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Abstract
The purpose of this study was to investigate the influence of combined inhibition of RANKL
(receptor activator of nuclear factor kappa-B ligand) and bone morphogenetic protein (BMP)
activity in a mixed lytic/blastic prostate cancer lesion in bone. Human prostate cancer cells (C4
2b) were injected into immunocompromised mice using an intratibial injection model to create
mixed lytic/blastic lesions. RANK-Fc, a recombinant RANKL antagonist, was injected
subcutaneously three times a week (10mg/kg) to inhibit RANKL and subsequent formation,
function and survival of osteoclasts. Inhibition of BMP activity was achieved by transducing
prostate cancer cells ex vivo with a retroviral vector expressing noggin (retronoggin; RN). There
were three treatment groups (RANK-Fc treatment, RN treatment and combined RN and RANK-Fc
treatment) and two control groups (untreated control and empty vector control for the RN
treatment group). The progression of bone lesion and tumor growth was evaluated using plain
radiographs, hind limb tumor size, 18F-Fluorodeoxyglucose and 18F-fluoride micro PET-CT,
histology and histomorphometry. Treatment with RANK-Fc alone inhibited osteolysis and
transformed a mixed lytic/blastic lesion into an osteoblastic phenotype. Treatment with RN alone
inhibited the osteoblastic component in a mixed lytic/blastic lesion and resulted in formation of
smaller osteolytic bone lesion with smaller soft tissue size. The animals treated with both RN and
RANK-Fc demonstrated delayed development of bone lesions, inhibition of osteolysis, small soft
tissue tumors and preservation of bone architecture with less tumor induced new bone formation.
This study suggests that combined inhibition of the RANKL and the BMP pathway may be an
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effective biologic therapy to inhibit the progression of established mixed lytic/blastic prostate
cancer lesions in bone.

Introduction
Prostate adenocarcinoma is the most common malignancy in elderly men and there are
estimated 217,730 new cases of prostate adenocarcinoma in the United States in year 2010
[1]. Bone is the most common site of metastasis from prostate adenocarcinoma and
metastasis to bone results in increased morbidity, poor prognosis and decreased survival rate
in prostate cancer patients [2,3]. Although prostate cancer is known to produce osteoblastic
lesions in bone this probably represents a clinical continuum that also includes mixed lytic/
blastic lesions [4]. The pathophysiology of the development of prostate cancer metastasis to
bone remains poorly understood, and it has been difficult to identify effective treatment
modalities.

Bone morphogenetic proteins (BMP) are members of the transforming growth factor beta
(TGF-β) superfamily and play an integral role in endochondral ossification and bone repair
[5,6]. BMPs also play a crucial role in embryogenesis and organogenesis by influencing
proliferation, differentiation and migration of cellular targets [7]. Accordingly, BMPs were
hypothesized as one of the candidate cytokines involved in the formation of bone metastasis.
Aberrant BMP mRNA and protein expression has been found in human prostate cancer cell
lines and in human biopsy specimens from bony metastatic sites [8–14]. BMP receptors
have been found to be expressed on human prostate cancer cell lines and BMPs are known
to regulate the expression of their receptors [13,15–17]. In vitro studies have demonstrated
distinct effects of BMPs on proliferation, migration and invasion of tumor cells depending
on the BMP type, the tumor cell lines and the bone microenvironment [13,15–20]. Noggin is
a cysteine knot protein that inhibits BMP signal transduction by binding to BMPs and
preventing them from binding to their corresponding receptors[21,22]. Priorp reclinical
studies from our laboratory using human prostate cancer and human lung cancer cell lines in
a mouse intratibial injection model have demonstrated that in vivo inhibition of BMP
activity by noggin inhibits the development of osteoblastic lesions and diminishes the
osteoblastic component in mixed lytic/blastic lesions in bone [13,23].

Local bone destruction is a significant aspect of many types of bony metastasis and is
mediated via osteoclasts [4,24,25]. The RANK-RANKL (receptor activator of nuclear factor
kappa-B) axis has been convincingly established as a key pathway regulating
osteoclastogenesis in physiological as well as pathological conditions including bone
metastasis [26–31]. The clinical success of bisphosphonates in reducing pain and skeletal
related events (SRE) illustrates the significance of inhibiting osteoclasts in bone metastasis
from prostate cancer [32–35]. Denosumab, which is a monoclonal antibody to RANKL, has
shown significant promise in reducing SRE and markers of bone resorption in patients with
metastatic bone disease [36]. Previous studies in our laboratory and others have investigated
the influence of osteoclast depletion on establishment and progression of prostate cancer
induced lesions in animal models of bone metastasis [23,37–42]. RANK-Fc, which is a
recombinant RANKL antagonist, inhibited the osteolytic component and decreased the
tumor growth in mixed lytic/blastic cancer lesions [23,37,38].

Once established in bone, the tumor cells interact with the bone microenvironment in a
reciprocal fashion via cytokine mediators to form osteoblastic, osteolytic or mixed lytic/
blastic lesions [43,44]. Although multiple cytokines are involved in the development of
metastatic bone lesions, the exact interplay between these cytokines has not been established
[45]. The development and progression of prostate cancer lesions in bone is known to be
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influenced by the BMPs and RANKL but the interaction of these two cytokines in a mixed
lytic/blastic prostate cancer lesion has not been studied in a preclinical model. In a previous
study we noted that even when a predominantly osteoblastic lesion formed in bone, it was
accompanied by an increase in osteoclasts [40]. The purpose of this study was to determine
the influence of combined targeting of the RANKL and the BMP activity on the formation
of mixed lytic/blastic prostate cancer lesions in a murine model of bone metastasis.

Materials and methods
Cell Line

The human prostate cancer cell line, C4 2b was used in this study. The C4 2b cell line is
derived from the LNCaP cell line and forms mixed lytic/blastic lesions when injected in the
long bones of immunecompromised mice [37,46–48]. The C4 2b cells were maintained in
tissue culture in T medium (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS)
at 37°C in a humidified incubator with 5% of CO2 [48].

Retroviral vector production and transduction of prostate cancer cells
The retrovirus containing noggin cDNA was created according to a previously published
protocol [13,49]. Briefly, the noggin cDNA was amplified with PCR and cloned into a
murine leukemia virus-based retroviral vector pCLX at the NotI and BglII sites resulting in
CLNog. The PCLX had been previously created from pLXSN (obtained originally from A
Dusty Miller, Fred Hutchinson Cancer Research Center, Seattle, WA, USA) by removing
the SV40 promoter and the neomycin resistance gene and replacing the U3 in the 5′ LTR
with the human CMV promoter as described by Peng et al [50]. The CLNog vector DNA
was converted into replication defective retrovirus by cotransfection with calcium phosphate
precipitation into the GP-293 cell line (Clontech, Mountain view, CA) with a plasmid,
pVSVG, which expressed vesicular stomatitis virus glycoprotein as the viral envelope. The
conditioned medium containing the retrovirus (RN) was centrifuged at 3000rpm for 5
minutes to remove cellular debris and was stored at −80°C for future use.

For ex vivo transduction, the C4 2b cells were plated on a sterile culture dish in cell culture
medium with 10% FBS. The cells were washed once with 1% PBS, and 2 ml fresh medium
containing the retrovirus at an MOI of 100 was added to the cells. The virus was allowed to
transduce the cells at 37°C, after which the virus containing media was removed. Geneticin
(G418; Clontech Inc. Mountain view, CA) was used to select and maintain stable transfected
C4 2b cell lines, which were used for the tibial injections. After transduction, the C4 2b cells
were tested for the ability to express noggin with use of an in vitro BMP-4 inhibition
alkaline phosphatase assay as previously described [13,23]. The retronoggin transduced cells
on an average produced about 55ng/million cells/day of noggin.

RANK-Fc
The RANK-Fc used in this study was provided by Amgen Inc. (Thousand Oaks, CA).
RANK-Fc is a recombinant RANKL antagonist formed by fusing the murine extracellular
domain of RANK with Fc portion of human immunoglobulin G (IgG1). RANK-Fc was used
in dose of 10 mg/kg dissolved in a 100 micro liter (μl) of phosphate buffer saline (PBS) and
was injected subcutaneously three times a week.

Tibial implantation of prostate cancer cells
Eight week-old male severe combined immunodeficient (SCID) mice were housed under
pathogen-free conditions in accordance with the protocol approved by the institutional
Animal Research Committee (ARC). A murine intratibial injection model of bone metastasis
was used to create bone lesions in this study as published previously [8,48]. The prostate
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cancer cells (C4 2b; 5 × 105 cells) were suspended in 10 μl of 1% PBS and mixed with 10 μl
of matrigel (BD biosciences, San Jose, CA) for each tibial injection. The prostate cancer
cells were injected into the proximal tibia of 8 week-old SCID mice as published previously
[39,48]. Briefly, the mice were anesthetized using 1.5–2 % isoflurane and oxygen in
induction chamber. During the surgery, isoflurane and oxygen were delivered to the mice by
a Bain circuit and nose cone adapter system. The wasteful gases were scavenged using the
F/Air canister. The overlying skin was prepped in sterile fashion with 70% ethanol and
betadine. A 3 millimeter (mm) longitudinal incision was made over the patellar ligament
with a number 15 scalpel blade, and then a 2-mm longitudinal incision was made along the
medial border of the patellar ligament to expose the tibial plateau. A 26 ½ gauge needle was
introduced through the proximal tibial plateau and the prostate cancer cells were injected
into the medullary cavity. The overlying skin incision was sutured and animals were allowed
immediate weight bearing post operatively.

Study groups
In this study, forty five male SCID mice underwent tibial implantation with prostate cancer
cells (C4 2b) and were divided into five study groups (Table 1). The untreated control group
animals received prostate cancer cells (C4 2b) alone. The retronoggin treatment group (RN)
animals received prostate cancer cells that were transduced ex vivo with a retroviral vector
expressing noggin, which is a natural antagonist of BMPs. Animals in the empty vector
control group (EV control) received prostate cancer cells that were transduced ex vivo with
an empty retroviral vector which served as a control group to assess the potential influence
of retroviral transduction on the biologic activity of the prostate cancer cells. The RANK-Fc
treatment group animals received prostate cancer cells and three times a week subcutaneous
injection of RANK-Fc (10mg/kg) for a total duration of 12 weeks. The combined treatment
group animals (RN+RANK-Fc) received retroviral transduced prostate cancer cells
expressing noggin (RN) and were also administered subcutaneous RANK-Fc (10mg/kg)
three times a week for total duration of 12 weeks. Five animals in each study group
underwent serial micro PET-CT at 4, 8 and 12 weeks and comprised the imaging subgroup.
The time until animal sacrifice (12 weeks) was chosen on the basis of previously reported
rates of growth and the size limitations of tumors established by the ARC at the author’s
institution [48]. Animals were sacrificed before 12 weeks if the soft-tissue tumor diameter
reached 1.5 cm in any plane or if the animals showed signs of distress despite the maximum
tumor diameter less than 1.5 cm. These measurements were chosen in accordance with
regulations enforced by the ARC.

Hind limb tumor measurements
Hind limb tumor measurements in the tumor implanted tibias were recorded for all the
animals in two bisecting planes with an electronic caliper at 4, 8 and 12 weeks. The soft
tissue tumor burden was calculated from the hind limb measurements using the formula as
described previously [48].

Radiographic analysis
The animals were anesthetized and radiographs were obtained using a Faxitron (Field
Emission Corp., McMinnville, OR) at 4, 8 and 12 weeks animals as previously described
[41,48]. The radiographs were analyzed for the presence of bony lesion and the type of bony
lesion (osteoblastic, osteolytic or mixed lytic/blastic). Although previous studies from our
laboratory and others have demonstrated a histologic evidence of osteoblastic component in
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the mixed lesions formed by intratibial injection of C4 2b cells, radiographically they appear
to have a predominant lytic component [46,48]. The mixed lytic/blastic lesions were
radiographically characterized by thinning of the cortices, widening/ballooning of the
proximal tibia, and presence of thin bony septa within the lesion. The radiographic
appearance of osteoblastic lesions included loss of demarcation between the cortex and
medullary cavity, narrow medullary canal, and increase radiodensity in the medullary cavity.
The osteolytic lesions consisted of thinning of cortices and lucent areas in the cortex.

Radiotracer Preparation
Fluoride ion was produced using 18O- water and proton bombardment using a RDS
cyclotron (Siemens Preclinical solutions). 18F-fluoride ion was produced at specific
activities of approximately 1000 Ci/mmol and 18F- fluorodeoxyglucose (FDG) was
synthesized at specific activities of approximately 5000 mCi/mmol as previously described
[48].

Micro PET-CT imaging protocol
The animals in the imaging subgroups (Table 1) underwent serial positron emission
tomography (PET) scans and micro CT according to a previously published protocol [48].
Briefly, the mice were anesthetized with 1.5–2 % isoflurane and oxygen in induction
chambers. The scavenging systems for the removal of wasteful gases included exhaust to
outside air. The mice were then injected with approximately 250 μCi of 18F-FDG tracer via
tail vein using a 27 gauze needle on a tuberculin syringe. An hour later, whole-body scans
were performed with a 10-minute acquisition time using a MicroPET®FOCUS 220 system
(Siemens Preclinical Solutions). Immediately afterwards, a non-contrast enhanced microCT
study using microCAT® II (Siemens Preclinical Solutions) imaging system was used to scan
animals with a 10-minute acquisition time. PET scan images were reconstructed using
filtered back projection and an iterative 3-dimensional reconstruction algorithm (maximum a
posteriori [MAP]). MicroCT images were created using Fledkamp reconstruction at 200-μm
resolution. MicroPET and microCAT images were then overlaid for analysis for use with
AMIDE software [48]. The animals were injected with 250 μCi of 18F-fluoride ion the next
day using the same acquisition protocol.

Quantitative Analysis of micro PET-CT data
18F-Fluoride and 18F-FDG PET and CT data were analyzed and quantified by AMIDE (A
Medical Image Data Examiner), version 0.7.154. 18F- fluorodeoxyglucose (FDG) uptake
correlates with the cellular glucose metabolism and was used in micro PET imaging for the
detection and longitudinal monitoring of tumor burden as published previously [39,48].
Briefly, a region of interest (ROI) was drawn using a ROI box tool around the tumor
implanted tibia, which was three-dimensionally reconstructed to confine the entire
discernible FDG signal uptake. The maximum and mean intensity of the FDG signal uptake
were then recorded within the tumor implanted tibias and the contralateral uninjected tibias
using data analysis tools. The contralateral tibia was used as an internal control for each
animal. To quantify the tumor size, FDG signal volume (mm3) was calculated in the tumor
implanted tibias. The FDG signal uptake in the contralateral tibia was used as the as the
baseline control for this measurement. To quantify the fluoride activity in tibias, mean and
maximum intensities of fluoride signal were recorded from the fixed ROIs drawn in both the
tumor implanted tibias and the contralateral uninjected tibias. The maximum intensity
of 18F-Fluoride uptake in the uninjected contralateral tibia was used as a control in each
animal. The fluoride activity in the injected tibia was expressed as percentage increase or
decrease with respect to the internal control (contralateral tibia). The microCT images were
used to identify and quantify the bone lesions. The microCT images were cropped (from top
of the tibia to the ankle) to construct individual images of the implanted tibias and the
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contralateral tibias. A standardized isocontour value was used to select the bone tissue and
the bone volume was calculated as described previously [48]. The difference in the bone
volume of the tumor implanted tibia and the contralateral tibia was calculated (ΔBV) to
determine the changes in bone volume in the mixed lytic/blastic lesion [39,48].

Histology
After animal sacrifice, the tibias implanted with tumor cells were harvested for histologic
examination and histomorphometric analysis. The hind limbs were amputated at the level of
distal femur and ankle to harvest the specimen enblock. The harvested tibias were fixed in
10% buffered formalin overnight and followed by decalcification in 10% EDTA solution for
2 weeks at room temperature with gentle mechanical stirring. Following decalcification the
samples were embedded in paraffin and saggital sections were obtained. The sections were
stained with hematoxylin and eosin (H&E), orange G (OG) and tartrate-resistant acid
phosphatase (TRAP) stains. Histomorphometric analysis was performed on an Olympus
system (Olympus, Melville, NY) using the histomorphometric analysis software
(Osteomeasure [Osteometrics, Decatur, GA]) as previously described [13,48]. Briefly, the
number of osteoclasts per bone perimeter were calculated on TRAP stained histologic
sections. The tumor induced new bone formation was quantified using the bone area to total
area (BA/TA) in the medullary cavity on orange G stained sections.

Statistical analysis
The hind limb measurements, micro PET, micro CT, and histomorphometric data among
different groups were compared using one way ANOVA analysis and a Post-hoc test
(Newman Keuls multiple comparison test). P values < 0.05 were considered to be
statistically significant.

Results
Plain radiographs demonstrate that combined treatment with RN and RANK-Fc inhibits
development of mixed lytic/blastic lesions

The plain radiographs in the control groups (untreated control and EV control) demonstrated
mixed lytic/blastic lesions involving most of the proximal half of tibia at 12 weeks after
tumor cell injection (Fig. 1 and Table 2). The mixed lytic/blastic lesions were characterized
by thinning of the cortices, widening of the medullary canal, and presence of thin bony septa
within the lesion. The mixed lytic/blastic nature of these radiographic findings has been
confirmed on histology by our laboratory and others previously [46,48]. The animals treated
with RANK-Fc alone developed radiographic bony lesions in 5/9 animals at 12 weeks
(Table 2). However, in contrast to the mixed lytic/blastic lesions seen in control group tibias,
the osteolytic component was absent and the lesions were osteoblastic. The radiographic
appearance of osteoblastic lesions included loss of demarcation between the cortex and
medullary cavity, narrow medullary canal, and increase radiodensity in the medullary cavity.
The radiographic lesions in the RN group were present in 5/10 animals. The bone lesions
were smaller, limited to the proximal region of tibia and were characterized by a radiolucent
defect in the cortex and thin cortices. The animals treated with both RN and RANK-Fc
(combined treatment group) demonstrated bony lesions in only2/9 animals at 12 weeks and
there was no osteolytic component in the bony lesions. There were no significant differences
with respect to the presence of bone lesions on plain radiographs among all the study groups
(p=0.09).
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Combined treatment with RN and RANK-Fc limits skeletal tumor burden in the hind limbs
The skeletal tumor burden in the hind limbs was estimated from the hind limb measurements
of tumor implanted tibias as described in the Methods section. The untreated control group
and the EV control group animals developed soft tissue tumors in 7/10 and 4/5 tibias
respectively at 12 weeks. Soft tissue tumors were present in 4/9 animals in the RANK-Fc
group, 2/10 animals in the RN group and 2/9 animals in the combined treatment group (RN
+RANK-Fc) at 12 weeks. The mean tumor sizes were significantly lower (p<0.05) in the
combined treatment (RN+RANK-Fc) group animals (106 ± 34.5 mm3) and the RN group
animals (108.6 ± 21.6 mm3) when compared to the control group animals (159.5 ± 43.4
mm3). However, there were no significant differences (p>0.05) between the untreated
control, EV control (146.9 ± 36.2 mm3) controls and the RANK-Fc group (138.7 ± 54.8
mm3) animals with respect to the mean tumor sizes at 12 weeks. Furthermore, there were no
significant differences (p>0.05) amongst the RANK-Fc, the RN and the combined treatment
group animals with respect to the mean tumor sizes.

Combined treatment with RN and RANK-Fc inhibits the lytic component of mixed lesions
and prevents bone loss on serial microCT imaging

Serial micro CT scans were performed on the imaging subgroup animals at 4, 8 and 12
weeks in order to better define the bony lesions and study serial changes in the injected
tibias with respect to bone loss or new bone formation. The difference (ΔBV)between the
bone volume of the tumor implanted tibias and the bone volume of contralateral uninjected
tibia was calculated to determine the bone loss in mixed lytic/blastic lesion at each time
point(Fig. 2). Thinning of the cortices with cortical discontinuity was present on the
reconstructed micro CT images in all the control group tibias(untreated controls and the EV
control). Thinning of the cortices was also present in all but one of the tibias treated with RN
alone. All the tibias in the RANK-Fc group and all but one tibia in the combined treatment
group (RN + RANK-Fc) demonstrated thickening of the cortices, cortical irregularity with
no cortical destruction or lytic lesion. The percentage increase in bone volume (ΔBV) in the
RANK-Fc group tibias (17.2±4.4%)at 12 weeks was significantly higher when compared to
RN group tibias(p<0.001; −1.7±6.5%) and the RN+RANK-Fc group tibias (p<0.05;8.2 ±
4.7%). The ΔBV in the RN+RANK-Fc group was significantly higher(p<0.001) when
compared to the control group tibias and the RN treated tibias. There was an overall
decrease in the ΔBV in injected tibias in the untreated control[−5.6±3.8%] and the EV
control[−8.1±2%]and the RN group tibias at 12 weeks suggestive of overall bone loss.

Combined treatment with RN and RANK-Fc leads to decreased intraosseous tumor burden
(18F-FDG micro PET imaging)

18F- fluorodeoxyglucose (FDG) uptake correlates with the cellular glucose metabolism and
was used in micro PET imaging for the detection and longitudinal monitoring of tumor cells.
There was an increased FDG uptake in the proximal portion of the injected tibias in the
control groups (untreated control and EV control) and the RANK-Fc group animals when
compared to the contralateral uninjected tibias at 4 week. In contrast, two (2/5) animals in
the RN group and one (1/5) animal in the combined treatment group (RN+RANK-Fc)
demonstrated maximum FDG signal intensity that was higher compared to contralateral
uninjected tibias at 4 weeks. At 12 weeks all the injected tibias in the RN group and all but
one animal in the combined treatment group demonstrated maximum signal intensity of
FDG which was higher than the contralateral injected tibia (Fig. 3). The intraosseous and
soft tissue tumor burden was calculated from the entire discernible FDG signal in the
implanted tibia (FDG tumor size) as described in the Methods section. There was a
progressive increase in the FDG tumor size at successive time points in all the study group
animals (Fig. 4). Within each group, there were large variations in 18F-FDG signal uptake in
the tumors. The FDG tumor sizes at 12 weeks were lowest in the combined treatment group
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animals (10.2±8 mm3) but not significantly different from the animals in the RN group
(29.5±25.8 mm3), the RANK-Fc group and (139.9±140.6 mm3) and the control groups
(untreated control [118±102 mm3] and EV control [109.5±74.4 mm3]).

18F-Fluoride micro PET
18F-fluoride ion is a positron-emitting isotope with high affinity to bone. It has been shown
to be preferentially deposited on the surface of the bone proportionate to the blood flow and
bone remodeling [51]. There was increased uptake of fluoride tracer by all the growth plates
including the one in upper tibia (Fig. 3). Increased uptake of the fluoride tracer by the
growth plate in upper tibia limited the correct estimation and comparison of fluoride activity
in the tumor implanted tibias. The maximum signal intensity of 18F-fluoride tracer was
recorded from the region of interest (ROI) drawn at a fixed distance away from the upper
tibial growth plate in the tumor implanted tibias and the contralateral uninjected tibias.
The 18F-Fluoride uptake in the uninjected contralateral tibia was used as a control to
calculate the change in fluoride activity (percentage increase) in the tumor implanted tibia.
The percentage increase in the 18F-fluoride activity in the RN group tibias (23.9±12.5) and
the combined treatment group tibias (11.3±4) were significantly lower (p<0.05) than the
control group tibias (untreated control [57.1±6.8] and EV control [39.2±9.8]) at 12 weeks.
The percentage increase in the 18F-fluoride uptake in injected tibias was not significantly
different (p>0.05) in the RANK-Fc group tibias (45.1±7.6) compared to the control group
tibias at 12 weeks. There was no significant differences (p>0.05) between injected tibias in
the RN group when compared to the combined treatment group tibias with respect to the
percentage increase in the maximum signal intensity of 18F-fluoride tracer at 12 weeks.

Combined treatment with RN and RANK-Fc inhibits osteoclast mediated resorption of host
bone and limits tumor induced new bone formation (histologic and histomorphometric
analysis)

Histologic sections of the implanted tibias were stained with H&E, OG and TRAP to
evaluate the changes occurring at the cellular level. The tibias in the control groups
(untreated control and EV control) demonstrated thinning and destruction of the cortices and
tumor cells present both within and outside the medullary canal (Fig. 5). Areas of new bone
formation surrounded by the tumor cells were present in the medullary cavity and/or on the
periosteal surface confirming the osteoblastic component in mixed bony lesions. The tibias
in the RN group demonstrated tumor cells inside the medullary cavity with thinning of
cortices and osteoclasts at the tumor-bone interface. In contrast to the control group animals,
the tibias in the RANK-Fc group demonstrated new bone formation inside the medullary
canal surrounded by the tumor cells which reflects the osteoblastic phenotype seen on
radiographs (Fig. 5 and 6). There was no cortical bone destruction and osteoclasts were
absent at the tumor-bone interface. In tibias treated with both RN and RANK-Fc (combined
treatment group), the tumor cells were present in the medullary cavity mixed with some
normal marrow elements. There was no cortical bone destruction and there was some tumor
associated new bone formation present in the medullary canal.

The tumor associated new bone formed in the tibias was quantified and expressed as a
percentage of total area (BA/TA) inside the medullary cavity to describe the influence of
treatment on osteoblastic component of bone lesions (Fig 7). The BA/TA in the RANK-Fc
group tibias (37.2±12.5) was significantly higher (p<0.001) than the RN+RANK-Fc group
tibias (18±7), RN group tibias (3.3±2.7), and the control group tibias (untreated controls
[12.4±3.5] and EV control [10.3±4.6]) (Fig. 7). The BA/TA was significantly lower in RN
group tibias when compared to the control group (p<0.05) and RN+RANK-Fc group tibias
(p<0.01).
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The TRAP stained histologic sections were evaluated for qualitative and quantitative
(number of osteoclasts per bone perimeter at tumor bone interface) assessment of osteoclasts
in the study groups (Fig. 6 and Fig. 7). There were abundant osteoclasts present at the tumor
bone interface in the control groups (untreated control [12.2±1.5 Oc/mm] and EV control
[12.8±1.5 Oc/mm]) and RN group (10.3±2.7 OCs/mm). There were virtually no osteoclasts
seen in the RANK-Fc group (0.3±0.5 OCs/mm) and the combined treatment group tibias
(0.5±0.1 OCs/mm) tibias, and the number of osteoclasts at the tumor bone interface were
significantly lower (p<0.001) than the control groups and the RN group tibias.

Discussion
A multitargeted approach that inhibits the complex interactions among the tumor cells and
the bone microenvironment is required to effectively block the vicious cycle of bone
metastasis [45,52–54]. Inhibition of multiple candidate cytokines that influence the cross
talk among the tumor cells and the bone cells (osteoclasts and osteoblasts) is a novel way to
delay the progression of established metastasis. This preclinical study demonstrates that the
combined targeting of RANKL and BMP pathway in a mixed lytic/blastic prostate cancer
lesion not only delays the progression of tumor and bone lesion formation but also prevents
bone loss and preserves the bone architecture.

C4 2b is a LNCaP derived slow growing human prostate cancer cell line which forms mixed
lytic/blastic lesions when implanted in the long bones of immunocompromised mice [46,48].
Treatment of C4 2b implanted tibias with RANK-Fc alone, which is a RANKL antagonist
and inhibits the formation, function and survival of osteoclasts, abolished the osteolytic
component in the mixed lytic/blastic lesion as demonstrated by the radiographs, micro CT,
histologic and histomorphometric data. In a preclinical study using an intratibial injection
model, Ignatoski et al reported complete inhibition of osteolysis and increased bone mineral
density in C4 2b implanted tibias treated with RANK-Fc, which is consistent with the results
in our study. In the present study, C4 2b implanted tibias treated with RANK-Fc alone
demonstrated an osteoblastic phenotype on plain radiographs and there was new
pathological bone surrounded by tumor cells on histologic sections. We hypothesize that the
osteoblastic pathway is not interrupted with RANK-Fc treatment in a mixed lytic/blastic
lesion and hence the tumor associated new bone formation continues inside the medullary
canal and/or on the extra cortical surface and is indicative of residual tumor induced
osteoblastic activity. We have previously demonstrated that in a pure osteolytic prostate
cancer cell line (PC-3), treatment with RANK-Fc prevents tumor associated osteolysis but
does not result in tumor associated new bone formation. These results suggest that the
cytokine profile of tumor cells is a critical element in determining their biologic behavior
when these cells metastasize to bone. In a SCID mouse intratibial injection model, Feeley et
al demonstrated that treatment of a mixed lytic/blastic lung cancer lesion with RANK-Fc
produced tumors with a pure osteoblastic phenotype which is similar to the results in this
study with a mixed lytic/blastic prostate cancer bone lesion. Inhibition of one component in
a mixed lytic/blastic lesion leads to more obvious persistence of the remaining component.
Although, many tumors are predominantly osteoblastic or osteolytic in radiographic
appearance they will occasionally have lytic or blastic activity respectively, which needs to
be addressed in order to achieve complete or maximal inhibition of bone lesion.

RANK-Fc does not directly inhibit tumor growth. We and others have previously
demonstrated that RANK-Fc administration does not inhibit tumor growth in a subcutaneous
xenograft tumor model. However, in an intratibial injection model of bone metastasis
RANK-Fc inhibits tumor mediated osteolysis and indirectly limits tumor growth by
preventing the release of growth promoting factors from bone [23,37–39,41,55].
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Inhibition of BMPs by noggin over expression in C4 2b cells suppressed the osteoblastic
component in a mixed lesion and lead to formation of smaller lesions with an osteolytic
phenotype as demonstrated on plain radiographs, micro CT and histomorphometric data.
Schwaninger et al using a similar animal model demonstrated that noggin over expression in
C4 2b cells abolished their osteoblastic response when injected in tibia of an immune
compromised mice, which is consistent with the findings in this study [56]. In another study
using intratibial injection model in SCID mice, Hall et al demonstrated that inhibition of
osteoblastic activity in C4 2b induced mixed lytic/blastic lesions transformed them into
osteolytic tumors [46]. Clearly, the aforementioned studies and the current study highlight
the fact that suppression of an osteoblastic pathway in a mixed bone lesion results in a
residual osteolytic phenotype.

BMPs have previously been shown to influence cell proliferation and cellular growth in
prostate cancer [13,15,16,19]. We have previously demonstrated that BMPs stimulate
invasion and migration of prostate cancer cells in vitro and these effects can be reversed
with addition of noggin [13]. In this study, noggin mediated inhibition of BMPs in C4 2b
tumors resulted in smaller tumors as compared to untreated controls as demonstrated on
FDG micro PET scans and hind limb tumor measurements. Noggin did not demonstrate any
significant effect on osteoclast formation as demonstrated on histologic assessment. Mixed
results have been reported previously regarding the influence of noggin on osteoclast
activity and formation. Feeley et al demonstrated that noggin prevents osteoclastic activity
in vitro but did not affect osteoclast formation in vivo [49]. Schwaninger et al demonstrated
that noggin possesses antiresorption activity and inhibited osteoclast formation both in vitro
and in vivo [56]. Smaller osteolytic bone lesions in C4 2b tumors treated with retronoggin
treatment in this study are most likely due to smaller tumor burden with inhibition of
osteoblastic pathway.

It is our hypothesis that in a mixed lytic/blastic lesion, specific targeting of either the pro-
osteoblastic or the pro-osteoclast pathways can diminish the progression of a mixed lesion
but complete inhibition would require simultaneous blockade of both the components. In
fact, the skeletal complications including pathologic fractures associated with advanced
metastatic prostate cancer are thought to be due to both osteolysis as well as disorganized
new bone formation that is under mineralized and biomechanically weak [57]. The RANK-
RANKL pathway, which is activated by the cytokines secreted by the tumor cells (IL-8,
IL-11, PTHrP) as well as by the tumor induced osteoblastic activity, is inhibited by the
RANK-Fc treatment that suppresses the osteolytic component in a mixed lytic/blastic lesion
[58]. Noggin blocks the effect of local BMPs which are one of candidate cytokines
postulated in formation of osteoblastic lesions [44,58,59]. In this study combined treatment
with retronoggin and RANK-Fc prevented bone loss, limited the osteoblastic component in
mixed lytic/blastic lesion and resulted in smaller soft tissue tumor sizes. Mixed lytic/blastic
lesions formed by C4 2b cells in the SCID mice are characterized by predominant osteolytic
and minor osteoblastic component as demonstrated by the radiographs, micro CT and
histology. In animals treated with both retronoggin and RANK-Fc, noggin did not
completely inhibit the overt osteoblastic response. This could be due to incomplete noggin
inhibition of the cells via the retroviral transduction or due to the presence of other
uninhibited pro-osteoblastic cytokines such as endothelin-1 and Wnts [46,59].

Our laboratory and others have previously demonstrated that micro PET-CT can be a useful
tool in assessing tumor growth and changes in bone turnover in pure osteolytic and
osteoblastic prostate cancer lesions in murine intra tibial injection model [39,48,60].
However, there are limitations with the use of 18F-Fluoride and 18F-FDG micro PET for C4
2b induced mixed lytic/blastic lesions in mice tibia. We have previously demonstrated that
uptake of 18F-Fluoride, which is preferentially deposited in areas of bone turnover, is
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diminished in osteolytic lesions because these lesions are characterized by bone destruction
[39]. Consequently, the presence of both osteolytic component limits accurate assessment of
osteoblastic activity in mixed lytic/blastic lesions with fluoride micro PET [48]. Moreover,
uptake of fluoride tracer by the growth plate in a mouse tibia interferes with accurate
estimation of signal uptake associated with tumor induced osteoblastic activity especially at
early time points when the tumor is limited to the upper tibia. There was high variability of
FDG tracer uptake by the C4 2b tumor cells within study groups and individual tumors, a
finding which is consistent with a previous study in our laboratory with C4 2b tumors in a
mouse intratibial model [48]. This could be due to tumor necrosis secondary to poor blood
supply or due to abnormal cellular metabolism in the C4 2b cells at later stages of tumor
growth.

Metastatic bone lesions represent a continuum that includes osteoblastic, mixed lytic/blastic
and osteolytic lesions, which are a consequence of dysregulation of the normal bone
remodeling process that is induced by the factors released by the tumor cells in the bone
microenvironment [43–45]. It is interesting that mixed lesions produced by prostate and lung
cancer cells respond in a similar fashion to the combination therapy. We are presently
analyzing the cytokine production of different tumor cell populations in order to identify the
critical candidates that determine the type of bone lesion that is produced. This data suggests
that the type of therapy developed to treat metastatic disease should take into account the
cytokine profile of the tumor cells and the radiographic phenotype of the lesion that it
produces. Clearly, single blanket treatment may not work for all types of metastatic lesions.
In a prior preclinical study, we noted that the human osteoblastic prostate cancer cell line,
LAPC-9 induced both bone formation and then osteoclastic activation in the intratibial
injection model [13,40]. It was our hypothesis that the osteoclast activity that occurred in
response to the new bone promoted further tumor cell proliferation. The data from our
laboratory and others analyzing osteolytic, osteoblastic and mixed lesions using preclinical
studies suggest that a combination approach of targeting both osteoblasts and osteoclasts
may have benefit in limiting the progression of established bone metastasis. The results of
this study suggest that systemic inhibition of osteoclasts and local BMP inhibition via
intralesional injection could be used as a minimally invasive therapy in prostate cancer
patients with metastatic disease to bone and should be tested in clinical trials. We
hypothesize that RANK-Fc will prevent the skeletal complications that occur secondary to
osteolysis and noggin will limit the progression of bone metastasis.

Research Highlights

• Treatment with RANK-Fc alone inhibited osteolysis and transformed a mixed
lytic/blastic lesion into an osteoblastic phenotype.

• Inhibition of local BMPs inhibited the osteoblastic component in a mixed lytic/
blastic lesion and resulted in formation of smaller osteolytic bone lesion with
smaller soft tissue size.

• Combined treatment with both RANK-Fc and retronoggin (BMP antagonist)
demonstrated delayed development of bone lesions, inhibition of osteolysis,
small soft tissue tumors and preservation of bone architecture with less tumor
induced new bone formation.
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Fig. 1. Plain Radiographs at 12 weeks
C4 2b cells form mixed lytic/blastic lesions, which are characterized by thin cortices,
widened medullary canal and strands of bone tissue within the lesion (untreated control
group; double black arrows in image b). Treatment with RANK-Fc alone inhibited the
osteolytic component of a mixed lytic/blastic lesion and resulted in an osteoblastic
phenotype characterized by loss of demarcation between the cortex and medullary cavity,
narrow medullary canal, and increase radiodensity in the medullary cavity (black arrow in
image c). Animals injected with C4 2b cells that were transduced with retronoggin (RN
group) formed osteolytic lesions that were small (white arrow in image e). Radiographs of
the implanted tibias treated with both RANK-Fc and RN (image d) demonstrated no
osteolysis (intact cortices) with relatively preserved architecture of the tibia compared to the
uninjected contralateral control tibia (image a). The radiographs of tibias injected with C4
2b cells that were transduced with empty vector (Empty vector control; image f) were
similar to the untreated controls.
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Fig. 2. Serial monitoring of changes in bone volume (ΔBV)with micro CT in study groups
The ΔBV in the RANK-Fc group tibias at 12 weeks was significantly higher than the
combined treatment group (p<0.05), the RN group (p<0.001) and the control group
(p<0.001)tibias. The ΔBV in RN+RANK-Fc tibias was significantly higher (p<0.001) than
the RN treatment group tibias. There was overall bone loss in the control groups (untreated
control and EV control) and the RN group tibias at 12 weeks as demonstrated by the
negative ΔBV.

Virk et al. Page 17

Bone. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
18F- fluorodeoxyglucose (top panel) and 18F-fluoride (bottom panel) micro PET-CT Top
Panel (a–f): 18F- fluorodeoxyglucose (FDG) which correlates with cellular glucose
metabolism demonstrated increased uptake by the tumor tissue in study groups at 12 weeks.
The FDG uptake was lowest in animals treated with RN+RANK-Fc (white arrows in d)
compared to the other treatment group animals. There were large variations in the FDG
uptake in C4 2b tumors in all the groups. Bottom panel (g–i): 18 F-fluoride which correlates
with the bone turnover shows increased uptake in all the injected tibias. Uptake of fluoride
tracer by the growth plate (uninjected control tibia; asterisk in g) limits correct estimation of
uptake of fluoride tracer in the proximal tibia in this animal model. However, increased
uptake of fluoride tracer was seen in untreated control, EV control and RANK-Fc tibias
extending up to the middle third of the tibias (red boxes in h, i and l) compared to the RN
and RN+RANK-Fc tibias (red boxes in j and k) where it was limited to the upper tibia.
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Fig. 4. Serial estimation of tumor volume using 18F- fluorodeoxyglucose (FDG) micro PET in the
study groups at 4, 8 and 12 weeks
There was a progressive increase in the FDG tumor size at successive time points in all the
study group animals. The FDG tumor sizes at 12 weeks were lowest in the combined
treatment group animals (10.2±8 mm3) but not significantly different from the animals in the
RN group (29.5±25.8 mm3), the RANK-Fc group and (139.9±140.6 mm3) and the control
groups (untreated control [118±102 mm3] and EV control [109.5±74.4 mm3]).
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Fig. 5. Histologic sections of injected tibias in the study groups (top panel: images a–e, 1x
magnification; bottom panel: images f–j, 10 x magnifications)
Untreated control (images a & f) and EV control (images e & j) tibias demonstrate both new
bone formation (thin yellow arrows in f & j) and osteolysis (cortical break [yellow arrow
head in image f] and thin cortices [left right arrow in image f &j]). The tibias treated with
RANK-Fc alone (images b & g) demonstrated intact and thick cortices (left right arrow in
image g) and abundant new bone formation in the medullary canal (asterisk in image g)
surrounded by tumor cells. The RN treated tibias (images d & i) show thinning of cortices
and minimal new bone formation in the medullary canal. The RN+RANK-Fc treatment
group tibias (combined treatment group; images c & h) demonstrate intact cortices with
some new bone formation in the medullary canal (thin yellow arrow in image h).
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Fig. 6.
Histology (TRAP stain; 20x magnification) of implanted tibias in the study groups RANK-
Fc is a recombinant RANKL antagonist that blocks formation, function and survival of
osteoclasts. Injected tibias of animals treated with RANK-Fc ([RANK-Fc group; image b]
and RN+RANK-Fc group [image c]) demonstrate minimal to no osteoclasts on TRAP stain.
In contrast, injected tibias in untreated control (image a), EV control (image e) and animals
treated with RN (image d) have abundant osteoclasts at the tumor bone interface (black
arrows). Image f is a higher magnification image (40x) demonstrating multinucleate
appearance of active osteoclasts.
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Fig. 7. Histomorphometry
The tumor induced new bone formed in the injected tibias was quantified using bone area/
total area (BA/TA) inside the medullary cavity (a). The BA/TA in the RANK-Fc tibias
(37.2±12.5) was significantly higher (p<0.001) than the RN+RANK-Fc(18±7), RN
(3.3±2.7), untreated control (11.8±4) and EV control (9.3±4.6) tibias. The BA/TA was
significantly lower in RN tibias (p<0.01) when compared to the RN+RANK-Fc tibias. B.
The number of osteoclasts per mm of bone perimeter at the tumor-host bone interface was
quantified to study the effect of RANK-Fc on osteoclasts. The number of osteoclasts/mm
were significantly lower (p<0.001) in the tibias treated with RANK-Fc (RANK-Fc group
and RN+RANK-Fc group) compared to tibias not treated with RANK-Fc (untreated control,
EV control and RN group). Image c (1 x image), image d (20 X image) and image e (green
highlighting extracortical new bone; blue highlighting host original cortex; turquoise
highlighting intramedullary new bone formation) demonstrating the regions used for BA
evaluation during histomorphometric analysis. Tumor associated intramedullary new bone
(outlined in turquoise color in image e) was measured at 20X magnification on orange G
stained histologic slides to measure BA.
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Table 1

Study Groups

Groups
Number of animals
studied radiographically

Number of animals
imaged with micro PET &
micro CT (imaging
subgroup)

Number of animals
studied histologically

Untreated control (C4 2b alone) 10 5 10

EV control (C4 2b+Empty vector) 5 5 5

RANK-Fc treatment (C4 2b+RANK-Fc) 10 5 10

RN treatment (C4 2b+RN [retronoggin]) 10 5 10

RN+RANK-Fc treatment (Combined treatment
group; C42b+RN+RANK-Fc)

10 5 10
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Table 2

Radiological and intratibial tumor response in the study groups

Groups
Number of tibias with radiographic evidence of bone
lesion

Number of tibias with histologic evidence of
tumor

Untreated control 8/10* 10/10†

EV control 4/5 4/5

RANK-Fc treatment 5/9 9/9

RN treatment 5/10 8/10

RN+RANK-Fc treatment 2/9 8/9

*
p=0.09 versus EV control, RANK-Fc group, RN group and RN+RANK-Fc group

†
p=0.40 versus EV control, RANK-Fc group, RN group and RN+RANK-Fc group
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