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Abstract The focus of this study was to gain insight into the role(s) of osteonectin in the preferential metastasis of
breast cancer cells to bone.Osteonectinwas isolated from conditionedmedia of several cell lines including breast cancer
(MDA-MB-435, MDA-MB-468), osteoblasts (hFOB1.19), non-neoplastic breast epithelial (hTERT-HME1), and vascular
endothelial cells isolated from a bone biopsy (HBME-1). Chemical/physical properties of osteonectin from these five
sources was analyzed to determine if unique configurations of osteonectin exist and therefore identify a chemotactic
isoform. Osteonectin from all sources had a molecular weight of �46 kDa, N-linked glycosylation, and undetectable
phosphorylated serines, sialic acids and O-linked oligosaccharides. The cDNA for osteonectin from the breast cancer,
osteoblast, and breast epithelial cell lines was identical, while the vascular endothelial cell cDNA contained point
mutations that resulted in eight amino acid substitutions. Bone-derived osteonectin was then analyzed to assess its
influence on breast cancer cell motility and migration. Although osteonectin increased undirected MDA-MB-231 cell
motility, it did not chemoattract the same breast cancer cell line. However, the breast cancer cells did migrate toward the
known chemoattractant vitronectin and to bone extracts derived from wild-type and osteonectin-null mice. Migration to
vitronectin was enhanced when osteonectin was also present. We concluded that osteonectin was not a chemotactic
factor.However, through its anti-adhesive properties, osteonectin inducedundirectedbreast cancer cellmotility, andmay
have enhanced chemoattraction to vitronectin. J. Cell. Biochem. 97: 288–302, 2006. � 2005 Wiley-Liss, Inc.
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Osteonectin (also called SPARC or BM-40)
was originally discovered in boneby its ability to
bind to type I collagen [Termine et al., 1981].
Later studies identified osteonectin in many
other normal and neoplastic tissues [Porter

et al., 1995]. This 32–46 kDa glycoprotein is
characterized by three domains, each having a
specific function. The acidic domain (aa 1–52)
inhibits cell spreading and prevents chemotaxis
[Motamed, 1999]. A second domain, the follis-
tatin-like domain (aa 53–137), inhibits pro-
liferation and disrupts focal adhesions. The
extracellular Ca2þ-binding domain (aa 138–286)
also inhibits cell spreading, proliferation, and
focal adhesions, but in addition, binds cells and
other matrix proteins in a calcium dependent
manner [Brekken and Sage, 2000]. Although
osteonectin binds tomanymatrix proteins, such
as type I collagen, type IV collagen [Kato et al.,
1998] and vitronectin [Rosenblatt et al., 1997],
it is not responsible for the structural stability
of extracellular matrix [Lane and Sage,
1994]. Instead, osteonectin has been character-
ized primarily as an anti-adhesive protein
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[Murphy-Ullrich et al., 1995; Bradshaw and
Sage, 2001] and may be important in cell
motility. Murphy-Ullrich [2001] describes the
ability of osteonectin to promote an ‘‘intermedi-
ate state of adhesion’’ which favors cell motility.
Intermediate adhesion is characterized by the
disassembly of stress fibers and focal adhesion
complexes while maintaining integrin binding
to a matrix.
TheAmericanCancerSociety reported that in

2002, cancer was the primary cause of death for
American women [Jemal et al., 2005]. Breast
cancer is the most common type of cancer in
women and is the second deadliest next to lung
cancer [Parker et al., 1997]. One in eight wo-
men will develop breast cancer in her lifetime
[Parker et al., 1997] and many of these patients
will suffer from bone metastasis. In fact, at
autopsy, 75% of all women with breast cancer
have bone metastases [Diel, 2001]. Despite the
prevalence of breast cancer metastasis to bone,
relatively little is understood about why bone is
the preferred site of metastasis.
The relationship between osteonectin and

cancer has gained some attention in recent
years. Clinically, invasive breast carcinomas
produce more osteonectin than normal breast
tissue [Bellahcene and Castronovo, 1995]. This
is also true for prostate cancer cells; osteonectin
upregulation is correlatedwithbonemetastases
[Thomas et al., 2000]. It has been reported that
osteonectin produced by bone cells is a chemoat-
tractant for prostate cancer cells [Jacob et al.,
1999;De et al., 2003]. Osteonectin as a chemoat-
tractant for breast cancer cells has not been
thoroughly examined; this glycoprotein could be
a major contributing factor to their preferential
metastasis to bone. However, because many
metastatic breast cancer cells also produce
osteonectin, it is counterintuitive to postulate
that these same cells would be attracted to
exogenous osteonectin. In order for a cell to
migrate toward a chemotactic factor, a gradient
must form so that a responsive cell can move
toward greater concentrations. Because many
metastatic breast cancer cells and bone cells
produce osteonectin, a chemotactic gradient
would not exist unless one of two conditions
was present. The first condition is that the bone
cells secrete a unique configuration of osteonec-
tin, hence a chemotactic isoform. If tissue-
dependent configurations of osteonectin exist,
it is reasonable to hypothesize that bone-
derived osteonectin could form a gradient and

therefore attract breast cancer cells. The second
condition is that the breast cancer cells that
migrate to bone secrete little or no osteonectin
and could thus respond to the bone-derived
osteonectin. This second condition is plausible
considering the Woelfle et al. [2003] report,
which correlated a positive diagnosis of bone
micrometastases to primary tumors with
reduced expression of osteonectin.

In this study, we characterized osteonectin
derived from several cell lines including breast
cancer, skeletal-derived vascular endothelial,
non-neoplastic breast epithelial, and osteo-
blasts to identify a chemotactic isoform. Osteo-
nectin from these sourceswasanalyzed in terms
of molecular weight, phosphorylation, glycosy-
lation, and cDNA sequence. We also examined
the ability of exogenous osteonectin to influence
cell motility and migration of a breast cancer
cell line that secretes low levels of osteonectin.

MATERIALS AND METHODS

Cell Lines

The human breast cancer cell lines used were
the MDA-MB-231 [Cailleau et al., 1974], MDA-
MB-468, and MDA-MB-435 [Cailleau et al.,
1978]. These breast cancer cell lines and the
human bone marrow endothelial cell line,
HBME-1 [Lehr and Pienta, 1998] which was
derived from iliac crest biopsies, were cultured
inDulbecco’smodifiedEagle’smedium (DMEM,
Sigma-Aldrich, St. Louis, MO) and supplemen-
tedwith 5% fetal bovine serum (FBS), 100 IU/ml
penicillin, and 100 mg/ml streptomycin (Media-
tech, Herndon, VA). The human mammary
epithelial cell line, hTERT-HME1 (BD Bios-
ciences-Clontech, Palo Alto, CA), was grown
using the MEGM1 BulletKit1 media system
(Cambrex, Walkersville, MD). A human fetal
osteoblast cell line, hFOB1.19 (hFOB) [Harris
et al., 1995], was grown in DMEM/F-12 (Med-
iatech) with 10% FBS, 100 IU/ml penicillin, and
100 mg/ml streptomycin. All cell lines were
cultured at 378C in a 5% CO2 humidified
incubator.

Protein Isolation: Osteonectin Immunopurified
From Cell Lines

Osteonectin was immunopurified from condi-
tioned media collected from the MDA-MB-435,
MDA-MB-468, hTERT-HME1, hFOB, and
HBME-1 cell lines. Briefly, cells were grown to
confluency in their respective media, rinsed
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three times in phosphate buffered saline (PBS,
pH 7.2), and then exposed to DMEM/F-12 with
Serum Replacement 3 (Sigma-Aldrich), 100 IU/
ml penicillin and 100 mg/ml streptomycin for
24 h; normal growth media was used for the
hTERT-HME1 cell line. Serum replacement
was used because osteonectin is present in
FBS; the hTERT-HME1 growth media does
not contain osteonectin and was, therefore,
suitable for conditioned media. Osteonectin
produced by the cultured cells was isolated
using anti-human osteonectin mouse IgG (Hae-
matologic Technologies, Essex Junction, VT)
linked to an AminoLink1 Plus Immobilization
kit (Pierce, Rockford, IL). The monoclonal anti-
body (1 mg) was coupled to the AminoLink Plus
Gel using the ‘‘pH 7.2 coupling buffer’’ proce-
dure for ligand immobilization as described
by the manufacturer. Approximately 250 ml of
conditioned media was mixed with the anti-
body-coupled gel at 48C overnight while rotat-
ing at 160 rpm on a rotary platform. Samples
were eluted from the gel with 0.1 M glycine,
dialyzed against PBS, and stored at �808C.
Concentrations of osteonectin were determined
by an ELISA (Haematologic Technologies).
Purity of samples was confirmed with a Coo-
massie blue stained SDS–PAGE gel.

Protein Isolation: Mouse Bone Extracts

The femurs and tibias of 7–9 week old
129SV�C57BL/6 osteonectin knockout, het-
erozygous and wild-type mice were a gift from
Dr. Hynda Kleinman (National Institutes of
Health, National Institute of Dental and Cra-
niofacial Research) [Norose et al., 1998]. Mice
were euthanized by CO2 inhalation; their hind
limbs were removed and freed of muscle,
tendon, and bone marrow. The cleaned bones
were then rinsed in PBS, flash frozen in liquid
nitrogen, and stored at �808C.

A modified method of Termine et al. [1980]
was used to extract protein; the conditions used
are known to release native osteonectin that
binds to collagen and hydroxyapatite [Termine
et al., 1981]. Frozen bones were crushed into
a fine powder under liquid nitrogen using a
mortar and pestle. One gram of bone powder
wasdiluted into 50ml of extraction buffer (4.0M
guanidine HCl, 0.05 M Tris, 0.1 M 6-amino-
hexanic acid, 5mMbenzamidineHCl, and1mM
phenylmethanesulfonyl fluoride (PMSF) pH
7.2) and mixed on a rotary platform at 160 rpm
for 24 h in 48C. Samples were centrifuged at

1,800g for 6 min, the supernatant was removed
and kept for further analysis; it was found to
be devoid of osteonectin by immunoblotting. A
10 ml volume of extraction buffer containing
0.5 M EDTA was added to the remaining
residue. The samples were incubated at 48C
for 72 h and mixed on a rotary platform at
160 rpm. The samples were then centrifuged at
1,800g for 6 min and the supernatant collected.
Bone extractswere dialyzed twice against dH2O
with protease inhibitors (0.1M 6-aminohexanic
acid, 5mM benzamidine HCl, and 1mMPMSF)
at 48C for a total of 48 h. The samples were
lyophilized and reconstituted in dH2O with
protease inhibitors andstoredat�808C.Protein
concentrations were determined by using the
BioRad Protein Assay system (BioRad, Her-
cules, CA). Samples were separated on a 12%
SDS–PAGE gel, stained with 7.5% SYPRO1

orange in acetic acid (Molecular Probes,
Eugene, OR) and imaged by a TyphoonTM

VariableMode Imager (AmershamBiosciences,
Piscataway, NJ).

Immunoblotting

Immunopurified osteonectin samples (10 ng)
derived from cultured media were diluted with
Laemelli loading buffer, reduced with 100 mM
DTT and boiled for 5 min. Following separation
on a 15% SDS–PAGE gel, proteins were trans-
ferred to nitrocellulose membranes (BioRad).
The membranes were blocked with 3% bovine
serum albumin (BSA) in PBS for 1 h at room
temperature. Membranes were subsequently
exposed to primary antibody (anti-human
osteonectin mouse IgG, Haematologic Techno-
logies) at a dilution of 1:15,000 in blocking
solution and incubated overnight at room
temperature. A secondary antibody, sheep
anti-mouse IgG conjugated to horseradish per-
oxidase (HRP, Amersham Biosciences), was
used at a dilution of 1:3,750 in PBS and incu-
bated for 1 h at room temperature. Immunola-
beled bands were detected using an enhanced
chemiluminescence kit (ECL, Amersham Bios-
ciences).

The detection of osteonectin frommouse bone
extracts was accomplished by the same immu-
noblotting method described with the following
modifications. Blots were blocked with 5% non-
fat dry milk and 1% BSA in PBS. The primary
antibody, anti-mouse osteonectin rabbit IgG,
was diluted to 1:1,000 in blocking solution
[Wewer et al., 1988]. A horse anti-rabbit IgG
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conjugated to HRP (Amersham Biosciences)
was diluted to 1:5,000 in PBS.

Deglycosylation

Analysis of osteonectin glycosylation was
accomplished with an enzymatic protein degly-
cosylation kit (Sigma-Aldrich). Briefly, 50 ng of
immunopurified osteonectinwasdenaturedand
mixed with either (a) reaction buffer alone
(control), (b) PNGase F, (c) PNGase F with a-2
neuraminidase, (d)O-glycosidase, (e)O-glycosi-
dase with a-2 neuraminidase, (f) O-glycosidase
with a-2 neuraminidase and b-galactosidase, or
(g)O-glycosidasewitha-2neuraminidase andb-
N-acetylglucosaminidase. Samples were enzy-
matically deglycosylated at 378C for 3 h. The
deglycosylated samples were then analyzed
for shifts in migration by immunoblotting for
immunopurified osteonectin.

Phosphoserine Detection

Detection of phosphoserines was accom-
plished by immunoblotting the immunopurified
osteonectin samples collected from MDA-MB-
435, MDA-MB-468, hTERT-HME1, hFOB, and
HBME-1 cell lines. The samples (10 ng) were
separated on a 12% SDS–PAGE gel and
transferred to nitrocellulose. The nitrocellulose
membranes were blocked in 3% BSA in PBS
with 0.2% Tween-20 and phosphatase inhibi-
tors (1 mM sodium orthovanadate and 10 mM
sodium fluoride). The primary antibody was an
anti-phosphoserine mouse IgG (Sigma-Aldrich)
diluted to 1:5,000 in blocking solution. The
secondary antibody was diluted to 1:3,750 in
PBS with 0.2% Tween-20 and phosphatase
inhibitors; all rinses were done in the presence
of phosphatase inhibitors. Rat brain extracts
(Biomol, Plymouth Meeting, PA) were used as
the positive control.

cDNA Sequencing

Cell cultures ofMDA-MB-435,MDA-MB-468,
hFOB, hTERT-HME1, and HBME-1 were
rinsed in PBS and lysed using the QIAshred-
derTM kit (Qiagen, Valencia, CA). RNA was
isolated with an RNeasy1 kit (Qiagen) and
stored at �808C. Full length cDNA transcripts
were generated using the reverse transcriptase
Retroscript kit (Ambion,Austin, TX). TheMDA-
MB-435, MDA-MB-468, hFOB, and hTERT-
HME1 osteonectin cDNA coding region (911
bp) was amplified by PCR with the following

primers: forward CCT-GCC-TGC-CAC-TGA-
GG and reverse TAA-ACA-TTG-GGG-GAA-
ACA-CG (GenBank accession no. NM003118,
MWG-Biotech, High Point, NC). The HBME-1
cDNA was amplified using the same forward
primer with the reverse primer GCA-GAA-
CAA-CAA-ACC-ATC-CA (MWG-Biotech). PCR
products were separated on a 1.5% agarose gel
and visualized with ethidium bromide; bands
were excised from of the gel and DNA was
extracted with the QIAquick1 gel extraction
kit (Qiagen). Internal primers were designed
approximately 400 base pairs apart to obtain
overlapping sequence verification. Sense and
anti-sense strands of the PCR products were
then sequenced on an Applied Biosystem Hita-
chi 3100 Genetic Analyzer (Foster City, CA).

The amino acid sequence was translated from
the resulting cDNA sequence using the ExPASy
web-based program (us.expasy.org/tools/dna.
html).

Cell Motility Assay

MDA-MB-231 cells were grown to confluency
on 4-well permanox chamber slides (Nalge
Nunc, International, Naperville, IL). A cross-
shaped ‘‘wound’’ was created in each well by
scraping the cell layer with a pipette tip
(diameter �0.6 mm). Detached cells were
removed. The cross-shaped wound provided a
point of reference for images collected at two
different time points; images were collected at
the same distance from the center of the cross-
shaped wound at 0 and 6 h in each chamber.
DMEM/F-12 with Serum Replacement 3 and
either vehicle (PBS only) or 500 ng of osteonec-
tin immunopurified fromMDA-MB-468, hFOB,
or HBME-1 cells were added to each well. The
chamber slides were incubated at 378C in a
5% CO2 humidified incubator. Wounds were
imaged using a 10� objective and phase con-
trastmicroscopy.Wound closurewas calculated
as percent change in the distance between the
borders of cell growth.

Transwell Migration Assays:
Addition of Chemoattractants

Amodified chemoattraction assay, previously
described by Byzova et al. [2000] was employed.
Briefly, the chemoattractant was diluted as
described below and air-dried to the lower
surface of the membrane of Falcon1 Fluoro-
BlockTM transwell chamber inserts (Becton
Dickinson, Franklin Lakes, NJ). The transwell
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inserts were in the 24-well format and were
opaque with 8 mm pores. The chemoattractants
used were (A) osteonectin derived from cell
secretions of five cell lines, (B) bovine bone
osteonectin (Haematologic Technologies), (C)
bovine bone osteonectin and human vitronectin
(Chemicon, Temecula, CA), or (D) protein
extracts from mouse femurs and tibias. In
experiment A, osteonectin secreted from MDA-
MB-435, MDA-MB-468, hFOB, hTERT-HME1,
or HBME-1 was diluted in PBS; 0 ng (vehicle
control), 25 or 50 ng of protein in a 33 ml volume
were air-dried to the lower surface of each well.
In experiment B, 0 ng (vehicle control), 50 ng,
100ng, 200ng, or 1mgof bovinebone osteonectin
in a 10 ml volume of PBS was air-dried to the
lower surface of each well. Experiment C uti-
lized human vitronectin (200 ng), bovine bone
osteonectin (200 ng), and a mixture of vitronec-
tin and osteonectin (200 ng total protein) in a
10 ml volume of dH2O with protease inhibitors
(0.1M6-aminohexanic acid, 5mMbenzamidine
HCl, and 1 mM PMSF) air-dried to the lower
surface of transwell membranes. Finally, in
experiment D, bone extracts were diluted in
dH2O with protease inhibitors (0.1 M 6-amino-
hexanic acid, 5mMbenzamidineHCl, and1mM
PMSF). The lower surface of the wells were
coatedwith either 0ng (vehicle control), 50, 100,
or 200 ng of extracts in a total volume of 10 ml of
dH20 with protease inhibitors.

Transwell Migration Assays: Addition of Cells

MDA-MB-231 cells were stained with
Vibrant1 DiI (Molecular Probes) and seeded to
the upper surface of the chamber at 5� 104 cells
per well in the presence of 300 ml DMEM/F-12
withSerumReplacement 3, 100 IU/ml penicillin
and 100 mg/ml streptomycin. In experiment C,
GRGESP (RGE) and GRGDSP (RGD) blocking
peptides (200 mg of peptides, Gibco, Rockville,
MD) were diluted into 1 ml of DMEM/F-12 with
Serum Replacement 3 and Vibrant DiI stained
MDA-MB-231 cells. The cell and blocking pep-
tide mixture (300 ml) was then added to the
upper chamber of each well. DMEM/F-12
(800 ml) with Serum Replacement 3, 100 IU/ml
penicillin and 100 mg/ml streptomycin was
added to the lower chamber. The cells were
allowed tomigrate ina378C, 5%CO2humidified
incubator for either 6 or 48 h. The membranes
were then rinsed with PBS, fixed with 4%
paraformaldahyde, and mounted to a micro-
scope slide with Fluoromount-G (Southern

Biotech, Birmingham, AL). Migrated cells
found on the lower surface of the membrane
were visualized and counted with the use of
549 nm excitation and 565 nm emission wave-
lengths at 100� magnification. Each experi-
ment was done in triplicate (total of n¼ 9
independent replicates) and a Student’s t-test
was used for statistical analysis.

RESULTS

Immunoblotting of Osteonectin
Secreted by Various Cell Types

Osteonectin is secreted by many normal and
neoplastic cells in the body;we selected anarray
of cell lines that representmany of the cell types
involved inbreast cancermetastasis tobone.We
used anon-neoplastic breast epithelial (hTERT-
HME1) cell line and three human breast cancer
cell lines (MDA-MB-435, MDA-MB-468, and
MDA-MB-231); these cells provide a useful
model of both normal and neoplastic breast
tissue. The MDA-MB-435 and MDA-MB-231
cells lines are considered highly metastatic and
will metastasize to bone in mice [Yoneda et al.,
2001; Harms and Welch, 2003]. In contrast, the
MDA-MB-468 cell line is substantially less
metastatic compared to the MDA-MB-435 and
MDA-MB-231 cell lines [Zhang et al., 1991]. To
represent the bone microenvironment, we uti-
lized a human bone marrow vascular endothe-
lial cell line (HBME-1) derived from iliac crest
biopsies and a human osteoblast cell line
(hFOB).

We first determined which of these cell lines
secreted osteonectin. The MDA-MB-435, MDA-
MB-468, hFOB, HBME-1, and hTERT-HME1
cell lines all secreted detectable levels of
osteonectin by immunoblotting (Fig. 1). The
MDA-MB-231 cell line did not secrete measur-
able levels of osteonectin; however, low levels of
osteonectin mRNA were detected by RT-PCR
(data not shown and [Dhanesuan et al., 2002].
Furthermore, the MDA-MB-435, MDA-MB-
468, hFOB, HBME-1, and hTERT-HME1 cell
lines all secreted osteonectin with the same
molecular weight (�46 kDa). Although osteo-
nectin from the various cell types had similar
molecular weights, a chemotactic gradient
could exist if one of the secreted forms had
unique post-translational modifications. There-
fore,we further analyzed osteonectin fromthese
cell sources to identify specific post-transla-
tional modifications.
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Identification of Post-Translational
Modifications of Osteonectin

Two common post-translational modifica-
tions that could contribute to the formation of
a unique configuration of osteonectin are glyco-
sylation and phosphorylation. The glycosyla-
tion pattern of osteonectin secreted by the
MDA-MB-435, MDA-MB-468, hFOB, HBME-
1, and hTERT-HME1 cell lines was generated
by using a series of deglycosylation enzymes
(Fig. 2). All of the sources of osteonectin
exhibited a marked gel shift when exposed to
PNGase F. This pattern of enzymatic deglyco-
sylation indicated that the MDA-MB-435,
MDA-MB-468, hFOB, HBME-1, and hTERT-
HME1 cell lines secreted osteonectin with N-
linked oligosaccharides. There was no detect-
able gel shift in response to treatment with
neuraminidase,O-glycosidase, b-galactosidase,
or N-acetylglucosaminidase which remove sia-
lic acid, O-link oligosaccharides, galactose, and
b-linked N-acetylglucosamine residues, respec-
tively. These data demonstrated that osteonec-
tin from the cell lines examined had the same
pattern of glycosylation.
Osteonectin has been described as a phos-

phoglycoprotein [Triffitt, 1987; Sage et al.,
1989] with multiple serine residues as possible
phosphorylation sites [Fisher et al., 1987]. We
analyzed osteonectin from the MDA-MB-435,
MDA-MB-468, hFOB, HBME-1, and hTERT-
HME1 cell lines for the presence of phosphoser-
ines and determined that none of the tested
osteonectin samples contained phosphorylated
serines (Fig. 3).

Osteonectin cDNA Sequencing
and Amino Acid Analysis

Because breast, bone, and vascular cells
secreted osteonectin with the same post-trans-

Fig. 1. Immunoblotting of osteonectin. Osteonectin (10 ng)
immunopurified from conditioned media was reduced and
separated on a 15% SDS–PAGE gel. Osteonectin from the
MDA-MB-468, MDA-MB-435, hTERT-HME1, hFOB, and
HBME-1 cell lines was detected at �46 kDa.

Fig. 2. Deglycosylation of osteonectin from different cell lines.
Osteonectinwas deglycosylatedwith a series of enzymes: PNGase
F (PNG), neuraminidase (Neu),O-glycosidase (O-Gly), b-galacto-
sidase (Gal), andN-acetylglucosaminidase (N-Ace). Samples were
then separated on a 15% SDS–PAGE gel and immunoblotted.
Compared to the control (no enzyme), the MDA-MB-435, MDA-
MB-468, hFOB1.19, hTERT-HME1, and HBME-1 derived osteo-
nectin displayed amolecular weight shift in response to PNGase F
only indicating that N-linked glycosylation was present.

Fig. 3. Detection of phosphorlyated serines of osteonectin from
different cell lines. Immunopurified osteonectin (10 ng) from the
hFOB, HBME-1, hTERT-HME1, MDA-MB-468, and MDA-MB-
435 cell lines was detected for the presence of phosphorylated
serines. The osteonectin was reduced and separated on a 12%
SDS–PAGEgel. Rat brain extractwasusedas thepositive control.
None of the examined cell lines secreted osteonectin with
phosphorylated serines.
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lational modifications, we compared the amino
acid sequence for translational differences.
Osteonectin cDNA was sequenced from the
MDA-MB-435, MDA-MB-468, hFOB, HBME-
1, and hTERT-HME1 cell lines. The resulting
nucleic acid sequences were then translated
into amino acid sequences (Fig. 4).We found the
MDA-MB-435, MDA-MB-468, hFOB, and
hTERT-HME1 samples had identical cDNA
sequences and therefore were assumed to have
identical amino acid sequences to each other
and to the published human osteonectin sequ-
ence (GenBank accession no. NM003118). The
HBME-1 cDNA sequence had a number of
nucleic acid point mutation that resulted in
eight amino acids that differed from the pub-
lished sequence. The published osteonectin
amino acid sequence, with the eight substitu-
tions found in the HBME-1 sample, is illu-
strated in Figure 4. The substitutions resulted
in (1) threonine to alanine, (2) valine to glycine,
(3) serine to proline, (4) aspartic acid to glutamic
acid, (5) alanine to glycine, (6) glutamic acid
to aspartic acid, (7) glutamine to glutamic acid,
and (8) lysine to glutamine. We concluded that
the amino acid sequence of breast cancer cells
(MDA-MB-435 and MDA-MB-468), osteoblasts
(hFOB), and non-neoplastic breast epithelial
cells (hTERT-HME1) appeared to be identical.
However, the human bone marrow vascular
endothelial cell line (HBME-1) produced osteo-
nectin with eight substituted amino acids.

Osteonectin-Induced Motility and Migration

To test the ability of osteonectin to increase
cell motility, we utilized the MDA-MB-231
cell line. This cell line secretes undetectable
amounts of osteonectin and can, therefore, be

used to study its response to osteonectin from
another cell type [Dhanesuan et al., 2002].
In ‘‘wound-healing’’ assays, MDA-MB-231 cells
were treated with either vehicle (PBS) or
osteonectin immunopurified from MDA-MB-
468, HBME-1, or hFOB cell-conditioned media.
The MDA-MB-231 cells displayed greater cell
outgrowth in the presence of osteonectin com-
pared to the vehicle control (Fig. 5). After 6 h,
there was no wound closure in the control
treatment. However, the hFOB-derived osteo-
nectin induced a 23% increase inwound closure.
There was also a 42% and 46% increase in
wound closure by the HBME-1 and MDA-MB-
468 derived osteonectin, respectively. These
data support the literature that exogenous
osteonectin enhances cell motility [Greenwood
and Murphy-Ullrich, 1998; Murphy-Ullrich,
2001].

Even though osteonectin from the cancer cells
(MDA-MB-435 and MDA-MB-468) and bone
cells (hFOB) appeared to be identical, it is
possible that a chemotactic gradient could
exist if the bone cells secrete higher levels of
osteonectin than the breast cancer cells. We
conducted migration assays to test this possibi-
lity. Themigration ofMDA-MB-231 cells, which
do not secrete detectable levels of osteonectin,
toward osteonectin isolated from the MDA-
MB-435, MDA-MB-468, hFOB, HBME-1, and
hTERT-HME1 cell lines was investigated
(Fig. 6). After 6 h, there was no significant
migration toward either 25 or 50 ng of osteo-
nectin from the MDA-MB-435, MDA-MB-468,
and hFOB cell lines. Cells did migrate toward
the highest dose of hTERT-HME1 derived
osteonectin (fivefold increase). However, the
actual number of cells that migrated to the

Fig. 4. The published amino acid sequence of human
osteonectin with the location of the substitutions found in the
HBME-1 osteonectin. MDA-MB-468, MDA-MB-435, hTERT-
HME1, and hFOB osteonectin amino acid sequence was
identical to the published sequence. There were eight substitu-
tions identified in the amino acid translation of the HBME-1

sample, these substitutions were positioned at numbers 1–8. The
substitutions were (1) threonine to alanine, (2) valine to glycine,
(3) serine to proline, (4) aspartic acid to glutamic acid, (5) alanine
to glycine, (6) glutamic acid to aspartic acid, (7) glutamine to
glutamic acid, and (8) lysine to glutamine. The ‘‘GHK’’ (a), EF-
hand 1 (b), and EF-hand 2 (c) peptides are highlighted.
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hTERT-HME1-derived osteonectin was very
low, only about 10 cells migrated for every
square millimeter. There was also some migra-
tion to the HBME-1 derived osteonectin; we
observed a twofold and threefold increase in
migration toward the 25 and 50 ng doses,
respectively. The number of migrated cells
toward the HBME-1 derived osteonectin was
also low. We observed about four cells in every

mm2 in the 25 ng dose while the number of
migrated cells toward the 50 ng dose increased
to about six cells per mm2.

Chemoattraction of breast cancer cells to
purified bovine bone-derived osteonectin was
also tested. We extended the migration time to
48hand increased thedoses of osteonectin to 50,
100, 200 ng, and 1 mg of protein per well. The
metastatic breast cancer cells did not display

Fig. 5. Cell motility induced by osteonectin. MDA-MB-231
cells were grown to confluence on permanox chamber slides. A
cross-shaped ‘‘wound’’ was then cut into the monolayer and the
remaining attached cells were exposed to control (PBS only) or
500 ng of osteonectin from MDA-MB-468 (468), hFOB, and

HBME-1 (HBME) cells for 6 h.Compared to the control, the hFOB
derived osteonectin induced a 23% wound closure while the
HBME-1 and MDA-MB-468 osteonectin induced 42% and 46%
closure, respectively. These images have been 30� magnified
and represent typical results from duplicate experiments.

Fig. 6. MDA-MB-231 cell migration toward osteonectin. Either
0 (control), 25, or 50 ng of osteonectin isolated from hFOB,
hTERT-HME1, HBME, MDA-MB-468 (468), and MDA-MB-435
(435) cell lines was air-dried to the lower surface of a transwell
membrane. Vibrant1 DiI stained MDA-MB-231 cells (5�
104 cells per well) were added to the upper chamber. After 6 h,
membranes were fixed and migrated cells were counted. Data
represents three replicate experiments. There was migration to

50 ng of hTERT-HME1 derived osteonectin (fivefold increase). A
twofold and threefold increase in migration was observed to 25
and 50 ng of HBME-1 derived osteonectin, respectively. No
significant migration was observed toward the osteonectin
isolated from the MDA-MB-435, MDA-MB-468, or hFOB cell
lines. (N¼9 membranes per peptide dose, mean� SEM,
*, P� 0.05, **, P�0.01, ***, P� 0.001 compared to control).
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any increase in migration to bovine bone
osteonectin (data not shown).

To confirm that osteonectin is not chemotactic
to breast cancer cells, we compared the migra-
tion ofMDA-MB-231 cells to osteonectin and the
known chemoattractant vitronectin [Bartsch
et al., 2003]. Vitronectin has been shown to
chemoattract breast cancer cells through its
RGD domain [Meyer et al., 1998].We conducted
migration assays with 200 ng osteonectin,
200 ng vitronectin, or 100 ng of both vitronectin
and osteonectin (vitronectin/osteonectin mix-
ture, 200 ng of total protein) as the chemoat-
tractant. The MDA-MB-231 breast cancer cells
were pretreated with either GRGESP (RGE) or
GRGDSP (RGD) blocking peptides and exposed
to the chemoattractants for 6 h (Fig. 7). There
was no significant migration of the breast
cancer cells to osteonectin in the presence of
RGE or RGD peptides. In contrast, there was
substantial migration to vitronectin in the
presence of RGE peptides. When the vitronec-
tin/osteonectin mixture was used as a single
chemoattractant in the presence of RGE pep-
tides, breast cancer cell migration was also
significantly increased. The migration of breast
cancer cells to either vitronectin or the vitro-
nectin/osteonectin mixture was significantly
inhibited with RGD peptides. In this assay,
osteonectin did not appear to chemoattract
breast cancer cells. However, the breast cancer
cells were chemoattracted to vitronectin though
its RGD domain. Interestingly, the levels of

migration to vitronectin (200 ng) compared to
the vitronectin/osteonectin mixture were sta-
tistically equivalent despite the reduced dose of
vitronectin in the mixture (100 ng).

Migration of MDA-MB-231 Cells
Toward Bone Extracts

To further assess the chemotactic potential of
osteonectin, migration assays utilizing protein
extracts collected from the femurs and tibias
ofwild-type, heterozygous, and osteonectin-null
mice were performed.We first assayed the bone
extracts for the presence of osteonectin. In a
SYPRO stained SDS–PAGE gel, the wild-type
sample had a single band that was noticeably
absent in the knockout sample and reduced in
the heterozygous sample (Fig. 8A). There was
very little effect on the presence of other pro-
teins as indicated by the number and density of
protein bands between the samples. An immu-
noblot confirmed the absence of osteonectin in
the knockout sample (Fig. 8B).

We then used wild-type and osteonectin-null
bone extracts in a transwell chamber migration
assay; De et al. [2003] used a similar method
to demonstrate that osteonectin is the main
chemotactic factor in bone extracts for prostate
cancer cells. In Figure 8C, the migration of
MDA-MB-231 cells toward either vehicle con-
trol (dH2O with protease inhibitors) or 50, 100,
and 200 ng of wild-type or osteonectin-null
extracts is represented. The cancer cells mig-
rated to all doses of wild-type or osteonectin-

Fig. 7. Migration of MDA-MB-231 cells toward osteonectin
and vitronectin. Either 200 ng osteonectin, 200 ng vitronectin or
100 ng of both osteonectin and vitronectin (vitronectin/osteo-
nectin mixture, 200 ng total protein) was air-dried to the lower
surface of a transwell membrane. Vibrant DiI stained MDA-
MB-231 cells (5�104 cells per membrane) were combined with
200 mg/ml of RGE or RGD peptides. Experiments were done in

duplicate. After 6 h, there was no migration to osteonectin in the
presence of RGE or RGDblocking peptides. Therewasmigration
to vitronectin and the vitronectin/osteonectin mixture; this
migration was significantly inhibited with RGD blocking
peptides. (N¼6 membranes per peptide dose, mean� SEM,
**, P�0.01, ***, P� 0.001).
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null bone extracts. There was no difference in
migration toward the wild-type or osteonectin-
null extracts when compared at equal doses.
This experiment indicates that the metastatic
breast cancer cells were attracted to bone ex-
tracts but that the presence of osteonectin was
not required.

DISCUSSION

It is well-established that breast cancer cells
have a high propensity to metastasize to bone
[Diel, 2001]. We investigated the role that
osteonectin plays in this phenomenon. Osteo-
nectin has previously been described as a
chemoattractant for prostate cancer cells [Jacob
et al., 1999; De et al., 2003]. The possibility that
osteonectin has the same effect on breast cancer

cells has not been fully examined; such an effect
could explain why bone is a preferred site of
metastasis. Osteonectin has been shown to
increase MDA-MB-231 invasiveness through
MatrigelTM [Jacob et al., 1999]. Also, further
evidence supporting a role for osteonectin in
the development of skeletal malignancy is the
observation that breast cancer cells have a high
propensity to metastasize to trabecular bone
where osteonectin is found at its greatest
concentration within the bone [Ninomiya et al.,
1990].

In order for a substance to act as a chemoat-
tractant, a diffusible gradient must form, thus
attracting a responsive cell toward higher
concentrations. A paradox exists in that osteo-
blasts and metastatic breast cancer cells both
secrete osteonectin. This dual production of

Fig. 8. Migration of MDA-MB-231 cells toward bone extracts.
A: Bone extracts from the femurs and tibias of wild-type or
osteonectin-nullmicewere separated by SDS–PAGEand stained
with SYPRO1. There was a single band absent (denoted with
an arrow) in the knockout extract (�/�) and reduced in the
heterozygous (þ/�) sample. B: Bone extracts were analyzed by
immunoblotting and osteonectin was detected in the wild-type
(þ/þ) and heterozygous extract but absent in the knockout
sample. C: 0 ng, 50, 100, or 200 ng bone extracts were air-dried

to the lower surface of a transwellmembrane.VibrantDiI stained
MDA-MB-231 cells were seeded (5�104 cells per well) and
allowed to migrate for 6 h before being fixed. Data represents
three replicate experiments. There was increased migration to
all bone extracts (38- to 50-fold increase). No difference in
migration toward the wild-type or osteonectin-null extracts of
equal concentrations was detected. (N¼ 9 membranes per
extract dose, mean� SEM, ***, P� 0.001 compared to control).
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osteonectin could negate the formation of a
gradient to which breast cancer cells respond,
assuming that both forms of osteonectin are
identical and secreted at similar concentra-
tions. We analyzed osteonectin to determine if
tissue dependent configurations and hence if a
chemotactic isoform exists.

Our results indicated that metastatic breast
cancer cells (MDA-MB-435 and MDA-MB-468),
osteoblasts (hFOB), non-neoplastic breast
epithelial cells (hTERT-HME1), and vascular
endothelial cells (HBME-1) secreted osteonec-
tin with a similar molecular weight (�46 kDa).
We also found that osteonectin from these cells
had similar post-translational modifications.
All forms of osteonectin tested in this study
had the same glycosylation pattern, namely, all
had N-linked oligosaccharides and undetect-
able sialic acids and O-linked oligosaccharides.
N-linked glycosylation is important because it
has been correlated to the binding affinity of
osteonectin to collagen [Kelm and Mann, 1991;
Kaufmann et al., 2004]. However, osteonectin
from these cell lines appeared to have no vari-
ation in N-linked glycosylation. Osteonectin
from these cell types also had undetectable
phosphorylated serines.

While the breast cancer, osteoblast, and
normal breast epithelial cell lines generated
an identical osteonectin cDNA sequence, the
vascular endothelial cells produced a distinctly
different osteonectin cDNA. However, at the
amino acid level, these differences appeared
minor. Substitutions numbers 1, 3, 4, 5, 6, 7, and
8 were common evolutionary changes; these
substitutions resulted in amino acids with
similar polarity and mass and therefore most
likely did not affect the function of the protein
[Dayhoff and National Biomedical Research
Foundation, 1979]. There were no changes in
the number or position of cysteines, which
indicated that disulfidebondingwasunaffected.
There was a loss of a serine (substitution 3) and
a threonine (substitution 1), which could have
affected phosphorylation. The EF-hands, which
sequester Ca2þ and bind to other matrix
proteins, were not affected by the substitutions
[Busch et al., 2000]. In addition, the GHK
peptide within the follistatin-like domain that
is responsible for stimulating angiogenesis and
proliferation, was also unaffected by the sub-
stitutions found in the HBME-1 osteonectin.
[Brekken and Sage, 2000]. Furthermore,
the slight difference in the osteonectin cDNA

sequence could also be a result of variations in
the genetic background of the different cell
lines. We concluded that there were no signifi-
cant differences in the cDNA sequences, and
therefore amino acid sequences, generated from
the breast cancer, osteoblast, vascular endothe-
lial and non-neoplastic breast epithelial cell
lines.

Because our investigations did not reveal
notable differences between the osteonectin
secreted by breast cancer cells and osteoblasts,
we concluded that it was unlikely that a
chemotactic gradient, based on a unique con-
figuration of osteonectin, could exist. However,
one can argue that a gradient of osteonectin can
form due to variable secretion levels as opposed
to the presence of a tissue-dependent configura-
tion. If cancer cells secrete reduced levels of
osteonectin, while osteoblasts secrete high con-
centrations, a chemotactic gradient could still
exist. This concept is supported by the clinical
observation that breast cancer patients with
primary tumors that express low levels of
osteonectin have a greater frequency of devel-
oping bone micrometastases [Woelfle et al.,
2003]. To test this possibility in vitro, we
analyzed the ability of osteonectin to increase
cell motility and migration on a breast cancer
cell line (MDA-MB-231), which does not secrete
detectable levels of osteonectin.

Osteonectin has been described as a matri-
cellular protein with de-adhesive qualities
[Murphy-Ullrich, 2001]. Soluble osteonectin
induces loss of focal adhesion plaques in
endothelial cells while vinculin and F-actin are
redistributed within the cytoplasm [Greenwood
and Murphy-Ullrich, 1998]. Cells remain
attached to an extracellular matrix by surface
integrins while intracellular focal adhesion
plaques are lost. Such cells appear to have a
normal morphology, namely, they remain
spread over a matrix [Murphy-Ullrich et al.,
1995].Whena cellmaintains integrin binding to
a matrix and loses focal adhesion plaques, it is
described as being in a state of ‘‘intermediate
adhesion’’ which is considered ideal for cell
motility. In contrast, strong attachment is
characterized by the presence of many focal
adhesion plaques that render the cell immo-
bile. A weakly adherent cell has little or no
integrin binding and is, therefore, unable to
develop the contractile force needed for move-
ment [Murphy-Ullrich, 2001]. Soluble osteo-
nectin is a potent stimulator of intermediate
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attachmentand therefore enhances cellmotility
[Greenwood and Murphy-Ullrich, 1998].
We tested the ability of osteonectin to induce

cell motility in a ‘‘wound-healing’’ assay. Osteo-
nectin from osteoblasts, breast cancer cells, and
vascular endothelial cells increased MDA-MB-
231 cell motility, as determined by the ability of
osteonectin to enhance cell outgrowth into the
wound. Notably, osteonectin from cancer and
vascular endothelial cells induced high levels of
motility; nearly half of the wound was covered
withmobile cells after 6 h. Osteonectin from the
osteoblasts had less of an impact on breast
cancer cell motility but still increased greater
cell motility compared to the vehicle control.
These results support the current literature
that exogenous osteonectin enhances cell moti-
lity [Greenwood and Murphy-Ullrich, 1998;
Murphy-Ullrich, 2001]. However, the ability of
a single concentration of soluble osteonectin to
increase cell motility is distinctly different from
chemoattraction, a process which is dependent
on a gradient. To test for chemoattraction (or
directed cell migration), we needed to measure
cell movement toward a distant source of
osteonectin.
Osteonectin from several cell lines was tested

for its ability to chemoattract MDA-MB-231
cells utilizing transwell chamber assays. The
hTERT-HME1 derived osteonectin induced a
fivefold increase in migration. Although the
migration toward the normal breast epithelial
osteonectin was statistically significant, the
actual number of migrated cells was very low
(�10 cells per mm2). It is reasonable to assume
that the increase in migration toward hTERT-
HME1 derived osteonectin could be attributed
to increased cell motility and not true chemoat-
traction. This event could have resulted from
the anti-adhesive properties of osteonectin.
Nevertheless, if we assume there was true
migration and not just increased motility, we
were still unable to explain why breast cancer
cells preferentially migrate to bone. We did,
however, address the role osteonectin may
have on cancer cells in the primary tumor.
The epithelial-derived osteonectin could
assist in the de-adhesion of cancer cells from
the original tumor. Osteonectin upregulates
matrixmetalloproteinase-2 activationwhich is
important for proteolysis of the extracellular
matrix and hence a contributor of tumor
invasion [Gilles et al., 1998; Jacob et al.,
1999]. In either case, epithelial-derived osteo-

nectin would not direct breast cancer migra-
tion toward bone.

Osteonectin from the endothelial (HBME-1)
cells also increased migration (up to threefold);
this could again be a result of its anti-adhesive
properties. We found that the HBME-1 derived
osteonectin increased cell motility in wound
healingassays, thus themigration to this source
of osteonectin could also be a result of increased
cell motility.

Some migration to osteonectin from normal
breast epithelial cells and vascular endothelial
cells was observed, however, there was no
migration to breast cancer or osteoblast-derived
osteonectin in transwell chamber assays.
Furthermore, the MDA-MB-231 cells did not
respond to the bovine bone-derived osteonectin
up to a dose of 1 mg and amigration time of 48 h.
We concluded that bovine bone osteonectin did
not attract breast cancer cells.

The lack of breast cancer cell chemoattraction
toward osteonectin was further demonstrated
by the comparison of migration toward osteo-
nectin and vitronectin. Vitronectin is known to
chemoattract MDA-MB-231 cells through the
binding of avb3 on the breast cancer cell surface
to the RGD domain of vitronectin [Meyer et al.,
1998; Bartsch et al., 2003]. This is in contrast to
osteonectin, which does not contain the RGD
domain. RGD and RGE blocking peptides were
used to demonstrate the RGD-dependence of
breast cancer cell migration to vitronectin; RGE
peptides provided a negative control. There was
no migration of the breast cancer cells to bone-
derived osteonectin; this was consistent with
our previous findings that MDA-MB-231 cells
did not migrate to high doses of bovine bone
osteonectin after 48h. Therewasmarked breast
cancer cell migration toward vitronectin in the
presence of RGE peptides. RGD peptides sig-
nificantly inhibited MDA-MB-231 migration
toward vitronectin as expected [Meyer et al.,
1998; Bartsch et al., 2003]. We also observed
increased breast cancer cell migration toward
the vitronectin/osteonectinmixture. In fact, the
number of migrated cancer cells toward the
vitronectin/osteonectin mixture was equal to
the migration levels induced by vitronectin
alone. These findings were surprising consider-
ing there was half the amount of vitronectin
(100 ng) in the vitronectin/osteonectin mixture
compared to when vitronectin was used alone
(200 ng). In other experiments, MDA-MB-231
cell migration was shown to exhibit a dose
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response to increasing amounts of vitronectin
(data not shown). Migration toward the vitro-
nectin/osteonectin mixture was also inhibited
with RGDblocking peptides andwas, therefore,
deemed RGD-dependent.

The migration of the MDA-MB-231 cells
toward the vitronectin/osteonectin mixture
was mainly induced by the presence of vitro-
nectin as demonstrated by blocking RGD-
dependentmigration. However, there appeared
to have been a synergistic effect induced by the
presence of osteonectin; the number ofmigrated
cells toward the vitronectin/osteonectin mix-
ture (100 ng vitronectin) was equal to the mig-
ration levels produced by vitronectin (200 ng).
This observation supports the concept that
osteonectin enhanced cell motility through
its anti-adhesive properties. Murphy-Ulrich
describes that intermediate adhesion can only
exist when a cell is bound to a matrix through
integrins. In this experiment, theMDA-MB-231
cells bound to the RGD-domain of vitronectin
through integrins. Osteonectin was then able to
generate an intermediate state of adhesion,
which fostered a greater cellular response to the
chemotactic vitronectin. Although this is spec-
ulation based upon an observation and not a
testedhypothesis, it is important to consider the
indirect effects osteonectin may have on breast
cancer cell metastasis to bone.

Despite the lack of migration to purified
osteonectin, physiologically, osteonectin is in
the presence of many other matrix proteins in
the bone microenvironment. The attractive
quality of osteonectin may be dependent on its
proximity to these other matrix proteins. This
concept was supported by our observation that
osteonectin increased breast cancer cell mig-
ration toward vitronectin. As stated earlier,
osteonectin increases cell motility when the
cells are bound to a matrix through integrins.
The ability of osteonectin to enhance chemoat-
traction toward other matrix proteins, in ad-
dition to vitronectin, may be based on its
de-adhesive properties.

Bone extracts from wild-type and osteonec-
tin-null mice were utilized to assess the chemo-
tactic potential of osteonectin in the presence of
other matrix proteins. We detected increased
migration toward the wild-type and osteonec-
tin-null bone extracts. Furthermore, at equal
protein doses, themetastatic breast cancer cells
migrated to the wild-type and osteonectin-null
bone extracts at the same rate. This experiment

provided evidence thatmetastatic breast cancer
cells were attracted to the bone extracts and
therefore attracted to unknown factors in
the demineralized portion of the bone matrix.
However, it also demonstrated that osteonectin
wasnot a relevant contributor to the chemotaxis
of breast cancer cells to bone.Other studieshave
reported osteonectin to be the primary attrac-
tive force in bone extracts for prostate cancer
cells [De et al., 2003]. We utilized a similar
chemoattraction assay as De et al. [2003] but
wereunable to reproduce their results for breast
cancer cells. The inability of osteonectin to
increase breast cancer cell migration has been
previously reported by Dhanesuan et al. [2002].
In this study, MDA-MB-231 cells were trans-
fected to express increased levels of osteonectin.
These cells did not display an increase in
cellular migration as a result of increased osteo-
nectinexpression [Dhanesuanet al., 2002].Here,
we report that osteonectin by itself was also not
chemoattractive for these breast cancer cells.

There are other factors within the miner-
alized matrix of bone, possibly RGD-containing
proteins such as vitronectin, bone sialoprotein
and thrombospondin that may be responsible
for the attraction of breast cancer cells. Bone
sialoprotein has been shown to increase MDA-
MB-231 cell migration in an RGD-dependent
manner [Sung et al., 1998]. Another study
has demonstrated the chemoattraction of
MDA-MB-435 cells toward thrombospondin-1
through the avb1 integrin [Chandrasekaran
et al., 1999].

This study presents data that showed osteo-
nectin derived from several sources stimulated
breast cancer cell motility. Osteonectin may
also enhance the chemoattraction of breast
cancer cells toward vitronectin. However, bone-
derived osteonectin alone was not chemo-
attractive for breast cancer cells andmost likely
does not direct cancer cell migration into the
bone microenvironment.
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