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Proteoglycans: cell biologists have had a love-hate rela-
tionship with these molecules almost since their discov-
ery. Their biochemical properties, dominated by hetero-
geneous and highly charged glycosaminoglycan (GAG)!
chains, can make purification challenging and structural
analysis painful. Their ability to bind scores of growth fac-
tors, growth factor-binding proteins, extracellular pro-
teases, protease inhibitors, extracellular matrix molecules,
and other proteins takes the concept of molecular promis-
cuity to new heights. On top of this, they seem always to
be underfoot, showing up on plasma membranes in hun-
dreds of thousands of copies per cell and in extracellular
matrices at milligram per milliliter concentrations.

And yet despite these peculiarities (or perhaps because
of them) proteoglycans have inspired an extraordinary
range of models, theories, and speculation. Since the
1960s, proteoglycans have been credited, in one system or
another, with controlling the following: cell division, adhe-
sion, spreading, migration, chemoattraction, axon guid-
ance, matrix assembly, lipoprotein uptake, extracellular
proteolysis, and viral entry.

Do proteoglycans do all of these things? Progress on this
question during the past decade has been recently kicked
into high gear by a flurry of in vivo results (in mice, frogs,
flies, and worms), in many cases coming from investiga-
tors who never intended to become involved with such dif-
ficult molecules. Here, we review some of these findings
and discuss how they both confirm old notions of pro-
teoglycan function and suggest new ones. We have chosen
to focus exclusively on the heparan sulfate proteoglycans
(HSPGs), in part because new data on these molecules
have been particularly plentiful, but mostly because those
data speak more directly about the functions of GAGs, the
moieties that make proteoglycans unique. However, it
should be noted that in vivo studies of proteoglycans that
primarily bear chondroitin/dermatan sulfate and keratan
sulfate (the other families of GAG) are also providing im-
portant new insights (Féassler et al., 1994; Danielson et al.,
1997; Olsen, 1997; Chakravarti et al., 1998).
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The Nature of the Problem

To be sure, answers coming from the genetic manipulation
of animals are enriching almost all areas of biology these
days. In part, what is different about proteoglycans is that
the cell biological tools one can use to study their func-
tions, in particular the functions of their GAG chains,
have never been as rich and varied as those for more con-
ventional proteins. For example, GAGs cannot be trans-
fected into cells, nor can one express dominant negative
versions of them. Antibodies that bind GAGs have been
generated, but ones that block functions have not. Re-
agents that interfere with GAG-protein interactions exist
in the form of GAG-binding peptides and cationic drugs,
but their specificity tends to be poor. Free GAGs can also
be used to interfere with GAG-protein binding, but their
large size and potential to act as protein—protein cross-
linkers make it difficult to draw firm conclusions from
their biological effects. Finally, there are a few drugs that
can be used to interfere with GAG biosynthesis, but each
has at least some problems with efficacy, specificity, and/or
toxicity.

In spite of these hardships, cell biologists studying pro-
teoglycans have managed to make some extraordinary dis-
coveries. In particular, the finding that fibroblast growth
factors (FGFs) require heparan sulfate (HS) for high affin-
ity binding to their receptors stands as a milestone in the
elucidation of HSPG function. Yet, even this simple fact
was not easily established. Despite the well known high af-
finity of FGFs for heparin (a rather heavily modified form
of H5 that, owing its low cost, is widely used for studying
protein—HS interactions) and clear evidence that the most
abundant cell surface binding sites for FGFs are HSPGs
(Gospodarowicz et al., 1984; Moscatelli, 1987), most early
studies in this area concluded that HSPGs play no direct
role in FGF-receptor interactions and, instead, relegated
HS to the job of protecting FGFs from denaturation or
proteolysis, or sequestering FGFs in the extracellular ma-
trix (Gospodarowicz and Cheng, 1986; Moscatelli, 1987,
1992). What enabled two groups, working in parallel, to
overturn that view, was the judicious use of methods to in-
terfere with GAG expression: in one case, an inhibitor of
GAG sulfation and an HS-degrading enzyme were used
(Rapraeger et al., 1991); in the other case, it was mutant
cell lines that failed to synthesize HS (Yayon et al., 1991).
Since that time, analogous methods have been used by
others to extend the notion of HS-dependent growth fac-
tor to various other polypeptides, including heparin bind-
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ing EGF-like growth factor, hepatocyte growth factor, and
Wingless (a Drosophila member of the Wnt family), to
name just a few (Aviezer and Yayon, 1994; Zioncheck et
al., 1995; Reichsman et al., 1996).

In Search of Genetic Insights

With HS-deficient cell lines proving to be among the more
useful tools for studying HSPG function in vitro, it did not
escape the notice of researchers that mutations affecting
proteoglycans in intact animals could also be extremely in-
formative, especially with regard to cellular functions that
might be difficult to study in vitro. Yet by mid-1995, al-
though a few mutations had been described that directly
or indirectly affect the major chondroitin/keratan sulfate
proteoglycan of cartilage (Li et al., 1993; Hastbacka et al.,
1994; Watanabe et al., 1994), a general lack of mutations
involving HSPGs—even in the more genetically tractable
organisms, such as C. elegans and Drosophila—was be-
coming disturbingly clear. Are HSPGs simply not very im-
portant? Or are they so important that mutations are diffi-
cult to recover in vivo? Or are the genes that control their
synthesis highly redundant? Fortunately, the wait for an-
swers to these questions was not long, with the first infor-
mative studies beginning in late 1995.

Before reviewing these studies, it is useful to distinguish
between two classes of mutations that affect HSPG ex-
pression. The first involves the enzymes and transporters
required for HS biosynthesis. As illustrated in Fig. 1, at
least 14 biochemical steps contribute to the synthesis of
HS chains. A block at some steps would eliminate HS ex-
pression altogether, whereas at others only subtle changes
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Figure 1. Pathways in heparan sulfate proteoglycan biosynthesis.
HSPGs are produced by the polymerization of polysaccharide
chains onto serine residues of core proteins, followed by incom-
plete carbohydrate modifications involving sulfation, deacetyla-
tion, and/or epimerization of glucoronic acid residues to iduronic
acid. Additional enzymatic and transport steps are required to
generate the UDP sugars and PAPS (3’-phosphoadenosine-5'-
phosphosulfate) that participate in many of these reactions (for
review see Lindahl et al., 1998).
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in the structure of HS chains would be seen. A second
class of mutations involves the core proteins onto which
HS is synthesized. We now know that most cell surface HS
is carried by syndecans, transmembrane proteins of which
four exist in vertebrates, and glypicans, GPIl-anchored
proteins of which at least six occur in vertebrates (Bern-
field et al., 1999). On some cells, HS may also be contrib-
uted by other integral membrane proteins, such as CD44
and betaglycan, which have HS-independent functions as
well. In the extracellular matrix, the major carriers of HS
appear to be perlecan (lozzo et al., 1994) and agrin (Cole
and Halfter, 1996).

Glypicans Pop Up Twice

A first glimpse at HSPG function in vivo came in 1995
with the analysis of a Drosophila mutant known as divi-
sion abnormally delayed, or dally (Nakato et al., 1995).
Mutations in dally were identified on the basis of cell divi-
sion patterning defects in the eye and larval brain. In par-
ticular, certain sets of neuronal precursors show a disrup-
tion in progression from the G2 to M phases of the cell
cycle. In the brain, this failure of orderly cell division dis-
rupts a subsequent division cycle that is triggered by pho-
toreceptor axons arriving from the developing eye. Se-
qguencing of the dally gene revealed that it encodes a
protein belonging to the glypican family of cell surface
HSPGs (Nakato et al., 1995). Biochemical studies have
since shown that Dally bears all the features of vertebrate
glypicans including glycosylphosphoinositol (GPI)-ancho-
rage and selective glycosylation with HS (Jackson et al.,
1997; Tsuda et al., 1999).

The functions of dally are not limited to the nervous sys-
tem. Analysis of a collection of mutant alleles showed that
it is required for the proper morphogenesis of other tis-
sues, including the wing, antenna, and genitalia. Further-
more, difficulties in isolating complete loss-of-function
dally alleles suggest that dally is a haplolethal locus (Lin
and Perrimon, 1999; Tsuda et al., 1999), i.e., the level of
dally expression is so critical that a reduction to 50% of
the wild-type is lethal.

The initial characterization of dally mutants was rapidly
followed by a report that an X-linked human disorder
known as Simpson-Golabi-Behmel syndrome (SGBS) is
caused by deletions and mutations in the gene encoding
glypican-3 (Pilia et al., 1996). SGBS is characterized by
pre- and postnatal overgrowth of multiple tissues and or-
gans, together with an increased susceptibility to the for-
mation of certain tumors.

Is there a common basis for the very different fly and
human phenotypes that result from glypican mutations?
At a very basic level, both phenotypes suggest a derange-
ment of cellular growth control, an interpretation that fits
with the currently popular model that HSPGs are compo-
nents of growth factor signaling pathways. To address this
issue, dally was tested for its ability to affect signaling me-
diated by two known HS-binding growth factors in Dro-
sophila, Decapentaplegic (Dpp), a TGF-B-/bone morpho-
genetic protein-related protein, and Wingless (Wg), a Wnt
family member. The results strongly suggest that Dally po-
tentiates cellular responses to both molecules, but with
surprising tissue specificity. In the embryo, Dally influ-
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ences Wg but not Dpp-directed events, whereas in the de-
veloping genitalia dally promotes Dpp signaling yet is an-
tagonistic to Wg (Tsuda et al., 1999).

In the case of SGBS, initial attempts to understand the
phenotype focused on the possibility that glypican-3 might
affect signaling by insulin-like growth factors (IGFs). This
idea was suggested by the phenotypic overlap between
SGBS and another overgrowth syndrome, Beckwith-
Wiedemann syndrome. The latter is a complex genetic dis-
order that causes the loss of imprinting, and resultant
overexpression, of the gene encoding IGF-Il (Reik and
Maher, 1997). The hypothesis was put forth that loss of
glypican-3 also leads to increased IGF-11 expression or ac-
tivity, i.e., that glypican-3 is an endogenous inhibitor of the
growth-promoting effects of IGFs. Indeed, Pilia et al. (1996)
initially asserted that glypican-3 binds directly, via its core
protein, to IGF-11, but subsequent studies contradict that
finding (Song et al., 1997). Instead, the possibility has been
raised that glypican-3 acts more at the level of stimulation
of apoptotic cell death, rather than restraint of cell prolif-
eration. For example, cell culture data show that transfec-
tion of exogenous glypican-3 into certain cell lines can trig-
ger apoptosis (Gonzalez et al., 1998). More recently,
Cano-Gauci et al. (1999) have generated a glypican-3-null
mouse, which replicates some of the features of SGBS. In
these animals alterations in systemic and tissue IGF-I1 lev-
els are not observed.

A Flurry of Mutants in Biosynthetic Enzymes

Whereas studies on dally and glypican-3 showed that mu-
tations in HSPG core protein genes can have dramatic
phenotypes, recent work on other HSPGs (e.g., syndecan-1,
glypican-2), suggests that loss-of-function phenotypes can
also be subtle or undetectable, most likely because of com-
pensation or functional redundancy among HSPGs (Bern-
field et al., 1999; Saunders, S., and A.D. Lander, un-
published data). One way to circumvent this potential
problem is to study the effects of mutations that alter gly-
cosaminoglycan biosynthesis, since these should presum-
ably affect all HSPGs.

The first descriptions of phenotypes stemming from mu-
tations in glycosaminoglycan biosynthesis came from what
was, at the time, an unexpected quarter: Drosophila labo-
ratories searching for new components of the Wg and Dpp
signaling pathways. Three groups simultaneously reported
that sugarless (sgl, also known as supenkasper or Kiwi), a
gene encoding a protein homologous to vertebrate UDP
glucose dehydrogenase (UDPGDH), is required for Wg-
directed patterning of the early embryo (Binari et al.,
1997; Hacker et al., 1997; Haerry et al., 1997). Mutations in
sgl also suppressed the effects of expressing activated Dpp
receptors in the wing (O’Connor and Haerry, 1999), sug-
gesting a role for sgl in Dpp signaling.

UDPGDH is the enzyme that generates UDP-gluc-
uronic acid, which donates the glucuronate that is one of
the two sugars in the repeating disaccharide backbones of
both HS and chondroitin sulfate (Fig. 1). Indirect evidence
that sgl protein indeed has UDPGDH activity comes from
the observation that GAG modification of both D-synde-
can and Dally is disrupted in sgl mutants (Haerry et al.,
1997; Tsuda et al., 1999). Interestingly, sgl mutants not
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only have defects in Wg signaling, but also show genetic
interactions with dally, suggesting that glycosaminogly-
can modification of Dally is critical for its activity in Wg-
directed events (Tsuda et al., 1999).

Whereas UDPGDH generates one of the building
blocks of HS, the enzyme that actually assembles the HS
polymer is the HS copolymerase, so named because bio-
chemical studies suggest that a single protein adds both
glucuronate and N-acetylglucosamine to growing HS poly-
mers (Lind et al., 1993). Until recently, the molecular
identity of this enzyme was a mystery, but in the last few
years, both its identity and mutant phenotypes in flies and
man have emerged.

An early clue to the identity of the copolymerase came
from somatic cell, rather than animal, genetics. The dis-
covery by Spear and colleagues that the binding of Herpes
viruses to cell-surface HS is a key initial step in viral infec-
tion (Shieh et al., 1992) implied that selection of cultured
cells for viral resistance might allow one to isolate mutants
in HS biosynthesis. Tufaro and colleagues did just this
(Banfield et al., 1995), and, subsequently, used an expres-
sion cloning strategy to identify a cDNA that restored vi-
rus sensitivity to a severely HS-deficient cell line (McCor-
mick et al., 1998). Subsequent biochemical studies showed
that the protein encoded by the cDNA was likely to be all
or part of the HS copolymerase (Lind et al., 1998).

The cDNA isolated by these studies corresponds to
EXT2, one of three tumor suppressor genes that had been
identified by linkage analysis as responsible for the auto-
somal dominant disorder hereditary multiple exostoses.
Apparent loss-of-function mutations in either EXT1 or
EXT?2 predispose to the development of benign cartilage-
capped tumors from the growth plates of bones, tumors
that occasionally progress to malignancy (Wuyts et al.,
1998). Like EXT2, EXTL1 also can restore HS copoly-
merase activity in deficient cell lines (Lind et al., 1998).

Taken together with the linkage of SGBS to glypican-3
(see above), the data on the EXT genes provide a second
clear connection between disruption of HSPG function,
loss of growth control, and tumor development. For a re-
searcher arguing that HSPGs act as coreceptors for mam-
malian growth factors, these results were reassuring, but
also disquieting in that in vivo data were now pointing to-
ward a role of HSPGs in the restraint, rather than promo-
tion, of cell growth. Whether this reflects a major role for
HS-dependent growth factors in growth inhibition in vivo,
or just an incomplete understanding of how HSPGs affect
growth factors, is unclear.

Help in sorting out this puzzle may have come from the
Drosophila field. At the same time that the connection be-
tween mammalian EXT genes and HS biosynthesis was
made, Bellaiche et al. (1998) described the Drosophila
gene tout-velu (ttv). ttv encodes an EXT-1 homologue and,
nicely confirming the data on vertebrate EXT genes, ttv
mutants exhibit a great reduction in HS (but not chon-
droitin sulfate) levels (Toyoda et al., 2000). Mutations in
ttv were picked up in a screen for maternally acting genes
affecting early patterning of the embryo (tout-velu means
all hair, a reference to the appearance of the cuticles of af-
fected embryos). Embryos lacking ttv function show seg-
ment polarity defects also found in wingless and hedgehog
mutants, although a closer study suggested that ttv prima-
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rily disrupts hedgehog signaling. Hedgehogs are secreted
factors critical for patterning both in flies and vertebrates.

The nature of the defect in ttv mutants is intriguing. Evi-
dently, hedgehog protein is made and secreted, and cells
are able to respond to it, but the movement of the protein
through tissue is abnormal. For example, in the developing
wing, hedgehog protein normally travels and acts at a dis-
tance of 8-10-cell dimensions from the site of its pro-
duction. When clones of cells that are mutant for ttv are
generated in the field of cells that normally respond to
hedgehog, only those cells directly adjacent to hedgehog-
producing cells receive the signal. Staining for the hedge-
hog protein suggests it is not being transported through
the mutant cells and, indeed, one can observe that wild-
type cells on the other side of the mutant clone are also de-
prived of their hedgehog signal (Bellaiche et al., 1998).

Although hedgehogs are known to bind heparin (Bum-
crot et al., 1995), this implication of HS in hedgehog func-
tion was entirely novel. Interestingly, one of the three ver-
tebrate hedgehogs, Indian hedgehog, is primarily known
as a regulator of bone development, where it acts to limit
chondrocyte differentiation (Vortkamp et al., 1996). It is
tempting to speculate that the cartilaginous overgrowth
associated with the EXT mutations in man is explained, at
least in part, by a disruption of Indian hedgehog function
or localization. Whatever the mechanism, the notion that
HS plays a major role in cartilage development is becom-
ing increasingly apparent, as was most recently—and un-
expectedly—driven home by the finding that abnormali-
ties in cartilage growth are among the most obvious
phenotypes resulting from targeted deletion of the mouse
gene for the HSPG perlecan (Costell et al., 1999).

The Finer Points of Fine Structure

Enzymes like UDPGDH and the HS copolymerase are re-
quired to generate HS chains altogether. Many enzymes in
the HS biosynthetic pathway, however, function down-
stream of these to modify HS, generating patterns of sulfa-
tion and sugar isomerization known as fine structure.
There is evidence that these modifying enzymes act se-
quentially, with early steps required for later ones to pro-
ceed (Lindahl et al., 1998). The earliest such modification
transforms blocks of N-acetylglucosamine residues into
N-sulfoglucosamine. At least three different, but homolo-
gous deacetylase/sulfotransferase enzymes, can carry out
this function in mammalian cells. However, in Drosophila,
a single homologue is known. Like the UDPGDH homo-
logue sgl, it was recovered from a screen for mutations
that disrupt wingless signaling, and it has been named sul-
fateless (sfl) (Lin and Perrimon, 1999).

Curiously, in sfl mutants Dally molecules carry reduced
amounts of HS, rather than just HS that is less sulfated
(Lin and Perrimon, 1999), a result that suggests some sort
of feedback regulation of HS polymerization. Regardless,
the dally, sgl, and sfl phenotypes all strongly point to a crit-
ical role for HSPGs in Wingless signaling.

What about fine structure modifications downstream of
N-sulfation? So far the only step at which mutant pheno-
types have emerged is the 2-O-sulfation of uronic acid res-
idues (Fig. 1). And once again, flies and mammals have
taken center stage almost simultaneously.
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On the mammalian side, Bullock et al. (1998) recently
described the phenotype of a gene-trap mutation in mice
that disrupts the only known HS 2-O-sulfotransferase.
These animals exhibit absent kidneys, abnormalities of the
skeleton and eye, and perinatal death. Kidney develop-
ment arrests at a relatively early stage, in which mesen-
chyme condenses around the ureteric bud and branching
morphogenesis begins. Although the factors involved in
kidney morphogenesis are numerous, they include multi-
ple HS-binding growth factors, especially Wnts (Kispert
etal., 1998).

On the Drosophila side, Sen et al. (1998) reported that
the product of the pipe gene is a homologue of the mam-
malian HS 2-O-sulfotransferase. Pipe is a gene involved in
setting up dorsal-ventral polarity in the Drosophila em-
bryo. It is expressed in the ventral follicle cells of the
ovary, where it is required for the proteolytic activation of
the secreted protein, Spatzle, which occurs after egg depo-
sition. Active Spéatzle engages a receptor in the plasma
membrane of the early embryo, establishing a nuclear dor-
sal-ventral gradient of the NF-kB/Rel-like transcription
factor, Dorsal. pipe is not only necessary for directing a
ventral fate, but also sufficient, since misexpression of
Pipe in dorsal follicle cells produces a completely ventral-
ized embryo.

Assuming Pipe does encode an HS 2-O-sulfotransferase
(which has yet to be established), these findings suggest
that a spatially localized HSPG controls the proteolytic ac-
tivation of a growth factor. Such a mechanism recalls the
well studied role of heparin and HS in the regulation of
proteolysis by thrombin (although, in the case of thrombin
the role of HS is to accelerate inhibition, rather than acti-
vation, of the protease [Olson and Bjork, 1992]).

New Questions, New Models

The genetic experiments described above have provided a
bountiful harvest of exciting information. Clearly HSPGs
are key players in development. Clearly they influence
cell—cell signaling and morphogenesis. Yet each answer
provokes new questions and raises new cautions.

Perhaps the most important question right now con-
cerns the mechanisms of action of HSPGs. In vitro studies
have suggested that some growth factors require HSPGs
as coreceptors to bind to, or signal at, their receptors.
Drosophila Wg appears to fall into this category (Reichs-
man et al., 1996), which is likely to explain the effects of
dally, sgl, and sfl mutations on Wg function in vivo. FGFs
are thought of as the quintessential HS-dependent growth
factors, and it is indeed comforting to know that further
study of sgl and sfl mutants has shown clear defects in FGF
receptor signaling (Lin and Perrimon, 1999).

In contrast, the evidence that HSPGs potentiate Dpp
signaling, obtained from the study of dally and sgl mu-
tants, comes as a surprise to those laboring in vitro, whose
work has suggested that interactions with HS, if anything,
inhibit the functions of BMP2, a mammalian orthologue of
Dpp (Ruppert et al., 1996). Researchers are also at a loss
for an HS-stimulated growth-inhibitory signaling pathway
onto which to pin the abnormalities of SGBS. Whereas it
is certainly possible that HS dependence in the activities of
certain growth factors has been missed until now, the
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rather sharp tissue specificity of several HS mutant phe-
notypes (e.g., mammalian 2-O-sulfotransferase), together
with the curiously tissue-specific effects of dally (see
above) suggest that HS dependence is a phenomenon that
may be context dependent. To accommodate this idea,
simple models such as promotion of growth factor dimer-
ization, or increasing local growth factor concentration by
HS, may need to be extended and/or modified (Lander,
1999).

Similarly, the stunning and unexpected defects in
Hedgehog transport in ttv mutants also suggest that new
thinking about mechanism is called for. Until recently,
much has been said about the ability of PGs to arrest or
slow the diffusion of ligands, with only a few suggestions
that they might accelerate it (Lander, 1998). One possibil-
ity is that in the developing fly wing, HSPGs are released
from cells in soluble form and, in binding Hedgehog, in-
hibit its interaction with other cell-surface or extracellular
binding sites, thereby allowing it to diffuse more freely.
That HSPGs are efficiently shed from mammalian cells
has been well established (Bernfield et al., 1999). Another
possibility is that HSPGs affect Hedgehog transport indi-
rectly, by affecting Hedgehog proteolytic processing or
cholesterol modification in a manner as yet unknown (but
perhaps analogous to their role in processing of Spéatzle).
A third possibility is that movement of Hedgehog through
tissues is not mediated by diffusion at all but by a vesicular
transcellular transport, such as has been suggested for Wg
(Gumbiner, 1998). To this end, it is interesting that HSPGs
have been observed to mediate internalization of proteins
through highly specific mechanisms (Reiland and Raprae-
ger, 1993). Alternatively, the fact that one family of
HSPGs is GPl-anchored raises the additional possibility of
movements of HSPG-attached Hedgehog by direct parti-
tioning of GPIl-anchored proteins from one plasma mem-
brane into another (Kooyman et al., 1995).

Coming Attractions

The in vivo data of the last few years are having a dramatic
impact on the way proteoglycans are viewed by biologists.
In response, we are likely to see renewed and expanded ef-
forts by biochemists and cell biologists to address the criti-
cal mechanistic questions raised above. In addition, it is
important to remember that we have only seen the first
wave of animal data on proteoglycans. For genes that have
essential functions throughout life, early genetic studies
invariably highlight developmental roles since develop-
mental phenotypes often prevent adulthood from being
reached. Pinning down the adult functions of HSPGs
through genetic means will require more effort, but is fea-
sible. Given the intriguing data over the years that have
linked HSPGs to cell adhesion (LeBaron et al., 1988),
wound healing (Bernfield et al., 1999), microbial invasion
(van Putten and Paul, 1995), viral infection (Shieh et al.,
1992), lipoprotein metabolism (Ji et al., 1997), and cancer
(Kleef et al., 1998), it is likely that such an effort would be
handsomely rewarded.

Submitted: 30 August 1999
Revised: 8 December 1999
Accepted: 9 December 1999

Lander and Selleck In Vivo Functions of Proteoglycans

References

Aviezer, D., and A. Yayon. 1994. Heparin-dependent binding and autophos-
phorylation of epidermal growth factor (EGF) receptor by heparin-binding
EGF-like growth factor but not by EGF. Proc. Natl. Acad. Sci. USA. 91:
12173-12177.

Banfield, B.W., Y. Leduc, L. Esford, K. Schubert, and F. Tufaro. 1995. Sequen-
tial isolation of proteoglycan synthesis mutants by using herpes simplex virus
as a selective agent: evidence for a proteoglycan-independent virus entry
pathway. J. Virol. 69:3290-3298.

Bellaiche, Y., I. The, and N. Perrimon. 1998. Tout-velu is a Drosophila homo-
logue of the putative tumour suppressor EXT-1 and is needed for Hh diffu-
sion. Nature. 394:85-88.

Bernfield, M., M. Goétte, P.W. Park, O. Reizes, M.L. Fitzgerald, J. Lincecum,
and M. Zako. 1999. Functions of cell surface heparan sulfate proteoglycans.
Annu. Rev. Biochem. 68:729-777.

Binari, R., B. Staveley, W. Johnson, R. Godavarti, R. Sasisekharan, and A.
Manoukian. 1997. Genetic evidence that heparin-like glycosaminoglycans
are involved in wingless signaling. Development. 124:2623-2632.

Bullock, S.L., J.M. Fletcher, R.S. Beddington, and V.A. Wilson. 1998. Renal
agenesis in mice homozygous for a gene trap mutation in the gene encoding
heparan sulfate 2-sulfotransferase. Genes Dev. 12:1894-1906.

Bumcrot, D.A., R. Takada, and A.P. McMahon. 1995. Proteolytic processing
yields two secreted forms of sonic hedgehog. Mol. Cell. Biol. 15:2294-2303.

Cano-Gauci, D.F., H.H. Song, H. Yang, C. McKerlie, B. Choo, W. Shi, R. Pul-
lano, T.D. Piscione, S. Grisaru, S. Soon, et al. 1999. Glypican-3-deficient
mice exhibit developmental overgrowth and some of the abnormalities typi-
cal of Simpson-Golabi-Behmel syndrome. J. Cell Biol. 146:255-264.

Chakravarti, S., T. Magnuson, J.H. Lass, K.J. Jepsen, C. LaMantia, and H. Car-
roll. 1998. Lumican regulates collagen fibril assembly: skin fragility and cor-
neal opacity in the absence of lumican. J. Cell Biol. 141:1277-1286.

Cole, G.J., and W. Halfter. 1996. Agrin: an extracellular matrix heparan sulfate
proteoglycan involved in cell interactions and synaptogenesis. Perspect. Dev.
Neurobiol. 3:359-371.

Costell, M., E. Gustafsson, A. Asz6di, M. Morgelin, W. Block, E. Hunziker, K.
Addicks, R. Timpl, and R. Féassler. 1999. Perlecan maintains the integrity of
cartilage and some basement membranes. J. Cell Biol. 147:1109-1122.

Danielson, K., H. Baribault, D. Holmes, H. Graham, K. Kadler, and R. lozzo.
1997. Targeted disruption of decorin leads to abnormal collagen fibril mor-
phology and skin fragility. J. Cell Biol. 136:729-743.

Féassler, R., P.N. Schnegelsberg, J. Dausman, T. Shinya, Y. Muragaki, M.T. Mc-
Carthy, B.R. Olsen, and R. Jaenisch. 1994. Mice lacking alpha 1 (I1X) col-
lagen develop noninflammatory degenerative joint disease. Proc. Natl.
Acad. Sci. USA. 91:5070-5074.

Gonzalez, A.D., M. Kaya, W. Shi, H. Song, J.R. Testa, L.Z. Penn, and J. Filmus.
1998. OCI-5/GPC3, a glypican encoded by a gene that is mutated in the Simp-
son-Golabi-Behmel overgrowth syndrome, induces apoptosis in a cell line—
specific manner. J. Cell Biol. 141:1407-1414.

Gospodarowicz, D., and J. Cheng. 1986. Heparin protects basic and acidic FGF
from inactivation. J. Cell Physiol. 128:475-484.

Gospodarowicz, D., J. Cheng, G.M. Lui, A. Baird, and P. Bohlent. 1984. Isola-
tion of brain fibroblast growth factor by heparin-Sepharose affinity chroma-
tography: identity with pituitary fibroblast growth factor. Proc. Natl. Acad.
Sci. USA. 81:6963-6967.

Gumbiner, B.M. 1998. Propagation and localization of Wnt signaling. Curr.
Opin. Genet. Dev. 8:430-435.

Hacker, U., X. Lin, and N. Perrimon. 1997. The Drosophila sugarless gene
modulates Wingless signaling and encodes an enzyme involved in polysac-
charide biosynthesis. Development. 124:3565-3573.

Haerry, T.E., T.R. Heslip, J.L. Marsh, and M.B. O’Connor. 1997. Defects in
glucuronate biosynthesis disrupt Wingless signaling in Drosophila. Develop-
ment. 124:3055-3064.

Hastbacka, J., A. de la Chapelle, M.M. Mahtani, G. Clines, M.P. Reeve-Daly,
M. Daly, B.A. Hamilton, K. Kusumi, B. Trivedi, A. Weaver, et al. 1994. The
diastrophic dysplasia gene encodes a novel sulfate transporter: positional
cloning by fine-structure linkage disequilibrium mapping. Cell. 78:1073—
1087.

lozzo, R.V,, I.R. Cohen, S. Grassel, and A.D. Murdoch. 1994. The biology of
perlecan: the multifaceted heparan sulphate proteoglycan of basement
membranes and pericellular matrices. Biochem. J. 302:625-639.

Jackson, S.M., H. Nakato, M. Sugiura, A. Jannuzi, R. Oakes, V. Kaluza, C.
Golden, and S.B. Selleck. 1997. division abnormally delayed, a Drosophila
glypican, controls cellular responses to the TGF-B-related morphogen, Dpp.
Development. 124:4113-4120.

Ji, Z.S., H.L. Dichek, R.D. Miranda, and R.W. Mahley. 1997. Heparan sulfate
proteoglycans participate in hepatic lipase and apolipoprotein E-mediated
binding and uptake of plasma lipoproteins, including high density lipopro-
teins. J. Biol. Chem. 272:31285-31292.

Kispert, A., S. Vainio, and A.P. McMahon. 1998. Wnt-4 is a mesenchymal sig-
nal for epithelial transformation of metanephric mesenchyme in the devel-
oping kidney. Development. 125:4225-4234.

Kleef, J., T. Ishiwata, A. Kumbasar, H. Friess, M.W. Biichler, A.D. Lander, and
M. Korc. 1998. The cell surface heparan sulfate proteoglycan glypican-1 is an
essential regulator of growth factor action in pancreatic carcinoma cells, and
is overexpressed in human pancreatic cancer. J. Clin. Invest. 102:1662-1673.

231

6002 ‘TT J8quianoN uo 6o ssaidni-gol woly papeojumoq


http://jcb.rupress.org

Published

Kooyman, D.L., G.W. Byrne, S. McClellan, D. Nielsen, M. Tone, H. Wald-
mann, T.M. Coffman, K.R. McCurry, J.L. Platt, and J.S. Logan. 1995. In vivo
transfer of GPI-linked complement restriction factors from erythrocytes to
the endothelium. Science. 269:89-92.

Lander, A.D. 1998. Proteoglycans: master regulators of molecular encounter?
Matrix Biol. 17:465-472.

Lander, A.D. 1999. Seeking the functions of cell surface heparan sulphate pro-
teoglycans. In Cell Surface Proteoglycans in Signalling and Development
(Human Frontiers Science Program Workshop VI). A.D. Lander, H. Na-
kato, S. Selleck, J. Turnbull, and C. Coath, editors. HFSP, Strasbourg. 73-87.

LeBaron, R.G,, J.D. Esko, A. Woods, S. Johansson, and M. Ho6k. 1988. Adhe-
sion of glycosaminoglycan-deficient Chinese hamster ovary cell mutants to
fibronectin substrata. J. Cell Biol. 106:945-952.

Li, L.H., N.B. Schwartz, and B.M. Vertel. 1993. cDNA cloning of chick carti-
lage chondroitin sulfate aggrecan core protein and identification of a stop
codon in the aggrecan gene associated with the chondrodystrophy, nanome-
lia. J. Biol. Chem. 268:23504-23511.

Lin, X., and N. Perrimon. 1999. Dally cooperates with Drosophila Frizzled 2 to
transduce Wingless signalling. Nature. 400:281-284.

Lind, T., U. Lindahl, and K. Lidholt. 1993. Biosynthesis of heparin/heparan sul-
fate. Identification of a 70-kDa protein catalyzing both the D-glucuronosyl-
and the N-acetyl-p-glucosaminyltransferase reactions. J. Biol. Chem. 268:
20705-20708.

Lind, T., F. Tufaro, C. McCormick, U. Lindahl, and K. Lidholt. 1998. The puta-
tive tumor suppressors EXT1 and EXT2 are glycosyltransferases required
for the biosynthesis of heparan sulfate. J. Biol. Chem. 273:26265-26268.

Lindahl, U., M. Kusche-Gullberg, and L. Kjellen. 1998. Regulated diversity of
heparan sulfate. J. Biol. Chem. 273:24979-24982.

McCormick, C., Y. Leduc, D. Martindale, K. Mattison, L.E. Esford, A.P. Dyer,
and F. Tufaro. 1998. The putative tumour suppressor EXT1 alters the ex-
pression of cell-surface heparan sulfate. Nat. Genet. 19:158-161.

Moscatelli, D. 1987. High and low affinity binding sites for basic fibroblast
growth factor on cultured cells: Absence of a role for low affinity binding in
the stimulation of plasminogen activator production by bovine capillary en-
dothelial cells. J. Cell. Phys. 131:123-130.

Moscatelli, D. 1992. Basic fibroblast growth factor (bFGF) dissociates rapidly
from heparan sulfates but slowly from receptors: implications for mecha-
nisms of bFGF release from pericellular matrix. J. Biol. Chem. 267:25803—
25809.

Nakato, H., T.A. Futch, and S.B. Selleck. 1995. The division abnormally de-
lated (dally) gene: a putative integral membrane proteoglycan required for
cell division patterning during post-embryonic development of the nervous
system in Drosophila. Development. 121:3687-3702.

O’Connor, M.B., and T.E. Haerry. 1999. HSPGs in the activation of decapenta-
plegic and glass bottom boat in Drosophila. In Cell Surface Proteoglycans in
Signalling and Development (Human Frontiers Science Program Workshop
VI). A.D. Lander, H. Nakato, S. Selleck, J. Turnbull, and C. Coath, editors.
HFSP, Strasbourg. 169-176.

Olsen, B.R. 1997. Collagen IX. Int. J. Biochem. Cell Biol. 29:555-558.

Olson, S., and 1. Bjork. 1992. Role of protein conformational changes, surface
approximation and protein cofactors in heparin-accelerated antithrombin-
proteinase reactions. In Heparin and Related Polysaccharides. D. Lane, I.
Bjork, and U. Lindahl, editors. Plenum Press, New York. 155-166.

Pilia, G., R.M. Hughes-Benzie, A. MacKenzie, P. Baybayan, E.Y. Chen, R. Hu-

The Journal of Cell Biology, Volume 148, 2000

ber, G. Neri, A. Cao, A. Foarabosco, and D. Schlessinger. 1996. Mutations in
GPC3, a glypican gene, cause the Simpson-Golabi-Behmel overgrowth syn-
drome. Nat. Genet. 12:241-247.

Rapraeger, A., A. Krufka, and B.B. Olwin. 1991. Requirement of heparan sul-
fate for bFGF-mediated fibroblast growth and myoblast differentiation. Sci-
ence. 252:1705-1708.

Reichsman, F., L. Smith, and S. Cumberledge. 1996. Glycosaminoglycans can
modulate extracellular localization of the wingless protein and promote sig-
nal transduction. J. Cell Biol. 135:819-827.

Reik, W., and E.R. Maher. 1997. Imprinting in clusters: lessons from Beckwith-
Wiedemann. Trends Genet. 13:330-334.

Reiland, J., and A.C. Rapraeger. 1993. Heparan sulfate proteoglycan and FGF
receptor target basic FGF to different intracellular destinations. J. Cell Sci.
105:1085-1093.

Ruppert, R., E. Hoffmann, and W. Sebald. 1996. Human bone morphogenetic
protein 2 contains a heparin-binding site which modifies its biological activ-
ity. Eur. J. Biochem. 237:295-302.

Sen, J., J.S. Goltz, L. Stevens, and D. Stein. 1998. Spatially restricted expression
of pipe in the Drosophila egg chamber defines embryonic dorsal-ventral po-
larity. Cell. 95:471-481.

Shieh, M.T., D. WuDunn, R.I. Montgomery, J.D. Esko, and P.G. Spear. 1992.
Cell surface receptors for herpes simplex virus are heparan sulfate pro-
teoglycans. J. Cell Biol. 116:1273-1281.

Song, H.H., W. Shi, and J. Filmus. 1997. OCI-5/rat glypican-3 binds to fibroblast
growth factor-2 but not to insulin-like growth factor-2. J. Biol. Chem. 272:
7574-7577.

Toyoda, H., A. Kinoshita-Toyoda, and S.B. Selleck. 2000. Structural analysis of
glycosaminoglycans in Drosphila and Caenorhabditis elegans and demon-
stration that tout-velu, a Drosophila gene related to ext tumor suppressors,
affects heparan sulfate in vivo. J. Biol. Chem. In press.

Tsuda, M., K. Kamimura, H. Nakato, M. Archer, W. Staatz, B. Fox, M. Hum-
phrey, S. Olson, T. Futch, V. Kaluza, et al. 1999. The cell-surface proteogly-
can Dally regulates Wingless signalling in Drosophila. Nature. 400:276-280.

van Putten, J.P., and S.M. Paul. 1995. Binding of syndecan-like cell surface pro-
teoglycan receptors is required for Neisseria gonorrhoeae entry into human
mucosal cells. EMBO (Eur. Mol. Biol. Organ.) J. 14:2144-2154.

Vortkamp, A., K. Lee, B. Lanske, G.V. Segre, H.M. Kronenberg, and C.J.
Tabin. 1996. Regulation of rate of cartilage differentiation by Indian hedge-
hog and PTH-related protein. Science. 273:613-622.

Watanabe, H., K. Kimata, S. Line, D. Strong, L.Y. Gao, C.A. Kozak, and Y.
Yamada. 1994. Mouse cartilage matrix deficiency (cmd) caused by a 7 bp de-
letion in the aggrecan gene. Nat. Genet. 7:154-157.

Wauyts, W., W. Van Hul, K. De Boulle, J. Hendrickx, E. Bakker, F. Vanhoen-
acker, F. Mollica, H.J. Lidecke, B.S. Sayli, U.E. Pazzaglia, et al. 1998. Muta-
tions in the EXT1 and EXT2 genes in hereditary multiple exostoses. Am. J.
Hum. Genet. 62:346-354.

Yayon, A., M. Klagsbrun, J.D. Esko, P. Leder, and D.M. Ornitz. 1991. Cell sur-
face, heparin-like molecules are required for binding of basic fibroblast
growth factor to its high affinity receptor. Cell. 64:841-848.

Zioncheck, T.F., L. Richardson, J. Liu, L. Chang, K.L. King, G.L. Bennett, P.
Fugedi, S.M. Chamow, R.H. Schwall, and R.J. Stack. 1995. Sulfated oligosac-
charides promote hepatocyte growth factor association and govern its mito-
genic activity. J. Biol. Chem. 270:16871-16878.

232

6002 ‘TT J8quianoN uo 6o ssaidni-gol woly papeojumoq


http://jcb.rupress.org

