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Abstract To clarify the mechanisms of bone destruction
associated with bone metastases, we studied an animal
model in which inoculation of MDA-MB-231 human breast
cancer cells into the left cardiac ventricle of female nude
mice causes osteolytic lesions in bone using morphological
techniques. On the bone surfaces facing the metastatic
tumor cells, there existed many tartrate-resistant acid
phosphatase (TRAP)-positive multinucleated osteoclasts.
TRAP-positive mononuclear osteoclast precursor cells
were also observed in the tumor nests. Immunohistochemi-
cal studies showed that the cancer cells produced parathy-
roid hormone-related protein (PTHrP) but not receptor
activator of NF-xB ligand (RANKL). Histochemical and
immunohistochemical examinations demonstrated that
alkaline phosphatase and RANKL-positive stromal cells
were frequently adjacent to TRAP-positive osteoclast-like
cells. Immunoelectron microscopic observation revealed
that osteoclast-like cells were in contact with RANKL-
positive stromal cells. MDA-MB-231 cells and osteoclast-
like cells in the tumor nests showed CD44-positive reactivity
on their plasma membranes. Hyaluronan (HA) and osteo-
pontin (OPN), the ligands for CD44, were occasionally
colocalized with CD44. These results suggest that tumor-
producing osteoclastogenic factors, including PTHrP,
upregulate RANKL expression in bone marrow stromal
cells, which in turn stimulates the differentiation and activa-
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tion of osteoclasts, leading to the progression of bone
destruction in the bone metastases of MDA-MB-231 cells.
Because the interactions between CD44 and its ligands, HA
and OPN, have been shown to upregulate osteoclast dif-
ferentiation and function, in addition to the cell-cell inter-
actions mediated by RANK and RANKL, the cell-matrix
interactions mediated by these molecules may also contrib-
ute to the progression of osteoclastic bone destruction.
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Introduction

Bone metastases are frequently associated with bone
destruction [1,2]. Accumulating lines of evidence suggest
that osteoclasts rather than cancer cells destroy bone in
the pathophysiology of bone metastases [3,4]. Histological
studies demonstrated that numerous osteoclasts are lining
along the bone surfaces adjacent to metastatic cancer cells
in bone metastases of several types of human cancers [4-7].
These findings suggest that enhanced formation and activa-
tion of osteoclasts induced by cancer colonization are criti-
cal to the establishment of bone metastases.

The interactions between receptor activator of NF-xB
ligand (RANKL) expressed in bone marrow stromal cells
and osteoblasts and RANK expressed in osteoclast precur-
sor cells play an essential role in the differentiation of osteo-
clasts [8-11]. In osteolytic bone metastases, osteoclastogenic
factors such as parathyroid hormone-related protein
(PTHrP) produced by cancer cells have been suggested to
upregulate the expression of RANKL in bone marrow
stromal cells and osteoblasts, thereby accelerating bone
destruction [1,2,12-15]. However, the morphological evi-
dence to support this notion is poor.

In addition to the cell-cell interactions mediated by
RANKL and RANK, cell-matrix interactions also play
a role in osteoclast differentiation and function [16,17].
Among the many cell adhesion molecules (CAMs) that



connect cell and extracellular matrices, we focused on
CD44, which is expressed in both osteoclast lineage cells
[18] and several types of cancer cells [19] and possesses a
varieties of biological functions in cancer metastasis and
bone metabolism [20,21]. The CD44 ligands hyaluronan
(HA) and osteopontin (OPN) are abundantly and widely
distributed in the bone microenvironment [18]. Further-
more, CD44, HA, and OPN themselves, and their com-
munications, have been shown to have positive effects
on osteoclast differentiation and function [22-27]. Thus,
we studied the localization of these molecules in bone
metastases.

In the present study, we studied the mechanisms of bone
destruction associated with bone metastases using a well-
characterized animal model in which inoculation of MDA-
MB-231 human breast cancer cells into the left cardiac
ventricle of female nude mice causes osteolytic lesions in
bone [5,7], using morphological techniques.

Materials and methods
Reagents

Antibodies against PTHrP and RANKL were purchased
from Immunodiagnostic Systems (Bolton, UK) and Santa
Cruz Biotechnology (Santa Cruz, CA, USA), respectively.
Anti-CD44 polyclonal antibody was described previously
[28]. Antimouse CD44 monoclonal antibody was purchased
from BD Biosciences (San Jose, CA, USA). Anti-OPN
antibody was kindly provided by Dr. Fukae (Tsurumi
Dental University, Kanagawa, Japan). Biotinylated
hyaluronic-acid-binding protein (HABP) was from Sei-
kagaku Biobusiness Corporation (Tokyo, Japan). All other
chemicals used in this study were purchased from Sigma-
Aldrich (St. Louis, MO, USA) or Wako Pure Chemical
Industries (Osaka, Japan) unless otherwise described.

Cell culture

The human breast cancer cell line MDA-MB-231
(American Type Culture Collection, Rockville, MD, USA)
was cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich) supplemented with 10% fetal
bovine serum (FBS; Asahi Glass Techno, Tokyo, Japan)
and 100 pg/ml kanamycin sulfate (Meiji Seika, Tokyo,
Japan) in a humidified atmosphere of 5% CO, in air.

Reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA was isolated using TRI Reagent (Sigma-
Aldrich), and single-strand cDNA was synthesized using
BD PowerScript Reverse Transcriptase (BD Biosciences,
San Jose, CA, USA). The primer sets used for PCR were
follows: human RANKL, ACCAGCATCAAAATCCCA
AG/CCCCAAAGTATGTTGCATCC; human PTHrP,
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CAAGATTTACGGCGACGATT/GGGCTTGCCTTTC
TTTTTCT. PCR was carried out using a thermal cycler
(GeneAmp PCR System 9700; Applied Biosystems Japan,
Tokyo, Japan). PCR products were separated on 2%
agarose gels containing ethidium bromide and visualized
under UV light. The size of the fragments was confirmed
by reference to a 100-bp DNA ladder.

Animal experiments

Mice. Four-week-old female athymic nude mice (Japan
SLC, Shizuoka, Japan) were used. All procedures for animal
care were approved by the Animal Management Commit-
tee of Matsumoto Dental University.

Bone metastasis. MDA-MB-231 cells (1 x 10° cells) sus-
pended in 0.1 ml phosphate-buffered saline (PBS) were
injected with a 27-gauge needle into the left cardiac ventri-
cle of nude mice under anesthesia with sodium pentobarbi-
tal (0.05 mg/g body weight; Dainippon Sumitomo Pharma,
Osaka, Japan) as described previously [5]. Mice were killed
at 1,2, 3, and 4 weeks after injection.

Tissue preparation

Mice were anesthetized with sodium pentobarbital and per-
fused though the left ventricle with 4% paraformaldehyde
and 0.1% glutaraldehyde in 0.05 M phosphate buffer (pH
7.3). Bouin’s fixative was used for the immunohistochemical
detection of RANKL and PTHrP. Tibiae were dissected,
immersed in perfusion fixative for 2h at 4°C, and then
decalcified in 5% ethylenediaminetetraacetic acid (pH 7.3)
for 10 days at 4°C.

Light microscopy

Specimens were dehydrated in graded ethanol, embedded
in paraffin, and cut into 5-um-thick sections.

Enzyme histochemistry. For tartrate-resistant acid phos-
phatase (TRAP) activity, dewaxed sections were incubated
in a mixture of 3 mg naphthol AS-BI phosphate, 18 mg fast
red violet LB salt, and 50 mM vr-(+)-tartaric acid diluted in
30 ml sodium acetate buffer (pH 5.0) for 30 min at 37°C.
For alkaline phosphatase (ALP) activity, sections were
incubated in 0.1 M Tris-HCI buffer (pH 9.5) containing
NBT/BCIP stock solution (Roche Diagnostics, Tokyo,
Japan) for 1h at 37°C. The sections were counterstained
with methyl green.

Immunohistochemistry for PTHrP and RANKL. Sections
were immersed in PBS containing 10% bovine serum
albumin (BSA) for 15 min, and incubated with anti-PTHrP
antibody (1:50 dilution) or anti-RANKL antibody (1:200
dilution) for 12 h at 4°C. They were finally incubated in
Histofine Simple Stain mouse MAX-PO (Nichirei, Tokyo,
Japan) or horseradish peroxidase-conjugated anti-goat IgG
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(Santa Cruz Biotechnologies; 1:200 dilution) for 1h at
room temperature. After washing with PBS, immunoreac-
tivity was visualized by immersion in a DAB-H,0O, solution
(0.05% diaminobenzidine and 0.01% H,O, in 0.05 M Tris-
HCI buffer, pH 7.6) for 5 min at room temperature. The
sections were then stained with hematoxylin.

Double fluorescent staining. For detection of CD44 and
hyaluronan (HA), paraffin sections were incubated with
anti-CD44 antibody (1:500 dilution) and biotinylated hyal-
uronic acid-binding protein (2 ug/ml) for 12 h at 4°C. They
were immersed in Alexa-Fluor-594-conjugated antirabbit
IgG (Molecular Probes, Eugene, OR, USA) containing
Alexa-Fluor-488-conjugated streptavidin (1:200 dilution;
Molecular Probes). For detection of CD44 and OPN, sec-
tions were incubated with anti-CD44 and anti-OPN anti-
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Fig. 1. Expression of osteoclastogenic cytokines by MDA-MB-231
cells. A Reverse transcription-polymerase chain reaction (RT-PCR)
analysis of receptor activator of NF-xB ligand (RANKL) and parathy-
roid hormone-related protein (PTHrP) mRNA expression in MDA-
MB-231 cells. B Immunohistochemical examination of PTHrP in bone
metastases of MDA-MB-231. Most of the cancer cells (7u) are positive
(stained brown) for PTHrP. OC, tartrate-resistant acid phosphatase
(TRAP)-positive osteoclasts; Bone, bone matrix. x400

bodies (1:500 dilution each) for 12 h at 4°C. They were
immersed in Alexa-Fluor-594-conjugated antirat IgG and
Alexa-Fluor-488-conjugated antirabbit IgG (1:200 dilution;
Molecular Probes). Fluorescence of specimens was ob-
served under a fluorescence microscope (Axioplan 2; Carl
Zeiss, Oberkochen, Germany) with the appropriate filter
combinations.

Immunoelectron microscopy

Sections approximately 50 um thick were cut using a vibrat-
ing blade microtome (VT1000S; Leica Microsystems, Tokyo,
Japan). These sections were incubated in anti-RANKL
antibody for 24 h at 4°C, followed by incubation with HRP-
conjugated antigoat IgG for 24 h at 4°C. Immunoreactivity
was visualized by immersion in DAB-H,0, solution. After
postfixation with 1% OsO, in 0.1 M phosphate buffer (pH
7.4) for 1h at 4°C, the tissue slices were dehydrated in
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Fig. 2. Light micrographs of bone metastases of MDA-MB-231 cells.
A Representative histological view of bone metastases of MDA-MB-
231 cells. TR AP-positive (stained red) multinucleated osteoclasts (OC)
are lining along the bone surface. TRAP-positive mononuclear cells
(arrows) are also seen in tumor nests. TRAP staining: 7u, tumor cells;
Bone, bone matrix. x400. B Alkaline phosphatase (ALP)-positive
stromal cells (arrows) are adjacent to TRAP-positive mono- and mul-
tinuclear cells (arrowheads). TRAP and ALP staining. Tu, tumor cells.
%300. C Immunolocalization of RANKL in a tumor nest. Some of the
stromal cells are RANKL positive (stained brown), and they are in
contact with a TRAP-positive cell (arrowhead). TRAP and immuno-
histochemical staining for RANKL. 7u, tumor cells. x1000



graded acetone and embedded in Epon 812 (TAAB Labo-
ratories Equipment, Berkshire, UK). Ultrathin sections
were cut using an ultramicrotome (Ultracut UCT, Leica
Microsystems) and stained with lead citrate. These sections
were observed under a transmission electron microscope
(H-7600; Hitachi High-Technologies, Tokyo, Japan) at an
accelerating voltage of 80 k'V.

Results

Production of osteoclastogenic cytokines by
MDA-MB-231 cells in bone

Consistent with previous reports [13,14], RT-PCR analysis
confirmed that MDA-MB-231 cells expressed mRNA of
PTHrP but not RANKL (Fig. 1A). Immunohistochemical
examination also showed that the metastatic MDA-MB-231
cells in bone produced PTHrP (Fig. 1B), whereas RANKL
expression was not detected (Fig. 2C)

Interactions between bone marrow stromal cells and
osteoclast precursor cells in bone metastases

In the bone metastases of MDA-MB-231 cells, numerous
TRAP-positive multinucleated osteoclasts were observed
along the bone surfaces (Fig. 2A). A number of TRAP-
positive mono- and multinucleated round-shaped cells,
putative osteoclast precursor cells, were also seen in the
tumor nests apart from the bone surfaces (Fig. 2A). Double
staining of TRAP and ALP demonstrated that ALP-
positive spindle-shaped stromal cells were frequently adja-
cent to TRAP-positive mononuclear cells (Fig.2B). RANKL
immunoreactivity was detected in some of the stromal cells
but not in the tumor cells. Double staining of TRAP and
RANKL showed the contact between TRAP-positive
mononuclear cells and RANKL-positive stromal cells (Fig.
2C). Immunoelectron microscopy further confirmed that
RANKL was expressed on the plasma membranes of the
stromal cells, and that they were in direct contact with
osteoclast-like cells (Fig. 3).

Localization of CD44, HA, and OPN in bone metastases

We then examined the localization of the CAM CD44 and
its ligands, HA and OPN, in the bone metastases of MDA-
MB-231. Immunohistochemical examination showed that
CD44 was expressed on the plasma membranes of MDA-
MB-231 cells and multinucleated osteoclast-like cells (Fig.
4A). HA was widely distributed in the tumor nests (Fig.
4B). Colocalization of CD44 and HA was frequently found
in the contact regions between cancer cells and osteoclast-
like cells (Fig. 4C). Immunoreactivity of OPN was detected
in several MDA-MB-231 cells and extracellular matrices in
the tumor nests as well as in bone matrix (Fig. SB). Colo-
calization of CD44 and OPN was occasionally detected
around MDA-MB-231 cells (Fig. 5C).
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Fig. 3. Immunoelectron micrographs indicating localization of
RANKL. A Tumor cells (7u), a stromal cell (S¢), and an osteoclast-like
cell (OCL) are seen in a tumor nest. x2000. B Higher magnification of
outlined area in A. Immunolabeling (arrowheads, stained black) is
detected on the plasma membrane of the stromal cell (S7) in direct
contact with the osteoclast-like cell (OCL). x6000

Discussion

Our histological studies show that numerous TRAP-
positive osteoclasts existed on the scallop-shaped bone sur-
faces facing the metastatic MDA-MB-231 human breast
cancer cells. We also found that TRAP-positive mono- and
multinucleated osteoclast lineage cells in the tumor nests.
These results indicate that bone destruction induced by
cancer metastasis is mainly caused by osteoclasts.

Several kinds of osteoclastogenic factors, such as PTHrP,
prostaglandins, and interleukins, are produced by meta-
static cancer cells in bone, which provide a microenviron-
ment appropriate for the differentiation and activation of
osteoclasts [1,5,13]. As previously described [13,14], our
RT-PCR and immunohistochemical analyses also show that
MDA-MB-231 cells produce PTHrP, one of the most
responsible factors in the development of osteolytic bone
metastases [1,13], but not RANKL. Histochemical and
immunohistochemical examination demonstrated that ALP
and RANKL-positive stromal cells were frequently adja-
cent to TRAP-positive mononuclear osteoclast precursor
cells. Most importantly, immunoelectron microscopy
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CD44

Fig. 4. Fluorescent micrographs indicating CD44 and hyaluronan
(HA). A Tumor cells (7u) and a multinuclear osteoclast-like cell
(OCL) in a tumor nest show immunoreactivity for CD44 (stained red).
B HA-positive labeling (stained green) is detected along the tumor
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Fig. 5. Fluorescent micrographs indicating CD44 and osteopontin
(OPN). A Tumor cells (7u) and a multinuclear osteoclast-like cell
(OCL) in a tumor nest show immunoreactivity for CD44 (stained red).
B OPN-positive labeling (stained green) is detected in the tumor cells

revealed that those RANKL-positive stromal cells were in
direct contact with osteoclast lineage cells. These results
suggest that, also in metastatic bone diseases, the activation
of RANKL-RANK signals mediated by the cell—cell inter-
actions between bone marrow stromal cells and osteoclast
precursor cells plays a critical role in osteoclast differentia-
tion. The finding that MDA-MB-231 cells express PTHrP
but not RANKL suggests that MDA-MB-231 cells induce

HA

OPN

Merged

cells (7u) and the osteoclast-like cell (OCL). C Colocalization of CD44
and HA (arrows) is seen in the contact region between the tumor cells
and the osteoclast-like cell (OCL). x1000

Tu

OCL
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(Tu) and extracellular matrices. C Colocalization of CD44 and OPN
(arrows) is seen in the contact region between the tumor cells and the
osteoclast-like cell (OCL). x1000

bone destruction indirectly by upregulating RANKL expres-
sion in the stromal cells.

Cell—cell and cell-matrix interactions mediated by CAMs
are critical for cancer metastasis [2]. They also play roles in
osteoclast differentiation and activation [8-11,16,17]. Our
study shows that CD44 was expressed on the plasma mem-
branes of osteoclast-like cells and metastatic MDA-MB-231
cells colonized in bone. The ligands HA and OPN were also



found in the extracellular spaces in the tumor nests and
were partially colocalized with CD44. As these molecules
have been shown to positively regulate osteoclast differen-
tiation and function [22-27], it is plausible that they act to
facilitate bone destruction in bone metastases. In support
of this notion, osteoclastogenesis and tumor growth in bone
were suppressed in OPN-deficient mice [29]. It has been
also demonstrated that HA increased RANKL expression
in bone marrow stromal cells through CD44 [27]. Further-
more, Spessotto et al. proposed that the interactions of HA
with CD44 expressed in osteoclastic cells hampers their
migration [30]. These data together with our results showing
the colocalization of CD44, HA, and OPN between cancer
cells, bone marrow stromal cells, and osteoclast-like cells
suggest that their interactions may hold osteoclast precur-
sor cells and positively assist the RANKL-RANK-mediated
cell signals, leading to enhanced osteoclastic bone destruc-
tion in bone metastases.

In conclusion, our results provide morphological evi-
dence supporting that osteoclastogenic factors, including
PTHrP, produced by the metastatic cancer cells upregulate
RANKL expression in bone marrow stromal cells, which
in turn stimulates osteoclast differentiation and function,
thereby promoting osteoclastic bone destruction in the
bone metastases. The results also suggest that the cell-
matrix interactions between cancer cells, bone marrow
stromal cells, and osteoclast precursor cells mediated by
CD44,HA, and OPN may act to enhance osteoclastic bone
destruction.
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