,
regulation of signaling pathways, autophagy-related drug
resistance, turbulence in cell cycle-related gene expression, and
even microenvironmental effects (25). In addition, recent studies
have reported the discovery of exosomes in the development of OS
drug resistance. It is involved in mediating drug resistance in OS,
including exosome-mediated drug efflux, exosome shuttle RNA-
mediated drug resistance, exosomal cargo-mediated drug
resistance. In this review, we summarize the latest progress on the
association of exosomes with OS drug resistance (Table 1).

Exosomes-mediated drug efflux

In tumor cells, the full accumulation of chemotherapeutic drugs
is a prerequisite for its curative effect, so increasing drug eftflux is an
important mechanism leading to chemotherapy resistance. Studies
have shown that there are at least three main mechanisms of
exosomes-mediated drug efflux in OS: the first is exosomes-
mediated drug efflux. In 2003, Kerby Shedden et al. proved that
the expression of genes related to vesicle exfoliation in tumor cells
was positively correlated with their drug resistance, and they found
that tumor cells could excrete the chemotherapeutic drug
doxorubicin through vesicles (26) (Figure 2). The second
mechanism is that exosomes mediate OS resistance by mediating

TABLE 1 Mechanisms underlying OS drug resistance mediated by exosomes.

10.3389/fonc.2023.1133726

the horizontal transfer of drug efflux pumps to sensitive cancer cells
(Figure 2). Adenosine triphosphate (ATP) binding cassette (ABC)
transporter uses ATP to excrete various exogenous substances,
including anticancer drugs with different structures and
properties (31, 32). ABC subfamily B member 1 gene encodes a
drug transporter protein, permeability glycoprotein (P-gp) (33).
Numerous studies have shown that P-gp can be transferred from
drug-resistant tumor cells to sensitive cells via exosomes, leading to
acquired drug resistance in drug-sensitive cells (34-36). Data from
the study by Torreggiani et al. showed that exosomes derived from
doxorubicin-resistant OS cells could be taken up into secondary
cells and induce a doxorubicin-resistant phenotype (27). They
demonstrated that P-gp is contained in drug-resistant cell
derived-exosomes and that multidrug resistance (MDR) can be
transferred to sensitive cells by the delivery of P-gp in recipient cells
through exosomes. Meanwhile the same authors found that the
presence of MDR-1 mRNA (encoding ABCB1), besides P-gp, was
detected in exosomes produced by drug-resistant OS cells, which
also suggests that, in addition to mediating OS drug resistance by
transporting the drug efflux pump P-gp, exosomal transport of
resistance-related coding RNAs is also a mechanism leading to OS
drug resistance (27). These results suggest that exosomes play an
important role in the drug resistance process in OS by directly
exporting chemotherapeutic drugs, mediating the delivery of
drug efflux pumps, and transporting RNAs associated with
drug resistance.

On the other hand, investigators found that in drug-resistant
OS cells, exosomes upregulate P-gp expression and thus mediate
drug resistance by mediating the transfer of transient receptor
potential channels (TRPCs) (37-39). In 2017 Ning et al. found
that ubiquitin carboxy-terminal hydrolysate-L1 (UCH-L1) of
exosomes can upregulate P-gp expression by activating the
mitogen-activated protein kinase/extracellular regulated protein
kinase signaling pathway to upregulate the expression of P-gp
(40). Taken together, these studies demonstrate that OS-derived
exosomes can also regulate P-gp expression and thus mediate BC
drug resistance by mediating the transfer of functional proteins, but
this mechanism has not been confirmed in OS cells. Therefore, the

Cell origin of = Exosome Target(s) Resistant =~ Mechanism Reference
exosome content type

DOX-resistant Chemotherapeutic Promoting DOX DOX can be excreted through exosomes (26)
cells drug drug efflux resistance

DOX-resistant P-gp Promoting DOX Transferring drug resistance as well as P-gp from drug-resistant OS (27)
cells drug efflux resistance cells to sensitive ones

DOX-resistant MDR-1 mRNA P-gp DOX In sensitive cells, encodes p-gp and promotes drug efflux from (27)
cells resistance sensitive cells

HGOS cells miR-25-3p DKK3 Unknown Promotes tumor growth, invasion and drug resistance (28)
DOX-resistant IncRNA ANCR Unknown DOX Promotes tumor growth, invasion and drug resistance (29)
cells resistance

CDDP-resistant HSA_CIRC_103801 | Unknown CDDP Reduced cellular sensitivity to CDDP and increased expression of (30)
cells resistance multidrug resistance-associated protein 1 and P-gp

DOX, doxorubicin; CDDP, cisplatin; HGOS, high-grade osteosarcoma; MDR-1, multidrug resistance-1; DKK3, dickkopf WNT signal pathway inhibitor 3; P-gp, permeability glycoprotein.
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authors believe that this would be a new direction to explore the
mechanism of exosome-mediated OS drug resistance.

Exosome shuttle RNA mediates drug
resistance in OS cells

In the 2010s, researchers demonstrated that miRNA and mRNA
can be loaded as “goods” in exosomes. The exosome carries RNA
that can shuttle between cells, so it is called “exosome shuttle RNA”.
As more and more studies have found that exosome shuttle RNA
plays an important role in intercellular communication (41),
researchers have begun to explore the relationship between
exosomal RNA and drug resistance. Research have confirmed
RNA in exosomes produced by tumor cells can mediate tumor
drug resistance (42, 43) (Figure 2), and this mechanism also exists in
OS cells. Human HGOS tissues had an abnormal miR-25-3p
expression which inhibited the expression of dickkopf WNT
signal pathway inhibitor 3 (DKK3) gene, according to an article
from 2018 (28), and was found to be negatively correlated with
clinical outcomes. The same authors demonstrated that in the
HGOS experimental model, up-regulation of miR-25-3p
promoted tumor growth, invasion and drug resistance, and the
same effect was detected after DKK3 silencing. An interesting
finding was that tumor-derived exosomes contain miR-25-3p,
suggesting that it may play its carcinogenic role through
exosomes-mediated transmission. At the same time Xin Hu et al.
(29) had reported exosomal long non-coding RNA ANCR

Frontiers in Oncology

mediates drug resistance in OS. They found exosomes
derived from doxycycline (dox)-resistant cells can drive in vitro
chemoresistance to dox in dox-sensitive cells, and the expression of
DANCER (encoding IncRNA) in exosomes of dox-resistant cells
was higher than that in exosomes of dox-sensitive cells, testified the
high expression of the IncRNA ANCR is related to dox-resistant in
OS. Another study from the same year (30) noted that exosomes,
originated from cisplatin-resistant OS cells, confer cisplatin
resistance to recipient cells in an exosomal circ_103801-
dependent manner. Circular RNAs (circRNAs) are a kind of non-
coding RNAs that are formed by back-splicing events. The
expression of HSA_CIRC_103801, a novel discovered circRNA,
was shown to be upregulated in OS tissues and cell lines (44).
Researchers first reported the existence of exosome-derived
HSA_CIRC_103801 in cisplatin (CDDP)-resistant OS cells, and
proved that exosome-derived HSA_CIRC_103801 produced by
CDDP-resistant cells can enhance the resistance of OS cells to
CDDP (30). These results suggest that exosomes derived from drug-
resistant OS cells can mediate drug resistance of chemotherapy-
sensitive OS cells by carrying RNA with different function.

In addition, with deep investigations of miRNA in recent years,
a host of studies have validated miRNAs are involved in the
formation of OS drug resistance (45). As oncogenic or tumor
suppressor miRNAs, these miRNAs play an important role in
chemosensitivity by increasing DDR, preventing apoptosis,
triggering autophagy, and activating CSCs (46). However, only
three of the above-mentioned non-coding RNAs have been
confirmed and reported to mediate OS drug resistance by
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exosomes as vectors. Therefore, it is necessary to perform
compositional analysis of exosomal cargoes in subsequent studies
of OS to search for non-coding RNAs and thus explore their
relationship with drug resistance.

Exosomal cargo-mediated drug resistance

Exosomes are functional protein and small RNA containing
extracellular vesicles that are able to mediate hetero-and homotypic
intercellular communication (47). This means that in addition to
mRNA, the functional proteins carried by exosomes can also
mediate drug resistance in OS cells (Figure 2). In a recent study,
exosomal protein cargo was studied using an experimental model of
canine OS and clinical samples (48). In this study, the protein
content of exosomes derived from two kinds of canine OS and
carboplatin-resistant variants (HMPOS-2.5R and HMPOS-10R)
was compared with that of their drug-sensitive parent cell line
HMPOS. The authors demonstrated that exosomes exhibit different
protein characteristics associated with drug resistance, and
exosomes from drug-resistant HMPOS-2.5R variants can transfer
drug resistance to drug-sensitive HMPOS cells. At the same time,
researchers have found the expression of B-catenin was upregulated
in the carboplatin resistant cell lines, B-catenin can induce drug
resistance by various mechanisms, including upregulation of MDR1
and promotion of epithelial-mesenchymal transformation. Despite
the -catenin protein was not detected in the exosomal cargo, they
have confirmed signal transduction of this pathway and speculated
that exosomes of resistant cells may promote the expression and

10.3389/fonc.2023.1133726

phosphorylation of B-catenin in naive cells (48). The above results
demonstrate that there is a link between OS-derived exosomal
proteins and OS drug resistance, but the exact mechanism still
needs further study in the future.

Exosomes and diagnosis in
osteosarcoma

Tumor biomarkers can predict response to specific treatments
and may reveal tumor sensitivity or resistance to drugs. Therefore,
liquid biopsy analysis (circulating tumor cells, cell-free DNA,
exosomes, and proteins) has received a lot of attention from
researchers because of its minimally invasive and reproducible
nature (49-51). As we gain an understanding of exosome biology
and its role in tumor therapy resistance, due to their unique features
(carrying surface markers, their cargos reflect the physiological state
of the cell they originated from, relatively stable structure, and
presence in almost all biological fluids), exosomes can be used as
biomarkers of response or resistance to therapy and as early
indicators of disease progression (52-54). In this review, we
summarize published clinical studies on exploiting exosomes as
diagnostic, prognostic, or predictive biomarkers in OS (Table 2).

Existing studies confirm that transport from tumor cell exosomes
can be observed in almost all types of liquid or solid tumors, and some
of these studies found that exosomes with differential expression of
miRNA and mRNA predict chemotherapy response in OS and can be
used as biomarkers of tumor cells (57, 58). At the same time, it has been
found that the profiles of miRNA carried by exosomes is a marker of

TABLE 2 Published clinical studies on exploiting exosomes as diagnostic, prognostic, or predictive biomarkers in OS.

Clinical studies Diagnosis Prognosis Target therapy Reference
Fujiwara T, 2017 Osteosarcoma AUROC 0.868 (0.743-0.993) Exosomal miR-25-3p (55)
Sensitivity, % 71.4
Specificity, % 92.3
Yoshida A, 2018 Osteosarcoma Unknown Exosomal miR-25-3p (28)
Wang L, 2021 Osteosarcoma AUROC (1-years DFS) 0.90 (0.83-0.98) Exosome-derived SENP1 (56)
Sensitivity, % 87.5
Specificity, % 89.1
AUROC (3-years DFS) 0.96 (0.94-0.99)
Sensitivity, % 91.8
Specificity, % 89
AUROC (1-years OS) 0.90 (0.82-0.99)
Sensitivity, % 85.7
Specificity, % 90.6
AUROC (3-years OS) 0.96 (0.93-0.98)
Sensitivity, % 833
Specificity, % 95
SENPI, sentrin sumo-specific protease 1; AUROC, area under the receiver operating characteristic curve; DFS, disease-free survival; OS, overall survival.
Frontiers in Oncology 05 frontiersin.org
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tumor cell type and can reflect the characteristics of parental cells (59,
60), that is to say, miRNA, which originate from the exosomes of OS
cells in plasma and reflect the characteristics of OS cells, can also be
used as a biomarker of OS patients (61). In the subsequent study,
Fujiwara et al. successfully verified that serum exosomal miR-25-3p can
be used as a noninvasive blood-based biomarker for tumor monitoring
in OS patients (55), meanwhile, a study in 2021 (56) confirmed that the
plasma exosome-derived sentrin SUMO-specific proteasel (SENP1)
was better than plasma SENP1 as a prognostic biomarker in OS.
Exosomes have richer and more complete information than other
analyses used in liquid biopsies, providing more accurate results or
information for predicting treatment response and monitoring the
progression of OS. A recent review (60) summarized the research
progress of circRNA as a biomarker for osteosarcoma and mentioned
that exosomal circRNA exists in a large number of different sources of
body fluids and also carries biological information related to the
primary tumor, which can cross various biological barriers and holds
great promise for the diagnosis and treatment of osteosarcoma as a
biomarker for early diagnosis and prognosis assessment. Presently, two
human clinical trials on exosomes as biomarkers of OS are under way,
which proves that exosomes have great potential in the field of OS
biomarkers (61). But there are still some limitations, for example,
standardized methods for collecting, processing, and isolating exosome
samples have not been established. Current separation techniques, such
as ultracentrifugation, are time consuming and do not allow for high
purity separation (62). In addition, how to perform specific
identification of tumor-derived exosomes among many different
sources of exosomes will also be a challenge for exosomes as
OS biomarkers.

Exosomes and therapy in OS

In OS cells, exosomes can not only induce the transfer of drug
resistance from drug-resistant cells to sensitive cells, promote tumor
growth and development, but also inhibit tumor progression (65).
Due to their unique properties and function, exosomes are regards
as a potential treatment of cancers including OS (66). In addition,
with the development of nanotechnology and its application
in medicine, the therapeutic potential of exosomes has been
improved. Despite, chemotherapy is the main auxiliary therapy
for OS, systemic injury caused by chemotherapeutic drugs is
inevitable. Therefore, it is particularly important to develop a
drug delivery system that can directly target OS cells. Researchers
have found exosomes are a promising drug delivery system with low
immunogenicity, high biocompatibility and high delivery efficiency
(67), and have demonstrated the great potential of exosomes as
nano-carriers in the treatment of OS (68).

Currently miRNA has been considered as a potential anticancer
drug, in a recent study (69), researchers investigated the effect of
miR-449a/CCNB1 axis on osteosarcoma through bioinformatics
analysis and in vitro cellular assays, demonstrating that investigated
miR-449a can inhibit osteosarcoma growth. However, because
exogenous miRNA is easily degraded in the body, traditional
miRNAs delivery methods do not usually achieve the expected
effect (62). So, in order to overcome this problem, it is undoubtedly
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the best choice to choose exosomes as miRNA carriers. Shimbo et al.
found that artificial miRNA-143 can be introduced into OS cells
through exosomes to play a therapeutic role and reduce
bone metastasis. Moreover, they proved the superiority and
effectiveness of exosomes as miRNA vectors by comparing with
other transfection process (70). At the same time, in another
research, Wei et al. developed a new nano drug by combining
DOX with exosomes from MSCs. Compared with the effect of free
DOX, the new drug has a stronger anti-tumor effect and shows
better targeting selectivity, they speculate that it may be attributed
to the interaction of the membrane proteins in the surface of MSCs-
derived exosomes and OS cells (71). Furthermore, in recent years,
studies on EXO membrane proteins have also shown that EXO
targeted transport is related to it (72). The results of Han et al. show
that the high targeting of exosome dependent delivery system is due
to the surface modification of exosome membrane (73). In addition
to these, researchers found that the exosomes from mesenchymal
stem cells have homing ability similar to that of their parents, and
can directly deliver drugs to recipient cells under the condition of
protecting them from extracellular degradation (74), and Abello
et al. proves this mechanism also exists in OS cells (75). A study in
2022 (76) also demonstrated that exosomes can be used as a safe
nanocarrier loaded with miR-665 allowing it to inhibit OS
progression in vivo and in vitro for therapeutic purposes. In
another study in the same year (69), Han ] et al. concluded that
MiR-449a could be used as an anti-cancer agent loaded in
engineered exosomes. To sum up, exosomes can play an
important role as nanocarriers of drugs in the treatment of OS
due to their low cytotoxicity and good target selectivity.

Drawbacks in the use of exosomes for
clinical management

Currently, the great potential of exosomes as diagnostic and
prognostic biomarkers for various cancers has been demonstrated,
however, to be further used in the clinic, the acquisition of
exosomes will be a non-negligible challenge, and despite
revolutionary advances in exosome isolation techniques, due to
the high heterogeneity and nanometer size of exosomes, there is no
standardized method for high-throughput, high purity and minimal
damage isolation of exosomes (77). At the same time, it is widely
recognized that exosomes can be used as nanocarriers for cancer
therapeutics, but how to find exosomes that work specifically
among the many exosomes and how to ensure that engineered
exosomes exert targeted tumor-killing effects without affecting
other cells are challenges that need to be overcome (78).

Conclusion

Osteosarcoma is clinically considered to be a chemotherapy-
resistant tumor, so even with the continuous improvement of
chemotherapy and treatment, the survival rate is still not ideal.
The existing evidence shows that exosomes, as intercellular
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communication molecules, play an important role in drug
resistance, diagnosis and treatment of OS and have been
confirmed by relevant literature. But so far, Food and Drug
Administration (FDA) has not approved the use of exosomes as a
clinical trial of OS therapy, on the one hand, because the
mechanism and specific function of exosomes have not been fully
understood, on the other hand, it is necessary to improve
the production and storage of exosomes to avoid exosomes
inactivation. Generally speaking, OS is still a puzzle to be
developed, but the discovery of exosomes and the deepening of its
research give us new hope. Therefore, despite many challenges,
exosomes may play an important role in the diagnosis and
treatment of OS as a biomarker for predicting and monitoring
the therapeutic effect of OS, as a drug carrier or as a potential target
for reversing drug resistance.

Author contributions

CHF, YXW, PGX conceived the structure of the manuscript. CHF
wrote the manuscript and drew the figures and was a major contributor
in writing. JYW, XH, BJC revised the manuscript. All authors
contributed to the article and approved the submitted version.

References

1. Zhang H, Wang J, Ren T, Huang Y, Liang X, Yu Y, et al. Bone marrow
mesenchymal stem cell-derived exosomal mir-206 inhibits osteosarcoma progression
by targeting Tra2b. Cancer Lett (2020) 490:54-65. doi: 10.1016/j.canlet.2020.07.008

2. Li S, Liu F, Zheng K, Wang W, Qiu E, Pei Y, et al. Circdockl promotes the
tumorigenesis and cisplatin resistance of osteogenic sarcoma Via the mir-339-3p/Igflr
axis. Mol Cancer (2021) 20(1):161. doi: 10.1186/s12943-021-01453-0

3. Ottaviani G, Jaffe N. The epidemiology of osteosarcoma. Cancer Treat Res (2009)
152:3-13. doi: 10.1007/978-1-4419-0284-9_1

4. Belayneh R, Fourman MS, Bhogal S, Weiss KR. Update on osteosarcoma. Curr
Oncol Rep (2021) 23(6):71. doi: 10.1007/s11912-021-01053-7

5. Rosen G, Tan C, Sanmaneechai A, Beattie EJJr., Marcove R, Murphy ML. The
rationale for multiple drug chemotherapy in the treatment of osteogenic sarcoma.
Cancer (1975) 35(3 suppl):936-45. doi: 10.1002/1097-0142(197503)35:3+<936::aid-
cncr2820350714>3.0.co;2-b

6. Bielack S, Jirgens H, Jundt G, Kevric M, Kithne T, Reichardt P, et al.
Osteosarcoma: The coss experience. Cancer Treat Res (2009) 152:289-308.
doi: 10.1007/978-1-4419-0284-9_15

7. Arndt CA, Crist WM. Common musculoskeletal tumors of childhood and
adolescence. N Engl ] Med (1999) 341(5):342-52. doi: 10.1056/nejm199907293410507

8. Bielack SS, Smeland S, Whelan JS, Marina N, Jovic G, Hook JM, et al.
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
(20):2279-87. doi: 10.1200/jc0.2014.60.0734

9. Gill ], Gorlick R. Advancing therapy for osteosarcoma. Nat Rev Clin Oncol (2021)
18(10):609-24. doi: 10.1038/s41571-021-00519-8

10. Smrke A, Anderson PM, Gulia A, Gennatas S, Huang PH, Jones RL. Future directions
in the treatment of osteosarcoma. Cells (2021) 10(1):172. doi: 10.3390/cells10010172

11. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science (2020) 367(6478):eaau6977. doi: 10.1126/science.aau6977

12. Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem (2019) 88:487-514.
doi: 10.1146/annurev-biochem-013118-111902

13. Sarhadi VK, Daddali R, Seppénen-Kaijansinkko R. Mesenchymal stem cells and
extracellular vesicles in osteosarcoma pathogenesis and therapy. Int ] Mol Sci (2021) 22
(20):11035. doi: 10.3390/ijms222011035

14. Kowal ], Tkach M, Theéry C. Biogenesis and secretion of exosomes. Curr Opin
Cell Biol (2014) 29:116-25. doi: 10.1016/j.ceb.2014.05.004

Frontiers in Oncology

10.3389/fonc.2023.1133726

Acknowledgments

The authors would also like to thank the support from The
Second Affiliated Hospital of Harbin Medical University. The figure
of the article was drawn by the Figdraw (www.figdraw.com).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

15. Munson P, Shukla A. Exosomes: Potential in cancer diagnosis and therapy.
Medicines (Basel) (2015) 2(4):310-27. doi: 10.3390/medicines2040310

16. Zhang L, Yu D. Exosomes in cancer development, metastasis, and immunity.
Biochim Biophys Acta Rev Cancer (2019) 1871(2):455-68. doi: 10.1016/
j.bbcan.2019.04.004

17. Zhou Y, Zhang Y, Gong H, Luo S, Cui Y. The role of exosomes and their
applications in cancer. Int ] Mol Sci (2021) 22(22):12204. doi: 10.3390/ijms222212204

18. Garimella R, Washington L, Isaacson ], Vallejo J, Spence M, Tawfik O, et al.
Extracellular membrane vesicles derived from 143b osteosarcoma cells contain pro-
osteoclastogenic cargo: A novel communication mechanism in osteosarcoma bone
microenvironment. Transl Oncol (2014) 7(3):331-40. doi: 10.1016/j.tranon.2014.04.011

19. Yang L, Huang X, Guo H, Wang L, Yang W, Wu W, et al. Exosomes as efficient
nanocarriers in osteosarcoma: Biological functions and potential clinical applications.
Front Cell Dev Biol (2021) 9:737314. doi: 10.3389/fcell.2021.737314

20. Lilienthal I, Herold N. Targeting molecular mechanisms underlying treatment
efficacy and resistance in osteosarcoma: A review of current and future strategies. Int |
Mol Sci (2020) 21(18):6885. doi: 10.3390/ijms21186885

21. Hattinger CM, Patrizio MP, Magagnoli F, Luppi S, Serra M. An update on
emerging drugs in osteosarcoma: Towards tailored therapies? Expert Opin Emerg Drugs
(2019) 24(3):153-71. doi: 10.1080/14728214.2019.1654455

22. Brard C, Piperno-Neumann S, Delaye ], Brugiéres L, Hampson LV, Le Teuft G,
et al. Sarcome-13/0s2016 trial protocol: A multicentre, randomised, open-label, phase
ii trial of mifamurtide combined with postoperative chemotherapy for patients with
newly diagnosed high-risk osteosarcoma. BMJ Open (2019) 9(5):€025877. doi: 10.1136/
bmjopen-2018-025877

23. Jimmy R, Stern C, Lisy K, White S. Effectiveness of mifamurtide in addition to
standard chemotherapy for high-grade osteosarcoma: A systematic review. JBI Database
Syst Rev Implement Rep (2017) 15(8):2113-52. doi: 10.11124/jbisrir-2016-003105

24. Palmerini E, Meazza C, Tamburini A, Bisogno G, Ferraresi V, Asaftei SD, et al.
Phase 2 study for nonmetastatic extremity high-grade osteosarcoma in pediatric and
adolescent and young adult patients with a risk-adapted strategy based on Abcb1/P-
glycoprotein expression: An Italian sarcoma group trial (Isg/Os-2). Cancer (2022) 128
(10):1958-66. doi: 10.1002/cncr.34131

25. Marchandet L, Lallier M, Charrier C, Baudhuin M, Ory B, Lamoureux F.
Mechanisms of resistance to conventional therapies for osteosarcoma. Cancers (Basel)
(2021) 13(4):683. doi: 10.3390/cancers13040683

26. Shedden K, Xie XT, Chandaroy P, Chang YT, Rosania GR. Expulsion of small
molecules in vesicles shed by cancer cells: Association with gene expression and
chemosensitivity profiles. Cancer Res (2003) 63(15):4331-7.

frontiersin.org


http://www.figdraw.com
https://doi.org/10.1016/j.canlet.2020.07.008
https://doi.org/10.1186/s12943-021-01453-0
https://doi.org/10.1007/978-1-4419-0284-9_1
https://doi.org/10.1007/s11912-021-01053-7
https://doi.org/10.1002/1097-0142(197503)35:3+%3C936::aid-cncr2820350714%3E3.0.co;2-b
https://doi.org/10.1002/1097-0142(197503)35:3+%3C936::aid-cncr2820350714%3E3.0.co;2-b
https://doi.org/10.1007/978-1-4419-0284-9_15
https://doi.org/10.1056/nejm199907293410507
https://doi.org/10.1200/jco.2014.60.0734
https://doi.org/10.1038/s41571-021-00519-8
https://doi.org/10.3390/cells10010172
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1146/annurev-biochem-013118-111902
https://doi.org/10.3390/ijms222011035
https://doi.org/10.1016/j.ceb.2014.05.004
https://doi.org/10.3390/medicines2040310
https://doi.org/10.1016/j.bbcan.2019.04.004
https://doi.org/10.1016/j.bbcan.2019.04.004
https://doi.org/10.3390/ijms222212204
https://doi.org/10.1016/j.tranon.2014.04.011
https://doi.org/10.3389/fcell.2021.737314
https://doi.org/10.3390/ijms21186885
https://doi.org/10.1080/14728214.2019.1654455
https://doi.org/10.1136/bmjopen-2018-025877
https://doi.org/10.1136/bmjopen-2018-025877
https://doi.org/10.11124/jbisrir-2016-003105
https://doi.org/10.1002/cncr.34131
https://doi.org/10.3390/cancers13040683
https://doi.org/10.3389/fonc.2023.1133726
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Fu et al.

27. Torreggiani E, Roncuzzi L, Perut F, Zini N, Baldini N. Multimodal transfer of
mdr by exosomes in human osteosarcoma. Int | Oncol (2016) 49(1):189-96.
doi: 10.3892/ij0.2016.3509

28. Yoshida A, Fujiwara T, Uotani K, Morita T, Kiyono M, Yokoo S, et al. Clinical
and functional significance of intracellular and extracellular microrna-25-3p in
osteosarcoma. Acta Med Okayama (2018) 72(2):165-74. doi: 10.18926/amo/55857

29. Hu X, Wen Y, Tan LY, Wang J, Tang F, Wang YT, et al. Exosomal long non-
coding rna ancr mediates drug resistance in osteosarcoma. Front Oncol (2021)
11:735254. doi: 10.3389/fonc.2021.735254

30. Pan Y, Lin Y, Mi C. Cisplatin-resistant osteosarcoma cell-derived exosomes
confer cisplatin resistance to recipient cells in an exosomal Circ_103801-dependent
manner. Cell Biol Int (2021) 45(4):858-68. doi: 10.1002/cbin.11532

31. Nedeljkovic M, Damjanovi¢ A. Mechanisms of chemotherapy resistance in
triple-negative breast cancer-how we can rise to the challenge. Cells (2019) 8(9):957.
doi: 10.3390/cells8090957

32. Locher KP. Mechanistic diversity in atp-binding cassette (Abc) transporters. Nat
Struct Mol Biol (2016) 23(6):487-93. doi: 10.1038/nsmb.3216

33. Ambudkar SV, Kimchi-Sarfaty C, Sauna ZE, Gottesman MM. P-glycoprotein:
From genomics to mechanism. Oncogene (2003) 22(47):7468-85. doi: 10.1038/
sj.onc.1206948

34. Bebawy M, Combes V, Lee E, Jaiswal R, Gong J, Bonhoure A, et al. Membrane
microparticles mediate transfer of p-glycoprotein to drug sensitive cancer cells.
Leukemia (2009) 23(9):1643-9. doi: 10.1038/leu.2009.76

35. Levchenko A, Mehta BM, Niu X, Kang G, Villafania L, Way D, et al. Intercellular
transfer of p-glycoprotein mediates acquired multidrug resistance in tumor cells. Proc
Natl Acad Sci U.S.A. (2005) 102(6):1933-8. doi: 10.1073/pnas.0401851102

36. Sousa D, Lima RT, Vasconcelos MH. Intercellular transfer of cancer drug
resistance traits by extracellular vesicles. Trends Mol Med (2015) 21(10):595-608.
doi: 10.1016/j.molmed.2015.08.002

37. MaX, CaiY,He D, Zou C, Zhang P, Lo CY, et al. Transient receptor potential
channel Trpc5 is essential for p-glycoprotein induction in drug-resistant cancer
cells. Proc Natl Acad Sci U.S.A. (2012) 109(40):16282-7. doi: 10.1073/
pnas.1202989109

38. Wang T, Ning K, Lu TX, Sun X, Jin L, Qi X, et al. Increasing circulating
exosomes-carrying Trpc5 predicts chemoresistance in metastatic breast cancer patients.
Cancer Sci (2017) 108(3):448-54. doi: 10.1111/cas.13150

39. Ma X, Chen Z, Hua D, He D, Wang L, Zhang P, et al. Essential role for Trpc5-
containing extracellular vesicles in breast cancer with chemotherapeutic resistance.
Proc Natl Acad Sci U.S.A. (2014) 111(17):6389-94. doi: 10.1073/pnas.1400272111

40. Ning K, Wang T, Sun X, Zhang P, Chen Y, Jin J, et al. Uch-L1-Containing
exosomes mediate chemotherapeutic resistance transfer in breast cancer. J Surg Oncol
(2017) 115(8):932-40. doi: 10.1002/js0.24614

41. Simons M, Raposo G. Exosomes-vesicular carriers for intercellular
communication. Curr Opin Cell Biol (2009) 21(4):575-81. doi: 10.1016/j.ceb.2009.
03.007

42. Wang]JY, Yang Y, Ma Y, Wang F, Xue A, Zhu J, et al. Potential regulatory role of
Incrna-Mirna-Mrna axis in osteosarcoma. BioMed Pharmacother (2020) 121:109627.
doi: 10.1016/j.biopha.2019.109627

43. Wang X, Zhang H, Yang H, Bai M, Ning T, Deng T, et al. Exosome-delivered
circrna promotes glycolysis to induce chemoresistance through the mir-122-Pkm?2 axis
in colorectal cancer. Mol Oncol (2020) 14(3):539-55. doi: 10.1002/1878-0261.12629

44. Liu W, Zhang J, Zou C, Xie X, Wang Y, Wang B, et al. Microarray expression
profile and functional analysis of circular rnas in osteosarcoma. Cell Physiol Biochem
(2017) 43(3):969-85. doi: 10.1159/000481650

45. Miao J, Wu S, Peng Z, Tania M, Zhang C. Micrornas in osteosarcoma:
Diagnostic and therapeutic aspects. Tumour Biol (2013) 34(4):2093-8. doi: 10.1007/
s13277-013-0940-7

46. Chen R, Wang G, Zheng Y, Hua Y, Cai Z. Drug resistance-related micrornas in
osteosarcoma: Translating basic evidence into therapeutic strategies. ] Cell Mol Med
(2019) 23(4):2280-92. doi: 10.1111/jcmm. 14064

47. Théry C, Zitvogel L, Amigorena S. Exosomes: Composition, biogenesis and
function. Nat Rev Immunol (2002) 2(8):569-79. doi: 10.1038/nri855

48. Weinman MA, Ramsey SA, Leeper HJ, Brady JV, Schlueter A, Stanisheuski S,
et al. Exosomal proteomic signatures correlate with drug resistance and carboplatin
treatment outcome in a spontaneous model of canine osteosarcoma. Cancer Cell Int
(2021) 21(1):245. doi: 10.1186/s12935-021-01943-7

49. Bardelli A, Pantel K. Liquid biopsies, what we do not know (yet). Cancer Cell
(2017) 31(2):172-9. doi: 10.1016/j.ccell.2017.01.002

50. Campos-Carrillo A, Weitzel JN, Sahoo P, Rockne R, Mokhnatkin JV, Murtaza
M, et al. Circulating tumor DNA as an early cancer detection tool. Pharmacol Ther
(2020) 207:107458. doi: 10.1016/j.pharmthera.2019.107458

51. Li X, Seebacher NA, Hornicek FJ, Xiao T, Duan Z. Application of liquid biopsy
in bone and soft tissue sarcomas: Present and future. Cancer Lett (2018) 439:66-77.
doi: 10.1016/j.canlet.2018.09.012

52. Nazri HM, Imran M, Fischer R, Heilig R, Manek S, Dragovic RA, et al.
Characterization of exosomes in peritoneal fluid of endometriosis patients. Fertil
Steril (2020) 113(2):364-73.¢2. doi: 10.1016/j.fertnstert.2019.09.032

Frontiers in Oncology

10.3389/fonc.2023.1133726

53. Vanhie A, Tomassetti C, D'Hooghe TM. Peritoneal fluid exosomes as potential
biomarkers for endometriosis: Mind and bridge the gap between innovation and
Validation/Development into benefit for patients. Fertil Steril (2020) 113(2):326-7.
doi: 10.1016/j.fertnstert.2019.12.031

54. O'Neill CP, Gilligan KE, Dwyer RM. Role of extracellular vesicles (Evs) in cell
stress response and resistance to cancer therapy. Cancers (Basel) (2019) 11(2):136.
doi: 10.3390/cancers11020136

55. Fujiwara T, Uotani K, Yoshida A, Morita T, Nezu Y, Kobayashi E, et al. Clinical
significance of circulating mir-25-3p as a novel diagnostic and prognostic biomarker in
osteosarcoma. Oncotarget (2017) 8(20):33375-92. doi: 10.18632/oncotarget.16498

56. Wang L, Wu J, Song S, Chen H, Hu Y, Xu B, et al. Plasma exosome-derived
sentrin sumo-specific protease 1: A prognostic biomarker in patients with
osteosarcoma. Front Oncol (2021) 11:625109. doi: 10.3389/fonc.2021.625109

57. Kok VC, Yu CC. Cancer-derived exosomes: Their role in cancer biology and
biomarker development. Int ] Nanomed (2020) 15:8019-36. doi: 10.2147/ijn.5272378

58. XuJF, Wang YP, Zhang SJ, Chen Y, Gu HF, Dou XF, et al. Exosomes containing
differential expression of microrna and mrna in osteosarcoma that can predict response
to chemotherapy. Oncotarget (2017) 8(44):75968-78. doi: 10.18632/oncotarget.18373

59. Matsumura T, Sugimachi K, Iinuma H, Takahashi Y, Kurashige J, Sawada G,
et al. Exosomal microrna in serum is a novel biomarker of recurrence in human
colorectal cancer. Br ] Cancer (2015) 113(2):275-81. doi: 10.1038/bjc.2015.201

60. Van Giau V, An SS. Emergence of exosomal mirnas as a diagnostic biomarker
for alzheimer's disease. J Neurol Sci (2016) 360:141-52. doi: 10.1016/.jns.2015.12.005

61. Ye Z, Zheng Z, Peng L. Microrna profiling of serum exosomes in patients with
osteosarcoma by high-throughput sequencing. J Investig Med (2020) 68(4):893-901.
doi: 10.1136/jim-2019-001196

62. Wu H, Zheng S, He Q, Li Y. Recent advances of circular rnas as biomarkers for
osteosarcoma. Int ] Gen Med (2023) 16:173-83. doi: 10.2147/ijgm.S380834

63. Santos A, Domingues C, Jarak I, Veiga F, Figueiras A. Osteosarcoma from the
unknown to the use of exosomes as a versatile and dynamic therapeutic approach. Eur J
Pharm Biopharm (2022) 170:91-111. doi: 10.1016/j.ejpb.2021.12.003

64. Zhang XB, Zhang RH, Su X, Qi J, Hu YC, Shi JT, et al. Exosomes in
osteosarcoma research and preclinical practice. Am J Transl Res (2021) 13(3):882-97.

65. Vakhshiteh F, Atyabi F, Ostad SN. Mesenchymal stem cell exosomes: A two-
edged sword in cancer therapy. Int ] Nanomed (2019) 14:2847-59. doi: 10.2147/
ijn.5200036

66. Mahjoum S, Rufino-Ramos D, Pereira de Almeida L, Broekman MLD,
Breakefield XO, van Solinge TS. Living proof of activity of extracellular vesicles in
the central nervous system. Int J Mol Sci (2021) 22(14):7294. doi: 10.3390/
ijms22147294

67. Kim MS, Haney MJ, Zhao Y, Yuan D, Deygen I, Klyachko NL, et al. Engineering
macrophage-derived exosomes for targeted paclitaxel delivery to pulmonary
metastases: In vitro and in vivo evaluations. Nanomedicine (2018) 14(1):195-204.
doi: 10.1016/j.nan0.2017.09.011

68. Pu F, Chen F, Zhang Z, Liu ], Shao Z. Information transfer and biological
significance of neoplastic exosomes in the tumor microenvironment of osteosarcoma.
Onco Targets Ther (2020) 13:8931-40. doi: 10.2147/0tt.S266835

69. HanJ, Zhao Z, Wang Y, Yu T, Wan D. Screening for microrna combination with
engineered exosomes as a new tool against osteosarcoma in elderly patients. Front
Bioeng Biotechnol (2022) 10:1052252. doi: 10.3389/fbioe.2022.1052252

70. Shimbo K, Miyaki S, Ishitobi H, Kato Y, Kubo T, Shimose S, et al. Exosome-
formed synthetic microrna-143 is transferred to osteosarcoma cells and inhibits their
migration. Biochem Biophys Res Commun (2014) 445(2):381-7. doi: 10.1016/
j.bbrc.2014.02.007

71. Wei H, Chen J, Wang S, Fu F, Zhu X, Wu C, et al. A nanodrug consisting of
doxorubicin and exosome derived from mesenchymal stem cells for osteosarcoma
treatment in vitro. Int ] Nanomed (2019) 14:8603-10. doi: 10.2147/ijn.5218988

72. HuQ, SuH, LiJ, Lyon C, Tang W, Wan M, et al. Clinical applications of exosome
membrane proteins. Precis Clin Med (2020) 3(1):54-66. doi: 10.1093/pcmedi/pbaa007

73. HanZ,Lv W, LiY, Chang J, Zhang W, Liu C, et al. Improving tumor targeting of
exosomal membrane-coated polymeric nanoparticles by conjugation with aptamers.
ACS Appl Bio Mater (2020) 3(5):2666-73. doi: 10.1021/acsabm.0c00181

74. Harrell CR, Jovicic N, Djonov V, Volarevic V. Therapeutic use of mesenchymal
stem cell-derived exosomes: From basic science to clinics. Pharmaceutics (2020) 12
(5):474. doi: 10.3390/pharmaceutics12050474

75. Abello ], Nguyen TDT, Marasini R, Aryal S, Weiss ML. Biodistribution of
gadolinium- and near infrared-labeled human umbilical cord mesenchymal stromal
cell-derived exosomes in tumor bearing mice. Theranostics (2019) 9(8):2325-45.
doi: 10.7150/thno.30030

76. Zhang B, Yang Y, Tao R, Yao C, Zhou Z, Zhang Y. Exosomes loaded with mir-
665 inhibit the progression of osteosarcoma in vivo and in vitro. Am J Transl Res (2022)
14(10):7012-26.

77. YuD, Li Y, Wang M, Gu J, Xu W, Cai H, et al. Exosomes as a new frontier of
cancer liquid biopsy. Mol Cancer (2022) 21(1):56. doi: 10.1186/s12943-022-01509-9

78. Wang S, Shi Y. Exosomes derived from immune cells: The new role of tumor

immune microenvironment and tumor therapy. Int ] Nanomed (2022) 17:6527-50.
doi: 10.2147/ijn.S388604

frontiersin.org


https://doi.org/10.3892/ijo.2016.3509
https://doi.org/10.18926/amo/55857
https://doi.org/10.3389/fonc.2021.735254
https://doi.org/10.1002/cbin.11532
https://doi.org/10.3390/cells8090957
https://doi.org/10.1038/nsmb.3216
https://doi.org/10.1038/sj.onc.1206948
https://doi.org/10.1038/sj.onc.1206948
https://doi.org/10.1038/leu.2009.76
https://doi.org/10.1073/pnas.0401851102
https://doi.org/10.1016/j.molmed.2015.08.002
https://doi.org/10.1073/pnas.1202989109
https://doi.org/10.1073/pnas.1202989109
https://doi.org/10.1111/cas.13150
https://doi.org/10.1073/pnas.1400272111
https://doi.org/10.1002/jso.24614
https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1016/j.biopha.2019.109627
https://doi.org/10.1002/1878-0261.12629
https://doi.org/10.1159/000481650
https://doi.org/10.1007/s13277-013-0940-7
https://doi.org/10.1007/s13277-013-0940-7
https://doi.org/10.1111/jcmm.14064
https://doi.org/10.1038/nri855
https://doi.org/10.1186/s12935-021-01943-7
https://doi.org/10.1016/j.ccell.2017.01.002
https://doi.org/10.1016/j.pharmthera.2019.107458
https://doi.org/10.1016/j.canlet.2018.09.012
https://doi.org/10.1016/j.fertnstert.2019.09.032
https://doi.org/10.1016/j.fertnstert.2019.12.031
https://doi.org/10.3390/cancers11020136
https://doi.org/10.18632/oncotarget.16498
https://doi.org/10.3389/fonc.2021.625109
https://doi.org/10.2147/ijn.S272378
https://doi.org/10.18632/oncotarget.18373
https://doi.org/10.1038/bjc.2015.201
https://doi.org/10.1016/j.jns.2015.12.005
https://doi.org/10.1136/jim-2019-001196
https://doi.org/10.2147/ijgm.S380834
https://doi.org/10.1016/j.ejpb.2021.12.003
https://doi.org/10.2147/ijn.S200036
https://doi.org/10.2147/ijn.S200036
https://doi.org/10.3390/ijms22147294
https://doi.org/10.3390/ijms22147294
https://doi.org/10.1016/j.nano.2017.09.011
https://doi.org/10.2147/ott.S266835
https://doi.org/10.3389/fbioe.2022.1052252
https://doi.org/10.1016/j.bbrc.2014.02.007
https://doi.org/10.1016/j.bbrc.2014.02.007
https://doi.org/10.2147/ijn.S218988
https://doi.org/10.1093/pcmedi/pbaa007
https://doi.org/10.1021/acsabm.0c00181
https://doi.org/10.3390/pharmaceutics12050474
https://doi.org/10.7150/thno.30030
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.2147/ijn.S388604
https://doi.org/10.3389/fonc.2023.1133726
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Exosomes and osteosarcoma drug resistance
	Introduction
	Exosome and chemoresistance in osteosarcoma
	Exosomes-mediated drug efflux
	Exosome shuttle RNA mediates drug resistance in OS cells
	Exosomal cargo-mediated drug resistance

	Exosomes and diagnosis in osteosarcoma
	Exosomes and therapy in OS
	Drawbacks in the use of exosomes for clinical management
	Conclusion
	Author contributions
	Acknowledgments
	References


