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Abstract: Bone sialoprotein (BSP) is a major non-
collagenous, extracellular matrix glycoprotein
associated with mineralized tissues. Fibroblast growth
factor 2 (FGF2) is recognized as a potent mitogen for
a variety of mesenchymal cells. FGF2 produced by
osteoblasts accumulates in the bone matrix and acts as
an autocrine/paracrine regulator of osteoblasts. We
previously reported that FGF2 regulates BSP gene
transcription through the FGF2 response element
(FRE) and activator protein 1 (AP1) binding site
overlapping with the glucocorticoid response element
in the rat BSP gene promoter. In the present study,
FGF2 (10 ng/ml) increased BSP and Runx2 mRNA
levels at 6 h in MCF7 human breast cancer cells.
Transient transfection analyses were performed using
chimeric constructs of the human BSP gene promoter
linked to a luciferase reporter gene. Treatment of
MCEF7 cells with FGF2 (10 ng/ml) increased the
luciferase activity of the constructs between -84L.UC
and -927LUC. Gel mobility shift analyses showed that
FGF2 increased the binding of AP1 and CRE2. The
CRE2- and AP1-protein complexes were disrupted by
antibodies against CREB1, c-Fos, c-Jun, Fra2, p300 and
Runx2. These studies demonstrate that FGF2 stimulates
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Introduction

Bone sialoprotein (BSP) is a highly sulfated,
phosphorylated, and glycosylated protein that has been
identified as a major component of the mineralized bone
matrix (1,2). Due to its highly negatively charged
characteristics, BSP can sequester calcium ions via conser-
ved polyglutamate regions, which have hydroxyapatite
crystal nucleation potential (3). Through the RGD motif,
BSP mediates the attachment and activation of osteoclasts
(4) and can facilitate attachment of normal bone or cancer
cells to mineralized tissue surfaces (4,5). Through its
binding to factor H, BSP can protect cells from
complement-mediated cell lysis, which may be important
for cancer cell survival (6). The human BSP gene has
been cloned and partially characterized (7-10). Its promoter
has an inverted TATA box (nt -28 to -23) (7-10), an inverted
CCAAT box (nt -54 to -50) which is required for basal
transcription (9-11), and two cAMP response elements
(CRE1; -79 to -72 and CRE2; -674 to -667) (9,10,12). In
addition, a fibroblast growth factor 2 (FGF2) response
element (FRE; -96 to -89) (9,10,13-15), three activator
protein 1 (AP1) response elements (AP1(1); -148 to-142,
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AP1(2); -483 to -477 and AP1(3); -797 to -791) (9,10),
and a homeodomain protein-binding site (HOX; -200 to
-191) (7,14) have been characterized.

FGF2 belongs to a large family of at least 23 related
heparin-binding proteins, sharing 35-55% sequence
similarity (16-20). It stimulates the proliferation of all
cells of mesodermal origin and many cells of neuro-
ectodermal, ectodermal, and endodermal origin (21,22).
FGF2 induces neuron differentiation, survival and
regeneration, and modulates embryonic development and
differentiation (23). These functions of FGF2 observed in
vitro suggest that, in vivo, FGF2 may play a role in the
modulation of normal processes such as angiogenesis,
wound healing, tissue repair, embryonic development,
differentiation, neuronal function and neural degeneration
(21-23). BSP is primarily expressed by mature osteoblasts,
osteoclasts and hypertrophic chondrocytes (24,25), and is
also detectable in breast (26), prostate (27) and lung tumors
(28), which can metastasize to bone, suggesting that BSP
may play a role in the pathogenesis of bone metastases (26).

Previously, we have shown that FGF2 increases BSP gene
transcription via the tyrosine and mitogen-activated protein
(MAP) kinase pathways (15), and that the effect of FGF2
is mediated through FRE and AP1 binding site overlapping
with the glucocorticoid response element in the rat BSP
gene promoter (15,29,30). In the present study, to determine
the molecular mechanism of FGF2 regulation of the BSP
gene, we analyzed the effects of FGF2 on the expression
of BSP in MCF7 human breast cancer cells.

Materials and Methods

Materials

Alpha minimum essential medium (a-MEM)), fetal calf
serum (FCS), lipofectamine, penicillin, streptomycin and
trypsin-EDTA were obtained from Invitrogen (Carlsbad,
CA). pGL3-basic and pSV-galactosidase (3-Gal control)
vectors were purchased from Promega Co. (Madison, WI,
USA). An EXScript RT reagent kit and SYBR Premix Ex
Taq were purchased from Takara-bio (Tokyo, Japan).
MCF7 was obtained from the American Type Culture
Collection. All chemicals used were of analytical grade.

Cell culture

MCF7 human breast cancer cells were used in these
studies. Cells were first grown to confluence in 60-mm
tissue culture dishes in -MEM medium containing 10%
FCS, then cultured in o-MEM without serum, and
incubated with FGF2 (10 ng/ml) for between 3 and 24 h.
Nuclear proteins were extracted by addition of extra
proteinase inhibitors (the extraction buffer was 0.42 M
NaCl, 1.5 mM MacCl,, 0.2 mM EDTA, 1 mM dithiothreitol

(DTT), 25% (v/v) glycerol, 0.5 mM phenylmethyl-sulfonyl
fluoride, 2 pug/ml leupeptin, 2 pg/ml pepstatin A, 1 pg/ml
aprotinin, pH 7.9) (15).

Real-time PCR

MCF7 cells were incubated with FGF2 (10 ng/ml) for
3-24 h, then the total RNA was extracted with guanidinium
thiocyanate and purified. Total RNA (1 ng) was used as
atemplate for cDNA synthesis. cDNA was prepared using
the EXScript RT reagent kit. Quantitative real-time PCR
was performed using the following primer sets: BSP
forward, 5’-CTGGCACAGGGTATACAGGGTTAG-3’;
BSP reverse, 5’-ACTGGTGCCGTTTATGCCTTG-3’;
Runx?2 forward, 5°’-ATGTGTGTTTGTTTCAGCAGCA-3’;
Runx2reverse, 5’-TCCCTAAAGTCACTCGGTATGTGTA-3’;
GAPDH forward, 5’-GCACCGTCAAGGCTGAGAAC-
3’; GAPDH reverse, 5’-ATGGTGGTGAAGACGCCAGT-
3; using the SYBR Premix Ex Taq in a TP800 thermal
cycler dice real time system (Takara-bio, Tokyo, Japan).
The amplification reactions were performed in a final
volume of 25 pl containing 2 X SYBR Premix EX Taq (12.5
ul), 0.2 uM forward and reverse primers (0.5 pl) and 100
ng cDNA (10 pl). To reduce variability between replicates,
PCR premixes, which contained all reagents except for
cDNA, were prepared and aliquoted into 0.2 ml Hi-8-
tubes (Takara, Tokyo, Japan). The thermal cycling
conditions were 10 s at 95°C and 40 cycles of 5 s at 95°C
and 30 s at 60°C. Post-PCR melting curves confirmed the
specificity of single-target amplification, and the
expressions of BSP and Runx?2 relative to GAPDH were
determined in quadruplicate.

Transient transfection assays

Exponentially growing MCF7 cells were used for
transfection assays. Twenty-four hours after plating, cells
at 50-60% confluence were transfected using lipofectamine
reagent. The transfection mixture included 1 pg of a
luciferase (LUC) construct (31) and 2 pug of the B-Gal vector
as an internal control. Two days after transfection, the
cells were deprived of serum for 12 h, and 10 ng/ml FGF2
were added for 6 h prior to harvest. The luciferase assay
was performed in accordance with the supplier’s protocol
(PicaGene; Toyo Inki, Tokyo, Japan) using a luminescence
reader (Acuu FLEX Lumi 400; Aloka, Tokyo, Japan) to
measure the luciferase activity.

Gel mobility shift assays

Confluent MCF7 cells in T-75 flasks incubated for 3-
24 h with FGF2 (10 ng/ml) in o-MEM without serum were
used to prepare the nuclear extracts. Double-stranded
oligonucleotides encompassing the inverted CCAAT,



CREI1, CRE2, FRE, HOX and API1(1) sequences in the
human BSP promoter were prepared. For gel shift analysis,
the double-stranded oligonucleotides were end-labeled
with [y-*?P]ATP and T4 polynucleotide kinase. Nuclear
protein extracts (3 pLg) were incubated for 20 min at room
temperature with 0.1 pM radiolabeled double-stranded
oligonucleotide. Following incubation, the protein-DNA
complexes were resolved by electrophoresis on 5% non-
denaturing acrylamide gels (38:2 acrylamide/bis
acrylamide) run at 200 V at RT. After electrophoresis, the
gels were dried and autoradiograms were prepared and
analyzed using an image analyzer. Double-stranded
oligonucleotide sequences were: CCAAT (nts, -64 to -41,
5’-CGTGACAGTGATTGGCTGTTGGAA-3’), CREI
(nts, -89 to -63, 5’-ATCCACGTTCTGACATCACCTT
GGTCG), CRE2 (nts, -680 to -658, 5’-ATCAGCTGA
CCTCACATGCACGA-3’), AP1(1) (nts, -158 to -129, 5°-
CGTTTCTTGTTTATTCAACTGAGCCTGTGT-3"),
FRE (nts, -102 to -83, 5’-TTTTCTGGTGAGAATCC
ACGA-3"), HOX (nts, -208 to -180, 5’-CTAAACCT
TCAATTAAATTCCACAATGCA-3").

Statistical analysis

Quadruplicate samples were analyzed for each
experiment, and experiments were replicated to ensure
consistency of the responses to drugs. Significance of
differences between control and treatment runs were
determined using unpaired Student’s ¢ test.

Results
FGF?2 increases BSP and Runx?2 expression in MCF7
cells
MCF7 cells were treated with FGF2, and changes in the
levels of BSP and Runx2 mRINAs were analyzed by real-
time PCR. It was found that FGF2 (10 ng/ml) increased
the levels of BSP and Runx2 mRNAs at 6 and 12 h (Fig.

1).

FGF2 stimulates BSP transcription in MCF7
cells

To determine the site of FGF2-regulated transcription
in the 5’-flanking region of the human BSP gene, -43 to
+60 (-43LUC), -60 to +60 (-60LUC), -84 to +60 (-84LUC),
-108 to +60 (-108LUC), -116 to +60 (-116LUC), -184 to
+60 (-184LUC), -311 to +60 (-311LUC), -428 to +60 (-
428L.UC) and -927 to +60 (-927LUC) human BSP gene
promoters ligated to the luciferase reporter gene were
transiently transfected into MCF7 cells, and the
transcriptional activities were determined in the presence
or absence of FGF2. FGF2 (10 ng/ml, 6 h) increased the
luciferase activity of the constructs from -84LUC to -
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Fig. 1 Effects of FGF2 on levels of BSP and Runx2 mRNA
in MCF7 cells. MCF7 cells were treated with or without
FGF2 (10 ng/ml) for 3, 6, 12, and 24 h. Then, total RNA

was extracted, and the expressions of BSP, Runx2 and
GAPDH mRNA in the MCF7 cells were measured by
real-time PCR. The amounts of mRNA for BSP and
Runx2 relative to GAPDH were calculated. The
experiments were performed in quadruplicate for each
data point. Quantitative analyses of the quadruplicate
data sets are shown with standard errors. Significant
differences from control: **(P < 0.05); ****(P <0.01).

MCF7

- R {io% 7 | R G e oz |
-{HOXH PR MR- Ge e 4sLuc |

-{EOX H{ PR HoRETHGED i -311Lue

{e HemeD-en i) -1setvc 8

{7 e} @on (g 1sLuc

(e e G - osuc: |
CREIHCCANTHLUC] - 84LUC 8

-so[,UC ;

-ﬁ.ﬂ}q@-muc e

[LUCIpG L3Basic v

I FGF2 10 ng/ml
Control

0 I 2 3 4 5 6 7 8
Relative Luciferase Activity
Fig. 2 FGF2 up-regulates human BSP promoter activity in
MCEFT7 cells. Transient transfections of MCF7 cells in
the presence or absence of FGF2 (10 ng.ml) for 6 h
were used to determine transcriptional activities of
chimeric constructs that included various-sized human
BSP promoters ligated to a luciferase reporter gene.
The data for transcriptional activities obtained from
quadruplicate transfections with constructs, pGL3-
basic and -43LUC to -927LUC, have been combined,
and the values are expressed with standard errors.
Significant differences from control: **(P < 0.05);
*#EE(P < 0.02); #*#%F(P < 0.01).
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Fig. 3 Regulatory elements in the human BSP promoter.
Upper panel; The positions of the inverted TATA and
CCAAT boxes, cAMP response element 1 (CRE1),
homeobox-binding site (HOX), cAMP response
element 2 (CRE2), activator protein 1 (AP1), shear
stress response element (SSRE1), activator protein 2
(AP2) and SSRE2 are shown in the human BSP gene
promoter. The nucleotides are numbered relative to the
transcription start sites (+1). CRE2 (nts -674 to -667),
AP1(3) (nts -794 to -800), SSRE1 (nts -893 to -888),
AP2 (nts -1148 to -1139) and SSRE2 (nts -2474 to -
2469) are present. Lower panel: The nucleotide
sequences of the proximal promoter region of the
human BSP gene are shown from nucleotides -43 to -
201.

927LUC (Fig. 2). Within the DNA sequence unique to the
-84LUC to -927LUC region is an inverted CCAAT box
(ATTGG:; between -54 and -50), a CRE1 (-79 to -72), a
FRE (-96 to -89), an AP1(1) (-148 to -142), a HOX (-200
to -191) and a CRE2 (-674 to -667) (Fig. 3).

Gel mobility shift assays

To identify which nuclear proteins can bind to the
promoter region (-84LUC to -927LUC), double-stranded
oligonucleotides of inverted CCAAT, CRE1, FRE, AP1(1),
HOX and CRE2 elements were end-labeled and incubated
with equal amounts (3 pg) of nuclear proteins extracted
from confluent MCF7 cells that were either not treated
(control) or treated with FGF2 (10 ng/ml) for 3, 6 and 12
h. When we used the inverted CCAAT sequence as a
probe, the CCAAT-NFY protein complex did not change
after FGF2 stimulation (Fig. 4). With nuclear extracts
from confluent control cultures of MCF7 cells, shifts of
AP1(1)- and CRE2-protein complexes were evident (Fig.
4; lanes 5 and 9). After FGF2 (10 ng/ml) stimulation, the
API1(1)-protein complex was increased at 3 h (Fig. 4; lane
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Fig. 4 FGF2 up-regulates nuclear proteins that recognize
API1(1) and CRE2. Radiolabeled double-stranded
CCAAT (-64 CGTGACAGTGATTGGCTGTTGG
AA -41), AP1(1) (-158 CGTTTCTTGTTTATTCA
ACTGAGCCTGTGT -129), CRE2 (-680 ATCAGC
TGACCTCACATGCACGA -658) oligonucleotides
were incubated with nuclear protein extracts (3 ug)
obtained from MCF7 cells stimulated without (lanes
1, 5 and 9) or with FGF2 (10 ng/ml) for 3 h (lanes 2,
6 and 10), 6 h (lanes 3,7 and 11), and 12 h (lanes 4, 8
and 12). DNA-protein complexes were separated on
5% polyacrylamide gel in low-ionic-strength Tris-
borate buffer, dried under vacuum, and exposed to an
imaging plate for quantitation using an image analyzer.

6) and the CRE2- protein complex was increased at 6 h
(Fig. 4; lane 11). FGF2 did not induce CRE1-, FRE- or
HOX-protein complex formation (data not shown). The
specific interactions of the CRE2- and AP1(1)-protein
complexes were demonstrated by competition experiments
in which a 40-fold molar excess CRE2 and AP1(1) reduced
the formation of the DNA-protein complexes. In contrast,
mAP1(1), CRE1 and CRE2 did not compete during
API1(1)-protein complex formation, and mCRE2, CRE1
and AP1(1) did not compete during CRE2-protein complex
formation (Fig. 5). To further characterize the proteins in
the complexes formed with CRE2 and AP1(1), we used
antibodies against several transcription factors. CRE2-
protein complexes were disrupted by antibodies against
CREBI, c-Fos, c-Jun, Fra2, P300, Runx2, DIx5 and Smad1
(Fig. 6), whereas AP1(1)-protein complexes were disrupted
by antibodies against CREB1, c-Fos, c-Jun, JunD and
p300 (Fig. 7).
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Fig. 5 Specific binding of nuclear proteins to the CRE2 and
API(1). Competition reactions were performed using
a 40-fold molar excess of unlabeled CRE2 (-680
ATCAGCTGACCTCACATGCACGA -658) (lanes
3 and 12), mutation-CRE2 (mCRE2; -680
ATCAGCTGACCgaACATGCACGA -658) (lane 4),
CREI (-89 ATCCACGTTCTGACATCACCTTG
GTCG -63) (lanes 5 and 11), AP1(1) (-158 CGT
TTCTTGTTTATTCAACTGAGCCTGTGT -129),
(lanes 6 and 9), and mutation-AP1(1) (mAP1(1);-158
CGTTTCTTGTTTATgaAACTGAGCCTGTGT -
129) (lane 10) oligonucleotides. DNA-protein
complexes were separated on 5% polyacrylamide gel
and exposed to an imaging plate for quantitation using
an image analyzer.

Discussion

FGFs have a prominent role in bone development and
growth. BSP has been characterized as a unique marker
of osteogenic differentiation that can regulate the formation
of mineral crystals (1,2). In this study, we identified the
CRE2 and AP1(1) elements in the human BSP gene
promoter that mediates FGF2-stimulated BSP transcription
in MCF7 human breast cancer cells.

Previously, we had reported that FGF2 increased the
expression of BSP in osteosarcoma-derived ROS17/2.8
osteoblast-like cells. The relationship between BSP and
FGF2 may be relevant to the expression of BSP in tumors.
In addition to production by osteogenic tumors, BSP is also
expressed in breast, lung, thyroid and prostate cancers
(26-28,32,33). The expression of BSP in human primary
breast cancers has been associated with an increased risk
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Fig. 6 Specific binding of nuclear proteins to CRE2.
Radiolabeled double-stranded CRE2 was incubated
with nuclear protein extracts (3 [g) obtained from
MCF7 cells stimulated without or with FGF2 (10
ng/ml) for 6 h. Supershift experiments were performed
with 0.4 ng of antibodies added separately to each gel
shift reaction.

Probe ... I API(D)
= |
m 3 =
H 38 59 « g o 3
) ] o e g = L =
Antibodies... - - % %8 © 37 &8 E & E A &
Rl R B R R
b
API(1)—»
12 3456 78 9101112
Nuclear 2 | |
g e
extract ... § 10 ng/ml FGF2 3 h

Fig. 7 Specific binding of nuclear proteins to AP1(1).
Radiolabeled double-stranded AP1(1) was incubated
with nuclear protein extracts (3 pg) obtained from
MCEF7 cells stimulated without or with FGF2 (10
ng/ml) for 3 h. Supershift experiments were performed
with 0.4 ng of antibodies added separately to each gel
shift reaction.
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of subsequent bone metastases and a poor survival rate
(26,32). The ability of BSP to bind to hydroxyapatite and
to mediate cell attachment through cell-surface integrins
may be involved in the osteotropism of the metastatic
cells (1,2,26). Various tumor cell lines express FGF2 (34-
36), and FGF?2 is significantly increased in prostate cancers
in comparison with normal prostate (36). Also, the
concentrations of FGF2 in nipple fluid are significantly
increased in breast cancer patients (37). Human breast
cancer cell lines and breast tumor samples express the FGF
and FGF receptor genes, suggesting a possible relationship
between expression of FGF2 and that of BSP in osteotropic
cancers (38).

Real-time PCR demonstrated that FGF2 increased the
expression of BSP and Runx2 mRNAs in MCF7 cells
(Fig. 1). Runx2 plays an essential role in osteoblast
differentiation, and Runx2-deficient mice display absence
of bone due to osteoblast differentiation arrest (39).
Transient transfection assays showed that BSP promoter
activities (-84LUC - 927L.UC) were increased by FGF2
(Fig. 2). The involvement of the CRE2 and AP1(1) elements
was further supported by gel shift assays in which proteins
from nuclear extracts forming complexes with CRE2 and
AP1(1) were increased by FGF2 (Fig. 4). While FRE is
the main target of FGF2 signaling in rat osteoblast-like cells
(14,15,30,40), FGF2 did not induce FRE-protein complex
formation in MCF7 cells. We previously reported Runx2,
DIx5 and Smadl were FRE binding transcription factors
in osteoblastic Saos?2 cells (14). The results of supershift
assays showed that CRE2 interacted with CREB1, c-Fos,
c-Jun, Fra2, P300, Runx2, DIx5 and Smadl, and that
API1(1) interacted with CREBI1, c-Fos, c-Jun, JunD and
p300 in MCF7 cells. The CREB1 and AP1 transcription
factors JunD and Fra2 regulate BSP gene expression in
human breast cancer cells (13). P300 may play an
architectural role at the osteocalcin gene promoter by
interacting with Runx?2 and the vitamin D3 receptor, and
by connecting factors bound to the distal and proximal sites
of the promoter (41). In normal osteoblasts, FRE is the main
target of FGF2 regulation of BSP transcription, whereas
regulation of BSP transcription in MCF7 human breast
cancer cells is under the control of transcription factors
and transcriptional coactivators that bind to the distal
CRE?2 and proximal AP1(1) elements. In conclusion, our
present findings indicate that FGF2 induces expression of
the BSP gene in human breast cancer cells via the CRE2
and AP1(1) elements in the gene promoter. Further study
will be necessary to clarify why FRE-binding transcription
factors (Runx2, DIx5 and Smadl) and P300 are able to
interact with CRE2 and how BSP transcription is induced
in breast cancer cells.
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