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ABSTRACT

The proteoglycan superfamily now contains more than 30 full-time molecules
that fulfill a variety of biological functions. Proteoglycans act as tissue organiz-
ers, influence cell growth and the maturation of specialized tissues, play a role
as biological filters and modulate growth-factor activities, regulate collagen fib-
rillogenesis and skin tensile strength, affect tumor cell growth and invasion, and
influence corneal transparency and neurite outgrowth. Additional roles, derived
from studies of mutant animals, indicate that certain proteoglycans are essential
to life whereas others might be redundant.

The review focuses on the most recent genetic and molecular biological stud-
ies of the matrix proteoglycans, broadly defined as proteoglycans secreted into
the pericellular matrix. Special emphasis is placed on the molecular organiza-
tion of the protein core, the utilization of protein modules, the gene structure
and transcriptional control, and the functional roles of the various proteoglycans.
When possible, proteoglycans have been grouped into distinct gene families and
subfamilies offering a simplified nomenclature based on their protein core de-
sign. The structure-function relationship of some paradigmatic proteoglycans is
discussed in depth and novel aspects of their biology are examined.
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INTRODUCTION

This review focuses on areas of proteoglycan biology that are coming under the
scrutiny of molecular biology, genetics, and mutant animal studies. Progress
has been made in understanding the major biosynthetic pathways by which
cells produce proteoglycans, some of the largest and most complex molec-
ular structures in mammalian cells. However, the function of many of these
compounds is not understood. Because of space limitations, only the matrix
proteoglycans are discussed here. These can be separated into three groups: the
basement membrane proteoglycans, the hyalectans—proteoglycans interacting
with hyaluronan and lectins, and the small leucine-rich proteoglycans. The
structure and function of these and other proteoglycan gene families have been
covered in recent reviews (1–11).

The references cited here are not intended to be exhaustive but rather to
direct the reader to pertinent primary literature where additional details can
be found. In some instances, I have speculated rather freely, while in others I
tried to confine such speculations to areas that can be tested experimentally.
When possible, I have attempted to connect work on the biology of a specific
proteoglycan, or family of proteoglycans, to fundamental cellular processes
and pathology. To what extent are common molecular mechanisms involved?
What are the underlying mechanisms that regulate the intrinsic function of a
given proteoglycan? Is there any common theme in transcriptional regulation
of proteoglycan gene expression? Why are so many genes expressed for seem-
ingly identical functions? What is the level of redundancy? What kinds of
mechanisms dictate the developmental expression of a specific proteoglycan?
These and other important questions are answered in the context of our current
knowledge of developmental processes and the extracellular matrix at large.

BASEMENT MEMBRANE PROTEOGLYCANS

Basement membranes are biochemically complex and heterogeneous struc-
tures containing laminin, collagen type IV, nidogen, and at least one type of
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Table 1 General properties of basement membrane proteoglycans

Chromosomal mapping Protein core Glycosaminoglycan
Proteoglycan Gene Human Mouse (∼kDa)a type (number)

Perlecan HSPG2 1p36 4, distal 400–467 Heparan/chondroitin
sulfate (3)

Agrin AGRN 1p32-pter 4, distal 250 Heparan sulfate (3)

Bamacanb 138 Chondroitin sulfate (3)

aThe size of individual protein core does not include any posttranslational modification.
bWe have no information regarding chromosomal assignment and designation of the bamacan gene. Southern

analysis indicates the presence of a single-copy gene in eukaryotic cells (14).

proteoglycan. Three proteoglycans are characteristically present in vascular
and epithelial basement membranes of mammalian organisms: perlecan (12),
agrin (13), and bamacan (14) (Table 1). The first two carry primarily heparan
sulfate side chains, whereas the latter carries primarily chondroitin sulfate. The
chimeric structural design of these proteoglycans suggests that they may be
involved in numerous biological processes. It is unclear why only these three
seemingly diverse molecules are associated with the basement membranes.
The following sections discuss the structural and functional properties of these
gene products and propose additional functional roles predicted from structural
affinities.

General Structural Features
PERLECAN The name derives from its rotary shadowing appearance suggest-
ing a string of pearls. The three glycosaminoglycan side chains are located at
one end of the molecule, which also contains numerous globular regions inter-
linked by rod-like segments (15). The general structural features are shown in
Figure 1 and summarized in Table 2. This multidomain proteoglycan is one of
the most complex gene products because of its enormous dimensions and num-
ber of posttranslational modifications (9, 16–19). It comprises five domains
that harbor protein modules used by disparate proteins involved in lipid uptake
and metabolism, cell adhesion, and cellular growth. The N-terminal domain I
contains three SGD tripeptides, the attachment sites for heparan sulfate chains.
This region, which has no internal repeats and is devoid of cysteine residues,
is enriched in acidic amino acid residues that facilitate heparan sulfate poly-
merization. Recombinant domain I can accept either heparan or chondroitin
sulfate chains, and this selection of glyconation appears to be cell specific
(20–23).

The distal portion of domain I encompasses a SEA module, named after the
three proteins—sperm protein, enterokinase, and agrin—in which it was first
identified. This module has been proposed to regulate binding to neighboring
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Table 2 Structural and functional motifs in the human perlecan proteoglycan

Coding
Domain exons Domain features Homology Proposed function

Signal peptide 1 Hydrophobic Common type Signal peptide

I 5 SEA Sperm protein, Regulate binding
enterokinase, to neighboring
agrin carbohydrate

moieties

II 3 4 cysteine-rich LDL receptor Binding to lipids (?)
repeats

IIa 2 1 Ig-like repeat N-CAM Spacer

III 27 3 globular and 4 Short arm of Binding to fibronectin,
cysteine-rich laminin-1 interaction with cell
repeats surface integrina

IV 40 21 Ig-like repeatsb N-CAM Homophilic
interaction (?)

V 16 3 globular and 4 G-domain of Oligomerization, cell
EGF-like repeatsc laminin-1 binding, neurite

outgrowth

aThe murine species has an Arg-Gly-Asp (RGD) motif that could mediate the binding of perlecan protein core
to integrins. However, the human perlecan lacks such a sequence.

bApparently, the murine species has only 14 Ig-like repeats with the possibility of alternatively splice variants
in this region. However, no formal evidence for splice variants has been presented so far.

cEGF, epidermal growth factor.

carbohydrate moieties (24) and can enhance heparan sulfate synthesis in mouse
perlecan (22). Notably, all SEA-containing proteins are glycoproteins or pro-
teoglycans with glycosaminoglycans attached proximally to SEA (24). Sec-
ondary structure prediction suggests a conformation of alternatingβ sheets and
α helices (24). Circular dichroism studies of recombinant domain I demonstrate
a distinctα helix/β sheet structure of approximately 20 and 60%, respectively

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1 Schematic representation of three major proteoglycans found in basement membranes.
The Roman numerals indicate the proposed domains. The symbols and designations of individual
protein modules for perlecan and agrin are according to Bork & Patthy (24) with minor modifica-
tions: SEA, a module first identified in sperm protein, enterokinase, and agrin; LA, LDL receptor
class A module; Ig, immunoglobulin-like repeat typically found in N-CAM; LE, laminin-1 EGF-
like; LamB, a globular module similar to that found in the short arm of theα-1 chain of laminin-1;
LamG, first identified as the G domain in long arm of theα-1 chain of laminin-1; EG, EGF-like;
NtA, N-terminal domain that binds laminin; FS, follistatin-like; ST, serine/threonine rich. The
glycosaminoglycan side chains are designated by strings of small circles.
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(23). The N-terminal region of domain I contains six Ser/Thr residues that are
substituted with galactosamine-containing oligosaccharides and one N-substi-
tuted Asn residue (23).

Domain II comprises four repeats homologous to the ligand-binding portion
of the low-density lipoprotein (LDL) receptor (LA module) with six perfectly
conserved cysteine residues and a pentapeptide, DGSDE, that mediates ligand
binding by the LDL receptor (19). Rotary shadowing electron microscopy of
recombinant domain II demonstrates a globular domain connected to a short
segment, suggesting that the tandem arrays of LDL receptor class A mod-
ules form rod-like elements (25). Further analysis of recombinant domain II
shows that it represents an autonomously folding unit within the perlecan struc-
ture (25). The function of this domain remains conjectural, and whether this
molecule can indeed bind LDL is unknown. However, its location immediately
following the heparan sulfate-attachment domain may favor the interaction of
perlecan with either lipid bilayers or soluble lipids, or perhaps this region may
direct the proteoglycan to the basolateral surfaces of epithelial cells for vecto-
rial deposition into basement membranes (5, 15). Nidogen, a known ligand for
perlecan (26, 27), binds to recombinant domain II, though less avidly than to
the whole perlecan molecule (25).

Domain III, most homologous to the subdomain IVa and IVb of the short
arm of theα-1 chain of laminin-1 (28), harbors three distinct globular domains
(LamB modules) connected by short rods, the cysteine-rich epidermal growth
factor (EGF)-like regions (LE modules) (29, 30). This domain contains an RGD
tripeptide that can promote integrin-mediated cell attachment (31). However,
because this sequence is not conserved in the human (32, 33), it is not clear
whether additional regions in the protein core may mediate cell attachment.

Domain IV is the largest and the most repetitive since it contains 14 and
21 Ig-like repeats in the murine and human species, respectively. These repeats
are similar to those found in members of the Ig gene superfamily such as those
described in the neural cell adhesion molecule N-CAM. Thus this domain may
be implicated in dimerization or intermolecular self-association.

Domain V has homology to the so-called G domain of the long arm of
laminin-1 and has three distinct globular regions (LamG modules) connected
by EGF-like repeats (EG modules). Domain V is responsible for self-assembly
and may be important for basement membrane formation in vivo (34). This
domain contains an LRE tripeptide that is a cell adhesion site for laminin-3
(S-laminin) (35).

The complexity of the perlecan protein core is mirrored by a series of post-
translational modifications and additional not-well-understood events that lead
to multiple isoforms of the parent molecule. Such biosynthetic events include
fatty acylation of the protein core (36), attachment of both chondroitin and
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heparan sulfate side chains (37–39), substitution with undersulfated or totally
unsulfated heparan sulfate side chains (40), and secretion of the protein core
without addition of any glycosaminoglycan side chains (41). These forms of
perlecan may be tissue or cell specific; however, their function remains to be
fully elucidated.

AGRIN A constituent of the basement membrane that causes aggregation of
acetylcholine receptors, agrin is a major heparan sulfate proteoglycan of neuro-
muscular junctions (13, 42) and renal tubular basement membranes (43). Agrin
is a multidomain protein that shares similarities with perlecan and laminin and
can be divided into four distinct domains (Figure 1). Domain I harbors the
first 130 amino acid residues following the signal peptide. This region has
been identified in the chick as a novel module that binds laminin-1 and is thus
called NtA, for N-terminal in agrin (44). This domain has been also identified in
mouse and human expressed sequence tags and shows a very high conservation
among species, up to 90% (44). Thus such a domain is likely to be operational
also in mammalian agrin. Alternatively spliced variants may exist that harbor
an insertion of approximately 21 amino acid residues (42, 45).

Domain II is characterized by nine follistatin-like repeats, the last of which
is interrupted by the insertion of two cysteine-rich, EGF-like modules typically
found in lamininβ- andγ -chains. This domain may function as a protease in-
hibitor or may mediate growth-factor binding in vivo (46). If the two EGF-like
repeats behave as in laminin, they might also mediate binding of agrin to nido-
gen. Domain III is highly glycosylated and is characterized by a central SEA
module, as in perlecan, flanked by two Ser/Thr-rich regions. In this domain,
there are two conserved glycosaminoglycan attachment sites and potential for
several O-linked oligosaccharide attachments. Domain IV is the most similar to
perlecan and comprises three G modules found in lamininα-chains interrupted
by EGF-like repeats. By analogy to laminin and perlecan, this domain may
self-assemble. Alternatively spliced variants of domain IV with insertion of
small peptide sequences, 4–19 amino acid residues long, have been described
(47). These short peptides can significantly influence the binding of agrin to
heparin,α-dystroglycan, and the cell surface (46). Moreover, this proteogly-
can harbors at least six potential sites for glycosaminoglycan attachment and
five N-glycosylation sites in addition to the two Ser/Thr-rich regions described
above. Thus agrin may be heterogeneous in tissues.

BAMACAN The presence of chondroitin sulfate–containing proteoglycans in
the basement membranes of various tissues is well documented (5). Bamacan
was cloned and sequenced recently and is the product of a single gene different
from any other basement membrane proteoglycan (14). It is probably the same
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proteoglycan that was synthesized in organ cultures of rat parietal yolk sac,
the so-called Reichert’s membrane (48), which also contained chondroitinase
ABC-sensitive glycosaminoglycans (49).

Structurally, bamacan can be subdivided into five domains (Figure 1).
Domain I is devoid of cysteine residues, is largely hydrophilic, and has several
β turns. Domain II likely assumes a coiled-coil configuration owing to the
absence of proline residues. A possible glycosaminoglycan attachment site is
also present in this domain. Domain III is a rod-like region with four cys-
teine residues and a VTxG sequence, which may mediate cell attachment as in
thrombospondin-1. Domain IV comprises the second coiled-coil domain very
similar in size and overall structure to domain II. As in perlecan, it contains
an LRE tripeptide that is a cell adhesion site for laminin-3 (S-laminin) (35).
Domain V is also hydrophilic and contains four SG sequences that are potential
binding sites for glycosaminoglycan side chains. This region, in addition to
potentially interacting with domain I, may undergo heterotypic interactions to
incorporate bamacan into the basement membrane (14).

Genomic Organization and Transcriptional Control
Among the basement membrane proteoglycans, only the genomic organization
of human perlecan (50) and mouse agrin (51) have been described to date. By
comparing these two gene products with other modular proteins, some interest-
ing observations can be made regarding their evolutionary development. The
human perlecan (HSPG2) is a single-copy gene located on the short arm of
human chromosome 1 at 1p36 (52) and on a syntenic region of mouse chro-
mosome 4 (53). It comprises 94 exons and spans at least 120 kb of continuous
DNA (9). The gene duplication theory of molecular evolution is supported
strongly by the remarkable conservation of the intron-exon junctions in the var-
ious modules of perlecan. For instance, the exon sizes of the LDL receptor–like
repeats in domain II are identical to those encoding the ligand-binding region
of the LDL receptor with only a few base-pair differences. In other parts of the
perlecan gene, some of the repeats of domain IV are almost identical, differing
by only two or three nucleotides. Moreover, there is a striking conservation
of intron phases among the units encoding the Ig folds. Domain III shows
no correlation between exon arrangement and either nominal domain or repeat
boundaries. Notably, a similar comparison between the laminin-β1 and -β2
shows considerable divergence between these molecules with no conservation
of exon structure or domain location. We can thus assume that the laminin-like
region of the perlecan gene might have evolved from an ancestral gene that
has undergone extensive rearrangement. As in the case of the other laminin-
like region, the genomic organization of perlecan domain V lacks correlation
between domain boundaries and exon structure.
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The human agrin gene has been mapped to the distal region of the short arm of
human chromosome 1, at 1p32-pter, relatively close to the perlecan gene and to
the same syntenic region of mouse chromosome 4 (51). The intron-exon pattern
of the agrin gene displays a remarkable correspondence to the proposed domain
structure of the protein. Once again, the common theme of exon shuffling and
duplication seems to have prevailed in the evolution of the agrin molecule.
The follistatin repeats 1–7 in the N terminus are all encoded by single exons
flanked by phase I introns. These follistatin repeats could have evolved from
unequal crossover events after the deletion of the internal intron found between
repeats 8 and 9. As in the case of laminin and perlecan, the C-terminal part of
agrin shows no significant correlation between exon-intron organization of the
gene and the modular organization of the protein. In summary, whereas at the
amino acid level these two proteoglycans are related, genomic analysis shows
a remarkable divergence.

To date, only the promoter of human perlecan has been sequenced (50)
and tested for functional activity (54). Structurally, the human perlecan pro-
moter is enriched in G+C nucleotides, lacks canonical TATA or CAAT boxes,
and contains several cognatecis-acting elements and palindromic inverted re-
peats. These features are observed typically in housekeeping and growth factor–
encoding genes that are generally devoid of TATA or CAAT boxes and contain
multiple transcription initiation sites. The proximal promoter region contains
four GC boxes and 15 consensus hexanucleotide-binding sites for the zinc-
finger transcription factor Sp1, five of which are located in the first exon.

Another striking feature of the perlecan promoter is the presence of numerous
AP2 motifs, eight residing in the first 1.5 kb and two in the most distal areas
(54). Notably, the AP2 transcription factors can be suppressed by SV40 T
antigen and can confer phorbol ester and cAMP induction (55). These cognate
cis-acting elements are very likely to be operational in vivo since SV40 T
antigen inhibits transcription of perlecan in renal tubular epithelial cells (56),
whereas perlecan expression is markedly upregulated by phorbol ester in colon
cancer (57) and in erythroleukemia K562 (58) cells, respectively. The perlecan
promoter also contains several motifs that bind transcription factors involved
in hematopoiesis, including two PEA3 motifs and nine GATA-1 motifs that
are involved in erythrocyte differentiation (59). Because perlecan is expressed
abundantly in the hematopoietic system (60), these transcription factors may
also play a role in regulating perlecan gene expression during bone marrow
development and lymphoid organ formation (61).

In the distal promoter region, perlecan contains a binding site for NF-κB,
a factor that has been involved in interleukin-induced transcription of sev-
eral genes (55). The full-length promoter is quite active in a variety of human
cells with various histogenetic backgrounds, as well as in mouse fibroblastic
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and melanoma cells (54). Collectively, these data are consistent with the
fact that perlecan is ubiquitously expressed (60, 62). The perlecan promoter
contains a transforming growth factor (TGF)-β-responsive element with a
5′-TGGCC.N3–5.GCC-3′ consensus sequence (54) resembling that described
in rat and mouseα2(I) collagen (63, 64), elastin (65), type I plasminogen ac-
tivator inhibitor (66), and growth hormone (67) genes. This sequence binds
to NF-1-like members of transcription factors and is transcriptionally activated
by TGF-β (54), thereby validating previous results obtained in human colon
carcinoma (68) and murine uterine epithelial (69) cells. In both cases, TGF-β

induces the mRNA and protein levels of perlecan. Thus this TGF-β-responsive
element may regulate the expression of this proteoglycan at sites of tissue re-
modeling and tumor stroma formation.

Other factors that regulate perlecan gene transcription are beginning to be
elucidated. In F-9 embryonal carcinoma cells, induction of differentiation into
the parietal endoderm phenotype occurs with a combination of cAMP and
retinoic acid, which results in an induction of perlecan transcription (70). No-
tably, cAMP alone downregulates perlecan expression in glomerular epithelial
cells (71). Another potential regulator of perlecan gene expression is glucose
(72). Increased concentrations of glucose correlate with an inhibition of de
novo proteoglycan synthesis by glomerular (73) and mesangial cells (72), and
these effects may be posttranscriptionally controlled (74). In contrast, long-
term exposure of human mesangial cells to elevated concentrations ofD-glucose
induces perlecan gene expression (75). Moreover,D-glucose can induce dys-
morphogenesis of embryonic kidneys at least in part by reducing the expression
of perlecan, which would thus act as an essential morphogenetic regulator of
extracellular matrix (76, 77).

Expression and Functional Properties
PERLECAN A vast body of evidence that links perlecan to cell differentiation
and tissue morphogenesis indicates that this gene product may play an important
role in embryogenesis. Earlier studies identified perlecan in preimplantation
embryos prior to the formation of a basement membrane (78). In addition to be-
ing deposited in the blastocyst interior, perlecan epitopes can be detected on the
outer surface of the trophectoderm cells at the time of attachment competence
(79), suggesting that perlecan may play a role in attachment of the embryo to
the uterine linings.

Increased perlecan expression during blastocyst attachment competence is
regulated at multiple levels. It can derive from increased transcription as in
normal implantation or from increased translation of preexisting mRNA as in
delayed implantation (80). A systematic study of murine embryogenesis has
shown that perlecan expression appears early in tissues of vasculogenesis such
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as the heart primordium and major blood vessels (81). Subsequently it accu-
mulates in a number of mesenchymal tissues, especially in cartilage undergo-
ing endochondral ossification, where it persists throughout the developmental
stages and into adulthood (81). Perlecan expression correlates universally with
tissue maturation and is always prominent in the endothelial cell basement
membrane of all vascularized organs, particularly the liver, lung, spleen, pan-
creas, and kidney. Thus perlecan may play important roles not only in the early
steps of blood vessel development but also in the maturation and maintenance
of a variety of differentiated epithelial and mesenchymal tissues, among which
cartilage is prominent.

The distribution of FGF-2 in various basement membranes (82) parallels that
observed for perlecan in the mouse embryo (81). This suggests that perlecan
plays a key role as a regulator of FGF-2 signaling (see also below) and as
a gatekeeper to limit access of growth factors to subjacent target cells (82).
Indeed, vascular heparan sulfate proteoglycan can activate or block FGF-2
activity (83) and can control the access of FGF-2 to the underlying vascular
smooth muscle cells (84). Moreover, various isoforms of TGF-β (85) as well
as platelet factor 4 (86) bind to specific heparan sulfate sequences.

The developmental timing of perlecan expression further suggests that this
proteoglycan may play a role in controlling smooth muscle cell replication in
vasculogenesis. Heparin-like molecules have long been implicated in vascular
smooth muscle cell proliferation (87), and perlecan is a potent growth inhibitor
of such proliferation (88). The pattern of perlecan mRNA and protein expression
correlates inversely with the degree of smooth muscle cell replication during
rat aortic development (89). Therefore, perlecan could modify the behavior of
replicative cells by controlling the amount of growth factors involved in vascular
morphogenesis (81). The report of a perlecan splice variant that activates FGFs
during early neuronal development (90) supports this concept.

Mouse perlecan is capable of downregulating Oct-1, a transcription factor
involved in vascular smooth muscle cell growth control (91). Because the addi-
tion of soluble heparin does not elicit the same response, it is plausible that the
ability of perlecan to alter smooth muscle cell function resides in the coordi-
nated binding of the protein core and heparan sulfate chains (91). The human
system is more complex since a variety of proteoglycans, including perlecan
synthesized by arterial endothelial cells, do not directly suppress the growth of
vascular smooth muscle cells (92). Additional studies are needed to identify the
signals involved in perlecan-mediated growth inhibition and changes in gene
expression.

The strategic location of perlecan immediately suggests that this gene prod-
uct may be involved directly in the modulation of cell surface events known to
be altered in the multistep process of invasion and metastasis. A cardinal role
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for cell-associated heparan sulfate proteoglycans was revealed by the finding
that high-affinity receptor binding of FGF-2 is abrogated in mutant cell lines
defective in heparan sulfate (93) and in myoblasts depleted of sulfated gly-
cosaminoglycans (94). Bone marrow heparan sulfate proteoglycans, including
perlecan, bind growth factors and present them to hematopoietic progenitor
cells (95), whereas highly O-sulfated oligosaccharide sequences are required
for FGF-2 binding and receptor activation (96, 97). Perlecan is involved di-
rectly in this coupling by acting as a low-affinity receptor and as an angiogenic
modulator (98).

An emerging body of evidence further supports the notion that perlecan is
involved directly in promoting the growth and invasion of tumor cells through its
ability to capture and store growth factors (99) by entrapping them within both
the basement membrane (100) and the tumor stroma (101). In melanomas a
predominance of heparan sulfate proteoglycans at the cell surface is a marker of
a more aggressive phenotype (102), and perlecan mRNA and protein levels are
notably increased in the metastatic neoplasms (103). Purified perlecan enhances
invasiveness of human melanoma cells (104), whereas contact with basement
membrane perlecan augments the growth of transformed endothelial cells but
suppresses that of their normal counterparts (105). Stable overexpression of
an antisense perlecan cDNA in NIH-3T3 cells as well as in human metastatic
melanomas leads to reduced levels of perlecan and concurrent suppression of
cellular responses to FGF-2 (106).

In contrast, in fibrosarcoma cells, antisense expression of perlecan cDNA
causes enhanced tumorigenesis characterized by heightened growth in vitro
and in soft agar, increased cellular invasion into a collagenous matrix, and
faster appearance of tumor xenografts in nude mice (107). Thus the cellular
context is important in mediating perlecan’s functions. Indeed, perlecan can
behave as either an adhesive or an antiadhesive protein for endothelial and bone
marrow cells, respectively (108). Perlecan also inhibits mesangial cell adhesion
to fibronectin (109) and is antiadhesive for polymorphonuclear granulocytes
(110). Though antiadhesive for hematopoietic and fibrosarcoma cells, perlecan
still binds granulocyte/macrophage colony stimulating factor and presents it to
the hematopoietic progenitor cells (108).

Large deposits of immunoreactive perlecan are present in the newly vascular-
ized stroma of colon, breast, and prostate carcinomas (19). In tumor xenografts
induced by subcutaneous injection of human prostate carcinoma PC3 cells into
nude mice, though perlecan was actively synthesized by the human tumor cells,
it was clearly deposited along the newly formed blood vessels of murine origin
(19). Hence, perlecan deposited by growing tumor cells may act as a scaffold
upon which proliferating capillaries grow and eventually form functional blood
vessels. The observation that FGF-2 binds to heparan sulfate chains located
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in the N-terminal domain of perlecan synthesized by human endothelial cells
(111) reinforces the hypothesis that perlecan represents a major storage site
for FGF-2 in the blood vessel wall. The release of growth factor/heparan sul-
fate complexes via controlled proteolytic processing (111, 112) is a physiologic
mechanism that disengages biologically active molecules at the site of remod-
eling and tumor invasion (18).

Another function of perlecan is in regulating the permeability of the glomeru-
lar basement membrane (16). It has long been known that removal of heparan
sulfate chains increases glomerular permeability to proteins and leads to protein-
uria (113). Injection of monoclonal antibodies against heparan sulfate chains
derived from glomerular proteoglycans is nephritogenic and can induce a selec-
tive proteinuria, likely due to the neutralization of anionic sites on the heparan
sulfate (114). Alterations in expression patterns are also noted in both protein
core and side chains in various glomerulopathies (115), indicating that perlecan
may be involved in several renal pathologies. The urine of patients who have
end-stage renal failure and are undergoing hemodialysis contains a fragment of
human perlecan derived from the carboxyl end of the protein core (116), further
suggesting a role in glomerular filtration.

AGRIN Agrin is among the best-characterized molecules of the synaptic base-
ment membrane. First isolated as a glycoprotein from the basement membrane
of theTorpedo californicaelectric organ on the basis of its ability to aggregate
acetylcholine receptors, it was subsequently shown to be a key organizer of
the postsynaptic apparatus at the neuromuscular junction (117). When added
to cultured muscle cells, agrin causes aggregation of acetylcholine receptors
and other proteins that are enriched at the neuromuscular junctions (46). It is
now recognized that agrin is a heparan sulfate proteoglycan (13) and that the
“functionally active” agrin investigated in the past is a proteolytically processed
form of the parent molecule, essentially a large C-terminal fragment.

The N-terminal extension of agrin is required for the proper secretion of
agrin, and this region is substituted with heparan sulfate side chains (42). More-
over, this N-terminal domain, the NtA domain (Figure 1), mediates binding to
laminin-1 (44) as well as to laminin-2 and -4, the predominant laminin iso-
forms of muscle basement membranes; however, it has no affinity for either
perlecan or collagen type IV (44). Thus the specific binding of agrin to laminin
may provide the basis for its localization within basement membranes at the
neuromuscular junctions (117) and in the renal tubules (43).

Agrin exists as a heparan sulfate proteoglycan in a variety of species including
mouse, rat, cow, and human (118). Because nonglycosylated splice variants
were not detected in any of the tissues investigated (118), it is highly likely
that the agrin molecule occurs primarily as a proteoglycan. Moreover, agrin
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epitopes have been found in basement membranes of skin, gastrointestinal tract,
and heart (119), with a distribution that has no association with synapses. Thus
agrin has molecular functions beyond its role in synaptogenesis.

A novel function for agrin is a proposed role in maintaining cerebral mi-
crovascular impermeability insofar as agrin accumulates in the brain microvas-
cular basement membranes during development of the blood-brain barrier (120).
In both avian and murine brain, agrin accumulates on vessels around the time
the vasculature becomes impermeable. Moreover, the agrin isoform that accu-
mulates at such loci lacks the 8- and 11-amino-acid sequences known to confer
on agrin high potency in acetylcholine receptor clustering (120).

Of special interest are sites in agrin that undergo alternate mRNA splic-
ing. One site, recently described in the avian form of agrin, is located in the
N-terminal end of the molecule (45). In the developing chicken, this variant is
expressed primarily by nonneuronal cells such as astrocytes, smooth muscle,
and cardiac muscle cells. Its upregulation is consistent with the proportional
increase in glial cells during brain development (45). Whereas motor neurons
of chicken spinal cord express primarily this splice variant of agrin, muscle
cells synthesize primarily agrin lacking the extra sequence (42).

Two additional sites of alternate splicing called a and b in avian species
(y and z in rat) are positioned within domain IV of agrin in the second LamG
domain and distal to the terminal EGF-like module (Figure 1). When small
peptides are inserted in these regions, the overall properties of agrin are modi-
fied significantly. Insertion of a four-amino-acid sequence at the y site confers
heparin-binding properties (47). When the insertion is present, the binding of
agrin toα-dystroglycan is inhibited by heparin.

Considerable excitement followed the finding that agrin is bound by
α-dystroglycan, a molecule belonging to the complex that links dystrophin
to the cell surface (117). However, it has since been shown that the region
of the agrin molecule by which it binds toα-dystroglycan is not essential for
acetylcholine aggregating activity. The fact that agrin activity needs protein
phosphorylation suggests that agrin may activate a protein kinase.

A significant advance in our understanding of how agrin functions has come
from genetic analysis of mutant mice. Researchers have examined mice in
which the differentially spliced exons required for the acetylcholine receptor
clustering of agrin are deleted. These animals die perinatally and possess no
acetylcholine receptor clusters associated with the motor nerves (121). In addi-
tion, axons of the motor neurons do not stop growing, and their growth cones fail
to differentiate into presynaptic nerve terminals. These genetic experiments es-
tablish agrin as a key regulator of synaptogenesis at the neuromuscular junction.

A similar phenotype was obtained in mice harboring a targeted disruption
of a gene encoding a muscle-specific receptor tyrosine kinase, called MuSK
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(122). The phenotypic similarities between the two conditions indicate strongly
that agrin acts via the MuSK receptor. Indeed, agrin induces autophosphory-
lation of MuSK within minutes, and this phosphorylation is observed only
with spliced variants that are also active in acetylcholine receptor aggrega-
tion. However, agrin does not appear to bind directly to the MuSK receptor
(123), requiring instead an accessory component that has not been identified.
Collectively, these results indicate that signal-activated protein phosphoryla-
tion, a widespread component of growth-controlled systems, also plays a key
part in synapse formation (124).

BAMACAN Among the basement membrane proteoglycans, bamacan’s func-
tions are the least well-known. As mentioned previously, bamacan likely rep-
resents the proteoglycan that was originally isolated and partially characterized
from organ cultures of rat Reichert’s membrane (48), the embryonic basement
membrane sandwiched between the parietal endoderm and the trophoblast.
Biosynthetic experiments revealed the presence of a large, high-density chon-
droitin sulfate proteoglycan with a core protein of about 135 kDa (48). Subse-
quent studies using immunohistochemical and histochemical techniques cou-
pled with chondroitinase ABC digestion revealed the presence of two major
proteoglycans (49): one sensitive and one resistant to chondroitinase ABC
digestion. The latter is probably perlecan.

The concept that basement membranes can contain two or more proteogly-
cans is supported by the finding that in the EHS tumor matrix, both perlecan and
bamacan exist as intrinsic constituents (39). Antibodies against the chondroitin
sulfate proteoglycan of Reichert’s membrane recognize bamacan in a variety
of tissues (5, 125). The deduced protein core structure of bamacan (14) reveals
a unique molecule with coiled-coil regions (Figure 1). Because of these unique
structural features, bamacan is likely to be an important functional molecule
within specialized basement membranes. For example, tissues undergoing mor-
phogenesis appear to lack or express lower amounts of bamacan (5).

Bamacan is immunologically unrelated to perlecan, is apparently regulated
during embryonic development, and has been implicated in the pathogenesis
of several disease processes in which basement membranes are affected (5).
Bamacan is expressed in nearly all of the basement membranes investigated so
far (125, 126); however, there are some important exceptions. It is localized in
the basement membrane of Bowman’s capsule and within the mesangial matrix
but is not found in the capillary glomerular basement membrane (125). This
observation agrees with the fact that mesangial cells synthesize a spectrum of
proteoglycans species that include bamacan (127).

In contrast, perlecan immunostaining is associated with all of the major
basement membranes of the kidney. Immunoelectron microscopic studies have
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further localized bamacan epitopes to subregions of the mesangium, consis-
tently being found directly subjacent to the lamina of the perimesangial portion
of the glomerular basement membrane and the juxtamesangial portion of the
capillary endothelial cells. From developmental studies of skin, hair follicle,
and kidney, one can infer that this proteoglycan may play a role in basement
membrane stability (5). During these developmental processes, the presence
of bamacan may inhibit, while the presence of perlecan may enhance, branch-
ing morphogenesis. How bamacan interacts specifically with other basement
membrane constituents and how it imparts stability is not known.

HYALECTANS: PROTEOGLYCANS INTERACTING
WITH HYALURONAN AND LECTINS

Molecular cloning has enabled the identification of a family of proteoglycans
that share structural and functional similarities at both the genomic and protein
levels. This family currently contains four distinct genes, namely versican,
aggrecan, neurocan, and brevican (Figure 2 and Table 3). A common feature
of these proteoglycans is their tridomain structure: an N-terminal domain that
binds hyaluronan, a central domain that carries the glycosaminoglycan side
chains, and a C-terminal region that binds lectins. On this basis, the term
hyalectans, an acronym for hyaluronan- and lectin-binding proteoglycans, has
been proposed (9). Alternate exon usage occurs extensively, and various de-
grees of glycanation and glycosylation make these proteoglycans appropriate
molecular bridges between cell surfaces and extracellular matrices (128, 129).

General Structural Features
VERSICAN The largest member of the hyalectan gene family, versican (130),
is the mammalian counterpart of the so-called PG-M isolated from avian tissue
(131). Domain I (Figure 2) contains one Ig repeat followed by two consecutive
modules, the link protein modules, which are involved in mediating the bind-
ing of proteins to hyaluronan (132). The entire link module is approximately
100 amino acids in length and has a characteristic consensus sequence with

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2 Schematic representation of four members of the hyalectans, the hyaluronan and lectin-
binding proteoglycans. The Roman numerals indicate the proposed domains. The symbols and
designations are as follows: Ig, immunoglobulin-type repeat; LP, link-protein type module; GAG,
glycosaminoglycan-binding domain, whereα andβ refer to the two alternatively spliced variants
encoded by individual exons; EG, EGF-like module; Lectin, C-type lectin-like module; CR, com-
plement regulatory protein; KS, keratan sulfate-attachment module. The glycosaminoglycan side
chains are indicated by strings of small circles. The GPI-anchor in brevican is denoted by two filled
circles and a curved tail.
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Table 3 General properties of the hyalectans, proteoglycans interacting with hyaluronan and
lectins

Chromosomal mapping Protein core Glycosaminoglycan
Proteoglycan Gene Human Mouse (∼kDa)a type (number)

Versican CSPG2 5q13.2 13 265–370 Chondroitin/dermatan
sulfate (10–30)

Aggrecan AGC1 15q26 7 ∼220 Chondroitin sulfate
(∼100)

Neurocan NCAN 8 ∼136 Chondroitin sulfate
(3–7)

Brevican BCAN 1q25–q31b 3 ∼100 Chondroitin sulfate
(1–3)

aThe size of individual protein core does not include any posttranslational modification.
bThe mouse brevican gene is closely linked to the osteocalcin gene on chromosome 3 and is flanked by markers

that are all located in a syntenic region of the long arm of human chromosome 1, at 1q25–31 (150). Thus, it is
likely that the human BCAN homologue also maps to this region of human chromosome 1.

four disulfide-bonded cysteine residues. The solution structure of a homolo-
gous link module was elucidated recently and consists of twoα helices and two
antiparallelβ sheets arranged around a large hydrophobic core (133). A hy-
drophobic/hydrophilic region is proposed to mediate hyaluronan binding in the
various members of the link module superfamily since there is conservation of
the hydrophobic and some of the charged residues. Notably, there is a striking
similarity between the link module and the C-type lectin domain (133). These
domains have identical topologies and a similar organization of their secondary
structure. The major difference is in the length of the loop. The long loop that
contains the Ca2+-binding residues in the lectin domain is missing in the link
module.

Because there is no evidence that the binding of hyaluronan to the link pro-
tein module requires Ca2+, it is quite likely that this structural difference is
involved directly in dictating the differential affinity of the two domains for
carbohydrates. The structural similarities between the link module and the C-
type lectin domain suggest that they have a common evolutionary origin, even
though the sequence similarity between the two is not as evident (132). Both
recombinant versican and a truncated form of versican containing domain I
bind to hyaluronan with aKd of approximately 4 nM, in the same range as
aggrecan (134). This observation suggests that versican may form a molecular
link between lectin-containing glycoproteins at the cell surface and extracellu-
lar hyaluronan. Because hyaluronan is bound to the cell surface via its CD44
receptor, versican may also stabilize a large supramolecular complex at the
plasma membrane zone.
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Domain II consists of two large subdomains, designated GAG-α and GAG-β
(135), that are encoded by two alternatively spliced exons (136). These regions
lack cysteine residues and contain as many as 30 potential consensus sequences
for glycosaminoglycan attachment as well as several binding sites for N- and
O-linked oligosaccharides.

There are at least four possible splice variants of mammalian versican. The
largest one, designated V0, contains both GAG-α and GAG-β and has an esti-
matedMr of approximately 370 excluding the signal peptide and the possible
posttranslational modifications. The other three variants contain only GAG-β

(V1 variant), GAG-α (V2 variant), or neither region (V3 variant). In birds,
there is an additional exon, designated PLUS, in the N-terminal region cor-
responding to the mammalian GAG-α (137). This exon can be alternatively
spliced giving rise to two additional isoforms. No corresponding region was
found in the mammalian genome, suggesting a divergence of this domain dur-
ing evolution. Sequence homology, however, indicates that the PLUS domain
of avian versican may correspond to the keratan sulfate attachment region of
aggrecan (137).

Domain III contains a series of structural motifs including two EGF-like
repeats, a C-type lectin domain, and a complement regulatory protein-like
module. These motifs are characteristically observed in the selectins, adhesion
receptors regulating leukocyte homing and extravasation at inflammatory sites.
The C-type animal lectins harbor a Ca2+-dependent carbohydrate-recognition
motif that is highly conserved among species (9, 138). The recombinant C-
terminal portion of avian versican can bind heparin, heparan sulfate, and simple
carbohydrates (139), whereas the recombinant human lectin domain can bind
fucose and GlcNAc as well as tenascin-R (140). The binding is Ca2+ dependent
and is abrogated by deglycosylation of tenascin-R. Other C-type lectin domains
may have different saccharide-binding specificity, a mechanism that may pro-
vide additional specialized and refined functions for the hyalectans (138).

AGGRECAN The overall organization of aggrecan, the main proteoglycan of
cartilaginous tissues, is similar to that of versican with a few exceptions.
Domain I contains four link protein-like modules in addition to the Ig-like
repeat (Figure 2). These modules form two globular domains also known as
G1 and G2 (141). An interglobular region has a rod-like structure and contains
cleavage sites for proteases involved in the degradation of aggrecan (8). The
function of the G2 domain is poorly understood insofar as this region does
not mediate the binding to hyaluronan. Immediately following the G2 domain
is a relatively small region that contains numerous keratan sulfate consensus
sequences. This domain has few similarities among species, and its size also
varies in different species (142).
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Domain II is the largest domain of aggrecan and contains the glycosamino-
glycan-binding region. This domain is similar in size to the GAG-β of versican
but harbors many more consensus sequences for glyconation. Thus a fully gly-
cosylated aggrecan may contain up to 100 chondroitin sulfate chains. The
human glycosaminoglycan-binding domain harbors a polymorphism that de-
pends on a high degree of sequence conservation (143). A variable number of
tandem repeats generates at least 13 different alleles in the general population
with repeats numbering between 13 and 33. This could lead to a great variation
in the degree of glycosylation and ultimately charge (sulfation) of the parent
molecule within cartilage.

The structural motifs in domain III are very similar to those of versican;
however, there is evidence that in both the human and murine species, the
EGF repeats can be alternatively spliced (144). As in the case of versican, the
lectin-like domain of aggrecan can bind simple sugars in a Ca2+-dependent
manner (145). Thus aggrecan may also be bridging or interconnecting various
constituents of the cell surface and extracellular matrix via its terminal domains.

NEUROCAN The third member of the hyalectan gene family is neurocan, a
chondroitin sulfate proteoglycan originally cloned from rat brain (146). Rotary
shadowing electron microscopy of tissue-derived neurocan reveals two globular
domains connected by a central rod of 60–90 nm (147), in agreement with the
organization derived from protein sequencing and cDNA cloning (Figure 2). As
with other members of the hyalectan gene family, neurocan has an N-terminal
region with all the typical arrangements found in link protein. Recombinant
neurocan domain I interacts with hyaluronan in gel permeation assays, and the
isolated, retarded preparations contain supramolecular complexes of hyaluro-
nan and globular profiles of domain I (147). Thus all domain Is likely mediate
hyaluronan binding in vivo. Domain II contains at least seven potential bind-
ing sites for glycosaminoglycans and has no significant homology to any other
protein.

Recombinant studies have demonstrated that glycanation is restricted solely
to this central domain even though other portions of the molecule contain SG
repeats (147). The C-terminal domain is again very similar to that of the other
members of the hyalectan gene family with approximately 60% identity be-
tween the rat neurocan and human versican and aggrecan. Although not formally
demonstrated, this domain may mediate the binding of neurocan to a variety
of brain glycoproteins including Ng-CAM, N-CAM, and tenascin (discussed
below).

BREVICAN Brevican is the most recently discovered member of this class of
proteoglycans and takes its eponym from the Latin wordbrevis(short) because
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it has the shortest glycosaminoglycan-binding region (Figure 2) (128, 148).
Within conserved domains, sequence homology with the other members is
relatively uniform (55–60%). However, domain II shows little homology to the
corresponding regions of the other hyalectans. This domain is also characterized
by a relatively high content of glutamic acid, including a sequence of eight
consecutive residues. Such a cluster of acidic residues, which is also present
in the link protein-like module of versican, may mediate binding to cationic
proteins and, perhaps, minerals.

Similarly to neurocan, brevican exists in vivo either as a full-length proteo-
glycan or as a proteolytically processed form lacking the GAG-binding region
and the N-terminal domain I. Proteolytic cleavage of rat brevican occurs at
the same site as bovine brevican within an amino acid sequence that is similar
to the aggrecanase cleavage site in aggrecan (149); this site is also conserved
in mouse brevican (150). Domain III is also organized similarly to the other
hyalectans. However, unlike the other members, brevican contains only one
EGF-like repeat, which shows high sequence similarity to the second EGF
repeat of versican and neurocan (128).

In addition to the secreted species of brevican, an isoform of rat brevican
encoded by a shorter 3.3 kb mRNA is bound to the plasma membrane via a GPI
anchor (151). Immunochemical and biochemical data demonstrate that both
soluble and GPI-anchored forms of rat brevican exist and that the latter derives
from alternatively processed transcripts. The glypiation signal is encoded by a
DNA segment that is removed as an intron from the 3.6 kb-transcript encoding
the secreted (larger) form of brevican (151). The GPI-anchored form contains
no EGF, lectin, or CRP motifs but contains a stretch of hydrophobic amino
acids resembling the GPI-anchor. When transfected into human epithelial cells,
this form of brevican localizes to the cell surface and is cleavable by the PI-
specific phospholipase C (151). Interestingly, the nucleotide sequence of the
rat GPI-anchored species is nearly identical to a sequence immediately distal
to exon 8 of the mouse brevican gene (150), which is followed by a potential
polyadenylation signal. Collectively, these data indicate that the GPI-anchored
brevican variant derives from lack of splicing at the 3′ end of exon 8.

Genomic Organization and Transcriptional Control
Analysis of the genomic organization of the hyalectan genes indicates that they
are modular and have utilized exon shuffling and duplication during evolution
to permit progressive refinement of protein function. The versican (CSPG2)
gene (136) maps to human chromosome 5q13.2 (152) and to a syntenic region
of mouse chromosome 13 (153). The rat (154), mouse (142, 155), and hu-
man (156) aggrecan (AGC1) genes have been fully sequenced and assigned to
human chromosome 15q26 (157) and mouse chromosome 7 (158), whereas
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neurocan (NCAN) and brevican (BCAN) have been mapped to mouse chromo-
somes 8 (159) and 3 (150), respectively. This diverse chromosomal location
not only suggests an early divergence of the hyalectan genes during evolution
but also indicates a significant evolutionary pressure to maintain the overall
structure of these modular proteoglycans.

A salient feature of the hyalectans is a remarkable conservation of the exon/
intron junctions. For example, the hyaluronan-binding region in these genes
is encoded by four exons with identical conservation of the exon size and
exon/intron phases (9). All of the introns flanking the individual modules are
phase I introns, thereby allowing alternative splicing to occur without altering
the reading frame. A typical example is the splicing of the GAG-α and GAG-β
modules of versican. Alternate exon usage is indeed a widely used mechanism
for increasing coding diversity within genes coding for extracellular matrix
proteins (160, 161).

Another intriguing property of versican and aggrecan is the large size of
the spliced exons encoding the central domain. They vary from 3 to 5.3 kb.
This observation is in contrast to the average size of exons (∼150 bp) for a
variety of genes and suggests that these genes have evolved a way to bypass
the rules of exon definition. In neurocan, the central nonhomologous domain
is encoded by two distinct exons of relatively smaller dimension (∼0.6 and
1.2 kb) (159). An established notion is that intervening sequences function by
limiting amplification of genomic DNA that needs to maintain a constant size.
Thus genes that code for proteins in which the strict dimension and copies of
the repeats are not demanded are likely to harbor large exons. A potential
advantage for large exons is an improved RNA processing (161).

Another striking conservation of the exon/intron organization occurs in the
3′ end of the hyalectan genes. The selectin region is encoded by six exons with
identical size and phasing in versican, aggrecan, and neurocan. This arrange-
ment should allow alternative splicing of the EGF and CRP repeats. How-
ever, splicing events of this region have been observed only in aggrecan (162).
Whether this specialized splicing within the selectin domain has any biological
significance awaits further experimentation. Notably, murine brevican is the
first hyalectan where an intron bordering a domain module is not a phase I
intron, thereby preventing the alternative splicing of the CRP domain (150).

The promoter sequences of the human versican (136), rat and mouse aggre-
can (142, 154), and mouse neurocan (159) and brevican (150) genes have been
sequenced. However, functional studies are available for only the human versi-
can and rat aggrecan promoters. The human versican promoter is active in both
squamous carcinoma cells and in embryonic lung fibroblasts (136). It contains
a TATA box and numerous cognatecis-acting elements that could drive the
tissue-specific expression of versican. For example, a cluster of AP2-binding
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sites acts as an enhancer element since the presence of AP2 markedly increases
the level of versican promoter activity (61). AP2 is expressed in the neural crest
and its derivatives, and versican, and perhaps other members of the hyalectan
gene family, may be regulated by AP2 in the central nervous system. Also
present in the human versican promoter are binding sites for CCAAT-binding
transcription factor, Sp1, CEBP, and several cAMP-responsive elements. Of
note, a CCAAT-binding transcription factor has been previously involved in
TGF-β-induced upregulation of type I plasminogen activator (66), and it may
mediate the established upregulation of versican by TGF-β (163).

In contrast to versican, both the rat (154) and mouse (142) aggrecan pro-
moters lack a TATA box and display multiple transcription start sites. They are
relatively enriched in G+C, similar to many housekeeping and growth factor–
encoding genes. Accordingly, several Sp1-binding sites are scattered throughout
the promoter. There are, however, some similarities with versican insofar as
the proximal promoter region of rat aggrecan also harbors several AP2-binding
sites. There are conserved sequences common to link protein, aggrecan, and
type II collagen (142, 154). These sequences include a potential binding site
for NF-κB, a factor known to interact with various cytokines that may also play
a role in cartilage differentiation. Since these genes are expressed primarily in
cartilaginous tissues, these regions may universally mediate chondrocyte gene
expression.

The neurocan putative promoter region contains a TATA box and several cog-
natecis-acting elements commonly found in the other hyalectan genes (159)
including several Sp1, AP2, AP1, and glucocorticoid-responsive elements. Par-
tial characterization of the 5′ flanking region of mouse brevican shows no TATA
or CAAT boxes but reveals a relatively high G+ C content, numerous tran-
scription start sites, and severalcis-acting elements potentially involved in the
regulation of neural gene expression (150), consistent with its restricted tissue
distribution.

Expression and Functional Roles
Based on the combination of the structural domains summarized above, the
hyalectans’ major functional roles would be to bind complex carbohydrates
such as hyaluronan at their N termini and less complex sugars at their C termini.
Less clear is the role of the central nonhomologous regions insofar as they can
be substituted with as few as 2 or as many as 100 glycosaminoglyan chains.
Via multiple isoforms generated by alternative splicing, these central domains
would provide a means to introduce glycosaminoglycans into various extracel-
lular matrices. The different spliced variants of hyalectans are often expressed
in distinct spatial and temporal patterns. For example, the V0 and V1 variants
of versican are present in fibroblasts, chondrocytes, hepatocytes, and smooth
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muscle cells of the aorta and myometrium (135). In contrast, keratinocytes
express only versican V1.

Chondroitin sulfate proteoglycans have been implicated in the regulation of
cell migration and pattern formation in the developing peripheral nervous sys-
tem. Versican is selectively expressed in embryonic tissues that act as barriers
to neural crest cell migration and axonal outgrowth (164). Versican interferes
with the attachment of embryonic fibroblasts to various substrata, including
fibronectin, laminin, and collagen. Therefore, the expression of versican within
barrier tissues may be linked to guidance of migratory neural crest cells and
outgrowing axons (164). In contrast, a report suggests that aggrecan, but not
versican, inhibits avian neural crest cell migration (165). In muscular arter-
ies versican-specific epitopes are restricted to the tunica adventitia (166), but
in the media and the split elastic interna of atherosclerotic lesions, versican
is prominent. The latter observation supports a role for versican in the de-
velopment of atherosclerotic lesions (167). Of relevance, matrilysin, a matrix
metalloproteinase, is expressed by macrophages at sites of potential rupture in
atherosclerotic lesions and specifically degrades versican (168). Versican has
also been implicated in retaining hyaluronan in mouse cumulus cell-oocyte
complexes (169) and could play a role in hair follicle development and cycling
(170).

Versican is upregulated in smooth muscle cells treated with platelet-derived
growth factor (PDGF) and TGF-β (163, 171, 172). The PDGF-mediated induc-
tion of versican gene expression is abrogated by genistein, a broad inhibitor
of tyrosine kinase activity (173). Versican can also be induced by a cocktail
of growth factors including EGF, TGF-β, and PDGF (174), suggesting that
there are independent and synergistic signal-transducing pathways regulating
its expression. Abnormal versican expression has been demonstrated in human
colon cancer where it occurs as a consequence of hypomethylation of its control
genomic regions (175, 176), and enhanced deposits of versican have been ob-
served in the stroma of various tumors, particularly in hyaluronan-rich regions
(177, 178). These findings support the observation that abrogation of versican
expression by stable antisense transfection can revert the malignant phenotype
(179). A link between versican expression and cellular growth is provided by
the observation that ectopic expression of the retinoblastoma (RB) protein, a
potent tumor suppressor, in RB-negative mammary carcinoma cells induces a
relatively small number of genes including the two proteoglycans versican and
decorin (180). The RB-induced versican transcript was approximately 5 kb, a
size compatible with a selective upregulation of the V2 splice variant containing
the GAG-α module (136, 181).

The functional properties of aggrecan reside in the two structural features
summarized above: the high concentration of chondroitin sulfate side chains
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and the formation of large supramolecular aggregates with hyaluronan (8).
In cartilage, each aggrecan monomer occupies a large hydrodynamic volume,
and when subjected to compressive forces, water is displaced from individual
monomers. This swelling of the tissue is dissipated readily when the compres-
sive forces are removed and the water molecules are siphoned back into the
tissue. The function of aggrecan in cartilage development and homeostasis is
demonstrated by the phenotype of two mutant animals—the nanomelic chicken
(182, 183) and the cartilage matrix-deficient (cmd) mouse (158). Nanomelia,
a recessively inherited connective tissue disorder of the chicken in which very
low levels of aggrecan mRNA are found, affects cartilage formation. A single
base mutation leads to a premature truncation of the protein core, which lacks
the C-terminal globular (G3) domain, and the truncated precursor accumulates
in the endoplasmic reticulum (182). In agreement with these findings, aggre-
can mRNA is detectable in the nuclei of nanomelic chondrocytes but is greatly
reduced in the cytoplasm (183).

In the cmdmice, a 7-bp deletion in exon 5 of the aggrecan gene has been
discovered (158). The mutation occurs in the G1 domain and leads to a termina-
tion codon within exon 6, resulting in a truncated polypeptide of approximately
36 kDa. Although heterozygouscmdmice appear normal, the homozygous mice
die soon after birth due to respiratory failure. Both the nanomelic chicken and
thecmdmouse are characterized by shortened limbs attesting to the importance
of aggrecan in the space-filling role in cartilage.

The functional roles of the two brain proteoglycans, neurocan and brevi-
can, are less well understood. Neurocan binds with a relatively high affinity
(Kd∼ 6 nM) to the neural cell adhesion molecules Ng-CAM and N-CAM, in-
hibits their homophilic interactions, and blocks neurite outgrowth (184, 185).
Moreover, neurocan interacts with tenascin (186) and axonin-1 (187). Some
of these interactions may be confined to restricted areas or to a relatively brief
developmental stage, and the multiplicity of potential ligands may provide a
mechanism for fine tuning of various regulatory processes of neurocan (187).

Neurocan is developmentally regulated (188, 189), and astrocytes, in addi-
tion to neurons, may be a cellular source of neurocan in the brain (190). In situ
hybridization and immunohistochemical studies have demonstrated that neuro-
can transcripts are distributed widely in pre- and postnatal brain but not in other
organs (191). The adult form of neurocan is generated by a developmentally
regulated proteolytic processing of the larger species predominant in the early
postnatal brain (146). The adult protein core, mostly devoid of glycosamino-
glycan side chains, is formed by proteolytic cleavage of the C terminus.

Brevican is probably the most abundant hyalectan in the adult brain (128).
Two species, a 145-kDa and an 80-kDa band representing the full-length and
the N-terminally truncated isoforms of brevican, respectively, represent the
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largest fraction of whole brain extracts that binds to DEAE-cellulose columns
(128). The content of the 80-kDa species increases in the later stages of de-
velopment, suggesting that the proteolytic processing of brevican may also be
developmentally regulated.

Finally, what is the function of a GPI-anchored form of brevican? The obvious
answer is that this isoform may link hyaluronan to the cell surface of a specific
subset of neurons, or it may induce vectorial insertion of brevican into finite
subdomains of the plasma membrane, since the axonal membranes of neurons
are equivalent to the apical membranes of polarized epithelia (128).

SMALL LEUCINE-RICH PROTEOGLYCANS

The family of small leucine-rich proteoglycans (SLRPs) contains at least nine
distinct products encoded by separate genes (Table 4). They were previously
termed nonaggregating or small dermatan-sulfate proteoglycans because of
their inability to interact with hyaluronan or because of their type of glyco-
saminoglycans, respectively. Based on their protein and genomic organization,
three classes of SLRPs can be easily identified (Table 4 and Figure 3). Es-
sentially, they are all characterized by a central domain containing leucine-rich

Table 4 General properties of small leucine-rich proteoglycans

Chromosomal mapping Protein core Glycosaminoglycan
Proteoglycan Gene Human Mouse (∼kDa)a type (number)

Class I
Decorin DCN 12q23 10 40 Dermatan/chondroitin

sulfate (1)b

Biglycan BGN Xq28 X 40 Dermatan/chondroitin
sulfate (2)

Class II
Fibromodulin FMOD 1q32 42 Keratan sulfate (2–3)
Lumican LUM 12q21.3–22 10 38 Keratan sulfate (3–4)
Keratocan 38 Keratan sulfate (3–5)
PRELPc PRELP 1q32 44 Keratan sulfate (2–3)
Osteodherin 42 Keratan sulfate (2–3)

Class III
Epiphycan DSPG3 12q21 35 Dermatan/chondroitin

sulfate (2–3)
Osteoglycin OG 35 Keratan sulfate (2–3)

aThe size of individual protein core does not include any posttranslational modification.
bAdult chicken cornea contains decorin with keratan sulfate side chains. Also in avian decorin there is the

possibility of two glycosaminoglycan side chains.
cThe inclusion of PRELP in this category is still preliminary because in most cases PRELP appears as a

glycoprotein rather than a proteoglycan.
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Figure 3 Schematic representation of the structural features of decorin, the prototype member of
the small leucine-rich proteoglycans (top) and sequence-based evolutionary tree (bottom) of the
various members of this gene family. The Roman numerals at the top indicate the proposed do-
mains of decorin. The symbols and designations are as follows: SP, signal peptide; PP, propeptide;
Cys, cysteine-rich region; LRR, leucine-rich repeat. The consensus sequences for the N-terminal
and C-terminal cysteine-rich regions, as well for the leucine-rich repeats are also shown. The gly-
cosaminoglycan side chain and potential N-linked oligosaccharides are indicated by strings of small
circles or by a single circle, respectively. In the dendrogram obtained with the program CLUSTAL,
branch lengths (horizontal lines) are proportional to evolutionary distances. The percent identity
in amino acid sequence for each pair of related proteoglycans is indicated in the right margins.

repeats (LRR) flanked at either side by small cysteine-clusters. The prototype
member, decorin, is shown in Figure 3 (top).

General Structural Features: Three Distinct Classes
Analysis by multiple sequence alignments identifies three classes of SLRPs
and two subfamilies. Class I comprises decorin and biglycan, which show
the highest homology (57% identity). Class II includes fibromodulin (192),
lumican (193), keratocan (194), and PRELP (195). Two subclasses can also



   

P1: ARS/dat/ary P2: ars/rpk/plb QC: rpk/uks T1: rpk

April 27, 1998 11:3 Annual Reviews AR057-20

636 IOZZO

be detected (Figure 3): Fibromodulin and lumican comprise the first subclass
(48% identity), and keratocan and PRELP comprise the second subfamily (55%
identity). The inclusion of PRELP as a Class II proteoglycan is still preliminary
because there is only weak evidence that PRELP is indeed a proteoglycan. In
most tissues, PRELP is a glycoprotein. Recently, a novel member of the Class II
SLRP gene family has been cloned and named osteoadherin (RD Heineg˚ard,
personal communication). As in the case of the other members of Class II,
osteoadherin is substituted with keratan sulfate and contains tyrosine sulfate in
its N-terminal end. However, osteoadherin has a larger C-terminal extension
and is primarily expressed in bone.

Class III comprises epiphycan and osteoglycin. Epiphycan (196, 197), also
known as PG-Lb, derives its name from its highly selected expression in epiphy-
seal cartilage. Based on the dendrogram shown in Figure 3, Class III proteogly-
cans diverged from the common precursors of Class I and II before the presumed
gene duplication and independent evolution of the latter two subfamilies.

The overall structural characteristics of the SLRPs are similar although there
are some interesting variations. In the prototype SLRP decorin, four domains
can be identified: domain I, which contains the signal peptide and a propep-
tide; domain II, which contains four evenly spaced cysteine residues and the
glycosaminoglycan attachment site; domain III, which contains the LRRs; and
domain IV, which contains a relatively large loop with two cysteine residues. In-
terestingly, only decorin and biglycan contain a propeptide (198, 199). While
the signal peptide targets the nascent core protein to the rough endoplasmic
reticulum, less clear is the function of the propeptide. This sequence is highly
conserved across species (200), and the propeptide may function as a recogni-
tion signal for the first enzyme (xylosyltransferase) involved in the biosynthesis
of glycosaminoglycans (201).

When constructs containing deletions of the decorin propeptide are trans-
fected into mammalian cells, the secreted proteoglycans are substituted with
shorter glycosaminoglycan chains (202). Thus deletion of the propeptide may
lower the affinity for xylosyltransferase or may induce a more rapid transition
through the Golgi compartment. This situation may also occur in biglycan be-
cause a recombinant molecule that lacks the propeptide results in a protein core
devoid of glycosaminoglycans (203). The presence of the pro-biglycan species
has been documented in keratinocytes (204) and endothelial cells (205). In
contrast to Class I, Class II SLRPs appear to be proteolytically processed fol-
lowing removal of their signal peptide and thus are devoid of the propeptide
(206, 207).

Domain II is the negatively charged region carrying sulfated glycosamino-
glycans in decorin, biglycan, and epiphycan and carrying sulfotyrosine in all
of the rest, with the exception of PRELP (10). Decorin and biglycan both have
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a region that contains a series of acidic amino acids followed by a consen-
sus GAG attachment domain with potential attachment sites at Ser4, or Ser5

and Ser11, respectively (208). Site-directed mutagenesis of the serine residue
has demonstrated the requirement of a specific amino acid sequence to direct
proper O-glycosylation of decorin (209). Biglycan and decorin can occur as ei-
ther a monoglycanated (208) or biglycanated (210) species. All Class II and III
SLRPs contain consensus sequences for tyrosine sulfation, with the exception of
PRELP. This sequence is characterized by at least one tyrosine residue followed
by an acidic amino acid (Asp or Glu).

Domain II also contains a cluster of highly conserved cysteine residues with a
general consensus Cx2–3CxCx6–9C, where x is any amino acid and the subscripts
denote the number of intervening residues (Figure 3). Interestingly, within each
subclass there is identical spacing of the intervening amino acid residues. For
example, in Class I the four cysteine residues are spaced by 3, 1, and 6 residues;
in Class II, the spacing is a 3, 1, 9 pattern; whereas Class III follows a 2, 1,
6 pattern (10). Not only is the spacing of the cysteine residues conserved
within each class of SLRPs, but also the nature of the intervening amino acid
is maintained.

Domain III comprises 10 tandem LRRs, with the exception of epiphycan and
osteoglycin, which contain only six repeats. In the LRR consensus sequence,
that is, LxxLxLxxNxLSxL, L is leucine, isoleucine, or valine, and S is serine
or threonine (10). If the consensus for LRRs is interpreted with less stringency,
then there could be two additional LRRs, one in the N-terminal and one in the
C-terminal end of the molecule. As discussed below, the major function of these
LRRs is to bind and interact with other proteins.

The level of complexity increases if one considers the substitution of the pro-
tein core with several N-linked oligosaccharides. For example, human decorin
has three potential sites and biglycan has two. The variability in the number and
complexity of oligosaccharide chains, which are of both the high-mannose and
the complex type, could modulate some of the functions of these gene products.
A proposed role of the N-linked oligosaccharides in decorin and biglycan is to
retard self-aggregation, thereby favoring interactions with cell surface proteins
and/or other extracellular matrix constituents.

In Class II proteoglycans, one to several asparagine residues can be substi-
tuted with N-linked keratan sulfate. At least in the case of fibromodulin, all four
Asn residues in domain III can be acceptors (211). Moreover, polylactosamine,
essentially an unsulfated keratan sulfate, can be found in both fibromodulin
(212) and keratocan (194). Lumican and keratocan have a characteristic unlike
other SLRP members: In the cornea, they are both keratan sulfate–carrying
proteoglycans; in other tissues, these molecules occur as poorly sulfated or
unsulfated glycoproteins (194).
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The function of the C-terminal domain of the SLRPs is the least charac-
terized so far. It comprises about 50 amino acid residues with considerable
similarity among the various members. However, there are several stretches
that show a profound divergence. Domain IV contains two cysteines spaced by
32 intervening amino acids, except in keratocan and PRELP, where an inser-
tion of 7 and 8 amino acids, respectively, has occurred. For bovine biglycan, a
disulfide bond has been demonstrated in this region (208). Thus a large loop
of approximately 34 amino acid residues would be formed at the C end of the
SLRPs. Notably, reduction and alkylation of decorin and lumican (213, 214)
abolishes their ability to interact with collagen. Thus the disulfide bonding at the
C-terminal end may also be crucial in maintaining the fibrillogenesis-controlling
activity of SLRPs.

Genomic Organization and Transcriptional Control
The various members of the SLRP gene family map to relatively few chro-
mosomes (Table 4). Decorin, lumican, and epiphycan map to the long arm of
chromosome 12 between 12q21 and 12q23 (215–217) and in the corresponding
syntenic regions of mouse chromosome 10 (200). In contrast, biglycan maps to
Xq28 (218), and fibromodulin and PRELP map to the long arm of chromosome
1 at 1q32 (219). The pairwise similarity at the protein level is also reflected at
the genomic level. For example, both members of Class I, decorin and biglycan,
are encoded by eight distinct exons with very similar intron/exon boundaries
(216, 220), and these features are very well conserved in the mouse (200, 221).
A unique feature of the human decorin gene is the presence of alternatively
spliced leader exons, Ia and Ib, encoding 5′-untranslated sequences (216). The
region corresponding to exon Ib is not found in the mouse (200), suggesting that
the decorin gene has undergone significant recombination during evolution (10).

In contrast to Class I, members of Class II SLRPs are encoded by three exons,
with all ten LRRs encoded by a single large exon (222, 223). In these genes, the
introns are positioned at identical sites, just proximal to the translation initiation
and termination codons, respectively (223). There is no published information
regarding the genomic organization of class III SLRPs; however, a preliminary
study suggests that their intron/exon structure follows a distinct pattern (224),
further stressing their belonging to a distinct subfamily.

So far, only the promoter regions of decorin and biglycan have been se-
quenced and shown to be functionally active (61). Decorin has a complex
promoter in the region flanking exon Ib (225). The discovery of two leader
exons in the 5′-untranslated region has suggested that a two-promoter system
and alternative splicing could be responsible for the presence of heterogeneous
transcripts from a single gene (216). However, no functional activity for the
region flanking exon Ia was found (225). In contrast, strong basal and inducible
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promoter activity was detected using the approximately 1-kb region 5′ to exon
Ib (225). This promoter can be divided arbitrarily into two main regions: a
proximal promoter of approximately 188 bp and a distal promoter of approxi-
mately 800 bp. The proximal promoter region contains two functional TATA
boxes and a CAAT box (225). Moreover, it contains two tumor necrosis factor-α

(TNF-α)-responsive elements that mediate the binding of TNF-α-induced nu-
clear proteins and a consequent transcriptional repression of the decorin gene
(226). The proximal promoter region contains also a canonical and a functional
AP1–binding site, a bimodal regulator of decorin gene expression, which allows
both repression by TNF-α and induction by interleukin-1 (IL-1) (227).

These transcriptional data thus provide a molecular mechanism for the pre-
vious observations that decorin expression can be induced by either IL-1 (228)
or IL-4 (229). The distal promoter of decorin harbors a number of cognate
cis-acting factors including AP1, AP5, and NF-κB; several direct repeats; and
a TGF-β-negative element. The latter element has been found in a variety of
proteinases that are involved in the degradation of collagens and proteoglycans
during remodeling and suggests a link between suppression of matrix-degrading
enzymes and downregulation of decorin gene expression (230). The distal pro-
moter also contains a long stretch of homopurine/homopyrimidine residues.
When contained in a supercoiled plasmid, this sequence is sensitive to endonu-
clease S1, an enzyme that digests preferentially single-stranded DNA. More-
over, this sequence can upregulate a minimal heterologous promoter (225).
Thus this region may adopt an intramolecular hairpin triplex and may regulate
in vivo the transcription of decorin.

In contrast to decorin, the promoter of the human biglycan gene contains
neither a TATA nor a CAAT box but is G+ C rich (220) with a 66% overall
G + C content and two clusters of G+ C that reach 73 and 87%, respec-
tively. These features have been conserved in the mouse promoter, which con-
tains an overall G+C content of approximately 60% (221). The human bigly-
can promoter contains numerous Sp1-binding sites and several transcription
initiation sites. In contrast to decorin, the biglycan promoter is highly con-
served in the mouse, particularly in the proximal region where two AP2 and
two Sp1-binding sites are perfectly maintained (221). In both the human and
mouse biglycan promoters there are numerous motifs that could potentially
bind members of theEts family of oncogenes (PU-boxes and PEA3 motifs).
These factors can transcriptionally activate B cells and macrophages (231).

The human promoter contains at least five IL-6-responsive elements, TNF-
α-responsive elements similar to those found in the decorin gene promoter, and
a binding site for the liver-specific transcription factor C/EBP (232). The latter
is interesting because it may explain why biglycan expression is induced in the
liver during the transformation of the fat-storing cells into myofibroblast-like
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cells (233). Biglycan can be transcriptionally induced in MG-63 osteosarcoma
cells by forskolin and 8-Bromo-cAMP (234), and the biglycan promoter is
upregulated by exogenous IL-6 and downregulated by TNF-α (232). That the
putative binding sites for the corresponding cytokines are functionally active is
demonstrated in human endothelial cells whose biglycan expression is down-
regulated by TNF-α (235).

Decorin is generally downregulated by TGF-β, whereas biglycan is upreg-
ulated in various cells and organisms (61, 163, 236–239). In contrast, dexam-
ethasone increases decorin production and also prevents the TGF-β-elicited
downregulation of decorin gene expression (240). In contrast to decorin where
TNF-α and TGF-β are additive in their inhibitory action, TNF-α counteracts
the effects of TGF-β and IL-6 in controlling biglycan gene expression. Thus
these two important members of the SLRP gene family can be diversely reg-
ulated at the site of injury by a finely balanced release of active cytokines.
A unique feature of the biglycan gene, being located on the X chromosome,
is that it should follow the rules of X chromosomal inactivation. However,
biglycan does not follow the expected conventional correlation between gene
dosage and expression rate (241). That is, biglycan behaves as a pseudoautoso-
mal gene even though in somatic cell hybrid experiments, biglycan undergoes
X chromosomal inactivation. These data suggest that there may be an additional
regulatory gene(s) that controls the transcriptional activity of biglycan (241).

Control of Collagen Fibrillogenesis
Collagen fibril formation is a self-assembly process that has been investigated
in vitro for over four decades. Although it is clear from fibril reconstitution
experiments that information to build periodic fibrils resides in the amino acid
sequence of the fibril-forming collagens, other molecules have been identified
that modulate the assembly process (242). Both the kinetics of assembly and the
ultimate fibril diameters are modulated by these factors, and both acceleration
and inhibition of fibril formation have been reported.

After the discovery that the interaction of dermatan sulfate proteoglycans with
collagen causes increased stability of collagen fibrils and a change in their sol-
ubility (243, 244), it was demonstrated that various members of the SLRP gene
family interact directly with fibrillar collagens (245). The orthogonal position of
the proteoglycans would facilitate proper spacing of the collagen fibrils during
axial growth or perhaps during lateral fusion (see below). At least three members
of the SLRP gene family, namely decorin (246), fibromodulin (247, 248), and lu-
mican (214), can delay fibril formation in a dynamic fibrillogenesis assay. Nei-
ther removal of the glycosaminoglycan chain nor the 17-amino acid N-terminal
portion of the decorin protein core significantly alters collagen fibrillogenesis
(249), indicating that the decorin/collagen interactions require the remaining
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protein core (250). Corneal and scleral SLRPs also retard fibrillogenesis in vitro
and reduce the size of the formed fibrils (251), in agreement with data generated
from analysis of developing avian tendon where a decrease in fibril-associated
decorin is necessary for fibril growth during tissue maturation (252).

The three-dimensional (3D) model of human decorin (253) and the ultra-
structural observation that several SLRPs are horseshoe shaped (254) predict
a close interaction between decorin and fibrillar collagen. This close interac-
tion would help stabilize fibrils and orient fibrillogenesis. The 3D model of
decorin, based on the crystal structure of the porcine ribonuclease inhibitor
(255), predicts an arch-shaped structure with the inner concave surface lined by
β-strands and the outer convex surface formed byα-helices. This model would
allow easy access of interactive proteins to the inner surface. Another interest-
ing feature of the decorin model is that the three N-linked oligosaccharides and
the single glycosaminoglycan chain at Ser7 are all positioned on one side of
the arch-shaped structure, and the glycosaminoglycan chain is relatively free
to project away from the protein core. This arrangement would also account
for the proposed function of the glycosaminoglycan chain to maintain inter-
fibrillary space (256). The inner surface of the arch-shaped decorin molecule
contains a series of charged residues that would complement the charges in a
corresponding amino acid stretch within the collagen type I triple helix, the
proposed binding site for decorin (257).

Of course, the data generated with the decorin model should be interpreted
cautiously because the homology between ribonuclease inhibitor and decorin
is relatively low, particularly at the N- and C-terminal ends. However, even if
the protein is folding quite differently in these regions, it has been shown that
the central domain, which should fold as the ribonuclease inhibitor does, is the
essential part for modulating collagen fibrillogenesis (258–260).

Genetic evidence for a role of decorin in maintaining collagen fibrillogenesis
has been provided by the phenotype of decorin null animals. The mice carry-
ing a homozygous disruption of the decorin gene grow normally to adulthood;
however, they manifest a phenotype characterized by increased skin fragility
(261). When samples of skin from the wild-type and decorin null animals were
subjected to biomechanical testing, the latter samples exhibited a markedly
reduced tensile strength that could be associated with an abnormal collagen
fiber formation. Ultrastructural analysis of skin revealed bizarre and irregular
collagen morphology with coarser and irregular fiber outlines in the decorin
null specimens (Figure 4). Although the mean cross-sectional diameter of the
fibers did not vary significantly between the wild-type and decorin null animals,
the latter showed a markedly increased range with profiles varying between 40
and 260 nm. Scanning-transmission electron microscopy of isolated collagen
fibers revealed that the wide variation in range was not the result of multiple
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Figure 4 Ultrastructural appearance of dermal collagen from the skin of decorin null (A andB)
and wild-type (C ) mice. Notice the larger and irregular cross-sectional profiles in the decorin null
collagen fibers (asterisks) with evidence of lateral fusion (A, arrowheads). Bar: 90 nm.

populations of fibrils of different diameter but rather was due to a single popu-
lation of fibrils with markedly irregular profiles along their axes (261). These
studies establish a functional role for decorin in maintaining the structural in-
tegrity of the cutis. While decorin may affect other functions (see below), this
genetic evidence unequivocally demonstrates that the tensile strength of skin
is under the control of so-called modifiers of collagen fibrillogenesis and that
decorin is an important member of these modifier proteins.

Interactions with TGF-β and the Control of Cell
Proliferation and Corneal Transparency
Increased TGF-β production is a hallmark of a variety of fibrotic states, includ-
ing cirrhosis, pulmonary fibrosis, and glomerular sclerosis. One of the most
important characteristics of decorin is a high affinity for TGF-β (262). TGF-β1,
-β2, and -β3 isoforms all bind to the decorin core protein with similar efficiency
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(262), allowing decorin to function as a reservoir for these growth factors in
the extracellular milieu. This line of research derives from the observation that
Chinese hamster ovary (CHO) cells, which do not constitutively synthesize
decorin, are growth suppressed when decorin is ectopically expressed (263).
Investigators later showed that this growth inhibition was caused by a blocking
of TGF-β-activity by decorin (264). Because CHO cells require TGF-β for
their growth, it was concluded that decorin-induced growth inhibition is sec-
ondary to the blockage of this growth factor. Administration of recombinant
decorin or decorin purified from bovine tissues prevents glomerular sclerosis
in a rat model of glomerulonephritis (265). The lesions caused by this kind of
glomerular injury can be ameliorated by gene therapy with a decorin-expressing
vector directly transfected into skeletal muscle (266).

Although this evidence implicates decorin in blocking the action of TGF-β,
controversy remains as to whether decorin is a universal TGF-β inhibitor. For
example, in quiescent fibroblasts that produce up to 40 times more decorin
than cells in the logarithmic phase of growth, nanomolar amounts of TGF-β

are still fully active, that is, they can induce the endogenous expression of bigly-
can (226). Intuitively, the amount of decorin in the medium would have been
sufficient to block the exogenous TGF-β. One possibility is that decorin binds
avidly to fibrillar collagen, thereby preventing further interaction with TGF-β.
Moreover, in the presence of 10,000-fold molar excess of exogenous decorin,
TGF-β effects could still be detected in human monocytic cells (267). The
addition of decorin to osteoblastic cells enhances the binding of radiolabeled
TGF-β to its receptors (268).

Therefore, it appears that in certain cellular systems, decorin blocks the
activity of TGF-β, whereas in others its binding augments the bioactivity of
the cytokine. How can we reconcile these seemingly conflicting observations?
One possibility is that the decorin/TGF-β complexes may still be capable of
interacting with at least one signal-transducing pathway of TGF-β signaling.
That is, under certain conditions, these complexes may activate rather than
repress the cytokine activity, a phenomenon that would be cell specific.

An emerging function of decorin is its ability to inhibit cellular prolifera-
tion. When a full-length cDNA driven by the potent cytomegalovirus promoter
is introduced into colon carcinoma cells (which do not synthesize decorin),
the cells become quiescent, form small colonies in soft agar, and do not gen-
erate tumors in immunocompromised hosts (269). All of these effects are
independent of TGF-β. Interestingly, a number of clones are arrested in the
G1 phase of the cell cycle, and their growth suppression can be restored by
treatment with decorin antisense oligodeoxynucleotides. The decorin-induced
growth arrest is associated with an induction of p21, a potent inhibitor of cyclin-
dependent kinase activity (270). Ectopic expression of decorin proteoglycan
or protein core, a mutated form lacking any glycosaminoglycan side chains,
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induces growth suppression in neoplastic cells of various histogenetic origins
(271). Even when recombinant decorin is added to tumor cells, all react by
slowing their proliferative status and by inducing p21 (271). Thus it appears
that decorin is an important inhibitor of growth that can act directly on a signal-
transduction pathway that leads to activation of cyclin-dependent kinase in-
hibitors and ultimately to arrest in G1. Decorin causes rapid phosphorylation of
the EGF receptor and a concurrent activation of the mitogen-activated protein
(MAP) kinase signal pathway (271a). This leads to a protracted induction of
endogenous p21 and ultimate cell cycle arrest. Moreover, recombinant decorin
causes a rapid increase in intracellular Ca2+ levels in A431 cells (271b). The
effects of decorin persist in the absence of extracellular Ca2+ but are blocked by
AG1478, an EGF-specific tyrosine kinase inhibitor and by downregulation of
the EGF receptor. These results indicate a novel action of decorin on the EGF
receptor, which results in mobilization of intracellular Ca2+ and activation of a
signal-transducing pathway that culminates in growth suppression by blocking
the cell cycle machinery. The discovery that two tyrosine kinase orphan recep-
tors, the discoidin domain receptors DDR1 and DDR2, are the receptors for
fibrillar collagen (Types I, III, and V) opens a novel perspective in extracellular
matrix research (271c, 271d). Both fibrillar collagen and decorin converge on
similar tyrosine kinase receptors, and their activation may allow a specific cross
talk betwen cells and the extracellular matrix.

The ability of secreted decorin to induce growth suppression gives further
support to the concept that abnormal production of this proteoglycan around
invading carcinomas represents a specialized biological response of the host
designed to counterbalance the invading tumor cells (176, 272, 273).

Decorin, as well as other SLRP members, may also modulate the remodeling
of the extracellular matrix since decorin can induce collagenase (274). When
vascular endothelial cells, which usually synthesize neither type I collagen
nor decorin, initiate the formation of tubes or cords, they begin to synthesize
both molecules (275). In contrast, when endothelial cells are wounded in vitro,
biglycan is induced at the edge of the migrating endothelial cells, a process that
is apparently mediated by release of endogenous FGF-2 (276). Thus the same
theme emerges, with decorin and biglycan, though structurally related, serving
diverse functions when cells are migrating to form new blood vessels. The
high-affinity interaction of decorin and biglycan with important mediators of the
inflammatory process, such as the C1q component of the C1 complex (277, 278),
and the affinity of the other SLRP members for a variety of extracellular matrix
constituents suggest that these molecules play a primary role in repair processes.

Biglycan has also been directly implicated in regulating hemopoiesis. For
example, biglycan was identified as a potent factor stimulating monocytic ac-
tivity from thymic myoid cells (279) and as one of several products that have
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affinity for precursors of B lymphocytes (280). Notably, while biglycan is in-
capable of stimulating the growth of myeloid cells, it markedly enhances the
cloning of IL-7-responsive precursors (280).

An important function of members of the SLRP gene family is related to the
maintenance of corneal transparency. In cornea, the diameter of the collagen
fibrils and the interfibrillary gaps must be kept constant to prevent corneal opac-
ity (256). Lateral growth of collagen segments isolated from bovine (214) or
avian (281) corneas can be retarded by addition of decorin or lumican extracted
from their respective corneal stromas. Moreover, treatment of the developing
avian cornea withβ-D-xyloside, an inhibitor of glycosaminoglycan attach-
ment (which presumably affects only dermatan/chondroitin sulfate glycanation
but not the addition of keratan sulfate) does not alter collagen fibril diameter
(282).

The developmental changes of lumican, primarily those occurring in the first
two weeks of corneal development, are fundamental to the maintenance of
corneal transparency (283). In fact, the fully sulfated species of lumican is not
abundant before day 15 of avian corneal development. Before that time, there
is a progressive accumulation of lumican substituted with polylactosamine,
suggesting that its subsequent sulfation could play a role during the acquisition
of corneal transparency (283). This notion is also supported by the finding
that in macular corneal dystrophy, the polylactosamine form of lumican is the
primary species (284). A recent study using synchrotron X-ray diffraction has
demonstrated a unique 4.6-C periodicity in macular corneal dystrophy (285).
After observing digestion of proteoglycans with various polysaccharide lyases,
researchers concluded that dermatan sulfate or keratan sulfate proteoglycan
hybrids would be also present in this disease.

PERSPECTIVES

Our appreciation of the molecular design of the matrix proteoglycans is leading
to a better understanding of their cellular functions. The application of modern
gene technology in this field has been slower than in others, but initial successes
are now being reported. Current work aims at understanding the mechanisms
that govern proteoglycan diversity, especially in regard to tissue-specific con-
straints that favor the expression of specialized variants. Contemporary areas of
active research also focus on clarifying the mechanisms that regulate the gener-
ation of proteoglycan isoforms—containing a specific set of glycosaminogly-
cans or a proteolytically processed species—and of biologically active growth
factor/proteoglycan complexes.

Some of the major tasks that lie ahead relate to the delineation of the primary
mechanisms that trigger a specific cellular response to various proteoglycans,
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and the determinants of cellular responsiveness to them. Ultimately, proteogly-
can-dependent induction of transcription factors and their modulation will be
an area of vibrant research. How do proteoglyans induce so many pleiotropic
responses? How do diverse proteoglycans activate specific signal-transducing
pathways? What is the molecular cross-talk between a given proteoglycan
family and the transcriptional machinery? How do cells regulate their complex
biosynthetic pathways?

In part, some of these questions will be answered by the analysis of mu-
tant animals, whereas others will be answered by resolving the various bio-
chemical steps of proteoglycan assembly and metabolism. The correlation of
structure and function may soon be possible for several actively investigated
members of the matrix proteoglycans by using modern genetic approaches that
involve site-directed mutagenesis, transfection into appropriate recipients, and
analysis of their functional consequences. One can anticipate continued rapid
progress and await with anticipation the further advances in this exciting area of
research.
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Fülöp C, et al. 1994.Genomics22:364–
71

156. Valhmu WB, Palmer GD, Rivers PA,
Ebara S, Cheng J-F, et al. 1995.Biochem.
J. 309:535–42

157. Korenberg JR, Chen XN, Doege K,
Grover J, Roughley PJ. 1993.Genomics
16:546–48

158. Watanabe H, Kimata K, Line S, Strong
D, Gao L-y, et al. 1994.Nat. Genet.
7:154–57

159. Rauch U, Grimpe B, Kulbe G, Arnold-
Ammer I, Beier DR, et al. 1995.Ge-
nomics28:405–10

160. Ushkaryov YA, S¨udhof TC. 1993.Proc.
Natl. Acad. Sci. USA90:6410–14

161. Boyd CD, Pierce RA, Schwarzbauer
JE, Doege K, Sandell LJ. 1993.Matrix
13:457–69

162. Grover J, Roughley PJ. 1993.Biochem.
J. 291:361–67
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