
The FASEB Journal express article 10.1096/fj.01-0911fje. Published online June 21, 2002. 
 

Integrin αvβ3 expression confers on tumor cells a greater 
propensity to metastasize to bone 
 
Isabelle Pecheur,* Olivier Peyruchaud,* Claire-Marie Serre,* Julien Guglielmi,* Carole 
Voland,* Francois Bourre,� Christiane Margue,� Martine Cohen-Solal,§ Annie Buffet,*  
Nelly Kieffer,� and Philippe Clézardin* 
 
*INSERM Research Unit 403, Faculty of Medicine Laënnec, Lyon, France; �UMR 5533 CNRS, 
Pessac, France; �Laboratoire Franco-Luxembourgeois de Recherche Biomédicale, CNRS/CRP-
Santé, Luxembourg, Grand Duchy of Luxembourg; and §INSERM Research Unit 349, 
Lariboisière Hospital, Paris, France 

 
Corresponding author: Philippe Clézardin, INSERM Research Unit 403, Faculty of Medicine 
Laënnec, Rue Guillaume Paradin, 69372 Lyon Cedex 08, France. E-mail: 
clezardin@lyon151.inserm.fr 
 
ABSTRACT 
 
The reasons why tumor cells metastasize to bone remain obscure. There is some evidence to 
support the theory that integrins (acting as cell surface adhesion receptors) play a role in 
mediating metastasis in certain organs. Here, we report that overexpression of a functionally 
active integrin αvβ3 in Chinese hamster ovary (CHO) tumor cells drastically increased the 
incidence, number, and area of bone metastases in nude mice compared with those observed in 
mock-transfected CHO cells (CHO dhfr+) or in CHO cells expressing a functionally inactive 
integrin αvβ3 (CHO β3∆744). Moreover, a breast cancer cell line (B02) established from bone 
metastases caused by MDA-MB-231 cells constitutively overexpressed integrin αvβ3, whereas 
the cell surface expression level of other integrins remained unchanged. In vivo, the extent of 
bone metastases in B02-bearing mice was significantly increased compared with that of MDA-
MB-231-bearing mice. In vitro, B02 cells and CHO cells expressing a functionally active integrin 
αvβ3 exhibited substantially increased invasion of and adhesion to mineralized bone, bone 
sialoprotein, and collagen compared with those found with MDA-MB-231, CHO dhfr+, and CHO 
β3∆744 cells, respectively. Overall, our findings suggest that integrin αvβ3 expression in tumor 
cells accelerates the development of osteolytic lesions, presumably through increased invasion of 
and adhesion to bone. 
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A 
 

 common metastatic site for breast, prostate, lung, thyroid, and renal cancer is bone (for 
review, see ref 1). Bone metastasis causes intractable pain, nerve compression, and 
fractures. Current experimental studies overwhelming support the notion that there is a 

vicious circle at the bone metastatic site at which bone-residing metastatic cells stimulate 



osteoclast-mediated bone resorption and bone-derived growth factors released from resorbed 
bone promote tumor growth (1). However, mechanisms responsible for the propensity of tumor 
cells to metastasize to bone remain poorly understood. 
 
Integrins constitute a family of cell surface receptors that play an important role in cell adhesion, 
migration, invasion, proliferation, and survival (for review, see ref 2). Structurally, integrins are 
heterodimers composed of noncovalently associated α and β subunits (2). Each subunit contains 
a single transmembrane domain that separates an ectodomain from its cytoplasmic domain. The 
ectodomain binds to extracellular matrix proteins, whereas the cytoplasmic domain anchors the 
cytoskeleton to the plasma membrane and is required to mediate signaling events (for review, see 
refs 2, 3). In this respect, integrin β subunit cytoplasmic tails contain two highly conserved motifs 
(NPXY and NXXY) that play a fundamental role in regulating integrin-mediated function (3). 
There is some evidence to support the theory that integrins mediate metastasis in certain organs 
(2, 4-6). For example, colonization of lungs by human MDA-MB-231 breast carcinoma cells is 
correlated with increased cell surface expression of integrin α6β4 (4). Similarly, the predilection 
of multiple myeloma cells to grow in the bone microenvironment depends, at least in part, on the 
expression of integrin α4β7 (5). Finally, overexpression of integrin α4β1 in Chinese hamster 
ovary (CHO) cells induces the development of bone metastases in nude mice, whereas the 
parental tumor cell line develops only pulmonary metastases (6). In addition, overexpression of 
integrin α3β1, α6β1, or αvβ1 in CHO tumor cells does not induce the formation of bone 
metastases, further indicating that bone metastasis depends on integrin α4β1 (6). However, most 
of the solid tumors (breast, prostate, lung) that have a predilection for bone do not express 
integrin α4β1 (7-9). Rather, they do express integrin αvβ3 (8-11), and bone-residing breast 
cancer metastases express elevated levels of this integrin compared with primary breast 
carcinomas (11). 
 
Integrin αvβ3 is one of the most promiscuous members of the integrin family. It is involved in 
regulating cell adhesion, invasion, and survival (reviewed in ref 12). Early mechanisms operating 
in bone metastasis formation are likely to involve invasion of tumor cells into the bone marrow 
cavity (13), and adhesion of tumor cells to bone (14). Integrin αvβ3 could therefore mediate 
some of the mechanisms involved during bone metastasis formation. For example, integrin αvβ3 
recognizes a variety of plasma and extracellular matrix proteins (e.g., vitronectin, fibrinogen, von 
Willebrand factor, angiostatin, and fibronectin) (15, and reviewed in ref 16). Integrin αvβ3 also 
mediates MDA-MB-231 and MDA-MB-435 breast cancer cell adhesion to mineralized bone and 
bone sialoprotein (BSP), a bone-specific protein, as well as the migration of these cells on BSP 
(17, 18). In addition, integrin αvβ3 binds to matrix metalloproteinase MMP-2 (19) and 
subsequently promotes vascular, melanoma, and breast carcinoma invasion in vitro and in vivo 
(20, 21). Because of the inhibitory activity of the tissue inhibitor of MMP-2 on colonization of 
bone by integrin αvβ3-expressing MDA-MB-231 breast cancer cells (13), it is possible that this 
integrin promotes invasive properties of tumor cells in bone. Finally, integrin αvβ3, in a ligated 
state, promotes the survival of various cell types, whereas it induces apoptosis when unligated 
(22). Integrin αvβ3 could therefore promote the survival of bone-residing metastatic cells when 
ligated to BSP. In light of these findings (8-22), we undertook the study of the role of integrin 
αvβ3 in the development of bone metastases. 



 
MATERIALS AND METHODS 
 
Cells and culture conditions 
 
The CHO cell line CRL 9096, defective in the dihydrofolate reductase gene (CHO dhfr−; 
obtained from American Type Culture Collection, Manassas, VA), expresses integrins αvβ1 and 
αvβ5 but not αvβ3 (23). CHO dhfr− cells have been stably cotransfected with a cDNA encoding 
for the dhfr gene (used here as a selection marker) together with human cDNAs encoding for 
either a wild-type or a cytoplasmic truncated integrin β3 subunit lacking the C-terminal domain 
(amino acid residues 744-762) containing highly conserved motifs NPLY and NITY. After 
transfection, cells were grown in nucleoside-free α-minimum essential medium used as a 
selective medium. Stable transfected cells were subcloned by limiting dilution. Three stable 
clones (CHO β3wt, CHO β3 15-3, and CHO β3 2-19) transfected with a full-length β3 cDNA 
and one stable clone (CHO β3∆744) transfected with a mutant β3 cDNA were selected and 
characterized, as described previously (23, 24). Upon transfection of β3 cDNAs into CHO dhfr+ 
cells, the β3 subunit associates with the endogenous αv subunit to form an αvβ3 complex (23, 
24). CHO β3wt, CHO β3 15-3, and CHO β3 2-19 cells express a functionally active αvβ3 
integrin, whereas the αvβ3 complex in CHO β3∆744 cells is functionally inactive (23, 24). 
Mock-transfected CHO cells expressing only the dhfr gene (CHO dhfr+) and CHO β3∆744 cells 
were used here as negative control cell lines. Because of the possibility of some clonal variations 
during transfection experiments, three different clones expressing a functionally active αvβ3 
integrin were used in the present study.  
 
The human breast carcinoma cell line MDA-MB-231 was obtained from the European Type 
Culture Collection, Salisbury, UK (ECACC 92020424). Cell line MDA-MB-231/B02 (B02) has 
been selected from bone metastases caused by MDA-MB-231 cells (25). Briefly, anesthetized 
nude mice were inoculated with a tumor cell suspension of MDA-MB-231 cells into the left 
ventricle of the heart. Three weeks after the inoculation, metastatic MDA-MB-231 cells were 
harvested from metastatic sites in bones, maintained in culture until confluence, and then once 
again inoculated into the left ventricle of the heart of nude mice. The B02 cell line was 
established after six in vivo passages of MDA-MB-231 cells in bone (25). CHO cell clones and 
MDA-MB-231 and B02 cell lines were routinely cultured in RPMI 1640 medium supplemented 
with 10% (v/v) FBS and 1% penicillin and 1% streptomycin at 37°C in a humidified atmosphere 
containing 5% CO2. 
 
Antibodies, proteins, and chemicals 
 
Function-blocking mouse monoclonal antibody LM609 directed against integrin αvβ3 and mouse 
monoclonal antibodies directed against integrin subunit β3 (clone SZ21) and integrin αvβ5 
(clone P1F6) were purchased from Chemicon (Temecula, CA). Phycoerythrin-conjugated 
antimouse IgG and mouse monoclonal antibodies directed against integrin subunit α1 (clone 
HP2B6), α2 (clone Gi9), α3 (clone M-KID2), α4 (clone HP2/1), α5 (clone SAM-1), α6 (clone 



GoH3), αL (clone 25.3.1), αM (clone BEAR1), β1 (clone K20), β2 (clone 7E4), and β4 (clone 
ASC-3) were purchased from Coulter/Immunotech (Marseille, France). Mouse myeloma 
monoclonal antibody MOPC21 and bovine serum albumin (BSA) were obtained from ICN 
Pharmaceuticals (Aurora, OH). Type I collagen-coated 48-well plates were purchased from 
Becton Dickinson (Bedford, MA). Recombinant human BSP was kindly provided by Dr. Larry 
Fisher (NIH, Bethesda, MD) (26). The bisphosphonate zoledronic acid (1-hydroxy-2-(1H-
imidazole-1-yl)ethylidene-bisphosphonic acid) was obtained in the form of its hydrated disodium 
salt from Novartis Pharma AG (Basel, Switzerland). 
 
Western blotting procedure 
 
Cells in culture were harvested with EDTA and then solubilized in a lysis buffer containing 1% 
(v/v) Triton X-100, 1 mM EDTA, 1 µg/ml leupeptin, 1 µg/ml aprotinin, and 0.2 mM 
phenylmethylsulfonyl fluoride. Samples of 10-50 µg of proteins were loaded on a 7% Laemmli 
sodium dodecyl sulfate (SDS)-polyacrylamide gel and were subjected to electrophoresis under 
nonreducing conditions. After electrophoresis, Laemmli gels were equilibrated in a Western blot 
buffer, and proteins were electroblotted onto polyvinylidene difluoride (PVDF) membranes 
(Millipore, Bedford, MA), as previously described (27). After saturation for 30 min at room 
temperature in Tris buffer (20 mM Tris-HCl, 137 mM NaCl, pH 7.6) containing 5% (w/v) BSA, 
PVDF membranes were incubated overnight at 4°C with mouse monoclonal antibody SZ21 or 
with negative control mouse monoclonal antibody MOPC21 (6 µg in 15 ml of Tris buffer 
containing 0.1% [v/v] Tween 20 and 1% [w/v] BSA). After incubation, PVDF membranes were 
washed in Tris-Tween buffer and incubated for 2 h at room temperature with a biotinylated 
secondary antibody (Amersham Biosciences UK, Little Chalfont, UK). Immunoreactive bands 
were detected by using the enhanced chemiluminescence (ECL) detection system (Amersham 
Biosciences UK). 
 
Flow cytometric analysis 
 
Cell surface expression of integrins by human breast carcinoma and CHO cells was analyzed via 
a Galaxy flow cytometer (Dako, Trappes, France), as described previously (28). 
 
Cell adhesion assay to cortical bone and extracellular matrix proteins 
 
The experimental procedure was essentially as described previously (28). Briefly, tumor cells 
(3.5 × 106  cells/ml) were resuspended in RPMI medium containing 0.1% (w/v) BSA and seeded 
on the top of cortical bone slices. After a 1-h incubation at 37°C in a 5% CO2 incubator, 
nonadherent cells were removed by washing with RPMI medium containing BSA, and adherent 
cells were fixed and stained with toluidine blue. Alternatively, 60-mm bacteriological Petri dishes 
dotted with 20 µg/ml BSP (10 µl/dot) and 48-well plates coated with denatured type I collagen 
were used for tumor cell adhesion assays, as described previously (29). Tumor cells resuspended 
in RPMI/BSA medium (0.24 × 106 cells/ml) were plated in BSP-coated dishes (5 ml/dish) or 
collagen-coated 48-well plates (300 µl/well). After a 3-h incubation at 37°C, nonadherent cells 
were removed, and adherent cells were fixed and stained in 50% (v/v) methanol containing 



0.05% (w/v) crystal violet. Cells that adhered within five nonoverlapping microscopic fields (0.3 
mm2) were counted, and results were expressed as the number of attached cells per mm2. 
 
Cell migration assay 
 
Cell migration experiments were performed by using Bio-Coat cell migration chambers (Becton 
Dickinson), which consist of a 24-well companion plate with cell culture inserts containing a 
filter with 8-µm-diameter pores. The experimental procedure was as described previously (30). 
Tumor cells resuspended in RPMI/BSA medium (5 × 104 cells/500 µl) were added to the insert 
(upper chamber), and 20 µg/ml BSP was placed in the lower chamber (750 µl/well). After 
incubation at 37°C for 8 h, the upper surface of the membrane was wiped with a cotton-tipped 
applicator to remove nonmigratory cells, and the migrant cells on the under surface were fixed 
and stained. The membranes were mounted on glass slides, and the cells from 10 randomly 
chosen microscopic fields (400 × magnification) were counted. All experiments were run in 
duplicate; cell migration was expressed in terms of number of cells per mm2. 
 
Cell invasion assay 
 
Cell invasion experiments were performed using Bio-Coat cell migration chambers (Becton 
Dickinson) as mentioned earlier. Filters with 8-µm-diameter pores were coated with basement 
membrane Matrigel (30 µg/filter). The rest of the experimental procedure was essentially as 
described for the cell migration assay. FBS was used here as a chemoattractant. After a 48-h 
incubation at 37°C in a 5% CO2 incubator, the noninvading cells were removed, and the invading 
cells on the under surface of the filter were fixed, stained, and counted via microscope. All 
experiments were run in duplicate; cell invasion was expressed in terms of number of cells per 
mm2. 
 
Cell proliferation assay 
 
The experimental procedure was as described previously (30). Tumor cells were seeded in flat-
bottomed 96-well plates (2 × 103 cells/well), which were left uncoated or had previously been 
coated with collagen (20 µg/ml) or BSP (20 µg/ml). After a 24-h incubation, growing cells were 
washed and further cultured in complete medium for 4 days. Cell proliferation was measured by 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at a concentration of 
5 mg/ml (20 µl/well). MTT is reduced by the mitochondrial dehydrogenase of viable cells to a 
blue formazan product. After a 5-h incubation at 37°C, cells were solubilized in 0.01 N HCl 
containing 10% SDS for an additional 16 h at 37°C to dissolve the blue formazan product. The 
absorption was measured spectrophotometrically at 550 nm by using a 96-well plate reader 
(MR7000, Dynatech, Chantilly, VA). All experiments were run in sextuplicate. 
 
In vivo metastasis assay 
 
All procedures were performed with female BALB/c nu/nu mice of 4 weeks of age (Harlan, 
Gannat, France). Studies involving animals, including housing and care, method of euthanasia, 



and experimental protocols, were conducted in accordance with a code of practice established by 
the Experimentation Review Board from the Faculty of Medicine Laënnec. These studies were 
routinely inspected by the attending veterinarian to ensure continued compliance with the 
proposed protocols. Anesthetized mice were inoculated with tumor-cell suspensions (106 cells in 
100 µl of PBS) of CHO β3wt, CHO β3 15-3, CHO β3 2-19, CHO β3∆744, or CHO dhfr+ cells 
into the tail vein. Similarly, MDA-MB-231 and B02 cells (5 × 105 cells in 100 µl of PBS) were 
injected intravenously into nude mice. In some experiments, animals inoculated with CHO β3wt 
cells received a continuous treatment with zoledronic acid (3 µg/mouse/day), administrated 
subcutaneously from day 0 to day 21. At the end of the experiments, animals were examined by 
radiography: animals were laid on their backs against MIN R 2000 films (Kodak, Rochester, NY) 
and exposed to 18 kV for 30 s using a cabinet X-ray system (Model MX-20, Faxitron, Wheeling, 
IL). When the mice were killed, bones were collected for histological analysis as described later 
in this paper. 
 
Identification of bone metastases on radiographs, and measurement of the osteolytic lesion 
area 
 
All radiographs were evaluated independently by three examiners who had no knowledge of the 
experimental groups. In case of disagreement between examiners, radiographs were reviewed, 
and a consensus opinion was obtained. On radiographs, the number and area of osteolytic lesions, 
which were recognized as demarcated radiolucent lesions in bone, were quantitatively assessed 
by using a computerized image analysis system (Visiolab 2000, Biocom, Les Ulis, France). 
Results were expressed in mm2.  
 
Histological examination of bone tissue 
 
Hindlimbs from animals were fixed with 80% (v/v) alcohol, dehydrated, and embedded in methyl 
methacrylate. Sections (7 µm) of undecalcified long bones were then cut with a microtome 
(Polycut E, Reichert-Jung, Heildelberg, Germany) and stained with Goldner�s trichrome as 
described previously (31). Histological and histomorphometric analyses were performed on 
longitudinal medial sections of tibial metaphysis by using the computerized image analysis 
systems Visiolab 2000 (Biocom) and Osteolab 2000 (Biocom), respectively. The ratio of bone 
volume (BV) to tissue volume (TV) ratio (expressed as a percentage) was used as a referent to 
assess bone destruction, according to the recommendations of the ASBMR Histomorphometry 
Nomenclature Committee (32). Tumor burden was determined as previously described by Hiraga 
et al. (33). Five fields (magnification 200 ×) were randomly selected in each section of tibial 
metaphysis. Data were expressed as tumor area (mm2)/total area of the field (mm2). 
 
Statistical analysis 
 
Data were analyzed by using unpaired Student�s t test, and results were expressed as the mean ± 
SE. Stat-View 5.0 software was used for analysis. P < 0.05 was considered statistically 
significant. 



 
RESULTS 
 
Characterization of the overexpression of integrin αvβ3 in CHO tumor cells 
 
After stable transfection of wild-type or mutant β3 cDNA into CHO dhfr+ cells, cell clones were 
analyzed by Western blotting with the monoclonal antibody SZ21 specific for the human β3 
subunit. As shown in Fig. 1A, all of the selected clones (lanes 2-4) expressed the β3 subunit as 
opposed to mock-transfected CHO dhfr+ cells (lane 1), which did not. Flow cytometric analysis 
for cell surface expression of the chimeric αv(hamster)β3(human) receptor using monoclonal 
antibody LM609 specific for the αvβ3 complex confirmed Western blot data (Fig. 1B). CHO 
β3wt, CHO β3 15-3, CHO β3 2-19, and CHO β3∆744 cell clones had very similar levels of cell 
surface expression of integrin αvβ3. However, CHO β3∆744 cells express a functionally inactive 
αvβ3 integrin (23). 
 
Overexpression of integrin αvβ3 in CHO tumor cells increased the incidence and number of 
osteolytic lesions in animals 
 
Having established that our CHO cell clones expressed integrin αvβ3, we evaluated the 
contribution of this integrin to development of bone metastasis in vivo. Mock-transfected CHO 
dhfr+ cells and CHO cells expressing wild-type integrin β3 subunit (CHO β3wt, CHO β3 15-3, 
and CHO β3 2-19) or a cytoplasmic truncated integrin β3 subunit (CHO β3∆744) were injected 
intravenously into nude mice, and radiographs were obtained 21 days after tumor cell injection. 
All of the animals inoculated with CHO cell clones expressing wild-type integrin αvβ3 had 
radiographically detectable bone metastases at day 21 (Table 1). In contrast, 60-66% of mice 
inoculated with mock-transfected CHO dhfr+ or CHO β3∆744 cells had detectable osteolytic 
lesions at day 21 (Table 1). Representative radiographs of hindlimbs from mice 21 days after 
tumor cell injection are shown in Fig. 2A. The number of osteolytic lesions on radiographs varied 
from 5 to 9 per animal with metastases in CHO dhfr+- and CHO β3∆744-bearing mice, whereas 
10-18 lesions per animal with metastases were readily detectable in CHO β3wt-, CHO β3 15-3-, 
and CHO β3 2-19-bearing mice (Table 1).  
 
Interestingly, continuous treatment of mice with the bisphosphonate zoledronic acid (3 
µg/mouse/day for 21 days) totally inhibited bone destruction in CHO β3wt-bearing animals (Fig. 
2A). This was reminiscent of what is observed with MDA-MB-231 breast cancer cells in animals 
with metastases (12, 25, 33). Bone-residing MDA-MB-231 cells stimulate osteoclast-mediated 
bone resorption, and bisphosphonate treatment of MDA-MB-231-bearing animals inhibits the 
formation and progression of osteolytic lesions. The inhibitory activity of bisphosphonates on 
cancer-induced bone destruction has been related to the fact that these compounds are powerful 
inhibitors of bone resorption (12, 25, 33). The observation that zoledronic acid inhibited bone 
destruction in CHO β3wt-bearing animals (Fig. 2A) indicated that CHOβ3wt cells also stimulated 
osteoclast-mediated bone resorption. In addition to the number of osteolytic lesions, the lesion 
area on radiographs increased approximately five times in CHO β3wt-bearing animals (4.8 ± 0.8 



mm2, n = 14) compared with that of CHO dhfr+-bearing mice (0.84 ± 0.14 mm2, n = 10) and 
CHO β3∆744-bearing mice (0.98 ± 0.29 mm2, n = 6) (Fig. 2B). 
 
Histomorphometric analysis of hindlimbs with metastases confirmed the radiographic analysis 
and showed a dramatic decrease in the bone volume in CHO β3wt-bearing mice compared with 
that of CHO dhfr+- and CHO β3∆744-bearing mice (Fig. 2B). Moreover, the tumor burden was 
increased three times in CHO β3wt-bearing mice compared with that observed with CHO dhfr+- 
and CHO β3∆744-bearing mice (Fig. 2B). Histological examination of the tibial metaphysis from 
mice bearing CHO β3wt tumors revealed that most of the trabecular bone was destroyed and 
replaced by tumor cells that completely filled the bone marrow cavity (Fig. 2C). In contrast, 
metaphysis from mice bearing CHO dhfr+ and CHO β3∆744 tumors had small tumor foci in the 
bone marrow cavity and preserved bone trabeculae (Fig. 2C). 
 
Constitutive overexpression of integrin αvβ3 in human breast carcinoma cells increased the 
number and area of osteolytic lesions in animals 
 
We established that overexpression of integrin αvβ3 in CHO tumor cells increased the frequency 
and number of osteolytic bone metastases. We then sought to determine whether a constitutive 
overexpression of integrin αvβ3 in human breast carcinoma cells similarly promotes bone 
metastasis formation. For this investigation, we had previously established a cell line (B02) from 
bone metastases caused by human MDA-MB-231 breast carcinoma cells (25). In the light of the 
results that we obtained with αvβ3-expressing CHO cells, the expression level of integrin αvβ3 
in MDA-MB-231 and B02 cells was assessed. Both Western blot and flow cytometric analyses 
demonstrated that in vivo selection of B02 cells from bone metastases yielded a cell line that 
overexpressed integrin αvβ3 compared with expression observed with the parental MDA-MB-
231 cells (Fig. 3). The overexpression of integrin αvβ3 in B02 cells remained stable for 15 
passages in culture and was then lost gradually (data not shown). Besides expressing integrin 
αvβ3, MDA-MB-231 and B02 cells expressed integrins α2, α3, α5, α6, αvβ5, β1, and β4 but not 
integrins α1, α4, αL, αM, and β2 (Fig. 4, and results not shown). The cell surface expression 
levels of these integrins did not differ significantly between these two cell lines. 
 
Having established that our B02 cell line overexpressed integrin αvβ3, we compared the in vivo 
bone metastatic properties of B02 cells with those of MDA-MB-231 cells after intravenous 
injection of tumor cells into nude mice. All of the animals inoculated with B02 or MDA-MB-231 
cells had radiographically detectable osteolytic bone metastases (Table 2). Representative 
radiographs of hindlimbs from mice 29 days after tumor-cell injection are shown in Fig. 5A. The 
number of osteolytic lesions on radiographs varied from 3 to 15 per animal with metastases in 
MDA-MB-23-bearing mice, whereas 9 to 25 lesions per animal with metastases were readily 
detectable in B02-bearing mice (Table 2). In addition, the osteolytic lesion area on radiographs 
increased approximately five to six times in B02-bearing animals (5.6 ± 1.4 mm2, n = 12) 
compared with that of MDA-MB-231-bearing mice (1 ± 0.5 mm2, n = 6) (Fig. 5B). 
 
Histomorphometric analysis of metastatic hindlimbs showed a dramatic decrease in bone volume 
and a concomitant increase in tumor burden in B02-bearing mice compared with results for 



MDA-MB-231-bearing mice (Fig. 5B). Histological examination of the tibial metaphysis from 
mice bearing MDA-MB-231 and B02 tumors revealed that most of the trabecular bone was 
destroyed and replaced by tumor cells that filled the bone marrow cavity (Fig. 5C). The extent of 
bone destruction in metaphysis from B02-bearing mice was always consistently increased 
compared with that observed in metaphysis from MDA-MB-231-bearing mice. These data were 
consistent with the idea that integrin αvβ3 promotes the formation of metastatic lesions in bone. 
We then sought to determine the integrin αvβ3-dependent mechanisms by which bone metastasis 
was promoted. 
 
Possible integrin αvβ3-dependent mechanisms involved in bone metastasis 
 
Integrins are involved in mediating cell adhesion, invasion, migration, and proliferation (2), and 
these different cellular processes are likely to play a significant role during cancer colonization in 
bone (1, 13, 14). Both CHO β3wt and B02 cell invasion of and adhesion to cortical bone were 
significantly increased compared with results for CHO dhfr+ and MDA-MB-231 cells, 
respectively (Table 3 and Fig. 6A). Increased CHO β3wt cell invasion of and adhesion to cortical 
bone were specifically inhibited in the presence of anti-αvβ3 antibody LM609 (Table 3). In 
addition, adhesion and invasion of CHO β3∆744 cells expressing a functionally inactive integrin 
αvβ3 were substantially reduced compared with results for CHO β3wt cells (Table 3 and Fig. 
6A). The gain in invasion and adhesion of B02 cells was also specifically inhibited by antibody 
LM609 (Table 3). Adhesion of CHO β3wt or B02 cells to denatured type I collagen and BSP was 
also significantly increased compared with results for CHO dhfr+, CHO β3∆744, and MDA-MB-
231 cells, respectively (Fig. 6A). In addition, both CHO β3wt and B02 cells spread on BSP, as 
opposed to the findings for CHO dhfr+, CHO β3∆744, and MDA-MB-231 cells (Fig. 6B). 
Similarly, another study found that both CHO dhfr+ and CHO β3∆744 cells attach but do not 
spread on a fibrinogen-coated substratum (23). Besides cell adhesion and invasion, CHO β3wt 
cell migration induced by BSP was significantly increased compared with that observed for CHO 
dhfr+ and CHO β3∆744 cells, whereas MDA-MB-231 and B02 cell migration on BSP did not 
differ significantly (Table 3). Finally, CHO β3wt, CHO dhfr+,  and CHO β3∆744 cells 
proliferated at a similar rate on plastic, denatured type I collagen, and BSP, independently of the 
expression of a functionally active integrin αvβ3 complex (Fig. 6C). In addition, the B02 
proliferative responses to plastic, collagen, and BSP were similar but were consistently higher 
than those observed with MDA-MB-231 cells, suggesting that the increased integrin αvβ3 
expression level in B02 cells was not responsible for this higher proliferative rate. 
 
DISCUSSION 
 
Mechanisms responsible for the propensity of tumor cells to metastasize to bone remain obscure. 
Among these potential mechanisms are actions of integrins that have been involved in mediating 
metastasis formation (2, 4-6). We showed here that overexpression of the functionally active 
integrin αvβ3 in CHO cells increased the frequency, number, and area of osteolytic bone 
metastases in nude mice, whereas CHO β3∆744 cells, expressing a functionally inactive αvβ3 
receptor (23), had a significantly reduced ability to develop osteolytic lesions. In addition, B02 



breast cancer cells isolated from bone metastases constitutively and specifically overexpressed 
integrin αvβ3 and induced substantially more and larger osteolytic lesions in animals compared 
with MDA-MB-231 tumors. Overall, these data indicate that integrin αvβ3 expression in tumor 
cells accelerates the development of osteolytic bone metastases in animals. Although the high 
proliferative rate of B02 cells may, at least in part, explain the larger osteolytic lesions observed 
in animals bearing B02 tumors, the proliferative responses of B02 cells and CHO transfectants 
were αvβ3 independent. Thus, additional mechanisms must be involved to explain results 
obtained in the present study. 
 
Early mechanisms of bone metastasis formation are likely to involve invasion of tumor cells into 
the bone marrow cavity (13) and adhesion of tumor cells to bone (14, 28). Here, we provide 
evidence that integrin αvβ3 may promote development of bone metastasis by increasing tumor-
cell invasion and adhesion to mineralized bone and bone matrix proteins (BSP and type I 
collagen). These results agreed with the results that BSP and denatured type I collagen are 
relevant αvβ3 ligands (16) and that integrin αvβ3 mediates breast cancer cell adhesion to cortical 
bone and BSP (14, 17, 18). Interestingly, Byzova et al. (18) have shown that MDA-MB-435 and 
SKBR3 breast carcinoma cells express αvβ3 in an activated state, which enables tumor cells to 
attach and migrate to BSP in the absence of exogenous agonists. The activation of integrin αvβ3 
also promotes MDA-MB-435 breast cancer cell interaction with platelets during blood flow and 
controls the metastatic activity (34).  
 
In agreement with these observations (17, 18, 34), CHO cells expressing wild-type integrin αvβ3 
and B02 cells overexpressing integrin αvβ3 attached to and spread on BSP in the absence of an 
added stimulus (Fig. 6B) and induced interaction between platelets and tumor cells (our 
unpublished data). Conversely, CHO β3∆744 and MDA-MB-231 cells did not spread on BSP, 
nor did they induce interaction between platelets and tumor cells. In addition, the CHO β3wt 
migration response to BSP was substantially increased compared with that observed with CHO 
dhfr+ and CHO β3∆744 cells (Table 3). Taken together, these results suggest that integrin αvβ3 
was in an active state on CHO β3wt and MDA-MB-231/B02 cells. This contention is further 
supported by the fact that the spreading of CHO β3wt cells is correlated with tyrosine kinase 
activation (23).  
 
In this respect, integrin αvβ3 activation and BSP recognition may collectively dictate the 
metastatic targeting of tumor cells to bone. This assumption is consistent with the observation 
that BSP expression is increased in bone metastases compared with nonskeletal metastases in 
human breast and prostate cancers (35). However, both MDA-MB-231 cells (which express a 
low level of αvβ3) and β3-deficient CHO cells possessed the capacity to form bone metastases, 
indicating that additional molecular mechanisms may be involved in the homing of tumor cells in 
bone. These potential mechanisms may involve the chemokines and their receptors, which have a 
critical role in determining the metastatic destination of tumor cells (36). For example, the 
chemokine receptor CXCR4 is up-regulated in human breast cancer tissues, and its ligand, the 
chemokine CXCL12, is produced in high quantity in certain organs (bone marrow, liver, and 
lung) in which breast cancer metastases are often found (36). It is therefore most likely that 
different molecular mechanisms act in concert to mediate tumor-cell trafficking to bone. 



 
There is now some evidence to support the theory that integrins play a role in mediating the 
development of metastases in certain organs (2, 4-6, 34). In addition, the role of integrin αvβ3 in 
mediating in vitro cancer cell adhesion and migration to bone proteins has been previously 
reported (17, 18). However, the present study is, to the best of our knowledge, the first in vivo 
study that reveals that integrin αvβ3 may be important for the development of bone metastases. 
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Table 1 
 
Quantitative assessment of incidence and number of osteolytic lesions induced by mock-transfected CHO 
dhfr+ cells or CHO cells expressing either a functionally active (CHO β3wt, CHO β3 2.19, CHO β3 15.3) 
or inactive (CHO β3∆744) αvβ3 receptora 

 
CHO cell clone           Incidence             Number of osteolytic lesions 

CHO dhfr+          66% (10/15)                          7 ± 1 (n = 10) 

CHO β3wt        100% (14/14)                        16 ± 2 (n = 14) ** 

CHO β3 2.19        100%     (4/4)                        13 ± 2   (n = 4) * 

CHO β3 15.3        100%     (5/5)                        12 ± 2   (n = 5)** 

CHO β3∆744          60%   (6/10)                          7 ± 2   (n = 6) 

 

a
Tumor cells were injected intravenously into nude mice, and the incidence and number of osteolytic lesions 

were evaluated on radiographs 21 days after tumor cell injection. Results (means ± SE) are a combination of 
three separate experiments (n is the number of animals with metastases). *P < 0.05 and **P < 0.005 compared 
with CHO dhfr+ and CHO β3∆744 cells (Student’s t test). 
 
 
 
 

 



Table 2 
 
Quantitative assessment of incidence and number of osteolytic lesions induced by B02 and MDA-MB-231 
breast carcinoma cellsa. 
 
 

 Osteolytic lesions per animal 

Breast cancer cell line Incidence Number 

B02 100% (9/9) 14 ± 2 (n = 9)* 

MDA-MB-231 100% (6/6)              8 ± 2 (n = 6) 

 
aTumor cells were injected intravenously into nude mice, and the incidence and number of osteolytic lesions 
were evaluated on radiographs 29 days after tumor cell injection. Results (means ± SE)  are a combination of 
two separate experiments (n is the number of animals with metastases). *P < 0.05 compared with MDA-MB-
231 cells (Student�s t test). 
 
 
 
 
 

 



Table 3 
 
Adhesion to cortical bone slices and invasion and migration of mock-transfected CHO dhfr+ cells, CHO cells expressing either a 
functionally active (CHO β3wt) or inactive (CHO β3∆744) integrin αvβ3 receptor, and MDA-MB-231 and B02 cells in the presence 
or absence of anti-αvβ3 antibody LM609 
       Tumor cell line 

Parameter CHO dhfr+ CHO β3∆744  CHO β3wt CHO β3wt + LM609 MDA-MB-231 B02 B02 + LM609 

Adhesion (no. of 
cells/mm2) 

102 ± 62 115 ± 90 414 ± 16* 200 ± 54** 345 ± 52 747 ± 83* 9 ± 4** 

Invasion (no. of 
cells/mm2) 

215 ± 73 50 ± 21 617 ± 111* 157 ± 20** 288 ± 33 483 ± 43* 300 ± 22** 

Migration (no. of 
cells/mm2) 

18 ± 5 2 ± 1* 82 ± 10* ND 70 ± 5 56 ± 6 ND 

aResults (means ± SE)  are a combination of two to four separate experiments for cell adhesion, two to five separate experiments for cell invasion, and two to four 
separate experiments for cell migration.  *P < 0.05 compared with CHO dhfr+, CHO β3∆744, and MDA-MB-231 cells; **P < 0.05 compared with CHO β3wt and 
B02 (Student�s t test). ND, not done. 
 
 
 

 



Fig. 1 
 

 
 

Figure 1. Western blot (A) and flow cytometric (B) analyses of integrin αvβ3 expression in CHO cells transfected 
with recombinant human integrin β3 subunit. A) Transfected CHO cells were solubilized in a lysis buffer containing 
1% Triton X-100. Lane 1: 50 µg of proteins; lanes 2-5: 20-40 µg of proteins. After electrophoresis on a 7% Laemmli SDS-
polyacrylamide gel under nonreducing conditions, proteins were transferred to PVDF membranes and immunoblotted with 
mouse monoclonal antibody SZ21 directed against human β3 integrin. Detection of immunoreactive bands was carried out 
by using an ECL detection system. The arrow indicates the β3 immunoreactive band migrating at 110 kDa. B) Transfected 
CHO cells in culture were incubated with mouse monoclonal antibody LM609 directed against the αvβ3 complex (black 
histograms) or isotype-matched negative control mouse monoclonal antibody MOPC21 (white histograms) and were 
stained with phycoerythrin-conjugated goat anti-mouse IgG. Relative fluorescence intensity (x axis) is plotted against full-
scale counts (y axis). 
 



Fig. 2 
 

                          
 
Figure 2. Overexpression of integrin αvβ3 in CHO cells promoted the formation of osteolytic bone lesions in nude 
mice. A) Representative radiographs of hindlimbs from mice bearing CHO β3wt, CHO β3∆744, or mock-transfected  
CHO dhfr+ cells 21 days after tumor-cell injection. The right panel is a representative radiograph of hindlimbs of  
CHO β3wt-bearing mice treated with the antiresorptive bisphosphonate zoledronic acid. Osteolytic lesions are indicated by 
arrows. Note the absence of osteolytic lesions in bisphosphonate-treated animals. B) Left: osteolytic lesion area on 
radiographs at day 21 as measured by computerized  image analysis of hindlimbs. Values are means ± SE of 6-15 animals 
per group. *P = 0.006 versus CHO β3wt cells. Middle: histomorphometric analysis of hindlimbs with metastases by using 
the ratio of bone volume (BV) to tissue volume (TV) as a referent. Values are means ± SE of three to five animals per 
group. **P < 0.05  versus CHO β3wt cells. Right: tumor burden in hindlimbs with metastases. **P < 0.05  versus  
CHO β3wt cells. C) Representative bone histology, using a low (25 ×) or a high (125 ×) magnification, of Goldner’s 
trichrome-stained tibial metaphysis from mice inoculated with CHO β3wt, CHO β3∆744, or CHO dhfr+ cells. Bone is 
stained in green; bone marrow (BM) and tumor cells (T) are stained in red. Note that trabecular bone almost completely 
disappeared in tibiae from CHO β3wt-bearing mice. In contrast, the tibial metaphysis from mice bearing CHO dhfr+ and 
CHO β3∆744 tumors had preserved bone trabeculae and small foci of tumor in the bone marrow cavity. 



Fig. 3 
 

 
Figure 3. Western blot (A) and flow cytometric (B) analyses of integrin αvβ3 expression in MDA-MB-231 and 
MDA-MB-231/B02 (B02) breast carcinoma cells. The experimental procedures used for the Western blot and flow 
cytometric analyses were essentially as described in the legend of Fig. 1. A) Equal amounts of proteins (70 µg) were 
loaded on each lane. The arrow indicates the β3 immunoreactive band migrating at 110 kDa. B) MDA-MB-231 (white 
histogram) and B02 cells (black histogram) were incubated with antibody LM609 directed against the αvβ3 complex and 
were stained with phycoerythrin-conjugated goat anti-mouse IgG. Relative fluorescence intensity (x axis) was plotted 
against full-scale counts (y axis). 



Fig. 4 
 

                  
 
Figure 4. Flow cytometric analysis of integrin expression in MDA-MB-231 and MDA-MB-231/B02 (B02) breast 
carcinoma cells. MDA-MB-231 and B02 cells were  incubated with an anti-integrin mouse monoclonal antibody or mouse 
monoclonal antibody MOPC21 (negative control) and were stained with phycoerythrin-conjugated goat anti-mouse IgG. 
Relative fluorescence intensity (x axis) was plotted against full-scale counts (y axis). 
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Figure 5. Promotion of the formation of osteolytic bone lesions in nude mice by spontaneous overexpression of 
integrin αvβ3 in MDA-MB-231/B02 (B02) cells. A) Representative radiographs of hindlimbs from mice bearing MDA-
MB-231 or B02 cells 29 days after  injection of tumor cells. Osteolytic lesions are indicated by arrows. B) Left: osteolytic 
lesion area on radiographs at day 29 as measured by computerized  image analysis of hindlimbs. Values are means ± SE of 
6-12 animals per group. *P = 0.036 versus B02 cells. Middle: histomorphometric analysis of hindlimbs with metastases by 
using the ratio BV/TV as a referent. Values are means ± SE of three animals per group. *P < 0.05 versus B02 cells.  
Right: tumor burden in hindlimbs with metastases. *P < 0.05  versus B02 cells. C) Representative bone histology, using a 
low (25 ×) or a high (50 ×) magnification, of Goldner’s trichrome-stained tibial metaphysis from mice inoculated with 
either MDA-MB-231 or B02 cells. Bone is stained in green; tumor mass (*) and bone marrow are stained in red. 
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Figure 6. A) Effect of integrin αvβ3 expression on tumor-cell adhesion to cortical bone, denatured type I collagen, and 
bone sialoprotein (BSP). Tumor cells in suspension were seeded on the top of cortical bone slices and to BSP- or collagen-
coated plates. After a 1- to 3-h incubation at 37°C, nonadherent cells were removed, and adherent cells were fixed, stained, 
and counted via microscope. Results obtained with CHO β3wt and MDA-MB-231/B02 (B02) cells were used as positive 
controls and set to 100%. Adhesion of CHO dhfr+, CHO β3∆744, and MBA-MB-231 cells to cortical bone and bone matrix 
proteins was expressed as a percentage of the respective controls. Three or four separate cell adhesion experiments were 
performed for each cell line and bone substratum. *P < 0.05 and **P < 0.005 (Student’s t test). B) Microscopic 
examination of tumor-cell adhesion to BSP (magnification 20 ×). C) Tumor cells were seeded in flat-bottomed 96-well 
plates (2 × 103 cells/well), which were left uncoated (plastic) or had previously been coated with collagen (20 µg/ml) or 
BSP (20 µg/ml). Cell proliferation was measured by using MTT, which is reduced by the mitochondrial dehydrogenase of 
viable cells to a blue formazan product. After solubilization of the blue formazan product, absorption was measured 
spectrophotometrically at 550 nm. Results obtained with CHO β3wt and MDA-MB-231/B02 (B02) cells were used as 
positive controls and set to 100%. Proliferation of CHO dhfr+, CHO β3∆744, and MBA-MB-231 cells to different substrata 
(plastic or matrix proteins) was expressed as a percentage of the respective controls. *P < 0.05 (Student’s t test). 
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