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Dynamic reciprocal interactions between a tumor and its
microenvironment impact both the establishment and progres-
sion of metastases. These interactions are mediated, in part,
through proteolytic sculpting of the microenvironment, partic-
ularly by the matrix metalloproteinases, with both tumors and
stroma contributing to the proteolytic milieu. Because bone is
one of the predominant sites of breast cancer metastases, we
used a co-culture system in which a subpopulation of the highly
invasive human breast cancer cell line MDA-MB-231, with
increased propensity tometastasize to bone, was overlaid onto a
monolayer of differentiated osteoblast MC3T3-E1 cells in a
mineralized osteoid matrix. CLIP-CHIP� microarrays identi-
fied changes in the complete protease and inhibitor expression
profile of the breast cancer and osteoblast cells that were
induced upon co-culture. A large increase in osteoblast-derived
MMP-13 mRNA and protein was observed. Affymetrix analysis
and validation showed induction of MMP-13 was initiated by
soluble factors produced by the breast tumor cells, including
oncostatinM and the acute response apolipoprotein SAA3. Sig-
nificant changes in the osteoblast secretomes upon addition of
MMP-13 were identified by degradomics from which six novel
MMP-13 substrates with the potential to functionally impact
breast cancer metastasis to bone were identified and validated.
These included inactivation of the chemokinesCCL2 andCCL7,
activation of platelet-derived growth factor-C, and cleavage of
SAA3, osteoprotegerin, CutA, and antithrombin III. Hence, the
influence of breast cancer metastases on the bone microenvi-
ronment that is executed via the induction of osteoblast
MMP-13 with the potential to enhance metastases growth by
generating a microenvironmental amplifying feedback loop is
revealed.

Metastasis, the complex multistep process by which primary
tumors establish growth at distant secondary sites, is the major
cause of mortality in cancer. In breast cancer, metastasis to
bone is one of the most common sites for secondary tumor
growth. Although most of secondary breast cancer lesions ulti-
mately become osteolytic, the underlying molecular mecha-
nisms and bone-tropic factors that promote initial tumor cell
homing to, and establishment within, the bone microenviron-
ment are not well understood.
A number of studies have established “metastatic signatures”

for breast cancer cells by comparing highly invasive cell lines
such asMDA-MB-231 (MDA-231) to noninvasive lines such as
MCF-7, both at the gene expression and proteome level (1).
Such transcriptomic studies have identified organ-specific
metastatic signatures through repetitive in vivo passaging of
MDA-231 breast cancer cells (2, 3). The metastatic signature
identified for a bone homing variant MDA-MB-231–1833/TR
(MDA-1833) encompasses increased expression of a function-
ally diverse set of mRNAs, including matrix metalloproteinase
(MMP)3 1 (also known as tissue collagenase), the chemokine
receptor CXCR4, connective tissue growth factor, interleukin
(IL)-11, and osteopontin (4). The combined overexpression of
three of these molecules (osteopontin, IL11, and CXCR4 or
connective tissue growth factor or MMP-1) in the parental
MDA-231 was required to achieve the same level of bone
metastasis, indicating that multiple interactions are involved in
promoting bone metastasis. Nonetheless, these approaches
only consider the contribution of the tumor cells and not the
cells of the bone microenvironment. Hence, the consequences
of increased expression of these signaturemolecules at the pro-
tein level and subsequent reciprocal responses of the resident
osteoblasts remain undefined.
The microenvironment of the tumor greatly impacts both

the establishment and progression of metastases and involves
dynamic and reciprocal interactions between stroma and
tumor. For example, in bone metastasis, a “vicious cycle” is
established between the tumor and bone-derived cells (osteo-
blasts and osteoclasts). Tumor-derived factors induce osteo-
blast-mediated recruitment and differentiation of lytic oste-
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oclasts via receptor-activator of nuclear factor-�B (RANK)/
RANK ligand (L) pathways, thereby promoting osteoclast-
driven destruction of bone and the release of pro-tumorigenic
factors. Although the RANK/RANKLpathway is a focus of con-
siderable research as a potential therapeutic target (5, 6), it is
clear that other molecules and pathways are involved in pro-
moting the establishment of bone metastasis, and identifying
these pathways may lead to alternative therapeutic targets.
Such pathways are in part mediated or regulated through the
expression of proteases and proteolytic modulation of the
microenvironment, with both tumors and stroma contributing
to the proteolytic milieu. The cellular origin of proteases and
their regulators is, however, not always clear. To unravel these
interactions, global approaches are needed, as individual pro-
teases do not act alone but function as part of a network, the
“protease web” (7), and are regulated by a myriad of other pro-
teins such as activators, inhibitors, co-factors, receptors, sub-
strates, and cleavage products.
One family of proteases, the zinc-dependent endopeptidases

MMPs, have been shown to play a pivotal role in tumor metas-
tasis through modulation of tumor growth, angiogenesis, and
invasion (8). Many of the MMPs are expressed in breast cancer
(9); they are frequently included in metastatic signatures (2–4)
and have been implicated in facilitatingmetastasis to bone (10).
In the past, it has been assumed that because MMP expression
levels are elevated in cancer, MMPs have detrimental effects
and thereforemust be drug targets. However, both pathological
and beneficial roles forMMPs in cancer are now recognized (7).
The first example of anti-tumorigenic MMP activity was
described for MMP-8 where genetic deficiency dramatically
increases skin carcinoma (11). InMmp14-deficientmice, breast
cancer tumors develop faster than in their wild type counter-
parts but show a 50% reduction in metastasis (12). The reverse
is true for Mmp11 deficiency (13–15). These studies highlight
the need to carefully dissect the role of a given MMP in a par-
ticular cancer and, through the identification of substrates,
thereby define function in a site-specific context (16). Distin-
guishing between substrates and pathways that have detrimen-
tal versus beneficial effects in cancer may lead to the identifica-
tion of successful novel drug targets as well as anti-targets that
must be avoided in therapy or else risk worsening the disease
(7).
MMP-13 (collagenase-3) was first cloned from a breast can-

cer tumor (17) and has since been shown to be elevated in a
variety of other cancers (18, 19). In addition, in xenograftmouse
models of breast cancer, induction of MMP-13 in tumor-asso-
ciated stromawas demonstrated (20).MMP-13 also plays a cru-
cial role in normal bone development as revealed by the pheno-
type of Mmp13�/� mice, which have severe abnormalities in
skeletal development (21, 22). Multiple induction pathways
have been demonstrated for MMP-13 (23–27), which is
secreted as an inactive zymogen, that in vitro is activated by
MMP-2 and MMP-14 (28). The ability of MMP-13 to cleave a
variety of extracellular matrix molecules and associated pro-
teins in vitro, such as collagen, tenascin, decorin, biglycan, and
aggrecan (29–32), has been extensively studied. MMP-13 has
also been shown to process a number of other proteins in vitro,
including chemokines (33, 34), adhesion molecules such as

intercellular adhesionmolecule 1 (35), and growth factors such
as connective tissue growth factor (36) and TGF-� (37), all of
which may affect tumor cell homing. Modifying the function
of bioactive substrates has great potential in altering the course
of metastatic disease by signaling pathway perturbations. How-
ever, despite the abundant evidence linking elevated MMP-13
expression and breast cancer, the substrate repertoire of
MMP-13 in this scenario is notwell characterized.Our goalwas
to study the interactions between differentiated osteoblast
MC3T3-E1 cells andMDA-231 breast cancer cell lines to iden-
tify osteoclast independent interactions that are important in
promoting bone metastasis.

EXPERIMENTAL PROCEDURES

Cell Culture—MC3T3-E1 mouse osteoblast cells were
seeded at high density (1 � 105 cells/cm2 in 6-well plates or for
proteomic experiments, 10-cm2 culture dishes) in growth
medium (�-minimal essential medium with 10% fetal bovine
serum). After overnight incubation at 37 °C, osteoblastic differ-
entiation medium was added (growth medium with 10 mM

�-glycerophosphate and 25 �M ascorbic acid). The differentia-
tion medium was changed every 2 days, and the cells were
grown for a week during which alkaline phosphatase and von
Kossa staining were used to demonstrate the differentiation of
theMC3T3-E1 cells and the mineralization of the extracellular
matrix secreted by the cells, respectively (38). Breast cancer
cells MDA-231 and a subpopulation, 1833 (MDA-1833), were
then seeded at 1 � 105 cells/cm2 in differentiation medium in
6-well plates or added to the 6-well plates containing differen-
tiated MC3T3-E1 cells or onto Transwell inserts with 1-�m
filters positioned over the MC3T3-E1 cells. After 6 h when the
MDA-231/1833 cells had adhered, the cells were gently washed
three times with 2 ml of �-minimal essential medium without
serum, and 1ml of serum-free�-minimal essentialmediumwas
then added. Other wells containing MC3T3-E1 cells were
maintained without the addition of breast cancer cells; these
were washed and incubated serum-free (as above) or grown
with 1 ml of 24-h conditioned medium (serum-free) from
MDA-1833 cells. For MMP-13 activation assays, 100 �g/ml
concanavalin A was added (39). In other experiments, MDA-
1833 cell-conditioned medium or 10 ng/ml oncostatin M
(OSM) (R&D Systems Inc.) was added to MC3T3-E1 in the
presence or absence of 20 �M JAK-1 inhibitor (Calbiochem) or
5 �g/ml anti-gp130 antibody (MAB4682) (R&D Systems Inc.).
The cells were then cultured for 24 h followed by harvesting of
supernatants and lysing of cells for RNA extraction. Two tech-
nical replicates were done for each culture condition, and three
biological replicates were performed in total.
Microarray Analysis—Using RNeasy (Qiagen), RNA was

extracted from MC3T3-E1, MDA-231, and MDA-1833 cells
that had been cultured alone or co-cultured together with indi-
rect contact using filters, and MC3T3-E1 cultured in the pres-
ence of MDA-1833 cell-conditioned medium. Preparation of
RNA samples for CLIP-CHIP� analysis was performed as
described previously (40). Themicroarrays were scanned using
Imagene software, and statistical analysis was performed us-
ing CARMAweb software (41). Microarrays were normalized
using normexp for background and print-tip loess for within
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array and quantile for between array corrections. For co-cul-
tured cells, a paired moderated t test using linear models for
microarray (Limma) was used to determine differentially
expressed genes based on expression values, and false discovery
rates were controlled using Benjamini and Hochberg (BH)
adjusted p values (�0.05). Three independent co-culture
experimentswere analyzedwith duplicate samples for each cul-
ture condition. Each sample was analyzed using a CLIP-CHIP
microarray slide that contains two copies of the array. For
Affymetrix microarray analysis, samples were labeled using a
one-cycle labeling kit and hybridized to Gene-Chip� Mouse
Genome 430 Plus 2.0 microarrays (Affymetrix Inc.). Statistical
parameters were calculated using the MAS 5 algorithm. Quan-
tile normalization was used, and gene expression intensities
were calculated using the RobustMultichip Average algorithm.
Differentially expressed geneswere identified usingBayesmod-
erated t-statistics, and false discovery rates were controlled
using BH-adjusted p values (� 0.05). Only mRNAs with a
�2-fold change in expression were reported.
QRT-PCR—RNA samples fromMC3T3-E1 cells co-cultured

withMDA-1833 cells or incubated withMDA-1833 cell-condi-
tioned medium or OSM or anti-gp130 antibody were analyzed
by QRT-PCR. The DNase I-treated RNA (1 �g/sample) was
reverse-transcribed using the cDNA kit (Applied Biosystems).
QRT-PCR using the 7500 Fast Real Time PCR system (Applied
Biosystems) was performed on 20 ng of cDNA using TaqMan
gene expression assays (Applied Biosystems). The following
expression analysis kits were used for murine MMP-13
(Mm00439491_m1): MMP-2 (Mm00439508_m1) and
MMP-14 (Mm00485054_m1),OSMR (Mm00495424_m1), and
gp130 (Mm00439668_m1). TaqMan ribosomal RNA control
reagent was used as an 18 S internal control for all samples, and
the QRT-PCR results were normalized to this control. Samples
and standards were assayed in duplicate, and the relative RNA
levels inMC3T3-E1 cells co-cultured withMDA-231 orMDA-
1833 cells or MDA-1833 cell-conditioned medium were com-
pared with the control cells grown alone under serum-free
conditions.
Western Blot Analysis of MC3T3-E1 and MDA-1833

Cultures—MC3T3-E1 cells co-cultured with MDA-1833 cells
or incubated with MDA-1833 cell-conditioned medium or
OSMor anti-gp130 antibodywere concentrated 10-fold by pre-
cipitation with TCA (10% final) and analyzed byWestern blot-
ting using the following antibodies: anti-MMP-13 (MAB13426)
at 0.5 �g/ml (Millipore); anti-MMP-2 at 0.5 �g/ml (42); anti-
OSMR (AF662) at 0.2 �g/ml (R&D Systems Inc.); anti-gp130
(06-291) at 2 �g/ml (Millipore), and anti-actin (A4700) at
1:5000 dilution (Sigma). A PhosphoPlus� Stat3 (Tyr-705) anti-
body kit (9130) (Cell Signaling Technology) was used to analyze
MC3T3-E1 cell extracts. MDA-1833 supernatants were ana-
lyzed with the following: anti-OSM (MAB295) at 2�g/ml; anti-
LIF (MAB250) at 2 �g/ml), and anti-IL6 (AF-206-NA) at 0.2
�g/ml (R&D Systems Inc.). Secondary antibodies goat anti-
mouse or rabbit Alexa 680 (Invitrogen) were used at 10 �g/ml,
and proteins were visualized using an Odyssey detector (Li-
COR). Zymography using 8% polyacrylamide gels (43) was also
used to detect the endogenous MMP-2 in MC3T3-E1 cells.

Recombinant Proteins—Recombinant C-terminally FLAG-
tagged human MMP-13 was expressed in Chinese hamster
ovary cells and purified from culture supernatants using two
columns. First, 2 liters of culture supernatant was passed over a
green-agarose column (Sigma) (Vt � 20 ml), and the column
was thenwashedwith 10�VtMES buffer (50mMMES, 100mM

NaCl, 5 mM CaCl2, 0.02% NaN3, pH 6). Bound protein was
eluted using MES buffer containing 1 M NaCl, and fractions
containing MMP-13 were pooled and dialyzed into Tris-buff-
ered saline (TBS), pH 7.2. MMP-13 was then purified to homo-
geneity using an anti-FLAG-agarose column (Vt � 2 ml)
(Sigma) and was eluted from the column in 100mM glycine, pH
3.5, followed by dialysis into HEPES buffer (50 mMHEPES, 150
mM NaCl, pH 7.2).

The cDNA for murine serum amyloid (SAA) 3 was cloned
into the PET28b expression vector and used to transform BL21
Gold Escherichia coli. His-tagged SAA3 protein was purified to
homogeneity from the cytoplasmic fraction of a 1-liter culture
using a Ni2�-chelate column (Vt � 5 ml). Bound protein was
eluted in buffer containing 50 mM Tris, 150 mM NaCl, 400 mM

imidazole, pH 7.5, and fractions containing SAA3 were pooled
and dialyzed into HEPES buffer. SAA3 was analyzed by silver-
stained SDS-PAGE,Western blotting using an anti-SAA3 anti-
body (kindly provided byDr. P. Scherer, Albert EinsteinCollege
of Medicine) (44), and an anti-His antibody (Qiagen). The
molecular mass was determined by matrix-assisted laser des-
orption ionization (MALDI)-time of flight (TOF) mass spec-
trometry (MS) using a Voyager-DE STR biospectrometry work
station (Applied Biosystems Inc.).
CCL2 and CCL7 chemokines were synthesized as described

previously (34, 45), and recombinant platelet-derived growth
factor (PDGF)-C (R&DSystems Inc.), antithrombin III (Affinity
Bioreagents), osteoprotegerin (Cell Sciences), and CutA
(Abcam) were purchased.
Proteomic Sample Preparation and iTRAQ Labeling—

MC3T3-E1 cells were cultured in 10-cm2 dishes in differentia-
tion medium as described for 7 days and then washed three
timeswith serum-freemediumand incubated for 48 h in 8ml of
serum-free medium with and without 0.1 or 1 �g/ml recombi-
nant active MMP-13. Supernatants were harvested, and PMSF
(0.1 mM final) and EDTA (1 mM final) were added. After cen-
trifugation (600 � g, 10 min) 20-ml supernatants were precip-
itated with TCA (10% final) to concentrate protein, and protein
pellets were resuspended in 2 ml of HEPES buffer with 0.05%
SDS, pH 7.2, and protein concentration was determined using
the BCA assay (Pierce). Tryptic digestion of 100 �g of protein
for each condition and differential labeling of peptides with
iTRAQ reagents (Applied Biosystems) was performed as
described previously (46). Untreated control samples were
labeled with the 114 isobaric tag. Sample preparation and two-
dimensional LCMS/MS analysis using a QStar Pulsar Quadru-
pole TOF mass spectrometer (Applied Biosystems/Sciex) were
as described previously (46).
Proteomic Data Analysis—ProteinPilot (Version 1.0)

(Applied Biosystems) was used for protein identification and
quantification after searching against the mouse IPI version
3.28 data base appended with human MMP-13. A confidence
cutoff for protein identification �95% was applied, and biolog-
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ical modifications were included in the identification. The
intensity of the 114, 115, 116, and 117 atomic mass unit signa-
ture mass tags generated uponMS/MS fragmentation from the
iTRAQ-labeled tryptic peptides were used to quantify the rela-
tive levels of peptides and hence proteins in each sample. To
determine the relative abundance of proteins in MMP-13-
treated cells versus untreated controls, peptide and protein
ratios were expressed using the 114 tag used to label control
samples as the denominator.
Substrate Validation—To validate MMP-13 substrates bio-

chemically, 20-�l reactions of 1�g of recombinant proteinwith
MMP-13 (molar ratios of enzyme/substrate ranging from 1:100
to 1:10) in HEPES buffer were incubated at 37 °C for 16 h. Con-
trols included substrate incubated alone orwithMMP-13 in the
presence of 10 �M of the MMP inhibitor (MMPI) marimastat
synthesized as described previously (47). Cleavage assays (10 �l
diluted 1:2 in SDS-PAGE loading buffer) were analyzed by SDS-
PAGE using 15% Tris-glycine or 10% Tris-Tricine gels and sil-
ver staining or Western blot analysis with the antibodies listed
above and the following: anti-PDGF-C (R&D Systems Inc.),
anti-phospho-ERK1/2, and anti-ERK1/2 (Cell Signaling Tech-
nologies).Where indicated, themasses of proteins and cleavage
products were determined by MALDI-TOF MS.

RESULTS

CLIP-CHIP Microarray Analysis of Co-cultured Breast Can-
cer and Osteoblast Cell Lines—We determined the dynamic
bidirectional interactions thatmight occur between breast can-
cer tumors and osteoblasts in the metastatic bone microenvi-
ronment. Human MDA MB-231 breast cancer cell lines were
co-cultured on Transwell filters over differentiated mouse
osteoblastMC3T3-E1 cells. This ensured that the two cell types
were physically separated from one another such that we could
identify the effects exerted by soluble paracrine factors pro-
duced by both the osteoblasts and tumor cells. As controls for
basal expression levels, all three cell types were also cultured
alone. Although human and mouse systems are not equivalent,
utilizing humanbreast cancer cells andmouse osteoblasts aided
in the clarification of the contribution of tumor and stroma and
parallels well established human tumor xenograft mouse mod-
els of metastases (2, 3, 20).
Initially, using the CLIP-CHIP human arrays, we compared

the protease and inhibitor mRNA profiles of MDA-231 and a
subpopulation MDA-1833 that have increased propensity for
metastasis to bone (see supplemental Fig. S1) (4). Our data con-
firmed the previously reported increase in expression of
MMP-1 in the bone homing MDA-1833 subpopulation (4). In
addition, 17 other proteases and 8 inhibitors had a 2-fold or
greater change in expression inMDA-1833 cells comparedwith
the parent cell line MDA-231. Notable differences in MDA-
1833 with the potential to impact metastasis (48, 49) included
an 8- and 16-fold reduction in the cysteine protease inhibitor
cystatin E/M and serine protease inhibitor Kazal type 4
(SPINK4), respectively. We then analyzed MDA-1833 breast
cancer cells co-cultured with MC3T3-E1, and this revealed
small (�2-fold) but significant changes in the expression of six
protease and inhibitor mRNAs (supplemental Table S1).

Analysis of mRNA expression in MC3T3-E1 osteoblasts co-
cultured with MDA-1833 cells identified five proteases with a
2-fold or greater change in expression (Table 1). The largest
change observed in MC3T3-E1 cells upon culture with MDA-
1833 was a n � 6-fold increase in MMP-13 mRNA expression.
This specific elevation ofMMP-13, but notMMP-2orMMP-14
mRNA levels inMC3T3-E1 co-cultured cells, was confirmed by
QRT-PCR analysis (Fig. 1A). MDA-231 also induced expres-
sion of MMP-13 in MC3T3-E1 cells (supplemental Table S2
and supplemental Fig. S2A).
Induction of MMP-13 was also observed by CLIP-CHIP

(data not shown) and Affymetrix microarrays (Fig. 2A), and
QRT-PCR analyses (Fig. 2B) when differentiated MC3T3-E1
cells were cultured in the presence of MDA-1833 cell-condi-
tioned medium, confirming that a soluble factor produced by
the breast cancer cells induced MMP-13 expression in the
osteoblasts. We therefore focused our study on the novel up-
regulation of MMP-13 in osteoblasts by breast cancer cells.
MMP-13 Protein Expression and Activation—The changes

observed in the co-culturedMC3T3-E1MMP-13mRNAswere
manifest at the protein level. Western blot analysis of
MC3T3-E1 supernatants revealed an increase inMMP-13 pro-
tein when cultured with either MDA-1833 (Fig. 1B) or MDA-
231 (supplemental Fig. S2B) cells grown in direct contact, sep-
arated by filters, or after addition of conditioned medium from
the breast cancer cells. Interestingly, the MMP-13 retained the
pro-domain and was not activated suggesting that the activat-
ing mechanism for MMP-13 was lacking in this particular co-
culture system, which is less complex than the osteoblastic
stroma in vivo. Regardless, to determinewhether it was possible
to achieve MMP-13 activation by MMP-14, a known MMP
activator, MC3T3-E1 cells were co-cultured in direct contact
with MDA-231 cells transfected for stable cell-surface expres-
sion of MMP-14 or catalytically inactive MMP-14 E240A as a
control (supplemental Fig. S2C). Expression of MMP-14 by
MDA-231 did not result in activation of MC3T3-E1-derived
MMP-13. However, MMP-14 is expressed in the MC3T3-E1
cells before and after co-culture as revealed by CLIP-CHIP and
Affymetrix microarray (data not shown), and if MC3T3-E1
were treatedwith concanavalinA in the presence ofMDA-1833
cell-conditioned medium, to induce MMP-14 (39) and
MMP-13 expression, respectively, both the 55-kDa pro-form
and the 44-kDa activated form of MMP-13 were produced by
theMC3T3-E1 (Fig. 1C). Concanavalin A also inducedMMP-2
activation via MMP-14 and MMP-13 expression (Fig. 1C) but

TABLE 1
CLIP-CHIP microarray analysis of the changes in the complete prote-
ase and inhibitor mRNA expression profile of MC3T3-E1 cells upon
co-culture with MDA-MB-231 subpopulation 1833 (MDA-MB-1833)
cells
Changes inmRNA expression are given as fold changes comparingMC3T3-E1 cells
co-cultured versus grown alone. All changes are significant with BH-adjusted p
values �0.05.

Differentially expressed mRNA in MC3T3
cells co-cultured with MDA-1833 -Fold change

Collagenase 3 (MMP-13) 5.9
Proteasome catalytic subunit 2i 2.0
PHEX endopeptidase 2.0
Carboxypeptidase X2 2.0
Caspase-12 2.0
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not activation (data not shown) as reported previously (39, 50).
This would suggest that proximity between MMP-13 and
MMP-14 is required for activation to occur. MMP-14 expres-
sion has been shown to be developmentally regulated during
osteoblast differentiation (51–53). In vivo, elevated MMP-14
expression in the stroma of breast cancer tumors has been
reported, and thus activation of tumor-induced stromal
MMP-13 is likely to occur in the more complex in vivo
microenvironmental milieu (54).
IL-6 Family Cytokines in the Tumor Cell-Osteoblast

Microenvironment—Affymetrix microarray analysis was used
to identify the microenvironmental signals that were poten-
tially involved in the tumor cell-mediated MMP-13 up-regu-
lation in osteoblasts. This analysis revealed a 3-fold increase in
the expression of the ligand-binding subunit of the heterodi-
meric receptor for the IL-6 family cytokine oncostatin M (i.e.
OSMR) in MC3T3-E1 osteoblasts after they were exposed to
MDA-1833 tumor cell-conditioned medium (Fig. 2A; supple-
mental Table S3). This up-regulation was confirmed by QRT-
PCR at themRNA level (Fig. 2B) and byWestern blotting at the
protein level (Fig. 2C). Although there was no evidence that
MDA-1833-conditioned medium increased levels of the sec-
ond signaling subunit of the OSM receptor (i.e. gp130) in
MC3T3-E1 osteoblasts, the mRNA and protein were both con-
stitutively present (Fig. 2, B and C). The latter was not surpris-
ing given that gp130 is the common signaling subunit found in
all IL-6 family cytokine receptors (55).

OSM and other IL6 family cytokines induce MMP-13
expression in primary cultures of fetal osteoblasts (23, 26). We
confirmed that recombinant OSM induces MMP-13 mRNA
and protein expression inMC3T3-E1 osteoblasts (Fig. 3, A and
C), and we showed that it also induces OSMR subunit expres-
sion (Fig. 3A). Importantly, OSMaswell as the IL-6 family cyto-
kines LIF and IL-6 itself were all present in MDA-1833-condi-
tioned medium (Fig. 3B). We also found that IL-6 mRNA was
up-regulated in the MC3T3-E1 cells after incubation with
MDA-1833 cell-conditionedmedia (Fig. 2A). This suggests that
an IL-6 family cytokine feed-forward activation loop may exist
in the tumor cell/osteoblast microenvironment.
All IL-6 family cytokines, including OSM, activate JAK/

STAT3 signaling downstream of the common gp130 IL-6
receptor subunit (55). In chondrocytes and chondrosarcoma
cells, this pathway transcriptionally up-regulates MMP-13
expression (56). We demonstrated that recombinant OSM and
MDA-1833-conditioned medium both induced a JAK-depen-
dent increase in STAT-3 phosphorylation inMC3T3-E1 osteo-
blasts (Fig. 3D). Importantly, pharmacological JAK inhibition
greatly curtailed the ability of recombinant OSM and MDA-
1833 cell-conditioned medium to induce STAT-3 phosphory-
lation and MMP-13 expression (Fig. 3D).
We were unable to prevent MDA-1833 cell-conditioned

medium from increasing STAT-3 phosphorylation orMMP-13
expression in MC3T3-E1 osteoblasts using an OSM-blocking
antibody (data not shown), which likely reflects the presence of

FIGURE 1. MMP-13 induction, expression, and activation in MC3T3-E1 cells. A, quantitative real time-PCR of MMP-13, MMP-2, and MMP-14 in MC3T3-E1
cells grown alone or co-cultured with MDA-1833 on Transwell filters. B, Western blot analysis of MMP-13 expression in MC3T3-E1 cell culture supernatants
grown alone or co-cultured with MDA-1833 in direct contact, separated on Transwell filters, or after the addition of MDA-1833 cell-conditioned medium (CM).
C, Western blot analysis of MMP-13 in MC3T3-E1 culture supernatants of cells grown in the presence of MDA-1833 cell-conditioned medium (CM) with and
without concanavalin (Con) A. Western blot and gelatin zymograms of MMP-2 expression are included as controls. Standards (Std) are purified recombinant
MMP-13 or MMP-2.
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multiple MMP-13-inducing factors in the conditioned media.
However, a blocking antibody against the common gp130 IL-6
receptor partially inhibited the ability of the conditionedmedia
to induce both STAT-3 phosphorylation and MMP-13 mRNA
and protein expression (Fig. 3, E and F). Therefore, IL-6 family
cytokines in the breast tumor cell/osteoblast co-culture
microenvironment contribute to MMP-13 induction.
Proteomic Analysis ofMC3T3-E1 Cells Using iTRAQ—Given

the importance of MMP-13 in microenvironmental bone
remodeling that could contribute to tumor cell colonization,we
used a multiplex quantitative proteomic approach to investi-

gate the global effects of inducing MMP-13 expression in
MC3T3-E1 cells by MDA-231 and MDA-1833 cells and to
screen for potential MMP-13 substrates that may play a role in
promoting breast cancer metastasis to bone. Differentiated
MC3T3-E1 osteoblasts were cultured in the presence or
absence of exogenous active MMP-13, and changes in the pro-
teome profile of cells in the presence ofMMP-13 were revealed
using differential 2- or 4-plex iTRAQ labeling of theMC3T3-E1
cell culture supernatants and two-dimensional LC-MS/MS
analysis. The data reported encompass three independent
experiments, in which a total of 1280 proteins were identified

FIGURE 2. Tumor cell-mediated induction of mRNA and proteins in MC3T3-E1 cells with potential involvement in the up-regulation of MMP-13.
A, Affymetrix microarray analysis of mRNAs showing increased expression (�2-fold) in MC3T3-E1 grown in the presence of MDA-1833 conditioned medium
(CM) compared with base-level expression (Base). The heat map indicates the range of mRNA expression levels (A-values) and the fold changes in mRNA
expression are indicated. All fold changes are significant with BH-adjusted p values � 0.05. MC3T3-E1 cells were treated with either serum-free or MDA-1833-
conditioned media: B, quantitative real time PCR of MMP-13, MMP-2, OSMR, and gp130 mRNA levels. C, Western blotting of OSMR and gp130 protein with actin
levels used as a comparative loading control.
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FIGURE 3. MMP-13 induction by cytokines that induce STAT-3-dependent signaling. A, QRT-PCR analysis of MMP-13, OSMR, gp130, and MMP-2 mRNA levels in
MC3T3-E1 cells treated with the indicated dose of recombinant OSM or MDA-1833 cell-conditioned medium. B, Western blot analysis of OSM, LIF, and IL-6 expression
in MDA-1833 cell-conditioned medium. MC3T3-E1 cells were incubated with 10 ng/ml OSM or MDA-1833 cell-conditioned medium and analyzed by Western blot for
MMP-13 induction, with the zymogram of MMP-2 included as a control (C) and phospho-STAT-3 signaling in the absence or presence of a JAK-1 inhibitor with total
STAT-3 as a loading control and analysis of MMP-13 mRNA induction by QRT-PCR in the presence of the inhibitor (D). MC3T3-E1 cells treated with MDA-1833
cell-conditioned medium in the absence or presence of a function-blocking antibody against the common gp130 subunit of the OSM, LIF, and IL-6 receptors.
Phospho-STAT-3 signaling was assessed by Western blotting (D) and MMP-13 mRNA induction by QRT-PCR (D) and Western blotting (E), with the zymogram of MMP-2
included to show selectivity of the response to MMP-13. CM, cell-conditioned medium; Std, pro and active MMP-13 as standards.
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TABLE 2
Proteomic iTRAQ analysis of MC3T3-E1 cells
Proteins that increased or decreased in the cell culture supernatants after incubation with MMP-13 are shown. Protein iTRAQ ratios are given as averages from three
experimentswith standard deviations from cultures treatedwith 0.1 and 1�g/mlMMP-13 comparedwith untreated cells. Also, for each experiment the number of peptides
used in the quantification of the protein, which may include peptides of the same sequence, are given, and the total number of unique peptides used in the identification of
the protein are indicated in parentheses. NF indicates not found.
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(confidence �95%) in MC3T3-E1 culture supernatants as pre-
sented in supplemental Tables S4–S7. The analysis of peptide
isotope ratios in experiments designed like this is now a well
established approach to proteomically identify protease sub-
strates in cell culture systems (46, 76, 77, 78).
A summary of proteins that showed consistent changes in

level upon incubation of MC3T3-E1 cells with MMP-13 are
given in Table 2, where iTRAQ ratios are expressed as cells
treated with MMP-13/untreated control. Ratios of �1 repre-
sent an increase of the protein or cleaved protein fragments in
the culture supernatants that could be due to induction of
expression or processing by MMP-13 to release proteins or
cleaved protein fragments from the cell surface or pericellular
matrix, either directly or indirectly byMMP-13. Conversely, an
iTRAQ of �1 indicates a decrease in a protein in the culture
supernatant suggesting possible processing or degradation, and
again these may either be direct or indirect effects. A ratio cut-
off of �1.3 and �0.7 was applied to identify changes in the
proteome, as well as candidate novel MMP-13 substrates that
were validated biochemically. Similar ratios were obtained
when either 0.1 or 1�g/mlMMP-13was added to cultures. The
reproducibility of the experiments was further indicated by the
iTRAQ ratios determined for humanMMP-13 protein that was

added exogenously to the cell cultures. In samples where 1
�g/ml MMP-13 had been added, iTRAQ ratios of 9.6, 8.0, and
14.8 were determined, whereas samples with 0.1 �g/ml
MMP-13 added had ratios of 1.7 and 3.2.
Forty eight proteins were identified that were increased

between 1.3- and 26-fold in culture supernatants containing
MMP-13, including CCL-7 (monocyte chemoattractant pro-
tein-3) (1.7-fold increase), which is cleaved by MMP-13 (Fig.
5A). In addition, three other proteins were identified that were
previously shown to be cleaved by otherMMPs as follows: com-
plement component 1q (C1q) by MMP-14 (57), antithrombin
III by MMP-3 (58), and SAA3 by MMP-1 and MMP-3 (59),
indicating that these too were high confidence MMP-13 sub-
strates. Eleven proteins were identified with iTRAQ ratios �1
(ratios 0.8 to 0.2) that had between 1.3- and 5-fold reduction in
levels comparedwith the untreated control. These included the
known MMP-13 substrate perlecan, further validating the
analysis.
Addition of MMP-13 was found to impact the levels of a

functionally diverse range of proteins, a number of which have
known association with promoting tumor growth, angiogenesis,
andmetastasis, e.g.milk fat globule-EGF factor 8protein isoform1
(60, 61) and vasodilator-stimulated phosphoprotein (62). Impor-

TABLE 2—continued
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tantly,many of the proteins elevated inMMP-13-treated cultures,
e.g. chemokines CCL2 and CCL7, PDGF-C and SAA3 are known
to recruit cells of themonocyte lineage, including osteoclasts, and
to be important in osteoclast differentiation (63–67).
Validation of Candidate Substrates ofMMP-13—To confirm

that the proteins identified from high or low peptide ratios in
these degradomics analyseswere directMMP-13 substrates, we
performed secondary biochemical validation on six of the pro-
teins that were found to be elevated in MC3T3-E1 culture
supernatants after treatment with MMP-13. A 4-fold increase
in CCL2 protein levels was observed in MC3T3-E1 culture
supernatants incubated with MMP-13 (Table 2; supplemental
Table S8), and Affymetrix microarray analysis of MC3T3-E1
cells incubated with MDA-1833-conditioned medium also
revealed a 2-fold increase in CCL2 mRNA (BH-adjusted p �
0.0001) (Fig. 2A). Because a large number of chemokines are
known substrates of MMPs (68), we postulated that CCL2 was

a likely, but not previously reported, MMP-13 substrate candi-
date. Indeed, MMP-13 efficiently cleaved CCL2 as shown by a
small decrease in the molecular size of CCL2 on Tris-Tricine
SDS-PAGE analysis that was blocked by theMMPImarimastat
(Fig. 4A). A similar reduction in size was also seen when CCL7
was incubated with MMP-13 (Fig. 4A). The CCL2 cleavage
product had a 384.3-Da reduction in mass as measured by
MALDI-TOF MS consistent with the size difference expected
following removal of the first five amino acids by cleavage
between lle-5 and Asn-6 and generation of an antagonist form
of the chemokine as reported previously for cleavage byMMPs
1 and 3, which cleave at Ala-4 and lle-5, and for CCL7 following
MMP cleavage between Gly4 and lle-5 (34). CCL2 and CCL7
cleavage by MMP-13 to generate antagonist forms may there-
fore represent a feedback mechanism in a monocyte recruit-
ment pathway that appears to be controlled at least in part by
MMP-13.

FIGURE 4. Validation of MMP-13 substrates identified by iTRAQ proteomics analyses. Substrates were incubated at 37 °C overnight alone or with active
recombinant MMP-13 in the presence and absence of the MMP inhibitor (MMPI) marimastat. A, silver-stained Tris-Tricine SDS-PAGE of cleavage of chemokines
CCL2 (MCP1) and CCL7 (MCP3). B, silver-stained Tris-Tricine SDS-PAGE and Western blot analysis of platelet-derived growth factor (PDGF)-CC analyzed under
reducing conditions. The N terminus of the cleaved PDGF-C product as identified by Edman sequencing is given. C, schematic of the full-length PDGF-C
monomer showing, from left to right, the signal sequence (black domain), inhibitory CUB, and bioactive PDGF domains. The cleavage sites are indicted for
MMP-13 (closed triangle) and plasmin (open triangle). D, silver-stained Tris-Tricine SDS-PAGE of PDGF-AB cleavage assays analyzed under reducing conditions.
E, Western blot analysis of phospho-ERK1/2 and total ERK1/2 in MC3T3 cells after the addition of recombinant PDGF-CC domain and PDGF-CC that had been
cleaved by MMP-13.
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PDGF-C is secreted in a latent homodimeric form that
requires proteolytic processing of the N-terminal CUB
domains to release the PDGF-CC growth factor domain that
can bind and activate the PDGF-� receptor. A 1.3-fold increase
in PDGF-Cwas observed in culture supernatants of osteoblasts
incubated with 1 �g/mlMMP-13 (Table 2; supplemental Table
S9). MMP-13 cleaved a recombinant form of PDGF-CC con-
sisting of 15 amino acids of the linker domain after the putative
plasmin/tissue plasminogen activator cleavage site and the
PDGFdomain. Tris-Tricine SDS-PAGE andWestern blot anal-
ysis (Fig. 4B) detected a small decrease in the molecular size of
the recombinant PDGF-CC incubated with MMP-13 com-
pared with untreated PDGF-CC or PDGF-CC incubated with
MMP-13 in the presence of marimastat. N-terminal sequenc-
ing confirmed that MMP-13 cleaved within the linker to gen-
erate a neo-N terminus starting with LLKEE leaving the PDGF
domain intact (Fig. 4C). In contrast, MMP-13 did not cleave
PDGF-AB (Fig. 4D), and indeed iTRAQ analysis of co-cultures
indicated no change in PDGF-A levels, and PDGF-B was not
detected (supplemental Table S4). The ability of the PDGF-CC
to bind and activate the PDGF-� receptor expressed in
MC3T3-E1 cells was investigated. An enhancement in the
phosphorylation of ERK1/2, a signaling molecule downstream
of PDGFR, was observed with MMP-13-cleaved PDGF-CC,
compared with the uncleaved control (Fig. 4E).

A greater than 10-fold increase in the acute response phase
apolipoprotein SAA3 was observed in MC3T3-E1 osteoblast
culture supernatants after incubation with MMP-13 (Table 2;
supplemental Table S10).We also demonstrated by Affymetrix
analysis paracrine induction (4-fold increase BH-adjusted p �
0.003) of MC3T3-E1 SAA3 mRNA expression by MDA-1833-
conditionedmedium (Fig. 2A). To investigate the role of SAA3,
we expressed an N-terminal His-tagged recombinant form of
the protein in E. coli and purified the protein to homogeneity
using a Ni2�-chelate column. Notably, SAA3 was found to spe-
cifically induce MMP-13 protein expression in differentiated
MC3T3-E1 osteoblasts at concentrations as low as 1.7 nM, with
specificity indicated since MMP-2 expression remained
unchanged (Fig. 5A). Interestingly, SAA3 was cleaved by
MMP-13 withWestern blot analysis using anti-SAA3 and anti-
His antibodies revealing the removal of the N terminus of the
protein (Fig. 5B). The size of the cleavage product generated by
MMP-13 indicated that cleavage occurred at a unique site com-
pared with MMP-1 and -3, which both generate a 6-kDa frag-
ment that retains the original N terminus of themature protein
(69). Because cleavage of the SAA3 protein preparation was not

FIGURE 5. Induction of MMP-13 expression by SAA3 in MC3T3-E1 cells
and validation of SAA3 as a novel MMP-13 substrate. A, Western blot anal-
ysis of MMP-13 induction in MC3T3-E1 cells incubated between 1.7 and 170
nM recombinant SAA3. Gelatin zymogram indicating MMP-2 expression is
included as a control, and standards (Std) are purified recombinant MMP-13
or MMP-2. B, Western blot analysis using anti-SAA3 and anti-His6 antibodies
of MMP-13-cleaved recombinant SAA3. SAA3 was incubated at 37 °C over-
night alone or with active recombinant MMP-13 in the presence and absence
of the MMPI marimastat. FIGURE 6. Validation of MMP-13 substrates identified by iTRAQ proteom-

ics analysis. Substrates are incubated at 37 °C overnight, alone, or with active
recombinant MMP-13 in the presence and absence of the MMPI marimastat.
Silver-stained SDS-PAGE of antithrombin (AT) III (A), OPG (B), and protein CutA
cleavage assays (C). Where determined, the N terminus of the cleaved prod-
ucts as identified by Edman sequencing is given.
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100% complete, we could not determine whether the cleaved
product lost MMP-13-inductive properties.
The serine proteinase inhibitor antithrombin III increased

�2.7-fold after incubation of the cells with MMP-13. MMP-13
also efficiently cleaved antithrombin III-generating multiple
fragments (Fig. 6A), including an �10-kDa fragment with a
neo-N terminus starting at amino acid position 243 (LTALV).
The pattern observed for antithrombin III cleavage byMMP-13
differs from that reported for MMP-3, which cleaves only once
within the reactive site loop of antithrombin III (58). Notably,
this single cleavage results in loss of inhibitory activity. Inter-
estingly, increased degradation of antithrombin III has been
reported in both early and late stages of breast cancer, but the
proteases involved were not identified.
TNF receptor superfamilymember 11b or osteoprotegerin is

the soluble decoy receptor for RANKL, which prevents exces-
sive osteoclastogenesis and osteolysis. Osteoprotegerin was
identified by six peptides and quantified by three peptides
from the C terminus of the proteins that were all elevated
�2-fold in MC3T3-E1 supernatants following treatment
with MMP-13 (Table 2; supplemental Table S11). MMP-13
cleaved recombinant osteoprotegerin, giving rise to two
cleavage products, both of which retained the mature N ter-
minus of the protein, suggesting that C-terminal truncation
was occurring (Fig. 6B).
Protein CutA accumulated 2–3-fold in MMP-13-treated

MC3T3-E1 cell supernatants in experiments two and three. A
recombinant full-length formof rat CutA isoform1was cleaved
by MMP-13 (Fig. 6C) with 34 amino acids being removed from
the mature N terminus to generate a neo-N terminus com-
mencing with ASGSGY, as determined by Edman sequencing.
The function of protein CutA in mammals is unclear; however,
it has been shown to have both intracellular and extracellular
locations (70, 71).

DISCUSSION

We have demonstrated the influence that breast cancer cells
can exert on stroma to alter the proteolytic potential within the
tumor microenvironment. Co-culture of breast cancer and
MC3T3-E1 osteoblast-like cells in a two-dimensional system
resulted in perturbations in the signaling networks causing sig-
nificant alterations in many bioactive molecules. One such
change, the elevation ofMMP-13 expression in the osteoblasts,
is initiated by soluble factors, including IL-6 family cytokines
that are produced by the breast tumor cells and osteoblasts. A
microenvironmental amplifying loopwas initiated by the breast
cancer cells through the up-regulation of one receptor OSMR
in the osteoblasts. Once up-regulated, MMP-13 can potentially
further impact breast cancer metastasis to bone through cleav-
age of a number of bioactive proteins, and indeed six novel
substrates were proteomically identified and biochemically
confirmed. Notably, MMP-13 induced the acute phase
response of apolipoprotein SAA3 in the osteoblastic
MC3T3-E1 cells, which in turn increased MMP-13 expression
to further reinforce the microenvironmental amplifying
feedback loop. MMP-13 also can be involved in regulating
osteoclast recruitment activity by cleavage of CCL2, CCL7,
PDGF-C, and osteoprotegerin, the decoy receptor for

RANKL, therefore increasing cellular activity and osteolysis.
Hence, breast cancer cells metastasizing to bone amplify car-
cinogenic potential by the modulation of osteoblast gene
expression and protease induction and subsequent post-
translational control of numerous signaling pathways.
Using targeted microarrays, such as the human and murine

versions of the CLIP-CHIP, has the advantage of identifying the
complete protease and inhibitor profile of cells. Perhaps not
surprisingly, because MDA-1833 are highly invasive cell lines
with up-regulated expression of many proteases, we saw only
minimal changes in the proteolytic profile of the tumor cells
upon co-culture with the osteoblasts (supplemental Table S1).
The osteoblasts, however, when co-cultured with MDA-1833
cells exhibited several significant changes in their proteolytic
profile. We focused on MMP-13, which showed the greatest
change, increasing 6-fold, and has in vivo relevance as many
studies have demonstrated a correlation between breast cancer
progression andMMP-13 expression (72–74).MMP-13mRNA
has been shown to be elevated in tumor cells at the tumor-bone
interface in a syngeneic mouse model where tumor cells were
injected into the calvaria of BALB/c mice (75). In addition, in
xenograft mousemodels of breast cancer usingMDA-231 cells,
MMP-13 along with its potential activator MMP-14 were
shown to be elevated in the stroma of xenografts in mammary
fat pads and in bone. However, the cellular origin of MMP-13
was unclear, and themeans of induction, as well as the effects of
elevated expression of MMP-13, were not addressed (20). This
pointed to the need for studies to clarify the tumor-mediated
induction pathways for MMP-13 in osteoblasts and to identify
the relevant substrates and hence the in vivo roles of MMP-13
that impact metastatic potential.
Analysis of ourAffymetrix expression data suggested that the

OSM pathway was activated in osteoblasts after they were
treated with tumor cell-conditioned medium. We confirmed
that the OSMR receptor subunit was elevated and that the cog-
nate gp130/IL-6 cytokine receptor subunit was present. In
addition, we showed that the tumor cells expressed OSM and
that recombinant OSM treatment induced MMP-13 expres-
sion in the osteoblasts. The latter result was not surprising
given that IL-6 family cytokines are known to activate STAT-3
translocation to the nucleus where it binds to and activates the
MMP-13 promoter in chondrocytic cells (55). Clearly, JAK/
STAT signaling is critical to this activation in osteoblasts. As
well, we found that a pharmacological inhibition of the pathway
very efficiently blocked MMP-13 induction by both recombi-
nant OSM and tumor cell-conditioned medium. However, it is
important to point out that other IL-6 ligands were present in
the conditioned medium, and we found that IL-6 was also up-
regulated in the treated osteoblasts. These observations, and
our finding that a separate induction of MMP-13 expression
occurs through the up-regulation of SAA3, strongly suggest
that multiple pathways feed into this MMP-13 microenviron-
mental amplification loop.
Proteomic screens are powerful techniques for comprehen-

sively dissecting the perturbations that proteases exert on a
proteome in a nonbiased manner, a field that has come to be
known as degradomics. We pioneered the use of proteomic
screens involving differential labeling such as iTRAQand ICAT
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to successfully identify novelMMP-2 (76, 77) andMMP-14 (78,
79) substrates. The effects of tumor-induced elevatedMMP-13
expression in osteoblasts on a proteome-wide scale have not
been previously reported. Of the 1280 osteoblast proteins iden-
tified, 57 proteins were found to show consistent changes in
expression in MMP-13-treated cells. By understanding the
roles of these candidate substrates, the biological role for
MMP-13 can be deciphered and hypotheses generated for test-
ing in future studies.
Proteases such as the MMPs are key nodes in the protease

web, a network whereby individual protease do not function
alone but form cascades and regulatory circuits that are dynam-
ically interconnected (7). We identified many changes in the
protease and inhibitor profile of co-cultured (Table 1; Fig. 2A)
orMMP-13-treated osteoblasts (Table 2), at themRNA or pro-
teome level, respectively. Our proteomic data demonstrate the
“knock-on” effects that inducing or elevating expression of one
protease can have. For example, upon incubating osteoblasts
with MMP-13, we saw a reduction in two metalloproteinases
ADAM-12 and ADAMTS-4 that could impact downstream
substrates and pathways. In addition, the potent serine protein-
ase inhibitor antithrombin III, a major regulator of the coagu-
lation cascade, was increased 2–3-fold in culture supernatants
perhaps through release frombinding to glycosaminoglycans in
the extracellular matrix (80). However, antithrombin III was
also processed by cleavages that are predicted to inactivate the
inhibitor, thus potentially increasing the activity levels of many
serine proteases, including thrombin. In the tumor microenvi-
ronment, this could ultimately impact expression levels of
manyMMPs, includingMMP-2, -9, -10, -13, and -14, which are
induced by thrombin interaction with the protease-activated
receptor-1 (81–85). Two other proteins that can induce MMP
expression were increased in culture supernatants, SAA3 and
PDGF-C. SAA3 induces MMP-13 in MC3T3-E1 cells (Fig. 5A)
and PDGF-C induces MMP-9 expression in monocytes (65).
Although PDGFR� activation has been implicated in mechan-
ical strain induction of MMP-13 in MC3T3-E1 cells (86),
PDGF-CC, which activates PDGFR�, did not induce MMP-13
in these cells (data not shown). More directly, perturbation of
the protease web can occur through the ability of MMP-13 to
activate MMP-9 (87) and thus potentially further modulate the
proteolytic activity of the tumor cells, which express MMP-9.
MMP-13 produced by osteoblasts has been implicated in pro-
moting osteoclast recruitment and osteolysis through the acti-
vation of MMP-9 (75). Further proteomic experiments are
required to address the effects of osteoblastic MMP-13 expres-
sion on tumor cells and osteoclasts.
The defective skeletal growth plate development phenotype

described forMmp13-null mice was accompanied by a delay in
osteoclast migration and recruitment (21). Interestingly, a
number of the proteins that showed elevated expression in the
presence of MMP-13, perhaps due to release of these proteins
from the matrix, for example CCL2 and CCL7, SAA3, and
PDGFs, are known to be involved in monocyte and osteoclast
recruitment (34, 63–67). Our Affymetrix data indicated that
tumor cells could also influence the expression of CCL2 in
osteoblasts, as well as CXCL12 (SDF-1) (Fig. 2A). CC chemo-
kines such as CCL2 and CCL7 are inflammatorymediators that

play pleiotropic tumorigenic roles in breast cancer homing to
bone and metastases growth, through osteoblast induction,
osteoclast resorption, and bone remodeling (88) with knock-
down of CCL2 expression in MDA-231 cells reducing in vivo
metastasis (89). In addition, a recent study demonstrated
that CCL2 expressed by both metastatic breast cancer
tumors and stroma plays a critical role in tumor cell extrav-
asation and metastatic seeding that is mediated via inflam-
matory monocyte recruitment (90). We showed that cleav-
age of CCL2 and CCL7 byMMP-13 (Fig. 4A) generates forms
of the chemokines that are potent receptor antagonists (34,
45) and so perhaps are part of a feedback mechanism.
In a lung metastasis model, primary tumor induction of

SAA3 expression in pre-metastatic lungs resulted in recruit-
ment of myeloid cells and accelerated migration of primary
tumor cells to the lungs (66). SAA3 therefore has the potential
to play a similar role in facilitating breast cancer tumor metas-
tasis to bone. MMP-13 and SAA3 expression appeared to be
integrally linked because SAA3proteinwas increased 10-fold in
osteoblast culture supernatant after incubation with MMP-13,
and SAA3 specifically inducedMMP-13 expression in the cells.
Also, tumor cells mediated a 3.7-fold increase in MC3T3-E1
SAA3 expression.We also showed thatMMP-13 cleaved SAA3
at the N terminus, and again this might be part of a feedback
mechanism. When PDGF-CC is activated by removal of the
inhibitory CUB domains, the PDGF-CC domain can then bind
to its receptor PDGFR� and through autocrine or paracrine
signaling can stimulate tumor growth and angiogenesis. The
CUB domains are also involved in binding to the extracellu-
lar matrix (91). Because PDGF proteins are deposited in the
bone matrix by osteoblasts and released by osteolysis (92,
93), MMP-13 cleavage of PDGF-CC in the hinge region
could be involved in release of the active domain. Indeed,
recombinant PDGF-CC domain cleaved by MMP-13 within
the linker caused enhanced ERK1/2 phosphorylation com-
pared with the control, which is a recombinant analogue of
the plasmin-activated PDGF-CC, when added to MC3T3-E1
cells (Fig. 4E).
We also chose to investigate MMP-13 processing of CutA, a

protein that has no known function in cancer. In E. coliCutA is
involved in copper tolerance (94), and in humans CutA is
required for the localization of acetylcholinesterase at the cell
surface in brain (95–97). It has been postulated that CutA plays
a role in signal transduction (98) and is one of 35 genes respon-
sible for lactation (99), so the physiological role of CutA
remains unclear. CutAmay have dual roles, because it has been
shown to be expressed in the cytoplasm and to undergo uncon-
ventional secretion, and so is a “moonlighting” protein (100).
CutA was increased in the supernatants of MMP-13-treated
osteoblasts and was efficiently cleaved by MMP-13 at the N
terminus, and further investigation will be required to deter-
mine the role of CutA in breast cancer.
Bone metastatic disease in breast cancer is predominantly

osteolytic. MMPs are modulators of osteolysis and the vicious
cycle, primarily through mobilization and activation of growth
factors such as TGF-�. In addition, in prostate cancer MMP-7
promotes osteoclast activation through the release of soluble
RANKL from osteoblasts (101). Osteolysis is controlled by a
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balance in osteoblast expression of RANKL and the soluble
decoy receptor for RANKL, OPG. Binding of RANKL to osteo-
protegerin prevents binding to the RANK receptor on osteo-
clasts. Homodimers of OPG have a much higher binding affin-
ity for RANKL, compared with the monomer. Dimerization
occurs by the death domains of OPG and also in part through
interaction in the C-terminal heparin-binding region (102).
Here, we show a 2-fold increase in osteoprotegerin levels in the
presence of MMP-13, potentially through the release of hepa-
rin-bound OPG, which might be expected to lead to an overall
reduction in osteolysis. However, because cleavage of OPG by
MMP-13 results in C-terminal truncation, this might pro-
foundly affect OPG activity.
Hence, our study has revealed the influence that tumors

exert on the bone microenvironment through manipulation of
signaling pathways in the osteoblast, which result in alteration
of the balance of the protease repertoire. The subsequent
impact that such modulation has is evident from the large cat-
alogue of changes to the osteoblast proteome identified by our
proteomics analysis. The ultimate outcome is a new molecu-
lar viscous cycle, whereby the breast cancer metastases
secrete factors that induce osteoblasts to produce MMP-13.
MMP-13 in turn activates these inducers, further stimulat-
ing MMP-13 expression, which then sculpts the metastases
microenvironment.
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5234–5241

15. Pendás, A. M., Folgueras, A. R., Llano, E., Caterina, J., Frerard, F., Rodrí-
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19. Zigrino, P., Kuhn, I., Bäuerle, T., Zamek, J., Fox, J.W.,Neumann, S., Licht,

A., Schorpp-Kistner, M., Angel, P., and Mauch, C. (2009) J. Invest. Der-
matol. 129, 2686–2693

20. Lafleur, M. A., Drew, A. F., de Sousa, E. L., Blick, T., Bills, M., Walker,
E. C., Williams, E. D., Waltham, M., and Thompson, E. W. (2005) Int. J.
Cancer 114, 544–554

21. Inada, M., Wang, Y., Byrne, M. H., Rahman, M. U., Miyaura, C., López-
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nard, F., Perrin, D. M., and Overall, C. M. (2010) Cancer Res. 70,
7562–7569

48. Zhang, J., Shridhar, R., Dai, Q., Song, J., Barlow, S. C., Yin, L., Sloane, B. F.,
Miller, F. R., Meschonat, C., Li, B. D., Abreo, F., and Keppler, D. (2004)
Cancer Res. 64, 6957–6964

49. Ozaki, N., Ohmuraya, M., Hirota, M., Ida, S., Wang, J., Takamori, H.,
Higashiyama, S., Baba, H., and Yamamura, K. (2009)Mol. Cancer Res. 7,
1572–1581
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74. Vizoso, F. J., González, L. O., Corte, M. D., Rodríguez, J. C., Vázquez, J.,
Lamelas, M. L., Junquera, S., Merino, A. M., and García-Muñiz, J. L.
(2007) Br. J. Cancer 96, 903–911

75. Nannuru, K. C., Futakuchi, M., Varney, M. L., Vincent, T. M., Marcus-
son, E. G., and Singh, R. K. (2010) Cancer Res. 70, 3494–3504

76. Dean, R. A., Butler, G. S., Hamma-Kourbali, Y., Delbé, J., Brigstock, D. R.,
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