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Abstract: Breast cancer cells preferentially metastasise to the skeleton, owing, in part, to 

the fertile environment provided by bone. Increased bone turnover releases growth factors 

that promote tumour cell growth. In turn, tumour cells release factors that stimulate further 

bone turnover, resulting in a vicious cycle of metastasis growth and bone destruction. The 

RANK-RANK ligand (RANKL) pathway plays a key role in this cycle, and inhibition of 

RANKL using the fully-human monoclonal antibody denosumab, has demonstrated 

efficacy in delaying skeletal complications associated with bone metastases in three phase 

3 trials. Preclinical studies suggest that the RANKL pathway also plays a role in breast 

cancer tumourigenesis and migration to bone. In a subgroup analysis of the negative 

Adjuvant Zoledronic Acid to Reduce Recurrence (AZURE) trial, the bisphosphonate 

zoledronic acid showed potential for improving survival in patients who were 

postmenopausal; however, a prospective study in this patient population is required to 

validate this observation. Ongoing trials are examining whether adjuvant blockade of the 

RANKL pathway using denosumab can prevent disease recurrence in patients with  

high-risk breast cancer. These are building on analogous studies that have shown that 

denosumab improves bone metastasis-free survival in prostate cancer and suggested that it 

confers an overall survival benefit in non-small-cell lung cancer.  
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1. Introduction 

Bone metastases are common in many types of solid tumours and occur in over 70% of individuals 

with advanced breast cancer [1]. They are associated with debilitating skeletal complications, 

commonly referred to as skeletal-related events (SREs) and comprising pathologic fracture, radiation 

to bone, surgery to bone or spinal cord compression [2]. As well as being associated with increased 

mortality [3,4], SREs can be associated with severe pain, impaired mobility and reduced quality of  

life [1,5]. Improvements in the management of breast cancer have led to increased survival times for 

patients with metastatic bone disease, but this means that the life-time risk of developing SREs has 

also increased. 

The high frequency of bone metastasis in breast cancer can be attributed in part to patterns of 

venous circulation, with blood draining from the breast to the spinal veins [2]. The distribution of  

bone metastases reflects this network of blood flow. Thus, most common metastatic site is the axial 

skeleton, in particular the spine, sternum and ribs [2,6,7]. Although patterns of venous circulation 

explain the distribution of metastases to a degree, autopsy studies indicate that, if metastatic sites  

were solely determined by blood flow, there should be fewer bone metastases than are observed in 

breast cancer [8]. 

Tracking the migration and growth of tumour cells in a mouse model illustrated that the  

rate-limiting step in metastasis was not migration and extravasation into tissue, but was the ability of 

tumour cells to grow in the surrounding tissue [9]. This ability is determined by both the properties of 

the tumour cells themselves, and of the tissue they have migrated to. In 1889, Stephen Paget proposed 

the theory that bone provides an environment that is particularly conducive to breast cancer cell  

growth [10]. Extensive research has since demonstrated that it is the continuous turnover of bone that 

results in a fertile “soil” in which metastatic cells can “seed”. During bone resorption, the bone matrix 

releases a variety of growth factors that promote cell proliferation and survival [11,12]. The cells 

involved in resorption (osteoclasts) also produce angiogenic factors and matrix metalloproteinases that 

facilitate growth of new vasculature [13], an absolute requirement for tumour progression [8]. 

2. The RANK Pathway in Bone Metastasis 

The favourable environment provided by bone is enriched further through interactions between 

tumour cells and some of the cells within the bone (osteoclasts and osteoblasts) [12]. These 

interactions stimulate bone resorption, thereby increasing the availability of tumour-promoting factors, 

which in turn results in tumour cell proliferation. If left unchecked, these reciprocal interactions  

result in a self-perpetuating cycle of bone destruction and tumour growth. The RANK ligand 

(RANKL)/RANK pathway is a key driver of this “vicious cycle” (Figure 1). 
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Figure 1. The “vicious cycle” of bone destruction in metastatic bone disease. 

 

RANKL is a member of the tumour necrosis factor family of cytokines. When it binds to its 

receptor, RANK, expressed on osteoclast precursors, it promotes their differentiation, function and 

survival [14]. When breast cancer cells grow they produce several factors, such as parathyroid 

hormone-related peptide [15], that stimulate production of RANKL by stromal and osteoblast-lineage 

cells [16]. This in turn promotes osteoclastogenesis, increasing bone resorption and resulting in the 

release of more growth factors and angiogenic mediators that further stimulate tumour cell growth and 

proliferation [11,12,14]. Animal studies using mouse models of breast cancer metastasis to bone have 

demonstrated that administration of recombinant osteoprotegerin (OPG), the RANKL decoy receptor, 

decreases the number of tumour-associated osteoclasts and reduces levels of bone resorption, thus 

confirming a role for RANKL in tumour-induced, osteoclast-mediated bone destruction [17,18]. 

Denosumab, a fully-human monoclonal antibody that binds RANKL and neutralises its function, 

has demonstrated efficacy in reducing SREs in three phase 3 trials, including in patients with bone 

metastases associated with breast cancer, prostate cancer and other solid tumours or multiple  

myeloma [19–22], illustrating the part that the RANKL pathway plays in metastatic bone disease 

(Table 1). In these trials, denosumab was compared with the bisphosphonate zoledronic acid, the 

previous standard of care for patients with bone metastases. Denosumab significantly delayed the time 

to both first and subsequent SREs in patients with breast and prostate cancer compared with zoledronic 

acid, and was non-inferior in delaying SREs in patients with other solid tumours or multiple myeloma. 

Denosumab also significantly decreased levels of bone turnover in all three studies, as determined by 

suppression of two bone turnover markers: urine N-telopeptide corrected for creatinine (uNTx), and 

bone-specific alkaline phosphatase (BSAP) [19–21]. Pre-specified analysis of the results from the 

breast cancer trial found that denosumab significantly delayed progression to moderate or severe pain 

in patients with no or mild pain at baseline [23]. Individuals in the denosumab arm of the study were 
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also more likely to have an improvement in their quality-of-life scores and less likely to have a decline 

in quality of life than those in the zoledronic acid arm [24]. 

Table 1. Results from a phase 3, randomised, double-blind study comparing denosumab 

with zoledronic acid for the prevention of skeletal-related events in patients with bone 

metastases associated with breast cancer [19]. 

Study arms Zoledronic acid 4 mg i.v. Q4W Denosumab 120 mg s.c. Q4W 

Number of patients 1020 1026 

Time to first SRE, months 26.4 NR 

HR (95% CI) 0.82 (0.71–0.95) 

p Value 
<0.001 (non-inferiority)  

0.01 (superiority) 

Time to first and subsequent 
SRE, RR (95% CI) 

0.77 (0.66–0.89) 

p Value 0.001 (superiority) 

p Values for superiority were adjusted for multiplicity; CI, confidence interval; HR, hazard ratio; i.v., 

intravenous; NR, not reached; Q4W, every 4 weeks; RR, rate ratio; s.c., subcutaneous; SRE, skeletal-related event. 

3. RANKL and Tumour Progression 

Pre-clinical evidence suggests that the RANKL pathway not only functions in the establishment  

and growth of bone metastases, it also plays a role earlier in the breast cancer disease continuum [13]. 

RANKL and RANK are expressed in a number of cell types, including mammary gland epithelial  

cells [25]. While hormone-driven proliferation of mammary gland epithelial and stem cells can be 

partially explained by the autocrine effect that results from progesterone binding its receptor, the 

majority of proliferating cells are progesterone receptor-negative. This paracrine effect appears to be 

mediated by the RANKL pathway [26,27]. Moreover, murine studies have revealed a role for RANK 

and RANKL in hormone-driven mammary gland development during pregnancy (Figure 2) [28]. 

Notably, both RANK and RANKL are also expressed in tumour and stromal cells from human 

breast cancer [29,30]. Two key studies in mouse models have demonstrated a potential role for the 

RANKL pathway in mediating progesterone-driven breast cancer. One study used a transgenic  

model in which RANK was deleted from mammary gland epithelial cells [31]. The other study 

engineered overexpression of RANK in a mouse model, and used pharmacological inhibition  

(the RANKL antagonist, RANK-Fc) to block the pathway [29]. Hormonal stimulation (using a 

synthetic progesterone derivative, medroxyprogesterone acetate (MPA)) markedly increased levels of 

RANKL in both the transgenic mice overexpressing RANK and the wild-type mice, and triggered 

epithelial cell proliferation [29,31]. Mice over-expressing RANK had a much higher incidence of 

mammary tumours following co-administration of MPA and a carcinogen (7,12-dimethylbenzanthracene 

(DMBA)) than wild-type mice. Blocking the pathway using RANK-Fc dramatically decreased the 

incidence of tumour formation in both types of mice (Figure 3) [29]. Furthermore, comparing 

mammary cell proliferation following RANK-Fc inhibition with proliferation following inhibition of 
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the progesterone receptor found that the RANKL pathway was responsible for the majority of the 

proliferatory effect [29]. Therefore, similar to its role in mammary gland development (Figure 2),  

the RANKL pathway appears to be a key mediator of progesterone-driven cell proliferation  

in tumourigenesis. 

Figure 2. RANKL in mammary gland epithelial cell proliferation. Following the binding 

of progesterone to its receptor, RANKL is produced and acts in a paracrine fashion to 

stimulate mammary gland epithelial cell expansion. PR, progesterone receptor. Reprinted 

from [32]. 

 

In contrast to the effects seen with overexpression of RANK, mice with mammary gland epithelial 

cell RANK gene deletion had decreased cell proliferation upon progesterone stimulation compared 

with wild-type mice. They also exhibited a marked delay in tumour formation and increased overall 

survival when stimulated with MPA and DMBA (Figure 4) [31]. The protective effect of RANK 

deletion occurred only if it was deleted from mammary gland epithelia: Deleting RANK from  

other cell types did not reduce mammary tumour formation. This pattern suggests an additional,  

cell-specific role of the RANKL pathway that is restricted to mammary gland epithelial cells. 

Furthermore, administration of zoledronic acid, which has been demonstrated to inhibit the functioning 

of osteoclasts through the mevalonate pathway by blocking post-translational modification of proteins 

necessary for their survival [33], had no effect on mammary tumour growth. This again suggests that 

the RANKL pathway involvement in mammary tumourigenesis is independent of its role in  

bone physiology [29]. 
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Figure 3. Blockade of RANK through pharmacological inhibition or genetic inactivation 

inhibits tumour formation in mice. Tumour growth following the administration of the 

carcinogen 7,12-dimethylbenzanthracene (DMBA) and the progesterone derivative 

medroxyprogesterone acetate (MPA), with and without concomitant treatment with the 

RANK inhibitor RANK-Fc, in (A) transgenic mice overexpressing RANK and  

(B) wild-type mice [29]. Reprinted from [29]. 

 

Figure 4. RANK knock-out from mammary gland epithelia inhibits tumour formation. 

Tumour growth following the administration of the carcinogen DMBA and the 

progesterone derivative MPA in mice with inactivated mammary gland epithelial cell 

RANK expression (RANKΔmam) and in wild-type mice (control) [31]. Reprinted from [31]. 

 

Results from in vitro and in vivo studies suggest that RANKL may also be involved in tumour  

cell migration to the skeleton. In vitro stimulation of breast cancer cells with RANKL resulted in  

actin polymerisation and cell migration, both pre-requisites for metastasis [30]. A mouse model of 

melanoma (which frequently metastasises to bone) demonstrated that treatment with a recombinant 

form of the RANKL decoy receptor, OPG, reduced tumour burden in bone and prevented development 

of paralysis [30]. Interestingly, treatment with zoledronic acid did not reduce tumour burden in  

bone [30], suggesting that RANKL mediates its chemotactic function through a mechanism independent 

of its effects on osteoclasts. 
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In support of these roles of the RANKL pathway in tumour progression, analysis of RANK  

and OPG gene expression in patients with breast cancer found that low levels of RANK and high 

levels of OPG correlated with improved disease-free survival and overall survival, and that  

RANK expression positively correlated with the risk of developing bone metastases [34]. A study of 

RANK overexpression in breast cancer and mammary epithelial cells found that RANK induces  

de-differentiation of cells and epithelial-mesenchymal transition; changes that are associated with 

tumourigenesis, and invasion and metastasis, respectively [35]. 

4. Anti-Tumour Effects of Bone-Targeted Agents in Clinical Trials 

The potential anti-tumour effects of bone-targeted agents have been explored in several trials.  

Five large, open-label clinical trials, Austrian Breast and Colorectal Cancer Study Group (ABCSG-12), 

AZURE, immediate versus delayed administration of zoledronic acid in patients with early breast 

cancer receiving adjuvant letrozole (E-ZO-FAST), Zometa-Femara Adjuvant Synergy Trial (Z-FAST) 

and (ZO-FAST), have investigated the adjuvant use of zoledronic acid in patients with breast cancer, 

with mixed results (Table 2) [36–39]. In ABCSG-12, premenopausal patients receiving goserelin with 

tamoxifen or anastrozole were randomly assigned to either receive zoledronic acid 4 mg every  

6 months, or to have no anti-resorptive therapy. Postmenopausal patients enrolled in E-ZO-FAST,  

Z-FAST and ZO-FAST were randomly assigned to either receive zoledronic acid upfront (4 mg every 

6 months), or to have treatment with zoledronic acid delayed until fracture or a decrease in bone mineral 

density (BMD) [38]. In AZURE patients received standard therapy with or without zoledronic acid. 

The bisphosphonate was administered at 4 mg every 3–4 weeks for the first six doses, then every  

3–6 months thereafter [37]. 

Improvements in disease-free survival were achieved in the ABCSG-12 and ZO-FAST studies, and 

an improvement in overall survival was observed in the ABCSG-12 study [36,39]. Further analysis 

demonstrated, however, that in the ABCSG-12 study, this benefit was confined to patients aged over 

40 years [36]. Exploratory analyses of the ZO-FAST results revealed a potential survival advantage  

for patients who were either over 60 years old or who had been postmenopausal for over 5 years  

(HR = 0.50; p = 0.022) [39]. Despite having the same study design as ZO-FAST, no improvements in 

disease-free survival were seen in either E-ZO-FAST or Z-FAST [38]. The recently updated Cochrane 

analysis by Wong et al. [40] further reviewed these data along with the outcomes from similar studies 

conducted with oral clodronate. Based on the results of their meta-analysis, the authors concluded  

that overall, bisphosphonates do not prevent overall disease recurrence (RR 0.97; 95% CI 0.81, 1.16;  

p = 0.75) or improve survival (RR 0.84; 95% CI 0.68, 1.04; p = 0.11) in early breast cancer when 

compared with no bisphosphonates. When compared with delayed bisphosphonate treatment, early 

bisphosphonate treatment did not prevent overall recurrence (RR 0.85; 95% CI 0.49, 1.50; p = 0.58) 

and was even associated with a trend towards reduced survival (RR 1.45; 95% CI 0.44, 4.70; p = 0.54). 
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Table 2. Results of five large, open-label clinical trials investigating the adjuvant use of 

zoledronic acid in patients with breast cancer. 

Study ABCSG-12 [36] AZURE [37] E-ZO-FAST [38] Z-FAST [38] ZO-FAST [39] 

Study design 

Goserelin with 

tamoxifen or 

anastrozole ± 

zoledronic acid  

(4 mg Q6M) 

SOC ± zoledronic 

acid (6 doses 4 mg 

Q3W–Q4W, then 

4 mg Q3M–Q6M) 

Upfront zoledronic 

acid (4 mg Q6M) 

vs. delayed 

treatment 

Upfront zoledronic 

acid (4 mg Q6M) 

vs. delayed 

treatment 

Upfront zoledronic 

acid (4 mg Q6M) 

vs. delayed 

treatment 

Number of 

patients 
1803 3360 527 602 1065 

Primary endpoint 
Disease-free 

survival 

Disease-free 

survival 

LS BMD at  

12 months 

LS BMD at  

12 months 

LS BMD at  

12 months 

Median length of 

follow up, months 
76 59 36 54 60 

Disease-free 

survival, HR  

(95% CI) 

0.73 (NR) 0.98 (0.85, 1.13) 1.76 (0.83, 3.69) 0.80 (0.45, 1.41) 0.66 (0.44, 0.97) 

p Value 0.022 0.79 NS NS 0.0375 

Overall survival, 

HR (95% CI) 
0.59 (NR) 0.85 (0.72, 1.01) NR NR 0.69 (0.42, 1.14) 

p Value 0.027 0.07 NR NR 0.1463 

BMD, bone mineral density; CI, confidence interval; HR, hazard ratio; LS, lumbar spine; NR, not reported; 

NS, not significant; SOC, standard of care; vs., versus. 

AZURE included a heterogeneous group of both premenopausal and postmenopausal patients.  

In this study, which was discontinued by the data management committee on the grounds of futility, no 

improvements in disease-free survival or overall survival were seen in the overall study population [37]. 

However, in an unadjusted sub-group analysis of patients who had been postmenopausal for more  

than 5 years, improvements in both disease-free survival (HR = 0.75; p = 0.02) and overall survival 

(HR = 0.74; p = 0.04) were observed. No benefit was seen in any of the other patient subsets 

(premenopausal, perimenopausal or unknown menopausal status), and there was an adverse effect of 

zoledronic acid treatment on non-bone invasive disease-free survival in these patients (HR = 1.32). 

With respect to these findings, Wong et al. [40] noted that combining the data for the post-menopausal 

subgroups from the AZURE study and the artificially-induced menopausal women in the ABCSG-12 

study had a significant relative risk reduction in overall recurrence versus control (RR 0.71; 95% CI 

0.59, 0.85; no statistical heterogeneity p = 0.46). However, they cautioned against over interpretation 

given that oestrogen levels were not measured in these studies and thus such sensitivity analyses are 

only speculative. 

The apparent differences in treatment effect according to hormone status are not specific to 

zoledronic acid: A recent study suggested the bisphosphonate clodronate, which acts via a different 

pathway to zoledronic acid, may also improve disease-free survival in older patients with breast  
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cancer [41]. It should be note, however, that another study of adjuvant clodronate in patients with 

primary breast cancer found it was associated with significantly worse overall survival, compared with 

a control group, although this study did include both premenopausal and postmenopausal patients [42]. 

The reasons for this possible hormone-specific effect on survival are not fully understood. Some 

hypotheses suggest oestrogen provides a protective effect on bone that reduces the potential for 

skeletal metastases, thereby reducing the potential benefit bone-targeted agents would provide. 

Oestrogen is known to prevent bone turnover; premenopausal women may therefore be less likely to 

benefit from agents that suppress bone resorption than postmenopausal women. Hormones also 

influence the cytokine milieu in the bone microenvironment, and so the environment in which  

the metastatic cells “seed” could potentially be quite different depending on the hormone status of 

patients [43]. Alternatively, oestrogen could be mediating a pro-tumour effect that counteracts the  

anti-tumour effect of bisphosphonates. For example, oestrogen can polarise the immune system to a 

tumour-permissive state by supporting M2 (tumour-promoting) macrophages and increasing cell 

resistance to cytotoxic natural killer cells [44]. Furthermore, some cytokines, such as transforming 

growth factor-beta (TGF)-β, are regulated by both hormonal pathways and by the mevalonate pathway, 

suggesting zoledronic acid and oestrogen may act antagonistically [43]. However, as clodronate does 

not act via the mevalonate pathway [33], this mechanism is unlikely to mediate the differences in 

treatment effect for this drug. Establishing whether hormone-dependent treatment effects are specific 

to all drugs that inhibit bone turnover, or whether the effects are bisphosphonate-specific, may help 

elucidate the specific pathways involved and improve patient selection. In addition to differences in 

hormone profile between younger and older women with breast cancer, a recent study examining gene 

expression found young women with breast cancer are more likely to have high RANKL expression 

than older women. Therefore, in pre-menopausal women with breast cancer, who are unlikely to 

benefit from adjuvant bisphosphonates, the RANKL pathway may be a potential therapeutic  

target [45]. 

The preclinical evidence discussed earlier suggests that denosumab may have a role in preventing 

disease progression in breast cancer. Furthermore, clinical data from several studies support the  

pre-clinical evidence suggesting a role for RANKL in tumour progression in prostate cancer. In a 

phase 3 study of patients with high-risk, non-metastatic, castration-resistant prostate cancer, RANKL 

blockade using denosumab significantly improved bone metastasis-free survival by 4.2 months 

compared with placebo (HR = 0.85; p = 0.028), illustrating how manipulation of the RANKL pathway 

may affect disease progression [46]. A separate analysis of patients undergoing radical prostatectomy 

found that increased serum concentration of RANKL is an independent prognostic risk factor for 

biochemical disease recurrence [47]. In addition, a sub-group analysis of clinical data from the  

phase 3 trial that compared denosumab with zoledronic acid in patients with solid tumours or multiple 

myeloma found that treatment with denosumab was associated with improved overall survival versus 

treatment with zoledronic acid in patients with non-small cell lung cancer (NSCLC) (HR = 0.78;  

p = 0.01) [48]. These outcomes may be a RANKL pathway-specific effect: Results from the Zometa 

European Study (ZEUS), which compared standard therapy with and without zoledronic acid treatment 

in patients with high risk prostate cancer, suggest that zoledronic acid treatment does not improve 

either overall survival or the incidence of bone metastasis [49]. Furthermore, zoledronic acid does not 

appear to prolong overall or disease-free survival in patients with NSCLC [50]. 
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Building on the strong preclinical rationale and analogous studies in other tumour types, the 

ongoing D-CARE (denosumab as adjuvant treatment for women with high risk early breast cancer 

receiving neoadjuvant or adjuvant therapy) study is investigating whether adjuvant denosumab  

(120 mg subcutaneously monthly for the first 6 months and every 3 months thereafter) can prevent 

disease recurrence in patients with high-risk breast cancer [51,52]. This international, randomised, 

double-blind phase 3 study is evaluating bone metastasis-free survival, disease-free survival and 

overall survival in approximately 4500 women with stage II or III breast cancer at high risk of 

recurrence. The trial has recently completed recruitment of patients. The results of the ABCSG-18 trial 

will also be of interest; this trial is primarily investigating using a lower dose of denosumab (60 mg 

every 6 months) to reduce the rate of clinical fracture in patients with non-metastatic breast cancer, but 

will also report bone metastasis-free, disease-free and overall survival as secondary endpoints [53]. 

5. Conclusions 

There is little doubt that both denosumab and bisphosphonates can delay the occurrence of SREs in 

patients with bone metastases, thereby reducing pain and improving patients’ quality of life. However, 

the role of bone-targeted agents in the adjuvant setting is unclear. Data suggest that bisphosphonates 

may be beneficial in certain subsets of patients with breast cancer, but may cause harm in others. 

Further studies with sufficient power and prospectively defined endpoints are required to confirm the 

population that should be targeted and to determine the risk/benefit profile for treatment. Evidence 

from other tumour types indicates a potential role for denosumab in delaying progression to bone 

metastasis and possibly in improving overall survival. There is also a strong preclinical rationale  

for blocking the RANKL pathway at an earlier stage of breast cancer treatment to delay disease 

progression. Ongoing clinical trials will determine whether manipulating the RANKL pathway at an 

earlier stage in breast cancer will be a valuable therapeutic strategy. 

Acknowledgments 

The authors thank Kim Allcott from Oxford PharmaGenesis™ Ltd. (Oxford, UK) who provided 

medical writing support. Funding for this support was provided by Amgen (Europe) GmbH,  

Zug, Switzerland. 

Conflicts of Interest 

Ian Haynes is an employee of Amgen and holds stock. 

Roger von Moos has participated in advisory boards for Amgen, Bristol-Myers Squibb, Merck 

Sharp & Dohme, Novartis, Roche and Sanofi Aventis. He has received unrestricted research grants 

from Amgen and Roche and received speaker honoraria from Amgen, GlaxoSmithKline and Roche. 

References 

1. Coleman, R.E. Clinical features of metastatic bone disease and risk of skeletal morbidity.  

Clin. Cancer Res. 2006, 12, 6243–6249. 



J. Clin. Med. 2013, 2 99 

 

2. Coleman, R.E. Metastatic bone disease: Clinical features, pathophysiology and treatment strategies. 

Cancer Treat. Rev. 2001, 27, 165–176. 

3. DePuy, V.; Anstrom, K.J.; Castel, L.D.; Schulman, K.A.; Weinfurt, K.P.; Saad, F. Effects of 

skeletal morbidities on longitudinal patient-reported outcomes and survival in patients with 

metastatic prostate cancer. Support. Care Cancer 2007, 15, 869–876. 

4. Sathiakumar, N.; Delzell, E.; Morrisey, M.A.; Falkson, C.; Yong, M.; Chia, V.; Blackburn, J.; 

Arora, T.; Brill, I.; Kilgore, M.L. Mortality following bone metastasis and skeletal-related events 

among women with breast cancer: A population-based analysis of U. S. medicare beneficiaries, 

1999–2006. Breast Cancer Res. Treat. 2012, 131, 231–238. 

5. Costa, L.; Badia, X.; Chow, E.; Lipton, A.; Wardley, A. Impact of skeletal complications on 

patients’ quality of life, mobility, and functional independence. Support. Care Cancer 2008, 16, 

879–889. 

6. Briasoulis, E.; Karavasilis, V.; Kostadima, L.; Ignatiadis, M.; Fountzilas, G.; Pavlidis, N. 

Metastatic breast carcinoma confined to bone: Portrait of a clinical entity. Cancer 2004, 101, 

1524–1528. 

7. Wang, C.Y.; Wu, G.Y.; Shen, M.J.; Cui, K.W.; Shen, Y. Comparison of distribution characteristics 

of metastatic bone lesions between breast and prostate carcinomas. Oncol. Lett. 2013, 5, 391–397. 

8. Chambers, A.F.; Groom, A.C.; MacDonald, I.C. Dissemination and growth of cancer cells in 

metastatic sites. Nat. Rev. Cancer 2002, 2, 563–572. 

9. Luzzi, K.J.; MacDonald, I.C.; Schmidt, E.E.; Kerkvliet, N.; Morris, V.L.; Chambers, A.F.; 

Groom, A.C. Multistep nature of metastatic inefficiency: Dormancy of solitary cells after successful 

extravasation and limited survival of early micrometastases. Am. J. Pathol. 1998, 153, 865–873. 

10. Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 1889, 133, 571–573. 

11. Kingsley, L.A.; Fournier, P.G.; Chirgwin, J.M.; Guise, T.A. Molecular biology of bone metastasis. 

Mol. Cancer Ther. 2007, 6, 2609–2617. 

12. Roodman, G.D. Mechanisms of bone metastasis. N. Engl. J. Med. 2004, 350, 1655–1664. 

13. Dougall, W.C. Molecular pathways: Osteoclast-dependent and osteoclast-independent roles of  

the RANKL/RANK/OPG pathway in tumorigenesis and metastasis. Clin. Cancer Res. 2012, 18, 

326–335. 

14. Boyle, W.J.; Simonet, W.S.; Lacey, D.L. Osteoclast differentiation and activation. Nature 2003, 

423, 337–342. 

15. Guise, T.A.; Yin, J.J.; Taylor, S.D.; Kumagai, Y.; Dallas, M.; Boyce, B.F.; Yoneda, T.;  

Mundy, G.R. Evidence for a causal role of parathyroid hormone-related protein in the 

pathogenesis of human breast cancer-mediated osteolysis. J. Clin. Invest. 1996, 98, 1544–1549. 

16. Karaplis, A.C.; Goltzman, D. PTH and PTHrP effects on the skeleton. Rev. Endocr. Metab. 

Disord. 2000, 1, 331–341. 

17. Canon, J.R.; Roudier, M.; Bryant, R.; Morony, S.; Stolina, M.; Kostenuik, P.J.; Dougall, W.C. 

Inhibition of RANKL blocks skeletal tumor progression and improves survival in a mouse model 

of breast cancer bone metastasis. Clin. Exp. Metastasis 2008, 25, 119–129. 

18. Zheng, Y.; Zhou, H.; Modzelewski, J.R.; Kalak, R.; Blair, J.M.; Seibel, M.J.; Dunstan, C.R. 

Accelerated bone resorption, due to dietary calcium deficiency, promotes breast cancer tumor 

growth in bone. Cancer Res. 2007, 67, 9542–9548. 



J. Clin. Med. 2013, 2 100 

 

19. Stopeck, A.T.; Lipton, A.; Body, J.J.; Steger, G.G.; Tonkin, K.; de Boer, R.; Lichinitser, M.; 

Fujiwara, Y.; Yardley, D.; Viniegra, M.; et al. Denosumab compared with zoledronic acid for the 

treatment of bone metastases in patients with advanced breast cancer: A randomized, double-blind 

study. J. Clin. Oncol. 2010, 28, 5132–5139. 

20. Fizazi, K.; Carducci, M.; Smith, M.; Damião, R.; Brown, J.; Karsh, L.; Milecki, P.; Shore, N.; 

Rader, M.; Wang, H.; 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, 813–822. 

21. Henry, D.H.; Costa, L.; Goldwasser, F.; Hirsh, V.; Hungria, V.; Prausova, J.; Scagliotti, G.V.; 

Sleeboom, H.; Spencer, A.; Vadhan-Raj, S.; et al. Randomized, double-blind study of denosumab 

versus zoledronic acid in the treatment of bone metastases in patients with advanced cancer 

(excluding breast and prostate cancer) or multiple myeloma. J. Clin. Oncol. 2011, 29, 1125–1132. 

22. Lipton, A.; Fizazi, K.; Stopeck, A.T.; Henry, D.H.; Brown, J.E.; Yardley, D.A.; Richardson, G.E.; 

Siena, S.; Maroto, P.; Clemens, M.; et al. Superiority of denosumab to zoledronic acid for 

prevention of skeletal-related events: A combined analysis of 3 pivotal, randomised, phase 3 

trials. Eur. J. Cancer 2012, 48, 3082–3092. 

23. Cleeland, C.S.; Body, J.J.; Stopeck, A.; von Moos, R.; Fallowfield, L.; Mathias, S.D.;  

Patrick, D.L.; Clemons, M.; Tonkin, K.; Masuda, N.; et al. Pain outcomes in patients with 

advanced breast cancer and bone metastases: Results from a randomized, double-blind study of 

denosumab and zoledronic acid. Cancer 2013, 119, 832–838. 

24. Martin, M.; Bell, R.; Bourgeois, H.; Brufsky, A.; Diel, I.; Eniu, A.; Fallowfield, L.; Fujiwara, Y.; 

Jassem, J.; Paterson, A.H.; et al. Bone-related complications and quality of life in advanced  

breast cancer: Results from a randomized phase III trial of denosumab versus zoledronic acid.  

Clin. Cancer Res. 2012, 18, 4841–4849. 

25. Kearns, A.E.; Khosla, S.; Kostenuik, P.J. Receptor activator of nuclear factor kappa B ligand  

and osteoprotegerin regulation of bone remodeling in health and disease. Endocr. Rev. 2008, 29, 

155–192. 

26. Beleut, M.; Rajaram, R.D.; Caikovski, M.; Ayyanan, A.; Germano, D.; Choi, Y.; Schneider, P.; 

Brisken, C. Two distinct mechanisms underlie progesterone-induced proliferation in the 

mammary gland. Proc. Natl. Acad. Sci. USA 2010, 107, 2989–2994. 

27. Tanos, T.; Sflomos, G.; Echeverria, P.C.; Ayyanan, A.; Gutierrez, M.; Delaloye, J.F.; Raffoul, W.; 

Fiche, M.; Dougall, W.; Schneider, P.; et al. Progesterone/RANKL is a major regulatory axis in 

the human breast. Sci. Transl. Med. 2013, 5, doi:10.1126/scitranslmed.3005654. 

28. Fata, J.E.; Kong, Y.Y.; Li, J.; Sasaki, T.; Irie-Sasaki, J.; Moorehead, R.A.; Elliott, R.; Scully, S.; 

Voura, E.B.; Lacey, D.L.; et al. The osteoclast differentiation factor osteoprotegerin-ligand is 

essential for mammary gland development. Cell 2000, 103, 41–50. 

29. Fernandez-Valdivia, R.; Lydon, J.P. From the ranks of mammary progesterone mediators, 

RANKL takes the spotlight. Mol. Cell. Endocrinol. 2012, 357, 91–100. 

30. Gonzalez-Suarez, E.; Jacob, A.P.; Jones, J.; Miller, R.; Roudier-Meyer, M.P.; Erwert, R.; Pinkas, J.; 

Branstetter, D.; Dougall, W.C. RANK ligand mediates progestin-induced mammary epithelial 

proliferation and carcinogenesis. Nature 2010, 468, 103–107. 



J. Clin. Med. 2013, 2 101 

 

31. Jones, D.H.; Nakashima, T.; Sanchez, O.H.; Kozieradzki, I.; Komarova, S.V.; Sarosi, I.;  

Morony, S.; Rubin, E.; Sarao, R.; Hojilla, C.V.; et al. Regulation of cancer cell migration and 

bone metastasis by RANKL. Nature 2006, 440, 692–696. 

32. Schramek, D.; Leibbrandt, A.; Sigl, V.; Kenner, L.; Pospisilik, J.A.; Lee, H.J.; Hanada, R.;  

Joshi, P.A.; Aliprantis, A.; Glimcher, L.; et al. Osteoclast differentiation factor RANKL controls 

development of progestin-driven mammary cancer. Nature 2010, 468, 98–102. 

33. Baron, R.; Ferrari, S.; Russell, R.G. Denosumab and bisphosphonates: Different mechanisms of 

action and effects. Bone 2011, 48, 677–692. 

34. Santini, D.; Schiavon, G.; Vincenzi, B.; Gaeta, L.; Pantano, F.; Russo, A.; Ortega, C.; Porta, C.; 

Galluzzo, S.; Armento, G.; et al. Receptor activator of NF-kB (RANK) expression in primary 

tumors associates with bone metastasis occurrence in breast cancer patients. PLoS One 2011, 6, 

e19234. 

35. Palafox, M.; Ferrer, I.; Pellegrini, P.; Vila, S.; Hernandez-Ortega, S.; Urruticoechea, A.;  

Climent, F.; Soler, M.T.; Munoz, P.; Vinals, F.; et al. RANK induces epithelial-mesenchymal 

transition and stemness in human mammary epithelial cells and promotes tumorigenesis and 

metastasis. Cancer Res. 2012, 72, 2879–2888. 

36. Gnant, M.; Mlineritsch, B.; Luschin-Ebengreuth, G.; Stoeger, H.; Dubsky, P.; Jakesz, R.;  

Singer, C.; Eidtmann, H.; Fesl, C.; Eiermann, W.; et al. Long-term follow-up in ABCSG-12: 

Significantly improved overall survival with adjuvant zoledronic acid in premenopausal patients 

with endocrine-receptor—Positive early breast cancer. Cancer Res. 2011, 71, doi:10.1158/0008-

5472.SABCS11-S1-2. 

37. Coleman, R.E.; Marshall, H.; Cameron, D.; Dodwell, D.; Burkinshaw, R.; Keane, M.; Gil, M.; 

Houston, S.J.; Grieve, R.J.; Barrett-Lee, P.J.; et al. Breast-cancer adjuvant therapy with 

zoledronic acid. N. Engl. J. Med. 2011, 365, 1396–1405. 

38. Coleman, R.; Bundred, N.; de Boer, R.; Llombarto, A.; Campbell, I.; Neven, P.; Barrios, C.;  

Dias, R.; Miller, J.; Brufsky, A. Impact of zoledronic acid in postmenopausal women with early 

breast cancer receiving adjuvant letrozole: Z-FAST, ZO-FAST, and E-ZO-FAST. Cancer Res. 

2009, 69, doi:10.1158/0008-5472.SABCS-09-4082. 

39. Coleman, R.; de Boer, R.; Eidtmann, H.; Llombart, A.; Davidson, N.; Neven, P.; von Minckwitz, G.; 

Sleeboom, H.P.; Forbes, J.; Barrios, C.; et al. Zoledronic acid (zoledronate) for postmenopausal 

women with early breast cancer receiving adjuvant letrozole (ZO-FAST study): Final 60-month 

results. Ann. Oncol. 2013, 24, 398–405. 

40. Wong, M.H.F.; Stockler, M.R.; Pavlakis, N. Bisphosphonates and other bone agents for breast 

cancer. Cochrane Database Syst. Rev. 2012, 15, doi:10.1002/14651858.CD003474.pub3. 

41. Paterson, A.H.; Anderson, S.J.; Lembersky, B.C.; Fehrenbacher, L.; Falkson, C.I.; King, K.M.; 

Weir, L.M.; Brufsky, A.M.; Dakhil, S.; Lad, T.; et al. Oral clodronate for adjuvant treatment of 

operable breast cancer (National Surgical Adjuvant Breast and Bowel Project protocol B-34):  

A multicentre, placebo-controlled, randomised trial. Lancet Oncol. 2012, 13, 734–742. 

42. Saarto, T.; Blomqvist, C.; Virkkunen, P.; Elomaa, I. Adjuvant clodronate treatment does not 

reduce the frequency of skeletal metastases in node-positive breast cancer patients: Five-year 

results of a randomized controlled trial. J. Clin. Oncol. 2001, 19, 10–17. 



J. Clin. Med. 2013, 2 102 

 

43. Hadji, P.; Coleman, R.; Gnant, M.; Green, J. The impact of menopause on bone, zoledronic acid, 

and implications for breast cancer growth and metastasis. Ann. Oncol. 2012, 23, 2782–2790. 

44. Steinman, R.A.; Brufsky, A.M.; Oesterreich, S. Zoledronic acid effectiveness against breast cancer 

metastases—A role for estrogen in the microenvironment? Breast Cancer Res. 2012, 14, 213. 

45. Azim, H.A., Jr.; Michiels, S.; Bedard, P.L.; Singhal, S.K.; Criscitiello, C.; Ignatiadis, M.;  

Haibe-Kains, B.; Piccart, M.J.; Sotiriou, C.; Loi, S. Elucidating prognosis and biology of breast 

cancer arising in young women using gene expression profiling. Clin. Cancer Res. 2012, 18, 

1341–1351. 

46. Smith, M.R.; Saad, F.; Coleman, R.; Shore, N.; Fizazi, K.; Tombal, B.; Miller, K.; Sieber, P.; 

Karsh, L.; Damiao, R.; et al. Denosumab and bone-metastasis-free survival in men with  

castration-resistant prostate cancer: Results of a phase 3, randomised, placebo-controlled trial. 

Lancet 2012, 379, 39–46. 

47. Todenhöfer, T.; Hennenlotter, J.; Wald, A.; Leidenberger, P.; Blumenstock, G.; Aafderklamm, S.; 

Mundhenk, J.; Gakis, G.; Kühs, U.; Hohneder, A.; et al. RANKL pathway proteins as risk 

parameters for biochemical recurrence in patients undergoing radical prostatectomy. Eur. Urol. 

Suppl. 2013, 12, doi:10.1016/S1569-9056(13)61525-0. 

48. Scagliotti, G.V.; Hirsh, V.; Siena, S.; Henry, D.H.; Woll, P.J.; Manegold, C.; Solal-Celigny, P.; 

Rodriguez, G.; Krzakowski, M.; Mehta, N.D.; et al. Overall survival improvement in patients with 

lung cancer and bone metastases treated with denosumab versus zoledronic acid: Subgroup 

analysis from a randomized phase 3 study. J. Thorac. Oncol. 2012, 7, 1823–1829. 

49. European Association of Urology (EAU) Press release, 19 March 2013. Zoledronic acid  

does not prevent bone metastases in high-risk PCa patients. Available online: 

http://www.eaumilan2013.org/press/press-releases/ (accessed on 28 May 2013). 

50. Scagliotti, G.V.; Kosmidis, P.; de Marinis, F.; Schreurs, A.J.; Albert, I.; Engel-Riedel, W.; 

Schallier, D.; Barbera, S.; Kuo, H.P.; Sallo, V.; et al. Zoledronic acid in patients with stage IIIA/B 

NSCLC: Results of a randomized, phase III study. Ann. Oncol. 2012, 23, 2082–2087. 

51. Study of Denosumab as Adjuvant Treatment for Women With High Risk Early Breast Cancer 

Receiving Neoadjuvant or Adjuvant Therapy (D-CARE). Available online: http://www. 

clinicaltrials.gov/ct2/show/NCT01077154?term=d-care&rank=1 (accessed on 20 April 2013). 

52. Coleman, R.E.; Barrios, C.; Bell, R.; Finkelstein, D.M.; Iwata, H.; Martin, M.; Braun, A.; Ke, C.; 

Maniar, T.; Goss, P.E. Denosumab versus placebo as adjuvant treatment for women with  

early-stage breast cancer at high risk of disease recurrence (D-CARE): An in progress, phase 3 

clinical trial. Ann. Oncol. 2012, 23, 95–115. 

53. Study to Determine Treatment Effects of Denosumab in Patients with Breast Cancer Receiving 

Aromatase Inhibitor Therapy. Available online: http://clinicaltrials.gov/show/NCT00556374 

(accessed on 20 April 2013). 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


