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Abstract. Thrombospondin-1 (TSP-l), a trimeric high molecular weight glycoprotein, 
is one of the major secreted proteins of human platelets and an extracellular matrix 
component of a variety of cells including vascular endothelial cells and tumor cells. 
TSP-1 has been shown to be highly expressed in human malignant tissues and 
present in higher than normal levels in the plasma of cancer patients. TSP-1 has also 
been shown to promote hematogenous tumor spread, tumor cell adhesion and inva- 
sion, and angiogenesis. Overall these studies provide compelling evidence for the 
conclusion that TSP-1 plays an important role in tumor progression. 
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umor progression is a complex, multistep pro- 
cess involving tumor cell invasion, growth, an- T giogenesis, and hematogenous spread. These 

steps are mediated in part by tumor cell-extracellular 
matrix (ECM) interactions. In this review, we briefly 
describe the experimental evidence suggesting a role 
for thrombospondin- 1 (TSP- I), a multifunctional plate- 
let and extracellular matrix protein, in tumor progres- 
sion. Our focus will primarily be on the work and in- 
terpretation of our laboratory which has provided ev- 
idence in support of the hypothesis that TSP-1 
promotes tumor progression. 

TSP-1 
Thrombospondin (TSP), now referred to as TSP-1 

because of the discovery of related genes (see below), 
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was first identified in 1971 by Baenziger et al. as a 
high-molecular weight glycoprotein released from 
thrombin-stimulated platelets (1). Subsequent charac- 
terization of this protein by Lawler and others re- 
vealed that TSP-1 is composed of three identical disul- 
fide-linked chains each consisting of 1152 amino acids 
(MW 145,000) (2, 3). Further analysis of the structure 
of TSP-1 molecule obtained by cloning of TSP-1 
cDNA, isolated from human endothelial cells (3) and 
fibroblasts (4), revealed that each polypeptide chain is 
composed primarily of domains consisting of repeating 
homologous amino acid sequences. These domains are 
(i) NH,-terminal globular domain; (ii) a procollagen 
homology domain; (iii) the type I or properdin repeat 
domain, consisting of three repeating sequences ho- 
mologous to sequences found in properdin; (iv) the 
type I1 repeat domain, consisting of three repeating 
sequences homologous to those in epidermal growth 
factor; (v) the type I11 repeat domain, consisting of 
seven repeating Ca2 -+ -binding sequences, homologous 
to Ca2 +-binding sequences found in calmodulin, and 
(vi) a COOH-terminal globular domain (3, 5).  These 
distinct domains interact with different cell surface re- 
ceptors as well as other macromolecules such as col- 
lagens, and mediate a variety of cellular processes in- 
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cluding cell attachment, migration, proliferation, and 
differentiation (5 ) .  These domains, together with their 
proposed functions and putative cellular receptors, 
are summarized in the schematic diagram shown in 
Figure 1.  

TSP-1 Is an Adhesive Protein 
Among the diverse cellular activities mediated by 

TSP-1, cellular adhesion has been described most ex- 
tensively and is still considered one of the primary 
physiological functions of TSP-I. In 1987, our labora- 
tory first showed that substratum-bound TSP-I pro- 
moted adhesion of platelets and a variety of cells re- 
gardless of species (6). Subsequently, many studies 
from different laboratories have demonstrated that 
TSP-1 mediates cellular adhesion of numerous cell 
types including endothelial cells, fibroblasts, smooth 
muscle cells, keratinocytes, neurons, and several 
transformed cell lines such as melanoma, squamous 
carcinoma, and fibrosarcomas (7-9). These studies 
have subsequently led to the identification of cell ad- 
hesive motifs in the TSP-I molecule and the cellular 
receptors for TSP-I. Currently, four motifs in TSP-I 
have been recognized as adhesive sites (Figure I ) :  ( i )  
the N-terminal heparin binding domain interacts with 
cell surface heparan sulfate proteoglycans, and medi- 
ates the aggregation of platelets (10) and adhesion of 
Chinese hamster ovary cells (11); ( i i )  the CSVTCG 
(Cys-Ser-Val-Thr-Cys-Gly) sequences within the type 
I repeats bind CD36 (12) and/or the CSVTCG recep- 
tor, recently identified and isolated from tumor cell 
membranes (13). This domain promotes the adhesion 
of a variety of cells including endothelial cells and tu- 

mor cells (14). In addition, the type I repeat domain 
has recently been shown to participate in the activa- 
tion of transforming growth factor@ 1 (TGFP 1) in vitro 
(15), and neurite outgrowth which is mediated by the 
interaction with integrin a$, (16); (iii) the RGD (Arg- 
Gly-Asp) sequence in the last of the type 111 repeats 
mediates adhesion by interaction with a& integrin 
receptors (also referred to as the vitronectin receptor, 
or CD 51) (17); and (iv) the RFYVVMWK and IRVVM 
sequences in the C-terminal domain promote adhesion 
most likely by binding to a putative 52-kDa receptor 
(18). 

The existence of these various adhesive domains 
and their putative receptors suggests that TSP-1- 
mediated cell-substratum adhesion is diverse and cell 
type dependent. For example, bovine aortic endothe- 
lial cells have been shown to attach poorly to TSP-1, 
with little spreading and focal contact formation (19), 
while primary cultures of human umbilical vein endo- 
thelial cells (HUVEC) attach well to TSP-I (8). In ad- 
dition, Adams recently reported that H9c2 myoblasts, 
which were adherent and spreading on a TSP-1 sub- 
strate, did not assemble focal adhesion contacts, form- 
ing instead microspike structures as evidenced by the 
different organization of cytoskeletal proteins in the 
adhesion contacts (20). These studies also suggest that 
TSP-1 may support cell adhesion which facilitates cell 
movement through the ECM, rather than stably an- 
choring the cell to the matrix. 

TSP-1 Gene Family 
It is now known that TSP-1, originally character- 

ized from platelet-released proteins, is only one mem- 

Receptors or Binding Functions References 
Proteins 

Domains 

Platelet aggregation, 10, 11, 42, 

endocytic degradation 

N-terminal Heparan sulfate 
proteoglycans adhesion 43 

Procollagen Matrix, plasma proteins Trimer assembly '6 I homology 
3. 5 

12, 13, 14, 0 3 Type I repeats CD36 Adhesion 
( proper din) CSVTCG-receptor chemotaxis & haptotaxis 15, 17 

CSVTCG lntegrin a3O1 TGF-PI activation 
Neurite outgrowth 

0 3 Type II repeats 
(EGF-like) ? ? 

3, 5 

Ca" binding 17 
adhesion 

52 kDa protein Adhesion 18, 52 
105/80 kDa protein Chemotaxis & haptotaxis 

Figure 1. The domain structure of TSP-1 and its putative receptors and cellular functions. TSP-1 is a disulfide-bonded homotrimer, 
the domain structure of one isochain is shown schematically on the left of the table. The putative cellular receptors and functions of 
TSP-1 corresponding to each domain are listed. 
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ber of a family of structurally related proteins encoded 
by different genes, which include at least four new 
members designated TSP-2, TSP-3, TSP-4, and TSP- 
5/COMP (cartilage oligomeric matrix protein) (21, 22). 
TSP-1 and TSP-2 have similar domain structures but 
differ in the regulation of their gene expression. The 
TSP-1 gene is an early response gene, the transcription 
of which can be rapidly induced by serum and growth 
factors such as basic fibroblast growth factor (bFGF), 
platelet-derived growth factor (PDGF), and TGFP 1 
(23-25), while the TSP-2 gene is not rapidly up- 
regulated by serum (25). TSP-3, TSP-4, and TSP-5I 
COMP genes encode for smaller proteins which lack 
the procollagen homology region and type I repeats 
(21). In addition, they have been shown to form pen- 
tamers (26-28), whereas TSP-1 and TSP-2 are homo- 
trimers. In contrast to TSP-1 and TSP-2, which are 
expressed in a wide variety of tissues (29-31), TSP-3, 
TSP-4, and TSP-S/COMP have more tissue-specific 
distributions: TSP-3 is highly expressed in lung and 
skin (32); TSP-4 in cardiac and skeletal muscle (33); 
and TSP-5 in cartilage and tendon (28, 34). Recently, a 
corticotropin-induced secreted protein (CISP) was pu- 
rified from bovine adrenocortical cells and shown to 
be related to TSP-2 (35). Since the physiological func- 
tions of these new members of the TSP gene family 
have yet to be determined, this review briefly summa- 
rizes the current state of our knowledge on the expres- 
sion, localization, and functions of TSP-1 in cancer. 

Production of TSP-1 by Normal and Tumor 
Cell Lines 

TSP-1 was thought to be only a platelet protein 
until 1981, when McPherson et al. first demonstrated 
that bovine aortic endothelial cell synthesized and se- 
creted TSP-1 in culture (36). Since then, numerous cell 
types, including those of both epithelial and mesen- 
chymal origins, have been shown to produce TSP-I 
and incorporate it into the ECM (37). In general, the 
expression of TSP-1 is higher in proliferating cells than 
in quiescent cells (38), and is regulated during cellular 
differentiation (39, 40). For example, Castle et al. 
demonstrated that synthesis of TSP-1 mRNA and pro- 
tein was induced during retinoic acid-mediated differ- 
entiation of neuroblastoma cells (39). Secreted TSP-1, 
which is usually cell surface- and/or ECM-associated 
(41), is probably degraded by low-density lipoprotein 
receptor (LRP)-mediated endocytosis (42, 43). 

Using immunolabeling techniques such as immu- 
nofluorescence, immunoprecipitation, and enzyme- 
linked immunosorbent assay (ELISA), many investi- 
gators have also shown that TSP-1 can be synthesized 
and secreted by many cultured human tumor cell lines, 
including those derived from squamous carcinoma, 
melanoma, glioma (44), osteosarcoma (45), and breast 
adenocarcinoma (46). However, these neoplastically 

transformed cells may not synthesize as much TSP-1 
as normal cells. For example, Mosher reported that 
SV-40 transformed fibroblasts and fibrosarcoma cells 
secreted TSP-1 at rates of 8.2 pg/106 cells/24 hr and 4.9 
pg/106 cells/24 hr, respectively, while normal fibro- 
blasts secreted 32 pg/106 cells/24 hr, or four times as 
much as transformed fibroblasts (47). Similarly, Ray- 
Chaudhury et al. demonstrated that the tumorigenic 
endothelial cell lines transformed by polyoma T onco- 
genes produced little TSP-1 and did not respond to 
TGFPl regulation, while normal capillary and aortic 
endothelial cells constitutively synthesized significant 
amounts of TSP-1, which was upregulated by TGFPl 
(48). These studies indicate different regulatory mech- 
anisms underlying the expression of TSP-1 in normal 
and transformed cell lines. 

The biological function of tumor cell-produced 
TSP-1 has been shown to have either a promoting or 
inhibitory role in tumor progression. In a series of el- 
egant experiments, Varani et al. demonstrated that the 
metastatic potential of a group of squamous carcinoma 
cell lines directly correlated with their capacity to syn- 
thesize TSP-1 (49). These authors found that the met- 
astatic 11B squamous cell carcinoma cell line, which 
synthesized and secreted the highest level of TSP-1, 
formed the most undifferentiated tumors in athymic 
mice. Moreover, Castle et al. confirmed these obser- 
vations by showing that when the same malignant cell 
line was transfected with a TSP-1 cDNA antisense ex- 
pression vector to reduce TSP-1 synthesis, it appeared 
phenotypically more normal, decreased its rate of 
growth in vitro, and formed either no tumor or slow 
growing, highly differentiated tumors in athymic mice 
(50). By contrast, Wienstat-Saslow et al. observed that 
transfection of human MDA-MB-435 breast carcinoma 
cell line with TSP-1 cDNA to induce over expression 
of TSP-1 in these cells reduced their capacity to grow 
and metastasize in athymic mice (51). One possible 
explanation for these contradictory observations could 
be that they are due to differences in the capacity of 
the various tumor cell lines to bind TSP-1 rather than 
their capacity to synthesize TSP-1. It is well known 
that different cell lines express different TSP- 1 recep- 
tors with varying affinities for TSP-1 and that the cel- 
lular functions of TSP-l are mediated by these specific 
cell surface receptors and/or binding proteins ( 5 ,  9). 
For example in the squamous cell carcinoma study 
(49), metastatic cell line 11B was not only shown to 
produce the most TSP-1 but also to bind the highest 
amount of TSP-1 on its cell surface by means of a 
putative 80/105-kDa tumor cell receptor specific for 
the C-terminal domain of TSP-1 (52). However, it was 
not determined whether the TSP- 1-transfected MDA- 
MB-435 breast carcinoma cells in the Wienstat-Saslow 
et al. study (51) were capable of binding the overex- 
pressed TSP-1 or whether any of the overexpressed 
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TSP-1 functioned as a competitive inhibitor for endog- 
enous TSP- 1-mediated adhesive interactions opera- 
tive during tumor progression. 

Localization of TSP-1 and Its Receptors in 
Human Tumor Tissues 

Compared with the number of studies on TSP-1 
synthesis by tumor cell lines in vitro, relatively few 
reports in the literature have described the expression 
and localization of TSP-1 in human malignant tissues. 
Breast tumors have been the most studied probably 
because Pratt and colleagues first showed that cyto- 
solic homogenates of malignant tumors contained 10- 
150 times more TSP-1 than extracts from benign tu- 
mors (53). Wong et al. then immunolocalized TSP-I in 
48 malignant breast tumors as well as 30 normal and 
benign breast tissues (54). These authors found that 
96% (46/48) of the malignant carcinomas showed 
strong TSP-1 staining in the desmoplastic stroma jux- 
taposed to tumor cells or at the basement membrane 
associated with the malignant ductal epithelium. By 
contrast, normal breast tissue and benign breast le- 
sions showed no TSP- 1 staining apart from some stain- 
ing of the large distended cysts of fibrocystic disease 
and faint stromal staining in some of the fibroade- 
nomas. Furthermore, these authors observed no major 
difference in the staining pattern for other adhesive 
matrix proteins such as laminin, fibronectin, and col- 
lagens type I ,  111, and IV between malignant and be- 
nign breast tissues, suggesting that only TSP-1 was 
differentially expressed in normal and tumor tissue. 
Clezardin and co-workers also observed strong immu- 
nostaining for TSP-1 in the desmoplastic stroma but 
not in the epithelial tumor cells of invasive ductal 
breast carcinomas, and the basement membrane sur- 
rounding ducts containing in sitrr carcinoma (55) .  Us- 
ing in situ hybridization to localize the expression of 
TSP-1 mRNA, the authors concluded that the fibro- 
blasts present in the desmoplastic stroma and the myo- 
epithelial cells surrounding in sitrr carcinomas were the 
sources of the overexpressed TSP- 1 in human neoplas- 
tic breast tissues. A recent study from our laboratory 
further confirmed the above patterns of expression of 
TSP-1 in human normal, benign, and malignant breast 
tissues (56). All these studies suggest that the in- 
creased expression of TSP- 1 correlates with neoplastic 
transformation, at least in malignant breast tumors, 
and may contribute to and/or result from the persistent 
desmoplastic stromal reaction of some solid tumors. 
However, the high expression of TSP-1 in tissues is 
not exclusively found in malignant tumors. Transient 
high expression of TSP-1 has also been found in tis- 
sues during early wound healing (57) and embryonic 
development (58 ) ,  suggesting a common dynamic role 
of TSP-1 in both normal and malignant tissues. 

The immunohistochemical localization of TSP- I 

receptors in breast and head and neck carcinoma has 
provided limited but more clear evidence suggesting 
the involvement of TSP-1 and its receptors in tumor 
progression. Clezardin et al. showed that CD51, the 
vitronectin receptor, is moderately expressed in inva- 
sive ductal carcinoma, while no immunoreactivity was 
observed for CD36 (55) .  By contrast, these authors 
found that CD36 becomes selectively expressed in 
normal lactating ducts. These authors also found that 
CD51 was expressed in most of the lobular carcinoma 
cells examined while CD36 only co-distributed in a 
small subpopulation of these tumors. We recently 
demonstrated that the CSVTCG-receptor for TSP- 1 
was highly expressed in malignant epithelial cells of all 
the invasive breast ductal carcinoma and skin squa- 
mous carcinoma investigated but absent in normal ep- 
ithelial cells (56, 59). In addition to tumor cells, capil- 
lary endothelium was found focally immuno-positive 
for this receptor only in regions proximal to carci- 
noma. Moreover, using the computer-assisted image 
analysis to quantify the immunohistochemical staining 
of CSVTCG-receptor, Arnoletti et al. observed a re- 
verse correlation between the degree of receptor stain- 
ing and the overall survival of patients with squamous 
carcinoma of the head and neck (59). Taken together, 
these results suggest that increased expression of 
TSP-I in tumor stroma may promote tumor cell attach- 
ment, migration, and tumor angiogenesis through its 
interaction with selectively expressed TSP- 1 receptors 
on tumor cells and endothelial cells during the pro- 
cesses of tumor progression. 

Functions of TSP-1 in Tumor Progression 
Hematogenous Spread. The first direct evi- 

dence suggesting that TSP-I may play a significant role 
in tumor metastasis came from an experimental meta- 
static study performed in our laboratory showing that 
TSP-1, injected iv together with mouse sarcoma cells, 
greatly potentiated lung colony formation (60). The 
mechanism of this TSP-1 potentiating effect on exper- 
imental tumor metastasis involved the adhesive activ- 
ity of TSP-1 since in subsequent studies we were able 
to show that antibodies against the CSVTCG adhesive 
domain of TSP-1 blocked B16-FlO melanoma cell me- 
tastasis in the same murine model of experimental me- 
tastasis (14). Moreover, the presence of high blood 
levels of TSP- 1 in patients with gastrointestinal, 
breast, lung and gynecological cancer is consistent 
with the view that TSP-1 may play a role in hematog- 
enous cancer spread (61, 62). Further evidence for a 
role for TSP-1 in hematogenous cancer spread was 
obtained by Incardona et al. (63), who demonstrated 
that human breast adenocarcinoma MCF-7 cells, 
which do not synthesize much TSP-1 but possess a 
large number of cell surface receptors for TSP-1, uti- 
lized TSP-1 to attach to human endothelial cells and 
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form tumor cell aggregates. These results strongly sug- 
gest that tumor cell-associated TSP- 1 may promote 
hematogenous spread of tumor cells by mediating tu- 
mor cell-endothelial cells and tumor cell-tumor cell 
interactions. 

Previous studies have correlated the metastatic 
potential of tumor cells with their capacity to aggre- 
gate platelets (64). These platelet-tumor aggregates 
have been shown to form during the initial arrest of 
tumor cells in the capillary bed and play an important 
role in the mechanisms of hematogenous tumor im- 
plantation. The mechanism of this tumor-promoted 
platelet aggregation is varied since platelets can be ag- 
gregated by tumor-derived platelet agonists such as 
ADP and thrombin. Our laboratory was the first to 
show that exogenously added TSP-1 promoted throm- 
bin- and ADP-stimulated platelet aggregation (65). 
Further support for a direct role for TSP-1 in platelet 
aggregation was obtained by Kehrel et al. (66), who 
showed that TSP- 1 promoted collagen-induced platelet 
aggregation and demonstrated that a lack of functional 
TSP-1 was the cause of a hemorrhagic diathesis in a 
patient with defective collagen-induced platelet aggre- 
gation. Direct demonstration that TSP mediates tumor 
platelet aggregation was obtained by Katagiri et al. 
(67), who showed that TSP-1 promoted HMV-I human 
melanoma cell-induced platelet aggregation. Subse- 
quently, Clezardin et al. (68) showed that osteosar- 
coma cell surface bound TSP-1 mediates tumor- 
platelet aggregation. These data directly support the 
hypothesis that both tumor- and platelet-associated 
TSP-1 mediate platelet-tumor cell interactions that oc- 
cur during the initial phases of tumor cell metastasis 
culminating in the arrest of tumor cells in the capillary 
bed. 

Growth. TSP-1 has been found highly expressed 
in the stroma of malignant breast tumor tissues as de- 
scribed above and other solid tumors which are char- 
acterized by a strong desmoplastic reaction such as 
found in pancreatic adenocarcinoma (our unpublished 
observations). These findings not only indicate that 
TSP-1 is produced by stromal cells, but also suggest 
that TSP-1 may contribute to the remarkable prolifer- 
ation of interstitial connective tissue observed in these 
tumors. This hypothesis is supported by several stud- 
ies in vitro showing that TSP-1 stimulates proliferation 
of fibroblasts (69, 70) and facilitates growth of smooth 
muscle cells in response to epidermal growth factor 
(EGF) (71). In fact, TSP-1 has also been shown to 
promote directly tumor cell growth. In a transfection 
study, Castle et al. demonstrated that overexpression 
of TSP-1 in NIH 3T3 cell lines resulted in serum and 
anchorage independent growth in vitro, suggesting a 
growth-supportive role of TSP- 1 for transformed cells 
(72). More recently, Boukerche et al. also concluded 
that TSP can modulate tumor cell growth in vivo based 

on their observations that anti-TSP- 1 antibodies inhib- 
ited the growth of human melanoma cells (M,Da) in 
athymic mice (73). Therefore, TSP-1 may support tu- 
mor progression by stimulating both stromal cell pro- 
liferation and tumor cell growth. 

Motility and Invasion. Several lines of evidence 
support the hypothesis that the stromal-rich TSP-1 in 
malignant tissue has a promoting effect on tumor cell 
motility and invasion. Using a Boyden chamber cell 
motility assay, Taraboletti et a1. first showed that 
TSP- 1 induced chemotaxis and haptotaxis of human 
melanoma cells (74). Similarly, Yabkowitz et al. ob- 
served TSP- 1-mediated chemotaxis and haptotaxis in 
metastatic squamous carcinoma cells but not in non- 
metastatic tumor cell lines (75). Recent results in our 
laboratory have shown that the adhesion and invasion 
of carcinoma cells in fibrin gels are potentiated by 
TSP- 1 through a mechanism involving the plasmino- 
gen activator system (76). We have determined that 
this activity is due to the TSP-1-mediated up- 
regulation of both urokinase type plasminogen activa- 
tor (uPA) and plasminogen activator inhibitor-1 (PAI- 
I ) ,  a major inhibitor of cell-associated plasminogen ac- 
tivators (77, 78). We believe that, as proposed by 
others (79), upregulation of PAI-1 and uPA is critical 
for the efficiency of the invasive process, since it al- 
lows a controlled degradation of the extracellular ma- 
trix not only by tumor cells but also by endothelial 
cells. In addition, our studies have shown that TSP-1 
induces tumor cell invasion through a mechanism in- 
volving the activation of endogenous TGFP 1,  since 
tumor cell invasion and uPA/PAI-1 production can be 
blocked with an anti-TGFPl antibody (77, 78). 

Although the precise mechanisms of TSP-1- 
mediated tumor cell migration and invasion have yet to 
be elucidated, it is evident that TSP-1-mediated tumor 
cell attachment may also contribute to its modulation 
of cell migration. Wang et al. recently showed that 
TSP-1 promoted head and neck squamous carcinoma 
cell invasion in vitro, which was mediated by the 
CSVTCG receptor, one of the TSP-1 adhesion recep- 
tors expressed on tumor cells (80). Additional evi- 
dence has recently been obtained in our laboratory in 
support for the hypothesis that the invasiveness of a 
given tumor cell line may correlate with its capacity to 
interact with TSP- 1. For instance, we investigated the 
TSP- 1-mediated invasiveness of three human breast 
adenocarcinoma cell lines (MDA-MB-23 1, SKBR-3, 
MCF-7) and one benign mammary epithelial tumor cell 
line (MCF-IOA) using a Boyden chamber invasion as- 
say (81). We found that all the metastatic cell lines, 
which highly expressed the CSVTCG receptor for 
TSP-1, had the highest capacity to invade the collagen 
matrix in response to TSP-1, whereas the MCF-1OA 
cell line which expressed undetectable CSVTCG- 
receptor by Northern and Western blot analysis, did 
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not invade in response to TSP-I . These data suggest a 
clear correlation between the expression of CSVTCG 
receptor for TSP-I in breast tumor cells and the inva- 
sive capacity of the tumor cells and underscores the 
conclusion that the capacity of a tumor cell to interact 
with TSP-1 determines whether TSP-1 can modulate 
its metastatic potential. 

Angiogenesis. It is generally accepted that an- 
giogenesis, the development of new capillaries from 
preexisting blood vessels, is essential for the growth 
and progression of solid tumors (82). Angiogenesis is a 
complex process which is regulated by soluble angio- 
genic regulators such as bFGF, vascular endothelial 
growth factor (VEGF), and TGFpl, as well as insolu- 
ble regulators such as extracellular matrix proteins. 
Available evidence indicates that extracellular matrix 
proteins are able to modulate the response of endothe- 
lial cells to soluble growth factors (83). As an extra- 
cellular matrix protein associated with the vascular 
basement membrane (84), TSP-I has been shown to 
play a role in angiogenesis. TSP-I has been proposed 
to be either an angiogenic inhibitor or promoter. 

The conclusion that TSP-I is an inhibitor of angio- 
genesis has been made by Bouck and co-workers on 
the basis of results obtained using the rat cornea assay 
of angiogenesis (85). In this assay TSP-I (0.125 pg) 
was placed together with bFGF (0.05 pg) into a slow- 
release pellet and the pellet implanted into the avas- 
cular rat cornea. These authors found that TSP-1 in- 
hibited the bFGF induced formation of microvessels. 

in the pellets in these different studies. Similarly, there 
are conflicting observations regarding the effect of 
TSP-I on endothelial cell migration, an important pro- 
cess during angiogenesis. Using a Boyden chamber 
cell migration assay, Taraboletti et al. (87) demon- 
strated that at concentrations of 5-50 pg/ml, TSP-1 
alone, or together with bFGF, stimulated the motility 
of endothelial cells in a dose-dependent manner. In 
contrast, Tolsma et al. reported that at lower concen- 
trations (around 2.5 pg/ml), TSP-I inhibited the bFGF- 
induced endothelial cell migration in vitro (88). From 
these observations, it appears that the effect of TSP-1 
on angiogenesis is concentration-dependent: at low 
concentrations, TSP- 1 displays inhibitory effects on 
angiogenesis, whereas at high concentrations, TSP- 1 
stimulates angiogenesis. It is known that in circula- 
tion, the normal TSP-I concentration is about 0.05-0.4 
pg/ml in plasma (61, 89), whereas after the activation 
of the coagulation system, it increases to 1630  pg/ml 
in serum (90, 91). It has been evident that under cer- 
tain pathological conditions such as in the presence of 
malignant tumors, the plasma TSP-1 concentration in- 
creases significantly as well as the amount of TSP-1 
expressed in tumor tissues (61, 62, 53). Therefore, it is 
likely that TSP-I exerts its pro-angiogenic effect in the 
elevated concentration range usually seen in cancer 
patients or in other pathological conditions where high 
levels of TSP-I are produced. However, the timing of 
the component events of angiogenesis in relation to the 
levels and localization of TSP-1 may be critical factors 

In contrast, BenEzra et al .  recently reported that 
TSP-1 (2 pg/pellet) potentiated the angiogenic effect of 
both bFGF (0.5 pg/pellet) and lipopolysaccharide 
(LPS) in a rabbit cornea angiogenesis assay by 5-fold 
(86). One possible explanation for this discrepancy can 
be found in the amounts of TSP-I and bFGF implanted 

determining the activity of TSP-I during the angio- 
genic process. 

The hypothesis that TSP-I is an angiogenic agonist 
is further supported by the observation that matrix- 
bound TSP-I promotes microvessel formation in a rat 
aorta explant model (69). In this study, TSP-1 was 
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Figure 2. Schematic illustration of 
roles of TSP-1 in tumor progression. 
TSP-1, thrombospondin-1 ; T, tumor 
cells; F, fibroblasts; E, endothelial 
cells; M, macrophagas/monocytes; P, 
platelets; V, microvessels; )c, TSP-1 
receptors. e: The size of the arrow 
denotes the relative abundance of 
TSP-1 produced by the different cell 
types, TSP-1 in tumor tissue and 
plasma is produced less likely by tu- 
mor cells, but more likely by tumor 
stromal fibroblasts, proliferating or ac- 
tivated endothelial cells, and activated 
platelets. +: The functions of TSP-1 in 
tumor progression are (A) mediation 
of tumor cell hematogenous spread; 
(B) supporting tumor growth and inva- 
sion; (C) promoting tumor angiogene- 
sis. --b: TSP-1 promotes angiogene- 
sis by indirect mechanisms involving 
fibroblasts and inflammatory cells. 



shown to stimulate nonendothelial cells, which in turn 
produce angiogenic factors, suggesting that TSP- 1 
could also function as a paracrine modulator in the 
process of angiogenesis. In addition, several observa- 
tions from different laboratories also suggest that 
TSP-I is a promoter of angiogenesis: (i) increased ex- 
pression of TSP- 1 is localized immunohistochemically 
in newly formed microvessels of healing wounds (57); 
(ii) activated macrophages, which stimulate angiogen- 
esis in vivo, up-regulate production of TSP-I 6-fold 
compared with unstimulated macrophages, which are 
not angiogenic (92); (iii) proliferating endothelial cells 
produce more TSP- I than quiescent endothelial cells 
(93); (iv) TSP- 1 promotes and stabilizes endothelial 
cell tube network formation in an in vitro collagen gel 
angiogenesis assay (94); and (v) virus-transformed en- 
dothelial cells, which express little or no TSP-I mRNA 
and protein, are incapable of forming endothelial cell 
tube networks in vitro and normal microvessels in 
vivo, but regain the capacity to form microvessels 
when transfected with TSP-I cDNA (48, 95, 96). 
Taken together these observations strongly suggest 
that TSP-1, which is highly expressed in malignant tu- 
mor stroma, can effectively modulate tumor angiogen- 
esis and subsequent tumor progression. 

Summary 
TSP-1 is a platelet and matrix protein, which is 

highly expressed in malignant tissues and presents in 
higher than normal levels in the plasma of cancer pa- 
tients. The evidence thus far suggests that TSP-I pro- 
motes the process of metastasis by the following 
mechanisms as summarized schematically in Figure 2: 
(A) TSP-1 mediates the hematogenous arrest of tumor 
cells by its direct adhesive activity on platelet-tumor 
emboli and the vessel wall, as well as its inhibitory 
effects on fibrinolysis; (B) TSP-1 supports tumor 
growth and tumor cell invasion by up-regulating the 
balanced matrix proteolysis system such as the uPA- 
PAL1 system, in concert with modulating tumor cell- 
ECM interactions mediated by tumor cell-specific ad- 
hesion receptors; (C) TSP- 1 promotes tumor angiogen- 
esis by directly modulating endothelial cell migration 
and morphogenesis, and indirectly stimulating tumor 
stromal cells and attracting inflammatory cells. Fur- 
ther investigation is underway to reveal the molecular 
mechanisms of these TSP- 1-mediated processes. 
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