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ABSTRACT

Bone is the most common site of metastasis in prostate cancer (PC), and
to generate an animal model to investigate the basis of the unique organ
tropism of PC cells for bone, we engrafted humanized non-obese diabetic/
severe combined immunodeficient (NOD/SCID-hu) mice with human
adult bone (HAB) and lung (HAL). Human PC cell lines LNCaP (13 107)
and PC-3 (53 106) were injected into male NOD/SCID-hu mice via the
lateral tail vein at 3–4 weeks after implantation. At 8 weeks after the
injection, LNCaP and PC-3 cells had metastasized specifically to HAB in
35 and 65%, respectively, of the mice. The tumors formed by LNCaP
appeared to be the osteoblastic type, whereas the PC-3 tumors consisted of
osteolytic lesions without any surrounding osteogenic response. A feature
of experimental metastasis of PC in NOD/SCID-hu mice was its specificity
for HAB tissue. Human PC cells had no or very low metastatic potential
in regard to implanted HAL, mouse bone, or native mouse bone. These
findings indicate that metastasis of PC cells to HAB is both species and
tissue specific. The availability of this small animal model could provide a
useful tool for identifying and analyzing important features of the human
PC metastatic process that cannot be addressed in conventional metastasis
models.

INTRODUCTION

Bone has long been recognized as the most common target organ of
PC3 metastasis (1). More than 80% of PC patients develop bone
metastases, predominantly in the spine, and are generally associated
with a poor prognosis (2).

The basis of the unique organ tropism of PC cells for bone is
unclear, in part, because of the lack of good animal models. The
several models that have been reported either lack the histological
features of clinical PC and/or have a low incidence of metastasis to
bone. Apparently, some human tumors require a specific human tissue
microenvironment to reproduce their clinical growth and invasion
patterns in experimentalin vivo models (3–5). In all xenograft models
described to date (6–13), transplanted human tumor cells have needed
to metastasize to and grow in mouse organs. We hypothesized that the
lack of metastasis or lack of tissue-specific metastasis of malignant
human cells in immunodeficient rodents is, at least in part, attributable

to the mechanisms governing the establishment of tissue-specific
metastases also being species specific. The idealin vivo model for
studying human cancer should allow interaction between tumor cells
and a human organ environment (14). Previous reports have described
the use of the SCID-hu system (15–17) to study the behavior of
metastatic human tumor cells; however, this model involves surgical
transplantation of human fetal organs into SCID mice.

A new mouse strain (NOD/SCID) was developed recently by
crossing SCID mice with NOD mice (18). In NOD/SCID mice, the
DNA repair gene defect of SCID mice that severely impairs B- and
T-cell development is combined with the reduced natural killer cell
activity, absence of complement activity, and defect in macrophage
function of NOD mice. The unique feature of this model is that the
human cells proliferate, differentiate, and function in implanted hu-
man tissues that maintain their normal anatomical architecture. To
create a better model of human PC metastasis, we engrafted human-
ized NOD/SCID mice with HAB and HAL.

In this study, we show that human PC cells introduced into NOD/
SCID-hu mice preferentially metastasize to the engrafted HAB and
not to implanted HAL or implanted or native mouse bone. This paper
reports the first model system for studying bone metastasis by human
PC cell lines in HAB.

MATERIALS AND METHODS

Animals. Male NOD/SCID mice, 5 weeks of age, were purchased from
CLEA Japan, Inc. (Tokyo, Japan) and maintained at the National Cancer
Center Research Institute East (Chiba, Japan) under specific-pathogen-free,
temperature-controlled-air conditions throughout this study, according to the
Institutional Guidelines. Cages, bedding, and drinking water were autoclaved.
Food was sterilized by irradiation. The mice used in all experiments were 6–8
weeks of age. All animal manipulations were performed in a laminar flow hood
with sterile techniques under ether inhalation anesthesia, unless noted other-
wise.

Protocol for Implantation of Human and Mouse Tissue Fragments into
NOD/SCID Mice. After obtaining informed consent from the patients, adult
human tissues were obtained from lung cancer patients (age range, 57–79
years) who underwent pulmonary lobectomy in the Division of Thoracic
Oncology, National Cancer Center Hospital East. Known or suspected infec-
tions excluded the use of any tissue obtained. Cancellous bone fragments were
obtained from the rib and maintained under sterile conditions in RPMI 1640 at
4°C. Implantation of bone fragments into NOD/SCID mice was performed
within 1 h of procurement.

Implantation of HAB fragments (NOD/SCID-HAB) was performed as
described in detail (19). Briefly, morcellized bone fragments (approximately
5 3 5 3 5 mm) were transplanted s.c. into the left flank through a small skin
incision. The resulting NOD/SCID-HAB mice were used for metastasis assay
at 3–4 weeks after implantation. As a control for species-specific growth of PC
cells in HAB, femurs were harvested from normal NOD/SCID mice, and bone
fragments were implanted into the right upper flank of recipient mice in an
identical fashion.
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Implantation of HAL fragments (NOD/SCID-HAL) was performed as de-
scribed (15). Briefly, HAL was finely minced into 23 2 3 2 mm fragments
and implanted into the right lower flank. All of the mice received at least two
different tissue implants: HAB and HAL; or else HAB, HAL, and mouse bone.
We did not observe any signs of inflammation or granulation in the bone or
lung grafts or in the surrounding murine tissues.

Cell Lines and Cell Culture. Human PC cell lines, LNCaP (20) and PC-3
(21), were purchased from the American Type Culture Collection (Rockville,
MD). LNCaP, an androgen-responsive human PC cell line originally derived
from a supraclavicular lymph node with PC metastasis, was cultured in RPMI
1640 supplemented with 10% fetal bovine serum. PC-3, an androgen-indepen-
dent human PC cell line derived from a bone metastasis specimen, was
cultured in Ham’s F-12 with 10% fetal bovine serum. The medium was
changed three times/week. All cell lines were grown until 80–90% confluent.
The cells were never contaminated withMycoplasma, and they were used at
low passage numbers in all of the experiments.

Experimental Metastasis Assay.LNCaP (13 107) or PC-3 (53 106)
cells were injected into male NOD/SCID-hu mice via the lateral tail vein.
Tumor cells were harvested after trypsinization (0.05% trypsin-0.02% EDTA)
and passed through a cell strainer (Becton Dickinson, Lincoln Park, NJ) to
remove the larger cellular aggregates. The cells that were collected were
washed in medium, counted, and resuspended. To prevent pulmonary embo-
lism caused by the injection of tumor cells, NOD/SCID mice were anesthetized
by ether inhalation, and the tumor cells were suspended in 200ml of sterile
PBS supplemented with 0.1% BSA and injected i.v. over a period of 15 s (22).
Cancer cells were injected 3–4 weeks after bone implantation, because this
time point was found to be optimal for colonization of human tissues by
carcinoma cells. To exclude the possibility of metastasis of human PC cells to
HAB implants being an artifact of the grafting procedure, LNCaP and PC-3
cells were injected into NOD/SCID mice in which the only procedure was a
skin incision in the flank (control group). All NOD/SCID-hu mice were
sacrificed at the end of 8 weeks.

Tumor Volume. Bone tumor size in HAB was measured with calipers
every week. Tumor volume was estimated by the formulap/6 3 a 3 b2, where
a is the longest dimension andb is the width.

Histological Examination. Mice were killed by cervical dislocation under
anesthesia 8 weeks after injection of PC cells. Human tissues and certain
mouse tissues (lumbar vertebrae, ribs, visible lymph nodes, liver, kidneys,
adrenal glands, and lungs) were examined grossly and histologically for the
presence of tumors. All of the other organs and the skeleton were inspected
visually. Any obvious or suspicious lesions were submitted to histological
analysis.

Portions of each tissue were fixed in 10% neutral buffered formalin and
embedded in paraffin. All bone specimens were decalcified with EDTA
solution (Wako, Osaka, Japan) prior to paraffin embedding. Specimens were
cut into 4-mm sections and stained with H&E for routine histological exami-
nation.

Immunohistochemistry. Immunohistochemical staining was performed
by the avidin-biotin-peroxidase complex technique (23). NOD/SCID mice lack
functional lymphoid cells (both T and B cells) and show very low or no serum
immunoglobulin levels (18); thus, mouse monoclonal antibodies can be used
without any specific blocking procedure. Nonspecific binding sites were
blocked with 2% BSA and 5% skim milk in PBS for 30 min at room
temperature. The primary antibodies used were a mouse monoclonal antihu-
man HLA-DP, -DQ, -DR antibody (CR3/43; Dako, Grostrup, Denmark), used
at a 1:100 dilution; a mouse monoclonal antibody against human endothelial
cells, CD34 (QBEnd 10; Dako), used at a 1:50 dilution; a rat monoclonal
antimouse CD34 antibody (RAM34; PharMingen, San Diego, CA), used at a
1:100 dilution; a mouse monoclonal antibody against human macrophages,
CD68 (PG-M1; Dako), used at a 1:100 dilution; a rabbit polyclonal antibody
against human alveolar type II epithelial cells, pro SP-C, used at a 1:200
dilution; a mouse monoclonal antipan cytokeratin antibody (Sigma Chemical
Co., St. Louis, MO), applied at a l:200 dilution; and a rabbit polyclonal
anti-PSA antibody (Dako), used at a 1:1000 dilution. pro SP-C was kindly
provided by Dr. Kuroki (Sapporo Medical University School of Medicine,
Sapporo, Japan). Microwave treatment was performed before immunohisto-
chemical staining for CD34, CD68, and antipan cytokeratin. After immuno-
staining, the sections were counterstained with Meier’s hematoxylin before
dehydration and mounting. As a negative control, the primary antibody was

replaced with normal swine serum. Additional sections were deparaffinized
through xylene and a graded series of ethanol and then rehydrated.

Histochemistry. Enzyme reactions were used to identify specific cells.
TRAPase was used as a marker for osteoclasts, and ALPase was used as a
marker for osteoblasts. Staining for TRAPase was performed using naphthol
AS-BI phosphate (Sigma) as a substrate and fast red violet LB salt (Sigma) as
a stain for the reaction product (24). Incubation was carried out at 37°C for 20
min. The TRAPase-positive cells were dark red. Staining for ALPase was
performed using naphthol AS-BI phosphate as a substrate and fast blue BB salt
(Sigma) as a stain for the reaction product (25). Incubation was carried out at
37°C for 20 min, and the ALPase-positive cells were blue.

Analysis of NOD/SCID-HAB Sera for Human Immunoglobulin. Blood
samples were taken from NOD/SCID-HAB mice at 2, 4, 6, 8, 12, and 16 weeks
after bone implantation. The samples were centrifuged, and the sera were
stored at220°C until assayed. Serum samples were tested for human IgG
using ELISA, as described by Sandhuet al. (26, 27).

Briefly, each well of a 96-well microplate was coated with the goat anti-
human antibody diluted in PBS. Plates were sealed to prevent evaporation and
incubated overnight at 4°C. The wells were washed with PBS and Tween
(Sigma) and blocked with 5% freeze-dried milk in PBS overnight at 4°C. After
washing the wells with PBS and Tween, mouse sera were added to the wells
containing the bound goat antihuman antibodies, the plates were incubated for
3 h at room temperature and then washed with PBS and Tween, and horse-
radish peroxidase-conjugated mouse antihuman IgG antibodies were added.
After incubation for 30 min at room temperature, the unbound conjugate was
washed off. 2,29-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid; Sigma) and
3% H2O2 were added to each well, the plates were incubated for 15 min at
room temperature, and 0.05% sodium azide was added to each plate to stop the
reaction. The absorbance of each well was measured with a microplate reader
at 415 nm. A standard curve was obtained by using purified human IgG
(Sigma).

Statistical Analysis. Mean tumor volumes were calculated for each cell
line test group and tumor site, and statistical comparisons of mean tumor
volumes between groups were performed using Student’st test.

RESULTS

Implantation of Human Adult Tissues. HAB was cut into frag-
ments and surgically implanted into NOD/SCID mice. Histological
analysis of HAB implants from NOD/SCID mice was performed at 4
and 16 weeks after implantation. At 4 weeks, hematopoietic foci were
observed in the engrafted HAB that showed necrotic and/or fibrous
changes in the bone marrow (Fig. 1A). Bone elements had osteoid
surfaces covered by osteoblastic cells juxtaposed to new bone depos-
ited on the implanted fragments (Fig. 1B). By 16 weeks, all of the
HAB implants had recovered. Bone elements showed few osteoclastic
cells. Viable osteocytes were seen in all specimens. The HAB spec-
imens 16 weeks after implantation had recovered and showed no
evidence of extensive bone resorption or necrosis. By 16 weeks, the
HAL implants had grown and apparently differentiated with evidence
of alveolar structures and columnar epithelium lining the bronchioles
(Fig. 1C). The functional alveolar type II epithelial cells were of
human origin, showing specific staining for human pro SP-C (Fig.
1D). The implanted tissues were healthy and adequately vascularized.
Further characterization of the grafts in NOD/SCID mice by immu-
nohistochemistry demonstrated that the functional endothelial cells
were of human origin, showing specific staining for human CD34, and
were not host mouse cells (Fig. 1E). Negative controls demonstrated
no cross-reactivity (Fig. 1F). Only a few mouse endothelial cells were
present in the peripheral portion of the implanted human bone marrow
(Fig. 1G). Fragments implanted into NOD/SCID mice maintained
normal HAB and HAL morphology for at least 16 weeks after
implantation. No evidence of a graft-versus-host reaction was ob-
served anywhere.
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To determine whether the active cells and surrounding matrix
derived from the implanted HAB and HAL were of human or mouse
origin, a monoclonal antibody specific for human HLA-DP, -DQ, -DR
class II, which recognizes human cells or associated matrix but does
not cross-react with mouse cells or matrix, was used to stain sections
from the 16-week postimplant grafts. Bone marrow elements were of
human origin, showing specific staining for human HLA class II
(Fig. 1H).

To monitor implanted bone function throughout the experiment,
human IgG in the peripheral blood of NOD/SCID mice was quanti-
tatively determined by ELISA methods. Fig. 2 shows the course of

human IgG levels during the experiment in the NOD/SCID-hu mice.
The human IgG levels were low 2 weeks after implantation, increased
rapidly between 2 and 4 weeks, and reached a plateau thereafter.
Constant levels of IgG were maintained for as long as 16 weeks
(Fig. 2).

Metastasis of Human PC Cells to HAB and HAL in NOD/
SCID-hu Mice. The ability of PC cells to colonize human tissuesin
vivo was tested by injection of LNCaP or PC-3 cells into NOD/
SCID-hu mice via the lateral tail vein.

To determine the optimal experimental conditions for formation of
metastases, we initially i.v. injected various numbers of LNCaP and
PC-3 cells into NOD/SCID mice at various times after implantation of
human and mouse tissue. Bolus i.v. injections of 43 107 LNCaP or
more or 23 107 PC-3 cells or more resulted in 75% mouse mortality
within 10 min of the injection. More frequent PC cell metastasis to
HAB was observed in mice implanted with HAB 3–4 weeks prior to
injection than implanted 6–8 weeks before injection (data not shown).
Consequently, in subsequent experiments 13 107 LNCaP or 53 106

PC-3 cells were inoculated into NOD/SCID-hu mice at 3–4 weeks
after implantation, and there were no complications. At 8 weeks after
the injection, the presence of PC cells was analyzed by morphologi-
cally. Histological evaluation of the incision lesions did not reveal any
evidence of PC cell colonization. In the control group, one of the five
LNCaP cell-injected mice had distant metastasis (retroperitoneal
lymph node), whereas two of the five PC-3-cell-injected mice devel-
oped distant metastases, including to the lung (one of five) and bone
(one of five; data not shown).

Table 1 summarizes the incidence of metastasis to implanted HAB
and HAL. The LNCaP cell line, originally isolated from a lymph node
metastasis, metastasized to 35% of the implanted HAB, and PC-3

Fig. 1. Histological analysis of HAB and HAL after implantation in
NOD/SCID mice.A, HAB retrieved from NOD/SCID mice 4 weeks
after implantation. Hematopoietic foci are seen in the engrafted HAB,
showing the formation of new bone (H&E,3100).B, plump osteoblasts
and a new osteoid line in the bone trabeculae (H&E,3400). C, HAL
harvested 16 weeks after implantation. The tissue has grown, and there
is clear evidence of differentiation (alveolar structures, columnar epi-
thelium lining bronchioles; H&E,3100).D, alveolar type II epithelial
cells stained for human pro SP-C (immunostaining for pro SP-C,3200).
E, human adult bone marrow endothelial cells stained positive for
human CD34 (immunostaining for human CD34,3100). F, normal
swine serum was used for negative control sections (3100).G, only a
few mouse endothelial cells are present in the peripheral portion of the
implanted human bone marrow (immunostaining for mouse CD34,
3100).H, 16-week-old bone marrow elements stained for human HLA-
class II (immunostaining for HLA-class II,3100).

Fig. 2. Human IgG production in NOD/SCID-HAB mice. NOD/SCID mice (five
animals in each group) received HAB implantations. Blood samples were taken at 2, 4, 6,
8, 12, and 16 weeks after bone implantation. IgG levels were quantified by ELISA. Data
are shown as means;bars,SD.
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cells, originally isolated from a bone metastasis, metastasized to 65%
of the implanted HAB (Table 1). Four weeks after the injection of PC
cells, the NOD/SCID-hu mice developed grossly palpable and meas-
urable tumors in the implanted HAB. The difference in the size of
bone tumors was evident as early as 6 weeks after the i.v. injection
(average sizes, 174.686 31.3 mm3 for PC-3 tumors and 84.346 26.0
mm3 for LNCaP tumors). Eight weeks after the injection of PC cells,
the average size of the PC-3 metastatic bone tumors (228.456 50.2
mm3) was significantly larger than that of LNCaP tumors
(116.726 35.4 mm3; P , 0.05; Fig. 3).

PC cells had no or a very low metastatic potential in regard to
implanted and native mouse bone, suggesting that they specifically me-
tastasize to human tissue. PC-3 metastatic lesions in mouse vertebral and
implanted mouse bone marrow were limited, and they remained confined
to the marrow space. Despite the injection of a high number of cells
(5 3 106 or 1 3 107), histological evaluation of implanted HAL did not
reveal any evidence of colonization. In a small number of mice, PC cells
formed colonies visible in the mouse lung; however, these colonies were
always,1 mm3 in volume. PC-3-cell-injected mice had distant metas-
tases, including to the lung (5 of 20), adrenal glands (2 of 20), liver (1 of
20), and mediastinal lymph nodes (2 of 20), whereas LNCaP-cell-injected
mice developed distant metastases, including to the lung (2 of 20) and
retroperitoneal lymph nodes (3 of 20). All mice with PC tumors in mouse
tissues had an HAB tumor.

Histological Appearance of Metastases of Human PC Cells to
HAB. Histological examination of the bone tumors formed by each of
the cell lines revealed large, poorly differentiated tumors with a
variable degree of stromal-epithelial interaction. The tumors formed
by PC-3 showed a desmoplastic stromal response with large areas of
necrosis and also consisted of osteolytic lesions without any surround-
ing osteogenic response (Fig. 4,A and C). Viable tumor was also

present among the implanted HAB, but no invasion of surrounding
muscle was detected. The distribution of tumor cells was demon-
strated by immunohistochemical staining for cytokeratin (Fig. 4E).
PC-3 tumor cells remained unreactive with the antibody against PSA
(not shown). Expression of human CD68 is a valuable marker for
identification of cells of the human monocyte-macrophage lineage,
and multinucleated cells on bone were uniformly CD68 positive,
consistent with their identity as osteoclasts. Numerous multinucleated
cells on the bone surface in areas of osteoclastic bone resorption were
CD68 positive (Fig. 4G). CD68-positive cells were also localized in
bone marrow. The number of osteoclasts was abnormally high com-
pared with nonmetastatic regions. Expression of TRAPase activity is
a characteristic phenotypic marker of osteoclasts and osteoclast
precursors, and it is expressed in osteoclasts resorbing bone. The
TRAPase-positive multinucleated cells were mainly located on or
close to the surface of resorption lacunae of bone with a TRAPase-
positive cement line (Fig. 4I). By contrast, TRAPase-positive mono-
nuclear cells were located a distance from the bone surface. There was
no osteogenic response around the tumor. Only a few ALPase-positive
cells were seen, and they stained very weakly (data not shown).

The tumors formed by LNCaP cells appeared to be of the osteo-
blastic type (Fig. 4B), and regions of bone deposition of new bone
matrix could be seen (Fig. 4D). The surface of the bones with
metastatic tumor involvement rarely showed active resorption. The
layer of stromal cells between the tumor cells and the bone surface
was reduced more extensively in the LNCaP tumors than in the PC-3
tumors, and only a few osteoclasts were seen. Numerous osteoblastic
cells lined the surface of newly formed bone. Immunohistochemical
staining of the tumors in this group of mice was positive for PSA (Fig.
4F). LNCaP cells retained the ability to produce PSA while growing
in a HAB microenvironmentin vivo. Only a few multinucleated cells
on the bone surface around the tumor were CD68 positive (Fig. 4H),
and they were weakly stained with TRAPase (data not shown). The
ALPase-positive osteoblasts, on the other hand, were located on the
bone surface with an ALPase-positive cement line (Fig. 4J).

DISCUSSION

We established a NOD/SCID-hu model that can be used to study
metastasis of human PC in a species- and tissue-specific manner. The
metastatic process is determined not only by the characteristics of the
tumor cell itself but by its surrounding microenvironment. Previous
xenograft models (6–13) all required human cells to metastasize to
and grow in mouse organs. Although recent reports (15–17) have
described the use of the SCID-hu system to study the behavior of
metastatic human tumor cells, the models have been generated by
surgical transplantation of human fetal organs into SCID mice. Em-
bryonic and adult hematopoietic and osteogenic progenitors differ
with respect to cycling rates (28), response profiles to hematopoietic
factors (29), and differentiation capacities (30), and to improve these

Table 1 Incidence of metastasis to implanted human and host mouse tissue in NOD/SCID micea after tail vein injection of PC cellsb

Cell lines

Metastatic lesions

Tx human bone Tx human lung Tx mouse bone Mouse bone Mouse lung Others

LNCaP
Incidence 7/20 0/20 0/15 0/20 2/20 3 (LNc)
MTVd 116.726 35.4 0.486 0.1

PC-3
Incidence 13/20 0/20 1/20 3/20 5/20 2 (adrenal); 1 (liver); 2 (LN)
MTV 228.456 50.2 0.88 0.836 0.2 0.416 0.1

a Animals were observed for 8 weeks.
b LNCaP (13 107) and PC-3 (53 106) cells were injected 3–4 weeks after the HAB implantation. Tx, transplanted.
c LN, lymph node.
d MTV, mean tumor volume. MTV is expressed in mm3 6 SD.

Fig. 3. Tumor growth in implanted HAB after i.v. injection of human PC cells. 13107

LNCaP (Œ) and 53106 PC-3 (F) cells were injected 3–4 weeks after the HAB implan-
tation. Tumor volumes were calculated from the tumor diameter (see “Materials and
Methods”). Data are shown as means;bars,SD. p, statistically significant atP , 0.05.
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human PC metastatic models, we engrafted NOD/SCID-hu mice with
HAB and HAL. Immunohistochemical characterization of the HAB
demonstrated that the osteoblastic, osteoclastic, and endothelial cells
were of human origin (specific staining for human HLA class II,
CD68, and CD34). These cells, including the human osteoblastic,
osteoclastic cells, and human bone marrow stromal cells, survived and
were functional up to at least 16 weeks. These morphological find-
ings, together with the results of kinetic studies of IgG expression
showing that constant levels of IgG were maintainedin vivo for as
long as 16 weeks after implantation, indicate that transplantation of a
human bone fragment can provide a stromal microenvironment suit-
able for human hematopoietic and osteogenic progenitor cells and
maintain it for a long time. Thus, this model allows metastatic spread
of human tumor cells to human tissues.

Several animal models of human PC metastasis using both LNCaP
and PC-3 cell lines have been established (6–13, 17). The PC-3 cell
line was isolated from a PC that metastasized to the vertebral bodies
of a patient with hormone-insensitive PC, which is commonly asso-
ciated with bone metastasis, and use of the PC-3 cell line in NOD/
SCID-hu system for studying bone metastasis would therefore be of
considerable value. The LNCaP cell line is useful and important

because it is the only human PC cell line with functional androgen
receptor and PSA expression that has been established. These cell lines
possess a few differentiated cell features that are the predominant mor-
phological characteristics of PC; clinical extrapolation can be deduced
from the present experimental results. The finding that LNCaP and PC-3
cells preferentially metastasize to implanted HAB, with considerably less
preference for grafts of HAL, may reflect the characteristic clinical
features of PC, which preferentially metastasizes to the bones of patients
rather than their lungs. In addition, the characteristic osteoblastic bone
metastases of PC can be reproduced by using HAB. This study reports the
first model system for studying bone metastasis of human PC cell lines to
HAB. Future studies will be performed to determine the mechanism of
the PC bone metastasis under conditions similar to those in the human
body (NOD/SCID-hu system) by using more differentiated tumor cells
established from clinical specimens of human PC or cell lines isolated
from primary tumors.

LNCaP and PC-3 cells injected or implanted orthotopically have
been reported to fail to form bony metastases (11, 12), and i.v.
injection of up to 13 106 LNCaP or PC-3 human PC cells does not
typically result in the development of bone metastases (7, 13). In our
in vivoexperiments, LNCaP and PC-3 cells produced a high incidence

Fig. 4. Histological analysis of PC-3 (left panels)and LNCaP (right
panels) tumors in HAB implanted in NOD/SCID mice.A andC, PC-3
tumors exhibit a desmoplastic stromal response with large areas of
necrosis and osteolytic lesions (H&E,340 and3100). E, PC-3 cells
stained for cytokeratin (immunostaining for cytokeratin,3200). G,
numerous multinucleated cells on the bone surface stained positive for
CD68 (immunostaining for CD68,3100). I, several TRAPase-positive
multinucleated osteoclasts are visible on the bone surface. Lacunae and
a TRAPase-positive cement line are present. TRAPase-positive mono-
nuclear cells can be seen among the stromal cells (TRAPase staining,
3200). B and D, LNCaP tumors that have undergone an osteoblastic
change. Regions of newly deposited bone matrix are visible (H&E,340
and3100).F, LNCaP cells stained for PSA (immunostaining for PSA,
3200). H, only a few CD68-positive cells on the bone surface around
the tumor are visible (immunostaining for CD68,3100). J, ALPase-
positive osteoblasts with an ALPase-positive cement line are present on
the bone surface (ALPase staining,3100).
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of metastasis to implanted HAB, although both PC cell lines were
capable of infrequent metastasis not only to implanted mouse bone but
to native mouse bone as well. These results combined with previous
data indicate that experimental metastasis of PC cells to HAB in the
NOD/SCID-hu system is exquisitely species specific, as confirmed by
the following facts: (a) native mouse bones are vastly superior in size
and vascularization compared with HAB implants; and (b) LNCaP
and PC-3 cells were barely capable of metastasis to implanted and
native mouse bone. The tissue specificity of the metastases in NOD/
SCID-hu mice was also demonstrated by the lack of metastases of PC
to HAL grafts. These observations further support the notion that the
colonization of HAB involves species- and tissue-specific mecha-
nisms and is not attributable to the passive lodging of tumor cells in
bone. Vascular access, although required, is insufficient in itself for
the establishment of bone metastases.

The preference for bone as the site of PC metastases is thought to be
governed by factors that recruit extravasated tumor cells, such as the
presence of chemoattractants produced by the target organ, preferred
stromal elements, and/or angiogenic factors suitable for metastatic cell
growth (31–33). Another possible mechanism is that bone marrow en-
dothelial cells serve as a site of specific adhesion for bone-homing PC
cells (34–36). Bone marrow-derived endothelial cells express adhesion
ligands for PC cells that are not expressed on hepatic endothelial cells or
on nonendothelial cells of the bone marrow (8, 37).

Introduction of green fluorescent protein into tumor cells has recently
made it possible to visualize tumor metastasis at higher resolution. This
method is much easier than the traditional cumbersome pathological
examination procedures (38, 39). To elaborate the precise interaction
between PC cells and bone marrow stromal cells, future studies using
green fluorescent protein expression will be performed to determine
whether human metastatic cancer cells attach to human bone marrow
endothelial cells in HAB on the microscopic level.

Because the high incidence of metastatic colonies is reproducible,
this model may be useful in evaluating the therapeutic efficacy of
antimetastatic agents. The model includes osteoblastic (LNCaP) and
osteolytic (PC-3) types of bone metastasis of human PC that differ in
hormone sensitivity, PSA status, histogenesis, and malignancy. Thus,
this small animal model should enable the identification and analysis
of important features of the human PC metastatic process that cannot
be addressed in conventional models of metastasis.
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