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Giant cell tumors of bone (GCTB) sometimes metastasize to distant organs. In this case report, we present pulmonary metastases of GCTB mimicking malignancies. A 49-year-old man underwent two surgical treatments for a GCTB of the right proximal radius. At the time of the second surgery, no lesions were observed on chest radiography. Three years after surgery, the patient presented with cough and dyspnea, and chest radiography and computed tomography (CT) revealed multiple lung nodules. Positron emission tomography/CT revealed a high accumulation of 18F-fluoro-2-deoxy-D-glucose (18F-FDG) in multiple lesions. Based on the rapid growth and accumulation of 18F-FDG, a metastatic malignant tumor was suspected. CT-guided needle biopsy was performed, and the histology showed proliferation of spindle cells and multinuclear giant cells without malignant changes. Denosumab was administered because multiple lung lesions were unresectable. One month after denosumab treatment, CT showed marked shrinkage of the lesions, and the symptoms significantly improved. Eighteen months after the initial treatment with denosumab, the patient had no symptoms or tumor growth. Although its long-term efficacy and safety remain unclear, denosumab may be a treatment option for patients with unresectable pulmonary GCTB.
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1 Introduction

Giant cell tumor of bone (GCTB), a locally aggressive and rarely metastasizing tumor, is classified as intermediate malignancies according to the 2020 World Health Organization (WHO) classification (1–3). Histologically, GCTB consist of ovoid mononuclear cells and giant osteoclast-like cells (4, 5). Osteoclast-like multinuclear cells and their precursors express receptor activator of nuclear factor-kappa B (RANK), whereas mononuclear stromal cells express RANKL, which is necessary for the formation, function, and survival of the osteoclasts (6–9).

The standard treatment for GCTB is surgical excision, which consists of curettage and en bloc resection (10). In cases of unresectable GCTB, denosumab, a human monoclonal antibody targeting the nuclear factor-kappa B ligand (RANKL), is considered a treatment option (5, 11, 12). Denosumab binds to RANKL and blocks its binding to RANK on osteoclasts and osteoclast precursors, resulting in the inhibition of osteoclast differentiation and bone resorption by the osteoclasts (5, 12). Denosumab is widely used to prevent hypercalcemia, pathological fractures, and spinal cord compression in patients with metastatic bone diseases (13–15). Furthermore, high response rates have been reported in clinical studies on denosumab in patients with GCTB (5, 11). In a phase 2 study of denosumab in patients with GCTB, patients received 120 mg of subcutaneous denosumab (every 4 weeks with a loading dose on days 8 and 15 of the first cycle) (16). In this study, 163 of 169 (96%) patients were progression-free after a median follow-up of 13 months (16). In another study including 43 patients with resectable GCTB and 54 patients with unresectable GCTB, all tumors were controlled by denosumab treatment, whereas 40% of patients who discontinued denosumab showed tumor progression after a median of 8 months (12). Furthermore, it is reported that neoadjuvant treatment with denosumab can downstage the lesions by increasing the thickness of cortical bone and forming new cortical rim around the soft-tissue mass that facilitates joint salvage and decrease surgery invasiveness (1, 17–23). Although denosumab does not have direct cytotoxic effect on neoplastic stromal cells, it can inhibit pulmonary metastases. Denosumab prevents RANKL-mediated formation and activation of multinucleated giant cells from RANK-positive mononuclear preosteoclasts and macrophages, resulting in marked reduction in multinucleated giant cells (5, 24–26). Although denosumab is considered an effective treatment option for patients with unresectable GCTB, the indications, doses, and periods of denosumab use in metastatic GCTB remain unclear. Therefore, investigations into treatment strategies for unresectable metastatic GCTB are required.

In the management of malignant tumors, 18F-fluoro-2-deoxy-D-glucose (18F-FDG) positron emission tomography/computed tomography (PET/CT) is one of the most useful diagnostic tools to assess grading, staging, therapeutic response, surgical planning, and expected prognosis (27). PET/CT can be used to differentiate between malignant and benign lesions (28). However, GCTB has high accumulation of 18F-FDG (27), and the high accumulation of 18F-FDG may mislead the diagnosis of the tumor (29–31). In this report, we present a case of pulmonary metastasis of GCTB that mimicked malignancies on radiographic examinations, which was successfully controlled by treatment with denosumab.




2 Case presentation

A 49-year-old man presented with right elbow pain. Radiography revealed osteolytic lesions and scalloping in the right proximal radius (Figure 1A). Magnetic resonance imaging showed a tumor lesion in the proximal radius with iso intensity on T1-weighted images and high intensity on T2-weighted images, and the lesion was enhanced by gadolinium (Figure 1B). 201Thallium (201Tl) scintigraphy and 99mTc-methylene diphosphonate (99mTc-MDP) scintigraphy showed an increased uptake of the 201Tl and 99mTc-MDP in the proximal radius. Open biopsy was performed, and the histology of the tumor showed proliferation of spindle cells and multinuclear osteoclast-like cells with collagen fibers and deposition of hemosiderin (Figure 1C). Immunohistological staining showed positivity for H3.3G34W in the tumor cells (Figure 1D). Based on the histological findings, the tumor was diagnosed as a GCTB. He underwent curettage with adjuvant treatment with ethanol and phenol, and the bone defect was augmented with α-tricalcium phosphate (αTCP) (Figure 1E). Two years after the initial surgery, radiography and CT revealed tumor recurrence. He underwent denosumab treatment (120 mg on days 1, 8, 15, 29, 56, and 84), curettage with adjuvant treatment with ethanol and phenol, and artificial bone grafting using α-TCP. Histological examination of the tumor specimen showed proliferation of spindle cells and multinuclear giant cells, consistent with GCTB recurrence. At the time of the second surgery, no pulmonary nodules were detected on chest radiography (Figure 2A).




Figure 1 | (A) Initial radiography shows an osteolytic lesion in the proximal radius. (B) In enhanced magnetic resonance imaging, the lesion is enhanced by gadolinium. (C) Histology of the specimen of the radius shows proliferation of spindle cells and multinucleated osteoclast-like cells, which is consistent with diagnosis of GCTB. (D) Immunohistological staining of H3.3G34W. (E) The lesion is curetted and augmented with α-tricalcium phosphate.






Figure 2 | (A) At the time of second surgery, no pulmonary lesion was detected on radiography. (B) Three years after the second surgery, radiography showed multiple lung nodules.



Three years after the second surgery, the patient presented with cough and dyspnea. Radiography and CT revealed 31 nodules, including the largest lesion (15 × 13 cm) in the lungs (Figure 2B). PET/CT revealed a markedly increased uptake of 18F-FDG in the lesions (SUVmax = 11.8–12.2) (Figures 3A–C). Based on the clinical course and radiological findings, malignant metastasis was suspected. CT-guided needle biopsy was performed to confirm the diagnosis of multiple lung lesions. Histological examination of the specimen revealed proliferation of spindle cells and multinuclear osteoclast-like cells without malignant changes (Figure 3D), and the tumor cells were positive for H3.3G34W on immunohistological staining (Figure 3E). These findings were similar to the histology of the primary lesions of the proximal radius, and the lung lesions were diagnosed as multiple metastases from GCTB. Because the lung nodules were thought to be unresectable, he was treated with denosumab (120 mg subcutaneously on days 1, 8, 15, and 29 and every 4 weeks thereafter). One month after the initiation of denosumab treatment, shrinkages of the lung nodules and gradual improvement in pulmonary symptoms were observed (Figure 4). Then, the denosumab treatment continued every 4 weeks. During the denosumab treatment, the patient underwent chest X-ray every month, blood examination every 3 months, and chest CT every 6 months. After 3 months of denosumab treatment, the patient achieved a partial response according to the Response Evaluation Criteria in Solid Tumors criteria (32). During the treatment 7period, X-ray and CT showed no regrowth of the tumor, and there were no adverse events, such as hypocalcemia and osteoporosis of the jaw. Eighteen months after the initial treatment with denosumab, the patient showed no symptoms or disease progression and continued to undergo denosumab treatment (Figure 4).




Figure 3 | (A) Positron emission tomography/computed tomography shows high accumulation of 18F-fluoro-2-deoxy-D-glucose in the multiple lung lesions. (B, C). The maximum standardized uptake values are 11.8–12.2. (D) Histology of specimen of the lung nodule shows proliferation of spindle cells and multinuclear cells, which is similar to the findings of specimen of the radius. (E) Immunohistological staining of H3.3G34W.






Figure 4 | Radiography examination before treatment (A), 1 month (B), 3 months (C), and 18 months (D) after the initial treatment of denosumab. The pulmonary lesions show response to the treatment of denosumab.






3 Discussion

In this report, we presented a case of multiple pulmonary metastases of GCTB. In this case, multiple pulmonary lesions were unresectable; however, these lesions were successfully controlled with denosumab treatment. The incidence of metastasis in GCTB has been reported to be 1–9% (33–37), and the lung is the most common site of metastasis, followed by the brain, kidney, bone, skin, and lymph nodes (34). Although most metastatic lung lesions of GCTB are slow-growing and can be controlled by tumor resection or observation (10, 33), some metastatic GCTB are aggressive and causes mortality (10, 38, 39). Although our follow-up protocol for patients with GCTB did not include chest X-ray, addition of chest X-ray or CT to the follow-up protocol is recommend to diagnose pulmonary metastases of GCTB earlier. Tsukamoto et al. reported that follow-up protocol after surgical treatment for GCTB included chest X-ray or CT every 4 months for the first 2 years, every 6 months for the next 3 years, and then annually (10). Chan et al. investigated the risk factors for pulmonary metastasis from GCTB in 291 patients with benign GCTB (39). In this study, only local recurrence was an independent risk factor for pulmonary metastases. Tsukamoto et al. investigated the outcomes and safety of initial observations in patients with pulmonary metastases of GCTB (10). In this study, 46% of patients with lung lesions ≤ 5 mm and all patients with lung lesions > 5 mm had disease progression. The patients with lung lesions ≤ 5 mm had significantly better progression-free survival than those with lung lesions > 5 mm (p = 0.022). Initial observation may be an option for patients with small pulmonary lesions. However, the present case required treatment because the pulmonary metastases were large and symptomatic.

In this case, clinical course and high accumulation of 18F-FDG in PET/CT mimicked malignancies. In previous reports, GCTB had higher accumulation of 18F-FDG (mean SUVmax = 8.4–16.8) than other benign lesions (28, 40–43). Uptake of FDG in tumor cells is associated with expression of glucose transporter protein (GLUT)-1, hexokinase II, and with gene upregulation for these proteins (44, 45). Ong et al. reported significantly greater GLUT-1 and hexokinase II in human cancer cell lines (46). On the other hand, other studies showed upregulation of GLUT-1 in monocyte-derived macrophages (47–49), and the high 18F-FDG uptake may be explained by high monocyte/macrophage content within GCTs (44, 50). Based on the reports, GCT and other lesions containing active macrophages should be considered in differential diagnoses of lesions with high accumulation of 18F-FDG.

There are several reports on systemic treatment for metastatic pulmonary GCTB (Table 1) (51–60). In a retrospective study of denosumab treatment in 7 patients with pulmonary GCTB, 3 patients showed partial response and 4 patients had stable disease (54). Based on the previous reports, denosumab can be one of the treatment options in patients with unresectable pulmonary GCTB (54, 56, 59, 60). However, denosumab can cause severe side effects, including hypocalcemia, hypophosphatemia, increased risk of atypical femoral fracture, and osteonecrosis of the jaw (5, 16). Therefore, long-term treatment with denosumab is not ideal therapeutic option, and discontinuation, dose reduction, or extension of the treatment interval, may be needed to avoid severe adverse effects of denosumab. Although denosumab can reduce tumor size by inhibiting osteoclastic differentiation and reducing giant cells, it is not cytocidal in the neoplastic stromal cells of GCTB, and discontinuation of the treatment may cause regrowth of the tumor (12). Tanikawa et al. reported a case treated with extended interval of the denosumab treatment for GCTB in the sphenoid bone (61). In their report, denosumab treatment (120 mg) for the first 2 years was performed every 4 weeks. Subsequently, the treatment interval was gradually extended, with 4 monthly dosing for the next 1 year, followed by a 6 monthly dosing for 2 years. During the extension of the treatment interval, slight growth of the lesion was observed, but it was thought to be acceptable range. They concluded that optimal extended dosing interval of denosumab treatment after achieving the stabilization of GCTB was 6 months. Thus, reducing the dose or extending the dosing interval as much as possible is desirable for patients who are unable to discontinue the medication.


Table 1 | Recent reports of systemic treatment of pulmonary metastasis of GCTB.






4 Conclusions

In this case report, we present the pulmonary metastases from a GCTB mimicking malignancy. PET/CT revealed a high accumulation of 18F-FDG in the lesions. A metastatic malignant tumor was suspected in this case; however, histological examination revealed a metastatic GCTB without malignant changes. Although the pulmonary nodules were unresectable, they were controlled with denosumab. Denosumab may be a treatment option for patients with unresectable GCTB metastases. Further studies on dose reduction or extension of the treatment interval of denosumab treatment are demanded.
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Introduction: Postoperative comprehensive treatment has become increasingly important in recent years. This study was to repair tissue defects resulting from the removal of diseased tissue and to eliminate or inhibit the recurrence and metastasis of residual tumors under the condition of reducing the systemic side effects of chemotherapeutic drugs. To address these challenges, multifunctional scaffolds based local drug delivery systems will be a promising solution.
Methods: An optimal drug-loaded scaffold material PHBV-mPEG5k (PP5) was prepared, which is biocompatible, hydrophilic and biodegradable. Furthermore, this material showed to promote bone healing, and could be conveniently prepared into porous scaffold by freeze-drying the solution. By means of introducing melatonin (MT) into the porous surfaces, the MT loaded PP5 scaffold with desirable sustained release ability was successfully prepared. The effectiveness of the MT loaded PP5 scaffold in promoting bone repair and anti-tumor properties was evaluated through both in vivo and in vitro experiments.
Results and Discussion: The MT loaded PP5 scaffold is able to achieve the desired outcome of bone tissue repair and anti-bone tumor properties. Furthermore, our study demonstrates that the PP5 scaffold was able to enhance the anti-tumor effect of melatonin by improving cellular autophagy, which provided a therapeutic strategy for the comprehensive postoperative treatment of osteosarcoma.
Keywords: PHBV, PEG, melatonin, scaffold, osteosarcoma, bone tissue regeneration
1 INTRODUCTION
Bone tumors, particularly osteosarcoma, have a higher incidence in adolescents. The current treatment for metastatic bone cancers involves the resection of tumor tissue, combined with chemotherapy and radiotherapy, unfortunately, this approach often results in bone defects (Ma et al., 2017). Therefore, there is a need for a multifunctional method that can eliminate residual cancer cells while repaire bone defects (Xue et al., 2020). Local drug delivery systems using multifunctional scaffolds can effectively address these challenges. Yang et al. (2020) demonstrated the efficacy of a PDA-coated, DOX-loaded LHAp/PLGA fibrous scaffold, in achieving controlled drug release, inhibiting tumor cell growth and promoting the proliferation of normal cells during the early stages of treatment (Lu et al., 2021).
The copolymer of 3- hydroxybutyrate and 3-hydroxyvalerate (PHBV) is a piezoelectric a material that possesses extremely good biocompatibility has been used in tissue engineering and regenerative medicine for many years (Ye et al., 2018; Chen et al., 2021; Kaniuk,, Stachewicz, 2021). In addition to biocompatibility, the copolymer PHBV has excellent biodegradability. And the piezoelectric properties of PHBV result in a negatively charged surface potential on material’s surface, which is similar to that of human bone. And recent studies have demonstrated the beneficial impact of negative potential on the surface of materials, particularly in terms of promoting mineralization and osteogenic differentiation of cells (Kang et al., 2013; Mihaila et al., 2014). As a result, PHBV has emerged as the most promising biopolymer for a variety of applications, particularly in bone tissue engineering where it has been extensively utilized (Huang et al., 2010; Jacob et al., 2018).
However, due to its hydrophobic characteristic, causing low cellular interaction and bioactivity, which limits the application of PHBV in bone regeneration. Polyethylene glycol (PEG) with biodegradable and biocompatible and commercially available in molecular weights ranging from 500 to 20,000 Da, which has been approved by the US Food and Drug Administration (FDA) for using in human body, is the most commonly used hydrophilic component of polymeric micelles. To make up the shortcomings of PHBV, a new block copolymer (PHBV-mPEG5K, PP5) was developed using mPEG with an average molecular weight of 5,000 and PHBV, the hydrophilicity, biocompatibility and biodegradability of PP5 were improved compare to PHBV, making it a promising candidate for constructing tissue engineering scaffold. Combining the above, PP5 was employed as a carrier for melatonin to repair bone defect and prevent tumor recurrence after osteosarcoma surgery.
Melatonin (N-acetyl-5-methoxy-tryptamine) plays a significant role in regulating the sleep-wake cycle, declining tumor progress and ameliorating immune system actions (Ekmekcioglu, 2006; Cheng et al., 2013). Some Studies revealed that melatonin can be effective against many types of tumors including Endometrial Cancer and osteosarcoma et al. (Dana et al., 2020; Yang et al., 2022). In addition, melatonin levels are related to bone metabolism which can prevent bone degradation and promote bone formation (Cutando et al., 2012). The results of studies indicate that melatonin may have anti-tumor properties by activating or inhibiting various mechanisms including apoptosis, anti-proliferative and anti-oxidant activities. Accumulating evidence studies has provided evidence of melatonin’s anti-osteosarcoma properties, making it a promising candidate as an adjuvant agent in osteosarcoma treatment. Melatonin is a safe potential therapeutic agent for children and adolescents and has shown promise as an adjuvant in reinforcing the therapeutic effects of chemotherapies while also abolishing the unwanted consequence.
In this study, we present a new approach for MT delivery using a MT-loaded PP5 scaffold. The PP5 scaffold was prepared by modifying PHBV with mPEG5k and lyophilizing the solution. MT was then loaded onto the scaffold by dissolving it with GelMA and coating to the scaffold porous surfaces. GelMA has been broadly applied as biomaterials for bone tissue regeneration and other tissue repair owing to suitable biological properties and tunable physical characteristics (Sun et al., 2018). Especially, the source of GelMA is collagen, the major component of ECM, so there is much arginine-glycine-aspartic acid (RGD) sequences in GelMA that are favorable for cell adhesion, migration and growth (Liu and Chan-Park, 2010; Klotz et al., 2016). We characterized the chemical structure of PP5 and evaluated the drug release behavior, bioactivity to promote bone defect repair and ability for preventing bone tumor of the MT-loaded PP5 scaffold. Finally, the mechanism of the enhancement of MT’s antitumor effect by PP5 scaffold was also revealed.
2 METHODS AND MATERIALS
2.1 The preparation of PHBV-mPEG5k (PP5) scaffold
To prepare PHBV-mPEG5k (PP5), mPEG-5k (Sigma, China) was dissolved in dry dichloromethane. The solution was then heated to 80°C under vacuum for 24 h and subsequently cooled to room temperature. The mPEG-5k solution was then added dropwise to the hexamethylene diisocyanate solution with stirring and the mixture was left to react in the dark at room temperature for 6 h to obtain mPEG5k-NCO. Next, PHBV (Tianan Biologic Material Ltd., China) was dissolved in dry dichloromethane and heated to 80°C under vacuum for 5 h and subsequently cooled to room temperature. The mPEG5k-NCO solution was then added dropwise to the PHBV solution and the mixture was left to react in the dark at room temperature for 3 days. The crude product was obtained by rotary evaporation to remove the dichloromethane. The resulting product was then purified by dissolving it in tetrahydrofuran and gradually adding distilled water with stirring. After filtration and washing with distilled water, the purified product was dried under vacuum to obtain PHBV-PEG5k (PP5).
For preparation of PP5 scaffold, PP5 was dissolved in deionized water and heated to 50°C for 24 h, until the polymer was completely dissolved, transferring the solution to 6 mm cell culture dish and stored at −20°C for 12 h. Finally, the solution was lyophilizated at −20°C, the scaffold was obtained.
2.2 Characterization of PHBV-PEG5k (PP5)
The Fourier transform infrared spectra of mPEG5k, PHBV and PP5 were recorded using a Perkin Elmer spectrophotometer (spectrum 2) through the solid-state KBr pellet method within the range of 4,000–400 cm−1.
The 1H-NMR of the polymer was recorded using FT-NMR JEOL AL 500 FT-NMR Proton nuclear magnetic resonance spectrometer in CDCl3. Tetramethylsilane was used as an internal reference.
2.3 Melatonin loading on the scaffold
A series of GelMA (SunP Gel G1) gels with varying concentration (0.25% w/v, 0.5% w/v, 1% w/v, 1.5% w/v and 2% w/v) were prepared to find the optimal concentration for loading MT. A mixture of 0.05 gMT and different masses of GelMa were added to 10 mL Phosphate Buffer Saline (PBS), and stirred at 650 r/min for 2 h in a 40°C water bath until fully dissolved. Then the MT solution was fully absorbed by PP5 scaffold and placed at room temperature (23–25°C) until it underwent liquid-solid conversion, resulting in the production of MT-loaded PP5 scaffold.
2.4 Determination of loading efficiency (LE) and loading capacity (LC)
To prepare the MT solution, a mixture of absolute ethanol and chloroform (V: V = 9:1) was used as the solvent. The maximum absorption peak was measured using an ultraviolet-visible spectrophotometer (Mettler Toledo, Switzerland) within a wavelength range of 200–350 nm. A standard curve was drawn by fitting the absorbance with the mass concentration of the MT solution at the wavelength of the maximum absorption peak (278 nm) using linear regression. Freeze-dried MT-loaded GelMa gel (50 mg) was dissolved in PBS (10 mL) and centrifuged at 12,000 rpm for 5 min. Then, 0.5 mL of the supernatant was diluted in PBS in a 25 mL volumetric flask and the absorbance value of the solution was measured at 278 nm. The mass of melatonin was calculated from the standard curve and the LE and LC was calculated by following formula: In vitro scaffold drug release study
[image: image]
where ma means the mass of melatonin in MT-loaded GelMA gel, mb represents total mass of MT and mc is the mass of GelMA in MT-loaded GelMA gel.
2.5 In vitro drug release behavior
Standard curve of MT was first drawn using PBS (pH = 7.4) as solvent under the wavelength of the maximum absorption peak (278 nm). MT-loaded GelMA (100 mg) was dissolved in PBS and placed in a dialysis bag. The dialysis bag was then placed in a beaker containing the same pH PBS buffer and was vibrated horizontally in a constant temperature shaker (37°C ± 0.5°C) with a vibration frequency of 50 times/min. The release liquid (5 mL) was replaced with same amounts of fresh PBS at selected time intervals. The absorbance value of the solution was measured at 278 nm and the drug release rate was calculated as follow:
[image: image]
where R means the cumulative drug release rate (%); n means the number of samplings. (%) represents the mass concentration (g/L) of the drug in the nth release. V represents the total volume of the release liquid. [image: image] represents the mass concentration (g/L) of the drug in the ith release, Vi represents the volume of the release liquid at the ith sampling and MD means the mass of drug loaded (g).
2.6 Biocompatibility tests
Human bone mesenchymal stem cells (hMSCs) were originally purchased from Cell Bank of Shanghai Institutes for Biological Sciences. The PHBV and PP5 scaffold were sterilized by ultraviolet irradiation for 30 min and then placed in a 48 well cell culture plate. The hMSCs were seed on both materials at a density of 5 × 104 cells/well, incubated at 37°C, 5% CO2 atmosphere and 95% humidity for predetermined durations of 24 h, 48 h and 72 h. Then the materials with adhered cells were rinsed with PBS, stained with phalloidin and 4,6-Diamidino-2-phenylindole dihydrochloride (DAPI) for 30 s, and finally observed under inverted microscope.
In order to quantitatively evaluate the cell viability on both materials, CCK8 assay was used. Following incubation as described above, 10 ul CCK8 was added to each well and the plate was incubated in darkness at 37°C for 4 h, the absorbance (OD) values were measured at 450 nm (iMark, Bio-rad, USA).
2.7 Evaluation of osteogenic differentiation of PP5 scaffold in vitro
The mRNA expression of collagen I (COL I), Runt-related transcription factor 2 (Runx2), osteocalcin (OCN), osteoprotegerin (OPG) and alkaline phosphatase (ALP) were quantified to assess the osteogenic differentiation of different scaffolds by Real-Time PCR. hMSCs were adhered in 6-well plates and RNA were harvested after osteogenic induction for 7 days using TRIzol reagent (Invitrogen). Prime Script RT reagent kit (Takara, Shiga, Japan) was used for mRNA to be reversely transcribed into complementary DNA. ABI 7,900 was used for quantitative analysis of the reverse transcription reaction. The data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression and analyzed by the 2−ΔΔCT method.
Alizarin red S staining was used to evaluate the extracellular calcium deposition, revealing individual osteo-induction capacity of different scaffolds. HBMSCs were seeded into 24-transwell plates and co-cultured with PHBV or PP5 in osteogenic differentiation medium for 21 days. After 21 days, cells were washed twice with PBS and fixed with 4% paraformaldehyde for 15 min and then stained with Alizarin Red S (2% aqueous, Sigma) solution for 30 min.
2.8 In vivo bioactivity analysis
Femur defect models were established on sixteen 8-week-old male SD rats to examine the repair efficacy of the PP5 scaffolds. The femoral defects model was prepared according to previously described protocols (Chou et al., 2008). The experimental rats underwent general anesthesia with intraperitoneal injection of 50 mg/kg pentobarbital sodium All animals were cared and experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (2011 revision). The experimental protocol was approved by the Ethics Committee of Affiliated Hospital of Guangdong Medical University (No. PJKT 2022-046). All possible efforts were made to reduce the number of rats used and discomfort to the rats. Afterwards, the surgical sites were shaved and disinfected. A bone defect of approximately 4 mm in diameter and 5 mm in depth was created at the right femoral epicondyle using a slow-speed cylindrical burr. Subsequently, according to the type of scaffolds implanted, the animals were randomly divided into two groups (8 rats per group): (1) no treatment (defect control), (2) PP5-scaffold. The post-operative pain was controlled by intra-muscular injection of 5 mg/kg morphine every 4 h. Two months post-implantation, the rats were sacrificed and the femurs were extracted for micro-CT analysis. 3D bone reconstruction and quantitative analysis of bone regeneration were conducted using the system software. Bone volume/tissue volume (BV/TV) and bone mineral density (BMD) of each sample were analyzed and calculated. Afterwards, the collected femur samples were decalcified and prepared for hematoxylin-eosin (H&E) staining to visualize bone regeneration.
2.9 Evaluation of anti-tumor migration effect
Transwell system was used to analyze cell migration, cells were seeded in the top chambers of the transwell migration plates in DMEM containing 10% FBS. At 24 h after seeding, cells that migrated to the underside of the trans well were stained with 0.5% crystal violet for 5 min and imaged in ten random fields. To investigate the invasion and migration of cells in PP5 or MT-loaded PP5 scaffold, the cells (5 × 105) were injected to the scaffold with a designated site, and the cell migration away from the injection sites was monitored with a light microscope (Leica, Germany) and quantified using ImageJ.
2.10 Evaluration of anti-tumor performance in vivo
The protocols of use and care of the animals were reviewed and approved by Institutional Animal Care and Use Committee of Affiliated Hospital of Guangdong Medical University. 2.0 × 105 LM-8 (murine osteosarcoma cells) per mouse were injected subcutaneously into the leg of the nude mouse (6 week-old Balb/c, Vital River Laboratory Animal Technology Co. Ltd., Beijing, China). When the volume of the tumor grew to about 300 mm3, the mice were randomly divided into three groups (n = 4). A small incision was made on the leg of the mouse and the functional cuboid scaffold (length: 8 mm, width: 2 mm, height: 2 mm) was implanted under the tumor. The first day of the treatment was regarded as Day 0. The weight of tumor was measured after 1 month. The tail vein injection was used for MT group treatment, and the dose of MT was consistent with that of MT + PP5 group.
2.11 Mechanism exploring about enhancement of anti-tumor effect by PP5
Western blotting was used to determine the protein expression level of LC3 II/LC3 I and P62/GAPDH.The cellular proteins were extract with by cell lysis buffer (Invitrogen, United States). Protein samples were separated on 10% SDS-PAGE, followed by transferred onto PVDF membranes (Millipore, United States). The membranes were blocked with 2% bovine serum albumin (BSA) in PBST for 1 h at room temperature, then the membranes were incubated with the primary antibodies and secondary antibodies for 1 h at 37°C. Finally, the membrane was observed by sensitive enhanced chemiluminescence (ECL) detection kit (Beyotime, China) and bands were detected by ChemiDoc Imaging Systems (Bio-Rad, United States).
The immunocytochemistry was performed on cells grown on 22 × 22 mm coverslips. Wash the cells with PBS for 3 × 5 min. Fix the cells on a coverslip and fix them with 3.7% formaldehyde in PBS for 5 min. Permeabilize cells with PBS containing 0.1% Triton X-100 for 3 min. Block with 7.5% BSA in PBS. Incubate with primary antibodies diluted in PBS containing 0.5% BSA. Wash the cells 3 times. Incubate with secondary antibodies for 1 h. Counterstain the nuclei with PBS containing 10 ng/mL Hoechst 33342 for 3 min. Fluorescence is observed under a microscope.
2.12 Statistical analysis
Statistical data analysis was performed with SPSS software. Data from at least three independent experiments were collected, analyzed, and expressed as mean ± standard deviation (SD). Results with p-values of < 0.05 were considered statistically significant.
3 RESULTS
3.1 Synthesis and characterization of PP5
In order to overcome the limitations of PHBV, we opted to synthesize PP5 using PBHV and mPEG5k as the primary raw materials. The chemical structure of PP5 was confirmed through 1H NMR analysis as depicted in Figure 1, δ = 1.5−2.03, 2.32,4.0−4.19,4.32−4.47 ppm belongs to PHBV (a-g) while δ = 3.66 ppm was corresponded to mPEG5k, which confirmed that we graft mPEG5k to PHBV successfully (Park et al., 1998; Pasek-Allen et al., 2023). The structure of PEG5k, PHBV and PP5 were characterized by FT-IR (Figure 1). In the spectrum of mPEG5k, the absorption peak at approximately at 2,887 and 1,467 cm−1 respectively are associated with the stretching and bending vibration of methylene (Xiang et al., 2013). And the peaks also appear in spectrum of PP5, therefore, the FT-IR results confirm that PP5 has been produced.
[image: Figure 1]FIGURE 1 | Characteristics of PP5 materials (A) The structural formula of PP5. (B) The NMR H1 profiles of PP5. (C) The FT-IR of PEG5K, PHBV and PP5.
3.2 Biocompatibility of PP5
We utilized the material-cell co-culture method to evaluate the cytotoxicity of PBHV and PP5 and determine their biocompatibility. Human bone marrow mesenchymal cells were co-cultured with the materials for 24, 48, and 72 h, and cell viability was assessed using the CCK8 assay kit. Our findings indicated that both materials displayed no-cytotoxicity and showed some pro-proliferative effect. Moreover, PP5 exhibited a more pronounced pro-proliferative effect compared to PHBV (Figure 2C). Cellular immunofluorescence staining for cytoskeletal proteins (β-tublin) was performed to evaluate cell spreading on the scaffold materials. Fluorescence analysis (Figure 2A) demonstrated that cells exhibited greater extensibility on PP5. In conclusion, the addition with mPEG5k resulted in the synthesis of PP5 biomaterials with improved hydrophilicity and biocompatibility.
[image: Figure 2]FIGURE 2 | Biocompatibility of PP5 materials. (A) Fluorescence observation of cell ductility cocultured with PHBV and PP5 materials; (B) The proliferation of HBMSCs co-cultured with PBHV and PP5. (C) Cell viability at different exposure times (24 h, 48 h, and 72 h) cocultured with PHBV, PP5 materials and Ctrl.
3.3 Osteotropic effects of PP5 in vivo and in vitro
To further evaluate the osteogenic ability of PP5, we conducted both cellular and animal models to investigate the osteogenic effect of each material. We co-cultured both materials with cells and performed RT-PCR analysis of osteogenesis-related genes. (Figure 3A). The expression of osteogenesis-related genes such as ALP, OPG, OCN, Runx2, and Collagen I were significantly higher in the PP5 group compared to the PBHV group. In the alizarin red mineralized nodules staining assay, the PP5 group exhibited higher mineralized nodules compared with control group. For the in vivo study, we utilized a femoral defect model in SD rats, a small bone defect was artificially created in the lower femur of SD rats and then implanted with PBHV and PP5, respectively. After euthanasia at 8 weeks postoperatively, the specimens were taken for Micro-CT analysis and HE. As shown in Figure 4A, after data analysis by specific software, the bone mineral density (BMD), bone volume fraction (BV/TV), bone trabecular number (Tb.N), and bone trabecular thickness (Tb.Th) were found to be statistically higher in the PP5 group compared to the PBHV group (p < 0.05). These differences were also observed in HE staining (Figure 4B). From the above, it can be concluded that PP5 has a significantly better bone healing promoting effect than PBHV.
[image: Figure 3]FIGURE 3 | Pharmacokinetics of melatonin. (A) UV scanning spectrum of melatonin standard. (B) The standard curve of melatonin. (C) The drug loading efficiency of melatonin with different GelMA concentration. (D) The drug loading capacity of melatonin with different GelMA concentration. (E) The drug release rate of melatonin loaded GelMA.
[image: Figure 4]FIGURE 4 | Assessment of in vitro osteogenic efficacy of PP5 (A) Relative osteogenesis-related gene expressions of the hMSCs cultured on PP5 for 7 days by real-time PCR. (B) Alizarin red staining of hMSCs cultured on PP5 and quantitative analysis by ImageJ.
3.4 Loading and release effects of melatonin on PP5
As a potential drug against bone tumors, we proposed to construct a local drug delivery system by loading melatonin to provide a new option for improving the quality of comprehensive management of bone tumors after surgery. Through GelMA, we successfully loaded melatonin on PP5 scaffold and performed release experiments. (Figure 5). The loading capacity increased with decreasing gel concentration, and the loading efficiency initially increased with the increasing concentration and reached a peak at the gel concentration of 1%, so the 1% gel concentration was used for subsequent experiments. In the drug release curve, the melatonin release process was able to sustain the release for more than 14 days without sudden mass release, and the release efficiency of MT was able to reach more than 97.1%. The result indicating that the MT loaded PP5 has the ability to achieve sustained and slow release of MT.
[image: Figure 5]FIGURE 5 | Assessing the in vivo osteotropic efficacy of PP5 (A) MicroCT evaluation of the effect of PP5 on bone microstructure. (B) HE staining to evaluate the promoting effect of PP5 on trabecular bone.
3.5 Antitumor capacity of melatonin-loaded drug delivery system (MT + PP5)
To evaluate the anti-tumor efficacy of the drug delivery system, we conducted both in vitro and in vivo experiments. Specifically, we treated tumor cells (MG-3) with two different scaffold and melatonin for a period of 24 h. We then performed cell transwell assays and cell proliferation assays (Figures 6A–C). Both the free melatonin group and MT + PP5 group exhibited anti-bone tumor abilities. In addition, the cell proliferation assay measured by the CCK8 kit also demonstrated inhibitory effects of the above two groups on the proliferation of MG63 cells. Interestingly, the MT + PP5 group showed stronger anti-tumor ability than the free MT group in both experiments.
[image: Figure 6]FIGURE 6 | Anti-tumor effect of drug delivery system (A) Effect of MT + PP5 on MG63 cell migration in vitro and quantitative analysis by ImageJ (B, C) Estimation of MG63 cell proliferation on PP5 materials. (D, E) Evaluation of tumor suppressive effect of DDS by subcutaneous tumor model.
In vivo experiments, we utilized a nude mouse allogeneic subcutaneous tumorigenesis model, once the subcutaneous tumor volume reached 300 mm2 in nude mice, we implanted scaffold materials subcutaneously in the tumors, and the tumor specimens were euthanized and weighed after 14 days (Figure 6D). The tumors in the MT + PP5 group were significantly smaller than those in the other three groups.
3.6 Study on the mechanism of PP5 to enhance the anti-tumor effect of melatonin
To further explore the enhanced antitumor effect of melatonin, we examined the autophagic effect of melatonin on tumors. Western blotting and cellular immunofluorescence showed differential expression of markers associated with cellular autophagy (Figure 7A). The LC3B protein expression was upregulated in the MT group and MT + PP5 group, while P62 protein expression was decreased, with a greater difference observed in the MT + PP5 group. The difference in protein expressions was confirmed through cellular immunofluorescence (Figure 7B). Based on the results, it can be inferred that PP5 can enhance the anti-tumor effects of melatonin by promoting autophagy.
[image: Figure 7]FIGURE 7 | Effect of MT-loaded PP5 scaffold on cellular autophagy (A) LC3 and P62 protein expression bands and quantification results after co-culture of tumor cells (MG63) with PP5, MT + PP5, and free melatonin for 48 h, respectively. (B) Immunofluorescence staining and quantification of LC3 and P62 after co-culture of tumor cells (MG63) with PP5, MT + PP5, and free melatonin for 48 h, respectively.
4 DISCUSSION
Currently, the clinical treatment of OS involves preoperative or neoadjuvant chemotherapy, surgical removal of primary and metastatic tumor sites, and post-operative chemotherapy. However, surgical resection often results in bone defects that require reconstruction using biomaterials. The biodegradable material poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) scaffold has good biodegradability, but its application in the biological field is limited due to poor biocompatibility. Further research is necessary to enhance these characteristics. Polyethylene glycol (PEG) is a faculty of water-soluble polymers with various molecular weights that possess beneficial properties such as protein resistance, low toxicity and immunogenicity. Due to their biocompatibility and minimal toxicity and good solubility in water or other common solvents, PEGs are often selected as drug carriers. In this study, we designed and evaluated PP5 scaffold for its potential to promote bone repair. Material characterization experiments were performed to determine the molecular structure of PP5, as shown in Figures 1A, B, δ = 1.5–2.03, 2.32, 4.0–4.19, 4.32–4.47 ppm belongs to PHBV (a-g) while δ = 3.66 ppm was correspond to mPEG in 1H NMR spectrum suggest that we graft mPEG to PHBV successfully. (Park et al., 1998). And the result was also proved in FT-IR, the absorption peak at approximately at 2,887–1,467 cm-1 were associated with the stretching and bending vibration of methylene, the result was the same with reported work. In order to evaluate the bioactivity of PP5, the experiments in vivo and in vitro showed that PP5 exhibited superior biocompatibility and anti-tumor ability than PHBV, in Figure 2B, C, the cell dimension cultured on PP5 is about 1.35 times than PHBV, the cell viability is significantly more than PHBV and control group especially at 72 h. Also, the expression of ALP, OPG, OCN, Runx2 and Collagen I of PP5 group were significantly higher than Control group, indicated that PP5 scaffold could promote bone growth and might be a suitable option for bone tissue engineering; however, it cannot inhibit tumor metastasis.
At present, the clinical treatment mode of OS is utilizing combination of surgical intervention and chemo/radiotherapy. Inevitably, surgical resection can result in extensive bone defects and leave behind residual neoplastic cells in the defect area, increasing the risk of local recurrence. However, the postsurgical chemo/radiotherapy still encounters some drawbacks, such as inefficient elimination of the residual cancer cells and severe side effects. Meanwhile, the extensive bone defect, the low immunity caused by chemo/radiotherapy, infection and poor blood supply can cause serious issues for defect healing. Melatonin, as a hormone naturally produced in the human body, has the natural advantages of good biocompatibility and high safety. Studies have shown that melatonin can inhibit tumor growth and metastasis. However, higher doses of melatonin are often necessary to achieve the desired effect of tumor suppression. In contrast to systemic high-dose melatonin, topical application of the drug not only achieves the necessary concentration for treatment, but also mitigates the adverse effects of systemic administration, this is particularly beneficial in adolescents, who are more sensitivity to melatonin.
In this study, we used hydrogel to load melatonin on PP5 scaffold. Our results suggested the cumulative release rate of melatonin has reached 96.3% at 10 h, while the drug release cycle of melatonin loaded GelMA can reach 14 days and there is no obvious burst release (Figure 2). Through anti-tumor experiments in vivo and in vitro, we found that MT-loaded PP5 scaffold has better anti-tumor effect than melatonin alone, the cell migration in transwell assay showed that the MG-3 cell was inhabited of in the MT and MT-loaded PP5 group in Figrue 6, more interestingly, the MT-loaded PP5 group has more effective anti-tumor ability, the weight of tumor in MT-loaded PP5 group was smaller than other two groups, in order to further analyze this phenomenon, we detected autophagy-related markers, including LC3 and P62. The result was shown in Figure 7, autophagy in MT + PP5 group exhibited stronger than that in MT group. Autophagy is a crucial and conserved cellular process that selectively targets abnormal organelles and proteins for lysosomal degradation. The role of autophagy in cancer is controversial. Autophagy can act as a cytoprotective response to chemotherapeutic drugs in cancer cells, and it can also promote metastasis by facilitating the mobility and anoikic resistance of tumor cells. However, several studies have shown that autophagy can induce autophagic cell death, inhibit cell proliferation, and degrade oncoproteins. This can suppress tumorigenesis, impede metastasis, and even enhance chemosensitivity. Several studies have shown that melatonin has antitumor effects, but the exact mechanism is still unknown. Our study found that melatonin induces enhanced autophagy in tumor cells and induces autophagic cell death, resulting in anti-tumorigenic and metastatic effects. The MT-loaded PP5 drug delivery system showed stronger autophagic effect, which seems to be attributed to the slow release of melatonin with local concentration above the therapeutic threshold, the MT group did have significant autophagic effect, but without sustain release ability, MT will be diffused and metabolized in a short time, so the autophagic effect is limited. However, the detailed mechanism needs to be further investigated.
5 CONCLUSION
In summary, a bifunctional scaffold which can inhibit bone tumor recurrence and enhance bone regeneration has been successfully developed by coating MT-loading GelMA on porous surfaces of freeze-dried PP5 prepared with PHBV and mPEG5k by a novel method. The introduction of mPEG5k significantly improves the bio-activity of PP5 scaffold, which leads to the great bone regeneration capacity. The GelMA coating realize long-acting and slowly release of MT from scaffold and efficiently improves the ant-tumor effect. This material meets the necessary requirements for promoting bone repair and eliminating residual tumor to prevent recurrence and metastasis. Therefore, it provides a promising option to improve the comprehensive treatment of bone tumors after surgery. Additionally, due to its excellent ability to promote bone regeneration, this approach is also suitable for treating bone defect diseases or other conditions that require bone implantation.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
This study was reviewed and approved by the ethics committee of Affiliated Hospital of Guangdong Medical University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
J-SW and W-LZ contributed to the conception of the study. Z-WD, S-YC, and W-XG performed and visualized the experiment in silico. Z-WW contributed significantly to analysis and manuscript preparation. W-LZ and Z-WD performed the data analyses and wrote the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by Guangdong Natural Science Foundation (2021A1515010975).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Chen, W., Li, Y., Huang, Y., Dai, Y., Xi, T., Zhou, Z., et al. (2021). Quercetin modified electrospun PHBV fibrous scaffold enhances cartilage regeneration. J. Mater Sci. Mater Med. 32, 92. doi:10.1007/s10856-021-06565-z
 Cheng, Y., Cai, L., Jiang, P., Wang, J., Gao, C., Feng, H., et al. (2013). SIRT1 inhibition by melatonin exerts antitumor activity in human osteosarcoma cells. Eur. J. Pharmacol. 715, 219–229. doi:10.1016/j.ejphar.2013.05.017
 Chou, A. J., Geller, D. S., and Gorlick, R. (2008). Therapy for osteosarcoma: where do we go from here?Paediatr. Drugs 10 (5), 315–327. doi:10.2165/00148581-200810050-00005
 Cutando, A., López-Valverde, A., Arias-Santiago, S., Vicente, J. D. E., and Diego, R. G. D. E. (2012). Role of melatonin in cancer treatment. Anticancer Res. 32, 2747–2753.
 Dana, P. M., Sadoughi, F., Mobini, M., Shafabakhsh, R., Chaichian, S., Moazzami, B., et al. (2020). Molecular and biological functions of melatonin in endometrial cancer. Curr. Drug Targets 21, 519–526. doi:10.2174/1389450120666190927123746
 Ekmekcioglu, C. (2006). Melatonin receptors in humans: biological role and clinical relevance. Biomed. Pharmacother. 60, 97–108. doi:10.1016/j.biopha.2006.01.002
 Huang, W., Shi, X., Ren, L., Du, C., and Wang, Y. (2010). PHBV microspheres--PLGA matrix composite scaffold for bone tissue engineering. Biomaterials 31, 4278–4285. doi:10.1016/j.biomaterials.2010.01.059
 Jacob, J., More, N., Kalia, K., and Kapusetti, G. (2018). Piezoelectric smart biomaterials for bone and cartilage tissue engineering. Inflamm. Regen. 38, 2. doi:10.1186/s41232-018-0059-8
 Kang, K. S., Hong, J. M., Kang, J. A., Rhie, J. W., Jeong, Y. H., and Cho, D. W. (2013). Regulation of osteogenic differentiation of human adipose-derived stem cells by controlling electromagnetic field conditions. Exp. Mol. Med. 45, e6. doi:10.1038/emm.2013.11
 Kaniuk, Ł., and Stachewicz, U. (2021). Development and advantages of biodegradable PHA polymers based on electrospun PHBV fibers for tissue engineering and other biomedical applications. ACS Biomater. Sci. Eng. 7, 5339–5362. doi:10.1021/acsbiomaterials.1c00757
 Klotz, B. J., Gawlitta, D., Rosenberg, A. J. W. P., Malda, J., and Melchels, F. P. W. (2016). Gelatin-methacryloyl hydrogels: towards biofabrication-based tissue repair. Trends Biotechnol. 34 (5), 394–407. doi:10.1016/j.tibtech.2016.01.002
 Liu, Y., and Chan-Park, M. B. (2010). A biomimetic hydrogel based on methacrylated dextran-graft-lysine and gelatin for 3D smooth muscle cell culture. Biomaterials 31 (6), 1158–1170. doi:10.1016/j.biomaterials.2009.10.040
 Lu, Y., Wan, Y., Gan, D., Zhang, Q., Luo, H., Deng, X., et al. (2021). Enwrapping polydopamine on doxorubicin-loaded lamellar hydroxyapatite/poly(lactic-co-glycolic acid) composite fibers for inhibiting bone tumor recurrence and enhancing bone regeneration. ACS Appl. Bio Mater 4, 6036–6045. doi:10.1021/acsabm.1c00297
 Ma, R., Li, Q., Wang, L., Zhang, X., Fang, L., Luo, Z., et al. (2017). Mechanical properties and in vivo study of modified-hydroxyapatite/polyetheretherketone biocomposites. Mater Sci. Eng. C Mater Biol. Appl. 73, 429–439. doi:10.1016/j.msec.2016.12.076
 Mihaila, S. M., Gaharwar, A. K., Reis, R. L., Khademhosseini, A., Marques, A. P., and Gomes, M. E. (2014). The osteogenic differentiation of SSEA-4 sub-population of human adipose derived stem cells using silicate nanoplatelets. Biomaterials 35, 9087–9099. doi:10.1016/j.biomaterials.2014.07.052
 Park, J., Choi, W. M., Ha, C. S., Kim, W. H., and Cho, W. J. (1998). Synthesis and controlled photo- and biodegradabilities of poly[(hydroxybutyrate -Co-hydroxyvalerate)-G-styrene]. Macromol. Symp. 130, 53–69. doi:10.1002/masy.19981300106
 Pasek-Allen, J. L., Wilharm, R. K., Bischof, J. C., and Pierre, V. C. (2023). NMR characterization of polyethylene glycol conjugates for nanoparticle functionalization. ACS Omega 8, 4331–4336. doi:10.1021/acsomega.2c07669
 Sun, M. Y., SunWang, X. T. Z. Y., Guo, S. Y., Yu G, J., and Yang, H. Z. (2018). Synthesis and properties of gelatin methacryloyl (GelMA) hydrogels and their recent applications in load-bearing tissue. Polymers 10 (11), 1290. doi:10.3390/polym10111290
 Xiang, H., Wang, S., Wang, R., Zhou, Z., Peng, C., and Zhu, M. (2013). Synthesis and characterization of an environmentally friendly PHBV/PEG copolymer network as a phase change material. Sci. China Chem. 56, 716–723. doi:10.1007/s11426-013-4837-5
 Xue, Y., Niu, W., Wang, M., Chen, M., Guo, Y., and Lei, B. (2020). Engineering a biodegradable multifunctional antibacterial bioactive nanosystem for enhancing tumor photothermo-chemotherapy and bone regeneration. ACS Nano 14, 442–453. doi:10.1021/acsnano.9b06145
 Yang, C., Blum, N. T., Lin, J., Qu, J., and Huang, P. (2020). Biomaterial scaffold-based local drug delivery systems for cancer immunotherapy. Sci. Bull. 65, 1489–1504. doi:10.1016/j.scib.2020.04.012
 Yang, C., Kang, F., Huang, X., Zhang, W., Wang, S., Han, M., et al. (2022). Melatonin attenuates bone cancer pain via the SIRT1/HMGB1 pathway. Neuropharmacology 220, 109254. doi:10.1016/j.neuropharm.2022.109254
 Ye, X., Li, L., Lin, Z., Yang, W., Duan, M., Chen, L., et al. (2018). Integrating 3D-printed PHBV/Calcium sulfate hemihydrate scaffold and chitosan hydrogel for enhanced osteogenic property. Carbohydr. Polym. 202, 106–114. doi:10.1016/j.carbpol.2018.08.117
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zhang, Dai, Chen, Guo, Wang and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	



REVIEW



published: 21 August 2023




doi: 10.3389/fphar.2023.1269224











[image: image2]





Engineered nanomaterials enhance drug delivery strategies for the treatment of osteosarcoma






Haorui Zhang

1

, Ping Luo
2

and Xiaojun Huang
1


*











1

Department of Spine, Trauma Surgery, The First People’s Hospital of Guangyuan, Guangyuan, China






2

Science and Technology Education Section, The First People’s Hospital of Guangyuan, Guangyuan, China




Edited by:


Duoyi Zhao, Fourth Affiliated Hospital of China Medical University, China




Reviewed by:


Weilin Zhang, Affiliated Hospital of Guangdong Medical University, China

Changfeng Fu, The First Hospital of Jilin University, China





* Correspondence: Xiaojun Huang, 279325194@qq.com





Received: 29 July 2023

Accepted: 09 August 2023

Published: 21 August 2023




Citation: Zhang H, Luo P and Huang X (2023) Engineered nanomaterials enhance drug delivery strategies for the treatment of osteosarcoma. Front. Pharmacol. 14:1269224. doi: 10.3389/fphar.2023.1269224




Osteosarcoma (OS) is the most common malignant bone tumor in adolescents, and the clinical treatment of OS mainly includes surgery, radiotherapy, and chemotherapy. However, the side effects of chemotherapy drugs are an issue that clinicians cannot ignore. Nanomedicine and drug delivery technologies play an important role in modern medicine. The development of nanomedicine has ushered in a new turning point in tumor treatment. With the emergence and development of nanoparticles, nanoparticle energy surfaces can be designed with different targeting effects. Not only that, nanoparticles have unique advantages in drug delivery. Nanoparticle delivery drugs can not only reduce the toxic side effects of chemotherapy drugs, but due to the enhanced permeability retention (EPR) properties of tumor cells, nanoparticles can survive longer in the tumor microenvironment and continuously release carriers to tumor cells. Preclinical studies have confirmed that nanoparticles can effectively delay tumor growth and improve the survival rate of OS patients. In this manuscript, we present the role of nanoparticles with different functions in the treatment of OS and look forward to the future treatment of improved nanoparticles in OS.


Keywords: osteosarcoma, nanomaterials, drug delivery, chemotherapy, adverse reactions




1 INTRODUCTION


Osteosarcoma is the most common type of bone tumor in children and adolescents, accounting for about 60% of primary malignant bone tumors (Jemal et al., 2005). In children and adolescents, OS occurs in 2–3 per million people per year (Li et al., 2023). OS originates from osteoblasts responsible for bone growth, and osteoblasts damage important areas of bone, causing the bone to not repair itself (Shao et al., 2022). OS grows in a complex environment consisting of osteoblasts, osteoclasts, blood vessels, immune cells, and extracellular matrix (Alfranca et al., 2015). Imbalance in the balance between tumor parenchymal cells and non-tumor cell stromal cells is the basis for OS development and metastasis (Corre et al., 2020). Osteoclast-mediated osteolysis is the main cause of reduced bone fragility (Avnet et al., 2008). OS not only causes defects and damage to bone, affecting the functional integrity of bone but also brings serious accompanying symptoms to patients, manifested as unbearable bone pain, hypercalcemia, and pathological fractures (von Schacky et al., 2022). OS has a very high degree of malignancy, is prone to metastasis in the early stage, has strong drug resistance, and has a very poor prognosis. The lung is the most common site of metastasis in OS, up to 74% (Zhang et al., 2019). OS is the second leading cause of death among adolescent tumor-related diseases (Siclari and Qin, 2010). Over the past four decades, the incidence of bone tumors has stabilized, but the mortality rate of bone tumors in patients with bone tumors has gradually increased due to their highly aggressive and metastatic nature (Zhu et al., 2022).

In recent years, the treatment of OS has been continuously explored and studied. However, treatment of OS is still quite limited (Sergi, 2021). Current conventional treatments for malignancy are chemotherapy, radiation therapy, and surgical resection (Wu et al., 2022a). Surgery can only remove the local tumor, but cannot cure the metastasis (Zhu et al., 2022). Chemotherapy is one of the most commonly used cancer treatments. However, due to drug resistance and tumor heterogeneity, likely, chemotherapy alone will not eliminate the tumor (Zhang et al., 2020). The commonly used clinical approach to malignant OS is neoadjuvant chemotherapy combined with surgery (Somaiah et al., 2022). Although this treatment modality has made good progress, survival for malignant OS has been significantly improved (Eaton et al., 2021). However, there are still some thorny problems, such as drug resistance, large side effects, and poor improvement in survival rates of metastatic patients. The treatment of malignant bone tumors is still a difficult problem to solve clinically. The key factors reducing the therapeutic effect of OS: 1) the resistance of OS cells to chemoradiotherapy; 2) Reducing the adverse reactions of chemotherapy drugs (Zhu et al., 2022).

With the development of nanomedicine, nanomaterials offer new opportunities to improve drug delivery and reduce their adverse effects (Xia et al., 2022a). Nanoexamples are widely used in the immunotherapy of tumors using their unique size, charge properties, and targeting properties (Wu et al., 2022a). The enhanced permeability retention (EPR) properties of tumor cells allow nanoparticles to remain in the tumor microenvironment for a long time (Morales-Orue et al., 2019). Nanoparticles encapsulate chemotherapy drugs, immune adjuvants, etc., which can achieve precise release of drugs and avoid drug decomposition and inactivity in blood vessels (Nguyen et al., 2020). Through reasonable design, the pharmacokinetics of nanoparticles can be improved, and their circulation time in the body can be enhanced to improve the therapeutic effect of OS (Yuan et al., 2023). The manuscript focuses on the application of nanoparticles with different functions in OS, and analyzes the prospect of nanoparticles in the treatment of OS.




2 PH-RESPONSIVE NANOPARTICLES


Surface charge plays an important role in signal transmission between nanoparticles and cells (Hu et al., 2020). The surface of tumor cells often exhibits negative electricity, which makes the positively charged nanoparticles have a strong attraction effect with it. However, the tumor microenvironment is often weakly acidic, which makes positively charged nanoparticles often less likely to come into direct contact with tumor cells. Acid-unstable acetal ligates exhibit ideal stability at physiological pH and exhibit instability under acidic conditions (Feng et al., 2020). Acetal linking enables nanoparticles to achieve pH transitions and deliver carriers to tumor cells. Cinnamaldehyde (CA) has been shown to have antibacterial, antioxidant, anti-inflammatory, hypoglycemic, and antitumor effects (Zong et al., 2022). CA has been reported to regulate the Wnt/β-catenin and phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathways to inhibit the proliferation of OS cells and induce their apoptosis (Huang et al., 2020). However, the disadvantages of high toxicity and low solubility of CA limit its clinical application. Deng et al. (2023) made an amphiphilic CA prodrug from polyethylene glycol (mPEG), ethanol, and CA. Amphiphilic polymers can self-assemble into nano micelles in an aqueous solution with a diameter of 227 ± 16 nm and a zeta potential neutral at pH 7.4. Due to the protonation of ethanol, the surface charge of the nano micelles increases dramatically with the decrease in pH, and the zeta potential of the nano micelles becomes +6.25 mV at pH 7.9. This charge conversion facilitates the targeting of OS by nano micelles. In vitro, experiments have shown that nano micelles can release about 96% of CA in 5 h. Not only that, but nano micelles can also enhance the release of reactive oxygen species (ROS), promote apoptosis of OS cells and achieve powerful anti-tumor effects.

Mesoporous silica nanoparticles (MSNs) play an integral role in nanomedicine due to their excellent high drug delivery efficiency, controlled drug release and biocompatibility (Tarn et al., 2013). Polydopamine (PDA) surfaces are rich in bioactive groups, and pH response can be achieved by improving their surface groups. Photothermal therapy is an emerging way of tumor treatment, the main principle is to irradiate the photothermal agent at a specific wavelength, so that the photothermal agent heats up and kills tumor cells (Zhang et al., 2013). Shi et al. (2022) designed a nanoparticle with pH responsiveness and photothermal performance (MSN@QPC) using MSN, PDA, and quercetin (Qr). At the same time, collagen is added, so that the nanoparticles have a unique role in inducing extracellular matrix deposition and enhancing osteogenic activity. MSN@QPC can inhibit tumor growth and improve the efficacy of PTT. The diameter of the MSN@QPC is 80 nm and has a high specific surface area (Figure 1A). The drug load rate of MSN@QPC was 31.73%. Due to the addition of PDA, the release of Qr is delayed MSN@QPC, and in vitro tests, 55% of Qr can be released in 72 h MSN@QPC, thus achieving a long-term release effect. The released Qr can cause an increase in the temperature in the OS cells without causing an increase in the temperature of the surrounding tissues under ultraviolet light irradiation of 4 nm. In the case of light, MSN@QPC causes tumor cell death without causing normal cell death (Figure 1B). Not only that, but MSN@QPC also promotes extracellular matrix mineralization (Figure 1C). MSN@QPC in vivo has been shown to enhance the killing effect of tumors (Figures D–F).
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FIGURE 1 | 

(A) Transmission electron microscopy image of MSN@QPC. (B) Cell Hoss staining: Causes more cell death (red: dead cells, green: live cells) in the case of MSN@QPC of light (bottom) than no light (top). (C) MSN@QPC Promotes extracellular matrix mineralization-related gene expression (CN, OPN, and RUNX2). (D) Tumor volume on day 15 of MSN@QPC treatment. (E) Relative tumor volume change. (F) Tumor weight on day 15. Reproduced with permission from (Shi et al., 2022).




Yang et al. (2018) used ZSM-5 zeolite loaded with doxorubicin to make ZSM-5/CS/DOX core-shell nanodisks with chitosan as the shell. The Si element released in ZSM-5 zeolite contributes to osteoblast differentiation by antagonizing NF-κB activation (Zhou et al., 2016). The ZSM-5/CS/DOX core-shell nanodisk has a diameter of 100 nm, a pore size of 3.75 nm, and a drug loading rate of 97.7%. Due to the positive charge on the surface of chitosan, ZSM-5/CS/DOX core-shell nanodisks are pH responsive. At pH 6, ZSM-5/CS/DOX core-shell nanodisks can release 58.7% of DOX. DOX enters the tumor nucleus and interferes with the DNA proliferation of osteosarcoma to achieve anti-tumor effects (Maiuri et al., 2007). ZSM-5/CS/DOX core-shell nanodisks have a stronger anti-tumor effect than pH 7.4 at pH 5. This feature is more conducive to the role of nanoparticles in the acidic tumor microenvironment. Not only that, compared with intravenous DOX, ZSM-5/CS/DOX core-shell nanodiscs release DOX in 24 h in the body, which is high around the tumor and low in the heart. This phenomenon indicates that ZSM-5/CS/DOX core-shell nanodisks have a higher targeting effect and can reduce the cardiotoxicity of DOX.




3 ROS-RESPONSIVE NANOPARTICLES


It is well known that in a hypoxic environment of the tumor microenvironment, the increase in oxygen is not conducive to tumor cell growth (Xia et al., 2022a). Hypoxia-inducible factor-1α (HIF-1α) is a hypoxia-stable transcription factor that regulates the expression of multiple target genes involved in glycolysis, mitochondrial respiration, tumor metastasis, and chemotherapy resistance (Akman et al., 2021). Strategies to alleviate hypoxia and inhibit HIF-1α in the tumor microenvironment are an important way to treat tumors (Niu et al., 2021). ROS acts as a double-edged sword for tumor cells (Jia et al., 2022). ROS also has different effects on cells because of different concentrations. The cause of tumor cells is that genes are mutated in the process of cell division and proliferation, and ROS will promote this process. The cause of cell death is the damage to cellular DNA and proteins caused by high concentrations of ROS (Wang et al., 2020a; Zheng et al., 2023). Albendazole (ABZ) is a safe HIF-1α inhibitor with low toxicity that has been approved by the FDA (Pourgholami et al., 2010). However, the low bioavailability and low solubility of ABZ limit its clinical application (García et al., 2014). Poly(lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG) nanoparticles (NPs) have been widely used in nanomedicine and regenerative medicine due to their biocompatibility (Xia et al., 2022b; Xia et al., 2023). Zhao et al. (2023a) fabricated AD@PLGA-PEG NPs with PLGA–PEG loads ABZ and DOX (ABZ and DOX molar ratio of 4:1) (Figure 2A). ABZ combined with DOX increases intracellular ROS and induces more tumor cell apoptosis compared to free DOX (Figure 2B) (Baldini et al., 1992). The particle size of AD@PLGA-PEG NP is about 140.51 ± 1.3 nm. When AD@PLGA-PEG NP is taken up by tumor cells, ABZ interferes with the mitochondrial respiratory chain, promotes oxidative stress, causes downregulation of HIF-related gene expression, and causes ROS production (Figure 2C). Compared with the control group, tumor volume was detected in tumor-bearing mice for 42 days (Figure 2D), the tumor size of the AD@PLGA-PEG NP group shrank threefold, and the tumor weight was also the lightest (Figure 2E). Not only that, AD@PLGA-PEG NP can also reduce the metastasis rate of OS.
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FIGURE 2 | 

(A) AD@PLGA-PEG NPs production flowchart. (B) Antitumor activity of AD@PLGA-PEG NPs (red: dead cells, green: live cells). (C) Quantitative analysis of HIF-1α-related protein expression. (D) Tumor growth curve and tumor volume. (E) Tumor weights in different treatment groups. Reproduced with permission from (Zhao T.-T. et al., 2023a).



Metal oxides are a material commonly used in biomedicine. Zirconia (ZrO2) has a strong ultraviolet absorption capacity and is widely used as a catalyst and photosensitizer (Zhang et al., 2021). Chianese et al. (2022) designed photoemissive ZrO2-acetylacetonate nanoparticles (ZrO2-acac NPs). Modifying hyaluronic acid on the surface of ZrO2-acac NPs can enhance the uptake of nanoparticles by tumor cells. ZrO2-acac NPs absorbed by tumor cells can release ZrO2, which can produce a large amount of ROS under light conditions, which in turn kills tumor cells. It was found that the particle size of ZrO2-acac NPs was 365 nm, and the loading rate of ZrO2 was 7.3% ± 0.1%. ZrO2-acac NPs and tumor cells were incubated for 48 h, and it was observed that ZrO2-acac NPs caused more tumor cell death than the control group. Zinc oxide nanoparticles (ZnO NPs) are widely used in the biomedical field, and their antibacterial, hemostatic, and other effects have been widely known (Shi et al., 2014). In recent years, the anti-tumor effect of ZnO NPs has gradually been well known. ZnO NPs have been reported to induce degradation of β-catenin mediated by HIF-1α/BNIP1/LC3B, triggering HIF-3 and Wnt pathway activation to inhibit OS cell metastasis (Zhang and Wang, 2020; He et al., 2023). Manganese dioxide (MnO2) can catalyze the decomposition of endogenous hydrogen peroxide in tumors to produce oxygen, thereby alleviating the hypoxic conditions of the tumor microenvironment (Liu et al., 2020). Phytic acid (PA) is a natural compound extracted from plants with certain antitumor activity, antioxidant, chelating agent and good bone targeting ability (Chen et al., 2018). Ju et al. (2023) made MnO2@PA NPs by modifying MnO2 NPs with PA. MnO2@PA NPs have a particle size of 111.1 ± 1.9 nm. In vivo, experiments confirmed that mice treated with MnO2@PA NPs had significantly smaller tumor volumes than controls within 16 days.




4 MITOCHONDRIAL AUTOPHAGY NANOPARTICLES


Autophagy is a highly conserved process in cellular catabolism. The effect of autophagy on cells is bidirectional, with proper levels of autophagy protecting cells from damage, while excessive or reduced autophagy can trigger apoptosis (Chen et al., 2015). Mitochondria, as the main site of adenosine triphosphate (ATP) supply, are the main source of cellular energy (Duan and Fang, 2016). Automitochondrial phagogy helps cells remove aging proteins and maintain the stability of mitochondrial structure and function. However, pathological mitochondrial autophagy can lead to structural disturbances of cells, and abnormal cell metabolism leads to cell death (Wang et al., 2020b). Exogenous induction of intracellular mitophagy to promote tumor cell necrosis has attracted attention in recent years (Sun et al., 2021). Hydroxyapatite nanoparticles (HANPs) can promote autophagy of tumor cells to cause anti-tumor activity (Li et al., 2020). This mitophagy is often associated with calcium levels within tumor cells. Calcium ions as a second signal, and its disorder can lead to the imbalance of cellular metabolism (Yin et al., 2021). Not only that, HANPs also promote bone regeneration. Wu et al. (2022b) designed HANPs of different sizes to assess the antitumor activity of HANPs. Studies have shown that HANPs can cause upregulation of mitochondrial apoptosis-related genes (p53, Bcl-2 and caspase proteins). The anti-inflammatory and antitumor properties of gallic acid (GA) have been widely demonstrated (Zamudio-Cuevas et al., 2021). GA has been reported to inhibit highly expressed heat shock proteins in tumor cells, affecting ATP production (Ding et al., 2022). Liu et al. (2023) coordinated metal ions (Fe and Mn) with GA to make nanoparticles that can release GA and metal ions on demand. The average size of FeGA and MnGA is 105.7 and 164.2 nm, respectively. Fe and Mn catalyze the Fenton reaction in cancer cells, leading to organelle damage. FeGA and MnGA cause changes in mitochondrial membrane potential (MMP), and a large amount of ROS enters tumor cells to cause mitochondrial dysfunction. Studies have shown that metallo-gallic acid nanoparticles first upregulate the mitochondrial apoptosis-related gene, Bax, thereby activating caspase-3 by upregulated intracellular ROS. In tumor-bearing mice, MnGA was enriched at the tumor site, with a targeting efficiency of 39.8% at 14 h, and no obvious tissue damage occurred in the heart, liver, spleen, lung, and kidney. This indicates that the amount of metal-GA nanoparticles recruited at the tumor site is greatly increased without causing significant adverse effects.

Exosomes (EVs) are a heterogeneous population of membrane vesicles secreted by all living cells. EVs represent a new form of cell-to-cell communication that promotes cell proliferation, and differentiation, and inhibits apoptosis and inflammation to mediate tissue repair by delivering the proteins, RNA, and lipids it carries to target cells (Xia et al., 2022c). Rifampicin (RIF) binds to the β subunit of RNA polymerase to achieve its antibacterial effect (Maggi et al., 2009). RIF is known for being a traditional anti-TB drug. It has been found that RIF can cause mitochondrial lysis, induce apoptosis and cell cycle arrest, and achieve its anti-tumor effect (Mieras et al., 2016). Chen et al. (2022) isolated bone marrow-derived mesenchymal stem cells by ultracentrifugation to generate EVs for RIF delivery to make EXO-RIFs. The particle size of EXO-RIF is 65–225 nm, and the drug release rate of EXO-RIF is found to be significantly higher at pH 4.5 than at pH 7.4. Since the membrane structure of EV is similar to that of tumor cells, it is conducive to the uptake of EXO-RIF by tumor cells. In tumor-bearing mice, the EXO-RIF treatment group showed decreased Ki67 expression, elevated c-caspase-3 and Bax, and low Bcl-2 expression compared to RIF treatment. Not only that, the ALT, AST, BUN, CR, CK, and CK-MB levels in the EXO-RIF treatment group were lower than in the RIF group. This result shows that EXO-RIF greatly reduces the systemic toxicity of RIF.




5 NANOPARTICLES INDUCE BONE REGENERATION


The destruction of bone by OS is one of the factors that cannot be ignored. Whether it is the damage to the bone by surgery or the damage to the bone by the OS itself, it brings serious harm to the patient. Not only that, but chemotherapy drugs can also cause damage to the bone microenvironment, destroying bone stability (Lamora et al., 2016). Being able to cause bone remodeling during the treatment of OS is considered a better strategy. miR-29b is a non-coding small RNA that regulates gene expression and has been shown in vivo experiments to inhibit proliferation and migration and induce apoptosis in OS cells (Chen et al., 2017). miR-29b can also significantly inhibit BCL-2 expression and upregulate Bax expression, promoting tumor cell expression. Poly β aminoester (pBAE) nanoparticles have repeating ester groups, are capable of degradation in water, and have low toxicity and high biocompatibility (Dosta et al., 2021). Freeman et al. (2023) developed a pBAE nanoparticle delivery vehicle for delivery of miR-29b to OS cells and surrounding stromal cells. Subsequently, Fiona et al. developed HA hydrogels for the sustained release of bone morphogenetic protein-2 (BMP-2) and pBAE nanoparticles. BMP-2 is a strong inducer of bone remodeling and promotes bone regeneration (Xia et al., 2022d). In vitro, experiments have shown that the HA hydrogel system can continuously release 18% of pBAE nanoparticles within 100 days and 42% of BMP-2 within 33 days. The pBAE nanoparticles are 151 ± 2 nm with a surface charge of 5.6 ± 3.5 mV. The released miR-29b inhibited tumor cell growth, and in tumor-bearing mice, pBAE nanoparticles reduced tumor volume by 15% within 45 days of treatment compared to the control group. Not only that, BAM-2 released by the HA hydrogel system can promote bone regeneration, and osteolysis is reduced by an average of 29% compared to the control group. Most importantly, HA hydrogel systems can greatly extend the continuous release capacity of pBAE nanoparticles.


Ma et al. (2022) developed a fabricating groovelike micro-nanostructures (Fs-BP) using black phosphorus (BP) nanosheets for the delivery of DOX and PDA (Fs-BP-DOX@PDA) (Figure 3). PDA can enhance photothermal therapy of OS under near-infrared (NIR) mediation. The micro-nano layered structure of Fs-BP-DOX@PDA provides a strong surface area for bone regeneration. Fs-BP-DOX@PDA has load ratios of 93.2% and 35.2% for DOX and PDA, respectively. Fs-BP-DOX@PDA has higher photothermal conversion and stability under NIR. In tumor-bearing mice, Fs-BP-DOX@PDA was able to virtually eliminate tumor cells on day 14 and increase the survival rate of tumor-bearing mice to 60% after 100 days of treatment. What’s more, Fs-BP-DOX@PDA is able to release phosphate ions, which form calcium phosphate deposition with calcium ions around bone to promote osteoblast mineralization. FS-BP-DOX@PDA also has unique antibacterial properties, with clearances of 99.2% and 99.6% against Staphylococcus aureus and Pseudomonas aeruginosa, respectively. Fs-BP-DOX@PDA avoids poor bone repair due to bacterial infection.
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FIGURE 3 | 
Schematic illustration of the design and fabrication strategy of the versatile multiscale therapeutic platform. Reproduced with permission from (Ma et al., 2022).



Curcumin (CM) is a polyphenolic compound extracted from plants, and its anti-tumor properties are well known (Saleh et al., 2019; Lu et al., 2023). The low solubility and bioavailability of CM limit its clinical application. Silkfibroin (SF) has been well known in recent years for tumor treatment and bone regeneration (Asadpour et al., 2020). Han et al. (2023) developed SF/HA scaffolds using supercritical carbon dioxide (SC-CO2) technology, filling PDA-coated CM-loaded chitosan nanoparticles on SF/HA scaffolds to make CM-PDA/SF/nHA nanofibrous scaffolds. The average particle size of 204.7 nm for nanoparticles. The porosity of the stent is 77.3%. Large porosity and compressive strength can meet the conditions for bone regeneration. SF/HA stent is able to continuously release CM and SF around the tumor, and in the presence of PDA, can enhance photothermal therapy. In mice, CM-PDA/SF/nHA nanofibrous scaffolds were detected to cause an increase in alkaline phosphatase, an early marker of bone differentiation, at 40 days.




6 NANOPARTICLES FOR DELIVERY STRATEGIES


Nanoparticles are widely used in nanomedicine because of their precise delivery and slow release of carriers. The surface of the nanoparticle can be modified with different groups to set up nanoparticles with different functions (Hoang et al., 2022). Nano-loaded drugs can reduce the toxic side effects of the drug itself and achieve precise release of the tumor site (Iinuma et al., 2002). Cisplatin (CDDP) is one of the commonly used chemotherapy drugs for OS, and its mechanism of action is to bind to DNA, destroy DNA and inhibit tumor cell mitosis (Dasari and Bernard Tchounwou, 2014; Xiang et al., 2023). However, CDDP has strong neurotoxicity and gastrointestinal reactions (Isakoff et al., 2015). Nanoliposomes are highly biocompatible drug-loading carriers. Alendronate can inhibit osteoclast activity and is considered a bone targeting vehicle (Fisher et al., 1999). Alendronate bindronate specifically binds to hydroxyapatite in the bone system for bone targeting. Zhong et al. (2023) made LCA NPs with sodium alendronate attached to liposomes loaded with CDDP. The particle size of LCA NPs is 144.4 ± 20.23 nm. In vitro, experiments have shown that LCA NPs can kill 99% of tumor cells. The encapsulation of nanoliposomes alleviates the systemic toxic side effects of CDDP. Wei et al. (2019) demonstrated anti-tumor effects in vitro with bone marrow-derived EVs-loaded DOX. The DOX-loaded EVs have a particle size of 152.7 nm. The vesicle structure of EVs allows them to easily bind to tumor cell membranes and release DOX into tumor cells. The encapsulation efficiency of the drug is about 7%, and the release of Exo-Dox after 60 h is about 36%. Compared to free Dox, Exo-Dox can kill OS cells more efficiently and exhibits lower cytotoxicity in cardiomyocytes. Ginsenosides can inhibit the growth of cancer cells, induce apoptosis of tumor cells and improve immunity (Han et al., 2006). However, ginsenosides have low bioavailability and are difficult to absorb by the body (Hasegawa et al., 1996). Fu et al. (2022) modified tumor cell membrane-camouflaged nanoparticles with alendronate sodium for delivery of MnO2 and ginsenosides. The particle size of the nanoparticles is 141.5 nm, and the nanoparticle seeds have good bone targeting ability due to the addition of sodium alendronate. MnO2 can promote the breakdown of H2O2 in the body and enhance tumor killing. The nanoparticles enhance immune cell infiltration and improve mouse survival up to 55 days.

Mesenchymal stem cells have unique tumor homing and migration effects and can be used for tumor targeting (Chen and Liu, 2016). Zhao et al. (2023b) used solvent evaporation to load DOX and siRNA into MSCMs-modified PLGAs to make DOX/siRNA-PLGA@MSCM NPs (Figure 4). The encapsulation rate and drug load of DOX/siRNA-PLGA@MSCM NPs were 53.10% ± 1.45% and 53.94 ± 2.31, respectively. In vitro experiments showed that DOX/siRNA-PLGA@MSCM NPs could be endocytosed by tumor cells within 3 h, and the cumulative release of DOX within 48 h was 26.67%. After 48 h of mouse tail vein injection of DOX/siRNA-PLGA@MSCM NPs, DOX/siRNA-PLGA@MSCM NPs were mainly deposited at the tumor site. This suggests that DOX/siRNA-PLGA@MSCM NPs have a strong ability to target tumor cells. The antitumor activity of DOX/siRNA-PLGA@MSCM NPs was detected in tumor-bearing mice, and DOX/siRNA-PLGA@MSCM NPs could promote apoptosis of tumor cells and reduce the metastasis rate of tumors. Not only that but DOX/siRNA-PLGA@MSCM NPs also greatly reduced the adverse events of cardiotoxicity and bone marrow suppression of DOX. Zoledronic acid (ZOL) has a significant effect in promoting apoptosis of tumor cells, inhibiting angiogenesis and metastasis, and is a bisphosphonate for the prevention and treatment of metastatic bone disease (Nadar et al., 2017; Wang et al., 2020c). Xu et al. (2022) used HA and PEG to synthesize nanoparticles to deliver ZOL to make HA-PEG-N-HA-ZOL NP. HA-PEG-NHA-ZOL NP has a particle size of 159 ± 2.3 nm.
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FIGURE 4 | 
Mesenchymal stem cell membrane-camouflaged nanoparticles coloaded with DOX and survivin siRNA for osteosarcoma treatment. Reproduced with permission from (Zhao J. et al., 2023b).



HA-PEG-NHA-ZOL NP could increase the expression level of Bcl-2-associated X protein (BAX), indicating that HA-PG-NHA-ZOL NP could promote apoptosis in tumor cells. HA-PEG-NHA-ZOL NP was shown in mice to reduce the expression of tumor cells Ki-67 and inhibit tumor cell proliferation. In mice for 5 days, HA-PEG-NHA-ZOL NP did not cause lung, liver, spleen, kidney and other functions. AbouAitah et al. (2022) developed an example of a core-shell nanoparticle that uses mesoporous silica nanoparticles (MSN) loaded colchicine (CL) to make nanoparticle shells, and chitosan-curcumin mixtures to make nanoparticle nuclei. The high surface area, large size, and large pore structure of MSN favor its use as a carrier-loaded drug (AbouAitah et al., 2020). In vivo experimental results show that core-shell nanoparticles can improve the anti-cancer treatment efficiency of CL while reducing its toxicity to normal cells.




7 CONCLUSION


OS is highly malignant, highly aggressive and metastatic. Although chemotherapy improves survival in OS. However, the side effects of chemotherapy drugs and drug resistance in OS remain treatment challenges. Preclinical studies have demonstrated that nanoparticles are effective in delaying the growth of OS and improving the survival rate of OS patients. In recent years, several nanocarrier-based drug delivery systems have been explored to target and treat OS. Although the nano-delivery system has made breakthroughs in the treatment of OS, improving the survival rate of OS mice. However, most of the current research is limited to in vitro cell experiments and animal experiments, which is still far from clinical application. Appropriate nanoparticles need to meet the following conditions: 1) Nanoparticles can effectively target OS cells; 2) Nanoparticles are able to accumulate and release payloads in OS cells; 3) Nanoparticles are reduced in other organs (heart, liver, kidney, etc.) that are aggregated to reduce systemic complications 4) Nanoparticles have good biosafety and bioavailability. Based on the current research base, we believe that the treatment of OS by nanoparticles will achieve good clinical results.
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Targeted immunotherapies have emerged as a transformative approach in cancer treatment, offering enhanced specificity to tumor cells, and minimizing damage to healthy tissues. The targeted treatment of the tumor immune system has become clinically applicable, demonstrating significant anti-tumor activity in both early and late-stage malignancies, subsequently enhancing long-term survival rates. The most frequent and significant targeted therapies for the tumor immune system are executed through the utilization of checkpoint inhibitor antibodies and chimeric antigen receptor T cell treatment. However, when using immunotherapeutic drugs or combined treatments for solid tumors like osteosarcoma, challenges arise due to limited efficacy or the induction of severe cytotoxicity. Utilizing nanoparticle drug delivery systems to target tumor-associated macrophages and bone marrow-derived suppressor cells is a promising and attractive immunotherapeutic approach. This is because these bone marrow cells often exert immunosuppressive effects in the tumor microenvironment, promoting tumor progression, metastasis, and the development of drug resistance. Moreover, given the propensity of myeloid cells to engulf nanoparticles and microparticles, they are logical therapeutic targets. Therefore, we have discussed the mechanisms of nanomedicine-based enhancement of immune therapy through targeting myeloid cells in osteosarcoma, and how the related therapeutic strategies well adapt to immunotherapy from perspectives such as promoting immunogenic cell death with nanoparticles, regulating the proportion of various cellular subgroups in tumor-associated macrophages, interaction with myeloid cell receptor ligands, activating immunostimulatory signaling pathways, altering myeloid cell epigenetics, and modulating the intensity of immunostimulation. We also explored the clinical implementations of immunotherapy grounded on nanomedicine.
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1 INTRODUCTION
Osteosarcoma (OS) is a specific type of malignant bone tumor that is particularly concerning in the medical community because it often affects adolescents and young adults. Like other types of malignant tumors, one of the challenges in treating osteosarcoma is chemotherapy resistance. This resistance implies that conventional chemotherapy methods have limited effectiveness against osteosarcoma (Ritter and Bielack, 2010; Gill and Gorlick, 2021). Efforts are being made to identify specific molecular targets and promising innovative approaches in OS treatment (Chen et al., 2021; Wei and Yang, 2023). Osteosarcoma cells genetically differ from their normal counterparts, and tumor-associated antigens (TAAs) often have poor immunogenicity due to immune editing (Meltzer and Helman, 2021). The tumor continuously interacts with the host immune system, ultimately escaping immune surveillance. The tumor microenvironment consists of a complex system made up of tumor cells and the surrounding cells, molecules, and extracellular matrix. Within this microenvironment, interactions between tumor cells and the immunosuppressive cells and matrix cells in the tumor microenvironment form a network of immunosuppressive pathways, simultaneously inhibiting the activation of immune defense (Kansara et al., 2014; Isakoff et al., 2015). Therefore, treatments targeting immune mechanisms, such as immunotherapies, are especially significant. Checkpoint blockade is an immunotherapeutic approach. Under normal circumstances, these immune checkpoints help protect the body’s normal cells from attack (Wei et al., 2017; Guan et al., 2022). However, cancer cells might exploit these immune checkpoints to evade surveillance by the immune system (Postow et al., 2018; Kalbasi and Ribas, 2020). Consequently, by inhibiting certain signals, the ability of immune cells to combat tumor cells is enhanced (Anwar et al., 2020). The key to successful immunotherapy is overcoming local immune suppression in the tumor microenvironment and activating mechanisms leading to tumor eradication (Li et al., 2023). Chimeric Antigen Receptor (CAR) T-cell therapy is another cutting-edge technique in which T cells are genetically engineered to recognize and attack “chimeric” cells carrying specific tumor antigens (Porter et al., 2011; June and Sadelain, 2018). Once these T cells are redirected and proliferated, they are reinfused into the patient, exerting their immunotherapeutic effects against cancer cells (Grupp et al., 2013; Yu et al., 2019). This method has demonstrated significant efficacy in the treatment of hematologic malignancies (Larson and Maus, 2021; Amini et al., 2022). However, so far, treatment of more common sarcomas such as osteosarcoma and solid epithelial cancers typically has not made a significant impact (Depil et al., 2020; Maalej et al., 2023).
But successfully activating myeloid cells to elicit anti-tumor immune responses poses several challenges, including 1) the heterogeneous nature of myeloid cell populations within the tumor microenvironment, 2) the potential for tumor-induced myeloid cell immunosuppression, and 3) the complexities associated with modulating myeloid cell functions without adversely affecting other crucial physiological processes. The intersection between nanomedicine and cancer immunotherapy is becoming the focal point of frontier developments in cancer treatment, with profound therapeutic prospects. Nanodrugs, as the core carrier of this interdisciplinary field, bring revolutionary possibilities for cancer immunotherapy (Lakshmanan et al., 2021). In cancer immunotherapy, the emergence of nanodrugs offers a more precise and targeted approach. Nanodrugs can effectively improve drug delivery, increasing its concentration in tumor cells while reducing toxicity to normal cells (Fang et al., 2018; Fang et al., 2023). An increasing number of preclinical and clinical data indicate that combining nanodrugs with immunotherapy can enhance therapeutic effects by activating immune responses in the tumor microenvironment (Duan et al., 2019a; Liu and Sun, 2021). When targeting cancer cells, nanodrugs generally aim to induce immunogenic cell death, triggering the release of tumor antigens and danger-associated molecular patterns, such as calreticulin translocation, high mobility group box 1 protein, and adenosine triphosphate, capable of inducing immune responses to eliminate tumor cells (Kepp et al., 2021; Fu et al., 2022). In this process, the release of high mobility group box 1 protein (HMGB1) plays a key role, as it can serve as an alarm signal, promoting antigen presentation processes and inducing a stronger immune response (Inoue and Tani, 2014; Stagg et al., 2023). Nanodrugs targeting the tumor immune microenvironment enhance cancer immunotherapy by inhibiting immune suppressive cells (such as M2-like tumor-associated macrophages) and reducing the expression of immune suppressive molecules (such as transforming growth factor β) (Binnemars-Postma et al., 2017; Baig et al., 2020) Moreover, myeloid cells, like M2-like tumor-associated macrophages, are essential components of the tumor immune microenvironment playing an immunosuppressive role, often expressing factors that inhibit immune responses, such as transforming growth factor β (TGF-β). Nanodrugs can target these immunosuppressive myeloid cells, thereby modulating the tumor immune microenvironment (van der Meel et al., 2013; Jin et al., 2018).
In this review, we discuss the mechanisms of preclinical model immunotherapies based on nanomedicine that enhance the therapeutic effect of the immune system by targeting myeloid cells. We focus on strategies established in nanomedicine that complement those established in genetic engineering and molecular biology, potential therapeutic targets, and applications of nanodrugs targeting myeloid cells, particularly tumor-associated macrophages, in osteosarcoma to strengthen immunotherapy. However, due to the heterogeneity of different tumors and individuals, nanoplatform delivery systems may not be effective for all types of tumors. Lastly, we provide our views on the anticipated challenges and future directions of nanomedicine in the era of immunotherapy.
2 MECHANISM OF ACTION OF NANOMEDICINE TARGETING MYELOID CELLS
Nanomedicine provides new mechanisms of action for immunotherapy, including promoting immunogenic cell death, regulating the proportion of different cell subgroups in the myeloid cells, presenting immune-stimulating ligands to immune cells, activating immune-stimulating signal transduction pathways, delivering nucleic acids to cells, changing epigenetics, and controlling the intensity of immune stimulation (Yang et al., 2021) In this section, we briefly introduce the mechanisms of nanomedicines targeting myeloid cells and their potential role in osteosarcoma treatment. As illustrated in Figure 1, Mechanism of Action of Nanoparticles Targeting Bone Marrow Cells in the Modulation of Immunotherapy.
[image: Figure 1]FIGURE 1 | Mechanism of Action of Nanoparticles Targeting Bone Marrow Cells in the Modulation of Immunotherapy After being phagocytosed by myeloid cells, nanoparticles can activate the STING signaling pathway in tumor-associated macrophages, thereby initiating cellular immunity. At the same time, they can release the carried LncRNA or miRNA to silence specific gene expressions, leading to a transformation in the macrophage subtype. Nanoparticles carrying specific ligands such as PD1, B7, and OX40 can bind to specific ligands on dendritic cells and M1-type macrophages, enhancing the antigen presentation ability of dendritic cells and M1-type macrophages and strengthening the specific immunity against tumor cells. Nanoparticles carrying chemotherapy drugs have a direct cytotoxic effect on tumor tissues, promoting immunogenic cell death (ICD) and thus enhancing the direct cytotoxic effects of T cells and NK cells on tumor cells. In addition, during blood transport, nanoparticles wrap Lipidosomes and PEG to reduce cytotoxic side effects on normal tissues, enhancing the specificity of immunotherapy.
2.1 Abnormal phagocytic function of M1 macrophages and immune-inflammatory injury promote immunogenic cell death
The event of tumor cell death that encourages anti-tumor immune responses is known as Immunogenic Cell Death (ICD) (Yu et al., 2023). ICD is a unique form of cell death. ICD releases certain molecules, which in turn activate the immune system (Duan et al., 2019a). In the treatment of osteosarcoma, ICD is employed to activate the immune system, assisting the body in recognizing and eradicating osteosarcoma cells (Figure 2A).
[image: Figure 2]FIGURE 2 | The mode of action of nanoparticles targeting myeloid cells in regulating immunotherapy. (A) Promote immunogenic cell death. Nanoparticles promote the release of ATP and High Mobility Group Box 1 (HMGB1) by promoting tumor immunogenic cell death (ICD), thereby activating the uptake of tumor antigens by antigen-presenting cells in myeloid cells and their subsequent activation, thereby enhancing the direct killing effect of T cells and NK cells on tumor cells. (B) Adjusting the proportion of different cell subpopulations in myeloid cells. By targeting myeloid cells with a nanodrug system and then adjusting the proportion of different subgroups of tumor-associated macrophages, the effects of T cell immunotherapy can be enhanced by depleting the M2 macrophage subpopulation and MDSCs in TAMs. (C) The interaction between nanoparticles and myeloid cell receptor ligands. Nanoparticles provide a series of ligands or release cytokines, co-stimulatory signals DAMPs provided by myeloid antigen-presenting cells to T cells and natural killer cells (NK), receptor-ligand interactions, activating dendritic cells (DCs), T cells and natural killer cells (NKC). (D) Signal transduction in myeloid cells altered by nano drug preparations. Nanodrug formulations can directly deliver drugs to myeloid cells, changing the signal transduction of myeloid cells and enhancing their anti-tumor activity. (E) Nanoparticles Alter Epigenetics of Myeloid Cells. Nanoparticles carrying miRNA are internalized in myeloid cells such as M2 TAMs and solid tumor cells, and siRNA is released, leading to effective gene silencing. (F) Nanoparticles regulate the intensity of immune stimulation. Nanodrug formulations can be designed to interact with external energy sources such as light or heat, thereby precisely controlling the timing of drug release and the intensity of myeloid cell immune stimulation, or controlling their bioactivity through liposomes, the delivery of prodrugs hidden by Polyethylene Glycol (PEG) chains.
ICD reveals that when tumor cells die, they release damage-associated molecular patterns (DAMPs), which in turn activate reactive immune cells, assisting the body’s immune system in recognizing and eliminating remaining cancer cells, such as ATP and high mobility group box 1 (HMGB1), as well as the surface exposure of calreticulin and heat shock protein 90 (HSP90) (Krysko et al., 2012; Ahmed and Tait, 2020). However, conventional cancer ablation treatments like chemotherapy or ionizing radiation exhibit different capacities to induce ICD, and their immunoenhancing effects may be counterbalanced by their toxicity to responsive immune cells (Adkins et al., 2014; Yan et al., 2020). Against this backdrop, nanodrugs promote the release of tumor antigens and DAMPs, allowing antigen-presenting cells to capture and present them to CD8+ T cells, leading to the activation of CD8+ T cells and enhancing their specific cytotoxic effects against cancer cells. Additionally, other myeloid cells, especially dendritic cells, also play a pivotal role during the ICD process. These cells can further enhance the activation and proliferation of T cells. Specifically, the increased expression of surface molecule CD80+ in myeloid cells further strengthens the immune response (Krysko et al., 2013).
Nanomaterial-induced ICD is also employed to boost combination therapies, either by co-encapsulating various drugs into the same particle to assure co-delivery to target cells or by inducing prominent ICD in tumors via combination treatment-loaded particles that result from the amalgamation of drugs with synergistic action patterns (Mishchenko et al., 2019). Additionally, emerging therapeutic approaches also harness external energy sources, such as light or heat, to interact with nanoparticles, thereby enhancing their therapeutic effects. For instance, nanoparticles can be designed to be sensitive to specific wavelengths of light or temperatures, synergistically producing ICD-inducing effects, thereby amplifying the exposure of calreticulin on the surface of tumor cells and the infiltration of immune cells (Guo et al., 2022).
2.2 Adjustment of the ratio of different cell subgroups within tumor-associated macrophages
By regulating strategies that transform TAMs from an M2 phenotype to an M1 phenotype, researchers aim to reshape the tumor microenvironment and promote anti-tumor immune responses. The latest developments in macrophage immunotherapy focus on strategies to reeducate TAMs from M2 to M1 phenotypes. Tumor-associated macrophages (TAMs) are defined as M2-type and are considered an important cellular subset in the tumor microenvironment that exerts immunosuppressive effects (Chen et al., 2019a). TAMs participate in various processes of tumor progression through the expression of cytokines, chemokines, growth factors, proteolytic enzymes, etc., thereby enhancing tumor cell proliferation, angiogenesis, and immune suppression, supporting invasion and metastasis (Pathria et al., 2019).
Utilizing the nanodrug system to target myeloid cells and then regulate the proportion of different subgroups of tumor-associated macrophages is a clinically attractive method because myeloid cells usually act as myeloid-derived suppressor cells (MDSCs) or TAMs with inhibitory effects, and they are reasonable therapeutic targets due to their tendency to phagocytize nanoparticles and microparticles (Zhu et al., 2020; Zhao et al., 2022). In mouse tumor models, intravenously administered nanoparticles easily accumulate in TAMs, and studies show that myeloid cells absorb ten times more nanoparticles than tumor cells (Kwong et al., 2013) Therefore, recent preclinical studies have tried to utilize this effect to eliminate the subgroup of myeloid cells that play an immune suppression role in the tumor immune microenvironment. Furthermore, M2 macrophages can inhibit CD8+ T cells to support tumor survival (Zhao et al., 2022). Therefore, T cell therapy can be enhanced by depleting MDSCs.
Another promising immunotherapeutic strategy to reduce inhibitory myeloid cells is to switch the phenotype that promotes anti-tumor immunity through reprogramming TAM (Li et al., 2021). The reversal of TAMs releases cytokines and gradually inhibits tumor angiogenesis, allowing for the remodeling of the tumor microenvironment (Figure 2B). Activated M1 macrophages are not only effector cells in innate immunity but also antigen-presenting cells that deliver processed antigens to T cells via MHC class II molecules, thereby promoting adaptive immune responses (Han et al., 2021). CD47+ is a protein expressed on the surface of cancer cells. It binds with the signal-regulatory protein α (SIRPα) on macrophages, producing a “don’t eat me” signal, which prevents the phagocytic activity of the macrophages. Blocking the CD47-SIRPα signaling axis and promoting repolarization from M2 to M1 in the tumor microenvironment can significantly prevent the local recurrence and distant metastasis of malignant tumors (Rao et al., 2020).
Furthermore, the latest findings in the field of immunometabolism indicate that macrophages, based on their polarization state, such as M1 macrophages mainly relying on glycolysis for energy and M2 macrophages primarily utilizing fatty acid oxidation and the TCA cycle for energy, display different metabolic characteristics among different macrophage subgroups (Ramesh et al., 2022). Therefore, these metabolic products are essential drivers of cellular signal transduction.
2.3 Interaction between nanoparticles and ligands of myeloid cell receptors
There are many key immune regulatory receptors involved in anti-tumor immunity, especially the co-stimulatory signals presented by myeloid antigen presenting cells to T cells and natural killer (NK) cells, involving cell-cell contacts and receptor-ligand interactions. The size and properties of nanoparticles enable them to serve as a carrier for antibodies and other therapeutic drugs, specifically delivering them to cancer cells (Irvine and Dane, 2020; Zhao et al., 2022). The interaction of nanoparticles with myeloid cell receptor ligands combines nanodrugs with immunotherapy, aiming to enhance the cancer immune response by enhancing key steps in the immune response cascade (Chaib et al., 2020).
The use of nanoparticles can optimize this process and enhance the immune response to cancer in several stages: nanoparticles can more specifically deliver drugs to cancer cells by loading ligands (such as antibodies or small molecules) onto nanoparticles, thus enhancing antigen release (Ifergan and Miller, 2020). Myeloid cells initiate immune responses by taking up and processing antigens. Nanoparticles can be designed to carry specific ligands or release specific signaling molecules that can stimulate myeloid cells, such as macrophages and dendritic cells, to more effectively take up and process antigens (Zhu et al., 2023). Myeloid cells play a pivotal role in T cell activation. This is achieved by presenting antigen fragments through their major histocompatibility complex (MHC) surfaces. Nanoparticles can be designed to enhance this process (Figure 2C), for example, by providing stimulating signals or directly presenting antigen fragments, DCs enhance tumor antigen presentation, leading to an increase in CD8+ T cell tumor infiltration, to more effectively activate T cells (Tuettenberg et al., 2016). Upon activation, the immune system’s key players, namely, Natural Killer (NK) cells and T cells, possess the capability to identify and subsequently eliminate cancer cells that express specific antigens. Nanoparticles carry specific ligands, and release signals that stimulate NK cells, and T cells, thereby enhancing their killing ability against cancer cells (Amoozgar and Goldberg, 2015).
In these processes, the interaction of nanoparticles with myeloid cell receptor ligands is crucial. Appropriate ligand design can make nanoparticles more targeted and more effectively activate the immune response. Overall, through these mechanisms, the combination of nanoparticles and immunotherapy can effectively enhance the immune response to cancer.
2.4 Activating the signal transduction pathway for immune stimulation
Nanodrug formulations can deliver drugs directly to myeloid cells, and nanodrug formulations play an important role in altering immune therapeutic drug-mediated myeloid cell signaling, thereby enhancing the anti-tumor activity of myeloid cells (Garner and de Visser, 2020). Nanodrug formulations can change immune therapeutic drug-mediated signal transduction, these drugs target cell signal transduction pathways in various ways to enhance their anti-tumor activity (Kumar et al., 2023).
Nanodrug formulations can provide multiple nanodrug formulations that can change immune therapeutic drug-mediated signal transduction (Figure 2D), these drugs target cell signal transduction pathways in various ways to enhance their anti-tumor activity (Darling et al., 2020; Xia et al., 2022). One of the main applications of nanomaterials in medicine is to promote intracellular drug delivery. Nanomaterials as alternatives to natural viruses have been widely studied to promote the entry of other drugs into the cytoplasm to change the signal transduction of myeloid cells (Fiering, 2017). Cancer immunonanodrugs mainly target TAM by blocking M2-type TAM survival or affecting its signal cascade, limit the recruitment of M2-type macrophages to tumors, and re-induce tumor-promoting M2-type TAM to anti-tumor M1-like phenotype, thereby enhancing the anti-tumor function of myeloid cells or inhibiting the immune-suppressive function of M2-type tumor-associated macrophages (Ovais et al., 2019). In addition, nanodrug formulations can be designed to have an impact on specific signaling pathways. For example, the key role of the stimulant of interferon genes (STING) pathway in anti-tumor immunity is by regulating the receptors or other signaling molecules on the surface of myeloid cells, thereby changing the signal transduction inside the cells, and further affecting the activity of myeloid cells (Luo et al., 2017). This is particularly important for manipulating the role of myeloid cells in immune responses.
2.5 Alteration of myeloid cell epigenetics by nanoparticles
Progress in the nanomedicine realm over the past years has laid the groundwork for the development of siRNA-based drugs as another category of personalized cancer immunonanodrugs (Zins and Abraham, 2020). Small interfering RNA (siRNA) therapies for cancer are increasingly becoming the focus of research interest (Huang et al., 2023).
Various microRNAs (miRNAs) disseminated by exosomes from tumors participate in intercellular communication (Hosseini et al., 2021). Nanoparticles often act as carriers for siRNA, similar to exosomes. siRNA primarily functions to reduce the expression of specific mRNA through the RNA interference (RNAi) mechanism, thereby inhibiting the production of corresponding proteins and altering the epigenetic state of myeloid cells (Xin et al., 2017; Kara et al., 2022). Furthermore, nanoparticles are readily internalized by phagocytic cells, enabling penetration into cells and potential interactions with biological macromolecules such as DNA and proteins (Ashrafizadeh et al., 2022). Nanoparticles carrying miRNAs exhibit high accumulation in myeloid cells and tumor tissues due to prolonged blood circulation and increased pH sensitivity. The current strategy involves both active and passive targeting, where nanoparticles carrying small interfering RNA (siRNA) are internalized into M2 TAMs (Tumor-Associated Macrophages) and solid tumor cells (Kanasty et al., 2013; Zhu and Palli, 2020) (Figure 2E). As the charge reversal occurs in the microenvironment where nanoparticles reside, nanoparticles exhibit effective endosome/lysosome escape and intracellular siRNA release, resulting in effective gene silencing (Song et al., 2018).
2.6 Regulation of the intensity of immune stimulation by nanoparticles
Nanomedicine can more precisely control the timing and location of immune stimulation, thereby maximizing therapeutic effects while reducing potential cellular toxicity.
Nanodrug formulations can be designed to interact with external energy sources such as light or heat, allowing for control over the timing of drug release and the intensity of myeloid cell immune stimulation (Kang et al., 2018; Chu et al., 2019). Furthermore, while combination therapies with anti-cell surface fusion antibodies have demonstrated significant initial anti-tumor activity, they have also resulted in lethal immunotoxicity caused by stimulating circulating white blood cells. To address this issue, researchers have proposed the use of liposomes as drug carriers. These tiny nanoscale vesicular structures can effectively anchor immunostimulants on their surface, ensuring rapid accumulation in tumor tissues while avoiding excessive exposure to the body as a whole (Zhang et al., 2018) (Figure 2F). Moreover, a third strategy in clinical development involves modifying immunostimulatory biologics with polyethylene glycol (PEG), converting them into inactive prodrugs. Once these prodrugs enter the body, they are activated, releasing their bioactivity, thereby ensuring the efficacy and safety of the treatment (Charych et al., 2016).
3 PRECLINICAL AND CLINICAL RESEARCH ON NANODRUGS TARGETING MYELOID CELLS
Nanomedicine offers new opportunities and strategies for cancer treatment by integrating existing therapeutic methods with nanotechnology, aiming to provide safer and more effective treatment options. Here we enumerate the efforts made in preclinical and clinical research on targeted immunotherapy of myeloid cell cancer based on nanoparticles.
3.1 Treatment strategies for promoting immunogenic cell death
The ability to induce ICD varies among traditional cancer ablation therapies, and their immune enhancement effect can be counteracted by toxicity to responding immune cells (Duan et al., 2019a). Nanomedicine formulations present an appealing method for promoting ICD as they effectively induce ICD in cancer cells, which consequently enhances tumor immunogenicity, makes the tumor sensitive to anti-tumor T-cell immunity, and boosts the immunity of anti-tumor T-cells for cancer treatment (Guo et al., 2023).
Smart Nano Drug Delivery Systems (sNDDS) are at the forefront of nanoparticle technology. They allow targeted drug delivery and precise dosage control and amplify the immune response within the tumor by inducing ICD (Li et al., 2022). sNDDS combines the induction of ICD with cancer immunotherapy. For instance, synergistic effects are achieved by using ICD in conjunction with blocking the Programmed Cell Death Protein 1 Ligand and inhibiting the Indoleamine 2,3-dioxygenase 1 (Zhou et al., 2020). A phase I clinical study aimed at investigating the effects of the combined treatment of the IDO1 inhibitor navoximod with the PD-L1 inhibitor atezolizumab for advanced cancer indicated that 6 out of the dose-escalation group patients (9%) achieved partial clinical symptom relief. In the expansion group, 10 patients (11%) experienced either partial or complete clinical symptom relief (Jung et al., 2019). Therefore, although activity was observed, there is no definitive evidence to suggest a benefit of adding navoximod to atezolizumab.
Furthermore, the ability of nanomaterials to induce ICD is used to enhance the therapeutic effect of combination anti-tumor drug therapy, either by encapsulating multiple drugs in the same particle to ensure joint delivery to target cells or by combining the drugs with synergistic interaction modes to produce synergistically enhanced anti-tumor effects (Mishchenko et al., 2019; Yu et al., 2023). Platinum-based chemotherapy is widely used as a first-line treatment for a variety of cancers. PD-1/PD-L1 inhibitors have shown efficacy in a variety of cancers, and the combination of platinum-based chemotherapy and PD-1/PD-L1 inhibitors is gradually becoming a focus of attention (Liu et al., 2023; Ren et al., 2023). Recently, combination therapy has shown significant effects in preclinical models and clinical trials. For example, Oxaliplatin is derived from a metal coordinating group, allowing it to aggregate into solid particles in the presence of metal ions such as zinc. The combination therapy load particles generated by these nanoparticles induce significant ICD in tumors and synergize with anti-PD-L1 therapy in a mouse model (Duan et al., 2019b).
Nanoparticles are also designed to interact with external energy sources while carrying immunostimulatory drugs (Kobayashi and Choyke, 2019). In contrast to free photosensitizers 36, inorganic nanoparticles with a diameter of 25 nm coated with lipid-anchored photosensitizers enhance the exposure of calreticulin on the surface of tumor cells and infiltration of immune cells when combined with infrared light irradiation (Ji et al., 2022). This can cause photodynamic therapy and chemotherapy to produce an ICD inducing effect, leading to regressive changes in the tumor (Alzeibak et al., 2021; Guo et al., 2022). In addition, it has been reported that a laser/glutathione (GSH)-activated nanosystem has tumor penetration capabilities, allowing for efficient immunotherapy. Photodynamic therapy (PDT) is another crucial method for cancer treatment that kills cancer cells using a photosensitizer and light of a specific wavelength. OXA inhibits the growth of cancer cells and, in combination with PDT, induces ICD. Drug delivery activated by laser/glutathione is more advantageous for enhancing ICD and reversing the ITM in deep tumors. The chemotherapeutic PDTOPCPN@NTKPEG significantly reduces tumor growth and metastasis by enhancing cancer immunotherapy, further boosting the effectiveness of cancer treatment. Studies have indicated improvements in the treatment of solid tumors in mice (Huang et al., 2021).
3.2 Adjusting the ratio of various cell subtypes in myeloid cells
The inherent plasticity of macrophages and the ability of macrophages to change their phenotype and function from tumor-promoting (M2 phenotype) to anti-tumor M1 phenotype make them an ideal choice for therapeutic targeting (Ramesh et al., 2021).
Interestingly, it has been reported that the ability of myeloid cells to absorb nanoparticles far exceeds that of tumor cells (Liu et al., 2021; Dong et al., 2022). Thus, recent preclinical studies have sought to utilize nanotechnology to deliver specific drugs aimed at eliminating myeloid cell subpopulations with immunosuppressive functions in the tumor immune microenvironment, specifically MDSCs (Myeloid-derived suppressor cells) (Chen et al., 2019b; Bao et al., 2023). Researchers have employed polymer nanoparticles or micelles with diameters of 20–30 nm as drug carriers. Nanoparticles of this size can rapidly traverse the body’s lymphatic system, reaching their target location (Kourtis et al., 2013). 6-Thioguanine is encapsulated within these nanoparticles and, upon administration, can lead to the depletion or reduction of MDSCs. This may help to enhance the immune system’s attack on tumors, especially in adoptive T-cell therapy (Jeanbart et al., 2015).
Recent studies have also used nanoparticles to target tumor-associated myeloid cells with small interfering RNAs or microRNAs to promote TME reprogramming and anti-tumor immunity. The use of nanoparticles to both target myeloid cells and promote transfection may provide new pathways for myeloid cell reprogramming (Cho et al., 2013; Revia et al., 2019; Lee et al., 2022).
3.3 Interplay between nanoparticles and ligands of receptors in myeloid cells
Anti-tumor immunity involves many key immune regulatory receptors, especially those involved in the co-stimulatory signals presented by myeloid antigen-presenting cells to T cells and natural killer (NK) cells, involving cell-cell connections, and receptor-ligand interactions.
3.3.1 Enhancement of antigen processing and presentation
Human Epidermal Growth Factor Receptor 2 (HER2) is a key biomarker in many types of cancer, particularly in breast cancer. Its overexpression often correlates with the invasiveness and malignancy of cancer (Collins et al., 2021; Nasiri et al., 2022). Consequently, antibody therapies targeting HER2 have been extensively researched and employed clinically. Calreticulin, in certain contexts, can act as an “eat me” signal (Gale et al., 2020; Wang et al., 2022a). It exposes itself on the cell surface, marking these cells to be engulfed by immune system cells such as macrophages or dendritic cells. Polymer nanoparticles bound to the surface of the anti-HER2 antibody and calreticulin work to slow the growth of HER2+ tumors (Yuan et al., 2017). Hence, when the nanoparticle surface is modified with the “eat me” signal and calreticulin, they can be taken up more effectively by tumor cells and MDSCs. This discovery offers a new direction for nanotechnology in cancer therapy.
In the second approach, by loading the SIRPα blocking antibody and CSF1R inhibitor into lipid nanoparticles, the SIRPα immune evasion mechanism can be obstructed. Simultaneously, the inhibition of CSF1R can impact the activity and quantity of macrophages, especially those with immunosuppressive functions in the tumor microenvironment. Moreover, lipid nanoparticles ensure that drugs are delivered to the tumor microenvironment efficiently and in a targeted manner. Research findings indicate that under physiological conditions at pH 7.4, the release rate of the csf-1r inhibitory amphiphilic molecule is less than 20%. However, when co-incubated with macrophage lysate, its release rate increases to over 80% (Kulkarni et al., 2018).
3.3.2 Enhancement of immune cell-mediated killing
Nanoparticles, capable of presenting multiple ligands to engage various immune cell types, enhance T-cell activation and therapeutic effects against malignant tumors in mice, when loaded with both anti-PD1 and anti-OX40 antibodies, compared to simple drug mixtures (Mi et al., 2018). Biocompatible lignin nanoparticles (LNP) carrying TLR7/8 dual agonists are prepared with lignin polymers. These LNPs, targeting M848-like macrophages, shift the tumor microenvironment’s immune cells to an anti-tumor status by increasing cytotoxic T cells, M1-like macrophages, and activated dendritic cells. Co-administering these LNPs with Vinblastine (Vin) amplifies its anti-cancer activity. Effective TLR7/8 agonists targeting the tumor microenvironment (TME) have been successfully delivered using LNPs by targeting the mannose receptor on M206-like macrophages, reprogramming them to an anti-tumor phenotype and boosting NK and T cell killing ability (Figueiredo et al., 2021). Tumor volume reduction has been observed with LNP usage, and co-administration with R848@LNPs amplifies immune cell-mediated tumor killing, suggesting a promising chemotherapy application (Kulkarni et al., 2018).
3.4 Signal transduction in myeloid cells changed by nanomedicine formulations
Nanodrug formulations can alter signal transduction mediated by immunotherapeutic drugs, which target cellular signaling pathways in various ways to enhance their anti-tumor activity (Zhao et al., 2021). Nanomaterials have been widely studied as substitutes for natural viruses to facilitate the entry of other drugs into the cytoplasm to alter the signal transduction of myeloid cells, thereby enhancing the anti-tumor effect of myeloid cells or inhibiting the immunosuppressive effect of M2-type tumor-associated macrophages (Binnemars-Postma et al., 2017; Cheng et al., 2022).
Due to their specific physicochemical properties, nanocarriers are becoming the solution to tumors promoting M2-type tumor-associated macrophages (TAM). Cancer immune nanodrugs mainly target TAM by blocking M2-type TAM survival or affecting their signal cascade to limit M2-type macrophage recruitment to tumors and reinducing M2-type TAM that promotes tumors to the anti-tumor M1-like phenotype (Ovais et al., 2019). Therapeutic inhibition of CSF1R and MAPK signal transduction can effectively repolarize M2 macrophages into anti-tumor M1 phenotypes; A recent study suggests that the strategy of using supramolecular nanoparticles (DSN) loaded with dual kinase inhibitors aims to simultaneously inhibit both the CSF1R and MAPK signaling pathways, thereby reprogramming macrophages to enhance anti-tumor effects. The advantage of this method is that it can target multiple signaling pathways concurrently to synergistically and more effectively modulate macrophage function (Ramesh et al., 2020). Therefore, vertical co-inhibition targeting CSF1R and downstream signaling pathways, such as MAPK, may be a promising strategy for myeloid cell immunotherapy in invasive cancers.
3.5 Signal transduction in myeloid cells changed by nanomedicine formulations
The focus of interest in cancer research is increasingly shifting towards small interfering RNA (siRNA) therapies. Recent studies have leveraged nanoparticles to target tumor-associated myeloid cells with small interfering RNAs or microRNAs, promoting reprogramming of the tumor microenvironment (TME) and anti-tumor immunity.
By loading anti-colony stimulating factor-1 receptor (anti-CSF-2R) small interfering RNA (siRNA) on M1NPs, M2NPs carrying siRNA downregulated the expression of exhaustion markers (PD-3 and Tim-8) on infiltrating CD1+ T cells and increased the expression of immune-stimulating cytokines (IL-12 and IFN-γ) and CD8+ T cell infiltration in the tumor microenvironment, indicating the restoration of T cell immune function (Qian et al., 2017). In many drug delivery strategies, modifying the surface charge of nanoparticles can enhance their intracellular delivery efficiency. With the charge reversal of PC, PEG = MT/PC-NPs release siRNA intracellularly, leading to effective gene silencing. Due to the synergistic effects of siVEGF and siPIGF in tumor cell anti-proliferation and the transition of TME from anti-cancer to anti-tumor. Significantly, in the absence of the endocytosis-regulating factor CHC-1, the uptake capability of 4T1 and M2-TAMs cells for PEG = MT/PC NPs was reduced by 62.6% and 52.9%, respectively (Song et al., 2018). Therefore, PEG = MT/PC/siVEGF/siPIGF NPs (PEG = MT/PC/siV-P NPs) effectively inhibit the metastasis of solid tumors. Overall, this strategy combines the advantages of nanotechnology and gene therapy, suppressing tumors by specifically silencing key genes associated with tumor growth and metastasis. This combined therapy strategy offers a promising treatment option for solid tumors and may provide new avenues for future cancer treatments. A major obstacle in clinical applications is the targeted delivery of siRNA to the desired level of cancer cells. Research into biomimetic cell membrane-coated nanocarriers and biomimetic cell membrane-coating nanotechnology is gaining increasing attention. They combine the properties of cell membranes and nanoparticles, offering a more natural and efficient delivery system, especially in terms of targeted delivery of siRNA for cancer treatment (Huang et al., 2023).
3.6 Regulating the immune stimulation intensity of myeloid cells by nanoparticles
Adjusting the pharmacokinetics of immunotherapy drugs to improve safety and thereby control the intensity of immune stimulation. The dosing regimen of immunotherapy has a profound impact on the therapeutic effect of preclinical models (Rothschilds and Wittrup, 2019). Therefore, there is an urgent need to develop smarter systems to regulate immune responses with outstanding spatiotemporal precision and enhanced safety.
The ability to remotely manipulate the phenotype of macrophages is crucial for effective treatment of solid tumors involving tumor-associated macrophages. A study developed a light-responsive nano-carrier based on upconversion nanoparticles (UCNPs) for near-infrared (NIR) light-mediated regulation of intracellular calcium levels, which dictate macrophage polarization. This nano-carrier, facilitating macrophage M1 or M2 polarization by increasing or depleting intracellular calcium levels under NIR light application, holds potential for remote in-body immunity manipulation via NIR light-controlled macrophage polarization (Kang et al., 2018).
Immunostimulants such as agonistic anti-CD137 and interleukin (IL)-2 can produce effective antitumor immunity, but they also cause severe toxicity that hinders their clinical application (Srivastava et al., 2017). While anti-CD137 and IL-2-Fc fusion proteins demonstrate strong anti-tumor effects, they can also trigger a robust systemic immune response, potentially leading to severe immune-related side effects. To address this issue, researchers have explored the use of liposomes as delivery tools. By anchoring IL-2 and anti-CD137 to the surface of liposomes, these immunostimulants can be ensured to primarily act at the tumor site, thus reducing systemic toxicity. Employing this method, the liposomes have exhibited anti-tumor efficacy comparable to the free forms of IL-2 and anti-CD137 across various tumor models, but without any systemic toxicity (Zhang et al., 2018). Therefore, surface-anchored particle delivery provides a universal method to harness the potent stimulatory activity of immunostimulants without compromising systemic toxicity.
The third strategy currently under clinical development is to control the biological activity of immune stimulatory cytokines by presenting them as a non-active prodrug masked by a polyethylene glycol (PEG) chain. Interleukin is an effective immunotherapy for metastatic tumors and cancer, with durable effects in about 10% of patients (Olivo Pimentel et al., 2021). However, severe side effects limit the maximum dose, thus limiting the number of patients who can receive treatment and potential cures (Bentebibel et al., 2019). NKTR-214’s tumor-killing CD8+ T cells are coupled with Foxp3 (+). NKTR-214 exposes tumors to a quantity of pegylated IL2 that is 500 times the amount of aldehyde-based interleukin and provides durable immunity against tumor re-stimulation in combination with anti-CTLA-4 antibodies (Charych et al., 2016).
4 SYNERGISTIC APPROACH OF NANOPARTICLE-BASED TARGETING OF MYELOID CELLS WITH OTHER THERAPEUTIC METHODS
The challenges faced by immunotherapy are multifaceted. While some patients exhibit remarkably positive responses to this treatment, many others still achieve limited outcomes. Low response rates, potential resistance emerging over time, and adverse reactions possibly induced by immunotherapy are issues that researchers and clinicians in this field must confront (Huang et al., 2019; Ji et al., 2022). To overcome these challenges, clinical researchers are contemplating the combination with other treatment modalities. The philosophy behind combined therapies is that multi-pronged interventions can amplify the effects of immunotherapy while reducing the adverse reactions or side effects of a singular treatment. This also implies that future cancer treatments might become increasingly personalized, determining the optimal treatment strategy based on the patient’s specific situation and the type of cancer.
4.1 Integration of nanomaterials with radiotherapy and magnetic hyperthermia
STING pathway is an essential mechanism for sensing DNA damage within cells. When abnormal DNA appears in cells, such as cytoplasmic DNA released due to viral infection or DNA damage, cGAS recognizes it and activates the STING pathway. The activation of this pathway leads to the production of a large number of pro-inflammatory cytokines and interferons, further activating innate immune cells like macrophages and dendritic cells, and enhancing adaptive immunity. The reason radiotherapy can trigger the activation of the cGAS-STING pathway is that radiation can cause DNA breaks. These broken fragments might escape into the cytoplasm, where they are recognized by cGAS and activate the STING pathway (Chen et al., 2016; Zhang et al., 2020). A long-standing concern is that even local radiotherapy can impair anti-tumor immunity due to damage or inhibition of tumor-infiltrating T cells. The initially successful pro-inflammatory radiotherapy response can also be weakened by the accumulation of immunosuppressive immune cells in the tumor (Liang et al., 2017). Although radiotherapy can induce ICD, it rarely promotes sustained anti-tumor immunity effectively as a monotherapy (Walle et al., 2018). Nanomaterials can be designed to interact directly with external energy, thereby amplifying the ICD caused by treatments such as radiotherapy and magnetic hyperthermia (Frey et al., 2014; Derer et al., 2016).
Immunotherapy has a tremendous prospect in improving cancer treatment, and several methods use nanoparticles to improve the immune activation caused by radiotherapy. Radiotherapy combined with immunotherapy has been proven to enhance the immune response and can induce “abscopal effects”. A recent study reported an improved cancer immunotherapy method using antigen capture nanoparticles (AC-NPs). The study found that when radiotherapy is combined with anti-PD-1 treatment, tumor cell death induced by XRT and the release of tumor antigens can be more easily recognized and attacked by stimulated T cells, while the anti-PD-1 treatment unlocks the anti-tumor activity of these T cells. Furthermore, by depleting Treg cells, the immune response against tumors can be further enhanced, as this reduces the cells that inhibit immune attacks (Min et al., 2017). Therefore, the combined application of XRT, anti-PD-1 therapy, and Treg depletion offers a potent strategy to enhance the immune system’s attack on tumors through multiple mechanisms. This integrated treatment strategy provides new opportunities to improve the efficacy of immunotherapy and may offer better treatment options for patients who do not respond well to conventional treatments (Sharabi et al., 2015).
Nanoparticles, especially those made from heavy atoms like gold, can interact intensely with ionizing radiation, leading to an increase in the production of reactive oxygen species (ROS), thereby enhancing radiation-induced cell damage (Wang et al., 2022b). A recent clinical trial confirmed that this Phase 2-3 trial evaluated the safety and efficacy of preoperative treatment for local advanced soft tissue sarcoma patients with Hafnium Oxide (HfO2) nanoparticles NBTXR3 activated by radiotherapy versus radiotherapy alone. The ability to inject hafnium oxide nanoparticles into tumors doubled the pathological complete response rate to radiotherapy in sarcoma patients (Rancoule et al., 2016). This trial validated the mode of action of such new radiopotentiation agents, which may open up a broad field for clinical applications in soft tissue sarcoma and other cancers.
4.2 Integration of nanomaterials with chemotherapy
Recently, a multifunctional nanoparticle system, HA-DOX/PHIS/R848, was designed, which combines immunotherapy with chemotherapy by targeting myeloid cells and cancer cells for the treatment of solid tumors. R848 is a known immunomodulator that can activate specific types of immune cells. Binding R848 to nanoparticles ensures its effective release in the tumor microenvironment, further activating the immune response. Cancer cells that overexpress CD44 can specifically internalize HA-DOX, meaning the drug can enter target cells more precisely, thereby enhancing therapeutic efficiency. By integrating chemotherapy with DOX and immunotherapy with R848, a higher therapeutic efficacy might be achieved. Chemotherapy can directly kill cancer cells, while immunotherapy activates the immune system to attack cancer. In cancer cells that overexpress CD44, HA-DOX is specifically internalized and significantly inhibits cell growth through CD44-mediated endocytosis. The HA-DOX/PHIS/R848 nanoparticles demonstrate outstanding tumor-targeting capabilities, significantly inhibiting tumor growth through modulating tumor immunity and killing tumor cells (Liu et al., 2018).
CXCR4 is a crucial receptor on the cells of various solid tumors, including hepatocellular carcinoma (HCC). Nanoparticles targeting CXCR4 were used to co-deliver sorafenib and biaspeptide to HCC cells expressing CXCR4. In both in vitro and in vivo experiments, this combined delivery strategy displayed a synergistic therapeutic effect against HCC. This synergy may arise from the simultaneous release of both drugs in the tumor microenvironment following nanoparticle delivery (Zheng et al., 2019). These study results indicate that the combined treatment of chemotherapy drugs provides an effective strategy for improving the treatment effect of cancer, and emphasizes the potential application of ligand-modified tumor-targeted nanoparticle carriers as a promising cancer treatment method in drug delivery.
4.3 Merging nanomaterials with gene editing
The CRISPR-Cas9 system has revolutionarily transformed the field of gene editing. To make the CRISPR-Cas9 system more effective and safe in clinical settings, research on its delivery strategy has become paramount (Hsu et al., 2014). The biggest challenge faced by CRISPR/Cas9 therapy is how to deliver it safely and effectively to target sites in vivo. Smart nanoparticles can be designed to recognize and bind to specific cells or tissues, ensuring the accurate arrival of the CRISPR-Cas9 system at its target (Cong et al., 2013). These nanocarriers can respond to various endogenous stimuli (such as pH, enzymes, or redox potentials) and exogenous stimuli (such as light, magnetism, or ultrasound) to release their payload. For instance, in the tumor microenvironment, the acidic pH can serve as a trigger for nanoparticles to release their cargo (Chen et al., 2023). Nanotechnology has greatly facilitated the delivery of cancer drugs. Some nanoparticles can be designed to release their cargo only under specific stimuli (like specific pH or the presence of enzymes), offering potential for targeted delivery to specific cells or tissues (Xu et al., 2021). Besides the CRISPR-Cas9 system, other gene-editing tools are being developed, such as CRISPR-Cas12 and CRISPR-Cas13. Nanoparticles can serve as delivery vehicles for these new editors, similarly offering targeting, selectivity, and stimulus-responsiveness (Wang et al., 2022b).
The combination of nanotechnology and gene editing technology provides a safe and reliable strategy for activating the body’s immune response for cancer immunotherapy. Nanoparticles carry miRNA or plasmid DNA and show myeloid cell targeting ligands, to genetically reprogram endogenous myeloid cells to promote anti-tumor immune responses.
5 CONCLUSION AND PERSPECTIVES
As demonstrated by the numerous examples discussed above, nanomedicine has the capability to effectively target specific cell populations, such as bone marrow cells. Consequently, it holds potential to enhance cancer immunotherapy in various ways. Preclinical evidence provides compelling motivation for clinical trials of many of these concepts. Nanoparticles integrate multiple functions and have been explored as unique avenues for the development of cancer immunotherapies (Yin et al., 2020).
While many TAM modulators have achieved tremendous success in treating various tumors, they face significant challenges, including poor tumor accumulation and off-target side effects. Using advanced nanostructures, not only can they deliver TAM modulators to enhance therapeutic effects, but they can also act as TAM modulators through macrophage-based drug carrier engineering strategies (Zheng et al., 2022). Safe methods for systematically targeting potent innate immune stimuli, such as STING or TLR agonists, to tumors, remain to be developed. It remains unclear whether nanodrug formulations of innate stimuli are a safe solution due to the orientation of nanoparticles in the blood circulation, spleen, and liver towards myeloid cells. Another major challenge is how to robustly deliver genetic material to myeloid cells in the body, with recent attempts using nanopolymer materials to target RNA or DNA to myeloid cells, but with still low in vivo transfection efficiency.
This offers tremendous potential for combining immunotherapy with nanomedicine (Quintin et al., 2012; Wang et al., 2014). Advances in the field of immunotherapy, especially in conjunction with nanotechnology, have paved new pathways for cancer treatment. Although these strategies are still in the research and clinical trial phases, their potential clinical application prospects are vast. As the technology continues to evolve and clinical trials progress, we anticipate these novel approaches will bring more treatment opportunities for cancer patients.
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Osteosarcoma (OS) is the most common malignant bone tumor in children and adolescents. Chemotherapy drugs play an integral role in OS treatment. Preoperative neoadjuvant chemotherapy and postoperative conventional adjuvant chemotherapy improve survival in patients with OS. However, the toxic side effects of chemotherapy drugs are unavoidable. Cardiotoxicity is one of the common side effects of chemotherapy drugs that cannot be ignored. Chemotherapy drugs affect the destruction of mitochondrial autophagy and mitochondria-associated proteins to cause a decrease in cardiac ejection fraction and cardiomyocyte necrosis, which in turn causes heart failure and irreversible cardiomyopathy. Biomaterials play an important role in nanomedicine. Biomaterials act as carriers to deliver chemotherapy drugs precisely around tumor cells and continuously release carriers around the tumor. It not only promotes anti-tumor effects but also reduces the cardiotoxicity of chemotherapy drugs. In this paper, we first introduce the mechanism by which chemotherapy drugs commonly used in OS cause cardiotoxicity. Subsequently, we introduce biomaterials for reducing cardiotoxicity in OS chemotherapy. Finally, we prospect biomaterial delivery strategies to reduce cardiotoxicity in OS.
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1 INTRODUCTION
Osteosarcoma (OS) is the most common malignancy in children and adolescents, accounting for 0.2 percent of all malignancies (Rossi and Del Fattore, 2023). In the US, approximately 4.4 patients per million children and adolescents have OS (Longhi et al., 2006). OS originates from mesenchymal stem cells and occurs in the long diaphyseal epiphysis in children and adolescents, more commonly in the distal femur, proximal tibia, and humerus (Brown et al., 2018; Dong et al., 2022). OS is highly aggressive and often causes pathological fractures and excruciating pain (Franchi, 2012). The prognosis of OS is poor because of its early metastasis and high drug resistance, and the lung is the most common metastatic organ for OS (Farnood et al., 2023). Although surgery and chemotherapy respond well to most malignancies, long-term survival in osteosarcoma is less than 30 percent (Luetke et al., 2014). The rarity of OS and the lack of reliable markers make OS difficult to diagnose and detect early (Beird et al., 2022). The high mortality rate of OS not only brings a heavy financial burden to the patient’s family but also brings great challenges to clinicians.
Surgical resection is usually an effective means of early OS treatment. Amputation is usually the classic treatment for OS, and although it can cure early OS, it can seriously affect the quality of life (Zhang et al., 2022). Neoadjuvant chemotherapy prior to surgical resection and adjuvant chemotherapy after surgery are usually essential (Khadembaschi et al., 2022a). Neoadjuvant chemotherapy reduces the volume of the primary tumor of OS, reduces the rate of OS metastasis, and increases the limb salvage rate of OS (Khadembaschi et al., 2022b). OS without metastasis has a 5-year survival rate of 70 percent (Bielack et al., 2010). Despite new advances in neoadjuvant chemotherapy, effective treatment of OS has not improved (Panez-Toro et al., 2023). This may be related to the fact that OS is resistant to chemotherapy. For chemotherapy-resistant metastatic patients, radiation therapy is another palliative option for prolonging the patient’s life (Ren et al., 2019). Unfortunately, OS cells are not sensitive to radiation therapy, which only prolongs OS survival by 6 months (Ren et al., 2019). Treatment of cases of unresectable metastatic or recurrent OS relies primarily on chemotherapy (Strauss et al., 2021). However, chemotherapy drugs have poor targeting (Panez-Toro et al., 2023). For children and adolescents, timely chemotherapy drugs can target tumor cells, but the side effects of chemotherapy drugs, especially cardiotoxicity, are still a big blow (Heng et al., 2020).
Biomaterials are widely used in various fields of nanomedicine and regenerative medicine because of their biohistocompatibility, targeting, and degradability (Quadros et al., 2021). Over the past few years, a variety of biomaterials have been developed for chemotherapy of malignancies (Xia et al., 2022a). Biomaterials have been developed to encapsulate various chemotherapy drugs and efficiently deliver them to tumor tissue, reducing off-target side effects and side effects of chemotherapy drugs (Zhang et al., 2022). In this article, we first introduce chemotherapy drugs applied to osteosarcoma. Second, we describe the mechanism of cardiotoxicity of chemotherapy drugs. Finally, we summarize and prospect biomaterials for reducing the cardiotoxicity of chemotherapy drugs in the treatment of osteosarcoma.
2 CARDIOTOXICITY OF FIRST-LINE CHEMOTHERAPY DRUGS FOR OSTEOSARCOMA
2.1 Doxorubicin
Doxorubicin (DOX) is an anthracycline chemotherapy drug used in solid tumors and hematologic malignancies. DOX is widely used and is one of the most commonly used chemotherapy drugs for intermediate and advanced tumors (Chatterjee et al., 2021). DOX plays an important role in cancers such as breast cancer (BC), hematologic tumors, and OS (Rawat et al., 2021). The main mechanism of action of DOX is to inhibit DNA replication and topoisomerase II (Top2) activity of tumor cells, resulting in DNA double-strand breaks that affect the proliferation ability of tumor cells (Corremans et al., 2019). DOX not only has a killing effect on tumor cells, but also has toxic side effects on normal tissue cell fluid, DOX is mainly manifested as nephrotoxicity, hair loss, liver toxicity, chemotherapy brain and bone marrow suppression, and other toxic side effects (Du et al., 2021). But what is more serious about DOX is its toxicity to the heart. Due to its dose-dependent nature, the clinical use of DOX is hampered by life-threatening cardiotoxicity, including cardiac dilation and heart failure (Wu et al., 2023). Studies have shown that DOX induces chronic heart failure beyond its cumulative dose (700 mg/m in adults and 300 mg/m in children) (Xu et al., 2020). Approximately 30 percent of patients develop acute cardiotoxicity following DOX administration, with ST-segment changes, tachycardia, and premature ventricular beats (Ahmad et al., 2022). Most of the symptoms of acute cardiotoxicity can be reversed, and once acute cardiotoxicity persists, it will induce chronic toxicity to the heart. Chronic cardiotoxicity occurs mainly weeks or even months after DOX administration, and the main symptoms are irreversible cardiomyopathy and even congestive heart failure (Koleini et al., 2019). The specific molecular mechanism of DOX cardiotoxicity remains unknown (Feng and Wu, 2023). Studies have shown that the cardiotoxicity of DOX is primarily associated with the destruction of mitochondrial autophagy and mitochondria-associated proteins (Wang et al., 2019). Mitochondrial damage affects mitochondrial substrate metabolism, mitochondrial respiratory chain, and myocardial ATP storage and utilization in tumor cells (Ling et al., 2022). Mechanisms such as oxidative stress, inflammation, iron diesis, imbalanced calcium balance, apoptosis, and autophagy are all implicated in the cardiotoxicity of DOX (Chen et al., 2022).
2.2 Platinum-based chemotherapy drugs
Platinum-based chemotherapy is one of the first-line treatments for solid tumors (Weiss and Christian, 1993). The most commonly used platinum chemotherapy drugs in clinical practice are cisplatin, carboplatin and oxaliplatin. Cisplatin is the more commonly used platinum-based chemotherapy agent in the treatment of OS than other platinum-based chemotherapy drugs (Qi et al., 2019). Cisplatin, also known as cis-diamine dichloroplatin, mainly binds to the N7 position on the purine ring and causes DNA damage to tumor cells by blocking cell division leading to apoptosis (Minerva et al., 2023). After DNA damage, tumors lose their ability to proliferate, thereby inducing oxidative stress, upregulating p53, mitogen-activated protein kinase (MAPK) and Jun N-terminal kinase (JNK) or Akt pathways, and inducing apoptosis (Gupta and Nebreda, 2015). Cisplatin also has a killing effect on normal tissue cells, mainly including hepatotoxicity, cardiotoxicity, neurotoxicity, etc. (Zhu et al., 2022). Cardiotoxicity with cisplatin alone has been reported to be rare (Jakubowski and Kemeny, 1988). Between 1980 and 2017, only five clinical studies reported cardiotoxicity from cisplatin (Hu et al., 2018). Cisplatin has relatively early cardiotoxic effects, mainly causing arrhythmias leading to ECG changes and chronic heart failure (Fukuhara et al., 2014). Yang et al. reported a decrease in left ventricular ejection fraction (LVEF) from 70% to 48% in a 53-year-old woman with cervical cancer after 3 weeks of cisplatin application (Hu et al., 2018). Although cisplatin alone has not been reported to cause cardiotoxicity, we cannot ignore this problem. The mechanism of cisplatin’s cardiotoxicity remains unknown. Most current views support that cisplatin promotes cardiomyocyte apoptosis by upregulating ROS and mitochondrial DNA disruption leading to mitochondrial dysfunction (Ma et al., 2020).
2.3 Methotrexate
Methotrexate is a folate analog that inhibits the activity of dihydrofolate reductase by competing with substrates, resulting in defects in purine and pyrimidine synthesis (Bidaki et al., 2017). Decreased purine and pyrimidine synthesis inhibit tumor cell proliferation, and as a result, methotrexate is also used as an antineoplastic drug (Malaviya, 2016). Methotrexate is mostly used in rheumatoid arthritis and rarely as an antitumor treatment alone (Zhao et al., 2022). Methotrexate is often used in combination with other chemotherapy drugs for antitumor therapy. For example, fluorouracil, doxorubicin, and methotrexate are used for gastric cancer, cyclophosphamide, methotrexate, and 5-fluoropyrimidine are used for advanced breast cancer, and methotrexate, vinblastine, doxorubicin, and cyclophosphamide are used for bladder cancer (Walling, 2006). The chemotherapy regimen in OS is methotrexate-DOX-cisplatin (Smrke et al., 2021). Methotrexate is excreted primarily through the kidneys, and nephrotoxicity is caused by methotrexate crystals in the tubular lumen, leading to tubular toxicity leading to acute kidney injury (Christensen et al., 2012). Methotrexate reduces inflammation, improves cardiovascular risk factors, reduces mortality, and generally has a protective effect on the heart (Bălănescu et al., 2019). However, high doses of methotrexate are toxic to the heart. Shah et al. reported a decrease in ejection fraction and an acute decline in biventricular function in a 54-year-old man with systemic sclerosis after taking methotrexate (Shah et al., 2022). The mechanism of action of methotrexate inducing cardiotoxicity is still very clear. Methotrexate-induced cardiac damage manifests as distortion of normal cardiac tissue structure, significant oxidative and nitrosizing stress, along with decreased glutathione concentration and decreased superoxide dismutase activity, which in turn affects myocardial function (Perez-Verdia et al., 2005; Al-Taher et al., 2020).
2.4 Ifosfamide/ifosfamide
Cyclophosphamide is an alkylating agent and immunosuppressant that is widely used in antitumor, organ transplantation, and anti-graft rejection reactions (Song et al., 2016). Cyclophosphamide is primarily used in combination chemotherapy regimens for lymphoma, leukemia, breast, lung, and neuroblastoma (Emadi et al., 2009; Iqubal et al., 2019). Cyclophosphamide binds to guanine residues of tumor cell DNA and causes tumor death (Veal et al., 2016). The pharmacological effects of cyclophosphamide depend on the metabolism of the drug, the dose administered, and the timing of administration (Huyan et al., 2011). The cardiotoxicity of cyclophosphamide is one of the important factors limiting its wide clinical application. Although the mechanism of cyclophosphamide cardiotoxicity has not been completely cleared, the current general consensus is mainly in the following aspects. Cyclophosphamide induces oxygen radical production and inflammation in cardiomyocytes, and its metabolites also reduce the production of endothelial nitric oxide synthase phosphorylation (Iqubal et al., 2019). Cyclophosphamide also induces activation of the p53 and p38 mitogen-activating protein kinase pathways, leading to cardiac apoptosis, inflammation, and hypertrophy (DeJarnett et al., 2014).
Ifosfamide is more commonly used in chemotherapy for OS than cyclophosphamide (Spalato and Italiano, 2021). Similar to cyclophosphamide, ifosfamide is a cell-cycle, nonspecific antineoplastic agent that can be hydrolyzed by phosphoramidase to phosphamide mustard in humans for antitumor effects (Palmerini et al., 2020). The most common adverse effect of ifosfamide is central system toxicity, which occurs in nearly 20 percent of patients with severe hallucinations, confusion, or episodes of drowsiness and coma called ifosfamide encephalopathy (Lee Brink et al., 2020; Ilyas et al., 2021). The toxic effects of ifosfamide on the heart are also not fully understood. Similar to cyclophosphamide, ifosfamide induces oxygen radical production and inflammation in cardiomyocytes, inducing apoptosis in cardiomyocytes (Savani and Skubitz, 2019). Chemotherapy regimens of doxorubicin, cisplatin, ifosfamide, and/or high-dose methotrexate are considered first-line chemotherapy agents for OS (Marec-Berard et al., 2020). However, the cardiotoxicity of chemotherapy drugs is inevitable, and the development of biomaterials to deliver chemotherapy drugs to reduce cardiotoxicity is the development trend of OS therapy.
3 BIOMATERIALS REDUCE CARDIOTOXICITY OF OS CHEMOTHERAPY
3.1 Extracellular vesicles
Extracellular vesicles (EVs) are vesicle-like structures with a diameter of 30–150 nm produced by living cells (Lee and Kim, 2021). As an emerging mode of intercellular communication, EVs can deliver RNA, proteins, and other carriers to target cells, thereby regulating the proliferation and differentiation of target cells and affecting the structure and function of target cells (Chang et al., 2021). The advantage of EVs as delivery vehicles is that they can fuse membranes with target cells without destroying the carrier five, thereby releasing the carrier into the target cell (Xia et al., 2022b). EVs produced by cells from different sources have cell-homing effects at different locations in the body (Wiklander et al., 2015). This property makes EVs uniquely targeted. Chemical modifications also give EVs more precise targeting ability, and EVs have more systemic toxic side effects than other biological materials. Wei et al. used bone marrow-derived EVs to deliver DOX (EVs-Dox) to reduce the cardiotoxicity of DOX in OS therapy (Wei et al., 2022). The EVs loaded with DOX have a diameter of 178.1 nm. EVs-Dox is more toxic to tumor cells than DOX and much less toxic to cardiomyocytes than DOX. EVs-DOX can target OS cells in vivo, effectively inhibiting the proliferation and migration of OS cells. At 12 h in vivo, the concentration of EVs-DOX in cardiomyocytes was much lower than in the DOX group. This is mainly due to the fact that Evs can express SDF-1 protein, and the interaction of Stromal cell-derived factor-1 (SDF-1) and C-X-C motif chemokine receptor 4 (CXCR4) induces DOX-loaded EVs to tend to osteosarcoma sites, reducing the accumulation of cardiomyocytes and reducing the cardiotoxicity of DOX.
3.2 Liposomes
The FDA-approved DOX liposomal preparation, Caelyx, is significantly less cardiotoxic and well tolerated (De Sanctis et al., 2015). DOX liposomes reduce the expression of P-glycoprotein, which is the main mediator of DOX cardiotoxicity. OS also expresses CD44 receptors. Gazzano et al. made HA-Lsdox by coupling DOX liposomes with hyaluronic acid (HA) (Gazzano et al., 2019). HA is a donor to CD44, and the high expression of CD44 in OS makes it an ideal target to increase HA-Lsdox delivery to tumors. HA-Lsdox has a size range of 190 nm–204 nm and effectively releases DOX in vivo to promote apoptosis of tumor cells. HA-Lsdox can also promote sulfation and ubiquitination of P-glycoprotein, reducing the cardiotoxic effect of DOX. Nanomicelles can enhance the enhanced permeability and retention (EPR) effect of tumor cells, and the inert groups on the surface of nanomicelles can effectively reduce the uptake of drugs by other normal tissue cells, thereby effectively reducing the side effects of drugs (Riley et al., 2019). Chen et al. synthesized a photoresponsive DOX conjugated polymer (Poly-Dox-M) (Figure 1) (Chen et al., 2021). Nanomicelles indicate cross-linked polyethylene glycol (PEG), which is stable in vivo after self-assembly into Poly-Dox-M due to the inert nature of PEG. Poly-Dox-M has a diameter of 27 nm and a drug loading rate of 13.62%. The surface-inert PEG is decomposed by amide bond destruction after several minutes of UV irradiation, promoting the release of DOX by Poly-Dox-M. In vivo, experiments have shown that Poly-Dox-M accumulates in large numbers of tumor cells compared to DOX, while the heart, spleen, liver, lungs, and kidneys are very small. As a result, Poly-Dox-M reduces the toxic side effects caused by DOX. This may be due to the lack of ultraviolet light exposure to vital organs, and Poly-Dox-M cannot break down the DOX that releases its load, thus reducing the visceral toxicity of DOX. The cardiotoxic effects of DOX liposomes in reducing DOX have been clinically proven. Huang et al. demonstrated that ifosfamide combined with DOX liposomes for OS treatment can reduce cardiotoxicity compared with ifosfamide plus DOX (Huang et al., 2022). Yang et al. demonstrated that PEG-DOX clinically reduces the cardiotoxicity of DOX (Yang et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic illustration of the self-assembly and responsive breakage of Poly-Dox micelles, and the process of tumor therapy. DOX self-assembles into photoresponsive polymeric micelles. After tail vein injection in mice, polymeric micelles can aggregate around tumor cells due to the EPR effect. Increase the concentration of DOX in tumor cells to achieve anti-tumor effect. Reproduced with permission from (Chen et al., 2021).
3.3 Nanoparticles
Wang et al. made PCP-PEG-ALD nanoparticles from aldehyde rubicin (ALD), positively charged proteins (PCP), and PEG (Wang et al., 2021). The solubility of ALD is extremely low, and poor bioavailability limits its clinical use (Gong et al., 2018). PCP-PEG-ALD nanoparticles have good biocompatibility. PCP-PEG-ALD nanoparticles have a diameter of 200 nm, which has a hihg encapsulation rate for ALD and can deliver ALDto tumor cells. PCP-PEG-ALD nanoparticles can kill tumor cells (survival rate 29%) without causing damage to normal cells (survival rate 95%). Compared with DOX-induced focal necrosis of cardiomyocytes, PCP-PEG-ALD nanoparticles only cause mild symptoms of myocardial stromal adiposia. Feng et al. used the principle that redox-sensitive nanoparticles containing disulfide bonds were used to respond to the redox potential of tumor cells, and coupled bone-targeted partial alendronate (ALN) with the CD44 ligand hyaluronic acid (HA) to form functionalized liposomes (ALN-HA-SS-L-L) for DOX delivery (Figure 2) (Feng et al., 2019). ALN-HA-SS-L-L is able to target bone tumors in vivo and break disulfide bonds within tumor cells to release DOX to achieve anti-tumor effects. ALN-HA-SS-L-L released 3% and 72% of DOX in the first 6 h and 23 h, respectively. In vivo experiments, free DOX treatment was confirmed to cause severe cardiotoxicity and liver and kidney damage, while ALN-HA-SS-L-L/DOX treatment reduced cardiotoxicity and inhibited lung metastases.
[image: Figure 2]FIGURE 2 | Alendronate (ALN) is coupled to the CD44 ligand hyaluronic acid (HA). The ALN-HA conjugate was conjugated to DSPE-PEG 2000–COOH to obtain functionalized lipid ALN-HA-SS-L by a bioreducible disulfide bonder (−SS−), which was inserted into a preformed liposome loaded with doxorubicin (DOX). ALN-HA-SS-L-L/DOX is significantly more cytotoxic to human OS MG-63 cells with high and rapid cell uptake. The antitumor effects of various liposomes are the same as those shown by in vivo/ex vivo imaging. In the in situ OS nude mouse model, ALN-HA-SS-L-L/DOX showed significant tumor growth inhibition and prolonged survival. Reproduced with permission from (Feng et al., 2019).
3.4 Hydrogels
Hydrogels are plastic, adherent, biocompatible, and biodegradable and widely used in tissue engineering and nanomedicine (Liang et al., 2023). Topical delivery systems for hydrogel drugs are able to deliver anticancer drugs directly to the target, reducing the toxic effects of chemotherapy drugs (Yoo et al., 2018). β-cyclodextrin (β-CD) can be used as a nanoscale drug carrier for anticancer drugs, enhancing the water solubility of drugs (Li et al., 2015). Sun et al. made DOX, cisplatin-loaded β-CD into nanoscale HP-β-CD drug-delivery hydrogels for combination chemotherapy for OS (Yoon et al., 2019). HP-β-CD hydrogels continuously release DOX and cisplatin for anti-tumor effects. In vitro experiments have confirmed that HP-β-CD hydrogel can reduce the proliferation rate of tumor cells. HP-β-CD hydrogel can reduce tumor volume in vivo for 4 weeks. Cao et al. used a hydrogel-microsphere (Gel-Mps) complex composed of collagenase (Col) and PLGA microspheres (Mps) to carry pioglitazone (Pio) and Dox to achieve combined chemotherapy for OS (Cao et al., 2023). Gel-MPS has a highly biodegradable, extremely efficient, and low-toxicity sustained drug release effect, showing an effective inhibitory effect on tumor proliferation. The average size of Mps is 3.97μm, and the load ratios of Dox and Pio are 3.79% and 13.69%, respectively. In vitro experiments, Gel-Mps was able to achieve sustained release of Dox and Pio within 20 days. In vivo experiments have shown that Gel-Mps can reduce the migration and proliferation of tumor cells. The Pio released by Gel-Mps can also reduce the expression of P-glycoprotein, and reduce cardiotoxicity and resistance to chemotherapy drugs.
3.5 Polymer brackets
OS often leads to increased destruction, often resulting in bone non-regeneration and severe pain (Whelan and Davis, 2018). Bioscaffolds can provide support around OS, providing a foundation for bone regeneration. He used poly(-lactide-collective) and polyethylene glycol (PEG) to make bioscaffolds for loading DOX (Figure 3) (He et al., 2022). The average diameter of the biological scaffold was (0.86 ± 0.03) mm and the length was (4.22 ± 0.26) mm, and the loading ratio of DOX was 78.0% ± 6.32%. In vitro experiments showed that the polymeric scaffold released about 26.4% of DOX within 2 hours, and was able to release all DOX within 15 days. Compared with DOX, DOX in stents can achieve in situ release around the tumor, reduce DOX accumulation in the heart, and reduce cardiotoxicity. Polymethyl methacrylate (PMMA) is a bone substitute with excellent formability, high mechanical strength, and appropriate biocompatibility (van Vugt et al., 2019). PMMA can release heat, causing thermal necrosis of tumor cells, resulting in local antitumor effects (Gaston et al., 2011). However, the thermal effects of PMMA often cause normal cell necrosis, and cement leakage also limits the widespread use of PMMA cement (Dolan et al., 2012). Wang et al. used carboxymethylcellulose (CMC) to increase the porosity of PMMA cement for enhanced cisplatin delivery (Wang et al., 2022). The addition of CMC reduces the compressive strength of PMMA. Bone cement has a porosity of 30–40 μm and a cisplatin loading rate of 16.6% ± 1.1%. Bone cement continuously releases cisplatin within 14 days to achieve the chemotherapy effect of bone cement.
[image: Figure 3]FIGURE 3 | The schematic illustration of the DOX-loaded implant for intratumoral chemotherapy. Preparation of the DOX-loaded implant. DOX, PLGA, PEG are made of degradable polymer scaffolds, and polymer scaffolds can continuously release DOX into the tumor to achieve anti-tumor effects. After 20 days, tumor cells were observed to shrink. Reproduced with permission from (He et al., 2022).
4 CONCLUSION AND OUTLOOK
As one of the most important organs of the human body, the role of the heart cannot be ignored. Although the cardiotoxicity of chemotherapy drugs is not fully understood, it has been agreed that they affect the ejection fraction of the heart and cardiomyocyte function, and thus cause heart failure and cardiomyocyte death by inhibiting mitochondrial activity. Although chemotherapy drugs have achieved good results in the treatment of advanced tumors, the adverse effects of chemotherapy drugs are often unbearable and painful for patients. Chemotherapy drugs kill tumor cells as well as normal tissue cells. This is a puzzle that clinicians cannot solve. How to reduce the toxicity of chemotherapy drugs remains a difficult problem for clinicians. The emergence of biomaterials has made great strides in tissue engineering and nanomedicine. Biomaterial delivery strategies have made major breakthroughs in bone regeneration, anti-tumor, tissue repair, and regenerative medicine. Nanoparticles, hydrogels, scaffolds, etc., based on PLGA, PEG, chitosan, gelatin, alginate, bioactive glass, etc., have been designed for anti-tumor treatment, and their effects have been confirmed in preclinical studies. Although biomaterial delivery strategies have achieved good results in preclinical studies, few have been truly applied clinically. At present, albumin paclitaxel chemotherapy drugs are widely used in clinical practice as a mature chemotherapy drug. However, other nanomaterials for delivery are still only in their initial stages. Preclinical research still needs to address the biological activity of biomaterials in vivo meet the persistence of antitumor therapy and reduce the side effects of chemotherapy drugs. Future research still needs to further develop biomaterials to reduce the cardiotoxicity of chemotherapy drugs. Based on the results achieved in current preclinical studies, we believe that sooner or later the toxic effects of biomaterials in reducing the toxicity of chemotherapy drugs will be applied to the clinic on a large scale.
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Introduction

Osteosarcoma is a common bone malignant tumor in adolescents with high mortality and poor prognosis. At present, the progress of osteosarcoma and effective treatment strategies are not clear. This study provides a new potential target for the progression and treatment of osteosarcoma.





Methods

The relationship between lncRNA PRR7-AS1 and osteosarcoma was analyzed using the osteosarcoma databases and clinical sample testing. Cell function assays and tumor lung metastasis were employed to study the effects of PRR7-AS1 on tumorigenesis in vivo and in vitro. Potential downstream RNF2 of PRR7-AS1 was identified and explored using RNA pulldown and RIP. The GTRD and KnockTF database were used to predict the downstream target gene, MTUS1, and ChIP-qPCR experiments were used to verify the working mechanismy. Rescue experiments were utilized to confirm the role of MTUS1 in the pathway.





Results

Deep mining of osteosarcoma databases combined with clinical sample testing revealed a positive correlation between lncRNA PRR7-AS1 and osteosarcoma progression. Knockdown of PRR7-AS1 inhibited osteosarcoma cell proliferation and metastasis in vitro and in vivo. Mechanistically, RNA pulldown and RIP revealed that PRR7-AS1 may bind RNF2 to play a cancer-promoting role. ChIP-qPCR experiments were utilized to validate the working mechanism of the downstream target gene MTUS1. RNF2 inhibited the transcription of MTUS1 through histone H2A lysine 119 monoubiquitin. Rescue experiments confirmed MTUS1 as a downstream direct target of PRR7-AS1 and RNF2.





Discussion

We identified lncRNA PRR7-AS1 as an important oncogene in osteosarcoma progression, indicating that it may be a potential target for diagnosis and prognosis of osteosarcoma.
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1 Introduction

Osteosarcoma (OS) is a common malignant bone tumor that mainly affects adolescents or children under the age of 20 years (1). OS accounts for approximately 5% of pediatric tumors, and it is a highly malignant tumor in children (2). OS has poor prognosis, and lung metastasis usually occurs within months. It has been reported that the survival of OS patients after amputation ranges from 5 to 20% (3). At present, surgery combined with neoadjuvant radiotherapy and chemotherapy is preferred to treat OS (4). Early diagnosis and timely treatment significantly improve the survival of OS (5). Therefore, it is urgent to elucidate the pathogenesis of OS and to identify more effective therapeutic targets to improve the prognosis of OS.

Long non-coding RNAs (lncRNAs) are non-coding RNAs exceeding 200 bp in length. LncRNAs are unable to directly encode proteins, but they are vital regulators in biological activities via interacting with proteins, DNA and RNA (6). Serving as oncogenes or tumor suppressor genes (7), lncRNAs have been highlighted for their involvement in the development of cancer, including prostate, breast, lung and liver cancers, through chromatin modification, transcriptional regulation and post-transcriptional regulation (8–10). Ding et al. (11) demonstrated that lncRNA CRNDE stimulates the growth of OS through the Wnt/β-catenin signaling pathway. Through downregulating microRNA-765, LINC00511 promotes the proliferation and migration of OS cells (12). Thus, the specific role of lncRNAs in the development of OS and the underlying mechanism should be further explored.

A novel oncogene PRR7-AS1 has been reported that is highly expressed in colorectal cancer (13) and hepatocellular cancer (14). In this study, we showed that lncRNA PRR7-AS1 was upregulated in OS tissues through bioinformatics analysis. The upregulation of PRR7-AS1 was further validated in clinical samples. Subsequently, in vitro and in vivo experiments demonstrated that PRR7-AS1 promoted the proliferation and migration of OS through binding RNF2, which further inhibited the transcription of the downstream target, MTUS1. The present study identified the oncogenic role of PRR7-AS1 in OS, suggesting its potential application in the clinical treatment of OS.




2 Materials and methods



2.1 Bioinformatics analysis

The GSE126209 dataset, contains RNA sequencing data from OS and normal tissues, was downloaded from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). The FPKM values were transformed into TPM values and normalized by log2(value+1) to further analysis. Afterwards, paired differential expression was analyzed using the R package limma and volcanic maps were draw by ggplot2 (|FC | > 1, and adj.p < 0.05).

Clinical and gene expression data of OS patients were obtained from the Tumor Alterations Relevant for Genomics-driven Therapy (TARGET) database. Patient samples (n=85) were divided into high and low groups based on the median of expression values, and survival curves were plotted by the “survival” package in R.

Putative RNF2 targets were predicted using the Gene Transcription Regulation Database (GTRD, http://gtrd.biouml.org) and the KnockTF Database (http://www.licpathway.net/KnockTF/index.php).




2.2 Sample collection

OS and adjacent non-tumoral bone tissues were collected from patients who were surgically treated at the Suzhou Municipal Hospital of Nanjing Medical University. Clinical samples were surgically collected, immediately fixed, dehydrated and embedded in paraffin. Written informed consent was obtained prior to sample collection, and this study was approved by the Ethics Committee of Suzhou Municipal Hospital.




2.3 Fluorescence in situ hybridization analysis

A specific FISH probe targeting PRR7-AS1 was designed and synthesized by Ribobio Biotechnology (Guangzhou, China). The hybridization was performed in OS tissue and paired adjacent non-tumoral tissues as previously reported (15). All images were analyzed on a confocal laser scanning microscope (LSM 810, Carl Zeiss, Oberkochen, Germany) (16).




2.4 Cell culture

The human osteosarcoma cell lines, 143B and U2OS, were obtained from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). U2OS cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS) (ExCell Bio, New Zealand) and 1% penicillin/streptomycin (NCM Biotech, Suzhou, China), and 143B cells were cultured in Eagle’s Minimum Essential Medium (EMEM) (Gibco) supplemented with 82% minimal essential medium (MEM), 15% FBS, 1% GlutaMAX, 1% sodium pyruvate and 1% penicillin/streptomycin. Cells were cultured in a humidified incubator with 5% CO2 and 95% air at 37°C.




2.5 Cell transfection

The small interfering RNAs (siRNAs) targeting PRR7-AS1, RNF2, MTUS1 and negative control and pcDNA3.1-PRR7-AS1 were designed by GenePharma (Shanghai, China) and transfected into cells using Lipofectamine 2000 (Invitrogen, USA) as described previously (17). After 48 h, cells were collected for subsequent experiments. The siRNA sequences used in the present study were shown on Table S1.




2.6 RNA extraction and real-time quantitative PCR

Total RNA was extracted from cells using the RNA isolater Total RNA Extraction Reagent (Vazyme, Nanjing, China), which was reverse transcribed into cDNA using the HiScript III RT SuperMix for qPCR (+gDNA wiper) kit (R323-01, Vazyme) as described previously (18, 19). RT-qPCR was performed using SYBR qPCR SuperMix Plus (Novoprotein Scientific Inc., Shanghai, China) and an Applied Biosystems 7500 Real Time PCR System. The primers were shown on Table S2.




2.7 Western blot

Osteosarcoma cells transfected with si-NC/si-PRR7-AS1 were lysed using a radioimmunoprecipitation assay (RIPA, Beyotime, Nantong, China) containing 1% protease inhibitor phenylmethylsulfonyl fluoride (PMSF) (17). After quantified using a bicinchoninic acid (Beyotime) kit, the protein samples were separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% skim milk, and then incubated with the anti-RNF2 antibody (Proteintech, Wuhan, Hubei, China) and anti-Tubulin (Beyotime) at 4°C overnight. Secondary antibodies combined with horseradish peroxidase at room temperature were incubated and band signals were visualized by an enhanced chemiluminescent substrate and quantified by Image-Pro Plus (Media Cybernetics, San Diego, CA, USA).




2.8 Cell proliferation and migration assay

Cell Counting Kit-8 (CCK8) assay: cells were seeded into 96-well plate with 2.5×103 cells/well. CCK8 (Beyotime) was added into each well at 0, 24, 36, 72, 96 h. Cell viability was detected by measuring the optical density at 450 nm (OD450) using a microplate reader (Bio-Rad Model 680, Richmond, CA, USA).

Colony formation assay: cells were seeded into six-well plate with 1.0×103 cells/well and cultured for 14 days. Fresh medium was replaced every 5 days. After 14 days, culture medium was removed, and cells were fixed with methanol and stained with 0.1% crystal violet (Beyotime). Visible colonies were imaged and counted.

Transwell assay: transwell chambers (8 μm pore size; Millipore, Billerica, MA, USA) were added into 24-well plate. Cells at a density of 2.5 × 104 cells/well in 300 µl of serum-free medium were seeded in the upper chamber, and 700 µl of medium containing 10% FBS was added in the bottom chamber. After incubation for 48 h at 37°C, the cells migrated to the bottom were fixed with methanol and stained with 0.1% crystal violet. Finally, five randomly selected fields per sample were imaged using a light microscope for counting migratory cells.




2.9 In vivo assay

Four-week-old athymic BALB/c nude mice were habituated in a specific pathogen-free (SPF) environment. Animal experiments were approved by the Ethics Committee of Animal Experiments of Nanjing Medical University. Briefly, 100 µl of suspended 143B cells transfected with sh-PRR7-AS1 or sh-NC at 3×107 cells were subcutaneously injected into the mouse axillary region (17). Tumor growth was regularly recorded. After 2 weeks, mice were sacrificed, and OS tissues were collected. The tumor volume was calculated using the following formula: tumor volume (mm3) = 0.5 × length (mm) × width2 (mm2).

For the in vivo cell metastasis assay, 100 µl of suspended 143B cells transfected with sh-PRR7-AS1 or sh-NC at 6×107 cells was injected into the mouse tail vein. After 2 months, mice were sacrificed, and lung tissues were collected. The number of metastatic lesions in the lung was counted.

Tumor tissues and lung metastasis lesions collected from mice were fixed with 4% paraformaldehyde and dehydrated in gradient concentrations of ethanol. After permeabilization in xylene, sections were embedded in paraffin, sliced into 5-µm-thick sections, deparaffinized with xylene and rehydrated in gradient concentrations of ethanol. Lung metastasis sections were stained with hematoxylin and eosin (H&E) for pathological examination.




2.10 Immunofluorescence

After deparaffinization and rehydration of paraffin-embedded tissues, antigen retrieval was performed by boiling samples in 10 mM sodium citrate buffer (pH 6.0). The sections were blocked with 1% bovine serum albumin (BSA) in PBS and incubated with primary antibodies, and the sections were then incubated with secondary antibodies. Cell nuclei were stained with DAPI (Beyotime), and images were acquired using a Zeiss laser confocal microscope (LSM 810) as previously described (20, 21). The following antibodies were used: mouse monoclonal anti-Ki67 antibody (Abcam, ab238020, 1:100), mouse monoclonal anti-E-cadherin antibody (Abcam, ab231303, 1:100), mouse monoclonal anti-N-cadherin antibody (Abcam, ab76057, 1:100) and mouse monoclonal anti-vimentin antibody (Abcam, ab20346, 1:100).

Isolated and cultured cells were fixed with 4% paraformaldehyde for 20 min. Next, the cells were treated with 0.2% triton for 20 min and blocked with 1% BSA in PBS. Then the slides containing target cells were incubated with primary and Alexa-Fluor secondary antibodies (Thermo Scientific, Waltham, USA) orderly. In addition, the cells were stained with DAPI and observed under a fluorescence microscope. Sections were analyzed under a confocal laser-scanning microscope.




2.11 RNA pull-down

PRR7-AS1 was transcribed using the Ribo™ RNAmax-T7 Biotin Labeling Transcription Kit (Ambio Life). The kit used the Biotin RNA Labeling Mix as a substrate and utilized a DNA template containing the T7 promoter to synthesize RNA complementary to the antisense strand in the DNA template starting downstream of the T7 promoter. Then PRR7-AS1 was purified with the RNeasy Plus Mini Kit (Qiagen) and treated with RNase-free DNase I (Qiagen). Subsequently, transcribed PRR7-AS1 was biotin-labeled with the Biotin RNA Labeling Mix (Ambio Life). RNA pull-down was then performed by PierceTM Magnetic RNA-Protein Pull-Down Kit according to the manufacturer’s instructions (Thermo Scientific Pierce) and as previously described (22). The RNA-protein complexes were then subjected to mass spectrometry analysis, as previously described (23–25).




2.12 Chromatin immunoprecipitation-qPCR

ChIP was performed using the EZ-Magna ChIPTM A/G Chromatin Immunoprecipitation Kit (Millipore) as previously described (26). Briefly, transfected OS cells were lysed in 1% methanol and sonicated, which resulted in 500-bp DNA fragments. Cell lysate was incubated with the anti-RNF2 antibody, anti-H2AK119Ub antibody and anti-IgG. The chromatin supernatant was then incubated in 20 μl of protein A/G MagBeads at 4°C overnight. The protein-DNA complex was eluted and purified, and the obtained DNA samples were subjected to RT-qPCR. The primers used for ChIP-qPCR were follows:

	MTUS1-F, 5’-AGACTGCGAATCAGCCCTTC-3’

	MTUS1-R, 5’-TGCAGAATTATCAGGGCGGAA-3’






2.13 RNA immunoprecipitation

RIP was performed using the Magna RIPTM RNA-Binding Protein Immunoprecipitation Kit (Millipore) as previously described (16). Briefly, OS cells were lysed in RIP lysis buffer, and 100 µl of cell lysate was incubated with the anti-RNF2 antibody and anti-IgG. A protein–RNA complex was captured and digested with 0.5 mg/ml proteinase K containing 0.1% SDS. The magnetic beads were repeatedly washed with RIP washing buffer to remove non-specific adsorption. Finally, the extracted RNA was subjected to RT-qPCR.




2.14 Statistical analysis

All data are expressed as mean ± standard deviation  . GraphPad Prism 9.0 (GraphPad Software, CA, USA) was used for statistical analyses. Differences between two groups were compared by Student’s t−test, and those among three or more groups were compared by one−way analysis of variance (ANOVA). Overall survival was estimated by the Kaplan–Meier method, and the log-rank test was employed to evaluate differences. P<0.05 was considered as statistically significant.





3 Results



3.1 PRR7-AS1 is upregulated in OS tissues and predicts poor prognosis

A total 19 lncRNAs were differentially expressed in osteosarcoma tissues (n=5) compared with paired normal tissues based on the GEO database (GSE126209) (|FC| > 1.0 and adj.p < 0.01) (Figure 1A), and 2 of them (PVT1 and PRR7-AS1) had a significant effect on the overall survival of OS patients (n=85) based on the TARGET database (Figure S1). It has been found that PVT1 (plasmacytoma variant translocation 1) could promote human OS malignant biological behaviors (27), but the role of PRR7-AS1 in osteosarcoma remains unknown.




Figure 1 | Relative PRR7-AS1 expression in osteosarcoma (OS) tissues and cell lines as well as its clinical significance. (A) Paired differentially expressed lncRNAs in OC and normal tissues based on GEO datasets (n=5) showed by volcanic map. (B) Relative expression of PRR7-AS1 in OC and normal tissues, n = 5. ***P < 0.001. (C) Kaplan–Meier curves for overall survival in OS patients (n=85). (D) A FISH assay was used to examine the expression and location of lncRNA PRR7-AS1 in OS tissues and paired non-tumor tissues. scale bars: 50 mm. (E) Statistical data are shown. (F) A FISH assay was used to examine the location of PRR7-AS1 in 143B and U2OS, scale bars: 50 mm. ***P < 0.001.



PRR7-AS1 was significantly upregulated in OS tissues (n=5) (Figure 1B), and high PRR7-AS1 expression was associated with poor prognosis in OS patients (Figure 1C). Afterwards, the FISH assay verified the overexpression of PRR7-AS1 in OS tissues compared to non-tumor samples (Figures 1C, D), and it also demonstrated that PRR7-AS1 was mostly expressed in the nucleus (Figures 1C–F). These results suggested that PRR7-AS1 is upregulated in OS and mainly involved in functional regulation in the nucleus.




3.2 PRR7−AS1 promotes the proliferation and migration of OS in vitro

The transfection efficiency of si-PRR7-AS1 were verified by RT-qPCR (Figure 2A). Both CCK8 and colony formation assays found that knockdown of PRR7-AS1 significantly inhibited the proliferative capacity of 143B and U2OS cells (Figures 2B–E). In addition, transwell assays revealed a lower migration capacity of OS cells transfected with si-PRR7-AS1 than si-NC (Figures 2F, G). These findings indicated that PRR7-AS1 promotes the proliferation and migration of OS cells in vitro.




Figure 2 | Effects of PRR7-AS1 on OS cells proliferation and migration capacity in vitro. (A) Relative PRR7-AS1 expression in 143B and U2OS cells transfected with negative control siRNA (si-NC) or siRNAs targeting PRR7-AS1 (si-PRR7-AS1 #1 and #2) for 48 h (n = 3 for each group). (B, C) Cell viability was assessed using a CCK8 assay in 143B and U2OS cells transfected with si-NC or si-PRR7-AS1 (n = 6 for each group). *P < 0.05, **P < 0.01 and ***P < 0.001. (D, E) Colony formation assays were performed to determine the proliferative ability of si-PRR7-AS1-transfected 143B and U2OS cells (n = 3 for each group). *P < 0.05, **P < 0.01. (F, G) Transwell assays were performed to investigate the migration capacity of 143B and U2OS cells after PRR7-AS1 knockdown for 48 h (n = 3 for each group). Scale bar= 100 mm. **P < 0.01, ***P < 0.001.






3.3 PRR7−AS1 promotes tumor growth and metastasis of OS in vivo

A xenograft model in nude mice was established to explore the in vivo function of PRR7-AS1. During the experimental period, tumor growth was significantly lower in the sh-PRR7-AS1 group compared to the controls. After 2 weeks, mice were sacrificed, and OS tissues were collected. Compared to the control group, both the volume and weight of OS tissues were significantly lower in the sh-PRR7-AS1 group than empty vector group (Figures 3A–C). In addition, the lower Ki-67-positive cells was shown in the sh-PRR7-AS1 group too (Figures 3D, E).




Figure 3 | Effects of PRR7-AS1 on OS tumorigenesis and metastasis in vivo. 143B cells stably expressing shPRR7-AS1 or empty vector (control) were injected into nude mice (n=5). (A) Tumors were isolated from the nude mice and photographed, and tumor weights were measured (B). *P < 0.05 (C) Tumor volumes were calculated every 3 days after injection. **P < 0.01, ***P < 0.001. (D, E) Immunostaining for the Ki-67+ cells in tumor sections (n = 3 for each group). Scale bar = 50 mm. ***P < 0.001. (F) 143B cells were transfected with sh-PRR7-AS1 or empty vector for 48 h and injected into the tail vein of nude mice (n = 7). After 2 months, lung tissues were removed and photographed. (G) The number of lung nodules was counted. (H) H&E staining of mouse lung tissues. **P < 0.01. (I–K) Immunofluorescence staining of E-cadherin, Ncadherin and vimentin, bar = 50 mm. (L) Quantification of (D–F). *P < 0.05, **P < 0.01.



We established an OS lung metastasis model in nude mice through injecting 143B cells into the mouse tail vein as previously reported (28). Compared to the controls, the number of lung metastases was significantly lower in nude mice injected with 143B cells transfected with sh-PRR7-AS1 (Figures 3F, G). The same results were obtained with H&E staining (Figure 3H). Furthermore, increased E-cadherin as well as decreased N-cadherin and vimentin expression were obviously in the sh-PRR7-AS1 group (Figure 3I–L).

Collectively, these findings demonstrated that PRR7-AS1 promotes the proliferation and metastasis of OS cells in vivo.




3.4 PRR7−AS1 interacts with RNF2 in OS cells

To further explore the molecular mechanism underlying the carcinogenic activity of PRR7-AS1 in OS, an RNA pull-down LC-MS/MS assay was performed to identify potential proteins that interact with lncRNA PRR7-AS1 in OS cells (Figure 4A).




Figure 4 | PRR7-AS1 interacts with RNF2. (A) Flow chart of the RNA pull-down assays. (B) Venn diagrams of proteins identified by mass spectrometry from three independent RNA pull-down assays. (C) The list of top 10 proteins. (D) Biotinylated PRR7-AS1 RNAs were incubated with 143B or U2OS cell lysates. The RNA–protein complexes were subjected to western blot analysis with an anti-RNF2 antibody. The antisense strand of PRR7-AS1 was used as the negative control. (E, F) RNA immunoprecipitation (RIP) assays for PRR7-AS1 binding to RNF2 in 143B and U2OS cells lysates. Rabbit IgG was included as the negative control for immunoprecipitation (n = 3). **P < 0.01 and ***P < 0.001. (G) The protein level of RNF2 were detected in 143B and U2OS transfected with si-NC and si-PRR7-AS1 using western blotting (n = 3). (H) Quantification of (G). ns, not statistically significant.



According to the label-free quantitation (LFQ) method, proteomic analysis identified 18 overlapping proteins from three independent RNA pull-down experiments (Figure 4B; Table S3). Figure 4C shows the top 10 proteins listed from high to low. Among them, RNF2 (ring finger protein 2) caught our attentions. As a member of the polycomb group (PcG), RNF2 is widely involved in tumor development through epigenetic regulation (29). RNA pull-down and RIP experiments in 143B and U2OS cells further confirmed the interaction between PRR7-AS1 and RNF2 (Figures 4D–F). Strikingly, it was noticed that RNF2 expression levels remained unaltered after knockdown of PRR7-AS1 compared to control (Figures 4G, H). These findings suggest that PRR7-AS1 only binds RNF2, but does not affect its expression.




3.5 RNF2 is involved in gene regulation and promotes the proliferation and migration of OS in vitro

We selected U2OS cells for western blotting and immunofluorescence experiments of RNF2. The protein expression of RNF2 was significantly reduced after knockdown of RNF2 (Figures 5A, B). Immunofluorescence analysis showed that RNF2 protein was primarily localized in the nucleus rather than the cytoplasm and could be significantly knocked down (Figures 5C, D), which further verified that RNF2 protein was involved in gene regulation. To explore the oncogenic features of RNF2 in OS, we synthesized two RNF2 siRNAs and verified their transfection efficiency (Figure 5E). Knockdown of RNF2 significantly reduced cell viability and the number of colonies in 143B and U2OS cells, indicating inhibition of proliferation (Figures 5F–I). Moreover, the number of migratory cells was reduced in OS cells transfected with si-RNF2 compared to si-NC (Figures 5J, K). Therefore, these findings suggested that RNF2 facilitates the proliferation and migration of OS cells in vitro.




Figure 5 | RNF2 is involved in gene regulation and promotes the proliferation and migration of OS in vitro. (A) Western blot analysis of RNF2 protein after the treatment with si-RNF2 or si-NC. Beta-tubulin protein was used as an internal control. (B) Quantification of RNF2 protein levels in (A), n = 3. *P < 0.05. (C) Immunostaining of RNF2 in U2OS treated with si-NC or si-RNF2. RNF2 marker proteins are labeled in red, Tubulin marker proteins are labeled in green and nucleus are labeled in blue. (D) Quantitative immunofluorescence of RNF2 marker proteins in (C), n = 3. **P < 0.01. (E) RT-qPCR analysis was used to detect the relative RNF2 mRNA expression levels after transfection with si-RNF2 (n = 3). *P < 0.05, **P < 0.01. (F–K) CCK8 (n = 6) (F, G), colony formation (n = 3) (H, I) and transwell (n = 3, scale bar = 100 mm) (J, K) assays were used to assess the proliferative and migration capacity of 143B and U2OS cells transfected with si-NC or si-RNF2. *P < 0.05, **P < 0.01.






3.6 “PRR7-AS1-RNF2” inhibits the transcription of MTUS1 through histone H2A lysine 119 monoubiquitin

It has been reported that RNF2 contributes to inhibit gene transcription as a component of the polycomb repressive complex 1 (PRC1) (30). The KnockTF database predicted a total of 14,096 differentially expressed genes after knockdown of RNF2, and 2,778 genes were upregulated (|FC| >1.5). Through screening the ChIP-Seq datasets extracted from the publicly available Sequence Read Archive (SRA), GEO and ENCODE databases by GTRD, a total of 11,407 genes were identified to bind the RNF2 transcription factor, including 23,655 binding peaks. Venn diagram analysis yielded 272 candidate genes that not only bound to RNF2 but also were regulated by RNF2 (Figure 6A). Five of the target genes have been previously reported to have an oncogenic effect on OS cells (Figure 6B). RT-qPCR were performed to further confirm the regulatory effect of RNF2 on these target genes. MTUS1 (microtubule associated scaffold protein 1) was significantly upregulated in both 143B and U2OS cells after knockdown of RNF2 (Figures 6C, D). Therefore, RNF2 might target MTUS1 in OS cells.




Figure 6 | RNF2 inhibits the transcription of MTUS1. (A) Venn diagram analysis of putative RNF2 targets from the GTRD and KnockTF database. (B) Gene list of selected RNF2 targets (data from KnockTF). (C, D) RT-qPCR analysis was used to assess the mRNA levels of candidate genes after RNF2 knockdown in OS cells. **P < 0.01, ***P < 0.001. ns, not statistically significant. (E) Putative binding peaks of RNF2 on MTUS1 (data from GTRD). (F, G) ChIP-qPCR of RNF2-associated DNA sequences from the RNF2- binding region of the MTUS1 promoter in OS cells. The GAPDH gene was used as a negative control. (H) RT-qPCR analysis was used to assess the mRNA levels of MTUS1 after PRR7-AS1 knockdown in OS cells. (I, J) ChIP-PCR of H2AK119ub-associated DNA sequences in the putative RNF2- binding region of the MTUS1 promoter in OS cells treated with si-NC and si-PRR7-AS1. The GAPDH gene was used as a negative control. (K) Relative MTUS1 mRNA level was tested in 143B and U2OS transfected with EV + si-NC, pcDNA3.1-PRR7-AS1, and pcDNA3.1-PRR7-AS1 + si-RNF2 via RTqPCR (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001. ns, not statistically significant.



RNF2 exerts its biological function in silencing target genes through histone H2A lysine 119 monoubiquitin (H2AK119ub) (31). The RNF2-binding region predicted by the GTRD falls from -2000 to +100 bp of the MTUS1 transcription start point, which is its promoter region (Figure 6E). ChIP-qPCR results showed that RNF2 was significantly recruited in this region (Figures 6F, G). Moreover, MTUS1 mRNA expression was upregulated after PRR7-AS1 silencing in 143B and U2OS (Figure 6H). Knockdown of PRR7-AS1 reduced the recruitment of H2AK119ub to the MTUS1 promoter (Figures 6I, J). Taken together, these findings demonstrated that PRR7-AS1 is required for RNF2 to inhibit the transcription of MTUS1 through H2AK119ub. Furthermore, it is obvious that overexpressing PRR7-AS1 decreased the MTUS1 mRNA level and knockdown of RNF2 reverses this decrease (Figure 6K). This finding demonstrated that PRR7-AS1 inhibit the expression of MTUS1 dependent on RNF2.




3.7 “PRR7-AS1-RNF2” promotes the cell proliferation and migration depend on MTUS1 in OS cells

MTUS1 is a tumor suppressor gene that has been validated to inhibit the proliferation and migration of OS cells. The transfection efficiency of si-MTUS1 were verified by RT-qPRCR (Figure 7A), si-MTUS1 2# was used in the following experiments. 143B and U2OS cells were co-transfected with si-MTUS1 and si-PRR7-AS1/si-RNF2. Interestingly, the proliferative and migration capacities of co-transfected cells were significantly higher than those only transfected with si-PRR7-AS1 or si-RNF2 (Figures 7B–G). These findings indicated that knockdown of MTUS1 reverses the inhibited proliferation and migration of OS cells caused by knockdown of PRR7-AS1 and RNF2.




Figure 7 | Knockdown of MTUS1 reverses the regulatory effect of PRR7-AS1 and RNF2 on OS cell behaviors. (A) Relative expression levels of MTUS1 in 143B and U2OS cells transfected with si-NC, si-MTUS1 were detected by RT-qPCR. *P < 0.05, **P < 0.01. (B–E) After co-transfection with si-MTUS1 and si-PRR7-AS1 or si-RNF2 for 48 h, the proliferative ability of OS cells was detected using CCK8 assays (n = 6) and colony formation assay (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001. (F) The cell migration in 143B and U2OS cells was detected by Transwell assays, n = 3, scale bar = 100 mm. (G) Quantification of (F). **P < 0.01, ***P < 0.001.







4 Discussion

OS is a common malignant tumor that mainly occurs in children and adolescents (32), and it is characterized by rapid progression, high metastasis rate and high mortality. At present, the precise pathogenesis of OS has not been fully elucidated. Surgery combined with adjuvant chemoradiotherapy is the main treatment of OS. Because early diagnosis is of significance to improve the prognosis, it is urgent to identify effective biomarkers for the diagnosis and management of OS. LncRNAs have been suggested to have clinical potential, and they are involved in cancer development (11, 12). In the present study, we first identified that PRR7-AS1 was upregulated in OS tissues, and high expression of PRR7-AS1 indicated a poorer prognosis in OS through bioinformatics analysis. Subsequently, loss-function-assays demonstrated lncRNA PRR7-AS1 is a vital oncogene involved in the development of OS.

The biological functions of lncRNAs are diverse and complex with the involvement of multiple mechanisms, and lncRNAs regulate signaling pathways and serve as molecular decoys, guiding molecules and structural scaffolds (33, 34). In the present study, RNA pull-down was performed to search for proteins that interact with RPP7-AS1. Among them, increasing evidence has shown that RNF2 contributes to influence clinical characteristics of many types of cancers, including hepatocellular carcinoma, melanoma, prostate cancer, breast cancer, pancreatic cancer, gastric cancer and bladder urothelial carcinoma (29, 35, 36). RNA-pulldown-western-blot and RIP-PCR were verified this interaction. Through Western blot analysis, we suggest that PRR7-AS1 does not affect the expression of RNF2, which is likely to recruit RNF2 to their target sites. In addition, immunofluorescence analysis confirmed that RNF2 proteins were mainly localized in the nucleus, suggesting that RNF2 appears to be involved in gene regulation in OS cells.

The loss-function-assay has confirmed that RNF2 promoted the proliferation and migration of OS cells. We hypothesized that RNF2 forms a protein complex with PRR7-AS1, which further localizes to a specific DNA sequence to regulate the transcription of downstream genes. We next searched for downstream targets of RNF2 using the GTRD and KnockTF database. Through collecting uniformly processed ChIP-seq data from the SRA, GEO and ENCODE databases, GTRD identifies transcription factor binding sites (TFBS) and their motifs via peak calling. KnockTF is a comprehensive human gene expression profile database with TF knockdown/knockout (KnockTF), which provides a human gene expression profile dataset associated with TF knockdown/knockout and annotates TFs and their target genes in tissues or cells. Because the RNF2 oncogene exerts the inhibitory effect on gene transcription through H2AK119ub (37, 38), a total of 272 candidate genes who upregulated after RNF2 knockdown were identified.

Based on these findings and a literature review, MTUS1 was selected as the potential downstream target of RNF2, which has been demonstrated to be a tumor suppressor gene. MTUS1 is located on the human chromosome antisense strand 8p22, and it encodes a protein containing a C-terminal domain that interacts with the angiotensin II (AT2) receptor (39). Abnormally expressed MTUS1 is closely linked with colorectal cancer and prostate cancer (40, 41). In addition, MTUS1 promotes the development of OS through regulating the ERK/EMT signaling pathway (42). Knockdown of either PRR7-AS1 or RNF2 in OS cells significantly upregulated MTUS1, which indicated an inhibitory effect of the protein complex formed by PRR7-AS1 and RNF2 on the downstream target. In addition, knockdown of PRR7-AS1 significantly reduced the enrichment of H2AK119ub, suggesting that through binding RNF2, PRR7-AS1 induces the binding of RNF2 in the promoter region of the MTUS1 downstream gene, thus triggering the monoubiquitin of H2AK119 and inhibiting the transcription of MTUS1. Vitally, the capacity of RNF2 to bind and suppress the transcription of MTUS1 depended on PRR7-AS1, and PRR7-AS1 suppress the transcription of MTUS1 through targeting RNF2. Furthermore, this study revealed that knockdown of MTUS1 reversed the regulatory effect of PRR7-AS1 and RNF2 on OS cells behaviors, validating the anti-cancer role of MTUS1 in OS.

Taken together, our findings demonstrated that PRR7-AS1 is upregulated in OS tissues and is closely linked with the survival and prognosis of OS patients. PRR7-AS1 promotes the proliferation and migration of OS cells by binding RNF2, thereby inhibiting the transcription of MTUS1 through H2AK119ub (Figure 8). In summary, the PRR7-AS1/RNF2/MTUS1 axis promotes proliferation and migration of OS cells. Therefore, our study provides a novel biomarker that may be utilized in a lncRNA-guided therapeutic strategy for OS.




Figure 8 | Schematic diagram of lncRNA PRR7-AS1 functions to promote tumor proliferation, migration and metastasis in OS cells.
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Introduction: Malignant bone and soft tissue tumors, commonly called sarcomas, predominantly originate in bone and soft tissues and typically affect individuals at a younger age. Following the resection of the primary tumor, treatment often necessitates radiation therapy and gonadotoxic chemotherapy, the specifics of which depend on the disease’s stage Conversely, there is a notable concern regarding the potential loss of fertility due to these treatments. Consequently, it is recommended that men consider sperm cryopreservation before initiating treatment. This study aims to assess spermatogenesis in male patients diagnosed with malignant bone and soft tissue tumors before and after chemotherapy.
Methods: This study involved 34 male patients diagnosed with malignant bone and soft tissue tumors and subsequently underwent sperm cryopreservation before initiating treatment. Medical records included details about the primary disease, age, marital status at presentation, semen analysis results, treatment regimen and number of courses, post-treatment semen analysis, renewal status and outcomes.
Results: The mean age at the time of sperm cryopreservation was 22.8 years. The median semen volume was 2.5 mL, sperm concentration was 32.6 million/ml, and sperm motility was 38.5%. Following chemotherapy, semen analysis was conducted on 12 patients, with ifosfamide being the predominant drug used in all cases. Among these 12 patients, eight retained viable spermatozoa, and two successfully achieved spontaneous pregnancies resulting in live births. In one of the remaining four cases where no sperm were detected in ejaculate, a live birth was achieved through intracytoplasmic sperm injection using cryopreserved sperm.
Discussion: While ifosfamide, the primary chemotherapy drug for patients with malignant bone and soft tissue tumors, was associated with severe impairments in spermatogenesis, recovery of spermatogenesis was observed in many cases. However, there were instances of prolonged azoospermia. Even in such cases, assisted reproduction using cryopreserved sperm remained viable for achieving parenthood. In light of these findings, offering patients the opportunity for fertility preservation is advisable.
Keywords: sperm, sperm cryopreservation, malignant bone tumor, malignant soft tissue tumor, sarcoma, fertility preservation, ifosfamide
1 INTRODUCTION
Malignant bone and soft tissue tumors (BSTT), known as sarcomas, represent rare non-epithelial malignancies originating in bone and various bodily tissues, including muscles, fat, blood vessels, nerves, and connective tissues. These malignancies encompass several subtypes, including osteosarcoma, chondrosarcoma, Ewing’s sarcoma, leiomyosarcoma, liposarcoma, rhabdomyosarcoma, and synovial sarcoma. These malignancies are uncommon, comprising only 1% of all malignant tumors (Siegel et al., 2022; Siegel et al., 2023) Notably, most cases of malignant BSTT manifest in younger age groups. For instance, osteosarcoma exhibits a bimodal peak of incidence in individuals in their 20s and after age 65. Osteosarcoma is the third most prevalent cancer type among children and adolescents aged 12–18, following leukemia and lymphoma.
The prognosis of these diseases has seen significant Improvement with the advent of multidisciplinary treatment approaches. The primary treatment approach is surgery; however, radiation therapy or chemotherapy may be indicated in those with more-severe malignancy grades. Notably, chemotherapy often involves alkylating agents with high testicular toxicity (Hiraga and Ozaki, 2021; Tanaka and Ozaki, 2021). Alkylating agents tend to cross-link sperm DNA double strands, impeding DNA synthesis and RNA transcription and eventually resulting in DNA breakage (Qiu et al., 1995; Ledingham et al., 2020). Damage to spermatogonia DNA within the seminiferous tubules can temporarily halt spermatogenesis, leading to azoospermia. The likelihood of permanent azoospermia or spermatogenesis restoration depends on the drug dose. For instance, doses exceeding 7.5 g/m2 for cyclophosphamide and 60 g/m2 for ifosfamide (Meistrich et al., 1992; Williams et al., 2008) increase the risk of permanent azoospermia. Use of doxorubicin-based chemotherapy regimens as alternatives to ifosfamide for malignant soft tissue tumors may induce testicular histopathological deformities, oligozoospermia, and abnormal sperm morphology. These drugs can affect the physiological role of Leydig and Sertoli cells, potentially causing chromosome abnormalities and DNA synthesis disruptions (Mohan et al., 2021a). Cisplatin (CDDP), used in osteosarcoma treatment, is associated with an increased risk of permanent azoospermia when cumulative doses exceed 400 mg/m2 (DeSantis et al., 1999). Given that many individuals diagnosed with malignant BSTT are young, these adverse effects can lead to the loss of opportunities for significant life events like marriage, pregnancy, and childbirth. Consequently, sperm cryopreservation emerges as a crucial facet of fertility preservation before initiating treatment, particularly for male patients, due to the elevated risk of azoospermia and severe spermatogenesis dysfunction (Oktay et al., 2018).
The American Society for Clinical Oncology (ASCO) practice guideline identifies alkylating agents as high-risk drugs for causing permanent azoospermia and advocates for sperm cryopreservation as a means of fertility preservation. Regrettably, the urgency of treatment and limited awareness of fertility preservation among orthopedic surgeons often result in missed opportunities for pretreatment fertility preservation. In such cases, the timeline for recovering spermatogenesis also becomes a critical concern. Despite these risks, no prior studies have investigated spermatogenesis following chemotherapy for malignant BSTT. Thus, the primary objective of this study is to investigate spermatogenesis function during pretreatment sperm cryopreservation and assess the recovery of spermatogenesis following gonadotoxic treatments in patients afflicted with malignant BSTT.
2 MATERIALS AND METHODS
2.1 Study design
This retrospective study evaluated patients with malignant BSTT who underwent sperm cryopreservation for fertility preservation at the Reproduction Center of Yokohama City University Medical Center between September 2012 and August 2023. Data extracted from medical records encompassed details such as age, marital status, disease type, planned treatment, pretreatment and post-treatment semen parameters, and the status of cryopreservation maintenance.
Furthermore, for patients who could follow-up on semen analysis during annual cryopreservation follow-ups at the outpatient clinic, we analyzed spermatogenesis recovery in ejaculate and the time required for this recovery. The appearance of sperm in the ejaculate, even if scarce, was considered a marker of successful recovery. For this retrospective observational study, patient consent was assumed, utilizing an opt-out approach. The study’s design received approval from the institutional review board of Yokohama City University Medical Center (IRB No: F211100008).
2.2 Semen analysis and sperm cryopreservation
Semen samples were collected through masturbation at our hospital after varying intervals of sexual abstinence. Following a 30-min liquefaction period at room temperature, semen analyses were conducted as per the World Health Organization (WHO) 2021 recommendations (World Health Organization, 2021), using the Sperm Motility Analyzing System (SMAS™: DITECT Corp., Tokyo, Japan).The freezing procedure involved diluting the semen sample with an equal volume of freezing medium (Sperm Freeze™, Kitazato, Co. Ltd., Tokyo, Japan) and transferring it into a straw tube. Both ends of the straw tube were then sealed using a sealer. These sealed straw tubes were arranged in a column suspended in vapor-phase nitrogen for 5 min before being placed in liquid nitrogen for long-term storage.
2.3 Maintenance and usage for cryopreserved sperm
Patients undergo an annual reservation for follow-up in the outpatient clinic and are inquired about their preference regarding the retention or disposal of cryopreserved sperm. Semen analysis is conducted upon the patient’s request to verify the presence of spermatozoa, thereby confirming spermatogenesis function.
In cases where a patient desires to discard the cryopreserved sperm or in the unfortunate event of their passing, the cryopreserved sperm is appropriately discarded. Alternatively, when the cryopreserved sperm is utilized to conceive a child, the frozen-thawed sperm is typically employed alongside intracytoplasmic sperm injection (ICSI) within our facility.
2.4 Data analysis
Summary statistics were computed, and the data are presented as mean values with standard deviation or median values with interquartile range (IQR) for continuous variables. The proportion of individual elements related to the total is expressed as a percentage (%).
3 RESULTS
In this study, 34 patients were included, with a mean age of 22.8 years. The distribution of diseases among these patients was as follows, listed in descending order of frequency: osteosarcoma (11/34; 32.4%), synovial sarcoma (6/34; 17.6%), Ewing’s sarcoma (5/34; 14.7%), rhabdomyosarcoma (3/34; 8.8%), epithelioid sarcoma (3/34; 8.8%), leiomyosarcoma (2/34; 5.9%), and liposarcoma (2/34; 5.9%).
All patients underwent tumor resection, and the majority (32 patients) received anticancer drugs, except for one case under surveillance and one undergoing radiotherapy. Of those who received chemotherapy, 29 patients were treated with ifosfamide-based regimens, except three patients with osteosarcoma who received cisplatin-based chemotherapy. Notably, all 34 patients had successfully ejaculated sperm and were deemed eligible for sperm cryopreservation.
At the time of cryopreservation, the median semen volume was 2.45 mL, with a sperm concentration of 32.5 × 106/mL and a motility rate of 38.5% (see Table 1).
TABLE 1 | Patient characteristics.
[image: Table 1]Excluding the 7 patients who were followed for less than 1 year, the outcomes of 27 patients were as follows: death in 8, another 8 requested their frozen sperm be discarded, 7 kept their sperm under cryopreservation, and 4 were lost to follow-up. The median post-cryopreservation sperm survival for those who died was 2 years (IQR: 1–3 years), indicating that the prognosis for patients with malignant BSTT remains poor.
Among the 13 cases with available semen analysis follow-up data, 12 were examined, all of which involved ifosfamide-based chemotherapy, except for one case where chemotherapy was not administered. Spermatogenesis successfully recovered in eight cases (66.7%), with an average recovery time of 3 years (see Table 2). At the time of sperm cryopreservation, these eight cases demonstrated a median sperm concentration of 20.3 × 106/mL (IQR: 17.4–27.5) and median motility of 38.5% (IQR: 14.1–45.7). For the best findings after anticancer drug administration, the median sperm concentration was 32.1 × 106/mL (IQR: 11.8–44.9) and the median motility was 38.5% (IQR: 28.1–59.7) (see Table 3). Notably, six cases exhibited improved semen parameters compared to those during cryopreservation.
TABLE 2 | Outcome of patients whose spermatogenesis could be tracked.
[image: Table 2]TABLE 3 | Pre- and post-chmotherapy semen analysis of patients with malignant BSTT.
[image: Table 3]Additionally, among these cases, seven patients (one of whom had sadly passed due to disease progression) opted to discard their cryopreserved sperm. Remarkably, in two of these instances, the partners of the patients achieved spontaneous pregnancies and gave birth to their children (see Table 2). One of the patients had synovial sarcoma, and the other patient had Ewing’s sarcoma; their sperm concentrations were 14.5 × 106/mL and 21.2 × 106/mL and motilities were 40.2% and 41.9% at the time of sperm cryopreservation, respectively. After 7 and 12 courses of ifosfamide and a doxorubicin-centered regimen, spermatogenesis was recovered in 2 and 3 years. The maximum sperm concentrations of these patients were 1.8 × 106/mL and 42.9 × 106/mL, and the maximum motilities were 29.0% and 45.0%, respectively.
4 DISCUSSION
This is the first retrospective observational study to assess pre- and post-chemotherapy spermatogenesis in patients with malignant BSTT. This issue is rarely studied as malignant BSTT is a rare condition, with a poor prognosis. Follow-ups for spermatogenesis are difficult to conduct as young patients often resist these evaluations.
Notably, the patients in this study were relatively young at the time of cryopreservation compared to individuals with other malignant diseases like testicular tumors and leukemia. Unfortunately, the prognosis remains unfavorable, with 8 out of 27 patients who could be followed for more than a year succumbing during the follow-up period.
The urgency of diagnosis and treatment often compels clinicians to initiate treatment without sufficient explanations about fertility preservation, potentially resulting in fertility loss. Some orthopedic oncologists have recommended pretreatment sperm cryopreservation for malignant BSTT patients under 45, with significant interest shown by unmarried and childless patients (Hoshi et al., 2014). Nevertheless, there is a paucity of reports summarizing spermatogenesis outcomes before and after chemotherapy for this condition.
In a previous study conducted in rabbits, a decrease in testicular weight and sperm count was observed with an increase in the dose of ifosfamide. Although prolonged spermatogenesis dysfunction was noted in response to dose, recovery was achieved by 8 weeks among rabbits who received 240 mg/kg of ifosfamide. (Ypsilantis et al., 2003). In humans, 1.5–3 g/m2, or 30–60 mg/kg is usually administered over 3–5 days for malignant BSTT. However, the abovementioned study was a single-dose study, with no examination of how spermatogenesis recovers over time and after multiple treatment cycles. Thus, it is clinically important to evaluate spermatogenesis recovery following ifosfamide treatment in humans.
In our study, sperm parameters during cryopreservation were notably favorable compared to other reported diseases (Yumura et al., 2018). We also analyzed 12 patients who underwent semen analysis after treatment. In all these cases, ifosfamide was the key drug used, and spermatogenesis recovery was observed in 8/12 patients. However, among the four cases where sperm did not appear in the ejaculate, one patient passed away due to disease progression after a semen analysis 1 year post-cryopreservation, and another had no sperm in the semen analysis 1-year post-cryopreservation, subsequently being lost to follow-up. Hence, many patients who underwent semen analysis after chemotherapy experienced spermatogenesis recovery, with seven out of eight patients choosing to discard their cryopreserved sperm, except for one who passed away during the disease. Remarkably, spontaneous pregnancies and live births were achieved by two patients who had received 7 and 12 courses of regimens containing ifosfamide, respectively, suggesting that spermatogenesis may recover even with extended treatment durations. However, the patient cohort was too small to draw any conclusions, and there were cases of prolonged azoospermia (even following short treatment cycles) and poor prognosis requiring immediate multidisciplinary treatment. Consequently, there remains a great need for sperm cryopreservation for fertility. Use of doxorubicin-based chemotherapy regimens as alternatives to ifosfamide for malignant soft tissue tumors may induce testicular histopathological deformities, oligozoospermia, and abnormal sperm morphology. These drugs can affect the physiological role of Leydig and Sertoli cells, potentially causing chromosome abnormalities and DNA synthesis disruptions (Mohan et al., 2021b).
However, one patient who did not experience spermatogenesis recovery achieved pregnancy and live birth through ICSI using cryopreserved sperm during the first blastocyst transfer. This also underscores the critical importance of sperm cryopreservation for fertility preservation before chemotherapy. Given that many malignant BSTT patients are younger, clinicians should present the option of sperm cryopreservation for future family planning with thorough informed consent (Tozawa et al., 2022). The prognosis for malignant BSTT remains unfavorable (2), necessitating prompt treatment. Hence, the seamless preservation of fertility becomes imperative. To achieve this, orthopedic oncologists and reproductive health specialists should be aware of the need to devote sustainable resources to improve accessibility (Bedoschi and Navarro, 2022) by addressing factors like patient navigation, psychological supports, and administrative and financial supports. Establishment of regional networks may also help facilitate seamless collaboration between facilities (Furui et al., 2016).
This study presents several limitations. First, it was conducted at a single institution, and the sample size was relatively small. Malignant BSTT is a rare disease, and within this patient group, the subset of individuals considered for fertility preservation at a single institution was limited. Consequently, it is crucial to accumulate and analyze national data from multiple centers in Japan to enhance the robustness of the findings.
Second, the number of patients who requested semen testing was relatively low, which hindered a more precise assessment of spermatogenesis recovery after treatment. This could be attributed, in part, to the fact that many young patients may not opt for semen analysis because they do not currently intend to start a family. It would have been beneficial to incorporate semen analysis as part of routine follow-up outpatient care, ensuring regular checkups to provide a more comprehensive evaluation.
5 CONCLUSION
This study represents the first dedicated examination of spermatogenic function before and after chemotherapy for malignant BSTT. Despite the gonadotoxic properties of ifosfamide, it is noteworthy that spermatogenesis made a remarkable recovery in numerous cases. However, given prolonged azoospermia in specific instances, the importance of sperm cryopreservation before treatment cannot be overstated. Furthermore, it underscores the necessity for seamless collaboration between orthopedic oncologists and reproductive specialists to preserve fertility.
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Osteosarcoma stem cells (OSCs) contribute to the pathogenesis of osteosarcoma (OS), which is the most common malignant primary bone tumor. The significance and underlying mechanisms of action of proteoglycans (PGs) and glycosaminoglycans (GAGs) in OSC phenotypes and OS malignancy are largely unknown. This study aimed to investigate the role of PG/GAG biosynthesis and the corresponding candidate genes in OSCs and poor clinical outcomes in OS using scRNA-seq and bulk RNA-seq datasets of clinical OS specimens, accompanied by biological validation by in vitro genetic and pharmacological analyses. The expression of β-1,3-glucuronyltransferase 3 (B3GAT3), one of the genes responsible for the biosynthesis of the common core tetrasaccharide linker region of PGs, was significantly upregulated in both OSC populations and OS tissues and was associated with poor survival in patients with OS with high stem cell properties. Moreover, the genetic inactivation of B3GAT3 by RNA interference and pharmacological inhibition of PG biosynthesis abrogated the self-renewal potential of OSCs. Collectively, these findings suggest a pivotal role for B3GAT3 and PG/GAG biosynthesis in the regulation of OSC phenotypes and OS malignancy, thereby providing a potential target for OSC-directed therapy.
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1 Introduction

Osteosarcoma (OS) is the most common primary malignant bone tumor with a high risk of bone and lung metastases (1–4). The incidence of OS shows a bimodal age distribution, peaking in adolescents and young adults, and adults older than 65 years, and is slightly more common in men than in women (5, 6). OS is characterized by marked malignancy, strong invasiveness, rapid disease progression, and a high mortality rate (7, 8). OS commonly occurs in the knee joint (the metaphysis of the long tubular bones: the distal femur and the proximal tibia) (9, 10). The 5-year survival rate of OS stands at approximately 70% in the absence of metastases and decreases to 30% in patients with metastatic disease (11, 12). The exact cell origin of OS remains to be defined; however, it is believed to be cells of the osteoblast lineage, ranging from mesenchymal stem cells (MSCs) to osteoblast progenitors (13, 14). Osteosarcoma stem cells (OSCs) are functionally delineated based on their intrinsic properties, including self-renewal potential and multilineage differentiation capacity (15). OSCs also play a pivotal role in tumor initiation, recurrence, metastasis, and chemoresistance (16). Accumulating evidence suggests that targeting OSCs is an efficacious strategy for improving OS treatment (17, 18). Therefore, understanding the underlying molecular mechanisms governing the function of OSCs is necessary for developing novel therapeutic strategies for OS.

All mammalian glycosaminoglycans (GAGs), except hyaluronan (HA), attach to core proteins to form proteoglycans (PGs) (19–21). PGs/GAGs are abundantly distributed on the cell surface and in the extracellular matrix (22). GAGs have various biological functions and play important roles in numerous physiological and pathological conditions (23–25). Among them, the biosynthesis of chondroitin sulfate (CS); dermatan sulfate (DS), which is derived from CS by C5-epimerization of the β-D-glucuronic acid residue; and heparan sulfate (HS) begins with the formation of a common tetrasaccharide linker region to the core protein, followed by repeated addition of disaccharide units (26–28). The biosynthesis of the tetrasaccharide linker region in CS, DS, and HS is initiated by the enzymatic transfer of xylose to specific serine residues located in the core proteins of PGs within the endoplasmic reticulum by xylosyltransferase-I (XylT-I) and -II (XylT-II), encoded by xylosyltransferase 1 (XYLT1) and XYLT2, respectively (29–31). Subsequently, two galactoses and a glucuronic acid are successively added to the xylose residues within the Golgi apparatus through the concerted actions of galactosyltransferase-I (GalT-I), galactosyltransferase-II (GalT-II), and glucuronyltransferase-I (GlcAT-I), which are encoded by β-1,4-galactosyltransferase 7 (B4GALT7), β-1,3-galactosyltransferase 6 (B3GALT6), and β-1,3-glucuronyltransferase 3 (B3GAT3), respectively (32, 33).

PGs/GAGs not only play fundamental and diverse roles in the progression, malignancy, metastasis, and refractoriness of various types of cancer, but are also implicated in the cellular properties of cancer stem cells (CSCs) in some cancers, including glioblastoma, triple-negative breast cancer, and colorectal cancer (34, 35). Although some studies have been conducted to understand the role of PGs/GAGs in the pathogenesis of OS, limited data are available on the significance of enzymes related to PG/GAG biosynthesis in OSCs and OS malignancy. This study aimed to investigate the role of PG/GAG biosynthesis and corresponding candidate genes in OSCs and poor clinical outcomes in OS by combining bioinformatics analysis of clinical OS specimens with independent cohorts and in vitro genetic and pharmacological analyses.




2 Materials and methods



2.1 scRNA-seq data analysis

We analyzed two scRNA-seq datasets (GSE152048 and GSE162454) (36, 37). The GSE152048 dataset included 11 patients (five men and six women, 11–38 years). The data of five patients with primary osteoblastic OS lesions were used in subsequent analyses. The GSE162454 dataset included six primary OS patients (four men and two women, 13–45 years). The data of all six patients were used in subsequent analyses.

Data were analyzed using the “Seurat” package (version 4.3.0.1) in R (version 4.3.0) (38–40). First, the data were read using the Read10X function. In the preprocessing of each dataset, cells with > 6,000 and < 300 expressed genes with more than 10% mitochondrial RNA counts were considered low-quality and filtered out. The gene expression levels of the remained cells were normalized by regressing mitochondrial mapping rates on glmGamPoi using the SCTransform function. To remove batch effects, integration of the five sample datasets in GSE152048, and the six sample datasets in GSE152048, was performed using the SelectIntegrationFeatures, PrepSCTIntegration, RunPCA, FindIntegrationAnchors, and IntegrateData functions. Accordingly, 59,738 cells in GSE152048 and 32,681 cells in GSE162454 were used for downstream analysis, respectively. For dimensional reduction, principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) were performed using the RunPCA and RunTSNE functions. To cluster cell populations, k.param nearest neighbors were calculated using the FindNeighbors function using the first 50 principal components. Clusters were identified using theFindClusters function at a resolution of 0.2. Each cluster was manually annotated based on violin plots of the expression of established cell-specific marker genes. Detailed information on these marker genes is provided in Figure 1C and Supplementary Figure 1B. Osteoblasts, proliferating cells, and MSCs were extracted as OS cells from the identified clusters (n = 26,249 in GSE152048, n = 7,650 in GSE162454).




Figure 1 | B3GAT3 is upregulated in the OSC population of patients with OS. (A) Schematic of the identification of the OSC population in GSE152048. (a) ABCG1, KLF4, and MYC co-expressing cells or (b) ABCG1, KLF4, and KIT co-expressing cells were defined as OSCs, respectively. (B) t-SNE plot of cell clusters classified in OS tissues. (C) Violin plots showing the normalized expression levels of 27 representative marker genes across 8 clusters. (D, E) Enrichment plot for a gene set related to “stemness” between OSCs ([D] ABCG1, KLF4, and MYC or [E] ABCG1, KLF4, and KIT co-expressing cells) and non-OSCs. (F, G) Barplot showing the expression levels of PG/GAG biosynthesis genes between OSCs ([F] ABCG1, KLF4, and MYC or [G] ABCG1, KLF4, and KIT co-expressing cells) and non-OSCs. (*P < 0.05, **P < 0.01, ***P < 0.001). (H) Schematic of the identification of the OSC population in GSE162454. SOX2, NES, and MYC co-expressing cells were defined as OSCs. (I) Enrichment plot for a gene set related to “stemness” between OSCs and non-OSCs. (J) Barplot showing the expression levels of PG/GAG biosynthesis genes between OSCs and non-OSCs. The top five most highly expressed genes in OSCs are shown (***P < 0.001).



OS cells were divided into two groups, OSCs and non-OSCs, for downstream analysis. In GSE152048, ABCG1, KLF4, and MYC co-expressing cells were defined as OSCs (n = 58) and others as non-OSCs (n = 26,191). Similarly, ABCG1, KLF4, and MYC co-expressing cells were defined as OSCs (n = 10) and others as non-OSCs (n = 26,239). In GSE162454, SOX2, NES, and MYC co-expressing cells were defined as OSCs (n = 150) and others as non-OSCs (n = 7,500).

Sixty-three human PG/GAG biosynthesis-related genes were obtained by integrating four gene sets (KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_CHONDROITIN_SULFATE, KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_HEPARAN_SULFATE, KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_KERATAN_SULFATE, and WP_PROTEOGLYCAN_BIOSYNTHESIS) registered in the MSigDB database (http://gsea-msigdb.org/gsea/msigdb/index.jsp). Differentially expressed genes (DEGs) were identified among these 63 genes using Wilcoxon’s rank-sum test (P < 0.05) using the wilcoxauc function in the “presto” package (version 1.0.0). Gene Set Enrichment Analysis (GSEA) was performed using the GSEA function (minGSsize, 5; maxGSsize, 500; eps, 0; pvalueCutoff, 0.05) in the “clusterProfiler” package (version 4.8.3). The gene sets used in GSEA were obtained from the C2 and C5 collections in the MSigDB database using the msigdbr function in the “msigdbr” package (version 7.5.1). Gene sets with NES > 0 and P < 0.05 were considered significantly enriched. Visualization was performed using the gseaplot2 function in the “enrichplot” package (version 1.20.1).




2.2 Bulk RNA-seq data analysis

We analyzed the RNA-seq dataset (PRJNA539828) obtained from OS (n = 16) and non-tumor (n = 4) tissues from patients with OS (41). Fastq files were downloaded using “SRA Toolkit” (version 3.0.1). Trimming was performed using “Trim_Galore” (version 0.6.7). Quality control after trimming was performed using “FASTQC” (version 0.12.1). Mapping to the hg38 human genome assembly was performed using “STAR” (version 2.7.10b). Expression levels were calculated from the bam files generated by mapping using “RSEM” (version 1.3.3). GSEA was performed using the “clusterProfiler” package (version 4.8.3) in R (version 4.3.0). Visualization of the GSEA results was performed using the “enrichplot” package (version 1.20.3).




2.3 Survival analysis

Clinical data from patients with OS were downloaded from the TARGET-OS database. Patients were divided into high and low expression groups based on median gene expression values. Survival analysis was conducted with the log-rank test using the “survival” package (version 4.8.3). Kaplan–Meier curves were plotted using the “survminer” package (version 0.4.9).




2.4 Cell culture

HEK293T cells were obtained from the RIKEN Cell Bank (Saitama, Japan) and cultured in DMEM (FUJIFILM Wako Pure Chemical) supplemented with 10% FBS (Hyclone) and 1% penicillin/streptomycin (Thermo Fisher Scientific) at 37°C in 5% CO2 (42). The patient-derived OS cell line 143B was obtained from the ATCC (Manassas, USA) and cultured in adherent medium containing DMEM supplemented with 10% FBS, 110 μg/mL sodium pyruvate (FUJIFILM Wako Pure Chemical), and 1% penicillin/streptomycin. Both cell types were cultured in tissue culture dishes (SARSTEDT) to ensure optimal adherence and expansion. To enrich stem-like cells, 143B cells were harvested using trypsin (BD Bioscience) and EDTA (FUJIFILM Wako Pure Chemical), then cultured in osteosphere medium containing DMEM/F12 (FUJIFILM Wako Pure Chemical) supplemented with 20 ng/mL recombinant human EGF (FUJIFILM Wako Pure Chemical), 20 ng/mL recombinant human basic FGF (FUJIFILM Wako Pure Chemical), B27 supplement without vitamin A (Gibco), GlutaMAX (Thermo Fisher Scientific), and 1% penicillin/streptomycin. Under these conditions, the cells were incubated in Ultra-Low Attachment Surface culture dishes (Corning). To assess the differentiation potential of OSCs, the cells were transferred from osteosphere to adherent medium, and from Ultra-Low Attachment Surface to tissue culture dishes, to promote adherence and differentiation.




2.5 Lentiviral transfection

To introduce vectors into HEK293T cells, the calcium phosphate method was employed (43). Lentiviral vectors containing expression constructs, pRRE and pREV packaging plasmids, and VSVG envelope plasmids were transfected into HEK293T cells for packaging. After 48 h of transfection, viral supernatants were harvested and subsequently incubated with 143B cells for 24 h. Following this, 143B cells were selected by culturing them for 4 days in the presence of 0.5 μg/mL puromycin prior to their use in experiments. Plasmid pLKO.1-shB3GAT3 (TRCN0000035610) was purchased from Sigma-Aldrich; pLKO.1 puro plasmid (#8453) was purchased from Addgene.




2.6 Sphere formation and limiting dilution assay

For sphere formation assay, 143B cells (1,000 cells) were seeded in ultra-low attachment 96-well plates (Corning) and cultured in osteosphere medium supplemented with 1% methylcellulose (FUJIFILM Wako Pure Chemical). The number of spheres was calculated on the fifth day using a BZ-X800 microscope (KEYENCE). Sphere formation ability was assessed by enumerating the quantity of spheres with a diameter > 30 μm (44). For limiting dilution assay, cells were seeded in 96-well plates at a density of 1, 5, 10, 20, 40, or 80 cells/well with five replicates per density. The presence of spheres in each well was determined after 5 days. Wells containing spheres with a diameter > 50 μm were considered positive, while those without spheres were considered negative. The frequency of sphere formation was assessed using an extreme limiting dilution algorithm (ELDA software; http://bioinf.wehi.edu.au/software/elda/).




2.7 Reverse transcription quantitative PCR

Total cellular RNA was isolated. cDNA was synthesized using reverse transcriptase and oligo-dT primers (45). RT-qPCR analysis was performed using gene-specific primers and THUNDERBIRD SYBR qPCR Mix (TOYOBO) on an MX3000P instrument (Agilent Technologies). mRNA expression levels were standardized using GAPDH as an internal control (46). The primer sequences used in this study are listed in the Supplementary Table.




2.8 Flow cytometry

143B cells (1,000,000 cells) were incubated with Fixable Viability Stain 780 (1:1000, #565388, BD) for 10 minutes at room temperature in the dark, followed by incubation with APC-CD133 (1:50, #566597, BD) for 30 minutes at 4°C in the dark. Samples were analyzed using a CytoFLEX S (Beckman).




2.9 Xenograft model of OS

Animal experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of Gifu Pharmaceutical University. Four-week-old female BALB/c nu/nu mice were obtained from Japan SLC (Hamamatsu, Japan). Mice were injected subcutaneously with 5 × 106 143B cells. Tumor length and width were measured with calipers. Tumor volume was calculated as (length × width2)/2. Mice were euthanized before the tumor length exceeded 20 mm.




2.10 Statistical analysis

Unless otherwise specified, data are expressed as mean ± SE. Statistical significance was assessed using Student’s t-test. A P < 0.05 was considered statistically significant.





3 Results



3.1 B3GAT3 is upregulated in the OSC population of OS patient specimens

First, we analyzed a scRNA-seq dataset of clinical OS specimens deposited in the GEO database (GSE152048), to profile the properties of OSCs (Figure 1A). Eight clusters were identified through t-SNE analysis based on the genetic profiles of the cells (Figure 1B). Canonical markers were used to annotate the different cell types: osteoblasts (RUNX2+,COL1A1+,CDH11+,IBSP+), proliferating cells (TOP2A+,MKI67+), MSCs (SFRP2+,MME+,THY1+,CXCL12+), osteoclasts (ACP5+,CTSK+), myeloid cells (CD14+,CD74+,FCGR3A+), endothelial cells (PECAM1+,VWF+), tumor infiltrating lymphocytes (TILs; CD3D+,NKG7+), and pericytes (RGS5+,ACTA2+) (Figure 1C). Malignant cells were distinguished from non-malignant cells using CNV inference (data not shown). The OS cell population was further divided into two groups, OSCs and non-OSCs, based on the co-expression of three stem cell markers, ABCG1, KLF4, and MYC (Figure 1Aa). The enrichment of the gene set involved in “stemness” in OSCs was confirmed by GSEA (Figure 1D). Consistent results were obtained when another cell population with co-expression of stem cell markers (ABCG1, KLF4, and KIT) was defined as OSCs (Figures 1Ab, E), allowing us to define these cells as the OSC population. Under these experimental conditions, we identified DEGs related to the biosynthesis of PGs/GAGs between OSCs and non-OSCs. Sixty-three DEGs related to the biosynthesis of PGs/GAGs were screened, with four and six significantly upregulated genes in OSCs defined by co-expression of ABCG1/KLF4/MYC, and ABCG1/KLF4/KIT, respectively (Figures 1F, G). Among the significantly upregulated genes, B3GAT3, one of the genes responsible for the biosynthesis of the common core tetrasaccharide linker region of PGs (47), was the most highly expressed gene in both ABCG1/KLF4/MYC and ABCG1/KLF4/KIT OSC populations (Figures 1F, G).

To confirm the results obtained from GSE152048, we analyzed a different scRNA-seq dataset (GSE162454) (Supplementary Figures 1A, B). The OS cell population was divided into two groups, OSCs and non-OSCs, based on the co-expression of three stem cell markers, SOX2, NES, and MYC (Figure 1H). The enrichment of the gene set involved in “stemness” in OSCs was confirmed by GSEA (Figure 1I). Among the 63 genes related to the biosynthesis of PGs/GAGs, B3GAT3 was significantly upregulated in OSCs defined by co-expression of SOX2/NES/MYC (Figure 1J, Supplementary Figure 1C), with consistent results from two independent cohorts of clinical specimens.




3.2 B3GAT3 is associated with poor prognosis in patients with OS with high stem cell properties

Next, we determined the expression levels of genes related to the biosynthesis of the common core tetrasaccharide linker region of PGs in clinical OS tissues. The expression levels of B3GAT3, XYLT1, XYLT2, B4GALT7, and B3GALT6 were significantly upregulated in OS tissues compared to those in non-tumor tissues, according to the analysis of the bulk RNA-seq dataset (PRJNA539828) (Figure 2A). GSEA revealed significant enrichment of gene sets related to the “PG metabolic process”, “PG biosynthetic process”, and “GAG biosynthesis (HS)” (Figure 2B), which contain the above five PG biosynthesis genes. Contrary to the significant upregulation of B3GAT3 in OSC populations (Figures 1F, G, J), the expression levels of XYLT1, XYLT2, B4GALT7, and B3GALT6 did not differ significantly between OSCs and non-OSCs, even when OSC populations were defined under three different conditions (Figure 2C).




Figure 2 | B3GAT3 is associated with poor prognosis in OS patients with high stemness. (A) The expression levels of B3GAT3, XYLT1, XYLT2, B4GALT7, and B3GALT6 in OS (n = 16) and non-tumor (n = 4) tissues using bulk RNA-seq dataset (PRJNA539828) (**P < 0.01, ***P < 0.001). (B) The enrichment plots for gene sets related to “PG metabolic process”, “PG biosynthetic process”, and “GAG biosynthesis” in OS (n = 16) and non-tumor (n = 4) tissues. (C) The expression levels of XYLT1, XYLT2, B4GALT7, and B3GALT6 in OSCs and non-OSCs using scRNA-seq datasets (GSE152048 and GSE162454). (D) Kaplan–Meier curves comparing patients with OS with high (n = 43) and low (n = 43) expression levels of B3GAT3, XYLT1, XYLT2, B4GALT7, and B3GALT6 respectively. (E) Kaplan–Meier curves comparing high (n = 22) and low (n = 21) B3GAT3 expression levels in patients with OS with high stemness. n.s., not significant.



Next, we assessed whether the expression levels of B3GAT3, XYLT1, XYLT2, B4GALT7, and B3GALT6 affected the survival of patients with OS using the TARGET-OS database. Kaplan–Meier analysis revealed that patients with OS with higher B3GAT3 expression had significantly shorter survival than those with lower B3GAT3 expression (Figure 2D). In contrast, the expression levels of XYLT1, XYLT2, B4GALT7, and B3GALT6 were not significantly correlated with the prognosis of patients with OS (Figure 2D). Given that only B3GAT3 expression was correlated with poor prognosis in patients with OS, we next assessed whether B3GAT3 expression was associated with poor prognosis in patients with OS harboring higher stem cell properties. Kaplan–Meier analysis demonstrated that high B3GAT3 expression was significantly associated with poor prognosis in patients with high expression of stemness markers, such as PROM1, POU5F1, KLF4, BMI1, NGFR, ABCG1, and ABCG2 (Figure 2E).




3.3 Targeting B3GAT3 impairs the self-renewal potential of 143B OS cells in vitro

To validate the results of the bioinformatics analysis, 143B cells were cultured under floating or adherent conditions, followed by determination of B3GAT3 expression (Figure 3A). First, we confirmed the stemness and tumorigenicity of 143B cells in vitro and in vivo as previously demonstrated (48, 49). Under floating condition, 143B cells formed tumorspheres and exhibited self-renewal potential in the sphere formation and limited dilution assays, respectively (Supplementary Figures 2A, B), along with higher expression levels of the stem cell markers, KLF4, ABCG1, SOX2, and BMI1 (Figure 3B). The proportion of CD133+ cells were markedly increased in 143B tumorspheres (Supplementary Figure 2C). 143B tumorspheres differentiated into 143B cells under adherent conditions (Supplementary Figure 2D). The tumorigenicity of 143B cells was confirmed in an orthotopic xenograft mouse model (Supplementary Figure 2E). Under these conditions, B3GAT3 expression was significantly upregulated in 143B tumorspheres compared to differentiated 143B cells (Figure 3C).




Figure 3 | Inhibition of B3GAT3 suppresses the self-renewal ability of 143B OS cells in vitro. (A) 143B cells were cultured under sphere or adherent conditions. (B) The mRNA expression levels of KLF4, ABCG1, SOX2, and BMI1 were determined in sphere and adherent cells using RT-qPCR (n = 4. *P < 0.05, ***P < 0.001). (C) The mRNA expression level of B3GAT3 was determined in sphere and adherent cells using RT-qPCR (n = 4. *P < 0.05). (D) B3GAT3 knockdown was verified via RT-qPCR (n = 5. **P < 0.01). (E) The sphere formation ability of 143B cells was assessed following B3GAT3 knockdown. Representative images are presented (left, scale bar = 30 μm). The number of spheres was counted (right, n = 8. **P < 0.01). (F) The mRNA expression levels of KLF4, ABCG1, SOX2, and BMI1 were determined in B3GAT3 knockdown 143B cells (n = 4. *P < 0.05, **P < 0.01). (G) 143B cells were treated with β-D-xyloside (0, 1, 2, 4, 6 mM), and sphere formation ability was assessed. Representative images are presented (left, scale bar = 30 μm). The number of spheres was counted (right, n = 5. **P < 0.01, ***P < 0.001 using Student’s t-test with Holm-Sidak correction for multiple comparisons). The mRNA expression level (normalized to GAPDH) is presented relative to that in (B, C) adherent cells and (D, F) cells treated with shCtrl. n.s., not significant.



Next, we elucidated the functional significance of GlcAT-I/B3GAT3 in 143B cells in vitro by targeting B3GAT3 expression using lentiviral shRNA. B3GAT3 mRNA levels were markedly reduced by shB3GAT3 in 143B cells (Figure 3D). Disruption of B3GAT3 with shRNA significantly decreased tumorsphere formation ability of 143B cells (Figure 3E). Furthermore, B3GAT3 knockdown resulted in a significant downregulation of the stem cell markers, KLF4, ABCG1, SOX2, and BMI1 in 143B tumorspheres (Figure 3F). Next, we determined whether the pharmacological inhibition of PG biosynthesis by 4-nitrophenyl β-D-xylopyranoside (β-D-xyloside), an inhibitor of GAG chain attachment to the core protein (50), could confirm the genetic inhibition of B3GAT3 in 143B cells. β-D-xyloside significantly decreased the tumorsphere formation ability of 143B cells at concentrations > 2 mM in a concentration-dependent manner (Figure 3G). Although further studies should be performed to demonstrate the pivotal role of B3GAT3 on OSC properties by purifying stem cells from 143B tumorspheres because of their heterogeneous population including a subset exhibiting OSC markers, these genetic and pharmacological analyses indicate that B3GAT3 and PG/GAG biosynthesis could be implicated in the regulation of stem cell properties of 143B in vitro.





4 Discussion

PGs/GAGs are widely recognized as important regulators of stem cell function in embryonic development and tissue regeneration (51, 52). Moreover, the aberrant functions of PGs/GAGs have recently been shown to contribute to CSC phenotypes, tumor initiation, recurrence, metastasis, and chemoresistance (35). The assembly of HS, CS, and DS is initiated by the formation of a common tetrasaccharide structure (Xyl-Gal-Gal-GlcA), catalyzed by XylT-I, XylT-II, GalT-I, GalT-II, and GlcAT-I, encoded by XYLT1, XYLT2, B4GALT7, B3GALT6, and B3GAT3, respectively (26–28). Mutations in these genes can cause inherited diseases that result in various bone, skin, and connective tissue abnormalities (53, 54). For instance, mutations in B3GAT3 have been implicated in multiple joint dislocations, short stature, and craniofacial dysmorphism, with or without congenital heart defects (47). However, the importance of PG/GAG biosynthesis and the functional roles of the corresponding genes (XYLT1, XYLT2, B4GALT7, B3GALT6, and B3GAT3) in OSC properties and OS pathogenesis are largely unknown. Although further in vivo analyses should be performed to validate our findings, to our knowledge, this is the first study to reveal, using integrated bioinformatics analysis and in vitro genetic and pharmacological studies, that the PG/GAG biosynthesis pathway and corresponding enzyme, GlcAT-I/B3GAT3, may be associated with the maintenance of OSC characteristics and OS malignancy.

Notably, the expression analysis of DEGs related to the biosynthesis of PGs/GAGs revealed the potential involvement of alternative candidate genes in OSC properties. Carbohydrate sulfotransferase 13 (CHST13), which catalyzes the transfer of sulfate to position 4 of the GalNAc residue of chondroitin (55), was the commonly significantly upregulated gene in all three OSC populations defined by the co-expression of ABCG1/KLF4/MYC, and ABCG1/KLF4/KIT, and SOX2/NES/MYC (Figures 1F, G, J, Supplementary Figure 1C). In addition to B3GAT3 and CHST13, there were several significantly upregulated genes in each OSC population without overlap, indicating that these additional genes require further exploration. OS is highly heterogeneous in terms of molecular pathogenesis, which is at least in part due to the genetic and phenotypic variation in OSCs, suggesting that optimal biomarkers vary slightly between patients and cancer types (56, 57). For that reason, different OSC markers were used for each of the datasets: GSE152048 and GSE162454. It is also noteworthy that there were discrepancies in the expression of PG biosynthesis genes between OSC populations and OS tissues. Only B3GAT3 was significantly upregulated in OSC populations (Figures 1F, G, J, 2C). However, all five PG biosynthesis genes (XYLT1, XYLT2, B4GALT7, B3GALT6, and B3GAT3) were significantly upregulated in OS tissues (Figure 2A), in which the proportion of OSC is small. Therefore, it can be speculated that XylT-I/XYLT1, XylT-II/XYLT2, GalT-I/B4GALT7, and GalT-II/B3GALT6 may have functional roles in differentiated OS cell properties rather than in OSC properties, providing an incentive to pursue further research to determine their roles in OS pathogenesis in cell culture studies.

The primary therapeutic approach for OS is a combination of surgical intervention and chemotherapy. Effective treatments for OS have not improved over the past four decades (3, 4). Although accumulating evidence suggests that mutations in the tumor suppressor genes, RB1 and TP53, are associated with the development of OS, cytogenetic analysis suggests that genomic profiles differ significantly among patients with OS, without specific patterns, resulting in difficulties in the development of new and effective drugs and innovative treatment strategies (58–62). Our findings contribute to the improvement of our understanding of the molecular mechanisms underlying OS development and progression, as well as OSC properties, and suggest that PG/GAG biosynthesis and the corresponding genes expressed by OSCs may represent novel and effective targets for drug development to treat OS in humans.
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Treatmen Response Severe side effect

Gong T (29) 1 Denosumab - PD E
— .
Feng L (30) 1 Denosumab and radiotherapy - RD:;‘:;E:]::‘;YPER -
Wang G (31) 1 Denosumab - PD -
' Denosumab + sunitinib PR
PR:
Luo Y (32) 7 Denosumab - D Z -
Sachan DK (33) 1 » Chemotherapy and radiotherapy - CR -
Yamagishi T (34) 1 Denosumab - PR -
Wei F (35) 2 IFN-o. - PR leukocytopenia
IFN-0; - PR leukocytopenia
Iwai T (36) 1 Pazopanib + PR -
Kudawara I (37) 1 Denosumab - PR -
Egbert RC (38) 1 Denosumab - PR -
Present report 1 Denosumab - PR -

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.
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Treatment umor type Pathological Molecular type Use of 0OS/mOS

type medications
Chemotherapy | Breast cancer Invasive ductal Triple-negative HR | Adriamycin, 6-38 months | Chemotherapy significantly
carcinoma Invasive positive, HER-2 doxorubicin, prolongs survival in breast
lobular carcinoma negative Her-2 cyclophosphamide cancer patients with bone
overexpression marrow metastases. Among

them, paclitaxel treatment
achieved the best survival rate
Freyer et al. (2000), Kopp et al.
(2011), Sakin et al. (2020)

Gastric cancer Poorly differentiated/ NA FOLFOX, FOLFIRT 67-137 days Gastric cancer patients with
signet ring cell bone marrow metastases
should receive more tailored
Well/moderately therapies for risk factors to
differentiated enhance survival. Kim et al.

(2007), Ubukata et al. (2011)

Gastric cancer Hypo fractionated NA Tegafur 81£27 Due to the low incidence of

adenocarcinoma months BMM in gastric cancer, it has

not received sufficient
Indolent cell carcinoma, attention, and the prognosis
Tubular has not improved much Iguchi
adenocarcinoma (2015)

Colorectal cancer  Moderately to poorly ~ NA FOLFOX, FOLFIRI, 15 days-10 Clinical bone marrow
differentiated Bevacizumab, 5- months involvement limits the
adenocarcinoma fluorouracil, clinician’s ability to tailor

Adriamycin chemotherapy regimens. Early

diagnosis is critical in future
treatment and therapeutic
decisions Ozkan et al. (2007),
Arslan et al. (2015), Assi et al.
(2016), Hanamura et al. (2016)

Lung Cancer Small cell lung cancer | NA NA 31 week ‘The presence of BMM is
associated with a shorter time
to progression and survival
Zych et al. (1993)

Rhabdomyosarcoma ~ Embryonal, Alveolar | NA NA 18-27 months | RMS with BMM has a low
survival rate and new therapies
are needed to alleviate the
disease Aida et al. (2015),
Bailey and Wexler (2020),
Huang et al. (2021)

Endocrine Breast cancer Invasive lobular HR positive, HER2 | Palbociclib + Letrozole | 26 months A combination of endocrine

therapy crcinoma negative + ovarian suppression therapy and CDK4/6 inhibitor
may have more extended
clinical benefit than
chemotherapy, and a
combination therapy of ET
and CDK4/6 inhibitor is less
toxic and leads to a better
quality of life than
chemotherapy Garufi et al.

(2021)
Breast cancer Invasive lobular HR positive, HER-2 Aromatase inhibitor 7 months. After hormonal treatment
carcinoma negative with the aromatase inhibitor,

the patient’s condition
improved Rahmat and Ikhwan

(2018)
Target therapy | Breast cancer Invasive ductal HER-2 overexpression | Trastuzumab 11 months Trastuzumab may be a
carcinoma beneficial treatment option for

patients with Her-2-positive
bone marrow metastases Xu
et al. (2014)

Lung Cancer lung adenocarcinoma | NA Anti- EGER therapy | 422 days Patients with BMM from lung
adenocarcinoma have a short
survival period, which can be
prolonged by targeted drugs
Wang et al. (2019)

NA, not applicable; HR, Hormone Receptor; FOLFOX, paclitaxel; 5-fluorouracil, calcium folinic acid, and oxaliplatin FOLFIRIS-fluorouracil, calcium folinic acid, irinotecan. EGFR, Epidermal
growth factor receptor. DIC, disseminated intravascular coagulation. mOS, median Overall survival.
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