ANTICANCER RESEARCH 25: 107-116 (2005)

The Effect of Cyclooxygenase-2 (COX-2)
Inhibition on Human Prostate Cancer Induced
Osteoblastic and Osteolytic Lesions in Bone

SETH C. GAMRADT!, BRIAN T. FEELEY!, NANCY Q. LIU!, JASON ROOSTAEIAN!, YING Q. LIN?, LI X.
ZHUZ? SHERVEN SHARMAZ, STEVEN M. DUBINETT? and JAY R. LIEBERMAN!

Department of Orthopaedic Surgery, David Geffen School of Medicine at UCLA, Los Angeles, CA;
2University of California Los Angeles Lung Cancer Research Program, Jonsson
Comprehensive Cancer Center, Los Angeles, CA, U.S.A.

Abstract. Background: The mechanism of bone formation by
osteoblastic prostate cancer metastases is not well defined.
Using knockout mice, it has been demonstrated that
prostaglandins produced by COX-2 are critical for fracture
repair. Therefore, our aim was to determine if COX-2 plays a
role in the bone formation in osteoblastic prostate cancer
metastases in bone. Materials and Methods: We assessed the
influence of pharmacologic COX-2 inhibition in a SCID
mouse intratibial injection model of bone metastasis using two
human prostate cancer cell lines that produce either
osteoblastic lesions (LAPC-9) or osteolytic lesions (PC-3,
negative control). SC-58236, a COX-2 specific inhibitor, was
used at a dose of 3 mg/Kg intraperitoneally 3 times per week
in the Treatment groups for 8 weeks until sacrifice. Results:
Western blot for COX-2 demonstrated that LAPC-9 cells
expressed high levels of COX-2 while PC-3 cells did not.
Treatment with SC-58236 significantly reduced the size of
osteoblastic lesions after LAPC-9 injection based on both
radiographic and histomorphometric criteria compared to the
control group. In contrast, large osteolytic lesions were seen in
both control and SC-58236 treated animals after PC-3 cell
injections. The results of this study indicate that COX-2
inhibition can decrease the size of osteoblastic lesions
produced by LAPC-9, a human prostate cancer cell line that
expresses high levels of COX-2. This treatment had no effect
on the osteolytic activity of PC-3 cells. Conclusion: These
findings suggest that the progression of osteoblastic metastases
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induced by human prostate cancer cells may be limited by
COX-2 inhibitors.

Skeletal metastasis is common in prostate cancer, affecting
up to 70% of men afflicted with the disease. The resulting
bony metastases are associated with significant morbidity
and mortality (1-3). Prostate cancer, when metastatic to
bone, produces predominately an osteoblastic (bone
forming) lesion (1, 3, 4). The mechanism of bone formation
by prostate cancer metastases has not yet been elucidated,
but it is believed that reciprocal cellular interactions
between tumor cells and the bone microenvironment result
in osteoblast proliferation and differentiation (5). A variety
of osteogenic factors and cytokines produced by tumor cells
appear to contribute to the formation of osteoblastic lesions
in vivo, such as bone morphogenetic proteins (BMP),
endothelin-1 (ET-1), insulin like growth factors (IGF),
urokinase plasminogen activator (uPA), and transforming
growth factor-B (TGF-B) (6-8). However, the relative
importance of these growth factors and the sequence of
biologic events that leads to formation of an osteoblastic
lesion are still unclear.

Cyclooxygenase (COX) is the key enzyme in the pathway
responsible for converting arachadonic acid to prostaglandins.
Two isoforms of this enzyme have been described. COX-1 is
commonly thought of as a housekeeping gene and is
constitutively active, while COX-2 activity is detectable in few
normal tissues (9). In contrast to the ubiquitous nature of
COX-1 in normal tissues, COX-2 is inducible in response to
inflammatory cytokines or growth factors (10). In addition,
COX-2 is known to be upregulated in many types of
neoplasia including cancer of lung (11), breast (12), cervix
(12), stomach (11), colorectal (13), skin (14) and prostate (15,
16). Elevated COX-2 expression in neoplastic tissue is
associated with increased angiogenesis, decreased apoptosis,
and increased invasiveness of the tumor (11, 15, 17).
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In addition to its role in inflammation and cancer, recent
studies have implicated COX-2 as a critical enzyme for
fracture healing and bone formation in response to
mechanical loading (18-22). PGE-2, a product of COX-2,
can stimulate both osteoblasts and osteoclasts (23), and
PGE-2 activity is also associated with recruitment and
differentiation of osteoblasts from their precursors (24, 25).
In mice, pharmacologic inhibition or gene knockout of
COX-2, but not COX-1, resulted in fracture nonunion, thus
delineating the critical role of COX-2 in fracture healing
(19, 22). In one knockout mouse model of fracture healing,
COX-2 -/- mice had decreased activity of cbfal and osterix,
which are osteoblast specific genes, and the authors
concluded that COX-2 activity was the key regulator of
these two genes (19). Prostaglandins produced by COX-2
gene expression induced by mechanical loading are critical
for bone formation (21), and selective inhibition of COX-2
blocks bone formation induced by mechanical loading (20).
Since COX-2 plays a critical role in the inducible bone
formation of fracture healing and mechanical loading, we
attempted to determine if there is a link between COX-2
expression and the osteoblastic nature of prostate cancer
metastases to bone. COX-2 is know to be upregulated in
prostate cancers, but it is not known if elevated COX-2
contributes to the bone formation associated with prostate
cancer metastasis.

Our laboratory has developed a reliable human prostate
cancer metastasis model using injection of human prostate
cancer cells into the tibias of severe combined immunodeficient
(SCID) mice (26-28). Using this model, we have characterized
the nature of the cytokine profile of prostate cancer metastases.
PC3 cells, a highly undifferentiated, bone derived prostate
cancer line produces osteolytic lesions in vivo and high levels of
RANK-L, TNF-o, and IL-1 (28). LAPC9 produces an
osteoblastic lesion in vivo and high levels of BMP-2, -4, -6, and
IL-6, which are associated with bone formation (28). In
addition, treatment with either a bisphosphonate or receptor
activator of NF-KB: Fc fusion protein (RANK-Fc), which are
potent osteoclast inhibitors, blocked the formation of osteolytic
lesions after intratibial injection of PC-3 (27, 29), but the
formation of osteoblastic lesions was not influenced by
osteoclast inhibiting treatment regimens.

The molecular pathway that is responsible for the
development of osteoblastic bone metastases has not been
delineated. Since COX-2 plays a role in the bone formation
in fractures, it may also influence the formation of
osteoblastic bone metastases. Our goal was to determine if
pharmacologic inhibition of COX-2 would decrease bone
formation in osteoblastic lesions based on the radiographic
and histologic results. In addition, both cell lines were also
injected subcutaneously to delineate between a direct
antitumor effect versus the ability of a COX-2 inhibitor to
act in the bone microenvironment.
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Materials and Methods

Cell culture. All of the reagents were purchased from Life
Technologies, Inc. (Rockville, MD) unless otherwise mentioned.
Human prostate cancer cell line PC-3 was cultured in Iscove’s
medium (Irvine Scientific, Irvine, CA) supplemented with 15%
fetal bovine serum and 1% glutamine and maintained at 37°Cin a
humidified atmosphere with 5% CO,.

Cell lines. The human prostate cancer cell lines PC-3 and LAPC-9
were used in this study. PC-3 (American Type Culture Collection)
cells were chosen for this study because our prior experience with
this cell line demonstrated that it produces an osteolytic lesion
when implanted into bone (27, 28, 30). LAPC-9 was derived from
a metastatic lesion to bone in a human patient (31). In prior
studies, LAPC-9 produced pure osteoblastic lesions when
implanted into bone (27, 28, 32). PC-3 cells can be maintained in
tissue culture while LAPC-9 cells survive in tissue culture only 48
hours. For this reason, both LAPC-9 and PC-3 cells were obtained
from tumors propogated in the subcutaneous tissue of male SCID
mice one day prior to use.

Western blot. A Western blot for COX-2 was performed on PC-3
and LAPC-9 cells after treatment with protein lysis buffer. B-Actin
level was used as a control. For Western blotting, 20 ug protein
samples were resolved on a 12% SDS-PAGE gel and transferred
to Hybond-ECL membranes (Amersham Life Sciences, Arlington
Heights, IL). The Western analysis was performed using anti-COX-
2 and anti-actin (both from Santa Cruz Biotechnology, Santa Cruz,
CA) and the Amersham Life Science enhanced chemiluminescence
protocol (33).

Prostaglandin levels in tibial tumors. To quantify the level of PGE-
2 produced in tibial tumors, tumor homogenates from soft tissue
tumors adjacent to tibiae were analyzed for PGE-2. PGE-2
concentrations were determined according to the Cayman
Chemicals EIA kit protocol as described previously (34, 35).
Briefly, 96-well Costar plates were precoated overnight with 4
ug/ml of goat anti-mouse PGE-2 (BioSource International). PGE-
2-acetylcholinesterase conjugate, mouse anti-PGE-2 mAb, and
either standard or sample were added to each well. After an 18-h
incubation at 25°C, the plate was washed five times to remove all
unbound reagents. Ellman’s reagent was then added to each well,
and absorbance was determined at 405 nm by a Dynatech MR5000
spectrophotometer.

Single cell suspension protocol. Both PC-3 and LAPC-9 tumor cells
were isolated 24 hours before use. Mice with subcutaneous tumors
approximately 1 cm in diameter were anesthetized (100 mg
ketamine/kg body weight, 10 mg xylazine/kg body weight) and
sacrificed. The skin overlying the tumor was then shaved and
prepped with 70% ethanol and Betadine. The tumor was dissected
free of soft tissue in sterile fashion and placed in a sterile 50-ml
conical Falcon tube (Becton Dickinson Labware, Franklin Lakes,
NJ). The tumor was then finely minced with a sterile razor blade in
sterile PBS (Life Technologies, Inc.). The resulting slurry centrifuged
at 1300 rpm for 5 min at room temperature. The supernatant was
then aspirated. The pellet was resuspended in Iscove’s medium and
centrifuged again at 1300 rpm for 5 min at room temperature. The
supernatant was again aspirated, and the pellet was resuspended
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with a 0.1% Pronase E (EM Science, Gibbstown, NJ)/Iscove’s mix.
Prior to resuspension the Pronase E/Iscove mix was filtered through
a Steriflip Millipore filter with a 0.22 um membrane (Millipore
Corporation, Bedford, MA). The resuspension was then gently
shaken on a rotating platform for 18 min at room temperature in a
sterile 50-ml conical Falcon tube. The resuspension was placed on
ice for 2 min and then strained using a 70-um Falcon cell strainer
(Becton Dickinson Labware). Once strained, the mix was spun at
1300 rpm for 5 min at room temperature. The supernatant was
aspirated and the pellet was resuspended in Iscove’s medium with
15% fetal bovine serum and 1% glutamine and was plated in 10-ml
culture dishes (Becton Dickinson Labware). After this, 1x fungizone
(Life Technologies, Inc.) was added to each plate, and the plates
were incubated at 37°C with 5% CO, until use.

Animals. Eight-week-old male SCID mice weighing approximately
25g were used. These mice were housed under pathogen-free
conditions. All research was conducted in accordance with a
protocol approved by the Chancellor’s Animal Research
Committee at the author’s institution.

Tibial implantation. Single-cell suspensions of LAPC-9 or PC-3
cells were combined with an equal amount of Matrigel
(Collaborative Biomedical Products, Bedford, MA) so that 10 ul
of the mixture contained 1 x 103 cells. Ten ul of either the PC-3-
Matrigel mix or the LAPC-9-Matrigel mix was injected into the
left tibia of 8-week-old SCID mice, as previously described (27).
To summarize, the mice were anesthetized, shaved, and prepped.
An incision was made with a no. 15 scalpel blade over the patellar
tendon. A 2 mm longitudinal arthrotomy was made made along
the medial border of the patellar tendon with the same scalpel
blade to expose the tibial plateau. A 27 gauge needle was inserted
through the tibial plateau with the knee flexed to enter the
intramedullary canal of the tibia. A separate 27 gauge needle was
used to inject 10 wl of cell/matrigel mixture into the
intramedullary canal of the tibia. The skin was closed with 5-0
Vicryl suture (Ethicon Inc., Somerville, NJ). Animals were
sacrificed at 8 weeks. Before sacrifice, the animals were
anesthetized and radiographs were taken with a Faxitron (Field
Emission Corporation, McMinniville, Oregon).

Osteolytic and  osteoblastic  lesions were  scored
radiographically as described previously (27). Radiographic
scoring of the LAPC-9 groups was performed using a grading
scale based on the anatomic location of the osteoblastic lesion
within the tibia and the degree of involvement of the tibia
(0 — normal; 1 -- metaphyseal involvement; 2 - diaphyseal
extension; 3 - diaphyseal extension with extracortical
involvement). Radiographic scoring of the PC-3 groups was
performed according to a previously published grading scale for
osteolytic lesions based on extent of cortical disruption
(0 — normal; 1 — endosteal scalloping; 2 — 1 cortex disrupted;
3 — 2 cortices disrupted; 4 — complete destruction of the proximal
tibia) (27). At sacrifice, the hind limbs were harvested for
histological analysis. Tumor dimensions were also measured at
sacrifice. Two bisecting diameters of each tumor were measured
with calipers. The volume was calculated using the formula (0.4)
x (ab?), with a as the larger diameter and b as the smaller
diameter. Twenty mice were implanted with PC-3 cells and twenty
mice were implanted with LAPC-9; these mice were divided
equally between a control group (no treatment) and a treatment
group (COX-2 inhibition).

Table 1. PGE-2 levels in tumor homogenates from tibias implanted with
LAPC-9 and PC-3 cells. (PGE-2/total protein, ng/mg/ml=SE).

Control SC-58236 treated
LAPC9 2.91+0.18 0.14=0.01
PC3 2.82+0.09 0.23+0.03

Subcutaneous tumor formation. Single cell suspensions were created
in the same fashion as for tibial implantation. The mice were
anesthetized and the back was shaved and prepped with 70%
ethanol and betadine. 1 X 105 cells in 10ul were implanted
subcutaneously with matrigel. Injections were performed Smm to
the left of midline in the animal’s back proximal to the iliac crest.
Animals were sacrificed at 8 weeks, or earlier if the tumor became
larger than the allowable limit of the Chancellor’s Animal
Research Committee (1.5 cm tumor diameter). Two bisecting
diameters of each tumor were measured with calipers. The volume
was calculated using the formula (0.4) x (ab?), with a as the larger
diameter and b as the smaller diameter. Ten mice were implanted
with PC-3 cells and 10 mice were implanted with LAPC-9; these
mice were divided equally between a control group (no treatment)
and a treatment group (COX-2 inhibition).

Treatment. SC-58236, a potent COX-2 inhibitor (35), was obtained
from Pharmacia (Piscataway, NJ). SC-58236 was used at a dose of
3 mg/Kg intraperitoneally 3 x per week in Treatment groups. The
dosing of SC-58236 was based on previous studies that
demonstrated successful COX-2 inhibition in murine models (35).
Treatment with SC-236 began one week prior to cell implantation
and continued through the duration of the experiment. All Control
groups were injected 3 times per week with PBS (Life
Technologies, Inc., Rockville, MD).

Histology. The tibias were fixed in 10% buffered formalin,
followed by decalcification in 10% EDTA solution for 2 weeks
at room temperature with gentle stirring. Sections were paraffin
embedded, sectioned (3 uM), and stained with H&E, orange G,
and TRAP. Digital photographs were taken of a representative
slide of each tibia using an Olympus system (Olympus, Melville,
NY). The resulting images were analyzed using the
histomorphometry software Bioquant (Nashville, TN).
Histomorphometry was performed on Orange G stained slides
of each tibia. The Bioquant software (Nashville, TN) was used
to differentiate between bone and soft tissue, thus allowing
accurate quantification of the amount of bone present in each
tibia. A two-tailed student’s ¢-test assuming equal variance was
used to compare control versus treated groups.

Results

Evidence of in vivo inhibition of PGE-2 activity. A baseline
Western blot for COX-2 revealed that LAPC-9 had a strong
band for COX-2 and PC-3 had no COX-2 band present. B-
actin control bands were similar.

109



ANTICANCER RESEARCH 25: 107-116 (2005

Figure 1. Radiographic appearance of (A) control and (B) SC-58236
tibias from mouse tibias injected with LAPC-9 cells, which induce
osteoblastic lesions. A dense, sclerotic osteoblastic lesion is present in the
control lesion with extensive intramedullary and extramedullary new bone
formation. Lesions treated with COX-2 inhibitor exhibited decreased bone
formation in comparison, with a radiographic appearance showing new
bone formation obscuring the intramedullary canal of the tibia.

Figure 2. Radiographic appearance of (A) control and (B) SC-5
tibias from mouse tibias injected with PC-3 cells, which induce osteolytic
lesions. Near complete destruction of the proximal tibias was observed in
control and treatment mice.
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Figure 3. Orange G Histology (4X) from LAPCY induced osteoblastic
lesions in tibias from in control (A) and SC-58236 treated (B) mice.
Robust bone formation is observed in control lesions, nearly filling the
intramedullary canal. Decreased bone formation is observed in the treated
lesion with relative preservation of the intramedullary canal. B==New
bone formation. T=Tumor cells.

Tumor homogenates from soft tissue tumors surrounding
tibial lesions were analyzed for COX-2 activity, quantified
as PGE-2/total protein (ng/mg/ml). Tumor homogenates
from LAPC-9 and PC-3 control tibial lesions both showed
high COX-2 activity, while tumor homogenates from LAPC-
9 and PC-3 tibial lesions in treated mice showed inhibition
of COX-2 activity (Table I).

Radiographic evidence that SC-58236 decreases the severity of
osteoblastic but not osteolytic prostate cancer lesions. 9 of 10
LAPC-9 Control animals exhibited diffuse osteoblastic lesions
involving the entire proximal tibia. The one animal that did

Figure 4. Orange G histology appearance (4X) of (A) control and (B)
SC-58236 tibias from mouse tibias injected with PC-3 cells, which induce
osteolytic lesions. Near complete destruction of the proximal tibias was
observed in control and treatment mice with replacement of the proximal
tibia with a dense tumor burden of prostate cancer cells. N=Native tibia,
T=Tumor.

Table I1. Histomorphometry--percent bone area in proximal tibia.

Control SC-58236 treated p value
LAPC9 53.2+2.0 37.2+4.1 0.002*
PC3 49+1.8 3.1+ 05 0.40

not develop an osteoblastic lesion did not have histologic
evidence of tumor cells in the intramedullary canal. Most
LAPC-9 induced lesions also showed extension of the bone
formation outside the tibial cortex (Figure 1; mean
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Table III. Tumor volume in tibial lesions (Mean=+SE, mm?3).

Control SC-58236 treated p value
LAPC9 581.0x162.7 167.6+50.0 0.03*
PC3 277.96%33.5 272.3£60.1 0.50
Tumor volume of subcutaneous tumors (Mean+SE, mm3).

Control SC-58236 treated p value
LAPC9 1126.1£223.9 408.4+140.7 0.03*
PC3 724.0%£174.2 289.2+86.8 0.03*

radiographic score: 2.4+0.3). 7 of 10 LAPC9 animals treated
with COX-2 inhibitor SC-58236 formed osteoblastic lesions,
but the radiographic scores were statistically lower than
control animals because there was less involvement of the
proximal tibia (Figure 1; mean radiographic score: 1.1+0.3;
p=0.006). 10 of 10 PC-3 Control animals and 9 of 10 PC-3
animals treated with SC-58236 formed osteolytic lesions in the
tibia. The animal that did not form an osteoblastic lesion did
not have evidence of tumor cells in the intramedullary canal.
Extensive osteolytic lesions with obliteration of the entire
proximal tibia and large tumor masses were seen in both
Control and Treatment animals. There was no significant
difference in radiographic findings between control and
treated animals; (see Figure 2; mean radiographic scores:
Control 4.0+0; Treatment 3.4+0.4; p=0.43).

Histological evidence that COX-2 inhibition with SC-58236
decreases the amount of bone formed in osteoblastic prostate
cancer lesions. In concordance with radiographic data
indicating that osteoblastic lesions in the tibias of mice treated
with SC-58236 were less severe than control lesions, SC-58236
treatment resulted in a significant decrease in the amount of
bone formed by osteoblastic prostate cancer lesions in this
model (Table II). In the control tibias implanted with LAPC-
9 cells, there was abundant intramedullary and extramedullary
bone formation surrounding islands of tumor cells. In addition,
a large extramedullary soft tissue tumor consisting of tumor
cells was present (Figure 3). Bone formation was also observed
in the lesions in tibias of mice treated with SC-58236, but the
bone formation was more confined to the intramedullary canal,
and consisted of lacelike, woven bone (Figure 3). Bone area
was calculated using histomorphometry to determine the
amount of new bone formation in the osteoblastic lesions of
tibias implanted with LAPC-9. Bone constituted an average of
53.2% of the proximal tibias in control animals and 37.2% of
the proximal tibias in SC-58236 treated animals (p=0.002).
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Histological evidence that SC-58236 has no significant effect on
the formation of osteolytic lesions. In both control and SC-
58236 treated animals, the cortical bone in the proximal tibias
was destroyed and PC-3 cells were observed in the resultant
space (Figure 4). Treatment with SC-58236 resulted in no
obvious differences in histology when compared to controls.
Histomorphometric analysis confirmed that the amount of
bone remaining in the proximal tibias of animals treated with
SC-58236 was similar to the tibias of control animals. Bone
constituted an average of less than 5% of the proximal tibial
area in both control and treated animals (Table II).

SC-58236 treatment decreases LAPC-9 tumor size in both
subcutaneous tumors and tibia injection model. All 10
animals injected with subcutaneous LAPC-9 cells formed
subcutaneous tumors. The mean subcutaneous tumor
volume of the five SC-58236-treated LAPC-9 animals was
significantly decreased when compared to control animals.
Similarly, the volume of tumors surrounding bone lesions
induced by LAPC-9 was significantly decreased by treatment
with SC-58236 (Table III).

SC-58236 treatment decreases PC-3 tumor size in subcutaneous
tumors, but not in tibia injection model. All 10 animals injected
with subcutaneous PC-3 cells formed subcutaneous tumors.
The mean subcutaneous tumor volume of the five SC-58236-
treated PC-3 animals was significantly decreased when
compared to control animals. This suggests a possible direct
anti-tumor effect for SC-58236 on PC-3 cells in the
subcutaneous tissues of SCID mice. However, the volume of
tumors surrounding bone lesions induced by PC-3 was not
significantly decreased by treatment with SC-58236 (Table III)

Discussion

The results of this study indicate that COX-2 inhibition with
SC-58236 can decrease the osteoblastic activity of LAPC-9, a
human prostate cancer cell line that expresses high levels of
COX-2. LAPC9 induced osteoblastic lesions in mice treated
with SC-58236, a COX-2 inhibitor, exhibited decreased bone
formation using radiographic and histomorphometric criteria.
COX-2 inhibition appeared to have minimal effect on the
osteolytic activity of PC-3 cells in the tibial injection model.
Treatment with SC-58236 did not decrease the formation or
severity of prostate cancer induced osteolytic lesions based on
radiographic and histomorphometric data. Because LAPC-9
induced osteoblastic lesions did form in animals treated with
a COX-2 inhibitor, it is unlikely that COX-2 is the sole
mediator of osteoblastic activity in prostate cancer induced
bone lesions. However, these findings suggest that the
production of osteoblastic tumors in bone induced by human
prostate cancer cells may be slowed by COX-2 inhibition. The
disparate effects of COX-2 inhibition in osteoblastic LAPC-9
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lesions and osteolytic PC-3 lesions were expected; PC-3 cells
exhibited little or no COX-2 activity while LAPC-9 cells
exhibited high activity. In addition, separate pathways are
known to be responsible for the formation of osteolytic and
osteoblastic metastatic lesions in bone (36).

COX-2 is known to be overexpressed in prostate cancer.
The overexpression of COX-2 in cancer is thought to promote
angiogenesis, inhibit apoptosis, and increase invasiveness (15,
37). Therefore, the antitumor effect of COX-2 inhibitors in
our model is not unexpected. Nor is the effect of COX-2
blockade on LAPCY likely limited to a blockade of
osteogenesis. Therefore, the decreased osteogenic activity of
lesions was probably secondary to both inhibition of a bone
specific pathway and to a direct antitumor effect. The dose of
COX-2 inhibitor SC-58236 used was obtained from prior
studies in which this drug was effectively used to inhibit
growth of subcutaneous tumors (35). It is not known how
effective SC-58236 is at penetrating bone and for this reason,
treatment with higher doses may provide a more complete
COX-2 inhibition. A dose dependency study could eliminate
incomplete pharmacologic inhibition of COX-2 as the cause
of the partial response of LAPC-9 lesions to SC-58236.

In the current study, COX-2 inhibition was associated with
a significant decrease in the size of the osteoblastic lesions
and a decrease in severity on both plain radiographs and
histomorphometric analysis. Treatment wih SC-58236
decreased the size of subcutaneous tumors in both the
LAPC-9 and PC-3 cells which demonstrates that there is a
direct antitumor effect on both cell lines. However, SC-58236
treatment did not affect the formation of osteolytic lesions by
PC-3 cells which suggests that in contrast to the osteoblastic
lesions, osteolytic lesions form via a COX-2 independent
pathway. It is difficult to determine the relative influence of
COX-2 inhibition and the direct antitumor effect of the drug
on the reduction the formation of osteoblastic lesions, but
these findings do suggest that COX-2 inhibitors could be used
clinically to treat osteoblastic bone lesions. The LAPC-9 cells
demonstrated high levels of COX-2 activity on a Western
blot. Measurement of PGE-2 activity was elevated in the soft
tissue tumor homogenates of LAPC-9 control animals but
low in animals treated with SC-58236. This suggests that
COX-2 inhibition was also responsible for limiting the
progression of osteoblastic lesions.

Since osteoblastic lesions still formed despite COX-2
inhibition, this suggests that multiple cytokine pathways are
associated with the progression of osteoblastic lesions.
LAPC-9 cells secrete TGF-B, BMP-2, -4, and -6, which are
known to be osteoinductive molecules involved in fracture
healing (28), and these growth factors may be responsible for
the formation of osteoblastic lesions. When compared to
osteolytic metastasis pathophysiology, less agreement exists
on a discrete pathway for the formation of osteoblastic bone
metastases. Prostate carcinoma cells are known to produce

multiple osteogenic factors, including bone morphogenetic
proteins (BMPs) (28, 38, 39), endothelin-1 (ET-1) (8, 40-42),
insulin-like growth factors (IGF) (43), urinary plasminogen
activator (uPA) (44, 45), and transforming growth factor
beta (TGF-B) (28, 46). The exact role and relative
importance for each of these growth factors in establishment
and maintenance of osteoblastic prostate cancer lesions has
not been clearly determined. Recent research in a mouse
model has demonstrated that ET-1 is a critical factor in the
development of osteoblastic breast cancer metastasis. ET-1
produced by breast cancer cells induces bone formation in
vitro and results in osteoblastic metastatic lesions in an in
vivo intracardiac injection mouse metastasis model (40). The
effect of ET-1 in this model was mediated by the endothelin-
A (ETA) receptor and establishment of osteoblastic lesions
was inhibited by pharmacologic ETA receptor blockade.
ETA receptor blockade has also been used to decrease new
bone formation in a mouse model of prostate cancer induced
osteoblastic lesions (47). In addition, ET-1 levels are
elevated in prostate cancer patients with bone metastases
(48), and ET-1 could represent the potential pathway for the
formation of osteoblastic metastases.

The mechanism of bone destruction by osteolytic metastatic
lesions has been clearly delineated. Parathyroid hormone
related protein (PTHrP), IL-1, and IL-6 are produced by
cancer cells; these cytokines can stimulate the production of
RANKL (receptor activator of nuclear factor-B ligand). Free
or membrane bound RANKL can then activate osteoclasts by
binding to its receptor, RANK, on the surface of osteoclasts
(5, 6, 36, 49). The RANK pathway is likely responsible for
osteolytic lesions and mixed osteoblastic/osteolytic lesions
formed by prostate cancer cells. Inhibition of the RANK
pathway with osteoprotegerin (OPG), a decoy receptor of
RANKL, prevents the formation of osteolytic prostate cancer
metastasis in vivo (50). Similarly, RANK-Fc, a fusion protein
that binds RANKL inhibits the formation of osteolytic
prostate cancer metastasis in vivo (29, 51).

On Western blot, the PC-3 cells used in our study
demonstrated little or no COX-2 activity. However,
measurement of PGE-2 levels of tumor homogenates from
osteolytic lesion showed that PGE-2 levels were high in PC-
3 control animals and low in SC-58236 treated animals. This
suggests that an interplay between host cells in the bone
environment and tumor cells increased COX-2 activity in
the PC-3 cells in vivo. PGE-2 could also have been derived
from non-tumor stromal cells that are present in tumor
homogenates.

Ono et al., in an in vitro model of breast cancer metastasis,
have demonstrated that COX-2 inhibition could block
osteoclast stimulation by breast cancer cells (52). In the same
model, RANKL production and subsequent osteoclast growth
in cocultures of bone marrow cells and breast cancer cells was
dependent on COX-2 activity (53). Also, Ohshiba et al., in a
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mouse model of breast cancer metastasis, concluded that
RANKL induced osteolysis was dependent on PGE2 produced
by COX-2 (54). However, in the current study, the formation
of osteolytic lesions did not appear to be dependent on COX-
2 activity. In a prior study from our laboratory using the same
SCID mouse tibial injection model, RANK-Fc was an effective
inhibitor of osteolytic bone lesions normally seen with PC-3
injection (29). Therefore, it is possible that RANKL
production occurs via a COX-2 independent pathway since SC-
58236 was ineffective in blocking osteolytic lesion formation.
Another potential explanation is that the bioavailability of SC-
58236 in bone may be less than in subcutaneous tissue. Despite
effective COX-2 blockade in vivo, osteolytic lesions still formed
in tibias injected with PC-3 cells. The role of COX-2 in
osteolytic metastases to bone deserves further study.

In this study, a SCID mouse tibial injection model of
metastasis was used to determine the effect of COX-2
inhibition on human prostate cancer induced bone lesions. A
partial response to treatment with a COX-2 inhibitor was
observed in osteoblastic prostate cancer lesions. COX-2 is
known to be critical in physiologic bone formation associated
with fracture healing and mechanical loading. The current
study indicates that COX-2 also plays a role in the
pathophysiology of osteoblastic prostate cancer metastasis.
The relative importance of COX-2 as a mediator of
osteogenesis in metastatic lesions deserves further study.
Clinical trials are underway to evaluate the effect of COX-2
inhibitors on prostate cancer in the clinical setting (15).
COX-2 inhibition may prove to be an important component
of the treatment of bone metastasis in prostate cancer.
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