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Figure 1 Distribution of FITC-labled NF-xB decoy oligodeoxynucleotide (ODN) by LM8 celis cultured in alginate beads. LM8 celis cultured in
alginate beads were transfected with ‘naked’ fluorescein isothiocianate (FITC)-labeled NF-xB decoy ODN (green) for 4 h. Nuclei were stained
with propidium iodide (red). The transfection efficiency was ~100%. FITC-fluorescence was also confirmed in the nuclei of dividing LM8 cells.
(a, d): nuclear stain; (b, e): FITC-labeled decoy; (c, f): overlay. Scale bar: 10 um. The color reproduction of this figure is available on the htmi full

text version of the manuscript.

DNA-binding capacity of NF-xB was evaluated using a
p65 enzyme-linked immunosorbent assay (ELISA).%
The LMS8 parent Dunn cell line** was also evaluated.
The NF-xB (p65) signaling activity of untreated LMS8
cells (control) was significantly higher (P<0.01), about
threefold, than that of the Dunn cells (Figure 2).
Treatment with NF-xB decoy ODN suppressed the
NF-xB signaling activity of LM8 cells in a dose-dependent
manner (percentage of control; SCD: —14.0£4.9%,
P<0.05; decoy (100nM): —27.7+10.3%, P<0.01; decoy
(10 uM): —74.5%3.1%, P<0.01). Importantly, compared
with the parent Dunn cell line, the activation of NF-xB
(p65) by the LMS8 cell line was significantly (£<0.05)
suppressed by transfection of 10 um NF-xB decoy ODN
(decoy (10pm): —74.5%3.1%; Dunn: —61.7+2.8%;
P <0.05; percentage of control).

Cell proliferation

The ELISA-based bromodeoxyuridine (BrdU) assay was
used to evaluate the effect of NF-xB decoy ODN on the
cell proliferation of LM8 osteosarcoma cells in vitro. The
growth of LM8 osteosarcoma cells cultured in alginate
beads was not affected by 2-7 days incubation with
NF-xB decoy ODN or SCD (Figure 3). No significant
differences were observed among the experimental groups
throughout the experimental period.

mRNA expression of VEGF and ICAM-1

To examine the molecular mechanisms underlying the
inhibitory action of NF-kB decoy ODN on metastasis by
LMS cells, VEGF and ICAM-1 mRNA was quantified
by real-time PCR in vitro. At 24h after inoculation of
LMS8 cells, the transfection of decoy (10uMm) induced a
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Figure 2 Effect of NF-«xB decoy oligodeoxynucleotide (ODN) on
the DNA binding capacity of NF-xB. The NF-xB DNA binding activity
of each experimental group was evaluated using an NF-xB (p65)
enzyme-linked immunosorbent assay (ELISA). (1) Dunn (Dunn
cell line) (serum-free medium), (2) LM8 cells (serum-free medium),
(3) Scrambled decoy ODN at 100 nm (SCD), (4) NF-xB decoy ODN
at 100 nm (Decoy 100 nm) and (5) NF-xB decoy ODN at 10 um (Decoy
10 pm). **P<0.05 and *P<0.01, compared with the untreated LM8
cells. #P<0.01, compared with the 10 um group.
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significant reduction of mRNA levels of VEGF genes
compared with the other groups (Figure 4a) (percentage
of control; SCD: +12.7+2.1%; Decoy (100nMm):
+0.7+2.7%; Decoy (10um): —31.2+£3.1%, P<0.01).
Similarly, the expression of the ICAM-I gene was
markedly decreased in the 10 uM group compared with
the other groups (Figure 4b) (percentage of control; SCD:
—03+9.1%; Decoy (100nM): —5.9+10.8%; Decoy
(10 uM): —34.3£2.6%, P<0.01).

Cell detachment assay
The parental Dunn cell line and its derivative LM
encapsulated in an alginate bead culture system were able
to grow in a three-dimensional structure with cells
detaching from the alginate environment. The number
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Figure 3 Effect of NF-xB decoy oligodeoxynucleotide on the celi
proliferation of LM8 cells. The cell proliferation of LM8 cells cultured
for 2-7days in alginate beads was analyzed by a bromodeoxyuridine
(BrdU) assay. No significant differences were observed among the
experimental groups.
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of detached cells was greater in the LM8 cell line than in
the Dunn cell line, suggesting that the cell kinetics in this
culture system reflect the in vive malignancy potential of
the cells.>®> To evaluate the effect of the NF-kB decoy
ODN on the metastatic potential in vitro using this culture
system, the number of cells detaching from the alginate
bead and adhering to the bottom of the culture plate was
quantified. On day 1 of culture, detached cells were found
only in the control group. The number of cells detaching
from alginate beads increased with time in all experi-
mental groups, however, the number of detached cells for
the Decoy (10 uM) group was significantly (P <0.05) lower
than that of the control group on day 7 (Figure 5a).
Representative images on day 7 of culture show that
clumps of LMS8 cells were found in the control group
(Figure 5b), whereas only solitary cells were identified in
the decoy (10 uM) group (Figure 5c).

In vivo alginate transplantation study

To examine the inhibitory effect of NF-xB decoy ODN
on pulmonary metastasis in vivo, alginate beads contain-
ing LM8 cells pre-transfected with NF-xB decoy ODN
were transplanted into the dorsal skin of mice. In a
preliminary experiment,” beads containing murine OS
cells, either the parental Dunn cell line or its derivative
cell line LMS, were transplanted into the dorsal skin
of mice to determine their metastatic potential in vivo. The
rate of pulmonary metastasis was higher for LM8 cells
than Dunn cells, suggesting that the metastatic potential
of cells in alginate bead culture reflect the original in vivo
potential.

In this study, tumor nodules were formed in all mice in
both the control (10/10) and SCD (10/10) groups.
However, subcutaneous tumor nodules were formed in
90% of mice by both the decoy 100nM (9/10) and 10 pMm
(9/10) groups. Tumor nodules of all groups progressively
increased in volume until the mice was killed on day
35 after transplantation. There were no significant
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Figure 4 Effects of NF-xB decoy oligodeoxynucleotide on the mRNA expression of vascular endothelial growth factor (VEGF: a) and
intercellular adhesion molecule-1 (ICAM-1: b). VEGF and ICAM-1 mRNA levels were quantified by real-time PCR and normalized by
the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level of each sample. *P<0.01, compared with the Decoy (10um) group.

SCD, scrambled decoy ODN (100 nm).
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Figure 5 Effects of NF-xB decoy oligodeoxynucleotide on cell detachment from alginate beads. LM8 cells that detached from alginate beads
during 24 h were stained with Hematoxyiin and manually counted under a light microscope (a). Representative light microscopy images of Control
(b) and Decoy 10 um groups (c) on day 7 are shown. Scale bars: 200 um. **P<0.05, compared with Control group.

differences in tumor volume (Figure 6a) and body weight
(Figure 6b) among all groups throughout the experi-
mental period. Representative histological images of the
lungs removed from each experimental group are shown
in Figure 7. Microscopic analysis of the lungs found
metastatic lesions in all the experimental groups. A large
number of tumor nodules were found in the fungs of the
control and SCD groups. Tumor nodules of the control
and SCD groups were larger than those of the NF-«xB
decoy ODN at 100nm and 10puM groups. There was a
marked reduction in the number of metastatic tumors
produced by LM8 cells transfected with NF-xB decoy
ODN at 10um (Figure 8) (percentage of control; SCD:
138.2£35.7, Decoy 100nM: 81.7+£19.6, Decoy 10um:
37.3+15.8, P<0.05 vs control, P<0.01 vs SCD).

Discussion

The results of our study show that NF-xB was
constitutively activated in a murine osteosarcoma cell
line LMS8, which has a higher pulmonary metastatic
potential than its parental Dunn cell line. Furthermore,
the level of NF-xB activation was significantly higher in
the LMS cell line than the Dunn cell line. This increased
activation of NF-xB is considered to contribute to the
maintenance of a highly proliferative malignant pheno-
type. In this study, naked NF-xB decoy ODN was
successfully transfected into the nuclei of LMS8 cells

cultured using three-dimensional alginate beads, and
suppressed the NF-kB signaling pathway. Transfection
of NF-kB decoy ODN at 10 pm decreased the detachment
of cells from the alginate beads and suppressed the
expression of such metastasis-related genes as VEGF and
ICAM-1. In the in vivo alginate transplantation study, the
number of pulmonary metastases was markedly decreased
by transfection of NF-xB decoy ODN.

In a preliminary study, we used two concentrations of
scrambled decoy ODN (SCD; 100noM and 10uM) to
exclude the possibility of any non-specific effects of ODN
on cell proliferation and mRNA expression assays
in vitro. In both assays, significant differences were not
found between the control group and the SCD groups
(at either 100nM or 10 pM). Therefore, for this study, we
selected the 100 nM concentration of SCD for use as the
ODN control (SCD group).

The transfection efficiency study confirmed that
‘naked” NF-kB decoy ODN was transfected into the
nuclei of LMS8 cells cultured in an alginate bead three-
dimensional culture system. Suzuki et al® reported that
NF-xB decoy ODN was successfully and efficiently
transfected into human osteosarcoma cells after enzy-
matic removal of the extracellular matrix in monolayer
culture. In this study, we have successfully transfected
‘naked’ NF-xB decoy ODN into LM8 cells in a three-
dimensional alginate environment. We speculated that
NF-«B decoy ODN could be transfected into LM8 cells
suspended in alginate environment before formation of an
extracellular matrix and/or cell-to-cell adhesion, proving
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Figure 6 Effects of NF-xB decoy oligodeoxynucleotide on local
tumor volume (a) and weight of mice (b) in vivo. Five alginate beads
(~2.0x10° LM8 cells) were transplanted subcutaneously into
the dorsal skin of 10 mice in each experimental group. Tumor
volume and weight were measured every other day. There were no
significant differences in tumor volume or body weight.

the advantage of using a three-dimensional culture
system. The results of this study showed that activation
of NF-xB signaling activity was markedly suppressed by
transfection of NF-kB decoy ODN in a dose-dependent
manner; suggesting that NF-xB signaling activity can be
effectively suppressed by transfection of NF-xB decoy
ODN.

It has been reported that activation of NF-kB causes
certain ty})es of malignant tumor cells to suppress
apoptosis.”®*" Therefore, apoptosis should be induced
when NF-xB signaling is inhibited.*? In human osteosar-
coma, genes relating to apoptosis exist in the downstream
of NF-kB signaling.*® Asai e al.'* showed in an in vitro
study that transfecting valosin-containing protein (VCP;
an inactivator of inhibitor-kB) into osteosarcoma cells
significantly decreased the rate of apoptosis compared
with non-treated osteosarcoma cells. In our study, the
DNA-binding activity of NF-xB by LMS8 cells was
markedly inhibited by transfection of NF-xB decoy
ODN. However, the BrdU assay showed that NF-xB
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decoy ODN did not affect the cell proliferative activity of
LMBS. This finding suggests that the NF-xB signaling
pathway may not have been completely blocked by the
transfection of NF-xkB decoy ODN. Alternatively, other
anti-apoptosis signals, such as Bcl-2, murine double
minute 2 (MDM2), DNA-dependent protein kinase
(DNA-PK) and epidermal growth factor receptor
(EGFR) might be involved.**

The capacity for angiogenesis and adhesion in distant
organs is a crucial factor enabling distant metastasis of
malignant tumors.*> VEGF has been reported to induce
the proliferation of endothelial cells and increased
vascular permeability,'® whereas ICAM-1 is known to
have an important role in lymphatic and vascular
invasion, and subsequent adhesion to other tissues.*® It
has been reported that the expression of VEGF and/or
ICAM-1 is correlated to the malignancy, or metastatic
potential of tumors including osteosarcoma.*’*® In our
study, the mRNA levels of VEGF and ICAM-1 were
significantly decreased by transfection of NF-xB decoy
ODN, indicating that the metastatic potential of LM8
cells was decreased by the transfection of NF-xB decoy
ODN.

We evaluated the number of cells detached from
alginate beads because the detachment observed in this
culture system may reflect the initial step of metasta-
sis.>*** The number of detached cells was significantly
reduced by transfection of NF-kB decoy ODN at 10 um.
This result leads us to speculate that the cellular kinetics
related to migration or invasion was inhibited by
administration of NF-xB decoy ODN. Next, the in vivo
study demonstrated that although tumor volume was not
reduced, the number of pulmonary metastases was
significantly reduced by transfection with NF-xB decoy
ODN at 10 pM. As with the in vitro results, transfection
with NF-xB decoy ODN did not affect the activity of cell
proliferation, but did alleviate the metastatic potential of
LMS cells in vivo. Similarly, Kawamura et al.®’ reported
that combined treatment of NF-xB decoy ODN with an
anti-cancer drug did not suppress tumor cell proliferation,
but did reduce hepatic metastasis in a mouse tumor
model. Taken together, these results suggest that cyto-
kines regulated by NF-xB may have pivotal roles in the
process of metastasis.

The clinical application of NF-kB decoy ODN is
hampered by the instability of oligonucleotides in blood
and their rapid degradation by nuclease.*>*! The intra-
venous injection of ‘naked” NF-«B decoy ODN in an
animal model showed accumulation in the kidney (30% of
the dose per g tissue), but little accumulation in other
organs.*” Therefore, alternative delivery methods such as
local administration,*** combination use with cationic
liposome as a carrier,”” and physical stimulation by
ultrasound wave*>*¢ have been reported. In other series of
study, we directly injected ‘naked” NF-kB decoy ODN
into a LMS8 tumor mass and examined the biodistribution
and the inhibitory effects of the decoy in a murine
spontaneous pulmonary metastasis model.*’ The results
demonstrated that NF-kB decoy ODN was transfected
only into cells marginal to the tumor and no inhibitory
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Figure 7 Histological images of lungs after transfection of NF-«B decoy oligopdeoxynucleotide (ODN). Representative light microscopy images

of lungs removed from each experimental group are shown, where (

a) Control, (b) SCD, (c) NF-xB decoy ODN 100nm and (d) NF-xB decoy

ODN 10 pm. Larger numbers of tumor nodules were found in the lungs of the control and SCD groups, the number of nodules was markedly
reduced in the decoy-transfected groups. SCD, scrambled decoy ODN (100 nwm). Scale bar: 500 pm.
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Figure 8 Effect of NF-xB decoy oligodeoxynucleotide on pulmon-
ary metastasis of LM8 osteosarcoma in in vivo. The number of tumor
nodules (pulmonary metastases) in the maximal area of each lung
section was counted microscopically. *P<0.01 compared with SCD
group, **P<0.05, compared with control group. SCD, scrambled
decoy ODN (100 nm).

effects on pulmonary metastasis were observed. For
clinical applications, effective transfection methods to
place decoy ODN into tumor cells are needed.

In conclusion, we successfully transfected ‘naked’
NF-kB decoy ODN into LMS8 cells cultured in an
alginate-encapsulated tumor spheroid model. The DNA-
binding capacity of NF-xB by LM8 cells was significantly
suppressed by transfection of NF-xB decoy ODN. In the

in vivo alginate bead transplant study, pulmonary
metastases were significantly reduced by transfection of
NF-kB decoy ODN. The results on cell proliferation and
mRNA expression of VEGF and ICAM-1 in vitro provide
biological evidence for the mechanism for inhibition of
pulmonary metastasis by LMS cells. Our results suggest
that NF-kB has crucial and specific roles in the regulation
of tumor metastasis and may be an important therapeutic
target for the development of anti-metastatic treatment

for osteosarcoma.
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Abstract Patients with bone metastases in the extremities
sometimes require surgical intervention to prevent deteri-
oration of quality of life due to a pathological fracture. The
use of localized radiotherapy combined with surgical
reinforcement has been a gold standard for the treatment of
bone metastases. However, radiotherapy sometimes indu-
ces soft tissue damage, including muscle induration and
joint contracture. Moreover, cancer cells are not always
radiosensitive. Hyperthermia has been studied since the
1940s using an experimental animal model to treat various
types of advanced cancer, and studies have now reached
the stage of clinical application, especially in conjunction
with radiotherapy or chemotherapy. Nevertheless, bone
metastases have several special properties which discour-
age oncologists from developing hyperthermic therapeutic
strategies. First, the bone is located deep in the body, and
has low thermal conductivity due to the thickness of cor-
tical bone and the highly vascularized medulla. To address
these issues, we developed new hyperthermic strategies
which generate heat using magnetic materials under an
alternating electromagnetic field, and started clinical
application of this treatment modality. The purpose of this
review is to summarize the latest studies on hyperthermic
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treatment in the field of musculoskeletal tumors, and to
introduce the treatment strategy employing our novel
hyperthermia approach.
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Introduction

Bone is the most common site of cancer metastasis, and is
particularly important in breast and prostate cancers
because these diseases have a high prevalence of bone
metastases. At postmortem examination, ~70% of patients
dying of these cancers have evidence of metastatic bone
disease. Cancers of the thyroid, kidneys, and lungs also
commonly give rise to bone metastases with an incidence
of 30-40% at postmortem examination [1].

Patients with bone metastases in the extremities some-
times require surgical intervention to prevent deterioration
of quality of life due to pathological fractures, which
commonly occur as a result of lytic lesions in weight-
bearing bones. Destruction of both cortical and trabecular
bone is structurally important. Fractures are highly unlikely
to occur (2.3%) when less than 50% of the cortex is
destroyed, and are most likely to occur (80%) when over
75% of the cortex is destroyed {2].

Radiotherapy is generally a safe and effective treatment
modality, and is well established for patients with bone
metastases. However, radiotherapy without surgical rein-
forcement cannot prevent pathological fractures in patients
presenting with impending fractures of long tubular bones.
The addition of internal fixation before localized radio-
therapy can reduce the risk of further bone destruction,
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which leads to increased pain, loss of fixation, and the need
for additional orthopedic procedures [3, 4]. Radiotherapy
also sometimes induces soft tissue damage, including muscle
induration and joint contracture [4]. Moreover, cancer cells
are not always radiosensitive. Better methods are therefore
needed to treat patients with bone metastases. We have
developed a novel hyperthermic strategy which generates
heat using magnetic materials under an alternating electro-
magnetic field to treat bone metastases, and have started
clinical applications of this treatment modality.

The purpose of this review is to summarize the use of
hyperthermic treatment in the field of musculoskeletal
tumors, and to introduce our new treatment strategy using
hyperthermia.

The history of therapeutic hyperthermia
and the mechanisms of cancer cell death

Although there have been many references to the use of
heat to treat human cancer, dating back to the writings of
Hippocrates, the scientific approach to hyperthermia has
been studied since the 1940s [5]. Hyperthermia can be
applied by several methods: local hyperthermia by external
or internal energy sources, regional hyperthermia by per-
fusion of organs or limbs, or by irrigation of body cavities,
and whole body hyperthermia [5].

There is a clear rationale for using hyperthermia in
cancer treatment. Recent progress in cell biology has
revealed that hyperthermia, variously reported between 40
and 45°C, triggers tumor cell death by apoptosis, although
the exact temperature differs depending on the individual
conditions [6, 7]. Treatment at temperatures between 40
and 45°C is cytotoxic for cells in an environment with a
low pO, and low pH conditions, which are usually found
within tumor tissue due to the insufficient blood supply [5].
It is now well-known that hyperthermia-induced apoptosis
is characterized by the occurrence of intra-nucleosomal
DNA cleavage [8]. Furthermore, recent experiments
revealed that hyperthermia can increase tumor immuno-
genicity by stimulating antigen-presenting cells through
heat shock proteins secreted from lysed tumor cells [5].

The clinical value of hyperthermia, in addition to other
treatment modalities, has been shown in randomized trials.
For example, significant improvements in clinical outcome
have been demonstrated for tumors of the head and neck,
breast, brain, bladder, cervix, rectum, lung, esophagus,
prostate, vulva and vagina, and also for melanoma, espe-
cially in conjunction with radiotherapy or chemotherapy
[5, 9, 10]. In the field of bone metastases, Fan et al. [11]
reported that 57 of 62 patients treated with intra-operative
microwave-induced hyperthermic treatment had shown
excellent local control. Sakurai et al. [12] reported that
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hyperthermic treatment combined with external radiation
therapy improved local control in thirteen patients with
primary non-small cell lung cancer directly invading to
bone.

However, the bone has several special properties which
discourage oncologists from developing hyperthermic
therapeutic strategies for bone metastasis. Heating of the
tumor is usually achieved by means of external sources
such as microwaves, ultrasound or a water bath [S].
However, even if these external sources are applied for
bone metastases, it is difficult to achieve enough heat
conduction to the tumor because the bone is located deep in
the body and has low thermal conductivity, with a highly
vascularized medulla. However, hyperthermia for bone
tumors can be achieved using the polymerization heat of
polymethylmethacrylate bone cement as a hyperthermic
treatment [13, 14]; however, the generated heat tends to be
unreliable and insufficient to reduce bone tumor growth
[15]. Microwave-induced hyperthermia [11], laser-induced
thermotherapy [16], and radiofrequency ablation [17] have
been recently used, especially for spinal and pelvic
metastasis. However, these therapeutic modalities are
unsatisfactory for lesions located in the long tubular bones
of the limbs, because pathological fractures cannot be
prevented without surgical reinforcement of the bone
lesion.

We therefore developed a new hyperthermic therapeutic
strategy that uses magnetic materials for metastatic bone
tumors based on experimental studies [15, 18-20], and
have also started clinical investigations [21].

Novel hyperthermia induced using magnetic materials

The unique feature of magnetic materials is their reaction
to a magnetic field. Physical energy conversion occurs in
an alternating magnetic field, and hysteresis loss is a very
important feature of magnetic materials, because it enables
effective hyperthermia.

The concept of hyperthermic cancer therapy that utilizes
magnetic materials and an alternating magnetic field has
been proposed by many researchers [22-24]. Yan et al.
showed that treatment using Fe,O; nanoparticles combined
with magnetic field hyperthermia could inhibit not only the
proliferation of cultured liver cancer cells, but also induce
apoptosis of cultured liver cancer cells. Moreover, they
showed that this hyperthermic strategy has a significant
inhibitory effect on the weight and volume of xenograft
liver cancer [25]. Similarly, Hilger et al. [26] showed the
feasibility of thermal ablation of breast cancer with mag-
netic nanoparticles using an animal model. Johannsen et al.
[27] published the first report of the clinical application
of hyperthermia for human cancer using magnetic
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nanoparticles. They injected magnetic nanoparticle sus-
pensions into the prostate under ultrasound and fluoroscopy
guidance, and showed that hyperthermia using magnetic
nanoparticles was feasible and well tolerated for a patient
with previously irradiated and locally recurrent prostate
carcinoma.

Localized hyperthermic treatment for musculoskeletal
tumors with ferromagnetic ceramics was first reported by
Kokubo [28] using an animal model. He made a bioactive
and ferromagnetic glass ceramic by heat treatment of a
Fe,03-Ca0.8i0,-B,03;-P,05 glass, and showed that this
glass ceramic was useful as a thermoseed for hyperthermic
treatment of cancer [28-31].

We modified these new hyperthermic strategies for use
in treating bone metastases. First, we developed an alter-
nating electromagnetic field generator (Yamamoto Vinita
Co., Ltd., Osaka, Japan) [15, 18, 20]. The output power of
the electromagnetic field was 7 kW, at a fixed frequency of

¥y,
gt

Fig. 1 Hyperthermia was postoperatively applied by inserting the
affected limb into a cylindrical coil of the electromagnetic field
generator

Fig. 2 Monitoring of the
temperature at the various
portions of a rabbit tibia. These
data show the following: heat is
easily generated on the surface
of the magnetic material, the
cortical bone has good heat
conductivity, and the cancerous
bone has poor heat conductivity

1.5 MHz. Exposure of the affected limb to the electro-
magnetic field can be achieved by inserting the limbs into a
cylindrical coil of the generator (Fig. 1).

Next, we created a new bone cement made of glass
ceramic that was partly replaced by magnetite (Fes0y4)
powder [15, 18, 19], and examined the heat induction
generated by hysteresis loss [18]. The composition of this
material resembles the bioactive bone cement described by
Kawanabe et al. [32], with a portion of the bioactive glass
ceramic component replaced by magnetite. The tempera-
ture of this thermoseed rose in proportion to the weight
ratio of magnetite powder, the volume of the thermoseed,
and the intensity of the magnetic field. Furthermore, the
heat induction in this thermoseed implanted into rabbit and
human cadaver tibias was investigated by applying a
magnetic field with a maximum of 300 Oe and 100 kHz.
This system could easily produce heat in the thermoseed in
bone beyond 50°C. When the temperature of the thermo-
seed in rabbit tibias was maintained at 50-60°C, the tem-
perature at the bone surface rose to 43-45°C; but at a
10-mm distance from the thermoseed in the medullary
canal, the temperature did not exceed 40°C (Fig. 2). These
results demonstrate that ferromagnetic bone cement may be
applicable for the hyperthermic treatment of bone tumors.

We next examined the antineoplastic effects of this
treatment using an animal model. VX-2 tumors were
transplanted into the tibia of rabbits. One week later, bone
cement containing magnetite at a 60% weight ratio was
implanted into the same site, followed by exposure to an
alternating magnetic field for 50 min. We observed that the
temperature of the tibia could rise to over 43°C, and that
tumor growth was inhibited without any systemic adverse
effects [20] (Fig. 3).

Since our first magnetite cement has not yet been
approved by the Ministry of Health, Labour and Welfare of
Japan, we decided to use a calcium phosphate cement

temperature ("C)

3] 10 20 30 40 50 60
time {min.}
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Fig. 3 The effects of
hyperthermia with magnetic
materials under an
electromagnetic field. VX2
sarcoma cells were implanted
into the tibias of rabbits. In
radiographs, massive bone
destruction was observed in
rabbits treated with neither
magnetic materials or the
electromagnetic field. However,
when the magnetic materials
were implanted and the
electromagnetic field was
applied, the bone destruction
was strikingly inhibited. This
suggests that our new
hyperthermic therapy has a
_prominent anti-tumor effect on
metastatic bone tumors

Untreated

Fig. 4 The magnetic materials
used for clinical appreciation of
the novel therapeutic
hyperthermia. a, b When the
lesion was located at the
metaphysis, curettage of the
lesion was performed, followed
by implantation of calcium
phosphate cement containing
magnetite into the cavity. ¢ In
contrast, when the lesion was
located at the diaphysis, only
reinforcement with an
intramedullary nail was
performed

containing powdered Fe;O,4 (Fig. 4a, b) or an intramedul-
lary nail made of a titanium alloy (Fig. 4c) as the magnetic
material [21]. Because intramedullary nails made of tita-
nium alloys have been frequently used to fix fractures all
over the world, we had no legal constraints against using
these nails for the patients with pathological fractures or
impending fractures in Japan [33]. Calcium phosphate
cement (CPC) is an injectable biocompatible bone sub-
stitute, and has been used to fill the bone defect following
resection of bone tumors [34]. We have continually per-
formed experimental studies, and found that our novel
hyperthermia strategy promised good local control for bone
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N magnetic materials
materials

+electromagnetic field

metastasis without any adverse effects which could be
detected by hematological examination and histological
examination of the liver, kidneys, lungs and brain [35].

Clinical application of novel hyperthermia
for bone metastases

We started clinical applications of this treatment modality
from March 2003 after obtaining approval from our Institu-
tional Ethics Investigational Review Board [21]. Our treat-
ment strategy requires two types of treatment modalities:
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an electromagnetic field generator (Fig. 1), and the
magnetic materials (Fig. 4).

The surgical procedures can be categorized into two
types. For the lesions located at the metaphysis, we first
perform curettage of the lesion. Calcium phosphate cement
containing magnetite is then implanted into the cavity. In
contrast, for the lesions located at the diaphysis, only
reinforcement with an intramedullary nail was performed.
In both cases, hyperthermia was performed after the
operation. Hyperthermic treatment was performed postop-
eratively on days 8, 10, 12, 15, 17, 19, 22, 24, 26 and 29.
The exposure time was 15 min per day.

To date, this novel hyperthermic treatment has been
performed for 23 patients with 25 metastatic bone lesions.
The radiographic outcome was assessed according to the
following criteria: “Excellent” indicating “reduced with
visible bone formation,” “Good” meaning “not progres-
sive for more than 3 months,” and “Poor” meaning
“progressive”. As a result, 8 lesions (32%) showed an
“Excellent” outcome, while 16 lesions (64%) showed a
“Good” outcome. One lesion (4%) showed a “Poor”
outcome. When compared to the historical controls at our
institute, the radiographic outcomes were statistically
superior to those of the patients who received palliative
surgery without either radiotherapy or hyperthermia, and
similar to outcomes of the patients who received surgery in
combination with postoperative radiotherapy. These results
suggest that our novel hyperthermic therapy was as effec-
tive as surgery combined with radiotherapy (Figs. 5, 6).

Fig. 5 A radiograph of a
bladder cancer that had
metastasized to the humerus (a).
b After curettage of the lesion
and reinforcement with wire,
CPC containing magnetite was
implanted into the cavity. ¢ At
3 months after undergoing
hyperthermia, massive new
bone formation had become
visible (arrow)

Pre-op.

With regard to complications, a sensation of heat during
hyperthermia was noted by 3 patients, and tumor recur-
rence was observed in one patient. To our knowledge, this
is the first clinical application of hyperthermia for meta-
static bone tumors generated using magnetic materials and
an alternating electromagnetic field.

Perspectives

Our hyperthermic strategy has several advantages for the
treatment of metastatic tumors of long tubular bones
compared to radiotherapy. First, our hyperthermic treat-
ment is minimally invasive to the surrounding soft tissue,
because the cooling effect of the intramuscular vascular
flow minimizes soft tissue damage to the neurovascular
sheath [20]. Second, our hyperthermic strategy can prevent
pathological fractures because of the surgical reinforce-
ment of the bone lesion. Moreover, this surgical rein-
forcement does not require any special techniques other
than those routinely used by orthopedic surgeons. Finally,
our hyperthermic treatment can be repeatedly applied for
recurrent metastatic Jesions, in contrast to radiotherapy,
which cannot exceed the normal dose limitations.

This hyperthermic strategy may be applicable to other
fields. Hyperthermia is already applied for the treatment of
soft tissue sarcoma. The combination therapy using both
cytotoxic drugs and regional hyperthermia in the treatment
of soft tissue sarcoma is based upon experimental and

Post-op. 3mos
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Fig. 6 A radiograph of a
hepatocellular carcinoma that
had metastasized to the
humerus. After curettage of the
lesion followed by
reinforcement with wire, CPC
containing magnetite was
implanted into the cavity. At
26 months after undergoing
hyperthermia, no recurrence
was visible (arrow)

Pre-op.

clinical evidence showing that heat induces tumor cell
death by direct thermal toxicity and enhances the efficacy
of some drugs, such as alkylating agents and platinum
analogs [36, 37]. Recently micro- or nano-particles have
attracted attention as a new heat source. Another new
method for inducing interstitial hyperthermia is to inject a
fluid containing magnetic nanoparticles intratumorally, and
to apply alternating magnetic fields [23]. Kobayashi et al.
[23] reported the use of magnetic cationic liposomes,
where a group of cationic magnetic particles can be used as
carriers to introduce magnetic nanoparticles into target
cells, since their positively charged surface interacts with
the negatively charged cell surface. Hyperthermia using
cationic magnetic particles combined with chemotherapy
or radiotherapy might also improve the therapeutic out-
come of soft tissue sarcoma patients.

Despite the potential of therapeutic hyperthermia for
bone metastases, there are some problems that still need to
be solved. First, one of the most common sites of the
metastatic bone tumors is the axial bones, including the
pelvis and the spine. However, the size of the cylindrical
coil of the current generator is too small to apply this
hyperthermic therapy to these sites. To address this prob-
lem, we tried to make a magnetic field generator with a
large coil. However, in our experiments, the increased size
of the coil diminished the power of the magnetic field, and
decreased the efficacy of heat induction. The design of a
new and modified magnetic field generator is warranted.
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Second, thermal monitoring has recently evolved from
the recording of the temperature at 1-8 fixed locations to
real-time control based on high-density thermal profile
mapping and/or non-invasive real-time characterization of
temperature and distribution of physiological changes
[38]. To assure its clinical effectiveness and to certify the
safety of our hyperthermic treatment, effective real-time
and non-invasive monitoring of the temperature is
needed.

Conclusion

About two decades ago, the median survival of patients
with bone metastasis from advanced lung cancer was typ-
ically measured in months, while the median survival of
the patients with bone metastases from prostate cancer or
breast cancer was measurable in years [39, 40]. However,
recent development of new chemotherapies, including
targeted therapies, has dramatically improved these
patients” prognoses. Paradoxically, the improvement of
prognosis of these cancer patients will lead to an increase
in the number of patients with pathological fracture or
impending fractures due to bone metastases, even if sys-
temic therapy for bone metastases makes great progress.
The results of our first series of clinical hyperthermia using
magnetic materials achieved good local control of meta-
static bone lesions. However, further investigations are
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needed before this technique can be employed as a standard
therapy for bone metastases.
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Recurrent Ankle Equinus Deformity Due to Intramuscular Hemangioma

of the Gastrocnemius: Case Report
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INTRODUCTION

Acquired ankle equinus is not so uncommon. A neurolog-
ical deficit causing muscle wasting and contracture should
be ruled oul. For example, spasm or contracture of the
gastrocnemius muscle is predominantly responsible for the
equinus deformity of the foot in cerebral palsy.** In addi-
tion, there are other causes of equinus deformity, such as
poliomyelitis, trauma, diabetes, muscular dystrophy, dias-
trophic dysplasia, or idiopathic.2~>%'% Many surgical proce-
dures have been described for the treatment of this deformity
including gastrocnemius recession or tendoachilles length-
ening if it is not corrected by conseryative treatment.?>
This report presents the case of a patient who complained
of popliteal pain and a fourth recurrence of ankle equinus
with the presumed diagnosis of idiopathic shortening of
the tendoachilles over the course of 23 years which
was actually due to intramuscular hemangioma of the
gastrocnemius.
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CASE REPORT

A 35-year-old female presented to our clinic because of
recurrent left ankle equinus deformity with severe popliteal
pain with walking. She had previously undergone four
previous open tendoachilles lengthening procedures for left
ankle equinus deformity with the diagnosis of idiopathic
shortening of the tendoachilles. The first operation was
performed when she was 12 years old, the second at 15,
and the third at 18, and the fourth at 33 years of age.
However, severe pain with walking persisted and ankle
equinus recurred within 6 months after each surgery. Physical
examination revealed a rigid 30-degree left ankle equinus
deformity when the knee was extended (Figure 1A). But,
the ankle could be dorsiflexed to neutral when the knee was
flexed (Figure 1B). Although no distinct mass was clinically
evident in the left popliteal or proximal leg region, point
tenderness was found at the lateral side of the proximal calf.
She used two crutches to walk due to severe pain. The right
ankle could be dorsiflexed to 20 degrees with the knee in
full extension. Radiographs of the leg showed no ectopic
calcifications. An MRI showed a soft-tissue mass measuring
5 cm x 2 cm within the lateral gastrocnemius muscle
with intermediate signal-intensity on T1-weighted images
and heterogeneous high signal-intensity on T2-weighted
images, suggesting a cavernous hemangioma (Figure 2).
Because the tumor seemed to be the responsible for the
recurrent ankle equinus deformity of this patient, it was
widely resected, including the whole lateral gastrocnemius
(Figure 3) and a lateral small part (about 10%) of the
medial gastrocnemius via an S-shaped posterior approach.
Additionally, the residual medial gastrocnemius aponeurosis
was released. The histological subtype of intramuscular
hemangioma was cavernous hemangioma (Figure 4). After
completion of surgery, the ankle was immobilized at 20
degrees of ankle dorsiflexion and 10 degrees of knee flexion
using long leg cast for 1 week. The long leg cast was
removed on postoperative day 7 when she was allowed
full weightbearing. After 2 years followup, the patient has
regained normal range of ankle dorsiflexion with full knee
extension (Figure 5), and a normal heel-toe gait without any
pain. There has been no recurrence of tumor on MRIL
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Fig. i1 A, A rigid 30-degree left ankle contracture with the knee extended.
B, The ankle dorsiflexed to neutral with the knee flexed.

DISCUSSION

Although acquired unilateral ankle equinus deformity is
not so uncommon, we experienced an unusual case with
a multiply recurrent ankle equinus deformity caused by
intramuscular hemangioma in the calf muscle.®'>!5 The
diagnesis of hemangioma is indeed difficult when it is not

Fig. 3: Gross appearance of the resected tumor including normal gistroc-
nemius muscle tissue.

palpable. In the current case, her previous doctors did nct
consider that the shortening of the gastrocsoleus was due to
intramuscular hemangioma because no mass was palpable.

Contracture of the gastrocnemius can be confirmed b
performing the Silfverskiold test:!' if the equinus is du
mainly to gastrocnemius contracture, it can be readily ove: -
come by flexing the knee which relaxes the gastrocnemins
(including the current case). If this is not the case, the defo
mity may also he due to contracture of the soleus, long to
fexors, tibialis posterior or peroneal muscles, or contracturs
of the posterior capsule of the ankle joint or occasionall
bony deformity.

We strongly suspected that shortening of the tendoachille:
was due to the lesion located in lateral head of gastrocnemius
because the Silfverskiold test was positive.

Intramuscular hemangiomas account for only 0.8% of
hemangiomas.'*'* The most common location is the Tower
extremities, followed by the upper extremities and heac
and neck. They tend to appear in adolescence or young

Fig. 2 MRI showed an intramuscular wmor within the lateral gastrocnemios muscle with intermediate signal-intensity on Tl-weighted images (A) and

heterogeneous high signal-intensity on T2-weighted images (B).
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Fig. 4: Histopathologic findings revealed a cavernous intramuscular heman-
gioma (hematoxylin and eosin stain; magnification, x4).

Fig. 8: The patient has regained a normal range of ankle movement with
Lthe knee extended.

adulthood.® The natural history of many hemangiomas is
they remain relatively dormant until they are stimulated by
a trigger event, such as trauma or pregnancy. Pain is main
symptom occurring in 60% of cases. Tumor mass is present
in most patients (found in 98%)." In the current case, there
was no history of trauma or pregnancy during her previous
four surgeries. Deeply situated hemangiomas that arise in
the deep subcutaneous layer and muscle pose diagnostic
difficulties. In the current case, a distinct, tender point was
observed at the lateral side of the proximal calf. We found a
careful examination was necessary for the diagnosis of this
intramuscular hemangioma.

MRI has been proposed as the optimal diagnostic test when
an intramuscular hemangioma is strongly suspected.!>=13
The MRI findings in the current case allowed the preoper-
ative diagnosis. When intramuscular hemangioma is symp-
tomatic, surgical excision can become the treatment option.
Allen and Enzinger reported that 18% of the patients had
a local recurrence and 7% had more than one recurrence.’
Therefore, en-bloc excision with surrounding muscle is
recommended to prevent local recurrence.

Klemme et al. reported that open tendoachilles lengthening
can provide acceptable results with minimal immobilization
for ankle equinus caused by hemangioma.® However, ankle
equinus recurred after the fourth open tendoachilles length-
ening procedure in the current patient. Therefore, surgical
excision was necessary to prevent recurrence of the ankle
equinus. Open tendoachilles lengthening should therefore be
considered if tumor resection alone fails to regain adequate
ankle motion.

CONCLUSION

If there are no neurological causes of ankle equinus
deformity, the possibility of soft tissue tumor including an
intramuscular hemangioma should be considered. A careful
physical examination should provide important clues to the
etiology of ankle equinus due to intramuscular hemangioma..
Surgical excision of the intramuscular hemangioma was
necessary to treat the recurrent ankle equinus in this case.
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ARTICLE INFO ABSTRACT

In the evolution of cancer, tumor necrosis factor-alpha (TNF-a1) plays a paradoxical role. High doses
induce significant anticancer effects, but conversely, physiologic and pathologic levels of TNF-a. may be
involved in cancer promotion, tumor growth, and metastasis.

Infliximab is a chimeric murine monoclonal antibody that binds with high affinity to soluble and mem-
brane TNF-ot and inhibits binding of TNF-o to its receptors. In the present study, we investigated the
effect of infliximab, a TNF-o antagonist, on breast cancer aggressiveness and bone metastases.

Infliximab greatly reduced cell motility and bone metastases in a metastatic breast cancer cell line,
MDA-MB-231. The mechanism of bone metastasis inhibition involved decreased expression of CXC che-
mokine receptor 4 (CXCR4) and increased expression of decorin, which is the prototype of an expanding
family of small feucine-rich proteoglycans. These results suggest a novel role for TNF-o inhibition in the
reduction or prevention of bone metastases in this breast cancer model. Our study suggests that inhibi-
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tion of TNF-o using infliximab may become a preventive therapeutic option for breast cancer.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Breast cancer metastasizes to bone in more than 80% of patients
with advanced disease [1]. A recent study showed that the pres-
ence of isolated tumor cells in bone marrow at the time of diagno-
sis of breast cancer is associated with a poor prognosis [2]. Tumor
growth at the bone site can be extremely painful due to the pres-
ence of tumor mass in the bone-marrow cavity and to nerve com-
pression. Metastasized tumor growth at the bone site can lead to
debilitating fractures of, particularly, the hip and spine [3].

Tumor necrosis factor-alpha (TNF-o) plays a paradoxical role in
the evolution of cancer. It can act as a tumor necrosis factor and
also as a tumor-promoting factor [4]. Local administration of
high-dose TNF-a is antiangiogenic and has a powerful antitumor
effect [5]. On the other hand, endogenous TNF-o chronically pro-
duced in the tumor microenvironment enhances tumor develop-
ment and spread.

TNF-0ol, a major inducer of chemokines, is a key player in the tu-
mor microenvironment and is involved in the pathogenesis of
breast cancer [6]. TNF-o. also stimulates the production of interleu-
kin-6 (IL-6), and it is a potent growth factor and directly stimulates
angiogenesis [7]. It is also an important factor for breast cancer
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progression [8]. High serum TNF-o concentration in breast cancer
patients correlates with aggressive tumor biology [9].

Infliximab is a chimeric human-mouse monoclonal antibody
consisting of human immunoglobulin G1 (IgG1) Fc regions fused
to the variable Fv region of a high-affinity neutralizing murine
antihuman TNF antibody [10]. It prevents the binding of TNF-o
to its receptors, TNF-R1 (p55 receptor) and TNF-R2 (p75 receptor),
and causes cell death via complement-mediated lysis through
interaction with membrane-bound TNF-a [11]. Infliximab is well
tolerated, is licensed for use in Crohn’s disease and rheumatoid
arthritis at doses of 3-10 mg/kg, and has been used in more than
750,000 patients worldwide.

Neutralization of TNF-o results in reduction of TNF-a-regulated
cytokines, proteases, and other growth factors at the inflammatory
site, minimizing clinical symptoms and thus reversing the clinical
disease [12,13].

In the present study, the effect of infliximab on bone metastases
of a breast cancer cell line (MDA-MB-231) was investigated in vitro
and in vivo.

2. Materials and methods
2.1. Reagents

Infliximab was purchased from Mitsubishi Tanabe K.K. (Tokyo,
Japan). Rabbit polyclonal antibodies to phospho-NF-xB, phospho-
SPAK/JNK and CXC chemokine receptor 4 (CXCR4) were from Cell
Signaling Technology (Danvers, MA). Goat polyclonal antibody to
decorin was from R&D Systems (Minneapolis, MN). Goat polyclonal
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antibody to actin was from Santa Cruz Biotechnology (Santa Cruz,
CA).

2.2. Cell culture

The human breast cancer cell lines MDA-MB-231 (MDA-231),
MCF7, and ZR-75-1 were obtained from the American Type Culture
Collection (ACTT, Manassas, VA). MDA-231 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), and grown in a 5% CO, atmosphere
at 37 °C. MCF7 and ZR-75-1 were cultured in RPMI medium 1640
supplemented with 10% FBS.

2.3. Animals

Five-week-old female BALB/c nu/nu mice (SLC, Hamamatsu, Ja-
pan) were used for all in vivo experiments. Procedures involving
animals and their care were conducted in conformity with national
and international laws and policies and approved by our Institu-
tional Review Board.

2.4. Reverse transcriptase-polymerase chain reaction

For investigation of the expression of mRNA, total RNA was iso-
lated using ISOGEN and treated with DNase (Wako Pure Chemical
Industries, Japan). cDNA was synthesized using PrimeScript Re-
verse Transcriptase (Takara Bio, Shiga, Japan). PCR amplification
was performed using the following specific primers and cycling
parameters: human TNF-o, forward primer 5-GTGGCAGTCT-
CAAACTGA-3, reverse primer, 5-TATGGAAAGGGGCACTGA-3, 30s
at 94 °C, 30s at 58 °C, 30s at 72 °C for 35 cycle; human TNF-R1,
forward primer 5-TCGATTTGCTGTACCAAGT-3, reverse primer 5-
GAAAATGACCAGGGGCAACAG-3, 30s at 94°C, 30s at 56°C, 30s
at 72°C for 35 cycles; human TNF-R2, forward primer 5-CAG-
TGCGTTGGACAGAAG-3, reverse primer 5-GGCTTCATCCCAGCAT-
CA-3, 30s at 94°C, 30s at 60°C, 30s at 72 °C for 35 cycles; and
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), for-
ward primer 5-CATGGAGAAGGCTGGGGCTC-3, reverse primer 5-
CACTGACACGTTGGCAGTGG-3, 30's at 94 °C, 30s at 55°C, 30s at
72 °C for 35 cycles. The PCR products were loaded in 2% agarose
gel and stained with ethidium bromide. The size of the fragments
was confirmed by reference to a 100-bp DNA ladder.

2.5. ELISA

ELISA tests were used to determine the TNF-o. levels in
MDA-231, MCF7, and ZR-75-1. Each of the 3 cell lines (1 x 10%)
was plated in 48-well plates. At near confluence, the cells were
rinsed with PBS, and 250 pl of serum-free DMEM were added to
each well. The conditioned medium was collected after 48 h. Con-
centrations of TNF-a in the conditioned medium were determined
by ELISA using the Quantikine TNF-a kit (R&D Systems) according
to the manufacturer’s instructions.

2.6. SDS-PAGE and immunoblotting

Western blots were performed as described previously [14].
Briefly, samples (cell lysates) were separated by SDS-PAGE, trans-
ferred to nitrocellulose membranes, and immunoblotted with pri-
mary antibodies. The primary antibodies were polyclonal rabbit
antiserum against phospho-NF-xB, polyclonal rabbit antiserum
against phospho-SAPK/JNK, polyclonal rabbit antiserum against
CXCR4, polyclonal goat antiserum against decorin, and polyclonal
goat antiserum against p-actin.

Separated proteins were visualized with horseradish peroxi-
dase-conjugated anti-rabbit antibody or anti-goat antibody (Dako

Cytomation, Carpinteria, CA) with enhancement by chemilumines-
cence using ECL+ (Amersham Pharmacia Biotech, Arlington
Heights, IL); chemiluminescence detection used LAS-1000 plus
(Fujifilm, Tokyo, Japan), in accordance with the manufacturer’s
specifications.

2.7. Cell proliferation assay

The cell lines were seeded in duplicate at a density of
3.0 x 10% cells/well in 6-cm plates. Cells were trypsinized and
counted with a Coulter Counter (Beckman Coulter, Fullerton, CA)
at 24, 48, 72, and 96 h after seeding.

2.8. Migration and invasion assay

Cell migration and invasion analyses using Boyden chambers
were performed as described previously [14]. The two compart-
ments were separated by a polyethylene terephthalate membrane
(6-mm diameter, 8-um pore size; Falcon Cell Culture Inserts:
Becton Dickinson Labware, Franklin Lakes, NJ, USA). Two types of
assay were conducted: a simple migration assay, for which the fil-
ter was not coated with Matrigel; and a migration and invasion as-
say, for which the filters were coated with Matrigel matrix. Briefly,
cells were added to the upper compartment of the chamber. The
chambers were incubated for 24 h, then cells on the upper surface
of the membrane were thoroughly removed with a cotton swab.
Quantification was performed by staining membranes with a
Diff-Quik kit (Sysmex, Hyogo, Japan) and determining the mean
number of cells that had migrated to the lower surface of the mem-
brane. A high-power (400x) field was used. Ten randomly chosen
areas on each filter were used to obtain the mean cell number.
Each assay was performed ten times.

2.9. Intracardiac experimental metastasis model

Subconfluent cells were fed with fresh medium 24 h before
intracardiac injection. Cells (1 x 10°) were suspended in 0.1-ml
sterile PBS and injected with a 29-gauge needle into the left ventri-
cle of 5-week-old female nude mice under anesthesia with pento-
barbital (0.05 mg/g). Animals were maintained in accordance with
the guidelines of the Institutional Animal Care and Use Committee.

2.10. Effect of infliximab on bone metastasis in vivo

Infliximab was administered intraperitoneally at a dose of
10 mg/kg on days 2, 9, 16, and 23 after tumor cell inoculation. Un-
treated mice received saline by intraperitoneal injection. Mice
were sacrificed 4 weeks after inoculation. X-ray and pathology
examinations of bilateral hindlimbs were conducted.

2.11. Radiographic analysis of bone metastasis

Development of bone metastasis was monitored by X-ray imag-
ing 4 weeks after tumor inoculation as described previously [14].
All radiographs were analyzed carefully by three orthopedists.
The number of bone metastases per femur and tibia was deter-
mined for each mouse, and osteolytic lesions in the femur and tibia
were measured using NIH-Image 1.62b7 image analysis software.
Data are shown as number of metastases per mouse or as metasta-
sis area (mm?) per hindlimb bone (fernur and tibia).

2.12. Histological examination
Mice were sacrificed 4 weeks after intracardiac inoculation of

tumor cells. Bilateral hindlimbs were removed and fixed in 4%
paraformaldehyde for 1 day. Femurs and tibias were decalcified



