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Abstract: Bone metastasis is one of the most important factors associated with poor prognosis for 
patients with prostate, breast, thyroid, and lung cancer. In the past two decades, 651 clinical trials, 
including 554 interventional trials, were being registered in ClinicalTrials.gov and pharma.id.informa. 
com to combat bone metastases from different perspectives. In this review, we comprehensively analyzed, regrouped, and discussed all 
the interventional trials on bone metastases. Clinical trials were re-grouped into bone-targeting agents, radiotherapy, small molecule 
targeted therapy, combination therapy, and others, based on the different mechanisms of action including modifying the bone 
microenvironment and preventing the growth of cancer cells. We also discussed the potential strategies that might improve overall 
survival and progression-free survival of patients with bone metastases in the future.
Keywords: bone metastases, clinical trials, interventional, ClinicalTrials.gov, pharma.id.informa.com

Introduction
Bone metastasis is defined as the metastasis of the cancer cells from primary sites to the bones, which increases the risk 
of skeletal-related events (SREs), such as bone pain, pathological bone fractures, and even spinal cord compression that 
requires emergency surgery. Bone is one of the most common sites for metastases in cancer. Worldwide, more than 
1.5 million cancer patients will eventually develop bone metastases, making bone one of the most common metastatic 
sites.1 Many cancers can result in distant metastases, but up to 70% of skeletal metastases originate from prostate and 
breast cancers.2 It has been reported that only about 0.02% of cancer cells entering the circulation produce clinically 
detectable metastases, indicating metastasis formation process is highly inefficient.3 However, once metastases occur, 
they lead to 90% of cancer-associated mortality.4 Therefore, There is an urgent need to develop effective new drugs, 
explore novel combination therapies, and make new treatment strategies to improve patient outcome.

Based on the predominant radiographic appearances of lysis or sclerosis in the bone, bone metastases can be classified 
as osteolytic or osteoblastic bone lesions, respectively. As in many patients with multiple myeloma or lung cancer, in 
which osteoclast-mediated bone resorption dominates, once bone destruction occurs focally, the so-called “punched out” 
lytic lesion forms. In contrast, in patients with prostate cancer, increased osteoblast activity leads to the dense osteo-
sclerotic appearance of the metastatic bone lesions.5 When both lytic and sclerotic components coexist in one metastatic 
bone lesion, mixed lesions develops. Mixed lesions occur in many tumor types, especially in patients with metastatic 
breast cancer.

The highly dynamic bone microenvironment results from the complex cell types, such as osteocytes, osteoblasts, 
osteoclasts, immune cells, hematopoietic stem cells, adipocytes, and endothelial cells, and the dialogue between those 
cells and tumor cells.6 The functional roles of cellular and extracellular components of bone microenvironment in the 
initiation and progression of bone metastases were well studied and comprehensively reviewed.7 Molecular character-
ization could help unravel the biological interactions between bone microenvironment and tumor cells and eventually 
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prevent bone metastasis by developing specific therapeutic strategies. Preclinical models of bone metastasis indicated that 
the infiltrated cancer cells disrupt the coordinated process regulating bone remodeling. In the early stage of bone 
metastases, tumors can influence the bone marrow microenvironment by preparing for invasion through the formation 
of pre-metastatic niches.8,9 In turn, the bone microenvironment supports the survival and clonal selection of tumor cells 
after colonization, such as immune escape, immunomodulation, and reprogramming of stromal signature and 
angiogenesis.10 The concept of “vicious cycle” was widely accepted to explain the mechanism that governs the growth 
of bone metastases. Once established in bone, metastasized tumors modify their immediate environment to support their 
own survival and growth.11–14 Importantly, tumors and bone share overlapping signaling pathways, providing the 
fundamental basis for therapeutic targets, such as RANK and RANKL which were detected in breast cancer samples 
and associated with tumor propagation, bone metastases, and a poor prognosis in both clinical and preclinical studies.15 

Nowadays, by interrupting the “vicious cycle” of bone metastasis, RANKL inhibition and bisphosphonates have been 
successfully approved for the treatment of patients with bone metastases from many sorts of solid tumors, including 
prostate and breast cancers.

Randomized clinical trials, developed by regulatory agencies, researchers, drug developers, and statisticians, are 
conducted to reduce the uncertainty over the safety and efficacy of an intervention.

Given the inherent complexity, potential cost, and timelines of clinical developments of new interventions against 
bone metastases, learning the lessons from the past, no matter whether it is failure or success, will be crucial for future 
successes of new treatment development. Until now, interventional clinical trials for therapies relating to treatment of 
bone metastases have not been systemically analyzed and reviewed yet. Thus, this systematic review provides an 
overview of clinical trials designed to evaluate the trends of interventions in the treatment of bone metastases during 
the last two decades.

Data Collection
On 1 October 2022, two datasets of 520 and 235 clinical studies related to bone metastases were obtained from 
ClinicalTrials.gov (a resource including all interventional studies and provided by the US National Library of 
Medicine) (Table S1) and pharma.id.informa.com (Pharmaprojects, including only drug development database developed 
by INFORMA) (Table S2), respectively. The term [Bone metastases] was used as the keyword for search. After 104 
overlapped clinical trials were removed, data from these two datasets were combined and a new table with 651 clinical 
trials was generated (Table S3) (Figure 1).

Figure 1 Flowchart of clinical trial selection for bone metastases.

https://doi.org/10.2147/OTT.S415399                                                                                                                                                                                                                                  

DovePress                                                                                                                                                            

OncoTargets and Therapy 2023:16 486

Shen et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=415399.xlsx
https://www.dovepress.com/get_supplementary_file.php?f=415399.xlsx
https://www.dovepress.com/get_supplementary_file.php?f=415399.xlsx
https://www.dovepress.com
https://www.dovepress.com


The new table contains the following information extracted from the website: TrialTrove ID, NCT number, trial title, trial 
phase (early phase I, I/II, II, II/III, III, III/IV, IV); trial status; sponsor; sponsor type; study type (interventional, observational 
or others); treatments; treatment summary; treatment type; targets; combination target 1; combination target 2; start date; 
patient gender; locations and the record URL (Table S3). The datasets were analyzed using sorts of parameters in Microsoft 
Excel. Information regarding terminologies can be obtained from Clinical Trials Transformation Initiative website.

Characteristics and Trends of Trials
Our data collection identified 651 trials involving bone metastases, and our review was started based on these clinical 
trials. Among them, only 97 are observational clinical trials; all the rest 554 are interventional clinical trials. Thirty-two 
from observational trials had no treatment information and were excluded from the total clinical trials identified. Sixty- 
four interventional clinical trials had missing information regarding the start date of the trials, but were not excluded from 
the dataset except that those data were not used for analysis of the year trend. The clinical trials were sponsored by 
academia (252, 40.7%), industry (198, 32%), and the collaboration of industry and academia (169, 27.3%) (Figure 2A). 
Of the 619 clinical trials, 569 had country information. For those with country information, 494 were conducted by 
a single country, and the remaining 75 by multiple countries. Clinical trials were conducted mainly in United States (233) 
either as a single country (196) or as collaborative partner (27) with other countries, followed by France (61) and China 
(62) (Figure 2B). A total of 206 clinical trials had missing information regarding phase stage. Of the 439 clinical trials 
with phase stage, phase II (including phase I/II) trials were in the majority (212, 48.3%), followed by phase I (62, 
14.1%), phase III (including II/III) (100, 22.8%), and phase IV trials (including III/IV) (65, 14.8%) (Figure 2C). For the 
trend of clinical trials on bone metastases over time, the total number of trials fluctuated over the past 20 years with two 
peaks in 2006 and 2015, respectively. However, the total number of trials tended to decrease gradually since 2020 
(Figure 2D). Additionally, 93 interventional trials are still underway, including 13 open, 12 not recruiting, 14 active but 
not recruiting, 47 recruiting, and 7 planned clinical trials. Those clinical trials were included in this review since they are 
representing the current direction and progress of treatment in bone metastases.

Classification of Interventional Trials
Among the 554 interventional trials, 75 and 12 were terminated or withdrawn, respectively. Next we focused on the 
review of the rest of the 467 interventional trials, which are listed in Figure 3. Interventional clinical trials for bone 

Figure 2 (A) Sponsors of clinical trials for bone metastases. (B) Country distributions of clinical trials. (C) Phase stages of clinical trials. (D) Trends of clinical trials of bone 
metastases.
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metastases, including combination therapy (52, 11.1%) and single agent therapy, made up of bone-targeting agent (BTA, 
including bisphosphonates and RANKL inhibitors) (78, 16.7%), radiotherapy external beam radiotherapy (EBRT) and 
targeted radionuclide therapy (106, 22.7%), and small molecule targeted therapy (SMTT, 88, 18.4%), accounted for the 
vast majority, and the rest of the trials were grouped as “others” (143, 30.6%) which were further divided into calcium 
balance agents (10, 2.1%), chemotherapy (15, 3.2%), immunotherapy (9, 1.9%), orthopedic surgery (8, 1.7%), ablation 
(9, 1.9%), diagnostic performance (15, 3.2%), ultrasound (17, 3.6%), and others (60, 12.8%). The treatment groups and 
the detailed information of their phase stages were extracted and are shown in Figure 3.

Discussion
This systematic review provided substantial information on the interventional clinical trials for the treatments of bone 
metastases in the last two decades. Treatment decisions depend on whether the bone metastases are widespread or 
localized, on the nature of the original malignancy, and the appearance of the metastases outside of bone. Cure is only 
a realistic aim in the treatment of bone metastases and the tumors affecting the bones. However, multidisciplinary 
management, including BAT (bisphosphonates and RANKL inhibitors), radiotherapy (EBRT and targeted radionuclide 
therapy), SMTT, systemic therapy with orthopedic surgery, cytotoxic chemotherapy, and other therapies, can still 
effectively prevent disease progression, palliate morbidity associated with skeletal lesions, and improve quality of life.

Bone-Targeting Agent
In the past two decades, BTA accounts for 16.7% (78/467) of all interventional clinical trials (Figure 3B). Up to the 
present, BTA has become the standard of care for the prevention and treatment of bone metastasis-associated skeletal 
complications in patients with solid tumors.16,17 Biochemical data indicated that bone resorption mediated by osteoclast 
cells is important not only in breast and lung cancer-derived osteolytic bone metastases but also in osteoblastic lesions 
from prostate cancers. Therefore, the osteoclast is a primary therapeutic target for bone metastases irrespective of the 

Figure 3 Phase stages of different treatment groups for bone metastases in interventional clinical trials. (A) Types of therapy for treating bone metastases. (B) Phase stages 
in different interventional groups.
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original tissue of the tumor. BTA provides an additional treatment approach for bone pain relief across a range of tumor 
types, which seems to be independent of radiographic appearance of metastases and the nature of the underlying tumor.18

BTA consists of bisphosphonate (55.1%, 43/78) and anti-RANK ligand (RANKL) antibody (41%, 32/78) in clinical 
trials (Figure 3B). For these clinical trials, the primary end point was the influence of BTAs on the number of patients 
experiencing SREs, the time to the first SREs, and the rate of SREs as evaluated by either a simple annual rate or more 
complex multiple event analysis methods.

The bisphosphonates are pyrophosphate analogs, characterized by a P-C-P-containing central structure that makes 
bisphosphonates resistant to phosphatase activity and promotes its binding to a mineralized matrix of bone. 
Bisphosphonates reduce osteoclast activity by promoting osteoclast apoptosis, by decreasing osteoclast progenitor 
development, and by disrupting several biochemical processes involved in osteoclast function.19 In addition, bispho-
sphonates appear to have a beneficial effect on osteoblasts.20 Both the intravenous formulations of pamidronate 
(zoledronic acid and ibandronate) and the oral agents (ibandronate and clodronate) show useful clinical efficacy in 
patients with bone metastases originating from breast cancer. Placebo-controlled randomized trials have shown that 
bisphosphonates reduce bone pain and biochemical markers of bone resorption in patients with osteoblastic bone lesions 
that are associated with advanced prostate cancer.21 A randomized phase III, placebo-controlled trial has shown that, 
compared with placebo, zoledronic acid significantly reduced the overall risk for SRE(s) by almost 30%, doubled the 
time to the first SRE, and reduced the proportion of patients with at least one SRE during bone metastases from many 
sorts of solid tumors other than prostate and breast cancer.22,23

Anti-RANKL antibody has a high RANKL binding ability, preventing its interaction with RANK in a way similar to 
osteoprotegerin which inhibits RANK signaling and bone resorption by binding to RANKL.21 Denosumab was the only 
anti-RANKL antibody observed in the clinical trials ranging from phase I to phase IV. Compared to zoledronic acid, 
denosumab has been shown to be more efficient in the prevention of SREs from breast cancer, prostate cancer, and other 
advanced solid tumors and was generally well tolerated.24–26 Denosumab has been shown to effectively reduce the risk 
for any clinical fracture, prevent breast cancer treatment-induced bone loss, and improve disease-free survival in women 
with breast cancer receiving an aromatase inhibitor.27–29 Denosumab treatment was associated with bone loss prevention 
and a significantly reduced incidence of new vertebral fractures in men with prostate cancer receiving ADT.29,30 

Compared with placebo, denosumab significantly delayed the time to first bone metastases and increased bone metas-
tasis-free survival by a median of 4.2 months in men with non-metastatic CRPC. However, this effect was not considered 
sufficient to change clinical practice due to no improvement in overall survival (OS) in patients with CRPC and relatively 
high cumulative incidence of osteonecrosis of the jaw.31 Compared to zoledronic acid, denosumab was associated with 
better overall survival in patients with lung cancer and bone metastases.32 In the ABCSG-18 trial, adjuvant denosumab 
treatment results in better disease-free survival, bone metastasis-free survival, and OS in patients with early hormone 
receptor-positive breast cancer on aromatase inhibitor therapy.33

The aim of the use of BTAs is to reduce subsequent complications and to delay the appearance of first SRE from bone 
metastases. The extent to which patients benefit from BTAs treatment depends on several critical factors, such as the 
origin and stage of bone metastases, the time when treatment is initiated after the diagnosis, which BTA treatment is used 
first, how long the treatments will last, and finally the physician’s judgment and the compliance of patients.34 However, 
no randomized data are available to support whether BTA treatment should be initiated in all patients with bone 
metastases as soon as bone metastases are diagnosed. Meanwhile, no approved tool was reported to predict which 
patients will eventually develop SREs. Based on the benefits of BTAs to patients with bone metastases, they are 
recommended to be initiated in the vast majority of patients as soon as the diagnosis of bone metastases with or without 
symptoms.35

Radiotherapy
In our dataset, radiotherapy (22.7%, 106/467) comprises EBRT (43.4%, 46/106) and targeted radionuclide therapy 
(56.6%, 60/106) (Figure 3B). Radiotherapy is performed primarily to improve quality of life by relieving pain, prevent 
pathologic fractures, and maintain skeletal function. Osteoclast activation was reported to be associated with painful 
osteolytic metastasis which leads to higher rate of pathological fractures. The extent of beneficial effects of radiotherapy 
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on bone pain mainly depends on its capability to diminish osteoclast activation, promote ossification of osteolytic lesions, 
and kill tumor cells eventually.36 Partial or complete pain relief was shown to occur rapidly, benefiting 40% of responders 
within 10 days.37 Side effects of palliative radiotherapy for bone metastases depend on which body area was treated. 
Spinal cord compression is a medical emergency requiring urgent magnetic resonance imaging to confirm the diagnosis. 
Radiotherapy alone (for patients with poor prognosis) or combined with surgical intervention (for patients with good 
performance status) should be given to patients with urgent spinal cord compression (SCC) after the initial dexametha-
sone treatment.38 Radionuclide therapy was reported to be superior to EBRT in that normal tissues may partially be 
spared by delivering the radiation more specifically to the tumor.39 Radium-223 (α-emitting radiopharmaceutical 
223radium dichloride), strontium-89 (β-emitting radiopharmaceutical 89strontium), and samarium-153 (ethylene diamine 
tetramethylene phosphonate-153samarium) are the main radionuclide therapies studied in clinical trials, accounting for 
60% (36/60), 10% (6/60), and 15% (15/60), respectively (Table S3). The rest accounted for 15% of the radionuclide 
therapies, including Sn-117m-DTPA, Ho-166-DOTMP, and Re-188-HEDP. These radiopharmaceuticals preferentially 
target newly formed bone matrix, causing DNA damage and cell death.40,41 Approval has been given for 223Ra for the 
treatment of men with CRPC and symptomatic bone metastases, but no known visceral metastases; 223Ra significantly 
improved overall survival and delayed new symptomatic skeletal events by 3.6 months and 5.8 months, respectively, in 
patients with metastatic castration-resistant prostate cancer (mCRPC) who failed or were unfit for docetaxel, receiving 
223Ra or placebo in addition to best standard of care.42 Samarium-153 and strontium-89 are approved for the occasional 
use to relieve bone metastasis-derived bone pain.43

Modern radiotherapy techniques like stereotactic body radiotherapy (SBRT), which delivers a high ablative biological 
dose in one to several fractions in a short treatment course and results in prompt pain relief and excellent disease control 
with acceptable toxicity, have been established as a safe and effective treatment option for bone metastases. The 
symptom relief and safety of SBRT in the treatment of metastases in spinal bone have been well established.44–48 

However, contrary to conventional EBRT, SBRT is still not the standard of care treatment for patients with bone 
metastases due to the lack of consistent dose schedule in previous studies. No formal evidence in clinical practice is 
available to lead to definitive conclusions on the superiority of one regimen over another. In terms of the use of SBRT in 
bone metastases other than spine, limited studies were published to evaluate its effect on pain control and safety.

Small Molecule Targeted Therapy (SMTT)
Over the past two decades, the strategy of cancer treatment has shifted tremendously, from broad-spectrum cytotoxic 
chemotherapies to targeted therapies.49 Compared with traditional chemotherapies, SMTTs have high potency and low 
toxicity by specifically targeting cancer cells but sparing normal cells. There were 88 clinical trials related to SMTTs, 
accounting for 18.84% (88/467) of total interventional trials (Figure 3B). Among 88 SMTTs, 63 (71.6%) were related to 
zibotentan, a potent antagonist of endothelin A. However, compared with docetaxel alone, phase III trials of docetaxel in 
combination with zibotentan failed to improve OS in patients with mCRPC.50,51 Tyrosine kinase inhibitor (22.7%, 20/88) 
was ranked second among SMTTs, targeting BCR-ABL, EGFR, VEGF, and mTOR (Table S3).

In patients with advanced ER+/HER2- breast cancer who failed on prior nonsteroidal aromatase inhibitor therapy, 
exemestane in combination with mTOR inhibitor, everolimus, significantly increased the median progression-free 
survival compared to exemestane alone. Additionally, bone marker levels increased under the treatment of exemestane 
alone, but decreased when combined with everolimus.52,53 By suppressing increased bone turnover by exemestane, 
everolimus plus exemestane significantly decreases disease progression in the bone.52 This clinical finding may result 
from mTOR inhibitor which disrupts the mTOR signaling pathway required for RANKL and M-CSF mediated osteoclast 
survival.54

In the phase III METEOR trial, dual tyrosine kinase inhibitor, cabozantinib, that targets both c-MET and VEGFR2, 
was related to a significant improvement of overall survival and progression-free survival in renal cell cancer patients 
with bone metastases.55

Other SMTTs, such as RON receptor tyrosine kinase inhibitor, Src kinase inhibitors, and cathepsin K inhibitors, were 
either in early clinical development or withdrawn due to the lack of efficacy or severe side effects.41,56

https://doi.org/10.2147/OTT.S415399                                                                                                                                                                                                                                  

DovePress                                                                                                                                                            

OncoTargets and Therapy 2023:16 490

Shen et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=415399.xlsx
https://www.dovepress.com/get_supplementary_file.php?f=415399.xlsx
https://www.dovepress.com
https://www.dovepress.com


Many SMTTs are still in their early stages of preclinical development, and there are still challenges for the future 
translation of these SMTTs to the clinic. BTA can be considered as an exceptionally good example of SMTTs in bone 
metastasis treatment. However, no other SMTT has been discovered as successfully as BTA in bone metastasis treatment 
even decades after the approval of BTAs. Several challenges have to be overcome to increase the success of SMTTs in 
bone metastasis treatment: 1) How to increase the metabolic stability and prolong the plasma circulation time; 2) How to 
deliver the SMTTs specifically to the metastatic bone lesions; 3) How to greatly reduce the cytotoxicity of SMTTs to 
normal organs; 4) How to overcome de novo and acquired resistance due to the complex and dynamic microenviron-
ments and original tumor itself. With the success of antibody-drug conjugates (ADC) in clinic, this strategy can also be 
used as a new direction of SMTTs development in bone metastases in the future.

Combination Therapy
By combining two or more therapeutic agents, combination therapy results in more efficient tumor killing by achieving 
synergistic anticancer activity, improves treatment outcomes by reducing the emergence of drug resistance, and reduces 
the toxicity by decreasing the dosage of the individual drug.57,58 We collected 52 combination therapy trials for patients 
with bone metastases accounting for 11.1% (52/467) of all interventional trials (Figure 3B). Radiotherapy, BTA, and 
chemotherapy are the cornerstones of the combination therapy, representing 48.1% (25/52), 44.2% (23/52), and 30.8% 
(16/52) of the combination therapy trials. As we discussed before, the combination of mTOR inhibitor, everolimus, plus 
aromatase inhibitor, exemestane, was presented as a good example of combination therapy in the treatment of breast 
cancer with bone metastases.52,54 Combination therapies of Ra-223 with chemotherapeutic agents (cabazitaxel and 
docetaxel), hormonal therapies (enzalutamide and abiraterone), poly-ADP ribose polymerase (PARP) inhibitors (nira-
parib and olaparib), or immunotherapy (atezolizumab and pembrolizumab) in patients with bone metastases from 
mCRPC were comprehensively reviewed by Cursano et al.59 One small size, retrospective clinical study indicated that 
radiotherapy combined with BTA was superior to BTA alone for the treatment of osteolytic bone metastasis.60 With the 
rapid development of high throughput drug screens, CRISPR-cas9 knockout based gene dependence screens, and single 
cell sequencing, more new vulnerabilities will be discovered as potential targets to antagonize the emergence of 
treatment-resistant tumors. Furthermore, some of them may even be targeted in advance to prevent the onset of resistance 
by combining with the standard of care.

Future Perspective
Although progress has been achieved in the management of SREs and improvement of patients’ lives, treatments do not 
address the specific issues of the patients with bone metastases such as tumor dormancy and colonization, acquired 
resistance from the treatment, or improvement of overall survival. Over the past several decades, our knowledge to 
understand both the mechanism of action and possible resistance to the treatment of bone metastases has changed 
dramatically due to the development of preclinical and clinical studies. Improvement in progression-free survival and, 
ultimately, in OS is the final goal of the treatment in patients with bone metastases. To achieve this goal, more efforts can 
be focused on the study of the molecular mechanism of tumor heterogeneity, utilizing the new large-scale screens and 
other new advanced technologies in early diagnosis and prognosis evaluation of bone metastases.

Targeting Intratumor Heterogeneity of Bone Metastases
Tumor heterogeneity of both cancer cells and cells composing the tumor microenvironment, which contributes to drug 
resistance and compromises treatment outcomes, is one of the major problems in bone metastasis treatment. Tumor 
heterogeneity of bone metastases not only comes from the primary tumors, such as tumors from breast,61 prostate,62 

lung,62 thyroid,63 and kidney64, but also from the bone microenvironment which further adds complexity to tumor 
heterogeneity by introducing cooperative reciprocal interactions among tumor cells, the mineralized bone matrix, 
osteoclasts and osteoblasts.65 This complexity of tumor heterogeneity greatly hinders progress in drug development in 
bone metastases, reflecting the extraordinarily high failure rate of drugs developed for this disease, and may explain the 
reason why the number of new registered clinical trials for bone metastases decreases since 2019 (Figure 2D). Therefore, 
better understanding of inherent features underlying the dynamic heterogeneity within the tumor ecosystem and the 
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application of this knowledge for the future treatment design are essential for the development of effective and durable 
therapeutic strategies for patients with bone metastases.

So far, our knowledge about the functional role of intratumoral heterogeneity in cancers is largely obtained from the 
analysis of bulk tumor specimens, especially from different types of bulk sequencing; however, diverse subpopulations, 
mixed nonmalignant cells, and dynamic evolution of cancer cells during continuous treatment limit the characterization 
of the underlying mechanism of intratumoral heterogeneity. Single-cell sequencing technologies are emerging, advan-
cing, and promising sequencing strategies with considerable potential to unveil the complex architecture of clonal 
heterogeneity of cancers. Currently, single-cell sequencing technologies can be used to analyze not only tumor hetero-
geneity, but also other metastasis-related malignant biological characteristics, such as microenvironment and drug 
resistance, and construction of metastasis-related cell maps for monitoring the dynamics of metastasis and identifying 
new vulnerabilities to targeted therapy.66–68 Single-cell sequencing includes a series of technologies that evaluate cells at 
the genomic, epigenomic, transcriptomic, and proteomic levels between primary sites and metastases, but also before and 
after drug treatments.69 Single-cell sequencing has been used in a clinical trial to build a risk prediction model of bone- 
related events and verify the comprehensive treatment of bone metastases in patients with non-small cell lung cancer 
(NCT04568291).

Discovering Novel Vulnerabilities of Bone Metastases
Due to the complexity of original tumors themselves and crosstalk between tumor and its microenvironment, treatment 
options for bone metastases are still limited, among which the most recently approved treatment was approved years ago. 
In the previous several years, the newly registered treatments for bone metastases even started to decrease. It is the urgent 
task not only for the researchers but also for the clinicians to discover new treatments to improve the survival of patients 
with bone metastases. As promising approaches to screen out new potential therapies for bone metastases, large-scale 
screens, such as drug screen and CRISPR screen, have already shown their power in the discovery of previously 
unknown molecular mechanisms and uncovering new vulnerabilities of tumors in preclinical studies. The first drug 
screening was conducted in small-size cancer cell lines by the National Cancer Institute (NCI) in the 1980s. To date, over 
100,000 compounds have been screened in more than 1000 cancer cell lines by many different institutes either in 
academia or in industries, such as NCI, the Sanger Institute, the Broad Institute, the Institute for Molecular Medicine 
Finland, GlaxoSmithKline, the MGH cancer center, Novartis, Berkeley National Laboratory, and Genentech.70 Recent 
advances in technology and screening techniques have allowed high-throughput screening of drug-drug combinations71– 

73 as well as the ability to pool cancer cell lines together for both in vitro and in vivo drug screening.74 Large-scale drug 
screening was also reported to be used in the repurposing of previously FDA-approved drugs in pancreatic cancers.75

Genetic screenings provide new approaches for dissecting all facets of cell biology, including genes, functions, and 
mechanisms involved in a given biological process or phenotype. CRISPR screen, not only for programmable DNA 
editing with wide type Cas9,76 but also for transcriptional and epigenomic regulation by using dead Cas9D10A/H840A 
(dCas9), has emerged as one of the most powerful and flexible types of genetic screening.77,78 Importantly, the CRISPR 
cas9 edited cells can be compared between different time points and combined with different challenges, such as drug 
treatment in cancer cells for the study of drug resistance and discovery of new vulnerabilities for bone metastases. Single- 
cell sequencing can also be used to combine with CRISPR screens to simultaneously determine the gRNAs which 
produce a perturbation and meanwhile the corresponding transcriptome profiles at the single cell level. It is expected that 
CRISPR screens will be used in the study of the molecular mechanism of bone metastases and the discovery of new 
treatment options for patients with this disease.

Summary
Bone is among the sites with the most frequent metastases, especially from breast, prostate, and lung cancer. SREs are 
one of the major issues for patients with bone metastases, leading to serious negative consequences for those patients. 
Bone metastasis treatment is mainly aimed at relief of SREs and preventing disease progression. In this review, we 
analyzed the clinical studies related to bone metastases downloaded from ClinicalTrials.gov and pharma.id.informa.com. 
We found that limited new treatment options finally went to the final steps of clinical trials and the number of clinical 
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trials for bone metastases did not increase too much in the past decade and even started to decrease in recent years. Our 
comprehensive analysis provides valuable information regarding the current treatments of bone metastases which may be 
helpful to investigators and also industry for future decisions. We also provided many advanced technologies for the 
future study of the molecular mechanism and future development of treatment options in patients with bone metastatic 
cancer.
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