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Abstract Thrombospondin is  an inhibitor of angiogenesis that modulates endothelial cell adhesion, proliferation, 
and motility. Synthetic peptides from the second type I repeat of human thrombospondin containing the consensus 
sequence -Trp-Ser-Pro-Trp- and a recombinant heparin binding fragment from the amino-terminus of thrombospondin 
mimic several of the activities of the intact protein. The peptides and heparin-binding domain promote endothelial cell 
adhesion, inhibit endothelial cell chemotaxis to basic fibroblast growth factor (bFGF), and inhibit mitogenesis and 
proliferation of aortic and corneal endothelial cells. The peptides also inhibit heparin-dependent binding of bFGF to 
corneal endothelial cells. The antiproliferative activities of the peptides correlate with their ability to bind to heparin and 
to inhibit bFGF binding to heparin. Peptides containing amino acid substitutions that eliminate heparin-binding do not 
alter chemotaxis or proliferation of endothelial cells. Inhibition of proliferation by the peptide is  time-dependent and 
reversible. Thus, the antiproliferative activities of the thrombospondin peptides and recombinant heparin-binding 
domain result at least in part from competition with heparin-dependent growth factors for binding to endothelial cell 
proteoglycans. These results suggest that both the Trp-Ser-Xaa-Trp sequences in the type I repeats and the amino- 
terminal domain play roles in the antiproliferative activity of thrombospondin. c 1993 WiIey-Liss, Inc.* 
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The requirements for neovascularization dur- 
ing normal development, for reproductive func- 
tion, wound repair, and tumor growth and me- 
tastasis suggest that regulators of this process 
could be useful therapeutic agents [reviewed in 
Folkman and Klagsbrun, 1987; Folkman and 

Abbreviations used: BAE cells, bovine aortic endothelial 
cells; bFGF, basic fibroblast growth factor; BCE cells, cor- 
neal bovine endothelial cells; P246, synthetic peptide from 
the second type I repeat of thrombospondin with the se- 
quence Lys-Arg-Phe-Lys-Gln-Asp-Gly-Gly-Trp-Ser-His-Trp- 
Ser-Pro-Trp-Ser-Ser; P239, Ser-His-Trp-Ser-Pro-Trp-Ser- 
Ser; P244, Ser-His-Ala-Ser-Pro-Ala-Ser-Ser-Cys-Ser-Val- 
Thr; P266, Lys-Arg-Phe-Lys-Gln-Asp-Gly-Gly-Ala-Ser-His- 
Ala-Ser-Pro; TGFP, transforming growth factor p; TSP18, 
recombinant heparin-binding fragment of thrombospondin 
containing residues 1-174. 
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Shing, 19921. Several classes of compounds have 
antiangiogenic activities, including some polysac- 
charides, proteins, peptides, steroids, and micro- 
bial products [Folkman and Klagsbrun, 1987; 
Folkman and Shing, 19921. Several of the pro- 
teins with these activities are produced by or are 
associated with endothelium in vivo, and thus 
are candidates for physiological regulators of 
endothelial proliferation or migration. These i n -  
clude platelet factor 4 [Maione et al., 19901, 
osteonectin/SPARC [Funk and Sage, 19911, a 
proteolytic fragment of fibronectin [Homand- 
berg et al., 19861, interferon a-2a [Ezekowitz et 
al., 19921, and thrombospondin [Good et al., 
1990; Taraboletti et al., 1990; Bagavandoss and 
Wilks, 1990; Iruela-Arispe et al., 19911. 

Thrombospondin is a major component of the 
a-granules of platelets and is a member of a gene 
family synthesized by a variety of cultured cell 
types [reviewed in Frazier, 1991; Mosher, 19901. 
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Thrombospondin is present at very low levels in 
plasma, but its concentration is elevated at sites 
of platelet activation. Thrombospondin is found 
in intracellular granules of endothelial cells and 
is enriched in the subendothelial matrix in vivo 
[Wight et al., 1985; Munjal et al., 19891. Thus, 
endothelial cells are probably exposed to vari- 
able concentrations of thrombospondin in vivo. 
Endothelial cell responses to thrombospondin 
are complex; the magnitude and direction of the 
responses depend upon the presence of addi- 
tional matrix components and growth factors. 
Immobilized thrombospondin promotes endothe- 
lial cell adhesion on some substrates [Tarabolet- 
ti et al., 19901 but inhibits adhesion on others, 
including substrates coated with fibronectin [La- 
hav, 1988; Sage and Bornstein, 19911. Inhibi- 
tion of adhesion to fibronectin is associated with 
disruption of focal adhesion contacts [Murphy- 
Ullrich and Hook, 19891. Thrombospondin pro- 
motes migration of endothelial cells in chemo- 
taxis and haptotaxis assays but  inhibits 
chemotaxis induced by bFGF [Taraboletti et al., 
19901. Thrombospondin inhibits proliferation 
and spontaneous tube formation by endothelial 
cells in vitro [Iruela-Arispe et al., 19911 and 
inhibits angiogenesis in vivo [Good et al., 19901. 
A 140 kD fragment of thrombospondin has been 
identified as the antiangiogenic factor in condi- 
tioned medium of hamster kidney cells [Good et 
al., 19911. 

To understand the mechanisms of these di- 
verse and apparently conflicting effects of throm- 
bospondin on endothelial cell behavior, it is nec- 
essary to define the domains of thrombospondin 
that interact with the cells, the identity of the 
endothelial cell receptors that interact with 
thrombospondin, and the intracellular responses 
in transduction and integration of the signals 
resulting from thrombospondin binding to each 
receptor. At least three domains of thrombospon- 
din are implicated in interactions with endothe- 
lial cells. Adhesion of bovine aortic endothelial 
cells on thrombospondin is inhibited by peptides 
containing the Arg-Gly-Asp sequence and may 
be mediated by a f33 integrin [Lawler et al., 
1988; Taraboletti et al., 19901. Thrombospondin 
contains an Arg-Gly-Asp sequence that could 
potentially interact with this receptor [Lawler 
and Hynes, 1986; Lawler et al., 1988; Sun et al., 
19921. A p3 integrin may also participate in 
chemotaxis and spreading of endothelial cells on 
thrombospondin [Taraboletti et al., 19901. Adhe- 
sion and migration of endothelial cells in a 

thrombospondin gradient is inhibited by an anti- 
body and ligands that bind to the amino termi- 
nal heparin-binding domain of thrombospondin 
[Taraboletti et al., 19901. The core region of 
thrombospondin containing the type I repeats 
has also been shown to contain a cell-binding 
domain for endothelial cells [Dardik and Lahav, 
19911 and other cell types [Asch et al., 1992; 
Rich et al., 1990; Prater et al., 1991; Guo et al., 
1992a1. 

The domains of thrombospondin that account 
for its antiproliferative activity are unclear. 
Based on inhibition by monoclonal antibodies 
and sulfated polysaccharides, the heparin-bind- 
ing domain at the amino-terminus of thrombo- 
spondin may be responsible for regulation of 
endothelial proliferation [Taraboletti et al., 
19901. However, a 140 kD fragment of thrombo- 
spondin that lacks the amino-terminal region 
also suppresses endothelial cell growth [Good et 
al., 19901. Thus, multiple sites on the thrombo- 
spondin molecule may modulate endothelial cell 
growth and motility. Moreover, based on recent 
studies by Murphy-Ullrich et al. [1992], inhibi- 
tion of bovine endothelial cell growth by throm- 
bospondin is at least partly due to the inhibitory 
activity of transforming growth factor f3, which 
complexes with thrombospondin and contami- 
nates most thrombospondin preparations. 

We have recently shown that synthetic pep- 
tides from the type I repeats of thrombospondin 
containing the consensus sequence -Trp-Ser-Pro- 
Trp- bind to heparin and sulfatide, inhibit high 
affinity binding of thrombospondin to mela- 
noma cells, and promote melanoma cell adhe- 
sion and chemotaxis [Guo et al., 1992a,bl. We 
report here that these peptides and a recombi- 
nant heparin-binding domain from the amino- 
terminus of thrombospondin promote endothe- 
lial cell adhesion and are potent inhibitors of 
endothelial cell proliferation and chemotaxis. 

MATERIALS AND METHODS 
Materials 

Thrombospondin was purified from thrombin- 
stimulated human platelets as previously de- 
scribed [Roberts et al., 19851. A 140 kD fragment 
of thrombospondin lacking the amino-terminal 
heparin-binding domain was prepared by throm- 
bin digestion and purified by heparin affinity 
chromatography as previously described [Roberts 
et al., 19871. Synthetic peptides from the type I 
repeats of human THBSl were prepared and 
characterized as previously described [Guo et 
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al., 1992a,bl. Recombinant heparin-binding frag- 
ments of thrombospondin were expressed in 
Escherichia coli strain A4255 F- under the con- 
trol of the thermoinducible hPL promoter and 
CII ribosomal binding site. The 28 kD fragment 
contains amino acids 1-242 of human THBSl 
with a Met residue preceding the first amino 
acid. The 18 kD fragment contains residues 
1-174 with an initiating Met preceding the first 
residue and the sequence -Arg-Ser-Ma-Ser-Gln 
added to the carboxyl terminus. The recombi- 
nant proteins were purified from inclusion bod- 
ies by chromatography on DEAE-Sepharose, 
CM-Sepharose, and heparin-Sepharose. The 28 
kD fragment was oxidized in the presence of 100 
pM oxidized glutathione. Both fragments were 
lyophilized from 1 mM NaHC03 at 200 kg/ml, 
pH 8.8, with 1 mM dithiothreitol for the 18 kD 
fragment, pH 10.5 for the 28 kD fragment. 
bFGF was obtained from Collaborative Re- 
search, Bedford, MA, and Bachem, Torrance, 
CA. A recombinant fragment of human fibronec- 
tin (FN33) contained the cell binding domain of 
human fibronectin, amino acids 1329-1722, and 
was prepared as previously described [Werber et 
al., 19901. 

Cell Culture 

Bovine aortic endothelial cells (BAE cells) were 
kindly provided by Dr. E. Gallin (AFRRI, 
Bethesda, MD), and were used at passages 5-10. 
BAE cell cultures were routinely maintained in 
DMEM (low glucose) containing 10% FCS, 4 
mM glutamine, 0.05 mg/ml ascorbic acid, and 
500 U/ml each of penicillin G potassium and 
streptomycin sulfate (all media components were 
from Biofluids Inc., Rockville, MD). BAE cells 
were grown at 37°C in 5% C02. Corneal bovine 
endothelial cells (BCE cells) were used at pas- 
sages 2-8 [Munjal et al., 19901. BCE cell cul- 
tures were maintained in the same medium, but 
without ascorbic acid and including 2.5 pg/ml 
amphotericin B. BCE cells were grown at 34°C 
in 5% COz. The media were changed every 2-3 
days. 

Thymidine Incorporation Into DNA 

Confluent monolayers of cells were washed 
once in PBS and then starved in 0.5% FCS- 
containing medium for 48 h. Cells were trypsin- 
ized, washed in 10% FCS-containing medium, 
resuspended in medium containing 0.1% BSA, 
and seeded in 24-well plates at 20,000 cells/well 
in the presence of various concentrations of 

FCS, growth effectors, and 2.5 pCi/well of thy- 
midine[meth~l-~H] (86.1 Ci/mmol, Dupont NEN, 
Boston, MA). For termination of the assay, cells 
were washed two times with 1 ml PBS, fixed 
with 0.3 ml solution of methanol/acetic acid 
(3:1), washed two times with 0.5 ml of 80% 
ethanol, and air dried. Cells were extracted from 
the wells by incubation with 300 pl of trypsinl 
EDTA (1 h at 37°C and 30 min at room tempera- 
ture), and by the addition of 100 pl of 1% SDS. 
The radioactivity of the extracted material was 
measured in a scintillation counter. 

Cell Proliferation Assay 

Endothelial cell proliferation was measured 
using the CellTiter 96@ assay [Promega, Madi- 
son, WI]. Cells (5 x lo3) were plated into each 
well of a 96-well culture plate in 0.5 or 5% 
FCS-containing medium, together with the indi- 
cated concentrations of growth effectors. After 
72 h, 15 pl of dye solution was added to each 
well, and the plates were incubated for an addi- 
tional 4 h.  Solubilization solution was added, 
and absorbance at 570 nm was determined after 
24 h as described by the manufacturer. 

Chemotaxis 

Chemotaxis of endothelial cells was deter- 
mined in modified Boyden chambers as previ- 
ously described [Taraboletti et al., 19901. Tryp- 
sinized BCE cells were resuspended in complete 
medium and allowed to recover in suspension 
for 2.5 to 3 h. Cells were recovered by centrifuga- 
tion and suspended in DMEM, 0.1% BSA, at 1.5 
to 2 x lo6 cells/ml prior to their addition to the 
upper wells of the chemotaxis chambers. Chemo- 
taxis was measured after incubation at 37°C in 
5% C 0 2  for 4.5 to 5 h. Trypsinized BAE cells 
were resuspended in complete medium. The cells 
were immediately centrifuged, resuspended at 
1 x lo6 cells/ml in DMEM containing 0.1% 
BSA, and used without recovery. 

Adhesion and Binding Assays 

After trypsinization, cells were resuspended 
in complete medium and allowed to recover for 3 
h at 25°C with gentle rocking. Adhesion to immo- 
bilized proteins and peptides were determined 
as previously described [Roberts et al., 1987; 
Guo et al., 1992al. Binding of 1251-bFGF to the 
endothelial cells was determined by a modifica- 
tion of the previously described procedure [Guo 
et al., 1992al. Briefly, lo5  cells in a final volume 
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of 0.2 ml of Dulbecco’s PBS containing 0.2% 
gelatin were preincubated with the potential 
inhibitors for 15 min. lZ5I-bFGF, prepared as 
described by Neufeld and Gospodarowicz [1985], 
was added and the cells were incubated on a 
rotating table for 1 h at 20°C. Bound radioactiv- 
ity was determined after centrifugation of the 
cells through oil. Binding of 1251-bFGF to hepa- 
rin was determined using an immobilized hepa- 
rin-bovine serum albumin conjugate as previ- 
ously described [Guo et al., 1992al. 

RESULTS 

Previous studies from this and other laborato- 
ries [Taraboletti et al., 1990; Murphy-Ullrich 
and Hook, 1989; Good et al., 19901 have demon- 
strated that thrombospondin modulates various 
functions of endothelial cells, including adhe- 
sion, motility, and proliferation. In order to lo- 
cate the functional site(s) on thrombospondin, 
we have used recombinant fragments of throm- 
bospondin containing the heparin-binding do- 
main (TSP18; amino acids 1-1741, and syn- 
thetic peptides derived from the second type I 
repeat of human thrombospondin [Guo et al., 
1992a,b]. The effect of thrombospondin and 
thrombospondin-related molecules on endothe- 
lial cell growth was determined using mitogen- 
esis assays based both on incorporation of 3H- 
thymidine in DNA and on cell proliferation. We 
have tested bovine endothelial cells derived from 
either the aorta (BAE cells) or the cornea (BCE 
cells). 

P246 and TSPl8 Inhibit bFCF-Stimulated DNA 
Synthesis in Aortic Endothelial Cells 

Release of BAE cell cultures from serum star- 
vation by using growth medium containing ei- 
ther 1% or 2.5% FCS resulted in an increase in 
the incorporation of 3H-thymidine. The addition 
of bFGF together with the serum resulted in a 
several-fold stimulation of the serum induced 
incorporation of the isotope (Fig. 1). The bFGF- 
stimulated growth was strongly inhibited by 
either P246 (20 pM), derived from the second 
type I repeat of human thrombospondin, or by 
the recombinant heparin-binding domain of 
thrombospondin TSP18 (0.5 pM) at both high 
and low serum concentrations. Inhibition of se- 
rum-stimulated growth by the two thrombospon- 
din-related molecules in the absence of bFGF, 
however, was appreciably lower (results not 
shown). 

Fig. 1. Inhibition of bFCF-stimulated endothelial cell mitogen- 
esis by recombinant heparin-binding domain or a synthetic 
peptide from the type I repeats of thrombospondin. Bovine 
aortic endothelial cells (2 x 104/well) were labeled with 3H- 
thymidine after release from serum starvation in the presence of 
1% (solid bars) or 2.5% fetal calf serum (striped bars). Mitogen- 
esis was terminated after 42 h. Control (Ctrl) contained no 
additions. Other cells were exposed to 10 ng/ml basic fibro- 
blast factor alone (bFCF) or in the presence of 20 IJ.M of the 
thrombospondin peptide KRFKQDCGWSHWSPWSS (P246j or 
0.5 FM recombinant thrombospondin heparin-binding domain 
(TSP18j. Results are presented as mean 2 S.D., n = 2. 

Endothelial cells were normally serum-starved 
for 2 days in medium containing 0.5% FCS. 
When such starved cells were trypsinized and 
replated at either 1 or 2.5% serum, the incorpo- 
ration of 3H-thymidine was much higher than in 
nontrypsinized cells (data not shown). In this 
situation, the addition of bFGF to a parallel 
culture did not always result in further stimula- 
tion of incorporation. In these assays, however, 
inhibition of thymidine incorporation by P246 
or TSP18 was always greater when bFGF was 
present. The degree of inhibition by P246 or 
TSP18 was not affected by modifying cell den- 
sity from 6,000 to 24,000 cells/well, suggesting 
that cells were responding to the added bFGF 
rather than to bFGF produced by the cells. 

The time course of 3H-thymidine incorpora- 
tion in BAE cells after release from serum star- 
vation is presented in Figure 2. When 1% FCS 
and bFGF were added, cells exhibited a maxi- 
mum incorporation of isotope at around 40-44 h 
after replating. In contrast, cells replated under 
the same conditions with P246 (20 pM) or TSP18 
(0.5 pM) exhibited decreased isotope incorpora- 
tion to approximately 60% of control levels. 
Treatment of a parallel culture of BAE cells with 
a recombinant fibronectin molecule containing 
the cell binding domain, FN33 (0.5 pM), did not 
affect the kinetics or extent of incorporation of 
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Fig. 2. Time dependence of DNA synthesis in bovine aortic 
endothelial cells: Effect of thrombospondin or fibronectin frag- 
ments. DNA synthesis was tested on newly attached cells. Cells 
were plated in DMEM containing 1% FCS and 10 ngiml bFGF 
alone (O), or together with 0.5 PM TSP18 (01, FN33 (A), or 20 
LM P246 (A). Results are the mean ? SD of duplicate determi- 
nations. 

the isotope, indicating that this inhibition is 
specific for the thrombospondin-related mole- 
cules. 

The inhibition of 3H-thymidine incorporation 
into BAE cells by P246 was mediated at least in 
part by the heparin-binding motif Trp-Ser-Pro- 
Trp, as a peptide with Ala residues substituted 
for the Trp residues (P244) was only weakly 
active (Fig. 3). Thus, the addition of 10 and 30 
pM P244 or 25 and 75 pgiml heparin caused 
slight inhibition (20-30%), but addition of 10 
and 30 FM P246 resulted in a much stronger 
inhibition (80-95%). The addition of FN 33 at  
0.5 and 1.5 FM had no effect on thymidine 
incorporation. 

Inhibition of DNA Synthesis by the 
Thrombospondin Peptide 246 Is 
Time-Dependent and Reversible 

To examine the time-dependence of the sensi- 
tivity of BAE cells to inhibition of DNA synthe- 
sis by P246, serum starved cells were plated into 
growth medium containing bFGF, FCS (0.5 or 
1%) and labeled with 3H-thymidine for 40 h (Fig. 
4). When P246 was added at the time of plating, 
a strong inhibition of incorporation was ob- 
served (8045%). When added after 15 h or 22 h, 
P246 was considerably less effective and only a 
minor decrease in incorporation of the isotope 
was observed (1520%). This effect was identical 
at both serum concentrations tested. 

The inhibitory effect of peptide 246 on DNA 
synthesis in BAE cells was reversible, as re- 
moval of the peptide after 22 h and readdition of 

Fig. 3. Effects of heparin, thrombospondin peptides, and tibrc)- 
nectin fragment on DNA synthesis. 3H-Thymidine incorpora- 
tion into BAE cell DNA was determined 40 h after release from 
serum starvation, and in the presence of various concentrations 
of molecules added at time zero: 10 and 30 LM P244 'gray 
bars) or P246 (striped bars), 25 and 75 kg im l  heparin (hatched 
bars), or FN 33 at 0.5 and 1.5 pM (open bars). 

Fig. 4. Effect of time of addition on inhibition of DNA synthc- 
sis by thrombospondin peptide 246. Incorporation of I 'H'- 
thymidine into BAE cells was determined in the presence of 10 
ngiml bFGF and 0.5 (A) or 1% FCS (B) either alone (solid bar>) 
or with 30 FM P246, added to the newly plated cells at time 
zero (gray bars) or at 15 h (striped bars) or 22 h after plating 
(hatched bars). L3H1-Thymidine was added at time zero, and the 
assay was terminated after 40 h. Results are presented 
(mean ? SD) as a percent of control incorporation determined 
for cells in 0.5% FCS (95,500 cpm) or 1% FCS (1 38,000 cpm). 

growth medium led to resumption of growth. At 
30 pM P246, removal of the peptide after 22 h 
increased thymidine incorporation at 40 h from 
37% of control to 70% of control incorporation, 
which was determined in duplicate cultures with- 
out added peptide. 

Thrombospondin-Related Molecules Inhibit 
DNA Synthesis in Corneal Endothelial Cells 

DNA synthesis in bovine corneal endothelial 
cells (BCE cells) was also sensitive to inhibition 
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Fig. 5. Inhibition of DNA synthesis in bovine corneal endothe- 
lial cells by thrombospondin peptides and recombinant heparin- 
binding domain. A: Cells were plated in 1% FCS and 10 ng/ml 
bFGF alone (Ctrl) or together with 30  IJ.M of P246, P239 
(SHWSPWSS), or P244 (SHASPASSCSVT). Incorporation was 
determined after 42 h. B: Thymidine incorporation in BCE cells 
was determined by protocol 1 in the presence of the indicated 
concentrations of TSPI 8 in medium containing 0.5% FCS (solid 
bars) or 0.5% FCS and 10 ng/ml bFGF (striped bars). Results 
(mean ? SD) are presented as a percent of control incorpora- 
tion determined without inhibitor (1 00% = 21 5,000 cpm). 

by the thrombospondin fragment and peptides 
(Fig. 5). After release from serum starvation, 
addition of FCS and bFGF to  the culture stimu- 
lated incorporation of isotope into DNA. Addi- 
tion of FN33 or the control peptide P244 at the 
time of plating had no effect on DNA synthesis. 
However, addition of P246 or P239 resulted in a 
40 or 30% inhibition of isotope incorporation, 
respectively (Fig. 5A). Inhibition was dose- 
dependent, although it should be noted that the 
ICs0 values for inhibition of growth of BCE cells 
by the thrombospondin related molecules was 
usually higher than those observed for BAE 
cells. The relative inhibitory activities of the 
peptides suggest that both the consensus hepa- 
rin-binding sequence at  the amino terminus of 
P246, which is missing in P239, and the trypto- 
phan clusters which are present in both active 

peptides but not in the inactive analog P244, 
contribute to the antiproliferative activity of the 
peptide. 

The recombinant heparin-binding fragment 
TSP18 also inhibited incorporation of 3H-thymi- 
dine in BCE cell cultures (Fig. 5B). In this 
experiment, plating of BCE cell cultures either 
in the presence of 1% FCS alone or together 
with bFGF resulted in approximately equal lev- 
els of isotope incorporation. TSP18 was a dose 
dependent inhibitor of thymidine incorporation. 
At lower doses of TSP18 (0.005 and 0.05 pM), 
inhibition was greater in the cultures contain- 
ing bFGF than those treated with FCS alone. At 
0.5 pM TSP18, however, the extent of inhibition 
was equal under both conditions (45%). 

Thrombospondin Peptide 246 and Recombinant 
Heparin Binding Domain, TSPI 8, 

Inhibit Proliferation of Corneal 
and Aortic Endothelial Cells 

Addition of either soluble native thrombospon- 
din or recombinant TSP18 to  BCE cell cultures 
resulted in a dramatic and dose-dependent inhi- 
bition of cell proliferation in response to both 
bFGF and FCS (Fig. 6). The ICs0 values for the 
inhibition were approximately 70 nM for native 
thrombospondin and 2-3 pM for TSP18. FN33, 
a recombinant polypeptide containing the cell- 
binding domain of human fibronectin, did not 
significantly inhibit the proliferative response at 
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Fig. 6. Inhibition of BCE cell proliferation by thrombospondin, 
recombinant TSPI 8, and synthetic peptides. The proliferation of 
BCE cells was measured after 3 days in medium containing 10 
ng/ml bFGF and 0.5% FCS in the presence of the indicated 
concentrations of native thrombospondin (W) ,  TSPl8 (O),  FN33 
(O), or P246 ( O ) ,  or 5% FCS in the presence of P246 (A). Cell 
number was determined by the CellTiter assay using Absor- 
bance = 0.960(A5,0,, - A630nm) and is expressed as a percent 
of net stimulated proliferation determined in the absence of 
inhibitors, mean 5 SD, n = 2. 
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concentrations where TSP was strongly inhibi- 
tory. Addition of P246 to the culture resulted in 
a dose-dependent inhibition of proliferation at  
both the high and low concentrations of serum 
used. However, at  the higher concentration of 
serum, inhibition of proliferation occurred at 
lower concentrations of P246. 

TSP-18 (0.4 p.M) and P246 (15 pM) also inhib- 
ited proliferation of BAE cells to 72 5 14% and 
65 5 5% of control levels, respectively. In combi- 
nation, the two molecules inhibited prolifera- 
tion to 56 k 3% of control. However, in addi- 
tional experiments, additivity of the effects of 
TSP18m and P246 was not consistently ob- 
served (results not shown). 
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Thrombospondin Fragments and Peptides 
Mimic the Effects of the Intact Molecule 

on Endothelial Cell Motility 

As was observed for thrombospondin as a 
modulator of bFGF-stimulated endothelial cell 
motility [Taraboletti et al., 19901, peptide 246 
had a biphasic effect on BCE cell motility. In the 
absence of bFGF, peptide 246 stimulated the 
chemotactic response of BCE cells (Fig. 7A). The 
positive chemotactic response required higher 
concentrations of P246 than needed to stimu- 
late chemotaxis of other cell lines tested [Guo et 
al., 1992bl. Addition of bFGF to the lower well 
of the chemotaxis chamber stimulated motility 
of BCE cells approximately 2-fold. Addition of 
low concentrations of P246 produced a dose- 
dependent inhibition of the bFGF-stimulated 
motility. However, at concentrations greater 
than 12.5 kM, P246 also produced a positive 
chemotactic response by BCE cells in the pres- 
ence of bFGF. The effects of P246 on BCE cell 
migration were specific in that P266, which con- 
tains the basic amino acid motif of P246 but has 
Ala substituted for both Trp residues, did not 
stimulate BCE cell motility at  concentrations up 
to 50 FM and did not significantly inhibit bFGF- 
stimulated motility (results not shown). TSP18 
did not stimulate motility of BCE cells, and 
inhibited their basal motility when added to the 
lower wells (data not shown). 

Peptide 246 inhibited basal and bFGF stimu- 
lated chemotaxis of BAE cells (Fig. 7B). Addi- 
tion of 25 p.M P246 to the lower well eliminated 
the bFGF stimulated motility at all concentra- 
tions of bFGF. Addition of P246 to the upper 
well inhibited migration of BAE cells to 50 ng/ml 
bFGF, but the inhibition was overcome by in- 
creasing the concentration of bFGF to 200 ng/ 

0 50 100 200 
bFGF (ng/ml) 

Fig. 7. Modulation of endothelial cell chemotaxis by thrombo- 
spondin peptide 246. Chemotaxis was measured in modified 
Boyden chambers as described in Materials and Methods. A: 
BCE cell migration to  the indicated concentrations of P216 i r  
the lower chamber was determined in the absence (solid bars: 
or in the presence of 100 ng/ml bFCF. Migrated cellsifield are 
presented as mean 2 SD, n = 3. B: BAE cell migration to the 
indicated concentrations of bFCF added to the lower chamber 
was determined alone (solid bars) or in the presence of 25 bM 
P246 added to  the lower (gray bars) or upper chamber (stripec 
bars). 

ml. The latter result indicates that the inhibi- 
tion is not due to a toxic effect of the peptide on 
the cells and is consistent with a competitive 
mode of inhibition. 

The recombinant heparin-binding fragment 
TSP18 also caused dose-dependent inhibition of' 
BAE cell chemotaxis to bFGF (Fig. 8). In addi- 
tion, TSP18 inhibited the basal motility of BAE 
cells in the absence of bFGF, a result similar t o  
that observed with P246. Fibronectin also stim- 
ulated chemotaxis of BAE cells, but TSP18 did 
not inhibit fibronectin-stimulated chemotaxis 
(results not shown), demonstrating the specific- 
ity of TSP18 for inhibiting bFGF-stimulated 
motility. 
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Fig. 8. Inhibition of BAE cell migration by recombinant TSP18. 
BAE cell migration to DMEM/O.I% BSA medium (BSA) or 
medium containing 33 ngiml bFCF added to the lower cham- 
ber was determined alone (solid bars) or in the presence of 3 
kg/ml (gray bars) or 10 kg/rnl TSP18 added to the lower 
chamber (striped bars). 

Adhesion of Corneal Endothelial Cells 
to Thrombospondin Fragments 

Thrombospondin immobilized on plastic sup- 
ported attachment and spreading of BCE cells 
(Fig. 9). The activities of the intact molecule for 
promoting attachment and spreading were mim- 
icked by a 140 kD fragment containing all but 
the amino-terminal heparin-binding domains. 
Two recombinant fragments of thrombospondin 
containing the heparin-binding domain pro- 
moted attachment but not spreading of the cells, 
and P246 from the second type I repeat strongly 
promoted attachment and spreading. 

To further define the domains of thrombo- 
spondin involved in adhesion, heparin and mono- 
clonal antibodies to  thrombospondin were tested 
as inhibitors of adhesion (Fig. 10). Approxi- 
mately 90% of BCE cell adhesion to thrombo- 
spondin was inhibited by heparin. AntibodyA2.5, 
which binds to the amino-terminal heparin- 
binding domain, and A4.1, which binds to a 70 
kD fragment of thrombospondin containing the 
type I repeats, were dose-dependent inhibitors 
of BCE cell adhesion. Two additional antibodies 
to other domains of thrombospondin, A6.1 and 
D4.6, were inactive (results not shown). 

Inhibition of bFCF Binding to Intact Cells 
or Heparin by Thrombospondin 

Fragments or Peptides 

Binding of 1251-bFGF to BCE cells was inhib- 
ited by the thrombospondin fragments (Fig. 11). 
Typically, 90% of bFGF binding to BCE cells 

TSP 140 kD 28 kD 18 kD P246 
Fragment or peptide (50 pg/ml) 

Fig. 9. Adhesion of BCE cells on substrates coated with throm- 
bospondin or thrornbospondin fragments. Bacteriological plas- 
tic disks were coated with 50 kgirnl of TSP or the indicated 
fragments: 140 kD thrombin digested fragment (1 40 kD), recom- 
binant 28 kD fragment (28 kD), recombinant 18 kD fragment 
(1  8 kD), or the synthetic peptide P246. Attachment (solid bars) 
and spreading (gray bars) are presented as mean ? SD, n = 6. 

120 I I 

I 
0 6.25 12.5 25 50 

Inhibitor (Vglrnl) 

Fig. 10. Inhibition of endothelial cell adhesion on thrombo- 
spondin. BCE cell adhesion to disks coated with 50  kgirnl TSP 
was determined in the presence of the indicated concentrations 
of heparin (A) or thrombospondin antibodies A4.1 (0)  or A2.5 
(0). Results are presented as a percent of control adhesion, 
mean ? SD, n = 6. 

was inhibitable by heparin (IC50 = 0.56 p,g/ml). 
Binding was strongly inhibited by P246 
(IC50 = 3.5 p,M) and partially inhibited by 6 p,M 
TSP18. Remarkably, although binding of 1251- 

bFGF to BAE cells was consistently inhibited 
more than 90% by heparin = 0.61 p,g/ml), 
only 10 to 45% of bFGF binding to BAE cells 
could be inhibited by 50 p,M P246 (Fig. 11 and 
data not shown). Inhibition was minimal in cells 
grown in complete medium but was enhanced by 
serum starvation (data not shown). 

These results suggest that the thrombospon- 
din fragments act in part by competing for bind- 
ing of bFGF to proteoglycans on the cell surface. 
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Fig. 1 1 .  Inhibition of 1251-bFCF binding to endothelial cells by 
heparin and thrombospondin fragments. Binding of 0.1 6 kg/ml 
1251-bFGF to 1 x lo5 BCE cells (solid bars) or BAE cells starved 
by growing for 2 days in medium containing 0.5% FCS (gray 
bars) was determined as described in Materials and Methods. 
Binding in the presence of 100 Fgiml heparin, 50 kM P246, 5.6 
+M TSP18, or 2 kg/ml bFCF are presented as a percent of net 
control bindingdetermined in theabsenceof inhibitors, mean 5 

SD, n = 3. 

This hypothesis was supported by the observa- 
tion that intact thrombospondin, TSP18, and 
P246 were dose-dependent inhibitors of bFGF 
binding to immobilized heparin-BSA, with IC50 
values of 0.14 FM, 1.8 FM, and 1.6 FM, respec- 
tively (data not shown). The control proteins 
laminin and a 31 kD recombinant fibrin-binding 
domain of fibronectin and the control peptides 
P244 and 245 (VTCGGGVQKRSRL) did not 
inhibit bFGF binding to heparin. 

DISCUSSION 

Using both a recombinant fragment and syn- 
thetic peptides from thrombospondin, we have 
identified two regions of the molecule that mimic 
the activities of platelet thrombospondin on en- 
dothelial cells using in vitro mitogenesis, prolif- 
eration, and migration assays. The recombinant 
amino-terminal heparin-binding domain specifi- 
cally inhibits mitogenic and proliferative re- 
sponses of two endothelial cells from two sources, 
and inhibits chemotactic responses to bFGF. 
Synthetic peptides from the type I repeats of 
thrombospondin also inhibit the mitogenic and 
proliferative responses of endothelial cells to  
bFGF. They also have a bimodal inhibitory/ 
stimulatory effect on bFGF stimulated endothe- 
lial cell chemotaxis that mimics the bimodal 
response of endothelial cells to  intact thrombo- 
spondin [Taraboletti et al., 19901. Because these 
molecules are synthetic or derived from bacte- 

rial sources, their biological activities are not 
due to contamination with TGFP. Although na- 
tive thrombospondin is antiadhesive in some 
settings [Lahav, 1988; Murphy-Ullrich and 
Hook, 19891, the intact molecule, the recombi- 
nant heparin-binding fragment, and the syn- 
thetic peptides from the type I repeats promote 
adhesion of endothelial cells when adsorbed on 
plastic. 

The simplest model to explain the inhibitory 
activity of the peptides and recombinant frag- 
ments of thrombospondin on bFGF-dependent 
proliferation and motility is based on their shared 
heparin-binding activities. These heparin-bind- 
ing molecules could act by competing for bFGF 
binding to a low affinity HSPG receptor on the 
endothelial cells, which is essential for bFGF 
action [reviewed in Klagsbrun and Baird, 19911 
This model would account for the fact that most 
of the reported antiangiogenic proteins bind to 
heparin. The ability of thrombospondin, TSP 18, 
and P246 to compete for bFGF binding to hepa- 
rin and of P246 to inhibit bFGF binding to BCE 
cells are consistent with this model. Dose re- 
sponses for the biological effects of the peptide 
and fragments are generally consistent with their 
ICS0 values for binding to heparin [Guo et al., 
1992a,b] and the ICs0 value for inhibiting bFGF 
binding to BCE cells by P246 matches that for 
inhibiting bFGF binding to heparin. P246 is less 
able to  inhibit the binding of bFGF to BAE cells; 
however, the cells are sensitive to inhibition by 
P246 of bFGF-stimulated growth and chemo- 
taxis. In some cases, therefore, the thrombospon- 
din peptide P246 may be acting through some 
other mechanism. 

Since the active amino acid sequence in P246 
is conserved in various growth factors and cyto- 
kine receptors and may be essential for their 
function [Bazan, 1990; Guo et al., 1992b; Miya- 
zaki et al., 1991; Yoshimura et al., 19921, addi- 
tional effects of the peptide on growth factor 
responses should be considered. Our data sug- 
gests that serum-derived growth factors other 
than bFGF are also sensitive to  inhibition by the 
thrombospondin fragments and peptides. It re- 
mains to be determined whether these growth 
factors require heparin-dependent binding for 
their growth-promoting activities. 

Another possible mechanism for inhibition of 
cell proliferation by thrombospondin and its frag- 
ments is based on their antiadhesive activities. 
Ingber and Folkman [19891 proposed that 
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growth or differentiation of endothelial cells is 
regulated by extracellular matrix components 
through a mechanochemical coupling that in- 
duces cell spreading or retraction. Retraction 
was associated with cessation of cell prolifera- 
tion. We have observed that TSP18 and P246 
induce partial rounding of endothelial cells in 
proliferation assays. Both the rounding re- 
sponse and inhibition of proliferation were par- 
tially reversed by addition of FN33 which con- 
tains the cell-binding domain of fibronectin 
(T. Vogel and D.D. Roberts, unpublished results). 
Thus, a second possible mechanism for inhibition 
of endothelial cell growth by the thrombospondin 
fragments is by disruption of specific interactions 
with extracellular matrix components required for 
endothelial cell spreading. 

Although there is evidence that at least two 
domains of intact thrombospondin function in 
its interactions with endothelial cells, their rela- 
tive roles remain to be determined. Monoclonal 
antibodies to the amino-terminal heparin-bind- 
ing domain inhibited thrombospondin-induced 
chemotaxis [Taraboletti et al., 19901. The pre- 
sent data demonstrate that this domain, when 
expressed as a recombinant protein, inhibits 
bFGF stimulated chemotaxis and growth. The 
antiproliferative and antiangiogenic activities of 
a 140 kD fragment of thrombospondin lacking 
the amino-terminal heparin-binding domains 
[Good et al., 19901, indicate that an additional 
domain of the molecule has activity for inhibit- 
ing endothelial cell growth. This fragment of 
thrombospondin contains the integrin ligand 
Arg-Gly-Asp-Ala [Lawler and Hynes, 1986; 
Lawler et al., 1988; Sun et al., 19921. However, 
this sequence does not appear to  participate in 
the antiproliferative activity of thrombospon- 
din, since RGD peptides did not block the inhibi- 
tion [Taraboletti et al., 19901. We have now 
identified a peptide sequence from the type I 
repeats of the 140 kD fragment that mimics 
many of the activities of the intact protein on 
endothelial cells. Because TGFp associated with 
platelet thrombospondin also inhibits prolifera- 
tion and can only be removed using harsh dena- 
turing conditions [Murphy-Ullrich et al., 19921, 
it will be difficult to define the role of each site in 
the intrinsic antiangiogenic activities of platelet- 
derived thrombospondin. The further use of re- 
combinant proteins and synthetic peptides, 
therefore, remains a promising alternative ap- 
proach to this problem. 
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