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Heparan sulfate proteoglycans

Without new blood vessels, neoplasms cannot expand
beyond a few millimeters, the point at which the diffu-
sion of nutrients and the disposal of waste products
become rate-limiting. Regulation of angiogenesis thus
must be controlled at multiple levels. For instance, the
VEGF family of heparin-binding proteins and their pri-
mary receptors, VEGFR-1 and VEGFR-2 (KDR), products
of the flt-1 and the flk-1 gene, respectively, are required for
angioblast differentiation and vasculogenesis, and spe-
cific VEGF isoforms play distinct roles in promoting
endothelial growth and migration during angiogenesis.
In addition, angiogenesis is profoundly affected by sever-
al members of the FGF family and their four receptors,
and indeed, supplementing the media of endothelial cell
cultures with basic FGF (FGF2) and heparin is now well
established as a means to obtain optimal growth, migra-
tion, and capillary morphogenesis. In addition to pro-
ducing proangiogenic factors, tumor cells also directly or
indirectly generate negative angiogenic stimuli. The ulti-
mate growth rate of the tumors is thus a fine balance
between positive and negative angiogenic cues.

Heparan sulfate proteoglycans (HSPGs) act in concert
with members of the FGF and VEGF families and their
receptors to control various aspects of vascular devel-
opment and tumor angiogenesis. A processed form of
the newly discovered HSPG-collagen hybrid molecule
collagen type XVIII can exert strong antitumor activity
by reversibly blocking tumor angiogenesis. This Per-
spective will focus primarily on the roles of this and
other HSPGs on angiogenesis, with special emphasis on
the activity of the protein core, its functional partners,
and its processed isoforms.

The players: heterogeneity is the norm
The enormous heterogeneity of HSPGs makes these
macromolecules some of the most complex sub-
stances of structured tissues (1–4). These adaptable
molecules interact with cells or other binding part-
ners via their heparan sulfate chains, protein cores, or
both. There is ample evidence that endogenous and
tumor-induced neovascularization is quite heteroge-

neous. In the former case, for example, it has long
been appreciated that some patients are good while
others are poor collateral formers, as seen in the for-
mation of new vessels in cardiac tissues near sites of
myocardial infarcts. This variable response may be
due, at least in part, to individual variations in the
structure of certain key HSPG players (Figure 1).

Cell surfaces and the immediate neighboring struc-
tures, such as basement membranes, contain several
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Figure 1
Heterogeneity in structure of pericellular and cell-associated heparan sul-
fate proteoglycans with pro- and antiangiogenic activity. Syndecans are
transmembrane proteoglycans, while glypicans are bound to the plasma
membrane via a phosphoinositol linkage. Type XVIII collagen, a hybrid
collagen/proteoglycan molecule, is a member of the multiplexin gene
family characterized by alternating collagenous (thin lines) and noncol-
lagenous domains (rectangles, not drawn in scale). Perlecan is a modu-
lar proteoglycan with five distinct domains. Both type XVIII collagen and
perlecan are secreted products but are in close association with the cell
surface and are intrinsic components of most basement membranes.
Agrin, another HSPG with similarities to perlecan, is not shown. Gly-
cosaminoglycan chains are shown as fuchsia-colored beaded strings and
are not drawn to scale relative to their respective protein cores. The pre-
cise location and number of the heparan sulfate chains on type XVIII col-
lagen are not known.



classes of HSPGs. Syndecans 1–4 are transmembrane
proteins that carry heparan sulfate chains near their
extracellular tips and sometimes carry chondroitin
sulfate chains near the cell surface (3). Glypicans 1–6
are attached to the plasma membrane via a glycosyl
phosphoinositol linkage and may carry several
heparan sulfate side chains near the plasma mem-
brane, and sometimes an additional chain is attached
near the end of its ectodomain (5).

There are at least three additional classes of pericel-
lular HSPGs. Agrin, an abundant HSPG of most base-
ment membranes, is also located in the synaptic region
and functions in neurotransmission. Its role in angio-
genesis has not been investigated in depth, but given its
strategic location and ubiquitous nature, we can pre-
dict that it might also play a role in modulating activi-
ties of heparin-binding angiogenic proteins. Intrigu-
ingly, agrin can also occur as an intercalated HSPG in
the CNS when an alternate transmembrane domain is
spliced into its N-terminus, thereby converting a base-
ment membrane HSPG into a type II transmembrane
HSPG (6). Whether a similar mechanism applies to
other basement membrane molecules is not known,
but there is sequence evidence for three nidogen iso-
forms with potential transmembrane regions in their
C-terminal domains. Another class of pericellular
HSPGs includes perlecan, a modular proteoglycan with
a widespread tissue distribution and a very complex
structure (4). The modules of perlecan have a signifi-
cant homology to proteins involved in lipid uptake,
growth-promoting activity, homotypic and heterotyp-
ic interactions, and adhesion. Perlecan usually carries
three heparan sulfate chains near the N-terminus, but
it could also carry chondroitin sulfate chains near the
C-terminus and exhibit a complex pattern of alterna-
tive splicing in Caenorhabditis elegans (7). The third class
encompasses collagen type XVIII, a hybrid collagen-
HSPG molecule that is a constituent of most basement
membranes and is particularly abundant in kidneys
and the peripheral nervous system. Collagen XVIII
belongs to the multiplexin gene family characterized by
multiple collagenous domains (triple-helical regions)
interrupted and flanked by nontriple-helical domains
(8). This proteoglycan may carry up to four heparan
sulfate chains, each attached to one of the 11 noncol-
lagenous domains (Figure 1). The recent discovery that
collagen type XV, the second member of the multiplex-
in gene family, is also a hybrid proteoglycan carrying
chondroitin sulfate chains (9) indicates that the non-
collagenous domains of these molecules are highly
suitable for glycosaminoglycan substitution.

Thus, a characteristic feature of pericellular HSPGs
is their structural heterogeneity. This complexity in
structure is further increased by generation of splice
variants, proteolytically processed and differentially
glycosylated isoforms.

Durable signaling
Two salient features of pericellular HSPGs are their
longevity and high concentration. These macromole-
cules can have half-lives of hours to days and can often
reach micromolar concentrations, in contrast to growth

factors and cytokines which are often short-lived and
occur at nanomolar concentrations. Even in the case of
shedding of cell surface HSPGs, the entire ectodomain
is often released with important biological effects (3).
Consequently, the HSPG-mediated signaling events are
often sustained, function as autocrine regulators of
growth, and involve a paracrine action. Moreover, peri-
cellular HSPGs can filter developmental cues, such as
Wingless (Wg/Wnt) growth factors, by forming charged
gradients to which growth factors bind with variable
affinities (10). The amount of a distinct HSPG needs to
be precisely monitored to ensure proper patterning,
inasmuch as HSPG concentrations can affect mor-
phogen distribution and thereby function. Consistent
with this model, a dramatic decrease of extracellular
Wingless is also detected in clones of cells that are defi-
cient in heparan sulfate biosynthesis (11).

The signaling pathways activated by FGFs and VEGFs
are essentially heparan sulfate–dependent, as evidenced
by the failure of cells deficient in heparan sulfate biosyn-
thesis to activate these pathways and the ability of
exogenous heparin/HSPG to restore their function. The
primary defect in the heparan sulfate–deficient cells
occurs at the initiation of the signaling cascade and is
likely caused by an abnormal receptor occupancy or a
failure to induce a proper association or conformation
of the receptor-ligand complexes. Because heparan sul-
fate is the most abundant glycosaminoglycan form,
whereas heparin is confined to mast cells, and because
heparan sulfates are highly versatile and heterogeneous
structures compared with heparin, it is likely that the in
vivo signaling events are mediated by heparan sulfate
and that these biological interactions are even more
complex than previously suspected. The recent devel-
opment of novel analytical approaches to decode
heparan sulfate sequence will undoubtedly advance our
knowledge of key interactions.

A common requirement for all tyrosine kinase recep-
tors is the formation of a threshold number of phos-
phorylated cytoplasmic domains to initiate a specific
signaling cascade. This implies that a threshold num-
ber of active receptor-ligand complexes also needs to be
present on the cell surface for a suitable period of time
to result in effective signaling. Whether the key HSPG
function in signaling is due to a sustained coactivation
or to a simple limitation of extracellular diffusion of
growth factors and morphogens, the take-home mes-
sage is the same: HSPGs transduce signals in a way that
differs dramatically from the known action of hor-
mones and cytokines. This raises the transduction of
biological signals to an even higher level of complexity.

Potentiating and inhibiting activities
An emerging key concept is that HSPGs can act as
activators or suppressors of FGF activities. Physiolog-
ically, cells can induce or suppress HSPG expression,
which in turn modulates the nature and strength of
signaling from the various FGFs stored in the matrix.
For instance, perlecan induces high-affinity binding
of FGF2 to heparan sulfate–deficient cells and aug-
ments FGF2 mitogenic activity (12), while glypican-1
inhibits the binding of FGF7 (keratinocyte growth fac-

350 The Journal of Clinical Investigation | August 2001 | Volume 108 | Number 3



tor) to its receptor (13). Activated macrophages over-
express syndecan-2, which selectively binds FGF2 and
VEGF and presents FGF2 in a form that transactivates
receptor-bearing cells (14). In inflammatory
macrophages the HSPG form of CD44, the major cell-
surface receptor for hyaluronan, functions as a
paracrine regulator of FGF action: it binds the
macrophage-derived FGF2 and VEGF and, in the for-
mer case, stimulates productive binding to the high-
affinity FGF receptor 1 (15). Notably, CD44 HSPG
and syndecan-2 are abnormally expressed in the syn-
ovial membranes and subintimal macrophages, thus
suggesting that these HSPGs may be directly involved
in the pathogenesis of inflammatory arthritis.

Low concentrations of heparin/heparan sulfate stim-
ulate FGF7-mediated signaling, while higher concen-
trations inhibit FGF7- but do not affect FGFR1-medi-
ated signaling. These biphasic effects suggest that
occupancy of the HSPG binding sites on the receptor
may specifically inhibit FGF7 action. The ability of
heparan sulfate to alternatively stimulate or inhibit
FGF receptor activity is likely based on a combination
of the fine chemical structure of the carbohydrate
chain and the physical location of the HSPG, relative to
the cell surface (16). It has been proposed that the dual
function of heparan sulfate in FGF2 binding can be
accurately represented by a stimulation, when heparan
sulfate is bound to the cell surface, and an inhibition
of FGF2 binding when heparan sulfate is in solution
(17). Adequate cellular responses can be achieved by
appropriately adjusting the concentrations of FGF and
HSPGs (18). As with other equilibrium reactions, this
thermodynamic model suggests that a deficit in either
component can be compensated for by increasing the
effective concentration of the other (18).

A possible mechanism for inhibition could involve
the sequestration of growth factors, a sort of biological
quarantine where FGFs are fully active but stored in a
dormant state bound to an inactivating sequence. Peri-
cellular HSPGs could potentiate activity by physically
associating with FGFs or VEGFs and their respective
receptors, or they could function as chaperones, as in
the case of glypican-1, which can restore the receptor-
binding ability of oxidized VEGF165, a mitogen for
endothelial cells and powerful angiogenic factor in vivo
(19). The ultimate cellular response (stimulation or
inhibition) will also depend on the concentration and
binding kinetics of the growth factor, the expression of
a specific HSPG and its glycosylation status, and the
expression of a specific receptor and its isoforms. We
believe that the functional roles that the various HSPG
protein cores play in physiology and diseased states has
been somewhat overlooked, in part because of the dif-
ficulty in expressing full-length products. For example,
in the case of perlecan, a 467-kDa polypeptide, pro-
ducing full-length recombinant proteins presents a
major technical challenge, so most investigators have
expressed domain-specific portions of the parent pro-
tein core. Moreover, specific protein modules within
HSPGs have high-affinity binding sites for various
growth factors involved in angiogenesis (see below).
Therefore, we feel that a systematic study of the HSPG

protein cores should be performed to identify addi-
tional binding partners involved in the regulation of
FGF and VEGF signaling pathways.

HSPGs as depots for pro- and 
antiangiogenic factors
Significant roles for pericellular HSPGs in tumor-asso-
ciated angiogenesis have been proposed, based in part
on correlative evidence showing altered expression in
the tumor stroma and the newly formed blood vessels
(20). The activity of FGF2 on cell growth and vascular
morphogenesis is potentiated through its association
with perlecan (12). Thus, perlecan extracted from
human lung fibroblasts facilitates high-affinity FGF2
binding to soluble FGF receptors, as well as to mutant,
heparan sulfate–deficient Chinese ovary cells engi-
neered to express the FGF receptor 1. Perlecan encap-
sulated in alginate beads binds FGF2 and promotes
extensive angiogenesis in the rabbit ear chamber
model. At the same time it was shown that in tumor
xenografts induced by PC3 human prostate carcinoma
cells, human perlecan is deposited along the basement
membrane of newly formed tumor vessels which are of
obvious murine origin (20). These two observations
have led to the proposals that perlecan functions as a
low-affinity coreceptor by delivering FGF2 to its high-
affinity receptor, and that perlecan serves as a struc-
tural scaffold for tumor angiogenesis. These activities
are not mutually exclusive but complementary, since
there is an ample amount of perlecan at the surface of
endothelial cells linked via β integrins and, during
murine development, perlecan expression is prominent
in tissues undergoing vasculogenesis (21). Consistent
with this model, suppression of perlecan expression
blocks autocrine and paracrine activities of FGF2 in
human melanoma cells (22) and halts melanoma cell
proliferation and invasion (23). These profound effects
are not surprising, given the proposed roles for per-
lecan in lipoprotein uptake, adhesion, and thrombo-
genesis, all of which can influence endothelial cell
migration and proliferation (4) .

These interactions are generally assumed to be medi-
ated by the heparan sulfate chains, as in the case of the
syndecans and glypicans (24). But does the enormous
protein core of perlecan also play a role? Do the five
modular units only function as carriers for heparan sul-
fate, or do they also interact with angiogenic growth fac-
tors? And if so, do other members of the FGF family
interact with perlecan’s protein core? To address these
questions, we have generated cells with targeted sup-
pression of perlecan gene expression using both consti-
tutive and inducible promoters (25). Notably, attenuat-
ed perlecan expression correlates with a reduced tumor
growth and angiogenesis, and this is due, at least in part,
to a reduced activity of FGF7, an angiogenic growth fac-
tor that is secreted by mesenchymal cells and acts on
epithelial cells. Exogenous perlecan effectively reconsti-
tutes the activity of FGF7 in the perlecan-deficient cells.
Interestingly, FGF7 binds specifically (Kd ∼60 nM) to
domains III and V of human perlecan (26). Using cell-
free binding experiments, a high-affinity (Kd ∼8 nM)
binding site for PDGFs AA and BB has also been dis-
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covered in mouse domain III, with lower-affinity (Kd

∼34-64 nM) sites for domains I, IV, and V (27). Thus, in
spite of the internal repetitive sequences in the perlecan
protein core, there are unique binding specificities for
the various modules. The recent discovery that per-
lecan’s domain III binds to FGF-BP (28), an FGF-bind-
ing protein that modulates the activity of FGF2 and
FGF7 and acts as an angiogenic switch (29, 30), further
strengthens this concept. Clearly, not only members of
the FGF family but also proteins that modulate FGF
activity bind domain-specific perlecan sequences.

The dual theme of stimulation and inhibition recurs
elsewhere, as demonstrated by two independent studies.
In HT1080 fibrosarcoma cells, suppression of perlecan
expression results in stimulation of tumor cell growth,
both in vitro and in vivo, increased invasion of ECM, and
enhanced adhesion to type IV collagen substrata (31).
These effects are independent of FGF2 and suggest that
perlecan exerts negative regulatory functions in mes-
enchymal-derived tumors such as fibrosarcomas. In an
immortalized cell line derived from Kaposi’s sarcoma,
suppression of perlecan expression causes enhanced cell
migration and proliferation in vitro and enhanced
tumorigenesis and angiogenesis in tumor xenografts
(32). A plausible explanation for these results is that lack
of perlecan in these two sarcomas favors the diffusion of
heparin-binding growth and angiogenic factors, thereby
promoting tumorigenesis. The cellular context, thus,
plays a major role in perlecan’s functions.

Perlecan itself can be classified as a heparin-binding
protein, and indeed it binds heparin and sulfatides via
sequences that have been mapped to domain V. More-
over, it binds a variety of growth factors and cytokines
including HGF, ILs, platelet factor 4, TGF-β, and IFN-γ
(4). Perlecan gene expression can also be regulated by
these factors. IFN-γ, for example, rapidly and efficiently
silences perlecan transcription via Stat1-binding sites in
the distal promoter region (33). Thus, the IFN-γ–medi-
ated transcriptional repression of perlecan is an addi-
tional antitumor effect of this cytokine, through which
it eliminates a powerful angiogenic stimulus from the
tumor microenvironment.

Proteoglycan-mediated FGF and VEGF potentiation
may occur via distinct sites on both the heparan sulfate
chains and the protein core. At the cell surface, HSPGs
contribute to the formation of a ternary complex with
two FGF molecules and one growth factor receptor chain,
which form an “activated” unit (34). The HSPGs can also
serve as important reservoirs for other angiogenic factors.
For example, cell surface HSPGs have been proposed to
be docking sites for matrix metalloproteinase 7 
(MMP-7), which, when released, can initiate endothelial
cell migration during angiogenesis (35). Indeed, FGF2
can be released from the N-terminal heparan sulfate
chains of perlecan by the concerted action of proteases
(including stromelysin, collagenase, plasmin, and elas-
tase) and heparanases (36). FGF-BP bound to domain III
of human perlecan can seemingly be liberated at the sites
of tumor invasion (28), thereby potentiating the activity
of FGF2 and FGF7 and, thus, promoting angiogenesis.
Obviously, some of these events described for perlecan
could include other pericellular HSPGs.

Perhaps the most far-reaching role for HSPGs in
angiogenesis is associated with the hybrid proteogly-
can/collagen type XVIII. This molecule came into focus
of medical attention when its 18-kDa C-terminal pep-
tide, named endostatin to indicate its ability to block
endothelial cell growth, was shown to have tumor-sup-
pressive and antiangiogenic activity (37). Three-dimen-
sional studies of recombinant endostatin revealed a
compact globular structure with homology to C-type
lectin, which can be liberated from the parent molecule
through the action of proteases such as cathepsin L and
certain MMPs (8). Endostatin inhibits FGF2-induced
stimulation of endothelial cell growth and inhibits the
growth and associated angiogenesis of lung carcinomas,
melanomas, fibrosarcomas, and endotheliomas (37). In
agreement with these studies, tumor progression corre-
lates with a decreased expression of collagen type XVIII
in hepatocellular carcinoma (38). Notably, analysis of
the residual tumors in endostatin-treated mice revealed
an increase in apoptosis, presumably via inhibition of
tumor angiogenesis (37). Because discontinuation of
endostatin treatment results in regrowth of the
implanted xenografts, endostatin might represent a
tumor dormancy factor. Recent therapeutic attempts
using either microencapsulated endostatin-secreting
cells or adenovirus vectors have been partially success-
ful in retarding the growth of gliomas or suppressing
liver and pulmonary metastases, respectively.

At present, the exact molecular mechanism and the
target receptor for endostatin-mediated functions are
not known. Somewhat controversial results point
toward an indirect mode of action, likely mediated by a
block in FGF or VEGF signaling. For example, human
recombinant endostatin inhibits endothelial cell migra-
tion in response to VEGF and prevents the growth of
renal cell carcinoma xenografts (39). Mutation of either
the zinc-binding site, which originally was thought to
be necessary for endostatin’s function, or the heparin-
binding regions was ineffective (39). In another study,
mouse recombinant endostatin inhibited FGF2-medi-
ated, but not VEGF-mediated, angiogenesis in a
chorioallantoic membrane assay (40). Although muta-
tion of the zinc-binding region had no effect, the muta-
tional block of heparin-binding sites decreased endo-
statin activity. Endostatin may also act by disrupting
integrin function during endothelial cell migration by
acting as a ligand for α5 and αV integrins (41). When
immobilized on a solid substratum, endostatin pro-
motes adhesion, motility, and survival. In contrast, sol-
uble endostatin acts as an integrin antagonist and
inhibits these processes (41). Another proposed mode
of action of endostatin is through a blockage of the acti-
vation of MMP-2, which in turn would inhibit the
breaching of basement membranes and thus prevent
proper angiogenesis and tumor development (42).
Notably, the endostatin analogue from collagen XV,
another member of the multiplexin gene family, inter-
acts with neither zinc nor heparin, but nonetheless
inhibits FGF2- and VEGF-mediated angiogenesis (43).
In addition, strikingly different activities have been
reported in the ability of endostatin derived from either
collagen XV or XVIII to block FGF2 and VEGF activities.
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It is intriguing that endostatin binds heparin, albeit
with moderate affinity (Kd ∼300 nM) (8). In vivo, how-
ever, endostatin would have ample opportunity to
interact with the heparan sulfate chains of collagen
XVIII itself, since the average length of the heparan
sulfate chains could account for a true “overlap” with
the C-terminal endostatin. Indeed, heparan sulfate
chains can extend far beyond the length of relatively
large protein cores. In addition, endostatin could

interact with the heparan sulfate chains of nearby pro-
teoglycans, such as agrin and perlecan, which often
codistribute in the basement membrane zones of var-
ious organs. In situ binding studies using soluble
endostatin and frozen sections of human tissues have
shown a specific localization to the subendothelial
matrix. However, Chang et al. (44) recently found that
the binding occurred even after enzymatic removal of
heparan sulfate and could not be competed by 100-
fold molar excess of FGF2. In contrast with this study,
it has been recently reported that the heparan sulfate
chains of glypicans act as low-affinity receptors for
endostatin (45). Thus, endostatin appears to have a
complex repertoire of in vivo interactions, as further
exemplified by the cell-free binding assays in which
several basement membrane molecules, including
fibulin, nidogen, and perlecan, bind to endostatin
with variable affinities (43).

During homeostasis, endostatin could be immobi-
lized by these potentially complex interactions and
could be liberated during cancer growth by overpro-
duced proteolytic enzymes. If heparan sulfate chains
are indeed protective, an interesting possibility would
be that heparanase could trigger the initial activation
of endostatin and related molecules. Since endostatin
and perlecan are associated with the elastic lamellae of
aorta and other elastic vessels, and since elastase can
discharge HSPGs, it is possible that pro- and antian-
giogenic stimuli can be released during remodeling and
tumor invasion. Future analyses of these interactions
will become instrumental in understanding the
endogenous control of angiogenesis inhibitors.

Conclusions and clinical implications
Four major classes of HSPGs have been shown to play
potent regulatory roles in angiogenesis. A typical feature
is a dual, positive and negative, activity. This dichotomy
is further stressed by a differential binding of domains
within the heparan sulfate chains for FGF or VEGF lig-
ands and their tyrosine kinase receptors. Specificity is
translated into action by the remarkable diversity of
heparan sulfate chains and by the various modules of
HSPG protein cores. Because of the information densi-
ty in heparan sulfate chains, which can greatly exceed
that of nucleic acids, the chemical diversity of heparan
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Figure 2
The yin (perlecan) and yang (type XVIII collagen) of angiogenic regula-
tion by heparan sulfate proteoglycans (top panel). Perlecan, syndecans,
and glypicans are proposed to act as coreceptors to deliver proangiogenic
factors to their high-affinity cell surface receptors. As shown for perlecan,
angiogenic stimulation might follow from its increased expression or cell
surface accessibility. This would result in release of growth factors such
as VEGF, carried by specific heparan sulfate sequences, or FGF2 and
FGF7, bound to either heparan sulfate chains or unique regions of the
protein core (middle panel). These events promote the cell proliferation
phase of angiogenesis and may also trigger the synthesis and release of a
battery of proteinases into the ECM milieu. Proteinases in turn would
degrade perlecan, thus attenuating its growth-promoting activities, and
liberate endostatin from type XVIII collagen (bottom panel). Endostatin
is proposed to block VEGF- and FGF-mediated angiogenic signaling,
thereby maintaining the endothelium in a quiescent state.



sulfate, coupled with the richness of protein cores, can
provide a highly sensitive system for cells to generate
unique responses to angiogenic factors.

When a quiescent capillary is stimulated to undergo
angiogenesis, the angiogenic stimuli often enhance the
synthesis and deposition of perlecan adjacent to
endothelial cell surfaces and intensify its cell surface
accessibility (Figure 2, top). Perlecan, thus positioned,
would act as a coreceptor to deliver growth factors such
as FGFs or VEGFs from heparan sulfate– and protein
core–binding sites to their high-affinity cell surface
receptors, thereby stimulating mitosis (Figure 2, mid-
dle). Other full-time HSPGs, such as syndecans and
glypicans, are also directly involved in regulating the
development of new blood vessels. Molecules that
potentiate the activity of FGFs, such as FGF-BP, could
be concurrently released in an active form from pro-
cessing of the perlecan protein core. After the ensuing
burst of endothelial cell proliferation, migration, and
capillary morphogenesis has subsided, localized release
of proteases, such as cathepsin L or MMPs, would
degrade perlecan, thereby removing the angiogenic
stimulus, and act on collagen XVIII to liberate endo-
statin. This would in turn maintain endothelial cells in
a quiescent, differentiated state (Figure 2, bottom).
Alteration of such equilibria between positive and neg-
ative signals is a hallmark of pervasive diseases such as
cancer and atherosclerosis.

As human lifespan increases, angiogenic cues and
their regulators will undoubtedly play a more promi-
nent role in several disease states in which an abnormal
vascular proliferation is the norm. Obvious clinical
implications of the data reviewed above include gene
therapies and pharmacological approaches directed at
either hindering proangiogenic stimuli, such as per-
lecan, or augmenting the production of endogenous
antiangiogenic factors, such as endostatin. Identifica-
tion of endogenous precursors of angiogenesis
inhibitors and their subsequently processed isoforms
in the context of tumor progression would aid in elu-
cidating the key steps involved in the regulation of the
newly formed blood supply. This would in turn help in
defining a tailored antiangiogenic therapy for specific
tumors. For instance, targeting perlecan could be ben-
eficial in the treatment of certain highly vascularized
tumors that are not responding to classical therapies.
Circulating endostatin or endostatin-like molecules
could be beneficial in retarding tumor growth by slow-
ing down the formation of a new blood supply. This
would also allow cooperative action of cytostatic or
chemotherapeutic drugs. Specific antiangiogenic ther-
apies could be tailored for the individual patient once
more knowledge is accumulated regarding the genetic
and biological behavior of specific forms of cancer.
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