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14. ABSTRACT

Bone is the nost commpn site of netastasis in human breast cancer. The tropi sm of breast cancer cells for
bone and their tendency to induce the osteol ytic phenotype is a result of interactions between breast cancer
cells and bone stromal cells and is of paranount inportance for bone netastasis. The capacity of breast
cancer cells to collaborate with bone stromal cells is likely to be nedi ated by specific nolecules. The
under | yi ng nol ecul ar mechani sns of tunor-stromal interaction in bone nmetastasis remain poorly understood. In
our study, we exam ned whether interaction between breast cancer cells and stromal cells in the bone

m croenvironnent play a critical role in the tunor-induced osteol ysis and whether inhibition of such
interactions using targeted therapeutics will inhibit osteolysis during bone netastasis. W used mcroarray
anal ysis for gene expression profiling at the tumor bone interface versus the tunor alone area from syngenic
mce injected with three different mammary tunor cell lines that differ in their netastatic potential. Up-
regul ati on of nMRNA and protein expression of receptor activator of nuclear factor kB |igand (RANKL) and
matri x nmetal |l oprotei nase (MW)-13 at the tunor bone interface in all three groups was observed. Furthernore,
upregul ati on of these genes was associated with tunor-induced osteolysis. To determ ne the functional role of
RANKL and MWP-13 in tunor induced osteolysis, mce bearing C 66 tunors were treated with RANKL anti sense,
MWP- 13 anti sense or control scranbled oligonucl eotides. Analysis of tunor and tunor bone sanples reveal ed
knockdown of RANKL and MWP-13 expression at the tunor bone interface and a significant reduction in bone
destruction. Further analysis to evaluate the nmechanistic role of RANKL and MWP-13 in tunor-induced

osteol ysis, reveal ed that generation of soluble RANKL and increased RANKL-osteoprotegrin (OPG ratios at TB
interface pronpote osteoclast activation and bone destruction. MW13 regul ates osteol ysis by activati ng MVW9
and TG-Bsignaling at the TB interface. Collectively our studies denonstrated that identifying the nol ecul es
i nvolved in osteolytic bone netastasis and devel opi ng therapeutic strategies to target these nol ecul es may
help to inhibit mammary tunor i nduced osteol ysis.
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Introduction:

Breast cancer is the most common cancer among women in the United States.
Annually, breast cancer is responsible for over 40,000 deaths, making it the second
leading cause of cancer death (Jemal et al., 2009). A large portion of breast cancer-
related mortality is due to metastatic disease rather than the primary tumor itself. Breast
cancer cells demonstrate strong predilection for metastasis to bone resulting in lesions
that are predominantly osteolytic. These lesions significantly reduce the quality of life of
the patient by causing intractable bone pain, anemia, hypercalcemia, increasing the risk
of pathologic fracture and dramatically increase the risk of mortality (Boyce et al.,
1999;Coleman, 1997).

Malignant breast cancer cells entry to bone microenvironment initiates a vicious
cycle of bidirectional communication between tumor and stromal cells that promotes
osteolytic metastases (Kakonen and Mundy, 2003;Roodman, 2004a). One of the critical
signaling molecules involved in this cycle is receptor activator of NF-xB ligand
(RANKL). RANKL is a membrane-bound protein expressed on the cell surface of
osteoblasts and bone marrow stromal cells (Lacey et al., 2000;Dougall and Chaisson,
2006;Morrissey et al., 2007;Roodman, 2004a). Binding of RANKL to its receptor,
RANK, expressed on the surface of osteoclast precursors leads to their differentiation
into mature osteoclasts (Lacey et al., 2000;Dougall and Chaisson, 2006;Dallas et al.,
2002). Another molecule intimately tied to the RANKL-RANK signaling axis is
osteoprotegerin (OPG) which is a soluble, decoy receptor of RANKL that prevents
RANKL from engaging RANK and initiating signaling (Dougall and Chaisson,
2006;Lacey et al., 1998). Malignant cells secrete soluble factors such as parathyroid
hormone related peptide (PTHrP) that up-regulates RANKL expression (Kitazawa and
Kitazawa, 2002) and enhanced RANKL signaling appears to be the driving force behind
tumor-induced osteolytic lesions (Kitazawa and Kitazawa, 2002;Tanaka et al.,
2005;Roodman and Dougall, 2008;Zhang et al., 2001;Zhang et al., 2003;Zhang et al.,
2003;Morony et al., 2001). However, very little is known about the role of tumor-bone
interaction in regulation of RANKL expression.

While RANKL-RANK signaling is critical to the osteolytic metastasis, it is also
the rate limiting step of the cycle since signaling requires cell to cell contact to bring both
membrane-bound proteins into contact. One mechanism by which this requirement can
be bypassed is the generation of a soluble form of RANKL (SRANKL) that allows wide
spread osteoclast activation. Recently, Cathepsin G was identified as a protein that is
upregulated at the TB-interface of mammary tumor-induced osteolytic lesions and was
shown to be capable of generating SRANKL (Wilson et al., 2008;Wilson and Singh,
2008). Other proteases known to be capable of generating SRANKL include matrix
metalloproteinase (MMP)3, MMP?7, a disintegrin and metalloproteinase (ADAM)-17, and
ADAM-19 (Lynch et al.,, 2005;Chesneau et al., 2003;Schlondorff et al., 2001).
Inhibition of Cathepsin G significantly reduced mammary tumor-induced osteolysis
suggesting the importance of sSRANKL (Wilson et al., 2008). However, while the
centrality of RANKL-RANK signaling has been clearly established the relative
contributions of RANKL and SRANKL during TB-interactions remain unclear.



In the present study, we sought to determine the functional significance of RANKL
during tumor-stromal interaction in mammary tumor-induced osteolytic lesions. Our data
demonstrate upregulation of RANKL expression and generation of SRANKL at the TB-
interface in tumor-induced osteolysis. Furthermore, targeting RANKL expression using
antisense-RANKL oligonucleotide decreased RANKL levels and RANKL:OPG ratio at
the TB- interface and significantly reduced tumor-induced osteolysis.

Metastasis of breast cancer cells to distant organs is an ominous sign in disease
progression. Breast cancer cells show a strong predilection for bone (Coleman, 1997).
Arrival of tumor cells in the bone microenvironment initiates a “vicious cycle” of bi-
directional interactions between tumor cells and stromal cells (Yoneda and Hiraga, 2005).
Tumor cells produce various factors such as parathyroid hormone-related peptide
(PTHrP) (Powell et al., 1991;Guise et al., 1996), interleukin (IL)-8, and IL-1 to stimulate
osteoblasts to induce expression of receptor activator of NF-xB ligand (RANKL) to
induce bone resorption (Roodman, 2004b). Increased bone resorption causes the release
of sequestered factors that favor the growth of malignant tumor cells including bone
derived growth factor (BDGF), fibroblast growth factor (FGF) and transforming growth
factor-beta (TGFB) (Mundy, 2002). The underlying molecular mechanisms of tumor-
bone interaction are poorly understood. In this report, we hypothesize that tumor-stromal
interaction in the bone microenvironment alters gene expression creating a unique
expression signature that promotes osteolytic bone metastasis and that inhibition of such
interactions can be targeted for development of novel therapeutics.

Extracellular Matrix (ECM) degradation is an essential step in the growth,
invasion and metastasis of malignant tumors. The molecules responsible for ECM
degradation in both physiological and pathological conditions are matrix
metalloproteinases (MMPs). MMPs are a family of human zinc endopeptidases that can
degrade virtually all ECM components (Birkedal-Hansen, 1987). The MMPs have two
conserved domains common to all MMPs which contain a zinc-binding domain and a
cysteine-switch. The cysteine-switch is found in the propeptide domain while the zinc-
binding motif is found in the catalytic domain. The interaction between the cysteine-
switch and zinc maintains the latency of the pro-MMPs (Van Wart and Birkedal-Hansen,
1990). Currently, at least 26 known MMP genes in humans are identified (Kondratiev et
al., 2008). On the basis of the ECM components cleaved, the MMPs can be divided into
collagenases, gelatinases, and stromelysins/matrilysins. Based on secretion status, MMPs
are also classified as secreted MMPs or membrane-associated (MTMMPs) (Kondratiev et
al., 2008).

MMPs can mediate tumor invasion through basement membrane degradation
(Nelson et al., 2000). Apart from their ECM degradation functionality latest research in
MMPs reveals their specific roles in cleaving several extracellular and membrane
associated proteins and regulating cellular signaling pathways. MMP7 promotes
osteolytic bone metastasis in prostate cancer through generation of SRANKL from
membrane bound RANKL (Lynch et al.,, 2005). MMP2 and MMP-9 have been
associated with tumor angiogenesis (John and Tuszynski, 2001) (Stetler-Stevenson,
2001). Expression of these proteases is also associated with poor clinical outcome in
various malignancies such as bladder, breast, lung cancer and head and neck squamous



cell carcinomas (Dunne et al., 2003;Djonov et al., 2002;Pinto et al., 2003;Ruokolainen et
al., 2004). MMP13 was first identified from the overexpressing breast carcinomas (Freije
et al., 1994). IL-1a, IL-1p and TGFp are potential candidates for inducing expression of
MMP13 in breast carcinomas (Mauviel, 1993;Uria et al., 1998;Selvamurugan et al.,
2002). In case of Squamous Cell Carcinoma (SCC) MMP-13 is predominantly expressed
by the tumor cells at the invading front and to some extent by stromal fibroblasts
surrounding tumor cells (Johansson et al., 1997;Cazorla et al., 1998). Expression of
MMP-13 in the head and neck SCCs correlates with the invasion and metastasis capacity
of the tumor, indicating that MMP-13 expression could be an indicator for the invasive
capacity of SCCs (Johansson et al., 1997;Cazorla et al., 1998). In laryngeal and vulvar
carcinomas the expression of MMP-13 colocalizes with the expression of MT1-MMP and
MMP-2 suggesting that these three MMPs form a proteolytic cascade that leads to potent
extracellular collagenolytic activity (Johansson et al., 1999;Cazorla et al., 1998). In non-
small cell lung carcinoma tumor cells expressing MMP13 have a potential to shed from
the primary tumor and aggregate in the bone marrow and associated with poorer survival
rates (Hsu et al., 2006). But the specific role of upregulated MMP13 in malignant breast
cancer in metastatic site is yet to be investigated. Our study is focused on their role in the
tumor-stromal interaction, with particular attention to the tumor-bone microenvironment.

In our microarray analysis of tumor bone samples with tumor alone area, we
identified matrix metalloproteinase (MMP)-13, as one of the highly upregulated gene at
the tumor bone (TB)-interface. Moreover, we demonstrated that knockdown of MMP-13
expression at the TB-interface leads to a significant reduction in bone destruction, and the
number of activated osteoclasts at the TB-interface. MMP13-ASO treatment decreased
the RANKL:OPG ratio, active MMP-9 and TGFp levels at the TB-interface. Together,
our data demonstrated that upregulation of MMP-13 at the TB-interface is important for
regulation of tumor-induced osteolysis. Since MMP-13 is not expressed in most adult
human tissues under normal conditions, targeting MMP-13 expression may serve as an
important and safe strategy in the development of novel therapeutics for metastatic
disease.

Results/Discussion:

During the research period under this award, my research work in understanding the
molecular events that mediate tumor-induced osteolytic bone metastasis has made
important observations that aid in better understanding of functional significance of
RANKL expression and mechanisms of soluble RANKL generation in tumor-bone
microenvironment during osteolytic bone metastasis and important role of MMP13
expression in tumor-bone interface and its role in promoting osteolytic bone metastasis.
These findings will help in understanding the pathophysiology of bone metastasis in
breast cancer and development of novel therapeutic strategies to alleviate the suffering of
the patients.



Gene expression profile at the tumor bone interface: We utilized microarray analysis to
examine the gene expression pattern at the TB-interface compared to the tumor alone
area in tumors derived from all three cell lines. We observed a set of 414 genes
commonly upregulated among the three cell lines and 27 genes commonly down-
regulated among the three cell lines at the TB interface compared to the tumor alone area.
The highly upregulated genes were IBSP, RANKL, MMP-13, Insulin growth factor
binding protein (IGFBP)5, Lumican, Lysyl oxidase (Lox), Kinesin family 5B (Kif5b) and
Whnt inhibitory factor 1(Wifl) (Figure 1). RANKL is found to be one of the highly
upregulated genes at TB interface. We did not observe any significant difference in
RANK expression at the TB-interface compared to the tumor alone area. We validated
the microarray data using gRTPCR (Figure 1). We observed upregulation of RANKL
MRNA at the TB-interface compared to the tumor alone area in all three groups. We
further validated upregulation of RANKL at the tumor-bone interface by using
immunohistochemical analysis to demonstrate upregulation of RANKL at the protein
level. In agreement with the mRNA expression data, we observed higher expression of
RANKL protein at the TB-interface. Osteoblasts, stromal cells and tumor cells at the TB-
interface stained strongly positive for RANKL (2009 Annual Report & Appendix 1).

RANKL, sRANKL and OPG expression at the TB-interface: Our findings demonstrate
an increased RANKL:OPG ratio at the TB-interface compared to the tumor alone area for
all tumors. Our data demonstrate upregulation of RANKL and likely upregulation of free,
active SRANKL during tumor-induced osteolysis. (2009 Annual Report & Appendix 2)

Soluble RANKL generation by proteolytic cleavage of RANKL by Cathepsin G: In our
previous work in prostate cancer model we reported that MMP7 plays a role in prostate
tumor—induced osteolysis through the cleavage of cell-surface RANKL into a soluble
form of RANKL that is capable of enhancing osteoclast differentiation and subsequent
osteolysis (Lynch et al., 2005). Incubation of full length RANKL with Cathepsin G
generated a soluble version of RANKL (~24 kDa). To confirm cathepsin G-mediated
cleavage of RANKL, we used TPCK, a cathepsin G inhibitor, before incubation with full-
length RANKL protein. TPCK is an inhibitor of the chymotrypsin-like group of proteases
and is a potent inhibitor of cathepsin G (Overall and Blobel, 2007;Selak et al., 1988). We
confirmed the soluble RANKL generation by Western blot analysis with an anti-RANKL
antibody that recognizes an epitope near the COOH terminus confirmed that the cleaved
protein was RANKL and that the soluble product generated was derived from full-length
RANKL cleaved near the NH, terminus within the extracellular domain (2009 Annual
Report and Appendix 3).

Upregulation of MMP13 at the tumor-bone interface

Recognizing the important role of proteases in tumor progression, we evaluated
the expression of MMP13 at the Tumor-bone interface. Our microarray analysis revealed
the upregulation of MMP13 at the tumor-bone interface in all three tumor models. We
further evaluated the functional role of MMP-13 in mammary tumor-induced osteolysis.
We examined MMP-13 protein expression at the TB-interface by immunohistochemistry.
MMP-13 specific antibody staining revealed a significant upregulation of MMP-13 in
Cl66 tumors at the TB-interface but not at the tumor alone area (Figure 2 A). Antibody
controls did not show any non specific staining. This protein level analysis further



confirmed the earlier observation of increased MMP-13 transcript levels by cDNA
microarray and qRT-PCR analyses.

Kinetics of MMP-13 expression and tumor-induced osteolysis

In the next set of experiments, we examined the kinetics of MMP-13 expression
and its association with tumor-induced osteolysis and the number of activated osteoclasts.
Mice bearing CI66 tumors were killed 2, 3 or 4-weeks after tumor implantation and
tumors were examined for bone destruction, osteoclast number and MMP-13 expression
at the TB-interface and tumor alone areas. We quantified the severity of lesions by
measuring bone destruction index (BDI), which is a ratio of the length of the bone that is
destroyed by the tumor to the total length of the bone at the TB-interface. Results shown
in Figure 2B demonstrate an increase in bone destruction and osteoclast number over
time. We observed higher levels of MMP-13 mRNA expression at the TB-interface as
compared to tumor alone areas (Figure 2C).

Inhibiting MMP-13 expression abrogates mammary tumor-induced osteolysis and
number of activated osteoclasts at the TB-interface

Next, we examined whether knocking down MMP-13 expression in CI66 tumor
bearing mice using ASOs inhibited mammary tumor-induced osteolysis (Figure 3A).
We observed smaller tumors in MMP13-ASO treated group as compared to Control-ASO
treated group; however the decrease in tumor size was not significant. H&E staining of
tumor sections demonstrated severe bone destruction in control-ASO treated tumors
(Figure 3Bi) whereas MMP13-ASO treated tumors showed no osteolysis (Figure 3Bii).
We observed a significant decrease in osteolysis in the MMP13-ASO treated group
compared to the control-ASO treated group (Figure 3Biii). Similarly, we observed a
significant decrease in the number of activated osteoclasts lining the TB-interface in the
MMP13-ASO0 treated group (Figure 3C).

We then examined the expression of MMP-13 in tumors from MMP13-ASO and
control-ASO treated mice using qRT-PCR. The expression of MMP-13 at the TB-
interface was significantly lower in the MMP13-ASO treated group as compared to the
control-ASO treated group (Figure 3D). We observed very low levels of MMP-13
expression in the tumor alone area which was not altered by MMP13-ASO treatment
(Figure 3D).

Inhibition of MMP-13 decreases RANKL expression and regulates the RANKLOPG
ratio at the TB-interface

Previous observations from our laboratory have shown the upregulation of
RANKL at the TB-interface in mammary tumor-induced osteolysis (Nannuru et al.,
2009;Futakuchi et al., 2009). RANKL interacts with its receptor RANK and activates
osteoclasts. We evaluated RANKL mRNA levels in MMP13-ASO and Control-ASO
treated mice and observed a significant decrease in RANKL expression at the TB-
interface in the MMP13-ASO treatment group (Appendix 1).



The RANKL/OPG axis has been shown to play a pivotal role in osteolytic bone
metastasis (Dougall and Chaisson, 2006). We examined how the RANKL:OPG ratio at
the TB-interface was altered due to MMP-13 ASO treatment. RANKL levels were
significantly reduced due to MMP13-ASO treatment (Appendix 1), whereas we did not
observe any significant difference in OPG levels between the two treatment groups
(Appendix 1). With the decrease in the RANKL levels, we observed a significant
decrease in the RANKL:OPG at the TB-interface in the MMP13-ASO treatment group
(Appendix 1). These observations suggest a functional role for MMP-13 in tumor-
induced osteolysis mediated by the regulation of the RANKL/OPG axis.

Targeting MMP-13 inhibits MMP-9 activation and TGFf signaling

Previously, we have shown that MMP-9 is also upregulated at the TB-interface in
mammary tumor implanted mice (Wilson et al., 2008). We observed a decrease in MMP-
9 mRNA expression at the TB-interface in the MMP13-ASO treated group as compared
to the control-ASO treated group (Appendix 1). We evaluated the activity of MMP-9 at
the TB-interface of CI66 tumor bearing mice treated with MMP13-ASO compared to
Control-ASO. We observed a significant decrease in gelatinolytic activity (at 92kDa) in
the MMP13-ASO treated mice. We observed a significant decrease in active:pro MMP-9
enzyme levels in MMP13-ASO treated mice (Appendix 1).

We have previously reported that, upregulation of TGFf signaling during tumor-
bone interaction promotes tumor-induced osteolysis (Futakuchi et al., 2009). We
observed a significant decrease in tumor-induced osteolysis with MMP-13 ASO
treatment. To examine whether MMP-13 acts via TGFf signaling in mammary induced
osteolysis, we evaluated TGFpB expression and activity at the TB-interface of MMP13-
ASO and control-ASO treated mice. We observed downregulation of TGF mRNA
expression in MMP13-ASO treated mice (Figure 4B). We evaluated TGFp signaling
using immunohistochemistry for p-Smad2 (Nakao et al., 1997). We observed a
significant decrease in the pSmad-2 staining index and TGFp signaling at the TB-
interface of mice with MMP13-ASO0 treatment (Figure 4A & C).



Figure 1. Gene expression profile at the TB interface. A, changes in the gene expression profile at
the TB interface in comparison with the tumor alone area were determined using cDNA
microanalysis using week 4 samples from 4T1, CI66, and CI66M2 tumors. B, i-vi, nNRNA
expression of MMP13, IBSP, Lumican, LOX, Kif5b, and Wifl was confirmed by real-time PCR
analysis with gene-specific primers. Relative expression of these genes from tumor alone and TB
interface samples were normalized to GAPDH expression. Real-time gene expression data
presented are representative of all three cell lines done in triplicate. Bars, SEM. **, P < 0.0



Figure 2.MMP13 expression at TB interface is associated with tumor-induced osteolysis. A,
expression of MMP13 at the TB interface. Immunohistochemistry for MMP13 was done on
sections from CI66 tumor-bearing mice and non-tumor-bearing mice. b, tumor cells, osteoblasts,
and stromal cells at the TB interface were stained positive for the MMP13 (arrows). a, tumor cells
in the tumor alone area did not stain for MMP13. ¢, immunostaining of normal bone showing
very low MMP13 expression. Bar, 0.01 mm. B, severity of tumor-induced osteolysis was
computed by measuring the BDI on sections from CI66 tumor-bearing mice at weeks 2, 3, and 4
after tumor implantation. We observed an increase in the BDI with time and an association with
osteoclast homing at the TB interface. Bars, SD (n = 5). C, kinetics of MMP13 expression at
different time points after tumor implantation by RT-PCR. TB interface and tumor alone area
samples from CI66 tumor-bearing mice were analyzed for MMP13 expression, and an increase in
expression was observed at the TB interface at all time points. Relative MMP13 expression was
normalized to GAPDH expression. Bars, SD. *, P < 0.05; **, P < 0.01; ***, P < 0.005.



Figure 3.Inhibition of MMP13 in vivo reduces tumor-induced osteolysis. A, experimental
strategy for treatment of C166 tumor-bearing mice with MMP13-ASO and control-ASO. B, H&E-
stained sections (magnification, 20x) of tumors from control-ASO-treated (i) and MMP13-ASO-
treated (ii) mice. Solid line, the intact bone; dotted line, the bone resorbed. iii, severity of the
osteolytic lesion was measured by calculating the BDI; a significant reduction in the BDI was
observed in MMP13-ASO-treated mice compared with control-ASO-treated mice. Bars, SD (n =
5 per group, and the study was repeated with same number of mice in each group). C, number of
TRAP-positive osteoclasts in MMP13-ASO-treated and control-ASO-treated mice. D, expression
of MMP13 at the TB interface of MMP13-ASO-treated animal is significantly reduced compared
with control-ASO-treated mice. MMP13 expression was determined by RT-PCR and normalized
to GAPDH expression. The values are mean + SEM. This is a representative of three experiments
with similar results. Scale bar, 0.01 mm.



Figure 4.Inhibition of MMP13 blocks TGFp signaling at the TB interface. A and C, sections from
MMP13-ASO-treated mice showed a significantly reduced p-Smad-2 staining index at the TB
interface. Scale bars, 0.01 mm (n = 5). B, gRT-PCR showed a significant decrease in TGF mRNA
expression at the TB interface in MMP13-ASO-treated mice compared with control-ASO-treated
mice. The values are mean £ SEM. This is representative of three experiments with similar results. **
P < 0.05.



Key Research Accomplishments:

In our research effort to elucidate the molecular mechanisms that regulated
osteolytic bone metastasis, we observed that,

Tumor cells in the bone microenvironment promote bone resorption and
osteolysis. Three different mammary adenocarcinoma cell lines (4T1, CI66 and
Cl66M2) were implanted on calvaria. Though these tumor cells differ in their
metastatic potential, once they are in the bone microenvironment they promote
osteoclast activation and induce similar levels of osteolysis.

Interaction of mammary tumor cells with bone microenvironment alters the gene
expression profile at the tumor-bone interface.

In our experimental osteolytic bone metastasis model RANKL, MMP13, IBSP,
Lox, Lumican, IGFBP5 and WIF1 genes were highly upregulated at the TB
interface.

During the tumor-bone interaction, we found that not only RANKL mRNA and
protein levels were upregulated at the TB interface, but also we have observed
solubulization of membrane bound RANKL to form soluble RANKL (sRANKL).
Levels of RANKL and sRANKL in TB interface samples and TA samples from
Cl66 tumors were analyzed by western blot using an antibody that detects a
moiety at the c-terminal of RANKL. Soluble RANKL levels were also higher in
TB interface samples.

Generation of SRANKL bypasses requirement of cell-cell interaction between
RANKL expressing osteoblasts and RANK expressing osteoclasts for their
activation. Soluble RANKL generation is higher in tumor-bone lysates compared
tumor alone samples.

Soluble RANKL is generated from proteolytic cleavage of full length RANKL
near the NH; terminus within the extracellular domain by Cathepsin G.

Increased expression of RANKL and subsequent generation of SRANKL at the
TB interface during mammary tumor cell interaction in bone microenvironment
led to increased osteoclast activation, which is responsible for increased bone
resorption and tumor-induced osteolysis.

Activated osteoclasts at the TB interface were analyzed using TRAP staining,
which specifically stains multinucleated alkaline phosphatase producing activated
osteoclasts.

Targeting RANKL expression with antisense oligonucleotides (ASO) in CIl66
tumor bearing mice significantly reduced RANKL expression at TB interface,
thereby reduced osteoclast activation and significantly inhibited tumor-induced
osteolysis. Whereas in Control-ASO treated group significant levels of bone
destruction due to tumor growth was observed.

RANKL protein levels were lower in RANKL-ASO treated group compared to
Control-ASO treated group. OPG levels were not altered due to ASO treatment,
but OPG:RANKL ratio is elevated at the TB interface in RANKL-ASO treated
group. This eventually resulted in decreased activated osteoclasts at the TB
interface and inhibition of tumor-induced osteolysis.



No significant difference in tumor growth in RANKL-ASO and Control-ASO
treated groups was observed. Number of proliferating cells observed by PCNA
staining showed a significantly higher number of proliferating tumor cells in
control tumors compared to RANKL targeted tumors.

MMP13 expression at the TB interface was upregulated both at mRNA and
protein level. Increased MMP13 expression levels were associated with increase
in osteolysis observed in tumor bearing mice.

Inhibition of MMP13 in CI66 tumor-bearing mice with ASO significantly reduced
MMP13 expression and tumor-induced osteolysis.

Incubation of RANKL with MMP13 in vitro has shown that MMP13 cannot
cleave RANKL to form soluble RANKL.

The ratio of active MMP-9 to ProMMP-9 levels was significantly reduced in
MMP13 ASO treated mice compared Control-ASO treated mice. MMP13 might
be involved in activation of pro-MMP-9 to active MMP-9. MMP-9 is a known
osteoclast recruiter and decrease in Active MMP-9 levels with MMP13 ASO
treatment may be responsible for the decreased osteoclast number observed at the
TB interface.

A significant decrease in TGFB signaling ()SAMD?2 staining) at the TB interface
was observed in MMP13-ASO0 treated group compared to Control-ASO group.
Upregulation of MMP13 expression during tumor-bone interaction in mammary
tumor growth in bone microenvironment promotes osteolysis through activation
MMP-9 and TGFB signaling.
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Conclusions:

In our study, we sought to determine the functional significance of RANKL
during tumor-stromal interaction in mammary tumor-induced osteolytic lesions. Our data
demonstrate upregulation of RANKL and MMP13 expression and generation of
SRANKL at the TB-interface in tumor-induced osteolysis. Moreover, we showed that
cathepsin G is capable of shedding the extracellular domain of RANKL, generating active
SRANKL that is capable of inducing differentiation and activation of osteoclast
precursors. Targeting RANKL expression using antisense-RANKL oligonucleotide
decreased RANKL levels and RANKL:OPG ratio at the TB- interface and significantly
reduced tumor-induced osteolysis. Furthermore our findings delineate the potential role
of MMP-13 as one of the key regulators, commonly upregulated at the TB-interface,
during tumor bone interaction in osteolytic bone metastasis. MMP-13 expression
contributes to the osteolytic process by regulating RANKL:OPG levels, activating MMP-
9 and increasing TGFp signaling (Figure 23). Our study provides data for understanding
the mechanistic role of MMP-13 in osteolysis observed during bone metastasis.
Additional studies are required to understand the regulation of MMP-13 expression
during osteolytic bone metastasis and the development of targeted therapeutics.
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Abstract The bone microenvironment plays a critical
role in tumor-induced osteolysis and osteolytic metastasis
through tumor—bone (TB)-interaction. Receptor activator
of nuclear factor-kB (RANK) ligand (RANKL) is one of
the critical signaling molecules involved in osteolysis and
bone metastasis. However, the regulation and functional
significance of RANKL at the TB-interface in tumor-
induced osteolysis remains unclear. In this report, we
examined the role of tumor—stromal interaction in the
regulation of RANKL expression and its functional sig-
nificance in tumor-induced osteolysis. Using a novel
mammary tumor model, we identified that RANKL
expression was upregulated at the TB-interface as com-
pared to the tumor alone area. We demonstrate increased
generation of SRANKL at the TB-interface, which is
associated with tumor-induced osteolysis. The ratio of
RANKL to osteoprotegrin (OPG), a decoy receptor for
RANKL, at the TB-interface was also increased. Targeting
RANKL expression with antisense oligonucleotides
(RANKL-ASO), significantly abrogated tumor-induced
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osteolysis, decreased RANKL expression and the RANK-
L:OPG ratio at the TB-interface. Together, these results
demonstrate that upregulation of RANKL expression and
sRANKL generation at the TB-interface potentiates tumor-
induced osteolysis.

Keywords Bone metastasis - RANKL -
Soluble RANKL - Tumor-bone interaction -
Tumor-induced osteolysis - Anti-sense therapeutics

Introduction

Breast cancer is the most common cancer among women in
the United States. Annually, breast cancer is responsible
for over 40,000 deaths, making it the second leading cause
of cancer death [1]. A large portion of breast cancer-related
mortality is due to metastatic disease rather than the pri-
mary tumor itself. Breast cancer cells demonstrate strong
predilection for metastasis to bone resulting in lesions that
are predominantly osteolytic. These lesions significantly
reduce the quality of life of the patient by causing intrac-
table bone pain, anemia, hypercalcemia, increasing the risk
of pathologic fracture and dramatically increase the risk of
mortality [2—4].

Malignant breast cancer cells entry to bone microenvi-
ronment initiates a vicious cycle of bidirectional commu-
nication between tumor and stromal cells that promotes
osteolytic metastases [2, 5, 6]. One of the critical signaling
molecules involved in this cycle is receptor activator of
NF-xB ligand (RANKL). RANKL is a membrane-bound
protein expressed on the cell surface of osteoblasts and
bone marrow stromal cells [6-9]. Binding of RANKL to its
receptor, RANK, expressed on the surface of osteoclast
precursors leads to their differentiation into mature
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osteoclasts [7, 8, 10]. Another molecule intimately tied to
the RANKL-RANK signaling axis is osteoprotegerin
(OPG) which is a soluble, decoy receptor of RANKL that
prevents RANKL from engaging RANK and initiating
signaling [7, 8, 11]. Malignant cells secrete soluble factors
such as parathyroid hormone related peptide (PTHrP) that
up-regulates RANKL expression [12] and enhanced
RANKL signaling appears to be the driving force behind
tumor-induced osteolytic lesions [12—-17]. However, very
little is known about the role of tumor—bone interaction in
regulation of RANKL expression.

While RANKL-RANK signaling is critical to the oste-
olytic metastasis, it is also the rate limiting step of the cycle
since signaling requires cell to cell contact to bring both
membrane-bound proteins into contact. One mechanism by
which this requirement can be bypassed is the generation of
a soluble form of RANKL (sRANKL) that allows wide-
spread osteoclast activation. Recently, Cathepsin G was
identified as a protein that is upregulated at the TB-inter-
face of mammary tumor-induced osteolytic lesions and was
shown to be capable of generating SRANKL [18, 19]. Other
proteases known to be capable of generating sSRANKL
include matrix metalloproteinase (MMP)3, MMP7, a dis-
integrin and metalloproteinase (ADAM)-17, and ADAM-
19 [20-22]. Inhibition of Cathepsin G significantly reduced
mammary tumor-induced osteolysis suggesting the impor-
tance of SRANKL [18]. However, while the centrality of
RANKL-RANK signaling has been clearly established the
relative contributions of RANKL and sSRANKL during TB-
interactions remain unclear.

In the present study, we sought to determine the func-
tional significance of RANKL during tumor—stromal
interaction in mammary tumor-induced osteolytic lesions.
Our data demonstrate upregulation of RANKL expression
and generation of SRANKL at the TB-interface in tumor-
induced osteolysis. Furthermore, targeting RANKL
expression using antisense-RANKL  oligonucleotide
decreased RANKL levels and RANKL:OPG ratio at the
TB-interface and significantly reduced tumor-induced
osteolysis.

Materials and methods
Animal model and tissue sample processing

4T1 (highly metastatic), C166 (moderately metastatic), and
Cl66M2 (low metastatic), three murine mammary adeno-
carcinoma cell lines with different metastatic potentials
[23-29] syngeneic to BALB/c mice, were used in this
study. All cell lines were maintained in Dulbecco’s Mod-
ified Eagle Media (DMEM) (Mediatech, Hendon, VA) with
5% serum supreme (Biowhitaker, Walkersville, MD), 1%
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vitamins, 1% vr-glutamine, and 0.08% gentamicin (Invit-
rogen, Carlsbad, CA).

Six to eight week old female BALB/c mice (NCI,
Bethesda, MD) were used in this study. All mice were
maintained in accordance with the Institutional Animal Use
and Care Committee of the University of Nebraska Medi-
cal Center. Mammary tumor cells (5 x 10* cells/50ul)
mixed in growth-factor reduced Matrigel (BD Biosciences,
San Jose, CA) were injected directly onto the calvaria to
mimic the close association of tumor cells and cells of the
bone microenvironment [12, 18, 20]. Tumor growth was
monitored and animals were sacrificed at 4 weeks post-
implantation. The tumor and the underlying bone tissues
were dissected into two halves, one half being used for
histology sections and the other half used for micro-dis-
secting the tumor alone area and the TB interface for fur-
ther analysis.

For histological examination and immunohistochemis-
try, the samples were fixed with periodate-lysine-paraf-
ormaldehyde at 4°C for 48 h. The tissues were then
transferred into a decalcification solution (15% EDTA with
glycerol, pH 7.4) for 4 weeks and were subsequently par-
affin embedded and processed for histology.

Total RNA was extracted using Trizol (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions.
The RNA concentration was quantified using a NANO
drop ND-1000 Spectrophotometer (Nano Drop Technolo-
gies, Wilmington, DE).

Protein was extracted from the samples using T-PER
tissue protein extractor solution (Pierce, Rockford, IL)
following the manufacturer’s provided protocol. Protein
samples were quantified using a BCA protein assay kit
(Pierce, Rockford, IL).

Microarray analysis and quantitative real time PCR
(qRT-PCR)

Calcified frozen sections were serially sectioned in 10-pm
thick slices and at least ten slides per mouse were micro-
dissected with careful separation of the TB-interface and
the tumor alone areas. Total RNA was extracted from
each micro-dissected population, pooled and an equal
amount of RNA was amplified using a probe amplifica-
tion kit (Affymetrix, Santa Clara, CA). An Affymetrix
Mouse Expression Array 430 was used for comparing
gene expression profiles between the TB-interface and the
tumor alone areas. A complete detection and analysis of
signals for each chip was performed using Affymetrix
GeneChip® Operating Software to generate raw expres-
sion data. A signal log ratio algorithm was used to esti-
mate the magnitude of change of a transcript when two
arrays are compared (experimental versus baseline). It is
calculated by comparing each probe pair on the
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experimental array, here the TB-interface, to the corre-
sponding probe pair on the baseline array, here the tumor
alone area, and considering the mean of the log ratios of
probe pair intensities across the two arrays. The change is
expressed as the log, ratio. Thus, a signal log ratio of 1.0
indicates an increase of transcript level by twofold and
—1.0 indicates a decrease by twofold. For each set of
tissue from 4T1, Cl66 and Cl66M2, the signal log ratio of
the TB-interface versus the tumor alone area was calcu-
lated, and the genes were ordered from highest to lowest
expression levels.

Gene expression analysis was confirmed using qRT-
PCR for the TB-interface and tumor alone area samples.
5 pg of RNA from each sample was used to synthesize first
strand cDNA. 2 pl of 1:100 diluted first strand cDNA were
amplified in a 20 pl reaction with SYBR green master mix
(Roche, Indianapolis IN) and 10 mM primer mix using a
Bio-Rad iCycler (Bio-Rad, Hercules, CA). The following
reaction conditions were used: initial denaturation at 95°C
for 3 min, followed by amplification cycles with denatur-
ation at 95°C for 60 s, annealing at 60°C for 60 s, and
extension at 72°C for 60 s, and finally a long extension at
72°C for 2 min. Primers used for RANKL were 5'-TTA
GCA TTC AGG TGT CCA ACC-3’ and 5-CGT GGG
CCA TGT CTC TTA GTA-3'; and for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were 5-AGC CTC
GTC CCG TAG ACA AAA-3 and 5-GAT GAC AAG
CTT CCC ATT CTC G-3'. The fluorescence intensity of
double-strand specific SYBR Green, reflecting the amount
of formed PCR-product, was monitored at the end of each
elongation step. The ct value for each gene was normalized
with GAPDH expression for relative gene expression
analysis.

Immunohistochemistry and TRAP staining

RANKL protein expression was evaluated by immunohis-
tochemistry on tumor sections using a RANKL-specific
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The
sections were deparaffinized using EZ dewax solution
(Biogenex, San Ramon, CA). For antigen retrieval, the
sections were boiled in 0.1 M citrate buffer (pH 6.0) for
10 min and endogenous peroxidase activity was blocked
using 3% H,0, for 5 min. The sections were then blocked
in antibody diluent for 1 h at room temperature. RANKL
antibody was diluted 1:100 in blocking solution and sec-
tions were incubated overnight at 4°C. After washing, the
slides were incubated with anti-goat biotinylated antibody
for 30 min at room temperature. After washing, immuno-
reactivity was detected using Vectastain ABC and DAB
substrate kits (Vector Laboratories, Burlingame, CA).
Sections were counterstained with hematoxylin, dehy-
drated, and permanently mounted.
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Tartrate resistant acid phosphatase (TRAP) staining was
performed to detect activated osteoclasts in vivo according
to the manufacturer’s instructions (Sigma Chemicals, St.
Louis, MO). For quantitative analysis, immunostained
sections were examined under a Nikon light microscope.
The number of positive cells was assessed at a magnifi-
cation of 400x for each lesion.

Enzyme linked immunosorbent assay (ELISA) for
RANKL and OPG

Quantitative determination of RANKL and OPG levels at
the TB-interface and tumor alone area was performed using
a commercially available ELISA kit (Biomedica, Vienna,
Austria: Cat:BI20522) according to the manufacturer’s
instructions. Briefly, pre-coated wells were incubated with
samples or recombinant standard and biotinylated antibody
for 3 h. After washing, the reactivity was detected using
streptavidin-HRP conjugate and tetramethylbenzidine
substrate solution. The reaction was stopped and absor-
bance was determined at 450 nm, with correction at
540 nm using an ELx800 ELISA plate reader (BioTek,
Winooski, VT). The sensitivity of these kits were 0.4 pmol/
1 for sSRANKL and 0.14 pmol/l for OPG.

Western blot analysis

Tissue lysates (50 pg) from microdissected tumor alone
area and TB-interface were separated on a 12% SDS-
polyacrylamide gel and then electrotransferred to a PVDF
membrane. The membrane was then washed with 0.1%
Tween-Tris-buffered saline (TTBS). The membrane was
then blocked overnight in 5% bovine serum albumin (BSA)
in phosphate buffered saline (PBS) and blotted with 1:500
anti-RANKL antibody that recognizes an epitope near the
C-terminus of RANKL (Santa Cruz Biotechnology, Santa
Cruz, CA) and anti-GAPDH antibody (Cell Signaling
Technology Inc, Danvers, MA) diluted in TTBS. After
washing in TTBS, the membrane was incubated for 60 min
with 1:1500 anti-goat-HRP diluted in TTBS. Finally, after
washing with TTBS, the membrane was developed using
an ECL Plus Western Blotting Detection System (GE
Healthcare) per manufacturer’s protocol and imaged using
a Typhoon 9410 Variable Mode Imager (GE Healthcare).
The bands for RANKL, sRANKL and GAPDH were
quantified and compared using ImageQuant 5.1 (GE
Healthcare).

Treatment with antisense oligonucleotides for
inhibition of RANKL expression and osteolysis

Antisense oligonucleotides (ASO) used in the therapeutic
protocol were obtained from Isis Pharmaceuticals,
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Carlsbad, CA. These ASOs, used throughout this study,
were designed specific to RANKL. 2’-methoxyethyl mod-
ified chimeric ASOs are synthesized as previously descri-
bed [30]. These oligonucleotides are modified at the 2’
sugar position of the five bases at both the 3’ and 5’ ends
with a methoxyethyl group. This modification greatly
increases the stability of the oligonucleotides and the
affinity for its target mRNA while reducing the amount of
immune stimulatory and inflammatory effects that can be
seen with oligonucleotides in mice [31]. Active ASOs were
identified by screening 46 ASOs designed to be specific for
RANKL. These ASOs were transfected into cells and RNA
was isolated 24 h later. RANKL mRNA levels were
determined by RT-PCR and the most effective ASOs were
identified. The efficacy of these ASOs was confirmed in
concentration-response experiments and the most potent
ASO was used for further experiments. The sequence of
this ASO is GTC TTA CAC ATG TAT AGA CA. As a
negative control, we used an oligonucleotide with the same
chemical modifications, but a sequence, TCT TAT GTT
TCC GAA CCG TT, that did not match any known mRNA
in the mouse genome.

To determine the effect of inhibition of RANKL
expression using ASOs, animals bearing Cl66 mammary
tumors were randomly divided into two treatment groups
(control-ASO and RANKL-ASO). The oligonucleotides
were dissolved in normal saline (0.9% NaCl) and were
administered by intraperitoneal (i.p.) injection at a dose of
50 mg/kg/day starting at day 7 following tumor implan-
tation for 5 days with 2 days off followed by another
4 days (see Fig. 5A). Tumor growth was monitored and
mice were sacrificed on day 28. Tumor alone and TB-
interface samples were collected and processed for further
analysis.

Statistical analysis

The significance of the in vitro data was determined by
Student’s -test (two-tailed) using SPSS software (SPSS,
Chicago, IL). In vivo analysis was performed using Wil-
coxon signed rank test and Mann—Whitney U-test of sig-
nificance. A value of P < 0.05 was deemed significant.

Results

Osteoclast activation and osteolysis is similar between
cell lines

Mammary tumor cells 4T1, Cl66, and Cl66M2, were
transplanted onto the calvaria of BALB/c mice and tumor
growth was monitored. Histochemical analysis demon-
strated that all tumors exhibited tumor-induced osteolysis
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and osteoclast activation similar to that observed in breast
cancer bone metastasis (Fig. 1). The degree of osteolysis
was assessed by calculating the bone destruction index
(BDI), calculated by comparing the ratio of the length of
bone completely destroyed by the tumor cells to the total
length of the bone at the tumor-bone interface (Fig. 1B).
We did not observe any difference in bone destruction index
between the three cell lines with the BDI being 45-50% for
all three cell lines (Fig. 1B). Similarly, we observed no
significant difference in the number of TRAP-positive
osteoclasts at the tumor-bone interface among tumors from
the three different cell lines (Fig. 1C, D). Furthermore, the
number of osteoclasts at the TB-interface was associated
with the bone destruction index (Fig. 1B, D).

RANKL is upregulated at the tumor-bone interface

We utilized microarray analysis to examine the gene
expression pattern at the TB-interface compared to the
tumor alone area in tumors derived from all three cell lines
(Fig. 2). We observed a set of 414 genes commonly
upregulated among the three cell lines and 27 genes com-
monly down-regulated among the three cell lines at the TB-
interface compared to the tumor alone area. Three highly
upregulated genes included integrin binding bone sialo-
protein, RANKL, and MMPI13. From these genes, we
selected RANKL for further analysis (Fig. 2A, B). We did
not observe any significant difference in RANK expression
at the TB-interface compared to the tumor alone area (data
not shown). We validated the microarray data using qRT-
PCR. We observed upregulation of RANKL mRNA at the
TB-interface compared to the tumor alone area in all three
groups (Fig. 2C).

We further validated upregulation of RANKL at the
tumor-bone interface by using immunohistochemical
analysis to demonstrate upregulation of RANKL at the
protein level. In agreement with the mRNA expression
data, we observed higher expression of RANKL protein at
the TB-interface (Fig. 2D). Osteoblasts, stromal cells and
tumor cells at the TB-interface stained strongly positive for
RANKL [Fig. 2D-ii (lower magnification); 2D-iii (higher
magnification)]. In contrast, low expression of RANKL
was observed in the tumor alone area (Fig. 2D-i).

RANKL, sRANKL and OPG expression
at the TB-interface

To attempt to decipher the relative contributions of mem-
brane-bound RANKL and sRANKL at the tumor-bone
interface, we next analyzed expression of sSRANKL, the
cleaved form of membrane-bound RANKL in mice bearing
CI66 tumors. In addition, we also analyzed the expression
of OPG, a soluble decoy receptor of RANKL. Expression
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Fig. 1 Mammary tumor-induced osteolytic changes. A H&E staining
of the tumor bone interface from Cl66 tumors implanted mice; i low
magnification (20x); ii higher magnification (200x) to demonstrate
the tumor-bone interface. The levels of tumor-induced osteolysis in
H&E-stained sections were measured by comparing length of the
completely resorbed bone (dotted line) and areas of no bone
destruction (solid lines). Arrows indicate cranial invasion and growth
of tumors. B The bone destruction index in 4T1, C166 and Cl66 M2
tumors. BDI was measured on at least two different sections for each

of both proteins was analyzed using ELISA specific for
OPG and RANKL. Similar to RANKL mRNA expression,
the levels of RANKL at the TB-interface were significantly
higher compared to the tumor alone area in all tumors
examined (Fig. 3A). We did not observe any significant
difference in the level of OPG at the TB-interface com-
pared to the tumor alone area (data not shown).

We then examined the ratio of RANKL to OPG at the
TB-interface and tumor alone area. Results shown in
Fig. 3B demonstrate an increased RANKL:OPG ratio at
the TB-interface compared to the tumor alone area for all
tumors. Together, these data demonstrate upregulation of
RANKL and likely upregulation of free, active SRANKL
during tumor-induced osteolysis.

We further examined the proportions of RANKL and
sRANKL at the TB-interface using Western blot analysis

20

Number of osteoclasts O

400 -

300 1

200 1

1001

4T1

Cle6

Cle6M2

mice and average value of BDI calculated from the measurements of
all the mice in the group. C i H&E-stained section to demonstrate the
presence of osteoclasts at the Tumor Bone interface during intracra-
nial penetration and growth of tumor (arrows heads); ii TRAP-
positive multinucleated cells as osteoclasts counted along the total
length of the TB-interface (arrow heads). D The number of TRAP-
positive osteoclasts in 4T1, C166 and C166M2 tumors. The values are
mean £+ SEM (n = 5 mice per group). Scale bars represent 0.01 mm

with an antibody capable of detecting both full-length,
membrane-bound RANKL (~36 kDa) and sRANKL
(~?24kDa) (Fig. 4A). Similar to ELISA results, a signif-
icant difference in the levels of RANKL and sRANKL
were observed at the TB-interface compared with the
tumor alone area (Fig. 4B). These data further confirmed
that in addition to upregulation of RANKL expression,
there was also increased generation of sSRANKL at the
TB-interface of mammary
lesions.

tumor-induced osteolytic

Inhibiting RANKL expression abrogates mammary
tumor-induced osteolysis

Next, we evaluated the functional significance of
enhanced RANKL expression and increased soluble

@ Springer



Clin Exp Metastasis

RANKL levels during tumor—bone interaction. To deter-
mine the functional role of RANKL and soluble RANKL
in tumor induced osteolysis, we used ASOs to knock
down RANKL expression in Cl66 tumor bearing mice.
We did not observe any weight loss or toxicity in any of
the treatment groups (data not shown). In addition, we did
not observe any significant difference in tumor growth
between RANKL-ASO and control-ASO groups (data not
shown).

H&E staining of tumor sections demonstrated severe
bone destruction in control-ASO treated tumors (Fig. 5B-i)
whereas RANKL-ASO treated tumors showed very little or
no osteolysis (Fig. 5B-ii). We observed a significant inhi-
bition in RANKL expression at the TB-interface in
RANKL-ASO treated group as compared to control-ASO
treated group (Fig. 5F). We quantified the severity of
lesion by measuring bone destruction index and observed a
significant decrease in osteolysis in the RANKL-ASO
treated group compared to the control-ASO treated group
(Fig. 5C). Activated osteoclasts are responsible for oste-
olysis, hence we analyzed whether RANKL targeting has
any effect on osteoclast activation and number at the tumor
bone interface. TRAP staining was used to enumerate
activated osteoclasts at the TB interface (Fig. 5D). We
observed a significant decrease in activated osteoclasts per
microscopic field at the TB interface in RANKL-ASO
treated mice compared to control-ASO treated group
(Fig. SE). Decreased osteoclast number observed in
RANKL-ASO treated group is in association with inhibi-
tion of tumor induced osteolysis.

We then examined the expression of RANKL in tumors
from RANKL-ASO and control-ASO treated animals using
gRT-PCR. The expression of RANKL at the TB-interface
was significantly lower in the RANKL-ASO treated group
as compared to the control-ASO treated group (Fig. SF).
We observed low levels of RANKL expression in the
tumor alone area which was not altered by RANKL-ASO
treatment (Fig. 5F).

Next, we analyzed the effect of RANKL-ASO on the
levels of RANKL and OPG proteins in tumors. Similar to
RANKL mRNA expression, knocking down expression of
RANKL using RANKL-ASO inhibited RANKL protein
levels at the TB-interface (Fig. 6A). We also observed a
concomitant increase (but not significantly different) in the
level of OPG at the TB-interface in the RANKL-ASO
treated group compared to the control-ASO treatment
(Fig. 6B).

With a decrease in RANKL at the TB-interface of
RANKL-ASO treated animals, there was a significant
decrease in the RANKL:OPG ratio following RANKL-
ASO treatment (Fig. 6C). These studies demonstrate that
knocking down RANKL expression at the TB-interface
inhibits generation of RANKL, decreases RANKL to

@ Springer

21

OPG ratios,
osteolysis.

and inhibits mammary tumor-induced

Discussion

Breast cancer bone metastasis depends on the interaction of
tumor cells with the bone microenvironment which triggers
a ‘vicious cycle’ leading to osteoclast activation and bone
destruction [5, 32, 33]. The cellular and molecular regu-
lators of tumor—stromal interaction in osteolytic bone
metastasis remain unclear. Understanding the bidirectional
communication that occurs between tumor cells and bone
stromal cells has the potential to reveal potential thera-
peutic targets that would abrogate osteolysis and signifi-
cantly improve the quality of life for breast cancer patients.

Using a syngeneic murine model and three mammary
tumor cell lines, we demonstrated that RANKL expres-
sion was commonly up-regulated at the TB-interface as
compared to the tumor alone area. Several studies have
implicated the role of RANKL in the vicious cycle of
osteolytic bone metastasis [34]. RANKL is the key
stimulator of bone resorption; however, the relative
abundance and importance of RANKL produced by
malignant cells and host cells during tumor—bone inter-
action remains unclear. In the present study, we demon-
strated that RANKL is predominantly expressed at the
TB-interface. Both tumor cells and bone stromal cells,
including osteoblasts at the TB-interface, expressed
RANKL. This data agrees with a recent report in a
prostate cancer model that utilized a xenograft model of
human tumor cells into a murine host to decipher the
relative contributions of RANKL from the tumor cells
versus the bone stromal cells [9]. In contrast, we observed
very little RANKL expression in the tumor alone areas.
The expression of RANKL at the TB-interface coincided

Fig. 2 Upregulation of RANKL expression at the tumor-bonel
interface. A Samples were microdissected to separate the tumor
alone area from the tumor-bone interface for each of the three
mammary tumor cell lines. Analysis of Affymetrix Gene Arrays from
these samples identified upregulated genes. RANKL was among the
genes commonly upregulated at the tumor-bone interface in all three
cell lines. B Microarray analysis demonstrated that RANKL is
upregulated at the tumor-bone interface in all three cell lines. C qRT-
PCR confirmed that RANKL is upregulated at the tumor-bone
interface in all three cell lines. The values are mean & SEM. This is a
representative of three experiments with similar results. D Immuno-
histochemistry of tumor sections stained with RANKL specific
antibody depicts increased RANKL staining at the tumor-bone
interface (ii 200x; iii 400x) compared to the tumor alone area
(i 200x), antibody control shows no non specific staining (iv 200x).
Scale bars represent 0.01 mm
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Fig. 3 RANKL and OPG levels at the tumor-bone interface. RANKL
was upregulated at the tumor-bone interface compared to the tumor
alone area (A) as demonstrated by ELISA. B The RANKL:OPG ratio
was significantly increased at the tumor-bone interface compared to

with increased osteolysis and numbers of activated
osteoclasts, suggesting that tumor—stromal interactions
regulate RANKL-mediated osteoclast activation and
tumor-induced osteolysis.

A major barrier to progress in identifying the molecular
mechanism(s) of osteolytic breast cancer bone metastasis is
the lack of appropriate animal models that fully reflect the
biology of human breast cancer metastasis to bone [35, 36].
These models of human bone metastasis of breast cancer
produce mixed osteolytic lesions which make it difficult to
examine the tumor—stromal interactions. In this study, we
used a bone invasion model that mimics the osteolytic
changes associated with human cancer [12, 18, 20]. This
model allows focused study of the molecular mechanisms
governing osteolysis by creating a distinct TB-interface.
We used three murine mammary tumor cell lines 4T1, C166
and CI66M2, which are derived from a spontaneous
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the tumor alone area in all three cell lines used. The values are
mean = SEM. This is a representative of three experiments with
similar results

mammary carcinoma in a BALB/c mouse and that exhibit
different patterns of spontaneous and experimental lung
metastasis [23, 37]. While these three cell lines demon-
strate markedly different metastatic potential, we found
that each of the three cell lines establish osteolytic lesions
in bone when directly implanted and do not differ in their
osteolytic potential.

The importance of RANKL signaling at the tumor-
bone interface remains unclear [12]. Suppression of the
RANKL-RANK signaling axis abrogates both tumor-
induced osteolysis and osteolysis associated with arthritis
[13-17]. However, little is known about the relative
importance of the soluble form of RANKL (sRANKL) in
tumor-induced osteolysis. Both MMP7 and Cathepsin G
have been shown to be capable of shedding the extra-
cellular domain of RANKL, generating active sSRANKL
that is capable of inducing widespread osteoclast
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Fig. 4 RANKL and sRANKL
proteins during tumor-induced
osteolysis. A Tissue lysates
from tumor alone areas and TB-
interface from four different
mice (indicated as 1,2,3 and 4)
bearing Cl66 tumors were
examined for RANKL and
sRANKL levels using Western
blot analysis. The antibody used
in the analysis detects ~36 kDa
(membrane bound RANKL) and
~24 kDa (SRANKL).

B Quantitation of the levels of
RANKL and sRANKL was
performed using ImageQuant
analysis software (GE
Biosciences). The levels of
RANKL and sRANKL were
determined as presented as
arbitrary units (A.U.). The
values are mean = SEM. This
is a representative of three
experiments with similar results
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activation [18, 19]. Both RANKL and RANK are mem-
brane-bound proteins and thus require cell to cell contact
between RANKL-expressing cells and RANK-expressing
cells in order to initiate signaling. Thus, osteoclast acti-
vation via RANK activation is limited spatially to the area
surrounding RANKL-expressing cells. The significance of
the generation of SRANKL lies in the ability to bypass
this cell-cell contact requirement and trigger widespread
osteoclast activation without any spatial limitation.
Accordingly, in these models, inhibition of MMP7 or
Cathepsin G significantly reduced tumor-induced osteol-
ysis providing indirect evidence for the importance of
SRANKL [18-20]. For the first time, we demonstrate that
SRANKL is upregulated at the TB-interface of mammary
tumor-induced osteolytic lesions. Importantly, we did not
observe a concomitant increase in OPG levels at the
tumor-bone interface. Furthermore, the elevated RANK-
L:OPG ratio that we observed at the tumor-bone interface
suggests that not only is there an elevation in absolute
RANKL levels but there is also an elevation in the level
of free, functional SRANKL that is capable of binding to
RANK yielding osteoclast differentiation and activation.
Inhibition of RANKL expression using RANKL-ASO
inhibited tumor-induced osteolysis demonstrating the cen-
trality of RANKL signaling in mammary tumor-induced
osteolysis. RANKL levels were significantly reduced at the
TB-interface of RANKL-ASO treated mice. Interestingly,
OPG levels were increased at the TB-interface in these
mice. The combination of decreased RANKL expression at
the TB-interface and increased OPG led to a significantly

Tumor alone

24

TB-interface Tumor alone

decreased RANKL:OPG ratio. Previous studies have sug-
gested the importance of the SRANKL:OPG ratio in serum
as a prognostic indicator in osteolytic bone metastasis [38—
41]. Our report suggests that this serum prognostic factor is
likely a reflection of what is occurring in the bone micro-
environment at the TB-interface.

Studies in the animal model of bone metastasis suggest
that malignant breast cancer cells and clinical data dem-
onstrate that bone resorption is associated with progres-
sion of bone metastases [2, 5, 6, 42-45]. Preclinical
studies demonstrate that animals pretreated with bis-
phosphanate prior to bone colonization of breast cancer
cells, showed significant reduction in the number and
progression of bone metastases [46—48]. However, bis-
phosphanate treatment in animals with established bone
metastasis did not consistently inhibit disease progression,
despite a substantial anti-osteolytic effect, which could be
due to elimination of bone forming osteoblasts by the
tumor cells [46—49], Furthermore, in human patients bis-
phosphonates have been shown to affect bone density, but
not overall survival of breast cancer patients [44, 50, 51].
These studies suggest that the vicious cycle might be
critical for initial steps during bone metastasis and later
on malignant cells become independent of bone-derived
growth factors [48]. Therefore, novel therapeutic strate-
gies to prevent and treat breast cancer bone metastases are
required.

In summary, the present study demonstrated the
importance of RANKL signaling at the TB-interface of
mammary tumor-induced osteolytic lesions, supporting
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Fig. 5 Inhibition of RANKL expression abrogated tumor-induced
osteolysis. A Experimental strategy for treatment of Cl66 tumor
bearing mice with RANKL-ASO and control-ASO. B H&E-stained
section (20x magnification) of tumors from control-ASO (i) and
RANKL-ASO (ii) treated animals. Solid line represents intact bone
and the dotted line shows the osteolytic lesion induced by the tumor.
C The bone destruction index was significantly reduced in RANKL-

previous studies [12, 14-16]. In addition, our data dem-
onstrated increased sSRANKL generation at the TB-inter-
face and suggested that the RANKL:OPG ratio is positively
associated with the degree of osteolysis. Together, these
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ASO treated animals compared to control-ASO treated animals.
F gqRT-PCR demonstrated that RANKL mRNA expression was
significantly reduced at the tumor-bone interface of RANKL-ASO
treated animals demonstrating the efficacy of the RANKL-ASO.
D, E Number of TRAP positive osteoclasts in RANKL-ASO and
control treated animals. The values are mean + SEM. This is a
representative of three experiments with similar results.

results demonstrated that not only upregulation of RANKL
but also generation of SRANKL at the TB-interface is an
important mediator of RANKL-dependent tumor-induced
osteolysis.
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Fig. 6 Inhibiting RANKL expression regulates RANKL and OPG
production at the TB interface. RANKL levels at the TB-interface of
RANKL-ASO treated animals were significantly reduced compared to
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experiment was repeated twice. A While OPG levels were concom-
itantly increased (but not significantly different) in RANKL-ASO
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Abstract

Breast cancer commonly causes osteolytic metastases in bone,
a process that is dependent on tumor-stromal interaction.
Proteases play an important role in modulating tumor-
stromal interactions in a manner that favors tumor establish-
ment and progression. Whereas several studies have examined
the role of proteases in modulating the bone microenviron-
ment, little is currently known about their role in tumor-bone
interaction during osteolytic metastasis. In cancer-induced
osteolytic lesions, cleavage of receptor activator of nuclear
factor-xB ligand (RANKL) to a soluble version (sSRANKL) is
critical for widespread osteoclast activation. Using a mouse
model that mimics osteolytic changes associated with breast
cancer-induced bone metastases, we identified cathepsin G,
cathepsin K, matrix metalloproteinase (MMP)-9, and MMP13
to be proteases that are up-regulated at the tumor-bone
interface using comparative cDNA microarray analysis and
quantitative reverse transcription-PCR. Moreover, we showed
that cathepsin G is capable of shedding the extracellular
domain of RANKL, generating active sSRANKL that is capable of
inducing differentiation and activation of osteoclast precur-
sors. The major source of cathepsin G at the tumor-bone
interface seems to be osteoclasts that up-regulate production
of cathepsin G via interaction with tumor cells. Furthermore,
we showed that ir vitro osteoclastogenesis is reduced by
inhibition of cathepsin G in a coculture model and that in vivo
inhibition of cathepsin G reduces mammary tumor-induced
osteolysis. Together, our data indicate that cathepsin G
activity at the tumor-bone interface plays an important role
in mammary tumor-induced osteolysis and suggest that
cathepsin G is a potentially novel therapeutic target in the
treatment of breast cancer bone metastasis. [Cancer Res
2008;68(14):5803-11]

Introduction

As the most common type of cancer in women in the United
States and the second leading cause of cancer-related death, breast
cancer represents a serious health problem (1). Metastatic disease
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is responsible for most of breast cancer-related mortality,
accounting for the sharp decline in 5-year survival observed as
breast cancer progresses from regional to distant metastasis (1).
In patients that ultimately succumb to breast cancer, nearly all are
found to have bone metastases, showing the tropism of breast
cancer cells to bone. These metastatic bone lesions, predominantly
osteolytic in nature, carry severe consequences including hyper-
calcemia, pathologic fracture, and leukoerythroblastic anemia (2).
As a result, bone metastasis dramatically increases the risk of
mortality as well as significantly reduces the quality of life.

The mechanisms involved in breast cancer-induced osteolytic
bone metastases have been extensively studied but remain unclear.
As breast cancer cells establish secondary colonies in the bone
microenvironment, a vicious cycle ensues (2). Tumor cells secrete
soluble factors such as interleukin (IL)-1, IL-8, and parathyroid
hormone-related peptide that activate osteoblasts and induce
expression of receptor activator of nuclear factor-xB ligand
(RANKL). RANKL expressed by osteoblasts can then interact with
its receptor (RANK) on the cell surface of osteoclast precursors,
leading to osteoclast differentiation and activation. Activated
osteoclasts then mediate bone degradation through the release of
proteases including matrix metalloproteinases (MMP) and cathe-
psins. As bone is degraded, sequestered growth factors are released
that serve as growth and survival factors as well as chemo-
attractants for tumor cells, promoting the establishment of bone
metastases (2). Thus, tumor-stromal interactions play a signifi-
cant role in the establishment and regulation of osteolytic bone
metastases.

Proteases play a major role in tumor-stromal interactions by
modifying the bidirectional communication to favor tumor
establishment and growth at both the primary tumor site and
metastatic site (3-5). In a prostate cancer model, we have
previously shown that MMP7 is capable of cleaving membrane-
bound RANKL into a soluble version (SRANKL), which relieves the
contact-dependent nature of osteoblast-osteoclast interaction,
bypasses the rate-limiting step of the vicious cycle, and enhances
osteoclast activation and subsequent osteolysis (6). To date,
however, no such mechanism has been described in breast cancer.

In the present study, we examined the patterns of expression of
proteases at the tumor-bone interface of mammary tumor-
induced osteolytic lesions and investigated their functional
significance in modulating RANKL-RANK signaling in osteoclast
activation and osteolysis. We identified cathepsin G, cathepsin K,
MMP9, and MMP13 to be proteases that are up-regulated at the
tumor-bone interface. Moreover, we showed that cathepsin G is
capable of shedding the extracellular domain of RANKL,
generating active sRANKL that is capable of inducing differen-
tiation and activation of osteoclast precursors. Furthermore, we
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showed that in vitro osteoclastogenesis is reduced by inhibition of
cathepsin G in a coculture model and subsequently showed that
in vivo inhibition of cathepsin G reduces mammary tumor—
induced osteolysis. Thus, we have shown for the first time a role
for cathepsin G at the tumor-bone interface of mammary tumor-
induced osteolytic lesions and have uncovered a potential
therapeutic target.

Materials and Methods

Animal model and tissue preparation. 4T1, Cl66, and CI66M2 murine
breast adenocarcinoma cell lines were used in this study. Tumor cells
(1 x 10°) mixed with growth factor-reduced Matrigel were implanted on
the dorsal skin flap over the calvaria of female BALB/c mice. Tumor growth
was monitored twice a week. Mice were sacrificed and necropsied for
examination of osteolytic lesions at 4 wk postimplantation. At that time, the
tumor and the underlying bone were divided into two pieces. One piece was
used for separation of the tumor-bone interface from the tumor alone area
for further analysis and the other piece was used for histology sections.
All studies were done in accordance with the Institutional Animal Use and
Care Committee of the University of Nebraska Medical Center. For histo-
logic examination, tissues were fixed with periodate-lysine-paraformalde-
hyde at 4°C for 48 h. The tissues were then transferred into a decalcification
solution (15% EDTA with glycerol, pH 7.4-7.5) for 4 wk. The tissue was then
paraffin embedded and processed for further analysis.

Microarray analysis and real-time PCR. Calcified frozen sections were
serially sectioned into 10-um slices. Sections were then microdissected to
separate the tumor-bone interface from the tumor alone area (Fig. 14).
Total RNA was extracted from both the tumor-bone interface and the tumor
alone area and then amplified by using a probe amplification kit
(Affymetrix). Genetic expression at the tumor-bone interface was compared
with the tumor alone area using an Affymetrix Mouse Expression Array
(430A). Analysis was done using Affymetrix Gene Chip Operating Software
to generate raw expression data. A signal log algorithm was used to
compare the quantity of a given transcript in two arrays: a baseline array,
here the tumor alone area, and an experimental array, here the tumor-bone
interface. The signal log ratio is calculated by comparing each probe pair on
the experimental array to the corresponding probe pair on the baseline
array and then considering the mean of the log ratios of probe pair
intensities across the two arrays. The change in transcript level is then
expressed as a log 2 ratio. Using this system, a signal log ratio of 1.0
indicates a 2-fold increase at the tumor-bone interface whereas a ratio of
—1.0 indicates a 2-fold decrease. For each set of tissue from 4T1, Cl66,
and Cl66M2, the fold change at the tumor-bone interface with respect to the
tumor alone area was calculated and the genes were ranked from highest
to lowest expression.

For real-time quantitative reverse transcription-PCR (RT-PCR) analysis,
total RNA was isolated from tissue at the tumor-bone interface and tumor
alone area using Trizol reagent (Invitrogen). Five micrograms of total RNA
were used for reverse transcription. First-strand cDNA was generated using
oligo(dT),s (Fermentas) and Superscript II RT (Invitrogen). Two microliters
of the resulting cDNA (1:10 dilution) were used in the real-time reactions
with gene-specific primers. The following gene-specific primers were used:
cathepsin G, 5-GAGTCCAGAAGGGCTGAGTG-3" and 5-CCTTTCTCGCA-
TTTGGATGT-3’; cathepsin K, 5-CCAGTGGGAGCTATGGAAGA-3" and
5-CTCCAGGTTATGGGCAGAGA-3; MMPY, 5-CATTCGCGTGGATAAG-
GAGT-3" and 5-TCACACGCCAGAAGAATTTG-3; MMP12, 5-AATGGG-
CAACTGGACAACTC-3" and 5-ACCGCTTCATCCATCITGAC-3; MMP13,
5-“TCCCTGCCCCTTCCCTATGG-3" and 5-CTCGGAGCCTGTCAACTGTG-
G-3; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5-AGCCT-
CGTCCCGTAGACAAAA-3 and 5-GATGACAAGCTTCCCATCTCG-3". Quan-
titative RT-PCR reactions were carried out with FastStart SYBR Green
Master mix (Roche) and MylQ iCycler (Bio-Rad). Fluorescence intensity was
measured at the end of each elongation step as a means to evaluate the
amount of formed PCR product. GAPDH was used as a reference to
normalize the samples.

Generation of RANKL protein. Full-length RANKL ¢cDNA (NM_003701)
with an NH,-terminal His-tag sequence cloned in pReceiver-B01 (Gene-
Copoeia) plasmid was used to generate RANKL protein using a TnT Quick
Coupled Transcription/Translation system (Promega) per manufac-
turer’s protocol using translation grade [**S]methionine (1,175 Ci/mmol at
10 mCi/mL). Two microliters of the reaction mixture were separated on
a 12% SDS-polyacrylamide gel and subsequently visualized and photo-
graphed with a Typhoon 9410 Variable Mode Imager (GE Healthcare). The
resulting translation product was purified with a His-Trap Crude 1-mL
column (GE Healthcare) per manufacturer’s protocol. The purified protein
was then concentrated by using a Centriprep YM-10 spin column (Omicon)
and quantified with the BCA Protein Assay kit per manufacturer’s pro-
tocol (Pierce).

Protease function assays. To test the activity of each of the proteases,
colorimetric substrates were used. One hundred nanograms of cathepsin G
or cathepsin K were incubated with 500 pmol/L Suc-AAPF-pNA substrate
(Biomol International) in enough buffer to make a 50-uL reaction. The
10X buffer contained 100 mmol/L CaCl,, 500 mmol/L HEPES, 10 mmol/L
DTNB, and 0.5% Brij-35. Similar reactions were done for MMP9 and MMP13
with chromogenic MMP substrate (Biomol International). Reaction
mixtures were incubated at 37°C for 60 min. Readings were taken on a
BioTek ELx800 microplate reader every 15 min at 405 nm.

Protease-mediated cleavage of RANKL. Three micrograms of full-
length RANKL were incubated overnight at 37°C alone or with 100 ng of
cathepsin G, cathepsin K, MMP9, or MMP13 in enough buffer to make a
25-uL reaction. Reactions were terminated by adding EDTA to a final
concentration of 10 mmol/L. The reaction mixture was then separated on a
12% SDS-polyacrylamide gel. The gel was then stained with 0.025%
Coomassie brilliant blue (Bio-Rad) and photographed by using a Multi-
Image Light Cabinet (Alpha Innotech Corporation). Cathepsin G inhibition
was tested by adding Na-Tosyl-Phe-chloromethylketone (TPCK; Sigma-
Aldrich) at a final concentration of 1 mmol/L. TPCK was incubated with
enzyme and buffer for 30 min at 37°C before adding RANKL. The reaction
mixture was then incubated, separated, and analyzed.

Similar reactions were carried out and subsequently used for Western
blot analysis. Reaction mixtures were separated on a 12% SDS-polyacryl-
amide gel and then transferred onto a polyvinylidene difluoride (PVDF)
membrane (GE Healthcare) at 100 V for 1 h. The membrane was then
washed with 0.1% Tween-TBS. The membrane was then blocked overnight
in 5% bovine serum albumin in PBS. The next day, the membrane was
incubated for 90 min with 1:500 anti-RANKL antibody that recognizes an
epitope near the COOH terminus of RANKL (Santa Cruz Biotechnology)
diluted in 0.1% Tween-TBS. After washing in 0.1% Tween-TBS, the
membrane was incubated for 60 min with 1:1,500 antigoat-horseradish
peroxidase diluted in 0.1% Tween-TBS. Finally, after washing with 0.1%
Tween-TBS, the membrane was developed with an enhanced chemilumi-
nescence (ECL) Plus Western Blotting Detection System (GE Healthcare)
per manufacturer’s protocol and imaged with a Typhoon 9410 Variable
Mode Imager (GE Healthcare).

Osteoclast differentiation and activation assay. RAW 264.7 cells
were seeded onto eight-well chambered slides at a density of 3,000 per
chamber. Cells were grown in DMEM plus 10% fetal bovine serum (FBS), 1%
vitamins, 1% L-glutamine, and 0.08% gentamicin (DMEM complete
medium). The cells were incubated overnight at 37°C. The following day,
the medium was changed and the cells were treated with medium alone,
50 ng/mL sRANKL, or 50 ng/mL cathepsin G-generated sRANKL. The cells
were then allowed to incubate for 7 d with medium changes every other
day. On the 7th day, cells were stained for tartrate-resistant acid
phosphatase (TRAP) per manufacturer’s protocol (Sigma-Aldrich). The
number of osteoclasts per 250-um field was counted for five fields per
treatment per replicate. Fully mature, TRAP-positive multinucleated cells
were counted as osteoclasts.

BD BioCoat Osteologic Coverslips (BD Biosciences) were placed in
24-well plates. RAW 264.7 cells were then seeded onto the plates at a density
of 5,000/cm?. Cells were grown in DMEM complete medium. The cells were
incubated overnight at 37°C. The following day, the medium was changed
and the cells were treated with medium alone, 50 ng/mL sRANKL, or
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50 ng/mL cathepsin G-generated SRANKL. The cells were then allowed to distilled water. The coverslips were then stained with hematoxylin for 2 min

incubate for 7 d with medium changes every other day. On the 7th day, the and then rinsed with running tap water for 10 min. Finally, the number
medium was aspirated and 1 mL of bleach was added to each well. After and area of calcium phosphate matrix resorption pits (clear areas) on each
5 min, the bleach was aspirated and the coverslips were washed thrice with 12-mm coverslip were measured.
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Immunoblotting for cathepsin G. Fifty micrograms of protein from the
tumor-bone interface and tumor alone area for each of the animals injected
with Cl66 cells were separated on a 12% SDS-polyacrylamide gel and then
was transferred onto a PVDF membrane (GE Healthcare). The membranes
were immunoblotted with anti-cathepsin G antibody that recognizes an
epitope near the NH, terminus of cathepsin G (1:200; Santa Cruz
Biotechnology) and anti-R-actin antibody (1:2,000; Santa Cruz Biotechnol-
ogy) and developed with an ECL Plus Western Blotting Detection System
(GE Healthcare) per manufacturer’s protocol and imaged with a Typhoon
9410 Variable Mode Imager (GE Healthcare). The bands for both cathepsin
G and P-actin were then quantified and compared using ImageQuant 5.1
(Molecular Dynamics).

Immunohistochemistry for cathepsin G. For the in vivo detection of
cathepsin G, sections were deparaffinized and processed for antigen
retrieval. Following nonspecific blocking, sections were then incubated with
anti-cathepsin G antibody (Santa Cruz Biotechnology; 1:50 dilution)
overnight at 4°C. The sections were then washed and subsequently
incubated with biotinylated antigoat IgG antibody diluted to 1:500 for 1 h.
Sections were then washed and incubated with avidin-biotin complex
(Vector Laboratories) for 45 min. Next, the slides were developed with
diaminobenzidine tetrahydrochloride substrate (Vector Laboratories) and
counterstained with hematoxylin for 30 s. Antigoat IgG was added in lieu of
primary antibody as control and no detectable staining was observed in
these sections.

Cathepsin G inhibition coculture model. RAW 264.7 cells were seeded
at a density of 3,000/cm” on gelatin-coated six-well plates in DMEM plus
10% FBS, 1% vitamins, 1% L-glutamine, and 0.08% gentamicin (DMEM
complete medium). Following overnight incubation, cells were incubated
with DMEM complete medium alone, DMEM complete medium plus 25%
(v/v) Cl66-conditioned medium with or without TPCK at a final
concentration of 1 mmol/L, TPCK at a final concentration of 1 mmol/L
plus commercially available SRANKL at 50 ng/mL, or DMEM complete
medium containing Cl66 cells at a density of 3000/cm® with or without
TPCK. In the TPCK-treated groups, TPCK was added to a final
concentration of 1 mmol/L every 24 h. After 4 d, the coverslips were
stained for TRAP per manufacturer’s instructions (Sigma-Aldrich) and
multinucleated, TRAP-positive osteoclasts were counted.

In vivo inhibition of cathepsin G. Cl66 tumor cells (1 X 10°) mixed with
growth factor-reduced Matrigel were implanted on the dorsal skin flap over
the calvaria of female BALB/c mice. Tumor growth was monitored twice
a week. Beginning 7 d after tumor implantation, mice were injected s.c.
with TPCK (Sigma-Aldrich) at 50 mg/kg/d (n = 6) or 50-uL DMSO as control
(n = 6) for 21 d. Mice were sacrificed at day 31 postimplantation and
necropsied for examination of osteolytic lesions. To calculate the bone
destruction index, sections were stained with H&E. The bone destruction
index was calculated by dividing the length of bone destruction by the
length of the tumor-bone interface and multiplying by 100. All studies were
done in accordance with the Institutional Animal Use and Care Committee
of the University of Nebraska Medical Center.

Statistical analysis. For in vivo studies, the Wilcoxon signed rank test
was used to analyze data. For in vitro studies, the Student ¢ test was used.
P < 0.05 was considered significant.

Results

Protease gene expression at the tumor-bone interface.
Mammary tumor cells with different metastatic potentials, 4T1
(high), Cl66 (moderate), and Cl66M2 (low), were transplanted into
the calvaria of BALB/c mice. Histochemical analysis showed that
all tumors exhibited tumor-induced osteolysis and osteoclast
activation similar to that observed in breast cancer bone
metastasis. Using ¢cDNA microarray analysis, we examined the
gene expression patterns at the tumor-bone interface compared
with the tumor alone area (Fig. 14). A whole-genome micro-
array was used and subsequently analyzed by sorting out proteases
and protease inhibitors. The five most up-regulated protease

genes were cathepsin G, cathepsin K, MMP9, MMPI12, and MMP13
(Fig. 1B). The common up-regulation of these five genes in all three
cell lines further suggested that they may play an important role at
the tumor-bone interface.

We then used quantitative RT-PCR to confirm the up-regulation
of these five genes at the tumor-bone interface. We confirmed the
up-regulation of cathepsin G (Fig. 1C-i), cathepsin K (Fig. 1C-if),
MMP9 (Fig. 1C-iii), and MMP13 (Fig. 1C-v), but not MMPI12
(Fig. 1C-iv), at the tumor-bone interface.

Cathepsin G cleaves RANKL to generate sRANKL. We
previously reported that MMP7 plays a role in prostate tumor-
induced osteolysis through the cleavage of cell-surface RANKL into
a soluble form of RANKL that is capable of enhancing osteoclast
differentiation and subsequent osteolysis (6). To determine if any of
the proteases that we observed to be up-regulated at the tumor-
bone interface play a similar role in mammary tumor-induced
osteolysis, the activity of each protease against full-length RANKL
was assessed.

Full-length RANKL protein was generated by using an in vitro
transcription/translation kit. The product was visualized and the
expected ~34-kDa protein was seen (Fig. 2B). Although acti-
vity against the native substrate of each protease was observed
(Fig. 24-i), only cathepsin G generated a soluble version of RANKL
(~ 24 kDa; Fig. 2C). To confirm cathepsin G-mediated cleavage of
RANKL, we used TPCK, a cathepsin G inhibitor, before incubation
with full-length RANKL protein. TPCK is an inhibitor of the
chymotrypsin-like group of proteases and is a potent inhibitor of
cathepsin G (7, 8). We first confirmed the ability of TPCK to inhibit
cathepsin G activity against its native substrate, and TPCK
effectively inhibited cathepsin G activity (Fig. 2A4-ii). Similarly,
cathepsin G preincubated with TPCK did not cleave RANKL
(Fig. 2D-ii). Finally, Western blot analysis with an anti-RANKL
antibody that recognizes an epitope near the COOH terminus
confirmed that the cleaved protein was RANKL and that the
soluble product generated was derived from full-length RANKL
cleaved near the NH, terminus within the extracellular domain
(Fig. 2D-0).

Cathepsin G-generated sRANKL induces osteoclast differ-
entiation and activation. The ability of cathepsin G-generated
sRANKL to induce osteoclast differentiation and activation was
assessed using the murine monocyte/macrophage cell line RAW
264.7. Fully mature, TRAP-positive multinucleated cells were
counted as osteoclasts (Fig. 3B-ii). Commercially available sSRANKL
(positive control) induced significantly higher osteoclast differen-
tiation than medium alone (negative control; Fig. 34). Numerous
TRAP-positive cells were seen in the control sample but most were
mononuclear (Fig. 3B-i). Similar to the commercial sRANKL,
cathepsin G-generated sRANKL induced significantly higher
osteoclast formation than control (Fig. 34). Although osteoclast
differentiation was higher in the sSRANKL-treated group, it did not
differ statistically from the cathepsin G-generated sRANKL-
treated group.

We then examined whether or not the osteoclasts produced by
treatment with cathepsin G-generated sRANKL are active.
Osteoclast activation was assessed by counting the number of
calcium phosphate matrix resorption pits formed per BD BioCoat
Osteologic Coverslip. Commercially available sRANKL (positive
control) induced activation of osteoclasts with a significantly
higher number of resorptive pits compared with medium alone
(negative control; Fig. 3C and D). Similarly, cathepsin G-generated
SsRANKL yielded a significantly higher number of pits compared
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with control and was statistically indistinguishable from com-
mercially available SRANKL (Fig. 3C and D). Together, these results
indicate that cathepsin G-generated sRANKL is capable of
inducing osteoclast differentiation and activation and suggest that
increased cathepsin G activity at the tumor-bone interface can lead
to increased osteoclast differentiation and subsequent osteolysis.

Up-regulation of cathepsin G at the tumor-bone interface.
Recognizing that cathepsin G may make a significant contribution
to the vicious cycle, we reexamined cathepsin G expression at the
tumor-bone interface and further confirmed its up-regulation at
the protein level by Western blot analysis comparing the tumor-
bone interface to the tumor alone area. Cl66 tumors showed
significant up-regulation of cathepsin G at the tumor-bone
interface as compared with the tumor alone area (Fig. 44 and B).
This protein level analysis confirmed the earlier cDNA microarray
and quantitative RT-PCR analyses.

Osteoclasts/osteoclast precursors are the major source of
cathepsin G. To determine the source of cathepsin G at the tumor-
bone interface, immunohistochemistry was used to assess the
source of cathepsin G in vivo. Osteoclasts and osteoclast precursors
stained strongly positive for cathepsin G (Fig. 4C-i), whereas tumor
cells at the tumor-bone interface stained moderately positive
(Fig. 4C-i). Tumor cells away from the tumor-bone interface in the
tumor alone area stained weakly positive (Fig. 4C-ii). Normal bone
did not show any immunoreactivity to cathepsin G (Fig. 4C-iii).

These data agree with our in vitro data (Supplementary data)
that tumor cells have minimal baseline expression of cathepsin G
that is up-regulated as they interact with osteoclast precursors,
but osteoclasts are the major source of cathepsin G at the tumor-
bone interface.

Inhibition of cathepsin G blocks osteoclastogenesis in vitro.
RAW 264.7 cells treated with 25% Cl66-conditioned medium
showed significantly higher osteoclast differentiation compared
with control (Fig. 54), suggesting that a soluble factor produced by
Cl66 cells is capable of inducing osteoclast differentiation. To
determine whether cathepsin G is responsible for the generation
of this soluble factor, Cl66 cells were treated with TPCK while
collecting conditioned medium. Cl66-conditioned medium from
cells treated with TPCK induced significantly lower osteoclast
differentiation compared with Cl66-conditioned medium from
untreated cells (Fig. 54). Importantly, RAW 264.7 cells treated with
both TPCK and sRANKL showed significant osteoclast formation,
showing that reduction in osteoclast formation in the TPCK-
treated samples is not merely due to death of osteoclasts secondary
to TPCK toxicity (Fig. 54). Similarly, RAW 264.7 cells cocultured
with Cl66 cells showed significantly higher osteoclast differentia-
tion than RAW 264.7 cells alone (Fig. 5B). TPCK also reduced
osteoclastogenesis in the coculture but did not eliminate it
(Fig. 5B). Taken together, these results indicate that cathepsin G
is responsible for the generation of a soluble factor capable of
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Figure 3. Cathepsin G—generated sRANKL induces osteoclast differentiation
and activation. A, cathepsin G—generated sRANKL is an active product capable
of inducing osteoclast differentiation. RAW 264.7 cells were treated with medium
alone (negative control), commercially available sSRANKL (positive control), or
cathepsin G—generated sRANKL. Cells were stained for TRAP. Fully mature,
TRAP-positive multinucleated cells were counted as osteoclasts. The number of
osteoclasts per 250-um field was counted. Bars, SD. **, P < 0.01 B, i, numerous
TRAP-positive cells were seen in the medium-alone treatment group but most
were mononuclear. ii, fully mature, TRAP-positive multinucleated osteoclast
typical of SRANKL and cathepsin G—generated sRANKL groups. C, RAW 264.7
cells overlaid on coverslips containing artificial bone matrix were treated with
medium alone (negative control), commercially available sSRANKL (positive
control), or cathepsin G—generated sRANKL. The number of calcium phosphate
matrix resorption per coverslip was counted. Bars, SD. ***, P < 0.001. D, i to iii,
typical 250-um field from medium-alone, sRANKL, and cathepsin G—generated
sRANKL groups, respectively. sSRANKL and cathepsin G—generated sRANKL
induced osteoclast differentiation and activation.

inducing osteoclast differentiation and that inhibition of cathepsin
G reduces osteoclast differentiation.

Inhibition of cathepsin G reduces osteolysis in vivo. In vitro
inhibition of cathepsin G reduced osteoclastogenesis, and thus we
sought to determine whether inhibition of cathepsin G in vivo
would reduce mammary tumor-induced osteolysis. No difference
was observed in tumor growth or growth kinetics between TPCK-
treated mice and negative control mice (data not shown). However,
TPCK treatment significantly reduced tumor-induced osteolysis
from an average bone destruction index of 35.3% in the DMSO-
treated (negative control) mice to 13.2% in the TPCK-treated mice
(Fig. 6A4). Figure 6B shows the marked reduction in osteolysis at
the tumor-bone interface of TPCK-treated mice compared with the
control mice.

Discussion

Proteases play an important role in modulating tumor-stromal
interactions in a manner that favors tumor establishment and
progression. Although several studies have examined the role of
proteases in modulating the bone microenvironment (9-12), little
is currently known about their role in tumor-bone interaction
during osteolytic metastasis. In this study, we have identified
potentially important proteases in mammary tumor-induced
osteolytic lesions, including cathepsin G, cathepsin K, MMP9,
and MMP13.

Because RANKL is one of the key molecular players in a variety
of osteolytic lesions that has previously been shown to be modified
by proteases to favor tumor progression (6, 13, 14), we sought to
determine if any of the up-regulated proteases were capable of
modulating RANKL signaling. The importance of RANKL is in its
ability to signal through RANK on preosteoclasts to induce dif-
ferentiation and activation leading to bone resorption. The rate-
limiting step to the vicious cycle is the RANKL-RANK signaling
pathway. Because both RANKL and RANK are membrane-bound
proteins, this interaction requires physical cell-to-cell contact
between osteoblasts and osteoclast precursors in order to occur.
Because RANKL, a member of the tumor necrosis factor family of
cytokines, stimulates RANK via cell-to-cell contact between osteo-
blasts and osteoclast precursors, osteoclast differentiation and acti-
vation occurs with induction of TRAP activity, calcitonin binding,
and actin-ring formation characteristic of osteoclasts (15, 16). The
centrality of RANKL to the vicious cycle makes it a molecule that
could potentially be up-regulated to establish osteolytic lesions,
and in fact, we have found that RANKL is up-regulated at the
tumor-bone interface of mammary tumor-induced osteolytic les-
ions.® However, even with up-regulation of RANKL, the number of
preosteoclasts that can be activated is spatially limited by their
proximity to osteoblasts because cell-cell contact is required. In a
prostate cancer model, our group has previously described a
mechanism for cleavage of RANKL by MMP7 in a manner that
releases it from the cell surface (6). The generation of sRANKL
increases the number of preosteoclasts that can be activated and
enhances osteolysis. Until now, no such mechanism has been
described in mammary tumor-induced osteolytic lesions.

By identifying proteases differentially expressed as a result of
tumor-bone interactions, we generated a list of proteases
potentially involved in the modulation of RANKL-RANK signaling
through the generation of sSRANKL. We selected the top five
proteases for further evaluation, which included cathepsin G,
cathepsin K, MMP9, MMP12, and MMP13. Using quantitative
RT-PCR to confirm up-regulation at the tumor-bone interface, we
were able to eliminate MMP12 from the list, leaving four up-
regulated proteases for further evaluation. Interestingly, RANKL
has been shown to induce the expression of both cathepsin K and
MMP9 in osteoclast precursor cells (17), and our data agree with
this report (data not shown), suggesting that up-regulation of these
two proteases may be an effect of enhanced RANKL signaling
rather than a cause. Nonetheless, all four proteases were tested for
their ability to cleave RANKL. Of these, only cathepsin G was
capable of generating sSRANKL. Western blot analysis suggests that
the cleavage site is near the NH, terminus of the RANKL pro-
tein because the longer ~ 24-kDa fragment was detected with an

# K.C. Nannuru, M. Futakuchi, A. Sadanandam, T.J. Wilson, M.L. Varney, L.J. Myers,
X. Li, E.G. Marcusson, and RK. Singh. Unpublished data.
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anti-RANKL antibody that recognizes an epitope near the COOH
terminus. The cleavage site and molecular weight of this larger
fragment are similar to those observed in MMP7 cleavage of
RANKL (6). Furthermore, the SRANKL generated by cathepsin G is
an active product capable of inducing osteoclastogenesis. Osteo-
clasts are derived from the hematopoietic monocyte/macrophage
lineage of cells. For this reason, we used the murine monocyte/
macrophage cell line RAW 264.7 to test the activity of cathepsin
G-generated sRANKL. Treatment of these cells with cathepsin
G-generated sRANKL increased the number of differentiated and
activated osteoclasts as shown by an increased number of multi-
nucleated, TRAP-positive cells and the production of resorptive
pits when cultured on artificial bone matrix.

The production of sSRANKL by cathepsin G circumvents cell-cell
contact-dependent signaling between membrane-bound RANKL
and RANK, which allows increased osteoclastogenesis and sub-
sequent bone resorption. Thus, cathepsin G can be added to the
list of proteases known to be capable of cleaving RANKL, which
includes MMP3, MMP7, a disintegrin and metalloproteinase

(ADAM)-17, and ADAM19 (6, 18, 19). The generation of sRANKL
is one way that cathepsin G may make a significant contribution
to the vicious cycle. However, outside of this report, little is cur-
rently known about cathepsin G in the pathologic microenviron-
ment of bone metastases.

Although the functional role of cathepsin G is well characterized
in a variety of pathologic conditions including rheumatoid arthritis
(20), coronary artery disease (21), periodontitis (22), and ischemic
reperfusion injury (23), this is the first report of its involvement in
bone metastasis. Interestingly, however, the source of cathepsin G
in rheumatoid arthritis is macrophages (20). Because osteoclasts
are derived from the monocyte/macrophage lineage of cells, this
represents a potential source for cathepsin G in the pathologic
bone microenvironment. Currently, the other known source of
cathepsin G is neutrophils. Cathepsin G is expressed at high levels
on the plasma membrane of neutrophils bound to heparin and
chondroitin sulfate after neutrophils degranulate (24). Whether or
not neutrophils are an important source of cathepsin G at the
tumor-bone interface is not currently known.
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Figure 4. Expression of cathepsin G at the tumor-bone interface. A, Western blot analysis was done for mice bearing Cl66 tumors comparing cathepsin G expression
at the tumor-bone interface to expression in the tumor alone area. Cathepsin G is up-regulated at the tumor-bone interface compared with the tumor-alone area.

B, the expression of cathepsin G was quantified using ImageQuant gel analysis software (GE Healthcare). The expression indices for cathepsin G expression at
the tumor-bone interface and tumor alone area were calculated by comparing the intensities of the cathepsin G and p-actin bands. The values are fold increase in
cathepsin G expression at the tumor-bone area as compared with tumor alone area. Cathepsin G is increased at the tumor-bone interface compared with the
tumor alone area in all three mice. C, immunohistochemistry for cathepsin G was done on sections from CI66 tumor—bearing mice and non—tumor-bearing mice.

i, osteoclasts (arrowheads) and osteoclast precursors stained strongly positive for cathepsin G and are the major source at the tumor-bone interface. Tumor cells
near the tumor-bone interface stained moderately positive. ii, tumor cells in the tumor alone area stained weakly positive for cathepsin G. jii, immunostaining of normal

bone showing no cathepsin G expression. Bar, 0.01 mm.
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A, Cl66 conditioned medium (CM) induced higher osteoclastogenesis in RAW
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collection of conditioned medium reduced osteoclastogenesis. CI66 cells
treated with TPCK plus commercially available sSRANKL also showed higher
osteoclastogenesis, showing that TPCK is not toxic to osteoclasts. B, Cl66 cells
cocultured with RAW 264.7 cells induced higher osteoclastogenesis compared
with RAW 264.7 cells alone. TPCK treatment reduced, but did not eliminate,
this osteoclastogenesis. ***, P < 0.001.

To evaluate the source of cathepsin G in the bone microen-
vironment, immunohistochemistry was done. These studies
supported the in vitro conclusion (Supplementary data) that
osteoclasts likely make a significant contribution to the observed
up-regulation of cathepsin G at the tumor-bone interface.
Osteoclasts stained strongly positive for cathepsin G, whereas
tumor cells at the tumor-bone interface showed moderate
positivity. Osteoclast precursors that interspersed within the tumor
cells also stained strongly positive. Further away from the tumor-
bone interface in the tumor alone area, positivity for cathepsin G
among the tumor cells became weaker and more sparse. Thus, this
supports that tumor cells have low, baseline expression of
cathepsin G that is up-regulated through interactions with
osteoclast precursors but that osteoclasts are the major source of
cathepsin G at the tumor-bone interface.

In addition to osteoblasts, all three cell lines (4T1, Cl66, and
Cl66M2) used in this study express RANKL as well as cathepsin G
(data not shown). The constitutive, low-level expression of
cathepsin G by the tumor cells may be a mechanism by which
they constitutively produce low levels of sSRANKL. Thus, as tumor
cells enter the bone microenvironment, they produce low levels
of sSRANKL, which triggers osteoclast differentiation and increased
cathepsin G production. As the production of cathepsin G is
then amplified, SRANKL production is increased, osteoclast
differentiation is subsequently increased, and sequestered growth
factors are released from the bone matrix that favor tumor
progression. Thus, we are left with the potential for a new model
of the osteolytic vicious cycle in which cathepsin G plays a cen-
tral role.

Cathepsin G is potentially a central player in the vicious cycle,
and thus, it represents an exciting potential therapeutic target
in the treatment of mammary tumor-induced osteolysis. To test
the effects of cathepsin G inhibition in vitro, we used a coculture
model. Cl66-conditioned medium induced osteoclastogenesis in
RAW 264.7 cells, suggesting that C166 cells produce a soluble factor
capable of inducing osteoclastogenesis. Given that Cl66 cells
express both cathepsin G and RANKL, this soluble factor is likely
SRANKL. Thus, we would expect TPCK treatment to reduce the
production sRANKL, which would reduce the concentration of
SRANKL in the Cl66-conditioned medium and reduce osteoclasto-
genesis. As expected, TPCK abrogated the production of this
soluble factor and reduced osteoclastogenesis, suggesting that
cathepsin G is responsible for the generation of this soluble factor.
Furthermore, Cl66 cells cocultured with RAW 264.7 cells also
induced osteoclastogenesis that is reduced with TPCK treatment.
Osteoclastogenesis is reduced but not eliminated because signaling
via full-length, membrane-bound RANKL still occurs even with
TPCK treatment. Thus, this is proof-in-principle that cathepsin G
inhibition has the potential to reduce osteoclastogenesis and
subsequent osteolysis in vivo. Based on these data, we subsequently
sought to determine if inhibition of cathepsin G in vivo would
reduce mammary tumor-induced osteolysis. TPCK treatment of
mice significantly reduced osteolysis at the tumor-bone interface.
In fact, TPCK-treated mice showed a 63% reduction in the bone
destruction index. We did not observe a difference between TPCK-
treated mice and control mice in terms of tumor growth or growth
kinetics, suggesting that TPCK is not toxic to tumor cells and is
not inducing apoptosis. In addition, our in vitro data suggest that
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Figure 6. Inhibition of cathepsin G in vivo reduces osteolysis. A, TPCK
treatment significantly reduced mammary tumor—induced osteolysis in vivo
compared with DMSO-treated mice (negative control). Bars, SD. ***, P < 0.001
B, i, H&E-stained section of the tumor-bone interface from DMSO-treated mouse
(negative control) showing significant osteolysis. i, H&E-stained section of the
tumor-bone interface from TPCK-treated mouse showing significantly reduced
osteolysis. Bar, 2 mm.
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TPCK is not toxic to osteoclasts. Thus, the mechanism by which
TPCK inhibits osteolysis is likely via interruption of signaling
between tumor cells and the bone microenvironment, and our data
suggest that the pathway that is interrupted is the generation
of SRANKL.

This reduction in osteolysis shows the central role that cathepsin
G plays in mammary tumor-induced osteolysis in vivo. TPCK is a
potent inhibitor of cathepsin G but is not specific to only cathepsin
G (8). TPCK is also capable of inhibiting chymotrypsin, papain,
bromelain, and ficin (7). Although TPCK is not specific for
cathepsin G, given its ability to potently inhibit cathepsin G, taken
with the lack of toxicity to tumor cells shown by no observable
difference in tumor growth or growth kinetics, the lack of toxicity
to osteoclasts as shown in vitro by treatment of RAW 264.7 cells
with both TPCK and sRANKL, and the proposed mechanism by
which inhibition of cathepsin G would reduce sRANKL and
specifically decrease osteolysis, we believe that inhibition with
TPCK adequately shows the role of cathepsin G in mammary
tumor-induced osteolysis.

In conclusion, this study shows that cathepsin G plays an
important role in mammary tumor-induced osteolytic lesions by
contributing to the vicious cycle. It is significantly up-regulated at
the tumor-bone interface and is capable of generating sRANKL,

which potentially enhances osteoclast activation and osteolysis.
We have also shown that inhibition of cathepsin G in vitro and
in vivo reduces osteoclastogenesis and subsequent osteolysis.
Thus, we have shown a central role for cathepsin G in the
establishment of mammary tumor-induced osteolytic lesions.
Further studies are needed to reveal the potential subsequent
roles of cathepsin G, in addition to generation of soluble RANKL, in
the bone tumor microenvironment. This study reveals cathepsin G
as an appealing therapeutic target in mammary tumor-induced
osteolysis.
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Tumor-Bone Interface
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Abstract

The tropism of breast cancer cells for bone and their tendency to induce an osteolytic phenotype are a
result of interactions between breast cancer cells and stromal cells and are of paramount importance for bone
metastasis. However, the underlying molecular mechanisms remain poorly understood. We hypothesize that
tumor-stromal interaction alters gene expression in malignant tumor cells and stromal cells creating a unique
expression signature that promotes osteolytic breast cancer bone metastasis and that inhibition of such inter-
actions can be developed as targeted therapeutics. Microarray analysis was performed to investigate gene
expression profiling at the tumor-bone (TB) interface versus the tumor alone area from syngenic mice injected
with three different syngenic mammary tumor cell lines that differ in their metastatic potential. We identified
matrix metalloproteinase 13 (MMP13), receptor activator of NF-«B ligand (RANKL), and integrins binding
sialoprotein to be genes upregulated at the TB interface and validated. To determine the functional role of
MMP13 in tumor-induced osteolysis, mice with Cl66 mammary tumors were treated with MMP13 antisense
oligonucleotides (MMP13-AS0O) or control scrambled oligonucleotides (control-ASO). Knockdown of MMP13
expression at the TB interface leads to significant reduction in bone destruction and in the number of acti-
vated osteoclasts at the TB interface. Further analysis to evaluate the mechanism of MMP13-dependent os-
teolytic bone metastasis revealed that MMP13-ASO treatment decreased active MMP9, RANKL levels, and
transforming growth factor-p signaling at the TB interface. Together, our data indicate that upregulation of
MMP13 at the TB interface is important in tumor-induced osteolysis and suggest that MMP13 is a potential
therapeutic target for breast cancer bone metastasis. Cancer Res; 70(9); 3494-504. ©2010. AACR.

Introduction pathologic fracture, intractable bone pain, nerve compres-
sion, and hypercalcemia (4, 5). These complications not only

Breast cancer is the most common cancer and the second
leading cause of cancer-related death in women in the Uni-
ted States (1). Most complications of breast cancer are at-
tributed to metastasis to distant organs, including lymph
nodes, liver, lung, and bone (2, 3). In advanced stages of
the disease, nearly all breast cancer patients suffer with bone
metastasis. Bone metastases in breast cancer are predomi-
nantly osteolytic and also cause skeletal lesions including

increase the risk of mortality but also cause a significant de-
crease in the quality of life (3).

Breast cancer cells show a strong predilection for bone
(5). Arrival of tumor cells in the bone microenvironment
initiates a “vicious cycle” of bidirectional interactions
between tumor cells and stromal cells (3, 6). Tumor cells
produce various factors such as parathyroid hormone-related
peptide (7, 8), interleukin-8 (IL-8), and IL-1 to stimulate
osteoblasts to induce expression of receptor activator of
NF-«B ligand (RANKL) to induce bone resorption (9). In-
creased bone resorption causes the release of sequestered
factors that favor the growth of malignant tumor cells
including bone-derived growth factor, fibroblast growth
factor, and transforming growth factor p (TGFp; ref. 3). The
underlying molecular mechanisms of tumor-bone (TB) inter-
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action are poorly understood. In this report, we hypothesize
that tumor-stromal interaction in the bone microenviron-
ment alters gene expression in malignant tumor cells and
stromal cells creating a unique expression signature that
promotes osteolytic bone metastasis and that inhibition of
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such interactions can be targeted for development of novel
therapeutics.

Extracellular matrix (ECM) degradation, mediated by ma-
trix metalloproteinases (MMP), is an essential step in the
growth, invasion, and metastasis of malignant tumors.
MMPs are a family of human zinc endopeptidases that
can degrade virtually all ECM components (10). Apart from
their ECM degradation functionality, latest research in
MMPs reveals their specific roles in cleaving several extra-
cellular and membrane-associated proteins and regulating
cellular signaling pathways. MMP7 promotes osteolytic
bone metastasis in prostate cancer through generation of
soluble RANKL (sRANKL) from membrane bound RANKL
(11). MMP2 and MMP9 have been associated with tumor
angiogenesis (12). Expression of these proteases is also as-
sociated with poor clinical outcome in various malignan-
cies, such as bladder, breast, lung cancer and head and
neck squamous cell carcinomas (SCC; refs. 13, 14).

MMP13 was first identified from overexpressing breast
carcinomas (15). IL-1a and IL-13 are potential candidates
for inducing expression of MMP13 in breast carcinomas
(16). In case of SCC, MMP13 is predominantly expressed by
the tumor cells at the invading front and to some extent by
stromal fibroblasts surrounding tumor cells (17, 18). Expres-
sion of MMP13 in the head and neck SCCs correlates with
the invasion and metastatic capacity (17, 18). In laryngeal
and vulvar carcinomas, the expression of MMP13 colocalizes
with the expression of MT1-MMP and MMP2, suggesting that
these three MMPs form a proteolytic cascade that leads to
potent extracellular collagenolytic activity (19). In non-small
cell lung carcinoma, tumor cells expressing MMP13 have a
potential to shed from the primary tumor and aggregate in
the bone marrow and associated with poorer survival rates
(20). But the specific role of MMP13 in malignant breast can-
cer remains unclear. Our study is focused on elucidating the
role of MMP13 in the tumor-stromal interaction, with parti-
cular attention to the TB microenvironment.

We identified that MMP13, RANKL, and integrins binding
sialoprotein (IBSP) were the genes upregulated at the TB in-
terface. Moreover, we showed that knockdown of MMP13 ex-
pression at the TB interface leads to a significant reduction
in bone destruction and in the number of activated osteo-
clasts at the TB interface. MMP13-ASO treatment decreased
the RANKL/OPG ratio, active MMP9, and TGF levels at the
TB interface. Together, our data showed that upregulation
of MMP13 at the TB interface is important for regulation
of tumor-induced osteolysis and suggest that MMP13 might
be a potential novel therapeutic target for breast cancer
bone metastasis.

Materials and Methods

Cells and animals. Three murine mammary adenocarci-
noma cell lines 4T1 (highly metastatic), Cl66 (moderately me-
tastatic), and Cl66M2 (poorly metastatic), differing in their
metastatic potential, were used in this study (21, 22). Cells
were maintained in DMEM (Mediatech) with 5% serum

supreme (Biowhitaker), 1% vitamins, 1% L-glutamine, and
0.08% gentamicin (Invitrogen).

Animal experiments were approved by Institutional
Animal Care and Use Committee of University of Nebraska
Medical Center. Eight-week-old female BALB/c mice (National
Cancer Institute) were used in this study. For in vivo experi-
ments, tumor cells (5 x 10%/50 uL) mixed in growth factor-
reduced Matrigel (BD Biosciences) were injected directly onto
the calvaria to mimic the close association of tumor cells and
bone. Four weeks after implantation of tumor cells, mice were
sacrificed and tumor alone and TB interface samples were
collected. For immunohistochemical analysis, the samples
were fixed in 4% paraformaldehyde at 4°C for 48 hours. The
tissues were then transferred into a decalcification solution
[15% EDTA with glycerol (pH 7.4)] for 4 weeks and were
subsequently paraffin embedded and processed for histology.

RNA and protein extraction were done by homogenization
of tissue samples in liquid nitrogen. Total RNA was extracted
using Trizol (Invitrogen) following the manufacturer's
instructions. The RNA concentration was quantified using
a NANO drop ND-1000 Spectrophotometer (Nano Drop
Technologies).

Protein was extracted using T-PER tissue protein extrac-
tor solution (Pierce) following the manufacturer's provided
protocol. Protein samples were quantified using a bicincho-
ninic acid protein assay kit (Pierce). Proteinase activity as-
says were performed with protein samples without protease
inhibitors.

Microarray analysis and quantitative real-time PCR.
Calcified frozen sections were serially sectioned in 10-um-
thick slices, and at least 10 slides per mouse were microdis-
sected with careful separation of the TB interface and the
tumor alone areas, as described earlier (22, 23). Total RNA
was extracted from each microdissected population and
pooled, and an equal amount of RNA was amplified using a
probe amplification kit (Affymetrix). An Affymetrix Mouse
Expression Array 430 was used for comparing gene expres-
sion profiles between the TB interface and the tumor alone
areas. A complete detection and analysis of signals for each
chip was performed using Affymetrix GeneChip Operating
Software to generate raw expression data. A signal log ratio
algorithm was used to estimate the magnitude of change of a
transcript when two arrays were compared (experimental
versus baseline). It was calculated by comparing each probe
pair on the experimental array, the TB interface, with the
corresponding probe pair on the baseline array, the tumor
alone area, and considering the mean of the log ratios of
probe pair intensities across the two arrays. The change is
expressed as the log, ratio. Thus, a signal log ratio of 1.0
indicates an increase of transcript level by 2-fold and -1.0
indicates a decrease by 2-fold. For each set of tissues from
4T1, Cl66, and Cl66M2, the signal log ratio of the TB interface
versus the tumor alone area was calculated, and the genes
were ordered from highest to lowest expression levels.

Gene expression analysis was confirmed using quantitative
real-time PCR (qRT-PCR) for the TB interface and tumor
alone area samples. RNA (5 pg) from each sample was used
to synthesize first-strand cDNA. Diluted first-strand cDNA
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(1:100, 2 pL) was amplified in a 20-pL reaction with SYBR
green master mix (Roche) and 10 mmol/L primer mix using
a Bio-Rad iCycler (Bio-Rad). The following reaction condi-
tions were used: initial denaturation at 95°C for 3 minutes,
followed by amplification cycles with denaturation at 95°C
for 60 seconds, annealing at 60°C for 60 seconds, extension
at 72°C for 60 seconds, and finally a long extension at 72°C
for 2 minutes. Primers used for validation of gene expression
are included in Supplementary Table S1. The fluorescence
intensity of double-strand specific SYBR green, reflecting
the amount of formed PCR product, was monitored at the
end of each elongation step. The Ct value for each gene
was normalized with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) expression for relative gene expression
analysis.

Immunohistochemistry and tartrate-resistant acid phos-
phatase staining. MMP13 protein expression was evaluated
by immunohistochemistry on tumor sections using a MMP13-
specific antibody (Santa Cruz Biotechnology). The sections
were deparaffinized using EZ dewax solution (Biogenex).
For antigen retrieval, the sections were boiled in 10 mmol/L
citrate buffer (pH 6.0) for 10 minutes, and endogenous peroxi-
dase activity was blocked using 3% H,0, for 5 minutes. The
sections were then blocked in antibody diluent for 1 hour at
room temperature. MMP13 antibody was diluted 1:100 in
blocking solution, and sections were incubated overnight at
4°C. After washing, the slides were incubated with antigoat
biotinylated antibody for 30 minutes at room temperature.
After washing, immunoreactivity was detected using Vectas-
tain avidin-biotin complex method and 3,3’-diaminobenzidine
substrate kits (Vector Laboratories). Sections were counter-
stained with hematoxylin, dehydrated, and permanently
mounted.

For in vivo evaluation of TGFp signaling, we performed
immunohistochemistry for phosophorylated Smad-2
(p-Smad-2; refs. 24, 25).Sections were blocked using goat
serum diluted 1:500 for 1 hour at room temperature. Sections
were then incubated overnight at 4°C with antibody directed
against p-Smad-2 (Ser**®’**’, Cell Signaling Technology) di-
luted 1:50 in blocking solution. After washing, sections were
incubated for 1 hour at room temperature with biotinylated
antirabbit IgG diluted 1:500. TRAP staining was performed to
detect activated osteoclasts in vivo according to the manu-
facturer's instructions (Sigma Chemicals). Briefly, deparrifi-
nized slides were rinsed with deionized water before
incubating with TRAP containing buffer at 37°C for 1 hour,
rinsed with deionized water, and counterstained with Gill3
hematoxylin solution for 2 minutes followed by aqueous
mounting. Immunostained sections were examined under a
Nikon light microscope, and the number of TRAP-positive
multinucleated cells at the TB interface was assessed at a
magnification of 400x for each lesion. The total number of
osteoclasts was then divided by the length of the TB inter-
face to get the number of osteoclasts per millimeter of TB
interface.

Antisense oligonucleotide treatment for inhibition of
tumor-induced osteolysis. Antisense oligonucleotides (ASO)
used in the therapeutic protocol were obtained from Isis Phar-

maceuticals. ASOs designed specifically to target MMP13 were
used throughout this study. 2'-Methoxyethyl modified chime-
ric ASOs with a phosphorothioate backbone were synthesized
as previously described (26). Briefly, these oligonucleotides
are modified at the 2' sugar position of the five bases at both
the 3’ and 5’ ends with a methoxyethyl group. This modifica-
tion greatly increases the stability of the oligonucleotides and
the affinity for its target mRNA while reducing the amount of
immune stimulatory and inflammatory effects that can be
seen with oligonucleotides in mice (27). Active ASOs were
identified by screening 46 ASOs designed to be specific for
MMPI3. The efficacy of these ASOs was confirmed in concen-
tration-response experiments, and the most potent ASO was
used for further experiments. Control-ASO did not match any
known mRNA in the mouse genome.

Animals bearing C166 mammary tumors were randomly divi-
ded into two treatment groups (control-ASO and MMP13-ASO).
The oligonucleotides were dissolved in physiologic saline
(0.9% NaCl) and were given by ip. injection at a dose of
50 mg/kg/d starting at day 7 following tumor implantation
for 5 days with 2 days off followed by another 4 days. Tumor
growth was monitored, and mice were sacrificed on day 28.
Tumor alone and TB interface samples were collected and
processed for further analysis.

Gelatin zymography. Total protein (50 pg) isolated from
either the TB interface or tumor alone area from animals im-
planted with Cl66 tumors was subjected to electrophoresis on
a 10% (w/v) polyacrylamide SDS gel containing 1 mg/mL por-
cine gelatin (Sigma-Aldrich). At the completion of electropho-
resis, the gel was washed with 2.5% Triton X-100 buffer for
30 minutes. After rinsing, the gel was incubated for 12 hours
at 37°C in incubation buffer containing 50 mmol/L Tris-HCI
(pH 7.4), 150 mmol/L NaCl, 10 mmol/L CaCl,, and 0.05% (w/v)
NaNj. After rinsing, the gel was then stained using 0.025%
Coomassie brilliant blue (Bio-Rad) and photographed using
a Multi Image Light Cabinet (Alpha Innotech Corporation).
The volume of gelatinolytic activity was evaluated using
ImageQuant 5.1 (Molecular Dynamics).

Pro-MMP9 ELISA. TB lysates from control-ASO-treated
and MMP13-ASO-treated mice (400 ng/uL) were used for
analysis. The concentration of pro-MMP9 in these samples
was determined by Quantikine Mouse pro-MMP9 ELISA
according to the manufacturer’s instructions (R&D Systems).
This assay is a quantitative “sandwich” enzyme immunoassay.
Based on a curve of the absorbance of samples to the stan-
dard curve (plotted using recombinant pro-MMP9 protein),
we determined the concentrations of pro-MMP9 in the tu-
mor lysates.

Statistical analysis. For in vitro studies, the Student's
t test was used for statistical comparison. For ir vivo studies,
the Mann-Whitney U test was used for statistical compari-
son. A P < 0.05 was considered significant.

Results
Gene expression profile at the TB interface. We analyzed

gene expression patterns at the TB interface compared with
the tumor alone area using cDNA microarray. Mammary
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tumor cells with different metastatic potential [4T1 (high),
Cl66 (moderate), and Cl66M2 (low)] were transplanted onto
the calvaria of BALB/c mice. Histologic analysis showed that
all tumors exhibited tumor-induced osteolysis and osteoclast
activation. Microarray analysis revealed the upregulation of
414 genes and the downregulation of 27 genes at the TB in-
terface compared with the tumor alone area. The highly up-
regulated genes were IBSP, RANKL, MMP13, insulin growth
factor binding protein 5, Lumican, Lysyl oxidase (Lox), Kinesin
Jfamily 5B (Kif5b), and Wnt inhibitory factor 1 (Wifl; Fig. 1A).
The common upregulation of these genes in all three cell
lines further suggested that they may play an important role
in mammary tumor-induced osteolysis.

We then used qRT-PCR with gene specific primers to con-
firm gene expression at the TB interface. Our data confirmed
the upregulation of mRNA expression of MMPI13 (Fig. 1B, i),

IBSP (Fig. 1B, ii), Lumican (Fig. 1B, iii), Lox (Fig. 1B, iv), Kif5b
(Fig. 1B, v), and Wifl (Fig. 1B, vi) at the TB interface.
Upregulation of MMP13 at the TB interface. Recognizing
the important role of proteases in tumor progression, we
further evaluated the functional role of MMP13 in mammary
tumor-induced osteolysis. We examined MMP13 protein ex-
pression at the TB interface by immunohistochemistry.
MMP13-specific antibody staining revealed a significant up-
regulation of MMP13 in Cl66 tumors at the TB interface
(Fig. 2A, b) but not at the tumor alone area (Fig. 2A, a).
We observed low levels of immunoreactivity in normal cal-
varia (Fig. 2A, c). Antibody controls did not show any non-
specific staining (data not shown). This protein level
analysis further confirmed the earlier observation of in-
creased MMP13 transcript levels by ¢cDNA microarray and
qRT-PCR analyses. In addition, our immunohistochemical
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Figure 1. Gene expression profile at the TB interface. A, changes in the gene expression profile at the TB interface in comparison with the tumor alone area
were determined using cDNA microanalysis using week 4 samples from 4T1, CI66, and CI66M2 tumors. B, i-vi, mRNA expression of MMP13, IBSP,
Lumican, LOX, Kif5b, and Wif1 was confirmed by real-time PCR analysis with gene-specific primers. Relative expression of these genes from tumor alone
and TB interface samples were normalized to GAPDH expression. Real-time gene expression data presented are representative of all three cell lines

done in triplicate. Bars, SEM. **, P < 0.05.
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Figure 2. MMP13 expression at
TB interface is associated with
tumor-induced osteolysis.

A, expression of MMP13 at the TB
interface. Immunohistochemistry
for MMP13 was done on sections
from CI66 tumor-bearing mice and
non—tumor-bearing mice. b, tumor
cells, osteoblasts, and stromal
cells at the TB interface were
stained positive for the MMP13
(arrows). a, tumor cells in the tumor
alone area did not stain for
MMP13. ¢, immunostaining of
normal bone showing very low
MMP13 expression. Bar, 0.01 mm.
B, severity of tumor-induced
osteolysis was computed by
measuring the BDI on sections
from CI66 tumor-bearing mice at
weeks 2, 3, and 4 after tumor
implantation. We observed an
increase in the BDI with time and
an association with osteoclast
homing at the TB interface.

Bars, SD (n = 5). C, kinetics of
MMP13 expression at different
time points after tumor
implantation by RT-PCR. TB
interface and tumor alone area
samples from CI66 tumor-bearing
mice were analyzed for MMP13
expression, and an increase in
expression was observed at the
TB interface at all time points.
Relative MMP13 expression was
normalized to GAPDH expression.
Bars, SD. *, P < 0.05; **, P < 0.01;
***, P < 0.005.
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analysis reveals that MMP13 is expressed by tumor cells, os-
teoblasts, and stromal cells at the TB interface, which are
interacting with cells of bone microenvironment (Fig. 2A, b).

Kinetics of MMP13 mRNA expression and tumor-induced
osteolysis. In the next set of experiments, we examined the
kinetics of MMP13 expression and its association with tumor-
induced osteolysis and the number of activated osteoclasts.
Mice bearing Cl66 tumors were killed 2, 3, or 4 weeks after
tumor implantation, and tumors were examined for bone
destruction, osteoclast number, and MMP13 expression at
the TB interface and tumor alone areas. We quantified the
severity of lesions by measuring bone destruction index
(BDI), which is a ratio of the length of the bone that is de-
stroyed by the tumor to the total length of the bone at the TB

interface. Results shown in Fig. 2B show an increase in bone
destruction and osteoclast number over time. We observed
higher levels of MMP13 mRNA expression at the TB interface
compared with tumor alone areas (Fig. 2C).

Inhibiting MMP13 expression abrogates mammary
tumor-induced osteolysis and number of activated osteo-
clasts at the TB interface. Next, we examined whether
knocking down MMP13 expression in Cl66 tumor-bearing
mice using ASOs inhibited mammary tumor-induced
osteolysis. We did not observe any weight loss or toxicity in
any of the treatment groups (data not shown). We observed
smaller tumors in MMP13-ASO-treated group compared
with control-ASO-treated group; however, the decrease in
tumor size was not significant (data not shown).
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H&E staining of tumor sections showed severe bone de-
struction in control-ASO-treated tumors (Fig. 3B, i), whereas
MMP13-ASO-treated tumors showed no osteolysis (Fig. 3B, ii).
We observed a significant decrease in osteolysis in the
MMP13-ASO-treated group compared with the control-
ASO-treated group (Fig. 3B, iii). Similarly, we observed a
significant decrease in the number of activated osteoclasts
lining the TB interface in the MMP13-ASO-treated group
(Supplementary Fig. S1; Fig. 3C).

We examined the expression of AMPI13 in tumors from
MMP13-ASO-treated and control-ASO-treated mice using
qRT-PCR. The expression of MMPI3 at the TB interface

was significantly lower in the MMP13-ASO-treated group
compared with that in the control-ASO-treated group
(Fig. 3D). We observed very low levels of MMPI13 expression
in the tumor alone area, which was not altered by MMP13-
ASO treatment (Fig. 3D).

Inhibition of MMP13 decreases RANKL expression and
regulates the RANKL/OPG ratio at the TB interface. Previ-
ous observations from our laboratory have shown the
upregulation of RANKL at the TB interface in mammary tumor—
induced osteolysis (28). RANKL interacts with its recep-
tor RANK and activates osteoclasts. We evaluated RANKL
mRNA levels in MMP13-ASO-treated and control-ASO-treated
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mice and observed a significant decrease in RANKL expres-
sion at the TB interface in the MMP13-ASO treatment group
(Fig. 4A).

The RANKL/osteoprotegrin (OPG) axis has been shown to
play a pivotal role in osteolytic bone metastasis (29). We exa-
mined how the RANKL/OPG ratio at the TB interface was
altered due to MMP13-ASO treatment. RANKL levels were
significantly reduced due to MMP13-ASO treatment (Fig. 4B),
whereas we did not observe any significant difference in OPG
levels between the two treatment groups (Fig. 4C). With the
decrease in the RANKL levels, we observed a significant de-
crease in the RANKL/OPG at the TB interface in the MMP13-
ASO treatment group (Fig. 4D). These observations suggest
a functional role for MMP13 in tumor-induced osteolysis medi-
ated by the regulation of the RANKL/OPG axis.

Targeting MMP13 inhibits MMP9 activation and TGFf
signaling. Previously, we have shown that MMP9 is also up-
regulated at the TB interface in mammary tumor-implanted
mice (22). We observed a decrease in MMP9 mRNA expres-
sion at the TB interface in the MMP13-ASO-treated group

compared with the control-ASO-treated group (Fig. 5A).
We evaluated the activity of MMP9 at the TB interface of
Cl66 tumor-bearing mice treated with MMP13-ASO com-
pared with control-ASO. We observed a significant decrease
in gelatinolytic activity (at 92 kDa) in the MMP13-ASO-
treated mice. We observed a significant decrease in active/
pro-MMP9 enzyme levels in MMP13-ASO-treated mice
(Fig. 5C). We did not observe significant difference in
pro-MMP9 levels at the TB interface between control-
ASO-treated and MMP13-ASO-treated group (Fig. 5B).
We have previously reported that upregulation of TGFp
signaling during TB interaction promotes tumor-induced
osteolysis (23). We observed a significant decrease in tumor-
induced osteolysis with MMP13-ASO treatment. To examine
whether MMP13 acts via TGFR signaling in mammary-
induced osteolysis, we evaluated TGF( expression and activity
at the TB interface of MMP13-ASO-treated and control-ASO-
treated mice. We observed downregulation of 7GF3 mRNA ex-
pression in MMP13-ASO-treated mice (Fig. 6B). We evaluated
TGFR signaling using immunohistochemistry for p-Smad-2 (30).
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We observed a significant decrease in the p-Smad-2 staining
index and TGFp signaling at the TB interface of mice with
MMP13-ASO treatment (Fig. 6A and C).

Discussion

In this study, we evaluated the gene expression signature
at the TB interface and tumor alone areas in three different
mammary adenocarcinoma cell lines differing in their meta-
static potential. We identified MMP13, RANKL, IBSP, Lumi-
can, Kif5B, LOX, and Wifl as potentially important genes
involved in tumor-induced osteolysis, which are commonly
upregulated at the TB interface in all three tumor types. Fur-
thermore, overexpression of MMP13 at the TB interface pro-
motes tumor-induced osteolysis and knockdown of MMP13
with ASO results in a significant inhibition of bone destruction.
These data show that interaction of breast cancer cells with

bone stromal cells results in an altered gene expression pattern
that is critical for tumor-induced osteolysis.

We identified genes that are potentially involved in the
modulation of TB interaction during osteolytic bone metas-
tasis using microarray analysis. We confirmed the microarray
data by performing qRT-PCR analysis showing higher expres-
sion of MMPI13, RANKL, IBSP, Lox, Lumican, Wifl, and Kif5b
mRNA expression at the TB interface compared with the tu-
mor alone area. Our previous studies have established the
importance of RANKL upregulation during TB interaction
in activating osteoclasts and promoting tumor-induced os-
teolysis (22, 23). IBSP is a secreted, noncollagenous glycopro-
tein of bone matrix and is expressed in breast, lung, thyroid,
and prostate cancers that metastasize to bone (31). Expres-
sion of IBSP is associated with development of metastasis
and poor prognosis (32, 33). Lumican is a small leucine-rich
proteoglycon abundantly present in breast tissue, and it has
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been shown that lumican expression parallels tumor progres-
sion in breast carcinoma with higher lumican expression as-
sociated with higher tumor grade and lower estrogen
receptor levels in the tumor (34). However, their role in bone
metastasis remains unclear. LOX is an ECM remodeling en-
zyme, and studies delineating the role of LOX in metastasis
showed that it is essential for hypoxia-induced metastasis
and inhibition of Lox proved to be promising in eliminating
metastasis in mice with orthotopically grown tumors (35, 36).
Silencing of WIF1 is associated with increased susceptibility
to osteosarcoma (37). The role of the Kif5B gene in cancer
progression is not well established. However, a recent report
suggested a possible role for Kif5B as an oncofusion kinase

(38). These studies suggest possible roles for genes upregu-
lated at the TB interface; however, little is known about their
functional role in TB interaction during osteolytic metastasis.

MMPs have been implicated in tumor progression and
metastasis in several tumor types (11, 39-41). Our present
data showed the upregulation of MMP13 at the TB interface
in three different mammary tumors. MMP13 expression was
higher in both tumor cells and osteoblasts at the TB inter-
face. Previous studies have shown expression of MMP13 in
several cancers including breast (15), head and neck squa-
mous carcinoma (18), melanoma, and chondrosarcoma (42).
A previous report suggests involvement of MMP13 in the
degradation of basement membrane during bone metastasis
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Figure 6. Inhibition of MMP13 blocks TGF signaling at the TB interface. A and C, sections from MMP13-ASO-treated mice showed a significantly reduced
p-Smad-2 staining index at the TB interface. Scale bars, 0.01 mm (1 = 5). B, gRT-PCR showed a significant decrease in TGF3 mRNA expression at
the TB interface in MMP13-ASO-treated mice compared with control-ASO-treated mice. The values are mean + SEM. This is representative of three

experiments with similar results. **, P < 0.05.
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of breast cancer (41). We have observed an association
between MMP13 expression, the number of osteoclasts,
and tumor-induced osteolysis. Recent study has shown the
upregulation of MMP13 in clinical bone metastatic samples
from breast cancer patients (43). Our present data and the
previous reports suggest an important role for the expres-
sion of MMP13 at the TB interface (11, 39-41, 44); hence,
in this report, we focused on delineating the functional ana-
lysis of MMP13 in tumor-induced osteolysis.

To further strengthen our findings, we used MMP13-ASOs
to target MMP13 expression in vivo. Treatment of mice with
MMP13-ASOs significantly inhibited tumor-induced bone re-
sorption as well as number of activated osteoclasts at the TB
interface. The mechanism underlying MMP13-dependent os-
teoclast activation remains unclear. Previous reports have
shown that RANKL/RANK/OPG signaling is important in os-
teoclast activation and subsequent bone destruction (45). It
is possible that MMP13 inhibition might alter the expression
of RANKL and OPG at the TB interface. We observed that
targeting MMP13 decreased RANKL expression at TB inter-
face without affecting OPG levels. As explained previously,
the relative RANKL/OPG ratio is an important factor in
driving osteolysis, and we observed a significant decrease
in the RANKL/OPG ratio at the TB interface in MMP13-
ASO-treated mice. These observations suggest the potential
role of MMP13 in RANKL-dependent osteoclast activation and
tumor-induced osteolysis. The actual mechanism through
which MMP13 is involved in the regulation of the RANKL/
OPG axis at the TB interface merits further investigation.

MMP13 has been shown to play a central position in the
MMP activation cascade (46). MMP13 activates MMP9 by
cleaving pro-MMP9 (47). In our previous studies, we have
shown the upregulation of pro-MMP9 and active MMP9 du-
ring TB interaction (22). In this report, we observed a signi-
ficant decrease in active MMP9 levels at the TB interface in
MMP13-ASO-treated mice. MMP9 has been shown to recruit
osteoclasts during development of long bones (48). These
studies suggest that MMP13 might indirectly potentiate
osteoclast recruitment and activation by regulating activa-
tion of MMP9 at the TB interface during TB interaction.

In a recent report, we showed the role of TGFR signaling
during TB interaction in promoting mammary tumor growth
and osteoclast activation (23). In this report, we analyzed the
effect of MMP13 knockdown on TGFp signaling by p-Smad-2
staining and observed a significant decrease in the p-Smad2
activity in the MMP13-ASO-treated group compared with
control-treated group. The decrease in TGFp signaling could
be due to lower levels of active MMP9 at the TB interface,
which has been shown to be critical in TGFR activation
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