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Evidence demonstrated that bones, liver, and lungs are the most common metastasis sites in some human malignancies, especially in prostate and breast cancers. Bone is the third most frequent target for spreading tumor cells among these organs and tissues. Patients with bone-metastatic cancers face a grim prognosis characterized by short median survival time. Current treatments have proven insufficient, as they can only inhibit metastasis or tumor progression within the bone tissues rather than providing a curative solution. Gaining a more profound comprehension of the interplay between tumor cells and the bone microenvironment (BME) is of utmost importance in tackling this issue. This knowledge will pave the way for developing innovative diagnostic and therapeutic approaches. This review summarizes the mechanisms underlying bone metastasis and discusses the clinical aspects of this pathologic condition. Additionally, it highlights emerging therapeutic interventions aimed at enhancing the quality of life for patients affected by bone-metastatic cancers. By synthesizing current research, this review seeks to shed light on the complexities of bone metastasis and offer insights for future advancements in patient care.
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1 Introduction

Metastatic tumors, unlike primary tumors, present a significant challenge in treatment and have a high mortality rate, resulting in the death of over 90% of patients (1). Systemic therapies, including chemotherapy, targeted therapy, and immunotherapy, have emerged as the primary strategies to combat metastatic cancers, offering improved patient survival rates and enhanced quality of life (2, 3). Metastasis involves a complex process characterized by reduced intercellular cohesion, migration of tumor cells from the primary site through lymph nodes or the bloodstream, and establishment in distant organs while evading the immune system (4). Following the metastasis of tumor cells to secondary locations, angiogenic processes facilitate their growth and survival by providing oxygen and nutrients (5, 6). Breast and prostate cancers have a pronounced inclination for bone metastasis compared to other types of metastatic cancers. Consequently, bones stand as the third most frequently affected site by cancer spread, trailing only behind the lungs and liver (7–9).

The presence of bone metastases gives rise to severe complications, including but not limited to pain, pathological fractures, hypercalcemia, spinal cord compression, and bone marrow aplasia (8, 10). However, existing treatments, including bisphosphonates, denosumab, and radiotherapy, have limitations and can only inhibit bone metastasis without providing a curative solution. As a result, researchers have explored immunotherapeutic approaches like chimeric antigen receptor (CAR) T-cell therapy, depletion of regulatory T-cells (Tregs) using antibodies such as basiliximab and daclizumab, or antibodies targeting cytotoxic T-lymphocyte antigen-4 (CTLA-4) like tremelimumab and ipilimumab, to suppress bone metastasis (11, 12). To uncover innovative therapeutic approaches, it is imperative to deeply comprehend the multifaceted aspects of tumor cell metastasis to the bones and the alterations in the microenvironment after tumor cell migration and homing (13–15).

This review aims to comprehensively summarize bone metastasis’s mechanisms and clinical aspects in cancers. It will discuss the properties and efficacy of established and emerging therapeutic approaches for treating bone-metastatic cancers. By elucidating the current understanding of bone metastasis and therapeutic interventions, this review seeks to contribute to advancing patient care and developing more effective treatment strategies.




2 Tumor metastasis mechanisms

Metastasis, a complex and crucial step in cancer progression, is responsible for most cancer-related deaths (16). This process involves a series of intricate events that allow tumor cells to spread from the primary site to distant organs (17). Understanding the underlying mechanisms is vital for developing effective therapeutic strategies. This section delves into the stages of the metastatic process and sheds light on recent findings that elucidate tumor cell dynamics.



2.1 Angiogenic mechanisms and cancer stem cells

Within the primary tumor, initiating angiogenic mechanisms ensures the supply of oxygen and nutrients to sustain tumor growth. Moreover, a subset of tumor cells known as cancer stem cells (CSC) can undergo epithelial-mesenchymal transition (EMT), leading to their detachment from the primary tumor mass (18). This process allows CSCs to acquire migratory and invasive properties, enabling them to penetrate the basement membrane and extracellular matrix (ECM) and invade adjacent tissues (19, 20).




2.2 Intravasation and extravasation

Upon breaching the basement membrane and ECM, detached tumor cells enter nearby lymphatic vessels or the bloodstream, a process known as intravasation (21). Some circulating tumor cells survive within the circulation, potentially exiting through extravasation into a distant tissue (22). Tumor cell interactions with the basement membrane and ECM are critical in facilitating their entry into the bloodstream and subsequent metastasis (23).




2.3 Premetastatic niche formation

Successful metastasis relies on establishing a premetastatic niche, which provides an environment conducive to the attachment and proliferation of disseminated tumor cells (24). This process of niche formation entails dynamic interactions between tumor cells and diverse components of the tumor microenvironment (TME), which includes stromal cells. Additionally, genomic aberrations in end-stage malignancies have been shown to impact metastatic processes (18, 19).




2.4 Angiogenic cascades and tumor growth

Upon reaching a secondary site, tumor cells trigger angiogenic cascades to establish a vascular network, facilitating their growth and survival in the new environment. The interaction between tumor cells and stromal cells within the TME, coupled with genomic alterations, plays a pivotal role in determining the capacity of tumor cells to successfully establish and flourish at the secondary site (25, 26).

Recent studies have shed light on the intricate dynamics of tumor cell dissemination and metastasis (27, 28). Understanding these processes in greater detail offers opportunities for developing targeted interventions to disrupt critical steps in the metastatic cascade (29–31). By unraveling the complexities of tumor cell interactions with the microenvironment and genetic factors influencing metastasis, researchers aim to identify novel therapeutic approaches to combat metastatic cancers.





3 The most common sites for cancers to metastasize

Although almost all types of human malignancies can spread outside their origin site, some of the most common cancer types, including breast cancer, prostate cancer, lung cancer, kidney cancer, thyroid cancer, colon cancer, pancreatic cancer, bone cancer, and liver cancer have more metastatic properties than other tumors (32). The most common sites for cancer metastasis are the lungs, liver, bones, and brain. Different tissues and organs, such as the lymph nodes, adrenal gland, and skin, could also be the secondary tumor site (Table 1). In some cases, the origin of a metastatic tumor is unknown, and this type of cancer is called cancer of unknown primary (CUPS) (43). Prior research indicated that bone metastases were prevalent in approximately 84% of individuals with metastatic prostate cancer. Distant lymph nodes were found to be affected in about 10.6% of cases, while liver metastases were observed in approximately 10.2% of patients. Additionally, thoracic metastases were recorded in roughly 9.1% of the study population (33). Metastatic lung cancer and adenocarcinoma were predominantly found to spread to various organs. The nervous system was affected in approximately 47% of cases, making it the most frequent site of metastasis. Bone metastases were observed in around 39% of patients, while liver involvement was detected in about 35% of cases. Moreover, the respiratory system was affected in approximately 22% of individuals with metastatic lung cancer and adenocarcinoma (34). However, the percentages may vary in men and women for human malignancies, including lung cancer. Another study also reported that bone is the most common site of metastasis for adenocarcinoma and squamous cell carcinoma. In contrast, the most common site for small cell lung cancer (SCLC) metastasis is the liver (44).


Table 1 | The most frequent sites for cancers to metastasize.



Results obtained through various imaging modalities revealed that in cases of recurrent endometrial carcinoma, the most prevalent sites of metastasis were the pelvic and para-aortic lymph nodes, peritoneum, lungs, and vagina. However, it’s worth noting that atypical sites like bones, abdominal wall, muscle, intra-abdominal organs, and even the brain could also serve as secondary sites where metastatic tumor cells were found to migrate and establish themselves (35). In metastatic renal cell carcinoma, the rates of bone metastasis were (10%–49%), and metastasis to the brain was (2%–16%) (36). In a comprehensive examination of hepatocellular carcinoma (HCC) autopsy cases, the presence of extrahepatic metastases was identified in 68% of the patients. The lung emerged as the most prevalent site of metastasis. Additionally, several infrequent extrahepatic metastatic sites were also observed, which included the abdominal regional lymph nodes, bones, diaphragm, pancreas, gall bladder, stomach, colon, pleura, peritoneum, cervical lymph nodes, shoulder soft tissue, and adrenal gland (37). An investigation evaluated the common metastatic sites in different subtypes of breast cancer, including triple negative (TNBC) nonbasal, HER2 enriched, basal-like, luminal/human epidermal growth factor receptor 2 (HER2), luminal A, and luminal B. Outcomes showed that bone was the most frequent metastatic site in all breast cancer subtypes excluding basal-like tumors. Moreover, luminal/HER2 and HER2-enriched tumors were associated with a pointedly higher rate of metastasis to the brain, liver, and lung compared with luminal A tumors. Basal-like tumors were accompanied by a higher rate of metastasis to the brain, lung, and distant nodal but a remarkably lower rate of metastasis to bone and liver. Furthermore, TNBC nonbasal tumors disclosed similar metastatic sites; nonetheless, they were not accompanied by fewer liver metastases (38). Recently, a study on colorectal cancer (CRC) demonstrated that metastatic sites differed meaningfully from primary tumor sites. Metastasis to the liver occurred in 43% of patients with right colon cancer, 54% in left colon cancer, and 52% in patients with rectal cancer. Moreover, in 33% of patients with right colon cancer, peritoneal metastases were most common, while lung metastases were common in 28% of patients with rectal cancer (40). Therefore, the primary tumor site could affect the survival rate of patients with metastatic CRC. Patients with bone metastasis have the most significant prognosis in stage IV breast cancer, whereas patients with brain metastasis are the most aggressive subclass (39). Head and neck squamous cell carcinoma exhibit distant metastases in 66% of cases, with the lungs being the most common site of metastasis. Nonetheless, other organs can also serve as metastatic locations in this type of cancer. Approximately 22% of distant metastases occur in the bone, 10% in the liver, and additional sites include the mediastinum, bone marrow (BM), and skin (41). An investigation involving 7543 patients diagnosed with metastatic urothelial carcinoma of the urinary bladder revealed the distribution of metastatic sites. The study indicated that the most common locations of metastases were the lymph nodes, accounting for approximately 25% of cases. The bone and urinary systems followed closely, with both sites having a prevalence of around 24% and 23%, respectively. Similarly, lung metastases were found in approximately 23% of patients, while liver metastases were relatively less frequent, occurring in approximately 3% of the study population (42).




4 Bone remodeling and involved key factors

According to the available knowledge, hematopoietic stem and precursor cells (HSPCs)-derived osteoclasts can create irregular resorption grooves and an acidic condition in the bone to eliminate calcium and digest non-collagenous and collagenous proteins from the bone ECM. Aside from calcium, growth factors are also released during this resorption process (45). By contrast, osteoblasts derived from mesenchymal stem cells (MSCs) deposit matrix mineralized to repair these resorption regions. Embedded osteocytes in the mineral of the bone play a role as mechanosensors and communicate via gap junctions and dendrites to regulate osteoclasts’ and osteoblasts’ actions. In addition to producing bone remodeling cytokines, osteocytes produce other essential mediators. Osteocytes, osteoblasts, activated T cells, and tumor cells all release receptor activator of NF-κB ligand (RANKL), a necessary mediator for osteoclastogenesis and osteoclast survival and function.

Furthermore, Dickkopf-related proteins 1 (DKK1) and sclerostin are released by osteocytes, inhibiting osteoblastogenesis from MSCs by suppressing WNT signaling. As well as communicating through bone morphogenetic proteins (BMPs), MSCs and HSPCs are also involved in dynamic bone remodeling and reciprocally maintaining bone homeostasis (Figure 1). The canonical WNT signaling pathway induces precursors into osteoblast differentiation. Furthermore, this pathway exerts an inhibitory effect on bone resorption through the upregulation of osteoprotegerin (OPG) and the downregulation of RANKL expression in osteoblasts (46).




Figure 1 | Bone remodeling. The interaction between osteoblasts and osteoclasts under the influence of bone environment conditions and mediators secreted by osteoblasts and other cells ultimately leads to bone formation and resorption. In the meantime, MSCs help bone formation, but HSPCs support osteoclasts and bone resorption, in which osteocyte-derived RANKL and sclerostin also play an essential role in promoting this phenomenon and bone formation suppressing.



RANKL is a crucial tumor necrosis factor-related mediator, and various tissues and organs, including bone, brain, spleen, lungs, lymph nodes, heart, mammary gland, thymus, skin, kidneys, and skeletal muscle, can express it (47, 48). Moreover, RANKL is expressed amply by osteoblasts, chondrocytes, immune, stromal, mesenchymal, and spleen cells (49). However, mature osteoblasts are considered the main RANKL source regulating BM macrophage-derived osteoclastogenesis (50, 51). Parathyroid is the main endocrine gland responsible for secreting PTHrP. It should be noted that PTHrP is occasionally secreted by some malignant cells (52). An early discovery was that PTHrP is a peptide hormone contributing to humoral hypercalcemia during cancerous conditions (53). While bone development is underway, PTHrP determines structural mineralization and chondrogenesis (54). In the early studies, PTHrP was thought to promote bone demineralization in malignant patients due to its high osteoclast activity. However, later investigations proved its osteogenic potential due to amplified bone mass in animals and human undertreatment with PTHrP (54–57). However, another study reported that due to suppressing both Runx2 and Runx3 transcription factors, PTHrP inhibited chondrocyte proliferation in primary chondrocytes isolated from wild mice (58).




5 Bone metastasis

As discussed in the previous section, bone is one of the most common sites of metastasis, usually associated with poor prognosis and short-term survival rates for cancer patients (59). Interestingly, bone metastases are more reported than primary bone cancers, especially in adults. In this section, the characteristics of bone metastasis are discussed.



5.1 Bone-metastatic cancers

Evidence revealed that 65-75% of breast cancers are associated with bone metastasis. Breast cancer and bone metastasis patients are associated with poor prognosis and low survival rates, 2–3 years upon diagnosis (60). Severe pain, spinal cord compression, bone marrow aplasia, hypercalcemia, reduced mobility, osteolysis, and bone fractures are the leading causes of increased morbidity in breast cancer patients with bone metastasis. After the release of inflammatory mediators by tumor cells and BME components, the alteration of the BME and bone homeostasis leads to mechanical pressure and bone pain (10). The axial skeleton connected to BM content and hematopoiesis is the most common target of metastasis in breast cancer. In patients with advanced prostate cancer, bone metastases are common, leading to bone pain, fractures, and increased mortality. The bone tissue provides a supportive microenvironment for the growth and progression of tumor cells. It has been discovered that interactions between invasive tumor cells, bone-forming osteoblasts, and bone-resorbing osteoclasts play a crucial role in the development of prostate cancer manifestations.

For example, parathyroid hormone-related peptide (PTHrP) can trigger the upregulation of RANKL expression and release various growth factors in the BME. This, in turn, activates bone-resorbing osteoclasts, leading to bone resorption. These complex interactions contribute to the progression and impact of prostate cancer within the bone tissue (61). Thyroid cancer patients experience reduced survival when metastasis occurs in distant organs. Bone metastasis, particularly in follicular thyroid cancer, is prevalent and often leads to symptoms such as pain, bone fractures, and spinal cord compression, significantly impacting patients’ quality of life. Furthermore, bone metastases in follicular thyroid cancer are typically linked to elevated bone turnover markers, reflecting the increased activity in the bone microenvironment caused by the cancer cells (62).




5.2 Types of bone metastases

Concerning the principal process by which normal bone tissue undergoes remodeling due to the presence of bone metastases, they can be classified into three main types: osteoblastic, osteolytic, and mixed, each presenting distinct interference mechanisms. The osteoblastic type commonly detects carcinoid, prostate cancer, Hodgkin lymphoma, small cell lung cancer, and medulloblastoma, which are recognized by the deposition of new bone formation. It has been shown that, in some cases, the formation of new bone tissue does not always occur after bone resorption (8). As a result, osteoblasts’ activation is crucial in forming these new bone tissues. Factors such as bone morphogenic proteins (BMP), transforming growth factor (TGF), endothelin-1, and core-binding factor alpha 1 (Cbfa1) are involved in the proliferation, activation, and differentiation of osteoblasts (63, 64).

Moreover, PTHrP could be cleavaged by prostate-specific antigen (PSA), leading to a decrease in osteoclast bone resorption and a disturbance of the balance between osteoblasts and osteoclasts (65). Osteolytic is another type of bone metastasis in which osteoclasts are activated, destroying bone tissue (66, 67). Osteolytic bone metastasis presents in breast, thyroid, melanoma, renal cell carcinoma, multiple myeloma, non-Hodgkin lymphoma, non-small cell lung cancer, and Langerhans-cell histiocytosis (10). However, ischemia following the compression of vasculature in the late stages of cancer could be another cause of osteolytic lesion development (8). It has been theorized that increased PTHrP by tumor cells in the BME and upregulation of RANKL play a pivotal role in forming osteoclasts and other osteolytic lesions (68). Finally, a patient could have both osteoblastic and osteolytic lesions (mixed type) observed in breast, squamous, and gastrointestinal cancers (69).




5.3 Mechanisms of bone metastasis

Bone metastasis is a highly organized and controlled process, as depicted in Figure 2. It involves a complex interplay between the tumor and bone, disrupting the bone matrix and tumor progression (70). The initial step in bone metastasis entails the escape and spread of tumor cells from the primary site, achieved by breaking down ECM proteins. This process is crucial for tumor cells to enter the circulation and migrate to secondary sites, and matrix metalloproteinases (MMPs) play a pivotal role in ECM protein degradation (71). Increased levels of MMPs have been observed in various human malignancies, indicating a poor prognosis. Moreover, the MMP family is thought to participate in angiogenic mechanisms (72). Once detached from the primary tumor mass, the adhesion and invasion of tumor cells are facilitated by chemokines and adhesion molecules, such as CD164 and αvβ3 integrins (73).




Figure 2 | Bone metastasis process. After activating a group of tumor cells in the primary tumor tissue, these cells enter the bloodstream by degradation of ECM (intravasation) and begin migrating to distant organs with chemokine axes such as CXCL12/CXCR4. Upon reaching the target organ, such as bone, exit from the arteries (extravasation), and after expressing the adhesion molecules and attaching to the bone tissue, they form the premetastatic niche, where the tumor cells grow and develop, resulting in pain, fracture, spinal cord compression, and hypercalcemia in patients with bone-metastatic malignancies.



Furthermore, cyclooxygenase-2 (COX-2) expression can induce the adhesion and proliferation of cancer cells (74). CXCL12 plays a significant role in bone metastasis among chemokines and is often expressed in common metastatic sites such as BM (75). The receptors known for CXCL12 are CXCR4 and CXCR7 and are expressed by tumor cells and a range of other cells, such as immune cells, fibroblasts, and endothelial cells (76). In addition to cell mobilization from BM, the CXCL12/CXCR4/CXCR7 axes can participate in the growth and development of tumor cells and angiogenesis (77). However, other chemokine axes, such as CCL5/CCR5 and XCL1/XCR1, promote the proliferation and migration of tumor cells (78, 79). Metastasis formation heavily relies on the bone niche, which plays a fundamental role by expressing elevated levels of CCL2, an additional chemoattractant factor. This heightened expression of CCL2 attracts and recruits tumor cells, thereby contributing significantly to the process of tumorigenesis (75).

Other tumor cell-derived proteinases, such as uPA82 and ADAM, have been reported to participate in bone matrix degradation and invasion of tumor cells into bones (80, 81). Maintaining tumor cell proliferation following metastasis is essential for tumor survival and development. In bone metastasis, bone resorption, and bone formation imbalance disrupt the physiologic bone remodeling (82). A variety of growth factors secreted by osteoblasts following osteoclastic bone resorption in the BME are also involved in tumor cell growth and survival (82). Recent research has highlighted the crucial role of osteoclasts in osteolytic bone metastasis, as they are responsible for digesting the bone matrix and indirectly facilitating tumor colonization. An investigation has shown that the IL-20R subunit β (IL-20RB) significantly promotes a direct tumoral response to osteoclasts. In the context of bone metastasis in lung cancer, the expression of IL-20RB is associated with the growth and progression of lung cancer cells within the bone. During this process, tumor cells stimulate osteoclasts to release IL-19, which acts as the ligand for IL-20RB. Consequently, IL-19 promotes the activation of IL-20RB-expressing tumor cells, activating the JAK1/signal transducer and activating the transcription 3 (STAT3) signaling pathway. This signaling cascade further enhances tumor cell proliferation within the bone microenvironment. Therefore, designing neutralizing antibodies or antagonists to block IL-20RB can be a potential therapeutic tactic to inhibit bone metastasis (83).

Sclerostin, a protein produced by bone cells called osteocytes, hinders the activity of osteoblasts, which are responsible for bone formation, by obstructing the canonical Wnt signaling pathway (84). Inhibiting sclerostin, whether through genetic means or medications, has been proven to boost bone formation and is sanctioned for the treatment of osteoporosis (85, 86). Recently, a study explored the role of sclerostin in bone formation and its potential impact on the spread of breast cancer to the bone (87). During the research, it was discovered that a particular type of breast cancer cell, namely MDA-MB-231, exhibited a robust response to Wnt3a, a Wnt protein responsible for activating the canonical Wnt signaling pathway. Remarkably, when these MDA-MB-231 cells were treated with an anti-sclerostin antibody, there was a notable increase in bone metastasis formation, while other breast cancer cell lines did not show a significant effect in response to the treatment. Of particular interest, the administration of the anti-sclerostin antibody resulted in the accumulation of β-catenin, a protein that plays a key role in the Wnt signaling pathway, specifically within the MDA-MB-231 cells located in the bone microenvironment. This suggests a potential link between the activation of canonical Wnt signaling through the accumulation of β-catenin and the increased propensity for bone metastasis formation in MDA-MB-231 breast cancer cells. In addition to its role in activating the canonical Wnt signaling pathway, Wnt3a was found to promote the formation of tumorspheres, which are clusters of cancer cells exhibiting stem cell-like characteristics, in MDA-MB-231 cells. However, Wnt3a did not appear to have a significant impact on the individual proliferation and migration of these cells.

Furthermore, the research showed that treating MDA-MB-231 cells with the anti-sclerostin antibody resulted in a substantial increase in the number of osteoclasts, which are cells responsible for bone breakdown, as well as their precursor cells in the bone metastatic sites (87). This suggests that blocking sclerostin amplifies canonical Wnt signaling in breast cancer cells that are responsive to Wnt ligands, consequently promoting increased bone metastasis. This effect might occur, at least in part, by stimulating stem cell-like properties in cancer cells and facilitating osteoclastogenesis in the bone microenvironment.

Taken together, these findings shed light on the intricate mechanisms through which blocking sclerostin can influence Wnt signaling, tumor sphere formation, and osteoclastogenesis in the context of bone metastasis, particularly in breast cancer cells that exhibit a strong response to Wnt ligands like Wnt3a.

A study was conducted to investigate the role of TEX41 in bone metastasis of lung adenocarcinoma (LUAD) (88). The researchers utilized various methods, including bioinformatics analysis, quantitative PCR, fluorescence in-situ hybridization (FISH), and in vivo experiments with nude mice. They focused on investigating the functions and molecular mechanisms of TEX41, its association with Runx2, and its impact on various aspects of LUAD (lung adenocarcinoma) cell behavior, including proliferation, migration, invasion, and metastasis. The results showed that TEX41 expression was notably higher in LUAD bone metastasis (BM) tissue, suggesting a poorer prognosis for LUAD patients with bone metastasis. Knocking down TEX41 reduced LUAD cell migration and metastasis, whereas overexpressing TEX41 promoted these processes. X-ray and histological staining confirmed that TEX41 supported bone metastasis in LUAD.

The study also revealed that TEX41 induced autophagy in LUAD cells, as evidenced by changes in autophagy-related markers. Further investigation through FISH analysis demonstrated that TEX41 and Runx2 were colocalized in the nucleus, and TEX41 was found to regulate the expression of Runx2. Inhibiting Runx2 counteracted the effects of TEX41 on LUAD cell migration, invasion, metastasis, and autophagy. Furthermore, the study discovered that the role of TEX41 in metastasis partially relied on autophagy, and the phosphoinositide 3-kinase (PI3K)-AKT pathway played a significant role in TEX41-mediated autophagy. The study provides valuable insights into the molecular mechanisms underlying the involvement of TEX41 in LUAD bone metastasis. TEX41 was found to promote autophagy in LUAD cells by upregulating Runx2, and this process mediated LUAD cell migration, invasion, and bone metastasis. These findings contribute to a better understanding of the role of TEX41 in LUAD metastasis to the bone and offer potential targets for future therapeutic interventions (88).

A different study delved into the constraints of immune checkpoint therapy for prostate cancer, attributing them to the unique molecular attributes of prostate cancer cells and the suppressive environment within the bone TME (89). The researchers aimed to identify subgroups of prostate cancer patients suitable for immune checkpoint therapy. They investigated the role of a specific protein called BHLHE22 in prostate cancer bone metastasis and immunosuppressive bone TME. The findings of the study revealed that in bone metastatic prostate cancer, there is an increased expression of a gene called BHLHE22, which contributes to the establishment of an immunosuppressive bone tumor microenvironment (TME). BHLHE22 was found to be responsible for the elevated levels of CSF2, which, in turn, promoted the infiltration of immunosuppressive neutrophils and monocytes, ultimately leading to a prolonged state of compromised T-cell function. The researchers uncovered that BHLHE22 achieves this effect by binding to the CSF2 promoter and recruiting PRMT5, forming a transcriptional complex that epigenetically activates CSF2 expression (89). To address the resistance of BHLHE22-positive tumors to immune checkpoint therapy, the investigators explored a combined treatment approach that targeted both protein arginine methyltransferase 5 (PRMT5) and colony-stimulating factor 2 (CSF2). This strategy aimed to neutralize the immunosuppressive impact of neutrophils and monocytes within the tumor microenvironment.

In a tumor-bearing mouse model, inhibition of Csf2 and Prmt5 improved immune checkpoint therapy efficacy in BHLHE22-positive tumors. Together, the study provides insights into the immunosuppressive mechanism driven by BHLHE22 in prostate cancer and proposes a potential combination therapy approach involving immune checkpoint therapy and targeting CSF2 and PRMT5 for patients with BHLHE22-positive Prostate cancer with bone metastasis (89).

Bone metastasis in lung cancer is characterized by abnormal differentiation and dysfunction of osteoclasts (90). A study highlights the role of exosomes derived from lung cancer cells in promoting osteoclast differentiation and bone metastasis. The findings suggest that exosomal HOTAIR may contribute to the abnormal bone remodeling seen in lung cancer bone metastasis through its effects on the TGF-β/PTHrP/RANKL pathway (91). The investigation revealed a notable increase in the expression of a long non-coding RNA named HOTAIR in exosomes derived from lung cancer cell lines A549 and H1299 compared to those obtained from normal lung fibrocytes. Additionally, it was observed that when HOTAIR was overexpressed in the exosomes of A549 and H1299 cells, it actively stimulated osteoclast differentiation.

Additionally, the researchers found that these lung cancer-derived exosomes (A549-Exos and H1299-Exos) targeted bone tissues and significantly inhibited bone formation in vivo. Mechanistically, it was discovered that exosomal HOTAIR played a role in promoting bone resorption by targeting the TGF-β/PTHrP/RANKL pathway. The specific molecular details of this interaction were not provided in the passage, but it suggests that exosomal HOTAIR may influence the signaling pathway involved in bone resorption (91). This study highlights the role of exosomes derived from lung cancer cells in promoting osteoclast differentiation and bone metastasis. The findings suggest that exosomal HOTAIR may contribute to the abnormal bone remodeling seen in lung cancer bone metastasis through its effects on the TGF-β/PTHrP/RANKL pathway.

A recent study aimed to identify microRNAs (miRNAs) linked to bone metastasis in Gleason Score (GS) 3 + 4 prostate cancer (92). The research identified three miRNAs, miR-1-3p, miR-143–3p, and miR-145–5p, associated with bone metastasis in GS 3 + 4 prostate cancer. In laboratory experiments, these miRNAs were found to promote the proliferation and migration of prostate cancer cells. Further investigation revealed that the target gene LASP1 was a common target of these three miRNAs, and this was confirmed through a luciferase assay. Immunohistochemistry analysis indicated that elevated LASP1 levels correlated with higher Gleason Scores, advanced pathological stages, and metastasis. Additional experiments demonstrated that suppressing LASP1 with siRNA significantly hindered the proliferation and migration of prostate cancer cells, while overexpressing LASP1 had the opposite effect, promoting these processes. Bioinformatics analysis suggested that LASP1 functioned through the Wnt signaling pathway, and it was found that LASP1 interacted with β-catenin to activate this pathway. The study revealed that miR-1-3p, miR-143–3p, and miR-145–5p were associated with bone metastasis in GS 3 + 4 prostate cancer. LASP1 served as a common target of these miRNAs and was implicated in activating the Wnt signaling pathway through its interaction with β-catenin (92). These findings provide valuable insights into the molecular mechanisms driving prostate cancer progression and suggest potential therapeutic targets for managing bone metastasis in GS 3 + 4 prostate cancer.




5.4 Clinical manifestations

Bone metastasis is usually reported in breast cancer for up to 20 months. However, this time can be reduced to six months in other bone-metastatic cancers, such as non-small cell lung cancer (93, 94). In patients with prostate cancer with bone metastasis, in which good performance status, the axial skeleton is involved, and after treatment with androgen inhibitors, survival increases to 53 months. While in patients with poor performance status and the presence of visceral disease, survival is reduced to 30 months (95). As discussed, bone metastases are the leading cause of morbidity, characterized by weakened mobility, severe pain, spinal cord compression, pathologic bone fractures, hypercalcemia, and BM aplasia (7).



5.4.1 Bone pains

Almost all the patients suffering from unlocalized bone-metastatic cancers complain of bone pain. These pains worsen at night and could have mechanical or inflammatory origins (96). Tumor cells in the BME release inflammatory mediators, inducing periosteal irritation, intraosseous nerves, and inflammatory-based pains. On the other hand, mechanical pains are associated with the mass tumor effect or its pressure within the bone tissue, which weakens the bone and causes pain due to activity and pressure on the bone tissue (66). It has been revealed that suppressing osteoclastic bone reabsorption can decrease bone pain (96). Back pain progress in 20-30% of patients with breast cancer and 15% of patients with lung cancer may be due to spinal cord compression that could be confirmed by an abnormal spinal radiograph (66). Radiofrequency (RF) ablation has been reported to reduce the pain score in bone metastases (97).




5.4.2 Hypercalcemia

A frequent metabolic complication in bone metastases is hypercalcemia. Focal and generalized tumor cells-mediated osteolysis, dysregulated calcium reabsorption by renal tubular, and decreased renal glomerular function are the most important reasons for hypercalcemia. However, increased PTHrP levels by breast cancer cells, deposition of Bence-Jones proteins and impaired renal function in multiple myeloma, and hyperproduction of active vitamin-D metabolites in some lymphomas lead to bone resorption and intestinal absorption of calcium (15, 98–100). Untreated hypercalcemia can lead to gastrointestinal, cardiac, central nervous systems (CNS), and kidney complications. Furthermore, hypercalcemia inhibits the release of parathyroid hormone, increasing PTHrP and osteoclast-mediated bone resorption (8).




5.4.3 Pathologic bone fractures

In 10-30 percent of patients with bone-metastatic cancers, pathologic bone fractures occurred regularly in proximal parts of the long bones and femur (50% of cases). Moreover, rib fractures also have been reported to lead to vertebral collapses, kyphoscoliosis, and lung disorders (66, 101). Tumor epidural extension into the spine and long bone fractures play a significant role in causing disability due to bone metastasis and pathological fractures. Bone pain may also be an influential predictive factor in the possibility of emerging a pathological fracture (8, 102).





5.5 Diagnosis

Upon confirming one of the mentioned clinical manifestations, a complete blood count (CBC), measuring serum levels of calcium, phosphorus, 25-hydroxyvitamin D, parathyroid hormone, alkaline phosphatase (ALP), creatinine, thyroid-stimulating hormone (TSH), as well as protein electrophoresis and imaging can be used to screen for bone metastases (103). For bone pain evaluation, plain radiography is essential; however, this technique has low sensitivity despite its high specificity because X-rays cannot detect metastatic lesions in the early stages of cancer (104). Bone scintigraphy is another susceptible method with low specificity that provides data about the activity of osteoblasts, skeletal vascularity, and bone metabolic reaction to traumatic, neoplastic, or inflammatory disorders (103). Magnetic resonance imaging (MRI) is usually employed to detect spinal cord compression and assess the extent of BM involvement by the tumor (105).

Moreover, the computerized tomography (CT) scan could diagnose bone destruction and sclerotic deposits and detect localized lesions for biopsy (103, 106). The evaluation of metabolic activity can directly measure the presence of a tumor. Positron emission tomography (PET) is a high-sensitive imaging technique that can evaluate metabolic activity (107). The advantages of PET include identifying bone resorption sites that cannot be detected by other diagnostic methods and detecting metastases to non-bone tissues (108). However, it has been revealed that conventional imaging methods such as radiographs, bone scintigraphy, MRI, and CT are nonspecific and insensitive for treatment response monitoring in a clinically relevant time frame. In this context, other techniques such as molecular and hybrid imaging systems, including whole-body MRI, PET/CT, and single-photon emission computed tomography (SPECT)/CT with diffusion-weighted imaging are more accurate diagnostic tools for skeleton staging by quantifying the association between the BME and tumor cells biologic processes than conventional imaging methods, permitting earlier personalized therapy (109). The radiomics nomogram is another technique that combines the multi-parametric MRI-based radiomics signature and clinical risk factors, promoting personalized estimation of bone metastases in newly diagnosed patients with prostate cancer (110). Recently, it has been reported that personalized finite element (FE) computer models can predict the risk of fracture in femoral bone metastases more than clinical assessments according to the involvement of axial cortical on conventional radiographs in advanced cancer patients (111).





6 Available and novel therapies

Because they are not curative, treatment of bone metastases usually aims to prevent metastasis to the bone tissue and tumor progression. Combining surgery, radiotherapy, chemotherapy, and immunotherapy can help prevent tumor progression. In this section, due to numerous studies that have discussed traditional therapies, these methods have been briefly explained, and the focus of this study is more on novel therapeutic tactics and the possibility of using them for the treatment of bone-metastatic cancers.



6.1 Conventional therapies

It has been shown that in breast and renal cancers, the extent of metastatic lesions carries the risk of fracture, which is also a common complication of bone metastases, resulting in pain and disability (101, 112). Surgery is a standard method to remove metastatic lesions from the long bones and pelvis/acetabulum. However, surgical techniques, such as total en bloc spondylectomy (TES), are invasive and can cause blood loss (113). The prosthetic implant insertion and plate osteosynthesis are performed surgically to prevent possible fractures (114). To increase the effectiveness of surgery, embolization and radiation therapy are also used to treat bone-metastatic cancers (115–117). For instance, external beam radiation therapy (EBRT), a pain relief treatment for patients with bone-metastatic cancers, can synergistically prevent possible fractures with surgery (118). However, some advantages of surgical, perioperative morbidity, and mortality in patients with bone-metastatic cancers should be considered (119). Another research provided evidence that linear accelerator-based radiosurgery for bone oligometastases originating from prostate cancer resulted in minimal toxicity events, a high rate of local control, and extended periods without the need for subsequent systemic treatments after the use of single-fraction stereotactic radiosurgery (SRS) in patients with oligo recurrent prostate cancer. These positive outcomes highlight the importance of considering the option of rescheduling systemic treatments in individuals diagnosed with oligometastatic prostate cancer who undergo SRS (120).

Hormonal therapies are considered the first treatment option in cancer patients who are hormone responders. For example, in patients with estrogen receptor-expressing breast cancer, selective estrogen receptor modulators (SERMs) such as tamoxifen are used as a treatment (121, 122). Correspondingly, in patients with metastatic prostate cancer, to achieve inhibition of metastatic mechanisms and reduce PSA levels, androgen deprivation (ADT) treatment is performed by employing orchiectomy, anti-androgens, and gonadotropin-releasing hormone antagonists or agonists (123). However, the clinical outcome of hormonal therapy in patients with bone metastatic prostate cancer depends on several factors such as bone scan index (BSI), hot spot number (HSN), and race of patients (124). Among patients with bone metastatic prostate cancer, the BSI and HSN significantly influence the 3-year mortality (124).

Another long-used treatment option for bone-metastatic cancers is utilizing high-affinity radioisotopes for bones with different physical properties, such as phosphorus-32. This radioisotope is commonly used to treat metastatic prostate and breast cancers. Common β-emitting radioisotopes for treating bone metastases are samarium-135 (135Sm) and strontium-89 (89Sr). Radioisotopes emit α- or β-particles and deliver damaging radiation to tumor cells (123, 125).

Bisphosphonates are another standard treatment for bone-metastatic cancers because they have a high affinity for the surface of bones that undertake bone resorption. These drugs are classified based on having a specific group, such as nitrogen, and are involved in promoting the apoptosis of osteoclasts by inhibiting protein isoprenylation or disrupting mitochondria (126). Moreover, some of these drugs, including clodronate and pamidronate, inhibit angiogenesis by inhibiting vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1-alpha (HIF-1α), and others inhibit the adhesion, invasion, and migration of tumor cells (127, 128). However, bisphosphonates such as zoledronic acid could be associated with adverse effects such as jaw osteonecrosis in patients with bone-metastatic cancers (129).

Due to the involvement of different pathways in the pathogenesis of bone metastases, inhibition of these axes, the most important of which are the RANK/RANKL, CXCL12/CXCR4, TGF-β, HIF-1, Wnt/Ras, and PI3K signaling pathways, has also been considered by researchers in the last decade, and several of these inhibitors are currently under clinical evaluation (130–134).

Local surgery, radiation, and systemic tactics such as chemotherapy and targeted therapy are currently the backbones of metastasis inhibition. These treatments are often effective in reducing metastatic tumor mass; however, they do not specifically target the metastatic phase or the regenerative progenitors that remain after the therapeutic removal of macrometastases (135).




6.2 Novel therapeutic approaches

Existing therapies, such as inhibitors of related pathways, are ineffective in treating metastatic bone cancers. For instance, monitoring patients with metastatic breast cancer under treatment with Denosumab (anti-RANKL fully human IgG2 monoclonal antibody) demonstrated that the expression of RNAKL on circulating tumor cells (CTCs) is a pivotal step in the metastatic process affects the effectiveness of Denosumab (136). The efficacy of denosumab and zoledronic acid in treating bone metastases in patients with solid tumors and multiple myeloma was evaluated in a meta-analysis. Based on the analysis of four separate randomized controlled trials by this study, patients in the denosumab group had a remarkable delay in the occurrence of skeletal-related events for both the first and subsequent incidences. Denosumab was found to be linked to a higher occurrence of hypocalcemia and osteonecrosis of the jaw compared to zoledronic acid. However, it was also associated with a lower incidence of renal toxicity and acute phase reactions compared to zoledronic acid. Despite the potential risk of jaw osteonecrosis and hypocalcemia, the data suggest that denosumab holds promise as a treatment for multiple myeloma and solid tumor bone metastases. Moreover, measures for preventing and managing these adverse effects have been identified, which can help mitigate their impact (137). Additionally, in postmenopausal women with breast cancer, research findings indicated that adjuvant denosumab led to a reduction in the occurrence of fractures associated with aromatase inhibitor treatment in early breast cancer. However, despite this positive outcome, the large randomized D-CARE study (NCT01077154) did not achieve its primary objective of improving bone metastases-free survival in this group of patients (138).

On the other hand, monotherapy with chemotherapeutic drugs is limited due to improper distribution and increased expression of some molecules in the BME, such as RANKL, inducing a vicious cycle in bone metastasis. For this reason, researchers are looking for a way to increase the effectiveness of existing therapies through combination therapy (Table 2). For instance, combining Denosumab with nano-encapsulated docetaxel (an anticancer drug) was more effective than alone in prostate cancer. Using nano-encapsulated docetaxel led to sustained release of the drug and BM localization. This experimental study showed that denosumab or nano-encapsulated docetaxel alone was associated with tumor relapse despite the initial antitumor and antimetastatic response. The combination therapy inhibited metastasis and tumor progression with minimal side effects such as bone loss. These findings suggest that improved chemotherapy with nanosystems and the RANK/RANKL pathway inhibitors can inhibit the interaction between tumor cells and the BME components and balance the activity of osteoblasts and osteoclasts (139).


Table 2 | Novel therapeutic approaches for the treatment of bone-metastatic cancers.



Recent studies demonstrated that drug-delivery nanosystems could consider potent therapeutic agents to improve the effectiveness of therapy in bone-metastatic cancers (172). For instance, Camptothecin (CPT), a nonspecific anticancer drug with high cytotoxicity and low water solubility properties, was loaded to improve the therapeutic effects of CPT porous silicon nanoparticles (pSiNP) was constructed, and treatment of MDA-MB-231BO cells with this nanosystem confirmed its cytotoxic effect. Humanized tissue-engineered bone constructs provided a humanized BME for breast cancer bone metastases in female NOD-SCID IL2Rgnull (NSG) mice. Outcomes showed that CPT-loaded pSiNP treatment reduced orthotopic primary tumor growth, prolonged survival rate, and significantly inhibited bone metastases (140). This investigation indicated that pSiNP could be a practical approach for targeted drug delivery of chemotherapeutic agents with deprived pharmacokinetic profiles.

A nanosystem containing poly (lactic-co-glycolic acid) (PLGA) coated with alendronate-modified D-α-tocopheryl polyethylene glycol succinate (ALN-TPGS) and folic acid-conjugated TPGS (FA-TPGS) was constructed as a vehicle for paclitaxel to enhance antitumor drug delivery in 4T1 tumors. Due to the presence of alendronate, this platform has a high affinity for binding to bone tissue hydroxyapatite. Correspondingly, tumor cells’ increased folate receptor expression enhances this nanosystem’s efficiency by increasing paclitaxel toxicity through FA-TPGS binding. ALN/FA-decorated PTX-loaded NPs also condensed bone destruction and loss in tumor-bearing mice. Moreover, this platform inhibited tumor growth and bone metastasis in vivo with limited adverse effects on normal tissues (141).

(Oxa (IV)@ZnPc@M) are engineered macrophages carrying nanomedicine containing photosensitizer and oxaliplatin prodrug. This system is designed as near-infrared light-activated drug vectors aiming to improve the outcomes of bone-metastatic tumors photo/chemo/immunotherapy. Oxa (IV)@ZnPc@M induces the polarization of macrophages to the M1 phenotype. Additionally, activated drugs by near-infrared light can concurrently eliminate primary tumor cells through chemo-photodynamic therapy and induction of immunogenic cell death.

Combining anti-PD-L1 with Oxa(IV)@ZnPc@M eliminates bone-metastatic tumor cells, promotes tumor-specific immune response, and expands overall survival with minimum systemic toxicity (142). Recently, a dual-function bone-targeting polymer vesicle with strong SPECT/CT imaging capability and drug delivery efficiency was fabricated for real-time diagnosis and killing of tumor cells. This study reported that SPECT/CT dynamically traced the drug delivery in the bone tumor rabbit models. Moreover, after 11 days of treatment with this platform, tumor size was pointedly decreased via inducing apoptosis and necrosis of the tumor cells (173). Another report stated that macrophage ablation could significantly repress bone metastasis development. Participated macrophages in bone metastases are commonly CD204+IL-4R+ and derived from CCR2+Ly6C+ inflammatory monocytes. Therefore, ablation of the IL-4R and CCR2 could remarkably suppress bone metastasis progression and extend the survival rate (143).

CA/ALN@FcB is another nanosystem composed of versatile alendronate-functionalized and cinnamaldehyde-loaded nanoscale coordination polymer fabricated to induce reactive oxygen species (ROS) in bone metastases. In this platform, alendronate has a high affinity to bone, and cinnamaldehyde is a potent ROS generator. Cinnamaldehyde also increases intracellular H2O2 levels to reduce hypoxia (144). Previous studies demonstrated that gold clusters could inhibit osteoclastogenesis and osteolysis-mediated inflammation in vivo. A study investigated the effects of bovine serum albumin (BSA)-coated gold clusters on bone-metastatic breast cancer in both laboratory settings and animal models. The results demonstrated that the gold clusters had a dose-dependent inhibitory effect on the migration, invasion, and colony formation of MDA-MB-231 breast cancer cells in vitro. Furthermore, the gold clusters were found to suppress the formation of osteoclasts from bone marrow-derived mononuclear cells in vitro, both when activated by MDA-MB-231 cells and when induced by RANKL. In addition, the gold clusters appeared to reduce the expression of factors related to osteolysis in MDA-MB-231 cells, consequently inhibiting the activation of the NF-κB pathway in bone marrow-derived mononuclear cells. Moreover, in animal experiments, a suggested dosage of 10 mg Au/kg.bw (body weight) of the gold clusters showed a noteworthy decrease in osteolysis in vivo. These findings indicate the potential of BSA-coated gold clusters as a therapeutic approach for managing bone-metastatic breast cancer by targeting both cancer cells and bone-related processes (145).

In a chemo-photodynamic therapeutic approach, ALN-functionalized bone-seeking nanoagent (BTZ@ZnPc-ALN) was fabricated to codelivery the photosensitizer Zinc phthalocyanine (ZnPc), and the bortezomib (BTZ) (a proteasome inhibitor) in bone metastases. Findings showed that BTZ@ZnPc-ALN could generate ROS to induce mitochondrial damage under irradiation. This nanosystem also elevated the cytosolic Ca2+ and GRP78 protein expression levels to promote excessive endoplasmic reticulum (ER) stress, hindering tumor cell proliferation in a synergetic manner. Another benefit of this therapeutic approach is increasing and directing blood circulation into the affected bone tissue, which can help restore metastatic lesions (146).

Olaparib is a United States Food and Drug Administration (FDA)-approved dual inhibitor of poly [ADP-ribose] polymerase 1 (PARP-1) and PARP-2 for the treatment of advanced ovarian and breast cancers. A study reported that Olaparib induced breast cancer-mediated bone metastasis via PARP-2, but not PARP-1, in the myeloid lineage, not in the tumor cells. Furthermore, deleting PARP-1 and PARP-2 or administering Olaparib could induce osteoclast differentiation and bone loss. Fascinatingly, the deletion of PARP2 in myeloid cells increases the frequency of immature myeloid cells in BM, impairing the expression of CCL3 by upregulating the β-catenin-mediated CCL3 transcriptional suppression. Impaired CCL3 expression by changing subpopulations of T cells leads to the creation of an immunosuppressive environment (147). These findings show that combination therapy with β-catenin inhibitors, CCL3, anti-RANKL or bisphosphonates, and PARP inhibitors can help treat bone-metastatic breast cancer.

Combining the low molecular weight heparin (LMWH) modified liposomes and alendronate as an anti-osteoporosis used more effective doxorubicin (an anticancer drug) delivery. LMWH is an antimetastatic agent that enhances liposome blood circulation time in this platform. Therefore, this system could significantly inhibit tumor growth and metastasis (148). The Ca2+-sensing receptor is a class-C G protein-coupled receptor (GPCR) involved in calciotropic processes via regulating the secretion of parathyroid hormone to preserve systemic calcium homeostasis. In addition, the Ca2+-sensing receptor can play a dual role in tumorigenesis, meaning it can be both a tumor suppressor and an oncoprotein. In breast cancer, the Ca2+-sensing receptor induces tumorigenesis and bone metastasis, while maternal breast tissue increases lactation. Due to the critical role of the Ca2+-sensing receptor, using its antagonists, such as calcilytics, can be a novel and effective therapeutic intervention for treating bone metastases caused by breast cancer. However, further studies are required in this field (149).

According to the available knowledge, exosomes as communication messengers could be involved in forming a pre-metastatic niche. An investigation reported that SCP28 cells-secreted exosomes promote osteoclast differentiation and activation, inducing bone lesion formation to restructure BME. In patients with bone-metastatic breast cancer, serum exosome levels miR-21 were significantly increased. It has been revealed that miR-21 derived from SCP28 cell exosomes regulates protein levels of the programmed cell death 4 (PDCD4) to induce osteoclastogenesis. These data designated that targeting miR-21 may be a potential therapeutic target for clinical diagnosis and treatment of bone-metastatic breast cancer (150). Bone-borne TGF-β can induce the transcription factor KLF5 acetylation in advanced prostate cancer-mediated bone metastases. Acetylated KLF5, by activating CXCR4, causes osteoclastogenesis and the formation of metastatic bone lesions. Following the upregulation of CXCR4 and its downstream signals, the production of IL-11 increased, activating the serum sonic hedgehog (Shh)/IL-6 paracrine signaling pathway. In addition, acetylated KLF5 is involved in docetaxel resistance mechanisms in bone-metastatic cancers, and CXCR4 antagonists such as AMD3100 could reverse these adverse effects (151).

Evidence demonstrated that Radium-223 could prolong the survival rate in some patients with bone-metastatic prostate cancer. A study showed that following treatment of mice with Radium-223, a significant alteration occurred in DNA damage repair and bone-associated pathways. Moreover, in patients with prostate cancer under treatment with Radium-223, the pattern of plasma-derived exosomes was changed, and exosome-derived PD-L1 was detected, which is associated with a low survival rate. To overcome this challenge, Myc-CaP mice models were treated with a combination of anti-PDL-1 and Radium-223, and the results were more promising than monotherapy with Radium-223 (152). On the other hand, it has been revealed that anti-PDL-1 antibody (Pembrolizumab) monotherapy inhibited tumors with a satisfactory safety profile in a subset of patients with bone-metastatic prostate cancer who were earlier treated with targeted endocrine therapy and docetaxel. Induced antitumor responses were durable and prolonged overall survival in patients with metastatic prostate cancer (174). Therefore, this type of combination therapy may increase the effectiveness of cancer therapy in patients with bone-metastatic prostate cancer.

In men with bone-predominant, minimally symptomatic metastatic castration-resistant prostate cancer, radium-223 was analyzed for the possibility of increasing peripheral immune responses to Sipuleucel-T as an autologous cellular immunotherapy. Compared with those who received combination treatment, participants in the control arm experienced a 3.2-fold increase in T cell responses (based on proliferation index). It was demonstrated that patients in the combination arm were more likely to have a more than 50% PSA decline and to show more prolonged progression-free and overall survival. Accordingly, the combination of Sipuleucel-T and radium-223, despite paradoxically lower immune responses observed, may increase clinical activity in men with asymptomatic bone mCRPC (153).

Sterol regulatory element-binding protein 1 (SREBP1), an abnormal lipid metabolism regulator, could be involved in metastasis and progression of tumor cells in bone-metastatic prostate cancer. It has been reported that combining the siRNA interferes SREBP1 with docetaxel in a nano delivery system (PB@LC/D/siR) could inhibit tumor cells proliferation, migration, and invasion with high safety, deep tumor penetration, and decent bone protection at the tumor site. Moreover, PB@LC/D/siR significantly reduced the expression of SREBP1 and stearoyl-CoA desaturase-1 (SCD1) (154).

High expression of GPRC5A is associated with increased bone-metastatic lesions and lower survival rates in patients with prostate cancer. A study on PC3 prostate cancer cells demonstrated that following GPRC5A knockout with CRISPR/Cas9, cell proliferation was significantly decreased via induction of cell cycle arrest at the G2/M phase in GPRC5A KO PC3 cells. Moreover, bone metastasis repressed GPRC5A KO PC3 cells in xenograft mice models (155). Sphingosine-1-phosphate (S1P) and its receptor S1PR expressed by osteoblasts and osteoclasts are other attractive therapeutic targets in bone-metastatic cancers because ligation of S1P to S1PR initiates downstream signals involved in cell proliferation, differentiation, migration, and apoptosis. Additionally, S1P is considered a biological bridge between bone formation and bone resorption (156). Evidence revealed that P21-activated kinases (PAKs) play a role in cancer and could be a potential target for cancer therapy. A study reported that targeting PAK1 kinase activity by an allosteric inhibitor (IPA-3) hindered the tumor cell (RM1) proliferation and locomotion. IPA-3 therapy also reduces prostate cancer-mediated bone remodeling in vivo (157).

An extreme cold treatment called cryoablation kills cancer cells with a thin needle (cryoprobe). The needle is inserted directly into the tumor and cooled with gas to destroy cancer cells (175). According to a clinical trial (NCT02511678) conducted on 66 patients receiving cryoablation, the mean pain score decreased by 2.61 points between baseline and week 8. Moreover, the study observed that participants who underwent cryoablation of metastatic bone tumors experienced significant improvements in their quality of life. Additionally, they required lower doses of opioids for pain management, indicating that cryoablation was effective in alleviating pain. Furthermore, the functional status of the participants remained stable over six months. These results demonstrate that cryoablation is a rapid and long-lasting pain relief option, leading to enhanced quality of life and presenting an alternative to opioid-based pain management for individuals with metastatic bone tumors (158).

A study aimed to investigate the fundamental characteristics of 177Lu-DOTA-IBA, a radiopharmaceutical comprehensively, and offer valuable guidance for its clinical utilization (159). The study’s findings revealed that 177Lu-DOTA-IBA possessed an impressively high radiochemical purity exceeding 98%. It exhibited favorable biological properties and demonstrated safety characteristics. The radiopharmaceutical displayed rapid clearance from the bloodstream, low uptake in soft tissues, and predominant excretion through the urinary system. Remarkably, it exhibited selective targeting and accumulation in bone tissues. Furthermore, the preliminary clinical translation study involving three patients who received treatment with 177Lu-DOTA-IBA reported significant and lasting pain relief within three days extending over two months. Importantly, no toxic side effects were observed.

Additionally, the study indicated that low doses of 177Lu-DOTA-IBA were effective and well-tolerated, devoid of significant adverse reactions (159). In conclusion, this study implies that 177Lu-DOTA-IBA holds excellent promise as a radiopharmaceutical for the targeted treatment of bone metastases. It has the potential to effectively control the progression of bone metastasis, enhance patient survival, and improve their quality of life, especially in advanced cases. Furthermore, its favorable pharmacokinetic characteristics and relatively straightforward preparation make it a strong candidate for future clinical applications.

A bone-targeted nano-delivery system, referred to as a nano-regulator, was developed to enhance immunotherapy in this specific context. The researchers assembled the nano-regulator using phytic acid (PA) and Fe3+ to create a nano-sized metal-organic framework (MOF) (160). They then encapsulated mitoxantrone (MTO), a chemotherapy drug, within this framework. At the cellular level, the nano-regulator demonstrated selective cytotoxicity towards RM-1 Prostat cancer cells while sparing immune cells. It also induces immunogenic cell death (ICD) in the tumor cells, which enhances their immunogenicity.

In addition, the nano-regulator was found to trigger ubiquitination of the TGF-β receptor (TGF-βR) on immune cells, subsequently leading to the receptor’s degradation. This unique mechanism of action acted as a nano-regulator, effectively inhibiting the functions of TGF-β, a cytokine known for its immunosuppressive effects within the TME. By blocking TGF-β signaling, the nano-regulator aimed to reverse the immunosuppressive effects and restore immune sensitivity in bone metastatic tumors, potentially enhancing the body’s ability to combat cancer cells in that specific setting. In animal studies, the researchers found that when administered intravenously, the nano-regulator exhibited prolonged blood circulation and selectively accumulated in bone metastatic sites. When combined with αCTLA-4, the nanoparticle demonstrated a robust anti-tumor effect.

Additionally, the treatment significantly alleviated bone destruction, reducing skeletal-related events associated with bone metastasis (160). This study provides a biocompatible nanomedicine approach that shows potential for enhancing immunotherapy in bone metastatic prostate cancer. The nano-regulator effectively targeted the tumor site, induced immunogenic cell death, and blocked the immunosuppressive effects of TGF-β (176). These findings represent a step towards restoring immune sensitivity in bone metastatic tumors and improving the effectiveness of immunotherapy in this challenging setting.

In a study, researchers developed calcium phosphate hybrid micelles loaded with docetaxel and zoledronate drugs, DZ@CPH (161). They aimed to create a therapeutic strategy that addresses the activation of osteoclasts (cells involved in bone resorption) and the invasion of triple-negative breast cancer (TNBC) cells into bone tissue. DZ@CPH demonstrated several beneficial effects. Firstly, it reduced the activation of osteoclasts, leading to the inhibition of bone resorption. Additionally, it inhibited the invasion of TNBC cells into bone tissue by regulating the expression of proteins involved in apoptosis and invasion. This suggests that DZ@CPH may hinder the growth and spread of TNBC cells within the bone microenvironment.

Moreover, DZ@CPH was found to increase the ratio of M1-type macrophages to M2-type macrophages in the bone metastasis tissue. This shift towards M1 macrophages, which possess anti-tumor properties, indicates that DZ@CPH may modulate the immune response in the BME and potentially enhance the anti-tumor immune response. Overall, DZ@CPH was demonstrated to disrupt the destructive cycle between bone metastasis growth and bone resorption. Targeting both aspects improved the therapeutic effectiveness in treating drug-resistant TNBC bone metastasis (161). This study provides valuable insights into a potential treatment approach that may have significant implications for addressing the challenges associated with bone metastasis in TNBC.

A study found that the protein c-Jun levels increased in MCF7-BM cells compared to the original cells (162). Additionally, the absence of c-Jun was observed to suppress tumor cell migration, transformation, and the ability to cause bone destruction (osteolysis). In vivo, experiments using a dominant-negative form of c-Jun resulted in smaller bone metastatic lesions and a lower occurrence of metastasis. Examination of bone metastatic lesions revealed varying expression of c-Jun. Moreover, overexpression of c-Jun in MCF7-BM cells established a detrimental cycle between these cells and osteoclasts, promoting migration induced by calcium and the release of BMP5, an osteoclast activator. The study presented compelling evidence that pharmacologically inhibiting c-Jun using a Jun amino-terminal kinase (JNK) inhibitor called JNK-IN-8 effectively suppressed tumor growth and bone metastasis in MCF7-BM cells.

Additionally, the downstream signals of c-Jun were found to be closely associated with the clinical prognosis of patients with the luminal subtype of breast cancer. This highlights the significance of c-Jun as a potential therapeutic target to prevent bone metastasis, specifically in luminal breast cancer cases. The expression of c-Jun was identified as a critical factor in promoting bone metastasis by creating a detrimental cycle within the bone microenvironment. These insights open up promising avenues for the development of subtype-specific therapies that can effectively tackle bone metastasis in luminal breast cancer. By targeting c-Jun, researchers and clinicians may have the opportunity to provide more tailored and effective treatments for patients with this particular subtype of breast cancer, ultimately leading to improved outcomes and better quality of life (162).

Extracellular vesicles (EVs) play a significant role in developing and spreading HCC and its metastasis (177). This study investigated the communication between primary HCC and bone lesions through Evs. However, understanding this process is currently limited, and the impact of bone metastasis on HCC progression has yet to be thoroughly explored. Researchers discovered that EVs derived from HCC cells that have metastasized to the bone (BM-EVs) localize to HCC cells at the primary tumor site and play a significant role in promoting the advancement of HCC. The underlying mechanism involves a specific microRNA called miR-3190-5p (miR-3190), which is found to be upregulated in both HCC cells present in bone lesions and the EVs derived from these cells. The miR-3190 present in BM-EVs is transferred to HCC cells at the primary site, enhancing their ability to metastasize. This is achieved by reducing the expression of a protein called AlkB homolog 5 (ALKBH5) in the recipient HCC cells. The decreased levels of ALKBH5 exacerbate pro-metastatic characteristics in HCC cells by modulating gene expression through both N6-methyladenosine-dependent and -independent mechanisms. These findings shed light on the role of EV-mediated communication between HCC cells in bone lesions and the primary tumor site. The upregulation of miR-3190 in BM-EVs and its subsequent transfer to HCC cells at the primary site significantly promote HCC metastasis. The involvement of ALKBH5 in this process highlights its potential as a therapeutic target for managing bone metastasis and halting the progression of HCC. Finally, in mouse models treated with BM-EVs, liposomes loaded with an antagonist of miR-3190 (antagomir-miR-3190) and targeting HCC cells successfully suppress the progression of HCC. The study findings demonstrate that BM-EVs derived from HCC cells in bone metastases trigger pro-metastatic events in primary HCC cells by transferring miR-3190, which targets ALKBH5. This highlights miR-3190 as a potential therapeutic target for inhibiting the progression of HCC in patients with bone metastasis (163).

TGF-β, abundant in bone tissue, is crucial in developing bone metastasis (127). However, directly targeting TGF-β or its receptors has proven to be complex. Previous studies have shown that TGF-β relies on the acetylation of a transcription factor called KLF5 at position K369 to regulate various biological processes, including cancer cell spread to the bone (127). This acetylated form of KLF5 (Ac-KLF5) and its downstream targets could be potential therapeutic targets for TGF-β-induced bone metastasis in prostate cancer (178). To identify agents that can suppress invasion, researchers conducted a spheroid invasion assay using prostate cancer cells expressing a modified version of KLF5, mimicking Ac-KLF5. Through screening 1987 FDA-approved drugs, nitazoxanide (NTZ), an anthelmintic agent, exhibited potent invasion inhibition in the assay. In a mouse model, NTZ significantly inhibited bone metastasis, both preventively and therapeutically (164). It also hindered the differentiation of osteoclasts, which are involved in bone metastasis induced by the modified KLF5. Further analysis revealed that NTZ binds to the KLF5 protein, while the modified KLF5 is bound to the promoter region of MYBL2, a gene known to promote bone metastasis in prostate cancer, to activate its transcription (164). NTZ was found to attenuate the binding of the modified KLF5 to the MYBL2 promoter. These findings suggest that NTZ could potentially be a therapeutic agent for bone metastasis induced by the TGF-β/Ac-KLF5 signaling pathway in prostate cancer and other types of cancer.

A novel therapeutic strategy involves utilizing liquid metal (LM) nanoparticles to address the limitations of mild photothermal therapy (mild-PTT) in treating deep and internal tumors. Mild-PTT is a less aggressive form of photothermal therapy, but it faces challenges such as thermal resistance, limited irradiation area, and penetration depth when targeting deep tumors (165). Additionally, tumor colonization in distant bone tissue leads to bone resorption, exacerbating tumor progression. To overcome these issues, researchers developed a novel approach using LM nanoparticles to enhance the effectiveness of mild PTT through autophagy activation. They loaded the LM nanoparticles and an autophagy activator called Curcumin (Cur) into zeolitic imidazolate framework-8 (ZIF-8), which was further functionalized with hyaluronic acid/alendronate (CLALN). This CLALN formulation offered several advantages, including good photothermal performance, drug release in acidic environments, and specific recognition and aggregation at bone metastasis sites. The combination of CLALN and mild PTT demonstrated significant inhibition of tumor progression by impairing autophagy and reducing the expression of PD-L1 protein induced by mild PTT. This combination therapy helped overcome thermal resistance and alleviate immunosuppression. Moreover, the combination effectively reduced osteolysis, which was not achieved using CLALN alone or mild PTT alone. The experimental results from this study indicate that the multifunctional LM-based nanoparticle combined with autophagy activation shows promise as a potential therapeutic strategy for effectively treating bone metastasis. This approach addresses the challenges of mild PTT in deep tumors and bone metastases and offers a promising solution for improving treatment outcomes in such cases (165).

Bone metastasis is a severe complication of lung adenocarcinoma (ADC) and significantly impacts patients’ survival and quality of life (179). Unfortunately, there is currently a lack of effective biomarkers for this incurable illness (180). While spondin-2 (SPON2) has been linked to metastasis and cancer advancement, its specific role in bone metastasis within lung ADC patients remains poorly comprehended (181, 182). To shed light on the matter, a study was undertaken to investigate the impact of SPON2 on bone metastasis in ADC (166). In laboratory experiments, the researchers discovered that elevating SPON2 in ADC cells resulted in increased migration, invasion, and epithelial-to-mesenchymal transition.

On the contrary, inhibiting SPON2 suppressed these processes, underscoring its significant influence on the metastatic behavior of ADC cells. These results were further supported by a mouse model of ADC, where silencing SPON2 substantially decreased bone metastasis. The underlying mechanism revealed that SPON2 activated the nuclear factor-κB (NF-κB) signaling pathway, leading to the upregulation of matrix metalloproteinase 2 (MMP2) and MMP9, both known to promote cancer cell migration and invasion. Blocking NF-κB with a specific inhibitor mitigated the migration and invasion induced by SPON2 in ADC cells.

Moreover, the study observed higher SPON2 expression in metastatic bone tissues than primary ADC tissues. This upregulation of SPON2 was positively correlated with increased levels of MMP2 and MMP9 in metastatic bone tissues, further supporting its role in promoting bone metastasis (166). These findings underscore the critical involvement of SPON2 in ADC, as it triggers the NF-κB pathway, ultimately promoting bone metastasis. Therefore, targeting SPON2 in future drug development may hold promise in preventing or treating bone metastasis in ADC patients.

The role of GPR84, a receptor found in bone marrow-derived monocytes/macrophages (BMMs), in bone metastasis of CRC was investigated, and the findings revealed that the expression of GPR84 in BMMs was progressively downregulated during CRC-induced bone metastasis (167). Activating GPR84 significantly inhibited the formation of osteoclasts in the TME. The MAPK pathway was identified as the mediator of GPR84 in osteoclast formation. Furthermore, the study found that interleukin-11 (IL-11) played a role in inhibiting the expression of GPR84 in the TME by inactivating STAT1. Additionally, activating GPR84 helped prevent osteolysis, the destruction of bone tissue, during CRC-induced bone metastasis (167). Based on these results, it was concluded that CRC cells downregulate GPR84 expression in BMMs to promote osteoclastogenesis, and IL-11 is involved in this process by inhibiting GPR84 expression through STAT1 inactivation. Therefore, GPR84 can be a therapeutic target for attenuating bone destruction caused by CRC metastasis.

A multicenter phase I dose escalation study was conducted to assess the safety and effectiveness of combining olaparib, a drug that inhibits DNA repair mechanisms known as PARP inhibitors, with radium-223, a radiopharmaceutical that causes DNA damage, in patients with metastatic castration-resistant prostate cancer (mCRPC) (168). The study involved multiple centers and focused on escalating the dosage of the two drugs. The study observed specific toxicities that could limit the dosage, including cytopenias, fatigue, and nausea. However, no such toxicities were observed during the observation period. Instead, delayed toxicities were considered when determining the recommended phase II dosage (RP2D). The RP2D for the combination of olaparib and radium-223 was established as 200 mg taken orally twice daily. The most common adverse events related to the treatment were fatigue (92%) and anemia (58%). A 58% radiographic progression-free survival (rPFS) rate indicated a positive outcome at the 6-month. Out of the nine patients whose HRR gene status was evaluated, one patient exhibited a BRCA2 alteration (with an rPFS of 11.8 months), and another had a CDK12 alteration (with an rPFS of 3.1 months). Based on these findings, it was determined that olaparib could be safely combined with radium-223 at the recommended dosage of 200 mg taken orally twice daily. Early clinical benefits were observed, and further investigation will be carried out in a phase II study to assess the potential effectiveness of this combination therapy (168).

A promising and innovative technique known as near-infrared photoimmunotherapy (NIR-PIT) shows great potential in treating bone metastases. NIR-PIT involves using antibodies labeled with a substance called IRDye700DX (IR700), which becomes activated when exposed to a near-infrared light (183). To explore the effectiveness of NIR-PIT in addressing bone metastases, a study was conducted using a mouse model implanted with bone metastases. This model was created by injecting a human triple-negative breast cancer cell line, MDAMB468-GFP/luc, into the caudal artery of the mice. The researchers then applied NIR-PIT by using an anti-EGFR antibody named panitumumab-IR700 conjugate to treat the bone metastatic lesions in the mice. Through bioluminescence imaging and histological assessment, the study found that EGFR-targeted NIR-PIT demonstrated a therapeutic effect on the bone metastatic lesions in the mice. Furthermore, micro-CT scans revealed that repeated application of NIR-PIT led to the repair of bone destruction caused by metastases. This repair process resulted in the restoration of bone cortex continuity, akin to the natural healing process. These findings strongly suggest that NIR-PIT holds significant promise as a potential clinical treatment for bone metastases. By utilizing near-infrared light and targeted antibodies, this approach shows the ability to address bone metastases and facilitate bone tissue repair effectively. As a result, NIR-PIT could become a viable treatment option for patients with bone metastases (169).

A randomized phase 2 trial was conducted at multiple Japanese hospitals to evaluate the feasibility of administering Zoledronic acid (ZA) to patients with lung cancer and bone metastases either every four weeks (4wk-ZA) or every eight weeks (8wk-ZA) (170). The primary objective was to assess if there was any significant difference in the time it took for the first skeletal-related event (SRE) to occur between the two groups. The results indicated that there was no significant difference in the occurrence of the first SRE between the 4wk-ZA group and the 8wk-ZA group (P = 0.715, Hazard Ratio [HR] = 1.18, 95% Confidence Interval [CI] = 0.48, 2.9). Additionally, the study examined the rate of SREs after 12 months and found it to be 17.6% (95% CI = 8.4, 30.9%) in the 4wk-ZA group and 23.3% (95% CI = 11.8, 38.6%) in the 8wk-ZA group, with no significant difference observed between the two groups. Furthermore, the trial investigated several secondary endpoints, but no significant differences were observed between the two treatment groups. Importantly, the outcomes did not vary among different treatment modalities. Based on these findings, the study concludes that administering Zoledronic acid at an eight-week interval does not increase the risk of skeletal-related events in patients with bone metastasis from lung cancer. Therefore, an eight-week dosing interval for ZA could be considered a viable clinical option for these patients, potentially offering convenience and flexibility in their treatment regimen without compromising efficacy (170).

The FAST-01 study (NCT04592887) recently assessed the viability and safety of a pioneering technique in radiotherapy, known as FLASH therapy, specifically for patients with extremity bone metastases (171). In this trial, ten participants underwent palliative treatment using this innovative approach. The evaluation encompassed technical feasibility, treatment-related adverse effects, and the effectiveness of pain relief at the targeted sites. The findings indicated the attainability of FLASH therapy at an exceptionally high rate without encountering technical impediments or delays. On average, patients spent roughly 18.9 minutes during treatment, and the observed side effects were mild and in line with those seen in standard radiotherapy. Despite some brief episodes of increased pain at specific treated sites, most patients reported experiencing pain relief and a substantial reduction in discomfort at those locations. These results imply that ultra-high-dose-rate proton FLASH therapy is feasible and practical, demonstrating a safety profile comparable to traditional radiotherapy. Such promising outcomes encourage further investigation and potential adoption of FLASH therapy in cancer care, signifying a significant advancement in radiotherapy research and its practical use in clinical settings (171).

Another recent study centered on a new method to diagnose and treat bone metastases using a recently developed radiopharmaceutical called 177Lu-DOTA-IBA (159). This study explored the fundamental biological traits of this radiopharmaceutical and assessed its potential for practical use in clinical settings. By refining the labeling process and conducting tests in laboratory conditions, the 177Lu-DOTA-IBA displayed high purity concerning its radioactive components, favorable biological characteristics, and safety. It exhibited rapid elimination from the bloodstream, minimal absorption by soft tissues, and excretion through urine, with a specific bone accumulation. Imaging outcomes from experiments on mice and an initial human trial showed promising results. Notably, the treatment alleviated pain in patients within a few days of administration, offering enduring relief without any harmful side effects. This radiopharmaceutical is a viable and efficient choice for targeted treatment, potentially managing the progression of bone metastases and improving the lives of individuals with advanced stages of this condition. Its ease of preparation, favorable characteristics related to how the body processes it, and the absence of significant adverse reactions position 177Lu-DOTA-IBA as a hopeful prospect for enhancing patient outcomes in this challenging medical field (159).





7 Challenges in bone-metastatic cancer treatment

The treatment of bone-metastatic cancers poses significant challenges due to the complex nature of the disease and its interactions with the BME (184). While advancements have been made in cancer therapy, effectively targeting and eradicating tumor cells that have spread to the bones remains formidable. This section explores some of the key challenges encountered in treating bone-metastatic cancers.

Achieving a curative outcome becomes exceedingly difficult once cancer cells metastasize to the bone. The bone tissue provides a supportive environment for tumor cells to establish and grow (185). Conventional treatment modalities such as surgery, chemotherapy, and radiation therapy often fail to eradicate metastatic tumors from the bone, leading to a focus on palliative care and the management of symptoms (186). Metastatic tumor cells in the bone exhibit enhanced resistance to conventional cancer therapies (178, 187). The unique microenvironment of the bone, consisting of specialized cells and ECM components, contributes to the development of therapy resistance (188). This resistance can hamper the effectiveness of systemic treatments, rendering them less potent in controlling tumor growth and progression (189). Bone metastasis frequently leads to skeletal complications, including bone pain, fractures, spinal cord compression, and hypercalcemia (190). These complications significantly impact the quality of life for patients and require specialized management approaches (191). The treatment of bone metastasis must address the primary tumor and manage the skeletal-related events associated with the disease. Bone metastasis is characterized by the formation of multiple lesions within the skeletal system, and these lesions can display varying degrees of aggressiveness and sensitivity to treatment (192). The heterogeneity of metastatic lesions poses a challenge in delivering targeted therapies that can effectively eradicate all tumor sites while minimizing damage to healthy bone tissue (193).

Moreover, early detection and accurate diagnosis of bone metastasis remain challenging (194). Imaging techniques such as bone scans, X-rays, and CT scans are commonly used, but they may not detect small metastatic lesions or accurately assess the extent of the disease (195). Accordingly, improved diagnostic methods are needed to facilitate early intervention and personalized treatment strategies.

Overcoming these challenges requires a multidisciplinary approach combining innovative therapeutic strategies, imaging and diagnostic techniques advancements, and a comprehensive understanding of the BME (196). By addressing these challenges head-on, researchers and clinicians aim to improve outcomes for patients with bone-metastatic cancers, enhance the quality of life, and develop more effective treatment options tailored to the unique characteristics of this disease.




8 Concluding remarks

Treating human malignancies characterized by metastases to distant organs has long presented significant challenges in oncology. One particular group of cancers that pose formidable difficulties are those that metastasize to the bone, leading to a range of complications for patients, including excruciating pain, bone fractures, spinal cord compression, hypercalcemia, and dismal survival rates. Existing therapies for metastatic bone cancers have fallen short of providing a cure, offering partial inhibition of metastasis and tumor progression within the bone tissue. Consequently, the advent of innovative approaches employing nanosystems or immunotherapeutic methods holds immense promise in enhancing treatment efficacy by leveraging combination therapies or augmenting the delivery of anticancer agents. Nevertheless, it is imperative to underscore that further investigations are imperative to ascertain optimal combinations with minimal toxicity and side effects while maximizing therapeutic efficacy, particularly during human clinical trial phases. By embracing such endeavors, we can potentially revolutionize the landscape of metastatic bone cancer treatment, providing new hope for patients facing this formidable disease.





Author contributions

HL: Writing – original draft. BW: Writing – original draft. KJ: Writing – review & editing. YC: Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by Zhejiang Provincial Science and Technology Projects (grant no. LGF22H160046 to HL), Jinhua Municipal Science and Technology Projects (grants no.2021-3-040 to KJ, and 2021-3-046 to HL).





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.





References

1. Li, S, Yang, M, Teng, S, Lin, K, Wang, Y, Zhang, Y, et al. Chromatin accessibility dynamics in colorectal cancer liver metastasis: Uncovering the liver tropism at single cell resolution. Pharmacol Res (2023) 195:106896. doi: 10.1016/j.phrs.2023.106896

2. Ye, F, Dewanjee, S, Li, Y, Jha, NK, Chen, Z-S, Kumar, A, et al. Advancements in clinical aspects of targeted therapy and immunotherapy in breast cancer. Mol Cancer (2023) 22(1):105. doi: 10.1186/s12943-023-01805-y

3. Yu, C, Liu, X, Yang, J, Zhang, M, Jin, H, Ma, X, et al. Combination of immunotherapy with targeted therapy: theory and practice in metastatic melanoma. Front Immunol (2019) 10:990. doi: 10.3389/fimmu.2019.00990

4. Majidpoor, J, and Mortezaee, K. Steps in metastasis: an updated review. Med Oncol (2021) 38:1–17. doi: 10.1007/s12032-020-01447-w

5. Zarychta, E, and Ruszkowska-Ciastek, B. Cooperation between angiogenesis, vasculogenesis, chemotaxis, and coagulation in breast cancer metastases development: pathophysiological point of view. Biomedicines (2022) 10(2):300. doi: 10.3390/biomedicines10020300

6. Zalpoor, H, Aziziyan, F, Liaghat, M, Bakhtiyari, M, Akbari, A, Nabi-Afjadi, M, et al. The roles of metabolic profiles and intracellular signaling pathways of tumor microenvironment cells in angiogenesis of solid tumors. Cell Communication Signaling (2022) 20(1):186. doi: 10.1186/s12964-022-00951-y

7. Cecchini, MG, Wetterwald, A, van der Pluijm, G, and Thalmann, GN. Molecular and biological mechanisms of bone metastasis. EAU Update Ser (2005) 3(4):214–26. doi: 10.1016/j.euus.2005.09.006

8. Coleman, R. Metastatic bone disease: clinical features, pathophysiology and treatment strategies. Cancer Treat Rev (2001) 27(3):165–76. doi: 10.1053/ctrv.2000.0210

9. Welch, DR, and Hurst, DR. Defining the hallmarks of metastasis. Cancer Res (2019) 79(12):3011–27. doi: 10.1158/0008-5472.CAN-19-0458

10. Macedo, F, Ladeira, K, Pinho, F, Saraiva, N, Bonito, N, Pinto, L, et al. Bone metastases: an overview. Oncol Rev (2017) 11(1):43–9. doi: 10.4081/oncol.2017.321

11. Hong, MM, and Maleki Vareki, S. Addressing the elephant in the immunotherapy room: effector T-cell priming versus depletion of regulatory T-cells by anti-CTLA-4 therapy. Cancers (2022) 14(6):1580. doi: 10.3390/cancers14061580

12. Yan, T, Zhu, L, and Chen, J. Current advances and challenges in CAR T-Cell therapy for solid tumors: tumor-associated antigens and the tumor microenvironment. Exp Hematol Oncol (2023) 12(1):14. doi: 10.1186/s40164-023-00373-7

13. Dedes, P, Gialeli, C, Tsonis, A, Kanakis, I, Theocharis, A, Kletsas, D, et al. Expression of matrix macromolecules and functional properties of breast cancer cells are modulated by the bisphosphonate zoledronic acid. Biochim Biophys Acta (BBA)-General Subj (2012) 1820(12):1926–39. doi: 10.1016/j.bbagen.2012.07.013

14. Steger, GG, and Bartsch, R. Denosumab for the treatment of bone metastases in breast cancer: evidence and opinion. Ther Adv Med Oncol (2011) 3(5):233–43. doi: 10.1177/1758834011412656

15. Maisano, R, Pergolizzi, S, and Cascinu, S. Novel therapeutic approaches to cancer patients with bone metastasis. Crit Rev oncology/hematol (2001) 40(3):239–50. doi: 10.1016/S1040-8428(01)00092-0

16. Fares, J, Fares, MY, Khachfe, HH, Salhab, HA, and Fares, Y. Molecular principles of metastasis: a hallmark of cancer revisited. Signal transduction targeted Ther (2020) 5(1):28. doi: 10.1038/s41392-020-0134-x

17. Klein, CA. Cancer progression and the invisible phase of metastatic colonization. Nat Rev Cancer (2020) 20(11):681–94. doi: 10.1038/s41568-020-00300-6

18. Celià-Terrassa, T, and Jolly, MK. Cancer stem cells and epithelial-to-mesenchymal transition in cancer metastasis. Cold Spring Harbor Perspect Med (2020) 10(7):a036905. doi: 10.1101/cshperspect.a036905

19. Kesh, K, Gupta, VK, Durden, B, Garrido, V, Mateo-Victoriano, B, Lavania, SP, et al. Therapy resistance, cancer stem cells and ECM in cancer: the matrix reloaded. Cancers (2020) 12(10):3067. doi: 10.3390/cancers12103067

20. López de Andrés, J, Griñán-Lisón, C, Jiménez, G, and Marchal, JA. Cancer stem cell secretome in the tumor microenvironment: a key point for an effective personalized cancer treatment. J Hematol Oncol (2020) 13(1):1–22. doi: 10.1186/s13045-020-00966-3

21. Mukherjee, A, Ha, P, Wai, KC, and Naara, S. The role of ECM remodeling, EMT, and adhesion molecules in cancerous neural invasion: changing perspectives. Advanced Biol (2022) 6(9):2200039. doi: 10.1002/adbi.202200039

22. Allen, TA, Asad, D, Amu, E, Hensley, MT, Cores, J, Vandergriff, A, et al. Circulating tumor cells exit circulation while maintaining multicellularity, augmenting metastatic potential. J Cell Sci (2019) 132(17):jcs231563. doi: 10.1242/jcs.231563

23. Akhtar, M, Haider, A, Rashid, S, and Al-Nabet, ADM. Paget’s “seed and soil” theory of cancer metastasis: an idea whose time has come. Adv anatomic Pathol (2019) 26(1):69–74. doi: 10.1097/PAP.0000000000000219

24. Wang, H, Pan, J, Barsky, L, Jacob, JC, Zheng, Y, Gao, C, et al. Characteristics of pre-metastatic niche: the landscape of molecular and cellular pathways. Mol biomed (2021) 2:1–32. doi: 10.1186/s43556-020-00022-z

25. Su, SC, Hsieh, MJ, Yang, WE, Chung, WH, Reiter, RJ, and Yang, SF. Cancer metastasis: Mechanisms of inhibition by melatonin. J pineal Res (2017) 62(1):e12370. doi: 10.1111/jpi.12370

26. Joyce, JA, and Pollard, JW. Microenvironmental regulation of metastasis. Nat Rev Cancer (2009) 9(4):239–52. doi: 10.1038/nrc2618

27. Richard, V, Kumar, TS, and Pillai, RM. Transitional dynamics of cancer stem cells in invasion and metastasis. Trans Oncol (2021) 14(1):100909. doi: 10.1016/j.tranon.2020.100909

28. Coban, B, Bergonzini, C, Zweemer, AJ, and Danen, EH. Metastasis: crosstalk between tissue mechanics and tumour cell plasticity. Br J Cancer (2021) 124(1):49–57. doi: 10.1038/s41416-020-01150-7

29. Quail, DF, and Joyce, JA. Microenvironmental regulation of tumor progression and metastasis. Nat Med (2013) 19(11):1423–37. doi: 10.1038/nm.3394

30. Fitzgerald, KN, Motzer, RJ, and Lee, C-H. Adjuvant therapy options in renal cell carcinoma—targeting the metastatic cascade. Nat Rev Urol (2023) 20(3):179–93. doi: 10.1038/s41585-022-00666-2

31. Gerashchenko, TS, Schegoleva, AA, Khozyainova, AA, Choinzonov, EL, and Denisov, EV. Metastasis prevention: How to catch metastatic seeds. Biochim Biophys Acta (BBA)-Reviews Cancer (2023) p:188867. doi: 10.1016/j.bbcan.2023.188867

32. Disibio, G, and French, SW. Metastatic patterns of cancers: results from a large autopsy study. Arch Pathol Lab Med (2008) 132(6):931–9. doi: 10.5858/2008-132-931-MPOCRF

33. Gandaglia, G, Abdollah, F, Schiffmann, J, Trudeau, V, Shariat, SF, Kim, SP, et al. Distribution of metastatic sites in patients with prostate cancer: a population-based analysis. Prostate (2014) 74(2):210–6. doi: 10.1002/pros.22742

34. Riihimäki, M, Hemminki, A, Fallah, M, Thomsen, H, Sundquist, K, Sundquist, J, et al. Metastatic sites and survival in lung cancer. Lung Cancer (2014) 86(1):78–84. doi: 10.1016/j.lungcan.2014.07.020

35. Kurra, V, Krajewski, KM, Jagannathan, J, Giardino, A, Berlin, S, and Ramaiya, N. Typical and atypical metastatic sites of recurrent endometrial carcinoma. Cancer Imaging (2013) 13(1):113. doi: 10.1102/1470-7330.2013.0011

36. Bianchi, M, Sun, M, Jeldres, C, Shariat, S, Trinh, Q-D, Briganti, A, et al. Distribution of metastatic sites in renal cell carcinoma: a population-based analysis. Ann Oncol (2012) 23(4):973–80. doi: 10.1093/annonc/mdr362

37. Terada, T, and Maruo, H. Unusual extrahepatic metastatic sites from hepatocellular carcinoma. Int J Clin Exp Pathol (2013) 6(5):816.

38. Kennecke, H, Yerushalmi, R, Woods, R, Cheang, MCU, Voduc, D, Speers, CH, et al. Metastatic behavior of breast cancer subtypes. J Clin Oncol (2010) 28(20):3271–7. doi: 10.1200/JCO.2009.25.9820

39. Wang, R, Zhu, Y, Liu, X, Liao, X, He, J, and Niu, L. The Clinicopathological features and survival outcomes of patients with different metastatic sites in stage IV breast cancer. BMC Cancer (2019) 19(1):1–12. doi: 10.1186/s12885-019-6311-z

40. Brouwer, NP, Van der Kruijssen, DE, Hugen, N, Hingh, IH, Nagtegaal, ID, Verhoeven, RH, et al. The impact of primary tumor location in synchronous metastatic colorectal cancer: differences in metastatic sites and survival. Ann Surg Oncol (2020) 27(5):1580–8. doi: 10.1245/s10434-019-08100-5

41. Ferlito, A, Shaha, AR, Silver, CE, Rinaldo, A, and Mondin, V. Incidence and sites of distant metastases from head and neck cancer. ORL (2001) 63(4):202–7. doi: 10.1159/000055740

42. Bianchi, M, Roghmann, F, Becker, A, Sukumar, S, Briganti, A, Menon, M, et al. Age-stratified distribution of metastatic sites in bladder cancer: a population-based analysis. Can Urological Assoc J (2014) 8(3-4):E148. doi: 10.5489/cuaj.787

43. Bochtler, T, and Krämer, A. Does cancer of unknown primary (CUP) truly exist as a distinct cancer entity? Front Oncol (2019) 9:402. doi: 10.3389/fonc.2019.00402

44. Ren, Y, Dai, C, Zheng, H, Zhou, F, She, Y, Jiang, G, et al. Prognostic effect of liver metastasis in lung cancer patients with distant metastasis. Oncotarget (2016) 7(33):53245. doi: 10.18632/oncotarget.10644

45. Hofbauer, LC, Bozec, A, Rauner, M, Jakob, F, Perner, S, and Pantel, K. Novel approaches to target the microenvironment of bone metastasis. Nat Rev Clin Oncol (2021) 18(8):488–505. doi: 10.1038/s41571-021-00499-9

46. Kobayashi, Y, Maeda, K, and Takahashi, N. Roles of Wnt signaling in bone formation and resorption. Japanese Dental Sci Rev (2008) 44(1):76–82. doi: 10.1016/j.jdsr.2007.11.002

47. Elango, J, Bao, B, and Wu, W. The hidden secrets of soluble RANKL in bone biology. Cytokine (2021) 144:155559. doi: 10.1016/j.cyto.2021.155559

48. Takegahara, N, Kim, H, and Choi, Y. RANKL biology. Bone (2022) 159:116353. doi: 10.1016/j.bone.2022.116353

49. Lacey, D, Timms, E, Tan, H-L, Kelley, M, Dunstan, C, Burgess, T, et al. Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and activation. cell (1998) 93(2):165–76. doi: 10.1016/S0092-8674(00)81569-X

50. Ma, Q-l, Fang, L, Jiang, N, Zhang, L, Wang, Y, Zhang, Y-m, et al. Bone mesenchymal stem cell secretion of sRANKL/OPG/M-CSF in response to macrophage-mediated inflammatory response influences osteogenesis on nanostructured Ti surfaces. Biomaterials (2018) 154:234–47. doi: 10.1016/j.biomaterials.2017.11.003

51. Xiong, J, and O'Brien, CA. Osteocyte RANKL: new insights into the control of bone remodeling. J Bone Mineral Res (2012) 27(3):499–505. doi: 10.1002/jbmr.1547

52. Elango, J, Rahman, SU, Henrotin, Y, Val, JEMS, Bao, B, Wang, S, et al. Parathyroid hormone-related protein (PTHrP) accelerates soluble RANKL signals for downregulation of osteogenesis of bone mesenchymal stem cells. J Clin Med (2019) 8(6):836. doi: 10.3390/jcm8060836

53. Moseley, JM, Gillespie, MT, and Thiede, MA. Parathyroid hormone-related protein. Crit Rev Clin Lab Sci (1995) 32(3):299–343. doi: 10.3109/10408369509084687

54. Ando, H, Ukena, K, and Nagata, S. Handbook of hormones: comparative endocrinology for basic and clinical research. Academic Press (2021).

55. Everhart-Caye, M, Inzucchi, SE, Guinness-Henry, J, Mitnick, M, and Stewart, AF. Parathyroid hormone (PTH)-related protein (1-36) is equipotent to PTH (1-34) in humans. J Clin Endocrinol Metab (1996) 81(1):199–208. doi: 10.1210/jcem.81.1.8550752

56. Henry, JG, Mitnick, M, Dann, PR, and Stewart, AF. Parathyroid hormone-related protein-(1–36) is biologically active when administered subcutaneously to humans. J Clin Endocrinol Metab (1997) 82(3):900–6. doi: 10.1210/jc.82.3.900

57. Plotkin, H, Gundberg, C, Mitnick, M, and Stewart, AF. Dissociation of bone formation from resorption during 2-week treatment with human parathyroid hormone-related peptide-(1–36) in humans: potential as an anabolic therapy for osteoporosis. J Clin Endocrinol Metab (1998) 83(8):2786–91. doi: 10.1210/jcem.83.8.5047

58. Zhang, M, Xie, R, Hou, W, Wang, B, Shen, R, Wang, X, et al. PTHrP prevents chondrocyte premature hypertrophy by inducing cyclin-D1-dependent Runx2 and Runx3 phosphorylation, ubiquitylation and proteasomal degradation. J Cell Sci (2009) 122(9):1382–9. doi: 10.1242/jcs.040709

59. Wu, S, Pan, Y, Mao, Y, Chen, Y, and He, Y. Current progress and mechanisms of bone metastasis in lung cancer: a narrative review. Trans Lung Cancer Res (2021) 10(1):439. doi: 10.21037/tlcr-20-835

60. Tulotta, C, and Ottewell, P. The role of IL-1B in breast cancer bone metastasis. Endocrine-related Cancer (2018) 25(7):R421–34. doi: 10.1530/ERC-17-0309

61. Wong, SK, Mohamad, N-V, Giaze, TR, Chin, K-Y, Mohamed, N, and Ima-Nirwana, S. Prostate cancer and bone metastases: the underlying mechanisms. Int J Mol Sci (2019) 20(10):2587. doi: 10.3390/ijms20102587

62. Muresan, M, Olivier, P, Leclere, J, Sirveaux, F, Brunaud, L, Klein, M, et al. Bone metastases from differentiated thyroid carcinoma. Endocrine-related Cancer (2008) 15(1):37. doi: 10.1677/ERC-07-0229

63. Keller, ET, Zhang, J, Cooper, CR, Smith, PC, McCauley, LK, Pienta, KJ, et al. Prostate carcinoma skeletal metastases: cross-talk between tumor and bone. Cancer Metastasis Rev (2001) 20(3):333–49. doi: 10.1023/A:1015599831232

64. Yang, X, and Karsenty, G. Transcription factors in bone: developmental and pathological aspects. Trends Mol Med (2002) 8(7):340–5. doi: 10.1016/S1471-4914(02)02340-7

65. Zhang, X, Jiang, P, and Wang, C. The role of prostate-specific antigen in the osteoblastic bone metastasis of prostate cancer: a literature review. Front Oncol (2023) 13:1127637. doi: 10.3389/fonc.2023.1127637

66. Selvaggi, G, and Scagliotti, GV. Management of bone metastases in cancer: a review. Crit Rev oncology/hematol (2005) 56(3):365–78. doi: 10.1016/j.critrevonc.2005.03.011

67. Mandal, CC. Osteolytic metastasis in breast cancer: effective prevention strategies. Expert Rev Anticancer Ther (2020) 20(9):797–811. doi: 10.1080/14737140.2020.1807950

68. Sun, P, Wang, M, and Yin, G-Y. Endogenous parathyroid hormone (PTH) signals through osteoblasts via RANKL during fracture healing to affect osteoclasts. Biochem Biophys Res Commun (2020) 525(4):850–6. doi: 10.1016/j.bbrc.2020.02.177

69. Coleman, RE, and Seaman, JJ. The role of zoledronic acid in cancer: clinical studies in the treatment and prevention of bone metastases. In: Seminars in oncology. Elsevier (2001) 28:11–6.

70. Chambers, AF, Groom, AC, and MacDonald, IC. Dissemination and growth of cancer cells in metastatic sites. Nat Rev Cancer (2002) 2(8):563–72. doi: 10.1038/nrc865

71. Egeblad, M, and Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nat Rev Cancer (2002) 2(3):161–74. doi: 10.1038/nrc745

72. Wang, M, Xia, F, Wei, Y, and Wei, X. Molecular mechanisms and clinical management of cancer bone metastasis. Bone Res (2020) 8(1):1–20. doi: 10.1038/s41413-020-00105-1

73. Glinskii, OV, Huxley, VH, Glinsky, GV, Pienta, KJ, Raz, A, and Glinsky, VV. Mechanical entrapment is insufficient and intercellular adhesion is essential for metastatic cell arrest in distant organs. Neoplasia (2005) 7(5):522–7. doi: 10.1593/neo.04646

74. Denkert, C, Koöbel, M, Berger, S, Siegert, A, Leclere, A, Trefzer, U, et al. Expression of cyclooxygenase 2 in human Malignant melanoma. Cancer Res (2001) 61(1):303–8.

75. Midavaine, É, Côté, J, and Sarret, P. The multifaceted roles of the chemokines CCL2 and CXCL12 in osteophilic metastatic cancers. Cancer Metastasis Rev (2021) 40(2):427–45. doi: 10.1007/s10555-021-09974-2

76. Santagata, S, Ieranò, C, Trotta, AM, Capiluongo, A, Auletta, F, Guardascione, G, et al. CXCR4 and CXCR7 signaling pathways: a focus on the cross-talk between cancer cells and tumor microenvironment. Front Oncol (2021) 11:591386. doi: 10.3389/fonc.2021.591386

77. Shi, Y, Riese, DJ, and Shen, J. The role of the CXCL12/CXCR4/CXCR7 chemokine axis in cancer. Front Pharmacol (2020) 11:574667. doi: 10.3389/fphar.2020.574667

78. Kim, M, Rooper, L, Xie, J, Rayahin, J, Burdette, JE, Kajdacsy-Balla, AA, et al. The lymphotactin receptor is expressed in epithelial ovarian carcinoma and contributes to cell migration and proliferationXCR1 in ovarian carcinoma. Mol Cancer Res (2012) 10(11):1419–29. doi: 10.1158/1541-7786.MCR-12-0361

79. Pinilla, S, Alt, E, Khalek, FA, Jotzu, C, Muehlberg, F, Beckmann, C, et al. Tissue resident stem cells produce CCL5 under the influence of cancer cells and thereby promote breast cancer cell invasion. Cancer Lett (2009) 284(1):80–5. doi: 10.1016/j.canlet.2009.04.013

80. Sun, YX, Fang, M, Wang, J, Cooper, CR, Pienta, KJ, and Taichman, RS. Expression and activation of αvβ3 integrins by SDF-1/CXC12 increases the aggressiveness of prostate cancer cells. Prostate (2007) 67(1):61–73. doi: 10.1002/pros.20500

81. Chinni, SR, Sivalogan, S, Dong, Z, Filho, JCT, Deng, X, Bonfil, RD, et al. CXCL12/CXCR4 signaling activates Akt-1 and MMP-9 expression in prostate cancer cells: the role of bone microenvironment-associated CXCL12. Prostate (2006) 66(1):32–48. doi: 10.1002/pros.20318

82. Weilbaecher, KN, Guise, TA, and McCauley, LK. Cancer to bone: a fatal attraction. Nat Rev Cancer (2011) 11(6):411–25. doi: 10.1038/nrc3055

83. He, Y, Luo, W, Liu, Y, Wang, Y, Ma, C, Wu, Q, et al. IL-20RB mediates tumoral response to osteoclastic niches and promotes bone metastasis of lung cancer. J Clin Invest (2022) 132(20):1–15. doi: 10.1172/JCI157917

84. Delgado-Calle, J, Sato, AY, and Bellido, T. Role and mechanism of action of sclerostin in bone. Bone (2017) 96:29–37. doi: 10.1016/j.bone.2016.10.007

85. Krause, C, Korchynskyi, O, Rooij, K, Weidauer, SE, Gorter, DJ, van Bezooijen, RL, et al. Distinct modes of inhibition by sclerostin on bone morphogenetic protein and Wnt signaling pathways. J Biol Chem (2010) 285(53):41614–26. doi: 10.1074/jbc.M110.153890

86. Ominsky, MS, Li, C, Li, X, Tan, HL, Lee, E, Barrero, M, et al. Inhibition of sclerostin by monoclonal antibody enhances bone healing and improves bone density and strength of nonfractured bones. J Bone Mineral Res (2011) 26(5):1012–21. doi: 10.1002/jbmr.307

87. Hiraga, T, Horibe, K, Koide, M, Yamashita, T, and Kobayashi, Y. Sclerostin blockade promotes bone metastases of Wnt-responsive breast cancer cells. Cancer Sci (2023) 114(6):2460. doi: 10.1111/cas.15765

88. Li, R, Lin, Y, Hu, F, Liao, Y, Tang, J, Shen, Y, et al. LncRNA TEX41 regulates autophagy by increasing Runx2 expression in lung adenocarcinoma bone metastasis. Am J Trans Res (2023) 15(2):949.

89. Yin, C, Wang, M, Wang, Y, Lin, Q, Lin, K, Du, H, et al. BHLHE22 drives the immunosuppressive bone tumor microenvironment and associated bone metastasis in prostate cancer. J Immunother Cancer (2023) 11(3):1–18. doi: 10.1136/jitc-2022-005532

90. Ni, J, Zhang, X, Li, J, Zheng, Z, Zhang, J, Zhao, W, et al. Tumour-derived exosomal lncRNA-SOX2OT promotes bone metastasis of non-small cell lung cancer by targeting the miRNA-194-5p/RAC1 signalling axis in osteoclasts. Cell Death Dis (2021) 12(7):662. doi: 10.1038/s41419-021-03928-w

91. Zhang, C, Yang, J, Zhu, Z, Qin, J, Yang, L, Zhao, X, et al. Exosomal lncRNA HOTAIR promotes osteoclast differentiation by targeting TGF-β/PTHrP/RANKL pathway. Basic Clin Pharmacol Toxicol (2023) 132(3):242–52. doi: 10.1111/bcpt.13823

92. Guo, H, Zhao, J, Li, X, Sun, F, Qin, Y, Yang, X, et al. Identification of miR-1-3p, miR-143–3p and miR-145–5p association with bone metastasis of Gleason 3+ 4 prostate cancer and involvement of LASP1 regulation. Mol Cell Probes (2023) 68:101901. doi: 10.1016/j.mcp.2023.101901

93. Coleman, R, Smith, P, and Rubens, R. Clinical course and prognostic factors following bone recurrence from breast cancer. Br J Cancer (1998) 77(2):336–40. doi: 10.1038/bjc.1998.52

94. Coleman, RE, and Rubens, RD. The clinical course of bone metastases from breast cancer. Br J Cancer (1987) 55(1):61–6. doi: 10.1038/bjc.1987.13

95. Robson, M, and Dawson, N. How is androgen-dependent metastatic prostate cancer best treated? Hematology/Oncol Clinics (1996) 10(3):727–47. doi: 10.1016/S0889-8588(05)70364-6

96. Clohisy, DR, and Mantyh, PW. Bone cancer pain. Cancer: Interdiscip Int J Am Cancer Soc (2003) 97(S3):866–73. doi: 10.1002/cncr.11144

97. Levy, J, Hopkins, T, Morris, J, Tran, ND, David, E, Massari, F, et al. Radiofrequency ablation for the palliative treatment of bone metastases: outcomes from the multicenter OsteoCool Tumor Ablation Post-Market Study (OPuS One Study) in 100 patients. J Vasc Interventional Radiol (2020) 31(11):1745–52. doi: 10.1016/j.jvir.2020.07.014

98. Annadatha, A, Acharya, S, Shukla, S, Bhawane, A, Varma, A, and Andhale, A. Multiple Myeloma presenting as Hypercalcemic Crisis: A case report. Med Sci (2020) 24(105):3148–52.

99. Zhang, R, Li, J, Assaker, G, Camirand, A, Sabri, S, Karaplis, AC, et al. Parathyroid hormone-related protein (PTHrP): an emerging target in cancer progression and metastasis. Hum Cell Transformation (2019) p:161–78. doi: 10.1007/978-3-030-22254-3_13

100. Shallis, RM, Rome, RS, and Reagan, JL. Mechanisms of hypercalcemia in non-Hodgkin lymphoma and associated outcomes: a retrospective review. Clin Lymphoma Myeloma Leukemia (2018) 18(2):e123–9. doi: 10.1016/j.clml.2017.12.006

101. Higinbotham, NL, and Marcove, RC. The management of pathological fractures. J Trauma Acute Care Surg (1965) 5(6):792–8. doi: 10.1097/00005373-196511000-00015

102. Hirai, T, Shinoda, Y, Tateishi, R, Asaoka, Y, Uchino, K, Wake, T, et al. Early detection of bone metastases of hepatocellular carcinoma reduces bone fracture and paralysis. Japanese J Clin Oncol (2019) 49(6):529–36. doi: 10.1093/jjco/hyz028

103. Coleman, R, Body, J-J, Aapro, M, Hadji, P, Herrstedt, J, and EGW. Bone health in cancer patients: ESMO Clinical Practice Guidelines. Ann Oncol (2014) 25:iii124–37. doi: 10.1093/annonc/mdu103

104. Vinholes, J, Coleman, R, and Eastell, R. Effects of bone metastases on bone metabolism: implications for diagnosis, imaging and assessment of response to cancer treatment. Cancer Treat Rev (1996) 22(4):289–331. doi: 10.1016/S0305-7372(96)90021-3

105. Evans, A, and Robertson, J. Magnetic resonance imaging versus radionuclide scintigraphy for screening in bone metastases. Clin Radiol (2000) 55(8):653; author reply 653–4. doi: 10.1053/crad.2000.0417

106. Rosenthal, DI. Radiologic diagnosis of bone metastases. Cancer: Interdiscip Int J Am Cancer Soc (1997) 80(S8):1595–607. doi: 10.1002/(SICI)1097-0142(19971015)80:8+<1595::AID-CNCR10>3.0.CO;2-V

107. Fogelman, I, Cook, G, Israel, O, and Van der Wall, H. Positron emission tomography and bone metastases. Semin Nucl Med (2005) 35(2):135–42.

108. Shreve, PD, Grossman, HB, Gross, MD, and Wahl, RL. Metastatic prostate cancer: initial findings of PET with 2-deoxy-2-[F-18] fluoro-D-glucose. Radiology (1996) 199(3):751–6. doi: 10.1148/radiology.199.3.8638000

109. Cook, GJ, and Goh, V. Molecular imaging of bone metastases and their response to therapy. J Nucl Med (2020) 61(6):799–806. doi: 10.2967/jnumed.119.234260

110. Zhang, W, Mao, N, Wang, Y, Xie, H, Duan, S, Zhang, X, et al. A Radiomics nomogram for predicting bone metastasis in newly diagnosed prostate cancer patients. Eur J Radiol (2020) 128:109020. doi: 10.1016/j.ejrad.2020.109020

111. Eggermont, F, Van Der Wal, G, Westhoff, P, Laar, A, Jong De, M, Rozema, T, et al. Patient-specific finite element computer models improve fracture risk assessments in cancer patients with femoral bone metastases compared to clinical guidelines. Bone (2020) 130:115101. doi: 10.1016/j.bone.2019.115101

112. Coleman, RE. Clinical features of metastatic bone disease and risk of skeletal morbidity. Clin Cancer Res (2006) 12(20):6243s–9s. doi: 10.1158/1078-0432.CCR-06-0931

113. Hayashi, K, and Tsuchiya, H. The role of surgery in the treatment of metastatic bone tumor. Int J Clin Oncol (2022) 27:1–9. doi: 10.1007/s10147-022-02144-6

114. Harrington, KD. Orthopedic surgical management of skeletal complications of Malignancy. Cancer: Interdiscip Int J Am Cancer Soc (1997) 80(S8):1614–27. doi: 10.1002/(SICI)1097-0142(19971015)80:8+<1614::AID-CNCR12>3.0.CO;2-2

115. Facchini, G, Di Tullio, P, Battaglia, M, Bartalena, T, Tetta, C, Errani, C, et al. Palliative embolization for metastases of the spine. Eur J Orthopaedic Surg Traumatol (2016) 26(3):247–52. doi: 10.1007/s00590-015-1726-y

116. Rossi, G, Mavrogenis, A, Casadei, R, Bianchi, G, Romagnoli, C, Rimondi, E, et al. Embolisation of bone metastases from renal cancer. La radiologia Med (2013) 118(2):291–302. doi: 10.1007/s11547-012-0802-4

117. Geraets, SE, Bos, PK, and van der Stok, J. Preoperative embolization in surgical treatment of long bone metastasis: a systematic literature review. EFORT Open Rev (2020) 5(1):17–25. doi: 10.1302/2058-5241.5.190013

118. Clines, GA, and Guise, TA. Molecular mechanisms and treatment of bone metastasis. Expert Rev Mol Med (2008) 10:e7. doi: 10.1017/S1462399408000616

119. Wood, TJ, Racano, A, Yeung, H, Farrokhyar, F, Ghert, M, and Deheshi, BM. Surgical management of bone metastases: quality of evidence and systematic review. Ann Surg Oncol (2014) 21(13):4081–9. doi: 10.1245/s10434-014-4002-1

120. Deodato, F, Pezzulla, D, Cilla, S, Ferro, M, Romano, C, Bonome, P, et al. Stereotactic radiosurgery for bone metastases in oligometastatic prostate cancer patients: DESTROY-2 clinical trial subanalysis. Clin Trans Oncol (2022) 24(6):1177–83. doi: 10.1007/s12094-021-02764-w

121. Group, E.B.C.T.C. Effects of chemotherapy and hormonal therapy for early breast cancer on recurrence and 15-year survival: an overview of the randomised trials. Lancet (2005) 365(9472):1687–717. doi: 10.1016/S0140-6736(05)67887-7

122. Pyrhönen, S, Ellmen, J, Vuorinen, J, Gershanovich, M, Tominaga, T, Kaufmann, M, et al. Meta-analysis of trials comparing toremifene with tamoxifen and factors predicting outcome of antiestrogen therapy in postmenopausal women with breast cancer. Breast Cancer Res Treat (1999) 56(2):131–41. doi: 10.1023/A:1006250213357

123. Lepor, H, and Shore, ND. LHRH agonists for the treatment of prostate cancer: 2012. Rev Urol (2012) 14(1-2):1. doi: 10.3909/riu0547

124. Nakajima, K, Mizokami, A, Matsuyama, H, Ichikawa, T, Kaneko, G, Takahashi, S, et al. Prognosis of patients with prostate cancer and bone metastasis from the Japanese Prostatic Cancer Registry of Standard Hormonal and Chemotherapy Using Bone Scan Index cohort study. Int J Urol (2021) 28(9):955–63. doi: 10.1111/iju.14614

125. Quilty, P, Kirk, D, Bolger, J, Dearnaley, D, Lewington, V, Masone, M, et al. A comparison of the palliative effects of strontium-89 and external beam radiotherapy in metastatic prostate cancer. Radiother Oncol (1994) 31(1):33–40. doi: 10.1016/0167-8140(94)90411-1

126. Roelofs, AJ, Thompson, K, Gordon, S, and Rogers, MJ. Molecular mechanisms of action of bisphosphonates: current status. Clin Cancer Res (2006) 12(20):6222s–30s. doi: 10.1158/1078-0432.CCR-06-0843

127. Buijs, JT, Stayrook, KR, and Guise, TA. The role of TGF-β in bone metastasis: novel therapeutic perspectives. BoneKEy Rep (2012) 1:1–10. doi: 10.1038/bonekey.2012.96

128. Mundy, GR, Yoneda, T, and Hiraga, T. Preclinical studies with zoledronic acid and other bisphosphonates: impact on the bone microenvironment. Semin Oncol (2001) 28:35–44.

129. Van Poznak, CH, Unger, JM, Darke, AK, Moinpour, C, Bagramian, RA, Schubert, MM, et al. Association of osteonecrosis of the jaw with zoledronic acid treatment for bone metastases in patients with cancer. JAMA Oncol (2021) 7(2):246–54. doi: 10.1001/jamaoncol.2020.6353

130. Fizazi, K, Carducci, M, Smith, M, Damião, R, Brown, J, Karsh, L, et al. Denosumab versus zoledronic acid for treatment of bone metastases in men with castration-resistant prostate cancer: a randomised, double-blind study. Lancet (2011) 377(9768):813–22. doi: 10.1016/S0140-6736(10)62344-6

131. Duda, DG, Kozin, SV, Kirkpatrick, ND, Xu, L, Fukumura, D, and Jain, RK. CXCL12 (SDF1α)-CXCR4/CXCR7 pathway inhibition: an emerging sensitizer for anticancer therapies? Anti-CXCL12 therapy in solid cancers. Clin Cancer Res (2011) 17(8):2074–80. doi: 10.1158/1078-0432.CCR-10-2636

132. Tan, AR, Alexe, G, and Reiss, M. Transforming growth factor-β signaling: emerging stem cell target in metastatic breast cancer? Breast Cancer Res Treat (2009) 115(3):453–95. doi: 10.1007/s10549-008-0184-1

133. Melillo, G. Inhibiting hypoxia-inducible factor 1 for cancer therapy. Mol Cancer Res (2006) 4(9):601–5. doi: 10.1158/1541-7786.MCR-06-0235

134. Lin, S-R, Mokgautsi, N, and Liu, Y-N. Ras and Wnt interaction contribute in prostate cancer bone metastasis. Molecules (2020) 25(10):2380. doi: 10.3390/molecules25102380

135. Ganesh, K, and Massagué, J. Targeting metastatic cancer. Nat Med (2021) 27(1):34–44. doi: 10.1038/s41591-020-01195-4

136. Pantano, F, Rossi, E, Iuliani, M, Facchinetti, A, Simonetti, S, Ribelli, G, et al. Dynamic changes of receptor activator of nuclear factor-κB expression in circulating tumor cells during denosumab predict treatment effectiveness in metastatic breast cancer. Sci Rep (2020) 10(1):1–12.

137. Chen, J, Zhou, L, Liu, X, Wen, X, Li, H, and Li, W. Meta-analysis of clinical trials to assess denosumab over zoledronic acid in bone metastasis. Int J Clin Pharm (2021) 43(1):2–10. doi: 10.1007/s11096-020-01105-1

138. Gnant, M, Pfeiler, G, Dubsky, PC, Hubalek, M, Greil, R, Jakesz, R, et al. Adjuvant denosumab in breast cancer (ABCSG-18): a multicentre, randomised, double-blind, placebo-controlled trial. Lancet (9992) 2015:433–43:386. doi: 10.1016/S0140-6736(15)60995-3

139. Vijayaraghavalu, S, Gao, Y, Rahman, MT, Rozic, R, Sharifi, N, Midura, RJ, et al. Synergistic combination treatment to break cross talk between cancer cells and bone cells to inhibit progression of bone metastasis. Biomaterials (2020) 227:119558. doi: 10.1016/j.biomaterials.2019.119558

140. Landgraf, M, Lahr, CA, Kaur, I, Shafiee, A, Sanchez-Herrero, A, Janowicz, PW, et al. Targeted camptothecin delivery via silicon nanoparticles reduces breast cancer metastasis. Biomaterials (2020) 240:119791. doi: 10.1016/j.biomaterials.2020.119791

141. Chen, S-H, Liu, T-I, Chuang, C-L, Chen, H-H, Chiang, W-H, and Chiu, H-C. Alendronate/folic acid-decorated polymeric nanoparticles for hierarchically targetable chemotherapy against bone metastatic breast cancer. J materials Chem B (2020) 8(17):3789–800. doi: 10.1039/D0TB00046A

142. Huang, Y, Guan, Z, Dai, X, Shen, Y, Wei, Q, Ren, L, et al. Engineered macrophages as near-infrared light activated drug vectors for chemo-photodynamic therapy of primary and bone metastatic breast cancer. Nat Commun (2021) 12(1):1–22. doi: 10.1038/s41467-021-24564-0

143. Ma, R-Y, Zhang, H, Li, X-F, Zhang, C-B, Selli, C, Tagliavini, G, et al. Monocyte-derived macrophages promote breast cancer bone metastasis outgrowth. J Exp Med (2020) 217(11):2–12. doi: 10.1084/jem.20191820

144. Huang, Z, Huang, Y, Chen, M, Chen, J, Zeng, Z, Xu, X, et al. Bone-targeted oxidative stress nanoamplifier for synergetic chemo/chemodynamic therapy of bone metastases through increasing generation and reducing elimination of ROS. Chem Eng J (2020) 399:125667. doi: 10.1016/j.cej.2020.125667

145. Zhang, Z, Yao, Y, Yuan, Q, Lu, C, Zhang, X, Yuan, J, et al. Gold clusters prevent breast cancer bone metastasis by suppressing tumor-induced osteoclastogenesis. Theranostics (2020) 10(9):4042. doi: 10.7150/thno.42218

146. Huang, Y, Xiao, Z, Guan, Z, Shen, Y, Jiang, Y, Xu, X, et al. A light-triggered self-reinforced nanoagent for targeted chemo-photodynamic therapy of breast cancer bone metastases via ER stress and mitochondria mediated apoptotic pathways. J Controlled Release (2020) 319:119–34. doi: 10.1016/j.jconrel.2019.12.043

147. Zuo, H, Yang, D, Yang, Q, Tang, H, Fu, Y-X, and Wan, Y. Differential regulation of breast cancer bone metastasis by PARP1 and PARP2. Nat Commun (2020) 11(1):1–10. doi: 10.1038/s41467-020-15429-z

148. Wu, H, Luo, Y, Xu, D, Ke, X, and Ci, T. Low molecular weight heparin modified bone targeting liposomes for orthotopic osteosarcoma and breast cancer bone metastatic tumors. Int J Biol Macromolecules (2020) 164:2583–97. doi: 10.1016/j.ijbiomac.2020.08.068

149. Das, S, Clézardin, P, Kamel, S, Brazier, M, and Mentaverri, R. The CaSR in pathogenesis of breast cancer: a new target for early stage bone metastases. Front Oncol (2020) 10:69. doi: 10.3389/fonc.2020.00069

150. Yuan, X, Qian, N, Ling, S, Li, Y, Sun, W, Li, J, et al. Breast cancer exosomes contribute to pre-metastatic niche formation and promote bone metastasis of tumor cells. Theranostics (2021) 11(3):1429. doi: 10.7150/thno.45351

151. Zhang, B, Li, Y, Wu, Q, Xie, L, Barwick, B, Fu, C, et al. Acetylation of KLF5 maintains EMT and tumorigenicity to cause chemoresistant bone metastasis in prostate cancer. Nat Commun (2021) 12(1):1–21. doi: 10.1038/s41467-021-21976-w

152. Vardaki, I, Corn, P, Gentile, E, Song, JH, Madan, N, Hoang, A, et al. Radium-223 treatment increases immune checkpoint expression in extracellular vesicles from the metastatic prostate cancer bone microenvironment. Clin Cancer Res (2021) 27(11):3253–64. doi: 10.1158/1078-0432.CCR-20-4790

153. Marshall, CH, Fu, W, Wang, H, Park, JC, DeWeese, TL, Tran, PT, et al. Randomized Phase II Trial of Sipuleucel-T with or without Radium-223 in Men with Bone-metastatic Castration-resistant Prostate CancerSipuleucel-T plus Radium in mCRPC. Clin Cancer Res (2021) 27(6):1623–30. doi: 10.1158/1078-0432.CCR-20-4476

154. Chen, J, Wu, Z, Ding, W, Xiao, C, Zhang, Y, Gao, S, et al. SREBP1 siRNA enhance the docetaxel effect based on a bone-cancer dual-targeting biomimetic nanosystem against bone metastatic castration-resistant prostate cancer. Theranostics (2020) 10(4):1619. doi: 10.7150/thno.40489

155. Sawada, Y, Kikugawa, T, Iio, H, Sakakibara, I, Yoshida, S, Ikedo, A, et al. GPRC5A facilitates cell proliferation through cell cycle regulation and correlates with bone metastasis in prostate cancer. Int J Cancer (2020) 146(5):1369–82. doi: 10.1002/ijc.32554

156. Zhang, L, Dong, Y, Wang, Y, Hu, W, Dong, S, and Chen, Y. Sphingosine-1-phosphate (S1P) receptors: promising drug targets for treating bone-related diseases. J Cell Mol Med (2020) 24(8):4389–401. doi: 10.1111/jcmm.15155

157. Verma, A, Artham, S, Alwhaibi, A, Adil, MS, Cummings, BS, and Somanath, PR. PAK1 inhibitor IPA-3 mitigates metastatic prostate cancer-induced bone remodeling. Biochem Pharmacol (2020) 177:113943. doi: 10.1016/j.bcp.2020.113943

158. Jennings, JW, Prologo, JD, Garnon, J, Gangi, A, Buy, X, Palussière, J, et al. Cryoablation for palliation of painful bone metastases: the MOTION multicenter study. Radiology: Imaging Cancer (2021) 3(2):1–11. doi: 10.1148/rycan.2021200101

159. Wang, Q, Yang, J, Wang, Y, Liu, H, Feng, Y, Qiu, L, et al. Lutetium177-Labeled DOTA-Ibandronate: a novel radiopharmaceutical for targeted treatment of bone metastases. Mol Pharmaceutics (2023) 20(3):1788–95. doi: 10.1021/acs.molpharmaceut.2c00978

160. Huang, S, Yuan, J, Xie, Y, Qing, K, Shi, Z, Chen, G, et al. Targeting nano-regulator based on metal–organic frameworks for enhanced immunotherapy of bone metastatic prostate cancer. Cancer Nanotechnol (2023) 14(1):1–15. doi: 10.1186/s12645-023-00200-y

161. Liu, B, Yang, Q, Cheng, Y, Liu, M, Ji, Q, Zhang, B, et al. Calcium phosphate hybrid micelles inhibit orthotopic bone metastasis from triple negative breast cancer by simultaneously killing cancer cells and reprogramming the microenvironment of bone resorption and immunosuppression. Acta Biomaterialia (2023) 166:640–54. doi: 10.1016/j.actbio.2023.05.038

162. Han, Y, Katayama, S, Futakuchi, M, Nakamichi, K, Wakabayashi, Y, Sakamoto, M, et al. Targeting c-Jun is a potential therapy for luminal breast cancer bone metastasis. Mol Cancer Res (2023) 21:MCR–22-0695. doi: 10.1158/1541-7786.MCR-22-0695

163. Han, S, Xue, L, Wei, Y, Yong, T, Jia, W, Qi, Y, et al. Bone lesion-derived extracellular vesicles fuel prometastatic cascades in hepatocellular carcinoma by transferring ALKBH5-targeting miR-3190-5p. Advanced Sci (2023) 10:2207080. doi: 10.1002/advs.202207080

164. Huang, Q, Liu, M, Zhang, D, Lin, B-B, Fu, X, Zhang, Z, et al. Nitazoxanide inhibits acetylated KLF5-induced bone metastasis by modulating KLF5 function in prostate cancer. BMC Med (2023) 21(1):1–24. doi: 10.1186/s12916-023-02763-4

165. Shen, Y, Zou, Y, Bie, B, Dong, C, and Lv, Y. Combining dual-targeted liquid metal nanoparticles with autophagy activation and mild photothermal therapy to treat metastatic breast cancer and inhibit bone destruction. Acta Biomaterialia (2023) 157:578–92. doi: 10.1016/j.actbio.2022.11.044

166. Wu, M, Kong, D, and Zhang, Y. SPON2 promotes the bone metastasis of lung adenocarcinoma via activation of the NF-κB signaling pathway. Bone (2023) 167:116630. doi: 10.1016/j.bone.2022.116630

167. Jian, L, Shi-Wei, L, Dan, J, Juan, W, and Wei, Z. GPR84 potently inhibits osteoclastogenesis and alleviates osteolysis in bone metastasis of colorectal cancer. J Orthopaedic Surg Res (2023) 18(1):3. doi: 10.1186/s13018-022-03473-y

168. Pan, E, Xie, W, Ajmera, A, Araneta, A, Jamieson, C, Folefac, E, et al. A phase I study of combination olaparib and radium-223 in men with metastatic castration-resistant prostate cancer (mCRPC) with bone metastases (COMRADE). Mol Cancer Ther (2023) 22(4):511–8. doi: 10.1158/1535-7163.MCT-22-0583

169. Inagaki, FF, Wakiyama, H, Furusawa, A, Okada, R, Kato, T, Fujimura, D, et al. Near-infrared photoimmunotherapy (NIR-PIT) of bone metastases. Biomed Pharmacother (2023) 160:114390. doi: 10.1016/j.biopha.2023.114390

170. Katakami, N, et al. Randomized phase II study of zoledronate dosing every four versus eight weeks in patients with bone metastasis from lung cancer (Hanshin Cancer Group0312). Lung Cancer (2023) 182:107261. doi: 10.1016/j.lungcan.2023.107261

171. Mascia, AE, et al. Proton FLASH radiotherapy for the treatment of symptomatic bone metastases: The FAST-01 nonrandomized trial. JAMA Oncol (2023) 9(1):62–9. doi: 10.1001/jamaoncol.2022.5843

172. Qin, Y, et al. Self-delivered supramolecular nanomedicine with transformable shape for ferrocene-amplified photodynamic therapy of breast cancer and bone metastases. Advanced Funct Materials (2021) 31(42):2104645. doi: 10.1002/adfm.202104645

173. Zhou, X, et al. Bone-targeting polymer vesicles for simultaneous imaging and effective Malignant bone tumor treatment. Biomaterials (2021) 269:120345. doi: 10.1016/j.biomaterials.2020.120345

174. Antonarakis, ES, et al. Pembrolizumab for treatment-refractory metastatic castration-resistant prostate cancer: multicohort, open-label phase II KEYNOTE-199 study. J Clin Oncol (2020) 38(5):395. doi: 10.1200/JCO.19.01638

175. Guo, R-Q, et al. Cryoablation, high-intensity focused ultrasound, irreversible electroporation, and vascular-targeted photodynamic therapy for prostate cancer: a systemic review and meta-analysis. Int J Clin Oncol (2021) 26(3):461–84. doi: 10.1007/s10147-020-01847-y

176. Gulley, JL, et al. Dual inhibition of TGF-β and PD-L1: a novel approach to cancer treatment. Mol Oncol (2022) 16(11):2117–34. doi: 10.1002/1878-0261.13146

177. Lee, Y-T, et al. The role of extracellular vesicles in disease progression and detection of hepatocellular carcinoma. Cancers (2021) 13(12):3076. doi: 10.3390/cancers13123076

178. Zhang, B, et al. Acetylation of KLF5 maintains EMT and tumorigenicity to cause chemoresistant bone metastasis in prostate cancer. Nat Commun (2021) 12(1):1714. doi: 10.1038/s41467-021-21976-w

179. Confavreux, CB, et al. Mutational profiling of bone metastases from lung adenocarcinoma: results of a prospective study (POUMOS-TEC). BoneKEy Rep (2014) 3. doi: 10.1038/bonekey.2014.75

180. Song, M-K, Park, SI, and Cho, SW. Circulating biomarkers for diagnosis and therapeutic monitoring in bone metastasis. J Bone Mineral Metab (2023) p:1–8. doi: 10.1007/s00774-022-01396-6

181. Chang, H, Dong, T, Ma, X, Zhang, T, Chen, Z, Yang, Z, et al. Spondin 1 promotes metastatic progression through Fak and Src dependent pathway in human osteosarcoma. Biochem Biophys Res Commun (2015) 464(1):45–50. doi: 10.1016/j.bbrc.2015.05.092

182. Lu, H, Feng, Y, Hu, Y, Guo, Y, Liu, Y, Mao, Q, et al. Spondin 2 promotes the proliferation, migration and invasion of gastric cancer cells. J Cell Mol Med (2020) 24(1):98–113. doi: 10.1111/jcmm.14618

183. Kobayashi, H, and Choyke, PL. Near-infrared photoimmunotherapy of cancer. Accounts Chem Res (2019) 52(8):2332–9. doi: 10.1021/acs.accounts.9b00273

184. Gao, X, Li, L, Cai, X, Huang, Q, Xiao, J, and Cheng, Y. Targeting nanoparticles for diagnosis and therapy of bone tumors: Opportunities and challenges. Biomaterials (2021) 265:120404. doi: 10.1016/j.biomaterials.2020.120404

185. Rieunier, G, Wu, X, Macaulay, VM, Lee, AV, Weyer-Czernilofsky, U, and Bogenrieder, T. Bad to the bone: the role of the insulin-like growth factor axis in osseous metastasis. Clin Cancer Res (2019) 25(12):3479–85. doi: 10.1158/1078-0432.CCR-18-2697

186. Bădilă, AE, Rădulescu, DM, Niculescu, A-G, Grumezescu, AM, Rădulescu, M, Rădulescu, AR, et al. Recent advances in the treatment of bone metastases and primary bone tumors: An up-to-date review. Cancers (2021) 13(16):4229. doi: 10.3390/cancers13164229

187. Fox, GC, Su, X, Davis, JL, Xu, Y, Kwakwa, KA, Ross, MH, et al. Targeted therapy to β3 integrin reduces chemoresistance in breast cancer bone metastases. Mol Cancer Ther (2021) 20(6):1183–98. doi: 10.1158/1535-7163.MCT-20-0931

188. Ayala, F, Dewar, R, Kieran, M, and Kalluri, R. Contribution of bone microenvironment to leukemogenesis and leukemia progression. Leukemia (2009) 23(12):2233–41. doi: 10.1038/leu.2009.175

189. Heller, E, Hurchla, MA, Xiang, J, Su, X, Chen, S, Schneider, J, et al. Hedgehog signaling inhibition blocks growth of resistant tumors through effects on tumor microenvironment. Cancer Res (2012) 72(4):897–907. doi: 10.1158/0008-5472.CAN-11-2681

190. Delea, T, Langer, C, McKiernan, J, Liss, M, Edelsberg, J, Brandman, J, et al. The cost of treatment of skeletal-related events in patients with bone metastases from lung cancer. Oncology (2005) 67(5-6):390–6. doi: 10.1159/000082923

191. Carlin, BI, and Andriole, GL. The natural history, skeletal complications, and management of bone metastases in patients with prostate carcinoma. Cancer: Interdiscip Int J Am Cancer Soc (2000) 88(S12):2989–94. doi: 10.1002/1097-0142(20000615)88:12+<2989::AID-CNCR14>3.0.CO;2-Q

192. Xu, Y, Zhang, S, Liao, X, Li, M, Chen, S, Li, X, et al. Circular RNA circIKBKB promotes breast cancer bone metastasis through sustaining NF-κB/bone remodeling factors signaling. Mol Cancer (2021) 20(1):1–18. doi: 10.1186/s12943-021-01394-8

193. Anderson, RL, Balasas, T, Callaghan, J, Coombes, RC, Evans, J, Hall, JA, et al. A framework for the development of effective anti-metastatic agents. Nat Rev Clin Oncol (2019) 16(3):185–204. doi: 10.1038/s41571-018-0134-8

194. Pi, Y, Zhao, Z, Xiang, Y, Li, Y, Cai, H, and Yi, Z. Automated diagnosis of bone metastasis based on multi-view bone scans using attention-augmented deep neural networks. Med Image Anal (2020) 65:101784. doi: 10.1016/j.media.2020.101784

195. Gonzalez, MR, Bryce-Alberti, M, and Pretell-Mazzini, J. Management of long bones metastatic disease: concepts that we all know but not always remember. Orthopedic Res Rev (2022) 14:393–406. doi: 10.2147/ORR.S379603

196. Caldaria, A, Giuffrida, R, Meo, N, Massari, L, Dianzani, C, Cannavò, SP, et al. Diagnosis and treatment of melanoma bone metastasis: A multidisciplinary approach. Dermatologic Ther (2020) 33(6):e14193. doi: 10.1111/dth.14193




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.

Copyright © 2024 Lan, Wu, Jin and Chen. 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.


OEBPS/Images/fendo-14-1260491-g001.jpg
HSPCs

BMPS
O < eee

l(— WNT ﬁ l
T L] Osteoclasts

o
i ey
Osteoblasts Sclerostin 00 o  RANKL

JAINRINANOA

Osteocytes

Bone






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Beyond boundaries: unraveling innovative approaches to combat bone-metastatic cancers

      

        		

          1 Introduction

        



        		

          2 Tumor metastasis mechanisms

        

          		

            2.1 Angiogenic mechanisms and cancer stem cells

          



          		

            2.2 Intravasation and extravasation

          



          		

            2.3 Premetastatic niche formation

          



          		

            2.4 Angiogenic cascades and tumor growth

          



        



        



        		

          3 The most common sites for cancers to metastasize

        



        		

          4 Bone remodeling and involved key factors

        



        		

          5 Bone metastasis

        

          		

            5.1 Bone-metastatic cancers

          



          		

            5.2 Types of bone metastases

          



          		

            5.3 Mechanisms of bone metastasis

          



          		

            5.4 Clinical manifestations

          

            		

              5.4.1 Bone pains

            



            		

              5.4.2 Hypercalcemia

            



            		

              5.4.3 Pathologic bone fractures

            



          



          



          		

            5.5 Diagnosis

          



        



        



        		

          6 Available and novel therapies

        

          		

            6.1 Conventional therapies

          



          		

            6.2 Novel therapeutic approaches

          



        



        



        		

          7 Challenges in bone-metastatic cancer treatment

        



        		

          8 Concluding remarks

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo.2023.1260491_cover.jpg
& frontiers | Frontiers in Endocrinology

Beyond boundaries: unraveling innovative
approaches to combat bone-metastatic
cancers





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Intervention

Mechanism of action

and outcomes

Denosumab +
nano-
encapsulated
docetaxel

CPT-
loaded pSiNP

ALN/FA-
decorated PTX-
loaded NPs

Oxa (IV)
@ZnPc@M +
anti-PD-L1

CD204"'TL-4R*
Macrophage
ablation

CA/ALN@FcB

BSA-coated
gold clusters

BTZ@ZnPc-ALN

Olaparib

LMWH-
modified
liposomes +
alendronate
+ doxorubicin

Calcilytics

Targeting
exosome-derived
miR-21

AMD3100

Radium-223 and
anti-PDL-1

Radium-223 and
Sipuleucel-T

PB@LC/D/siR

GPRC5A
knockout with
CRISPR/Cas9

Inhibition of
S1P/SIPR

IPA-3

Cryoablation

177Lu-
DOTA-IBA

MOF

DZ@CPH

JNK-IN-8

BM-Evs
contained
miR-3190

NTZ

CLALN +
mild-PTT

SPON2
Silencing
Inhibition of
NE-xB

« Inhibiting metastasis and tumor
progression with minimal side effects
such as bone loss

« Inhibiting the RANK/RANKL pathway
« Inhibiting the interaction between
tumor cells and the BME components

« Balancing the activity of osteoblasts
and osteoclasts

(139)

« Improving cytotoxic effect

« Reducing orthotopic primary tumor

growth (140)
« Prolonging survival rate

« Inhibiting bone metastases

« Alendronate has a high affinity for
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participated in the control arm
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responses (based on proliferation index)
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« High expression of GPRC5A is

associated with increased bone-
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« Reducing cell proliferation via (135)
induction of cell cycle arrest at the G2/M
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« Repressing bone metastasis in

xenograft mice models
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biological bridge between bone

formation and bone resorption
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bone remodeling in vivo

(157)

« Palliation of painful bone metastases
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« The participant’s quality of life (158)
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« Effectively control the progression of
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« Enhance patient survival, and improve (159)
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« The nano-regulator effectively targeted (160)
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« Reducing the activation of osteoclasts,
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into bone tissue by regulating the
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« Increasing the ratio of M1-type
macrophages to M2-type macrophages in
the bone metastasis tissue
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« Significant inhibition of tumor

progression by impairing autophagy and
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protein induced by mild-PTT

« Overcoming thermal resistance and (165)
alleviating immunosuppression

« Effectively reduced osteolysis, which

was not achieved by using CLALN alone
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« Significantly reduced bone metastasis
in a mouse model of ADC
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« Suppressing bone metastasis

« Inhibition of NF-xB using a specific
inhibitor attenuated the migration and
invasion induced by SPON2 in

ADC cells

« Significantly inhibited the formation of

osteoclasts in the TME

« Preventing osteolysis, the destruction of (167)
bone tissue, during CRC-induced

bone metastasis

« The most common adverse events
related to the treatment were fatigue
(92%) and anemia (58%)

« A positive outcome was indicated by a
58% radiographic progression-free
survival (rPFS) rate at the 6-month mark
« Out of the nine patients whose HRR
gene status was evaluated, one patient
exhibited a BRCA2 alteration (with an
rPFS of 11.8 months), and another
patient had a CDK12 alteration (with an
rPFS of 3.1 months)

(168)

« Exerting a therapeutic effect on the
bone metastatic lesions in the mice

« Repairing bone destruction caused by
the metastases, leading to the restoration
of bone cortex continuity, similar to the
healing process

(169)

« There was no significant difference in
the time it took for the first SRE to occur
between the two groups (P = 0.715, HR
=118, 95% CI = 0.48, 2.9)

« The rate of SREs after 12 months was
17.6% (95% CI = 8.4, 30.9%) in the 4wk-
ZA group and 23.3% (95% CI = 11.8,
38.6%) in the 8wk-ZA group, with no
significant difference observed

« No significant differences were found
between the two groups for any of the
secondary endpoints, and these
endpoints did not vary among different
treatment modalities

« An eight-week interval for ZA
administration does not increase the risk

(170)

of SREs in patients with bone metastasis
from lung cancer

« The observed side effects were mild

and in line with those seen in standard

radiotherapy

« Despite some brief episodes of (171)
increased pain at specific treated sites, NCT04592887
most patients reported experiencing pain

relief and a substantial reduction in

discomfort at those locations

« Exhibited rapid elimination from the
bloodstream, minimal absorption by soft
tissues, and excretion through urine,
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« Alleviated pain in patients within a
few days of administration, offering
enduring relief without any harmful
side effects

(159)
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