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Abstract: Osteosarcoma is a highly malignant bone tumor that is resistant to radiotherapy and is associated with poor treatment
outcomes and prognoses. Understanding the mechanisms of radioresistance and finding strategies to enhance the radiosensitivity is
crucial for improving clinical efficacy. The aim of this review was to address the approaches for enhancing the efficacy of radiotherapy
in osteosarcoma, thereby improving patient outcomes. Specifically, we have focused on the mechanisms of radiosensitization and the
relationship between drugs that enhance radiosensitivity and cancer. These mechanisms involve a delay in DNA damage repair,
promotion of apoptosis, inhibition of angiogenesis, and regulation of the tumor microenvironment. In addition, we have summarized
the effects of these drugs on the proliferation, migration, invasion and apoptosis of osteosarcoma cell lines. Finally, we have discussed
the therapeutic effects and adverse reactions of these drugs in other cancers, providing valuable guidance for clinical treatment
strategies tailored to patients with osteosarcoma.
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Introduction

Osteosarcoma is the most common primary malignant tumor, with the total number of cases accounting for approxi-
mately 35% of all cases of primary malignant tumors.'> Moreover, patients with incompletely resectable or recurrent
osteosarcoma have an extremely poor prognosis, which warrants an urgent clinical need for noninvasive therapies to
improve the survival of patients with osteosarcoma.>* Radiotherapy has a positive impact on clinical outcomes in cases
of poor prognosis owing to surgical margins within the lesion or unresectable lesions.” Unlike chemotherapy and surgery,
radiotherapy is used to ensure better local control, which allows precise irradiation of the tumor site and avoids impacting
healthy tissues. However, the radioresistance in osteosarcoma cells greatly reduces the therapeutic benefits of traditional
radiotherapy.®’” According to experience, innovation of ways to use existing drugs is an important direction of drug
research and development (R&D), as it can greatly reduce costs and shorten the time of R&D. Therefore, we envisioned
that some of the existing drugs could be used to maximize the killing effect of radiotherapy on osteosarcoma cells,
thereby improving the overall quality of life in patients. This approach may stimulate the potential use of existing drugs
as sensitizers for radiotherapy. Indeed, several drugs target osteosarcoma cells, which can increase the sensitivity of
osteosarcoma cells to radiotherapy, thereby decreasing the dose of radiotherapy and increasing its efficacy, greatly
improving the survival rate in patients. Through a comprehensive review of numerous studies, we aimed to discuss in
detail the current situation on classical and emerging drugs that may overcome the radioresistance of osteosarcoma and
provide a valuable reference for improving the sensitivity of osteosarcoma to radiotherapy. In addition, numerous clinical
trials have demonstrated the clinical value of these drugs in cancer treatment. Hence, we further discuss the clinical trials

that explain the important role of these drugs in cancer treatment.
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The main mechanism of how radiotherapy kills tumor cells is a damage it causes to their DNA, thereby inhibiting their growth
and division and ultimately leading to their death. However, tumor cells rely on cell cycle checkpoints to gain time to repair
DNA damage caused by radiation exposure, resulting in the resistance to radiotherapy. Fortunately, DNA damage repair and
cell cycle checkpoint inhibitors can reverse this process, allowing osteosarcoma cells to skip cell cycle checkpoints and enter
mitosis directly, eventually leading to apoptosis. Therefore, using drugs that target checkpoint-related regulators or DNA
damage repair is a promising strategy for improving the efficacy of radiotherapy in osteosarcoma.

Decitabine was approved by the Food and Drug Administration in July 2020 for use in acute myeloid leukemia and
myelodysplastic syndrome® and has demonstrated good efficacy. Decitabine is a deoxycytidine analog and DNA
methyltransferase inhibitor. It blocks DNA methylation by inhibiting DNA methyltransferase and induces cell cycle
arrest in the G2/M phase through the p53-independent pathway in human cancer cells.” Compared to irradiation alone,
pretreatment of osteosarcoma cells with decitabine at the G2/M phase enhanced irradiation-induced apoptosis. This was
achieved by demethylating the promoters of 14-3-30, CHK2 and DAPK-1 genes, promoting the expression of these
genes, and then activating the G2/M checkpoint response in osteosarcoma cells, to improve the radiotherapy effect of
osteosarcoma'® (Figure 1 and Table 1). Currently, this drug is widely used for the clinical treatment of several cancers. A
Phase II multicenter trial of decitabine in patients with high-risk chronic granulomonocytic leukemia was conducted in
Italy. Among patients with chronic myelomonocytic leukemia who received intravenous decitabine (Figure 2), 76-93%
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Figure | Mechanism of decitabine, BI2536, PD0166285, KU60648, PU-H71, emodin, quercetin and DTCM-g in radiosensitization of osteosarcoma. Among them,
Decitabine, BI2536, PD0166285, KU60648 and PU-H7I achieved radiosensitization mainly by delaying DNA damage repair mechanisms, while Emodin, Quercetin and
DTCM-g achieved by promoting apoptosis.

were at high or intermediate risk. Forty-two patients treated with six cycles of decitabine showed an overall efficacy of
47.6%, with seven complete remissions (16.6%), eight myelosuppressions (19%), one partial remission (2.4%), and four
hematological improvements (9.5%). The median follow-up time was 51.5 months (range: 44.4-57.2), and median
survival time 17 months, which was significantly longer in the response group than that in non-response group
(P=0.02)."" In addition, in two retrospective analyses, the overall response rate (ORR) for decitabine was 26-68% and
2-year survival rate was 25%48%.'*'? Related studies have added that DAC can up-regulate the expression of PD-L1 in
metastatic colorectal cancer, which may make PD-1/PD-L1 inhibitors more likely to play a role, that is, the combination
of DAC and anti-PD-1/anti-PD-L1 antibodies may be a potential treatment for radiosensitization of osteosarcoma.'*
However, clinical trials have shown that patients may experience adverse events such as anemia, neutropenia, and
thrombocytopenia'""'? (Table 2). Altogether, decitabine is a promising drug for the treatment of certain hematological
cancers; however, its side effects should not be ignored. Decitabine has great potential as a radiotherapy sensitizer for
osteosarcoma and may provide more effective treatment options for osteosarcoma patients.

BI2536, a dihydropteridinone compound that can act at low nanomolar concentrations, is a highly specific small-
molecule PLK1 inhibitor. BI2536 blocked osteosarcoma cells (KHOS and U20S) in the G2/M phase, thereby effectively
inducing mitotic arrest and apoptosis.'> When BI2536 was combined with radiotherapy, it inhibited DNA damage repair
of U208, and also blocked U20S cells in the G2/M phase, thereby exerting a radiosensitizing effect'® (Figure 1).
Notably, when canine osteosarcoma cells D17 were treated with BI2536, the number of cells was reduced from 20%
+2.4% to 7.4%+2% in the GO/G1 phase and increased from 18.3%=+2.4% to 47.2%+7.7% in the G2/M phase, decreasing
cell viability by up to 61.2% (P<0.0001)*" (Table 1). BI2536 has a significant inhibitory effect on various cancer cells in
clinical trials and is widely used in cancer treatment. A Phase II clinical trial was conducted between July 2006 and April
2008 in patients with recurrent stage IIIB/IV non-small cell lung cancer (Figure 2). Four patients had partial remission
(4.2%), with a median progression-free survival (PES) of 8.3 weeks (58-day 95% confidence interval [CI]: 48—85) and a
median overall survival (OS) of 28.7 weeks (201-day 95% CI: 180-305), respectively (Table 2). During BI2536
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Table | Preclinical Drug Trial Record Table

protein-1, PDPN, MMP-2,
TIMPI, TIMP2

Drug Drug Target Concentration Used RT Technic Used Models Citation
DNA damage Decitabine DNMT, 14-3-3c, CHK2, / X-rays Sa0S2, HOS, [10]
repair delayed DAPK-| U20s
BI2536 PLKI Treatment with BI2536 for 24h before radiation X-rays (0-6 Gy) U20s [15]
Treatment with BI2536 for 24h after radiation
PLK1 and Mcl-1 / / [16]
PDO0166285 WEEI PD0166285(0.51uM) / MG-63, U20S, [17]
PDO0166285(0.51M) y-rays (2—-6Gy) Sa0s-2
PDO166285(0.51M) y-rays (4Gy)
/ y-rays (4Gy)
KU60648 DNA-PKcs / y-rays 143B, U20S [18]
KU60648(300 nM) y-rays
KU60648(100 nM) y-rays (5Gy)
Added KU60648(100 nM) | hour before IR y-rays (5Gy)
PU-H71 Hsp90 PU-H71 treatment alone (0.1 pM) for 24 h / LM8 [19]
PU-H71 treatment (0.1 pM) for 24 h X-rays
PU-H71 treatment (0.1 pM) for 24 h Carbon ions (14-keV/um)
PU-H7I treatment (0.1 pM) for 24 h Carbon ions (50-keV/um)
Apoptosis Emodin Shh signaling pathway:Shh, Emodin (0,15,30,45,60 uM) X-rays (a dose of 2 Gy for one MGé63 [20]
promotion Bcl2, Glil, minute, repeated 30 times for a
C-caspase-3 total dose of 60 Gy)
Quercetin Multiple targets:p16™<4, / y-rays (5Gy) SAOS400 [21]
p21<P! Adding fisetin (20 uM) after 72 h from y-irradiation (10 | y-rays (10Gy)
Gy) and measuring cell viability after an additional 72 h
Fisetin (20 puM) / SAOS
Adding fisetin at 40 uM for 96 h soon after irradiation y-rays (10Gy) SAOS400
Adding quercetin (25 pM) after 72h from irradiation and | y-rays (5Gy)
were incubated for 48 h
DTCM-g Multiple targets:activator DTCM-g (2.5,5,10,20 uM) IR HOS, MG-63 [22]
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Selinexor

Chetomin

Erlotinib

Parthenolide

Propranolol,

Carvedilol

1535m-EDTMP

Carotenoid-
Enriched
Nanoemulsions
(CEN)

Agave

CRMI, HIF-la

HIF-1a
EGFR

NF-xB

AR

Osteoblastic skeletal

metastases

Multiple targets:p|6,
Beclin-1, p62

YAP/TAZ

Selinexor (0.031 to 1.000 uM (0.031 uM, 0.063 uM, 0.125
uM, 0.250 uM, 0.500 uM, 1.000 pM) for 72 h)

Selinexor (0.1 uM,1.0 uM for 24 h)

Treated with Selinexor (0.1 pM,1.0 yM) for 24 h followed
by X-ray irradiation and incubation for further 9 days

/

Erlotinib (10,40 pM)

Parthenolide (0,5,10 uM)

Parthenolide (10,20 uM)

Parthenolide (10 uM)

Carvedilol or Propranolol, the mean inhibitory
concentrations (IC50) for carvedilol were approximately
4-fold lower than propranolol

Carvedilol or Propranolol

153Sm-EDTMP

(37 MBg/kg (1.0 mCi/kg),

51.8 MBg/kg (1.4 mCi/kg),

the maximally tolerated dose was 44.8 MBq/kg (1.21 mCi/
kg)

CEN treatment alone (200 pg/mL wi/v)
CEN (100 or 200 uM)

Baf - Al(10nM)

Baf - Al1(10nM), CEN (200 uM)

Baf - Al1(10nM), CEN (200 uM)

Agave (3.12 uM)

/
X-rays (2,4,6 or 8 Gy)

IR (2-10 Gy)
X-rays

y-rays (10Gy)

IR (3Gy)

X-rays

/

y-rays (2.5 or 5 Gy)
y-rays (5Gy)

/

y-rays (5Gy)

y-rays (3 or 5 Gy)

U20S, Hep3B

MG - 63

D17, Abrams,
Dharma
Sa0S2, hFOB,
LM7

Sa0S2, hFOB,
LM7

LM7

Canine
osteosarcoma
cells

13 patients with
high-risk
osteogenic

sarcoma

SAOS400

U20s

[23]

[24]
[23]

[26.27]

[28]

[29]

[30]

Note: The table shows the experimental design and target of different drugs in osteosarcoma cells.
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Figure 2 Clinical trials of the drug in other cancers. Different drugs that can sensitize osteosarcoma to radiotherapy can affect different tumors through different routes of
administration.

treatment, 37% of the patients experienced grade 4 neutropenia as well as some mild adverse effects such as fatigue
(31%) and nausea (27%).>* This shows that BI2536 was well-tolerated by the patients. This observation was confirmed in
another Phase I clinical trial on the treatment of patients with advanced solid tumors. According to statistics, common
mild to moderate adverse reactions are nausea (52%), fatigue (52%), and loss of appetite (44%), among others. Even with
the dose-limiting toxicity (DLT) and the maximum tolerated dose (MTD) (200 mg), the most common adverse reaction
was only reversible neutropenia (56%).*> Based on the acceptable safety and potential strong anti-tumor efficacy of
BI2536, it is worthy of further clinical evaluation and research to fill the gaps in the specific progress and application of
BI2536 in human metabolism research. In addition, the positive results of BI2536 in a preclinical study on osteosarcoma
provided a scientific basis for its application potential as a radiotherapy sensitizer.

PD0166285 is a small pyridine pyrimidine molecule that inhibits WEE1 at nanomolar concentrations and prevents cell
cycle checkpoint arrest in the S and G2 phases.>*>® By inhibiting CDKI1/2 activity through tyrosine 15 site
dephosphorylation,*’~*® PD0166285 prevents mitotic entry, allowing time for DNA repair. In osteosarcoma cells, it eliminated
the G2 checkpoint, induced mitotic catastrophe, and enhanced radiosensitivity (Figure 1). After the combined treatment of
osteosarcoma cells with PD0166285 and y-irradiation, the cell viability was decreased by 2 times, proportion of mitotic cells
increased by 2—4 times, and caspase activation level increased by 11-22 times'’ (Table 1). In addition, preclinical studies on
PD0166285 have revealed its potential as a highly effective drug for leukemia, melanoma, and liver cancer treatment.*® '
Based on these findings, we are optimistic about its efficacy in osteosarcoma treatment in future clinical trials.

KU60648 is a newly developed, potent, small-molecule DNA-PKcs inhibitor that simultaneously targets multiple
isomers of DNA-PK and PI3K. KU60648 inhibited DNA damage recognition by inhibiting DNA-PKcs expression and
hindering their binding to DNA ends*? (Figure 1). In combination with radiation, KU60648 increased the radiosensitivity
of osteosarcoma cells (143 B and U20S) by 1.5- and 2.5-fold, respectively. It also increased the accumulation of 143B
and U20S cells at the G2/M transition point by 55% and 45%, and the proportion of cells with >20 yYH2AX foci by 59%
and 107%, respectively'® (Table 1). In summary, KU60648 significantly improved the effects of radiotherapy in
osteosarcoma. It also downregulated the double-strand breaks repair ability in colorectal cancer cells and enhanced the
sensitivity of cancer cells to KU60648.*> However, administration routes and vectors need to be carefully considered to
minimize potential side effects in normal tissues and cells expressing DNA-PKcs.

PU-H71 is a carboxylic acid derivative that exerts radiosensitization by reducing the protein expression levels of
Rad51 and Ku70 in mouse osteosarcoma cells (Figure 1). Treatment of LMS8 cells with PU-H71 reduced the doses of
X-rays and C-ions (D10) required to reduce their survival rate of LM8 cells to 10%, thereby increasing their sensitivity to

1932 https: Drug Design, Development and Therapy 2025:19



61:5707 Adeaay] pue auswdoppasq ‘udiseq Snuq

:sdyy

€€61

Table 2 Clinical Trials of Drugs That Sensitize Osteosarcoma Radiotherapy in the Treatment of Other Cancers

Drug Availability | Clinical Clinical Trial | Cancer Status Therapeutic Effect
Trial Number Model
Phase
Decitabine July 2020 Phase I NCTO01251627 | Leukemia Completed | The overall efficiency was 47.6% and the median PFS was |7 months (the responding group longer than
the non-responding group (p = 0.02)).
BI2536 / Phase Il NCTO00376623 | Non-small Completed | The partial remission rate was 4.2%, the median PFS was 8.3 weeks (58-day 95% ClI, 48 to 85), and the
cell lung median OS was 28.7 weeks (201-day 95% ClI, 180 to 305).
cancer
PU-H71 / Phase | NCTO0I1581541 | Solid tumors Terminated | The stabilisation rate was 42.9%.
Lymphoma
Quercetin / Phase | / Ovarian Unknown The tyrosine phosphorylation of lymphocyte proteins was inhibited and persisted until 16 hours. CA125
cancer, liver status decreased from 295 units/mL to 55 units/mL after two courses of quercetin (420 mg/mz) in patients
cancer with ovarian cancer
Selinexor July 2019 Phase | NCTO01607905 | Solid tumor Completed | The objective remission rate was 4%, 67 patients (43%) were in stable condition, 27 patients (17%) were
cancer in persistent control (24 months), and 83 patients (53%) progressed to the best remission period.
Erlotinib November Phase I NCTO01198028 | Skin Completed | The disease control rate was 72%, the median PFS was 4.7 months (95% ClI, 3.5 to 6.2 months), and the
2004 Phase IlI NCTO00446225 | squamous cell | Completed | median OS was 13 months (95% Cl, 8.4 to 20.5 months). The |- and 3-year OS rates were 53% and
carcinoma 19%, respectively.
Non-small The median PFS was higher in the Erlotinib group than in the standard chemotherapy group (9.7 months
cell lung versus 5.2 months, respectively).
cancer
Propranolol August 1966 | / / Angiosarcoma | Unknown Median PFS and median OS were higher in the combination therapy group than in the control group
Carvedilol January status (median PFS: 9 months versus 3 ~ 6 months; median OS: 36 months versus 12 months, respectively).
1990
'53Sm-EDTMP | March 1997 | / / Prostate, Unknown The pain score was initially 9.1 + 0.61 units; after 3 weeks it was (4.2 + [.3) units (54%) and after 12
breast, renal status weeks (2.4 + |.4) units (74%).
cancer

Abbreviations: PFS, Progression-Free Survival; OS, Overall Survival.
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X-rays and C-ions** (Table 1). Rad51 and Ku70 are involved in two major double-strand breaks repair pathways
(homologous recombination and non-homologous end-joining), respectively. Therefore, the radiosensitizing effect of
PU-H71 may involve the regulation of these pathways. Further studies should use human osteosarcoma cell lines to
elucidate the underlying mechanisms. In addition, PU-H71 is the most promising Hsp90 inhibitor because of its high
solubility and specificity for the ATP-binding region of Hsp90. PU-H71 also exhibits strong antitumor activity.'® This
was confirmed in a Phase I clinical trial for the treatment of solid tumors and lymphomas. The results showed that 42.9%
of the patients who received intravenous injections of different PU-H71 concentrations were stable Blood test results
showed that only a few patients had adverse reactions of anemia®® (Figure 3 and Table 2). Moreover, an open, single-arm,
first-in-human trial of PU-H71 in patients with advanced solid tumors showed that the incidence of grade >2 adverse
events such as common nausea, headache, and fatigue was extremely low, and only one patient exhibited a grade 3
adverse event (vomiting) that could be related to PU-H71. The human body has good tolerance to PU-H71.'*¢ PU-H71
is still in the R&D stages. Due to the limited number of clinical trials, data on its therapeutic effects and possible adverse
reactions in patients with cancer are insufficient, and market access has not been obtained yet. However, PU-H71 showed
a radiosensitizing effect in the preclinical model of osteosarcoma, which provided a novel idea for an excellent treatment
strategy of radiotherapy for osteosarcoma in the future.

Promotion of Apoptosis

Radiation therapy can affect the expression of various apoptosis-related proteins such as Bcl-2 and caspase family
proteins, thereby inducing apoptosis. Nevertheless, osteosarcoma cells may use certain mechanisms to combat apoptosis
and improve their tolerance to radiotherapy. The application of radiotherapy sensitizers that interfere with these anti-
apoptotic mechanisms may improve the efficacy of radiotherapy in patients with osteosarcoma.

Emodin, an anthraquinone derivative, has shown potential in radiotherapy by attenuating radioresistance in human
osteosarcoma cells. This effect was attributed to the inhibition of the Shh signaling pathway, leading to the suppression of
Shh and Bcl-2 expression, inhibition of the nuclear translocation of Glil, and increase of caspase-3 cleavage®” (Figure 1).
During apoptosis, the Shh signaling pathway affects Bcl-2 expression by regulating the nuclear translocation of Glil,

Y-Rays
B particle

%?9% «— Sm-EDTM /

Seli
elinexor < CEN
EGFR
Propranolol and Carvedilol .\

D — T =
HIF-a

Parthenolide Erlotinib

= \ AMP

Hypoxia / ( AR ) \( caspase-3 ) v
Chetomin NF kB AMPK
‘ P300 \

YAP/TAZ l— Agave
\ HRE { VEGR

Figure 3 Mechanism of radiosensitization of Selinexor, chetomin, Erlotinib, Parthenolide, Propranolol, '*35m-EDTMP and CEN on osteosarcoma. Among them, Selinexor,
chetomin and Erlotinib play a role by inhibiting angiogenesis, Parthenolide and Propranolol play a role by regulating tumor microenvironment, '**Sm-EDTMP and CEN have
no clear classification.
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thereby controlling cell survival and death. Caspase-3 cleavage plays an important role in the final stages of and promotes
apoptosis. These intertwined factors determine the outcome of cell fate (Table 1). However, current clinical trial data on
its application in osteosarcoma radiotherapy are limited, and the high efficacy of emodin in preclinical trials of
osteosarcoma radiotherapy suggests its potential to be developed as a radiosensitizer for osteosarcoma.

Quercetin is a natural flavonoid with anti-proliferative activity in vitro. When 25 uM quercetin was administered after
infrared radiation treatment (5 Gy), p21<""" and p16™* expression levels were significantly reduced compared with
infrared radiation treatment alone, and cell viability of SAOS400 (an osteosarcoma cell line obtained after simulated
clinical sublethal dose of y-ray irradiation) was significantly reduced by about 29%?' (Figure 1 and Table 1). They also
affect apoptosis by regulating the activity and expression of apoptosis-related proteins. Regarding clinical applications,
quercetin dose levels between 60 mg / m? and 1700 mg / m? produced dose-limiting nephrotoxicity, but no bone marrow
suppression. In a patient with cisplatin-resistant ovarian cancer, CA 125 (a tumor marker) levels were decreased from 295
to 55 units/mL after two courses of quercetin (420 mg/m®), whereas in another patient with hepatocellular carcinoma,
serum alpha-fetoprotein levels decreased after several courses of treatment. In conclusion, quercetin can be safely
administered by i.v. bolus at a dose injection*’ (Figure 3). Additionally, the risk of extraprostatic manifestations of
prostate cancer (stage III or IV tumors) was reduced significantly, which was associated with an increased intake of
cruciferous vegetables rich in quercetin and sulfur (P=0.02).*** In addition, its combination with raphanin showed the
best therapeutic effect on pancreatic cancer stem cells and was nontoxic to mice* (Table 2). These results underscore the
potential of quercetin as a radiosensitizer in osteosarcoma therapy, suggesting its promising applications in clinical
settings. However, current research on the involvement of quercetin in osteosarcoma radiotherapy does not provide
sufficient information. In addition, considering the synergistic effect of quercetin and raphanin, combining quercetin with
other drugs may be a feasible choice for patients with osteosarcoma in the future.

DTCM-g is a novel piperidine compound that is a macrophage activation inhibitor of AP-1 (a heterodimer composed
of c-Fos and c-Jun) activity (Figure 1). DTCM-g enhanced the radiosensitivity of HOS and MG-63 cells by reducing the
regulation of AP-1 on target genes, and inhibiting AP-1 and the expression of PDPN, MMP-2, TIMP1, and TIMP2,
which participate in the regulation of extracellular matrix degradation and reconstruction, thereby affecting the occur-
rence and process of apoptosis®> (Table 1). Therefore, DTCM-g can be used as an effective adjuvant therapy to improve
the effects of radiotherapy. Moreover, DTCM-g demonstrated radiosensitization capabilities in glioblastoma,’®>" further
emphasizing its potential as a valuable therapeutic drug in radiotherapy.

Apoptosis is essentially a process of signal transduction. In addition to the key role of Bcl-2 and caspase family
proteins in apoptosis, p53 protein is also an important molecule to regulate apoptosis. Under normal circumstances, the
level of p53 is strictly maintained at a low level. Activated p53 translocates into the nucleus as a transcription factor and
regulates the expression of hundreds of genes, including many pro-apoptotic genes. Studies have shown that juniper
berry extract can activate the ER stress pathway of human SH-SYS5Y neuroblastoma cells, affect the expression of
HSPAS gene, and promote the expression and nuclear transport of p53. The activated p53 promotes the expression of
specific cell cycle and cell survival regulatory genes, and ultimately leads to DNA fragmentation and apoptosis.>” This
discovery provides new ideas and research directions for the development of new radiosensitizers. However, juniper
berry extract has not yet entered the clinical research stage, and its safety, efficacy and mechanism of action still need to
be further verified by systematic preclinical studies and clinical trials. Future research should focus on its pharmacoki-
netic characteristics, optimal administration regimen, and synergy with other treatment methods to evaluate its clinical
application potential.

Inhibition of Angiogenesis

Malignant tumors promote angiogenesis to consume additional oxygen and nutrients, thereby facilitating their rapid

growth and dissemination. The poor therapeutic outcomes and prognosis of radiotherapy in osteosarcoma can be

attributed to an ongoing tumor-induced angiogenesis.”*~>> Anti-angiogenic drugs effectively suppress tumor angiogen-

esis. When combined with radiotherapy, these drugs provide a more effective approach for tumor control (Figure 1).
Selinexor exhibits a wide range of antitumor activities and was first approved for the treatment of multiple myeloma (USA)

on July 3, 2019. It is an orally administered, selective nuclear translocation inhibitor that binds specifically and reversibly to
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CRMI (exportin 1, XPO1) at cysteine residue 528.%"** CRMI1 is a key nuclear export receptor and one of its cargo proteins,
prolyl hydroxylase 2 (PHD2), initiates the degradation of hypoxia-inducible factors (HIFs) under normoxic conditions. In
osteosarcoma radiotherapy, selinexor inhibits CRMI1, affecting PHD2 and targeting HIF-lo, thereby increasing

radiosensitivity®*->>

(Figure 2 and Table 1). This property of selinexor that allows it to target the HIF pathway may be a
potent tool for overcoming hypoxia-induced radioresistance. Regarding clinical treatment with selinexor, a phase I study
reported that 189 patients with advanced solid tumors were treated with selinexor between June 2012 and October 2015.
Among the 157 patients who could be evaluated for efficacy, 1 had complete remission (melanoma), and 6 patients
(melanoma, colorectal cancer, ovarian cancer, prostate cancer, thymoma, and cervical cancer) had imaging partial remission,
with an objective remission rate of 4%. In addition, 67 patients (43%) had stable disease, of which 27 (17%) had durable
disease control (>4 months) and 83 (53%) had disease progression to optimal remission (Figure 3). Moreover, blood test
results showed severe adverse events or toxic reactions caused by selinexor, including thrombocytopenia (16%), hyponatremia
(13%), anemia (9%) and neutropenia (8%). Other common grade 3 or 4 AEs were fatigue (15%) and anorexia (6%). Notably,
all the patients were less tolerant to higher doses of selinexor™* (Table 2). These results indicate that selinexor exhibits
monotherapeutic activity with an acceptable safety profile and demonstrates efficacy in patients with advanced solid tumors.
Although the objective remission rate was low, some patients achieved durable disease control or partial remission. In
addition, some studies have pointed out that compared with monotherapy, Selinexor combined with anti-PD-1, anti-PD-L1 or
anti-CTLA4 antibodies can more effectively slow down the growth rate of tumors. When Selinexor combined with high-dose
anti-PD-L1 antibodies, the tumors in mice completely subsided and produced lasting immune control, which is expected to
become a key force in the treatment of osteosarcoma.’® This provides evidence for the future development of selinexor as a
clinical radiotherapy drug for osteosarcoma treatment.

Chetomin, derived from chaetomium globosum, is a dithiobiketopiperazine metabolite that disrupts the binding of HIF-1a
and HIF-20. to p300, thereby attenuating the HIF pathway**>> (Figure 3). It affects angiogenesis by inhibiting HIF-10, resulting
in decreased CA9 and VEGF mRNA expression.”" In vitro studies have shown that chetomin inhibits HIF-1o. to significantly
reduce hypoxia-induced radioresistance in MG-63 cells®* (Table 1). Chetomin enhances the therapeutic effect in osteosarcoma by
targeting angiogenesis and enhancing the radiosensitivity of tumor cells, suggesting its potential application in treatment.

Erlotinib was first approved by the Food and Drug Administration on November 18, 2004, as a monotherapy for
patients with locally advanced or metastatic non-small cell lung cancer (NSCLC).”® It acts as a selective inhibitor of
EGFR tyrosine kinase that significantly promotes VEGF expression when co-administered with radiation, thereby
reducing the viability of osteosarcoma cells and increasing their sensitivity to radiotherapy. This was related to EGFR
inhibition and VEGF pathway activation®> (Figure 2 and Table 1). Notably, the overactivation of the VEGF pathway can
make tumors resistant to treatment with EGFR inhibitors; therefore, its use needs to be considered in light of its potential
to cause treatment resistance. Erlotinib is a commonly used targeted therapeutic agent. A Phase II clinical trial conducted
at the University of Texas MD Anderson Cancer Center, the United States of America, demonstrated that erlotinib was
feasible for the treatment of most of the patients with incurable cutaneous squamous-cell carcinoma. The trial results
showed evaluable efficacy in 29 of 39 treated patients. All the responses were partial responses (PR). The disease control
rate (PR + disease stabilization) was 72% (21/29). Median PFS was 4.7 months (95% CI: 3.5-6.2); median OS was 13
months (95% CI: 8.4-20.5). The 1- and 3-years OS rate was 53% and 19%, respectively. Overall, erlotinib was well-
tolerated by the patients, with the most common adverse reactions being acne-like rashes (64%) and malaise (46%). Most
treatment-related adverse reactions were of grades 1 and 2, with none of grade 4 or 5 and the blood test results did not
show any adverse reactions.”” The EURTAC trial demonstrated significant advantages over standard chemotherapy.
Researchers conducted an open-label, randomly assigned Phase III clinical trial in 42 hospitals in France, Italy, and Spain
and enrolled 174 patients with NSCLC and EGFR mutations; 86 patients were treated with erlotinib and 87 with standard
chemotherapy. The median PFS was 9.7 months (95% CI: 8.4-12.3) in the erlotinib group, compared with 5.2 months
(95% CI: 4.5-5.8) in the standard chemotherapy group (hazard ratio 0.37, 95% CI: 0.25-0.54, P<0.0001) (Figure 3).
Grade 3—4 adverse reactions mainly included rashes (11 out of 84 patients; 13%) in the erlotinib group, with none
reported in the chemotherapy group. Neutropenia (none vs 18 cases [22%]), anemia (1 case [1%] vs 3 cases [4%]), and
elevated aminotransferase concentration (2 [2%] vs 0) were also observed. Five patients (6%) in the erlotinib group
developed serious treatment-related adverse reactions, as opposed to 16 patients (20%) in the chemotherapy group®
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(Table 2). From the available clinical trial data, erlotinib has shown good tolerability and some efficacy in the treatment
of the cutaneous squamous-cell carcinoma and NSCLC. This provided encouraging evidence for its potential role as a
radiosensitizer in the treatment of clinical osteosarcoma.

Regulation of the Tumor Microenvironment

The occurrence and development of osteosarcomas are closely related to the tumor microenvironment. Signaling
pathways involving several components of the tumor microenvironment support tumor cells and provide the conditions
necessary for their growth and spread.®’ Therefore, some drugs achieve sensitization by affecting the osteosarcoma
microenvironment during radiotherapy. Recent studies have shown that the overexpression of inflammatory markers in
highly invasive osteosarcoma is significantly correlated with the decrease of radiotherapy efficacy. For such highly
inflammatory cells, the effectiveness of radiosensitizers in improving radiotherapy sensitivity will also be discussed.®
Unfortunately, there is no direct study to verify that the following drugs will sensitize high inflammatory cells to
radiotherapy, but their significant anti-inflammatory effects still give us great confidence, and we hope that more studies
will verify this conjecture in the future.

Parthenolide is a natural terpenoid alkaloid possessing a wide range of pharmacological properties, including anti-
inflammatory and antitumor activities. It inhibits NF-kB signaling (This will reduce the levels of IL-6 and TNF-a) and
potentiates tumor cell responses to stimuli (such as radiation-induced DNA damage); cells treated with parthenolide or y-
irradiation alone contained an average of 31% and 12% apoptotic nuclei, respectively, whereas those treated with the
combination showed 56% apoptotic subpopulations. In addition, compared with other single treatments, the cell death
rate and active caspase-3 in the combined treatment were increased significantly, and the CD133 + stem cell-like cell
pool in osteosarcoma was eliminated to a greater extent*® (Figure 3 and Table 1). Workers exposed to plants containing
parthenolide were thought to be susceptible to contact dermatitis, but current reports state that the drug is mutagenic in
vivo and in vitro due to oxidative DNA damage or other possible mechanisms, raising concerns about the genotoxicity of
the drug.®® This natural drug shows great therapeutic potential owing to its dual antiproliferative and apoptosis-inducing
effects, its anti-inflammatory effect also suggests its potential to sensitize high-inflammatory cells to radiotherapy, which
highlights its promise in osteosarcoma radiotherapy treatment.

Propranolol was first approved for angina pectoris treatment in Japan on August 18, 1966, and carvedilol was first
approved for angina pectoris, essential hypertension, and renal hypertension treatment in Japan on January 19, 1993. Both
are nonselective p-blockers and AR antagonists, can reduce the secretion of IL-6, reverse the immune microenvironment,**
which may affect cell proliferation, survival, metastasis, and angiogenesis. These compounds may exert radiation resistance
by inhibiting the AR-mediated pro-survival pathways and tumor cell viability in a concentration-dependent manner
(Figure 2). In osteosarcoma cell lines, the two drugs reduced cell survival and colony formation after 3 Gy of radiotherapy,
thereby enhancing radiosensitivity. Long-term treatment can significantly improve the effects of radiotherapy and render
tumor cells more sensitive to radiotherapy than short-term treatment®’ (Table 1). Studies have shown that carvedilol reduces
pro-inflammatory cytokines and increases the expression of anti-inflammatory cytokines and IL-10 protein, and inhibits the
occurrence of excessive inflammation.®> A preliminary study demonstrated the positive effects of these two drugs in
osteosarcoma treatment. These two drugs are effective against various tumors. In a single-arm clinical study of patients with
metastatic angiosarcoma, the inclusion of propranolol or carvedilol in the treatment regimen resulted in a median PFS of 9
and 36 months, respectively, which was significantly longer than the survival in patients who received chemotherapy,
radiotherapy, and/or surgery®® (Table 2). In addition, these drugs exhibited preclinical efficacy against breast cancer,®’
neuroblastoma,®® locally advanced NSCLC,* melanoma,’® and hepatocellular carcinoma in patients with cirrhosis’"
(Figure 3). Another study found that diarrhea with weight loss (32.9%) and irritability with reduced sleep (25.6%) were
the most common adverse effects, and 4.2% of patients were even forced to stop taking the drug because of serious adverse
effects.” In addition, the skin-related side effects of these two drugs, such as contact dermatitis, have attracted attention.”®
Even with the aforementioned problems, adverse reactions can be largely avoided if the appropriate dose and administration
time are explored. Therefore, propranolol and carvedilol have remarkable clinical value in the radiotherapy treatment for
osteosarcoma and the treatment of other diseases.
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Additional Agents
The mechanism of action of some drugs remain unknown, but the excellent efficacy of these drugs in the radio-
sensitization of osteosarcoma deserves our attention.

153Sm-EDTMP, or Samarium-153 ethylenediaminetetramethylene phosphonic acid, is a bone-targeting radiopharma-
ceutical that selectively eradicates osteoblastic bone metastases, prolonging disease-free survival in high-risk patients.
Thirteen patients with high-risk osteosarcoma were treated with X-ray combined with 153Sm-EDTMP; after the end of
the study, 5 (38%) had stable disease (6 weeks after treatment), and the other 8 had disease progression, with the median
time to disease progression of 51 days. The toxicity caused by treatment is limited to the hematopoietic system, and
platelets are the most affected. Of the 12 patients, 8 had grade 3 or 4 thrombocytopenia. Three patients had grade 1 or 2
neutropenia, 5 patients had grade 3 or 4 neutropenia, and anemia symptoms were mild*® (Table 1). Upon intravenous
administration, samarium-153 binds to hydroxyapatite in bone tissue with a higher affinity for tumor sites than that for
normal bone.”*” It emits low-energy P particles (average energy 233 keV) (Figure 3) by directly acting on osteosarcoma
cells to control and treat lesions. Its bone-targeting property has important clinical and safety implications, and has shown
significant efficacy and safety in alleviating bone metastasis pain caused by prostate, breast, and other malignant tumors.
In a clinical trial, 277 patients with persistent severe pain due to bone metastases received intravenous (IV) injections of
153Sm-EDTMP. Assessment of pain intensity and relief showed 9.1 £+ 0.61 units initially; 1.3 units (54%) after 4.2 = 3
weeks; and pain reduction to 2.4 + 1.4 units (74%) after 12 weeks’® (Table 2). Adverse effects of this drug are relatively
rare, but it is contraindicated in pregnant women, patients with hepatic and renal insufficiency, and patients with low
white blood cell and platelet counts. Samarium-153 can produce a toxic effect in tumor cells by emitting low-energy B-
particles, but it only demonstrated preliminary efficacy and potential in the treatment of tumors. Since clinical trials on its
anti-tumor efficacy are limited, further research is needed to verify its efficacy and safety. However, its performance as a
radiotherapy sensitizer for osteosarcoma is encouraging, and may offer a powerful tool for osteosarcoma treatment.

CEN was launched in May 1997 as a nanoemulsion rich in carotenoids. CEN synergizes with y-rays to scavenge
reactive oxygen species in senescent SAOS400 cells, and the cell viability decreased to 55-60% in the group without
treatment; this was higher than the rate in other single treatment groups (Table 1). This combination activates lethal
autophagy dependent on AMPK activation (AMPK kinase is activated by a decrease in intracellular ATP and a change in
the ATP:AMP ratio), enhancing the sensitivity of radiation-resistant cells to cell death and efficacy of radiotherapy”"’
(Figure 3). As a natural pigment and nutritional supplement, it is generally safe and minimizes the damage to normal
tissue cells, making it a superior adjuvant for osteosarcoma treatment.

The main chemical constituents of CEN are polysaccharides, which contain antioxidants and nutrients. When osteosar-
coma cells were treated with y-rays and agave, the cell viability was more inhibited than those treated with single radiation,
which indicated that agave effectively improves the killing effect of radiotherapy in osteosarcoma cells (Table 1). Agave
induced the early degradation of YAP/TAZ, followed by inhibition of NF-kB, which further reduced the transcriptional
functions of YAP and TAZ. This cascade of actions resulted in a reduction in the interaction between the DNA-binding
transcription factors YAP and TAZ, thereby inhibiting the transcription of genes that drive oncogenesis. Modulation of these
molecular mechanisms leads to a significant inhibition of cell viability, colony formation, and cell migration, ultimately
contributing to apoptosis and increased sensitivity to radiation therapy* (Figure 3). This inexpensive and low-toxicity natural
drug showed promising radiosensitizing effects on osteosarcoma cells, warranting further research on its efficacy.

Prospects

In the future, osteosarcoma radiotherapy sensitizers may play an important role in osteosarcoma treatment. With a deeper
understanding of cancer biology and its therapeutic mechanisms, the need to enhance the efficacy of radiotherapy is becoming
increasingly urgent. Studies have shown that osteosarcoma is characterized by a wide range of mutations and genomic
rearrangements, including single nucleotide variations (SNVs), small fragment insertions/deletions (indels) and copy number
variations (CNVs). These genomic changes not only affect coding sequences, but also involve non-coding sequences, such as
regulatory elements and repetitive sequences (such as LTR elements and HERV5), leading to gene expression disorders, which

in turn drive the occurrence and development of tumors.”® In the whole exome sequencing and whole transcriptome analysis of
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osteosarcoma, it was found that many genes were significantly differentially expressed between osteosarcoma and normal
tissues.””** These differentially expressed genes, both coding and non-coding sequences, can be regarded as potential targets
for in-depth study of osteosarcoma, including the development of new radiotherapy sensitizers.

Some radiosensitizers (such as decitabine and selinexor) have been verified to have synergistic effects with
immunotherapy by inducing the expression of PD-L1 and CTLA4 at immune checkpoints. The emerging field of
combined use with immunotherapy provides new vitality and hope for the treatment of osteosarcoma.

Although most current studies focused on using these sensitizers in osteosarcoma treatment, their mechanisms of
action may also be applicable to other types of tumors, which is of great significance for most patients with cancer. The
use of radiotherapy sensitizers in osteosarcoma is likely to incorporate the patients’ genetic, molecular, and environ-
mental characteristics to maximize treatment efficacy. In the future, there may be an increased focus on multi-agent
combination therapy strategies, including the use of radiotherapy sensitizers in combination with chemotherapy, targeted
therapy, or immunotherapy. Such combination therapies may act on tumor cells through different pathways, thereby
inhibiting tumor growth and spread more effectively. A deeper understanding of cancer biology and therapeutic
mechanisms will facilitate the discovery of additional radiotherapy sensitizers for osteosarcoma. These novel sensitizers
may target specific receptors, molecular pathways, or tumor characteristics to improve the killing effect of radiotherapy
on tumor cells, thereby enhancing therapeutic efficacy. They may also have an impact on other types of cancers.

Some of these drugs are in early stages of evaluation and require further clinical validation and translation. Clinical
research and practice will continue to drive the development and application of osteosarcoma radiotherapy sensitizers,
and more future clinical trials and studies are likely to assess the safety and efficacy of these agents, and ultimately, their
application in clinical practice.
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