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Abstract
Tumors metastatic to the bone produce factors that cause massive bone resorption mediated by
osteoclasts in the bone microenvironment. Colony stimulating factor (CSF-1) is strictly required for
the formation and survival of active osteoclasts, and is frequently produced by tumor cells. Here we
hypothesize that the CSF-1 made by tumor cells contributes to bone destruction in osteolytic bone
metastases. We show that high level CSF-1 protected osteoclasts from suppressive effects of
transforming growth factor β (TGF-β). r3T cells, a mouse mammary tumor cell line that forms
osteolytic bone metastases, express abundant CSF-1 in vitro as both a secreted and a membrane-
spanning cell-surface glycoprotein, and we show that both the secreted and the cell surface form of
CSF-1 made by r3T cells can support osteoclast formation in co-culture experiments in the presence
of RankL. Mice with r3T bone metastases have elevated levels of both circulating and bone-
associated CSF-1, and the majority of CSF-1 found in bone metastases is associated with the tumor
cells. These results support the idea that tumor-cell produced CSF-1 contributes to osteoclast
development and survival in bone metastasis.
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Introduction
The bone is the most common site of metastasis of breast cancer: nearly 80% of women with
metastatic breast cancer have bone metastases at the time of death. While these metastases are
difficult to eradicate, the survival of patients with solely bone metastases is significantly higher
than if soft tissue metastases are present [1]. Thus, if the bone disease can be stabilized and
controlled, prognosis could improve for these patients. However, most breast cancer bone
metastases are osteolytic, and can cause extensive, rapid bone loss. This bone loss frequently
results in fractures requiring surgery, intractable pain, spinal cord compression resulting from
vertebral fractures, and hypercalcemia. Together, these conditions can be debilitating and
severely undermine the quality of life for patients with bone metastases. Thus, treatments aimed
at reducing the bone loss due to bone metastasis can have extensive benefits for these patients.
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Osteoclasts are the normal host cells that are responsible for resorbing bone in normal and
abnormal situations. These terminally differentiated, multinucleated cells are highly
specialized, forming a tight sealing zone between the cell and the bone surface, secreting
protons to dissolve the mineral and proteases to digest the collagen matrix into this space
(reviewed in [2]). Osteoclasts differentiate from the hematopoietic lineage, with monocytes
being the immediate precursors: these precursors are abundant in bone marrow [3]. Osteoclast
differentiation can be completely supported by two cytokines: RankL and CSF-1. In vitro,
osteoclast differentiation from bone marrow is dependent on these two proteins; in vivo, mice
lacking either RankL or CSF-1 have few osteoclasts, and are severely osteopetrotic, with thick,
shortened bones and minimal bone marrow spaces [4]; [5].

Stimulation of osteoclastogenesis and the resultant destruction of bone tissue are required in
order for bone metastatic tumors to grow rapidly. This requirement for bone destruction arises
from two sources: first, the bony structure physically limits the growth of the tumor, and second,
growth factors released from storage in the bone extracellular matrix can accelerate tumor
proliferation [6], in what has been called the vicious cycle of bone metastasis [6–8]. Thus, there
is a complex interplay of tumor cells and the bone microenvironment that regulates the
development of bone metastasis. Several breast cancer cell lines metastatic to bone secrete
PTHrP [9,10], which in turn induces RankL production in osteoblasts [11]. Reagents that block
RankL-Rank interaction are able to prevent the bone loss associated with bone metastasis
[12]. While CSF-1 is also required for osteoclast survival and differentiation [13], its role in
bone metastasis is less well understood. CSF-1 has been detected by immunohistochemistry
in at least one third of breast carcinomas [14], as well as in ovarian and endometrial tumors
[15]. Elevated serum levels of CSF-1 have been detected in breast cancer patients, and higher
serum CSF-1 levels were correlated with worse prognosis, and shorter disease free interval
[16,17]. These results suggest that CSF-1 expression by tumor cells may facilitate bone
metastasis. The metastatic breast cancer cell line MDA-MB231 makes CSF-1 [18], and
stimulates osteoclastogenesis in vitro, but it is not clear whether this is a widespread mechanism
by which tumor cells support osteoclastogenesis. Here we examine CSF-1 expression in the
mouse mammary epithelial cell line r3T that is highly metastatic to the bone, and demonstrate
that CSF-1 is likely to be a key tumor-derived factor regulating osteolysis during bone
metastasis.

Materials and Methods
Generation of murine osteoclasts in vitro

Mice used for experiments in a 129 (S1, S7) mixed background were bred in-house and handled
in accordance with guidelines of The Forsyth Institute Animal Care and Use Committee. Mouse
bone marrow osteoclast-like cells were obtained from six to ten- week-old mice as previously
described [19]. Briefly, marrow was flushed from femurs and tibia, washed and incubated
overnight in bone marrow medium (BMM: α-MEM, 10% heat inactivated FBS (fetal bovine
serum, Atlanta Biologicals, Lawrenceville, GA)) supplemented with penicillin and
streptomycin (Sigma, St. Louis, MO). Next day, non-adhered cells were layered on
histopaque-1083 and cells at the interface were cultured in BMM with mouse CSF-1 (colony
stimulating factor-1; Peprotech, Rocky Hill, NJ; 10 ng/ml) and RankL (receptor activator of
NF-κB ligand; Peprotech or GST-RANKL purified in the lab; 30–120 ng/ml). After 4 days,
osteoclasts were collected by scraping in cell stripper solution (Cellgro, Lawrence, KS) and
re-plated at 1×105 cells/ml in 24-well plates and incubated in BMM with or without CSF-1 in
the presence or absence of cytokines or other agents as described. For TGF-β treatments, mature
osteoclasts were seeded onto coverslips at a cell density of 1×105 cells/ml in 24-well plate and
grown in complete medium with CSF-1 and RankL. The next day, the cells were treated with
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2 ng/ml TGF-β (transforming growth factor β) plus CSF-1 and RankL. Experiments were
performed several times in duplicate.

Cell lines and culture
Mammary epithelial cell line r3T and its precursor cell lines were cultured in α-MEM with 8%
FBS, glutamine and pen/strep as described (20). Osteocyte-like cell line MLOY4 [20] was
grown in a-MEM with 5% FBS and 5% CS (calf serum) (Gibco). MC3T3 cells were cultured
in α-MEM with 10% FBS. Mouse embryonic fibroblast cell lines were grown in D-MEM
(Dulbecco’s modified Eagle’s medium) (Gibco) with 10% CS and sub-cultured every three or
four days.

Mouse embryonic fibroblast (MEF) cell line preparations and genotyping
Heterozygous Csf1+op mice were purchased from the Jackson Laboratory (Bar Harbor, ME)
and bred at The Forsyth Institute. Embryonic fibroblast cell lines were prepared from four
embryos as described previously [21]. Briefly, heterozygous Csf1+op mice were mated embryos
were removed at 12–16 days. Dissociated embryos were trypsinized and placed into culture.
DNA was prepared from ear snips, and PCR amplifications were performed using primers: 5′-
TGTGTCCCTTCCTCAGATTACA-3′(forward) and 5′-
GGTCTCATCTATTATGTCTTGTACCAGCCAAAA-3′(reverse). Then, PCR products
were cut with Bgl I (NEB, Ipswich, MA) and products were separated on 4% Metaphor agarose
gel (Cambrex) for high-resolution visualization of fragments.

Cell lysate and conditioned medium (CM) preparations
Cell lysates were prepared from 90% confluent cells by incubation in lysis buffer (20 mM Tris-
HCl pH 7.5, 0.6 M KCl, 1% Triton X-100) and protease inhibitors (Sigma, St. Louis, MO) for
30 min on ice, centrifuged and protein concentrations determined by BSA assay. Conditioned
medium (CM) was prepared from 90% confluent cells [22]. For westerns, proteins from 100
ul of CM was collected by acetone precipitation prior to loading on the gel.

Immunoblotting and ELISA
Western blotting was as described previously [23]. CSF -1 was detected with biotinylated goat
anti-CSF antibody (#AF416, R&D Systems, Minneapolis, MN); anti-beta-actin antibody
(Sigma) was used for controls. CSF-1 levels in lysates and serum samples obtained at
euthanasia were measured using enzyme-linked immunosorbent assay (ELISA). This was
performed according to the instructions for the mouse CSF-1 ELISA Duoset Kit (R &D
systems), substituting antibody AF416 for the monoclonal antibody supplied as capture
antibody with the kit. We were unable to detect secreted CSF-1 using the Duoset kit as supplied,
and hypothesize that the monoclonal antibody does not detect glycosylated CSF-1. ELISA
conditions and antibody concentrations were optimized in our laboratory. Briefly, a 96 well
plate was coated with antibody AF416 (2 μg/ml) overnight at room temperature. After blocking
and sample incubation according to the manufacturer’s instructions, the washed plate was then
incubated with detection antibody (# BAF416, R&D Systems, 0.2 μg/ml) for 1 h and then with
Streptavidin-HRP for 20 min. Optical density of each well was determined immediately using
a microplate reader set to 450 nm. All standards and samples were assayed in duplicate.

RNA extraction and PCR analysis
Cells were washed three times with PBS and total RNA was harvested in TRIzol reagent
(Invitrogen, Carlsbad, CA) and purified according to manufacturer’s instructions. RNA
samples were monitored on agarose gel and yield was calculated. One microgram of RNA was
converted to cDNA with MMLV reverse transcriptase (Gibco) in 20 μl reaction. The resulting
cDNA samples were used in PCR analysis of soluble CSF-1 (Pa:5′-
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CCACTTGTAGAACAGGAGGCCC-3′; Pb: 5′ GCTTGAGGGCAAGAGAAGTACC-3′)
and cell-surface associated CSF-1 (Pa:5′-CCACTTGTAGAACAGGAGGCCC-3′; Pc: 5′
CCAAGAACTGCAACAACAGCTTTGC-3′ [24], and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), (5′-GGGTGTGAACCACGAGAAAT-3′, 5′-
CCTTCCACAATGCCAAAGTT-3′) expression. cDNAs made from cell lines and tumor-
bearing mouse bones were used in real-time PCR analysis of total CSF-1 RNA with primers:
5′-CTCATGAGCAGGAGTATTGCCA-3′, 5′-ATTTGACTGTCGATCAACTGCTG-3′.
Conditions for qPCR were as described previously [25] using Sybr green: the CSF-1 assay was
performed using a PCR-amplified fragment of the mouse CSF-1 cDNA as standard, and had
an efficiency of 101%. Numbers of molecules of CSF-1 was divided by molecules of GAPDH
to calculate relative CSF-1 expression. Controls without reverse transcriptase were performed
for all samples. Tumor cell numbers in bone samples were determined using a qPCR assay for
the r3T cells described previously [9].

Flow cytometric analysis
The r3T cells were re-suspended in PBS buffer containing 5% FBS and incubated with
biotinylated mouse-CSF-1 antibody (BAF416, R&D Systems) for 45 min at 4 °C. Cells were
washed with PBS buffer containing 5% FBS, collected and stained with PE-conjugated avidin
for 45 min at 4 °C. Labeled cells were analyzed using Coulter® Epics® Altra™ flow cytometer
(Beckman Coulter, Fullerton, CA). Signal of 1×106 cells was measured.

Mitomycin C (MMC) treatment and glutaraldehyde fixation
For co-culture experiments, confluent cell lines were incubated with 20 μg/ml mitomycin
(MMC) (Sigma) at 37°C for 4 hr. Treated cells were washed, trypsinized and plated at
1×104 cells/ml in 24-well plates and cultured overnight in complete medium. Alternatively,
cells were fixed with glutaraldehyde as described earlier [26]. Briefly, cells were grown in 24-
well plates to 70% confluence, fixed with 2.5 % glutaraldehyde for 1 min and immediately
quenched with 1.5% glycine in PBS for 20 min. Fixed cells were washed and incubated
overnight in complete medium before co-culturing with mature osteoclasts. Each treatment
was repeated in three separate experiments in duplicate.

TRAP and DAPI staining
Osteoclast cells were fixed in 3% p (Sigma) for 20 min at room temperature, permeabilized in
70% ethanol for 1 min, washed with PBS, and stained for TRAP (tartrate-resistant acid
phosphatase) using fast red solution (0.2 M sodium acetate, pH 5.0, Naphtol AS-MX phosphate
(Sigma) (0.5 mg/ml), fast red TR salt (Sigma) (1.1 mg/ml) at 37°C for 10 min. TRAP positive
cells were photographed and were evaluated blind by quantification of the number cells with
two or more nuclei from five different areas. Cells grown on coverslips were mounted in
antifade-mounting medium containing 25 mg/ml DABCO (1, 4 diazabicyclo octane) (Sigma)
and 0.5 μg/ml DAPI (4, 6-diamaino-2-2phenylindole) (Sigma). Experiments were performed
multiple times in duplicate.

Immunohistochemistry
Bone metastases from mice injected with r3T cells were obtained as described previously [9].
Briefly, r3T cells (1 × 106/mouse) were injected into the left ventricle of the heart, and animals
were sacrificed 18–24 days later. Negative control bones from CSF1op/op mice were from 12-
day pups. Bones were fixed in 4% paraformaldehyde and decalcified in formic acid/sodium
citrate buffer. Sections were rehydrated and blocked in 5% serum, incubated in primary anti-
mouse CSF-1 antibody (AF416,1:50; R&D Systems) overnight at 4°C or anti-cathepsin K
[27] antiserum (1:4000) for 2 hr at room temperature. After secondary biotinylated anti-goat
rabbit antibody for CSF-1 and anti-rabbit for cathepsin K (1:300; Vector), the sections were
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reacted with biotin-avidin HRP complex (ABC reagent, Vector), and visualized with 3,3-
diaminobenzidine (DAB) tetrahydrochloride. Nuclei were counterstaining with hematoxylin
or 1% fast green. Sections incubated with only secondary antibody were used as controls and
showed no staining.

Statistical analysis
Experiments were performed in duplicate in multiple times as indicated. The results are
confirmed in several experiments, and are presented as either representative results or mean ±
SEM. Graph Pad Prism software was used to calculate standard deviations and p values using
unpaired t-tests.

Results
CSF-1 overcomes TGF-β inhibition of osteoclast survival

Earlier studies have shown that conditioned medium from cancer cells producing higher level
of CSF-1 supports higher levels of bone resorption, suggesting that CSF-1 originating from
cancer cells may contribute to osteoclast activity at the metastatic site by enhancing their
survival [28]. To assess the direct effect of CSF-1 on osteoclast survival, mature osteoclasts
cultured on glass and collagen-coated coverslips were treated with 2 ng/ml TGF-β in the
presence of RankL (120 ng/ml) and CSF-1 (10 or 100 ng/ml). The cells that survived TGF-β
treatment were determined by staining cell nuclei with DAPI. The DAPI stained nuclei were
counted from six different random fields for each experimental condition. The number of DAPI
stained nuclei decreased significantly after TGF-β treatment in the presence of 10 ng/ml CSF-1
(* p< 0.05) (Fig. 1A). However, when the CSF-1 level was increased to 100 ng/ml in the same
experimental conditions, the effect of TGF-β on cell survival was blocked, and there was no
significant difference in nuclei numbers between treated and untreated cells (Fig. 1B). These
results suggest that high level expression of CSF-1 in tumors may enhance osteoclast survival
in the presence of TGF-β, in addition to supporting osteoclast differentiation. There are multiple
cell types in the vicinity of tumors that secrete CSF-1, including osteoblasts and stromal cells.
However, several metastatic cell lines have also been shown to secrete CSF-1. Thus, we then
asked whether CSF-1 made by tumor cells themselves are a major source of this cytokine in
bone metastases.

r3T cells make CSF-1
The r3T cells have been described in detail earlier: these cells form osteolytic bone metastases
with high efficiency after injection into the arterial circulation of syngeneic mice [29].
Semiquantitative RT-PCR analysis (Fig. 2A) showed that r3T cells produce detectable CSF-1
mRNA; the osteocyte-like cell line MLOY4 [20], which expresses high-level CSF-1, was used
a positive control. The r3T cells were derived by in vitro transformation of a cell line from a
carcinogen induced mammary tumor [29] – quantitative PCR showed that these cells as well
as its parental, less metastatic cell lines 1029 D6, GP+E and r3 all express CSF-1, although all
these cell lines express less CSF-1 than MLOY4 (Fig. 2B). Western blot analysis confirmed
expression of CSF-1 protein in r3T cell lysates. CSF-1 is a multiply glycosylated protein
migrating with a molecular mass ranging from 25 to 100 kDa under reducing conditions [30]
and various glycosylated and sulfated forms of the protein have been observed [31]. The
predominant form of CSF-1 detected in r3T lysates in our immunoblots was about 80 kDa
(Figure 2C, lane 4): a slightly larger, ~85 kDa protein band was detected in wild type and
heterozygous MEF cell lines (Figure 2C, lanes 2 and 3), but not in CSF-1-deficient (op/op)
MEF cells (Figure 2C, lane 1). The reason for the difference in migration of CSF-1 in these
different cell lines is unclear, but may reflect different patterns of glycosylation or sulfation.
Since reducing agent was added to all samples, the different forms probably do not represent
dimers [31]. Several lower molecular weight bands were seen in both CSF-1-deficient and r3T
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cells (arrow, Figure 2C); the identity of these bands is unknown. Similar levels of β-actin were
found in all cells confirming similar protein loading. The secreted form of CSF-1 was also
identified by western blotting of conditioned medium from different cell lines (Figure 2D).
The predominant band seen in MEF and r3T cells migrated at about 50kD, while additional
smaller forms were seen in the r3T cells. There was no CSF-1 protein detectable in the
conditioned medium from the CSF-1op/op MEF cells. The 80–85 kD band was not observed in
the conditioned medium samples, suggesting that these bands represent membrane associated
precursors.

r3T cells express both the soluble and cell-surface forms of CSF-1
CSF-1 can be expressed as both secreted and cell-surface associated forms: the secreted forms
include both proteoglycans and glycosylated molecules [32,33]. These molecules are derived
from 5 different CSF-1 mRNAs: differential splicing whereby alternative splice acceptor sites
in Exon 6 are used is responsible for the production of cell-surface associated vs secreted
proteins [34]. A 4kb mRNA codes for a protein that is expressed on the cell surface and is
rapidly cleaved to generate soluble CSF (sCSF-1), while a 1.4 kb mRNA is translated to a
transmembrane form (csCSF-1) that is cleaved only slowly [24]. An additional alternative
splice site at the 3′ end generates mRNAs with different 3′ untranslated sequences [35]. To
examine whether r3T cells express mRNA encoding the cell-surface associated (csCSF-1) and
soluble (sCSF-1) forms of CSF-1, total RNA was prepared from r3T and MLOY4 cells, and
the alternatively spliced forms of CSF-1 exon 6 in r3T cells were identified by RT-PCR.
Primers Pa and Pb [24] generate a 263 bp PCR product, which contains the full exon 6,
representing sCSF-1 mRNA, while primers Pa and Pc amplify a 163 bp product [24] from the
alternatively spliced mRNA (csCSF-1). Both these products were amplified from r3T cells
(Fig. 3A, lanes 1 and 2). Similar results were seen for MLOY4 cells (Fig. 3A, lanes 4 and 6).
GAPDH-specific primers yielded a 100 bp PCR product (Fig. 3A). Confirmation that the r3T
cells produce the cell surface form of CSF-1 was obtained by FACS analysis, where the
majority of unfixed r3T cells stained strongly for cell-surface CSF-1 (Fig. 3B). CSF-1 produced
by r3T cells was quantified by ELISA for mouse CSF-1. sCSF-1 was detected by ELISA of
conditioned medium, while csCSF-1 was estimated by assaying cell lysates, which should
contain both cell-surface associated CSF-1 and any precursor forms in transit to the cell
membrane. The levels of both CSF-1 isoforms in r3T cells (73 pg/105 cells in CM, Fig. 3C;
0.42 pg/μg protein in cell lysate, Fig. 3D) were lower than that of MLOY4 cells (256 pg/105

cells in CM, Fig. 3C; 0.76 pg/μg protein in cell lysate, Fig. 3D). Interestingly, the expression
of both forms of CSF-1 in r3T cells was similar to that in osteoblastic MC3T3 cells. Expression
of soluble CSF-1 in MC3T3 cells was increased following incubation with 100 nM Vitamin
D (MC3T3 stimulated). As expected [36], CSF-1 levels were below the limit of detection in
CSF-1 deficient (op/op) MEF cells (Fig. 3C, D).

r3T cells in co-culture support osteoclast survival
CSF-1 is an obligate growth factor for osteoclasts: adherent osteoclast-like cells differentiated
from mouse bone marrow precursors are unable to survive and differentiate into mature
osteoclasts in the absence of CSF-1 even in the presence of RankL (Fig. 4A; panel j). However,
these osteoclast-like cells when co-cultured with r3T cells were able to differentiate into mature
osteoclasts in the presence of RankL but without exogenous CSF-1 as shown by the formation
of TRAP-positive multinucleated cells (Fig. 4A; Panels a and e). To test the involvement of
both CSF-1 isoforms in osteoclast formation, r3T cells were pretreated with mitomycin C
(MMC) or glutaraldehyde prior to incubation with osteoclast precursor cells. Mitomycin C is
a cross-linking agent that mitotically inactivates cells, and is used to prepare feeder cells: cells
treated with MMC will express both cell surface and secreted CSF-1. Glutaraldehyde, on the
other hand, kills the cells and prevents the continued synthesis and processing of sCSF-1, but
preserves the structure and bioactivity of csCSF-1 already present on the cell membrane [37]:
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CSF-1 was undetectable by ELISA in conditioned medium harvested from glutaraldehyde-
fixed cells (data not shown). When incubated in co-culture with osteoclast-like cells and
RankL, both glutaraldehyde-fixed (Fig. 4A; panel a) and MMC-treated (Fig. 4A; panel e) r3T
cells were able to support osteoclast survival. The ability of r3T and MLOY4 cells to support
osteoclast survival and differentiation into mature TRAP-positive cells was similar (compare
Fig. 4A panels a, c, e, g; Fig 4B). The TRAP-positive cells produced in these co-cultures were
mostly multinuclear (Fig. 4B) and were able to form pits on dentine slices (data not shown).
On the other hand, when these osteoclast-like cells were co-cultured with Csf1op/op MEF cells
which do not synthesize CSF-1, osteoclasts did not survive (data not shown). The effect of
sCSF-1 alone on osteoclast survival was tested using conditioned medium harvested from r3T
or MLOY4 cells as an exogenous CSF-1 source. As expected, these conditioned media were
able to support osteoclast survival in the presence of RankL, but the effect was less than that
seen in the co-culture experiments (Fig. 4A; panels i, k). Osteoclast precursors cultured with
soluble purified CSF-1 and RankL were used as a positive control in all experiments to monitor
osteoclast precursor preparation and experimental conditions (Fig. 4A; panel l).

CSF-1 levels are elevated in the plasma from tumor-bearing mice and in bone metastases
When injected into the arterial circulation, r3T cells form bone metastases, primarily in the
proximal tibia and distal femur [9,29], although some metastases are found in other organs
[38]. The contribution of r3T-derived tumors to plasma CSF-1 levels was estimated by
measuring CSF-1 levels in plasma from control and tumor-bearing mice at the time of sacrifice;
we found that plasma levels of CSF-1 were increased by 40% (p<0.01) in tumor-bearing mice
compared to control mice. (Fig. 5A). As expected, CSF-1op/op mice had no detectable CSF-1
level in the serum, while their WT littermates had levels similar to control mice. To estimate
the CSF-1 production associated with metastatic bone lesions, CSF-1 mRNA was measured
by qPCR in bones from tumor bearing and control mice. In this experiment, the tumor burden
in each bone sample was estimated using a qPCR assay for tumor cells as described previously
[9]. Using RNA isolated from the same bone samples, CSF-1 expression was determined by
qPCR analysis using primers for total CSF-1, and was normalized to GAPDH expression.
Normalized CSF-1 expression was significantly increased in bones with the highest tumor
burden (p< 0.02; Fig. 5B). Together, these results demonstrate that CSF-1 levels are elevated
in bone metastases.

CSF-1 expression in vivo in bone metastasis
To estimate the relative contribution of host and tumor cells to the CSF-1 in the tumor, we
examined CSF-1 expression at the protein level by immunohistochemistry in tibiae from tumor-
bearing mice. In normal bones from young mice, CSF-1 was detected in scattered cells
associated with trabeculae, possibly osteoblasts (Figure 6B, arrows). In tumor bearing bones,
CSF-1 expression was widespread throughout the tumor (Fig. 6C), and expression in the tumor
was much higher than in nearby normal bone marrow. While it is difficult to distinguish host
cells within the tumor, it is clear that tumor expression of CSF-1 is strong, and is likely the
predominant source of CSF-1 in these tumors by virtue of the preponderance of tumor cells
present. The high power image (inset, Figure 6C) shows strong staining at the edge of some
cells (arrow), consistent with membrane expression. Antibody specificity was confirmed by
comparing the reactivity of the CSF-1 antibody on sections from op/op and WT tibiae from 3-
week old mice (Fig. 6A, B) and by use of no primary antibody controls (Fig. 6E). Interestingly,
multinucleated cathepsin K positive osteoclasts were located only in close proximity to tumor
cells (Fig. 6D, arrows), suggesting that cell-cell contact with tumor cells may be important for
osteoclast differentiation and survival in response to tumor development in the bone.
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Discussion
CSF-1 has been identified in a variety of different tumor types, and has been suggested to
enhance tumor development and metastasis [39], possibly through an effect on tumor-
associated macrophages [40]. We hypothesize that CSF-1 expression in metastatic tumor cells
is additionally important because of its ability to stimulate osteoclast function, promoting the
osteolysis that accompanies breast cancer metastases. This role of tumor-expressed CSF-1 may
be independent of its function in enhancing metastasis.

Several groups have shown previously that CSF-1 is expressed in human osteolytic cell lines
such as MDA-MB-231 [18,41,42]. Here, we extend these previous observations in showing
that metastatic tumor cells express both the secreted and cell-surface forms of CSF-1, and that
the cell surface form alone can support osteoclast differentiation and survival. Further, we show
that elevated CSF-1 levels can protect osteoclasts from deleterious effects of TGF-β, and that
CSF-1 levels are elevated in bone metastases: immunohistochemical analyses suggested that
tumor cells are the predominant source of CSF-1 in these bone metastases. Together these
results are consistent with the hypothesis that high level CSF-1 expression due to the presence
of tumor cells at the site of bone metastasis facilitates osteoclast differentiation and survival.
These results are also consistent with studies in breast cancer patients, where plasma CSF-1
levels were found to be higher in patients with more advanced breast cancer [16,17]. While
these studies did not identify patients with bone metastasis it is estimated that 80% of patients
with metastatic breast cancer have bone metastases [1], consistent with the idea that elevated
CSF-1 expression in breast cancer supports development of bone metastasis.

The cell surface form of CSF-1 is found in numerous cell types, including osteoblasts, where
expression of this form, in the absence of soluble CSF-1 can support osteoclastogenesis in vitro
[26,37]: these authors suggested that the amount of cell surface-associated CSF-1 needed to
effect osteoclastogenesis might be less than that of the secreted form, due to its increased local
concentration. In vivo, csCSF-1 alone can correct the osteoclast deficiency in CSF-1 deficient
op/op mice when overexpressed in osteoblasts [43], but this form of CSF-1 is less effective
than WT when expressed under the control of the same CSF-1 promoter [34]. Our observations
that either mitomycin c or glutaraldehyde treated r3T cells producing soluble and/or cell-
surface associated CSF-1 supported formation of osteoclasts in in vitro co-culture systems in
the presence of RANKL are consistent with these findings. While mitomycin c treated r3T
cells provided both CSF-1 forms to the murine osteoclast-like cells in co-culture,
glutaraldehyde treated r3T cells provided only the cell-surface associated form of CSF-1, and
osteoclastogenesis was efficient under these conditions. Overall our in vitro co-culture results
indicated that both CSF-1 forms expressed by the r3T metastatic breast tumor cells are active
and support osteoclastogenesis. The role of cell-cell contact in the development of bone
metastases is still unclear, but in our model, osteoclasts are only found in close proximity to
the tumor cells (Fig. 6), suggesting that cell surface proteins or poorly diffusible factors are
required for tumor-associated osteoclast differentiation and/or survival. Tumor cell-associated
CSF-1 may be one such factor. Of course, RANKL, which can also be expressed as a secreted
or membrane-associated protein[44], is additionally required for osteoclast differentiation and
survival in all these experiments [12]: we have shown previously that this cytokine is not
expressed by r3T cells [9], so host cells are the sole source of this critical cytokine in this model.

Using a sarcoma model in syngeneic mice, Clohisy and co-workers demonstrated that tumor
cells alone can provide sufficient CSF-1 for the development of osteolytic lesions in mice
deficient for CSF-1 expression [45]. This work clearly demonstrates the importance of tumor-
derived CSF-1 in supporting osteoclastogenesis in development of bone metastases. These
experiments were performed using tumor cell injection directly into the bone, where a large
bolus of tumor cells are delivered directly into the bone microenvironment. Whether this is
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also the case in a breast cancer model where tumor cells are introduced into the arterial
circulation is still unclear. Our results suggest that tumor-associated CSF-1 in a breast cancer
model may also be sufficient for osteoclast development in the absence of host CSF-1: further
experiments are required to test this idea.

Osteopontin (OPN)-deficient mice are resistant to bone resorption in vivo due to defects in
osteoclast migration and resorption [46,47]. We have shown that this osteoclast defect in the
absence of osteopontin is overridden by tumor cells, in that bone resorption associated with
osteolytic bone metastasis is unaffected by osteopontin deficiency [9]. OPN affects osteoclast
function at least partially through its interaction with the αvβ3 integrin [19]. In vitro, the
osteoclast differentiation defect observed in β3-integrin deficient mice can be overcome in the
presence of high concentrations of CSF-1, suggesting crosstalk between signaling pathways
stimulated by integrins and growth factors in osteoclasts [48]. Here we suggest that the same
mechanism may occur during bone metastasis. High level expression of CSF-1 in bone
metastases may mimic the effects seen in vitro, stimulating normal osteoclast function in the
absence of β3-integrin-signaling initiated by osteopontin. While tumor-cell produced CSF-1
does not override the osteoclast defect in β3-integrin-defiecient mice [49], the defect in the
OPN −/− mice is less severe, and may be affected by CSF-1 overexpression. We show that
breast cancer cells metastatic to bone produce both soluble and cell-surface associated CSF-1,
and that both forms are able to support osteoclast survival in vitro. CSF-1 expression is
increased in bones and serum of mice with osteolytic lesions, and is predominantly localized
to tumor cells in these lesions. Finally, increased levels of CSF-1 can protect osteoclasts from
suppressive effects of TGF-β, further supporting the idea that overexpression of CSF-1 by bone
metastatic tumor cells supports osteoclasts superactivation.

We have observed that osteoclasts associated with bone metastases are larger than those found
in some other form of rapid bone resorption, such as during tooth eruption (data not shown).
Typically mouse osteoclasts in vivo have two-ten nuclei [50], while those associated with bone
resorption can have dozens of nuclei. For instance, in bone metastases associated with sarcoma
cells, tumor associated osteoclasts were significantly larger than in control bones [45]. We
suggest that this larger size reflects “superactivation” of osteoclasts in vivo, and indeed it has
been shown that larger osteoclasts (>10 nuclei) are more active resorbers than are small
osteoclasts (<5 nuclei) [51], and that they express higher levels of c-fms and the αvβ3 integrin
than do small osteoclasts [50]. These observations are consistent with our hypothesis that
tumor-associated osteoclasts are less sensitive to the absence of OPN, since their increased
αvβ3 levels may allow adequate signaling in the presence of lower-affinity ligands. We further
suggest that abnormally high levels of CSF-1 provided by tumor cells can contribute to
osteoclast superactivation. Indeed, CSF-1 increases the size and resorptive activity of mature
rabbit osteoclasts [52]. It is possible that cell-surface associated CSF-1 may be more effective
at increasing osteoclast size than is secreted CSF-1, due to its higher concentration in the area
of osteoclast activity. In CSF-1 deficient op/op mice with few osteoclasts, osteolytic tumor
cells that express CSF-1 induce the formation of osteoclasts at the site of the tumor, but not
systemically [45], further supporting the idea that CSF-1 expression by tumors functions
primarily locally. It is not known if the sarcoma cells in these experiments expressed cell-
surface CSF-1.

Our immunohistochemistry results clearly show that CSF-1 is widely distributed in tumor cells
within the bone (Figure 6). While it is difficult to identify host cells such as osteoblasts in these
images, it is clear that the expression in tumor cells is not significantly lower than in host cells,
since the staining is quite uniform throughout all the area of the tumor. In normal, non tumor-
bearing bones, scattered individual cells associated with the trabecular bone, possibly
osteoblasts, express the highest amount of CSF-1. Thus, in bone metastases arising from r3T
cells, the tumor cells seem to be the main source of CSF-1, because there are so many more of
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these cells than the host cells. Both membrane and cytoplasmic staining is seen in these sections
when viewed at high magnification (data not shown), suggesting that both the forms of CSF-1
made by the r3T cells in vitro are also made in vivo in the bone microenvironment.

TGF-β is abundant in bone matrix, which is a major storage site, and has complex effects on
osteolysis (reviewed in [53]; [54] ). Osteoclastic bone resorption releases TGF-β that can
modulate bone formation and resorption. TGF-β released from bone matrix during osteolysis
stimulates tumor cells to produce more PTHrP, which in turn stimulates RankL production by
tumor cells, activating osteoclasts. This vicious cycle of tumor cell bone microenvironment
interaction results in bone destruction and tumor growth [55]. TGF-β has also been shown to
have dose dependent inhibitory effects on osteoclast differentiation and causes apoptosis of
osteoclasts in mixed bone marrow cultures [56]. While TGF-β stimulates osteoclast
development in the presence of CSF-1 and RankL, this effect is most pronounced in early times
of culture, with minimal to no effect at later times [57]. Thus, our observation that TGF-β
suppresses the number of cells in mature osteoclast cultures is consistent with its role in
osteoclast apoptosis, and may reflect an inhibitory effect of this cytokine on late stages of
osteoclast life span. The effect of high levels of CSF-1 in blocking this effect of TGF-β thus
suggests that increased levels of this growth factor due to tumor cell expression can enhance
osteoclast survival at multiple levels, counteracting suppressive effects of TGF-β released
during osteolysis.

Conclusions
Here we demonstrate for the first time that the r3T cells produce CSF-1, and that CSF-1 levels
are elevated in bone metastases, most likely in the tumor cells themselves. Cell surface
expression of CSF-1 on r3T cells can function to support osteoclastogenesis. Since elevated
CSF-1 levels can both support osteoclastogenesis and confer resistance to TGF-β these results
are consistent with a central role for tumor-expressed CSF-1 in the development of osteolytic
bone metastases. Future experiments are planned to test this hypothesis.
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Fig. 1.
High CSF-1 concentration overcomes TGF-β effect on osteoclast survival. Mature osteoclasts
were cultured on glass or collagen-coated coverslips overnight, and then treated with or without
2 ng/ml TGF- β for 48 hr in the presence of 10 ng/ml CSF-1 (A) or 100 ng/ml CSF-1 (B). DAPI
stained nuclei were counted from six different random fields at 40x magnification. Mean results
of three experiments are shown. (* p< 0.05, TGF- β vs. control)
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Fig. 2.
Analysis of CSF-1 expression in r3T cells. A: semi-quantitative PCR analysis for CSF-1 in
MLOY4 (upper panel) and r3T cells (lower panel). The number of PCR cycles is indicated
above each lane. B: qPCR analysis of CSF-1 expression in r3T cells compared to the parental
cell lines (1029 D6, GP+E, r3) and MLOY4. CSF-1 expression was quantified by real-time
PCR, and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. C:
western analysis of CSF-1 expression in cell lysates from CSF-1 deficient (op/op) MEF (lane
1), wild type MEF (lane 2), heterozygous MEF (lane 3) and r3T cell lines (lane 4). The
approximate molecular weight of major bands are indicated: the arrow indicates a band seen
in all lanes including the CSF1- deficient cells. The membrane was subsequently stripped and
re-probed with β-actin antibody as loading control. D: western analysis of CSF-1 expression
in conditioned medium from CSF-1 deficient (op/op) MEFs (lane 1), WT MEFs (lane 2) and
r3T cells (lane 3). Positions of molecular markers in kD are indicated.
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Fig. 3.
r3T cells express both cell-surface associated and secreted CSF-1. A: different primer sets were
used to identify csCSF (163 bp) or sCSF (263 bp). Lanes 1–3, r3T cDNA, lanes 4–6, MLOY4
cDNA. No-reverse transcriptase controls (no RT) confirm that the bands seen result from
transcripts, not genomic DNA. PCR for GAPDH (lower panels) was used to demonstrate
similar cDNA levels. B: FACS analysis of CSF-1 surface expression on r3T cells. Biotin-
labeled anti CSF-1 antibody was used at 1 μg/reaction for flow cytometry, and detected with
PE-avidin. Solid peak: No primary antibody. Open peak: CSF-1 antibody. C, D: quantification
of CSF-1 levels in different cell lines by ELISA. C: sCSF-1 levels were determined in
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conditioned medium of indicated cell lines by ELISA. Results were represented as pg sCSF/
1×105 cells. D: CSF-1 level in cell lysates was normalized to total protein.
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Fig. 4.
Effect of cell-surface associated and soluble CSF-1 forms on osteoclast formation. A: r3T or
MLOY4 cells were treated with glutaraldehyde (GLUT, panels a–d) or mitomycin C (MMC,
panels e–h). Treated cells were co-cultured with osteoclast precursors (OC) and RankL (panels
a,c,e,g) or cultured alone (r3T only, panels b,f; MLOY4 only, panels c,g). Osteoclast precursors
were incubated with RankL and conditioned medium (CM) from r3T (panel i), or MLOY4
cells (panel k) as indicated. Negative controls (BMM medium with RANKL, but no added
CSF-1, panel j) and positive controls (BMM medium with 10 ng/ml CSF-1, panel l) are also
shown. Different preparations of r3T and MLOY4 cells were plated and incubated overnight.
Next day, osteoclast-like cells were added in the presence of complete medium plus RankL.
Cultures were stained for TRAP after 3 days. B: TRAP positive mono- and multi-nucleated
osteoclast cell numbers were determined from five random fields for each co-culture condition.
Control – osteoclast precursors cultured in complete medium plus RankL and purified CSF-1
(10 ng/ml) Representative results of multiple experiments are shown.
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Fig. 5.
CSF-1 levels in tumor-bearing mice. A: CSF-1 levels were determined by ELISA in serum
samples from control mice (n=9) and mice with bone metastases (n=10). Serum from two week
old wild type (op+/+) (n=3) and CSF-1-deficient mice (op/op, n=2) confirmed the specificity
of the ELISA (* p< 0.02). B: relative CSF-1 expression was determined by qPCR in cDNA
prepared from bones from tumor-bearing mice samples, and normalized to GAPDH expression.
Tumor burden in each bone was determined by qPCR and represents the number of r3T cells/
bone [9]. n=4 (<105); 6 (105–107); 8 (>107)) (* p< 0.002; ** p< 0.02).
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Fig. 6.
CSF-1 expression in normal and tumor-bearing bones determined by immunohistochemistry.
A: Femur from CSF-1op/op mouse, 2–3 weeks of age, CSF-1 antibody. B: femur from a WT
mouse, 2–3 weeks of age, CSF-1 antibody. C: tibia from a WT mouse (4–5 months of age)
injected with r3T cells, CSF-1 antibody. Inset: higher magnification (100x) of the same sample:
arrow indicates potential membrane staining. T- tumor cells, BM- bone marrow. Dashed line
indicates tumor border. D: Same sample as C, cathepsin K antibody. The image is a merge of
two fields. E: same sample as C without primary antibody. Black bars represent 100 μm.
Antibody staining is visualized as brown staining; sections were counterstained with methyl
green.
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