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Metastatic bone disease: pathogenesis and new strategies
for treatment
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Bone is the third leading site of metastatic disease,
after the lung and liver. Bone metastases are most fre-
quently associated with tumors originating in the breast,
lung, prostate, kidney, or thyroid gland. Nearly half of
patients with breast and prostate cancer eventually de-
velop bone metastasis.4,5 Pain, pathological fractures,
neurological deficits, and forced immobilization signifi-
cantly decrease the quality of life of these patients.
Advances in chemotherapy and radiotherapy have
allowed cancer patients to live longer, and are also
expected to meet the challenges in the treatment of
metastatic bone disease.14,17,19,20 To plan treatment and
develop new treatment modalities for metastatic bone
tumors, we must first understand the pathogenesis of
metastasis.

Pathogenesis

The development of metastasis, beginning with the
migration of malignant cells from the primary tumor, to
their proliferation at a distant site, involves a series of
sequential steps: angiogenesis, matrix degradation, cell
motility, cell attachment, and cellular proliferation (Fig.
1).3,4 Angiogenesis is an essential process for the growth
of the primary tumor. The rich neovascularization in-
creases the chances for the tumor cells to reach the
blood stream and colonize secondary sites.11 Cellular
attachment to other cells and/or matrix protein is an-
other important process. Lysis of matrix proteins by
specific proteinases is required for invasion of blood
vessels by the tumor cells and extravasation.13 Before
extravasation, selective adhesion of the tumor cells to
specific sites on the endothelial luminal surface occurs
at sites of organ homing. After extravasation, the tumor
cells grow selectively only in organs that provide the
appropriate growth factors or extracellular matrix envi-
ronment. Growth factors released from the bone mar-
row that stimulate metastatic malignant cells arising
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Metastatic bone tumors are the most common neo-
plasms of the bone. Although the precise incidence of
bone metastasis in Japan has not been determined,
more than one-third of the 500,000 patients with newly
diagnosed invasive cancer annually have bone-seeking
malignant tumors. It is estimated that more than
150,000 patients with bone metastasis suffer from pain
and paralysis in Japan. Orthopedic surgeons must rec-
ognize the presence of the significantly large number of
patients with metastatic bone disease, as compared with
the approximately 90,000 patients annually undergoing
total joint arthroplasty, which is currently the most
popular surgery in Japan.
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from breast cancer to proliferate in the bone and bone
marrow have been identified.4,21 Regulation of these
steps involved in the development of metastasis, includ-
ing angiogenesis, cell attachment, invasion, and release
of growth factors, may be expected to allow more effec-
tive treatment modalities to be developed for metastatic
bone disease.

Invasiveness is correlated with the capacity of malig-
nant cells for metastasis. In general, highly invasive
tumors have the greatest propensity to metastasize,
since tumor cells have to disseminate from the site of
the primary tumor; invade the surrounding matrix,
blood vessels, and lymphatics; become trapped by and
invade the blood vessel wall and be carried to a distant
organ by blood flow; and finally proliferate at a second-
ary site before the process of metastasis can be
completed.

To evaluate the relationship between the invasive-
ness of tumor cells and their capacity to metastasize, we
have developed a modified method of the Boyden
chamber assay for measurement of tumor cell invasive-
ness and established a highly invasive cell line (unpub-
lished results). First, we coated the upper side of the
filter with the cellular matrix; the cells were cultured on
this filter and allowed to invade the lower side of the
filter to cause progressive degeneration of the matrix.
Only the cells that reached the lower surface of the filter
were collected and cultured, and they were then made
to invade the matrix again.

A highly invasive cell line of MDA-MB-231, a human
breast cancer cell line, was established by multiple rep-
etitions of the above steps. This cell line was inoculated
into the left ventricle of a nude mouse, and its capacity
to metastasize to the bone was evaluated. This highly

invasive cell line was found to be more invasive than the
parental cell line by the Boyden chamber assay. The
number of bone metastases was significantly higher fol-
lowing inoculation of the highly invasive cell line into
the left ventricle of nude mice than following inocula-
tion of the parental cell line. Moreover, severe bone
metastases causing pathological fractures were only
observed in the nude mice inoculated with the highly
invasive cell line. Thus, the highly invasive cell line es-
tablished from MDA-MB-231 was thought to have a
great capacity to metastasize to the bone (unpublished).

Thus, invasiveness is an important factor in bone
metastasis, and matrix metalloproteinases (MMPs)
have been shown to play a major role.10 Targeting MMP
activity could be one of the strategies for the control of
bone metastasis.13 An experiment involving inoculation
of an MMP inhibitor into nude mice to prevent human
breast cancer cells from metastasizing to the bone sug-
gested that the clinical application of an MMP inhibitor
is effective for controlling bone metastasis. However,
the efficacy appeared to wane as the MMP inhibitor was
administered in the late stage of metastasis, and the
optimal time of administration of an MMP inhibitor in
the clinical setting remains to be determined. It is quite
possible that it might be more effective to prescribe the
MMP inhibitor in the early stage after resection surgery
of the primary tumor, rather than after bone metastasis
has been diagnosed. Moreover, 20 different kinds of
MMPs have been discovered to date, which have vari-
ous roles under normal physiological conditions. It is
important, therefore, to identify the specific MMP that
participates in bone metastasis and to develop selective
MMP inhibitors for effective prevention of bone metas-
tasis with minimal side effects.12 Although MMP inhibi-

Fig. 1. Diagrammatic representation of
the cellular basis of metastasis. MMP,
matrix metalloproteinase; AMF, auto-
crine motility factor; TGF-�, tumor
growth factor-�; VCAM, vascular cell
adhesion molecule
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tors have not yet been developed for clinical use, they
are believed to be potentially useful for preventive
therapy against bone metastases in cases of breast
cancer.

Specific interests in clinical aspects

In a patient with a documented history of previous pri-
mary malignancy and localized bone pain, metastasis is
the main differential diagnostic possibility that must be
considered. The suspicion should be even stronger if
multiple sites in the skeleton are involved. The detec-
tion of a solitary metastatic bone lesion in cases without
a previously documented primary cancer poses a diffi-
cult diagnostic challenge. In such a case, the lung and
kidney should be investigated first as the primary site,
because more than 70% of patients in whom detection
of bone metastasis precedes that of the primary malig-
nancy have lung or kidney cancer.

Conventional roentgenography and radionuclide
bone scans are the two major modalities considered
useful for evaluating patients with suspected skeletal
metastasis. Bone scanning is a highly sensitive imaging
procedure used for the early detection of skeletal
metastases, but it does not provide any additional infor-
mation regarding the extent of the tumor over that pro-
vided by computed tomography (CT) and magnetic
resonance imaging (MRI). Imaging procedures are very
useful for the accurate diagnosis and staging of metas-

tasis, and for avoiding the morbidity and mortality asso-
ciated with inappropriate aggressive treatment.5,22

Improvements in the oncologic management strate-
gies of advanced cancer have resulted in increased sur-
vival of cancer patients. This has encouraged more
aggressive treatment of patients with pathological frac-
tures.1,6 The current philosophy is that even in cases of
end-stage cancer, if the patient’s general condition per-
mits it, a more aggressive surgical management program
may provide significant benefits in terms of pain relief,
early ambulation, and ease of administration of nursing
care.2 Even joint replacement has been performed in
case of metastatic bone disease (Fig. 2).

Following internal fixation, tumor cells may dissemi-
nate both locally and through the circulation, but there
is no clinical evidence to suggest that such spread is
of any clinical importance.7 It was once believed that
pathological fractures due to metastasis do not have the
potential to heal, but we have encountered a significant
number of cases in which fracture healing was observed.
Particularly in cases of breast cancer, prostate cancer,
and myeloma, bony consolidation can be obtained by
rigid internal fixation conducted for a pathologic frac-
ture, under effective chemotherapy or radiotherapy
(Fig. 3). In such cases, we are wary of applying devices
augmented by methyl methacrylate cement.

It has yet to be determined unequivocally whether
radical resection of a solitary metastatic osseous lesion
can result in cure. Nonetheless, such surgery may re-
duce the systemic effects of the tumor burden, in addi-
tion to conferring pain relief. Prosthetic replacement
after aggressive surgical debulking may also be an op-
tion in selected patients.16

New strategies for treatment

Antiangiogenesis

The metastasis-inhibiting effect of a new polyamine
synthesis inhibitor, chondromodulin-I (ChM-I), puri-
fied from fetal bovine cartilage and alginate, as an
angiogenesis-inhibiting factor was investigated experi-
mentally. Inhibitors of the polyamine biosynthetic path-
way have received considerable attention because of
their potential usefulness as antitumor agents in
the treatment of cancer. Their use is based on the
observation of the greatly increased production of
polyamines, putrescine, spermidine, and spermine in
various types of cancer. MGBCP [methylglyoxal
bis(cyclopentylamidinohydrazone)], which was synthe-
sized as a multienzyme inhibitor of the polyamine-
synthesizing pathway and is a potent inhibitor
of three polyamine-synthesizing enzymes, S-
adenosylmethionine decarboxylase, spermidine syn-

Fig. 2. After resection of the destroyed proximal fragment of
the femur secondary to metastatic gastric cancer, a con-
strained hip prosthesis was inserted. a, pre-operation; b,
postoperation

a,b
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thase, and spermine synthase, is believed to have a
strong inhibitory effect against polyamine synthesis.18

Angiogenic molecules, such as fibroblast growth
factor-2 (FGF-2), transforming growth factor-� (TGF-
�), and vascular endothelial growth factor (VEGF),
have been reported to be present in cartilage. On the
other hand, cartilage is known to be uniquely avascular
among the mesenchymal tissues and exhibits resistance
to vascular invasion. It is thought that antiangiogenesis
agents exist in cartilage, and ChM-I has been purified
from fetal bovine cartilage. ChM-I is a 25-kDa glyco-
protein with 121 amino acid residues and is encoded as
the C-terminal portion of a larger precursor (335 amino
acids) molecule. Purified ChM-I has been shown to in-
hibit DNA synthesis, proliferation of vascular endothe-
lial cells, and tube morphogenesis in vitro.8

Alginate hydrogels have been used in many biomedi-
cal applications, such as dental impressions and wound
dressing, and they have no reported adverse effects.
Alginate is the main component of biofilm, which
seems to mediate antibiotic resistance in diffuse
panbronchiolitis and metal-related osteomyelitis, by
preventing vascular invasion and thereby causing de-
creases in the local concentrations of antibiotics. These
results strongly suggest that alginate hydrogels may pos-
sess antiangiogenic efficacy. We have already shown
in studies that alginate inhibits new formation of vessels
in extraskeletal bone in vivo, and also growth of
human vascular endothelial cells (HUVEC) in vitro
(unpublished).

These antiangiogenic agents were administered by
continuous intraperitoneal injection for 28 days in our
original bone metastasis animal model, in which
metastases of extraskeletally implanted bones and or-
thotopic bones were found after injection into the left
ventricle of B16 melanoma. Following treatment with

MGBCP, it was found that the metastatic rate to the
extraskeletal bones was reduced to 16.5% and that to
the bones of the hind limbs was reduced to 60% of the
corresponding rates in controls. The metastatic rates
after treatment with ChM-I or aliginate were found to
be approximately half of those in controls (Table 1).
No adverse effects were found, either macroscopically
or microscopically.18 These results suggest that
antiangiogenic agents may have the potential to regu-
late metastasis to the bone (Fig. 4).

Hyperthermia

As a less invasive treatment modality and for the local
control of metastatic tumor, surgical intervention sup-
ported by hyperthermia is considered promising. We
have developed a ferromagnetic thermoseed of bone
cement and a metallic intramedullary nail thermoseed
for local hyperthermia for the management of deep-

Fig. 3. A Internal fixation with a nail-plate apparatus was performed for destruction secondary to myeloma, with pathologic
fracture. B Bony union was confirmed by x-ray after 1 year

Table 1. Inhibition of bone metastasis

Group Extraskeletal bone Hind limbs

MGBCP/untreated 16.5% 60% (n � 14, 15)
rhChM-I/untreated 50% 50% (n � 4)
Alginate/untreated 25% 66.7% (n � 11)

The femur and tibia were removed from female C57BL/6 mice, and
the bones were transplanted into the dorsal subcutis of other female
C57BL/6 mice. After 4 weeks, 1 � 105 cells of B16 melanoma were
injected into the left heart ventricle of the mice. Methylglyoxal
bis(cyclopentylamidinohydrazone) (MGBCP), recombinant human
chondromodulin-I (rhChM-I), and alginate were administered
intraperitoneally for 28 days after the inoculation of B16 melanoma
cells. After 28 days, all mice were sacrificed, and the incidence of bone
metastasis was evaluated macroscopically and radiologically in the
hind limbs and extraskeletally implanted bones. Incidence of bone
metastasis � bone metastases in treated group/bone metastases in
untreated group � 100

A,B C,D
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seated tumors, especially of the bone, and have been
involved in related experimental studies for several
years now. In our system, it is very easy to increase the
temperature of the thermoseeds in the bone beyond
50°C by adjusting the volume of the magnetite and the
intensity of the magnetic field. We have also demon-
strated that this ferromagnetic hyperthermia system

prevents local bone destruction caused by tumors in
experimental animals.9,15 Clinical application of this sys-
tem for the treatment of metastatic bone disease was
started about 2 years ago, based on the above-
mentioned experimental results.

Briefly, a titanium alloy intramedullary nail is in-
serted for a pathological fracture or an impending frac-
ture. The product (output of 4kW, fixed frequency
of 1.5 MHz) manufactured by Yamamoto BINITA
(Osaka, Japan) is used. The cylinder-form coil is in-
stalled and the focus part is arranged on the inside. An
exchange magnetic field is generated in the cylinder-
form coil, and heat is generated in the intramedullary
nail. The hyperthermia treatment is generally started
about a week after the operation. Each hyperthermia
session lasts for about 10min, and the sessions are con-
ducted about twice a week.

We have already administered this treatment in five
patients with bone metastasis involving the humerus in
two cases, the femur in two cases, and the tibia in one
case. The primary tumor arose from the lung in two
cases, the liver in one case, the kidney in one case, and
a peripheral nerve sheath in one case. In four of the five
patients, local control of the bone metastases was con-
firmed on plain radiographs, which showed new bone
formation at the metastatic sites and arrested progres-
sion of the destructive changes (Fig. 5).

There were no critical side effects. All the patients
reported feeling heat in the limb during hyperthermia,
but this complaint disappeared immediately as the
switch of the equipment was turned off.

Conclusion

In the management of metastatic bone disease, it is
important to understand the pathogenesis of metastasis,

Fig. 4. Diagrammatic representation
of the cellular basis of metastasis inhibi-
tion by antiangiogenic agents. MGBCP,
methylglyoxal bis(cyclopentylamidino-
hydrazone)

Fig. 5. This patient, a 75-year-old-man who had liver cancer
with a metastatic tumor in the right humerus, presented with
severe pain at the site of metastasis due to impending bone
fracture. An intramedullary nail made of titanium was in-
serted into the right humerus. Ferromagnetic hyperthermia
sessions were administered 10 times, starting a week after the
operation. On the 12th week after the operation, bone forma-
tion was confirmed by x-ray
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which, beginning from the migration of malignant cells
from the primary tumor to proliferation of these cells
at a distant site, involves several sequential steps:
angiogenesis, matrix degradation, cell motility, cell
attachment, and cellular proliferation, all of which are
important factors in the development of bone meta-
stasis. Strategies targeting inhibition of these processes
may be expected to be potentially useful for the preven-
tion of bone metastasis. The current philosophy is that
even in patients with end-stage cancer, a more aggres-
sive surgical program of fracture management may
provide significant benefits.

References

1. Araki N, Myoui A, Kuratsu S, et al. Intraoperative extracorporeal
autogenous irradiated bone grafts in tumor surgery. Clin Orthop
1999;368:196–206.

2. Chao EYS, Sim FH, Shives TC, et al. Management of pathologic
fracture: biomechanical considerations. In: Sim FH, editor. Diag-
nosis and management of metastatic bone disease. New York:
Raven Press; 1988. p. 171–81.

3. Folkman J, Watson KM, Ingber DE, et al. Induction of
angiogenensis during the transition from hyperplasia to neoplasia.
Nature 1989;315:115–22.

4. Frassica FJ, Sim FH. Pathogenesis and prognosis. In: Sim FH,
editor. Diagnosis and management of metastatic bone disease.
New York: Raven Press; 1988. p. 1–6.

5. Frassica FJ, Sim FH. Pathophysiology. In: Sim FH, editor. Diag-
nosis and management of metastatic bone disease. New York:
Raven Press; 1988. p. 7–14.

6. Harrington KD, Sim FH, Enis JE, et al. Methylmethacrylate as an
adjunct in internal fixation of pathological fracture: experience
with three hundred and seventy-five case. J Bone Joint Surg Am
1976;58:1047–55.

7. Hioki Y, Seto M, Tomoda R, et al. Effects of biopsy on lung
metastasis. Oncol Rep 2000;7:837–40.

8. Hiraki Y, Inoue K, Iyama K, et al. Identification of
chondromodulin-I as a novel endothelial cell growth inhibitor.
Purification and its localization in the vascular zone of epiphyseal
cartilage. J Biol Chem 1997;272:32419–26.

9. Kusaka M, Takegami K, Sudo A, et al. Effect of hyperthermia by
magnetic cement on tumor-induced bone destruction. J Orthop
Sci 2002;7:354–7.

10. Morikawa J, Nishimura Y, Uchida A, et al. Molecular cloning
novel mouse and human putative citrate lyase �-subunit. Biochem
Biophys Res Commun 2001;289:1282–6.

11. Ribatti D, Vacca A, Dammacco F. The role of vascular phase in
solid tumor growth: a historical review. Neoplasia 1999;1:293–
302.

12. Sano T, Gabazza EC, Zhou H, et al. The zymogen prothrombin
stimulates cell locomotion and calcium influx in murine osteosar-
coma cells by different mechanism from thrombin. Int J Oncol
1999;15:1197–203.

13. Seftor REB, Seftor EA, Koshikawa N, et al. Cooperative interac-
tions of laminin 5 gamma-2 chain, matrix mettalloproteinase-2,
and membrane type 1 matrix/metalloproteinase are required for
mimicry of embryonic vasculogenesis by aggressive melanoma.
Cancer Res 2001;61:6322–7.

14. Seto M, Yamazaki T, Sonoda J, et al. Suppression of tumor
growth and pulmonary metastasis in osteosarcoma using gene
therapy. Oncol Rep 2002;9:337–40.

15. Takegami K, Sano T, Wakabayashi H, et al. New ferromagnetic
bone cement for local hyperthermia. J Biomed Mater Res 1998;
43:210–14.

16. Uchida A, Myoui A, Araki N, et al. Prosthetic reconstruction for
periacetabular malignant tumors. Clin Orthop 1996;326:238–
45.

17. Uchida A, Seto M, Hashimoto N, et al. Molecular diagnosis and
gene therapy in musculoskeletal tumors. J Orthop Sci 2000;5:418–
23.

18. Wakabayashi H, Hibasami H, Iida K, et al. Prevention of metas-
tasis by a polyamine synthesis inhibitor in an animal bone metas-
tasis model. Oncology 2000;59:75–80.

19. Yamada H, Tada-Oikawa S, Uchida A, et al. TRAIL causes
cleavage of Bid by caspase-8 and loss of mitochondrial membrane
potential resulting in apoptosis in BJAB cells. Biochem Biophys
Res Commun 1999;265:130–3.

20. Yamashita Y, Hioki Y, Yamakawa T, et al. Antitumor effect by
sustained release of tumor necrosis factor using porous ceramic
delivery system. Bioceramics 1998;11:541–4.

21. Yoneda T, Sasaki A, Dunstan C, et al. Inhibition of osteolytic
bone metastasis of breast cancer by combined treatment with the
bisphosphonate ibandronate and tissue inhibitor of the matrix
metalloproteinase-2. J Clin Invest 1997;99:2509–17.

22. Yoshikawa H, Ueda T, Kudawara I, et al. Surgical treatment for
skeletal metastases from soft tissue sarcomas: experience with 23
lesions in 20 patients. Sarcoma 1998;2:107–14.


