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Introduction

The last few years have seen proteoglycans rapidly as-
suming a central importance in many diverse arcas of
biology. In addition to their well-known biophysical at-
tributes, proteoglycans are now known to function as
cell surface receptors, ligands and antagonists for growth
factors and cytokines, and extracellular signals for cellu-
lar growth, migration and differentiation (Wight et al.
1992). A universal rigid classification system for pro-
teoglycans would be difficult to devise, since the only
common factor grouping these molecules together is the
covalent attachment of on¢ or more glycosaminoglycan
chains, sulphated linear polysaccharides, with precisely
defined repeating disaccharide units. The protein cores
of these molecules can be unique, or fall into broad
family groupings, and the same core can even carry dif-
ferent glycosaminoglycans under varying circumstances.
However, the proteoglycans are most commonly ordered
under the major type of glycosaminoglycan bound, and
further subdivided into the location of the molecule
within the cell, at the plasma membrane or in the pericel-
lular space or extracellular matrix (Gallagher 1989).
The focus of this brief synopsis will be the large he-
paran sulphate proteoglycan of basement membranes
and extracellular matrix, also known as perlecan for its
“beaded” pearl-like appearance on rotary shadowed
electron micrographs of isolated molecules (Pausson
et al. 1987; Laurie et al. 1988). Heparan sulphate pro-
teoglycans from basement membranes have been the
subject of extensive investigations both from human tis-
sues and the murine Engelbreth-Holm-Swarm (EHS) tu-
mour, which has facilitated a vast increase in our knowl-
edge of many basement membrane constituents. Esti-
mates of proteoglycan protein core size have varied and
gradually increased over the years. From first estimates
of 1020 kDa, improved tissue dissociation and extrac-
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tion methods and a greater appreciation of the activities
of proteases gave core sizes as large as 400 kDa (for
selected references, see Heremans et al. 1989). Recently
cloned ¢cDNAs for the human molecule predict a Mr
for the perlecan protein with no glycosylation or glyca-
tion of 467 kDa (Kallunki and Tryggvason 1992; Mur-
doch et al. 1992), one of the largest polypeptides in the
human body. It now seems likely that the large (=
400 kDa) heparan sulphate proteoglycans found in base-
ment membranes and in the pericellular matrix of such
cells as colon carcinoma cells (Iozzo 1984) and lung fibro-
blasts (Heremans et al. 1989) all represent the same pro-
teoglycan. Some workers contend that the smaller hepar-
an sulphate proteoglycans isolated from some tissue
sources represent a distinct gene product (Paulsson et al.
1987; Kato et al. 1987) whereas others have evidence
for proteolytic processing and a precursor/product rela-
tionship (Klein et al. 1988). Intriguingly, specific anti-
bodies, raised against the large perlecan protein core
were able to immunolocalize this heparan sulphate pro-
teoglycan to basement membranes from which cores of
such size were still experimentally unextractable. The
presence of perlecan has been demonstrated in this man-
ner in virtually all vascular basement membranes, and
those at epithelial/mesenchymal interfaces (Fig. 1). Also
these probes revealed that this intrinsic basement mem-
brane component was not restricted to this location, be-
ing found in stromal elements of connective tissues and
sinusoidal regions of organs such as liver (Couchman
and Ljubimov 1989) where no classically described base-
ment membrane exists (Martinez-Hernandez and Amen-
ta 1983).

Molecular structure of perlecan: a chimeric molecule
with diverse structural domains

Examination of the predicted primary structure of perle-
can reveals that this extremely large and complex mole-
cule can be described as an assembly of five distinct
structural domains. Computer-assisted analysis indicates



that these portions of the protein core are related to
highly disparate molecules of the cell surface and extra-
cellular matrix (Fig. 2). Domain I appears to be unique
to perlecan, the only related structure being in the highly
similar mouse homologue (Noonan et al. 1991). This do-
main is expected to be a site of heparan sulphate glycosa-
minoglycan attachment, based on the presence of a clus-
ter of three potential glycosaminoglycan attachment
sites, and the appearance on rotary shadowed electron
micrographs of purified EHS perlecan of a cluster of
heparan sulphate chains at one end of the molecule
(Paulsson et al. 1987; Laurie et al. 1988). Domain II is
a cysteine-rich domain with quite striking homology to
the low-density lipoprotein (LDL) receptor (Yamamoto
et al. 1984). The second repeat in perlecan contains the
pentapeptide DGSDE, conserved in all the repeats in
the LDL receptor itself, and thought to mediate the
binding of LDL to the receptor. A proline-rich region
of unknown function is found between the first and sec-
ond repeats in perlecan. Domain III has similarities to
the region of laminin chains, particularly the A chain,
that form the short arms of the laminin multimer (Haa-
paranta et al. 1991). Four cysteine-rich subdomains are
interspersed with cysteine-free globular regions most
similar to the laminin sub-domain IV. Domains IV and
ITa of perlecan are composed of multiple internal repeats
homologous to those found in the neural cell adhesion
molecule N-CAM (Cunningham et al. 1987), making
perlecan a member of the immunoglobulin gene superfa-

mily. Domain IV contains the only major structural dif-
ference so far reported between the human and murine
perlecan proteins. With 21 repeats, the human molecule
is 7 larger than the mouse and is the mammalian protein
containing the largest assembly of IgG-like repeats. In-
terestingly, there is evidence for the mouse cDNAs con-
taining additional repeats in this portion of the structure,
indicating possible alternative splicing of mRNA (Noon-
an and Hassell 1993). However, there is no clear evidence
to date to support similar processing in the human spe-
cies. Domain V contains seven discrete subdomains:
four cysteine-rich domains similar to those described in
epidermal growth factor (EGF) (Appella et al. 1988) and
three globular subdomains with homology to the car-
boxyl terminal G domains of laminin A and merosin
chains. A combination of EGF and G domain repeats
is also found in the neurexins: neuronal cell surface pro-
teins (Ushkaryov et al. 1992).

Protein modules of perlecan: implications for function

Duplication of modular structures to form complex mul-
tidomain proteins is a common theme in macromole-
cules of the extracellular matrix. These diverse structures
derive from either primordial gene duplication or from
exon shuffling. The question remains as to whether a
particular domain performs the same or similar func-
tions, regardless of the molecule in which it is found.
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Nomenclature can be potentially misleading since do-
mains tend to be named after the molecule in which
they were first recognized, and even small changes in
sequence and/or conformation may alter or completely
remove any particular activity. One must therefore exer-
cise some caution in ascribing similar functions to mod-
ules with even quite high homology at the amino acid
level. As sequence data rapidly accumulate, there is an
increasing void between these and experimentally veri-
fied functions. However, the perlecan core is such a large
protein and its sequence is so conserved across species
that it would seem an extravagant waste of resources
to produce without a functional necessity for such size.
Aside from this teleological reasoning, the mosaical do-
main structure of perlecan is immediately suggestive of
many functions without considering the possibility of
multiple forms generated by alternative mRNA splicing
or post-translational modifications. So, do each of the
domains of perlecan have a specific function? Are these
functions similar to those of the families to which they
are structurally related?

There are a growing number of identified roles for
perlecan, aside from anchoring the highly polyanionic
heparan sulphate chains in the extracellular matrix, and
the homologies seen at the amino acid level have sug-
gested some more, initially less obvious avenues of inves-
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Fig. 1. Immunoenzymatic localization of perlecan in
human kidney (A, B), placenta (C) and ovarian tu-
mour (D). Notice the presence of perlecan epitopes
along the endothelial basement membrane (arrow-
heads, A) and in the basement membrane region of
renal tubules (A) and glomerular capillaries (B). The
Bowman capsule (arrowheads, B) is also positive, as
well the villi of full-term placenta (C) and the base-
ment membrane of a follicular adenoma of the ova-
ry (arrowhead, D). Frozen sections were reacted with
the HS42 monoclonal antibody (Isemura et al. 1988)
which recognizes the core protein of human perle-
can (Murdoch et al. 1992). The HS42 antibody was
diluted 1:1000 and immunoreactive material was vi-
sualized by rabbit anti-mouse bridging antibodies
.and alkaline phosphatase/anti-alkaline phosphatase
antibodies

Fig. 2. Schematic representation of the multidomain
nature of human perlecan and related proteins. A
key to some of the repetitive structures (modules)

is given in the bottom panel. For additional details,
see the text

tigation. The protein core binds fibronectin (Isemura
et al. 1987; Heremans et al. 1990) possibly via domain
ITII, and other components of the stromal extracellular
matrix such as type I collagen (Koda and Bernfield
1984). Binding studies with basement membrane compo-
nents are sparse, however in at least one cell line, perle-
can appears to associate with laminin at a very early
stage of synthesis and before secretion from the cell
(Frenctte et al. 1989). More work remains to be done
on the matrix interactions of this complex multimodular
structure and its involvement in basement membrane
assembly.

A number of cell types interact with the perlecan core.
Hepatocytes may bind through potential cell surface re-
ceptors of 26-38 and 80 kDa (Clément et al. 1989; Clém-
ent and Yamada 1990), and endothelial cells adhere to
murine perlecan via f1 and f3 integrins in a largely
RGD-dependent manner (Hayashi et al. 1992). Interest-
ingly, since the RGD triplet sequence is not present in
human perlecan, this interaction in humans must depend
on an alternative mechanism. In relation to this point,
the homology of domains III and V of perlecan to re-
gions of the laminin molecule does not extend to most
of the many peptide sequences associated with the cell
binding properties of laminin. One exception in domain
V is the presence of two Leu-Arg-Glu (LRE) sequences,
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potential mediators of motor neuron attachment in s-
laminin (Hunter et al. 1989). One of the most interesting
aspects of perlecan biology is its possible implication
in the orderly development and functional integrity of
skeletal muscle. A recent study by Moerman and co-
workers (Rogalski et al. 1993) has demonstrated a con-
served species of perlecan in the worm Caenorhabditis
elegans. A null mutation of this gene is lethal and induces
a disruption of the skeletal architecture. These results
suggest the possibility that perlecan may be seemingly
involved in mammalian control of skeletal muscle func-
tion since this proteoglycan is widely distributed in the
basement membranes of skeletal and cardiac myocytes
{(Murdoch et al. 1992).

No contemporary discussion of proteoglycans can be
complete without reference to their ability to bind
growth factors and cytokines. The discovery of these
interactions has moved proteoglycans towards centre
stage in many biological systems (Ruosiahti and Yama-
guchi 1991). Unlike some proteoglycans, for example
the small extracellular matrix proteoglycan decorin,
which can bind transforming growth factor-f through
its core protein (Yamaguchi et al. 1990), the major asso-
ciation of heparan sulphate proteoglycans with these po-
tent modulators of cell proliferation and differentiation
is through the heparan sulphate glycosaminoglycans.
Heparan sulphate has been shown to bind interleukin-3,
granulocyte-macrophage colony stimulating factor (Ro-
berts et al. 1988) and basic fibroblast growth factor
(FGF) (Vigny et al. 1988; Bashkin et al. 1989), all in
active or potentially active forms. More recently the
binding site for bFGF in a cell surface heparan sulphate
proteoglycan has been identified as a specific carbohy-
drate sequence within the heparan sulphate chains
(Turnbull et al. 1992). It is not known whether extracel-
lular matrix heparan sulphate proteoglycans such as per-
lecan bind bFGF through this same oligosaccharide.
This is obviously a highly important aspect of heparan
sulphate function with respect to growth and differentia-
tion and in disease states. It has been shown that in
order for bFGF to bind to its high affinity receptor
and potentiate effects within the cell, it must first bind
to a cell surface heparan sulphate proteoglycan or free
heparan sulphate chains (Yayon et al. 1991). The sim-
plest explanation offered for this phenomenon is that
binding of the growth factor to the glycosaminoglycan
may alter the conformation of the bFGF such that it
can then bind to the receptor. Basic FGF bound to he-
paran sulphate chains and sequestered in the extracellu-
lar matrix is protected from proteolytic degradation
(Saksela et al. 1988) and thus may represent a pool or
“bank” of growth factors stored in the local microenvi-
ronment for later use. This might possibly be achieved
by displacement from the matrix by the selective tempo-
ral and spatial expression of cell surface heparan sul-
phate proteoglycans during morphogenesis and develop-
ment (e.g. syndecan) (Bernfield and Sanderson 1990),
or by degradation with proteases or endoglycosidases,
releasing the bFGF in a heparan sulphate-bound active
form.

Perlecan in human pathology

With so many varied potential roles in growth, differen-
tiation and regeneration and a widespread tissue distri-
bution, perlecan seems likely to be a molecule of crucial
importance to human pathology. The intrinsic structural
diversity of perlecan protein would contribute to the
heterogeneity of basement membranes and offer a target
for pathology to occur. In this respect, more lines of
inquiry will form as more is known about the normal
function of the molecule. Here we shall discuss only a
few examples where perlecan may participate in the de-
velopment of the pathological state.

Diabetic microangiopathy

The microvascular complications of long-term diabetes
mellitus have a well-recognized involvement of the base-
ment membrane (Martinez-Hernandez and Amenta
1983). The underlying physicochemical nature of the ma-
trix is altered, resulting in the breakdown of the barrier
that normally retains charged serum proteins within the
vascular circulation and maintains haemostasis. Because
heparan sulphate proteoglycans in the basement mem-
brane are largely responsible for the charge barrier pres-
ent in the vascular and glomerular basement membrane
(Kanwar et al. 1980; Kanwar 1984) these molecules have
been the subject of intense study. However, experimental
methods employed and results obtained have left a pic-
ture that is anything but clear. Most commonly, this
problem has been studied in animal models, following
spontaneous or chemical induction of the diabetic state.
Investigators have examined a number of basement
membrane parameters in whole kidneys, isolated glo-
meruli and even in EHS tumour grown in diabetic mice.
Findings from studies on perlecan synthesis include evi-
dence for a decrease in sulphate incorporation and an
overall reduction in proteoglycan synthesis (Rohrbach
et al. 1992, 1983) and conversely no change in perlecan
mRNA levels in diabetic animals (Ledbetter et al. 1990).
As suggested above, the experimental methods used by
different workers can make direct comparison of results
of somewhat dubious value. However, a generally agreed
effect appears to be that of a net reduction in overall
charge on the affected basement membrane.

Alzheimer’s disease

Interest in the participation of basement membrane com-
ponents and perlecan in particular in the pathogenesis
of Alzheimer’s disease has been sparked in recent years
by the discovery of this molecule in the vascular and
neuritic plaque deposits characteristic of this condition
(reviewed in Snow and Wight 1989) and other amyloi-
doses (Snow et al. 1990). It is not clear whether this
high affinity association is secondary to the formation
of plaques, however in vitro binding has been shown
to induce structural changes in the Alzheimer amyloid
B-protein to a form found in amyloid deposits. Quantita-



tive analysis of perlecan/amyloid precursor protein bind-
ing data has shown high affinity interactions with disso-
ciation constants in the order of 1-10 nM, a value simi-
lar to that observed for fibronectin (Narindrasorasak
et al. 1991). These data suggest that a specific binding
of perlecan protein core to the amyloid precursor may
be involved in the nucleation stages of Alzheimer’s dis-
ease type amyloidogenesis. Work continues in animal
models to define the roles played by this and other base-
ment membrane components during development of in
vivo amyloid formation.

Tumour progression

The relationship within a tissue between the cells and
their surrounding matrix is a complex and dynamic state
of flux. Synthesis and degradation of matrix and division
of cells are maintained in balance at least in part by
a combination of growth factors, extracellular matrix
macromolecules, proteases, protease inhibitors and their
associated activities. Neoplastic cells are presented with
a number of barriers to tumour progression and need
to migrate through the extracellular matrix and across
a vascular basement membrane in order to metastasize.
Alterations in the local extracellular matrix may facili-
tate this progression, for example in colon carcinoma.
Normal colon synthesizes heparan sulphate proteogly-
cans (lozzo and Wight 1982) known to bind and activate
protease inhibitors (Pejler et al. 1987) and some derma-
tan sulphate proteoglycan. Colon carcinoma tissue, con-
versely, synthesizes proteoglycans containing largely
chondroitin sulphate, thus changing the nature and
properties of the local extracellular matrix. Alterations
in the tumour matrix either directly, or by influence on
surrounding stromal cells (tumour desmoplasia) may re-
sult in a matrix permissive for tumour progression. The
release of glycosaminoglycan/growth factor complexes
as a result of degradative enzymes secreted by actively
metastasizing cells may also play some role in the estab-
lishment of a blood supply to an actively growing tu-
mour by the local stimulation of vascularization. For
more thorough reviews of the complex interactions of
neoplastic cells with their surrounding stroma and the
regulation of protease and growth factor activities by
the matrix, see lozzo (1985) and Flaumenhaft and Rifkin
(1991), respectively.

Future prospects

Our knowledge and understanding of perlecan structure
and function have accelerated rapidly in the last five
years. Much more remains to be discovered. For exam-
ple, no diseases resulting from an alteration in the perle-
can gene have been recognized at this time. This may
be because such mutations would always prove lethal
to the developing embryo. However, genetic changes af-
fecting perlecan function could also reside in the genes
responsible for the many post-translational modifica-
tions applied to the maturing proteoglycan. An experi-
mental genetic approach using transgenic animals and
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transfected cell lines should prove to be extremely useful
in deciphering the potentially multiple roles of perlecan
in normal growth, development and disease. As with
many other proteins, future perlecan research will ex-
ploit the mass of raw data generated by the power of
recombinant DNA techniques. The challenging but ex-
citing prospect is that of integrating new discoveries into
a coherent picture of function in cooperation with cell
surface molecules and other residents of the extracellular
matrix.

Acknowledgements. The original research described here was sup-
ported by grants CA-39481 and CA-47282 (to RVI) from the Na-
tional Institutes of Health. Dr. lozzo is a recipient of a Faculty
Research Award (FRA-376) from the American Cancer Society.
The authors are grateful to Dr. M. Isemura for providing the HS42
monoclonal antibodies, Dr. R Schwarting for help with the immun-
olocalization of perlecan, and Dr. D.G. Moerman for generously
sharing unpublished results.

References

Appella E, Weber IT, Blasi F (1988) Structure and function of
epidermal growth factor-like regions in proteins. FEBS Lett
231:1-4

Bashkin P, Doctrow S, Klagsbrun M, Svahn CM, Folkman J, Vlo-
davsky I (1989) Basic fibroblast growth factor binds to suben-
dothelial extracellular matrix and is released by heparitinase
and heparin-like molecules. Biochemistry 28:1737-1743

Bernfield M, Sanderson RD (1990) Syndecan, a developmentally
regulated cell surface proteoglycan that binds extracellular ma-
trix and growth factors. Philos Trans R Soc Lond Biol 327:171-
186

Clément B, Yamada Y (1990) A Mr 80 K hepatocyte surface pro-
tein(s) interacts with basement membrane components. Exp
Cell Res 187:320-323

Clément B, Segui-Real B, Hassell JR, Martin GR, Yamada Y
(1989) Identification of a cell surface-binding protein for the
core protein of the basement membrane proteoglycan. J Biol
Chem 264:12467-12471

Couchman JR, Ljubimov AV (1989) Mammalian tissue distribu-
tion of a large heparan sulfate proteoglycan detected by mono-
clonal antibodies. Matrix 9:311-321

Cunningham BA, Hemperly JJ, Murray BA, Prediger EA, Bracken-
bury R, Edelman GM (1987) Neural cell adhesion molecule:
structure, immunoglobulin-like domains, cell surface modula-
tion, and alternative RNA splicing. Science 236:799-806

Flaumenhaft R, Rifkin DB (1991) Extracellular matrix regulation
of growth factor and protease activity. Curr Opin Cell Biol
3:817-823

Frenette GP, Ruddon RW, Krzesicki RF, Naser JA, Peters PB
(1989) Biosynthesis and deposition of a non-covalent laminin-
heparan sulfate proteoglycan complex and other basal lamina
components by a human malignant cell line. J Biol Chem
264:3078-3084

Gallagher JT (1989) The extended family of proteoglycans: social
residents of the pericellular zone. Curr Opin Cell Biol 1:1201-
1218

Haaparanta T, Uitto J, Ruoslahti E, Engvall E (1991) Molecular
cloning of the cDNA encoding human laminin A chain. Matrix
11:151-160

Hayashi K, Madri JA, Yurchenco PD (1992) Endothelial cells iner-
act with the core protein of basement membrane perlecan
through $1 and 3 integrins: an adhesion modulated by glyco-
saminoglycan. J Cell Biol 119:945-959

Heremans A, Van Der Schueren B, De Cock B, Paulsson M, Cassi-
man J-J, Van Den Berghe H, David G (1989) Matrix-associated
heparan sulfate proteoglycan: core protein-specific monoclonal
antibodies decorate the pericellular matrix of connective tissue



242

cells and the stromal side of basement membranes. J Cell Biol
109:3199-3211

Heremans A, De Cock B, Cassiman J-J, Van Den Berghe H, David
G (1990) The core protein of the matrix-associated heparan
sulfate proteoglycan binds to fibronectin. J Biol Chem
265:8716-8724

Hunter DD, Porter BE, Bulock JW, Adams SP, Merlie JP, Sanes
JR (1989) Primary sequence of a motor neuron-selective adhe-
sive site in the synaptic basal lamina protein s-laminin. Cell
59:905-913

Tozzo RV (1984) Biosynthesis of heparan sulfate proteoglycan by
human colon carcinoma cells and its localization at the cell
surface. J Cell Biol 99:403-417

Tozzo RV (1985) Proteoglycans: structure, function and role in
neoplasia. Lab Invest 53:373-396

lozzo RV, Wight TN (1982) Isolation and characterization of pro-
teoglycans synthesized by human colon and colon carcinoma.
J Biol Chem 257:11135-11144

Isemura M, Sato N, Yamaguchi Y, Aikawa J, Manakata H, Hayas-
hi N, Yosizawa Z, Nakamura T, Kubota A, Arakawa M, Hsu
C-C (1987) Isolation and characterization of fibronectin-bind-
ing proteoglycan carrying both heparan sulfate and dermatan
sulfate chains from human placenta. J Biol Chem 262:8926—
8933

Kallunki P, Tryggvason K (1992) Human basement membrane he-
paran sulfate proteoglycan core protein: a 467 kDa protein con-
taining multiple domains resembling elements of the low density
lipoprotein receptor, laminin, neural cell adhesion molecules
and epidermal growth factor. J Cell Biol 116:559-571

Kanwar YS (1984) Biophysiology of glomerular filtration and pro-
teinuria. Lab Invest 51:7-21

Kanwar YS, Linker A, Farquhar MG (1980) Increased permeabili-
ty of the glomerular basement membrane to ferritin after re-
moval of glycosaminoglycans (heparan sulfate) by enzyme di-
gestion. J Cell Biol 86:688—693

Kato M, Koike Y, Ito Y, Suzuki S, Kimata K (1987) Multiple
forms of heparan sulfate proteoglycans in the Engelbreth-
Holm-Swarm mouse tumor. The occurrence of high density
forms bearing both heparan sulfate and chondroitin sulfate side
chains. J Biol Chem 262:7180-7188

Klein DJ, Brown DM, Oegema TR, Brenchley PE, Anderson JE,
Dickinson MAJ, Horigan EA, Hassell JR (1988) Glomerular
basement membrane proteoglycans are derived from a large
precursor. J Cell Biol 106:963-970

Koda JE, Bernfield M (1984) Heparan suiphate proteoglycans from
mouse mammary epithelial cells: basal extracellular proteogly-
can binds specifically to native type I collagen fibrils. J Biol
Chem 259:11763-11770

Ledbetter S, Copeland EJ, Noonan D, Vogeli G, Hassell JR (1990)
Altered steady-state mRNA levels of basement membrane pro-
teins in diabetic mouse kidneys and thromboxane synthesis in-
hibition. Diabetes 39:196-203

Laurie GW, Inoue S, Bing JT, Hassell JR (1988) Visualization
of the large heparan sulfate proteoglycan from basement mem-
brane. Am J Anat 181:320-326

Martinez-Hernandez A, Amenta P (1983) Basement membrane in
pathology. Lab Invest 48:656-677

Murdoch AD, Dodge GR, Cohen I, Tuan RS, Iozzo RV (1992)
Primary structure of the human heparan sulfate proteoglycan
from basement membrane (HSPG2/perlecan): a chimeric mole-
cule with multiple domains homologous to the low density lipo-
protein receptor, laminin, neural cell adhesion molecules and
epidermal growth factor. J Biol Chem 267:8544-8557

Narindrasorasak S, Lowery D, Gonzalez-De Whitt P, Poorman
RA, Greenberg B, Kisilevsky R (1991) High affinity interac-
tions between the Alzheimer’s f-amyloid precursor proteins and
the basement membrane from of heparan sulfate proteoglycan.
J Biol Chem 266:12878-12883

Noonan DM, Hassell JR (1993) Perlecan, the large low-density
proteoglycan of basement membranes: structure and variant
forms. Kidney Int 43:53-60

Noonan DM, Fulle A, Valente P, Cai S, Horigan E, Sasaki M,
Yamada Y, Hassell JR (1991) The complete sequence of perle-
can, a basement membrane heparan sulfate proteoglycan, re-
veals extensive similarity with laminin A-chain, low density li-
poprotein-receptor and the neural cell adhesion molecule. J Biol
Chem 266:22930-22947

Paulsson M, Yurchenco PD, Ruben GC, Engel I, Timpl R (1987)
Structure of low density heparan sulfate proteoglycan isolated
from a mouse tumor basement membrane. J Mol Biol 197:297-
313

Pejler G, Bickstrom G, Lindahl U, Paulsson M, Dziadek M, Fujiw-
ara S, Timpl R (1987) Structure and affinity for antithrombin
of heparan sulfate chains derived from basement membrane
proteoglycans. J Biol Chem 262:5036-5043

Roberts R, Gallagher J, Spooncer E, Allen TD, Bloomfield F,
Dexter TM (1988) Heparan sulphate bound growth factors:
a mechanism for stromal cell mediated haemopoiesis. Nature
332:376-378

Rogalski TM, Williams BD, Mullen GP, Moerman DG (1993)
The products of the unc-52 gene in Caenorhabditis elegans are
homologous to the core protein of the mammalian basement
membrane heparan sulfate proteoglycan. Genes & Development
(in press)

Rohrbach DH, Hassell JR, Kleinman HK, Martin GR (1982) Al-
terations in the basement membrane (heparan sulfate) proteo-
glycan in diabetic mice. Diabetes 31:185-188

Rohrbach DH, Wagner CW, Star VL, Martin GR, Brown KS,
Yoon JW (1983) Reduced synthesis of basement membrane he-
paran sulfate proteoglycan in streptozotocin-induced diabetic
mice. J Biol Chem 258:11672-11677

Ruoslahti E, Yamaguchi Y (1991) Proteoglycans as modulators
of growth factor activities. Cell 64:867-869

Saksela O, Mosacatelli D, Sommer A, Rifkin DB (1988) Endotheli-
al cell-derived heparan sulfate binds basic fibroblast growth
factor and protects it from proteolytic degradation. J Cell Biol
107:743-751

Snow AD, Wight TN (1989) Proteoglycans in the pathogenesis
of Alzheimer’s disease and other amyloidoses. Neurobiol Aging
10:481-497

Snow AD, Wight TN, Nochlin D, Koike Y, Kimata K, DeArmond
SJ, Prusiner SB (1990) Immunolocalization of heparan sulfate
proteoglycans to the prion protein amyloid plaques of Gerst-
mann-Straussler syndrome, Creutzfeld-Jakob disease and Scra-
pie. Lab Invest 63:601-611

Turnbull JE, Fernig DG, Ke Y, Wilkinson MC, Gallagher JT
(1992) Identification of the basic fibroblast growth factor bind-
ing sequence in fibroblast heparan sulfate. J Biol Chem
267:10337-10341

Ushkaryov YA, Petrenko AG, Geppert M, Siidhof TC (1992) Neu-
rexins: synaptic cell surface proteins related to the a-latrotoxin
receptor and laminin. Science 257:50-56

Vigny M, Ollier-Hartmann MP, Lavigne M, Fayein N, Jeanny
JC, Laurent M, Courtois Y (1988) Specific binding of basic
fibroblast growth factor to basement membrane-like structures
and to purified heparan sulfate proteoglycan of the EHS tumor.
J Cell Physiol 137:321-328

Wight TN, Kinsella MG, Qwarnstréom EE (1992) The role of pro-
teoglycans in cell adhesion, migration and proliferation. Curr
Opin Cell Biol 4:793-801

Yamaguchi Y, Mann DM, Ruoslahti E (1990) Negative regulation
of transforming growth factor-f by the proteoglycan decorin.
Nature 346:281-284

Yamamoto T, Davis CG, Brown MS, Schneider WJ, Casey ML,
Goldstein JL, Russell DW (1984) The human LDL receptor:
a cysteine-rich protein with multiple alu sequences in its
mRNA. Cell 39:27-38

Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM (1991)
Cell surface, heparin-like molecules are required for binding
of basic fibroblast growth factor to its high affinity receptor.
Cell 64:841-848



