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Bone Turnover Mediates Preferential Localization of
Prostate Cancer in the Skeleton

Abraham Schneider, Linda M. Kalikin, Ana C. Mattos, Evan T. Keller, Matthew J. Allen,
Kenneth J. Pienta, and Laurie K. McCauley

Department of Periodontics/Prevention/Geriatrics, School of Dentistry (A.S., A.C.M., L.K.M.), Departments of Urology
(L.M.K., E.T.K., K.J.P.), Pathology (E.T.K., L.K.M.), and Internal Medicine (Division of Hematology/Oncology), Medical
School (K.J.P.), University of Michigan, Ann Arbor, Michigan 48109; and Department of Orthopedic Surgery (M.J.A.), State
University of New York Upstate Medical University, Syracuse, New York 13210

Bone metastasis is a common untreatable complication asso-
ciated with prostate cancer. Metastatic cells seed in skeletal
sites under active turnover containing dense marrow cellu-
larity. We hypothesized that differences in these skeletal-spe-
cific processes are among the critical factors that facilitate the
preferential localization of metastatic prostate cancer in
bone. To test this, athymic mice were administered PTH to
induce bone turnover and increase marrow cellularity daily 1
wk before and after intracardiac inoculation of luciferase-
tagged PC-3 cells. Tumor localization was monitored by bi-
oluminescence imaging weekly for 5 wk. At the time of tumor
inoculation, PTH-treated mice demonstrated significant in-
creases in serum levels of bone turnover markers such as
osteocalcin and tartrate-resistant acid phosphatase 5b and in
the number of tartrate-resistant acid phosphatase-positive
osteoclasts per millimeter of bone when compared with the
other groups. Likewise, PTH treatment stimulated a qualita-

tive increase in marrow cellular proliferation as determined
by 5-bromo-2�-deoxyuridine immunostaining. Skeletal metas-
tases formed in the hind limb and craniofacial regions of
young mice with no difference between groups. In adult mice,
however, bioluminescent signals in the hind limb and cranio-
facial regions were 3-fold higher in PTH-treated mice vs. con-
trols. Fluorochrome labeling revealed increased bone forma-
tion activity in trabecular bone adjacent to tumors. When
zoledronic acid, a nitrogen-containing bisphosphonate that
inhibits osteoclast-mediated bone resorption, was adminis-
tered concurrently with PTH, a significant reduction in the
incidence of bone tumors was observed. Overall, these studies
provide new evidence that skeletal sites rich in marrow cel-
lularity under active turnover offer a more congenial micro-
environment to facilitate cancer localization in the skeleton.
(Endocrinology 146: 1727–1736, 2005)

PROSTATE CANCER CONTINUES to be a leading cause
of cancer-related illness and the second most common

cause of cancer-associated mortality, resulting in approxi-
mately 29,000 deaths per year in the United States (1, 2). One
of the most debilitating and untreatable complications asso-
ciated with prostate cancer is the development of bone me-
tastases, which affects up to 90% of patients dying with
advanced disease (3). Despite recent progress in prevention,
diagnosis, and therapy, it remains unclear why this tumor
demonstrates an organ-specific pattern of dissemination
by preferentially colonizing the skeleton. Once localized in
the bone microenvironment, the interaction of tumor cell-
derived factors and bone cells results in the development of
predominantly osteoblastic lesions likely generated by the
dysregulation of the normal bone remodeling process.
Whereas blastic lesions represent the most common osseous
response to prostate cancer, in many instances the formation
of blastic and lytic mixed lesions is also observed (4, 5).

According to the “seed and soil” hypothesis of cancer
dissemination, the preferential ability of certain solid tumors

to form distant metastases is closely dependent on a com-
patible microenvironment capable of supporting secondary
tumor localization and growth (6). Within the skeleton, pros-
tate cancer often spreads to the axial skeleton and long bone
metaphyses, sites under active remodeling that contain in-
creased marrow cellularity. These findings are supported by
serial bone scanning, which confirms that metastases fre-
quently localize to actively remodeled areas like the thora-
columbar spine, pelvis, ribs, and proximal femur (7). Thus,
multiple bioactive factors derived from these osseous loca-
tions and resident cells within their bone marrow may play
a major role in promoting tumor localization and subsequent
growth (8, 9). Studies that have used bisphosphonates sup-
port the hypothesis that bone turnover contributes to tumor
localization (10–12). However, these studies are not always
in agreement (13), and bisphosphonates may have direct
tumor effects that could be confounding. Furthermore, stud-
ies evaluating the impact of increasing bone turnover, as is
typical from a calciotropic hormone such as PTH, are lacking.

Experimental murine models of skeletal metastasis have
provided strong evidence for the seed and soil hypothesis
(10, 14). However, conventional outcome analyses in these
models have frequently relied on serial kills, meticulous mi-
crodissection to localize metastatic bone lesions, radiogra-
phy, and histological examination. The advent of novel op-
tical imaging technology to monitor tumor cells expressing
bioluminescent reporter proteins has enormously improved

First Published Online January 6, 2005
Abbreviations: BLI, Bioluminescence imaging; BrdU, 5-bromo-2�-de-

oxyuridine; rh, recombinant human; TRAP, tartrate-resistant acid phos-
phatase; ZA, zoledronic acid.
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the application of animal models in cancer research (15–17).
Recently, we reported that young immunodeficient mice (av-
erage 7 wk old) developed significantly more bone metas-
tases than older mice (average 1 yr old) after intracardiac
inoculation of luciferase-tagged PC-3 human prostate cancer
cells (PC-3Luc) (18). Using weekly in vivo bioluminescence
imaging (BLI) to monitor tumor localization and growth, we
observed skeletal metastases developing progressively at the
hind limb metaphyses and the craniofacial region as early as
1 wk after intracardiac injection. These results suggest that
sites with active osseous turnover and higher cellular activ-
ity, as occur in young growing mice, may provide a more
congenial microenvironment for successful prostate cancer
skeletal seeding and growth.

Although the important role played by the bone marrow
microenvironment in supporting prostate cancer growth in
the skeleton has been extensively studied (4), validation of
critical organ-specific factors that might contribute to the
preferential localization of prostate cancer in bone is lacking.
The purpose of the present investigation was to determine
the impact of bone cellular activity and turnover on prostate
cancer skeletal localization. Immunodeficient mice were ad-
ministered recombinant human (rh)PTH [1–34] daily for 1
wk before and after intracardiac inoculation of PC-3Luc cells.
PTH was selected because of its well-established effects as a
potent stimulator of bone turnover. In the skeleton, PTH is
capable of stimulating both catabolic and anabolic actions,
depending on the dose and mode of administration (19). Our
results demonstrate that skeletal metastatic foci monitored
for 5 wk by BLI were significantly increased in PTH-treated
adult mice compared with saline-treated controls. Moreover,
when zoledronic acid (ZA), a potent amino-bisphosphonate
that inhibits osteoclastic activity (20), was administered to
adult mice in conjunction with PTH, skeletal metastases were
markedly reduced. These data provide evidence that bone
turnover may serve as a unique organ-specific component
that favors prostate cancer localization in the skeleton. Fur-
thermore, these studies suggest that prostate cancer patients
at risk of developing skeletal metastases might benefit from
early monitoring of bone turnover markers, and if elevated,
implement pharmacological preventive measures to limit
bone remodeling.

Materials and Methods
Cells

PC-3, a spontaneously immortalized cell line derived from a human
vertebral prostate cancer metastasis, was purchased from the American
Type Culture Collection (Rockville, MD). A highly bioluminescent clone
(PC-3Luc) was developed after transfection with a luciferase-expressing
pLazarus retroviral construct as previously described (21) except that
Fugene 6 (Roche Applied Science, Indianapolis, IN) was used. PC-3Luc

cells were maintained at 37 C in phenol red-containing RPMI 1640
(Invitrogen Corp., Grand Island, NY) supplemented with 10% (vol/vol)
fetal bovine serum (HyClone, Logan, UT), 100 U/ml penicillin, 100
�g/ml streptomycin, and 2 mm l-glutamine (Invitrogen Corp.) in a 5%
CO2 humidified chamber.

PC-3Luc cell inoculation

Under anesthesia with 1.75% isofluorane/air, young (5–6 wk old) or
adult (15 wk old) male athymic mice (Harlan Sprague Dawley, Houston,
TX) were injected with PC-3Luc cells [2 � 105 cells in 100 �l Dulbecco’s

PBS lacking Ca2� and Mg2� (Life Technologies, Inc., Grand Island, NY)]
into the left ventricle according to the technique described by Guise et
al. (14). All experimental animal procedures were performed in com-
pliance of the institutional ethical requirements and approved by the
University of Michigan Committee for the Use and Care of Animals.
Intracardiac injections were performed 1 wk after daily sc administra-
tion of 0.9% sodium chloride (saline), rhPTH [1–34] (80 �g/kg; Bachem,
Torrance, CA), or rhPTH [1–34] (80 �g/kg) in combination with ZA (3
�g/d; Novartis Pharma AG, Basel, Switzerland). These treatments con-
tinued for 1 wk after intracardiac inoculations. BLI was performed
weekly for 5 wk after inoculation. A subset of animals from each group
was killed after 1 wk of treatment to characterize changes occurring in
bone turnover at the time of tumor cell inoculation. Before they were
killed, the mice were anesthetized and terminal serum samples were
collected by cardiac aspiration.

In vivo BLI

In vivo BLI was carried out at the University of Michigan Small
Animal Imaging Resource facility (MSAIR; http://www.med.umich.
edu/msair/) as previously described (16, 18). Briefly, imaging was per-
formed under 1.75% isofluorane/air anesthesia on a cryogenically
cooled IVIS system equipped with a 50-mm lens and coupled to a
data-acquisition PC running LivingImage software (Xenogen Corp., Al-
ameda, CA). Before imaging, mice were injected ip with 100 �l of 40
mg/ml luciferin dissolved in PBS. Ventral images were acquired 15 min
after injection. Pseudo-color images of photon emissions were overlaid
on grayscale images of mice to aid in determining signal spatial distri-
bution. Photon quantifications were calculated within regions of inter-
est. After the mice were killed, radiographs of hind limbs and mandibles
were taken on a microradiography apparatus (model MX20; Faxitron
XRay Corp., Buffalo Grove, IL).

Histology

BLI-positive hind limbs and mandibles from each group together
with a similar number of negative BLI specimens as controls were
dissected and fixed in 10% formalin for 24–48 h at 4 C. In the subset of
adult mice killed after 1 wk of saline, PTH, or PTH/ZA treatment, tibiae
were dissected and fixed following a similar protocol as described above.
All specimens were decalcified in 10% EDTA (pH 7.4) for 10 d (femora/
tibiae) or 21 d (mandibles) and embedded in paraffin, and 5-�m serial
sections were prepared and then stained with hematoxylin/eosin. Tibial
sections obtained from the subset of adult mice treated for only 1 wk
were also used to characterize tartrate-resistant acid phosphatase
(TRAP)-positive osteoclasts using a leukocyte acid phosphatase staining
kit as previously described (22). In similar sections, cell proliferation was
evaluated by 5-bromo-2�-deoxyuridine (BrdU) staining (Zymed, South
San Francisco, CA) following the manufacturer’s instructions. Dynamic
bone histomorphometry was performed in fluorochrome-labeled fem-
ora dissected from PTH- or saline-treated adult mice killed at 5 wk after
tumor cell intracardiac inoculation. Briefly, 100 �l of 15 �g/kg of calcein
(Sigma, St. Louis, MO) dissolved in PBS containing 2% sodium bicar-
bonate was injected ip 10 d and 3 d before the mice were killed as
described (23). The dissected bones were stored in 70% ethanol until
further processing. Femora were embedded in methylmethacrylate as
described by Erben (24). Serial step sections were carried out at 5 �m to
approximately half way through the frontal plane of the bone, and series
of 100 �m were collected every 50–100 �m. Quantification of fluorescent
calcein-labeled bone surfaces per total area was carried out in the distal
metaphyses of tumor- and non-tumor-containing femora by computer-
assisted histomorphometry using Image Pro Plus 4.5 (Media Cybernet-
ics, Silver Spring, MD) and SPOT RT 3.0 (Diagnostic Instruments, Ster-
ling Heights, MI) software interfaced with a Nikon Eclipse E800 light/
epifluorescent microscope (Nikon, Melville, NY).

Serum biochemistry

Changes in markers of bone turnover at the time of PC-3Luc cell
inoculation were determined by analyzing serum osteocalcin, a marker
of bone formation, and serum TRAP 5b, a specific marker of osteoclastic
bone resorption. Serum osteocalcin levels were determined by a RIA
according to the manufacturer’s protocol (Biomedical Technologies,
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Stoughton, MA). Serum TRAP 5b levels were measured with the Mouse-
TRAP assay per the manufacturer’s instructions (IDS Inc., Fountain
Hills, AZ).

Statistics

The data were analyzed using Student’s t test with the Instat 2.1
biostatistics software (GraphPad Software, San Diego, CA). Data are
presented as mean � sem.

Results

To determine the influence of increased bone turnover in
prostate cancer skeletal localization, three independent stud-
ies were performed (Fig. 1). Initially, young male athymic
mice were used to test the hypothesis that active bone turn-
over provides a more fertile microenvironment for prostate
cancer localization to bone (Fig. 1A). Four-week-old mice
were started on a daily regimen of sc administered rhPTH
[1–34] (80 �g/kg) or saline for 1 wk before and after the
intracardiac inoculation of PC-3Luc cells. We selected PTH
because of its well-studied effects as a stimulator of bone
turnover. PTH is known for exerting dual actions in the
skeleton; when administered continuously, PTH leads to a
net bone loss, whereas an intermittent regimen results in an
anabolic effect characterized by an increase in skeletal mass
(25). At the dosing regimen used in our investigation, recent
studies report that the osseous response to daily sc PTH
treatment in murine and rodent model systems is associated
with increases in femoral and tibial bone mass and markers
of bone turnover, such as serum osteocalcin and bone extract
alkaline phosphatase (markers of bone formation) as well as
TRAP (marker of bone resorption) (26, 27). Therefore, we
took advantage of these unique PTH-induced, skeletal-

related properties to stimulate bone turnover in our exper-
imental model.

One week after PC-3Luc intracardiac inoculation, which
coincided with the conclusion of pharmacological treat-
ments, BLI was initiated and performed weekly for 5 wk to
monitor the localization of luciferase-tagged tumor cells in
the skeleton. In young mice, at 5 wk, PC-3Luc cells were
detected in areas such as the hind limb and craniofacial
regions with no differences in the distribution of tumor foci
between groups (Fig. 2, A and B, E and F). Skeletal BLI-
positive signals were observed in 67% of mice from each
group. Interestingly, positive craniofacial signals were
present in all of these mice, whereas hind limb PC-3Luc foci
were only visualized in 50% of the mice from both groups.
In some animals, BLI signals were detected as early as 1 wk
after intracardiac injections, affecting one or both tibiae/
femora and the craniofacial region.

Once in the bone microenvironment, human-derived PC-3
prostate cancer cells commonly stimulate the development of
osteolytic metastatic lesions (18, 28). We verified the presence
of these types of lesions and osteoclastic cells adjacent to
PC-3Luc tumor cells by radiographic and histological analy-
ses, respectively. In the proximal tibia, lytic lesions were
characterized by resorptive cavities containing multinucle-
ated osteoclasts involving the metaphyseal region (Fig. 2, C
and D). In the craniofacial region, tumor cells disseminated
to areas affecting the periodontal ligament space of mandib-
ular teeth. These lesions were characterized by the presence
of active osteoclasts lining the endosteal surface of the alve-
olar bone (Fig. 2, H–J).

In the second part of the study, we used adult mice (15 wk

FIG. 1. Experimental protocol. Five-week-old (A; n � 6
mice per group) or 15-wk-old athymic male mice (B; n �
9 mice per group) were administered sc injections of
rhPTH [1–34] (80 �g/kg) or saline daily for 7 d before and
7 d after the intracardiac inoculation of PC-3Luc cells. At
the conclusion of pharmacological treatment, BLI was
initiated and conducted weekly for four more weeks to
monitor PC-3Luc localization. At d 35, animals were
killed and end-point assays were performed as described
in Materials and Methods. C, A similar approach as
followed for panels A and B was used in 15-wk-old athy-
mic male mice (n � 12–13 mice per group) that were
treated with rhPTH [1–34] (80 �g/kg) with or without
the simultaneous injection of ZA (3 �g/d). Black boxes
illustrate pharmacological treatment period with either
saline, PTH, or PTH/ZA.

Schneider et al. • Bone Turnover and Tumor Skeletal Localization Endocrinology, April 2005, 146(4):1727–1736 1729



of age at the time of PC-3Luc cell inoculation) because these
mice have a lower incidence of skeletal localization com-
pared with young mice (18). By using adult mice, we in-
tended to rule out any inherent increase in bone cellular
activity occurring in young mice as a consequence of their
normal skeletal growth. After a similar experimental proto-
col (Fig. 1B), BLI demonstrated that adult mice treated with
rhPTH [1–34] developed significantly more skeletal metas-
tases in the hind limb and craniofacial regions at 5 wk after
PC-3Luc cell inoculation compared with saline-treated mice
(Fig. 3). The mean number of BLI-positive total skeletal sites
per mouse, which included both the hind limb and cranio-
facial regions, were 3-fold higher in rhPTH [1–34]-treated
mice (1.67 � 0.37) compared with saline controls (0.56 � 0.18)
(Fig. 3C). Interestingly, hind limb metastases were only ob-
served in mice treated with rhPTH [1–34] (Fig. 3D), whereas
in the craniofacial region both groups showed positive BLI
signals. Although more mean positive signals per mouse
were observed in the craniofacial region in the PTH group,
differences with the saline-treated controls did not reach
statistical significance (Fig. 3E).

To characterize the active, mineralizing osseous tissue
present in tumor- and non-tumor-containing bones, the flu-

orochrome labeling agent calcein was injected into all mice
3 and 10 d before the mice were killed. We observed a
significant increase in the percentage of calcein uptake at
trabecular bone surfaces per total area in tumor-bearing
rhPTH [1–34]-treated mice (4.58 � 0.34) vs. the uptake in
non-tumor-bearing mice treated with either rhPTH [1–34] or
saline (2.87 � 0.22) (Fig. 4, A–C). Although PC-3 cells are
known for promoting predominantly osteolytic lesions, our
results suggest that these cells are also capable of stimulating
a local osteoblastic response in bony areas adjacent to the
tumor lesion, possibly representing an attempt to repair lost
bone (29). To our knowledge, this is the first report of in-
creased bone formation activity in this widely used PC-3
prostate cancer cell model. This response could be associated
with the activity of tumor-derived specific factors known to
stimulate osteoblastic cells and promote bone formation (30).
Furthermore, the marked increase in mineralizing bone sur-
faces observed only in the rhPTH [1–34]-treated mice bearing
tumors and not in tumor-free animals from this same PTH-
treated group supports the notion that this effect was de-
pendent on the interactions between tumor cells and bone
and independent of PTH administration. This is also con-
sistent because the analysis was performed in femora dis-

FIG. 2. PC-3Luc cell localization in the hind limb and craniofacial regions in young mice. A, At 5 wk after the intracardiac inoculation of PC-3Luc

cells, positive BLI signals were observed in the hind limbs and craniofacial region in a representative saline-treated mouse. B, At the time of
death, a positive BLI signal continued to be emitted and localized to the dissected left hind limb. A lesion in the proximal tibial metaphysis
was confirmed by radiography (C) as a distinct radiolucent osteolytic lesion and histologically (D) by the presence of active, multinucleated
osteoclastic cells inside resorptive lacunae (arrowheads) (�200). E, In a representative rhPTH [1–34]-treated mouse, an intense BLI signal was
observed in the craniofacial region 5 wk after tumor inoculation. F, The BLI signal in the dissected head localized to the right hemimandible.
This was associated with severe bone destruction as seen in the microradiograph (G) compared with the unaffected left hemimandible (H). I,
PC-3Luc cells invaded the periodontal ligament space adjacent to the right lower incisor (box, �20). J, Higher magnification of box depicted in
I demonstrates tumor cells (tu) localized between the tooth root surface (t) and the alveolar bone (ab). The endosteal surface of the alveolar
bone is lined by several osteoclastic cells actively resorbing bone (arrowheads) (�100).
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sected 4 wk after the conclusion of PTH treatment. These data
emphasize the nature of metastatic cell systems to increase
bone resorption and bone formation often in a manner that
is uncoupled and, in this case, the result being an unbalanced
loss in bone mass.

Because of the considerable increase in BLI-positive sig-
nals in skeletal sites known to be especially responsive to
PTH effects on bone turnover (i.e. distal femoral/proximal
tibial metaphyses), in the third part of this study we evalu-
ated PC-3Luc cell localization after treatment with an os-
teoclastic bone resorption inhibitor under the systemic
influence of PTH. ZA (3 �g/d), a third-generation amino-
bisphosphonate known for its potent osteoclast inhibitory
effects (20), was administered sc in conjunction with rhPTH
[1–34] (PTH/ZA group) after a similar approach as the pre-
vious two protocols (Fig. 1C). We found a statistically sig-
nificant reduction in tumor localization in mean total skeletal
sites in the PTH/ZA-treated mice (0.83 � 0.21) when com-
pared with mice injected with rhPTH [1–34] only (1.46 � 0.22)
(Fig. 5A). Specifically, a marked reduction in mean hind limb

BLI-positive sites per mouse was observed after PTH/ZA
treatment (0.17 � 0.11) compared with PTH-treated mice
(0.54 � 0.14) (Fig. 5B). Although there was a lower incidence
of BLI-positive sites in the craniofacial region of the PTH/
ZA-treated mice, the difference was not statistically signif-
icant (Fig. 5C). In addition, no difference was found in the
distribution of metastatic soft tissue lesions between groups
(data not shown). Overall, these findings suggest that the use
of a potent antiresorptive agent, such as ZA, in the presence
of a high bone turnover state was effective in disrupting the
bone remodeling process and preventing tumor cell local-
ization in bone.

The bone turnover status was evaluated and confirmed by
determining serum levels of bone turnover markers in a
parallel group of adult mice treated with either saline, rhPTH
[1–34], or PTH/ZA for 1 wk before the intracardiac inocu-
lation of tumor cells. Mean serum osteocalcin, a bone for-
mation marker, was significantly increased in rhPTH [1–34]-
treated mice (419 � 18.8 ng/ml) compared with mice treated
with PTH/ZA (333.5 � 20 ng/ml) or saline (298 � 27.5

FIG. 3. PC-3Luc cell localization in adult mice treated with rhPTH [1–34] or saline. A, Weekly progression of PC-3Luc cell tumor growth in the
craniofacial region and left hind limb of a representative PTH-treated mouse. B, Radiographically, the hind limb BLI signal correlated with
a large osteolytic lesion affecting both the cortical and cancellous bone. C, The number of BLI metastatic foci in total skeletal sites (including
both the hind limb and craniofacial BLI signals) in mice treated with PTH was significantly higher vs. saline-treated controls (*, P � 0.02).
D, BLI signals in the hind limbs were present only in PTH-treated mice, whereas the craniofacial region (E) was affected in both groups. Here,
more mean positive BLI signals per mouse were observed in the PTH group; however, no statistical significance was observed vs. the controls.
Data represent the mean � SEM, n � 9 mice per group.
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ng/ml) (Fig. 6A). The effect on osteoclastic activity was val-
idated by the presence of a higher number of TRAP� oste-
oclasts per millimeter of bone on the endosteal and trabecular
surfaces of proximal tibial metaphyses in PTH-treated adult
mice (10.2 � 1.86) compared with the other two groups
(PTH/ZA, 5.15 � 0.52; saline, 3.6 � 0.56) (Fig. 6B). These
results were further confirmed by a significant increase in
serum TRAP 5b levels in mice administered rhPTH [1–34]
(3.13 � 0.57 U/liter) vs. PTH/ZA (0.98 � 0.10 U/liter) or
saline (1.3 � 0.18 U/liter) (Fig. 6C). In young mice, 1 wk of
either saline or PTH treatment before PC-3Luc cell inoculation
resulted in serum TRAP 5b levels comparable to those ob-
served in PTH-treated adult mice (saline, 2.88 � 0.17 U/liter;
PTH, 3.99 � 0.18 U/liter) (Fig. 6D). These data support the
impact of PTH on bone turnover in adult mice at the time
when tumor cells were systemically delivered. Moreover,
these findings suggest that, regardless of the treatment ad-
ministered to young mice before tumor inoculation, the
higher bone resorptive activity of a growing skeleton may
have played an important role in facilitating a similar oc-
currence of tumor skeletal localization between PTH- and
saline-treated mice.

Skeletal sites from adult mice that were administered
rhPTH [1–34] for 1 wk before tumor inoculation also dem-
onstrated a qualitative increase in bone marrow cell prolif-
eration as evaluated by BrdU immunostaining (Fig. 6, E–G).
These studies provide evidence that prostate cancer cell col-
onization occurs more frequently in skeletal sites rich in
marrow cellularity under an active state of turnover. The
significance of bone turnover in the formation of skeletal
metastases was evident by the reduction in osteoclastic ac-
tivity and tumor occurrence after treatment with ZA admin-
istered simultaneously with an effective stimulator of bone
turnover such as PTH.

Discussion

Metastasis is the most common complication associated
with the majority of deaths in patients suffering from cancer.
The ability of metastatic cells to colonize, grow, and survive
in secondary sites requires the completion of a series of
highly complex, sequential, and interdependent biological
events (31). Although these events are relatively common to
most metastatic tumors, the final secondary organ destina-

FIG. 4. Calcein uptake by mineralizing bone surfaces in tumor- and non-tumor-containing distal femoral metaphyses of rhPTH [1–34]- and
saline-treated adult mice. At 5 wk after PC-3Luc intracardiac inoculation, a marked increase in calcein uptake was observed in metaphyseal
bone surfaces and in the trabeculae surrounding a tumor-associated lytic lesion (tu) in a representative PTH-treated mouse (A) vs. a tumor-free
femur from a saline-treated mouse (B) (�100). C, Histomorphometric analysis revealed a significant increase in calcein-labeled bone surfaces
per total area in PTH-treated mice (n � 4) compared with non-tumor containing femora from PTH- and saline-treated mice (n � 8) (*, P � 0.01).
Data represent the mean � SEM.
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tion may vary among different types of cancer. Common
cancers, such as those affecting the prostate and mammary
glands, frequently demonstrate a particular predilection to
disseminate and form metastases in the skeleton. Once in
the bone microenvironment, the interaction between tumor-
derived factors and bone cells results in the development of
osteolytic, osteoblastic, or mixed lesions. However, it is still

not clearly understood which skeletal-specific factors are
among the critical determinants of the preferential localiza-
tion of metastatic cells in bone. Because bone metastases are
generally associated with critical and costly complications
that include humoral hypercalcemia of malignancy, severe
pain, spinal cord compression, and pathological fractures
due to the increased fragility of abnormally immature bone
(4, 5), validation of these factors may provide a better un-
derstanding of the pathophysiology of the disease, ulti-
mately leading to the development of improved therapeutic
interventions and patient survival rates.

Prostate cancer skeletal metastases are often found in areas
containing increased marrow cellularity and active bone re-
modeling such as the axial skeleton and long bone metaph-
yses (7). These observations underscore the important role
played by specific host factors in determining the nonran-
dom pattern of tumor localization in the skeleton, hence
supporting the seed and soil hypothesis of cancer dissemi-
nation (6). However, whether increased bone turnover pre-
disposes the skeleton to prostate cancer colonization is un-
known. We recently reported that, after the intracardiac
inoculation of PC-3Luc cells, young immunodeficient mice
developed more skeletal metastatic lesions, as determined by
BLI, compared with older mice (18). These findings suggest
that active skeletal growth and increased marrow cellularity,
as occur in young mice, may be key microenvironmental host
factors favoring the preferential localization of metastatic
prostate cancer in bone.

In the present study, we confirmed this hypothesis by
demonstrating in a similar experimental model that more
PC-3Luc metastatic foci were found in the skeleton of adult
mice treated with the amino-terminal fragment of the cal-
ciotropic hormone PTH, a widely used and effective stimu-
lator of bone turnover. In young mice, skeletal metastases
formed in the hind limbs and craniofacial region equally
between groups. However, in sexually mature adult mice, in
which skeletal growth is at a more steady state, the influence
of a high bone turnover condition stimulated by PTH treat-
ment resulted in a 3-fold increase in BLI-positive total skel-
etal signals when compared with saline-treated controls.
Studies using a similar PTH [1–34] dosing regimen for 2–7 wk
in murine and other rodent model systems report increases
in bone mass and markers of bone turnover including serum
osteocalcin, serum and bone extract alkaline phosphatase
(markers of bone formation), as well as TRAP (marker of
bone resorption) (26, 27, 32). The results of the present study
are in agreement with those findings because we observed
that similar serum markers of bone turnover increased sig-
nificantly in PTH-treated adult mice before tumor inocula-
tion. We further validated these data by demonstrating an
increased number of osteoclasts and marrow cell prolifera-
tion in the PTH group, substantiating our hypothesis that
higher marrow cellular activity may serve as a potential
factor to facilitate tumor skeletal colonization. Whereas
rhPTH [1–34] in our studies was primarily used due to its
potent activity as stimulator of bone turnover, recent epide-
miological data have identified an association between hy-
perparathyroidism and the incidence of breast cancer. A
record-linkage follow-up study in Sweden found that a prior
occurrence of primary parathyroid adenoma was signifi-

FIG. 5. PC-3Luc cell localization in adult mice treated with rhPTH
[1–34] only or in conjunction with ZA (PTH/ZA). A, The number of BLI
metastatic foci in total skeletal sites (including both the hind limb and
craniofacial BLI signals) in mice treated with PTH/ZA (n � 12) was
significantly reduced when compared with PTH only-treated mice
(n � 13) (*, P � 0.05). B, The reduction in BLI-positive signals was
statistically significant in the hind limbs of mice treated with PTH/ZA
(*, P � 0.05) but no difference in the distribution of metastatic foci
affecting the craniofacial region was observed between groups (C).
Data represent the mean � SEM.
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cantly related to the risk of developing breast cancer (33).
Based on the results of our studies, these findings are clin-
ically relevant because they raise the possibility that in-
creased bone turnover associated with hyperparathyroidism
might predispose circulating cancer cells to preferentially
colonize the skeleton. Although the authors did not evaluate
the incidence of bone metastases in their patient cohort,
additional studies should address this potential clinical
complication.

We also found that when the bisphosphonate ZA, an in-
hibitor of bone resorption, was administered to adult mice in
conjunction with rhPTH [1–34], a significant reduction in the
number of BLI-positive total skeletal signals was observed.
Similar to the saline-treated group, the PTH/ZA-treated an-
imals did not show increased serum levels of bone turnover
markers, number of osteoclasts, or marrow cell proliferation,
most likely due to the disruption in the coupling process
between osteoclastic bone resorption and osteoblastic bone

FIG. 6. Serum markers of bone turnover and marrow cell proliferation at the time of PC-3Luc intracardiac inoculation (after 7 d of pharmacologic
treatment). A subset of animals from each group was killed after 1 wk of pharmacological treatments to characterize changes occurring in bone
turnover at the time of PC-3Luc inoculation. A, Levels of serum osteocalcin, a bone formation marker, were significantly increased in rhPTH
[1–34]-treated adult mice (n � 10) compared with mice treated with PTH/ZA (n � 6) (*, P � 0.02) or saline (n � 8) (**, P � 0.002). B, Osteoclastic
activity was demonstrated by the presence of a higher mean number of TRAP� osteoclasts per millimeter of bone on the endosteal and trabecular
surfaces of proximal tibial metaphyses in PTH-treated adult mice compared with the other two groups (*, P � 0.03). C, Mean serum TRAP 5b,
an osteoclast-specific bone resorption marker, was increased in mice administered with PTH vs. PTH/ZA or saline (*, P � 0.02). D, In young
mice (n � 10/group), serum TRAP 5b levels were elevated with rhPTH [1–34] (*, P � 0.001 vs. saline) but were comparable to the levels observed
in adult PTH-treated mice. BrdU immunostaining of representative proximal tibial metaphyses from mice that were administered PTH (F)
demonstrated a qualitative increase in bone marrow cell proliferation compared with saline (E)- and PTH/ZA (G)-treated mice (�100). Data
represent mean � SEM.
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formation (34). Due to their unique chemical composition,
bisphosphonates have strong affinity for bone and show
preferential incorporation into osteoclastic cells, resulting in
the selective inhibition of bone resorption through osteoclast
apoptosis (35). Our data suggest that ZA effectively pre-
vented tumor localization in the hind limb region even under
the impact of a potent inducer of bone cellular activity such
as PTH. Consistent with our results, a study in orchidecto-
mized athymic mice showed that androgen ablation after
surgical castration resulted in increased bone resorption and
facilitated the development of PC-3 skeletal metastases (36).
A decrease in the occurrence of PC-3 bone metastases was
observed when ZA was administered from the time of the
surgery, 4 wk before tumor inoculation. The authors con-
cluded that bone resorption inhibitors, such as bisphospho-
nates, could benefit hypogonadal men with advanced pros-
tate cancer by decreasing bone metastases as well as
preventing bone resorption. The inhibitory effect of this drug
on skeletal tumor localization may be associated with cellular
and biochemical alterations in the bone microenvironment
that act to deprive circulating tumor cells of chemotactic,
adhesive, and/or growth-promoting cues (37). Recent stud-
ies also point to the direct beneficial actions of ZA as an
antitumor agent by demonstrating inhibition of prostate can-
cer cell proliferation and invasion, and promotion of apo-
ptosis in vitro and in vivo (38, 39). In fact, ZA was found to
reduce prostate cancer tumor growth in the skeleton but not
in tumors developed in an extraskeletal location (39). These
findings suggest that the selective inhibition of tumor growth
in bone is particularly associated with the specific affinity of
this type of drug to skeletal tissue. Surprisingly, we did not
observe such an effect in the craniofacial area. The anatomical
disparity in the distribution of skeletal metastases between
the hind limb vs. craniofacial regions was a consistent find-
ing. Craniofacial metastatic foci, particularly affecting the
mandibular region, were present in most animals regardless
of treatment. In general, oral and craniofacial metastases
from prostate cancer and other primary tumors are extremely
rare in humans, comprising less than 1% of all cancers af-
fecting this region. However, when they occur, the posterior
mandible is more commonly involved (40, 41). We suspect
that the increased occurrence of craniofacial tumor foci in this
study may be associated with inherent biological character-
istics of the murine model. It is possible that the unique
pattern of continuous eruption of mandibular incisors pro-
vides cellular activity consistent with high turnover in a
native niche, thus facilitating tumor localization and growth
(42). If this is true it also substantiates our original
hypothesis.

We also observed a higher incidence of metastases affect-
ing specifically the hind limbs in the PTH-treated group. This
phenomenon is likely related to the higher responsiveness to
PTH in the distal femoral/proximal tibial region compared
with other skeletal sites, which generally leads to increases
in bone mass and bone turnover markers (43). It is also of
interest that the influence of PTH on the bone/bone marrow
microenvironment has been recently explored in vivo. Trans-
genic mice producing osteoblast-specific, activated PTH/
PTHrP receptors demonstrate an increase in the number of
osteoblastic cells supporting hematopoietic stem cell prolif-

eration via the Jag1/Notch axis (44). In addition, after a PTH
dosing regimen similar to the one used in our study, the bone
marrow of wild-type mice also had an increased number of
osteoblastic cells and hematopoietic stem cells. Interestingly,
these in vivo data were analyzed in proximal tibial metaph-
yses, the area in which we observed more metastatic lesions
in the hind limbs. Consistent with these observations, we
have also found through in vitro and in vivo approaches that
PTH increases the secretion of osteoblast-derived stromal-
derived factor-1, a major chemokine known for its powerful
chemoattraction of mature and early hematopoietic cells as
well as metastatic prostate cancer cells expressing its receptor
CXCR4 (Ref. 9 and Jung, Y., J. Wang, A. Schneider, Y. Sun,
A. J. Koh-Paige, N. I. Osman, L. K. McCauley, and R. S.
Taichman, submitted for publication). For the purpose of our
study, these results emphasize a novel regulatory action of
PTH in bone/bone marrow cellular interactions and its po-
tential role in promoting homing and localization of normal
and tumor cells in bone. Therefore, it is likely that the PTH-
induced pharmacological modulation of bone turnover in
our bone metastasis model system involves some of these
molecular events. In summary, our findings provide new
evidence for the role of a fertile host microenvironment to
promote cancer cell skeletal localization. We demonstrate
that increased bone turnover and marrow cell proliferation
in response to a calciotropic hormone leads to the preferential
dissemination of prostate cancer to the skeleton. Additional
investigations should address in greater detail the cellular
and molecular basis of this phenomenon. In addition, early
monitoring of bone turnover markers and pharmacological
strategies to limit bone remodeling when elevated should be
experimentally evaluated as a preventive measure in cancer
patients at risk of developing skeletal metastases.
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