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Thrombospondins (TSPs) are a small family of secret-
ed, modular glycoproteins whose functions, at a mech-
anistic level, are not well understood, despite increas-
ing scrutiny in recent years. TSP1 and TSP2 form one
subgroup and are trimers with a chain molecular mass
of about 145 kDa. The pentameric TSPs 3-5 are sig-
nificantly smaller, with a subunit molecular mass of
about 100 kDa (1), and their physiological roles are
probably distinct. This Perspective will concern itself
with TSP1 and TSP2.

TSP1 and TSP2 as matricellular proteins

Unlike the various structural proteins of the ECM,
TSP1 and TSP2 do not appear to contribute directly to
the integrity of a physical entity, such as a fiber or a
basement membrane. Rather, it seems that these pro-
teins act contextually to influence cell function by
modulating cell-matrix interactions. TSP1 and TSP2
can interact with specific cell-surface receptors,
cytokines, growth factors, and proteases, and the avail-
ability of each of these diverse molecules may help
define their function in a given environment. These
properties are shared by other nonhomologous but
functionally similar proteins such as SPARC, tenascin
C, and osteopontin, some of which are the subject of
other Perspectives in this series, and have led to the
application of the term “matricellular” to this group of
proteins (2). Because no orthologues of TSP1 and TSP2
can be found in the genomes of Caenorbabditis elegans or
Drosophila (3), it appears that these two proteins do not
play fundamental roles in metazoan biology but have
evolved to deal with the increased complexity of cell-
matrix interactions in vertebrates.

Matricellular proteins share a number of other char-
acteristics. These proteins are expressed primarily dur-
ing development, during growth, and in response to
injury, and they are not abundant in the normal adult
animal, except in tissues with continued turnover, such
as bone. Furthermore, targeted disruption of the
murine genes encoding these proteins produces an
apparently normal or subtle phenotype, although more
careful scrutiny and appropriate challenges have
revealed clear-cut and often unanticipated abnormali-
ties (refs. 4-6; and see other Perspectives in this series).
These findings are in contrast to the phenotypes of mice

with targeted disruptions of genes encoding structural
extracellular proteins, such as collagens, laminins, or
fibronectin, which are generally severe or lethal. Pre-
sumably, the complex regulatory adjustments that are
needed for normal development are more likely to occur
in the absence of a protein that plays a nonstructural
role, since such regulatory pathways are often complex
networks with many opportunities for compensatory
interactions. However, it should be noted that the dis-
tinction between structural and matricellular proteins
is not clear-cut. For instance, many structural proteins
also function as ligands for cell-surface receptors and
activate signaling pathways. Furthermore, recent evi-
dence indicates that proteolytic fragments of structur-
al proteins can play nonstructural roles, e.g., the antian-
giogenic function of COOH-terminal sequences in type
XVIII collagen (endostatin) and in some type IV colla-
gen chains. Nevertheless, the functions of TSP1 and
TSP2 can best be understood within the context of the
matricellular concept.

Because TSP1 is an abundant constituent of platelet
o-granules and is therefore readily purified, an exten-
sive literature exists on the functions of this protein, as
revealed by cell culture and other in vitro experiments
(7). The antiangiogenic properties of the protein have
also been studied in vivo in assays such as the rodent
corneal pocket and chick chorioallantoic membrane
assays. Although no similarly convenient source of nat-
ural TSP2 exists, recombinant TSP2 and a preparation
from cultured adrenocortical cells have shown largely
similar effects. These in vitro data, however, do not take
into account the different developmental and spatial
patterns of expression of the two proteins, as judged by
in situ hybridization and immunohistochemical analy-
ses (8, 9). While there is some overlap, for instance in
bone, the age-dependent and tissue-specific patterns of
expression of TSP1 and TSP2 are quite different.
Indeed, the proximal promoter sequences of the two
genes in the mouse are distinct, as are the phenotypes
of TSP1 and TSP2 knockout mice (4, 5). Furthermore,
no detectable compensatory increase of the paralogous
gene has been observed in either knockout. Therefore,
despite their very similar structures and intrinsic prop-
erties, the physiological roles of TSP1 and TSP2 are
likely to be different (7, 10).
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Platelet function

Thrombospondin 1 was first identified as a throm-
bin-sensitive protein (TSP) that was released in
response to activation of platelets by thrombin, hence
its name. Upon release from activated platelets, TSP1
binds to the platelet surface in a Ca?*-dependent man-
ner. Platelet-bound TSP1 interacts with integrins
oIIbP3 and awvp3, with CD36 and the integrin-associ-
ated protein (IAP), and with integrin-bound fibrino-
gen and fibronectin. Early antibody inhibition exper-
iments indicated that TSP1 was required for the
secondary secretion-dependent phase of platelet
aggregation. More recently, TSP1 was shown to acti-
vate allIbB3 by its binding to IAP (11). This interac-
tion results in spreading of platelets on fibronectin-
coated surfaces and assembly of a signaling complex
containing the integrin, IAP, c-Src, FAK, and Syk pro-
tein kinase, and culminates in platelet aggregation.
However, these findings must now be reconciled with
the report that TSP1-null mice are free of bleeding
defects and show normal thrombin-induced platelet
aggregation (5). Possibly, compensatory changes in
these mice maintain a normal potential for platelet
aggregation. TSP1 may also perform other functions
in blood, since it is incorporated into fibrin clots and
binds to a number of plasma proteins including fib-
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rinogen, plasminogen, and histidine-rich glycopro-
tein. On the other hand, platelet TSP1 could function
primarily at sites of injury and bleeding to influence
macrophages, fibroblasts, and endothelial cells that
participate in wound healing.

Paradoxically, although TSP1 is present in platelets
and TSP2 is not, it is TSP2-null mice that display a
bleeding diathesis (4). Kyriakides et al. (12) have
recently reported that megakaryocytes contain abun-
dant TSP2, most of which is probably produced by
marrow stromal cells and is taken up by megakary-
ocytes from the extracellular milieu. Just how TSP2
is lost from megakaryocytes as they fragment to form
platelets is not understood. Platelets from TSP2-null
animals show a reduced ability to aggregate in vitro
in response to ADP and are also compromised in the
formation of aggregates on the denuded suben-
dothelium of the common carotid artery of mice in
vivo (12). TSP2 therefore seems to be required for the
generation of normal platelets from megakaryocytes,
but the resulting biochemical defect in TSP2-null
platelets is not known. It is also possible, in view of
the abnormal collagen fibrillogenesis observed in
TSP2-null mice, that abnormalities in the suben-
dothelium could contribute to the defective aggrega-
tion of platelets in vivo.
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Figure 1

A proposed scheme to account for the modulation of pericellular MMP2 levels by TSP2. TSP2, ProMMP2, and TIMP2 are secreted into the peri-
cellular environment, either individually or together, by fusion of secretory vesicles with the plasma membrane (double line). As shown on the
right side of the figure, ProMMP2, in a complex with TIMP2, can be activated by membrane-bound MT1-MMP to form active MMP2, which is
capable of reducing adhesion by cleaving matrix-bound proteins and proteoglycans, and possibly adhesion receptors. When TSP2 is present, a
competing pathway clears ProMMP2 from the cell surface. Thus, as shown on the left, TSP2 can bind either ProMMP2 or active MMP2. This
complex is then bound by the LRP receptor, endocytosed, and directed to lysosomes for degradation. Since the binding of (Pro)MMP2 to TIMP2
is of considerably higher affinity than that to TSP2, it is possible that a trimolecular complex that includes TIMP2 is endocytosed by LRP. How-
ever, TSP2 could still compete effectively with TIMP2 for binding to ProMMP2 or MMP2 by mass action, if the [TSP2] >> [(Pro)MMP2] and if
the TSP2/(Pro)MMP2 complex were constantly removed by endocytosis. Alternatively, the TSP2/(Pro)MMP2 complex could be bound to the
matrix, thus reducing the bioavailability of the protease.

930 The Journal of Clinical Investigation | April2001 | Volume 107 | Number8



PERSPECTIVE SERIES

Cell-matrix adhesion, motility, and chemotaxis

The ability of TSP1 to serve as an adhesive substratum
was documented for a number of tumor and estab-
lished cell lines (see ref. 13). However, for some normal
cells, TSP1 supports attachment but not spreading and
is counteradhesive when added to an adhesive protein
such as fibronectin (14). TSP1 can reduce focal adhe-
sions in aortic endothelial cells or fibroblasts plated on
fibronectin, an activity attributed to heparin-binding
sequences in the NH,-terminal globular domain of the
protein (15) and mediated by calreticulin and cGMP-
dependent protein kinase (ref. 16; see also Murphy-UlIl-
rich, this Perspective series, ref. 17). More limited exper-
iments indicated that TSP1 and TSP2 function
similarly (15). It was therefore unexpected to find that
dermal fibroblasts from TSP2-null mice attached poor-
ly to a number of protein substrata (4). Subsequent
experiments showed that the levels of matrix metallo-
proteinase 2 (MMP2) are twice as high in the condi-
tioned media of TSP2-null fibroblasts as in media of
control cells, but that mRNA levels are unchanged (18).
These increased MMP2 levels appear to be responsible
for the attachment defect, since inhibitors such as tis-
sue inhibitor of metalloproteinases 2 (TIMP2), or a
neutralizing antibody to MMP2, can restore normal
attachment. Furthermore, restoration of TSP2 synthe-
sis by stable transfection of a TSP2 cDNA gene increas-
es attachment to normal levels and reduces MMP2 lev-
els significantly (18).

How might the absence of TSP2 in TSP2-null fibrob-
lasts lead to increased MMP2 levels in conditioned
media? Although both TSP1 and TSP2 inhibit a num-
ber of serine proteases (19), TSP2 does not inhibit the
gelatinolytic activity of MMP2 (20, 21). Since synthesis
of the protease does not appear to be increased, it seems
possible that clearance of MMP2 from the pericellular
environment might be impaired. Indeed, it has been
shown recently that TSP2 binds MMP2 directly and
that the TSP2/MMP2 complex, which may also include
TIMP2, is endocytosed by the LDL receptor-related
protein (LRP) and is presumably degraded in lysosomes
(21) (Figure 1).

These experiments provide an alternative mechanism
to that resulting from cell-surface receptor-mediated
interactions for the reduction of adhesion by TSPs. To
complicate the picture further, a recent report provides
evidence for a proadhesive function of matrix-bound
TSP1. Thus, when provided as a substrate for sparsely
plated bovine aortic endothelial cells, TSP1 stimulates
spreading and proliferation (22). This proangiogenic
response has been attributed to interaction of insolu-
ble TSP1 with the at3B1 integrin.

As might be expected, cell motility and directed migra-
tion (both chemotactic and haptotatic) directly reflect
the ability of cells to attach to and form transient adhe-
sive interactions with a substratum. Many studies have
shown that TSP1 is a potent chemotactic factor for a
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wide variety of cells, including smooth muscle cells, neu-
trophils and monocytes, melanoma and squamous car-
cinoma cells, fibroblasts, and mesangial cells. For
smooth muscle cells, at maximally effective concentra-
tions, TSP1 elicits a higher migratory response than
either PDGF or bFGF. However, for endothelial cells,
the published evidence is not clear-cut; both stimulato-
ry and inhibitory effects have been reported, and these
depended on the region of the protein tested and the
concentration used (23, 24). Certainly, both the type of
cell and the substratum influence the adhesive and
chemotactic activity of TSPs. Another variable, whose
importance is gaining appreciation, is the conformation
of these proteins, which may differ depending on
whether they are in solution or bound to a matrix. This
distinction was probably first made by Taraboletti et al.
(25), who observed that different molecular domains
mediated haptotaxis and chemotaxis in tumor cells. In
all likelihood, these findings reflect the relative avail-
ability of domains in the protein to interact with differ-
ent cell-surface receptors. Heparin-binding sequences
and a recognition sequence for a.3B1 integrin in the
NH,-terminal domain, the type I repeats, and binding
sites for avB3 integrin and IAP in the COOH-terminal
domain have been implicated, both positively and neg-
atively, in cell movement. Thus, while it has not been
possible to resolve every discrepancy, studies on adhe-
sion and chemotaxis document that TSPs can perform
apparently contradictory functions. These functions
can best be understood in light of the multiple interac-
tions of matricellular proteins with cell-surface recep-
tors and extracellular effector proteins.

Wound healing, the inflammatory reaction, and TGF-31
Both TSP1 and TSP2 are induced in response to injury.
It has therefore been of interest to determine the func-
tion of the two proteins in a well-characterized injury
model, the healing of a full-thickness excisional skin
wound. DiPietro et al. (26), who studied wound healing
in the absence or presence of topically applied antisense
TSP1 oligonucleotides, found that antisense treatment
reduced the number of TSP1-positive macrophages by
50% or more during the first 3 days of healing and
retarded both re-epithelialization and dermal reorgan-
ization. However, there was no difference in the total
number of mature macrophages in the control and
treated wounds. The results were said to be in agree-
ment with studies of TSP1-null mice, but these studies
have not been reported in detail.

The marked differences in the consequences, for
wound healing, of a lack of TSP1 and TSP2 were pre-
saged by analyses of the time course of expression and
source of the two proteins (26, 27). TSP1 mRNA levels
are highest 1 day after wounding and fall gradually to
almost undetectable levels by day 10. In contrast, TSP2
protein levels are first detectable at day 3 and are max-
imal by day 10. Activated platelets probably provide the
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major source of TSP1 during the first 2 days after
wounding, after which infiltrating macrophages pro-
vide the bulk of this protein; fibroblasts appear to be
the major source of TSP2 after wounding.

Excisional wounds in TSP2-null mice are re-epithe-
lialized at the same rate as controls, but scab loss and
dermal closure are accelerated in the mutant animals
(27). The initial high vascular density of a healing
wound persists in the granulation tissue of these
mutant animals, which shows increased deposition of
fibronectin and an abnormal organization of collagen
fibrils. The obverse experiment, in which excisional
wounds were examined in transgenic mice that overex-
pressed TSP1 under control of the keratin 14 promoter,
again indicates the intrinsic similarities between the two
proteins (28). Thus, scab loss and wound closure are
significantly delayed in the transgenic mice, invasion of
the wound bed by granulation tissue is retarded, angio-
genesis in the healing wound is compromised, and the
number of vessels per unit area, the average vessel size,
and the total vessel area are all reduced. These findings
underscore a number of important points about TSP1
and TSP2. Although the two proteins are structurally
similar and appear to have similar functions when
introduced artificially, either as the exogenous protein
or endogenously by forced expression from a heterolo-
gous promoter, their physiological roles can be quite
different and reflect synthesis by different cells in dif-
ferent temporal and spatial patterns.

The most prominent features of the TSP1-null
mouse are epithelial hyperplasia, leukocytic infiltra-
tion, and acute and chronic inflammatory changes
involving the lungs (5), as well as milder inflammato-
ry changes in the pancreas (6). These inflammatory
responses are unexpected, since as noted above, TSP1
supports neutrophil adhesion and is chemotactic for
both neutrophils and monocytes, and TSP1 also par-
ticipates in the phagocytosis of apoptotic leukocytes
by macrophages. One explanation, favored by Craw-
ford et al. (6), holds that, in the absence of TSP1, there
is a deficiency in the conversion of latent to active
TGF-B1. Murphy-Ullrich and Poczatek had previous-
ly shown that TSP1 can activate latent TGF-B1 in
vitro (29). Activation of latent TGF-B1 requires a
WXXW binding sequence present in each of
the three type I repeats of TSP1, as well as a

Table 1
Proposed mechanisms for the angioinhibitory effects of TSPs
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unclear why the WXXW binding sequence is not
required in vivo as it is in vitro.

The physiological relevance of the ability of TSP1 to
activate latent TGF-B1 has been the subject of much
attention and some controversy (29). Other means of
activation exist, including limited proteolysis by plas-
min and other enzymes and interaction with o6 inte-
grin. In inflammatory conditions, such as bleomycin-
induced pulmonary fibrosis, CD36 is required together
with TSP1. Although the WXXW motifs are conserved
in TSP2, the activating KRFK sequence is not. Murphy-
Ullrich and Poczatek suggest that TSP2 could therefore
compete with TSP1 for binding to latent TGF-B1 and
thus inhibit its activation (29). Some of the changes
observed in wound healing in TSP2-null mice are
indeed compatible with the presence of higher levels of
active TGF-B1 in the wounds. My laboratory has tested
this suggestion by measuring active TGF-P1 in cul-
tured dermal TSP2-null fibroblasts, which produce
TSP1 and latent TGF-B1, and we have found that levels
of active TGF-B1 are, surprisingly, lower than those in
control cells. We obtained similar results by comparing
active TGF-B1 levels in subdermally implanted
polyvinyl alcohol sponges from TSP2-null and control
mice. Nevertheless, the available evidence supports a
physiological role for TSP1 in the activation of latent
TGF-B1 under some circumstances and, more general-
ly, supports the proposal that the functions of matri-
cellular proteins derive in large part from their interac-
tions with effector proteins.

Angioinhibitory and antitumor activities

The first indication that TSPs possesses both antian-
giogenic and antitumor activities came from the identi-
fication of the protein encoded by a tumor suppressor
gene as a fragment of TSP1 (30). Subsequent studies
were aimed at the identification of peptide sequences,
primarily in TSP1, that could be implicated in the inhi-
bition of angiogenesis, the cell-surface receptors with
which these sequences interacted, and more recently a
delineation of consequent downstream events. These

KRFK activating sequence between the first

and second repeats. A defidenc)’ OFTGF'Bl Amino acid Domain Cell-surface receptor and Reference
could lead to an exaggerated immune inflam- sequence proposed cellular effects
matory response to normal pulmonary bacte- NVR NH-terminal 03B1; inhibition of EC (22)
rial flora (7), and indeed, TSP1-null mice proliferation
show many of the histological features of CSVTCG Type | repeats CD36; apoptosis (33,35)
TGF-B1-null mice, albeit in milder form. WXXWXXW Type | repeats HSPG; inhibition of (34)
Moreover, young TSP1-null mice treated with bFGF binding

RFYWMWK COOH-terminal IAP; tyrosine (36)

a KRFK peptide show a partial reversion of

phosphorylation of FAK

these phenotypes (6, 29). If this peptide helps

restore normal tissue levels of TGF-B1, it is

HSPG, heparan sulfate proteoglycan.
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studies evaluated the ability of TSPs and TSP-derived
fragments or peptides to modify a number of cellular
responses, including the angiogenic response to bFGF
or VEGF in the rodent corneal pocket or chick chorioal-
lantoic membrane assays, the innate tendency of
endothelial cells to form cellular cords or tubes in vitro,
and the proliferation, chemotaxis, and migration of
endothelial cells (31-33). The results of some of these
experiments are summarized in Table 1. TSP1 and TSP2
could function as angioinhibitory proteins by binding
bFGF and inhibiting its interaction with syndecans and
FGF receptors; by otherwise interfering with bFGF-
induced signaling (34); by interaction with CD36, lead-
ing to increased caspase-3 activity and apoptosis (35); or
by signaling via integrin and IAP receptors. There is also
evidence that interaction between IAP and the COOH-
terminal peptide (RFEYVVMWK, present in both TSP1
and TSP2) inhibits tube formation by endothelial cells
and blocks integrin-dependent tyrosine phosphoryla-
tion of focal adhesion kinase (36). Finally, it is possible
that the organization of the collagenous matrix and
MMP2 levels could participate in the regulation of
angiogenesis, since disordered collagen fibrils and
increased MMP2 levels are observed in the TSP2 knock-
out mouse and TSP2-null fibroblasts, respectively (4,
18). At this time, CD36-mediated mechanisms are the
best documented (35).

Perhaps the most definitive evidence for the antian-
giogenic properties of TSP1 and TSP2 comes from in
vivo experiments. Thus, both tumor growth and angio-
genesis are inhibited in transgenic mice that overexpress
TSP1 (37), and nude mice injected with TSP1 or TSP2
cDNA-transfected human squamous carcinoma cells
show markedly reduced tumor growth compared with
mice injected with vector-transfected cells (38). In these
experiments, it appears that the proliferation of tumor
cells was not affected by expression of TSP1 or 2 but that
tumor angiogenesis was greatly inhibited. Nevertheless,
over the past 5 or 6 years occasional reports have
appeared supporting a proangiogenic function for TSP1.
Chandrasekaran et al. (22) may have provided a partial
explanation for this controversy. These investigators
have shown that engagement of the 0381 integrin by a
soluble TSP1 peptide inhibits endothelial cell prolifera-
tion and angiogenesis, whereas the same peptide stimu-
lates endothelial cell proliferation when immobilized.
Interpretation of results was more complex when larger
TSP1 fragments or the intact protein was used, but these
data also emphasize the importance of protein confor-
mation as a determinant of TSP function.

In view of the widely acknowledged dependence of
tumor growth and metastasis on angiogenesis, it is
reasonable to conclude that many of the recognized
inhibitory effects of TSP1 stem from its ability to
inhibit endothelial cell proliferation, induce apopto-
sis, or otherwise interfere with capillary formation
(33). However, the tumor stroma, composed predom-
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inantly of fibroblasts and their matrix, clearly plays a
role in tumor growth, and this environment is also
susceptible to the effects of the TSPs. Finally, tumor
cells themselves can be modulated by TSPs. Such
effects include regulation of attachment, cell-cell
adhesion, migration, and proliferation. Some of these
effects could result from activation of latent TGF-f1
or from association between the TSPs and secreted
proteases, cytokines, and other effector proteins.
Thus, tumors and their adjacent host tissues can be
considered microcosms of the organism, and the
complex functions of TSPs appear to apply equally to
both systems.

Conclusions and prospects for future research
Although TSPs and their functional relatives are resi-
dents of the extracellular space, it is helpful and appro-
priate to think of these proteins as performing regula-
tory functions. Such functions can be achieved by
interactions with cell-surface receptors and the conse-
quent activation of signaling pathways, by altering the
activity of cytokines and growth factors that serve as
signaling molecules, or by affecting the protease balance
in the pericellular space. All of these effects have now
been documented to some extent in vitro. The challenge
for the future is to assess which of these mechanisms
operate in the more complex environment of the whole
animal and to assign specific functions to the various
domains of these modular proteins. Mice that lack one
or more of these proteins are attractive test beds for
such studies. The generation of knock-in mice express-
ing truncated or mutated proteins represents another
potentially informative approach to these questions.
Another major question, which might be approached
initially by experiments in vitro, is the extent to which
the complex functions of matricellular proteins are
achieved in an autocrine fashion or require the cooper-
ation of neighboring, probably different, cell types. The
latter possibility is not unlikely when one considers the
complexity of tissue organization in higher animals.
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