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Abstract
Secreted frizzled-related protein (sFRP)-1 is a Wnt antagonist that inhibits breast carcinoma cell
motility, whereas the secreted glycoprotein thrombospondin-1 stimulates adhesion and motility of
the same cells. We examined whether thrombospondin-1 and sFRP-1 interact directly or indirectly
to modulate cell behavior. Thrombospondin-1 bound sFRP-1 with an apparent Kd = 48 nM and
the related sFRP-2 with a Kd = 95 nM. Thrombospondin-1 did not bind to the more distantly
related sFRP-3. The association of thrombospondin-1 and sFRP-1 is primarily mediated by the
amino-terminal N-module of thrombospondin-1 and the netrin domain of sFRP-1. sFRP-1
inhibited α3β1 integrin-mediated adhesion of MDA-MB-231 breast carcinoma cells to a surface
coated with thrombospondin-1 or recombinant N-module, but not adhesion of the cells on
immobilized fibronectin or type I collagen. sFRP-1 also inhibited thrombospondin-1-mediated
migration of MDA-MB-231 and MDA-MB-468 breast carcinoma cells. Although sFRP-2 binds
similarly to thrombospondin-1, it did not inhibit thrombospondin-1-stimulated adhesion. Thus,
sFRP-1 binds to thrombospondin-1 and antagonizes stimulatory effects of thrombospondin-1 on
breast carcinoma cell adhesion and motility. These results demonstrate that sFRP-1 can modulate
breast cancer cell responses by interacting with thrombospondin-1 in addition to its known effects
on Wnt signaling.
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1. Introduction
Thrombospondin-1 (TSP1)* was initially described as a 450 kDa trimeric glycoprotein
released from the α-granules of platelets [1]. In addition to modulating platelet activation [2,
3], TSP1 was the first identified endogenous angiogenesis inhibitor [4, 5]. Consistent with
this activity, TSP1 expression was shown to inhibit tumor growth and metastasis [6].
Moreover, TSP1 expression is frequently lost during malignant transformation due to
regulation of its expression by oncogenes, tumor suppressor genes, and hypermethylation
[7–9]. However, TSP1 can become highly expressed by stromal fibroblasts and endothelial
cells within tumors during tumor progression [10], which results in elevated levels of
circulating TSP1 in some cancers [11] that may also inhibit tumor growth [12, 13]. In
addition to modulating angiogenesis, tumor-associated and circulating TSP1 can also
modulate tumor blood flow [14], anti-tumor innate immunity [15], and radiotherapy
responses [16, 17].

The diverse and sometimes conflicting activities of TSP1 in the context of tumor
progression may be rationalized in part by the complexity of TSP1 interactions with other
proteins. Each subunit of TSP1 is composed of several domains with multiple ligand binding
specificities [18]. TSP1 interacts with cell surface integrin and non-integrin receptors [19–
22], heparan sulfate proteoglycans (HSPG)* [23], growth factors [24], and other bioactive
molecules [25–27].

In the context of breast cancer, TSP1 expression appears to be a marker of aggressiveness
and correlates with the microvessel density [28, 29] but is not related to p53 status or VEGF
expression [30]. Endogenous TSP1 inhibits primary tumor growth and angiogenesis but
promotes metastasis to the lung in the Pyt transgenic mouse breast cancer model [31]. TSP1
stimulates breast carcinoma cell adhesion and chemotaxis by engaging α3β1 integrin [32,
33]. TSP1 can also promote human breast cancer cell proliferation in vitro, but the
mechanism remains to be elucidated [34, 35].

The secreted frizzled-related proteins (sFRPs)* comprise a family of 5 proteins that bear
homology to frizzleds, the seven-pass transmembrane cell surface receptors for Wnts [36,
37]. sFRP-1, 2 and 5 are closely related and form one subgroup, and sFRP-3, and 4 form a
second subgroup [37, 38]. Constitutive activation of Wnt signaling is common in neoplasia
[39]; in particular, autocrine Wnt pathways contribute to the proliferative and metastatic
properties of breast cancer cells [40, 41]. The sFRPs were first identified as Wnt antagonists,
and accordingly they have been viewed as tumor suppressors [42–45]. Consistent with this
assessment, four of the five human SFRP genes contain dense CpG islands that often are
hypermethylated in many cancers, resulting in silencing of their expression [45]. Loss of
sFRP-1 expression in breast cancer has been associated with decreased survival [46], and
restoration of expression in colorectal and renal cell carcinoma lines attenuated the
malignant phenotype [47, 48]. Similarly, ectopic sFRP-1 expression in MDA-MB-231 breast
cancer cells suppressed tumor growth and metastasis [49]. In contrast to sFRP-1, sFRP-2 has
positive effects on breast carcinoma cells and endothelial cells that imply a stimulation of
tumor growth [37, 50– 52]

The sFRPs contain two distinct structural domains: a frizzled-related cysteine-rich domain
(CRD)* and a netrin (NTR)* module [36, 37]. The CRD consists of 110–120 amino acid
residues including ten invariant cysteines that form a conserved set of five disulfide bonds.

*Abbreviations: the abbreviations used are: sFRP, secreted frizzled-related protein; TSP1, thrombospondin-1; HSPG, heparan sulfate
proteoglycan; CRD, cysteine-rich domain; NTR, netrin; TIMP, tissue inhibitor of metalloproteinases; pCOLCEs, procollagen C-
proteinase enhancer proteins; GST, glutathione-S-transferase; vWC, von Willebrand factor type C; LDL, low-density lipoprotein;
EGF, epidermal growth factor.
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The CRDs of frizzleds bind Wnt ligands [53], and initial studies suggested that sFRPs
inhibit signaling by binding to Wnts via their CRDs [54, 55]. However, additional
experiments demonstrated that sFRPs and frizzleds could associate with each other through
CRD-CRD interactions, implying there are additional mechanisms of Wnt inhibition [55].
The NTR module is defined by a set of six characteristically spaced cysteines, stretches of
hydrophobic and positively charged amino acids and, where three-dimensional structural
data are available, two α-helices packed against a five-stranded β-barrel [56, 57]. NTR
domains are found in the carboxyl (C) -terminus of netrins, laminin-related proteins in the
extracellular matrix that control axon guidance. While the function of the NTR module in
netrins is unknown, in the tissue inhibitors of metalloproteinases (TIMPs)* it mediates
binding to their protease targets [56]. The NTR module also is present in type I procollagen
C-proteinase enhancer proteins (pCOLCEs)*, complement proteins C3, C4 and C5 as well
as other molecules [56].}. The NTR domain of sFRP-1 associates with Wnt proteins and
modulates their activities [58, 59]. Besides its interaction with Wnts, the NTR domain is
responsible for sFRP association with HSPG [58].

Screening of a peptide phage display library resulted in the identification of a peptide
binding motif for sFRP-1 with micromolar affinity [60]. The core of this motif, DGR, is
present in the type 3 calcium-binding repeats of TSP1 [18], suggesting that these proteins
might interact. Here we report that sFRP-1 binds to TSP1 with high affinity, although not
via the DGR motif. This binding is shared by sFRP-2 but not sFRP-3. The interaction
primarily involves the NTR module of sFRP-1 interacting with the N-module of TSP1.
sFRP-1 specifically disrupts integrin-mediated cell adhesion of MDA-MB-231 breast
carcinoma cells to surfaces coated with TSP1 or its N-module, and blocks TSP1-mediated
migration of breast carcinoma cells. These activities suggest that physical and functional
interactions of TSP1 with sFRP-1 have pathophysiological relevance for breast cancer
progression.

2. Materials and methods
2.1. Reagents

Human TSP1 and fibronectin were purified from platelets and plasma, respectively, obtained
from the National Institutes of Health Department of Transfusion Medicine [61, 62].
Monomeric and trimeric recombinant regions of TSP1 (Fig. 3) expressed in insect cells and
prepared as described [63, 64] were provided by Dr. Deane Mosher, University of
Wisconsin. Monomeric recombinant N-module containing residues 1 to 250 of mature TSP1
was prepared as previously described [65]. A glutathione-S-transferase (GST)* fusion
protein expressing the von Willebrand factor type C (vWC)* domain of TSP1 (provided by
Dr. Jack Lawler, Harvard University, Boston, MA) was prepared as described [66].
Recombinant human sFRP-1 and sFRP-2 were prepared as described [58, 67]. Recombinant
human sFRP-3 was purchased from R&D Systems (Minneapolis, MN). Type I collagen was
purchased from Inamed (Fremont, CA).

2.2. Recombinant expression and purification of CRD and NTR domain
cDNAs encoding the CRD and NTR domain along with a small amount of flanking
sequence were generated by PCR using full-length human sFRP-1 cDNA as template and
the indicated primers for the CRD (5’-
CCGCTCGAGAAAAGACGCTTCTACACCAAGCCACCT -3’, 5’-
GCTCTAGATCATCACGTCATGGCGATGCAGACGTCCCCCT -3’) and NTR domain
(5’-CGGAATTCGTGTGTCCTCCCTGTGACAACGAG-3’, 5’-
GCTCTAGATCATCACTTAAACACGGACTGAAAGGTGGGGC -3’). After the fidelity
of PCR products was verified by sequence analysis, the cDNAs were digested with XhoI/
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XbaI (CRD) or EcoRI/XbaI (NTR) and subcloned into the pICZaA expression vector
(Invitrogen). Competent Pichia pastoris cells were transformed with these constructs using
Pichia EasyComp Kit (Invitrogen). Transformed clones were grown in 5 ml BMGY medium
overnight at 30°C, 275 rpm. Cultures were transferred into 500 ml BMGY medium in a 2
liter flask with deep baffles and incubated overnight at 30°C, 250 rpm. Cells were pelleted
by centrifugation and resuspended at 80 g/liter in BMMY medium supplemented with 1%
methanol/day for 3–5 days to induce expression of the recombinant protein (cultures
maintained at 30°C, 250 rpm).

All purification steps were performed at 4°C. CRD culture medium was concentrated 10-
fold by ultrafiltration using a YM3 membrane (Millipore), dialyzed against solution A
(20mM Tris-HCl, pH 7.4), filtered through a 0.44 µm membrane and applied to a 5 ml
HiTrap Q FF column (GE Healthcare) equilibrated with solution A. After washing the
column with 50–100 ml of solution A, protein was eluted with a linear gradient of increasing
NaCl (solution B: 20mM Tris-HCl, pH 7.4, 1M NaCl). The CRD either bound weakly
(eluting with 3–10% solution B) or remained in the flow through. The early eluting fractions
containing the CRD and flow through were combined, dialyzed in solution A and loaded on
a freshly equilibrated HiTrap Q FF column. The CRD was retained on the resin and eluted
with 3–10% solution B. NTR culture medium was filtered through a 0.44 µm membrane and
loaded directly on a HiTrap Heparin HP column (GE Healthcare) equilibrated with solution
A' (25mM phosphate buffer, pH7.4). After washing the resin with 10–20 column volumes of
solution A', NTR protein was eluted with a NaCl step gradient in fractions containing ~ 1 M
NaCl (solution B': 25mM phosphate buffer, pH7.4, 2M NaCl). Purified protein was
visualized by SDS-PAGE, followed by staining with Coomassie blue. The mass and amino-
terminal sequence of the CRD and NTR domain were confirmed by MALDI-TOF and
Edman degradation, respectively.

2.3. Solid Phase Binding Assays
50 µl of the indicated concentrations of full-length recombinant sFRP-1 or sFRP-1
fragments, CRD and NTR domain, sFRP-2, and sFRP-3 were adsorbed onto Immulon® HB
(ThermoLabsystems, Franklin, MA) microtiter strips by incubation in Dulbecco’s PBS
(DPBS) without Ca2+ and Mg2+, for 16 h at 4°C. Nonspecific sites were blocked with 3%
(w/v) BSA (Sigma-Aldrich) in DPBS with 0.9 mM CaCl2 and 0.5 mM MgCl2, at room
temperature for 1 h. The wells were emptied and 50 µl/well of 125I-TSP1 (0.5 µg/ml, 2.5–8
µCi/µg) were added alone or in the presence of the indicated unlabeled ligands as competitor
in DPBS with Ca2+ and Mg2+, containing 0.5% (w/v) BSA, and 0.1 mM
phenylmethylsulfonyl fluoride, and incubated at room temperature, or 37°C for 3 h. The
wells were washed with the same cold buffer, and the bound radioactivity was quantified
using a gamma counter (PerkinElmer Life Sciences). For some experiments recombinant
TSP1 fragments were immobilized as above, and binding of 125I-NTR domain (293 ng/ml,
3.4–4.4 µCi/µg)and 125I-CRD (250 ng/ml, 5.3 µCi/µg) was determined. For calculation of
equilibrium binding constants, binding was determined in triplicate at each concentration to
wells coated with the indicated ligands and corrected for nonspecific binding determined at
each ligand concentration using wells only coated with BSA.

2.4. Cell Culture
Cell cultures were maintained at 37°C, 5% CO2, in RPMI 1640 (Gibco) supplemented with
10% fetal bovine serum (FBS) (Biosource), 2 mM L-glutamine, 100 units/ml penicillin, and
100 µg/ml streptomycin (Gibco). Three human tumor cell cultures were used. MDA-
MB-231 human breast carcinoma cells (American Type Culture Collection), MDA-MB-468
human breast carcinoma cells (kindly provided by Dr. Lisa A. Ridnour, National Cancer
Institute, NIH, Bethesda, MD), and A2058 human melanoma cells [68].
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2.5. Cell Adhesion Assays
TSP1, the trimeric recombinant region of TSP1 (NoC1), type I collagen, and fibronectin,
diluted in DBPS with Ca2+ and Mg2+, were coated onto 96-well flat-bottom plates (NUNC
MaxiSorp) overnight at 4°C. The wells were emptied, filled with DPBS containing 1% BSA
(w/v), and incubated at room temperature for 30 min to block nonspecific adherence to
plastic. The indicated concentrations of full-length recombinant human sFRP-1 or sFRP-1
fragments, CRD and NTR domain, and sFRP-2 diluted in RPMI medium containing
0.1%BSA, and 0.1 mM MnCl2 when TSP1 is used, were added in 50 µl, and the plate was
incubated at 37°C for 1 h. MDA-MB-231 cells were washed in serum-free medium and
resuspended at 1×106 cells/ml in RPMI/0.1% BSA. 50 µl of cell suspension were added to
each well containing 50 µl of full-length recombinant human sFRP-1, sFRP-1 fragments or
sFRP-2, and the plate was incubated at 37°C for 60 min. Non-adherent cells were removed
by washing. The number of adherent cells was quantified using the previously described
colorimetric hexosaminidase assay [69]. All samples were run in triplicate. Same
experimental conditions were used to dynamically record cell attachment and spreading on
TSP1 using RT-CES system (ACEA Biosciences). Measurements were automatically
collected by the analyzer every 3 min for up to 2 h. Alternatively, TSP1, NoC1, type I
collagen, and fibronectin were adsorbed (triplicates of 8-µl drops) onto polystyrene dishes
(Falcon 1008) by incubating overnight at 4 °C. The drops were removed, and the dishes
were blocked with 1% BSA/DPBS for 30 min. MDA-MB-231 cells were washed in serum-
free medium and resuspended at 2×106 cells/ml in RPMI/0.1% BSA. 100 µl of cell
suspension were added to each dish containing 10 µg/ml of sFRP-1 or sFRP-2 in RPMI/
0.1% BSA. For activation cells were treated with 0.1 mM MnCl2. After incubation for 1 h at
37 °C in 5% CO2, the dishes were washed 2 times with DPBS and fixed for 30 min with 1%
glutaraldehyde/DPBS. After staining with Diff-Quik, cells were imaged using an Olympus
IX70 microscope, and pictures were taken using a Spot Insight cooled digital camera
(Diagnostic Instruments, Sterling Heights, MI). Filopodial length was quantified using
Image J software (200 µm ≈ 1,600 pixels). n=9 cells/group from three 600x fields (3 to 7
filopodia per cell) were averaged.

2.6. Wound Repair Cell Motility Assay
A standard scratch wound repair assay was used to assess the effects of sFRP-1 and TSP1 on
migration of a human breast carcinoma cell line [70]. Briefly, MDA-MB-231 cells were
seeded on 24-well plates and grown to confluence. The monolayers were pre-incubated with
full-length recombinant human sFRP-1 and TSP1 in complete RPMI medium for 45 min.
Monolayers were scratched in a line using a standard 100 µl pipette tip. Marked sections of
the wounds were imaged over time using an Olympus IX70 microscope, and pictures of four
wound edges per condition were taken at 1h using a Spot Insight cooled digital camera
(Diagnostic Instruments, Sterling Heights, MI). Migration of cells into the wound was
quantified as the percentage of recovered area using Image J software.

2.7. Cell Migration Assay
Cell migration of MDA-MB-231, MDA-MB-468 and A2058 cells was monitored in real
time using an impedance-based system (xCELLigence, Roche Applied Science). A 165 µl
volume of medium containing 10% FBS (chemoattractant) and 35 µl of medium containing
1% BSA were added to the lower and upper chamber of the CIM-Plate 16, respectively, and
incubated at 37°C, 5% CO2 for 1h. A 100 µl cell suspension of 4×105 cells/ml was then
added to the upper chamber, and measurements were automatically collected by the analyzer
every 5 min for up to 4 h.
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2.8. Data Analysis
Scafit version 3.10 of the Ligand program [71] was used for the quantitative analysis of
competitive binding. All data are shown as mean ± SD except where indicated. Significance
was determined with one-tailed distribution Student's t test analysis. The difference was
considered significant (*) when P ≤ 0.05 and (**) when P ≤ 0.001.

3. Results
3.1. TSP1 binds to sFRP-1 and sFRP-2 but not sFRP-3

To investigate the interaction between TSP1 and sFRPs, we labeled human platelet TSP1
with 125I and studied its binding to recombinant human sFRPs immobilized on polystyrene.
In the presence of divalent cations, TSP1 binding to immobilized full-length sFRP-1 was
saturable and dose-dependent at 37°C, but much weaker at room temperature (Fig. 1A). 125I-
TSP1, similarly bound in a dose- and temperature-dependent manner to the related family
member human sFRP-2, with higher binding also obtained at 37°C (Fig. 1B). In contrast,
recombinant human sFRP-3 showed no significant interaction with 125I-TSP1 at 37°C (Fig.
1C).

Binding constants for sFRP-1 and sFRP-2 were determined by homologous displacement
experiments using unlabelled TSP1 (Fig. 2). Based on analysis of binding data in the
presence of divalent cations at 37°C using the Ligand program [71], TSP1 bound with
apparent Kd values of 48 nM and 95 nM to immobilized full-length sFRP-1 (Fig. 2B&C left)
and sFRP-2 (Fig. 2D&E), respectively.

3.2. TSP1 binds preferentially to the NTR module of sFRP-1
To determine the role of the individual sFRP-1 domains in binding to TSP1, we generated
recombinant CRD and NTR module using a Pichia pastoris expression system. We chose
this system because a prior study had demonstrated efficient production and proper folding
of the Frizzled-type CRD from Ror1 [72]. The recombinant CRD product spanned the entire
CRD motif and included a small amount of additional sFRP-1 sequence at either end (R49 to
T169, numbering as reported in [44]). The recombinant NTR domain extended from V184
to the C-terminus of sFRP-1 (K313), and contained a residual segment of sequence
(EAEAEF) from the yeast alpha mating factor at the N-terminus. Milligram quantities of
purified proteins were isolated from a few hundred ml of culture fluid using ion exchange
(CRD) or heparin affinity (NTR) chromatography, and protein purity was assessed by SDS-
polyacrylamide gel electrophoresis (Fig. 2A). When immobilized on polystyrene, the NTR
domain strongly bound to TSP1 with an apparent Kd of 73 nM (Fig. 2B&C right). 125I-TSP1
showed no significant binding to the immobilized CRD derivative (Fig. 2B). However,
addition of unlabeled TSP1 surprisingly stimulated binding at low concentrations and then
inhibited this binding at higher concentrations. The molecular basis for this unusual biphasic
response is unknown, but such binding curves are characteristic of a self-associating ligand
[73].

3.3. The N-module of TSP1 binds to the NTR module of sFRP-1
TSP1 is a disulfide-bonded trimer of subunits composed of an N-module followed by the
oligomerization domain, a vWC domain, three thrombospondin type 1 repeats (properdin),
and a signature domain comprising three epidermal growth factor (EGF)-like type 2 repeats,
the type 3 calcium-binding repeats and a lectin-like C-terminal globe (Fig. 3A) [74]. Two
approaches were used to define the sFRP-1 binding domain within TSP1. Binding of 125I-
TSP1 to immobilized NTR domain was significantly (p<0.001) inhibited in a dose-
dependent manner by the trimeric N-terminal construct NoC1 (Fig. 3B). Recombinant
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delNo, lacking only the N-module and oligomerization site, inhibited moderately but
showed no dose-dependence.

The binding site in TSP1 was further mapped using a reverse assay where we
quantified 125I-NTR domain binding to recombinant regions of TSP1 immobilized on
polystyrene. Only the two constructs containing the N-module of TSP1 bound 125I-NTR
domain in a dose-dependent manner (Fig. 3C). In contrast 125I-CRD bound minimally to
immobilized TSP1, and no significant binding to the N-module was detected (Fig. 3D). The
highest binding of 125I-CRD was to recombinant vWC and to the delNo, which also contains
this domain. Note, however, that 125I-CRD binding was an order of magnitude less than that
observed with 125I-NTR. Therefore, binding of the CRD domain to TSP1 is relatively weak
and may be mediated by the vWC module, but the N-module of TSP1 mediates high affinity
binding to the NTR domain of sFRP-1.

3.4. sFRP-1 inhibits TSP1-mediated breast cancer cell adhesion and migration
Based on the strong binding between TSP1 and sFRP-1 and -2, we examined the potential
functional consequences of this interaction on known biological activities of the proteins
using the malignant breast cancer model MDA-MB-231, which express very low TSP1
mRNA and protein [75, 76] and no sFRP-1 mRNA [77].

Adhesion of breast carcinoma cells to immobilized TSP1 or its N-terminal domain is
mediated by α3β1 integrin [33, 78]. Therefore, we asked whether intact sFRP-1 and sFRP-2
were able to inhibit α3β1-mediated MDA-MB-231 cell adhesion on immobilized TSP1 or its
N-terminal domain. First, we performed adhesion assays on substrates coated with intact
TSP1 (20 µg/ml) in the presence of soluble sFRP-1 or sFRP-2 (10 µg/ml) and found that
MDA-MB-231 cell adhesion on TSP1 was significantly inhibited (p<0.05) by intact sFRP-1
(93 % inhibition) (Fig. 4A–B) but not by sFRP-2 (Fig. 4A).

α3β1-mediated adhesion on TSP1 is associated with formation of filopodia [33, 78].
Consistent with this previous report, most breast carcinoma cells attaching on TSP1 showed
prominent filopodia (Fig. 4C left panel). Addition of soluble sFRP-1, but not sFRP-2 (data
not shown), significantly reduced (p<0.001) filopodia formation (Fig. 4C). sFRP-1 and
sFRP-2 had no effect on the morphology of MDA-MB-231 cells attaching on type I collagen
(data not shown). Furthermore, the inhibition of MDA-MB-231 cell adhesion mediated by
immobilized TSP1 is specific because the same concentration of sFRP-1 did not alter MDA-
MB-231 cell adhesion on immobilized type I collagen, mediated by α2β1 integrin, or
fibronectin, mediated by α5β1 integrin (Fig. 4D), and did not alter MDA-MB-468 cell
adhesion on immobilized TSP1 (data not shown).

Because TSP1 has α3β1 integrin binding sites in the N-module and its type 1 repeats [79],
we next examined substrates coated with the trimeric N-terminal construct NoC1 (20 µg/ml)
and found that MDA-MB-231 cell adhesion on NoC1 was significantly inhibited (p<0.05) to
basal levels by intact sFRP-1 (10 µg/ml) (Fig. 4E). If this inhibition resulted exclusively
from sFRP-1 binding to the N-module of TSP1 and blocking α3β1 integrin binding, the
NTR domain but not the CRD should replicate this activity. However, at 10 µg/ml both
NTR and CRD partially inhibited MDA-MB-231 cell adhesion on immobilized NoC1
(p<0.05; Fig. 4E). Notably, the same concentration of CRD also partially inhibited adhesion
on immobilized fibronectin but not on type I collagen (Fig. 4D). Therefore, the CRD module
of sFRP-1 may indirectly inhibit adhesion mediated by α3β1 and α5β1 through its binding to
Wnt or frizzleds. At an equimolar concentration to that where sFRP-1 showed specific
inhibition of adhesion on TSP1, CRD (5 µg/ml) did not significantly inhibit adhesion on
NoC1 (data not shown). Therefore, inhibition by sFRP-1 of adhesion on NoC1 and TSP1
may be partially dependent on direct sFRP-1 binding to the N-module of TSP1.
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The Wnt signaling pathway mediates cell proliferation, migration, differentiation, adhesion,
and survival, and its deregulation has been associated with breast and many other cancers
[80]. Ectopic expression of sFRP-1 lowers the migratory potential of MDA-MB-231 breast
cancer cells in a wound healing assay [49]. We confirmed, using a scratch wound assay, that
full-length recombinant human sFRP-1 at 5 µg/ml significantly inhibits MDA-MB-231 cell
motility (p<0.05; Fig. 5A). In response to 10 µg/ml of TSP1 cells migrated significantly
more rapidly into the wound area compared with untreated breast cancer cells, but 45 min
pre-incubation with 5 µg/ml of sFRP-1 was sufficient to block the stimulatory effect of
TSP1 on MDA-MB-231 cell motility (p<0.05; Fig. 5A). Furthermore, we confirmed, using
an impedance-based cell migration assay, that addition of 10 µg/ml of TSP1 in the upper
chamber increased migration of MDA-MB-231 and MDA-MB-468 breast carcinoma cells
towards 10% FBS (Fig. 5B–C). Addition of 5 µg/ml of full-length recombinant human
sFRP-1 was sufficient to block the stimulatory effect of TSP1 on MDA-MB-231 and MDA-
MB-468 cell migration (Fig. 5B–C). Note, however, that recombinant human sFRP-1 alone
did not inhibit MDA-MB-231 and MDA-MB-468 cell migration (Fig. 5B–C). Similarly,
addition of 5 µg/ml of full-length recombinant human sFRP-1 was sufficient to block the
stimulatory effect of TSP1 on A2058 human melanoma cell migration (data not shown).

4. Discussion
The N-module of TSP1 interacts with multiple ligands including several cell surface β1-
integrins [19–21, 78, 81], low-density lipoprotein (LDL)* receptor-related protein-1/
calreticulin [82, 83], sulfated glycolipids and HSPG [23, 84], TSG-6 [26], and versican [27].
In this study, we have identified sFRP-1 and sFRP-2 but not sFRP-3 as additional ligands
for the N-module of TSP1. sFRP-1 and sFRP-2 are closely related sFRPs (42% identical at
the amino acid level), with conserved spacing of cysteine residues in their NTR domains,
implying a similar pattern of protein folding, whereas the NTR domain of sFRP-3 displays a
distinct pattern of disulfide bonds [38]. At pH 7.4 in the presence of physiological salt
concentrations and divalent cations, the N-terminal region of TSP1 interacts with the NTR
domain of sFRP-1. This suggests that sFRPs could bind to other proteins that contain a TSP
N-module [84]. Previously, we noted that TSPEAR, which has a TSP N-module, also has
the sFRP-1 binding motif identified in our peptide phage display analysis [60]. In contrast to
TSP1, the peptide motif of TSPEAR is located in its TSP N-module, but the significance of
this motif to predict binding remains unclear.

TSP1 plays an important role in hemostasis, wound repair, and inflammatory responses, in
part, by its ability to modulate adhesion of many cell types [69, 85]. The N-module of TSP1
mediates adhesion and stimulates migration of breast cancer cells via α3β1 integrin [32, 33],
and this activity is crucial for cancer progression and metastasis [8]. We demonstrate here
that functional and physical interactions between TSP1 and sFRP-1 specifically disrupt
MDA-MB-231 breast cancer cell adhesion and migration mediated by the N-module of
TSP1 and this integrin. This may contribute to the reduced motility and metastatic potential
of sFRP-1-expressing MDA-MB-231 cells [49].

In addition to binding TSP1, sFRP-2 was previously reported to co-immunoprecipitate with
fibronectin and to enhance integrin-mediated adhesion of primary cells cultured from canine
mammary gland tumors on a fibronectin substrate [50]. Similarly, we found that sFRP-2
increases α3β1 integrin-mediated adhesion of MDA-MB-231 human breast carcinoma cells
on TSP1. Thus, we propose that the stimulatory effects of sFRP-2 on breast carcinoma cell
adhesion are independent of its direct binding to TSP1. One possibility is that sFRP-2
signaling through the Wnt pathway activates a different integrin that recognizes TSP1.
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Despite a general consensus that TSP1 limits tumor growth by inhibiting angiogenesis and
independent evidence that TSP1 can limit tumor growth through its effects on anti-tumor
immunity (reviewed in [17]), some clinical studies of TSP1 expression in breast cancer
unexpectedly have revealed maintenance or up-regulation of TSP1 expression with disease
progression [29, 30, 86, 87]. Consistent with these clinical studies, a murine model of breast
cancer driven by the polyoma middle T antigen indicated that TSP1 in the mammary tumor
microenvironment inhibits angiogenesis and primary tumor growth but promotes metastasis
to the lung [31]. Our data suggests that, besides inhibiting tumor progression and metastasis
by disrupting Wnt signaling, sFRP-1 plays an additional inhibitory role in breast cancer by
blocking the pro-adhesive and chemotactic activities of TSP1. Because α3β1 integrin
interactions with the N-module of TSP1 also regulate endothelial cell adhesion and
chemotaxis in vitro and angiogenesis in the chicken chorioallantoic membrane [70], sFRP-1
could also be an important regulator of TSP1 in angiogenesis. sFRP-1 is reported to have
both pro- and anti-angiogenic activities, depending on the context [88–90]. Thus, if sFRP-1
is present in a breast tumor we would predict that the inhibitory anti-angiogenic activity of
TSP1 would be dominant, but in the absence of sFRP-1 expression the tumor promoting
effects of the N-module of TSP1 may be unmasked. Furthermore, α3β1 integrin interactions
with the N-module of TSP1 regulate adhesion, motility, and growth of melanoma, small cell
lung carcinoma, neuroblastoma, and malignant astrocytoma cells [33, 91, 92], suggesting
that sFRP-1 could have a broader role in regulating tumor responses to TSP1.

5. Conclusions
This study demonstrates direct high affinity binding of TSP1 to sFRP-1 and sFRP-2, but not
sFRP-3. Binding to sFRP-1 is mediated by the N-terminal domain of TSP1 and the NTR
domain of sFRP-1. This interaction and functional effects of sFRP-1 modulate the pro-
adhesive and migratory activities of TSP1 for breast carcinoma cells and identifies an
alternative mechanism by which sFRP-1 could regulate breast cancer progression and
metastasis.
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Figure 1. Temperature dependence of 125I-TSP1 binding to recombinant sFRP-1 and sFRP-2
Solid phase binding assays were assessed to quantify 125I-TSP1 (0.5 µg/ml, 50 µl/well)
binding to full-length recombinant human sFRP-1 (A), sFRP-2 (B) and sFRP-3 (C) coated
onto microtiter plate wells. Nonspecific binding sites were blocked with 3% (w/v) BSA in
DPBS containing Ca2+ and Mg2+, at room temperature for 1 h. Binding was performed at
room temperature or 37°C in a humidified atmosphere at pH 7.4 for 3 h. The results are
representative of two independent experiments performed in triplicate.

Martin-Manso et al. Page 13

Arch Biochem Biophys. Author manuscript; available in PMC 2012 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Equilibrium binding of 125I-TSP1 to sFRP-1 and sFRP-2
Schematic diagram of sFRP-1 modular structure and Coomassie blue-stained SDS-
polyacrylamide gel containing purified CRD and NTR domain of sFRP-1 (A). 125I-TSP1
binding to full-length sFRP-1 or the sFRP-1 domains (CRD and NTR domain) was
performed in microtiter plate wells coated with 50 µl/well of 10 µg/ml of each protein.
Nonspecific binding was blocked with 3% (w/v) BSA in DPBS containing Ca2+ and Mg2+,
at room temperature for 1 h. Binding was measured at 37°C in the presence of competing
concentrations of unlabelled TSP1 (B). The Ligand program was used for quantitative
analysis of the binding data. Results for sFRP-1 and NTR domain (C left and right,
respectively) are presented as displacement plots, and are representative of three (sFRP-1)
and two (NTR domain) independent experiments performed in triplicate. Microtiter plate
wells were coated using 50 µl/well of 5 µg/ml of full-length sFRP-2. Nonspecific binding
was blocked with 3% (w/v) BSA in DPBS containing Ca2+ and Mg2+, at room temperature
for 1 h. 125I-TSP1 binding was measured at 37°C in the presence of the indicated
concentrations of unlabelled TSP1 (D). The Ligand program was used for quantitative
analysis of competitive binding. Results are presented as displacement plots (E), and are
representative of two independent experiments performed in triplicate.
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Figure 3. Localization of the sFRP-1 binding site in TSP1
20 µg/ml of recombinant NTR domain were absorbed onto microtiter plate wells (B),
and 125I-TSP1 binding was measured at 37°C in the presence of competing concentrations
of the indicated unlabelled recombinant regions of TSP1 (as shown in A). Nonspecific sites
were blocked with 3% (w/v) BSA in DPBS containing Ca2+ and Mg2+. Data were
normalized and presented in brackets as percent of inhibition. The results are representative
of three independent experiments, each performed in triplicate. 125I-NTR domain (C)
and 125I-CRD (D) binding to the indicated concentrations of TSP1 or TSP1 recombinant
regions coated onto microtiter wells was determined as above. Data were normalized and are
presented as percent of total cpm. The results are representative of four (125I-NTR) and two
(125I-CRD) independent experiments, each performed in triplicate.
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Figure 4. sFRP modulation of breast cancer cell adhesion on TSP1
MDA-MB-231 breast cancer cell adhesion on immobilized TSP1 (20 µg/ml) (A–C), type-I
collagen (2 µg/ml) or fibronectin (10 µg/ml) (D), NoC1 (20 µg/ml) (E) was assessed in the
absence or presence of 10 µg/ml of full-length recombinant sFRP-1, CRD and NTR domain
of sFRP-1, or sFRP-2. After 60 min incubation, cell adhesion was quantified by colorimetric
detection of cell-associated hexosaminidase activity (A, D–E), using the RT-CES system
(ACEA Biosciences) (B) or stained with Diff-Quik and imaged (C; bar = 15 µm).
Representative images are shown, and filopodia length (mean ± SD) was quantified using
Image J software (right panel) as described in Materials and Methods. The results are
representative of three independent experiments, each performed in triplicate.
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Figure 5. sFRP-1 inhibits TSP1-mediated breast cancer cell migration
Confluent monolayers of MDA-MB-231 cells were treated with full-length recombinant
sFRP-1 (5 µg/ml) and TSP1 (10 µg/ml). After 45 min, monolayers were scratched, and 1 h
later the percent of recovered area was calculated on four wound edges per condition. The
results are representative of three independent experiments (A). 100 µl cell suspension of
4×105 cells/ml MDA-MB-231 cells (B) or MDA-MB-468 cells (C) were added to the upper
chamber of the CIM-Plate 16 in the presence or absence of full-length recombinant sFRP-1
(5 µg/ml) and TSP1 (10 µg/ml). After 30 min incubation, cell migration towards 10% FBS
was monitored in real time using an impedance-based system and measurements were
automatically collected by the analyzer every 5 min for up to 4 h. The results are presented
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as slope (changes in cell index/hour). The results are representative of two (B) to three (C)
independent experiments performed in duplicate.
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