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ABSTRACT

INTRODUCTION
The skeleton is the most common site of CaP6 metastasis, with up
to 84% of patients demonstrating skeletal metastases (1). Although
characterized radiographically as primarily osteoblastic, it is recognized that CaP skeletal metastases have an extensive bone resorptive
component (2, 3). The tumor-induced bone resorption is primarily
caused by osteoclasts (4), which accounts for the ability of antiosteoclastogenic agents, such as bisphosphonates that induce osteoclast
apoptosis, to diminish tumor-induced osteolysis, decrease pain, and
improve mobility in CaP skeletal metastasis patients (5).
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The abbreviations used are: CaP, prostate cancer; TNF, tumor necrosis factor;
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bone-specific alkaline phosphatase; OC, osteocalcin; FBS, fetal bovine serum; CM,
conditioned media; NTx, N-telopeptide.

MATERIALS AND METHODS

Animals. Male SCID mice (Charles River, Wilmington, MA), 6 weeks of
age, were housed under pathogen-free conditions in accordance with the NIH
guidelines using an animal protocol approved by the University of Michigan
Animal Care and Use Committee.
sRANK-Fc. The sRANK-Fc used in these studies was provided by Amgen
Inc. (Seattle, WA) and contains the murine extracellular domain of RANK
(through Pro213) fused to human IgG1 Fc. The RANK-Fc protein was produced in Chinese hamster ovary cells as described previously (13, 15).
Preparation of Single-Cell Suspension. LuCaP 35, kindly provided by
Dr. Robert Vessella (University of Washington, Seattle, WA), is an androgen7883
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Prostate cancer (CaP) develops metastatic bone lesions that consist of a
mixture of osteosclerosis and osteolysis. We have previously demonstrated
that targeting receptor activator of nuclear factor B ligand (RANKL)
with osteoprotegerin (OPG) prevents the osteolytic activity of CaP and its
ability to establish tumor in bone. However, OPG can block tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis, suggesting that the clinical use of OPG may prevent apoptosis of
tumors mediated by TRAIL. Thus, methods to block RANKL activity,
other than OPG, may be important. Accordingly, we evaluated the ability
of soluble murine RANK-Fc (sRANK-Fc) to prevent progression of established CaP in a severe combined immunodeficient mouse implanted with
fetal human bone. We first confirmed that sRANK did not block TRAILmediated apoptosis of LuCaP cells in vitro and that it did block LuCaPconditioned media-induced osteoclastogenesis in vitro. Then, LuCaP 35
CaP cells were injected into the marrow space of the bone implanted in the
severe combined immunodeficient mice implanted with fetal human bone
and allowed to develop into tumors for 6 weeks. Either vehicle or
sRANK-Fc was then administered for 6 weeks. sRANK-Fc diminished
tumor-induced osteoblastic lesions as demonstrated by radiograph, bone
mineral density measurement, and bone histomorphometry. sRANK-Fc
also reduced systemic bone remodeling markers, including serum osteocalcin and bone-specific alkaline phosphatase and urine N-telopeptide of
collagen. Finally, sRANK-Fc decreased serum prostate-specific antigen
levels and tumor volume in the bone, which indicates decreased tumor
burden. In contrast, sRANK-Fc had no effect on s.c. implanted LuCaP
cells. We conclude that sRANK-Fc is an effective inhibitor of RANKL that
diminishes progression of CaP growth in bone through inhibition of bone
remodeling.

Osteoclastogenesis is regulated by a cytokine system consisting of
the TNF family member RANKL (also called OPGL, TRANCE, and
ODF), its receptor RANK (also called ODAR), and its decoy receptor
OPG (also called OCIF and TR1; reviewed in Ref. 6). RANKL, a
transmembrane molecule located on bone marrow stromal cells and
osteoblasts, binds to RANK, which is located on the surface of
osteoclast precursors. This ligand-receptor interaction activates
NFB, which stimulates differentiation of osteoclast precursors to
osteoclasts. OPG, also produced by osteoblasts/stromal cells, binds to
RANKL, sequestering it from binding to RANK, which results in
inhibition of osteoclastogenesis.
We have previously shown that RANKL mediates CaP-induced
osteoclastogenesis (7). Furthermore, administration of OPG prevented
the establishment of CaP tumor injected into murine bone. These
results suggest that blocking RANKL may prevent progression of CaP
in bone. However, OPG has been demonstrated to bind the TNF
receptor TRAIL and block TRAIL-mediated apoptosis in cancer cells
(8, 9). Clinical evidence for the importance of TRAIL-mediated
apoptosis is suggested by the observation that TRAIL receptor expression is associated with apoptosis of hepatoma cells (10). Furthermore, TRAIL is considered to be a promising anticancer agent (11,
12). Taken together, these observations suggest that therapeutic use of
OPG in clinical cancer may not be prudent because of its potential to
protect tumor cells from apoptosis. Thus, development of alternative
methods to block RANKL that do not interact with TRAIL may
provide useful therapies to prevent CaP progression in bone.
Recently, the use of a sRANK-Fc, which blocks RANKL, was
demonstrated to inhibit both lung carcinoma and multiple myelomainduced bone resorption (13, 14). sRANK-Fc is a chimeric protein
formed by fusing the four CRDs of RANK with the Fc portion of
human IgG1 (14). The two disulfide bonds of the Fc portion allow
homodimerization of the sRANK-Fc proteins, resulting in a homodimer with eight CRDs, which are believed to be responsible for
binding to RANKL. The sRANK differs from OPG, which also binds
to RANKL, because in addition to containing four CRDs, OPG also
has two death domains and a heparin-binding domain (14). These
differences in structure between OPG and sRANK-Fc result in different functions between these two molecules including the inability
of sRANK-Fc to bind TRAIL. The inability to block TRAIL-mediated
apoptosis, yet bind RANKL, suggests that sRANK-Fc may be a useful
molecule to prevent progression of CaP in bone. Accordingly, in the
current study, we investigated the ability of sRANK-Fc to block the
progression of CaP in human bone implanted in a mouse.

sRANK-Fc Fc DIMINISHES CaP PROGRESSION IN BONE

Fig. 1. Effect of sRANK-Fc on RANKL activity and TRAIL-mediated apoptosis in
vitro. A, single-cell suspensions of RAW 264.7 cells were plated in 24-well plates
(1 ⫻ 105 cells/well) on top of sterile coverslips in RPMI plus 10% FBS. Cells were grown
for 12 h, then the media were changed to RPMI plus 0.5% FBS, and recombinant human
sRANKL (10 ng/ml) and sRANK-Fc were added as indicated. Osteoclasts were identified
as TRAP-positive multinucleated (⬎3 nuclei) cells, and the number of osteoclasts per
coverslip were quantified. Data are reported as the mean ⫾ SD of triplicates from two
independent experiments. ⴱ, P ⬍ 0.001 compared with nontreatment culture; ⴱⴱ, P ⬍ 0.05
compared with the RANKL only treatment; †, P ⬍ 0.01 compared with RANKL only and
P ⬍ 0.05 compared with 1 ng/ml sRANK-Fc treatment; ⍀, P ⬍ 0.01 compared with
RANKL only and 1 ng/ml and 10 ng/ml sRANK-Fc treatments (one-way ANOVA and
Fisher’s protected least significant difference for post hoc analysis). B, LuCaP cells were
plated (1 ⫻ 106/well) in 12-well plates in RPMI plus 10% FBS. After 12 h of culture,
media were changed to RPMI plus 0.5% FBS, and OPG, sRANK-Fc, or TRAIL was
added as indicated. After an additional 24 h of culture, cells were assessed for apoptosis
on a fluorescent microscope using Annexin V-FITC staining. Results are reported as the
mean ⫾ SD of two experiments. ⴱ, P ⬍ 0.01 compared with no TRAIL for each respective
compound; †, P ⬍ 0.01 compared with TRAIL-treated vehicle group; ⴱⴱ, P ⬍ 0.01
compared with TRAIL-treated OPG group (ANOVA and Fisher’s protected least significant difference for post hoc analysis).

Serum OC Measurement. Serum human OC was measured by a competitive immunoassay kit (Metra Osteocalcin, Quidel Corporation, Santa Clara,
CA). The assay does not cross-react with murine OC. This antibody is
conformationally dependent and recognizes only intact (de novo) OC and not
fragments from resorbed bone tissues. The sensitivity of this assay is 0.45
ng/ml.
Serum BAP Measurement. Serum human BAP was measured by an
immunoassay kit (Metra BAP EIA, Quidel Corporation, Santa Clara, CA).
This assay does not cross-react with murine BAP. The sensitivity of this assay
is 0.7 units/liter.
Urine NTx and Creatinine Measurements. Urine NTx was measured
using human-specific ELISA, as recommended by the manufacturer (Osteomark NTx; Ostex Inc.). Results were reported as a ratio of NTx bone collagen
equivalents (nanomolar bone collagen equivalents) to urine creatinine (millimole creatinine). Urine creatinine was measured using a creatinine kit (Metra
Biosystems, Mountain View, CA) as directed by the manufacturer.
Cell Viability. Single-cell suspension of LuCaP cells were plated at
2 ⫻ 106/plate in 60-mm plates in triplicates with RPMI and 10% FBS. After
12 h of culture, media were changed to RPMI plus 0.5% FBS and sRANK-Fc
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sensitive, PSA-producing human CaP xenograph derived from the lymph
nodes of a patient that had failed androgen-deprivation therapy (16, 17).
Single-cell suspensions of LuCaP 35 were prepared by resecting the s.c.
xenografts and cutting them into small pieces in HBSS with 1% FBS. The
small pieces were then rubbed gently between frosted glass slides to obtain
single-cell suspensions in HBSS containing 1% FBS. RBCs were lysed with
ammonium chloride solution (StemCell Technologies Inc., Vancouver, British
Columbia, Canada) and centrifuged at 300 ⫻ g for 10 min in HBSS with 1%
FBS, and the cell pellet was resuspended in RPMI 1640 with 10% FBS. Cell
viability was determined by trypan blue counting, and only preparations with
⬎90% viability were used for in vivo injection.
Obtaining CM. CM were obtained from cells as described previously (7).
Briefly, 5 ⫻ 106 cells were plated in 10-cm tissue culture dishes for 12 h in
RPMI 1640 with 10% FBS. The media were then changed to 10 ml of RPMI
plus 0.5% FBS, and supernatants were collected 24 h later. To normalize for
differences in cell density because of proliferation during the culture period,
cells from each plate were collected and total DNA content/plate was determined (spectrophotometric absorbance, 260 nm). CM were then normalized
for DNA content between samples by adding RPMI.
Treatment. Forty SCID mice had half-sections of human fetal bone (cut in
half longitudinally) implanted s.c. as described previously (18). Four weeks
later, LuCaP 35 CaP cells (3 ⫻ 105 in 50 l of RPMI 1640 with 10% FBS)
were injected into the marrow space of the implanted bone, and tumors were
allowed to develop. Six weeks after LuCaP 35 implant, mice were palpated for
presence of tumors, which grows out of the open marrow cavity of the bone,
and blood was collected and measured for PSA levels (28 of 40 mice had
palpable evidence of tumors and were positive for PSA). The mice with tumors
were then divided randomly into three groups (n ⫽ 9/group) to be either
immediately sacrificed (basal) or receive either sRANK-Fc (200 g/mouse) or
saline vehicle by i.p. injection three times per week based on a previous study
(19). Mice were sacrificed after 6 weeks of sRANK administration. An
additional group of mice (n ⫽ 10) to serve as a control group received bone
implants, and 4 weeks after implant (at the same time as the treatment groups
received tumor), 50 l of RPMI with 10% FBS were injected into the marrow
cavity, and these mice were sacrificed 6 weeks after injection (in parallel with
the basal group). Serum, urine, and bones were collected for evaluation. Before
sacrifice, the animals were anesthetized, and magnified flat radiographs were
taken with a Faxitron (Faxitron X-Ray Corp., Wheeling, IL).
Histopathology and Bone Histomorphometry. Histopathology was performed as described previously (7). Briefly, bone specimens were fixed in 10%
formalin for 24 h, then decalcified using 12% EDTA for 72 h. The specimens
were then paraffin embedded, sectioned (5 M), and stained with H&E to
assess histology or stained with TRAP to identify osteoclasts. Four discontinuous random regions of interest were examined within each bone implant to
represent the bone fragment. To perform TRAP staining, nonstained sections
were deparaffinized and rehydrated, then stained for TRAP (acid phosphatase
kit, model 387-A; Sigma Diagnostics, St. Louis, MO) as directed by the
manufacturer with minor modification. Briefly, the specimens were fixed for
30 s and then stained with acid phosphatase and tartrate solution for 1 h at
37°C, followed by counterstaining with hematoxylin solution. Osteoclasts
were determined as TRAP-positive staining multinuclear (⬎3 nuclei) cells
by light microscopy. Histomorphometric analysis was performed on a
BIOQUANT system (R&M Biometrics, Inc., Nashville, TN) as described
previously (20). The terminology used was that recommended by the Histomorphometry Nomenclature Committee of the American Society for Bone and
Mineral Research (21). Tumor area was determined as the proportion of tumor
area in the total nonmineralized portion of the bone.
DEXA Measurement and X-Ray. BMD of the excised bone implants was
measured using DEXA on an Eclipse Peripheral Dexa Scanner using pDEXA
Sabre software, version 3.9.4, in research mode (Norland Medical Systems,
Fort Atkinson, WI). Excised implants were scanned at 2 mm/s with a resolution of 0.1 ⫻ 0.1 mm. Three 0.5-cm regions of interest were selected randomly
for each fragment to determine BMD. Short-term BMD precision (percentage
of coefficient of variation) was ⬃3% for this technique. Radiographs were
taken before the sacrifice of the animals and after the excision of bone implants
by using a Faxitron.
PSA Measurement. Total PSA levels in serum were determined using the
Accucyte Human PSA assay (Cytimmune Sciences Inc., College Park, MA).
The sensitivity of this assay is 0.488 mg/ml.

sRANK-Fc Fc DIMINISHES CaP PROGRESSION IN BONE

was added at different concentrations, and 24 h after an additional 24 h, cells
were collected and viability was examined by trypan blue exclusion.
Cell Proliferation. Cell proliferation was measured using the CellTiter 96
AQ Non-radioactive cell proliferation assay (Promega, Madison, WI). Briefly,
LuCaP cells in RPMI plus 5% FBS were added to the wells of a 96-well plates
at 5000/well in triplicates. After 12 h of culture, the media were changed to
RPMI plus 0.5% FBS, and a different concentration of sRANK-Fc was added.
Cells were allowed to grow for 24 h, then 20 l/well of combined MTS/PMS
solution were added. After incubation of 1 h at 37°C in a humidified 5% CO2
atmosphere, the absorbance at 490 nm was recorded by using an ELISA plate
reader.
Cell Apoptosis. LuCaP cells were plated at 1 ⫻ 106/well in 12-well plates
on sterile coverslips in triplicate with RPMI plus 10% FBS. After 12 h of
culture, media were changed to RPMI plus 0.5% FBS and immediately a
different concentration of recombinant OPG (R&D Systems Inc.), sRANK-Fc,
or TRAIL (R&D Systems, Inc.) was added. Subsequently, cells were evaluated
for apoptosis on a fluorescent microscope using Annexin V-FITC detection kit
(PharMingen, San Diego, CA) following the manufacturer’s protocol. Ten

random ⫻50 fields were counted, and the results are reported as percentage of
FITC-positive cells.
Statistical Analysis. Statistical analysis was performed using Statview
software (Abacus Concepts, Berkley, CA). ANOVA was used for initial
analyses, followed by Fisher’s protected least significant difference for post
hoc analyses. Differences with a P ⬍ 0.05 were determined as statistically
significant.

RESULTS
RANKL is a key inducer of osteoclastogenesis. To ensure that
sRANK-Fc blocks RANKL-induced osteoclastogenesis in vitro, we
coincubated osteoclast precursor RAW cells with RANKL in the
presence of increasing doses of sRANK-Fc. RANKL-induced osteoclastogenesis and sRANK-Fc inhibited the osteoclastogenesis in a
dose-responsive fashion (Fig. 1A). OPG has been shown to bind
TRAIL (22) and block TRAIL-mediated apoptosis in CaP cells in
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Fig. 2. Effects of sRANK-Fc on CaP-induced osteoclast activity in
vitro. A, LNCaP, C4 –2B, PC3, and LuCaP 35 cells were plated (5 ⫻ 105
cells) in 12-well plates. After 24 h, CM were collected and subjected
high-sensitivity ELISA for sRANKL. Data are reported as the
mean ⫾ SD of three experiments. ⴱ, P ⬍ 0.05 compared with LNCaP
(one-way ANOVA and Fisher’s protected least significant difference for
post hoc analysis). B, representative pictures of cultures stained for
TRAP. Single-cell suspensions of RAW 264.7 cells were plated in
24-well plates (1 ⫻ 105 cells/well) on top of sterile coverslips in RPMI
plus 10% FBS. Cells were grown for 12 h, then the media were changed
to RPMI plus 0.5% FBS. Either recombinant human sRANKL (10
ng/ml) or CM harvested (as described in “Materials and Methods”) from
LuCaP cells was added to a final concentration of 25% (vol/vol) as
indicated. Immediately, the indicated concentration of sRANK-Fc was
added. Osteoclasts were identified as TRAP-positive multinucleated
(⬎3 nuclei) cells. C, number of osteoclasts per coverslip were quantified. Data are reported as the mean ⫾ SD of quadruplicates from two
independent experiments. ⴱ, P ⬍ 0.001 compared with nontreatment
culture; ⴱⴱ, P ⬍ 0.05 compared with the CM-treated culture and 1 ng/ml
treatment; †, P ⬍ 0.01 compared with 10 ng/ml treatement (one-way
ANOVA and Fisher’s protected least significant difference for post hoc
analysis).

sRANK-Fc Fc DIMINISHES CaP PROGRESSION IN BONE

Fig. 3. Radiological examination of LuCaP-induced bone lesions. Implanted human
fetal bones in SCID mice were injected with LuCaP 35 single-cell suspension. Six weeks
after tumor injection, some mice were sacrificed as the basal group (n ⫽ 9). The remaining
mice were divided to receive either sRANK-Fc (200 g/kg) or vehicle (1% BSA in PBS;
n ⫽ 9/group). Treatments were administered via i.p. injection three times per week for 6
weeks, and the mice were then sacrificed. A, radiograph of LuCaP-induced bone lesions
determined by X-ray and DEXA showing osteoblastic lesions with stronger density of the
tumor implants compared with the control group (without tumor implantation). Measurement of BMD was performed using DEXA. The color scale indicates low (L) density
through high (H) density. B, quantification of BMD for the excised implants in different
groups. Values are presented as mean ⫾ SD. ⴱ, P ⬍ 0.01 compared with control group;
†, P ⬍ 0.05 compared with basal group; ⴱⴱ, P ⬍ 0.05 compared with vehicle-treated
group (one-way ANOVA and Fisher’s protected least significant difference for post hoc
analysis).

compared with the control group (Fig. 4A). The BV:TV continued to
increase by an additional 11% in the vehicle-treated group compared
with the basal group (overall 30% increase in the vehicle group
compared with the control group). Administration of sRANK-Fc
diminished the increase of BV:TV by 83% (Fig. 4A, sRANK-Fc
versus vehicle). The osteoblast perimeter (ObS/BS), which represents
the number of osteoblasts per millimeter of trabecular bone, was
increased by 132% and 152% in the basal and vehicle-treated groups,
respectively, compared with the control group (Fig. 4B). Administration of sRANK-Fc did not alter the increase of osteoblast perimeter
that occurred in the vehicle-treated group (sRANK-Fc versus vehicle).
Osteoclast perimeter (Oc/BS), which represents the number of osteoclasts per millimeter of trabecular bone, was increased by ⬃720% in
the basal group versus control group (Fig. 4C), indicating that LuCaP
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vitro (9), which suggests that it may be protect cancer cells against
TRAIL-mediated apoptosis in vivo. Accordingly, other factors to
block RANKL that do not block the proapoptotic activity of TRAIL
may be useful for cancer therapy. We have determined that
sRANK-Fc does not bind TRAIL (data not shown); however, to
ensure that it does not block TRAIL-mediated apoptosis, we tested the
effect of sRANK-Fc on TRAIL-mediated apoptosis of LuCaP cells.
We found that although OPG diminished TRAIL-mediated apoptosis
of LuCaP cells, sRANK-Fc had no effect (Fig. 1B). These data
demonstrate that sRANK-Fc blocks RANKL-induced osteoclastogenesis but does not protect LucCaP cells against TRAIL-mediated
apoptosis.
To determine whether LuCaP 35 cells produce sRANKL, we created single-cell suspensions of LuCaP 35 and grew them for 24 h, then
collected the culture supernatants to test for sRANKL expression.
LuCaP 35 cells secreted sRANKL at levels similar to C4 –2B and
PC-3 CaP cells, but ⬃8-fold higher levels than LNCaP CaP cells (Fig.
2A). To determine whether sRANK-Fc could inhibit LuCaP-induced
osteoclastogenesis, we incubated osteoclast precursor RAW cells with
LuCaP CM in the absence and presence of sRANK-Fc. LuCaP CM
induced osteoclasts, and sRANK-Fc decreased LuCaP-mediated osteoclastogenesis in a dose-responsive fashion (Fig. 2, B and C). These
data demonstrate that LuCaP35 produces functional sRANKL
and that LuCaP-induced osteoclastogenesis can be inhibited by
sRANK-Fc.
To evaluate the ability of sRANK-Fc to prevent progression of
established CaP in bone, we s.c. implanted human fetal bone into 40
SCID mice. Four weeks later, LuCaP 35 CaP cells were injected into
the marrow space of the implanted bone and allowed to develop into
tumors. Six weeks after tumor implant, mice were palpated for presence of tumors. We determined that 28 of 40 mice had palpable
evidence of tumor growth in the implanted bone (70% tumor take-up
rate in the bone at 6 weeks). To confirm that these 28 mice had LuCaP
xenograft growth, we measured serum PSA levels. The mouse does
not produce PSA, thus this measurement is a specific marker of
human CaP tumor in these animals. All 28 mice were positive for PSA
(mean ⫾ SD, 13.2 ⫾ 3.1 ng/ml). The mice with PSA-confirmed
tumors were then divided randomly into three groups (n ⫽ 9/group;
one mouse was not used; serum PSA levels were not statistically
different among groups) to be either immediately sacrificed (basal) or
receive either sRANK-Fc (200 g/mouse) or saline vehicle by i.p.
injection three times per week. Mice were sacrificed after 6 weeks of
sRANK administration.
The presence of LuCaP tumors for 6 weeks induced an osteosclerotic radiographic response (Fig. 3A, basal versus control). After an
additional 6 weeks of tumor growth (12 weeks total), the radiographic
osteosclerotic appearance increased in the vehicle-treated animals
(Fig. 3, vehicle versus basal), whereas sRANK-Fc diminished the
osteosclerotic appearance (Fig. 3A, sRANK-Fc versus vehicle), although it was still increased over that of the basal group. To accurately
quantify differences in BMD, we used DEXA (Fig. 3, A and B). The
BMD was increased by 15% in the basal group compared with the
control group (mice implanted with human fetal bone without tumor).
After an additional 6 weeks, the BMD was increased by 12% in the
vehicle-treated group compared with the basal group. In contrast,
sRANK-Fc limited the increase of BMD to 4% (i.e., ⬃67% lower
increase of BMD then occurred in the vehicle group). These results
indicate that LuCaP 35 induces an osteoblastic lesion and that
sRANK-Fc inhibits tumor-induced bone formation.
To evaluate the effects of sRANK-Fc at the cellular level of bone,
we performed bone histomorphometry on excised implants. The BV:
TV, which represents the proportion of total mineralized trabeculae in
the total bone in the section, was increased by 19% in the basal group

sRANK-Fc Fc DIMINISHES CaP PROGRESSION IN BONE

DISCUSSION
The results from the present study demonstrate that sRANK-Fc
diminishes CaP progression in osseous, but not in nonosseous, tissue.
Furthermore, the observation that sRANK-Fc did not diminish s.c.
growth of the tumor, in combination with the observation that it had
no direct affect on the CaP cells in vitro, suggests that the ability of
sRANK-Fc to inhibit CaP establishment was not because of a direct
Fig. 4. Effects of sRANK-Fc on bone histomorphometric parameters of LuCaPinduced osteoblastic lesions. Three nonserial sections of each implant were analyzed by
using the Bioquant system as described in “Materials and Methods.” Five random ⫻200
magnification fields were evaluated per each section. The values are reported as
mean ⫾ SD (n ⫽ 9 mice/group). Data were analyzed using one-way ANOVA and Fisher’s
least significant difference for post hoc analysis. A, the BV:TV was used to represent total
mineralized bone in the trabeculae. ⴱ, P ⬍ 0.05 compared with control; †, P ⬍ 0.01
compared with basal; ⴱⴱ, P ⬍ 0.05 compared with vehicle-treated group. B, the osteoblast
perimeter (ObS/BS) represents the number of osteoblasts per millimeter length of bone
interface. ⴱ, P ⬍ 0.001 compared with control. C, the osteoclast perimeter (OcS/BS)
represents the number of osteoclasts per millimeter length of tumor-bone interface. ⴱ,
P ⬍ 0.001 compared with control; ⴱⴱ, P ⬍ 0.001 compared with vehicle-treated group.

35 induces osteoclastogenesis. However, it was not further increased
in the vehicle-treated mice versus basal mice. Administration of
sRANK-Fc decreased the osteoclast perimeter to levels similar to the
control mice. These results indicate that LuCaP 35 induces both an
osteoblastic and osteoclastic responses in bone that can both be
inhibited by sRANK-Fc.
To determine whether the tumor-induced changes in bone were
reflected systemically in the animals, several bone remodeling markers were measured. Serum human OC, BAP, and urinary Ntx, an
indicator of bone resorption, were evaluated. These compounds were
not detectable in the control mice (data not shown) although they were
detectable in the basal group (Fig. 5). Serum human OC and BAP
were decreased by ⬃30% and 25%, respectively, in the sRANK-Fctreated mice compared with the vehicle-treated mice (Fig. 5, A and B).
Urinary NTx was reduced by 30% in the sRANK-Fc-treated mice
compared with the vehicle-treated mice (Fig. 5C).
To determine the extent of tumor burden, we quantified serum PSA
levels in mice. Serum PSA levels, which were undetectable in control
mice (data not shown), were increased by ⬃157% in the vehicletreated mice compared with the basal mice (Fig. 6A). Administration
of sRANK-Fc resulted in only a 50% increase in PSA levels from the
levels of basal mice, thus diminishing the increase in that occurred in
the vehicle group by ⬃66% (Fig. 6A). Tumor that stained positive for
PSA was readily identified in all of the mice in the various tumorinjected groups (Fig. 6B). Tumor area/total nonmineralized bone area

Fig. 5. Effect of sRANK-FC on systemic bone remodeling markers. Serum and urine
were collected from basal, sRANK-Fc, and vehicle treatment groups at the time of their
euthanasia. Serum OC, serum BAP, urine NTx, and urine creatinine were measured as
described in “Materials and Methods.” A, serum OC levels. B, serum BAP levels. C, urine
NTx levels are reported as bone collagen equivalents (BCE) normalized to urine creatinine
levels. Data are reported as mean ⫾ SD. Data were analyzed using one-way ANOVA and
Fisher’s protected least significant difference for post hoc analysis. ⴱ, P ⬍ 0.01 compared
with vehicle-treated group. Measurements were performed in six to nine individual mice
per group.
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was increased by 60% in the vehicle-treated group compared with the
basal group (represents continued tumor growth; Fig. 6C). In the
group receiving sRANK-Fc, the tumor area was increased by 32%
compared with the basal group but this was ⬃50% less than the
increase observed in the vehicle-treated group (Fig. 6C). These results
showed that sRANK-Fc diminishes LuCaP 35 tumor progression in
bone.
To explore whether the ability of sRANK-Fc to inhibit lesions in
the bone was a direct effect on tumor cells, we incubated LuCaP 35
cells with sRANK-Fc, then evaluated proliferation rate and cell viability. sRANK-Fc had no effect on these proliferation rates or viability
of the LuCaP cells (data not shown). Additionally, we injected LuCaP
cells s.c. into the mice, allowed tumors to develop for 6 weeks, then
administered sRANK-Fc in a similar fashion as for the studies performed with bone. Administration of sRANK-Fc had no effect on s.c.
LuCaP 35 tumor growth rate (Fig. 7). These data suggest that
sRANK-Fc does not have a direct inhibitory effect on LuCaP 35.
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effect on tumor but rather specific to factors in the bone microenvironment. These data suggest that inhibition of RANKL activity diminishes the progression of CaP skeletal metastasis.
The importance of osteoclastic activity in the development of CaP
skeletal metastatic lesions has received little attention because of their
overall osteoblastic radiographic appearance. Yet, despite the radiographic appearance, it is clear from histological evidence that CaP
metastases form a heterogeneous mixture of osteolytic and osteoblastic lesions (2, 3, 23–25). In fact, histomorphometric analysis of

Fig. 7. Effect of sRANK-Fc on s.c. implanted LuCaP tumor growth. LuCaP cells were
s.c. injected into SCID mice, and tumors were allowed to develop for 6 weeks, then
sRANK-Fc (200 g/mouse/day) or vehicle (1% BSA in PBS) were administered via i.p.
injection three times per week for 6 weeks, and the mice were then sacrificed. The tumor
volume was measured every 4 weeks. The values are reported as mean ⫾ SD.

metastatic lesions reveals that osteoblastic metastases form on trabecular bone at sites of previous osteoclastic resorption, suggesting that
bone resorption is required for subsequent osteoblastic bone formation
(2). Results from the current study are consistent with previous studies
that demonstrate inhibition of RANKL with OPG diminishes CaP
establishment or progression of established tumor in bone (7, 26).
Taken together, these results support previous published evidence that
tumors that metastasize to bone require osteoclastic activity, which
releases tumor-supportive growth factors from bone (27, 28). They
further extend these studies, because LuCaP is clearly an osteoblastic
tumor, as demonstrated by radiographs, DEXA, and bone histomorphometry. Thus, these data clearly demonstrate that osteoclast activity
is necessary for the development of osteoblastic CaP tumors.
An active role for osteoclast activity in prostate tumor bone metastasis development is also reflected in clinical data that demonstrate
systemic markers of bone resorption are increased in men with CaP
skeletal metastases (29, 30) and that bisphosphonates relieve bone
pain in this population of patients (31–33). Our observation in the
current study that sRANK-Fc reduced several bone systemic bone
parameters including OC, BAP, and Ntx in the mice with tumors is
consistent with these results. We cannot determine from this study
whether the alteration in bone remodeling markers was caused by
direct effects of sRANK-Fc on bone or the diminished tumor growth
and, thus, decreased tumor impact on bone, or even a combination of
these events. Regardless, the presence of tumor was directly associated with increased bone remodeling, suggesting that the tumor has an
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Fig. 6. Effect of sRANK-Fc on LuCaP tumor burden. A, serum was collected from basal, sRANK-Fc, and vehicle treatment groups at the time of their euthanasia and subjected
to ELISA for PSA. Values are reported as mean ⫾ SD (n ⫽ 9/group). ⴱ, P ⬍ 0.001 compared with basal group; †, P ⬍ 0.01 compared with basal; ⴱⴱ, P ⬍ 0.01 compared with
vehicle-treated group (one-way ANOVA and Fisher’s least significant difference for post hoc analysis). B, histological examination of LuCaP tumors growing in human fetal bone
implanted into SCID mice. Formalin-fixed paraffin-embedded sections were stained with H&E or were deparaffinized, rehydrated, and stained for PSA using immunohistochemistry.
Brown indicates positive staining of PSA. Representative H&E staining of normal implanted fetal bone without tumor implantation, and implant from mice of basal, vehicle, and
sRANK-Fc treatment that paralleled with representative slides of PSA-stained sections were presented. Note in control mice the marrow compartment of human fetal bone implants
contain mainly stromal elements and some residual hematopoietic cells, and in tumor implants, the bone marrow contains tumor cells. Specifically, the intramedullary space from the
basal and vehicle-treated groups (⫻100) has a large component of PSA-positive cells compared with the sRANK-Fc-treated groups. Also, note the increased amount of trabeculae (red)
and corresponding decrease in marrow space in the in the basal and vehicle-treated groups compared with the control or sRANK-Fc-treated groups. C, bone tumor burden (total tumor
volume as a percentage of noncalcified tissue volume) was determined using bone histomorphometric analysis. Three nonserial sections of each implant were analyzed by using the
Bioquant system as described in “Materials and Methods.” Five random ⫻200 magnification fields were evaluated per each section. The values are reported as mean ⫾ SD (n ⫽ 9
mice/group). ⴱ, P ⬍ 0.001 compared with basal group; †, P ⬍ 0.01 compared with basal; ⴱⴱ, P ⬍ 0.01 compared with vehicle-treated group (one-way ANOVA and Fisher’s protected
least significant difference for post hoc analysis).
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impact on bone physiology. This is consistent with our observation
that CaP cells including LuCaP (current study), LNCaP, and C4 –2B
cells express a soluble form of RANKL (7), which can induce osteoclastogenesis.
A major impetus for exploring methods to inhibit RANKL other
than OPG is the potential for OPG to act as a survival factor for tumor
cells. Specifically, OPG blocked TRAIL-mediated apoptosis of myeloma cells (8) and CaP cells (9). Furthermore, proapoptotic factors
such as TNF stimulate OPG secretion from CaP cell lines (34). Taken
together, these findings suggest that OPG may function as a survival
factor for CaP cells in the bone marrow for microenvironment. Recently, a Phase I clinical trial using either OPG or pamidronate, a
bisphosphonate, in patients with either multiple myeloma or breast
cancer with radiologically confirmed lytic bone lesions demonstrated
comparable inhibition of osteoclast activity, based on NTx levels,
between the two compounds (35). However, neither tumor response
nor patient survival were evaluated in that study, thus the effect of
administering OPG on cancer progression in the cancer patient is
unknown at this time. Our observations that sRANK-Fc neither binds
TRAIL (data not shown) nor blocks TRAIL-mediated apoptosis of
CaP cells suggests that it may be a suitable mediator of RANKL
inhibition for clinical use.
The observation that tumor progression was decreased by
sRANK-Fc suggests several alternative mechanisms, including the
possibility that sRANK-Fc mediates its inhibitory effects either directly on tumor cells or indirectly through its inhibitory effect on
RANK and osteoclasts. Similarly, bisphosphonates reduce bone pain
in men with CaP skeletal metastases; however, it is unknown whether
this effect is caused by inhibiting osteoclastic activity or because of its
ability to inhibit tumor cell growth (36 –38). In the current study,
sRANK-Fc neither inhibited tumor growth or viability in vitro, nor did
it impact s.c. tumor growth in vivo. These observations, taken together
with the finding that sRANK-Fc diminished tumor growth in bone,
suggests that sRANK-Fc does not have a direct effect on tumor but
rather mediates its tumor inhibitory effect indirectly through modulating bone remodeling. However, we cannot rule out that sRANK-Fc
has direct inhibitory effect on CaP cells that is dependent on the bone
microenvironment.
The observation that sRANK-Fc treatment reduced osteoclast numbers to control levels but only partially diminished indices of tumorinduced osteoblastic activity including BMD and histomorphometric
parameters suggests that the tumor cells themselves have bone mineralizing ability that is independent of osteoclastic activity. Thus,
because sRANK-Fc only partially reduced tumor volume, the remaining tumor may have promoted osteoblastic activity. This is an agreement with the finding that a CaP cell line injected into mouse bone
produced osteoblastic lesions in the presence of low numbers of
osteoclasts during the early stages of tumor growth (39). In addition
to the pro-osteoblastic activity of tumor remaining after sRANK-Fc
treatment, the reduction of osteoclast activity may have resulted in
reduction of bone remodeling and, thus, inability of bone resorption to
occur to restore the bone to control levels.
In summary, results from the current study demonstrate that an
osteoblastic CaP xenograft, LuCaP, produces sRANKL-Fc and induces osteoclastogenesis in vitro. Furthermore, this study demonstrated that sRANK-Fc diminishes progression of established LuCaP
in bone but not in s.c. tissue, which suggests that osteoblastic tumors
require osteoclastic activity to progress and suggests that inhibiting
RANKL in men with osteoblastic skeletal metastases will slow tumor
progression. Finally, these data suggest that sRANK-Fc is an effective
mediator of RANKL inhibition that does not block TRAIL-mediated
apoptosis.
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