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Previously , we and others showed that broad spectrum pharmaceutical inhibition of matrix metalloproteinase (MMP) activity reduces intraosseous tumor burden and bone degradation in animal models of bone
metastasis. Herein, we used specific assays to measure
net enzymatic activities of individual MMPs during colonization of bone by prostate cancer cells. PC3 cells
were injected into the marrow of human fetal femurs
previously implanted in SCID mice. Net MMP-9 activity
in bone tissues peaked 2 weeks after injection, coinciding with a wave of osteoclast recruitment. In contrast,
MMP-2 and MT1-MMP activity did not change. In vitro,
co-culture of PC3 cells with bone tissue led to activation
of pro-MMP-9 and increases in secreted net MMP-9 activity. Activation of pro-MMP-9 was prevented by metalloprotease inhibitors but not by inhibitors of other
classes of proteases. Ribozyme suppression of MMP-9
expression in PC3 cells did not affect pro-MMP-9 activation or net MMP-9 activity and did not affect the phenotype of bone tumors. siRNA targeting of MMP-9 expression in preosteoclasts in vitro demonstrated that tumorinduced preosteoclast motility was dependent on
MMP-9 expression. These data suggest that osteoclastderived MMP-9 may represent a potential therapeutic
target in bone metastasis and provide a rationale for the
development of MMP-9-specific inhibitors. (Am J
Pathol 2005, 166:1173–1186)

overwhelming majority of prostate cancer deaths occurs
in patients with metastases, and up to 90% of prostate
cancer metastases occurs at skeletal sites.2 Patients with
bone metastasis frequently suffer from pain, pathological
fractures, spinal cord compression, hypercalcemia, and
bone marrow suppression.3,4 Although prostate cancer
metastases typically appear osteosclerotic on radiographical imaging studies, multiple lines of evidence
demonstrate clearly that both bone degradation and
bone formation are present within the metastatic deposits. Importantly, there is now evidence that therapies that
specifically target skeletal metastases, as opposed to
general metastases, may extend survival in patients with
prostate cancer.5
The matrix metalloproteinases (MMPs) comprise a
family of zinc-dependent endopeptidases that have the
capacity to cleave extracellular matrix. Recently, other
tumor-promoting activities, such as activation of latent
growth factors, have been ascribed to MMPs.6 Indeed,
MMP activity has been shown to be required for tumor
cell invasion and angiogenesis.7 From a clinical standpoint, we and others demonstrated expression of gelatinases (MMP-2 and MMP-9), and the membrane-type 1
metalloproteinase (MT1-MMP, also called MMP-14) in human prostate cancer tissues.8 –11 Enhanced expression
of active MMP-2 has been correlated with prostate cancer grade and disease progression.12,13
MMPs are also likely to be involved in the establishment and growth of metastatic cancer in bone. Certain
studies imply that some MMPs may be particularly relevant to the bone microenvironment and the bone metastatic process. Collagen I is the most abundant extracellular matrix protein in bone, and MT1-MMP is a potent
type I collagenase. Indeed, mice lacking MT1-MMP develop severe skeletal defects.14 –16 The MMP-9-deficient
mouse also displays defects in bone development, inSupported by the National Institutes of Health (grants RO1 CA88028 to
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Prostate cancer is the most common cancer and second
leading cause of cancer death in American males.1 The
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traosseous angiogenesis, and fracture repair,17–19 and
MMP-9 is known to be required for osteoclast migration in
developing bones.20
Recently, we demonstrated MMP-2, MMP-9, and MT1MMP expression in prostate cancer cells and stromal
cells in clinical prostate cancer bone metastasis tissue.21
We showed a similar pattern of MMP expression in a
predominantly osteolytic animal model of bone metastasis and further demonstrated that broad-spectrum inhibition of MMP activity reduced bone matrix degradation
and bone tumor growth.21 Similar results have been
achieved in other models of bone metastasis involving
breast cancer cells.22–24 Thus, MMP-mediated proteolysis contributes to the so-called vicious cycle25 linking
bone matrix turnover and tumor expansion in bone. However, the contribution of individual proteases and the
particular cell types responsible for their production are
not well understood.
Although preclinical studies suggest that MMP activity
plays an important role in metastasis, in vivo enzymatic
activities (ie, substrate cleavage rates) of individual
MMPs have not been described. Part of the reason for the
difficulty in establishing the role of particular MMPs in vivo
is the lack of specific assays for measuring activity of
individual proteases in tissues. Instead, previous investigations have centered on the detection of MMP mRNA or
protein using in situ hybridization, immunohistochemistry,
zymography, or immunoblotting. These techniques are
semiquantitative in nature. Moreover, they do not take
into account the presence of enzymatic inhibitors in the
tissues and thus may be lacking in clinical relevance. For
example, high molar levels of tissue inhibitors of metalloproteinases (TIMPs) might negate high molar levels of
proteases with respect to net enzymatic activity. In this
study, we used specific enzymatic assays designed to
measure net activity of MT1-MMP, MMP-2, and MMP-9
individually in experimental prostate cancer bone metastasis tissue. Herein, we showed a significant up-regulation of net tissue MMP-9 activity emanating primarily from
newly recruited osteoclasts during the early colonization
of the bone marrow spaces by tumor cells. In contrast,
net MMP-2 and MT1-MMP activities in the tissues remained low and unchanged. We further found that metalloproteinase activity, but not the activity of other classes
of proteases, is responsible for activation of pro-MMP-9,
and that MMP-9 is necessary for tumor-induced osteoclast recruitment.

Materials and Methods
Cell Lines
PC3, an androgen-independent cell line derived from a
bone metastasis of a high-grade prostatic adenocarcinoma,26 was purchased from American Type Culture Collection (Manassas, VA). It was maintained in RPMI 1640
(Invitrogen Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS). PC3 ML
200-2 GFP (200-2) and PC3 ML GFP (ML) were generous
gifts from Dr. Ruth Muschel (University of Pennsylvania,

Philadelphia, PA). Both cell lines were derived from PC3; the
former was transfected with GFP and MMP-9 ribozyme
genes, and the latter only with a GFP gene. 200-2 was
maintained in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 400 g/ml of hygromicin (Invitrogen), 0.5 g/ml puromycin (Sigma, St. Louis, MO), and 10%
FBS, whereas ML was maintained in Dulbecco’s modified
Eagle’s medium with 400 g/ml of G418 (Invitrogen) and
10% FBS. BMA3.1A7 (BMA), a macrophage cell line derived from mouse bone marrow (preosteoclast), was a generous gift from Dr. Kenneth Rock (Dana-Farber Cancer
Institute, Boston, MA).27 This cell line was maintained in
RPMI 1640 supplemented with 10% FBS.

Mice
Five-week-old male C.B.-17.scid mice were purchased
from Taconic Farms (Germantown, NY) and allowed to
acclimate to their housing for 1 week. Mice were maintained under aseptic conditions according to the NIH
standards established in the Guidelines for the Care and
Use of Experimental Animals, and the Animal Investigation Committee of Wayne State University approved all of
the experimental protocols.

Cancer Cell-Bone Co-Cultures
For consistency, we used human male fetal femurs (20 to
22 weeks of gestation) for both the in vitro and in vivo
models of bone metastasis. The bone tissue was obtained from Advanced Bioscience Resources (Alameda,
CA). This nonprofit organization obtains fetal tissues from
elective pregnancy terminations for biomedical research
using informed consent procedures according to regulations issued by each state involved and the federal government. For prostate cancer cell-bone co-cultures, the
bones were cut longitudinally and then transversely into
four fragments and maintained in a 24-well plate in serum-free RPMI 1640 medium until use. At the same time,
PC3 cells were seeded onto a 24-well plate (1 ⫻ 105/well)
in RPMI 1640 medium supplemented with 10% FBS.
Twenty-four hours later, the media were discarded and
PC3 cells were washed once with phosphate-buffered
saline (PBS). Serum-free RPMI 1640 medium (500 l)
was added to each well containing PC3 cells. Each piece
of bone fragment was further cut into five equal size
pieces (⬃2 mm ⫻ 2 mm ⫻ 3 mm) and designated wells
with PC3 cells were overlaid with five such pieces of bone
fragments. In other wells, PC3 cells or bone fragments
were cultured alone in 500 l of serum-free RPMI 1640
medium. Cell-bone co-culture studies with PC3 cells included four groups: PC3 alone, bone alone, PC3 ⫹ bone,
and PC3 ⫹ bone ⫹ batimastat (BB-94). Cell-bone co-culture studies with ML and 200-2 cells included five groups:
ML alone, 200-2 alone, bone alone, ML ⫹ bone, and 200-2
⫹ bone. Cell-bone co-culture studies with different protease
inhibitors included five groups: 200-2 ⫹ bone, and 200-2 ⫹
bone plus one of the following inhibitors: aprotinin, E-64,
GM-6001, and pepstatin A. All of the protease inhibitors
were purchased from Calbiochem (San Diego, CA), ex-
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cept BB-94, which was a generous gift from Dr. Shariar
Mobashery (University of Notre Dame, Notre Dame, IN).
The final concentrations of the protease inhibitors used in
these studies were 2 mol/L for BB-94, 10 g/ml for
aprotinin, 10 mol/L for E64, 5 mol/L for GM-6001, and
1 mol/L for pepstatin A. According to previous studies
by our group and other groups, these concentrations
were neither cytotoxic nor cytostatic and were higher
than the IC50 for the proteases.21,28 –32 All cultures and
co-cultures were maintained at 37°C for 48 hours. Conditioned media (CM) were collected, clarified by centrifugation, and subjected to zymography or MMP activity
assay.

Cell-Cell Co-Cultures and CM Treatment
In a 24-well plate, BMA and 200-2 cells were seeded
alone or together (105/well/cell type) in RPMI 1640 medium supplemented with 10% FBS. Twenty-four hours
later, the media were discarded and the cells were washed
once with PBS. Serum-free RPMI 1640 medium (500 l) was
added to each well and the cells were cultured at 37°C for
48 hours. CM were collected, clarified by centrifugation,
and subjected to gelatin zymography.
200-2 cells were seeded into a T-75 flask and cultured
until ⬃80% confluence and incubated with serum-free
RPMI for 48 hours. The CM was collected and clarified by
centrifugation. BMA cells were seeded onto a 24-well
plate (105/well) for 24 hours and then treated with the CM
collected from 200-2 cells for 48 hours. The medium was
collected for zymography and total RNA was prepared
from the cells for reverse transcriptase (RT)-polymerase
chain reaction (PCR).

Establishment of PC3 Human Bone Tumors and
Subcutaneous Tumors
There were three groups in this experiment: control mice
implanted with human bones later injected with culture
medium, mice implanted with human bones later injected
with PC3 cells, and mice injected subcutaneously with
PC3 cells. Each group consisted of nine animals. Implantation of mice with human fetal bone fragments was performed as described previously.21,33 Briefly, human fetal
femurs were cut longitudinally and transversely into four
fragments, each ⬃1 cm ⫻ 0.3 cm ⫻ 0.2 cm. Under
isoflurane inhalational anesthesia, a single bone fragment
was implanted subcutaneously into the flank with the
opened marrow cavity placed against the mouse muscle
and the cortical bone surface against the underside of
the mouse skin. After 4 weeks of engraftment, the SCIDhuman mice were ready for intraosseous injection. PC3
cells were trypsinized and resuspended in serum-free
RPMI 1640 medium. A 27-gauge needle was used to
inject 1 ⫻ 105 cells in a volume of 20 l directly into the
marrow of the previously implanted bone. The control
SCID-human mice received an injection of 20 l of serum-free medium containing no PC3 cells into the implanted bone fragment. PC3 subcutaneous tumors were
established by injecting 2.5 ⫻ 106 cells in a volume of 50

l subcutaneously into the flank of mice of the same age.
Consistent with previous experience,33 a higher number
of cells was required at the mouse subcutaneous site
compared with the implanted human bone site to achieve
similar tumor sizes at equivalent time points.

Preparation of Extracts from Control Bones and
PC3 Tumors
Two, 4, and 6 weeks after the intraosseous and subcutaneous injections, implanted control bone fragments,
bone tumors, and subcutaneous tumors were harvested
and immediately homogenized individually with 500 l of
tissue lysis buffer (25 mmol/L Tris-HCl, 100 mmol/L NaCl,
1% IGEPAL, pH 7.3) in a mortar (CoorsTek, Golden, CO).
A serine and cysteine protease inhibitor cocktail (Roche,
Indianapolis, IN) was added to the lysis buffer according
to the manufacturer’s instruction (see below); the buffer
contained no inhibitors of MMP activity. The extracts were
centrifuged at 3000 rpm at 4°C for 10 minutes. The supernatants were collected and stored at ⫺80°C.

Gelatin Zymography
Presence or absence of latent or active species of MMP-2
and -9 were monitored by gelatin zymography. Briefly,
equal volumes of CM obtained from in vitro experiments
or equal amounts (30 g) of sample protein of tissue
lysates were mixed with 4⫻ sample buffer (0.25 mol/L
Tris-HCl, pH 6.8, 0.4% sodium dodecyl sulfate, 40% glycerol, and bromophenol blue) and loaded onto a 10%
sodium dodecyl sulfate-polyacrylamide gel containing 1
mg/ml gelatin (Sigma Chemical Co.). The gel was run
under nonreducing conditions at constant voltage of 125
V for 2 hours and 30 minutes. After electrophoresis, the
gel was incubated in renaturing buffer (2.5% Triton
X-100) at room temperature for 30 minutes, washed twice
with distilled water (20 minutes each time), and then
incubated with the developing buffer (50 mmol/L Tris, pH
8.0, 5 mmol/L CaCl2, 200 mmol/L NaCl, and 0.02% Brij35) for 30 minutes. Finally, the gel was developed in fresh
developing buffer at 37°C overnight, stained in 0.5%
Coomassie Blue solution for ⬃2 hours, and destained in
the destaining buffer (5% acetic acid, 10% methanol in
distilled water) until bands of gelatinolytic activity were
visualized.

Net Enzymatic Activity Assays for MMP-2,
MMP-9, and MT1-MMP
Substrate-linked enzyme-linked immunosorbent assay
(ELISA) techniques were used to quantify enzymatic activity of individual MMPs. The Fluorokine E kit (R&D Systems, Minneapolis, MN) was used to quantitate the specific, net, enzymatic activity of human MMP-9 in
experimental samples (tissue extracts from in vivo experiments and CM from in vitro experiments). The samples
were thawed on ice and all reagents needed for the
assay were brought to room temperature. The MMP-9
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Figure 1. Schematic representation of the different forms of MMP-2 and MMP-9 secreted in PC3 bone co-cultures or found in implanted human fetal bone tissues
colonized with PC3 cells. In the untreated samples, only the uninhibited form of the active enzyme would yield a fluorescent signal. APMA treatment of the samples
promotes the autocatalytic cleavage of the N-terminal propeptide domain of pro-MMP-2/9 to yield an artificially activated species. Binding of pro- or active
MMP-2/9 to TIMPs would result in complexes that cannot generate enzymatic activity because of interaction of TIMP’s inhibitory N-terminal domain with the
enzyme’s catalytic site. However, these MMP-2/9-TIMP complexes can dissociate in a zymogram gel and are thus evident as gelatinolytic MMP-2/9 bands.

activity assay was performed according to the manufacturer’s instructions with some modifications. The specificity for the assay was provided by the anti-MMP-9 antibody as described below.
Briefly, serial dilutions of recombinant (r)-pro-MMP-9
standard were incubated in individual wells of a 96-well
plate coated with monoclonal anti-MMP-9 antibody. After
washing away unbound substances, 4-aminophenylmercuric acetate (APMA) was added (final concentration of 3
mmol/L) to process the now bound r-pro-MMP-9 to active
r-MMP-9. After several additional washes, a fluorogenic
MMP substrate linked to a quencher was added. In this
system, r-MMP-9 bound to the plate cleaved the peptide
linker between the fluorophore and the quencher molecule releasing fluorescent signals that were proportional
to the enzymatic substrate cleavage rate. Because there
were no inhibitors present, the molar amount of r-MMP-9
bound to the plate was directly proportional to the enzymatic activity. Fluorescent signals were read by a MAXline microplate reader (Molecular Devices, Sunnyvale,
CA) and a standard curve was developed relating fluorescence to the amount of r-MMP-9.
Preliminary experiments were done to determine the
amount of sample necessary to ensure that all enzymatic
activity measurements fell well above the lower limits of
detection and within the linear range of the assay. To
measure net enzymatic activity, experimental samples
were assayed without initial APMA activation. The samples were incubated in the wells, and the wells were then
washed to remove any unbound substances. Importantly,
any active MMP-9 enzyme bound to the plate but inhibited by MMP inhibitors (eg, TIMPs) would not cleave the

substrate. Similarly, pro-MMP-9 bound to the plate would
also fail to cleave the substrate (Figure 1). Thus, the
assay measured only net MMP-9 activity in the samples.
The net MMP-9 activity was expressed, as per the standard curve, as the amount of activity that would have
been produced by an equivalent concentration of inhibitor-free r-MMP-9 (ng equivalent r-MMP-9/100 l CM or
ng equivalent r-MMP-9/100 g tissue sample total
protein).
APMA-activated MMP-9 (comprising both inhibitor-free
zymogen and inhibitor-free active enzyme) was determined by adding APMA (final concentration, 3 mmol/L) to
the wells for 2 hours. Again, any inhibitors bound to
pro-MMP-9 in the samples would suppress cleavage of
the quenched fluorescent substrate even after APMA
activation. For example, a TIMP can bind to an MMP
zymogen by its C-terminal domain. After APMA activation, the inhibitory N-terminal domain of the TIMP would
bind to the Zn2⫹ atom in the MMP catalytic site when the
propeptide is released (Figure 1).
Net MMP-2 and MT1-MMP activities were measured in
a similar way using Biotrak kits purchased from Amersham Pharmacia Biotech (Piscataway, NJ), in which the
specificity of each assay depended on an antibody-capture step. These assays used a secondary detection
enzyme that was activated by the antibody-captured
MMP. The detection enzyme cleaved a chromogenic
substrate, and the intensity of the developed color was
read by a Bio-Rad microplate reader (Bio-Rad Laboratories, Hercules, CA). The color intensity was proportional
to the amount of MMP activity. For the MMP-2 assay, a
standard curve was generated using recombinant pro-
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MMP-2 that was activated by APMA. The MT1-MMP assay measured only the active species; a standard curve
was generated using recombinant active MT1-MMP.

Immunostaining of PC3 Bone Tumors
PC3 bone tumor and control bone tissues harvested at
different time points were immediately fixed with 4%
paraformaldehyde overnight and then treated with decalcification buffer (7.5% ethylenediamine tetraacetic acid
and 1% paraformaldehyde) for 2 weeks. The decalcified
tissues were dehydrated, infiltrated, and paraffin-embedded. Tissue sections (5 m) were prepared and the
paraffin slides were deparaffinized and rehydrated. To
retrieve antigens, the slides were treated with 20 g/ml of
proteinase K (Sigma) for 20 minutes at 37°C. After quenching with 3% hydrogen peroxide to remove endogenous
peroxidase activity, the slides were incubated with Super
Block (ScyTek Laboratories, Logan, UT). Primary antibodies recognizing cytokeratin (clone C-11⫹PCK-26⫹CY90⫹KS-1A3⫹M20⫹A53-B/A2, 1:50; Sigma), MMP-9 (1:50;
Chemicon, Temecula, CA), or TRAcP (clone Zy 9C5, 1:50;
Zymed Laboratories, South San Francisco, CA) were applied to localize and co-localize respective human target
protein expression in PC3 bone tumors and/or control bone
tissues. For single chromogenic immunostaining, a secondary antibody conjugated with peroxidase was used, and
3,3⬘-diaminobenzidine (Vector Laboratories, Burlingame,
CA) was used as the substrate for the peroxidase-mediated
reaction. The reaction was stopped when the best contrast
of brown granules was achieved. After the color development, the slides were counterstained with Mayer’s hematoxylin and examined under a light microscope. For doubleimmunofluorescence staining, biotinylated secondary
antibodies, and fluorescein avidin DCS and Texas Red
avidin DCS (Vector Laboratories) were used. The slides
were observed under a LSM 310 confocal microscope (Carl
Zeiss MicroImaging, Thornwood, NY). Negative staining
controls of the sections were obtained by omitting the primary antibody in each case. Additionally, hematoxylin and
eosin staining was performed to study the histological
changes of PC3 bone tumors in those tissue sections analyzed for cytokeratin expression.

Semiquantitative RT-PCR
RT-PCR was performed as previously described.34
Briefly, reverse transcription was fashioned in 0.65-ml
RNase-free tubes under optimized conditions in a DNA
Thermal Cycler 480 (Perkin Elmer, Boston, MA). Equal
amounts of total RNA (500 ng) from each sample were
used for this reaction. The whole product of reverse transcription in each tube was amplified by PCR. Cycle parameters were a 1-minute melting step at 95°C, a
1-minute annealing step at 55°C, and a 2-minute extension step at 72°C. Twenty-five cycles were selected for
amplification of all target genes based on experiments
that tested the linear range of amplification with different
cycles. The housekeeping gene GAPDH was also amplified and used as an internal control. The primers of

mouse MMP-9 (5⬘-ACC ACC ACA ACT GAA CCA CA-3⬘
and 5⬘-ACC AAC CGT CCT TGA AGA AA-3⬘) amplified a
304-bp product. The primers of mouse GAPDH (5⬘-ACC
CAG AAG ACT GTG GAT GG-3⬘ and 5⬘-CAC ATT GGG
GGT AGG AAC AC-3⬘) amplified a 171-bp product. The
amplified genes were resolved on 1% agarose gels and
revealed by ethidium bromide staining.

Cell Motility Assay
In a 12-well plate, 200-2 cells were seeded (105/well) with
RPMI 1640 medium supplemented with 10% FBS in triplicate. The next day, the medium was removed and the
cells were washed once with PBS. Then 500 l of serumfree RPMI 1640 medium were added to each well. Cell
culture inserts with 8.0-m pores (BD Falcon, Treyburn,
NC) containing 105 BMA cells in 1 ml of serum-free RPMI
1640 were placed in the wells. Controls for spontaneous
transmigration included inserts with BMA cells but no
tumor cells in the bottom well. After incubation at 37°C for
16 hours, the upper face of the insert membrane was
wiped using a cotton swab to remove the cells and the
lower face of the membrane was stained with Diff-Quik kit
(Dade Behring Inc., Newark, DE). The migrated cells in
the center of the membrane were counted in 10 consecutive fields (each one with an area of 300 ⫻ 200 m2)
under a microscope at ⫻400 power. The mean number of
traversing cells was calculated, and expressed in relative
units, considering the control as 100%.

RNA Interference Study
We designed a specific small interfering RNA (siRNA)
targeting mouse MMP-9 mRNA based on a published
siRNA against human MMP-9.35 Briefly, by alignment
analysis, we identified a corresponding sequence targeting mouse MMP-9 that was 90% homologous with the
human MMP-9 sequence. The mouse target sequence
for siRNA was 5⬘-AAC ATC ACA TAC TGG ATC CAA-3⬘
(GenBank accession number, NM 013599; coding region
358 to 379). According to this sequence, a pair of primers
were designed and synthesized by Invitrogen. Using Silencer siRNA construction kit (Ambion Inc., Austin, TX),
the specific siRNA targeting mouse MMP-9 was synthesized via in vitro transcription. The sense siRNA sequence
was 5⬘-CAU CAC AUA CUG GAU CCA AUU-3⬘ and the
anti-sense sequence was 5⬘-UUG GAU CCA GUA UGU
GAU GUU-3⬘.
BMA cells were seeded into T-75 culture flasks. When
the cells reached ⬃70% confluence, they were transiently transfected with 30 nmol/L of the control siRNA
(Ambion) and siRNA against mouse MMP-9, respectively,
for 48 hours. The cell motility assay was performed using
the treated cells, and mouse MMP-9 expression was
monitored by zymography.

Statistical Analysis
The data obtained from MMP enzymatic activity assays
were statistically analyzed using one-way analysis of vari-
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ance, which tests whether the mean of a single variable
differs among three or more groups. Whenever statistical
significance was obtained with this test, the TukeyKramer posttest was used to further determine which
specific pair/pairs were statistically different. The data
obtained from the cell motility assays were analyzed using Student’s t-test, which compares whether the mean of
a single variable differs between two groups. GraphPad
InStat (GraphPad Software, San Diego, CA) was used to
perform the statistical tests. Values of P ⱕ 0.05 were
considered statistically significant.

Results
Up-Regulation of MMP-9 Protein and Activity in
Co-Cultures of PC3 Cells with Bone Tissue
To study the effect of prostate cancer-bone interactions
on MMP secretion, zymogen activation, and enzymatic
activity, we examined the CM from PC3 cell-bone tissue
co-cultures. Zymography was used to detect gelatinase
expression, and the MMP substrate-linked ELISA techniques were used to quantitate net, secreted activity for
MMP-2 and MMP-9. Previously, we demonstrated increased synthesis of the pro-form of MMP-9 when PC3
cells were co-cultured with isolated fibroblasts.34 In contrast, when PC3 cells were cultured with intact bone
tissue, a synergistic increase in secretion of the active
form of the enzyme was detected (Figure 2A). Regarding
MMP-2, no significant changes in secretion were observed for either the latent or active forms. Inclusion of
BB-94 (final concentration, 2 mol/L) in the cell-bone
co-culture significantly reduced the secreted amount of
the active species of MMP-9. Previously, we showed that
this concentration of BB-94 does not affect cell proliferation or viability.21
Using the enzymatic activity assay, we found a synergistic increase in net, secreted MMP-9 activity when bone
tissue and PC3 cells were cultured together (Figure 2B).
Inclusion of BB-94 in the cell-bone co-culture abrogated
the increase in net, secreted MMP-9 activity. Secreted,
net MMP-2 activity levels remained low with no change
during co-culture of bone with PC3 cells (data not
shown). MT1-MMP was not measured in the cell-bone
co-culture system because it is membrane-bound and
not secreted into the medium. Together, these data demonstrated that interaction of prostate cancer cells with an
intact bone environment led to secretion of MMP-9 protein and increases in net MMP-9 activity. Moreover, matrix metalloprotease activity appears to be required for
the activation of MMP-9 from zymogen to active enzyme.

Time Course of Bone Matrix Degradation and
Osteoclast Recruitment in Experimental PC3
Bone Tumors
To correlate net tissue MMP activity measurements with
progression of experimental bone metastases, PC3 bone
tumors were established using the SCID-human mouse

Figure 2. Secreted MMP forms and net MMP activity in co-cultures of PC3
cells with bone tissues. Co-cultures of PC3 cells and human fetal bone tissues
were performed, and CM were collected after 48-hour incubation periods as
described in Materials and Methods. Where indicated, BB-94 was included in
the co-culture, but not in the fluorescent assay. A: Gelatin zymography was
performed on CM to assess for the presence of MMP species. Recombinant
human pro-MMP-9 and MMP-9 were used as markers. B: Net secreted MMP-9
activity in the CM was assessed using the substrate-linked ELISA technique.
Values depicted are means ⫾ SE (n ⫽ 6, except for the co-culture with BB-94
with n ⫽ 3). The activity was normalized to that produced by bone alone to
account for differences in mass of bone tissue used in the co-culture. *, P ⬍
0.05 bone ⫹ PC3 compared to PC3, bone, and bone ⫹ PC3 ⫹ BB-94
(Tukey-Kramer multiple comparisons test).

model.21,33 H&E staining and immunostaining with anticytokeratin antibody showed that PC3 cells were easily
detectable in the marrow spaces 2 weeks after intraosseous inoculation (Figure 3, B and F). At this time point, the
gross appearance of the excised bone fragment was
unchanged compared with excised control bone fragments. Under low-power examination, cortical bone was
still intact, trabeculae were unchanged, and some residual hematopoietic marrow could be identified. As expected, 4 weeks after PC3 cell injection (Figure 3, C and
G), virtually all of the marrow space was occupied by
tumor cells, and hematopoietic marrow could no longer
be identified. The trabeculae were markedly thinned, occupying a decreased proportional area of the tissue section. The cortical bone was still intact and the gross
appearance and size of the excised tissue was unchanged. Six weeks after tumor cell injection (Figure 3, D
and H), the trabeculae were almost completely de-
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Figure 3. PC3 cell colonization of fetal human bones implanted in SCID mice, degradation of marrow trabeculae, and osteoclast recruitment. H&E staining (A–D)
and immunostaining for cytokeratin (E–H) in adjacent, serial paraffin sections obtained from control bone tissues (A and E) and PC3 bone tumors at 2 (B and
F), 4 (C and G), and 6 (D and H) weeks. PC3 cells in bone tissues were specifically recognized by a positive immunoreaction with a monoclonal antibody against
cytokeratin (cytoplasmic brown granules). Arrows point to bone trabeculae and an asterisk indicates area of hematopoiesis. Immunostaining for TRAcP, a
specific osteoclast marker, was performed on paraffin slides prepared from control bones (I) and PC3 bone tumors at 2 (J), 4 (K), and 6 weeks (L). TRAcP-positive
cells (open arrowheads) were revealed by dark brown granules in their cytoplasm. Filled arrowheads indicate bone trabeculae. Scale bars, 50 m.

stroyed, the cortical bone had been breached by tumor
cells, and the gross size of the excised bone tumor
tissues had increased significantly compared with the
control bone tissues.
Tissue sections prepared from control bone tissues
and PC3 bone tumor tissues at 2, 4, and 6 weeks were
immunostained with an antibody recognizing TRAcP, a
specific marker for osteoclasts. Very few osteoclasts
could be identified in the control bones (Figure 3I). In
contrast, a large number of osteoclasts was found associated with trabeculae in PC3 bone tumors at 2 weeks
(Figure 3J). The number of osteoclasts declined at 4
weeks, and very few were found at 6 weeks (Figure 3, K
and L). These data suggested that osteoclast recruitment

was highest at the 2-week time point when the microscopic anatomy of the bone trabeculae was still morphologically intact and the tumor cells were actively populating the marrow spaces.

Up-Regulation of MMP-9 Protein and Activity in
Experimental PC3 Bone Tumor Tissue
Zymographic analysis of the tissue extracts 2 weeks after
intraosseous PC3 cell injections showed a dramatic increase in the active form of MMP-9 in bone tumor tissues
compared with control bone implants or subcutaneous
tumors (Figure 4A). Conversely, the active MMP-9 species
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vation of the zymogen or de novo synthesis of pro-MMP-9 as
a consequence of tumor cell-bone interactions. To this end,
we treated the tissue samples collected at the 2-week time
point with APMA to activate all of the uninhibited endogenous pro-MMP-9. These studies showed that PC3 bone
tumor tissue had twofold higher APMA-activated MMP-9
activity than bone tissue alone (23.1 ⫾ 3.3 versus 10.6 ⫾ 3.1
ng rMMP-9 equivalent/100 g protein, respectively; P ⬍
0.05, Student’s t-test). Thus, the higher net MMP-9 activity in
the bone tumor tissue was not just because of enhanced
activation but likely also because of an increase in proMMP-9 synthesis, consistent with a role for tumor cell-bone
interactions in the expression of pro-MMP-9. No differences
in APMA-activated MMP-9 activity were observed between
bone tumors and control bones at the 4- and 6-week time
points (data not shown).
Net tissue MT1-MMP and MMP-2 activities were measured in bone tumor tissue and control bone tissue using
similar ELISA-based assays but with chromogenic substrates. In contrast with net tissue MMP-9 activity, overall
net tissue MT1-MMP activity in bone tumor tissues was
either no different or lower than MT1-MMP activity in
control bone tissues (data not shown). Overall net tissue
MMP-2 activity was very low at all time points, and no
differences were found between bone tumors and bone
controls at any individual time points or across time
points (data not shown).
Figure 4. Induction of net MMP-9 activity in implanted bone tissues colonized with PC3 cells. A: Gelatin zymography was performed on tissue
extracts obtained from control bones (lanes 1, 4, and 7), PC3 bone tumors
(lanes 2, 5, and 8), and PC3 subcutaneous tumors (lanes 3, 6, and 9) at the
indicated time points after injection. B: Net tissue MMP-9 activity in the same
sets of tissue extracts (in triplicates) was assessed with the quenched fluorescent substrate-linked MMP-9 ELISA assay. Values depicted are means ⫾ SE
(n ⫽ 3). The net tissue MMP-9 activity was expressed as the amount of
activity that would result from an equivalent concentration of inhibitor-free
recombinant MMP-9 (ng r-MMP-9 equivalent/100 g of tissue sample total
protein). ***, Statistical difference of P ⬍ 0.001 in net tissue MMP-9 activity
between PC3 bone tumors and control bones or between PC3 bone tumors
and PC3 subcutaneous tumors at 2 weeks. ⫹⫹⫹, Statistical difference of P ⬍
0.001 in net tissue MMP-9 activity between 2-week bone tumors and both
4-week and 6-week bone tumors.

was not detected in any of the tissue extracts obtained 4 or
6 weeks after injection (Figure 4A). The amount of active
MMP-2 remained relatively low across all time points and
showed no significant differences between control bone
implants, bone tumors, or subcutaneous tumors.
The MMP-9 substrate-linked ELISA was used to quantify net MMP-9 activity in the same tissue extracts used for
zymographic analyses. Two weeks after intraosseous injection, we found much higher net MMP-9 activity in the
bone implants injected with PC3 cells than in the control
bone implants injected with culture medium alone or in
PC3 subcutaneous tumors (Figure 4B, P ⬍ 0.001). Net
MMP-9 activity in PC3 bone tumors declined precipitously to lower levels (P ⬍ 0.001) at 4 and 6 weeks, at
which times there were no statistical differences in net
MMP-9 activity between bone tumors, control bone implants, and subcutaneous tumors (Figure 4B).
Because the zymogram (Figure 4A) showed an increase in the active MMP-9 species at the 2-week point in
the bone tumor tissue versus the control bone tissue, we
wished to determine whether there was enhanced acti-

Immunofluorescent Localization of MMP-9
Protein in PC3 Bone Tumors
To further understand the source of MMP-9 in PC3 bone
tumors, histological sections were subjected to dual-color
immunofluorescent staining with antibodies recognizing
MMP-9 and TRAcP and analyzed by confocal microscopy.
In the 2-week bone tumors, MMP-9 protein localized to
osteoclasts (Figure 5). In addition, dual-color immunofluorescence for MMP-9 and cytokeratin demonstrated that
MMP-9 protein also localized to tumor cells, consistent with
our previous study21 (data not shown). In general, the fluorescent signals for MMP-9 were more intense in osteoclasts
than in PC3 cells, however, the number of PC3 cells was
vastly higher than the number of osteoclasts. It should be
emphasized that immunohistochemical studies do not discriminate between zymogen and active forms of MMP-9
and that quantitative comparisons of the amount of MMP-9
activity emanating from tumor cells versus osteoclasts
could not be determined. TRAcP staining and MMP-9 staining were very weak or undetectable in PC3 bone tumors at
4 and 6 weeks and in the implanted control bones at all time
points (data not shown).

Specific Suppression of MMP-9 Expression in
PC3 Cells Does Not Abrogate the Increase in
MMP-9 Activity Resulting from Tumor-Bone
Interaction
To assess the relative contribution of prostate cancer
cells to the overall production and activation of MMP-9
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Figure 5. Immunolocalization of MMP-9 in osteoclasts in implanted human
fetal bone at 2 weeks after PC3 cell injection. Paraffin slides prepared from
PC3 bone tumors were double-immunostained with primary antibodies recognizing MMP-9 and TRAcP. MMP-9 localization was recognized as cytoplasmic green fluorescein granules (A), whereas TRAcP immunostaining was
identified by cytoplasmic Texas Red granules (B). The color images were
merged with the phase contrast image in (C). Arrows point to bone trabeculae visualized by phase contrast imaging. Dashed lines indicate the edge of
bone trabeculae. Scale bars, 25 m.

during tumor-bone interactions, we used the 200-2 cell
line, a PC3 derivative obtained by stable transfection of
PC-3 ML cells with a ribozyme directed against MMP-9
mRNA. Zymography confirmed that the ribozyme significantly diminished MMP-9 expression by 200-2 cells
compared with parental ML cells (Figure 6A). When the
parental ML cells were co-cultured with bone fragments,

Figure 6. MMP-9 activation and MMP-9 activity in co-cultures of bone tissue
and non-MMP-9-expressing PC3 cells. A: Gelatin zymographic analysis of CM
from the different variants of PC3 cells cultured alone. Compared with Figure
2, larger volumes of CM were necessary to see any expression of pro-MMP-9
in PC3 cells cultured alone. Expression of pro-MMP-9 was suppressed in
200-2 cells. B: Active MMP-9 was released into the CM when either MMP-9expressing (ML) or non-MMP-9-expressing (200-2) cells were co-cultured
with bone tissue. C: The relative net MMP-9 activity in the same samples of
CM was assessed using the quenched fluorescent substrate-linked ELISA
assay. Values depicted are means ⫾ SE (n ⫽ 3), and secreted net enzymatic
activity is shown normalized to the amount secreted by bone alone. *, P ⫽
0.05 (Tukey-Kramer multiple comparisons test).

the active MMP-9 species was secreted into the media
and net, secreted MMP-9 activity increased. Secretion of
active MMP-9 and net MMP-9 activity was not reduced
when 200-2 cells were used (Figure 6, B and C). These
observations suggest that bone tissue is the primary
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Figure 7. Involvement of metalloproteinases in the activation of pro-MMP-9
induced by interaction of prostate cancer cells with the bone microenvironment. Co-cultures of 200-2 cells and human bone tissues were performed in
the presence of nontoxic doses of inhibitors for different classes of proteases.
Analysis of the CM by gelatin zymography showed that the activation of
pro-MMP-9 was inhibited by GM-6001, a broad-spectrum inhibitor of
metalloproteinases.

source of MMP-9, and that interaction of tumor cells with
bone leads to MMP-9 activation and a net increase in
MMP-9 activity.
To further determine the role of prostate cancer-derived MMP-9 in vivo, 200-2 cells were injected into previously implanted human bone xenografts as described in
Material and Methods. Two weeks after intraosseous cancer cell inoculation, the net MMP-9 enzymatic activity
found in tissue extracts from 200-2 bone tumors did not
differ statistically from that in tissue extracts from ML
bone tumors (mean ⫾ SE, 17.9 ⫾ 3.9 versus 18.0 ⫾ 2.7
ng equivalent r-MMP-9/100 g tissue sample total protein, respectively). Histological examination of bone tumors generated by 200-2 or ML cells showed no obvious
differences in tumor burden or bone degradation between the two groups (data not shown). These data suggested that prostate cancer cell-derived MMP-9 does not
contribute significantly to overall net tissue MMP-9 activity or to any obvious phenotypic changes during the early
phases of bone marrow colonization by tumor cells.

Mechanism of Pro-MMP-9 Activation
In Figure 2, we demonstrated that inclusion of BB-94 in
the co-culture prevented the activation of MMP-9, suggesting that metalloproteinase activity is necessary for
MMP-9 activation. To determine which class(es) of enzymes catalyze the conversion of pro-MMP-9 to MMP-9
during tumor-bone interactions, 200-2 cell-bone co-culture was fashioned in the presence of nontoxic doses of
inhibitors for serine (aprotinin), matrix metallo (GM-6001),
aspartic (pepstatin A), or cysteine (E-64) proteases. Only
GM-6001 was effective in diminishing the band corresponding to active MMP-9 in zymographic analyses of
CM (Figure 7), confirming that the activation of MMP-9 is
accomplished via the activity of metalloproteinases, but
not other classes of proteases. Although gelatin zymography is not a quantitative assay, we noticed an apparent
increase in the level of active MMP-9 after exposure of the
bone/PC3 co-culture to pepstatin A (Figure 7). This could
be explained by the participation of some aspartic-like
protease in the degradation of a pro-MMP-9 activator.

Figure 8. Induction of pro-MMP-9 expression and motility in preosteoclasts.
A: Gelatin zymography was performed using CM obtained from co-cultures
of BMA murine preosteoclast cells and 200-2 cells, as described in Materials
and Methods. A gelatinolytic band corresponding to mouse (mo) pro-MMP-9
(⬃105 kd) was only detected by zymography after co-culture of both cell
types. Recombinant human (hu) pro-MMP-9 (92 kd) was used as a marker in
lane 1. RT-PCR (B) and gelatin zymography (C) were performed to detect
MMP-9 mRNA and protein expression, respectively, in BMA cells after exposure to 200-2 CM. A marked induction of MMP-9 mRNA and pro-MMP-9
protein was evident. D: Transmigration of BMA cells in a transwell system
toward 200-2 cells or culture medium (control). A significant increase in
relative preosteoclast cell motility was observed when 200-2 cells were used
in the lower chamber. Values represent mean ⫾ SE (n ⫽ 3). *, P ⫽ 0.02,
Student’s t-test.

This was not further explored because it was out of the
scope of this study.

Induction of Pro-MMP-9 Expression and Motility
in Preosteoclasts
Because tissue MMP-9 activity correlated temporally with
maximal osteoclast presence, we hypothesized that
MMP-9 expression was necessary for tumor-induced osteoclast recruitment. To test this hypothesis, we exposed
mouse BMA preosteoclast cells to human 200-2 cells or
200-2 CM to investigate whether MMP-9 expression in
these cells is affected by prostate cancer cells. Zymographic analysis of CM obtained from co-culture revealed
the presence of secreted mouse pro-MMP-9 protein,
whereas no gelatinolytic bands were observed when CM
came from either BMA or 200-2 cells cultured alone (Figure 8A). By RT-PCR, enhanced mouse MMP-9 gene expression was observed in BMA cells incubated with
200-2 CM (Figure 8B), which also induced protein expression of the zymogen, as shown in the gelatin zymogram (Figure 8C). To evaluate whether prostate cancerreleased factors may be critical for the motility of BMA
cells, migration assays were performed. The presence of
confluent 200-2 cells in the lower chamber significantly
increased the migration of BMA cells through the filter
(Figure 8D). MMP-9 silencing by RNA interference in
BMA preosteoclasts (Figure 9A) significantly inhibited
migratory activity enhanced by prostate cancer cells
(Figure 9B). Together, these results indicated that prostate cancer cells can induce pro-MMP-9 expression and
motility in osteoclast precursor cells, and that the cell
movement is dependent on pro-MMP-9 expression.
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Figure 9. Inhibition of the migratory activity of preosteoclasts by silencing of
MMP-9 expression using siRNA. A: Gelatin zymogram showed a reduction of
MMP-9 expression in BMA cells treated with siRNA against mouse MMP-9. B:
Transmigration of BMA cells toward 200-2 cells in the lower chamber was
significantly reduced when MMP-9 was silenced in preosteoclasts. Values
represent mean ⫾ SE (n ⫽ 3). *, P ⫽ 0.002, Student’s t-test.

Discussion
We and others previously showed that pharmaceutical
inhibition of MMP activity diminished bone tumor growth
and tumor-induced bone remodeling in in vivo models of
breast and prostate cancer.21–24 Because these studies
used broad-spectrum MMP inhibitors, the relative contribution of individual MMPs could not be determined. In
addition, the cellular source of MMP activity remained
undefined. Herein, we hypothesized that particular individual MMPs may contribute to promotion of intraosseous
tumor growth and tumor-induced bone remodeling.
In this study, we demonstrated an increase in net
tissue MMP-9 enzymatic activity during colonization of
marrow spaces by PC3 cells. To our knowledge, this is
the first direct quantitation of enzymatic activity of individual MMPs in cancer tissues. Interestingly, MMP-9 activity increased during a time in which there was no
change in MMP-2 or MT1-MMP activity, suggesting some

specificity with regard to the role of individual proteases
in bone metastasis. The data suggest that MMP-9, but not
MMP-2 or MT1-MMP, is a relevant target for pharmaceutical inhibition. As we measured enzymatic activities of
only three MMPs, the relative importance of other proteases remains to be determined.
In previous studies, we showed that co-cultures of PC3
cells with various fibroblasts induced pro-MMP-9 expression in cancer cells.34 In experimental bone metastasis
tissues, we also showed that various MMP proteins, including MMP-9, immunolocalized to tumor cells and stromal cells.21 In the current study, we sought to determine
the primary cellular source of MMP-9 activity. In the in vivo
model, maximal tissue MMP-9 activity occurred 2 weeks
after intraosseous injection of tumor cells. This time point
correlated with a peak in osteoclastic activity, as judged
by the number of osteoclasts lining marrow trabeculae.
Throughout the next few weeks, tumor cells continued to
proliferate but osteoclast numbers declined. These data
suggested that the early increase in net tissue MMP-9
activity was because of a transient wave of osteoclast
recruitment and activity. Because we could not directly
quantify the relative amount of MMP-9 emanating from
osteoclasts versus tumor cells, and because the number
of cancer cells was vastly greater than the number of
osteoclasts, we designed additional experiments using a
PC3 cell line derivative that had been transfected with a
MMP-9 ribozyme to suppress MMP-9 expression. When
these cells were co-cultured with bone tissue, we again
found activation of pro-MMP-9 and enhanced MMP-9
enzymatic activity in the culture medium. Enhancement of
net tissue MMP-9 activity was also found when these cells
were injected into bones in vivo. Also, we found no obvious differences in intraosseous tumor burden or bone
degradation between bone tumors created using tumor
cells with and without MMP-9 expression. Together, these
data indicated that bone cells (most likely osteoclasts)
contributed the majority of MMP-9 protein and activity,
and that interactions of prostate cancer cells with bone
tissue resulted in activation of bone-derived pro-MMP-9.
In the current study, we used a tumor cell-bone tissue
co-culture system to simulate a complete bone microenvironment and demonstrated pro-MMP-9 synthesis, secretion, and subsequent activation of the zymogen to the
active form in the extracellular environment. In contrast,
activation of the zymogen does not occur in a simple
cell-cell co-culture system.34 The co-culture studies of
bone tissue and prostate cancer cells including inhibitors
of different classes of proteases indicated that proMMP-9 activation seems to be accomplished mainly via
the activity of metalloproteinases. Putative candidates
responsible for MMP-9 activation include MMP-3, MMP13, MMP-7, MMP-2, and MMP-26.36 – 40 Additional studies are necessary to determine the protease(s) and cellular source(s) of the proteases responsible for activation
of the MMP-9 zymogen. These data suggest the presence of particular protease pathways that are active in
tumor-induced bone remodeling and tumor expansion in
bone.
Prostate cancer bone metastases are usually described as osteoblastic,41 but biochemical and histolog-
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ical studies show clear evidence of both bone resorption
and formation.42,43 Osteolysis is important for physical
expansion of tumor cells in the marrow, and matrix degradation provides calcium and marrow-derived growth
factors for metastatic cancer cell proliferation and osteoblast differentiation.44 In the current study, we used the
PC3 prostate cancer cell line, which in most systems
produces bone tumors that are predominantly osteolytic.33,45,46 We consider the PC3 bone model to mimic
osteolytic processes that are present in all clinical bone
metastases; an obvious limitation of this model, however,
is that it does not include an element of osteoblastic
activity.
In normal bone remodeling, nonmineralized bone matrix overlying trabeculae is first degraded by osteoblasts
and/or bone-lining cells secreting MMPs.47 Although not
delineated in the current study, it is conceivable that
tumor-derived proteases could contribute to degradation
of nonmineralized matrix in a similar fashion. Osteoclasts
subsequently migrate into bone remodeling areas; in
fact, the osteoclast migration process itself is MMP-dependent.20 Osteoclasts attach to the now exposed mineralized matrix and solubilize it using cysteine proteases.48 The organic components in bone are thus
made available within the osteoclast lacuna where they
are further degraded by MMP activity49,50 as the pH in
the lacuna shifts from acidic toward neutral.51 A specific
role for MMP-9 in bone remodeling was suggested by
examination of MMP-9-deficient mice. During development, these mice have faulty osteoclast recruitment and
invasion into cartilage leading to delayed ossification of
the growth plate. Endothelial recruitment is also impaired.18,19 In addition, adult MMP-9-deficient mice display impaired fracture healing. The cartilage callus
around the fracture is resistant to remodeling, and there
is defective ossification of the callus, most likely because
of impaired differentiation of osteoblasts.17 The current
study suggests that bone-derived MMP-9 also plays an
important role in pathophysiological bone remodeling induced by the presence of metastatic tumor cells; the
primary pathophysiological defect appears to involve
osteoclasts.
In developing bones, MMP activity is involved in osteoclast migration, distinct from its degradative role in the
osteoclastic lacuna.20 MMP-9 activity, in particular, has
been implicated in this process.52 Osteoclast recruitment
associated with the presence of tumor cells also involves
metalloprotease activity; we previously showed that
broad spectrum MMP inhibitor treatment of mice bearing
PC3 bone tumors prevented osteoclast recruitment.21
Consistent with this observation, in the current study, the
peak in osteoclast activity coincided with the peak in
bone tissue MMP-9 activity, suggesting the pathophysiological defect to be an excess of osteoclast MMP-9
because of tumor-bone interactions. Experimentally, this
issue would be best addressed by specific inhibition of
MMP-9 in osteoclasts in an in vivo model of bone metastasis. However, methods are lacking for this approach;
moreover, it would be extremely difficult to demonstrate
unequivocal in vivo inhibition of MMP-9 activity. In vitro, we
observed that prostate cancer cells induced motility and

expression of pro-MMP-9 in preosteoclasts, and that this
migratory activity was abrogated by siRNA-mediated
MMP-9 silencing. Interestingly, we found that the active
form of MMP-9 was not present during the migration of
the preosteoclasts in the cell-cell co-culture system. Similar results have been found for glioblastoma cells53 and
osteosarcoma cells.35 In fact, it is hypothesized that proMMP-9 may affect the migratory state independent of its
enzyme activity.35 Together, these observations suggest
that MMP-9 is involved in tumor-induced migration of
osteoclasts to sites of bone remodeling, but the exact
mechanism remains to be determined. Of course, reduced osteoclast numbers in areas of bone tumor would,
by itself, lead to reduced overall osteoclastic activity.
Inhibition of MMP activity has been effective in various
animal tumor models, including bone metastasis models.
However, results from clinical trials with synthetic MMP
inhibitors have been disappointing. There are reasons to
believe that the clinical trials did not adequately test the
hypothesis that protease inhibition is effective, particularly in bone metastasis.54 First, achievement of a meaningful response was probably impeded by very high tumor burdens present in most of the patients included in
the clinical trials. Second, the trials did not address issues specific to bone metastasis (versus general metastasis). Third, proteolytic activity in tumor tissues was not
measured initially, nor was it monitored during treatment.
Thus it is impossible to know if the drugs sufficiently
inhibited their intended target. Finally, the agents used in
the trials were mostly broad-spectrum inhibitors with
many side effects. Because of side effects, dosages
were often reduced, further emphasizing the need to
develop methods to monitor protease inhibition during
treatment. The primary aim of the current study was to
use an assay that might be potentially clinically relevant—an assay that can reveal the potential therapeutic
value of targeting individual enzymes. Herein, we demonstrated at least some degree of specificity with regard
to the net tissue activity of individual MMPs. The data
suggested that assays that measure activities of individual enzymes could be clinically relevant and thus should
be included in clinical trials wherever possible. In the
future, we expect that molecular imaging55,56 will provide
a noninvasive method of measuring of proteolytic activity
before and during treatment.
In conclusion, we found a significant induction of net
tissue MMP-9 activity during the early phases of intraosseous tumor expansion. In contrast, net tissue activities of MMP-2 and MT1-MMP were unchanged. We
further showed that osteoclasts were likely the primary
source of MMP-9 activity and that osteoclast recruitment
depends on MMP-9. Moreover, metalloproteinase activity
seems to be important for the activation of pro-MMP-9. In
contrast, tumor cell-derived MMP-9 appears to play little
role in intraosseous tumor expansion. Because metalloproteinase inhibition is known to be able to disrupt the
vicious cycle of tumor growth and tumor-induced bone
remodeling, the data suggest that MMP-9-specific inhibitors might have a better benefit:risk profile than broad
spectrum MMP inhibitors. The data also suggest that
osteoclasts appear to be the primary target of MMP-9
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inhibition. Because the PC3 bone model used here induced only an osteolytic response, additional studies are
underway with other cancer cell lines that induce osteoblastic and osteolytic/osteoblastic responses. Based on
our studies, future clinical trials using protease inhibitors
should include assays that monitor enzymatic inhibition.
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