
Abstract Prostatic carcinoma affects 1 in 11 men and
targets bone with sclerotic metastases. The study of pros-
tate carcinoma growth in bone has been hampered by the
lack of suitable animal models. We have developed an in
vivo model of prostate carcinoma growth in bone by in-
oculating three human prostate carcinoma cell lines (PC-
3, DU-145, and LNCaP) into the tibia of congenitally
athymic mice. Developing tumors were analyzed by ra-
diographic, histologic, immunohistochemical, and in situ
hybridization examination. Seven of the nine PC-3 inoc-
ulated mice and all (9/9) of the DU-145 inoculated mice
developed tumors in the injected limb. In contrast, inoc-
ulation with LNCaP cells failed to produce tumors (0/9).
Radiologically, the tumors had a mixed sclerotic/lytic ap-
pearance with extracortical extension. All the PC-3 tu-
mors invaded the bone marrow cavity, cortical bone, and
surrounding soft tissue. The DU-145 tumors were con-
fined to the bone marrow cavity in 7/9 animals. CK18
and Ki67 localization identified the human tumor cells
and their proliferative activity, respectively. The PC-3-
and DU-145-induced tibial tumors expressed α(1)I pro-
collagen and osteopontin mRNA, to varying degrees. All

the tumors demonstrated an up-regulation of osteoclasts
at the bone/tumor interface compared with the control
limbs. Thus, this is a reliable and reproducible in vivo
model of prostate carcinoma growth in bone enabling the
study of the interactions that occur between prostate can-
cer cells and bone at an important part of the metastatic
cascade, namely, growth and invasion at a distant site.
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Introduction

Cancer of the prostate is one of the most common
male malignancies, affecting approximately 1 in 11 men
(Landis et al. 1998; Pisani et al. 1999). Prostate cancer
metastases occur in bone in approximately 75% of patients
with advanced disease (Coleman 1997). Metastases from
prostate cancer are generally sclerotic in nature, although
bone resorption also appears to be accelerated in these
tumors (Adami 1997). Despite its prevalence, the mecha-
nisms involved in the development of prostate metastases
in bone remain incompletely understood (Scher and
Chung 1994), thus limiting the treatment of prostate can-
cer bone metastases to the management of pain, patho-
logic fracture, and marrow invasion (Mundy 1997).

The process of metastasis involves a complex se-
ries of interactions between the host and tumor cells
(Aznavoorian et al. 1993). Tumor cells must escape from
the primary tumor, degrade the extracellular matrix, and
migrate to and arrest at distant sites, where they subse-
quently invade the surrounding tissue and establish as a
secondary tumor. The propensity for prostate carcinoma
to colonize bone suggests that the microenvironment in
bone promotes the growth of prostate cancer cells at the
latter stage of the metastatic cascade.

Little is known about the factors that promote prostate
carcinoma colonization and growth in bone, although
several hypotheses have been suggested. Paget (1889)
has proposed the “seed and soil” mechanism for breast
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cancer, which emphasizes the importance of the selective
migration of the tumor (“seed”) to the secondary site
(“soil”; Zetter 1990). Furthermore, it has been suggested
that the high incidence of prostate cancer metastases in
the lumbar spine may be attributable to preferential ret-
rograde venous flow through the vertebral venous
system (Berrettoni and Carter 1986). More recently, it
has been proposed that prostate carcinoma acquires os-
teoblast-like properties in the bone microenvironment,
which may enhance the ability of prostate cancer cells to
invade and grow in bone (Koeneman et al. 1999). In ad-
dition, the presence of osteolytic destruction, particularly
in late-stage or aggressive tumors (Coleman 1997), is
strong evidence for an osteoclast-mediated resorptive
process during prostate cancer growth in bone.

A model of prostate cancer growth in bone is essen-
tial for studying the cellular and molecular interactions
that underlie the behavior of prostate skeletal metastases.
To date, in vivo studies of intraosseous prostate cancer
cell growth have been hampered by the lack of suitable
animal models. Earlier models lacked the histological
features of clinical prostate cancer or produced low rates
of metastasis to bone (Shevrin et al. 1989; Thalmann et
al. 1994). More recently, researchers have used intrafem-
oral inoculations of human prostate cancer cells PC-3
and LNCaP cells to examine tumor growth (Soos et al.
1997; Wang and Stearns 1991; Wang et al. 1999).

We have previously established an in vivo model of os-
teosarcoma by using inoculation of human osteosarcoma
cells into the tibiae of nude mice (Fisher et al. 2001). The
aims of the current study have been to expand this tech-
nique and the work carried out by previous researchers and
to develop and characterize a reproducible model of pros-
tate carcinoma growth and invasion in bone. This model
allows us to focus on an important step of the metastatic
cascade of prostate carcinoma, namely, growth and inva-
sion in bone, and enables us to explore the interactions that
occur between the tumor cells and the osteoblasts and os-
teoclasts. Using this model, we have compared the growth
and invasive capabilities of the human prostate carcinoma
cell lines, PC-3, DU-145, and LNCaP in bone by means of
histologic and immunological techniques. Additionally, we
have examined the pattern of expression of bone-related
genes, α1 (type I) procollagen (COL) and osteopontin
(OPN), to assess the possible role of these matrix proteins
in tumor establishment and growth in bone.

Materials and methods

Animals and animal maintenance

Congenitally athymic male nude mice (BALB/c, nu/nu, Animal
Resource Centre, Perth, WA) were purchased germ-free at
2–3 weeks of age and housed in the Orthopaedic Department Ster-
ile Facility. Animals were kept for at least 1 week in the facility be-
fore experimental manipulation. They were kept in a sterile envi-
ronment in cages with beds of sterilized soft wood granulate and
were fed irradiated rat chow ad libitum with autoclaved and acidi-
fied (pH 2.5) tap water. An artificial cycle of 12 h light/12 h dark
was maintained in the room where the animals were kept. A maxi-
mum of five mice were kept in each box, and all manipulations

were performed with sterile techniques in a laminar-flow hood in
the animal facility. Experiments were performed with animals at
4 weeks of age.

Before tumor inoculation, radiographic examination, and sacri-
fice, mice were anesthetized with an intraperitoneal mixture of
ketamine (50 mg/kg), xylazine (5 mg/kg), and acepromazine
(0.75 mg/kg). The St. Vincent’s Hospital Animal Ethics Commit-
tee approved all experimental procedures, and animal care was in
accordance with NHMRC animal ethics guidelines.

Cell culture

The human prostate cancer cell lines, PC-3, DU-145, and LNCaP
were obtained from the American Tissue Culture Collection
(Rockville, Md.). The cells were cultured in DMEM supplemented
with 10% heat inactivated fetal calf serum (all from Gibco), har-
vested by trypsinization (0.25% trypsin, 0.02% EDTA) and
washed three times by centrifugation in serum-free α-DMEM.
Cell concentration and viability were determined in 0.2% trypan
blue solution by using a hemocytometer.

Based on their different rates of growth, final cell concentra-
tions of 4.7×106 cells/ml for the PC-3 cell line, 7.7×106 cells/ml
for the DU-145 cell line, and 5.6×106 cells/ml for the LNCaP cell
line were used. Cells were kept at 4°C until being used for mouse
inoculation (0–2 h).

Intratibial implantation of prostate cancer cell suspensions

Nine animals in each group were anesthetized, and the left leg was
cleaned with 70% ethanol. The prostate cancer cells were aspirat-
ed into a 25-µl syringe fitted with a 25-gauge needle. The needle
was inserted through the cortex of the anterior tuberosity of the
tibia, 3 – 5 mm down the diaphysis of the tibia, and 10 µl of cell
suspension was injected. The right leg, which served as a control,
was inoculated with media alone in an identical manner.

Radiographic examination

Mice were anesthetized, and radiograms were taken by means of a
mammography unit (Picker, LoRad) with Fuji computer radiogra-
phy cassettes and printed to hard copy films. Radiograms were
taken at the time of sacrifice.

Tissue processing

Mice were killed by an anesthetic overdose at 4 weeks post-inocu-
lation, and the left and right legs were dissected. The limbs were
immediately fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) at 4°C for 24 h and then transferred into a sterile de-
calcification solution (15% EDTA/0.5% paraformaldehyde in
PBS, pH 8.0) for 3 weeks. Following fixation, the tissues were
paraffin-embedded for histologic examination, immunohistochem-
istry, and in situ hybridization studies. All specimens were han-
dled under sterile conditions to avoid degradation of RNA in the
sample. Hematoxylin and eosin (H/E) staining assessed tumor de-
velopment in these limbs.

Antibodies and immunohistochemistry

Immunohistochemistry was performed on representative tibial tu-
mors (five tumors per cell line). Serial antibodies were used to
identify the human prostate cancer cells in mouse tissues. These in-
cluded the human epithelial cell marker anti-cytokeratin (CK) 18
(NovoCastra Laboratories Ltd, Newcastle upon Tyne, UK) and the
proliferation marker anti-Ki67 (DAKO, Carpiteria, Calif.). Immu-
nohistochemistry involved the indirect avidin-biotin-enhanced
horseradish-peroxidase method. Antigen retrieval was performed
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after dewaxing and dehydration of the tissue sections (5 µm) by au-
toclaving them for 1 min at 121°C in Target Retrieval Solution
(DAKO). Sections were cooled to room temperature, treated with
6% hydrogen peroxide in methanol for 30 min, and blocked with
Superblock (DAKO) for 1 h at room temperature. Sections were
then incubated with the primary antibody to CK18 (diluted 1:20) at
4°C overnight or the antibody to Ki-67 (diluted 1:50, DAKO) at
room temperature for 2 h. Sections were washed in PBS and incu-
bated with biotinylated horse antimouse IgG1 (CK18, Zymed Lab-
oratories, San Francisco, Calif.) or biotinylated goat antirabbit IgG
(Ki-67, Zymed Laboratories) for 1 h. After further washes, the anti-
bodies were detected with the Vectastain Elite ABC kit (Vector
Laboratories, Burlingame, Calif.) and color-developed with 3,3’-di-
aminobenzidine tetrahydrochloride (Liquid substrate kit, Zymed
Laboratories).

Synthesis of riboprobes

Probes were labeled with digoxigenin (DIG) by using an RNA la-
beling kit (Boehringer Mannheim, Mannheim, Germany) accord-
ing to the manufacturer’s instructions. The COL RNA riboprobe
was obtained by subcloning a 1.6-kb PstI fragment of rat COL
cDNA (from Dr. J. Bateman, Royal Children’s Hospital, Mel-
bourne, Australia) into pSPT 18 or pSPT 19 plasmids. These
plasmid vectors were linearized by using EcoRI or HindIII for
pSPT 19 and pSPT 18, respectively. They were transcribed with
T7 RNA polymerase to generate 1.6-kb antisense and sense
strands, respectively. A 1.6-kb XbaI–XhoI insert of human OPN
cDNA (from Dr. L. Fisher, National Institute of Dental Research,
USA) was linearized with XbaI or XhoI and transcribed with T7
or T3 RNA polymerase to generate antisense and sense ribo-
probes, respectively.

RNA preparation and Northern analysis

Sub-confluent cultures of human PC-3, DU-145, and LNCaP pros-
tate cancer cells and rodent UMR 106–01 osteoblast like cells
were washed twice with PBS and harvested with TRIzol (2 ml per
10-cm2 plate). Total RNA was prepared according to the manufac-
turer’s instructions (Gibco BRL); 20 µg RNA was electrophoresed
on a 1.5% agarose-formaldehyde gel and then transferred to a
GeneScreen membrane. The filters were hybridized overnight with
the DIG-labeled riboprobes in 50% formamide, 5×SSC (1×SSC =
150 mM sodium chloride and 15 mM sodium citrate, pH 7.0), 2%
block reagent (Boehringer), 0.02% SDS, and 0.1% N-laurosarco-
sine at 65°C. The filters were washed to a stringency of 0.1×SSC

at 65°C and exposed to Kodak XAR-5 X-ray film (Eastman Ko-
dak, Rochester, N.Y.) with an intensifying screen. The RNA gel
loading was standardized by 18S.

In situ hybridization

In situ hybridization was performed on tibiae (left and right) from
five mice inoculated with PC-3 cells and five mice inoculated with
the DU-145 cells, as previously described (Fisher et al. 2000). Brief-
ly, 5-µm-thick paraffin sections were mounted on slides, dewaxed
with xylene, and rehydrated in ethanol before being rinsed in water.
The sections were deproteinized with 0.2 M HCl, digested with
2 µg/ml proteinase K, and fixed in 4% paraformaldehyde in PBS.
Prehybridization was performed at 65°C for 1 h in hybridization
buffer. The digoxigenin-labeled probe was then applied to each sec-
tion, and the slides were incubated for 16–18 h at 65°C in a humidi-
fied chamber. Excess probe was removed by incubation with
25 µg/ml RNase A, and the slides were washed in decreasing concen-
trations of SSC at 37°C. Detection of the hybridized probe was with
the alkaline-phosphatase-coupled antidigoxigenin antibody according
to the manufacturer’s instructions. Negative control slides were pre-
treated with 150 µg/ml RNase A prior to hybridization or hybridized
with sense digoxyigenin-labeled riboprobes and then treated as de-
scribed above. Where possible, sections from PC-3-induced tumors,
DU-145-induced tumors, and control limbs were hybridized on the
same slide and in the same experiment. All solutions were pre-treated
with pyrocarbonic acid diethyl ester. Following in situ hybridization,
tissue sections were counter-stained with Nuclear Fast Red.

Tartrate-resistant acid phosphatase staining

An acid phosphatase leukocyte kit (Sigma Diagnostics, St. Louis,
USA) was used to detect the tartrate-resistant acid phosphatase
(TRAP) in osteoclasts, in accordance with manufacturer’s instruc-
tions.
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Fig. 1 Radiographs of tibiae of athymic nude mice following in-
tratibial inoculation of human prostate cancer cells. Representative
radiographs of the right (control, C) and left (test, T) legs of mice
inoculated with PC-3, DU-145 and LNCaP cells, respectively,
4 weeks post-inoculation. The tibial tumors of mice inoculated
with the PC-3 and DU-145 cell lines have a mixed sclerotic/lytic
appearance (arrow) with extracortical extension



Results

Radiology

Tumor growth in the tibiae of the nude mice was as-
sessed radiologically and histologically 4 weeks post-in-
oculation. Seven of the nine mice inoculated with PC-3
human prostate cells and all of the nine mice inoculated
with the DU-145 human prostate cancer cells developed
radiologically detectable tibial tumors, at 4 weeks post-
inoculation (Fig. 1). Radiologic features characteristic
of human prostate carcinoma, including mixed sclerotic
and lytic lesions, were evident in the metaphysis of 
the inoculated tibiae. In contrast, there were no obvi-
ous radiologic changes observed in the tibiae of mice
(n=9) inoculated with the LNCaP prostate cancer cells
(Fig. 1).

Histology

Histologic examination of these tissues revealed intra-
medullary growth of the tumor within the metaphysis in
seven of the nine mice inoculated with the PC-3 cell line
and in all of the nine mice inoculated with the DU-145
prostate cancer cell line, as observed radiologically. Spe-
cifically, inoculation with the PC-3 prostate cancer cells
resulted in tibial tumors that had expanded within the
medulla and had entirely displaced the normal hemato-
poietic cells. These tumors consisted of PC-3 prostate
cancer cells and fibroblast-like cells, heterogeneously
distributed throughout the tumor mass. The tumors were
also associated with areas of trabecular bone destruction
and cortical breach, with tumor invasion into the sur-
rounding soft tissue (Fig. 2A). There were also areas of
new bone formation toward the periphery of the tumors.

The DU-145 cells produced tumors that were largely
confined within the bone marrow cavity. In each tumor,
nests of tumor cells were observed within the surround-
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Fig. 2 Specific identification
of proliferating human prostate
cancer cells PC-3 (A–C) and
DU-145 (D–F) growing in
mouse tibiae, 4 weeks post-
inoculation (b bone, bm bone
marrow, gp area adjacent to the
remaining growth plate, t tumor
mass). H/E-stained longitudinal
tibial cross sections showing a
tumor mass of PC-3 cells (A)
and DU-145 cells (D) growing
within the bone marrow cavity.
The human origin of the cells
was confirmed by immunohis-
tochemistry for human cytoker-
atin 18 (B, E) and the prolifera-
tive nature of the tumor mass
was demonstrated by the 
presence of immunoreactive
Ki-67 (C, F). The controls for
each were negative (insets).
Bar 100 µm



ing trabecular bone (Fig. 2D), which was otherwise in-
tact. Isolated tumor nests consisted entirely of DU-145
prostate cancer cells and were surrounded by spindle-
shaped cells. Only three of the nine mice inoculated with
DU-145 cells had tumors that had breached the cortical
bone and invaded the surrounding soft tissue. In contrast,
no tibial tumors were observed in the mice (n=9) inocu-
lated with the LNCaP human prostate cancer cell line,

4 weeks post-inoculation (results not shown), as ob-
served by radiologic analysis.

Although inoculation of two of the nine mice with the
PC-3 prostate cancer cells failed to produce tibial tu-
mors, the characteristics of PC-3-induced tumors, such
as cortical bone destruction and invasion into the sur-
rounding tissue, were typical of more aggressive tumors.
These results highlighted a difference in the invasive ca-
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Fig. 3A–H Micrographs of
PC-3 and DU-145 cells in the
tibiae of athymic nude mice,
4 weeks post-inoculation 
(b bone, bm bone marrow, t tu-
mor mass). A–D Mice inoculat-
ed with PC-3 cell line. A H/E-
stained section of tumor cells
within the metaphysis of the in-
jected limb, with osteoclasts
(arrow) at the bone/tumor in-
terface. B TRAP staining of tu-
mor cells, identifying the os-
teoclasts (arrow) at the tu-
mor/bone interface. C, D H/E
staining and TRAP staining, re-
spectively, of the right (control)
leg from the same mouse. 
E–H Mice inoculated with 
DU-145 cell line. E H/E
stained section of tumor cells
within the tibiae. F TRAP stain
of tumor cells, identifying the
osteoclasts (arrow) on the tu-
mor/bone interface. G, H H/E
staining and TRAP staining, 
respectively, of the right (con-
trol) leg from the same mouse.
Bar 100 µm



pabilities and growth characteristics of the PC-3, DU-
145, and LNCaP cell lines.

Immunohistochemistry

Immunostaining of the tumor masses for the human-spe-
cific epithelial cell marker CK18 confirmed the presence
of PC-3 cells (Fig. 2B) and DU-145 cells (Fig. 2E) in the
inoculated tibiae. The tumors consisted of heterogeneous
cell populations of human and mouse cells, as the immu-
nostaining was not uniform throughout the tumor mass-
es. The specificity of the human CK18 antibody was
confirmed by the failure to detect CK18 in mouse kerati-
nocytes (data not shown). Proliferation of the human tu-
mor cells could be demonstrated by the presence of im-
munoreactive Ki-67 in the nuclei of the PC-3 cells
(Fig. 2C) and DU-145 cells (Fig. 2F).

Localization of osteoclasts

We examined whether there was an increase in osteoclast
recruitment in these tibial tumors compared with the
control limbs. Tibiae inoculated with the PC-3 prostate
cancer cells demonstrated a relative increase in the num-
ber of osteoclasts, as indicated by large multinucleated
TRAP-positive cells in lacunae, on the bone surface ad-
jacent to the tumor cells (Fig. 3A, B) compared with the
control tibiae (Fig. 3C, D). Similarly, there was an in-
crease in the number of osteoclasts present at the
bone/tumor interface in tibiae inoculated with the DU-
145 prostate cancer cells (Fig. 3E, F) compared with the
control tibiae (Fig. 3G, H).

Expression of osteoblast-related proteins in vitro

To determine the expression of COL and OPN mRNA in
the prostate cancer cell lines prior to intratibial inocula-
tion, we performed RNA analysis in vitro. There was no
COL or OPN RNA detected in the PC-3, DU-145, or
LNCaP cell lines (results not shown). In comparison, the
UMR106–01 cell line expressed RNA for both COL and
OPN.

Expression of osteoblast-related proteins in situ

We examined COL and OPN gene expression in the tibi-
al tumors compared with the control limbs. Localization
of the expression of COL and OPN mRNA in the pros-
tate tumor masses in bone was achieved by in situ hy-
bridization by using DIG-labeled riboprobes.

In the PC-3-induced tumors, high levels of signal for
COL mRNA were localized to the tumor cells and the
osteoblasts at the bone/tumor interface (Fig. 4A). In
comparison, there was only a low level of expression of
COL mRNA in the lining osteoblasts in the correspond-

ing control limbs (Fig. 4B). Moderate signals for COL
mRNA were also evident, heterogeneously distributed
throughout the tumor mass in all of the tibiae inoculated
with PC-3 cells. The corresponding COL mRNA RNase
control was negative.

Moderate signals for OPN mRNA were uniformly ex-
pressed throughout the tumor mass (Fig. 4C) in all of the
PC-3-induced tibial tumors examined. There was no dif-
ference in the levels of OPN mRNA at the bone/tumor
interface compared with normal bone in the control tibi-
ae (results not shown).

The tumors formed by inoculation with the DU-145
cells expressed low to moderate levels of COL mRNA,
which was particularly prominent in cells at the bone/tu-
mor interface (Fig. 4D). This expression was greater than
that observed in normal bone in the control limbs
(Fig. 4E). OPN mRNA was also expressed at low levels
in the tumor masses of mice inoculated with DU-145
cells (Fig. 4F). Overall, the expression of COL and OPN
mRNA was lower than that observed in the PC-3 tumors.
Similar OPN expression was observed in normal bone in
the control limb (results not shown).

Discussion

We have established a reliable and reproducible model
of prostate cancer growth and invasion in bone by using
intratibial inoculation with the human prostate cancer
cell lines PC-3 and DU-145 into nude mice. Previous
models including tail-vein, intra-cardiac, or orthotopic
injection result in a low incidence of osseous metastasis
formation, are complex, or do not adequately reflect the
human disease (Shevrin et al. 1989; Thalmann et al.
1994; Wu et al. 1998). In contrast, intratibial inoculation
results in a high incidence of tumor establishment in
bone, is easy to perform, and results in tumors that are
radiologically and histologically similar to those en-
countered clinically.

This model represents an important step of the meta-
static cascade, namely, the establishment and growth of
tumor cells at a distant site (bone). It also allows us to
explore, in vivo, the interactions that occur between
prostate cancer cells, osteoblasts, and osteoclasts.

The PC-3 cells formed heterogeneous tumors that re-
placed the bone marrow and that resulted in the destruc-
tion of the cortical bone and invasion into the surround-
ing soft tissue, whereas the DU-145-induced tumors
were largely confined within the bone marrow cavity. In
contrast, the LNCaP cells failed to produce tibial tumors,
suggesting a greater biological aggressiveness of the for-
mer two cell lines. Certainly, differences in the tumorige-
nicity and metastatic potential of these prostate cancer
cell lines have previously been reported following ortho-
topic inoculation (Rembrink et al. 1997; Stephenson et
al. 1992). Furthermore, Soos and co-workers (1997), us-
ing intrafemoral inoculation, reported that, after an initial
increase, the LNCaP cells regressed and were eventually
replaced by the host bone marrow.
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There is a notable increase in the population of os-
teoclasts around the advancing tumor front in both the
PC-3- and DU-145-induced tumors. This may be a re-
modeling response to bone destruction. Nonetheless, this
recruitment may be important since recent work suggests
that osteoclast-mediated osteolysis is a necessary ante-
cedent step in the development of osteoblastic metastas-
es (Adami 1997). In this regard, Yoneda et al. (2000)
have demonstrated an inhibition of the development of
osteoblastic metastases from mammary carcinoma when
osteoclastic lysis is inhibited by bisphosphonate treat-
ment. This inhibition has not been demonstrated in pros-
tate carcinoma, and studies are currently underway in
our laboratory to assess this interaction in our model. It
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Fig. 4A–F Localization of expression of bone related factors in
PC-3 and DU-145 cells growing in the tibiae of athymic nude
mice at 4 weeks post inoculation (b bone, bm bone marrow, t tu-
mor mass). A–C PC-3 cell line. A COL mRNA expression was lo-
calized to the tumor mass (small arrow) and was particularly
prominent at the bone/tumor cell interface (large arrow). B COL
mRNA on right (control) tibia. C OPN mRNA expression (arrow)
localized to the PC-3 human prostate tumor cell line growing
within the metaphysis. D–F DU-145 cell line growing in bone.
D Expression of COL mRNA was localized to the bone/tumor inter-
face within the bone marrow cavity of mice inoculated with DU-
145 tumor cells. E COL mRNA (arrow) expression at the same ar-
ea in the right (control) tibia. F Low levels of OPN mRNA expres-
sion (arrow) in the DU-145 cells growing in the mice tibiae. Bar
100 µm



is important to resolve the role of osteoclast osteolysis in
the growth of prostate carcinoma in bone because effec-
tive methods for osteoclast inhibition, such as bispho-
sphonates, are available.

The capacity of prostate carcinoma to adhere to the
extracellular bone matrix is highly dependent on the cell-
cell and cell-matrix interactions that occur at the second-
ary site (Tan et al. 1999; Wilson et al. 1999). OPN is an
extracellular protein that is found in high levels in nor-
mal bone, amongst other tissues (Denhardt and Guo
1993). It plays an important role in cellular attachment,
via the GRGDS sequence that is recognized by several
integrins, particularly the αvβ3 integrin (Varner and
Cheresh 1996). Previous studies have demonstrated in-
creased OPN expression in a number of transformed cell
lines (Chambers et al. 1992; Senger et al. 1989), and
OPN mRNA has been localized to macrophages in a
number of human tumors, including prostate carcinoma,
in which approximately 50% of tumors are positive for
OPN (Tozawa et al. 1999).

OPN is expressed in PC-3, and to a lesser extent, DU-
145 tumor masses in our model. In contrast, no OPN
mRNA has been detected in either the PC-3 or the DU-
145 cell line by Northern analysis, suggesting a possible
up-regulation of OPN mRNA in the tibial tumors. OPN
may play a role in the adhesive interactions that occur at
the bone/tumor interface during the initial establishment
and subsequent growth of the tumor. It is tempting to
speculate whether tumor cells express OPN themselves
or whether they are modulating the expression of OPN in
adjacent bone and stromal cells to increase cell adhesion
and hence motility and invasion.

We have also examined the expression of COL
mRNA in prostate cancer cells growing in bone. Type I
collagen is the major component of the mineralized ma-
trix of bone, although it is also present in many connec-
tive tissues. The release of procollagen peptides into the
circulation has been shown to correlate with the devel-
opment of bone metastases in a number of human can-
cers, including prostate cancer (Kylmala et al. 1993),
and we have previously shown the over-expression of
type I collagen in invasive breast carcinomas (Fisher et
al. 2000).

In this study, we have localized COL mRNA expres-
sion to the tumor mass in the PC-3-induced and, to a
lesser extent, DU-145-induced tumors. The expression is
relatively uniform throughout the tumors, although COL
mRNA expression tends to be greater at the bone/tumor
interface in the PC-3-induced tumors. It is unclear
whether the tumor cells themselves are producing COL
mRNA or whether they are acting indirectly to increase
COL expression in the adjacent osteoblasts and bone
stromal cells.

Simpson et al. (1985) have demonstrated that condi-
tioned media from PC-3 cell lines stimulate mitogenesis
in a phenotypically osteoblastic osteosarcoma cell line
and increase collagen synthesis in fetal rat calvaria in
vitro. Similarly, Koutsilieris et al. (1994) have reported
that the co-incubation of PC-3 cells with MG-63 osteo-

blast-like cells results in an increased density of Type 1
collagen around MG-63 cells adjacent to PC-3 cells. In
this regard, the increased expression of COL mRNA that
we have observed at the PC-3 bone/tumor interface sug-
gests that there may be an up-regulation of osteoblast
proliferation, possibly by a tumor-induced paracrine or
other mechanism. Alternatively, increased COL expres-
sion may simply reflect tumor cell origin or degradation
of the extracellular matrix.

The increased expression of COL mRNA may also
reflect an affinity of the tumor cells for bone. Hullinger
et al. (1998) have demonstrated that prostate tumor cells
directly adhere to the surrounding trabecular bone, and
the over-expression of Type I collagen and OPN that we
have observed may be, in part, responsible for this. In
this regard, the effect of the up-regulation of tumor OPN
and COL may be important not only for bone targeting,
but also for conferring a survival advantage through en-
hanced attachment and local migration.

In conclusion, we have developed a reliable and re-
producible in vivo model of prostate carcinoma growth
and invasion in bone, a model that we have employed to
explore the cellular and molecular interactions that occur
between prostate cancer cells, osteoblasts, and osteoc-
lasts. The determination of the factors that promote the
preferential targeting of bone by prostate carcinoma
should facilitate the development and treatment strate-
gies to minimize or inhibit tumor progression in patients
who have developed metastases.
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