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Androgen receptor—negative human prostate
cancer cells induce osteogenesis in mice
through FGF9-mediated mechanisms
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In prostate cancer, androgen blockade strategies are commonly used to treat osteoblastic bone metastases. How-
ever, responses to these therapies are typically brief, and the mechanism underlying androgen-independent pro-
gression is not clear. Here, we established what we believe to be the first human androgen receptor-negative
prostate cancer xenografts whose cells induced an osteoblastic reaction in bone and in the subcutis of immuno-
deficient mice. Accordingly, these cells grew in castrated as well as intact male mice. We identified FGF9 as being
overexpressed in the xenografts relative to other bone-derived prostate cancer cells and discovered that FGF9
induced osteoblast proliferation and new bone formation in a bone organ assay. Mice treated with FGF9-neu-
tralizing antibody developed smaller bone tumors and reduced bone formation. Finally, we found positive FGF9
immunostaining in prostate cancer cells in 24 of 56 primary tumors derived from human organ-confined pros-
tate cancer and in 25 of 25 bone metastasis cases studied. Collectively, these results suggest that FGF9 contributes
to prostate cancer-induced new bone formation and may participate in the osteoblastic progression of prostate
cancer in bone. Androgen receptor-null cells may contribute to the castration-resistant osteoblastic progression

of prostate cancer cells in bone and provide a preclinical model for studying therapies that target these cells.

Introduction

Prostate cancer is the second leading cause of cancer death among
men in the United States (1). Androgen deprivation is the stan-
dard therapy for advanced prostate cancer. Although the disease in
most cases initially responds, it often progresses and becomes cas-
tration resistant. At that stage, men with prostate cancer display
characteristically osteoblastic bone metastases, which is the main
cause of morbidity and mortality of the disease (2-5). Although
the mechanism of androgen-independent progression in bone is
still poorly understood, the clinical observations imply that delin-
eating the mechanisms leading to castration-resistant progression
and induction of bone growth in the metastatic lesions may be key
to understanding prostate cancer bone metastases.

Several mechanisms have been implicated in the castration-
resistant growth of prostate cancer. These mechanisms imply the
existence of an active androgen receptor pathway in most cases.
These mechanisms include: (a) androgen receptor gene amplifi-
cation (6, 7); (b) changes in ligand specificity due to mutations
in the ligand-binding domain of the androgen receptor (6, 7);
(c) ligand-independent activation of the androgen receptor due
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to increased MAPK signaling (6); and (d) alteration in the bal-
ance and/or recruitment of androgen receptor coactivators and
corepressors (8, 9). The role of the androgen receptor pathway in
the osteoblastic progression of prostate cancer is unknown. As
all available models of osteoblastic bone metastases are andro-
gen responsive (10-13), this has led to the assumption that the
osteoblastic progression of prostate cancer is dependent on the
presence of an active androgen receptor pathway. In support of
this hypothesis, it was reported that expression of prostate-spe-
cific antigen (PSA; the best-characterized downstream target of
the androgen receptor) has been associated with the osteoblastic
phenotype (14) and that PSA induces osteosarcoma cell line dif-
ferentiation (15). However, whether androgen receptor is required
for prostate cancer cells to induce new bone formation and how
the induction of new bone may affect the growth and/or survival
of prostate cancer cells in bone are not completely understood, in
part because few of the available models recapitulate the prostate
cancer-bone interaction.

In an effort to meet the need for additional clinically relevant
models of prostate cancer bone metastasis, we and others at our
institution developed a strategy to harvest prostate cancer tis-
sue specimens from bone metastases and use them to generate
murine models of prostate cancer (16, 17). We previously used
this strategy to establish 2 bone-derived prostate cancer cell lines,
MDA PCa (MD Anderson prostate cancer) 2a and MDA PCa 2b
(16). We now report the development of 2 prostate cancer xeno-
grafts, MDA PCa 118a and MDA PCa 118b, from bone metastases
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in a man with castration-resistant prostate cancer. These new reaction can be induced in the absence of androgen receptor
tumor lines induced robust osteoblastic reactions in the boneand  expression. In addition, we identify a paracrine factor that is likely
subcutis of immunodeficient mice. In this report, we present the to be involved in the interactions between prostate cancer cells
initial characterization of this model and show that the osteoblastic ~ and bone that lead to the formation of bone.
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Androgen receptor expression in the human tissue biopsy samples and MDA PCa 118 variants and the in vivo growth of MDA PCa 118b cells in
sham-operated male, female, or castrated male mice. (A) Western blot of androgen receptor (AR) expression in the MDA PCa 118a and MDA
PCa 118b prostate cancer xenografts probed with mAb against human androgen receptor. Positive controls were the human prostate cancer cell
lines VCaP and MDA PCa 2b, and the negative control was the human prostate cancer cell line PC3. 3-Actin was used as a loading control. (B)
Immunohistochemical staining of biopsy samples from the pubic metastasis (the source of MDA PCa 118a) and iliac metastasis (source of MDA PCa
118b) and of the MDA PCa 118a and MDA PCa 118b xenografts with an Ab against human androgen receptor. Normal prostate and MDA PCa 2b
cells grown subcutaneously in SCID mice were used as positive controls (ctrl). Original magnification, x200. (C) Volume of tumors formed 2-5 weeks
after subcutaneous injection of MDA PCa 118b cells in sham-operated (intact) male, female, and castrated male mice (5 per group). Tumor volumes
(in mm3) were calculated using the formula for volume of an ellipsoid [4/3x (length/2 x width/2 x height/2)]. Error bars indicate SEM.

Results

Generation of MDA PCa 118a and 118b xenografts from prostate cancer
bone metastases. Of 17 bone tissue specimens obtained from men
with prostate cancer bone metastases and implanted subcutane-
ously in SCID mice, only 2 led to tumor development — tumors
we called MDA PCa 118a and MDA PCa 118b. These xenografts
were derived from bone metastases in a 49-year-old man of mixed
European descent with androgen-independent prostate cancer.
MDA PCa 118a cells came from a specimen obtained from the
left superior pubic ramus and MDA PCa 118b cells from the sac-
roiliac zone of an exophytic lesion in the left hemipelvis (Figure
1A). These tissue specimens were obtained by needle biopsy. At
the time of the biopsy, the patient’s serum PSA was 87 ng/ml, and
he had widespread osteoblastic metastases. Histological analy-
sis of the biopsy tissue from the left pubic and iliac lesions con-
firmed the presence of high-grade adenocarcinoma (Figure 1A).
The tumor histology was similar in both sites, with evidence of
both epithelial differentiation and focal areas of spindle cell dif-
ferentiation. The dominant cytological/histological appearance
was that of epithelioid tumor cells in sheets and in small groups,
with a suggestion of primitive gland formation. Individual cells
had small to intermediate amounts of cytoplasm and round to
oval nuclei containing variably prominent nucleoli (Figure 1A).
These features are consistent with metastases from a high-grade
prostate adenocarcinoma.
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Subcutaneous implantation of pieces of these metastatic
tumors in male SCID mice led to tumor development, but the
tumor cells derived from those xenografts did not survive in cul-
ture. As a result, we have maintained the xenografts by passage
in SCID mice. To date, the tumor line has been maintained for
3 years, with passage every 60 days. Samples of these xenografts
frozen in DMSO at different passages are able to regrow in SCID
mice after being thawed.

MDA PCa 118 tumor is high-grade adenocarcinoma that expresses cyto-
keratins. To further characterize these new xenografts, we compared
the histopathology of the MDA PCa 118 variants with that of their
human tumors of origin as well as the expression of markers of
epithelium (cytokeratins), mesenchyme (vimentin), and neuroen-
docrine differentiation (synaptophysin and chromogranin A) by
immunohistochemical staining. MDA PCa 118 xenografts were
high-grade adenocarcinoma but had glandular structures that were
less apparent than in the human tumor of origin (Figure 1B). The
neoplastic cells of both the MDA PCa 118 variants and those of the
human tumor of origin expressed cytokeratins. The human-specific
anti-vimentin Ab that we used (clone V9) reacted only with stroma
cells in the human tumor of origin. The observation that this anti-
vimentin Ab did not react with stroma cells in the MDA PCa 118
xenografts (Figure 1B) indicated that human stroma cells were not
propagated in the MDA PCa 118 xenografts. Neither the MDA PCa
118 variants nor the human tumor of origin expressed chromo-
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MDA PCa 118 variants growing in bones of immunodeficient mice. (A) Radiographs at left show mouse pelvis and rear limbs 9 weeks after
intrafemoral implantation of MDA PCa 118a (top) and MDA PCa 118b cells (bottom). Arrows indicate increased density in bone and exophytic
lesions resembling the human sample of origin. The middle and right panels show H&E-stained sections of lesions induced by the intrafemoral
implantation of MDA PCa 118a and MDA PCa 118b cells into intact male SCID mice. M, bone matrix; arrows indicate osteoblasts. Right panels
show higher magnification of the areas indicated by boxes in the middle panels. (B) Osteoblast- and osteoclast-associated parameters quantified
with the OsteoMeasure system (OsteoMetrics). Ob(Oc).S/BS, osteoblast (osteoclast) surface as a percentage of bone surface; N. Ob(Oc)/T. Ar,
number of osteoblasts (osteoclasts) per area of tissue. Error bars indicate SEM. *P < 0.05; **P < 0.0125.

granin A or synaptophysin (data not shown). These results dem-
onstrated that MDA PCa 118 xenografts, like the human tumor
of origin, are adenocarcinomas positive for cytokeratin expression
and have not undergone neuroendocrine differentiation.
Karyotype analysis of MDA PCa 118b xenografts. To identify numeri-
cal and structural chromosome abnormalities as well as marker
chromosomes associated with this new model, we performed
detailed karyotype analysis. The tumor lines we used for karyotyp-
ing had grown in SCID mice for 3 years. The chromosome number
in this cell line ranged from 55 to 80, with the modal chromosome
number being 64. Ten consistent clonal markers, M1-M10 chro-
mosomes, were present in this cell line. The tentative identification
of the markers is as follows: M1, iso(1p); M2, t(3q;6p); M3, t(3q;?);
M4, del(3p); MS, 15p+; M6, 17p+; M7 and M8, markers containing
abnormally banded region (ABR); M9, t(11q;18q); M10, unidenti-
fied marker. A karyotype showing marker chromosomes and other
anomalies is shown in Figure 1C. Two populations of cells were
present in this cell line. One had all 10 markers (M1-M10; Figure
1C), whereas the other had only markers M7-M10 (not shown).
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MDA PCa 118 xenografts do not express the androgen receptor and grow
in castrated mice. Because the patient from whom the MDA PCa 118
xenografts were generated had significant amounts of serum PSA
at the time of biopsy, we expected the xenografts to express andro-
gen receptor. However, Western blotting showed that neither xeno-
graft expressed the androgen receptor (Figure 2A), and no PSA
could be detected in the blood of tumor-bearing mice (data not
shown). Accordingly, immunohistochemical staining of the xeno-
grafts was negative for androgen receptor expression (Figure 2B).
Also, tumor cells in the human biopsy specimens used to generate
the xenografts did not express androgen receptor (Figure 2B), PSA,
or prostate-specific alkaline phosphatase (data not shown). The
discrepancy between serum PSA levels and tissue PSA expression
probably resulted from heterogeneity within the prostate tumor,
which can occur both within and between patients (18).

Next, we tested the tumorigenicity of MDA PCa 118b cells on
their subcutaneous implantation in surgically castrated male mice
(16), in female mice, and in sham-operated male mice (Figure 2C).
The MDA PCa 118b cells produced tumors in all mice injected (5
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MDA PCa 118b xenograft growing subcutaneously in immunodeficient mice. (A) Whole-body radiograph of mouse with subcutaneous MDA PCa
118b implant indicates bone-like increase in density in the tumor area (arrow). (B—G) Histologic analyses of MDA PCa 118b cells growing subcu-
taneously. (B-D) Representative areas of MDA PCa 118b xenograft with bone-like extracellular matrix (H&E stain; original magnifications, x100,
%200, and x400). Arrow indicate osteoblasts. (E) Positive von Kossa staining (black) indicates calcified matrix in the MDA PCa 118b xenograft.
Original magnification, x100; inset original magnification, x400. (F) Positive alkaline phosphatase (red) staining in bone lining cells indicates
osteoblasts (arrow). Original magnification, x400. (G) TRAP (red) staining indicates osteoclasts (arrow). Original magnification, x400.

mice per group). No statistically significant difference in tumor size
was found between the groups. These findings suggested that MDA
PCa 118 xenografts can sustain androgen-independent growth.

MDA PCa 118a and 118b xenografts induce robust osteoblastic reactions
upon femoral implantation in SCID mice. Because the xenografts were
generated from prostate cancer specimens from osteoblastic bone
lesions, we next tested whether they could produce similar lesions
on their implantation into the bones of intact male SCID mice. We
found that the MDA PCa 118a and MDA PCa 118b cells induced
robust osteoblastic reactions in the bones of all injected mice 9 weeks
after intrafemoral injection (Figure 3). None of the contralateral legs
of any injected mouse showed evidence of osteoblastic lesions. His-
topathologic analysis of the tumors developed by both MDA PCa
118 variants showed tumor cells surrounded by bone matrix (Figure
3), with osteoblasts visible in the bone near the injected cells (Figure
3). Histomorphometric analysis of the MDA PCa 118a and 118b
cells growing in bone demonstrated an increased number of osteo-
blasts but not osteoclasts when compared with the contralateral
normal femur (Figure 3). Collectively, these results suggested that
MDA PCa 118 cells induce the formation of new bone on their injec-
tion into the bones of immunodeficient mice.

Subcutaneous MDA PCa 118 xenografts form bone-like matrix with mar-
row elements in SCID mice. During passage of the xenografts in SCID
mice, we noticed on slicing that the subcutaneous tumors seemed
gritty. X-ray imaging of the mice with the subcutaneous MDA PCa
118b implants showed areas of high density within the xenografts
(Figure 4A). Histopathologic and immunohistochemical analysis
indicated the formation of a bone-like extracellular matrix, with
cellular elements typical of bone (e.g., osteoblasts, osteoclasts)
(Figure 4, B-G). The presence of calcified matrix was verified by
von Kossa staining (of undecalcified tumor specimens embedded
in methylmethacrylate; Figure 4E) and the presence of osteoblasts
in the bone-tumor interface by alkaline phosphatase staining (Fig-
ure 4F). Multinucleated, tartrate-resistant acid phosphatase-posi-
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tive (TRAP-positive) cells in the bone-tumor interface were consid-
ered osteoclasts (Figure 4G). Similar results were obtained from
the MDA PCa 118a xenografts (data not shown). These findings
demonstrated that MDA PCa 118 tumors induced ectopic bone
formation in the subcutis of male SCID mice.

Stromal cells in the ectopic bone matrix are mouse derived. The ectopic
bone-like matrix that formed in the subcutaneous MDA PCa 118a
and 118b tumors was accompanied by osteoblasts and osteoclasts.
We sought to determine whether these stromal cells arose from
mouse-derived mesenchyme progenitors, from mesenchymal cells
present in the biopsy material from the patient, or by an epithelial-
mesenchymal transition of the human prostate cancer cells. First, we
used FISH with a mouse Y chromosome probe and human centro-
mere probes to determine whether the stromal cells were of mouse or
human origin. We found red dot staining (indicating mouse) in the
cells of the bone-like matrix areas and green dot staining (indicating
human) in the tumor cells (Figure 5, A and B). Red dot staining in
osteocytes is shown in Supplemental Figure 1 (supplemental materi-
al available online with this article; doi:10.1172/JCI33093DS1). Dif-
fuse green staining covering areas of stroma was autofluorescence,
and bright green dots were seen only in the tumor nuclei; this can
be better appreciated in the detail of the human probe (Figure SB).
To further clarify the origin of stroma cells, we used human-specific
anti-mitochondria Ab and found positive staining only in areas with
adenocarcinoma, with no staining in the bone-like matrix areas or
stromal cells (Figure 5C). These results suggested that the stromal
cells present in the bone-like tissue were of mouse origin.

MDA PCa 118 ectopic bone does not form through endochondral ossifi-
cation. Bone can form in 2 ways: either directly from mesenchyme
precursors (intramembranous ossification) or indirectly, when car-
tilage forms first and is then replaced by bone (endochondral ossi-
fication). To assess which of these mechanisms was responsible for
the bone found in the subcutaneous MDA PCa 118 tumors, we per-
formed a time-course study. MDA PCa 118b subcutaneous tumors
Volume 118 2701
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harvested at 1-4 weeks after cell injection had bone matrix-like
areas that stained positively for alizarin red, a dye that detects tissue
mineralization; however, we found no positive staining for Alcian
blue, a dye that stains proteoglycans, suggesting that cartilage was
not formed at any time during the formation of bone in the MDA
PCa 118 tumors (Supplemental Figure 2). Taken together, these
results suggested that MDA PCa 118-induced ectopic bone forma-
tion occurs through intramembranous osteogenesis.

MDA PCa 118 cells express bone morphogenetic proteins, Wnt ligands,
dickkopf-1, and endothelin-1. Reasoning that the strong bone-forming
activity of the MDA PCa 118 xenografts may reflect the production
of osteogenic factors by the tumor cells, we used RT-PCR to assess
the expression of bone morphogenetic protein-2 (BMP2), BMP4,
BMP6, and BMP7 (19-22) and members of the WNT family (23, 24),
which are known to regulate bone formation and have been impli-
cated in prostate cancer-induced new bone formation. cDNA pre-
pared from PC3 and MDA PCa 2b cells (2 bone-derived prostate can-
cer cell lines) were included for comparison. The MDA PCa 118aand
MDA PCa 118b xenografts and the PC3 cells expressed several BMP
genes and WNT ligands (Figure 6A). Endothelin-1, which has been
implicated in the pathogenesis of osteosclerotic bone metastases
from prostate cancer (25), was expressed at roughly similar levels by
all 4 cell types (Figure 6A). The MDA PCa 118a and 118b xenografts
and the PC3 cells also expressed dickkopf-1 (DKK1I), an extracellular
Wnt inhibitor implicated in the pathogenesis of osteolytic lesions
in patients with multiple myeloma (26, 27) and prostate cancer (23,
2702
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Figure 5

FISH and immunohistochemical analyses of MDA PCa
118b xenografts grown subcutaneously in SCID mice.
(A) Photomicrographs of H&E-stained sections and FISH
analyses with mouse Y chromosome paint probe (labeled
with red CY3). Sections processed for FISH analysis were
obtained at a distance of 15-30 um from the H&E-stained
section. Photomicrographs from FISH analysis were taken
with FITC filters to visualize the tissue structure and were
merged with photomicrographs of the same areas taken
with a CY3 filter (to visualize the red CY3-labeled mouse
chromosome) and DAPI (to visualize the blue cell nuclei).
The bright red dots, seen only in the stromal area, are
CY3-labeled mouse chromosome probes. Original magni-
fication, x630; detail, x850. The arrow indicates the CY3-
labeled mouse chromosome (red dot) that is included in
the area of detail. (B) Photomicrographs of H&E—stained
sections and FISH analysis with FITC-labeled human cen-
tromere probes for chromosome 7. Sections processed for
FISH analysis were obtained at a distance of 15-30 um
from the H&E-stained section. Photomicrographs from
FISH analysis were taken with FITC (to visualize the
green FITC-labeled human centromere probes) and were
merged with photomicrographs of same areas taken with
a DAPI filter (to visualize the blue cell nuclei). The bright
green dots, seen only in the tumor area, are FITC-labeled
human centromere probes. Original magnification, x630;
detail, x950. The arrow indicates the FITC-labeled human
chromosome (bright green dot) that is included in the area
of detail (C) Staining with Ab specific to human mitochon-
dria. The areas of stroma and bone-like matrix are nega-
tive for the human antigen.

Detail

24) (Figure 6A). These results were confirmed using cDNA prepared
from tumor cells isolated from MDA PCa 118a, MDA PCa 118b,
MDA PCa 2b, and PC3 xenografts by laser-capture microdissection,
suggesting that these factors are expressed by the tumor cells. These
observations indicated no notable differences in the patterns of
expression of putative osteoblast stimulatory factors or inhibitors
by these 2 osteogenic xenografts and the osteolytic PC3 cells.

MDA PCa 118 cells express osteoclast-activating factors. We next explored
the possibility that the osteogenic phenotype of the prostate cancer
xenografts may result from inhibition of osteoclast activity. The
presence of osteoclasts in the subcutaneous MDA PCa 118 xeno-
grafts (Figure 4G) suggested that active bone resorption occurs in
parallel with bone formation in these xenografts. We thus assessed
the expression of 2 osteoclast-activating factors, RANKL and para-
thyroid hormone-related peptide (PTHRP), that have been impli-
cated in the pathogenesis of bone metastases (28). RT-PCR showed
that MDA PCa 118 xenografts and PC3 cells, but not MDA PCa
2b cells, expressed PTHRP and similar, although low, amounts of
RANKL (Figure 6A). These results were also confirmed with cDNA
from laser-capture microdissected tumor cells from MDA PCa 118a,
MDA PCa 118b, MDA PCa 2b, and PC3 xenografts. Finally, we found
that osteoprotegerin, a natural decoy receptor for RANKL, was also
expressed at similar levels in the MDA PCa 118 xenografts and PC3
cells. Thus, no substantial differences were detected in the expres-
sion of putative osteoclast regulatory factors or inhibitors between
these 2 osteogenic xenografts and the osteolytic PC3 cells.
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Figure 6

Gene expression patterns in pros-

tate cancer xenografts. (A) RT-PCR

analyses of BMP genes; WNT
3 genes and DKK17; endothelin-1
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(B) Immunohistochemical analy-
ses of prostate cancer xenografts
grown subcutaneously in SCID
mice. Asterisk indicates stroma.
Original magnification, x400.
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MDA PCa 118 cells express FGF9, which induces new bone formation.
To identify the mechanism underlying the induction of ectopic
bone formation, we performed a differential gene array analysis to
compare gene expression of the MDA PCa 118a, MDA PCa 118b,
MDA PCa 2b, and PC3 cells. We chose to compare these xenografts
because they were all derived from bone metastases of prostate can-
cer but only the MDA PCal18 xenografts could induce the ectopic
formation of bone (12, 29). We have established that ectopic osteo-
genesis is mouse derived and probably mediated by paracrine factors
produced by the prostate cancer cells. The gene expression profile
indicated that IGFI and FGF9 were among the most-upregulated
genes (P < 0.00015 and P < 0.000108, respectively) (Supplemental
Table 1), findings that we confirmed by RT-PCR (Figure 6A) and
immunohistochemical staining (Figure 6B). Further tests of the
effect of these factors on the growth of primary mouse osteoblasts
revealed that FGF9, but not IGF1, induced osteoblast proliferation
(Figure 7, A and B). Furthermore, FGF9-induced osteoblast pro-
liferation was significantly blocked by treatment with Ab against
FGF9 (Figure 7B). Similar results were obtained with the preosteo-
blast cell line MC3T3-E1 (data not shown). Because IGF1 and FGF9
have mitogenic effects on various cell types and have been impli-
cated in the regulation of bone formation (30-32), we next tested
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whether IGF1 would enhance the effect of FGF9 on primary mouse
osteoblasts. No additive effect on proliferation was found (Figure
7C). Finally, FGF9 induced new bone formation in an organ culture
assay with newborn mouse calvariae (Figure 7, D-F); IGF1 did not
enhance the effect of FGF9 on the formation of new bone (data
not shown). Because FGF9 treatment of mouse calvariae resulted
in increased osteoid but not calvaria thickness, we performed an
organ culture assay for longer periods (12 days) and found that in
this case, FGF9 treatment resulted in increased calvaria thickness
(Supplemental Figure 3). These results indirectly implicated FGF9
in the MDA PCa 118-induced osteogenesis.

FGF9 mediates the MDA PCa 118-induced osteoblast proliferation. To
clarify the contribution of FGF9 in the osteoblast proliferation
induced by MDA PCa 118 cells, primary mouse osteoblasts growing
alone or in coculture with MDA PCa 118b cells were treated with
neutralizing Ab against FGF9 or IgG isotype (R&D Systems). We
first showed that the number of osteoblasts (as assessed by thymi-
dine incorporation into the cells’ DNA) was significantly increased
after coculturing with MDA PCa 118b cells (P < 0.001; Figure 7G).
Then, in an independent coculturing experiment, we found that
neutralizing Ab against FGF9 reduced the MDA PCa 118b-induced
primary mouse osteoblast proliferation in a dose-dependent man-
Number 8 2703
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Figure 7

Effects of FGF9 on osteoblast proliferation and new bone formation. (A—C) [3H]thymidine ([3H] dTd) incorporation into primary mouse osteoblasts
after 48 hours of culturing in medium alone or medium supplemented with increasing concentrations of IGF1 (A), with increasing concentrations
of FGF9 or 10 ng/ml of FGF9 plus 1 ug/ml of Ab against FGF9 (B), or with both (C). Results were confirmed in 2 independent experiments.
*P < 0.01, control versus treatment; **P < 0.01, primary mouse osteoblasts cultured with 10 ng/ml of FGF9 versus primary mouse osteoblasts
cultured with 10 ng/ml of FGF9 plus 1 ug/ml of Ab against FGF9. (D) Von Kossa-stained cross sections of bone (calvarial) organ cultures left
untreated or treated with 10 ng/ml of FGF9. Each treatment condition included calvariae from 3 different mice. Arrows indicate osteoid (i.e., uncal-
cified bone matrix). Original magnification, x1,000. (E) Schematic representation of the images in D illustrates the calcified bone matrix (gray) and
osteoid (red) components. (F) Osteoid surface (OS) area versus bone surface (BS) area on the von Kossa—stained sections as quantified with the
OsteoMeasure system. Similar results were obtained in another independent experiment. P < 0.05 for untreated versus FGF9-treated calvariae.
(G) [H]thymidine incorporation into primary mouse osteoblasts growing alone (PMO) and into those cocultured with MDA PCa 118b cells (PMO
co 118). Similar results were obtained in an independent experiment. 1P < 0.001, PMO versus PMO co 118. (H) [*H]thymidine incorporation into
PMO or PMO co 118b and treated with 1-100 ug/ml of FGF9-neutralizing Ab or the IgG isotype control. P < 0.001, PMO versus PMO co 118b;
§P < 0.05, 7P < 0.01, PMO co 118b plus FGF9-neutralizing Ab versus PMO co 118b plus IgG. Similar results were obtained in an independent
experiment. In A-C and F-H, data are presented as mean + SEM.
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Figure 8

Effects of FGF9 blockade on MDA PCa 118b bone growth and osteoblastic reaction in vivo. (A) Tumor volume. MDA PCa 118b tumor visualized
and quantified by T2-weighted, fat-suppressed MR. Left and middle: Representative axial MR images of mice injected with MDA PCa 118b cells in
the femur and obtained after 5 weeks of treatment with FGF9-neutralizing Ab or IgG isotype. Arrows indicate tumor. Tumors were confined to the
bone, spreading throughout the femur area in the IgG-treated mice (control) and scattered in the bone area in the mice treated with FGF9-neutral-
izing Ab. Right: Volumes of regions of increased signal in the MDA PCa 118b-injected femur measured by MR after 5 weeks of treatment were
significantly higher in the control than in the treated mice (P = 0.011). (B) Bone mass. X-ray: Radiographs show mouse pelvis and rear limbs of
mice 7 weeks after intrafemoral injection of MDA PCa 118b cells in the control and treatment groups. Arrows indicate area illustrated in the lower
panels. H&E: H&E-stained sections of MDA PCa 118b—bearing femurs. Note that the marrow cavity is filled with new bone (NB) in the femurs of
the control but not the treated mice. B, bone matrix; NB, new bone. uCT: Effect of FGF9 blockade on bone volume fraction. Bottom right: Cross-
sectional uCT images of both control treated (IgG) and neutralizing Ab—treated (FGF9 Ab) tumor-bearing bones. Error bars indicate SEM.

ner (P <0.05 with 1-10 ug/ml FGF9 Ab and P < 0.01 with 100 ug/ml
FGF9 Ab; Figure 7H). IgG had no effect on the proliferation of
osteoblasts alone or in coculture with MDA PCa 118b cells. Neu-
tralizing Ab against FGF9 had no growth-inhibitory effect on
osteoblasts growing alone (Figure 7H). These results suggested that
FGF9 mediates MDA PCa 118b-induced osteogenesis.

Mice treated with FGF9-neutralizing Ab developed significantly smaller
MDA PCa 118b bone tumors and reduced osteoblastic reaction. To assess
in vivo the relevance of FGF9 in the osteoblastic bone growth of this
model, we examined the effect of blocking FGF9 signals in mice
injected with MDA PCa 118b cells into their femurs. MRI analysis
of MDA PCa 118b tumors 5 weeks after cell injection demonstrated
that the mice treated with FGF9-neutralizing Ab developed signifi-
cantly smaller tumors than controls did (P = 0.011; Figure 8). Note
that at this time point (5 weeks), tumors were confined to the bone
(Figure 8), probably because we injected fewer cells (1 x 10°) than
in the initial experiments so that we could closely monitor tumor
progression. In order to assess whether the MDA PCa 118-induced
bone reaction was also affected by FGF9 blockade, we subsequently
monitored the tumor-associated bone mass by weekly x-ray analysis
and terminated the experiment 7 weeks after cell injection (2 weeks
after the end of treatment). We then performed specimen microCT
analysis (20-um resolution) of tumor-bearing bones and found a
significantly lower bone volume in the femur of treated compared
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with control mice (P = 0.0057). Accordingly, histological analysis of
tumor bearing bones demonstrated widespread areas of woven bone
in control but not treated femurs (Figure 8). These results suggest
that FGF9 plays an important role in the osteoblastic progression of
MDA PCa 118b cells in bone.

FGF9 is expressed by buman prostate cancer cells but not by normal pros-
tate epithelial cells. We then assessed expression of FGF9 in 7 normal
human prostate and 82 human prostate cancer tissue specimens
by immunohistochemical analysis with Ab against human FGF9
(R&D Systems). In agreement with previous reports, FGF9 was
not expressed by normal prostate epithelial cells but was expressed
by prostate stromal cells (33). However, we found positive FGF9
staining in prostate cancer cells in 24 of 56 primary tumors derived
from organ-confined prostate cancer (Table 1). We then studied
FGF9 expression in bone metastases and found that all 25 samples
studied stained positive for FGF9 expression (with various staining
intensities; Table 1). Figure 9 shows examples of normal prostate, 1
primary prostate cancer with negative staining, 1 primary prostate
cancer with positive staining, and 2 bone metastases with positive
staining. These findings were confirmed by RT-PCR analysis of
RNA obtained by laser-capture microdissection of normal prostate
epithelial cells and prostate cancer epithelial cells derived from 2
bone metastases from prostate cancer (Figure 9). A statistically
significant correlation was found between clinical stage (primary
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Table 1

Results of immunostaining for FGF9 expression in human prostate cancer tissue specimens grouped by type of lesion

Tissue Negative Positive (staining intensity)? P
+ ++ +++
Normal prostate (n=7) 7 (100%) 0 0 0
Primary prostate cancer (n = 56) 32 (57%) 22 (39%) 2 (4%) 0
Bone metastases (1= 25) 0 3 (12%) 10 (40%) 12 (48%) <0.00018

FGF9 expression in normal prostate epithelium and prostate cancer was assessed by immunohistochemical staining with Ab against human FGF9.
AStaining intensity was considered relative to that for MDA PCa 2b cells (negative), PC3 cells (+), and MDA PCa 118 cells (+++). BFisher’s exact test.

prostate cancer and bone metastases) and FGF9 expression. How-
ever, no statistically significant association between Gleason score
or bone phenotype (blastic, mixed, or lytic) and FGF9 staining was
found (Table 1). These results suggested that FGF9 plays a role in
the progression of prostate cancer to a metastatic phenotype. The
lack of association with a bone phenotype likely reflects the hetero-
geneity of prostate cancer bone metastases and the multifactorial
nature of the interaction between prostate cancer and bone.

Discussion

We report here the successful establishment of 2 prostate can-
cer xenografts (MDA PCa 118a and 118b) derived from a bone
metastasis in a man with castration-resistant prostate cancer. The
prostate cancer cells in these xenografts, like those in the human
tumor biopsy of origin, do not express androgen receptor or PSA
and can grow subcutaneously in castrated mice. These results sug-
gest that androgen receptor-null cells contribute to the develop-
ment or progression of castration-resistant prostate cancer, and
they agree with recent reports that androgen receptor expression
on tumors varies in advanced disease (18). We also found that
MDA PCa 118 xenografts induced robust osteoblastic reactions in
bone, recapitulating features of the human tumor of origin. This
is, to our knowledge, the first experimental evidence that andro-
gen receptor-null cells contribute to the osteoblastic progression
of castration-resistant prostate cancer in bone, and it highlights
the importance of androgen receptor-independent pathways in
the osteoblastic progression of prostate cancer in bone.

Ectopic bone formation can be induced experimentally by the
transplantation of a variety of living cells in addition to the implan-
tation of decalcified bone matrix (34, 35). However, to the best of
our knowledge, MDA PCa 118 xenografts are the first human can-
cer model in which the process of ectopic osteogenesis parallels
tumor growth. In other models of ectopic osteogenesis, the new
bone formation is usually surpassed by a progressive tumor that
has direct or indirect resorptive effects on the new bone formed (34,
35). This strong osteoinductive activity of MDA PCa 118 xenografts
may reflect a unique osteogenic program typical of prostate cancer
and may explain the tropism of prostate cancer cells for bone.

We also used gene expression profiling to identify several candidate
mediators of MDA PCa 118-induced osteogenesis. BMPs are mem-
bers of the TGF-f family that are essential for the commitment and
differentiation of mesenchymal cells to the osteoblastic lineage, and
they are the only known molecules that can induce the formation of
bone on subcutaneous or intramuscular implantation (36, 37). BMPs
have also been implicated in the formation of new bone induced by
prostate cancer (38). Thus, one could speculate that BMPs mediate
the ectopic osteogenesis induced by the MDA PCa 118 xenografts.
However, additional osteogenic factors are likely to contribute to the
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strong osteoblastic phenotype seen in MDA PCa 118b. For instance,
the prostate cancer cell line PC3, which expresses several BMP genes,
induces an osteolytic reaction in bone and does not induce ectopic
osteogenesis. Because the bone phenotype induced by prostate can-
cer cells results from a balance between proteins that induce bone
formation and those that promote resorption, the biologic effect of
BMPs will depend on the presence of inhibitors (e.g., Noggin) and/or
bone anabolic factors that may cooperate with BMPs to mediate the
new bone formation induced by MDA PCa 118 xenografts.

In addition to BMP genes, the MDA PCa 118 cells expressed WNT
ligands. Wnts are a family of secreted proteins that affect various
aspects of skeletal development and tumor biology and are of par-
ticular interest in bone metastasis (39, 40). Indeed, the paracrine
activation of the Wnt canonical pathway has been implicated in
the formation of new bone by prostate cancer (23, 24). However,
MDA PCa 118 cells expressed DKK1, a Wnt inhibitor implicated
in the pathogenesis of bone lysis from multiple myeloma (27) and
suspected of blocking the effects of prostate cancer-secreted Wnt
ligands on osteoblast proliferation (23, 24). Hence, the balance
between DKK1 and Wnt ligands produced by MDA PCa 118 cells
would probably determine whether these cells induce the paracrine
activation of Wnt canonical signals in mesenchymal cells and/or
osteoblasts. Finally, in accordance with the concept that prostate
cancer bone metastases are fundamentally osteoblastic but often

Normal prostate Primary prostate cance

et N 2

ate cancer

Yo

Figure 9
FGF9 expression in normal prostate and prostate cancer. Upper pan-
els and lower left and middle panels: Immunohistochemical staining
with Ab against FGF9 in normal prostate, 2 cases of organ-confined
primary prostate cancer (1 positive and 1 negative for FGF9 expres-
sion), and 2 cases of bone metastases of prostate cancer. Original
magnification, x200. Lower right panel: RT-PCR analysis of FGF9
expression in normal prostate (NP) and 2 case of bone metastases of
prostate cancer (BM).
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have an osteolytic component, we found that osteoclasts in the
MDA PCa 118 xenografts and MDA PCa 118 cells expressed the
mediator of osteoclast activation PTHRP.

We also found that MDA PCa 118a and MDA PCa 118b cells
expressed high levels of IGFI and FGF9. Although IGFs are thought
to have important roles in bone formation (41), we did not find
that IGF1 affected the proliferation of osteoblasts, either by itself
or in combination with FGF9. Our findings, plus those of a recent
study suggesting that IGF1 does not participate in prostate can-
cer-induced new bone formation (42), led us to focus on FGF9.
FGF9, also known as glial activating factor, is a secreted glycosylated
protein that has mitogenic effects on a variety of cell types and is
thought to selectively expand committed osteogenic cell populations
(30, 31). FGFs bind and signal through low- and high-affinity FGF
receptors (FGFRs). The high-affinity receptors for FGF9 are FGFR2
(IlIc isoform), FGFR3 (IIb and IIlc isoforms), and FGFR4, which are
structurally similar to transmembrane receptor tyrosine kinases (43).
Fgfr2I1Ic7~ mice show delayed ossification and decreased runt-related
transcription factor 2 transcription, suggesting that FGFR2IIIc is a
positive regulator of ossification that affects mainly osteoblasts (44).
FGF9 was previously thought to be mitogenic for prostate epithelial
cells (45), butits role in prostate cancer bone metastases has not been
investigated. Our findings that MDA PCa 118 xenografts expressed
FGF9, that the MDA PCa 118-induced osteoblast proliferation was
blocked by FGF9 Ab, that FGF9 induced the formation of new bone
in an organ culture assay, and that FGF9 blockade in vivo resulted
in a reduced tumor-associated bone mass as compared with control
treatment suggest that this factor is implicated in the induction of
new bone by MDA PCa 118 cells. Finally, it was previously suggested
that FGF9 induces the activation of mature osteoblasts and cannot
activate preosteoblasts (30). Thus, FGF9 likely contributes to MDA
PCa 118-induced ectopic osteogenesis by cooperating with other fac-
tors. In particular, MDA PCa 118 cells produced several BMPs, which
are known to induce the commitment of mesenchymal cells to the
osteoblastic lineage (36, 37). Thus, FGF9-induced proliferation of
these committed osteoblasts may contribute to the process of ectopic
osteogenesis, which is usually self-limiting (34, 35).

Our studies of FGF9 expression in human tissue specimens of
normal prostate and prostate cancer confirmed that FGF9 was not
expressed by normal prostate epithelial cells but was expressed by
prostate stromal cells, as previously reported (33). However, we
found positive staining for FGF9 in prostate cancer cells in 24 of
56 primary tumors derived from organ-confined prostate cancer
and in all the bone metastases we studied. This switch in the source
of FGF9 from the stroma to the cancer cells could increase the
availability of FGF9, thereby favoring prostate cancer growth or
survival at metastatic sites. Indeed, our findings that mice treated
with FGF9-neutralizing Ab developed significantly smaller MDA
PCa 118b tumors and reduced bone reaction compared with mice
in the control group support the concept that FGF9 plays a role in
prostate cancer progression and warrant further research to assess
its role in the growth of prostate cancer cells in bone.

In summary, we have established a new androgen receptor-null
model of prostate cancer that recapitulates the osteoblastic pheno-
type of prostate cancer in bone and induces ectopic osteogenesis
in mice. Our studies support the concept that targeting androgen
receptor-null cells will be critical in the treatment of prostate can-
cer bone metastases. In addition, this new osteogenic xenograft
model should help us to identify signaling pathways involved in
the progression of prostate cancer in bone and will be an impor-
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tant preclinical model for testing the effect of various treatment
regimens for bone metastases.

Methods

Collection and implantation of tissue specimens into immunodeficient mice. Human
tissue specimens were residual samples from diagnostic biopsies or surgery
for bone metastases in 7 men with prostate cancer. Written informed consent
had been obtained from patients before sample acquisition, and all samples
were processed according to a protocol approved by the Institutional Review
Board of the University of Texas MD Anderson Medical Center. On collection,
the specimens were placed in cold (4°C), sterile o-MEM (GIBCO; Invitrogen),
and small pieces were then implanted into subcutaneous pockets of 6- to
8-week-old male CB17 SCID mice (Charles River Laboratories). In some cases,
several tissue samples were available from the same patient. In those cases,
each tissue specimen was named as a tumor variant and implanted into a
different mouse. Thus, we processed 17 bone tissue specimens obtained from
7 men with prostate cancer bone metastases. Tissue sections taken from loca-
tions immediately adjacent to the samples used for implantation were pro-
cessed for histopathologic analysis. Mice were monitored weekly for tumor
growth. All animal experiments were conducted in accordance with accepted
standards of animal care and were approved by the Institutional Animal Care
and Use Committee of the University of Texas MD Anderson Cancer Center.
Serum PSA levels were measured as previously described (16).

Patient clinical bistory. MDA PCa 1182 and MDA PCa 118b tumor lines were
derived from a 49-year-old man of mixed European descent who presented
with PSA blood levels of 5,200 ng/ml and widespread bone metastases. No
lymph node or visceral metastases were found at that time. The disease had
previously responded to hormone ablation therapy but later progressed,
at which time the patient was given trastuzumab and palliative radiation
therapy to a destructive lesion at the base of the skull. Over the next 4 weeks,
he experienced left hemipelvic pain, a palpable mass in the left gluteal area,
and a serum PSA level of 400 ng/ml. Radiologic studies revealed widespread
sclerotic and lytic osseous metastases, with 2 large soft-tissue masses arising
from the left hemipelvis (left ilium and pubis) and multiple liver lesions.
Biopsy specimens of the soft-tissue masses and liver lesions revealed high-
grade carcinoma. At that time, the patient was given weekly doses of i.v.
paclitaxel (80 mg/m?) and carboplatin (area under the curve of 2) and twice-
daily doses of oral diethylstilbestrol (1 mg) and continued with twice-daily
low-dose dexamethasone (0.5 mg). Within 2 months, the patient’s PSA level
had declined to 87 ng/ml, the pain had resolved, and his energy level had
greatly improved. Follow-up imaging revealed marked regression of the liver
lesions and shrinkage of the soft-tissue masses, which exhibited faint and
patchy osteosclerotic or calcific appearance at the rims, dense ossification,
and intense uptake of radionuclides. The patient remained on this systemic
regimen for 2 months, when worsening left pubic pain and swelling led to
repeat imaging. CT scans revealed an enlarging left pubic mass but a stable
left iliac mass. Biopsy of the left pubic mass revealed high-grade carcinoma.
After written informed consent was obtained from the patient, biopsy mate-
rial from the left pubis and left ilium was used for implantation into immu-
nodeficient mice. The patient was given palliative radiation therapy to the
left hemipelvis, followed by etoposide-based chemotherapy but subsequently
developed progressive generalized bone pain, cord compression, and enceph-
alopathy followed by death. No brain metastases were identified at autopsy.

Chromosome preparation and Giemsa banding. Because MDA PCa 118b
cells do not grow well in vitro, to perform karyotype analysis we directly
injected tumor-bearing mice with colcemid (0.1 ml of 20-ug/ml solution,
intraperitoneally). Four hours after colcemid treatment, the tumor-bearing
mice were euthanized, the tumor was harvested and mechanically dissoci-
ated, and the cells were directly processed for chromosome preparation.
Briefly, MDA PCa 118b cells were kept in o-MEM for 30 minutes, then
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harvested using a hypotonic potassium chloride solution (0.075 M) and
fixed in acetic acid/methanol (1:3 vol/vol). Slides were prepared after rou-
tine air drying. Optimally aged slides were used for Giemsa banding (46),
and S metaphases were karyotyped in detail.

Cell cultures. MDA PCA 2D cells, developed in our laboratory (16), were
propagated in BRFF-HPC1 medium (AthenaES) with 20% FBS (GIBCO;
Invitrogen). PC3 cells, obtained from the ATCC, were maintained in
RPMI 1640 (GIBCO; Invitrogen), and VCaP cells, a kind gift of Kenneth
Pienta (University of Michigan, Ann Arbor, Michigan, USA), were main-
tained in DMEM, high glucose (GIBCO; Invitrogen), both supplement-
ed with 10% FBS. For the mitogenic assays, primary cultures of murine
osteoblasts were established as described elsewhere (12), and the murine
preosteoblast cell line MC3T3-E1 (subclone 4) was obtained from ATCC
(catalog no. CRL-2593).

Propagation of prostate cancer xenografis. Samples of the subcutaneous xeno-
grafts obtained as described above were removed at necropsy, and small
pieces were directly implanted into subcutaneous pockets of 6- to 8-week-
old male CB17 SCID mice (Charles River Laboratories). For the studies of
tumorigenesis in male (sham-operated), female, and castrated male mice,
as well as for the time-course studies, samples of the subcutaneous xeno-
grafts removed at necropsy were dissected into small clumps, mechanically
dispersed, and filtered to obtain single-cell suspensions. Cells were counted
using a hemacytometer, aspirated into a syringe, and injected subcutane-
ously into SCID mice with a 22-gauge needle (4 x 10° cells per mouse). We
used 5 mice per group for the tumorigenesis studies, and tumor dimen-
sions were measured with calipers at weeks 2, 3, 4, and S. For the time-
course studies, we used 4 mice, euthanizing 1 mouse per week (between
weeks 1 and 4) and processing the harvested tumors as described below.

Histologic and immunobistochemical analyses of mouse tissues. Subcutaneous
tumor samples were fixed in 4% paraformaldehyde and decalcified in formic
acid as previously described (12). Serial 5-um tissue sections were cut from
each sample; one section was stained with H&E, and adjacent sections were
used for immunostaining or FISH analysis as described below. Other sections
were assayed for staining with TRAP (11), an enzyme specifically expressed
by osteoclasts in the bone marrow. Pieces of tissue from the subcutaneous
tumors were also fixed and embedded in methylmethacrylate. The undecalci-
fied methylmethacrylate-embedded tissues were then cut in 5-um sections
with a rotation microtome (Leica) and processed for von Kossa or alkaline
phosphatase staining as described previously (47-49). For the time-course
studies, the undecalcified methylmethacrylate-embedded tissues were cut in
10-um sections, mounted on slides, and stained with Alcian blue overnight.
Those slides were subsequently washed in 95% ethanol, stained in alizarin
red for 3 hours, washed in alcohol, cleared in xylene, and mounted.

Immunohistochemical analyses. Tissue sections were dewaxed with xylene
and rehydrated in a graded series of alcohol. When recommended by the
Abs’ suppliers, antigens were unmasked by boiling the tissue sections in
0.01 M sodium citrate (pH 6.0) with 0.1% NP-40 for 10 minutes. All sam-
ples were then processed according to standard procedures, except for the
samples to be stained for human mitochondria, which were permeabilized
with 0.1% Triton X-100 in PBS for 10 minutes at room temperature. Sam-
ples were then incubated with a cocktail of 3 different Abs against cytoker-
atins (Ab clone ZymS.2 [Zymed Laboratories; Invitrogen|, clones MNF116
and AE1/AE3 [Dako], and clone CAM 4.2 [BD]) in a single staining pro-
cedure. Samples were also incubated with Abs against vimentin (clone V9;
Dako; 1:600 dilution); chromogranin A (Zymed Laboratories; Invitrogen;
prediluted); synaptophysin (clone sy38, Dako; 1:200 dilution); mitochon-
dria (clone 113-1, an Ab against the surface of intact human mitochondria;
Chemicon; 1:100 dilution); androgen receptor (clone AR441; Dako; 1:30
dilution); PSA (1:3,000 dilution) and prostatic acid phosphatase (1:50 dilu-
tion; both from Dako); and IGF1 (2.5 ug/ml) and FGF9 (5 ug/ml; both
2708
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from R&D Systems). Ab binding was detected with a DAB kit (Dako) in
which 3,3'-diaminobenzidine was the chromogen, and the sections were
then counterstained with hematoxylin.

Western blot analysis of the androgen receptor. For Western blotting, 25 ug of
protein from tissue extracts was separated on 4%-20% Tris-glycine poly-
acrylamide gels and transferred to nitrocellulose membranes (both from
Novex; Invitrogen). The androgen receptor was detected by enhanced che-
miluminescence (Amersham; GE Healthcare) after incubation with pri-
mary Abs (goat polyclonal from Santa Cruz Biotechnology Inc. and rab-
bit polyclonal from Upstate [Millipore]), followed by incubation with the
appropriate secondary Ab. We used 2 different polyclonal Abs against the
androgen receptor so that we could target different epitopes.

Intrafemoral injection of xenografts. Samples of the subcutaneous xenografts
were removed at necropsy, dissected into small clumps, and filtered to obtain
single-cell suspensions. Cells were counted using a hemacytometer and aspi-
rated into a syringe, and then 1.5 x 10° cells per mouse were injected with a
28-gauge needle into the distal ends of the femurs of 6- to 8-week-old intact
male SCID mice according to procedures described elsewhere (12). Each
xenograft variant was injected into 8 mice. The mice were euthanized with an
overdose of anesthetic 9 weeks after injection, after which their hind legs were
removed and the muscle tissues dissected from the bones of both the injected
and control hind limbs of mice bearing the femoral xenografts. The dissected
bones were then processed for histological and histomorphometric analysis.

Histomorphometric analysis of bone xenografts. Quantification of osteoblasts
and osteoclasts was performed using the OsteoMeasure software system
(OsteoMetrics) on tissue sections obtained from formalin-fixed, paraffin-
embedded, and decalcified specimens of tumor-bearing bones. We used 20
adjacent high-magnification fields obtained from one representative S-um
section. Osteoblast numbers and surfaces were assessed using slides stained
with toluidine blue (47) and osteoclast parameters using slides stained with
TRAP, an enzyme specifically expressed by osteoclasts in the bone marrow
(47). The osteoblast and osteoclast parameters measured in the growth plate
of the contralateral femurs of these mice were used as normal controls.

FISH analysis. For FISH, either a Cy3-labeled mouse Y chromosome paint
probe (Cambio) or FITC-labeled human centromere probes for chromo-
some 7 (Vysis; Abbott Molecular) was used with paraffin-embedded tissue
sections according to the manufacturer’s protocol. The slides were coun-
terstained with DAPI, and photomicrographs of the FISH preparations
were taken with a Nikon photomicroscope equipped with filters for DAPI
(UV-2a), Cy3, and FITC and with a cooled charge-coupled device camera.

Semiquantitative RT-PCR. RNA for these experiments was extracted from
whole MDA PCa 118a and MDA PCa 118b tissues grown subcutaneously
and from MDA PCa 2b and PC3 cell lysates. Results were subsequently
confirmed using RNA obtained by laser-capture microdissection of serial
sections from fresh frozen tissues of the MDA PCa 118a, MDA PCa 18b,
MDA PCa 2b, and PC3 subcutaneous xenografts. Laser-capture microdis-
section was performed using a PixCell LCM system equipped with an infra-
red diode laser (Arcturus Engineering) according to published protocols
(50). To prepare RNA from the laser-capture-microdissected cells, we used
2 pools of MDA PCa 118a and MDA PCa 118b xenograft cells (5,000 cells
each) and 1 pool of MDA PCa 2b and PC3 xenograft cells (5,000 cells each).
RNA was extracted by using a Picopure RNA isolation kit and subsequently
amplified with a RiboAmp OA RNA amplification kit (both from Arcturus
Engineering). Following the same procedures, we also performed laser-cap-
ture microdissection and prepared RNA from 1 pool of normal prostate
epithelial cells (5,000 cells) and 2 pools of prostate cancer epithelial cells
derived from 2 bone metastases from prostate cancer (5,000 cells each). For
cDNA preparation, the RNA was first treated with DNase I (Invitrogen), and
reverse transcription was done using Superscript II (Invitrogen) according
to the manufacturer’s protocol. Reverse transcription reactions were ampli-
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fied by PCR with gene-specific primers (Supplemental Table 2) under stan-
dard reaction conditions. All products were resolved on 2% agarose gels.

Microarray gene expression profiling and data analysis. cDNA derived from the
laser-capture-microdissected MDA PCa 118a, MDA PCa 118b, MDA PCa
2b, and PC3 subcutaneous xenografts obtained as described in the previ-
ous section was used for gene array analyses. Gene expression profiling
was done at the Microarray Core Facility (MD Anderson Cancer Center).
All samples were hybridized against the Affymetrix human genome U133A
microarray, which contains 22,283 probes representing 12,182 unique
UniGene clusters (UniGene build 185, September 2005). All array data
were quantified and normalized using the DNA-Chip Analyzer 2004 ver-
sion (51) (http://biosunl.harvard.edu/complab/dchip/). Gene expression
measurements were logarithm transformed (base 2) for further analysis.

To identify genes expressed differently by cancer cells in the MDA PCa
118 variants and the other 2 prostate cancer xenografts, MDA PCa 2b and
PC3, 2-sample ¢ tests were applied as the test statistic. To adjust for mul-
tiple testing, we applied a beta-uniform mixture to model the resulting
P values computed from the test statistic and assessed the false discovery
rate to identify differently expressed genes (52). By setting the false discov-
ery rate at less than 5% (corresponding to P < 0.00081) as a cutoff, we iden-
tified 248 genes (Supplemental Table 2) that were expressed differently by
the 2 groups of prostate cancer cells.

Mitogenic assays. Primary mouse osteoblasts or MC3T3-E1 cells were
grown in o-MEM with 10% FBS, either alone or supplemented with recom-
binant human IGF1, recombinant human FGF9 (R&D Systems), or both.
DNA synthesis was assessed by the incorporation of [3H]thymidine (NEN
Life Science; PerkinElmer) into DNA. The labeled thymidine was added
during the final 3 hours of a 48-hour culture, and its incorporation was
measured as described elsewhere (53).

Organ culture bone formation assay. Bone formation was assessed as
described previously (54). Briefly, calvariae from 4-day-old CD1 mouse
pups (Charles River Laboratories) were excised, cut in half, and cultured
for 7 days in 6-well plates. Half of each calvaria was placed in BGJ] medium
(Sigma-Aldrich) containing 0.1% BSA, 50 ng/ml of heparin sulfate proteo-
glycan (Sigma-Aldrich), and 10 ng/ml of recombinant human FGF9 (R&D
Systems). The other half of each calvaria was placed in BGJ medium con-
taining 0.1% BSA plus 50 ng/ml of heparin sulfate proteoglycan and used
as a control. Each half-calvaria was placed on a cell culture insert that sus-
pends the bone organ between atmosphere and medium for optimal CO,
exchange. The medium was changed every 2 days, and the experiment was
terminated after 7 days. At the end of the cultures, the calvaria halves were
fixed in formalin, embedded in methylmethacrylate, sectioned, stained
with von Kossa reagent, and photographed with a high-resolution video
camera (Sony 3CCD) linked to a Nikon microscope. The OsteoMeasure
software system (OsteoMetrics) was used to estimate the osteoid surface
area of the calvaria sections. Measurements on all samples were taken
approximately 160 um from the frontal suture of the calvaria for a distance
of 2 mm. The osteoid covering the bone was measured first, followed by the
total bone surface, and the degree of bone surface covered by osteoid was
expressed as the ratio of osteoid surface area to bone surface area.

Coculture studies. Tumor areas of the subcutaneous MDA PCa 118b xeno-
grafts removed at necropsy were mechanically disaggregated into single-cell
suspensions, filtered, and counted using a hemocytometer. Cells were then
plated in cell culture dishes and grown in o-MEM with 10% FBS for 24 hours.
We subsequently cocultured MDA PCa 118b cells with primary mouse osteo-
blasts in a bicompartmental system in which the 2 cell types share medium
butare not in physical contact (12). Primary mouse osteoblasts growing alone
were used as controls. Cultures and cocultures were performed using o-MEM
with 2% FBS alone, with FGF9-neutralizing Ab (clone 36912; R&D Systems),
or with the mouse IgG2A isotype control (R&D Systems) as indicated. After
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48-hour coculturing, the numbers of primary mouse osteoblasts were esti-
mated using a mitogenic assay, as described above.

Treatment of MDA PCa 118b tumor-bearing mice with FGF9-neutralizing Ab
and monitoring of tumor volume and bone response. MDA PCa 118b (1 x 10°)
cells were injected into the femurs of 20 male SCID mice. In this experi-
mental design, we injected fewer cells (1 x 10°) than in the initial experi-
ments to closely monitor tumor progression. Ten mice were treated with
neutralizing Ab against FGF9 (250 ug/mouse; clone 36912; R&D Sys-
tems) i.v. twice weekly, and another 10 mice were treated with IgG isotype
(250 ug/mouse; R&D Systems) i.v. twice weekly. Treatment with Ab start-
ed at the same day of cell injection and was performed for 5 consecutive
weeks, at which time the tumor volumes in the femurs were determined
by MRI analysis following established procedures (55). Mice were subse-
quently monitored for 2 more weeks, and bone formation was assessed
by x-ray analysis. The experiment was then terminated at week 7, and the
femurs bearing MDA PCa 118b tumors were fixed in ethanol and subjected
to specimen microCT analysis to assess bone mass. Fixed specimens were
subsequently decalcified, paraffin embedded, and then subjected to histo-
pathologic analysis. MicroCT analysis was performed in the Small Animal
Imaging Facility at the MD Anderson Cancer Center with a GE Enhanced
Vision Systems hybrid scanner using a resolution of 20 wm. MicroView ver-
sion 2.2 software (GE Healthcare) was used to calculate bone mass, and the
same total volume was used (arbitrary but large enough to fit every scan)
for every analysis (total volume). The software was then used to determine
the total bone content for every sample. Using the same threshold (26%
of the maximum), only the bone content for femur bones was measured.
This bone content was then divided by the total volume value used (total
volume) to obtain the bone volume/total volume ratio.

Origin and immunobistochemical analyses of human prostate, prostate cancer,
and bone metastasis specimens. We used 7 samples of normal prostate tissue
obtained from nontumorous areas of prostatectomy specimens. Another
56 samples of prostate cancer (8, Gleason score 6; 24, Gleason 7; 13, Glea-
son 8; and 11, Gleason 9) were derived from radical prostatectomy speci-
mens from patients with organ-confined disease with no prior therapy.
Another 25 samples of bone metastases were obtained from patients with
prostate cancer; 4 of those patients had not received any systemic therapy
for the prostate cancer, and the other 21 had experienced a relapse after
androgen deprivation therapy. Among those 21 patients with androgen-
independent prostate cancer, 4 had undergone only androgen depriva-
tion therapy, and 17 had undergone androgen deprivation therapy plus
chemotherapy. Radiologic evaluation of the bony areas of the specimens
demonstrated that 9 samples were osteoblastic, 9 were of mixed type, and 4
were osteolytic. No radiological reports were available for 3 patients. All of
these samples were selected from a tissue bank supported by the Prostate
Cancer Specialized Program of Research Excellence at the MD Anderson
Cancer Center. All sections were from formalin-fixed, paraffin-embedded
tissue specimens; sections derived from bone metastases were decalcified
in formic acid during the fixation-and-embedding process as previously
described (12). After Ab titration for human specimens, the samples were
stained with 20 pg/ml of FGF9 (R&D Systems) as described above. Slides
were read independently by 2 investigators and classified according to
staining intensity (0 or + to +++), with 0 being the least-intense staining
and +++ the most-intense staining. Evaluations were concordant in 90% of
the readings; differences were resolved by consensus after joint review.

Statistics. For the tumorigenesis studies in castrated male mice, female
mice, and sham-operated male mice, ANOVA (with Tukey simultaneous
95% confidence intervals) and pairwise comparisons were used. For analysis
of mitogenic assay results and bone formation variables in the organ culture
assays, we used 2-sample ¢ tests. P values of less than 0.05 were considered
statistically significant. Fisher’s exact tests and %? tests were used, as appro-
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