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Abstract

CD47, also called integrin-associated protein, plays a critical
role in the innate immune response and is an atypical member
of the immunoglobulin superfamily that interacts with and
activates B3 integrins. B3 integrin�/� mice have defective
platelet and osteoclast function and are protected from bone
metastasis. The role of CD47 in skeletal homeostasis and
bone metastasis has not been described. CD47�/� mice
had increased bone mass and defective osteoclast function
in vivo . Although the number of functional osteoclasts formed
by differentiating CD47�/� bone marrow macrophages was
decreased, high doses of RANKL rescued differentiation and
function of CD47�/� osteoclasts ex vivo and rescued the
osteoclast defect in CD47�/� mice. Inhibition of nitric oxide
(NO) synthase, which is expressed at higher levels in CD47�/�

osteoclasts, also rescued the osteoclast defect in CD47�/� cells.
We then examined the consequences of this osteoclast defect
in bone metastasis. In a model of tumor metastasis to bone,
bone tumor burden was decreased in the CD47�/� mice
compared with wild-type (WT) controls, with no decrease in
s.c. tumor growth in CD47�/� mice. There was decreased
tumor-associated bone destruction in the CD47�/� mice
compared with WT controls, consistent with a defect in
osteoclast function that was not rescued by the presence of
tumor. Our data show that CD47 regulates osteoclastogenesis,
in part, via regulation of NO production, and its disruption
leads to a decrease in tumor bone metastasis. CD47 is a novel
therapeutic target to strengthen bone mass and diminish
metastatic tumor growth in bone. [Cancer Res 2009;69(7):OF1–9]

Introduction

Bone metastases cause hypercalcemia, bone loss, fractures, and
pain and are thus a significant cause of morbidity and mortality
in cancer patients (1). Several tumor cell types (e.g., breast and
prostate carcinomas and melanomas) metastasize to bone and lead
to bone degradation via activation of bone-resorbing osteoclasts
(1–4). Osteoclasts are formed from the fusion of monocytes/
macrophages and are characterized by their large size, the presence
of multiple nuclei, and positive staining for tartrate-resistant
acid phosphatase (TRAP). Two cytokines, macrophage colony-
stimulating factor (M-CSF) and receptor activator of nuclear
factor-nB ligand (RANKL), are necessary for the survival and

differentiation of macrophages into osteoclasts in vitro and in vivo
(5). The osteoclast attaches to bone via the avh3 integrin through
formation of the cytoskeletal organizations called actin rings. The
resorbing osteoclast has a ruffled membrane and expresses
cathepsin K, which is necessary for degrading the organic matrix
of bone, and vacuolar proton pumps (H+-ATPases), which secrete
acid and thus result in bone resorption by dissolving the inorganic
matrix (5).
The presence of tumor cells in the bone microenvironment

results in osteoclast and osteoblast recruitment and activation.
This activation stimulates the release of growth factors from
stromal cells as well as from the bone matrix, which further
promote tumor growth in bone (1–4, 6). This is known as the
vicious cycle of bone metastasis. We have previously shown that
hyperfunctional osteoclasts are permissive for the growth of tumor
cells that home to bone (7, 8). In addition, mice globally deficient
in the h3 integrin, which show a profound defect in platelet and
osteoclast function, are protected from bone metastasis and
tumor-associated bone destruction (9–11).
CD47 (also called integrin-associated protein) was first isolated

through its interaction with the avh3 integrin, which is
prominently expressed on osteoclasts (12–15). Expressed on all
vascular cells, CD47 is an atypical member of the immunoglobulin
superfamily (16) with a single IgV domain, five transmembrane
segments, and a cytoplasmic tail (17). CD47 associates in cis in the
plane of the membrane with avh3 and other integrins (12–15)
and can augment integrin function by this association (18). It
has recently been discovered that CD47, when ligated by
thrombospondin-1 (TSP1), inhibits nitric oxide (NO) signaling in
vascular cells (19). In platelets, TSP1-CD47 signaling opposes the
NO/cyclic guanosine 3¶,5¶-monophosphate (cGMP) inhibition of
integrin activation (20), thus facilitating platelet aggregation. CD47
inhibition of NO signaling has also been shown in several other
in vivo models, suggesting that limiting NO signaling is a primary
function of the TSP1-CD47 system (19–26). Recent data indicate
that the differentiation of bone marrow macrophages into
osteoclast in vitro is sensitive to NO concentration, such that low
levels of NO stimulate osteoclast formation, whereas increased
NO inhibits formation of osteoclast (27). Therefore, CD47 may
modulate NO signaling in osteoclast.
Although CD47 associates with avh3 and augments its function,

h3�/� and CD47�/� mice have rather different phenotypes. h3�/�

mice are a model of Glanzmann’s thrombasthenia, displaying
profound defects in platelet aggregation and clot retraction (10). In
contrast, CD47�/� mice have normal bleeding times and a modest
decrease in platelet numbers (28). These differences can be
accounted by the fact that CD47 augments integrin signaling but
is not essential for integrin-mediated adhesion (19). CD47 also has
integrin-independent functions. For example, CD47-SIRP1a inter-
actions are important in innate immune reactions, negatively regu-
lating phagocytosis in vivo . The presence of CD47 on hematopoietic
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cells provides them with a ‘‘self-signal’’ that inhibits their phago-
cytosis (16, 29). The SIRP1a-CD47 interaction has also been postu-
lated to be necessary for macrophage fusion, which is essential
for the formation of osteoclasts (30, 31). Recently, Lundberg and
colleagues (31) reported a defect in formation of osteoclasts from
macrophages in the presence of blocking antibodies to CD47.
Because CD47 is proposed to function in macrophage fusion,

interacts with and activates avh3, and modulates NO signaling, we
hypothesized that CD47�/� mice would have altered osteoclast
differentiation and function. Here, we show that CD47�/� mice
have a modest increase in bone volume due to defective osteoclast
function in vivo . Furthermore, CD47�/� macrophages are defective
in osteoclast formation in vitro . The osteoclast defect is rescued by
increased administration of RANKL both in vitro and in vivo , and
inhibition of NO synthase (NOS) rescues CD47�/� osteoclast
differentiation in vitro . To test the role of CD47 in a pathophys-
iologic context in which osteoclast function is central to disease
pathogenesis, we evaluated bone metastasis and tumor-associated
bone destruction in CD47�/� mice.

Materials and Methods

Cells. The B16-F10 C57BL/6 murine melanoma cell line was purchased
from the American Type Culture Collection and modified to express firefly
luciferase (B16-FL; ref. 32).

Animals. CD47�/� mice on a pure C57BL/6 background were housed

under pathogen-free conditions according to the guidelines of the Division

of Comparative Medicine, Washington University School of Medicine.
The animal ethics committee approved all experiments. For generation of

CD47�/� mice, CD47+/� females were crossed to CD47+/� males and the

females were allowed to have two litters.

Micro–computed tomography. Tibias and femurs were suspended
in agarose and the right proximal tibial and femoral metaphyses were

scanned by micro–computed tomography (ACT; ACT-40; Scanco Medical) as
described previously (33, 34). For image acquisition, the tibias were placed
in a 17-mm holder and scanned. The image consisted of 50 slices. The

trabecular region was selected using contours inside the cortical shell on

each two-dimensional image. The growth plate was used as a marker to

determine a consistent location to start analysis. A three-dimensional
cubical voxel model of bone was built, and the calculations were made as

follows: relative bone volume over total bone volume (BV/TV), trabecular

number, and thickness. A threshold of 300 (of 1,000) was used to

differentiate trabecular bone from nonbone.
Histology, bone histomorphometry, and longitudinal growth

measurements. Mouse tibias were fixed in formalin and decalcified in

14% EDTA. Paraffin-embedded sections were stained with H&E and

separately for TRAP. Trabecular bone volume and tumor area were
measured according to a standard protocol using Bioquant Osteo (Bioquant

Image Analysis Corp.). Bone sections were blinded before analysis.

Methylmethacrylate-embedded lumbar vertebral bodies of wild-type (WT)
and CD47�/� mice were stained for von Kossa on a counterstain of 0.5%

basic fuchsin. Longitudinal growth was measured by use of calipers on

whole body as well as isolated femurs.

Serum CTX assay. CTX was measured from WT or CD47�/� mouse
fasting serum by using a CTX ELISA system (Nordic Bioscience

Diagnostics).

Flow cytometry ( fluorescence-activated cell sorting). Whole bone

marrow was isolated from WT and CD47�/� mice and incubated in
blocking medium (2.4G2 hybridoma with 4 mL of mouse IgG) and then

incubated with FITC-conjugated anti-mouse F4/80 or anti-mouse CD47

(miap301) with an anti-rat FITC secondary antibody on ice for 20 min. The
cells were then washed twice and analyzed on a FACScan flow cytometer

(BD Biosciences).

In vitro osteoclast assays. Whole bone marrow was isolated from WT

C57BL/6 mice and plated in M-CSF containing CMG-14-12 cell culture

supernatant (1:10, v/v) in a-MEM containing 10% fetal bovine serum in
Petri dishes for 3 d to generate primary bone marrow macrophages.

Bone marrow macrophages were lifted and equal numbers were plated in

48-well dishes in osteoclast medium, a-MEM containing 10% FBS, CMG-

14-12 supernatant (1:20, v/v), and glutathione S-transferase–RANKL (50 or
100 ng/mL), and incubated at 37jC for 5 d to generate osteoclasts. TRAP

staining was performed according to the manufacturer’s instructions

(Sigma-Aldrich). In Fig. 4, 0, 3, 10, 30, and 100 Ag/mL of N-nitro-L-arginine
methyl ester (L-NAME) were added to cultures at the same time with
M-CSF and RANKL, and medium was changed every day. Osteoclast

cultures were fixed after 4 d in culture and stained for TRAP.

Reverse transcription and quantitative PCR. Reverse transcription

and quantitative PCR (qPCR) methods were carried out as described
previously (8). The following qPCR primers were used: CD47, GGCGCAAAG-

CACCGAAGAAATGTT ( forward) and CCATGGCATCGCGCTTATCCATTT

(reverse); inducible NOS (iNOS), GGCAGCCTGTGAGACCTTTG ( forward)
and GCATTGGAAGTGAAGCGTTTC (reverse); and glyceraldehyde-3-phos-

phate dehydrogenase, TCAACAGCAACTCCCACTCTTCCA ( forward) and

ACCCTGTTGCTGTAGCCGTATTCA (reverse).

Actin ring formation and bone resorption assays. Actin ring

formation and bone resorption assays were performed as described (35).

Briefly, the cells plated on bovine bone slices were fixed with 3%

paraformaldehyde in PBS for 20 min. Filamentous actin was stained with

FITC-labeled phalloidin at 0.3 Ag/mL in PBS. For staining of the resorption
lacunae (pits), the cells were brushed off the bone with a toothbrush. The

slices were incubated with 20 Ag/mL of peroxidase-conjugated wheat

germ agglutinin for 1 h. After washing in PBS, 0.52 mg/mL of 3,3¶-
diaminobenzidine with 0.1% H2O2 was added onto the bone slices for

15 min. Pit area was determined from five �4 fields by using Osteo software
(Bioquant) blinded to genotype.

In vivo RANKL injections. RANKL (100 Ag) in a volume of 40 AL was
injected subperiostally in the midline calvaria in 8-wk-old mice daily for

5 consecutive days. On the 6th day, serum was collected, mice were

sacrificed, and the calvarial bone was isolated. TRAP staining was
performed on fixed, decalcified, and paraffin-embedded calvarial bone.

Tumor and bone metastasis models. For intracardiac injections, the
operator was blinded to genotype. Mice were anesthetized and inoculated

intracardially via the left ventricular chamber with 105 B16-FL cells in 50 AL
PBS as previously described (7). Bioluminescence imaging was performed

on days 7, 10, and 12 after B16-FL cell inoculation. Mice were sacrificed and

underwent blinded necropsy on day 12 after tumor cell injection. Mice were
discarded from the final analysis if the animal died before day 12 or if

necropsy showed a large mediastinal tumor indicative of injection of tumor

cells into the chest cavity, not the left ventricle.

For intratibial injections, mice were anesthetized, and 1 � 104 B16-FL
cells in 50 AL PBS were injected into the right tibia. PBS (50 AL) was injected
into the left tibia as an internal control. Animals were radiographed in two

dimensions using an X-ray system to confirm intratibial placement of the

needle (Faxitron Corp.). Bioluminescence imaging was performed on days 7
and 9 after B16-FL cell inoculation. Mice were sacrificed and underwent

necropsy on day 9 after B16-FL inoculation. Mice with i.m. locations of

tumors were discarded from the analysis. For s.c. injections, mice were

anesthetized, and 5 � 105 B16-FL cells in 100 AL PBS were injected s.c. on
the dorsal surface of the mouse at two sites. Tumor growth was monitored

over the 14-d period after B16-FL injections, and bioluminescence imaging

was performed 5, 7, 10, and 14 d after B16-FL inoculation. The experiment
was terminated due to the presence of large necrotic tumors.

In vivo bioluminescence imaging. Mice were injected i.p. with

150 mg/kg D-luciferin (Biosynthesis) in PBS 10 min before imaging. Imaging

was performed using a charge-coupled device camera (IVIS 100; exposure
time of 1 or 5 min, binning of 8, field of view of 15 cm, f/stop of 1, and no

filter) in collaboration with the Molecular Imaging Center Reporter Core.

Mice were anesthetized by isoflurane (2% vaporized in O2), and C57BL/6

mice were shaved to minimize attenuation of light by pigmented hair. For
analysis, total photon flux (photons per second) was measured from a fixed

region of interest in the tibia/femur, the mandible, or the local s.c. tumor

using Living Image 2.50 and IgorPro software (Wavemetrics).
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