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Abstract

Osteosarcoma (OS) is the most common primary malignant bone tumor that more commonly occurs in children and
adolescents. The most commonly used treatment for OS is surgery combined with chemotherapy, but the treatment outcomes
are typically unsatisfactory. High rates of metastasis and post-treatment recurrence rates are major challenges in the treatment
of OS. This underlines the need for studying the in-depth characterization of the pathogenetic mechanisms of OS and
development of more effective therapeutic modalities. Previous studies have demonstrated the important role of the bone
microenvironment and the regulation of signaling pathways in the occurrence and development of OS. In this review, we
discussed the available evidence pertaining to the mechanisms of OS development and identified therapeutic targets for OS. We
also summarized the available treatment modalities for OS and identified future priorities for therapeutics research.
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Introduction

Osteosarcoma (OS) is the most common primary malig-
nant bone tumor, and it most commonly occurs in chil-
dren and adolescents, followed by older adults aged
more than 60 years.[!l OS is pathologically classified
into the low-, intermediate-, or high-grades, and over
90% cases of OS have high-grade malignant tumors.!?!
Approximately 25% patients with OS have metastatic
disease, most commonly in the lungs.")

The currently available treatment modalities for OS
include surgery, neoadjuvant chemotherapy, and postop-
erative chemotherapy, but the treatment outcomes are
largely unsatisfactory.l*l OS is characterized by a high
risk of metastasis and post-treatment recurrence.l’! The
estimated 5-year survival rate of patients with recurrent
or metastatic OS is less than 25%.[°! Furthermore, there
has been no significant increase in the survival rate of
patients with metastatic disease over the recent decades.”!
Therefore, tumor metastasis remains a primary concern
in the treatment of OS.

Owing to the poor prognosis of OS, exploration of the
molecular mechanism mediating the occurrence and
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development of OS is a key imperative to improve
clinical treatment. The tumor microenvironment plays a
key role in the proliferation, invasion, and metastasis of
OS, and therapies targeting the tumor microenviron-
ment can have a good effect.l!! Additionally, several
studies have also demonstrated an essential role of
dysregulation of genetic signaling pathways in the devel-
opment of OS. Therefore, in this review, we focused on
the role of the bone microenvironment and the signaling
pathways in the context of OS. Additionally, we discussed
the current clinical treatments for OS and the potential
novel therapeutic strategies to improve the treatment of OS.

Regulation of the Bone Microenvironment in 0S

Adipose tissue and 0S development

In recent years, several studies have demonstrated a
clear interplay between adipose tissue and carcinogen-
esis.’) Adiponectin (adipocyte compliment related protein
30 [Acrp-30]), the most abundant adipose factor produced
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and secreted by adipose tissue, can act as a linking factor
between adipose tissue and tumors. Studies found that
Acrp-30 plays an anti-proliferative and pro-apoptotic
role in cancer.'%!!l Therefore, Acrp-30-based therapy is
a potential approach for cancer treatment. However, the
unfavorable properties of Acrp-30, such as heavy molecular
mass and reduced half-life/stability, hinder its usage in
cancer.!'?! The development of small and synthetic agonists
has provided new potential therapeutic options. The
first-generation small molecule lipocalin receptor agonist
adiporone, the most widely studied non-peptide, is a poten-
tial candidate drug for lipocalin replacement therapy.!'?!
In the study by Sapio et all'¥l, adiporone was found to
affect the cell cycle progression and inhibit proliferation
of human OS cells, which was likely mediated via activa-
tion of the extracellular regulated protein kinase (ERK)
and mammalian target of rapamycin (mTOR) signaling
pathways. Although the initial preclinical results have
highlighted the antiproliferative effects of the agonist in
OS models, the underlying molecular mechanisms are
not well characterized. Therefore, future research should
not only focus on the screening of agonists but also
elucidate its mechanism of action in OS to better target
its application in the clinical setting.

Nerves and 0S development

Emerging data suggest that many tumors are innervated
by the nerves of the tumor microenvironment and that
nerves are actively involved in the malignant progression
of cancer.'¥ The stimulatory effect of nerves seems to be
related to the release of neurotransmitters (such as
norepinephrine) from nerve endings in the tumor micro-
environment, which activates the nerve signals of inter-
stitial cells and cancer cells and promotes tumor progres-
sion.3 The release of nerve growth factor (NGF) and
other neurotrophic growth factors in tumor cells promotes
the growth of tumor nerves, resulting in an increase in
nerve density in the tumor microenvironment.'®! Nerve
and neurotrophic growth factors are increasingly recog-
nized as potential tumor biomarkers and therapeutic
targets.['’) However, the role of tumor innervation in the
context of OS has not been well investigated. Further
studies to characterize the relationship between them
can elucidate the pathogenesis, and help identify more
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Acidity/hypoxia and 0S development

Acidity and hypoxia are prevalent in the bone microenvi-
ronment and are associated with the development and
progression of OS. Abnormal expression of some genes
induced by acidity and hypoxia promotes the metastasis
of OS [Table 1].

The Regulatory Role of Signaling Pathways in 0S

Wnt/pB-catenin signaling pathway

The typical Wnt signaling pathway is the Wnt/B-catenin
signaling pathway [Figure 1]. Several studies have shown
that abnormal activation of Wnt signaling and high
expression of B-catenin are associated with abnormal
histomorphology and abnormal cell proliferation and
differentiation in OS, ultimately leading to the develop-
ment of OS. Accumulation of B-catenin in the cytoplasm
to a certain concentration induces its translocation to
the nucleus, where it binds to the nuclear transcription
factor T-cell factor/lymphoid enhancing factor (TCF/
LEF), leading to the activation and expression of down-
stream target gene promoters, thereby promoting tumor
formation.!”3! Glycogen synthase kinase- 3B (GSK-3B) in
the cytoplasm plays an important role in the degrada-
tion of B-catenin and can inhibit the Wnt 51gnahng
pathway by reducing the stability of B-catenin.**! In a
study by Huang et al®), cinnamaldehyde was shown to
inhibit the classical Wnt/B-catenin signaling by down-
regulating B-catenin and inducing phosphorylation of
downstream target proteins C-myc and matrix metallo-
peptidase 7 (MMP-7). Additionally, cinnamaldehyde
showed a significant inhibitory effect on the phosphati-
dylinositol 3 kinase/protein kinase B (PI3K/AKT)
pathway, which regulates tumor cell proliferation and
survival. Activated AKT and GSK-3B can induce the
expression of a variety of anti-apoptotic protein genes
or inhibit apoptosis through a variety of signaling-
coupled pathways. GSK-3B is a branch downstream of
AKT and its activity enhances the phosphorylation of GSK-
3B, leading to a decrease in its activity.l>?”) Cinnamalde-
hyde may inhibit the accumulation of B-catenin and p-
AKT by enhancing GSK-3p activity, thereby suppressing
the growth of OS.»! A number of small molecule
compounds also play a key role in OS by regulating the

effective targeted therapies for OS. Whnt/B-catenin signaling pathway. Fang et al'*®! showed
Table 1: Hypoxia and acidosis in the bone microenvironment promote the metastasis of 0S.
Conditions Genes Interacting molecules Efficacy Reference
Hypoxia MSTO2P PD-L1 Proliferation, invasion, and EMT 1 [17]
Bcl-2 MicroRNA-15a Migration and invasion 1 [18]
MicroRNA-33b Proliferation and invasion 1 [19]
IncRNA-FOXD2-AS1 Proliferation and invasion 1 [20]
PDGF/PDGFR Proliferation and migration [21]
Acidity CXCL1, CXCL2, - Growth and metastasis T [22]
CXCL4,CXCLS,
IL-6, I1L-8

EMT: Epithelial-to-mesenchymal-transition; OS: Osteosarcoma; PD-L1: Programmed cell death-ligand 1; PDGF: Platelet-derived growth factor;

PDGEFR: PDGEF receptor.
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Figure 1: Wnt/B-catenin signaling pathway and 0S. Wnt ligands bind to the Frizzled and
low density LRP5/6. Thereafter, this signal activates the protein dishevelled (Dsh) in the
cytoplasm. Dsh can reduce the degradation of B-catenin by inhibiting the activity of GSK-
3B kinase. Accumulation of higher amounts of 3-catenin induces its translocation from
the cell membrane to the nucleus, where it acts as a transcriptional co-activator of
transcription factors to participate in the TCF/LEF family. C-myc: Cellular-
myelocytomatosis viral oncogene; CCND1:CyclinD1; Dsh: Dishevelled; GSK-3p: Glycogen
synthase kinase-3 beta; LRP5/6: Lipoprotein receptor-related protein5 and 6; MMP-2:
Matrix Metallo-peptidase 2; 0S: Osteosarcoma; TCF: T-cell factor; LEF: Lymphoid
enhancer-binding factor; Wnt: Wingless/Integrated.

that the small-molecule Wnt/B-catenin inhibitor PRI-724
reduces the proliferation, invasion, and metastasis of OS
by suppressing Wnt/B-catenin-mediated transcription. In
the research of Tan et al?®!, dihydrotanshinone I was
found to inhibit the growth of OS via the Wnt/B-catenin
signaling pathway. The above findings indicate that the
Wnt/B-catenin pathway is strongly associated with OS
invasion and metastasis.

PI3K/AKT signaling pathway

Several studies have demonstrated abnormal expression
of components of the PI3K/AKT signaling pathway in
human cancers, including OS. Altered expression levels
and activity of proteins involved in the PI3K/AKT
pathway are most commonly observed in OS. Dysregu-
lated PI3K/AKT pathway was shown to promote the
proliferation and metastasis of OS cells!*”! [Figure 2].
Human epidermal growth factor receptor 4 (HER4), a
member of the human epidermal growth factor (EGF)
receptor family, is strongly associated with poor prog-
nosis in patients with OS.’!l Studies have found that
HER4 may promote the growth and metastasis of OS
via the PI3K/AKT pathway.’?! The HER4/PI3K/AKT
pathway is a potential target for OS. Transforming
growth factor-B (TGF-B) is a multifunctional cytokine
that plays an important role in cell proliferation and
differentiation. TGF-B is highly expressed in a variety of
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Figure 2: PI3K/AKT signaling pathway and 0S. After the ligand binds to the receptor,
PI3K binds to PIP2 on the inner membrane inducing phosphorylation of PIP2 to PIP3.
Thereafter, PIP3 activates AKT through PDK1. AKT can activate the proteins mTOR and
NK-xB or inhibit GSK-3p and FOX01, and then activate the expression of downstream
target genes. AKT: Protein Kinase B; Bcl-2: B-cell lymphoma-2; C-myc: Cellular-
myelocytomatosis viral oncogene; CCND1: CyclinD1; FOXO1: Forkhead box 01; GSK-3p:
Glycogen synthase kinase-3f3; NK-kB: Nuclear factor-xB; MMP-2: Marix Metallo-
peptidase 2; mTOR: Mammalian target of rapamycin; 0S: Osteosarcoma; PDK1:
Pyruvate dehydrogenase kinase, isozyme1; PI3K/AKT: Phosphatidylinositol 3 kinase/
protein kinase B; PIP2: Phosphatidylinosital biphosphate; PIP3: Phosphatidylinositol
triphosphate; RTK: Receptor tyrosine kinase.

tumors and promotes tumor invasion and metastasis.
TGF-B was shown to be associated with poor prognosis
and to promote the progression of OS via activation of
the PI3K/AKT pathway.?!! A key downstream target of
the PI3K/AKT pathway is mTOR, which is required to
promote cell proliferation, migration, and survival. Addi-
tionally, other important targets affected by AKT include
GSK 3B and nuclear factor-kB (NF-«xB).33! These impor-
tant findings can help inform the development of inhibi-
tors for the corresponding target molecules. In recent
years, anti-cancer properties of natural compounds have
become a research hotspot. In a study by Wu et al*4,
proanthocyanidin B2 was shown to inhibit the prolifera-
tion and induce apoptosis of OS cells by downregulating
the PI3K/AKT/NF-kB signaling pathway. Zhang et all3!
discovered that alantolactone (ALT) inhibits the growth
of OS cells by downregulating the PI3K/AKT signaling
pathway, suggesting that ALT is a potential candidate
for the treatment of OS. In summary, the search for
effective targets in the PI3K/AKT signaling pathway
may help clarify the mechanism of OS metastasis and
facilitate the development of treatment strategies.

Hedgehog signaling pathway

The hedgehog (HH) pathway mamly part1c1pates in cell
growth, differentiation, and tissue polarity,*®! and its
aberrant activation also leads to tumorigenesis and
supports an aggressive tumor phenotype.’’l Relevant
studies have demonstrated a close relationship of the HH
signaling pathway with tumorigenesis and metastasis of
OS.B81 Activation of the HH pathway mediated by
multiple genes significantly promotes OS invasion and
metastasis [Figure 3]. Yao et al3®! reported the role of
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Figure 3: Hedgehog signaling pathway and 0S. The HH ligand binds to the Ptch1
receptor. SMO attenuates and inhibits the proteolysis of GLI proteins. Thereafter, the
active GLI protein translocates to the nucleus and activates the downstream
transcription factors. GLI: Glioma-associated oncogene homolog; GSK-3p: Glycogen
synthase kinase-3f; HH: Hedgehog; OS: Osteosarcoma; PTCH1: Patched homolog 1;
PKA: Protein Kinase A; SUFU: Suppressor of fused homolog; SMO: Smoothened.

the gene encoding ribosomal protein S3 (RPS3) in regu-
lating HH/glioma-associated oncogene homolog-2 (GLI-
2) signaling in OS invasion and metastasis. GLI-2 has
been reported to promote malignant behaviors such as
the proliferation, migration, and invasion of MSCs and
OS cells.’®! RPS3 is a target gene of GLI-2. Knockdown
of GLI-2 significantly reduces RPS3 expression, while
GLI-2 overexpression upregulates RPS3 expression.[*”!
Additionally, the HH signaling pathway was found to
play an inhibitory role in the development of OS by
regulating the Wnt/B-catenin signaling pathway. Loss of
recombinant patchedl (Ptchl) up-regulates the expres-
sion of Wnt5a/6 and enhances the activation of pB-
catenin. Inhibition of the Wnt/B-catenin pathway inhib-
ited the development of bone abnormalities, including
OS, suggesting that the Wnt/B-catenin pathway could be
a pharmacological target for OS.[*!l Recent research and
application of small molecule compounds suggest their
potential role in the treatment of OS. For example, dega-
lactotigonin was shown to inhibit the growth and metas-
tasis of OS via modulation of GSK-3B inactivation-
mediated repression of the HH pathway. Additionally,
cyclopamine was also found to inhibit OS develop-
ment.[*>»*! The above findings indicate an important
role of the HH signaling pathway in the occurrence of
OS. However, the activated HH pathway is not the main
driver of malignancy. Further research on combination
therapy along with inhibitors of other signaling path-
ways may provide an effective treatment approach for OS.

Notch signaling pathway

The Notch signaling family consists of four receptors
and five Delta/ Serrate/Lag2 (DSL) ligands, called Notch-
1 to Notch-4, as well as Jaggeg-1 and Jaggeg-2 (Jag-1
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and Jag-2) and Delta-like-1, Delta-3, and Delta-4 (DLL-
1, DLL-3, and DLL-4). The ligands interact with the
receptors to activate the channels, which in turn play an
important role*! [Figure 4]. In recent years, an increasing
body of evidence has implicated aberrant Notch activa-
tion in tumor process, including cell metastasis.[*’! In
particular, activation of the Notch signaling pathway is
closely associated with the migration and metastasis of
OS.1# Therefore, Notch signaling has emerged as one of
the important potential targets for the development of new
therapeutic strategies. The E3 ubiquitin ligase Deltex-1
(DTX1) is a key negative regulator of Notch signaling, and
DTX1 silencing leads to an increase in the expression of
Notch1 in OS cells. Furthermore, activation of putative
phosphatidylinositol 5-phosphate 4-kinasey (PISP4Ky)
inhibits Notch activation and recirculation rates.*”!
These findings suggest that inhibition of Notch signaling
at different sites may be a novel therapeutic strategy to
prevent OS invasion and metastasis. Long non-coding
RNAs (IncRNAs) and mRNA-interfering complemen-
tary RNAs (microRNAs) play an important role in the
pathogenesis of human diseases. Numerous studies have
documented the roles of IncRNAs and microRNAs in the
occurrence and development of OS by regulating the
Notch signaling pathway. Chen et al'*8l discovered that
the IncRNA MEGS3 inhibits OS cell proliferation and
promotes apoptosis by regulating the Notch signaling
pathway. Moreover, miR-135B has been shown to
promote OS recurrence and pulmonary metastasis
through the targeted activation of the Notch signaling
and Wnt/B-catenin pathways.!*’! Additional studies have
demonstrated an association with Wnt signaling in the
regulation of Notch signaling in OS. Wnt10b, a classic
Wnt signaling molecule known to have important effects
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Figure 4: Notch signaling pathway and 0S. After ligand binding to the receptor, the
complex is cleaved by ADAM and vy-secretase yielding the NICD, and NICD is
translocated into the nucleus. It binds to the transcription factor cbf-1, CSL and
transcriptional coactivator of the MAML. This complex activates transcription of the
target gene. ADAM: A cellular disintegrin and metalloproteinase; CCND1: CyclinD1; C-
myc: Cellular-myelocytomatosis viral oncogene; CSL: Suppressor of hairless and lag;
Hey-1: Hes Related Family BHLH Transcription Factor With YRPW Motif 1; Hes-1: Hes
family bHLH transcription factor 1; MAML: Mastermind-like family members; NICD:
Notch intracellular domain; Notch1: Notch homolog 1; OS: Osteosarcoma.
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on bone, upregulates genes associated with Notch
signaling (particularly Notch-1), while Notch repressors
significantly downregulated, leading to the activation of
classical Notch-responsive genes including hes-1 and
hey-1. In the U20S OS cell model, Wnt10b was shown
to significantly regulate the Wnt and Notch pathways.""!

MAPK/ERK signaling pathway

The typical mitogen-activated protein kinase/extracellular
regulated protein kinase (MAPK/ERK) pathway consists
of three types of mitogen-activated protein kinase kinase
(MAPKK), namely A-cellular rapidly accelerated fibro-
sarcoma (A-RAF), B-cellular rapidly accelerated fibrosar-
coma (B-RAF), and C-rapidly accelerated fibrosarcoma
(C-RAF) kinase. The next level is MAPKK including
recombinant human mitogen activated kinase kinase 1
(MEK1) and recombinant human mitogen activated kinase
kinase 2 (MEK2). Finally, further downstream are extra-
cellular regulated protein kinasel (ERK1) and extracel-
lular regulated protein kinase2 (ERK2), which activate the
expression of downstream target genesi*!l [Figure 5].
Abnormal activation of this pathway is closely related to cell
transformation and carcinogenesis.’?! Dual-specificity
protein phosphatasel (DUSP1), a phosphatase, dephos-
phorylates MAPKs. DUSP1 expression is significantly
increased in patients with metastatic disease and patients
who received chemotherapy, suggesting that the DUSP1
gene may be associated with OS metastasis and drug
resistance. Additionally, overexpression of DUSP1 was
shown to be strongly associated with a poor prognosis in
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Figure 5: MAPK/ERK signaling pathway and 0S. After acting on and RAS, A-RAF, B-RAF,
and C-RAF are activated and phosphorylate its dual-specific protein kinase substrates
MEK1 and MEK2. Thereafter, MEK1/2 phosphorylates its substrate ERK1/2. The MAPK/
ERK signaling pathway interacts with PI3K/AKT, and its targets include PI3K, GSK-38,
and RAS. AKT: Protein Kinase B; A-RAF: A-cellular rapidly accelerated fibrosarcoma; C-
RAF: C-rapidly accelerated fibrosarcoma; ERK1/2: Extracellular regulated protein
kinases1/2; GSK-3p: Glycogen synthase kinase-3f3; MEK1: Mitogen activated kinase
kinase 1; MAPK/ERK: Mitogen-activated protein kinase/extracellular regulated protein
kinase; MAPKK: Mitogen-activated protein kinase kinase; MAPKKK: Mitogen-activated protein
kinase kinase kinase; mTOR: Mammalian target of rapamycin; 0S: Osteosarcoma; PI3K:
Phosphoinositide 3-Kinase; RSK: Ribosomal S6 Kinase; RAS: Rapidly accelerated sarcoma.
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patients with OS.53 Miao et al¥ also found that galectin-1
knockdown inhibits the growth and invasion of OS cells by
inhibiting the MAPK/ERK pathway. These data suggest
that DUSP1/galectin-1 may be a potential target for the
treatment of OS. A complex regulatory network is involved
in the occurrence of OS, and in most cases, it is regu-
lated by multiple pathways. Studies have demonstrated an
interaction between the MAPK/ERK and PI3K/AKT path-
ways, and the active targets include PI3K and GSK-3p.15!
These findings suggest that screening for target inhibitors
that act on both MAPK/ERK and PI3K/AKT pathways can
help inhibit the development of OS more effectively. In
general, the activation of the MAPK/ERK signaling pathway
has a closer relationship with the malignant progression
of OS, and thus the identification of effective thera-
peutic targets for OS treatment is extremely important.

Novel Therapies for 0S

Immunotherapy

Since the 1970s, immunotherapy has been widely used
in patients with OS, and some curative effects have been
achieved.*®!  Currently available immunotherapeutic
modalities mainly include the application of immune
checkpoint monoclonal antibody, cytokines, and dendritic
cells (DCs).

The emergence of anti-immune checkpoint monoclonal
antibodies represents a breakthrough in cancer immuno-
therapy.’® Cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4) and programed death receptor-1 (PD-1) are
the main inhibitory receptors expressed on T cells and
are considered novel therapeutic targets in the context
of various advanced malignant tumors.’”) Programmed
cell death ligand 1 (PD-L1) is the ligand of PD-1. In
patients with OS, the expression levels of both PD-L1
and PD-1 are negatively correlated with prognosis.*®!
Merchant et al®”! found that when pediatric patients
with relapsed or refractory OS were pretreated with the
CTLA-4 antibody ipilimumab, approximately one-quarter
developed stable disease, suggesting moderate activity.
Among adult patients with OS treated with the anti-PD-1
antibody nivolumab, one-third showed partial response,
and the others had stable disease.l®”! In a successfully
constructed mouse model of advanced OS, the combined
application of anti-CTLA-4 and anti-PD-L1 antibodies
improved the overall survival rate, while anti-CTLA-4
antibody treatment alone showed no obvious effect.®!]
These findings suggest that immune checkpoint therapy
may be effective in some patients with OS, but it is likely to
require a combination of corresponding antibody thera-
pies. Additionally, immune checkpoints are the targets of
OS treatment, and further studies are required to deter-
mine the effectiveness of immune checkpoint inhibitors.

Cytokines have been used to treat malignant tumors.
Interferon-a. (IFN-a) is currently the most extensively
used therapy for various tumors including melanoma,
hepatocellular carcinoma, and renal carcinoma.®?l IFN-
o was also found to have an inhibitory effect on the
growth of human OS cells. In a study by Zhao et all®?],
IFN-o was found to inhibit the invasion of human OS
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MG-63 cells and enhance cisplatin-mediated apoptosis
and autophagy. Moreover, the combination of chemo-
therapy and IFN-a may be a novel treatment method
for OS, which needs to be investigated in further experi-
mental research. Additionally, studies have also demon-
strated the antiproliferative and proapoptotic effects of
recombinant interferon-o-2b (IFN-a-2b) in OS models.[*4
In a randomized clinical trial, patients with OS were
treated with methotrexate, adriamycin and cisplatin
(MAP) with or without IFN-a-2b. The 5-year overall
survival of patients treated with MAP+IFN-a-2b was
higher than that of those treated with MAP alone,
further confirming the antitumor effects of [FNa-2b.!6%]

Dendritic cells (DCs) are antigen-presenting cells that
play a key role in the initiation and regulation of innate
and adaptive immune responses and can activate both
CD4 and CDS8 T cells.[®l He et al'®”! found that stimu-
lating DCs with tumor lysates significantly increases the
activity of cytotoxic T lymphocytes (CTLs), thereby
increasing serum IFN levels. Studies have reported the
effect of tumor-lysed DCs and anti-CTLA-4 antibodies
on the treatment of OS models. Mice that received
tumor-lysed DCs and anti-CTLA-4 antibodies had
decreased number of regulatory T lymphocytes and
increased number of CD8+ T lymphocytes, and showed
inhibition of metastatic growth, prolonged lifespan,
decreased number of splenic regulatory T lymphocytes,
and increased serum interferon-gamma level.[®®! Addition-
ally, the combined application of anti-glucocorticoid-
induced tumor necrosis factor receptor (anti-gitr) anti-
bodies and tumor-lysing DCs was found to enhance the
systemic immune response.[®”) Over the years, no serious
adverse effects have occurred in clinical studies of DC-
based immunotherapy.

Targeted therapy

Compared with traditional therapies, targeted therapy is
a highly selective and low-toxic treatment method for
cancer. Currently, molecular targeted therapies have
shown remarkable efficacy in the treatment of various
cancers, such as lung, colorectal, and ovarian cancers.!”!

Although the epidermal growth factor receptor (EGFR)
is normally involved in tissue development and mainte-
nance, it can promote tumor growth, invasion, and
metastasis by activating PIK-3/AKT, phospholipase C-
protein kinase C (PLC-PKC), and signal transducers and
activators of transcription (STAT) signaling pathways.
Additionally, considering the limitations of conventional
chemotherapy, the EGFR is currently considered an
important target.[”!! Studies have found that the expres-
sion of the EGFR is associated with an improved prog-
nosis in a dose-responsive manner.”?l Wang et all’?!
observed increased levels of phosphorylated EGFR levels
in OS cells treated with gemcitabine. Compared with
gemcitabine alone, gemcitabine combined with EGFR
knockdown induced G1 phase cell cycle arrest in OS
cells, which exerted a stronger inhibitory effect on the
proliferation of OS cells. Conversely, EGFR overexpres-
sion counteracted the growth-inhibitory and proapop-
totic effects of gemcitabine on OS cells.
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Vascular endothelial growth factor (VEGF) promotes
endothelial cell migration, proliferation, and angiogen-
esis.[” Studies have shown VEGF expression is a vali-
dated prognostic biomarker for OS."* VEGF and its
receptors are the key mediators of tumor angiogenesis,
and several VEGF-targeted drugs have been devel-
oped.I”’l Regorafenib is an oral multikinase inhibitor
that affects the vascular and tumor microenvironment
by targeting specific kinase proteins such as vascular
endothelial growth factor receptor 1,2,3 (VEGFR 1, 2,
and 3), platelet-derived growth factor receptor beta
(PDGFRb) and rapidly accelerated fibrosarcoma (RAF).[””!
The NCCN guidelines recommend regorafenib as the
first-choice treatment for patients with relapsed or meta-
static OS.17®l Cabozantinib, a multikinase inhibitor that
mainly targets VEGFR 2, exerts its anticancer effects
primarily by inhibiting tumor receptor tyrosine kinases,
and its antitumor activity has been confirmed both in
vivo and in vitro.”®771 Sorafenib is also an oral agent
that targets VEGFR 1, 2, and 3."% In patients with
recurrent or unresectable OS, sorafenib monotherapy
alone was found only to temporarily inhibit the progres-
sion of OS, with little survival benefit, indicating the
need for more effective combination therapy to achieve
permanent remission.””! The lack of efficacy of sorafenib
monotherapy is due to its action on the mTOR pathway.
Therefore, combining sorafenib with an mTOR inhibitor
may improve its efficacy.”’! Additionally, a number of
studies have shown that sorafenib can also be used in
combination with other drugs such as cisplatin and
gemcitabine to exert an inhibitory effect in OS.[7%78]

Poly adp-ribose polymerase (PARP), cyclin-dependent
kinases 4 and 6 (CDK4/6), and PI3K inhibitors may also
play a certain role in the targeted treatment of OS.
Administration of the poly adp-ribose polymerase 1
(PARP1) inhibitor olaparib was shown to induce cell
death in OS cell lines U2-OS, Saos-2, and MG-63."°!
The CDK4/CDK6 inhibitor palbociclib may be a new
targeted therapy for patients with OS; however, more
research is required to investigate the efficacy of palboci-
clib in patients with OS and to identify its side
effects.®] Additionally, application of PI3K inhibitors
has also achieved certain results in the treatment of OS.
In the study by Chen et al'®', PI3K inhibitors were
found to reverse anlotinib resistance in OS, inhibiting
OS cell development in combination with anlotinib.
These findings provide the rationale for further studies
of the clinical application of PI3K inhibitors in the treat-
ment of anlotinib-refractory OS.

Research on the use of exosomes as a medium for
targeted therapy has become a contemporary research
hot spot. In OS, exosomes can be used both as diag-
nostic markers and as potential therapeutics due to their
effects on tumor initiation and progression target.!®?! Liu
et al®3 demonstrated that exosome-loaded miR-769-5p
can modulate OS progression by targeting DUSPI.
Therefore, artificially overexpressing or inhibiting some
miRNAs and using exosomes as carriers to target the
proliferation or invasion of OS cells may be a potential
approach to prevent OS progression. Currently, miRNA-
loaded exosomes have shown great potential for the
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treatment of OS. However, there are several challenges
in the application of exosomes as OS-targeted thera-
peutic carriers that need to be solved.!3?

Gene therapy

Gene mutation is the most fundamental cause of OS.
Therefore, gene research plays an important role in its
treatment. OS gene therapy methods mainly focus on
tumor suppressor genes, suicide genes, combining genes,
and immune genes.!® Tumor suppressor genes mainly
include P53, P21, and Rb; among these, P53 is the most
well characterized in the literature. Studies have demon-
strated that OS patients often have P53 mutations.®]
Wu et al® found that P53 protein expression can be
used as a prognostic biomarker to predict overall
survival of OS patients, which further positions P53 as
an entry point for OS gene therapy. Some studies have
demonstrated that combining gene therapy with other
treatments may not only have synergistic effects but also
reduce the adverse reactions caused by drug therapy
alone. Combining gene therapy with other treatments
for OS patients is expected to gain recognition in future
as a meaningful approach to gene therapy, especially
transgenic T-cell therapy. However, since gene therapy is
still in the experimental stage, it has not yet been put
into clinical use.®*

Conclusions and Perspectives

This article reviewed the relationship of OS and the
bone microenvironment. We also summarized the role of
several typical signaling pathways in promoting the
malignant progression of OS to further improve our
understanding of OS pathogenesis [Figure 6]. Surgical
resection, neoadjuvant chemotherapy, and postoperative
chemotherapy are the main treatment modalities for OS,
but none have achieved satisfactory outcomes. Tumor
drug resistance is a key contributor to unsatisfactory
outcomes. Studies have found that the acidic tumor
microenvironment of OS can lead to multidrug resis-
tance. Can the acidity of the tumor microenvironment
be reduced to prevent multidrug resistance of OS? Addi-
tionally, the reasons for the poor efficacy of OS treat-
ment also include the relative rarity and heterogeneity of
this cancer and the lack of understanding of tumor-
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Figure 6: Major OS-related signaling pathway. Mediation of genes, inhibitor of target
genes , natural compounds, IncRNA and microRNA can participate in the regulation of
0S-related signaling pathways including Wnt/B-catenin, PI3K/AKT, HH, Notch and MAPK/
ERK signaling pathways, thereby inhibiting the malignant behavior of 0S. HH: Hedgehog;
LncRNA: Long non-coding RNA; MAPK/ERK: Mitogen-activated protein kinase/
extracellular regulated protein kinase; 0S:0Osteosarcoma; PI3K/AKT: Phosphatidylinositol
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specific antigens. Multi-molecular targeted therapy
combined with other treatment methods seems to have
made some progress in the treatment of OS, but there
are still some problems. For example, not only might
multi-target drugs increase toxicity but also it is difficult
to identify which specific kinase inhibition will produce
anti-tumor effects.[”SITherefore, the issue of selecting
appropriate drugs for combination therapy remains to
be resolved. Additionally, the application of small
molecule natural compounds has been a hot topic in
recent years, but at the same time there are some limita-
tions. For example, curcumin, a natural polyphenol, can
inhibit the proliferation of OS cell lines. However, the
clinical application of curcumin is greatly limited due to
its innate properties such as hydrophobicity and low
bioavailability, which affect its anticancer effects. To
improve its therapeutic effect, it may potentially be used
in combination with immunotherapy, chemotherapy,
and other approaches.

In general, the mechanisms of OS development are
complex and involve multiple biomolecular and genetic
signaling pathways. Therefore, further research is
required to clarify the mechanisms to provide precise
treatments and improve the prognosis of patients with OS.
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