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Abstract

Breast cancer frequently metastasizes to bone, where tumor cells induce osteoclasts to 
locally destroy bone. During bone resorption, growth factors  are locally released that may 
support bone metastatic growth. Differently from most other tissues, drugs that can limit 
local turnover are available for bone. 
 We examined the hypothesis that inhibition of bone resorption by two different mecha-
nisms may also affect the growth of cancer cells in bone. For this, we have tested the effects 
of high doses of osteoprotegerin (OPG) and zoledronic acid (ZOL), the most potent bispho-
sphonate available, on progression of breast cancer cells in the bone microenvironment 
using whole body bioluminescent imaging (BLI).
 Both treatments significantly inhibited the development of radiographically detectable 
osteolytic lesions. Histological examination corroborated the radiographic findings, show-
ing that both treatments preserved the integrity of bone trabeculae and prevented bone 
destruction, (significantly higher trabecular bone volumes vs. vehicle). However, whereas 
practically no TRAcP-positive osteoclasts were observed in tibiae preparations of animals 
treated with Fc-OPG, TRAcP-positive osteoclasts were still present in the animals treated 
with ZOL. Intra-bone tumor burden was reduced upon ZOL and Fc-OPG treatment. Although 
there appeared to be a trend for less overall total tumor burden upon treatment with both 
compounds, this was not significant as assessed by BLI and histomorphometrical analysis 
due to the extramedullary growth of cancer cells which was not affected by these treat-
ments.
 Collectively, anti-resorptive agents with different mechanisms of actions — ZOL and 
FcOPG — significantly reduced cancer-induced osteolysis and intraosseous tumor burden, 
but failed to restrain local tumor growth. However, interference with the bone microenvi-
ronmental growth support could still be of therapeutic relevance when given to patients 
early in the course of bone metastatic disease.
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Introduction

Micrometastases persisting in various tissues of cancer patients after removal of the pri-
mary tumor represent the pathophysiological basis for cancer relapse as overt metasta-
ses. The survival of these cells and the development of metastases depend on the growth 
support provided by the microenvironment and the ability of cancer cells to adapt to this 
environment 1-3. Bone provides a favorable microenvironment for the survival and growth 
of certain common cancers, including breast cancer which metastasizes frequently to the 
skeleton and causes significant morbidity and deterioration of life 4-6.
 Studies in animal models of bone metastases strongly suggest that the rate of bone turn-
over enhances the occurrence and progression of metastases in the bone-bone marrow 
microenvironment 7-9. These findings are supported by clinical studies which showed a sig-
nificant association between the rate of bone resorption, assessed by biochemical markers of 
bone remodeling, and disease progression in the skeleton 10,11. It was, therefore, hypothesized 
that suppression of bone resorption by agents that inhibit the formation and/or activity of the 
osteoclasts may not only protect skeletal integrity in metastatic disease but may also affect 
local tumor growth.
 Previous studies of animal models with bone metastasis from breast cancer treated with 
bisphosphonates showed that reduction of bone turnover prior to bone colonization by can-
cer cells, could significantly reduce the number and progression of bone metastases 12-15. 
However, when bisphosphonates were given to animals with established bone metastases 
they did not consistently affect the growth potential of the breast cancer cells in the bone 
microenvironment, despite a substantial anti-osteolytic effect 12,13. There are several poten-
tial explanations for these findings: tumor growth response is related to the magnitude of 
suppression of bone resorption and, hence, the potency, and/or the dose (dosing regimen) 
of the bisphosphonates given; the fundamental mechanism of inhibition of bone resorption 
by the bisphosphonates; the initial growth phase of cancer cells in bone is dependent upon 
the interaction with the bone microenvironment, but eventually becomes independent of the 
bone microenvironent and can progress autonomously 13,50. To address these questions we 
assessed the effects of very high doses of the most potent bisphosphonate currently avail-
able, zoledronic acid (ZOL), and we compared these to the effects of osteoprotegerin (Fc-
OPG), that inhibits bone resorption by a different mechanism of action, in an experimental 
model of intra-tibial injection of human breast cancer cells.

MATERIALS & METHODS

Cell lines and culture conditions
The luciferase expressing bone-seeking clone MDA-MB-231 (MDA-231)-B/Luc+ was cul-
tured as previously described 16,17. Cell suspensions of MDA-231-B/Luc+(1.0 x 105 cells /10 µl 
PBS) were prepared for intraosseous injection as described previously 13,17.
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Animals
Female nude (BALB/c nu/nu) mice were purchased from Charles River (L’Arbresle, France) 
and were used for the studies with human MDA-231-B/Luc+breast cancer cells.
 Mice were housed in individual ventilated cages under sterile condition. Sterile food and 
water were provided ad libitum. Mice were 6 weeks old when used for intraosseous inocula-
tion of cancer cells. Animal experiments were approved by the local committee for animal 
health, ethics and research of Leiden University and carried out in accordance with Euro-
pean Communities Council Directive 86/609/EEC.
 For surgical and analytical procedures (intraosseous inoculation, BLI, radiography) mice 
were anesthetized by intraperitoneal injection of a 50 µl 1:1:1 mixture; Ketamine HCl (Stock 
solution of 100 mg/ml Nimatek; Vetimex Animal Health B.V., Bladel, The Netherlands) + 
Xylazine (2 % Rompun, Bayer AG, Leverkusen, Germany) + PBS (pH 6.8). Intracardiac inocu-
lation of cancer cells was performed under Isofluorane anesthesia (0.8 L/min, Isofluorane, 
Air Products, Waddinxveen, The Netherlands) using the Vapex3 system (VetTech Solutions 
Ltd, United Kingdom). At the end of the experimental period animals were sacrificed by cer-
vical dislocation.

Histomorphometry, Histochemistry and Immunohistochemistry
Dissected long bones were fixed in 4 % paraformaldehyde (pH 6.8), decalcified as described 
previously and processed for paraffin embedding 16,18. Five micrometer longitudinal sec-
tions were cut through the sagittal plane of the tibiae containing tumors induced by the 
intra-bone inoculation of MDA-231-B/Luc+cells. Sections were either submitted to Gold-
ner staining or histochemical staining for Tartrate Resistant Acid Phosphatase (TRAcP) as 
described previously 13.
 Histomorphometric analysis of tumor burden was performed on central sections through 
the tumor (largest tumor area) as described previously 13. Subsequently, a distinction was 
made between intraosseous and extramedullary tumor burden. For this, the digital image 
of the total tumor area was subdivided into an area delimited by the bone cortex or, were 
this has been partially resorbed as a result of the tumor-induced osteolysis, by a virtual line 
joining the remnants of the bone cortex, to define ‘intraosseous’ tumor growth. Evidently, 
the intraosseous, or intra-bone, tumor burden was critically selected between the bone tra-
beculae. Accordingly, the extramedullary tumor growth was defined as tumor cells growing 
surrounding the bone cortex or its remnants.
 Histomorphometric measurements of trabecular bone volumes were performed after 
Goldner staining on the same central sections as used for tumor burden measurements. 
Trabecular bone volume (TBV) was estimated in the proximal tibia by measuring the total 
area of trabecular structures in an area 0-2 mm distal to the capillary invasion front of 
the growth plate. TBV is expressed as percentage of the total area that was covered by 
trabeculae.
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Statistical Analyses
All data are represented as means ± SE. Statistical evaluation was carried out by ANOVA 
using post-hoc of LSD.

RESULTS

Effect of ZOL and Fc-OPG on bone destruction
Compared to vehicle treatment, both treatments inhibited significantly the development of 
radiographically detectable osteolytic lesions (Fig. 1). There was no significant difference 
between the two treatment groups, but Fc-OPG prevented completely the development of 
radiographically evident osteolytic lesions.

 Histological examination of tibiae inoculated with tumor cells corroborated the radio-
graphic findings (Fig. 2A). In vehicle-treated animals trabecular bone was destroyed and 
was replaced by tumor. In contrast, treatment with either ZOL or Fc-OPG preserved the 
integrity of bone trabeculae and prevented bone destruction (Fig. 2). In addition, trabecular 
bone volume (TBV) was similar between the two actively treated groups and significantly 
higher than in animals treated with vehicle alone (Fig. 2B).
 The effect of both ZOL and Fc-OPG on bone destruction was due to their action on bone 
resorption as evidenced by the significant decrease in TRAcP-positive (TRAcP+) osteoclasts 
(Fig. 3). However, whereas practically no TRAcP+ cells were observed in tibiae preparations 
of animals treated with Fc-OPG, such cells were still present in the animals treated with ZOL 
(Fig. 3B). Though, in the ZOL-treated animals, many of the TRAcP+ osteoclasts that are still 
present are not tightly attached to the bone surface and represent non-active osteoclasts not 
capable of resorbing bone (Fig. 3A). This discrepancy between the effects on osteoclasts of 
the two agents is probably due to their different mechanisms of actions. Fc-OPG inhibits the 
formation and activity of osteoclasts whereas ZOL acts primarily on mature osteoclasts and 
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Figure 1 Radiographically evident osteolytic lesions after 42 days of experimental treatment with Fc-OPG or 

ZOL. n.d. = not detected; ** p <0.01, *** p < 0.001 compared to vehicle.
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increases their rate of apoptosis. Therefore, the TRAcP+ cells persisting in the ZOL treatment 
group are probably non-functioning osteoclasts, as shown previously 20-22.

Effect of ZOL and Fc-OPG on tumor growth
A. ZOL and Fc-OPG did not decrease the total tumor growth in the hindlimb assessed by 
BLI. Representative examples of animals treated with vehicle, ZOL or Fc-OPG are shown 
in figure 4A and the overall results of treatment are depicted in figure 4B. Although there 
appeared to be a trend for less tumor burden with both active treatments at the end of the 
experiment, this was not significantly different from vehicle-treated animals.
 B. Histologically, the intra-bone tumor burden was significantly decreased with both 
treatments (Fig. 5B), but cancer cells were still present in bone marrow spaces (Figs. 2A, 
3A and 5A). In contrast, extramedullary growth of cancer cells was not affected (Fig. 5B). 
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Figure 2 Effects of Fc-OPG and ZOL treatment on bone trabeculae as shown by Goldner staining. A, Fc-OPG and 

ZOL treatment inhibited cancer-induced bone destruction leading to a significant increase in trabecular 

bone area when compared with vehicle treated animals. Scalebars = 100μm; BM = bone marrow; T 

= tumor. B, trabecular bone volume (TBV) was significantly increased by Fc-OPG and ZOL treatment 

to a comparable extent when compared with vehicle treatment as determined by histomorphometric 

analysis. *** p <0.001 compared to vehicle.
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The overall tumor burden (combined intra-bone and extramedullary growth) decreased, 
but not significantly so, which is full agreement with the BLI data.

DISCUSSION

In this study we tested the hypothesis that suppression of bone resorption could reduce the 
growth and progression of breast cancer cells in the bone microenvironment. For this we 
have used a mouse model of intra-tibial injection of cancer cells as a model for late events 
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Figure 3 TRAcP staining to examine osteoclast numbers. Osteoclasts were stained red with TRAcP staining. A, 

in the ZOL treated animals, many of the TRAcP+ osteoclasts that are still present are not tightly attached 

to the bone surface and represent non-active osteoclasts not capable of resorbing bone. In the Fc-

OPG group the osteoclasts were almost totally eradicated. Selected areas in the figures at the top are 

enlarged in the figures at the bottom. Scalebars are 50μm (figures at the top) and 80μm (figures at the 

bottom). B, both Fc-OPG and ZOL treatment significantly reduced the number of osteoclasts compared 

to vehicle treatment. In addition, Fc-OPG treatment resulted in a superior deletion of osteoclasts when 

compared to ZOL treatment. *** p < 0.001 compared to vehicle; # p < 0.05.
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Figure 4 Tumor growth as detected by bioluminescent imaging. A, representative examples of Fc-OPG and 

ZOL treated mice with intraosseous tumor growth and tumor-induced bone destruction as detected 

by bioluminescent imaging (BLI) and radiography. Scale bars in X-rays: 10 mm. B, tumor burden as 

measured by BLI and quantified in 105 relative light units (RLU).
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in the bone metastatic process. This in vivo model, therefore, does not represent earlier 
stages of bone metastasis (e.g., bone homing), but is ideally suited to monitor the effects of 
bone resorption inhibitors on the growth of cancer cells in the bone microenvironment. Our 
results show that the two very potent agents used, ZOL and Fc-OPG, significantly reduce 
intra-bone tumor burden (as measured by histology). Despite a marked effect on tumor-
induced bone resorption and intra-bone tumor burden, ZOL and Fc-OPG failed to reduce the 
total tumor burden which included extramedullary growth.

 Interference with the microenvironmental growth support has been proposed as an 
attractive strategy for decreasing metastatic tumor growth 23. Bone is a dynamic tissue that 
is continuously remodeled by bone resorption and subsequent bone formation 24. Animal 
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Figure 5 Effects of Fc-OPG and ZOL treatment on intra-bone and extramedullary tumor growth in tibiae as 

assessed by histomorhphogical analysis. A, goldner staining showing intra-bone tumor growth (IT), 
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compared to vehicle.
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and human studies have shown that high bone remodeling promotes the formation of bone 
metastases 8-10,13 through the release of factors from bone matrix that support metastatic 
growth in the bone marrow 1,25.
 Differently from other tissues, agents that specifically decrease bone resorption and 
remodeling are available and are used clinically or experimentally for the protection of bone 
destruction by metastases from different primary tumors 26-30. The question is whether 
local growth and spread of metastases in bone can also be decreased during this process. 
To provide an answer to this question, in the present proof-of-concept study we aimed to 
suppress bone resorption maximally with doses of agents that specifically and effectively 
inhibit and osteoclast-induced bone resorption.
 Bisphosphonates are used extensively in the management of patients with bone metas-
tases 27,29-31. They suppress bone resorption and reduce significantly the frequency of skel-
etal-related events 31-34. Of the currently available bisphosphonates, ZOL is the most potent 
inhibitor of bone resorption in vitro and in vivo 21,34 and it has also been reported to induce 
apoptosis of tumor cells in vitro 35-37. We, therefore, used high doses of ZOL to examine the 
relation between suppression of bone resorption and local progression of breast cancer cell 
growth. As expected and previously reported 22,38, ZOL reduced markedly tumor-induced 
osteolysis, as shown radiographically and histologically, through its effects on osteoclasts. 
TRAcP+ cells were not totally eradicated but those still persisting were probably inactive 
apoptotic osteoclasts, as has been previously shown in studies with different bisphospho-
nates 20,22. Intraosseous tumor burden was reduced, however, the total tumor burden (intra-
bone and extramedullary) still progressed and although at the end of the experiment this 
appeared less compared to controls, the difference was not significant. It should be noted 
that the dosing regimen we used seems unlikely to be responsible for the observed effects 
as daily and and once-weekly administration of ZOL has been reported to have similar 
effects on tumor growth in a different model of bone metastasis 50.
 ZOL, as all potent nitrogen-containing bisphosphonates, acts primarily on mature osteo-
clasts and decreases their activity and life-span 21,39. To exclude the possibility that for an 
effect on tumor growth all stages of osteoclastogenesis leading to increased bone resorp-
tion need to be optimally suppressed, we also treated animals with Fc-OPG. OPG is the nat-
ural inhibitor of RANK ligand (RANKL) 40-42, an essential factor for the formation and activity 
of osteoclasts 43,44. Fc-OPG has been shown in animal models to strongly inhibit cancer-
induced osteolysis 45-47 and to suppress bone resorption in patients with bone metastases 
from breast cancer 28. In our study, Fc-OPG suppressed markedly bone resorption, pro-
tected the integrity of bone trabeculae and prevented the development of osteolytic lesions. 
These effects were due to its actions on osteoclast formation and activity as evidenced by 
the nearly complete eradication of TRAcP+ cells in bone from treated animals. Further-
more, as was also the case with ZOL, intraosseous tumor burden was significantly reduced. 
Since there was not an effect of Fc-OPG on extramedullary tumor burden, the total tumor 
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burden (sum of intraosseous and extramedullary) still progressed, and although through-
out the entire experiment this appeared less compared to controls, the difference was not 
significant.
 It should be noted that with both ZOL and Fc-OPG the intra-bone tumor burden dimin-
ished considerably as shown in histological sections of the tibiae. This is, at least in part, 
due to the increase in trabecular bone volume and concomitant decrease in bone marrow 
volume where tumor cells could reside. In other words, even if tumor cells completely fill 
bone marrow spaces, the relative intra-bone tumor volume would be less in ZOL and Fc-
OPG-treated animals compared to vehicle-treated animals. In fact, space limitations within 
the bone marrow may direct invasive growth towards the extramedullary.
 If we had, thus, confined our assessment of tumor growth strictly within the bone we 
could have arrived to the wrong conclusion about an effect on tumor growth. This under-
lines the importance of careful dissection of the tumor-containing bones in such a way that 
the invaded surrounding soft tissue is not removed. It is important to note that the growth of 
MDA-231 breast cancer cell outside the bone collar in the surrounding soft tissue was also 
observed in our previous studies with olpadronate 13 and those of Sasaki and co-workers 
with risedronate and other BPs 12,15. In these studies, a bone metastasis model of injection 
of tumor cells into the left heart ventricle was used, rather than direct injection into bone. 
Therefore, tumor cells invading the surrounding soft tissue can not fully be explained by a 
potential artefact of the model of direct injection into bone. In this respect, it is also impor-
tant to note that MDA-231 cancer cells can migrate from the bone marrow to periosteal 
surfaces through vascular channels 13.
 Zheng and co-workers showed that curative OPG treatment significantly inhibited tumor 
growth in the bone environment, as assessed by histology 48. In fact, tumor areas for OPG 
and vehicle treated mice were comparable to our data. Furthermore, OPG treatment inhib-
ited proliferation and stimulated apoptosis of cancer cells in the bones. Another study, 
in which tumor cells were injected into the left heart ventricle, showed that curative low 
and high dose OPG treatment inhibited tumor growth in bone, and that only high dose OPG 
increased tumor cell apoptosis 49.
 So, bone resorption inhibitors could affect tumor progression in bone by decreasing the 
bone marrow volume where tumor cells could reside, and by stimulating apoptosis and 
inhibiting proliferation of cancer cells. However, our data demonstrate that tumor progres-
sion into extramedullary spaces is not affected by those treatments. In addition, ZOL and 
Fc-OPG do not have a major impact on overall tumor burden under the experimental condi-
tions described here. Therefore the results of our experiments do not provide support for 
the notion that suppression of bone resorption in already established metastatic disease 
in bone arrest tumor growth and progression, despite its inhibitory effects on intra-bone 
tumor volume. These data favor the hypothesis that metastatic cancer cells in bone after 
an initial growth phase that depends on their interaction with the bone marrow stroma 
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and extracellular bone matrix, become increasingly independent of microenvironmental 
growth factor support and progress autonomously 13. At this stage, for skeletal protection 
and arrest of further tumor growth, anti-resorptive agents should probably be combined 
with compounds with different mechanism of action on the metastatic cascade such as, for 
example, cytostatics or anti-angiogenic factors.
 The important, and clinically relevant question, that still needs to be addressed is 
whether suppression of bone resorption early in the course of metastatic disease and while 
cancer cells are still dormant may prevent the development of macrometastases. Animal 
studies with bone resorption inhibitors given before the colonization of bone by cancer cells 
strongly suggest that this can be feasible 13-15. Therefore, this issue needs to be addressed 
in properly designed clinical studies.

Acknowledgments

We thank Dr. William C. Dougall for helpful suggestions and critical review during the prep-
aration of the manuscript. This work was supported by Dutch Cancer Society grant RUL 
2001-2485 and Amgen Inc. Thousand Oaks, CA 91320, USA.

References

1. Mundy GR. Metastasis to bone: causes, consequences and therapeutic opportunities. Nat Rev 
Cancer 2002; 2:584-93.

2. Paget S. The distribution of secondary growths in cancer of the breast. Lancet 1889; 1:571-3.
3. Clines GA, Guise TA. Hypercalcaemia of malignancy and basic research on mechanisms 

responsible for osteolytic and osteoblastic metastasis to bone. Endocr Relat Cancer 2005; 
12:549-83.

4. Coleman RE. Skeletal complications of malignancy. Cancer 1997; 80:1588-94.
5. Jemal A, Siegel R, Ward E, Murray T, Xu J, Smigal C et al. Cancer statistics, 2006. CA Cancer J 

Clin 2006; 56:106-30.
6. Mercadante S. Malignant bone pain: pathophysiology and treatment. Pain 1997; 69:1-18.
7. Arguello F, Baggs RB, Graves BT, Harwell SE, Cohen HJ, Frantz CN. Effect of IL-1 on 

experimental bone/bone-marrow metastases. Int J Cancer 1992; 52:802-7.
8. Kostenuik PJ, Singh G, Suyama KL, Orr FW. Stimulation of bone resorption results in a 

selective increase in the growth rate of spontaneously metastatic Walker 256 cancer cells 
in bone. Clin Exp Metastasis 1992; 10:411-8.

9. Schneider A, Kalikin LM, Mattos AC, Keller ET, Allen MJ, Pienta KJ et al. Bone turnover 
mediates preferential localization of prostate cancer in the skeleton. Endocrinology 2005; 
146:1727-36.

10. Brown JE, Cook RJ, Major P, Lipton A, Saad F, Smith M et al. Bone turnover markers as 
predictors of skeletal complications in prostate cancer, lung cancer, and other solid 
tumors. J Natl Cancer Inst 2005; 97:59-69.

11. Costa L, Demers LM, Gouveia-Oliveira A, Schaller J, Costa EB, de Moura MC et al. 
Prospective evaluation of the peptide-bound collagen type I cross-links N-telopeptide and 
C-telopeptide in predicting bone metastases status. J Clin Oncol 2002; 20:850-6.

12. Sasaki A, Boyce BF, Story B, Wright KR, Chapman M, Boyce R et al. Bisphosphonate 
risedronate reduces metastatic human breast cancer burden in bone in nude mice. Cancer 
Res 1995; 55:3551-7.

Jeroen_Buijs_18.indd   144 26-11-2008   10:18:43



 Bone resorption and intra-bone tumor growth 145 Bone resorption and intra-bone tumor growth 145

13. van der Pluijm G, Que I, Sijmons B, Buijs JT, Lowik CW, Wetterwald A et al. Interference with 
the microenvironmental support impairs the de novo formation of bone metastases in vivo. 
Cancer Res 2005; 65:7682-90.

14. Hiraga T, Williams PJ, Ueda A, Tamura D, Yoneda T. Zoledronic acid inhibits visceral 
metastases in the 4T1/luc mouse breast cancer model. Clin Cancer Res 2004; 10:4559-67.

15. Sasaki A, Kitamura K, Alcalde RE, Tanaka T, Suzuki A, Etoh Y et al. Effect of a newly developed 
bisphosphonate, YH529, on osteolytic bone metastases in nude mice. Int J Cancer 1998; 
77:279-85.

16. van der Pluijm G, Sijmons B, Vloedgraven H, Deckers M, Papapoulos S, Lowik C. Monitoring 
metastatic behavior of human tumor cells in mice with species-specific polymerase chain 
reaction: elevated expression of angiogenesis and bone resorption stimulators by breast 
cancer in bone metastases. J Bone Miner Res 2001; 16:1077-91.

17. Wetterwald A, van der Pluijm G, Que I, Sijmons B, Buijs J, Karperien M et al. Optical imaging 
of cancer metastasis to bone marrow: a mouse model of minimal residual disease. Am J 
Pathol 2002; 160:1143-53.

18. van der Pluijm G, Sijmons B, Vloedgraven H, van der Bent C, Drijfhout JW, Verheijen J et 
al. Urokinase-receptor/integrin complexes are functionally involved in adhesion and 
progression of human breast cancer in vivo. Am J Pathol 2001; 159:971-82.

19. Morony S, Capparelli C, Lee R, Shimamoto G, Boone T, Lacey DL et al. A chimeric form of 
osteoprotegerin inhibits hypercalcemia and bone resorption induced by IL-1beta, TNF-
alpha, PTH, PTHrP, and 1, 25(OH)2D3. J Bone Miner Res 1999; 14:1478-85.

20. Alakangas A, Selander K, Mulari M, Halleen J, Lehenkari P, Monkkonen J et al. Alendronate 
disturbs vesicular trafficking in osteoclasts. Calcif Tissue Int 2002; 70:40-7.

21. Dunford JE, Thompson K, Coxon FP, Luckman SP, Hahn FM, Poulter CD et al. Structure-activity 
relationships for inhibition of farnesyl diphosphate synthase in vitro and inhibition of bone 
resorption in vivo by nitrogen-containing bisphosphonates. J Pharmacol Exp Ther 2001; 
296:235-42.

22. Mundy GR, Yoneda T, Hiraga T. Preclinical studies with zoledronic acid and other 
bisphosphonates: impact on the bone microenvironment. Semin Oncol 2001; 28:35-44.

23. Liotta LA, Kohn EC. The microenvironment of the tumour-host interface. Nature 2001; 411:375-9.
24. Hill PA. Bone remodelling. Br J Orthod 1998; 25:101-7.
25. Guise TA, Mundy GR. Cancer and bone. Endocr Rev 1998; 19:18-54.
26. Vaananen K. Mechanism of osteoclast mediated bone resorption--rationale for the design of 

new therapeutics. Adv Drug Deliv Rev 2005; 57:959-71.
27. Michaelson MD, Smith MR. Bisphosphonates for treatment and prevention of bone metastases. 

J Clin Oncol 2005; 23:8219-24.
28. Body JJ, Greipp P, Coleman RE, Facon T, Geurs F, Fermand JP et al. A phase I study of AMGN-

0007, a recombinant osteoprotegerin construct, in patients with multiple myeloma or 
breast carcinoma related bone metastases. Cancer 2003; 97:887-92.

29. Coleman RE. Bisphosphonates in breast cancer. Ann Oncol 2005; 16:687-95.
30. Elte JW, Bijvoet OL, Cleton FJ, van Oosterom AT, Sleeboom HP. Osteolytic bone metastases in 

breast carcinoma pathogenesis, morbidity and bisphosphonate treatment. Eur J Cancer 
Clin Oncol 1986; 22:493-500.

31. Lipton A, Theriault RL, Hortobagyi GN, Simeone J, Knight RD, Mellars K et al. Pamidronate 
prevents skeletal complications and is effective palliative treatment in women with breast 
carcinoma and osteolytic bone metastases: long term follow-up of two randomized, 
placebo-controlled trials. Cancer 2000; 88:1082-90.

32. Body JJ, Diel IJ, Lichinitser MR, Kreuser ED, Dornoff W, Gorbunova VA et al. Intravenous 
ibandronate reduces the incidence of skeletal complications in patients with breast cancer 
and bone metastases. Ann Oncol 2003; 14:1399-405.

33. Powles T, Paterson A, McCloskey E, Schein P, Scheffler B, Tidy A et al. Reduction in bone 
relapse and improved survival with oral clodronate for adjuvant treatment of operable 
breast cancer [ISRCTN83688026]. Breast Cancer Res 2006; 8:R13.

34. Rosen LS, Gordon DH, Dugan W, Jr., Major P, Eisenberg PD, Provencher L et al. Zoledronic 
acid is superior to pamidronate for the treatment of bone metastases in breast carcinoma 
patients with at least one osteolytic lesion. Cancer 2004; 100:36-43.

Jeroen_Buijs_18.indd   145 26-11-2008   10:18:43



C
ha

pa
te

r 
5

146146

35. Senaratne SG, Pirianov G, Mansi JL, Arnett TR, Colston KW. Bisphosphonates induce apoptosis 
in human breast cancer cell lines. Br J Cancer 2000; 82:1459-68.

36. Jagdev SP, Coleman RE, Shipman CM, Rostami H, Croucher PI. The bisphosphonate, zoledronic 
acid, induces apoptosis of breast cancer cells: evidence for synergy with paclitaxel. Br J 
Cancer 2001; 84:1126-34.

37. Fromigue O, Lagneaux L, Body JJ. Bisphosphonates induce breast cancer cell death in vitro. J 
Bone Miner Res 2000; 15:2211-21.

38. Peyruchaud O, Winding B, Pecheur I, Serre CM, Delmas P, Clezardin P. Early detection of bone 
metastases in a murine model using fluorescent human breast cancer cells: application to 
the use of the bisphosphonate zoledronic acid in the treatment of osteolytic lesions. J Bone 
Miner Res 2001; 16:2027-34.

39. Hughes DE, Wright KR, Uy HL, Sasaki A, Yoneda T, Roodman GD et al. Bisphosphonates 
promote apoptosis in murine osteoclasts in vitro and in vivo. J Bone Miner Res 1995; 
10:1478-87.

40. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Luthy R et al. Osteoprotegerin: a 
novel secreted protein involved in the regulation of bone density. Cell 1997; 89:309-19.

41. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S et al. Osteoclast 
differentiation factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor 
and is identical to TRANCE/RANKL. Proc Natl Acad Sci U S A 1998; 95:3597-602.

42. Khosla S. Minireview: the OPG/RANKL/RANK system. Endocrinology 2001; 142:5050-5.
43. Theoleyre S, Wittrant Y, Tat SK, Fortun Y, Redini F, Heymann D. The molecular triad OPG/

RANK/RANKL: involvement in the orchestration of pathophysiological bone remodeling. 
Cytokine Growth Factor Rev 2004; 15:457-75.

44. Blair JM, Zhou H, Seibel MJ, Dunstan CR. Mechanisms of disease: roles of OPG, RANKL and 
RANK in the pathophysiology of skeletal metastasis. Nat Clin Pract Oncol 2006; 3:41-9.

45. Croucher PI, Shipman CM, Van Camp B, Vanderkerken K. Bisphosphonates and 
osteoprotegerin as inhibitors of myeloma bone disease. Cancer 2003; 97:818-24.

46. Morony S, Capparelli C, Sarosi I, Lacey DL, Dunstan CR, Kostenuik PJ. Osteoprotegerin inhibits 
osteolysis and decreases skeletal tumor burden in syngeneic and nude mouse models of 
experimental bone metastasis. Cancer Res 2001; 61:4432-6.

47. Morony S, Warmington K, Adamu S, Asuncion F, Geng Z, Grisanti M et al. The inhibition of 
RANKL causes greater suppression of bone resorption and hypercalcemia compared with 
bisphosphonates in two models of humoral hypercalcemia of malignancy. Endocrinology 
2005; 146:3235-43.

48. Zheng Y, Zhou H, Brennan K, Blair JM, Modzelewski JR, Seibel MJ et al. Inhibition of bone 
resorption, rather than direct cytotoxicity, mediates the anti-tumour actions of ibandronate 
and osteoprotegerin in a murine model of breast cancer bone metastasis. Bone 2007; 
40:471-8.

49. Canon JR, Roudier M, Bryant R, Morony S, Stolina M, Kostenuik PJ et al. Inhibition of RANKL 
blocks skeletal tumor progression and improves survival in a mouse model of breast 
cancer bone metastasis. Clin Exp Metastasis 2007; 25:119-29.

50. Daubine F, Le Gall C, Gasser J, Green J, Clezardin P. Antitumor effects of clinical dosing 
regimens of bisphosphonates in experimental breast cancer bone metastasis. J Natl 
Cancer Inst 2007;99:322-30.

Jeroen_Buijs_18.indd   146 26-11-2008   10:18:44


