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Abstract

Osteosarcoma is the most prevalent primary malignant bone tumor affecting adolescents and young adults.
Despite advancements in cancer therapies, its prognosis remains poor due to its aggressive nature and
early propensity for metastasis—often present at the time of diagnosis. The etiology of osteosarcoma is
multifactorial, involving genetic predispositions, environmental exposures, and familial syndromes. While
treatment strategies are largely dictated by tumor stage, neoadjuvant chemotherapy followed by surgical
resection remains the cornerstone of management. This review provides a comprehensive overview of
osteosarcoma, including its historical context, subclassifications, clinical presentation, diagnostic
approaches, and evolving treatment modalities. Recent therapeutic innovations—such as gene therapy,
immunotherapy, radiation advances, and tyrosine kinase inhibitors—are discussed in detail, highlighting
their mechanisms and clinical potential. By synthesizing current literature and identifying ongoing
challenges, this review aims to inform clinicians and researchers of recent progress while highlighting
critical gaps to guide future research and improve patient outcomes in osteosarcoma care.
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Introduction

Osteosarcoma (0S), first described by Alex Bowyer in 1805, is a proportionately rare form of cancer,
making up around 1% of total cancer cases worldwide, and is commonly seen in adolescents and young
adults, with an incidence of 3.4 per 1 million [1]. OS is a highly aggressive bone malignancy that can arise in
any skeletal region. However, it predominantly manifests in the long bones, with a tendency to affect areas
directly surrounding the knee joint [2]. Histologically, OS originates from mutated mesenchymal cells,
which are undifferentiated multipotent cells capable of differentiating into a wide array of cell types.
Through the transformation process, these mesenchymal cells encounter replication errors and form into
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malignant osteoblasts, which classifies them under the category of OS [3]. These mutant osteoblasts exhibit
uncontrolled production of osteoid and aggressive proliferation within the affected bone. The proliferation
rate of mutated osteoblasts is often elevated to levels 10 to 20 times greater than physiological baseline [4].
Such rapid growth leads to the accumulation of osteoblastic mass and subsequent tumor formation due to a
high frequency of errors during bone formation [5]. In addition to cancerous formation at the site of the
affected bone, OS also poses a significant risk of metastasis. When OS metastasizes, it most commonly
spreads to the lungs, although infiltration into the lymphatic system has been noted in some patients [6].
The metastatic process involves the infectious OS cells from the primary tumor site to be transported to
another location in the body to establish a secondary tumor site. The primary route of OS spread is through
direct access to the bloodstream or lymphatic system [7]. Such metastatic spread significantly complicates
patient treatment and remains a major determinant of overall patient outcomes. The overall survival rate
for OS is highly dependent on metastasis status and the disease subclass [8].

Subclasses

OS has the ability to infiltrate various skeletal regions, which allows for it to be further classified based on
specific histological and microbiological anomalies. This classification enables a more precise
understanding of the cancer’s behavior and disease progression. The two primary subclasses of OS are
central and surface, both showing characteristic features in origin, growth, and progression [9].

Central (intramedullary) OS

Central, or intramedullary OS, represents the most prevalent form of OS, predominantly arising within the
bone marrow. It is often localized at the metaphyseal growth plates, which are located on the distal ends of
long bones, such as the arms and legs [10]. From a microbiological perspective, central OS arises from
aberrations in osteoblasts, the specialized cells that play a critical role in regulating bone growth and
development. Such abnormalities lead to excessive bone matrix production from within the bone,
disrupting normal development and contributing to the onset and progression of the disease state [11].
Mutations in TP53, a common tumor suppressor that integrates various stress signals and initiates DNA
repair, are also frequently seen in patients with central OS. Moreover, mutations in RB1 and CDK4 can both
lead to dysregulation of cellular division. RB1 mutations disrupt cell cycle checkpoints, and CDK4 mutations
result in unchecked G1-S phase transition, both contributing to oncogenesis. However, such mutations are
less prevalent than TP53 mutations [12].

Surface (peripheral) OS

Surface OS, also known as peripheral OS, is the second most common type of OS. Unlike central OS, surface
OS typically manifests on the outer surface of bones, appearing as an ossified mass. It is often found on the
lower shaft of the femur and is generally considered less aggressive than other forms of the disease [13].
Parosteal OS is the most common subtype of surface OS. It originates from the outer layer of the
periosteum, the outermost connective tissue layer of the bone shaft. Due to its superficial location and slow
rate of progression, parosteal OS is associated with better patient outcomes compared to other subtypes
[14]. The second subtype is periosteal OS, which arises from the inner layer of the periosteum. This variant
tends to have a more aggressive clinical course and is associated with a poorer prognosis compared to
parosteal OS [15]. The final subtype, high-grade surface OS, is the most aggressive form and carries the
highest risk of metastasis. It originates on the periosteum but can quickly invade the underlying bone and
adjacent soft tissues at a rapid rate [16].

Diagnostics

The diagnosis of OS requires a multidisciplinary approach, integrating clinical evaluation, imaging, and
laboratory testing. Patients often present with persistent bone pain that worsens at night, along with
swelling or a palpable mass [17]. If the tumor is located near a joint, restricted mobility may be observed. X-
rays typically reveal a “sunburst pattern”, indicative of aggressive bone lesions [18]. MRI is used to assess

Explor Target Antitumor Ther. 2025;6:1002324 | https://doi.org/10.37349/etat.2025.1002324 Page 2



local invasion, while CT and bone scans help evaluate metastatic spread. Elevated alkaline phosphatase
levels can support the diagnosis by indicating increased bone turnover [19]. A definitive diagnosis is made
through biopsy and histopathological analysis. Staging is then determined based on tumor size, metastatic
involvement, and histological grade to guide treatment planning.

Treatment history

Since Alex Bowyer’s discovery of OS in 1805, treatment methods have undergone significant advancements
over the past two centuries. Historically, until the mid-19th and early 20th centuries, amputation of the
affected limb was the standard treatment. However, due to limited medical technology and poor sanitation,
patients who underwent amputation faced a high risk of sepsis and other surgical site infections [20]. As
surgical techniques improved in the early 20th century, postoperative infections decreased; however,
mortality rates remained high due to the continued risk of metastasis. In the early to mid-20th century,
radiotherapy gained popularity, although it initially showed limited effectiveness for OS due to difficulties
in accurately targeting cancerous cells [21]. By the 1970s, the gold standard of care had become
multifaceted. The introduction of multi-drug chemotherapy significantly enhanced tumor reduction and
quickly became the most widely adopted treatment strategy [22]. Chemotherapy allowed for sufficient
tumor shrinkage, enabling the development of “limb-sparing surgery”, which soon became a common
alternative to full amputation [23]. This approach allowed many patients to retain their limbs, with only
minimal removal of bone tissue. In the 21st century, the most common treatment protocol involves
neoadjuvant therapy followed by surgical excision of the tumor [24]. Common therapeutic agents include
cisplatin, doxorubicin, and methotrexate, all of which target key molecular pathways critical for tumor cell
survival and proliferation [25].

New treatments
Gene therapy

With ongoing advancements in medical science, emerging therapies for OS demonstrate significant
potential. At the forefront of these novel treatment modalities is gene therapy, which works by targeting
specific genetic and molecular factors that drive cancer growth and metastasis [26]. Common targets
include tumor suppressor genes, pathways involved in drug sensitization, and gene-editing systems such as
CRISPR/Cas9, which facilitate the repair of damaged DNA segments.

Gene therapy directed at tumor suppressor genes enables the introduction of functional gene copies
into the host genome, helping to restore normal cell cycle regulation and physiological apoptosis [27]. One
commonly altered tumor suppressor gene in 0S is TP53, whose mutation disrupts the G1 cell cycle
checkpoint. This not only promotes tumor growth but also increases the tumor’s reliance on the G2
checkpoint to maintain DNA integrity [28].

Gene therapies aimed at modifying drug sensitization pathways are also showing promise, as many 0S
cells acquire mutations or express proteins that enhance drug resistance. A major contributor to this
resistance is the exosome—small extracellular vesicles normally involved in cell-to-cell communication and
environmental modulation. In cancer cells, exosomes can excrete chemotherapeutic agents like
doxorubicin, transfer or upregulate drug efflux pumps such as P-glycoprotein (P-gp), and carry multidrug-
resistant mRNA from resistant to sensitive cells, facilitating the spread of resistance [29]. Interestingly, the
same mechanisms that make exosomes effective vehicles for resistance also make them promising targets
for gene therapy. Exosomes possess favorable characteristics such as small size, good solubility, low
toxicity, and a long half-life [30]. Programmed exosomes have been explored as delivery systems for
miRNA, with studies showing they are often more selective and less cytotoxic than current methods—
possibly due to interactions between exosome membrane proteins and tumor cell membranes [29]. A 2022
study demonstrated that exosomes loaded with miR-665 were able to inhibit OS progression both in vivo
and in vitro, while maintaining good safety and efficiency profiles [31].
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Despite their advantages, exosomes face limitations—primarily the difficulty of isolating them in
sufficient quantity and purity, and the lack of data identifying which specific exosomes are most effective
across cancer types [29]. Moreover, it remains unclear whether other nanoparticle delivery systems, such
as hyper-cell-permeable micelles, may ultimately prove more effective. While exosomes share many
beneficial traits, they lack the specificity of lab-engineered nanoparticles [32].

Gene therapy also enables researchers to leverage CRISPR/Cas9 technology for precise genome editing
and the identification of drug resistance genes. This allows for targeted modification of genes contributing
to OS development and drug resistance, potentially improving treatment outcomes [33]. CRISPR combats
cancer in various ways, with the classic method involving a single-guide RNA (sgRNA) designed to bind a
specific DNA sequence, as shown in Figure 1. This RNA guides the Cas9 protein to the target site, where it
cuts both DNA strands. The cell then initiates repair mechanisms. CRISPR can be used to inactivate
oncogenes, disrupt immune checkpoint genes, or directly induce double-stranded breaks in cancer cell DNA
[34]. A 2023 study showed that CRISPR targeting of PLK1—a master regulator of the G2/M checkpoint—
successfully knocked out the gene and inhibited OS cell proliferation both in vitro and in vivo [35].

Classic CRISPR sgRNA—__

Target DNAN, MO ITITITIOI
R E L L
- Cell Repair with ]
LU @fndonuclease Activity =0 NA Insertion of New
L / DNA Sequence
Caso— [TTTTTTTTTTTTT [T
LLLELLLLLLL L
Double Strand DNA Break,
Gene Knocked Out
Base Editing Prime Editing
Reverse Transcrlptase
pegRNA ——
Deaminase Enzyme
Deaminase and
Cas9 Activity
/ L L Cas9 Cuts First Strand LU% L
AslorGCoU, singte | LLLLLLLLIPIEHTEIIITL #2%° B et
| | | | | | | | | | | | | U | | | | | | | | | | | | Strand Break Transcriptase Activity Preferred F’NA
. Repairs Inserted, Single
V‘eu Repair Strand Break
M T CettRepair
Single Base Pair| DNA Sequence Inserted Without
Changed Double Strand Break

Figure 1. A schematic representation of the CRISPR/Cas9, base editing, and prime editing mechanisms, which
compares the differences in components, progress, and outcomes for the three techniques [32, 34]

More advanced gene-editing strategies include base editing and prime editing. Base editing enables the
conversion of one nucleotide base to another using a Cas9-deaminase fusion, which can convert cytosine to
uracil or adenosine to inosine. This process induces repair using the edited strand as a template. While base
editing introduces fewer errors, such as translocations or rearrangements, and is ideal for single-nucleotide
modifications, it cannot insert DNA fragments or perform gene knockouts, limiting its scope [32].

Prime editing addresses these limitations. It utilizes a prime editing guide RNA (pegRNA), a reverse
transcriptase, a Cas9 fusion protein, and a nicking guide RNA to insert indels or point mutations. After
binding to the target site and nicking one DNA strand, the reverse transcriptase synthesizes the new
sequence, which is copied over once the complementary strand is nicked. This technique offers greater
versatility than base editing and higher fidelity than traditional CRISPR, as it avoids double-strand breaks
[32]. Although designing pegRNAs remains a challenge, prime editing has already shown success across
multiple model organisms and holds promise for personalized medicine.
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In addition to direct editing, CRISPR screening is used to identify phenotypes and genes associated with
drug resistance. This involves knocking out specific genes and observing cell survival after drug exposure.
Surviving cells typically carry resistance-related mutations, which can then be validated across cell lines to
determine whether the resistance is drug-specific or generalizable [31]. While gene therapy holds immense
promise, further clinical trials are needed to assess long-term safety, delivery efficiency, and therapeutic
efficacy before it can receive FDA approval.

Immunotherapy

Immunotherapy has shown promise in the treatment of OS, particularly in advanced or treatment-resistant
cases where conventional therapies often fall short. OS is known for its ability to evade the host immune
system, largely through the expression of immune checkpoint proteins such as PD-L1, which suppress
immune activity and enable cancer cells to proliferate unchecked [36]. In gastric cancer cells, PD-L1 has
been shown to play a significant role in modulating immunosuppression and tumor invasion through
stromal cell remodeling, cell signaling, secretion of soluble factors, and immune cell differentiation. It may
play a similar role in OS as well [37]. Immunotherapy seeks to counteract this immune evasion by
leveraging the host’s immune system to recognize and destroy tumor cells, with a particular focus on
reactivating T cells [38]. Agents such as pembrolizumab and nivolumab, which target immune checkpoints
like PD-L1 and CTLA-4, are designed to disrupt immunosuppressive signaling cascades, thereby
reactivating T cells to mount an anti-tumor response [39]. Nivolumab and pembrolizumab have both been
approved as second line treatments for gastric cancer, although more research needs to be done for them to
be used for OS, and they were found to be more effective when used in conjunction with other drugs rather
than as monotherapy. In gastric cancer, nivolumab was found to have a median overall survival of
5.3 months with placebo at 4.1, while a different study found pembrolizumab to have a median overall
survival of 5.6 months [37].

Another promising target for T cell reactivation is TIM-3, a protein expressed on the surface of various
immune cells. In the OS tumor microenvironment (TME), TIM-3 binds with Gal-9 to induce apoptosis of
CD4" and CD8" T cells. Blocking TIM-3 has been shown to increase both the number and activity of tumor-
infiltrating CD8" T cells in OS models [39]. A 2021 phase I/II trial evaluated sabatolimab, an anti-TIM-3
antibody, alone and in combination with spartalizumab, an anti-PD-1 drug, in patients with advanced solid
tumors. While sabatolimab alone showed limited efficacy, the combination therapy demonstrated
promising activity with minimal adverse effects [40]. Although further research is needed, TIM-3
represents a promising target for future combination therapies.

Chimeric antigen receptor (CAR) T therapy has demonstrated success in hematological malignancies
but has shown limited efficacy in solid tumors due to barriers within the TME, such as dense stroma,
hypoxic conditions, and immunosuppressive cell populations. CAR T cell therapy involves collecting T cells
from the patient or a compatible donor and genetically modifying them to target specific tumor-associated
antigens. The basic CAR structure includes an antigen-binding domain, hinge, transmembrane domain, and
intracellular signaling domain. Advancements have included the addition of co-stimulatory domains for
improved activation, inducible transgenes for safety, and specialized receptors for precise targeting and
signaling [41, 42].

Despite these innovations, CAR T cell monotherapy remains largely ineffective in solid tumors like OS.
A 2024 phase I trial investigated a GD2-targeted CAR T therapy—previously noted for its safety in
neuroblastoma—and found no objective responses in OS patients. However, a subset of patients
experienced stable disease for 90 days with measurable CAR T cell expansion [42]. While these findings are
encouraging, further optimization is needed before CAR T therapy becomes a reliable option for OS.

Another immunotherapeutic pathway under investigation is the CD47-SIRPa checkpoint, which
regulates phagocytosis. Tumor cells can overexpress CD47 to mimic “self” signals, thereby avoiding
destruction by macrophages. BMS-986351, a SIRPa-targeting antibody, has shown potential in enhancing
macrophage-mediated phagocytosis, especially when combined with opsonizing antibodies. However, due
to the widespread expression of SIRPa throughout the body, improving selectivity remains a key challenge
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[43]. A 2025 phase I/II trial evaluated the combination of margolimab (a CD47 inhibitor) and cetuximab (an
EGFR blocker) in KRAS wild-type colorectal cancer. While not specific to OS, the combination showed
tolerability and anti-tumor activity, suggesting CD47 blockade could have broader applicability [44].

Other immunotherapy strategies, such as cancer vaccines, are also under active investigation. These
approaches—particularly those involving dendritic cell activation—have demonstrated variable results in
both preclinical and clinical trials, highlighting the need for continued refinement [45]. A major challenge in
immunotherapy remains treatment-related toxicity. Overactivation of the immune system can cause severe
side effects, including gastrointestinal, endocrine, and dermatologic toxicity. More serious immune-related
adverse events include neurotoxicity, cardiotoxicity, and pulmonary toxicity [46]. If significant toxicity
develops, therapy is typically discontinued, and corticosteroids or immunosuppressive agents may be
administered. These adverse effects are believed to stem from immune attacks on normal tissues that share
molecular markers with tumor cells, resulting in autoimmune-like responses.

The TME plays a crucial role in immunotherapy resistance and effectiveness. In OS, the TME includes
cancer cells, stromal components, blood vessels, soluble factors, and immune cells such as osteoblasts,
osteoclasts, macrophages, and T cells. The TME is highly immunosuppressive due to molecules like TGF-f3
and IL-10, which inhibit immune responses and promote tumor growth [47, 48]. Additionally, TME-
resident cells—including tumor-associated macrophages, NK cells, and regulatory T cells—can be
reprogrammed to support immune evasion. Because many of these cells express checkpoint proteins such
as PD-1 and CD47, they represent important targets for ongoing immunotherapy research [28].

Emerging studies in other cancers offer valuable insights. For example, research on the breast cancer
TME has identified hub genes associated with CD8* T cell exhaustion that correlate with disease
progression and treatment outcomes [49]. Similar transcriptomic and functional analyses could be applied
to tumor-associated macrophages or other immune cell types in OS, offering new avenues for targeted
immunotherapy development.

Radiation innovations

Traditionally, OS has been considered a radioresistant tumor, as many patients do not respond well to
conventional radiotherapy. However, in select cases—such as craniofacial OS where surgery is not
feasible—radiation therapy has shown some benefit in improving outcomes [50]. Traditional radiotherapy
uses high-energy X-rays to destroy cancerous tissue. These X-rays are directed at the tumor, where the
radiation damages DNA directly by breaking its strands, leading to cell death. Additionally, the radiation
creates free radicals in the surrounding tissue, which further damage DNA and other cellular components
[51]. A major drawback of conventional radiotherapy is its limited accuracy. This often results in collateral
damage, affecting not only cancerous cells but also adjacent healthy tissues [52]. Such off-target effects can
lead to additional complications and side effects for the patient. Recent innovations in radiotherapy aim to
overcome these limitations. Several new approaches are under active investigation, with proton beam
therapy and carbon ion radiotherapy (CIRT) showing particularly promising results [53].

Proton beam therapy seeks to address this limitation by utilizing protons instead of conventional X-
rays, enabling highly precise targeting of cancerous tissue [54]. Proton beams are generated by a cyclotron
or synchrotron and accelerated toward the tumor site. A key advantage of using protons is their energy-
dependent depth of penetration, known as the Bragg peak. This phenomenon allows protons to deposit the
majority of their energy precisely at the tumor site before dissipating, thereby minimizing damage to
surrounding and downstream healthy tissues [55].

A notable limitation of proton beam therapy lies in the nonlinear travel path of protons in certain cases,
which can reduce its precision [56]. At the end of the proton’s path, its relative biological effectiveness
(RBE)—a reference measure compared to external radiation from cobalt-60 (°°Co)—increases. This
variability in RBE introduces uncertainty in dose distribution and diminishes the precision of treatment
planning. As a result, proton beam therapy is generally avoided in cases where critical organs are located
directly distal to the tumor site [55]. Despite this drawback, proton therapy remains significantly more
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effective and precise than traditional X-ray-based radiotherapy, offering improved outcomes by minimizing
collateral damage to healthy tissues.

Similarly, CIRT—an advanced form of radiotherapy—offers even greater precision than traditional X-
rays or proton therapy, owing to its use of carbon ions for targeted treatment [57]. Like proton beams,
carbon ions exhibit a Bragg peak, allowing for focused energy deposition at the tumor site. Additionally, the
molecular structure of carbon ions enables a higher rate of linear energy transfer (LET) compared to
protons. This results in a greater RBE, allowing carbon ion therapy to inflict more substantial DNA damage
on cancer cells than either proton beam therapy or conventional radiotherapy [58].

Despite promising results, the widespread use of both proton and CIRT remains limited to specialized
facilities with substantial scientific and financial investment. These therapies require highly advanced and
expensive equipment that is only available at select treatment centers. Due to the size and cost of the gantry
systems used in CIRT, most centers rely on fixed-beam gantries. This setup limits the range of treatment
angles and necessitates adjustments in patient positioning [58]. As research continues to validate the
clinical benefits of these radiotherapy innovations, broader implementation is anticipated within the next
four to five decades [59].

The differences in treatment cost between CIRT and PBT vary depending on the location of the tumor.
Locations like the lung or prostate have a relatively similar cost per treatment, but locations like the head
and neck will see larger differences [60]. Both treatments are still relatively expensive, averaging
approximately $10,000-$40,000 for treatment, depending on the location, with areas like the head and
neck reaching the higher ends [61]. Along with the higher cost, a major limiting factor in the
implementation of either radiation method is the lack of centers containing the equipment necessary to do
so. PBT centers have become much cheaper, costing around $25-$30 million [62]. In contrast, CIRT still
remains very expensive, being estimated to cost around $300 million to develop a center capable of CIRT
[63]. The high costs of centers capable of either of these treatments have stopped their implementation,
with centers being concentrated mainly in the U.S, Europe, and Asia [62]. Despite the high costs, some cost-
effectiveness analyses have found PBT especially to be cost-effective in the treatment of head and neck
cancers—particularly in pediatric patients [64]. A separate study found that CIRT was a cost-effective
option in the treatment of non-small-cell lung cancer, with high costs being incurred from unnecessary
examinations and hospitalizations [65]. Use of PBT and CIRT was cost-effective in these cases because the
treatment method lowered the chance for further complications following treatment, incurring a larger
upfront cost but becoming cheaper over time [64, 65]. It has yet to be seen if PBT and CIRT will be cost-
effective options for the treatment of patients with OS, but the limited accessibility due to high upfront costs
and lack of centers capable of performing the treatments is likely to delay any such observations.

Another area of radiotherapy research that has been of high priority in recent years is research over
radiosensitizers. Radiosensitizers increase the sensitivity of the cancer cells to radiation therapy without
harming normal, healthy cells [66]. The mechanisms of action for these compounds are thought to be: (I)
inhibiting radiation-induced repair of DNA damage, increasing the degree of DNA damage; (1I) disturbing
the cell cycle and organelle function to improve cytotoxicity; and (III) inhibiting the expression of radiation
resistance genes, or promoting the expression of radiation-sensitive genes [67]. It has recently been found
that organic compounds like ginseng polysaccharide (GPS) will increase the sensitivity of OS cells to
ionizing radiotherapy [66]. It was discovered that GPS decreases the phosphorylation of p38 and AKT,
which, when activated, play a major role in OS malignancies [60]. In addition, GPS decreases the anti-
apoptosis protein Bcl2 and increases levels of the pro-apoptosis proteins Bax and cleaved-caspase3 [60]. In
addition, several other naturally occurring compounds (paclitaxel, curcumin, genistein, papaverine, and
resveratrol) are in clinical trials and have been shown to be effective radiosensitizers in independent
studies [67]. Further research should be conducted to investigate the relationship between naturally found
compounds such as these and the sensitivity of cancer cells to radiotherapy.

Some research regarding radiopharmaceuticals has undergone testing however, the literature is
limited regarding effect on OS cancer cells.
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Tyrosine kinase inhibitors

Another area of science being heavily tested for treatment of OS is tyrosine kinase inhibitors (TKIs). For
cases of OS where the cancerous cells are in an advanced stage, have metastasized, or are particularly
resistant to other treatments, TKIs are particularly useful [68]. The principle in which this therapy operates
is by targeting specific cellular pathways which are involved in tumor growth and metastasis [69]. They
compete with ATP on the ATP binding site of tyrosine kinases, reducing tyrosine kinase phosphorylation
and inhibiting its activity [70]. Most TKIs target multiple pathways, reducing the information available
about which pathway is crucial for successful treatment [71], with the five most targeted receptors of TKIs
being: KIT, vascular endothelial growth factor receptors (VEGFRs), RET, platelet-derived growth factor
receptors (PDGFRs), and fibroblast growth factor receptor 1 (FGFR1) [72]. Another study has also shown
that TKIs can increase the sensitivity of OS cells to chemotherapies by increasing the number of cells in the
G2 /M phase. This study found the effect in anlotinib however, other connections may be found with further
research [73].

KIT

KIT is a type of RTK with a stem cell factor as its ligand. When bonding to its ligand, KIT triggers many
signaling cascades that are critical to important cellular processes like differentiation, proliferation, and
migration [72]. KIT has mostly been researched in non-oncological diseases; however, some studies have
shown KIT expression to be evident in 0Ss [73]. Another study found that KIT-positive OSs were not as
responsive to chemotherapy [71]. However, although many effective OS TKIs target KIT, there are

ineffective TKIs that also target KIT, suggesting that targeting solely KIT is not an effective treatment for OS
[71].

VEGFR

A common target of many TKI drugs is VEGF. Expression of VEGF and VEGFA in patients with OS has been
linked to worse disease-free survival [74] and overall survival [75]. In [HC studies, VEGF expression was
detected in 63-74% of OS samples. In another next generation sequencing (NGS) study, 41.2% of
metastatic/recurrent samples were shown to be expressing VEGF [76]. Inhibition of this gene prevents
angiogenesis, the formation of new blood vessels, and one of the six hallmarks of tumor formation [66].
Inhibiting angiogenesis will halt tumor growth and improve patient outcomes [77], and thus, VEGF is a
critical target for TKIs in the treatment of OS.

FGFR

Another RTK often overexpressed in patients with OS is FGFR [78]. FGFRs regulate nervous system control,
organogenesis, and tissue repair, along with others [79]. FGFR1 is expressed in 74% of OS samples, making
it another prime target for TKIs [78].

PDGFR & mesenchymal-epithelial transition

TKIs also include mesenchymal-epithelial transition (MET) factor and PDGFR, which are involved in
pathways important for tumor growth and proliferation. Overproduction of MET in patients diagnosed with
OS tends to result in poorer patient outcomes as well as an increased chance of metastasis [80]. Following a
similar mechanism, PDGFR plays a role in various biological processes, including cell growth, survival,
migration, and differentiation [81]. It is part of a family of receptors that bind to PDGFs, which are secreted
proteins involved in signaling within the TME and stromal cells. Many TKIs that are undergoing clinical
testing aim to target both MET and PDGFR [82]. Drugs like cabozantinib, regorafenib, and pazopanib target
both MET and PDGFR pathways, making them valuable for OS cases with dual pathway dysregulation [83].

RET

RET is another, less studied RTK involved in OS. Thought to be a promoter of metastatic behavior, as well as
being associated with increased chemotherapeutic resistance, RET is a target of many TKIs [84]. RET has
also been associated with an increase in stem cell-like properties of the OS [72]. RET thus is a critical target
in the future of TKI treatment and needs further study.
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Insulin-like growth factor receptor

Although not one of the most targeted pathways, IGF-R (insulin-like growth factor receptor) has been
implicated in promoting cell growth and inhibiting apoptosis, allowing for tumors to grow, mainly through
the PI3K and MAPK pathways [85]. In addition, expression of IGF-1R was found to be closely associated
with metastasis in OS patients [86]. A review from Moukengue et al. [87] cited that IGF expression was
linked with increased OS aggression, increased distant metastasis, and decreased overall rates of survival.

AXL

AXL has been found to be highly expressed in OS and is positively correlated with negative prognosis [88].
A study done in murine models discovered that AXL inhibition significantly reduced the number of MG63.2
pulmonary metastases [89]. In clinical trials done using multi-target TKIs, when AXL was inhibited, some
patients showed positive remission [66]. Although this is a promising result, no single-target study has
been done on the effects of inhibiting AXL and patient outcomes. In most OS tissues, AXL is highly
expressed. Its knockdown has been correlated to inhibition of proliferation and inducement of apoptosis of
0S cells [90]. A preclinical trial also found that AXL was overexpressed in a highly metastatic OS cell line
and that its inhibition reduced cell proliferation, invasion, and metastasis [88].

Overview

The success of these therapies in smaller trials has shown effectiveness for OS treatment however, broader
use would depend on the results of phase 3 trials that confirm their efficacy compared to current standard
therapies. By simultaneously inhibiting angiogenesis, tumor cell proliferation, and metastasis-related
pathways, these agents can potentially improve outcomes in aggressive and metastatic OS [91]. Although
these drugs can also inhibit multiple targets, they may have an unknown impact on the patient [71]. Some
studies have reported that TKIs have affected multiple organs in the body, or may have cardiovascular side
effects such as hypertension, atrial fibrillation, reduced cardiac function, and heart failure, to sudden death
[84]. A recent review by Shyam Sunder et al. [91] provides a more extensive overview of these adverse
cardiovascular effects and their proposed mechanisms.

Analysis

This review has highlighted the complex biology of OS, including the roles of genetic mutations, the TME,
and angiogenesis in disease progression. It has also examined the current treatment landscape and
explored emerging therapeutic strategies. Despite significant advancements, OS remains a challenging
malignancy to treat, with high rates of metastasis and recurrence. Many questions remain unanswered,
particularly regarding the molecular mechanisms underlying therapy resistance. Collaboration among
researchers, clinicians, and biotechnology companies will be essential to accelerating the development of
effective treatments. With continued research and technological progress, there is hope for more targeted
therapies and improved survival outcomes for patients with OS.
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